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The structure and the structure change of the melt crystallized oligourethanes, CH3CO- 
[ tCH215NHCO / nOCH3, navmg strictly homogeneous molecular weight, were studied. The 

crystal system of every melt crystallized oligourethane was similar to that ot the single crystal of 
n = 2. In the case of n = 2, crystalline rearrangement by annealing does not occur, although the 
number of hydrogen bonds increases. On the other hand, rearrangement occurs for n = 3 and higher 
oligomers. It was considered that the rearrangement for n = 3 was the transformation from the 
spherulite to the plate-like crystal, whilst for those of n = 5 and 8 the growth of the new spherulitic 
type of crystal by secondary crystallization occurs. For n = 10 and the polymer crystal the thicken- 
ing was accompanied by an increase of ordered regions. 

INTRODUCTION 

The synthesis and the fine structure of oligourethanes have 
been previously studied by Kern x and Zahn 2. The structure 
and the physical properties of solid state of oligomer, how- 
ever, have not been investigated in detail. 

In previous papers 3'4, the dependence of the degree of 
polymerization on the crystal structure of the solution 
grown crystal of oligourethane was elucidated. In this paper, 
the structure and the structure change of the melt crystal- 
lized oligomer have been studied. 

EXPERIMENTAL 

Acetoxy-oligopentamethyleneurethane, CH3CO- 
I O(CH2)sNHCO ] nOCl-13 with n = 2 to 10, synthesized 

by a stepwise addition polymerization method S and having 
strictly homogeneous molecular weights and the polymer 
having ~r n 5.3 × 10 4, were used as samples. 

The melt crystallized samples were prepared as shown 
in Table 1. 

The thermal properties were determined by differential 
scanning calorimetry (d.s.c.) and differential thermal analy- 
sis (d.t.a.). 

Infra-red spectra was measured by the KBr and Nujol 
method. 

Wide angle X-ray scattering (WAXS) was measured with 
a diffractometer at room temperature. 

Small angle X-ray scattering (SAXS) was measured with 
a Kratky type U-slit camera using CuKa radiation and a 
scintillation counter with pulse height analyser. 

Density was measured by the floatation method using 
a mixture of n-heptane and carbon tetrachloride. 

The dependence of the specific volume on temperature 
was measured by dilatometry. 

RESULTS 

Infra-red spectra of unannealed and annealed samples are 
shown in Figure 1. The intensity of the absorption band 
of 3400-3500 cm -1, which is due to the free hydrogen 
bonds, was reduced by annealing for every sample. 

Figure 2 shows WAXS patterns of the unannealed and 
annealed samples. In the case of n = 2 to 8, the intensity 
of two strong diffraction peaks of the annealed sample 
does not change. On the other hand, for n = I0 and the 
polymer the diffraction peak shifts into the wide angle 
side on annealing, namely the same angle as that obtained 
with oligomers of n = 8 and lower. This means that the 
crystal system of every melt crystallized sample is similar 
to that of n = 2 e 

Densities of the before and after annealing are shown 
in Table 2. 

Figure 3 shows d.s.c, thermograms. Those of n = 2, 10 
and the polymer show only a simple endothermic peak, 

Table 1 Preparation condit ion of sample 

Crystallization conditions Annealing conditions 
Degree of 
polymer- Tempera- Tempera- 
ization, n ture (°C) Time (h) ture (°C) Time (h) 

2 0 1 50 2 
3 0 1 80 5 
5 0 1 105 2 
8 0 1 120 2 

10 0 1 120 2 
125 1 

3 
Polymer 0 1 120 2 

125 1 
3 
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DISCUSSION 

The process of heating in the d.s.c, measurement corres- 
ponds to the annealing and the d.s.c, thermogram of n = 2 
shows only a simple endothermic peak. The infra-red 
spectra shows an increase in the number of hydrogen bonds 
in the sample. Therefore, it is considered that the rear- 
rangement of the whole crystal solid by annealing does not 
occur, although the number of hydrogen bonds increases. 

The d.s.c, thermogram of n = 3 shows exothermic and 
endothermic peaks and by annealing for 5 h at 80°C, the 
thermogram shows only an endothermic peak on the higher 
temperature side as shown in Figure 3. 

As seen in Figure 5 specific volume increases and decreases 
abruptly at temperatures close to those of the endothermic 
and exothermic peaks, respectively. The above results 
show that the rearrangement of crystallites occurs in the 
n = 3 sample. 

To study the rearrangement of the n = 3 sample the 
influence of heating rate on the d.t,a, thermogram and 
dilatometry was measured. Figure 6 shows the dependence 
of the endothermic peak temperature on the heating rate. 
At heating rates higher than 5°C/min one endothermic peak 
on the higher temperature side disappears and the other on 
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that of n = 3 shows two endothermic peaks and one exo- 
thermic peak. Exothermic and endothermic peaks appear 
for n = 5 and 8. By annealing a simple endothermic peak 
appears in every sample. 

Plots of the specific volume against temperature are 
shown in Figure 4. 

The long periods calculated from the results of  SAXS 
pattern by Bragg's law is shown in Figure 5. 

Table 2 Degree of polymerization and density 

Degree of Density {g/cm 3) 
polymerization, 
n Unannealed sample Annealed sample 

2 1.229 1.231 
3 1.231 1.248 
5 1.230 1.249 
8 1.227 1.250 

10 1.225 1.240 
Polymer 1.227 1.235 
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the lower temperature side remains. At very low heating 
rates, which corresponds to annealing, only one peak 
appears on the higher temperature side. As shown in 
Figure 2,  the annealed and unannealed samples show al- 
most same WAXS pattern. These results suggest that the 
metastable crystalline structure at lower temperatures 
transforms to the stable one at higher temperatures which 
have the same value of the long period with the metastable 
one and the same crystal system. 

Structure o f  oligourothanes (6): M• Naguro e t  al. 

To elucidate the nature of the metastable and stable 
crystals, the volume contraction was observed by dilato- 
metry, and the volume contraction versus time curves were 
analysed by using the Avrami equationT: 

h o - -  It 
In - k t "  

h t - h~ 

where h0 is the initial height of mercury in the dilatometry, 
h~ is the final height, h t is the height at time t and k and n 
are constant• In the case of the volume contraction for 
isothermal crystallization at 65°C, the slope of the Avrami 
plot was 3.2 (Figure 7). This value indicates the formation 
of spherulitic type of crystal• On the other hand, the 
spherulitic type of crystal packed in the dilatometer, at 
85 °, 88 ° and 92°C, corresponding to the exothermic peak 
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temperature in the d.s.c, thermograms, expands and then 
contracts as shown in Figure 8. This volume contraction 
versus time curve was also analysed by using the Avrami 
equation. The slope of this Avrami plot was 2.0 and this 
value may mean that the growth of new crystal is two 
dimensional, or plate-like crystal. These results suggest 
that the rearrangement from the metastable to the stable 
crystal is the transformation from the spherulite to the 
plate-like crystal. 

It is clear that the specific volume either increases 
or decreases at temperatures close to those of the endo- 
thermic and exothermic peaks, respectively. Each annealed 
sample shows a simple fusion curve (Figures 3 and 4) and 
thus the rearrangement also occurs in these samples. 

When the temperature was kept at the maximum point 
of the plot of specific volume and temperature curve, the 
slope of the Avrami plot calculated from the volume con- 
traction was about 3.5 as shown in Figure 9. It is thus 
reasonable to consider that the new spherulitic type of 
crystal grows from the amorphous parts by secondary 
crystallization in the samples of n = 5 and 8. 

As shown in Figure 5, the long periods ofn  = 10 and 
polymer increase by annealing. The calculated spacing 4 
(0k0) assuming that the unit cell expands along ~s of sub- 
cell axis, the length of repeating unit, -O(CH2)sNHCO - ,  
having that of the planar zigzag configuration is also shown 
in Figure 5. The Figure shows the thickening phenomena 
of the crystal o fn  = 10 and polymer by annealing. Further- 
more, the 20 = 24.8 ° diffraction peak, which corresponds 
to the lattice plane composed of the molecular sheet con- 
nected side by side, shows a decrease of this lattice distance 
on annealing. Therefore, in the unannealed sample the dis- 
ordered region changes into the ordered region, or the 
intermolecular sheet distance decreases. Consequently, 
density increases as shown in Table 2. 

In addition to the endothermic peak for quenched 
sample a new endothermic peak on the lower temperature 
side appears in the d.s.c, thermogram for isothermal crystal- 
lization at 125°C (Figure 10). The area of the new peak 
increases with increasing crystallization time and both the 
long period of the n = 10 and polymer increase as shown 
in Figure 5. Therefore, it is considered that the crystal 
is thickened gradually during the long period of isothermal 
crystallization. The decrease of the endothermic peak 
temperature in the d.s.c, thermogram may be explained 
if the entropy difference between the solid state of crystal 
and the melt increases with increasing time. 
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Reaction field in anisotropic dielectrics 
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Drawn polymers are often characterized by dielectric anisotropy. This is determined by the aniso- 
tropy in the molecular polarizability, averaged over the distribution of polymer chains. Since each 
dipole in the dielectric is situated in a macroscopically anisotropic medium, corrections arise from 
the anisotropic cavity field and reaction field. The necessary reaction field correction is explicitly 
evaluated for an axially symmetric dielectric with negligible electronic polarizability and is found 
not to exceed 2-3%. This shows that the ad hoc anisotropic generalization of Onsager's equation 
used in the literature need only be corrected for the cavity field effect in the manner recently 
discussed. 

INTRODUCTION 

A useful tool for determining the orientation function in a 
drawn polymer is the measurement of dielectric anisotropy. 
From the measured permittivi_'ty tensore0., one first obtains 
the molecular polarizability a¢, where denotes an average 
over the polymer chain distribution. Comparison with the ~ui) = 
polarizability a¢ of a single molecule yields the orientation 
function. Our purpose here i__s to examine in some detail 
the relation between e o. and a~/; this relation for the isotro- 

1 
pic case is the Onsager equation. Previous analyses of ani- 
sotropic data 2-4 have not used a proper anisotropic genera- 
lization of the Onsager equation. This is particularly worry- 
ing because (a) it is the anisotropy, rather than the average 
value, which is of main interest in polymer physics, and (b) 
the likely size of the error involved has not hitherto been 
estimated. 

We give a systematic formulation of dielectric theory in 
the anisotropic case and show that two effects need be 
taken into account: (a) the cavity field effect recently dis- 
cussedS; and (b) the reaction field. The latter is the main 
concern of this paper, and the necessary correction is evalu- 
ated for an axially symmetric dielectric with negligible elec- 
tronic polarizability. Our main result is that the reaction 
field correction turns out to be very small. It is fortunate, 
but not a pr ior i  obvious, that this should be so. a# = 

The rest of the paper is organized as follows. In the 
next section, we consider the response of an isolated mole- 
cule to an external field and define the polarizability ai/. 
Next the response of a molecule in a medium is considered 
and a general expression is found for the permittivity el~. In 
both cases, the example of an axially symmetric material 
with negligible electronic polarizability serves to illustrate 
the main ideas. Finally, the reaction field is studied for 
this special case and the correction is estimated. 

MODEL FOR AN ISOLATED MOLECULE 

Gener a l  f o r m u l a t i o n  

The molecular dipole will be assumed to be made of two 
parts: a rigid permanent dipole of magnitude Po and a 
bound electron of charge -e :  

la = pO a - e x  (1) 

Here a is a unit vector specifying the direction of the perma- 
nent dipole and x is the position of the electron. The gene- 
ralization to several electrons is straightforward. The ther- 
mal average of the dipole moment is: 

f la i exp (-t3U)d3xdf2 

f exp (-/3U)d3xd~ 
(2) 

Here g2 denotes the orientation of the unit vector a,43 = 
(kT)- 1 and U is the energy of the dipole. For an isolated 
molecule, U is taken to be of the form: 

U = A(a ) + ½xiko . x  j - p ' E  = U 0 - p "E (3) 

Here A(a) is the orientation energy of the permanent dipole, 
the symmetric matrix k# ~presents an anisotropic 'spring' 
binding the e~ctron and E is an external electric field. To 
first order in E, equation (2) may be written as: 

= (4) 

where the polarization tensor ct o. is: 

f ldila ] exp (-13U0)d3xdg2 

f exp (-flUo)d3xd~ 
(5) 

A spec ia l  case 

We shall focus attention on a special case of equation (5) 
in order to bring out the essential physics. First, we assume 
the electronic contribution can be ignored, so that equation 
(5) reduces to: 

ct#. = ~pO 2 fa ia /  e x p  (--13A)i:tg2 

f exp (--/3A)d~2 
(6) 

Define 

Q(~) = exp (-/3A) (7) 

which is just the Boltzmarm distribution function for the 
permanent dipole. Further assume that Q(~2) is axially sym- 
metric about the chain axis (of the monomer molecule). If 
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the angle between the chain and the dipole a i s  denoted by 
7, Q(~2) may be written as: 

1 
Q(~2) = ~ ~ QIPI(COST) 

1 
(8) 

Putting these into equation (6) gives: 

~uo 2 
Ql faia/Pl(COS T )d~2 (9) 

c~# - 47rQ0 l 

In a frame where the z-axis coincides with the chain, a# 
takes the diagonal form: 

a¢. = a(6# + vr///) (10) 

where 7/O. is the matrix (matrices will be denoted by ^) 

(' ) fl = 1 (11) 
- 2  

Thus a = tr ~/[3 is the average value (over the principal 
directions) of  the polarizability and v is a measure of  the 
anisotropy. Taking the trace of  equation (9) and noting 
that a 2 = 1, we get: 

ot =/~/a02/3 (12) 

which is the classical result of  Langevin and Debye 6 , here 
found to be unmodified so long as we talk about the aver- 
age. For the anisotropy we obtain: 

1 Q2 
v - (13) 

5 Qo 

It is to be noticed that ai/is insensitive to Ql with l > 2; 
therefore measurement of  the polarizability will yield no 
information on the higher Ql. This comes as no surprise 
since a#. is a rank two tensor and therefore involves only 
l = 0 a n d  2. 

Averaging over the chain distribution 
Let us now transform to a frame suitable for macrosco- 

pic discussion: we take the z-axis to be the draw direction 
(rather than the chain direction). In this frame, let the 
direction of the dipole be ~ and that of  the chain be ~ ' ,  
with the angle between them being 7. Then equation (8) 
becomes, by the addition theorem for spherical harmonics*. 

a(~2) = ~ at Ylm*(~') Ylm(~2) (14) 
Im 2 l + 1  

We are interested not so much in Q(~2) as in its average 
value ~)(g2) over the chain distribution. Let the chains be 
distributed according to f(~2'); this is, of  course, the orien- 
tation function one wants to study. Let f(~2') be axially 
symmetric about the draw direction: 

1 Z flPl(cos 0') 
~ n ' )  = U~ t 

- 1 E  1 
(41r) 1/2 (2l + 1) 1/2 flYlo(Ft') (15) 

* We shall not explicitly indicate the I2 dependence of Q. 

Here 0' is the polar angle between the chain and the draw 
direction. The distribution (15) is normalized to unity if 
f0 = 1. With these definitions in hand, ~9(~2) can be eval- 
uated: 

Q(~2) - f Q(~)f(~2')df2' 

4Tr ~ QtfIPl(cosO) (16) 

where we have used equations (14) and (15) and the 
orthogonality of  the spherical harmonics. 

Comparing with equation (8), we see that (21 has been 
replaced by Qlfl/(2l + 1). Thus if we parametrize the aver- 
age polarizability as: 

c~# = c~(8# + v~7¢) (17) 

then if= a, which is physically obvious. The average aniso- 
tropy vcan evidently be obtained from equation (13) with 
the replacement QI ~ Qlfl[(21 + 1): 

v -  1 Q2f2/5_ 1 Q2f2 (18) 

5 Q o f o  25Qofo 

Again l > 2 is not involved. The proportionality to f2 is 
physically reasonable: it expresses the fact that no matter  
how anisotropic each molecule is, there will be no average 
anisotropy v if the molecules are randomly oriented. 

THE MOLECULE IN A DIELECTRIC MEDIUM 

General formulation 
We next consider a substance with N such molecules or 

monomers per unit volume. Our treatment will draw on 
the method of Fr6hlich 7. In contrast to the case of  the iso- 
lated molecule, it will be necessary to consider interaction 
between molecules. We consider a sphere of  radius R con- 
taining one molecule; this molecule will be treated micro- 
scopically while the rest of  the medium will be treated 
macroscopically as a dielectric with permittivity e0.. An 
alternate but equivalent method is to consider a larger 
sphere containing many molecules but to neglect the short 
range interaction between these molecules. Thus we are 
not concerned here with Kirkwood's generalization s of  the 
Onsager equation to include short range effects. 

Now the energy of the rn~olecule in question will still 
have the intrinsic pieces A(a) + Vzxik#x / of molecular origin. 
In addition, there will be the energy used to set up the di- 
pole: --} 

# 

f ~ ' d ~  (19) 
0 

....} 

where F is the electric field ~ the origin, other than that 
due to the dipole itself, i.e. F i s  defined by: 

....~ ....~ 

~-r ~ ~ 
~ r )  = - ~ -  - F'r + O(r 2) (20) 

as r -+ O, where ~b is the electrostatic potential. The linearity 
of the dielectric can be used to write ff as the sum of  two 

8 POLYMER, 1976, Vol 17, January 



--> 

te rns  respectively proportional to the external field E and 
to/a: 

Fi = X#Ej  + Yi/la] (21) 

The first term, known as the cavity field, is the field at the 
origin when the external field is E and the cavity contains 
no dipoles: 

4 ) ( r ) ~ - E . r  r ~ o o  

~ r )  ~ - (Xi jEj)r  i + O(r 2) r ~ 0 

Reaction field in anisotropic dielectrics: K. H. Lau and K. Young 

so that comparison with equation (28) gives: 

elk - 8ik = 4nNZi jXjk  (30) 

or in matrix notation: 

~ -  i = 4nNZX (31) 

where: 

flail1 j exp (-13U1)d3xdf2 
(22) Zi] = 13 f exp (-/3U1)d3xda (32) 

The second term, known as the reaction field, is the field at 
t~e origin when there is no external field, but with a dipole 
/a in the cavity: 

¢(r) -+ 0 r ~ oo 

(o(r) -+ - ( Yo.la/)ri + O(r 2) r ~ 0 

The symmetric matrices X~7 and YO. are completely de- 
f'med .by equations (22) and (23) and will be functions of 
the macroscopic permittivity G0.. For reference, we quote 
the well-known isotropic result: 

(23) 

3G 
= - -  6 O. (24) 

XO" 2 e + l  

2 e - - 1  8n e - - 1  
r;; 6 0 . = - - N - -  8i] (25) 
- - - R  3 2 e + l  3 2 e + l  

where in equation (25) we have made the usual assumption 
( 4 1 r / 3 ) R 3 N  = 1. We are of course concerned here with the 
anisotropic case. The form of Xi! for this more complicated 
situation has recently been found and its effect discussed s. 
The rest of  the paper will concentrate on the effect of Y#. 

If we now substitute equation (21) into equation (19), 
we get: 

(26) 

# 

- F ' d l a  = - # i X # E  i - ½l~iY#la i 

o 

so that the total configuration energy is now: 

(27) 

U = A(a ) + ½ x i k # x  ] - ½uiYifl.t] - laiXi]Lj 

= U 1 - laiXijlzj 

This can now be inserted into equation (2), which is val~ 
in general, to yield the following result to first order in E: 

f g i la / exp  (-13U l)d3xd~2 
Q~i) =/3 f exp (-/3U1)d3xd~2 X j k E k  (28) 

(29) 

Recall that the permittivity tensor e 0- is defined by: 

4nNQai) = (elk - 5 ik )E k 

Comparison with equation (5) shows that Z 0. differs from 
~0" by the replacement U0 ~ U1. Physically this just means 
that the presence of the dielectric modifies the configura- 
tion energy, and hence the response to an external field. It 
is precisely the difference between Z and & that concerns us 
here. 

It will in fact be instructive for the reader to evaluate 
equation (32) for the isotropic case (where A = constant; 
X, Y are given by equations (24) and (25) and kij = k6#)  
and thus show that equation (31) reduces to the usual form 
of the Onsager equation. Indeed such a derivation of the 
Onsager equation avoids the.introduction of various ambig- 
uous concepts such as the 'effective dipole'. 

Spec&l  case 

Again, to simplify matters, we ignore the electronic con- 
tribution, then equation (32) becomes: 

f aia j exp (-13A) exp (½13/~02ai Yo'aj ) dr2 

Z#'=~lao 2 f exp(_t3A)exp(½131aoZaiYo.aj)d ~ (33) 

Note that in the isotropic case aiYi/a/~x a 2 = 1 is indepen- 
dent of  ~2 and hence can be dropped. Thus the reaction 
field has no effect in the isotropic limit when the electronic 
contribution is ignored; it is a specifically anisotropic effect. 
This is in fact.0hysically obvious: in the isotropic case, the 
reaction field ER is necessarily in the same direction as the 
rigid d__~po~, t~erefore the torque tending to orient the di- 
pole: r = ~ x ER~vanishes. When the medium is anisotropic 
and Y¢ 4= Y60., E R is no longer parallel to/J, so there is a 
non-zero torque. 

The matrix Yij is of  course a function of ei/. We consider 
a case where eij is symmetric about the z-axis: 

- i = ( e -  1) 11 +ur/] (34) 

with 7} defined as in equation (11). Here: 

e = try?/3 (35) 

is the average value (over the principal directions) of  the 
permittivity, while: 

Gxx + ~Vy -- 2ezz 
u = (36) 

6 ( e -  1) 

is a measure of  dielectric anisotropy*. We have calculated 

* The parameter u here corresponds to u m ref 5. 
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Yo" in terms of e and u, using a method similar to that in molecular parameters embodied in ~)(Z). It remains to in- 
ref 5, with the result: vestigate how a non-zero A affects equation (45). 

R 32 e - 1  ( 3 1  ) Y# = 6# + u - -  7/# + O(u 2) (37) 
2 e + l  1 0 2 e + l  

It is anticipated that the O(u 2) contribution will be negli- 
gible; this is the case with X#, which we have previously cal- 
culated to O(u 2) s 

Insert equation (37) in equation (33) and note that 
the 6# piece in Y0' affects only the overall normalization 
and may be dropped. Thus: 

f aiaiQ.( ~2 ) exp (.4 uairli/al)df2 (38) 
Z¢ =/3po 2 f~(g2) exp (Auairl#ai)d~2 

where we have made the replacement, exp ( - 3  A) = Q ~ Q, 
as discussed earlier and where A stands for: 

The reaction field correction 
We expand the exponential in equation (45) and also 

insert equation (16) to get: 

y Qlfl (-2Au) n 
~n "7" ~ + l n ~ .  f P2(Z)n+l Pl(Z)dZ 

u = -  (46) 
~n ~ Qlfl (-2Au) n 

l 21~-1 n ~ .  fP2(z)net(Z)dZ 

Since A < 0.05 and lul < 1, we terminate the series at n = 1 : 

3 3/a.0 2 e - 1  
A - (39) 

10 R 3 (2e + 1) 2 where: 

NO - 2AuN1 
u - (47) 

D O - 2AuD 1 

Since the calculation will be carried only to first order in 
the anisotropy u, we only need A to zero order in u, i.e. for 
the isotropic case. In that case, equation (30) is: 

Oth £ 
No = Z Ie2(Z)et(Z)dZ = Q j :  

I 2 l+1  25 

e_l=4nN31a02 3e (40) 
3 2 e + l  

N1 = ~ Qlfl l ~ fP2(Z)2PI(Z)dZ 

so that comparing equations (39) and (40) gives: 

1 ( e - l )  2 
A - (41) 

I0 e(2e + 1) 

Note that A does not exceed 0.05. 
Let us parameterize Z 0. as: 

= ~(i + w~) 

then solving for w from equation (38) gives: 

(42) 

2 4 4 
- 5 Qofo + ~5 Q2f2 + _-z-:_ Q4f4 

31b 

DO = ~ Qtfl l ~ fPl(Z)dZ = 2Qofo 

D1 = ~ Qlf l 2 I ~ fP2(Z)Pt(Z)dZ = ~-~ Q2f2 (48) 

fP2(z)a(z) exp ( -2auP2(Z))dZ 
w = - (43) 

f Q(Z) exp ( -2A uP2(Z))dZ 

where we have used: 

airlift/= - 2 P  2 (cos 0) = -2P2(Z)  (44) 

For reference note that the usual treatment in the litera- 
ture 23 ignores the anisotropy in the reaction field and cor- 
responds to putting A = 0. Provided that neither the reac- 
tion field correction (owingto A ¢: 0) nor the cavity field 
correction (owing to X ~:X1) is too large, the two correc- 
tions may be independently applied. The cavity field cor- 
rection has already been discussed s, so in this paper we take 
.~" to be isotropic as in equation (24) and concentrate on the 
reaction field. Thus comparing anisotropies in equation (31), 
we find u = w. Hence equation (43) now reads: 

fP2(Z)Q.(Z) exp ( -2A uP2(Z))dZ 
u = - (45) 

f-Q.(Z) exp ( -2A uP2(Z))dZ 

Thus we have derived an implicit equation relating u to 

Notice that since 

fP2(Z)nPI(Z)dZ = 0 (49) 

for I > n, by terminating the sum over n we automatically 
terminate the sum over I as well. 

We are now in a position to look at the properties of  
equation (47). Recall that the molecular polarizability 
determines Q2f2 by means of equation (17), but does not 
determine Q4f4, which appears in N 1. This is an interesting 
breakdown of classical dielectric theory, where 'normally' 
molecular polarizability determines the permittivity. In 
practice, however, this will not be an important effect, 
since the coefficient of Q4f4 is small. So in the rest of the 
discussion, we shall set Q4f4 to zero. This will be discussed 
in the Appendix. 

Ignoring Q4f4, and relating Q2f2 to vby  equation (I 8), 
equation (47) can be written as: 

u = ( 5 0 )  
1 + 2Auv 

10 POLYMER, 1976, Vol 17, January 



Solving for ~: [ (4  
v = u  1 +A 2 u 2 + - u  - 

7 

where O(A 2) terms have not been kept. 

Reaction field in anisotropic dielectrics: K. H. Lau and K. Young 

(51) 

In practice, one 

3 Kakutani, H, J. Polym. ScL (A-2] 1970, 8, 1177 
4 Phillips, P. J., Kleinheins, G. and Stein, R. S. J. Polym. ScL 

(A-2) 1972, 10, 1593 
5 Lau, K. H. and Young, K. Polymer 1975, 16,477 
6 Langevin, P. J. Phys. 1905,4,678; 

Debye, P. Phys. Z. 1912, 13,97 
7 Frohlich, H. 'Theory of Dielectrics', Oxford Univ. Press, London, 

measures the anisotropy u = [exx + eyy - 2ezz]/[6(e - 1)] 
and determines vfrom it, so equation (51) is the experimen- 
tally useful equation. (The determination of the orienta- 
tion function from v is standard and will not be discussed 
here; see for example ref 5.) The square bracket in equation 
(51) is the correction factor to be applied to the naive re- 
sult v = u often used in the literature; the correction is of  
course proportional to A. In view of  the bound A < 0.05, 
the correction never amounts to more than 2 - 3 %  and is 
totally negligible at the present level of experimental accu- 
racy. 

Thus the only significant correction, of up to 10%, 
comes from the cavity field effect s . 

CONCLUSION 

Our main result is that the reaction field correction is small; 
if a correction is nevertheless desired, equation (51) may be 
applied. It is well to recall the limitations of the present 
calculation. First, we restricted our attention to axially 
symmetric systems. This is the most common situation in 
polymer physics, and in any case it is inconceivable that the 
qualitative conclusion of this paper will be altered if one 
removes this restriction. Secondly, electronic polarizability 
has been ignored. Thus we expect our result to be appli- 
cable in detail only if [e01 >2> I&o I (where the subscript de- 
notes the frequency) or if we consider the dispersion A~ = 
gO -- ~o~, which should be due to the permanent dipoles 
alone. Whether the reaction field has any appreciable effect 
on the birefringence (i.e. the anisotropy in g=) is a separate 
question to be looked at. 
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Note added h~ proof  

Similar problems have been considered in the context of  
liquid crystals by Bordewijk (Physica 1974, 75, 146). We 
thank Dr Bordewijk for bringing this work to our attention. 

APPENDIX 

Here we wish to justify the neglect of  Q4f4, which, we 
stress again, cannot be calculated from the polarizability. 
If we keep the Q4f4 term in equation (48), (51) acquires 
an extra term: 

[ ( 4 2 ) 1  v = u  1 +A 2u2+ - u - -  +~ (51') 
7 5 

where ~ = 4/315 (QJ4/Qdo) .  By the positive of f ,  we can 
deduce 

9 I ff(Z)p4(Z)d Z 9 9 tf41 = ~ <<. ~ y f(Z)dZ = ~ fo 

since IP4(Z)I ~< 1. A similar bound applies to Q4, hence 

I~1 ~< 3 ~  35 

Therefore the inclusion of ~ does not alter the fact that the 
correction will be quite small, on account o fA < 0.05. 
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Comparative study of crystallization rates 
by d.s.c, and depolarization microscopy 
C. F. Pratt and S. Y. Hobbs 
General Electric Research and Development Center, P.O. Box 8, Schenectady, N Y 12301, USA 
(Received 17 June 1975; revised 20 September 1975) 

Markedly slower crystallization half times for poly(butylene terephthalate) and poly(ethylene tereph- 
thalate) are found by d.s.c, than by depolarization microscopy although similar values are obtained 
for isotactic polypropylene. In both the microscopic and calorimetric experiments an Avrami analy- 
sis of data on each polymer gives n ~ 3 (predetermined nucleation, spherulitic growth), over the range 
of crystallization temperatures investigated. Possible reasons for the observed discrepancies are dis- 
cussed. 

INTRODUCTION 

Measurements of isothermal crystallization rates by the 
depolarization of light in the hot stage microscope have 
been reported by several authors 1-s. In this method the 
light transmission through crossed polarizers, is monitored 
as a function of time with a photocell and chart recorder. 
Crystallization half-times can be interpolated directly from 
t h e  I v e r s u s  t profiles or, as suggested by Magill 1'2, from 
normalized light transmission/time plots of the form 
( Ic  - l t ) / ( I c  - I 0 )  vs. log t where I0 and I c  are initial and 
final intensities and I t  t h e  intensity at time t. Rate con- 
stants can be calculated from the Avrami equation: 

0 = e - k i n  (1) 

where 0 is the fraction of untransformed material, k is a 
constant and n an integer depending on the type of nuclea- 
tion and growth 6-7. With 0 = ( l c  - I t ) / ( I c  - I 0 ) ,  n can be 
obtained directly from ln(-ln0) vs. In t plots. 

In spite of the widespread use of this technique it is not 
obvious that the depolarized light/time traces should pro- 
vide a correct measure of polymer crystallization rates or 
should give the proper Avrami exponent. Binsbergen has 
shown, for example, that only when it is assumed that the 
birefringent entities in the crystallizing aggregates increase 
in number and length with time, (probably a reasonable 
model for spherulite development), is there a linear rela- 
tionship between the birefringence and volume of crystal- 
line material s. Other analytical techniques may show a 
similar sensitivity to the details of the crystallization pro- 
cess. Godovsky has recently indicated that for some poly- 
mers calorimetry may give n = 2 while dilatometry gives 
n = 3 9. In explanation he suggests that the first technique 
is more sensitive to the development of two-dimensional 
lamellae while the second reflects the formation of three- 
dimensional spherulites. Gilbert and Hybart have noted a 
similar but smaller difference in d.t.a, and dilatometric 
measurements of aliphatic polyester crystallization rates is. 
In general, however, when different analyses give similar 
Avrami exponents on a given system other kinetic para- 
meters such as the crystallization half-times are found to 
be comparable. 

Some recent studies of the crystallization kinetics of 
isotactic polypropylene, poly(butylene terephthalate) 
(PBT), and poly(ethylene terephthalate) (PET) by differen- 

tial scanning calorimetry (d.s.c.) and depolarization micro- 
scopy, have been reported. Our calorimetric data on PBT 
are in quantitative agreement with those recently presented 
by Shultz and Stang 1°. The comparative results are note- 
worthy in that the two polyesters appear to exhibit similar 
Avrami kinetics but quite different crystallization half-times 
when examined by the two techniques. In contrast, simi- 
lar t l / 2  values are obtained for polypropylene by the two 
methods. 

EXPERIMENTAL 

PBT samples were obtained from the GE Plastics Division 
(Pittsfield, Mass.) (Valox ® 310 resin, [77] at 25°C in hexa- 
fluoroisopropanol (HFIP) = 1.32 dl/g), PET from Cellomer 
Associates ([r/] 2 ~  = 0.67 dl/g), and polypropylene from 
the GE Capacitor Department in Hudson Falls (Rexene 
PP41E3 resin). All calorimetry was carried out in a DSC-2 
calorimeter and all microscopy in a Zeiss polarizing micro- 
scope equipped with a Mettler FP-2 hot stage. Light trans- 
mission between crossed polarizers was monitored as a 
function of time using a beam splitter and photocell whose 
output was channeled into a Hewlett-Packard x - y  recorder. 
Both instruments were calibrated over the temperature range 
30°-300°C using the following standards: naphthalene, 
(80.24°C + 0.05°C); adipic acid, (151.46°C -+ 0.05°C); 
2-chloroanthraquinone, (208.95°C -+ 0.05°C); anthraqui- 
none, (284.23°C -+ 0.05°C). Equilibrium temperatures were 
determined by scanning the standards at increasingly slower 
rates and extrapolating to zero cooling rate. In the hot stage 
these values were checked using a copper-constantan ther- 
mocouple sandwiched between 9 mil glass cover slips. The 
values agreed within -+0.2°C. 

All samples were melted for 2 min prior to crystallization; 
polypropylene at 210°C, PBT at 250°C, and PET at 290°C. 
No changes in the measured crystallization rates were ob- 
served on increasing the melting temperature or time and it 
is assumed that in all cases crystallization proceeded from 
the equilibrium melt. In both the calorimeter and the hot 
stage the samples were first cooled to an intermediate tem- 
perature* sufficiently high that no measurable crystalliza- 
tion took place, equilibrated for 1 min, and then dropped 

* For polypropylene 140°C, PBT 210°C, and PET 240°C. 
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t and ~ c  the total measured heat of  crystallization. The 
depolarization data were reduced as described by Magill. In 
both cases (see Figures 3 and .5) the times in the In(--In0) vs. 
In t plots include induction times. Slopes were determined 
graphically over the range 0 = 0 .2-0 .8  to avoid difficulties 
associated with unusual birefringence variations during the 
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0 40  50 0 70 80 

A T(oc) 
Figure 1 Time for sample to reach thermal equil ibrium as a func- 
t ion of supercooling, A T  
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Figure 2 Avrami plot  of d,s.c, data for polypropylene. 0 Tc = 
110°C, n = 3.0; X,  T c = 115°0, n = 3 .1 ;~ ,  T c = 120°0, n = 2.9; 
[], T c = 125°C, n = 2.9; I ,  T c = 130°C, n = 2.7 

to the crystallization temperature. This procedure allowed 
any thermal stresses to be relieved and permitted more rapid 
equilibration at T c. Indicator lights on the two pieces of 
apparatus were found to give an accurate measure of  tem- 
perature stabilization. Other investigators employing the 
depolarization technique have used two furnaces, one at 
Tm and one at Tc and transferred the sample into the low 
temperature furnace to initiate crystallization. Our experi- 
ments with imbedded thermocouples have indicated that a 
fairly large but variable time may be required to reach ther- 
mal equilibrium using this technique (see Figure 1), giving 

rise to appreciable uncertainty in the determination of t O . 
By dropping the entire stage temperature with a cool nitro- 
gen jet, t O could be accurately rLxed although the maximum 
measurable crystallization rate was somewhat reduced. 

The calorimetric data were reduced by setting 0 = AHtc/ 
Z ~ c  where £d-/tc is the integral heat of  crystallization at time 

IO 

c 
r 
c o .  

/ If ,"/i 

0 " 0 1  I I i ~ ~ ~ J , ~ L i , , L 

0.1 I I0  I 0 0  
In t 

Figure 3 Avrami p lot  of depolarization data for  polypropylene. 
Note shift in exponent f rom 3 to 2 as spherulite diameters approach 
fi lm thickness at higher T c values. O, T c = 120°C,n = 3.0; X, T c = 
123°C, n = 2.9; A,  Tc = 125°C, n = 2.9; [3, Tc = 127°C, n = 2.9; 
l ,  T c = 130°C, n =3 .0  

Table I Avrami exponents obtained from d.s.c, and depolarization 
data 

Polymer Technique 

Crystal- 
l ization Avrami 
temperatu re exponent 
(°C) n 

polypropylene O..s.c. 110 3.0 
115 3.1 
120 2.9 
125 2.9 
130 2.7 

depolarized 120 3.0 
l igh t 123 2.9 

125 2.9 
127 2.9 
130 3.0 

poly(butylene D.s.c. 200 2.7 
terephthalate) 205 2.9 

210 2.8 

depolarized 200 2.9 
light 203 3.0 

205 3.0 
207 3.0 
210 3.1 

poly(ethylene D.s.c. 200 3.1 
terephthalate) 205 3.2 

210 3.0 
215 3.1 
220 3.2 
225 3.1 

depolarized 210 2.9 
light 215 3.0 

220 3.1 
225 3.5 
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,Figure 4 Crystallization half times for polypropylene. O, D.s.e., 
O, hot stage 

150 

early, non-spherulitic stage of crystallization and truncation 
effects near the end of crystallization. Independent linear 
regression analyses of the data gave slopes within +0.05 of 
the graphical values. 

RESULTS 

Avrami plots obtained by d.s.c, and depolarization micro- 
scopy for polypropylene are shown in Figures 2 and 3 and 
the crystallization temperatures and the corresponding n 
values for each polymer are listed in Table 1. In the poly- 
propylene samples crystallized in the hot stage above 127°C 
the diameters of the growing spherulites become compar- 
able to the film thickness and two-dimensional growth en- 
sues. This change is reflected as a shift from 3 to 2 in the 
slopes of the Avrami plots as shown in Figure 3. In all other 
cases the slopes of the isotherms remain approximately 
equal to 3. 

The crystallization half times for the three polymers are 
presented in Figures 4-6. In the case of polypropylene the 
agreement is excellent between the two techniques over the 
range of crystallization temperatures investigated, whereas 
there is considerable disparity in the case of PBT and PET. 
(The log scale on the ordinate minimizes the displacement 
in the curves which is approximately a factor of 2.) Crystal- 
lization half times for PBT samples with different thermal 
and processing histories as measured by the two techniques 
are shown in Figure 6. (The key 450•70, etc. indicates the 
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Crystallization half times for poly(ethylene terephtha- 
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Figure 6 Crystallization half times for poly(butylene terephtha- 
late). X, Valox 310; O, Valox 310, moulding 450/70; O, Valox 310, 
moulding 450/250. Note relatively large sample to sample variation 
in both techniques. --------, D.s.c.; , hot stage 
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and depolarization microscopy: C. F. Pratt and S. Y. Hobbs 

ments with melting standards indicate that there is less than 
0.5°C temperature error in the data points. Similarly there 
is no evidence that the differences can be attributed to dif- 
ferences in sample configuration or to heterogeneous nucle- 
ation on the glass cover slips. The observed spread in tl/2 
values was maintained when microtomed films of identical 
thickness were used in the hot stage and calorimeter. Simi- 
lar half times were measured for unfilled- and glass-filled 
polyester resins in the calorimeter and no preferential nucle- 
ation could be observed on the glass cover slips in the opti- 
cal microscope. 

It has been suggested that the value oflc obtained from 
the depolarized light intensity curves may be too low be- 
cause of improper correction for scattering. This agrument 
finds some support as there are other reports of anomolous 
maxima in some intensity time traces which may be attri- 
buted to competing depolarization and scattering effects. 
These peaks occur most commonly in samples which are 
excessively thick or which crystallize extremely rapidly. 
It is not considered that such effects lead to major errors 
in the present analyses. Data points were collected only 
from sigmoidal curves showing no decrease in intensity 
after reaching maximum height. The half-times normally 
fell in the steepest section of the traces requiring an unac- 
ceptably large 'error' in Ic to displace tl/2 to the values 
obtained by calorimetry. Furthermore, it is unlikely that 
such competing effects could combine to give 'correct' 
integral Avrami exponents. Another common reported 
problem in these experiments is in the selection of r, the 
induction time, as the slopes of the ln(-ln0) vs. In t plots 
are very sensitive to the value of r. However, we would 

Figure 7 C o m p a r i s o n  o f  Avrami  k values obtained by d i f f e r e n t  

techni.ques on several  p o l y p r o p y l e n e  samples .  A Magill=; • Marker  
11 . . ' ' eta/. ; O.d.s.c.; X, depolar izat ion 

melt and mould temperatures respectively in °F.) Again 
the tl/2 values obtained from the depolarization experi- 
ments are approximately half of those measured by d.s.c. 
although the data appear to show some convergence at 
higher crystallization temperatures. In all cases the mea- 
sured Avrami n values ranged from 2.8-3.0. It is note- 
worthy that there is a considerable increase in the crystal- 
lization rate of PBT resin which has been injection moulded 
although very little change in the viscosity average molecu- 
lar weight is observed. Very likely the nucleation density 
is increased in these samples. 

A comparison of our data with those obtained by dila- 
tometry on Profax 6513E u polypropylene and by de- 
polarization microscopy on Shell Carbona White polypro- 
pylene 2 is presented in Figure 7. The respective values for 
tl/2 are conveniently replaced with the respective values 
for Avrami's k since n = 3 in all cases. The three sets of 
data show surprisingly good agreement for independent 
measurements on three different polymer samples using 
three analytical techniques. 

DISCUSSION 

At the present time we cannot offer a totally satisfactory 
explanation for the differences in the tl/2 vs. Tplots ob- 
tained for PBT and PET by calorimetric and depolarized 
light techniques. Repeated measurements showed that the 
differences are real and reproducible. Although it appears 
that the curves can be nearly superimposed by a shift along 
the temperature axis, repeated calibration of both instru- 

expect such errors to show up as fluctuations in the Avrami 
n well before deivations in tl/2 are observed. Such varia- 
tions were not observed. Furthermore inbedded thermo- 
couples indicate that to, the time at which equilibrium tem- 
perature is obtained, is accurate 3% or better even in the 
most rapidly crystallized samples. 

Stein has found upon annealing quenched samples of 
PBT that considerable non-birefringent crystallization may 
occur which is detectable by low angle light scattering and 
density measurements but which is not detectable in the 
optical microscope 12. It is possible that the rate of primary 
spherulitic development is given accurately by the depol- 
arization measurements while the calorimetric data more 
accurately reflects the overall rate of crystallization. The 
latter may include contributions from numerous small 
crystals which mirror the development of more well devel- 
oped spherulites but do not contribute appreciably to in- 
creases in birefringence. In support of this argument we 
note that significant heat output is observed in the calori- 
meter, before the first signs of birefringence develop in the 
hot stage, especially at higher temperatures. It is also likely 
that secondary growth processes which proceed at a much 
lower rate than spherulite development make substantial 
contributions to the heat of crystallization but only small 
contributions to increased birefringence. This explanation 
is undoubtedly oversimplified in that several theoretical 
treatments have indicated that substantial secondary crystal- 
lization should introduce a large fractional component to 
the Avrami exponents la'14. This result is partly attributable 
to the fact that such growth is proportional to the time a 
given volume element has resided in a growing spherulite. 
We hope that more extensive light scattering experiments, 
in wliich contributions from primary spherulite growth are 
separated from other types of crystallization, will help to 
explain the observed discrepancy in half-times. 
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A rapid technique for the qualitative 
analysis of polymers and additives using 
stop-and-go g.p.c, and i.r. 
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and Julian F. Johnson$ 
IBM Research Laboratory, San Jose, California 95193, USA 
(Received 23 May 1975) 

The use of gel permeation chromatography operated in a stop-and-go mode combined with an infra- 
red spectrometer detector permits rapid qualitative and quantitative analysis of additives in polymers. 
Additionally, the chemical composition of the polymer and its molecular weight and molecular weight 
distribution may be determined. The method does not require any preliminary separation steps. 

INTRODUCTION 

Polymers are often modified with various additives to im- 
prove their usefulness. Plasticizers, such as phthalate esters, 
phosphate esters, fatty acid esters and sulphonamides, are 
added to improve processability and flexibility of the com- 
pounded polymer. Antioxidants, such as phenols, aromatic 
amines, and condensation products of amines and amino- 
phenols with aldehydes, ketones and thio compounds, are 
added to prevent or inhibit the oxidation of the polymer. 
Other additives include colorants, flame retardants and 
stabilizers. The analysis of polymeric materials routinely 
includes the qualitative and quantitative analysis for these 
additives. 

The additives present in polymeric materials have been 
determined in various ways. One of the most common 
techniques is extraction followed by infra-red spectroscopic 
analysis 1. The extraction techniques, generally, involve the 
preparation of a thin film of the sample, e.g. by slicing in 
the microtome. The films are then extracted in a Soxhlet, 
Kumagawa or similar apparatus with a solvent that leaches 
out the monomeric additives present without dissolving, 
essentially, any of the polymeric material. The polymer 
and additives, thus separated, can then be analysed sepa- 
rately. Extractions are generally continued for 8 - 1 0  h and 
drying of the polymeric films is done overnight I, Thus 
this method is not rapid. A more rapid technique involves 
the dissolution of the entire sample in a suitable solvent 
followed by the ultra-violet spectroscopic (u.v.) analysis of 
the solution 2. The u.v. spectrum is usually scanned from 
2 0 0 4 0 0  nm and the additive identified and then quanti- 
fied by direct calibration with the use of standard curves. 
The solvent and polymer must not absorb u.v. radiation in 
the region where the additive absorbs. This is a rapid 

* Part XXXVIII of a series on Column Fractionation of Polymers. 
§ To whom enquiries should be addressed, c/o ARCO/Polymers, 
Inc., Monroeville, Pa 15146, USA, 
t On leave from IBM Research Laboratory, San Jose, California, 
USA. 
:~ On leave from University of Connecticut, Storrs, Connecticut, 
USA. 

method but has the disadvantage that the identification of 
the additive is not readily determined from a u.v. spectrum 
alone. This would be further complicated if the polymer 
were unknown. Thus, the method is usually used with 
known polymers when only one of several additives are sus- 
pected as present. A similar u.v. technique has been des- 
cribed by Luongo 3, using thin compression moulded films 
of the polymer. It is subjected to the difficulties mention- 
ed for the solution technique, except there is no solvent 
which can interfere. 

This paper describes a rapid technique for the determina- 
tion of the chemical composition of the polymeric portion 
of the sample and the identification of the additives present. 
The technique can be extended to allow the molecular 
weight (MW) averages and molecular weight distribution 
(MWD) of the polymeric portion of the sample to be deter- 
mined and to permit the quantification of the additives 
present, also. This method involves the dissolution of the 
entire sample in a suitable solvent, followed by the separa- 
tion of the components on a gel permeation chromatograph. 
Then using the stop-and-go g.p.c./i.r, method, previously 
described 4, the infrared (i.r.) spectrum of each component 
is scanned while the g.p.c, flow is stopped. This allows for 
the identification of the polymeric and additive portions 
of the sample. 

EXPERIMENTAL 

The experimental apparatus has been described in detail, 
previously 4. It consisted of a simple gel permeation chro- 
matograph with a 4.0 cm 3 injection loop, stainless steel, 
6.35 mm (0.25 in), 1 m columns, packed with Bioglas 
(Richmond, Cal. USA) glass beads and a Perkin-Elmer 21 
infrared spectrometer as a detector. The i.r. detector was 
fitted with a refracting beam condenser, a 3 mm pathlength, 
50 pl flow-through cell and a 3 mm pathlength, adjustable 
reference cell. 

Two columns sets were employed. Column set 1 consis- 
ted of three, 1 m, 6.35 mm (0.25 in) columns packed with 
1000, 200 and 200/~ nominal exclusion limit glass beads 
respectively. Column set 2 consisted of five, 1 m, 6.35 mm 
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Figure I (a) G.p.c. of sample 1 (polystyrene and dibutyl phtha- 
late) on column set 1 ; see te~;t for details. (b) Stop-and-go g.p.c, of 
sample 1 on column sat 1, showing the i.r. spectra of the polymeric 
portion and additive portion of the sample 

(0.25 in) columns, packed with 1250, 370, 2000 and 1000 
glass beads, respectively. Particle sizes of the glass beads 
used ranged from 50 to 400 mesh. 

Column set 1 was used to demonstrate rapid qualitative 
analysis. Column set 2 was used to demonstrate the feas- 
ibility of higher resolution quantitative analysis. 

Chromatograms and i.r. spectra were both recorded on a 
Varian A-25 recorder. Wavelength calibration of the i.r. 
spectra was performed manually, using the wavelength coun- 
ter of the spectrometer as a reference. 

The following polymer formulations were prepared to 
demonstrate the method of analysis. All formulations were 
made using a broad MWD polystyrene. Sample 1 contained 
7.2% w/w dibutyl phthalate in polystyrene. Sample 2 con- 
tained 3.2% w/w didecyl phthalate in polystyrene. Sample 
3 contained 1.0% w/w BHT, (2,6-di-t-butyl-4-methyl 
phenol), in polystyrene. Each sample was dissolved at a 

Fo M. Mirabella Jr et aL 

concentration of 15 mg/cm 3 (based on polymer) in tetra- 
chloroethylene (Fisher Scientific Co., technical grade) which 
was freshly distilled prior to use. This same solvent was 
used as the g.p.c, solvent. 

The solutions were syringed up through a Millipore filter 
to remove any insoluble materials. They were chromato- 
graphed at a flow rate of 0.8 ml/min and at room tempera- 
ture. Since 4.0 ml of each solution were injected, the sam- 
ple load was 60 mg of polymer. 

RESULTS AND DISCUSSION 

Figures la and lb show, respectively, the g.P.c, of sample 1 
(15 mg/cm 3 in tetrachloroethylene of polystyrene contain- 
ing 7.2% w/w dibutyl phthalate) and the stop-and-go g.p.c. 
of sample 1, showing the i.r. spectra of the polymeric por- 
tion and the additive portion of the sample. The g.p.c, were 
run on column set 1, as described above. The spectra were 
scanned from 2.50/am (4000 cm -1) to 9.00/am (1111 
cm -1) since a continuous 'window' was obtained within 
these limits for tetraclgoroethylene solvent. Figures 2a and 
2b show standard spectra of polystyrene and dibutyl phtha- 
late in tetrachloroethylene, respectively. Comparison of Fig- 
ures 2a and 2b with Figure lb indicates how this method 
permits the qualitative identification of both polymer and 
additive. Total analysis time was 1½ h for running one 
chromatogram and two i.r. spectra. 
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phthalate, 1 mg/cm 3 in tetrachloroethylene, 3 mm pathlength solu- 
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Analogous rapid analyses for samples 2 and 3 are shown 
in Figures 3 and 4, respectively. The i.r. scan of the poly- 
mer peak is not shown. Figures 3a and 3b show the stop- 
and-go g.p.c, of sample 2 (15 mg/cm 3 in tetrachloroethy- 
lone of polystyrene containing 3.2% w/w didecyl phthalate) 
with the i.r. spectrum of the additive peak and a standard 
spectrum of didecyl phthalate in tetrachloroethylene, res- 
pectively. Figures 4a and 4b show the stop-and-go g.p.c, of 
sample 3 (15 mg/cm 3 in tetrachloroethylene of polystyrene 
containing 1.0% w/w BHT) with the i.r. spectrum of the 
additive peak and a standard spectrum of BHT in tetra- 
chloroethylene, respectively. 

Comparison of the standard spectrum in each of Figures 
3b and 4b to the spectrum obtained for the additive peak in 
each case, again shows the application of this technique to 
qualitative analysis. The additional peaks observed in the 
i.r. spectrum of the additive peak in Figure 4a are due to 
polystyrene which was not resolved on the g.p.c, columns. 
However, the additive can be identified as BHT from the 

other peaks, not interfered with by the residual polystyrene, 
especially the hydroxyl absorption at ~2.70 #m (3700 
cm-1). 

Polymer formulations which contain more than one 
polymer and/or additive could be analysed by this method 
with somewhat more difficulty in interpreting the i.r. spec- 
tra. 

The method can be extended to the quantitative analy- 
sis of both polymeric and additive portions of the sample. 
This was demonstrated for sample 1 using column set 2, as 
described in the experimental sections. Figure 5 shows a 
stop-and-go g.p.c, of sample 1, showing the i.r. spectrum of 
the additive peak. Under these higher resolution conditions 
the polymer peak was well resolved from the additive peak. 
Thus the MW averages and MWD of the polymeric portion 
of the sample could be determined in the usual way. The 
concentration of the additive could be determined by di- 
rect calibration with standard solutions of the additive 
chromatographed on the same system in order to obtain a 
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calibration curve. Analysis time for a sample was 2 h per 
g.p.c, run at the higher resolution conditions. 
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Relationship of temperature to 
composition of copolymers of 
( -methylstyrene and maleic anhydride 

Raymond B. Seymour and David P. Garner 
Department of Chemistry, University of Houston, Houston, Texas 77004, USA 
(Received 19 August 1975; revised 16 September 1975) 

Alternating copolymers of e-methylstyrene and maleic anhydride were prepared in good yields in a 
decalin solution at temperatures below 80°C. Random copolymers with large percentages of (x- 
methylstyrene were obtained in good yields at higher temperatures. These results were in accord 
with the charge transfer complex which was characterized by n.m.r, and u.v. spectrophotometry and 
shown to exist below 80°C. The copolymers were characterized by pyrolysis/gas chromatography 
and differential scanning calorimetry. The glass transition temperature of poly(a-methylstyrene) 
and the random copolymer of this monomer and maleic anhydride were approximately 450 and 
458 K respectively. 

INTRODUCTION 

Polymers of ~-methylstyrene 1 and maleic anhydride 2 as well 
as alternating copolymers of these two monomers 3 have 
been described. Likewise, the alternating copolymer of 
styrene and maleic anhydride was one of the first recog- 
nizable copolymers 4. Both block copolymers and random 
copolymers of this system have also been described s'6. 

The formation of block copolymers is the result of 
the addition of excess styrene monomer to styrene-maleic 
anhydride macroradicals 7. The formation of random co- 
polymers has been attributed to the decomposition of the 
charge transfer complex at elevated temperatures s. It is 
assumed that this complex is formed when the electron- 
poor maleic anhydride accepts a charge from the electron 
rich styrene 9. Absorbance bands attributable to this com- 
plex and not characteristic of either monomer species have 
been observed in the u.v. spectra of a solution of these 
monomers 1°. The presence of this complex has also been 
demonstrated by n.m.r, techniques H. 

EXPERIMENTAL 

Copolymers of c~-methylstyrene and maleic anhydride were 
prepared from freshly distilled c~-methylstyrene and maleic 
anhydride, which had been crystallized from benzene. Mix- 
tures of these monomers as a 10% w/w solution in purified 
decalin were polymerized in oxygen-free sealed containers 
at specified temperatures. Azobisisobutyronitrile (AIBN) 
was used as the initiator. 

The decalin was washed with concentrated sulphuric 
acid, washed with water, dried over sodium and freshly dis- 
tilled. Yields of better than 90% w/w of alternating copoly- 
mers were obtained in the presence of 2.5% w/w AIBN. 
However, it was necessary to increase this concentration 
to 10% w/w in order to obtain comparable yields of random 
copolymers at higher temperatures. 

U.v. absorbance data were obtained from 0.001 M solu- 
tions of the monomeric mixtures in decalin using a Carey 
Model 14 spectrophotometer. N.m.r. data were obtained 
from solvent free c~-methylstyrene, 10% w/w solution of 
maleic anhydride in carbon tetrachloride, and 10% w/w 

solution of the maleic anhydride/~-methylstyrene complex 
in carbon tetrachloride using a Varian T-60 spectrophoto- 
meter. The d.s.c, data were obtained on a Perkin-Elmer 
Differential Scanning Calorimeter lB. 

Pyrolysis/g.c. data were obtained from small samples 
of copolymers which were thermally decomposed by a 
current of 8 A for 6 sec in a Varian Aerograph A-25 py- 
rolysis unit. Helium at a flow rate of 60ml/min was used 
as the carrier gas for the decomposition products in a 
Varian Aerograph A 100 C Gas Chromatograph. 

RESULTS 

Charge transfer complex of c~-methylstyrene and maleic 
anhydride 

Since c~-methylstyrene is a better electron donor than 
styrene, it forms a stronger charge transfer complex with 
maleic anhydride as shown below: 

O 

H H H 
O 

As shown in Figure 3, the n.m.r, absorbance for maleic 
anhydride has shifted from 7.1 6 (Figure 1) to 5.9 6 in the 
mixture of this monomer and ~-methylstyrene. The n.m.r. 
absorbance for the latter is shown in Figure 2. 

Effect of temperature on the charge transfer complex 
Since the effect of temperature on the charge transfer 

complex is not readily determined by n.m.r, techniques, 
u.v. spectrophotometry was used to investigate this effect. 
The change in the absorbance band at 291 nm in the u.v. 
spectrum was followed with the change in temperature. As 
shown in Figure 4, the intensity of this absorbance decreased 
as the temperature was increased. Extrapolation of these 
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Figure 4 Effect of temperature on abmrbance of ~-methylswrene--  
maleic anhydride charge transfer complex at 291 nm 

data showed zero absorbance at temperatures above 85~C. 
Since the formation of an alternating copolymer is depen- 
dent on the presence of a charge transfer complex, the com- 
position of the copolymer is independent of compositions at 
temperatures below 85°C. 

Copolymers of a-methylstyrene and maleic anhydride 
As shown in Table 1, good yields of decalin insoluble 

alternating copolymers were obtained when 10% solution 
of equimolar ratios of a-methylstyrene and maleic anhy- 
dride in decalin were heated at temperatures below 80°C 
for 72 h in the presence of 2.5% AIBN. These compositions 
were determined by pyrolysis/gas chromatography. Typical 
pyrograms are shown in Figure 5. 

As shown in Table 2, the composition of the copolymer 
was independent of the monomer ratio in the feed at tem- 
peratures below 80°C. However, random copolymers with 
large proportions of a-methylstyrene were obtained at 100°C 

CHARACTERIZATION OF COPOLYMERS 

The d.s.c, thermograms, shown in Figure 6, indicate that 
the copolymers prepared at 100°C were random copoly- 
mers while those prepared at temperatures less than 80°C 
(B) were alternating copolymers. Scan A for poly(a- 
methylstyrene) shows a glass transition temperature of 
approximately 450 K, which corresponds well with the pre- 
viously obtained range of 446-453 K 12. 

Table I Effect of temperature (60°--80°C) on composition of 
copolymers of e-methylstyrene (e-MS) and maleic anhydride (MA) 

Temperatu re Feed ratio Polymer composition 
(o C) (e-MS/MA) (e-MS/MA) 

60 1:1 1:1 
70 1:1 1:1 
80 1:1 1.1:1 
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Figure 5 Typical g.c. pyrograms of copolymers 
of (x-methylstyrene and maleie anhydride. A, 
1 : 1 ratio; B, 20:1 ratio of monomers 
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Figure 6 D.s.c. thermoyrams of (x-methyl~yrene--maleie anhydride 
copolymers. A, polyl(x-methylstyrene) Tg = 450K; B, alternating 
copolymer prepared at 70°C; C, random copolymer (7:2) prepared 
at 100°C 

Tab/e 2 Effect of temperature (60°-100°C) on composition of 
copolymers of (x-methylstyrene ((x-MS) and maleic anhydride (MA) 

Temperature Feed ratio Polymer composition 
(°C) ((X-MS/MA) ((~-MS/MA) 

60 5:1 1:1 
70 5:1 1:1 
80 5:1 1:1 

100 10:3 7:2 
100 50:3 20:1 

No transition at ~450K was observed for the alternating 
copolymer (B), which melted at about 480K. Scan C for 
the copolymer produced at 100°C resembles scan A. How- 
ever, since a-methylstyrene does not form a homopolymer 
at temperatures above 61 °C, and g.c. pyrograms showed 
the presence of two monomers in a 7:2 ratio, this scan is 
for a random copolymer. 
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A study of molecular orientation in drawn 
and shrunk poly(ethylene terephthalate) by 
means of birefringence, polarized 
fluorescence and X-ray diffraction 
measurements 

J. H. Nobbs, D. I. Bower and I. M. Ward 
Department of Physics, University of Leeds, Leeds LS2 9JT, UK 
(Received 21 July 1975) 

Amorphous tapes of poly(ethylene terephthalate) (PET) containing the fluorescent additive 4,4'- 
(dibenzoxazolyl) stilbene, prepared by a method previously described, were drawn around a 'pin' at 
80°C to draw ratios, X, of 2.0, 2.5, 3.44, 3.5 and 4.2. Values of (P2(cos 0)) were determined for sam- 
ples from the tapes, either as-drawn or shrunk and crystallized in air under various conditions. 
P2(cos0) is the second order Legendre polynomial, 0 is the angle between a chain axis and the draw 
direction and the angle brackets denote an average value. Measurements of refractive index and of 
the intensity of X-ray scattering were used to derive (P2(cos 0))opt and (P2(cos O))c which refer, res- 
pectively, to the whole polymer and to the crystalline regions only. By making certain assumptions, 
values of (P2(cos0))a for the amorphous regions only, were derived from measurements of the inten- 
sity of polarized fluorescence. The expected relationship between the three measures of orientation 
and the degree of crystallinity was verified, which justified the assumptions made in deriving 
(P2(cosO))a. The PET samples appeared to behave as a rubber with 5.6 freely-jointed links between 
crosslink points when drawn and shrunk at 80°C for X < 2.5. For higher X, although the shrinkage 
was dramatically reduced, it was always associated with considerable disorientation of the amorphous 
regions, which suggests that this is the primary mechanism of shrinkage. 

INTRODUCTION 

In a previous paper I we have presented the theory of the 
polarized fluorescence method for studying molecular 
orientation in polymers, together with quantitative results 
for a series of uniaxially drawn amorphous tapes of poly- 
(ethylene terephthalate) (PET), in which molecules of the 
fluorescent compound 4,4'-(dibenzoxazolyl) stilbene were 
dispersed. This previous investigation was deliberately con- 
cerned with oriented polymers of low crystallinity, so that 
the effects of crystallization were minimized. By compar- 
ing the fluorescence results with measurements of optical 
birefringence it was shown that, although the fluorescent 
molecules were more highly oriented than the polymer seg- 
ments, the two distributions of orientations maintained a 
constant relationship. 

The most useful application of polarized fluorescence 
is, however, to study the distribution of orientations within 
the amorphous regions of a semi-crystalline polymer, if, as 
is believed, the large fluorescent probe molecules are too 
bulky to be accommodated in the crystal lattice of the poly- 
mer. In the present paper, we describe a study of similar 
PET tapes which were first drawn and then shrunk under 
various conditions, some of which induced crystallinity. 
The results confirm that the fluorescent probes are indeed 
located in the amorphous regions of the polymer and pro- 
vide valuable information about the shrinkage and crystal- 
lization processes. In this investigation, fluorescence mea- 
surements, have been combined with X-ray diffraction and 
optical measurements which provide direct measures of the 
orientation of the crystalline regions and of the overall 
molecular orientation, respectively. 

ORIENTATION AVERAGES 

For transversely isotropic samples we define an orientation 
average (P2(~)), the mean value of P2(~), where ~ is the co- 
sine of the angle 0 between the axis of a structural unit in 
the polymer and the draw direction and P2(~) = ½(3~ 2 - 1) 
is a second order Legendre polynomial. 

The optical orientation averages, which are determined 
from measurements of refractive index and which we call 
(P2(~))opt, relate to the overall chain axis orientation to a 
good approximation. This has been confirmed directly by 
infra-red 2 and Raman 3 spectroscopic studies, where it has 
been shown that there is an excellent correlation between 
the optical orientation averages and those obtained from 
intensity measurements on infra-red or Raman lines assigned 
to specific benzene ring vibrational modes. 

It will be assumed that the semi-crystalline polymer can 
be regarded as a two-phase system consisting of a mixture 
of crystalline and amorphous phases. Although it has to be 
borne in mind that the state of order required to produce 
X-ray diffraction is not necessarily the same as that required 
to exclude a fluorescent molecule it will be assumed, as a 
first step, that it is the same. In the previous paper 1 a set of 
equations was developed which enables the determination, 
from suitable measurements of fluorescent intensities, of 
(cos20M) and (cos40M) , the average values of COS20M and 
cos40M, where OM is the angle between a unique axis M in 
a typical molecule of the fluorescent additive and the sym- 
metry axis of the sample. As explained later, (P2(~M)) = 
½(3(cos20M) -- 1) can be used to estimate the value of 
(P2(~))a, where the subscript a signifies that the average 
extends only over the polymer chains in the amorphous 
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regions. A similar average, (P2(~))c, for the crystalline re- 
gions can be obtained from X-ray diffraction measurements, 
in a manner to be described. 

If the assumptions made are correct the three orientation 
averages (P2(~))opt, (PE(~))u and (P2(~)}c should be related 
by: 

(P2(~)}opt = fc(P2(~))c + (1 - re)(P2(~))a (1) 

where fc is the fraction of polymer in the crystalline phase. 
The accuracy with which the experimental values satisfy 
this equation is a measure of the adequacy of the under- 
lying assumptions and of the accuracy of the three measures 
of orientation. 

EXPERIMENTAL 

Specimen preparation 
Amorphous tapes of PET, approximately 1.5 x 10 -3 m 

by 1.0 x 10 -4 m in cross-section and containing the photo- 
stable compound 4,4'-(dibenzoxazolyl) stilbene as the 
fluorescent additive, were prepared by the method described 
in the previous paper ~. Tapes containing the compound at 
a concentration of 50 or 200 ppm by wt, were subsequently 
oriented by drawing around a smooth stationary 'pin' to 
produce a series of tapes with draw ratios 2.0, 2.5, 3.44, 
3.5 and 4.2. The 'pin' was heated to a temperature of 
80 -+ I°C and was located between feed and wind-up rollers 
rotating at different rates. 

In the first set of experiments, tapes with an initial draw 
ratio, X, of 2.0 were shrunk in a controlled way at a tem- 
perature of 80°C to a series of final effective draw ratios 
in the range 2.0 to 1.0 by passing them through a hot-air 
oven held at 80°C and located between the feed and wind 
up rollers of the frame originally used to draw them. The 
oven was constructed from sections of expanded polyure- 
thane foam and consisted of two regions. The tape was 
first led through a slit into a region, fed with hot air at 80°C 
and then passed through a slot to a second region fed with 
air at 10°C. The air flow rate through both regions was 200 
ft3/h. The temperature in the hot region was monitored by 
a thermocouple and was found to be within 1 o of 80°C 
throughout the hot region. Each part of the tape took 
approximately 30 sec to travel through the hot region and 
a similar time to travel through the cold region. 

For the second group of experiments, drawn tapes were 
placed in a conventional air oven and allowed to shrink 
free from constraints. The tapes were in the oven for 
various lengths of time within the range 5-1000 min, for 
a series of temperatures from 70 ° to 180°C. 

Refractive index measurements 
The refractive indices of the samples for light polarized 

with the electric vector parallel to the draw direction, nz, 
or normal to this direction but parallel to the plane of the 
tape, nx, were measured using an image-splitting interfer- 
ence microscope (Zeiss Zena Interphako) with accurately 
calibrated immersion liquids. All measurements were made 
at 551 run. The results are shown in Tables 1-6.  

(P2(~))opt can be most simply obtained from the refrac- 
tive index data using the relationship4: 

- -  (P2(~))opt- (2) 
3ct0 q~e + 2q~e 

where ~b e= (n 2 -  1)/(n2+ 2), Act is the difference between 
the electronic polarizabilities of a polymer repeat unit 
parallel and perpendicular to the chain axis, and ct0 is the 
isotropic polarizability. 

In the present work Act/ct 0 was estimated from measure- 
ments on a series of drawn amorphous samples. A plot of  
(~z - 4~e)/(~ e + 2~ be) against (P2(~M)), measured by polar- 
ized fluorescence, was extrapolated to the point where 
(P2(~M)) = 1. The corresponding value of ( ~  - 4~e)/ 
(~z + 2¢ex), 0.106 -+ 0.005, was taken as Act/(3ct0). The 
assumption here is that the axes of the fluorescent mole- 
cules are fully aligned only when the polymer segments 
are fully aligned. It is further assumed that the value of 
Act/(3ct0) is the same for polymer segments in the crystal- 
line and amorphous phases. 

As in previous studies 1~, the assumption of transverse 
isotropy was checked by calculating the refractive index 
of isotropic amorphous PET, n 0, from nz and nx using the 
relationship: 

nO2_ 1 po 

n o2 + 2 3p 

n - 1 + 2(n___x2__-_ 1)] 
nz 2 + 2 n 2 + 2 

(3) 

where p is the density of the sample and pO is the density 
of an isotropic amorphous sample. The values of  n o obtain- 
ed are shown in Tables 1 -6  and are essentially constant. 

Fluorescence measurements 

The fluorescence experiment consists of measuring the 
intensity and polarization of light emitted by the sample 
when the fluorescence is excited by linearly polarized light. 
The same theory, apparatus and method of analysis of the 
intensity measurements were used in this study as are des- 
cribed in a previous paper 1 and reference should be made 
there for further details. 

In the previous investigation it was concluded that there 
was a unique relationship between the birefringence of the 
sample and (cos20M) for PET samples of low crystaUinity 
containing the same fluorescent additive as used in the pre- 
sent work. In Figure 1, (P2(~M)) is plotted against (P2(~))opt. 
Note that (P2(~M)) and (P2(~))opt take the value unity 
simultaneously as a result of the method used to derive 
(P2(~))opt. In this paper it will be assumed that the relation- 
ship between the distribution of orientations of the fluore- 
scent molecules and the polymer chains in the amorphous 
regions of semi-crystalline PET is the same as that in com- 
pletely amorphous PET. This assumption will be adopted 
as a working hypothesis, to be justified by detailed com- 
parison of measurements of orientation obtained from opti- 
cal, fluorescence and X-ray diffraction measurements. With 
this assumption Figure I can be used to obtain a value of 
(P2(~))a from the measured value of (P2(~M)). For example, 
a value of (P2(~M)) of 0.25 corresponds to a value of 0.119 
for (P2(~))a. 

X-ray diffraction measurements 
The distribution of orientations of a particular crystal- 

plane normal for the crystallites in a semi-crystalline poly- 
mer can be determined from X-ray diffraction measure- 
ments s. Figure 2 illustrates schematically the experimental 
arrangement used, in which the X-ray source, S, the detec- 
tor, D, and the centre of the sample, O, all lie in the same 
horizontal plane. L TOD formed by the transmitted beam, 
OT, and the line OD from the centre of the sample to the 
detector we call 2~3. The angle between the bisector of 
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ratio 2.66 at various temperatures between 65 and 90°C; o, sam- 
ples from present work drawn at 80°C to various draw ratios; e, 
samples from present work drawn and shrunk at 80°C 

L SOD and the draw direction of the sample, Oz, is called 
X. Oz lies in the horizontal plane. 

To determine the distribution of orientations of a par- 
ticular plane normal, the value of 2/3 is fixed so that the 
detector is at the peak of the diffraction profile for that 
plane. The intensity of the diffracted beam, I(×), is mea- 
sured as X is varied by rotating the sample about a vertical 
axis. I0(×) is derived from the measured intensity I(×) by 
subtracting the background intensity (noise and amorphous 
scattering) and correcting for any variation with X of the 
volume of sample illuminated with X-rays or of the absorp- 
tion by the sample due to changes in its orientation with 
respect to the incident and diffracted beams. 

This procedure involves the assumption that the peak 
intensity, Io(X), is directly proportional to the amount of 
crystalline material having the particular plane normal in 
the direction X. This is justified if the peak intensity is pro- 
portional to the total intensity integrated over a range of 
values of 2/3 around the peak. 

The orientation averages are calculated from the obser- 
ved intensity function by means of the equation : 

7r 

f lo(×)Pn(cOs X) sin xdx 
o 

(Pn(cos×)) = (4) 
/ r  

f lo(x) sin xd× 

o 

The unit cell of PET is triclinic with the direction of the 
molecular chain axis parallel to the crystallographic c-axis. 
Unfortunately there are no planes whose normals are paral- 
lel to the c-axis and which strongly diffract the X-ray beam. 
The diffraction from the (]-05) plane was therefore used 
and the results were corrected to allow for the angle 
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6( = 9°46 ') between the (105) plane normal and the c- 
axis. 

We require to obtain the orientation averages (P2(~))c 
and (P4(~))c which characterize the orientation of the 
crystallographic c-axes in the specimens. If we assume that 
there is no preferential alignment of the a and b crystallo- 
graphic axes about the c-axis, the Legendre addition theo- 
rem gives: 

(P2(cos X)) = (P2(~))c(P2( cos 6)) (5) 

(P4(cos X)) = (P4(~))c(P4(cos 6)) (6) 

X-ray samples were prepared from the tapes by first 
cutting across each tape at right angles to the initial draw 
direction and then glueing the two halves together to form 
a tape twice as thick. This composite tape was then cut in 
two and the halves glued together to form a four-layer tape. 
This process was repeated until a stack of tape 32 layers 
high was formed. The stack was then trimmed to form a 
3 mm long rod with a square cross-section of side 1.5 mm 
in such a way that the initial draw direction was parallel to 
one of these short sides. A poly(vinyl alcohol) adhesive was 
used since it was found to give a strong bond, produced very 
little background scatter and no discrete X-ray diffraction 
peaks. Microscopic examination of samples produced in 
this way showed that the draw directions of the tapes with- 
in the stack were parallel to each other to within one degree. 

The sample was mounted on the goniometer stage of a 
Siemens K4 recording X-ray diffractometer and aligned so 
that the centre of the sample was at the centre of rotation 
of the diffractometer stage and the draw direction of the 
sample was in the horizontal plane (see Figure 2.) The 
CuKa radiation passed through a nickel filter and a slit sys- 
tem so that an X-ray beam that almost fully illuminated 
the sample yet diverged less than 15' from parallel was 
formed. The effective solid angle sampled by the diffracto- 
meter was ellipsoidal in shape. It was estimated from the 
diffractometer dimensions that the detector sampled plane 
normals within approximately _+½o of X in the horizontal 
plane and -+1½ ° in the vertical plane. This was not cor- 
rected for, since the ranges of angles involved are far smaller 
than the smallest half-width of the intensity versus X plots. 
The corrected values of (Pn(~))c would be slightly greater 
than the uncorrected values. The diffracted beam was 
detected by a scintillation counter and the signal passed 
through a pulse-height selector to eliminate background 
pulses before being recorded by a chart recorder. 

Daubeny e t  al. 6 have given the lattice parameters of the 
PET crystal as A = 4.56A, b = 5.94)~, c = 10.75A, a --- 
98°30 ', 13 = 118 ° and 3' = 112 °. These values, together with 
a value of 1.5416)~ for the wavelength of the radiation, give 

O 
S ~ ' ~  . . . . . . . . .  T 

2" 

Figure 2 Schematic diagram of arrangements 
for X-ray diffraction measurements. S, source; 
D, detector; O, centre of sample; Oz draw 
direction in sample 
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Figure 3 Dif f racted X-ray intensity as a funct ion o f  2/3 in the 
region of the (105) plane diffraction for sample 3f  

2/3 = 42.8 ° for the (105) plane diffraction. For our sam- 
ples 2/3 was found to lie between 42.9 and 43.6 ° . 

When the diffraction peak was recorded the detector was 
rotated at twice the rate of rotation of the sample, in the 
usual way, so that the same set of  crystal planes was poten- 
tially able to give rise to Bragg 'reflection'. The intensities 
observed for the angular range 2/3 = 37 ° to 49 ° for × = 0 ° 
and × = 90 ° are shown in Figure 3 for sample 3f. The 
amorphous background intensity was determined for each 
sample from the distribution of  diffracted intensity as a 
function of 2/3 for X = 90 ° by drawing a straight line through 
it in the regions well away from the diffraction peak. The 
height of  this line at the diffraction peak was taken as the 
background intensity and the ratio of  this height to that at 
2/3 = 37.5 ° was called C. The background intensity at the 
diffraction peak for any other value of × was found by 
multiplying the observed background at 2/3 = 37.5 ° by C. 
Figure 4 shows the observed intensities as a function o f ×  
for 2/3 = 43.3 ° and 37.5 ° for sample 3f. For this sample 
C = 1.11. 

The values of  (Pn(~)>c were obtained from equations (4), 
(5) and (6) by performing the integration by Simpson's 
method. A total of  27 points was used in the range 0 ° to 

o o o . . . .  o 

90 ; the range 0 to 20 was divided into 10 intervals, 20 
to 60 ° into 10 intervals and 60 ° to 90 ° into 6 intervals. 
The corresponding range from 0 ° to - 9 0  ° was similarly divi- 
ded. 

In order to determine whether the peak intensity I0(x) 
was proportional to the intensity integrated over a range 
of  values of 2/3 around the peak, the diffraction peak from 
sample 3f was recorded for several values of  ×. For each 
peak the corrected intensity Io(×) was integrated from 2/3 = 
41.5 to 2/3 = 45.5 ° and the integral was plotted against the 
corrected intensity of the diffraction peak. A least squares 
fitted straight line gave a correlation factor of  0.995, con- 
firming the proportionality. 

No correction was made for the change with × of  the 
effective volume or absorption of  the sample. The rod- 
shaped samples were almost completely illuminated with 

radiation and the correction was expected to be small. The 
background-corrected intensity from a highly crystalline 
sample with randomly oriented crystallites was found to be 
independent of X, which further justifies the neglect of  the 
correction. 

Determination of  crystallinity 
A comparison of  X-ray, infra-red and density measure- 

ments of crystallinity by Farrow and Ward 7 showed poor 
agreement between the crystallinity as measured by density 
and the crystallinity measured by X-rays for drawn yarns 
of PET. They concluded that for drawn oriented yarns it 
is not permissible to regard the non-crystalline material as 
having a constant density and suggested that the density of  
these regions increases as the orientation of  the chains in- 
creases. We have made an estimate, using a simple model 
(see Appendix), of  the way in which the density, Pa, of the 
amorphous material should vary with orientation of  the 
amorphous regions, and the curve in Figure 5 shows the 
estimated variation, fc, the fraction of polymer in the 
crystalline regions, is given by fc =fvPc/P, where fv is the 
volume fraction that is crystalline and Pc is the density of  
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Figure 4 Dif f racted X-ray intensity as a funct ion of the orienta- 
t ion of the draw direction for sample 3f. A, 2/3 = 43.3 ° ; B, 2~3 = 
37.5 ° 
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Figure 5 The curve shows the estimated relationship between 
density and <P2(~))a for amorphous PET. The points show the 
relationship for samples of low crystallinity. A Samples from 

• | o . ' . prev=ous work drav~n at 80 C to var=ous draw ratios; &, samples 
from previous work drawn to draw ratio 2.66 at various tempera- 
tures between 65 and 90°C; o, samples from present work drawn 
at 80°C to various draw ratios; O, samples from present work 
drawn and shrunk at 80°C 
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the crystalline fraction. Now 

fv = (P - Pa)/ (Pc - Pa) 

Hence, using the known crystalline and estimated amor- 
phous densities, fc may be obtained from: 

f c  = (Pc/P)(P - Pa)/(Pc --  Pa) 

This method of obtaining the crystallinity involves 
assuming that there is a unique relationship between the 
density of the amorphous regions and their orientation, 
which may not be quite correct. We have, however, only 
used the calculated crystallinities in verifying equation (1) 
for samples for which either the crystallinity or the amor- 
phous orientation was low and any errors in the estimated 
crystallinity values should be small for such samples• 

(7 )  
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For seventeen out of the twenty-six samples 3a to 3u 
and 4a to 4e the values of the three averages (P2(~))opt, 
(P2(~))a and (P2(~))c were determined. These values do not 
generally satisfy equation (1). If we temporarily denote 
the experimental values by a superscript m, then in general, 

(P2(~))g~}t 4: ~'(P2(~)) m + ( 1 - fmcc ) (P2(~))a m 

There is no simple way of deciding which of the measured 
quantities are in error and lead to the inequality. We can, 
however, calculate a set of values (P2(~))a, (e2(~))o 
(P2(~))opt and ¢~, which satisfy equation (1) exactly and at 
the same time minimize the sum 

S : (Ea/Da) 2 + (Ec/Dc) 2 + (l£t/Dt) 2 + (Ec/Dc)' ' 2 (8) 

where the £ 's  are defined as: 

Ea = (P2(~))a - (P2(~))m 

E,. = ( e 2 ( O ) c  - (e2(0)7 

Et = (P2(~))opt -- (P2(~j))mpt 

E'~ = L - . t ~  

(9) 

and the D's are estimates of the standard deviation of the 
corresponding measured values. The degree of agreement 
between this calculated set of values and the corresponding 
experimental ones may be taken as a measure of the reason- 
ableness of the assumptions made in deriving the experi- 
mental values. 

In this investigation the values of (P2(~)) m, (P2(~)) m, 
(P2(~))mpt and fmcc were calculated as described above and 
the standard deviation of all these values was arbitrarily 
assumed to be the same. The sum S in equation (8) was 
minimized by computer and the corresponding best fit 
values of (P2(~))opt, (P2(~))a, (e2(~))c and fc were derived 
and they are shown below the corresponding measured 
values in Tables 1, 4, 5 and 6. 

RESULTS 

Tables 1 -6  contain the complete list of results for all the 
samples, including details of the mechanical and heat treat- 
ment and the sample density, crystallinity, refractive index, 
(P2(~))opt, (P2(~))a and (P2(~))o The calculated values of 
the isotropic refractive index, n 0, are also shown. The 
values of n O were the same within experimental error for 
all samples, which confirmed that the samples were uniaxial 
and that the assumptions used in deriving equation (2) were 
probably justified. Several samples were also checked by 
means of wide-angle X-ray photographs, which confirmed 
that the crystallite distribution was uniaxial for these sam- 
pies. 

For sample 4e, (P2(~))c was determined for three differ- 
ent X-ray specimens made from different parts of the same 
tape and the results were the same to within 0.012. Sam- 
ples 3u and 3i underwent the same mechanical and heat 
treatments but contained 200 ppm and 50 ppm by wt of 
the fluorescent molecules respectively; the results were the 
same to within experimental error. The concentration used 
was 200 ppm for all samples except 3a-3g and 3i, for which 
it was 50 ppm. 

DISCUSSION 

Rubber-like behaviour for low initial draw ratio 
Figure 6 is a plot of (P2(~))a against the final draw ratio 

for essentially non-crystalline samples (fc < 0.03). The 
curve is derived from the results given in Tables 2 and 6 
of our previous paper a for samples which were simply drawn 
at 80°C. The values of (cos20M) in these Tables have been 
converted to (P2(~M)) and then to (P2(~))a by means of the 
curve in Figure 1. The curve in Figure 6 is a smooth curve 
drawn through these values and the points shown are the 
results for samples la to lg (Tables I and 2), which lie on 
the curve within experimental error. These samples were 
drawn at 80°C to a draw ratio of 2.0 and subsequently 
shrunk to various predetermined final effective draw ratios. 
The reversibility of the deformation and the dependence of 
the distribution of orientations only on the final effective 
draw ratio suggests that the PET tape is behaving as a rub- 
ber for uniaxial deformations at 80°C up to at least a draw 
ratio of 2.0. 

Using the inverse Langevin approximation to the rubber 
model, Roe and Krigbaum 8 have derived the following 
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Table I As-drawn samples 

Draw Refractive index Crystal- 
ratio, Density, o linity, 

Sample ~, p nz nx na fc (P2(~))opt (P2l~))a (P2{~))c 

la 2.0 1.3388 1.611 1.571 1.583 0.01 0.17 0.18 
2a 2.5 1.3418 1.630 1.561 1.582 0.03 0.30 0.27 
3a 3.44 1.3541 1.685 1.545 1.582 0.06 0.59 0.58 

0.06 0.58 0.59 
3j 3.5 1.3574 1.682 1.545 1.579 0.11 0.58 0.55 

0.11 0.56 0.56 
4a 4.2 1.3646 1.713 1.540 1.560 0.06 0.72 0.74 

0.07 0.73 0.73 

Table 2 Samples initially drawn to h = 2.0 and shrunk at 80°C for 30 see to controlled final length 

Final Refractive index Crystal- 
draw Density, 0 linity, 

Sample ratio, K p nz nx na fc 

0,54 meas. 
0.54 fit 
0.57 meas. 
0.57 f it 
0.72 meas. 
0.72 fit 

(P2(~J))opt (P2(~Jl)a 

1 b 1.93 1.3382 1.605 1.575 1.585 0.00 0.13 0.14 
1 c 1.64 1.3377 1.595 1.577 1.583 0.00 0.08 0.08 
ld 1.43 1.3375 1.688 1.578 1.582 0.00 0.04 0.04 
le 1.32 1.3370 1.585 1.580 1.562 0.00 0.02 0.03 
I f  1.05 1.3373 1.582 1.582 1.582 0.00 0.00 0.01 
1 g 1.00 1.3372 1.582 1.581 1.582 0.00 0.00 0.02 
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Figure 7 B plotted against h ~ - l i b  for samples drawn and 
shrunk at 80°C. Linear region for rubber model 

relationship between (P2(~)) and draw ratio: 

= ) ` 2  _ + ) ` 4  + _  _ 

3 

108( 3)`38 ) 
+ _ _  )`6 + + (10) 

6125N 3 5 5X 3 "'" 

where N is the number o f  freely jointed links between 
crosslink points. This equation can be simplified by setting: 

( ')  e = (1/AO x2_ _ (11) 

to obtain the following approximation to equation (10): 

1 36 108 
(P2(~)) = - B + B 2 + - - B  3 + . . .  

5 875 6125 
(12) 
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Figure 8 B plotted against h 2 -- l i b  for samples drawn at 80°C. 
O, Samples drawn but not shrunk, present and previous work1; 
• samples drawn to draw ratio 2.0 and shrunk at 60°C 

40  

Equation (12) gives (P2(0) within 1% of the value given 
by equation (10) for )` < 3 a n d N  = 6, which is close to the 
value of  N found in the present work. 

By plotting a graph of  (P2(O) against B, a value of  B can 
be read off  for each experimental value of  (P2(~))a- The 
rubber model predicts that a plot of  B against ()`2 _ 1/)`) 
should be a straight line of gradient 1IN. Figure 7 is a plot 
of  B against ()`2 _ 1/)`) for samples la to lg. The plot is a 
straight line of slope 1/5.6, which corresponds to a rubber 
network with 5.6 freely jointed links between crosslink 
points. Figure 8 is a plot of  B against ()`2 _ l/)`) for all 
samples from the present and previous 1 work that were 
drawn at 80°C and were subsequently not shrunk or were 
shrunk at 80°C. Initially the plot is linear, with a gradient 
of 1/5.6. However, for values of  ()`2 _ 1/)`) greater than 6, 
the results deviate from the straight line. This value of  
()`2 _ 1/)`) corresponds to a draw ratio of  2.53, which is in 
the region of  maximum extension for a rubber network 
w i thN = 5.6, since the maximum draw ratio of a rubber 
network with N freely jointed links between crosslink points 
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Table 3 Samples initially drawn to k = 2.0 or ,k = 2.5 and shrunk freely for 10 min 

M o l e c u l a r  o r i e n t a t i o n  in P E T :  J. H. N o b b s  e t  al. 

Shrin- Final 
Draw kage draw Refractive index 
ratio, temp. ratio, Density, 

Sample ;k (°C) ?~ p n z n x 

Crystal- 
linity, 

o 
na fc (P2(~))opt (P2(~))a 

1 h 2.0 80 1.00 1.3370 1.583 
1 i 2.0 120 1.07 1.3690 1.597 
1 j 2.0 150 1.00 1.3798 
I k 2.0 180 1.00 1.3855 

2b 2.5 80 1.04 1.3370 1.583 
2c 2.5 120 1.10 1.3707 1.606 
2d 2.5 150 1.10 1.3787 
2e 2.5 180 1.10 1.3855 

1,582 1.583 0.00 0.00 0.00 
1.594 1.578 0.30 0.01 0.05 

Sample opaque 0.40 
Sample opaque 0.45 

1.583 1.583 0.00 0.01 0.00 
1,585 1.575 0.31 0.08 0.02 

Sample opaque 0.39 
Sample opaque 0,45 

Table 4 Samples initially drawn to h = 3.44 and shrunk freely for 10 min 

Shrin- 
kage Shrin- Refractive index 
temp. kage Density, 

Sample (°C) (%) p n z n x n O 

Crystal- 
l inity, 
fc (P2 (~))opt (P2([))a (P2(t~))c 

3b 70 2.9 1.3557 1.656 1.556 

3c 80 9.6 1.3593 1.652 1.561 

3d 90 14.0 1.3626 1.655 1.563 

3e 100 14.8 1.3691 1.677 1.558 

3f 110 17.7 1.3718 1.676 1.561 

3g 120 16.6 1.3761 1.686 1.559 

3h 150 20.8 1.3841 1.688 1.561 

3i 180 18.3 1.3907 1.704 1.560 

1.579 0.13 0.43 0.41 0.58 meas. 
O. 13 0.43 0.41 0.58 fit 

1.579 0.18 0.39 0.37 0.66 meas. 
0.17 0,40 0.35 0.66 fit 

1.580 0.22 0,39 0.27 0.73 rneas. 
0.23 0.38 0.28 0.73 fit 

1.580 0.28 0.50 0.30 0.76 meas. 
0.30 0.46 0.32 0.78 fit 

1.580 0.31 0.48 0.24 0.83 meas. 
0.33 0.45 0.26 0.84 fit 

1.580 0.36 0.53 0,20 0.73 meas. 
0.40 0.45 0.24 0.76 fit 

1.577 0.43 0.53 0.19 0.76 meas. 
0.46 0.47 0.21 0.78 fit 

1.580 0.49 0.59 0.19 0.76 meas. 
0.53 0.52 0.22 0.80 fit 

is approximately equal to (N) 1[2. The value of 5.6 com- 
pares well with the value of 5.3 deduced by suitably aver- 
aging values previously reported from stress-optical data 9 
on higher and lower molecular weight polymer and with 
the value 4.8 previously obtained by means of infra-red 
measurements 2. If the previous data are re-evaluated using 
equations (11) and (12) above, values of 6.2 and 5.7 are 
obtained from the stress-optical and infra-red measurements, 
respectively. 

The density measurements showed that samples la to lh 
had very low crystallinity. When freely shrunk in an air oven 
at higher temperatures, specimens li to lk (Table 3) return- 
ed to their original length. The final crystallinities were, 
however, no longer low. Sample lk was shrunk at the 
highest temperature and had a crystallinity of 0.45 after 
ten minutes in the air oven held at 180°C. 

The tapes 2b to 2c (Table 3) were drawn to an initial 
draw ratio of 2.5, which is very close to the maximum 
rubber-like extension ratio of 2.4 calculated on the basis 
of 5.6 freely jointed links between crosslink points. These 
tapes shrank back to very nearly their original length when 
placed in the hot air oven for 10 min, and generally behaved 
in a similar way to the tapes with an initial draw ratio of 
2.0. 

Shrinkage of  samples with higher initial draw ratio 
The third series of tapes, 3a to 3u were drawn to an 

initial draw ratio of 3.44 (3a to 3i) or 3.5 (3j to 3u). This 
was well beyond the extension limit of the equivalent rub- 

ber network. These tapes were studied in greater detail and 
refractive index, density, polarized fluorescence and X-ray 
diffraction measurements were made. 

Samples 3b to 3i (Table 4) were freely shrunk in an oven 
for 10 rain at 8 different temperatures in the range 70 ° to 
180°C. The as-drawn sample, sample 3a, had a crystallinity 
of 0.06, and consequently the crystalline orientation 
(P2(~))c had a large uncertainty arising from the low dif- 
fracted X-ray intensity for this sample. The percentage 
shrinkage, the crystallinity, (P2(~))opt, (P2(~))a and (P2(~))c 
are plotted against oven temperature in Figure 9. As the 
temperature of the oven was increased, the amount by 
which the samples shrank increased. This was accompanied 
by a decreasing amorphous orientation and increasing 
crystallinity and crystalline orientation. The overall aver- 
age orientation initially decreased in step with the amor- 
phous orientation, then increased as the fraction of the 
more highly oriented crystalline material increased. 

Samples 3k to 30 (Table 5) were all freely shrunk at 
80°C for various times in the range 5 to 1000 rain. The 
results are plotted against time in Figure 10. The shrink- 
age initially increases with the length of time the sample 
spends in the oven until a plateau is reached after 20 rain 
oven time. Each sample which spent longer than 20 rain 
in the oven had a similar value of crystallinity, shrinkage, 
(P2(~))opt, (P2(~))a and (P2(~))c. Results for samples 3p to 
3t (Table 5) are shown in Figure 11. They were freely 
shrunk at 120°C in the oven for the same range of times as 
samples 3k to 30 and they behaved in a similar way to that 
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set except that the plateau was reached more quickly, after 
about 8 min, and the final shrinkage was greater than for 
the corresponding sample shrunk at 80°C. 

The final series of samples had an initial draw ratio of 
4.2. The four samples 4b to 4e were freely shrunk for 10 
min in the air oven at temperatures in the range 80 ° to 
180°C. The behaviour of  this series was similar to that of  
the corresponding series drawn to an initial draw ratio of 
3.44 . 

The behaviour of the two series of tapes initially drawn 
to draw ratios of 3.44 (or 3.5) and 4.2 were very different 
from those initially drawn to draw ratios of 2.0 and 2.5. 
At 80°C the latter two series shrank back to their original 
length, whereas the former two series shrank by less than 
25% at this temperature. The significant fall in shrinkage 
is attributed to the increased crystallinity of the more 
highly drawn tapes, even though the level of crystallinity 
is still very low (<10%). 
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Figure 9 (P2(~))c (A,&), (P2(~))opt (O, 0), (P2(~)>a (D, II), fc and 
shrinkage plotted against oven temperature for samples 3a--3i, 
which were initially drawn to k = 3.44 at 80°C and subsequently 
shrunk freely for 10 min in an air oven. Solid points denote ex- 
perimental data; open points denote best fit to equation (1) 
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Figure 10 (P2(~))c (~, &), (P2(E))opt (©, I ) ,  (P2(~))a ({~, II), fc 
and shrinkage plotted against time in oven for samples 3k to 3o 
w h i c h  w e r e  intially drawn to h = 3.5 and subsequently shrunk 
freely in an air oven at 80°C for various times. Solid points denote 
experimental data; open points denote best f i t  to equation (1) 

Table 5 Samples initially drawn to k = 3.5 and shrunk freely at 80°C, 120°C or 180°C 

Sample 

Shrin- Shrin- 
kage kage Shrin- Den- Refractive index Crystal- 
temp. time kage sity, l inity, 
(°C) (min) (%) p nz nx n O fc (P2(~))opt (P2(E)>a (P2(~)>c 

3k 80 5 8.7 1.3605 1.667 1.555 1.579 0.17 
31 80 10 12.2 1.3605 1.663 1.557 1.580 0.18 

0.18 
3m 80 20 20.7 1.3614 1.658 1.560 1.579 0.20 
3n 80 60 20.6 1.3608 1.660 1.561 1.581 0.20 

0.21 
3o 80 1000 13.6 1.3649 1.675 1.557 1.581 0.23 
3p 120 5 20.1 1.3750 1.676 1.562 1.579 0.35 
3q 120 10 27.2 1.3752 1.675 1.562 1.579 0.35 

0.39 
3r 120 20 24.1 1.3777 1.678 1 363 1.579 0.37 
3s 120 60 24.1 1.3782 1.678 1.563 1.580 0.38 

0.41 
3t 120 1000 27.7 1.3807 1.687 1.562 1.579 0.40 
3u 180 10 18.7 1.3928 1.706 1.562 1.579 0.51 

0.53 

0.47 
0.45 
0.44 
0.42 
0.46 
0.43 
0.49 
0.48 
0.47 
0.39 
0.48 
0.48 
0.42 
0.52 
0.21 
0.23 

0.45 
0.39 
0.40 
0.34 
0.33 
0.36 
0.36 
0.19 
0.16 
0.21 
0.15 
0.14 
0.17 
0.16 
0.58 
0.54 

0.62 
0.62 

0.67 
0.69 

0.63 
0.66 

0.75 
0.77 

0.78 
0.81 

m e a s .  
f it 

m e a s .  
f it 

m e a s .  
fit 

m e a s .  
f i t  

m e a s .  
f it 
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Table 6 Samples initially drawn to k = 4.2 and shrunk freely for 10 rain 

M o l e c u l a r  o r i e n t a t i o n  in  P E T :  J. H. N o b b s  e t  al. 

Shrin- 
kage Shrin- Den- Refractive index 
temp. kage sity, 0 

Sample (°C) (%) p n z n x n a 

Crystal- 
l inity, 
fc (P2 (~J))opt (P2 (/~))a (P2(~)>c 

4b 80 5.7 1.3673 1.705 1.544 1.580 
4c 120 15.4 1.3778 1.702 1.553 1.579 
4d 150 21.4 1.3855 1.708 1.558 1.581 
4e 180 25.0 1.3933 1.713 1.560 1.579 

0.13 0.67 0.70 
0.34 0.62 0.44 
0.42 0.61 0.38 
0.50 0.62 0.36 0.78 
0.51 0.59 0.37 0.80 

meas, 
fit 
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Figure 11 (P2(~))c (A, A), (P2(/~))opt (©, e), (P2(/J))a (o, II), fc and 
shrinkage plotted against time in oven for samples 3p to 3t, which 
were initially drawn to ~ = 3.5 and subsequently shrunk freely in 
an air oven at 120°C for various times. Solid points denote experi- 
mental data; open points denote best fit to equation (1) 

lntercomparison of  shrinkage with amorphous, crystalline 
and overall orientation 

For seventeen out of the twenty-six samples 3a to 3u and 
4a to 4e the value of (P2(~))c was measured, enabling a 
second set of values of (P2(~))a, (P2(~))c, (P2(~))opt and fc 
to be calculated for a best fit to equation (1). These best 
fit values are displayed below the corresponding measured 
values in Tables 1, 4, 5 and 6 and are plotted as open points 
in Figures 9, 10 and 11. 

Comparison of the experimental and best fit results 
throughout the series reveals a systematic error. This can 
be interpreted as a systematic error in one or a number of 
the experimental results and such an error is not surprising 
considering the number of assumptions involved in deriving 
each of the four quantities from the data. Taking this into 
account, the agreement between the experimental and best 
fit values is reasonable. This result supports the hypothesis 
that the fluorescent molecules are excluded from the 
crystalline regions and that the relationship between the 
distribution of orientations of the fluorescent molecules and 

that of the polymer chains in the amorphous regions of the 
crystalline polymer is the same as in the completely amor- 
phous polymer. We are therefore justified in interpreting 
(P2(~))a, determined from measurements of the fluorescence 
intensities in the way described, as the value of (P2(~)) for 
the amorphous regions of the polymer. 

Figures 9, 10 and 11 show both the shrinkage and the 
crystallinity of the samples. The results in Figure 9 for 
samples originally drawn to draw ratio 3.44 are the most 
revealing because they show a separation between the 
shrinkage and crystallization processes. For this series of 
samples the shrinkage increases very markedly, from zero 
to 15%, as the temperature of the oven rises from 60 ° to 
90°C and then increases less rapidly with temperature. The 
crystallinity, on the other hand, shows a more gradual in- 
crease over the whole range of oven temperatures from 60 ° 
to 180°C. It is notable that (P2(~))o2 t shows a clear mini- 
mum for oven temperatures near 80~C. We can conclude 
from this that shrinkage is associated with a decrease in 
overall molecular orientation, whilst for these samples 
crystallization produces an increase in molecular orienta- 
tion and that this is the major effect above 100°C. These 
results and those for the samples of lower draw ratio 
shrunk at 80°C, which do not crystallize, show that there 
can be no doubt that at the lower temperatures shrinkage 
is primarily due to the disorientation of the amorphous 
regions, as was concluded from a much earlier study of the 
dichroism of dyestuffs incorporated in PET 1°. It has been 
proposed 11-13, notably by Statton et aL 13, that shrinkage 
should be attributed primarily to the refolding of chains 
which have been pulled out in the drawing process. The 
present results for shrinkage at 80°C, however, support the 
dichroism studies ~°'t4 and the view of Wilson is that the 
shrinkage of PET is essentially associated with the disorien- 
tation of the amorphous regions and that crystallization 
occurs at a later stage. The observed rise in orientation of 
the crystalline regions can be explained either by Wilson's 
suggestion that the molecules in the amorphous regions 
preferentially crystallize onto pre-existing more highly 
oriented crystallites or by the assumption that shrinkage 
forces in the amorphous regions cause re-orientation of the 
crystallites. Both of these processes may occur. 

At higher temperatures the separation between the 
shrinkage and crystallization processes is not so clear cut. 
Figure 11 indeed suggests that the rates of these processes 
are roughly comparable at 120°C, although our results 
cannot rule out a very fast component of shrinkage taking 
place in times of the order of a few minutes, or even less, 
as found by Wilson. Although it may well be that the driv- 
ing force for shrinkage is still molecular disorientation rather 
than chain folding, these two processes seem to be occurring 
simultaneously in the samples for which the results are 
shown in Figures 10 and 11. 
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(P4(/~)) plotted against (P2(/~)). O, (P4(/~M)) plotted 

against (P2(/~M)) for all the samples of low crystallinity from the 
present and previous I work, including those drawn to draw ratio 
2.0 and shrunk at 80°C; i ,  X-ray data for (P4(lJ))c against (P2(/J))c; 
l ,  fluorescence data for (P4(/~M)) against (P2 (/~M)) for the shrunk 
samples 3b to 3i and 31, 3n, 3q, 3s, 3u and 4e. - . . . . .  , mathemati- 
cal upper and lower bounds on the value of (P4(~)) for any value of 
(P2(~)); ~ ,  relationship predicted by the pseudo-affine deforma- 
tion scheme ~ .  

I.O 

Fourth-order orientation averages 
The fluorescence method can provide I values of 

(P4(~M)) = l18(35(cos40M) -- 30(cos20M) + 3) as well as 
values of (P2(~M)), and the X-ray method can give similar 
and higher-order orientation averages for the crystallites, as 
already explained• 

Figure 12 shows, as open circles, the values of (P4(~M)) 
plotted against the corresponding values of (P2(~M)) for all 
the samples of low crystallinity from the present and pre- 
vious I work, including those drawn to draw ratio 2.0 and 
shrunk at 80°C. The continuous line, which they lie close 
to, is the relationship between (P4(~)) and (P2(~)) predicted 

16 according to the pseudo-affine deformation scheme for the 
preferential orientation of a set of unique axes. As pre- 
viously suggested l, the agreement between the points and 
this line may be fortuitous. Also shown in Figure 12 are 
values of (P4(~M)) plotted against (P2(~M)) and (P4(~))e 
plotted against (P2(~))c for all the shrunk samples for which 
X-ray measurements were made. The upper broken curve 
i s  the theoretical upper limit on (P4(~)), which corresponds 
to (cos40) = (cos20) and thus to a distribution in which the 
unique axes lie parallel or perpendicular to the draw direc- 
tion. The lower broken curve corresponds to the lower 
theoretical limit, where (cos40) = ((cos20)) 2 and the unique 
axes lie on a cone around the draw direction with semi- 
angle 0. 

The fluorescence points lie in general between the upper 
limit and the pseudo-affine curve and the X-ray points be- 
tween this curve and the lower limit. The first of these 
results suggests that it may not be quite correct to deduce 
(P2(~))a for the amorphous regions in the semi-crystalline 
polymer from the curve in Figure 1, which refers to non- 
crystalline samples, since the natures of the distributions of 
orientations of the fluorescent molecules for the two kinds 

of samples appear to be different. Since, however, the 
points for the semi-crystalline sample do not lie far from 
the pseudooaffine curve the approximation may be reason- 
ably good. 

The fact that the fluorescence and X-ray points for the 
shrunk samples lie on opposite sides of the curve on which 
the original drawn samples lie suggests the possibility that 
points representing the overall distribution of molecular 
orientations after shrinkage might also lie on this curve. To 
test this hypothesis it is first necessary to deduce values of 
(P4(~))a. This may be done by making two assumptions• 
The first is that (P4(~))a is related uniquely to (P4(~M)), 
which is similar to the assumption made in deriving 
(P2(~))a- The second is that (P4(~))a may be deduced approx- 
imately for totally amorphous samples from the value 
(P2(~))a = (P2(~))opt by taking the corresponding value on 
the pseudo-affine curve. We do not imply here that the 
mechanism of orientation is in fact that of the 'floating 
rod' model to which the pseudo-affine curve applies exactly; 
on the contrary, we have already shown that for low orien- 
tation the rubber model is appropriate. It is only necessary 
for the present purpose to note that the two models do not 
differ greatly in their prediction of the relationship between 
(P4(~)) and (P2(~))• It thus seems very likely that the use 
of the pseudo-affine curve, which is well-defined for all 
degrees of orientation (in contrast to the curve for the rub- 
ber model, which applies only for low orientation) will lead 
to values of (P4(~))a for amorphous samples which are cor- 
rect to a good approximation. 

Once (P4(~))a, (P4(~))c and fc are known, a value of 
(P4(~))0 for the overall distribution of molecular orienta- 
tions may be derived using a similar equation to (1). In 
Figure 13, (P4(~))0 is plotted against (P2(~))opt (which also 
refers to the overall distribution of orientations), (P4(~))c is 
plotted against (P2(~))c and (P4(~))a is plotted against 
(P2(~))a for samples 3a-3i. Despite the scatter of the 
points, the values of (P4(~)) and (P2(~)) for the overall dis- 
tribution are indeed seen to lie closer to the pseudo-aff'me 
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Figure 13 (P4(~:)) plotted against (P2(~)) for samples 3a to 3i. 
l ,  X-ray data for (P4(~))c against (P2(~))c; o, (P4(~))a against 
(P2(~))a; t ,  denotes (P4(/~))o against (P2(/~))opt (which both refer 
to the overall distribution of orientations) . . . . . . .  , and - -  as 
in Figure 12 
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curve than the corresponding values for either the amor- 
phous or crystalline regions. This is consistent with the 
view that shrinkage takes place before crystallization so 
that the overall orientation is reduced by the polymer re- 
tracing the orientation states through which it passed dur- 
ing drawing, prior to subsequent crystallization. 

Although much further work is required in order to de- 
duce the precise nature of  the changes in molecular orien- 
tation which take place during shrinkage, the present re- 
sults illustrate clearly the importance of  developing methods 
such as the fluorescence method which can give more infor- 
mation about amorphous orientation than (P2(~)), which is 
the only information deducible from, for instance, bire- 
fringence or dichroism, whether optical or infra-red. 

CONCLUSIONS 

The results of  the present work show that for the fluore- 
scent-molecule-polymer  system used in the experimental 
work, the fluorescent molecules are excluded from the cry- 
stalline regions in the semi-crystalline polymer and confirm 
that the unique relationship between the distribution of  
orientations of  the fluorescent molecules and that of  the 
chain axes, reported previously, still applies to a good 
approximation in the amorphous regions of  the semi-crystal- 
line polymer. We conclude that the fluorescence method is 
capable o f  characterizing quantitatively the distribution of  
chain orientations in the non-crystalline regions of  semi- 
crystalline polymers. 

The samples of  PET studied appear to behave as a rub- 
ber with 5.6 freely joined links between crosslink points 
when uniaxially drawn and shrunk at 80°C, provided the 
draw ratio is less than 2.5. At higher draw ratios strain- 
induced crystallization occurs and the shrinkage is signifi- 
cantly reduced. 

In all cases it can be concluded that shrinkage is asso- 
ciated with the disorientation of  the amorphous regions. 
The results suggest that further crystallization takes place 
independently of the disorientation process. 
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APPENDIX 

The following simple ideas have been used to estimate the 
dependence of the density of  the amorphous regions on the 
value of  (P2(~))a. 

A unit volume of  amorphous polymer is imagined to be 
divided into two parts, Ve and AV. Thus 

1 = V c + AV (A1) 

Ve is defined as the volume of the same mass of  material if 
it were fully crystalline. It follows that A V is the volume 
of  the sample that is orientation .dependent. In Figure 14, 
the two unit vectors S1 and $2 represent two adjacent poly- 
mer chains. We assume that the shaded area, A, is propor- 
tional to the volume that is reduced to zero when S1 is com- 
pletely aligned with $2. If G is the angle between S1 and $2 
the area A is equal to ½ sin G. It follows that 

/', V = k(sin d)pa/pOa (A2) 

where k is a constant of proportionality and (sin 63 is the 
average value of  sin G for the amorphous sample. 

From equation (A1) we obtain: 

A V  = 1 - Pa/Pc (A3) 

and i fR  is defined by: 

R = (sin G)/(sin 630 (A4) 

where (sin G)0 refers to an isotropic amorphous sample, it 
can be shown from equations (A2) and (A3) that 

Pa = p % l [ p O  + R(R~ - pO)] (A5) 

If we assume that there is no correlation between the 
position and orientation of  a chain it follows from the 
Legendre addition theorem that for a sample with a uni- 

S/ 
S I  

$2 

Figure 14 The unit vectors S! and $2 repre- 
sent two adjacent chains in the amorphous 
regions of a polymer. The shaded area is as- 
sumed to be proportional to the volume that 
is reduced to zero when Si is completely 
aligned with $2 
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axial distribution of chain orientations, 

(P2(cos G)) = [(P2(~))] 2 (n6) 

It is not possible to obtain an exact expression for (sin 63 
in terms of (P2(cos G))and we have therefore used the 
approximation 

(A7) 

which gives in fact the maximum value for (sin 63 for a 
given (P2(cos G)), since by Schwartz's inequality (sin263 
is greater than or equal to ((sin 63)2. The same approxima- 

tion was used for (sin 630 in an attempt to reduce the error 
inR. 

For PET appropriate values are p0 = 1.3375 and Pc = 
1.445. Thus equation (A5) becomes: 

Pa = 1.9327/(1.3375 + 0.1075R) (A8) 

The curve in Figure 5 corresponds to this equation. The 
points shown are for all the samples, from this and the pre- 
vious work 1, which were drawn at 80°C and which are 
believed to be of low crystallinity. The general relationship 
between the points and the curve suggests that, despite the 
simplicity of the ideas and approximations used to derive it, 
the curve may be sufficiently good to be used for deriving 
values o f f c  for oriented samples. 
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Trajectory of polyethylene chains in single 
crystals by low angle neutron scattering 

D. M. Sadler and A. Keller 
H. H. Wills Physics Laboratory, University of Bristol, Bristol BS8 1TL, UK 
(Received 9 May 1975; revised I September 1975) 

Measurements of coherent neutron dif fract ion of oriented single crystals of blends of hydrogenous 
and deuterated polyethylene have been undertaken in order to study the mutual arrangements of the 
crystalline 'stems' of the same molecule. In the appropriate range of di f fract ion angle, the scatter is 
fu l ly  consistent wi th thin lamellae, the planes of which contain the stems. The thickness of  these 
lamellae agrees wi th that expected for neighbouring stems of one molecule being restricted to the 
same (110) plane. The density of deuterium atoms in the lamellae is consistent with largely adjacent 
re-entrant folding; for crystals grown at low supercooling there is a possibility of some segregation 
according to isotope. Outside the above range of d i f f ract ion angle, effects are observed which are 
attr ibutable to the f inite lateral dimensions of the proposed lamellae. At  the smallest angles of 
measurement an artifactual signal attributable to voids can be observed, which can be avoided by 
suitable sample treatment, 

INTRODUCTION 

In the period following the discovery of chain folding in 
crystallizable polymers, there has been a continuing effort 
to define the degree and nature of crystal disorder and, in 
addition, how the chains thread through the crystalline 
lamellae. Two newly applied techniques promise to provide 
some evidence on the second of these two related matters: 
both infra-red (i.r.) and low angle neutron diffraction are 
sensitive to the 'trajectory' of an isotopically labelled chain 
in its unlabelled matrix. I.r. results ~ suggest that in single 
crystals composed of blends of polyethylene (PE) and 
deutero-polyethylene (DPE), nearest neighbour chains 
along the (110) direction are of the same isotopic composi- 
tion. This indicates adjacent re-entrant folding, leading to 
one molecule forming a slab along the growth face. This 
was the chain trajectory proposed when chain folding 
was first discovered. Figure 1 shows a chain folded in this 
manner, with crystal 'stems' (i.e. those parts of the chain 
passing through the crystals) adjacent to one another. 
Other modes of folding will result in the stems of the same 
molecule being arranged differently, and in the case of 
labelled chains the coherent neutron scattering will depend 
on the resulting spacial arrangement of these stems. Figure 
2 illustrates several possibilities; the position of each stem 
in the plane of the crystal being indicated. It should be 
emphasized that the degree and nature of the disorder in 
the crystal is not directly in question here, since the scatter- 
ing will only be affected to a minor extent by the chain 
sequence in any disordered regions (e.g. in the fold surface). 

Preliminary results 2 on bulk crystallized material, in 
conjunction with a study on molten PE, concern very small 
angles of diffraction (equivalent Bragg spacings in the region 
of 500 A). These results lead to molecular weights and radii 
of gyration of the deuterated particles consisting of mole- 
cules or groups of molecules in the PE matrix. The present 
results concern crystals grown from solution; the angles of 
diffraction correspond to equivalent Bragg spacings of 
200-15 A, in which case the intensities of diffraction de- 
pend on the variations of scattering density according to 
the stem arrangements as outlined above. 

Figure I Diagrammatic representation of a polyethylene crystal, 
showing how adjacent re-entrant folding leads to lamellar diffract- 
ing objects 
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. . . . . . . . . .  • . . . . . . . . . . . . . . . . . . . . . . . . . . . .  o . . . . .  
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: i i  ! i i ~ i ! ! ! i ! i ! ! ! ~ ! ; ! ! i ! :  . } i i i ; i i i i : ~ ! i ! i i ! t l i ! ! ! ~ ! ; : .  
!-!-!-:-!-:-!- -!-!-[-;-!-!-!-!-i-i-!-!-!-! !-!-!-:-: : :-!-!-:-! !-:-!-:-!-!-:+? ! ! ! !-:-!- ! !-!-!+! !% 
~! ! ! ! ! ~ ! i ! i ! ! i ! ! i ! ! i i !  : ! ! ! ! ! ! ! ! ~ i ! i i . ! i i i i ! i ! ! !  ~ 

Figure 2 Representation of the positions of intersections of stems 
(i.e. chain sequences passing through the crystalline region) and a 
(001) plane. The small points represent PE chains, the large points 
DPE. The examples of chain trajectory are: (a) adjacently re-entrant 
folding; (b) randomly re-entrant folding; (c) and (d) other forms of 
folding restricted to (110) planes; (c) large gaps between stems; (d) 
small gaps. The broken line indicates a fold sector boundary 
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Figure 3 Example of  data used for the analysis. In general only 
at larger values of 20 were the total counts as high as shown on the 
ordinate: for smaller angles the values plotted were calculated using 
shorter times of counting. These data were interpolated and analy- 
sed as explained in the text to give Figures 4 and 6. Some measure- 
ments were taken at even higher 20 than shown, and were ful ly 
consistent with the way in which the two spectra, PE and PE with 
DPE, were subtracted to give a measure of coherent scattering fro4m 
the DPE component. Results from the diffractometer at Harwell 1. 

The results presented here have been analysed with a 
view to testing whether the diffraction could be from 
lamellar structures (e.g. as in Figure 1). It remains to be 
tested how much of the labelled stems are in lamellae only 
one molecule in thickness, and in addition to investigate 
to what extent alternative structures can be excluded. 

EXPERIMENTAL 

DPE from Merck Sharpe and Dohme was specified as being 
of 99% isotopic purity; the PE used was Rigidex 9. The 
DPE was dissolved by boiling in xylene together with PE; 
the mixing in solution was continued for at least 1 h. Total 
concentration of polymer was 0.04% w/v, the weight frac- 
tion of DPE in the polymer being 0.13. The solution was 
poured into thin-walled tubes held at 70 ° or 85°C. For the 
crystallization temperature Tx = 85°C a seeding procedure 
was employed 3 in order to produce a uniform crystal size. 
The crystal suspension was filtered (at 85°C in the case of 
that crystallization temperature) so that the final filtrate 
consisted of a concentrated sludge on filter paper. This was 
dried so as to produce fiat mats about 0.1 mm thick. For 
Tx = 70°C the dry mat was pressed at 60°C so as to produce 
a translucent material. For Tx = 85°C one of the samples 
remained white in colour. The isotopic composition of the 
samples was monitored by i.r. The sample sheets were cut 
and mounted in aluminium holders, usually with the mat 
planes (hence the crystal layers) parallel to the plane of 
the holder. In these cases an area of 7 x 20 mm 
was uniformly filled with a weighed amount of polymer 
(~130 mg). In two instances, mentioned in the text, the 
mats were cut into strips and mounted with the mat nor- 
mals in the plane of the holder. Two small angle scattering 
instruments were used: at Harwell 4 where the normal to 
the holder was held at an angle of 0 to the incident beam 
(where 20 is the angle at which the scattering is being mea- 
sured) and at the high flux reactor of the Institut Max von 
Lane-Paul Langevin at Grenoble s where the normal to the 
holder was parallel to the incident beam. The aperture 
defining the beam at the sample was slightly larger than 
the area defined by the sample. Orientations of the crystal 
layers and the crystal lattice within the mats were moni- 
tored by low- and wide-angle X-ray diffraction, respectively. 
The layer normals are concentrated within about 30 ° to 

the normal to the mats. The 110 arcs were equatorial (most 
intense along a direction parallel to the plane of the mats). 
The lon~ spacing l was 107 A for Tx = 70°C and 132 A for 
Tx = 85vC. 

RESULTS 

Figure 3 shows the variation of neutron count rate as a func- 
tion of 20, for a mat of PE and of a blend of 0.13 DPE 
and 0.87 PE using the scanning diffractometer 4. The former 
show scatter which is almost independent of 20, which cor- 
responds to the high H content and high incoherent scatter. 
The latter shows an additional intense scatter attributable 
to the DPE component. The latter contribution was sepa- 
rated by taking the difference between the signal from the 
blend, and the signal from PE which is rescaled slightly so 
that it corresponds to the same total incoherent cross-section 
as in the blend. To enable this to be done accurately, the 
PE scatter was measured for several sample thicknesses. A 
(small) desmearing correction 6 was applied to the difference 
curve to allow for the finite size of the sample and of the 
counter aperture. The resultant measure of diffracted inten- 
sity I decreases sharply with 20; the results are conveniently 
expressed as a plot of Is 2 cos 0 versus s, where 

s = 2 sin O/X (X, neutron wavelength) 

Such a plot is shown in Figure 4. 
Figure 5 shows results on mats mounted edgewise (Tx = 

85°C) using the high flux reactor device. The total scatter 
from the blend is shown since these samples do not have a 
uniform thickness, so that background subtraction cannot 
be accurate. Figure 5a corresponds to a mat as dried, i.e. 
white in colour and containing large numbers of voids. The 
scatter in a direction parallel to the mat normals (bro- 
ken line) is much higher than that at right angles to the 
normals (solid line). This is not consistent with scatter 
from PE-DPE contrast from any of the models of the type 
shown in Figure 2 (see below). Figure 5b shows the corres- 
ponding results for mats which have been pressed at 60°C 
so as to remove most of the voids; a translucent sample 
then results. The anomalous signal in a direction parallel 
to the mat normals has been removed. We tentatively 

a b 

¢ 0.08 

I I I I /~(~ I I I I 

0 0"02 0 0 4  0 0 2  0"04 
s (I/~) 

Figure 4 Plot of the data as Is 2 cos/9 versus s after background 
subtraction, desmearing, and corrections for attenuation and pre- 
ferred orientations (see text). The units of  / are arbitrary, being 
expressed as Id i f f / ID where Idiff  is the count rate difference from 
Figure 3. I D is the sum of the coherent diffraction intensities for 
the same number of labelled individual atoms as in the PE and DPE 
blend, calculated on the basis of the vanadium calibration. (a) T x = 
85°C, mat unpressed; (b) T x = 70°C, mat pressed. For the effect 
of pressing see also Figure 5 
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Figure 5 Dependence of  uncorrected scattered intensity (in counts 
per cell of  the mul t idetector  array) on or ientat ion of the mats. 
- - ,  direction in the plane of the mats; . . . . .  , direction parallel 
to the mat normals. T x = 85°C; (a) mat as dried, containing 
many voids; (b) after pressing at 60°C to minimize voids. The 
intensity scale of  (a) relative to (b) is arbitrary. Results f rom the 
high f lux reactor, Grenoble 5 

attribute the anomalous signal to multiple total internal 
reflection at interfaces between voids and stacks of crystals. 

General considerations 
The small angle scatter from the DPE component of 

PE-DPE blends is clearly significant (the intensity is quan- 
tified in the discussion below). If the DPE was segregated 
into blocks much larger than 200 A, most of the diffraction 
would not be included within the measured range, and 
would be at very small angles and at wide angle peaks. 
Much of the DPE must be dispersed in particles of a size 
of the order of magnitude of 100 A. 

The reader is referred to Guinier and Fournet 7 for the 
detailed interpretation of  low angle intensity measurements. 
For the present purposes it is convenient to quote some for- 
mulae in the form below, which are relevant to samples 
where the scattering particles take up a range of orientations. 

Rods o f  radius RO and length L. For s >> 1/L diffraction 
occurs only for s perpendicular to the direction of the rod; 
the intensity is then given by: 

I = (NOnL/2S cos 0) exp - (2s2n2R 2) (1) 

where N is the number of  scattering centres defined as the 
number of  deuterium atoms, o is the corresponding coherent 
cross-section, n L is the number of  centres per unit length, 
and the exponential factor applies for s ~ I / R o .  R is analo- 
gous to the usual radius of  gyration: R = r 2 where r is the 
distance of  each centre from the centre line of  the rod. 

Lamellaeof thickness 2H and wMth W. For s >> 1/W 
diffraction only occurs for s parallel to the lamellar nor- 
mals, and the intensity is given by: 

I = (Non A/2~rs 2 cos 0) exp - (4rr2D2s 2) (2) 

where nA is the number of  centres per unit area,_ and the 
exponential factor applies for s "~ X/~. D - z 2 where z is 
the distance of  a scattering centre from the central plane 
of the lamella. In these equations the additional cos0 term 
arises in order to avoid the restriction to small values of 20 7. 

Neutron scattering of polyethylene: D. M. Sadler and A. Keller 

For both particle shapes a preferred particle orientation 
will result in scattered intensities which are higher in a 
direction either perpendicular to the rod direction or paral- 
lel to the lamellar normals. 

The validity of these two equations depends not only 
on whether rods or lamellae are suitable structural models 
(see Figures 2b and 2a respectively). In addition the range 
of s must be examined. The maximum value of s measured 
was 0.07 A -1,  so that both conditions s ~ I/Ro and s ,~ 1/2// 
(see above) are likely to be satisfied. The length of a stem 
(approximately equal to the fold length l) is, however, with- 
in the experimental range of  1/s. Equations (1) or (2) can 
therefore only be valid as asymptotes. To predict the varia- 
tion of I with s for values of  s ~ 1/l, numerical calculations 
would be necessary. These would need to allow for the dis- 
tribution of orientations and the dimensions l and l 1 (see 
Figure 1). Qualitatively, it may be said that I may be both 
above or below the asymptotic value for s ~- 1/l (Fig. 87). 
For s ~ 1/1 will be below the asymptotic value. 

It must be considered whether interference caused by 
the phase relationship between the scattering from neigh- 
bouring rods or lamellae should be significant for the pre- 
diction of  I. For non-overlapping spheres spaced at random 
it has been calculated 7 that the importance of interference 
effects, depends on the concentration and the relative value 
of 1/s compared with the average sphere separation. For 
a DPE concentration of  0.13, the average spacing between 
stems arranged randomly within the crystal would be of  
the order of  11 A, and between rows of stems (i.e. lamellae) 
about 30 A. These estimates are made from simple geo- 
metry based on the cross-sectional area per stem of 18 A 2- 
Based on these figures, estimates of interference effects 
which are analogous to previous calculations 7 suggest that 
for lamellae (equation (2)) they should be small, for s more 
than about 0.03 A 1, but that for rods should be quite sig- 
nificant for all s measured. 

Finally, in order to be able to deduce values of  nL or nA 
from the equations, it is necessary for all the DPE to be dis- 
persed within the crystals. Some partial segregation would 
of  course lead to low measured values. 

DISCUSSION 
It is immediately apparent that equation (1) (using R ~- 2 A 
i.e. for a single chain) bears no relation to the experimental 
results (Figure 4) since Is 2 decreases and not increases as a 
function ors. It must be borne in mind, however, that 
interference between different stems (see above) has not 
been considered, so that equation (1) cannot be expected 
to predict accurately the scatter from structures such as 
shown in Figure 2b. Equation (2) predicts a decrease of  
Is 2 for larger vahies of  s; to test this equation further Is 2 cos 0 
is plotted on a log scale against s 2 (Figure 6). The predicted 
variation for infinitely wide sheets [corresponding to (110) 
pleated sheets: D = 1.57 )~;nA = 0.35 A -z]  is also shown. 
The absolute calibration o f / w a s  estimated from a mea- 
sure of  the (incoherent) scatter from a vanadium sheet; 
very similar results are obtained by using the incoherent 
scatter from PE. Corrections were also made for beam 
attenuation (a factor of 2) and for preferred orientation 
(a factor of 0.45 for Tx = 70°C and 0.66 for Tx = 85°C). 

It can be seen that the experimental curves as plotted 
in Figure 6 are linear for large s, hence the results are con- 
sistent with sheet structures. In addition, the linear por- 
tions of  the experimental curves are approximately parallel 
to the predicted one. Hence the thickness of  the sheets 
(as specified by D) is that predicted on the basis of the 
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Figure 6 The data of Figure 4 replotted as Is 2 cos 0 on a logari- 
thmic scale versuss 2. (a) T x = 85°C (b) T x = 70°C. - - - - - -  pre- 
dicted for (110) adjacent re-entrant folding for 100% of DPE in the 
form of stems. No account is made for finite width of sheet, or 
intersheet interference (see text) 

Table 1 

Single crystals D(A) nA(1/A 2) 

Calculated 1.57 0.35 
T x = 70°C 2.2 0.29 
T x = 85°C 1.9 0.18 

The calculated values of n A assume that all the deuterium in the 
blend is in the form of rows of stems of the same length. The fold- 
ing has been assumed to be on (110) planes for this calculation. 
Other directions of folding [e.g. on the (100) plane] would give 
slightly different values. The measured results are obtained from 
the experimental curves in Figure 6, as discussed in the text 

stems of a DPE molecule being restricted to the same (110) 
plane. Of such structures (Figures 1, 2a, 2c, and 2d) only 
those where the interstem spacing within the sheets is not 
too high, i.e. with few gaps of  more than two stems in the 
folded sequence will still scatter as sheets in the observed 
range of s. 

Table 1 shows predicted values for D and nA for adja- 
cent re-entrant folding, together with values derived from 
the linear portions of the experimental curves. (For Tx -- 
70°C there is an uncertainty introduced by the slight con- 
cavity of the measured curve; the tabulated D and n A values 
refer to the slope at the highest values o f s  2, for which, un- 
fortunately, the experimental uncertainties in I are greatest.) 
As discussed above, the dimension D (related to the slopes 
in Figure 6) agrees well with those predicted. For T x = 70°C, 
there is also good agreement for hA, when it is borne in 
mind that any measured value of nA should be about 20% 
lower than that shown for (110) folding in the Table, be- 
cause of  exclusion of  DPE chains into a superficial amor- 
phous layer, and because of  variations in stem length s-l°.  

For Tx = 85°C, the measured value of  nA is rather low 
on this basis. There are a number of  reasons why this 
should be so, for example gaps in the rows of  stems (Figure 
2d). We suggest that a likely hypothesis for this discrepancy 
is partial segregation according to isotope or molecular 
weight at Tx = 85°C. This is not unreasonable since Tx = 
85°C represents a lower supercooling than Tx = 70°C, and 
hence sensitivity to slight thermodynamic differences. This 
interpretation is consistent with measurements of  overall 
PE/DPE contents ~t. If there is partial segregation, no infor- 
mation is available as to the folding within the aggregates. 
A second explanation which cannot be excluded is less 
efficient dispersal in xylene prior to crystallization for this 
sample. 

It remains to consider qualitatively the intensities at 

low s when neither equations (1) nor (2) are likely to be 
valid. For T x = 85°C, the sample used for the data 
in Figures 4a and 6a had not been pressed. In addition its 
degree of  orientation was such that a few lamellae were 
edge-on to the beam. Thus an artifactual signal from 
voids is to be expected (see above); the sharp increase of 
Is 2 with decreasing s at small s is therefore attributed to 
voids. By comparison, for Tx = 70°C, for which the mats 
had been pressed, Figures 4b and 6b show a decrease in Is 2 
at small s. The value of s at which the decrease commences 
(0.01 A -1)  is fully consistent with the sheets containing 
the stems only being 100 A wide 7. 

At s "" 0.02 A -1 there is, especially for Tx = 70°C, still 
an increase of Is 2 above the asymptotic line (Figure 6). 
Some such departure could be expected for 1Is slightly 
smaller than l or II (see above). Another, perhaps more 
likely, possibility is intersheet interference. 

Experiments are continuing, employing both instru- 
ments, in order to test the generality of  these results and 
to investigate to what extent alternative structural models 
can be eliminated. 

CONCLUSIONS 

The intensity of  coherent neutron scattering from a blend 
of DPE in PE agrees with that expected for lamellae (equa- 
tion (2) for 0.03 < s < 0.07 A - l ) .  Table I shows, further- 
more, that these lamellae have a thickness as predicted for 
rows of  stems along (110) planes. The density o f  deuter- 
ium atoms in the lamellae is consistent with predominantly 
adjacent re-entrant folding along (110) in the case of  crys- 
tals grown at high supercooling. At low supercooling there 
is a possibility of partial segregation of  the deuterated 
chains in the hydrogenous matrix. 

It seems that at low angles of  diffraction there can be 
an artifactual signal originating from voids. 
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Pulsed n.m.r, of a SBS'macroscopic 
single crystal" 
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and D.  C.  Douglass and V .  J. M c B r i e r t y  
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(Received 2 September 1975) 

Pulsed n.m.r. T1, T 2 and Tlp results are reported for a macroscopic single crystal of styrene-buta- 
diene-styrene copolymer, recorded as a function of the angle between the extrusion axis of the sam- 
ple and the magnetic field direction. The data confirm the absence of molecular orientation in either 
component of the copolymer. T 1 and Tlp results indicate a coupling via spin diffusion, between the 
polystyrene and polybutadiene regions. These spin diffusion effects are analysed in terms of a simple 
model, presented earlier, which demonstrates a stronger spin diffusion coupling in the rotating frame 
than in the laboratory frame. 

INTRODUCTION 

Styrene-butadiene-styrene (SBS) is a three block copoly- 
mer which may be extruded into a material of unique mor- 
phological character, in which the dispersed polystyrene 
(PS) component is in the form of cylinders, parallel to the 
extrusion axis, and arranged in a hexagonal array within 
a continuous polybutadiene (PB) matrix 1-3. This form 
of the copolymer is referred to as a macroscopic 'single 
crystal '1. Although such systems are anisotropic in their 
optical and mechanical properties 4 experimental observa- 
tions so far indicate a random molecular orientation in both 
the PS and PB components 5. 

EXPERIMENTAL 

In the work reported here, T1, T2 and Tip relaxation times 
have been recorded over a wide temperature range for a SBS 
single crystal of the type described above. The sample, 
kindly provided by Professor A. Keller of the University of 
Bristol, was in the form of an extruded plug made from the 
copolymer Kraton 102 (Shell). The molecular weights of 
the PS and PB components were 104 and 5.5 x 104, respec- 
tively 6. The sample was annealed at -+150°C for 16 h in 
order to enhance the features of the macrolattice a. Mea- 
surements were carried out for orientation angles 3' = 0 °, 
54 ° and 90 ° between the extrusion direction (cylinder axis) 
and the direction of the applied magnetic field. 

Data were recorded on a Bruker B-KR301 spectrometer 
operating at a resonant frequency of 20 MHz with a recov- 
ery time of about 9/asec. A 90 ° pulse was of 2.5/asec dura- 
tion. The Bruker temperature control facility provided 
sample temperatures to an accuracy of-+l°C. Rotating 
frame data were recorded at a r.f. field, HI, of 10 G. The 
details of data acquisition and analysis have been described 
previously 7~. 

RESULTS AND DISCUSSION 

The single crystal results are presented in Figures 1 to 3 
along with data on homopolymers of comparable molecular 
weights. Connor's rotating frame data (H I = 10 G) for PS, 

of molecular weight 1.08 x 106, have been used for com- 
parison 9. 

It is immediately apparent from the data that there is no 
T1, T2 or Tlp dependence on the orientation angle 7. This 
result implies that there is no measurable molecular orienta- 
tion, in a n.m.r, sense, in either region of the polymer, which 
is in agreement with earlier conclusions from infra-red mea- 
surements s. 
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The T1 and T2 results for the single crystal are similar to 
those for the comparable unextruded material s, at least up 
to 150°C, which is the upper limit of the earlier work. 
From this, it would appear that the molecular motions in 
this temperature region are insensitive to the shape of the 
PS domains in the copolymer. There are a number of addi- 
tional features in the more comprehensive single crystal 
data, not included in the detailed treatment presented ear- 
lier, which require explanation. 

The minimum in the short Tlp component at -50°C is 
the Tip analogue for the T1 minimum at -20°C and the 
sharp transition in the long T2 component in the region of 
~ 0 ° C ;  they are all manifestations of the PB first order 
transition s. The high temperature T2 transition from 2 msec 
at +140°C to 3.6 msec at +180°C is associated with the PS 
glass transition. Furthermore, the constraints on the motion 
of the PB chains which are in force below the glass transi- 
tion temperature Tgare removed s. This may be deduced 
from the magnitude of the plateau, which is greater than 
would be expected from the onset of the glass transition in 
PS, alone. There are indications of a correspondingly high 
temperature minimum in the short Tlp component, although 
the exact location of the minimum is not possible. A short 
Tip component was just detectible in the temperature range 
-20°C to +150°C but the intensity was too small to permit 
a reasonableoquantitative assessment of its magnitude. 
Above +150 C the intensity was of the order of 25%. 

et aL 

The variation in the component intensities indicates that 
it is most probable that there is coupling, via spin diffusion, 
between the PS and PB regions at these temperatures. A 
consequence of this would be a recorded Tlp minimum for 
the glass transition process in PS which is greater in magni- 
tude than the predicted value of 60/asec in the absence of 
spin diffusion 1°. 

The T1 and Tip data indicate that spin diffusion is opera- 
tive between the PS and PB components in the region of 
the minima associated with the first order transition in PB. 
This effect has been treated in detail in an earlier paper s , 
on the basis of a simple spin diffusion model in which a 
uniform spin temperature is assumed in each region of the 
copolymer and, in addition, the geometry of the interface 
is neglected. The strength of the coupling between the two 
regions is controlled by the parameter K, the only variable 
of the model. The solid lines in Figures 2 and 3 indicate 
the computed magnitudes of the T1 and Tlp components, 
respectively, which are seen to be in good agreement with 
the experimental results. The intensities of the long com- 
ponents in each case, which are also spin diffusion control- 
led, compare favourable with the measured values (see 
Figures 4 and 5). In order to achieve this fit, however, dif- 
ferent values had to be assigned to the coupling parameter 
K for the T 1 and Tip data, respectively; for the T1 dataK = 
4.4 as compared with the value o fK = 20 for the Tip results. 
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Figure 4 Intensity of the T1 long component as a function of 
temperature. ~ ,  theoretical predictions from the spin diffu- 
sion model (see text) 

While this variation may derive from inadequacies of  the 
model, there is also longstanding recognition that the spin 
diffusion coefficient can depend upon tield strength for 
applied fields comparable to the dipolar fields 11-13. Since 
the coupling parameter is proportional to the spin diffusion 
coefficient, D this result implies an increased D in the ro- 
tating frame. Measurement of relaxation in normal alkanes 
indicates that D does indeed increase with decreasing field 
in the resonant rotating frame lz. This result is consistent 
with the intuitive notion that additional paths for spin ex- 
change become energetically possible when the Zeeman and 
dipolar energies are comparable. However, no data on cal- 
culations directly applicable to comparison of spin diffusion 
in the rotating and laboratory frames seem to exist. 
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Structural order in heat treated vinyl 
chloride polymers 

A.  G r a y *  and M .  G i l b e r t  
Institute of Polymer Technology, University of Technology, Loughborough, Leicestershire LE 11 3TU, UK 
(Received 3 June 1975; revised 16 July 1975) 

Three vinyl chloride polymers were annealed at temperatures in the range 40-160°C for times vary- 
ing from 0.5 to 5 h. Structural changes occurring in the polymers were examined by density measure- 
ment, differential thermal analysis and X-ray diffraction. It was shown that the three polymers varied 
in their original crystall inity. Attempts to totally remove this crystall inity, were unsuccessful; further 
crystall inity could be introduced by annealing above Tg. Changes induced by annealing below Tg 
were not due to crystallization. Methods used to measure crystall inity in poly(vinyl chloride) (PVC) 
were assessed. 

INTRODUCTION 

Several workers 1-6 have inestigated the morphological 
changes which can be induced by suitable heat treatment 
of poly(vinyl chloride) (PVC). Methods used for such 
investigations have included density measurements TM, 
X-ray diffraction 4, infra-red spectroscopy 5 and differential 
scanning calorimetry (d.s.c.) 2-6. Changes in various mecha- 
nical properties have also been reported 1-3'7. Phillips et al. ~ 
have attributed property changes caused by heat treatment 
near and above the glass transition temperature Tg to chan- 
ges in free volume. Foltz and McKinney have interpreted 
their d.s.c, results in a similar manner. Again, most of their 
samples were given heat treatments at temperatures below 
Tg. Rybnik~i~ 4 and Witenhafer s have heat treated at higher 
temperatures (up to 180°C in the latter case) and have 
attributed observed changes to crystallization. Rybnik~f 
and Juijn et aL 3~ distinguish primary and secondary crystal- 
lization processes, the latter workers discussing the thermal 
analysis of PVC polymers in some detail. Illers 2 also used 
this technique extensively, and compared structural changes 
occurring under various conditions. He suggested that heat 
treatment above 7g caused crystallization, while heat treat- 
ment below Tg caused decrease in free volume. Crystallinity 
changes were shown to have a greater effect on density, 
solvent sorption and shear modulus than free volume chan- 
ges. 

The present work was carried out as part of a project 
investigating the relationships between thermal history, 
crystallinity and properties for PVC polymers containing 
different types and levels of additives in an attempt to find 
the effect of structural changes occurring in PVC during 
processing. Initially the effects of time and temperature of 
annealing on the crystallinity of three PVC polymers have 
been examined. The polymers selected are a commercial 
suspension PVC homopolymer, a copolymer in which cry- 
stallization would be expected to be hindered, and a poly- 
mer prepared at -30°C which has increased syndiotacticity, 
hence increased crystallinity 9. 

* Present address: BP Chemicals International Ltd, Sully, Penarth, 
Glamorgan, UK. 

EXPERIMENTAL 

Materials 

Details of polymers used are given in Table la. Molecu- 
lar weights were obtained by gel permeation chromatography 
(g.p.c.), at 25°C using tetrahydrofuran as solvent. The co- 
polymer and PVC 2 homopolymer could be dissolved at 

room temperature. While the low temperature PVC appa- 
rently dissolved under these conditions, two peaks were 
observed in the g.p.c, trace. The high molecular weight 
peak was attributed to incomplete solution of PVC mole- 

Table la Polymers examined 

Diad concen- 
tration (%) 

Syn- 
diD- Iso- ~qc 

Polymer Details Mn ~t w tactic tactic ) 

PVC 2 BP suspension 23 300 59 200 58 42 82 
polymer supp- 
lied by RAPRA 
PSCC 

Breon AS BP suspension 34800 77 020 49.5  50.5 75 
60/41 copolymer con- 

taining 15% 
vinyl acetate 

-30°C Montecatini 43600 88800 66.5 33.5 91 
polymer- Edison homo- 
ized polymer 

Table lb Conditions of sample preparation 

Polymer 

Milling Moulding Moulding Pre-treatment 
temperature temperature time temperature 
(°C) (°C) (min) (°C) 

PVC 2 
PVC/PVAC 
copolymer 
low temp. 
polymerized 
PVC 

160 180 3 200 
140 140 3 175 

170 200 3 220 
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cules. After heating the polymer at 90°C for 5 days in a 
sealed tube the size of this peak became insignificant and 
the resulting trace was used to obtain the molecular weights 
quoted for this polymer. 

To obtain a measure of syndiotacticity, the diad concen- 
trations shown were calculated from spin decoupled 13 C 
n.m.r, spectra using the method described by Carman et al. ~°. 
The figure for the copolymer is an approximate one since 
some peak overlap occurred; however, it suggests that the 
copolymer is virtually atactic. 

Glass transition temperatures were obtained by thermo- 
mechanical analysis as described below. 

Sample preparation 

Four parts per hundred (w/w) of dibasic lead stearate 
were added to each polymer as stabilizer and lubricant. 
Each compound was dry blended, milled, then compression 
moulded to form sheets 0.5 mm thick. Details of milling 
and moulding conditions are shown in columns 2 4  of 
Table lb. The moulded samples were cooled under pressure 
to room temperature. 

Temperatures were selected to be high enough to achieve 
fusion of PVC particles. Scanning electron micrographs 
obtained by Pezzin et al. 7 for PVC polymers milled at vari- 
ous temperatures suggest that temperatures used should 
give adequate fusion. An acetone immersion test indicated 
that samples were homogeneous. If fusion is inadequate, 
individual PVC particles are observed and fragmentation of 
the sample occurs on swelling in acetone. 

Heat treatment 

In an attempt to destroy existing crystallinity, and to en- 
sure a uniform thermal history, all samples were subjected 
to a 3 rain pre-treatment under nitrogen, prior to crystal- 
lization. Pre-treatment temperatures are shown in column 
5 of Table lb. These temperatures were the highest that 
could be used without degradation occurring. Samples were 
quenched in an ice/water mixture, then immediately sub- 
jected to annealing or stored at about -50°C until the 
annealing treatment was carried out. Density and d.t.a. 
measurements on the stored samples indicated that no 
detectable changes occurred during this period. 

Subsequently samples of all three polymers wrapped in 
aluminium foil were packed in a glass tube which was sus- 
pended in a thermostated bath controlled to -+0.15°C. An- 
nealing treatments (under nitrogen) varied from 0.5 to 5.0 h 
at temperatures of 40°-160°C. Some samples were stored 
at room temperature for longer periods of time. 

Differential thermal analysis (d. t. a. ) 

Thermograms were recorded using a Du Pont 900 Ther- 
mal Analyser fitted with a d.s.c, cell. Samples of 10 -+ 1 mg 
were heated at 30°C/min from M0°C. In order to convert 
peak areas into energy units the instrument was calibrated 
using indium (melting temperature 157°C, heat of fusion 
28.4 J/g). The reproducibility of the method was estimated 
by obtaining results for ten similar samples. The standard 
deviation on the mean was found to be 5%. 

Glass transition temperatures of the quenched polymers 
were measured using the thermal analyser fitted with a 
thermomechanical analyser (t.m.a.) attachment. The pene- 
tration probe used was loaded with a weight of 10 g and the 
t.m.a, trace was recorded from -50°C, using a heating rate 
of 5°C/rain. The temperature at which the probe first star- 

heat treated vinyl chloride polymers: A. Gray and t14. Gilbert 

ted to penetrate into the polymer was taken to be the glass 
transition temperature, Tg. 

Density measurement 

Sample densities were measured at 23°C using a Daven- 
port density gradient column filled with an aqueous solution 
of calcium nitrate. Each measurement was made by averag- 
ing results from four samples. In order to fred the density 
of the PVC in the samples, measured values were corrected 
to allow for the 4 pph of dibasic lead stearate (density 
2000 kg/m 3) present. 

Crystallinity X d of the PVC was calculated from the equa- 
tion 

Pc P - Pa 
X d -  - -  × 100% 

P Pc - Pa 

where Pc is density of totally crystalline polymer = 1530 kg/ 
m311, Pa is density of totally amorphous polymer = 1373 kg/ 
m 3 12, and p is the density of the PVC in the samples. Al- 
though values of Xd have been calculated for polymers an- 
nealed at 40°C (Table 5) it is considered that the true crys- 
tallinities of these polymers are equal to the crystallinities 
of quenched samples (see Discussion). 

X-ray diffraction 

X-ray diffractometer traces were obtained from com- 
pression moulded sheets of the polymers using Ni filtered 
CuKu radiation (40 kV, 20 mA). Order factors were calcu- 
lated as described by Rayner and Small ~3. To obtain dif- 
fractometer traces for amorphous PVC, templates were pre- 
pared from the graphs in ref. 12 using a horizontal scale 
corresponding to that of the experimental traces. Each 
trace was then analysed by fitting the appropriate template 
which touched the experimental curve as shown in Figure 
5b. 

A X 
Then, order factor - - -  × 100% 

A x + A a  

No corrections were made for the variation of scattering 
intensity with 0. 

RESULTS 

Differential thermal analysis 

A typical series of thermograms for the commercial 
homopolymer (PVC 2), annealed for 5 h is shown in Figure 
1. The thermogram of a quenched sample (i.e. one heated 
at 200°C for 3 min and quenched in ice-water) is shown 
in Figure H A L  and is similar to that reported by Illers ~ for 
samples subjected to similar treatments. A baseline shift 
due to the glass transition at about 84°C is followed by an 
exotherm peaking at approximately I07°C which has been 
attributed to crystallization 2. A broad melting endotherm 
is observed in the 120°-200°C range. For a quenched 
sample of the low temperature polymerized PVC the trace 
is similar but the exothermic peak is smaller and the melt- 
ing endotherm extends to 220°C. In both cases the three 
transitions merge into one another. 

It can be noted that owing to the relatively high heating 
rates used for these measurements, the glass transition tem- 
peratures are higher than those obtained from the t.m.a. 
experiments. 
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Thermograms for PVC 2: A, quenched, and annealed for 
5 h at B, 40°; C, 55°; D, 70°; E, 100°; F, 115°; G, 130°; H, 145°; 
I, 160°C 

Table 2 Effect of annealing on d.t.a, peak temperature (°C) for 
PVC-2 

Annealing Annealing temperature (°C) 
time 
(h) 40 55 70 100 115 130 145 160 

0.5 - -- -- 121 134 148 162 176 
1.0 - -- -- 121 135 148 163 177 
1.5 - -- -- 122 137 150 164 179 
3.0 -- -- - 123 138 151 164 180 
5.0 72 83 94 125 139 152 166 180 

4I 

- )  

<3 

X f 

,.X 

o ; 5 ; 
Time (h) 

Figure 2 Enthalpy changes of low temperature polymerized PVC 
a= a function of annealing time. Annealing temperatures: X, 100 °, 
=% 115°;&, 130°; e, 1 4 5 ° ; , ,  160°C 

Sharper endotherms are observed in thermograms of the 
annealed polymers, the peak temperature occurring at 
approximately 20°C above the annealing temperature in 
each case. Peak temperatures for PVC 2 are listed in Table 
2. It is apparent that the peak temperature is also influenced 

to some extent by annealing time. Results for the low tem- 
perature polymerized PVC were very similar, peak tempera- 
tures being 1°-2°C lower at the lower annealing tempera. 
tures, and 1 °-2°C higher at the higher annealing tempera- 
tures. 

For samples annealed at 100°C and above (i.e. above the 
glass transition temperature) the main features of the 
thermograms are the baseline shift due to the glass transi- 
tion and the endotherm described above. No exothermic 
peak is observed. For samples annealed in the 40°-70°C 
region or stored at room temperature, the exothermic peak 
present in the quenched samples is still present [e.g. Figure 
I(B)]. For the samples annealed at 55°C and 70°C the 
endothermic peak and glass transition occur very close to- 
gether so that it is difficult to make any accurate measure- 
ments of area or temperature [Figure I(C and D)]. In these 
cases peak areas were estimated by superimposing d.t.a. 
traces for quenched samples on those for the annealed 
samples. 

Endotherms increase in area as annealing time is increas- 
ed. In Figure 2 enthalpy changes are plotted as a function 
of time for the low temperature polymerized PVC. The 
corresponding plot for PVC 2 is similar except that the 
highest enthalpy changes are observed after heat treatment 
at 130°C. 

The relationship between enthalpy change and tempera, 
ture is shown in Figure 3 for PVC 2, and in Figure 4 for the 
low temperature polymerized PVC. Results for samples 

I 

40 ' @o ' ' 

Ternpemture (oc) 

Figure 3 Enthalpy changes of PVC 2 as a function of annealing 
temperature, Annealing times: X, 0.5; B, 1.0; &, 1 3;  e,  3.0; V, 5.0 h 

"3 

I I i i I I 

40 80 120 160 

Temperc]ture (°C) 
Figure 4 Enthalpy changes of low temperature polymerized PVC 
as a function of annealing temperature. Annealing times: X, 0.5, 
B, 1.0; &, 1.5; e, 3.0;--, 5.0 h 
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Table 3 Enthalpy changes and d.t.a, peak temperatures for quench- 
ed samples stored at room temperature 

Storage time Pea k temperature 
Polymer (days) ~H (J/g) (°C) 

PVC 2 81 0.766 69 
low temperature 77 0.576 69 
polymerized 
PVC 

Table 4 Enthalpy changes and d.t.a, peak temperatures for PVC! 
PVAC copolymer annealed for 5 h at temperatures shown 

Annealing temperatu re Peak temper~ure 
(°C) AH (J/g) (°C) 

110 1.104 126 
115 1.021 142 
130 1.058 152 

Table 5 Effect of annealing on crystallinity X d (%) for PVC homopolymers 

Annealing 
time (h) Polymer 100 

Annealing temperature (°C) 

115 130 145 160 40 

0.5 PVC 2 16.88 17.16 
1.0 PVC 2 17.58 16.95 
1.5 PVC 2 17.72 17.65 
3.0 PVC 2 17.79 17.63 
5.0 PVC 2 18.07 17.51 

0.5 low temp. 19.80 20.63 
polymerized PVC 

1.0 Iow tern p. 19.94 20.84 
polymerized PVC 

1.5 low temp. 20.22 21.05 
polymerized PVC 

3.0 low temp. 20.63 21.18 
polymerized PVC 

5.0 low temp. 20.84 21.25 
polymerized PVC 

17.02 14.79 13.88 (12.48) 
17.16 15.07 13.88 
17.37 15.15 13.67 
17.23 15.35 13.74 (12.90) 
17.37 15.70 13.54 (13.11 ) 

21.25 21.11 19.80 (16.88) 

20.84 21.04 20.08 

21.18 21.60 20.02 

21.32 21.25 18.90 (17.23) 

21.11 21.39 20.35 (17.37) 

stored at room temperature for longer periods of time are 
shown in Table 3. 

Although endotherms were observed in thermograms of 
the PVC/PVAC copolymer after annealing, these were very 
much smaller than those observed for the other two poly- 
mers. It was not possible to anneal above 130°C as at higher 
temperatures acetic acid is released from the vinyl acetate 
units present. This volatilizes, causing voids in the sample. 
Results obtained for the copolymer annealed for 5 h at 
temperatures shown are listed in Table 4; again, peak tem- 
peratures are similar to those observed for the other two 
polymers. 

Density results 
The calculated crystallinities (Xd) for the two polymers 

are shown in Table 5. The time and temperature depen- 
dence of the density changes is similar to that of the en- 
thalpy changes although the densities of samples annealed 
at 160°C are lower than would be expected from the ob- 
served enthalpy changes. Also, density results for PVC 2 
showed a considerable scatter although four measurements 
were averaged to obtain each result. The lower reliability 
of the density measurements is thought to be partly due to 
the very small density changes being measured. A minor 
amount of degradation could have a significant effect on 
density measurements, but less effect on the order mea- 
sured by thermal analysis. Since the density measurements 
for the low temperature polymerized PVC showed less 
scatter than those for PVC 2, the former polymer appears 
more thermally stable under the conditions used. 

X-ray diffraction 
Order factors calculated by the method described are 

shown in Table 6. As expected, the low temperature poly- 

Table 6 Effect of annealing on order factor for vinyl chloride 
polymers 

Annealing PVC 2 PVC 2 low temp low temp PVC/ 
temperature annealed annealed PVCanneal- PVC an- PVACan- 
(°C) 0.5 h 5 h ed 0.5 h healed 5 h nealed 5 h 

40 8.5 8.4 20.7 19.5 
55 9.3 9.8 23.7 15.0 
70 7.8 7.8 19.6 21.2 

100 15.0 14.4 23.2 25.2 
115 16.8 11.9 23.7 24.6 
130 14.4 14.6 26.9 20.8 
145 14.1 14.3 23.7 24.0 
160 11.6 11.9 27.5 23.1 

2.0 

merized PVC is the most crystalline of the three polymers, 
while the copolymer is the least crystalline. For PVC 2 the 
order factor for a quenched sample (i.e. before annealing) 
was found to be 8.7. Heat treatment in the 40 °-70°C 
range did not appear to alter crystallinity significantly, 
while heat treatment above 70°C increased crystaUinity by 
a factor of approximately 1.6. Diffractometer traces for 
samples ofPVC 2 annealed for 5 h at 100°C and 40°C are 
shown in Figure 5(B and C). No significant differences in 
order factor were observed when annealing time was increas- 
ed from 0.5 to 5 h, nor at different temperatures in the 
100°-160°C range. For a quenched sample of the low 
temperature polymerized PVC the order factor was 20.1. 
Annealing at 100°C and above increased the figure by a 
factor of approximately 1.2, but results were rather erratic 
particularly after annealing for 5 h. A diffractometer trace 
for this polymer annealed for 5 h at 100°C is shown in 
Figure 5(A). Diffraction maxima assignments are those 
reported by Garbuglio et al. 14. 
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Figure 5 X-ray diffraction pattern= for polymer= annealed 5 h: 
(A) low temperature polymerized PVC at 100°C; (B) PVC2 at 100°C; 
(C) PVC 2 at 40°C 

DISCUSSION 

Effect of pre-treatment and quenching 
A pre-treatment and quenching procedure was used prior 

to annealing in an attempt to destroy existing order in the 
polymers. However, it is apparent from subsequent investi- 
gations either that this did not occur or that crystallinity 
was re-introduced on cooling. Corrected densities for 
quenched samples of PVC 2 and low temperature polymer- 
ized PVC were 1389 kg/m 3 and 1396 kg/m 3, corresponding 
to calculated crystaUinities of 11.35 and 16.26% respec- 
tively. X-ray measurements confirmed this conclusion, order 
factors of 8.7 and 20.1% being obtained in the two cases. 
Both methods show that the crystallinity remaining in the 
low temperature PVC is greater. 

D.t.a. traces of the quenched polymers can also be ex- 
plained by this residual crystallinity. The exotherm obser- 
ved in heating quenched samples is considered to be due to 
rapid crystallization which occurs when the polymers are 
heated above Tg 2. Approximate areas were obtained for this 
exotherm and the broad melting endotherm. It was shown 
that the exotherm was equivalent to 40% of the endotherm 
for PVC 2 and 15% for the low temperature polymerized 
PVC. 

The smaller value obtained in the latter case is consistent 
with the relatively high level of crystallinity already present 
in this material, which limits the amount of material avail- 
able for further rapid crystallization on heating. The broad 
melting endotherm observed for both polymers will be due 
to melting of crystallites introduced during heating, to- 
gether with those which remain in the sample after pre- 
treatment and quenching. It would seem likely that resi- 
dual crystallites will melt at the higher end of the melting 
range. This range extends to higher temperatures for the 
low temperature polymerized PVC than for PVC 2. 

Effect of annealing below Tg 
As reported previously, annealing, or storage below Tg 

was found to increase the density of samples and also give 
rise to additional endothermic peaks below or at Tg in the 
d.t.a, traces. The conditions under which such peaks are 
obtained have been discussed in considerable detail 2. Both 

sample density and endothermic peak area increase with 
time and temperature of annealing. Crystallization would 
not be expected to occur below Tg and this was confirmed 
by X-ray measurements, no significant changes in order 
factor being observed for the samples annealed below Tg. 
Thus the densifying process which occurs does not give 
rise to three-dimensional order and has been attributed to 
change in free volume 1~'6. It is of interest that larger en- 
thalpy changes and density increases are observed for PVC 2 
than for the low temperature polymerized PVC during 
annealing or storage below Tg. It seems reasonable to as- 
sume that free volume changes occur in amorphous regions, 
so are observed to a lesser degree in the higher crystallinity 
polymer. 

Effect of annealing above Tg 
X-ray results showed that annealing PVC 2 and the low 

temperature polymerized PVC above Tg caused an increase 
in crystallinity as shown by order factor (Table 6 and 
Figure 5). A small amount of crystallinity was present in 
the copolymer after annealing for 5 h. This was confirmed 
by d.t.a, results (Table 4). 

The accuracy of the X-ray results is at present insuffi- 
cient to investigate time and temperature dependence of 
crystallinity in detail, owing to the problem of resolving 
crystalline and amorphous areas, although the 210 diffrac- 
tion maximum appeared to increase in height with time of 
annealing, particularly for the low temperature polymer- 
ized PVC. Additional information can be obtained from 
density measurements and d.t.a. The endotherms observed 
in d.t.a, traces of annealed samples are considered to be due 
to the formation of crystallites which melt about 20°C 
above the annealing temperature. Enthalpy changes corres- 
ponding to the fusion of these crystallites are found to pass 
through a maximum with respect to temperature (Figures 3 
and 4) suggesting that crystallization rate passes through 
a maximum between Tg and the melting temperature Tm 
in a manner typical of most crystallizing polymers. Density 
measurements for the low temperature polymerized PVC 
show a similar trend, but the scattered points observed for 
PVC 2 did raise the question of degradation, particularly 
for the samples annealed at 145°C and above for longer 
periods of time. No voids were detectable by visual or 
microscopic examination of any of the samples. PVC 2 
samples were yellow in colour suggesting that very little 
degradation had occurred, although low temperature poly- 
merized PVC samples were reddish-brown. As points in 
Figures 3 and 4 are on reasonably smooth curves it is felt 
that results are not significantly affected by degradation. 

The higher temperature maximum observed for the low 
temperature polymerized PVC is not unexpected since Tg 
is higher for this polymer, and Tm is expected to be higher 
owing to the higher proportion of syndiotacticity. The 
maximum increase in crystallinity is similar for the two 
polymers. 

Enthalpy changes and density measurements demonstrate 
an increase of crystallinity with annealing time (e.g. Figure 
2). Results show that the increase in crystallinity on anneal- 
ing occurs fairly rapidly. Even at 100°C half the crystalliza- 
tion has occurred within less than 0.5 h. Further investiga- 
tion of much shorter annealing times is necessary since it 
appears that changes will occur in the PVC structure during 
processing. The exotherm obtained in d.t.a, traces of quen- 
ched samples also indicates the rapidity of the crystallization 
process. 
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Figure 6 Calculated crystallinity as a function of syndiotacticity 
for values of ~min from 2 to 8. Experimentally determined range 
of crystallinity from density measurements and X-ray order factors 
for PVC 2 (X) and low temperature polymerized PVC (0) 

in agreement with Lebedev et al. is and Talamini and Vidot- 
to ~9. However, Kockott 2° found a value of 12 for ~ min, 
which, according to Lebedev et al. is due to the former's 
low estimation of the degree of crystallinity, for example, 
a value of zero is quoted for a commercial PVC. 

Juijn et al. s, using values ot a = u.55 ana ~ m m =  12 for 
commercial PVC obtained a low crystallinity figure of 
0.45%. They explained this result by showing how the iso- 
tactic portion of the chain could also be incorporated into 
the crystal lattice. The value of 12 for ~ min was used as 
it was 'in agreement with values for other polymers'. How- 
ever, other evidence suggests that crystallites in PVC are 
likely to be smaller than those in other crystalline poly- 
mers, so that a lower value of ~ min does not seem unrea- 
sonable. The broad d.t.a, melting endotherm indicates that 
a wide range of crystallite size and/or perfection exists. 
X-ray diffraction peaks are also broad and ill-defined, and 
an estimation of crystallite size from diffraction peak width 
gives a mean value of only about 5.0 nm. 

Comparison of  ordering processes above and below Tg 

Density measurements and differential thermal analysis 
do not show conclusively that different processes are occur- 
ring when vinyl chloride polymers are annealed above and 
below Tg. However, X-ray diffraction shows that crystalliza- 
tion is occurring above Tg while annealing below Tg produces 
no additional three-dimensional order. 

Solvent sorption measurements, reported elsewhere ~s, 
also serve to distinguish between annealing above and below 
Tg for PVC 2, but show no structural differences for the 
PVC/PVAC copolymer after quenching, annealing below 
Tg or annealing above Tg. 

Relationship between % crystallinity and syndiotacticity 
It is of interest to compare maximum crystallinities ob- 

tained for the polymers with the amount of crystallizable 
material available. Using the relationship of Fordham 16, 
it is possible to calculate the fraction of the total polymer 
in syndiotactic sequences from the tacticity. 

F~YNDIO = N(1 -- a)2ct N 

where N is the number of repeat units in a syndiotactic 
sequence, t~ is the degree of syndiotacticity. 

If PVC is considered as a copolymer in which only the 
Wndiotactic portion is crystallizable Flory's theory of cry- 
stallization of copolymer¢ 7 can be applied. This states that 
on thermodynamic grounds, the crystallites should have a 
minimum length. Then the parts of the polymer chain 
which contribute to the crystallite should also have a mini- 
mum sequence length, ~ rain. 

Using the distribution of syndiotactic sequences obtained 
from Fordham's relationship it is possible to calculate the 
degree of crystallinity obtainable, with ~ min as a variable, 
by the summation of F~rYNDiO for N = 1-20 (larger N 
values are neglected as their contribution to the degree of 
crystallinity becomes very small). 

In Figure 6 the calculated crystallinity is plotted against 
syndiotacticity. Experimental values of crystallinity obtain- 
ed by the density method, and X-ray order factor are plotted 
on this graph. These values are consistent with a minimum 
number of sequences necessary for crystallization of 5 -6 ,  

Measurement o f  crystallinity in PVC 
Owing to the low levels of crystallinity in PVC all me- 

thods of measurement provide problems. 
Thermal analysis is a sensitive method which permits 

accurate measurement of crystallinity developed in PVC 
under carefully controlled conditions, so it is a particularly 
good technique for following small changes in crystallinity. 
However, it cannot be used to measure total crystaUinity in 
polymers which have not been subjected to a special treat- 
ment, since the broad, shallow endotherm produced in 
these cases cannot be measured accurately. 

Density measurements provide some information, but 
density changes can result from various causes, so the 
method is unselective. Its accuracy is limited for following 
the very small changes caused by special treatment of the 
polymers, and it appears susceptible to minor amounts of  
degradation. 

X-ray diffraction is the only technique used which shows 
conclusively whether or not crystallinity is present. How- 
ever, the technique used in this work wasnot sufficiently 
accurate to follow changes with time or temperature. There 
is some scope for improvement here, for example, the step 
scanning and data averaging techniques discussed by 
BrunnerZk 

In many respects techniques used are complementary and 
it is of value to use more than one technique to solve a par- 
ticular problem. 
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Effect of molecular weight on the thermal 
properties of polycarbonates 

G. A.  Adam,  J. N.  Hay,  I. W. Parsons and R. N. Haward 
Department of Chemistry, University of Birmingham, PO Box 363, Birmingham B 15 2TT, UK 
(Received 26 August 1975) 

The relationships between the molecular weight and several thermal properties of 2,2-bis(4-hydroxy- 
phenyl)propane polycarbonate are reported. It is shown that the amount of thermal degradation, 
measured thermogravimetrically, increases with decrease in molecular weight and is affected by the 
nature of the end groups present. The heat of fusion at the crystalline melting point has been mea- 
sured by differential scanning calorimetry and correlated with density and X-ray di f f ract ion estimates 
of total crystall inity. The heats of melting obtained were 30.4 cal/g and 32.9 cal/g respectively. The 
effect of molecular weight on specific heat, annealing peaks and glass transition temperature are also 
reported. 

INTRODUCTION 

During an earlier programme of research we synthesized a 
number of polycarbonates from 2,2-bis(4-hydroxyphenyl) 
propane and compared their properties with commercial 
materials and with new synthetic copolymers 1. The copoly- 
mers made under varying experimental conditions had 
different molecular weights and it was necessary (for com- 
parison purposes) to make polymers with similar molecular 
weights. In the course of this programme we observed a 
number of previously unreported correlations between 
molecular weight and physical properties. 

In this paper results are presented which illustrate both 
the effects of molecular weight on thermal properties and 
also the quite significant differences which exist between 
currently marketed commercial materials and those which 
may be synthesized by conventional methods (2-~). Among 
the subjects studied were: the formation of volatiles by 
heating at high temperatures, the glass transition tempera- 
tures, specific heats, heats of crystallization and annealing 
peaks as measured by differential scanning calorimetry 
(d.s.c.). Details of the methods used are given in the experi- 
mental section. 

EXPERIMENTAL 

Polymer preparation 
Experimental samples of poly [2,2-propane-bis(4-phenyl 

carbonate)] used in this study was either prepared by inter- 
facial polycondensation or in a homogeneous (pyridine/ 
methylene chloride) system ~-3. Where polymers of different 
molecular weight were synthesized this was generally 
achieved by varying the reactant molar ratio but in some 
cases p-cresol was used as a chain terminating reagent. 
Other samples were obtained from commercial sources. 

The polymers used are listed in Table 1. 

Acetylation 
Polycarbonates, whose molecular weights had been con- 

trolled by varying the reactants' ratio, were treated with 
excess of acetyl chloride in the presence of pyridine and 
methylene chloride. The latter was used as a solvent for 
the polymer. 

Thermal analyses 
Thermogravimetric analysis was carried out on a Perkin- 

Elmer thermobalance TGS-1 using nitrogen as the carrier 
gas, and d.s.c, on the Perkin-Elmer DSC.2. Zone refined 
stearic acid and purified metals (indium, tin, zinc and lead) 
were used as thermal standards. Heating rate and sample 
size effects were apparent in measuring Tg but extrapolation 
to zero weight at constant rate and to zero heating rate at 
constant weight gave similar values for Tg(+0.5 K). In speci- 
fic heat measurements a sample weight of 30 mg was used 
over a temperature range 3 5 0 4 7 0  K. 

Table I Polymer characterization 

A. Experimental polymers 

Sample No. Mv X 10 -3 Mn X 10 -3 

1 (P) 2.5 - 
2 6.0 2.45 
3 (P) 6.3 2.40 
4 12.5 4.87 
5 16.0 6.00 
6 (P) 25.7 10.3 
7 25.5 12.5 
8 40.0 16.7 
9 56.9 22.7 

10 62.2 25.9 
11 (P) 70.0 30 
12 76 32 
13 80 33 

B. Commercial* 

Commercial 
grade Source My X 10 -3  Mn X 10 -3 

M39 Mobay(Merlon) 25.5 12.0 
M40 Mobay(Merlon) 31.0 14.5 
M50 Mobay(Merlon) 35.0 16.5 
M60 Mobay(Merlon) 41.5 19.5 
5730 a Bayer(Makrolon) 71.0 37.0 
5705 Bayer(Makrolon) 78.0 34.0 
MakrofoI-E Bayer(Makrolon) 20.8 

P = Molecular weight was controlled by using p-cresol 
* Data as supplied by the manufacturers except a 
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Figure I Weight loss by thermal decomposition of different polycar~nates heated at.increasing temperatures: 1, commercial mat~ial, Mv = 
71 000; 2, experimental polycarbonate, M v = 80 000; 3, experimental polycarbonate, M v = 16 (300; 4, experimental polycarbonate, M v = 6000; 
5, aceWlated polymer, M v = 62 200. Rate of heating 20°C/min 

Molecular weights 
Viscosity-average molecular weights (My) were deter- 

mined from the limiting viscosity number [r/] in methylene 
dichloride solution using the relationship4: 

[77] = 1.11 x 10-2ff~v .82 

X-ray diffractometer 
A Picker Powder Diffractometer was used to measure 

the degree of crystaUinity of finely powdered or film sam- 
ples. The instrument was used with CuKa radiation for 20 
values of 4 ° to 40 ° at 2°/min. The instrument was stan- 
dardized with a-quartz as a test sample. 

The number-average molecular weights (Mn) up to 
3 x 104, were measured in chloroform solutions at 32°C 
with a Hitachi Perkin-Elmer Vapour Pressure Osmometer, 
model 115. Values above this were estimated from -~v 
(Table 1) using a dispersity (Mv/Mn) of 2.4 which was check- 
ed by gel permeation chromatography for certain of  the 
samples. 

Crystallization 
Polycarbonates were crystallized by: hot precipitation 

from 1,2-dichloroethane solutions, treatment with acetone, 
and melt crystallization in sealed tubes under vacuum at 
195°C for 8 and 21 days. 

Lr. measurements 
Measurements were made on methylene chloride solu- 

tions (40 g/dm 3) in KBr solution cells of  path length 0 .3 -  
1.0 cm. Methylene chloride was dried with silica gel imme- 
diately before use, and has a limited window region for 
3600-3400 cm -1 . 

Density measurements 
These were carried out on cast films by flotation on 

aqueous NaNO3 solutions. 

RESULTS AND DISCUSSION 

Thermogravimetric measurements 
This technique measures the weight loss of a polymer 

sample. The measurement may be carried out either by 
keeping the polymer at a constant temperature and observ- 
ing the weight loss, or by raising the temperature at a steady 
rate until the polymer is substantially decomposed (see 
Figure 1). These and other similar results showed that the 
commercial polycarbonates had a better thermal stability 
than our experimental material and that there was a strong 
effect of molecular weight which was not just an initial 
effect but persisted through the main part of the decompo- 
sition process. These two factors were investigated sepa- 
rately and for this purpose the constant temperature proce- 
dure which gave a linear first order curve suitable for charac- 
terizing thermal stability was used. 

The results showing the effect of molecular weight on 
the initial isothermal weight loss at 410°C are given in 
Figures 2a and 2b. The measurements confirm the obser- 
vations illustrated in Figure 1 and show that the commer- 
cial polymers are significantly superior to the experimental 
material. With both types of material the amount of de- 
composition is much greater with low molecular weight 
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Figure 2c Isothermal decomposition curves. • experimental 
polycarbonate (/~v = 62 000); O, acetylated polymer; . . . .  , 
commercial material, this line was interpolated for M v of 62 200 
from Figure 2a 
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Figure 2 b  Effect of  molecular weight o n t h e  thermaldec_omposi- 
tion of  experimental polycarbonate=: X,  M v = 80 000;  V,  M v = 
62 200;  O, M v = 16000 ;  e ,  M y  = 6000  

samples. Polymers terminated by p-cresol were not used in 
these studies. 

Nature of the degradation process 
Previous work has indicated that the degradation of poly- 

carbonate involves the reaction of end groups s'6 (either 
phenyl or hydroxyl) and this seems to be at least super- 
ficially confirmed by our measurements. Also a study of 
the patent literature 7 suggested that esterification of the 
hydroxyl end groups might have a useful stabilizing effect. 
One of the experimental polymers was therefore acetylated, 
and so removed 70 -+ 10% of the hydroxyl groups (esti- 
mated by i.r. spectroscopy). As shown in Figure 2c the 
resulting polymer showed a marked increase in thermo- 
gravimetric stability although it did not quite reach the 
level interpolated for a commercial polymer of the same 
molecular weight. This result points strongly to a catalytic 
effect on the decomposition process. Indeed, i.r. analysis 
of the polymers indicated that free and associated hydroxyl 
groups were present, and that the concentration of free 
hydroxyl groups measured in methylene chloride solution 
varied inversely with the square root of the degree of poly- 
merization (Figures 3a, and 3b). This dependence is con- 
sistent with association of end groups, as observed previous- 
ly with polyethylene oxide in benzene 8, i.e. 

- O H  + H O -  ~ - O H  . . . .  O -  
1 

H 
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Figure 3 Effect of molecular weight on the i.r. hydroxyl absorp- 
tion peak (3500 cm - l )  

Acetylated polymers contained a reduced concentration of 
hydroxyl groups (reduced by 60-80% as determined from 
Figure 3b). On the other hand, commercial materials con- 
tained an apparently high level of hydroxyl groups which 
we ascribed to the presence of additives. Tiffs is also sugges- 
ted by the work of Bartosiwiz and Booth 9 who observed a 
decrease in polymer stability on purification. Thus the 
major processes of degradation are different in the two 
types of polymer and this is further supported by a study 
of weight loss at increasing temperature as shown in Figure 
1. From the instantaneous slopes of these curves at differ- 
ent temperatures it is possible to calculate the energy of 
activation of the decomposition process over the initial 10% 
weight loss. The results obtained, which are included in 
Table 2, show a very significant difference between the 
commercial and the laboratory materials, which presumably 
corresponds to the absence of terminal hydroxy groups in 
the commercial polymers. 

It should, however, be appreciated that in this type of 
measurement an inverse dependence on molecular weights 
does not itself indicate end group catalysis, since the small 
molecules which are volatilized in the early stages of de- 
composition are most likely to be formed from the ends of 
the polymer molecules and this would therefore give a mole- 
cular weight effect even if the degradation process was one 
of random molecular fracture. 

Thermal studies o f  the glass transition 
The glass transition temperature (Tg) may be readily 

estimated by d.s.c) °'u making use of the marked change 
in the specific heat which occurs at the glass transition. 
However, the results directly obtained are dependent both 
on the rate of heating used (as also occurs with other 
methods of measurement) and on the sample size. Con- 
sistent values of Tg were obtained either by linear extra- 
polation to zero weight or to zero heating rate (heating 
rate of 2 .5-80 K/min). The results (see Figure 4) followed 
the conventional type of relationship between Tg and 
Mn 1 12,13 so that: 

Tg = T 2 - A M n  1 

where Tg = 432 K and A = 1.45 x 105 mol K. In this case, 
it was also found that both commercial and synthetic poly- 
mers gave similar results for Tg: Mn, (Figure 4). 

Another feature which was observed by d.s.c, studies of 
Tg was the occurrence of annealing peaks 14-16. If the poly- 
mer is heated at a temperature below Tg, say between Tg 
and (Tg - 60) K, a change takes place which leads to an 
endothermic peak on later heating through Tg. The precise 
nature of this process is not fully understood but it is prob- 
ably connected with volume relaxation which has been 
shown to occur under the same conditions ]~, and it may be 
associated with the formation of nodules reported to be 
observable under the electron microscope ~s. The process is 
unlikely to be one of nucleation and growth of a new phase 
since it could be fitted with an Avrami equation: 

1 - X t = e -Ktn 

Table 2 Activation energies from thermal decomposition curves 

Activation energy 
Sample (k J/tool) 

Commercial 5705 125 -+ 25 
Commercial 5730 125 -+ 25 
Commercial M39 125 +- 25 
Experimental polymer 2 65 + 10 
Experimental polymer 5 65 -+ 10 
Experimental polymer 10 75 -+ 15 
Experimental polymer 13 80 + 10 
Acetylated polymer 140 + 30 
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Figure 5 The endothermic peak measured by differential scanning 
calorimetry: (a) the effect of annealing time and temperature on 
the endothermic heat absorption at the gla== transition temperatu re:  

E3, 110 ° ; X, 120 ° ; O, 130 °; O, 140 ° C. (b) the endothermic d.=.c. 
peaks measured after 48 h, related to the difference between the 
annealing temperature T A and the relevant glass transition tempera- 
ture: X, experimental polycarbonate= of different molecular weights; 
&, commercial materials of different molecular weights; e, experi- 
mental polycerbonate My = 80 000 at different annealing tempera- 
tu res 

relating Xt, the extent of development of the new phase, to 
time t with an n value of 1.0, and with a rate constant K 
which was dependent on temperature rather than on the 
under-cooling from the glass transition temperature AT. 
The enthalpic change QE increased logarithmically with the 
annealing time (Figure 5a) and was consistent with a relaxa- 
tion to the equilibrium glassy state for which at constant 
temperatures: 

QE;I. A - Qt.T A = Alnt + Alnk 

the thermal properties o f  polycarbonates: G. A. Adam et al. 

dependence on temperature of under cooling (AT) (see 
Figure 5b and F@ure 6). It would appear that the enthalpic 
effects on annealing polycarbonate below the glass transi- 
tion temperature are sensitive to the degree of undercooling, 
and perhaps to the free volume of the system. Further 
studies are required to establish the structure, formation 
mechanism, size and number of the nodules reported 17 on 
annealing to see if there is any correlation of these with the 
enthalpic effect. 

Heat of  fusion and melting of polycarbonates 
Polycarbonate crystallizes only slowly in bulk and sam- 

ples generally do not have crystallinities in excess of 40%. 
The heat of fusion was determined by d.s.c, using samples 
crystallized in different ways, i.e. isothermally in bulk, by 
precipitation from hot dichloroethane solution and by treat- 
ment with acetone. The degree of crystallinity was deter- 
mined in two ways, by density and by X-ray diffraction. 

Density method 
For a two phase system, amorphous density PA and 

crystalline density Pc the degree of crystallinity of a sample 
of density p is given by: 

(P - PA) 
X ¢ - - -  

(pc - pA)  

The crystalline density was calculated as 1.30(7) g/cm 3 
from the X-ray structure 2°. However, the probable error in 
Pc obtained in this way (up to 2%) was highly significant 
in deriving Pc and consequently in determining the heat 
of fusion. The density of the amorphous polymer was not 
sensibly affected by the rate of cooling but varied from one 
sample to another. We measured the value of 1.188 for the 
commercial polymer (-~n 19 500) used and 1.204 for the 
hydroxyl terminated (experimental) material (Mn 33 000). 

30 

A 

IO 2 0  
x 

where A is a constant, k a first order rate constant, Qt.TA 
the enthalpy change at time t and annealing temperature 
TA, and QE TA the maximum change in energy associated 
with the transition. This relation is similar to that used by 
Petrie 19 for polystyrene, though we attach no theoretical 
significance to the observation of a linear relation over the 
range studied. However, one would expect QE to be equiva- 
lent to the specific heat change between liquid and glass 
multiplied by the temperature interval, i.e.: 

QE.TA = ACp(Tg -- TA) 

where ACp = Cp, L -- Cpg, i.e. the difference in Cp above 
and below Tg. Times required for relaxation of the enthalpy 
to the equilibrium glassy state were very long, and anneal- 
ing was not continued above 100 h. The measured enthalpy 
changes (0.5 cal/g) were less than QE, TA (0.80--2.00 cal/g), 
and depended on the annealing temperatures. Annealing 
at 130~C for 48 h established that the enthalpic changes of 
different molecular weight samples exhibited a similar 

I0  

l I I 
0 4 0  0 4 2  0 4 4  

A H  ( ca l / g )  

Figure 6 Effect of molecular weight on the endothermic d.s.c. 
peak: o, experimental polycarbonate$; &, commercial materials 
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Figure 7 X-ray diffraction peaks for a partly crystalline polycar- 
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Figure 8 Heat of fusion of polycarbonates with different levels of 
crystallinity. O, % crystallinity from density measurements (z~Hf = 
30.4 cal/g -+ 20%); o, % crystallinity from X-ray diffractometry 
(Z~Hf = 32.9 cal/g + 4%) 

X-ray diffraction 
Partly crystalline polymers were characterized on an 

X-ray powder diffractometer, in which scattered intensities 
were plotted as a function of the Bragg angle 20. The 
amorphous and crystalline contents were measured directly 
from the areas under the curves shown in Figure 7. With 
this method it was possible to use polymers prepared by 
hot precipitation, which had a slightly higher crystallinity 
than could be reached by isothermal bulk crystallization 
(~30% compared with ~25%) and this was an advantage 
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The specific heats of polycarbonates. (a) the effect of Figure 9 
molecular weight on the specific heat of amorphous polycarbonate; 
(b) the effect of crystallinity on the specific heat of polycarbonates. 
Crystallinity determined from d.s.c, measurements using a heat of 
fusion of 32 cal/g 
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Table 3 Specific heat of polycarbonate 

Specific heat (cal/g) 
Temperatu re 
(K) Crystalline Amorphous 

350 0.243 0.327 
355 0.247 0.331 
360 0.251 0.335 
365 0.251 0.338 
370 0.258 0.342 
375 0.261 0.345 
380 0.265 0.349 
385 0.268 0.352 
390 0.272 0.356 
395 0,275 0.359 
400 0.279 0.363 
405 0.282 0.366 
410 0.286 0.370 
415 0.289 0.373 
420 0.293 0.377 

Glass-transition region 

(cal/g) (cal/g) 

435 0.345 0.429 
440 0.350 0.434 
445 0.354 0.438 
450 0.359 0.443 
455 0.364 0.448 
460 0.368 0.452 
465 0.373 0.457 
470 0.378 0.462 

of  the X-ray method. As is clear from Figure 7 the limita- 
tion of  the method lies in the estimation of  peak areas 
from the X-ray diffraction curves. 

Measured heats o f  fusion 

The results of  the two sets of  measurements are given 
in Figure 8 where the measured heat of  fusion is plotted 
against the estimated crystallinity. From the slopes of  
the curves, the heat of  fusion for the 100% crystalline 
material may be estimated. The value obtained from the 
density method (30.4 cal/g) agrees with that given by Wine- 
man 21~2. The value obtained by X-ray diffraction is higher 
(32.9 cal/g), but in view of the problems concerning the pre- 
cise determination of  crystal density it could well be cor- 
rect in spite of  the disagreement with Wineman's work. 

Both values are inconsistent with the value of  13.4 cal/g 
given by Conix and Jeuris6en 2a determined by melting 
point depression. Analysis of the molecular weight depen- 
dence of the melting point of  the selected samples gave a 
very similar low value of the heat of  fusion. This would 
seem to indicate that the assumption of  equilibrium in the 
melting studies cannot be valid. Therefore it is concluded 
that the two higher figures reported above are a better esti- 
mate of  the true heat of  fusion. 

Heat capacity 

The specific heats were also measured by extrapolation 
to zero heating rate and the results obtained varied with the 
particular material used. Two parameters proved to affect 
the specific heat significantly, viz, crystallinity and mole- 
cular weight. 

Samples of  amorphous polymer quenched to room 
temperature showed no endotherm in the melting range 
so that specific heats could be directly measured and so 
related to Mn as shown in F~gure 9a. The results may be 
represented by: 

360 
Cp(amorphous) = C~* + =--- cal/g [where ~t n = 

Mn 

2.5 x 103 to 3.3 x 1041 

Differences in specific heats for materials of  different crys- 
tallinities (corrected for differences in molecular weight) 
are shown in Figure 9b from which it may be inferred that 

Cp(crystalline) - Cp(amorphous) = 0.084 cal/g at 180°C 

The specific heats for crystalline and amorphous polymers 
are listed in Table 3 as a function of temperature from which 

Cp(crystalline) = 0.243 + (T - 350) x 9.0 × 10 -4  cal/g 

Cp(amorphous glass) = 0.327 + (T - 350) 

x 8.0 x 10 -4  cal/g 

The change in heat capacity between amorphous glass and 
liquid at the glass transition temperature was 0.040 cal/g 
which for our range of  annealing temperatures corresponded 
with QE.TA values of 0.80--2.00 cal/g. 
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Effect of phosphine ligand on the activity 
of pa Iladiu m/II-catalysts 

Fereidun Hojabri  

Department of Chemistry, Arya-Mehr University of Technology, PO Box 3406, Tehran, /ran 
(Received 8 May 1975) 

Homogeneous palladium/Tr-catalysts for olefin polymerization were converted to supported catalysts 
with styrene-divinylbenzene copolymer as supporting matrix. Phosphine ligand was used for linkage 
of palladium to the support. The effect of phosphine ligand on the catalytic activity for the poly- 
merization of olefins was studied. A reaction mechanism on the basis of preferred maximum coordi- 
nation number of Pd(ll) is proposed and discussed to explain the reduced activity of phosphinated 
palladium complexes for olefin polymerization. 

INTRODUCTION 

Homogeneous catalysts have several advantages over hetero- 
geneous catalysts: (a) they have better defined active sites; 
(b) usually all of their metal atoms are available to the reac- 
tant as catalyst; and (c) they have better mass and heat 
characteristics. But especially the problem of separation of 
a homogeneous catalyst from the solution in which it has 
served as a catalyst has been the major hindrance to the 
greater employment of homogeneous catalysts in commer- 
cial processes. To remove this disadvantage the homogene- 
ous catalysts can be linked to a variety of support mate- 
rials 1~. Polystyrene-divinylbenzene copolymers have re- 
cently been used to chemically bond Rh and Ti to prepare 
hydrogenation catalysts with interesting selectivity and sta- 
bility a#. Phosphine ligand is usually used to link metals to 
the supports. The same method was applied to this work 
to bond palladium/Tt-allylic complexes to polymer support. 
The effect of phosphine ligand on the activity of palladium/ 
1r-complex for olefin polymerization is described here. 

ATTACHMENT OF PALLADIUM TO POLYMER 
SUPPORT 

The homogeneous palladium catalyst (I) used in these ex- 
periments was a palladium/rt-allylic complex s. The cata- 
lyst was prepared from palladium chloride and/3-pinene 
according to the following scheme: 

PdCI 2 + 2C6HsCN .II Pd(C6HsCN)2Cl 2 

/3- Pinene 

(I) 

The supporting matrix was a styrene---divinylbenzene co- 
polymer with a divinylbenzene content of 2% and bead size 
ranging from 200 to 600 mesh. 

The crosslinking with divinylbenzene gives the copoly- 
mer a pore-containing structure and increases the ability of 
substrate to penetrate into the inner parts of the beads. 

Since the lr-allylic complex of palladium is a bridged 
compound s and triphenyl phosphine is a well-known bridge- 

splitting agent 6, it was decided to functionalize the poly- 
mer with a similar ligand. For the attachment of this ligand, 
usually, the polymer is first chloromethylated 7 and then 
treated with lithiodiphenylphosphidea: 

SnCl 4 ~_ 
ClCH2OCH2CH3 ~ --CH2cl 

(C6H5)2PLiTHF > ~ CH2-- PN,~ 

But owing to reported cancer causing properties of chloro- 
methyl ethyl ether, phosphination of the polymer support 
was carried out through another method: 

BF 3 

C6HsNO2 ~- ~ 6 r  

1. K 
z(c6Ns)2PCl 

(n) 

Phosphinated polymer beads (II) were then equilibrated 
with an excess of palladium/Tr-allylic complex (I) for 20 
days. 

~ _ . p  c o b  ¢ / ~ X  I I , + ~-tr-Co,-ndex ~--( ( ) }--P--ed/~l 

' L "@ 
(rr) (I1 (l]l) 

The polymer-attached palladium complex (3) was deep red 
in benzene. The catalyst was washed several times with ben- 
zene and dried. 

CATALYTIC ACTWITY OF THE SUPPORTED PALLA- 
DIUM COMPOUND 

To compare the catalytic activity of the supported palla- 
dium catalyst with the activity of the homogeneous palla- 
dium one, both catalysts were used in polymerization of 
bicyclohepta-(2, 5)-diene under the same reaction condi- 
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n-complex with phosphine ligand or due to other factors, 
the homogeneous palladium/~r-complex with different 
amounts of triphenylphosphine was used in polymerization. 
As it can be seen from Figure 2, polymerization of bicyclo- 
hepta-(2, 5)-diene was decreased with increasing amounts 
of added triphenylphosphine. The activity of the catalyst 
mixture diminished totally when the ratio Pd:P reached 1:1. 
Addition of more triphenylphosphine did not change the 
activity of the catalyst system. 

Olefin polymerization by transition metal complexes nor- 
mally occurs by a n-olefin mechanism, involving an inter- 
mediate metal-carbene complex. Such an intermediate 
might be involved in addition of olefins to palladium/zr- 
allylic complexes, by olefms acting as bridge-splitting agents 
(Scheme I). Rearrangement of ~r-complex (IV) to (V) and 
further addition of olefin to these intermediates with vacant 
coordination site leads to polymerization. 

This mechanism is consistent with the experimental re- 
sults. Palladium remained attached to the produced poly- 
mer and it was not possible to separate the applied homo- 
geneous palladium/n-complexes from the product by solvent 
extraction. Furthermore, if the polymerization was stopped 
in the early stages of the reaction, the produced polymer 
was active and could be used to polyermize more bicyclo- 
hepta-(2, 5)-diene. The yellow colour of the polymer was 
another indication that the n-allylic system of the palladium 
complex was present as part of the produced polymer. 
More than 90% of palladium present in the original catalYst 
was also found in the polymer. Dissociation of (VII) and 
participation of palladium metal occurs at temperatures 
higher than 140°C. 

The mechanism shown in Scheme H best explains the 
observation on the effect of triphenylphosphine addition. 
Palladium is in w-allylic complexes, [PdCl(allyl)] 2 in the 
Pd(II) state and, therefore, has a 8d electronic structure. 
The maximum coordination number for a 8d configuration 
is 5 but the tendency for five coordination depends on the 
ligand and the metal. Palladium, as opposed to Ni or Rh, 
has little tendency to accept the coordination number 5. 
Only a few palladium complexes with 5-coordinate struc- 
ture have so far been determined a. Triphenylphosphine 
adduct (VIII), which is formed by addition of (C6Hh)3P to 
palladium/~T-allylic complex (I), has also the preferred 8d 

' ' ' 2 b  ' ' ' 4 "  ' o  ' ' 0 60 
Triphenylphosphine (rag) 

Figure 2 Effect of triphenylPohOSphine on polymerization of 
bicyclohepta-(2, 5)-diene at 80 C with palladium/~-allylic complex 
(30 mg) 

C CI c#%/c ' /  + ,.c\ c, 

. I 
( I )  R (n7) 

tions. It was found that the polymerization with the sup- 
ported catalyst, although slower than with the homogene- 
ous catalyst, was still a fast reaction. But when the sup- 
ported palladium catalyst was refluxed with benzene for 30 
rain, prior to its application in polymerization reaction, the 
catalytic activity was reduced to almost zero. Figure 1 
shows the results of polymerization at 80°C, using the 
same amounts of homogeneous and supported catalyst in 
respect to palladium content. Apparently residues of un- 
coordinated palladium/n-complex were responsible for the 
remaining catalytic activity. These residues were firmly 
adsorbed by the polymer support and could be removed 
only after long treatment with benzene solvent. To deter- 
mine whether the decline in catalytic activity of the sup- 
ported palladium was due to coordination of the palladium/ 

c c4]~ 
- 

~ >  /,c\ / >14o'c 
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Scheme I 
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structure. However, to add olefin, the complex (VIII) must 
change to the intermediate (IX) with the coordination num- 
ber 5. Rearrangement o f ( IX)  to (X) and further addition 

of olefm (XI) could lead to final polymerization of  bicyclo- 
hepta-(2, 5)-diene. Apparently owing to the higher energy 
of  five coordinate structure, the intermediates (IX) and (XI) 
are not formed and the polymerization does not take place. 

The lack of  polymerization activity of  the supported 
palladium catalyst may be explained in the same way by a 
reaction mechanism involving the phosphine ligand as link- 
age to the support. 
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Thermal oxidation of poly(1-pentene): 
1. Indentification of products and 
mechanisms* 

S. M. Gabbay and S. S. Stivala 
Department of Chemistry and Chemical Engineering, Stevens Institute of Technology, Hoboken, New 
Jersey 07030, USA 
(Received 18 August 1975) 

Isotactic poly(1-pentene) was degraded in the presence of pure oxygen at 1150C. The functional 
groups present in the non-volatile products were identified using infra-red spectroscopy. The volatile 
products formed were identified by means of a relatively new technique which combines thermal and 
mass chromatography. In this study, fourteen volatile products were detected and identified and 
their relative abundance estimated. The results obtained could readily be reproduced. Various oxida- 
tion mechanisms for these products are postulated. 

INTRODUCTION 

Earlier studies ~-s have indicated that isotactic poly(1-pen- 
tene) (IPP-1) may crystallize into two modifications: modi- 
fication 1, having a melting temperature at 130°C, and 
modification 2, having a melting temperature at 80°C. 
These melting temperatures are regularly affected by mole- 
cular weight but exceptionally dependent on crystallization 
temperature 6. Both polymorphous modifications have dis- 
tinct X-ray crystal structures 7, (e.g. the chain conformations 
are 31 and 41 helix for modification 1 and 2, respectively), 
and characteristic infra-red spectra, as reported elsewhere 8. 

Since the study of the kinetics and mechanism of ther- 
mal oxidative degradation provides a basis from which the 
most diverse technological phenomena can be controlled, 
several investigations have been carried out on the mech- 
anism and kinetics of polyolefins, e.g. polyethylene, poly- 
propylene, and poly(1-butene), autoxidation, both in the 
presence and absence of additives using different methods 9'1°. 
However, relatively very little work was reported on the 
nature and the mechanisms of formation of volatile pro- 
ducts (VP) evolved during the thermal oxidation of polyole- 
flns 11,12" 

Recently, a relatively new technique (thermal and mass 
chromatography) was used to identify the VP evolved dur- 
ing the thermal degradation of polyethylene ~s and poly- 
styrene ~4. A modification of this technique was adopted 
for the detection and identification of VP resulting from 
thermal oxidation of polymers is. Additionally, a procedure 
combining thermal chromatography with mass spectro- 
metry was described in an earlier paper for the identifica- 
tion of volatile oxidation products of poly(4-methyl-1- 
pentene) 16. 

The purpose of this paper is to examine the non-volatile 
products (NVP) and the volatile products formed from the 
oxidation (115°C, 100% 02) of modification 1 of IPP-1, 
using the methods of i.r. spectroscopy and thermal/mass 
chromatography (t.m.c.) respectively. 

* Presented at the IUPAC International Symposium on Macro- 
molecules and the Third Aharon Katzir-Katehalsky Conference, 
Jerusalem, July 1975. 

EXPERIMENTAL 

Starting material 
The IPP-1 sample used in this study was an unstabilized 

pure polymer obtained through the courtesy of Dr Gianotti 
from Montedison, Italy. Its intrinsic viscosity in tetralin 
at 135°C was 4.7 dl/g. Upon ignition, the sample gave an 
ash content of 0.01% by wt. A crystalline melting point 
of 78°C was determined by a Perkin-Elmer Differential 
Scanning Calorimeter (d.s.c.) using a programmed heating 
rate of 10°C/min. IPP-I studied in this work was modifica- 
tion I. 

Apparatus 
A Perkin-Elmer spectrophotometer, Model 21, equipped 

with a sodium chloride prism was used to record the i.r. 
spectra of oxidized IPP-1 in order to identify the functional 
groups formed in the NVP. 

A thermal chromatograph (MP-3) coupled in series with 
a mass chromatograph (MC-2) (Chromalytics, Division of 
Spex Industries) were used to identify the VP evolved dur- 
ing the thermal oxidation of IPP-1. 

Procedure 
Clear and uniform films of ~2 to 2.5 mil thickness of 

modification 2 were prepared when IPP-1 sample was com- 
pression moulded in vacuum ~7 at 140°C and cooled to 
room temperature over a 20 min period. These films were 
converted to modification 1 by refluxing them in absolute 
ethanol 18 overnight and subsequently dried in a vacuum 
oven at 50°C for 12 h (thickness not appreciably affected). 
These films were oxidized at 115°C under 100% oxygen for 
75 min in the MP-3. The volatile oxidation products evol- 
ved were rapidly swept from the sample chamber for gas 
chromatographic separation and identification by reten- 
tion times, mass chromatography (using MC-2 in order to 
determine the molecular weight of the major VP), and peak 
enhancement. Detailed experimental conditions were des- 
cribed earlier ~s. Weight loss of modification 1, owing to 
formation of VP, was 1% at 115°C. Several repeat runs 
indicated excellent reproducibility. 
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Figure 2 Chromatogram of volatile oxidative degradation products 
of IPP-1 obtained at 115°C ls. A ,  CO2; B, acrolein; C, acetaldehyde; 
D, propionaldehyde; E, acetone; F, methanol; G, ethanol; H, butyr- 
aldehyde; I, water; J, propanol; K, acetic acid; L, propionic acid; 
M, butyric acid; N, oxalic acid 

By means of i.r. spectra, it was ascertained that the 
oxidized film of IPP-I was that of modification 1 (see 
F~ure 1) and the NVP formation was assessed in terms of 
hydroxyl, carbonyl, and vinyl groups as described earlier 16. 

RESULTS AND DISCUSSION 

F~gure 1 represents i.r. spectra of modification 1 of IPP-1 
at an initial and final stage of oxidation at 115°C. It can 
be seen that a strong band appeared at 2.85/~m due to the 
presence of hydroxyl groups. A triplet formation in the 
carbonyl stretching region (5.70-5.85/1m) indicated the 

and S. M. Gabbay 

presence of such functional groups as aldehyde, ketone, 
ester, and carboxylic acid 19 and a band ingrowth at 
11.35/am indicated the formation of substituted vinylidene 
bonds 2°. A representative gas chromatogram of modifica- 
tion 1 oxidized for 75 min is shown in Figure 2. The rela- 
tive abundance, hp/hC02, of the fourteen volatiles was cal- 
culated from the peak heights, h, of an oxidation product, 
p, to that of CO2 (the first product appearing in the chro- 
matogram and the most abundant). Values of hp/hCo 2 
ratios and their relative percentages are given in Table I in 
an order of decreasing abundance of the VP relative to CO2. 
The molecular weights of five major VP are also given in 
Table 1. As noted, the molecular weights of some of the 
liP could not be determined owing to their low concentra- 
tions. The assessment of the precision and accuracy of the 
MC-2 over a wide range of molecular weights was previously 
reported 21. 

Since it has been established that peroxides or hydro- 
peroxides 22-2s are predominantly formed at the early stages 
of oxidation, the decomposition of unstable peroxides will 
give rise to a whole series of secondary compounds, gene- 
rally containing carbonyl and hydroxyl groups. Based on 
this observation, various mechanisms for the formation of 
polar volatile products resulting from the thermal oxidation 
of poly(4-methyl-l-pentene) were postulated in an earlier 
publication 16. In a similar manner it is possible to account 
for the formation of the volatiles of IPP-1 in this work. 

In the case of IPP-1, fourteen VP were detected (115°C 
under 100% oxygen for 75 min) whereas in isotactic poly(4- 
methyl-l-pentene) (IPMP) seventeen VP were detected 
(145°C under 100% oxygen for 10 min). Propionic acid, 
propionaldehyde, butyraldehyde, butyric acid, and n-pro- 
panol were detected in IPP-1 but not in IPMP. The remain- 
ing nine VP shown in Table I were also detected in IPMP 
and their mechanism of formation was postulated ~6. The 
mechanism of formation of the above five volatile products 
of IPP-1 is postulated below, including only those VP also 
evolved from IPMP but whose mechanism may differ by 
virtue of the composition of IPP-1. 

The polyU-pentene) molecule possesses tertiary hydro- 
gens on the main chain. These hydrogens should be more 
readily abstracted by free radicals and oxygen than the 
neighbouring secondary hydrogens. Nevertheless, it should 
be noted that secondary hydrogens would also be expected 
to participate in reactions along with tertiary hydrogens 
albeit to a lesser extent. 

Tab/e 1 Relative abundance, hn/hCO., of volatile oxidation 
products of IPP-1 at 115°C Is ~ " 

Relative Calcula- Actual 
Volatiles hp/hCo 2 abundance (%) ted MW MW 

Carbon dioxide 1.00 65.3 -- -- 
Acetic acid 0.125 8.1 61.53 60 
Propionic acid 0.116 7.6 74.50 74 
Water 0.061 4.0 -- -- 
Propionaldehyde 0.056 3.6 58.58 58 
Acetone 0.041 2.7 59.5 58 
Butyric acid 0.036 2.3 91.83 88 
Butyraldehyde 0.033 2.2 -- -- 
Acrolein 0.033 2.2 -- -- 
Ethanol 0.011 0.7 -- - 
Methanol 0.008 0.5 -- -- 
n-Propanol 0.005 0.3 -- -- 
Acetal dehyde 0.005 0.3 -- -- 
Oxalic acid 0.003 0.3 -- -- 

6 2  P O L Y M E R ,  1976, Vo l  17, January  



Thus: 

Thermal oxidation of isotactic poly(1-pentene) (I):  S. S. Stivala and S. M. Gabbay 
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In these reactions, the IPP-1 moieties II and III are con- 
sidered to form according to the equations reported ear- 
lier 16. The broken lines on structure I indicate bonds which 
may undergo scission, and also apply to structures II and III. 

o 
(II) A-scission I[ > - -C- -+CH3CH2CH20"  RH > 

+O2 
CH3CH2CH2OH 

where RH is the polyolefin chain I 

The resulting non-volatile fragment could be ketone 
which, indeed, was detected by i.r. in the IPP-1 residue 
following oxidation (see Figure 1). The resulting n-propa- 
nol has been identified (Table 1) and may undergo further 
reaction: 

ox idn 
n-propanol > propionic acid and/or 

propionaldehyde + H20 

Propionaldehyde may also be derived in the following 
manner, which involves secondary side chain hydrogen and 
an isomerization26: 

O ,  
(I) - - ~  ~ C H 2 - C H - C H 2 ~  > ~ C H 2 - C H - C H 2 ~  

I I 
H - C - O \ o  0 

• - - - ~  . . . .  

CH2 O 
I I 
CH3 CH 

I 
CH2 
I 
CH3 

~ C H 2 - C H - C H 2 - -  + CH3CH2CHO < 
I 

o.  

The resulting propionaldehyde can undergo oxidation 
to the corresponding acid (a major product) while the re- 

sulting alkoxide may either liberate H. to form a ketone or 
may abstract a hydrogen to form the corresponding alcohol 
(hydroxyl groups have been detected by i.r., see Figure 1). 

If two B-scissions are assumed, one of the VP identified, 
butyraldehyde, may form, thus: 

two B-scissions \ 
(II) CH3CH2CH2CHO + /C=CH 2  

+RH 

and/or ~CH-CH2OH 

The resulting butyraldehyde may undergo oxidation to 
yield the corresponding acid, butyric acid (one of the VP 
identified). 

A major product, acetic acid, may be obtained from the 
oxidation of the corresponding aldehyde (acetaldehyde) 
which is depicted: 

O) 
02 

> ~ C H 2 - C H - C H 2 ~  
I 

HC-O 
l b .  
ell2 
I 
CH3 

CH3COOH oxidn CH3CHO <oxidn CH3CH2OH <RH 

> ~ C H 2 - C H - C H 2 ~  
I 

"CH 
I ,  

O~-OCH2CH3 

1 
• OCH2CH 3 

+ 

C-H 

o 

It has been reported in the thermal oxidation of polypro- 
pylene 27 that acetic acid was an abundant VP formed from 
further oxidation of an acetyl radical produced by succes- 
sive scissions as shown: 

, i 

~ C H 2 " C H - C H 2 , ; - C H - C H 2 ~ - - -  > HC-CH2•+ H - C - C H 2 ~  
~l i l Ir tl 
O" O" O O 

CH3CHO oxidn> CH3COO H 
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Model polyurethane networks 

G. Allen*, P. L. Egerton and D. J. Walsh 
Department of Chemistry, University of Manchester, Manchester M13 9PL, UK 
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Polyurethane model networks have been prepared in various solvents at different polymer concentra- 
tions, in such a way that the topology of the networks could be controlled. The effects of the net- 
work defects, i.e. unreacted functionalities, closed loops and entanglements, on the theoretical value 
of the modulus has been estimated and these theoretical values have been compared with the experi- 
mentally determined values of the modulus. The results imply that the front factor A in the equation 
for the free energy of deformation of the network tends to half rather than unity. In dry networks 
the effect of physical entanglements on the modulus of the network appears to be comparable in 
magnitude to that of chemical crosslinking. 

INTRODUCTION 

The various theories of rubber elasticity lead to a general 
expression for the free energy of deformation of a network 
of the form: 

zSa~eL = A ( 2 )  k T ( X 2 + X 2 + ~ 2 - 3 ) - B v k T l n X x X y X z  

(1) 

where v = no. of elastically effective chains, k = the Boltz- 
mann constant, T = absolute temperature, Xx, Xy, Xz = 
deformation ratios in the x, y, and z directions and A and 
B are constants. 

The values of A, B differ in the various theories of rub- 
ber elasticity. The theories of Flory and Wall ~-4 sum over 
all the chains in the network before and after deformation 
and give a form of equation (1) withA = 1 ,B = ½. James 
and Guth s-s  sum over all the crosslink positions and con- 
sider the effects of a gradual rather than an instantaneous 
crosslinking of chains, resulting in A = ½, B = 0. Edwards 9 
considers the network to be an infinitely long polymer 
molecule, where the entropy of the system is limited by 
crosslinks which are put in as delta functions. The cross- 
links are considered to be random and free to slide along 
the chains, and then frozen in position. The result obtained 
here is thatA = ½,B = 0. This is in agreement with that 
obtained by James and Guth although in this latter case no 
particular crosslinking process is assumed. 

The shear modulus, G, of the network is: 

3 
G = - A n k T  = A v k T  (2) 

2 

for a network with trifunctional crosslinks where n is the 
number of crosslinks per unit volume. Thus, if we measure 
the modulus of a network containing a known number of 
elastically effective chains it is, in principle, possible to 
determine the value of A. The value of B can only be deter- 
mined for network deformations accompanied by changes 
in volume. 

Previous papers ~°'n have described a procedure for pre- 

* Present address: Department of Chemical Engineering and 
Chemical Technology, Imperial College, London SW7, UK. 

paring polystyrene networks containing a known number of 
elastically effective chains at various concentrations in in- 
ert solvents. An estimation was made of the commonly 
considered network defects: (i) unreacted functionalities 
and free chain ends; (ii) closed loops; (iii) entanglements. 
The results obtained l°'u were consistent with the value of 
A = ½ .  

In this paper, simple polyurethane networks have been 
prepared from propylene oxide polyols which have narrow 
moelcular weight distributions. Thus the crosslinks are 
distributed more regularly than in the polystyrene gels l°'~a. 
Elastic moduli have been measured for gels of different con- 
centrations and crosslink density and the results have been 
interpreted in a similar manner to that used previously. In 
general the results support the previous analysis l°'n. 

EXPERIMENTAL 

Preparation o f  networks  

Simple polyurethane networks were prepared by the re- 
action of long chain poly(propylene oxide) polyols with 
4,4'-diphenylmetbane di-isocyanate (MDI) an aromatic 
di-isocyanate. Two types of polyol were used, one trifunc- 
tional (T56) and the other bifunctional (B56); each had an 
equivalent weight per hydroxyl group of about 1000 and 
the poly(propylene oxide) chains were terminated by a 
secondary alcohol group. Both polyols were kindly sup- 
plied by ICI Ltd Organics Division. 

Prior to use, both T56 and B56 were filtered using a G3 
sintered glass filter. The polyols were then dried by passing 
nitrogen through at reduced pressure and heating for about 
1 h at 100-110°C. Once dried, the polyols were stored in 
an evacuated vessel until required. Polyols used in gel pre- 
paration were stored under these conditions for no longer 
than one week. 

MDI was distilled under reduced pressure prior to use. 
Using a rotary vacuum pump to obtain reduced pressure, 
the MDI normally distilled in the range 180-188°C depend- 
ing on precise value of the pressure. The melting point of 
the MDI was determined to be 42°C. MDI was used on the 
same day as it had been distilled thus minimising any deter- 
ioration of the MDI which would result in inefficient cross- 
linking. 
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Generally, the solvent used in the gel preparation was 
dibutyl phthalate (DBP). Prior to use it was dried over cal- 
cium hydride for at ]east one week. Immediately before 
use it was passed through a G3 sintered glass filter. Other 
solvents used were diethyl phthalate (DEP), dimethyl 
phthalate (DMP), diheptyl phthalate (DHP), dinonyl 
phthalate (DNP), tetralin and diglyme. All were dried and 
filtered in a way similar to that previously described. |t was 
found necessary to distil the tetralin and diglyme before use 
to remove peroxides; the presence of peroxides resulted in 
yellow gels, and reduced modulus. 

The method of preparation was simple, all the compo- 
nents being mixed in a 250 ml flask. The amount of MDI 
used was a few per cent less than that required stoichiomet- 
rically. Solid MDI ground to a powder was first weighed 
accurately into the flask, and then the polyol and solvent 
were added. The mixture was then heated to about 40°C 
to dissolve the MDI and the flask was then cooled to room 
temperature. The mixture was then degassed for a few 
minutes in order to remove dissolved air. Catalyst was then 
added. The amount of catalyst added depended on the 
concentration of polymer in the mixture. Generally one 
small drop was added to the 100% polymer mixtures and 
more was added to the less concentrated mixtures; typically 
about I0 drops of catalyst were added to the 15% polymer 
mixtures. The catalyst generally used was dibutyltin dilaur- 
ate (DBTDL) although different catalysts were also used 
[triethylene diamine (DABCO) and stannous octoate 
(SnOc)]. After addition of the catalyst the contents of the 
flask were mixed under vacuum for about 1 min to ensure 
uniformity of the components and then poured into a 
mould, which was then placed into a desiccator containing 
dried silica gel. This prevented any atmospheric water 
vapour effecting the mixture during gelation. The mould 
was typically a 3.5 in diameter crystallizing dish. Gelation 
took place in a period of 1 -5  h at room temperature de- 
pending on the initial polymer concentration. 

Under these conditions any side reactions were kept to a 
minimum; rate constants of allophanate reactions (i.e. re- 
action between urethane and isocyanate groups) are much 
less than the rate constant for the normal urethane forming 
reaction. We can also assume that the effect of water can 
be ignored since all reagents were carefully dried. We assume 
that the main reaction in the formation of the network is: 

0 
II 

O H - R - O H  + ONCR'CNO -* -R--O-C-N-R'- 
L 

H 

(A) 

Polyol  di-isocyanate Polymer 

This is supported by studies on the structure of similar 
polyurethane elastomers by n.m.r, spectra ~7. Sumi et al. 
found that for a polymer made from poly(propylene gly- 
col) and MDI at 85°C for 3 h, only a single NH peak was 
observed in the n.m.r, spectra, indicating the presence of 
simple urethane links only in the polymer. Much of the 
previous work on polyurethanes has been carried out on 
materials synthesized under conditions where complex 
crosslinking reactions occur TM including allophanate and 
biuret reactions. The results described here should be 
simpler to interpret since we can assume that reaction (A) 
is the only one occurring to any appreciable extent. 

Networks were prepared at different solvent concentra- 
tions (DBP) and at 3 different ratios of T56: B56. These 

were 100% T56, 75% T56, 60% T56 by wt. Thus polymer 
concentration and crosslink density were varied. 

Reaction efficiency 
The method used in previous work ~°'u was used to esti- 

mate reaction efficiency. The number of unreacted iso- 
cyanate groups remaining in the gel was measured using a 
14C labelling technique. After the gel had been used, and 
mechanically tested, a sample of ~10 g was broken into 
small pieces and placed in a stoppered vessel. 14C-methanol 
(~1 ml of a suitable activity) was added with about 100 ml 
of tetrahydrofuran to label the residual isocyanate in the 
gel. The mixture was left to stand for a week to ensure 
complete reaction. The remaining unreacted 14C-methanol 
was then extracted from the gel by standing in excess of 
solvent. The solvent was changed daffy; heptane and 
methanol were used alternately. After about 10 series of 
washings a constant value was obtained. Then the gel was 
dried, swollen in methanol and redried. The activity of the 
samples was then measured on a Packard Model 3320 liquid 
scintillation counter, and compared with a dilute solution 
of the original 14C-methanol, and a blank. The scintillation 
'cocktail' used consisted of 0.30% diphenyl oxazole and 
0.03% bis(5 phenyloxazole-2-yl)benzene in xylene. 

Modulus measurement 
Modulus measurements were determined in the same 

manner as described in previous papers m'u. This method 
is based on the indentation of the gel surface with a solid 
sphere. A modified dial gauge was used to measure the 
indentations produced by different loads. The equation 
used to relate modulus (G) to applied force (P) sphere 
radius (r), and indentation (d), is given by Watersla: 

3P 

G -  16d3/2Rl/2 (3) 

This method was used to compare the moduli of all gels 
produced. Two sizes of spheres were used on each gel. If  
the results obtained from both measurements were not con- 
sistent, the measurements were repeated until reproducible 
modulus values were obtained. 

In order to test the reliability of the previous method of 
modulus measurement further tests were carried out on 
some of the harder samples produced. In these measure- 
ments samples were subject to compressive or extensive 
forces. 

For the simple compression tests a mould was made of 
PTFE of internal height 4 cm and diameter 2 cm. The 
mould was filled with the reaction mixture. On comple- 
tion of the reaction the sample was removed by removing 
the end caps from the mould and pushing the sample 
through the mould. The sample was then placed on a com- 
parator bench with a fiat glass plate placed over it. Loads 
were then applied on the load platform above the dial 
gauge and indentations measured on the gauge. 

Sheets of polyurethane were prepared for samples to be 
used in the extension tests. Two glass sheets were cleaned 
and, using PTFE and silicon sprays, a thin coating of PTFE 
was applied followed by a thin coating of silicon grease. 
These coatings aided removal of the sample. A rubber gas- 
ket was cut and the plates and gasket held in position with 
clamps. The reactants were then paired into the slit at the 
top of the mould and allowed to set. The sample was re- 
moved and suitable strips cut for use on a type E, Houns- 
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Table 1 Agreement between various methods of modulus 
measurement 

k. 

kb 

Modulus X 10 --4 
Sample Method of measurement (N/m 2) 

A Extention of strip 84 
Indentation of sphere 96 

B Extension of strip 100 
Indentation with sphere 110 

C Compression of block 73 
Indentation with sphere 76 

D Compression of  block 22 
Indentation with sphere 26 

E Indentation with sphere 32.0 
Compression of block 27.6 
Extension of strip 28.2 

F Indentation with sphere 17.1 
Compression of block 15.3 
Extension of strip 13.0 
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I© 
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Plot of G/nkT  versus concentration for 100% T56 net- 

field Tensometer. Using this machine the stress applied to 
the sample was measured automatically by strain gauges and 
the data were fed to a chart recorder. The extension was 
measured at various applied stresses by measuring the dis- 
tance between fiducial marks on the sample using a catheto- 
meter. 

Sample dimensions were measured using callipers, and 
deformations in extension and compression were generally 
less than 10%. Equation (4) describes the behaviour of the 
samples approximately under these conditions. 

E 
f = ~ ( e _ e - 2 )  (4) 

where f i s  the force applied to the sample per unit unstrain- 
ed cross-section of the sample, E is Young's modulus and a 
is the extension ratio. Thus a value of E can be obtained if 
f is  plotted against (a - a-2).  Assuming Poisson's ratio is ½ 
we can use the relationship, E = 3G, and so determine G, 
the shear modulus of the material. Table 1 shows the agree- 
ment obtained in the various samples tested by more than 
one method. The agreement between the various methods 
shows that the modulus values obtained by the indentation 
method are reasonable when compared with other methods 
of estimating shear modulus. 

Model polyurethane networks: G. Allen et al. 

CALCULATION AND RESULTS 

It is necessary to determine the number of chemical cross- 
links in the network. In the calculation it has been assumed 
that the number of T56 units totally incorporated into the 
network gave the number of crosslinks in the network. Un- 
less all three 'arms' of the T56 molecule are reacted no 
crosslink is incorporated in the network. This implies that, 
if we ignore closed loops and entanglements, no continuous 
network is formed until the reaction is 66.7% complete in 
the case of T56 networks, 75% complete for 75% T56, 25% 
B56 networks and 80% complete for 60% T56/40% B56 
networks, assuming we have initially equimolar amounts of 
isocyanate and hydroxyl groups. 

On this basis the number of crosslinks in the network (n) 
has been estimated. AUowance must be made for the fact 
that exactly equimolar amounts of isocyanate and hydroxyl 
groups were not used and for the fact that the reaction was 
never 100% efficient. The number of T56 molecules totally 
incorporated into the network gives the number of cross- 
links in the network. In 100% T56 networks, 3 isocyanate- 
polyol reactions are required for each T56 molecule to be 
incorporated completely into the network. In networks of 
75% T56 by wt, 2 T56 molecules exist for each B56 mole- 
cule. Thus, on average, 4 isocyanate-polyol reactions are 
required to incorporate each T56 molecule into the network. 
In networks of 60% T56 by wt, where 1 B56 molecule is 
present for each T56 molecule, 5 isocyanate-polyol reac- 
tions are required to incorporate each T56 molecule into 
the network. Thus, an x% inefficiency of reaction reduces 
the value of n by 3x%: for T56 networks, 4x% for 75% net- 
works, and 5x% for 60% networks. Thus n is a sensitive 
function of the inefficiency of reaction, and the propor- 
tions of initial reactants. It can be seen from the table of 
results that in this experiment the efficiency of reaction is 
generally close to 100%. This is in agreement with results 
of Conway et al. ~9 where a similar value of the efficiency 
of reaction was found by nitrogen analysis of the urethane 
network formed by reaction of poly(propylene oxide) with 24 
toluene di-isocyanate. Using equation (2) an estimate of 
the modulus excluding effects of defects can be obtained. 
In the graphs (Figures 1-3)  values of G/nkT are shown, 
where G is the experimental modulus, and 0.75 nkT is the 
theoretical modulus assuming A = ½ and that no closed 
loops or entanglements are present. 

A series of measurements was made at -50% polymer 
concentration in a wide range of solvents. These results are 
shown in Table 2. They suggested that the modulus of the 
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Figure 2 Plot of G/nkT  versus concentration for 75% T56/25% 
B56 networks 
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gel was independent of the solvent used. Some variation in 
the value of G/nkT was observed but this was no more than 
the variation normally observed for any one solvent. The 
effect of different catalysts was also negligible. Thus we can 
assume that the results obtained for the system using DBP 
as solvent and DBDTL as catalyst are not peculiar to this 
particular system. 

Interpretation 
If there are no defects in the network we would expect 

that G/nkT = 0.75 for all the series of  results. We assume 
the variation from this result can be explained in terms of 
network defects. Closed loops result in a loss of elastically 
effective chain from the network; entanglements result in 
an increase of effective crosslinks. 

Closed loops. 

(a) Single closed loop (b) Closed loop 
formation involving involving 2 
one trifunctional tr i funct ional 
crosslink crosslinks 

(c) Entanglements 

Using the analysis shown in the Appendix, similar to 
that used previously by Kuhn ~4, and Jacobson and Stock- 
mayer ~s we obtain: 

3( 3 ) ( 3 )  
G/nkT=-A ] 1 (5) 

2 1 +30C 1 +44C 

where C = concentration of polymers, and where single 
closed loops and closed loops involving 2 chains are con- 
sidered. 

For gels with both T56 and B56 present a similar analy- 
sis leads equation (A1), to: 

3( 
G/nkT=-~A 1 1 (6) 

1 + 3 0 C  1 + K'C 

where K' is a constant which can be calculated from the 
actual ratio of B56 and T56 used. For simplicity, we neg- 
lect the effect of larger dosed loops which might also be 
expected to reduce the modulus. Some of the larger loops 
may also tend to be elastically effective and contribute to 
the modulus. 

Entanglements. Previous results on polystyrene gels ~°'n 
have suggested that the effect of entanglements is propor- 
tional to C 2 as predicted by Edwards x6. Thus for T56/B56 
gels the total variation in G/nkT is described by: 

°3( 3 ) ( 3 )  
- A 1 1 

nkT 2 1 +30C 1 +K 'C  

(c) 2AR n-ff C (7) 

In Figures 1-3 the plots of G/nkT according to equation 
(7) have been drawn using values o fR  = 6 x 105, 4 x 105, 
3.75 x 105, where R has been adjusted to give the best fit 
with experimental results in the high concentration region. 
These values of R are of the same order as the value of 
R = 1 x 105 determined in the studies of polystyrene gels ~°. 
We might expect that R would be greater for poly(propy- 
lene oxide) chains than for polystyrene chains owing to the 
greater configurational flexibility of the former. The use of 
different values of R in the three cases might support the 
view that the effect of entanglements is greater in gels where 
crosslink density is greater, i.e. the number of entanglement 
is not only a function of C 2 but also of crosslink density. 

A series of measurements have also been obtained of 
modulus of bulk polymers of varying T56/B56 ratios. 
Extrapolation of the modulus values to zero T56 concen- 
tration allows an estimate to be made of the effect of en- 
tanglements in this system at zero chemical crosslink den- 
sity. The value of R obtained from these results is similar 
to the value of R used here, for gels with B56 present, i.e. 
2 x 105 (Figure 4). 

Errors in the experimental value of G/nkT should be 
small. Values of G/nkT obtained for different gels in simi- 
lar conditions were within 10% of each other as shown by 
results in Table 3. This uncertainty arises chiefly from the 

Table 2 Effect of solvent and catalyst 

Experi- Theore- 
mental tical 

Cancan- modulus, modulus, 
tration Gex ~ X nkT X 
polymer, C 10 -~  10 --4 

No. (kg/dm 3) Solvent Catalyst (N/m 2) (N/m 2) G/nkT 

29 0.55 DMP DBTDL 33.6 36.9 0.93 
30 0.55 DEP DBTDL 32.0 36.4 0.90 
31 0.55 DHP DBTDL 33.4 35.7 1.00 
32 0.55 DNP DBTDL 33.0 33.5 0.94 

33 0.56 DBP DBTDL 38.9 35.3 1.10 
34 0.56 DBP DABCO 33.5 31.7 1.06 
35 0.56 DBP SnOc 32.5 32.0 1 .O3 

36 0.73 DBP DBTDL 63.5 48.3 1.34 
37 0.73 Tetralin DBTDL 63.5 46.8 1.36 
38 0.73 Diglyme DBTDL 58.0 47.3 1.24 

DMP = d imethy l  phthalate;  DEP = d ie thy l  phthalate;  DBP = d ibu t y l  
phthalate;  DHP = d ihep ty l  phthalate;  DNP = d inony l  phthalate;  
DBTDL = d i b u t y l t i n  d i laurate;  DABCO = t r ie thy lene  d iamine;  
SnOc = stannous oc toa te  
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Polymer 
Sample Polymer conc. C 
No. (%) (kg/dm 3) 

Experimental 
modulus X 10 -4  nkT X 10 _4 G/nkT 
(N/m 21 (N/m 2) X 10 6 C/nkT 

1 1 O0 1.045 106.5 64.94 1.60 1.64 
2 81,77 0.849 74.0 53.72 1.58 1.38 
3 62.60 0.649 48.8 41.75 1.55 1.17 
4 52.89 0.548 33.0 34.91 1.56 0.945 
5 42.53 0.445 19.5 27.8 1.60 0.701 
6 43.06 0.448 18.5 27.3 1.64 0.678 
7 33.16 0.344 8.55 19.63 1.75 0.436 
8 33.46 0.348 9.7 19.78 1.75 0.492 
9 21.94 0.228 2.149 14.45 1.57 0.149 

10 52.90 0.55 32.0 34.80 1.58 0.920 

11 100 1.05 75.0 49.56 2.12 1.51 
12 81.38 0.86 53.0 40.52 2.11 1.31 
13 62.90 0.66 32.0 30.59 2.16 1.05 
14 42.98 0.45 12.9 20.72 2.18 0.62 
15 42.60 0.45 13.8 21.34 2.09 0.65 
16 22.27 0.24 1.10 10.42 2.24 0.11 

17 1 O0 1.05 71 34.03 2.67 1.819 
18 82 0.86 48.7 31.02 2.76 1.570 
19 62 0.64 23.8 23.49 2.74 1.013 
20 53 0.55 18.9 20.15 2.72 0.938 
21 44 0.45 7.8 12.58 3.59 0.620 
22 35 0.36 3.5 13.43 2.70 0.261 
23 26 0.28 0.36 5.73 4.80 0.063 
24 53 0.55 17.0 20.0 27.6 0.85 

Samples " 1-10:100% T56 gels 
Samples 11-16: 75% T56 gels 
Samples 17--24: 60% T56 gels 

I00 

80 

4- 
E 60 

x 
Lb 

20  

O 

Figure 4 
ratios 

1 I 

5 0  I 0 0  
T56 (wt °/o) 

Modulus of 100% polymer networks of various T56:B56 

modulus measurements which have random errors of about 
1.5%. 

The curves plotted in Figures 1 - 3  have been calculated 
using equation (7). Other theoretical curves have been plot- 
ted assuming A = 1, and assuming that no entanglements 
exist in the networks. Of all the curves plotted those pre- 
dicted by equation (7) give the best agreement with experi- 
mental results. Thus our results support the view that the 
front factor, A, in equation (1) is % and that the effect of 
entanglements is porportional to C 2. 

We see that at lower concentrations theoretical curves 
predict a higher value of modulus than that experimentally 
determined. This effect becomes more noticeable as the 
proportion of B56 in the polymer increases. We might ex- 

pect that in the region of low concentration of polymer, 
where the effect of closed loop formation is greatest, our 
simple analysis of the fraction of closed loops would under- 
estimate the total number of chains lost in closed loop for- 
mation since we consider only two possible types of loop. 
Hence this could explain our observations at low concen- 
tration. Future experiments hope to document this effect 
more thoroughly. 

CONCLUSION 

Generally there is a fair agreement between experiment and 
theory as shown in Figures 1-3 .  This suggests that the esti- 
mate of the network defects, i.e. closed loops and entangle- 
ments, in the gels are of the correct order of magnitude. 
The theoretical curves are plotted with a value ofA = ½, 
supporting the use of this value in theoretical equations. It 
would be difficult to interpret the results using A = 1 in 
equations (6) and (7). The results of these experiments in 
poly(propylene oxide) networks, thus support the theoreti- 
cal conclusions reached in previous work on polystyrene 
networks 1°,11. The present results, however, were obtained 
over a wider range of polymer concentration than was pos- 
sible for the polystyrene gels used previously. In particular 
it was possible to study dry rubbers. 
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APPENDIX 

Estimation o f  the effects o f  closed loops in polyurethane 
gels 

If we neglect the effect of closed loops: 

3 
G = - A n k T  (A1) 

2 

G 3 
- A ( A 2 )  

n k T  2 
Suppose that x is the traction of wasted crosslinks, in closed 
loops, then x is also the fraction of - O H  groups wasted in 
closed loops. At least 2[3 of the - O H  groups on the tri- 
functional polyol must be incorporated into the network 
for a truly infinite network to be formed. If n' is the total 
number of - O H  groups: 

G = 0.75(n'kT) 1 - x (A3) 
3 

07 (1 x) 
n ' kT  

As n' = 3n, for a network of T56 molecules: 

G 
- 0.75(1 - 3x) (AS) 

n k T  

Thus if we can calculate x, the fraction of wasted crosslinks, 
we can estimate the effect of closed loops on the modulus. 

We assume a Gaussian distribution of ends: 

B )  3 112_2+ 2+z2" 
W(x, y,  z,) = ~ e -  u¢ y ~dxdydg (A6) 

Where W(x, y,  z,) is the probability of one end of the mole- 
cule lying in the volume dxdydz if the other end is at the 
origin, and B = (3/2n12) 1/2 where (nl2) 1/2 is the root mean 
square end-to-end distance. If the two chain ends are in the 
same unit volume dxdydz: 

l¥(dv) = (A7) 

We assume that the reaction probability is proportional 
to the concentration of groups in its vicinity. 

Single closed loops 

For a trifunctional polyol there are two possibilities of 
dosed loop formation. Thus: 

W(dV)loop = 2 2(99)Z14n5.5 (A8) 

where we have 99 bonds between crosslinks and the aver- 
age value o f l  2 for the chain is 2.14 A 2, and 5.5 is the char- 
acteristic ratio for poly(propylene oxide) 20. 

Closed loop involving 2 trifunctional chains 

There are 4 possibilities of closed loop formation: 

W(dV)loo p = 4 4(99)2.147r5.5 (A9) 

W(dV)loo p = 11.8 x 10 -6. T 
We only consider the effects of 
these two types of loops. Larg- \ 
er loops will become more elas- / tically effective. The choice of 
two types of loops only is how- 
ever an approximation. 

Effect o f  closed loops in T56/B56 mixtures 

For the case of single dosed loops, we need only con- 
sider dosed loops involving T56 units. The presence or 
absence of B56 in the gel will not affect the number of 
crosslinks, and hence the modulus. Thus the first effects of 
single closed loops will be in equation (A8). However, the 
value of W(dV)loop for closed loops involving two chains will 
depend on the ratios of B56 to T56 in the network. 

Thus, for a polyol mixture 75% T56 by wt, two T56 
molecules exist for each B56 molecule, as shown in the 
diagram: 

Thus in this case: 

In a polyol mixture 60% T56 by wt, two T56 molecules 
exist for two B56 molecules in the mixture. Thus, one T56 
molecule has an equal probability of being adjacent to two 
B 56 molecules or one T56 and one B56 molecule. 

This gives: 

( 3 )  
W(dV)loop = 2.5 4(99)2.14rr5.5 (A11) 
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Here we must consider the density of end groups per A, 
this will again be proportional to the reaction probability: 

C x N  0 x 10 -24 
= (A12) W(dv)loop 1000 

where C = concentration of polymer in kg/dm3; N O = 
Avogadro's number; 1000 = equivalent weight of T56, B56; 
W(dv)cross = 5.3C x 10 -4. 

Effect of modulus 
Fraction of closed loops (f) is given by: 

Model polyurethane networks: G. Allen et al. 

f= 
W(dV)loop 

W(dV)loop + W(dV')c~oss 

1 + 3 0 C  
for single loops 

1 

1 + 4 4 C  
for loops involving 2 chains 
in 100% T56 (A13) 

1 
- - -  for loops involving 2 chains 

1 +60C in 75%T56 

I 
- _ _  for loops involving 2 chains 

1 + 72C in 60% T56 

Substituting these values of f into equation (A5) we 
obtain the effect of closed loops on the modulus, given by! 

I 3 ) ( 3 )  - A 1 1 -  (A14) 
nkT 2 1 +-30 1 +K' 

For T56, B56 networks K'  varies as shown in equation 
(A13). 

In equation (A14) the reduction in n due to single and 
double closed loops formed simultaneously is obtained by 
multiplying the two separate terms calculated for single and 
closed loops respectively. 
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Correlation between physical-mechanical 
properties and morphological features of 
cruciform styrene - butadiene block 
copolymers 
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and Francesco de Candia and Gennaro Romano 
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The structural and morphological characterization of a cruciform styrene-butadiene block eopolymer 
of the (SB)4Si type is reported together with the stress-strain properties of films prepared by com- 
pression moulding. The influence of the compression on the morphology (and therefore on the 
mechanical properties) are considered in detail because the structure of the specimen becomes par- 
ticularly simple; it consists of polystyrene cylinders arranged perpendicularly to the compression 
plane. The rods lead to a semi-continuous polystyrene phase, so that the fi lm exhibits the Mullins and 
hardening effects already observed for linear three block copolymers. Explanations for these pheno- 
mena are given, supported by optical observations and by electron microscopical views of sections cut 
after deformation. 

INTRODUCTION 

It is well known that ABA type three block copolymers of 
styrene (monomer A) with butadiene or isoprene (mono- 
mer B) give rise to the unusual 'thermoplastic elastomers'; 
these can be easily moulded at temperatures higher than 
120°C while at room temperature they behave as vulcanized 
rubbers even though the polymer molecules are perfectly 
linear and have no chemical crosslinks. These properties 
are ascribed to the fact that the polystyrene ends aggregate 
into domains owing to thermodynamic incompatibility of 
the A and B blocks; at room temperature the domains are 
glassy and set as rigid network junctions 1-1°. 

Morphology and physical properties of these materials 
have been widely studied and comprehensively reviewed 11'12. 
The correlation between them is now made sufficiently 
clear 12-~6. 

In this paper is discussed the relationship between struc- 
tural characteristics, morphology and mechanical proper- 
ties of films obtained by compression moulding of a copoly- 
mer whose macromolecules are characterized by four poly- 
styrene-polybutadiene blocks coupled to a tetra-functional 
silicon group: it is a member of a new set of materials hav- 
ing the general formula (AB)nX which have been recently 
prepared 17'18 and studied with regard to the effect of chain 
geometry on domain morphology ~9. 

EXPERIMENTAL 

Material and molecular characterization 

The material used in our experiments has been a labora- 
tory preparation supplied by Anic Company and labelled 
Europrene T-162.  It is a styrene (S)-butadiene (B) block 
copolymer of the (SB)4Si type and several of its molecular 

and physical characteristics are summarized in Table 1. 
The techniques employed to obtain the reported data 

have been extensively described in a previous paper 2°. The 
molecular weights have been measured by light scattering 
and by osmometry in the Anic Laboratories at S. Donato 
Milanese (Italy). The polystyrene content has been aver- 
aged between the values obtained by u.v. analysis at 262 
nm 21~2 (47.5%), and at 269.5 nm (49.5%) and by refrac- 
tive index increment 23 (49.6%). Infra-red spectroscopy was 
used to measure the configurational composition of the 
elastic fraction 24 while the length of the elastic chains was 
obtained by swelling 2s~6. 

The data clearly show that this copolymer has a rather 
high molecular weight and about the same contents of poly- 
styrene and polybutadiene; hence the lengths of the blocks 
are similar and owing to the star-structure of the macro- 
molecule, rather short. Only few entanglements are present 
in the rubber phase, which is mainly in the eis-1,4 configu- 
ration. 

Table 1 Molecular and physical characteristics of the Europrene 
T-162 

Weight-average molecular weight, Mw 1.48 X 105 
Number-average molecular weight, Mn 0.98 X 105 
Mw/M n 1.51 
Polystyrene (% by wt) 49 
Molecular weight of each polystyrene terminal block 1.8 X 104 
Molecular weight of each polybutadiene block 1.9 X 104 
Configurational composition of the elastic phase: 

trans-1,4-polybutadiene (%) 36 
cis-1,4-polybutadiene (%) 56 
1,2-polybu tad iene 8 

Mc, (molecular weight of the elastically efficient 
chain) 1.75 X 104 
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Figure 1 Electron micrograph of an ultra-thin section of Europrene 
T 162 original copolymer 

Physical-mechanical properties and morphological features of cruciform SB copolymers: E. Pedemonte et al. 

Compression moulded films preparation and stress-strain 
measurements 

Films of the material were obtained by die casting at 
120°-130°C and under slight pressure (2 -3  kg/cm2). 

Stress-strain measurements were carried out using a 
tensile tester of the Toyo Measuring Instruments Ltd. 
The deformation rate was 10 mm/min. The sample length 
was 2 cm in all the experiments; this gives a strain rate of 
0.5 min -1. The stress-strain plots were detected at room 
temperature (20°C). 

The effects of the mechanical history on the sample 
properties were investigated by resting for 30 min at zero 
load between two successive deformation cycles. 

Morphology 
For the morphological analysis by electron microscopy, 

ultra-thin sections were cut at low temperature 27. The 

Figure 2 Electron micrograph of ultra-thin sections of compression moulded Europrene T 162 film. 
Section (a) corresponds to the surface parallel to the compression plane; sections (b) and (c) have been 
cut along the compression direction and their orietetions differ 90 ° 
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Figure 3 Stress--strain isotherms of the compression moulded 
Europrene T 162 films, detected at room temperature. II ,  Sample A, 
first run; [3, sample A, second run after 30 min of relaxation at zero 
load; e, sample B, first run; ©, sample B, second run (same condi- 
tions) 

rubbery phase of the specimen was contrasted by exposing 
the sections to the vapours of an aqueous OsO4 solution 28 
at room temperature for several minutes; so that in the elec- 
tron micrographs the butadiene phase will appear dark and 
the styrene bright. 

The copolymer was studied both as supplied by the 
manufacturer and as a compression moulded film. In the 
latter case the effect of the deformation on the morphology 
has also been investigated. 

RESULTS 

Figures I and 2 show the morphologies of the original mate- 
rial and of the compression moulded film. In the first case 
morphology is characterized by short rods of polystyrene 
oriented along a well defined direction, probably as the 
consequence of an uncontrolled mechanical treatment 
which follows the polymerization process. In the latter 
case we can reach some conclusions on the structure of the 
specimen provided. We were able to look at three sections, 
cut perpendicularly to each other and corresponding to the 
planes indicated in Figure 2; it appears that compression 
arranges the rods almost perpendicularly to the compression 
plane. 

Figure 4 (a) Neck present in a sample deformed at ~ = 1.5. (b) Double neck present in a sample de fo rmed  at  e = 4. The photographs were 
detected in polarized l ight,  a t  crossed Nicols  

74 POLYMER, 1976, Vol 17, January 



I 
I 0 0  I 

E 

50 

Figure 5 
ing step by step the maximum strain value 

250 

20(  

15( 

E 

E~ 

IOO 

50 

Physical-mechanical properties and morphological featuers of  cruciform SB copolymers: E. Pedemonte et al. 

X 

/ 
X / 

X 

I i I I I I 

3 5 7 
(1 

Mullins effect as observed in a sample deformed increas- 

I t w ~ L I [ I 

I 3 5 7 
Gt 

Macroscopic observations give evidence that in the first 
deformation run the strain increases by neck prppagation, 
while necks are absent in the second run. In Figure 4a the 
neck which is present in a sample deformed at a = 1.5 and 
in Figure 4b a double neck is present in a sample deformed 
at a = 4. These pictures were obtained with crossed Nicols 
using light polarized at 45 ° with respect to the deformation 
axis. 

The effect shown in Figure 3 is stressed in Figure 5, 
where the mechanical behaviour is studied as function of the 
previous mechanical history of the specimen, increasing step 
by step the maximum strain value between two successive 
deformations. Data ofFg, ure 5 indicate the presence of 
the well known Mullins effect 29'3°. 

Figure 6 shows the hysteresis loops detected in two suc- 
cessive cycles, observing the same conditions of Figure 3, 
i.e. 30 rain relaxation at zero load between the first and 
the second cycle. 

Figures 7 and 8 show the morphologies of compression 
moulded fdms after stretching, at deformation ratios of 
a = 3 and a = 6 respectively; the sections have always been 
cut along the stretching direction. 

DISCUSSION 

It is evident from Figures 7 and 8 that the deformation of 
the specimen produces the orientation of the polystyrene 
rods in the stretching direction. These rods are oriented 
normally to this direction in the compressed f'dm (Figure 2). 
Some differences may be observed between Figures 7 and 
8, which correspond to different degrees of deformation; in 
particular the continuity of the polystyrene phase is more 
pronounced at a = 3 than at a = 6, where the polystyrene 
rods are shorter owing to the rods breaking under the 
strain 1S. 

On the basis of these morphological features the mecha- 
nical behaviour as reported in the previous section can be 
analysed. 

The most important phenomenon observed is the macro- 
scopic deformation mechanism of the sample, i.e. the neck 
propagation. The presence of a neck is generally due to 
structural changes induced by the stretching; in the present 
case the structural change involves orientation of the poly- 
styrene rods. As stated previously, before stretching the 
rods are perpendicular to the compression plane of the film 
(and therefore to the strain direction) but they become 
parallel to it after stretching. The neck formation would 

Figure 6 Hysteresis loops detected on a compression moulded 
film. • first run; II, second run (same conditions of Figure 3) 

Figure 3 shows the stress-strain isotherms obtained 
using compression moulded trims. Plots, detected on two 
different samples, show the effects on the mechanical be- 
haviour when two successive deformation runs are perform- 
ed, allowing 30 min relaxation at zero load between the first 
anti the second cycle. There is clearly a strong influence of 
the previous mechanical treatment. 

Figure 7 Electron micrograph of ultra-thin section of compres- 
sion moulded Europrene T 162 film after stretching at c~ = 3. Sec- 
tion cut perpendiculary to the compression plane and along the 
stretching direction 
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Figure 8 Electron micrograph of ultra-thin sections of compres- 
sion moulded Europrene T 162 film after stretching at e = 6. Sec- 
tion (a) corresponds to the surface of the compression plane; section 
(b) is perpendicular to it; both have been cut along the stretching 
direction 

correspond to this mechanism. This mechanism is irrever- 
sible and necks are present only in the first deformation run; 
they are not  observed in the second one. 

The presence of  necks gives rise to a plastic deformation 
which, as far as the mechanical behaviour is concerned, cor- 
responds to the yield region observed in the first s t r ess -  
strain run of  Figure 3. This yield region covers the strain 
range 1 .05-4 .5 .  

The orientation mechanism and rod breaking observed 
in Figure 8 also explain the stress softening of  the second 
deformation run for the lower values of  the strain, gene- 
rally up to a = 4. This phenomenon,  clearly shown in 
Figure 5 where the strain is increased step by step, is due to 
the irreversibility of  the two effects. The mechanical work 
necessary to orientate and to break some of  the rods, is not  
necessary in the second run and therefore the same values 
of the strain can be reached with a lower force. 

In a previous paper is we have shown that when the poly- 
styrene rods are well oriented along the stretching direction, 
the Mullins effect is due to the breaking of  the cylinders. If 
the rod's axis does not  correspond to the stretching direction, 
it seems reasonable that the organization of  the structure 
needs additional mechanical work which gives its contribu- 
tion to the irreversible stress-softening effect. 

One must seek a different explanation for the stress hard- 
ening observed in the second run for the higher values of the 
strain. As suggested in a previous paper 16, this phenomenon 
can be due to a kinetic mechanism. The presence of  hard 
polystyrene rods, which behave as fillers, reduces sensitively 
the conformational freedom of  the elastomeric polybuta- 

diene chains. The orientation of  these chains, owing to the 
first deformation cycle, is partly irreversible in the time 
scale of  the experiment and therefore, in the second run, 
we stretch chains that are still stretched, even if partly.  
Work is in progress to give a more direct evidence of  the 
suggested mechanism. 

One may conclude with some considerations about 
Figure 6. Graphical integration of  the two hysteresis loops 
gives for the first run A F  = 5.26 cal/cm 3 and for the second 
run A F  = 9.88 cal/cm 3, where A F  is the free energy dissi- 
pated in the hysteresis cycle. The ratio AF/AFtot ,  where 
zSa~'to t is the energy given to the system on increasing the 
strain, is the relative amount of  dissipated energy; calcula- 
tion gives 0.58 and 0.64 for the first and second runs, res- 
pectively. These results indicate that the absolute value of  
the dissipated energy is very different in the two runs while 
the relative values are rather similar. On the basis of  the 
proposed mechanisms, i.e. in the first run a dissipation due 
mainly to the rods orientation and breaking and in the 
second one a dissipation due mainly to the low chain mo- 
bility, the latter results are surprising. Work is in progress 
to obtain more experimental data in this field, particularly 
for specimens whose deformation does not involve any 
orientation of  rods but  only breaking. 
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Creep behaviour of annealed UPVC and 
PMMA 

D. C. Wright 
Rubber and Plastics Research Association, Shawbury, Shrewsbury SY4 4NR, UK 
(Received 26 March 1975) 

The 20°C creep compliance of UPVC is temporarily increased by prior annealing at temperatures 
above ~45°C and below Tg. This effect increases with decreasing annealing time. Similar behaviour 
is observed with PMMA which suggests that this may be a general phenomenon shared by polymers in 
the 'glassy amorphous state'. The temporary, and therefore unstable nature of the annealed state is 
inappropriate for a test specimen, particularly for tests of long duration. It is suggested that volume 
relaxation in UPVC below 45°C proceeds by short range separation into regions of molecular order 
and disorder. This state is rapidly disrupted at temperatures above 45°C. 

INTRODUCTION 

Thermal conditioning prior to property evaluation is a 
favoured method of minimizing batch-batch variability. 
A relatively severe and recent thermal conditioning treat- 
ment supposedly erases the influence of the (often un 
known) previous thermal history. This provides an easily 
accessible materials reference state which, however, is al- 
most certainly arbitrary. The reference state in addition 
may be only a transient one and therefore not stable over 
the period of test. An arbitrary unstable reference state is 
particularly inappropriate for creep testing, where long test 
durations are common and creep data are often intended for 
use in design calculations. 

According to classical concepts of the glassy amorphous 
state, a polymer at any temperature below its glass transi- 
tion temperature (Tg) undergoes volume relaxation (densifi- 
cation). The rate of this relaxation at temperatures far be- 
low Tg is so small that for normal periods of observation 
the state is apparently stable. At temperatures approach- 
ing Tg, the rate of volume relaxation will be increased, re- 
suiting in a detectable change in the density and properties 
of the polymer. 

Retting ~ investigated the effect on the tensile modulus 
of UPVC after annealing for various periods at a tempera- 
ture of (Tg - 17)°C. The modulus (25°C) at low strain 
rates increased substantially with annealing time. At high 
strain rates the modulus was not significantly affected. 
Foltz and McKinney 2 employed a similar heat treatment on 
UPVC and attributed the observed increase in the pre-glass 
transition endotherm to an increase in crystallinity. Illers 3 
attributed a similar effect to a decrease in free volume. 
These observations are compatible with classical expecta- 
tions. Volume relaxation involves an increase in molecular 
order; this decreases molecular mobility and therefore in- 
creases the long term (low strain rate) modulus. The high 
strain rate modulus is not primarily dependent on molecu- 
lar mobility and is therefore not sensitive to annealing. 

Turner 4 investigated the effect of pre-conditioning per- 
iod at 60°C on the creep response of UPVC at 60°C. It 
was reported that the time dependent creep compliance 
decreased with increasing pre-conditioning period. There- 
fore in this respect the response is apparently classical and 

indicative ot volume relaxation in the direction of equili- 
brium. 

The procedure adopted here involves room temperature 
creep testing after annealing periods at various tempera- 
tures. Although annealing as compared with pre-condition- 
ing introduces an additional interaction (the cooling cycle) 
it does offer a distinct advantage. The effect of thermal 
treatment can only be ascertained unambiguously by com- 
parison with the state or response of the untreated material. 
The creep behaviour with no annealing presents no prob- 
lem, but the zero pre-conditioning state is unattainable. 

EXPERIMENTAL 

The following sequence was adopted: 
(1) Calendered sheets of UPVC (Cobex 018 grade sup- 

plied by BXL Ltd) were stored for 2 years at 20°C. 
(2) Creep specimens of nominal dimensions 3 × 5 x 140 

mm were prepared. 
(3) Creep specimens were stored in ovens at either 60 ° 

+ 1 °, 50°_+ I°C, or40°_+ I°C. 

(4) After a specified annealing period covering a range 
between 1 and 2000 h, specimens were removed and cooled 
(to 20°C) under controlled forced air convection for 30 min. 

(5) The cross-sectional areas of the cooled specimens 
were measured and the specimens prepared for tensile creep 
testing. 

(6) 1 h, 24 h, or 336 h after the removal of the specimen 
from its oven (termed the delay time) a tensile stress of 
25 MN/m 2 was applied and the creep strain recorded for 
104 sec. 

A similar sequence but with only one annealing tempera- 
ture of 60°C, and one delay time of 1 h was applied to 
PMMA (cast Perspex, ICI Ltd). 

The tensile creep machines used in the study have been 
described previously s. A Moir~ fringe extensometer, em- 
ploying crossed diffraction gratings with a ruling pitch of 
4/am provides the means of automatic strain detection. 
The Moir~ fringe image illuminates an assembly of 4 silicon 
photodiodes. The photodiode signal is amplified and shaped 
to provide 2 or 4 counter compatible pulses for each 4/am 
extension or contraction of the 66.67 mm gauge length. 
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Figure I Tensile creep characteristics for UPVC at 20°C and 
25MN/m 2 . The parameter is the annealing t ime in hours. The 
delay time between cooling and testing is 1 h. Hours (t) stored at 
5 0 ° C  pr ior  to room temperature  creep test: A, t = 0; B, t = 1; C, 
t = 2 ; D , t  = 6 ; E , t =  1 4 ; F , t  = 24; G, t =  96; H, t =  600; I, t =  1900; 
J, t = 2 4 0 0  

generated after longer delay times and at different annealing 
temperatures. The initial creep response tended to be rather 
erratic for these annealing treatments, but the time depen- 
dent response defined as AC, shown in Figure 2, 3, 4 and 5, 
proved to be smoothly related to annealing and delay time. 
The time dependent compliance ZkC is defined here: 
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Figure 3 Time dependent tensile creep compliance &C of UPVC 
at 20°C vs. annealing time at 50°C. Delay time between annealing 
and testing: A, 1; O 24; V, 336 h, - - ------ ,  No annealing 
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Figure 4 Time dependent tensile creep compliance AC of UPVC 

<3 at 20°C vs. annealing time at 40°C. Delay time between annealing 
and testing: A 1; O, 24; V, 336 h. , No annealing 
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Figure 2 Time dependent tensile creep compliance ~C of UPVC 
at 20°C vs. annealing time at 60°C. Delay t ime between annealing 
and testing: &, 1 ; o,  24; V, 336 h. - - - - - - ,  no annealing 

Thus strain increments  o f  0.0015% can be total ized on a 
bi-directional counter  and /or  used to trigger a digital event  
recorder  which essentially records the t ime coordinate  for 
each positive or  negative strain increment  for the durat ion 
o f  the creep test. 

Annedlinq oer iod { h) 

'O 
g 

Z - 
< 3  

I RESULTS 

The family o f  creep curves shown in Figure 1 are for UPVC 
with  various annealing periods at 50°C wi th  a 1 h delay be- 
fore testing. The creep characterist ic with no thermal treat- 
ment  is identif ied by the broken line. Similar data were 
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Figure 5 Time dependent tensile creep compliance z~C" of cast 
PMMA at 20°C vs. annealing time at 60°C. Delay time between 
annealing and testing is 1 h. -- . . . .  , No annealing 
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where e(20) and e(104) are the strains recorded 20 sec and 
104 sec after a stress application of a --- 25 MN/m 2 (UPVC), 
and o = 20 MN/m 2 (PMMA). The SxC versus annealing time 
format is convenient in that it enables the gross effects of 
annealing time, delay time, and annealing temperature to 
be conveniently compared. It is these gross effects rather 
than detailed changes in the shape of the creep characteris- 
tic that are the subject of the discussion. 

DISCUSSION 

The following features are observed in Figures 2, 3 and 4. 
(a) UPVC specimens which have been annealed at 50 ° 

and 60°C show a decreased resistance to creep deformation 
(increase in AC compared with unannealed specimens). 
This effect is enhanced for short annealing and delay periods. 

(b) UPVC specimens which have been annealed for very 
long periods at 50 ° or 60°C exhibit similar creep behaviour 
to those with no heat treatment. 

(c) The severe effect of short annealing periods observed 
at annealing temperatures of 50 ° and 60 ° are not observed 
after annealing at a temperature of 40°C. 

(d) The effect of increasing the delay time between 
annealing and testing is to generally reduce the effects of 
annealing. The material state after short annealing periods 
is particularly unstable. 

The observed increase of the time-dependent compliance 
after annealing is the reverse of that anticipated for a classi- 
cal glassy amorphous polymer. Figure 5 shows that this 
anomalous behaviour is not peculiar to PVC but also occurs 
with PMMA. This conclusion is derived from comparison 
with the non-annealed reference state response. If this res- 
ponse was not known then the data in Figure 2 and 3 would 
appear to be classical, i.e. a decrease in compliance with 
increasing annealing time. This is qualitatively similar to 
the trend observed by Turner 4 and discussed in the intro- 
duction. 

It would be logical in the absence of any other evidence 
to seek an explanation for this anomalous behaviour by 
reference to observed morphological differences between 
UPVC and that of a classical glassy amorphous polymer. 
Morphological studies have revealed direct evidence of 
ordered regions in UPVC 6-a. These regions might be re- 
garded as small crystallites or regions of molecular orienta- 
tion with a characteristic cohesive energy and a specific 
melt temperature, or simply as regions of zero configura- 
tional entropy which are stable below a particular tempera- 
ture. Clearly, both aspects describe the same phenomenon 
but at this stage it is considered preferable to treat each 
one separately. 

Iobst 9 has estimated that the smallest stable unit of mole- 
cular order in plasticized PVC would be disrupted at tem- 
peratures above 50°C. Larger ordered units have a higher 
melt temperature but their formation is less probable. 
Stafford 1° has used the argument that the disruption of 
'crystallites' is responsible for the phenomenon of 'rever- 
sible stiffening in plasticized PVC'. The compliance of 
plasticized PVC increases dramatically after annealing but 
slowly returns to its original stiffness with time after an- 
nealing. In this respect the response to annealing is similar 
to that reported here, but Stafford did not observe the 
transition in short period annealing effects at 45°C. This 
transition being close to the minimum 'crystal melt '  tem- 
perature as calculated by Iobst adds considerably to the 
case for a thermal disruption model. The effect of thermal 
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history on the creep response of UPVC could be explained 
by the following sequence: 

(1) Over extended periods (2 years in this case) at 20°C, 
small crystallites are formed which are stable at this tem- 
perature. The low (or zero) free volume within the crystal- 
lite structure is responsible for deformation processes with 
very long retardation times. Hence the presence of crystal- 
lites might be considered as delaying the strain response 
and decreasing the creep compliance after long creep times. 

(2) After short periods of  annealing at 50 ° or 60°C, the 
crystallites suffer rapid thermal disruption leading to an 
increase in creep compliance particularly after long periods 
under load. 

(3) After long periods of annealing above 45°C, the free 
volume is slowly reduced by the classical process of volume 
relaxation. As this proceeds the creep compliance will 
slowly decrease. 

(4) With increasing delay time after annealing, crystal- 
lites are slowly reformed with an attendent decrease in 
compliance. 

The second approach is to consider the entropy of the 
system. Gibbs and Di Marzio 11 have proposed that even 
though the observed Tg is a kinetic phenomenon, there is 
an underlying thermodynamic transition at a lower tem- 
perature T2. If the polymer is cooled infinitely slowly, then 
at T2 the configurational entropy of the specimen as a 
whole, would be zero. Adam and Gibbs 12 calculated that 
a universal expression for T2 could be: 

T2 = (Tg - 53)°C 

According to Adam et al. the activation volume in the 
Eyring 13 viscosity equation is identified as the minimum 
cooperatively rearranging region. The transition probability, 
the mobility, and hence the relaxation or creep rate in- 
creases as this minimum activation volume decreases. Clear- 
ly this cooperative entity must contain free volume for inter- 
nal rearrangement, or more precisely a unit value of quan- 
tized free volume (hole) must be present. The volume of 
the cooperative entity, and hence the rate of relaxation and 
creep, might therefore depend significantly on the distribu- 
tion of free volume or on the size of the quantized unit of 
free volume. At temperatures below T2, close packing is 
energetically favourable because the equilibrium configura- 
tional entropy is zero. This cannot be achieved on a macro- 
scopic scale within a f'mite time as this involves large diffu- 
sion distances and a high degree of molecular cooperation. 

It is proposed here, however, that explusion of free 
volume could be achieved within a finite time at the short 
range level. The result of such a process would be small 
regions of aligned molecular segments (crystallites) with 
zero configurational entropy, bounded by a region with a 
high free volume content. Pictorially, this is similar to the 
fringed micellar grain model of the 'glassy' state adopted 
by Yeh 14. Therefore it could be envisaged that after a finite 
period of storage at 20°C the quantized unit of free volume 
would increase in size with a resultant increase in the mini- 
mum volume of molecular cooperation and a decrease in 
creep compliance. On raising the temperature above T2 the 
ordered regions are rapidly disrupted with a resultant de- 
crease in the volume of the cooperative entity and increase 
in compliance. 

Both the energy and entropy approach combine strongly 
to support the hyopthesis that the volume relaxation pro- 
cess below ~45°C is quite different from that operating 
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above this temperature. Above 45°C, volume relaxation 
proceeds classically by a uniform diffusion of free volume. 
Below ~45°C (T2) the uniform diffusion process is no 
longer energetically favourable and is replaced by a short 
range process which results in the formation of 'small 
islands' of order in a matrix of disorder. The short range 
ordered regions are disrupted rapidly on annealing above 
45°C and it is proposed that this is responsible for the 
anomalous creep behaviour reported here for UPVC. 

The existence of two different volume relaxation pro- 
cesses could also explain why in some cases (e.g. Retting l) 
apparently classical effects are observed after annealing. 
The period at room temperature prior to annealing deter- 
mines whether sufficient localized volume relaxation has 
accumulated to give a non-classical response. Thus a recent- 
ly processed polymer may be expected to react differently 
to annealing than one stored below T2 for a long period 
prior to annealing. 

It is not necessary to predict that on annealing above T2 
the disruption of ordered regions will result in a net de- 
crease in density. The redistribution of free volume can be 
sufficient to qualitatively account for the effects observed. 
However, the model would predict a density decrease with 
further annealing owing to normal volume relaxation. An 
attempt was made to detect the change in density of UPVC 
after various annealing treatments but, with the resolution 
available, this could not be achieved. Density measurements 
on cast PMMA using a density column gradient of ~0.0005 
(g/cm)/cm did, however, reveal a significant decrease in 
density after annealing for short periods at 60°C, followed 
by an increase in density with increasing annealing period. 
These density data are shown in Figure 6. Similar density 

changes have been observed by Golden et aL is for annealed 
polycarbonate. 

CONCLUSION 

The materials reference state generated by annealing PVC 
above ~45°C is not stable at room temperature. The in- 
stability is liable to distort the creep characteristics and 
thereby render this method of specimen conditioning coun- 
ter-productive. The effect is particularly severe after short 
(practical) annealing periods. 

The effect of annealing UPVC between ~45°C and Tg 
is to decrease the time dependent creep modulus of the poly- 
mer. This phenomenon was also apparent with PMMA at an 
annealing temperature of 60°C. In the case of  PMMA the 
reduction of creep modulus coincided with a significant 
decrease in density. The transition temperature, T2 = 45°C, 
for UPVC could be associated with either the 'melt '  tem- 
perature of small crystallites or the equilibrium tempera- 
ture for zero configurational entropy. It follows from both 
concepts that the processes of volume relaxation that oper- 
ate above and below this transition (/'2) are quite different, 
it is suggested that below T 2 the predominant process is 
that of local diffusion of free volume to give small but defi- 
nite regions of molecular order and disorder. Above T2 the 
ordered regions are no longer stable and after disruption, 
volume relaxation proceeds by the operation of a more dif- 
fuse or homogeneous contraction of free volume. 
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Drag reduction effectiveness of 
macromolecules 
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A working hypothesis has been developed to account for observed drag reduction properties of dilute 
polymer solutions. Drag reduction effectiveness of polymer solutes is attributed to their ability to 
form a deformable network structure which inhibits the formation of microvortices in the solvent 
and retards their ability to migrate through the fluid, coalesce, and result in fully developed turbu- 
lence centres. The size of microvortex precursors is tentatively set in the range of 100 ~,, and it is 
assumed that the damping (drag reduction) effect of macromolecules is due to strong association be- 
tween solvent molecules and polymer chains, immobilizing many of these active precursors. The 
hypothesis indicates that drag reduction effectiveness of polymers should depend strongly on poly- 
mer/solvent interactions in addition to the recognized variables of molecular weight, concentration 
and geometry of the f low system. The hypothesis accounts for a number of published anomalous 
observations and leads to new predictions of drag reduction variations with polymer molecular weight 
distribution, and temperature. These and related predictions are the focal points of new experimental 
research studies of the drag reduction phenomenon. 

INTRODUCTION 

~ae wide range of potential applications for drag reduction 
(OR) effects of dilute polymer solutions, coupled with the 
challenge of accounting for DR phenomena, have led to 
numerous studies of the subject. In some 1-12 (only a few of 
the more recent articles have been noted), successful corre- 
lations have been developed for the drag reduction effective- 
ness (DRE) of many polymers over a wide range of shear 
gradients. However, as noted in recent papers ~3-~s, a com- 
prehensive understanding of DR mechanisms remains ob- 
scure. A pattern is emerging, nevertheless, that accentuates 
the importance of molecular properties of the drag reducing 
agent in accounting for DR effects. The conceptual basis 
for our work lies in the molecular characteristics of the DR 
agent and in those characteristics of the solvent which res- 
pond to them. In this initial article a working hypothesis 
which accounts for some apparent conflicts in published 
studies of DR is presented. Important also are experimental 
consequences which follow from the conceptual approach; 
tests of these form the goals for our ongoing research, and 
may motivate a wider research response elsewhere. 

Two fundamental prerequisites for the DR effect can be 
postulated: 

(1) The phenomenon reflects an inherent property of 
the matrix fluid (solvent) to form a microstructure of tur- 
bulent eddies under critical gradient conditions. 

(2) DR follows from an intervention on the part of 
macromolecules. Logically, their DRE should reflect the 
influence of those variables which control the size, shape 
and mobility of the macromolecule under the conditions 
of observed drag reduction. 

In evaluating earlier rationalizations of DR, as well as in 
laying a foundation for the present approach, it is con- 

* To whom enquiries should be addressed. 

venient to consider turbulence suppression in terms of 
three kinetic stages: 

(a) disturbance initiation. This stage postulates the acti- 
vation of microeddies from pre-existing microcentres of 
discontinuity in the solvent. 

(b) growth (propagation) stage. In the second stage, one 
may postulate the growth and diffusion of eddies through 
the continuum. Growth and mutual interaction of distur- 
bances leads to: 

(c) disturbance decay (termination). The decay rate will 
be a function of energy dissipation as well as of recombina- 
tion or partial coalescence of eddies. Thus, it does not 
necessarily follow that the initiation and decay rates must 
be numerically equal. 

A more complete theoretical argument of these concepts 
is to be published separately ~6. 

The kinetics of each of the three stages should depend 
upon the inherent properties of the continuum fluid, on 
the modifying influence of a macromolecular solute and on 
the geometry of the flow system. Clearly, stage (a) and, in 
part, stage (b) are concerned with events of'incipient dis- 
turbance' on a dimensional level much smaller than the 
events of optically observable macrodisturbance [stages (b) 
and (c)]. In general, published accounts of DR are con- 
cerned with the role of polymers as agents for the suppres- 
sion of macrodisturbances in the late stages of their kinetic 
development. Thus, Astarita 73 and Fabula s are concerned 
with the dynamic and relaxation propetties of polymers, 
hence focusing on stages (b) and (c). Others, notably Seyer 
and Metzner 9 stress the effect of increased elongational vis- 
cosity in polymer solutions and so are concerned with the 
decay rate of stage (c). Recently, Lacey 14, also focusing on 
stage (c), has suggested that an eddy-damping effect arises 
from the migration of macromolecules and thread-like par- 
ticles to regions of flow disturbance. The approach of Virk 
and coworkers 4, to which our concepts relate, introduces 
specific dimensions in considering the influence of macro- 
molecules on fully developed disturbances, with diameters 
exceeding 10 -3 cm. The expectations of Virk's effective 
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~oo ~, 

Figure I Schematic representation of function in drag reducing 
polymers. (a) (r e) ~ d microdomains (turbulence precursors); (b) 
(r e) ~ d microdomains (turbulence precursors) 

slip correlations are not universally substantiated. Thus, 
Peyser and Little ~2 reported apparent contradictions to 
Virk's theory, in that the DRE of polystyrene increased 
with the viscosity of the solvent. It is our opinion that a 
shortcoming in the Virk approach lies in its attempt to 
account for the behaviour of fully developed disturbances 
[in stages (b) and (c)], which are dimensionally inconsis- 
tent (much larger) with the average dimensions of the drag 
reducing macromolecule. 

In order to overcome this problem, it would be necessary 
to consider the properties of macromolecular aggregates or 
entanglement domains with overall dimensions equal to or 
greater than the 10 -3 cm range proposed for the linear 
dimensions of turbulent eddies 4. Astarita's treatment 7~ of 
characteristic (bulk) relaxation times can be seen as a step 
in this direction. The aggregation and entanglement ten- 
dencies of polymers in solution are principally dependent 
on molecular size, flexibility and deformability, under the 
conditions of relevant stress gradients. These properties will 
be strongly influenced by the thermodynamics of polymer/ 
solvent interaction, and progress towards the further evolu- 
tion o f  DR mechanism therefore should be possible from 
detailed consideration along these lines. Our approach in- 
volves the question of molecular structure, and thus resem- 
bles the statements of Little and coworkers ~2,~a, of Bala- 
krishnan and Gordon ~s and Kiran ~7. An important feature 
of our approach, however, is its focus on the role of macro- 
molecule as an inhibitor for the initiation stage (a) of micro- 
disturbance formation. 

MOLECULAR MODEL FOR DR 

To account for the DRE of macromolecular solutes, we 
note that: (1) the concentration of macromolecules needed 
for DR must exceed a minimum u, below which no signifi- 
cant DR is noted in any given system; and (2) the molecular 
size of the solute is important and appreciable DR is obser- 
ved only when the molecular weight exceeds a 'benchmark' 
parameter, such as the entanglement weight Mc u ,is. 

The points suggest that the macromolecule reports on 
events occurring on a size level comparable with those of 
the indicating species. In combination, the criteria re-iterate 
that DR is evident only when there is dimensional consis- 
tency between turbulence precursors in the solvent and the 
effective size of the polymer. This size should be related to 
a critical effective radius of gyration of the macromolecule, 
(rc). Through changes in polymer molecular weight, con- 
centration and solvent-solute interaction, the right order 
of (r c) must be attained for any fluid-flow geometry situa- 
tion, in order for the polymer to act as an effective DR 
agent. 

The basis of our argument is represented schematically 
in Figure 1. The solvent is thought to contain microdistur- 
bances or turbulence precursors, and the macromolecule 
becomes an effective suppressor only when it is capable of 
linking, or 'penetrating' two or more of these, thus hinder- 
ing their free movement and growth. The above criteria for 
DR strongly relate DR effectiveness with events which will 
tend to increase the apparent 'size' of the polymer. Chain 
entanglement is one such event la. An important additional 
effect will be the tendency for multilayers of solvent to 
form a jacket ahout the polymer chain, an interfacial effect 
discussed by Jellinek ~9 for polymer/water systems. These 
stipulations of our model suggest that turbulence precur- 
sors will have linear dimensions in the 100 A range. 

Expectedly, D R E  should increase as (r) increases beyond 
(r c) i.e. as the macromolecule becomes capable of hindering 
the motion of an increasing mass of discontinuity elements. 
A limit to the rise in D R E  is clearly necessary however; at 
(r) much greater than (rc), the energy requirement for trans- 
port of the macromolecules through the fluid matrix rises 
sharply, and significant increases in the friction coefficient 
of larger units will tend to reduce the relative D R E  of the 
macromolecular additive. 

Further clarification of the role played by macromole- 
cules in DR follows from a consideration of the mecha- 
nisms for 'activating' turbulence microdomains. A detailed 
analysis of the process will be given in a separate publica- 
tion t6. Here a simple model is adopted which assigns Brow- 
nian translation motion to any microdomain: 

1/2(m~ 2) = 3/2(kZ) (1) 

Assuming the linear dimension of the domain to be 100 A 
and the liquid density p = 1.00 then: 

m = pD 3 = 10-18g 

At 300 K, (u-2) 1/2 = 3 m/sec; in a much larger domain, say 
1000 A, (u-2) 1/2 ~_ 0.11 m/see. These average values of the 
Brownian velocity are comparable with the characteristic 
velocity, vo, of boundary layers in pipe flow as given by4"S: 

vo = ( 2 )  

According to Levich 2°, this velocity pertaining to a boun- 
dary layer of thickness 80 is also characteristic of anihila- 
tion of micro-eddies in the continuum fluid. 

These concepts are expressed schematically in Figure 2. 
Here the boundary layer, 80, contains a typical domain, A, 
populated by N independent hydrodynamic units. Choos- 
ing Cartesian coordinates for this system, a Gaussean velo- 
city distribution can be assigned thereto. A similar domain 
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Schematic representation of velocity distribution in 

Brownian motion of domains in laminar boundary layer (A) and 
main stream (B) 

B located outside the boundary layer will have velocity 
distributions related to those in A but shifted, as shown, by 
a component dimensionally equal to v 0. The situation is 
tantamount to the existence of a local entropy gradient AS, 
and a restoring force related to the gradient via: 

F ~ ZXS/8 o (3) 

The magnitude of AS will depend on the total number of 
independent hydrodynamic units involved, as well as on 
vo.* In this context, the role of the macromolecule as drag 
reducer, rests in its ability to reduce AS by reducing the 
number of independently moving hydrodynamic units. 
Accordingly, DRE will be proportional to D 3, but in addi- 
tion, a positive contribution to DRE should arise from an 
increase in 8 0 owing to the presence of polymer. The pene- 
tration of microdomains by the macromolecule, its dimen- 
sions increased through chain entanglements, and/or the 
reduction in the degree of translational freedom of micro- 
domains located in a solvent jacket strongly associated with 

* We note that with increasing D, both (u-'2) 1/2 (equation 1) and 
vo will decrease, the latter variation leading to the empirical state- 
ment 6 v 0 = lID. Thus, the magnitude AS will depend most heavily 
on D, i.e. on the total number of independent hydrodynamic units 
involved. 
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the polymer chain 19, are proposed as the major stabilizing 
effects of the solute. Both routes to a reduction of the 
local entropy effect must depend on molecular size and on 
the architecture of the polymer/solvent interface; hence an 
interdependence is expected between DRE and parameters 
descriptive of thermodynamic interactions in polymer 
solutions 21. 

Initial tests o f  the model 

The need for the macromolecule to conform in such a 
way as to immobilize a substantial number of turbulence 
precursors, indicates a molecular flexibility arising from 
favourable thermodynamic interactions, and from a mole- 
cular weight greater than the critical weight for chain en- 
tanglement 18. A rough correlation between DRE andM/Mc 

should be expected and has in fact been reported by several 
authors. The intrinsic viscosity, [r~], being a convenient 
measure of the quality of solvent/solute interaction for a 
given macromolecule, should also be an acceptable, though 
approximate normalizing parameter for DRE. Thus, we 
could expect the effective linear dimension of the turbu- 
lence-suppressing agent as given by a parameter involving 
both [~)] and M/M c to be particularly useful in accounting 
for the DR performance of a wide range of polymers. 

The recent data reported by Liaw et aL 11 provide a suit- 
able test of this point. These authors tabulate M/M c, [7] 
and the Mark-Houwink exponent a, for a number of equally 
effective DR systems, and note a qualitative link between 
DRE and [7]. Expressing the effective dimension of the 
macromolecule by: 

(re} = f[T~]/(M/Mc) a (4) 

it is found that this new parameter correlates with DRE 
more satisfactorily than either [7?] or M/Mc alone, ((r e) 
may be thought of as an index of microdomain immobiliza- 
tion on the subchain level). The relevant data are given in 
Table 1. With one exception the (re) values are reasonably 
invariant - a noteworthy fact when considering an inherent 
error of some 20% in Mc evaluations 18. The exception is 
ethyl cellulose; the molecular flexibility here may be much 
more restricted because of the internal bonding capacity of 
the polymer. The point emphasizes the fact that a given 
value of [r/] is not necessarily synonymous with a specific 
molecular flexibility, i.e. with an equivalent capacity of the 
macromolecule to immobilize precursor centres by the 
mechanisms elaborated above. A similar point has been 
made recently by Frommer and coworkers 2z. 

Some additional progress can be made in rationalizing 
the DRE of macromolecules. If our mechanistic approach 
is valid, then the following simple considerations should 
apply. Let (Cs/M) be the number of macromolecules per 
unit volume, and Vm be the volume of one macromolecule. 
In the light of our assumptions at any M, the product 
(Cs/M) × Vm represents the number of DR units necessary 
to just Fill the continuum fluid space. This, however, does 
not evaluate the efficiency with which the turbulence pre- 
cursors resident within that space will be immobilized. We 
therefore introduce the parameter ~ to be proportional to 
the effective number of turbulence precursors immobilized 
within V m. Inherently ~ must be a function again of mole- 
cular mass (M) and also of solvent/solute thermodynamic 
interaction parameters, such as the free energy of mixing 
value XI 2, or the contact energy value X12 , drawn from con- 
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Table 1 Values of [r~]/(M/Mc )a for various drag reduction systems. All source data taken from ref 11 

[el 
Polymer Code M M/M c (dl/g) a [~]/(M/Mc )a 

Polydimethyl- SR 130 1.1 X 107 380 8.0 0.62 0.201 
siloxane SR 54 5.6 X 106 193 5.3 0.62 0.203 

SE 3.0 X 105 10 0.83 0.62 0.199 

Poly(ethylene PEO--Coag 2.8 X 106 458 13.2 0.82 0.087 
oxide) WSR--301 2.3 X 106 383 11.4 0.82 0.087 

WSR--205 7.8 X 105 133 4.95 0.82 0.090 
WSR--35 4.0 X 105 67 2.95 0.82 0.094 
WSRN--10 7.8 X 104 13 0.8 0.82 0.098 

cis-Polybutadiene PBD 3.5 X 105 60 3.6 0.725 0.185 

cis-Polyisoprene P IP--280 2.7 X 106 191 8.5 0.728 0.186 
PIP-70 7.1 X 105 50 4.0 0.728 0.232 

Ethyl cellulose ECN 105 5 3.1 0.81 0.842 

temporary polymer solution theories 23'24. This argument 
indicates that: 

(Q/M) x Vm. ~ = constant (5) 

If we assume, for simplicity, that the molecular weight 
effect predominates, then ~ cx M, and 

Cs x Vm = constant (6) 

whence Cs x D 3 = C1/3D = constant (7) 

Re-introducing the interaction concept, we follow the fre- 
quent procedure of  using [r?] as a more convenient measure 
of solvent/solute interactions. As a first approximation then, 
D = [7] ~, and at K = 1.0, 

C 1/3 [7?] = constant (8) 

A major problem resides in the fact that [r/] is defined in 
the limit j, ~ 0, whilst DR occurs at high rates of  shear. 
Following Subirana 2s, we note that at high shear rates the 
[r~] of  all macromolecules corresponds to that o f  a 0 condi- 
tion, whence a preferred statement is 

C 1[3 [r?] 0 = constant (9) 

This development can be tested approximately,  again 
using the data of  ref 1 1. A set of  csl/3[~?] values has been 
calculated from that source, and entered in Table 2. The 
evidence is strongly in favour of  the present argument, for 
with variations in Cs over a range of 3 decades, the variation 
in cls/3 [77] is reduced to a fairly narrow range centred on a 
value of about 1.5. The scatter is random, apparently inde- 
pendent of  molecular weight or intrinsic viscosity, and 
could well reflect the error introduced in using [~7] instead 
of the theoretically preferred [72] 0. 

A final reminder is made, however, that ideal correlations 
involving DRE, should include a specific representation of 
~; we re-iterate that this will be functionally dependent on 
the free energy of mixing for the polymer/solvent pair, 
AGM, and consequently on the independent variables of  
AGM, such as the temperature and concentration. 

DISCUSSION 

(1) Our molecular approach to DR events bears some simi- 
larities to previously reported theories of  fluid instability, 

in particular the extensive field analysis of fluids due to 
Denn and Porteous 26. These authors concluded that flow 
instabilities in liquids bear a close similarity to field insta- 
bilities in supersomc flow of gases. Our approach is closely 
analogous, but (u~) 1/2 of  the large flow units in our systems 
is much less than that in air flow 26, hence our flow units 
can be affected significantly by the velocities u 0 of the rele- 
vant boundary layers. 

Analogy is also noted to the empirical relationship of 
Virk 6 

K* x D = constant (12) 

where K* is the wavenumber and D the particle diameter 
of vortices. According to Hinze 27, K* is related to the size 
of energy-dissipating eddies. Thus: 

D 
K* x D ~ - = constant (1 2') 

D 3 V m 
and - - constant (12") 

63 63 

Table 2 Values of (C s) 1/3 [~t] for drag reduction systems reported 
in ref 11 

Polymer code* Cs(w t %) (Cs)l/3 [r/] 

SR 130 ~0.001 0.8 
SR 54 ~0.003 0.76 
SE 30 0.7--1.5 0.78--1.00 
P EO--Coag 0.001 --0.003 1.35--1.93 
WS R--310 <0.003 < 1.83 
WSR-205 0.008-0.02 0.9--1.22 
WS R - 3 5  0.02 --0.05 0.68-0.92 
WS R N--10 ~,0.4 ~'0.58 
Hydrin <0.1 <1.44 
PIP 60 ~0.2 1.46 
CIS PBD >0.2 >2.1 
CIS PIP-280 0.008-0.02 1.68-2.28 
CIS PI P--70 0.15--0.30 2.12-2.68 
PIB L 200 0.1--0.4 1.95--3.08 
PIB L 200 0.05-0.20 2.42-3.78 
PIB L 80 0.1--0.3 1.63--2.34 
PIB L 80 >0.9 >0.79 
ECN >0.25 >1.57 
PMME >0.9 >1.64 
Polystyrene >0.94 >0.98 

* Codes are fully described in ref 11 from which they are 
reproduced 
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This leads to the consistent suggestion that the lower limit 
of observable turbulence is associated with a constant num- 
ber of hydrodynamically independent units, regardless of 
the chemical nature of either solvent or solute. 

(2) In a future publication, we will account more formally 
for the response o f  D R E  to independent variables such as 
T, concentration and polymer molecular weight, through 
analysis of correlation equations derived from the fore- 
going arguments. Some qualitative experimental expecta- 
tions are noted at this time, however. We regard these as 
useful starting points for newer research goals in the DR 
area. (a) The general correlation of molecular weight and 
D R E  has been noted frequently, but little concern appears 
to have been given to the question of which moment of the 
distribution of a polymer is important. The high molecular 
weight end of the distribution spectrum will weigh most 
heavily in immobilizing turbulence centres. Thus, it is sug- 
gested that in polydisperse systems, D R E  will correlate more 
strongly with z-average and weight-average values than with 
M v or number-average values of the molecular weight. Fur- 
ther, in the present work, the envisaged role o f  DR agents 
suggests that a minimum effective number of chain segments 
must be available before an average molecular unit of the 
material can produce measurable DR results. The existence 
of a material constant based on a function of the type 
F(Cs/Mz) is therefore proposed for constant thermodyna- 
mic conditions of polymer/solvent interaction. (b) The 
influence of polymer/solvent interactions on D R E  is held 
to be important. The tacit assumption is often made that 
the intrinsic viscosity can be used as a convenient index of 
polymer/solvent interactions. As already noted, we regard 
this choice as too limiting. Among the reasons for this is 
the fact that [~/] relates to macromolecular dimensions at 
vanishing concentration and very low shear rates. In con- 
trast, DR occurs at finite concentrations and at very high 
rates of shear. Although the former problem is likely of 
little importance, a change to other parameters of inter- 
action, such as the × or X value already referred to earlier 
should increase the precision of correlations. The difference 
in shear levels however, would seem to be of great impor- 
tance 2s, and it is proposed that more accurate predictions 
of  D R E  will follow from the inclusion of an index of the 
shear dependence of solution viscosity in the molecular des- 
criptors of the DR agents, or as suggested in equation (9), 
from the use of experimentally evaluated [77] 0 results. (c) 
The temperature dependence o f  D R E  should reflect the 
unique temperature dependence patterns of polymer/sol- 
vent interaction parameters 23'24. In particular, we cite the 
existence in polymer solutions of both a low and high tem- 
perature solubility limit. From these considerations it fol- 
lows that: a given polymer/solvent system must have an 
optimum temperature for DRE; both positive and negative 
variations of D R E  with temperature should exist, depend- 
ing on which side of the optimum temperature observations 
are being made. 

CONCLUSIONS 

We conclude that turbulent eddies in fluids arise from three 
dynamic processes. Incipient turbulence is associated with 
microvortex precursors having dimensions in the range of 
100 A, while fully developed turbulence domains are asso- 
ciated with linear dimensions of the order of 10 -3 cm. DR 
effects of macromolecules are associated with their ability 

to form penetrated domains which damp and stabilize the 
discontinuities of the solvent at the incipient formation 
stage. By a principle of dimensional consistency this calls 
for entanglement or penetration domains with linear dimen- 
sions of at least 100 A. It follows that DRE will depend 
on those variables of the system which influence the effec- 
tive linear dimensions of the macromolecule as well as on 
the variables which determine the size of microdisturbances 
in the solvent and the shear gradient at which these first 
occur. 

NOMENCLATURE 

c, 
D 
M,M~ 

AS 
/7/ 
F 

90 

Vm 

u 
[?] 
TOJ 

80 
P 
K* 

X12 
X12 

= critical concentration of macromolecules 
= diameter of volume defined by macromolecule 
= molecular weight, and critical weight for chain 

entanglement of macromolecule 
= local entropy gradient 
= mass of turbulence domain 
= restoring force to entropy gradient 
= characteristic velocity of boundary layers in tube 

flow 
= internal volume of macromolecule 
= gyration radius of macromolecule 
= mean Brownian translational velocity 
= inherent viscosity of polymer 
= wall stress 
= shear rate 
= thickness of boundary layer 
= density of continuum fluids 
= wavenumber 
= number of turbulence precursors immobilized 

by macromolecule 

= free energy of mixing / for solvent/solute pair 
= contact energy ) 
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Time effects on the thermochemical 
behaviour of natural rubber 

L. Araimo, F. de Candia and V. Vi t to r ia  
Laboratorio di Ricerche su Tecnologia dei Polirneri e Reologia, CN R, 80072 Arco Fe/ice (Napoli) Italy 
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Some preliminary results, obtained by studying the time effects on the thermomechanical behaviour 
of a natural rubber network, are reported. Experimental data indicate some thermodynamic features 
of the relaxation phenomenon under stress. The observed effects are discussed. 

INTRODUCTION 

At constant pressure and temperature the thermomechani- 
cal analysis of the deformation process of a rubberlike mate- 
rial can be carried out using the following state equationt: 

AF = ~ W  + A a  - TAS (1) 

where AF is the change in free energy, AW is the elastic 
work and is given by the integral 

f rdu 

1 

where ~" is the force on the unit of undeformed cross-sectional 
area and a is the strain ratio, AQ is the heat change and TAS 
is the entropic term. In equilibrium conditions AQ = TAS and: 

ot 

&F= I rda (la) 

1 

while in non-equilibrium conditions, taking into account that: 

TAS = AQ + TASirr (2) 

where ASirr is related to the irreversibility of the process, then: 

AF = f rda - TASirr (3) 

1 

and 
ot 

Al l  = f rda + AQ (3a) 

1 

All the thermodynamic terms of equations (1)-(3) refer to 
the volume unit. 

Therefore, a direct graphical integration of the experi- 
mental r vs. a plots gives the experimental numerical value 
of AN, while, AQ can be given by a direct microcalorimet- 
ric measurement. In the present paper, using this kind of 
analysis, time effects on the thermomechanical behaviour 
of a vulcanized rubber sample have been investigated. In 

particular, the thermodynamic functions AQ, AW, AH for 
increasing and decreasing strain, have been calculated from 
experimental data, in order to obtain information about 
the relaxation phenomena at thermodynamic level, for 
short and long times of relaxation. Moreover, at a qualitative 
level, information about the entropic term TAS can be ob- 
tained. 

It is of interest to see if, from the thermomechanical 
data, it is possible to obtain evidence of chain-chain inter- 
actions or aggregation, induced by strain, and some infor- 
mation on the degree of irreversibility of such effects even- 
tually present. This study is related to well known prob- 
lems of rubber elasticity, where the experimental deviations 
from the Gaussian theory 2, suggest connections with inter- 
molecular phenomena such as chain--chain interactions or 
aggregations s-~. 

EXPERIMENTAL 

A sample of vulcanized natural rubber was prepared using 
dicumyl peroxide as initiator; vulcanization was carried out 
at 145°C for 45 min. 

The apparatus used to analyse the thermomechanical beha- 
viour of the sample consists of a Calvet microcalorimeter 
equipped with a cell previously described 3. The microscrew 
of the deformation cell is connected with a strain gauge that 
gives the value of the tensile stress. The sample is clamped 
in part of the cell inside the microcalorimeter which gives 
the measure of the heat exchanged during the deformation. 
The use of the microcalorimeter, in this kind of measure- 
ment, is based on the Tian equation s. As explained before s, 
in the present experiment the heat exchanged during the 
deformation is proportional to the area under the recorded 
line, and can be easily calculated when the calibration con- 
stant is known. A calibration plot (recorded area vs. energy) 
was obtained using a calibration cell based on the Joule 
effect. The work temperature was 40°C. The time interval 
between stretching and relaxing was 20 min. A general view 
of the apparatus is given in Figure 1. 

RESULTS 

The sample was deformed step by step, relaxing to zero load 
before stretching to the next strain value. The time interval 
between stretching and relaxing, and again stretching to the 
next a value was always 20 rain. In this way, for each defor- 
mation value, the stress, immediately after stretching and 
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Table I 

Figure I Schematic illustration 
of the apparatus used in the 
thermomechanical measurements: 
A, force transducer; B, deforma- 
tion microscrew; C, calorimeter 
cell; D, sample 

Experimental data of AWand AQ 

AWt AW$ AQ * 
X l 0  - 2  X l 0  -2  X l 0  - 2  

(x (J/cm 3) (Jlcm 3) a (J/cm 3) 

AQ,  
X 1 0  - 2  

(J/era 3) 

level, of the relaxation phenomenon, occurring when the 
sample is stretched. Therefore, the comparative analysis 
of the data of Table i and of Figure 2, giving a thermo- 
dynamic picture of the mechanical relaxation, provides 
evidence concerning the relaxation mechanism. 

The effect of the relaxation, as is well known, is a dissi- 
pation of mechanical energy; this is dearly shown in Table 
1, where all the values detected decreasing the strain are 
smaller than those during increase. From Table i it appears 
that thermal energy also, is dissipated in the deformation 
process. 

Reporting these main results in terms of the cyclic integ- 
rals of the two functions AI¥ and AQ related to cyclic de- 
formation, the data of Table i give: ICAQdod > ICAWdeI. 

The last result indicates that in the overall process, the 
dissipation of thermal energy is more pronounced and, this 
gives, as is clear from Figure 2: qSAHdc~ < 0. As AH is a 
state function this datum is evidence of the irreversibility 
of the process in the time scale of the experiment. 

Moreover, it can be suggested that the negative value of 
the cyclic integral of the enthalpic term could be related to 
ordering phenomena. Ordering phenomena, such as the 
formation or orientation of bundles, or simple chain orien- 
tation with interchain aggregation, are consistent with the 
behaviour observed for the enthalpic term. The suggestion 
that the relaxation can take place with such a mechanism 
is supported by results obtained by analysing the infra-red 
dichroism of stretched, natural rubber networks °, where it is 
evident that orientation phenomena take place during the 
relaxation process. On the other hand, the possibility that 
aggregation phenomena can occur during the stretching seems 
to be supported by experimental data obtained analysing the 
crystallization behaviour of stretched natural rubber 7,s. 
This does not exclude the occurrence of other kind of re, 
laxation mechanisms, e.g. entanglements, or free chains or 
chain ends slipping. 

1.200 1.4 1.5 1.659 7.52 4.46 
1.501~ 9.3 8.8 1.989 20.46 13.72 
2.100 39.6 36.6 2.319 36.69 30.09 
2.400 59.1 55.0 2.648 60.08 50.11 
2.700 81.3 75.7 

The arrows indicate increasing (*) and decreasing (~) =train 

0.2 

before relaxing the sample, has been detected. Therefore, 
the calorimeter gives two signals, the first on stretching and 
the second on relaxing. Using these experimental data, (see 
Table 1), the curves AW vs. c~ and AQ vs. c~ for increasing 
and decreasing strain were obtained. Using equation (3a), 
we have calculated the plot AH vs. c~ for increasing and de, 
creasing strain. Results are reported in Figure 2. Repeating 
the complete deformation cycle, after a few hours and after 
two days, the data of Figure 2 are reproducible in the range 
of experimental errors. 

E u 

0"15 

0'1 

0 " 0 5  

DISCUSSION 

In order to give an interpretation of the results obtained, 
the significance of the measurements as carried out must 
first be discussed. The difference observed in the thermo- 
dynamic functions, between increasing and decreasing 
strain, takes into account the effects, at thermodynamic 

O i l  I I I 
I 1.5 2 2.5 

~t 

Figure 2 Enthalpic term as a function of the deformation ratio; 
O, increasing the strain; t ,  decreasing the strain 
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Some comment can be made about  the entropic term. 
From equation (2) where T2~S~ is always larger than zero, 
it follows that, even if the entropic term cannot be calcu- 
lated quantitatively, this term is qualitatively related to the 
heat term. Thus Table I shows that the difference in en- 
tropy between the strained and unstrained state is greater 
on stretching than on relaxing. 

This observation is valid in the hypothesis that z2xSir r on 
stretching and 2xSir r oll relaxing are not  drastically different, 
can be in agreement with the occurrence of  ordering pheno- 
mena such as chain orientation and aggregation which are 
irreversible in the time scale of the experiment.  Ordering 
phenomena also seem to be suggested by the residual creep 
after the relaxing. 

In addition, the evidence regarding the reversibility of 
the data of  Table 1 and Figure 2 on repeating the deforma- 
tion cycle after a few hours and a few days, indicate that 
the phenomena responsible for the observed effects that 
take place during relaxation under stress, are reversible 
after a moderate time of relaxation at zero load. In conclu- 
sion, at this stage, we cannot prove without doubt ,  from 
the time effects on the thermomechanical behaviour the 
existence of  ordering phenomena. However, we have no 
results that disagree with this hypothesis,  which is so im- 
portant  for the understanding of  the mechanical behaviour 

of the rubber-like materials. On the other hand, the hypo- 
thesis seems to be directly supported by other kinds of  ex- 
perimental observations 6-8 
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A new approach in permeation chromatography calibration 

Pawel Szewezyk 
Polish Academy of Sciences, Institute of Polymer Chemistry 41-800 Zabrze, Poland 
(Received 22 May 1975) 

The first step in the determination of molecular weight dis- 
tribution (MWD) of polymers using the gel permeation 
chromatography (g.p.c.) technique is to calibrate a given 
set of columns with a series of reference solutes. True mole- 
cular weight averages may be calculated from a g.p.c, chro- 
matogram when a complete form of the calibration curve 
is known and corrections for imperfect resolution are made 1. 

A large variety of calibration methods have been pro- 
posed 2-~, involving narrow or broad MWD standards or 
using the hydrodynamic volume concept. Among the exist- 
ing calibration procedures incorporating both of the above 
mentioned conditions, only the effective linear calibration 
method proposed by Balke et al. 7 is relatively simple and 
has potential general utility. However, the linearity of this 
effective calibration becomes questionable when the cali- 
bration line is to be extrapolated to interstitial volume on 
one end and elution volume for monomers on the other. 

In this paper a new concept in the effective g.p.c, calibra- 
tion approach is presented. It is assumed that for a given 
type of polymer and fLxed experimental conditions the 
molecular weight calibration curve in the elution volume 
range of practical importance may be accurately represented 
by a polynomial of degree n, i.e.: 

logM= ao + al V + a2V 2 +'"+an Vn = f(V) (1) 

where M, V, a0, al . . . .  , an are the molecular weight of a 
hypothetically monodisperse fraction, the peak elution 
volume and polynomial coefficients, respectively. If equa- 
tion (1) holds for monodisperse fractions, the coefficients 
ao, al,..., an are evaluated from an identical equation (2) 
by means of the least squares methodS: 

loglTIr=ao + alVp +a2V~p +'"*an~p=f(Vp) (2) 

in which Mr denotes any type of polymer average molecu- 
lar weight (e.g. number-, viscosity-, weight-average molecu- 
lar weight, etc.) and Vp represents a suitably averaged value 
of its elution volume. From the definition of the reciprocal 
function the following relation for Vp is obtained from 
equation (2): 

Vp = f-l(logMr) = b0 + bl (log/~r) + " "  + b n (log/~r) n (3) 

where b0, bl . . . . .  bn are coefficients of the reciprocal poly- 
nomial. 

Equations (2) and (3) are the basis of the proposed cali- 
bration procedure. In order to calculate (n + 1) values of 
the a i and b i (i = O, 1,2 . . . . .  n), polynomial coefficients at 

least (n + 2) values of average molecular weights &tr, and 
the chromatograms of samples of which the Mr are mea- 
sured, have to be known. 

Starting values of the ai and b i coefficients are evaluated 
from the log.~rr v e r s u s  Vpeak, and Vpeak v e r s u s  log&r r rela- 
tions using the known (n + 2) values of average molecular 
weights ~rr and peak elution volumes Vpeak of samples 
chosen as standards for the polymer investigated. Values 
of the average elution volumes Vp are then calculated for 
each of the standards. If the number-aver_age molecular 
weight 114 n of a standard is known, Vp - V1, is calculated 
according to a formula derived from equations (3) and (2) 
and the definition of bin: 

Vl =f-l(logMn)=f-I [log ( ~i wiMi-1) -1 ] 

= f-l[--log ( ~i wilO-f(Vi) ) ] (4) 

In the case when viscosity-average My or weight-average 
&rw molecular weights of the chosen standards are known, 
equations from which the corresponding V2 or V3 average 
elution volumes may be evaluated are as follows: 

t 

V3=f-l(logMw)=f-1 [log ( ~i wilOf(Vi)) ] (6) 

In equations (4)-(6) f and f - t  denote the polynomials de- 
fined in equations (2) and (3), wi are the established from 
the chromatogram weight fractions of polymer with mole- 
cular weight Mi and a is the corresponding Mark-Houwink 
equation exponent. 

In this way (n + 2) values of average elution volumes Vp 
are obtained and the least squares evaluation of the a i and 
b i coefficients repeated. An iteration procedure is then per- 
formed on the successive a i and b i coefficients until a mini- 
mum value of the average percentage accuracy of the calcu- 
lated from the corresponding chromatograms average mole- 
cular weights Mr(calc.) using the latest calibration polynomial 
is obtained, i.e.: 

n=2 
1/(n + 2) ~ 100(~  - 3~r(calc.))/3~ / 

i = 1 
(7) 
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In analogy to the ultracentrifugation method of establish- 
ing the sedimentation coefficient-molecular weight relation, 
using averaged values of sedimentation coefficients 9'1°, the 
concept of averaging the experimental g.p.c, elution volumes 
was used in the above presented calibration procedure. Peak 
elution volumes almost exclusively applied in calibrating the 
g.p.c, columns are known not to correspond to any of the 
experimentally measurable average molecular weights 11. 
This may lead to serious errors in the case of generally en- 
countered polydisperse polymer samples. In the presented 
method polymer samples of any polydispersity may be used 
as standards, yet their molecular weights should cover as 
broad a molecular weight range as possible. 

This new calibration method is presently being tested to 
establish whether it does in fact correct for the g.p.c, instru- 
mental spreading, and how its accuracy is influenced by 
experimental errors in average molecular weights and poly- 
dispersity of standards. 

Notes to the Edi tor  
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Spin-labelling of hydroxyl groups in polysaccharides 

Michael C. Cafe, Norman G. Pryce and lan D. Robb 
Unilever Research Laboratory, Port Sunlight, Wirral, Merseyside L62 4XN, UK 
(Received 21 August 1975; revised 29 September 1975) 

INTRODUCTION 

Spin labelled polymers have been used to study both the 
solution properties of polymers 1'2 and their behaviour when 
adsorbed at the solid/liquid interface 3'4. Various methods 
for labelling polymers have been used, though one of the 
more difficult problems has been the labelling of hydroxyl 
groups on polymers such as polysaccharides that are soluble 
only in water or other hydroxylic solvents. Serine-OH 
groups on proteins have been labelled s, though the toxicity 
of the label requires great caution with the experiment. 
Labelling hydroxyl groups in proteins or polysaccharides by 
other methods such as using water soluble carbodiimides 6, 
Woodward's reagent K 7 or cyanuric chloride s has been 
briefly reviewed 9'~°. These methods however can sometimes 
lead to crosslinking. 

The method of spin-labelling polysaccharides outlined 
in this note involves modifying the hydroxyl group with 
cyanogen bromide. This method has been used to attach 
proteins and polypeptides to cellulose or Sephadex gels ll-13. 
Although the pH in this work was 11, the reaction can be 
carried out in more moderately alkaline conditions (9.5-10). 
At pH 11, degradation of the polymer which occasionally 
occurs in acid conditions is avoided and a high efficiency of 
labelling can be achieved. Provided the polymer is com- 
pletely dissolved, labels will be attached to OH groups and 
be randomly distributed along the chain. The polysaccha- 
ride to be labelled was sodium carboxymethylcellulose 
(SCMC) and the spin-label was 4-amino-2,2,-6,6-tetramethyl- 
piperidine-N-oxyl (I), (as supplied by Aldrich Chem. Co. Ltd). 

EXPERIMENTAL AND RESULTS 

A 2% solution of the SCMC (F4 grade from British Celanese 
Products, degree of substitution, 0.6) was fdtered through a 
No. 4 sintered glass filter and then dialysed against distilled 
water for 2 weeks. Its molecular weight determined by 
viscositya4 in 0.1 M NaC1 was 32 500. Purified SCMC (2 g) 
was dissolved in 40 ml H20 and the pH adjusted to 11 with 
1.0 M NaOH. Cyanogen bromide, (0.1 g, supplied by BDH) 
in 2 ml H20, was added and the mixture stirred for 4 h at 
room temperature, while keeping the pH constant at 11, 
using an automatic titrator. Spin label (I) (0.1 g) was added 
and the solution left a further 18 h at room temperature 
and at pH 11. The SCMC solution was then dialysed against 
distilled water until no further spin label (I) could be detec- 
ted in the external solution by e.p.r, methods and then 
freeze-dried. Spectra were recorded on a Varian E-4 X-band 
spectrometer. 

The molecular weight of the labelled SCMC ~, again deter- 
mined by viscosity in 0.1 M NaC1 was 34 000, indicating a 
minimum degree of crosslinking. The 1H and 13C spectra 
measured on a Brucker WH90, showed no difference in the 
linewidths or chemical shifts of the labelled or unlabelled 
samples, again indicating that no significant crosslinking 
had taken place. Solutions of the labelled polymer were 
optically clear. The e.p.r, intensity of a 2% solution of the 
labelled polymer was compared with that of a known con- 
centration of spin label (I). From this comparison it was 
calculated that there was 1 label per 24 glucose units. The 
spectrum from the labelled polymer is shown in Figure 1. 
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INTRODUCTION 

Spin labelled polymers have been used to study both the 
solution properties of polymers 1'2 and their behaviour when 
adsorbed at the solid/liquid interface 3'4. Various methods 
for labelling polymers have been used, though one of the 
more difficult problems has been the labelling of hydroxyl 
groups on polymers such as polysaccharides that are soluble 
only in water or other hydroxylic solvents. Serine-OH 
groups on proteins have been labelled s, though the toxicity 
of the label requires great caution with the experiment. 
Labelling hydroxyl groups in proteins or polysaccharides by 
other methods such as using water soluble carbodiimides 6, 
Woodward's reagent K 7 or cyanuric chloride s has been 
briefly reviewed 9'~°. These methods however can sometimes 
lead to crosslinking. 

The method of spin-labelling polysaccharides outlined 
in this note involves modifying the hydroxyl group with 
cyanogen bromide. This method has been used to attach 
proteins and polypeptides to cellulose or Sephadex gels ll-13. 
Although the pH in this work was 11, the reaction can be 
carried out in more moderately alkaline conditions (9.5-10). 
At pH 11, degradation of the polymer which occasionally 
occurs in acid conditions is avoided and a high efficiency of 
labelling can be achieved. Provided the polymer is com- 
pletely dissolved, labels will be attached to OH groups and 
be randomly distributed along the chain. The polysaccha- 
ride to be labelled was sodium carboxymethylcellulose 
(SCMC) and the spin-label was 4-amino-2,2,-6,6-tetramethyl- 
piperidine-N-oxyl (I), (as supplied by Aldrich Chem. Co. Ltd). 

EXPERIMENTAL AND RESULTS 

A 2% solution of the SCMC (F4 grade from British Celanese 
Products, degree of substitution, 0.6) was fdtered through a 
No. 4 sintered glass filter and then dialysed against distilled 
water for 2 weeks. Its molecular weight determined by 
viscositya4 in 0.1 M NaC1 was 32 500. Purified SCMC (2 g) 
was dissolved in 40 ml H20 and the pH adjusted to 11 with 
1.0 M NaOH. Cyanogen bromide, (0.1 g, supplied by BDH) 
in 2 ml H20, was added and the mixture stirred for 4 h at 
room temperature, while keeping the pH constant at 11, 
using an automatic titrator. Spin label (I) (0.1 g) was added 
and the solution left a further 18 h at room temperature 
and at pH 11. The SCMC solution was then dialysed against 
distilled water until no further spin label (I) could be detec- 
ted in the external solution by e.p.r, methods and then 
freeze-dried. Spectra were recorded on a Varian E-4 X-band 
spectrometer. 

The molecular weight of the labelled SCMC ~, again deter- 
mined by viscosity in 0.1 M NaC1 was 34 000, indicating a 
minimum degree of crosslinking. The 1H and 13C spectra 
measured on a Brucker WH90, showed no difference in the 
linewidths or chemical shifts of the labelled or unlabelled 
samples, again indicating that no significant crosslinking 
had taken place. Solutions of the labelled polymer were 
optically clear. The e.p.r, intensity of a 2% solution of the 
labelled polymer was compared with that of a known con- 
centration of spin label (I). From this comparison it was 
calculated that there was 1 label per 24 glucose units. The 
spectrum from the labelled polymer is shown in Figure 1. 
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F@um I Spectrum of 3% polymer solution, pH 7 

The correlation time was calculated to be about 5 x 10 -10 
sec, indicating slower tumbling of  the label on the polymer, 
than when free in solution. 

Thus it is possible to spin-label polysaccharides under 
alkaline conditions, causing a minimal change in the solu- 
bility, crosslinking or degradation. 
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ERRATA 

'Small angle neutron and X-ray scattering by poly(methyl methacrylate) chains' by 
D. Y. Yoon and P. J. Flory, Polymer 1975, 16, 6 4 5 - 6 4 8  

Page 646, right-hand column, equations (8), (9) and (10) should read: 

[1 1] 
u'  = (8)  

1 0 

[1 
Um = 

a c~ 2 (9) 

~' = c~2/t3 

We apologize for these errors. 
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Letters 

Small-angle X-ray scattering from ultrathin films 
of cellulose acetate 

Thin films (300-4000 A) of cellulose acetate can be used 
to make composite reverse osmosis membranes ~. Since the 
mechanism of reverse osmosis separation is not fully under- 
stood, the structure of these films is of interest. Schultz 
and Asunmaa 2 obtained electron micrographs of shadowed 
films of cellulose acetate which they interpreted as showing 
an irregular close-packed array of roughly spherical particles, 
about 188 A in diameter. 

In the present study, thin films of cellulose 2.5 acetate 
(Eastman Kodak E-398-3) were made from a 2% w/w solu- 
tion in acetone by the Carnell-Cassidy a'4 method. Assum- 
ing a Film density of 1.3 g/cm 3, the film thickness (deter- 
mined by weighing) was 1900 + 100 A. The true film den- 
sity may be considerably less than 1.3 g/cm 3 in view of the 
structural model discussed below. A stack of the t'dms (not 
heat-treated) was examined using a Kratky camera and a 
version of the Franks camera with the X-ray beam (CuKa) 
perpendicular to the plane of the ftlms. A range of s down 
to s = 0.0012 A -1 was studied with the Franks camera 
(photographic detection) and down to s = 0.00044 A -1 
with the Kratky (counter detection) where s = 2 sin 0/h. 
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Figure 2 Scattering from cellulose acetate films. Desmeared 
Kratky camera data (higher angle region) 

0.0043 ~-1 thus seems consistent with rather irregular 
packing, with some gaps between the spheres. 

The above results are in reasonable agreement with those 
of Schultz and Asunmaa 2. Contrary to the assertion of 
Kesting 8, the results confirm that the postulated paracrystal- 
line structure of these films can be detected by X-ray scat- 
tering. 

The minimum scattered intensity occurs at s = 0.0256 A -1. 
At higher angles there are several broad subsidiary maxima, 
notably at s = 0.0324 and 0.0422 A -1 (Figure 2). A very 
small percentage of material present in the CTA II crystal 
structure 9 would produce a (100) reflection at s =0.0408 ~-1 
which might account for the latter peak, but not for the for- 
mer. Alternatively, if the s = 0.0422 A -1 peak were due to 
the first subsidiary maximum in the structure factor of a 
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21.9 A and (assuming a density of 1.3 g/cm 3) a mass of 
about 34 000 amu. The stated mean molecular weight of 
the polymer is 27 000 amu which suggests that the 115 A 
radius particles are made up of globular sub-units, each con- 
sisting of one molecule. If the 21.9 )~ subunits were close 
packed on an f.c.c, lattice they would give (200) type re- 
flections at s = 0.0323 A -1 in good agreement with the ob- 
served peak at s = 0.0324. No (111) reflection was observed. 
However, if the paracrystalline regions were small then the 
(111) reflection would be displaced to smaller angles in the 
same way as the (002) reflection of the h.c.p, lattice of 
115 )k particles. The peak would then be inseparable from 
the start of the small angle scattering. 

SAXS studies of these cellulose acetate f'dms are continuing. 
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New thermal initiators of free-radical polymeriza- 
tion and block copolymerization 

Much information is available about the initiation of free- 
radical polymerization by organo-transition metal complexes 
in the presence of reactive organic halides ~'~. We now report 
two types of thermally initiating systems based on transi- 
tion metal carbonyls which either contain no abstractable 
halide atoms or are free from halides. 

Systems containing trans#ion metal carbonyls (I) 

In addition to a transition metal carbonyl, notably man- 
ganese or rhenium carbonyl (Mn2(CO)10, Re2(CO)10, res- 
pectively), these systems contain a low concentration of an 
additive such as tetrafluoroethylene or other ethylenic de- 
rivative carrying electron-withdrawing groups or an acetyle- 
nic derivative. Figure 1 illustrates the characteristics of 
initiators of this type based on Mn2(CO)10 and Re2(CO)10. 
Rates of polymerization of methyl methacrylate at 100°C, 
co, are shown as a function of the concentration of additive, 
either tetrafluoroethylene or acetylene dicarboxylic acid 
dimethyl ester (ADCADME). The curves are highly remini- 
scent of the 'halide' curves in initiating systems containing 
reactive halides, showing a plateau value at high additive 
concentrations t'2. For comparison, the dependence of 03 
on [CC14] for initiation by Mn2(CO)10/CCI4 at 100°C is 
also illustrated in Figure 1; evidently C2F4 and ADCADME 
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Figure I Thermal in i t iat ion by systems of type I. Methy l  math- 
o --4 

ac ry la te (bu lk ) ,100  C. I ,  Mn2(CO)Io (4_~77 X 10 tool/ I)  + 
A D C A D M E ; & ,  Mn2(CO)~Io (4.77 X 10 tool/I) + C2F4; II, 
Mn2(CO)1o(4.77 X 10 - ~ m o l / I )  +CCl4 ;O,  Re2(CO)1o(5.48 X 
10 - 4  tool/I) + A D C A D M E ;  Z~, Re2(CO) lo (5.48 X 10 - 4  mol/ I)  + 
C2F 4. The concentrations of C2F 4 given are nominal values only,  
being calculated on the assumption that all the gas is dissolved in 
the methyl  methacrylate. When [addit ive] = 0, to = 1.02 X 10 -.-5 
mol I - - l s  - 1  

are less effective than CC14 in producing high rates of initia- 
tion in association with Mn2(CO)10. 

Under suitable conditions, polymers prepared with the 
new initiators show absorption in the infra-red near 2000 
cm -1 similar to that of (CO)5MnA- or (CO)sReA- end- 
groups a-s, where A represents a ligand derived from the 
additive, e.g. -CF2CF2-  or -C(COOMe)=C(COOMe)-. 
Thus the primary radicals probably have structures such as 
(CO)sMnCF2CF2 or (CO)5MnC(COOM~)=C(COOMe), which 
may conveniently be abbreviated to (CO)sMnA, although 
more complex variants cannot be excluded. The final poly- 
mers contain covalently bound atoms of manganese or 
rhenium. 

Macromolecular inithttors: block copolymerization ([D 
In earlier papers 3-7 we have shown that some transition 

metal carbonyls, particularly Mn2(CO)10, Re(CO)lo, in the 
presence of an additive of the types described above can 
photoinitiate the polymerization of common vinyl mono- 
mers at ambient temperatures. The resulting polymers 
have end-groups of structure (CO)sMnA- or (CO)5ReA-. 
In the examples described below the additives were C2F4 
and MeOOCC=CCOOMe, so that the corresponding end- 
groups [from Mn2(CO)10] were (CO)sMnCF2CF2- and 
(CO)5MnC(COOMe)=C(COOMe)-, respectively. These 
polymers are active thermal initiators at higher tempera- 
tures (e.g. 100°C); we believe that initiation results from a 
homolytic process of the type: 

--M1--AMn(CO)5 ~ - - M I - - , &  + Mn(CO)5 (1) 

in w h i c h - - M 1 - -  represents a polymer chain derived from 
monomer M1. The polymeric product obtained from a 
monomer M2 is, therefore, in the simplest case, (when ter- 
mination in M2 is 100% disproportionation) a block copoly- 
mer: 

~ M I ~ A ~ M 2 ~  

When an additive of the type described is present the spe- 
cies Mn(CO)5 also initiates, giving rise to primary radicals 
such as (CO)sMnA; the rate of polymerization is therefore 
increased. 

Preparative details and molecular weights of typical 
macroinitiators are given in Table 1. The experimental 
arrangements have been described in earlier papers 3's-7. 

Figure 2 presents conversion-time data for the poly- 
merization of methyl methacrylate at 100°C in the pre- 
sence of the macroinitiators 1 and 2 (Table 1). Some cor- 
responding data for the rhenium macroinitiators are given 
in Table 2. These experiments also show that the presence 

Table 1 Preparation o f  macroin i t ia tors at 25°C 

M l, concen- 
No. t rat ion Solvent 

Total  
volume Addi t ive 
(ml) (~0.2 mol/ I)  M n x 10 - 5  

[Mn2(CO) 1o] 

1 MMA,  bu lk  
2 MMA,  bu lk  
3 C2F4, 2.6 

mol/I 

[Re2(CO)10] 

4 MMA,  bulk 
5 MMA,  bu lk  

= 8.54 X 10 - 4  mol/ I ;  ~ = 435.8 nm: 

none 60 A D C A D M E  2.12 
none 60 C2F 4 1.83 
acetic ~2 -- - 
acid 

= 8.60 X 10 - 4  mol/I ; h = 365 nm: 

none 5 A D C A D M E  1.88 
none 5 C2F 4 1.88 
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halide atoms or are free from halides. 
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cies Mn(CO)5 also initiates, giving rise to primary radicals 
such as (CO)sMnA; the rate of polymerization is therefore 
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Preparative details and molecular weights of typical 
macroinitiators are given in Table 1. The experimental 
arrangements have been described in earlier papers 3's-7. 
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Figure 2 Thermal initiation by systems of type II. Methyl metha- 
crylate (bulk), 100°C. No additive. A, Macroinitiator No. 1 (Table 
I): 1.0 g/I; ©, macroinitiator No. 2 (Table 11:1.0 g/I 

Table 2 Initiation by rhenium macroinitiators 

No. of macro- 
initiator Additive, 
(Table I) weight (mg) 

Weights of final polymers 
(rag) 

30 min 60 min 

4 -- 54 74 
4 ADCADME, 151 72 127 
4 C2F4,153 69 - 
5 -- 46 62 
5 ADCADME, 151 66 117 
5 C2F4,153 65 - 

In each experiment 10 mg macroinitiator in 10 ml methyl meth- 
acrylate were used and the mixture was heated at 100°C 

of the additive increases the rate of  polymerization,  as al- 
ready mentioned. The dependence of  the rate of  polymer- 
ization initiated by polymers 1 and 2 (Table 1) on the con- 
centration of  ADCADME is presented in Figure 3. The re- 
sults with polymer 2, showing a plateau value with increas- 
ing [ADCADME],  are as would be expected, but  polymer 1 
behaves in a more complicated fashion which at present is 
being studied in detail. 

Block copolymer formation has been demonstrated in 
the polymerization of  acrylonitrile (AN) initiated by the 
polymers 1 and 2 (Table I) and in the polymerizat ion of 
methyl methacrylate (MMA) initiated by polymer 3 (Table 
l ) .  Details are given in Table 3. In three cases the products 
were separated into fractions soluble and insoluble in 
chloroform as indicated in Table 3. Infra-red spectra of  the 
polymeric products from macroinit iators 1 and 2 (Table 3) 
showed that in the chloroform-insoluble fractions both AN 
and MMA units were present, while in the chloroform- 
soluble portions no AN could be detected. The latter frac- 
tions therefore contained mainly the unreacted macroinitia- 
tor together perhaps with reacted material with very short 
AN chains. Both fractions of  the polymer from experiment 
3 (Table 3) contained tetrafluoroethylene and methyl  metha- 

Table 3 Block copolymerization at 100°C 

L e t ~  

Product 
Reac- 

Additive, M2, tion CHCIz CHCI 3 
Macro- Weight weight volume time soluble/ insoluble 
initiator (mg) (mg) (ml) (min) (mg) (mg) 

1 50 - A N , 5  60 42 150 
2 50 -- AN,5 60 44 141 
3 30 ADCAD- MMA, 10 60 90 63 

ME, 151 
3 30 -- MMA, 10 60 133 
3 10 ADCAD- MMA, 10 30 64 

ME, 151 
3 10 -- MMA, 10 30 50 

Itt 1 
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Figure 3 Thermal initiation by systems of type II in presence of 
ADCADME. O Macroinitiator No. 1 (Table I): 1.0 g/I; o, macro- 
initiator No. 2 (Table I}: 1.0 g/I 

crylate units, but the former predominated in the insoluble 
fractions. 

• It seems clear that these macroinitiators are of  consider- 
able potential value in the synthesis of  block copolymers.  

C. H. Bamford and S. U. Mullik 

Department of Inorganic, Physical and Industrial Chemistry, 
University of Liverpool, 
PO Box 147, 
Liverpool L69 3BX, UK 
(Received 17 October 1975) 
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Book Reviews 

Peptides, polypeptides and proteins 
Edited by  E. R. B/out, F. A. Bovey, M. Goodman 
and IV. Lotan 
John Wiley, New York ,  1975. 656 pp. £12.25 

This volume contains forty-six papers given at a symposium held in 
Israel in May 1974. They are grouped under six main headings: 
Conformational calculations, Polypeptide and protein conforma- 
tions, Cyclic and linear oligopeptides, Optical spectroscopy, inter- 
molecular interactions and Biological properties. While these papers 
might have been published in the usual journals, together they give 
a spectrum of current experimental and theoretical work for research 
workers in these areas. The discussions that followed the papers are 
not reported, but  the authors had the opportunity to revise their 
papers following the meeting, and the substantial revision and edit- 
ing of the preprint versions (which weighed 5 kilos!) is evident and 
beneficial. 

While it may be, as Traub suggests, that the usefulness of X-ray 
studies of poly(amino acids) as models in relation to proteins has 
now largely been exhausted, undoubtedly the relative simplicity 
of these polymers is still of great value in providing a sound experi- 
mental and theoretical basis for n.m.r., optical and conformational 
studies of proteins, as is shown by many papers. Similarly, work on 
the cyclic peptides, which are of considerable intrinsic interest, may 
be relevant to the turns in protein structures. Undoubtedly the 
hope of predicting (successfully) the full conformation of a pro- 
tein is a strong motivating factor here, but a spin-off from this 
extensive work is a better understanding of  polymeric systems in 
general, and workers in other fields could find this book stimulating. 

The accounts of the use of linear and branched chain poly- 
peptides as synthetic antigens to study the immune response will 
be of particular interest to biologists. 

Many will find the volume a valuable compilation at a not un- 
realistic price, and all concerned are to be congratulated on its 
speedy publication. 

B. R. Malcolm 

Con ference A nnouncemen t 

IV th  European Symposium on Polymer 
Spectroscopy 

Strasbourg, France, 22-24 March 1976 

This conference is organized on behalf of the Euro- 
pean Physical Society (Section of Macromolecular 
Physics of the Condensed Matter Division), the Euro- 
pean Group on Polymer Spectroscopy, the French 
Physical Society and the French Polymer Group and 
will take place at Louis Pasteur University in Strap 
bourg from 22 to 24 March 1976. There will be five 
scientific sessions, each introduced by an invited lec- 
ture and followed by short contributed communica- 
tions in the following fields: infra-red and Raman 
spectroscopy, inelastic neutron scattering, n.m.r., 
e.p.r., e.s.c.a., optical spectroscopy and fluorescence. 
The number of participants will be limited to 120. 
The second circular and registration form are now 
available from Professor G. Weill, Symposium Euro- 
peen de Spectroscopie des Polymeres, Centre de 
Recherches sur les Macromolecules, CNRS, 6 Rue 
Boussingault, 67083 Strasbourg, France and to whom 
completed registration forms should be sent by 31 
January 1976. 

Progress in polymer science, Japan, Vo lume 7 
Edited by  T. Otsu and M. Takayanagi 
Kodansha, Tokyo  and John Wiley, New York,  1974, 
380 pp. £14.50 

Much Japanese work in polymer science is published in English, but  
there is still a large amount which is published in Japanese and 
hence not readily available internationally. This series is aimed at 
publicising fundamental studies currently in hand in Japanese labor- 
atories by an annual selection of areas of work of topical interest 
and importance. 

The present volume is divided between the synthesis of poly- 
mers and selected aspects of the study of physical properties. 

Three articles on synthetic chemistry deal with photoresponsive 
polymers, polymers containing nucleic acid bases and their deriva- 
tives, and the polymerization of diallyl dicarboxylates. Current 
interest in photoresponsive polymers deal with all aspects of pro- 
perties influenced by light such as colour, conduction, fluorescence 
and redox catalysis. The incorporation of nucleic acid bases in a 
variety of synthetic backbones is of obvious biochemical and 
biological interest and the article includes some comments on pos- 
sible uses for these special molecules. The polymerization of 
diallyl dicarboxylates leads ultimately to the formation of exten- 
sive gel structures and in addition to further studies of the kinetics 
of reaction, attention has been given to gelation and copolymeriza- 
tion mechanisms together with the compilation of much quantitative 
information. 

The structural articles are three in number and deal with solid 
state polymerization products, properties of crystalline polymers 
under high pressure and the structure of polypeptides and protein 
molecules. In the solid state work a variety of mechanisms is 
described and the morphology of the polymer studied in relation 
to the structure of the monomer in the solid state. The effect of 
pressure on polymers has also been extensively reviewed and 
includes instrumentation to measure a variety of properties includ- 
ing transitions and mechanical relaxation. Several vinyl and con- 
densation polymers have been examined in this respect. The struc- 
ture of the polypeptides section includes studies of model com- 
pounds for polypeptide chains and of vibrational spectra for 
poly (a-amino acids). 

All the articles are well documented and provided with much 
quantitative information. For those interested in these fields this 
work must be a valuable review and even for those with more 
general interests, the clear presentation is condusive to browsing. 
The price is not low but the book represents good value by present 
day standards. 

J. C. Robb 

Con ference A nnouncemen t 

Second Symposium on Poly(vinyl  chloride) 

Lyon, France, 5-9 July 1976 

Following the first symposium held in Prague in 1970, 
a second symposium on poly(vinyl chloride), spon- 
sored by IUPAC, CNRS and GRP will be organized in 
Lyon from 5 to 9 July 1976. It will cover eight topics: 
polymerization, chemical modifications, characteriza- 
tion, rheology, processing, properties, degradation 
and stabilization, and combustion and toxicity. Each 
topic will include a main lecture, short communica- 
tions and a panel discussion. Further information may 
be obtained from the Symposium Secretary: Dr A. 
Michel, LA 199-CNRS, 39 Bd du 11 novembre 1918, 
69626 Villeurbanne, France. 
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Crystallization of dilute polyethylene 
solutions: influence of molecular weight 

E. Riande and J. M. G. Fatou 
Seccidn de Fisicoqu{mica y F/sica de poh'meros, Instituto de Pl~sticos y Caucho, Juan de la Cierva 3, 
Madrid-6, Spain 
(Received 30 June 1975) 

The crystallization kinetics of linear polyethylene over the molecular weight range 14 000-1 200 000 
was studied in dilute solutions of a-chloronaphthalene by dilatometric techniques. The experimental 
results could be quantitatively described by the Avrami and Goler-Sachs theories for a significant 
part of the transformation. The influence of molecular weight on the time necessary for 10% of 
crystallinity to develop was also analysed and the obtained curves follow the same pattern as in the 
bulk. The temperature coefficient of crystallization was studied by using the two-dimensional nuclea- 
tion theory and it was found that the basic interfacial free energy is about four times lower than the 
value reported previously for the pure polymer. 

INTRODUCTION 

The nucleation process plays an important role in the crys- 
taUization of polymers. Nucleation theories for finite mole- 
cular weight were developed in the past ~ and significant 
departures from monomer theory have been observed in the 
molecular weight range of interest. Accordingly, the crystal- 
lization kinetics of polymers strongly depends on the crystal- 
lization temperature, molecular weight and diluent concentra- 
tion. Earlier work 2 has re-investigated the nucleation theory 
for fractionated polymer diluent systems (polyethylene in c~- 
chloronaphthalene) over a composition range extending 
from pure polymer to 0.30 polymer fraction solutions and 
we have shown that the crystallization process in polymer/ 
diluent mixtures is governed by the nucleation of the sys- 
tem and that the phase transformation is described by a 
function of the free energy required for nucleation. In the 
present paper this analysis is extended to very dilute solu- 
tions (v2 = 0.0030) in the system polyethylene/c~-chloro- 
naphthalene over a wide range of molecular weights. 

EXPERIMENTAL 

Materials 
The linear polyethylene fractions were obtained from 

unfractionated Marlex 50 using the column fractionation 
technique that has been described elsewhere 3. The solvent/ 
non-solvent system used was tetralin/n-butyl glycol. The 
polyethylene fractionation was carried out at 128.0°C 
under a nitrogen atmosphere to prevent oxidation. The 
highest molecular fraction used in this work was obtained 
from a NBS linear high molecular weight polyethylene 
sample using a liquid-liquid phase separation technique 
which has been described previously 4. 

The a-chloronaphthalene (Fluka, AG) used in this work 
was of high purity. 

Viscosity measurements 
The determination of the intrinsic viscosities of the poly- 

ethylene fractions has been described elsewhere 3. Viscosity- 
average molecular weights, Mn, were obtained from the rela- 

tion given by Chiang s for decalin at 135°C. The viscosity- 
average molecular weights for polyethylene fractions studied 
in this work were: 14 000; 20 000; 47 000; 190 000 and 
1 200 000. 

Crystallization 

The sample and solvent were introduced into the bulb 
of the dilatometer and the sample was dissolved under a 
nitrogen atmosphere. Then the dilatometer was sealed. 
Filling the dilatometer with mercury was carried out accord- 
ing to the procedure described by Mandelkern et al. 6. The 
crystallization was conducted in a silicone oil thermostat 
bath and the column of the mercury in the dilatometer was 
recorded as a function of time and could be measured to 
within -+0.1 ram. The total change in the mercury height 
to completion of the crystallization was about 4 cm. Prior 
to the initiation of the crystallization the polymer sample 
in the dilatometer was dissolved by heating and the dilato- 
meter was quickly transferred to a thermostat at a pre- 
assigned temperature. Thermal equilibrium was reached in 
about 10 rain. 

RESULTS AND DISCUSSION 

At very high dilutions, comparative large undercoolings are 
necessary to obtain kinetic data in a reasonable time period. 
The data could be obtained in the temperature range from 
96 ° to 102°C. The total crystallization tinle involved in the 
results reported here range from 1400 minutes to 10 000 
rain depending on the crystallization temperature. The 
lower crystallization temperature used in these experiments 
was that one with which a slight transformation (0.4%) was 
obtained in about 40 min. 

It was found that the crystallization rates depend on the 
thermal history of the solution. Reproducible isotherms 
were obtained for low molecular weights when the dilato- 
meter was kept in a bath for 60 min at a temperature of 
150.0°C. As the molecular weight increases longer times 
and higher solution temperatures were necessary to achieve 
complete solubility. With the two higher molecular weight 
fractions, reproducible isotherms were obtained once the 
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Figure I Plot of degree of crystallinity as function of log t for 
fraction M = 190000. Solution temperatures: o,  180°; A, 190°; 
13,210°C 

was found by Ergoz et aL 7 with undilute high molecular 
weight fractions ('~n = 1.2 x 106). However, these authors 
reported that if the sample was never cooled below the 
crystallization temperature, then on the third and subse- 
quent melting and crystallization the results were repro- 
ducible. 

Kinetic analysis 

I 
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Figure 2 Double logarithmic plot of degree of crystall inity against 
t at different crystallization temperatures, for fraction Mr/= 14 000. 
+, 98°; O, 98.9°; A, 100.1°; e, 100.9°; D, 101.9°C 

dilatometers were kept in a bath at 220°C for 12 h as is 
shown in Figure l. 

The prior thermal history strongly influences the crystal- 
lization kinetics. As an example, the first stages of the 
crystallization isotherms as a function of the thermal his- 
tory will be analysed for the molecular weight fraction of 
190 000. The experiments were carried out one after 
another in which the sample was crystallized at 99,0°C. As 
indicated in Figure I the crystallization rates are higher the 
lower the solution temperatures and the induction time 
increases as long as the solution temperature increases. It 
would appear that a very high solution temperature is neces- 
sary to get the polymer chains completely at random in 
solution and completely homogenized solutions. The same 
behaviour concerning the irreproducibility of  the isotherms 

The kinetic data were analysed using the G61er-Sachs or 
free growth approximation s . Accordingly, for the initial 
portion of the transformation it is found that: 

1 - X(t) = (k3t)4/4 

1 - X(t) = (k2t)3/6 (1) 

1 - x(t) = (~1t)2/2 

depending on the respective growth geometries, i.e. the 
exponent in equation (1) defines, respectively, three, two 
or one-dimensional growth. The experimental results, con- 
cerning the complete molecular weight range studied, are 
plotted in Figures 2 -6  according to equation (1). For a 
given molecular weight fraction a linear relation is obtained 
for a significant part of the total transformation and the 
slope of these portions is found to be independent of crystal- 
lization temperature. However, the slope of the linear por- 
tion of the double logarithmic plot 1 - X(t) vs. t, is depen- 
dent on molecular weight. For the two lowest molecular 
weights analysed here, the slope is four. As the molecular 
weight increases up to and including M = 1.2 × 106, the 
slope is three. Similar results were obtained in previous 
work 7 for undiluted fractionated polyethylene covering the 
same molecular weight range. The slopes have the exact 
integral value and the close adherance of these straight lines 
to the experimental data is quite clear. 
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Figure 3 Double logarithmic plot of degree of crystallinity against 
t at different crystallization temperatures for fraction Mrl = 20 000. 
O, 98°; A, 99°; t3, 99.9°; +, 100.9°C 
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It is very easy to show that equation (2) reduces to equa- 
• tion (1) for small extents of the transformation. 

The agreement of the experimental data with the Avrami 
theory is about the same as with the G61er-Sachs theory 
so that deviation from either of the theories occurs at about 
the same level of crystallinity. Then, the introduction of 
impingement does not improve the agreement between 
theory and experiment for crystallization of long chains 
from solutions. This conclusion is analogous to that ob- 
tained in the crystallization of long chains in bulkT. 

Therefore in the first stages of the transformation the 
curves 1 - X(t) vs. log t show, for a given molecular weight, 
good agreement with the theoretical equations and the super- 
position principle holds. However, in the final stages, devia- 
tions occur so that the same time temperature reducide vari- 
able is no longer maintained throughout the transformation. 
In the analysis of the crystallization kinetics of fractionated 
polyethylene carried out by Ergoz et  al. 7, it is shown that 
for a given molecular weight and below a critical undercool- 
ing the superposition principle holds over the complete ex- 
tent of the transformation. Deviations occur at lower 
undercoolings. Our data were obtained at relatively low 
undercoolings and we do not have sufficient experimental 
evidence to reach any reliable conclusion relative to this 
point. 

It should be stressed that our data seem to indicate that 
in comparison with the crystallization in bulk higher crystal- 
linity levels are obtained in solution. 

Crystallinity slightly depends on molecular weight and 
reaches an asymptotic value for infinite time, independent 
of crystallization temperature. In the lower molecular 
weight range, from 14 000 to 190 000, the total crystal- 
linity after two decades in the time scale, varies from 90 
to 85%. The highest molecular weight developes 75% crys- 
tallinity, relatively higher than the crystallinity levels ob- 
tained for this fraction crystallized from the bulk, which 
corresponds to 40% 7 . 

Log t (rnin) 

Figure 5 Double logarithmic plot  of degree of crystal l ini ty against 
t at di f ferent crystall ization temperatures for fraction M n = 190 000. 
O, 98.1 o ; i ,  98.9 ° ; [3, 100 °; zx, 100.9 ° ; +, 102 ° C 

The fact that integral values of 3 for the slope are ob- 
tained is very important. As will be seem below, the mag- 
nitude of the slope corresponds to the exponent in the 
Avrami equation. 

As occurs with the crystallization in bulk, after devia- 
tions from linearity develop, the experimental results for 
each temperature and for a given molecular weight form a 
common straight line of very small slope. 

The G61er-Sachs approximation assumes a free growth 
over the complete range of the transformation, i.e. it neg- 
lects the impingement. On the contrary, the Avrami equa- 
tion takes into account the mutual impingement of growing 
centres upon each other. The assumption is made that upon 
impingement, further crystal growth ceases. The Avrami 
equation 9 can be written as: 

ln(1 - X )  = kt n (2 )  

io-I 

/ o°° L t7oi 
I 

id  2 

IO ° 

I t iO 2 IO 3 

Log t (rain) 

Figure 6 Double logarithmic plot of degree of crystallinity against 
t at; di f ferent crystall ization temperatures for fraction M n = 1.2 X 
10 °. D, 96.4 ° ; ~, 98.4 ° ; O, 99.4 °; +, 100.4 ° C 
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Figure 7 Double logarithmic plot of r0.1 against molecular weight 
for different crystallization temperatures. A, 368.2; $, 369.2; 
O, 371.2; Z~, 372.2; [3,373.2; X, 374.2K 

These results indicate that in comparison with the crys- 
tallization in bulk, higher crystallinity levels are obtained 
in solution with the higher molecular weight and about the 
same in the lowest molecular weight range. 

Finally, it is of interest to investigate the influence of 
molecular weight on the time scale of  the crystallization 
process. The time required for 10% of the absolute amount 
of crystallinity to develop as a function of the molecular 
weight is plotted in Figure 7. The obtained curves follow 
the same pattern as in the bulk. Thus, the crystallization 
time decreases as the molecular weight increases, reaching 
a minimum within the molecular weight interval 10 0 0 0 -  
20 000. For molecular weights higher than 20 000 the 
crystallization times increases as the molecular weight 
increases. Again the polyethylene in solution behaves as 
the polymer in bulk as far as the relation crystallization 
time-molecular weight, is concerned. This is a very impor- 
tant conclusion. 

ces in cross-section for a diluted system containing N poly- 
mer molecules each comprised of x repeating uni~ in which 
the volume fraction of diluent is v, is given by2'12'13: 

R T  
A Fd = 2rrll2pl/2ou~ -- 2poelnv2 - ~PAfu + ~P 

X 
v 2 - 

x--~+l  
pR Tln (3) 

X 

where au is the lateral interfacial free energy, Oe is the excess 
interfacial free energy per repeating unit as it emerges.from 
the crystal face normal to the chain direction. The first two 
terms in equation (3) represent the positive contribution to 
the total free energy of interfaces present. The third term 
of equation (3) represents the depressed energy of fusion 
for the ~p units involved in the transformation and is given 
by: 

A f u = A f u - R T ( ~ ( 1 - v 2 ) - t l ( 1 - v 2 )  2} (4) 

where Afu is the energy of fusion per repeating unit for a 
chain of infinite molecular weight, V u is the volume per 
repeating unit of the polymer and V l is the molar volume 
of the diluent,/a is a parameter depending of the interaction 
polymer-diluent. 

The last two terms result from the finite length of the 
chains. The first of these terms expresses the entropy gain 
which results from the increased volume available to the 
ends of the molecule after melting. The last term represents 
the entropy gain that arises from the number of different 
ways a sequence of ~ units can be located in a chain x units 
long with the terminal unit being excluded from the sequence 
in question. The surface described by equation (3) contains 
a saddle point and the coordinates of this point prescribe 
the dimensions of a nucleous of critical size. These dimen- 
sions are given by the relations2: 

pl/2 = 
27rl/2o u 

A f  u - (RT/x)v2 - RT / (x  - ~ + 1) 

[ A/u R T  R T  
- - - v 2 ÷  

2- x x - ~ + l  

(5) 

(re -- Tiny 2 - 2 R 

x - ~ + l  
RTln - -  

x 

Temperature coefficient o f  the crystallization 
In order to analyse the temperature coefficient of  the 

crystallization, it is important to consider the nucleation 
act. The crystallization process is governed by the nuclea- 
tion of the system, and the phase transformation is described 
by the free energy required to form a stable critical nu- 
cleus l°,u. Nucleation theory has been developed for finite 
molecular weights in diluent-polymer systems 2 and the 
importance of molecular weight and concentration in analys- 
ing the temperature ~oefficient in high and moderate con- 
centrations has been shown. 

The free energy change involved in forming a cylindri- 
cally arranged crystalline array of ~ units long and p sequen- 

Accordingly, the free energy change, AF*, involved in form- 
ing the critical nucleus is given by2: 

z3F* = lr 1/2~p112o u (6) 

If a two-dimensional nucleation is assumed and we use 
the concepts and notation of the previous analysis, the 
change in free energy that accompanies the formation of a 
monomolecular nucleus, ~ units long and p sequences 
breadth is given by2: 

AF* = 2Ou~ (7) 

102 POLYMER, 1976, Vol 17, February 



5 0 0 0  

3 0 0 C  

b ~ 

I ' 0 0 0  

(8) 

Crystallization of  dilute polyethylene solutions: E. Riande and J. M. G. Fatou 

I 0 I I 
• 2 "6 I ' 0  

l/2 

Figure8 Plotof~eagainstvolumefractionv2 2. 1 , M = 2 5 0 0 0 0 ;  
2, M = 10000; 3, M = 4000 

It is clear that this analysis does not involve the indepen- 
dent establishment of values for Ts,  the equilibrium melting 
temperature (or dissolution temperature) of the dilute solu- 
tion as has been done previously 6. However, in order to pro- 
ceed with the present treatment the basic interfacial free 
energy (re needs to be specified. 

Recent work 2 has established that for undiluted poly- 
ethylene ae ranges from 4600 cal/mol to 4000 cal/mol for 
the molecular weight range 4000-250 000 if o u has a con- 
stant value of 25 cal/mol. Furthermore, it has been stated 
that in the system polyethylene/a-chloronaphthalene for 
high and moderate concentrations, Oe decreases sharply with 
dilution at very high concentrations and slowly at moderate 
concentrations if o u remains constant. 

For very dilute systems, a lower value of Oe of about 
1000 cal/mol can be extrapolated although this extrapola- 
tion is very risky since the lowest experimental concentra- 
tion corresponds to v 2 = 0.30 ( F i g u r e  8 ) .  

where ~ is expressed by the transcendent equation: 

2Oe - R T l n  - -  - R T l n v 2  
X ~= 

R T  
Af[~ _ _ _  v2  

X 

- 4  

These theories rest heavily on the Flory-Huggins theory 
which, as is well known, only holds for high and moderate 
concentrations in which the excluded volume effects are 
not important. Basically, in dilute solutions, the free energy 
of mixing departs drastically from that predicted by the 
Flory-Huggins theory because of the lack of homogeneity 
in the solution. Therefore, from a rigorous point of view, 
the nucleation theories described above are only applicable 
to concentrated solutions and to those dilute solutions in 
which the excluded volume effects are negligible. 

With these reservations in mind we will apply the nuclea- 
tion theories to analyse the coefficient temperature of the 
kinetic data. Owing to the fact that n equals three, we have 
used two-dimensional theory. The results and conclusions 
do not depend on this assumption. Consequently, no unique 
conclusions can be made with regard to the molecular na- 
ture of the nucleus because the experimental data fit the 
form for either of the two major types of nucleation. 

In order to analyse the temperature coefficient of the 
crystallization process it is convenient to take r0.1 the time 
required for 10% of the transformation to occur, as a mea- 
sure of the rate constant. Then the data can be analysed by 
the equation: 

lnro~ll = ln(ro,1)O ZkF* 
R T  (9) 

By introducing equation (7) into equation (9) one obtains: 

lnr0.1 = ln(r0J)0 - Ou - (10) 
T 

"T o 

t -  

- 5  

I 

t t  

- 6  

- 7  

- 8  

0.4 0'.5 0!6 0.7 
~ / r  

It is quite clear from equation (lO) that by plotting lnro.~ 
against ~ / T  a straight line should be obtained whose slope 
should be the interfacial lateral free energy. 

Figure 9 Plot of  Inr0.1 --1 against ~/T for various molecular weights. 
a e = 1000 cal/mol for  14 000 and 20000 molecular weight fractions; 
a e = 1.200 cal/mol for  47 000 and 190 000; o e = 1.400 cal/mol 
M: [3, 14 000; o, 20 000; I ,  47000;  A, 190 000; e, 1 200 000 
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Taking into account these earlier findings the tempera- 
ture coefficient of our data has been analysed by equation 
(9). By plotting lnr0_ t against ~/T a set of non-parallel 
straight lines is obtained if a unique value of Oe is considered 
for all molecular weights. This result means that Ou changes 
with molecular weight, a conclusion which is very difficult 
to accept. 

Assuming that Ou does not change with dilution a unique 
straight line is obtained independent of molecular weight 
and parallel to that of undiluted polymer if the basic inter- 
facial free energy is allowed to change slightly from 1000 
cal/mol (M = 14000) to 1400 cal/mol (M = 1.2 x 106) as 
can be seen in Figure 9. 

The conclusion is very important. The values of ee are, 
in this concentration range, slightly dependent on molecu- 
lar weight in the range analysed in this work and about four 
times lower than the values reported earlier for pure poly- 
mer .2. 

The theory presents limitations when it is applied to 
very dilute solutions, because the tacit assumption of a uni- 
form distribution of polymer segments through the amor- 
phous regions is made. The inaccuracy should become 
serious at the lowest chain length. However, in spite of the 
limitation of equations (4) and (7), the general conclusion 

stated above may be reached if small excluded volume effects 
are present in this system. Further investigation is in pro- 
gress using other polymer-diluent systems to asses the 
reliability of this approach. 
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Melting of ethylene oxide - propylene oxide 
type P(EP)n block copolymers 

P. C. Ashman  and C. Booth  
Department of Chemistry, University of Manchester, Manchester M 13 9PL, UK 
(Received 30 May 1975) 

Multiblock copolymers of poly(ethylene oxide) and poly(propylene oxide), type P(EP)n, have been 
prepared by condensation of hydroxy- and chlorocarboxy-ended polymers. Small-angle X-ray scatter- 
ing and dilatometry have been used to determine lamella spacings and melting points of the copoly- 
mers. The melting points of the multiblock copolymers can be predicted from the melting points of 
corresponding triblock (PEP) copolymers. 

INTRODUCTION 

It is possible to avoid undue complexity in the molecular 
interpretation of the thermodynamic properties of crystal- 
lizable block copolymers provided that the polymeric com- 
ponents are compatible in the melt and that only one com- 
ponent is crystallizable. These criteria are fulfilled by poly- 
(ethylene oxide)-poly(propylene oxide) block copolymers 
with fairly short block lengths. We have reported elsewhere 
the melting behaviour of model block copolymers of type 
PE 1, PEP 2'3 and EPE 4. Here we present results for multi- 
block copolymers of type P(EP) n where n = 1-7.  

EXPERIMENTAL AND RESULTS 

Preparation 
P(EP)n block copolymers were prepared by the conden- 

sation of a, co-hydroxy-poly(ethylene oxide) with a, ~o- 
chlorocarboxy-poly(propylene oxide) for n > 1 or with 
c~-methoxy, co-chlorocarboxy-poly(propylene oxide) for 
n = 1. Reagents and solvents were purified as described 
earlier 1. 

Samples of a, ~o-hydroxy-poly(ethylene oxide) were 
prepared using potassium hydroxide as catalyst and ethy- 
lene glycol as initiator as described previously 3 (samples 48 
and 75) or were commercial samples (Hoechst Chemicals 
Ltd, samples 45 and 136). Samples of a, u)41ydroxy-poly 
(propylene oxide) were similarly prepared, but with 1,2- 
propanediol (dried over anhydrous sodium sulphate and dis- 
tilled, 104°C and 32 mmHg, before use) as initiator. 

Samples of a-methoxy, co-hydroxy-poly(propylene 
oxide) were prepared using a sodium methanol mixture as 
catalyst/initiator. The polymerizations were carried out 
in dry evacuated sealed ampoules kept in the dark at room 
temperature for 3 months. Polymers were neutralized with 
a solution of dilute hydrochloric acid in methanol (50% v/v). 
Water and methanol were removed by rotary evaporation, 
and sodium chloride by centrifugation (15 000 x g for 1 h). 
In a typical experiment sodium (0.29 g), methanol (l .65 g) 
and propylene oxide (10.30 g) gave polymer with Mn = 220 
(calculated 200). 

The hydroxy-ended poly(propylene oxide) samples were 
reacted with phosgene (ICI Ltd) to form the chloroformate 
intermediates. The polymer was dried by evacuation (<1 
N/m 2, 50°C, 1 h) and dissolved (10 g) in dry benzene 

(75 cm3). Phosgene was bubbled slowly through the stirred 
solution at 20°C for 1 h. Thereafter dry nitrogen was bub- 
bled slowly through the solution to remove excess phosgene. 
Benzene and remaining traces of phosgene were removed by 
distillation under reduced pressure, and finally by evacua- 
tion (<1 N/m 2, 24 h). The polymers were stored under dry 
nitrogen in order to avoid hydrolysis. The infra-red spectra 
of the polymers prepared in this way were consistent with 
complete conversion of hydroxy- to chlorocarboxy-end 
groups s. Gel permeation chromatography served to show 
that the molecular weight distributions (MWD) of the poly- 
mers were unchanged during the phosgenation. 

The a, co-hydroxy-poly(ethylene oxide) was dried by 
evacuation (<1 N/m 2, 2 h, T;> Tin) and dissolved (5 g) in 
pyridine* (20 cm 3, dried over and distilled from calcium 
hydride). To this solution blanketed with dry nitrogen and 
stirred at 60°C under reflux, was added, using a syringe, a 
solution of the chlorocarboxy-ended poly(propylene oxide) 
in dry benzene (10 cm3). Preliminary experiments (Table 1) 

Table 1 Effect of mole ratio on the degree of condensation (n) in 
the formation of 12(136--12) n copolymers 

Mole ratio Degree of 
(P: E) condensation 

0.86 1.3 
1.00 2.1 
1.08 2.9 
1.19 3.7 
1.34 5.9 
1.42 4.0 
1.83 3.2 

* In preliminary experiments we found that a chlorocarboxy-group 
reacts more readily with a hydroxy-group in solution in pyridine than 
with an alkoxy-group in the melt. This is attributable to the forma- 
tion of a complex which is particularly susceptible to nucleophilic 
attack by an alcohol: 

NWVW'O • C - -  O ~ ~ H  ~(5'wwvv, -----~ ~mwv, O • ~- O,wwv~ + 

¢1+_ H 
_N CI N+C[ - © © 

This reaction is favoured by primary hydroxy-groups, such as the 
end groups of poly(ethylene oxide), rather than by secondary 
hydroxy-groups, such as the end groups of poly(propylene oxide) 6. 
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Table 2 Characteristics of homopolymers to 1500 nm were used with tetrahydrofuran solvent (25°C, 

Mn 
Mw/Mn 

Sample (v.p.o.) (e.g.a.) (g.p.c.) (predicted) a (g.p.c.) 

e, w-hydroxy-poly(ethylene oxide)b: 
45 2030 1910 2040 -- 
48 1900 2100 2000 2100 
75 3400 -- 3000 3300 

136 6100 6040 6010 -- 

a, w-hydroxy-poly(propylene oxide): 

5 280 275 -- -- 
7 430 375 -- -- 
9 550 500 - - 

12 700 710 -- -- 

c=-methoxy, ~-hydroxy-poly(propylene oxide): 

4 -- 220 -- 200 
6 -- 330 -- 330 

1.05 
1 .:10 
1.08 
1.23 

a Predicted from preparative conditions 
b Data mainly from Ref= 1 ,2  and 10 

served to define a mole ratio (P:E) of 1.3:1 as optimum for 
obtaining a high degree of condensation when using a, w- 
chlorocarboxy-poly(propylene oxide) in the preparation of 
multiblock copolymers. A mole ratio of 4: I was used for 
a-methoxy, ~-hydroxy-poly(propylene oxide) in the pre- 
paration of triblock copolymers. Reaction was complete 
in 15 min (prolonged heating at 60°C led to chain scission, 
detectable by gel permeation chromatography). Termina- 
tion of P(EP) n chains by poly(propylene oxide) blocks was 
ensured at this stage by the addition of further c~, eo-chloro- 
carboxy-poly(propylene oxide) to bring the overall mole 
ratio to 1.6:1. 

The condensation was terminated by adding methanol 
(10 cm3). Pyridine and methanol were removed by rotary 
evaporation followed by evacuation of the melt (<1 N/m 2, 
50°C, 24 h). Pyridinium hydrochloride was removed by 
dissolving the dry polymer in dry benzene and centrifuging 
the mixture ( 15 000 ×g for 15 min). The copolymer was 
separated from poly(propylene oxide) homopolymer by 
adding excess iso-octane to the benzene solution at 0°C, 
followed by repeated washing with iso-octane at room tem- 
perature. 

Notation 
We refer to samples by their number-average block 

lengths (expressed in monomer units) and their degree of 
condensation as established by their preparation and subse- 
quent characterization. For example, sample 5(45-5)7 de- 
notes an alternating block copolymer composed of 8 poly- 
(propylene oxide) blocks of length 5 units and 7 poly(ethy- 
lene oxide) blocks of length 45 chain units. 

Characterization 
Vapour pressure osmometry (v.p.o.) (Mechrolab, ben- 

zene at 25°C) and end group analysis (e.g.a.) (phthaloyla- 
tion of hydroxy-groups 7-9 ) were used to characterize the 
homopolymers, as indicated in Table 2. Gel permeation 
chromatography (g.p.c.) was used to determine MWD of the 
poly(ethylene oxide) homopolymers; details are given else- 
where a'l°. Results are listed in Table 2. 

G.p.c. was used to check that the PEP copolymers were 
free from polymeric impurities. Five Styragel columns 
(Waters Associates) with nominal pore sizes in the range 150 

flow rate 1 cm3/min). Chromatograms showed a complete 
absence of multiblock copolymer or excess homopolymer. 
(Chromatograms of the poly(propylene oxide) homopoly- 
mers under the same conditions were resolved into indivi- 
dual oligomers). In addition proton magnetic resonance 
spectroscopy n (p:m.r.) was used to check that the compo- 
sition of the PEP copolymers was as expected; the results 
are given in Table 3. 

G.p.c. was also used to check the degree of condensation 
of the multiblock copolymers, and to investigate their MWD. 
Four Styragel columns with nominal pore sizes in the range 
70 to 5 x 105 nm were used with N,N-dimethylacetamide 
as solvent (80°C, flow rate 1 cm3/min). Calibration was by 
fractions of poly(ethylene oxide) and poly(propylene oxide), 
which gave coincident plots. The results are summarized in 
Table 4. Number-average values of n were in the range 2 
to 7; weight- to number-average molecular weight ratios were 
generally greater than 2. For a condensation, the distribu- 
tion should be most probable with Mw/M n = (2n + 1)/(n + 1) 
varying from 1.7~n --__2) to 1.9 (n = 7) 12. The generally 
higher values of Mw/Mn observed are attributable in part to 
instrumental spreading and in part to adventitious termina- 
tion by hydrolysis during the condensation. 

Dilatometry and X-ray scattering 
The methods used to determine melting points by dilato- 

metry and lamella spacings by small-angle X-ray scattering 
have been described earlier 1. 

All polymers were crystallized as completely as possible. 
The degree of crystallinity attained with the multiblock 
copolymers was lower than that attained with triblock (PEP) 
copolymers, e.g. the dilatometric contractions observed for 
the multiblock samples were only about 60% of those ob- 
served for comparable PEP copolymers. A similar effect has 
been noted with segmented poly(ethylene oxide) samples 13. 

Melting points are listed in Table 5. Multiple melting 
points were observed only for the P(45-P)n type copoly- 

Table 3 Compositions of PEP copolymers 

Weight fraction of poly(ethylene oxide) 

Sample p.m.r. Predicted 

4-45 - -4  0.80 0.82 
6 - 4 5 - 6  0.77 0.76 
4 -48 - -4  0.82 0.84 
6--48--6 0.80 0.79 
4--75--4 0.88 0.89 
6--75--6 0.82 0.84 

Table 4 Molecular characteristics of P(EP) n copolymers 

Sample A#n n Mw/M n 

5(45-5)7  15 400 6.7 2.5 
7(45-7)2 4 400 1.7 1.5 
9(45-9)5 13 200 5.1 2.1 

12(45-12)  5 14 400 5.1 2.5 

5(75-5)4 13 200 3.6 2.2 
9(75-9)s 19 000 4.8 2.3 

5( 136-5)4 23 000 3.6 2.2 
7(136-7) 3 19 500 3.0 2.3 
9(136-9)4 24 1 O0 3.6 2.3 

12(136-12) 6 39500 5.8 2.2 
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Table 5 Melting points (T m) and lamella spacings (I) of P(EP) n 
copolymers 

Tc Trn / 
Sample (°C) (°C) (nm) 

4--45--4 25 38.5 -- 
30 39.2 

6--45--6 25 37.4 -- 
30 37.6 

5(45--5)-/ 20 40.9 -- 
25 41.1 13.0 
28 41.0 

7(45--7 )2 20 38.9 (37.3) 12.3 
25 38.8 
28 38.7 13.1 

9(45--9)s 20 39.6(37.0) -- 
25 39.7 (38.0) 12.7 
28 39.9(38.9) 

12(45--12)5 20 37.0 12.7 
25 37.6(35.7) 14.7 
28 37.6(36.0) 16.6 

4--48-4 25 -- 11.1 
6--48-6 30 -- 11.3 
4--75-4 30 47.7 -- 

35 48.5 12.3 
6--75-6 30 46.0 -- 

35 46.3 12.8 
5 - (75-5 )4  25 47.4 

30 47.4 13.3 
35 48.2 
40 49.3 16.3 

9(75--9) 5 25 46.0 
30 46.1 14.2 
35 46.6 
40 47.6 15.5 

5( 136-5)4 30 53.7 17.3 
35 54.4 
40 55.0 18.0 
45 56.0 

7 ( 1 3 6 - 7 ) 3  28 53.0 
35 53.4 16.1 
40 53.8 

9 ( 1 3 6 - 9 ) 4  30 53.0 16.7 
35 53.5 
40 54.0 16.8 
45 54.8 

12 (136 -12 )6  28 52.6 
35 52.6 17.3 
40 53.7 

(with the possibility that the amorphous material is located 
in the amorphous lamellae of the polycrystal). With this in 
mind we identify the 45 and 75 series of multiblock copoly- 
mers as forming predominantly once-folded chain poly- 
crystals, and the 136 series as forming predominantly twice 
-folded chain polycrystals. We assign the lower melting points 
observed for samples 7(45-7)2, 9(45-9)  5 and 12(45-12)5 
to predominantly twice-folded chain polycrystals. 

DISCUSSION 

Compared to the melting points of poly(ethylene oxide) 
homopolymers of corresponding (block) length, the melting 
points of the copolymers are substantially reduced, e.g. 
compare the results of Table 5 with l°'~s Tm= 53.8°C for 
poly(ethylene oxide) 2000 (x n = 45); Tm = 60.2°C for 
poly(ethylene oxide) 3300 (~n = 75); and Tm= 64.1°C for 
poly(ethylene oxide) 6000 (Xn = 136). The melting point 
depression is due in part to chain folding in the crystalline 
lamellae [compare Tm = 60.1°C for once-folded chain 
poly(ethylene oxide) 6000] and in part to the inclusion of 
the poly(propylene oxide) blocks in the amorphous lamellae 
of the polycrystal*'~. 

We have shown elsewhere ~ that successful quantitative 
interpretation of the melting of homopolymers and block 
polymers is possible only when information is available con- 
cerning the polycrystalline structure. In terms of the stack- 
ed lamella model we have used ]~, this information is the 
thickness of the crystalline and amorphous lamellae. Never- 
theless it is possible to qualitatively interpret the results of 
Table 5 in the light of the Flory-Vrij .6 model of melting of 
short polymer chains, the use of which is justified elsewhere *. 
Here it is sufficient to consider the simplified case of an 
alternating block copolymer, P(EP)n, having monodisperse 
E- and P-blocks. The feature of this model is that the E 
block ends are paired at the surface of the crystalline lamella. 
We envisage two extreme cases. 

L o n g P  blocks. The E blocks are haphazardly placed in 
the crystalline lamellae (Figure la). Assuming random 
placement of the E blocks in the lamellae, the free energy 
of fusion per chain (AG) is given byX'~6'~: 

mers, as indicated in Table 5 (lower melting points in paren- 
theses). Melting ranges were similar for both tri- and multi- 
block copolymers, and were from 3 to 4 K. The melting 
points were more dependent on crystallization temperature 
T c than hitherto observed ~-4 with poly(ethylene oxide)/ 
poly(propylene oxide) block copolymers, especially those 
of the multiblock copolymers. 

The small-angle X-ray scattering patterns of the PEP co- 
polymers were similar to those observed for homopoly- 
mers ~°'~4 and copolymers ~-~ and consisted of several sharp 
peaks. By contrast the peaks derived from the multiblock 
copolymers were broad. Sharp peaks could be obtained 
for samples annealed for several days at temperatures 5 K 
below T m. The annealing did not change the peak position. 
Lamella spacings ~ obtained from small-angle X-ray measure- 
ments are listed in Table 5. Comparison of the results of 
Table 5 with those obtained earlier for ether linked PEP 
block copolymers (e.g. sample 5 - 4 8 - 5  crystallized at 29°C 
had ~ I = 10.9 nm, 3 - 7 5 - 3  crystallized at 37°C had a l = 
12.6 nm is sufficient to identify the PEP polycrystals as 
predominantly once-folded chain type. Similar comparison 
of the lamella spacings of the multiblock copolymers is 
complicated by their relatively low degree of crystallinity 

AG = n(xAg -- 4a e --l~Tlnx + RTlndPe ) (1) 

where n is the number of E blocks (length x) in the copoly- 
met chain, AG is the free energy of fusion per chain unit of 
perfectly crystalline poly(ethylene oxide), o e is the free 

J]  IIIIJL 
. . . .  f t ~ • ~" i l l  - - T - -  j *  / 

I[I 
. . . . .  . ' ,  " .~ ;  ~ c-:., :- 

a 

I 
~k 

J l 

P 

ILLIL lJ ,,_;,,, ,?.,,_, 

Eli 
i ! t" t 

b 
Figure I Model polycrystals of P(EP) n block copolymers: (a) long 
P blocks; (b) short P blocks 
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Table 6 Calculated melting points (equation 4) of 5(45-5) n 
copolymers 

T~ 
n Ce z (°C) 

1 0.752 45 36.5 
2 0.802 96 40.4 
3 0.821 146 42.0 
5 0.836 247 43.4 

10 0.847 501 44.6 
oo 0.858 ~ 46.2 

Table 7 Comparison of experimental and predicted melting point 
differences 

Experimental Predicted AT 

Tm 
Sample (°C, approx.) AT a b 

5--45- -5  38 3 0 7.6 
5(45- -5)  7 41 

5 - -75- -5  47 1 0 4.5 
5(75- -5)  4 48 

energy of  formation from the melt of  the crystal/amorphous 
interface and the amorphous lamella, and ¢e is the segment 
fractions of  E in the copolymer melt (one segment has the 
volume of  one poly(ethylene oxide) unit). The term RTln(~e 
arises from the necessity that the first segment of  a chosen 
sequence (which must be paired at the interface) is a poly- 
(ethylene oxide) unit; the term RTlnx  from the necessity 
that the sequence is x E units long. The factor 4 in the 
interfacial free energy term is introduced because our data 
pertain to once-folded chain polycrystals in which the E 
block occupies 4 interfacial sites. This equation is identical 
to that for n independent PEP copolymers and leads direct- 
ly to the melting point expression*: 

Tm= T0m[1 - 4ae/xAh]/[1 - (RTOm/xAh)ln(¢e/X)] (2) 

where TO m and Ah are, respectively, the melting point and 
the enthalpy of  fusion per chain unit of  perfectly crystalline 
poly(ethylene oxide). The melting point Tm is independent 
o f n .  

Short  P blocks. The - E P E P E P E -  chain forms a regularly 
folded lamella (Figure l b )  in which the E blocks are sequen- 
tially placed and in which the inner P blocks form identical 
folds. In this case proper location of  the end unit of  the 
- E P E P E P E -  chain uniquely locates the rest. For this res- 
trictive case the free energy of fusion per chain, in a once- 
folded chain polycrystal is: 

AG = nxAg + 4nO'e - RTlnz  + RTln¢e (3) 

I 
where (r e is the free energy of  formation from the melt of  
the interface and z is the chain length in segments of  the 
- E P E P E P E -  chain (i.e. the chain length excluding the two 
end P blocks). This equation leads to the melting point 
expression: 

Tm = T~m[1 - (4Oe/xAh)] / [1 - (R TOm/nxAh)ln(()e/Z)] 
(4) 

The melting point Tm depends upon n. 

* We use the condition AG = 0 when T = T m and the relationship 
Ag = Ahll - (Tm/T°rn)] 

C. Ashman and C. Booth 

Values of  Tm calculated from equation (4) for a typical 
copolymer series, 5(45-5)n  are listed in Table 6. We use 
TOm = 34918-2° and Ah = 8.4 kJ/mo121 and choose Oe to be 
8.0 k J/tool in order to bring the calculated melting points 
into approximate agreement with those observed. Para- 
meters ~be and z are calculated assuming that the specific 
volumes of  supercooled poly(ethylene oxide) and poly- 
(propylene oxide) melts at 40°C are, respectively, 0.901 
cm3/g and 1.01 2 cm3/g 1. 

A comparison of  the experimental and the predicted 
variation of Tm with n is made in Table 7. Experimental 
results fall between those predicted from the extreme 
models. This is in keeping with our f'mding a low degree 
of  crystallinity in the multiblock copolymers; presumably, 
although the P blocks are short in our systems, a random 
structure of type (a) (Figure 1) is approached by the incor- 
poration of  E blocks in the amorphous layer. 

The fact that the experimental values o f  AT in Table 7 
are fairly small means that the melting point of  a copoly- 
mer with alternating blocks of crystallizable (E) and non- 
crystallizable (P) polymers can be predicted with success, 
say to within a degree, from the melting point of  the cor- 
responding triblock (PEP) copolymer. 
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Linked poly(ethylene oxide) samples have been prepared by the condensation of e-methoxy-co- 
chlorocarboxy-poly(ethylene oxide) with alcohols of various functionalities. Melting points (by 
dilatometry) and lamella spacings (by small-angle X-ray scattering) have been determined. The 
linked polymers have higher melting points than their unlinked precursors. The increased melting 
point is interpreted in the light of the model of Flory and Vrij. 

INTRODUCTION 

Investigations have been made of the crystalline structure 1-s 
and the melting 4-6 of linear low molecular weight a, w- 
hydroxy-poly(ethylene oxide), of poly(ethylene oxide) 
samples with other end groups TM or with segmented struc- 
ture 9, and of block copolymers of poly(ethylene oxide) 
with poly(propylene oxide) 10-14, polystyrene 1 s,16 or 
poly(e-caprolactam) 17. In the absence of effects attribut- 
able to incompatibility in the melt 1s'16 or crystallization 
of the copolymerized component 17 the experimental results 
can be broadly interpreted in terms of a polycrystalline struc- 
ture of alternating crystalline and amorphous lamellae 12'13 
In this paper we report an extension of the range of investi- 
gations to include branched poly(ethylene oxide) samples. 

EXPERIMENTAL AND RESULTS 

Preparation 

Poly(ethylene oxide) samples were prepared by the con- 
densation of c~-methoxy-co-chlorocarboxy-poly(ethylene 
oxide) with alcohols of various functionalities. 

Samples of a-methoxy-co-hydroxy-poly(ethylene oxide) 
were prepared by use of a sodium methoxide/methanol 
mixture as catalyst/initiator. These polymers were reacted 
with phosgene to form the u-methoxy-co-chlorocarboxy- 
polymer intermediates for the condensation. The prepara- 
tive methods have been described elsewhere 14. 

The chloroformate intermediates were reacted with 
either methanol (distilled from magnesium activated by 
iodine), ethylene glycol (distilled from calcium sulphate), 
glycerol (dried under high vacuum for 4 days at 40°C), or 
penta-erythritol (Hopkins and Williams Ltd, m.p. 260.5°C, 
used as received). The liquid alcohols were stored over type 
4A molecular sieves and were degassed before use. Reac- 
tions were carried out in pyridine which had been distilled 
from calcium hydride. The c~-methoxy-co-chlorocarboxy- 
poly(ethylene oxide) was melted at 60°C under vacuum 
(<1 N/m 2, 2 h). The system was then blanketed with dry 
nitrogen and a solution of the appropriate alcohol in pyri- 
dine (~0.1 g/cm 3 in sufficient quantity to ensure a 20% 
molar excess of chlorocarboxy- over hydroxy-groups in the 
linking reactions and vice versa in the reaction with metha- 
nol) was added using a syringe. The mixture was held 
under reflux at 60°C for 1 h. The condensation was ter- 
minated by atmospheric moisture. Volatiles were removed 
by rotary evacuation. Pyridinium hydrochloride was re- 

moved by dissolving the dry polymer in dry benzene and 
centrifuging the mixture (15 000 xg for 15 rain). The poly- 
mer was recovered by freeze-drying. 

Nomenclature 

Starting from a-methoxy<o-hydroxy-poly(ethylene 
oxide) samples of molecular weight -Mn = 1600 or 2700 we 
prepared two series of polymers. We refer to these by their 
chain lengths (36 or 61 chain units respectively); by their 
end groups (M = methoxy-, H = hydroxy-, C = carboxy- 
methoxy-); by the alcohol used in the condensation (O = 
hydroxy-ended polymer, E = ethylene glycol, G = glycerol 
and P = penta-erythritol); and by the number of poly(ethy- 
lene oxide) blocks. This is illustrated, for the 36 series, in 
Table 1. 

Fractionation 
The preparative conditions for the u-methoxy-~-hydroxy- 

poly(ethylene oxide) samples lead to the formation of a 
small proportion of a, co-hydroxy-poly(ethylene oxide) 
initiated by adventitious water. This polymer will form u, 
co-chlorocarboxy-poly(ethylene oxide) at the second stage 
of the preparation and so may undergo chain extension by 
reactions with the polyfunctional alcohols. Moreover, be- 
cause of the excess of chloroformate in the reaction mixture, 
condensation with a polyfunctional alcohol gives both linked 
and unlinked polymers. Consequently the molecular weight 
distributions of the linked polymers may be wide. Accord- 
ingly the polymers were all fractionated before use. Frac- 
tionation was from a dilute solution of toluene (<5 g/din 3) 
by addition of isoctane in the manner described elsewhere 18. 
Generally 3 or 4 fractionations were needed to reduce the 
width of the molecular weight distribution to an acceptable 
figure (see Table 2). 

Characterization 

Vapour pressure osmometry (v.p.o.) (Mechrolab Model 
301A, benzene at 25°C), end group analysis (e.g.a.) (phtha- 
loylation of hydroxy end-groups19~°), dilute solution visco- 
metry (d.s.v.) (tetrahydrofuran at 25°C) and gel permeation 
chromatography (g.p.c.) (tetrahydrofuran at 25°C) were 
used to characterize the polymers with respect to molecu- 
lar weight. Results are given in Table 2. Infra-red spectro- 
scopy and reaction with phthalic anhydride served to demon- 
strate an absence of hydroxy end-groups in all samples but 
MH36 and MH61. 
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Table 1 The 36 series of polymers 

Name St ruc tu re  

MH36 

MC36 

(M36)20 

(M36)2 E 

(M36)aG 

(M36)4P 

CH3(O.CH2CH2)36OH 

CH3 (O.CH 2 CH2 ) a60.CO.O.CH 3 

CH3 (O.CH2CH2)360.CO.O(CH2CH20)36CH 3 

CH3(O.CH2CH2)36 O.CO.O.CH2CH20.CO.O(CH2CH20)36CH 3 

CH 3 (O.CH2CH 2 ) 360.CO.O .CH 2 
r 

CH 3 (O.CH2 CH2 )360.CO.O.CH 
I 

CH 3 (O.CH 2 CH2 ) 36 O.CO.O .CH 2 

CH3 (O.CH2CH2)36 O.CO.O.CH2 ,CH20.CO.O (CH2CH20)36CH 3 

\c  / / \  
CH3 (O.CH2 CH2 ) 3 6 0 . C O . O . C H  2 C H 2 0 . C O . O  ICH2CH2O136CH 3 

Table 2 Characteristics of the poly(ethylene oxide) fraction= 

Sample v.p.o, e.g.a, g.p.c. 

Mn Mw/M n [r~] 
(cm3 Mn 

g.p.c. /g) (predicted) 

M H 3 6  1 5 0 0  1 4 0 0  1 6 0 0  1 .05  6 .2  - -  
M C 3 6  1 6 0 0  - 1 6 0 0  1 .05  5 .9  - 
( M 3 6 ) 2 0  2 9 0 0  - -  3 0 0 0  1 .05  9 . 3  3 2 0 0  
( M 3 6 ) 2 E  3 6 0 0  - -  3 3 0 0  1 .08  9 . 7  3 3 0 0  
( M 3 6 ) a G  4 6 0 0  - -  5 0 0 0  1 .07  10 .0  4 9 0 0  
( M 3 6 ) 4 P  5 9 0 0  - -  6 8 0 0  1 . 1 6  13 .6  6 6 0 0  
M H 6 1  2 8 0 0  2 5 0 0  2 7 0 0  1 .05  7 .9  - -  
MC61  2 7 0 0  - -  2 7 0 0  1 .05  7 .5  - -  
(M61 )2  E - -  - 4 7 0 0  1 .13  14 .0  5 4 0 0  
( M 6 1 ) a G  - - 8 8 0 0  1 .12  15 .5  8 3 0 0  

Table 3 Lamella =pacing= (nm) for  po ly (e thy lene  oxide)  fract ions 

Tc(°C) 

Sample 3 0 . 5  3 9  4 3  4 8  

M H 3 6  10 .6  10 .7  - - 
M C 3 6  10 .6  - -  - - 
( M 3 6 ) 2 0  - -  10 .7  - - 
( M 3 6 ) 2  E 11 .3  11 .7  - -  - 
( M 3 6 ) 3 G  - -  12 .4  12 .7  - 

( M 3 6 ) 4 P  - -  12 .8  - -  - 
M H 6 1  - -  15 .5  16 .0  - 
MC61  - -  - -  16 .0  --  
( M 6 1 ) 2  E --  - -  17 .5  18 .3  
( M 6 1 ) 3 G  - - 17 .9  18 .8  

D.s.v. was carried out with modified Desreux-Bischoff 
viscometers. Kinetic energy and shear corrections were 
negligible. A density correction was applied2L 

G.p.c. was carried out with 5 Styragel columns of nomi- 
nal pore sizes in the range 15 to 1500 nm. Calibration was 
with narrow fractions of known molecular weight4; the 
calibration curve was adjusted to reproduce the values of 
)~fn for the calibrants. Values o fM n for the branched sam- 
ples were based upon a 'universal' calibration 22 i.e. a plot of 
logl0[r/]M against elution volume. Corrections for instru- 
mental spreading were not made. 

Values for Mn obtained by end group analysis are low 
compared with those obtained by the other methods; this 
is as expected if the samples (MH36 and MH61) contain 
a fraction of c~, ~o-hydroxy-poly(ethylene oxide). 

Values of ~/n, based on those established for samples 
MH36 (1600) and MH61 (2700) taking into account the 
structure of the polymers, are listed in the last column of 
Table 2. The agreement between the predicted and the 
experimental values is satisfactory. 

Small-angle X-ray scattering 
The methods used for small-angle X-ray scattering have 

been described earlier t2. The scattering patterns were simi- 
lar to those observed for other poly(ethylene oxide) homo- 
polymers t'4 and copolymers 12. Lamella spacings were cal- 
culated directly from Bragg's Law, slit smearing effects be- 
ing unimportant. 

Lamella spacings are listed in Table 3. Polymers were 
crystallized at several temperatures (Tc); scattering was at 

20°C. The chain length of poly(ethylene oxide) homo- 
polymer of length 36 chain units is 10.1 nm and that of 
length 61 chain units is 17.1 nm. (Calculated assum- 
ing 0.28 nm per chain unit, in keeping with a repeat dis- 
tance of 1.95 nm for the 7 -2  helix of crystalline poly(ethy- 
lene oxide) 23. The spacings indicate that the polymers form 
predominantly extended chain lamellae, as is found for 
other poly(ethylene oxide) hompolymers of comparable 
chain (block) length 1'4's. The increase in lamella spacing 
with degree of branching is possibly due to rejection of 
the shorter branches from the crystalline lamellae; the 
temperature dependence of lamella spacing is also consis- 
tent with a fractionation mechanism of this kind. 

Dilatometry 
The methods used for dilatometry have been described 

elsewhere12,24. Contractions on crystallization (Av, cm3/g) 
are listed in Table 4. These may be compared (see Table 4) 
with those for the process*: 

melt ~ perfect crystal 
The volume contractions must be considered in conjunction 
with the melting temperatures of the samples (Table 5) 
since, due to fractionation during the crystallization pro- 
cess 1'26, Av can vary considerably with undercooling. The 

* We use the  followin~ sp_ecific volumes to calculate A v  for the 
• . 2~3 25 perfect crys ta lhzatJon ' : 

3 o 3 
Me l t  v = 0.891 cm /g at  25 C a = 0 .00069  cm /g K 

3 o 3 
Crystal  v = 0 .813  cm /g at  25  C e = 0 .00015  cm /g K.  
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Table 4 Cont rac t i on  on c rys ta l l i za t ion  (102 X cm3/g) f o r  
po l y (e thy lene  ox ide)  f rac t ions  

Tc(°C)  

Sample 36.1 40.0 43.2 

M H 3 6  6 .1  5 . 5  - 

M C 3 6  - 5 . 6  - -  

( M 3 6 ) z  O - 6 . 4  - -  

( M 3 6 ) 2  E 6.5 5.5 --  
(M36)3G -- 5.5 --  
(M36)4P 4.8 4.7 --  
MH61 --  7.3 5.1 
(M61)2 E --  5.7 6.3 
(M61)3G --  6.1 6.5 
Perfect  c rys ta l l i za t ion  8.4 8.6 8.8 

evidence we have is that Av is not greatly affected by bran- 
ching (with the possible exception of sample (M36)4P). 

Melting points (Table 5)  are defined by the point of 
disappearance of the last trace of crystallinity 1~. Within 
the temperature range Tm +- 5 K we found only one melt- 
ing point in any fraction; this is in keeping with other re- 
sults on poly(ethylene oxide) homopolymers of molecular 
length 6-8 less than 70 chain units. Melting points of the 
branched samples are slightly dependent on Tc; those of 
the linear samples are independent of T c. 

T m =  TOrn [1 - ( 2 o o / x A h ) l / [ 1  + (RTOm/xAh)lnx] (2) 

where TOm and Ah are, respectively, the melting point and 
the enthalpy of fusion per chain unit of perfectly crystal- 
line poly(ethylene oxide). 

For the case p ~> 1, the free energy of fusion per chain 
can be written: 

A G  = p x A g  - 2po 0 - R T l n z  (3) 

where z is the total chain length. In formulating the term 
R T l n z  we note that all p branches of length x enter the 
crystal and so the pairing of a chain end, in a crystal of 
thickness x units, is sufficient to ensure that all other ends 
are paired. The melting point expression corresponding to 
equation (3) is: 

T m =  TO m [1 - (2oo /xAh)] / [1  + (RTOm/pxAh)lnz] (4) 

The Flory-Vrij model can be extended 28 to take account 
of a crystalline lamella of thickness 1 c < x ,  i.e. the case of 
partial melting 28. The free energy of fusion per chain can 
be written: 

AG = Plc~g - 2poe -- R Tlnz  + pR  T ln (x  - lc + 1) (5) 

DISCUSSION 

Replacement of the hydroxy-end groups of samples MH36 
and MH61 by methoxycarbonyl-end groups in samples 
MC36 and MC61 changes the melting point very little 
(<0.5 K, see Table 5).  This is in keeping with a recent 27 
comparison of hydroxy- and methoxy-ended poly(ethylene 
oxide) fractions which revealed a similarly small divergence 
in melting behaviour. We take these results to mean that 
the contribution of the free energy of mixing of end- and 
chain-groups to the free energy of formation from the melt 
of the amorphous lamellae of the polycrystal is small 12. 
Consequently we are able, in these systems, to ascribe 
changes in melting point between single and linked chains 
mainly to changes in structure. We note that this is not so 
for poly(ethylene oxide) linked with 2,4-toluene di-isocya- 
nate 9 because the introduction of aryl groups is known to 
depress the melting point of low molecular weight poly(ethy- 
lene oxide) 7. (In fact melting point depressions were found 
by Galin et al 9 for the 2,4-toluene di-isocyanate linked 
polymers.) 

Ef fec t  o f  chain structure on mel t ing 

For simplicity we consider firstly the melting of poly- 
mers composed of p branches each of equal length (x chain 
units) which form crystalline lamellae of thickness x chain 
units. The case of single chains (p = 1) has been treated by 
Flory and Vrij 2a who write the free energy of fusion per 
chain: 

AG,= xAg - 200 - R T l n x  (1) 

where Ag is the free energy of fusion per chain unit of per- 
fectly crystalline poly(ethylene oxide) and o0 is the free 
energy of formation from the melt of the crystal/melt inter- 
face (i.e. the layer of end groups). This equation leads to 
the melting point expression*: 

* W e  use the cond i t i on  A G  = 0 w h e n  T = T m a n d  t h e  r e l a t i o n s h i p  

Ag = Ah [1  --  ( T m / ~ m ) ] .  

where Oe is the free energy of formation from the melt of 
the crystal/amorphous interface and the amorphous layer 
of uncrystallized chain ends. The term R T l n ( x  - lc + 1) 
originates in the additional combinatorial entropy of the 
partly melted crystal. We assume here an identical contribu- 
tion of RTln(x - l c + 1) from each branch. (This is for an 
idealized model in which the constraints of one branch on 
another are ignored.) The melting point expression corres- 
ponding to equation (5) is: 

Tm = TO m [1 - (2oe/ lcAh)] / [1 -- (RTOm/PlcAh)lrLl ] ( 6 )  

where: 

I = (x - l c + 1)P/z (7) 

We have shown elsewhere 6'12 how these equations can be 
recast to take account of polydispersity of chain length, 
provided that simple assumptions are made concerning the 
nature of chain folding of the longer chains in the distribu- 
tions. In fact we can demonstrate the important effects of 
chain structure without recourse to more complex equa- 
tions than those above. 

Table 5 Mel t ing po in ts  (°C) o f  po l y (e thy lene  ox ide)  f rac t ions  

Tc(°C)  

Sample 30.5 33.3 34.8 35.1 36.1 40.0 43.2 48.0 

M H 3 6  49.5 49.5 49.5 . . . . .  
MC36 49.1 49.1 49.1 - -  4 9 . 1  - - -  - -  

( M 3 6 ) 2 0  53.4 53.5 --  --  53.5 53.7 --  --  
(M36)2 E 53.1 53.1 --  53.0 --  53.2 --  --  
(M36)3G 52.3 --  52.5 - 52.6 52.5 --  --  
(M36)4P 51.9 - -  52.1 --  52.2 52.4 --  --  
MH61 . . . .  57.6 57.4 57.4 57.6 
MC61 . . . .  56.8 56.9 56.9 - -  
(M61)2E . . . .  58.3 58.3 58.7 59.3 
(M61)aG . . . .  58.4 58.4 58.8 59.5 
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Table 6 Calculated melting points (T m) and interracial free 
energies (o e) 

Calculated 

Equation Equation (6) 
Observed (4) 

Sample Tm(°C) Tm(°C) a Tm(°C) a %(kJ/mol) 

MC36 49.1 49.0 49.1 6.6 
(M36)2 E 53.1 53.4 55.5 7.3 
(M36)3G 52.5 55.0 58.2 8.3 
(M36)4P 52.1 56.2 59.6 8.8 

MC61 56.9 56.9 56.8 8.2 
(M61)2 E 58.4 60.1 61.4 9.7 
(M61)3G 58.5 61.3 63.2 10.6 

a Calculated assuming that for the 36 series of copolymers o o = 
6.8 k J/tool and o e = 6.6 kJlmol, and that for the 61 series o o = o e = 
8.2 kJ/mol 

Comparison o f  theory and experiment 

Values of  Tm calculated according to equations (4) and 
(6) are listed in Table 6. We use Tm = 349K 29-31 and Ah = 
8.4 kJ/mol a2. The lamella thickness l c is assumed to be 
0.7x, in keeping with the values of  lc found 12 for extended 
chain polycrystals.  The values of  o 0 and Oe (indicated in 
Table 6) were chosen so as to bring measured and calcu- 
lated melting points into agreement for the single chains 
MC36 and MC61. 

At  constant end interfacial free energy the theoretical 
prediction is that Tm is increased as p is increased. The 
predicted increase varies somewhat with the model  used. 
However the end-paired model  is for chains with zero com- 
binatorial entropy in the polycrystal so that  we might ex- 
pect to observe increases in Tm at least as large as those pre- 
dicted by equation (4). In fact we do not  observe a constant 
increase in T m with p;  moreover the observed increases in 
Tm are markedly lower than those predicted. We interpret 
this to mean that the interfacial free energy is increased as 
p is increased. 

For the more realistic partly melted model,  represented 
by equation (6), we have determined the values of  Oe re- 
quired to bring theory and experiment into agreement. 
These values are listed in Table 6. An increase in ee of  up 
to 2.5 kJ/mol is sufficient to explain the observed melting 
points. Such an increase in Oe would be consistent 12'13 with 
conformational distortions of  the poly(ethylene oxide) 
chains in the amorphous layer (as a consequence of accom- 
modating linking points in the amorphous layer whilst 
maintaining a high extent  of  crystall inity),  or with an in- 
crease in thickness of  the amorphous lamellae (as might 
be the case with sample (M36)4P, see Table 4). 
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Sequence distribution of cis-l,4- and 
trans-l,4-units in polyisoprenes 
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The 13C n.m.r, spectra of chicle polyisoprene and cis-trans isomerized 1,4-polyisoprenes were studied. 
The splittings of signals were observed in the C1, C2, and C 4 carbon signals of the isomerized polyiso- 
prenes. The newly appearing signals were assigned to the carbon atoms in cis-trans linkages. The 
fractions of the diad sequences (trans-trans, trans-cis, cis-trans, and cis-cis) were determined by 
using the four signals of C 1 carbon. It was found that the cis-1, 4- and trans-1, 4-units were randomly 
distributed in the isomerized polyisoprenes and it was confirmed that the chicle polyisoprene was a 
mixture of cis-1, 4- and trans-1, 4-polyisoprenes. 

INTRODUCTION 

Recently 13C n.m.r, spectroscopy has been successfully 
applied to investigate the sequence distribution of 1,2- and 
1,4-units or cis-1,4- and trans-1,4-units in polybuta.- 
dienes I 4. As for polyisoprenes, however, few investiga- 
tions have been made on the sequence distribution of iso- 
meric structures using this technique, although Duch and 
Grant have assigned the 13 C n.m.r, signals of cis-1,4- and 
trans-1,4-homopolyisoprenes s . 

In previous work we have found new signals attributed 
to cis-trans linkages in the 13C n.m.r, spectra of cis-trans 
isomerized polyisoprenes and assigned the signals using diad 
sequences of cis-1,4- and trans-1,4-units 6. We have also 
studied the 13C n.m.r, spectra of hydrogenated polyiso- 
prenes containing various amounts of 1,4- and 3,4-units 
and the sequence distribution of 1, 4- and 3, 4-units were 
discussed for n-BuLi catalysed polyisoprenes 7. In this 
work we have investigated the sequence distribution of 
chicle polyisoprene and cis-trans isomerized 1, 4-polyiso- 
prenes containing various ratios of cis-1,4- and trans-1, 
4-units. 

EXPERIMENTAL 

Materials 
Chicle polyisoprene was obtained by the extraction of 

crude chicle with benzene after removing the acetone- 
soluble compounds. This polyisoprene was purified by 
repeated reprecipitation from a benzene solution into ace- 
tone. The purified chicle polyisoprene consisted of exclu- 
sively 1,4-polyisoprene, which was confirmed by 1H n.m.r. 
and infra-red spectroscopies. 

Gutta percha (trans-1,4-: 100%) and synthetic cis-1,4- 
polyisoprene (cis-1,4-: 97.1%, trans-1,4-: 1.9%, 3, 4-: 
1.0%) were used for the starting polymer of cis-trans iso- 
merization without further purification. The benzene 
solution of the polymer (2 or 3 % w/v) was irradiated with 
a high pressure mercury lamp in the presence of thioben- 
zoic acid (1-8% w/w of the polymer) stirring with a mag- 
netic stirrer at 20°C under nitrogen atmosphere. The iso- 
merized polymer was purified by repeated reprecipitation 

from a benzene solution into acetone. The ratio of cis-1, 
4- and trans-1,4-units of the polymer was determined by 
1H n.m.r, spectroscopy. 

Measurem en t 
The 13C n.m.r, spectra were obtained at 25.1 or 

15.0 MHz using respectively a JEOL JNM-PS 100 or a 
Varian CFT-20 spectrometer equipped with a Fourier 
transfer accessory. Measurements were made at room 
temperature or 60°C in CDCI3 (about 25% w/v). Chemical 
shifts were referred to tetramethylsilane added as an inter- 
nal standard. All the spectra were proton noise decoupled 
and obtained with multiple scans at a pulse repetition 
time of 2.0 or 2.2 sec. 

RESULT AND DISCUSSION 

Assignments of  13C n.m.r, signals 
The 13C n.m.r, spectrum of chicle polyisoprene was 

identical to that of a mixture ofeis-1,4- and trans-1,4- 
polyisoprenes showing five signals due to cis polymer at 
134.85,124.65, 32.25, 26.36, and 23.25 ppm and also 
five signals due to trans polymer at 134.38,123.87, 39.67, 
26.67, and 15.87 ppm (Figure 1). These signals were 
assigned to the C2, C3, C1, C4, and C5 carbons in the order 
of increasing magnetic field for both eis-1,4- and trans-l, 
4-polymers s. The symbols of carbon atoms are denoted as 
follows: 

(~H 2 ~(~H3) ~H 4 = _ CH2)- n 

The observation that chicle contains both cis-1,4- and 
trans-l, 4-polyisoprenes is in accord with the finding ob- 
tained by Schlesinger and Leeper using fractionation s. 

Polyisoprenes containing various ratios of cis-l, 4- and 
trans-1,4-units were obtained by cis-trans isomerization 
of 1,4-polyisoprenes. Figure 2 shows the differences be- 
t 13 ween the C n.m.r, spectra of chicle and isomerized poly- 
isoprenes. In the spectra of isomerized polyisoprenes sig- 
nals due to C1 carbon split into two peaks for both cis 
and trans resonances. Similar splittings were observed in 
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Figure 2 13C n.m.r, spectra of 1,4-polyisoprenes (25.1 MHz). 
(a) Chicle polyisoprene; (b) isomerized gutta percha (trans-1, 4-: 
64%); (c) isomerized cis-1, 4-polyisoprene (trans-1,4-: 50%) 

the signals due to C 2 and C 4 carbons of isomerized poly- 
mers, though new signals appeared between the original 
cis and trans peaks and overlapped with one another. These 
new signals were not observed for chicle polyisoprene, 
gutta percha, and synthetic cis-1,4-polyisoprene. 

The structures of the isomerized polyisoprenes were also 
investigated by X-ray difraction. The crystallinity of gutta 
percha drastically decreased by the isomerization as shown 
in Figure 3. On the other hand, the isomerized cis-1,4- 
polyisoprene displayed no peaks due to the crystallinity 
of long sequences of  trans-1,4-unit, even though it had 

Y. Tanaka and H. Sato 

more than 50% of trans-1,4-unit (Figure 3c). This finding 
shows that the long sequences of the trans-1, 4-unit dis- 
appeared by the isomerization of the trans polymer and 
was not produced by the isomerization of the cis polymer. 
Hence, it is concluded that eis-trans linkages were pro- 
duced by the isomerization of both eis and trans polymers. 
It was confirmed that side reactions such as main chain 
scission reaction and cyclization were negligible in the 
course of cis-trans isomerization as discussed later. Con- 
sequently, the newly appearing signals were attributed to 
the carbon atoms in the cis-trans or trans-cis linkages. 
The signals due to C1, C2, and C4carbon atoms were as- 
signed to the carbon atoms in diad sequences of cis-1,4- 
and trans-1, 4-units as shown in Table 1. 

Sequence distribution of  cis-1, 4 and trans-1, 4 units 
The fractions of diad sequences of  cis-1,4- and trans-1, 

4-units, i.e., trans-eis, trans-trans, cis-eis, and cis-trans 
were determined from the relative intensities of the four 
signals of C1 carbon atom. These diad fractions are plotted 
against the fraction of trans-1, 4-unit for the isomerized 
polyisoprenes as shown in Figure 4. The observed values of 

A 

B 

C 
I I l I 
15 20 25 30  

2 e (degrees) 
Figure 3 X-ray difraction patterns of 1,4-polyisoprenes. A, gutta 
percha; B, isomerized gutta percha (trans-1,4-: 87%); C, isomerized 
cis-1, 4 polyisoprene (trans-1, 4-: 50%) 

Table I Assignment of 13C n.m.r, signals 

Chemical shift (ppm from TMS) 

Carbon trans--trans trans--cis cis--trans cis-cis 

C 1 39.67 39.91 32.01 32.25 
C 2 134.38 134.55 134.68 134.85 
C 4 26.69 ~26.55 ~26.45 26.36 
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Figure 4 Diad sequence fraction of cis-1,4- and trans-1, 4-units 
Points show experimental points, and curves the theoretical depen- 
dence assuming Bernoullian distribution; o, cis--cis; [3, cis--trans; 
X, trans--cis; 0, trans-trans fraction 

each diad sequence lay on the theoretical curves assumed 
for a random distribution of cis-1,4- and trans-1,4-units. 
Therefore it is concluded that the cis-trans isomerization 
proceeded randomly regardless of the ultraviolet irradiation 
time, the concentration of thiobenzoic acid, and the micro- 
structure of the starting polymer. It is noteworthy that 
the fractions of cis-trans and trans-cis linkages were al- 
most equal for all polymers, which indicates the validity 
of the signal assignments. The fractions of trans-1, 4-unit 
determined from relative intensities between Cl-cis and 
Cl-trans signals were in good agreement with those obtained 
by 1H n.m.r, spectroscopy. This indicates that the differ- 
ences of the nuclear Overhauser enhancement factor and 
the effect of spin-lattice relaxation time among these C1 
carbon atoms were negligible in these measurements. How- 
ever, the fractions of trans-1,4-unit determined from the 
signals of C5 carbon atom were lower than those obtained 
by 1H n.m.r, spectroscopy up to 8%. 

The chicle polyisoprene did not exhibit definite signals 
characteristic of the cis-trans or trans-cis linkages, which 
indicates that this polymer is a mixture of cis-1, 4- and 
trans-1,4-polyisoprenes or a block copolymer consisting 
of long sequences of cis-1,4- and trans-1,4-units. The 
fractionation of the chicle polyisoprene was carried out 
according to the method of Schlesinger and Leeper 8. The 
polymer was separated into a pure trans-1,4-polymer and 
cis-1,4-polymer containing 10% of trans-1,4-unit. Charac- 
teristic signals due to cis-trans linkages were not observed 
in either fraction. Therefore it is confirmed that the chicle 
polyisoprene is a mixture ofcis-l,  4- and trans-1,4-homo- 
polymers, although a pure cis polymer was not obtained 
by the fractionation. 

cis-trans Isomerization by ultra-violet irradiation 
The trans-1,4-fractions of the isomerized polymers 

were plotted as a function of ultra-violet irradiation time 
in Figure 4. The isomerization proceeded as the irradiation 

and trans units in 1,4-polyisoprenes: Y. Tanaka and H. Sato 

time increased and the isomerization rate increased with 
the concentration of thiobenzoic acid. Both cis and trans 
polymers were isomerized to a common equilibrium struc- 
ture containing 50 to 65% of trans-1,4-unit. This equili- 
brium composition is almost in agreement with one ob- 
tained by Cunneen et  al. 9. 

Golub et al. reported that 3,4-, 1,2-, and cyclic-units 
were produced resulting from the side reactions of cis 
trans isomerization of 1,4-polyisoprenes by the u.v. irra- 
diation in the absence of sensitizer ~°. The microstructure 
of the isomerized polymers was examined according to the 
method of Golub etal. using IH n.m.r, and i.r. spectro- 
scopies. Under the present experimental conditions the 
isomerized polymers contained 3,4-, 1,2- and cyclic-units 
less than 3, 1, and 1%, respectively. This result indicates 
that thiobenzoic acid accelerated exclusively cis--trans 
isomerization. In the course of cis-trans isomerization 
process only a slight amount of  side reactions was also 
confirmed by the analysis of  hydrogenate d polyisoprenes 7. 
Only four signals corresponding to four types of carbon 
atoms linked by head-to-tail 1,4 structure were observed 
in the 13C n.m.r, spectra of hydrogenated polyisoprenes 
prepared by the hydrogenation of isomerized polymers 
using p-toluenesulphonylhydrazide. 

13C n.m.r, spectra of polyisoprenes containing only 
cis-1,4- and trans-1,4-units were rather simple• The seq- 
uence distributions of these units were determined for 
chicle polyisoprene and cis-trans isomerized 1,4-poly- 
isoprenes. It was found that cis-1,4- and trans-1,4-units 
were distributed randomly along the cis-trans isomerized 
polyisoprenes. A similar random distribution of cis-1,4- 
and trans-l, 4-units was also observed for cis-trans iso- 
merized polybutadienes 3. The sequence distribution of 
3,4- and 1,4-units were also determined by 13C n.m.r. 
measurement of hydrogenated polyisoprenes as described 
in a previous paper 7. On the other hand, polyisoprenes 
containing cis-1,4-, trans-1,4 and 3, 4-units exhibited quite 
complicated 13C n.m.r, signals due to various types of car- 
bon atoms in different sequences. These complicated reso- 
nances can be analysed by referring to the results obtained 

I 0 0  

, 50  "Xm 

I I 

o IOO 2 0 0  

U.v. irradiation time {rain ) 
Figure 5 Isomerization of 1,4-polyisoprenes• L7 Thiobenzoic acid; 
O, 1; X, 3; I ,  8 % w/w polymer 
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hitherto and the sequence distribution of c/s-l, 4-, trans-1, 
4 and 3, 4-units will be discussed in a subsequent paper. 
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Diimide reduction of cis-l,4-polyisoprene 
with p-toluenesulphonylhydrazide 

Tran Dai Nang*, Yasuo Katabe and Yuji Minoura 
Department of Chemistry, Research Institute for Atomic Energy, Osaka City University, Sugimoto- 
cho, Sumiyoshi-ku, Osaka, Japan 
(Received 29 August 1975) 

The hydrogenation of cis-1,4-polyisoprene with diimide generated in situ from p-toluenesulphonyl- 
hydrazide (TSH), was investigated under various conditions. In aromatic solvents at 100-140°C, the 
rate of hydrogenation was increased with increase in concentration of polyisoprene and of TSH. Part 
of the polymer was depolymerized and cyclized during the reaction. Increasing the hydrogenation 
tended to decrease the rate of sulphur vulcanization, of the compounded rubber and the physical 
properties of vulcanizates were poor. The reaction of polyisoprene rubber with TSH, was also carried 
out in a solid state at 140°C for 20-60  min. It was found that by using a large amount of TSH hydro- 
genation and cyclization of rubber occurred. The quantity of TSH used as a blowing agent, for rub- 
ber in the manufacture of sponge rubber, i.e. 5 -10  phr, did not cause hydrogenation. 

INTRODUCTION 

The hydrogenation of unsaturated polymers, especially 
polydienes, has been studied for many years, in order to 
derive polymers exhibiting substantially altered physical 
properties and generally improved resistance to oxidative 
and thermal degradation. 

Previously, hydrogenation techniques usually required the 
use of highly reactive chemicals or heterogeneous catalysts, 
which generally resulted in apprecible degradation to the 
polymer chain. 

Recently, the transitory species diimide, N2H2 ~'2, has 
been extensively studied as a general hydrogenation re- 
agent for low molecular weight olefins 3'4. The use of di- 
imide with polymeric substrates was first reported by 
Okawara and coworkers s, who employed it to remove resi- 
dual unsaturation from polyvinylctdoride. 

Lenz et al. 6,7 and Harwood et aL 8 have investigated the 
hydrogenation of polydienes (i.e. cis- and trans-1,4-poly- 
butadiene, cis-1,4-polyisoprene, random and block SBR, 
poly(2,3-dimethylbutadiene), polycyclohexadiene, etc.) 
with diimide generated in situ from p-toluenesulphonyl- 
hydrazide. 

In the present work, the reduction of cis-1,4-polyiso- 
prene with diimide, has been studied in order to clarify the 
effect of reaction conditions on the hydrogenation and of 
polymer composition on the physical properties of the 
product• 

EXPERIMENT 

Commercial cis-1,4-polyisoprene (Natsyn 2200) as provided 
by the Goodyear Tyre and Rubber Company, and of com- 
position 96.9% cis and 3.1% 3,4-bond content, was puri- 
fied by dissolving it in benzene, followed by filtration and 
precipitation in methanol. The precipitated polymer was 
washed with alcohol and dried at room temperature in 
vacuo. Commercial p-toluenesulphonylhydrazide (TSH) 
was purified by recrystallization from ethanol and dried in 
vacuo. (TSH has decomposition point 107°C). Solvents 
used were purified by distillation. 

* Present address: Chemical Engineering School, National Tech- 
nical Institute, Saigon, South Vietnam• 

Reduction 

Polymer samples (10 g) and 500 ml of solvent (xylene, 
dichlorobenzene, pyridine etc.) were heated under nitrogen 
with stirring until the polymer dissolved. The solution was 
kept at a suitable temperature (100°-135°C) and the p- 
toluenesulphonylhydrazide (TSH) was added. Aliquots of 
30 ml were removed from the reaction mixture at suitable 
times and the polymers were isolated by precipitation from 
methanol. After washing with methanol, water and more 
methanol, the hydrogenated polymers were purified by 
reprecipitation from benzene solution by methanol and 
dried at room temperature in vacuo to constant weight. 

Physical measurements and analysis 

Polymer characterizations were carried out by elemental 
analysis, infra-red spectroscopy, the determination of the 
unsaturation of rubber by Wij's method 9 and n.m.r. 
spectroscopy. 

Infra-red analyses were carried out using a Jasco IR type 
spectrometer of Japan Spectroscopic Co. Ltd. Films suitable 
for infra-red measurements were prepared on a NaC1 plate 
by casting from the benzene solution. Nan.r. measurements 
were carried out using Hitachi-Perkin Elmer Corp. R-2018 
instrument at 60 MHz. 

The intrinsic viscosities of polyisoprene and the reaction 
products, were measured by means of Ubbelohde viscometer 
• O . . 

in toluene at 30 C. The molecular weights of polylsoprene 
were calculated using the equation, [r/] = 5 × 10-4/140.67. 

Physical properties o f  vulcanizates 

The hydrogenated rubbers that had been kept in metha- 
nol, plus 0.2% pheny113-naphthylamine, were washed with 
methanol then dried in vaeuo. The original rubber, was 
dissolved in xylene, precipitated in methanol, and treated 
as above. 

All the rubbers were compounded with curing agents, 
according to the following method; rubber (10 g), zinc 
stearate (0.2 g), zinc oxide (0.6 g), zinc dimethyl dithiocar- 
bamate (0.06 g) and sulphur (0.2 g). The rubber and ingre- 
dients were compounded on a Micro 'RAPRA-Shawbury' 
mill at a temperature of 40°C for about 15 min. 
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Figure I Effect of TSH on hydrogenation of  polyisoprene (Natsyn} 
at 100°C. Concentratk~n of polyisoprene: 0.29 mol/I, i.e. polyiso- 
prene (10 g)/xylene (400 ml) + pyridine (100 ml). Concentration of 
TSH (mol/I); A, 0.88, B, 0.59; C, 0.29 

Using the 'Wallace Shawbury MK V', curometer a cure 
chart of each compound was recorded at 130°C. The vul- 
canization of each sample was carried out at 130°C and for 
T90 min. 

The physical properties of vulcanizates i.e. tensile 
strength, modulus, elongation and hardness, were measured 
according to the JIS K 6301 method. The heat ageing test 
was carried out simultanously for each sample at 70°C for 
24 h. 

RESULTS AND DISCUSSION 

Determination of suitable conditions 
The diimide reductions of polyisoprene were carried out 

in various solvents. In o-dichlorobenzene, the reaction sys- 
tem turned brown after about 3 h and black after 5 h at 
135°C, whilst, in xylene, the reaction mixture turned brown 
and then black at 135°C after about 5 h, owing to decom- 
position of the polymer, p-Toluenesulphinic acid produced 
from TSH, was partly converted to p-toluenesulphonic acid 
which caused the cyclization of polyisoprene and the accel- 
eration of the thermal decomposition of the polymer. The 
effect of the p-toluenesulphonic acid was prevented by use 
of a basic solvent, i.e. pyridine. The diimide reduction car- 
ried out at 125°C in the mixed solvent, (i.e. xylene/pyri- 
dine = 4:1), gave a dark brown product after 8 h but at a 
lower temperature, (100°C), the decomposition was avoided 
and a clear product was produced. 

Effect of concentration of TSH 
At constant concentration of polyisoprene (10 g/500 ml), 

the rate of hydrogenation increased at a rate directly pro- 
portional to concentration of TSH (Figure 1). 

The partly hydrogenated cis-polyisoprene and natural 
rubber were soluble in aromatic and chlorinated hydrocar- 
bon solvents at room temperature and were analysed for 
residual unsaturation by i.r. and n.m.r, spectroscopy. 

The n.m.r, spectrum of the original polyisoprene com- 
pared with that of the partly hydrogenated sample, show 
that the resonance of -C=CH-  units (5.1 ppm) is decreased 
and the resonance at 1.3-I  .2 and 0.9-0.8 ppm due to 
hydrogenated isoprene units appeared in the spectrum. 

The results of elemental analysis of products (Table 1), 
show H% clearly increased and C% decreased compared 
with the original polyisoprene. The results were not satis- 
factory for the calculation of degree of hydrogenation, and 
this was determinated by Wij's method. 

Intrinsic viscosity measurements (Table 1) show that 
polyisoprene degrades under the reaction conditions re- 
quired to generate diimide. The i.r. spectrum of the hydro- 
genated cis-polyisoprene (Figure 2) showed a decrease in 
percentage absorption of the C=C peaks at 570, 835 and 
1665 cm -1 proving that the hydrogenation had occurred. 
The slight shifts of the CH3 deformation vibration at 
1450 cm -1 of the hydrogenated polymer, also showed the 
occurrence of cyclization ~°. 

Effect of concentration of polyisoprene 
The diimide reductions of polyisoprene, carried out at 

100°C for varying concentrations of rubber and at constant 
concentration of TSH, are shown in Figure 3. The degrees of 
hydrogenation and the rate of hydrogenation increased with 
increase in the concentration of  rubber, and in each case 
reached a saturation value at almost the same reaction time. 
Therefore, the rate of hydrogenation of polyisoprene by 
diimide obeys the equation: 

rate of hydrogenation = K [polymer] [TSH] 

where K is the rate constant. 

A 

t -  
.O 
u~ 

B 

t - -  

I 

' ' ' ' ' O O O '  ' ' 600 1500 I 
Wavenumber (c-m -j) 

Figure 2 Infra-red spectrum of cis-l,4-polyisoprene (A) and 
hydrogenated cis-l,4-polyisoprene (26.5%) (B) 

Table 1 Effect of  concentration of p-toluenesulphonylhydrazide on degree of  hydrogenation. Natsyn (10 g); solvent [xylene (400 ml), 
pyridine (100  ml) ]  at 100°C for 8 h 

Natsyn/TSH Hydrogenation 
(tool ratio) C (%) H (%) [~1] M w X 10 - 3  {%) 

1:0 87 .72  12.35 2.38 308 0 
(88.23 11.77 calc. for CsHs) 

1 : 1 85.91 12.82 1.14 103 11.7 
1 : 2 85 .90  13,64 1.19 110 20.2 
1 : 3 86.01 14.04 1.18 109 26.5 
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Effect of solvents 
General reaction conditions of constant polyisoprene 

concentration (0.441 mol/1), TSH concentration (0.882 
mol/1) and reaction temperature (100°C-102°C), were 
applied to four reactions using different solvent mixtures 
of 100:0, 80:20, 40:60 and 0:100 v/v of m-xylene and 
pyridine. 

Iodine titrations on the samples taken at determined re- 
action times, were used to measure the degree of hydrogena- 
tion. The results (Figure 4) show that the rate of hydro- 
genation was decreased with increasing amounts of pyridine 
in the reaction solvent. 

The infra-red spectra of reaction products showed that 
the hydrogenation occurred with all the samples and that 
the degree of hydrogenation decreased continuously from 
m-xylene to pyridine. 

The shifts of the peak at 1450 cm -1 were observed in 
m-xylene, and in m-xylene and pyridine mixtures, but not 
in pure pyridine, showing that the cyclization could be 
avoided in the pyridine solution. These results were sum- 
marized in Table 2. 

Physical properties of hydrogenated rubber 
All the hydrogenated rubbers obtained as described 

above, were compounded to observe their vulcanizing 
characteristics and to measure the physical properties of 
vulcanizates. T90 was chosen as the cure time for each 
compound. After curing, the physical properties (Table 3) 
were measured on dumb bell specimens of the vulcanizates. 

In general, the physical properties of vulcanizates from 
the hydrogenated rubbers were poor, owing to the depoly- 
merization during the hydrogenation reaction. It was found 
that increase of the hydrogenation tended to decrease the 
rate of vulcanization. 

Table 2 Effect of m-xylene/pyridine mixture on hydro- 
genation reaction at 100°C. Natsyn 15 g (0.441 mol/I); TSH 82.2 g 
(0.882 mol/I), mole ratio = ½; solvent 500 ml 

Xylene/ Hydrogenation Hydrogenation 
pyridine after 8 h rate R H X 106 Cyclic 
(vol %) (%) (mol/I/sec) units 

100:0 62.0 49.0 ++ 
80:20 34.0 40.3 + 
40:60 23.3 26.1 + 

0:100 16.1 21.1 -- 

Table 3 Physical properties of hydrogenated polyisoprene vulcanizates 
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Figure 3 Effect of concentration of polyisoprene on hydrogena- 
tion at 100°C. Concentration of TSH: 0.88 real/I; concentration of 
polyisoprene (mol/I): A, 0.59; B, 0.44; C, 0.29 

5( 

4 

% 
x 

3 

O~ 
S ~o 2 
r -  

C I I I i 

0 2 0  4 0  6 0  8 0  I O 0  
Pyridine (%) 

IOO 8 0  6 0  4 0  2 0  O 
Xylene P/o) 

Figure 4 Effect of solvent on hydrogenation rate of polyisoprene 
at I00°C. Concentration of polyisoprene. 0.44 tool/I; concentra- 
tion of TSH, 0.88 mol/I 

Hydro- Appearance TIO* Tg0* Tensile 
genation of (scorch (opt. cure strengtbt M l ° o t  2 Elongationt 
(%) polymer time) time) (kg/cm ~) (kg /cm)  (g) Hardness**t 

0 Natsyn clear and soft 4.4 11.5 93.2 (83.0) 4.1 (4.3) 952 (902) 28 (28) 
11.7 light brown 1.5 4.5 14.7 (12.1 ) 7.4 (7.5) 300 (250) 40 (36) 

a little tacky 
20.2 light brown 2.6 10.0 11.4 (11.2) 6.9 (7.4) 183 (150) 43 (40) 

soft 
23.3 light brown 3.0 11.0 12.0 (11.4) 9.1 (8.2) 166 (150) 43 (40) 

soft 
26.5 brown 8.0 27.5 13.6 (13.3) 7.9 (8.0) 283 (308) 43 (41) 

a l i t t le hard 
33.3 brown 9.0 30.0 14.2 (1 0.9) 8.6 (6.4) 258 (225) 39 (37) 

a l i t t le hard 

* Wallace Shawbury MK V curometer **  ASKER Hardness Tester-type JA A-degrees 1 Values in parenthesis are for ageing test at 70°C for 24 
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Solid reaction o f  TSH with polyisoprene 

p-Toluenesulphonylhydrazide (TSH) is usually used as a 
blowing agent in the rubber sponge industry. The reaction 
of  TSH with rubber was carried out in a solid state by mix- 
ing various amounts of  TSH and rubber, on rolls heated to 
140°C for 20 and 60 min. After heating, the rubber was 
dissolved in benzene and the unreacted TSH was removed 
by fdtration. The filtrate was concentrated, poured in meth- 
anol, and the rubber was recovered as a precipitate. The 
degree of  hydrogenation was measured by n.m.r., and the 
results are shown in Table 4. 

The results of  n.m.r, and i.r., show that, the use of  large 
amounts of  TSH led to the hydrogenation and cyclization 
of  rubber. The amount of TSH used for rubber in the actual 

Table 4 Hydrogenation reaction of polyisoprene with TSH in 
solid state at 140°C 

Poly- Reaction Degree of hy- 
isoprene TSH TSH/IR time drogenation 
(I.R.) 
(g) (g) (mol ratio) (min) (g) 

100 0 0 60 0 
100 10 0.037 20 -- 

60 0.2 
100 50 0.182 20 1.1 

60 1.9 
100 140 0.511 20 7.1 

60 11.7 

sponge manufacture is generally up to 5 - 1 0  phr, and under 
these conditions the hydrogenation of  rubber would be neg- 
ligible. 
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Infra-red study of poly(1-pentene) and 
poly(4- methyl-l-pentene) 
S. M.  Gabbay  and S. S. Stivala 
Department of Chemistry and Chemical Engineering, Stevens Institute of Technology, Hoboken, New 
Jersey 07030, USA 
(Received 14 April 1975; revised 13 October 1975) 

The infra-red (i.r.) spectra of the two polymorphous forms (modification 1 and 2) of isotactic poly(1- 
pentene) are reported. Several absorption bands characteristic of the two modifications have been 
detected and attributed to the helical conformation of the polymer chains. The differences between 
the two modifications are reproducible, thus enabling their identification from i.r. spectroscopy. The 
infra-red spectra of isotactic poly(4-methyl-l-pentene) is also reported, and compared with that of 
the atactic polymer. General assignment of absorption bands is presented. 

IOO INTRODUCTION 
8C 

The i.r. spectra of several hydrocarbons and polymers have 6C 
been studied extensively. Much of this work has been con- 
cerned with establishing and determining the origin of char- .~ 40  
acteristic group frequencies. These data have been sum- o 20  
marized and critically reviewed by several investigators ~-s. 8 O c -  

In previous publications on the i.r. spectra of polyolefins, ~ " 
e.g. polyethylene 6-7, isotactic polypropylene (IPP) 8-12, .~ IOO 
syndiotactic polypropylene ~3'14, and isotactic poly(1-butene) ~ 80 
(IPB) ls-~9, assignments for the principal vibrations were re- ~- 60 
ported. The correlations of the i.r. spectra with crystallinity 40 
and stereoregularity of IPB, were studied by Nishioka and 20 
Yanagi~aw~ 2°. Their studies showed that certain absorption O 
bands ale related to the crystallinity, while others were not 
assigned because of the complexity of the molecule. In the 
case of isotactic and atactic polypropylene, Luongo 2~ ob- Figure 1 
tained an analytical curve for determining atactic or isotac- 
tic content in a polypropylene sample from i.r. 

The present investigation considers a general assignment 
of the i.r. absorption bands of isotactic poly(1-pentene) 
(IPP-1), isotactic poly(4-methyl-1-pentene) (IPMP), and 
atactic poly(4-methyl-l-pentene) (APMP), including the 
correlation of certain bands to crystaUinity and tacticity, 
which depend upon the thermal history and stereoregularity 
of the samples. 

EXPERIMENTAL 

The samples selected for this study were: (a) a highly iso- 
tactic poly(1-pentene) obtained from Montedison Company, 
Italy through the courtesy of Dr G. Gianotti; (b) a highly 
isotactic poly(4-methyl-l-pentene)obtained from Imperial 
Chemical Industries Ltd, England; (c) atactic poly(4-methyl- 
1-pentene), extracted from a commercial sample from Poly- 
sciences, and (d) mixtures of 100/0, 75/25, 50/50, 25/75, 
0/100, by wt of IPMP/APMP, prepared by dissolution in 
cyclohexane at 60°C with subsequent recovery by freeze- 
drying. 

Films of modification 1 of IPP-1 were obtained by reflux- 
ing films of modification 2 in absolute ethanol overnight 
and subsequently dried in a vacuum oven at 50°C for 12 h 22. 

* From the thesis submitted by S. M. Gabbay in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy, Stevens 
Institute of Technology, 1975. 

b 
' ' 6 9 12 15 

Wavelength (pm) 
(a) I.r. spec t rum o f  IPP-1 mod i f i ca t i on  1; (b) i.r. spec- 

trum of IPP-1 modification 2 

The identity of these samples (modification 1 and 2), was 
established by reference to their crystalline melting temper- 
ature is. Uniform and clear films of the above samples of 
approximately 2-2.5 mils thickness were prepared follow- 
ing the precedure described in an earlier publication 22. 

All spectra were recorded on a Perkin Elmer Model 21 
infra-red spectrophotometer equipped with NaC1 prism. 

RESULTS AND DISCUSSION 

Poly(1-pentene ) 
Significant differences in the characteristic i.r. spectra 

were detected between 7.0 to 14.0/lm of the two polymor- 
phous forms (modification 1 and 2), in Figure 1. Of particu- 
lar note in Figure la, the bands at 7.73, 8.40, 9.65, l l  .15 
/am appear to be specific to modification 1. The modifica- 
tion 2 spectra shown in Figure lb does not contain these 
bands, but does show others, e.g. 7.37 (shoulder), 7.42 
(shoulder), 7.52, 7.80, 7.85,8.02, 9.80, 10.07, 10.60, 11.32, 
and 13.55 gm (shoulder), which distinguishes it from modi- 
fication 1. The appearance of these characteristic bands 
confirms the reproducibility of the method of preparation 
of modification 1, and it is possible to identify which modi- 
fication of IPP-1 is present from the i.r. spectra of the sample. 
These spectral differences reflect variation in helical chain 
conformation between the two modifications and not their 
isotacticity nor any new chemical groups. In fact, Turner-Jones 
and Aizlewood 23 reported that both polymorphous forms have 
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distinct X-ray crystal structure and the chain conformations 
are 3, and 4, helix for modification 1 and 2, respectively. 

Grant and Ward 14, used a simplified approach in assign- 
ing absorption bands in isotactic and syndiotactic polypro- 
pylene. Their work was examined in this study, in light of 
the applicability of their simplified approach in assigning 
absorption bands for the case of poly(1 -pentene) and to 
search for a trend among polyolefins existing in two modi- 
fications. The close agreement that they obtained between 
the ratios of the calculated and observed number of modes 
of vibrations in the i.r. spectra would seem to render their 
method acceptable. Briefly, the number of fundamental 
vibrations for a repeat unit of a polymer helix, is calculated 
from the selection rules (3N - 4) where N is the number of 
atoms in one complete turn of the helix. These selection 
rules, which yields the maximum number of calculated fun- 
damental absorption bands, were derived from a simplified 
model of a single polymer molecule by Liang et al. z4. 

In modification 1 and 2 of IPP-1 there are three and four 
monomer units respectively, in one complete turn of the 

Gabbay and S. S. Stivala 

helix 2a. Thus, by applying the same selection rules and com- 
paring the ratios of the calculated and observed number of 
modes of vibrations in the i.r. spectra, a satisfactory agree- 
ment was obtained. Additionally, by examining the i.r. 
spectra of the two polymorphous forms of IPB reported by 
Calmpitt and Hughes 17 and by applying the same selection 
rules, we also found a satisfactory agreement. These results 
are presented in Table 1. It is reasonable to presume there- 
fore that there is a certain trend among polyolefins assum- 
ing different helical chain conformations in two polymor- 
phous forms. Finally, by following these selection rules to- 
gether with band assignments from the literature of similar 
polymers it was possible to make a tentative assignment of 
most of the absorption bands of IPP-1, listed in Table 2. No 
practical assignment of bands was given to modification 2 
since they closely correspond to the bands in modification 1. 

Poly(4-methyl-l-pentene ) 

Natta et al. 2s indicated that, the 'isotactic' synthesis en- 
sures that the side groups in a polymer are sterically all in 

Table 1 Comparison between observed and calculated ratios of i.r. bands of IP8 and IPP-1 

No of Observed 
Repeating monomer no of 

Polymer Unit Form per turn bands 

Calculated 
no of 
bands 

Observed 
ratio 

Calculated 
ratio 

IPB 

IPP-1 

--CH2--CH- 1 3 17 104 
I 

CH2 
I 

CH a 2 4 22 140 

--CH2--CH-- 1 3 20 131 
I 

CH2 
I 

CH 2 2 4 26 176 
I 

CH3 

0.77 

0.77 

0.74 

0.74 

Tab/e 2 Characteristics of i.r. absorption bands of poly(1-pentene) 

modification 1 modification 2 

Relative Tentative Relative Tentative 
Wavelength intensity assignment Wavelength intensity assignment 

7.32 S 6s(CH3 ) 7.30 S 
7.47 s w(CH 2) 7.37 s ~, 
7.73 M conformation 7.42 s ( 7.98 W T(CH 2) 7.52 W 
8.09 W w(CH) 7.80 W 
8.40 M conformation 7.85 W ) 
8.75 M 6a[(CH2)2CH 3] 8.02 M 
9.05 M p(CH3) 8.23 W 
9.35 s us(CC) 8.35 W 
9.48 W ~(CH2) 8.45 s 
9.65 M conformation 8.77 M 

10.40 W ~ p(CH3) 8.82 s 
10.92 W 9.00 M / 

11.15 M conformation 9.35 W 
11.35 s t p(CH2) 9.45 M 
11.50 W 9.65 s 
11.75 M v(CC) 9.80 M 
12.25 s p(CH 2) 10.07 W 
12.52 M va(CC) 10.60 M 
13.70 S p [(CH2)2CH 3 ] 11.20 s 

11.32 M 
11.50 s 
11.75 M 
12.45 S 
13.55 s 
13.70 S 

conformation 

conformation 

conformation 

conformation 

(5, bending; w, wagging; v, stretching; T, twisting; p, rocking; S, strong; M, medium; W, weak; s, shoulder. Subscripts: a, asymmetric; s, symmetric 
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the same orientation, i.e. they are either all in a right-handed 
or all in a left-handed position with respect to the carbon 
atom in the chain. Because of this regularity of the side 
groups, an isotactic polymer can be obtained in crystalline 

form in contrast to the socalled atactic polymer where the 
steric positions of the side groups are in an irregular se- 
quence and thus is completely amorphous. Therefore, IPMP 
has been assumed to be fully crystalline whereas the APMP 
is considered to be fully amorphous. In fact, its amorphicity 
was established by X-ray diffraction. Significant differences 
in the characteristics of the i,r. spectra were noted between 
10.0 to 14.50 tam of isotactic and atactic poly(4-methyl-1- 
pentene), in Figure 2. The wavelengths of the absorption 
bands with indications of their intensity and tentative 
assignment are listed in Table 3. As can be seen in Figure 
2a, the absorption bands in the IPMP spectrum at 10.55 
(shoulder), 11.85, and 12.35/am, either are extremely weak 
or eliminated in the spectrum of APMP. The 10.70 tam 
band with a shoulder at 10.55 tam in IPMP becomes a broad 
band at 10.70 tam in APMP. The 11.55 tam strong band in 
IPMP is shifted to 11.60 tam in APMP with a shoulder at 
11.30 tma. The sharp band at 12.00 gin, in APMP becomes 
a shoulder in IPMP and the band 13.95 gin, in APMP is com- 
pletely absent in IPMP. This indicates that these bands are 
sensitive to tacticity, however, the 11.85 tam and 12.35/am 
bands in IPMP were also found to be sensitive to crystal- 
linity. This conclusion was based on the fact that, in the 
i.r. spectra of molten IPMP (recorded at 245°C under nitro- 
gen) only these two bands disappeared completely (see 
Figure 3) and reappeared when the polymer was brought 
back to room temperature. Film samples containing 100, 
75, 25, and 0% (w/w) APMP, were subjected to i.r. analysis. 
The 11.85 tam absorbance band gradually diminishes from 
the 0 to 100% atactic sample, while the 13.95 tam absor- 
bance band gradually increases from 100 to 0% atactic sam- 
ple. Since the 11.85 tam band has disappeared in the mol- 
ten state (see Figure 3) of IPMP and significantly diminished 
in APMP at 25°C, it would thus appear that this band shows 
that isotactic content and crystallinity are closely related. 
An 11.85/am band in the case of polypropylene was also 
correlated to crystallinity by Heinen 26. 

Table 3 Characteristics of i.r. absorption bands of poly(4-methyl- l-pentene) 

Relative Tentative Relative Tentative 
Wavelength intensity assignment Wavelength intensity assignment 

3.35 S va(OH 3) 7.92 M ~(CH) 
3.43 S va(CH 2) 8.17 W ~(CH) 
3.48 S vs(CH 3) 8.46 M ---- 
3.60 M vs(CH 2) 8.61 S 6 a [CH (CH 3 )2 ] 
3.80 M us(CH) 8.67 s f ~(CH3) 
6.85 S 6a(CH 3) 8.75 s 

J 

6.95 S 5a(CH2) 8.86 M vs(CC) 
7.25 S ~s[CH(CH3)2] 9.14 M p(CH 3) 
7.35 S 8(CH) 9.45 s f r(CH2) 
7.50 M w(CH 2) 9.57 W 
7.73 M T(CH 2) 10.15 M p(CH 3) 

IPMP APMP 

10.55 s Tacticity -- -- -- 
10.70 M 6(CH) 10.70 M ~(CH) 
10.97 S p(CH 3) 10.97 S p(CH3) 
11.55 S p (CH2) 11.30 s Tacticity 

11 .60 S 
11.85 S Tacticity 11.85 W - - -  

(Crystall inity) 
12.00 s 12.00 M Tacticity 
12.35 M Tactici ty 12.35 W - - - -  

(Crystall inity) 
12.70 S va(CC) 12.70 S va(CC) 

13.95 S Tacticity 

6, bending; to, wagging; v, stretching; r,  twisting; p, rocking; S, strong; M, medium; W, weak; s, shoulder. Subscripts: a, asymmetric; s, symmet- 
ric 
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Figure 3 I.r. spectrum of IPMP (a) at 25°C (b) in molten state 
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Interpretat ion of broad line nuclear 
magnet ic  resonance in oriented 
poly(ethylene terephthalate)  
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Broad line nuclear magnetic resonance measurements on oriented poly(ethylene terephthalate) 
sheets have been reconsidered, in the l ight of  recent infra-red data on similar materials. It is shown 
that the n.m.r, anisotropy is consistent with a model  for  the molecular orientation, in which the 
fraction of the polymer in the trans conformation is highly oriented, whereas the gauche fraction is 
sensibly isotropic. 

INTRODUCTION 

In a recent publication ~, polarized infra-red spectroscopy 
was used to study the changes in molecular orientation and 
conformation which occur in drawing poly(ethylene tere- 
phthalate) (PET) sheets. Detailed information was obtained, 
concerning both the development of overall orientation and 
the changes in molecular conformation in the glycol resi- 
due; the trans/gauche conformations. It was found that 
drawing decreased the proportion of gauche conformations 
at the expense of trans, and moreover, that the remaining 
gauche conformations remained sensibly unoriented, as 
overall molecular orientation increased with drawing. 

In a previous publication we have attempted to use 
broad line nuclear magnetic resonance (n.m.r.) measure- 

ments and optical anisotropy to characterize the molecu- 
lar orientation in PET 2. This investigation remained in- 
complete, however, partly because of the intrinsic diffi- 
culties in using the n.m.r, method to deal with orthorhom- 
bic symmetry, and partly because the trans/gauche content 
of the sheets was not known. In the present paper, we will 
now examine these earlier n.m.r, results and show that they 
provide excellent support for the conclusions made on the 
basis of the infra-red data, regarding the development of 
molecular orientation in drawn PET f'flms. 

NUCLEAR MAGNETIC RESONANCE 

In the study of anisotropic materials by nuclear magnetic 
resonance (n.m.r.), the second moment (AH 2) of the absorp- 
tion line, is measured for different orientations of  the ap- 
plied magnetic field with respect to the symmetry axes of 
the specimen. In PET film 2, we take a set of orthogonal 
axes with the z axis in the draw direction, the x axis in the 
plane of the film and the y axis normal to the plane of the 
film. The direction of the magnetic field H, may then be 
specified by the polar angle 7, between the direction of H 
and the z axis, and the azimuthal angle ~br between the x 
axis and the plane containing H and the z axis (Figure 1). 
The value of (AH 2) for a given direction of H, depends on 
a combination of a set of numbers Slm (the lattice sums), 
characteristic of the structural units, and an orientation 

* Present address: ICI Corporate Laboratory, Runcorn, Cheshire 
WA7 4QE 

distribution function for the structural units. For an aniso- 
tropic structural unit, a set of orthogonal axes uvw may be 
defined and their orientation with respect to the specimen 
axes (x, y, z) may be related through the Euler angles (4, 
O, ~), as shown in Figure 1. The orientation distribution 
of the structural units may then be represented by a func- 
tion P(0, 0, ~), where p(~, 0, ~)d4xt0d~0 represents the 
volume fraction of structural units with Euler angles in 
the range 4~ to ¢ + d4~, 0 to 0 + dO and ~ to ~ + dqJ. Know- 
ledge of the lattice sums for the structural units and the 
orientation functions p(q~, 0, ~) permits the calculation of 
(~¢/2) as a function of 3' and ¢7" To carry out the inverse 
procedure and obtain information about the orientation 
distribution of the structural units from the measured 
variation of (~r/2) with 7 and q~7 and the calculated lattice 
sums, it is necessary to expand p(O, 0, if) in a suitable set 
of orthogonal functions and solve the relevant equations 
for the coefficients of the expansion. This can only be done 
for certain symmetry conditions or simplifying assump- 
tions. These are discussed in ref. 2, where for PET films of 
low draw ratio (2:1 and 2.5:1) and for drawn rods, the 
structural units are taken as small aggregates of crystalline 
and amorphous material, with the chain axes (crystalline c 
axis), in both the crystalline and amorphous regions, lying 
along the w axis of Figure 1, but with no preferred orien- 

z w 

S t r u c t u r a l / ~  u o,t 

x 

X j,  "- Y.~ \q 
Figure 1 The relationship of the axes (u, v, w) of a struc- 
tural unit to the symmetry axes x, It, z of a specimen of 
drawn material through the Euler angles (9, O, ~) and the 
definitions of the angles "~ and ~/specifying the direction 
of the magnetic field H with respect to the specimen axes 
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Figure 2 The vector r/k and the angles 0 N and ~ik 
for the protons j and k of a structural unit for the cal- 
culation of the lattice sums 

~ V  

tation of the u and v axes about w. This means that for the 
low draw ratio t~dms it is permissible to take the orientation 
distribution function p(~, 0, if) as independent of ~b, and it 
can be reduced to the form p(O, ~), where 0 and ~ are the 
polar and azimuthal angles specifying the w (crystalline) 
axis of the transversely isotropic aggregate, with respect to 
the specimen axis. This situation corresponds to case (ii) a 
ref. 2, for which the following equations are valid: 

p(0, ~) = 2~r ~ p~0Y~,~(0, ~) (1) 
/=0 m=0 

4rra l 8n 2 
Blm = 4G - -  - -  SlOPlm 0 (2) 

2 l+1 2 l+1  

<AH 2) = ~ ~ Blm Y~m(7, ¢7) (3) 
1=0,2,4 m=0 

In even 

G = 3/2 [I(I + 1)g2~ 2] where I is the nuclear spin quan- 
tum number,g the nuclear g factor and/~n the nuclear mag- 
neton and a0 = 1/5,a2 = 2/7 and a4 = 18/35. These equa- 
tions correspond to equations (18)-(20) of refo 2 but are 
written here with the real form of spherical harmonics. The 
factor of 2tr appearing in equation (1) should also be pre- 
sent in equation (18) of ref. 2. It arises, because in going 
from p(O, q~, ~b) to p(O, ¢), there is an effective integration 
over ~b. For a similar reason the right hand side of equation 
(15) of ref. 2 should be multiplied by 4n 2. The lattice sums 
SlO are determined from the general form Stm given by: 

1 ~ r~6Y~m(Olk,~k) (4) Sin = -  
N />k 

corresponding to equation (8) of ref. 2. 

1 ~r~6 [ 2 l + 1 1 1 / 2  
Slo = ~ / > k  ] [ 4n J Pt(cos O]k) (5) 

r/k is the internuclear vector between protons ] and k of a 
structural unit and O/k the angle between r//c and the w axis 
of the structural unit. This is illustrated in Figure 2. For 
the case of a drawn rod having transverse isotropy, the de- 
pendence of (AH 2) on ¢'r vanishes and equations (1)-(3)  
are simplified. 

The six coefficients Blm for l = 0, 2, 4, are determined 
from the experimental measurements of (AH 2) for various 7 
and q~7, through equation (3), by a least squares fitting pro- 
cedure. Values for Plm for l = 0, 2, 4 may then be obtained 
from equation (2), using calculated values for S/0. The lat- 
tice sums are intrinsic properties of the structural units and 
were calculated, in ref. 2, for the trans conformation which 
exists in the crystalline regions of PET. They are repro- 
duced in Table 1. The calculations are based on the crystal 
structure determination of Daubeny, Bunn and Brown 3. 
The intramolecular contributions to the lattice sums which 
are shown separately in Table 1, can be seen to be of major 
importance, and for $20 and $40, which determine the aniso- 
tropic n.m.r, behaviour, they are dominant. It can there- 
fore be inferred that for molecules in an amorphous environ- 
ment, the lattice sums will also be dominated by the intra- 
molecular interactions. We must in this case, however, also 
consider the effect of the gauche conformations. 

It is now generally accepted that the gauche conforma- 
tion arises from a rotation within the glycol group 4,s. Figure 
3 shows a projection of the glycol group along the methy- 
lene C-C bond, in both the trans and in a hypothetical 
gauche conformation which is produced from the trans 
conformation by a rotation about the C1-CI '  methylene 
bond; with the further assumption that the C1-O2 bond 
length remains constant (i.e. C1'-O2'  bond length = C1-O2 
bond length). The coordinates of this molecule are listed 
in Table 2, and the projections of the molecular positions 
on the xz plane are shown in Figure 4. 

Although these coordinates are not expected to be very 
accurate numerically, it is reasonable to assume that the 
qualitative anisotropy of the resultant intramolecular 
gauche lattice sums, is correct. The values for these lattice 
sums are given in Table 1, together with the differences 
between the intramolecular contributions to S00, $20 and 
$40 for the trans and gauche conformations. There is little 
difference between the values of S00 but $20 and $40 are of 
opposite sign for the two conformations. This difference is 
not dependent on the exact form of the gauche molecule as 
can be seen by comparing the contributions to SO0, $20 and 
$40 of the four protons in the glycol group in the trans and 
gauche conformations, which are also given in Table 1. 

Table I Total lattice sums for t rans and g a u c h e  conformations 
in PET and contributions from intramolecular interactions 

S00 S20 S40 

1 Total SnO for  transver- 4-0.00424 --0.00227 +0.00276 
sely isotropic structural 
units in trans configura- 
tion 

2 Intramolecular contribu- +0.00303 --0.00206 +0.00315 
tion to SnO in trans 
configuration 

3 Intramolecular contribu- +0.00325 +0.00202 --0.00177 
tion to SnO in g a u c h e  
configu ration 

4 Difference (3 - 2) +0.00022 +0.00408 +0.00492 

5 Contribution toSno for +0.00260 --0.00281 +0.00262 
four methylene protons 
in trans configuration 

6 Contribution to SnO for +0.00274 +0,00123 --0.00226 
four methylene protons 
in gauche configu ration 

7 Difference 6 -- 5 +0.00014 +0.00404 +0.00488 
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Figure 3 Projection of the glycol 
group in PET along the methylene 
C--C bond in (a) trans (b) gauche 
conformation 

OPTICAL ANISOTROPY 

The principal refractive indices nq for an oriented sample 
can be related to the average molecular polarizabilities (aqq) 
by the Lorentz-Lorenz  equation: 

n 2 - 1 _ 4n 

n 2 + 2 3 N(aqq) (6) 

where ,N is the number of  polarizable units per unit volume. 
If, for a transversely isotropic structural unit, the principal 
polarizabilities are represented by a33, along the axis of  a 
symmetry and att, in the transverse directions, then it has 
been shown 2 that for a transversely isotropic distribution 
of the structural units: 

(al 1) = ( sin20 cos2~ b) (a33 -- art) + att 

(a22) = (sin20 sin2~ b) (o~33 -- art) + att 

2 1 
(a33) = ~- (P2(cos0)) (a33 - att) + -~ (a33 + 2art) 

Interpretat ion o f  broadline n.m.r, in oriented PET: A. Cunningham et al. 

(7) 

These equations correspond to equation (30) of  ref. 2, re- 
duced to the case of  a transversely isotropic distribution of 
structural units. The a33 and a n are seen to depend only 
on the intrinsic molecular state and not on the overall orien- 
tation, and for the optical measurements have the same sig- 
nificance as the lattice sums in n.m.r. 

The values of  the principal polarizabilities, a l  1, a22 and 
a33 for the trans and gau'che configurations of  molecules, 
are now calculated by the addition of  bond potarizabilities 
as discussed in ref. 2. They yield the values shown in Table 
3 from which att = ~ ( a l l  + a22) can be calculated. The 
results in Table 3 show that the values of  a33 and att for 
the trans and gauche conformations, are essentially identi- 
cal and hence the overall optical anisotropy cannot be sen- 
sitive to the trans/gauche ratio or to changes in that ratio. 

It is therefore to be expected, that the optical anisotropy 
of PET should be primarily a function of  the overall chain 
axis orientation. This conclusion was confirmed directly 
by the infra-red spectroscopic studies 1, where it was shown 
that there is an excellent correlation between the orienta- 
tion function derived from birefringence and from absorp- 
tion assigned to benzene ring mode vibrations. For these 
calculations of  0°2(cos 0)) °verall, the procedure followed has 
been described in the previous publications 1'2. It is recog- 
nised that the calculated values for bond polarizabilities can 
be in error by a small amount (~2-3%) .  The value of a33 
was therefore adjusted to a value of 2.3 x 10 -23 cm 3 to be 
consistent with values obtained from birefringence mea- 
surements on drawn samples of  PET. No alteration was 
required in the values of  art , but an average value of  1.70 x 
10 -23 cm 3 was assumed. These values of a33 and att lead 
to the value of 0.105 for Aa/3aO used in ref. 1. 

In contrast to the optical situation, the n.m.r, lattice 
sums $20 and $40, are extremely sensitive to the conforma- 
tion of  the molecule, being of opposite signs for the trans 
and gauche cases and their contributions to the second mo- 

Table 2 Atomic coordinates in trans and gauche conformations of 
PET molecule 

Atom (~(3 ° ) (A) y(A) x(A) 

(a) trans conformation coordinates 

H1 +0.284 +0.160 -1.481 
H2 +0.127 +1.483 -0.292 
H2' -0.127 -1.483 +0.292 
H 1 ' -0.284 --0.160 +1.481 
H 3 +3.514 -0.228 +1.546 
H4 +4,974 +0.498 -2.354 
H3' +7,236 +0.228 -1.546 
H4 ~ +5376 -0.498 +2.354 
02 +1.770 +0.209 +0.000 
O +2.402 +0.845 -2.100 
C 1 +0.408 +0.435 --0.430 
C 1 ' -0,408 -0.435 +0.430 
C2 +2,707 +0,541 -0.916 
C3 +4,057 +0.233 -0.395 
C4 +4,345 -0.105 +0,860 
C5 +5.131 +0.297 -1.300 
C2' +8.043 -0.541 +0.916 
02' +8.980 -0.209 +0.000 
O' +8,348 --0.845 +2.1 O0 
C1" +10.342 -0 .435 +0.430 
C4' +8.405 +0.105 --0.860 
C5' +5.619 -0.297 +1.300 
C3' +6.693 -0.233 +0.395 

(b) gauche conformation coordinates (Model) 

H 1 --0.213 +0.400 --1.355 
H2 +0.901 --0.953 --1.666 
H 1' --1.195 --1.726 --0.607 
H2' +0.212 -2.006 +0.445 
H3 +3.126 -0.228 +1.546 
H4 +4.586 +0.498 -2.354 
H3' +6.848 +0.228 -1.546 
H4' +5.388 10.498 +2.354 
02 +1.381 +0.209 +0.000 
O +2.014 +0.845 -2.100 
C1 +0.408 --0.368 -0.885 
C1' -0.408 -1.239 -0.024 
C2 t2.318 +0.541 -0.916 
C3 +3.668 +0.233 -0.395 
CA +3.956 -0.105 +0.860 
C5 +4.742 +0.297 -1.300 
C2' +7.655 --0.541 +0.916 
02' +8.993 -0.353 +0.951 
O' +7.959 -0.845 +2.100 
C1" +9.565 -1.239 -0.024 
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Figure 4 Projection of the atomic position of the atoms in the PET 
molecule on the xz plane in the (a) trans (b) gauche conformation. O, 
carbon; ~, oxygen; O, hydrogen. The monomer repeat distances are 
10.75 A for the trans and 9.97 A for the gauche configuration 

ment anisotropy act in opposition to each other. Because 
of this, although the wide line n.m.r, technique cannot on 
its own determine the trans/gauche ratio or the orientation 
distribution, the extreme sensitivity of $20 and $40 to the 
configuration can be used to examine the validity of the 
model for the structure of oriented PET films put forward 
in ref. 2. 

If we consider a model comprising a fraction f o f  trans 
molecules with orientation characterized by coefficients 
Of 00 and (1 - J 0  of gauche molecules with orientation coef- 
ficients Pgl00, and we assume that the contributions to the 
overall second moment are additive we should find: 

Ploo(experimental) = fP}oo + (1 - f) Pgloo (8) 

for P200 this leads, using equation (2), to: 

a2 (9) 

This result will now be used to predict the overall n.m.r. 
response (as reflected through B20) for such oriented poly- 
mers. 

For isotropic gauche material we have og200 = 0. Equa- 
tion (8) now becomes: 

Let the average value of the coefficient ofP2(cos0 ) for the 
molecular orientation function of the trans material be 
0°2(cos O)F. Then 0°2(cos 0)) °verall = f(P2(cos 0)) t 

Substitution into equation (9) gives: 

St20 (P2(cosO)) °reran (11) 

This equation is valid for films with orthorhombic specimen 
symmetry, as well as for cylindrically symmetrical rod 
specimens. It is to be noted that equation (11) is indepen- 
dent o f f .  If therefore the model is correct, the value of 
B20 determined experimentally from n.m.r, measurements, 
should be a linear function of the (P2(cos 0)) °verall values 
obtained from refractive index measurements. 

For the other extreme situation ofisotropic trans and 
oriented gauche material, equation (11) would require the 
use of sg20 instead of St20 . Remembering that these values 
are nearly equal in magnitude and opposite in sign this equa- 
tion becomes a very sensitive test of the proposed model, 
particularly as the infra-red investigation showed that on 
average at least 50% of the monomers were in their gauche 
conformation. 

RESULTS AND DISCUSSION 

The experimental work on the three drawn films of orthor- 
hombic symmetry (draw ratios 2:1, 2.5:1 and 5:1) and the 
cylindrically symmetrical rod (draw ratio 3.25:1) is des- 
cribed in detail in ref. 2. The results are summarized in 
Table 4 together with values of (P2(cos 0)) °reran and the 
equivalent isotropic refractive indices n-calculated from 
the experimental values of nl, n2 and n 3. The values o f f  
lie close to the experimentally determined refractive index 
of 1.583 for an isotropic sample of density p = 1.338. This 
reflects the insensitivity of the average principal polariza- 
bilities of the monomer units in the transversely isotropic 

where St20 and Sg20 are the relevant lattice sums for the 
trans and gauche materials. 

A value of B20 for the proposed model 2 specifying f,  
pt200 and Pg200 can thus be calculated and compared with 
the value obtained from n.m.r, measurements through 
equation (1). 

The detailed analysis of the infra-red spectra described 
in ref. 1, resulted in considerable information on the mole- 
cular state of oriented PET. It was shown that to a good 
approximation, the gauche molecular distribution could be 
taken as isotropic over the range of molecular orientations 
and drawing conditions investigated. 

Table 3 Principal polarizabilities for PET monomers and their 
average values in transversely isotropic structural unit 

Trans (calc.) Gauche (calc.) Trans (exp.) 
(10 -23 cm 2) (10 -`23 cm 2) (10 -23 cm 2) 

e11 2.12 2.12 - 
e22 1.22 1.26 - 
e33 2.22 2.16 - 
art 1.67 1.69 1.70 
o~aa 2.22 2.16 2.30 
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Table 4 
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Draw 
rat io  Dens i ty  n 3 n2 n l  

B20/a2 Boo/ao 
n (P2 (cos 0)) overal l  (exp.) (exp.) 

2:1 1.349 1.628 1.571 
2.5:1 1.354 1.645 1.566 

3.25:1 1.351 1.679 1.543 
5:1 1.372 1.708 1.580 

1.548 1.576 0.32 -3 .57 +182.3 
1.546 1.577 0.40 -4.76 +182.8 
1.543 1.588 0.59 -8.48 +196.5 
1.509 1.578 0.70 -7.65 +181.2 

exp.  i so t rop ic  re f ract ive index n i = 1.583, Pi = 1.338 
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B20]a2 p l o t t e d  a g a i n s t  ( P 2 ( c o s 0 ) )  °ve ra l l  
from Table 4 together with the theoretical boun- 
daries (A) for wholly gauche oriented material. (B) 
for wholly trans oriented material. Draw ratios 
(a) 2:1; (b) 2.5:1; (c) 5:1 for two way drawn film; 
(d) 3.25:1 uniaxial drawn rod 

structural unit to the conformation, as shown in Table 3. 
A similar situation, is shown by the experimental value of 
Boo/ao of Table 4 which reflects the insensitivity of So0 to 
the conformation (Table 1). 

However B20/ao in Table 4 shows a behaviour which 
correlates with P2(cos 0) °reran. Figure 5 shows these two 
quantities plotted against each other, together with the 
boundaries between which they should lie for the two ex- 
treme cases in which the oriented material is wholly trans 
or wholly gauche. 

The experimental results for the 2:1,2.5:1 draw ratio 
film and 3.25:1 draw ratio rod do, in fact, lie close to the 
line predicted on the assumption of isotropic distribution 
of gauche conformer material, the oriented parts of the 
specimens being those with the trans conformation. 

The point in Figure 5 for the 5:1 draw ratio film, shows 
less good agreement with the points for the other material. 
This is not surprising since as was shown in ref. 3, there is 
a distinct preferred orientation distribution of the mole- 
cules with respect to the plane of the film. The position 
of the point in Figure 5 for this specimen does suggest, 
however, that here also the gauche material is sensibly iso- 
tropic in molecular orientation distribution. 
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Ziegler-Natta catalysis: 7. The settling 
period 
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Factors affecting the duration of the settling period in the polymerization of 4-methylpentene-1 by 
the catalyst system VCI3/AI R 3 in benzene have been systematically investigated. Plots of IOglO 
(100 - %Rp) versus time show that the so-called settling period can be divided into two distinct re- 
gions; an initial region which is not time dependent and a steady state region in which the formation 
of C O follows a strictly first order time dependence. The initial region is believed to arise from the 
removal of adsorbed AIR2CI species, while the steady state region can be interpreted as describing a 
rearrangement reaction involving the production of initiated chains. 

INTRODUCTION 

One of the puzzling features of many Ziegler-Natta poly- 
merization systems, when using catalysts derived from solid 
transition metal halides and aluminium alkyls, is the initial 
period during which the rate of polymerization gradually 
increases to reach either a maximum or a steady state value. 
This so-called 'settling period' has been observed in a large 
number of systems 1-s and is a characteristic feature of these 
polymerization systems 6. Typical kinetic curves for these 
systems are shown in Figure 1 and can be seen to be divided a 
into either three [as in (a)] or two [as in (b)] parts. Curve 
(a) shows a settling period I, during which the rate of poly- 
merization increases rapidly to a maximum followed by a 
decay period, II, when the rate decreases gradually to reach 
that of the steady state, III. In the case of Curve (b) there 
is a gradual increase in the rate of polymerization during 
the settling period, I until the steady state, III is reached o~ 
directly. 

The duration of the settling period appears to be influ- 
enced by the majority of the variable parameters in these 
complex polymerization systems, e.g. monomer and alkyl 
concentrations, and its cause has been variously interpreted 
as arising from a number of factors. These factors include ] 
the breakdown of catalyst crystals to expose additional / 
active centres 2, slow initiation by monomer 4'7, and the pre- b 
sence of impurities 8. It is now generally believed, however, 
that its origin may be more complex. 

The present study is concerned with an investigation of 
the settling period, as observed in the polymerization of 
4-methylpentene-1 by the catalyst system VCI3/A1R3 in 
benzene, and forms part of a detailed study 7 of the kinetics 
of Ziegler-Natta polymerization systems, by this highly 
pure and stable catalyst system. 

EXPERIMENTAL 

Materials 
Details of catalysts have already been published 7. 

* Present address: Department of Chemistry, University of Malaya, 
Kuala Lumpur, Malaysia. 

t Present address: Imperial Chemical Industries Ltd., Plastics Divi- 
sion Welwyn Garden City, Herts, UK 

Procedure 

All polymerization runs were carried out under high 
vacuum in specially constructed dilatometers. However, 
two distinct procedures were employed for the preparation 
of the catalyst systems. 

Method A. The vanadium trichloride addition was fol- 
lowed by the desired amounts of benzene and then alumin- 

rr 

I 
i 

- r [ - - t - - ] ] I -  

rrr 

Tim~ 

Figure I Plots of rate versus time (a) showing decay characteris- 
tics; (b) showing steady state characteristics 
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Figure 2 Plot of  RpI[VCI 3] versus time. [VCI 3] = 18.5 mmol/I; 
[Al( iBu)3] = 37.0 mmol/I; [4-MP-1] = 2.0 mol/I; solvent = benzene; 
temperature = 30 ° C 

ium alkyl in benzene by means of graduated syringes. The 
dilatometer filler or reaction vessel was then quickly stop- 
pered, removed from the dry box, and attached to the high 
vacuum system. The contents were degassed twice, and the 
catalyst 'aged' for 10 and 15 min respectively at 30°C, be- 
fore the required amount of degassed monomer was distilled 
in from a graduated tube. 

Method B. In this method the vanadium trichloride 
addition was followed by addition of the required quan- 
tities of monomer, benzene and aluminium alkyl in ben- 
zene in that order. The reaction mixture was then degassed 
on the vacuum line as in Method A, but without ageing. 

RESULTS 

All polymerization runs were characterized by an initial 
settling period during which the overall rate of  polymeriza- 
tion increased. This period was followed by a much longer 
period of decreasing rate owing to depletion in monomer 
concentration. It can be shown s'7' that if correction is made 
for the decrease in the monomer concentration, the rate of 
polymerization has now reached a steady value during this 
latter period. A typical plot of steady rate versus time is 
shown in Figure 2, and this rate plot is analogous to Curve 
(b) in Figure 1. The duration of the settling period can be 
determined, either by extrapolation of the steady state por- 
tion of the percentage conversion versus time plot to zero 
conversion and measuring the intercept on the time axis, or 
by extrapolation of the linear portion of the log (100 - % 
conversion) versus time plot to zero conversion (Figure 3). 
This latter procedure is considered to be the more satisfac- 
tory, and was usually adopted in this work. 

The effect of ageing of catalyst on catalyst activity and 
duration of settling period 

The effect of ageing the catalyst is shown in Table 1. It 
is apparent that the steady state rate of polymerization is 
not greatly affected by the ageing process. However, the 
observed settling period is increased when the catalyst is 
aged. In addition it was found that the rates of polymeriza- 
tion were less reproducible when aged catalysts were used; 
in general the measured rates showed a spread of -+7% for 
Method A, but only a spread of-+4% for Method B. Further- 
more, the duration of the settling period was very much 
more reproducible when Method B was used. It was found 
that polymerization runs carried out under identical condi- 
tions using Method A, could have settling periods that dif- 
fered by twenty or more minutes. 

Ziegler-Natta catalysis (7): D. R. Burf ield et aL 

The observation that the settling period is shorter when 
the catalyst is unaged suggests that in the absence of mono- 
mer, VC13 reacts with Al(iBu)3 to form a strong complex 
which has to be broken up subsequently when monomer is 
added. It also indicates that the settling period is not due 
to a slow alkylation process, and i.s consistent with other 
evidence 9 that the alkylation reaction is rapid. 

Effect of concentration of components of polymerization 
system on duration of settling period 

The effect of  the monomer concentration on the dura- 
tion of the settling period was investigated at 30 ° and 40°C, 
and the results are shown in Table 2. A marked decrease in 
the duration of the settling period with increase in monomer 
concentration, is observed at both temperatures. 
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Figure 3 Plot of  log10 (100 -- % conversion) versus time. Experi- 
mental conditions same as for  Figure 2 

Table 1 Effect of  ageing on the duration of  the settling period 
[4-Methylpentene-1 ] = 2.00 mol/I; [AI (iBu)3] : [VCI3] = 2.0:1 ; solvent 
benzene; temperature = 30 ° C 

[VCI 3] x 103 Rate Settling Period 
Method (mol/I) [VCI 3] (min) 

A 18.8 0.281 120 
A 17.3 0.267 140 
A 17.1 0.252 200 
A 17.6 0.284 155 
A 15.1 0.269 150 

B 18.8 0.258 73 
B 18.5 0.268 67 
B 18.9 0.291 78 
B 18.7 0.266 75 
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Table 2 Effect of monomer concentration on the duration of the 
settling period 
[VCI 3] = 18.0 mmol/I at 30°C, 8.8 mmo1-1 at 40°C; [Al(iBu) 3] : 
[VCI 3] = 2.0:1; solvent = benzene; Method A 

Temperature 30 ° C Temperatu re 40 ° C 

Duration of Duration of 
[4-MP-1 ] settling period [4-MP-1 ] settling period 
(mol/I) (min) (mol/I) (min) 

0.25 350 0.50 140 
0.50 260 1.00 115 
1.00 248 1.50 92 
1.50 200 2.00 100 
2.00 150 2.50 85 
3.00 155 2.50 100 
4.00 140 3.00 68 

Table 3 Effect of vanadium trichloride concentration on the dura- 
tion of the settling period 
[4-MP-1 ] = 2.00 mol/I; [Al(iBu)3] :[VCI 3] = 2.0:1 ; solvent = benzene; 
Method A 

Temperature 30 ° C Temperature 40 ° C 

Duration of Duration of 
[VCI3] X 103 settling period [VCI3] X 103 settling period 
(mol/I) (min) (mol/I) (rain) 

10.2 208 3.9 116 
15.7 235 4.8 151 
17.5 150 7.4 95 
21.5 t43 7.5 110 
22.6 190 8.7 80 
48 100 11.2 82 
58 53 14.7 62 

110 70 18.4 35 
126 40 

Table 4 Effect of vanadium trichloride concentration on the 
duration of the settling period at 30°C 
[4-MP-1] = 2.00 mol/I; [Al(iBu)3] = 37.0 mmol/I; solvent = benzene; 
Method B 

Duration of 
[VCI 3] X 103 settling period 
(mol/I) (min) 

3.51 80 
5.44 92 
8.61 92 

18.2 70 

Table 5 Effect of tri-isobutylaluminium concentration on the 
duration of the settling period 
[4-MP-1] = 2.00 mol/I; [VCI3] = 17.6 mmol/I at 30°C, 8.6 mmol/I 
at 40°C; solvent = benzene; Method A 

Temperature 30°C Temperatu re 40 ° C 

[Alkyl ]  Duration of [Alkyl ]  Duration of 
settling period settling period 

[VCI3] (min) [VCI3] (min) 

0.5 190 0.5 115 
1.0 135 1.0 104 
2.0 95 2.0 100 
4.0 105 4.0 104 
6.0 110 4.0 89 
8.0 93 8.0 100 

16.0 90 16.0 93 
22.0 100 24.0 86 
28.0 87 32.0 68 
32.0 110 

Variation in the concentration of vanadium trichloride 
had a complex effect on the duration of the settling period. 
Provided that the ratio of [A1] : [V] remained constant, an in- 
crease in the concentration of vanadium trichloride caused 
a decrease in the length of the settling period, as is evident 
from Table 3. However, if the concentration of aluminium 
alkyl remained constant, i.e. when using constant [M] : [A1] 
ratios, the initial region of increasing rate is unaffected by 
change in the vanadium trichloride concentration (Table 4). 

Table 5 shows that, the concentration of the aluminium 
alkyl compound has little or no effect on the duration of 
the settling period, except at low [Al] : [V] ratios where the 
settling period tends to be longer, especially at 30°C. 

Effect of  different aluminium alkyl compounds on the 
duration of  the settling period 

The durations of the settling period observed for a num- 
ber of different aluminium alkyl compounds are listed in 
Table 6. It can be seen that the ability of these alkyls to 
reduce the settling period is in the following order: 

AIEt3 > Al(nBu)3 > Al(nHex) 3 > Al(iBu)3 > Al(nDec)3 

This order is similar to that already established for over- 
all rates of polymerization 7, except that Al(iBu)3 is much 
lower in the above series. If the alkylation of the surface is 
a rapid reaction, the above order may correspond to the 
rate of initiation, i.e. the rate of addition of the first mono- 
mer unit to the metal-carbon bond in the newly formed 
transition metal alkyl. Initiation with the branched chain 
alkyl, Al(iBu)3, may be slower than that with its unbranch- 
ed isomer, Al(nBu)3, because of steric effects. 

Effect of  ball-milling on the duration of  the settling period 
The polymerizations listed in Table 7, were carried out 

using a sample of vanadium trichloride which had been ball- 
milled, and whose surface area, as determined by a BET 
method was 5.3 m2/g as compared to a value of 2.3 m2/g 
for the unground vanadium trichloride. 

Table 6 Effect of different alkyleluminium compounds on the 
duration of the settling period at 30°C 
[4-MP-1 ] = 2.00 tool/I; lAIR:I] : [YC I  3] = 2.0:1 ; solvent = benzene; 
Method B 

Settling 
Alkylaluminium [VCI 3] X 103 period 
Compound (tool/I) Rate/[VCI3] (rain) 

AI Et3 17.6 0.247 38 
Al(iBu) 3 18.5 0.271 70 
Al(nBu)a 18.3 0.221 45 
Al(nHex) 3 18.1 0.149 69 
AI (nDec) a 18.6 0.107 105 

Table 7 Effect of ball-milling on the duration of the settling period 
at 30°C 
[4-MP-1] = 2.00 mol/I; [Al(iBu)3] :[VCI3] = 2.0:1; solvent = benzene; 
Method A 

Duration of 
[VCI3] X 103 settling period 
(tool/I) (rain) 

6.0 80 
8.8 73 

13.7 45 
15.2 45 
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Table 8 Effect of  temperature and polymerization media on the 
duration of the settling period 
[4-MP-1] = 2.0 mol/I; [Al( iBu)3] :[VCI3] = 2.0:1; Method A 

Benzene solution n-heptane solution 

Settling Settling 
Temp. [VCI 3] X 103 period [VCI3] * X 103 period 
(°C) (tool/I) (min) (mol/I) (min) 

30 18.9 85 7.9 130 
30 16.8 95 16.3 70 
35 -- -- 11.1 130 
40 18.4 35 7.9 125 
40 4.8 151 
45 4.8 107 
50 5.4 67 7.5 85 
60 4.8 96 4.3 110 
70 4.8 73 4.7 60 

* Ball-milled sample 

Comparison with the values listed in Table 3 shows, that 
the duration of the settling period, when a ball-milled sam- 
ple of vanadium trichloride is used, is considerably reduced. 
These results are broadly in agreement with the findings of 
Natta ~. 

Effect o f  polymerization media and temperature on the 
duration of  the settling period 

In Table 8, the effect of temperature on the duration of 
the settling period is shown for polymerizations carried out 
in benzene and in n-heptane. 

The polymerizations in n-heptane were carried out using 
a ball-milled sample of vanadium trichloride. If the results 
of these polymerizations at 30°C are compared with those 
obtained using the ball-milled catalyst in benzene at 30°C 
(Table 7), it is evident that the settling period is consider- 
ably longer when n-heptane is used as the polymerization 
media. These results may suggest that the duration of the 
settling period is affected by the presence of a good solvent 
for the polymer, or that these partially ionic reactions occur 
faster in the slightly more polar benzene. 

DISCUSSION 

Natta z has explained the settling period by assuming that 
large crystals and crystal aggregates, present in these solid 
transition metal halides, were cleaved during the settling 
period by the mechanical action of the growing polymer 
chains, and that this process exposed more lattice defects 
for the formation of further numbers of active centres. 
Factors which increased the polymerization rate, such as 
high monomer concentration and temperature, were con- 
sidered to shorten the settling period by increasing the rate 
of disruption of metal halide crystals by the growing poly- 
mer chains. 

The above model does not, however, explain all the de- 
pendencies of the settling period observed for the present 
system, when using the particular variety of highly pure 
vanadium trichloride employed as the transition metal 
halide compound. Thus the model does not explain the 
reduction in the duration of the settling period observed as 
the catalyst concentration is increased, for although the 
rate is increased, the rate per unit catalyst concentration 
remains constant over a fairly wide range 7. Further, the 
model does not explain, the variation in the settling period 
observed with different metal alkyls as in this work, nor the 

Ziegler-Natta catalysis (7): D. R. Burfield et aL 

dependence of the rate of polymerization on the initial sur- 
face area of the metal halide observed by several authors ~°-x3 

It is possible, however, to obtain additional information 
concerning the nature of the initial settling period by means 
of a detailed examination of the change in polymerization 
rate with time. Thus Keii 14 has shown that Natta's data 2 on 
the acceleration period, are consistent with a first order rate 
law for the change in polymerization rate with time. A simi- 
lar first order relationship is found in this work. 

If it is supposed that the formation of active centres fol- 
lows the general scheme: 

fast 
Catalyst + monomer - - - >  Ci (1) 

s l o w  
C/ --> CO (2) 

s l o w  
Ci +monomer > Co (3) 

where Ci is the number of potentially active centres on the 
VC13 surfaces, either formed by the fast interaction of cata- 
lyst components and monomer (equation 1), or already 
formed before monomer is added. Equations (2) and (3) 
thus describe slow processes which give rise to actual active 
centres, either in the absence (equation 2), or in the pre- 
sence (equation 3) of monomer. 

Now if CO is the total number of centres which can be- 
come active (at this stage the overall rate of polymerization 
will reach a maximum value and will be time independent), 
and if Co(t) is the number of active centres which have been 
converted from potential to actual active centres at time t, 
then under these circumstances the rate of formation of CO 
will be given by: 

dC0(t) _ ki G (4a) 
dt 

o r  

dCo(t) 
- kiOMC i (4b) 

dt 

where 0 M is the fraction of surface covered by adsorbed 
monomer %~s,x6. 

In either case, if the monomer concentration is constant, 
the relationship will be: 

dCo ¢) _ k C; (5) 
dt 

where k I- = k i o r  kiO M depending on the validity of the 
above expressions. Since Ci = CO - Co(t), integration of 
equation (5) gives rise to the result: 

(6) 

Since it has already been established that during the steady 
state period the overall rate of polymerization, Rp, is given 
by the equationT'lS'~6: 

Rp = kpOMCo (7) 
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Figure 4 Plot of IOgl0 (100 -- %Rp) versus time. O, Al(nDec)3; 
O, Al(iBu)3. Experimental conditions as for Figure 2 

then the overall rate of polymerization at time t, Rp(t), cor- 
rected for decrease in monomer concentration, will be di- 
rectly proportional to the number of propagating active 
centres at time t, Co(t). Thus the variation of propagating 
active centres with time can be followed by an examination 
of the polymerization rate, since at constant kpOM, equa- 
tion (6) becomes: 

( R P ) = k } t  (8) 
In Rp -~--Rp(t) 

which rearranges to give: 

--ln (1 -- Rp(t))Rp = k}t (9) 

Now if this expression holds for the acceleration period, a 
plot of In(1 -Rp(t)/Rp) versus t should be linear. In prac- 
tice plots of logl0(100 - %Rp), where %Rp = lOORp(t)/Rp, 
were more often made. Typical plots for the alkyls Al(iBu)3 
and Al(nDec)3 are shown in Figure 4. 

It is apparent that when the results are plotted in this 
way that the acceleration period can be seen to be charac- 
terized by two regions: 

(i) an initial region where the rate of formation of Co 
is increasing, followed by 

(ii) a steady region, where the formation of C O follows 
a strictly first order dependence. 

That the initial region is not due to extraneous impuri- 
ties, is shown by the observation that it is dependent on the 
nature of the aluminium alkyl. Also, since the initial region 
is shortest for Al(nDec)3, the least reactive alkyl, it cannot 
be associated with slow alkylation. It could, however, con- 
ceivably involve the removal of some adsorbed AIR2C1 
species, the concentration of which, would be expected to 
be higher for the more reactive alkyls. The exceptionally 
long initial region in the case of Al(iBu)3, may then reflect 
difficulty in the removal of AI(iBu)2C1 because of the limi- 
ted dimerisation of this sterically hindered alkyl ~7. 

The variation of the slope of the first order plot (k~) with 
variation in polymerization component concentrations and 
conditions will now be discussed. 

Variation of k~ with monomer concentration 
The effect of the initial monomer concentration on ki" 

is shown in Table 9. It can be seen that k~ is virtually inde- 

pendent of the monomer concentration over a twelvefold 
range. This strongly suggests that the monomer is not in- 
volved in the slow step of active site formation; i.e. this 
reaction may be formulated: 

slow 
C; > Co (2) 

This is not to say that monomer is not involved in the 
formation of a precursor of the active sites, e.g. in the for- 
mation of Ci. Earlier work has shown, that the concentra- 
tion 16 and order of addition ]7 of monomer does significantly 
affect the final CO value, presumably by affecting the con- 
centration of Ci. 

Interestingly, the value of the initial region is affected by 
the monomer concentration, being much longer at low 
monomer concentrations, presumably due to the slower 
formation of Ci. Thus the longer initial region, rather than 
a lower k~ value is the reason for the observed variation of 
the settling period with monomer concentration. 

Variation of k~ with the nature of  the aluminium alkyl 
The effect of the alkyl group on k~ is shown in Table 10. 

The rate of formation of CO is seen to be very dependent 
on the nature of the alkyl group. This is irreconcilable with 
the view that the acceleration region is due to breakdown 
of the catalyst particles to a limiting size. It suggests that 
the intermediate (Ci) is a species such as VC12RM whose 
rate of rearrangement to form CO is dependent on the na- 
ture of R. 

Variation of  k} with catalyst component concentration 
Inspection of Tables 11 and 12 shows that k} is indepen- 

dent of the concentration of VC13 and Al(iBu) 3 over a five- 
fold range. This again fits the picture of a fairly rapid for- 
mation of a reactive intermediate, whose decomposition 
is not affected by the concentration of the polymerization 
components. 

Effect of donor addition 
Addition of triethylamine does not affect the value of 

k} but does considerably shorten the initial region. This is 

Table 9 Ef fec t  of  monomer  concentrat ion on k; 'a t  30°C 
[VCI3] = 18.5 mmol/ I ;  [A l ( iBu)a]  = 37.0 mmol/ I ;  solvent = benzene 

[4-MP-1] k;  i 1 
(mol/I) ( m i n - - )  

0.025 0.016 -+ 0.004 
0.50 0.016 
1.00 0.024 

0.015 
2.00 0.018 

0.020 
3.00 0.022 

Table 10 Variat ion o f  k;. wi th nature o f  a luminium alkv l  at 30°C 
[4-MP-1] = 2.0 mol/ I ;  [VCI 3] = 18.5 mmol/ I ;  [AIR 3] = 37.0 mmol/ I ;  
solvent = benzene 

Alumin ium k t" t 1 Init ial Region 
alkyl  ( m i n - - )  (min) 

AIEt3 0.037 20 
Al (nBu)  3 0.023 25 
Al ( iBu)3 0.019 50 
A l (nHex)a  0.015 11 
Al(nDec)3 0.009 4 
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Table 11 Effect o f  vanadium tr ich lor ide concentrat ion on k~ at 
30°C 
[4-MP-1] = 2.00 mol/ I ;  [A l ( iBu)3]  = 37.0 mmol/ I ;  solvent = benzene 

[VCI 3] x 10 3 k t- 
t 1 

(tool/I) ( r a i n - - )  

18.5 0.018 
0.020 

8.61 0.022 
5.44 0.021 
3.54 0.023 

consistent with earlier proposals ~7 that donors primarily 
activate the polymerization by removal of A1R2C1 species 
rather than by interaction with the active centre. 

Effect of temperature 
The value of k i is increased by increase in temperature as 

would be expected (Table 13). The value of the activation 
energy for this process is found to be about 68.6 kJ]mol 
(16.4 kcal/mol) for Al(iBu)3. It should be emphasized that 
this is only an approximate figure since appreciable catalyst 
deactivation occurs at 50°C which makes derivation of an 
accurate k} value impossible. 

The present study does not unfortunately shed much 
information on the basic chemical steps which give rise to 
chain initiation. It does, nevertheless, clearly establish the 
complexity of these processes and shows that the so-called 
settling period is itself composed of at least two phases, the 
first of which has been ascribed to the removal by com- 
plexation of adsorbed chloroalkyl, and the second of which 
is believed to describe a rearrangement reaction producing 
an initiated chain. 

The catalyst forming reactions have been formulated in a 
previous paper 7 as: 

VC13 + AIR 3 > VC12 . A1R2C1 (fast) 
(10) 

KD 
VC12 R . A1R2C1 + AIR 3 ~- "~. VC12R + A12R5C1 (slow) 

(11) 

KM 
VC12R + M ~--"" ", VC12R. M (fast) 

(12) 
ki 

VC12R. M -----> VCI2MR (slow) 
(equivalent to Co) (13) 

/CA 
VCI2 R + AIR 3 ~ VCI2R. AIR 3 (fast) 

(14) 

These equations are in qualitative agreement with the 
experimental findings detailed in the results section of this 
paper. Increase in monomer concentration should lead to 
an increase in the rate of initiation according to equations 
(12) and (13). Equations (12) and (14) would explain the 
complex effect of increase in vanadium trichloride concen- 
tration. The relatively slight effect of increase in tri-isobuty- 
laluminium concentration arises because reactions (11) and 
(14) tend to cancel each other out. 

The fact that an 'initial region' can be observed in the 
induction period is believed to arise because the establish- 
ment of reaction (11) is so much slower than reaction (10). 
In this respect the results of the analyses presented in this 
paper are in agreement with the catalyst forming reactions 
proposed in previous papers. The major difficulty lies in 
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identifying the nature of C i and CO. It might seem reason- 
able to suppose that Ci is some monomer containing com- 
plex (formulated VC12R. M in equation 12), which re- 
arranges by means of a slow reaction to give an entity of 
the type VC12MR, i.e. the first monomer molecule is in- 
serted into the metal-carbon bond. 

The observed dependence of k~ on the nature of R is in 
keeping with such an hypothesis. However, this raises the 
problem as why the first monomer unit should be more 
difficult to insert than subsequent monomer units. There- 
fore, it might seem more reasonable to believe that the slow 
rearrangement step occurs before complexation with mono- 
mer. However, this is at variance with the observation that 
CO (and hence Rp) decreases sharply at low monomer con- 
centrations ~6. There is also the possibility that reaction (2) 
is connected with a slow production of vacant sites owing 
to some surface decomposition reaction, or that it arises 
from some structural rearrangement on the catalyst surface. 
The present study does not allow an unequivocable deci- 
sion to be reached on this matter. 

It can nevertheless be concluded that the apparent de- 
pendence of the settling period on the monomer concen- 
tration, arises because of the slow formation of Ci, a reac- 
tion involving the monomer, together with a dependence 
of the'initial region' on the monomer concentration, in 
spite of the fact that k~ is independent of the monomer 
concentration. 

One of the largest areas of uncertainty in the literature 
is doubtless the effect of ball-milling on the settling period. 
Keii 6 has demonstrated quite thoroughly that the steady 
state rate is dependent, and quite likely proportional, to 
the initial surface area of the catalyst, i.e. that in these 
polymerization systems there is little change in the surface 
area as the polymerization proceeds. Also, it seems quite 
clear that when using pure vanadium trichloride catalysts 
of the type employed in the present study, there is little 
breakdown of the catalyst particles during the polymeriza- 
tion process. However, the situation with more complex 
catalysts, e.g. those based on TiC13.O.3AIC13 may be very 
different. 

One possible reason for the reduced settling periods on 
ball-milling could be the production of extremely small 
particles, perhaps by 'chipping off' corners from the main 
crystal lattice of large particles. These very small species 

Table 12 Effect o f  a luminium alkyl  concentrat ion on k;. at 30°C 
[4-MP-1 ] = 2.0 mol/ I ;  [VCI3] = 18.5 mmol/ I ;  solvent = benzene 

[A i ( iBu)3]  X 103 k ~- / ] 
(mol/I) ( m i n - - )  

37.0 0.018 
37.0 0.020 

111 0.020 
222 0.019 

Table 13 Variat ion o f  k} wi th  temperature 
[4-MP-1 ] = 2.00 mol/ I ;  [VCI 3] = 18.5 mmol/ I ;  [A l ( iBu)3]  = 37.0 
mmol/ I ;  solvent = benzene 

Temperature k~ 
(°C) (rain - 1 )  

3O 0.019 
50 0.104 
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might then be solubilized by the reaction media (contain- 
ing monomer) ,  and behave somewhat akin to soluble sys- 
tems, i.e. having a very high but  decaying initial rate. This 
behaviour superimposed on the conventional polymeriza- 
tion would result in an apparently shortened settling period. 
This hypothesis is consistent with the observation that,  
finely ball-milled catalysts often show an initial decaying 
rate which can be eliminated by  washing or by  prolonged 
storage. 

Finally, it is not considered that impurities play any role 
in the settling periods which are observed in this polymer- 
ization system. Impurit ies can, nevertheless, affect the 
duration of  the settling period as has been demonstrated by  
Vesely 1° in the case of  H20 and by McKenzie 18 in the case 
of  impurities in 4-methylpentene-1. Certainly some of  the 
confusion found in the literature may well arise from the 
presence of  impurities o f  one kind or another. 
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Kinetics of the thermal oxidation of 
poly(4-methyl-l-pentene) 

S. M. Gabbay and S. S. Stivala 
Department of Chemistry and Chemical Engineering, Stevens Institute of Technology, Hoboken, New 
Jersey 07030, USA 
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The kinetics of the thermal oxidation of isotactic and atactic poly(4-methyl-l-pentene) were studied 
in the bulk phase using infra-red (i.r.) spectroscopy. The rates of formation of the non-volatile pro- 
ducts were assessed from the i.r. bands of the carbonyl groups at different temperatures and various 
oxygen concentrations. Reaction temperature varied from 120 ° to 185°C and oxygen concentrations 
from 10 to 100%, by volume. A general kinetic scheme and mathematical expressions, previously re- 
ported for the thermal oxidation of polyolefins, satisfactorily explained the experimental results. 
Single activation energies for the major oxidation stages in the scheme, were estimated from various 
Arrhenius plots. 

INTRODUCTION 

The thermal oxidation of poly(4-methyl-l-pentene) (PMP) 
was first examined by Winslow and coworkers ~ using oxygen 
uptake methods. These investigators found that isotactic 
poly(4-methyl-l-pentene) (IPMP), was more susceptible to 
oxidation, than polyethylene and polypropylene. They 
attributed this observation to the presence of ordered and 
disordered regions of nearly identical densities at 100°C, as 
reported by Griffith and Ranby 2. Recently, the authors 3 
identified the main volatile products evolved during the 
thermal oxidation of IPMP and atactic poly(4-methyl-1- 
pentene) (APMP), using thermal and mass spectroscopy. In 
an earlier paper 4, the kinetics of the thermal oxidation of 
isotactic poly(1-pentene) (IPP-1) was reported and com- 
pared to atactic and isotactic polypropylene and poly(1- 
butene). The purpose of this paper, is to examine the kine- 
tics of the thermal oxidation of PMP and to compare the 
IPMP to the APMP under similar experimental conditions, 
particularly since the former has been reported to be less 
resistant to oxidation than the latter 1,9. The interesting 
aspect of the tertiary carbon in the pendant group of PMP, 
lacking in the pendant groups of polypropylene and its 
higher homologues, may present some differences, particu- 
larly at higher temperatures of oxidation. 

EXPERIMENTAL 

Starting Material 
(a) The IPMP used in this study, was an unstabilized pure 

homopolymer obtained from Imperial Chemical Industries. 
Upon ignition, the sample gave an ash content of  0.004%. A 
number average molecular weight of 108 000 was deter- 
mined from osmotic pressure in cyclohexane at 35°C using 
a Mechrolab automatic membrane osmometer. A crystal- 
line melting point of 235°C was determined on a Perkin 
Elmer differential scanning calorimeter (d.s.c.), using a pro- 
grammed heating rate of 10°C/min. 

* From the thesis submitted by S. M. Gabbay in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy, Stevens 
Institute of Technology, 1975. 

(b) The APMP sample was obtained from a double ex- 
traction with boiling ether, of a commercial poly(4-methyl- 
1-pentene) from Polysciences. After extraction (1% yield), 
the APMP was purified several times by standard precipita- 
tion procedures using cyclohexane-methanol as solvent- 
nonsolvent. Its amorphicity was established by X-ray dif- 
fraction (powder technique using a cylindrical camera). 
Upon ignition the APMP gave an ash of 0.03%, by weight. 
A number average molecular weight of 88 000 was obtained 
from osmotic pressure measurements in cyclohexane at 
35°C using a Mechrolab membrane osmometer. Weight loss, 
due to formation of volatile products, was "~3% at 145°C 
and 100% oxygen. 

Apparatus 
(a) A Perkin Elmer Recording Spectrophotometer, Model 

21, was used, to which was attached an oxidation cell simi- 
lar to that previously described 4. 

(b) A Dupont Thermogravimetric Analyzer Model 950 
was used to record the weight losses of IPMP films as a func- 
tion of time at different temperatures above 150°C and 
under various oxygen concentrations. The rate of flow of 
O2/N2 mixtures was 30 cm3/min, using isothermal mode. 

Procedure 

Clear and uniform films of IPMP and APMP of 2-2.5  
mils thickness were prepared by compression moulding and 
solution casting, respectively, as described elsewhere 4-6 
The films were then placed on sodium chloride discs, which 
were assembled in the oxidation cell mounted onto the 
infra-red spectrophotometer. By means of i.r. spectra, it 
was ascertained that no pre-oxidation of the sample occur- 
red, during film preparation or when the sample was heated 
to the desired reaction temperature, under a blanket of nit- 
rogen, as noted by the absence of any carbonyl bands. 
Known mixtures of purified oxygen and nitrogen were 
passed into the oxidation cell at a constant rate of 30 cm3/ 
min, after the desired reaction temperature had been reach- 
ed. The concentrations of oxygen in nitrogen varied be- 
tween 10 to 100%, by volume. Reaction temperatures 
ranged from 120 ° to 135°C for the APMP, and 125 ° to 
185°C for the IPMP. Infra-red spectra of the carbonyl 
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Table I Comparison of theoretical and observed maximum rates 
(Pm) of total carbonyl at different temperatures and oxygen con- 
centrations for APMP 

Pm (cm2/min) 
Temp. [02] K1X 
(°C) (vol.%) 104 K2 K3 Calc. Obs. 

135 17.20 48.14 50.00 

130 

125 

120 

100 0.253 0.258 
75 0.209 0.214 
50 0.166 0.172 
25 0.119 0.118 
10 0.086 0.072 

14.80 37.08 39.18 
100 0.201 0.206 
75 0.164 0.170 
50 0.126 0.130 
25 0,087 0.090 
10 0.060 0.052 

10.20 27.90 31.37 
100 0.129 0.134 
75 0.104 0.110 
50 0.078 0.082 
25 0.050 0.058 
10 0.031 0.032 

6.60 17.41 24.24 
100 0.077 0.082 
75 0.060 0.064 
50 0.043 0.048 
25 0.025 0.030 
10 0.013 0.014 

K1, K2, Ka defined in equations (1Oa), (10b) and (10c), ref. (4) 

(5.50-6.00/am) region were recorded, at various tempera- 
tures and oxygen concentrations, as a function of exposure 
time. The carbonyl absorbance areas for a given film, were 
computed in terms of the total absorbance area (cm 2) and 
normalized to unit thickness as described earlier 4. Diffu- 
sion control was found to be absent for the mil thickness of 
the films used in this study, pursuant to procedure describ- 
ed elsewhere s'6. 

RESULTS 

As in the case of IPP-14 and other polyolef'ms 6'7, it was 
observed that for IPMP and APMP, at all oxygen concen- 
trations employed, the reaction rate increased while the 
induction period decreased with increasing reaction tem- 
perature. Further, as the oxygen concentration was in- 
creased, the rate of  formation of total carbonyl increased 
while the induction time decreased, at any one given temp- 
erature. Maximum rates of formation of total carbonyl 
(Pro) were determined from plots of carbonyl absorbance 
area versus time, for various temperatures and oxygen con- 
centrations. These plots were similar in nature to those 
described for IPP-14. Values of observed Pm for APMP and 
IPMP are listed in Tables 1 and 2, respectively. 

DISCUSSION 

The general kinetic scheme for the thermal oxidation of 
polyolefins 6,7, including the mathematical expressions de- 
rived therefrom, were reproduced for convenience in a re- 
cent paper 4 on IPP-1. Accordingly, all kinetic parameters 
and equation numbers designated in this paper, refer to 
those of the paper on the IPP-1. Values of A, A', and k' 
calculated from equation (4) are shown in Tables 3 and 4. 
The observed maximum rates of formation of nonvolatile 
(NVP) carbonyl products, (Pm)obs. for APMP, were found 

to satisfactorily agree to those calculated, (Pm)ealc. (see 
Table 1), in the temperature range examined (120°-135°C). 
However, in the case of the IPMP, where the oxidation was 
conducted in the range of 125°-185°C, the (Pm)obs. was 
found to agree within +3% to the (Pm)calc. for the oxidation 
conducted between 125 ° to 145°C (see Table 2). It should 
be noted that PMP contains a tertiary carbon on each pen- 
dant group, in addition to the tertiary carbons contained 
on the main chain. Since it was noted from the i.r. bands 
of the isopropyl moiety of the pendant group (7.25 ~nn), 
that there was no perceptible decrease in the maximum 
absorbance band, it is reasonable to assume that the oxida- 
tion occurred primarily on the main chain. Accordingly, 
one can assert that this pendant group, effectively behaved 
as if it contained no reactive site. However, the use of the 
derived mathematical expressions for the IPMP oxidation 
above 150°C, showed deviations between observed and cal- 
culated Pm, which increased with increasing reaction tem- 

Table 2 Comparison of theoretical and observed maximum rate 
(Pm) of total carbonyl at different temperatures and oxygen con- 
centrations for IPMP 

Pm (cm2/min) 
Temp. [02] Kt  X 
(°C) (vol.%) 101 K2 K3 Calc. Obs. 

125 9.06 33.24 35.32 
100 0.120 0.122 
75 0.097 0.100 
50 0.074 0.078 
25 0.050 0.053 
10 0.034 0.028 

130 11.6 54.85 58.62 
100 0.177 0.186 

75 0.147 0.156 
50 0.117 0.126 
25 0.084 0.078 
10 0.057 0.036 

135 14.2 60.91 64.78 
100 0.225 0.233 
75 0.189 0.194 
50 0.151 0.156 
25 0.110 0.092 
10 0.076 0.048 

140 16.0 69.91 87.10 
100 0.255 0.257 
75 0.211 0.220 
50 0.163 0.180 
25 0.106 0.106 
10 0.057 0.050 

155 28.8 90.59 94.44 
100 0.540 0.560 
87.5 0.501 0.520 
75 0.464 0.480 

165 38.0 104.50 106.06 
100 0.771 0.780 
87.5 0.722 0.730 
75 0.673 0.690 

175 49.0 107.73 110.20 
100 1.005 1.030 
87.5 0.942 0.961 
75 0.878 0.900 
50 0.748 0.780 
35 0.664 0.680 
25 0,603 0.640 
10 0.472 0.500 

185 62.0 127.73 129.03 
100 1.401 1.420 
87.5 1.322 1.340 
75 1.243 1.260 

Kt,  K2, K3 defined in equations (10a), (10b), and (10c), ref. (4). 
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Table 3 Values of A, A' and k' at different temperatures and 
oxygen concentrations for IPMP 

Temp. [02] A' A k' 
(°C) (vol.%) (min -1)  (min -1)  

125 100 0.754 0.009 0.012 
75 0.698 0.008 0.011 
50 0.610 0,008 0.013 
25 0.499 0.007 0.014 

130 100 0.622 0.011 0.017 
75 0.549 0.010 0.018 
50 0.441 0.008 0.018 
25 0.266 0.007 0.020 

135 100 0.631 0.019 0.030 
75 0.565 0.014 0.025 
50 0.470 0.012 0.025 
25 0.322 0.010 0.030 

140 100 0.627 0.021 0.033 
75 0.569 0.020 0.035 
50 0.500 0.019 0.038 
25 0.377 0.016 0.042 

145 100 0.589 0.035 0.059 
75 0.535 0.028 0.052 
50 0.466 0.023 0.049 
25 0.372 0.022 0.059 

155 100 0.534 0.873 0.1634 
87.5 0.5021 0.0657 0.1308 
75 0.4654 0.0419 0.0900 

165 100 0.4929 0.1151 0.2335 
87.5 0.4601 0.0936 0.2034 
75 0.4229 0.0802 0.1896 

175 100 0.4875 0.1820 0.3733 
87.5 0.4551 0.1663 0.3654 
75 0.4183 0.1506 0.3600 

185 100 0.4423 0.2925 0.6613 
87.5 0.4101 0.2022 0.4930 
75 0.3740 0.1619 0.4328 

perature, e.g. about 25% deviation at 175°C. It should be 
mentioned that in prior work reported by Stivala and co- 
workers on the thermal oxidation of the polypropylenes 6, 
poly(1-butenes) 6, and poly(1-pentene) a, the weight loss 
following any oxidation was less than 1%. A low weight 
loss was also observed for APMP, and for IPMP below 150°C 
(3% at 145°C under 100% oxygen). This is consistent with 
the assumptions made by Stivala and Reich 6'7, that the 
scheme is applicable for conditions where volatile losses 
are low. On the other hand, in the case of IPMP oxidation 
conducted above 150°C, the weight loss following oxida- 
tion was as high as 16%. Therefore, it would not have been 
expected that one would obtain good agreement between 
calculated and observed Pro. The higher weight loss in the 
case of IPMP oxidized above 150°C, compared to IPMP 
oxidized below 150°C and the polyolefins studied earlier 6'7, 
is due to increased volatile formation resulting from attack 
by oxygen on the tertiary carbons of the pendant groups 
in IPMP. This was confirmed by the observed decrease in 
the maximum absorbance band of the isopropyl moiety in 
the pendant group with reaction time. Further, % relative 
abundance of volatile products, e.g. acetone, was higher 
at 175°C compared to oxidation at 145°C 3. It is interest- 
ing to note that in isotactic polypropylene (IPP), where the 
pendant group contains no tertiary carbon, only a 4% weight 
loss was observed by the authors when this polymer was 
oxidized in pure oxygen at 165°C (m.p. "~171°C) for 3 h. 

The question that one has to consider is whether the 
general kinetic scheme for the thermal oxidation of poly- 
olefins, might not be still applicable to IPMP oxidized above 
150°C. Therefore, in considering this question it was bel- 
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ieved that the poor agreement between calculated and ob- 
served Pro, may have been due to the lower magnitude of 
maximum absorption of the carbonyl groups (assessed 
from the absorbance area), by virtue of the high losses of 
the volatile carbonyl containing products. Therefore, a cor- 
rection to the observed area was deemed necessary to ac- 
count for the high volatile losses. The observed carbonyl 
absorbance areas were corrected as follows: 

Am x 100 
Z c - (lOO - x )  

where: Ac = corrected carbonyl absorbance area; Am = mea- 
sured carbonyl absorbance area; x = percentage weight loss. 

In the above correction, it was assumed that the weight 
of carbonyl per unit weight of solid film approximately 
equals the weight of carbonyl per unit weight of volatiles. 
The weight losses, at a given temperature and oxygen con- 
centration as a function of time, were obtained from ther- 
mal gravimetric analysis (t.g.a.). 

When the areas were corrected in this manner for all 
oxidations conducted at 155 °, 165 °, 175 °, and 185°C, 
satisfactory agreement between observed and calculated Pm 
within an experimental error of-+4%, was obtained (see 
Table 2). On the basis of the satisfactory agreement be- 
tween observed and calculated Pm, following the correc- 
tion, it may appear that the general kinetic scheme also 
holds for the thermal oxidation of IPMP above 150°C. 

Arrhenius plots of - I n  PmA/[02], In K2[K1K3, In K3, 
and - In  k'K2/K3 versus I/T, as in the previous paper 4 on 
IPP-1, afforded values of energies of activation of E1 + E6, 
E1 + E6 - E5, E8 - E9, and ES, respectively. It was noted 
in the case of IPMP, that each plot yielded two linear rela- 
tionships of different slopes (e.g. see Figure 1), depending 
on the temperature range of oxidation. Hence, two values 
of energies of activation were obtained for any given stage 
(or combined stages of oxidation), see Table 5. In this con- 
text it is noteworthy to mention the work of Grieveson 
et aL s, who investigated the effect of temperature on the 
rate of oxidation of Zeigler polyethylene. They found that 
at temperatures between 140 ° and 170°C, the activation 
energy of the reaction was constant at 31 kcal/mol but that 
above 170°C, it decreased progressively until at 200°C the 
value was about 15 kcal/mol. Between 80 ° and 125°C an 

Table 4 Values of A, A '  and k' for different temperatures and 
oxygen concentrations for APMP 

Temp. [02] A'  A k' 
(°C) (vol. %) (min -1) (min -1 ) 

135 100 0.680 0.025 0.037 
75 0.615 0.019 0.031 
50 0.519 0.012 0.023 
25 0.359 0.009 0.025 

130 100 0.734 0.020 0.027 
75 0.676 0.013 0.019 
50 0.585 0.008 0.014 
25 0.423 0.005 0.011 

125 100 0.788 0.010 0.012 
75 0.738 0.007 0.009 
50 0.658 0.006 0.008 
25 0.505 0.004 0.007 

120 100 0.860 0.009 0.010 
75 0.825 0.007 0.008 
50 0.766 0.005 0.006 
25 0.647 0.004 0.006 
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Figure I Arrhenius p lo t  of log K2/KIK3 versus reciprocal temp- 
erature for  IPMP 

activation energy of 21 kcal/mol was found. They ascribed 
their results to phase changes and to diffusional factors. 
Thus, the temperature range of 140 ° to 170°C is above the 
crystalline melting point of linear polyethylene, and it was 
postulated that above 170°C, the rate of oxygen diffusion 
into the polymer could no longer keep pace with the chemi- 
cal reaction rate between the oxygen and the polymer. In 
the case of IPMP, it is unlikely that the lower activation 
energies obtained above 150°C is attributed to diffusional 
factors, since no diffusion barrier for film thickness 2.5 mil 
exists. It would appear, therefore, that in the case of the 
thermal oxidation of IPMP above 150°C, attack on the 
tertiary carbons on the pendant groups should be consid- 
ered. This would require a knowledge of the energy of 
activation of each step in the kinetic scheme, particularly 
that of step 6, i.e. the decomposition of RO2R into non- 
volatile carbonyl products. It was possible, as described 
below, to estimate E 6, from which E1 is then obtained 
from the value of E1 + E6. 

Thus, in the Arrhenius plot of - In  k'K2/K 3 versus 1/T 
(from which E5 is obtained) the intercept yields In Zs, 
where Z5 is the frequency (pre-exponential) factor for step 
5; from which k5 is obtained from k = Ze -E/RT. In this 
manner values of k5 were calculated at different tempera- 
tures. In the kinetic scheme, k' represents k5 + k6 (see 
equation 3a) calculated from the ratio of A/A'. Values of 
k', A, and A' at different temperatures are shown in Table 
3. From the above, values o fk  6 were obtained at the dif- 
ferent temperatures and Arrhenius plots of In k 6 versus 1/T 
afforded E6 for oxidations conducted above and below 
150°C. E1 was found to be constant over the temperature 
range of 125 ° to 185°C, whereas, E6 decreased in the range 
above 150°C (Table 5 summarizes the estimated activation 
energies). It may well be that the rate constant k 6 for that 
step (formation of NVP, above 150°C becomes a compli- 
cated function of rate constants which could be represented 
in the following way: 

(RO2R)m 

RO2R 

(RO2R)p 
k'; 

> (NVP~C = O)m 

> ( N V P ~ C  = O)p 

Table 5 Activation energies of APMP, I PMP, isotactic polypropy- 
lene (IPP) and atactic polypropylene (APP) for various oxidation 
stages 

Polyolefin Activation energies (kcal/mol) 

E s - - E  9 E I + E  6 - E  s E l + E  6 E s E 6 

APMP 16 17 43 27 30 
IPMP, below 150°C 19 16 33 17 23 
IPMP, above 150°C 4 7 28 19 18 
IPP 11 6 18 51 33 24 
APP 11 9 17 48 31 30 

Below 150°C, the tertiary carbons on the main chain 
are the major reactive sites, thus k6 = k~5. Above 150°C, 
the tertiary carbons on the pendant groups become reactive. 
This may be due to morphological changes, where the chains 
become more mobile exposing the hidden tertiary carbons 
from the pendant group to the surface, and/or chain fold 
enhancement (see below). Indeed, the relative abundance 
of acetone formation at 175°C, was much greater than at 
145°C 7 and this observation may account for side chain 
tertiary carbon oxidation. As stated earlier, the isopropyl 
i.r. band (7.25/am), diminished significantly during the 
oxidation above 150°C whereas below 150°C no percept- 
ible change was noted. 

It would thus appear that the general kinetic scheme 
reported by Stivala and coworkers 6'7 for the thermal oxida- 
tion of polyolef'ms, has not been violated in the case of 
IPMP above 150°C, where side chain oxidation occurs along 
with main chain attack. This is supported by a subsequent 
study on the kinetics of IPMP oxidation above 150°C from 
volatile product formation from t.g.a, data (to be published). 

Examination of the energies of activation, for the various 
steps of the thermal oxidation of IPMP and APMP, indicate 
that IPMP is more susceptible to oxidation than APMP. 
This observation is consistent with those made by the 
authors reported in an earlier publication 3 and by Bassett 9. 
Bassett explained his observation by suggesting that in aggre- 
gated IPMP crystals, oxidation preferentially selects chain 
folds as reaction sites, since the strained backbone con- 
figuration would reduce the energy of activation for reac- 
tion. The suggestion was based on low angle X-ray scatter- 
ing of oxidized films of IPMP. The observed lower ener- 
gies of activation for the oxidation of IPMP conducted 
above 150°C (see Table 5) may indicate chain fold enhance- 
ment at the high temperatures. It is noteworthy to men- 
tion that, in the case of poly(1-butene), the isotactic form 
had a lower energy of activation than the atactic polymer 
for oxidation 6, and in the case of polystyrene the isotactic 
form was more susceptible to oxidation than the atactic 
form, reported by Jellinek 1°. 

Table 5 also contains energies of activation for the var- 
ious steps of PMP in the kinetic scheme compared to IPP 
and APP. It is noted from these values, for example, E5 
that PMP is more susceptible to oxidation than polypropy- 
lene. This is consistent with the observation made by Win- 
slow et aL 1. 

where the subscripts m and p represent the main chain and 
pendant group, respectively. Thus: 

k 6 [RO2R] = k~ [RO2R] m + k~ [RO2 R] p 

ACKNOWLEDGEMENTS 

The authors are most grateful to Imperial Chemical Indus- 
tries, England, and to Polysciences for supplying the poly- 
mers, to Mr R. F. Westover and Bell Telephone Labora- 

140 P O L Y M E R ,  1 9 7 6 ,  V o l  17,  F e b r u a r y  



Kinetics of the thermal oxidation of poly(4-methyl-l-pentene): S. M. Gabbay and S. S. Stivala 

tories for the preparation of  the preliminary compression 
moulded f'dms and to Dr T. Dougherty and Dr R. Jones for 

useful discussions. 

REFERENCES 

1 Winslow, F. H. and Matreyek, W. Papers presented at the 
Washington Meeting, Division of Polymer Chemistry, ACS, 
(March, 1962) 

2 Griffith, J. H. and Ranby, B. J. J. Polym. Sci. 1960,44,369 
3 Gabbay, S. M., Stivala, S. S. and Reich, L. J. Appl. Polym. 

Sck, in press 

4 Gabbay, S. M., Stivala, S. S. and Reich, L. Polymer 1975, 
16,749 

5 Gabbay, S. M. Ph. D. Thesis, Stevens Institute of Tech- 
nology (1975) 

6 Reich, L. and Stivala, S. S. 'Autoxidation of Hydrocarbons 
and Polyolefins', Marcel Dekker, New York, 1969 

7 Reich, L. and Stivala, S. S. 'Elements of Polymer Degrada- 
tion', McGraw-Hill, New York, 1971 

$ Grieveson, B. M., Howard, R. N. and Wright, B., Ind. Chem. 
Soc., (London), Monograph No. 13 (1961) 

9 Bassett, D.C. Polymer 1964,5,457 
10 Jellinek, H. H. G. Nat. Bur. Stand. Spec. Publ. 1972, 357, 

101 
11 Gabbay, S. M. and Stivala, S. S. Degradation and Stabiliza- 

tion of Polyolefins, IUPAC 15th Prague Microsymposium on 
Macromolecules, (July 1975) 

POLYMER, 1976, Vol 17, February 141 



Swelling of bonded-rubber cylinders 
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The equations governing the equilibrium of the stresses, and the equilibrium between the stresses and 
the degree of swelling at any point, for a rubber cylinder bonded to a rigid cylindrical core and imm- 
ersed in a swelling liquid are derived. These equations may be solved numerically, for given values of 
the parameters defining the system, assuming the Ftory-Huggins equation for the free energy of swell- 
ing to apply. A typical example of the resultant stress and swelling distribution is included. 

STATEMENT OF PROBLEM 

The objective of the paper is to calculate the equilibrium 
degree of swelling of an infinitely long rubber cylinder con- 
taining a cylindrical metal core to which it is rigidly bonded, 
when immersed in a swelling liquid. This system approxi- 
mates closely to the practical problem of the swelling of an 
'O-ring', consisting of a rubber toroid bonded to a toroidal 
metal core, provided that the radius of the cross-section of 
the toroid is small compared with the radius of the axis of 
the ring. 

The presence of the metal core, which is considered to be 
perfectly rigid, imposes restraints on the swelling of the rub- 
ber which give rise to a distribution of stress throughout the 
system. As a result, an inhomogeneous state of swelling is 
brought about. The problem is to determine the relations 
between the local stresses and the corresponding equilibrium 
degree of swelling at any point, and hence by integration to 
obtain the total amount of liquid absorbed in the final 
equilibrium state. The equations derived to represent this 
equilibrium do not yield an explicit solution in general 
terms, but may be solved numerically for specific values of 
the geometrical and physical parameters defining the sys- 
tem. An example of the type of solution obtained is inclu- 
ded by way of illustration. 

NATURE OF SOLUTION 

Before proceeding with the detailed analysis, it may be 
helpful to consider in a general way the nature of  the solu- 
tion ultimately obtained. In this, and in the later full treat- 
ment, the following symbols will be used: 

v2 
ll, 12,13 

tl,  t2, t3 
a0 
a 

bo 
r0 
r 

P 
Mc 
Vo 
AOm 

volume fraction of rubber in swollen state 
principal extension ratios, referred to un- 
strained, unswollen state 
principal (tensile) stresses 
radius of cylinder in unswollen state 
radius of cylinder in swollen state 
radius of core 
radial position of element in unswollen state 
radial position of element in swollen state 
density of unswollen rubber 
mean molecular weight of network chains 
molar volume of swelling liquid 
molar free energy of dilution 

The geometry of the system is indicated in Figure 1. 
Since the system possesses axial symmetry, any given ele- 
ment of the rubber at a distance ro from the axis is dis- 
placed radially outwards, on swelling to a new position r, 
without change of its angular coordinate. Also, the pre- 
sence of the inextensible core requires that there shall be 
no strain in the axial direction, i.e. no change in the axial 
coordinate. The problem is thus a two-dimensional one, 
and by symmetry the principal axes of the strain ellipsoid 
in any plane normal to the axis must be along and perpen- 
dicular to the radial direction. Denoting the circumferen- 
tial, radial and axial extension ratios by 11, 12, and 13 res- 
pectively we have then 13 = 1. If we consider an element 
of unit volume in the unswollen state, its volume in the 
swollen state is l/v2, where v2 is the volume fraction of 
rubber corresponding to the radial position r. Assuming 
additivity of volumes it follows that: 

1/v2  = 1112t3 = 1112 (1) 

i.e. that the state of swelling at any point is determined by 
the two strain parameters ll and 12. 

As will be shown later, particular significance is attached 
to the state existing at the inner and outer boundaries. At 
the inner boundary (r = b0) , it is clear that ll = 1. Since 
also l 3 = 1, it follows that the swelling in the immediate 
vicinity of this boundary is associated solely with an in- 
crease in the radial dimension l 2. This generates a lateral 
compressive stress, represented by a negative value of tl, 
together with a radial tensile stress, t2. On proceeding out- 
wards, the restraining influence of the core diminishes, per- 

% 

a b r2 (7 

Figure I Strain geometry and principal stresses in cyl indrical sys- 
tem: (a) unswol len; (b) swollen 
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Figure 2 Typical variation of circumferential (/1) and radial (12) 
extension ratios, and of volume swelling ratio (1/v 2) with radial 
position referred to core radius bo (lower scale) or to external 
radiusb of swollen cylinder (upper scale): A, I112 = 1/v2; B, 12; C, I] 

mitting an increase both in ll and in the degree e f  swelling 
1 Iv2. Correspondingly, the numerical values of  both  t 1 and 
t2 progressively diminish, until at the surface (r = a), the 
radial stress t2 falls to zero, though t l  (and also t3) remain 
finite, (see Figures 5 and 6). 

The changes in the geometrical parameters 11 and 12 are 
illustrated in Figure 2. This refers to the particular case 
bo/ao = 0.4601, and is taken from the data presented in 
Figures 3 and 4, the scale of  abscissae being converted to 
rib O. It is seen that as r increases the two lateral strains 
tend to converge; at the same time the volume swelling 
ratio 1112 increases, becoming a maximum at the outer 
boundary (r = a). 

DERIVATION OF EQUATIONS 

The quantitative treatment of  the problem involves four 
types of  equations. These are concerned with the follow- 
ing considerations: (a) Compatibility of  strains; (b) rela- 
tions between stresses and strains; (c) equilibrium of  stres- 
ses; (d) relations between swelling equilibrium and stresses. 
These will be dealt with in succession. 

Compatibility o f  strains 
The radial variation of l l and 12 is not entirely arbitrary, 

but is subject to certain geometrical conditions of  compat- 

Swelling o f  bonded-rubber cylinders: L. R. G. Treloar 

i b i l i t y .  F r o m  Figure ] we see tha t  the in i t ia l  radius r 0 o f  a 
circular arc is changed on swelling to the value r; the cir- 
cumferential extension ratio is therefore r/r O. Also, the 
thickness of a cylindrical shell is correspondingly changed 
from dro to dr, giving the radial extension ratio dr/dro. 
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Figure 3 Radial variation of v 2 (volume fraction of rubber) for 
values  o f  bo/ao: A ,  0 . 1 6 3 4 ;  B ,  0 . 4 6 0 1  ; C,  0 . 5 6 9 5 ;  D ,  0 . 7 2 4 9 ;  E,  
0.8354; F, 0.9201 ; G, 0.9880; H, 1.000; o, 0 
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Figure 4 Radial variation of principal extention ratios / 1 and/2 
(referred to unswollen unstrained dimensions), bo/ao values: A A', 
0.1634; B B w, 0.4601; C C', 0.5695; D D', 0.7249; E E', 0.8354; 
F F', 0.9201; G G', 0.9880; H, 1.0000 
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Remembering that l 3 = 1, the three principal extension 
ratios are therefore: 

r dr 
11=--; 12 = 13 1 (2) 

ro ~00; = 

From these equations we have: 

d r  d ( l l r o )  d l l  
- - - -  - 11 + r0  - -  

12 = d r  ° dr0  dr0  

whence: 

dl I 1 2 - l l  
m 

dro ro 

We thus obtain: 

dll dll dro 1 2 - l l  dro 
- X - - -  X 

dr dro dr ro dr 

Substituting for r0 and dro/dr from equation (2) this gives: 

d/1 1 - ~2 - l l  ( 3 )  
dr r 

Equation (3) implies that, if the values of the principal ex- 
tension ratios at any point r are known, the rate of change 
of 11 with respect to r is determined. 

Relations between stresses and strains 
The relations between the principal stress differences 

(tl - t2), (t2 - t3), (t3 - t l)  and the principal extension 
ratios, in a pure homogeneous deformation, are given by 
the Gaussian network theory of rubber elasticity in the 
form1: 

pRT 
tl -- t2 = ~-c v2(lJ -- l~) etc. (4) 

where tl ,  t2, t3 are the respective forces per unit area, mea- 
sured in the strained swollen state. 

Equilibrium o f  stresses 
It may easily be shown 2 that the conditions for internal 

equilibrium of the stresses in a cylindrical system lead to 
the differential equation: 

d t 2  t l  - t 2  

dr r 
(5) 

By virtue of equation (4), this may be put in the alternative 
form: 

dt2 pRr 121-l  
- - -  x x v2  ( h a )  

dr M c r 

Relation between swelling equilibrium and stresses 
The relations between the equilibrium swelling and the 

principal stresses, in a pure homogeneous strain, have been 

given by the authork For the present purpose the relevant 
relation is of the form: 

AOrn pRT 
t2 = + v21 ~ (6) 

V0 Me 

in which Aom is the free energy of dilution of the polymer 
(in the non-crosslinked state) by the swelling liquid. In the 
present numerical analysis this will be assumed to be given 
by the Flory-Huggins relation3: 

AOm = R T  (ln(1 - v2) + v2 + )v~) (7) 

where X is an interaction parameter which is specific to the 
particular polymer-liquid system considered. The method 
of analysis is, however, not restricted to any particular form 
of Aom. 

RADIAL VARIATION OF v2 

Equations (1) to (7) provide the essential basis for the 
solution of the present problem. For the purpose of com- 
putation, however, it is convenient to derive a further rela- 
tion expressing the radial variation of the degree of swell- 
ing, as represented by the parameter v2. (This avoids the 
necessity of having to work directly with the cumbersome 
equation 7.) 

Putting 12 = 1/llV2 in equation (6) and differentiating 
with respect to r, we obtain: 

dt2 1 dA0m pRT d (V~l )  
- - I -  - - - -  X - -  

dr VO dr Mc dr 

R T [ 1  ] dv 2 
- - - - -  + l + 2 x v 2  - - -  

V0 (1 - v2) dr 

2 _ 

o r  

,,2 RT {[ 1 ]   Vo/ },v2 
- 2X v2 - - -  

d r  V 0 (1 - -  V2) M e  d r  

[pRT 212 ~__1_1) 

- iT (8) 

Introducing dt2/dr fi'om equation (5) and dl 1/dr from 
equation (3): 

t l - t 2 _ R r  2× 
r V 0 (1 - v2) 

pRT 212 

o r  

dr2 (Mc/pRT) (tl - t2) + 2(12/ll - 1) 

d r = M e  1 
(9) 

144 POLYMER, 1976, Vol 17, February 



2'0 

T 
1.6 

k .  
q: 
o_ 

12 

"d 

-5 
0 8  

O 
oe 

0 4  

B 

\c 

D 

0"8 O 0"2 O'4 0"6 I'O 
r/a 

Figure 5 Variation of tensile stress (t2) in radial direction, bola 0 
values: A, 0.1634; B, 0.4601; C, 0.5695; D, 0.7249; E, 0.8354; F, 
0.9201 ; G, 0.9880 

NUMERICAL ANALYSIS 

Procedure 
The problem cannot be solved directly, given the values 

of ao, bo, and the parameters defining the material proper- 
ties. The boundary conditions are: (1) at r = a, t2 = 0 and 
(2) at r = b 0, l 1 = 1. Neither of  these gives a unique solution 
for the remaining variables at the respective boundary. The 
problem may, however, be solved indirectly by choosing an 
arbitrary value of one of  the variables at either the inner or 
the outer boundary, solving for the remaining variables at 
this boundary, and then applying the above equations to 
obtain the values at a neighbouring point. The latter pro- 
cess is then repeated in a stepwise manner until a value of  r 
is reached at which the required condition at the other 
boundary is satisfied; this then defines the second boundary. 

In the present case, the calculation was started from the 
outer boundary, r = a. Assuming an arbitrary value of v2, 
and inserting the condition t2 = 0, equation (6) was solved 
for 12. Knowing 12 and v2, ll was then obtained from equa- 
tion (1), following which tl was obtained from equation 
(4). The values of v2 and t2 at a neighbouring point (r - 8r) 
were then obtained, using the gradients dt2/dr and dv2/dr 
as given by equations (5a) and (9) respectively; using these 
values the solution for 12 and tl  was then obtained as before. 
The process was repeated until the condition 11 = 1 was at- 
tained; this corresponds to the inner boundary (r = b0), and 
hence determines the value of b0. 

Numerical values 
To obtain a typical numerical solution, values of  the 

parameters were chosen to correspond to a vulcanized natu- 
ral rubber swollen with benzene, as used in a preceding 
study of  swelling under compression 4. These values were 
as follows: 

p = 950 kg/m3; VO = 8.94 x 10 -5 m3/mol; × = 0.41. 
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Taking M c = 8.490 kg/mol we then have pVo/M c = 1/100. 
For a temperature of  298 K this yields the value of  shear 
modulus for the unswollen rubber pRT/Mc = 0.2772 MN/m 2 

The accuracy of  the calculations depends on the interval 
8r between successive radial positions. Two values of  this 
interval were used, i.e. fir/r = 0.005 and 8r/r = 0.001. The 
resulting figures differed only slightly (i.e. in the 4th sig- 
nificant digit in ll and v2), indicating that the smaller inter- 
val gives reasonably accurate results. For any chosen value 
of  v2 at the surface, there is a corresponding value of  b0; 
this, as already noted, is the value of  r at which ll = 1, which 
was obtained by interpolation. 

Figure 3 shows the radial variation of  v2, for 7 values of 
bo/ao, obtained in this way. The circumferential and radial 
strains are shown in Figure 4. Figure 5 gives the variation 
of the radial (tensile) stress t2 and Figure 6 the circumfer- 
ential (compressive) stress, - t l ,  and the (compressive) stress 
parallel to the axis, - t3 .  All the stresses are given relative 
to the shear modulus pRT/M c 

Overall degree o f  swelling 
The effect of  the solid core on the overall swelling ratio 

of  the rubber component is obtained from the formula: 

a 2 - b~ (10) o= 4 
- b  

This quantity is shown in Figure 7, as a function of bo/ao. 

LIMITING CASES 

Two limiting cases may be treated generally. These are: 
(a) infinitesimal thickness of  rubber (bo/ao ~ 1) and (b) 
infinitesimal core radius (bo/ao ~ 0). 
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Figure 6 Radial variation of compressive stresses in circumferen- 
tial direction (--tl) and in axial direction (--t3). , --tl/(pRT/ 
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Figure 7 Dependence of overall swelling ratio Q on ratio of inter- 
nal to external radii of unswollen cylinder. X, calculated from 
equations (10) and (11) 

(a) For this case ll = 13 = 1, v2 = 1/12, t2 = 0. 
Substituting these values in equation (6), we obtain an 
equation for v2, namely: 

AOm + PVo v~.l = 0 (11) 
R T  Me 

The remaining variables are then obtained directly. 
(b) For this case it may be assumed that the region of  

non-uniform strain is restricted to an infinitesimal distance 
from the axis. Except for this infinitesimal region the swell- 
ing and strain will be homogeneous, the effect o f  the core 
being merely to restrict the axial extension. The only stress 
present will be the axial compressive stress - t3 .  Hence 
l 2 = l~ = l/v2; t l  = t2 = 0; and equation (6) becomes: 

AOm + PVo = 0 (12) 

RT Me 

The solutions for v2 corresponding to these two limiting 
cases are represented in Figure 3 by the point for bo/ao = 1 
and the horizontal line for bo/ao = 0. Corresponding values 
for case (a) are shown also in Figures 4 and 6. 

DISCUSSION 

Origin o f  swelling stresses 

The origin of  the stresses developed on swelling, already 
briefly referred to earlier, can easily be understood in a 
qualitative way. If  the core were removed, leaving a hollow 
cylinder of  rubber, this would swell isotropically. Such a 
swollen cylinder would have a greater axial length, and a 
greater internal radius, than the core to which it was origi- 
nally attached in the unswollen state. In order to fit the 
internal surface of  the swollen cylinder to the core, it is 
necessary to apply forces to the boundary surfaces so as 
to reduce the internal radius and the axial length to their 
original values. Given that the outer surface is stress-free, 
the necessary forces are obviously: (1) a radial tensile force 
on the inner surface, and (2) an axial compressive force on 
the end surfaces. These forces correspond to the radial ten- 
sile stress t2 and the axial compressive stress - t 3  derived 
from the above calculations. The circumferential compres- 
sive stress - t l  is a result of  the radial tensile stress t2. 
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Comparison of bound rubber and swelling 
in silicone rubber/silica mixes and in 
silicone rubber vulcanizates 

David W. Southwart 
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Unextracted polymer and liquid absorption values have been determined on unvulcanized silicone 
rubber/silica mixes and on unfilled silicone rubber vulcanizates, for comparison of the two different 
types of three-dimensional structure which must exist. In both types, the amount of rubber extracted 
on immersion in liquid is dependent on the expansion of the respective network but only in the for- 
mer is the amount dependent on the method of extraction; this is attributed to interaction between 
fil ler and rubber continuing as a result of immersion. Even at equilibrium, the amount of unextracted 
polymer can be greater than that of bound rubber. In some mixes, liquid absorption is substantially 
constant during extraction of considerable amounts of soluble rubber. This is attributed, in the pre- 
sence of fi l ler, to a dependence of the absorption on the previously postulated interparticular rubber 
which, in turn, is dependent on the mean distance between fil ler particles. Although unextracted 
polymer is also dependent on that mean distance, it is proposed that this is a secondary effect of net- 
work expansion by the absorbed liquid. As some published values of bound rubber have undoubtedly 
been of unextracted polymer, these results help to explain published differences of opinion on the 
value of bound rubber for investigation of fi l ler reinforcement phenomena. 

INTRODUCTION 

In previous work, the author has attempted to correlate 
various changes occurring in mixtures of silicone rubber 
and fine particle fume silica, on storage. The well known 
increase in bound rubber was shown to be more complex 
titan previously realized, e.g. immersion times in excess of 
six months 1 were sometimes required to reach an equili- 
brium (constant) value; furthermore, the increase in bound 
rubber on storage, accompanied by a decrease in swelling, 
was shown not to correlate directly with processability, 
the latter sometimes passing through a minimum as the 
bound rubber continued to increase. Similarly, heat of 
melting was shown to pass through a minimum on storage 2. 

Comparison of unvulcanized and vulcanized mixes was 
restricted to modulus measurements 3. Vulcanization was 
found to decrease the rate, but not the extent, of increase 
of (low strain) Young's modulus on storage. Sometimes 
the maximum Young's modulus of the unvulcanized mix 
was greater than that of the corresponding vulcanizate. 

To account for these results, the author 4 proposed that 
silicone rubber and silica interact to produce two different 
structures in the unvulcanized state; one giving an effective 
three-dimensional structure but both immobilizing some 
of the rubber. These were described as: 

(a) adsorbed rubber: polymer segments immobilized in 
the immediate vicinity of filler particles, whether by orien- 
tation on the filler surface or by entrapment in filler agglo- 
merates; 

(b) interparticular rubber: polymer segments joining 
filler particles to give effective crosslinkages, and (interlock- 
ing) polymer loops attached to filler particles. 
The two terms are synonymous with the 'shell of  rubber' 
and 'rubber bridgehead chains' respectively described by 
Gessler s. The polymer free of interaction with filler was 
termed matrix rubber. 

In this paper further experiments are reported on the 
comparison of the behaviour in liquids of (unvulcanized) 
silicone rubber/silica mixes, with that of (pure gum) sili- 
cone rubber, lightly vulcanized with peroxide so that up 
to 30% of the rubber remained soluble (i.e. bound rubber 
~70%). Interesting observations have been made, which 
help to demonstrate the differences in structure between 
silicone rubber conventionally crosslinked by peroxide, and 
silicone rubber 'effectively cross/inked' by interaction with 
a fine particle reinforcing filler. 

MATERIALS 

The silicone rubber was a commercial methyl vinyl poly- 
siloxane obtained from Imperial Chemical Industries Limi- 
ted. It was used in its original form, E302, and in its devo- 
latilized form, E303; the latter having reduced loss during 
high temperature post curing of its vulcanizates, for normal 
commercial applications. The fine particle fume silica was 
Aerosil 300, produced by Degussa and supplied by Bush 
Beach and Segner Bayley Ltd. It has a nominal specific 
surface area of 300 m2/g. The peroxide was a commercial 
form of 2,4-dichlorobenzoyl peroxide in an equal weight 
of unspecified silicone oil, obtained from Novadel Limited 
as Perkadox PDS-50. The liquids used were generally of 
analar or similar high purity grades. 

BOUND RUBBER 

Time to equilibrium 

Bound rubber is generally reported as % original rubber, 
remaining in a sample after immersion in a good solvent for 
a time considered sufficient to reach an equilibrium condi- 
tion, i.e. a state where there is no further change in com- 
position of the swollen gel during continued immersion. 

POLYMER, 1976, Vol 17, February 147 



Bound rubber and swelling: D. W. Southwart 

Such values of bound rubber include any soluble rubber 
remaining in the swollen gel. A better term, which can also 
be used for values obtained under non-equilibrium condi- 
tions, is 'unextracted polymer'. It will generally be greater 
than the bound rubber, if that term is reserved for the sum 
of the adsorbed rubber and interparticular rubber as defined 
above. 

In the case of a silicone rubber/fume silica mix, the rate 
of extraction of soluble rubber is dependent on the storage 
time of that mix and on the type and concentration of f'd- 
ler. In addition the rate and amount of extraction are affec- 
ted by repeatedly replacing the solvent containing extracted 
rubber by fresh solvent. If the solvent contains soluble rub- 
ber there is an effect on the swelling of the gel and on the 
amount of soluble robber remaining in the gel. This arises 
from a back pressure effect 6 which has been confirmed by 
others 73 and recently analysed by Blow 9, using the concept 
of a partition coefficient, for the distribution of soluble 
rubber between the solvent present in the gel and that in 
which the gel is immersed. It was claimed that the bound 
rubber, as defined in the previous paragraph, can be calcu- 
lated from values of extracted rubber, obtained from the 
immersion of samples of the mix in a range of silicone rub- 
ber solutions instead of in the pure solvent; it is, however, 
necessary to ensure equilibrium 1°. 

Several samples (~0.4 g) of silicone rubber (E302) con- 
taining 26 parts by weight per hundred of rubber (phr) of 
fume silica were immersed in toluene for varying periods 
up to 4 years, with occasional transfer of the swollen jelly 
to fresh solvent. Unextracted polymer was found to be 
linearly related to the square root of the immersion time. 
Extrapolation of the line indicated that all the rubber 
would be extracted in approximately 20 years. 

It is possible that the slow and continuing fall in the 
unextracted polymer value in the case of the above experi- 
mental procedure is due not to a low rate of diffusion of 
soluble polymer but to solubilization of bound rubber by 
hydrolysis, or by some other mechanism. 

To study the rate of extraction of soluble rubber in the 
absence of filler, lightly crosslinked unfilled silicone rubber 

has been used as a model system. Although variation of 
peroxide concentration would have provided the desired 
variation in liquid absorption through crosslink density 
effects, it would also have varied the soluble rubber con- 
centration. To provide variation of liquid absorption, at 
constant soluble rubber concentration, the vulcanizate was 
swollen in several liquids covering a wide range of solubility 
parameters. 

Effect of  liquid composition 
Silicone rubber (E303) containing 0.5 phr of peroxide 

was moulded for 10 min at l l0°C into nominally 175 x 
175 x 2.5 mm sheets. Test pieces ("0.4 g) were immersed 
in various liquids, then dried at room temperature to deter- 
mine the unextracted polymer. Some test pieces were sub- 
jected to successive determinations, by being reswollen and 
extracted for longer periods until equilibrium was attained, 
as shown by a horizontal portion of the line obtained when 
unextracted polymer was plotted against the square root of 
immersion time. Other test pieces were immersed concur- 
rently and continuously until equilibrium had been attained 
by the method of successive determinations. In all cases the 
liquid was replaced frequently so that final values were not 
subject to any significant back pressure effect. As no cor- 
rection was made for residual peroxide etc. values are sub- 
ject to a small error not exceeding 0.5%. 

The data in Table I show that, with one exception, 
there was a small, but probably significant, increase in un- 
extracted polymer with increase of solubility parameter of 
the extracting liquid, when values were obtained by suc- 
cessive determinations. Similarly, with the exception of 
the values obtained in toluene, unextracted polymer deter- 
mined by continuous immersion, also increased with in- 
creases of solubility parameter. Although the differences 
in values are small there appears to be no significant effect 
of test method, i.e. unextracted polymer is the same whether 
or not immersion is interrupted by drying down and reswel- 
ling. When test pieces dried after successive determinations 
for 5 weeks were transferred to hexane they gave values 
identical within likely experimental error. 

Table 1 Effect of liquid composition on unextracted polymer (%) of a silicone rubber vulcanisate 

Solubility parameter t6 

9.7 9.6 9.3 
Acetone Methyl TH F 

Immersion isobutyl 
time ketone 

8.9 7.2 
rol uene Hexane 

Successive determinations 

7 h 95.2 94.8 94.9 93.9 93.0 
2 days 94.4 93.9 93.8 93.6 92.4 
1 week 93.9 92.9 92.3 92.6 91.3 
2 weeks 93.8 92.7 92.0 92.3 91.0 
3 weeks 93.8 92.8 91.7 92.3 90.7 
4 weeks 93.8 92.7 91.6 92.3 90.6 
5 weeks 93.8 92.7 91.6 92.3 90.6 

Continuous immersion 

7 weeks (sample 1 ) 94.0 93.0 91.1 92.6 90.5 
(sample 2) 93.0 92.6 91.3 93.0 90.8 

1 week 92.1 
3 weeks 90.9 
5 weeks 90.7 
7 weeks 90.7 
9 weeks 90.7 

Samples from successive determinations for 5 weeks transferred to hexane 

91.4 91.1 91.5 90.6 
91.0 91.0 91.1 90.6 
90.8 90.7 90.9 90.6 
90.7 90.7 90.5 90.6 
90.7 90.7 90.5 90.6 
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Table 2 Effect of liquid composition on unextracted polymer (%) of a silicone rubber/fume silica mix (mean of duplicate values) 

Methyl 
Immersion isobutyl 
time Acetone ketone TH F Toluene Hexane 

Successive determinations 

1 day 94.0 92.9 90.5 91.0 86.0 
1 week 93.6 89.1 86.9 88.2 82.2 
2 weeks 93.3 87.7 85.9 86.7 80.7 
3 weeks 93.0 86.7 85.4 86.0 79.8 
4 weeks 92.9 86.7 84.2 85.5 79.1 
5 wee ks 92.9 86.6 84.1 85.4 79.1 
6 weeks 92.9 86.6 84.1 85.5 79.0 
7 weeks 92.9 86.7 84.0 85.4 79.0 
8 weeks 92.9 86.6 84.0 85.4 79.0 

Further successive determinations after transfer to hexane 

1 day 92.1 86.7 84.1 85.4 ND 
1 week 91.3 86.6 84.1 85.5 ND 
2 weeks 91.1 86.7 84.0 85.5 ND 
4 weeks 91.0 86.7 84.0 85.5 ND 
6 weeks 91.0 86.7 84.0 85.5 ND 

Continuous immersion 

8 weeks 93.3 75.5 74.0 67.3 64.8 

ND = not determined 

The data in Table 2 show that, in a similar series of 
determinations on unvulcanized portions of silicone rubber 
(E303) containing 32 phr of fume silica, unextracted poly- 
mer on successive determinations was similarly, but con- 
siderably more, dependent on the liquid. On the other 
hand: (a) no more soluble rubber was extracted on subse- 
quent immersion in hexane (except in the case of samples 
originally immersed in acetone); (b) more (sometimes con- 
siderably more) rubber was extracted by continuous im- 
mersion than by repeated immersion and drying (again with 
the exception of the samples immersed in acetone). 

Comparison of the two sets of data reveals several differ- 
ences between vulcanized (unfilled) silicone rubber and un- 
vulcanized silicone rubber containing silica, but also some 
similarities. These can be summarized as follows. 

(1) In both systems unextracted polymer is liquid depen- 
dent. 

(2) In the case of a filled unvulcanized mix, unextracted 
polymer is greater when determined by successive deter- 
minations to equilibrium than by continuous immersion 
whereas a gum vulcanizate shows little, if any, dependence 
on the test method. 

(3) Gum vulcanizate samples, previously extracted in the 
various liquids (successive drying and reswelling) undergo 
further extraction on immersion in hexane to give the same 
value as a sample not previously extracted. Filled unvul- 
canized samples, on the other hand, undergo no further 
extraction when immersed in hexane. 

The dependence of unextracted polymer on the solubility 
parameter of the liquid, could be due to the differing solu- 
bility of the polymer in the various liquids and/or to the 
variation in the amount of network expansion produced by 
the liquids. In the case of the filled unvulcanized mix, it is 
particularly significant that the higher values of unextracted 
polymer obtained by successive determinations (rather than 
by continuous immersion) in the various liquids, were not 
reduced by subsequent immersion in the most powerful 
solvent, i.e. hexane, except for a small reduction when the 
first liquid had been acetone. 

The effects of acetone and hexane were also compared 
at higher soluble rubber concentration by using separate 

portions of silicone rubber (E303) vulcanized with only 
0.2 phr of peroxide. Acetone, in which the rubber is only 
partly soluble, extracted only 5.5% of the polymer at equili- 
brium in approximately 5 days, by which time hexane has 
extracted 25%. The extract in hexane continued to increase 
and had attained 34% in 132 days. In a further sample, the 
4 and 12 day acetone extracts were both found to have a 
molecular weight of 0.35 × 106 as determined by intrinsic 
viscosity in toluene after drying down, whereas the first 
extract after transfer to hexane for 1 day had a molecular 
weight of 0.48 x 106; (original polymer 0.64 × 106). This 
provides some limited evidence for a belief that the amount 
of polymer extracted and its molecular weight are depen- 
dent upon the degree of expansion of the network, possibly 
through some fractionation or molecular 'window' effect, 
similar to that proposed by Cooper and Smith for natural 
rubber 11. 

RELATIONSHIP BETWEEN LIQUID ABSORPTION AND 
UNEXTRACTED POLYMER 

The swelling of a 'bound rubber gel', expressed as the weight 
of liquid per 100 parts by weight of unextracted polymer, 
can be linearly related to the 'bound rubber', or more cor- 
rectly to the unextracted polymer. This has been estab- 
lished both for unvulcanized silicone rubber containing 
silica, in toluene with variation of storage and immersion 
times and, from the data of J. W. Watson 12, for unvulcan- 
ized natural rubber containing carbon black, in benzene'; 
also for unvulcanized nitrile rubber containing silica, in ace- 
tone, methyl isobutyl ketone and toluene t3. 

In the experiments reported in this paper the weight of 
the test piece increased rapidly on immersion and attained a 
near constant value within one day. Thereafter there were 
generally further small but comparatively insignificant 
weight changes over several weeks while rubber continued 
to be extracted. In Figure 1, the unextracted polymer 
values from Tables 1 and 2 for the various liquids, taking 
those at 3 weeks and 8 weeks (continuous immersion) res- 
pectively as representing equilibrium, are plotted against 
the liquid absorption, expressed as the volume of liquid 
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(VB) per 100 volumes of unextracted polymer. Both plots 
show the same decrease of unextracted polymer with in- 
crease of swelling. 

There is an alternative way of expressing liquid absorp- 
tion, i.e. as the parts by weight of liquid absorbed per 100 
parts of original mix (SM). This value is substantially inde- 
pendent of storage time before immersion1°; it is also sub- 
stantially independent of immersion time as the following 
experiment demonstrates. 

Eight portions of five silicone rubber (E302) mixes con- 
taining various proportions (8--48 phr) of fume silica were 
immersed in toluene (which was renewed frequently), and 
removed successively during 100 days. In Figure 2, unex- 
tracted polymer versus SM is plotted for the five mixes after 
the varying immersion times. The slope of the linear por- 
tions of these plots varies slightly and is a maximum for 
the mix with 24 phr of filler, which had substantially con- 
stant toluene absorption. 

A similar series of mixes was extracted, with weekly 
changes of toluene, until there was no residue on drying 
down the replaced solvent on three successive weeks. Ex- 
cluding the lowest filler concentration, there was an approx- 
imately linear relationship between the unextracted poly- 
mer and the liquid absorption expressed (in this instance 
to take account of varying silica content) as parts by weight 
of toluene (Sp) per 100 parts of  E302 originally present in 
the mix (Figure 3). 

DISCUSSION 

Unextracted polymer is believed to comprise three differ- 
ent types: (1) bound rubber, as interparticular rubber and/ 
or adsorbed rubber; (2) soluble rubber which cannot be 
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extracted through available 'windows' in the network be- 
cause of its molecular size, or for other reasons; (3) soluble 
rubber which will be extracted if immersion is sufficiently 
prolonged, with sufficiently frequent replacement of the 
extracting liquid by fresh solvent. 

Changes may well occur during determinations of unex- 
tracted polymer because bound rubber is desorbed, or be- 
cause networks have expanded under the influence of 
liquid pressure - the well known swelling increment. One 
of the most significant observations is that, equilibrium 
values of unextracted polymer obtained by successive 
determinations of unvulcanized silicone rubber contain- 
ing fine particle fume silica, are higher than values obtain- 
ed by continuous immersion. This is attributed to an in- 
crease in bound rubber, particularly on drying after an in- 
crease in the mobility of the reactive species in the swollen 
expanded network. On the other hand, vulcanized but un- 
filled silicone rubber, whose network structure should not 
be changed by the liquid, gives values of unextracted poly- 
mer which are little, if at all, affected by the method of 
determination. 

At equilibrium the amount of soluble rubber extracted 
from a three-dimensional silicone rubber network is related 
to the amount of expansion of that network imposed by 
the extracting liquid; whether the network consists of rub- 
ber molecules joined by peroxide-induced linkages or by 
adsorption to filler particles (Figure 1). In lightly vulcan- 
ized silicone rubber it seems unlikely that the amount of 
soluble rubber present depends on the solvent used; the 
increase in the amount of soluble rubber extracted with 
increase in solvent absorption is therefore attributed to the 
increase there must be in network expansion. In unvul- 
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canized silicone rubber containing silica, liquid might de- 
sorb rubber adsorbed on the filler surface, thus effectively 
increasing the soluble rubber content. However, hexane 
was apparently unable to desorb the rubber bound during 
the successive determinations in all but acetone (Table 2). 
The similarity between the two curves in Figure 1 is there- 
fore attributed to a dependence of the amount of rubber 
extracted on the degree of expansion of the two types of 
three-dimensional network. 

Another significant observation is the tendency for the 
amount of liquid absorbed to be substantially independent 
of storage time and immersion time, for a given mix and 
liquid, even when further rubber is adsorbed (by the tiiller) 
during the determination. It is proposed that the liquid 
absorption is largely determined by the length of the inter- 
particular rubber chains in a silicone rubber/silica mix, 
rather than by their number and thus related to the mean 
distance between filler particles in the unswollen mix. 

It is in the effect of additional linkages that the two 
three-dimensional structures are believed to differ most. In 
a gum vulcanizate the effect is well known, and character- 
ized by the Flory-Rehner relationship14; generally each 
additional crosslink reduces the mean distance between 
crosslinks, and thus the extent of swelling. It is postulated 
that in a uniform three-dimensional network in a filled un- 
vulcanized mix, filler particles are joined by rubber chains 
of constant length (interparticular rubber). The addition 
of a further chain will reduce the degree of swelling in a 
liquid but this reduction will be less than that of an addi- 
tional crosslink in a vulcanizate. Additional linkages intro- 
duced during drying after immersion will however tend to 
be of greater chain length than the original ones and thus 
have even less subsequent effect. In other words, if, during 
the determination of unextracted polymer, additional link- 
ages form and insolubilize some previously soluble rubber, 
the liquid absorption will not be appreciably altered. 

The data in Figure 2, obtained by continuous immersion, 
show that liquid absorption is dependent on filler concen- 
tration. At high filler concentrations liquid absorption in- 
creases with increase of immersion time; probably owing 
to the swelling increment mentioned earlier. At low f'iller 
concentrations immersion time has the opposite effect on 
liquid absorption, probably owing to greater absorption of 
liquid by the soluble rubber before its extraction. At the 
median filler concentration liquid absorption is remarkably 
constant. The deviation of the first one or two values from 
the straight lines drawn, particularly for the mix with the 
highest liquid absorption, is attributed to a normal diffu- 
sion rate effect on the liquid. 

The relationship between unextracted polymer and filler 
concentration is considered next. Vondr~i6ek and Sch~/tz 
have recently proposed is that bound rubber is directly 
proportional to filler contact area, up to a limiting volume 
concentration of approximately 0.08 with a lower specific 
area fume silica. This is equivalent to direct proportionality 
of bound rubber to filler volume concentration, as found in 
an earlier stage of the present work when only four filler 
concentrations were used. However the data obtained from 
near-equilibrium conditions (Figure 3) did not fit that re- 
lationship but instead indicated that unextracted polymer 
is proportional to the logarithm of filler volume concen- 
tration as shown in Figure 4. Similarly the data of Vond- 
r~i6ek and Sch~tz were found to agree with that relation- 
ship, up to a high unextracted polymer value. 

It is interesting finally to examine the relationship be- 
tween unextracted polymer and mean interparticle distance. 
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Figure 5 Relationship between unextracted polymer and the 
calculated mean distance between filler particles before immersion. 
Data from Figure 3 

Again using the data from near-equilibrium conditions (Fig- 
ure 3), there is found to be a linear relationship (Figure 5) ,  
with the line indicating complete insolubility when the tidier 
particles are touching, i.e. at a volume concentration of 
0.52, this is equivalent to nearly 250 phr of Aerosil 300, 
far in excess of practical concentrations. 

CONCLUSIONS 

It appears that both the liquid absorption and the unex- 
tracted polymer of a three-dimensional silicone rubber/ 

fume silica network, are dependent upon the mean distance 
between t'fller particles. However, the work with different 
liquids indicated that unextracted polymer often included 
unextracted, or unextractable, matrix rubber as well as true 
bound rubber i.e. adsorbed rubber and interparticular rub- 
ber. It is therefore concluded that liquid absorption is the 
primary parameter, dependent on the interparticular rubber 
and the mean distance between tidier particles, while unex- 
tracted polymer is largely a secondary parameter, depen- 
dent on the liquid absorption. 

In the mathematical model recently called for by Blow 9, 
the importance of tidier particle diameter was emphasized, 
it is now suggested that this is because of its effect upon the 
mean distance between the filler particles at any given load- 
ing. 
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Polarized far infra-red studies of hot-drawn 
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(Received 7 July 1975; revised 15 August 1975) 

The three strong sharp lines in the 50 cm -1 region of the infra-red spectrum of polytetrafluoroethy- 
lene (PTFE) at liquid nitrogen temperature, have been shown to be strongly polarized, with the tran- 
sition moments lying perpendicular to the molecular axes. This result is interpreted in terms of the 
lattice-mode theory and in terms of possible symmetries for the unit cell. 

INTRODUCTION 

Recently there has been considerable interest in the far 
infra-red spectrum of polytetrafluoroethylene (PTFE). The 
absorption bands observed, have been interpreted in terms of  
specific models for the dependence of  the crystal structure 
on temperature ~. Further information may be obtained, by 
observing the spectra of  specimens in which some degree of  
molecular alignment has been introduced e.g. by stretching 
in a tensile testing machine 2-4. The polarization of  the 
absorption bands may be predicted from the models and 
compared with experiment. 

EXPERIMENTAL 

Samples cut from a commercial sheet were stretched at 
250°C in air, to a draw ratio of  2.3 at a rate of  100 mm/ 
min and cooled slowly ( 3 - 4  h) at constant extension. 
Spectra were recorded between 30 and 100 cm -1 ,  both at 
room and liquid nitrogen temperatures using an NPL - 
Grubb Parsons modular Michelson interferometer, with a 
wire grid polarizer in the beam. 

RESULTS AND DISCUSSION 

The room temperature spectra showed the presence of the 
weak broad feature at 50 cm -1 and this was clearly, polar- 
ized strongly with the transition moment perpendicular to 
the draw direction. This result is exactly what would be 
expected if, as has been postulated, this band arises from 
the z-axis rotational lattice mode. On cooling to low tem- 
perature, the set of  absorption bands in the 3 0 - 9 0  cm-1  
region appears. This phenomenon is well known for un- 
stretched PTFE and has been attributed to the onset of  a 
two segment unit cell 1. Its persistence in the stretched 
material must mean that on stretching there is an orienta- 
tion of  crystallites, each of  which is still able to undergo 
the phase transitions. A model for this would be a set of 
randomly oriented crystallites connected by disordered 
chains. On stretching, the disordered regions take the 
strain and pull the crystallites into alignment. 

The nature of  the 19°C transition in PTFE is still a 
matter for controversy, but the infra-red results are consis- 
tent with a model, in which rotational disorder leads essen- 
tially to there being one segment per unit cell above 19°C, 
i.e. a hexagonal form. Then there is a progressively closer 

approach to a perfect two segment per unit cell structure 
(the monoclinic form) as the temperature continues to fall 
below the 19°C transition. This fact does not mean of 
course that this model is established, since i.r. studies are 
not the most sensitive way of  establishing phase transitions, 
but nevertheless we will use the model to interpret our pre- 
sent results. 

For an isolated chain molecule, there are four modes of  
vibration which have zero frequency for k = 0, these are 
the three translations Tx, Ty, Tz, and the rotation about 
the chain axis Rz. Because of  the strong covalent bonding 
between repeat units, the two other rotations Rx and Ry 
take on the form of  bond stretching or angle deformation 
modes and have finite and in fact quite high frequencies. 
When the chain-molecule forms part of  a crystal lattice, 
the z-axis rotation has likewise a finite frequency, as the 
molecule does not have cylindrical symmetry nor is it mov- 
ing in a cylindrically symmetric force field. The three 
translations are still o f  zero frequency, for one segment per 
unit cell, since they correspond to overall translation of  the 
crystal. When there are two segments per unit cell, the in- 
and out-of phase coupling splits the z-axis rotation into a 
doublet and produces a finite frequency for each of  the out 
of phase translational modes. One would then expect five 
lattice modes, but their spectral activity will depend on the 
cell symmetry. It is natural to compare results with the well 
known case s'6 of  polyethylene but this has to be done with 
care because of the much higher symmetry (Vh) of the poly- 
ethylene unit cell. For PE* one has two i.r. active modes 
(Tx and Ty belonging to the irreducible representations BZu 
and B3u respectively), two Raman active modes (the split 
Rz in Ag and Blg respectively) and an inactive mode in class 
Au. For PTFE, where the current model postulates no 
higher than C2 symmetry for the two segment unit cell, all 
five modes would be active in both i.r. and Raman scatter- 
ing. In the i.r. case, the two translations Tx and Ty and 
both components of  the split Rz would be polarized perpen- 
dicular to the draw direction and the fifth mode, now cor- 
responding to z-axis translation, would be polarized parallel 
to the draw direction. In our previous assignment, we as- 
sumed that the line at 45 cm -1 was the analogue of the 

* The point group Vh(D2h) has an unavoidable ambiguity of axis 
labelling and consequently one may see one and the same vibration 
referred to as Blu or BT.u; this confusing situation is especially pre- 
valent for the 73 cm 1lattice mode. 
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Figure I Polarized far infra-red spectra of a stretched sample of 
PTFE at room temperature. Resolution 4 cm -1 ,  A, Electric field 
perpendicular to draw axis; B, Electric field parallel to draw axis 

B~u (73 cm -1)  lattice mode of  PE and that, the lines at 
53.5 and 56.7 cm -1 were the components of  the Rz doub- 
let. This assumption is strongly confirmed by our present 
results. The location of the two other lattice bands is how- 
ever much more problematical. In Figure 2 there will be 
seen weak lines at 70, 76 and 86 cm -1 all of  which are 
polarized perpendicularly and are therefore candidates for 
the B3u mode. However, by analogy with PE, one would 
expect the B3u (often referred to as the B2u!) line to lie at 
higher frequency and to be much weaker than the B2u (45 
cm -1)  line; so perhaps the 70 or 76 cm -1 line can be iden- 
tified with the B3u mode. The 86 cm -1 line is probably at 
too high a frequency for consideration. There are no paral- 
lel polarized lines evident in Figure 2, so we have not yet 
succeeded in identifying the Tz lattice mode. Again by 
analogy with PE where calculations have placed the Au 
mode below the B2u mode, one would expect the Tz mode 
for PTFE to be below 45 cm -1. It will however almost cer- 
tainly be extremely weak, for it is only active in principle 
because o f  the slight helical distortion away from the planar 
zig zag. The perpendicularly polarized line at 34 cm - 1  has 
previously 1 been assigned to the E 1 intersection of  B8, and 
since this mode should give a perpendicularly polarized line, 
our present results confirm the assignment. We have as yet 
no clear explanation for the line at 86 cm -1 or for which- 
ever of  the 76, 70 cm -1 pair is not the second perpendicular 
lattice mode. However the polarization evidence shown in 
Figures I and 2 provides further strong evidence in support 
of  the two segment unit cell theory for the structure below 
19°C. 
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Figure 2 Polarized far infra-red spectra of a stretched sample of 
PTFE cooled by liquid nitrogen (T = 110 K). Resolution 2 crn -1 .  
A, Electric field perpendicular to draw axis; B, Electric field parallel 
to draw axis 
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Non-Newtonian viscosity and non-linear 
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The shear rate dependence of the intrinsic viscosity and of the intrinsic property, which can be de- 
rived from the extinction angle, was investigated for a sample of cellulose tricarbanilate. Its number- 
average molecular weight was 4.4 × 105; the solvents used were dioxane at 25°C and phenyl benzoate 
at 75°C, the latter being known to break most intramolecular hydrogen bonds. The onset of non- 
Newtonian viscosity was found at a reduced shear rate of about 0.1, whereas non-linear behaviour in 
the extinction angle was noticed already at 0.02. The obtained data were compared with the theory 
by Noda and Hearst m, which deals with the influence of chain stiffness on the viscoelastic properties 
of polymer solutions. The qualitative outcome of this theory agrees fairly well with the experimental 
results. However, the onset of non-linear behaviour, especially in the extinction angle, occurs at lower 
values of the reduced shear rate than predicted. The stress-optical law remains surprisingly valid for 
this stiff polymer throughout almost the whole accessible range of reduced shear rates. However, 
some experiments with the highly viscous solvent tri-o-cresyl phosphate at 30°C show appreciable 
deviations at reduced shear rates larger than 1.0. 

INTRODUCTION 

At the present time the shear rate dependence of  the hydro- 
dynamic properties of  macromolecules is the subject of  
intensive study, both theoretical and experimental. The 
theory for the non-Newtonian viscosity of  solutions of  
rigid ellipsoidal particles is satisfactorily developed ~ and is 
reasonably well confirmed by experiments 2'3. On the other 
hand, for solutions of  flexible linear macromolecules the 
theoretical and experimental situations are still rather ob- 
scure. In a previous work 4 we described the linear viscosity 
and flow birefringence behaviour of cellulose tricarbanilate. 
We showed that the chain stiffness of  this polymer depends 
on the temperature and the type of solvent. In etheric sol- 
vents this polymer has a stiffer conformation than in an 
ester or ketone. 

The purpose of this paper is to report upon the non- 
linear behaviour of  the viscosity and flow birefringence of  
this cellulose tricarbanilate. Because of the great chain 
stiffness of  cellulose derivatives, these polymers usually 
have too low a degree of  polymerization to behave in solu- 
tion as Gaussian coils s. This results in a hydrodynamic be- 
haviour, which may differ appreciably from that of  flexible 
Gaussian polymers such as polyethylene, polystyrene etc. 
The possibility of  influencing the chain stiffness, in the 
case of  cellulose tricarbanilate, by a particular choice of  
solvent provides us with an additional parameter in the 
study of  non-linear effects. 

The general theories on the dynamics of  dilute solutions 
of  flexible macromolecules do not account for non-linear 
effects 6:. This is due essentially to the linear character of  
the models underlying these theories. The results of  these 
theories with respect to the polymer contributions to the 
stress tensor of a flowing solution, may be conveniently 
summarized as follows: 

Ap cos 2 X' = Pl 1 - P22 = Oq 2 (1) 

Apsin 2X' = 2P12 = 2 ( r / -  r?s)q (2) 

where Ap = Pl - PlI is the difference of the two principal 
stresses in the plane of  flow, ×', the orientation angle of  the 
polymer contribution to the stress tensor in the plane of 
flow (defined as the smallest angle between the direction 
of one of the principal stresses and the direction of the 
flow), Pl 1 - P22, the so-called primary normal stress differ- 
ence (related to the shear rate q by the primary normal 
stress coefficient, 0), Pl 2, the contribution of  the polymer 
molecules to the shear stress, r~ the viscosity of  the solution 
and 77 s the solvent viscosity. 

According to these theories 0 and 77 should be indepen- 
dent of  shear rate. In particular, the intrinsic viscosity [rl], 
defined as: 

P12 
[7] =l im - -  = [7]0 (3) 

c--~O q~?s c 

is independent of shear rate. In equation (3) c is the con- 
centration (g/ml) and the subscript 0 indicates the value of  
[7] at zero shear rate. Further: 

cot 2×' _ P l l  - P22 Oq (4) 
2p12 2(~ - ~s) 

should be a linear function of shear rate. 
Equation (4) can be presented in another form: 

co t2x '  =JeR3N (5) 

where JeR is reduced steady-state shear compliance s, for 
which numerical values for flexible coil molecules 6: and 
stiff rods 9a° were given earlier 4. The reduced shear rate 
3Nis defined as 11. 

Mq(n - ~ )  
3 N -  

cR T  
(6) 
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Table I Data of the solvents 

Temp. Density Viscosity An s X 10 7 
Solvent (°C) (g/cm 3) X 10 2 (P) at q = 10 4 (see -1) 

1,4-Dioxane 25 1.0283 1.193 
Phenyl 75 1.0B93 2.699 1.137 
benzoate 
Tri-o-cresyl 30 1.1523 60.208 10.1 
phosphate 

where M is the molecular weight of the polymer, R the gas 
constant and T the absolute temperature. The subscript N 
is used to indicate that the Newtonian 'zero shear' viscosity 
of the solution must be inserted*. 

From an experimental point of view, however, it is well 
known that the ratios Pl2/q and (Pl 1 - P22)/q 2 both de- 
crease with increasing q, in some cases even by several 
orders of magnitude. The first of both non-linear effects 
is usually referred to as the non-Newtonian viscosity. 

Various attempts have been made to give a theoretical 
description of these non-linear phenomena. The reasons, 
usually quoted as responsible for non-linear effects are~2: 
(i) changes in the excluded volume of the chain when the 
chain becomes extended at high shear rates13; (ii) an aniso- 
tropy of the hydrodynamic interaction at high shear rates 14:s 
(this is not accounted for in most molecular theories because 
of the necessity to 9reaverage the hydrodynamic interaction 
in order to facilitate further calculations); (iii) deviations 
from a perfect flexibility of the chain due to constraints im- 
posed on the mobility of  chain elements by fixed bond 
lengths and bond angles m:6. 

For the comparison with experimental results we have 
chosen the theory by Noda and Hearst ~°, as this theory 
seems to predict the most pronounced deviations from 
linearity. Moreover, it uses the parameters which were 
determined earlier 4. 

From a fundamental point of view it should be noted 
that, insofar as the mentioned theories make use of modifi- 
cations of the linearized diffusion equation, this diffusion 
equation itself only holds for small deviations from equili- 
brium 17. From such a linearized diffusion equation only 
a linear viscoelastic behaviour may be derived, in principle. 
Applying this equation to large deviations from equilibrium, 
where non-linearity appears, would seem to be incompatible 
with the linearization procedures needed to obtain the diffu- 
sion equation itself 18. It should be mentioned as well that 
this doubt also holds for the basis of the theories described 
in refs l  and 24. 

In terms of the stress-optical law 19 there exists a direct 
relation between the contributions of coiled macromolecules 
to the stress tensor and the the flow birefringence of a 
streaming solution. According to this law: 

X' = X (7) 

and 

An sin 2X = 2Cq(rl - ~Ts) (8) 

where × is the extinction angle, An the birefringence, both 
measured at shear rate q, and C is the so called stress- 
optical coefficient. The validity of the stress-optical law 

* In principle, one can interpret the quantity ~3(without subscript 
N) also as a reduced ~ear stress. In that case, however, one has to 
insert the non-Newtonian viscosity of the solution, as measured 
at shear rate q. 

M. Noordermeer et aL 

is not necessarily linked to all peculiarities of the linear 
theories describing the hydrodynamic properties of poly- 
mers. Therefore, the non-linearity in r/can tentatively be 
taken into account in equation (8) by inserting the non- 
Newtonian solution viscosity r/, as measured at the finite 
shear rate q at which also the birefringence is measured. 

Theoretically the constancy of the stress-optical coeffi- 
cient can be made acceptable for polymers with Gaussian 
distributions of their end-to-end distances 19-23. For rigid 
ellipsoidal particles the stress-optical coefficient was pre- 
dicted to decrease in value with increasing shear rate 24. For 
non-Gaussian polymers, like the cellulose tricarbanilate 
sample under investigation in this paper, an intermediate 
behaviour may be found. 

EXPERIMENTAL 

For the present investigation a sample of  cellulose tricar- 
banilate (CCIV) was used. Its number-average molecular 
weight LM) n was 4.4 x 105 and its polydispersity index 
qll)w/(M) n was about 1.5. 

As solvents 1,4-dioxane, phenyl benzoate and tri-o- 
cresyl phosphate were used. Dioxane (UCB) was dried 
over MgSO4 and distilled afterwards. Phenyl benzoate 
(Fluka AG) was recrystallized from ethanol and thoroughly 
dried in vacuum. Tri-o-cresyl phosphate (K & K Laborato- 
ries) was dried over MgSO4 and distilled under vacuum. 
Colourless products were obtained. 

Solutions in dioxane were prepared by weighing dried 
cellulose tricarbanilate and freshly prepared solvent. In 
dioxane the polymer dissolved within one day at room 
temperature. The solutions in phenyl benzoate and in tri- 
o-cresyl phosphate were prepared by gently shaking at 75°C 
over several hours in a nitrogen atmosphere. 

Table 1 contains data of the pure solvents for the tem- 
peratures at which measurements were carried out. The 
pure solvents phenyl benzoate and tri-o-cresyl phosphate 
show a measurable flow birefringence by themselves. It 
means that flow birefringence measurements, made in these 
solvents, have to be corrected for the solvent contribution 
Ans to the total birefringence An of the solution. Appro- 
priate correction formulae were given by Sadron 2s. Values 
of An s are given as measured at a shear rate q = 104 sec -1. 
Since, for low molecular weight fluids the dependence of 
Ans on shear rate is always linear, Table I contains all the 
information needed for these corrections. 

Newtonian viscosities at low shear rates were measured 
with the aid of ordinary Ubbelohde viscometers. Shear 
rate dependent viscosities at higher rates of shear were mea- 
sured with the aid of a special capillary viscometer at the 
Central Laboratory TNO, Delft, described by Daum and 
Janeschitz-Krieg126. The flow birefringence measurements 
were carried out in the equipment previously described by 
Janeschitz-Kriegl and Nauta 27. 

RESULTS 

Figure 1 gives an example for the non-Newtonian viscosity 
of cellulose tricarbanilate solutions. In this Figure the con- 
tributions of the solute to the viscosity are represented for 
solutions in dioxane at 25°C. The concentrations of the 
solutions range from 0.3 x 10 -2 to 0.8 x 10 -2 g/ml. In 
this Figure also a number of measurements is given, carried 
out with Ubbelohde viscometers. The shear rates in the 
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Figure 2 Data of Figure I, replotted as the reduced viscosity 
~lsp/C against the reduced shear rate q3N) n. Symbols as in Figure 1. 

, curve extrapolated to zero concentration 

Ubbelohde viscometers were estimated from the dimen- 
sions of  the apparatus. All viscosities measured with these 
Ubbelohde viscometers are in fair agreement with the New- 
tonian viscosities at low shear rates. 

Figures 2 and 3 show the reduced viscosities of  cellulose 
tricarbanilate in dioxane at 25°C and in phenyl benzoate at 
75°C as functions of  the reduced shear rate q3N)n- In the 
latter quantity < >n signifies that the number-average molecu- 
lar weight (M) n is inserted in equation (6) for 13 N. 

From both Figures it is evident that the decrease of  the 
reduced viscosity with increasing ([3N) n is more pronounced 
for higher concentrations. An extrapolation of  the reduced 
viscosities to zero concentration can be made with a reason- 
able accuracy. There are discussions 28~9 on whether the 
extrapolations should be carried out at constant shear rate 
or at constant shear stress. Considering that in almost all 
theoretical works non-linear effects are basically expressed 
in terms of  the reduced shear rate/3N, we chose to make the 
extrapolations at constant (~N)n. The results, the intrinsic 
viscosities as functions o f  (~N)n, are given by broken lines. 

If one plots the reduced viscosity against reduced 'shear 
stress' ~)n, where the latter quantity is defined in exactly 
the same manner as <~N)n, equation (6), except that the 
non-Newtonian solution viscosity is inserted, one obtains 
more pronounced non-Newtonian effects. All curves in 
Figures 2 and 3 converge in a stronger way. In extrapolat- 

ing at constant <#)n the Huggins constant approaches zero 
with increasing <#)n, so that the reduced viscosity seems to 
become more and more independent of  concentration. 
This agrees with the observations of Munk and Peterlin 3° 
on solutions of polystyrene in Aroclor 1248. 

In both solvents the non-Newtonian effects become per- 
ceptible at (#N)n values of  about 10 -1. Further, in none 
of the solvents sufficiently large values of  <#N)n are attained 
to reach a new constant value of  the intrinsic viscosity (sec- 
ond Newtonian region). 

Figures 4 and 5 show the non-linear behaviour of  the 
extinction angle for cellulose tricarbanilate in both solvents. 
Data are plotted as cot 2X/<[3N) n against ~N)n. While accord- 
ing to linear theories cot 2X/#N should be independent of 
j3 N (equations (4) and (7)), a strong decrease is observed 
with increasing ~3N) n. A linear region is hardly found. For 
the solutions in dioxane the value of  cot 2X/<#N>n seems to 
level off at (#N)n values around 2 x 10 -2. The larger scat- 
ter which is observed at the lowest <#N)n values is caused by 
the relative inaccuracy in measuring extinction angles close 
to 45 °. For the solutions in phenyl benzoate the measure- 
ments could not be extended to low enough shear rates to 
approach the linear region. 
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Figure 3 Shear rate dependence of  the reduced viscosity for  solu- 
t ions of cellulose tr icarbanilate in phenyl  benzoate at 75 °. Symbols 
as in Figure 1. ------ ,  curve extrapolated to zero concentrat ion 
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In view of the observable concentration dependence of 
cot 2X/q3N) n an extrapolation to infinite dilution was car- 
ried out, again at constant (~N)n. The resulting curves are 
given by broken lines. As to the kind of solvent no influ- 
ence on the general shape of the curves can be observed, 
except that the curve for cellulose tricarbanilate in phenyl 
benzoate is lying slightly lower than the one for cellulose 
tricarbanilate in dioxane. 

As a last type of non-linear behaviour deviations from 
the stress-optical law may be considered. In Figure 6 data 
are shown, chosen out of a variety of experimental data 
gathered on this subject. The given results were obtained 
on solutions of cellulose tricarbanilate in dioxane at 25°C 
(0.8 x 10 -2 g/ml), in phenyl benzoate at 75°C (0.8 x 10 -2  
g/ml) and in the highly viscous solvent tri-o-cresyl phos- 
phate at 30°C (0.564 x 10 -2 g/ml). All values of  the 
stress-optical coefficient were calculated according to 
equation (8), using the non-Newtonian solution viscosities. 
In all three solvents the stress-optical coefficient appears 
to be nearly independent of shear rate up to a q3N) n value 
of about 1.0. Only the viscosity of the solution in tri-o- 
cresyl phosphate was high enough to enable measurements 
at sufficiently high reduced shear rates, where a significant 
decrease of the value of the stress-optical coefficient could 
be observed. 

DISCUSSION 

The experimental results show the occurrence of strong 
non-linear effects for cellulose tricarbanilate. The viscosity 
shows the first deviations from linear behaviour at q3N) n 
values of about 10 -1. The ratio of cot 2X to q3N) n shows a 
non-linear behaviour even at lower values of  ([3N)n. 

A number of polystyrene samples of narrow MWD inves- 
tigated by Janeschitz-Kriegl al, showed a linear relationship 
between cot 2X and ~3N) n up to/3 N = 0.5. Also Munk and 
Peterlin 3° found similar results for polystyrene in Aroclor 
1248, both on the intrinsic viscosity and on the ratio of  
cot 2× to q3N)n. It means that for this cellulose tricarbani- 
late the onset of  non-linear behaviour is shifted to lower 
values of ~N)n. 

It is of interest to compare the present data with the re- 
suits of  the theory of Noda and Hearst 1°. For that purpose, 
in Figure 7 the intrinsic viscosity of cellulose tricarbanilate 
in both solvents, as obtained from Figures 2 and 3, is replot- 

M. Noordermeer et al. 

ted as [r/] tel = [~7]/[r/]0 against ~N)n. The curves according 
to Noda and Hearst correspond to chains w i th  various deg- 
rees of chain stiffness and a dominant hydrodynamic inter- 
action. The numbers XL at the curves are the measures of 
chain stiffness; they correspond to the ratio of  the contour 
length L of the chain to the length of a statistical random 
link 1/X. With increasing chain stiffness (smaller XL) the 
Noda and Hearst theory predicts that the onset of non- 
Newtortian viscosity shifts along the logarithmic q3N) n scale 
to lower values of  q3N) n. From the investigation 4, values of 
XL can be derived for our sample of cellulose tricarbanilate 
in the solvents under consideration: XL = 17 in dioxane at 
25°C and XL = 28 in phenyl benzoate at 75°C. The differ- 
ence between these two values of XL seems to show up cor- 
rectly in Figure 7. However, this difference is perhaps too 
small for a discrimination of the points where the solutions 
start to show non-Newtonian behaviour. Values of XL 
which apply to flexible polystyrene samples, as those investi- 
gated by Janeschitz-Kriegl, Munk and Petedin, are at least 
an order of magnitude larger than those for cellulose tri- 
carbanilate. The much greater chain stiffness of the latter 
may explain the shift of the onset of non-Newtonian effects 
to lower values of ~JN)n. However, according to observa- 
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Figure 6 Stress--optical coefficient C against (f3N) n for a series of 
solutions of cellulose tricarbanilate in various solvents. A, 0.8 X 
10--2g/ml in dioxane at 25°C; o, 0.8 X 10--2g/ml in phenyl ben- 
zoate at 75°C; +, 0.564 X 10 - 2  g/ml in tri-o-cresyl phosphate at 
30°C 
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tions on other polymers 29 the different slopes between the 
curves for dioxane and phenyl benzoate should be attributed 
to differences in solvent power. This implies that dioxane 
should be considered as a better solvent for cellulose tri- 
carbanilate than phenyl benzoate. This is noticeable, since 
phenyl benzoate breaks intramolecular hydrogen bonds 4 
in contrast to dioxane. The explanation may lie in the fact 
that cellulose tricarbanilate has a hybrid nature with respect 
to solvents 36. 

The theory predicts the total non-Newtonian behaviour 
of a polymer solution, i.e. the change from constant [rl] 0 
to a new constant [r/] ~ ,  to occur within about 3 decades 
of ~3N) n. This is found experimentally for solutions of  
monodisperse polymer samples 3'32. For the investigated 
sample of  cellulose tricarbanilate, the non-Newtonian visco- 
sity range covers a broader region of shear rates: the whole 
transition seems to comprise at least 4 decades in ~3N) n. 
This broadening of  the transition range is a well known 
polydispersity effect. The fact that the first deviations 
from Newtonian behaviour are observed at q3N) n values 
which are slightly smaller than those predicted by theory 
may therefore be due to the polydispersity o f  our sample. 

The influence of  the polydispersity on the behaviour of  
the extinction angle is appreciably more pronounced. 
Within the linear region (where cot 2X/q3N)n is still indepen- 
dent of  (~N)n) the polydispersity raises cot 2X/q3N) n to a 
value far outside the theoretical range for JeR 33. Within 
the linear region the effect of  polydispersity on the extinc- 
tion angle can be calculated, if detailed information on the 
molecular weight distribution of  the polymer and the 
molecular weight dependence of  the intrinsic viscosity is 
available 34 and this was done previously 4. Concerning the 
influence of polydispersity outside the linear region no de- 
tailed theoretical predictions are available yet. 

Noda and Hearst have calculated the shear rate depen- 
dence of [cot 2X/q3N)n] for monodisperse polymers with 
various degrees of  chain stiffness. The large influence of  
polydispersity prohibits a quantitative comparison of the 
experimental data with their theory. On the other hand, 
a qualitative comparison can be tried by plotting [cot 2X/ 
~3N)n] rel = [cot 2X/~N)n] /[cot 2X/q3N)n] 0 against (~N)n. The 
subscript 0 refers to an extrapolation to zero shear rate. 
The infinite dilution curves in Figures 4 and 5 are replotted 
in this form in Figure 8. For the data obtained on cellulose 
tricarbanilate in phenyl benzoate some arbitrariness is in- 
volved, because the value of  [cot 2X/q3N)nJ 0 had to be 
guessed. Besides these curves of  experimental origin 

Figure 8 also contains a theoretical curves for dominant 
hydrodynamic interaction and the same degrees of chain 
stiffness as in Figure 7. The shapes of  the theoretical and 
experimental curves agree remarkably well. Furthermore, 
no difference in slope can be observed between the two ex- 
perimental curves. This seems to indicate that polydisper- 
sity and solvent power do not influence the shape of  the 
shear rate dependence of  [cot 2X/q3N)n] rel to a large extent. 
However, the actual position of  the experimental curves is 
shifted with respect to the theoretical curves by about one 
decade to lower values of  (~N)n. 

The flexible polystyrene samples, mentioned before, 
start to behave non-linearly at (~N)n values of about 0.5, 
which is still small compared to what the Noda--Hearst 
theory predicts for the appropriate values of XL. It indi- 
cates that the Noda-Hearst  theory underestimates the 
effect of non-linearity in the ratio [cot 2X/~3N)n]. Unfor- 
tunately, the other non-linear theories mentioned in the 
introduction, underestimate the non-linear effects even 
more. 

As pointed out in Fig.8 of  our previous paper 4, the 
molecular weight of  the sample under investigation is suffi- 
ciently high, so that any influences of  polydispersity on 
the values of  the stress-optical coefficient in Figure 6 can 
be neglected. By comparing the results in Figure 6 with 
those on the viscosity and the extinction angle, one observes 
quite clearly that the stress-optical law remains valid until 
far in the non-linear range of  the former two. In this region 
cellulose tricarbanilate still shows the same behaviour as 
Gaussian polymers, although the number of  random links 
in dioxane, for example, amounts to only 17. At (~N)n 
values above 1.0, however, appreciable deviations from the 
stress-optical law are observed. For very flexible polymers 
many examples are known of a validity up to much higher 
values of  (/3N)n 3°'33'3s. Therefore, the conclusion must be 
drawn that, although the stress-optical law still holds in a 
limited range of  shear rates, it loses much of  its general 
validity in the case of non-Gaussian polymers. 
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Influence of the molecular weight of 
poly(methyl methacrylate) on fracture 
surface energy in notched tension 
R. P. Kusy and D. T.  Turner  
Dental Research Center, School of Dentistry, University of North Carolina at Chapel Hill, NC 27514, 
USA 
(Received 11 August 1975) 

Specimens of poly(methyl methacrylate) (PMMA) were prepared by the radiolysis of a polymer from 
an initial viscosity average molecular weight of/~v = 1.1 x 106 down to 1.5 x 104. Corresponding 
values of fracture surface energy, ranging from 3.5 x 105 erg/cm 2 to 4.5 x 102 erg/cm 2, were calcula- 
ted from tensile data using Griffith's equation. A theoretical dependence of fracture energy on mole- 
cular weight was derived on the assumption that only molecules exceeding a critical molecular weight 
can contribute to the work of plastic deformation. Comparison with experimental data indicates this 
molecular weight to be about 1 x 105. Limitations of the theoretical treatment are discussed. 

INTRODUCTION 

The concepts of fracture surface energy (7) and inherent 
flaw size have become more important as an understanding 
of their associated fracture mechanisms (e.g. crazing) has 
led to better materials. Starting with Griffith 1, investiga- 
tors have tested many materials by different techniques, to 
compare experimental results with theory 2-1°. Today how- 
ever, little experimental data exists describing the effect 
which molecular weight has on the fracture surface energy 
of glassy polymers (see Figure 1). 

Berry H, measured the fracture energy of PMMA for M 
in the range (0.9-60) × 105. By an equation of the form 
7 = A - B M  -1 ,  where A and B are arbitrary constants, he 
considered that 3' should equal zero f o r M =  2.5 × 104. He 
qualified this conclusion 'in view of the uncertain validity 
of that extrapolation', stating further that 'it would clearly 
be desirable to determine directly the fracture surface 
energy and other ultimate properties of samples with 
molecular weights extending down to the critical value'. 
In 1974, Kusy and Turner t2 carried out preliminary work 
in this direction, by the controlled radiation degradation of 
high molecular weight PMMA. While their results agreed 
with Berry's general statement that 3' 'should become zero 
for a polymer of molecular weight 25 000', the functional 
dependence in the region of decreasing 7 was not linear, 
but rather concave upward (see Figure 2 of ref 12). This 
trend was similar to data found, between the flexural 
strength and the reciprocal of number average molecular 
weight for PMMA at -196°C and ambient temperature, 
respectively ~3'~4. Moreover, work by Robertson ~s on nar- 
row molecular weight fractions of polystyrene, yielded a 
concave upward relationship for the molecular weight 
range below 105 . He also stated that, 'one deduces from 
this that the fracture energy vs. log (molecular weight) over 
the entire molecular weight range should be S-shaped with 
the maximum slope occurring around 105'. 

In general, information of this nature is hard to obtain 
because of inherent difficulties in preparing specimens of 
brittle, low molecular weight polymers. However, PMMA 
is an exception in that its molecular weight can be decreas- 
ed in a controlled manner by exposure of specimens, con- 
veniently machined at high molecular weight, to high 

energy radiation. The objective of the present paper, is to 
make use of this property to document the dependence of 
fracture energy over a wide range of molecular weight. 

EXPERIMENTAL 

Material prepara tion 

An unplasticized PMMA homopolymer, Plexiglas G 
(Robin and Haas Co.), was cut at random into two sets of 
specimens: A, 12.7 × 2.5 × 0.32 cm; B, 12.7 x 3.2 x 0.32 cm 
Slots were cut in the A specimens with a 0.015 cm thick 
circular saw, from 0.025 to 0.25 cm in depth, either before 
or after irradiation. Cracks were made in unirradiated B 
specimens using a method similar to that described by 
Berry 16, in which a wedge was driven into a slot 0.7 cm deep 
Subsequently, 0.7 cm was milled off to reduce the B speci- 
mens to the same dimensions as the A specimens. Residual 
stresses were relieved by heat treating at one of three equiv- 
alent t ime-temperature schemes: 5 h at 90°C, 101A h at 
80°C, or 24 h at 70°C. A few specimens were not annealed 
for purposes of comparison. 
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Figure 1 Influence of molecular weight of glassy polymers on 
fracture energy (from ref 15) 

POLYMER, 1976, Vol 17, February 161 



Molecular weight of PMMA on fracture surface energy: R. P. Kusy and D. T. Turner 

a 

1 
I 

S b 

C 
Figure 2 Preparation of notched tensile bars: (a), machined and 
notched; (b), with PMMA flats bonded for direct gripping; (c), with 
PMMA lap joints bonded for indirect gripping, Hatched regions rep- 
resent gripping areas while shaded zones are epoxy fillets 

Irradiation 
Specimens were exposed in air at an ambient tempera- 

ture of 30°-40°C to gamma rays from either a 137Cs or 
60Co source. Nominal dose rates were 0.90 and 2.1 Mrad/h, 
respectively. Irradiation resulted in the formation of gase- 
ous products, which were removed by degassing over 
periods ranging up to six months. Degassing was consider- 
ed to be complete when gas bubbles no longer formed when 
specimens were heated above the glass transition tempera- 
ture, i.e. above 105°C 17. As reported by Charlesby TM, heat- 
ing immediately after irradiation resulted in such extensive 
outgassing, that an expanded foam was formed. In order 
to evaluate any influence owing to trapped gas, some speci- 
mens were tested without degassing, shortly after irradia- 
tion. 

Testing procedures 
The flexural modulus, E, was calculated from the deflec- 

tion, 8, produced by a force, P, in a three point bending 
test using equation (1), in which l, b, and d are the length, 
width, and thickness of the unnotched specimen, respec- 
tively19: 

pl 3 
E = - -  (1) 

4bd38 

The engineering stress at fracture, of, was determined 
in tension using an Instron machine at a crosshead separa- 
tion of 0.1 cm/min. Specimens given high doses were ex- 
tremely brittle so that lap joints were bonded to the grip 
areas to prevent premature fracture (Figure 2 ) .  

Limiting viscosity numbers [77] were determined in ben- 
zene at 25°C. Viscosity molecular weights,)~v, were cal- 
culated from the Mark-Houwink equation (2) in which 
K = 5.5 x 10 -5 dl/g and t~ = 0.7620: 

[r/] = KMv '~ (2) 

RESULTS AND DISCUSSION 

Controlled degradation by radiolysis 
The PMMA made as commercially cast sheets, is a linear 

polymer with a Schulz-type molecular weight distribution 
(equation 3): 

W(r) --- exp ; 1 ~< k ~< 2 (3) 

in which W(r) is the weight fraction of r-mers and Xn is the 
number average degree of polymerization 21. On exposure 
to high energy radiation, PMMA molecules are fractured at 
random at a rate of 1.7 fractures per 100 eV of absorbed 
energy, i.e. G(fractures) --- G(F) ~- 1.722. This controlled 
degradation by radiolysis is both convenient and reproduc- 
ible, since the fracture reaction is insensitive to wide varia- 
tions in radiation source-type (X, 3' or e-) ,  dose rates (0 .1-  
100 Mrad/h), atmosphere (air or in vacuo), or ambient 
source temperature (20°--40°C) 2a. Furthermore, the G- 
value remains relatively constant up to doses of at least 40 
Mrad (1 Mrad = 6 x 1019 eV/g) 24. A dose of a few Mrad 
transforms the initial distribution to a 'most probable dis- 
tribution', for which k = 125. In such cases the number 
average molecular weight, 3Z1 n, can be calculated from the 
value prior to irradiation, MnD, (equation 4) in which R 
is the dose in Mrad: 

1 1 [R x G ( F ) ]  
- - + x 10 -5 

/~n /~n,0 9.6 J 
(4) 

In a first approach it would suffice to calculate molecular 
weights from equation (4), but in the present work reliance 
was placed on experimentally determined limiting viscosity 
numbers, [77]. This allows the calculation of a viscosity 
molecular weight, Ntv, (equation 2) and derivation of a num- 
ber average, Mn, from equation (5): 

t r(1+  I 
(5) 

i.e. 

My = 1.89.~fn for k = 1 (6a) 

and 

My = 1.45&in for k = 2 (6b) 

Equation (6a) was used since the 'mostprobable distribu- 
, 25,26 tion is generated by random fracture . 

The above considerations are the result of the simple 
fracture of PMMA molecules by irradiation. In polymers, 
however, fracture is usually accompanied by crosslinking 
reactions. PMMA is unusual in that it is degraded 'without 
appreciable crosslinking'. Definitive evidence has been re- 
ported by Shultz et al. 27 for doses up to 11 Mrad. In the 
present work it is assumed provisionally that it is valid to 
even higher doses. 

Radiolysis of PMMA is also known to cause other chemi- 
cal reactions which are normally considered to be of secon- 
dary importance because they do not influence molecular 
size. Nevertheless, attention should be given to factors 
which might influence the measurements of fracture energy. 
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Figure 3 Influence of crack len._gth (c) on tensile strength (of) as a 
function of molecular weight (My): A, 3" = 2.4 X 105 erg/cm, 2 
M__ v = 1 120 000, • degassed specimens; B, 3" = 4.7 X 104 erg/cm 2. 
M v = 52 600, A, degassed, A, not degassed specimens; C, 3" = 1.3 X 
104 erg/cm2, Mv = 29 200, II, degassed, 1:3, not degassed; D, 3' = 
3.4 X 103 erg/cm2; M'v = 15 000, V, degassed, ~, not degassed 

By far the most important of these reactions is the G-value 
of gas formation. This subject will be pursued in a subse- 
quent section. 

Estimation o f fracture energy 
Values for 7, can be calculated from Griffith's equation 

(7) (plane strain) 1 in which of is the tensile stress at fracture, 
c, the crack length, E, Young's modulus, and v, Poisson's ratio: 

and Bopp 29 found that Young's modulus was unaffected 
when specimens of PMMA were exposed to radiation from 
an atomic pile (E = 3.2 × 1010 dyn/cm2). Furthermore 
from a plot of log P/6 vs. log l on irradiated double canti- 
lever beams, the intercept and slope, both of which are re- 
lated to the elastic properties of the material, were insen- 
sitive to molecular weight change 14. These observations 
are in contrast to Berry's report that E increases from 
2.30 × 1010 to 3.06 × 1010 dyn/cm 2 as J~fv increases from 
0.98 × 105 to 3.0 × 106 x~. The present data is preferred, 
because, in principle, there is no reason why E should be 
dependent on the molecular weight range studied. 

A number of factors might influence estimates of frac- 
ture energy. First, it is known that gases are formed on 
irradiation of PMMA with initial G-values (up to a dose of 
6.5 Mrad) as follows: G(CH4) = 0.55; G(CO) = 0.44; G(CO2) 
-- 0.32; G(H2) = 0.21 and G(HCO2H) = 0.093°. This would 
correspond to a total gas formation of ~3 cm 3 (STP)/cm 3 
polymer/Mrad. From the foaming phenomenon associated 
with heating the irradiated polymer, it is apparent that some 
of this gas remains trapped immediately after irradiation. 
This does not result in the formation of any flaws detect- 
able to the naked eye; e.g. there is no turbidity. However, 
since cavitation is an important phenomenon in crazing, 
which occurs immediately ahead of the crack tip, there is 
some possibility that gas might influence fracture energy. 
A comparison of specimens which were degassed with those 
tested immediately after irradiation, shows that gas forma- 
tion is unimportant (Table 1). This suggests that, similar 
to experiments describing the yielding in metals, moderate 
hydrostatic stresses do not, in the first approximation, 
affect the failure criterion of PMMA 31'32. 

The second factor, which Griffith found important in 
his study of silicate glasses, was the influence of initial 
stress on fracture energy. For PMMA no significant effect 
was detected throughout the range of molecular weights 

2E7 1/2 ] 
Of= I/re(1 -- p2) l 

(7) 

This expression may be used since the ratio of the crack 
length to specimen width (c/w) is small (<0.1), which mini- 
mizes the interaction of the strain energy field near the 
crack tip with the specimen edge 2s. The functional depen- 
dence of of  on c has been demonstrated previously for high 
molecular weight PMMA 16 and is now shown for low mole- 
cular weights (Figure 3). Theoretically, Griffith's equation 
is only applicable to brittle materials but its use has been 
extended to other materials, e.g. PMMA, which conform 
empirically but which, nevertheless, are known to undergo 
localized plastic deformation in the vicinity of the crack 
tip. In such cases Griffith's equation may be used but the 
physical significance of 3' is a matter of conjecture. In the 
case ot metals, Orowan 3 and Irwin 5 independently suggested 
that 7 be regarded as the sum of an elastic and plastic com- 
ponent. In the present work, 7 comprises a contribution 
from the energy expended in generating surfaces by cleavage, 
71, and in causing localized plastic deformation, 72, i.e. 

7 = 71 +72 (8) 

Values of 7 were calculated from the slopes of  Figure 3 
in which v = 0.32 and E = 3.8 × 1010 dyn/cm 2. The value 
of E was measured as a flexural modulus which was found 
to be independent of molecular weight (Figure 4). Sisman 
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Figure 4 Influence of molecular weight (/I~ v) on modulus of elas- 
ticity (E) in transverse bending 

Table 1 Dependence of fracture energy (3') on residual gas 

3' (erg/cm2) * 
Nominal dose 
R(Mrad) /~v degassed ROt degassed 

0 1 120000 ~2.5 (-+18) X 105 
2.4 (-+15) X 105 

5 193000 1.7 (-+16) X 10 s 1.6 (-+25) X 105 
10 112000 1.7 (+-20) X 10 s 1.6 (-+17) X 105 
17 75000 1.4 (+-30) X 105 9.7 (-+29) X 104 
25 52600 4.9 (+-30) X 104 4.5 (-+ 7) X 104 
32 42100 3.2(-+28) X 104 3.4(-+18) X104 
40 33500 1.7 (-+31) X 104 1.8 (_+20) X 104 
50 29200 1.1 (-+38) X 104 1.4 (+-20) X 104 
65 21 700 6.1 (-+38) X 103 _ 5.3 (+-34) X 103 
80 15000 2.3 (-+41) X 10 ~ 4.5 (-+49) × 103 

* Mean (-+SD) of ten specimens which were tested with saw 
notches (pre-irradiation notched) after annealing (Iq = 0.90 Mrad/h). 
SD expressed as % of mean. 
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Table 2 Dependence of fracture energy (3") on residual stress 

3' (erg/cm2) * 
Dose 
R(Mrad) Mv annealed unannealed 

0 1 160000 2.4 (-+20) X 105 1.9 (+15) X 10 s 
(35)** (15) 

30.9 37 100 6.6 (-+15) X 103 6.8 (-+28) X 103 
(Iq = 0.90 Mrad/ (5) (5) 

h) 
30.9 28900 6.3 (-+32) X 103 4.2 (-+18) X 103 

(1~1 = 2.1 Mrad/ (5) (5) 
h) 

* Mean (+SD) of indicated number of specimens ( * * )  which were 
tested with saw notches (pre-irradiation notched) after degassing. 
SD expressed as % of mean. 
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i i 
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Figure 5_  Comparison of fracture energy (3,) versus molecular 
weight (Mv): x, saw notches; e, natural notches formed by driving 
in wedge. Specimens were pre-irradiation notched and tested in 
annealed and degassed condition 

lar weight on fracture energy, crack formation by driving 
in a wedge is preferred. 

In order to put the present results in perspective, a com- 
parison of surface energy of PMMA with previous work is 
shown (Figure 6). Comparisons are only possible for high 
molecular weight specimens. In agreement with Marshall 
et al. 28, a scatter of some -+15% is observed for the original 
(0 Mrad) material (Table I and 2) compared with -+9% for 
parallel cleavage bars. Also for a given molecular weight, 
cleavage tests give lower values of 3' than do notched tensile 
bars. This is consistent with energy versus crack velocity 
data (the test method was immaterial), in which the high 
crack velocities of notched tensile specimens yield greater 
values of 7 than do the slower crack velocities done in clea- 
vage. Present experiments do not account for large varia- 
tions in crack velocity which might perturb the results with 
respect to variations in molecular weight. Experiments on 
irradiated parallel cleavage specimens are in progress to in- 
vestigate this factor. 

A theoretical relationship for the dependence or fracture 
energy on molecular weight 

Berry noted from his data that a marked decrease in 7 
did not occur until My < 4 x 1 05 ,1. He suggested that only 
molecules long enough to pass through the craze region 
immediately ahead of the crack tip, could act as stress bear- 
ing members between the two adjacent uncrazed boun- 
daries. In his words, 'The contribution which any particu- 
lar molecule makes to the surface energy will be determined 
by the length that is contained within this region. A suffi- 
ciently long molecule will start in the unyielded region, pass 
through the yielded region, and terminate once again in the 
unyielded region. Under these conditions, the contribution 
made by the molecule to the surface energy will be inde- 
pendent of its length. Correspondingly this energy should 
tend to a limiting value at high molecular weights .... ,1]. 
Berry's views may be expressed in quantitative terms by 
making the additional assumption, that the molecules above 

studied (Table 2). While it might be argued that PMMA 
tested at room temperature is sufficiently close to its glass 
transition temperature to relieve the residual stresses intro- 
duced from specimen preparation, it is more plausible that 
the residual stress is relieved in the vicinity of the crack 
tip by the applied stress field during testing. Andrews and 
Kazama 33 have suggested in unplasticized PVC that, with 
increasing stress, localized yielding occurs as the glass tran- 
sition is reduced to the test temperature. Similarly, stress- 
induced annealing could occur in the proximity of the ini- 
tial notch long before unstable fracture initiated. It is 
worth.while to note that the glass transition temperature 
(105°C) does decrease as a function of molecular weight 26~. 

A third factor of concern in measuring fracture energy is 
the influence of crack tip geometry. For high molecular 
weight specimens, similar results were obtained whether a 
crude slot was introduced directly with a saw or whether a 
crack-craze combination was created by driving in a wedge 
(Figure 5). Apparently the time consumed in the buildup 
of stress prior to fracture, is sufficient to result in some 
typical crack-craze combination, which makes the initial 
notch geometry immaterial. In contrast the surface energy 
of more brittle specimens, of lower molecular weight, in 
which modification of the crack tip by crazing is expected 
to be less important, are influenced by the sharpness of the 
crack tip (Figure 5). For studying the influence of molecu- 

6 ~Low--~ntermcdi~=!= High-- ,,t(, 

I I " i~ : ] I.,"J * : 

5 I ~ , ~ - - ° -  ~'- - - ~ - - ' - "  

~ 4 I "1 
% I.i  I 

q I "  ~ 
3 "~t I1 

• I 
. l "  I 

I I i i 
24 5 6 
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Figure 6 Influence of fracture energy 13,) on molecular weight 
(M v) for various investigators 
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Figure 7 Influence of  x and k on the theoretical relationship for  
fracture energy (3'). [Present experimental results, (O) are shown 
versus . . . .  , k  = 1 ; - - - , k = 2 ] .  A , x = 2 . 5 X  1 0 2 ; B , x  =1 X 
1 0 3 ; C , x =  5 X 103 

a critical length contribute to the 3'2 term in proportion to 
their volume fraction. This procedure approximates to the 
'rule of mixtures', a familiar empirical relationship. How- 
ever, as a variation to this rule, it is physically more signifi- 
cant to assume that the ~1 term is constant rather than pro- 
portional to the volume fraction of molecules below the 
critical length. In practice this variation is unimportant at 
higher average molecular weights since the 3"1 contribution 
is negligible. 

On the assumption that only molecules with more than 
a critical number of monomer units (x) contribute to the 
work of plastic deformation, i.e. to the 3'2 term, and that 3'2 
is equal to the product of the volume fraction of such mole- 
cules, v2, and a constant energy term, 3'c, equation 9 results: 

7 = 3'1 + 3'2 = T1 + V2Tc (9) 

For convenience equation (9) can be expressed in terms of 
the volume fraction of molecules with numbers of units (i.e. 
degree of polymerization) ~< x, vl, and by replacing volume 
fractions with corresponding weight fractions, i.e. Wl for Vl 
(equation 10). This last approximation is permissible as 
the density of PMMA is virtually independent of molecular 
weight. 

3' ~--3'1 +(1 --Wl)3" c (10) 

The weight fraction of all molecules with up to x monomer 
units (equation 11) can be evaluated for the case of the 
'most probable distribution' (k = 1) from the expression for 
W(r) (see equation 3 and equation 12). Substitution of w 1 
in equation (10) yields equation (13). 

X 

wl = .t  W(r)dr (11) 

0 
r 

W(r) = ~_n--- ~ e-r/x n (12) 

3' ~-3'1 +3'c e-x/xn 1 4 (13) 

Similar expressions can be evaluated for other molecular 
weight distributions, e.g. when k = 2 (see equation 3): 

- 2 x  

7 TM 3'1 + 3'ce Xn 1 + = -  + =~- (14) 
Xtl Xn  

Comparison of  theory and experiment 
The theory, as expressed by equation (13), agrees with 

experiment (Figure 6) by giving a sigmoidal dependence of 
7 on number average_molecularweight, i.e. on Mn = xr~o 
or, equivalently, on My = 1.89 M n (Mo is the molecular 
weight of the monomer unit, which equals 100 for PMMA). 
The limiting values for the sigmoid are as follows: 

Lim 7=71 
Xrt--+O 

Lim 3' =3'1 +3"c~-3"c,(7c>>3"1) 

A theoretical value of 3'1 = 450 erg/cm 2 has been calcu- 
lated by Berry a6 on the assumption that cleavage of a mono- 
layer of covalent bonds occurs. The experimental value of 
3'1 = 450 -+ 250 erg/cm 2 is in agreement with this calcula- 
tion, but the experimental data are too erratic to warrant 
further comment. No theoretical estimate is available for 7c 
although values fluctuate from 1.1--4.9 x 105 erg/ 
cm 25,11,16'28,35-37, the former considered to be the best at 
slow crack velocities 28, i.e. the isothermal state. However, 
a precise value is not a critical consideration at this stage 
and an empirical value was selected which best represented 
the present data (Figure 6), of 7c = 3.5 x 105 erg/cm 2. 

With values for 3'1 and 7c determined, the dependence 
of 3' on average molecular weight can be calculated from 
equation (13) for any selected critical degree of polymer- 
ization,x. Calculated curves fo rx  = 2.5 x 102; 1 x 103, 
and 5 x 103 are shown in Figure 7, in which ~¢v is expressed 
instead of~rn to facilitate comparison with experimental 
data. In order to test the sensitivity of such plots to the 
extremes of molecular weight distribution, the foregoing 
procedure was applied for the case when k = 2 using equa- 
tion (14). This factor is small in relation to changes caused 
by the selection of values o fx .  From the theoretical curves 
and experimental data in Figure 7, the critical value o fx  is 
near 1 x 103, i.e. to a molecular weight of 1 x 105. 

A test of the theory would be to check whether the de- 
pendence of fracture energy on average molecular weight 
could be predicted for other distributions. A particularly 
challenging test would be to check whether or not, as 
theory would predict, a step function dependence of 7 on 
molecular weight for monodisperse fractions (i.e. ~r n = My) 
would result with 3' = 71 for M < 1 x 105 and 7 = 7c for 
M >  1 x 105. Information of this kind is not available for 
PMMA, but has been determined for approximately mono- 
disperse specimens of polystyrene ~s. Robertson's data 
(Figure 1), point to an obvious inadequacy of the theory. 
The assumption that there is an unique boundary molecu- 
lar chain length which determines an all or nothing con- 
tribution to the energy of plastic deformation, is an over 
simplification. In fact, the physical significance of this 
assumption is not entirely clear. According to Berry n, a 
critical molecular chain length is required to bridge the 
craze layer immediately ahead of the crack tip (i.e. the 
'crack opening displacement' in the Dugdale model). Di- 
rect observations on high molecular weight PMMA, how- 
ever, indicate that this dimension is about 1 x 104 A 38, 
whereas a fully extended molecule of molecular weight 105 
is smaller by a factor of three. It would be more realistic 
to regard the craze as an extended network of polymer 
molecules held togetherby physical entanglements 39. Then 
the upturn in 3'1 at logMv -~ 4.3 (Figure 7), could be inter- 
preted as the molecular weight required for incipient net- 
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work formation due to entanglements. Bueche 4° has report- 
ed a range of  values (log ,~v ~ 4 .30-4 .56) ,  for the molecu- 
lar weight at which entanglements cause a sudden increase 
in bulk viscosity measurements of  PMMA, plasticized with 
75% diethyl phthalate (at 60°C). Naturally, the conditions 
are not strictly comparable since the craze is 'plasticized' 
not by solvent but by about 40% holes, 100 A in diameter 41. 
Despite the considerable attention given to entanglements 
with respect to viscosity measurements, no quantitative 
treatment for 7 could be developed in these terms. For the 
moment then, the role which entanglements have must be 
limited to some form of negative skewing of  the sigmoid. 

CONCLUSIONS 

(1) 7 may be conveniently determined as a function of  
molecular weight by the radiolysis of  PMMA. 

(2) The Griffith theory is valid over the entire range of  
molecular weights studied from the straight line relation- 
ship of  ofvs.c -1/2. 

(3) While the formation of  gas and the presence of  
residual stresses have no significant effect on 7, notch geo- 
metry is critical with decreasing molecular weight (-~/v ~ 105). 

(4) For notched tensile specimens varying from My = 
1.5 x 104-1.1 × 106,7) ' ranged from 4.5 x 102-3.5 × 105. 

(5) The dependence of  7 on molecular weight was 
shown by partitioning 7 into an elastic (71) and plastic (72) 
component and by assuming that only molecules greater 
than x, contribute to 72. (a) Both theoretical and experi- 
mental data indicate that 7 has a sigmoidal dependence on 
molecular weight. (b) Varying x greatly influences the 
sigmoid, while k has little effect. (c) The critical molecular 
chain length (x) corresponds to ~- 1 x 103. (o) The crazed 
layer may be best described as a network of  extended 
chains containing periodic entanglements. (e) The upturn 
of  71 at l o g M  v -~ 4.3 may be interpreted as the onset of  
entanglement networks. 
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Notes to the Editor 

Optical anisotropy and orientation of structural units 

P. Zoller 
Kunststofflabor, Neu-Technikurn Buchs, CH-9470 Buchs, Switzerland 
(Received 11 July 1975; revised 21 August 1975) 

A situation is considered, where the optical anisotropy of a 
polymer is caused exclusively by a non-random distribution 
of anisotropic structural units. A structural unit is thought 
to be some structure in the polymer which does not change 
its internal structure during orientation. Electrically it is 
characterized by the principal values oqi (i = 1 ,2 ,  3) of its 
polarizability tensor. The associated principal axes attach- 
ed to the structural unit are designated by xi" (i = 1,2,  3). 
The optical anisotropy of  the sample is specified by the 
three principal refractive indices ni(i = 1,2,  3) and the asso- 
ciated principal axes of  the sample xi(i = 1,2,  3) 1. 

The polarizability tensor bit of the sample, is diagonal 
(bij = 0, if i ~ j )  when its components are referred to the 
xi set of axes, and the diagonal components of  bit can be 
related to the principal refractive indices in a good approxi- 
mation by the Loren tz -Lorenz  equations~: 

3 n 2 . -  1 
bii = - -  × - - -  i = 1, 2, 3 (1) 

41rN n2.+2 

in which N is the number of structural units per unit volume. 
Therefore, N = 8No/M, where 8 is the density of the sample, 
NO is Avogadro's number (6.02 x 10 -23 tool -1)  andM is the 
molecular weight of  the structural unit. 

Another way of  expressing bib is by transforming the 
polarizability tensor c~i/of each structural unit from the 
sets of axes x~, attached to the structural units, to the set 
of axes xi, attached to the sample (in which its components 
are designated by a}~'). Assuming additivity of  the contribu- 
tions from all structural units we obtain: 

b l l  = (a~l) = (t21)all  + (t22)~22 + (t23)a33 

b22 = (o~2)= (t~l)~ll  + (t22)~22 + (t23)a33 

b33 = (a'~3)= (t~l)Otll + (t22)a22 + (t23)a33 (2) 

The tnm are the components of  the transformation matrix 
between the x} and the xi sets of  axes: 

a~l = tkito~q k,l = 1,2, 3 (3) 

and the brackets ( ) denote averaging over the distribution 
of structural units. Since the transformation is between 
sets of orthogonal coordinate systems the coefficients tnm 
obey the orthonormality relations: 

timtin = 6mn = 
0 i f m  =/=n 

1 i fm  =n 
(4) 

From these equations the following relations can be de- 
duced by taking averages: 

(t21) + (t22) + (t23) = 1 

(t~l) + (t~2) + (t23) = 1 

+ <th> + <t 3> = 1 

<t21> + (t21 > + (t21) = 1 

(t22 > + (t22) + (t22) = 1 

(t213) + (t23 > + (t23) = 1 

(5) 

Note, that only five of these six equations are independent. 
Because of the orthonormality conditions, it is possible to 
express the tnm through trigonometric functions of three 
angles (called the Euler angles, see e.g. Kashiwagi et al. 2), 
such that the orthonormality relations are automatically 
met. We feel, however, that it is clearer to proceed with 
the usual meaning of the tnm as direction cosines 

(6) 
t 

tnm= cos (Xn, Xm) n, m = 1,2,  3 

and keeping equations (5) as a set of auxiliary equations. 
Equations (2) and (5) form a set of  nine linear, inhomo- 
geneous equations for the quantities (t2m). Since only 
seven of the nine equations of the associated homogeneous 
system are linearly independent, the (t2m) can in general 
not be determined uniquely. Note also that the inhomo- 
geneous system only has a solution if: 

(7) b l l  + b22 + b33 = a l l  + a22 + c~33 

We will proceed to investigate in a formal mathematical 
way, information about the (t2m) that can be obtained 
from equations (2) and (5). This will depend on the de- 
gree of optical symmetry that either the sample or the 
structural unit possesses. The following cases are possible: 

The sample possesses orthorhombic optical symmetry 
In this case, b l 1 4:b22 4:b33 ~: bl 1 (or nl 4= n2 4:n3 4: 

nl);  this is the most general case for the optical anisotropy 
of the sample. The directions of the principal axes of the 
sample are completely determined. 

The structural unit possesses orthorhombic optical sym- 
metry 

In this case, a l  1 4:°e22 =~ °e33 4:°~11; this is the most 
general case for the anisotropy of the polarizability of the 
structural unit. The directions of the principal axes of  the 
polarizability tensor in the structural unit are completely 
determined. 
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The sample is optically transversally isotropic 
In this case, b l l  4= b22 = b33 = bT (or n 1 :/= n 2 = n 3 = 

nT); the direction of  only one principal axis in the sample 
is determined (Xl); the other two (x2 and x3) can be chosen 
at will, provided they form an orthogonal system of axes 
with Xl. 

The structural unit is transversally isotropic 
In this case, otll 4:ot22 = ot33 =otT. The direction of  only 

one principal axis of  the polarizabili ty tensor of  the struc- 
tural unit is determined (x~); the other two (x~ and x~) can 
be chosen at will, provided they form an orthogonal system 
of  axes with x~. 

The sample is optically isotropic 
In this case, b l l  = b22 = b33 = b (or n 1 = n 2 = n 3 = n). 

Any system of  orthogonal axes in the sample is a system 
of  principal axes. 

The structural unit is isotropic 
In this case, otll = ot22 = ot33. Since an isotropic struc- 

tural unit can only lead to an isotropic sample this case is 
pursued no further. 

The solution derived below for different combinations 
of  these cases could be writ ten in somewhat different forms 
by  making use of  equation (7) to replace one of  the three 
otii or one of  the three bi i  , by the remaining otii and bii. 

Transversally isotropic structural unit 
The choice in the ' ' ' and x 3 directions of  x2 ' in each struc- 

tural unit can clearly be used to make: 

(t212)=(t213), (t22) = (t 223), (t32)2 =(t23 ) (8) 

The only (t2m) with physical significance are the ones with 
the second index equal to one. 

For a sample with orthorhombic optical symmetry we 
obtain from equations (2) and (5): 

,]q-2 l) - b l l  - ot T 

otl I -- otT 

(t~l) _ b22 - o t T ,  (t~l) _ b33 - otT (9) 

otl 1 -- otT otl I -- otT 

If  the sample is transversally isotropic the result is (for any 
choice of  the x2 and x3 axes): 

(t21~j._ b l l  - -  otT 
otl 1 -- otT 

bT otT 
(t~l) = (t2 l) - (10) 

I 

otll --OtT 

If the sample is isotropic we immediately obtain: 

(t~l) = (t21) = (t21) = 1/3 ( l l )  

for any choice of the Xl, x2 and x 3 axes in the sample. 
The cases of  a transversally isotropic structural unit and 

either an orthorhombic or a transversally isotropic sample 
have been worked out by  Kashiwagi et al. 2 using Euler 
angles to specify the orientation. 

OPTICALLY ORTHORHOMBIC STRUCTURAL UNIT 
AND ORTHORHOMBIC OPTICAL SYMMETRY OF THE 
SAMPLE 

The general solution for the (t]m) of our basic equations 
(2) and (5) contain two parameters 3,1 and 3`2- One way 
of  writing the solution is: 

"l'(tgl~- ot22 -- b l l  + (3`1 - 3`2) ot33 - a22 

ot22 - otll ot22 - a l l  

"l'(t~2~ - b l 1 -- otl I (3`1 3`2) 
ot22 -- or11 

(t23) = 3`1 - 3`2 

ot33 -- ot11 

ot22--otl l  

b22 ot22 
( t ~ l ) -  - -  + 3`2 

ot22 -- a l  1 

e33 -- ot22 

ot22 -- a l l  

-z-(t~22 ~ = b22 - otll 3`2 ot33 -- otll (1 2) 
ot22 - otl 1 ot22 - otl 1 

(t23) = 3`2 

(t2-1)3 = a33 -- b33 3`1 ot33 -- ot22 

ot22 -- °ell ot22 -- otll 

(t2"2 ~3- = b33 - ot33 I- 3`1 ot33 - otll 

ot22 - otll ot22 - otll 

(t~3) = 1 - 3`1 

Any choice of  the parameters X1 and 3`2 will give a solution 
to the system, and all possible solutions are obtained by  
varying k l  and k2. However, only certain choices of  3`1 and 
3`2 will give physically meaningful results, since, from the 
meaning of  the (t2m} as averages of  the squares of  direction 
cosines, we must require: 

0 ~<(tn2m)< 1 n , m =  1 , 2 , 3  (13) 

This immediately puts the following conditions o n  3`1 and 

k2: 

O~<XI~<I,O~<X2 ~<I,X1/>X2 (14) 

In general the range of  the allowed 3`1 and 3`2, will be even 
more restricted by equation (13), but  a certain finite range 
will remain for X1 and 3`2 and with it, through equations 
(12), a certain range for the (t2m). This calculation of the 
allowed ranges for the (t2m) is the maximum information 
which can be extracted from the optical anisotropy without 
additional assumptions. If this range is small for one or 
more of  the (t2m} this knowledge constitutes valuable infor- 
mation. 

An additional assumption which can be made to reach a 
complete solution, is that of  random orientation of the x~ 
and x~ axes around the x~ axis in different structural units. 
Mathematically this implies: 

<t22) = (t23), (t~2} = (t~3) , (t22 > = (t~3) (15) 

These equations fix the values of  kl  and ?,2 exactly,  yielding 
the following solution for the (t2nm): 
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(t21) _ ot22 + ot33 - 2 b l l  

ot22 + ot33 -- 2otll  

b l l  -- otll 
(t22) = (t23) = 

ot22 + ot33 -- 2otll  

(t~l) _ ot22 + ot33 -- 2b22 

ot22 + ot33 -- 2otll 

< t h >  = = 
b 2 2 -  otll 

ot22 + ot33 -- 2otll  

(16) 

(t21) = ot22 + ot33 -- 2b33 

ot22 + ot33 - 2otll  

(t22) = (t23) = b33 - otll 

ot22 +ot33 - 2otll 

OPTICALLY ORTHORHOMBIC S T R U C T U R A L  UNIT 
AND T R A N S V E R S A L L Y  ISOTROPIC SAMPLE 

For any choice of the x2 and x 3 axes: 

(t~l) = (t31),2 (t22)2 = (/22) ' (t23) = (t~3) (17) 

These equat ions  pu t  the addi t ional  condi t ion  X 1 + ~k2 = 1 
on our two parameters.  El iminat ing ~k 2 yields: 

2ot22 -- ot33 -- b l l  ot33 - ot22 
(t21) = + 2Xl 

ot22 -- otl 1 ot22 -- otl I 

"1-(t72~ = ot33 -- 2ot22 + b l l  2Xl ot33 - otll 

ot22 -- otll ot22 -- otll 

(t23) = 2X1 - 1 

"z'qZlS = "~'(t]l~ = ot33 -- b.T _ X1 ot33 -- ot22 

ot22 -- otll  ot22 -- otll 

(18) 

(t~2) = (t22) = bT--ot33 + X  1 ot33 - - a l l  

ot22 -- otll  ot22 -- otll  

(t~3) = (t23) = 1 -- X 1 

Notes to the Ed i to r  

Equat ion  (13) again l imits the range of  X1. From the third 
of  equat ions  (18) we get at once: 

0 . 5 ~ X l ~ l  (19) 

bu t ,  as before, in general the range of  X 1 will be even more 
restricted. The resulting ranges in the (t2m) are again the 
m a x i m u m  in format ion  obta inable  from the optical aniso- 
t ropy wi thout  further  assumptions.  

If  we again make  the assumpt ion of random or ienta t ion  
of the x~ and x~ axes around the x'l axis, i.e. i f  we again 
require equat ions  (15) to hold,  we get the following unique  
solutions: 

(t21) = ot22 + ot33 -- 2 b l l  

ot22 + (~33 - 2otll 

(t22) = (t23) = b l 1 - o t l l  
ot22 + ot33 - 2o t l l  

( t 2 1 )  = ( t 2 1 )  = ot22 + ot33 - 2bT 
ot22 +ot33 - 2otll 

(2o) 

(t222 } = (t22 } = ( t23)=  ( t23)=  bT -- a l l  
e22 +a33  -- 2 a l l  

OPTICALLY ORTHORHOMBIC S T R U C T U R A L  UNIT 
AND ISOTROPIC SAMPLE 

We obta in  at once the result that  all (t2m) are equal for any 
choice of  the Xl,  x2 and x 3 axes, which means:  

(t2m) = 1/3 n, rn = 1 ,2 ,  3 (21) 
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Simple and direct assignment of the methylene and 
methine 13C resonances in polystyrene 

J. R. Ebdon and T. N. H uckerby 
Department of  Chemistry, University of Lancaster, Lancaster LA 1 4YA, UK 
(Received 29 September 1975) 

There is considerable confusion in the recent literature 
concerning the assignment of  13C resonances to the methyl- 
ene and methine carbons in polystyrenes. In the original 
study I only the aromatic carbons were discussed, but in 
several subsequent papers it has been assumed that for the 
aliphatic signals the 'normal'  order, i.e. ~CH > 8CH2 was 
obeyed 2,3. 

There is however, some indirect evidence 4-6 not des- 
cribed in detail which would suggest that this intuitive 
assignment is incorrect. The importance of making a cor- 
rect assignment is obvious, since past and future studies on 
homo- and co-polymers of styrene together with parallel 
work on e-methyl styrenes and similar compounds will all 
be affected. 

Figure I illustrates 20 MHz proton noise decoupled 
carbon spectra, for 10% w/v solutions of  atactic polysty- 
rene and the corresponding/3,/3-dideutero derivative (with 
a degree of deuteration exceeding 95%). It is seen that the 
relatively sharp upfield signal remains almost unaffected 
in appearance upon deuteration apart from a small upfield 
isotope shift while the downfield resonance, which now 
bears C - D  couplings and no longer benefits from the nu- 
clear Overhauser effect, has almost disappeared. This there- 
fore constitutes direct evidence for the assignment of the 
high field (5 ~ 40.5 ppm) aliphatic resonance in polysty- 
rene to the CH group. It would thus appear that although 
ring current effects due to aromatic groups are believed to 
be small and relatively unimportant in 13 C n.m.r.7, the 
suggestion 6 that they may have considerable influence in 
this system does indeed seem to be justified. 
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Letters 

Dependence of rate on monomer concentration in 
the radiation graft polymerization of styrene to 
polyethylene 

Introduction 
The radiation-initiated, free radical graft polymerization 

of styrene to polyethylene by the mutual irradiation tech- 
nique has been extensively studied ~-6 but its kinetics have 
not been completely established, especially the dependence 
of grafting rate on monomer concentration. Various stu- 
dies, although yielding interesting results, have been car- 
ried out in a manner precluding elucidation of the depen- 
dence of rate on monomer. Monomer concentration in a 
polyethylene sample has been varied in vapour phase graft- 
ing by suspending it in the vapour above a reservoir of liquid 
styrene for different time periods; subsequently, the poly- 
ethylene-styrene is irradiated while still suspended above 
liquid styrene. When polyethylene is placed directly in 
liquid styrene and the mixture irradiated, varying concen- 
trations of monomer have been attained by diluting the 
styrene with a solvent such as methanol which does not 
itself swell polyethylene. The greater the relative amount 
of methanol employed, the greater the decrease in the con- 
centration of styrene in the polyethylene. Using these ap- 
proaches, Silverman and coworkers 2'3 found the grafting 
rate increases initially with monomer concentration, reaches 
a maximum, and then decreases as monomer concentration 
increases further. The latter decrease has been attributed 
to a decrease in viscosity inside the polymer with increas- 
ing styrene concentration, resulting in an increased rate of 
termination relative to propagation. Similarly, Wilson 4 
found the grafting rate to increase in the order polyethyl- 
ene > polypropylene > poly(4-methylpentene) while the 
styrene concentrations increased in the reverse order. We 
see here various experiments in which both monomer con- 
centration and inside viscosity varied simultaneously, pre- 
cluding elucidation of the dependence of rate on monomer. 

Using styrene-benzene-alcohol mixtures, Wilson 7 
attempted to vary the monomer concentration while keep- 
ing viscosity constant by varying the alcohol used and its 
relative amount to obtain solutions having the same value 
of the Hildebrand solubility parameter. This promising 
approach was applied, however, by assuming the composi- 
tion of styrene-benzene-alcohol absorbed inside a poly- 
ethylene sample ('inside' solution) to be the same as the 
composition of the solution in which the sample was 
placed ('outside' solution); further, that the amount of 
absorbed solution was independent of outside solution 
composition. Both assumptions are doubtful in view of 
previous work :'s on the polyethylene-styrene-methanol 
system; in any case, experimental verification is needed. 
The most significant previous work is (for reasons which 
become clear below) probably that of Ballantine and co- 
workers s who found the grafting rate to depend approxi- 
mately on the 5/2-power of monomer concentration; the 
styrene concentration being varied by using styrene-ben- 
zene mixtures. In that study as in Wilson's, no attempt was 
made to determine the composition of the inside solution. 
This preliminary result, appearing without detailed experi- 
mental data and only as a brief paragraph in a Brookhaven 

National Laboratory report, was overlooked for two de- 
cades by researchers who continued to assume1-7 a first- 
power dependence of rate on monomer concentration. We 
report here the results of our study on the dependence of 
rate on monomer concentration for the polyethylene- 
styrene system. 

Experimental and Results 
Our experimental procedures were similar to those pre- 

viously reported 6. Styrene was washed with base followed 
by water, dried over sodium carbonate and magnesium 
sulphate and vacuum distilled; benzene was distilled at at- 
mospheric pressure. Gulf Company 9614 polyethylene 
films (1 and 10 mil thick, both having density = 0.962 
g/cm3; ~r n = 19 000, crystallinity of 79% as measured by 
density and d.s.c.) were washed with acetone and dried at 
50°C under vacuum betore use. To avoid problems asso- 
ciated with previous work on the dependence of rate on 
monomer concentration, it was necessary to choose the 
experimental system such that the inside styrene concen- 
tration could be varied without varying the inside viscosity. 
The use of benzene as a diluent for styrene was considered 
since benzene and styrene are very similar in solubility char- 
acteristics (the Hilderbrand solubility parameters are 9.2 
and 9.3 (cal/cm3) 1/2, respectively; the viscosity of benzene 
is 0.564 cP at 30°C, while that of styrene is 0.587 cP at 
37.8°C) 9,10. 

After equilibration with styrene or styrene-benzene mix. 
tures at 25~C, 10 mil thick polyethylene samples were re- 
moved, blotted rapidly with absorbent paper to remove sur- 
face liquid and weighed to determine the amount of liquid 
absorbed by polyethylene. The extent of swelling of poly- 
ethylene by benzene-styrene was found to be 5.30% by wt 
independent of the benzene-styrene composition over the 
range 35-100 vol% styrene. (Although 1 mil films were 
used in the grafting experiments, the absorption studies 
were carried out with 10 mil films owing to the higher ac- 
curacy attainable with the thicker films. This did not intro- 
duce an error since both the 1 and 10 rail films have the 
same crystallinity and would have the same absorption 
characteristics; this was verified in a separate experiment,) 
To determine the composition of the inside solution, an 
equilibrated polyethylene sample was blotted, placed in a 
flask connected to a vacuum trap cooled by liquid nitrogen 
and the system evacuated to distill the inside solution into 
the cold trap. The composition of the inside solution, as 
determined by ultra-violet spectroscopy and refractive in- 
dex measurements, was found to be exactly the same as the 
composition of the outside solution over the range of ben- 
zene-styrene compositions studied. Thus, the use of ben- 
zene-styrene mixtures allows one to vary the concentration 
of styrene inside the polyethylene while keeping constant 
the inside concentration of total liquid (benzene plus sty- 
rene). The inside viscosity is very close to being constant 
since the viscosity of benzene-styrene varies less than 10% 
over the range of compositions studied. An additional rea- 
son for choosing benzene as a diluent for styrene is that the 
G values for radical formation are similar for the two com- 
pounds 11. Thus, one expects the extent of homopolymer- 
ization relative to graft polymerization to be the same for 
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styrene-benzene mixtures as for styrene; further, the pre- 
sence of benzene should not introduce appreciable energy 
transfer processes. 

Graft polymerization was carried out as follows: 1 mil 
polyethylene samples were immersed in styrene or s tyrene-  
benzene in reaction tubes connected to a vacuum line, 
oxygen was removed by alternate freezing and thawing 
under vacuum, and the reaction tubes were sealed under 
vacuum. After equilibration at 25°C, the sealed reaction 
tubes were irradiated for specified periods at dose rates of 
0.00076 and 0.037 Mrad/h using a J. L. Shepherd Mark I 
137Cs gamma source located in a room maintained at 2 3 -  
25°C. The temperatures of the reaction mixtures rose 
slightly upon irradiation, usually to 26°C, as high as 27°C 
in a few instances. After irradiation, the polyethylene films 
were removed from the reaction tubes, washed with benzene 
followed by acetone, vacuum dried and weighed. The 
vacuum drying was carried out exhaustively (at 40-50°C 
at less than 1 mmHg pressure) until samples reached con- 
stant weight to ensure that all solvent and unreacted mono- 
mer was removed from the grafted polymer sample. The 
extent of graft polymerization in a sample was calculated 
as its percentage increase in weight. The results at the 
higher dose rate are shown in Figure 1 ; the course of  the 
reaction at the lower dose rate was similar. 

Initial rates were obtained by limiting grafting experi- 
ments to low conversions (10-15%) to avoid the auto- 
acceleration usually present in radical chain polymerization; 
high conversions would also involve significant changes in 
the nature of the polymer being grafted. The initial graft 
polymerization rates, determined by least-squares calcula- 
tions, are shown in Table 1. Log-log plots of graft poly- 
merization rate versus monomer concentration at the two 
dose rates are shown in Figure 2. Least squares calcula- 
tions yielded slopes of 1.56 + 0.04 and 2.61 -+ 0.06, at 
0.00076 and 0.353 Mrad/h respectively. 

In summary, we have established that the dependence 
of rate on monomer concentration for the radiation graft- 
ing of styrene to polyethylene is not first-order as previously 
assumed; the dependence is 3/2-order at the low dose rate 
and 5/2-order at the higher dose rate. Work is currently in 
progress in our laboratories to elucidate the mechanism(s) 
responsible for these effects, including a study of the rate 
dependence on monomer over a wider range of dose rates 
as well as the rate dependence on intensity. Further, since 

16! 

12 

o 

8 

4 

O 3 6 9 12 
Time (h) 

Figure 1 Degree of graft polymerization versus time for various 
styrene--benzene mixtures at a dose rate of 0.037 Mrad/h. Styrene 
concentrations: A, 100; A, 85; rq, 75; m, 65; O, 50; 0, 35% 

Composition of Inside 
inside and outside monomer 
solution (vol % concentration 
styrene) (mol/I) a 

Grafting rate (% graft/h) at 

0.00076 Mrad/h 0.037 Mrad/h 

100 2.55 1.37 7.95 
85 2.18 0.993 5.10 
75 1.94 0.863 3.78 
65 1.68 0.700 2.51 
50 1.30 0.451 1.24 
35 0.917 0.271 0.564 

a mol styrene/I swollen amorphous polyethytene 

+1-O 
A 
, , C  

+0"6 

+0"2 

-0"2 

-06 

Figure 2 

r J _ _  _ I I a i n 

O 0'1 0 2  O3 0 4  
Log monomer concentr~taon (tool/I ) 

Log--log plot of graft polymerizatnon rate versus mono- 

Table I Initial graft polymerization rates for different benzene- 
styrene mixtures 

mer concentration at dose rates of 0.037 (©) and 0.00076 (e) 
Mrad/h. Slope: O, 2.61; e, 1.56 

our measured extents of grafting like those of other investi- 
gators probably include appreciable amounts of the homo- 
polymer formed inside the polyethylene film 6, an effort 
will be made to determine and separate the kinetics appli- 
cable to homopolymerization occurring inside the poly- 
mer from the kinetics of the graft polymerization process. 
The kinetics of the two processes are not necessarily the 
same; the results should help clarify the mechanism(s) app- 
licable to our present results. 
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Solubilization of bovine elastin by a formic acid + 
salt method 

The importance of  elastin as a component of the connec- 
tive tissue has directed a good deal o f  attention to its iso- 
lation. Procedures have, in the main, relied on its insolu- 
bility to chemical treatment. In an early and well known 
series of  experiments, Hass et al. 1 have examined the isola- 
tion of  elastin by use of  formic acid to remove all other 
tissue components. This method is not now used since it 
can be shown that at least 60% of elastin can be solubilized 
in 88% HCOOH at 45°C if treatment is prolonged 2. 

Of several methods for the partial degradation and solu- 
bilization of  elastin, treatment by reflux in 0.25 M oxalic 
acid is the most widely used 3. It has also been shown that 
elastin can be hydrolysed by use of  a salt + alcohol mixture, 
the inorganic component acting as an accelerator 4. Ioffe 
and Sorokin s have also obtained a soluble elastin by reac- 
tion of  isolated elastin with a solution of  the mixed salts, 
CuSO4 and Ba(OH)2 at 37°C for 60 h. The rate of reac- 
tion was greatly reduced in the absence of  the copper ion. 
The use of  salts in aiding the hydrolytic cleavage of  elastin 
is of  interest especially in its relationship to the study of  
atheriosclerosis. Elastin has a high affinity for calcium 
ions 6 and Hall 7 has found that calcium which is bound to 
the elastin matrix can act both as a crosslinking agent and 
as an activator of  elastolysis. 

Earland and Raven a have examined the use of  salt + 
formic acid mixtures for the solubilization of silk. They 
were able to obtain a partial solubilization with a range of  
formic acid + salt combinations. Since both silk and elastin 
have some similarity with high glycine and alanine amino 
acid compositions and also show a high degree of  swelling 
in formic acid this method was considered as worth trying 
for elastin. Preliminary experiments, choosing salt com- 
binations with formic acid from the list given by Earland 
and Raven 8, showed that for all combinations tested (about 
15), complete solubilization of  bovine elastin could be 
achieved. 

A short report is given of  the results of a more detailed 
investigation of  the use of  0.25 M solutions of  CaC12, 
MgC12 and (NH4)2SO4 in 98% HCOOH and an examination 
of  some properties of the corresponding elastin solutions. 

L e t t e r s  

Part of  the isolated bovine elastin which was used as the 
starting material was also solubilized by the oxalic acid 
method 3 and provided a basis for comparison. 

The isolation of  elastin from bovine ligament followed 
the usual procedure 2 material for this study (El 0) being 
obtained from a 1.5 year old animal. Details of  the solu- 
bilization procedures are given in Table 1. Amino acid 
analyses of  the soluble elastins showed no significant differ- 
ences between the preparations and a satisfactory agree- 
ment was obtained with published data for bovine elastin 3. 
The soluble elastins have been characterized by measure- 
ment of  the coacervation temperature, tc 3 and the limiting 
viscosity number, [rl] determined in buffer solutions of  
different pH but constant ionic strength 1°. (Full experi- 
mental details can be supplied if requested.) 

It has been found that soluble elastins can be prepared 
using the Earland and Raven 8 formic acid method in a 
similar yield but with fewer stages of  reflux than the oxa- 
lic acid procedure 3. Details of  the preparations and a 
summary of  the properties of  the soluble elastin solutions 
are given in Table 1. The oxalic acid preparation, used as 
a reference, is designated E 10.PDA. Gel electrophoresis 
measurements H showed that all the formic acid prepara- 
tions contained an appreciable proportion of high molecu- 
lar weight material. Coacervation was observed in all solu- 
tions of  the elastins. A significant dependence of  tc 
(+-0.2°C) on protein concentration was observed. The 
agreement between results for the reference preparation 
and those of  Partridge et al. 3 is quite close. 

Although amino acid determinations made on these 
preparations reveals no significant differences physical 
measurements show them to be not identical. There are 
differences between the protein concentration-independent 
values of tc, as shown in Figure 1, and in the viscometric 
results shown in Figure 2. The values of  [rl] for c~ and 13 
elastin (separated by coacervation) as obtained by Ksiezny 
et al. lo for oxalic acid solubilized bovine elastin are indicated 
in Figure 2 by the broken lines. 

Results for E10.PDA, for which the a and 13 components 
have not been separated, conform with those of  Ksiezny 
et aL lo (~-elastin being the major component) and show a 
minimum value of [rl] in the range pH 4 to 6. With the 
exception of  preparation E10.NH4 a similar pH dependence 
is shown by the formic acid solubilized elastins. However, 
values of  [rl] for E10.Mg and E10.Ca are significantly re- 
duced and for the most part they are lower than the corres- 
ponding values for/3-elastin. 

As reported, these solutions show coacervation and con- 

Table I Details of the preparation and properties of  the solu- 
bilized elastins 

Stages Liquid/ Yield [~] * 
Reagent of solid (% (ml/ 

Code system ref lux ratio w/w) g) 
t c t  
(°C) 

E10.PDA** (COOH) 2 5 12 56 8.6§ 
E10.Ca HCOOH + 2 25 46 7.1 

CaCI 2 
E10.Mg HCOOH + 3 50 46 5.8 

MgCI2 
E10.NH4 HCOOH + 4 25 61 8.3 

(NH4)2SO4 

28.7 
25.6 

30.0 

26.1 

* Determined at 20°C and pH 5 
1" Interpolated at c = 10 mg/ml 
* *  Reference sample 

Partridge et  al. 3 obtained t c = 27.8°C at c = 7 mg/ml 
§ For a- and ~-elastin values of [~1] are 9.3 and 7.2 ml/g 
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Solubilization of bovine elastin by a formic acid + 
salt method 

The importance of  elastin as a component of the connec- 
tive tissue has directed a good deal o f  attention to its iso- 
lation. Procedures have, in the main, relied on its insolu- 
bility to chemical treatment. In an early and well known 
series of  experiments, Hass et al. 1 have examined the isola- 
tion of  elastin by use of  formic acid to remove all other 
tissue components. This method is not now used since it 
can be shown that at least 60% of elastin can be solubilized 
in 88% HCOOH at 45°C if treatment is prolonged 2. 

Of several methods for the partial degradation and solu- 
bilization of  elastin, treatment by reflux in 0.25 M oxalic 
acid is the most widely used 3. It has also been shown that 
elastin can be hydrolysed by use of  a salt + alcohol mixture, 
the inorganic component acting as an accelerator 4. Ioffe 
and Sorokin s have also obtained a soluble elastin by reac- 
tion of  isolated elastin with a solution of  the mixed salts, 
CuSO4 and Ba(OH)2 at 37°C for 60 h. The rate of reac- 
tion was greatly reduced in the absence of  the copper ion. 
The use of  salts in aiding the hydrolytic cleavage of  elastin 
is of  interest especially in its relationship to the study of  
atheriosclerosis. Elastin has a high affinity for calcium 
ions 6 and Hall 7 has found that calcium which is bound to 
the elastin matrix can act both as a crosslinking agent and 
as an activator of  elastolysis. 

Earland and Raven a have examined the use of  salt + 
formic acid mixtures for the solubilization of silk. They 
were able to obtain a partial solubilization with a range of  
formic acid + salt combinations. Since both silk and elastin 
have some similarity with high glycine and alanine amino 
acid compositions and also show a high degree of  swelling 
in formic acid this method was considered as worth trying 
for elastin. Preliminary experiments, choosing salt com- 
binations with formic acid from the list given by Earland 
and Raven 8, showed that for all combinations tested (about 
15), complete solubilization of  bovine elastin could be 
achieved. 

A short report is given of  the results of a more detailed 
investigation of  the use of  0.25 M solutions of  CaC12, 
MgC12 and (NH4)2SO4 in 98% HCOOH and an examination 
of  some properties of the corresponding elastin solutions. 

L e t t e r s  

Part of  the isolated bovine elastin which was used as the 
starting material was also solubilized by the oxalic acid 
method 3 and provided a basis for comparison. 

The isolation of  elastin from bovine ligament followed 
the usual procedure 2 material for this study (El 0) being 
obtained from a 1.5 year old animal. Details of  the solu- 
bilization procedures are given in Table 1. Amino acid 
analyses of  the soluble elastins showed no significant differ- 
ences between the preparations and a satisfactory agree- 
ment was obtained with published data for bovine elastin 3. 
The soluble elastins have been characterized by measure- 
ment of  the coacervation temperature, tc 3 and the limiting 
viscosity number, [rl] determined in buffer solutions of  
different pH but constant ionic strength 1°. (Full experi- 
mental details can be supplied if requested.) 

It has been found that soluble elastins can be prepared 
using the Earland and Raven 8 formic acid method in a 
similar yield but with fewer stages of  reflux than the oxa- 
lic acid procedure 3. Details of  the preparations and a 
summary of  the properties of  the soluble elastin solutions 
are given in Table 1. The oxalic acid preparation, used as 
a reference, is designated E 10.PDA. Gel electrophoresis 
measurements H showed that all the formic acid prepara- 
tions contained an appreciable proportion of high molecu- 
lar weight material. Coacervation was observed in all solu- 
tions of  the elastins. A significant dependence of  tc 
(+-0.2°C) on protein concentration was observed. The 
agreement between results for the reference preparation 
and those of  Partridge et al. 3 is quite close. 

Although amino acid determinations made on these 
preparations reveals no significant differences physical 
measurements show them to be not identical. There are 
differences between the protein concentration-independent 
values of tc, as shown in Figure 1, and in the viscometric 
results shown in Figure 2. The values of  [rl] for c~ and 13 
elastin (separated by coacervation) as obtained by Ksiezny 
et al. lo for oxalic acid solubilized bovine elastin are indicated 
in Figure 2 by the broken lines. 

Results for E10.PDA, for which the a and 13 components 
have not been separated, conform with those of  Ksiezny 
et aL lo (~-elastin being the major component) and show a 
minimum value of [rl] in the range pH 4 to 6. With the 
exception of  preparation E10.NH4 a similar pH dependence 
is shown by the formic acid solubilized elastins. However, 
values of  [rl] for E10.Mg and E10.Ca are significantly re- 
duced and for the most part they are lower than the corres- 
ponding values for/3-elastin. 

As reported, these solutions show coacervation and con- 

Table I Details of the preparation and properties of  the solu- 
bilized elastins 

Stages Liquid/ Yield [~] * 
Reagent of solid (% (ml/ 

Code system ref lux ratio w/w) g) 
t c t  
(°C) 

E10.PDA** (COOH) 2 5 12 56 8.6§ 
E10.Ca HCOOH + 2 25 46 7.1 

CaCI 2 
E10.Mg HCOOH + 3 50 46 5.8 

MgCI2 
E10.NH4 HCOOH + 4 25 61 8.3 

(NH4)2SO4 

28.7 
25.6 

30.0 

26.1 

* Determined at 20°C and pH 5 
1" Interpolated at c = 10 mg/ml 
* *  Reference sample 

Partridge et  al. 3 obtained t c = 27.8°C at c = 7 mg/ml 
§ For a- and ~-elastin values of [~1] are 9.3 and 7.2 ml/g 
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Figure I Dependence of the eoacervation temperature on the 
concentration of the elastin solution as determined at pH 4.7 and 
an ionic strength of 0.05. [3, E10.Mg; I ,  E10.NH4; o, E10.Ca; 
X, E10.PDA; A, Partridge etaL 3 

tain apprecible amounts of high molecular weight material 
whereas/3-elastin is non-coacervating and of  low molecular 
weight (about 3000). Thus measurement of  [7] for elastin 
solutions cannot serve as an unambiguous guide to molecu- 
lar size and, without more evidence, cannot be used to 
characterize the fractionation of  soluble elastins 12. Differ- 
ences in [r/] and t c may well indicate conformational varia- 
tion by the elastin molecule in solution. Further clarifica- 
tion of  the mechanism of  coacervation by the solubilized 
elastin molecules is necessary before determination of  t c 
also can provide a method of  characterization s. 

However, the main objective of  this study was to try the 
Earland and Raven a formic acid method with elastin and 
this has been achieved beyond expectations. The oxalic 
acid method, although widely used, has no possibility for 
variation whereas the success of  the formic acid solubiliza- 
tion procedure now makes it possible to consider detailed 
study of  the mechanism of interaction between inorganic 
ions and the elastin matrix 7 through examination of  the 
properties of  the solubilized products. 

R. B. Beevers 

Belvoir Research Laboratory, 
160 Chatham Road, 
Eastwood. NSW 2122, 
Australia 
(Received 29 September 1975) 
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Figure 2 Dependence of the limiting viscosity number for the 
solubilized elastins on the oH of the buffer solution and at an 
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Conference Announcement 

Deformat ion,  Yield and Fracture of Polymers 

Cambridge, UK, 29 March to 1 Apri l ,  1976 

The third international conference on Deformation, 
yield and fracture of polymers wi l l  be held at Churchill 
College, Cambridge from 29 March to 1 Apr i l  1976 
and is being organized by the Plastics and Rubber In- 
stitute on behalf of  a number of collaborating bodies. 
A programme of th i r ty  two contr ibutions has been 
arranged under the fo l lowing sessions: creep and 
yielding, fracture, crazing, rubbers and selected topics, 
crystal deformation, and a general session on selected 
topics. Further details and application forms may be 
obtained from Mr J. N. Ratcliffe, Plastics and Rubber 
Institute, 11 Hobart Place, London SWlW 0HL, UK. 
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IUPAC International Symposium on Macro- 
molecules 
Edited by E. B. Mano 
Elsevier, Amsterdam, 1975. 463 pp. $46.25 

In July 1974 a symposium on polymer science and technology was 
organized by the Brazilian authorities in collaboration with IUPAC, 
the programme dealing with polymerization processes, physical 
chemistry, polymer technology and, to meet a wider range of 
interests, with biopolymers. Abstracts of the contributed papers 
were available at the meeting and doubtless there will be fuller 
publication in due course, but in keeping with the practice at 
many IUPAC symposia main lectures on special aspects were pre- 
sented by invited speakers and the present volume contains the 
text of these. 

In his opening address Sir Harry Melville reviewed some current 
trends in polymer science, drawing attention to a number of  areas 
meriting continued study: precise control of molecular weight, 
tacticity and unit sequence, network systems, surface properties, 
dimensional stability, superconductivity, degradation, and liquid 
rubbers. It is perhaps unfortunate that the book does not contain 
also the closing plenary lecture, 'Polymers worldwide', given by 
Professor Herman Mark. 

The papers on polymer chemistry are on inclusion polymeriza- 
tion with special reference to the use o f perhydrotriphenylene as 
the host compound (Farina) and on photopolymerization and 
photoresponsive polymers (Smets); cyclopolymerization is dis- 
cussed by Butler, Porri reviews developments in polymerizing 
conjugated dienes using new uranium-based catalysts, and Stille 
outlines the synthesis of rigid polyphenylphenylenes and poly- 
anthrazolines. In the physical chemistry section are papers by 
Meares on transport phenomena and their relevance to membrane 
separation and by Szwarc reviewing anionic polymerization and 
applications of living polymer processes. Infra-red spectroscopy is 
applied to a study of crystalline polyethylene (Krimm) and high- 
resolution 13C n.m.r, for investigation of stereochemical configura- 
tions in vinyl polymers (Bovey), while Guillet discusses the role of 
molecular mobility in photochemical processes. 

Polymer technology has seven papers which include a review of 
polyethylenes and the provision of polymers of improved fabrica- 
tion performance (Foster), segment deformation in glassy polymers 
(Yannas) and new thermally stable aromatic or heterocyclic co- 
polycondensates (Fontan), which paper regrettably gives no refer- 
ences. Okamura reviews bis work on the production of synthetic 
fibres from modified PVC dispersions, and Morton outlines advances 
made with synthetic elastomers, especially the trans.polypentenamer, 
thermoelastic block copolymers and liquid rubbers. Work on the 
effects of fine structure on the pyrolysis behaviour of cellulosic 
materials is discussed by Lewin, and Ranby has a paper on teaching 
technology in Sweden. 

The seven papers in the final section on biopolymers deal with 
receptor proteins for neuroactive drugs (Robertis), adenovirus pro- 
teins (Pereira), and controlled synthesis in enzyme studies (Merri- 
field). Synthesis in bacterial genes is described by Khorana and the 
use of 13C n.m.r, in a study of mucopolysaccharides by Perlin. 
Polymeric carriers and immobilization of enzymes is the subject of 
a paper by Manecke, and Dawes discusses the function of  
poly(~-hydroxybutyrate) in micro-organisms. 

In all, these collected papers provide a good picture of develop- 
ments in polymer science, showing particularly the many fields 
of  activity and methods of scientific approach. From these invited 
lectures one is able to appreciate the depth of the studies in progress 
as well as the ultimate use of the findings in practical terms, 
whether this be in plastics, fibre or rubber technology, the medical 
world, or other fields of endeavour. 

While the book is handsomely bound and produced, the text 
itself consists of the photo-reduced typescripts as received from 
the various authors and editing has been minimal. This perhaps 
contributes to the originality of the contributions but it is a little 
disconcerting to encounter different sets of type-face throughout 
the book, a lack of explanation to a few of the diagrams and 
abbreviations, and to have no index. However, such direct use of 
the authors' scripts has enabled the book to be produced without 
delay, and in a rapidly developing field like that of macromolecules 

this is a decided advantage which will outweigh the minor faults 
noted above. 

At the price quoted the volume may prove expensive for pur- 
chase by an individual but the many papers give it considerable 
merit and it could with some benefit be used by those who wish 
to have brief but authoritative reviews on particular aspects or 
more generally to read of developments outside their areas of 
immediate interest. 

R. J. W. Reynolds 

Advances in polymer science, Volume 15 
Springer Verlag, Berlin, 1975, 155 pp. $27.80 

The book contains four review articles, Oligomerisation of ethylene 
with soluble transition-metal catalysts by G. H. Olivd and S. Oliv& 
Stereochemistry of propylene polymerisation by A. Zambetli and 
C. Tosi, Structures of copolymers of high olefins by Y. V. Kissin 
and Mercaption-containing polymers by C. D. S. Lee and W. H. Daly. 
All four articles are reasonably well written and present an interest- 
ing account of the subject described. 

The article of Olivd and Olivd discusses Ziegler-based systems 
(transition metal compounds plus aluminium alkyl compounds) as 
catalysts for the oligomerization of ethylene. It is a useful collection 
of facts but lacks clarity and conviction when talking about the 
mechanism of the processes concerned. The basic difficulty in 
trying to disentangle the mechanism of Ziegler catalysts is that 
there are too many possible structural options for the reactive centre 
in any given system. This produces reviews which are catalogues 
of data with little unambiguous evidence as to what exactly is 
going on. In this review it is implied that although there may 
exist monometallic catalysts which can oligomerize ethylene they 
are in general lacking in activity and require a cocatalyst, aluminium 
alkyls, to give effective systems. This is, of course, not completely 
correct as it is known that the system Br3ZrC3H s (Adv. Catalysis 
1973, 23,263) oligomerize ethylene to give 60-100 residues per 
a-olefin chain at very high rates indeed. 

The kinetic analysis of these reactions does not take account of 
the fact that in many of these systems large amounts of 1-butene 
is formed and the postulate of a six-centre transition state seems 
unnecessary to account for the 13-hydrogen abstraction process. The 
industrial side of ethylene oligomerization is also poorly dealt with. 
Most industrial processes do not use this type of chemistry, wax 
cracking has until recently been the preferred process but in new 
plants this is being replaced by 'ethylene growth' using aluminium 
alkyl chemistry. 

The stereochemistry of propylene polymerization is a well 
written description of the ideas of Professor Zambelli and his 
colleagues in which they attempt to use the four centre transition 
state to explain the chemistry of Ziegler-Natta catalysts and their 
ability to control the stereochemistry of the insertion process. The 
mechanism they describe may well have some relation to real 
behaviour in polymerizations initiated by transition metal alkyls 
since the latter are essentially monometallic catalysts. However, 
Ziegler-Natta systems are almost certainly bimetallic and the 
choice of aluminium alkyl as cocatalyst can have a profound effect 
on the ability of the centre to stereoregulate. 

The final contribution on polyolefins is a paper by the Russian 
scientist Y. V. Kissin on the structure of copolymers of the higher 
olefins. This is a very interesting review and collects together infor- 
mation on 1:1 copolymers of the common olefins, with some data 
on their fine structure derived mainly from infra-red studies. In view 
of the known difficulties of making many of these copolymers it is 
surprising that such a wide variety of types are now available for 
study. The work of Dr Turner-Jones on the 4-methyl pentene-1 co- 
polymers is treated in detail and serves to illustrate, for all crystal- 
line polyolefins, the effect of copolymerization on crystallinity, 
melting points, and infra-red spectra. The observations divide them- 
selves into three principal groups: copolymers in which the como- 
nomer side chain is rejected by the host crystal lattice, in these 
cases quite small amounts of comonomer reduce the crystalllnity 
drastically; copolymers such as 4-methyl pentene-l/hexene-I for 
example where the comonomer side chains can crystallize with the 
host lattice and crystallinity persists over the whole range of com- 
positions; the least known system and probably the most useful are 
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those in which the comonomer is incorporated as a series of blocks 
so that the microstructure is made up of discrete phases. It has 
been observed with the latter systems that unusual mechanical 
properties are obtained. It would have been helpful if some infor- 
mation of this kind could have been given, but mechanical 
behaviour is not discussed. 

In conclusion the book will be of interest to polymer chemists 
in general and particularly those interested in polyolefins. 

D. G. H. Ballard 

Ionic polymers 
Edited by L. Holliday 
Applied Science, London, 1975, 416 pp, £14 

The most familiar examples of ionic polymers, the so-caUed 'iono- 
reefs', have enjoyed considerable commercial success over the past 
few years, a factor which has undoubtedly assisted in generating 
enthusiasm in this area. Present trends in research, as reflected in 
this book, are directed towards a wider understanding of both the 
essentially organic and inorganic ion-containing materials. An 
initial step in this development is the recognition of materials such 
as inorganic oxide glasses, metal dicarboxylates and crystalline sili- 
cate and phosphate minerals as polymers. A useful exchange of the 
concepts and the considerable body of knowledge available within 
these hitherto discrete areas of study with the field of organic 
polymers may then follow. As the introductory chapter of the 
book intimates, in only one or two topics of study, such as the glass 
transition temperature, have unifying semi-empirical relationships 
and correlations been established. Much progress has yet to be 
made to consolidate a cohesive study of ionic polymers on such a 
broad base as it is presented here. 

Following the introductory chapter, in which classifications and 
general properties of ionic polymers are presented in a clear and 
logical way, there are seven further chapters each dealing with dif- 
ferent types of ionic material. These chapters have different 
authors and each chapter emphasizes a different aspect of its sub- 
ject. The chapters concerned with ionomers, carboxylated elasto- 
mers and crystalline silicates and phosphates are thorough and 
systematic reviews of the extensive literature on these materials 

whereas the chapter on rigid, highly carboxylated ionic polymers 
is, for the greater part, an authoritative account of recently develop- 
ed dental cements. However, the conformational changes and ion- 
binding phenomena which are referred to in the opening section of 
this account apply to dilute solutions and are inappropriate when 
discussed in the context of the concentrated systems encountered 
in these cements. There are two shorter chapters on metal diear- 
boxylates and the technology of polyelectrolyte complexes and 
the final chapter by N. H. Ray describes an essentially novel 
approach to the structure of inorganic glasses. 

Taken as a whole the book is somewhat heterogeneous, but as 
a first step it represents a welcome development and the individual 
contributions are very useful in themselves. The book will be of 
interest to research workers and could provide some novel ideas on 
presentation of course work for teachers in materials departments. 
The book is well presented but its price will probably restrict it to 
appropriate departmental libraries for which it will be a good invest- 
ment. 

P. K Wright 

The Propr ie to rs  o f  Bri t ish Pa ten t  No. 1163502 ,  for  
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IUPAC International Symposium on Macro- 
molecules 
Edited by E. B. Mano 
Elsevier, Amsterdam, 1975. 463 pp. $46.25 

In July 1974 a symposium on polymer science and technology was 
organized by the Brazilian authorities in collaboration with IUPAC, 
the programme dealing with polymerization processes, physical 
chemistry, polymer technology and, to meet a wider range of 
interests, with biopolymers. Abstracts of the contributed papers 
were available at the meeting and doubtless there will be fuller 
publication in due course, but in keeping with the practice at 
many IUPAC symposia main lectures on special aspects were pre- 
sented by invited speakers and the present volume contains the 
text of these. 

In his opening address Sir Harry Melville reviewed some current 
trends in polymer science, drawing attention to a number of  areas 
meriting continued study: precise control of molecular weight, 
tacticity and unit sequence, network systems, surface properties, 
dimensional stability, superconductivity, degradation, and liquid 
rubbers. It is perhaps unfortunate that the book does not contain 
also the closing plenary lecture, 'Polymers worldwide', given by 
Professor Herman Mark. 

The papers on polymer chemistry are on inclusion polymeriza- 
tion with special reference to the use o f perhydrotriphenylene as 
the host compound (Farina) and on photopolymerization and 
photoresponsive polymers (Smets); cyclopolymerization is dis- 
cussed by Butler, Porri reviews developments in polymerizing 
conjugated dienes using new uranium-based catalysts, and Stille 
outlines the synthesis of rigid polyphenylphenylenes and poly- 
anthrazolines. In the physical chemistry section are papers by 
Meares on transport phenomena and their relevance to membrane 
separation and by Szwarc reviewing anionic polymerization and 
applications of living polymer processes. Infra-red spectroscopy is 
applied to a study of crystalline polyethylene (Krimm) and high- 
resolution 13C n.m.r, for investigation of stereochemical configura- 
tions in vinyl polymers (Bovey), while Guillet discusses the role of 
molecular mobility in photochemical processes. 

Polymer technology has seven papers which include a review of 
polyethylenes and the provision of polymers of improved fabrica- 
tion performance (Foster), segment deformation in glassy polymers 
(Yannas) and new thermally stable aromatic or heterocyclic co- 
polycondensates (Fontan), which paper regrettably gives no refer- 
ences. Okamura reviews bis work on the production of synthetic 
fibres from modified PVC dispersions, and Morton outlines advances 
made with synthetic elastomers, especially the trans.polypentenamer, 
thermoelastic block copolymers and liquid rubbers. Work on the 
effects of fine structure on the pyrolysis behaviour of cellulosic 
materials is discussed by Lewin, and Ranby has a paper on teaching 
technology in Sweden. 

The seven papers in the final section on biopolymers deal with 
receptor proteins for neuroactive drugs (Robertis), adenovirus pro- 
teins (Pereira), and controlled synthesis in enzyme studies (Merri- 
field). Synthesis in bacterial genes is described by Khorana and the 
use of 13C n.m.r, in a study of mucopolysaccharides by Perlin. 
Polymeric carriers and immobilization of enzymes is the subject of 
a paper by Manecke, and Dawes discusses the function of  
poly(~-hydroxybutyrate) in micro-organisms. 

In all, these collected papers provide a good picture of develop- 
ments in polymer science, showing particularly the many fields 
of  activity and methods of scientific approach. From these invited 
lectures one is able to appreciate the depth of the studies in progress 
as well as the ultimate use of the findings in practical terms, 
whether this be in plastics, fibre or rubber technology, the medical 
world, or other fields of endeavour. 

While the book is handsomely bound and produced, the text 
itself consists of the photo-reduced typescripts as received from 
the various authors and editing has been minimal. This perhaps 
contributes to the originality of the contributions but it is a little 
disconcerting to encounter different sets of type-face throughout 
the book, a lack of explanation to a few of the diagrams and 
abbreviations, and to have no index. However, such direct use of 
the authors' scripts has enabled the book to be produced without 
delay, and in a rapidly developing field like that of macromolecules 

this is a decided advantage which will outweigh the minor faults 
noted above. 

At the price quoted the volume may prove expensive for pur- 
chase by an individual but the many papers give it considerable 
merit and it could with some benefit be used by those who wish 
to have brief but authoritative reviews on particular aspects or 
more generally to read of developments outside their areas of 
immediate interest. 

R. J. W. Reynolds 

Advances in polymer science, Volume 15 
Springer Verlag, Berlin, 1975, 155 pp. $27.80 

The book contains four review articles, Oligomerisation of ethylene 
with soluble transition-metal catalysts by G. H. Olivd and S. Oliv& 
Stereochemistry of propylene polymerisation by A. Zambetli and 
C. Tosi, Structures of copolymers of high olefins by Y. V. Kissin 
and Mercaption-containing polymers by C. D. S. Lee and W. H. Daly. 
All four articles are reasonably well written and present an interest- 
ing account of the subject described. 

The article of Olivd and Olivd discusses Ziegler-based systems 
(transition metal compounds plus aluminium alkyl compounds) as 
catalysts for the oligomerization of ethylene. It is a useful collection 
of facts but lacks clarity and conviction when talking about the 
mechanism of the processes concerned. The basic difficulty in 
trying to disentangle the mechanism of Ziegler catalysts is that 
there are too many possible structural options for the reactive centre 
in any given system. This produces reviews which are catalogues 
of data with little unambiguous evidence as to what exactly is 
going on. In this review it is implied that although there may 
exist monometallic catalysts which can oligomerize ethylene they 
are in general lacking in activity and require a cocatalyst, aluminium 
alkyls, to give effective systems. This is, of course, not completely 
correct as it is known that the system Br3ZrC3H s (Adv. Catalysis 
1973, 23,263) oligomerize ethylene to give 60-100 residues per 
a-olefin chain at very high rates indeed. 

The kinetic analysis of these reactions does not take account of 
the fact that in many of these systems large amounts of 1-butene 
is formed and the postulate of a six-centre transition state seems 
unnecessary to account for the 13-hydrogen abstraction process. The 
industrial side of ethylene oligomerization is also poorly dealt with. 
Most industrial processes do not use this type of chemistry, wax 
cracking has until recently been the preferred process but in new 
plants this is being replaced by 'ethylene growth' using aluminium 
alkyl chemistry. 

The stereochemistry of propylene polymerization is a well 
written description of the ideas of Professor Zambelli and his 
colleagues in which they attempt to use the four centre transition 
state to explain the chemistry of Ziegler-Natta catalysts and their 
ability to control the stereochemistry of the insertion process. The 
mechanism they describe may well have some relation to real 
behaviour in polymerizations initiated by transition metal alkyls 
since the latter are essentially monometallic catalysts. However, 
Ziegler-Natta systems are almost certainly bimetallic and the 
choice of aluminium alkyl as cocatalyst can have a profound effect 
on the ability of the centre to stereoregulate. 

The final contribution on polyolefins is a paper by the Russian 
scientist Y. V. Kissin on the structure of copolymers of the higher 
olefins. This is a very interesting review and collects together infor- 
mation on 1:1 copolymers of the common olefins, with some data 
on their fine structure derived mainly from infra-red studies. In view 
of the known difficulties of making many of these copolymers it is 
surprising that such a wide variety of types are now available for 
study. The work of Dr Turner-Jones on the 4-methyl pentene-1 co- 
polymers is treated in detail and serves to illustrate, for all crystal- 
line polyolefins, the effect of copolymerization on crystallinity, 
melting points, and infra-red spectra. The observations divide them- 
selves into three principal groups: copolymers in which the como- 
nomer side chain is rejected by the host crystal lattice, in these 
cases quite small amounts of comonomer reduce the crystalllnity 
drastically; copolymers such as 4-methyl pentene-l/hexene-I for 
example where the comonomer side chains can crystallize with the 
host lattice and crystallinity persists over the whole range of com- 
positions; the least known system and probably the most useful are 
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those in which the comonomer is incorporated as a series of blocks 
so that the microstructure is made up of discrete phases. It has 
been observed with the latter systems that unusual mechanical 
properties are obtained. It would have been helpful if some infor- 
mation of this kind could have been given, but mechanical 
behaviour is not discussed. 

In conclusion the book will be of interest to polymer chemists 
in general and particularly those interested in polyolefins. 

D. G. H. Ballard 

Ionic polymers 
Edited by L. Holliday 
Applied Science, London, 1975, 416 pp, £14 

The most familiar examples of ionic polymers, the so-caUed 'iono- 
reefs', have enjoyed considerable commercial success over the past 
few years, a factor which has undoubtedly assisted in generating 
enthusiasm in this area. Present trends in research, as reflected in 
this book, are directed towards a wider understanding of both the 
essentially organic and inorganic ion-containing materials. An 
initial step in this development is the recognition of materials such 
as inorganic oxide glasses, metal dicarboxylates and crystalline sili- 
cate and phosphate minerals as polymers. A useful exchange of the 
concepts and the considerable body of knowledge available within 
these hitherto discrete areas of study with the field of organic 
polymers may then follow. As the introductory chapter of the 
book intimates, in only one or two topics of study, such as the glass 
transition temperature, have unifying semi-empirical relationships 
and correlations been established. Much progress has yet to be 
made to consolidate a cohesive study of ionic polymers on such a 
broad base as it is presented here. 

Following the introductory chapter, in which classifications and 
general properties of ionic polymers are presented in a clear and 
logical way, there are seven further chapters each dealing with dif- 
ferent types of ionic material. These chapters have different 
authors and each chapter emphasizes a different aspect of its sub- 
ject. The chapters concerned with ionomers, carboxylated elasto- 
mers and crystalline silicates and phosphates are thorough and 
systematic reviews of the extensive literature on these materials 

whereas the chapter on rigid, highly carboxylated ionic polymers 
is, for the greater part, an authoritative account of recently develop- 
ed dental cements. However, the conformational changes and ion- 
binding phenomena which are referred to in the opening section of 
this account apply to dilute solutions and are inappropriate when 
discussed in the context of the concentrated systems encountered 
in these cements. There are two shorter chapters on metal diear- 
boxylates and the technology of polyelectrolyte complexes and 
the final chapter by N. H. Ray describes an essentially novel 
approach to the structure of inorganic glasses. 

Taken as a whole the book is somewhat heterogeneous, but as 
a first step it represents a welcome development and the individual 
contributions are very useful in themselves. The book will be of 
interest to research workers and could provide some novel ideas on 
presentation of course work for teachers in materials departments. 
The book is well presented but its price will probably restrict it to 
appropriate departmental libraries for which it will be a good invest- 
ment. 

P. K Wright 
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Universality approach to the expansion 
factor of a polymer chain 
C. Domb 
Wheatstone Physics Laboratory, King's College, Strand, London WC2R 2LS, UK 

and A. J. Barrett 
Department of Mathematics, Royal Military College, Kingston, Ontario, Canada 
(Received 25 September 1975) 

Attention is drawn to recent developments in the theory of critical point thermodynamics, which 
can be of great help in elucidating classical problems relating to the size and shape of a molecular 
chain, when intramolecular forces are taken into account. It is suggested that the two-parameter 
function used to describe the expansion factor, e2, of the end-to-end length of a polymer chain, is 
'universal', i.e. the same for lattice and continuum models. Hence well-established numerical data of 
self-avoiding walks on lattices can be used to test various formulae which have been advanced for e2. 
By combining these numerical data with the well-known virial expansion, a new formula is proposed 
to represent the two-parameter function. 

INTRODUCTION 

A central problem in the theory of polymer chains in dilute 
solution is the effect of intramolecular forces, V(r), on the 
shape and size of the chain. It is reasonable to represent 
the latter by a hard core repulsion and a longer range van 
der Waals type attraction; by analogy with a fluid we 
should then expect to find a 'gas-like' phase at sufficiently 
high temperatures, condensing into a 'liquid-like' phase 
at a sharply defined transition temperature ~. Special care 
is needed to explore the detailed behaviour in the transi- 
tion region, and this has recently begun to attract increas- 
ing attention 2-6. 

In the 'gas-like' phase, the repulsive forces dominate and 
give rise to the excluded volume effect, which has been the 
object of much theoretical study for some 25 years. For 
this region, it has usually been assumed that the total intra- 
molecular forces can (to a sufficient approximation) be 
replaced by a 8-function of appropriate strength -v6(r),  
where: 

v = f [1 - exp -13V(r)] dr, (/3 = 1/kT) (1) 

and v has the dimensions of volume. There has been little 
attempt to assess precisely how good is this approximation. 
Recent Monte Carlo work by Smith and Fleming 7 has indi- 
cated that it may be significantly worse than is usually 
assumed. But as a first step, it would at least be useful, to 
have reliable information regarding the behaviour of this 
simplified model in which all the intramolecular forces are 
combined into a single parameter. 

Unfortunately, the current theoretical picture of the be- 
haviour of this model is very confused. At least twelve 
different formulae have been advanced, each claiming to 
represent the expansion factor in the end-to-end length: 

a 2 = (R~q)/(R2No) = (R2N)/N (2) 

Some of these are illustrated in Figure 1, as a function of 
the dimensionless parameter: 

( 3 ) 3/2vN1/2 (3) 
z= 2-~a 2 

where a, is the length of a unit of the chain. (This diagram 
follows Yamakawa a, except that ct 2 is plotted rather than 
t~ 3 which has no direct l~hysical significance.) All of the 
formulae assume that ct z is a function o fz  only, say ¢(z) 
(this is sometimes called the 'two-parameter theory'9). Such 
an assumption is rigorously valid in the limit N ~ ~, v -* 0, 
vN 1/2 finite, and there is evidence that it provides a reason- 
able general approximation for large N lo. 

In this confused situation, it may seem presumptuous to 
put forward yet another formula for c~ 2. We do so, only 
because we think that the remarkable progress in recent 
years in our understanding of critical point behaviour, has 
supplied general principles on which to base a reliable cal- 
culation of t~ 2 and other quantities related to the shape and 
size of the chain. Since many polymer theorists are un- 
familiar with these developments we shall spend a few para- 
graphs discussing them. 

CRITICAL POINT THERMODYNAMICS 

There are a variety of physical phenomena associated with 
critical point or X-point transitions, i.e. transitions involv- 
ing no discontinuity in energy or entropy but discontinui- 
ties or singularities in higher derivatives of the free energy. 
The oldest and best known is the liquid-vapour critical 
point; other examples are the Curie point of a ferromagnet, 
and of an order~lisorder transition in an alloy, the N6el 
point of an antiferromagnet, the X-point of liquid helium, 
and the critical point for mixing of solutions. The transi- 
tions in solids involve regular crystal lattices, those in fluids 
have no lattice structure. 

Despite the different types of microscopic interaction 
which give rise to critical points, the general behaviour fol- 
lows a standard pattern. The most important characteris- 
tic, is a long range correlation just above the critical tem- 
perature Tc, and it is this correlation which provides an 
analogy with the mean square end-to-end length of a poly- 
mer chain (as will be elaborated shortly). For each particu- 
lar system, an 'order parameter' is defined, in terms of which 
the detailed character of the long range correlation can be 
specified. 

Theoretical models, introduced to represent particular 
systems, have been investigated in detail by several different 
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Bueche: a 4 - a 2 = 48z (1  + 213a  2 + 1 / 4 a 4 ) / 6 9 ;  I ,  Modi f ied  F l o w :  
a S - -  a 3 = 4z /3 ;  J, Y a m a k a w a :  ¢=6.67 = 1 + 4 .45z .  z,  is def ined by 
equat ion (3) .  - - -  - - - ,  is given by equat ion (20)  

into the field by Wilson 13 has provided a general theoretical 
framework for understanding the characteristic features of 
critical point behaviour. Numerical calculations using this 
approach agree well with the older more empirical calcula- 
tions. Most theoretical and experimental workers in the 
field would subscribe to the view that, a basic understand- 
ing of the phenomena has been achieved, and reliable meth- 
ods of calculation have been developed with which to cal- 
culate properties of interest and importance. 

During the above investigations the idea of 'universality' 
has emerged, i.e. that certain features of critical behaviour 
are independent of the model for a variety of models. For 
example, it has been found that exponents which charac- 
terize critical behaviour and the function which specifies 
the equation of state in the critical region, do not depend 
on lattice structure for a given type of interaction. One 
might therefore reasonably expect such properties to apply 

equally to a continuum model. 
A simple illustration of the above ideas is provided by 

the well-known properties of random walks on lattices, 
which correspond to a model of critical behaviour known as 
the Gaussian model. For a random walk of N steps on any 
lattice in any dimension, or in a continuum: 

(R 2 )  =N  (4) 

This is a property of wide universality, since it is indepen- 
dent both of lattice structure and dimension; it is related 
to the correlation length for the Gaussian model. A more 
typical result related to the specific heat near Tc, is the 
fraction of walks which are at the origin after N steps, given 
by: 

PN ~ AN-d/2 (5) 

Here the exponent is independent of lattice structure for a 
given dimension, although the amplitude depends on lattice 
structure. Likewise the shape of the walk Is for large N: 

d ) d/2 d 
f (u)  = ~-n e x p - -  u 2 (6) 

2 

is independent of lattice structure in a given dimension. 
It might be of interest to specify in more detail how 

configurational properties, which are functions of N, are 
related to critical behaviour which depends on (T - Tc). 
For any model of critical behaviour, an interaction para- 
meter J must be specified, and i fX is the thermodynamic 
property to be investigated and ¢(N) an appropriate con- 
figurational property, it can readily be shown from elemen- 
tary statistical mechanics that: 

% 

'0 50  I 0 0  150 2 0 0  
Z 

Figure lb Some approx imat ions  to the expansion factor  for  
values of z = 0 - - 2 5 0 .  Curves B--J as for  (a) 

techniques. For a few models exact calculations have been 
possible, the best known being the classic solution of the 
two-dimensional Ising model by Onsager 11. For other 
models, numerical techniques have been developed which 
have proved highly effective 12, and good agreement with 
experiment has been achieved over a wide range. More 
recently, the renormalization group approach introduced 

250 
2 X(T) = ¢(N) exp - ~/VJ = ¢(N)y N (y = exp -/~/) 

N=I = (7) 

Singular behaviour in X(T) arises at a temperature Tc cor- 
responding to the radius of convergence of this power ser- 
ies, and if the asymptotic behaviour of ¢(N) is: 

~(~ ~ ~  (8) 

then that of X(T) is: 

X(T) ~ (T - Tc) -h-1 (9) 
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When ~ N )  represents a mean square end-to-end distance, 
X(T) represents a range of  correlation. 

In a set of  models of ferromagnetism which have been 
much studied by renormalization group methods 13, the 
interacting units consist of classical vector spins in n dimen- 
sions, and the exponents have been calculated as a pertur- 
bation series whose coefficients are functions of  n .  n = 1 
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corresponds to the Ising model, and de Gennes ~6 pointed 
out that the case n = 0 corresponds exactly to the prob- 
lem of a self-avoiding walk on a lattice; the estimates of  
the exponents are then in good agreement with those ob- 
tained by numerical studies 14. This is of  direct relevance to 
the polymer problem. 

UNIVERSALITY IN A POLYMER CHAIN 

We shall now endeavour to show that the expansion factor 
a 2 as a function of  z introduced earlier, is a universal func- 
tion as N -+ ~. We must first specify a lattice version of  the 
problem, and this is available in the D o m b - J o y c e  model 17 
of a random chain on the lattice with an intramolecular 
interaction -w6  o between any pair of  points of  any con- 
figuration, i and / being the lattice sites occupied by the ith 
and/ th  points of  the walk. The Boltzmann factor associated 
with any configuration of  the chain is the product: 

N - 2  N 

I I  I I  (1 - w ii) 
i=0 j=i+2 

(10) 

There is an interaction between any points of the chain 
occupying the same site, and the model is the direct ana- 
logue of the continuum chain discussed earlier. We note, 
however, that when w = 1, no site can be occupied more 
than once, and the walk is self-avoiding. 

We can expand ot 2 as a perturbation series in w, for any 
lattice 1%1a and for any N: 

a 2=1 + k l w + k 2  w 2 + k 3  w3+ . . . .  (11) 

where the leading term in kr is of  order Nr/2. The continuum 
model (1) can be expanded likewise in powers of  u, and in 
fact, there is no difference between the form of  the expan- 
sion for a lattice model and that for a continuum; by the 
choice of an appropriate generating function for returns to 
the origin in the corresponding random walk, both can be 
expressed in the same mathematical form. The virial ex- 
pansion for the function if(z) results from ignoring all but 
the term of highest order, N rl2. 

Our claim to universality for if(z) is based partly on the 
evidence that with the exception of  a particular numerical 
constant for each lattice, the virial coefficients are identical 
for all lattices and for a continuum chain. We have verified 
this to the third order, but we suspect that a proof should 
be possible to all orders. We illustrate this property in Fig- 
ure 2; the first two virial coefficients are plotted as func- 
tions of  N -1/2, and it will be seen that by choosing a suit- 
able scale factor, h0, the reduced coefficients become iden- 
tical a s N ~  ~. For a lattice h0 is given by: 

h 0 = a- ~ 

where g is the volume per unit of  the lattice, and a the 
length of  a step of  the walk. For the s.c., b.c.c., and f.c.c. 
lattices, g/a 3 has the values 1,4.3 - 3/2, 2-1/2 res pe ctively; 
for the diamond lattice there are two atoms per unit cell 
and the corresponding g/a 3 is 83 -3 /2  

We therefore conjecture that if we take as variable: 

z = hoN1/2w (13) 
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Figure 3 Convergence of numerical estimates for various lattices 
to the two-parameter value (z = 1). n, f.c.c, lattice; I ,  b.c.c, lattice; 
x, s.c. lattice 

the expansion factor a 2 is asymptotically the same func- 
tion o fz  for all lattices. This can be tested by numerical 
estimates for various lattices m'ls, and a typical result is 
shown in Figure 3. The constant h0 has been chosen to 
give the same function, ~k(z), as that defined for a con- 
tinuum earlier. 

CALCULATION OF THE EXPANSION FACTOR 

We now apply the above ideas to the estimation of if(z). 
For small z, we can use the three known coefficients of the 
virial expansion s. We have recently recalculated these 
coefficients by an alternative method and have obtained a 
slightly different value for the third coefficient Is (details 
will be published elsewhere). However, even the know- 
ledge of several more coefficients would be of little addi- 
tional value, since the series is asymptotic and not conver- 
gent 19. The physical basis for this is apparent, since the 
chain will collapse to a single link for an attractive force 
however small, i.e. for any negative v or w. 

Fortunately, we can make use of the lattice enumera- 
tions when w = 1, i.e. when the walk is self-avoiding. In 
this case the enumeration and extrapolation methods 
parallel those for the Ising model, for which great accuracy 
has been achieved; additional confirmation was supplied 
recently, when exact calculations for the susceptibility of 
the two-dimensional Ising model became available ~°. 

For the s.c., b.c.c., f.c.c., and diamond lattices the gene- 
ral asymptotic formula: 

(R2N) ~ BN 6/5 (14) 

has been conjectured14, the most accurate estimates of B 
being as follows21a2: 

Bs.c. = 1.067, Bb.c.c. = 0.959, Bf.c.c. = 0.921 

Bdiamond = 1.283 (15) 

We have pointed out that the existence of a single function 
@(z) to describe o~ 2 is true only asymptotically as N ~ oo 
and w -* 0. However, there is evidence m'~s that it is a rea- 
sonable approximation elsewhere, and we can furnish a 
numerical test when w = 1 using the values in equation (15). 
Equation (14) then implies that: 

~b(z) ~ bz 215 (1 6) 

and combining with equation (13) we have: 

b "~ Bh~ 215 (1 7) 

Estimates of b obtained from the data in equation (15) 
are given in Table 1, and the deviations from a constant 
value (less than 2%) provide an estimate of the error in the 
above approximation. We should note that because of the 
different values of h0 for different lattices in relation (13), 
each lattice provides an estimate of ~(z) for a different 
range of z. The information available so far about this func- 
tion is illustrated in Figure 4, and most of the approxima- 
tions mentioned earlier differ markedly from the portion 
represented by the self-avoiding walks. 

By using exact enumerations for small N for the above 
lattices and extrapolating 1°, it is possible to obtain an im- 
proved estimate of b, and we would like to suggest the 
value of 1.64, as providing the best fit to the data currently 
available. The portion of ~(z) corresponding to equation 
(16) is drawn in Figure 4, and it will be seen that there is 
little difficulty in interpolating the rest of the curve (shown 
dotted), to complete our estimate over the whole range. 

When we come to compare our result with other esti- 
mates, we find that the closest fit over the whole range is 
provided by Flory's original formula2a: 

b 5 / 2 -  4 312 _ 3~3 1 1 2 ( ~  z (18) 
2 

Even though this does not give the correct value for any 
of the virial coefficients, the region covered by these coef- 
ficients is small. The subsequent modification by Flory and 
Fisk 24, in which the right-hand side of equation (18) is re- 
placed by 9,f3z/14 so as to correct the first virial coeffi- 
cient, is more seriously wrong in asymptotic behaviour. In 
fact, we consider that far too much attention has been paid 
to virial coefficients as a method of discriminating between 
the various closed form formulae. 

To make our own numerical estimate more conveniently 
available, it is important to provide a closed form formula. 

Table I Estimates of b from self-avoiding walk enumerations 

Lattice b 

f.c.c. 1.648 
b.c.c. 1.659 
s.c. 1.663 
diamond 1.682 

41 Initial slopcfrom 
virial e x p a n s i o n  

~ 23 t1111,,,~X.lnterpolatedf"" 
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z 

Figure 4 Estimation of ~ (z) for the whole range of z: for small 
z, virial expansion ~ ~ 1 + 4z/3; for sufficiently large z, ~ ~ 1.64z2/S; 
and interpolation in the intermediate range 
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The crudest approximation involving only two parameters 
endeavours to take account correctly of the first virial coef- 
ficient and the asymptotic form, equation (16): 

2O 
#5 = 1 + - -  z + 47rz 2 (19) 

3 

It is because two parameters are required for such a fit that, 
no modification of a Flory type formula, equation (18), in- 
volving only one adjustable parameter, can be adequate. 

A more refined formula takes account of the three 
known virial coefficients as well as the asymptotic formula, 
equation (18): 

~ls = 1 + 10z + rr + z 2 + 87r3/2z 3 (20) 

Both of these formulae are drawn in Figure 5 and they are 
in good agreement with the best numerical estimates. Since 
the latter may themselves be subject to errors of one or two 
percent, we feel that the formulae (19) or (20) can be used 
in most practical situations. 

Formulae (19) and (20) do not provide a correct analy- 
tical representation of if(z) near z = 0, since they give rise 
to a convergent rather than an asymptotic series. To pro- 
vide a representation which is analytically correct, we 
could make use of some well-known asymptotic series, such 
as those for Bessel functions, and seek a formula of the 
type: 

~=z2/5exp(4/5z) [alo (1) +bI1 (~) 

+ d 2  (21) 

However, since the point at issue is somewhat esoteric, we 
have not pursued numerical estimates of the parameters in 
equation (21). 

RADIUS OF GYRATION 

A property of greater significance than the end-to-end 
length is the radius of gyration, (S2N), and by analogy with 
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equation (2) we can define an expansion factor arising from 
intramolecular forces: 

a2S = (S2N)/(S2No } = 6 ( $ 2 ) / N  (22) 

Various formulae have been advanced for •2 S as for a 2, and 
an illustration analogous to Figure 1 has been given by 
Yamakawa 8. 

The ideas and methods which have been described in 
the previous sections can be applied equally to a2s . Exact 
enumerations for small N have been undertaken, but the 
results have not yet been processed 2s. However, data for 
self-avoiding walks are available 14'26, and therefore a rea- 
sonable first approximation can be derived. 

We prefer to concentrate on the ratio: 

a2S/a 2 = 6(S2N)/(R 2 )  = O(z) (23) 

since this has a simple pattern of behaviour and rapidly 
approaches a limiting asymptotic value. In fact, estimates 
of this quantity for self-avoiding walks on different lattices 
were so close, that it was suggested that it might be a uni- 
versal constant 26. However, it is clear from the general 
argument above that this cannot be rigorously correct, and 
the proper conclusion to draw is that O(z) varies little with 
z, once z is greater than a particular value z0. 

Only two terms of the virial expansion for a2S are cur- 
rently available, and from these we deduce that for small z: 

O(z) ~ 1 - 0.057z - 0.069z 2 (24) 

Using as our limiting estimate for large z the value, 0.933, 
we approximate to O(z) by the formula: 

O(z) = 0.933 + 0.067 [exp -(0.85z + 1.39z2)] (25) 

Since we have not checked against exact enumerations we 
put forward this approximation more tentatively than equa- 
tions (19) and (20). 

CONCLUSIONS 

As stated earlier, we believe that the 8-function model of 
intramolecular interactions has several limitations. How- 
ever, before it is possible to investigate these limitations in 
more detail, one must clear up the confusion which exists 
in the literature about the properties of this model. We feel 
that the formulae we have advanced have a reliable basis, 
and it would be useful if they could be tested by some alter- 
native approach. The natural test which suggests itself is 
that of Monte Carlo enumeration 27, since one can ensure 
that the model tested corresponds exactly to the theoreti- 
cal model. A preliminary treatment yielded results in mod- 
est agreement with the numerical extrapolations on which 
our formulae are based. We feel, however, that there is 
scope for a more comprehensive investigation. 
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Influence of intra-chain t rans double bonds 
on the melt crystallization of polyamides 

G. Maglio, E. Martuscelli, R. Palumbo and I. Soldat i  
Laboratorio di Ricerche:su Tecnologia dei Polimeri e Reologia, CN R, Via Toiano 2, Arco Felice, 
Napoli, Italy 
(Received 22 July 1975; revised 19 September 1975) 

Melt crystallization kinetics of some aliphatic polyamides, with variable amounts of intra-chain 
double bonds, was investigated by d.s.c, technique. Crystallization isotherms f i t  the Avrami equation, 
yielding for the Avrami parameter, n, values independent from the polyamide composition and close 
to 4. The values of the calorimetric crystallization rate, in the proximity of the melting point, were 
analysed using the secondary nucleation theory of Hoffman and Lauritzen. The equilibrium melting 
temperatures, TOm, were found to increase regularly with increase in the amount of unsaturation. The 
free energy of formation of a nucleus of critical dimensions and the surface free energies e and o e of 
the lamellar crystals were determined. The values were correlated with the copolymer composition. 
Under the same undercooling, an increase in the rate of crystallization with the amount of double 
bonds in the chain, is observed. This result is related to surface effects; corresponding lowering in the 
free energy of folding o e is found. 

INTRODUCTION 

The purpose of this paper is to investigate the effect of in- 
creasing chain flexibility, obtained by introducing intra- O 
chain double bonds, on the rate of isothermal melt crystal- q" 
lization of aliphatic polyamides. This research is part of a "6 O.75 
more general project on the influence of constitutional and 
configurational defects on the structure and on the proper- 
ties of polymeric materials ~. It seemed interesting, both 
from fundamental and technological points of view, to re- o 

E 0 5 0  
late the amount of double bond unsaturation within poly- -~ 
amide chains, with half time of crystallization, Avrami ex- o 
ponent and kinetic rate constant. Further, we were also 
interested to observe the dependence of the energy of for- 
mation of a nucleus of critical dimensions and of the sur- o 0.25 
face free energy of lamellar fibrillae of spherulites, on the 
amount of double bonds along the main chain. ~" 

t2t. 

S EXPERIMENTAL 

Materials 
The polymers were prepared by interfacial polyconden- 

sation from 1,6-diaminohexane and the acid chlorides 
using a chloroform n-hexane mixture (1:1 v/v) as organic 
phase and sodium hydroxide as acid acceptor 2. They are 
reported in Table 1, along with their composition and in- 

Table I Composition and inherent viscosity of the prepared 
polyamide samples 

Molar fraction 
Polyam ide* Name of 4-OD rtinh (dl/g) 

SUB-HMD A 0 2.5 
SUB-HMD-4-OD BI 0.12 2.4 
SUB-HMD4-OD B 2 0.24 2.3 
SUB-HMD-4-OD B 3 0.46 2.0 
SUB-HMD-4-OD B4 0.61 1.1 
SUB-HMD-4-OD Bs 0.79 1.4 
4-0 D-H M D C 1.00 2.0 

* SUB, suberic acid; HMD, 1,6-diaminohexane; 4-OD, trans-4- 
octen-1,8-dioic acid 

Figure 1 

0'25 0'50 075 
Initial composition ( molar fraction of 4-OD ) 

Composition of the copolymers, as average of i.r. and 
p.m.r. (O) analyses versus.the composition of the initial mixture. 
©, represent the values of copolymer composition used throughout 
the paper as interpolation of the experimental points 

herent viscosities. The composition of the copolymers was 
determined by infra-red analysis, by using the absorbance 
ratio A967 cm -1 A3300 cra -1 of the trans double bond bend- 
ing and of the N - H  stretching respectively. The experi- 
mental ratios, were compared with those of calibration 
curve obtained with blends of the pure homopolymers 
(samples A and C in Table 1) of known composition. Al- 
ternatively, the composition was determined by analysis of 
the p.m.r, spectra of trifluoroacetic acid solutions of the 
copolymers. Peak area measurements of the olefinic pro- 
tons at 5.62 5 and of the methylene protons adjacent to 
the nitrogen at 3.56 ~i,were employed (tetramethylsilane 
as internal standard). The compositions determined by 
means of i.r. and p.m.r, techniques, agree fairly well. The 
average values are reported in Figure 1. The polymers of 
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Figure 2 Typical crystallization isotherm obtained by means of 
d.s.c, technique (see text) 

Table 2 Crystallinity, apparent enthalpy of fusion and thermo- 
dyeamic enthalpy of fusion of nylon-6,8 and of unsaturated 
copolyamides 

Molar fraction 
Sample of 4-OD AH~:(cal/g)t Xc(%)  AH°F(cal/g) 

A 0 12 57 20 
B 1 0.12 11 
B2 0.24 11 61 19 
B 3 0.46 12 63 20 
B 4 0.61 13 64 21 
B s 0.79 12 61 19 
C 1.00 13 61 21 

t The accuracy of &H~ is within 10% 

Table I have comparable inherent viscosities (r/in h 2.0-2.5 
in m-cresol at 25°C; c, 0.5 g/dl) except for samples B4 and 
Bs, and show high molecular weight (Mn 28 000 -+ 1000 for 
sample C as determined by endgroup titration) 3. Thus 
effects of the molecular weight on the crystallization kine- 
tics should be negligible. 

Thermal analysis 
The isothermal crystallization kinetics was examined 

under a nitrogen atmosphere by means of a Perkin-Elmer 
DSC-1B differential scanning calorimeter using well dried 
polymer samples,of 5-8  mg by wt. The following standard 
procedure was employed: the polymer sample, placed in 
the calorimeter cell was heated for 15-20 min to a temper- 
ature (TI), 15-20 degrees above its melting temperature 
in order to destroy any traces of crystallinity. Subsequently 
the sample was rapidly cooled to the required crystallization 
temperature, Tc. The heat evolved was recorded as function 
of time and the weight fraction Xt of material crystallized 
at time t was calculated from the equation: 

/;() Xt = -~  dt --~ dt 

0 0 

Zero time of crystallization was taken, as the time when the 
central light came on, indicating thermal equilibrium. A 

typical curve of crystallization is shown in Figure 2. The 
apparent enthalpies of fusion, were calculated from the cor- 
responding endotherm areas, by comparison with those of a 
weighted indium sample, which has a heat of fusion of 6.81 
cal/g. The temperature scale was calibrated against high 
purity standards. 

The maximum of d.s.c, endotherm of fusion, was as- 
sumed to be the melting temperature Tm of the polymer 
sample. In order to correlate melting and crystallization 
temperatures, Tm was determined for each of the samples 
after isothermal crystallization at To 

X-ray characterization 
The X-ray diffraction patterns, in the wide angle region, 

were recorded by means of a diffractometer Philips 1050/ 
25, using the CuKa radiation. As shown in Figure 3, the 
diffraction pattern has been numericaUy resolved into a 
broad diffuse halo and sharp diffraction. The mass crystal- 
linity has been calculated in a traditional way, assuming 
the broad halo to be the amorphous contribution and the 
sharp peaks to be the crystalline contribution 4. In the sep- 
aration, we assume for the maximum of the amorphous 
halo, an angle of about 19 degrees. The thermodynamic 
enthalpy of melting, &HF, has been determined by using 
the simplified relation: 

a n ~  - (1 )  
Xc 

where &H~-, the apparent enthalpy of fusion, is obtained 
by thermal measurements and Xc is the X-ray mass crystal- 
linity. The values of X c, z2d-~F and &I-I F, as function of the 
composition of polyamides are reported in Table 2. 

The two strongest reflections, observed in the traces of 
Figure 3, as deduced by X-ray spectra of oriented fibres, 
are equatorials being related to (hkO) planes. The variations 
of the spacings d 1 and d2 are shown in Figure 4, as function 
of the composition. 

RESULTS AND DISCUSSION 

Examples of crystallization isotherms of polyamides with 
different amounts of trans double bonds along the chain 
(samples B4, B5 and C of Table 1), are reported in Figure 5. 
From such curves the half time of conversion, tl/2, of each 
polymer has been determined at various crystallization tem- 
peratures Tc. 

c 

2 
fc~ 

e 
.20 

t -  

Figure 3 

I I 

,5 2'0 2'5 30 
2 6 (degrees) 

Typical X-ray diffraction traces of a sample of copoly- 
amide. The method followed for the separation of the contribu- 
tions of amorphous and crystalline is also shown (see text) 
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4 2C 

4 '0C 

3"8C 2's s'o 7's 
Copolymer composition (°/o 4 - 0  D ) 

Variations of the spacing d l ,  (11); and d2, (A), of the Figure 4 
strongest reflection= observed in the X-ray traces of polyamides 
with the copolymer composition 

IOO 

In Figure 6, the variation of tl/2 with Tc for each poly- 
mer is shown. It is well known that, crystallization curves 
of polymers can be analysed by means of the Avrami equa- 
tionS: 

(1 - Xt) = exp ( -Z t  n) (2) 

In logarithmic form equation (2) is written: 

Z 
log [-log(1 - Xt)] = n log t + log 23-.--: (3) 

In equations (2) and (3), Xt is the weight fraction of crystal- 
lized material at time t, Z is the kinetic rate constant, and 
n the Avrami exponent. 

The crystallization kinetics of our polyamides, follow 
equation (3) up to a high degree of conversion at almost all 
crystallization temperatures. This is shown in Figure 7 
where the quantity, log [-log(1 - X t ) ] ,  is reported against 
log t for samples BI, B3 and C. Deviations at the end of the 
process may be due to secondary crystallization phenomena. 

The values of the Avrami exponent n, graphically calcu- 
lated from the slopes of the curves log[-log(1 - Xt)] ~ 
log t are reported in Table 3, together with the values of 
the rate constant Z calculated by means of the relation: 

In 2 
Z = - -  (4) 

tl/2 n 

As shown in Table 3, the values of the Avrami parameter n 
are almost independent of the crystallization temperature 
and of the composition of the samples, and are very close 
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to 4. According to the theory s, n should be a combined 
function of the number of dimensions in which growth 
takes place, and also of the order of the time dependence 
of the nucleation process. Accordingly, n should assume 
a value of 4 when three-dimensional spherulitic growth 
units, develop from nuclei whose amount increases linearly 
with time. The values of Z reported in Table 3, have been 
obtained by assuming for n an integer value of 4 for all the 
polymers investigated. 

1.0 

0.5 

0 

A B C a 
l 

50  I 0 0  150 
t(sec) 

0.5 

I-O 

I.O 

0 .5  

I 

O 150 

A B C 

,6o 
t (sec) 

b 

C 

i J 5L 
O 5 0  IOO I O 

t (sec) 

Figure 5 Crystallization isotherms of polyamides with different 
composition at various crystallization temperature: (a) sample B4; 
crystallization temperatures: A, 495 K; B, 497 K; C, 501 K; (b) sam- 
ple Bs; crystallization temperatures: A, 502 K; B, 506 K; C, 508 K; 
(c) sample C; crystallization temperatures: A, 504 K; B, 510 K; C, 
512 K 
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Figure 6 Variation of half time of crystallization tl/2 with the 
crystallization temperature for samples: A, C; • Bs; X, B4; II, B3; 
o, B2;A, B]; [3, A 

The equilibrium melting temperatures TOm have been 
determined from plots of Tm against the crystallization 
temperature Tc according to equation (5): 

"m'= (5) 

where 3' is a constant 6. 
Examples of plots of Tm against Tc, are shown in Figure 

8, for samples B3 and BS. A linear trend is observed for all 
the polyamides examined. TOm is graphically obtained from 
such plots, by extrapolating the experimental line to the 
point where Tm= Tc. 

The values of TOm are reported in Table 3. They increase 
regularly with the amount of unsaturation along the chain. 
The half time of conversion tl/2, for the same value of the 
undercooling AT = TOm - Tc, decreases with increasing the 

O 

_E-I  
cn o, 

-2 

A 

o 

- 3 ~  , , 
I 2 

Log t 

a 

number of trans double bond along the chain. This trend 
is shown in Figure 9. The effect of the double bond concen- 
tration is more relevant at low values of AT. 
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Figure 7 Avrami plots for copolyamides with different composi- 
tion at various crystallization temperature: (a) sample BI; crystal- 
lization temperatures: A, 477 K; B, 480 K; C, 482 K; D, 484 K; 
E, 486 K; (b) sample Bs; crystallization temperatures: A, 489 K; B, 
491 K; C, 493 K; D, 495 K; (c) sample C, crystallization tempera- 
tures: A, 504 K; B, 508 K; C, 510 K; D, 512 K 
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Table 3 Value of the exponent n of Avrami and of the rate con- 
stant Z, at various crystallization temperatures. The equilibrium 
melting temperature is also reported 

Molar 
fraction T c Z X 10 -6 TOm 

Sample of 4-OD (K) n* (sec -~  ) (K) 

SUB-HMD 475 4.2 13.69 
A 477 4.1 4.33 

0 480 5.0 0.85 514 
482 4.0 0.27 

SUB-HMD-4-OD 477 4.0 6.60 
B 1 480 3.4 1.77 

0.12 482 4.3 0.41 518 
484 4.0 0.11 
486 4.2 0.03 

SUB-HMD-4-OD 482 4.0 6.60 
8 2 484 4.2 4.33 

0.24 486 4.4 0.85 521 
488 4.2 0.46 
490 4.2 0.11 

SUB-HMD-4-OD 489 4.0 8.29 
9 a 491 4l l  2.96 

0.46 493 4.1 0.98 525 
495 4.0 0.27 

S U B - H M D 4 - O D  495 3.6 6.60 
B 4 496 3.7 1.77 

0.61 499 4.0 0.46 528 
501 4.2 0.01 

S U B - H M D 4 - O D  502 3.7 4.33 
B s 504 4.2 1.40 

0.79 506 4.3 0,27 530 
508 4.1 0.06 

4-OD-HMD 504 4.1 4.33 
C 508 3.9 0.41 

1.00 510 3,8 0,11 533 
512 4.2 0.01 

* Estimated error in n is -+0.4 

According to the kinetic theory of polymer crystalliza- 
tion 6,7, the overall rate constant of crystallization Z, in the 
case of spherulitic growth units of lamellar type, may be 
obtained from the relation: 

1 AF* Aq~* 
- l o g Z  + - A 0  (6) 
3 2.3KT c 2 .3KT c 

In equation (6) AF*, is the activation energy for the trans- 
port process at the liquid-crystal interface. ~ ' *  is usually 
approximate to the activation energy of the viscous flow 
of melt polymer, ,~rgWL F. A(a* is the free energy of forma- 
tion of a nucleus of critical dimensions, and K the Boltz- 
mann constant. 

When a coherent two-dimensional surface secondary nu- 
cleation process controls the radial growth of lamellar 
spherulites then A~* may be expressed by the relationT: 

4b 00ae TOm 
A¢* - (7) 

AHFAT 

where o and Oe are the free energies per unit area of tile 
surfaces parallel and perpendicular, respectively, to the 
molecular chain direction; AT is the undercooling; ~J-lrF 
is the enthalpy of melting and b0 is the distance of two 
adjacent fold planes. Plots of (1/3) logZ against TOm/TcAT, 
are shown in Figure 10, for some of the investigated polya- 
mides. A linear trend is observed. According to equation 
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(6) ,  this result  indicates tha t  the t ranspor t  t e rm is constant ,  
in the proximity of the melting point, at least for the under- 
cooling values investigated. The transport term AF* was 
calculated by means of the approximate relation of Williams, 
Landel and FerryS: 

ClTc 
AF* = FWLt~ - (8) 

C2 + T c -  Tg 

530 

52O 

510 

SOO 

Figure 8 
O, 8~f; . . . .  

•f/•ss 
s s  S 

~ sssSsSSSSS 
J I l I I 

4 8 0  4 9 0  5 0 0  510 520  
Tc(K) 

Examples of T m against T c plots for samples: I ,  B3; 
, line TOm = T c 

150 ̧  

IOO' 

5C 

\ 
\ 
\ 

\ 
% 

-- I 0 215 5~0 75 lO0 

Copolyrner composition (O/o 4-OD ) 
Figure 9 Variation of the half time of conversion tl/2, under the 
same undercooling AT, with the copolymer composition: ©, AT = 
25 K; [],&T= 30 K;&,AT = 35 K 
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Figure 10 

__ J 1 ~ L L _  _ _  

3 0 0  4 0 0  5 oo  
Tf~/x IO 2 

rc Ar  

Plots (1/3) IogZ against T°m/TcATfor nylon-6,8 and 
some unsaturated copolyamides: I ,  A; El, 83; ~, B4; e, BS; A C 
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Figure 11 Plotsof (1/3) IogZ+ AFWLFI2.3RTcagainst TOm/ 
TcAT for samples A (o); B3 ' (I); and C, (A) 

Table 4 Values of the quantity 4boooe/AH F obtained from the 
slopes of the lines of Figures 10 (,4) and 11 IB) 

4boooel AH F2.3 K 
Molar fraction 

Sample of 4-OD A B 

A 0 244 281 
Bz 0.12 
B 2 0.24 212 256 
B 3 0.46 221 256 
B4 0.61 206 255 
Bs 0.79 166 189 
C 1.00 152 175 

30 

C1 and C2 are constants generally assumed equal to 4.12 
Kcal/mol and 51.6 K respectively. For Tg we used for all 
polyamides the value of 323 K that is the glass transition 
of nylon-6,109. 

Plots of the quantity (1/3) log Z + AFWLF[2.3R Tc 
against TOm/Tc~T, show for all samples a linear trend. Exam- 
ples of such plots are reported in Figure 11, for A, B 3 and 
C polymers. The values of the quantity 4bOOOe/2.3AHF, 
calculated from the slopes of the lines of Figures 10 and 11, 
are reported in Table 4, for each of the polyamide examined. 
The two methods lead to differences in the value of the 
slopes of about 15%. This fair agreement, supports the as- 
sumptions made in the calculation of the transport term, 
AF*. 

The free energy of formation of a nucleus of critical 
dimensions A¢*, calculated from the values of the slopes of 
Figure 10, continually decreases with the amount of un- 
saturation along the chain. This behaviour is shown in 
Figure 12 for various values of AT. 

From the values of 4bOOOe/2.3AHF reported in Table 4, 
the quantity Oe can be calculated, if AH F and b 0 are known. 
The estimation of b0, was based on the observation that in 
the case of nylon-6,8 the value of d2 (3.84 A) is close to the 
spacing of the (0,10) crystallographic fold planes of nylon- 
6,6. This strongly indicates that for our polyamides also, 
d2 can be assumed as a measure of the distance between 
adjacent fold planes. 

It is interesting to observe that d2 increases with the 
amount of double bond along the chain as shown in Figure 
4. The values of OOe are reported in Table 5 for each poly- 
amide. The free energy o of the lateral surfaces of the lam- 
ellar fibrillae was estimated by using the empirical relation: 

"~2C 

I 0 ~ _  
%. -1----......... 

& 

O 25 50 75 IOO 
Copolymer composition (O/o 4- O D ) 

Figure 12 Variation of the free energy of formation A~* of a 
nucleus of critical dimension as a function of the copolymer compo- 
sition. The values are compared under the same value of AT: &, 
AT= 10 K; o, AT= 15 K; m, AT= 20 K; A, AT= 30 K 

o = ot,~-IFb 0 (9) 

where the constant a is equai to 0.1 for all polymers 6. 
From the values of OOe and o, the folding free energy Oe 
was calculated. The values of cr and Oe are reported ha 
Table 5. 

As shown in Figure 13, Oe drastically decreases with 
increase in the amount of unsaturations in the polyamide 
chain, whereas o keeps practically constant. In fact, in the 
case of nylon-6,8 we found for Oe an average value of 141 
erg/cm 2, while for the completely unsaturated polyamide 
the value is lowered to 81 erg/cm 2. The value of o is around 
4 erg/cm 2, being about one tenth of o e. 

CONCLUSIONS 

The experimental results reported in the present paper 
show that the presence of intra-chain trans double bonds 

Table 5 Values of AHF, bo, OOe, o and a e for nylon-6,8 and for unsaturated copolyamides 

AHF 3 b0* ~:r~/cm4) OaeT o °e~: 2 °et 
Sample (cal /cm) (A) (erg2/cm 4) (erg/cm 2) (erg/cm) (erg/cm 2) 

A 24 3.84 511 586 3.9 131 151 
B] 3.86 
B2 22 3.88 402 490 3.6 112 135 
B3 23 3.93 441 511 3.9 113 131 
B 4 25 3.95 434 559 4.1 105 135 
B s 23 3.98 320 363 3.8 83 95 
C 26 4.02 320 370 4.3 75 86 

be is assumed as equal to the d 2 spacing in the X-ray traces (see text) 
From the slopes of the curves (1/3) IogZ against 7~m/TcAT 

t From the slopes of the curves (1/3) log Z + AFwLF/2.3RT c against T°m/TcAT 

190  P O L Y M E R ,  1976 ,  Vol  17, March 



80-0 

A 

'~E 6o.o, 

~40.C 
10  

6"0 

5' 20"% 25 O 75 0 D 

Copolymer composition (% 4-OD ) 
Figure 13 Effect of the copolymer composition on the value of 
a e and or: O, or; A, ae 

4 ' O A  

2.0 ~ 

along a polyamide backbone, strongly influence some kine- 
tic and thermodynamic parameters of  melt crystallization. 
In fact the equilibrium melting point TOm of nylon-6,8, in- 
creases with increasing amount of double bonds within the 
chain (TOm = 514 K for nylon-6,8 and 533K for the nylon 
obtained by polycondensation of 1,6-diaminohexane with 
trans-octen-1,8-dioic acid). However, the thermodynamic 
enthalpy of melting does not seem to be affected, in a sys- 
tematic way, by the amount of unsaturation. 

The spacings of the most intense X-ray equatorial reflec- 
tions of nylon-6,8 continuously increase with the amount 
of unsaturations within the chain. These results can be 
only explained if repeat units of: 

o o [ ,, ,, ] 
-~NH--(CH2)6-NH-C -(CH2)6-C-]-  

o o [ ,, ,,1 
and -~NH-(CHz)6-NH-C -(CH2)2-CH=CH-CH2)-C-]-- 

Melt  crystall ization o f  polyamides." G. Maglio et aL 

type are able to cocrystallize, even if in the resulting poly- 
mer, the double bonds are not regularly spaced along the 
polymer chain. Moreover, under the same undercooling 
the rate of crystallization drastically increases with increas- 
ing % unsaturated comonomer. This phenomenon must be 
attributed partly at least, to the corresponding lowering 
observed in the values of the free energy of formation A~* 
of a nucleus of critical dimensions. 

The last finding is mainly related to surface effects. In 
fact, the free energy of folding Oe is lowered by 44%, going 
from nylon-6,8 to the completely unsaturated nylon. Prob- 
ably entropic effects due to the higher flexibility of the 
more unsaturated chains n on the surface of the lamellar 
fibrillae, may explain this behaviour. 
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Persistent internal polarization studies in 
poly(N- vi nylca rbazo I e) / tri nitro fl u o reno ne 
charge transfer complex 
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(Received 23 July 1975; revised 27 October 1975) 

Studies on the persistent internal polarization in poly(N-vinylcarbazole) (PNVC)/trinitrofluorenone 
(TNF) charge transfer complex are reported. This complex is known to be photoconducting and in 
the present investigation, the photoelectret charge has been studied as a function of applied voltage, 
intensity of illumination and time of polarization. A saturation effect is observed in each case. Also 
the possibility of the use of PNVC/TNF complex in PIP electrophotography has been explored and a 
comparison of the results of this investigation is made with the results obtained for PNVC. 

INTRODUCTION 

Poly (N-vinylcarbazole) (PNVC) is reported to be one of 
the best photoconducting polymers known at present 1-7. 
It has also been reported that this polymer exhibits photo- 
induced discharge and that its photoresponse may be strong- 
ly improved by doping with a wide variety of electron accep- 
tors ~. Recently it has been reported that the action spec- 
trum of PNVC could be shifted to the visible range by dop- 
ing it with 2,4,7-trinitrofluorenone (TNF) 7. This PNVC/ 
TNF charge transfer complex also exhibits a high photo- 
sensitivity 7. 

The present investigation deals with the photoelectret 
(photopolarization and depolarization) characteristics of 
the PNVC/TNF complex. Photoelectret state in a photo- 
conductor results from the simultaneous application of elec- 
tric field and exciting radiation. The photogenerated car- 
riers undergo a directional trapping under the influence of 
the electric field and a polarization is set up which persists 
even after the removal of the electric field and illumination. 
A study of this persistent internal polarization gives an in- 
sight into the electronic processes taking place in the photo- 
conductor and also helps in the selection of photoconduc- 
tor for electrophotographic applications. 

A comparison of the results obtained for the PNVC/TNF 
complex with those of pure PNVC 9, shows that the doped 
PNVC layer could give a better performance, when used in 
PIP electrophotography. 

EXPERIMENTAL 

Specimen preparation 
PNVC, supplied by BASF (West Germany), is a colour- 

less granular material containing 3-4% vinylcarbazole and 
anthracene. To remove these and other monomeric impuri- 
ties, PNVC was dissolved in benzene and was precipitated 
in methanol several times. The purified PNVC was then 
mixed with 2,4,7-trinitrofluorenone (1 : I molar ratio) and 
dissolved in tetrahydrofuran. Good quality films can be 
obtained by pouring this solution over aluminium sheets 
and allowing it to evaporate in an atmosphere saturated 
with tetrahydrofuran vapours. The f'dm is dried in an air 
oven at50°C to remove the residual solvent. 

Measurement technique 
The experimental arrangement has been shown in Figure 

1. The PNVC/TNF film (1 cm × 1 cm x 0.01 cm) was 
pressed between an aluminium electrode and a conducting 
glass electrode with the aid of teflon sheets and screws. The 
sample holder was then put in an earthed metallic chamber 
with provision for illumination with a 200 W tungsten fila- 
ment lamp. 

One of the electrodes was connected to an electrometer 
for low current measurements, whereas the other could be 
connected to the positive of a battery or earthed. The sam- 
ple was exposed to light through the upper electrode in a 
direction parallel to the electric field and was polarized by 
illuminating it in the presence of an electric field. At the 
end of this operation, the electrode (previously connected 
to the power supply) was earthed and the resulting depol- 
arization current was measured with respect to time. The 
depolarization current reduced to zero after certain time. 
Thus the charge of photoelectret could be calculated by 
integrating depolarization current with respect to time. 

To power supply, ~ _---To microvoltmctcr 

Teflon 
Conducting glass 
Polymer film 

Conducting~l ,,'~?~" ! 
glass ] ~ - ~ . ~ ,  ~. 

31 to ear th 

Figure I Experimental set up for photo and dark depolarization 
measurements 
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light decay is also quite fast initially but slows down after- 
wards, taking about 5 rain for the current to reduce to zero. 
These characteristics help in determining the time of expo- 
sure required to obtain a particular image contrast, when 
the layer is to be used in PIP electrophotography. 

Figure 3 shows the dependence of photoelectret charge 
(obtained by integrating the curves shown in Figure 2) on 
polarizing voltage. The charge increases linearly with volt- 
age at low values and shows a tendency to saturate at higher 
values. However, the saturation effect is more noticeable at 
low intensities of light. 

Figure 4 shows the variation of photoelectret charge with 
polarizing time. The initial variation is linear (for polarizing 
times up to 15 sec) but shows saturation effect for polariz- 
ing times beyond 1 min. The curves could approximately 
fit the relation: 

p = Pmax(1 - e-t/r) 

where t is the time of polarization and ~- depends on the 
voltage and intensity of illumination during polarization. 

Figure 5 shows the dependence of photoelectret charge 
on the intensity of illumination. Here, also the initial varia- 
tion is linear (up to 50 Ix) followed by saturation effect. 

, Figure 6 shows the dependence oflphoto/Iclark on the 
3 6 0  4 5 0  applied field. It is seen that the value oflphoto/Idark is 

strongly field dependent. This is not surprising as the 
photogeneration efficiency in organic solids has been found 
to be strongly field dependent. 

DISCUSSION 

The charge transfer complex of poly(N-vinylcarbazole) with 
trinitrofluorenone is highly photoconducting throughout 
the visible spectrum 7. The spectra of PNVC/TNF films 
show the appearance of new absorption bands which cannot 
be attributed to either PNVC or the dopant, indicating the 
formation of molecular complexes between carbazole rings 
and the dopant molecule ~°-n. 

Brackmann 12, Mulliken 1~, Briegleb la and others have 
shown that molecular complex formation is due to charge 
transfer interaction between electron donor type molecules 
and electron acceptors. In the presence of radiation of the 
appropriate energy, an electron transfer occurs according to: 

hV CT 
(D . . . .  A<-~D + . . . .  A - ) <  >(D ÷ . . . .  A- <---> D . . . .  A) 

ground state excited state 

Depolar izat ion characteristics o f  PNVC/,TNF fi lms for  
an applied electric f ield 50 kV/cm and t ime o f  polar izat ion,  tp = 1 
min. A, photo-depolar izat ion,  I = 1000 lux; B, dark depolar izat ion 

/ j  S 

O0 11f~' '''~" _ - . e  D 
J #'#," I f ~ ~  A 

/ / "  ~ ~  B 

° 
i i  o 

g. 

o 460 BSo 
Polar iz ing v o l t a g e  (V) 

Figure 3 Photoelectret charge vs. polar iz ing voltage, tp = 15 sec 
( - - - - ) ;  tp = 4 min ( . . . .  ): A, I = 6500 Ix; B, / = 1000 Ix; C, 
1 = 5 2 5 1 x ; D , l = 2 8 0 1 x  

The photoelectret state of the PNVC/TNF has been 
studied under the following conditions: (a) time of polar- 
ization varying from 15 sec to 4 min; (b) polarizing voltage 
varying from 100 to 700 V; (c) intensity of illumination 
varying from dark to 6500 lx. 

RESULTS 

Figure 2 shows the dark and photodepolarization currents 
of PNVC/TNF film polarized for 1 rain in an electric field 
of 50 kV/cm and at 1000 Ix. The decay of charge is quite 
fast in dark and takes about 30 sec for the total decay. The 
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Figure 4 Photoelectret  charge vs. polar iz ing time, I = 6500 Ix 
( ) ; / = 2 8 0 1 x (  . . . .  ). A, Vp=700V;B, Vp=500V; 
C, Vp = 300 V; D, Vp= 1 0 0 V  
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The CT band may be calculated from the relationship: 

hOT = ID -- E A + C 

where ID is the ionization energy of donor. EA the electron 
affinity of acceptor and C corresponds to the Coulomb 
energy of D+A - ionic couple. Ionized molecules (the radi- 
cal ions D + and A-)  are formed at the excited state in more 
or less high concentration, depending on the ionization pot- 
ential of D and A. 

Charge transport in PNVC has been the subject of a num- 
ber of investigations ~s-z°. Holes have been shown to domi- 
nate the conduction and the hole drift mobility was found 

to be extremely low and strongly field dependent. With the 
addition of TNF to PNVC, charge transfer complexing takes 
place introducing absorption bands in the visible region. At 
sufficiently high TNF concentrations, electron transport 
dominates the conductivity 4-6. The low mobilities indicate 
a high degree of localization of the carriers, which in turn 
suggests some form of intermolectdar 'hopping' as the trans- 
port mechanism. The photogeneration efficiency in organic 
solids may be viewed as a two-step process 21. In the first 
step the absorbed photon excites the electron from its 
ground state to some excited bound state. From this ex- 
cited bound state, the electron may undergo thermalization/ 
autoionization into a continuum state where it can conduct 
or may fall back to the ground state. The yield of electrons 
in the continuum state per absorbed photon is found to be 
field dependent making the photogeneration of carriers and 
the Iphoto/Idark in organic solids as observed in our case, 
field dependent. 

A comparison of the results obtained for pure PNVC 9 
with that of PNVC/TNF charge transfer complex shows 
that the latter shows more photoelectret charge than the 
former. The difference is almost one order of magnitude. 
This increase can be attributed to the increase in the num- 
ber of photoexcited carriers in PNVC/TNF. The action 
spectrum also shifts in the visible range in PNVC/TNF case. 
Also it is seen that to obtain the same amount of photo- 
polarization, the magnitude of applied field, time of polar- 
ization and intensity of illumination required in the case 
of PNVC/TNF complex, are considerably lower than that 
of pure PNVC. The value of QPE/QdP (taken as the image 
contrast) comes to be 500 in the case of PNVC/TNF while 
for pure PNVC it was found to be only 100. 
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Relaxation controlled (case II) transport of 
lower alcohols in poly(methyl 
methacrylate) 
H. B. Hopfenberg*, L. Nicolais, and E. Drioli 
Istituto di Principi di Ingegneria Chimica, Universita di Napoli, Naples, Italy 
(Received 12 August 1975; revised 6 October 1975) 

The remarkably consistent long term absorption data of Andrews, are shown to obey relaxation con- 
trolled (case I I) transport kinetics for the absorption of methanol, ethanol, n-propanol, isopropanol, 
and n-butanol in glassy poly(methyl methacrylate). Andrews' data were obtained by monitoring 
gravimetric absorption, in 1 mm sheet specimens, under controlled conditions, for a period of years 
until absorption equilibria were established. Activation energies for the relaxation control led (zero- 
order) absorption kinetics were calculated to be ~17 kcal/g mol and the enthalpy of absorption varied 
regularly and explicably with carbon number of the alcohol and with solubility parameter of the 
homologous penetrants. The dramatic monotonic increase of sorption rate with decreasing carbon 
number is analysed in terms of the increased concentration gradient which presumably develops as 
carbon number is decreased, rather than the more attractive theory that increased absorption rate is a 
direct function of decreased molar volume of the penetrant. Since the absorption kinetics are com- 
pletely controlled by osmotic stress induced relaxations, molecular size of the penetrant does not 
directly affect the observed kinetics of penetration. 

INTRODUCTION 

In 1966, Alfrey e t  al. ~ described a second limiting transport 
process, frequently controlling absorption of organic va- 
pours and liquids in glassy polymers, wherein diffusion p e r  

se  played no part in the rate determining transport mech- 
anism. Alfrey termed this behaviour case II transport, in 
contrast to the well understood and often described Fickian 
diffusion, which is termed case I transport. 

For Fickian transport, the rate of absorption in slab or 
film geometries decreases continuously with time, owing to 
the continuous decrease of the driving concentration gra- 
dient. Conversely, for many cases involving penetration of 
glasses by organic penetrants, relaxation at a sharp boun- 
dary between uniformly swollen and essentially unplasti- 
cized polymers, provides a constant, rate determining step 
for the absorption. An extremely steep concentration gra- 
dient develops at the sharp and discernable boundary 2 be- 
tween swollen and unswollen polymer and, in turn, a large, 
osmotically induced stress gradient drives the rate deter- 
mining relaxations occurring in the region of the large gra- 
dient. In this second limiting case, the absorption proceeds 
at a constant rate independent of time or position. 

In the course of a literature search supporting a coopera- 
tive research program between this Institute and the Depart- 
ment of Chemical Engineering, North Carolina State Uni- 
versity concerning tensile and torsional stress biased relaxa- 
tion controlled transport in glassy polymers, a significant 
paper 3 by Andrews, Levy, and Willis was reviewed. The 
Andrews e t  al. paper reports absorption kinetics and equili- 
bria of methanol, ethanol, n-propanol, isopropanol, and n- 
butanol in 1 mm sheet specimens of poly(methyl metha- 
crylate) (PMMA). The protracted absorption kinetics were 
observed, in many cases, over periods of years. 

* Department of Chemical Engineering, North Carolina State Uni- 
versity, Raleigh, North Carolina 27607, USA 

The dedication, embodied in their work, has reaped the 
reward of data describing both absorption kinetics and 
equilibria which are not only completely consistent but 
provide a most convincing exposition of a relaxation con- 
trolled (case II) absorption process. The Andrews' data are 
quite extensive, involving five homologous lower alcohols 
over a significant temperature range. The focus of the 
Andrews paper was directed towards the role of absorption 
on environmental crazing and, therefore, a detailed inter- 
pretation of the absorption kinetics and equilibria was not 
attempted. Their brief discussion concerning mechanism of 
absorption did not include consideration of relaxation con- 
trolled (case II) absorption kinetics and a rather conven- 
tional treatment, involving plots of volumetric swelling 
versus  square root time were presented to characterize the 
absorption kinetics. 

Replotting the Andrews data, considering the well ac- 
cepted 4-9 relaxation controlled transport processes, fre- 
quently controlling organic penetrant absorption in glassy 
polymers, revealed, in all cases, an excellent fit with case II 
transport theory. Moreover, the highly temperature depen- 
dent absorption kinetics, the consistent trends concerning 
temperature dependence of the equilibria (enthalpy of ab- 
sorption), and the rational correlation between molar con- 
centration of penetrant at equilibrium and the observed 
kinetics prompted this rather in depth re-analysis of the 
extremely valuable data of Andrews' e t  aL 

ANDREWS' EXPERIMENTAL PROCEDURE 

Plane sheet specimens of 1 mm thick PMMA (ICI Ltd) 
were prepared with the approximate major surface dimen- 
sions 30 x 7 mm. The specimens were dried under vacuum 
for two hours at 348 K, prior to weighing in a stoppered 
container on a microbalance sensitive to 10 -8 kg. Batches 
of three such specimens were placed in flasks containing 
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Figure I Anomalous F ickian kinetics of n-propyl alcohol absorp- 
tion in poly(methyl metha, crylate) sheets. [Volume fraction or 
weight ratio, wt/w2, as a function of t 1/2 (T = 318 K) ] .  Volume 
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Figure 2 Case II kinetics of n-propyl, i-propyl and n-butyl alcohol 
absorption in poly(methyl methacrylate) sheets. [Weight of alcohol 
per original dry sheet weight, Wl/W2, versus t (T = 318 K)] O, n- 
propyl alcohol; 13, isopropyl alcohol; z~ n-butyl alcohol 

methyl, ethyl, n-propyl, isopropyl, and n-butyl alcohol con- 
trolled at 293 and 318 K. The specimens were periodically 
removed from their flasks, rapidly dried with filter and 
tissue paper, and weighed in the stoppered container. After 
weighing, the specimens were immediately returned to their 
respective flasks. 

The volume fraction, ~b2, of polymer in the PMMA- 
alcohol mixture was calculated as: 

~2 = (1 -- q~l) = (w2/P2) (wI/Pl + w2/P2) -1 (1) 

where w 1 and w2 are, respectively, the weight of alcohol in 
the swollen mixture and the original (dry) weight of PMMA, 
and Pl and P2 are, respectively, the density of alcohol at 
the test temperature and the density of PMMA '3. 

For this reinterpretation of the kinetic and equilibrium 
data, the weight fractions, molar concentrations and, in 
turn, weight of penetrant per dry weight of polymer, were 
back calculated from the volume fraction data reported by 
Andrews et al. 

The undefended assumptions embodied in equation (1), 
(viz no volume change on mixing), are, of course, implicit 
in calculated values of molar concentrations, however, the 
calculated value o fw l /w  2 or Wl/(W 1 + w2) = ~1 eliminate 

this assumption since Wl and w2 were actually determined 
experimentally. 

RESULTS AND DISCUSSION 

Kinetics 
The absorption kinetics of lower alcohols in PMMA, pre- 

sented by Andrews, Levy, and Willis 3 were presented in 
plots of ~2, volume fraction of polymer as a function of 
[time(t)] 1/2 measured in (h)l/2. Typical results are pre- 
sented here again in Figure 1, for n-propanol in PMMA as 
~b 1 = (1 - t~y2), volume fraction of alcohol as a function of 
t 1/2. A plot of Wl/W2 (for n-propanol) versus t 1/2 is also 
included in Figure 1 for comparison. Clearly, the transport 
is non-Fickian 7, however, their conclusions regarding the 
seemingly complex nature of these kinetic processes may 
be unduly complicated. 

Alternatively, plots of the weight of penetrant absorbed 
per original dry sheet weight, Wl/W2, versus linear t are 
presented in Figure 2 for n-propanol, isopropanol, and 
n-butanol. A similar plot for ethanol is presented in Figure 
3. The data for methanol were too compressed in the gra- 
phical presentation of Andrews to permit meaningful re- 
interpretation. 

The use of ¢1, as an ordinate tends to depress ordinate 
values of relatively high values of ¢1. The alternate, and 
more conventional choice of Wl/W2 (or related mass quan- 
tities) has several advantages. The normalized mass ordinate 
requires no assumptions regarding volume changes associated 
with mixing and the mass readings are not only a direct con- 
sequence of the actual experimental measurements but also 
provide an unequivocal means for monitoring the related 
absorption of penetrant in either mass or mol units. 

0 ' 4  

G 

0.2 

0 - qO i 
150 

Time (h) 
Figure 3 Case II kinetics of ethyl alcohol absorption in poly 
(methyl methacrylate) sheets. [Weight of ethanol per original dry 
sheet weight, wl/w 2, versus t (T = 318 K)] 
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Table 1 Activation energies for relaxation controlled transport of 
lower alcohols in PMMA 

Activation Energy 
Alcohol (kcal/g mol) 

ethyl alcohol 17.6 
n-propyl alcohol 17.4 
isopropyl alcohol 16.7 

0 .5  

0"4 

relaxations provide the rate determining step for absorption 
of the lower alcohols in PMMA. Moreover, the nearly iden- 
tical values of the calculated activation energies are consis- 
tent with relaxations occurring in sheet specimens, swollen 
to essentially the same equilibrium penetrant volume frac- 
tions. The equilibrium concentration is maintained at the 
'shoulder' of the concentration step. In contrast, activation 
energies for diffusion typically vary significantly with pene- 
trant size. 

O 
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Figure 4 Van't Hoff plot of temperature dependence of absorp- 
tion equilibria for ethanol in PMMA 

The use of a Wl/W 2 ordinate would be preferred, espe- 
cially for the analysis of presumed case II absorption since 
true linearity between amount of penetrant absorbed 
should only be observed on a plot of Wl/W2 (rather than 
Wl/(Wl + w2) or 4~t) versus t. 

Moreover, use of the Wl/W 2 ordinate, in the case II 
(Wl/W 2 versus t plots), reveals an intriguing induction per- 
iod which is maintained for approximately 4% of the total 
sorption. Ideal case II kinetics are maintained, thereafter, 
for ~-90% of the total sorption period. In contrast, the 
plot o f w l / w 2  versus t 112 does not, in fact, fit true diffu- 
sion kinetics (e.g. W1/W 2 versus tl/2 linear) over any signifi- 
cant portion of the sorption history. The reduction in ordi- 
nate value associated with the use of ~1, rather than Wl/W2 
is apparent at the high swelling levels in Figure 1. 

The brief induction period, apparent in Figures 2 and 3 
is, most likely, a manifestation of a relatively slow, diffu- 
sion controlled development of an ideal step concentration 
profile in the sheet specimen. Alternatively, this observed 
induction may be related to 'case-hardened' surface layers 
resulting from the specific thermal history imposed upon 
the specimens during sample preparation. 

Activation energies for the apparently relaxation con- 
trolled transport process, were calculated by comparing the 
experimental times required to achieve an arbitrarily select- 
ed fractional sorption value at 293 K and 318 K. These 
calculations, of course, assume Arrhenius behaviour. This 
assumption, though well justified 2,6'9 is required since sorp- 
tion kinetics were reported for only these two temperatures. 
The results of these calculations are presented in Table I. 

These virtually identical activation energies are, in fact, 
much higher than typically reported activation energies for 
diffusion. This temperature dependence provides signifi- 
cant, independent support for the hypothesis that polymer 

Equilibria 

Andrews et aL 3 present a table of equilibrium volume 
fractions of the various alcohols in PMMA contacted with 
the liquid alcohols for 6 temperatures covering the temp- 
erature range, 293-338 K. If one makes the simplifying 
assumption that the enthalpy of mixing associated with the 
isothermal change of 1 reel of alcohol liquid dissolving in 
PMMA is constant and that Henry's law is obeyed over the 
temperature range studied, a value of the enthalpy of mix- 
ing may be extracted from the slope of semi-log of In ¢l 
versus I/T. These assumptions are exceedingly stringent 
and quantitatively unjustifiable, however, they permit a 
qualitatively comparative analysis of the temperature depen- 
dence of the equilibrium behaviour within this limited alco- 
hol series. 

Using these assumptions, the semi-log plots of In q~] 
versus lIT were constructed for the various alcohols. Typi- 
cal results are presented for the case of ethanol in Figure 4. 
The calculated values of the enthalpy of mixing are pre- 
sented in Table 2 for the various alcohols. 

The trend amongst these endothermic enthalpies of mix- 
ing is consistent with the theory that hydrogen bonding is 
the predominant intermolecular interaction in the bulk 
liquid and, furthermore, that hydrogen bonding is not the 
predominant intermolecular interaction involved with pene- 
trant-polymer equilibration. Specifically, as carbon num- 
ber of the alcohol is reduced, the hydrogen bonding in the 
liquid is presumably increased. In contrast, hydrogen bond- 
ing between alcohol and PMMA is relatively invariant 
amongst alcohols within this series, therefore, the enthalpy 
change between pure alcohol and swollen polymer increases 
as carbon number is reduced. 

The theory that hydrogen bonding controls penetrant-  
penetrant interactions, but plays a smaller role in the over- 
all interaction between penetrant and polymer, is consistent 
with the observed trend of zSdt/mix as a function of carbon 
number of the alcohol as well as the observed correlation 
between q51 and A6 (the solubility parameter difference be- 
tween polymer and penetrant) for this alcohol series report- 
ed by Andrews, et al. 3. 

In any event these equilibrium values should be consid- 
ered with some reservation since the more rapidly equili- 
brating (higher temperature experiments) are presumably 
more reliable. The surprisingly large calculated values of 

Table 2 Enthalpy of mixing lower alcohols in PMMA in the tem- 
perature range 293 to 338 K 

AHmix 
Alcohol (kcal/g mol) 

methyl alcohol 2.8 
ethyl alcohol 2.6 
n-propyl alcohol 2.1 
isopropyl alcohol 2.1 
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Figure 5 Log-log plot of absorption rate, k0, (mglcm 2 h) versus 
molar concentration of the various alcohols, [T  = 318 K] 

AHmix are consistent with the possibility that the low tem- 
perature data do not reflect true equilibrium. 

Relationship between the kinetics and the equilibria o f  
absorption 

Although the equilibrium weight, weight fraction, or 
volume fraction of penetrant absorbed varies only slightly 
with carbon number of the alcohol, there is a significant 
and regular variation in equilibrium molar concentration 
of the various alcohols in PMMA. The osmotic stresses and 
more importantly, stress gradients, which develop conse- 
quent to the equilibration of the swollen shell, are related 
monotonically to the molar concentration (rather than 
weight fraction or volume fraction) of the penetrant in the 
polymer. The relaxation processes, responsible for the rate 
determining sorption step, are in turn, driven monotonically 
by these osmotic stress gradients. These identical effects 
have been observed 6'9'11,12 under controlled conditions for 
a single penetrant in a single polymer by varying systema- 
tically the penetrant activity. There is no means, however, 
of determining the magnitude of the concentration gradient 
driving the relaxations. Quite possibly the qualitative and 
quantitative details of  the steep concentration gradients, 
which develop at the 'step' differ from alcohol to alcohol 
as a consequence of differing sorption affinities and varying 
diffusional penetration into the essentially dry core s. 

Jacques and Hopfenberg 9 reported a 10,000-fold in- 
crease in the rate of case I1 penetration of polystyrene- 
poly(phenylene oxide) blends associated with only a two- 
fold increase in equilibrium penetrant concentration of the 

same penetrant. In their study, the penetrant concentra- 
tion was changed by varying either the penetrant activity 
or the blend composition. The relationship between ab- 
sorption rate and the molar concentration of alcohol is 
presented in Figure 5 for the normal alcohol series. Pre- 
sumably, the higher absorption rates observed as molecular 
weight of the alcohol is reduced is a coincidental analogue 
of a diffusion controlled process. 

CONCLUSIONS 

The detailed data of Andrews et al. describing penetration 
of PMMA by a homologous series of lower alcohols are 
best described by case II relaxation controlled transport 
preceded by a brief diffusion controlled induction period 
during which a step concentration profile is established. 
Analysis of the temperature dependence of the sorption 
equilibria suggests that hydrogen bonding between pene- 
trant and penetrant is well developed in the liquid phase 
whereas hydrogen bonding is not primarily responsible for 
equilibrium penetrant-polymer interactions. 

Analysis of sorption kinetics of  organic penetrants in 
polymeric glasses is served best by selecting a Wl/W 2 ordi- 
nate rather than a ~b 1 ordinate. Moreover, selection of  a 
linear time abscissa is indicated for absorption experiments 
where case II kinetics may predominate. 
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Thermal stabilities of poly(N-alkyl 
maleimides) 
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The thermal stabilities of polymaleimide (PMI), poly(N-methyl maleimide) (PMMI), poly(N-ethyl 
maleimide) (PEMI), poly(N-n-propyl maleimide) (PNPMI) and poly(N-isopropyl maleimide) (PIPMI) 
were studied over the temperature range 300 ° to 400°C under a constant flow of nitrogen. At the 
initial stage of degradation the following results were obtained: (1) the main chain of PMMI is the 
most stable among thepoly(N-alkyl maleimides); (2) the weight loss of PEMI, PNPMI and PIPMI is 
larger than that of PMI and PMMI; (3) the five-membered imide of PMI is the most unstable among 
the poly(N-alkyl maleimides); (4) the crosslinkages are formed more easily in PMI and PMMI than in 
PEMI, PNPMI and PIPMI. 

INTRODUCTION 

N-substituted maleimides polymerize easily by means of 
free radical initiators l, anionic initiators 1, 7-ray 2 and ultra- 
violet irradiation 3. The physical properties of poly(N-sub- 
stituted maleimides) have been studied by many investiga- 
tors. Cubbon I reported on the stereospecific configuration 
of poly(N-alkyl maleimides); Sheremeteva et al. 4 on the 
solution properties of poly(N-isobutyl maleimide) and 
Walker et aL s,6 reported on the dielectric relaxation of 
poly(N-alkyl maleimides) and poly(N-aryl maleimides), and 
on the nuclear magnetic relaxation of poly(N-amyl male- 
imide) and poly(N-dodecyl maleimide). These results indi- 
cate that N-substituted maleimide polymers have high soft- 
ening points, considerable chain rigidity and region of orien- 
ted structure. However, the thermal degradation behaviour 
has not previously been studied. We report on a study of 
the thermal stabilities of poly(N-alkyl maleimides) over the 
temperature range 300 ° to 400°C, under a constant flow 
of nitrogen. The volatile product, the scission of  a main 
chain, the weight loss, the cleavage of a five-membered 
imide ring and the side reaction have been investigated, and 
the degradation mechanism was discussed on the basis of 
the results. 

EXPERIMENTAL 

Polymer  preparations 

The N-alkyl maleimides except for maleimide were pre- 
pared from maleic anhydride by the method of Mehta et 
aL 7. N-methyl maleimide was purified by recrystallization 
from ethyl ether; N-ethyl maleimide by sublimation under 
reduced pressure, and N-n-propyl maleimide and N-isopro- 
pyl maleimide by redistillation under reduced pressure. 
Maleimide was prepared from maleic anhydride by the 
method of Tawney et al. a and purified by recrystallization 
from ethyl acetate. 

The polymers were obtained by free radical polymeriza- 
tion, which was carried out in cyclohexanone as a solvent 
at 60°C for 5 h, in the presence of azobisisobutyronitrile 
as an initiator, under flow of nitrogen. After completion of 

polymerization, the polymers were precipitated by pouring 
the solution into methanol, purified by fractional precipita- 
tion and dried in vacuo at 80°C. The solvent for poly- 
merization of maleimide was dioxane and the precipitant 
was ethyl acetate. 

The intrinsic viscosities of poly(N-ethyl maleimide) 
(PEMI), poly(N-n-propyl maleimide) (PNPMI) and poly(N- 
isopropyl maleimide) (PIPMI) were measured in acetone at 
30°C by means of a Ubbelohde viscometer. Dimethylfor- 
mamide was used for viscosity measurements of polymale- 
imide (PMI) and poty(N-methyl maleimide) (PMMI). The 
values of intrinsic viscosities are shown in Table 1. 

The polymers have the following chemical structures. 

R = H(PMI) 
= CH3(PMMI) 
= CH2CH3(PEMI) 
= CH2CH2CH3(PNPMI) 
= CH(CH3)CH3(PIPMI) 

Table 1 Properties of samples 

Monomer Polymer 

B.p.*(°C/ 
Imide mmHg) M.p.t (° C) [r/] (dl/g) S.p.~(° C) 

Maleim ide 94.0 0.185 > 340 
N-methyl 

male im ide 96.2 0.155 >320 
N-ethyl 

maleim ide 46.0 0.149 253--265 
N-n-propyl 

maleimide -- 0.145 238--248 
N-isopropyl 

maleimide 75/10 0.156 -- 

* Boiling point 
t Melting point 

Softening point 
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Degradation experiments 
A boat holding the sample was placed at the centre of a 

Pyrex reaction tube in a furnace controlled at a constant 
temperature over the range 300°~00°C.  The polymer 
powder was moulded into the form of a disc 10 mm in dia- 
meter and ~1 mm in thickness, under 1 t/cm 2 pressure, as 
the powder is scattered from the boat, when nitrogen gas 
passes through the reaction tube. The reaction tube was 
evacuated with vacuum pump (5 mmHg) to remove air be- 
fore admitting the nitrogen gas. The degradated residue in 
the boat was used for measurement of weight loss, viscosity 
and crosslinkage. The condensates on the wall of the reac- 
tion tube were collected and isolated by column chroma- 
tography (developing solvent: ethyl acetate/benzene/acetone 
= 3:6:1; silica gel column). After purification, the chemi- 
cal structures of the isolated substances were determined on 
the basis of the elemental analysis, infra-red spectra, mole- 
cular weight (cryoscopic method), number of double bonds 
(bromination titration method) and boiling and melting 
points. 

The gaseous products of degradation were condensed in 
the side tube of a sealed Pyrex reaction tube, and the con- 
densates were analysed by use of infra-red spectroscopy and 
gas chromatography. 

RESULTS AND DISCUSSION 

Weight loss 
Plots of weight loss against time of heating are shown in 

Figure 1. Further, the initial rates of weight loss and the 
weight loss after 1 h at various temperatures, are given in 
Table 2. The weight loss under the same conditions in- 
creases in the following order: 

PEMI > PNPMI > PIPMI > PMI, PMMI 

PMI and PMMI are more stable than the other polymers. 

Crosslinkage 
Original PMI and PMMI are soluble in dimethylform- 

amide, and PEMI, PNPMI and PIPMI are soluble in acetone. 

Aida 

On the other hand, the degradated polymers are partly solu- 
ble in each solvent. Therefore, the degradated polymers 
were separated into two fractions by refluxing them with 
an excess of solvent for 72 h. The results are shown in 
Table 3, where the values are the weight % of the fraction 
insoluble in solvent per weight of the original polymer. The 
amount of the insoluble fraction at the initial stage of de- 
gradation increases in the following order: 

PMMI > PMI > PIPMI > PNPMI > PEMI 

This order is the reverse one of the weight loss. It is 
thought that the stabilities of the maleimide polymers in- 
crease with an increase in the number of crosslinkages. 

Change in viscosity 
The intrinsic viscosities of the solvent-soluble fraction of 

degradated polymers were measured at 30°C. Plots of 
[r/] t/[~] o against time of heating are shown in F~,ure 2, 
where [r/] 0 is the intrinsic viscosity of the original poly- 
mer, and [7?] t is that of the solvent-soluble fraction of de- 
gradated polymer heated for t h. The drop of viscosity at 
the initial stage of degradation increases in the following 
order: 

PEMI > PMI, PNPMI > PIPMI > PMMI 

This order corresponds to that of the weight loss except 
for PMI. It is thought that the weight loss is caused pri- 
marily by the elimination of low molecular substances from 
the end of polymer chains; the details will be presented 

Table 2 Weight losses of poly(N-alkyl-substituted maleimides) 

Rate of 
weight 
loss (wt Weight loss (wt %) after 1 h 

Poly- %/min) 
mer at 360° C 300°C 320°C 340°C 360°C 380 °C 

PMI 0.30 1.0 2.2 3.5 15.4 -- 
PMMI 0.30 -- -- 1.2 19.3 36.2 
PEMI 1.34 3.1 15.3 75.4 80.1 -- 
PNPMI 1.18 0 3.4 20.0 71.2 -- 
PIPMI 0.75 0 3.1 13.4 46.5 88.3 

Table 3 Insoluble fractions of degradated samples at various 
temperatures 

Heating Heating 
tempera- time 
ture (°C) (h) 

Insoluble fraction (wt %) 

PMI PMMI PEMI PNPMI PIPMI 

320 1 0 - 0 0 0 
2 0 0 0 0 0 
3 0 0 0 0 0 

340 1 0 2.3 0 0 - 
2 0.5 2.7 0 0 - 
3 1.3 4.1 0 0 - 

360 0.5 0 - 0 0 0 
1 5.4 21.2 0 0 0 

1.5 9.9 27.1 - 0 2.9 
2 12.9 31.3 1.3 1.7 4.7 
3 16.3 10.9 2.1 3.2 6.7 

380 0.5 - 17.8 2.3 - 1.3 
1 - 11.3 3.3 - 5.0 
2 - 6.3 2.9 - 8.2 
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Figure 3 Relative changes in optical density of N-substituted 
group with that of imide ring at various temperatures (heating time, 
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optical density of 1430 c m -  characteristic to meth.yl group; 
D(1705,  1770), optical density of 1705, 1770 cm -~  char.~cteristic 
to carbonyl group; D(3300),  optical density of 3300 cm-- charac- 
teristic to amino group 

later. The minima in the curves of  PEMI, PNPMI and PIPMI 
seem to appear as a result of competition between the scis- 
sion of main chains and the formation of crosslinkages. 

Thermal stabilities of poly (N-alkyl maleimides): S. Matui and H. Aida 

Infra-red spectra of  degradated polymers 
The study of the infra-red spectra of the polymers de- 

gradated at 360°C shows that the characteristic bands 9-11 
of five-membered imide ring of PMI (1770, 1710, 1370 
and 1180 cm -1) disappear, the intensities of the character- 
istic bands of PEMI (1790, 1700, 1350 and 1210 cm -1) 
decrease remarkably, but those of PMMI (1770, 1710, 
1370 and 1260 cm-1); PNPMI (1790, 1710, 1350 and 

1190 cm -1) and PIPMI (1770, 1700, 1370 and 1220 cm -1) 
scarcely decrease. When PMMI, PNPMI and PIPMI are de- 
gradated at 380°C, the intensities of the characteristic 
bands of PNPMI and PIPMI decrease remarkably, but those 
of PMMI scarcely decrease. From the above facts the sta- 
bility of five-membered imide ring increases in the follow- 
in~ order: 

PMMI > PNPMI > PIPMI > PEMI > PMI 

The five-membered imide ring of PMMI is the most stable 
in contrast to that of PMI. 

The ratio of the optical density of characteristic band of 
flve-membered imide ring to that of N-substituted group, 
against the degradation temperature is plotted in Figure 3. 
The N-substituted group of poly(N-alkyl maleimides) ex- 
cept for PMI, seems to break more easily than the five- 
membered imide ring with an increase in temperature above 
340°C. On the other hand, PMI gives a reverse tendency, 
which suggests the unstability of its five-membered imide 
ring. 

Formation of  double bonds 
The number of double bonds formed in the degradation 

products was estimated by use of bromination titration 
method. The results are shown in Table 4, where the 
values are the number of moles of double bond formed 
per 100 moles of the repeating unit. It was found that a 
few double bonds were formed in the chains of degradated 
polymers and volatilized substances. 

Volatilized substances 
The substances volatilized from polymers over the tem- 

perature range 300°-400°C, were analysed and the results 
are shown in Tables 5 and 6. At the initial stage of degrada- 
tion below 360°C, N-substituted succinimide, dimer of N- 
substituted maleimide and trimer of N-substituted male- 
imide are chiefly produced from PMMI, PEMI, PNPMI and 
PIPMI. On the other hand, both succinimide and urea are 
chiefly produced from PMI. The result of PMI is the same 
as the results of poly(N-phenyl maleimide) 12, poly(N-p- 
tolyl maleimide) 13 and poly(N-p-acetylphenyl maleimide) 13, 
in which both N-aryl succinimide and urea compound are 
chief products. These facts show that the main chains of 
poly(N-alkyl maleimides) except for PMI, seem to break 
more easily than the side chains and the five-membered 
imide rings. Since no monomers were found in the degra- 
dation products, the end radicals of the polymer chains 
seem to be liable to abstract a hydrogen atom during de- 

Table 4 Number of double bonds formed in the degradated 
products 

Residue* 

Dimer--trimer of 
N-alkyl 
maleimidet 

Polymer (mol %) (mol %) 

PMI 3.2--4.7 -- 
PMM I -- 12.0--15.4 
PEMI 3.0--5.4 14.2--16.0 
PNPMI 2.6--9.7 18.6--20.9 
PIPMI 0 --3.8 -- 

* Degradated at 340°C 
t Volatilized at 320~--360°C 
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Table 5 Properties of volatilized substances 

Elemental analysis 
Molecular 

weight C (%) H (%) 
i .p ,  

Poly- Volatilized [b.p.] Experi- Calcu- Experi- Calcu- Experi- Calcu- 
mer substance (°C) mental lated mental lated mental lated 

N (%) 

Experi- Calcu- 
mental lated 

PMI succinimide 125.0 (125.0)* 98 99 48.57 48.48 5.13 5.05 
dimer-tr imer -- -- 196--291 44.37 48.97-49.48 4.30 3.09-4.08 
of maleimide 
urea 131.5 (132.7) * 60 60 20.69 20.00 6.71 6.60 

PMMI N-methyl 69.0(71.0) * 111 113 52.87 53.09 6.26 6.24 
succinimide 
dimer of - 223 224 52.10 53.57 5.43 5.36 
MMI 
trimer of 181.7--184.0(-)* 334 333 55.94 54.05 4.54 4.50 
MMI 

PEMI N-ethyl (243.0) (245.0) * 125 127 56.32 56.59 7.03 7.13 
succinimide 
dimer of - 229 252 57.03 57.14 6.46 6.35 
EMI 
trimer of EM I 189.0--190.0(--)* 366 375 57.49 57.60 5.35 5.60 

PNPMI N-n-propyl [240.0] (240.0)* 138 141 58.64 59.57 8.40 7.80 
succinimide 
dimer of [>240.0] (--)* 283 282 60.37 60.00 7.54 7.14 
NPMI 
trimer of 190.0--190.8(-)* 405 417 60.20 60.43 6.51 6.47 
NPMI 

PIPMI N-isopropyl 68.0 (69.0)* 131 141 59.34 59.57 7.94 7.80 
succinimide 
dimer of - 274 282 61.58 60.00 7.04 7.14 
IPMI 
trimer of 170.0--172.0(--)* 391 417 60.30 60.43 6.64 6.47 
IPMI 

14.80 14.14 
12.60 14.28-14.43 

45.36 46.67 

12.41 12.38 

12.39 12.50 

12.60 12.61 

11.03 11.01 

10.51 11.11 

11.39 11.20 

9.52 9.93 

9.10 10.00 

10.04 10.07 

10.10 9.93 

10.15 10.00 

9.59 10.07 

* Value for the authentic compound 

Table 6 Volatilized substances 

Volatilized substances Volatilized substances 
Polymer at 300--360°C at 380-400°C 

PMI succinimide, d imer -  H2, CO, CO2, NH3, urea 
trimer of maleimide, NH4OCN, (CONH) 3 
urea, CO, CO2, NH3, 
NH4OCN, (CONH)3 

MSI*, d imer-tr imer of 
MMI 

ESIt, dimer--trimer of 
EM I, CO, CO2 

PMMI 

PEMI 

PNPMI NPSI**, dimer--trimer 
of NPMI, CO, CO2 

PIPMI IPSI ~, dimer--trimer of 
IPMI, CO, CO2 

H2, CO, CO2, CH4, NH3, 
NH4HCO3 

H2, CO, CO2, CH4, C2H4, 
C2H6, NH3, 
NH4HCO3 

H 2, CO, CO2, CH4, C3H6, 
C3H8, NH3, 
NH4HCO3 

H2, CO, CO2, CH4, C2H6, 
C3H6, C3Hs, NH3 

* N-methylsuccinimide 
**  N-n-propylsuccinimide 
t N-ethylsuccinimide 
~t N-isopropylsuccinimide 

gradation. At elevated temperatures, above 380°C, the 
substances of low molecular weight are produced by the 
cleavage of side chains, by the cleavage of five-membered 
imide rings or by the secondary reactions. 

The amount of carbon dioxide and carbon monoxide 
estimated by usual methods are shown in Table 7, where 
the amount of carbon dioxide was determined by use of a 
titration method and the amount of carbon monoxide by 
means of Kitagawa A-type CO detector. Since the evolu- 

Table 7 Amount of carbon dioxide ana carDon monoxide evolved 
at 320 ° -360  ° C 

Heat- 
ing 
temp- Heat- 
era- ing C02(wt %) [CO(ppm)] * 
ture time 
(°C) (h) PMI PMMi PEMI PNPMI PIPMI 

320 0.5 - - 0[0] 0[0] - [ 0 ]  
1 1.3 - 0.1 0 - 
2 2.2 -- 0.4 0 - 
3 2.8 - 0.8 0 -- 

0.5 -- 0[0] 0.3[70] 0[25] 0[35] 
1 4.1 0 1.6 0 0.1 
2 7.5 0 1.7 0 0.1 
3 10.2 0 -- 0 - 

0.5 3.6[300] 0[0] 0.9[200] 0[50] 0.3[200] 
1 4.8 0 2.4 0 1.2 
2 16.0 0 2.8 0 2.3 
3 27.5 0.6 -- -- -- 

340 

360 

* Amount of carbon monoxide produced in 1 min after 30 min 
heating 

tion of carbon dioxide and carbon monoxide is caused by 
the cleavage of five-membered imide rings, it seems that 
the stability of five-membered imide ring increases in the 
following order: 

PMMI, PNPMI > PIPMI > PEMI > PMI 

This order agrees with that obtained from infra-red spectra 
described previously. 
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Behaviour of  degradation 
PEMI, PNPMI and PIPMI give a similar behaviour of de- 

gradation, in which the main chains break easily, the weight 
loss is large, but the number of crosslinkages is slight and 
the five-membered imide rings are stable. The molecular 
weight drops rapidly during the first few per cent of weight 
loss. The initial drop in molecular weight may be caused 
primarily by random scissions in the main chains. The car- 
bon atoms in the main chains of poly(N-alkyl maleimides) 
are tertiary and the C-C bonds in the main chains are in 
fl-position to carbonyl groups. Furthermore, the degrada- 
tion products from PEMI, PNPMI and PIPMI chiefly con- 
sist of N-substituted succinimide, dimer of N-substituted 
maleimide and trimer of N-substituted maleimide. How- 
ever, no monomers are isolated. From the above results, it 
is assumed that the thermal scission of the C-C bonds in 
the main chains at the/3-position is'accompanied by inter- 
and intra-molecular hydrogen transfers. The intramolecular 
hydrogen transfers are caused by back biting reaction, in 
which the hydrogen atoms attached to 4-, 5- and 6-position 
carbon are abstracted by the end radicals. 

,, 
I 

~v~ CH --CH t-~- CH-- C H,vvv~ 
I I I I . o,%,,C,oo ,c,,J,o 

R R 
~,vv~CH -- CH CH -- CH 

I [ + I I 
0,%,'% o-C',zC-o 

R R 
(i) 

II) Intcrmolecular 
hydrogen transfer 

~vv~CH--CH 2 

I i 

R 

(~[) ~ - scJssJon ~ T H - - ?  

o'C  o 
R 

(I) 

I I 
/ , / ,o 

R 

I]21 
CH--C~vw 

R 

Intermol¢culor crosslinking 
Abstraction of the hydrogen atom attached to 4-position 
carbon leads to the formation of N-substituted succinimide. 

(~ CH--CH--CH2 
I I I I 

 c-c, . o , C , / , o  o , C , z C ,  ° 
I I 

o , ' \ / c %  ~ i ~ 
R I~-scission 
(1) 

~vwC~CH CH--C, H 2 

o cx ~.% + I I 
R R 

(11I) 

(1Ti' Intermol¢culor ._ /C ~C% O o~C\N., ,C%o hydrogen transfer O 
R R 

(n) 

Abstraction of the hydrogen atom attached to 5-position 
carbon leads to the formation of trimer of N-substituted 
maleimide. 

R 

~cS~\c,, ° 
I I ~  o 

~,vvv, CH-- CH " 'CH--C\  
I I ..NR 
CH CH--C 

o=c / \c . /  "o 
/ j C  / 

RN0 z 
(I) 

I I 
t 'vwv'CH - - C  C H - - C H - - C H - - C H  2 

[ I I J I I 
o,%& Z\z% o'C S'o 

R R R 

13 scission 

+ 

R 
(I) 

Abstraction of the hydrogen atom attached to 6-position 
carbon leads to the formation of dimer of N-substituted 
maleimide. 

N - - C ~  J 
0 3  CH 

- c ~  / L.  t ° 
CH CH--C\  

.CH CH--C~ i 
I 

o'CI"I/--O~R ~ "xxCH// ,vv~, , ° O  / it 7H--7 H2 C CH CH--CH 
I I I 

o,C,j, oo, C,z% 
R R R 

,vvvv, C~CH 
13-scission = J J + 

o~C\dCx%o 
R 

c , = c  ?-? 
I I 

R R R 

(IV) Intcrmolccular 
hydrogen transfer 

CH--CH 7H~TH2 
I [ 

,o o,C,zC,o  
R R 

CH2--CH H--CH 2 + J J 
I  !cl 

o / \ .  / "oo" \~" "o S%/C'o 
R R R 

(rr) 

The degradation behaviour of PMI and PMMI is different 
from that of PEMI, PNPMI and PIPMI. In PMI and PMMI 
the number of crosslinkages are relatively large and the 
weight loss is slight. At 320°C, no crosslinkages are formed 
in both PMI and PMMI. When the viscosities of the poly- 
mers degradated at 320°C are compared, the molecular weight 
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of PMI drops rapidly, while that of PMMI scarcely drops. 
The imide ring of PMI is the most unstable among poly(N- 
alkyl maleimides). Therefore, the main chain and the imide 
ring of PMI break easily, while those of PMMI are difficult 
to break. From these results, in the case of PMMI, the dis- 
sociation of the hydrogen atom from the tertiary carbon in 
the main chain may predominantly occur and may result in 
the formation of intermolecular crosslinkage. 

~,vvv, C H I C H - -  C H - - C  H ~vvv , 

I I I I 

R R 

c ~ ozC~/Co d \ . /~o  
R R 

(rr) 

(II) + (II) ~ intermolecular crosslinking 

-I- °H 

In the case of PMI the scission of both C-C bonds and 
C-H bonds in the main chain is accompanied by the scis- 
sion of the imide rings, which results in the formation of 
urea and crosslinkage. 

,vvv','C H - -  CH'wv~ ' v v v v ' C H ~  ( ~ x "  'vvvv 'CH--  C~A~v~ 

I 1 I I . L I 
"o '%,% % 

H H H 
(~z) 

(V') ~ ~ N v ' C H ~ w ~  + H N ~ C I O  + CO 

(211 

' v~v 'CH=C~Nv '  + NH 3 + CO + ' v vw 'C - -CH 'v " v~  

cz) I I 

R 

H N ~ C ~ O  + NH 3 = - H 2 N - - C - - N H  2 
II 
O 

( V I )  ~ in te rmolecu lar  cross] inking 

Urea and ammonia are detected as shown in Table 6. The 
stability of the imide ring depends upon the interaction 
between N-substituted and carbonyl groups. Matuo ~° sug- 
gests that an electron-donating substituent is preferred in 
stabilizing the ionic structures in the imide ring. 

' v vv~CH- -  CH'vvw "~w~CH- -  CH~Nv~ ~wv 'CH--CH'~Nv~ 

I I ~ .  / / -~  L I 
- --o 

R R R 

The extent of stabilization of the ionic structures due to a 
substituent, R, is expected to be in the following order: 

alkyl group > hydrogen - aromatic group 

This effect strengthens the C - N - C  bonds in the imide 
rings ofN-alkyl-substituted maleimides. From these 
facts, it is thought that the five-membered imide rings of 
poly(N-alkyl maleimides) except for PMI are significantly 
stable in comparison with the main chains. 
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Synthesis  of nar row distr ibut ion 
po lytet  r a h y d r o fu ra n 
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Bulk polymerizations of tetrahydrofuran (TH F) have been studied kinetically at reaction temperatures 
in the range -10  to +80°C using p-chlorophenyldiazonium hexafluorophosphate initiator. Initiation 
has been studied to enable selection of a 'clean' initiation condition (95°C for 4 min). Factors caus- 
ing broadening of the molecular weight distribution are discussed, the main causes of such broadening 
being chain transfer reactions and concurrent initiation with propagation. These could be minimized 
by using a low reaction temperature (-10°C). Molecular weight distributions were measured by gel 
permeation chromatography. Propagation rate constants were determined and found to increase with 
increasing temperature according to an Arrhenius expression giving an activation energy of 51 kJ/mol. 
The method will produce monodisperse samples of TH F polymer over a wide molecular weight range 
f romS× 103 to 106 . 

INTRODUCTION 

Tetrahydrofuran may be ring-opened using cationic initia- 
tors to give high molecular weight polymers of polytetra- 
hydrofuran (PTHF); otherwise known as poly(tetramethy- 
lene oxide). The propagation stage is considered to pro- 
ceed via a growing oxonium ion as follows: 

X- X- 

- -  C H 2---- 0 --f- C H 2-)~--4~ ~ 0 ~  

Such reactions have been the subject of a number of 
original and review papers 1-4. It is well established that 
using PF~- as the counter-ion (X- )  in polar and aromatic 
solvents and in bulk enables high molecular weight pro- 
ducts to be obtained, and a living system without termina- 
tion can be observed s. A particularly facile initiator is p- 
chlorophenyldiazonium hexafluorophosphate 6. 

In this work we wished to prepare samples for model 
crystallization studies and it was a prerequisite that these 
should be monodisperse as well as cover a wide molecular 
weight range. The literature data on PTHF contain few 
records of the production of narrow distribution polymers 
despite the clear demonstration that the polymerization 
is a living system under rigorous conditions. Those that 
are mentioned are either low molecular weight products 
taken to low conversion 7, or the very rapid dicationic sys- 
tems of Smith and Hubin s. 

It has been noted that the polydispersity ratio, which 
should commence as a Poisson distribution (Mw/Mn < 1.1 
for low polymer) and broaden to the most probable dis- 
tribution of 2 for a reversible polymerization at equilibrium, 
does in fact broaden much more rapidly than predicted s, 
and can attain a value much greater than 2. 

The present work describes pertinent kinetic experiments 
which were undertaken to establish the origin of the high 
polydispersity ratio normally obtained for PTHF. These 

results allow selection of initiation and growth conditions 
which lead to the production of narrow distribution poly- 
mers over a wide molecular weight range. 

EXPERIMENTAL 

All reactions were carried out under high vacuum, a pres- 
sure of 10 -5 mmHg being generally obtained in a greaseless 
vacuum system. The reaction vessels were made of glass 
with a helical tube arrangement designed to maximize heat 
transfer to surrounding baths, and to allow good initial mix- 
ing (Figure 1). After cleaning with chromic acid the reac- 
tors were treated with a solution of dichlorodimethyl 
silane in chloroform (10% v/v), in order to minimize water 
pick up on the internal glass surfaces. 

The initiator, p-chlorophenyldiazonium hexafluorophos- 
phate, obtained commercially as Phosfluorogen A (Ozark- 
Mahoning Co., Tulsa, Oklahoma, USA), was purified by 
~ecrystallization from water as white plates 6, and stored 
under vacuum. Tetrahydrofuran (Fison's SLR grade) was 
distilled under nitrogen, a middle cut being taken and 
stored under vacuum over calcium hydride. Before use it 
was vacuum distilled onto a complex of sodium/potassium 
alloy and c~-methylstyrene to ensure complete removal of 
protonic species. Sodium ethoxide was prepared by the 
reaction of sodium metal upon ethanol in diethyl ether 
solution 9. 

Preparation of polymers 
A given quantity of initiator was weighed into a reaction 

vessel such that its concentration would be 2 x 10 -2  mol/1 
of monomer, and evacuated for several hours. A known 
volume of dry THF was distilled into the vessel at liquid 
nitrogen temperature. The reaction vessel was vacuum seal- 
ed and stored in liquid nitrogen until used. 

Initiation followed the same procedure for all samples. 
The reactor was removed from liquid nitrogen and allowed 
to stand at room temperature for 4 min, by which time the 
monomer had melted. It was then transferred to a metha- 
nol bath at -10°C for 6 min with continual turning to en- 
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1.5 

'-' 4cm 

Figure I A helical glass reactor having an internal volume of 
approximately 40 ml, with a greaseless high-vacuum joint 

sure homogeneous mixing of the reactants. Initiation was 
effected by placing the vessel in an oil bath at a high tem- 
perature for a specified time (usually 95°C for 4 min) dur- 
ing which time an intense purple colour developed. This 
active system was cooled rapidly in a bath at -10°C for 15 
sec and then in liquid nitrogen for 15 sec, after which it was 
removed to a bath set at the required reaction temperature. 

Termination was achieved by freezing the reactants 
rapidly in liquid nitrogen, opening the vessel and transferr- 
ing the contents to a terminating solution. Initially this 
was a 10% (v/v) solution of acetic acid in THF, but in later 
reactions this was changed to a solution of sodium ethoxide 
in THF (5 x 10 -2 mol/l). 

Residual catalyst and catalyst fragments were isolated 
from the THF solution by adding distilled water, evaporat- 
ing off the THF under a stream of nitrogen and extracting 
the polymer with benzene, thus removing any water solu- 
ble material. After removal of the benzene under nitrogen 
and drying for several days under vacuum, the weight of 
product was recorded. High molecular weight polymers 
could be isolated simply by precipitating with methanol, 
drying and weighing. 

It should be noted that the coloration introduced at the 
initiation stage was still evident in the recovered products. 
It was assumed at first that this was caused by initiator 
residues, or by the formation of coloured by-products as 
suggested by Dreyfuss 1°. Accordingly ~ preparative gel per- 

meation chromatograph was set up following the procedure 
of Mulder and Buytenhys 1~ to purify the products further. 

Purification of  polymers 
Preparative g.p.c, columns were set up using Bio-Rad 

SX-I (high molecular weight) or SX-8 (low molecular 
weight) gels in toluene as solvent. The flow was gravity fed 
from a constant pressure reservoir; a syphon injection sys- 
tem was used together with infra-red monitoring of the 
effluent. A normal solute concentration of 5% (w/v) was 
injected. The gel was chosen so that the polymer molecu- 
lar weight was above the exclusion limit of the gel, and was 
thus carried through the column in the excluded volume. 
Any low molecular weight impurities diffused into the sub- 
strate and were retained longer on the column. 

This process was observed visually by the separation of 
the sample into two distinct bands, the coloured polymer 
band (red[purple) eluting first, followed by an orange/yellow 
band. U.v. and i.r. spectroscopy were performed on the 
polymer before and after this treatment, the traces being 
shown in Figure 2. The disappearance of the peak at 
39 000 cm -1 (256 nm) in the u.v. spectrum suggests re- 
moval of an aromatic species undergoing a 7r ~ lr* transi- 
tion (local excitation of electrons in a benzene nucleus). 

Molecular weight determinations 
Average molecular weights were determined using a 

Waters Associates ALC/GPC 501 liquid chromatograph. 
Tetrahydrofuran was used as solvent at room temperature 
upon commercially available styragel columns. The instru- 
ment was calibrated with the familiar narrow distribution 

a 

i.o r t 
c -  

~3  

< 0.5 

I I I I I 

4 4 0 0 0  4 0 0 0 0  3 6 0 0 0  
Wovenumber (cm -I) 

b 

V t -  

O 

E 
4 0  

3 0 0 0  2 0 0 0  15OO IOOO 

Wavcnumber (cm-I) 

Figure 2 (a) U.v. spectra of polymer (Mn = 7000) in solution in 
ethanol (0.01%) showing disappearance of peak at 39 000 cm - !  
(256 nm) after passage of polymer through preparative g.p.c, column, 
A, crude polymer; B, purified polymer. (b) |.r. spectrum of poly- 
mer (M n = 7000), cast from chloroform onto KBr disc, showing no 
difference before and after passage through preparative g.p.c, column 
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polystyrene standards, and a conversion factor was calcu- 
lated based on the hydrodynamic volume procedure pro- 
posed by Benoit and coworkers 12. For polystyrene (PS) 
and polytetrahydrofuran (PTHF) in THF having identical 
hydrodynamic volumes 

log [7?] PTHF MpTHF = log [7/] PsMPs 

where [7/] is the intrinsic viscosity and M is the molecular 
weight. The intrinsic viscosity can be written in terms of 
the unperturbed end-to-end distance [~]  1/2 and the expan- 
sion factor ct, with ~ the universal viscosity constant la 

[7?] = 4~ M 1/2~3 

substituting for [rl] yields 

Mp----s PS r~oo PTHF ~OtPTHF/ 

Assuming (Otps/OtTHF) = 1 for these two polymers in the 
g.p.c, solvent (as proposed by Dawkins 14 and taking litera- 
ture values for [~[M] 1~ we calculate the value 0.592 as a 
conversion factor, i.e. 

MPTHF = 0.592Mps 

/[(CH2)40V 

PF6- L 
x':O~ [{CH2)40~y I : 0 ~ ( I  ) 

+ 

PF~ 

This example shows chain transfer to polymer oxygen, 
which is really a special case of a dialkyl ether. Dreyfuss 6 
has shown dialkyl ethers to be effective chain transfer 
agents, and as can be seen from the above scheme this re- 
action leads to a randomization of molecular weights with 
no decrease in the rate of polymerization. Rosenberg 2 has 
suggested that, in the later stages of polymerization when 
monomer is becoming scarce, species I increases in concen- 
tration leading to a very large rise in viscosity, although 
association of active ends would cause a similar effect. 
Problems of this type will grow in severity as the conver- 
sion increase so most of this work was performed with con- 
versions below 10%. 

With many systems, reaction of the growing chain-end 
with counter-ion is a termination reaction, and this becomes 
a difficult problem when relatively unstable counter-ions, 
such as BF~-, are used. However, with PF~-as counter-ion, 
the reaction between them is envisaged as follows~: 

at a given elution volume. The determination of MPTHF 
enables absolute molecular weights to be evaluated from 
the chromatogram. 

An empirical correction for machine-broadening was 
made by comparing the Mw/Mn ratios for polystyrene found 
from the instrument, to that given with these samples, and a 
plot of % correction versus log molecular weight made. 
Thus a correction for machine broadening could be made 
covering the entire molecular weight range of the instru- 
ment. A computer program was written to perform the 
tedious calculations, using the method of Picket et aL ~s. 

Factors causing molecular weight broadening 
Equilibrium effects. Living PTHF chains eventually reach 

an equilibrium between monomer and polymer where the 
rates of propagation and depropagation become equal. The 
effect of having competing forward and backward reactions 
is, eventually, to spread the distribution of molecular 
weights until it reaches the Flory distribution (Mw/M n = 2). 
Miyake and Stockmayer 16 have calculated that for the anio- 
nic polymerization of styrene it will take 80 years to reach 
this polydispersity. Dreyfuss and Dreyfuss s quote a corres- 
ponding value of 20 days for PTHF at 30°C. This reflects 
the fact that polymer is the favoured species at low tem- 
perature but as the ceiling temperature is approached the 
reverse reaction is progressively more favoured. Since 
broadening is observed even at low temperatures and to a 
higher degree than predicted the propagation-depropaga- 
tion effect cannot be solely responsible. 

Chain transfer reactions. Assuming a very low level of 
impurities in our rigorous system, the most likely chain 
transfer agents present are in-chain oxygens and counter 
ions. 

, v w ' O ~  + PF~ ,v~ C)--(--CH 2--)5-3 CH 2F + PF s 

The PF 5 itself may act as an initiator 17 and thus a transfer, 
rather than termination, reaction occurs. The effect of  such 
a transfer reaction will again be to broaden the distribution 
of molecular weights, but in this case with a delay in the 
chain reaction and an alteration of the counter ion. 

Slow initiation reactions The mechanism of initiation by 
trityl or diazonium salts has been the subject of much con- 
troversy but has been proposed 1° as follows for the diazo- 
nium salt: 

~)H---Q +0 
PF~, 

PF; 

PF 6 

Dehydrogenation of THF to a furan or dihydrofuran 
occurs, along with the formation of the free acid of the 
counter ion (HPF6), which is stabilized by complexing with 
monomer (HPF 6 is normally found as its diethyl ether com- 
plex, HPF6.2(CH3CH2-)-20.) The acid complex then reacts 
slowly with additional monomer to form the propagating 
species, which should have an hydroxyl end group. It is 
further suggested that the intense colours observed during 
the initiation are formed by the acid catalysed resinification 
of the furan or dihydrofuran by-products. In the present 
work, however, a high degree of colouration is observed in 
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Figure 3 Gel permeation chromatograms (polymer concentration 
v e r s u s  elution volume) showing effect of initiation temperature upon 
the molecular weight distribution. (a)--(c) initiated for 7.5 min; 
(d), (e) initiated for 5 min. (f) shows the calibration curve for the 
instrument (polystyrene standards). Initiation temperatures: (a) 
85°C; (b) 90°C; (c) 95°C; (d) 95°C; (e) 100°C 

the polymer even after preparative g.p.c., suggesting that 
the colour is chemically associated with the initiated chain 
end. 

Ledwith and Sherrington s have also suggested a homo- 
lytic decomposition reaction for the diazonium salt involv- 
ing a chain reaction in the initiation process and leading to 
the aldehydic end group: 

O 

PF6 

There is no conclusive evidence as to the chemical nature 
of the initiated chain-end. 

Both of these reaction mechanisms involve a slow, rate- 
determining step, in line with the observed slow initiation 
at temperatures where the rate of propagation is reasonably 
fast. This will be a prime cause in broadening the molecu- 
lar weight distribution, since centres initiated early in the 
reaction may grow to much longer chain lengths than those 
initiated later. 

1on pair structure. Whenever ions are present in solu- 
tion their local environment will largely determine their 
rate of reaction. The following general scheme for the ions 

R -  and X + in solution may be envisaged: 
+ + + 

P,(Solv) + X(Solv) ~ R(Solv)X ~ ( R - X ) y  

Free solvated ions Solvent separated ContaCt (tight) 
(loose) ion pairs ion pairs (or 

clusters) 
The order to reactivity of these ion pairs is expected to be: 
free solvated ions/> loose ion pairs > tight ion pairs. 
Now consideration of the propagation reaction together 

with the knowledge that a ceiling temperature Tc exists for 
a given concentration of reactants such that AG (polymeri- 
zation) = 0 at Tc, leads to: 

kp/kB = A exp [-AH(Tc - T)/R T Tc] (1) 

and as Lut/is negative kp/kB decreases with increasing tem- 
perature, strongly near Tc. However, we observe the poly- 
merization to increase in rate with temperature well below 
Tc thus signifying a progressive change from tight ion-pair- 
ing (or clustering) towards the free ion situation with in- 
creasing temperature. 

The rate of  addition of monomer is only approximately 
1 monomer per chain per 6 sec at -10°C. Thus in the time 
taken to grow high polymer every chain end will fluctuate 
statistically between the various possible structures. Every 
chain will thus propagate at the same overall statistical rate 
and differences in ion pair structure will not lead to broad- 
ening with the present system. 

RESULTS AND DISCUSSION 

The preceding comments allow sensible interpretation of an 
initially complex pattern of results. Figure 3 shows the 
g.p.c, traces obtained for a series of bulk polymerizations 
w 2 ith initiator concentrations of 1.75 x 10- mol/1 identi- 
cal in all respects except that they were initiated for 7.5 
min (Figures 3a-3c) and 5 min (Figures 3d and 3e) at pro- 
gressively higher temperatures before reacting at 0°C to 
approximately 2% conversion. A closely related series of 
experiments was carried out to investigate the effect of 
initiation time at each temperature. The results follow a 
similar pattern for all of the lower temperatures and are 
typified by the curves in Figure 4 for initiation at 60°C, 
followed by reaction at 0°C, to ~10-15% conversion. The 

u 

Q 

c 4 
0 

2 
c" 

°? c 
0 

L )  

0 

Figure 4 

A 

5 15 25 
Elution volume (counts) 

Gel permeation chromatograms showing samples initiated 
for different times at 60°C and reacted for the same time (30 min) 
at 0°C. The molecular weight and distribution increase with in- 
creasing initiation time. Initiation times: A, 30 rain; B, 15 rain; C, 
7.5 min 
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Table 1 Kinetics of polymerization followed at a series of low 
temperatu res 

Reaction 
Temp. (°C) Time (h) Conversion (%) 

- 1 0  2 1.83 
4 2.85 
6 3.97 
8 5.16 

0 1 1.98 
2 3.22 
2 3.43 
3 4.69 
4 5.99 
6 8.18 

20 0.50 4.43 
0.75 6.38 
1.00 8.91 
1.25 11.16 
1.50 13.80 

significance of these results will become clear as we consi- 
der further evidence, but empirically it is seen (Figure 3d) 
that initiation at 95°C for 5 min followed by rapid quench- 
ing to a low reaction temperature gives a nearly monodis- 
perse polymer (Mw/Mn = 1.08). 

Using the clean initiation conditions (95°C for 4 min) 
the kinetics of polymerization were followed at a series of 
low temperatures, viz. -10°C,  0°C and 20°C, with mole- 
cular weight averages being measured in each case. The 
kinetic results are given in Table 1. Now at the high initia- 
tion temperatures ([I0] - [I]) moi/l of initiator decom- 
poses and we will assume each gives rise to a living polymer 
chain which grows predominantly during the time held at 
the low polymerization temperature. Then at the poly- 
merization temperature the rate of monomer consumption 
is 

-dM 
- k i [ I I  ( [ M ]  - [Me]) 

dt 

suit at - 1 0  and 0°C, but at 20°C a positive deviation is 
present. Values of (f/n)kp at each temperature were calcu- 
lated from the initial slopes, and the kp values are shown, 
together with the [M0] and [Me] 19 values used, in Table 2. 

A plot of In kp against l/T, using the three lowest tem- 
perature values of kp from Table 2, is shown in Figure 6, 
along with the results from a high temperature set of single 
point determinations, as described later. A straight line 
results showing kp increasing with increasing temperature 
with an activation energy (probably for ion pair dissocia- 
tion) of 51.3 k J/tool. 

Number average molecular weights (J~n) are shown plot- 
ted against time in Figure 7. At -10°C this yields a straight 
line, but at 0°C the plot falls away from a linear relation 
with time, whereas the conversion increases linearly. The 
logical interpretation of these data is that chain transfer 
reactions become more significant at higher temperatures. 
Accordingly the polydispersity ratios are all narrow for 
polymers at -10°C, but begin to broaden with time at 0°C. 
These values are given in Table 3. 

IO 

O 
_J 

+ (kp/n)([I0] - [ I I )  ([M] - [ M e ] )  (2) 

The terms ([M] - [Me] ) are the effective concentrations18 
under conditions where the equilibrium concentration 
would be [Me] and n is the number of initiators required 
to start one chain. The first term on the right allows for 
consumption of monomer in further initiation reactions at 
the polymerization temperature. At low polymerization 
temperatures ki is small and we will neglect the first term 
giving 

l [ M 0 ]  - [ M e ]  f 
- -  In - kpt (3) 
[Iol [M] - [Me] n 

where f = ([10] - [I] )/[I0] is the fraction of catalyst de- 
composed under the initiation conditions. These condi- 
tions were constant with fin, known approximately from 
the relation: 

f yield 
- = , being ~- 0.1. 
n molecular weight [I0] 

Plots of (2.303/[I0]) log ([M0] - [Me] )[([M] - [Me] ) 
against time are shown in Figure 5. Good straight lines re- 

o 8 
Time (h) 

Figure 5 Plots of (2.303/[Ioj) log ([M o] -- [Me] )/( [M] -- [Me] ) 
versus time to test equation (3), and also to allow calculation of 
fkp/n and hence kp at each temperature: ©, 20°C; [3, 0°C; A,_10°C 

Table 2 Values of kp calculated from Figure 5 at various tem- 
peratures, together with [M e] and [M 0] values 

Temperature [M e] * [M o] kp 
(°C) (tool/I) (tool/I) (I/tool sec) 

-10  1.25 12.74 9.20 x 10 - 4  
0 1.70 12.60 2.20 x 10 - 3  

20 2.96 12.32 1.46 x 10 -2  
50 5.93 11.90 1.29 x 10 -1  
60 7.32 11.76 2.85 x 10 -1  
70 8.94 11.63 5.19 x 10 - I  
80 10.81 11.49 1.05 x 100 

* [M e ] values from Ofstead 19 

P O L Y M E R ,  1976, Vo l  17, March 209 



Synthesis o f  narrow distr ibution PTHF: 7". G. Croucher and R. E. 
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Figure 6 Plot of In kp + In f/n versus 1/T. The low tempera- 
ture values (O), are obtained from Figure 5, the high temperature 
values (~), are obtained from single point measurements at each 
temperature. This plot yields an activation energy of 51.3 k J/tool 

x t  

'o 
x 

4'0 

2.0 
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Time (h) 

Figure 7 Increase of molecular weight (Mn) with time at tem- 
peratures of -10°C (13 linear) and 0°C (O, falls away from linear 
relation due to the onset of significant chain transfer reactions) 

We~on 

in deriving equation (3) is valid and ki [I] must be small 
compared with kp ([I0] - [I] ). This is reasonable since at 
95°C the initiation will be rapid, with some 20-40% (de- 
pending on the mechanism) of initiator used in starting 
chains. In addition the initiator will tend to decompose 
thermally as follows: 

C I ~ N = N + P F 6  Heat . C L E F +  N2+ pF s 

In the solid state this occurs at 150°C 1, but in solution this 
temperature will be reduced. Thus we propose that only a 
small concentration (~20%) of the starting concentration of 
initiator remains unreacted after treatment at 95°C for 4 
min. 

At temperatures below Tc, Figure 4 shows that molecu- 
lar weight broadening occurs more rapidly as initiation 
time increases. It is clear from the preceding discussion 
that this is caused by continuous initiation during propaga- 
tion, as the two rates are similar at these temperatures. 

The choice of 95°C as the temperature of initiation may 
be explained with reference to Figure 3. At temperatures 

below 95°C, initiation and growth are occurring simul- 
taneously throughout the initiation reaction, with chain 
transfer also occurring at longer reaction times, thus giving 
a very broad molecular weight distribution. At 950C, how- 
ever, the temperature is sufficiently far above the ceiling 
temperature to prevent significant growth from occurring, 
thus upon cooling and subsequent propagation a narrow 
molecular weight distribution occurs. Above 95°C further 
polymerization occurs in sealed reactors due to the increase 
in pressure which will favour the polymerization reaction 
if this occurs with a decrease in volume (as in the present 
case). This is equivalent to an elevation of ceiling tempera- 
ture with pressure 2°. 

Table 3 Polydispersity ratios at different temperatures and reac- 
tion times 

Polydispersity ratio after stated reaction times 
Tempera- 
ture (°C) 1 h 2 h 3 h 4 h 6 h 8 h 

- 1 0  1.08 1.08 1.08 1.10 
0 1.17 1.26 1.31 1.36 1.75 

Another series of kinetic experiments was carried out 
using the clean initiation conditions (95°C for 4 min) fol- 
lowed by propagation reactions at a series of temperatures 
(50 °, 60 °, 70 ° and 80°C) for the same period of time (10 
min). A plot of % conversion against propagation tempera- 
ture is given in Figure 8, and this shows a clear maximum in 
the yield at a temperature of 65°C. This plot is closely fol- 
lowed by the theoretical line shown in Figure 8 calculated 
using equation (3). Since the overall rate of polymerization 
passes through this maximum on cooling, it is necessary to 
quench the samples as rapidly as possible after the initiation 
stage. Equation (3) was used to calculate kp from the 
single point at each temperature, and these are also plotted 
in Figure 6 where they clearly show good agreement with 
the extrapolation of the low temperature data. A signifi- 
cant inference from this result is that the assumption made 

t -  
O 

>~ 5 
¢ -  

IO 

C 
-20 O 20 40  60 80 

Temperoture (oc) 

Figure 8 Plot of conversion versus temperature for reactions ot 
the same time (10 rain, O) and also the theoretical conversion 
( . . . .  ) predicted by equation (3) 
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In considering the significance of  the present results in 
terms of  the factors, listed earlier, which could produce 
molecular weight broadening we see that changing ion pair 
structure may well be the reason for the increase in chain 
transfer over propagation reactions as the temperature is 
raised. Competing initiation and polymerization reactions 
occur if initiation is attempted below Tc, but conversely 
the effect of  a reversible reaction on broadening is not im- 
portant well below Tc and at low conversions. 

The method outlined is excellent for producing near 
monodisperse high molecular weight polymers. In the pre- 
sent work polymers as low as 5000 molecular weight have 
been produced still with good monodispersity. The dis- 
advantage with low polymers is the high catalyst concen- 
tration required (~1:1 based on polymer produced) with 
the inevitable difficulties of  adequate separation of catalyst 
residues from the polymer. In the low molecular weight 
range we have found triethyloxortium hexafluorophosphate 
more convenient s. 

CONCLUSIONS 

Bulk tetrahydrofuran at low conversions obeys second 
order reaction kinetics with reversibility and no termina- 
tion under high vacuum conditions. The propagation rate 
constant increases with temperature according to an Arrhen- 
ius relation with activation energy = 51.3 kJ/mol. Initiation 
rates also increase with temperature, but because of  the re- 
versibility o f  the polymerization reaction, initiation at 95°C 
(above the ceiling temperature) gives rapid production of 
active chains, but little growth. Rapid quenching to low 
temperatures ( -10°C)  then allows growth without simul- 
taneous initiation, giving a near monodisperse system (typi- 
cally Mw[Mn = 1.08). Selection o f  low temperatures for 
growth is necessitated largely because chain transfer to poly- 
mer occurs more predominantly as the temperature is raised 
giving increased polydispersity. The procedures outlined 
are particularly useful in producing polymers in the thou- 
sands to million molecular weight range with good mono- 
dispersity. 
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Analysis of relaxation processes in 
methacrylate polymers by thermally 
stimulated discharge 
M. Kryszewski, M. Ziel imki  and S. Sapieha 
Centre of Molecular and Macromolecular Studies, Polish Academy of Sciences, ~.6d~, Poland 
(Rdceived 1 August 1975; revised 7 October 1975) 

An analysis of relaxation processes in poly(methyl methacrylate), poly(ethyl methacrylate), poly(iso- 
butyl methacrylate) and poly(n-butyl methacrylate) by means of thermally stimulated discharge 
(t.s:d.), is presented. Distribution functions, calculated from the thermocurrent spectra using the 
Staverman-Schwarzl transform, are compared with semi-empirical distribution functions of Fuoss- 
Kirkwood and Havriliak-Negami. Distribution functions of ~ processes fit the first function very 
well and those of (~ processes fit the second distribution function. The distribution parameters are 
comparable with those in the literature. It is also demonstrated that the activation energy can be cal- 
culated from the initial rise by means of the Bucci, Fieschi and Guidi equation, if the proper correc- 
tion coefficient is introduced, depending on the width of the distribution. 

INTRODUCTION 

In recent years the thermally stimulated currents (t.s.c.) and 
thermally stimulated depolarization (t.s.d.) techniques, ap- 
plied to polymers, were used to evaluate trapping levels and 
other trap parameters in these materials. However, for di- 
polar polymers, t.s.d, is a very useful technique for elucidat- 
ing their molecular parameters as relaxation frequencies, 
distribution functions and activation energies. Recent re- 
sults of Van Turnhout ~ have shown, that it is possible to 
calculate these parameters from t.s.d, spectra. However, 
the authors did not focus their attention on the specific dis- 
tribution functions for all relaxations t-4, giving only exam- 
ples ~ of the calculation method, based on the simple, sym- 
metric distributions of/3 and ~, relaxations in PMMA. 

All studies of dielectric properties of methacrylic poly- 
mers have led to the asymmetric distributions of relaxation 
times, at least in the glass transition temperature region. 
However, the shape of these distribution curves is still a sub- 
ject for discussion. For this reason we have applied the 
t.s.d, method, which is considerably simpler, from the ex- 
perimental point of view than other methods normally used, 
for determination of the characteristics of dipolar relaxa- 
tion in polymers, giving some supplementary information 
related to the subject. 

EXPERIMENTAL 

Films of poly(methyl methacrylate) (PMMA), poly(ethyl 
methacrylate) (PEMA), poly(n-butyl methacrylate) (PnBMA) 
and poly(isobutyl methacrylate) (PiBMA) were investigated. 
Films were obtained by solvent evaporation from solution 
in chloroform, and their thickness was ~20/am. After care- 
ful drying the solvent content in the polymer was negligible. 
The samples were then supplied with gold electrodes evapo- 
rated in a vacuum. 

The t.s.d, measurements were carried out in a vacuum 
in the equipment described elsewhere s, at a constant heating 
rate, 4°C/min. The polarization field Ep and polarization 
time to, were constant for all experiments (150 kV/cm and 
1 h respectively). The polarization temperature Tp was 

altered depending on the Tg of the polymer. The influence 
of the heating rate on the t.s.d, peaks was in good agree- 
ment with theoretical predictions 2, and for our method the 
rate 4°C/min was found most convenient. Because of the 
small thickness of the sample (20/.trn), the temperature 
gradient across the sample was negligible. 

The changes of temperature and field in the consecutive 
stages of the experiment: polarization, storage and t.s.d. 
measurements are presented in Figure 1. 

RESULTS 

T.s.d. spectra 
Experimentally obtained spectra are discussed, assuming 

the Debye model of relaxation and a distribution in natural 
frequencies. For this type of relaxation one can obtain an 

T 
r, E 

Figure I 
t . s . d . :  

. . . . . . . . . . . . . . . .  i - 1  

I 
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~---- PolorizationqStorGg¢ I T.s.d. 
Time--temperature scheme of polarization, storage and 
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Figure 3 Thermal cleaning of the PMMA spectrum. A, an overall 
spectrum; thermally cleaned peaks: cz, B; 13 °, C; 13, D 

ilc0F = (e, - c=) x a ( T )  

(1) 

is the so-called 'reduced 
time' an analogue of 
time in similar equation 
for isothermal discharge; 

where: 

- {e,~(Ts, 73} de, 

f F(T, t) x f(er) × exp 

0 

e0 

6s 

a ( 7 3  

F(T, t) 
er 

.f(er) 

The temperature shift of the dipolar relaxation frequency 
a(T) is defined by the equation a(T) = era(T) where er is 
constant and e(T) is the relaxation frequency. In the sim- 
plest case of Arrhenius shift, a(T) is equal to exp(-A/kT),  
where A is the activation energy and k is the Boltzmann 
constant. The distribution function f(er) is the one nor- 
maUy used in the theory of dielectrics. 

The filling state function is given by the following equa- 
tion2: 

F(T, t) = {1 - exp [e(Tp)tp - er~(Tp, Ts)]} 

exp [---a(Ts) (t d - ts)l (2) 

where: ts, total time of field application; t d, time, when 
t.s.d, begins. This function, dependent both on polarization 
and storage conditions, characterizes the filling state of the 
polarized sample. If the polymer sample is polarized com- 
pletely, then F(T, t) = 1, and the t.s.d, spectrum is deter- 
mined by the heating rate and such material parameters as 
(es - e~), ar, a(T) and f(ar). Model calculations of Van 
Turnhout 2, show, that this condition is fulfiUed if the polar- 
ization temperature is ~20°C higher than the Tg (for e re- 
laxation). In all our investigations these requirements have 
been taken into consideration. 

The t.s.d, spectra of the investigated polymers are pre- 
sented in Figure 2. One can see, that for PMMA the e and 
/3 peaks are well resolved (the nomenclature of the relaxa- 
tion processes is according to McCrum et ale), but for all 
the three remaining polymers (PEMA, PiBMA and PnBMA), 
the/3 peak exists only as a shoulder on a low temperature 
tail of the e peak. T.s.d., however, has an exceptional 
ability to resolve overlapping peaks and in Figures 3 and 4, 
the spectra are well resolved with 'thermal cleaning tech- 
nique '3:. This technique involves a partial discharge of the 
first peak up to some temperature T 1. The temperature T 1 
should be carefully chosen and usually, it corresponds to 
the valley between two peaks. In the next run, while only 
the second polarization is filled, an unperturbed peak due 
to the second process can be seen, and the remaining part 
of the first peak can be obtained by subtraction. The 
peak in PEMA, isolated by this technique from the whole 
spectrum, is depicted in Figure 4. However, in the case of 
PMMA, attempts to isolate the/3 and e peaks were unsuc- 
cesful, as another peak was always seen (or an inflection on 
the falling shoulder of the/3 peak or on the rising shoulder 
of the e peak), independent of the choice of TI, between 

permittivity of vacuum; 
static dielectric onstant; iO_ 3 

high frequency dielectric constant; 
the temperature shift of the dipolar relaxa- 

5x10-3 tion frequency; T 
the filling state function; 
the natural frequency of dipolar relaxa- tu 
tion; o 
distribution function; iO-4 

T 

f a(T)dT 

Ts 

~ ( T , , / 3  = s 
5xlO -4 

s 
storage temperature; 
reciprocal of heating rate. 

Figure 4 
spectrum; 

J J I | I I 

150 2 0 0  250 3OO 350 4 0 0  
T(K) 

Thermal cleaning of the PEMA spectrum. A, the overall 
B, the thermally cleaned peak 
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the maxima of the/3 and a peaks. Thus, by successive 
applications of 'thermal cleaning' it was possible to isolate 
three different peaks; the a and/3 peaks and another one, ( / O )  
/~, located between them, with a maximum temperature of L 1 
~50°C. (Figure 3) A similar process was observed by 
Mikhailov et al. 8 by means of a.c. measurements and by Lm 
Wittman eta/. 9 by means of dilatometric measurements, 
and it is ascribed to the presence of heterotactic sequences 
in conventional PMMA [evidence from high resolution 
n.m.r, studies ~° suggests, that conventional PMMA may L2 _ 
contain a fairly high degree (<~60%) of syndiotactic 
sequences]. Vanderschueren 4 also observed such a process 
in t.s.d, investigations of PMMA, and found, that it follows where: 
monomolecular kinetics, which in our case, indicates that 
it could be ascribed to another dipolar process. 

where Tr = 1/ar; TO is the most probable value of rr 

d = i 

L] 

sT2mdT Lm Lm c '= 0.5 

rr c'r2a(13 

r0 T~axa(Tmax) 

Activation energies and distribution functions 
There are several methods of calculating activation ener- 

gies from the t.s.d, spectra. One can take into considera- 
tion the initial rise of thermocurrent, the half-width tem- 
peratures of the peaks or the least squares fit 1~. In this 
work we have used the method proposed by Bucci, Fieschi 
and Guidi 7 (BFG), which leads to the following equation: 

d Ins(T) 
A = - k - -  (4) 

d(1/T) 

where: 

a(T) = ]/Ps(T) and Ps(T) = - s 

T 

f ]dT, 

Tu 

(s) 

Tu is the ultimate temperature, when ] reaches zero. Un- 
fortunately all these methods hold only for non-distributed 
polarizations. It was demonstrated by Van Turnhout 2, 
that for a distribution in natural frequencies in the case of 
the initial rise of  thermocurrent in t.s.d.: 

d In] 
k - - -  cA 

dO/T) 

where c is a constant. The same holds for the BFG equa- 
tion. Taking into consideration some particular distribu- 
tion functions, it can be proved, that c = 1 for Wagner and 
Gevers distribution, and c = m for Fouss-Kirkwood and 
Cole-Cole distribution functions ~2, where m is a para- 
meter of these distributions. 

It is a common procedure in evaluating dielectric and 
mechanical relaxation data to introduce a distribution func- 
tion, for it allows us to fit them to the Debye relaxation 
model. To calculate the distribution functions from the 
t.s.d, data, we have used the Staverman and Schwarzl ap- 
proximation 13 of the inverse Laplace transform of  equation 
(2), taking into consideration only the second-order approx- 
imation. We have introduced the logarithmic distribution 
function 2, normalized to the maximum value: 

Tm ,]m are the temperature and current density values for 
maximum of t.s.d, peak, and Tmax is a temperature maxi- 
mum of Debye relaxation for r0. 

For our calculations we have assumed that Tm = Tmax- 
To compare the results obtained with those found in dielec- 
tric and mechanical loss measurements, we have taken two 
of the semi-empirical distribution functions derived for inter- 
pretation of dynamic measurements. These are, symmetri- 
cal Fuoss-Kirkwood distribution12: 

m cos (mz'/2) x cosh(mu) 

f(u) = cos2(mrr/2 ) + sinh2(mu ) 

and the two parameter asymetrical Havriliak-Negami 14 
function: 

I 
f(u) -- - sin(/30) x 

?r 
{1 + exp [ -  2u(1 - a)] 

+ 2 exp [ -  u(l - ~)] cos ~1  - or)} -0/2 

where: 

sin zr(1 - a) ) 

0 = tan -1 exp [(1 ~tx)-uj + cos~r(1 - a )  

for both distributions u = ln(zr/r0) and m; a,/3 are para- 
meters of these functions. 

All the numerical calculations of these equations were 
performed on a digital computer. 

DISCUSSION 

Of all dipolar processes revealed by the t.s.d, spectra, the 13 
process in PMMA, which could be separated clearly, has 
the broadest distribution of relaxation times, and is also 
the most symmetrical one. For this case we could apply 
the Fuoss-Kirkwood distribution function. Distributions 
calculated from the spectra fit the Fuoss-Kirkwood func- 
tion very well as can be seen in Figure 5. 

The distributions of relaxation times for a processes in 
all four polymers are less symmetrical, than for/3 processes, 
as would be expected from dielectric measurements 6, and 
they do not fit the symmetrical Fuoss-Kirkwood function. 
For this case we tried to apply another distribution function, 
derived by Havriliak and Negami z4, which is a generalization 
of the two known and well documented functions of 
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Cole ls'16. The fits of this function to the c~ relaxation time 
distributions of all four polymers are presented on Figure 6, 
and the distribution parameters are summarized in Table 1. 

The values of the distribution parameters are generally 
in fairly good agreement with those obtained from dielec- 
tric measurements, but there are some discrepancies be- 
tween the distribution parameters obtained by Havriliak 
and Negami, and those obtained in the present work. 

In our case, however, the fit to the experimental data is 
very good. Thus, because of the temperature dependence 
of the distribution parameters observed by Havriliak and 
Negami, these differences can be explained by the fact that 
our measurements are non-isothermal and the equivalent 
temperature is different from the one used by these authors. 

The t.s.d, spectra exhibit only peaks corresponding to c~, 
and in the case of PMMA to/3 dipolar relaxation processes 
too. By the 'thermal cleaning' technique, the hidden 13' 
processes in PMMA, and fl process in other polymers can be 
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Table I Parameters c= and/3 of the Havriliak--Negami distribution 
function obtained from the fit to distribution of relaxation times 
of c= processes in investigated polymers 

Distribution parameters 

Polymer c= /3 

PMMA 0.50 0.30 
PEMA 0.45 0.32 
PiBMA 0.23 0.26 
PnBMA 0.24 0.24 

Table 2 Apparent activation energies (mean values), calculated by 
means of BFG method for the investigated polymers 

Relaxation process (eV) 

Polymer a #' # 3' 

PMMA 1.05 0.42 0.11 0.026 
PEMA 0.58 0.24 0.080 0.034 
PiBMA 0.53 - 0.072 - 
PnB MA 0.56 0.20 0.093 0.035 

Assuming that all dipolar processes found in methacry- 
late polymers are distributed, we can ascribe the processes, 
whose activation energies are presented in Table 2, to a,/3', 
/3 and 7 dipolar relaxations respectively. 

CONCLUSIONS 

The results obtained lead to the conclusion, that thermally 
stimulated depolarization, is a very suitable method for the 
analysis of  relaxation processes in polar polymers. The 
Staverman-Schwarzl transform, although it is only an 
approximation, seems to be accurate enough for calculat- 
ing the distributions of  relaxation times. 

Measuring the activation energy from the initial current 
rise, by means of the more accurate method of  Bucci, 
Fieschi and Guidi, allows us to calculate the distribution 
parameter of  a symmetrical distribution or the right value 
of activation energy, if the distribution is known. 

If any relation between the asymetrical distribution 
parameters a and 13 and the correction coefficient c is found, 
this method can be extended also to the cases, where only 
the asymetrical distribution function can be applied. 

Table3 Experimental (ABFG),corrected (A),and literature 
(Ali t) values of activation energies for/~ relaxation process in PMMA 

ABFG 
Correction coefficient A - 

Ali t ABF G m (Fuoss--Kirkwood) m 

0.76 0.103 0.14 0.74 
0.76 0.088 0.12 0.73 

made evident. However, on an Arrhenius plot of  In [j/Ps(T)] 
vs. I /T,  according to BFG, one can find more straight line 
segments, than the number of  visible peaks on the spectrum, 
thus allowing us to calculate the following values of  appa- 
rent activation energies (Table 2). 

As it was expected, calculated values are much lower 
than the values obtained by conventional methods, and it 
is clear that the coefficient c must be introduced (equation 
6). Literature values of activation energies for the/3 pro- 
cess in PMMA and those obtained in the present work are 
compared in Table 3. 

One can see, that there is a very good agreement between 
the corrected values of  activation energies calculated from 
the t.s.d, spectra and the literature values. 

Although it is not possible in this way to check if in the 
case of  other relaxation processes (e.g. a process), the acti- 
vation energy is calculated correctly; considering the results 
obtained for the/3 process, one should expect the way in 
which broadening of  the peaks affect the apparent activa- 
tion energy, to be similar. 
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The rates of initiation for the copolymerization of styrene and methyl methacrylate at 50 °, in differ- 
ent reaction media (bulk, acetone, dimethylformamide and dioxane) have been determined by using 
the isotopic labelling technique (14C - azobisisobutyronitrile). For all mixtures, except dioxane, the 
experimental data do not support the linear interpolation of the initiation rates, which is usually adop- 
ted in literature. In the whole range of monomer feed compositions, any mpdification of the reaction 
medium causes a relevant change of the initiation rate, so that the overall pattern is markedly modi- 
fied. The strongest solvent effect is given by dioxane, which reduces the initiation rates for all mono- 
mer mixtures. 

The radioactive tracer method also enables the determination of the modes of termination, which 
occur almost exclusively by combination for monomer feed compositions up to about 70 molar % of 
methyl methacrylate. The Pw/P n ratios obtained by g.p.c, confirm the general trend of the termina- 
tion mechanisms as a function of monomer mixture and reaction medium. 

INTRODUCTION 

In the past few years, we have undertaken a detailed study 
of the fundamental aspects of the radical copolymerization 
reaction 1-6, using, as a model, the pair styrene (S)-methyl 
methacrylate (MMA) polymerized in bulk 3'4 and in solu- 
tion s'6 [initiator, a, a'-azobisisobutyronitrile (AIBN)]. The 
aim of our study is to obtain a more precise knowledge of 
the kinetics and mechanisms which control the stages of 
initiation, propagation, and termination. Indeed, one of 
the less investigated features of radical copolymerization, 
which is still subject to a remarkable uncertainty, concerns 
the initiation reaction. On the other side, a deep knowledge 
of the kinetics of initiation is essential for any treatment of 
the overall copolymerization process. So far, it has usually 
been assumed 7-]2, that the initiation rate Ri in catalyzed 
copolymerizations, is almost independent of the feed com- 
position, although there is some evidence that for a few 
systems Ri is a function of the monomer mixture ~3-~8. 

As far as AIBN is concerned, the chemistry of  its ther- 
mal, homolytic dissociation, is now well established ~9-2~, 
whilst the role of the reaction medium on the decomposi- 
tion rate, is still obscure. Earlier studies, showing insignifi- 
cant variations of the decomposition rate constant in vari- 
ous solvents 22-26, are conflicting with more recent re- 
ports 27-33. The initiation stage in AIBN catalyzed thermal 
polymerizations can be depicted according to equations 
(la)  and (lb): 

kd 
(CH3)2C-N = N-C  (CH3)2 > 2(CH3)2C" + N2 

I I I 
CN CN CN 

(I') ( la) 

* Istituto di Chimica Industriale, Universit~l di Genova, 16132 
Genova, Italy 

ki 
I" + M > R" (]b) 

and the rate of initiation is given by equation (2): 

Ri = 2fled [I] (2) 

where the initiator efficiency f ,  accounts for primary radi- 
cal wastage, owing to the cage effect and, when present, to 
primary radical termination. Changes of monomers a4-36, 
solvents 36-38 and monomer concentrations ag, also in con- 
nection with actual changes in the viscosity of the med- 
ium 4°-43, cause significant variations of the initiation rate. 
Both k d and f seem affected by the reaction medium. The 
physical interpretations of the kinetic deviations are based, 
among others, on cage effects 44, hot radical hypothesis 4s 
and complex formation 27-29. 

From the above considerations it follows that the modi- 
fication of the reaction medium, owing to change of the 
solvent and/or to the variation of monomer feed compo- 
sition, should affect the initiation rate of copolymerization 
in a considerable way. Influence of the reaction medium 
on the propagation stage s and on the overall copolymeriza- 
tion rate 6 for the system AIBN-S-MMA has already been 
found. A similar effect seems likely to be present also in 
the initiation step. 

In order to clarify the kinetics of the initiation stage in 
radical copolymerization, we have carried out the present 
study using the radioactive tracer method, a technique 
which is widely utilized in the mechanistic studies of seve- 
ral polymerizations, but very seldom employed in copoly- 
merization. Carbon-14 labelled azobisobutyronitrile (AIBN- 
14C) was used as initiator and enabled determination of 
rates of initiation as well as modes of termination. Our 
copolymerization experiments were performed at 50°C 
either in bulk or in solution, and the solvents used were 
p-dioxane, acetone and N,N'-dimethylformamide (DMF). 
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Table I Values of (fk d) X 106 (sec -1)  at 50°C 

MMA 

bulk acetone DMF dioxane 

a 1.44 1.42 1.31 0.97 
b 1.42 1.43 1.31 0.91 
c 1.46 1.45 1.31 0.93 

1.4654 -- -- 1.00 ss 

a 1.01 1.03 1.48 0.94 
b 1.05 1.28 1.53 0.98 
c 1.11 0.97 1.42 0.93 

a Values calculated trom equation (2) 
b Values calculated from equation: R i = R~[4~[M]  2, where 
~M represents the ratio (2kt/k~) 0"5, and the values for kp, 6 M and 
[M] are obtained from ref= 4 and 6 
c Values calculated from M n data s6 from equation: R i = 
Rpnm/_-Mn~ where n = 2 for S and n ~1.17 for MMA (interpolated 
value)ST,s8 

EXPERIMENTAL 

Materials 
The purification of monomers, solvents and unlabelled 

initiator was carried out following previously described tech- 
niques 4"s. AIBN-14C was obtained through the courtesy of 
Professor S. Polowinski, L6d~, and possessed a specific 
activity of 0.476 mCi/g. A reverse isotope dilution analysis 
gave its radiochemical purity as 100 -+ 2%. The labelled 
product was suitably diluted with inactive AIBN and dis- 
solved in acetone. 

Polymerization procedure and polymer purification 
All experiments were performed as described 4"s. In par- 

ticular the ratios [I]/[M] were kept sufficiently low to 
minimize any primary termination reaction or induced ini- 
tiator decomposition. Solution polymerization was carried 
out using a monomer/solvent ratio equal to 1:2 (v/v). The 
polymerization temperature was 50 ° +- 0.05°C. Initiation 
due to photochemical reaction or to radiation from the iso- 
tope was carefully prevented. For all experiments the spe- 
cific activity of the labelled initiator was equal to 2.06 x 
1010 d/min mol. The polymers were precipitated twice 
using benzene or methyl ethyl ketone as solvents and me- 
thanol as precipitant s. 

Characterization 
Number average molecular weights, .~tn, were determined 

either by osmometry in toluene solution, using a Mechro- 
lab mod. 501 high speed membrane osmometer operating 
at 30°C, or by g.p.c, in DMF solution at 80°C. The specific 
activities of initiator and polymers were assayed in toluene 
solution (20 ml) containing butyl PBD (0.5% w/v) as scin- 
tillator. Polymer concentration was in the range of 1-2%. 
A Packard Tri-Carb scintillation spectrometer type 3313 
was employed. After subtraction of the background count, 
observed count rates were converted to dpm by the chan- 
nels ratio method. Reproducibility was about -+ 1.0%. 

RESULTS AND DISCUSSION 

Rates of  initiation 
The ratio between the specific activities of the labelled 

initiator, ai, and the polymer, aD, gives the kinetic chain 

length ~,, i.e. the number of monomer units per combined 
initiator fragment, given by equation (3): 

v = a i / 2 m a p  (3) 

where the term 2 takes into account the fact that two pri- 
mary radicals are produced from each molecule of initiator, 
and m is the molecular weight of the monomer. In copoly- 
merization m is an average value, calculated on the basis of 
the molar composition of the copolymer 9. Thus, rates of 
initiation can be unambiguously evaluated from the ratio 
between rate of polymerization and kinetic chain length: 

R i = (Rplv) ([I] 01[I1 av) (4) 

provided that initiator is not included in the polymer by 
other processes, such as chain transfer to initiator and pri- 
mary radical termination, and proper corrections for any 
thermal initiation are considered. [I] av is the mean initia- 
tor concentration during the reaction period, and the ratio 
[I] 0/[I] av allows for the decrease in rate owing to initiator 
loss 46,47. At 50°C the thermal contribution to the copoly- 
merization rate is sufficiently small to be disregarded in the 
whole range of monomer feed compositions 4'6. Also the 
primary radical termination reaction can be neglected in 
our experimental conditions, except for the system AIBN- 
S-acetone 48. On the other hand, literature data on the 
chain transfer constants to AIBN 49-sl, can provide suitable 
corrections for the proper calculation of Ri. 

As mentioned in previous papers 4'6, the overall rate of 
copolymerization, Rp, is strictly proportional to the square 
root of the initiator concentration and to the first power 
of total monomer concentration, except for the system 
styrene-acetone where a non-ideal kinetics has been found 4a. 
Therefore the simplest kinetic scheme for radical polymer- 
ization s2 and the derived relationships can be applied to our 
systems. In Figure 1, the initiation rates divided by the ini- 
tial concentration of AIBN, are plotted as functions of 
monomer feed composition for the copolymerization ex- 
periments in (a) bulk; (b) acetone; (c) DMF and (d) dioxane; 
respectively. 

From the patterns shown in Figure I it is evident that all 
reaction mixtures except dioxane, cause a complex varia- 
tion of Ri, which does not follow the linear interpolation 
for monomer mixtures (broken lines) often suggested on 
literature 4'16"s3. In fact, when bulk, acetone, and DMF are 
the reaction media, a more or less pronounced deviation 
from the broken lines is present. For dioxane, on the con- 
trary, the differences between experimental points and the 
linear interpolation are very slight. 

From the data of Figure I and using equation (2), it is 
possible to obtain the (fkd) values, related to the homo- 
polymerization of S and MMA in the various media, which 
are compared in Table i with literature data and other 
methods of evaluation. 

The good agreement among the values of Table 1, ob- 
tained from the various equations, very strongly supports 
the reliability of the radiochemical method and its appli- 
cability to the copolymerization experiments. The data of 
Figure I and Table 1, show a remarkable influence of the 
reaction medium on the initiation rate in the polymeriza- 
tion of styrene and methyl methacrylate, as well as in their 
copolymerization. The Ri/[I] 0 values obtained in DMF 
solution are higher than those in the other media for the 
whole composition range, except for feeds very rich in sty- 
rene (95-100%), where the initiation rate in bulk gives the 

218  P O L Y M E R ,  1976,  Vol  17, March 



=U 

5 
x 2 ° 

6----- 

C 

0 0 0 . . ~  . . . .  ~ = . 0  . . . . .  

d 

, . , . , 

0 20 40 60 80 I00 
Mol% of MMA in monomer feed 

Figure I Initiation rate divided by the initial concentration of 
A I B N  as a function of  the monomer feed composition in the vari- 
ous media: (a) bulk (b) acetone (c) D M F ;  (d) dioxane. 

highest values. The strongest solvent effect is exhibited by 
dioxane, which gives the lowest rate 0 finitiation for all feed 
compositions. The behaviour of the initiation rates in bulk 
and in acetone is juxtaposed: for styrene rich feeds the Ri/[I] 0 
values are higher in bulk than in acetone, whereas an appo- 
site trend is present in MMA rich mixtures. 

For all compositions, any change of the reaction medium 
causes a very strong variation of the initiation rate. No easy 
correlation with the medium fluidity has been found, and 
this fact suggests that diffusion phenomena are not the only 
factors involved in the initiation stage of the radical poly- 
merization. As compared to bulk, all solvents depress the 
initiation rate of styrene polymerization, in the following 
order: bulk ~ acetone > DMF >> dioxane. The very strong 
effect of dioxane, already found in previous papers s4'ss, is 
fully confirmed, as the agreement between experimental 
and literature data of Table 1 clearly shows. Recent results 
concerning solvent effects on the propagation rate constant 6 
show a somewhat similar behaviour: 

kpbulk ~ kp dioxane ~ kp DMF ~ kp acetone 

i.e. here again the kp for styrene is higher in bulk than in 
solution, but now the order of the solvents is completely 
reversed. 

As far as MMA is concerned, the initiation rates are in 
the following order: DMF ~" acetone ~ bulk > dioxane. 

Rates of  init iation for S - M M A  copolymerization: G. Bont& et al. 

This behaviour, if compared to the trend of the propaga- 
tion rate constants 6, show consistent differences; in fact, 
kp bulk is always lower than kp solution and in the following 
order: 

kp DMF ~ kp dioxane > kp acetone > kp bulk 

At present the exact nature of these differences cannot 
be fully understood. However, besides the different chemi- 
cal reactivities of the various radicals, diffusion phenomena, 
which are present in the initiation stage and are irrelevant 
during propagation, can provide a further qualitative ex- 
planation of the aforecited phenomenon. The complex 
dependence offA1BN on chemical and diffusion mechanisms 
has been recently pointed out by Mayer s9. Also kd, as indi- 
cated previously, shows unequivocal correlations with me- 
dium viscosity; recent results of Yokota and Kondo 36 con- 
firm a marked decrease of the decomposition rate by increas- 
ing the viscosity of the mixture. 

However, besides the diffusion effects on kd and f, other 
factors should be considered in order to explain the data 
of Figure 1 and Table 1; different monomer reactivity to- 
ward primary radicals, monomer and radical solvation, sol- 
vent complexation, etc. 

Modes of termination 
The average number of initiator fragments per polymer 

molecule, n, can be evaluated using equation (5): 

n = fn lv  = (2apMn)lai (5) 

and can be used to calculate the modes of termination, i.e. 
the extent of combination and disproportionation, by 
means of the simple relationship: 

X = (2 - n)/n (6) 

where X is defined as the fraction of polymer radicals under- 
going disproportionation. Limitations and errors associated 
with this method are well known 47's1'6°. Limitations are 
connected with the relevance of transfer reactions to initia- 
tor, monomer, and solvent (besides other sources of initia- 
tion and primary radical termination, as already discussed), 
whereas errors arise from the polymer purification tech- 
niques and the accuracy in molecular weight determination. 

In Figure 2 a plot of n as a function of the feed compo- 
sition for the various reaction media is given. It is evident 
that also, at 50°C, termination occurs almost exclusively 
by combination in a very large range of monomer mixtures 
(from 0 to about 70% MMA), thus confirming previous 
findings at 60°C. It is also clear that the reaction medium 
does not play any relevant role on the termination mecha- 
nism. 

These results, based on the radiochemical assay tech- 
nique, are fully supported by our data of molecular weight 
distributions obtained by g.p.c, s6. As is well known, the 
ratio of Pw to fin ranges from 1.5, if termination is solely 
by combination, to 2 for complete disproportionation of 
radicals. From the whole set of data it seems definitively 
confirmed, despite some recent arguments 61, the general 
opinion that termination for styrene takes place solely by 
combination 62. For MMA, the value of X ~0.71, interpola- 
ted from the data of Bamford et aL sT"sd, is still the most 
reliable among the many different values reported in liter- 
ature. 
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Studies on the formation of poly(ethylene 
terephthalate): 6. Catalytic activity of 
metal compounds in polycondensation of 
bis(2-hyd roxyethyl) terephthalate 

Kosuke Tomita 
Research and Development Center, Unitika L td, 23 Kozakura, Uji, Kyoto 611, Japan 
(Received 15 September 1975) 

The rate parameters (p and d values) associated with the rate constants of propagation and thermal 
degradation reactions in the polycondensation process of bis(2-hydroxyethyl) terephthalate (BH ET) 
in the presence of various metal compounds as catalysts at 283°C, calculated from the time depen- 
dence of the molecular weight of the formed polymer, were used to evaluate each metal compound 
in its catalytic activity. These logarithms of the p and d values were correlated by linear relationships 
(mountain-shaped) with the stability constants (log/31) of dibenzoyl methane (DBM) complexes of 
the corresponding metal species. Consequently, the stability constant of DBM complex of each metal 
species was found to be very useful in forecasting the catalytic activity of the metal compound. The 
compound of metal species with values of log/31 about 12 was most active as the catalyst on the 
propagation reaction and that of values about 11 was most active on the thermal degradation reac- 
tion. 

INTRODUCTION 

In the production of high molecular weight poly(ethylene 
terephthalate) (PET) by polycondensation of bis(2-hydroxy- 
ethyl) terephthalate (BHET), at a temperature of ~280°C 
under reduced pressure, the presence of a catalyst is essen- 
tial. 

A knowledge of the catalyst in the polycondensation of 
BHET is important for the polyester fibre industry, but at 
the present time little is known about the mode of catalytic 
activity, owing to difficulties in the kinetic treatment of 
the polycondensation. 

The author I proposed a kinetic expression for the poly- 
condensation process: p-d  analysis, and in the present study, 
this method of analysis has been used to derive rules govern- 
ing the catalytic activity of metal compounds in the BHET 
polycondensation process. 

EXPERIMENTAL 

Reagents 
BHET was synthesized from dimethyl terephthalate 

(DMT) and ethylene glycol (EG), using a mole ratio (EG: 
DMT) of five, with sodium acetate (1 x 10 -2 mol/mol 
DMT) as a catalyst at 200°C. Pure BHET (m.p. 109°C) was 
obtained by repeated recrystallization of the product from 
water. 

All the catalysts were metal acetates. Commercial pro- 
ducts (guaranteed reagent grade) were used without further 
purification. Antimony (III) acetate was synthesized ac- 
cording to the method of Nerdel and Kleinw~ichter 2, and 
aluminium acetate by the method of Pande and Mehrotra 3. 

Polycondensation 
The reaction of 0.3 mol BHET and 3 x 10 -5 mol metal 

acetate was carried out in an open system with stirring 
(120 rev/min) under reduced pressure (0.02-0.05 mmHg), 

at a temperature maintained at 283°C using a dimethyl 
phthalate vapour bath. At suitable intervals reaction mix- 
ture was sampled. 

Determination of molecular weight 
The intrinsic viscosity [r/] was measured, using a phenol- 

tetrachloroethane (1 : 1 w/w) mixture as a solvent at 20°C. 
This was converted to molecular weight by means of the 
following relation4: 

[r/] = 7.55 x 10-4Mn 0"685 

EVALUATION OF CATALYTIC ACTIVITY 

Zimmermann s investigated polycondensation of BHET, and 
compared the activities of some catalysts from the value of 
the relative viscosity (r~ret) and the number of the carboxyl 
end group of the polymer formed after the definite reaction 
time. This is, however, too simple as a means of evaluation, 
and is insufficient to correlate catalytic activity with reac- 
tion mechanism. 

Catalytic activity must be evaluated from a kinetic point 
of view and for the polycondensation process of BHET, the 
following rate equation, p-d analysis, was proposed in a 
previous paper l: 

1 
n - + d t  (1) 

1 + p t  

where n is a mole number (a reciprocal of degree of poly- 
merization) of a polymer, p is a rate parameter for the prop- 
agation reaction and d is a rate parameter for the degrada- 
tion reaction; p and d are associated with the rate constants 
of these two reactions, respectively. The author applied 
equation (1) to the polycondensation process of BHET with 
various metal acetates as catalysts, and calculated p and d 
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Figure I Polycondensation of BHET with various metal acetates 
as catalysts: O Ti;/x, Sn; ~,  Sb; a,  Zn; +, AI; e,  Co; A, Pb; V, Ce; 
X, Mn; n, Mg; ~) without catalyst 
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Figure 2 Application of p - d  analysis to data for cobalt acetate 
and antimony acetate in Figure 1 : O, Co; O, Sb 

values for each catalytic system. These values were regarded 
as kinetic parameters of the catalytic activity. 

RESULTS AND DISCUSSION 

Figure 1 shows that the time dependence of the molecular 
weight of the polymer formed with various metal acetate 
catalysts varies in a remarkable and complicated manner. 
As reported 1, the propagation reaction, (the polycondensa- 
tion reaction), and the degradation reaction, (the pyrolysis 
reaction), occur simultaneously in the polycondensation 
process. By means o fp -d  analysis the effect of metal spe- 
cies on both of the reactions can be clarified. 

Application of  p-d analysis. 
Some examples of the application of equation (1) to the 

experimental values in Figure i are shown in Figures 2-4.  
In these three Figures each point represents an experimental 
value and the full lines represent equation (1) after fitting 
the parameters p and d. From these Figures it is evident that 
equation (1) is in good agreement with the experimental 
results. The obtained p and d values are summarized in 
Table 1. The catalyst having a large p accelerates the pro- 
pagation reaction, and that having a large d accelerates the 
degradation reaction. Accordingly, Table 1 shows the 
characteristics of each catalyst: e.g. titanium acetate mark- 
edly accelerates both reactions; antimony acetate consider- 
ably accelerates the propagation reaction and slightly accele- 

I'O 

x 

0"5 

I I 

0 5 I0 
Time (h) 

Figure 3 Application of p - d  analysis to data for aluminium acetate 
and titanium acetate in Figure 1 : O, AI, e ,  Ti 

1.0 

x 

0"5 

0 5 I0 

Time ( h ) 
Figure 4 Application of p--d analysis to data for plumbous acetate 
and stannous acetate in Figure 1 : O, Pb; O, Sn 
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Table 1 Values of p and d in the polycondensation process of 
BH ET with various metal acetates as catalysts 

Metal p d X 104 
species (mol--lh -1)  ( h - l )  

Mg 25 4.5 
Mn 35 4.7 
Pb 42 6.2 
Co 51 7.0 
Zn 55 8.3 
Ce 65 7.8 
Ti 210 11.2 
Sn 89 6.6 
Sb 76 5.5 
AI 47 5.0 
None 19 3.5 

A 

2.C 
0 

Figure 5 

5'o I 0 0  
T i m e ( h )  

Time dependence ot the melt viscosity of PET obtained 
with titanium acetate, antimony acetate or zinc acetate as a catalyst: 
o, Ti; ~, Sb; e, Zn 

rates the degradation reaction; zinc acetate forms a con- 
trast to antimony acetate, etc. 

Zimmermann s by the means of evaluation mentioned 
above, concluded that titanium compound slightly accele- 
rated the degradation reaction, in disagreement with the 
author's conclusion. In order to resolve this question, the 
melt viscosity of the polymer was investigated. According 
to Tuckett 6, in a random degradation reaction a plot of 
log r/(7 is the melt viscosity) vs. time should be linear, and 
of slope related to the rate constant for the degradation re- 
action. For the purpose of comparison, the time depen- 
dence of the melt viscosity of the polymer obtained (with 
titanium acetate, zinc acetate or antimony acetate as a 
catalyst) was followed with a rheometer at 280°C (Figure 
5). The results show that titanium acetate is a very active 
catalyst on the degradation reaction and lend support to 
the author's conclusion derived from the d value. This sug- 
gests that Zimmermann's means of evaluation of catalytic 
activity is incorrect. 

Ordering of  catalytic activity 
The values o fp  and d in Table 1 make possible the 

evaluation of the catalytic activity of  the metal compounds 
in the polycondensation process of BHET, and also a dis- 
cussion of the ordering factor of catalytic activity. 

Formation o f  poly(ethylene terephthalate) (6): K. Tomita 

The author 7 found that the stability constant of diben- 
zoyl methane (DBM) complex of each metal species was an 
excellent ordering factor and was very useful in forecasting 
the catalytic activity of the metal compound in the transes- 
terification of dimethyl terephthalate (DMT) with ethylene 
glycol (EG). This result was consistent with the proposed 
mechanism of catalytic action, especially with the reaction 
intermediate. 

The ordering factor may be discussed from the same 
point of view. The propagation reaction proceeds by the 
nucleophilic attack of hydroxyl end groups upon ester car- 
bonyl groups in 2-hydroxyethyl benzoate end groups. The 
reaction intermediate is regarded as a complex formed by 
coordination of the ester carbonyl group to the metal spe- 
cies. This coordination lowers the electron density of car- 
bonyl carbon atom and facilitates the nucleophilic attack 
of the hydroxyl group upon this positively polarized carbon 
atom. This reaction scheme is essentially similar to that of 
the transesterification of DMT with EG 7. On the other 
hand, in the degradation reaction, the reaction intermed- 
iate is also regarded as a complex formed by coordination 
of the ester, carbonyl group to the metal species. This co- 
ordination increases the positive character of the a methy- 
lene group adjacent to carboxylate group and facilitates 1,2- 
elimination reaction by Ei mechanism. 

Consequently, the author considered adopting the degree 
of facility of coordination of ester carbonyl groups to metal 
species as the ordering factor of catalytic activity of metal 
compound v, and attempted to apply the stability constant 
of DBM complex to the ordering of catalytic activity of the 
metal compound in the polycondensation process of BHET. 
The stability constants of DBM complexes (log 131) were 
shown in ref 7 with respect to the metal species except for 
Ti. The value for Ti, 11.7, was calculated from the value of 
the rate constant in the transesterification of DMT with EG 
by titanium acetate as a catalyst (1 x 10 .4  mol/mol DMT), 
since a linear relationship (mountain-shaped) exists between 
the logarithmic rate constants in the transesterification of 
DMT with EG by metal compounds as catalysts and 1og131 
of the corresponding metal species 7. Such calculation is 
generally suitable for the determination of unknown o 
value in Hammett relationship 8., and is significant in view 
of the above hypothesis that the transesterification of DMT 
with EG and the polycondensation of BHET are similar in 
their reaction intermediates or in their mechanisms of cataly. 
tic action. 

The p and d values after subtracting those for the reac- 
tions without catalyst are plotted as log p and log d against 
log ~1 in Figures 6 and 7. 

Consequently, it is concluded that the stability constant 
of DBM complex is the correct ordering factor of the cata- 
lytic activity of the metal compound in the polycondensa- 
tion process of BHET, and this result supports the above 
view about the mechanism of catalytic action of the metal 
compound. 

The straight lines in Figures 6 and 7 are mountain- 
shaped similarly to that in the transesterification of DMT 
with EG, and their peaks appear in log ~1 about 12 for p, 
and 11 for d. These relationships suggest catalytic effect 
of so-called 'volcano-shaped activity order '1°. The drop in 
catalytic activity is produced by the stronger or weaker 
bond between the catalyst and the reactant, and log 131 is 

* The catalytic effect of the metal compound on the formative 
reaction of PET is the same as that due to an electron withdrawing 
substituent, and log/31 is regarded as corresponding to a value in 
Hammett relationship 9. 
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with various metal acetates as catalysts against log #1 of DBM com- 
plexes of the corresponding metal species 

I.O 

0 

4- 

'~ 0 

coZ N 
pbgf 

Log ~l 

Figure 7 Values of d in the polycondensation process of BHET 
with various metal acetates as catalysts against log #] of DBM com- 
plexes of the corresponding metal species 

regarded as corresponding to the bond strength between 
metal species (catalyst) and benzoyl group (reactant). The 
optimum catalytic activity requires the optimum bond 
strength, that is, the optimum value of log t31. 

The optimum values of log ~31 for p and d differ from 
each other. Furthermore, as mentioned above, the transes- 
terification of DMT with EG is a similar nucleophilic sub- 
stitution reaction to the propagation reaction in the poly- 
condensation process, but in the former the optimum value 
of log/31 was about 10 (see ref 7) and differs from that in 
the latter. 

It is difficult to understand the cause for the above shifts 
in the optimum value of log/31 in detail, but this is most 
likely due to a difference in the bonding state of each reac- 
tant. For example, the comparison of BHET or its poly- 
condensate to DMT in terms of their end groups suggests 
that the electron density of benzoate carbonyl group is 
lower in 2-hydroxyethyl benzoate group than in methyl 
benzoate group. This is as a result of the terminal hydroxyl 

group: electron withdrawing, and hydrogen bond effect. 
Accordingly, it may be concluded that the bond strength 
of methyl benzoate to the metal species is stronger, and 
that the optimum value of log/31 is lower in the transesteri- 
fication of DMT with EG than in the propagation reaction 
of the polycondensation process of BHET. 
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Tetrafluoroethylene may be polymerized in acetic acid at ambient temperatures and pressures close 
to atmospheric with photoinitiation by transition metal carbonyls, notably Mn2(CO)10, Re2(CO)10 
and 0s3(C0)12. • kinetic study of the reaction photoinitiated (;k = 435.8 nm) by Mn2(CO)Io is pre- 
sented. The rate of polymerization is proportional to the square root of the incident intensity and 
the order in tetrafluoroethylene concentration is ~1.4, over the range 0.78-2.60 mol 1-1. The decay 
coefficient of Mn2(CO)Io is linear in C2F 4 over the range studied (up to 0.45 mol I-1). These and 
other observations indicate that the dependence of the rate of initiation on [C2F 4] in acetic acid is 
much less 'sharp' than in other systems examined. Occlusion phenomena are not marked under the 
conditions used. Polymers prepared in this way show the infra-red absorption near 2000 cm -1 char- 
acteristic of (CO)5MnCF2CF 2 -  end-groups, confirming that the initiating radicals have the structure 
(CO)5MnCF2(~F 2. In our experiments no evidence, of chain-transfer to acetic acid could be found, a 
result which we attribute to the polar properties of the medium and the propagating radicals. The 
polymerization is powerfully retarded by benzene, which enters into addition and H-abstraction re- 
actions with the fluorinated radicals; a simple kinetic treatment is presented. Photoinitiation by 
benzoyl peroxide is shown to be accompanied by retardation. Tetrafluoroethylene may also be co- 
polymerized with the aid of the present technique and some results with ethylene and vinyl acetate 
are briefly described. It is noteworthy that in the copolymerization of C2F 4 and C2H 4 chain-transfer 
to acetic acid has been detected. 

INTRODUCTION 

Relatively little detailed information has been reported on 
the kinetics and mechanism of polymerization of tetra- 
fluoroethylene. There are some obvious reasons for this: 
(1) the polymer is insoluble in common liquids, so that 
complications arising from occlusion phenomena would be 
expected during polymerization; (2) hydrogen-abstraction 
reactions between diluent and the highly reactive propa- 
gating radicals normally result in powerful retardation; (3) 
some conventional initiators cannot be used satisfactorily 
with tetrafluoroethylene and (4) the low boiling point of 
the monomer introduces practical difficulties in polymer- 
ization studies. 

It has been reported ~ that the use of perfluorinated satu- 
rated media (e.g. perfluoro-methylcyclohexane) leads to 
relatively high reaction rates and polymer yields. Copoly- 
merizations of C2F4 have also been carried out in these 
liquids 2. Initiation in such systems has been effected by 
azobisisobutyronitrile 1 or perfluorobutyryl peroxide 2. In 
some instances 3, initiation by fluorinated peroxyacids pre- 
pared in situ by interaction of a fluorinated acid anhydride 
with hydrogen peroxide was used. Tabata and his collea- 
gues 4-7 have investigated the radiation-induced polymer- 
ization and copolymerizations of tetrafluoroethylene in 
fluorinated liquids such as CF2C1CFC12, CF2C12 and 
CHF2C1. 

The possibility of employing acetic and/or formic or 
sulphuric acids as reaction media together with redox initia- 
tion was reported by Bro and Schreyer 8. With sulphuric 
and acetic acids, these workers used NaHSO3 + KBrO3 and 
TIC13 + NH2OH, respectively, as initiators. Temperatures 

in the range -4 0  to +30°C and pressures between 20 and 
200 atmospheres were preferred. 

Although polymerization in non-aqueous media is clearly 
feasible, the techniques commonly used are based on aque- 
ous systems, generally with initiation by a peroxy disul- 
phate and at super-atmospheric pressures 9. 

We have already reported 1° the bulk polymerization of 
tetrafluoroethylene at -93°C photoinitiated by transition 
metal carbonyls, notably Mn2(CO)10 and Re2(CO)10. We 
have subsequently observed that polymerization can readily 
be carried out in acetic acid at ambient temperatures and 
pressures close to atmospheric with the same type of initia- 
tion. In the present paper we report a kinetic investigation 
of this polymerization with photoinitiation by manganese 
carbonyl. As far as we know, no other studies of the photo- 
initiated polymerization of tetrafluoroethylene in the liquid 
phase are described in the literature. 

EXPERIMENTAL 

Materials 

Tetrafluoroethylene, methyl methacrylate, manganese 
carbonyl and rhenium carbonyl were purified as described in 
earlier publications ~°-~2. Molybdenum carbonyl and ruthe- 
nium carbonyl [Ru3(CO)I2 ] were sublimed in vacuum at 
room temperature and at 80°C, respectively. Tungsten car- 
bonyl and osmium carbonyl [Os3(CO)12] were used without 
purification. Acetic acid (AR), ethyl acetate (AR) and ben- 
zene (BDH Research Grade) were twice distilled in vacuum 
with retention of the middle fraction. Benzoyl peroxide 
was twice precipitated in methanol from chloroform and 
dried in vacuum at room temperature. 
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acetic acid; dependence of rate on I01/2 Initial concentrations (mol 
1-1 ): C2F4, 2.60; Mn2(CO)lo , 1.0.3oX 10 -3.  h = 435.8 nm, Io(max) 
=3 .58  X 10-7 einstein I--Is - 1 ,  25 C 

Apparatus and techniques 
All experiments were carried out in a laboratory illu- 

minated by inactive (sodium) light. The optical system 
was virtually the same as that previously described 1°. The 
polymerization was studied gravimetrically at 25°C in 
Pyrex reaction vessels (external and internal diameters 13 
and 9 mm, respectively) of capacity 9.5 ml. Quantum in- 
puts to the reaction mixture and rates of decay of man- 
ganese carbonyl under various conditions were measured as 
reported earlier I1. 

Measurements of the solubilities of C2F 4 and C2H4 in 
various solvents were made as described by Bamford and 
Mullik II to allow concentrations in the liquid phase to be 
calculated. Values of the absorption coefficient 3 defined 
by these authors were found to be at 25°C: tetrafluoro- 
ethylene-acetic acid, 2.23 x 10-2 mmHg- 1; tet rafluoro- 
ethylene-benzene, 2.49 x 10 -2 mmHg-1; tetrafluoroethy- 
lene--ethyl acetate, 1.31 x 10 -2 mmHg-1; ethylene-acetic 
acid, 8.60 x 10 -2 mmHg -1. A correction to allow for the 
increase in volume accompanying the solution of tetrafluoro- 
ethylene in acetic acid was made with the aid of density 
data for liquid C2F 4 given by Sherratt Is. 

RESULTS AND DISCUSSION 

Kinetics of  polymerization 
Manganese carbonyl has the same absorption spectrum 

in acetic acid, methyl methacrylate, ethyl acetate and ben- 
zene solutions, suggesting that no significant interactions 
occur with any of these solvents. Addition of C2F4 does 
not produce any change. 

Figure I shows that at constant [C2F4] (2.60 mol 1-1) 
the mean rate of polymerization w is proportional to the 
square root of the incident intensity I0, as expected for an 
uncomplicated free radical polymerization obeying the rela- 
tion: 

CO = kpk? 1/2 [M] ,>¢'1/2 (1) 

in which kp, k t are the rate coefficients of propagation and 
second-order termination, respectively, ,.,¢is the rate of 
initiation and M represents monomer. Thus, although the 
system becomes heterogeneous during polymerization, there 
do not seem to be any significant occlusion phenomena, 
which would increase the intensity exponent above 0.514. 
The highly swollen condition of the polymer which is pre- 
cipitated is probably responsible for this behaviour. 

The order of the overall polymerization in monomer 
was determined for [C2F4] in the range 0.78-2.60 mol 
1-1. The data presented in Figure 2 are consistent with a 
value 1.4-1.5, which in the absence of occlusion effects 
implies a strong dependence of the rate of initiation on 
[C2F4] over the range studied. In this respect the system 
is very different from the Mn2(CO)10 + C2F4 system with 
methyl methacrylate as solvent, since in the latter the rate 
of initiation is only weakly dependent on [C2F4] for 
[C2F4] > 0.2 mol 1-1, approximately lI. We shall return to 
this point later. 

The rate of consumption of manganese carbonyl was 
measured spectrophotometrically as previously described II 
over a range of [C2F4] ; in all cases good first-order rate 
coefficients k were obtained. They are plotted against 
[C2F4] in Figure 3, which indicates that over the range 
studied ([C2F4] < 0.45 mol 1-1) k is linear in [C2F4]. 
This type of dependence is again very different from that 
encountered 11 in methyl methacrylate solution, for which 
k is shown as a function of [C2F4] in Figure 3 (with k on a 
scale reduced by a factor 10). Clearly, for a given [C2F4], 
k is much greater in methyl methacrylate solution and the 
approach to a plateau value found with this solvent is not 
apparent with acetic acid according to the data presented 
in Figure 3. 

An order of 1.5 in [C2F4] for the overall polymerization 
requires, according to equation (1), that J c x  [C2F4], or, 
since in all other systems studied j r =  k [Mn2(CO)10], that 
k should be directly proportional to [C2F4]. A long extra- 
polation of the straight line in Figure 3 to [C2F4] = 2.60 
tool 1-1 (the highest [C2F4] in Figure 2) gives k = 66.7 x 
lO-4s -1 (for 10 = 9.85 x 10 -6 

1.7 

o O.g 
4- 

' ' i ' i 0"58 2.0 2 2 2 4 
3 +logto(VOlUme fraction of C2F 4 in solution} 

Figure 2 Photoinitiated polymerization of tetrafluoroethylene in 
3 I acetic acid; order in [C2F4]. [Mn2(CO)IO] = 1.03 X 1 0 -  mol I-- 

initially. ?, = 435.8 nm, Io = 3.58 X 10 - 7  einstein I--Is - I ,  25°C 
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Lo 
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I0 
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I A I I I I 
0 3'2 4 8  
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Figure 3 Dependence of decay coefficient of Mn2(CO)I0 on 
[C2F4]. [Mn2(CO)I0] = 8.5 X 10 -4  mol 1-1, initially, h = 435.8 
nm, I e = 9.85 X 10 -6  einstein I--Is -1 ,  25°C. A, acetic acid solu- 
tion; B, methyl methacrylate solution 1! (X 10 -1)  Individual 
values: I ,  benzene solution; D, ethyl acetate solution 
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einstein 1-Is- l) .  For the incident intensity in the experi- 
ments in Figure 2, I0 = 3.58 x 10 -7 einstein l - Is  -1, this 
becomes 2.42 x lO-4s -1 (since k is normally proportional 
to I 0 for weak absorptionn). Thus the initial rate of con- 
sumption of Mn2(CO)I0 for I0 = 3.58 x 10 -7 einstein 
1-1s -1, [C2F4] = 2.60 mol 1-1 and [Mn2(CO)10] = 1.03 x 
10 -3 mol 1-1 should be, on this basis, 2.42 x 10 -4 × 1.03 × 
10 -3 = 2.50 × 10 -7 mol l - Is  -1. However, the absorbed 
intensity in the experiments of Figure 2 is only 1.24 x 10 -7 
einstein 1-1s -1. Hence this extrapolation would lead to a 
quantum yield of [Mn2(CO)10] decay and initiation of 
polymerization close to 2. Although this would be possible 
in principle, a quantum yield of initiation exceeding unity 
has never been observed nJs'x6, so that we believe the linear 
extrapolation is inappropriate. We shall assume that in the 
experiments of Figure 2 the limiting value of k is reached 
at [C2F4] = 2.60 mol 1-1 and is equal to 0.92 × 10-4.~ -1, 
corresponding to unit quantum yield of initiation. The 
highest [C2F4] at which k can be measured directly with 
the equipment available is 0.45 mol 1-1 (Figure 3); here 
k adjusted for the conditions of Figure 2 is 3.2 x 10-Ss -1. 
The behaviour of k in the range of [C.2F4] between 0.45 
and 2.60 mol 1-1 is not known, but we may note that the 
dependence on [C2F4] is given by a mean order (deter- 
mined from the extremes) of 0.75. Since the rate of initia- 
tion would show the same order in [C2F4], the polymeriza- 
tion reaction in the range we are considering should have a 
mean order of 1 + (0.75/2) = 1.38. This is probably consis- 
tent with the data in Figure 2 within the limits of experi- 
mental error. 

In interpreting the data in Figure 2 we have neglected 
the possibility of primary termination. This calls for com- 
ment, especially since rather low monomer concentrations 
were used in some of the experiments in Figure 217. If pri- 
mary termination were significant the true order in [C2F4] 
would be lower than the value 1.4-1.5 deduced from 
Figure 2 and this would clearly have implications on the 
nature of the ~r_  [C2F4] relation. In the experiments in 
Figure 2 the relatively low value of the incident intensity 
would minimize primary termination ~7. Further, conclu- 
sions about the unusual nature of the j r  [C2F4] relation 
do not depend on Figure 2 alone since Figure 3 also indi- 
cates that this relation is markedly different from that in 
systems previously studied. Figure 1 shows that with 
[C2F4] = 2.60 mol 1-1, the rate of polymerization is pro- 
portional to •01/2, so that primary termination is not im- 
portant under these conditions xT. In our opinion, primary 
termination is not a significant process in these investiga- 
tions. 

Polymer izat ion o f  te t ra f luoroethy lene:  C. H. B a m f o r d  and S. U. Mu l l i k  

These considerations illustrate the important role played 
by the solvent in photoinitiating reactions between 
Mn2(CO)I 0 and C2F4 . A few scattered data available for 
benzene and ethyl acetate solutions (Figure 3) also support 
this view. 

From Figure 2 we see that with [C2F4] = 2.60 tool 1-1 
the rate of polymerization is 6.02 x 10 -4 tool 1-ls-1 while 
. f ,  calculated on the basis of unit quantum yield as dis- 
cussed above, is equal to 1.24 x 10 -7 mol 1-1s -1. Inserting 
these values in equation (1) we find that at 25°C: 

kpkt-1/2=0.66 mol-1/211/2s-1/2. (2) 

The mean kinetic chain length in the polymerization under 
these conditions is 4894, so that if transfer is negligible and 
termination occurs by combination the molecular weight 
of the polymer is 9.78 x 105. 

We now briefly consider the value of kpki -1/2 given in 
equation (2). This is greater than the corresponding value TM 

for methyl methacrylate (in bulk monomer) by a factor of 
11, and for acrylonitrile ~9 in solution by a factor of 9, ap- 
proximately. On the other hand, values of kpki -1/2 up to 
0.69 and 0.72 mol-l/211/2s -1/2 have been reported 19 for 
methyl acrylate and ethyl acrylate, respectively. Thus the 
fgure for C2F4 given in equation (2) does not appear un- 
reasonable, especially when it is recalled that slight occlu- 
sion ~4 would reduce k t and so increase kpki -1/2. Hisasue 
eta/. 7 have presented results from polymerization studies 
of C2F4 in chlorofluorocarbons from which a value of 
kpk{ -l/2 = 4.2 mol-1/211/2s -1/2 at 0°C may be deduced. 
This appears to be outside the range normally encountered 
in the free radical polymerization of olefinic monomers and 
may be unreliable owing to the intervention ofunquanti- 
fiable occlusion phenomena (see below). 

We believe that there is little chain-transfer in the poly- 
merization of tetrafluoroethylene in acetic acid solution. 
No acetic acid residues could be detected in the polymers 
by infra-red spectroscopy. Such residues would lead to 
absorption near 1730 and 3000 cm -1, but the spectrum 
of PTFE in Figure 4 shows no corresponding bands. On 
the other hand, when tetrafluoroethylene and ethylene 
are copolymerized in acetic acid solution the resulting co- 
polymers show definite absorption at 1730 cm-1 (spec- 
trum of a copolymer of C2F4 + C2H4 in Figure 4) sug- 
gesting the incorporation of acetic acid residues by chain- 
transfer involving radicals with terminal ethylene units. 
Further, in our experience, chain-transfer in the poly- 
merization of C2F4 always appears to be accompanied by 
extensive retardation and very low polymer yields. These 
views are in agreement with the work of Bro and Schreyer 8, 
who concluded that polytetrafluoroethylene of high mole- 
cular weight may be prepared in acetic acid. 

The data presented above gain in significance when it is 
recalled 2° that hydrogen abstraction from hydrocarbons 
by perfluoroalkyl radicals is often faster than the corres- 
ponding reaction of alkyl radicals by a factor of 102-103. 
It would seem that the relatively low reactivity of propagat- 
ing polytetrafluoroethylene radicals towards acetic acid 
must be attributed in the main to the operation of polar 
factors 21. Thus the presence of the strongly electronega- 
tive carboxyl in the molecule would discourage hydrogen 
abstraction from the CH3 group by the propagating radi- 
cals which themselves bear a positive charge on the carbon 
atoms carrying the unpaired spins 21'22. In this connection 
it is interesting to contrast the behaviour of acetic acid with 
that of cyclohexane. Polymerization of C2F4 in the latter 
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Table I Retardation by benzene. [C2F4] = 2.60 tool I -1 ;  
[Mn2(CO)to] = 1.03 × 10 - 3  mol I-- l ;  lab s = 1.24 × 10 - 7  einstein 
I-- ls-- l ;  h = 435.8 nm 

[benzene] X 104 co X 104 
(mol 1-1) (mol I-Is -1) 

0.00 6.12 
0.14 4.82 
1.36 4.12 
2.27 3.18 
4.55 2.66 
6.83 2.08 

11.40 0.88 
22.80 0.53 

100.00 0.18 
500.00 0.032 

~ C(IFICF2Mn (CO)s 

is virtually impossible on account of extensive chain-transfer 
and retardation. As will be reported subsequently 2a, the 
compounds (CO)sMnCF2CF2H and (I) are major reaction pro- 
ducts and clearly have their origin in hydrogen abstraction 
from cyclohexane by the primary radicals (CO)sMnCF2CF2. 

Retardation by benzene 
A remarkable feature of the polymerization of tetra- 

fluoroethylene in acetic acid is its sensitivity to the pre- 
sence of benzene, which acts as a powerful retarder. Ob- 
servations are presented in Table 1. 

It appears that a concentration of benzene as low as 2.5 x 
10 -'~ tool 1-1 reduces the rate of polymerization by a factor 
of 2, approximately. At concentrations of benzene higher 
than those given in Table i no polymer is formed. On re- 
moving the volatiles after reaction at high benzene concen- 
tration a viscous liquid product remains. The n.m.r, spec- 
trum is consistent with the presence of several components 
originating from interactions between benzene and 
(CO)sMnCF2~F2 radicals involving both addition and H- 
abstraction 23. Since the radical products of these reactions 
are not sufficiently active to reinitiate polymerization 
strong retardation ensues. Evidently the reactions of the 
primary and propagating radicals, not only with cyclo- 
hexane but also with benzene, are strongly reminiscent of 

20,24,25 the behaviour of perfluoroalkyl radicals 
A simple kinetic scheme consistent with the data on re- 

tardation of benzene is given below. 

hl) 
Mn2(CO)10 + C2F4 > Mn(CO)sCF2(~F2 + '"  

(0,o) 
1~ 0 + C2F4 > Ro-CF21~F2 

(R1) 

Rr+C2F4 kp > ~,r+l 

kz 
Rr+B > B 

(3) 

B + Rr > polymer 

l~r+f~s ~kt > Pr+s 

The structure (CO)sMnCF2(;F2 is assigned to the primary 
radicals (I~0) on the basis of earlier work l°-12as. These 
radicals appear as terminal groups in the polymer and show 
characteristic infrared absorption near 2000 cm -1 as is evi- 
dent from Figure 4. Details of the initiation process are 
not included since they are not necessary for present pur- 
poses. In relation (3) B, B represent benzene and a radical 
derived from benzene either by addition of a fluorocarbon 
radical or by hydrogen abstraction, respectively. It is as- 
sumed that the different types of B radical have similar re- 
activities. 

Relation (4) is readily deduced from relation (3) by 
application of the steady-state hypothesis: 

1 2kz [B] kt 
- + -  ( 4 )  

602 kp[C2F4]J r 69 k~ [C2F4] 2 J  

Figure 5 is a plot of 10-7/w 2 against [B]/w and shows that 
relation (4) conforms to the experimental results fairly sat- 
isfactorily. From the slope of the straight line in Figure 5 
we fred that 

2kz 

kp[C2F4] 
- 9.09 x 106 mol-212s 

Inserting the values [C2F4] = 2.60 mol 1-1 and J ' =  1.24 x 
10 -7 mol 1-1s -1 we estimate that at 25°C: 

kz 
- -  = 1 . 4 6  ( 5 )  
kp 

Equation (5) illustrates quantitatively the high reactivity of 
benzene towards the propagating radicals. 

It is to be expected that other aromatic compounds 
would behave as retarders in a similar way. This has been 
found to be so with benzoyl peroxide (Bz202) when em- 
ployed as photoinitiator. Results are presented in Figure 6. 
Although a linear relation between 6~ and [Bz202] 1/2 is 

15 / 
i o  

'9 s / O o x , O  2 

o . . . .  ' ' ' ' J b  . . . .  
[B]/t0(s) 

Figure 5 Retardation of photoinitiated polymerization of C2F4 
in acetic acid by benzene (B). Plot of results in Table I according 
to equation (4). Initial concentrations (mol I--t):  C2F4, 2.60; 
Mn2(CO)Io, 1.03 X 10 - 3  . h = 435.8 nm. lab s = 1.24 X 10--7ein - 
stein I--Is - 1 ,  25°C 
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3-in 

% 
3 2 

o ' ' ' & 8 
[ BZ20 2] I/2x tO 2 ( tool 1/21-1/2} 

Figure 6 Polymerization of tetrafluoroethylene in acetic acid with 
benzoyl peroxide as photoinitiator. [C2F 4] = 2.60 mol 1-1 initially. 
Full light of mercury arc tO, 25°C 

Table2 Photoinitiated polymerization of tetrafluoroethylene in 
acetic acid at 25°C. h = 365 nm; Io =2.01 X 10 _6 einstein I - i s - ] ;  
[C2F 4] = 2.06 mol 1-1 

Concentra- Time of 
tion X 103 [CCI 4] irradiation t~ X 105 

Carbonyl (tool 1-1) (mol 1-1 ) (min) (mol I - I s  -1  ) 

Mo(CO) 6 1.51 0 30 0.26 
Mo(CO) 6 1.51 0.01 30 1.64 
Mo(CO} 6 1.51 0.1 30 14.2 
W(CO)6 2.83 0 30 0.13 
W(CO)6 2.83 0.1 30 9.9 
Re2(CO)I0 0.51 0 15 144.5 
0s3(CO)12 1.11 0 10 98.5 
Ru3(CO)12 0.63 0 30 1.25 
Ru3(CO112 0.63 0.1 30 10.0 

and postpolymerizations, as in the case of  solid-state poly- 
merization. Propagation may be accelerated through vibra- 
tional excitation by sub-excitation electrons during irradia- 
tion'. They state 6 that in polymerization in solution in 
monochlorodifluoromethane 'propagation reactions are ex- 
tremely different in in-source and postpolymerizations'. It 
is our opinion that the results obtained by Tabata and co- 
workers illustrate the operation of  occlusion phenomena 14, 
and can be completely interpreted in terms of  such pheno- 
mena. Thus, postpolymerization in a system in which the 
polymeric product is insoluble is to be expected, and is cer- 
tainly not 'a rare case'. The 'differences' between the pro- 
pagation reactions in-source and out-of-source may also be 
readily accounted for by occlusion and we do not believe 
that the observations reflect any mechanistic change in the 
propagation processes. In a later paper 7 Tabata et aL note 
that the 'remarkable after-effect' is due to occlusion. How- 
ever, it is clear that in these papers, the essential point that, 
in polymerizations in which occlusion is important, the rate 
coefficients are not constant 14, has not been appreciated, so 
that quantitative conclusions are suspect. 

Photoinitiation by other transition metal carbonyls 

An examination of  the efficiencies of  a number of  transi- 
tion metal carbonyls as photoinitiators for the polymeriza- 
tion of  tetrafluoroethylene in acetic acid led to the results 
presented in Table 2. 

The group VI carbonyls are relatively ineffective; their 
efficiency is greater in the presence of  CC14, under which 
conditions CC13 is the initiating species 26. In group VII both 
Re2(CO)lo and Mn2(CO)10 are very active and, of  the group 
VIII carbonyls, Os3(CO)12 is much more effective than 
Ru3(CO)I 2. The efficiency of  the latter increases markedly 
in the presence of CC14. 

Table 3 Copolymerization in acetic acid at 25 °C. Acetic acid, 
1 ml; [Mn2(CO)10] = 1.03 X 10 -3  mol I--1;/0 = 4.24 X 10 -7  
einstein I - I s - l ;  h = 435.8 nm; time of irradiation 60 min 

Total weights of initial monomers (g) 
Weight of 

No. C2F4 C2H4 VA polymer (g) 

1 0.44 0.062 -- 0.113 
2 0.44 0.124 -- 0.136 
3 0.33 0.093 -- 0.056 
4 0.22 0.124 -- 0.046 
5 0.88 -- 0.24 0.315 
6 0.44 -- 0.28 0.294 

Copolymerization o f  tetrafluoroethylene in acetic acid 

A few experiments were carried out to examine the 
possibility of  photoinitiated copolymerization of  tetra- 
fluoroethylene with ethylene and vinyl acetate (VA) in 
acetic acid. Results are presented in Table 3. 

All the polymers were shown by infra-red spectroscopy 
to contain units of both monomers. The infra-red spectrum 
of copolymer no. 4 (Table 3) is shown in Figure 4. 

These experiments show that the technique described 
is convenient for preparing copolymers of tetrafluoroethy- 
lene. 

obtained, the line does not pass through the origin. An in- 
creasing extent of  retardation as [Bz202] increases would 
explain this observation. 

Earlier work on solution polymerization 

We now discuss briefly the work of  Tabata and collea- 
gues 4-7 to which reference has already been made. For the 
bulk polymerization Tabata et aL 4 mention a 'remarkable 
post polymerizat ion. . ,  even in the liquid phase' and com- 
ment that this is 'a rare case'. They also remark that 'there 
are large differences in activation energy between in-source 
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Synthesis and thermal characterization of 
hafnium polythioethers 

Charles E. Carraher ,  Jr. 
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Hafnium polythioethers were synthesized utilizing both the aqueous solution and interfacial conden- 
sation techniques. Synthesis is general and fairly rapid being complete within 1 min. 

Cp Cp 
I I 

CI -H f -C I  + H S - R - S H  > -(-Hf-S-R-S)- 
I I 

Cp Cp 

Several products exhibit reasonably good weight retention (70% at 1000°C) but all show poor low 
temperature stabilities with degradation beginning about 100°C. Initial degradation to ~250°C is via 
an internal non-oxidative pathway where as degradation at higher temperatures occurs via an oxida- 
tive mode in air. 

INTRODUCTION 

We have been involved in the synthesis and characterization 
of metal containing polymers generally via the condensation 
of organometallic halides with Lewis bases ~'2. Recently we 
reported the synthesis of titanium polythioethers of form I 
where M = Ti 3-4. Here we report the initial synthesis of the 
corresponding hafnium polythioethers where M = Hf and 
on preliminary thermal characterization of the products. 

Cp2MC12 + H S - R - S H  

Cp 

> (-MI -S-R-S)- 
I 

Cp (I) 

The synthetic routes chosen are the interfacial and 
aqueous solution techniques (i.e. low temperature conden- 
sation procedures) since the hafnium containing moiety, 
Cp2HfC12, is soluble in both a number of organic solvents 
and water and since many organometallic reactants and pro- 
ducts are unstable at even moderately high temperatures 
resulting in many undesirable reactions occurring. 

Synthesis of group IVB M-S bonds is known and briefly 
reviewed in ref 3. 

EXPERIMENTAL 

Dicyclopentadienylhafnium dichloride was obtained from 
Strem Chemicals, Inc., Danvers, Mass.; dimercaptopropio- 
nate (ethylene-bis-3-mercaptoacetate) from Evans Cheme- 
tics, Inc., Darien, Conn.; all other dithiols were obtained 
from Aldrich Chemical Co., Milwaukee, Wis. and used with- 
out further purification. 

Polymerization apparatus s and procedures 3'4 are ana- 
logous to those reported in detail elsewhere. Briefly, poly- 
merizations were conducted utilizing a 1 qt (1.137 dm 3) 
Kimex emulsifying jar set on a Waring Blendor. The phase 
containing the dithiol and added base were added through a 
hole in the jar lid using a large mouthed funnel to rapidly 

stirred solutions containing Cp2HfC12 in solution. Polymer 
precipitated rapidly as a white powdery solid. 

Infra-red spectra were obtained using KBr pellets with 
Beckman IR-10 and Perkin-Elmer 273-B spectrophoto- 
meters. Bands characteristic of a repeating unit of form I 
are found. For instance all the spectra exhibit bands in the 
region of 1440, 1015 and 815 cm -1, characteristic of the 
Cp group. Bands about 3000 to 2800 cm -1 characteristic 
of aliphatic C-H stretching are present derived, from the 
dithiol containing moiety. Spectra of dimercaptopropio- 
nate and dimercaptoacetate exhibit bands in the 1750-  
1735 cm -1 region, characteristic of the carbonyl stretching 
vibration. Spectra of the pure dithiols show bands about 
2600-2500 cm -1 characteristic of the S-H stretch and 
about 720-680 cm -1 characteristic of the C-S stretching 
vibration. The former band is not present in spectra of 
polythioethers, and the latter band is shifted downward 
(~680-640 cm - l  , when detectable) consistent with ob- 
servations made for bondings to metals by Lewis bases as 
diols. Elemental analysis is also consistent with a structure 
of form I. For instance for the product with 1,8-octane- 
dithiol. Hf: calc, 37%; found, 39%. 

Attempts were made to dissolve the polythioethers in 
numerous solvents by placing ~1 mg in a small test tube 
containing about 2 ml of solvent. As in the case of the 
analogous titanium polythioethers and many other similar 
organometallic polymers, solution was not effected in any 
solvent. Solvents tried included water, carbon tetrachloride, 
chloroform, DMF, DMSO, ct-chlorotoluene, octane, 1- 
ethyl-2-nitrobenzene, triethyl phosphate, ethyl sulphide, 
o-dichlorobenzene, 2-nitropropane, dioxane, benzene, ace- 
tone, xylene and acetonitrile. This lack of solubility is un- 
fortunate and presents a major obstacle to characterization 
of the products and evaluation of molecular weight. Even 
so it does not eliminate uses where solution is not necessary. 

Thermal characterization was effected using the 950 
Dupont TGA and a d.s.c, cell fitted onto a 900 Dupont 
Thermal Analyzer console. Air and nitrogen gas flows were 
maintained at 0.3 to 0.2 l/rain. Samples were ground to 
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Table I Yield as a funct ion of dithiol 

Yield (%) 

(aqueous 
Di th io l  (interfacial) solution) 

Dimercaptopropionate 78 35 
Dirnercaptoacetate 78 53 
1,2-Ethanedithiol 51 57 
1,3-Propanedithiol 59 
1,6-Hexanedithiol 58 31 
1,8-Octanedithiol 29 

Reaction conditions: interfacial systems: Dithiol (0.50 mmol) with 
Et3N (1.00 mmol) in 15 ml of water added to rapidly stirred 
(~23,000 rev/min no load) solutions of Cp2HfCI2 (0.50 mmol) in 
15 ml chloroform at 27°C for 1 rain stirring time. Aqueous Solu- 
tion Systems: as above except Cp2HfCI2 is contained in 15 ml of 
water instead of chloroform 

Eme powders to aid in obtaining reproducible results. A 
linear baseline compensator was used with the d.s.c, cell to 
ensure a constant energy baseline. A Mettler H20 semi- 
micro balance was employed for weighing the d.s.c, sam- 
pies. D.s.c. measurements were made using samples con- 
tained in open aluminium cups, allowing free flow from 
the sample of volatilized gases thus more closely simulating 
the conditions under which t.g.a, measurements were made. 

Visual thermal characterization was effected to 300°C 
using a Fisher-Johns melting point apparatus and what is 
called a static, open system where the sample is simply left 
in the open on a cover slide. This closely simulates condi- 
tions under which the d.s.c, and t.g.a, measurements (in air) 
were carried out. Observations were also made using what 
can be referred to as a dynamic, closed system, where about 
I0 p.s.i, is applied to samples placed between two cover 
slides. Conditions in the latter observations more closely 
simulate bulk and 'use' conditions and measurements ob- 
tained under inert atmospheres. The temperature at which 
colour change begins is similar for both systems but the 
colours vary markedly. Additionally the product from 1,8- 
octanedithiol melted using the dynamic, closed system. All 
materials were powders at 300°C. 

RESULTS AND DISCUSSION 

Reasons for using Cp2HfC12 as the hafnium containing 
moiety are: 

(1) Cp2HfCI2 is used as a catalyst or cocatalyst in certain 
commercial processes. Additionally, inclusion of the Cp2Hf 
moiety generally imparts better u.v. stability to materials. 
Such properties might be imparted to polymers containing 
the Cp2Hf unit. 

(2) Cp2HfC12 has been successfully condensed in ana- 
logous systems to form polyesters and polyethers. 

(3) It is the only commercially available hafnium com- 
pound of the form R2HfX2. 

(4) It is stable in air, soluble in a number of organic sol- 
vents and hydrolyses in water to give Cp2Hf 2+, which is ac- 
tive in condensations with Lewis bases 6. 

Condensation is general occurring in good to moderate 
yield for both the aqueous and interfacial systems (Table 1). 
Reaction, while rapid, reaching a plateau in yield ~1 min, 
is slower than for many similar condensations where reac- 
tion is complete within ~10 sec 6. 

The synthesis of hafnium polythioethers was also desired 
since other hafnium polymers synthesized by us have show- 
ed generally markedly better thermal stabilities than the 

Carraher Jr. 

corresponding titanium products. Several titanium poly- 
thioethers exhibited moderate weight retention (less than 
30% weight loss to ~1000°C). Thus the analogous hafnium 
products might exhibit good weight retention. 

D.s.c. and t.g.a, results appear in Figures 1-3. Several 
items should be noted. 

(A) There appears to be no general trend with respect to 
weight retension as a function of atmosphere or dithiol. 

(B) The products exhibited both kinetically and non- 
kinetically controlled weight retention plateaus. For in- 
stance, the plateau exhibited in the 600 ° to 800°C range 
(in nitrogen) for the product with dimercaptopropionate is 
not kinetically controlled (i.e. weight retention is time in- 
dependent) whereas the weight retention in the 120 ° to 
600°C range is kinetically controlled (i.e. weight retention 
is time and heating rate dependent). 

(C) Several products showed 70% plus weight retention 
to 1000°C. This is considered fairly good. In considering 
weight retentions with many organometallic polymers the 
amount of organic material retained is important. The end 
thermal degradation product in air is HfO2. Table 2 shows 
values of '%-HfO2' which is the % weight retention ex- 
pected if only hafnium dioxide were left. The difference 
between the theoretical HfO2 % weight retention and 
actual weight retention is taken to be a crude measure of 
organic material retained. Thus for the product with 
dimercaptopropionate at 650°C in air there is 70% actual 
weight retention compared to 39% HfO2 theoretically pos- 
sible, giving a gross organic weight retention of ~31% or 
about 45% of the remaining weight. 

(D) Products begin to degrade at ~50 ° to 100°C, thus 
while they exhibit moderate high temperature (400 ° to 

0 
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Figure I T.g.a. thermograms for products of Cp2HfCI2 with 1,2- 
ethanedithiol (o), 1,3-propanedithiol (O), 1,6-hexanedithiol (+), 
1,8-octanedithiol - - ,  dimercaptopropionate (~), and dimer- 
captoacetate . . . .  in air with a gas flow of 0.3 I/min at a heating 
rate of 30°C/min 
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T.g.a. thermograms in ni trogen as described in Figure I 
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F i g u r e  3 D.s.c. thermograms for  products def ined in F i g u r e  I in 
air- lower por t ion o f  p lot  and ni t rogen-upper por t ion o f  p lot  at a gas 
f l ow  rate o f  3 I/min, heating rate o f  30°C/min and a Y axis setting 
of  0.1°C/ in (0.0040 mV/ in)  (except fo r  sample * in air where the Y 
axis setting was 0.5°C/ in)  where the straight solid line represents 
~ T = 0  

Table 2 Yield as a function of stirring time 

Yield (%) 

Stirr ing t ime (aqueous 
(sec) ( interfacial) solut ion) 

5 55 6 
15 67 20 
60 78 53 

300 78 53 

Reaction condi t ions are the same as Tab le  I employing dimercap- 
toacetate at d i f fe ren t  st irr ing times 

1100°C range) stability, they show poor low temperature 
stability. This weight loss is often accompanied by the 
production of a 'thiol-like' odour indicating loss of sulphur 
containing segments. 

(E) Thermal degradation up 150 ° to 250°C appears to 
be identical in air and nitrogen, indicating an internal type 
of degradation via a non-oxidative mode(s). After this the 
degradation modes are quite dissimilar with degradation in 
air occurring via an oxidative mode(s). 

Degradation probably occurs by a complex pathway(s) 
as indicated by the asymmetries and irregularities present 
in both the d.s.c. (mainly) and t.g.a, thermograms making 
quantative measurements difficult to interpret. Thus AH 
values reported in Table 3 must be viewed as simply gross 
values indicative of composite, possibly only net, heat con- 
tent change values. 

Four endgroups are possible, they are: Hf-OH, Hf-C1, 
R-SH and an endgroup formed from the condensation of 
Hf-C1 with Et3N. All products exhibit bands in the 3600 
to 3000 cm-1 region characteristic of the Hf-OH group. 
The presence of S-H endgroups is not indicated because 
of the lack of bands in the 2600-2500 cm -1 region. Pre- 
sence of endgroups containing the Et3N moiety is not indi- 
cated due to the absence of bands characteristic of this 
moiety. The assignment of bands characteristic of the 

Table 3 Summary of thermal values 

AH(cal/g) a 
atmosphere 

Di th io l  A i r  Na 
Static (open) Dynamic (closed) 
system system 

1,2-Ethanedithiol  --0.018; 0.080 --0.080 

1,3-Propanedithiol  --0.031 ; 0.110 --0.096 

1,6-Hexanedi th io l  --0.002; 0.089 --0.064 

1,8-Octanedithiol  --0.038; 0.57 --0.20 

Dimercaptoacetate --0.056; 0.095 - 0 . 1 0  

Dimercaptopropionate 

2 6 0 - 2 7 0 ° C  co lour  change 
to bu f f  brown 

230 ° C and upwards, progres- 
sive change to  red-brown 
260 ° - 2 7 0  ° C co lour  change 
to dark brown 
270°C and upwards, colour  
change to l ight brown 

2 5 0 ° - 2 7 0 ° C  co lour  change 
to bu f f  brown 
230°C begins progressive 
change to red-brown 

250 ° --260 ° C colour  
change to b u f f  

brown 
220 ° - 2 5 0  ° C colou r 
change to brown 
250 ° - 2 6 0  ° C colour  
change to brown 
Melts ~200  ° C, 
colour change to 
brown ~250  ° C 
Colour  change to 
brown begins 250°C 
220 ° --250 ° C change 
to brown 

a Convent ion ut i l ized: exothermic  values are reported as posit ive values, endothermic values as negative values 
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Hf-C1 unit is unsure, probably occurring about the 400 to 
200 cm -1 range. Within this range the products exhibit a 
number of unassigned bands, thus identification is not pre- 
sently possible. Thus there exists at least Hf-OH end- 
groups, indicative of the importance of Cp2HfC12 hydro- 
xylation. 
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New slit die rheometer: some results with 
a butadiene-styrene block copolymer * 

Jean L. Leblanc 
Chimie Industrielle Mindrale, Facultd des Sciences Appliqu~es, Universitd de Li&Ee, B-4000 Liege, 
Belgium 
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The slit die rheometer described, is a modification of the extrusion part of a Zwick rheometer (piston 
apparatus with constant applied pressure). The new slit has a variable depth, and pressure-tempera- 
ture transducers are flush mounted at the die wall. The duct is 85 mm long and has a rectangular 
cross-section, 10 mm wide; four depths are available (0.50, 0.75, 1.00 and 1.50 mm). The hydraulic 
system gives pressures ranging from ~80 to 430 kg/cm 2, and the volumetric flow rate is determined 
by collecting extrudate samples. Some results are presented on Solprene 415, a butadiene-styrene 
block copolymer. Parabolic pressure profiles are accepted along the longitudinal distance of the die. 
A method is proposed to linearize the pressure gradient, in order to calculate the wall shear stress. A 
flow curve is obtained which is not strictly described by a power law relation. 

INTRODUCTION 

Extensive use has been made of the capillary rheometer, to 
determine the theological properties of viscoelastic fluids, 
especially polymer melts. Because of the facility of analyz- 
ing experimental data and the possibility of achieving high 
levels of shear, the capillary rheometry has shown a grow- 
ing development, for scientific studies as well as for indus- 
trial testing. Another geometry as simple as the capillary 
rheometer, is the system of two parallel plates of  infinite 
width, in practice the geometry of a rectangular cross-sec- 
tion, with the so-called slit die rheometer. 

Twelve years ago, several researchers ~-3, reported pres- 
sure and velocity profile measurements with slit dies. More 
recently, Hart and coworkers 4's'9 constructed a slit type 
instrument with flush mounting of pressure transducers 
on the die wall. They demonstrated further s-7,~°, that the 
slit and capillary rheometers, produce essentially the same 
information and pointed out the existence of an 'exit pres- 
sure' during extrusion, from the measurements of  wall nor- 
mal stress distributions in the axial direction. With such 
measurements, Han was able to propose a method of deter- 
mining the viscous and elastic properties of polymeric melts. 
This method consists essentially of obtaining the viscous 
property from the slope of the axial normal stress distribu- 
tion, and the elastic property from the exit pressure. The 
exit pressure is the extrapolation value of wall normal 
stress to the exit of the die, from pressure readings within 
the duct. 

In this connection, recent papers from Han and Drexler H, 
describe rectangular slit dies with glass windows on either 
side, permitting the observation of stress birefringence pat- 
terns during extrusion. Their birefringence technique, to- 
gether with measurements of wall normal stresses, give the 
stress distributions in the duct. 

Some recent experimental studies have also been report- 
ed on the extrusion of polymer melts, through dies of rec- 
tangular cross-section ~2'~3 and it is expected that the slit die 

* Part of this paper was presented at the British Society of Rheo- 
logy meeting on Rheometry: methods of measurement and analysis 
of results, held at Shrivenham, April 1975. 

rheometry will show a similar development to capillary 
rheometry. 

A SLIT DIE WITH VARIABLE DEPTH 

The apparatus described here is a large modification of the 
extrusion part of a Zwick Z 4.1 C rheometer. In fact, we 
only use the hydraulic system of the Zwick rheometer, to 
provide and maintain the applied pressure to the piston. 
This piston is moving in a heated barrel of 30 mm diameter. 
A slit die of special design has been constructed which is 
connected to the end of the barrel. 

The variable depth slit die is made of stainless steel and 
is composed of a main part and a cap separated by calibra- 
ted spacers, as shown in Figure 1. There is a set of spacers 
which enable the depth of the slot to be varied. The duct 
is 85 mm long and the rectangular cross-section, 10 mm 
wide; four depths are available: 0.50; 0.75; 1.00 and 1.50 
mm. The cap has three pressure tap holes along the longi- 
tudinal axis. The dimensions of the slot and the positions 
of pressure-temperature transducers are indicated in Figure 
2. The melt pressure transducers are 'mounted flush' with 
the slot wall. in such a manner that there is no 'dead space' 
between the tip of the transducer and the flow channel. 
This kind of mounting avoids flow disturbances, stagnations 
of the melt and possible hole effects. The main part and the 
cap are constructed in such a way that the slit has an en- 
trance angle of 82 degrees, which prevents stagnation at the 
entry of the die. A general plan of the system is given in 
Figure 3. 

The pressures and temperatures were measured with 
Dynisco TPT-432-A transducers. Pressure readings are re- 
corded with a Riken Denshi model F-72T X -  Y1, Y2 record- 
er, so that pressure-time curves are automatically plotted 
during the extrusion. Both the barrel and the die are elec- 
trically heated and especially insulated to prevent heat loss. 
The temperatures of the barrel and the die are separately 
checked with contact-thermometers or with thermocouples - 
Pyrectron KY(CORECI) indicating controllers. Both drive 
Thyristor-operated thermal regulators. The temperatures 
of the barrel and the die are controlled to remain within I°C 
of the desired temperature. 
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All results presented below, are obtained at a melting 
temperature of 175°C. Several experiments have been car- 
ried out with all the various depths and with the variation 
of the applied pressure, measuring the volumetric flow rate, 
and with automatic pressure recordings. Figures 4, 5, 6 and 
7 show the axial pressure profiles in die of differents depths, 
with the shear rate at the wall used as a parameter. In these 
Figures, values of the pressure plotted for a longitudinal dis- 
tance of 95 mm (from the exit of the die), correspond to 
applied pressures in the barrel, and are not taken into ac- 
count to draw axial pressure profiles. Thus, with no assump- 
tion about die entrance loss, it is possible to set out a para- 
bolic curve for each set of three measured pressures, which 
responds to the general equation: 

P = a x  2 + bx + Po 

Figure 1 Extrusion slit die with variable depth. 1, Cap; 2, 
main part; 3, calibrated spacers (0.50, 0.75, 1.00 and 1.50 mm 
thick); 4, holes for pressure transducers 

III II I 
i i I i ' 

• i,ol 
3 2 r n m  1 3 2 r a m  imbrue l 

8 5 r a m  
a b to mm 

Figure 2 Slit dies dimensions and locations of pressure holes. (a) 
Longitudinal section; (b) transverse section 

The hydraulic system of the Zwick rheometer provides 
pressures ranging from 80 to 430 kg/cm 2, and the volumet- 
ric flow rate is determined by collecting extrudate samples. 
This was later used to calculate apparent shear rate. 

RESULTS AND DISCUSSION 

Presented here are preliminary results with a butadiene- 
styrene block copolymer (Solprene 415 supplied by Phillips 
petroleum company). Characteristics of Solprene 415 are 
given in Table 1. 

!Y 
Table I 

Figure 3 Modified Zwick rheometer with slit die. 1, 
Slit die; 2, thermal insulation; 3, heating element; 4, 
pressure--temperature transducers' holes; 5, compres- 
sion chamber; 6, heating cylinder; 7, polymer; 8, piston 

Characteristics of the Solprene 415 sample 14 

butadiene (BD)/styrene ratio 
styrene wt % (experimental) 
butadienic microstructures (i.r.) 

cis-1,4 (%/BD phase) 
trans-1,4 (%/BD phase) 
vinyl(1,2) (%/BD phase) 

total unseturation (ICI method) (%) 
specific gravity (g/cm 3) 
[rt] (dl/g) (toluene; 25°C) 
~ ]  (dl/g) (THF; 25°C) 
M_w (by g.p.c.) 
M__ n (by g.p.c.) 
Mw/Mn 

60/40  
40.5 

32 
49 
11 
95 
0.957 
0.97 
0.98 
153 000 
123 000 

1.24 
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Figure 4 
175°C.. Slit die: L, 85 mm; b, 10mm; d, 0.5 ram. Values for 3" 
(sec--t): A, 6.58; B, 3.30; C, 2.38; D, 1.546; E, 0.995; F, 0.598; 
G, 0.299 
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Axial pressure profiles in slit die for Solprene 415 at. 

where P is the pressure and x the longitudinal distance from 
the exit of the die. For each pressure profile, coefficients a 
and b are computed by making linear regression of (P - PI)/ 
(x - Xl) versus (x - xl),  where Xl is taken equal to 10 
(pressure transducer's position I) and PI is the corresponding 
pressure. Straight lines are so obtained from which the 
slope gives a, and the zero intercept gives (2axl + b) and 
thus b. The third coefficient which corresponds to the 
'exit pressure' P0 is calculated by introducing experimental 
values. By using a Hewlett-Packard HP-55 programmable 
computer, great precision is obtained in determining the 
values of the coefficients and more accurate pressure pro- 
files can be drawn. As an example, results are given in 
Table 2 for the slit die of 0.50 mm thickness. 

The following observations can be made from Figures 
4 -  7: (a) between measurement positions I and III, the pres- 
sure gradient is not strictly constant within the longitudinal 
distance; (b) the shape of the pressure profiles is clearly de- 
pendent on the flow rate, and varies with the die geometry; 
(c) non-zero 'exit pressures' are obtained by extrapolating 
the parabolic curves (i.e. by calculating the P0 coefficient 
of the parabolic equation). 

Concerning the shape of pressure profiles, it seems that 
the deeper the slot, the less 'linear' are the curves. More- 
over, the pressure drop at the entry (largest part seems to 
be given by the difference between the applied pressure in 

New sl i t  die rheometer: J. L. Leblanc 

the barrel and the measured pressure in position III) is more 
important as the shear rate increases; but at constant shear 
rate, the pressure drop at the entry, increases as the slit 
depth decreases. These observations agreed very well with 
the results of Han and Charles for capillary flow of molten 
polymers Is and are well understood since the greater the 
cross-section of the capillary/cross-section of the barrel 
ratio, the smaller the pressure drop at the entry. 

Inside the die, the pressure profiles are parabolic, but in 
such a manner that they become approximately linear as 
the longitudinal distance (from the exit of the die) decreases. 
Non-linear pressure profiles have also been reported for 
polystyrene at 200°C bv Han, Charles and Philippoff in 
their first publication 4(a). This was attributed to under de- 
veloped flow; the criterion used to ascertain whether or not 
the flow is fully developed, being the constancy of the pres- 
sure gradient; but no explanation was given for these non- 
linear pressure profiles. It must be noted that for high 
viscosity materials such as polymer melts, it is doubtful as 
to whether fully developed flow can be achieved. Although 
flow birefringence,observations in slit die 11 reveal that, at a 
distance of about twice the slit thickness from the die en- 
trance, isochromatic fringe patterns become parallel to the 
slit wall (at least for the studied polymers, i.e. polyethy- 
lene, polypropylene and polystyrene). In the system we 
present here, the first pressure measurement after the die 
entrance (PIlI) is at a distance of 22, 14.7, 11 and 7.3 times 
the slit thickness from the die entrance, for depths of 0.50, 
0.75, 1.00 and 1.50 mm. respectively. However, it is pos- 

30( 

20(  &-- 
E 

t,1 
rt 

IOO 

O 

i + < %%%% 

9 0  74 42 IO O 
Longitudinal distance (ram) 

Figure 5 Axial pressure profiles in slit die tor Solprene 415 at 
175°C. Slit die: L, 85 ram; b, 10 mm; d, 0.75 ram. Values for 
(sec--1): A, 39; B, 11.5; C, 3.84; D, 2.33; E, 1.28; F, 0.613 
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Figure 6 Axial pressure profiles in slit die for Solprene 415 at 
175°C. Slit die: L, 85 mm; b, 10 mm; d, I mm. Values for 3; (sec--t): 
A, 105; B, 43.4; C, 21.6; D, 7.81; E, 3.26; F, 1.53; G, 0.723 

sible that with the Solprene 415 butadiene-styrene block 
copolymer used, the importance of the elastic component 
of the material does not permit a fully developed flow to be 
achieved within a length equivalent to at least 22 times the 
slit die thickness. It is also possible that the parabolic 
shape of pressure profiles is typical of highly elastic poly- 
mer melts. With the parabolic equations, we compute for 
each pressure profile, in the manner described above, it is 
clear that the extrapolation to the exit of the die is reason- 
able, because at the present time no 'exit effects' have been 
shown off. 

In spite of the extrapolation procedure used, it appears 
from Figures 4 to 7 that, at constant shear rate, the exit 
pressure increases while the depth of the slit decreases, and 
in conformity with the works of Han and coworkers4-9; 
who observed strict linearity in pressure profiles for slot of 
0.13-0.25 mm depth, it seems that important 'exit pres- 
sures' are only available with a very thin slit. 

The wall shear stress rwc in a slit die may be given, in a 
classical manner, by: 

rwc 2(b +d) 3xx (1) 

where OP/3x is the pressure gradient along the axis, b the 
slit width and d the slit thickness ~6. This equation gives a 
mean corrected wall shear stress, including the edge correc- 
tion, and if the pressure gradient is determined by pressure 
measurements inside the die, no Bagley correction (extrapo- 

lation to zero pressure of plots of pressure versusL/d ratio 
at given shear rate) is necessary. When the slit becomes very 
thin, the wall shear stress is obviously given by. 

. 
rw ~- ~ (2) 

This simplified equation has been used by Han s for slit dies 
of b/d ratios equal to 10 and 20. 

Since, in our experiments, pressure proFdes are not 
straight lines, a problem of linearization appeared in calcu- 
lating wall shear stresses. A first approximate method is to 
assimilate the smooth pressure curves between PI and PHI 
to straight lines and obtain the pressure gradient by: 

OP Pill - PI 

Ox 64 
(3) 

since x = 64 mm between pressure transducers I and III. A 
more rigorous method is to use the parabolic equations we 
determine for each pressure profile. First derivative gives 
the pressure gradient by: 

OP 
- 2ax + b (4) 

Ox 

at any fixed value ofx .  In this manner we compute the 
pressure.gradient taking x = 42 (the transducer's position 
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Figure7 Axial pressure profiles in slit die for Solprene 415 at 
175°C. Slit die: L ,85 mm; b, 10 mm; d, 1.5 rnm. Values for 
(sec--1): A, 15.5; B, 96.5; C, 57.7; D, 31.5; E, 13.2; F, 5.03; G, 1.42 
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Table 2 
bx + Po 
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Pressure profi les for  Solprene 415 at 175°C. Slit die: L = 85 mm; b = 10 rnm; d = 0.50 mm; Parabolic pressure profiles: P = ax 2 + 

Pi 2 ,. PI I  2, ,. P!II2, 
Applied ( kg / cm)  ~Kg/cm I ~Kg/cm 

pr essu r~ a b Po 
(kg/cm ~) x = 10 x = 42 x = 74 (kg/cm 4) (kg/cm 3) (kg/cm 2) 

137 15 61 110 0,00146 1.36133 1.240 
173 19 77 139 0.00195 1.71094 t .695 
209 23 93 1 68 0.00244 2.06055 2.150 
245 27 109 197 0.00293 2.41016 2,605 
281 32 125 228 0.00391 2.70313 4.578 
317 37 141 255 0.00488 2.99605 6.551 
353 42 157 284 0.00586 3.28906 8.523 

Table 3 Pressure gradients for  Solprene 415 at 175°C. Sli t  die: L = 85 mm; b = 10 mm; d = 1.5 mm 

i)P Pill - PI aP 
"Twa 1 PI 2 PII 2 Pill 2 . . . . .  2 a x + b  
(sec--) ( k g / c m )  ( k g / e m )  ( kg / cm)  ~)x 64 ax (x = 42) 

0.679 9 36 71 0.96875 0,96907 
2.4 12 49 95 1.29688 1,29649 
6.3 15 62 119 1.62500 1,62476 

15.0 18 75 143 1.95313 1,95303 
27.5 21 88 167 2.28125 2,28130 
46 24 101 191 2.60938 2,60957 
74 27 114 215 2.93750 2,93784 

Table 4 Wall shear stresses for Solprene 415 at 175°C 

L = 8 5  m m ; b  = l O m m ; d =  1 .5mm L = 8 5  m m ; b  = l O m m ; d =  0.5 mm 

~P Twc 2 Tw ~P "fwc ,~ Tw 
"~wa I - -  ( k g / c m )  (kg/em 2) ~.wa l ,  - -  (kg/cm ~) (kg/cm 2) 
(sec--) i)x [equation 1] [equation 2] (sec I 0x [equation 1] [equation 2] 

0.679 0.96907 0.6320 0.7268 O. 173 1.48397 0.3533 0.3710 
2.4 1.29649 0.8455 0.9724 0.346 1.87474 0.4464 0.4687 
6.3 1.62476 1.0596 1.2186 0.572 2.26551 0.5394 0.5664 

15.0 1.95303 1.2737 1.4648 0.893 2.65628 0.6324 0.6641 
27.5 2.28130 1.4878 1.7110 1.373 3.03157 0.7218 0.7479 
46 2.60957 1.7019 1.9572 1.91 3.40601 0.8110 0.8515 
74 2.93784 1.9160 2.2034 3.8 3.78130 0.9003 0.9453 

II; halfway of the die) and the difference between pressure 
gradients calculated by the first or the second method ap- 
pears only at the fourth decimal. As an example of correc- 
tions introduced by using equations (1) to (4), some results 
are given in Table 3 for the slit of 1.5 mm thick, for which 
the differences are the more important. 

For the determination of shear stresses, we use pressure 
gradients as calculated by equation (4). Table 4 gives an 
idea of differences introduced by use of equation (1) (edge 
correction included) or equation (2) (no edge correction), 
for the slit die, 1.5 mm thick, and for the slit die, 0.5 mm. 
The error arising from use of equation (2) is 15% (of rwc 
values) for the 1.5 mm slit and 5% for the 0.5 mm slit. Edge 
effects are thus not negligible and use of the simplified equa- 
tion (2) to calculate shear stresses can introduce serious 
errors in determinating flow curves. We have thus used 
equation (1) to calculate the wall shear stress. 

The apparent shear rate at the wall qwa has been calcu- 
lated using: 

6Q (6) 
~/wa - bd 2 

where Q is the volumetric flow rate (mm3/sec) and b the 
slit width. Plots of logrwc versus log ;rwa are drawn and the 
slope is measured for each experimental apparent shear rate, 
in order to apply the Rabinowitsch correction, so that the 
true wall shear rate qw is given by: 

(21  log w, 1 
~/ w = q' wa + - "  

3 ~ /  

= ( 2 n + l  t 
\ 3n ] ~/wa (7) 

where n = 3 log rwc/3 log'~ wa. 
We have then constructed a flow curve by plotting rwc 

versus ~(w. Figure 8 shows the flow curve of Solprene 415 
melt at 175°C, plotted with extrusion data of the four slit 
geometries. It is clear that the different slit dies give con- 
sistent results, when edge corrections are included in the 
calculation of shear stresses. The flow curve in Figure 8 is 
the 'best' curve it is possible to draw through experimental 
data. In order to test the validity of a power law relation, 
to describe the behaviour of Solprene 415 in the studied 
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range of  shear rates, we compute by linear regression the 
power function: 

r = k . z/n 

which may be adjusted to the set of  experimental points 
[(~i, ri), i = 1,2 . . . .  p ] .  The power law index n is given by: 

2; (ln,~i)(lnri) - [( 2] ln~i)(E lnri)]/p 

n = 2;(ln,~,i)2_ [2; (lnZ/i)2]/p 

and k is given by 17 

E lnri E In ;ri ) 
k = exp - -  - n  - -  

P P 

We thus obtain a power law: 

r = 0.5751 3; 02314 

which is plotted in Figure 8 (broken line). It seems that 
the behaviour of  Solprene 415 is not strictly described by 

a power law relation. In plotting the melt viscosity against 
shear rate, as shown in Figure 9, it may be seen that Sol- 
prene 415 is in the non-Newtonian flow regime over the 
range of  studied shear rates. 

CONCLUSIONS 

The slit die rheometer with variable depths, constructed with 
a Zwick rheometer gives acceptable results in studying the 
melt flow properties of  polymers. With the depths actually 
available, it is quite possible to obtain flow curves and vis- 
cosity functions for shear rates ranging from 10 -1 to 102 
see -1,  hence in the non-Newtonian region. Moreover the 
apparatus permits to plot pressure profiles along the die, 
with the possibility to extrapolate up to exit pressure. 
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Thermal analysis of heat set poly(ethylene 
terephthalate) fibres 

H.-J. Berndt and Adelgund Bossmann 
Textilforschung Krefeld, D-4150 Krefeld, Frankenring 2, W. Germany 
(Received 16 July 1975," revised 23 October 1975) 

Differential thermal analysis (d.t.a.) has been used for characterization of the thermal history of 
poly(ethylene terephthalate) (PET) fibres. The latter were treated under a variety of temperatures 
and times in a manner similar to conditions employed in conventional textile processing. The d.t.a. 
revealed an endotherm at temperatures below the main melting peak of the fibre polymer, related 
directly to temperature and time of thermal treatment, even with yarns that were heat set for less 
than 0.2 sec (e.g. false twisting process). The maximum of this low temperature endotherm is a di- 
rect measure of the effective temperature (Teff) that has been acquired by the PET fibres during the 
thermal processing. In practice, several thermal treatments are often invo4ved in textile processing. 
Results of this work imply that PET fibres subjected to a second heat treatment will show an addi- 
tional low temperature endotherm on d.t.a, scanning, provided that the structural characteristics for- 
med in the first thermal process are not neutralized in the second thermal process and recrystallizable 
material is still present in the fibre polymer. 

INTRODUCTION 

In order to attain a PET yarn or fabric with certain proper- 
ties,.the drawn PET filament will be subjected to various 
processing steps while heat is applied. During these ther- 
mal mechanical processing operations, changes in the state 
of order in the polymer occur via a decrease in internal 
stresses and reorganization of polymer segments. A re- 
crystallization and an after-crystallization will concurrently 
take place. The solid phase transitions in the PET fibre 
polymer can be detected by d.t.a, traces 1-4. Mutiple melt- 
ing peaks during d.t.a, scanning have been reported s-8 for 
annealed PET bulk polymer. The PET samples were heat 
treated for periods varying from several minutes (5 min) to 
several hours (24 h) at different temperatures to study the 
effect on thermograms in d.t.a. Between the glass transi- 
tion temperature and the main melting peak at about 260°C, 
a low temperature endotherm was observed. The position 
of this low temperature endotherm is reported to be related 
to the temperature to which the PET polymer has been ex- 
posed prior to d.t.a, scanning s-7. An increase in time of 
treatment during annealing at a constant temperature cau- 
ses an increase in the low temperature d.t.a, endotherm s. 

Roberts s ascribed this low temperature endotherm to 
melting of chain folded crystals, and the main melting peak 
to melting of bundle-like crystals. More recent work by 
Roberts 9 and Holdsworth and Turner Jones 8 discounted 
this chain folded and bundle-like crystal endotherms hypo- 
thesis because of the change in the relative areas of the two 
endotherms with change in d.t.a, heating rate. A change in 
heating rate from 4 to 64 K/rain 9 causes not only an increase 
in intensity of the low melting endotherm but also an in- 
crease in temperature on the d.t.a, trace. These changes 
are considered to be due to structural changes takin.g 9 place 
during d.t.a, scanning according to the heating rate 8' • 
These studies were mainly carried out on bulky polymer 
annealed for a fairly long time (from ~5 rain to several 
hours). 

* Part XVlI of a series on the heat setting of PET 14 

Wiesener 4 who investigated thermally treated drawn 
PET fibres, also found an increase in temperature of the 
low temperature endotherm when the PET fibres were 
subjected to increasing setting temperatures. However, 
also in this investigation the PET fibres were treated for 10 
to 240 rain. 

Our concern is to investigate the changes of structure in 
PET fibres as brought about under the influence of various 
processing operations. For practical significance, time dur- 
ing the different heat setting processes varies from 0.2 sec 
(e.g. false twisting) to 4 h (e.g. heat setting of heavy tech- 
nical fabrics). The feasibility of d.t.a, to define the ther- 
mal prehistory of PET fibres as produced under ordinary 
commercial thermal processing is, therefore, studied. Good 
understanding of the structural changes as generated in 
PET fibre poly,ner under various conditions would be use- 
ful to predict the specific parameters of the heat setting 
process; an aspect which is needed to attain desirable and 
reproducible quality. 

EXPERIMENTAL 

Material 

The materials used in this study are exclusively commer- 
cial drawn PET filament yarns of different origins. The 
yarns were heat set at temperatures varying from 110 ° to 
230°C under simultaneous constant tension (0.0-0.1 N/ 
tex) during setting. The time of treatment varied from 
0.5 sec to 240 sec in hot air and up to 90 rain during a high 
temperature dyeing process. In order to meet these setting 
demands, special heat setting equipment was developed ~ 
to control the process parameters, temperature, tension and 
processing time. 

False twisted textured yams are also used to study in par 
ticular, the effect of heat setting for very short times on 
structural changes in PET fibres. 
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Figure 1 D.t.a. traces of PET fibres heat set at 180°C for 20 sec; 
d.t.a, heating rates (K/min): A, 5; B, 10; C, 15; D, 20; E, 25; F, 30 

Differential thermal analysis 
Samples (5 -6  mg) of PET yarn were accurately weighed 

into an aluminium sample pan. The covers of the sample 
pans were provided with small holes to allow for evapora- 
tion of finishing agent and to maintain atmospheric pres- 
sure during d.t.a, scanning. The measurements were made 
with the sample in air, since prior tests have demonstrated 
that the heat of reaction is generally not influenced by at- 
mospheric oxygen. The thermograms of the PET yarns 
samples were run on a Du Pont Differential Analyser, Type 
900 using the d.s.c, cell. A good resolution was needed to 
observe the heat of fusion, which did not always appear as 
a peak rather than as a deflection in the slope of the d.t.a. 
trace. A heating rate of 30 K/min and a sensitivity range 
for AT of 0.1 or 0.2 K/in were chosen. 

RESULTS AND DISCUSSION 

Heating rate 
The change of d.t.a, traces on increasing heating rate is 

shown in Figure 1. A PET yarn sample was isothermally 
treated at 180°C for 20 sec at zero tension and d.t.a, traces 
obtained at various heating rates. An increase in the par- 
tial melting peak temperature and a change in the low tem- 
perature endotherm are observed with increasing instru- 
ment heating rate. On running the fibre sample at a low 
heating rate (5 K/min), a small fusion endotherm with a 
poorly resolved maximum at 183°C is found, whereas a 
heating rate of 30 K/min leads to a fusion endotherm over 
a broad temperature range with its maximum at 190°C. 
This change in the endotherm and peak temperature is in- 
dicative of a reorganization taking place during scanning 8. 

The change on d.t.a, traces due to heating rate can be ex- 
plained by the theory of Zachmann and Stuart 1°, who found 
that only imperfect crystals are formed at low crystalliza- 
tion temperatures (180°C, 20 sec). On heating, the perfec- 
tion of the crystals formed at low temperatures increases 
owing to partial melting and recrystaUization. At low heat- 
ing rates a kinetic balance of melting and recrystallization 
will occur which is not detectable in the thermogram base- 
line. However, if the heating rate is high enough the faster 
melting process exceeds the slower recrystallization process, 
producing the increase in the low temperature endotherm. 
The increase in the partial melting peak temperature with 
increasing heating rate is apparently due to the fact that the 
crystals may be heated faster than the melt-crystal inter- 
face can progress towards the interior and the crystals melt 
at a higher temperature H. 

Heat setting temperature 
D.t.a. traces of a PET yarn 10tex/36 f'daments isother- 

mally heat set at various temperatures are shown in Figure 
2. The yarn samples were treated for 20 sec at zero ten- 
sion. The thermograms were run at a sensitivity range of 
AT = 0.2 K/in. They show a distinct partial melting peak 
prior to the main melting peak at 256vC. The partial melt- 
ing peak appears 10°C above the machine temperature of 
thermal setting. With increasing machine temperature the 
maximum of this peak increases linearly on the d.t.a, tem- 
perature scale. These results suggest that the imperfect 
crystals in the fibre polymer melt on heating in the d.t.a. 
at a given heating rate just above the temperature at which 
they were formed during heat setting. The maximum of 
the partial melting endotherm is directly related to the setting 
temperature and is defined as the effective temperature 
Teff. 

If the PET fibre is exposed to a further heat process like 
a high temperature dyeing at 130°C for 90 min, an addi- 
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Figure 3 D.t.a. traces of PET fibres after heat setting at the 
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tional low temperature endotherm in the d.t.a, trace is ob- 
served at a constant temperature of 170°C (Figure 3). The 
increase in temperature of 40°C on the d.t.a, temperature 
scale above the dyeing temperature is caused by the hydro- 
thermal treatment. Schefer 12 found that a hydrothermal 
treatment causes a higher heat setting effect on PET than 
hot air does. The d.t.a, traces indicate that the partial melt- 
ing peak due to the first thermal process, vanishes in cases 
where the Teff of the succeeding process exceeds the Teff 
of the first process. Only PET yams which have adopted a 
Teff in the first thermal process sufficiently above Teff of 
the second thermal process (so as not to be masked by an 
overlapping effect) show a partial melting peak from the 
first thermal process and a second one from high tempera- 
ture dyeing. 

Repetitive measurements on replicate samples showed 
good agreement. The mean deviation from 3 or 4 values 
did not exceed +-I°C. Results proved also to be instrument 
independent. Measurements carried out in other labora- 
tories on different instruments were in good agreement 
and reproducible to -+I°C. 

Time of  treatment 
Commercial drawn PET yarns of different origin were 

heat set for various times (0.5 to 240 sec) at a constant 
temperature (180°C) using zero tension. The observed par- 
tial melting peaks (Teff) are plotted as a function of log 
time in Figure 4. The results indicate that increasing the 
time of treatment from 0.5 to 5 sec is accompanied by a 
large difference between the effective temperature and the 
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machine temperature. That is, with such a short time of 
treatment the PET yams do not adopt the machine tem- 
perature. Further prolongation of time caused a linear in- 
crease in the effective temperature with log time, owing to 
after-crystallization. 

The dependence of the effective temperature on the 
heat setting temperature, dwell time and high temperature 
dyeing is shown in Figure 5. The heat setting temperature 
reveals a linear relation with Teff. A change in dwell time 
causes a parallel shift on the ordinate indicating that a de- 
crease in dwell time decreases Teff. The effective tempera- 
ture due to a high temperature dyeing process at 130°C is 
drawn as a horizontal line at 170°C. This indicates that 
this process wipes out any structural features of the fibre 
polymer which are due to thermal treatments with effec- 
tive temperatures below that of the high temperature dye- 
ing. It follows from this that the intensity of a thermal 
treatment should not be characterized by machine data 
but rather by its effective temperature which indicates 
changes in the state of order in the polymer brought about 
by thermal treatment. 

Tension during heat setting 
To study the effect of tension during heat setting, PET 

filament yarn was treated at different specific tensions 
varied from 0.0 N/tex to 0.1 N/tex. The setting tempera- 
ture (200°C) and time (20 sec) were kept constant. The 
thermograms of these samples are shown in Figure 6a. It 
is observed that the tension during heat setting influences 
the partial melting peak. An increase from zero tension to 
0.02 N/tex causes a decrease in temperature of the partial 
melting peak. The result leads to the assumption that the 

stresses developed in the non-crystalline regions during heat 
setting cause a less uniform crystal size distribution in the 
PET polymer, thereby lowering the partial melting peak 
temperature. 

If the same material is subjected to a high temperature 
dyeing process an additional partial melting peak at 170°C 
is observed as shown in Figure 6b. In this case the premelt- 
ing peak, at 170°C increases slightly on the d.t.a, tempera- 
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Figure 5 Influence of heat setting temperature, time of treat- 
ment and high temperature dyeing on the effective temperature. 
A, heat setting 20 sec in hot air (El); B, heat setting 0.2 sec in hot 
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Figure 7 D.t.a. traces of PET yarns false twisted at the various 
indicated temperatures: (a) before steam setting, temperatures (°C): 
A, 200; B, 210; C, 220; D, 230 (b) after steam setting, temperatures 
(°C): A', 200; B', 210; C', 220; D', 230 

ture scale with increasing tension. The slight increase in 
temperature of the endotherm leads one to speculate that 
the thermodynamically less stable lower melting structures 
brought about by thermo-setting under tension, melt and 
recrystallize under the conditions of the dyeing process, 
as a consequence they cause an improved crystal size dis- 
tribution and increased molecular orientation in the non- 
dyed fibre. 

This example illustrates that the d.t.a, method should 
not be used exclusively for identification of fault analysis 
to explain the cause of the structural changes of PET fibres. 
The results of  d.t.a, measurements should be rather support- 
ed by other methods e.g. temperature dependent change of 

length (t.m.a.) 2 or thermal shrinkage force 13 to characteriz~ 
the state of structural order. 

Application old. t.a. to fault analysis 
Two further examples indicate the feasibility of fault 

analysis by the d.t.a, method. 
Figure 7 shows d.t.a, traces of false twisted yarns heat 

set at the indicated temperatures for 0.2 sec. A less distin- 
guished but still well detectable partial melting peak is ob- 
served at about 25°C below the machine temperature. A 
following steam setting process intensifies an endotherm 
at 170°C, in cases where the yam was exposed to machine 
temperatures less than 2 IO°C, whereas yarns false twisted 
at higher temperatures (220 ° or 230°C) show two separate 
partial melting peaks in the d.t.a, thermogram. While the 
first peak at 170°C reflects the effect of steaming, the sec- 
ond one could be associated with the false twisting pro- 
cess itself. In Figure 8 d.t.a, thermograms are shown of 
textured yarns from a streaky dyed fabric. The first d.t.a. 
trace demonstrates the behaviour of the lightly dyed mate- 
rial and the second one of the deeper dyed material. Com- 
paring the two traces one can suppose that the lightly dyed 
material has a less broadened endothermal peak, indicating 
that during false twisting the yam adopted a Teff which is 
comparable with that of the high temperature dyeing. On 
the other hand the deeper dyed yarn adopted a Teff during 
false twisting which is about 15°C higher. The difference 
in Teff could be traced back to differences in heat transfer 
and/or differences in temperature of heating. 

In another case difficulties were encountered when a 
heavy technical PET fabric were placed on a cylinder 
thermosetting machine. During thermal treatment the fab- 
ric began to drag. D.t.a. measurements made on the mate- 
rial showed (Figure 9) that the fabric did not adopt the 
same temperature throughout the whole width. As a re- 
sult different shrinkage forces were developed in the various 
regions of the fabric and led to dragging. Checking the 
temperature distribution in the machine by direct measure- 
ments confirmed the d.t.a, results. 

CONCLUSION 

The results of  this work illustrate the feasibility of using 
d.t.a, measurements as an aid to determine the temperature 
effect which influences the properties of a PET product. 
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Figure 9 Effect of a temperature distribution in a cylinder 
thermo-setting machine on the d.t.a, traces of a PET technical fab- 
ric; heat set at a machine temperature of 220°C. Curve A, original 
material; B, right side of treated fabric; C, left side of treated fabric; 
D, middle of treated fabric 

A partial melting peak prior to the main melting peak was 
observed on commercial PET fibres which were heat set at 
various temperatures and times, even if the lat ter  were frac- 
tions o f  a second, as in a false twisting process. The posi- 
tion o f  the partial melting peak on the d.t.a, temperature 
scale determines the effective temperature (Teff) of  the PET 
fibre. This effective temperature corresponds to a struc- 
tural feature which is generated by  a thermal t reatment  of  
the material. 

Thermal analysis of PET: H.-J. Berndt and A. Bossman 

The effective temperature acquired by the PET material 
is not necessarily equal to the machine temperature since it 
relies on many different factors such as transfer of  heat, 
medium, and dwell time. 

However it cannot be said that d.t.a, should be used in- 
dependently of  other techniques to analyse the state of  
order of  PET or to optimize the process technology. 
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Stored elasticity in flowing solutions of 
polyisobutylene as measured by recoil 

J. Schurz and H. -G.  Moi ler*  
Institut for Physikalische Chemic der Universi~'t Graz und Sonderforschungsbereich 41 (Chemic und 
Physik der Makromoleki)le), A -8010 Graz, Austria 
(Received 16 July 1975; revised 10 October 1975) 

Recoil measurements in capillary flow are performed with solutions of polyisobutylene in toluene and 
used to calculate a shear modulus G. The shear rate dependence of G is explained in terms of a stiffen- 
ing function and a network destruction function, the first contribution dominating in the measured 
range. Good agreement is found for recoil in both the capillary and in a rotational viscometer. 

INTRODUCTION 

Concentrated solutions of high polymers are generally of 
the network type, in which a continuous network is formed 
by the molecular strands, by means of socalled 'entangle- 
ments'. The bonding at these crossing points may consist 
of geometrical entanglements of coils penetrating each 
other, or of secondary bonding at the interface of the mole- 
cular coils, which overlap at their periphery only. Further, 
the networks have to be regarded as temporary, the number 
of entanglement (resp. bonding) points being a function of 
the shear rate acting. 

One of the most important properties of such a network 
solution, is its elasticity. The stored elasticity in a flowing 
solution can be measured via the normal force effects, or 
directly by means of recoil. Such recoil measurements are 
possible in both the rotational viscometer and the capillary 
viscometer. Unfortunately, there is little experience on how 
well measurements by various methods agree. Therefore, 
in this paper, we shall report some measurements with 
toluene solutions of technical (unfractionated) polyisobuty- 
lenes, using direct observation of recoil in the capillary and 
in the rotational viscometer. 

EXPERIMENTAL 

The substance 
We used technical grade polyisobutylene (unfractionated), 

obtained from BASF-Ludwigshafen (Oppanol B). The sam- 
ple Oppanol B 200 was used. Small pieces of the material 
were swollen in toluene for 24 h, then the remainder of the 
solvent was added and the solutions rotated on a turning 
wheel for several weeks. In this way, concentrations of 
0.01 to 0.08 g/ml (1-8%) were prepared. Polyisobutylene/ 
toluene solutions prepared in this way have excellent sta- 
bility. No viscosity variations could be found even for two 
year old solutions. 

The sample had a Mw of 3, 55 x 106 and a Mn of 6 x 105. 
Intrinsic viscosity in toluene was 575 ml/g at 25°C. All 
measurements described were carried out at 25°C. 

Apparatus 
Recoil measurements were carried out both in a rota- 

tional viscometer and in a capillary viscometer. For the 

* Present address: Donnerburgweg 11, D-33 Braunschweig, West 
Germany.  

first mentioned method, a commercially available instru- 
ment was used (Haake Rotovisco, plus elasticity equipment); 
these measurements have been described in detail some- 
where else 1. For capillary recoil, we used an instrument of 
our own design 2, which consisted of an attachment to our 
high pressure capillary viscometer, which has been amply 
described in the literature, and which is commercially avail- 
able (Anton Paar K. G., Graz, Austria). 

The connection between the viscometer unit and the 
horizontally positioned measuring capillary, is made by a 
three-way cock with a T-bore (see Figure 1). In position 1, 
it connects the pressure vessel containing the sample, with 
the measuring capillary; in position 2, it provides a connec- 
tion between the measuring capillary and atmospheric pres- 
sure. The measuring capillary is fixed in such a way, that 
the moving liquid thread can be observed visually by means 
of a microscope, with 30 fold magnification (Messmikroskop 
no. 35496 by Zeiss, Jena). The microscope is mounted on 
an optical bench. It can be shifted in such a way as to fol- 
low the liquid thread, whereby small shifts are accomplished 
by operating the worm drive of the microscope stage; larger 
shifts are made by moving the microscope along the optical 
bench. The capillary is equipped with markings at 10, 20 
and 30 cm length. For a measurement, the liquid is allowed 
to flow until its meniscus just touches one of the markings. 
Then the three-way cock is turned very quickly by 90 ° , so 
that the liquid thread is connected with atmospheric pres- 
sure at both ends; as a consequence it will recoil, i.e. the 
meniscus will retract. The amount of recoil can be measur- 
ed by means of the crosslines in the microscope, which are 
shifted from the original position of the meniscus to the new 
one by means of the microscope rack and pinion, which has 

a b 

~ i l l a r y  

t 
To viscomcter 

~ lory 

To viscom~t~r 
Figure I Recoil attachment, schematically. Three way cock: (a) 
position 1; (b) position 2 
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Figure 2 Shear  m o d u l u s  G c a l c u l a t e d  from recoil for polyisobuty- 
lene/toluene. - - ,  recoil measurements in the rotational visco- 
meter Rotovisco. (a) c = 0.03 g/ml, tga = 0.22; (b) c = 0.04 g/ml, 
tg~ = 0.12; (c) c = 0.05 g/ml,  tg~ = 0.1 

an accuracy of 1/100 mm. This construction allowed the 
recoil as a function of the length of the liquid thread in the 
capillary to be tested also. A possible source of error is the 
fact, that during recoil the shape of the meniscus in the 
capillary will change. It is slightly concave during flow at 
small shear rate; after cessation of the flow, the shape chan- 
ges to a more pronounced concave one. With higher shear 
rate, the meniscus of the flowing liquid is planar, and only 
at rest the usual concavity is reformed. In all cases, the 
amount of recoil was determined at the centre of the pro- 
file, that is in the axis of the capillary. Furthermore, in 
these recoil experiments, the surface tension effects will 
provide an additional source of error. However, since the 
capillary is open to the air at both ends, we may expect 
similar effects at both free surfaces, so that they will cancel 
in a first approximation. 

The evaluation of the data was carried out in the usual 
way 4. The shear rate D and shear stress r were calculated 
from: 

4Q gp 
D = -R-~; r =  27 

where: R, radius of capillary; l, length of capillary; Q, flow 
volume per second; p, driving pressure. 

No Weissenberg correction was applied. The recoil length 
AI was used first to calculate the recoil volume V = R 2 x a × 
AI, and this figure was used to derive the recoverable shear 
S according to Philippoff: 

4 x A V  
S = - -  

rrR 3 

From S, a shear modulus G was obtained according to: 

r R2p 

S 81Al 

The resolution of our recoil measurements was 10 -.2 mm. 
Smaller recoil effects could not be detected in our apparatus. 
The ratio riD is called apparent viscosity and designated by 
T/ t  . 

RESULTS 

Dependence of recoil on the flowing volume 
First, the amount of recoil was measured as a function 

of the length of the flowing liquid thread in the capillary, 
whereby this length was varied between 10 and 33 cm. By 
adjusting the driving pressure, we kept the shear rate con- 
stant for all experiments. It turned out that the amount of 
recoil is independent of the flowing volume, it is a constant 
figure and therefore not connected with any variation of 
the free volume of the flowing liquid, as perhaps caused by 
the pressure release. If that be the case, the recoil should 
rise with increasing length of the liquid thread. The ab- 
sence of such an effect supports the view, that the recoil 
is caused by elastic effects. 

Systematic recoil measurements 
The results of our recoil measurements for the sample 

polyisobutylene B 200 in toluene, for different shear rates 
and the concentrations 0.03, 0.04 and 0.05 g/ml are shown 
in Figure 2. In this figure, our results from recoil measure- 
ments in the rotational viscometer Rotovisco are also inclu- 
ded; they are drawn as solid lines. The shear rate represents 
the value calculated at the moment of pressure release, thus 
at the start of the recoil. The data are given in terms of a 
shear modulus G calculated according to the formulas given 
above, and presented as a log-log plot. 

The results show, that this method of recoil measure- 
ment is obviously afflicted with very large inaccuracies, so 
that the scattering of the measuring points is considerable. 
Furthermore, these experiments showed that in this way, 
recoil can only be measured in a limited shear rate range. 
The reason for this limitation is, that only with a relatively 
slowly flowing liquid thread, is it possible to stop the flow 
exactly at the marking of the microscope, which is neces- 
sary for the evaluation of the recoil. Furthermore, the 
accuracy is reduced due to the variation of the shape of the 
meniscus during recoil. 

In spite of all these shortcomings, we note that the mea- 
surements in both the rotational viscometer and in the capi- 
llary agree satisfactorily. In view of the fact, that agree- 
ment of elasticity measurements in instruments so different 
in measuring principle has hardly been observed so far, we 
regard this as a support of the general validity of our data. 
In the small shear rate range we could measure, the shear 
modulus varies with D w, w being positive and having the 
values 0.22, 0.12 and 0.10 for the solutions with concen- 
tration 0.03, 0.04 and 0.05 g/ml. 

DISCUSSION 

The shear rate dependence of the shear modulus is governed 
by two effects, a stiffening factor fl(D), which takes into 
account incomplete relaxation of the network strands and 
thus will enhance G, and a factor f2(D), which lowers the 
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Table I Polyisobutylene B 200/Toluene 

c l g / m l )  w u v 

0.03 0.22 2 --1.78 
0,.04 0.12 2 --1.88 
0.05 0.10 2 -1 .90  

modulus d~ae to network destruction by hydrodynamic 
forces, which will reduce the number of  network points. 
Thus we may write: 

G = GO x f l(D) x f2(D) GO value of  G when D = 0 

(modulus at rest) 

If we now use the following notations: 

G = k x D w, experimer~tal function; 

f l (D) --- A x D u, stiffening factor; 

/2(D) = B x D v, network destruction factor; 

we must have: 

w = u + v o r v = w - u  

If we assume u -- 2 (taken from the dynamic theory of  
Rouse), we arrive at the following results (see Table 1). 

Therefore, assuming u = 2 we obtain for v, negative 
values between -1 .78  and -1 .9 .  That means, the network 
destruction takes place proportional to D -v,  whereby v is 
close to 2. In any event it can be stated, that the increas- 
ing function f l (D) predominates in this range, over the de- 
creasing function f2(D), so that the overall picture shows 
a slight increase of  the shear modulus G with increasing 
shear rate. 

The level of the shear moduli measured in our D-range 
is about 102 to 103 dyn/cm 2, as seen in Figure2. This is 
considerably lower than the Go values obtained in an elas- 
toviscometer s (104 to 105 dyn/cm2). This reflects the fact, 
that in the flowing solution, significant network destruc- 
tion must take place. 
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Effect of pressure on phase transition and 
morphology of bulk poly(trans-l,4- 
butadiene) 
Tsuyoshi Kijima*, Mikio Imamura and Naoshi Kusumoto 
Department of Industrial Chemistry, Faculty of Engineering, Kumamoto University, Kumamoto, 
Japan 
(Received 28 August 1975) 

The effect of pressure on the melting, solid-solid transition, and crystallization of poly(trans-l,4- 
butadiene) (PTBD) was investigated using the pressure range of 1-3000 kg/cm 2. D.t.a. measurements 
showed that, the melting and transition temperatures increase with increasing pressure, whose pres- 
sure coefficients are 38°C per 1000 kg/cm 2 and 22°C per 1000 kg/cm 2, respectively. These values 
were in fairly close agreement with those calculated from the Clausius-Clapeyron equation. Mor- 
phological studies using electron microscope and small-angle X-ray scattering method revealed that, 
the samples crystallized with relatively small supercoolings under normal or high pressure, are formed 
of distinct lamellae 400-800 A thick. The lamellar thickness was inappreciably dependent on crys- 
tallization pressure. The significant effect of pressure on crystallization was recognized in a tendency 
of the crystallinity to increase, with increasing crystallization pressure. This pressure effect was ex- 
plained by the mechanism that, the increased pressure might make the packing of molecular chains in 
liquid, more dense and that the secondary crystallization might be accelerated, to increase the lateral 
dimensions of lamellae. 

INTRODUCTION 

Poly(trans-1,4-butadiene) (PTBD) is known to have some 
marked features of structure, molecular motion, and chain 
flexibility. The molecular chains of this polymer are con- 
sidered to have relatively high flexibility 1. PTBD under- 
goes the first-order solid-solid transition, from one crystal- 
line modification (form I) to another form (form 1I)2; par- 
ticularly form II, which is stable at temperatures above 
76°C and under atmospheric pressure, and is a socalled 
plastic crystal, in which the molecular chains are free to 
move and rotate around the molecular axes 2,3. In connec- 
tion with these basic features, a variety of interesting find- 
ings have been reported on the morphology 4-6, mechanical 
properties s, and calorimetric properties 6,7. 

The morphology of PTBD single crystals has been stud- 
ied by several authors by electron microscopy 4,s, n.m.r, s,6 
and calorimetric measurements 6. However, very few papers 
have been published concerning the super-structure of 
PTBD crystallized in bulk. In addition, the effect of pres- 
sure on the phase transition of PTBD is of interest if the 
above mentioned features of the polymer are taken into 
account. Although there is a report on the solid-solid 
transition of PTBD under high pressure 8, no studies have 
been reported on the effect of pressure on the crystalliza- 
tion and melting. 

Therefore, attempts were made to clarify the morpho- 
logy of PTBD crystallized from the melt at various pres- 
sures, along with the pressure dependence of the melting 
and solid-solid transition temperatures. 

methanol, which was filtered and dried to form an aggre- 
gate of the polymer. The aggregate was melt-pressed at 
160°C and then slowly cooled to room temperature to form 
thin plate. The intrinsic viscosity of the PTBD in toluene 
solution at 30°C was 0.967, which yieldsMv = 2.8 x 104 9. 
The infra-red (i.r.) spectrum of this polymer gave >95% 
trans content. 

~ur¢ pipe 

160 mm 

;ure chamber 

EXPERIMENTAL 

Material 

PTBD was extracted from the original material of Ube 
Kosan Co. Ltd. with benzene and then precipitated with 

* Present address: National Institute of Inorganic Materials, 
Tsukuba, Ibaragni, Japan. Figure I High pres=ure d.t.a, cell 

therrnocouple: 
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Figure 2 D.s.c. ( ) and volume vs. temperature (O) curves of 
PTBD under normal pressure 

Some samples were prepared from the melt under normal 
pressure by isothermal crystallization at various tempera- 
tures. 

Sample characterization 
The characterization of the PTBD samples obtained was 

carried out by using various methods under normal pres- 
sure as follows. Density measurement was conducted by 
the flotation method, with an aqueous solution of calcium 
chloride at 25°C. The viscosity of samples in toluene solu- 
tion was measured at 30°C and i.r. measurement was per- 
formed by the KBr pellet method, ufing a Hitachi/Perkin- 
Elmer Model 125 spectrophotometer at room temperature. 
Wide- and small-angle X-ray scattering patterns were taken 
by the usual method using CuKt~ rays at room temperature. 

In order to determine some thermodynamic quantities 
upon melting and solid-solid transition, dilatometric and 
calorimetric measurements under normal pressure were con- 
ducted on the sample crystallized for 3 h at 125°C and at 
normal pressure (saml~le D). The density of this sample at 
25°C was 1.017 g[cmL This gave a value of 84.3% for the 
degree of crystallinity, by taking the density of the crystal- 
line region as 1.037 g/cm 3 H and that of the amorphous 
region as 0.926 g/cm 3 ~2. Dilatometry was performed with 
a heating rate of l°C/min. Differential scanning calori- 
metry (d.s.c.) was carried out with a scanning rate of 5°C/ 
min, by using a Rigaku Denki Thermoflex. The tempera- 
ture and the peak areas were calibrated with indium stan- 
dard. 

Differential thermal analysis (d. t.a.) under elevated pressure 
Figure I shows the d.t.a, cell, which was designed in a 

similar manner to that developed by Takemura et al. m. The 
cell has a chamber of 100 mm in length and 10 mm in dia- 
meter, with openings at both ends. One of the openings 
was connected with a pipe, which was led to the pressure 
intensifier; the otlaer was dosed by a plug containing two 
metal-sheathed chromel-alumel thermocouples. A few mg 
of fused PTBD sample were fixed to the junction of the 
element wires at one end of one of the thermocouples, and 
the epoxy resin (Araldite) was fixed to that of the other 
thermocouple, as a reference material. The PTBD was cov- 
ered with epoxy resin to keep out the pressure transmitting 
fluid under elevated pressure and temperature. Silicone oil 
(Toshiba TSF 431) was used as the fluid. The temperature 
of the d.t.a, cell was controlled manually in an oil bath. 

Measurements were conducted with the sample, crystal- 
lized from the melt under normal pressure by cooling from 
160°C to room temperature at the rate of l°-2°C/min,  
while the sample was being fixed to the thermocouple. The 
normal heating rate of 4°C/min and the pressure range of 
1-3000 kg/cm 2 were used. Measurements in the cooling 
process were performed with a cooling rate of 1 °-3°C/min. 

Preparation o f  pressure crystallized samples 
A sheet of the polymer was wrapped in Tetlon film and 

coated with epoxy resin (Araldite), and then it was put into 
the d.t.a, cell filled with silicone oil. After being precom- 
pressed to an appropriate pressure, the sample was heated 
up to a prescribed temperature to bring about the molten 
state, and then the pressure was increased rapidly to a pre- 
determined value and held for 3 h. The crystallization tem- 
perature was controlled within +I°C. After gradual cooling 
to room temperature, the pressure was removed and the 
sample was taken out. 

RESULTS AND DISCUSSION 

Thermodynamic quantities upon melting and transition 
under normal pressure 

Figure 2 shows the dilatometric and the d.s.c, curves 
under normal pressure for sample D. Each curve exhibits 
two transitions. The one at the higher temperature side is 
the melting point and the other is the solid-solid transition 
(form I to form II). The volume, enthalpy and entropy of 
melting and those of transition were obtained from these 
data. Table I lists the values of these thermodynamic quan- 
tities without and with making crystallinity corrections. 

Suehiro et al. ~a, reported that the fibre period of PTBD 
crystal, changes from 4.83 to 4.66 A and the nearest inter- 
chain distance, from 4.65 to 4.90 A at the transition point. 
These data give a value of 7.17 x 10 -2 cm3/g for AVtr, in 
close agreement with 8.05 x 10 -2 cm3/g in Table 1. 

Table I Thermodynamic quantities of transition and melting at 
normal pressure for PTBD 

Transition 

Ttr AVtr AHtr &St r 
(°C) X 10--2(cm3/g) (cal/g) X 10--2(cal/K g) 

obsl a 78.0 6.79 26.4 7.52 
corr. b 78.0 8.05 31.4 8.75 

Melting 

Tm AVm AHm ~Sm 2 
(°C) X 10-2(cm3/g) (cal/g) X 10-- (cal/K g) 

obs. a 136.0 6.14 14.3 3.50 
corr .  b 136.0 7.29 17.1 4.18 

a Values observed on the sample with 84.3% crystallinity 
b Values corrected for the degree of crystallinity 
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Figure 3 D,t.a. curves of PTBD ~,t various pressures: A, I ; B, I000; 
C, 2000; D, 2500; E, 3000 Kg/cm ~ 

taken as 0.564 cal/K and 0.986 cm 3, respectively, accord- 
ing to Table 1, and those for polyethylene are taken as 
2.32 cal/K and 2.56 cm 3, respectively 14. Hence, the value 
of AVm per bond for polyethylene is about 2.6 times as 
large as that for PTBD, whereas the values of A S  m per bond 
of the former is about 4.1 times as large as that of the latter. 
This fact is compatible with the large value of dTm/dP for 
PTBD compared with that for polyethylene. 

The d.t.a, traces for melting and transition of PTBD, 
showed a remarkable tendency to decrease in peak area 
with increasing pressure, as seen in Figure 3; the melting 
peak no longer appeared at 3000 kg/cm 2. This fact suggests 
that the enthalpy and entropy of melting and those of transi- 
tion might decrease remarkably with an increase of pressure. 
This is not inconcievable, if the considerably small entro- 
pies of melting and transition per bond, at normal pressure 
for PTBD compared to the entropy of melting per bond of 
many other polymers is are taken into account. 

Stellman and Woodward ~, obtained values of AHtr, AHm, 
AStr and AS m for the bulk crystallized PTBD samples, the 
average values of which were 26.7 cal/g, 13.7 cal/g, 0.078 
cal/K g, and 0.035 cal/K g, respectively. These values are in 
good accord with those uncorrected for the degree of crys- 
tallinity in Table 1, but 0.1 --0.2 times smaller than the 
values for purely crystalline PTBD. 

Pressure effect on melting and transition 
Figure 3 shows the d.t.a, curves as a function of pressure 

for the sample crystallized by slow cooling under normal 
pressure. Each curve shows two endothermic peaks, one 
due to solid-solid transition and the other due to melting. 

The melting and transition temperatures defined by each 
peak temperature are plotted against pressure in Figure 4. 
The values of dTm/dP and dTtr/dP, are 38°C per 1000 kg/ 
cm 2 and 22°C per 1000 kg/cm 2, respectively, at normal 
pressure and they tend to decrease with increasing pressure. 
A value of 22°C per 1000 kg/cm 2 for dTtr/dP is larger than 
17.5°C per 1000 kg/cm 2, reported by Takemura et al. 8. 

The Clausius-Clapeyron, equation (1), for melting (k = 
m) or solid-solid transition (k = tr) enables us to calculate 
the values of dTm/dP and dTu/dP using the data on volume 
and entropy changes: 

drk ark  

dP AS k 
(1) 

The value of dTm/dP for PTBD at normal pressure, was 
calculated as 41 .I°C per 1000 kg/cm 2 using the data on 
AV m and ASm in Table 1. This value is fairly close to 38°C 
per 1000 kg/cm 2 experimentally obtained. The calculated 
value of d Ttr/dP at normal pressure was 21.1 °C per 1000 
kg/cm 2, in fair agreement with 22°C pt~r 1000 kg/cm 2 
directly measured. 

The experimental value of dTm/dP for PTBD is about 
1.7 times larger than that of dTtr[dP. Referring to the data 
of Table 1, the large difference between the values of dTm/ 
dP and dTtr/dP for PTBD, can be explained by the fact that 
the entropy of melting is smaller than that of transition by 
about 53%, although the volume of melting is smaller 
than that of transition by only about 10%. The value of 
dTm/dP for PTBD is also fairly large in comparison with 
that for the extended chain crystals of polyethylene (26°C 
per 1000 kg/cm2), according to one of the authors 14. The 
values of A S  m and AVm per mole of bond, for PTBD are 

Lamellar structure,of PTBD crystallized at normal and high 
pressures 

Table 2 lists the density at 25°C, degree of crystaUinity, 
and the melting and transition temperatures under normal 
pressure of PTBD samples crystallized for 3 h at various 
temperatures (Tc) and at various pressures (Pc); the melting 
temperature at 3000 kg/cm 2 was estimated as 210°C from 
the extrapolation of Tm-P curve indicated by a broken line 
in Figure 4. For reference, the recrystallization and retran- 
sition temperatures in the slow cooling process from the 
melt are plotted against pressure by solid circles in the same 
Figure. Some data on sample D were previously described. 

Wide-angle X-ray scattering patterns (WAXS), were 
taken on the starting sample prepared from the melt by 
slow cooling under normal pressure and sample F crystal- 
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Figure 4 Plots of melting (0, upper); transition (0, lower); re- 
crystal l ization ( t ,  upper); and retransition ( t ,  lower) temperatures 
against pressure for  PTBD 
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Table 2 Crystallization condition of PTBD samples and their 
characterization 

Sample C D F G 

Crystallization 1 1 2000 3000 
pressure, Pc 
(kg/cm) 
Crystallization 65 125 170 200 
temperature, 
T c (°C) 
Crystallization 3 3 3 3 
time, (h) 
Degree of 73 13 30 10 
supercooling, 
r m - T  c (°C) 
Density at 25°C 1.015 1.017 1.018 1.023 
at 1 atm (g/cm 3) 
Degree of crys- 82.6 84.3 85.1 89.3 
tallinity (%) 
Ttr at 1 atm 75.0 78.0 76.8 76.6 
(°C) 
T m at 1 atm 135.5 136.0 135.5 134.5 
(°C) 
Lamellar th ick- 
ness (A) 
EM a 400--500 500 -850  400--500 400 -800  
SAXS b 410--460 660 -800  430--500 460 -620  
(lb. average) (435) (730) (465) (540) 

a Determined from electron mierograph 
b Determined from SAXS pattern 

is too small compared with tile lamellar thickness observed 
above. On the other hand, if the large-angle diffraction is 
assumed to be the second order of the more intense diffrac- 
tion found in the smaller angle range, it yields a value of 
540 A for the first period, in agreement with the lamellar 
thickness determined microscopically. The fact that the 
SAXS pattern of sample G exhibits a uniform ring, not a 
spotty one, suggests that the observed lamellae are consti- 
tuent parts of spherulites. Similar lamellar structure is 
found on the surface replica of sample F crystallized at 
170°C under 2000 kg/cm 2 (Figure 6) and that of sample D 
crystallized at 125°C under normal pressure (Figure 7). On 
the other hand, the lameUar structure of sample C crystal- 
lized at 65°C under normal pressure, is less distinct and the 
lamellae are shorter in lateral dimension and poorly orien- 
ted in comparison with samples crystallized with smaller 
supercoolings, as shown in Figure 8. Clearly the less devel- 
oped lamellar structure of sample C is reflected in the rela- 
tively low crystallinity shown in Table 2. Sample C also 
gave a discrete SAXS pattern, and for each sample, the 
lamellar thickness observed by electron microscope and the 
long period determined from the SAXS pattern, were found 
to be consistent with each other, as shown in Table 2. 

The above data and observations show some characteris- 
tics of melt-crystallized PTBD. The density data indicates 
that PTBD readily yields considerably high density or crys- 
tallinity by the melt-crystallization. The very high density 

Table 3 Values of d-spacing obtained from the WAXS patterns of 
(A) starting sample and (B) sample F in Table 2 

d-spacing (A) 

A B 

3.85 3.90 
3.14 3.05 
2.89 2.89 
2.50 2.52 
2.25 2.26 
2.05 2.03 

lized at 2000 kg/cm 2. The five reflections observed in both 
patterns were found to give nearly the same d-spacings, as 
shown in Table 3. This fact indicates that no new crystal- 
line modification is formed by pressure crystallization. The 
i.r. spectra of pressure-crystallized samples, showed no sig- 
nificant changes against the starting sample, suggesting that 
the thermal deterioration of samples during the crystalliza- 
tion processes are negligible. The d.s.c, traces under normal 
pressure for samples F, G, and C were similar to that of 
sample D shown in Figure 1. The melting and transition 
temperatures, Tm and Ttr, determined from the peak posi- 
tions in each d.s.c, curve are shown in Table 2. 

Figure 5 shows, the electron micrograph of replica of a 
fracture surface of sample G crystallized at 3000 kg/cm 2 
and at 200°C. In the micrograph, some sets of long lamellae 
of 400-600 A in thickness, can be seen to extend in paral- 
lel or spheroidally. The lamellae are also noticed to be re- 
markably uniform in thickness, which suggests that sample 
G will yield a discrete small-angle X-ray scattering (SAXS) 
pattern. The SAXS pattern of sample G shows a discrete 
diffraction ring in the larger angle range, whereas a trace of 
a more intense diffraction ring is seen in the smaller angle 
range (around the centre). Provided that the discrete dif- 
fraction in the larger angle range is a first-order diffraction, 
the long period of 270 A is obtained. This value, however, 

Figure 5 Electron rnicrograph of a fracture surface of PTBD crystal- 
lized at 3000 kg/cmZ and at 200°C (sample G). Scale bar represents 
1 /~m 

Figure 6 Electron mLcrograph of a tracture surface of PTBD crys- 
tallized at 2000 kg/cm=and at 170°C (sample F). Scale bar repre- 
sents 1 pm 
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since the fully extended chain length of the PTBD with 
&Iv = 2.8 × 104, is about 2600 A. The significant effect of 
pressure on crystallization of  PTBD can be evidently found 
in the crystallinity data in Table 2; samples G and F crys- 
tallized at elevated pressure exhibit increased crystallinity, 
compared to sample D crystallized at normal pressure, al- 
though the lamellar thicknesses of  the former two are 
rather smaller than that of  the latter. The increase of  
crystallinity with increasing pressure, will be ascribable to 
the increase in lateral dimension of  lameUae, as suggested 
by the morphology of  sample C with low crystallinity in 
Figure 8. This may be explained by the mechanism that 
the increased pressure might make the packing of  molecu- 
lar chains in liquid more dense and thus the secondary 
crystallization might be accelerated to increase the lateral 
dimension of  lamellae. 

Figure 7 Electron micrograph of a fracture surface of PTBD crys- 
tallized at 125°C under normal pressure (sample D). Scale bar rep- 
resents 1 p.m ACKNOWLEDGEMENT 

We wish to thank Professor M. Takayanagi in Department 
of  Applied Chemistry of  Kyushu University for supplying 
the polymer and making the high pressure apparatus avail- 
able. 

Figure 8 Electron micrograph of a fracture surface of PTBD crys- 
tallized at 65°C under normal pressure (sample C). Scale bar rep- 
resents 1 /zm 

or crystallinity is also consistent with the fact that highly 
developed lamellar structure is observed as mentioned 
above. The PTBD samples crystallized at relatively small 
supercoolings, were found to be formed of  distinct lamel- 
lae 4 0 0 - 8 0 0  ,~ thick. Such a distinct lameUar structure 
with the same order in thickness, was observed for the 
melt-crystallized polyethylene with low molecular weight, 
whose lamellae were found to be composed of  extended 
chains 16. The PTBD lamellae observed above, on the con- 
trary, can be regarded as being composed of  folded chains, 
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Microstructure of poly(2-vinylpyridine): correlation 
between 13C and I n.m.r,  determinations 

M. Brigodiot, H. Cheradame, M. Fontanille* and J. P. Vairont 
Eco/e Frencaise de Papeterie, 44 Avenue Felix Via/let, 3800 Grenoble, France 
(Received 10 October 1975) 

First attempts of structure determination on poly(2-vinyl- 
pyridine) (P2VP) by 60 MHz p.m.r, led only to essentially 
qualitative conclusions: a broad peak with a low field 
shoulder was observed for a and/~ chain protons and the 
intensity of the shoulder increased with increasing isotactic 
content of  the polymer 1'~. 

- - C - - C - - C - -  

S 

Further examinations at 100 MHz of isotactic P2VP 
samples a'4 have shown that the low field peak corresponds 
to the isotactic He methine resonance. When the spectra 
were run at 140°-160°C in o-dichlorobenzene, fine struc- 
tures were observed leading to two multiplets centred at 
"8 .0  and 7.4 r, and assigned respectively to He and HA, HB. 
A theoretical spectrum was calculated using a single coup- 
ling constant between the a and/3 protons (JAc = JBC = 
JAC' = JBC' = 7 Hz) and was in fair agreement with the two 
observed multiplets. Isotactic a, trans-~d2-poly(2-vinyl- 
pyridine) was also prepared and the Hc quintet disappeared 
from the soectrum, supporting thus the above assignment 4. 

13C-{1H } resonance spectra of  atactic and isotactic 
P2VP were recently published s,6. One of these studies s was 
devoted to relaxation times and side group motions and 
does not report on tacticity measurements. The other 
study 6 showed that the quaternary carbon C2 of the pyridyl 
ring was the most stereosensitive. The C2 resonance line 
split into three peaks, which, according to the expected 
structures of  polymers studied, were assigned to iso-, 
hetero-and syndio-tactic triads in the order of  increasing 
field. We recently used the 1~C n.m.r, for tacticity deter- 
minations of different P2VP samples and some discrepan- 
cies appeared between preceding assignments and our re- 
suits. It was thus interesting to correlate the 1H and 1 ~C 
analyses in order to test the validity of the method. We re- 
port here on a careful re-examination of the 25.15 MHz 
13C-{1H) and 250 MHz iH spectra of poly(2-vinyl- 
pyridine) samples of different tacticities. 

EXPERIMENTAL 

Polymer samples 
Isotactic P2VP (A) was prepared by anionic polymeriza- 

* Laboratoire de Recherches sur les Macromoldcules de l'Univer- 
sitd Paris-Nord, Place du 8 Mai 1945,93206 Saint-Denis Cedex, 
France. 
"~ Laboratoire de Chimie Macromoldculaire associ~ au CNRS, 
Universitd Pierre et Marie Curie-4, Place Jessieu. 75230 Paris Cedex 
05, France. 

tion in benzene solution with C6H5 Mg Br as initiator. Atac- 
tic P2VP samples (B) and (C) were prepared anionically at 
-78°C in THF solution, using respectively Na + and K + as 
counter-ions. Atactic P2VP samples (D) and (E) were pre- 
pared by radical polymerization at 60°C using AIBN as 
initiator, either in bulk (D) or in 30% (v/v) methanol solu- 
tion (E). 

N.m.r. analysis 
P.m.r. spectra were run at 250 MHz in CDC13 or CD3OD 

solutions (10% w/v) at room temperature using a Cameca 
250 MHz spectrometer. The 13C-{1H} spectra were 
observed at 25.15 MHz at room temperature in CD3OD 
solution (observation of aromatic carbons) and CDC13 
solution (observation of chain carbons) with noise proton 
decoupling and internal lock on deuterium using either Jeol 
PFT 100 or Varian XL 100-12 WG FT spectrometers. Tac- 
ticity measurements were done by integration for 1H spec- 
tra and by cutting and weighing the paper for 13C spectra. 
Overlapping peaks were hand resolved. 

RESULTS AND DISCUSSION 

As the proton spectrum of isotactic P2VP was run at room 
temperature we obtained only the envelopes of the two 
expected multiplets with a beginning of fine structure 
appearance (Figure 1). No time structure at all was observed 
for the atactic samples as the resonance of (mr + rr) methine 
protons He overlap with (r + m) methylenic protons HA 
and Ha. But, for all samples, the isotactic (mm) a-proton 
H c triad is fairly well separated from the broad pattern due 
to CH2 (m + r) dyads and CH (mr + rr) triads, allowing an 
easy measurement of peak areas and the determination of 
the isotactic triad content of the different polymers ([mm] = 
3al/(ai +aII), see Figure 1). 

Chain and pyridyl ring carbons are differently stereosen- 
sitive, depending on the solvent used. The best sensitivity 
was observed for the ring carbon C2 in methanol solution 
and for the chain carbons in CDC13 solution, as was pre- 
viously reported by Lukovkin et al. 6. 

The C2 triad pattern is sufficiently resolved to measure 
accurately the areas of  the three main peaks. As shown in 
Figure 2 a comparison between isotactic and atactic P2VP 
spectra leads to an unequivocal triad assignment. Thus the 
triad content of  each sample can be directly determined 
from the C2 pattern. Each of these triad resonances exhibit 
pentad effects and a tentative assignment of pentad place- 
ments may be provided at least for iso and heterotactic se- 
quences (Figure 2). In the isotactic polymer (A), the most 
probable mmmm pentad appears at the lowest field position 
of the mm resonance pattern and, in the atactic samples, 
the relative importance of the lowest field shoulder of the 
mr peak increases with increasing isotactic content of the 
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Figure I Chain protons 250 MHz spectra of (a) isotactic (sample 
A); (b) atactic (sample B) and (c) atactic (sample E) poly(2-vinyl- 
pyridines) (CD3OD solution at 25°C) 

polymer, leading to a mmrm assignment for this shoulder. 
The proposed order is more doubtful for syndiotactic 
pentads. 

In the isotactic P2VP sample, CH and CH2 chain carbons 
appear as two single and well separated resonance lines, 
whereas in atactic samples the corresponding peaks split 
into two multiplets (Figure 3). The CH patterns exhibit the 
expected triad effect, but the syndiotactic triad resonance 
overlaps the heterotactic one and cannot be accurately re- 
solved. The complex multiplet corresponding to the methyl- 
enic chain carbon is so poorly resolved that we cannot pro- 
vide, the mmm tetrad position apart, any reasonable assign- 
ment. It can be seen in Table 1 that the tacticity deter- 
minations by IH and 13C n.m.r, are in good agreement, sup- 
porting thus the above assignments. 
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Figure 2 t 3 C -  {1H} spectra of C2 pyridyl ring carbon oblerved 
at 25.15 MHz in CD3OD/CH3OD solution at 25°C (TMS and 
methanol as internal standards). (a), sample D; (b), sample E; (c) 
samples B ( ) and C ( . . . .  ); (d), sample A 

a 
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Table I Comparison between the 1H (chain protons) and 13C (ring carbon C2) n.m.r, determinations of P2VP tacticity 

IH* t3C-- { IH}  ' 
Polymerization 

Samples conditions i h + s i h s 

A ~IVlgBr/C6H 6 0.89 0.11 0.89 ~0.06 ~0.05 
B Na+/'rH F / - 7 8  ° C 0.43 0.57 0.47 0.38 0.15 
C K+/TH F/--78 ° C 0.50 0.50 0.50 0.36 0.14 

(0.49) (0.51) 
D AIBN/bulk/60°C 0.27 0.73 0.28 0.49 0.23 
E A I B N/Me,£) H/60 ° C 0.25 0.75 0.28 0.48 0.24 

4is 

h 2 

1.95 
2.16 

1.07 
1.17 

* Accuracy +0.02 
, Accuracy ±0.03. Values in brackets are referred to determination on methine chain carbon 

. J  

a 

' ' - 4 0  -45 ' b 

I I I l I 

-45 - 4 0  
ppm from internol TMS 

"C_H "C_H2 
Figure 3 t3C-- { IH}  spectra of chain carbons of (a) atactic (sam- 
ple C) and (b) isotactic (sample A) poly(2-vinylpyridines), obsar- 
vecl at 25.15 MHz in CDCI3 solution at 25°C 

For radical polymerizations (in bulk or even in solution) 
propagation mechanisms appear to be controlled by a Ber- 
noulli trial process (4is/h 2 ~ 1) whereas for anionic poly- 
merization they deviate noticeably from Bemoullian statis- 
tics. Unfortunately the lack of resolution does not allow 
the determination of tetrads and pentads contents and 
Markov or Coleman-Fox statistics cannot be tested for the 
predominantly isotactic polymers. 

The observed 13 C chemical shifts (see Figures 2 and 3) 
agree closely with those reported by Chachaty et al. 5 but 
they are somewhat different ("1 ppm) from those given by 
Lukovkin et al. 6. The major discrepancy with the results 
of these last authors concerns the assignment of the C2 

triad pattem. Their analysis of  a polymer prepared in the 
same conditions as those used for our sample D (see 
Table 1) led to a predominantly syndiotactic Bernoullian 
distribution (Pm = 0.22) with a very low isotactic triad con- 
tent (2%), in complete disagreement with our own analysis 
of the same type of polymer (sample D, Pm = 0.53). As in 
the spectrum published by Lukovkin the isotactic peak 
appears as a very weak shoulder, the assigned h peak might 
most probably be the true isotactic one. Thus the assigned 
s peak might be the overlapping of the hetero-and syndio- 
tactic ones. We observed the same chemical shifts differ- 
ence (~12 Hz) between the peaks we assigned i and h as 
between the peaks Lukovkin assigned h and s, whereas we 
observed a 6 Hz difference between the peaks we assigned 
h and s. This observation supports the above explanation. 

In conclusion a good correlation is observed between 
the 1H and 13 C n.m.r, determinations of poly(2-vinylpyri- 
dine) microstructure. The 25.15 MHz 13 C spectra allow 
the estimation of triad contents and the propagation of 
the 2VP radical polymerization appears to be controlled 
by a Bernoullian process. Higher field 13 C n.m.r, observa- 
tion will probably lead to quantitative pentad and tetrad 
determinations and this will give information on the non- 
Bernoullian propagation of 2VP anionic polymerization. 
This is not only depending upon the active centres dissocia- 
tion equilibrium but also upon an assumed specific penul- 
timate solvation of the sodium counterion 9 which might 
strongly influence the propagation statistics. We have pre- 
sently undertaken a higher field re-examination of different 
anionic samples of P2VP. 
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Potential energy calculations about the chain folding of 
(-)poly(L-alanine) 

M. D'Alagni 
Centro di Studio per la Chimica dei Recettori de/CNR, c/o Universit~ Cattolica, via Pineta Sacchetti 644, 00168 
Roma, Italy 

E. G ig l io*  
Istituto di Chimica-fisica, Universit& di Roma, 00185 Roma, Italy 

and N. V. Pavel 
Laboratori Ricerche di Base, Snam Progetti SpA, 00015 Monterotondo, Roma, Italy 
(Received 9 September 1975) 

Studies on the crystalline morphology of a-poly(L-alanine), 
(PA), clearly showed the existence of  sheaves consisting of  
platelets about 150 A thick, stacked on edge t, so that it 
can be inferred that re-entrant folding must occur, owing 
to the length of a single macromolecule much greater than 
150 A. The same behaviour is displayed by  other biopoly- 
mers 2-4 and by a wide variety of  synthetic polymers s-7. 
On the other hand, it is widely believed that a polypeptide 
chain folds in a physiological environment or, in general, 
in a solvent according to the laws of thermodynamics. In 
this connection high AH 0 values, achieved from potentio- 
metric measurements, seemed to point to the presence of 
compact hydrophobic states, in the case of  the sequential 
copolymers poly(L-leucyl-L -leucyl-L -aspar tic acid) a and 
poly(L-leucyl-L-leucyl-L-lysine) 9. The experimental results 
agree with the formation of  a-helical segments, strongly 
stabilized by hydrophobic interactions and suggest the exis- 
tence of  a rather ordered structure, which niay be charac- 
terized by chains folding back and forth on themselves. 

In order to gain information about possible models of 
folding, we undertook van der Waals energy calculations on 
PA, which has the advantage of  possessing the hydrophobic 
methyl group, and no degrees of  freedom in the side chain, 
if CH 3 is considered as one atom. Intram01ecular 1°-14 as 
well as intermolecular ~s't6 potential energy calculations 
were previously performed for regular helical conforma- 
tions of  PA. 

The crystal structure of  the a-helical PA has been in- 
vestigated by many researchers ~s-2° and it has been found 
to be formed by 50% of 'up-pointing' and 50% of  'down- 
pointing' right-handed helices arranged in a hexagonal cell 
with a = 8.55 A, c = 70.3 A. The unit cell contains 47 ala- 
nine residues in 13 turns, and the C atoms of the methyl 
groups, belonging to the 'up '  and 'down'  chains, are dis- 
placed -0 .52  A and rotated 15.1 degrees 2°. The unit height 
and twist are h = 1.495 A and t = 99.57 degrees respectively, 

* To whom enquiries should be addressed. 

and the helix is defined by the torsion angles q~ = - 5 7 . 4  °, 
~b = -47 .5  ° and co = -179 .8  ° in agreement with the con- 
vention of  Klyne and Prelog 21, which will be used later on. 

First, we performed van der Waals energy calculations 
on the right-handed a-helix of  PA built up with the co- 
ordinates of  Parry and Suzuki 22, given in Table  i together 
with those of  Arnott  and Dover 2° in parentheses for com- 
parison. The a-helix parameters are: h = 1.5 A; t = 100°; 
4~ = -51 .45° ;  ~k = -52 .74° ;  ~ = 180 °. The coefficients of  
the potentials employed in the generalized form: 

V(r)  = a exp ( - b r ) / F  l - cr - 6  

were previously reported 23. The system taken into account 
is illustrated in Figure  1, where both A and C represent 18, 
36 or 54 monomers in a-helical conformation and B is the 
part involved in the minimization procedure (see below), 
carried out as a function of five rotation angles ~O 1 - ~5. 
The van der Waals energy was computed by considering 

a . . . . . . . . . . . . . . . . . . . .  I 

"~'~ A , C 
Figure I Scheme of the system considered in the calculations. 
C/3 represents the methyl group 

Table 1 Atomic cylindrical coordinates and geometry of a monomer of PA following Parry and Suzuki. The values of Arnott and Dover are 
given in parentheses 

Atom r(A) ~b (degrees) z(A) Bond lengths (A) Bond angles (degrees) 

N 1.550 (1.548) -28.69 (--27.35) --0.873 (-0.906) 
H 1.586 (1.539) --20.63 (--18.57) --1.847 (--1.878) 
C a 2.280 (2.288) 0 ( 0 ) 0 ( 0 ) 
H a 3.069 (3.013) -13.17 (--13.54) 0.467 (0.485) 

3.218 (3.294) 18.65 (17.63)  --0.830 (--0.808) 
Cj3 1.645 (1.664) 25.88 (27.16)  1.089 (1.054) 
O 1.858 (1.906) 18.15 ( 21.24 2.288 (2.256)  

NC e 1.47 (1.47) CeC'O 121.1 (121.0) 
CeC' 1.53 (1.53) CeC'N 114.0 (115.4) 
C'N 1.32 (1.32) NC'O 125.0 (123.6) 
C'O 1.24 (1.24) C'NC e 123.0 (120.9) 
N H 1.00 (1.00) C'N H 123.0 (123.0) 
C~xCl3 1.53 (1.54) CeNH 114.0 (116.1) 
C~Hcx 1.10 (1.07) NCeC' 109.5 (109.7) 

NCeC ~ 109.4 (109.5) 
CeCeHe 109.5 (109.4) 
C/3CeHe 109.5 (109.5) 
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Table 2 Some relevant data regarding the energy minimization of PA. N, number of monomers of A and C; E, potential energy value of the 
minimum; D, angle between the ,,-helical axes of A and C 

N ~01 (degrees) 42 (degrees) VJ3 (degrees) ~04 (degrees) ~0 s (degrees) E(kcal) D (degrees) 

18 67.90 82.37 179.81 191.97 151.19 --7.3 10.50 
36 68.51 80.64 175.12 189.29 146.95 --22.7 1.26 
54 68.51 79.04 176.37 189.81 148.85 --39.2 1.21 
18 68.91 81.71 179.61 191.03 154.78 --26.6 11.27 

all the interactions, except those which remain constant by 
changing the values of @ 1 - ~b5 and by assuminga cut offdis- 
tance of 20 A. The energy value of the a-helix is 3.45 kcal 
whether A and C are formed by 18 monomers or by 36 or 
54. 

Subsequently we accomplished calculations of  energy 
minimization by varying ~b 1 - ~b5 and by introducing for the 
C ' - N  bond the following torsional potential: V(~3) = 
(1 - cos 2~k3) V0(~3)/2, puttihg V0(~b3) = 20 kcal. The 
programme used adopts a modified version of the parallel 
tangents technique 24, satisfactorily applied to the ethylene-  
butadiene copolymer 2s. Starting models were selected on 
the basis of close-packing criteria, in order to obtain a suit- 
able folding with the lowest number of ~b. We succeeded 
with one of these models and the results are shown in Table 
2, where N is the number of monomers of A and C, E is 
the potential energy value of the minimum and D is the 
angle between the a-helical axes of A and C. The last row 
refers to results achieved by using the potentials of Scott 
and Scheraga 26, except that those involving the methyl 
group were derived according to Allegra et al. 27, assuming a 
van der Waals radius of 2 A. The energy decreases of about 
16 kcal, by adding 18 monomers to both A and C and the 
energy gain with respect to the a-helix is considerable, al- 
though the folded chain presents four hydrogen bonds less 
than the a-helix. In fact, the energy difference between the 
folded macromolecule with A = C = 54 and the a-helix, is 
-22.65 kcal, assigning - 5  kcal to each hydrogen bond. 
Thus, the folded system results energetically favoured, 
even if the semi-empirical potentials do not allow a quan- 
titative estimate of the energy. Nevertheless, since our 
potentials are hard, the folded chain is still more stable if 
other sets of potentials, as that of Scott and Scheraga (see 
Table 2), are employed. 

The divergence between the A and C helical axes tends 
to disappear with increase in the size of the macromolecule 
and with A = C = 36 the axes are almost parallel. The aver- 
age distance between the helical axes when A = C = 36 for 
example, is 8.47 A; a value in reasonable agreement with 
the unit cell parameter a of PA. Moreover, the C# of the 
'up' and 'down' chains are, on the average, displaced -0 .52 A 
and rotated 2.6 ° . All these results clearly support this fold- 
ed system as an appropriate model to describe the crystal 
packing of PA, in spite of the slightly different geometry 
between our own and Arnott and Dover helices (see Table 1) 
and of the limited number of rotation angles adopted in our 
calculations. One of the possible schemes for the growth of 
the crystal is given by the sequence visible in Figure 2, show- 
ing the statistical arrangement of 'up'  and 'down' chains. 
Two consecutive numbers refer to chains linked by one 
fold of type B, which follows the edges of the hexagonal 
unit cell in the ab plane. The triplets 1 - 2 - 3 , 2 - 3 - 4 ,  etc., 
can form angles of 60, 120 and 180 ° if the first monomer 
of the fold is properly chosen. 

The conformation of the fold deserves some attention. 
The ~ 1 and ~b2 values of the minimum are characteristic of 

Figure 2 One of the possible growing mechanism of the PA cry- 
stal. O, 'up' chain; El, 'down' chain 

a distorted left-handed a-helix, while @4 and ~5 (see Table 
2) correspond to a distorted right-handed a-helix, the atoms 
of the backbone belonging to the fold and the C', N and Ca 
of the first monomer of C being in a nearly fully extended 
conformation. The Ca, C' and N atoms of the monomer of 
A adjacent to the fold, do not give rise, with the backbone 
atoms of B, to a regular or nearly regular helical conforma- 
tion. The fold is tight, as proposed for the ethylene-buta- 
diene copolymer 2s, in spite of the bulky size of the a-helix, 
thus suggesting that short folds may reasonably occur in 
crystal of many synthetic polymers and biopolymers and 
govern their packing. 

In addition, since the van der Waals energy calculations 
demonstrate that two parallel helical segments joined by a 
tight fold form a very stable unit, it may be supposed that 
such a system exists in solution in the case of the compact 
hydrophobic states. In our opinion this model is to be pre- 
ferred to that with loose folds on the basis of potential 
energy criteria. 
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Interaction between sequential polypeptides and 
sodium deoxycholate 

E. Corsi, M. D'Alagni* and E. Giglio 
Istituto di Chimica-fisica, Universitb di Roma, O0185 Roma, Italy 
(Received 9 September 1975; revised 23 October 1975) 

The sequential copolymers poly(L-leucyl-L-leucyl-L-aspartic 
acid) (PLLAA) and poly(L-leucyl-L-leucyl-L-lysine) (PLLL) 
were previously studied in aqueous solution ~# as well as in 
mixtures of  water with an organic solvent a by spectroscopic 
and potentiometric measurements. A conformational tran- 
sition from a charged to an uncharged state was detected 
for both copolymers. The AH~98 and AS ° values are 6173 
cal/mol and 26.0 cal/deg mol for PLLAA and 2784 cal/ 
mol and 11.7 cal/deg mol for PLLL. These high values 
seem to indicate the presence of  compact macromolecules, 
characterized by a-helical segments and stabilized by hy- 
drophobic forces evidenced, also, in both random 4-6 and 
block 7 copolymers. 

The deoxycholic acid molecule shows a hydrophobic 
side with three protruding methyl groups, which give rise 
to a strong binding with apolar and highly polarizable moi- 
eties, and a polar side with two hydroxyl and one carboxyl 
groups, which are able to form a complicated network of  
hydrogen bonds in crystals of  choleic acids s. 

It is well known that the sodium deoxycholate (DCANa) 
is customarily used in order to solubilize biological mem- 
branes, interacting with both phospholipids 9 and proteins l°01. 

We have investigated by circular dichroism (c.d.) spectra 
the PLLAA-DCANa and PLLL-DCANa aqueous solutions 
for the following reasons: 

(a) Strong interactions can occur between the two co- 
polymers and DCANa, owing to the presence in each com- 
pound of  polar and apolar groups. The sequential poly- 
peptides could be considered as simplified models of  pro- 
teins, allowing us to gain some information on the solubili- 
zation mechanism exerted by the bile salt. 

(b) The interactions between DCANa and PLLAA or 
PLLL may be competitive with the intramolecular ones in 
each copolypeptide. Thus conformational changes could be 
detected in the macromolecules. 

* Centro di Studio per la Chimica dei Recettori del CNR, c/o Uni- 
versit~t Cattolica, via Pineta Sacchetti 644, 00168 Roma, Italy, and 
to whom enquiries should be addressed. 

First, we have recorded c.d. spectra of  PLLAA and 
DCANa over a wide range o f  molar ratios without a signifi- 
cant variation in the molar ellipticity values. From the c.d. 
spectrum of an aqueous solution of  PLLAA, c = 1.4172 x 
10 -4  mol/1 and pH = 6.19, the presence of  two negative 
maxima centred at about 220 nm and at 206 nm, and a 
cross-over at 198 nm are inferred. The molar ellipticity 
values, expressed as degree cm2/dmol, are [0 ] 220 = - 9 2 0 0  
and [0] 206 = - 1 6  400. The c.d. spectrum of an aqueous 
solution of  PLLAA-DCANa,  1:1 molar ratio, c = 0.7086 x 
10 -4  mol/1 and pH = 6.62, shows the same characteristic 
cross-over and band positions with [0] 220 = - 9 1 0 0  and 
[0] 206 = - 1 6  100. At this pH in an aqueous solution of  
PLLAA the macromolecules are charged for about 20% 1. 
Since the two spectra nearly coincide, it is reasonable to 
conclude that the DCANa does not influence the PLLAA 
conformation. The solutions appear to be much more 
stable during the time than those of  PLLAA. 

Different behaviour at pH = 10.25 is displayed by 
PLLL-DCANa,  as compared with PLLL, which at the 
same pH has about 15% of  ionized groups 2. [0] in the 
198-230  nm region abruptly increases by adding DCANa 
and, at the same time, the negative dichroic characteristic 
bands of  the a-helix are red shifted as well as the cross- 
over and the positive maximum, which, however, lie in a 
region where DCANa contributes (see Figure 1). Therefore, 
the remarkable decreasing o f  the a-helix content indicates 
a strong binding between PLLL and DCANa. Furthermore, 
the PLLL-DCANa solutions, after few hours, give rise to a 
precipitate, containing all the PLLL, since the supernatant 
solution does not show any appreciable dichroism above 
200 nm. The above-mentioned conformational change, 
caused by DCANa, is reversible. The very similar, full and 
broken curves of  Figure 2 refer to solutions o f  PLLL and 
PLLL-DCANa,  after removal of  the bile salt, at similar 
pHs. The qualitative behaviour of  PLLL is satisfied and 
the third curve of  Figure 2 shows that [0] below 232 nm 
increases at pH " 9 ,  as already observed for PLLL 2. 
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were previously studied in aqueous solution ~# as well as in 
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Figure I C.d. spectra of aqueous solutions of: - - ,  PLLL,  c = 
1.8420 X 10 - 4  tool / I ,  pH = 10.30; . . . .  , PLLL- -DCANa (1:1 
molar rat io) ,c  = 1.9640 X 10 --4 mo l / I ,pH = 10.25. The c.d. spec- 
trum of  DCANa, c = 4.212 X 10 - 4  tool / I ,  pH = 10.21, is shown in 
the right upper part o f  the Figure 

The PLLAA-DCANa and PLLL-DCANa systems have 
been studied within the range of about one pH unit around 
6.8 and 9.8 respectively. In this range the percentage of 
ionized groups varies from about 14 to 62% for PLLAA 1 
and 15 to 55% for PLLL 2 at 25°C. Contemporaneously, 
the [0] changes for the two systems are of the same order 
of magnitude as for PLLAA and PLLL without DCANa at 
the same pHs. 

The experimental data may be explained by supposing 
that the DCANa molecules interact in different ways with 
PLLAA and PLLL. The bile salt molecules are mainly bon- 
ded to the leucyl residues of the acid copolymer with their 
hydrophobic side, while the charged carboxyl groups may 
repel each other. Thus the greater solubility of PLLAA- 
DCANa may be ascribed to the outer polar groups in con- 
tact with the aqueous environment. On the other hand the 
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Figure 2 C.d. spectra of aqueous solutions of: - - ,  PLLL,  c = 
1.9640 X 10 - 4  mol/ I ,  pH = 4.59;  . . . .  , PLLL ,  c = 1 .9640  X 
10 --4 mol / I ,  pH = 4 .44,  after interaction with D C A N a  and subse- 
quent dialysis; . . . . . . .  , as for the broken curve but pH = 9 .00  

NH2 and NH~ of PLLL may form hydrogen bonds and 
electrostatic interactions with the hydrophilic side groups 
of the DCANa molecules, which protrude their apolar face 
towards the polar surrounding medium, causing precipita- 
tion. 
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Radiation curing of unsaturated polyester resin 

K. Sedzierski 
Akademia Techniczno-Rolnicza, ul. Olszewskiego 20, 85-225 Bydgoszcz, Poland 
(Received 29 September 1975; revised 11 November 1975) 

Notes to the Editor 

Some tests on the inf luence o f  irradiat ion parameters  on 
the propert ies  o f  unsaturated polyester  resins have been 
under taken.  A commercia l  resin (Polimal 109) which  is a 
35% styrene solut ion o f  unsaturated polyester ,  was used. 
Two radiat ion devices, the BK-6 equ ipmen t  and the equip- 
ment  for rating radiometers ,  were used to cure the resins. 
Radiat ion device BK-6 is equipped wi th  6 radiation sources 
o f  6°Co gamma rays which are placed around the irradiated 
substance. The radiation device for rating radiometers  is 
equipped wi th  one source o f  60Co and a col l imator  which 
gives a parallel beam o f  gamma rays. 

These tests I lead to the fol lowing conclusions:  
(1) For  radiat ion hardening of  the Polimal 109 resin the 

delivery o f  0.5 × 104 J /kg  (0.5 Mrad of  gamma rays energy) 
is necessary. This m i n i m u m  dose does not ,  however ,  guar- 
antee the hardening o f  the surface which is in contac t  wi th  
the air. 

(2) The de termined  propert ies  (hardness, compressive 
strength, bending strength,  softening point  de termined by  
Vicat ' s  me thod )  o f  the Polimal 109 resin, hardened by 
radiation curing, do not  depend fundamenta l ly  ei ther on 

the value o f  the absorbed dose o f  the gamma rays wi thin  
the range 0.5 x 104 to 8.0 x 104 J /kg  ( f rom 0.5 to 8.0 
Mrad) or on the value o f  the gamma rays dose rate within 
the range 0.0347 to 0.2778 W/kg (12.5 to 100 krad/h) .  
This conclusion was arrived at by statistical analysis. 

(3) The resin hardened in the radiation device BK-6 
proved to have a 25% higher sof tening point ,  8% higher 
compressive strength and 9.5% lower bending strength in 
comparison wi th  resin hardened wi th  parallel beam of  
gamma rays. 

The difference in the propert ies  o f  the same resin hard- 
ened in two radiation devices at the same dose rate of  
gamma rays can be explained by the different  geomet ry  
of  the absorpt ion o f  the energy of  the gamma rays, which 
is the result  of  the different  'source o f  radiation - irrad- 
iated substance '  geomet ry  systems. 

R E F E R E N C E  

1 Sedzierski, K. Doctoral Thesis 1974 (unpublished) 

Book Reviews 

Structure and properties of oriented polymers 
Ed i ted  b y  I. M. Ward 
Applied Science, Barking, 1975, 500 pp. £18 

Partly as a result of commercial importance, there has been con- 
siderable activity and progress in studies of the structure and pro- 
perties of oriented polymers. Clearly no one volume could account 
for all aspects of such systems, and the present volume is largely 
concerned with the fundamental aspects of orientation, its measure- 
ment and its interpretation in macroscopic and molecular terms. 
Professor Ward has obtained an excellent blend of contributions 
from leading scientists in industry, government research and uni- 
versity. 

The book contains thirteen chapters, the first being a clear and 
concise introduction by Holliday and Ward to the occurrence and 
nature of orientation and the techniques which may be used in its 
elucidation. This is followed by an account by Peterlin of molecu- 
lar aspects of crystallites and oriented material which, although 
brief, is rich in basic information. Having set the basis, there are 
three aspects of oriented polymers which are considered at length 
with great clarity which occupy the remainder of the book being: 
(i) molecular aspects as studied by spectroscopic and related me- 
thods (Ch 3 to 6, approximately one third of the book); (ii) macro- 
scopic aspects of mechanical and viscoelastic behaviour (Ch 7 to 11, 
approximately one third of the book) and (iii) illustrative and up- 
to-date aspects of the production of oriented films and fibres and 
of ultra-high modulus organic fibres (Ch 12 and 13, approximately 
one sixth of the book). Whilst it is not possible to review here the 
details of any of these accounts, it is appropriate to indicate some 
of their aims. The chapter by Stein and Wilkes (92 pages) is mainly 
concerned with optical birefringence, X-ray and light scattering 
methods, beautifully illustrated with many examples (e.g. spheru- 

lite deformation) and contains a valuable account of the theory of 
X-ray and light scattering processes. The chapters by Read (u.v. 
visible and infra-red dichroism) by Bower (fluorescence and Raman 
spectroscopy) and by Folkes and Ward (nuclear magnetic resonance) 
describe the current situation with regard to the understanding of 
orientation in molecular terms, are written with authority and 
clarity and set the stage for further work on this exciting topic. 
Holliday (Ch 7) deals with calculated values for chain stiffness and 
their relation to the experimental moduli for a wide range of poly- 
mers. Hadley and Ward (Ch 8) and Hadley (Ch 9) are concerned 
with low-strain mechanical properties of oriented polymers while 
Darlington and Saunders (Ch 10) discuss anisotropic creep beha- 
viour and Duckett (Ch 11) anisotropic yield behaviour. All five 
chapters place considerable emphasis on experimental results and 
their interpretation in terms of the structure and texture of the 
various polymers. The Chapter by Schuur and Van der Vegt on the 
practical aspects of the orientation of films and fibrillation is a de- 
light, its clarity and choice of contemporary material make it one 
highlight of many in this excellent book. Finally, Chapter 13 by 
Carter and Schenk describe the preparation of certain ultra-high 
modulus fibres (e.g. poly(p-benzamide)) which are also thermally 
stable materials. We note here that solutions of such polymers 
form liquid crystal phases and this a~ect  may open up new ap- 
proaches to fibre formation. The editor and the authors are to be 
congratulated for arriving at a systematic and readable account of a 
class of material involving so many variables. Its readership spans 
fibre and film scientists, post-graduate polymer scientists and engi- 
neers, and post-graduate scientists involved with other oriented mate- 
rials. One anticipates that this book will become the standard text 
on the fundamentals of oriented polymers and will stimulate further 
research work. 

G. Williams 
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Comprehensive Chemical Kinetics 
(Volume 14, Degradation of Polymers) 
Edited by C. H. Bamford and C. F. H. Tipper 
Elsevier, Amsterdam, 1975, 562 pp. E~33.50 

The degradation of polymers is currently attracting a great deal of 
attention both for the continuing reason that new materials are con- 
stantly being developed and applied in even more hostile environ- 
ments and also for a variety of rather novel reasons like the develop- 
ment of degradable polymers for the control of environmental pol- 
lution and the control of flammability in plastics for use as struc- 
tural materials. It is therefore not unreasonable that in this series 
on chemical kinetics, of the two volumes in section 5 entitled 'Poly- 
merisation Reactions', one volume should be devoted entirely to 
polymer degradation. 

This book comprises four large chapters which are devoted to 
the fundamental rather than the technological aspects of four 
major aspects of polymer degradation and written by three authors 
who are highly regarded internationally for their current activities 
in the field. The first two chapters, on thermal and high energy 
degradation respectively, are written by Dr C. David of the Free 
University of Brussels, the third, on photodegradation by Professor 
G. Geuskens, also of the Free,University of Brussels and the last, on 
oxidative degradation by Dr J. F. Rabek of the Royal Institute of 
Technology in Stockholm. 

About 20% of the first chapter is devoted to a general discussion 
of experimental methods and the kinetics of thermal depolymeriza- 
tion and the remainder to the specific reactions of a wide variety of 
polymers. The second chapter begins with a description of some 
general aspects of polymer radiolysis, interaction of high energy 
radiation with matter and the theory of cross-linking and degrada- 
tion. Thereafter individual polymers are discussed specifically from 
the point of view of trapped free radicals, chemical effects and 
mechanical properties. The structure of chapter 3 is similarly based 
on the discussion of the reactions of individual polymers together 
with sections on general principles of photochemistry, experimental 
methods, stabilization, and photophysics of polymers. In his con- 
ception of chapter 4, Dr Rabek took rather a different view. Thus 
after emphasizing the importance of hydroperoxides in the oxida- 
tion process he continues: 'This chapter is mainly concerned with 
the chemical and physical factors that are responsible for the forma- 
tion of hydroperoxides during the induction period and that influ- 
ence the mechanism of polymer oxidation. A detailed discussion of 
the oxidation of various polymers is not included since two excel- 
lent books dealing with this subject are published'. 

These three authors have succeeded admirably in combining to- 
gether to produce an authoritative, critical and very readable ac- 
count of the major growth areas of polymer degradation. It is un- 
fortunate that its price will preclude purchase by most individuals 
so that it will be largely confined to libraries rather than the desks 
of practicing scientists where it belongs. 

N. Grassie 

Advances in polymer science 
Edited by Z. A. Rogovin 
Wiley, New York, 1975, £14.70 

This book is a translation of a collection of essays by Russian scien- 
tists on various aspects of polymer science. 

The text tends to be written in a very wordy style which makes 
reading difficult. Some chapters appear to be out of date by as much 
as four years. For example, Dr Andrianova's chapter on Large De- 
formation in Crystalline Polymers makes no mention of the recent 
developments in the production of ultra high modulus PE via solid 
state cold drawing techniques as described by Professor Ward of 
Leeds University. Also there is no mention of the work of Wunder- 
lech (USA) and Bassett (UK) on high pressure annealing of poly- 
ethylene. A second feature is that the range of subjects is extremely 
broad and includes the physical, chemical, biomedical and industrial 
aspects of polymer science. The advantages of  such a book is that 
the previews include summaries of Russian work, which is not read- 
ily available, and enables an assessment to be made of Russian poly- 
mer science. 

An interesting discussion by S. G. Entelis and others considers 
the problem of characterization of oligomers with functional groups 
according to their functionality. The review summarizes the basic 

equations used and the role of the number average (fn) and weight 
average (t'w) functionalities of Stockmayer which are derivable 
from these. Experimental methods of characterization are com- 
pared, including the measurements of fw from gelation studies fn 
from the cross-link density measurements, and the use of gel-per- 
meation chromatography (g.p.c.). The latter, which is the most im- 
portant method, is only described in a limited way by reference to 
the original Terry and Rodriques paper in the Journal of Polymer 
Science published in 1968. Modern g.p.c, units with multichannel 
i.r. detectors are the most direct way of tackling this problem and 
merited more detailed discussion. Final sections in this chapter in- 
clude a summary of some Russian work on relations between distri- 
bution of functionality and mechanical properties. 

The article by E. F. Razvodovskii reviews the literature since 
1962 on synthetic polymers in pharmacology. There is an interest- 
ing discussion of antisilicosis activity and structure of poly(N-oxides) 
including some Russian work in this field on the relationship be- 
tween molecular weight of poly(2-vinyl pyridine N-oxide) and anti- 
silicosis activity. Another group of biologically active polymers are 
the ' ionenes ' , -  a class of polymers with a quarternary N-atoms in 
the main chain. These exhibit bactericidal properties, curane-like 
and antiheparin activity. One important aspect associated with put- 
ting drug molecules onto a polymer chain is that a reduction in tox- 
icity occurs. This is not a new idea since it transpires that the arse- 
nicals such as Salvarsan owe their low toxicity to the fact that they 
are substituted poly(arsenic oxides); a fact not appreciated at the 
time of theft discovery. 

The paper by Amerik and Krentsel on the Role of Anisotropic 
States in Polymerization Processes summarizes and compares work 
on polymerization in the crystalline and paracrystalline states and 
in liquid crystals and matrices of various kinds. In most cases poly- 
merization prefers to occur at the interface of two phases or at 
temperatures close to a phase transition. 

Finally two aspects of the use of spectroscopy to study poly- 
mers are discussed at some length. One of the more interesting of 
these is that of A. L. Buchachenko and others which is concerned 
with the use of stable radicals for studying molecular motions based 
on the line widths of electron paramagnetic resonance (e.p.r.) spec- 
tra due to rotary and translatory motions of the radicals. Using 
organic radicals differing in shape, dimensions and structure of their 
molecules but containing the same paramagnetic fragment > N - 0  it 
has been shown that the diffusion depends on the glass transition 
temperature Tg, indicating a dependence on the segmental motion 
of the polymer molecules. The parameters which can be measured 
using this technique include: the temperature of unfreezing of the 
radicals (Tu); activation energies (E), and pre-experimental factors 
(Vo) of the rotational frequencies of radicals in polymers. Data for 
different radical types and their behaviour in amorphous, crystal- 
line and cross-linked polymers are presented and discussed. 

D. G. H. Ballard 

Polymer Engineering 
H. Leverne Williams 
Elsevier, Amsterdam, 1975, 166 pp. £14.75 

My first impression of this book, written for use by 'the young 
Chemical Engineer entering industry' was quite favourable. It is 
short, it is well bound, it is easy to read, there are plenty of bold 
line diagrams in the text, there are very few equations and the 
references are limited to major works. Above all during the early 
chapters the author is intent on pointing out that this effect is use- 
ful because . . . . . .  rather than concentrating on problems. 

Professor Williams carried me with him through the early chap- 
ters on the nature of high polymers and their morphology. This 
seemed just the sort of information which the young chemical engi- 
neer would find useful to aid his learning processes in an industrial 
environment. However when the author reached the sections on 
deformation and flow, the area in which the references claim that 
he has a special competence, he loses my sympathy entirely. 

I suppose one can forgive an author for introducing his own 
notation rather than using one of the many types which have be- 
come standard. However, it is irritating to find that he changes no- 
tation from chapter to chapter (p 84, 127) and downright disturb- 
ing when the same nomenclature is used in sequential chapters (r~ in 
chapters 6 and 7) to mean different things (at least I hope that he 
means different things). 
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Then there are the contradictions like high molecular weight 
polymer increasing viscosity (when describing solution viscosities) 
and decreasing viscosity when considering drag reduction, and the 
gratuitous theoretical explanations of  such effects which may sound 
alright when spoken quickly but  do not bear being put into print 
in such a text especially when the concept o f  Reynolds turbulence 
(surely one of  the most commonly used formulae in chemical engi- 
neering) receives not a word. 

Finally, in a chapter on viscoelasticity there is the agony of  state- 
ments like the reciprocal o f  Young's modulus is compliance (p 87) 
and the implication (p 91) that relaxation and retardation beha- 
viour are the same thing by different names. Such things are not to 
be expected when the author cites Professor Ferry's treatise as his 
prime source, and it would be much better  to say nothing at all 
rather than to suggest ideas which will subsequently be difficult to 
remove. 

Thus in two chapters the author undid the confidence which his 
approach had shown in the early part o f  the book so that I cannot 
recommend it at all. 

F. N. Cogswell 

Polymer Chemistry - an Introduction 
M. P. Stevens 
Addison-Wesley, Reading, Mass., 1975, 458 pp. 
$17.50 

In contrast to the situation of  even five years ago, the lecturer giving 
a course in polymer science can now chose from several excellent 
course texts. The present book is intended as a text book for an 
introductory course in polymer chemistry at the undergraduate or 
postgraduate level, but differs in being written from the viewpoint 
o f  organic rather than physical chemistry. 

The fifteen chapters o f  this book form three main sections. The 
first occupies 100 pages and is a brief discussion of  the physical 
chemistry of  polymerization reactions and o f  the physical proper- 
ties o f  polymers. This is the weakest section and any realistic course 
would require supplementary reading. Its balance can also be criti- 
cized; for example, flame-retarding additives receive almost twice 
as much space as the discussion of  glass-transition temperatures. 
The second section, occupying 109 pages, gives a concise and well 
written account o f  the addition polymerization of  vinyl and dieme 
monomers and of  the chemical reactions of  vinyl polymers. Most 
o f  the material in this section is covered in other standard texts. It 
is in the third section that the book really comes into its own. This 
section, covering 216 pages, is a discussion of  nonwinyl polymers, 
beginning with polyethers, ending with natural polymers and cover- 
ing every conceivable polymer type in between. It is well written, 
concise and readable and successfully avoids being a 'preparation 
and properties '  catalogue. It is an excellent treatment o f  an area of  
polymer science which is much less well covered elsewhere. 

Because of  the strong bias towards organic chemistry I would 
find it difficult to consider this book as a primary course text but 
would give it strong recommendat ion as supplementary reading. 
The high price of  even the paperback edition, implies that few stu- 
dents will buy it although it should be in any library associated with 
polymer science teaching. It would probably have been a more use- 
ful book if the first section had been omitted and the price reduced 
to correspond. 

N. C Billingham 

Creep, viscoelasticity and creep fracture in solids 
J. Gittus 
Applied Science, Barking, 1975, 725 pp. £25 

I think that this is a very good book indeed and illustrates the unity 
of  the science of  the behaviour of  solid materials. Its subject mat- 
ter, is to review comprehensively diffusion creep in crystals and 
polycrystals and to relate this to flow in glasses. This is foIlowed 
by consideration of  creep due to dislocation glide in metals and in 
non metals, with, for the latter, some histories of  various important  
systems, e.g. various transition metal oxides and uranium carbide. 

Book Reviews 

A relationship is then noted with creep within the earth's mantle. 
Irradiation induced det~ormation due to volume or length changes 
and the resultant creep under stress is next considered. 

At this stage the author pauses and notes with truth ' today it is 
possible to become deeply involved with theories of  dislocation 
creep in metals without having more than a hazy notion of  the part 
played by elastic strains of  various types. Of course the converse is 
also true and experts on the viscoelastic behaviour o f  polymers are 
only now beginning to be aware o f  the role which dislocation theory 
may play in helping to rationalize the behaviour of the materials 
with which they are concerned' .  Dr. Gittus goes on to instruct these 
two types of  scientist of  materials and he is well equipped to do so 
having made contributions to irradiation creep. Nimonic alloys and 
to the flow of foundry sand, himself. 

Succeeding chapters deal with viscoelastic models, which are very 
well explained, viscoelasticity in metals and in non metals; here the  
kinetic theory of  rubber elasticity is dealt with and viscoelasticity 
in amorphous polymers with important  ones, such as PVC, poly- 
styrene, PMMA being dealt with in detail. Then metals and alloys 
of  high creep strength are dealt with and the behaviour of  Nimonics 
and specific refractory metals, e.g. W, Mo, Nb, dealt with individually. 

Theory and experiment of  superplastic effects which occur prin- 
cipally in metals and offer a low temperature forming process ana- 
logous to drawing of  polymers consumes Chapter 11 and creep frac- 
ture Chapter 12 which includes among other things wedge cracks in 
crystalline materials and crazing in glassy polymers. Before a final 
discussion of  a mechanical equation of  state, a chapter is devoted 
to the effects of  environment which includes oxidizing metals, seg- 
regation to grain boundaries, stress corrosion (environmental stress 
cracking) and effects of  humidity on the creep o f  concrete. 

As Sir Monty Finniston says in his introduction, Gittus' courage 
must be admired in taking on so vast a task. I think both  that and 
his success. Many may cavil at the treatment of  their speciality but 
I think the sweep is right and the judgement good. A fine compre- 
hensive and up-to-date work which should be on the shelves of  all 
scientists o f  materials who can afford it. 

A. Kelly 

Organic polymeric semiconductors 
Ya. M. Paushkin, T. P. Vishnyakovo, A. F. Lunin 
and S. A. Nizova 
Wiley, New York, 1975, 242 pp. £10.10 

Experiments on small molecules had made it clear by 1955 that an 
increase in the number of  conjugated double bonds induces increas- 
ed semiconduction in crystalline organic substances, and shortly 
afterwards the enhancing effect of  charge-transfer complexation 
was also established. Around 1959 the subject was taken up by 
Russian polymer scientists, who embarked on a large programme of  
synthesis o f  conjugated linear polymers,  with the object o f  increas- 
ing the conductivity still further. By and large, this work may be 
criticized in that the products were amorphous and not well charac- 
terized, and the electrical conduction measurements were rather 
scrappy. This translation provides a valuable service in gathering 
together all the references, and reviewing all the results, previously 
only available in the Russian language. However, the whole book 
smacks of  scissors and paste-pot, and as a scientific contribution it 
leaves much to be desired. Indeed, the reviewer makes so bold as 
to assert, that it falls far below the high standards established in 
this field by that great pioneer of  organic semi-conductors, the 
Soviet scientist, Academician Terenin. Accordingly, it emphatically 
cannot be recommended to postgraduate students or anyone else 
who seek a scientifically intelligible and coherent account of  con- 
duction in polymers. But it will provide a valuable vade mecum for 
laboratories active in the field to this early Russian synthetic work, 
much of  which will no doubt  bear further consideration or even 
repetition, in the light o f  the rapid advances now occurring in the 
science of  organic single crystals as metallic conductors.  So it would 
perhaps be churlish not to thank the translators for their efforts, 
while chiding the authors for the absence of  any coherent account 
of  the physics of  their problem, their lack of  any grasp of  the inter- 
national literature, and the slips and other  blemishes which the ex- 
pert eye can detect  in this book. 

D. D. Eley 
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Comprehensive Chemical Kinetics 
(Volume 14, Degradation of Polymers) 
Edited by C. H. Bamford and C. F. H. Tipper 
Elsevier, Amsterdam, 1975, 562 pp. E~33.50 

The degradation of polymers is currently attracting a great deal of 
attention both for the continuing reason that new materials are con- 
stantly being developed and applied in even more hostile environ- 
ments and also for a variety of rather novel reasons like the develop- 
ment of degradable polymers for the control of environmental pol- 
lution and the control of flammability in plastics for use as struc- 
tural materials. It is therefore not unreasonable that in this series 
on chemical kinetics, of the two volumes in section 5 entitled 'Poly- 
merisation Reactions', one volume should be devoted entirely to 
polymer degradation. 

This book comprises four large chapters which are devoted to 
the fundamental rather than the technological aspects of four 
major aspects of polymer degradation and written by three authors 
who are highly regarded internationally for their current activities 
in the field. The first two chapters, on thermal and high energy 
degradation respectively, are written by Dr C. David of the Free 
University of Brussels, the third, on photodegradation by Professor 
G. Geuskens, also of the Free,University of Brussels and the last, on 
oxidative degradation by Dr J. F. Rabek of the Royal Institute of 
Technology in Stockholm. 

About 20% of the first chapter is devoted to a general discussion 
of experimental methods and the kinetics of thermal depolymeriza- 
tion and the remainder to the specific reactions of a wide variety of 
polymers. The second chapter begins with a description of some 
general aspects of polymer radiolysis, interaction of high energy 
radiation with matter and the theory of cross-linking and degrada- 
tion. Thereafter individual polymers are discussed specifically from 
the point of view of trapped free radicals, chemical effects and 
mechanical properties. The structure of chapter 3 is similarly based 
on the discussion of the reactions of individual polymers together 
with sections on general principles of photochemistry, experimental 
methods, stabilization, and photophysics of polymers. In his con- 
ception of chapter 4, Dr Rabek took rather a different view. Thus 
after emphasizing the importance of hydroperoxides in the oxida- 
tion process he continues: 'This chapter is mainly concerned with 
the chemical and physical factors that are responsible for the forma- 
tion of hydroperoxides during the induction period and that influ- 
ence the mechanism of polymer oxidation. A detailed discussion of 
the oxidation of various polymers is not included since two excel- 
lent books dealing with this subject are published'. 

These three authors have succeeded admirably in combining to- 
gether to produce an authoritative, critical and very readable ac- 
count of the major growth areas of polymer degradation. It is un- 
fortunate that its price will preclude purchase by most individuals 
so that it will be largely confined to libraries rather than the desks 
of practicing scientists where it belongs. 

N. Grassie 

Advances in polymer science 
Edited by Z. A. Rogovin 
Wiley, New York, 1975, £14.70 

This book is a translation of a collection of essays by Russian scien- 
tists on various aspects of polymer science. 

The text tends to be written in a very wordy style which makes 
reading difficult. Some chapters appear to be out of date by as much 
as four years. For example, Dr Andrianova's chapter on Large De- 
formation in Crystalline Polymers makes no mention of the recent 
developments in the production of ultra high modulus PE via solid 
state cold drawing techniques as described by Professor Ward of 
Leeds University. Also there is no mention of the work of Wunder- 
lech (USA) and Bassett (UK) on high pressure annealing of poly- 
ethylene. A second feature is that the range of subjects is extremely 
broad and includes the physical, chemical, biomedical and industrial 
aspects of polymer science. The advantages of  such a book is that 
the previews include summaries of Russian work, which is not read- 
ily available, and enables an assessment to be made of Russian poly- 
mer science. 

An interesting discussion by S. G. Entelis and others considers 
the problem of characterization of oligomers with functional groups 
according to their functionality. The review summarizes the basic 

equations used and the role of the number average (fn) and weight 
average (t'w) functionalities of Stockmayer which are derivable 
from these. Experimental methods of characterization are com- 
pared, including the measurements of fw from gelation studies fn 
from the cross-link density measurements, and the use of gel-per- 
meation chromatography (g.p.c.). The latter, which is the most im- 
portant method, is only described in a limited way by reference to 
the original Terry and Rodriques paper in the Journal of Polymer 
Science published in 1968. Modern g.p.c, units with multichannel 
i.r. detectors are the most direct way of tackling this problem and 
merited more detailed discussion. Final sections in this chapter in- 
clude a summary of some Russian work on relations between distri- 
bution of functionality and mechanical properties. 

The article by E. F. Razvodovskii reviews the literature since 
1962 on synthetic polymers in pharmacology. There is an interest- 
ing discussion of antisilicosis activity and structure of poly(N-oxides) 
including some Russian work in this field on the relationship be- 
tween molecular weight of poly(2-vinyl pyridine N-oxide) and anti- 
silicosis activity. Another group of biologically active polymers are 
the ' ionenes ' , -  a class of polymers with a quarternary N-atoms in 
the main chain. These exhibit bactericidal properties, curane-like 
and antiheparin activity. One important aspect associated with put- 
ting drug molecules onto a polymer chain is that a reduction in tox- 
icity occurs. This is not a new idea since it transpires that the arse- 
nicals such as Salvarsan owe their low toxicity to the fact that they 
are substituted poly(arsenic oxides); a fact not appreciated at the 
time of theft discovery. 

The paper by Amerik and Krentsel on the Role of Anisotropic 
States in Polymerization Processes summarizes and compares work 
on polymerization in the crystalline and paracrystalline states and 
in liquid crystals and matrices of various kinds. In most cases poly- 
merization prefers to occur at the interface of two phases or at 
temperatures close to a phase transition. 

Finally two aspects of the use of spectroscopy to study poly- 
mers are discussed at some length. One of the more interesting of 
these is that of A. L. Buchachenko and others which is concerned 
with the use of stable radicals for studying molecular motions based 
on the line widths of electron paramagnetic resonance (e.p.r.) spec- 
tra due to rotary and translatory motions of the radicals. Using 
organic radicals differing in shape, dimensions and structure of their 
molecules but containing the same paramagnetic fragment > N - 0  it 
has been shown that the diffusion depends on the glass transition 
temperature Tg, indicating a dependence on the segmental motion 
of the polymer molecules. The parameters which can be measured 
using this technique include: the temperature of unfreezing of the 
radicals (Tu); activation energies (E), and pre-experimental factors 
(Vo) of the rotational frequencies of radicals in polymers. Data for 
different radical types and their behaviour in amorphous, crystal- 
line and cross-linked polymers are presented and discussed. 

D. G. H. Ballard 

Polymer Engineering 
H. Leverne Williams 
Elsevier, Amsterdam, 1975, 166 pp. £14.75 

My first impression of this book, written for use by 'the young 
Chemical Engineer entering industry' was quite favourable. It is 
short, it is well bound, it is easy to read, there are plenty of bold 
line diagrams in the text, there are very few equations and the 
references are limited to major works. Above all during the early 
chapters the author is intent on pointing out that this effect is use- 
ful because . . . . . .  rather than concentrating on problems. 

Professor Williams carried me with him through the early chap- 
ters on the nature of high polymers and their morphology. This 
seemed just the sort of information which the young chemical engi- 
neer would find useful to aid his learning processes in an industrial 
environment. However when the author reached the sections on 
deformation and flow, the area in which the references claim that 
he has a special competence, he loses my sympathy entirely. 

I suppose one can forgive an author for introducing his own 
notation rather than using one of the many types which have be- 
come standard. However, it is irritating to find that he changes no- 
tation from chapter to chapter (p 84, 127) and downright disturb- 
ing when the same nomenclature is used in sequential chapters (r~ in 
chapters 6 and 7) to mean different things (at least I hope that he 
means different things). 
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Then there are the contradictions like high molecular weight 
polymer increasing viscosity (when describing solution viscosities) 
and decreasing viscosity when considering drag reduction, and the 
gratuitous theoretical explanations of  such effects which may sound 
alright when spoken quickly but  do not bear being put into print 
in such a text especially when the concept o f  Reynolds turbulence 
(surely one of  the most commonly used formulae in chemical engi- 
neering) receives not a word. 

Finally, in a chapter on viscoelasticity there is the agony of  state- 
ments like the reciprocal o f  Young's modulus is compliance (p 87) 
and the implication (p 91) that relaxation and retardation beha- 
viour are the same thing by different names. Such things are not to 
be expected when the author cites Professor Ferry's treatise as his 
prime source, and it would be much better  to say nothing at all 
rather than to suggest ideas which will subsequently be difficult to 
remove. 

Thus in two chapters the author undid the confidence which his 
approach had shown in the early part o f  the book so that I cannot 
recommend it at all. 

F. N. Cogswell 

Polymer Chemistry - an Introduction 
M. P. Stevens 
Addison-Wesley, Reading, Mass., 1975, 458 pp. 
$17.50 

In contrast to the situation of  even five years ago, the lecturer giving 
a course in polymer science can now chose from several excellent 
course texts. The present book is intended as a text book for an 
introductory course in polymer chemistry at the undergraduate or 
postgraduate level, but differs in being written from the viewpoint 
o f  organic rather than physical chemistry. 

The fifteen chapters o f  this book form three main sections. The 
first occupies 100 pages and is a brief discussion of  the physical 
chemistry of  polymerization reactions and o f  the physical proper- 
ties o f  polymers. This is the weakest section and any realistic course 
would require supplementary reading. Its balance can also be criti- 
cized; for example, flame-retarding additives receive almost twice 
as much space as the discussion of  glass-transition temperatures. 
The second section, occupying 109 pages, gives a concise and well 
written account o f  the addition polymerization of  vinyl and dieme 
monomers and of  the chemical reactions of  vinyl polymers. Most 
o f  the material in this section is covered in other standard texts. It 
is in the third section that the book really comes into its own. This 
section, covering 216 pages, is a discussion of  nonwinyl polymers, 
beginning with polyethers, ending with natural polymers and cover- 
ing every conceivable polymer type in between. It is well written, 
concise and readable and successfully avoids being a 'preparation 
and properties '  catalogue. It is an excellent treatment o f  an area of  
polymer science which is much less well covered elsewhere. 

Because of  the strong bias towards organic chemistry I would 
find it difficult to consider this book as a primary course text but 
would give it strong recommendat ion as supplementary reading. 
The high price of  even the paperback edition, implies that few stu- 
dents will buy it although it should be in any library associated with 
polymer science teaching. It would probably have been a more use- 
ful book if the first section had been omitted and the price reduced 
to correspond. 

N. C Billingham 

Creep, viscoelasticity and creep fracture in solids 
J. Gittus 
Applied Science, Barking, 1975, 725 pp. £25 

I think that this is a very good book indeed and illustrates the unity 
of  the science of  the behaviour of  solid materials. Its subject mat- 
ter, is to review comprehensively diffusion creep in crystals and 
polycrystals and to relate this to flow in glasses. This is foIlowed 
by consideration of  creep due to dislocation glide in metals and in 
non metals, with, for the latter, some histories of  various important  
systems, e.g. various transition metal oxides and uranium carbide. 

Book Reviews 

A relationship is then noted with creep within the earth's mantle. 
Irradiation induced det~ormation due to volume or length changes 
and the resultant creep under stress is next considered. 

At this stage the author pauses and notes with truth ' today it is 
possible to become deeply involved with theories of  dislocation 
creep in metals without having more than a hazy notion of  the part 
played by elastic strains of  various types. Of course the converse is 
also true and experts on the viscoelastic behaviour o f  polymers are 
only now beginning to be aware o f  the role which dislocation theory 
may play in helping to rationalize the behaviour of the materials 
with which they are concerned' .  Dr. Gittus goes on to instruct these 
two types of  scientist of  materials and he is well equipped to do so 
having made contributions to irradiation creep. Nimonic alloys and 
to the flow of foundry sand, himself. 

Succeeding chapters deal with viscoelastic models, which are very 
well explained, viscoelasticity in metals and in non metals; here the  
kinetic theory of  rubber elasticity is dealt with and viscoelasticity 
in amorphous polymers with important  ones, such as PVC, poly- 
styrene, PMMA being dealt with in detail. Then metals and alloys 
of  high creep strength are dealt with and the behaviour of  Nimonics 
and specific refractory metals, e.g. W, Mo, Nb, dealt with individually. 

Theory and experiment of  superplastic effects which occur prin- 
cipally in metals and offer a low temperature forming process ana- 
logous to drawing of  polymers consumes Chapter 11 and creep frac- 
ture Chapter 12 which includes among other things wedge cracks in 
crystalline materials and crazing in glassy polymers. Before a final 
discussion of  a mechanical equation of  state, a chapter is devoted 
to the effects of  environment which includes oxidizing metals, seg- 
regation to grain boundaries, stress corrosion (environmental stress 
cracking) and effects of  humidity on the creep o f  concrete. 

As Sir Monty Finniston says in his introduction, Gittus' courage 
must be admired in taking on so vast a task. I think both  that and 
his success. Many may cavil at the treatment of  their speciality but 
I think the sweep is right and the judgement good. A fine compre- 
hensive and up-to-date work which should be on the shelves of  all 
scientists o f  materials who can afford it. 

A. Kelly 

Organic polymeric semiconductors 
Ya. M. Paushkin, T. P. Vishnyakovo, A. F. Lunin 
and S. A. Nizova 
Wiley, New York, 1975, 242 pp. £10.10 

Experiments on small molecules had made it clear by 1955 that an 
increase in the number of  conjugated double bonds induces increas- 
ed semiconduction in crystalline organic substances, and shortly 
afterwards the enhancing effect of  charge-transfer complexation 
was also established. Around 1959 the subject was taken up by 
Russian polymer scientists, who embarked on a large programme of  
synthesis o f  conjugated linear polymers,  with the object o f  increas- 
ing the conductivity still further. By and large, this work may be 
criticized in that the products were amorphous and not well charac- 
terized, and the electrical conduction measurements were rather 
scrappy. This translation provides a valuable service in gathering 
together all the references, and reviewing all the results, previously 
only available in the Russian language. However, the whole book 
smacks of  scissors and paste-pot, and as a scientific contribution it 
leaves much to be desired. Indeed, the reviewer makes so bold as 
to assert, that it falls far below the high standards established in 
this field by that great pioneer of  organic semi-conductors, the 
Soviet scientist, Academician Terenin. Accordingly, it emphatically 
cannot be recommended to postgraduate students or anyone else 
who seek a scientifically intelligible and coherent account of  con- 
duction in polymers. But it will provide a valuable vade mecum for 
laboratories active in the field to this early Russian synthetic work, 
much of  which will no doubt  bear further consideration or even 
repetition, in the light o f  the rapid advances now occurring in the 
science of  organic single crystals as metallic conductors.  So it would 
perhaps be churlish not to thank the translators for their efforts, 
while chiding the authors for the absence of  any coherent account 
of  the physics of  their problem, their lack of  any grasp of  the inter- 
national literature, and the slips and other  blemishes which the ex- 
pert eye can detect  in this book. 

D. D. Eley 
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Book Reviews 

Recent advances in polymer science 
(Polymer Symposia No. 46) 
Wiley, New York, 1974, 366 pp. £9.75 

This volume includes 23 papers read at a symposium held at Prince- 
ton in 1973, in memory of Professor Arthur V. Tobolsky. The 
volume also includes a short tribute and bibliography of  Tobolsky's 
publications. 

Tobolsky was a distinguished polymer scientist and an outstand- 
ing teacher, and the contributions to this volume are largely by his 
former students and coworkers. His major contribution to polymer 
science was to the subject of the relationship between properties 
and structure and in particular, the mechanical and viscoelastic be- 
haviour of polymers. The latter subject forms the main theme of 
the symposium, which includes several papers on the synthesis and 
viscoelastic properties of block copolymers, the properties of cross- 
linked systems, dielectric relaxation, and also contribution of tech- 
nical interest on adhesion, blown films and resin coatings. The 
volume is a fine tribute to an eminent scientist. 

C E. H. Bawn 

Irradiation in Chemical Processes. Recent 
Developments 
M. W. Ranney 
Noyes Data, New Jersey, 1975, $36 

This book represents an attempt to supply detailed technical infor- 
mation which has been extracted from the more recent US patent 
literature in this field. An author's quote 'By indicating all the in- 
formation that is significant and eliminating legal jargon and juristic 
phraseology, this book presents an advanced, technically oriented 
review of irradiation in chemical processes'. 

On the whole the technical contents of the book support the 
authors' claim. There are many creditable aspects. It is unfortunate 
that there are also several features present which detract from the 
books' overall merit. 

This volume is largely poorly presented. As an example, the 
first chapter which deals with general chemical synthesis contains, 
on average, one significant error every two pages. Indicative are 
incorrect formulae, incomplete sentences, meaningless terminology, 
inconsistency in units, and incorrect units (density measured as 
lb/ft). Chapter 2 contains the statement that the coefficient of 
linear expansion at 73°F of solid polytetrafluoroethylene has a 
value of 5.5 × l0 s inches. 

The method of processing used to produce this book, whilst un- 
doubtedly cutting costs and providing useful information in a rela- 
tively short time, does so at the expense of the presentation. Data 
in the tables are difficult to read without very careful scrutiny. 
The depth of print is variable and the quality of paper unbecoming 
a book of this price. It is doubtful if any of the sections in the book 
have been proof read in a conscientious manner. 

Despite these faults, the book has much to recommend it. The 
subjects are dealt with in six sections of varying length, depending 
on the importance of the technique of irradiation to the particular 
application. Each chapter contains a wealth of up-to-date material 
which should be of value to industrial and academic researchers 
alike. The detail given is such that this volume could provide the 
basis of many research programmes. The contents cover a range of 
interests from general chemical synthesis through polymer processes, 
coatings and printing inks, the application of radiation to compo- 
sites and specific applications. Various types of irradiation proce- 
dure are covered in depth. Those sections which proved particu- 
larly useful to the reviewer included coatings and printing inks (in 
which radiation induced processes are becoming firmly established) 
and polymer grafting techniques where there are definite signs of 
future commercial exploitation. 

On the basis of its contents this book deserves wide circulation. 
However, it is the unwarranted number of errors which will detract 
from its appeal. It is difficult to understand how any volume could 
have reached publication with so many mistakes in the text. The 
concept of abstracting the patent literature, properly presenting 
the information in a digestable form and maintaining continuity is 
an attractive one which could be adopted in other disciplines. One 
hopes that in such instances, the proof reading will be much more 
thorough than is the case here. 

J. T. Guthrie 

Conference Announcemen t 

The Outlook for Polymer Science 
UMIST, Manchester, 24 and 25 March 1976 

The Sixth Biennial Manchester Polymer Symposium 
will be held at UMIST on 24 and 25 March 1976 and 
is being organized with the support of British polymer 
manufacturers to mark the retirement of Professor 
Geoffrey Gee CBE, F RS as Sir Samuel Hall Professor 
of Chemistry in the University of Manchester. The 
aim is to survey the achievements and assess prospects 
for future developments in four areas of polymer 
science with which Professor Gee has been associated: 
preparation of polymers with desirable structures; 
mechanisms of polymerization reactions; thermody- 
namics of polymer solutions; and mechanical proper- 
ties of polymers in relation to their chemical struc- 
tures. The programme wil l  consist of the following 
lectures: 

• Achievements and prospects in polymer science: intro- 
duction to the symposium 
Professor G. Allen (Imperial College, London) 

• Molecular design of polymers 
Dr A. H. Willbourn (ICI Plastics Division, Welwyn Garden 
City) 

• Some aspects of the stereoregulation in the stereospecific 
polymerization of vinyl monomers 
Professor P. Pino (Federal Institute of Technology, 
Zurich) 

• Intermolecular forces in polymer synthesis - from Lewis 
acid complexes to exciplexes 
Dr A. Ledwith (University of Liverpool) 

• Progress and problems in the thermodynamics of polymer 
solutions 
Professor 14/. H. Stockmayer (Dartmouth College, USA) 

• Mechanical motions in amorphous and semi-crystalline 
polymers 
Dr R. F. Boyer (Midland Macromolecular Institute, USA) 

• Structure and properties of multiphase polymer systems -- 
perspectives on present status and future potential 
Dr S. L. Aggarawal (Genera/Tire, Akron, USA) 

• Glassy polymers 
Professor Sir S. F. Edwards (Science Research Council, 
London) 

Texts of the lectures presented wil l  be published in 
POLYMER later this year. Further details may be 
obtained from The Registrar, University of Manches- 
ter Institute of Science and Technology, PO Box 68, 
Manchester M60 1QD, UK. 

Typeset by Mid-County Press, London SW19 
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Structure refinement of 
(t-poly(,- methionine): X-ray and 
conformational analysis 
F. Colonna-Cesari and S. Premilat 
Laboratoire de Biophysique, Universite de Nancy 1, Centre de premier Cycle, Case Officielle 
No. 140, 54037, Nancy Cedex, France 
(Received I July 1975; revised 10 November 1975) 

Using the agreement function between observed and calculated X-ray intensities of the fibre pattern 
as a constraint in the packing energy minimization, a structure is proposed for the e-helix of poly(L- 
methionine). This structure has a negative packing energy, is in good agreement with X-ray data, and 
consists of three different side chain conformations. A model for the packing of randomly up and 
down pointing polypeptide chains is proposed. 

INTRODUCTION 

In a previous paper ~, the unit cell of the crystalline lattice 
of poly(L-methionine) (PLM) (see Figure 1) in its a form 
was determined from X-ray fibre patterns, but no precise 
model could be proposed from these crystallographic data. 
As in the case of  other c~-helical polypeptides [poly(L- 
alanine), poly(~,-chloro.benzyl-L-aspartate)..] the existence 
of a strong meridional reflection near 1/4.4 A -1 suggests 
that 3 consecutive side chains adopt different conforma- 
tions 2'3. It would be of interest to know the extent to 
which these conformations differ. Takeda and coworkers 3, 
using crystallographic methods only (without refinement) 
tried to establish a model with 3 distinct consecutive side 
chains for the or-helical form of poly(fl-chlorobenzyl-L- 
aspartate), but their final model displays identical confor- 
mations for each of them. It might be thought that the 
method developped by Amott and Wonacott 4 would be 
powerful enough to solve this problem. As shown in the 
present paper, however, the determination of the twelve × 
torsional angle values, is not possible with the help of X-ray 
data only; extra information is clearly needed. 

This additional information may well be drawn from the 
necessity to obtain a structural model which corresponds 
to a minimum of the packing energy. On this basis, we 
have established a model for the side chains conformation 
of the a-helical form of PLM in the fibrous state. 

For each diffraction arc a radial densitometer trace is ob- 
tained. The background contribution is estimated em- 
pirically and the observed integrated intensity is obtained 
by measuring with a planimeter the area between the den- 
sitometer trace and the background estimation. Correc- 
tions are then applied to obtain the lobs values of  the ob- 
served intensities directly comparable to the calculated 
values s. 

X-RAY RESULTS 

Figure 2 shows three X-ray diffraction patterns of  the same 
sample taken under different experimental conditions. 
They consist of 62 measurable reflections whose corrected 
intensities lobs are given in Table 5, and of strong streaks 

0"7 
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0"5 

0"4 
i 

0"3 
EXPERIMENTAL 

From a concentrated chloroform solution of PLM in which 
a few drops of dichloroacetic acid were added to avoid 
aggregates, very thin highly birefringent fibres are obtained 0.2 
by dipping and slowly removing a spatula. The most crystal- 
line fibres are selected under a polarizing microscope, bun- 
dled into a super-fibre of 90 to 100/am diameter and fixed O.I 
to a metallic holder with araldite. The crystalline order is 
improved by annealing the sample in vacuo for 2 h at 150°C. 

A cylindrical camera of 29 mm radius, evacuated with a O.O 
rotary pump, is used with Ni Filtered CuKa radiation (k = 
1.542 A). Sets of 3 superposed films are exposed at a time 
for a period of l h to 15 days, in order to measure reflec- 
tions in the entire density range. Integrated intensity mea- 
surements are achieved with a Joyce-Loeble densitometer. Figure 1 
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Figure 2 X-ray diffraction photograph of PLM; cylinarical camera of 29 mm radius (a) The fibre axis is vertical and normal to the 
beam; (b) the fibre axis is tilted 10 ° from the normal to the beam to show the intense 4.40 A meridional reflection; (c) the fibre axis is 
horizontal and tilted 31 ° from the normal to the beam to show the 1.500 A meridional reflection 

on a few layer lines, suggesting some randomness of the 
chain sense2; their positions in the reciprocal space are re- 
ported in Figure 1. The unit-cell may thus be considered 
as statistical and contains one up pointing half helix and 
one down pointing half helix. 

The equatorial spacings, together with the existence of 
two meridional reflections at 4.40 -+ 0.01 A and 1.500 -+ 
0.002 A indicate a hexagonal lattice with a = 11.490 -+ 
0.005 A and c = 70.5 -+ 0.1 A. The two meridional reflec- 
tions may be indexed as (0 0 16) and (0 0 47) respectively 
as in poly(L.alanine). Thus the helical symmetry is 47/13. 
The (0 0 16) reflection being due to side chains, we may 
suppose that their structure can be well approximated by a 
16/13 helix with the same c value as the 47/13 helix related 
to the peptidic backbone. In fact the 47/13 helix can also 
be approximated by a 18/5 helix. The only slight difference 
lies in the layer lines location, but nothing is changed as far 
as the Bessel function indices are concerned, since we only 
consider the first index for each layer line, as shown in 
Table 1. If the same approximation is made with the 16/13 
helix we can consider, in agreement with Takeda and co- 
workers 3 that the side chains pack roughly in a 6/5 helix, in 
order to accomodate the 6-fold symmetry of the packing 
interactions. In this approximation, the asymmetric unit 
of the 6/5 helix consists of exactly 3 consecutive side chains; 
it is, however, only an approximate model as 16 x 3 = 48 
and not 47. The side chains helix does not have exactly the 
same periodicity as that of the peptidic backbone, as al- 
ready shown by Elliott and Malcolm 2. As a consequence, 
the significative layer lines of the two systems may some- 
times slightly differ (Table 1), but for the sake of simplicity 
we only consider the 47/13 helix significative layer line 
system. This will be taken into account when computing 
theoretical intensities (see Appendix). 

From these crystallographic data we attempt to locate 
the sulphur atom with the cylindrical Patterson method 
of McGillavry and Bruins 6. Contrary to Takeda and co- 
workers work, no information on the sulphur location is 
available as the sulphur peaks overlap those due to the se- 
cond order of  the a-helical backbone. Another attempt is 
then made with the electronic density projection method; 
but no resolution comparable to that given by Vainshtein 7 
for poly(3'-methyl glutamate) can be obtained. We are thus 
induced to build an a priori molecular model and to try 

and accord the theoretical diffraction spectrum with the 
experimental data. 

THE STRUCTURE REFINEMENT FROM X-RAY DATA 

Molecular and crystal parameters 
Each a-helix divides into two parts: first, the polypep- 

tide backbone including the C# atoms, which is assumed 
to keep the 47113 symmetry and whose asymmetric unit 
is one peptide group [ - N H - C a H a - C t r - C ' O -  ] ; secondly, 
the side chains. In a first approximation, we may suppose, 
as Takeda and coworkers did, that the side chain atoms also 
lie on 47/13 helices, which is what we call the 'pure' a- 
helical case. When 16/13 helices are considered, their 
asymmetric units consist of the three consecutive side chain 
sequences [H#H#-C.rH~H.r-Ss--CcHeHeHe ] • 

The following parameters are needed to define the mole- 
cular model: (1) fixed molecular parameters, such as bond 

Table I Bessel function indices contributing to measurable reflec- 
tions (lower than 7) for the different symmetries. /, the layer line 
index for 47 /13 and 16/13 symmetries,/', for 18/5 and 6/5  sym- 
metries. "47/13 significative layer line system corresponding to 
Figure I 

Symmetries 
Layer line Layer line 

/ 47/13 16/13 18/5 6/5 / '  

0*  0 0 0 0 0 
5* 4 - 4 - 2  2 
6 - - 2  
7 - 3 
8*  - 3  - - 3  ±3 3 
9 - - 3  

13" 1 1 1 1 5 
16" - 6  0 --6 0 6 
18" 5 -- 5 --1 7 
19 -- --1 
21" --2 -- --2 --2 8 
22 --2 
26* 2 2 2 2 10 
34*  --1 -- --1 --1 13 
35 -- --1 
47*  0 -- 0 0 18 
48 -- 0 
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II 

Figure 3 The structural parameters used for the methionyl residue 

lengths and bond angles given by a mean on the data found 
in literature (Figure 3). (2) variable molecular parameters 
(Figure 3): the internal rotation angles qS, if, to and Xl, 
X2, X3, X4 when only 47/13 symmetry is concerned or X'/ 
(i = 1,4,j = 1,3) when 16/13 symmetry is concerned, the 
bond angle r = L NCaC'. (3) variable packing parameters 
(Figure 4): the absolute rotation ct of  the two half up point- 
ing and down pointing helices about the c axis (a = 0 when 
the Ca up of the asymmetric unit is on the a axis, a sense 
is anticlockwise). 

The relative rotation/3 of  the down pointing helix with 
regard to the up pointing helix (fl = 0 when the Ca of the 
up pointing and down pointing part of  the asymmetric unit 
have the same equatorial projection, the/3 sense is clock- 
wise). The relative translation t of  the down pointing helix 
with regard to the up one (t = 0 when the two C a of  the up 
and down part have the same z coordinate, the positive t 
are along the down axis). 

To these parameters we add two temperature factors: an 
overall temperature factor B1 applied to every atom and an 
additional one B2 applied only to the side chain atoms. In 
the most general case (47/13 plus 16/13 symmetries)we 
have to consider not less than 21 parameters. 

Refinement procedure and results 
Many authors choose the crystallographic R factor as a 

test function even when dealing with fibres; others 4 prefer 
to derive a least square function. In this paper we choose 
the correlation factor p defined by: 

P = ~ ( l ~ l  - IFCl) (I/~i I - IF°l)/ooOc 
i 

where i is running over all the reflections measured, I/~/1 is 
the modulus of  the calculated structure amplitude for re- 
flection i, IF~/I = ( lobs )  1/2 for the same reflections. I~'Cl 
and lif ° I are the means of these two sets, Oo and Oc their 
standard deviation. We want to minimize the function 
q~ = 1 - O 2. This choice was carried out first, as P has a 
clear physical meaning and is now extensively used s and 
secondly because no scaling factor needs to be introduced 
more or less artiflcally in the optimization process. 

Contrary to Arnott 's  procedure no helical constraint is 
used in the optimization. The helical constraints are 
directly included in the helix building program by solving 
the Miyazawa's equations 9 with a Newton procedure. The 

values of  4~ and ~ are then automatically determined each 
time co and r vary in a region where the a-helix is defined. 
The helix is set up in its own coordinate system by a sim- 
ple matrix transformation. The 8 helical parameters used 
by Arnott and Wonacott l° (~, ~, co, r, Ox, Oy, Oz,D) are 
therefore reduced to w and r. However the derivatives with 
respect to co and r are not simple and must be evaluated 
numerically, but they are scarcely used in our problem. All 
the other derivatives are calculated analytically. 

Instead of the simple least square matrix method,  we 
use the conjugated gradient method of Fletcher and Powell 1~, 
since our starting structures are too far from the optimum 
o n e .  

Optimization of the eo function leads to many possibili- 
ties in so far as the part of  the information due to side 
chains is relatively weak in the X-ray diagram compared to 
that due to the a-helical backbone, as confirmed by the 
diffuse cylindrical Patterson function. This may be due to 
some necessary disorder affecting side chains included in 
interactions between helices of  same polarity, as we shall 
show below. Since, on the other hand, the packing energy 
E is more sensitive to the conformation of the side chains 
than to that of the peptidic backbone, by optimizing the 
packing energy we should obtain some satisfactory starting 
structures for ulterior optimization of ~.  

CONFORMATIONAL ENERGY ANALYSIS 

In fact simple empirical packing energy calculation seldom 
yields realistic structures. For example, Fu and coworkers 12 
have determined several stable conformations for poly(/3- 
chlorobenzyl-L-aspartate) by energy analysis. It turns out 
that the conformation derived from X-ray analysis by Takeda 
et al. 3 has the less favourable energy. 

In this work we obtained similar results with PLM; 
structures obtained by optimization of E only give poor q~ 
values and vice versa. The reason lies mainly in the diffi- 
culty to find all the minima of a several variable function. 
On the other hand, a coupled optimization of  E and q~ at 

F i g u r e  4 The parameters a and # and their rotation senses. 
A ÷ ( r j ,  ¢ j ,  z jY represents the equatorial projection of a given atom in 
the up pointing helix and A - - ( r i ,  - -  ¢ i  - -  ~ + a ,  - -  z j  - t)  the projec- 
tion of the homologous of A + on the down pointing helix. C + and 
C~are the origins respectively for the up and down helices; --t is the 
translation of C ~  relatively to C + 
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Figure 5 The different lattice models, wi th as many up pointing 
chains ® as down pointing chains O. (a) model I: or thorhombic 
unit-cell with two helices; (b) model I1: or thorhombic unit-cell with 
four helices; (c) possible real arrangement with hexagonal statistical 
unit-cell. Parallel interactions ( - - - -  --); antiparallel interactions 
( ~ )  

the same time will certainly present much less minima. 
And it must yield a structure energetically favourable and in 
agreement with X-ray data. 

Potentials 
We use the 6 -12  Lennard-Jones potentials published by 

Scheraga t3, with increased van der Waals radii as used pre- 
viously 14. In the exploration phase a cut-off of 4 A is used 
on these interactions to save computer time, and 7 A in the 
final computations. Electrostatic interactions are calculated 
without cut-off with a dielectric constant of 1 and the par- 
tial charges of the monopole approximation are taken from 
the paper of Poland and Scheraga Is. Torsional energy 
around covalent bonds and r angle deformation energy are 
calculated from the values published by Scheraga ~3. The 
hydrogen bond potential is taken from Poland and Scher- 
aga is. 

Molecular packing model 
At this step, it is necessary to suppose an hexagonal ar- 

rangement of  the randomly up and down pointing chains 
corresponding to the X-ray model, simple enough to allow 
quick energy calculations. 

Let us consider the interactions of a given up pointing 
helix with its 6 first neighbours. They divide into two 
types: parallel interactions when the up pointing helix inter- 
acts with other up pointing helices and antiparallel inter- 
actions when it interacts with down pointing helices. First, 
we can consider a model in which each site of the hexa- 
gonal lattice is randomly occupied by an up or a down 
pointing helix. In this case, interactions between helices 
are also randomly distributed; it is impossible to conceive a 
6/5 helical symmetry for the side chains, induced by the 
hexagonal lattice, or some correlations in the helices orien- 
tations. The diffraction pattern would be similar to that of 
the tobacco mosaic virus 16. 

In fact, the existence of a hexagonal lattice and of a 6/5 
helical symmetry for the side chains implies some local 

order. In other words, one type of interaction must be 
more frequent than the other. 

In this way, they are, on average, two consecutive hel- 
ices with the same sense in the nearest neighbouring of a 
given helix: this is sufficient to ensure the existence of the 
(4.4 A) reflection characteristic of the 16/13 or 6/5 helical 
symmetry. In addition, this predominant type of inter- 
action, by imposing its own local order, ensures that the 
helices are correlated in orientation. This allows the exis- 
tence of a crystalline order. This predominant type of 
interaction is therefore responsible for the X-ray diffrac- 
tion pattern. As energy calculations show that electrosta- 
tic interactions between parallel helices are 10 kcal/mol- 
residue less favourable than those between antiparaUel 
helices, we suggest that antiparaUel interactions predomi- 
nate in the helices arrangement. Regular lattices, with as 
many up as down pointing helices but in which antiparallel 
interactions are twice as numerous, can be built as shown in 
Figures 5a and 5b. Nevertheless these regular models give 
orthorhombic unit cells and are not consistent with the 
existence of streaks. So, we suggest that the actual lattice 
may look like that of Figure 5c, i.e. mixture of models I 
and II of Figure 5a and b, consistent with the hexagonal 
lattice and streaks. The necessary presence of parallel inter- 
actions implies some disorder in the conformation of the 
side chains involved. This type of lattice thus contains an 
important 'amorphous phase' which could be at the origin 
of the strong diffuse halo on the X-ray patterns. 

As pointed out above, the antiparallel interactions alone 
are responsible for the Bragg reflections. The following 
model is then sufficient to undertake energy calculations: 
an up pointing helix surrounded by 6 down pointing hel- 
ices. The antiparallel interactions alone are taken into 
account. We construct such an arrangement with the 
middle of an up pointing helix of 9 residues and 6 down 
pointing helices of 15 residues. Further, the first 3 resi- 
dues of the up pointing helix are facing the middle residues 
of the down pointing helices. 

Q 
Q 

0 0 
Figure 6 Arrangement of up and down pointing chains used for 
energy calculations 
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Table 2 Conformational parameters for the five areas of minimum 
intramolecular energy 

X! X2 X3 X4 Ei(kcal/m°l 
(degrees) (degrees) (degrees) (degrees) residue) 

(1) 180 160 60 60 --11.38 
(2) 180 40 60 20 --10.63 
(3) --160 --160 --60 60 --10.25 
(4) --100 --160 -60 --20 --7.96 
(5) --160 120 -60 20 --6.27 

In the calculations, the packing energy E by residue is divi- 
ded into two parts: (a)Ei  the intramolecular energy of  a 
helix, calculated as the energy of  interaction of  the 3 first 
residues of  the middle helix with themselves and with the 
remaining residues divided by 3; ( b ) E  R the intermolecular 
energy calculated as the energy of  interaction of  the 3 first 
residues of  the middle helix with the down pointing helices 
divided by 3. 

The molecular parameters used as variables in the cal- 
culation of  E are the same as those used for X-ray refine- 
ment (~,/3 and t being now defined as shown by Figure 6). 

Given a set of  parameters (w, T, Xi/, ~,/3, t, BIB2) we can 
now calculate q~, the test function for X-ray data, and E at 
the same time. 

Results of  energy calculations 
To eliminate side chains conformations giving high 

intramolecular energies we first build energy maps of a 
pure 47/13 a helix where ×1 and X2 are varied from 20 ° to 
20 ° for values of  X3 equal to 60 °, 180 ° and - 6 0  ° and ×4 
equal to 60 ° , 20 ° and - 2 0  ° . We thus obtain five areas of  
negative intramolecular energy (see Table 2). 

In order to eliminate very unfavourable conformations 
(such as extended side chains o f  very high intramolecular 
energy) a shallow optimization is performed on E starting 
from these areas, always with the pure a-helical confor- 
mation. As expected, no conformation gives a negative 
value for E associated with a good • value. Nevertheless 
they yield reasonable starting points for the coupled opti- 
mization and allow the elimination of  unlikely structures. 

COUPLED REFINEMENT 

Method 
As discussed above, if we do not want to go astray in 

local minima of  E providing poor agreement with X-ray 
data, we must use a coupled or simultaneous minimization 
of  E and ~.  The mathematical problem is therefore: to 
find a set of  conformational and packing parameters so as 
to minimize E with the imperative condition that q~ <~ o 
[or p >1 Po = (1 - 02)1/2], where o is a given positive num- 
ber smaller than 1. This problem is very similar to the pro- 
tein refinement problem. In this paper we prefer to deal 
with the constrain • ~< o by a Lagrangian method, more 
powerful than the oversimplified penalty minimizations 
used in this type of  work 17'1a. For this purpose, we use 
the conjugated gradient method published by Haaroff and 
Buys 19 to solve non-linear constrained minimization prob- 
lems. A series of  constrained optimizations is undertaken 
in which o is lowered from 0.50 to 0.20 (or Po increased 
from about 0.70 to 0.90) by small steps, to drive the para- 
meters gently towards regions leading to lower energies 
consistent with ,b ~< o. 

Results 
Starting from points obtained by the previous E opti- 

mization, the coupled optimization procedure is first 
applied to the 'pure' a-helical conformation. 

When a conflict arises between ,I, and E optimizations, 
the next step is carried out with side chains in the 16/13 
symmetry. The optimization is stopped when a further 
decrease in o leads to stationary values for E and q~ or con- 
flicts with a further optimization of E. 

As p reaches a values of  0.85, we refine B1 and B2 to 
obtain B1 = 9 and B2 = 3. We keep B 1 = 9 in the next 
steps but B2 = 0 so that the role o f  side chains in the 
optimization does not decrease too artificially. 

A final refinement is made on co and r leading to some 
improvement, mainly in the intramolecular energy E. We 
verify too that no other values for a,/3 and t give new solu- 
tions. Finally, two conformations (Table 3) reached the 
final stage. For both of them p = 0.88, but one of  them 
(b) is eliminated as it does not account for the small 
values of  the (1 0 13) reflection, an important fact of  the 
diffraction pattern (it also has the greater energy). So, we 
propose the conformation (a) of  Table 3 as a probable 
structure for PLM ~-helices in the fibrous state. The cor- 
responding atomic coordinates of  the asymmetric unit are 
given in Table 4. Figure 7 shows equatorial projection 
of  this structure and Table 5 gives the calculated X-ray 
intensities. 

DISCUSSION AND CONCLUSION 

The examination of  the results of  Table 3 and 5 shows that 
the model we proposed is still coarse (p = 0.88, R ~ 0.4), 

Table 3 Refined parameters for the two final structures. (a) and 
(b) correspond respectively to starting points (1) and (3) of Table 2. 
R factor is given for comparison 

(a) (b) 

~b --57.0 
~k -48.225 

180.880 
"r 109.6 
×] 179.3 
×~ 152.4 
×~ 47.6 
x~ 50,9 
×2 l 153.9 
X~ 150.0 
x~ 48.4 
×~ 52,2 
x~ 147.6 
x~ 165.2 

x33 57.1 
X43 52.1 
c~ 17.1 

154.5 
t 0.0 
B1 10.0 
B2 2.0 
R* 0.393 
4) 0.23 
p 0.88 
E -11.32 
(kcal/mol residue) 

--55.479 
-49.566 
180.770 
109.4 

--124.3 
177.7 
--76.0 
--16.4 

--120.2 
179.4 
--69.2 
--17.0 

--119.7 
172.1 
--82.5 

16.9 
41.9 

203.0 
0.16 

10.6 
0.4 
0.435 
0.23 
0.88 

--9.76 

* R= ~ hFCt - IF° l l /  ~ IF°l 

i i 
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Table 4 Cylindrical atomic coordinates corresponding to the structure (a) of  Table 3 

Residue 1 Residue 2 Residue 3 

r(A) (degrees) z(A) r(A) (degrees) z(A) r(A) (degrees) z(A) 

peptidic backbone 
N 1.53 --11.11 --0.87 ~.53 88.46 0.63 1.53 --171.96 2.13 
H 1.50 -- 1.57 --1.84 1.50 98.00 -0 .34  1.50 --162.42 1.16 
C a 2.29 17.10 0.0 2.29 116.67 1.50 2.29 --143.75 3.00 
H e 3.06 3,56 0.47 3.06 103.13 1.97 3.06 --157.29 3.47 
C~ 3.26 35.37 --0.85 3.26 134.94 0.65 3.26 --125.48 2.15 

1.68 43.39 1.09 1,68 43.39 2.59 1.68 -117.46  4.09 
O 1.96 37.03 2.28 1.96 37.03 3.78 1.96 --123.82 5.28 

side chain 
H~ 3.70 24.65 --1.62 4.01 124.15 0.21 4.07 -135.93 1.81 

H~ 2.97 52.82 --1.33 2.84 146.60 -0 .16  2.84 --115.71 1.28 
C~/ 4,45 40.85 0.06 4.18 148.13 1.55 4.11 -110.42  3.01 

p, 

H ]- ~/ 4.45 53.96 0.48 4.09 163.36 1.55 3,83 -- 95.11 3.13 

H~,~/ 4.55 31.55 0.88 4.13 142.69 2.57 4.25 --116,76 4.00 
s" 5.98 40.08 -0 .88  5.86 145.80 0.93 5.72 -109.27 2.21 
C c 5.59 50.12 -2 .32  5.61 149.56 -0.81 5.29 - io1. ,51 0.63 

H~ 6.49 50.51 -2 .94  6,58 149.67 --1.32 6.23 -100~33 0.05 

H~ 4.78 45,06 --2.91 5.02 140.81 --1.27 4.64 -109.42  0,06 

H 3 5.42 60.91 -1 .99  5.22 160.46 -0 .90  4.92 - 90,01 0.80 

Table 5 Observed (lob s) and calculated intensities corresponding to the structure (a) (Table 3), (/c a) and structure (b), ( I t ) .  The last are given 
for comparison. Equatorial reflections from 200 to 310 are too weak for  the (a) conformation 

h k / lobs lC h k i lobs ic 

1 0 0 37.15 46.75 56.44 2 0 13 4.28 3.02 3.49 
1 1 0 7.20 10.59 19.40 2 1 13 1.10 0.87 1.22 
2 0 0 19.43 5.70 14.56 3 0 13 1.42 1.75 0.43 
2 1 0 39.31 18.96 27.40 2 2 13 1.07 0.04 0.46 
3 0 0 48.04 19.32 36.61 3 1 13 1.38 0.71 1.12 
2 2 0 6.68 3.71 7.15 4 0 13 1.30 3.10 1.98 
3 1 0 7.44 2.34 3.44 3 2 13 0.40 1.22 0.74 
4 0 0 1.84 2.82 1.74 1 0 16 0.91 0.13 0.08 
3 2 0 3.5 3.36 2.75 1 1 16 - 0.02 0.04 
4 1 0 0.35 1.76 2.02 2 0 16 0.16 0.04 0.03 
5 0 0 0.12 0.07 0.01 1 0 18 - 0.00 0.00 
3 3 0 0.14 0.59 0.21 1 1 18 - 0.02 0.04 
4 2 0 0.71 0.80 0.41 2 0 18 - 0.07 0.07 
5 1 0 0.32 0.72 0.60 2 1 18 0.13 0.09 0.21 
6 0 0 0.77 0.10 0.21 3 0 18 - - - 
1 0 5 0.05 0.04 0.20 2 2 18 -- - - 
1 1 5 3.22 0.73 0.16 3 1 18 - - -- 
2 0 5 6.08 1.40 0.08 4 0 18 0.8 0.31 0.02 
2 1 5 2.14 3.15 0.10 3 2 18 0.57 0.62 0.01 
3 0 5 1.12 3.33 0.40 4 1 18 0,56 0.76 0.02 
2 2 5 0.56 2.55 1.39 1 0 21 0.37 1.33 2.59 
3 1 5 0.32 2.21 1.68 1 1 21 1.29 0.34 3.70 
4 0 5 0.57 1.32 2.10 2 0 21 0.84 0.63 2.13 
3 2 5 0.35 0.72 1.80 2 1 21 1.42 1.78 0.82 
1 0 8 0.95 1.17 0.61 3 0 21 1.61 2.32 0.42 
1 1 8 3.86 1.13 2.12 2 2 21 1.49 2.24 1.75 
2 0 8 -- 0.25 2.12 3 1 21 1.12 2.01 1.57 
2 1 8 1.04 0.56 0.39 1 0 26 - 0.18 1.00 
3 0  8 0.52 1.19 0.03 1 1 26 0.02 1.59 0.06 
2 2 8 1.02 1.80 1.02 2 0 26 0.11 0.90 0.21 
3 1 8 1.22 1.83 1.34 2 1 26 0.74 0.32 1.29 
4 0 8 1.15 1.50 1.58 3 0 26 1.08 1.06 0.46 
3 2 8 0.50 0.92 1.26 1 0 34 -- 0.02 0.01 
4 1 8 0.27 0.57 0.93 1 1 34 -- 0.41 0.22 
1 0 13 0.18 0.02 2.35 2 0 34 O.10 0.41 0.56 
1 1 13 8.89 10.81 4.82 2 1 34 0.15 0.23 0.05 

1 0 47 0.03 1.06 0.81 
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Figure 7 Equatorial projection of the structure (a) of Table 3 

in particular tlae 200 reflection is too weak. This region of  
the reciprocal space is very sensitive to the position of  the 
side chains atoms. A possible explanation of this discre- 
pency may be that in the actual asymmetric unit the 'up 
and down'  half helices have different geometrical para- 
meters in particular different × angles. Thus, in the real 
structure, the S atoms, in particular, are not exactly, in the 
same relative position for the up and down pointing chains. 
This fact may affect the intensity of the reflections near 
the reciprocal space origin. 

A second reason may be that we have not taken into 
account the postulated existence of  an 'amorphous phase' 
for some side chains. As a consequence, the relative inten- 
sity due to the side chains is over estimated and must be a 
cause of  error. We did not want to introduce these supple- 
mentary parameters which will make the calculations too 
unwieldy. 

Nevertheless our results show that the hypothesis of  a 
16/13 (or more simply 6•5) symmetry for the side chains 
of  an a-helix in the fibrous state is correct, since it allows 
an improvement of/9 and E as well. Besides, we show that, 
by considering the agreement function q~ as a constraint of  
the packing energy optimization problem we avoid the 
reefs found when separate optimizations are done or sim- 
ple penalty methods used. We thus obtain a structure in 
rather good agreement with X-ray data and a good packing 
energy. We think that this procedure of  constrained opti- 
mization could be applied to industrial synthetic polymers 
and perhaps to protein refinement problems. 

Moreover, close examination of  the packing mode of  a- 
helices in hexagonal lattice shows that it is a rather com- 
plicated statistical array, including an amorphous phase 
which could only crystallize in lattice with orthorhombic 
unit cells. Analogous regular systems have been observed 
for mixture of  poly(D and poly(L-benzyl-glutamates) 2° 
and co helices o f  poly(fl-benzyl-L-aspartate) 2x, but have 
never been observed in enantiomorphous a-helical lattices. 

REFERENCES 

Colonna-Cesari, F., Horn, P., Belhaj-Soulami, A., Marraud, M. 
and Neel, J. J. Chim. Phys. 1969, 66, 2009 

Structure of poly(L-methionine) : F. Colonna-Cesari and S. Premilat 

2 EUiott, A. and Malcolm, B. R. Proc. R. Soc. (A) 1959, 249, 
3O 

3 Takeda, Y., Iitaka, Y. and Tsuboi, M. J. Mol. Biol. 1970, 
51,101 

4 Arnott, S. and Wonacott, A. J. Polymer 1966, 7,157 
5 Arnott, S. Polymer 1965,6,478 
6 McGillavry, C. H. and Bruins, E. M. Acta Crystallogr. 1948, 

1,156 
7 Vainshtein, B. K. Dokl. Akad. Nauk SSSR 1961, 169, 1347 
8 Birktoft, J. J. and Blow, D. H. J. Mol.Biol. 1972,68,187 
9 Sugeta, H. and Miyazawa, T. Biopolymers 1967, 5,673 

10 Arnott, S. and Wonacott, A. J. 3. Mol. Biol. 1966, 21, 37 t 
11 Fletcher, R. and Powell, M. J. D. Comput. J. 1963,6,163 
12 Fu, Yi-Ch., MacGuire, R. F. and Scheraga, H. A. Macro- 

molecules 1974, 7, 4108 
13 Scheraga, H. A. Adv. Phys. Org. Chem. 1968, 6,103 
14 Colonna-Cesari, F., Premilat, S. and Lotz, B. J. Mol. Biol. 

1974, 87,181 
15 Poland, D. and Scheraga, H. A. Biochemistry 1967, 6, 3791 
16 Vainshtein, B. K. in 'Diffraction of X-rays by chain mole- 

cules', Elsevier, Amsterdam, 1966, p 322 
17 Rasse, D., Warme, P. K. and Scheraga, H. A. Proc. Nat. 

Acad. Sci. USA 1974, 71, 3736 
18 Levitt, M. and Lifson, S. J. Mol. Biol. 1969, 46,269 
19 Haaroff, P. C. and Buys, J. D. Comput. J. 1970, 13,178 
20 Squire, J. M. and Elliott, A. J. Mol. Biol. 1972, 65,291 
21 Baldwin, J. P., Bradbury, E. M., MacLuckie, I. F. and Ste- 

phens, R. M. Macromolecules 1973, 6, 83 
22 Cochran, W., Crick, F. H. C. and Vand, V. A cta Crystallogr. 

1952,5,581 

APPENDIX 

Fourier Transform o f  double helical symmetry  chains with 
random u p - d o w n  polarities 

In the general case, the Fourier transform of a macro- 
molecular helix, with v asymmetric units in t turns, is yield 
by the formula derived by Cochran et al.22: 

F(R, ~ , I /c )  = E E J~Jn(2nRr/)exp { i[n(n/2 - q~/) 
n ~cA 

+ (27rlzj/c)]) exp(int~) 

or F(R, 4 ,  l/c) = E (An + iBn) exp(inff) (A1) 
?l 

where rj, ¢j, z! are the cylindrical coordinates of  the atom j 
of the asymmetric unit A, f / t he  atomic scattering factor of  
the atom fi R,  ~b, 1/c are the cylindrical coordinates of  a 
point in the reciprocal space and n is running over all the 
Jn Bessel function indices occurring on the layer line l and 
given by the selection rule: 

l = nt + my (A2) 

where m is an integer. 
We consider now a statistical unit cell with a half up 

helix superposed to a half down helix whose relative posi- 
tions are defined by a,/3 and t as defined by Figure 3. For 
each atom u of  the up helix whose coordinates are (ru, (~u + 
a, zu) there is a corresponding atom on the down helix 
whose coordinates are: [ru, - (~u + ~) + a, - (Zu + t)] 

If we put ~u = - n %  + 2nlzu/C 
"r = n~ -. 2nlt/c 

from (A1) we obtain: 
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An = cos[n(rr/2 - o 0 + 7/2] ~ fuJn(2~rRru) 
uEU 

cos ( , I , .  - 3, /2)  

Bn = sin[nOr/2 - or) + 7/2] ~ fuJn(27rRru) 
uEU 

cos(¢u - 7/2) 

where Uis the asymmetric unit of  the up-helix. Putting: 

r = nor/2 - a) + 7/2 

and 

Fn = ~ fuJn(27rRru) cos(~bu - 7/2) 

uGU 

we obtain: 

F(R, qJ, l/c) = ~ (An + iBn) exp(inff) 
n 

= ~ Fn cxp[i(n~ + P)] 
n 

If  the asymmetric unit consists of  two difterent helices 
characterized in relation (A2) respectively by n 1 and n2, 
we obtain for (A1): 

F(R, ~ , l / c ) = y  Fnl exp[i(nl~k + PI)]  + 

nl 

~ F n 2  exp[i(n2~b + P2)] 
n2 

with 

Fnk = ~ fjJnk(2rrRrj) cos(qbj -- 7k/2) 

j~Uk 

where 

~fk = nk3 - 27rlt/c 

Pk = nkOr/2 - e) + 7k/2 

if first Bessel indices only are significant we obtain: 

I = FF*  = F2.1 + F2.2 + 2 G l E n 2  c o s [ ( n l  - n 2 ) f  

+ Pl - F2] 

As in a fibre diagram we only measure I c = (FF*)~0 the 
mean over ~b of FF*,  we thus have: 

lC(R, l/c) = (FF*)~ = F21 + F22 i f n l  4:n2 

[or if the layer lines systems are not exactly superposed on 
the layer line l (see text)] 

= (Fnl + Fn2) 2 if nl  = n2 
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Morphological study of chain-extended 
growth in polyethylene: 
1. Crystallization 
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Polyethylene crystallizes from the melt at pressures of a few kbar as lamellar crystals whose thickness 
extends over at least two orders of magnitude from a few hundred of A to/ lm. The average value in 
bulk unconstrained polymer in these experiments is ~4000 A but this value progressively decreases to 
~200 A as thinner and thinner specimens are used. Morphological evidence shows no discontinuity of 
physical texture throughout this range but reveals, by the occurrence of parallel changes in the thin- 
nest films and the bulk polymer, that the entire spectrum of lamellar thicknesses is associated with 
crystallization into the hexagonal phase. This implies on the one hand, that lamellar thickness is not 
a suitable measure to distinguish the so-called chain-extended and chain-folded modes of crystalliza- 
tion of polyethylene and, on the other, that the very large effect of constraints needs to be included 
in theories of polymeric crystallization. 

INTRODUCTION 

The problem presented by the crystallization of molten 
polyethylene at high pressure (~5 kbar) has been greatly 
changed by recent work. The main issue used to be to 
understand why growth under such conditions produced 
crystals so different, notably by being an order of magni- 
tude thicker, from those formed at atmospheric pressure 1. 
Various possible reasons were suggested for this, among 
them a change from chain-folded to bundlelike nucleation z, 
enhanced lamellar thickening 3 and a continuous large in- 
crease of fold surface free energy with pressure 4. However, 
all of these proposals were incompatible with the results of 
further work, in particular the demonstration that chain- 
extended crystallization of polyethylene is independent of 
chain-folded crystallization and is favoured by longer mole- 
cules s'6. Instead the underlying reason, according to Bassett 
and Turner, is that at high pressures and moderate super- 
coolings polyethylene crystallizes into a new intermediate 
phase by chain-extended crystallization, and only trans- 
forms into the orthorhombic structure at low pressures 
and/or temperatures 7~. By contrast, chain-folded crystal- 
lization is direct precipitation of orthorhombic polyethy- 
lene from the melt. 

This hypothesis has now, in our view, been shown to be 
correct by the identification of the new (hexagonal) phase 
using high pressure, high temperature X-ray diffraction and 
the correlation of its formation with the characteristic 
appearance and properties of the chain-extended polymer 9. 
It must be stated, nevertheless, that the original proposals 
of Bassett and Turner based on volumetric and d.t.a, data 
showing that fusion and recrystallization of polyethylene 
at 5 kbar proceeded in two stages have been questioned by 
other workers. Kanetsuna and coworkers have interpreted 
their volumetric data in terms of only part of the polymer 
forming a 'super-extended structure '1°-~2. This seems to 
us incompatible with the X-ray evidence, and their more 
complex data ~'12 to be a consequence of the complicated 

* Present address: Faculty of Science, Ain Shams University, Cairo, 
Egypt 

fractionation between the two processes as chain-folded 
growth gives way to chain-extended with increasing pres- 
sure. On the other hand, Yasuniwa et al. do discuss their 
high pressure d.t.a, data in terms of a new phase, but again 
which only consists of a portion of the sample, and which 
they speculate may be a nematic high pressure phase 13. 
This interpretation is refuted by the same objection as pre- 
viously and, in particular, a nematic structure is inconsis- 
tent with the sharp X-ray line observed 9. 

The recognition that chain-extended growth of poly- 
ethylene is crystallization of a new phase immddiately 
prompts the question of whether it is possible to describe 
both chain-folded and chain-extended crystallization as the 
same process modified only by the differing properties of 
the orthorhombic and hexagonal phases. Collected results 
show that, primafacie,  this appears to be the case. Data 
for chain-extended polyethylene (CEPE) t4'ls and also for 
PTFE 16 conform to the formalism of kinetic theory as well 
as does chain-folded polyethylene, with the large lamellar 
thicknesses stemming essentially from the low entropies 
of fusion. The facts do not appear to support the conten- 
tion of Wunderlich that there is one growth mechanism for 
chain-folded polymers and another for chain-extended~7. 
Nevertheless, detailed study of both CEPE and PTFE has 
revealed important new aspects of behaviour which, if there 
is to be but one theory of polymeric growth, will need to be 
incorporated into kinetic theories. The new context in 
which we now see CEPE is, therefore, as a model system 
for the study of polymeric crystallization which, because 
of its great lamellar size, allows the study of new aspects 
of behaviour. 

The purpose of this series of papers is to document cer- 
tain of these new features and also to flU in more of the 
morphological record of chain-extended growth in poly- 
ethylene. Unlike most other topics in polymeric crystalliza- 
tion, our knowledge of CEPE owes comparatively little to 
morphological investigation, beyond the appreciation of 
the large crystal size. This is because the existence of the 
hexagonal phase leaves little other clear indication in the 
physical texture. Nevertheless a wide range of such studies 

POLYMER, 1976. Vol 17, April 275 



Morphological study of chain-extended growth in polyethylene 

has been made in this laboratory aimed initially at prepar- 
ing isolated chain-extended crystals and more recently at 
clarifying aspects of chain-extended growth. The initial 
results of this work were often apparently confusing although 
at one point they contributed importantly to the deduction 
that chain-extended growth was independent of chain- 
folded s. Now, however, the features can be viewed in their 
new perspective. In this paper we are concerned with the 
morphological distinction between chain-folded and chain- 
extended growth not only in bulk but also in thin fdms 
and the demonstration that with suitable constraints lamel- 
lar thicknesses resulting from crystallization of hexagonal 
polyethylene can be depressed by an order of magnitude. 

The second paper TM discusses the annealing of bulk poly- 
ethylene at high pressure, correcting certain mistakes in the 
literature; annealing in thin fdms is the subject of  the third 
paper 19. In a fourth paper 2° we present data from various 
techniques to illustrate the nature of chain-extended lamel- 
lae. 

PRELIMINARY EXPERIMENTS 

The experiments described in this series of papers had their 
beginnings as long ago as 1966 when a preliminary survey 
was undertaken into the practicability of preparing isolated 
'extended-chain' crystals. The first approach 22 was to co- 
crystallize polyethylene and n-C32H66 hoping that subse- 
quent removal of the latter, in the manner of Keith et al. 21 
would leave behind relatively isolated chain-extended crys- 
tals. It turned out that behaviour at low concentrations 
was akin to that reported for other solutions and not until 
the polymer was in a proportion >"40% did crystallization 
at several kbar produce the expected melting point of 
~140°C22; these results are in agreement with a fuller in- 
vestigation by Treiber et al. 23. At this concentration the 
texture was far too compact for ready microscopic examina- 
tion so that this approach was taken no further until the 
thin film work described in Part 4 of this series 2°. 

Subsequently, following the discovery that high-pressure 
annealing transformed solution-grown polyethylene crystals 
(sedimented in mats) into lamellae 2000 A and more in 
thickness ~ s ,  individual crystals of the same preparations, 
but suspended either in the supposed non-solvent 2-butoxy- 
ethanol or in silicone oil were also annealed at ~5 kbar 
(1 bar = 105 N/m2). Surprisingly this never gave thick 
(>1000 A) lamellae; instead crystal thickening occurred 
to an extent reminiscent of atmospheric behaviour, with a 
legacy of oriented holes 22, as described in the more detailed 
work of Roe et al. 26. This rather remarkable effect had no 
obvious explanation and parallel behaviour became appa- 
rent in unpublished work of Bassett and Phillips who ex- 
amined thin films of three fractionated polyethylenes re- 
crystallized at 5 kbar using techniques similar to our own. 
Once again while bulk samples acquired the high crystal 
thicknesses, melting points and densities expected at this 
pressure, for the thinnest films in the same runs, lamellar 
thicknesses remained at a few hundred .~. It was not then 
clear how, if at all, such thin layers, which clearly contained 
molecules having many folds, were related to the thick, 
chain-extended laminae found in the bulk polymer. At 
the same time, there had to be an increase in lamellar thick- 
ness for thicker films but examination of increasingly thick 
films to the maximum penetration of 100 kV electrons 
showed no obvious discontinuity in behaviour. Particular 
possible causes for recrystaUized lamellae being so thin 
were then looked into, viz. the restricting effect of the sub- 
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strate and of the lack of appropriate nuclei. Thus, for the 
latter 'shish-kebab' structures were provided as possible 
promoters of chain-extended growth but in no case was 
the resulting lamellar thickness sufficiently influenced to 
account for the disparity. It appeared, therefore that a 
whole spectrum of crystal thicknesses was formed during 
high pressure crystallization, with thicknesses increasing 
for thicker specimens. This trend was definitely established 
for films 3/am and more in thickness by replication of frac- 
ture surfaces 27. Moreover, because of a similarity in tex- 
ture in the optical microscope it seemed that the whole 
spectrum of layer thicknesses down to hundreds of A 
should be associated with chain-extended growth 27. 

Prior to this time, however, the meaning of the term 
chain-extended polyethylene was not well defined espec- 
ially as the conformational definition of containing fully- 
extended molecules Was known not to apply 14. It was then 
found that for crystallized (as opposed to a.nnealed) sam- 
pies, the combination of texture in the polar!zing micro- 
scope and melting point gave a working distinction be- 
tween specimens of 'chain-extended' and 'chairl-folded' 
polyethylene2. This in turn led to the demonstration that 
chain-folded and chain-extended growth are independent 
processes s'6 which we now recognize to be crystallization 
from the melt into the orthorhombic phase and into the 
hexagonal phase of polyethylene respectively 7-9. 

Using these definitions we now re-examine the thin 
film morphologies of pressure-crystallized polyethylene 
and find evidence which supports the contention that even 
layers only a few hundred A thick result from crystalliza- 
tion into the hexagonal structure and so can properly be 
regarded as part of the chain-extended texture. 

RESULTS 

Samples of three commercial linear polyethylenes Rigidex 2 
and Rigidex 9 (BP Chemicals Ltd) and Hifax 1900 (Her- 
cules Powder Co.) in the forms of (a) bulk pellets, (b) thin 
("3 ~rn) sections, (c) solvent-cast films, and (d) solution- 
grown crystals deposited on a substrate have been recrystal- 
lized under conditions listed in Table I while immersed in 
the pressure-transmitting silicone fluid inside the piston 
and cylinder apparatus described previously 6. The oil pene- 
trates specimens to a slight extent, but this is not respon- 
sible for the effects described because they are also found 
with different systems e.g. employing encapsulation in 
water. 

The basic morphological difference between chain-folded 
and CEPE is illustrated in Figure 1, which shows four sec- 
tions of  Rigidex 9 initially 3 ~rn thick, recrystallized at high 
pressures and then viewed optically between crossed polars. 
These were specimens crystallized at 2.60 and 2.87 kbar 
where small changes in crystallization conditions cause a 
changeover from one growth rdgime to the other. The 
crystallization procedure was first to impose a pressure of 
1.5-1.6 kbar, secondly to increase the temperature from 
ambient until it was controlled at the required value 
(which had to'be above the melting point at the initial pres- 
sure used) and thirdly to increase the pressure to that 
chosen for crystallization. This third step produces adiaba- 
tic heating which can under suitable circumstances cause 
substantial rises in temperature2S; care was taken therefore 
to limit this transient rise to ~3 K. Finally, after the elapse 
of the chosen time (usually 2 h) heaters were switched off 
and the samples were cooled under pressure at an initial 
rate of ~2 K/min. 
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Table 1 Crystallization conditions 

Crystallization 

Super- Melting points (°(3) 
Pressure Time Temperature cooling 

Run (kbar) (h) (°C) (K) Rigidex 9 bulk PAF 

PC88 2.87 2 190.25 20 134.2 139.1 
PC89 2.87 2 200.5 10 130.5 141,3 
PC 109 2.60 2 193.5 11 133.5 141,0 
PC110 2.60 2 185 20 133.9 
PC121 5.53 1 240.5 16 122.8 129.7 1413 
PC 127 5.53 1 243.5 13 122.7 130.2 140.4 
PC128 5.53 1 241.5 15 122.5 128.8 140.1 
PC129 5.53 1 245.5 11 122.9 130.2 141.5 

0.1 
0,6 
0,25 
0,0 

, /  

Figure I Optical distinction between chain-folded and chain-extended textures in polyethylene revealed between crossed polars. Samples of 
Rigidex 9 crystallized at: (a) 2.87 kbar and 200.5°C; (b) 2,87 kbar and 190°C; (c) 2.60 kbar and 193.5°C; (d) 2.60 kbar and 185°C. Sample 
(a) appears mostly chain-extended, (d) is entirely chain-folded while (b) and (c) are mixtures 
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Figure 2 Transmission micrograph of a specimen as in Figure la 
taken with 1 MV electrons. Notice the development of contrast 
in the highly irradiated area 

Figure la is of a 3 grn section of the linear polyethylene 
Rigidex 9 after recrystallization between glass cover slips. 
It has the coarse, spikey appearance of CEPE, although as 
the PAF (peak area fraction, approximately the fraction of 
chain-extended material 6) of a bulk sample crystallized 
alongside was 0.6, it is likely to contain ~40% of chain- 
folded material also. By increasing the supercooling from 
10 to 20 K at this pressure the PAF drops to 0.1 and Figure 
lb is clearly a mixed product. So too is Figure lc whose 
sample was grown at a supercooling of 11 K but at the 
lower pressure of 2.6 kbar; the PAF was 0.25. Figure ld, 
however, is entirely chain-folded; the PAF is zero and the 
growth conditions are 2.6 kbar and 20 K supercooling. 

At this optical level, the textural differentiation is un- 
mistakable but this needs to be reconciled with the pre- 
liminary electron microscope observations. For this pur- 
pose, the 1 MV microscope was used, whose electron beam 
readily penetrates such 3/am thick specimens as in Figure 1. 
Thus Figure 2 is a low-magnification image of the specimen 
of Figure la which shows similar contrast to that photo- 
graph but only within the area subjected to a high electron 
intensity. Evidently the contrast is a result of mass trans- 
port caused by radiation damage and relates only at second- 
hand to that originally present, behaviour which is similar 
to that known to occur in other systems 29. The intrinsic 
contrast in specimens appears initially to be zero and is al- 
ways relatively low in such an energetic electron beam. 
Better contrast resulted when specimens were stained with 
a caesium salt. The results of this are seen in Figure 3. 

The stainant used is unusual and originated from other 
work in this laboratory a°. It has been found possible chemi- 
cally to attach chlorophosphoryl groups selectively to 
chain-folds of polyethylene lamellae, by reactinff the sus- 
pended crystals with phosphorus chloride at 60 C through 
which oxygen was bubbling 31. A similar technique was 

used here, with the polyethylene sections immersed in the 
activated reagent for 6 h, washed with o-dichlorobenzene 
and then stored for 1 week in a solution of Cs metal in dry 
methanol. 

With the improved contrast of such specimens, it is pos- 
sible to see, as in Figure 3, details of lamellar arrangements 
in both chain-extended and chain-folded regions. Although 
the gross features of Figure 3a and 3b appear rather diffe- 
rent, and obviously correspond to the differing optical 
appearances between crossed polars (Figures la and lb) 
already in Figure 3c, the fine detail suggests that there is 
a continuous range of lamellar thicknesses present. At the 
same time, the comparison with Figure 3d is less distinctive 
and suggests how earlier difficulties in distinguishing trans- 
mission micrographs of chain-extended and chain-folded 
growth may have arisen. For comparison fracture surface 
replicas of these same samples are illustrated in Figures 3e 
and 3f. It is noteworthy in these how the thicker chain- 
extended layers are revealed in the mixed (but mainly 
chain-folded) sample in Figure 3f. This agrees with pre- 
vious experience that the tendency is for chain-folded lamel- 
lae not to be evident in fracture surfaces ~4. For this reason 
measurements of lamellar thickness from fracture surfaces 
tend to be of the chain-extended component alone. In this 
case, the (number) average thickness parallel to c, measured 
in our standard way 14, is 1770 and 2040 A for samples 
PC88 and 89 (Table 1) respectively. Notice also the greater 
number of fibres pulled from the surface during replication 
in Figure 3f  than in Figure 3e, an effect which in agree- 
ment with earlier observations is more prevalent for thinner 
layers of the same polymer 14. 

We turn now to crystallization in very thin films and in 
particular to the recrystallization on various substrates of 
solution-grown crystals. We consider in detail only mono- 
layer crystals ~150 A thick, although by the use of multi- 
layer crystals, axialites and solvent-cast films, progressively 
thicker films have been prepared. These did not, however, 
appear to introduce any fundamentally new features. 

The crystals shown in Figure 4 were grown from a solu- 
tion of Rigidex 9 in xylene (fuller details are given in Part 
319) and sedimented on carbon-coated mica sheets which 
in turn were suspended alongside other specimens in runs 
PC121, 117,128 and 129 (Table 1); metal shadowing was 
applied subsequently after washing off the remaining sili- 
cone oil with xylene. Figure 4 shows that recrystallization 
at 5.5 kbar produced similar features throughout the 
readily accessible crystallization range, i.e. from supercool- 
ings of 11 to 20 K. 

The resulting morphology is one of small islands, lying 
within the outline of the original crystals, with systematic 
changes in density (number/unit area). There are often, 
though not always, fewer in what were the original {100} 
sectors. In most cases the region of the central pleat where 
the hollow pyramidal lamellae have collapsed is more-or- 
less free of islands. But islands bounding these regions, and 
also those in the {100} sectors tend to be thicker than 
elsewhere; also, where lamellae overlap, or where there are 
growth pyramids, islands are fewer, thicker and many- 
layered. 

In contrast, Figure 5 shows the results of recrystalliza- 
tion at 2.6 kbar and at the two supercoolings of 11 and 
20 K in the same runs PC109 and 110 giving the specimens 

Figure 3 Electron microscopic detail of chain-folded and chain-extended specimens similar to those in Figures la and lb. (a) and (c) are de- 
tail of a stained predominantly chain extended sample; (b) and (d) refer to a mostly chain-folded one. Fracture surface replicas of the same 
samples are shown in (e) and (f) 
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Figure 4 Resutt= of recrystal]~zing ~4=~tion-g~o=m P~igidex 9 polyethytene la-ndlae on a substrate at 5.5 kbar and crystallization temperatures 
of: (a) 245.5 ° ; (b) 2~$3.5°; (c) 241.5°; (d) 240.5=C 

in Figures lc and ld. Besides Rigidex 9, crystals o f  Rigidex 
2, which has a wider molecular weight distribution than 
Rigidex 9 and in partioutar twice as many (5% as against 
2.5%) in excess of  106, and Hifax 1900 are shown for com- 
parison. For bulk Rigidex 9, crystallization at the higher 
temperature gave 25% of chain-extended component, but 
none at 20 K of supercooling (Figures lc and ld). The 
molecular weights of Rigidex 2 and Hifax 1900 are higher 
than Rigidex 9, so that one would expect the proportion 
of CEPE to increase for constant crystallization conditions. 
In contrast to behaviour at 5.5 kbar where Figure 4 showed 
that morphology was insensitive to crystallization tempera- 
ture, there are marked differences in Figure 5 with both 
temperature and molecular weight. It wilt be shown in the 
discussion how these are consistent with expectation. 

DISCUSSION 

It is a remarkable fact that of two polyethylene samples 
crystallized side by side at high pressure the one recrystal- 
lized as a thin film should contain lamellae an order of 
magnitude thinner than the average values for the other, 
recrystallized in bulk. Such an effect in polymers is un- 
precedented. We shall argue that it is a demonstration, in 
a suitable model system, of the very considerable influence 
constraints can exert on polymeric crystal growth. 

Before the results can be taken at face value, however, 

it has to be shown that in both cases the polymer crystal- 
lized into the hexagonal phase. Were it the case that for 
thin films the polymer precipitated as the orthorhombic 
form then thin layers would be expected, but at some film 
thickness there would have to be a substantial increase of 
lamellar thickness as crystallization switched to the hexa- 
gonal structure. Much effort has been spent looking for 
such a change without success; no evidence has been found 
for a discontinuity in lamellar thickness with specimen 
size. On the contrary there appears to be a continuous in- 
crease, with the rule structure of specimens a few hundred 
A thick essentially similar to that of 3/am slices of known 
chain-extended polymer (Figure 3). It appears, therefore, 
that the thin layers found for thin specimens are part of 
the spectrum of lametlar thicknesses produced by crystal- 
lization of the hexagonal phase, i.e. chain-extended growth 
in continuation of the trend previously found in thick f'dms 27. 

To a certain extent this conclusion can be substantiated 
by a study of the optical appearance of polyethylene f'rims 
of varying thicknesses recrystallized at high pressure, show- 
ing a continuity in the characteristic chain-extended appear- 
ance in polarizing and phase-contrast images. What appears 
to us conclusive proof, however, is provided by the mor- 
phology of specimens as in Figures 4 and 5 where changes 
in the appearance of thin films alter in a predictable way 
to parallel changes in adjacent bulk samples when crystal- 
lization of the hexagonal structure gives way to the orthor- 
hombic. 
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Figure 5 Results of recrystallizing various solution grown polyethylene lamellae on a substrate at 2.6 kbar and two temperatures. (a), (b) 
Rigidex 9; (c), (d) Rigidex 2; (e), (f) Hifax 1900. (a), (c) and (e) were recrystallized at 193.5°C and (b), (d) and (f) at 185°C 

The morphology of thin polymer fdms crystallized on a 
substrate is undoubtedly influenced by the surface as e.g. 
the behaviour of the central pleat caused by collapse of the 
hollow pyramidal structure during sedimentation. Never- 
theless such differences are not likely to vary substantially 
with changing conditions of recrystallization so that for 
such alterations in morphology we may look to details of 
nucleation and growth. 

Previous work 6'8 on the relationship between chain-folded 
and chain-extended growth in bulk polyethylene has shown 

that the nucleation and growth rate of the hexagonal phase 
from the melt increases with molecular weight at a given 
pressure for the three polyethylenes studied here, while 
the lowest pressure at which the hexagonal phase forms 
from the melt decreases with molecular weight. In addi- 
tion, there is a limit in the region of 4000 below which 
polymer does not appear capable of forming the hexagonal 
phase at 5 kbar. If we assume that these relationships also 
apply to recrystallization in thin f'flms, then the nature of 
the observed changes in morphology can be accounted for. 
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At 5.5 kbar, practically all the molecules within Rigidex 
9 are capable of crystallizing into the hexagonal phase and 
do so rapidly at the supercoolings of the experiments of 
Figure 4. One expects, therefore, a comparatively large 
number of nuclei of the hexagonal phase virtually indepen- 
dent of crystallization temperature within the range cov- 
ered, and that many of these will be independent growth 
centres because of the constraining effect of the substrate. 
On going to lower pressures the anticipated trend should 
be fewer chain-extended nuclei and fewer growth islands 
initiated by them because with decreasing pressure only the 
longest molecules remain capable of nucleating the hexa- 
gonal phase. This is what is found in Figure 5a, though 
here one must seek to locate the ~75% of chain-folded 
material expected from the PAF of the bulk polymer. Al- 
though not every crystal in a population is identical, that 
shown in Figure 5a is typical. We infer, therefore, that any 
chain-folded growth must have occurred around the same 
centres as the chain-extended. Indeed these islands con- 
tain multiple lamellae and even growth pyramids which are 
not nearly so much in evidence in Figure 4 and suggest 
different details of growth. 

For Figure 5b we have a clear change of appearance - 
many fewer, and also thinner, islands. This is to be expect- 
ed if growth is now chain-folded because the restrictions 
on nucleation will then be removed. We thus conclude 
that there are observable changes which are consistent with 
established trends of behaviour, even in lamellae only a few 
hundred A in thickness produced by recrystallization at 
high pressures. This conclusion can, moreover, be reinforced 
by showing that the same trends in behaviour with molecu- 
lar weight hold for thin films as for bulk polymer. 

The high molecular weight Hifax polymer illustrated in 
Figures 5e and 5fis known to be able to crystallize chain- 
extended at lower pressures than Rigidex 9. It is not sur- 
prising therefore, that Figure 5fshould resemble Figure 5a, 
for, in terms of chain-extended nucleation, conditionsare 
likely to be rather similar. In Figure 5e, we have still more 
extension as is clearly evident from the coarsely branched 
habit characteristically found in high molecular weight 
chain-extended polyethylene. 

Rigidex 2, the polyethylene used in Figures 5c and 5d 
is broader in distribution than Rigidex 9 encompassing 
both lower and higher molecular lengths than that poly- 
mer. We may, therefore, expect the high molecular tail to 
render Figure 5d intermediate in character between Figures 
5b and 5fand Figure 5c between Figures 5a and 5e; this 
is clearly so. On the other hand, the low molecular weight 
tail is likely to be more fluid and crystallize last, with a ten- 
dency to fill interstices between growth centres. Figures 5c 
and 5d give the impression that this may also be happening. 

The conclusions we draw from the very wide spectrum 
of lamellar thicknesses given by crystallization with the 
hexagonal phase are three. First, it is evident that lamellar 
thickness alone is not sufficient to diagnose chain-extended 
as opposed to chain-folded crystallization of polyethylene. 
This is a point on which much confusion has arisen, stem- 
ming from the unfortunate initial description of polyethy- 
lene recrystallized at high pressures as 'extended-chain'. 
This is not true, in general, in a configurational sense as the 
typical product does contain folded molecules ~4. More- 
over, although to have a thickness exceeding 2000 A con- 
fers properties of melting point and density which are a 
reasonable approximation to those for fully-extended mole- 
cules 32, this is not a useful distinction between low and 
high pressure phenomena. The distinction between these 

two cases, as has been shown, is rather one of crystalliza- 
tion into different phases 7-9. Nor is there any other length 
which can be used to divide off one form of crystallization 
from the other. We have here lamellar thicknesses for 
chain-extended samples of a few hundred A, which is less 
than dimensions readily reached for chain-folded crystal- 
lization. Even for bulk samples, the average chain-extended 
crystal thickness has previously been shown to fall as low 
as 800 A 6, substantially less than figures measured for long 
term chain-folded crystallization at 1 bar 33. 

Secondly, the range oflamellar thicknesses produced in 
these experiments by isothermal crystallization at 5 kbar 
by variation in specimen size is far wider than that previous- 
ly reported for kinetically controlled (chain-folded) crystal- 
lization with any variable. It follows that, for chain-exten- 
ded growth, lamellar thickness is a function of pressure, 
temperature, molecular weigh ts and specimen size. It is not 
specified sufficiently by supercooling alone as is the case at 
atmospheric pressure. The spread of average values of lamel- 
lar thickness is in excess of 1 order of magnitude from 
~4000,8, in bulk polyethylene to <400,8, for the crystals 
of Figure 4 while a second order of magnitude is involved 
if one considers the thicknesses of individual lamellae 
which have long been known to reach 4 #rn 1 while sub- 
stantially thicker ones have been reported more recently ~°. 
Evidently constraints of a kind are involved which in this 
particular model system are able to reveal the extent of 
their influence, whereas in a more familiar system, e.g. 
chain-folded polyethylene, there is much less scope for 
depression of crystal sizes. It is difficult to state precisely 
what there constraints may be, but the factors are clearly 
not limited to the influence of a substrate as the thickness 
of lamellae in Figures 4 and 5 persists into the higher layers 
present. One possibility might be memory effects in the 
melt, but recent studies using neutron scattering give little 
support to speculations of retention of order in molten 
polyethylene a4. 

Finally, these results are not obviously compatible with 
existing theories of kinetically controlled growth which con- 
sider lamellar thickness as determined (except for relatively 
minor readjustments) when a molecule adds to the growth 
face of a lamellae. It is hard to see how such a process can 
be influenced by constraints associated with specimen size. 

As has now been shown directly 9, however, the thickest 
chain-extended crystals grow outwards behind a narrowed 
edge, i.e. they only attain their final thickness at a roughly 
similar distance behind the growth face. This presumably 
involves a cooperative process and as such will, in principle, 
be susceptible to effects of specimen size. The scale of the 
effects actually revealed is, nevertheless, remarkable and 
shows a new facet to the character of kinetically controlled 
polymeric crystallization. 
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Morphological study of chain-extended 
growth in polyethylene: 
2. Annealed bulk polymer 
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The morphology of initially spherulitic, chain-folded polyethylene has been observed after specimens 
had been annealed at temperatures up to and including the melting point at 5.35 kbar. The pattern of 
the various phenomena corresponds to a transition from orthorhombic to hexagonal structures prior 
to melting in accordance with other recent work. Certain errors in the literature are corrected and 
additional evidence is provided for the view that the molecular mechanism of annealing in polyethy- 
lene is little different from local melting followed by recrystallization provided the effect of  con- 
straints is recognized. 

INTRODUCTION 

The discovery of the hexagonal phase of polyethylene and 
the demonstration that its crystallization from the melt is 
responsible for chain-extended growth 1 have important im- 
plications also for the understanding of high-pressure anneal- 
ing of polyethylene. This is a topic which has been some- 
what controversal partly because of certain errors in the 
supposed facts and partly because in ignorance of  the exis- 
tence of the hexagonal phase, the essential basis for under- 
standing the various phenomena was not available. Never- 
theless, previous work from this laboratory concerned with 
the annealing at 5 kbar of drawn polyethylene 2, was able to 
reconcile the conflicting factual records and also, by anti- 
cipating the existence of the new phase, to discuss the sub- 
ject in its new perspective. In this paper we are similarly 
concerned with spherulitic polymer and reach conclusions 
which reinforce those of the earlier work. In addition, the 
stage is prepared for the microscopic investigation described 
in Part 3 a and further evidence is provided that lamellar 
thickening resulting from annealing polyethylene can be 
regarded as a consequence of localized melting followed by 
recrystallization provided the effect of environmental con- 
straints is considered. 

EXPERIMENTAL 

The experiments have been carried out, using the equipment 
and procedures described previously 2, on the linear poly- 
ethylene Rigidex 9 (BP Chemicals Ltd). The results of 
annealing for 15 min at 5.35 kbar are summarized in Table 1. 
The temperatures quoted are the average ones over the per- 
iod, with the maximum deviations from this figure. In the 
three cases where this was larger than 0.25K, the highest 
temperature occurred in the middle of runs PC43 and PC92 
but at the end of experiment PC101 ; probably it is the 
maximum temperature attained which is significant. 

The picture which emerges is one of steadily increasing 
lamellar thickness with increasing annealing temperature, 
in agreement with earlier work 2'4's. (In retrospect it is quite 
clear that the reason why Fischer and Puderbach 6 did not 

* Present address: Faculty of Science, Ain Shams University, Cairo, 
Egypt. 

observe large thicknesses in polyethylene annealed at high 
pressures is that they did not anneal to sufficiently high 
temperatures.) Associated with this thickening are parallel 
increases in density and atmospheric melting point which 
compare favourably with the earlier work on drawn Rigi- 
dex 2 (BP Chemicals Ltd). One minor difference related 
to the broader molecular weight distribution of Rigidex 2 
is that there is only one low melting peak for Rigidex 9, at 
124°C, involving a constant 7% of the polymer. This is 
known to be caused by shorter (and/or possibly defective) 
molecules and compares with two fixed and one variable 
peak found after annealing drawn Rigidex 2. 

The morphological counterparts to these changes are 
illustrated in Figures 1 and 2. Figure la shows small lamel- 
lae just resolved in a fracture-surface replica at the lowest 
annealing temperature. (The drawn fibres are pulled from 
the sample during replication; their number decreases with 
increasing chain-extension.) Figures lb to le are similar, 
showing thickening and widening of lamellae and (a charac- 
teristic feature of annealed as opposed to crystallized mate- 
rial) a zig-zagging of the fracture-induced striation along c. 
For Figures lfand lg the annealing temperatures fall with- 
in the span of the melting peak recorded by high pressure 
d.t.a. (Figure 3) and Figure lh is of a sample which had 
been completely molten. Figure 1 has to be considered to- 
gether with Figure 2 which shows the optical appearance 
between crossed polars of ~3/ lm slices of Rigidex 9 which 
were annealed between glass coverslips alongside the sam- 
pies of Figure 1. Figures 2(a) to 2d show that the familiar 

Table I Properties of Rigidex 9 polyethylene after annealing at 
5.35 kbar for 15 rain 

Atmospheric 
Run T a LFS Lg p c Density melting peaks 
No. (°C) (A) (A i '  "(Mg/m 3) (°C) 

PC 43 (a) 238 _+ 1.5 1134 720 0.9857 135.0 
PC 87 (b) 242 +- 0.2s 1250 1563 0.9924 124, 137.6 
PC 90 (c) 244 -+ 0.25 1501 1783 0.9928 124, 138.0 
PC 91 (d) 248 +- 0.2s 1571 2086 0.993o 124, 138.7 
PC 96 (e) 250 + 0.2s 1702 2076 0.9932 124 139.5 
PC 92 (f) 253.2s -+ 0.5 2222 2864 0.9948 124 139.0 
PC99 (g) 254+0.25  2113 2286 0.9942 124 139.7 
PC 101 (h) 256 -+ 1 3581 3776 0.9944 124 140.0 
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Figure 1 Fracture-surface morphologies of initially spherulitic polyethylene after 15 min annealing at 5.35 kbar and the following tempera- 
5 ° tures: (a) 238°; (b) 242°; (c) 244°; (d) 248°; (e) 250°; (f) 2 3 ; (g) 254°; (h) 256°C 
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Figure 2 Optical texture seen between crossed polars of samples corresponding to those in Figure 1 
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Figure 3 High pressure d.t.a, trace of the melting ot the in i t ial ly 
spherulitic polyethylene used, at 5.35 kbar and a heating rate of 
~1.7 K /min  

gross texture of small, banded spherulites is invariant to 
248°C and only begins to alter towards the appearance of 
chain-extended, recrystallized polyethylene seen in Figure 
2(hi when annealing takes place in the melting region 
(Figures 2e to 2g). 

Figure 2 conflicts with the assumptions of Gruner et aL 7 
who did not test the point directly but believed that spheru- 
litic texture and chain orientation were lost with the melt- 
ing of chain-extended lamellae at 242°C at 5.1 kbar (equi- 
valent to 246°C at 5.35 kbar) and that lamellae remained 
superheated for a further 3K rise in temperature. This is not 
true; for initially chain-folded Rigidex 9 Figure 3 shows a 
final (hexagonal) melting peak centred at 253.5°C. Instead, 
the work of this and previous papers substantiate fully the 
initial claim of Rees and Bassett 4,s that chain orientation 
and gross spherulitic texture persist when chain-extended 
polyethylene lamellae are formed by annealing chain-folded 
ones at high pressure. 

A major innovation in the present work is that the leng- 
ths recorded in Table 1 have been derived not just from 
fracture surface data as in the past but also by the nitric 
acid/g.p.c, method. This is now a standard method in this 
laboratory and by providing an independent means of asses- 
sing chain extension is contributing importantly to the var- 
ious aspects of work on chain-extended polyethylene. The 
experimental procedure follows the pioneering work of the 
Bristol group s in applying the Palmer-Cobbold technique 
to polyethylene. 

The technique used was to encapsulate polyethylene 
samples of 20-50 mg with 10 ml of fuming nitric acid in 
universal containers sealed with PTFE discs. Reaction was 
allowed for three days at 60°C after which samples were 
washed for several hours with water, 1 : 1 water-methanol, 
methanol and dichloromethane successively and then dried. 
Subsequently, molecular weights of the degraded products 
were determined by gel permeation chromatography (g.p.c.) 
using a Waters Associates 200 instrument with o-dichloro- 
benzene at 130°C as solvent and a system of four columns 
with nominal exclusion limits of 106, 105, 104 and 103 A. 
Standard polystyrene fractions were used for calibration 
and samples were injected as 2 ml portions of 0.2% solu- 
tions in o-dichlorobenzene. 

Figure 4b shows a typical g.p.c, trace of a nitrated sam- 
ple and that it compares sensibly with the melting endo- 
therm (Figure 4a) of the original sample. In Figure 5 the 
differential weight and number-average distributions derived 
from the g.p.c, data are superposed on the fracture surface 

data for the same samples measured in our usual way 9. The 
general agreement between the two techniques is good (this 
applies also to crystallized samples) and supports all pre- 
vious conclusions on chain-extended polyethylene derived 
from fracture surface data alone. Agreement is best be- 
tween the weight-average g.p.c, data and the number-aver- 
age fracture surface histograms, but the fracture surface 
data do not generally show the longest or the shortest leng- 
ths recorded by the g.p.c, technique. The reasons for this 
are discussed in detail elsewhere1°; here we merely observe 
that longer lengths than the crystal thickness will be mea- 
sured by the g.p.c, if not all folds are cut during nitration, 
also the thinnest, least well-defined lamellae might be ex- 
pected to be underrecorded in fracture surfaces. It is likely 
that only the thicker layers have been selected in Figure 5a 
where the fracture surface data are higher than the melting 
point and density would suggest, although in previous work 
with oriented samples 2 this difficulty did not obviously 
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Figure 4 A comparison of (a) the d.s.c, melting endotherm with 
(b) the g.p.c, molecular length distribution of the sample of Figure 
Id 
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arise. We thus have an illustration of how the nitric acid/ 
g.p.c, method can be more reliable than that of fracture 
surfaces. Both techniques, however, are agreed in showing 
that run PC92 is out of sequence in that the lamellar thick- 
ness is apparently too high; this is, in fact, not unexpected 
for the temperature variation during annealing as will be 
discussed later. The run serves, therefore, as an example of 
how well the new and old techniques reinforce each other. 

DISCUSSION 

High pressure d.t.a, data show two endothermic peaks in 
the melting range of chain-folded Rigidex 9. At 5.35 kbar 
Figure 3 shows that for the particular samples of these ex- 
periments, the maxima are at 241°C, which represents the 
phase change from orthorhombic to hexagonal and 253.5°C 
when the hexagonal structure melts. This knowledge places 
the topic in a new context, first discussed by Bassett and 
Carder 2, whose interpretation we shall follow. 

Both endothermic peaks described are much wider than 
the instrumental broadening and both are noticeably skew- 
ed to lower temperatures; these effects are mainly conse- 
quences of the wide molecular weight distribution. Unpub- 
lished work (Morris and Bassett) has shown that for a series 
of coarse polyethylene fractions whose mode molecular 
weights increased from 104 to 105 , the maxima of the cor- 
responding two endothermic peaks for chain-extended 
samples increased from 237 ° to 245°C and from 245 ° to 
258°C respectively. Peak positions also vary with crystal 
thickness, but this is a smaller effect; previous work n mea- 
sured an increase to 242.75°C in the lower temperature 
peak for chain-extended as opposed to chain-folded Rigidex 
9, but no corresponding significant variation in the hexa- 
gonal melting temperature. 

We may, accordingly, describe the effects of increasing 
the temperature of Rigidex 9 polyethylene through the 
annealing range at 5.35 kbar as follows. Until the tempera- 
ture approaches within a few degrees of 240°C, the entire 
sample remains in the orthorhombic structure. It is not 
surprising, therefore, that annealing experiments confined 
to this range 6'12 should find high-pressure behaviour to be 
similar to that at 1 bar. Above a temperature which dep- 
ends upon the precise lower molecular weight tail of the 
sample but for these specimens is ~232°C according to 
Figure 3, the orthorhombic to hexagonal transition begins 
to occur, during which crystals of ~4000 molecular weight 
polymer and above transform, at successively higher tem- 
peratures, into the hexagonal structure. The shortest mole- 
cules, however, appear not to be capable of forming the 
hexagonal phase at this pressure. Instead they become 
molten, in this same region of temperature, and distribute 
themselves between the remaining lamellae. It is here that 
they recrystallize (as randomly oriented chain-folded lamel- 
lae) on the return to lower pressures and temperatures and 
where they have been shown to be responsible for brittle 
fracture in a slightly higher molecular weight polyethylene 2. 
As is to be expected, the proportion of material in the cor- 
responding atmospheric low-melting peak at 125°C soon 
rises with annealing temperature to an effectively constant 
figure (of 7% of the total area under the peak). This pro- 
portion may be used to estimate that the shortest mole- 
cules which can form the hexagonal phase at this pressure 
are ~350 A long. Assuming all molecules are linear, the 
lowest 7% of the molecular weight distribution of Rigidex 9 
falls below 3800; for Rigidex 2 which has a similar mode 
but a broader overall distribution the corresponding pro- 

portion is 11%. This latter figure is in agreement with melt- 
ing endotherms observed in previous work on annealing 
drawn Rigidex 2 at 5.35 kbar where two additional atmos- 
pheric low-melting peaks were recorded which have not 
been observed in this work on Rigidex 9. It was shown 
that these were also due to short molecules 2 but the pre- 
cise reason for the multiplicity has not been investigated. 
Nevertheless, with its approximately constant proportion of 
polymer, the atmospheric melting peak at 132 + I°C at 1 
bar found for Rigidex 2 probably also consists of  a particu- 
lar species of short and/or defective molecules. The remain- 
ing peak which, with increasing annealing temperature above 
247vC increases in proportion and also melting point (to a 
maximum of ~140vC)is particularly interesting. Such be- 
haviour would be expected of molecules, probably with 
molecular weights from 4000 to 10 000, which had entered 
the hexagonal phase but then melted out in greater numbers 
and for longer lengths as the temperature rose. If they 
were then unable to recrystallize (into thicker crystals) at 
the annealing temperature but could do so, into the hexa- 
gonal phase, on subsequent cooling, the observed behaviour 
would follow. The higher the annealing temperature, the 
more material would be involved and because of its higher 
molecular weight, which would raise both the temperature 
of recrystallization and the ultimate thermodynamic melt- 
ing point, the higher melting the final segregated product 
would be. All three low melting peaks never constituted 
more than 20% of the whole for Rigidex 2; our g.p.c, mea- 
surements show that 20% of this polymer lies below a mole- 
cular weight of 9500. 

For the present experiments, little or no separation of 
low molecular weight polymer was detectable after anneal- 
ing at 238°C, but the final value of 7% segregation is al- 
ready present according to both d.s.c, and g.p.c, measure- 
ments after annealing at 242°C. Annealing is by then tak- 
ing place in the hexagonal phase of lamellae interleaved with 
molten shorter molecules. This is a region of gradually in- 
creasing lamellar thickness, density and atmospheric melt- 
ing point. By 244°C, when the orthorhombic to hexagonal 
phase transition is complete, few lamellae are less than 
1000 A thick (Figure 5c), the overall density exceeds 
0.992 g/cm 3 and the d.s.c, melting point is close to 140°C. 
Also as reported by Rees and Bassett 4, and in agreement 
with high pressure optical microscopy, there is no change 
in the gross optical appearance of samples between crossed 
polars (Figure 2). This is now readily understandable be- 
cause this texture depends on the orientation of the c axis 
and it has been shown that this is common to the two 
phases 1. 

The first sign of a change in optical appearance comes 
with the beginning of final melting, i.e. the higher tempera- 
ture peak in Figure 3. Thus portions of the sample anneal- 
ed at 250°C (Figure 2e) resemble small elements of the 
coarse texture characteristic of polyethylene recrystallized 
into the hexagonal phase 13'14. Doubtless a proportion of 
the material is melting-regions of shorter molecules at lower 
temperatures and then recrystallizing, possibly slightly at 
the holding temperature but predominantly on subsequent 
cooling. This proportion evidently increases at still higher 
temperatures but, until melting is complete (by 256°C) re- 
crystallization must occur in part into a matrix of solid 
polymer. As is still to be discussed, but is quite evident 
from Figure 2g, this is a process which depends sensitively 
upon the precise treatment given to a sample. 

The molecular mechanisms induced by annealing crystal- 
line polymers, particularly those responsible for the in- 
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crease in lamellar thickness are by no means generally 
agreed upon. Sensitive calorimetry at atmospheric pres- 
sure has detected the prolonged evolution of heat once 
samples are raised to temperatures above that at which 
they were prepared xs doubtless due to the improvement of  
crystalline order; indeed increased order of  fold surfaces 
has been shown to result independently ~6. Still higher 
temperatures are needed before changes in X-ray long per- 
iod are found 17. These occur very rapidly, apparently in 
the solid state (hence 'solid state thickening') but with in- 
creasing temperatures the slower time-scales involved clear- 
ly show that in polyethylene there is first disorganization 
then reorganization 18. Even the very beginning o f  lamellar 
thickening has been pointed out to behave as though it 
were being triggered by melting of the material ~6. This is 
the simplest hypothesis and we have argued that once the 
effect of  constraints on crystallization is recognized, it is 
consistent with the available evidence 2'~9. Because of  what 
is now a considerable weight o f  evidence showing, we be- 
lieve, that the molecular mechanism of annealing in poly- 
ethylene cannot be very different from local melting, pos- 
sibly of  only a few fold stems, followed by rapid recrystal- 
lization, to thicker (and stabler) layers, we shall consider 
them to be identical unless and until future evidence shows 
the hypothesis to be untenable. In so doing, however, we 
do not mean to exclude a priori other models based on an 
apparently similar picture, notably that of  Sanchez et aL 3o. 

Work at high pressures brings much new evidence to sup- 
port this point of  view reinforcing, as it does, the close 
parallel between annealing and recrystaUization behaviour 
even in conditions far removed from familiar work at 1 bar. 
At least three authors 6'x2~ have drawn attention to the 
closely similar X-ray long periods of  polyethylene after 
annealing in the orthorhombic phase at low and high pres- 
sures at the same temperature interval below the melting 
point. Moreover, once annealing occurs in the hexagonal 
phase, then lamellar thicknesses show substantial increases 
corresponding to those found for recrystallized chain-exten- 
ded polyethylene. This is to be expected on a melting- 
recrystallization hypothesis, but does not obviously follow 
from other mechanisms proposed, e.g. solid-state thicken- 
ing or fold-length doubling 22 when a fold migrates through 
a crystal layer. Furthermore, there is the similar response 
of both processes to constraints shown by the investigation 
of thin films described in Part 123 and Part 3 3 . 

The continuing increase of  average lamellar thickness 
with annealing temperature is likely to result from a com- 
bination of  several factors. The first is that melting and 
recrystallization occur at a higher temperature, which is 
well known to give thicker crystals. In addition, the higher 
the temperature the higher the molecular weight of  poly- 
mer involved and this, according to studies of  chain-ex- 
tended crystallization, will tend to give thicker crystals ~4. 
The actual size of  lamellae formed at a given temperature 
is, however, strongly dependent upon the physical environ- 
ment,  an effect we shall refer to briefly as due to constraints. 
Such constraints are likely to decrease with increasing an- 
nealing temperatures and this constitutes a third factor 
favouring increased lamellar thickness. 

With runs (0  and (g), annealing occurs well within the 
final melting peak. Here samples will remain partly molten 
at the annealing temperature, although the longer they are 
held there, the greater the chance of some recrystallization 
at temperature. The remaining portion which will gene- 
rally be of  low molecular weight must recrystallize on cool- 
ing and it will do so within the constraints of  a solid mat- 

rix. The factors affecting lamellar thickness are those des- 
cribed above viz. molecular weight, temperature, time and 
fewer constraints; the actual value resulting is likely to de- 
pend sensitively on details of  the treatment. Thus in run 
(f) the temperature reached its maximum after 5 rain and 
then slowly decayed, in contrast to a uniform temperature 
in (g); under these conditions one might well expect (f) to 
have recrystailized at a higher temperature and with fewer 
constraints than (g) in keeping with the increase in lamellar 
thickness found. 

The origin of  the increased average thicknesses in (f) 
and (g) is the appearance of  lamellae thicker than 3000 A 
(Figure 5), then in (h), for material which was fully molten, 
still thicker lamellae to 7000 A appear. The underlying 
factor here also appears likely to be constraints as is well 
illustrated in Figure 2g where lamellae growing with the 
constraint of  pre-existing oriented nuclei are substantially 
smaller and thinner than those adjacent which formed from 
apparently unconstrained melt. Once such constraints dis- 
appear, lamellar thickness will take its full value. This 
effect of  constraints is crucial to the interpretation of 
annealing as melting plus recrystallization; if it is neglected 
the thesis fails. Nevertheless, its effect has been clearly 
demonstrated e.g. in the previous 23 and following 3 papers. 
Indeed that it should occur in both cases is yet further re- 
inforcement of  the view that the two processes are essen- 
tially the same. 

The conclusions of  this paper are therefore, twofold. 
First, that the apparently anomalous behaviour of  poly- 
ethylene annealed at high pressures can be readily under- 
stood in terms of a transition to the hexagonal phase prior 
to melting. Secondly, that the high pressure evidence pro- 
vides substantial support for considering the molecular 
mechanism of  annealing as essentially local melting followed 
by recrystallization. 
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Morphological study of chain-extended 
growth in polyethylene: 
3. Annealing of solution-grown lamellae 
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(Received 10 October 1975) 

Solution-grown lamellae of three commercial polyethylenes of differing molecular weight ranges have 
been annealed on substrates at high pressures. The polymers transform to the new high-pressure 
phase before melting but the new lamellar thicknesses reached remain much below those found for 
the bulk material. Electron diffraction patterns support the identification of the new phase as hexa- 
gonal and it is concluded that the effects of annealing polyethylene in an unusual context are close to 
those which would have been produced by local melting followed by rapid recrystallization. 

INTRODUCTION 

This paper presents observations made on solution-grown 
lamellae of three linear polyethylenes after annealing on a 
substrate at 5.35 kbar. It is shown that the initial orthor- 
hombic structure transforms into the newly discovered 
hexagonal form prior to melting so that the detailed mor- 
phologies found are justifiably described as 'chain-extended'. 
Nevertheless, the lamellar thicknesses attained by annealing 
polyethylene lamellae initially ~150 A thick on a substrate 
at high pressure are substantially less than those produced 
in adjacent unconstrained bulk polymer. This parallels 
behaviour found for recrystallization in thin films at high 
pressure which besides reinforcing the close similarity be- 
tween the two processes provides a further illustration of 
the exceedingly large effects constraints can have on poly- 
meric crystallization behaviour. 

* Present address: Faculty of Science, Ain Shams University, 
Cairo, Egypt 

EXPERIMENTAL AND RESULTS 

All the experiments have been carried out on lamellar cry- 
stals of the three linear polyethylenes Rigidex 9 and Rigidex 
2 (BP Chemicals Ltd) and Hifax 1900 (Hercules Powder Co. 
Inc.) as illustrated in Figure 1. These were grown from 
0.01% solutions in xylene by a self-seeding technique where- 
by a suspension of previously grown crystals was heated to 
103°C at 0.1 K/min and then transferred to an isothermal 
bath held at 85°C. The truncated lozenges thus formed 
were sedimented on carbon-coated mica substrates and 
annealed at 5.35 kbar alongside the bulk samples described 
in Part 2 ~. The annealing conditions and procedures are, 
therefore, those set out in the previous paper except that 

+ o 
annealing at the lowest temperature, 238.25 - 0.25 C for 
15 min, was carried out in run PC86 rather than PC43. 

Afterwards, the pressure-transmitting silicone fluid was 
washed off with xylene and crystals shadowed prior to elec- 
tron microscopic study. The appearance of reasonably typi- 
cal annealed morphologies for Rigidex 9, Rigidex 2 and 

• II~rn 

Figure I Examples of the truncated polyethylene lozenges used in the experiments. (a) Rigidex 9; (b) Rigidex 2; (c) Hifax 1900 
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Figure 2 Typical morphologies after annealing Rigidex 9 crystals for 15 min at 5.3s kbar and the following temperatures: (a) 238°; (b) 242°; 
(c) 244°; (d) 248°; (e) 250°; (f) 253°; (g) 254°; (h) 256°C 
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Hifax 1900 at each annealing temperature is displayed in 
Figures 2, 3 and 4 respectively. These should be compared 
not only with each other but also with Figures 1 and 2 of 
Part 21 illustrating the bulk material. It should also be 
emphasized that, though not all crystals show exactly simi- 
lar changes and the selection of one or even a few for illus- 
tration is necessarily subjective, the trends with tempera- 
ture and molecular weight are unmistakable. 

DISCUSSION 

Studies of polymer lamellae annealed on solid surfaces gene- 
rally reveal not only intrinsic properties of the crystals 
themselves but also features due to interaction with the sub- 
strate. It is apparent that crystal layers which touch the 
substrate behave differently from those which do not and, 
also, that smaller layers having proportionately larger sur- 
face energy/volume ratios undergo changes before their 
wider neighbours. 

The major change effected by annealing polymer cry- 
stals is one of lamellar thickening 2 which can often be seen 
to proceed preferentially where there are differences in layer 
thickness, to be initiated at particular sites, e.g. at intra- 
lamellar steps and to leave a legacy of crystallographically 
oriented holes related to the original directions of fold pack- 
ing. Additionally, in the presence of a substrate, there are 
effects due to the degree of mutual contact of crystal and 
underlying surface plus others due to deformation during 
deposition, especially that involving collapse of non-planar 
structures. Annealing in suspension can usefully avoid this 
last complication, indeed the lack of constraint has allowed 
the adoption of otherwise unknown habits 3'4. Nevertheless 
a substrate does have the advantage of retaining for exami- 
nation small scale structures left when lamellae break up, 
which would quite possibly have been missed in suspension 
and certainly have lost their spatial relationships. So it is in 
this work where the changes seen go beyond those found 
for annealing in suspension s and parallel those observed in 
bulk polymer annealed adjacentlyL They provide further 
evidence that lamellae 200-300 )~ thick do transform into 
the hexagonal phase but show also that the constraints of a 
substrate and small specimen size depress the resulting aver- 
age layer thicknesses by factors typically of 3 to 4. 

The first marked changes in morphology are apparent 
after annealing at 230°C and 5.35 kbar, conditions under 
which these polyethylenes remain orthorhombic 6. It is not 
surprising, therefore, that these changes, viz. lines perpendi- 
cular to the prism faces, are those which are well known at 
1 bar 3 and have also been observed in other work at high 
pressure confined to the orthorhombic phase s. The mole- 
cular orientation also behaves similarly in that 020 becomes 
the strongest reflection in diffraction patterns taken with 
the electron beam perpendicular to the specimen plane. 
This is characteristic of the well known rotation of the unit 
cell about the b axis which can also be seen in upper layers 
as crumples along b (Figure 5c) 7. 

Before discussing higher annealing temperatures in detail, 
it needs to be shown that for these thin lamellae just as for 
the bulk specimens of the previous paper, there is a transi- 
tion into the hexagonal phase 8 before melting. Two pieces 
of evidence show this. First, there is a clear change in mor- 
phology between 254°C and 256°C (in each of Figures 2, 3 
and 4) corresponding to melting. This is at least 10K higher 
than would be expected for melting of the orthorhombic 
phase at this pressure even before taking into account cry- 
stal size effects but coincides with the melting point of 

hexagonal bulk polymer for which depression due to lamel- 
lar thinness is known to be small 6. Secondly, there is the 
characteristic three fold twin orientation shown in Figure 5b 
for a crystal of Rigidex 9 (Figure 5a) annealed at 245°C and 
5.35 kbar in related experiments. This is an effect which 
was looked for previously in bulk polymer 6 and is to be ex- 
pected after the sequence orthorhombic ~ hexagonal -~ 
orthorhombic polyethylene. 

What were the {110} and (200)  planes in orthorhombic 
polyethylene become identical (10.0} planes in the hexa- 
gonal structure. For the reverse transformation there are, 
in consequence, three orientations of the orthorhombic cell 
available for each hexagonal (10.0) plane which are shown 
in Figure 6 on the assumptions (i) that the c axis is invar- 
iant, and (ii) that the orientation of the plane considered 
remains unaltered. According to Figure 6a, 110 twinning 
will then lead to two additional unit cell orientations in the 
final orthorhombic texture with the new (020) directions 
OB' rotated by -+2a away from the original OB where 2a 
(=67030 ') is tile angle between (110) and (1 ]-0) planes. 
Similarly Figure 6b shows that replacement of {110) by 
{200} or vice versa gives additional orientations of (020) at 
-+/3 where/3 (= 56°15') is the complement of c~. However, 
assumption (ii) cannot be exact for it can only hold for one 
set of planes in a particular region. In practice, therefore, 
one anticipates a spread of orientations lor 020 spots 
around the 0 ° and -+60 ° rotations with respect to the origi- 
nal orthorhombic lamella; this is present in Figures 5b and 
5d. These diffraction patterns also suggest that assumption 
(i) may not always hold either. Although high-pressure 
diffraction has shown that the c axis direction is common 
to orthorhombic and hexagonal phases in bulk polyethy- 
lene a, nevertheless there is also evidence that this is not 
always maintained locally. This is shown, in particular, by 
the characteristic zig-zagging of the c axis found in annealed 
bulk polymer 1 and adopted, perhaps, as a means of increas- 
ing chain-extension within a given lamellar thickness. So, 
whereas 020 has the expected three fold orientation, Figures 
5b and especially 5d show that there can be a tendency for 
the only 110 and 200 spots present to be those of the initial 
orientation. As the 020 reflections are also the strongest, 
it is probable that the new unit cell orientations at -+60 ° 
have also undergone an additional rotation about b, causing 
c to move away from the lamellar normal. Such a rotation, 
familiar in other contexts 7'9, if of more than a few degrees 
would remove zero-layer reflections other than Ok0 from 
the patterns in the way observed. The evidence of Figure 5, 
therefore, supports the identification of the high-pressure 
polyethylene phase as hexagonal a and indicates that in the 
new orientations the c axis tends to have been rotated away 
from the lamellar normal about b. 

It follows that, notwithstanding the considerable mor- 
phological differences, the annealing of solution-grown poly- 
ethylene lamellae at high pressures passes through the same 
three stages as that of bulk material, viz. annealing in the 
orthorhombic phase, then in the hexagonal phase and finally 
melting. The first of these has already been discussed but 
the changeover to the second leaves no sharp alteration in 
the morphological record. There are no d.t.a, data to show 
directly when the phase transition occurs in thin films, but 
the appearance of the twinned diffraction pattern has been 
detected in the case of Rigidex 9 after annealing at temper- 
atures as low as 236°C (Figures 5c and 5d). This is at the 
lower end of the d.t.a, peak for bulk material ~ and shows 
that, despite the difficulty of anticipating to what extent 
the effect of the substrate offsets the lowering of transition 
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Figure 5 
(a, b) and 236°C (c, d). 

temperatures by lamellar thinness, the change to the hexa- 
gonal structure occurs, in these experiments, at approxi- 
mately the same temperatures in thin layers as in bulk. 

The main change in appearance in this region is the dis- 
integration of once continuous lamellae into small islands 
confined within the original outlines but increasing in thick- 
ness, with intermediate stages of multiply connected shapes. 
According to Figures 2, 3 and 4 this transformation occurs, 
as would be expected, at slightly higher temperatures for 
higher molecular weight polymer. Once definitely within 
the hexagonal phase, at temperatures between 242 ° and 
250°C, it is noticeable that where two layers overlap the 
islands are approximately twice as wide and that annealing 
of three or more overlying layers, as in the central pleat, 
gives a continuous sheet without holes. It follows, as shadow 
lengths confirm, that these islands are ~500 A thick, al- 
though they are not generally fiat-topped but rounded and 
thinnest at the edges. The outlines of higher layers are 
much softened with only the thickest pleats still readily 
discernible whereas annealing in the orthorhombic phase to 
say, 230°C (Figures 3a and 4a) leaves them much better 
defined. 

It may be inferred from this that, on annealing, a system 
of lamellae will adopt a sufficient thickness, if necessary at 

Morphology and electron diffraction patterns of Rigidex 9 crystals annealed for 15 min at 5.3s kbar at 245°C 

the expense of creating additional side surfaces (holes), but 
once this has been reached further thickening, which could 
give lamellae of at least the maximum thickness of the ini- 
tial aggregate, is subordinated to the reduction of total 
energy which a uniform layer gives with its minimal side 
surfaces. The thickness adopted is considerably less than 
that found in thicker aggregates of identical lamellae treated 
similarly showing that for annealing, just as for recrystal- 
lization of polyethylene at high pressures 1°, specimen size 
exerts a considerable influence on lamellar thickness. 

Such an effect is, perhaps, not so surprising in the case 
of annealing because most of the explanations suggested 
for lamellar thickening envisage it as a cooperative process. 
Following our previous work ~'~°, it is also compatible with 
regarding annealing as local melting followed by rapid re- 
crystallization because of the similar effect of specimen size 
which, in our view, is associated with the thickening of 
lamellae close to the growing edge. 

The effect of local deformation on annealing behaviour 
is noticeable in subsidary features, all of which are found in 
Figure 3c. Here material is denuded from an accidental 
scratch running vertically through the centre of the picture, 
from both {110} and {100} sector boundaries and around 
the edges of the central growth pyramid; the last two sites 
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a B 

B' B' 

b a 

B' B' 

Figure 6 Possible twinning schemes for 
a polyethylene crystal undergoing the 
sequence of transitions orthorhombic 
hexagonal --* orthorhombic 

are those where deformation will have been concentrated 
during sedimentation. As deformed regions will have lower 
melting points, material in them would be expected to be- 
come mobile earlier during annealing and so to move to- 
wards adjacent undeformed regions. 

Finally, we come to the melting region. By 256°C all 
three polymers have melted and show the appropriate 
crystallized morphologies l° (Figures 2, 3 and 4). Of par- 
ticular interest, however, is the transformation region re- 
vealed at 253 ° and 254°C, temperatures lying within the 
region of the final high pressure d.t.a, melting peak of each 
bulk polymer. Features here are a f'dling in of the original 
outline and the clear demarcation of what were once the 
{100} sectors in some, but not all, lamellae. Figure 3g 
shows that infilling growth has occurred around a very few 
centres and, moreover, at a thickness close to that of the 
original lamellae. These centres are almost certainly unmol- 
ten higher molecular weight material acting as nuclei for 
subsequent growth of shorter molecules during cooling in 
agreement with earlier work"  and in a way familiar from 
atmospheric 'self-seeding '~2. In this way one can explain 
why Hifax alone, with its dearth of short molecules, fails 
to show the effect at 253°C and why Rigidex 9, having 
fewer very long molecules should have fewer nuclei and so 
be more 'filled in' than Rigidex 2 at 253°C. 

The distinction of the (100} sectors at this stage is inter- 
esting and reminiscent of a well known effect at 1 bar as- 
cribed to 'early melting or other transformation' related to 
lattice differences stemming from different directions of 
fold packing in different sectors ~a'~4. In the present case 
the demarcation appears due to the demarcation of sector 
boundaries already remarked on, which isolates various 
sectors in favourable conditions, plus a later melting of the 
{100} sectors. Thus in Figure 2fespecially it can be seen 
that flow associated with melting has occurred in { 110 } 
domains but not in one { 100} sector. This is consistent 

with the greater thickness (and smaller number) of islands 
in the {100} sectors, though whether this itself is due to 
inherent differences between sectors or relates to details of 
lamellar collapse and contact with the substrate is not en- 
tirely clear. Eventually, however, flow does occur in these 
sectors too (Figure 3g) and then it leaves a pattern with 
lines parallel to b, in a similar way to collapse features in 
the {100} sectors (Figure 1) implying that the second sug- 
gestion may well be correct. 

That the original crystal outline is virtually completely 
filled in during recrystallization shows the lamellar thick- 
ness is close to the original ~150 )~. Here, however, crystal- 
lization must have been into the hexagonal phase because, 
having shown that recrystallization from the melt at this 
pressure normally is into the new phase, then it follows that 
this must be also true of the more rapid self-seeded recrystal- 
lization occurring at a higher temperature during cooling. 
We have, therefore, still further evidence that the crystal- 
lization of hexagonal polyethylene at a given temperature 
and pressure encompasses layer thicknesses down to the 
100 A level. Conversely, the lamellar thickness is not deter- 
mined mainly by the crystallization temperature but varies 
by at least an order of  magnitude with specimen size and 
constraints. 

In a similar way, we have abundant evidence that anneal- 
ing thin polyethylene films at high pressures does not pro- 
duce the thick lamellae characteristic of  the bulk. Both 
effects deny us routes of preparing isolated thick chain- 
extended crystals of polyethylene. But at the same time, 
the parallel behaviour of both annealing and recrystalliza- 
tion treatments in an unusual context provides important 
reinforcement for the view that, at least in polyethylene, 
the changes produced by annealing are essentially those 
produced by local melting followed by rapid recrystalliza- 
tion. The other main conclusion of this paper is that elec- 
tron diffraction patterns provide independent confirmation 
that the structure of the high-pressure phase of polyethy- 
lene is indeed hexagonal. 
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Theoretical estimation of the effect of solvent 
on unperturbed dimensions: 1. Isotactic 
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The effect of the quality of solvent on the unperturbed chain dimensions ~2 of perfectly isotactic 
poly(vinyl alcohol) (iso-PVA) was studied by means of some model calculations according to the 
matrix method of Flory et al. These investigations were based on the assumption that the quality of 
solvent affected mainly the energy of the intramolecular hydrogen bond, while the magnitude of the 
interactions between other groups, hardly varied with the change of solvent. The individual confor- 
mation energies in a chain of iso-PVA were estimated from the analysis of structurally similar poly- 
mers, as well as the results obtained with 2,4-pentanediol. It was found that the characteristic ratio 
C = r-o2/nl 2 increased in non-polar solvents, with energy of the intramolecular hydrogen bond stabil- 
izing the stretched zig-zag conformation of chain. Conversely, the characteristic ratio, monotonously 
decreased with increasing polarity of solvent to the value of about 6, typical of a flexible random 
coil. The existence of an analogous relationship, valid for other polymers, able to form an intra- 
molecular hydrogen bond in the chain, was also discussed. 

INTRODUCTION 

The study of the configurational characteristics of polymer 
chains, usually involves, explicitly, merely the dependence 
of these characteristics on temperature. At the same time 
it is assumed tacitly that these characteristics, for instance 
the unperturbed dimensions of  chains, do not depend on 
the quality of solvent. This assumption seems to be ful- 
filled sufficiently for the non-polar polymer-solvent sys- 
tems. With increasing interest in the study of polar syn- 
thetic polymers and biopolymers the experimental evi- 
dence 1-1o, for the invalidity of this assumption in above 
systems, accumulates. 

Provided fixed bond angles and bond lengths are assum- 
ed to be present in the skeleton of the chain, its dimensions 
are determined by the corresponding conformation ener- 
gies. In general, at a given temperature, these conforma- 
tion energies depend on intramolecular, as well as inter- 
molecular interactions, with the solvent and other polymer 
chains. As for polar low-molecular compounds, this fact is 
well known and described in the literature 1a-~4. An analo- 
gous phenomenon may also be expected, in the case of 
polymer chains; while a small shift in the position of the 
potential minima of internal rotation about the bonds in 
the skeleton of the chain, may affect the unperturbed 
dimensions of this chain. 

A formal description of the effect of solvent on unper- 
turbed dimensions based on statistical mechanics, was 
developed formerly by Lifson and Oppenheim is. In other 
approaches to configurational statistics 16-m, this effect 
was not taken into consideration explicitly, and the intra- 
molecular origin of the conformation energies of  the chain 

* Presented in part at the 9th Microsymposium on Thermodyna- 
mics of Interactions in Polymer Solutions, Prague, September, 1971 
t Institute of Physical Chemistry of the Slovak Technical Univer- 
sity, 880 37 Bratislava, Czechoslovakia. 

was particularly emphasized. I t  is of interest to try to esti- 
mate the solvent effect for individual polymers theoreti- 
cally, by using the recent matrix method of Flory is based 
on statistical mechanics. 

Poly(vinyl alcohol) with regular isotactic structure, is 
a convenient model for theoretical study of the effect of 
solvent on unperturbed dimensions. The possible forma- 
tion of an intramolecular hydrogen bond providing a side 
backbone in the chain, with zig-zag stretched conforma- 
tion, is the decisive factor which affects the set of  stable 
conformations in the chain. But it is well known that the 
energy of an intramolecular hydrosen bond, depends very 
much on the polarity of solvent and therefore, the forma- 
tion of intermolecular hydrogen bonds usually prevails in 
polar solvents. It may be concluded from this that the pol- 
arity of  a solvent affects the competitive equilibrium be- 
tween the formation of intramolecular and intermolecular 
hydrogen bond in the case of the iso-PVA chains, also. 
Therefore, this study is a theoretical investigation of the 
relationship between the unperturbed dimensions of iso- 
PVA and the parameter co2, characterizing the magnitude 
of the interaction between two neighbouring OH groups 
in the chain. We suppose that such a simplified computa- 
tion could give a true picture of the characteristic features 
of the effect of solvent on the unperturbed dimensions of 
the chains for real iso-PVA. 

THEORETICAL 

Model 

The model of rotational-isomeric states, taking into 
account the interaction of the nearest neighbouring groups 
in a linear chain, was in the last decade, successfully ap- 
plied to the correlation of various configurational proper- 
ties of a great number of polymers is, including the dimen- 
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CH2 (I) ,(].1-12,..i ," ,CH2i~I CH2 

/ \c u 

Figure I AII-trans planar conformation of a portion of isotactic 
poly(vinyl alcohol) chain 

teristic ratio C on the statistical weight co2- We suppose 
that the quality of solvent affects the value of other statis- 
tical weights, only slightly. Thus it is possible to convert 
the study of an originally intermolecular effect, into the 
investigation of the dependence of this effect on intra- 
molecular interaction free energy. 

CH2 CH2 CH 2 

CH H H 
a b c 

Figure 2 Newman projections of the three rotational states of 
skeletal bond i, and the associated statistical weight factors: 
(a) trans T (n); (b) gauche, G + (1); (c) gauche, G-- (r) 

sions of isotactic vinyl polymers 1~-24. This approach may 
be also adapted, easily for iso-PVA (Figure 1) assuming 
fixed bond angles and bond lengths. Also, the set of rota- 
tional-isomeric states about single bonds in the skeleton and 
the corresponding conformation free energies must be speci- 
fied for the calculation. 

The usual set of the rotational isomeric states trans, 
gauche plus and gauche minus (T, G +, G-), localized at 
the angles 0 °, 120 °, -120  ° were used. In view of the illus- 
trative character of the calculations, we neglected the shift 
in the rotational isomeric states, which is usual in the case 
of vinyl polymers, owing to intramolecular steric interac- 
tions. 

Following Flory la, the first order free energies depend- 
ing on single rotational angle are referred to the G + state. 
Their representation and denotation are given in Figure 2 
for iso-PVA. In general, it may be expected that the stat- 
istical weight ~- is smaller than r/, because of the coincident 
syn position of the groups with respect to the CH 3 as well 
as OH groups. The interactions of second order depend on 
the relative position of two bonds in skeleton and are de- 
noted as co, col and co22s. Factor co represents the inter- 
action between the pairs of CH2 or CH groups, co I charac- 
terizes the interaction between CH2 and OH groups. Statis- 
tical weight co2, expresses the interaction between two OH 
groups and is, therefore, a function of the energy of the 
intramolecular hydrogen bond. 

By means of statistical weights it is possible to specify 
two matrices which are necessary for the analysis of isotac- 
tic vinyl polymersl~s: 

g ' =  1 rco 

co 7" 

; ~ =  

7 
r/co 2 7o31 1 / 

J 7 w  1 co 

~col "rco2co col 

Matrix U' is attributed to the bond of CHOH-CH2 
which belongs to an asymmetric centre and matrix Um 
corresponds to the bond of CH2-CHOH in meso-dd-dyad. 
These statistical weights together with the geometrical para- 
meters of the chain skeleton, enable us to calculate the con- 
figurational partition function and other conformation 
dependent properties as e.g. characteristic ratio for perfect- 
ly isotactic PVA. The characteristic ratio C = r-o2/nl 2 ex- 
presses the ratio of the mean square value of the distance 
between the unperturbed chain ends, to the analogous 
value valid for the model of freely connected chains. 

By simulating the effect of solvent on unperturbed 
dimensions we shall examine the dependence of the charac- 

Estimation o f  the statistical weights for iso-PVA 
The magnitude of individual statistical weights may be 

assessed for iso-PVA in two ways, i.e. from the literary data 
concerning structurally analogous polymers and n.m.r, re- 
sults obtained for low molecular weight model compounds 
of PVA. In the study of configurational characteristics of 
poly(trimethylene oxide) [(CH2)3-O- ] n, Mark26'27 assign- 
ed the statistical weight o' = 1.4 -+ 0.5, at 25°C to one of 
the gauche positions occurring in the chain (Figure 3a). In 
the case of polymethylene (Figure 3b), Flory is used the 
value o = 0.54, at 140°C for the gauche position, which 
corresponds to o = 0.43, at 25°C. These values of o, refer- 
ring to the unit statistical weight for trans conformation in 
the chain, corroborate the preferential occurrence of oxy- 
gen in gauche position TM. Provided the statistical weight 
is predominately determined by the interaction of neigh- 
bouring atomic groups, the comparison between the con- 
formations represented in Figure 2 and Figure 3, gives 77 = 
o'/o = 3.2 -+ 1.1, at 25°C. This reasoning involves the as- 
sumption that the interactions O . . . .  CH 2 and OH . . . .  CH, 
are approximately equal. 

Under analogous assumptions, analysis of the conforma- 
tions of poly(tetramethylene oxide) 26~7 gives the value 
0.55 -+ 0.3 for the statistical weight col at 25°C. The value 
co = 0.034 (25°C) is normally used for the statistical weight 
incident to the overlap of two groups. But the accuracy of 
the estimate of this value is probably over estimated. Reli- 
able data available for the estimate of the statistical weight 
r, are not abundant. From the earlier paper on the con- 
figurational statistics of vinyl polymers, it follows that the 
value of factor reffected the characteristic ratio only 
slightly. The value of r assessed, was found to be in the 
range 0.05-118. 

Another independent way for the estimation of the 
statistical weights for iso-PVA is based on the experimen- 
tal results of the n.m.r, measurements obtained by Fukurci 
et al. 2s, for the model substance 2,4-pentanediol in differ- 
ent solvents as well as the theoretical analyses of these re- 
sults performed by Moritani and Fujiwara 29. By using the 
set of the five statistical weights mentioned, it is possible 
to express the population of individual conformers in the 
meso as well as racemic isomer of 2,4-pentanediol. From 
the dependence on temperature of the vicinal spin-spin 
coupling constant, the values of statistical weights may be 
also determined. Moritani and Fujiwara present the follow- 
ing values: 7/= 1.94; r = 0.5; co = 0.04; and col = 0.24. The 
value of the statistical weight co2 varied with the polarity 
of the solvent used from 0.28 for D20 to 4.87 for CH2C12. 

CH2 CH 2 
H ~ D  H ~ C H 2  

H H H I H 
H H 

a b 
Figure 3 Newman representation of 
gauche position and the corresponding 
statistical weights for (A) poly(trimethy- 
lene oxide), o' = 1.4 +- 0.5; (B) poly- 
methylene at 25°C, o = 0.43 
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Figure 4 Dependence of the characteristic ratio C on the statisti- 
cal weight to 2 for iso-PVA. Two different values of the statistical 
weightn, r = 1,to =0.05,0:1 =0.5. Curve A, n = 3.5; B, n = 2.5 

In conformity with the previous assumption for iso-PVA, 
Moritani and Fujiwara explained the observed solvent effect 
on the conformations of 2,4-pentanediol, merely by the 
variation of the statistical weight 6o2, while other statistical 
weights did not change with solvent. 

If both the methods of  the estimation o f  statistical 
weights are compared, a difference appears especially in 
the case of  the statistical weights r~ and 031. This disagree- 
ment may be partly removed, if we modify the statistical 
weights estimation for 2,4-pentanedio129 by the use of ex- 
perimentally found relationship between r~ and 031, (Figure 
6e) 29. In this way, choosing 031 = 0.55 it is possible to 
obtain a modified value of  the statistical weight r~ of  about 
2.5. Then the agreement of  both methods is sufficient, 
but it does not count to over estimate the accuracy of  the 
estimation of  individual statistical weights. 

The final form of this relationship depends mainly on the 
reliability of the statistical weights used. It may be stated 
with certainty that r / >  1, since oxygen atoms tend to 
stabilize the gauche position is. Contrary to expectation 
the form of relationship between C and 6o 2 is sensitive also 
on the exact value of  r, e.g. approximately the same shape 
of  curves as in Figure 4 may be obtained for r = 1 and r = 
0.3 with ~ = 2.5, 03 = 0.05,031 = 0.5. As regards the second 
order interactions, Flory 18 has already stressed that three 
kinds of  03 must be distinguished in the case of  PVA when 
032 > 1. Because of the illustrative character of  our calcu- 
lations we did not consider it necessary to analyse in more 
detail the effect o f  other statistical weights on the C versus 
032 relationship. We assume that the used values of  statisti- 
cal weights, represent a reasonable estimate of  the inter- 
actions in the chain. Another approach to the estimate of  
statistical weights is based on the semi-empirical methods 
of  theoretical conformation analysis Is. Though the method 
was also applied in the case of  2,4-pentanedioP °, the results 
cannot be used here since the contribution of  the intra- 

Table I Calculated values of the characteristic ratio for iso-PVA 

r/ 7" ¢o 6,3 1 03 2 C 

1.5 1 0.05 0.5 1 7.27 
2.5 1 0.05 0.5 0.6 7.85 
2.5 1 0.05 0.5 5 22.59 
2.5 1 0.05 0.5 10 37.06 
2.5 1 0.05 0.5 50 105.18 
2.5 1 0.05 0.5 250 162.53 
2.5 1 0.05 0.5 0.1 6.02 
2.5 1 0.05 0.5 0.01 5.77 
2.5 1 0.05 0.5 0 5.60 
2.5 1.5 0.05 0.5 10 28.27 
2.5 1.5 0.05 0.5 0.1 5.55 
2.5 0.3 0.05 0.5 10 53.54 
2.5 0.3 0.05 0.5 0.1 6.98 
2.5 1 0.2 0.5 10 25.37 
2.5 1 0.05 0.8 10 31.39 
2.5 1 0.05 0.35 10 40.73 
3.5 1 0.05 0.5 10 54.80 
3.5 1 0.05 0.5 0.5 8.65 
3.5 1 0.05 0.5 0 5.83 
5.0 1 0.05 0.5 10 81.18 

RESULTS AND DISCUSSION 

Dependence of C on eo2 
Following Flory 18, we used the value of  1.53 A for the 

length of  the C - C  bond in the chain skeleton and the 

values of 11 2 ° for the bond angle L CCC. The dependence 
of  the characteristic ratio C on w2 for two representative 
values of  r/(2.5 and 3.5), while r = 1, co = 0.05, and 031 = 
0.5, is presented in Figure 4. For comparison, some other 
values of  C found by the variation o f  the individual statis- 
tical weights are listed in Table 1. 

The calculated values of the characteristic ratio in Figure 
4 and Table 1 correspond to an infinitely long chain. The 
matrix multiplication method Is was applied and the value 
of  0.02 was used as a convergence limit for the difference 
between two characteristic ratios in two successive cycles. 
The rate of  convergence of Cn is represented in Figure 5 
for different values of  6o2. With increasing w2, it is possible 
to obtain the limiting value of  Cn for very long chains (n ~> 
100), only. 

For small values of  6o 2 the value of  C does not change 
necessarily with any statistical weight, but for 032 > 5 the 
value of  C depends strongly on all other statistical weights. 

~j 
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Figure 6 Dependence of the characteristic ratio on the number of 
C--C bonds in the chain of iso-PVA for different values of the 
statistical weight to2: A, 50; B, 10; C, 5; D, 0.6; E, 0.0 
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molecular hydrogen bond was not explicitly taken into 
consideration. 

By varying individual statistical weights about their 
average value, it is also possible using Boltzmann's factors 
to estimate very approximately the temperature coefficient 
din r02/dT of the unperturbed chain dimensions. This pro- 
cedure is equivalent to the assumption that the details of 
the rotational potential function do not change in a narrow 
temperature range. The calculated value depends on the 
estimate of statistical weights. For instance, a relatively 
high negative value of the temperature coefficient (about 
- 9  × 10 -3 degree -1) is obtained for r/= 2.5, ~- = 1, co = 
0.05,031 = 0.5 and 60 2 = 10 at 25°C. 

Solvent ef fect  on 602 

As it was to be expected, the characteristic ratio increases 
with the statistical weight 602, because the population of the 
segments with a zig-zag stretched trans conformation stab- 
ilized by an intramolecular hydrogen bond in the chain in- 
creases. Provided the statistical weight 602 decreases, the 
characteristic ratio falls to the value of about 6 according 
to the choice of other statistical weights. This decrease is 
connected with a disruption of the intramolecular hydro- 
gen bond and with an increase in the population of  gauche 
conformations in the chain. It is clear from Figure 4 that 
the condition w2 = 0, is not sufficient to provide a prefer- 
ence of the conformations of the type (TG+)n or (G-T)n,  
forming 31 helices, which are characteristic for vinyl poly- 
mers. This would be manifested by the increase in C in 
Figure 4. Conversely, the values of C calculated for small 
values of 602 indicate a considerable flexibility of the chain 
forming a random coil in solution. The value of 032 par- 
ticularly small may be expected for the aqueous solutions 
of iso-PVA. 

Since the formation of intramolecular hydrogen bond 
depends on the polarity of medium, it may be concluded 
from Figure 4 that the characteristic ratio for iso-PVA, de- 
creases with increasing polarity of the solvent. The results 
obtained for the meso-isomer of 2,4-pentanediol, confirm 
the decrease in the population of TT isomer with increasing 
polarity of the solvent 28'31. If we use the values of 602 esti- 
mated for 2,4-pentanediol as representative values for the 
chains of iso-PVA, then according to Figure 4, an increase 
in the characteristic ratio of about 15 or more, follows for 
the change of solvent from D20 (602 = 0.28) to CH2C12 
(w2 = 4.87). It is evident that the attainment of such 
changes is limited in real polymer systems by the insolu- 
bility of iso-PVA in non-polar solvents and the experimen- 
tal verification of the predicted relationship between the 
characteristic ratio and the quality of solvent, will be limi- 
ted to a much narrower region of the polarity of solvents. 

The manner in which the competitive equilibrium be- 
tween intramolecular and intermolecular bond depends on 
the polarity of solvent, ensues from the results of analysis 
for 1,3-propanol 32. While only 4.6% of the molecules of 
1,3-propanol form an intramolecular hydrogen and almost 
the whole remainder forms two intermolecular hydrogen 
bonds in pure dioxane, in a less polar mixed solvent (di- 
oxane/CC14 = 1:2), no less than 1 1.7% of molecules form 
an intramolecular hydrogen bond. The preferential forma- 
tion of intermolecular hydrogen bond may be attributed 
to the fact that the linear system of atoms O H . . .  X thus 
formed, is more energetically advantageous than a similar 
bent system containing an intramolecular hydrogen bond. 
Besides the molecules of solvent, the OH groups on neigh- 

bour chain can form intermolecular hydrogen bonds. So 
in non-polar solvents the formation of intermolecular 
hydrogen bonds of the type polymer-polymer may modify 
the value of 602, which may also vary with polymer con- 
centration. 

We have not found in the literature any experimental 
data concerning the solvent effect with respect to perfectly 
isotactic PVA. This effect was, however, found experi- 
mentally in the case of atactic PVA dissolved in mixed sol- 
vents 33. The use of mixed solvents or thermodynamically 
good solvents, complicates the analysis of the solvent effect 
on unperturbed dimensions s'6. An attempt was also made 
to estimate the solvent effect from the measurements of 
elastic properties of a swollen polymer network 34. How- 
ever, it may be expected that only the use of the methods 
more sensitive to the change in the local conformation of 
chain, will provide more reliable data concerning the magni- 
tude of the solvent effect on the unperturbed dimensions of 
polymers. For instance by using n.m.r, it was possible to 
establish the solvent effect on the preference of stable con- 
formations in the case of such non-polar polymer as poly- 
ethylene 3s,36. 

Now we shall try to extrapolate some conclusions from 
the presented calculation. Similarly as for the characteris- 
tic ratio, the solvent effect can be also simulated for other 
conformation dependent quantities of iso-PVA, such as 
mean square of dipole moment ~-02. In analogy with the 
characteristic ratio, a conspicuous solvent effect may be 
expected in this case, also. It follows from the study of 
model substances for perfectly syndiotactic PVA 38'31, that 
the G - T  conformations are stabilized in non-polar solvents 
by intramolecular hydrogen bond. Because of a higher 
population of other conformations (TT, G+G - ,  TG +) a less 
distinct solvent effect may be expected for this polymer in 
comparison with the results obtained for iso-PVA. 

Characteristic features of the model calculation of sol- 
vent effect in the case of iso-PVA, may be extended to 
other types of the polymers in which the formation of 
intramolecular hydrogen bond affects the stable confor- 
mations in the skeleton of the chain in a decisive way. For 
the refinement of the theoretical approach to the configura- 
tional statistics of polymers it will be, therefore, necessary 
in some cases to do away with the approximation involving 
the assumption that the relative energies of individual rota- 
tional isomers in the chain are independent of the quality 
of solvent. 
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Monoclinic macrolattice of quenched and cold- 
drawn sheets of isotactic polypropylene* 
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and F.  Ferrero  and E. Ferrac in i  
Consig/io Naziona/e de//e Ricerche, Bologna, Italy 
(Received 3 July 1975; revised 18 December 1975) 

The small angle scattering (SAXS) of quenched and cold drawn sheets of isotactic polypropylene 
(PP), has been analysed two-dimensionally. The appearance of equatorial SAXS reflections enabled 
a more detailed analysis of the size and arrangement of the microparacrystallites (mPC) in PP. These 
results confirm our earlier conclusions concerning polyethylene and polybutene, which were obtained 
without equatorial SAXS. Microparacrystals 50 A wide and 40 A long, build up a monoclinic macro- 
lattice. The appearance of SAXS on the equator is explained by broadened lateral grain boundaries 
between the microparacrystallites of one layer in the direction of the sheet surface. This effect origi- 
nates from plane stress fields generated in the necking zone of the stretched sheet. 

INTRODUCTION 

Most high polymers consist of paracrystalline microdomains. 
These microparacrystallites (mPC) aggregate to lamellae if 
the sample is hot stretched. They build up a more or less 
nematic-like super-lattice in the cold stretched state. These 
superlattices (tertiary structures) can be described by the 
paracrystalline theory, also. Bundles of microparacrystal- 
lites build up macroparacrystals (MPC) ~. They can be in- 
vestigated quantitatively by a two-dimensional analysis of 
small angle scattering. A rapidly quenched, molten film of 
isotactic polypropylene (PP) consists of mPC with large 
distortions and is therefore, very poorly crystalline 2-4. The 
different descriptions of this structure, for instance, 'smec- 
tic', 'non-crystalline', 'mesomorphic' or 'modification II' ,  
demonstrate that this structure is still quite unknown. It is 
the aim of this work to analyse the mutual arrangements of the 
mPCin the quenched and drawn PP-film, with the help of the 
paracrystalline theory; in other words, to analyse the struc- 
ture of the MPC two-dimensionally, using the method that 
was developed for linear polyethylene and isotactic poly- 
butene s-7. In this case the two-dimensional analysis of the 
SAXS is enhanced by the inclusion of SAXS equatorial re- 
flections, corresponding to the macrolattice. These reflec- 
tions were first observed by Hermans and Weidinger a. 

lel and orthogonal to the PP sheet. The X-ray intensities 
were resolved with a Dupont 310 curve resolver. 

TWO-DIMENSIONAL ANALYSIS OF THE SAXS 
MERIDIONAL REFLECTION 

The SAXS pattern of the PP sample we used is shown in 
Figure 1. The meridional intensities observed with the 
specimen both perpendicular and parallel to the primary 
beam have the same shape. In contrast to Hermans and 
Weidinger a, we see only one SAXS reflection on the equa- 
tor when the beam is orthogonal to the sheet. In the paral- 
lel position it is split into two relatively sharp spots. The 
analysis of the meridional reflection is performed in the 
manner described earlier 5-7. The microphotometer curves 
are shown as full lines in Figure 2 along the b3-axis which 
is parallel to the stretching direction, in Figure 3 along the 
radial direction, br, parallel to the equator and through the 
maximum of the meridional reflection. The calculated 
points come from the theory of paracrystals 9, applied to 

EXPERIMENTAL 

The samples were prepared by quenching 1 mm thick sheets 
of isotactic PP in an ice-water bath, which had previously 
been heated to the polymer melting point (176°C). The 
sheets were then cold drawn at 21°C to a stretching ratio 
of 9. The samples were investigated using a small angle X- 
ray camera, with pinhole collimation. The sample to film 
distance was 260.5 mm with the primary beam both paral- 

* Dedicated to Professor W. Menke, on the occasion of his 65th 
birthday. 

Figure I SAXS pattern ot a foil of quenched and cold drawniso- 
tactic PP. The drawing direction is vertical. X-ray beam parallel to 
platelet. On each side two discrete equatorial reflections can be seen 
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Figure 2 Intensity distribution I(br, b 3) in meridional direction 
b3(b r = 0). The microphotometer curve ( ) is compared with 
calculated values (e) folded with the profile of the primary beam 
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Figure 3 Intensity distr ibution I (br ,  b 3) orthogonal to the meri- 
dian (b 3 = constant) through its maximum in a I n / - b~  plot. - - ,  
Experimental values; O, calculated from theory and folded with the 
profi le of  the primary beam 

the macrolattice, which is build up of microparacrystallites 
(mPC). The theoretical intensity function I(br, b3), then is 
folded with the shape of the primary beam. The agreement 
with the experimental values is very good. InFigure 2 
I(0, b3), is plotted against b3; in Figure 3 lnI(br, b 3 = con- 
stant), is plotted against b 2. This intensity can be separated 
into two Gaussian terms. The outer tail of the intensity de- 
fines the Gaussian term with the smaller slope. It gives the 
so called brick factor f2(br), which is the Fourier-transform 
of the shape of a mPC (brick) in the radial direction. It has 
a diameter of 50,8,. From a similar analysis of the continu- 
ous equatorial scattering (Figure 4), one obtains similar dia- 
meters (see later) for the bricks. This shows that the outer 
part in Figure 3 (br>~ 9.5 × 10 -3 A-I) ,  is really generated 
by the shape factor of the mPC, which build up the para- 
crystalline macrolattice. The inner part of Figure 3 (e), 
can be explained by the product of this shape factor, with 
the paracrystalline superlattice factor Z2Z3(b) s-7. From 
this, the value gr3 of the macrolattice can be calculated (see 
Table 1). gr3 defines the relative statistical fluctuation of 
the lateral vector ar of the macrolattice in the stretching 
direction 3 divided by the vector a3 of the macrolattice in 
fibre direction. The mPC are so much shifted against each 
other in a direction that no lamellar structure exists. On 
the contrary, its relatively large value (40%) proves that the 

macrolattice possesses a partially nematic-like character and 
bears little relation to a smectic phase. 

The intensity along the meridian (Figure 2) shows the 
well known feature of cold stretched synthetic fibres; 
namely one diffuse maximum. From this one can calculate 
the relative statistical fluctuation g33 of a3 in the direction 3 
(see Table 1). In the outer part (b 3 ~> 14 x 10 -3 A-I) ,  
Z2Z3 again has reached the value 1. This part is therefore 
proportional to the brick factor f2(b3) and gives a mean 
height H of 40 A for the microparacrystallites in fibre di- 
rection (Table 1). 

P is the so-called long period calculated from the posi- 
tion of the maximum of the meridional reflection. This 
value is again about 20% larger than the real superlattice 
cell a3 in the fibre direction. Similar effects have been pre- 
viously observed s'6. Since a3 = 100 A, the packing density 
in the meridional direction is H/a 3 = 0.4. Moreover one 
learns from the two-dimensional analysis that the cold 
drawn PP is similar to polyethylene and polybutene with 
rough fold-surfaces and no sharply defined boundaries be- 
tween the paracrystalline and amorphous layer. They have 
an anomalously large value of 10 A compared with H. 
This thickness of the transition region (given by the value 
of/~) is 25% of the paracrystallite height H and so is rela- 
tively, much greater than in polyethylene (4%) and in poly- 
butene (15%). The polydispersity gH of the paracrystaUite 
height H in chain direction, is gH = 0.25. The shape of the 
meridional reflection parallel to the equator (Figure 3) is 
determined between the inner and outer part, discussed 
above, by the relative fluctuation g3r of the vector a3, in 
radial direction also. It can be obtained, as mentioned in 
earlier papers 6'7, only with a relative uncertainty and is 
very large (40%). It demonstrates the lack ofultra-fibrillar 
character in the alignment of the microparacrystallites 

7O 

5O 
A 

"~ j • 

30 

IO 

15 47,l~ 25 
brx IO3(~ -') 

Figure 4 Intensity distr ibution I (br ,  0) along the equator, primary 
beam orthogonal to the PP sheet. The SAXS reflection (100) of  
the cell of  the MPC is separated from the reflection (000) which 
gives rise to the so-called continuous SAXS 

Table I Parameters of the paracrystalline superlattice (MPC) of 
cold drawn isotactic PP calculated from the meridian. P long 
period, a 3 and a r cell edges of the MPC in fibre direction 3 and 
orthogonal direction r. H height and D diameter of  the mPC in 
direction 3 and r, gik defined by equation (3). ~, thickness of the 
transition region; gH, polydispersity in chain direction 

P~= 12Q'A D = 50 A gH = 0.25 
a 3= 100A  a r = 5 0 A  g33=0.25 
H = 4 0 A  grr  = 0.23 

= I O A  gr3 =0-40 
g3r ~ 0.40 
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As for Figure 4, but the primary beam parallel to the 

along the stretching direction. Thus, there is no reason to 
speak of  a smectic macrostructure, (as discussed above). It 
is to the advantage of  the paracrystalline theory, that struc- 
tures, which are neither smectic nor nematic, can be ex- 
plained quantitatively. 

ANALYSIS OF THE EQUATORIAL SAXS PATTERN 

This is the first time that the two-dimensional SAXS analy- 
sis has been applied to a substance which shows SAXS-re- 
flections on the equator. It is not surprising therefore that 
one can now obtain information directly about the macro- 
lattice cell in the lateral direction. We will see moreover 
that the results obtained from the meridional reflection fit 
well to those obtained in this section. 

The shape of  the whole equatorial scattering is different 
when observed with the primary beam orthogonal (Figure 4) 
or parallel to the sheet (Figure 5). Ofthogonal to the sheet, 
only one maximum at 47 A exists. When parallel, there are two 
maxima at 48 and 41 A. The analysis of the maxima was carried 
out by the Dupont curve resolver, taking Lorentzian squared 

profiles for the shape of the reflections. The l n / - b  2 plot in 
Figure 6 shows the separation of  the continuous particle 
scattering in two Gaussian curves. From the broader maxi- 
mum one obtains a particle diameter, parallel to the film of  
47 A and from the same plot of  the intensity in Figure 5, a 
diameter of  52 A orthogonal to the sheet. These values 
agree well with the lateral paracrystallite size D = 50, ob- 
tained from the two-dimensional analysis of  the meridional 
reflection, as mentioned previously. It proves directly that 
this outer tail of  the meridional reflection, parallel to the 
equator, is given by the shape factor of the microparacrys- 
tals. The existence of  the equatorial reflections gives evi- 
dence that the diameter of  the microparacrystals are not 
only very similar (as in PE and PB), but that the paracrys- 
tallites are not fully closely packed within the layers and 
have a larger amount of  amorphous material between them. 

The integral width 6brr of  the equatorial SAXS reflec- 
tions in the direction r is determined by the lateral sizes 
of  the coherently scattering clusters of mPC and the grr 
value of  their macrolattice. From a pure particle effect, 
one would obtain clusters o f  ~ I 0 0  A diameter, hence con- 
sisting of  ~4 mPC. From the analysis of  the meridional 
reflection we know 6, that the particle effect is negligible 
in the SAXS of synthetic fibres and therefore 6brr depends 

also solely oil the paracrystalline distortions. Further 
proof of  this is given in a later section. Hence one obtains, 
as a first approximation for 6brr and 6br3: 

1 1 
8brr = ~ -  (/rgrr)2; 6br3 = --  (/rg3r) 2 (1) 

a3 

from the theory 6, d is the netplane distance (48 A and 
41 A respectively). One obtains from the reflection from 
Figure 4, grr = 0.24 and from the two reflections from 
Figure 5, grr = 0.19 and 0.18. These three grr values are in 
good agreement with the value obtained from the meri- 
dional reflection grr = 0.23 (Table 1). 

Another important advance in the two-dimensional 
SAXS analysis is the fact that one can now also measure 
the integral widths 6br3 of  the SAXS equatorial reflections 
in the fibre direction. From this one obtains direct infor- 
mation concerning the smectic-like distortion g3r of the 
macrolattice. It leads to a value g3r = 0.16, which is much 
smaller than the g3r value obtained from the middle section 
of  Figure 3. The reason for this discrepancy is clearly ex- 
plained by the bimodal statistics, H3(x), of  the vector a3 
in r-direction*. In the calculation we use the fact that the 
SAXS is proportional s-7 to: 

I ~ Z3 Z2 (hr, h3) 

1 + F  3 f Z3 = Re - -  ; F3(b) = JI:H3 ; f f  = exp(2gibx)dx 
1 - F 3 ( 2 )  

IF31 = exp -2~  "2 [g332h32 + g3r2h2] ; gik 2 = ~ f a k  2 -- 1 

(3) 

In Figure 7 the inner part I of  IF3(hr)l is plotted for the 
large g3r value, g3r of Table 1, obtained from the meridio- 
nal reflections. For the outer tail II o fF3 ,  a slope is used 
according to the value g3r = 0.16 from the equatorial analy- 
sis. Furthermore two Gaussian components III and IV are 
plotted, whose sum gives the correct slope for the inner and 
outer part of  IF31. Their slopes and weights, define a bi- 
modal H 3 statistic in r direction, with values g'3r and g~r 
given in Table 2, and occurring with the probability of  20 
resp. 80%. 

* In our previous papers 5-7, similar bimodal statistics were found 
for the statistics Hr(x) of the lateral vector a r in fibre direction 3. 
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Inl--b2r plot of  the intensity from Figure 4 
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Figure 7 Modulus of the statistic factor Fa(b) of the axial vector 
a 3 composed of two Gaussian terms I I I  and IV.  I and I I ,  experi- 
mentally observed slopes 
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Table 2 Parameters of the paracrystalline macrolatt ice (MPC) of 
cold drawn isotactic PP calculated from the equator (see Figure 8) 

a 1 = 50,5 A 

a 2 = 59 A 

= 54,2 ° 

d a =  4 8 A  
db= 41 A 

{ 47 A parallel } 
D = 52 A orthogonal to the sheet 

/ 0 .24 parallel / to the 
grr = t 0,19 orthogonal / sheet 
g'3r = 0.11 (20%) 
g~r = 0.47 (80%) 

Now let us discuss the equatorial macrostructure. Since 
only the reflection at 48 A appears with the primary beam 
orthogonal to the sheet, a monoclinic deformed pseudo- 
hexagonal lattice with a certain degree of disorientation is 
indicated. The families of netplanes parallel to the surface 
are compressed somewhat orthogonally to these netplanes. 
Figure 8a gives the respective reciprocal lattice and Figure 
8b a schematic drawing of the macrostructure. Both kinds 
of reflections of 48 A and 41 A appear in the pattern with 
the beam parallel to the sheet. This can be explained by a 
texture of  MPC. The macrolattices of Figure 8b have only 
a finite size and show a variety of orientation, which give 
rise to the 'sickle' shaped reflection of Figure 8a. It corres- 
ponds to a change of the orientation of the MPC by rota- 
tion about an axis parallel to the stretching direction, of 
at least 60 ° . Thus one obtains parameters of the idealized 
macrolattice cell in the equatorial plane which is monoclinic 
(Figure 8b). In reality the single mPC are polydisperse and ' 
have a statistical fluctuation in their diameter, of  the order 
of the value grr (= 24%). In Figure 8b is plotted for con- 
venience one MPC which is not tilted. All mPC are some- 
what elongated, orthogonal to the sheet surface, according 
to results obtained from the continuous SAXS along the 
equator (Table 2). 

The model in Figure 8b is also idealized from the point 
of view of order. In the real structure, the netplanes are 
wavy and the diameters of the mPC vary slightly from one 
to the other, thus generating paracrystalline distortions in 
the sense discussed before. 

DISCUSSION 

First, we calculate the packing density a of  the paracrystal- 
lites in the macrolattice. From the two-dimensional analy- 
sis we obtained the meridional packing density (Table 1): 

H 
a3 = - -  = 0.40 (4) 

a3 

The packing density ar in the equatorial plane can be calcu- 
lated from the model from Figure 8b as the ratio of the 
ultrafibril cross-section rr(D/2) 2 to the lattice cell area Vc. 
From the measured netplane distances da and db one ob- 
tains: 

dadb 
(5) 

The packing density then is given by: 

a = ~3 x a r  = - -  ~ (6) 
a3 2 dad b 

c~ = 0.40 × 0.81 = 0.32 

Thus one can calculate the density of  the amorphous phase. 
The density Pc of the 'crystalline phase', can be determined 
from the size of the molecular lattice cell (Pc = 0.921 g[ 
cm3) 1°. The macroscopic density is p-= 0.891 g/cm 2. Using 
the above calculated value o f~  for a two-phase model, one 
obtains a density for the amorphous parts: Pa = 0.877 g/ 
cm 3. This is larger than the density of atactic PP which is 4 
Pa = 0.85 g/cm 3. 

J--g Platelet surface 

b 

Figure 8 
Platelet surface 

(a) Monoclinic reciprocal lattice cell in the equatorial 
plane with an angular fluctuation of at least 56°; (b) idealized 
model of a monoclinic MPC of paracrystallites in a cross-section 
orthogonal to draw direction 
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Figure 9 A microphotometer trace orthogonal through the equa- 
tor atb r = 1.25 X 10 - 2  A -1 .  The outer maxima ( . . . .  ) are 
generated by crossing the meridional reflection 

The dimension of the MPC in the chain direction, can be 
calculated from the integral width of the continuous equa- 
torial scattering in the fibre direction analysed at various 
br values parallel to the meridian up to 1.5.x 10 -2  )~-1 
(Figure 9). We obtain M ~ 420 A after correction for the 
primary beam. This indicates that on average, four mPC 
scatter coherently in the fibre direction. This agrees very 
well with the bimodal character of the statistics of a3 in 
lateral directions. According to Table 2 the probability is 
only 20%, that one finds the neighbouring paracrystal with 
g'3r = 0.11, in the fibre direction. It therefore makes no 
sense to consider ultrafibrils in this stretched material. 

Another interesting fact can be deduced for the super- 
structure in these polymers. For the lattices of mPC one 
finds a relation between g and the number Nmax of maxi- 
mum possible netplanesl~: 

to a first approximation. For molecular lattices ( ' /rot*) 4 "~ 1, 
for macrolattices 0rt~*) 4 > 1. For this one finds that the 
width of the first order SAXS reflection according to equation 
(1) is largely determined by the paracrystalline distortion of 
the MPC and the first order WAXS reflection has a width 
largely determined by the particle size of the mPC. 

Another point of interest is that the equatorial SAXS 
reflection appears only if a sheet is stretched. A stretched 
rod shows no such reflections. In both cases the material 
is deformed according to an affined transformation 12. In 
the necking zone, the three-dimensional network is deform- 
ed in such a way that micronecks are generated 13. This can 
be explained by the schematic drawing in Figure 10. Each 
microdomain consists of a series of mPC, which are plas- 
tically deformed, in the necking zone. This necking pro- 
cess is isotropic for a rod, but quite anisotropic for a sheet, 
because its thickness is diminished by a much smaller 
amount than the width of the sheet. It is of no surprise, 
that parallel to the sheets, where the mPC have to change 
their lateral positions greatly during affined transforma- 
tion, micronecks may remain between them as shown in 
Figure 8b. t 

Another point of interest is that the cold stretched sheet 
of PP still remains transparent but shows a remarkable 
equatorial SAXS. In all other cases of stretched polymers 
either they can be transparent and have no equatorial SAXS 
or they can become opaque and exhibit an equatorial SAXS. 
This anomalous behaviour can be explained by electron 
density inhomogenities, which are small comparable to the 
wave length of light. A similar phenomenon was observed 
for PE prepared under controlled shear conditions from 
the melt 14. 

t This kind of deformation is called plane stress. 

Nmax = (or*/g) 2 (7) 

where ~* is in the order of 0.07-0.23, for all samples in- 
vestigated, up to now. This relation was explained by the 
fact that in a mPC, the distance fluctuation between the 
first and Nth netplanes is given by AN = (N)I/2A 1, where 
A1 is the distance fluctuation between adjacent netplanes 
with the mean distance d and AIM, hence the g value. If 
A N reaches a value t~*d, the lateral binding forces within 
one netplane are so distorted that this netplane breaks. 

In the case of MPC, a* can be much larger because the 
nature of the 'crystalline' layers of assemblies of mPC is 
quite different from the netplanes within one mPC. From 
g33 = 0.25 (Table 1) and Nmax =M/a3 = 4.2, one obtains: 

c~* = 0.25 (4.2)1/2 = 0.51 (8) 

This agrees well with electron microscopic pictures of PP, 
where bundles of lamellae and mPC can be seen directly. 
Here, they are much larger than they can be with a* = 0.2. 
Thus one can deduce an interesting result from the inter- 
pretation of line profiles: According to equation (1), the 
line width of the first order reflection is proportional to 
0rg) 2. Introducing equation (7), it becomes proportional 
to 1/N (nct*) 2, whilst the particle size effect is propor- 
tional to 1IN. Both effects add to each other quadratically, 

MN 

Figure 10 Necking process during stretching to the natural draw 
ratio. Before stretching the microdomains are schematically drawn 
by circles (above) with tie-molecules and transform affined into 
elongated domains (below). The three-dimensional network of 
tel-molecules is deformed within the neck which gives rise to 
micro-necks (MN) 
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This paper indicates that changes in chain mobility, heat capacity, WAXS crystallinity, SAXS long 
period, SAXS peak intensity, specific volume and morphology as a function of increasing tempera- 
ture, occur in three fairly distinct annealing ranges (I, II and III) that are more or less the same for all 
crystallized polymers with a lamellar morphology. It is shown that none of the proposed molecular 
models to date, including the well-known fold surface premelting model, can satisfactorily account 
for all the experimental data. However, a new molecular interpretation, based primarily on electron 
microscopy and SAXS studies of changes such as lateral 'melting' from edges of microparacrystallites 
(mPC) within the lamellae seen at the annealing temperatures can account for the data. With our new 
molecular interpretation, the effect of temperature increase is established to result in a slight breakup 
of the laterally aligned mPC within the lamellae at low annealing temperatures in range I, and selective 
lateral 'melting' of the exposed mPC and recrystallization at higher annealing temperatures in ranges 
II and III ,  with the recrystallization being very limited in range II1. Annealing effects seen in cold- or 
hot-drawn polymers with a fibril lar morphology can also be readily accounted for by this very gene- 
ral molecular mechanism occurring in the same annealing temperature ranges. 

INTRODUCTION 

The effects of annealing a semi-crystalline polymer with a 
lamellar morphology to near its melting point are fairly well 
known ~-3'6. Substantial changes can be detected in mole- 
cular mobility, morphology, physical and mechanical pro- 
perties. These changes are not only important from a user's 
point of view, but also in determining optimum conditions 
under which solid state processing techniques can be app- 
lied to fabrication of polymer products. However, in spite 
of the numerous extensive studies on this very important 
and practical subject of annealing in the past 10-20 years, 
we are still not very clear about the underlying molecular 
mechanisms responsible for the various observed annealing 
effects. There have been several proposed molecular mech- 
anisms, all apparently very different from one another 2, 
none of which is seen to be more satisfying in the explana- 
tion of annealing data than the other although all of  them 
appear to have some degree of experimental justification. 

One of the major difficulties in coming up with a better 
understanding of the annealing phenomena, is the depen- 
dency of observed changes on numerous factors such as 
annealing temperature, time and rate, prior thermal history 
and the physical state (drawn vs. undrawn or single crystal 
vs. bulk) of the sample, as well as its chemical structure 
and composition (molecular weight, degree of branching, 
etc.). These factors often contribute to a shifting and/or 
narrowing of the temperature ranges in which the changes 
may occur, to the degree of reversibility and to the magni- 
tude of the observed changes which may lead to the various 
proposed molecular mechanisms. Another factor, which is 
less important but contributes to some degree of confusion, 

* Dedicated to Professor G. Manecke on the occasion of his 60th 
bkthday 

lies in the choice of words in describing some of the chan- 
ges occurring well below the melting point. For example, 
it was cautioned by Hoffman 4 several years ago, that the 
word 'premelting' should be used with care in describing 
certain annealing phenomena allegedly associated with 
melting in polymers. 

It is the purpose of this paper to show and discuss brief- 
ly, that most of the annealing changes occur in three more 
or less distinct temperature ranges, to examine more criti- 
cally the three most popular proposed molecular mecha- 
nisms, to introduce and discuss the validity of some other 
annealing mechanisms based on direct morphological chan- 
ges observed at the annealing temperature, and to see how 
they can be applied to the understanding of annealing phe- 
nomena which occur in cold or hot drawn systems. 

Whenever possible, we shall discuss primarily the anneal- 
ing changes measured on as-crystallized, well-equilibrated 
lamellar systems kept at the annealing temperatures. Dis- 
cussions on measurements made on samples after quench- 
ing will be limited and pointed out in order to minimize 
sources of  confusion. For the sake of clarity and brevity 
we shall restrict our present discussions to annealing phe- 
nomena which occur upon temperature increase. The many 
interesting effects which occur upon temperature decrease 
after annealing (at higher temperatures) will be discussed 
only for clarifying points raised. 

SEPARATION OF ANNEALING CHANGES INTO THREE 
ANNEALING TEMPERATURE RANGES 

As the annealing changes are very much dependent on a 
number of  factors as pointed out in the introduction, it is 
difficult to make any precise separations of the changes 
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Figure 1 (a)--(d) are schematic drawings showing some well-known 
annealing effects in crystallized polymers upon heating to tempera- 
ture ranges I, II and III. (a) n.m.r, l ine-width, LW (inversely pro- 
portional to molecular mobi l i ty)  of the crystalline polymer compo- 
nent and specific heat, Cp; (b) WAXS crystall inity, ×, and SAXS long 
period, L; (c) SAXS intensity, / ;  (d) specific volume difference, AV 

with annealing temperature. However, after examining num- 
erous annealing data, we have come to the conclusion that 
there are certain distinct characteristics e.g. the magnitude 
of changes upon temperature increases or the degree of re- 
versibility of changes upon temperature decrease, which 
allow us to assign the changes according to three annealing 
temperature ranges I, II and III. 

Figures l a - l d  represent schematically the generally re- 
ported changes in chain mobility from n.m.r, linewidth 
(LW), specific heat (Cp), WAXS crystallinity (X), SAXS 
long period (L), SAXS intensity (/), and difference in spe- 
cific volume (A It), and the three approximate temperature 
ranges in which the changes are observed to vary for most 
polymers when heated to near their melting points. The 

lines (dotted) in Figures lc and ld are inserted to show the 
expected changes in SAXS intensity and specific volume, 
assuming no changes in the relative respective amounts of 
the two crystalline and non-crystalline components of the 
polymers, (see references 2 and 3). 

The three approximate temperature ranges are: (I), from 
~(T m-60) to "~(T m-30) (or to a temperature near the origi- 
nal crystallization temperature or to the first annealing tem- 
perature of a crystallized polymer); (II) from ~(Tm-30 ) to 
" ( T  m -10);  and (III) from ~(Tm-10)  to ~ Tm (the melting 
point). They are generally believed to be more or less the 
dividing temperature ranges in which the above mentioned 
annealing effects are characteristically seen to be changing 
in nearly all well-equilibrated, crystallized polymers with a 
lamellar morphology. For example, the range will be from 
~80 ° to l l0°C, ~110 ° to 130°C and ~130 ° to 140°C for 
polyethylene crystallized by slow cooling, and from ~ - 3 5  ° 
to -5°C, ~ - 5  ° to 15°C and ~15 ° to 25°C for natural rub- 
ber also when crystallized by slow cooling. The melting 
points are assumed to be 140°C and 25°C respectively for 
polyethylene and natural rubber crystallized under isotro- 
pic conditions. 

In the annealing temperature range I as shown in Figures 
la - ld ,  practically no changes are observed in Cp, X or L 
while some small increases are already noticeable in degree 
of chain mobility as reflected in the decrease in L W from 
n.m.r, and in AV; the specific volume increase 1 indicating an 
apparent decrease in volume crystaUinity. There is also a 
noticeable increase in SAXS intensity over and above the 
expected increase due to the thermal expansions of the res- 
pective crystalline and amorphous components 1. 

All the annealing effects including the morphological 
changes (to be discussed later) detected in range I, are gene- 
rally found to be small and generally reversible with tem- 
perature, i.e. upon temperature decrease to the original 
starting temperature the changes disappear. This is quite 
different from the annealing phenomena seen in annealing 
temperature ranges II and III, where the degree of reversi- 
bility appears to be generally limited. 

In annealing range II the higher temperatures generally 
bring about greater increases in the changes (LW, I and Vsp) 
started in range I. In addition, other very noticeable changes 
begin to show up in this temperature range, i.e. Cp and L 
(see Figures la and lb). The crystallinity X as determined 
from WAXS, however, remains practically unaffected in 
this temperature range, after long annealing times. The 
effect of annealing time in this temperature range on X was 
first reported by Fischer and Schmidt on bulk and single 
crystals of polyethylene s. Their data showing a loss of 
WAXS peak intensities at early stages of annealing, indica- 
ted some type of melting, followed by some type of recrys- 
tallization, which resulted in the recovery of the WAXS 
peak intensities. 

Similar interpretation of annealing time effects, noted 
above for WAXS peak intensity changes, has also often been 
made for density changes detected in bulk and single crys- 
tal samples of polyethylene after quenching to room tem- 
perature from annealing temperatures in range II. However, 
the interpretation of premelting and surface melting and re- 
crystallization based on such density data alone, is less con- 
vincing than the X-ray results. 

In annealing range III whatever partial (but real) melting 
process has started in range II, continues into the higher 
annealing temperature range. However, the 'recrystalliza- 
tion process', cannot be extended to too high a tempera- 
ture because of the limited supercoolings (and therefore 
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smaller nucleation rate) at higher temperatures. Conse- 
quently, one can see in this temperature range, that there is 
a substantial change in molecular mobility as judged by the 
decrease seen in L W, increases in AV and L (due to recrys- 
tallization at smaller supercoolings), and decreases in WAXS 
crystallinity as well as SAXS intensity. 

PRESENT STATUS CONCERNING UNDERLYING 
MOLECULAR MECHANISMS 

The three most often cited molecular mechanisms to ac- 
count for the annealing effects, in particular the lamellar 
thickness increase, are: A, refolding by 'solid state' diffu- 
sion; B, 'selective melting of thinner lamellae and recrystal- 
lization to thicker lamellae' and C, the fold surface 'pre- 
melting'. Their merits have been reviewed extensively by 
Fischer 2 and therefore will not be belaboured further here. 
Nevertheless, it is felt that a brief discussion of these three 
molecular models, in light of all the annealing effects cited 
above, is appropriate for any new concepts of annealing 
mechanisms to be introduced later. 

'Solid state' diffusion 
Refolding by a 'solid state' snaking type long chain diffu- 

sion process along the c-axis, was based mainly on the ob- 
servation that the c-axis in thickened portions of  polyethy- 
lene single crystals after annealing to 125°C, remains per- 
pendicular to the lamellar surface when examined at room 
temperature 6. As was originally proposed, this seemed a 
very probable process especially in the higher annealing 
temperature ranges, where molecular mobility may be 
sufficiently high and lattice sufficiently expanded, for such 
gliding movements. However, in light of the annealing time 
effects discussed earlier concerning WAXS intensity chan- 
ges in annealing temperature range II for polyethylene sin- 
gle crystals or bulk polyethylene and the detectable chan- 
ges in annealed morphology (to be discussed later), one 
questions the general validity and applicability, if one de- 
fines solid state diffusion as diffusion of atoms or molecu- 
lar chain segments in a lattice which retains its 3-dimen- 
sional crystalline property. Some limited refolding by solid 
state diffusion, of course, can and probably does occur, e.g. 
in non-equilibrated systems, such as cold or hot drawn sys- 
tems containing numerous highly stressed defective crystals. 
However, in such systems we may be dealing with numer- 
ous 'crystalline' regions, that can hardly be considered as 
solid to begin with and annealing of such systems even at 
temperatures below those in ranges II and III may lead to 
limited growth of crystallites by a pseudo-recrystallization 
process. 

Selective melting o f  thinner lamellae 
Since the lamellae in crystallized polymers generally con- 

sist of a distribution of thicknesses, the proposal that thin- 
ner lamellae melt first (and therefore selectively), within a 
stack of lamellae appears to be a reasonable one and is still 
considered by many, including Hoffman and Kilian 4, to- 
gether with some degree of recrystallization, to be the most 
reasonable explanation for the observed long period increase. 
Fischer's objection to this model centres entirely around 
the disagreement between experimental SAXS peak inten- 
sity measurements (see Figure lc) and theoretically predict- 
ed values which should show a decrease rather than the oh- 
served increase, if melting of lamellae occurs selectively in a 
stack oflamellae that can scatter X-ray coherently. A1- 
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though this is a reasonable objection which will be ampli- 
fied further later there is some indication that a modified 
form of selective melting, also to be discussed in later, may 
indeed be occurring in annealing temperature range III. 

Fold surface 'premelting' 
This model indicates that starting at some temperature, 

the fold surfaces 'premelt' gradually inwards towards the 
crystalline core along the chain axis, until the whole lamel- 
lar crystal is melted at the Tm. This premelting model ap- 
pears to be able to account for nearly all the experimental 
evidences of annealing effects, in particular the evidence 
concerning the SAXS integrated and peak intensity increase 
with annealing temperatures as has been found in a number 
of polymeric systems s. However, even if it is a correct 
model, as was pointed out earlier by Luch and Yeh 9, it can 
be applied to lamellar systems with only very little increase 
in lamellar thickness upon annealing, since the melting of 
fold surface does not directly lead to large increases in am- 
orphous thicknesses, as have been observed in a number of 
cases in annealing temperature ranges II and III. Further- 
more, for the model to apply, the polymers must have ini- 
tial crystallinities of greater than 50%; otherwise, a predict- 
ed decrease in SAXS peak or integrated intensity will result. 
However, Luch and Yeh 7 studied natural rubber which has 
a maximum crystallinity of well below 50% and showed the 
same kind of SAXS peak intensity changes (Figure lc) with 
an initial increase followed by a decrease at annealing tem- 
peratures close to Tm. 

It should be mentioned that the difficulty with the sur- 
face premelting model to explain large changes in lamellar 
thicknesses (in regions II and III), was not encountered 
when the model was originally conceived and applied 8 to 
explain the SAXS intensity changes for polyethylene single 
crystals in annealing temperature range I where there is 
hardly any change in long period (Figure lb). Therefore, it 
will be of interest in this respect to re-examine the experi- 
mental evidence that has led to the surface premelting 
model. The evidence is in the SAXS intensity change (Fig- 
ure lc). Nukushina, Itoh and Fischer 8 using PE single crys- 
tal mats and Schultz, Robinson and Pound 9 using bulk PE 
have noted reversible peak intensity changes up to four-fold 
with hardly any changes in long period L. Since this inten- 
sity increase was found to be much greater than could be 
accounted for by density changes owing to thermal coeffi- 
cients of expansion of the two respective phases, (see lines 
(dotted) in Figures lc and ld) it was, albeit incorrectly, 
suggested that the increase must be due to increase in the 
amorphous thickness (or in the decrease of volume fraction 
of crystals) and, therefore, melting from the lamellar fold 
surface inward at the expense of the crystalline core. 

MOLECULAR MECHANISM(S) BASED ON MORPHOLO- 
GICAL OBSERVATIONS 

The above discussions, although brief, clearly indicate a de- 
gree of inadequacy existing in all the three proposed models, 
including surface 'premelting', to account for the various 
phenomena that appeared during annealing. 

In addition to the shortcomings mentioned earlier, the 
premelting and the surface melting models, seldom discuss 
specifically whether and how a recrystallization process 
follows the 'melting' process in either range II or III. If  a 
recrystallization process takes place, i.e. one to increase 
the crystal thickness of the remaining, unmelted lamellae 
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(or the unmelted crystalline cores in the case of Fischer's 
fold surface premelting model), one wonders how this crys- 
tal thickness increase comes about without greatly disturb- 
ing the crystalline lattice of the remaining, unmelted lamel- 
lae in a stack of well-packed lamellae. Any substantial dis- 
turbance will lead to melting of the whole stack of lamellae. 
Otherwise, one has to suggest some kind of 'solid state' 
diffusion process by which the molecules from the melt 
regions can participate in the thickening process of the pre- 
viously unmelted crystalline core of the lamellae. 

It seems that on the one hand we need to propose some 
sort of melting, albeit of a limited extent, to explain most 
of the observed phenomena; while on the other hand we 
seem to need also, some sort of 'solid state' diffusion pro- 
cess to explain how the crystal thickness increase takes 
place. As will be shown below, these problems quickly dis- 
appear when one finds that the suggested 'premelting' in 
annealing temperature range I, and the suggested partial 
melting/recrystallization process and the 'solid state' diffu- 
sion process in annealing temperature ranges II and III, may 
all appear to have taken place. Even though the underlying 
molecular mechanism(s) which gives rise to the annealing 
changes seen in ranges I, II and III, may be quite different 
from the proposed models. 

The underlying molecular mechanism(s) to be discussed 
below is primarily based on direct observations of morpho- 
logical changes in polymers annealed at the temperature. 
The starting polymer has the well-known lamellar texture, 
which is typical of well-equilibrated, well-crystallized sys- 
tems, in either the oriented or unoriented state. Another 
point to be made here is that the basic crystalline units in 
crystallized polymers are not the lamellae, as had been gra- 
dually assumed over the years, but rather the smaller micro- 
paracrystallites (mPC) or nodules within the lamellae. This 
has been established independently by Hosemann ~° using 
X-ray scattering techniques and Yeh using direct morpho- 
logical observationslL It is particularly useful to keep this 
fact in mind when one tries to evaluate the generality of the 
observations and the molecular mechanisms discussed below. 

Direct morphological studies of unoriented polymers or 
single crystals after annealing in temperature range I and 
examined at room temperature, do not generally reveal any 
detectable changes. This can be due to a number of rea- 
sons, e.g. the problem with detecting changes from unor- 
iented specimens or single crystals when examined from 
vertical positions perpendicular to the lamellar surface, or 
with recovered morphological changes when examined at 
room temperature, or with the degree of resolution due to 
proper examining techniques and specimen preparations, 
etc. 

In our earlier studies 12,13 of strain-crystallized natural 
rubber (cis-polyisoprene) and gutta percha (trans-polyiso- 
prene), we were able to detect definite changes in mor- 
phology at the annealing temperature in range I by means 
of OsO4 staining technique and examining the edges of 
stacks of well-oriented lamellae in a direction perpendicular 
to the c-axis. An example of the changes is reproduced 
here in Figure 2b for natural rubber when annealed to 
-15°C (in the annealing temperature range I) and OsO4 
stained at the annealing temperature. It shows a slight, but 
noticeable 'breakup' of the well-formed lamellae originally 
present in the sample (Figure 2a) into blocks of about 
100 A lateral size as deduced by the attained 'amorphous' 
boundaries in between the mPC. Figures 3b and 3c show 
schematic representations of the mPC originally present 
within the lamellae and after their 'breakup'. We suggest 

that the 'amorphous' boundaries arise from an increase in 
localized intrachain defects at the mPC grain boundaries 
upon reaching annealing temperature in range I. They 
could very well contribute to the tx 1 type of molecular mo- 
tions as detected and assigned by Takayanagi to be occur- 
ring within the mosaic block grain boundaries of polyethy- 
lene single crystals 14 in the same annealing temperature 
range I. Since intrachain defects involve a contraction of 
chain segments at the mosaic crystal grain boundaries, the 
contraction will create vacancies at the lamellar fold surface. 
They contribute to a greater lowering of the density in the 
interfacial region, inbetween the crystalline lamellae than 
that of the crystalline lamellar cores, thereby leading to a 
larger difference in density (Pc - Pa or Ap) between the two 
phases. Therefore over and above the values based on changes 
due only to thermal coefficients of expansion there exists an 
extra AV increase (Figure ld). The SAXS intensity increase 
in this temperature range I (Figure lc) is then the direct re- 
sult of vacancies created at the fold surface boundary since 
intensity is proportional to (Ap) 2, somewhat similar to the 
origin of substantial SAXS intensity increase observed for 
n-paraffins upon annealing is. 

This type of morphological change was observed to be 
reversible with temperature, i.e. upon cooling the lamellae 
were found to be coherent again, as long as the annealing 
temperature stays inside range I, which also explains why 
the changes in SAXS intensity and specific volume are also 
found to be reversible with temperature. Wherefore, it is 
not necessary to have a surface 'premelting' type of mole- 
cular mechanism to explain either the SAXS intensity in- 
crease or its reversibility with temperature. Furthermore, 
one would not expect this kind of intrachain defect to 
cause any significant change in molecular mobility, specific 
heat, crystallinity or long period, as, indeed, is generally 
found to be the case (Figures la and lb). 

Upon entering annealing temperature range II, an en- 
tirely different morphology arises. First, there is clear in- 
dication from direct observations 12'13 that whole or parts 
of mPC or nodular crystallites melt within the lamellae. 
This is again deduced from careful examinations of stacks 
of well-oriented lamellae of natural rubber and trans-poly- 
isoprene annealed and OsO4 stained at the annealing tem- 
peratures. When held at the annealing temperatures tbr a 
sufficient length of time, the true melting process within 
the lamellae is followed by a recrystallization process, re- 
suiting in more stable, thicker (along the c-axis) mPC which 
then repack and realign with one another to form appar- 
ently smooth and filled* lamellae, at long annealing times. 
The lamellae now have thicker crystalline as well as thicker 
amorphous regions, as for example, shown in Figure 4 for 
trans-polyisoprene. The relatively constant WAXS crystal- 
linity (Figure lb) can now be explained by nearly the same 
percentage increase of  the crystal (lc) and the amorphous 
(la) thicknesses. In an ideal two phase lamellar structure, 
the WAXS crystallinity should be the same as the linear 
crystallinity lc/(la + lc) directly measured from the electron 
micrographs, if the lamellae are present throughout the 
volume as recently demonstrated by Yeh 16. The true melt- 
ing process (which continues in range III) also causes sub- 
stantial molecular motion and increase in specific heat 
(Figure la), while the increase in SAXS long period is due 

* Polyethylene single crystals when annealed to this temperature 
range, often showed holes within single lamellae after annealing and 
cooling to room temperature 6. This is due to unavailability of 
neighbouring crystallites, above or below the lamella, for space 
filling. 
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Figure 2 (a) Typical bundles of "lamellae', seen edgewise in strain-crystallized natural rubber after OsO4 staining 
at --28°C12; (b) Individual mPC seen within lamellae after annealing and OsO4 staining at -15°C  in range 112 

to an increase in both la and lc (Figure 4). If the melting 
involves melting of smaller or thinner mPC within the 
lamellae, as we believe it does, then a slightly modified 
selective mPC, rather than lamellar, melting model will 
apply very well here. This will be shown later. Neverthe- 
less, one can safely eliminate the fold surface 'premelting' 
model involving longitudinal melting from the lamellar fold 

surface inward, or the selective melting of the thinner lamel- 
lae within a stack of lamellae, since neither are observed 12'13. 
The basis for the objection to the fold surface premelting 
model in annealing temperature ranges II (and III) is there- 
fore quite different from that in range I, where no substan- 
tial 'premelting'  of  the lamellae (either laterally or longitu- 
dinally) is observed. 
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Figure 3 Structure of the mPC in the three temperature ranges. 
Schematically 10 columns of mPC extend over the whole picture. 
The numbers on the bottom give the number of mPC along the 
vertical direction. (a) Below range I in non-equilibrated drawn sys- 
tems; the mPC are nematic-like, some of them can be very thin 
(circled). (b) Beginning of range I. ThemPC are laterally aligned 
to form a smectic-like layer structure (originally present in well- 
equilibrated lamellae systems). Thin mPC are partially melted upon 
reaching range I in non-equilibrated drawn systems. (c) In range I 
the chain segments in lateral boundaries of mPC have higher mobili- 
ties, will begin to melt and contract to produce vacancies at the 
fold surface and unprotected lateral boundaries (circled). (d) In 
range II lateral melting of mPC may start at the unprotected lateral 
boundaries with simultaneous recrystallization to thicker mPC, 
resulting in the increase of long period. (e) At and of range II, after 
long annealing times, most of the melted regions have recrystallized 
epitaxially onto the more stable thicker mPC, which are now re- 
aligned to form smoother lamellae. (Only a few regions may still 
remain molten). (f) In range I I I ,  only thicker mPC can resist the 
melting process, while many other regions remain molten. The vol- 
ume fraction 3' of bundles and hence I, the crystallinity X and 
n.m.r, line-width LWdecrease drastically; whereas the long period 
L may still keep on increasing 

In annealing range III, the partial melting process of 
mPC which started in region II occurs with a much greater 
intensity at higher temperatures. However, the recrystal- 
lization process cannot be expected to extend to too high a 
temperature, since nucleation rate is a strong function of 
supercooling. Consequently, some of the melted regions 
remain selectively and permanently molten, contributing to 
substantial increases in molecular mobility (as judged by a 
substantial decrease in L I~ and specific volume, and de- 
creases in WAXS crystallinity, while other molten regions 
may still recrystallize into lamellae of greater thicknesses 
and therefore larger SAXS long periods consisting of sub- 
stantially greater crystalline and amorphous thicknesses 
(Figure 4). An example is given in Figure 5 showing the 
presence of permanently molten regions as well as shorter 
segments of lamellae. A similar possibility of permanent 
melting and thickening of portions of lamellae, is seen 
from recrystaUized morphology of polyethylene single crys- 
tals, observed at room temperature after annealing to higher 
temperatures in region Ill 1 . The deduction of permanent 
melting in polyethylene single crystals occurring at the 

annealing temperature was based on the observed disorien- 
ted fibrillar crystallites present within the lameUae at room 
temperature. 

The permanently melted regions directly detected in 
Figure 5 can also explain the much lower volume crystal- 
linity measured at annealing temperatures in region III, as 
reported earlier by Fatou and Mandelkem 17 for polyethy- 
lene of various molecular weights. 

Melting and recrystallization process 
We believe that the melting starts at the grain boundaries 

between the mPC where the intrachain defects have be- 
come substantially increased upon heating to annealing 
temperature range I (Figure 3c). Because of their small size 
(~100 x 100 x 100 A3), the much weakened exposed boun- 
daries can be sources of instability and initial melting (Fig- 
ure 3d). Eventually the melted region can recrystallize 
epitaxially onto the more stable, thicker mPC which had 
remained unmelted, with a greater lamellar thickness cor- 
responding to a particular smaller supercooling (Figure 3e). 
The new crystals will have the same c-axis orientation as 
the old crystals upon which the new crystallites have nu- 
cleated. One can easily show that the melting and recrystal- 
lization can lead to a substantial reduction in total surface 
free energy. For example, an increase in lamellar thickness 
to 120 A from a 100 A thick cube, will result in a reduction 
in total surface free energy of about 12% owing to reduc- 
tion of high energy fold surface area from 100 x 100 A 2 to 
about 91 x 91 A, assuming a reported is end fold surface 

200 

o~ 15C 

° °  

o 2  , , , g o  ' 5 O 4 0  

Temperoture (oc) 
Figure 4 E.m. long period, L, plotted against annealing tempera- 
ture for a strain-crystallized trans-polyisoprene 13 ( - - .  - • - .). 
Variation in crystal thickness, Ic, ( . . . .  ) and variation in amor- 
phous thickness, I a ( ) 
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Figure 5 
Os04 staining at 70°C in range III 13 

free energy of about 80 ergs/cm 2 and a reasonable lateral side 
surface free energy of about 10 ergs/cm2. The new mPC can 
further reduce their total surface free energy through lateral 
alignment to form new lamellae consisting of some old and 
some new mPC. 

Figures 3c and 3d schematically give an example of this 
melting and recrystallization process. Along columns 2, 3, 
4 and 7 six mPC with unprotected lateral surfaces show up 
(circled) in Figure 3c upon annealing to range I. (Prior to 
reaching temperature I, the lamellae have the smooth fold 
surface as shown in Figure 3b.) Upon reaching temperature 
range II (Figure 3d), the mPC (circled) become molten in 
either column 2, 3 ,4  or 7. Therefore the number of long 
periods in these columns has decreased in range II; column 
3, 4 or 7 by one and column 2 by 3, from 7 to 4. The 
average number of long periods in the 10 columns has dim- 
inished from 70/10 or 7.0 in Figure 3c to 64/10 or 6.4 iu 
Figure 3d. The average long period is therefore 9% larger 
in Figure 3d than in Figure 3c. Lateral alignment of the 
new and old mPC in further reduction of total surface free 
energy, is shown in Figures 3e and 3f. 

With the type of lateral melting ofmPC similar to the 
lateral melting proposed by Hosemann in 196219, recrystal- 
lization and repacking, one can readily explain how the 
formation of new lamellae comes about, without resorting 
to nearly complete melting, as well as all the other anneal- 
ing effects observed in annealing ranges II and III, including 
SAXS intensity and substantial long period increases, while 
the X-ray crystallinity remains relatively constant at long 
annealing times (Figure 1). Unlike the cause of SAXS in- 
tensity change in annealing range I which is due to greater 
differences of densities caused mainly by the vacancies 
introduced at the fold surface, the increase in SAXS peak 
intensity in annealing temperature ranges II and Ill, is 

Typical bundles of lamellae seen edgewise in strain-crystallized trans-polyisoprene after annealing and 

caused primarily by increases of  the thickness of lamellae 
(due to increases in la and lc) which is not discussed in the 
various idealized two-phase lamellar models in an earlier 
section. This process continues into annealing temperature 
range III. However, because of the limited driving force 
at higher temperature (smaller supercooling) substantial 
permanent melting will set in and lead to a reduction of the 
number of  bundles (Figure 5), resulting in a substantial loss 
of crystallinity X and in the observed drop of SAXS inten- 
sity (Figures lb and lc). The following formulae give the 
quantitative expressions. 

Peak intensity of  SAXS 
The formulae of SAXS for an idealized lamellar two- 

phase model, do not take into account the lateral boun- 
daries existing between the adjacent mPC within a given 
lamella. Therefore they cannot adequately describe the 
changes in peak intensity Ip for many of the observed struc- 
tures that may differ appreciably from an ideal lamellar 
two-phase model. However, it can be shown (see below), 
that with a slight modification of the basic formulae from 
the paracrystalline theory 19 the changes in peak intensity 
for an oriented polymer can be readily accounted for by 
the changes in structure as a function of temperature. For 
example it has been demonstrated that a two-dimensional 
analysis of  the SAXS of oriented samples can also give in- 
formation about the shape of the mPC and their mutual 
positions 2°-22, but this generally requires the use of a pin- 
hole-camera. But even with the use of  a camera with a slit 
orthogonal to the fibre axis some information can still be 
obtained of the two phases whether or not unbounded 
lamellae exist. 

Let f(b) be the scattering amplitude of one mPC and 
Z(b) the macroparacrystalline (MPC) lattice factor of an 
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unbounded assembly of mPC (if they are all pointlike). If 
IS2(b)l is the shape factor of the volume of a bounded as- 
sembly of mPC, the SAXS is given by: 

1 - 2  
l(b) = n [~2 (b) - s72(b)] + - f (b)Z(b)lS2(b)l (1) 

n is the number of mPC in the assembly, which occupies 
the volume V and v = V/n that of one mPC. 

In the case of polymers having a lamellar structure there 
exist M bundles, each containing N lameUae in the average. 
If b3 is the axis of one of these bundles in the reciprocal 
space, then Z3(b) is the intensity function of the centres of 
lamellae of an unbounded bundle: 

1 + F3(b) 
Z3(b ) = R exp - -  ;F3(b) = ~H3(x)  (2) 

1 - F3(b) 

H3(x) is the frequency distribution of a vector x between 
the centres of gravity of adjacent lamellae andff  = 
[f exp - (21ribx)dx] the symbol of Fourier-transform. The 
vector x expands the physical and b the reciprocal space. 
If lc is the mean thickness of the lamellar crystalline cores 
and la that of the amorphous interlayer, the intensity of one 
bundle along the b3-axis of the reciprocal b-space is propor- 
tional to equation (1) with: 

b ~ b3; v -* lc + la; Z(b)[S2(b)l ~ Z3(b3)lS3 (b 3)1; (3) 

sinnlcb3 
f(b) ~ f3(b3) - 

rib3 

f3(b3) is proportional to the scattering amplitude of one 
lamellae which consists of many mPC packed next to each 
other in the lateral direction. The symbol t"3 stands for a 
convolution product. In equation (1) there is a three- 
dimensional convolution product of the three-dimensionally 
defined function Z and IS2[; in equation (3) there is a one- 
dimensional convolution product of the one-dimensionally 
defined function Z3 and IS321. 

If all the lamellae are cylindrical discs with a diameter 
D and if Ap is the electron density difference between the 
'crystalline' and the 'amorphous' phase of a lamella one 
obtains for the integral intensity of the SAXS along a line, 
at a constant distance b3, parallel to the equator: 

ff - 4  ~'D2 [ sin~'lcb312 
I(b3) = l(bl, b2, b3)dbldb2 = (AP) 2 ~ ~b~--3  1 X 

1 N 
- -  Z31S321. (4) 
I c + I a 

For convenience the first term of equation (1) is neglected 
here, because it does not affect the final results very much 21 
The application of the paracrystalline theory to the macro- 
paracrystalline lattice of the lamellae will now be intro- 
duced. (It should be pointed out here that the exact one- 
dimensional solution of Hermans 23, often used by Tsvankin 
et al.24 in avoiding statistical overlapping of adjacent lamel- 
lad cannot be generalized to a three-dimensional bundle of 
lamellae 2s.) 

Equation (2) shows that Z3 has its first peak at b3 = 
1/(la + lc) with a maximum value: 

1 + IF3(b3m)l, 
Z3 max = 1 - [F3(b3m ~" b3m = (lc + la)-I (5) 

Z 3 has an integral width f b z  given by2S: 

8 b z -  - -  (1 - [F3(b3m)l ) (6) 

IS32 [ on the other hand has an integral width given by: 

f b  s - - -  (7) 
(t= + tc)N 

The peak intensity depends on the relative contributions of 
these two quantities and has extreme values as follows: 

1 " "  2 { N2 if f b z  < fibs (8a) 

la+lc Z3IS3 l= N Z 3 ( b 3 m ) i f f b z > f b s  (8b) 

Since the modulus of F3(b) in equation (5) can be ap- 
proximated as: 

[F3(b3)l ~ exp(-27r292h 2) 

(l~ + ta) 2 
where g2 _ _ _  1 ; h = b3/(lc + la) (zc + z.) 2 

(9) 

introducing this into equation (6) one obtains for the inte- 
gral width of the first peak at h = 1 of Z3: 

f b z  = 7r2g2l(la + lc) (10) 

g generally lies in the order of ~20% from a two-dimen- 
sional SAXS analysis of high oriented polymers 2°--22. The 
product, (la + lc)fbz, is therefore in the order of 0.4. From 
electron microscopy 12'~a the number of lamellae in one 
bundle is generally found to be larger than 10. Therefore 
6bz >> 8bs and in all these cases equation (8b) should hold. 

Now, to obtain the peak intensity f f  Idb2db3 of the 
bundle one must subtract the background of the SAXS. 
Part of the background is given by the first term of equa- 
tion (1). The rest co~ne~/from Z3(b) and is given by: 

/ 

1 -IF3(b3m)l 
Z3min ~ (11) 

t 1 + IF3(b3m)l 

The difference between equations (5) and (9) then gives the 
contribution of Z3 to the peak intensity of the bundle: 

41F3(b3m)[ 
Z3p = 1 - [F3(b3m)l 2 (12) 

The peak intensity of the first meridian reflection of an 
oriented sample in a microdensitometer with a slit parallel 
to the equator is therefore given by equation (4). If one 
introduces equations (8b) and (12) the result is: 

Tp = (Ap)2 reD2 (sinrrlcb3ml2 
T \ ~-~-3m3m ] NZ3p 

(13) 

Its position is approximately given in most cases by h = 
0.9 since the peak of Z3(b3) at h = 1 is multiplied with 
sinTrlcb3mfirb3m, which in most cases decreases drastically 
with increasing b3 in the region of this peak 22. IF3(b3m)l 
is, according to the above mentioned value of g(~20%), in 
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FiEure 6 Density, p, of hot-drawn polyethylene (linear polyethy- 
lene LUPOLEN 6001H stretched) plotted against the reciprocal of 
long period for various annealing temperatures (o C): A, 129; B, 
126; C, 120; D, 110; E, 100; F, 95 and times 27 in the three temp- 
erature ranges and the respective SAXS pattern. P (long period) 
reaches a f inite value after some days according to F/gore 3b and 
grows unbounded in range III according to Figure 3t:. Stretching 
temperature T], 80°C, draw ratio 9.6x 

the order of 1/2, hence 4F3(b3m)/1 - IF3(b3m)l 2 is in the 
order of 3. 

If V is the irradiated volume of the sample, M the num- 
ber of bundles and T the volume fraction of bundles, then 
the volume occupied by the bundles is given by: 

7 V  = MN(l a + lc~D2/4 (14) 

Introducing this in equation (13) we finally obtain for the 
SAXS  peak intensity: 

sinrrlcb3mi2 lc + I a Z3 p 
Ip = (Ap)27V ~ /rb3---- ~ ] - ~ - -  05) 

Equation (15) shows that Ip is proportional to the 
square of the electron density difference (as seen in anneal- 
ing range I), to the volume fraction of bundles (as seen in 
range III) and to Z3p as defined by equation (12), or in the 
order of 3. At a given long period (l a + lc) it has a maximum 
for la = lo which is well-known. The next interesting result 
is the proportionality to (l a + lc). Even if the volume frac- 
tion 7, la/lc, g and Ap are constant, Ip increases if the thick- 
ness of  the lamellae (lq + lc) increases uniformly as in an- 
nealing range II. 

APPLICATION TO ANNEALING EFFECTS OBSERVED 
IN DRAWN SYSTEMS 

In the case of cold or hot drawn systems, the lamellar 
morphology is often replaced by a typical fibrillar mor- 
phology at sufficiently high extensions (Figure 3a). When 
the highly drawn fibriUar systems is annealed in the differ- 
ent temperature ranges I, II and III and studied by means 
of electron microscopy (e.m.) at room temperatures 26, re- 
sults suggest little or no morphological changes taking place 
at the annealing temperature in range I, but that a transfor- 
mation from a fibrillar to a lamellar morphology must have 
taken place starting at some temperature in annealing tem- 
perature range I (Figure 3b). The generally accepted ex- 
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planation is that at high enough temperature additional 
molecular mobility allows the lateral alignment of crystal- 
lites in neighbouring fibrils as well as the additional growth 
of lamellar thickness by means of a solid state re folding 
process. 

However, additional information can be obtained about 
the transformation process from two-dimensional analysis 
of SAXS patterns obtained at room temperatures of such 
systems after annealing at various temperatures for various 
times. Since the details of the SAXS studies have already 
been reported elsewhere 27, it is our purpose here to show 

how the annealing mechanisms described earlier can also 
be of direct application to the understanding of the anneal- 
ing effects detected in such non-equilibrated drawn sys- 
tems that are often encountered during normal fibre or film 
processings or any future applications of solid state form- 
ing processes. 

Figure 6 shows a plot of density vs. the inverse of SAXS 
long period for an annealed hot drawn polyethylene. Both 
the density and the long period were measured at room 
temperature after quenching from the various annealing 
temperatures at the end of various annealing times. There 
are various interesting characteristics to the curves. When 
annealed to temperatures below 1 10°C (which we shall 
refer to as range I'), the observed changes are quite differ- 
ent from those seen after annealing between ~1 10°C and 
~130°C (range II'). In range I ,  after 102 min, the SAXS 
long period stays nearly constant while p increases and 
finally reaches a limiting value. The voids originally pre- 
sent between the microfibrils as a result of the stretching 
process are now partially removed after the annealing step, 
which contributes to the observed increase in density to a 
limiting value. The limited mobility of the chain segments in 
range I (Figure la) explains the limited increase of long period 
as well as the lack of lateral alignment ofmPCin neighbour- 
ing fibrils, from information provided by the SAXS pat- 
terns, which showed an mPC packing to be nearly the same 
as the one depicted in Figure 3b. 

In range lI', both the long period and density increase 
with time except for a small plateau, where density stays 
nearly constant and only long period increases. The extent 
of this plateau becomes shorter, but it takes place earlier 
with increasing annealing temperature. Two-dimensional 
analysis of the SAXS patterns indicates that in temperature 
range II' ,  the morphology begins to change with annealing 
time going from a fibrillar to a lamellar structure. This is 
in complete agreement with similar electron microscopy 
studies 26, which not only showed the transformation but 
that it takes less and less time with increasing temperature 
after annealing between 110 ° and 130°C. The results from 
density measurements and SAXS and e.m. studies indicate 
that the fibrillar-to-lamellar morphological transformation 
can take place by a similar melting of the exposed small 
mPC (Figures 3a, 3c and 3d), and recrystallization process 
described earlier. However, because the recrystallization on 
crystallization from an oriented melt occurs at a much 
faster rate than recrystallization from an unoriented melt, 
the solidification process is most likely to have been com- 
pleted within the annealing times or during quenching to 
room temperatures after annealing. This explains the dif- 
ferences seen in density changes with time for unoriented 
and oriented systems; the density for oriented systems 
generally increases with time whereas for unoriented sys- 
tems it may show a drop initially before it proceeds to in- 
crease with time s . We suggest that if the density for our 
annealed oriented systems is measured fast enough at the 
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annealing temperature, we should be able to detect a de- 
crease due to initial melting. 
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Phosphonitrilic chloride: 33. 
Cyclomatrixphosphazene polymers formed from 
hexachlorocyclotriphosphazene and metal 
acetates 
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Department of Applied Chemistry, Faculty of  Engineering, Nagoya University, Nagoya, Japan 
(Received 18 November 1975) 

Cross-linked po lymers  o f  the metaphosphomic  type  structure were prepared by the react ion o f  hexa- 
ch lorocyc lo t r iphosphazene w i th  various d iva lent  metal acetates in aqueous solut ion at 30°C. The 
poor l y  crystal l ine insoluble products swell in water and most  organic solvents. The product  contain-  
ing bar ium was the most stable toward  heat. The products were easily decomposed by d i lu te  hydro-  
gen chlor ide at 80°C. 

INTRODUCTION 

This paper describes cyclomatrixphosphazane polymers 
formed from the reaction of hexachlorocyclotriphosphazene 
(NPC12) 3 with metal acetates (CH3COO)2M in aqueous 
solution. 

EXPERIMENTAL 

Hexachlorocyclotriphosphazene, (NPC12)3, was prepared 
by the modified method of Kajiwara 1. The pure trimer 
was obtained by repeated fractional recrystallization from 
light petroleum eltxer. 

The reaction of (NPCI2)3 (3.4 g, 0.01 mol) of 28 mesh 
grain size added to a 200 ml aqueous solution containing 

0.09 mol metal acetates, was carried out at 30°C with vigo- 
rous stirring. The ext~nt of the reaction was measured by 
the amount of metal chloride formed. The reaction mix- 
ture was filtered, and the residue extracted with petroleum 
ether, acetone and after washing with water, was dried in 
air at 105°C for 24 h. Metal salts used were calcium, mag- 
nesium, barium, zinc, lead, nickel, cobalt, copper and tin 
acetate, respectively. 

The infra-red spectra were recorded on a Shimazu 
Model-450 type spectrometer in the region of 4000 cm -1 
to 200 cm -1 using the pressed KBr disc technique. X-ray 
diffraction photographs were measured using a Shimazu Co. 
VDF-1 type instrument and powder diffraction method. 
The thermal analysis was recorded on a Shimazu Model- 
20B in air at 5°C/min. 

Tab/e I Yield of the products and the variations of pH in aqueous solution 

(CH3COO)2 M pH 
(NPCI2)a 
(g) M (g/200 cm 3) Initial Final 

Yield 
(g) Appearance 

3.46 Ca 14.227 7.8 4.3 2.67 
3.46 Mg 19.301 7.7 4.2 1.31 
3.46 Ba 24.609 6.7 4.1 4.03 
3.46 Pb 34.142 5.3 3.9 7.48 
3.46 Zn 19.755 5.3 4.4 2.44 
3.46 Cu 17.969 7.8 4.3 1.1 1 
3.46 Co 22.417 6.8 6.8 - 
3.46 N i 22.396 6.6 6.6 -- 
3.46 Sn 14.207 6.0 1.2 13.50 

White, amorphous solid 
White, amorphous solid 
White, crystalline solid 
White, amorphous solid 
White, crystalline solid 
Blue, crystalline solid 

Brown, am orphou s solid 

Table 2 Chemical analysis of the products 

Found (%) Calculated* (%) 

M in (CH3COO)2M P N M P N M 

Ca 34.00 17.41 20.04 30.92 14.43 20.65 
Mg 7.60 17.14 28.75 33.36 15.57 13.52 
Ba 22.46 8.91 55.39 20.59 9.61 47.14 
Pb 8.97 6.80 50.70 16.66 7.75 57.46 
Zn 27.25 11.22 26.19 27.35 12.76 29.78 
Cu 29.00 13.01 29.44 27.58 12.87 29.21 

* P3N3H306MI.s Z. Anorg. AIIg. Chem. 1972, 387,271 
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Figure I Amount of formed chlorine as a function of the reaction 
time. A, Mg;B, Ba;C, Ca;D, Zn;E, Ni;F,Co;G, Pb;H,Cu 

RESULTS AND DISCUSSION 

The reaction rate determined by the amount of metal 
chloride is shown in Figure 1. 

The yield of the products and pH values of the reaction 
solution are summarized in Table 1. The acidity is due to 
HC1 formed. Water soluble products were formed with 
cobalt or nickel acetates. The insoluble products which 
were highly crosslinked, swell in water, benzene and other 
organic solvents. 

X-ray diffraction analysis showed that the products 
formed from barium, zinc and copper acetates gave well 
defined diffraction lines but showed no polarization under 
the polarizing microscope owing to poor lattice fit. 

Infra-red absorption spectra of the products showed the 
NH frequency in the region of 3200 cm -1 and P - N  fre- 

380oc 4 8 0 o c  

" ~  I I I I I I 

.J 

l I I I I I 

IO0OC 

a 

b 

__• 65°C 
220°C 

o ' ' 4 6 o  ' d 

Temperature (°C) 

F/gum 2 Thermal gray/metric ( . . . . . . . .  ) and differential 
thermal analysis ( ) of the products formed by reaction be- 
tween dichlorocyclophosphazene and metal acetate. (a), Ba; (b), Ca; 
(c), Cu; (d), Mg 

quency in the region of 1200 cm -1 and 1050 cm -1, res- 
pectively. 

Chemical analyses (Table 2) were in fair agreement ~ t h  
the calculated values for the metaphosphomic structure 
shown below. 
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Thermal decomposition temperatures as measured by 
differential thermal analysis and thermogravimetric analy- 
sis (Figure 2) show that the barium acetate product is very 
stable to heating. The products formed by heating were 
shown by gas chromatography to contain 1',/I-I 3, H20 or a 
trace of  CH3COOH. Axnmonium and phosphate ions were 
detected as the products treated with dilute hydrogen 
chloride at 80°C for a few minutes. 
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New photoinitiating systems and photoactive 
polymers and their applications* 

C. H. Bamford 
Department of Inorganic, Physical and Industrial Chemistry, University of  Liverpool, Liverpool, 
L69 3BX, UK 
(Received 30 October 1975) 

Two new types of photoinitiating systems based on transition metal carbonyls [mainly Mn2(CO)10 
and Re2(CO)10] and free from abstractable halogen atoms are described. The first consists of a low 
concentration (typically ~0.1 mol 1-1) of a fluoro-olefin, together with the metal carbonyl. Quan- 
tum yield data for photoinitiation by a number of these systems are presented; Re2(CO)10 is gene- 
rally more active than Mn2(CO)10 and quantum yields near unity are obtainable. Polymers prepared 
with the aid of these initiators carry terminal groups in which the metal atom is covalently bound 
to the polymer chain through a fluoro-olefin unit. In the second type no halogen is present. The 
additive employed with the metal carbonyl is (a) acetylene or an acetylene derivative (e.g. acetylene 
dicarboxylic acid); or (b) an olefinic derivative carrying electron-attracting groups (e.g. diethyl fuma- 
rate). Mechanistically these photoinitiators resemble those based on fluoro-olefins; high quantum 
yields of initiation may be obtained and terminal groups containing covalentty bound metal atoms 
are present in the polymers. Polymers prepared with either type of photoinitiator behave as macro- 
molecular thermal initiators at higher temperatures (e.g. 100°C) and furnish a convenient route to 
block copolymers. A third type of photoinitiator, based on a vanadium (V) chelate, is also discussed. 
Chelates such as V V OO2or, where Q represents 8-quinolyloxo, have been shown to photolyse by 
scission of (OR)'. If R is a side chain attached to a polymer molecule, photolysis yields a macroradi- 
cal capable of initiating grafting reactions. The behaviour and applications of these photoactive poly- 
mers are described. 

INTRODUCTION 

The photochemistry and photophysics of systems based on 
monomers and/or polymers currently attract much atten- 
tion. In this lecture we shall be concerned mainly with 
photochemistry, but we may note that photophysical stud- 
ies provide information about a number of processes of  
interest to the chemist, such as the migration of energy 
along polymer chains and the effects of polymer chain 
conformation on interactions of electronically excited 
chromophores with ground state species ~. 

Interest in the photochemistry of these systems stems 
from a number of origins. A study of photomitiation 
yields data about the nature and reactivities of intermed- 
iates and the mechanism of polymerization. Of great im- 
portance are the many practical applications of photoactive 
polymer-based systems, for example, in image and data 
storage and retrieval, and in the manufacture of printing 
plates and printed circuits. Increasing environmental pres- 
sures demand the development of systems free from orga- 
nic solvents, so that there is a rapidly developing interest in 
all types of photocuring processes. Further, it is conceiv- 
able that such processes may displace some conventional 
fabrication technologies. 

Since photoinitiation and photocuring are processes 
which are closely related there is an obvious incentive for 
work on photoinitiation. Some years ago we embarked on 
a study of photoinitiation of free-radical polymerization by 
transition metal complexes 2. After a very brief reference 
to early work (following section), our more recent results 
will be described. 

* Plenary lecture given at the 5th Int. Symp. 'Polymers 75', Varna, 
Bulgaria, October 1975. 

SYSTEMS CONTAINING ABSTRACTABLE HALOGEN 
ATOMS 2 

Many transition metal complex/organic halide combina- 
tions are photoactive. Among the transition metal car- 
bonyls which have been investigated in detail from this 
point of view are Mn2(CO)10, Re2(CO)10 and ArCr(CO)3. 
In all systems of this type, an active species produced 
photochemically enters into a redox reaction with the 
halide; as a result the metal atom (M) in the former ac- 
quires a higher oxidation state while the halide is converted 
into a free radical, e.g. 

M 0 + CC14 ~ MIc1 + •C13 (1) 

By replacing the simple halide by a preformed poly- 
halide, a wide variety of graft block and network copoly- 
mers have been synthesized and highly efficient photo- 
crosslinking systems may be developed 2-4. 

SYSTEMS WITHOUT ABSTRACTABLE HALOGEN 
ATOMS 

In 1972 we observed s'6 that manganese and rhenium car- 
bonyls are very active photoinitiators for the polymeriza- 
tion of liquid tetrafluoroethylene at -92°C. Some other 
carbonyls [e.g. Os3(CO)12 and Ru3(CO)I2] also photo- 
initiate, but are less active. Further, one of these carbonyls 
in the presence of a low concentration of C2E 4 (e.g. 0.1 
tool 1-1) was found to photoinitiate free-radical polymer- 
ization of common vinyl monomers at 25°C. In other 
words, C2F4 appeared able to function as halide compo- 
nent of  systems such as those described 2. However, it 
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Table I Quantum yields for photoinitiation of polymerization 
of methyl methacrylate at 25°C by Re2(CO)]0 (h = 365 nm) and 
Mn2(CO) l0 (X = 435.8 nm) in the presence of additives 

Additive 
(Concentration: 0.1 mol 1-1) Re2(CO)lo Mn2(CO)10 

none ~0.03 0 
CF2 =CF2 1.0 0.9 
CF2=CHF 1.0 0 
CF2=CFCI 0.87 0 
CF2=CH2 0.35 0 
CHF=CH2 0.41 O 
CF2=CFCI 0.87 0.72 
CF2=CCI2 0.65 0.06 
CFzCF=CF2 1.0 0 
CF2=CF--CF=CF2 1.0 0.23 
[ ~ C F = C F  2 1.0 - 

H COOEr 
x / 
/ C ~ C  0.77 0 

EtOOC H 

E t O O C  //COOEt 

H / \H 0.18 0 

HC=CH 
/ \ 

CO CO 0.09 0 

CH-=CH (0.4 mol I - l )  0.90 0 
HOOCC-==CCOOH 0.98 0.42 
MeOOCC-=CCOOMe 0.98 0.61 

seemed very unlikely that the fluorine atoms in C2F4 are 
abstractable under the experimental conditions, so that a 
mechanism different from that of equation (1)was indi- 
cated. In support of this, saturated fluorocarbons such as 
perfluorocyclohexane were found to be completely inac- 
tive. Two additional observations clarified the nature of 
the initiation process: (a) Analysis 6 of the polymers ob- 
tained from the system methyl methacrylate + Mn2(CO)I 0 + 
C2F 4 revealed that the polymers carry covalently bound 
manganese atoms, the mean number per polymer chain 
being 1.23. This is close to the number expected (1.21) 
if each initiating radical contains one Mn atom, with com- 
bination of poly(methyl methacrylate) radicals constitut- 
ing 34% of the total termination; (b) The polymers show 
infra-red absorption near 2000 cm -1, very similar to that 
of model compounds such as (CO)sMnC2F5 ~. It therefore 
seems clear that the initiating radicals have the structure: 

(CO)5MnCF21~F2 

(I) 

More recently 7 a number of different fluoro-olefins have 
been shown to behave similarly to C2F4. Detailed obser- 
vations have been extended 8 to Re2(CO)Io, which photo- 
initiates by the same type of mechanism as Mn2(CO)Io, 
but is more active. The quantum yields of initiation ob- 
tainable in these systems are presented in Table 1. 

The rate of consumption of Mn2(CO)10 has been mea- 
sured spectrophotometricaUy and found to follow simple 
first-order kinetics 6'7. Comparison with the rate of initia- 
tion deduced from polymerization kinetics shows that for 
the photoinitiators Mn2(CO)Io/C2F4 and Mn2(CO)10[ 
C2F3C1, each molecule of Mn2(CO)I0 consumed gives rise 

to one initiating radical. Unfortunately, similar observa- 
tions with Re2(CO)I 0 are not feasible s since the formation 
of a product with strong light absorption obscures the de- 
creasing absorption attributable to the decay of Re2(CO)I0. 

The results we have described demonstrate the great 
difference in behaviour between fluoro-olefins and 'con- 
ventional' monomers (e.g. methyl methacrylate) in these 
systems. We attribute the high activity of the former to 
the ability of the fluoroderivatives to form relatively 
strong metal--carbon bonds 6. In fluoroalkyl-, compared 
to alkyl-, derivatives of transition metals, the metal-carbon 
bonds are relatively short, probably on account of back- 
donation from d~r metal orbitals to o* levels of fluoroalkyl 9. 
The resulting increase in bond energy would play a deci- 
sive role in the formation o f  radicals such as structure (I). 

SYSTEMS WITHOUT HALIDES 

The observations on fluoro-olefins reported above sug- 
gested that other classes of additives which readily form 
ligands with transition metals might be active components 
of photoinitiating systems containing a Group VII metal 
carbonyl. Very recently 1° we have demonstrated that this 
is the case. The additives studied include: (a) olefinic de- 
rivatives carrying electron-attracting groups e.g. diethyl 
fumarate, diethyl maleate, maleic anhydride; (b) acetylene 
and its derivatives acetylene dicarboxylic acid and the 
dimethyl ester of the latter. Thus, a new class of photo- 
initiators, free from halogen atoms, becomes available. 

Mechanistically, these photoinitiators resemble systems 
based on fluoro-olefins. The kinetics indicate uncompli- 
cated free-radical polymerization;Figure I presents the 
dependence of the rate of polymerization on additive con- 
centration for selected systems. Quantum yields of initia- 
tion under 'plateau' conditions are given in Table 1; evi- 
dently with acetylene and its derivatives values close to 
unity are obtainable with Re2(CO)I 0. The lower activity 
of Mn2(CO)10, relative to Re2(CO)10, is also clear from 
Table 1. Further, with Mn2(CO)lo/acetylene dicarboxylic 
acid dimethyl ester systems, it has been shown that one 
initiating radical arises from each Mn2(CO)10 consumed l° 
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Figure I Dependence of rate of polymerization of methyl meth- 
acrylate at 25°C (to) on [additive]. [Re2(CO)Io] = 5.11 X 10 - 4  
mol I - I ,  X = 365 nm. 108 lab s (einstein 1-1 s--l): X, 2.51 (ace- 
tylene); O. 2.72 (acetylene dicarboxylic acid); n, 2.72 (acetylene 
dicarboxylic acid dimethyl ester}; 11,2.03 (diethyl fumarate); z~, 
2.03 (diethyl maleate) 
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Infea-red absorption of poly(methyl methacrylate) pre- 
pared by photoinitiation with Re2(CO)lb + additive. A, additive: 
acetylene dicarboxylic acid dimethyl ester. B, additive: acetylene 

Analysis of purified polymers obtained from methyl meth- 
acrylate with the aid of these initiators reveals the presence 
of Mn or Re atoms and the polymers show infra-red absorp- 
tion near 2000 cm -1, characteristic of  end-groups such as 
(CO)sReCH=CH - and (CO)sRe(MeOOC)C=C(COOMe) - 
(Figure 2).  

In the light of these results we believe that the mecha- 
nism of initiation is substantially the same as with the 
fluoro-olefins. In our opinion these reactions may provide 
a useful method of  introducing functional terminal groups 
into polymer chains. Acetylene derivatives, CX=CH or 
CX~CY, where X or Y are functional groups, appear most 
appropriate for this purpose, in view of the reluctance of 
these derivatives to polymerize readily by free-radical reac- 
tions. 

It is of interest that the polymers obtained with the aid 
of the photoinitiating systems described in this and the pre- 
ceding section behave as thermal initiators at higher tem- 
peratures. As an example we may refer to the polymer 
obtained from methyl methacrylate with photoinitiation 
by Mn2(CO)10/acetylene dicarboxylic methyl ester, which 
we may designate as ( C O ) 5 M n A ' " ' ,  where A is equivalent to 
-(MeOOC)C=C(COOMe)-. At 100°C in solution in a vinyl 
monomer, this polymer forms macroradicals by reaction 
(2): 

New photoinitiating systems and photoactive polymers." C. H. Bamford 

VVOQ2OCH3 where Q represents 8-quinolyloxo ~ .  

/ 
o 
r 

On irradiation with light of wavelength 365 nm, photo- 
lysis occurs according to equation (3). 

VvOQ2OCH 3 hv >vIvOQ 2 + (OCH3) (3) 

The radical product of equation (3) can initiate free-radical 
polymerization giving an overall quantum yield 2 x 10 -3. 
Comparison of the rates of chelate decomposition and initi- 
ation of polymerization shows that each chelate molecule 
photolysed yields one initiating radical. Spin-trapping ex- 
periments with benzylidene-(t-butyl) amine N-oxide in 
benzene solution reveal the rapid isomerization of the pri- 
mary CH30 radical to CH2OH. This isomerization is there- 
fore not dependent on the presence of methanol, as some 
earlier workers suggestedl4 (see also ref. 15). Photolysis of 
the chelate VOQ2OR is a useful general method of produc- 
ing (OR) radicals in non-aqueous solution. 

For present purposes the main interest in these deriva- 
tives lies in their incorporation into polymer chains to 
yield photoactive polymers. Copolymers of methyl metha- 
crylate and hydroxyethyl methacrylate with units (II) con- 
taining vanadium have been synthesized. 

CH 3 CH3 
I h,, I 

~ C " "  > ~ C  
I I (4) 
CO CO 
I Q I 
OCH2CH2OV=O OCH2CH20 + VOQ2 

Q 

(II) (lII) 

Photolysis of (II) (X = 365 nm) proceeds by the mecha- 
nism described for VOQ2OCH 3 (equation 4), with forma- 
tion of a V Iv chelate and the macroradical (III) (which 
may be isomerized). Irradiation in a vinyl monomer there- 
fore leads to graft polymerization and ultimate gelation. 
As a synthetic route to grafts and networks this technique 
has the advantage of not producing unwanted homopoly- 
mer; further, after reaction, excess vanadium may be re- 
moved by treatment with methanol. 

The kinetics of photolysis of these photoactive polymers 
show unexpected complexities 16. The possible dependence 
of the kinetic behaviour on chain conformation is being 
examined. 

~AMn(CO)5 ~ A ' +  Mn(CO) 5 (2) 

Propagation from ~ A .  leads to the formation of a block 
copolymer. We have demonstrated the occurrence of this 
process and are examining its potential value as a general 
synthetic route to block copolymers lq. 

PHOTOCHEMISTRY OF V v DERIVATIVES 

In earlier papers 1142 we have reported investigations of the 
photochemistry of vVO(acac)2Cl and derivatives of the 
type [vVO(acac)2 D] +C1- obtained from VO(acac)2C1 
in the presence of an electron-donor D. More recently ~3, 
we have described studies of  the vanadium chelate 
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Chemorheology of irradiation-cured natural 
rubbers: 2. Stress relaxation mechanisms of 
sulphur-containing cured systems in air 

Saburo Tamura and Kenkichi Murakami 
Chemical Research Institute of Non-aqueous Solutions, Tohoku University, Senclai, Japan 
(Received 4 November 1975) 

Stress relaxation mechanisms in air were investigated for irradiation-cured natural rubbers (NR) con- 
taining the various levels of sulphur, in relation to the crosslinked structure. All the stress relation 
curves of these vulcanizates except the sulphur-free sample were the sum of two exponential terms. 
The relaxation rate in the long time region increased with increasing sulphur contents, in spite of hav- 
ing the same initial chain density. This behaviour could be explained by introducing the assumption, 
that this system has two independent networks, i.e. one (Np(O)) based on the polysulphide cross- 
linkages and another (Ncln(O)) based on the mono- and di-sulphide linkages and the carbon-carbon 
bonds. Np(O) increased with increasing sulphur contents and Nc/,(O) decreased with increasing sul- 
phur contents. The qm,c(t) (the number of moles of main chain scission) were in agreement with 
each other, independent of the sulphur contents. However, this value was larger than that of the 
sulphur-free sample. This was similar to irradiation-cured tetramethylthiuram disulphide NR, 
in which the crosslinking sites consisted of mono- and di-sulphides and carbon-carbon bonds. 

INTRODUCTION 

In part 11, stress relaxation mechanisms were investigated 
for various curing systems of natural rubber in air, specially 
the complex crosslinking irradiation-cure systems contain- 
ing tetramethylthiuram disulphide (TMTD) or sulphur (S) 
at high temperature. In the case of irradiation-TMTD 
cures, the stress decay was based on the oxidative scission 
of the main chain. The number of moles of main chain 
scission was independent of the ratio, p, of initial chain 
density Nc(O), based on the carbon-carbon crosslinkages, 
to Nm(O) based on the mono- and di-sulphide linkages. 
The stress relaxation curve (the relative stress) of irradia- 
tion-sulphur cures in air was expressed by the sum of two 
exponential terms, i.e.: 

f(t)/f(O) = A exp (--kAt) + B exp (-kBt) (1) 

where, J(O) is the initial stress and f ( t )  is the stress at time 
t. We suggested that the stress relaxation of these curing 
systems could be explained by both the interchange reac- 
tion of polysulphide linkages (rate constant kB) and the 
random scission on the main chain (kA). However, we did 
not carry out the quantitative discussion of the relaxation 
mechanism of these curing systems. 

In the present paper, we will attempt to investigate 
quantitatively, the chemical relaxation of irradiation cured 
natural rubbers, with varying sulphur contents, in air. 

EXPERIMENTAL 

Thin sheets ( ' 0 .5  ram) of non-crosslinked natural rubber 
(RSS No 1), were made by cold milling with 0.0, 0.1, 0.25, 
0.5, 0.75, 1.0, 2.0, and 3.0 phr of sulphur, and pressing at 
145°C. The sheets were cured by exposure to 3,-rays from 
6°Co. Total dose of 3,-irradiation was 28.8 Mrad. All the 
samples were extracted with hot acetone for 48 h, in order 
to eliminate the impurities and the residual sulphur, and 
were dried in vacuo. 

Details of stress relaxation methods have been described 
in a previous paper 1. Stress relaxation was measured (in 
most cases) at 100°C in air. 

RESULT AND DISCUSSION 

Crosslinking structure of sulphur irradiation-cured NR 
The initial chain density, N(O) (mol/ml) of samples used 

in this study, was estimated by the statistical theory of 
rubber-like elasticity. The relation of N(O) and sulphur 
content (from 0.0 to 2.0 phr) is shown in Figure 1~ It can 
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Figure 2 Stress relaxation of irradiation-cured NR containing 
various levels of sulphur in air at 100°C: @, free; A, 0.1 phr; n, 
0.25 phr; ~, 0.5 phr; O, 0.75 phr; &, 1.0 phr; 13, 2.0 phr 

be seen from this Figure that, as the sulphur level is increased 
to 0.75 phr, the N(O) value gradually decreases and the 
value for samples containing 0.75 phr sulphur or more is 
almost independent of  sulphur content. In this Figure, the 
N(O) value of the sample containing 3.0 phr sulphur (mark 
X in Figure 1) obtained in the previous paper, is also rep- 
resented and is slightly larger than others. In the case of 
"),-irradiation curing, if the sample was prepared at different 
times, even though the sulphur content was the same and 
the curing condition the same; good reproducability of 
N(O) could not be obtained. Therefore, the comparison 
between 3.0 phr sample and others is not correct. 

The crosslinking site, in these samples, except for the 
sample not containing sulphur, will consist of carbon-car- 
bon bonds, and mono-, di- and polysulphide linkages. 

Figure 2 shows the stress relaxation curves [the logarithm 
of relative stress logf(t)/f(O) versus time t (h)] of these 
samples in air at 100°C. The relaxation curve of the sul- 
phur-free sample (S = 0) is represented by a straight line 
over the range of observation time and is based on the ran- 
dom scission of the main chain, as is well-known 1-3. How- 
ever, the others, i.e. the stress relaxation of sulphur-con- 
taining samples, decay rapidly in a short time and then be- 
come linear after a longer time. All these curves can be ex- 
pressed by equation (1). The rapid relaxation at the initial 
stage increases with increasing sulphur content. This relaxa- 
tion was discussed in connection with the interchange reac- 
tion of polysulphide linkages at length elsewhere ~,4-6. On 
the other hand, the rate of relaxation at a later stage, also 
increases with increasing sulphur content, despite having 
the same value of N(O) at 0.75 phr sulphur or more. This 
behaviour cannot be explained by Tobolsky's theory 2, re- 
lated with N(O) only. 

The investigation of the relaxation mechanism of these 
curing systems in the longer time region, will be attempted 
in some detail. For the discussion, it is necessary to have 
quantitative information of the crosslinking structures. The 
carbon-carbon bonds, and mono- and di-sulphide linkages 
of crosslinkages as mentioned above, seem to be stable for 
thermal oxidation at this temperature ~'7. Now, we define 
the initial chain density based on these crosslinkages as 
Ncom(O ) and that based on the polysulphide crosslinkages, 
which are thermally unstable, as Np(O). Therefore, N(O) 
is expressed by equation (2): 

N(o) = N , ; m ( O )  + ~Vp(O) (2)- 

The initial stress, f(O) and that at time t, f(t) ,  are related 
to N(O) and to the chain density at time t, N(t), respec- 
tively by the following equations~: 

f(O) = N(O)RT(a - a-2)  (3) 

f(t)  = N(t)RT(a -- o~ -2) (4) 

Where, R is the gas constant, T the absolute temperature 
and a the extension ratio. From equations (2), (3) and (4) 
we obtain: 

f(t)/f(O) = N(t)/N(O) = Nc.m(t)/N(O) + Np(t)/N(O) (5) 

If the stresses associated with Arc. m and Np are fc,m and fp, 
respectively, then: 

f(t)/f(O) = Nc.m(t)/N(O) + Np(t)[N(O) 

= fc, m(t)[f(O) + fp(t)/f(O) (6) 

Also, from equations (1) and (6), ifNc, m and Np are pre- 
sumed to be independent of each other and can be separated 
into two networks, the following two relations will be valid: 

fc,m(t)/f(O) = A exp ( - k  A t) (7) 

fp( t)/f(O ) = B exp (-kBt) (8) 

When t = 0: 

fc.m(O)~(O) =Nc,m(O)/N(O) =A (9) 

The A value can be estimated directly by extrapolation of 
log f(t)]f(O) versus t plot. Therefore, the initial chain den- 
sity Nc.m(O) based on carbon-carbon crosslinkages, mono- 
and di-sulphide linkages can be calculated from equation 
(9), and the Np(O) based on polysulphide linkages is also 
obtained from equation (2). 

For the irradiation-sulphur curing systems, the results 
estimated by the above method are shown in Figure 1. The 
value of N(O) of samples containing 0.75 phr sulphur or 
more, is almost independent of sulphur content, while the 
Nc.m(O) gradually decreases with sulphur content until 2 
phr. The question may be raised, whether the above treat- 
ment, in particular, the assumption that Nc. m and Np are 
independent of each other, is correct. As described in the 
previous paper 1, the value of A [i.e. Nc, m(O)] estimated 
from the stress relaxation in air, is in good agreement with 
that in nitrogen. Therefore, this treatment appears prob- 
ably, to be correct. If it is not correct, as each relaxation 
at the later stage is based on the distinct chemical actions 
(in air as compared with in nitrogen), the A value should 
be different. In order to confirm the above theory further, 
we carried out the following experiment. Moore and Trego s 
reported that poly- and di-sulphide crosslinkages were 
cleaved in a benzene solution of sodium di-n-butyl phos- 
phite, as follows: 

(n-BuOhPONa 
RS3R > RS2PO(O-n-Bu)2 + RSNa 

> RS2R + PO(O-n-Bu)2SNa 

(n-BuO2)2 PONa 
RS2R > RSPO(O-n-Bu)2 + RSNa 

RS-n-Bu + RSPO(O-nrBu)2SNa 
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Figure 3 Stress relaxation of irradiation-cured NR, containing 
3.0 phr of sulphur having different initial chain density and rela- 
tion between the number of moles of main chain scission qm(t) and 
time t: O, irradiation dose 28.8 Mrad, N(O) = 0.84 X 10 --4 mol/ml, 
and N c re(O) = 0.54 X 10 - 4  mol/ml; X, 43.2 Mrad, N(O) = 1.13 X 
10 - 4  mol/ml, and Nc, rn(O) = 0.71 X 10--4 mol/ml 

The sample contgining 3 phr of sulphur, was placed into 
0.14 mol/l benzene solution of sodium di-n-butyl phosphite. 
After nitrogen was passed through the solution for about 
10 min, the mixture was sealed in vacuo. The reaction was 
carried out by heating for 24 h at 25°C and then for 4 h at 
80°C. After that, the sample was extracted with benzene 
for 24 h and was dried in vacuo. The effective chain den- 
sity N'c.m(O) of this sample, was estimated by stress-strain 
measurement, to result in 0.36 x 10 -4 mol/ml. The differ- 
ence between N'c.m(O ) and Ne.m(O ) (0.53 x 10 -4  mol/ml) 
is somewhat large; howeve?, if one considers that Nc.m(O) 
is the effective chain density due to carbon-carbon cross- 
linkages, and mono- and di-sulphide linkages as defined 
above, it seems to be comparable. Therefore, the above 
mentioned assumption seems to be correct. In order to 
confirm our treatment, further, it is necessary to have a 
detailed knowledge of crosslinking structure in this system. 

Chemical stress relaxation o f  sulphur-irradiation-cured NR 
Initially, it is necessary to investigate the stress relaxa- 

tion of samples having the same sulphur content and having 
different initial chain density. Though the stress relaxation 
of such samples, containing 3 phr of sulphur was reported 
in the previous paper, quantitative results were not conclu- 
ded. Figure 3 shows some of the results of  the previous 
work. The samples having different initial chain density 
N(O), were prepared by the alternation of irradiation dose. 
In that curing system, since the rate of relaxation at a later 
stage was dependent on N(O), the stress decay was probably 
based on the oxidative scission of the main chain. The 
value ofNc, m(O ) estimated by the above method, was 0.54 
mol/ml for 28.8 Mrad irradiation-sample and 0.72 mol/ml 
for 43.2 Mrad irradiation-sample, respectively. Now, if this 
sample was assumed to have carbon-carbon, mono- and 
di-sulphide c'rosslinkages but not polysulphide linkages, 
then the stress relaxation will be expressed by: 

fc, m (t)/fc,m( O) = A' exp (-k~l t) (10) 

In the case of undergoing the random scission on the main 
chains in the system, the number of moles of main chain 
scission, qc,m(t), is represented by equation (11), which 
was proposed by Tobolsky2: 

qe.m(t) = _ Ne, m(O ) In fc.m( t)[¢e,m(O ) (11) 

Hence, qc.m(t) can be obtained directly from a stress relaxa- 
tion measurement. The relation between qc.m(t) and t is 
also shown in Figure 3. The qc.m(t) is almost independent 
OfNc, m(O). This suggests that the stress decay at the later 
stage of this sample, is based on the random scission of only 
the main chain. 

Next, we investigate the effect of sulphur content on 
qc.m(t), which is obtained from Figure 2. The result is 
shown in Figure 4. It can be seen that the qc.m(t) are al- 
most equivalent, regardless of the sulphur contents, except 
for the 0.1 phr and the sulphur free samples. This is inde- 
pendent of the p values which were defined, in Part 1, as 
the ratio of the effective chain density Nc(O) based on the 
carbon-carbon bonds, to Nm(O) based on mono- and di- 
sulphide linkages and probably varies with sulphur content. 
Further, this supports the validity of our assumption in 
Part 1, relating to the result of tetramethylthiuram disul- 
phide (TMTD)-irradiation cured NR having carbon-carbon, 
mono- and di-sulphide crosslinkages. Both results, however, 
are not in agreement, i.e. the qm,c(t) estimated from the 
relaxation of TMTD-irradiation cured NR is significantly 
larger than that of the sulphur-irradiation cure (Figure 4). 
Though we are unable to explain the difference definitely, 
the following two reasons can be considered: (a) in the case 
of the latter, the gloval network was considered as two in- 
dependently separated networks (giving rise to Nc.m(O) and 
Np(O)). Consequently, the number of moles of main chain 
scission which occurred in the Np(O) network was not esti- 
mated. On the other hand, the former case exhibited only 
the scission of main chain; (b) there is a distinction of 
stress relaxation mechanisms between both curing systems, 
i.e. the latter follows the interchange reaction of polysul- 
phide, resulting in the mono- and/or di-sulphide linkages, 
and the formation of these crosslinkages probably affects 
somewhat the continuous stress relaxation 9, while during 
the former, little crosslinking reaction is considered to 
o c c u r .  

Temperature dependence o f  the chemical stress relaxation 
The temperature dependence of the rate of chemical 

stress relaxation in air, for all the samples used here, was 
investigated. The measurements were carried out at 100 °, 
110 ° and 120°C. The rate constants of the main chain 
scission K A can be obtained from the gradients of stress 
relaxation at the later stage, and is expressed by the Arrhe- 
nius equation: 

K A ~- A exp(-Ea/R T) (12) 
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F i g u r e  4 R e l a t i o n  b e t w e e n  qc ,  m ( t )  a n d  t of irradiation sulphur- 
cured NR and irradiation-TMTD-cured NR ( . . . . .  ); Sulphur: 
O, free; z~, 0.1 phr; [3, 0.25 phr; ~, 0.5 phr; O, 0.75 phr; &, 1.0 phr; 
II, 2.0 phr 
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Figure 5 Plot of log K versus 1/T for each sample containing 
various sulphur levels: O, free; A, 0.1 phr; El, 0.25 phr; ~, 0.5 phr; 
O, 0.75 phr; ",  1.0 phr; &, 2.0 phr 

where E a is the apparent activation energy (kcal/mol) for 
main chain scission reaction. The relation of log KA(h-1)  
and lIT(K) is shown in Figure 5. From the Figure, we find 
that the value o f  KA in this system becomes larger as the 
sulphur content increases. This result is different from the 
one related to EPDM 1° or EPR 11. In the case of  EPDM, the 
relaxation rate in the longer time region decreases with in- 
creasing the sulphur content.  The value o f E  a for all the 
samples used here was estimated to be ~21 kcal/mol.  This 
value also differs from the one for TMTD-irradiation-cured 
NR, which was 27 kcal/mol as mentioned in Part 1. 
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Time dependent effects of pressure on the shear 
modulus of polypropylene 

R. A. Duckett and S. H. Joseph 
Department of Physics, University of Leeds, Leeds LS2 9JT, UK 
(Received 15 September 1975) 

The time dependent changes in the shear modulus of polypropylene have been followed subsequent 
to both step and ramp changes in pressure for pressures up to 400 MN/m 2. Although the changes in 
pressure (P-jumps) are accompanied by transient heating effects which complicate the interpretation 
of the results; large changes in modulus can be seen at times of up to three hours after the pressure 
change. At these times the effects of temperature changes would be expected to be negligible. The 
results are consistent with the expected changes of free volume occurring during the dilatational 
creep under pressure, and lend no support to the 'microstress' theory recently proposed. 

INTRODUCTION 

It is now well established that hydrostatic pressure can 
have a considerable effect on the physical properties of  
polymers. This has stimulated interest in relating the effects 
of pressure to those of temperature and time or frequency. 
Considerably less effort has so far been invested in studying 
the transient response of the polymer to changes in pres- 
sure, although this is also of considerable significance. 
There have recently been suggestions regarding the possible 
forms of the response to changes in pressure. One propo- 
sal 1-3 is that a change in pressure, the same as a change in 
temperature, induces a volume change which is accompan- 
ied by the generation of micro'stresses around structural 
heterogeneities such as crystallites. These microstresses 
combined with the usual type of non-linear behaviour pro- 
duce an anomalously low value of the modulus. As the 
microstresses decay with time the modulus rises steadily 
towards the linear value appropriate to the new conditions, 
regardless of  whether the change in temperature or pres- 
sure is positive or negative. A completely different app- 
roach suggests that changes in pressure cause changes in the 
free volume in the polymer, as the dilational creep progres- 
ses. These free volume changes will also affect most physi- 
cal properties of the material and furthermore the 'sense' 
of the changes would be expected to depend on whether 
the pressure is increased or decreased. 

There are thus distinct qualitative differences between 
these two approaches. In an attempt to discern which of 
these applies to polypropylene we have investigated the 
time dependence of the large changes in the shear modulus 
following positive and negative changes in hydrostatic pres- 
sure (P-jumps) by performing torsion tests at constant twist 
rate, at different elapsed times from the P-jump. It turns 
out that the results of these experiments are complicated 
by the concomitant changes in temperature induced by 
the changes in pressure, in both the pressure transmitting 
fluid and in the polymer. In order to investigate the con- 
tribution to this temperature rise by the polymer itself, 
temperature changes due to adiabatic compression of poly- 
propylene were studied using a constrained uniaxial com- 
pression cell. An alternative approach to the investigation 
of the time dependent shear modulus, involving the use of 
hydrostatic pressure increasing at constant ramp rates, was 
also used. This results in a closer approximation to iso- 

thermal conditions, and provides more accurate temperature 
control. 

Although little previous work has been carried out di- 
rectly on time dependent modulus changes following chan- 
ges in pressure or temperature ~-3, the changes in modulus 
on the free volume scheme are expected to relate to total 
volume changes under such conditions. Such time depen- 
dent volume measurements have been made following 
small changes in temperature and pressure 4 and following 
large changes in temperature s in amorphous polymers near 
their dilatational glass transition temperature (Tg). Volume 
creep in several polymers has also been investigated at high 
pressures 6'7. There are more data available on the static 
effects of hydrostatic pressure on both shear and bulk 
moduli; such data have been reviewed s and we refer espe- 
cially here to torsion pendulum data for polypropylene 9. 

EXPERIMENTAL 

Torsion tests 
Full details of the apparatus and specimens will be pre- 

sented elsewhere 1° so here we give only a brief description. 
The apparatus is a modified version of that previously des- 
cribed H. Right solid cylindrical specimens of isotropic iso- 
tactic polypropylene (PP), density 909.5 + 0.1 kg/m 3, are 
subjected to a constant rate of twist whilst under hydro- 
static pressure applied via Plexol 201 lubricant (diethyl 
dihexyl sebacate). The specimen design minimizes the mag- 
nitude of end effects, thus enabling the strain in the speci- 
men to be deduced accurately from the angle of twist of 
the grips, which can be monitored outside the pressure 
vessel. Torque is also continuously monitored via an angu- 
lar transducer mounted on the torque tube, and the torque-  
twist curve for the specimen for small angles of twist is re- 
corded on an X - Y  recorder. From this curve the stress- 
strain curve for small strains under constant strain rate con- 
ditions may be deduced 1°. The vessel temperature is gover- 
ned by a water bath controlled to -+0.3°C surrounding the 
vessel. 

The first two testing programmes followed the pressure 
schedule shown in Figure 1. Each step in pressure corres- 
ponded to 30 MN/m 2 in the first programme and to 100 
MN/m 2 in the second. The specimen was loaded into the 
vessel and allowed to come to equilibrium at the testing 
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Figure I Pressure schedule tor the first two testing programmes 
(I) and (11). In each case step length, approximately 3600 sec. 
Pressure 'step-height' (I) 30 MN/m2; (11) 100 MN/m 2 
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Figure 2 Shear modulus vs. time under pressure (logarithmic 
scale) according to testing programme (I), (see Figure 1). Pressures: 
A, 30 MN/m2; B, 60 MN/m2; C, 90 MN/m2; D, 120 MN/m 2. e ,  
pressure increasing; O, pressure decreasing 
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Figure 3 Shear modulus vs. time under pressure (logarithmic 
scale) according to testing programme (11), (see Figure I). Pressures: 
A, 100 MN/m2; B, 200 MN/m2; C, 300 MN/m2; D, 400 MN/m 2. l ,  
pressure increasing; O, pressure decreasing 

temperature for at least 12 h at atmospheric pressure. A 
torsion test was then performed at a rate equivalent to a 
strain rate of  1.1 × 10-3/sec, up to a maximum strain of  
2.5 x 10 -2. The specimen was immediately unloaded to 
zero torque and allowed to recover for 300 sec. The pres- 
sure was then changed to the first in the schedule (30 MN/ 
m 2 for the first programme), at a rate o f  5 MN/m 2 sec and 
a sequence of  the above torsion tests performed at con- 
venient logarithmically spaced times, i.e. at about 30 sec, 
300 sec, 1000 sec, 3000 sec after the achievement of  the 
new pressure. Then, after a further recovery period of  300 
sec from the final test in the sequence, the pressure was 
changed to the next on the schedule, and the same sequence 
of  torsion tests performed again, under the new constant 

Duckett and S. H. Joseph 

pressure. In this way the whole o f  the pressure schedule is 
completed. The results, 2% secant modulus values against 
elapsed time, at 58°C, are plotted in Figures 2 and 3. 

In the second pair of  testing programmes the effects of  
starting at atmospheric pressure and increasing directly to 
constant pressures of 100, 200,300 and 400 MN/m 2 were 
examined (see Figure 4) at 39°C and 58°C. After applica- 
tion of  the hydrostatic pressure the above time sequence of  
tests was performed; graphs of  the modulus vs. elapsed 
time are shown in Figures 5 and 6. 

300 
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0 m 
6 0 2 4 

Ti me ( h ) 
Figure 4 Second pressure schedule, showing the pressure increased 
rapidly from atmospheric to each of 100, 200, 300 and 400 MN/m 2 
in turn. The time at atmospheric pressure between tests was approx- 
imately 3600 sec 
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Figure 5 S h e a r  m o d u l u s  v s .  t i m e  u n d e r  p r e s s u r e  ( l o g a r i t h m i c  

scale) according to second pressure schedule (see Figure 41. Pres- 
sures: A, 100 MN/m2; B, 200 MN/m2; C, 300 MN/m2; D, 400 
MN/m 2. Nominal temperature 58°C 
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Figure 6 S h e a r  m o d u l u s  v s .  t i m e  u n d e r  pressure according to 
second pressure schedule, Pressures as i n  Figure 5. N o m i n a l  t e m -  
p e r a t u r e  21°C 
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Temperature changes due to P-jumps. The temperature Figure 7 
was measured at the surface of the specimen using copper resistance 
thermometry. Pressure changes involved are: A, --100 MN/m2; 
B, --30 MN/m2; C, +30 MN/m2; D, +100 MN/m 2 

Using appropriate engineering data values* for PP we 
get: 

( b T )  = (MN/m2)_ l at 0.06°C 20°C 

To examine this for PP we constructed, to fit an Instron 
compression/tension test machine, a simple pressure cell 
in which the specimen is restrained from lateral expansion 
during axial compression (see Figure 8). The highest pres- 
sure used was 150 MN/m 2. The specimens were 13 mm 
diameter × 15 mm long and had a 34 swg chromel-alumel 
thermocouple inserted into a 0.9 mm diameter axial hole 
f'dled with grease, so that the junction was centrally placed 
within the specimen. 

In this mode of deformation the effective modulus of 
the specimen M can be shown to be: 

4 
M = K + - G (2) 

3 

Temperature effects 
In the hydrostatic fluid system. Findley, Reed and Stem 6 
have pointed out the need to consider temperature changes 
caused by adiabatic compression of hydrostatic pressure 
fluid. The temperature changes in our system are shown 
in Figure 7 for changes in pressure of-+100 MN/m 2 and 
-+30 MN/m 2. The temperature was found to rise at the rate 
of 0.09°C (MN/m2) -1 at pressures of  up to 100 MN/m 2, 
the rate dropping slightly to about 0.06°C (MN/m2) -1 for 
pressures above 200 MN/m 2. This resulted in temperature 
changes of up to 25°C for a 400 MN/m 2 change in pressure. 
At all pressures, the temperature rise decayed with a time 
constant of approximately 340 sec as the centre of the ves- 
sel came into equilibrium with the bath. 

The temperatures above were measured using the change 
in resistance in a copper coil of resistance approximately 20 
ohms wound in a single layer on a PP former. Thus the tem- 
perature measured was at the PP-fluid surface. In order 
to check that a significant amount of the polymer also ex- 
perienced these temperatures, the temperature measurement 
was repeated after coating the coil with latex to a thickness 
of 1.5 mm. Similar temperature-time profiles were found 
as before, but delayed in time by about 40 sec. The resis- 
tance thermometry was checked against mercury-in-glass 
thermometers at atmospheric pressure, and had absolute 
accuracy better than +0.5°C. The pressure coefficient of 
resistance of copper 12 is such that the error in temperature 
measurement due to pressure changes with this method is 
less than 0.005°C (MN/m2) -1. Thus with this method we 
are able to find the temperature changes that have occur- 
red within the specimen after the P-jump experiments. 
Within the polymer. In the case of PP, as with polymers in 
a rubbery state, the bulk modulus and density are of  the 
same magnitude to those of  oils, and there is a considerable 
temperature change on the application of pressure. It is 
readily shown la that for a reversible adiabatic change: 

aT) _aVT 
cp 

(1) 

where a, V and Cp are the coefficient of  cubical expansion, 
specific volume and specific heat at constant pressure res- 
pectively. 

where K is the bulk modulus and G the shear modulus. To 
check the operation of the cell, load deflection curves were 
plotted at low strain rate (6.4 x 10-5/sec) to ensure iso- 
thermal conditions, and the experimental value of M found 
for pressures less than 45 MN/m 2 was in good agreement 
with estimates based on published values of K and G at 
atmospheric pressure 7'1°. Above this pressure, M was seen 
to rise, an effect we attribute to an increase in K and G at 
high pressures offset by the slight decrease in G at high 
shear strains. (For very low loads, corresponding to pres- 
sures less than 15 MN/m 2, there is a region of low modulus 
where the specimen is effectively under unconstrained uni- 
axial compression before play is taken up and lateral strain 
is eliminated). 

To investigate the adiabatic heating effect intrinsic to 
the polymer, the following sequence of tests was perform- 
ed: a nearly static load was applied to the specimen, and 
load cell and thermocouple outputs continuously recorded. 

* a = 3.3 × 10 - 4  (°C)-I at 20°C and Cp = 1.8 kJ/kg 

B 

A 

, / 

/ /  / F 

Figure 8 ]he constrained unia×ial compression 
cell used in conjunction with an Instron machine 
for compression beneath the cro~head. A. mild 
steel cylinder; B and C, mild steel push-rods; D, 
polypropylene specimen; E, thermocouple; F, In- 
stron compression load-cell anvil; G, anvil attached 
to underside of moveable crosshead 
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Figure 9 Temperature changes measured using the constrained 
uniaxial compression cell. O, compression; I decompression; t ,  
calculated from decompression curve corrected for  viscous work  
done (see text)  

Loading was achieved through a nominal strain rate of 6 x 
10-3/sec corresponding to a maximum loading time of 10 
sec. When the temperature once again became static (after 
approximately 1000 sec) the load was rapidly removed (un- 
loading time ~0.1 sec). In Figure 9 the peak temperature 
change is plotted against the pressure change for both un- 
loading and loading. We see a region at low stress corres- 
ponding to unconstrained uniaxial compression. Then tbr 
pressures greater than 15 MN/m 2 the temperature changes 
are linearly dependent on pressure, and equal and opposite 
for compression and decompression, with a temperature 
coefficient of 0.04°C (MN/m2) -1. There is a discrepancy 
between the temperature coefficient found here and that 
calculated above using standard engineering data values for 
Cp and a. This may be merely due to differences between 
samples of polypropylene, but may also reflect the shorter 
times involved in this experiment compared with those 
usually involved in measurements of a and Cp. 

Using the measured value of (a T/aP)s = 0.04 ° C(MN/m2) - 1 
the low stress region of Figure 9 has also been analysed and 
the measured temperature changes are consistent with the 
interpretation of unconstrained uniaxial deformation. 

At stresses greater than 50 MN/m 2 the temperature chan- 
ges for compression, IAT+I, exceed those observed for de- 
compression, IAT_I. Further tests indicate that the values 
approach each other at low strain rates, extending the pres- 
sure range for which IAT+I ~ IAT_I. 

To assess the possibility that the divergence between 
IAT+I and ItxT_l is due to temperature changes arising from 
viscous work done, which being positive in sign, will increase 
IAT+I but decrease IAT_ I, we have calculated the tempera- 
ture change ATv expected for a standard linear solid. As- 
suming that K is elastic, that the shear modulus G has an 
unrelaxed value Gu = 2100 MN/m 2 and a relaxed value Gr = 
450 MN/m 2, and that the load is changed in a time very 
much smaller than the creep relaxation time, we find that 
ATv = 3.5 x 10 .5 (z~°) 2 (°C), where AP is the pressure 
change in MN/m 2. Values of IAT_I + IATvl are plotted in 
Figure 9 and are seen to lie approximately midway between 
the two curves for IAT+I and I/XT_I. Although the excel- 
lent agreement obtained may be somewhat fortuitous in 
view of the simplicity of the model assumed, it does seem 
to indicate that the difference between IAT+I and I/XT_I 
is due to viscous heating. 

If we write IAT+_I = I+-hTp + ATvl, then it can be seen 
from Figure 9 that ATp/AP decreases at higher pressures. 
This is as expected from the changes in a and Cp as pressure 
increases and the/3 transition is approached. 

Pressure ramp experiments 
We have shown that the rapid changes in pressure in- 

volved in the P-jump experiment necessarily implies tran- 
sient heating effects of  up to 25°C for P-jumps of 400 
MN/m 2. In the next section we discuss the additional com- 
plexities of interpretation arising from this temperature 
change. To observe changes in modulus under more nearly 
isothermal conditions we have performed tests in which the 
pressure is increased at a constant rate and the modulus is 
measured at convenient intervals of pressure. (We refer to 
these as a pressure ramp experiments). In these experiments 
an initial rise in temperature of the vessel is seen, but the 
constant heat input due to the ramp results in an equili- 
brium temperature being obtained within 500 sec, at which 
temperature losses from the fluid to the surrounding water 
bath are equal to the heat input. Thus by presetting the 
bath temperature slightly below the desired experimental 
temperature by an amount calculable from the thermal 
characteristics of the vessel, we can achieve a well defined 
temperature which is effectively constant throughout the 
pressure ramp. 

With this pressure ramp experiment we have attempted 
to detect the effects of varying ramp rate within the range 
67 and 1200 MN/m 2 h. At the higher rates it is possible 
that the pressure can be applied in times less than the vol- 
umetric creep relaxation time, whereas at low rates the 
polymer might be able to creep sufficiently fast to remain 
in equilibrium with the pressure at all times. In Figure 10 
the results of such ramp experiments are shown, at tem- 
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z- 
L0 

I I 
o 260 460 

Pressure (MN/m 2) 

Figure 10 Shear modulus vs. pressure, f rom pressure ramp experi- 
ments. A t  temperature = 21°C; A, 67 MN/m 2 h; I ,  400 MN/m 2 
h; A, 1207 MN/m 2 h. A t  temperature = 58°C; I ,  67 MN/m 2 h; 
O, 400 MN/m 2 h 
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Figure 11 Modulus changes expected fol lowing step 
changes in pressure according to the microstress theory. 
A, ( - - .  --) compression or decompression assuming no 
temperature change; B, compression, allowing for initial 
temperature rise; C, decompression allowing for initial fall 
in temperature 

peratures of 58°C and 21°C. (Where necessary small cor- 
rections for errors in temperature setting have been made.) 
It can be seen that at both temperatures the modulus in- 
creases with increasing pressure, and that there is a quali- 
tative similarity to the effects of increasing frequency. Also, 
to within experimental accuracy, the only detectable effect 
of ramp rate has been at 58°C and below 400 MN/m 2 pres- 
sure, although the rate effects might have been expected to 
be more apparent in the glass transition region, say at 30°C, 
200 MN/m z. 

DISCUSSION 

Modulus changes on pressurization 
The data in Figures 2, 4, 5, 6 and 10 show clearly the 

development in time of the changes in shear modulus of PP 
subsequent to changes in pressure. The curves indicate that 
the hydrostatic pressure is taking the polymer through its 
glass (/3) transition. The data show that the changes in 
modulus are quantitatively consistent with the idea that 
the modulus is closely related to the volume of the speci- 
men during loading and unloading; i.e. the application of 
pressure reduces free volume, and hence lengthens the re- 
laxation times in the polymer. 

For PI' steps the fraction of the modulus change that 
occurs in the time interval 30 to 3000 sec increases with 
pressure, as one would expect on the basis that the higher 
pressures cause slowing down of the bulk creep process and 
hence the modulus change. The P~ steps show marked 
asymmetry compared to the PI" steps in that the process 
appears slower for pressure release than for pressure in- 
crease. 

However, the temperature changes resulting from the P- 
jump complicates any interpretation of the results. For 
times less than 1000 sec from the pressure change some 
sort of  temperature correction is required. Findley et aL s 
corrected their hydrostatic creep data for temperature 
effects using the instantaneous temperatures and the coeffi- 
cient of volume expansion. The efficacy of such a correc- 
tion in our case is doubtful, both because of the increased 
theoretical complexity involved in dealing with dynamic 
pressure and temperature changes and their effects on 
modulus in the transition region, and also because of their 
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findings of its inability to describe the results from partial 
release of pressure experiments. 

Hutchinson and McCrum I proposed an alternative mech- 
anism for time dependent changes in modulus in crystalline 
polymers following jumps in temperature or pressure. They 
proposed that the relaxation of microstresses generated by 
P-jumps would lead to a time dependent hardening as 
shown in Figure 11, curve A. However if we allow for the 
appropriate temperature changes we would expect curves B 
and C for Pt  and P~ respectively. Comparison with Figure 
2 indicates no support for the microstress hypothesis. It 
should be pointed out that PP does not show microstress 
effects in T-jump experiments either, unlike the polyethy- 
lene used by Hutchinson and McCrum l'a. 

A more helpful way of interpreting the P-jump results 
is to consider the temperature rise as partially negating the 
compression effects for a period up to 1000 sec. We can 
therefore attempt to interpret the data on the basis of an 
isothermal experiment in which the pressure is applied 
fairly gradually, and look to see if there are any changes in 
the modulus at times long compared with the effective rise 
time of the pressure. The data in Figures 2 and 3 show that 
as pressure increases, there is an increase both in the rate of 
change of modulus with pressure, and in the fraction of 
modulus change that takes place in the observed time inter- 
val, independent of the sign of the pressure change. This is 
consistent with the onset of the/3 transition as pressure in- 
creases. In Figures 5 and 6 we see the large modulus chan- 
ges involved in the transition region, and also definite evi- 
dence of time dependence of modulus not only at times 
greater than 1000 sec but even at a time of 3 h, thus show- 
ing the need for working at a consistent time under pres- 
sure when investigating the dependence of modulus on 
pressure. A more quantitative analysis of these data is diffi- 
cult in view of the temperature changes, not only as they 
instantaneously affect the modulus but also because tem- 
perature history can affect the modulus at a later time 1. 
However, the results here qualitatively agree with the ideas 
of temperature dependent bulk-viscosity as applied by 
Kovacs s'14 to his data on volume changes following a tem- 
perature change. As a transition temperature is approach- 
ed (in the case of Kovacs, Tg for PVAC) the bulk processes 
slow down, as do shear processes, until bulk relaxation 
times are of the order of experimental times. If we further 
assume that the free volume affects the relaxation time and 
hence the modulus as in the WLF approach, then changes 
in modulus following P-jumps will become larger and slower 
with increasing pressure, as found in the present investiga- 
tion. 

However, when we look at the pressure ramp experiments 
in this light, we would expect to find that as pressure rises 
the bulk relaxation time should increase until at a pressure 
P1 it becomes greater than the time allowed by the ramp 
rate. At pressures greater than PI the volume and hence the 
modulus should depend on the ramp rate, modulus being 
higher for lower ramp rate due to the greater degree of bulk 
contraction allowed by the longer times involved. Thus a 
bulk dispersion region should be revealed by these modulus 
measurements. Despite the slight dispersion seen at 58°C 
(Figure 10) there is none in the measurements at 21°C for 
which one would expect to see a higher dispersion as the 
transition region is swept through. Thus we conclude that 
at the rates we are able to employ, the shear dispersion re- 
gion occurs at a lower pressure than the bulk dispersion re- 
gion. This agrees with available evidence on bulk and shear 
relaxation times in glass forming liquids ~s and poly(vinyl 
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acetate) (PVAC) 16'17 which show that shear relaxation 
times are greater than bulk relaxation times. That is, in 
terms of the pressure ramp experiment, the bulk processes 
are relaxed throughout the shear 13 transition region. 

Adiabatic heating 

The adiabatic heating effect is of much greater experi- 
mental importance in studying modulus changes following 
a pressure jump than it is in studying volume changes. The 
adiabatic heating has been correctly ignored in volume 
measurements 4. This is justified for PP as follows: equal 
changes in volume are produced by ~1 MN/m 2 pressure 
change and I°C temperature change at 20°C. However, the 
adiabatic heating effect produces only 0.04°C temperature 
change for 1 MN/m 2 pressure change. If the change in 
volume due to change in temperature following a P-jump 
is AVe, and the total change in volume consequent on the 
jump is AV, then AVe ~- O.04AV. In volume change experi- 
ments 4 the volume seen to relax in the experimental time 
scale is greater than 0.4 x AV, i.e. an order of magnitude 
larger than A Vo. However, in the case of modulus mea- 
surements the situation is different: equal changes of  modu- 
lus are produced by 10 MN/m 2 and I°C s, and the adiabatic 
heatin~ produces a temperature change of 0.4°C for 10 
MN/m z pressure change. Thus the difference between shear 
modulus changes resulting from adiabatic or isothermal 
pressure changes is much more significant that the differ- 
ence between adiabatic and isothermal bulk moduli. 

The experimental precision achieved here in studying 
the adiabatic heating phenomenon could be much improved 
by the use of a pure hydrostatic pressure apparatus 6'7. This 
would enable the hulk processes in transition regions to be 
investigated via the temperature changes produced by appli- 
cation of pressure. Such investigations would hope to reveal 
both thermodynamic effects of changes in specific heat and 
thermal expansion coefficient as included in equation (1) 
on passing through the transition, and also viscous heating 
effects associated with the bulk compression. 

CONCLUSIONS 

Considerable changes in the shear modulus of isotropic poly- 
propylene have been observed subsequent to changes in 

hydrostatic pressure. In qualitative terms the effects on the 
shear modulus of  increasing pressure are similar to those of  
decreasing temperature and take the polymer through its 
glass transition. The increases in modulus, which can occur 
over periods up to three hours after the pressure change, are 
consistent with a relaxation of free volume during the 
period of hydrostatic creep. The data lend no support to 
the 'microstress' hypothesis recently proposed. 

Subsidiary experiments have revealed that the pressure 
changes are also accompanied by significant temperature 
changes; no reliable method of correcting the data for these 
temperature changes can be proposed. 
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Craze growth and crack growth in poly(vinyl 
chloride) under monotonic and fatigue loading 

N. J. Mills and N. Walker 
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B 15 2TT, UK 
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Cracks in poly(vinyl chloride) sheet were loaded to known stress intensity factors and the craze 
length measured. These measurements, and the craze thickness profile, were compared with the 
Dugdale model of crack tip yielding. The fracture toughness of poly(vinyl chloride) was measured, 
and an analysis made of circular 'advance fractures' that occur on the fracture surface. Fatigue crack 
growth studies confirmed that crack growth occurs discontinuously once every few hundred cycles, 
and showed that the craze fracture mechanism is quite different from the monotonic loading failure 
mechanism. 

INTRODUCTION 

This research forms part of  a fracture mechanics programme 
on glassy polymers. By studying the brittle fracture pro- 
cesses, and analysing them using fracture mechanics, it is 
hoped both to produce design data, and to aid the analysis 
o f  more complex situations, such as notched impact tests. 

In an early investigation I o f  fracture surfaces of  poly 
(vinyl chloride) (PVC), no evidence for crazing was found. 
However subsequent researcF, has shown that PVC under 
tensile stress will craze from the surface 2~. It has also been 
found that the process of  notching PVC can produce a 
bundle of  crazes at the notch tip 4. Therefore any treat- 
ment o f  crack tip plasticity in PVC should take into account 
the possibility of  crazing. 

Elinck et aL s, in their study of  fatigue crack growth in 
PVC, observed regular striations on the fracture surface. 
They used the Dugdale model 6 of  plasticity at a crack tip, 
to relate the striation spacing to the ratio o f  maximum 
applied stress to the yield stress. They were unable to ob- 
serve crack tip events since they used red pigmented PVC, 
but they established that the number of  striations was 
approximately one two hundreth of  the number of  cycles 
of  loading. A subsequent investigation with transparent 
PVC 7 showed that craze growth at the crack tip was con- 
tinuous during fatigue, and that the crack tip advanced dis- 
continuously. The fatigue crack growth tests s'7 covered 
only a limited range o f  the stress intensity range ~ ,  and 
did not investigate the effect of  the mean stress intensity 
Km on the growth rate. It was felt that a more comprehen- 
sive investigation was justified, in view of  the deviation 
from the usual rule of  one cycle per striation. 

Kambour s observed the thickness profiles of  crazes that 
grew at a crack tip under monotonic loading, and Cotterell 9 
subsequently applied the Dugdale model to these data. 
More recently 1°, the complete shape of  a craze at a crack 
tip in poly(methyl methacrylate) has been shown to fit the 
Dugdale model. If this can also be shown to be true for 
PVC it would give further support for the use of  the Dug- 
dale model to interpret fatigue crack growth. Since Rice n, 
has extended the model to deal with loading/unloading 
situations, it should be possible to relate the observed re- 
verse plastic zone size to the stress-strain behaviour of  the 
craze. 

THEORY 

Application of  the Dugdale model o f  yielding at a crack to 
crazing 

Dugdale 6 considered the problem of a central slit in a 
thin sheet of  material, with an applied tensile stress 0 per- 
pendicular to the slit (Figure 1). He assumed that: (a) the 
plastic zone is confined to the line of  the slit; (b) the stress 
in the yielded zone has a constant value 00; (c) at the ex- 
tremity o f  the yielded zone there is no stress singularity. 
He applied the elastic stress field methods of  Muskhelish- 
viii 12 and found that the plastic zone length R is related to 
the crack half length a, and to the applied stress by: 

R/a = sec (Tro/2aO) - 1 (1) 

½(7ro/2o0) 2 for o < 0.3 o 0 

The conditions when this last approximation can be used 
are usually referred to as small scale yielding. Under these 
conditions, Rice n used Westergaard stress functions to cal- 
culate the plastic zone face separation 6 as a function of  the 
distance x from the crack tip: 

8 - - log  XT ! 
7rG 

where K = (3 - v)/(1 + v) for plane stress deformation or 
(3 - 4v) for plane strain and v is Poisson's ratio, G is the 
shear modulus, and ~ = (1 - x / R )  1/2. The variation of  the 
normalized separation 8/80 with distance is shown in Figure 
2. Crazing at a crack tip can be considered as a plane strain 
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Figure I D u g d a l e  m o d e l  o f  c r a c k  t i p  p l a s t i c i t y  
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Figure 2 Separation of the plastic zone faces versus distance from 
the crack tip for the loaded Dugdale model - -  equation (2); and 
the unloaded model equation (4) 

sion are required to initiate internal crazes. There has been 
no similar experimental analysis of crack tip conditions, 
but recent theoretical results 2~ confirm the Prandtl slip line 
field solution for the stresses in a plane strain plastic zone 
at a crack tip. Thus conventional plane strain yielding will 
lead to a high triaxial tension ahead of a crack tip, which 
should be able to nucleate a craze in most glassy polymers. 
Once the craze has formed, the question remains as to 
whether the stresses at its boundaries are of  the same nature 
as those in the Dugdale model. In the model, if the applied 
stress at infinity is a uniaxial stress Oyy = o, then the stresses 
at the yielded zone boundary are tryy = o0, Oxx = o 0 - o. 
For materials with a Tresca or Von Mises type of  yield 
criterion, conventional yielding will then occur under plane 
stress conditions, i.e. with Ozz = 0. If crazing occurs, then 
the yielding is plane strain, but some doubt remains over 
the stress conditions at the craze/bulk boundary. It is pos- 
sible that the void formation in crazing largely relaxes the 
hydrostatic tension component of  stress, and hence also 
the through thickness stress. We have assumed this in some 
later calculations. Another problem may be that the 
stresses vary with position in the craze. If this is the case, 
the thickness profile of equation (2) will differ from the 
craze thickness profile. 

process, if there is no yielding outside the craze. The craze 
thickness is far smaller than the usual sheet thickness, and 
no significant through thickness plastic strain occurs. 

Although the Dugdale model does not consider the cri- 
terion for fracture, it can be combined with the suggestion 
of Wells 13 that fracture occurs when a critical crack opening 
displacement (COD) is exceeded. The COD can be identi- 
fied with the value of 60 at the crack tip. Recently a criti- 
cal COD criterion has been suggested for crack growth in 
drawn poly(ethylene terephthalate) film 14 and toughened 
polystyrene ~s. In both these polymers the plastic zone size 
is large compared with the crack length at fracture. If how- 
ever the only form of yielding before fracture is a single 
craze at the crack tip, the craze length is usually much 
smaller than either the crack length or any specimen dimen- 
sion, and the elastic stress field around the crack can still 
be adequately described by Irwin's stress intensity factor 
K 16'17. In these cases either a critical stress intensity K c or 
a critical COD fracture criterion can be used. The two quan- 
tities are related, as can be seen by combining equations (1) 
and (2) in the case of small scale plane stress yielding, and 
using the Young's modulus E instead of shear modulus G: 

6 0 = o2na/Eoo 

then 6Oc = K2/Eoo (3) 

Existing knowledge of the conditions for craze initiation, 
and of the stresses in crazes, should be considered before 
applying the Dugdale model indiscriminately. Experiments 
on craze initiation in unnotched polymers have used bi- 
axial stress fields. It has been shown that crazing occurs 
when the largest principal stress in poly(methyl methacry- 
late) 18 or the largest principal strain in polystyrene 19 reaches 
a critical value, which is dependent on the hydrostatic ten- 
sion component of the total stress. There has been very 
little research with notched polymers, where a triaxial 
stress can occur ahead of the notch. Recent work with 
polycarbonate 20, showed that both a tensile stress greater 
than the conventional yield stress, and a hydrostatic ten- 

Dugdale model and fatigue crazes 

Rice 11 has calculated the yielded zone thickness for the 
strip yield model on complete unloading, on the assump- 
tion that the compressive yield stress in the zone is -o0.  
The length of the reverse yielded zone is one quarter of the 
original yielded zone, and within it the thickness varies 
according to: 

X 

rtG ~ - ~ - ~ l o g  ~I-S-~] - 2  R 

{I+°11 log ~ - - ~ / J  (4) 

where the symbols are as in equation (2) and ¢ = 
(1 - 4x/R)  1/2. Figure 2 shows that on unloading, the major 
changes in 5 occur very close to the crack tip, and the value 
of 60 is halved. 

If however the yielded zone had a zero yield stress for 
compression back to zero plastic strain, then the Dugdale 
model would predict 6 = 0 for the whole zone i.e. the re- 
verse yielded zone would be the same length as the original 
plastic zone, and there would be no residual elastic stresses 
on unloading. Kambour 22 has shown that crazes in polyo 
carbonate, grown in a solvent environment to extend right 
across a tensile specimen, exhibit considerable hysteresis in 
a loading-unloading cycle, and that the foam-like craze 
structure does not collapse back to the original density on 
unloading. Hence, although during the initial unloading 
we can approximate the craze behaviour by a zero com- 
pressive yield stress, there is a stable craze strain beyond 
which a very large compressive stress is required for further 
contraction. This stable unloaded craze will exist on both 
crack faces, and will lead to compressive stresses across the 
crack faces in an unloaded specimen. Such crack closure 
stresses have been observed after fatigue crack growth in 
polycarbonate ~3, which is a more sensitive photoelastic 
material than PVC. Thus we expect the whole craze to be 
cyclically strained in low frequency fatigue, with however 
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Figure 3 Rat io  o f  craze to crack length versus appl ied tensile 
stress f o r  6 mm th ick  PVC sheet. +, a = 19.68 mm;  [3, a = 3.14 mm 

Craze growth and crack growth in poly(vinyl chloride): N. J. Mills and N. Walker 

Amsler Vibrophore testing machine to obtain fatigue crack 
growth data at a frequency of about 67 cycles/sec. The 
latter were fatigue loaded on a smaU electromagnetic shaker 
driven machine to obtain sharp fatigue cracks, and then 
used for fracture toughness tests. Critical stress intensity 
factors (Kc) were obtained from fracture loads at low Ins- 
tron crosshead speeds (0.05 cm/min) using corrections for 
the finite specimen width 2s, for single edge notched and for 
compact tension specimens 26. 

a residual 60 even if the load reduces to zero, because of 
crack face closure. 

In high frequency fatigue it is possible that the craze 
resists compression, and the stress must fall by an amount 
Ao before reverse yielding starts. If this is the case Rice n 
shows that the reverse yielded zone length R' is related to 
the fall in the stress intensity factor ZkK by: 

.:. ,  (5) 

for small scale yielding. 

EXPERIMENTAL 

20 

Sample preparation 
The rigid PVC used was ICI Darvic 025 in 1,2, 3 and 

6 mm sheets. No information on the molecular weight was 
available. It is assumed that the stabilizer/lubricant system 
is of the liquid type since the polymer does not stress 
whiten when it yields in a tensile test. Other PVC samples 
which incorporate insoluble stabilizers do stress whiten, and 
differ in their fracture toughness from Darvic 025. 8 in × 
3 in specimens were milled from the sheet and double edge 
notched (DEN). The machined V-notch was then sharp- 
ened by inserting a new razor blade, and then the PVC 
given a thermal history of either: (a) 1 h at 65°C, 5 h at 
50°C and 16 h at 40°C; (b) 30 rain at 90°C, then 15 min 
at 0°C. Treatment (a) was intended, by annealing below 
the glass transition temperature of about 65°C, to obtain 
a material with the highest possible yield stress. Treatment 
(b), of rapidly cooling through the glass transition was in- 
tended to effectively remove the yield stress maximum in a 
tensile test. Further discussion of how these thermal treat- 
ments affect plane stress yielding from a crack is given in 
ref 24. The treated PVC was stored at 23°C and 50% rela- 
tive humidity before monotonic loading with an Instron 
tensile testing machine. 

For fatigue crack growth tests single edge notched (SEN) 
specimens, and compact tension specimens were cut from 
6 mm Darvic sheet. The former were used with a 0.4 ton 

Craze growth during monotonic loading of cracks 
First, the craze length was observed at known stress 

intensities. DEN samples machined from 6 mm thick Dar- 
vic 025 sheet were annealed (thermal history a). They 
were then loaded at an overall strain rate of 5 x 10-5 sec-1, 
in a temperature (23°C) and relative humidity (50%) con- 
trolled room. The craze growth was observed with a low 
power binocular microscope, using obliquely transmitted 
light. This method was devised by Kambour 27 who found 
that with the correct choice of the angle of incidence, total 
internal reflection occurs at the crack surface but not at 
the polymer/craze interface. Figure 3 shows the variation 
of craze length with applied stress. The data has been nor- 
realized, and using equation (1) the slope of the fitted 
straight line through the origin gives a value o 0 = 46 MN/m 2. 

Secondly the craze thickness profile was investigated, 
although in this case the stress field intensity was unknown. 
SEN specimens of 6 mm thick Darvic 025 sheet were fati- 
gued in a Amsler Vibrofore at 67 cycles/sec until several 
mm of crack growth had occurred. The specimens were 
then cut and polished parallel to the crack plane to give a 
specimen 6 mm deep containing the crack. The crack in 
the resulting slice was opened by driving a metal wedge into 
the machined part of the crack, using a hand operated com- 
pression cage on the stage of an optical microscope. The 
craze that formed was viewed by normal incidence using 
approximately monochromatic green light (maximum inten- 
sity at 0.54 nm and half width of 0.04 nm). The growth 
of a particular craze is shown in Figure 4. After each wedg- 
ing open of the crack, the craze grew rapidly in length at 
first, but tended to an equilibrium length after about a 
minute. The effect of unloading on the fringe pattern was 
investigated, and in some cases, when the crack propagated 
and the craze wedge was left intact on one fracture surface, 
the fringe pattern of a craze on a free surface recorded. 
For unbroken crazes the thickness 6 is related to the fringe 
number f (counting dark fringes from the zeroeth fringe at 
the craze tip), the refractive index of the craze no, and the 
wavelength X by: 

6 = J~/2nc (6) 

If equation (6) is to be used for crazes viewed on fracture 
surfaces, the fringes should be numbered ½, 1½ etc, since 
there is a phase change of n, only when light is reflected 
into a medium of lower refractive index. The shape of craz- 
es in unloaded PVC and on fracture surfaces is shown in 
Figure 5. The craze tip is cusp-like, but the main portion of 
the craze is a uniform wedge, in contrast to the unloaded 
Dugdale model of Figure 2. 

The refractive index of an unloaded craze was deter- 
mined by Kambour's method of determining the critical 
angle for total internal reflection at the craze/matrix inter- 
face 27. The critical angle of incidence i at the sheet surface 
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Figure 4 Sequence of optical micrographs of  a craze taken at t ime intervals of  a, 30 sec; b, 90 sec; 
c, 300 sec of loading a crack; d, unloaded. The equally spaced lines on the left are tile fatigue crack 
growth striations 

was found to be 59 -+ 5 °. Use of  the relationship: 

n 2 = n 2 _ sin2i c m 

together with a matrix refractive index of  nm = 1.56 + 
0.01, lead to a value for the unloaded craze refractive in- 
dex o f n  c = 1.30 + 0.03. 

In order to convert the fringe pattern o f  a loaded PVC 
craze into a thickness profile, the refractive index of  the 
loaded craze nL, must be found. This is carried out by 
assuming that very little birefringence occurs in the craze, 
so that the Lorentz-Lorenz relationship applies before and 
after loading. 

n 2 - 1 n 2 - 1 

n 2 + 2 - P P ; n  2 + 2 =PPc (7) 

where p is a material constant and p is the density. The 
craze deformation is a plane strain process, so if the poly- 
mer content of  the craze is constant the product o f  craze 
thickness and density also remains constant. Denoting the 

ratio o f  the loaded thickness to the unloaded thickness by 
r, we have from equation (6): 

f n ¢  
r - (8 )  

/on 

where fo is the unloaded a n d / t h e  loaded fringe number. 
Eliminating n between equations (8) and (7) leads to the 
cubic in r: 

r 3 + 2Ar 2 - B r  + A B  = 0  (9) 

where A = (n 2 - 1)/(n 2 + 2) and B = (ncf/fo) 2. The one 
solution of  this cubic with value >1 is used. The ratio of  
f i fo  was plotted versus the distance from the craze tip in 
Figure 6. The ratio falls in the range 1.43 -+ 0.03, except 
at the very tip of  the craze. Substituting this value in equa- 
tion (9) gives r = 1.57. Further application of  the above 
analysis to the observed values of  refractive index for the 
original PVC and the unloaded craze leads to the result that 
the unloaded craze has an extension ratio o f  1.72 compared 
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Fracture toughness measurements 

Two main sets of  fracture toughness measurements 
o were made. In the first the effect of  sheet thickness on 

the validity of  the plane strain K c test was investigated. It 
is recommended 2s that the sheet thickness should exceed 
2.5 (Kc/oO) 2 for a valid test. In this set D E N  samples were 
used and the machined notches were sharpened by a cut 
of  ~0.05 mm with a new razor blade, before heat treat- 
ment. Table I shows the results. 

R c is the length on the fracture surface from the original 
crack tip to the end of  the flat craze region (see next sec- 
tion). (70 is the plane strain tension lower engineering yield 
stress; this has been shown to be the yield stress relevant 
to the Dugdale model (a localized neck forms in the 
plane o f  the crack if very thin sheet is tested) and the values 
are taken from ref.24. Finally in the last column a plain 
strain fracture toughness of  K c = 2.0 MN/m 3/2 is used to 
calculate the recommended sample thickness. 
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Figure 5 Thickness profiles of unloaded crazes, o, an unbroken 
sample; +, on a fracture surface. The thickness in fringes is plotted 
against the distance from the craze tip 
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Ratio of the fringe number for a loaded craze to the un- 
loaded value versus the distance from the craze tip 

with the original polymer. Both these values are indepen- 
dent o f  the position in the craze, excluding the craze tip. 
Since the craze was observed to grow in length with a con- 
stant wedge angle, it can be concluded that it does so by 
drawing in more polymer, rather than by further straining 
material already in the craze. On the other hand, on un- 
loading this new material does not revert to the uncrazed 
state. 

The maximum thickness of  unloaded crazes at the crack 
tip was estimated by linearly extrapolating craze thick- 
nesses to the observed position of  the crack tip (the thick- 
ness fringes are obscured near the crack tip). Values of  
4.0 to 5.7/lm were obtained. Using the calculated value 
of  r, we can calculate the crack tip thickness of  loaded 
crazes to have a maximum value of  6.3 to 8.9 p.m. 

From Table 1 it can be seen that the recommended thick- 
ness requirements are somewhat conservative. For 'valid' 
fracture toughness tests the thermal history has no signifi- 
cant effect on the Kc values observed. 

The second set of  tests were made in view of  the results 
of  Marshall et al. 2s, who found that the method of  notch- 
ing in polystyrene strongly affected the observed K c values, 
in particular slow razor notching produced a craze bunch 
at the notch tip and a high Kc value, whereas cracks grown 
by fatigue at 30 cycles/sec, had a single craze at their tip 
and gave a low K c value. Even though we did not observe 
craze bunches with razor notched specimens, there was a 
chance that fatigued specimens would give a smaller K c 
value. Table 2 shows the fracture toughness values obtained 
on loading compact tension (CT) specimens at a crosshead 
speed of  0.05 cm/min. The two typical fatigue crack sur- 
face appearances have been described for polycarbonate 29. 
The conventional fatigue striations parallel to the crack tip 
occur if the crack grows in the plane perpendicular to the 
applied load. However, in some cases, the crack twisted 
about its growth direction by about 12 ° . In this case, the 

Table 1 D E N  fracture toughness tests 

Reco- 
mmen- 

Sheet No. ded 
thick- of thick- 

Thermal ness sam- K c (7o ness 
history (mm) pies (MN/m3/2) R c (mm) (MN/m 2) (mm) 

b +  2 4 2 .57-+0.24 0 .55-+0.2  4 7 +  2 4.5 
l h  
b + 3,6 4 1.95 -+ 0.16 0.53 -+ 0.2 47 -+ 2 4.5 
l h  
b + 2,3,6 9 1.94 _+ 0.17 0.46 -+ 0.1 51 _* 1 3.9 
21 days 
a 1,2,3, 12 2.00 +- 0.20 0.51 -+ 0.1 not -- 

6 available 

Table 2 C T  fracture toughness tests 

Fatigue surface No. of  K c 
appearance samples (MN/m 3/2) R c (mm) 

S t r i a t i ons / / t o  crack t ip 8 1.84 +- 0.09 (~0.3) 
Cylinders ± to crack t ip 6 2.9 + 0.4 - -  
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Figure 7 Scanning electron micrograph of a PVC fracture surface. 
AA is the boundary of the fatigue crack growth, and BB of the 
craze grown in monotonic loading 

crack front splits up into a large number of small crack fronts 
on slightly different layers, and where these fronts overlap 
and intersect cylindrical pieces of polymer are detached. It is 
suspected that this latter type of fatigue crack growth, is a 
result of a slight misaligument of the load points, and that 
the greater effective crack front leads to a higher K c value. 
It can be noted that the Kc values for the conventional 
fatigue surface appearance are not significantly different 
to those for the DEN tests, so craze bunch formation in 
the type of PVC used cannot be a problem. 

Having obtained a fracture toughness value, it is instruc- 
tive to use the Dugdale model and equation (3) to calculate 
a critical crack opening displacement. Using K c = 1.84 
MN/m 3/2, o 0 = 46 MN/m 2, and literature values of 100 sec 
for the creep modulus at 20°C and 1% strain of 3.0 
GN/m 23°, and Poisson's ratio of for other glassy plastics of 
0.4231, we obtain 50c - 20/~m, which is approximately 
double the observed maximum craze thickness. 

Fracture surface appearance 
The fracture surface of 6 mm thick Darvic fracture 

toughness specimens shows no evidence of slow crack 
growth, rather there is a fiat region about 0.5 mm wide 
where a craze had developed on loading, followed by a 
rough fast fracture region (Figure 7). If the flat region is 
observed by normally incident light, it will be found that 
one fracture surface has interference bands parallel to the 
end of the craze, and the other has no bands. Since the 
craze thickness fringes are identical to those for unloaded 
crazes in an unbroken specimen, it follows that the craze 
has broken on one of its interfaces With the uncrazed mate- 
rial. Circular holes are visible in the craze in Figure 7, and 
on another fracture surface where the craze has detached, 
some circular remnants remain (Figure 8). This suggests 
that 'penny' shaped cracks have developed in the craze be- 

fore the craze/bulk interface has fractured. Close to the 
crack tip, the density of these ~10 #m radius 'penny' 
shaped cracks, may be so great that they coalesce (Figure 8) 
into a larger crack, which would appear to be the fracture 
source. With the razor notched specimens the crack usually 
propagates rapidly from this source either above or below 
the craze, so the flat craze areas only appear at the sides of 
the fracture surface. With the fatigue cracked specimens 
the fracture usually follows the initial craze. The craze/ 
bulk interface must split much more rapidly than the penny 
shaped cracks are growing, otherwise the latter would have 
non-circular outlines. 

Mechanism or fatigue crack growth 
Fatigue crack growth was observed both as a function of 

the stress field intensity range AK, and the R ratio of Kmax/ 
Kmin. Whereas previous workers s'7 had used R ratios of  
0.1 or smaller, this greater range of experiments enabled 
the following observations to be made: 

(a) It is confirmed that the crack grows discontinuously. 
The number of cycles of loading at the natural frequency 
of the Amsler of about 67 cycles/sec being about 1400 at AK 
values of 0.5 MN m -1-5, decreasing to about 200 cycles 
at AK = 1.2 MN m -15 for each fatigue striation. 

(b) It is confirmed that craze growth occurs continu- 
ously 7 at the crack tip. This is a single craze, and not a 
double craze as inferred 7, where the surface of the sheet 
was examined. It is suggested that the two parallel mark- 
ings on the sheet surface are a result of the shear lip that 
occurs at the surface. 

(c) Except at very low R ratios, the crack does not jump 
the full length of the existing craze when it grows. Figure 9 
shows clearly that the crack only advances a fraction of the 
craze length. The previous observation 7 that for R = 0.1, 
the crack jumped approximately the full craze length is 
consistent with this. 

0"1 mm 
Figure 8 As Figure 7, but for a razor notched specimen, showing 
more detail of the coalescence of 'penny' shaped cracks 

=1 
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Figure 9 

I mm 

Series of photographs of the crack tip during fatigue at 67 cycles/see 

=I 

(d) If the striation spacing s is plotted against 2xK, the 
results of  many experiments can be correlated well (see 
Figure 10). If however Kmax is used, the correlation is 
much poorer. 

(e) The fatigue crack growth rate also correlates well 
with ZXK (Figure 11), but not with Kma x- 

Observations (c) and (d) strongly suggest that the crack 
jumps the length of  the reversed plastic zone, which should 
be proportional to Z ~  2 on Rice's strip yield model (equa- 
tion 5), rather than the full length o f  the craze, which 
might be expected to vary with either the maximum or the 
mean value of  K. Since static loading experiments have 
shown that craze growth is time dependent for at least 1 
min, it is not surprising that an equilibrium craze length is 
not reached in the 2 to 20 sec between crack jumps. The 
slope of  the log striation spacing versus log AK (Figure I0) 
is only 1.35. On the strip yield model of a rigid-plastic 
material, whatever the ratio of  the reverse to the forward 
yield stress, the reverse yielded zone should be propor- 
tional to AK 2. The discrepancy may be due either to a 
further viscoelastic effect or to a change in the stress-strain 
behaviour of  the craze as its size increases. 

Examination of  the fatigue surfaces showed that the 
craze structure is visible inbetween the striation bands 
(Figure 12). The cellular holes in the craze, just ahead of  
the crack arrest band, are only about 0 .2 /an  in diameter. 
There is no obvious change in the size of  these holes be- 
tween one arrest band and the next (20/~m apart in this 
case). This conflicts with observations of  fatigue surface 
replicas 7 which suggest that 'equiaxed dimples' on the sur- 
face decrease in size from about 2/~m in front o f  one 
arrest band to about 0.2 pan behind the next band. It may 
reasonably be concluded that the craze fails near its mid- 
section rather than near the craze bulk interface, and that 
it is a fast 'brittle' failure; hence the audible clicks when 
growth occurs. 
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Figure 10 Fatigue striation spacing versus stress intensity range 
for R ratios of 13, 0.05; ©, 0.2; D, 0.33; •, 0.5 

DISCUSSION 

The first area of  discussion is the usefulness of  the Dugdale 
model in describing craze formation at a loaded crack in 
PVC. The form of the craze is far closer to the Dugdale's 
assumed plastic zone shape than is the equivalent plane 
stress plastic zone in thin sheets. Time dependent craze 
growth is a problem, but an equilibrium length is reached 
either after several minutes at each load, or on very slow 
continuous loading. Brown and Ward ~°, found that the 
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Figure 11 Fatigue crack growth rate versus stress intensity 
range for R ratios of [3, 0.06; O, 0.2; [3 0.33;/k, 0.5 

thickness profile of  loaded crazes in poly(methyl metha- 
crylate) (PMMA) was in good agreement with the Dugdale 
model, but in PVC the profile has been found to be much 
closer to a uniform wedge. This may be related to the 
much greater length of crazes in PVC than in PMMA (see 
Table 3). 

It is useful to see whether information obtained by 
applying the Dugdale model to crazes in PVC, is in accord 
with independent information on the crazing and fracture 
behaviour. By observing the craze length versus the applied 
stress (Figure 3), a value of o0 = 46 MN/m 2 for the stress 
at the boundary of the yielded zone was obtained. This 
stress is slightly lower than the estimated lower plane strain 
tension yield stress of 55 MN/m 2 for annealed PVC. As the 

density of a loaded craze is only 37% of that of  the bulk 
polymer, the true stress in the highly oriented craze fibrils, 
must be about 124 MN/m 2. It must be supposed that the 
orientation hardening in the craze fibrils is such that, rather 
than the fibrils yielding further, the craze thickens by 
advancing the craze-bulk boundary. The observation that 
the craze grows with a constant wedge angle (Figures 4 and 
5), shows that the ratio of  crack opening displacement to 
craze length 80/R remains constant. From the Dugdale 
model equations (1) and (3) we have: 

 o/R = 8oohrL" (10) 

At the boundary of the plastic zone the stresses are Oxx = 
Oyy = oo and Ozz = 0 (the model assumes uniform biaxial 
loading at infinity, which is not too different from the 
actual small uniaxial tension), so the elastic strains are 
exx = eyy = o0(1 - v)/E; ezz = -2voo/E. 

Substituting in equation (10) we then have: 

60/R = 8eyyfir(1 - ~,) (11) 

Equation (11) has been used to calculate the tensile strain 
eyy at the boundary of the craze from our ~o/R values, and 
from literature values for other glassy polymers, using v = 
0.42. These are compared in Table 3 with ecr, the critical 
strain below which crazing does not appear in long time 
(~24 h) tensile creep tests on unnotched glassy polymers. 

If it is assumed that flaws on the surface of tensile creep 
specimens initiate craze growth if the tensile strain is great 
enough, then the correspondence between this strain and 
the value deduced from the Dugdale model is reasonable. 
In the case of PVC where o0 is known independently (Brown 
and Ward only calculated a value for PMMA by measuring 
the specimen compliance, and hence effective Young's 
modulus E*), we can calculate o0(1 - v)/eyy to get a value 
of 6.5 GN/m 2 for the Young's modulus. This is about twice 
the experimental creep modulus 3°. The discrepancy may 
be due to some yielding occurring above and below the 
craze, o0 is of the same order as the conventional yield 
stress, and if this additional yielding occurs, the craze 
would not need to be so thick, and eyy would be under- 
estimated by equation (11). It would also explain why the 
earlier calculation of a critical crack opening displacement 
of 20/.an, from the Dugdale model and the measured Kc 
value, is greater than the observed value in Table 3. 

The second area of discussion is the mechanism of craze 
failure in monotonic loading. We can start with the com- 
ment a2 that the occurrence of circular 'advance fractures' 
in polystyrene shows that it is incorrect to use Griffith's 
approach to fracture (or the modification by Orowan ~ to 
include the plastic deformation of a surface layer) for poly- 
styrene. We have observed for PVC both similar craze di- 
mensions to those in polystyrene, and circular 'advance 
fractures'. Since we have suggested that the Dugdale model 
is more suitable for the crack/craze situation than the 
purely elastic situation investigated by Griffiths, we must 

Table 3 Maximum craze dimensions, and strains 

Polymer 60 (#m) R (/~m) eyy ecr 

PMMA 33 1.73 24.2 0.016 0.00832 
Polystyrene 8 6* 550 - 0.003533 
PVC 9 500 0.0041 0.0072 

* For an unloaded craze 
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Figure 13 Model of the energy transfer in the fo rmat ion  of an 
advance f racture in a craze 

investigate whether it is consistent with the formation of  
'advance fractures'. In the model, the stresses in the yielded 
zone are uniform, whereas 'advance fractures' are observed 
to occur in the thickest part of  the craze nearest the crack. 
We now estimate the amount of  energy released when an 
'advance fracture' forms. This consists of  contributions 
from both within the craze, and from the surrounding un- 
crazed polymer (Figure 13). If  the craze material is suffi- 
ciently anisotropic for the oriented strands bridging the 
craze to be able to break without load transfer to the 
neighbouring strands, then the energy released when a cir- 
cular feature of  radius c appears in the craze of  thickness 
6 is the relaxed volume 7rc25 multiplied by the elastic energy 
density released on unloading the craze. Such data are only 
available for specially thick crazes in polycarbonate 22, so we 
assume that the craze unloads linearly from a stress of  46 

MN/m 2 to 0.65 of  its loaded thickness. Thus the recover- 
able energy density in the loaded craze is 8 MJ/m 3. If a 
crack of  radius 10 prn appears in a 8 pm thick craze, the 
energy released is 2 x 10 -8  J. A second contribution from 
the uncrazed material is estimated as follows: we assume 
that a 'penny '  shaped crack of  radius C appears in a mate- 
rial that initially had a uniform stress o0 = 46 MN/m 2 nor- 
mal to the plane of  the crack. Sneddon 3s has shown that 
the reduction in the stored elastic energy of  the solid is 
given by 8(1 - v 2) o02C3/3E, which for C = 10/~m, ~, = 
0.42 and E = 3.0 GN/m 2 gives a value of  0.15 x 10 -8  J. 
The actual amount will be rather less because the stresses 
in the Dugdale model decrease away from the yielded zone 
rather than remaining constant. Even though the effect 
of the craze plane on the result is unknown, this suggests 
that energy release from within the craze is an order of  
magnitude greater than that from the surrounding uncrazed 
material for C = 10/lm. Since the former term is propor- 
tional to the craze thickness, we have provided a necessary 
explanation of  the advance fracture appearing in the thick- 
est part of  the craze. However it is not sufficient, since the 
mechanism of  the fracture initiation is unknown. 

It has been common practice to quote 'surface energies' 
for the fracture of  polymers, using Orowan's modification 
of Griffith's approach. If  this is carried out for PVC we 
obtain a critical strain energy release rate (2 × the surface 

energy) of  Gc = K2/E or 1300 J/m 2. The danger of  present- 
ing the fracture information in this way is that, it implies 
that PVC behaves in accord with the Griffiths model i.e. 
that if a testpiece of  the correct geometry is used (so that 
the strain energy release rate is constant as the crack grows) 
then stable slow crack growth is possible for a value of G 
just exceeding Gc, with a uniformly thick craze layer being 
left on the crack surfaces. However the real situation is 
quite different. If  our analysis of  advance fracture forma- 

tion is correct, this is a low surface energy process with a 
Gc of 8 MJ/m 3 × 8/ lm = 64 J/m 2. When a number of  these 
fractures have coalesced, cleavage at the craze boundary 
occurs, which again should be a low surface energy process. 
The crack immediately accelerates to about 500 m/sec 4, at 
which speed crack bifurcation and other processes occur 
and absorb the 1300 J/m 2 of  strain energy release. The 
difficulties of  using Gc can be avoided entirely by using the 
critical stress intensity factor K c, since this represents the 
critical elastic stress field, outside the yielded zone, that is 
necessary to initiate crack growth. Green and Pratt 4 have 
shown that a stress intensity factor K of  2 MN/m 3/2 is suf- 
ficient to maintain crack speeds of 500 m/sec in a similar 
PVC. Thus this PVC grade differs from PMMA, where it 
has been shown that K is an increasing function of crack 
speed for crack speeds less than 0.025 m/sec 36. Since ad- 
vance fracture formation does not occur ahead of  a slowly 
moving crack in PMMA, it seems likely that this low sur- 
face energy process is responsible for the absence of  slow 
crack propagation in PVC. 

Turning finally to the fatigue crack growth results, it is 
evident that the Dugdale model is less successful here than 
for the static craze growth experiments. Although Elinck 
et al. s calculated values of  oo in the Dugdale model from 
their observed striation spacings, their experiments only 
covered a limit range of  stress intensities. It is apparent 
that the striation spacing does not have a AK 2 dependence 
for our more extensive tests, so it is impossible to calculate 
cr 0. The continuous craze growth during high frequency 
fatigue is most likely to be a viscoelastic process, with the 
craze having insufficient time to reach its equilibrium 
length before further crack growth occurs. If this is the 
case it is not very helpful to apply crack growth theories 
developed for metals which behave as elastic-plastic solids. 
Investigation of  the cyclic stress strain behaviour of PVC 
crazes to see if they work harden or soften would be neces- 
sary before any further analysis of  the crack growth pro- 
cess could be made. Observation of  the fatigue fracture 
surfaces showed no 'advance fractures'. This is not  sur- 
prising if the mechanism proposed for their formation is 
valid; the crazes fracture in fatigue when they are only 
20 -80 / i r a  long, and if they have the same wedge angle as 
static crazes they will be too thin to contain sufficient elas- 
tic energy. In the fatigue fracture the craze appears to fail 
near its centre plane with relatively little damage to the 
open celled craze structure. The key to the fatigue growth 
rate probably lies in the material at the crack tip during 
each crack arrest. This material is left on the fracture sur- 
face as a distinctive band. The material survives a decreas- 
ing number of  cycles as the stress intensity range increases, 
but at present the reasons for its eventual failure are 
unknown. 

ACKNOWLEDGEMENTS 

The authors are grateful to the Science Research Council 
for support. 

REFERENCES 

1 Kambour, R. P. J. Polym. ScL A-2 1966, 4, 17 
2 Gotham, K. V. Plast. Polym. 1969, 37,309 
3 Cornes, P. L. and Haward, R. N. Polymer 1974, 15,149 
4 Green, A. K. and Pratt, P. L. 5th Int. Conf. Stress Analysis. 

Udine 1974 

POLYMER, 1976, Vol 17, April 343 



Craze growth and crack growth in poly(vinyl chloride): N. J. Mills and N. Walker 

5 Elinck, J. P., Bauwens, J. C. and Homes, G. Int. J. Fract. 
Mech. 1971, 7,277 

6 Dugdale, D. S. J. Mech. Phy~ Solids 1960, 8, 100 
7 Hertzberg, R. W. and Manson, J. A. J. Mater. ScL 1973, 8, 

1554 
8 Kambour, R. P. J. Polym. ScL (A-2) 1966, 4, 359 
9 Cotterell, B. Int. J. Fract. Mech. 1968, 4,209 

10 Brown, H. R. and Ward, I. M. Polymer 1973, 14,469 
11 Rice, J. R. Proc. 1st Int. Conf. Fracture Sendai, 1966, 1,283 
12 Muskhelishvili, N. I. 'Theory of Elasticity', Noordhoff, 

Leiden, (1953) 
13 Wells, A. A. Proc. Conf. Crack Propagation, Cranfield 1961 
14 Ferguson, R. J. and Williams, J. G. Polymer 1973, 14, 103 
15 Ferguson, R. J., Marshall, G. P. and Williams, J. G. Polymer 

1973, 14,451 
16 Green, A. K. and Pratt, P. L. Eng. Fract. Mech. 1974, 6, 7 
17 Gales, R. D. R. and Mills, N. J. Eng. Fract. Mech. 1974,6,93 
18 Sternstein, S. S. and Ongchin, L. Am. Chem. Soc. Polym. 

Prepr. 1969, 10, 117 
19 Oxborough, R. J. and Bowden, P. B. Phil. Mag. 1973, 28, 

547 
20 Mills, N. J. J. Mater. Sci. 1976, 11,363 

21 Levy, N., Marcal, P. V., Ostergren, W. J. and Rice, J. R. Int. 
J. Fract. Mech. 1971, 7, 143 

22 Kambour, R. P. Polym. Eng. Sci. 1968, 8,281 
23 Walker, N. to be published 
24 Mills, N.J.  Eng. Fract. Mech. 1974,6,537 
25 Brown, W. F. and Srawley, J. E. 'Plane strain crack tough- 

ness testing', ASTM STP 410, 1966 
26 ASTM Annual Book of Standards, Part 31, E399-72 
27 Kambour, R. P. Polymer 1964, 5,143 
28 Marshall, G. P., Culver, L. E. and Williams, J. G. Int. J. 

Fract. Mech. 1973, 9,295 
29 Jacoby, G. and Cramer, C. Rheol. Acta. 1968, 7, 23 
30 Turner, S. Br. Hast. 1964, No. 12, p30 
31 Powers, J. M. and Caddell, R. M. Polym. Eng. ScL 1972, 

12,432 
32 Doyle, M. J., Mancini, A., Orowan, E. and Stork, S. T. Proc. 

R. Soc. {A) 1972, 329, 137 
33 Kambour, R. P. J. Polym. b'ci. Macromol. Rev. 1973,7,1 
34 Orowan, E. Trans. Inst. Eng. Shipbuild. Scotl. 1945, 89, 165 
35 Sneddon, I. N. Proc. R. Soc. (A) 1946, 187,229 
36 Marshall, G. P., Culver, L. E. and Williams, J. G. Hast. Polym. 

1969, 37, 75 

344 POLYMER, 1976, Vol 17, April 



Determination of chain branching in low density 
polyethylene by nC nuclear magnetic resonance 
and infra-red spectroscopy 
M. E. A. Cudby and A. Bunn 
ICI Plastics Division, Welwyn Garden City, Hertfordshire, UK 
(Received 27 August 1975, revised 5 December 1975) 

Pulsed Fourier transform 13C n.m.r, studies clearly demonstrate the presence of ethyl, butyl and 
longer chain branches in commercial low density polyethylene. The most suitable conditions for the 
measurement of the relative intensities of the resonance in the 13C spectrum, were determined using a 
standard linear long chain hydrocarbon. The 13C spectra of polyethylenes obtained using these para- 
meters, in conjunction with a total methyl content by infra-red spectroscopy allow a quantitative 
measurement of the number of each branch type to be made. 

INTRODUCTION 

It is now well established ~-~ that many physical properties 
of low density polyethylene are dependent upon the nature 
and number of both short and long chain branches. As a 
result the study of branching in polyethylene has received 
considerable attention 9-~7. The early work on this prob- 
lem by Willbourn 9 made use of infra-red spectroscopic exa- 
mination of model compounds such as branched poly- 
methylenes and of the mass spectroscopic analysis of the 
products of irradiation of deuterated branched polymethy- 
lene. He found that low density polyethylene contained 
ethyl and butyl short chain branches, and the measure- 
ments which he reported, gave a ratio of  2:1 in favour of 
the ethyl branch. 

Other authors la then produced results which in general 
agreed, that ethyl and butyl branches were present in low 
density polyethylene but offered small variations on the 
ethyl to butyl ratio. This general picture was accepted until 
Bovey 19 produced his 13C n.m.r, data, and stated 'that for 
all practical purposes only n-butyl branches are present in 
commercial high pressure polyethylene'. 

The work reported in this paper demonstrates the validity 
of the original claim that both ethyl and butyl branches are 
present in low density polyethylene and we have shown that 
quantitative determination of the number of these branches 
by 13C n.m.r, is feasible under controlled experimental con- 
ditions. However, we also show that the ratio of  ethyl to 
butyl branches can vary over a wide range and we believe 
this to depend on the reactor conditions used during the 
manufacture of the polymer being studied. Nevertheless, 
the present measurements generally indicate much lower 
ethyl/butyl ratios than those reported by Willbourn. A re- 
examination of the data in Willbourn's paper, in the light of 
subsequent work, suggests that the absolute values of the 
ethyl/butyl ratios may well be in error. Owing to the rela- 
tively small number of  samples then available with known 
branching characteristics, assumptions had to be made both 
in relation to extinction coefficients and band overlap. The 
effect of these assumptions was to introduce a systematic 
error in the measurement of ethyl/butyl ratio. We also show 
furthermore, that the presence of longer chain branches is 
revealed by the 13C n.m.r, examination and that the con- 
centration of these branches may be determined also. 

INSTRUMENTATION AND EXPERIMENTAL 
CONDITIONS 

The 13C n.m.r, spectra were obtained on a Varian XL-I00- 
15 pulsed Fourier transform spectrometer controlled by a 
Varian 620i 16K computer. Concentrated solutions 
(~50% w/v) of polymers and eicosane were prepared in o- 
dichlorobenzene and the spectra obtained at ~140°C. A 
deuterium field/frequency lock is required for the opera- 
tion of the XL-100-15 spectrometer and 1,1,2,2-tetradeu- 
teroethylene glycol proved satisfactory at elevated tempera- 
tures. The D4 ethylene glycol was contained in a 5 mm 
o.d.n.m.r, tube held centrally in a 12 mm o.d.n.m.r, tube 
containing the polymer solution. The chemical shifts were 
initially related to tetramethylsilane (TMS) but consistency 
was obtained by internal reference to the -(CH2)-n reso- 
nance in polyethylene at 29.9 ppm. 

In order to achieve a signal to noise ratio adequate to 
determine the type and extent of branching in low density 
polyethylene, it is necessary to use the pulsed Fourier trans- 
form (Fir') technique. This will result in a signal enhance- 
ment due to the Nuclear Overhauser Effect (NOE) 2°-22. 
However, it is known tha~ small differences in the NOE 
factor may be observed between for example methyl and 
methylene carbons 23. Thus, in the experiments described 
comparisons are only made between like 13 C species where 
the NOE factor is assumed to be constant. Further difficul- 
ties in quantitative analysis are experienced with FTex- 
periments because of differences in the relaxation times of 
13C nuclei in different chemical environments. Therefore a 
series of experiments were devised using a pure sample of 
the linear hydrocarbon eicosane as a standard in which the 
instrumental parameters pulse width, pulse delay and acqui- 
sition time were varied. The best conditions were deter- 
mined by measurement of the peak heights of the reso- 
nances due to the various carbon atoms of eicosane ob- 
tained with different instrument parameters. The instru- 
mental conditions which produced the optimum relation- 
ship between the methylene carbon atoms were then used 
in the subsequent experiments with low density branched 
polyethylenes. All polyethylene spectra were therefore 
run with a pulse width of 40/asec equivalent to a 30 ° tip 
angle, pulse delay of 3.0 sec and an acquisition time of 1.0 
sec. 
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Figure 1 13C n.m.r, spectra ootained from low density commer- 
cial polymers (a) polymer A; (b) polymer B 
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Figure 2 13C n.m.r, spectra obtained from low density commer- 
cial polymers C and D. (a) polymer C; (b) polymer D 

Representative spectra of the commercial low density 
polyethylene samples which are the subject of this paper 
are shown in Figures 1 and 2. The total methyl group con- 
tents of  these materials were determined by the standard 
infra-red method 24 and the results are shown in Table 1. 

It can be seen from the spectra of the low density poly- 
mers used, that resonances are clearly observed at 11.2 and 
14.0 ppm from TMS. These correspond respectively to the 
methyl carbons in ethyl branches and butyl plus greater 

length branches 2s. In addition it is expected from observa- 
tion of the spectra published by Randall 2s that the a- 
methylene carbon, i.e. that carbon adjacent to the terminal 
methyl group, will have a recognizably different chemical 
shift for n-butyl branches and for branches of longer linear 
methylene sequences. We find these resonances to occur 
at 23.3 and 22.7 ppm from TMS, respectively, in the spec- 
tra of the low density polyethylenes examined. Whilst we 
do not question the appearance of resonances at 32.02 and 
32.58 ppm (Randall shifts) in the spectrum of low density 
polyethylene, we are not convinced that the assignment of 
the 32.58 ppm resonance to amyl branches is consistent 
with the data presented. For example, from the data listed 
for copolymers, the methyl carbon for amyl branches at 
14.72 ppm should be observably different from the methyl 
carbon of longer branches at 14.29 ppm; a difference of 
0.43 ppm. However, these are oot observed as separate 
resonances in Randall's spectrum of low density polyethy- 
lene in which he claims to recognise the presence of both 
amyl and longer chain branches. The 3 methylene carbons 
(Randall) show a much smaller chemical shift difference in 
the same copolymers, 0.08 ppm. This is now apparently 
observed in the spectrum of polyethylene with a 0.56 ppm 
difference. Unlike Randall therefore, we cannot claim to 
be able to recognise separately the presence of the amyl 
branch. 

In his paper, Bovey ~s draws particular attention to the 
absence of a resonance in his spectra due to the/3-methy- 
lene carbon,/3 to the terminal methyl of  a long chain branch. 
However, it is possible to observe a resonance at 32.0 ppm 
in low density polyethylene under our specified experi- 
mental conditions which we attribute to the/3-methylene 
carbon in question found in long chain branches. Thus, it 
is possible to distinguish resonances due separately to the 
presence of ethyl, n-butyl and longer chain branches in low 
density polyethylene. 

The concentrations of  ethyl, n-butyl and longer chain 
branches in the tabulated low density polymers were 
determined using the specific parameters indicated and the 
total methyl content per 1000 C atoms were determined 
by infra-red spectroscopy. The ratio of ethyl to butyl, plus 
longer branches is determined from area measurements of 
the resonances due to the end methyl carbons. This is justi- 
fied since the measurement involves only carbon atoms 
where the NOE is similar. The ratio of butyl to longer 
branches is determined from the respective methylene car- 
bons and are therefore also comparable in this analysis. 
The results are given in Table 1. 

Because of the low molecular weight of polymer C the 
value for branches longer than n-butyl will be enhanced 
because of a significant contribution from the end group 
methyl. In the original paper by Willbourn 9 on the branch- 

Table 1 

Represen- Infra-red 
tative sam- methyl 
pies of corn- content 
mercial per 1000 
polymer C atoms Ethyl n-Butyl Longer chain 

Polymer A 28 3--4 11 13 
Polymer B 37 11/11" 13/14" 14/12" 
Polymer C 32 <1 10 21 
Polymer D 23 4 12 8 

* Repeat sample 
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CONCLUSION 

There is no doubt that the 13C n.m.r, spectrum demon- 
strates the presence of  ethyl, n-butyl and longer branches 
in a number of  unfractionated commercially available low 
density polyethylenes. Furthermore, the quantitative 
estimation of  the number of  branches of  each type may be 
achieved provided the correct conditions for the Fourier 
transform experiment pertain. 

Figure 3 13C n.m.r, spectrum of an ethylene/butene-1 copolymer 
containing approximately 30 mol% butene-1 

ing in polyethylene by infra-red spectroscopy a ratio of  
ethyl to n-butyl branches was given as 2:1 for a number o f  
commercially available polymers. It is apparent from our 
13C n.m.r, data, that the ratio of  n-butyl to ethyl branches 
can vary considerably in low density polyethylenes. The 
activation energy for formation is much higher for ethyl 
branches than for butyl branches and thus depending upon 
reactor conditions polymers produced will have different 
ethyl to butyl branch ratios. However, it would seem from 
the present examination that the number of  n-butyl bran- 
ches generally exceeds the number o f  ethyl branches in low 
density polyethylene. 

Nevertheless, contrary to Bovey et aL 1~ it is clear that 
certain commercially available low density polyethylenes 
do contain a marked proportion of  ethyl branches. The 
ratio of  ethyl to n-butyl branches now observed, although 
different to that proposed by Willbourn, does not invali- 
date his comments on the branching mechanism. The new 
ratios indicate that there is less bunching of  short chain 
branches than was originally thought to be the case. It may 
be noted that the resonance due to the methyl carbon of  
the ethyl branch is considerably more broad than the 
methyl carbon resonance of  the n-butyl branch. Figure 3 
is the spectrum of  an ethylene/butene-1 copolymer con- 
taining approximately 30 mol% butene-1. The methyl 
carbon of  the ethyl branch is now seen as three separate 
resonances arising from ethyl branches in different environ- 
ments. These, we believe will be associated with (a) iso- 
lated butene units, giving rise to a resonance at 11.2 ppm; 
(b) adjacent butene-1 units as meso and racemic dyads, 
giving rise to resonances at 10.8 and 10.4 ppm respectively. 
Such variations may also be possible in the environment 
of  ethyl branches in polyethylene, in combination with 
other structural possibilities such as the 2-ethyl hexyl 
branch. Thus, it would be reasonable to expect sufficient 
variations in the chemical shift of  the terminal methyl car- 
bon which could contribute to the observed broadening of  
the resonance. Although it is possible that n-butyl and 
longer branches also exist as m and r dyads it is unlikely 
that the methyl carbon resonance will show similar broad- 
ening since there is a greater distance and therefore less 
interaction between the methyl carbon and the main chain 
carbons than is the case for the ethyl branch. 
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Glass transition temperature determination of 
poly(ethylene sulphide), poly(isobutylene sulphide) and 
their random copolymers 

E. Sorta and A. De Chirico 
Snamprogetti SPA., Direzione Ricerca e Sviluppo, 20097 San Donato Milanese, Milano, Italy 
(Received 20 October 1975) 

INTRODUCTION 

In the course of further physicochemical characterization 
of copolymers made from ethylene sulphide (ES) and iso- 
butylene sulphide (IBS) having very high crystallization 
rates, a method of very fast quenching was developed, fol- 
lowing a suggestion reported in Wrasidlo's review I. 

This fact allowed us to obtain homopolymers and co- 
polymers sufficiently amorphous to allow their glass tran- 
sition temperature (Tg) to be determined. For poly(ethy- 
lene sulphide), it was not possible to find a direct mea- 
surement of Tg in the literature. 

An attempt was made 2 to obtain the Tg of poly(ethy, 
lene sulphide) as a result of extrapolation from the Tg 
values of amorphous copolymers ethylene sulphide-propy- 
lene sulphide. The results, in this respect, were not suffi- 
ciently reliable and a direct experimental confirmation is 
required. The same techniques were used to determine the 
Tg of ES-IBS copolymers, obtained by means of  polymer- 
ization with a low degree of conversion, which previously 
gave uncertain experimental values owing to the high de- 
gree of conversion. Hence every examined copolymer shows 
a Tg, which may be correlated, following existing theories, 
to its composition and to the homopolymer Tg. 

EXPERIMENTAL 

I I I 
O 50 IOO 

ES ( tool O/o) 

Materials 
Homo- and co-polysulphides were prepared by methods 

described elsewhere 6. 
Besides poly(ethylene sulphide) (PES), and poly(iso- 

butylene sulphide) (PIBS), four completely random co- 
polymers with different comonomer ratio were prepared 
and then the random character tested by means of nuclear 
magnetic resonance 4. The compositions are reported in 
Table 1. 

Table I Copolymer compositions and glass t rans i t ion  tempera tures  

Sample ES con ten t  ( tool  %) Tg(°C) 

IBS 0 - 1 4  
ES- IBS 18 17.7 - 2 4  
ES--IBS 32 32.0 -31  
ES-- I B S 40 40.0 --35 
ES--IBS 58 58.0 --42 
ES 100 --50 

-IO 

-30 

-50 

Notes to the Editor 

Figure I Glass transition temperatures vs. ethylene sulphide con- 
tent (mol %) in the copolymer ethylene sulphide--isobutylene 
sulphide 

Differential thermal analysis 
Differential thermal analyses measurements were car- 

ded out using a model 900 Du Pont instrument in the 
d.s.c, version with a heating rate of 10°C/min. 

The samples were heated at 30°C above their melting 
temperature for 10 min and then quenched between two 
metallic plates previously cooled at - t90°C.  The thermo- 
grams showed a typical glass transition, followed by a 
sharp cold crystallization peak. The glass transition tem- 
peratures were measured by the initial departure of the 
base line s . 

RESULTS AND DISCUSSION 

The experimental Tg values of the homopolymers (PES, 
PIBS) and copolymers (PES-PIBS) are reported in Table 1. 

Figure 1 shows the relationship between Tg and the 
content of ethylene sulphide expressed in mol %. The 
behaviour is typical for random copolymers. This fact 
enables us to analyse the results following the theory of 
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Figure 2 G l a s s  t r a n s i t i o n  t e m p e r a t u r e s  vs .  M2n2/Mlnl(Tg2 -- Tg) 
and Mlnl/M2n2(Tg 1 -- Tg) according to the Gordon--Taylor 
representation 

Notes to the Editor 

Gordon-Taylor shown by Wood 3. According to these 
authors, the glass transition temperature, Tg of the copoly- 
mer, can be represented by a function of the glass transi- 
tion of the homopolymers Tg~ and Tg 2 made from the res- 
pective constituents PES(1) and PIBS(2), in the following 
manner: 

1 1 
Tg= KX(Tg 2 - Tg)+ Tg, or Tg= ~ ~( ( T g -  Tg,) + Tg 2 (1) 

where Tg2> Tg> Tgl;K is a constant of the materials and 
X = n2M2/nlM 1 with nl,  n2 molar fractions of the comono- 
mers having molecular weight MI and 342. 

We obtain two straight lines which satisfy with good 
approximation, equation (1) as shown in Figure 2. The 
straight lines were drawn with the mean square method, 
without taking into consideration the homopolymers' 
experimental Tg values. Experimentally, the glass transi- 
tion temperature of PIBS and PES were found to be - 1 4  ° 
and -50°C, respectively. These values are in accordance 
with those extrapolated from copolymers and differ slightly 
from those predicted earlier 2. 

REFERENCES 

1 Wrasidlo, W. Fortschr. Hochpoly. Forsch. 1974, 13, 21 
2 DeChirico, A. andZotteri, L. Eur. Polym. J. 1975,11,487 
3 Wood, L. A. J. Polym. Sci. 1958, 28, 319 
4 Corno, C. and Roggero, A. to be published 
5 Ke, B. 'Newer Methods of Polymer Characterization', Inter- 

science, London, 1964, p 396 
6 Roggero, A. et aL Eur. Polym. J. in press 

Configuration of low molecular weight polystyrene in 
deuterated cyclohexane 

D. G. H. Ballard and M. G. Rayner 
Imperial Chemical Industries Limited, Corporate Laboratory, Runcorn, Cheshire, UK 

and J. Schelten 
Institut for FestkOrperforschung, KFA, JOlich, West Germany 
(Received 15 August 1975; revised 1 December 1975) 

The radius of gyration of low molecular weight polysty- 
rene in cyclohexane has been measured using the small- 
angle scattering facility at Julich. The purpose of these 
measurements was to investigate how the molecular weight 
dependence of (s02) 1/2 deviates from the M 05 law which 
holds for high molecular weights. The solvent was deuter- 
ated to provide the dissolved molecules with a larger scat- 
tering amplitude in a scattering experiment with slow neu- 
trons. In a small-angle X-ray scattering experiment, the 
small difference between the electron density along the dis- 
solved molecules and that of the solvent provides a low 
contrast. Hence, it would become extremely difficult to 
measure the coherent scattering from the low molecular 
weight polystyrene in the presence of a large background. 
Solutions with 5% and 1% narrow distribution polystyrene 
of 4000, 2100 and 600 molecular weight have been pre- 
pared and measured with neutrons of 7 A wavelength with 

a sample-to-detector distance of 1 and 2 m. The measure- 
ments were performed at the 0-temperature, T = 38°C, in 
order to avoid long range interaction effects. 

The coherent scattering from the solution of 1% poly- 
styrene of the highest molecular weight, M = 4000, was, at 
zero scattering angle, about the same as the background 
scattering caused by the incoherent scattering cross-section 
of deuterium in the solvent and of hydrogen in the solute. 
This demonstrates that the background corrections had to 
be handled carefully, especially for the lowest molecular 
weight M = 600, where for background reasons experi- 
ments with a 1% solution were not feasible. A typical re- 
sult of the coherent scattering from the dissolved poly- 
styrene is shown in Figure I as a plot 10/I versus K 2. 

The radii of gyration (s02)21/2 and (s02)l 1/2 obtained 
from the 2 m and 1 m runs, respectively, for the 5% and 
1% solutions and their mean values, (giving the 2 m runs 
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Gordon-Taylor shown by Wood 3. According to these 
authors, the glass transition temperature, Tg of the copoly- 
mer, can be represented by a function of the glass transi- 
tion of the homopolymers Tg~ and Tg 2 made from the res- 
pective constituents PES(1) and PIBS(2), in the following 
manner: 

1 1 
Tg= KX(Tg 2 - Tg)+ Tg, or Tg= ~ ~( ( T g -  Tg,) + Tg 2 (1) 

where Tg2> Tg> Tgl;K is a constant of the materials and 
X = n2M2/nlM 1 with nl,  n2 molar fractions of the comono- 
mers having molecular weight MI and 342. 

We obtain two straight lines which satisfy with good 
approximation, equation (1) as shown in Figure 2. The 
straight lines were drawn with the mean square method, 
without taking into consideration the homopolymers' 
experimental Tg values. Experimentally, the glass transi- 
tion temperature of PIBS and PES were found to be - 1 4  ° 
and -50°C, respectively. These values are in accordance 
with those extrapolated from copolymers and differ slightly 
from those predicted earlier 2. 
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Configuration of low molecular weight polystyrene in 
deuterated cyclohexane 
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The radius of gyration of low molecular weight polysty- 
rene in cyclohexane has been measured using the small- 
angle scattering facility at Julich. The purpose of these 
measurements was to investigate how the molecular weight 
dependence of (s02) 1/2 deviates from the M 05 law which 
holds for high molecular weights. The solvent was deuter- 
ated to provide the dissolved molecules with a larger scat- 
tering amplitude in a scattering experiment with slow neu- 
trons. In a small-angle X-ray scattering experiment, the 
small difference between the electron density along the dis- 
solved molecules and that of the solvent provides a low 
contrast. Hence, it would become extremely difficult to 
measure the coherent scattering from the low molecular 
weight polystyrene in the presence of a large background. 
Solutions with 5% and 1% narrow distribution polystyrene 
of 4000, 2100 and 600 molecular weight have been pre- 
pared and measured with neutrons of 7 A wavelength with 

a sample-to-detector distance of 1 and 2 m. The measure- 
ments were performed at the 0-temperature, T = 38°C, in 
order to avoid long range interaction effects. 

The coherent scattering from the solution of 1% poly- 
styrene of the highest molecular weight, M = 4000, was, at 
zero scattering angle, about the same as the background 
scattering caused by the incoherent scattering cross-section 
of deuterium in the solvent and of hydrogen in the solute. 
This demonstrates that the background corrections had to 
be handled carefully, especially for the lowest molecular 
weight M = 600, where for background reasons experi- 
ments with a 1% solution were not feasible. A typical re- 
sult of the coherent scattering from the dissolved poly- 
styrene is shown in Figure I as a plot 10/I versus K 2. 

The radii of gyration (s02)21/2 and (s02)l 1/2 obtained 
from the 2 m and 1 m runs, respectively, for the 5% and 
1% solutions and their mean values, (giving the 2 m runs 
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TaMe 1 

M 

Radii of gyration obtained with 5%and 1%solutions 

~'2)i12 ,2,t12 
0 2 ~0/I 

5% 1% 5% 1% Mean (s~> ll~ 

4000 15.6 15.4 16.5 16.0 15.7 -+ 1 
2100 10.2 10.0 12.1 12.2 10.8 -+ 1 

600 4.0 - 4.0 +- 0.5 

twice the statistical weight of the 1 m runs), are given in 
Table 1. Within experimental errors, both the forward 
scattering normalized to the same concentration and the 
radius of gyration were found to be concentration inde- 
pendent. 

The tabulated mean  (SO2) 1/2 values are plotted versus 
the molecular weight in Figure 2 in order to compare the 
experimental results with various models. The uncertainti- 
ties in measurement at different molecular weights are 
shown by error bars. 

For high molecular weight polystyrene in a 0-solvent, 
it has been established that the unperturbed radius of 
gyration is related to molecular weight by the following 
expression t: 

(s02)1/2 = ~0.5 (1) 

where 3 = 0.272 A. This relationship is plotted in Figure 2 
(solid line). As expected the measured (s02) 1/2 are consider- 
ably below this line but they approach it asymptotically 
at higher molecular weights. 

At very low molecular weights it is anticipated that a 
rigid-rod model should apply. The radius of gyration for 
such a model is determined by the total length L of the 
molecule: 

(so2> 1/2 = L/(12) 1/2 (2) 

where L = lbMIMb and I b and M b are the length and the 
molecular weight of the repeat unit C8H8. Using lb = 
2.6 A 2 we find: 

(~02> l /2  = "yM (3) 

where 3' = 0.0072 A. This relationship is also plotted in 
Figure 2 for comparison with the experimental results. In 
this case the measured (s02) 1/2 are below the line drawn for 
this model but they approach it asymptotically at low 
molecular weights. 

A possible model for chain molecule configurations 
should yield an expression for (s02) 1/2 which approaches 
equation (3) for very small M and equation (1) for very 
large M. Such a model has been proposed by Porod and 
Kratky and is frequently referred to as the worm-like 
chain 3'4. The expression for the radius of gyration is: 

(so 2) = -:- 1 + - -  + 6 - 6 X 
L 

/ 
[1 - exp(-L/a)] / (4) 

The persistence length, a, is determined from the re- 
quirement that for large L, equation (4) should approach 
equation (1) i.e. 

aL 
- -  = 32M (5) 
3 

wh~h yields a = 8.8 A. 
She molecular weight dependence of (s02) 1/2 from equa- 

tion (4) is shown in Figure 2. The experimental values are 
close to this line. Taking into account that the (s02) 1/2 are 
z-averages which have to be lowered by less than 4% accord- 
ing to the equationS: 

{S02)1~2 = {S02)1/2 [ 1 + U I 1/2 (6) 

where U = (Mw/Mn) - 1 ~< 0.1 for these polymers, the result 
of this experiment is that the molecular weight dependence 
of (s02) 1/2 is satisfactorily described by the Porod-Kratky 
model. 

These results may be compared with those described in 
Figure 1 of Kirste's paper 6, obtained for low molecular 
weight poly(methyl methacrylate) in acetone, by small- 

s° t / 
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O 
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Molecular weight 

2 i/2 Figure 2 Radius of  gyrat ion (So> , as a funct ion of  m o l e c u l a r  
w e i g h t  on a log - - log  scale. Neu.tron scattering results,/; ( ), 
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m o d e l  (s~) 1/2 = f(a, L) 
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angle X-ray scattering. In contrast with the present data, 
Kirste reported serious deviations between his experimental 
data and those predicted by equation (4). He attempted to 
explain these deviations in terms of the finite cross-section 
of the chain but concluded that deviations from the Porod-  
Kratky model were responsible for the differences. The 
contribution of the finite cross-section of the chains is in 
the case of neutron scattering, about 15% of the smallest 
measured (s02) 1/2 value and less than 2% for the others. It 
would seem from our data that in the critical region 
equation (4) is correct for polystyrene. 

Notes to the Ed i to r  
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Reaction between lithium polystyryl and iodinated 
polystyrene 

J. Pannell 
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(Received 3 November 1975," revised I December 1975) 

INTRODUCTION 

The successful preparation of comb-type branched poly- 
styrenes has been reported by several authors 1-s. In all 
cases 'living' polystyrene (the branch precursor) was allow- 
ed to react with appropriate functional groups incorporated 
in another polystyrene chain (the backbone). The most 
commonly used functional group was the chloromethyl 
group substituted in the aromatic rings para to the carbon 
chain 1-4, although the ester group has also been used s, in- 
corporated into the backbone by copolymerizing methyl 
methacrylate with styrene. In this method of preparation 
the branched polymer forms part of a mixture also contain- 
ing linear polymer, which is produced by termination of 
the living polymer by impurities in the system. A study of 
the properties of  these branched polymers therefore neces- 
sitates either a fractionation to remove this linear homo- 
polymer 2aa or some way of making allowance for it 2°. An 
alternative method of preparing branched polymers, and 
one that can in principle be used to prepare graft copoly- 
mers also, is the addition of a monomer to a multifunc- 
tional polymeric initiator. However, this type of initiator 
has not so far been prepared free of a monofunctional spe- 
cies, which competes for the monomer to give linear homo- 
polymer. 

In considering alternative methods for preparing branched 
polymers and graft copolymers, a study was made of the 
reaction between low molecular weight lithium polystyryl* 
and iodinated polystyrene. The preparation of the latter 6 
was found to be easily controlled and reproducible and not 
accompanied by undesirable side reactions, factors which 
make it preferable to the introduction of chloromethyl 
groups into polystyrene by classical chloromethylation. 
The results of this study are reported here. 

EXPERIMENTAL 

Iodination o f  polystyrene 

A purified commercially available sample of  polysty- 

* Now more commonly known as polystyryl lithium but changed 
here for consistency with earlier work 2. 

rene (~tn = 1.14 × 105), was partially iodinated in nitroben- 
zene solution at 90°C using a procedure described by 
Braun 6. After 12 h the solution was cooled and the poly- 
mer precipitated by adding to a large volume of methanol. 
The pale yellow polymer was re-precipitated from tetra- 
hydrofuran (THF) into methanol and dried. The iodine 
content, determined by the oxygen flask combustion 
method, was 28.9% by weight. This result, together with 
the infra-red spectrum of the product, shows that one in 
three of the aromatic rings contain iodine substituted ex- 
clusively para to the carbon chain of the polymer. 

Preparation o f  lithium polystyryl 

Low molecular weight lithium polystyryl was prepared 
using n-butyl lithium as initiator, employing techniques des- 
cribed elsewhere 2 and was used in the reaction with par- 
tially iodinated polystyrene shortly after its preparation. 
A small portion was terminated with methanol and charac- 
terized. The solvent used in the preparation of lithium 
polystyryl was either benzene or a mixture of THF and 
benzene (80:20 v/v). 

Reactions 

The reaction between lithium polystyryl and the iodi- 
nated polystyrene was carried out at room temperature in 
an inert atmosphere of argon using techniques similar to 
those described previously 2. Three experiments were per- 
formed. 

(i) A solution containing 3 g iodinated polystyrene in 
150 cm 3 THF was added slowly to a stirred solution of 
lithium polystyryl in THF/benzene mixture. A slightly 
yellow granular precipitate formed immediately and the 
addition of the iodinated polystyrene was continued until 
no more precipitate formed. At this stage the solution was 
amber-coloured but became colourless immediately on the 
addition of methanol. 

(ii) A solution of 18.5 g lithium polystyryl in 80 cm 3 
benzene was added slowly to a stirred solution of 1 g iodi- 
nated polystyrene in 150 cm 3 THF. A turbidity developed 
during the addition of about two-thirds of the living poly- 
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angle X-ray scattering. In contrast with the present data, 
Kirste reported serious deviations between his experimental 
data and those predicted by equation (4). He attempted to 
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INTRODUCTION 

The successful preparation of comb-type branched poly- 
styrenes has been reported by several authors 1-s. In all 
cases 'living' polystyrene (the branch precursor) was allow- 
ed to react with appropriate functional groups incorporated 
in another polystyrene chain (the backbone). The most 
commonly used functional group was the chloromethyl 
group substituted in the aromatic rings para to the carbon 
chain 1-4, although the ester group has also been used s, in- 
corporated into the backbone by copolymerizing methyl 
methacrylate with styrene. In this method of preparation 
the branched polymer forms part of a mixture also contain- 
ing linear polymer, which is produced by termination of 
the living polymer by impurities in the system. A study of 
the properties of  these branched polymers therefore neces- 
sitates either a fractionation to remove this linear homo- 
polymer 2aa or some way of making allowance for it 2°. An 
alternative method of preparing branched polymers, and 
one that can in principle be used to prepare graft copoly- 
mers also, is the addition of a monomer to a multifunc- 
tional polymeric initiator. However, this type of initiator 
has not so far been prepared free of a monofunctional spe- 
cies, which competes for the monomer to give linear homo- 
polymer. 

In considering alternative methods for preparing branched 
polymers and graft copolymers, a study was made of the 
reaction between low molecular weight lithium polystyryl* 
and iodinated polystyrene. The preparation of the latter 6 
was found to be easily controlled and reproducible and not 
accompanied by undesirable side reactions, factors which 
make it preferable to the introduction of chloromethyl 
groups into polystyrene by classical chloromethylation. 
The results of this study are reported here. 

EXPERIMENTAL 

Iodination o f  polystyrene 

A purified commercially available sample of  polysty- 

* Now more commonly known as polystyryl lithium but changed 
here for consistency with earlier work 2. 

rene (~tn = 1.14 × 105), was partially iodinated in nitroben- 
zene solution at 90°C using a procedure described by 
Braun 6. After 12 h the solution was cooled and the poly- 
mer precipitated by adding to a large volume of methanol. 
The pale yellow polymer was re-precipitated from tetra- 
hydrofuran (THF) into methanol and dried. The iodine 
content, determined by the oxygen flask combustion 
method, was 28.9% by weight. This result, together with 
the infra-red spectrum of the product, shows that one in 
three of the aromatic rings contain iodine substituted ex- 
clusively para to the carbon chain of the polymer. 

Preparation o f  lithium polystyryl 

Low molecular weight lithium polystyryl was prepared 
using n-butyl lithium as initiator, employing techniques des- 
cribed elsewhere 2 and was used in the reaction with par- 
tially iodinated polystyrene shortly after its preparation. 
A small portion was terminated with methanol and charac- 
terized. The solvent used in the preparation of lithium 
polystyryl was either benzene or a mixture of THF and 
benzene (80:20 v/v). 

Reactions 

The reaction between lithium polystyryl and the iodi- 
nated polystyrene was carried out at room temperature in 
an inert atmosphere of argon using techniques similar to 
those described previously 2. Three experiments were per- 
formed. 

(i) A solution containing 3 g iodinated polystyrene in 
150 cm 3 THF was added slowly to a stirred solution of 
lithium polystyryl in THF/benzene mixture. A slightly 
yellow granular precipitate formed immediately and the 
addition of the iodinated polystyrene was continued until 
no more precipitate formed. At this stage the solution was 
amber-coloured but became colourless immediately on the 
addition of methanol. 

(ii) A solution of 18.5 g lithium polystyryl in 80 cm 3 
benzene was added slowly to a stirred solution of 1 g iodi- 
nated polystyrene in 150 cm 3 THF. A turbidity developed 
during the addition of about two-thirds of the living poly- 
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mer solution but beyond this, a slightly yellow granular 
precipitate settled out. The addition of lithium polystyryl 
was continued until a definite orange colouration persisted 
and then a few drops of methanol were added, giving a 
colourless solution. 

(iii) Experiment (ii) was repeated, except that the iodi- 
nated polystyrene was in solution in benzene. A slight tur- 
bidity formed during the reaction but no precipitate sepa- 
rated. 

The precipitate which formed in experiments (i) and (ii), 
was separated by centrifuging and was washed repeatedly 
with THF until the washings were coloufless. The soluble 
polymer in all three experiments was recovered by precipi- 
tation into methanol, followed by re-precipitations into 
water and methanol. 

RESULTS AND DISCUSSION 

Characterization of the soluble polymer recovered after 
the reaction between lithium polystyryl and partially iodi- 
nated polystyrene shows that its molecular weight is nearly 
double that of the lithium polystyryl (see Table 1). 

G.p.c. also shows that the molecular weight of the soluble 
polymer recovered after the reaction, although still low 
compared with that of the polystyrene used for iodination, 
is higher than that of the lithium polystyryl precursor. 
Furthermore the chromatograms show that the molecular 
weight distribution of the soluble product is less skewed 
than that of the precursor. (Figure 1). 

These results suggest that during the title reaction the 
lithium polystyryl was involved in a chain extension reac- 
tion rather than a coupling reaction with the iodinated 
polystyrene. (During the reaction some of the living poly- 
mer is terminated by impurities and it is this which makes 
the apparent molecular weight of the soluble product some- 
what less than twice that of the precursor). The simplest 
mechanism which can explain these results involves two 
distinct steps. In the first step the lithium polystyryl and 
the partially iodinated polystyrene undergo lithium-halo- 
gen exchange: 

Iv'~CHCH2,w, + LiCHCH2,wA ,, Nv,,CHCH2,v~ + I-CHCH2, '~ 

I Li 
(i) (ZI) 

The iodo-capped polymer (II) then couples with lithium 
polystyryl to give the soluble product polymer with a head- 
to-head linkage: 

+ - -  _tHai 
(2) 

tlllI 

The lithium-halogen exchange reaction is known to 
occur between both poly(p-bromostyrene) and poly(p- 
iodostyrene) and n-butyl lithium 6-s and evidence has been 
presented (Altares et al. 1) which suggests that the more 
ionic lithium polystyryl can also take part in an exchange 
reaction (with chlorine in 1,2, 4, 5-tetrachloromethyl- 
benzene), although this occurs to a lesser extent than the 
coupling or displacement reaction. If lithium polystyryl 

Table I Molecular weight measurements by ebulliometry 

Mn, terminated Mn' soluble polymer 
living polymer isolated after reaction 

Experiment (ii) 4700 -+ 100 8750 -+ 200 
Experiment (iii) 4600 +- 200 8000 -+ 200 

b 
32 30  20  

32 26 

I I I 
28 26 

I I I I I  
24 22 

Figure 1 The g.p.c, chromatograms: (a) polystyrene used for 
iodination; (b) soluble product polymer from reaction (2); (c) pro- 
ton-terminated lithium polystyryl used in reaction (2). The sam- 
ples were injected into a Waters Associates chromatograph at 308 K 
using chloroform as solvent; their concentration was 1/4% by wt. 
Four columns (each 122 cm long and 0.95 cm in diameter) contain- 
ing 'Styragel' were used in series (106, 10 s, 104, and 103 A 
respectively) 

i 
18 

is capable of participating in lithium-halogen exchange 
with an organic chloride, then it is more likely to do so 
with an organic iodide e.g. poly(p-iodostyrene). 

The chain extension reaction shown in equation (2), also 
occurs in the reaction of the disodium salts of the dianions 
of both polystyrene and the a-methyl styrene tetramer with 
iodine 9'1° and in the reaction between potassium polystyryl 
and bromine 11. 

The polymer that was recovered from the reaction car- 
ded out in benzene, was largely the chain-extended poly- 
mer, but a turbidimetric titration confirmed the presence 
of'a small proportion of a high molecular weight compo- 
nent which before protonation was the lithiated polysty- 
rene (I). 

Additional evidence in support of the proposed mecha- 
nism was sought by looking for differences in the accumu- 
lated 13C n.m.r, spectra of the proton-terminated precursor 
and the chain extended polymer(III) The spectra of both 
polymers (Figure 2) show weak resonances at 13.8, 22.2, 
26.9 and 31.7 ppm (relative to the resonance from the inter- 
nal standard tetramethylsilane) not present in the spectrum 
of free radical polystyrene12; they are assigned to the carbon 
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Figure 2 Part of the accumulated 13C n.m.r, spectra of  (a) pro- 
ton-terminated l ithium polystyryl and (b) the soluble product 
polymer from the reaction of l ithium polystyryl with iodinated 
polystyrene. The spectra were recorded on a Varian XLIO0 
spectrometer at 25.2 MHz with the polymers dissolved in CDCI3 

atoms in the n-butyl end groups derived from the initiator. 
However, an additional weak resonance at 33.7 ppm appears 
in the spectrum of  the proton-terminated living polymer 
and this is thought to be due to the - C H 2 -  carbon in the 
terminal - C H 2 -  (Ph) group, a group not present in the 
chain-extended polymer (III). The resonance from the cor- 
respondong methylene carbon in some model compounds 
(ethyl-, n-butyl-, dodecyl- and n-propyl benzene) appears at 
29.3, 35.9, 36.2 and 38.3 ppm respectively is. 

A resonance attributable solely to the methine carbons 
of the head-to-head linkage - C H ( P h ) - C H ( P h ) -  in the 
chain extended polymer was not observed, probably be- 
cause of  overlap with the much stronger resonance at 
40.5 ppm from the methine carbons of  the repeat units in 
the chain. 

The lithiated polystyrene (I) which formed as a result 
of  the l i thium-iodine exchange reaction (1), and which pre- 
cipitated from the mixed benzene/THF system, became 
protonated on the addition of  methanol but remained insol- 
uble thereafter. The infra-red spectrum of this insoluble 
polymer shows that not all the iodine in the original iodi- 
hated polystyrene had exchanged with lithium; about one 
in nine of  the aromatic rings of  the repeat units still con- 
tained iodine para to the carbon chain. This is about one 
third of  the iodine content of  the original iodinated poly- 
styrene. 

One of  the consequences of  the l i thium-iodine exchange 
reaction in the system described here is that species are 
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present which might conceivably crosslink and this could 
be the reason for the formation of  an insoluble polymer 
from the THF/benzene mixture used in two of  the experi- 
ments. However, the granular form of the original precipi- 
tate was unlike that of  a typical crosslinked polystyrene 
and an insoluble polymer did not form when the reaction 
was carried out in benzene. It seems more likely, therefore, 
that differences in solubility of  the lithiated polystyrene, 
either alone or as a complex with lithium iodide, accounts 
for the formation of a precipitate from THF/benzene but 
not from benzene alone. If  this is so then the reason why 
the precipitate that formed in the THF/benzene system 
remained insoluble on protonation, is that crosslinking 
occurred subsequently i.e. during isolation of  the polymer. 

CONCLUSION 

When low molecular weight lithium polystyryl reacts with 
iodinated polystyrene, l i thium-iodine exchange occurs to 
give a lithiated polystyrene and a chain extended polymer 
derived from the lithium polystyryl. The lithiated poly- 
styrene precipitates from a THF/benzene mixture when 
approximately 22% of  the aromatic rings are lithiated, i.e. 
before all the iodine has exchanged. When the reaction is 
carried out in benzene by the addition of  lithium poly- 
styryl to the iodinated polystyrene the lithiated polymer 
remains in solution and can be prepared free of  excess living 
polymer. Thus a multifunctional anionic initiator may be 
made for the preparation of  branched polymers or graft 
copolymers free o f  an excess o f  a monofunctional species 
which can cause homopolymerization of  the added mono- 
mer. This method of  preparing lithiated polystyrene there- 
fore appears to have a distinct advantage over that which 
uses (a) n-butyl lithium in a similar li thium-halogen ex- 
change reaction 6'7 or (b) the n-butyl lithium/TMEDA* 
complex for direct metalation of  polystyrene 14. Further 
experimental work will be necessary to confirm this. 
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Letters 

R a m a n  sca t te r ing  f r o m  t h e  l o n g i t u d i n a l  a c o u s t i c  
m o d e  in c r y s t a l l i n e  p o l y ( e t h y l e n e  o x i d e )  

Low-frequency Raman bands have been observed in solid 
n-paraffins. These bands which have fundamental frequen- 
cies inversely proportional to chain length 1 have been 
assigned as the longitudinal acoustic (LA) accordian-like 
vibration of the chain. If the chain is treated as a conti- 
nuum the fundamental frequency v (cm -1) is given by: 

v = - -  (1) 
2le 

where E is the Young's modulus of the chain, I is the chain 
length and p the density. Analogous LA modes in single 
crystals of  polyethylene 2"~ and in bulk melt-crystallized 
polyethylene 4-6 have also been reported. Here, we report 
the first observation of the LA mode in well-characterized 
ct,co-hydroxy-poly(ethylene oxide) fractions of molecular 
weights from 1000 to 20 000 and in a series of  a,co-alkoxy- 
poly(ethylene oxide) fractions. 

Poly(ethylene oxide) samples, obtained from the sources 
listed in Table 1, were precipitated from benzene solution 
by addition of iso-octane and dried. There fractions, with 
very narrow molecular weight distributions (see Table 1), 
were melt-crystallized at the temperatures indicated in 
Table 1. Raman spectra from 6 cm -1 to 100 cm -1 were 
obtained using a Cary 82 spectrometer and an argon ion 
laser operating at 5145 A with 600 mW power. A typical 
spectrum is shown in Figure 1. Three distinct peaks were 
obtained for the crystalline polymers, two of which are 
illustrated in Figure 1. None of these peaks are present in 
the spectrum of the melt. Lamella spacings were deter- 
mined by small-angle X-ray scattering by means of a 
Rigaku-Denki camera as described elsewhere 7. 

The lowest peak frequencies (v) and the lamellar spac- 
ings (lx) are listed in Table 1. For samples of/~n < 3000, 
which are known 7 to crystallize in chain-extended form 
when melt-crystallized at 25°C, the frequencies show a 
smooth shift to lower values corresponding to the gradual 
increase in lamellar thickness. Therefore, we assign these 
peaks to the fundamental LA accordian-like modes in 

Table I Experimental results for poly(ethylene oxide) 

Mn Source M w / M  n T c (K) v (cm -1) I x (nm)  =,1 x 

1.000 a 1.05 25 18.0 7.1 127.8 
1500 a 1.05 25 12.5 9.8 122.5 
1750 b 1.04 33 10.5 11.0 b 115.5 
2000 c 1.06 25 9.0 13.2 118.8 
3000 d 1.06 25 12.0 19.3,9.9 118.8 e 
3000 d 1.06 35 12.0 19.5 -- 
4000 a 1.06 25 8.0 15.4 123.2 

20 000 c 1.20 25 7.0 16.8 117.6 

a, Shell Chemical Co. Ltd; b, Ref. 9; c, Hoechst Chemical Ltd; d, 
Fluka AG; e, for once-folded crystal 

I I I I I I 

30 20 I0 0 
v (cm-') 

Figure I Low-frequency Raman spectrum for crystalline poly 
(ethylene oxide) of Mn = 2000. The Rayleigh scattered peak is 
recorded on reduced scale 

poly(ethylene oxide). The second peaks, which are 
broader and of lower intensity, have frequencies greater 
than those of the fundamentals by a factor of approxi- 
mately 2.3, rather than 3.0 as would be expected of a third 
overtone. The third peak centered at 84 cm -1, is very 
broad and does not change with lamellar thickness. 

On the basis of the Raman and X-ray evidence it can 
be concluded that for a crystallization temperature of 25°C, 
poly(ethylene oxide) o f~ t  n = 2000 or less crystallizes in 
the chain-extended form and that o f~ t  n = 4000 or higher 
in the chain-folded form. Fraction 3000 contains both 
types of crystal. Its low-angle X-ray diffraction pattern 
shows two maxima of similar intensities corresponding to 
repeat distances of 19.3 and 9.9 nm. The Raman peak at 
12.0 cm -1, which is close to that of fraction 1500, is indi- 
cative of the presence of the once-folded crystal in frac- 
tion 3000. Unfortunately, the LA mode frequency for the 
chain-extended crystal is too low to be observable b), the 
present technique. Fraction 3000 crystallized at 35~C was 
found to give a weak Raman peak at 12.0 cm -1, reflecting 
a decrease in the proportion of the once-folded material. 
These findings are in accordance with previous conclusions 
derived from crystallization rate and melting point data 7'8. 

A simple stacked lamella model with alternating crystal- 
line and non-crystalline layers can be used to describe the 
crystalline state of  poly(ethylene oxide) 9. There is evi- 

354  P O L Y M E R ,  1976,  Vol 17, April 



IO 
= -  { 
i 
E 
u 

5 

t C o l  

{ { 

I I I 

N 
Figure 2 Raman peak frequency of the LA mode in a,oJ-alkoxy- 
poly(ethylene oxide) plotted against N the number of carbon atoms 
in the alkane chain 

dence 9 that the crystalline lamella thickness (lc) is propor- 
tional to the lamella spacing (Ix) obtained from X-ray scat- 
tering. The constant of  proportionality for chain-extended 
crystals o f  poly(ethylene oxide) fractions has been esti- 
mated 9 to be about 0.67. A value ofv l  x = 121 × 10 -7 (see 
Table 1) leads to a value ofvlc of 81 x 10 -7  and so, taking 
the density o f  perfectly crystalline poly(ethylene oxide) to 
be 1.12 g/cm 3, to a value of  the elastic modulus of the crys- 
talline helical poly(ethylene oxide) chain o f E  = 2.7 x 1010 
N/m 2 as compared with the value of  1.0 x 1010 N/m 2 found 
from lattice extension measurements 10. However, we must 
be cautious in this interpretation since it is not clear from 
our present data whether the Raman peak is associated with 
l e or Ix. 

We have also studied the Raman spectra of  a series of  
fractions with a constant central poly(ethylene oxide) 
block ° fMn = 2000 and with symmetrical alkoxy-end- 
groups ranging in chain lengths from 1 (methoxy-) to 18 
(octadecoxy-) carbon atoms. The samples were prepared 
from a,co-hydroxy-poly(ethylene oxide) by a modified 
Williamson ether synthesis recommended by Dr D. R. 
Cooper. The LA mode frequencies for these fractions 
melt-crystallized at 25°C, are plotted against the numbers 
of  carbon atoms in the alkoxy-end-group in Figure 2. 
These results indicate that the lower members of  the series 
crystallize in chain-extended form whereas the higher mem- 
bers crystallize in chain-folded form; the sample with hep- 
toxy-end-groups (C7) forms both types of  crystals. These 
findings are confirmed by small-angle X-ray scattering and 
melting point measurements 1~. A further feature of  interest 
in these data is a slight decrease in the product vl x as the 
alkane chain length is increased. Various diblocks, triblocks 
and mixtures of  poly(ethylene oxide) are currently under 
investigation. 
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In termolecular  forces and the Raman spectrum of  
crystal l ine PVC 

In a recent paper 1, Moore and Krimm have presented the 
results of  a vibrational analysis of  crystalline syndiotactic 
poly(vinyl chloride). The calculation was based on a gene- 
ral valence force field derived from an analysis o f  the spec- 
tra of  small secondary chloride molecules and it included 
an intermolecular force field chosen to reproduce correctly 
the infra-red band observed at 64 cm -1 in both secondary 
chlorides and highly syndiotactic PVC. This band has been 
assigned previously 2~ to a vibration whose potential energy 
is distributed between an intramolecular torsional vibration 
and an intermolecular motion and the intermolecular inter- 
action is taken to be hydrogen-bonding of  the form C - H . . .  
.C1-C. 

The results of  the calculation are compared with the i.r. 
results of  Krimm et al. 4 and the Raman results o f  Koenig 
and Druesdow s and the overall agreement appears to be 
good. In particular, the calculation predicts that the A 1 
and B1 C-C1 stretching modes, observed in the infra-red at 
640 and 604 cm -1, should each be split, because of  corre- 
lations between the motions of  the two chains in the unit 
cell, into two components with significant separation. The 
four predicted frequencies are shown in Table 1, together 
with their spectral activity and the frequencies observed 
by Krimm et al. and by Koenig and Druesdow. 

We are at present involved in a detailed study of  the 
vibrational spectra (more particularly the Raman spectra) 
of  various samples of  PVC with a view to characterizing 
their tacticity, conformational distribution and molecular 
orientation distribution. We are studying the C-C1 stretch- 
ing region in great detail because of  its sensitivity to these 
structural parameters and the frequency that we observe 
for the B3g Raman-active mode of  highly syndiotactic urea- 
canal complex PVC does not agree very well with that of  
Koenig and Druesdow, as is shown in the last column of  
Table 1. Also shown in this column are our values for the 
frequencies of  the Ag Raman active mode and the Blu and 
B2u infra-red active modes, which agree quite well with the 
earlier results. 

The Raman spectra were obtained from powder sam- 
ples o f  urea-canal complex PVC held in the open ends of  
capillary tubes. The laser beam was focused into the open 
end and the Raman light was collected at 90 ° to the direc- 
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Figure 2 Raman peak frequency of the LA mode in a,oJ-alkoxy- 
poly(ethylene oxide) plotted against N the number of carbon atoms 
in the alkane chain 
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tional to the lamella spacing (Ix) obtained from X-ray scat- 
tering. The constant of  proportionality for chain-extended 
crystals o f  poly(ethylene oxide) fractions has been esti- 
mated 9 to be about 0.67. A value ofv l  x = 121 × 10 -7 (see 
Table 1) leads to a value ofvlc of 81 x 10 -7  and so, taking 
the density o f  perfectly crystalline poly(ethylene oxide) to 
be 1.12 g/cm 3, to a value of  the elastic modulus of the crys- 
talline helical poly(ethylene oxide) chain o f E  = 2.7 x 1010 
N/m 2 as compared with the value of  1.0 x 1010 N/m 2 found 
from lattice extension measurements 10. However, we must 
be cautious in this interpretation since it is not clear from 
our present data whether the Raman peak is associated with 
l e or Ix. 

We have also studied the Raman spectra of  a series of  
fractions with a constant central poly(ethylene oxide) 
block ° fMn = 2000 and with symmetrical alkoxy-end- 
groups ranging in chain lengths from 1 (methoxy-) to 18 
(octadecoxy-) carbon atoms. The samples were prepared 
from a,co-hydroxy-poly(ethylene oxide) by a modified 
Williamson ether synthesis recommended by Dr D. R. 
Cooper. The LA mode frequencies for these fractions 
melt-crystallized at 25°C, are plotted against the numbers 
of  carbon atoms in the alkoxy-end-group in Figure 2. 
These results indicate that the lower members of  the series 
crystallize in chain-extended form whereas the higher mem- 
bers crystallize in chain-folded form; the sample with hep- 
toxy-end-groups (C7) forms both types of  crystals. These 
findings are confirmed by small-angle X-ray scattering and 
melting point measurements 1~. A further feature of  interest 
in these data is a slight decrease in the product vl x as the 
alkane chain length is increased. Various diblocks, triblocks 
and mixtures of  poly(ethylene oxide) are currently under 
investigation. 

Acknowledgements 

We thank the Science Research Council for financial 
support. 

A. Hartley, Y. K. Leung, C. Booth and 
I. W. Shepherd 

Departments of  Physics and Chemistry, 
Brunswick Street, 
University of  Manchester, 
Manchester M 13 9PL. UK 
(Received 20 January 1976) 

Letters 

References 
1 Schaufele, R. F. and Shimanouchi, T. J. Chem. Phys. 1967, 

47, 3605 
2 Peticolas, W. L., Hibler, G. W., Lippert, J. L., Peter[in, A. 

and Olf, H. G. Appl. Phys. Lett. 1971, 18, 87 
3 Peterlin, A., Olf, H. G., Peticolas, W. L., Hibler, G. W. and 

Lippert, J. L. J. Polym. Sci. (B) 1971,9,583 
4 Olf, H. G., Peter[in, A. and Peticolas, W. L. J. Polym. ScL 

(B) 1974, 12,359 
5 Koenig, J. L. and Tabb, D. L. J. Macromol. Sci. (B) 1974, 

9, 141 
6 Folkes, M. J., Keller, A., Stejny, J., Goggin, P. L., Fraser, 

G. V. and Hendra, P. J. Colloid Polym. Sci. 1975, 253,354 
7 Beech, D. R., Booth, C., Dodgson, D. V., Sharpe, R. R. and 

Waring, J. R. S. Polymer 1972, 13, 73 
8 Kovacs, A. J., Gonthier, A. and Straupe, C. J. Polym. Sci. 

Polym. Syrup. 1975, 50,283 
9 Ashman, P. C. and Booth, C. Polymer 1975, 16,889 

10 Sakurada, F., Ito, T. and Nakamae, K. J. Polym. ScL (C) 
1966, 15, 75 

11 Leung, Y. K., Cooper, D. R. and Booth C. to be published 

In termolecular  forces and the Raman spectrum of  
crystal l ine PVC 

In a recent paper 1, Moore and Krimm have presented the 
results of  a vibrational analysis of  crystalline syndiotactic 
poly(vinyl chloride). The calculation was based on a gene- 
ral valence force field derived from an analysis o f  the spec- 
tra of  small secondary chloride molecules and it included 
an intermolecular force field chosen to reproduce correctly 
the infra-red band observed at 64 cm -1 in both secondary 
chlorides and highly syndiotactic PVC. This band has been 
assigned previously 2~ to a vibration whose potential energy 
is distributed between an intramolecular torsional vibration 
and an intermolecular motion and the intermolecular inter- 
action is taken to be hydrogen-bonding of  the form C - H . . .  
.C1-C. 

The results of  the calculation are compared with the i.r. 
results of  Krimm et al. 4 and the Raman results o f  Koenig 
and Druesdow s and the overall agreement appears to be 
good. In particular, the calculation predicts that the A 1 
and B1 C-C1 stretching modes, observed in the infra-red at 
640 and 604 cm -1, should each be split, because of  corre- 
lations between the motions of  the two chains in the unit 
cell, into two components with significant separation. The 
four predicted frequencies are shown in Table 1, together 
with their spectral activity and the frequencies observed 
by Krimm et al. and by Koenig and Druesdow. 

We are at present involved in a detailed study of  the 
vibrational spectra (more particularly the Raman spectra) 
of  various samples of  PVC with a view to characterizing 
their tacticity, conformational distribution and molecular 
orientation distribution. We are studying the C-C1 stretch- 
ing region in great detail because of  its sensitivity to these 
structural parameters and the frequency that we observe 
for the B3g Raman-active mode of  highly syndiotactic urea- 
canal complex PVC does not agree very well with that of  
Koenig and Druesdow, as is shown in the last column of  
Table 1. Also shown in this column are our values for the 
frequencies of  the Ag Raman active mode and the Blu and 
B2u infra-red active modes, which agree quite well with the 
earlier results. 

The Raman spectra were obtained from powder sam- 
ples o f  urea-canal complex PVC held in the open ends of  
capillary tubes. The laser beam was focused into the open 
end and the Raman light was collected at 90 ° to the direc- 
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Table I C-CI stretching modes 

Symmetry 
species Symmetry 
single species 
chain crystal Act iv i ty calc. 

Frequency (cm -1 )  

obs. 
obs. obs. (present 
(ref (ref investige- 
4) 5) t ion)  

BI B3g R 6 0 2  599  6 0 8  -+ 1 
BI Blu i.r. 6 0 4  6 0 4  601 -+ 1 
A 1 B2u i.r. 637  6 4 0  6 3 9  + 1 
A 1 Ag R 6 4 2  6 3 8  6 3 9  +- 1 

I I 
7 0 0  6 5 0  

A T (cm -I) 

I 
6 0 0  

Figure 1 Stokes Raman spectrum of urea-canal complex powder 
in C-CI stretching region run on Coderg PHO spectrometer. Ex- 
citing wavelength 488 nm 

tion of the incident beam and analysed by means of a 
Coderg PHO Raman spectrometer. The spectrometer was 
calibrated by means of a neon discharge-tube and the fre- 
quencies are believed to be accurate to -+1 cm -1. 

Figure 1 shows the C-C1 stretching modes which are 
much more clearly resolved in our spectrum than in that 
of Koenig and Druesdow. As part of our detailed study of 
the C-C1 stretching region, the spectra of the various sam- 

e 1 pies in the rang 550 cm- to 750 cm -1 have been record- 
ed digitally on paper tape and analysed into a set of over- 
lapping Lorentzians and a linear background. It is neces- 
sary to use at least four Lorentzians to fit this region of the 
urea-canal complex PVC spectrum, the two most intense 
of which correspond to the observed peaks at 608 and 
639 cm -1. A broad weak peak centred at 695 cm -1 is to 
be interpreted as being due to vibrations of non-crystalline 
bent syndiotactic conformations and possibly isotactic 
structures. This region of the i.r. spectrum has been dis- 
cussed in detail by Krimm and his coworkers 6. The fourth 
Lorentzian corresponds to a small peak centred near 645 
cm -1 and this feature cannot be interpreted, as far as we 
can see, as a C-C1 stretching mode. It appears to be pre- 
sent in all our samples of PVC and further study of its 
intensity relative to the other peaks in the C-C1 region is 
being undertaken with a view to understanding its origin. 

The present results suggest that the predicted correlation 
splitting of the B1 species is too small and that the predict- 

ed order in frequency of the components is wrong. This 
in turn suggests that the interchain force field used may 
not be entirely satisfactory, although both the observed 
and predicted splittings are quite small, so that the test is 
not very sensitive. Similar but larger correlation splittings 
are predicted for the A 1 and B1 C-C-CI  bending vibrations. 
The calculated and observed frequencies for the C-C-C1 
bending vibrations between 300 and 400 cm-1 are given in 
Table 2 and the Raman spectrum is shown in Figure 2. For 
the A1 and B1 vibrations the observed Raman and infra-red 
frequencies show splittings of only 1 or 2 cm -1, whereas 
the predicted splittings of the A 1 and B1 species are 16 and 
6 cm -1 respectively. We do not observe any Raman peak 
at 330 or 345 cm -1. 

A more direct test of the force-field would be provided 
by the observation of the predicted low-frequency modes 
which depend more directly on the intermolecular force 
field and we therefore attempted to obtain good spectra in 
the region of the Raman spectrum below 200 cm -1, which 
was not reported by Koenig and Druesdow. Spectra were 
obtained down to ~50 cm -1 on the Coderg double spectro- 
meter and down to ~7 cm -1, on a Carey 82 triple spectro- 
meter. Both Stokes and anti-Stokes spectra were run on 
the Carey 82 and Figure 3 shows the results from 15 cm -1 
to 200 cm -1. 

A very strong peak is observed at 88 -+ 1 cm- 1, which 

Table 2 C--C--CI bending modes 

Frequency (cm -1)  

Symmetry obs. 
species Symmetry obs. obs. (present 
single species (ref (ref investiga- 
chain crystal Act iv i ty calc. 4) 5) t ion) 

B] B3g R 315 310 316 -+ 1 
B] Blu i.r. 321 315 
B2 B3u i.r. 330 345 
B2 B lg  R 330 345 - -  
A1 Ag R 3 6 0  363  361 + 1 
A 1 B2u i.r. 3 7 6  3 5 8  

I I 
4 0 0  350 3 0 0  

6 ~" (cm -I) 

Figure 2 Stokes Raman spectrum of urea-canal complex pow- 
der in C--C-CI bending region run on Carey 82 spectrometer. 
Exciting wavelength 514.5 nm 
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Figure 3 Low-frequency Raman Spectrum of urea-canal complex 
PVC run onCarey82 spectrometer. Exciting wavelength 514.5 nm. 
An arbitrary displacement has been made on the intensity scale be- 
tween the Stokes and anti-Stokes spectra 

clearly corresponds to the peak observed 2 at 89 cm -1 in 
the infra-red and predicted at 86 cm -1 in the Raman. 
Peaks of  moderate strength are observed at 170 and 185 
cm -1 and a very weak peak at 60 cm -1.  There are no pre- 
dicted Raman-active modes within 10 cm -1 of  any of these, 
the nearest possible assignment being that of  the 60 cm - I  
peak to the predicted B3g mode at 45 cm -1. There is no 
sign of  peaks in the predicted positions 39, 45, 80 and 134 
cm -1, the first three of which would be particularly sensi- 
tive to the intermolecular potential. It is possible that the 
modes predicted at 39 and 134 cm -1 are too weak to be 
observed, and that the two modes predicted at 80 cm -1 

are of  low intensity and are lost beneath the peak at 88 
cm -1, which has a half width of ~13 cm -1. 

The two peaks observed at 170 and 185 cm 1 are not 
easily accounted for. Tasumi and Shimanouchl 7 have ob- 
served an absorption in the infra-red spectrum of  an orien- 
ted highly syndiotactic sample at 180 cm -1 which shows 
parallel polarization and a weaker shoulder at about 160 
cm -1. They were unable to predict vibrations in this fre- 
quency region from their single-chain analysis and suggested 
that it was likely that the absorption at 180 cm -1  arises 
from a mode in which internal rotation is coupled with a 
lattice vibration, whereas Moore and Krimm 8 have subse- 
quently suggested that vibrations in the vicinity of  180 cm -1 
should be assigned to conformations other than the planar 
zig-zag. The weakness of  the observed Raman peaks for the 
urea-canal complex polymer does not allow us to deny the 
possibility that they may originate from disordered chains, 
but we have observed that in the Raman spectrum from a 
less ordered sample (Montecatini-Edison fibre-forming 
grade PVC) there is only what appears to be a single peak 
about 40 cm I wide centred near 160 cm -1, which is some- 
what more intense relative to the peak at 88 cm-1 than 
the 170 and 185 cm --1 peaks are for the urea-canal complex 
sanrple. This observation suggests that the vibrations due 
to disordered conformations may occur predominantly at 
lower frequencies than 170 and 185 cm -1. Another possi- 
bility for the origin of  these two peaks is that they are due 
to overtones or combinations of  the four modes predicted 
by Moore and Krimm I at 80, 80 and 86 cm -1 in the Raman 
and 90 cm -1 in the infra-red, but bands due to overtones 
and combinations are usually to() weak to be observed in 
the Raman spectrum. 

Letters 

Polarization studies might be expected to help in the 
interpretation of  the spectrum, since the only bands due to 
the crystalline material that should not be totally depolar- 
ized are those correspondin~ to Ag symmetry. One of  the 
modes predicted at 80 cm - I  has this symmetry, and so do 
any first overtone bands. The only other predicted Ag 
mode in the low frequency region is that at 39 cm -1. Un- 
fortunately, we have only very small quantities of  the urea- 
canal complex polymer in powder form so that we have 
been unable to make polarization studies on it. We have, 
however, looked for variations in the depolarization of  
bands in the low frequency Raman spectrum of sheets 
pressed from Montecatini-Edison fibre-forming grade 
PVC (which is more syndiotactic than the usual commer- 
cial PVCs but less syndiotactic than urea-canal PVC) but 
without success. All bands appeared to be depolarized to 
approximately the same degree. 

We conclude that the observed low frequency Raman 
spectrum offers no confirmation of the intermolecular 
force-field used by Moore and Krimm 1. The only observed 
frequency which coincides closely with a predicted fre- 
quency is that at 88 cm -1, which corresponds directly to 
that at 86 cm -1 in the infra-red. The internal torsional 
force constant was based essentially on the corresponding 
frequencies for secondary chlorides. None of  the frequen- 
cies predicted for the lattice modes have been observed, 
unless the peak observed at 60 cm -1 corresponds to the 
B3g mode predicted at 45 cm -1, and peaks observed at 170 
and 185 cm -1 are not satisfactorily accounted for. The 
low frequency region would thus repay further study, par- 
ticularly if larger quantities of highly syndiotactic polymer 
were available. 
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Letters 

On the structure of 3,4-/cis-l,4~polyisoprene by 
13C n . m . r .  

Introduction 
IH n.m.r, and infra-red spectroscopic studies on polyiso- 

prenes with different microstructure have given information 
only on the content but not on the arrangement of iso- 
meric units 1. Although 13C n.m.r, spectroscopy has been 
proven to be a powerful tool for the elucidiation of the se- 
quence structure of polybutadienes 2'3, only a little work 
has been carried out on polyisoprene by this method since 
the pioneering 13C n.m.r, study of Duch and Grant 4. A 
recent study on cis-trans isomerized 1,4-polyisoprene s 
showed that the distribution of cis-cis, cis-trans and 
trans-trans linkages can be determined by 13C n.m.r. The 
purpose of this communication is to report that 13C n.m.r. 
spectroscopy gives detailed information on the sequence 
structure of a binary polyisoprene with 3,4- and cis-l,4 
structural units. 

Experimental 
The polymer was prepared with Ti(O-n-C3H7)4 

AI(C2Hs)3 catalyst 6 in toluene at 0°C. The conversion 
was low. The sample contained 64% 3,4- and 36% cis-l,4- 
units as determined by 13C and 1H n.m.r. 

Results and Discussion 
In order to label the position of a particular carbon atom 

in a given sequence the i'th C-atom of 3,4-units (v) and 
cis-1,4-units (c), is marked by v i and ci respectively (i = 
I, 2, 3, 4, 5) where the carbon atoms are numbered accord- 
ing to the following scheme: 

v ~-C(3)-C(4)-  

C(2)-C(5) 

~(t) 

C(5) 
I 

C ~'-C(1)-C(2)==C (3)-C (4) - 

Throughout head-to-tail enehainment of the structural units 
is assumed. In a sequence of symbols the enchainment of 
the corresponding units is head-to-tail from right-to-left. 
Thus the notation vv3c, for instance, means the tertiary 
C-atom, C x, of the central v-unit in the following chain 
segment: 

c 
I 

- C - C - C X - C - C - C = C - C  - 

I I 
C-C C-C 
U II 
C C 

Figure 1 shows the 13C n.m.r, spectrum of 3,4-/cis-l,4- 
polyisoprene. In the olefinic region (a), particularly the 
resonances of olefinic a-C-atoms, v2, of 3,4-units and ole- 
f'mic/3-C-atoms, c3, of cis-l,4-units show fine structure due 
to different isomeric structure of neighbouring units. Of 
the methyl groups in the aliphatic part of the spectrum 
(b), only the resonance of the methyl carbon v 5 in the 
vinyl side group of 3 A-units is split into several signals. 
The highest informational content, however, is contained 
i n  the region between 26 and 50 ppm which contains 12 
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' ' ' ' ' ' ' b ' 
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Figure I 13C n.m.r, spectrum (22.63 MHz) of 3,4-/cis-l,4-polyiso- 
prene; (a), olefinic region; and (b) aliphatic region 

resonances of methylene C-atoms cl and c4 of cis-l,4-units, 
of methylene C-atoms v4 of 3A-units and of methine C- 
atoms v3 of 3,4-units. The analysis of the present com- 
munication is restricted to this region. 

By comparison with the spectrum of pure cis-l,4 polyiso- 
prene, the signals of methylene C-atoms Cl and c4 in cis-l,4- 
block sequences can be localized at once at 26.2 ppm (1) 
and at 32.4 ppm (7). Although the 13C n.m.r, spectrum of 
pure 3,4-polyisoprene is not available at present it will be 
shown that the resonances of secondary C-atoms v4 and 
tertiary C-atoms v3 in 3,4-block sequences must be assigned 
to signal 9 at 37.8 ppm and to signal 10 at 42.1 ppm. 

For linear saturated hydrocarbons the chemical shift/i k 
of the k'th C-atom can be expressed by the following rela- 
tion 

8k = B + ~ A/nkt (1) 
l 

The constant B is almost equal to the chemical shift of 
methane, -2.6 ppm 7, nkl is the number of carbons in the 
r th  position relative to the k'th carbon and A l is the chemi- 
cal shift parameter assigned to the r th  C-atom. The five 
A l values: a,/3, 7, 6 and e found by regression analysis of 
the chemical shifts of linear alkanes, are given in Table 1. 
The chemical shifts of polyisoprene evaluated on the basis 
of these parameters by means of relation (1) are far from 
being in agreement with the experimental values. The cal- 
culated set, however, has two important features. First, the 
calculated values can be classified into 12 groups of closely 
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Table 1 Chemical shift parameters (ppm) for the calculation of 
chemical shifts in 3,4-/cis-l,4-polyisoprene 

Values for linear alkanes 7 Correction parameters a 

a 9.1 Cl(C=) --7.5 
f3 9.4 c4(e) 1.0 
3" --2.5 3x(2 ° ) --6.2 
8 0.3 2°(3 x) --1.1 
e 0.1 

a symbols as explained in the text 

spaced signals corresponding to the observed signals 1-12. 
Secondly, the three highest predicted shifts are obtained 
for the tertiary C-atoms of 3,4-units in the central position 
of triads. The differences between these values are essen- 
tially due to the 7-shift induced by the tertiary centre of 
the flanking v-units in these triads. The observed shift 
differences of the 3 low field signals of the aliphatic spec- 
trum (b) in Figure 1 are of similar magnitude indicating 
corresponding structural differences. The best absolute 
agreement of predicted and observed shifts of these signals 
is obtained by using an improved parameter set for tertiary 
C-atoms in branched alkanes 8. With this set one finds 
39.5 ppm (vv3v), 44.2 ppm (vv3c, cv3v) and 46.3 ppm 
(cv3c) as compared with the experimental positions of 
42.1 ppm (10), 44.7 ppm (11) and 47.9 (12). 

Even with the best available parameter sets for branched 
alkanes a, it is not possible to obtain perfect agreement 
either between predicted and postulated signal positions of 
tertiary C-atoms v3 in 3,4-block sequences or between pre- 
dicted and known positions of the methylene C-atoms Cl 
and c4 in the cis-l,4-homopolymer. Therefore we use the 
5 shift parameters for linear alkanes only and determine 
new experimental correction parameters for polyisoprene 
from the differences of observed and evaluated signal posi- 
tions of the block sequences. From the difference of the 
experimental shift 32.4 ppm and the predicted value 39.9 
ppm of the signal CClC the parameter Cl(a) is obtained, 
which means the correction for methylene C-atoms with 
1,1 disubstituted olefinic C-atom in a-position. From the 
difference of 26.2 ppm and 25.2 ppm for experimental and 
calculated positions of the c4c signal the parameter c4(a) 
is determined, which means a correction for methylene C- 
atoms with a monosubstited olefinic C-atom in a-position. 
For the signal of tertiary C-atoms vv3v in 3,4-block sequen- 
ces the difference of the postulated position at 42.1 ppm 
and the predicted position at 54.5 ppm yields the parameter 
3x(2°), which means the correction for tertiary C-atoms 
with an olefinic vinyl C-atom in a-position bound to a 
secondary C-atom. The values of Cl(a), c4(a) and 3x(2 °) 
are contained in Table 1. Now the shifts of all C-atoms Cl 
and v3 in other than block sequences are calculated by 
means of relation (1) and the experimentally determined 
correction terms. The corresponding sequences are assigned 
to the spectral positions (2), (6) and (11), (12) as shown in 
Table 2. One is left with the secondary C-atoms v4 of 3,4- 
units and secondary C-atoms c4v of cis-l,4-units adjacent 
to the tertiary centre of a neighbouring 3,4-unit. The 
maximum predicted shift, 40 ppm, of these signals is eval- 
uated for the methylene C-atoms in 3,4-block sequences. 
Therefore, of the remaining signals, the signal 9 at lowest 
field at 37.8 ppm is assigned to these C-atoms. From the 
difference of the postulated and calculated positions a 
further parameter 2 ° (3 x) is determined, which means a 
correction for secondary C-atoms adjacent to tertiary cen- 
tres, with olefinic vinyl C-atoms in a-position. By means 
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of the complete set of correction parameters of Table 1, 
the chemical shifts of the remaining carbon resonances are 
recalculated and assigned to the spectral positions 3, 4, 5 
and 6. Considering the complete assignment given in 
Table 2 one notices that the predicted shifts assigned to 
the positions 2~5 exceed the experimental values by 0 .2-  
0.4 ppm, which is the order of separation between the ob- 
served signals in this region. Actually, an almost perfect 
coincidence between experimental and calculated shifts 
could be achieved if the assignment of the positions 3 -6  
is displaced by one position towards lower field and the 
empty position at (3) is filled by some of the calculated 
signals assigned to position (2). This would, however, not 
be in agreement with the observed relative signal intensities. 

The probability P(v) of finding a 3,4-unit in the polymer 
can be estimated according to the relation: 

1 
-P (v )  = I10 +111 +112 (2) 
2 

where I10,111,112 are the relative intensities of the signals 
10, 11 and 12 normalized with respect to the total inten- 
sity of the signals 1-12. The factor 1/2 on the left hand 
side of equation (2) arises because the total intensity is pro- 
portional to twice the total number of structural units. 
From equation (2) and the experimental intensities the 
value P(v) = 0.64 is obtained. The conditional probability 
of finding a v-unit, given an adjacent c-unit, can be esti- 
mated from: 

1 1 
[1 -P(v)lPcv = ~-111 +112 (3) 

The correspondingly defined conditional probability Pvc 
is determined from the equation: 

1 1 
- P(v) [1 - Pvc] I1 (4) 2 =110+ 7 1 

Table 2 Chemical shift data and relative intensities in 3,4-/cis-l,4- 
polyisoprene 

Chemical shift 
Carbon (ppm) Relative intensities 

Sig- atom and 
nal sequence a Calc. Exp. Calc. b Calc.C Exp. 

1 C4C 26.2 26.2 0.065 0.025 0.023 
2 CVClC 30.2 

wCIC 30.3 
CVCl v 30.3 30.0 0.114 0.157 0.172 
vvclv 30.4 

3 CV4C 31.1 30.8 | 
4 vv4c 31.5 31.1 / 0.155 0.232 0.231 
5 c4vc 32.5 31.5 
6 c4vv 32.5 32.1 

cclv 32.5 32.1 / 0.137 0.106 0.118 
7 cclc 32.4 32.4 
8 cv4vc 37.0 37.5 

cv4w 37.4 37.5 
9 vv4vc 37.4 37.8 0.204 0.163 O. 134 

w4vv 37.8 37.8 
cw3vc 42.0 

10 cwaw 42.0 
vw3vc 42.0 42.1 0.131 0.083 0.080 

VwaW 42.1 
11 cw3c 44.1 

vvv3c 44.2 
cvavc 44.1 44.7 0.146 0.160 0.170 

cv3vv 44.2 
12 cv3c 46.3 47.9 0.041 0.076 0.071 

a Symbols as explained in the text; bcalculated for a Bernoullian 
distribution; Ccalculated for first order Markov statistics. 
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From (3) and (4) the values Pcv = 0.86 and Pvc = 0.49 are 
obtained. These values indicate that the distribution of 
structural units does not follow Bernoullian chain statistics 
but statistics with a tendency towards alternation of struc- 
tural units. This can also be seen qualitatively by compar- 
ing the relatively strong intensity of the signal cv3c (12) of 
triads with alternating structure with the intensity of  the 
signal w3v (I0)  of block triads. 

By means of the statistical parameters determined from 
the spectrum the relative intensities of all signals were eval- 
uated assuming first order Markov statistics as well as Ber- 
noullian chain statistics. Table 2 shows that for all signal 
groups, the intensity of which can be measured with suffi- 
cient accuracy, the best agreement between predicted and 
experimental intensities is found for the Markov model. To 
explain these results further investigations are being carried 
out on this system. 

W. Gronski, N. Murayama and H.-J. Cantow 
Institut for Makromolekulare Chemie, 
Universitgt Freiburg, 
D-78 Freiburg L Br., West Germany 

Institute for Chemica/ Research, 
Kyoto University, 
Kyoto, Japan 
(Received 14 January 1976) 

T. Miyamoto 
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The Physics of Rubber Elasticity (third edition) 
L. R. G. Tre/oar 
Clarendon Press, Oxford, 1975, pp 310, £14.00 

The first edition of this book was published some twenty five years 
ago. It deservedly won respect from physicists and chemists of the 
time for its lucid exposition of a subject which was widely regarded 
until then as being unamenable to scientific discipline. The second 
edition appeared in 1958. In maintained the same high standard 
but in order to allow an adequate updating of the major themes 
some peripheral topics were curtailed. This process is continued 
in the third edition to the point where the chapters on the dynamic 
mechanical properties and on crystallization have been dropped 
completely. The book is still about the same length as of previous 
editions, but it is now devoted entirely to the equilibrium proper- 
ties of rubbers and to the rubbery state of matter. The treatment 
of this narrower field is refined and very much up-to-date. It sets 
a standard of presentation rarely equalled in monographs of this 
kind. 

The first nine chapters deal with general phenomena, statistics 
of a single chain, network statistics and the experimental examina- 
tion of the predictions of theory which includes the thermodyna- 
mics of dry and swollen rubbers and photoelasticity. Extraneous 
information has been carefully pruned from the earlier texts and 
the main arguments are clarified and amplified. The author is at 
pains to point out where opinions differ and where he stands with 
respect to these opinions. 

The remainder of the book deals with recent developments in 
the phenomenology of general strain, the theory of large deforma- 
tions and thermoelastic studies. These chapters are new and two at 
least - 'alternative forms of the strain-energy function' and 'thermo- 
elastic analysis of the Gaussian network' - are gems. 

Treloar's personal qualities include a clear mind and a facility 
for designing simple pertinent experiments. These qualities shine 
through the book. It will be enjoyed by research workers, teachers 
and students whether or not they are familiar with the subject. 

One sad comment: The elasticity of caoutchouc is exceeded 
only by the elasticity shown by the publishers in stretching the 
price of the third edition. In 1960, the second edition cost £ 2 - 5 - 0 .  

G. Allen 

Mechanics of Polymers 
R. G. C. Arridge 
Clarendon Press, Oxford, 1975, £6.50 

A wide coverage of topics make this book suitable as a course book 
on mechanics of polymers. It may also be useful to researchers 
requiring information on aspects of polymer mechanics related to 
their work. Chapter 1 provides a good general introduction to poly- 
mers and plastics. Viscoelasticity is outlined in some detail in Chap- 
ter 3. The relationships between the relaxation and retardation 
spectra and between the stress relaxation, creep and dynamic 
moduli and compliances have also been discussed. However the 
useful approximate conversion equations are dealt with rather 
briefly (p 75), although reference is made to a good source. Per- 
haps some examples of their use and graphical representation of 
typical data could have been given following the descriptions of lab 
methods in Chapter 4. tlere, although the torsion pendulum is des- 
cribed in adequate detail, creep and stress relaxation testing is des- 
cribed very briefly. A brief discussion of the tensile test would be 
here appropriate. Values of frequencies used in Figures 4.2, 4.5, 
4.8 should be quoted and discussed in relation to the investigated 
temperature range. 

The subject of secondary transitions is also dealt with rather 
briefly considering the important effects these have upon polymer 
properties. On the other hand stress and strain are dealt with at 
length and this is available in many books on strength of materials. 

The subject of anisotropy is well treated and is of practical im- 
portance. Also yield, cold drawing, work hardening and softening 
is treated thoroughly and had a close relationship to fracture. The 
reviewer finds the subject of fracture being dealt with rather briefly. 
The compliance method of measuring fracture toughness should 
have been described in detail. Some of the more widely used frac- 
ture toughness specimen types with their K calibration formulae 
could have been included so that non specialists could carry out 
fracture toughness measurements without further information. Al- 
ternatively reference could have been made to suitable texts (such 
as ASTM) on this extensive and important subject. Apart from 
some basic references on fracture mechanics, a few more impor- 
tant papers on fracture toughness of specific plastics (e.g. Ehrlich, 
Knaus, Wnuk, Retting) could be quoted. Similarly, a brief descrip- 
tion of the modern approach to fatigue (Hirschberg, Manson) and 
stress corrosion (Scully) would be useful in providing a simple link 
between physics and engineering. 

The effort made in the book to compare and contrast polymer 
behaviour with that of metals and ceramics is useful. Similarly the 
treatment of properties on an atomic (or molecular), micro and 
macro scale is valuable. However students might find that there 
was a lack of practical examples compared to the theoretical con- 
tent while the book's usefulness to other users e.g. researchers, 
would be much improved if the book had a much higher content of 
up-to-date data on the properties of the more important polymers 
(e.g. see McCrum-Read-Williams book). 

J. C Radon 
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Persistence length of cellulose tricarbanilate 
by small-angle neutron scattering 

A. K. Gupta, J. P. Cotton*, E. Marchal, W. Burchardt and H. Benoit 
Centre de Recbercbes sur /es Macromo/dcu/es CNRS, 6, rue Boussingault, 67083 Strasbourg Cedex, 
France 
(Received 12 December 1975) 

Small-angle neutron scattering measurements were made on cellulose tricarbanilate in dioxane at 
different temperatures. The persistence length evaluated from the Kratky plot was found to be 110 ~, 
at room temperature. A decrease in persistence length with increasing temperature was observed. 

INTRODUCTION 

Cellulose tricarbanilate (CC) has been shown to have a rather 
rigid conformation in dioxane solution. Its conformation is 
usually described by the Kra tky -Porod  model 1 for which 
the rigidity is characterized by a quantity, a, called 'persis- 
tence length'. A variation of  persistence length with tem- 
perature was noticed 2'3 for CC and was shown to be related 
to a change from one conformational state to another 2. 
Usually, persistence lengths are determined by studying one 
quantity as function of  molecular weight. If the conforma- 
tion, and thus a, depends on molecular weight, which is the 
case for CC 2, these methods cannot be used in a straight- 
forward manner. Thus, those investigations which allow 
the determination of a on a single sample are of utmost  
interest. 

Small-angle neutron scattering (SANS) or X-ray scatter- 
hag provide such methods. The X-ray technique has been 
applied with success to CC in acetone at 20°C 4. It is inter- 
esting to compare the two techniques. We report SANS 
results on CC in dioxane at various temperatures. The pre- 
vious two studies s'6 on the application of this technique for 
the determination of a were made on systems in which inde- 
pendent determinations of  a had not been carried out. For 
the present system, the values of  a determined from various 
techniques have been reviewed in a recent publication 2. 

Two sets of  experiments were performed in order to 
cover a wide range of wave vectors, using different wave- 
lengths of  incident neutron beams and different sample- 
detector separations. Identical results were obtained from 
both sets of  experiments. However, at the larger sample- 
detector separation an important scatter of  experimental 
points was found at higher scattering angles (due to a smal- 
ler difference between signal and background). The extra- 
polations carried out on these data were ascertained by com- 
parison with theoretical scattering curves. The persistence 
length was evaluated using the Kratky procedure 7, which is 
described below in brief. 

It is well known that the scattering envelope can be divi- 
ded into different domains depending on the relative values 
of the wavevector q[q = (4n/X) sin 0/2, 2~ being the wave- 
length and 0 the scattering angle] and the dimensions of  
the coil: 

* Service de Physique du Solide et de Rdsonance Magn~tique, 
Centre d'Etudes Nucl4aires de Saclay, BP 2, 91190 Gif-sur-Yvette, 
France. 
t Institut fur Makromolekulare Chemie, Universit~t Freiburg, 
Freiburg i-Br, West Germany. 

(1) If q ~< 1/R, R being molecular radius of  gyration, we 
are in the Guinier domain and a plot o f1 -1  or log ! (I being 
scattered intensity) as a function of q2 allows the deter- 
mination of R. 

(2) When q increases, the scattering envelope can be des- 
cribed by the Debye formulaS: 

2KcM 
I -  (q2R-~) ~ [q2R2 - 1 + exp(-q2R~2)] (1) 

if the chain is Gaussian. Here K is the optical constant of  
the system, c the concentratio____~ in g/ml. This formula is 
valid as long as q < 1/a. If  (R2)l/2 is much longer than a 
there is a domain of q: 

1 1 
- ~ < q < ~ -  
R a 

where the asymptotic law I ~ q - 2  is valid. 
(3) If 1/a < q < l/r, r being the radius of  gyration of  a 

cross-section of  the chain or a characteristic distance of  the 
repeating unit of  the polymer, the chain behaves like a rod 
of length L and the asymptotic expression : 

M 
I = Kc/T, rrq- 1 (2) 

can be used 9. 
It is usual to represent the results using the Kratky pro- 

cedure, i.e. plotting iq2 v e r s u s  q. If the three quantities R, 
a and r are very different, one should obtam a graph simi- 
lar to that plotted in Figure 1. Part 1 is the Guinier range; 
part 2 the Debye domain, where iq2 reaches an asymptotic 
value; part 3 the rod-like behaviour domain, where Iq'2 is 
proportional to q and part 4 the domain where the internal 
structure of  the monomeric units has to be taken into 
account. 

The most interesting feature in this representation is the 
transition between domains 2 and 3. Under favourable cir- 
cumstances there is a sharp transition between the horizon- 
tal domain (part 2) and the sloping straight line (part 3) at a 
value q* of  q related to the persistence length by: 

a : A /q*  (3) 

The constant A is easily calculated by equating the limiting 
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[ 4 
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q 
Figure I Schematical representation of a Kratky plot  showing the 
four  parts of the scattering pattern for stiff chains 

intensity in equation (1) at high q and that of equation (2). 
Using the expression for radius of~gyration of worm-like 
chain in the limiting case L >> a (RO~2:= aLl3), this value is 
A = 6fir ~ 1.91. 

This ideal situation is not often encountered and various 
authors 44° have made calculations to see the exact shape of 
the scattering curve in the regions 2 and 3 when the above 
equations are not fulfilled. More specifically, ifR is not 
very large compared to a, the Debye branch (part 2) is no 
longer horizontal in the iq2 vs. q plot and q* lies in the re- 
gion where the curvature goes through a maximum. The 
value of the constant A may differ from the ideal value 
1.91 ; in fact values ofA = 2.231° and A = 2.874 have been 
reported as upper limits. A lower value ofA = 1.7 is ob- 
tained from des Cloizeaux's u treatment of an infinite 
Kratky-Porod chain. The approximation used by some 
authors s, which consists in using A = 1, seems to be an 
over-simplification. In the case of an infinitely large 
Gaussian coil the horizontal line would lie below the curve 
obtained for real chains. 

EXPERIMENTAL 

Apparatus 
Neutron scattering experiments were made on the small- 

angle apparatus of the Leon BriUouin Laboratory using the 
neutron flux produced by the reactor EL3 (CEN, Saclay). 
The detector used is the multidetector of (p, 0) type 12. The 
principle of the set up is very similar to that described else- 
where 13. Here the incident beam is collimated by two 
holes (3 mm diameter) separated by a distance of 1.20 m. 
The effects of the large incident wavelength distribution 
(AX/X ~ 30%) are corrected for by taking for the mean 
wavelengthl3: 

,f oo = - -  Xi(X)dX 
I0 

which is valid in the range of q where equation (2) holds. 
The mean wavelength of neutron beam 7.05 A and sample 
detector distance of 3.75 m provided measurements in the 
range 0.007 < q < 0.07 A -1 for the first set of experiment 
(experiment I). For the second set of experiments (experi- 
ment II) a range o fq  values 0.004 < q < 0.04 A -1 was ob- 

tained by using a neutron beam of wavelength 8.72 A and 
a sample-detector distance of 5 m. A 5 mm thick quartz 
cell was employed for holding the sample. The tempera- 

ture of the sample was kept constant to within-+O.I°C by 
enclosing the sample in a thermostatically controlled 
chamber. 

Materials 
The CC sample of weight-average molecular weight 

130 000 was used in this study. Details of its preparation 
and characterization are given elsewhere 2. Deuterated di- 
oxane (from Carl Roth OHG Karlsruhe) was used without 
redistillation, to obtain better contrast between intensity 
scattered from solvent and solute. Concentration of the 
solution was maintained at ~8 x 10 -3 g/ml, which was 
within the range where no intermolecular effects are 
observed 2. 

RESULTS AND DISCUSSION 

Experiment I 
The scattering data of experiment I are shown in Figure 2 

in the form of lq  2 vs. q plots at different temperatures. Be- 
cause of the finite molecular weight of the sample, the 
horizontal straight line corresponding to the Debye branch 
(of ideal case) is not observed. However, there are inflec- 
tion points in the expected regions on these experimental 
curves. They are very similar to the theoretical curves des- 
cribed 4 for finite chains. They allow a rather precise deter- 
mination of q* and thus of the persistence length. These 
values are recorded in Table 1. 

Values of persistence length obtained from this experi- 
ment are in agreement with those reported in previous 
studies. For CC in dioxane at 25°C its value as obtained 
from dielectric measurements ~ is 108 A. Some other 
known values for the same system are: 136 A at 20°C from 
light scattering14; 80 A at 25°C from translational diffu- 
sion coefficient measurements~S; and 129 A at 25°C from 
stress-optical coefficient measurements 3. In other solvents 
the values reported are: 77 A in benzophenone at 55°C16; 
108 A* in acetone at 20°C from low-angle X-ray scattering 

* This value was obtained with A = 2.87; when using A = 1.91, a 
smaller persistence length ofa = 72 A is found for CC in acetone. 
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Figure 2 iq2 vs. q plots at d i f ferent temperatures f rom the scat- 
tering data of  experiment I on CC in dioxane. The origin on the 
ordinate is shifted, as shown, in order to separate each curve: [3, 
85.5°C;V, 66.1°C; &, 53.0qC; l ,  34.1° C; o, 21.5°C 
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Table 1 Results from scattering data of  experiment I 

T(°C) q*(A -1) a(A) 

2 1 . 5  0 . 0 1 6 5  116  
34.1 0 . 0 1 7 0  112  
5 3 . 0  0 . 0 1 7 0  112  
66 .1  0 . 0 1 8 0  106  
8 5 . 5  0 . 0 1 8 3  104  

4.J 

0 0 2  

• i 0.02 

30~ 0"02 0.01 

0.01 001 O ~  

O 

0"01 C 

0 I~ S ~  I 1 I 

0 0"02 004  
q (~-~) 

Figure 3 /q2 vs. q plots at different temperatures from the scat- 
tering data of experiment I I on CC in dioxane. The origin on the 
ordinate  is shifted,  as shown, in order to separate each curve. 

• calculated Debye curve as described in the text. V, 80.2°C; 
E3, 62.6°C; z~, 40.9°C; O, 22.0° C 

measurements 4. Slight disagreement of these values, except 
for the last one, has been attributed to the molecular weight 
range studied or the incomplete degree of substitution of 
the samples used. 

The variation with temperature of persistence length is, 
however, less reliable in this set of experiments. This is due 
to low precision in locating the inflection point which lies 
near the boundary of the experimental range. 

Experim en t II  

The scattering data of experiment II are shown in Figure 
3 in the form of lq  2 vs. q plots at different temperatures. 
Even though a dispersion of the data occurs in both experi- 
ments the inflection points are again apparent around the 
same q-values. Values of the wavevector, q*, corresponding 
to the characteristic inflection points as well as the persis- 
tence lengths deduced from these, are recorded in Table 2. 

The q* values in experiment II are relatively more pre- 
cise since the domain of experimental q values is more 
favourable. Variation of persistence length with tempera- 
ture also becomes well apparent in this case. The agree- 
ment of temperature variation of persistence length ob- 
tained in this experiment is better in comparison to that 
obtained from stress-optical coefficient data 3 than to that 
from dielectric data 2 (also shown in Table 2). 

In order to check the self consistency of these results 
and thus to ascertain the extrapolations for different 
branches of the scattering curve we proceed in the follow- 
ing way. From the slope of the ascending straight line 
branch and the mass per unit length one can obtain the 
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Table 2 Results from scattering data of experiment II with some 

other reported values of persistence length 

scattering 
data of stress-opt ical  
exper iment  coeff ic ient  dielectric 

T(°C) q*(A -1) II data 3 data 2 

2 2 . 0  0 . 0 1 7 2  111 --  - -  
2 5 . 0  --  - -  129  108  
3 5 . 0  --  - -  - -  9 0  
40 ;9  0 . 0 1 8 6  103  --  - -  
5 0 . 0  --  - -  109  73  

6 2 . 6  0 . 0 2 0 0  9 5  --  - -  
75 .0  --  - -  1 0 9  57  
8 0 . 2  0 . 0 2 1 0  91 - -  - -  
9 0 . 0  --  - -  9 9  5 0  

value of optical constant K from equation (2). In this cal- 
culation we have used for monomer length the value 5.15 A 
determined from X-ray crystallographic data on cellulose , 7  

and found K = 1.55 x 10 -3. Further, we tried to fit the 
results at smaller angles with the Debye scattering function 
(equation 1) using this value of K. One such calculated 
Debye curve along with the experimental data is shown in 
Figure 3 (by the broken line), where the agreement is good 
upto q ~ 0.01,8,-1. Above this q range the tendency of 
deviation from ideal horizontal Debye curve becomes appa- 
rent. It is clear that in this range neither of the ideal expres- 
sions hold, as already mentioned. 

At this stage we wish to point out that all calculations 
for the persistence lengths from SANS were made with an 
A-constant of 1.91 which refers to the idealized model dis- 
cussed above. The persistence lengths so calculated, may 
be considered as lower limits. By the use ofA = 2.87, 
which was found from the Daniels approximation, one 
would obtain persistence lengths 1.5 times larger than re- 
ported here. These values would agree with an interpreta- 
tion of light scattering data ~4. Since the question of the 
correct A-value does not seem to be fully settled in theory, 
we confine ourselves to reporting these two limits (it is 
probable that A depends on the chain stiffness, i.e. the 
number of repeating units per persistence length, and on 
the ratio L/a of the contour length to the persistence 
length). 

The relatively good internal fit makes the determination 
of persistence length more reliable. Furthermore, the value 
a = 110 A found by SANS at room temperature agrees with 
those found by other methods. These measurements thus 
justify the applicability of SANS technique for the deter- 
mination of characteristic parameters of the Kratky-Porod 
chain. Because of the large contrast which can be obtained 
by the use of deuterated solvents and the large domain of 
q-values obtainable if besides the Saclay apparatus one 
uses the one at ILL Grenoble, it is clear that experiments 
are much faster and much easier with neutrons than with 
X-rays, if one does not take into account the price of the 
equipment. 
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A recent re-examination of previous light scattering 
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account the chain length dependence of persistence length 
leads to a = 113 A for the sample in concern, which is in 
very satisfactory agreement with SANS and dielectric re- 
laxation measurements. 
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The structures of multicomponent species present in AB crosslinked polymers (ABCPs) formed by 
the random introduction of crosslinks of polymer B into an assembly of chains of polymer A are des- 
cribed for different extents of crosslinking. Microphase separation has been observed in solvent cast 
samples of ABCPs prepared by crosslinking poly(vinyl trichloroacetate) and a styrene copolymer (A- 
components) with polychloroprene (B-component). The morphologies of the polymers at low and 
high degrees of crosslinking are presented. Polychloroprene domain sizes have been determined for 
various crosslink lengths and crosslink densities. Domain sizes and their variation with molecular 
weight of the B-chains are discussed in terms of the structures of the multicomponent species present 
in the ABCPs and with theoretically predicted domain sizes in linear block copolymers. Distributions 
of domain sizes have been determined and compared with the molecular weight distributions of the 
B-chains. 

INTRODUCTION 

The term AB crosslinked polymers (ABCPs) refers to poly- 
mers in which chains of polymer A are connected by long 
crosslinks of a chemically different polymer B. This ter- 
minology can be used to describe materials ranging from 
simple structures with low degrees of crosslinking to infi- 
nite network structures with high degrees of crosslinking. 

Previous papers 1-4 described a general method of pre- 
paring ABCPs of known structure by reacting a preformed 
polymer (the A-component) having reactive halogen in side 
chains with a metal carbonyl in the presence of a monomer. 
The metal carbonyl specifically removes halogen atoms (at 
a predetermined rate in a thermal or photochemical reac- 
tion) from the preformed polymer to produce radical sites 
on the side groups of the A-chains. These macroradicals 
initiate polymerization of the monomer to produce growing 
chains of polymer B attached to the A-chains. Combina- 
tion termination of the propagating grafts produces B- 
crosslinks, while disproportionation termination generates 
B-branches on A-chains. The specificity of the initiating 
system ensures that, in the absence of chain transfer, no 
homopolymer of B is formed. However, as prepared, 
ABCPs always contain some unreacted A hompolymer in 
addition to the multi-component species. By careful con- 
trol of the reaction kinetics it is possible to achieve random 
crosslinking, (thus avoiding excessive intramolecular 
crosslinking of A-chains) and to control number average 
degrees of polymerization of the crosslinks. Conditions for 
achieving random crosslinking in these systems have been 
presented elsewhere 1. 

The normal incompatibility of chemically different poly- 
mers leads to phase separation in most polyblends and to 
microphase separation in block and graft copolymers. In 
both cases, molecular reorganization occurs readily in solu- 
tion or in the melt allowing like chains to aggregate and to 
exclude unlike chains from their vicinity. At low cross- 
link densities ABCPs contain, in addition to homopolymer 

* Present address: Unilever Research Port Sunlight Laboratory 
Port Sunlight, Wirral, Merseyside, L62 4XN. 

A, only simple crosslinked structures (e.g. two A-chains 
crosslinked by one B-chain) and it might be anticipated 
that they could readily undergo microphase separation. 
However, at high crosslink densities ABCPs contain infinite 
network structures and, although the ABCPs are normally 
prepared in dilute solution, it is not immediately apparent 
that microphase separation will be observed in the solid 
polymer since molecular reorganization could be restricted 
by the comparative immobility of junction points in the 
network structures. 

Preliminary electron microscope studies of thin cast 
films demonstrated that microphase separation can occur 
in ABCPs of poly(vinyl trichloroacetate) (PVTCA) cross- 
linked with polychloroprene (PCP), designated PVTCA/ 
PCP s. Indirect evidence for microphase separation in highly 
crosslinked ABCPs of PVTCA crosslinked with polystyrene 
(PS) or with poly(methyl methacrylate) (PMMA) has been 
obtained from dilatometric studies of the solid polymers 6. 

In this paper we report the results of an electron micro- 
scope study of thin sections of some ABCPs, providing 
information on the morphological features of the bulk poly- 
mers. The ABCPs used were PVTCA/PCP and a copolymer 
of styrene and p-vinyl benzyl-trichloroacetate (PS*) cross- 
linked with PCP (designated PS*/PCP). In both cases the 
crosslinks were the minor component. The morphological 
features of these materials are discussed in terms of the 
structures and compositions of the ABCPs. 

EXPERIMENTAL 

Materials 
Methyl methacrylate and manganese carbonyl were puri- 

fied as described previously 7. Chloroprene was washed free 
of inhibitor with aqueous sodium hydroxide, dried, pre- 
polymerized and vacuum distilled before use. PVTCA (ffw 
of trichloroacetate residues was 4140) was prepared by 
trichloroacetylation of poly(vinyl alcohol) (~r n 124 000) as 
described previously 1. The polystyrene copolymer PS* 
(~14 n 130 000) incorporating 7% (tool/tool) p-vinylbenzyl- 
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trichloroacetate, was prepared from polystyrene homo- 
polymer s . 

ABCPs were prepared by reacting preformed polymer in 
chloroprene solution using photoinitiation with manganese 
carbonyl (X = 436 nm) at 25°C. Small concentrations of 
benzene, as cosolvent, were used to ensure dissolution of 
the preformed polymer. Degrees of polymerization of 
crosslinks were determined by the manganese carbonyl con- 
centration and light intensity employed. Crosslinking in- 
dices of the ABCPs were controlled by the reaction time; 
reaction times required for gelation were ascertained in sep- 
arate experiments performed under the same conditions. 

PVTCA/PCP ABCPs of low crosslink density (reaction 
stopped prior to gelation) were precipitated into petro- 
leum ether. Samples of higher crosslink density were iso- 
lated by removing excess monomer under high vacuum. 
PS*/PCP ABCPs were initially isolated by evaporation of 
volatiles under high vacuum. 

Electron microscopy 
Samples of ABCPs of low crosslink density were cast as 

films (0.5-1 mm thick) from dilute solutions in appro- 
priate solvents. Samples of higher crosslink density were 
prepared by drying pieces of polymer swollen by solvent. 
Pieces of the dry ABCPs were mounted on epoxy-resin 
blocks. PVTCA/PCP and PS*/PCP ABCPs were stained 
and hardened for ~4 days in an aqueous solution of osmic 
acid [-v1% solution (w/v)]. Ultra-thin sections (~100 nm 
thick) were cut on an ultramicrotome (LKB Mk III) and 
examined using a JEM 7 transmission electron microscope. 

NATURE OF MULTICOMPONENT SPECIES IN ABCPs 

In the preparation of an ABCP the initial reaction mixture 
contains an assembly of homopolymer A-chains with a dis- 
tribution of molecular weights. Crosslinks of polymer B 
are then introduced randomly. Because of their higher 
functionality, high molecular weight A-chains are preferen- 
tially incorporated into multicomponent species in the early 
stages of reaction. If the propagating B-chains terminate 
exclusively by combination (e.g. when chloroprene is used 
to form the crosslinks) the first multicomponent species to 
be formed have structure (I), reminiscent of an ABA block 
copolymer but with two terminal blocks at each end of the 

B A 

(I) 

central block, i.e. an A2BA2 block copolymer. Continued 
reaction generates more species with structure (I), the reac- 
tion gradually involving a larger proportion of the shorter 
A-chains. Simultaneously, A-chains already incorporated 
into multicomponent species react further to produce spe- 
cies such as (II) 

A A 
~ _  B f  B A 

(llI 

and even more complex species; again reaction preferen- 
tially involves long A-chains. Eventually the reaction mix- 
ture gels as infinite network structures are formed; the reac- 
tion mixture then contains a gel fraction comprised of 

attached A- and B-chains and a sol fraction consisting of 
simpler multicomponent species together with unreacted 
A-chains. Further reaction then incorporates more B-chains 
and species from the sol fraction into the infinite structure. 

If propagating B-chains could terminate exclusively by 
disproportionation, only B-branches would be formed on 
A-chains. In the early stages of reaction, species such as 
(III) 

(III) 

would be formed (an A2B block copolymer) and subse- 
quently more complex branched structures would be pro- 
duced. In cases where termination proceeds by both com- 
bination and disproportionation (e.g. when using methyl 
methacrylate to form crosslinks) a mixture of branches and 
crosslinks of polymer B will be incorporated into multi- 
component species, their relative proportions depending on 
the relative rates of the two termination reactions. 

For random crosslinking in an assembly of monodis- 
persed polymer chains, Flory calculated 9 the weight frac- 
tions of crosslinked species of different complexity as a 
function of crosslink density. Stockmayer m considered 
random crosslinking of a polydispersed polymer but to the 
best of our knowledge the relative proportions of cross- 
linked species of different complexity and molecular 
weight have not been determined quantitatively. Exactly 
the same principles as used by Flory and Stockmayer apply 
to the formation of ABCPs but with the complication that 
the crosslinks themselves have a distribution of degrees of 
polymerization determined by the kinetics of the cross- 
linking polymerization. Prior to gelation, the crosslinks 
formed have a molecular weight distribution characterized 
by Mw/Mn = 1.5; branches have a most probable distribu- 
tion. Following gelation, the rate of polymerization of 
certain monomers accelerates (at constant rate of initia- 
tion) owing to an increase in chain length; the molecular 
weight distribution of crosslinks formed under such condi- 
tions is not known at present but the average degree of 
polymerization can be calculated from kinetic data. At the 
present time, therefore, we are unable to give a quantita- 
tive description of the numbers of multicomponent species 
of different complexity in ABCPs but we calculate the num- 
ber of crosslinks and the crosslinking index in these mate- 
rials. (We define the relative crosslinking index 7r as the 
ratio of the true crosslinking index to that at the gel point; 
7r is the number of crosslinking units per weight-average 
A-chain and is proportional to the number of crosslinks in 
the system.) Following the arguments of earlier workers 
we may predict that prior to gelation the population of 
multicomponent species with different numbers of A-chains 
decreases with increasing numbers of  A-chains. Also, as 
reaction proceeds the average length of unreacted A-chains 
and of A-blocks in multicomponent species decreases. 

In the present study no attempt has been made to sep- 
arate multicomponent species from unreacted A-chains. 
Consequently the morphologies reported are those of 
blends of AB crosslinked species and unreacted A-chains. 

RESULTS AND DISCUSSION 

General morphological features 
Table 1 presents structural parameters for ABCPs having 

polychloroprene crosslinks as the minor component. 
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Table 1 Structural parameters of some ABCPs 

Polychloroprene P'n of PCP 
ABCP (% w/w) crosslin ks 3'r 

PVTCA/PCP 1 4 900 0.4 
PVTCA/PCP 2 6 900 0.8 
PVTCA/PCP 3 8 900 1.2 
PVTCA/PCP 4 25 3720 8 - 9  
PS*/PCP 1 ~5 1064-2800 0.67 
PS*/PCP 2 15 5900 0.83 

Figure 1 is a representative selection of electron micro- 
graphs of the above samples cast from various solvents 
illustrating the occurrence of microphase separation. Sam- 
ples with low crosslinking index (Tr < 1.2) exhibit well- 
defined spherical PCP domains randomly distributed within 
the matrix of  the A-component. ABCP, PVTCA/PCP4 
(Figure lc), with high crosslinking index (Tr ~ 8), contains 
highly-crosslinked network structures and exhibits a more 
confused morphology of very small domains; some aggre- 
gates of small domains are apparent in the micrograph. 

Low crosslink density. For ')'r '~ 1 the volume fraction 
of crosslinks is very small, the predominant multicompo- 
nent species have structure (I) and a large proportion of 
A-chains remain unreacted. Assuming complete microphase 
separation with a narrow interface, the PCP chains which 
aggregate to form the domains will have both ends located 
at the domain-matrix interface with the attached A-chains 
in the matrix, as schematically represented in lqgure 2a. 
While we shall show later that domain diameters may be 
related to the degree of polymerization of the B-chains, the 
average inter-domain distance will be determined by the 
overall composition and not by the structural parameters of 
the A-chains; the domains are distributed randomly in a 
matrix of A-chains. Any species such as (II), or more com- 
plex species, which are present will have both B-chains in 
the same domain (Figure 2b) with the central A-chain form- 
ing a loop on the domain surface (this A-chain will nor- 
mally be too short to traverse the distance between neigh- 
bouring domains). Thus, inter-domain linkages (Figure 2c) 
will be infrequent. 

W . . . .  W qlp 

O • 
• • 

• ' Q L  
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• e o  . °  
Figure I Representative electron micrographs illustrating microphase separation in ABCPs; (a) PVTCA/PCP 1 ; (b) PVTCA/PCP 3; (c} PVTCA/ 
PCP 4; (d) PS*/PCP 1 cast from benzene solution; (e) PS*/PCP 1 cast from chloroprene/benzene (4:1 v/v); (f) PS*/PCP 2 cast from chloroform 
solution. Magnification 60000 X 
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Figure 2 Schematic representation of microphase separation in 
ABCPs for species with structures (I) and (11), as discussed in text. 
- - - ,  A; . . . .  , B component, broken circles represent the do- 
main--matrix interface 

As Tr increases (Tr • 1) the volume fraction of B-chains 
and the proportion of A-chains in multicomponent species 
(and to some extent the complexity of those species) in- 
creases. Consequently the inter-domain separation must 
decrease and it might be anticipated that some increase in 
long-range order would be observed under appropriate con- 
ditions. However, at higher degrees of crosslinking this 
latter event may be overtaken by the increasing complexity 
of the system. A reduction in inter-domain separation will 
also allow an increase in inter-domain connections (Figure 
2c). 

High crosslink density. Under conditions % >  1 the 
ABCPs contain infinite network structures which must res- 
trict molecular reorganization and may affect microphase 
separation. For Tr slightly in excess of unity, the ABCPs 
contain a large sol fraction capable of  diffusing through the 
swollen gel and minimizing constraints on microphase 
separation as the swollen gel collapses during sample pre- 
paration; Figure lb is an electron micrograph of PVTCA/ 
PCP 3 with "Yr = 1.2, which exhibits the same morphological 
features as more lightly crosslinked samples. At high values 
of 7r (Figure lc is a micrograph of PVTCA/PCP 4, Tr ~ 8) 
the sol fraction is negligible. Aggregation of B-chains re- 
quires the relative movement of network junctions and may 
be restricted. Additionally, most A-chains will have mul- 
tiple junctions, so that the average block length of A-chains 
between the junctions will be short and inter-domain sepa- 
rations must be small. This view is consistent with the rela- 
tively small PCP domains in Figure lc  (ABCPs PVTCA/PCP 
3 and 4; fin for crosslinks are 900 and 3720, respectively) 
and a more confused morphology. 

Domain size analysis 
In this section we consider domain sizes in ABCPs where 

Tr is small and the morphology is not dominated by net- 
work constraints. Electron micrographs of ABCPs PVTCA/ 
PCP 1-3 and PS*/PCP 1 and 2, show distributions of do- 
main sizes which are wide compared with those obtained 
from linear block copolymers with narrow molecular 
weight distributions. Any natural distribution of domain 
sizes in the sample is complicated by the sectioning process 
since domains with centres outside the section, but within 
one domain radius of the section surface, will be cut during 
sectioning leaving an apparently small domain in the sec- 

tion (assuming domains are not torn out during section- 
ing). This effect, which apparently enhances the number 
of small domains, increases with decreasing section thickness. 

In analysing size distributions we measured the diameters 
of between 200 and 340 domains for each sample and cor- 
rected observed distributions for effects of sectioning as- 
suming a section thickness of 100 nm (microtome settings 
were 80-100 nm). Figures 3a and 3b show, respectively, 
the uncorrected and corrected distributions for PS*/PCP 2 
cast from chloroform. [For comparative purposes all cor- 
rected distributions have been normalized to a count of  
250 domains (positive)]. The negative portion of the cor- 
rected distribution probably reflects errors in counting 
small domains which may be slightly underestimated as a 
result of domain overlap or lack of contrast (some domains 
show relatively poor contrast for their diameters probably 
because they are fragments of domains left on sectioning). 
We shall assume the positive portions of the distributions 
provide adequate descriptions of the true distributions. 

Casting solvent. Figures 3b and 3c are the corrected 
distributions for PS*/PCP 2 cast from chloroform and 
benzene, respectively; the mean radii and their standard 
deviations are very similar (Table 2). Corrected distribu- 
tions for PS*/PCP 1 cast from various solvents are shown 
in Figure 4 and their mean radii and standard deviations 
are given in Table 2. Again, the distributions are very simi- 
lar. For both ABCPs, domain radii for samples cast from 
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Figure 3 Domain size distributions in ABCP, PS*/PCP 2. (a), (b) 
are uncorrected and corrected distributions, respectively, for a 
sample cast from chloroform solution, (c) corrected distribution 
for a sample cast from benzene solution 
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Table 2 Domain size analysis for some ABCPs 

Casting Mean domain Standard 
ABCP solvent radius (nm) deviation (rim) 

PVTCA/PCP 1 Benzene 18.38 3.25 
PVTCA/PCP 2 Benzene 19.99 5.06 
PVTCA/PCP 3 Benzene 19.50 4.71 
PS*/PCP 1 Benzene 15.25 2.83 
PS*/PCP 1 Chloroform 16.42 3.67 
PS*/PCP 1 Chloroprene/ 13.53 2.38 

benzene (4:1 
v/v) 

PS*/PCP 1 Compression 15.1 3.20 
moulded 

PS*/PCP 2 Benzene 38.17 4.66 
PS*/PCP 2 Chloroform 40.24 4.93 
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Figure 4 Corrected domain size distributions for ABCP, PS*/PCP 1. 
Samples cast from: (a) benzene; (b) chloroform; (c) chloroprene 
benzene (4:1 v/v); (d) refers to a compression moulded sample 

chloroform are slightly greater than for those cast from 
benzene. Whether or not the minor variations observed 
reflect true changes with casting solvent cannot be ascer- 
tained from the limited data available. 

Crosslink density. Variations in domain size distribu- 
tion with crosslinking index (at constant crosslink length) 
were examined using ABCPs PVTCA/PCP 1-3 cast from 
benzene solution; corrected distributions are shown in 
Figure 5. Small differences in domain diameter and stan- 
dard deviations are observed. Perhaps the most significant 
differences are the changes in shape of the distributions 
and the increase in proportion of small domains in PVTCA/ 

PCP 3 (Tr = 1.2) which possibly reflects a tendency for 
highly crosslinked structures to produce large numbers of 
very small domains (Figure lc). 

Influence of  crosslink molecular weight. We now con- 
sider domain sizes in relation to the molecular weights of 
the domain-forming chains. Using a space-Idling model 
aimed at achieving uniform segment densities within the 
domains and within the matrix, Meier considered the mor- 
phologies of AB block copolymers n']2 and predicted that 
characteristic morphological features would be given by 
equations of the type: 

r = kaCM 1/2 (1) 

For spherical domains, r is the domain radius, k is a con- 
stant characteristic of the morphology (1.33 for spheres), 
C is the constant relating unperturbed root mean square 
end-to-end chain dimensions to the molecular weight M of 
the domain forming chains and a is a perturbation para- 
meter equal to the ratio of the perturbed to unperturbed 
chain dimensions. The calculations assumed that the sizes 
of statistical segments of A- and B- components were equal, 
that the chains conformed with random flight statistics and 
that the blocks were monodispersed with respect to molecu- 
lar weight. 

The mean diameters r o f  the PCP domains in ABCPs: 
PVTCA/PCP 1-3 and PS*/PCP 2 are consistent with an 
equation of the same type as equation (1), viz.: 

r ~ 0.06A~ 1/2 (2) 

Unfortunately, the number-average molecular weight of 
the PCP chains in PS*/PCP 1 is uncertain but if it is at the 
lower end of the possible range, domain sizes in this sam- 
ple are consistent with equation (2) which is also substan- 
tiated by data ]3 from recent micrographs of other sam- 
ples of PS*/PCP. 
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To compare relations (1) and (2), we assume a value 
of C = 0.08 nm, a reasonable value for polydienes 14. Appro- 
priate values oft~ for PCP domains in a PVTCA or PS* mat- 
fix are unknown, but Meier estimated 11 a value between 
1.3 and 2.6 for polystyrene in a polydiene matrix (mole- 
cular weights ~ 105) and predicted that for spherical domains 
values of c~ relating to domain and matrix components 
should be approximately equal 12. We assume a value of 
t~ = 2 when relation (1) becomes: 

r = 0.21M 1/2 (3) 

which predicts domain sizes considerably in excess of those 
observed for ABCPs. 

A basic structural difference between ABCPs and AB 
block copolymers is that in the former both ends of the 
B-chains are attached to A-chains. For B-chains in domains, 
in an AB block copolymer only one end of the B-chain is 
restricted to the domain-matrix interface and the other 
end is free to occupy any point within the domain. In 
ABCPs both ends of the B-chains are restricted to points 
on the interface. Consequently, for equal chain lengths, 
B-chains in ABCPs cannot occupy sites as far removed 
from the interface as in AB block copolymers and smaller 
domains must ensue. To estimate the magnitude of this 
effect we may assume that structures such as (I) behave as 
two A2B1/2 copolymers; i.e. B-chains behave as if they were 
half their true length, reducing the predicted domain dia- 
meter by a factor of(2) 1/2. This estimate compares favour- 
ably with Meier's predicted value of k = 1.0 for ABA block 
copolymers with B-domains Is for which similar considera- 
tions apply. 

ABCPs and ABA block copolymers differ structurally 

in that in the former case two A-chains are attached to 
each end of the B-chains but only one in the latter. In 
ABCPs two A-chains occupy area at the surface of the do- 
mains for each junction point and it is to be expected that 
the surface area occupied by the two A-chains will be great- 
er than if they were a single chain of the same total degree 
of polymerization. Meier's prediction that, for AB block 
copolymers with spherical domains, the values of a for 
both components are approximately equal and independent 
of chain lengths, was based on the assumption that the 
number of A- and B-chains per unit area of the interface 
are equal 12. This assumption is not true for ABCPs for 
which there are two A-chains attached to one B-chain at 
each junction point. By analogy with arguments presented 
by Meier for calculating aA/t~B for lamellar morphologies 
in AB block copolymers ts we may expect that for spherical 
domains in ABCPs, a B = aA/2. Unless a A (the perturbation 
factor for the matrix component) is increased by 2, ot B will 
be smaller in ABCPs than in AB block copolymers and this 
effect will also contribute to a reduction in domain size. 

ABCPs as prepared and examined here contain homo- 
polymer A. Although it is now known that the amount of 
homopolymer A present can influence the gross morphology 
of the ABCPs 16, it is not yet known if the sizes of B- 
domains are influenced by homopolymer A. 

Molecular weight distribution of  crosslinks. Hoffmann 
eta/. 17 reported that mixtures of two AB block copoly- 
mers, differing only in molecular weights of the blocks, 
produced domains of two different sizes, i.e. fractionation 
according to molecular weight occurred during'microphase 
separation. It might be anticipated that domain-size dis- 
tributions in ABCPs arise as a result of fractionation of the 
B-chains. Figure 6 contains a plot of the relative volumes 
of domains [Ni(ri/102) 3, where Ni is the number of do- 
mains of radius ri] of different sizes as a function of the 
square of the domain radii for ABCP, PS*/PCP 2; i.e. 
effectively as a function of degree of polymerization as- 

o: p1/2 suming r . Also presented in Figure 6 is a plot of the 
weight fraction distribution for a polymer with Pn 5900 
prepared by free-radical polymerization with combination 
termination. The abscissae have been normalized by cal- 
culating a degree of polymerization corresponding to r 
assuming Meier's formula for ABA block copolymers (B 
domains) applies with ct = 1 and making 52 coincident with 
this value of P on the weight fraction distribution. Obvious- 
ly the volume fraction distribution of domain sizes is much 
narrower than the weight fraction distribution (similar dis- 
tributions are obtained with other ABCPs). From these 
data there is no evidence o f  fractionation in the ABCPs. It 
can also be concluded that high molecular weight cross- 
links are incorporated into smaller domains than if they 
were in linear block copolymers with a narrow molecular 
weight distribution; a for these chains must be small. 

Theoretical calculations of domain sizes for multicom- 
ponent polymers with distributions of block lengths have 
not been reported and it is uncertain as to which average 
of the molecular weight distribution should be used in 
attempting to employ relations developed for simple sys- 
tems to more complex materials. A large proportion of the 
weight fraction of the polymer is in chains with molecular 
weights greater than M n and the tendency for such chains 
to adopt random flight statistics would tend to expand the 
domains. On the other hand, short chains introduce a rela- 
tively large number of junction points into the interface 
and such chains will have a disproportionately large effect 
on the surface energy of the domains. 
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CONCLUSIONS 

ABCPs prepared by crosslinking PVTCA or PS* with PCP 
(the crosslinks being the minor component)  have been 
shown to exhibit microphase separation in the bulk poly- 
mer at both low and high degrees of  crosslinking. While 
highly crosslinked polymers show a somewhat confused 
morphology of  very small domains because of  network con- 
straints hindering the development of  domains, lightly 
crosslinked materials contain well-defined spherical do- 
mains of PCP crosslinks. 

For lightly crosslinked polymers, and within the limited 
range of  conditions employed in these experiments,  no sig- 
nificant variations in domain diameters were observed with 
changes in the casting solvent or crosslink density. Do- 
main diameters appear to be proport ional  to the square root 
of  the degree of  polymerizat ion of  the domain-forming 
chains. 

Diameters of  domains of  the B-component in ABCPs are 
smaller than those predicted for AB and ABA block co- 
polymers with B-chains of  the same degree of  polymeriza- 
tion. It is proposed that the relatively small sizes of  the 
domains arise since both ends of  the B-chains are located 
at the doma in -ma t r i x  interface and since each end of  such 
a chain is attached to two chains of  the A-component.  

Although ABCPs exhibit a distribution of  diameters of  
B-domains those distributions are narrow compared with 
the molecular weight distributions of  the domain-forming 
chains and no evidence for fractionation with respect to 
the molecular weights of  the B-chains was observed. 
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Thermodynamics of It, co-methoxy- 
poly(ethylene oxide)/n-alkane systems by 
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The gas-liquid chromatographic method has been used to measure the thermodynamic parameters 
of low molecular weight a,co-methoxy-poly(ethylene oxide) with C5-C12 n-alkanes. High positive 
values of the solution interaction parameters and reduced residual enthalpies are obtained. The 
signs of the reduced residual entropies at infinite dilution of solvent can be predicted by the Flory- 
OrwolI-Vrij theory. 

INTRODUCTION 

The morphology and melting behaviour of a,eo-alkoxy- 
poly(ethylene oxide) samples are currently being investi- 
gated in this laboratory. In order to assess the effect of  
mixing of end and mid-chain segments on the process of 
melting, it is desirable to investigate the thermodynamics of 
mixing of the corresponding pure substances, i.e. PEO and 
n-alkanes. To avoid complications due to specific interac- 
tion of the hydroxy-end-groups of commercially available 
samples of  poly(ethylene oxide) it is necessary to substitute 
less polar groups. In this work a Williamson synthesis, as 
modified by Dr D. R. Cooper, has been used to substitute 
methoxy end-groups. Since n-alkanes are in fact very poor 
solvents for PEO, conventional methods of experimental 
solution thermodynamics are not applicable. Recently the 
technique of gas-liquid chromatography (g.l.c.) has been 
developed and shown to be reliable in obtaining thermo- 
dynamic information on concentrated polymer solutions 1-s. 
In this paper, we report the results ofgJ.c,  measurements 
of several n-alkanes in two ~,w-methoxy-poly(ethylene 
oxide) fractions of molecular weight 2000 and 1000. 

EXPERIMENTAL 

band at ~3500 cm - I  for the starting polymer and the pro- 
duct. The C - H  stretching peak at ~2900 cm -1 was taken 
as reference to account for variation of film thickness. At 
least 95% replacement of hydroxy- by methoxy-groups was 
achieved. 

Number-average molecular weights of the samples, 
determined by vapour pressure osmometry (Mechrolab, 
benzene at 25°C), were close to the nominal MW of their 
parent polymers and therefore the nominal values were 
adopted for subsequent calculation. Gel permeation chro- 
matography was used to monitor the molecular weight dis- 
tribution of the polymers 7. The PEO did not exhibit detec- 
table degradation during the preparation and the value of 
Mw/M n was near to 1.06. 

Specific volumes (Vsp) and thermal expansion coeffi- 
cients (a) of the polymers were determined by pycnometry. 
The pycnometers have been described elsewhere 8. For 
PEO-2000M, Vsp = 0.9196 cm3/g (55.8°C) and a = 7.2 x 
10-4/K (55°-70°C); for PEO-1000M, vso = 0.9100 cm3/g 
(46.1°C) and a = 7.4 x 10-4/K (40°-55~C). Melting 
points, measured by hot-stage microscopy, were found to 
be 52.6°C and 36.8°C for PEO-2000M and PEO-1000M 
respectively. 

Preparation 
Hydroxy-ended poly(ethylene oxide)of  MW 1000 and 

2000 were obtained from Shell Chemical Company Ltd 
and Hoechst Chemical Ltd respectively. The Williamson 
ether synthesis was used for the transformation of the ter- 
minal hydroxy-groups of PEO to methoxy-groups: 

KOH 
HO(CH2CH20)nH + 2CH3I > CH30(CH2CH20)nCH 3 

Details of the method will be published elsewhere 6. Two 
samples, designated PEO-1000M and PEO-2000M, were 
prepared. 

Laboratory reagent (BDH) n-pentane, n-heptane, n- 
octane, n-decane and n-dodecane or Spectrosol reagent n- 
hexane were used as received. 

Characterization 
The degree of methoxylation of PEO was estimated by 

comparison of the intensities of the hydroxyl stretching 

Gas-liquid chromatography 

The experimental procedures ofg.l.c, and column prepara- 
tion have been described fully elsewhere 3. The stationary 
phase was coated onto Chromosorb W(45/60) from solu- 
tion in benzene. The % weight of polymer on the solid 
support was determined by Soxhlet extraction with ben- 
zene for duplicate samples. The coated particles were pack- 
ed into a stainless-steel tube, 1 m long and 4 mm i.d. Two 
columns were prepared, one with 1.302 g PEO-2000M 
(24.2% by wt) and the other with 0.768 g PEO-1000M 
(17.9% by wt). 

The apparatus used was a Perkin-Elmer Model 452 Gas 
Chromatograph with a thermal-conductivity detector. 
Column temperatures were controlled to -+0.05 K. Hydro- 
gen was chosen as carrier gas. A soap-bubble flowmeter 
located at the outlet of the instrument was used to mea- 
sure flow rate with an accuracy of-+ 1%. Flow rates, com- 
monly in the range of 15-30 cm3/min, were controlled by 
adjusting an upstream pressure regulator. Inlet pressures of 
~17 x 6984.76 N/m e were measured by a pressure gauge. 
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Table 1 Experimental thermodynamic quantities of interaction 
in c~,w-methoxy-poly(ethylene oxide) of  MW 2000 

57,0 ° C 66.7 ° C 

×v Xs Vlb Xv Xs Vlb K s1R/Rq522 

n-C 5 1.90 2.06 0.085 1.82 2.00 0.096 2.0 --0.03 
n-C 6 2.02 2.16 0.074 1,94 2.09 0.083 2.4 +0.2~ 
n-C 7 2.15 2.26 0.063 2.06 2.18 0.071 2.8 +0.58 
n-C8 2.30 2.39 0.053 2.19 2.29 0.062 3.7 +1.3 
n-C]0 2.67 2.74 0.035 2.51 2.59 0.042 5.3 +2.6 
n-C12 3.04 3.09 0.023 2.84 2.90 0.029 6.4 +3.4 

The outlet pressure was atmospheric pressure. Liquid n- 
alkanes (C5-C8, Clo, C12) mixed with air were injected 
into the carrier gas stream. The retention time for the sol- 
vent was taken to be the difference between the elution 
times of the solvent and the air. Retention volumes of n-C 5 
to n-C8 did not alter with tbe injected amount over the 
range 0.01-0.3 mm 3 while that of  n-Clo and n-C12 increas- 
ed considerably. Therefore the retention volume was ex- 
trapolated (approximately linearly) to zero concentration 
for n-Clo and n-C12. For the rest, retention volumes cor- 
responding to sample size of 0.02 mm 3 were measured. For 
this sample size, a rough estimation of the peak area places 
the volume fraction of solvent near 10 -4 . Also, variation 
of retention volume with the flow rate in the stated range 
was insignificant. 

RESULTS AND DISCUSSION 

The Flory-Huggins solution parameter ×v using volume 
fraction (v) as composition variable is related to the net 
retention volume VN as follows3: 

Xv = ln(RTVL/VIOpIOVN) - (Bll - vIO)plO/RT - 1 

+ 1/r + (2B13 - V°~)PoJ34/RT (1) 

where V L is the volume of the polymer (designated as 2), 
VI 0, p l  0 and B 11 are the molar volume, the vapour pres- 
sure and the gas-phase second virial coefficient of pure sol- 
vent (designated as 1) at the column temperature T (K), V~ 
is the partial molar volume of solvent at inffmite dilution, 
B 13 is gas-phase mixed second virial coefficient for solvent 
vapour and carrier gas, r is the ratio of molar volumes of 
polymer and solvent. The J34 pressure factor is defined as 
(3/4) [(pi/Po) 4 - 1 ]/[(pi/Po) 3 - 1 ] where Pi and Po are in- 
let and outlet pressures across the column respectively. 
The last term in equation (1) is included to correct for the 
effect of the finite column pressure upon the retention 
volumes 9 and its magnitude is "43.006 for hydrogen carrier 
gas and n-alkane solvents. 

The Flory-Huggins theory is based upon a quasi-lattice 
model of the liquid mixture. More satisfactory approach- 
es m-lz take account of the differing properties ot the com- 
ponent liquids. The Flory, Orwoll and Vrij theory re'n, 
which has been widely applied to a number of polymer/ 
solvent systems, leads to an interaction parameter based on 
segment fraction (4~) given by: 

Xs=Xv +ln(Vl/132) (2) 

where 13 iis the reduced volume of component L The re- 
duced partial molar residual enthalpy (K = H1R/RT(P22) is 
obtained from the temperature dependence of ×, viz.: 

K = - (aXs/OlnT)~x= 0 = - (8Xv/OlnT)~l= 0 + T(~2 - s t )  

(3) 
Consequently, the reduced partial molar residual entropy is: 

s-1R/R~22 = K - Xs (4) 

in the limit ~1 = 0. Experimental values of X, K and s1R/ 
R4~22 are recorded in Tables 1 and 2 for PEO-2000M and 
PEO-1000M respectively. The estimated uncertainties of 
X, K and s1R/R~P22 are 1%, 25% and 25% respectively. 
Constants of n-alkanes used for calculation have been re- 
ported earlier 13. Temperature variations of K are omitted 
because of limited data. 

In order to verify that the solution formed during the 
elution of alkane vapour is homogeneous, it is necessary to 
investigate the miscibility gaps of the mixtures. If a system 
containing a polymer and a very poor solvent separates into 
two phases, then each of the phases contains one of the 
components virtually in its standard state. The condition 
for equilibrium of the solvent is: 

lnVlb + (1 -- 1/r)v2b + XvV2b 2 = 0 (5) 

where subscript b denotes the binodial compositions. 
Volume fractions v lb in the highly concentrated polymer 
phase were obtained by numerical solution of equation (5) 
using the experimental Xv values (assuming Xv to be inde- 
pendent of concentration). These values are also entered 
in Tables 1 and 2. They indicate that the concentration 
range (vt ~- 10 -4) studied by g.l.c, is orders of magnitude 
smaller than the solubility limit. Therefore homogeneity of 
solutions is assured. 

Several features of the data are noteworthy. The systems 
investigated show high positive values of  the interaction 
parameters (Xv, Xs) as expected for polymer]poor solvent 
systems. Secondly, despite the larger combinatory entropy 
gain for the lower M W  polymer during the mixing process, 
it can be seen, by comparing Vlb values in Tables 1 and 2, 
that a given alkane molecule appears to be a better solvent 
for the higher M W  polymer. Thirdly, the residual entropies 
change sign and become increasingly positive as the solvents 
increase in chain length from n-pentane to its higher 
analogues. 

These features can be further analysed in terms of the 
Flory, Orwoll and Vrij (FOV) theory. According to the 
FOV theory, the contact interaction parameter X12 denot- 
ing the energy change for the formation of contacts be- 
tween unlike species at the expense of contacts between 
like species is evaluated from the experimental Xs data, as 
follows: 

X12 = RT(132 /V~)Xs  - P~132 { 3 T l l n  [(1311/3 - 1)/ 

(1321/3 -- l)] + (131-1 -- 13~-1)} (6) 

Table 2 Experimental thermodynamic quantities of interaction 
in e,to-methoxy-poly(ethylene oxide) of MW 1000 

42.1°C 56.8°C 

×v Xs Vlb ×v Xs Vlb K sIR/Re)2 2 

n-C s 2.50 2.65 0.043 2.39 2.56 0.049 2.0 --0.6 
n-C 6 2.84 2.95 0.030 2.68 2.80 0.036 3.3 +0.4 
n-C7 3.05 3.14 0.024 2.87 2.98 0.029 3.6 +0.5 
n-Cs 3.31 3.39 0.018 3.09 3.18 0.023 4.6 +1.3 
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Table 3 Contact interaction parameters and reduced partial molar 
residual entropies calculated by the Flory--OrwolI--Vrij theory 

PEO-2000 M PEO-1000 M 

X12 (cal/cm 3 ) sIR/R@22 X12 (cal/cm 3) s1R/Rq~22 
at at 

57.0°C 66.7°C 57.0°C 42.1°C 56.8°C 56.7°C 

n-C5 15.7 15.3 -0.10 20.4 20.4 --0.03 
n-C 6 14.6 14.3 -0.04 20.3 20.0 +0.18 
n-C ~ 13.8 13.5 +0.10 19.3 19.0 +0.33 
n-Cs 13.3 13.0 +0.18 18.8 18.3 +0.43 
n-C10 13.0 12.5 +0.37 
n-C12 12.6 12.1 +0.50 

difficulty in making the comparison because of the experi- 
mental problems of measuring small changes in X with T. 
However, overall it seems that theory underestimates S-1R 
by a factor of  about 5. 

As pointed out previously 4, the residual entropy of mix- 
ing in the concentration range near pure polymer might 
yield valuable information concerning the conformation 
of polymers in the amorphous state. The poly(ethylene 
oxide) mixtures with n-pentane exhibit a negative ffl  R,  
whereas the observed positive residual entropies for higher 
n-alkanes are the direct consequence of their large positive 
contact interaction parameters. Therefore no dissipation 
of order with dilution of low M W  c~,co-methoxy-poly(ethy- 
lene oxide) is discernable in the present data. 

where V~ is the characteristic molar volume. (Characteris- 
tic quantities are denoted by an asterisk.) The reduced par- 
tial molar residual entropy can then be calculated from: 

SIR/R(b2 2 = - (P~V~/R)  {3(T~)-lln[(fil 1/3 - 1)/ 

( v 2 1 / 3  - -  1)l - ot2f~2-1(T~/T? - 1) + ot2V~X12/Rf '  2 

(7) 

by employing the corresponding X12 values. Predicted val- 
]Jes ofs1R/R~22  are recorded in Table 3, together with the 
~¢alues found for X12. 

Comparison of contact parameters between different 
polymer fractions indicates that the interaction of a given 
solvent molecule with terminal segments of  PEO-M is more 
repulsive than that with mid-chain segments. This is con- 
sistent with the molecular geometry of the a,w-methoxy- 
poly(ethylene oxide) chain: the fraction of the surface area 
attributable to sp 2 oxygen is greater in the methoxy end- 
group than in the mid-chain segment. 

The trend of the residual entropies is reproduced by the 
theory. Examination of equation (7) reveals that the sign 
of the residual entropy is determined by the balance be- 
tween the negative contribution from the equation-of-state 
terms and the positive contribution from the contact energy 
term. The magnitude of the latter are, in most cases, larger 
than those of the former because of the large positive ex- 
change energy term. Quantitative agreement between 
theory and experiment is unsatisfactory. There is some 
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Melt rheology of some aliphatic polyamides 
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The melt rheology of nylon-6, nylon-6,6, nylon-6,10 and nylon-11, has been investigated by di f ferent 
techniques. It has been found that their behaviour is quite similar and almost Newtonian regarding 
both the f low curves and the elastic and instabi l i ty properties. The samples show rather di f ferent 
viscous f low activation energies, although their values approach each other at high shear rate. The 
crit ical shear stresses of such materials are compared wi th those of other known polymers. 

INTRODUCTION 

The rheological properties of polyamides in the molten 
state have received little study, although these polymers 
are among the best known and most extensively used, 
especially as synthetic fibres. 

The literature gives very little information on poly- 
caprolactam (nylon-6). Publications are of a general type ~, 
or concern the processes of transformation z. Pezzin and 
Gechele a studied the behaviour of  such a polymer by 
capillary rheometer, over a wide range of molecular weights 
and shear stresses. 

On the other hand, no literature exists on other poly- 
amides, such as poly(hexamethylene adipamide) (nylon-6,6) 
and poly(co-undecanamide) (nylon-11) and poly(hexa- 
methylene sebacamide) (nylon-6,10), which are used on an 
industrial scale. 

Therefore, the purpose of this paper is to investigate 
the rheology of nylon-6 using both capillary rheometers 
of different types and cone and plate rotational visco- 
meters to obtain information on normal stresses, and to 
study the behaviour of the other nylons. It is thus possible 
to obtain a general picture of the properties of  an entire 
class of polymers, especially regarding the influence of the 
temperature and the elastic properties of the materials. 

EXPERIMENTAL 

Polymers 
Measurements were made on commercial polymers. 

Poly(hexamethylene adipamide) (nylon-6,6), polycapro- 
lactam (nylon-6) and poly(hexamethylene sebacamide) 
(nylon-6,10) were produced by Montedison; poly(co- 
undecanamide) (nylon-11) was produced by Organico and 
sold under the trade name of Rilsan. Table I shows the 
characteristics of the investigated samples. Melting tem- 
peratures and corresponding enthalpies, z3d/, (cal/g) were 
detected by differential calorimetry using a Perkin-Elmer 
DSC-IB apparatus. Densities (g/cm 3) were measured using 
a gradient column (ASTM-D-1505/68). 

Intrinsic viscosities in m-cresol at 30°C were measured 
and molecular weights were calculated from the [7] - M  
relationships given in the literature4. The melt indices were 
determined according to the ASTM 1238/71 standard, con- 
dition K for nylon-6,6 and condition Q for the other sam- 
pies. Before measurement, all the polymers were carefully 

dried at 110°C for 8 h under a nitrogen stream to give a 
water content of not more than 100 ppm. 

Rheological measurements 
Capillary rheometer under constant pressure. Using a 

viscometer (obtained from Ceast, Turin) the amount of 
extruded material in the unit of time was measured. Shear 
stress r and shear rate 5' at the wall are calculated from the 
known relations: 

PR 
r = 2--L- (dyne/cm2) (1) 

4Q 
5' = - ~  (sec -1) (2) 

where P is the applied pressure (dyne/cm2); Q is the amount 
of extruded polymer (cm3/sec); R is the capillary radius 
(cm), L its length (cm). 

With this type of viscometer, were determined: the flow 
constancy in the time, the existence or the absence of wall 
slipping and the end correction. An interchangeable series 
of capillaries having the geometrical properties shown in 
Table 2 were used. Capillary diameters are given with an 
error of  about 1%, lengths with an error lower than 1%. 

By using spinnerets with a different LID ratio, possible 
inlet phenomena were investigated, whereas by using capil- 
laries with the same LID ratio but with different diameters, 
the existence of wall slipping was sought. By this device, 
a shear rate range from 10 to 2 x 10 4 sec -1 was considered. 
Temperatures to within +1 ° were maintained. Melt den- 
sities of the polymers at the different temperatures were 
measured via dilatometry s. 

Table I Chemical and physical properties of the nylons used 

Sample 

Melting [n] at Molecu- Melt 
tempera- Density 30 ° in lar index AH 
ture 23°C m-cresol weight (g/lO min) 
(°C) (g/cm 3) (dl/g) M (cal/g) 

Nylon-6 226 1.146 1.02 17000 32.3 16 
Nylon-6,6 266 1.144 1.09 14000 16 15.5 
Nylon-6,10 226 1.070 1.07 12 200 10.7 16.5 
Nylon-11 190 1.035 0.84 21 000 33.1 10 
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Table 2 Geometrical characteristics of the flat entrance capillaries 
used in the rheometer under constant pressure 

Diameter Length 
Capillary (mm) (mm) LID ratio 

1 0.15 0.75 5.0 
2 0.3 0.9 3,0 
3 0.3 1.5 5.0 
4 0.3 1.0 3.3 
5 0.5 1.0 2.0 
6 0.5 2.5 5.0 
7 1.0 1.0 1.0 
8 1.0 5.0 5.0 

Outline of measurements. The test temperatures have 
been selected on the basis of the apparatus used and the 
melting point of materials examined (see Table 3). 

Determination of the theological parameters at very 
low shear rates require quite long measurement times; 
therefore, knowledge of thermal stability material is requir- 
ed in order to avoid possible decomposition effects and 
consequent variation in molecular weight and molecular 
weight distribution. By volumetric flow measurements at 
different residence times (using constant-pressure rheo- 
meter), the polymers should remain stable at least for 30 
min, a necessary condition for this investigation. 

Capillary rheometer at constant rate (MCR). Using an 
Instron capillary rheometer the applied stress was measured 
by a load cell placed at the top of the piston pushing the 
molten polymer into the capillary. The shear stress and 
shear rate at the wall are again given by relations (1) and (2). 

The apparent viscosity r /may be calculated, with a good 
approximation, by the Poiseuille equation, since the flow 
curves do not considerably differ from those corrected 
according to the Rabinowitsch law 6, for these materials. 

With this rheometer the flow curves of nylons at differ- 
ent temperatures and the activation energies of viscous 
flow were determined, using one capillary having a dia- 
meter of 0.734 mm and length of 25.56 mm (LID = 34.82). 

A shear rate range from 20 to 2 x 104 sec -1 was em- 
ployed. By using this capillary, the corrections due to 
entrance effect are eliminated. Using a capillary having a 
diameter of 0.25 mm and length of 5 mm (LID = 20), the 
flow instability conditions have been investigated. 

Cone and plate rotational viscometer (WRG). By this 
rheomete r, (Weissemberg rheogoniometer model R-18 of 
Sangamo Control Ltd) the shear rate is given by: 

co 
5' = - (3) 

ot 

where w is the rotational velocity of the bottom plate 
and a is the cone-angle. 

The shear stress at any point of the fluid is given by: 

3M 

r -  27rr 3 
(4) 

where M is the torque transmitted from the material to 
the top plate and r is the plate and cone radius. 

The apparent viscosity 77 is again obtained from the 
relation: 

T 
1"/=-- 

5' 
(5) 

Because of the considerable fluidity of the polymers, the 
experimental studies by rheogoniometer have been carried 
out at temperatures slightly above the melting point, by 
using a plate and cone having a diameter of 5 cm and an 
angle -~-4 °. The range of shear rates explored was between 
10 -1 and 102 sec -1. By this apparatus, also the first nor- 
mal stress difference Pl l  - P22 (indicated by o) has been 
measured as a function of 4. Temperatures within -T-2°C 
were kept constant. 

RESULTS AND DISCUSSION 

By using the constant-pressure rheometer and interchang- 
ing the capillaries (see Table 2), flow curves ( r - ~ )  have 
been determined. The curves obtained are practically coin- 
cident with values contained over a very narrow range, al- 
though the capillaries used have very low LID ratios. There 
fore, it can be stated that the nylons studied do not give 
rise to any entrance and wall slipping effects. 

Typical flow curves 
Using the apparatus described we determined the flow 

curves of the four nylons so as to acquire a greater know- 
ledge of the rheological behaviour of such materials and to 
study their optimum use in the transformation processes. 

Figures 1-4 give r/-5' curves of the samples examined 
at different temperatures in a very wide range of shear 
stresses or shear rates. As it may be seen, nylons exhibit a 
Newtonian behaviour up to ~102 sec -1 depending on the 
test temperature. To obtain a direct comparison among the 
samples examined, the rheological parameters must be ex- 
pressed as a function of reduced variable normalizing the 
temperature effect. For this purpose, we record in Figure 5 
the values of shear stress obtained using the MCR and the 
WRG rheometers, at different temperatures as a function 
of the product rt0~? for all the four nylons, r~ 0 is the New- 
tonian viscosity of the material at the test temperature. 

Table 3 Test temperatures 

Test temperature (°C) 

Rheometer at constant 
R heom ete r speed 
under con- 
stant pres- Flow Flow insta- Plate-cone 

Polymer sure curves bility viscosimeter 

Nylon-6 240 240 240 230 
260 
280 

Nylon-6,6 275 270 280 270 
280 
29O 
3O0 

Nylon-6,10 240 240 240 240 
26O 
28O 

Nylon-11 210 220 210 210 
240 
260 
280 
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Similarly, Figure 6 shows the behaviour of  the ~/~10 ratio 
as a function of the product ~0"Y- On examining the two 
Figures, it appears to be evident that all the polyamides 
investigated exhibit essentially the same theological be- 
haviour, independent of the temperature effect. They are 
Newtonian up to values greater than 105 dyne/cm 2. In 
order to represent the rheological behaviour of the poly- 
mers investigated by single relation we may write with a 
good approximation: 

log f = - 2 . 8 8  + 2.18 logr/0"/'- 0.121 (logr/0"/') 2 (6) 

which is valid between 102 and 108 dyne/cm 2. Equation 
(6) has been calculated by regression analysis. 

Viscous flow activation energy 
From flow curves at different temperatures, we obtain 

(E - logT) and the (E - log?) relations; the viscous flow 
activation energies E of investigated polymers are markedly 
different. In the examined shear stress field, the values of 
E are constant and are shown in Table 4, whereas the 
curves (E - log?) are shown in Figure 7. 
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Figure 5 Melt shear stress r versus tTo~[ product for the four nylons 
at different test temperatures. Nylon-6--MCR: Ill, 240°C; O, 260°C; 
• , 280°C. WRG: O, 230°C. Nylon-6,6--MCR: +, 270°C; X, 280°C; 
~, 290°C; *, 300°C. WRG: ~', 270°C. Nylon-6,10-MCR: ~, 
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Table 4 Activation energies E for the nylons in the shear stresses 
field between 1 X 105 and 1 X 107 dyne/cm 2 

Nylon-6 Nylon-6,6 Nylon-6,10 Nylon-11 

E (kcal/mol) 11,3 23.9 13.7 17.3 

20 
-6 
E 

-6 

I0 

. I I I 

, 10 3 iO s 
(sec -I ) 

Figure 7 Activation energy E at constant shear rate versus shear 
rate -~ for the samples examined: o, nylon-B; m, nylon-B,6, A, ny- 
lon-6,1 0; A, nylon-I I 

This Table shows the excellent performance of the 
nylons examined at high deformation rates; the flow in- 
stability appears at very high shear rates for all the sam- 
ples, excluding the nylon-11 which has been extruded at 
quite low temperatures. Therefore the "/'cr/0 product takes 
it into the values field of the other samples. 

The rc (critical shear stress) x M (molecular weight) pro- 
ducts of the four investigated nylons, assume fairly close 
results, within 1.1-1.5 x 1011 range. (The ~-/values have 
been taken from Table 1.) 

The above products have been obtained excluding the 
test temperature effect on the rc determination. Such 
effect, in the temperature field employed, has little influ- 
ence on the rcx  M product. 

A comparison between the critical flow conditions of 
some of the best known polymers and the nylons is made 
in Table 6, where the critical shear stress values deter- 
mined by the authors 7 and drawn from the literature ~-12 
are reported. 

Even by taking into account the approximation of such 
measurements, it appears that the excellent rheological 
behaviour of the polyamides, is quite favourable in proces- 
ses involving high shear rates. 

This plot shows the activation energy considerably de- 
creasing with increasing 5' for nylon-6,6 and nylon-11, 
whereas far less markedly for the other samples. All curves 
are converging at fairly close energy values. The differences 
observed do not considerably influence processing of such 
polyamides, since both spinning and extrusion moulding 
shear rates are fairly high, of the order of 104 - 105 sec -1. 

Elastic properties 
The first normal stress difference o (dyne/cm 2) on vary- 

ing the shear rate for the different test temperatures, was 
determined using WRG. Figure 8 shows the values of o as 
a function of the reduced variable r~0~ for the different 
polymers; as may be seen, all the experimental points 
fall on the same curve within the experimental error. 

This means that, the shear stress being the same (the 
product r~0~ has the dimensions of dyne/cm2), by exclud- 
ing the temperature effect, the four nylons examined have 
almost the same values of  the first normal stress difference. 
With good approximation, the following relation (obtained 
by regression analysis)may be given: 

logo = -2.706 + 1.43 log ~05, (7) 

which is valid in a r/05,range between 103 and 106 dyne/ 
cm 2. The a / r  ratio, obtained at the same shear rate (sec-1), 
is directly connected to the elastic recovery and hence to 
the material swelling. For the examined samples, o/r ratio 
keeps at extremely low values, within the shear field in- 
vestigated, as shown in Figure 9 where a/r is reported as a 
function of the reduced variable r/O/'. Polyolefins, in the 
same measurement range, assume o/r values of 2 - 3  units. 

Because of the extreme fluidity of the polyamides under 
examination, the extrudate swelling could not be determined. 

Flow instabifity 
The flow instability of the four nylons, by use of the 

Instron rheometer, has been investigated up to fairly high 
extrusion rates (~7 × 10 4 cm/min). The flow instability 
parameters of such materials are reported in Table 5. 
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Figure 8 First normal stress difference a versus reduced variable 
rt0~, measured by rheogoniometer: O, nylon-6 at 230°C; I ,  nylon- 
6,6 at 270°C; A, nylon-6,10 at 240°C; A, nylon-11 at 210°C 
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Figure 9 Elastic recovery a/r versus ~]o~ product, carried out by 
rheogoniometer: o, nylon-6 at 230°C; II, nylon-6,6 at 270°C; A, 
nylon-6,10 at 240°C; [3, nylon-11 at 210°C 
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Table 5 Critical f low conditions 
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Sample 

Critical 
Extrusion Critical Critical CritiCal volumetric 
temperature extrusion rate shear rate shear stress flow rate 
(°C) (cm/min) ~c (sec--1) Tc (dY ne/cm2) Qc (cm3/min) ")'c X r/0 Qc X ~0 

Nylon-6 240 6.6 X 104 3.5 X 10 s 
Nylon-6,6 280 7.2 X 104 3.84 X 105 
Nylon-6,10 240 2.1 X 104 1.1 X 105 
Nylon-11 210 5.8 × 103 3.1 X 104 

9.0 X 106 32.2 8.0 × 108 7.4 X 104 
8.6 × 10 6 35.3 2.7 × 108 2.5 X 10 4 
9.0 X 106 10.2 3.1 X 108 2.9 X 104 
7.0 X 106 2.9 1.7 X 108 1,5 X 104 

Table 6 Critical shear stresses of different polymers 

Temperature Critical stress 
Sample (° C) (dy ne/cm 2) 

Nylon-6 240 9.0 X 10 6 
Nylon-6,6 280 8.6 X 106 
Nylon-6,10 240 9.0 X 10 6 
Nylon- l l  210 7.0 X 106 
Polyacetals (copolymers) 190 7--8 X 106 
Poly(methyl methacrylate) 170 5.0 X 106 

([n] = 0.46) 
Poly(ethylene terephthalate) 270 1--1.6 X 107 

([n] = 0.67) 
HDPE (MI = 2.1) 150--240 1.5--2 X 106 
LDPE 130--230 0.8--1.3 X 106 
Polypropylene ([r/] = 1/3) 200--300 0.8--1.4 X 106 
Polystyrene 200--250 1.2--1.4 X 106 
Polytetrafluoroethylene 360 1--2 X 106 

CONCLUSIONS 

Nylons exhibit quite negligible inlet and wall slipping effects 
in the capillaries and have essentially the same theological 
behaviour. Their pseudo-plastic behaviour is very small. 
Activation energies o f  viscous flow are rather different de- 
pending on the type of  polymer;  however this does not 
seem to influence processing since a flattening o f  the curves 
is observed at the shear rates used. Melt elastic recovery of  
such polymers is quite low, much lower than that of  the 
polyolefins, but  the polyamides examined show an unstable 
flow onset at very high shear stresses. 

The work indicates that the rheological behaviour of  
these materials make them very suitable for transformation 
techniques requiring high output  rates and high precision 
geometries. 
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Ion-clustering and viscoelastic properties in 
po ly ( b uta d i e n e - s t y r e n e - 4  - vi nyl p yri d i ne) 
crosslinked by nickel chloride 

C. T. Meyer* and M. Pineri 
Centre d'Etudes Nucl~aires de Grenoble, D~partement de Recherche Fondamentale, Section de 
Physique du Solide, BP 85, 38041 Grenoble Cedex, France 
(Received 20 October 1975; revised 12 January 1976) 

A butadiene-styrene-4-vinylpyridine terpolymer was crosslinked by coordination of the pyridine 
side-groups with nickel chloride. Previous studies have shown that the complexes cluster together, 
although some complexes remain isolated, especially at low metal concentration. Thermoreversibility 
of the crosslinking is studied by stress relaxation and internal friction. Superposition of two relaxa- 
tion mechanisms occurs; up to a temperature T ~- 20°C the shift factor follows the usual W LF equa- 
tion. For higher temperatures log aT obeys an Arrhenius equation with an activation energy of 28 
kcal. This secondary relaxation mechanism is attributed to exchange reactions between complexes 
of the clusters. This behaviour is similar to that of other polymers with microphase separation. Influ- 
ence of the concentration is studied by internal friction. At low concentration breakdown of the 
modulus takes place in two steps corresponding to the onset of intermolecular bonding lability, first 
in isolated complexes and then in clustered complexes. At higher concentration clustered complexes 
are sufficiently numerous to prevent the first flow. 

INTRODUCTION 
Ion-containing polymers have been intensively studied 
during the past decade 1. Particular attention was given to 
ionomers, statistical copolymers containing a small percen- 
tage of salt groups such as neutralized carboxylic acid 2. 
Microphase separation occurs by clustering of the ionic 
groups as a result of the electrostatic interactions between 
them. These clusters may be considered as crosslinks, which 
contrary to usual covalent crosslinks, are thermoreversible. 

Polymers crosslinked by coordination complexes may be 
considered as very similar to ionomers. Crosslinking is 
achieved by complexing pyridine side-groups, statistically 
distributed along the polymer chain, by a transition metal 
chloride. The first experiments on these polymers have 
shown that they have the same properties as ionomers: 
microphase separation and thermoreversibility of the cross- 
linking. 

Clustering of these complexes has been shown by elec- 
tron microscopy 3, small-angle X-ray (SAXS) or small 
angle neutron scattering (SANS) 4, and M6ssbauer effect s. 
The size distribution is very broad but most of the clusters 
are less than 100 A in diameter. The clusters still exist at 
very high temperatures because no change in the SAXS 
curve is found up to 200°C. 

Salt concentration has been shown to play an impor- 
tant role; at low concentration, (less than one metal for 
two pyridine) the complexes are predominantly isolated 
but at high concentration most of the complexes are in 
clusters. However, the two kinds of complexes are present 
whatever the concentration. The exact nature of  the cross- 
links is not clear. In particular complexes involving only 
one pyridine, i.e. only one polymer chain, may possibly 
exist 4. They cannot be crosslinks in the true sense of the 
word. We must thus consider that crosslinking is due to 
the clustering of complexes. However, it does not exclude 

* Present address: Laboratoire d'Electrostatique, CNRS, 38042 
Grenoble Cedex, France. 

that the isolated complexes, if involving more than one 
pyridine, can constitute true chemical crosslinks. 

The mechanical properties of these polymers are charac- 
terized by the thermoreversibility of the crosslinking 6, in- 
dicating some lability of the intermolecular bonding. 

A study of their mechanical properties was undertaken 
here by stress relaxation and dynamic mechanical measure- 
ments, to explain the mechanism of the thermoreversibility 
and to determine what is the influence of microphase sepa- 
ration on the viscoelastic response. In these polymers 
there is the same problem as in ionomers, i.e. the validity 
of the time-temperature superposition principle. Inappli- 
cability of time-temperature superposition in the treat- 
ment of viscoelastic data has been reported for many 
amorphous polymers, thus defined as thermorheologically 
complex. This behaviour can be attributed to the existence 
of a secondary relaxation mechanism operating simulta- 
neously with the usual diffusional process 7. This secon- 
dary relaxation mechanism may be for example, side chain 
motion as in poly(alkyl methacrylate) s, bond interchange 
as in polymeric sulphur 9. 

Ionomers have been reported as thermorheologically 
complex. Eisenberg et  al. 10 have shown that in s tyrene-  
sodium methacrylate copolymers the viscoelastic response 
is characterized by two relaxation mechanisms. A break- 
down in time-temperature superposition has been ob- 
served. The shift factors corresponding to the short time 
superposition obeyed the WLF equation 11 with some in- 
crease in the C1 and C2 values due to the increased cohe- 
sion introduced by the electrostatic interactions. The shift 
factors corresponding to the secondary master curve, fit an 
Arrhenius type equation from which an activation energy 
of 25 kcal has been obtained. This secondary mechanism 
exists only for concentrations in ionic groups higher than 
6 n~'ol %, when clustering occurs. For lower concentration 
superposition is possible and the shift factors fit a WLF 
equation. 
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However, other thermorheologically complex systems, 
where microphase separation occurs, show good superposi- 
tion, although two relaxation processes are operating. This 
behaviour is observed for example in triblock copolymers 
such as styrene-butadiene-styrene. The shift factors have 
been shown to obey a WLF equation for temperatures near 
the glass transition of the butadiene phase. For higher 
temperatures an Arrhenius dependence is found ~2. This 
good time-temperature superposition has been shown to 
be only apparent ~3 and could be explained by the large 
separation in temperature or frequency of the two relaxa- 
tion mechanisms. 

In this paper we shall attempt to answer the following 
questions: (a) is t ime-temperature superposition possible 
that is to say how does the presence of complexes affect 
the usual diffusional process, in particular does it introduce 
a secondary relaxation mechanism? (b) what is the influ- 
ence of concentration, do the isolated complexes play the 
same role as the clustered complexes do? 

In order to keep measurable stress values, the experi- 
ments have been limited to 1 h (3.5 decades of time in 
seconds) and a temperature of 90°C. 

In ternal fric tion 
The experiments were performed by using a free oscilla- 

tion torsion pendulum in a frequency range around 1 Hz ~s. 
The shear modulus is calculated by: 

K 
a ( r )  = ~  

where P is the period of the oscillations; K is a constant de- 
pending on the geometry 17. The relative energy loss Aif/If  
during one period was obtained from: 

AW/W= I --exp - - - - log  
n 

EXPERIMENTAL 

Samples 
The polymer used in this study is an amorphous terpoly- 

mer, butadiene-styrene-4-vinylpyridine. The percentage 
of monomer units are respectively 85, 10 and 5%. 

This polymer has been synthesized by free radical poly- 
merization in emulsion by ATO*. Addition of the vinyl 
pyridine monomer during the reaction was progressive to 
take into account the different reactivity factors of the 
monomers. Nitrogen concentration of the latex during 
polymerization remains constant. Thus due to polymer- 
ization conditions, this polymer may be considered as 
statistical. 

The number-average molecular weight is of the order of 
80 000, the polydispersity being 4. In order to prevent any 
degradation a small amount (1%) of antioxidant (N-phenyl- 
N'-cyclohexyl-p-phenylenediamine) is added. A careful 
purification has been performed so as to eliminate impuri- 
ties coming from polymerization. 

The transition metal salt used for coordination is 
NiC12.6H20. Coordination is achieved in solution: a con- 
centrated methanolic solution of nickel chloride is added 
slowly to a 3% polymer solution in benzene under vigorous 
stirring. No precipitation takes place. The solvents are then 
taken off by vacuum pumping to constant weight. Samples 
are designated by x, the number of nickel ions per pyridine 
side-group. 

Stress relaxation 
The experiments were performed with type IFC 

relaxometers 14. 
Two different relaxometers were used, depending on 

the temperature range ( -33°C to room temperature and 
30°C to 140°C), the temperature being correct to -+0.2°C. 
The samples have a cross-section of 1 × 2 mm 2 and are 18 
mm long. They have been taken from films obtained by 
compression at 150°C. 

The deformation in length is 10% and achieved very 
quickly (some 1/10 sec) with an oleopneumatic jack. 

where 01 is the amplitude for the first oscillation and On+ 1 
that of the (n + 1) oscillation. 

The samples (25 mm long x 3 mm wide) used were taken 
from films obtained by compression moulding at 150°C. 
A thickness of 2 mm has been chosen so that the period 
above Tg remains between 1 and 10 sec. So experiments of 
temperatures lower than Tg are impossible because of the 
very small value of the period. 

STRESS RELAXATION 

Results 
Relaxation experiments have been realized with the 

sample x = 1.23. This high concentration was chosen in 
order to have the best conditions to see the influence of 
clusters: at this concentration complexes are mostly 
clustered. 

Figure I represents the log E(poTo/pT) values plotted 
against log t for different temperatures. The values of the 
modulus have been corrected from the variations of den- 
sity, p, when changing the temperature. The reference 
temperature TO has been chosen as -31.4°C, which is the 
lowest temperature at which the experiments have been 
carried out. 

We can see that some of the curves intersect. This fact 
may be due to the systematic error introduced when cal- 
culating the modulus from the stress as a result of ill-defined 
parameters. If we suppose an error of 2% in the section, 
0.2% in the strain, then the systematic error in the modulus 
value is 6% i.e. 0.03 in log E. Because of this error in the 
log E values, a vertical shift is necessary to obtain a good 
fit when operating superposition of the curves. The best 
vertical shift factor is calculated with a computation pro- 
gram derived from that employed by King ~6 for the deter- 
mination of the horizontal shift factor. The superposition 
of two curves is achieved for different values of the vertical 
shift factor log f. For each value the horizontal shift factor 
is calculated: 

~,,o~ i 
A -  

N 

* ATO, Aquitaine Total Organico, Centre de Recherche d'Orsay, 
BP 25, 91400 Orsay, France. 

where ai are the different distances between the two curves 
and N the number of values. The accuracy of the fit is 
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Figure I Stress relaxation curves (sample x = 1.23). Temperatures 
(°C): A, --31.4; B, --20; C, --10; D, 0.2; E, 7.5; F, 8.6; G, 16; H, 
19.4; I, 25.7; J, 30; K, 40; L, 50; M, 60; N, 75; O, 90 

Table I Vertical shift factors log f and horizontal shift factors 
log aT,  used for master curve construction 

T(°C) log f log a T X 2 X 104 

--31.4 0 
--20 0.01 --1.385 6 
--10 --0.025 --2.454 2 

0.2 0.005 --3.055 3 
7.5 --0.025 --3.631 6 
8.6 --0.02 -3 .737 3 

16 0.01 -4 .196 3 
19.4 --0.02 -4 .309 3 
25.7 0.015 --5.103 1 
30 0 --5.640 0 
40 0 -6 .314 2 
50 0 -6 .829 2 
60 0 --7.528 2 
75 0 --8.222 3 
90 0 -9 .118 1 

characterized by: 

,~2 - ~(°ti - A)2 
A. 

N 

The best vertical shift factor corresponds to the lowest X 2 
values. Table 1 gives the horizontal and vertical shift fac- 
tors and X 2 values. The vertical shift factors vary at random 

with temperature and are smaller than the possible error in 
log E. 

Figure 2 gives the master curve obtained by this proce- 
dure. Its shape shows clearly that the complexes do not 
give stable crosslinking; a breakdown of the modulus is 
observed, contrary to covalent crosslinking, with which a 
constant modulus is obtained. 

Figure 3 represents the variation of the experimental 
shift factors log aT with temperature. T = 20°C appears 
as a critical temperature. For temperatures lower than 20°C, 
log aT fits a WLF equation: 

- q  ( T - ~ro ) 
log aT = 

C2+ T -  TO 

with constants C1 = 11.3 and C2 = 82.3. If Tg = 217 K, as 
determined by internal friction, is chosen as reference tem- 
perature, C1 and C2 are found to be 16 and 59.3, i.e. very 
similar to the usual constants 7. 

&- 

Figure 2 
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Figure 3 Shift factors log a T versus temperature and WLF curve 
corresponding to the low temperature experimental points 
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I I 

3 3~'5 4 
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Figure 4 Shi f t  factors log a T versus 1/T wi th  the corresponding 
WLF curve (O) for low temperatures and Arrhenius curve (A, AN = 
28 kcal/mol) for high temperatures 

For temperatures above 20°C the experimental shift 
factors deviate clearly from the WLF curve which best fits 
the experimental shift factors below 20°C. Therefore an 
additional relaxation mechanism takes place and must be 
related to the breakdown of the temporary crosslinks form- 
ed by the complexes. 

Figure 4 gives the curve of log aTversus 1/T. Above 
20°C this curve is a straight line, indicating a constant 
activation energy for the process. Thus this secondary rela- 
xation mechanism obeys an Arrhenius equation: 

a T=a Oexp -- 

with an activation energy AH of 28 kcal. 
The distribution of relaxation time is plotted in Figure 5. 

Hi(r)  is calculated with the first approximation of Alfrey: 

dlogE(t) ] 
Hl ( r  ) =E(t)  [ d logt  t=r 

process follows an Arrhenius law. Owing to the previously 
shown existence of clusters with high density of complexes, 
it is logical to relate this relaxation process to this phase. 
An exchange reaction, breaking and reforming of crosslinks 
must be supposed because the clusters are stable up to very 
high temperatures, as it has been shown in SAXS 4. 

The observed superposition agreement must be only 
apparent. The relaxation times having a WLF and an 
Arrhenius dependence must be affected to a different de- 
gree by a change in temperature. Failure of the t ime -  
temperature superposition would be observed if the mea- 
surements were realized during more than 3.5 decades. In 
our thermorheologically complex polymer, the relaxation 
behaviour is completely dominated by one phase (with a 
WLF dependence) or by the other (with an Arrhenius 
dependence). 

INTERNAL FRICTION 

Results 
Figure 6 represents log G and AW/W plotted against 

temperature for samples with different nickel concentration. 
For increasing nickel concentration, we note for the modu- 
lus: an increase in the values of the modulus associated with 
the rubbery plateau, and an increase in the temperature 
amplitude of this rubbery plateau. 

For the AW/W against temperature curves, we note a 
decrease in the minimum value of AW/W related to the 
rubbery plateau for the modulus and the disappearance in 
samples x = 0.645 and x = 1.25 of a peak located around 
280 K in sarnples x = 0.296 andx = 0.176 

Modulus and damping curves in the transition zone 
give the same transition temperature for all samples i.e. 
217 +- 3 K. This result is in agreement with that of differ- 
ential enthalpic analysis 3. The fact that glass transition 
does not shift after coordination has been attributed to 
microphase separation; the observed glass transition con- 
cerns a phase containing no or few crosslinks. 

Discussion 
The modulus and AW/I¥ curves can be explained by the 

presence of temporary crosslinks. The same behaviour has 
been observed in non-crosslinked polymers,when changing 
the molecular weight 17. The increase of the number of 
entanglements gives an increase of  the modulus associated 
to the rubbery plateau, wider temperature range of this 
plateau, a decrease in the damping minimum value. 

In samples x = 0.176 and x = 0.296 simultaneous pre- 
sence of two kinds of temporary crosslinks are clearly 

A broad maximum related to the second mechanism of 
relaxation is observed. 

Discussion 
The first fact to note is that the relaxation operates by 

two processes. The first one is predominant at temperatures 
below 20°C. Because of the WLF dependence on the shift 
factor, this process must be related to the usual diffusional 
process above the glass transition. In the distribution of 
relaxation times, it corresponds to the initial decrease with 
a slope of the order of -1/27. 

At higher temperatures the relaxation is completely 
dominated by the breaking of high energy crosslinks, this 

~- 6"5 
0 
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shown. A first AW/W maximum associated with the begin- 
ing of  the decrease of  the modulus,  is observed around 
280 K and must be related to breakdown of  temporary 
crosslinks. These crosslinks slow down the polymer chains 
diffusion much more than entanglements do; for the un- 
coordinated polymer the beginning of  the flow is already 
observed at 245 K. 

The existence of  another maximum in AW/W against 
temperature curve after the beginning of  viscous flow re- 
veals the presence of  other, higher energy, temporary 
crosslinks. The number of  these crosslinks is not large 
enough to prevent the beginning of  the flow at a lower 
temperature.  

In samples x = 0.645 and x = 1.25 the high energy 
crosslinking density is large enough to avoid an initial flow. 
The plateau region covers a wider temperature range and 
the decrease of  modulus is associated with breaking and 

reforming of  high energy crosslinks. A maximum in the 
damping curves is associated with the fall of  the modulus. 

Thus the first crosslinks to break must be the isolated 
complexes, predominant  for low concentrations. The 
crosslinks which break at higher temperature are consti- 
tuted by the clustered complexes predominant at high 
concentration. 

CONCLUSION 

These experiments of  stress relaxation and internal friction 
give some answer to the questions. Relaxation o f  the poly- 
mer chains operate by two mechanisms: the usual diffu- 
sional process and a secondary mechanism obeying an 
Arrhenius equation with an activation energy of  28 kcal. 
This mechanism corresponds to exchange between com- 
plexes and is related to the second phase consti tuted by 
the clusters. 

Isolated complexes enable relaxation before clustered 
complexes but  their role is only seen at low concentrations. 
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Dissolution of polypropylene in organic 
solvents: 1. Partial dissolution 
D. A. Blackadder and G. J. Le Poidevin* 
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(Received 8 January 1976) 

The dissolution of polypropylene in organic solvents has been investigated in detail. The complete 
study will provide an interesting comparison with the literature concerning the dissolution of amor- 
phous polymers. Under appropriate conditions polypropylene dissolves at a steady rate, but there is 
a preliminary induction period. The results reported here concern this period, and provide the foun- 
dation for later parts of the work. It was necessary to study solvent sorption by polymer as well as 
the partial or fractional dissolution characteristic of the induction period. The Hildebrand solubility 
parameter proved useful in understanding the behaviour of polypropylene soaked in various solvents 
over a range of temperatures. Factors controlling the partial dissolution have been identified and 
analysed. 

INTRODUCTION 

In a series of papers 1-7 Ueberreiter and his collaborators 
have provided a detailed description of the dissolution of 
polystyrene, a typical amorphous polymer, in organic sol- 
vents. Among the factors identified as having a bearing on 
the rate of dissolution were: the nature and molecular 
weight of the polymer; the viscosity and size of the solvent 
molecules; the comparability of polymer and solvent; and 
the temperature and conditions of agitation in the system. 
Hitherto, relatively little has been reported concerning the 
dissolution of semi-crystalline polymers where one would 
expect the crystallinity to have some effect and, less ob- 
viously perhaps, where some material and some regions are 
more soluble than the remainder under given conditions. 
The dissolution of polyprcpylene has now been studied in 
detail. 

The present paper, Part 1 of  a series, describes the effect 
of soaking polypropylene film in organic solvents at various 
temperatures up to 110°C. It will be shown in a later paper 
that bulk specimens of this polymer can be made to dis- 
solve at a constant rate at temperatures from 110°C up- 
wards, once an induction period has been completed. This 
induction period arises because the penetration of polymer 
by solvent is a prerequisite for dissolution and it takes time 
to establish a situation in which characteristic events are 
occurring at different depths of penetration. Clearly there 
will be a gradation in composition and properties between 
dry bulk polymer to which no solvent has penetrated and 
the boundary layer of liquid adjacent to the swollen surface 
of the solid. 

In order to understand the induction period it is neces- 
sary to investigate the general effects of solvents on the 
polymer under conditions where total dissolution does not 
occur. This involves measurement of the amount of poly- 
mer dissolved and the amount of solvent imbibed under 
various conditions, and the interpretation of the results in 
the light of thermodynamics and kinetics. It is already 
known that fractional dissolution of polyethylene can occur 
at temperatures well below the melting point 8 and the mate- 
rial dissolved is of low molecular weight. When steric fac- 

* Now at the Electricity Council Research Centre, Capenhurst, 
Chester. UK. 

tots are of importance, as for polypropylene, the extracted 
material may consist mainly of low molecular weight iso- 
tactic chains and also of atactic chains, not necessarily of 
low molecular weight 9-11. 

At temperatures well below their melting points, semi- 
crystalline polymers do not dissolve wholly in organic sol- 
vents. This is because the positive entropy changes asso- 
ciated with fusion and mixing do not sufficiently offset the 
large heat of fusion and the overall free energy change for 
crystallite dissolution is therefore positive. However, even 
at low temperatures, most solvents can penetrate the non- 
crystalline regions to some degree, resulting in the solva- 
tion of individual segments of polymer chains and overall 
swelling of the specimen. At the equilibrium swollen state, 
the osmotic pressure associated with the mixing of solvent 
and polymer is just balanced by the elastic retractive forces 
supplied by a network of interlamellar tie-molecules. 

EXPERIMENTAL 

Materials 
Polymer. The polypropylene used was a homopolymer, 

GXM 43, kindly supplied by ICI Plastics Division. The 
amount of atactic material present was estimated to be 
about 2 wt %, and the polymer contained the usual small 
amounts of antioxidant and stabilizer. In view of the rela- 
tively high temperatures used in some of the present experi- 
ments these additives were welcome and no attempt was 
made to remove them. The polymer was quoted as having 
a melt flow index of 2.16 and a melt viscosity of 5.9 × 103 
Nsec/m at 190°C. 

Solvents. The p-xylene was a 99% product obtained 
from ICI. The other organic solvents, of SR or AR grade, 
were used as received. 

Procedures 
Preparation of film specimens. To investigate the effect 

of soaking polymer in solvent it is convenient to use film 
rather than thicker specimens. Polypropylene chips were 
compression moulded between platens at 220°C-for 4 rain. 
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Figure 1 Relationship between solubility parameter and equili- 
brium solvent uptake by polypropylene at 25oc: 13, chlorinated 
solvents; O, aromatic and napthenic solvents; A, n-alkanes 

The resulting films were quench cooled by immersion in 
cold water. The thickness was about 0.3 mm, and rectan- 
gular pieces measuring 50 mm by 16 mm were cut as re- 
quired. The average thickness of each strip was determined 
from ten micrometer measurements spaced along both of 
the long sides. The density of strips was adjusted when 
necessary by annealing for 2 h in a vacuum oven at an 
appropriate temperature. 

Solvent sorption. Several dry strips of fdm were weighed 
to 0.05 mg and then transferred simultaneously to tubes 
of solvent held in a thermostat controlled to -+0.05°C. 
After a suitable immersion time a strip was removed from 
the liquid, lightly pressed between tissues, and hung from 
one arm of a balance. A second stopwatch was started as 
the strip was removed from the liquid and the total mass 
of polymer and imbibed solvent was noted at 30 sec inter- 
vals over a period of 3 min. A graph of mass against time 
permitted extrapolation to the moment of removal, thus 
giving the true mass of solvent imbibed per unit mass of dry 
polymer after a known period of immersion 12. The time 
for attainment of equilibrium at 25°C varied from a few 
hours to several days but all equilibrium values were based 
on the uptake after 7 days, using the original mass of dry 
polymer as a basis, irrespective of the amount of polymer 
dissolved while solvent was imbibed. At higher tempera- 
tures it is quite possible that equilibrium was not always 
attained, but the results were instructive nevertheless. The 
error in measuring the uptake was estimated to be only ~1% 
at 25°C, rising to at least 5% at 100°C. It was often con- 
venient to convert the measured uptake into units of volume 
sorbed per unit mass of polymer. 

Soluble fraction. Strips of fdm, as described above, 
were vacuum dried at 80vC for 12 h before weighing. For 
initial densities between 908 and 918 kg/m 3, this treatment 
was shown to cause no detectable change in density. Strips 
were soaked for 7 days in solvents at chosen temperatures, 
with a solvent: polymer ratio of 250:1 to avoid any pos- 
sibility of saturating the solvent with soluble species. After 
removal from solvent, specimens were wiped dry and left 
in air for 24 h. A period of 12 h in a vacuum oven at 60°C 

completed the drying process by removing residual solvent. 
The final mass of  the specimen was used to calculate the 
percentage of the original material which had been dissolved 
out. 

Density and crystallinity. Densities were measured in a 
density gradient column at 25°C using p-xylene and chloro- 
benzene as column liquids. Fragments of polymer t'dm 
were cut so as to have a specific surface of less than 10 m2/ 
kg, as recommended by Blackadder and Keniry 13. In gene- 
ral they reached equilibrium in the column in less than 24 h. 
It can be shown that loss of soluble material to the column 
liquids requires a small correction to the observed density, 
which would otherwise be overestimated. With the correc- 
tion, values are reliable to 0.2 kg/m 3. When required, cry- 
stallinities were calculated from densities using Natta's 
formula14: 

9 8 3  + 0 . 9 0 ( T  - 9 3 )  - ( 1 0 6 / d )  
(1 - x )  = ( 1 )  

0 . 4 8 ( T  - 9 3 )  

where (1 - •) is the weight fraction of crystalline mate- 
rial, commonly written as Wc, and d is the density (kg/m 3) 
at T(K). 

RESULTS AND DISCUSSION 

Solubility of  polypropylene in various solvents 
In order to interpret polymer solubility in thermodyna- 

mic terms, it is natural to turn to well-tried parameters 
which have enjoyed some success in characterizing simpler 
systems. The strength of the non-valence or secondary 
bonding in a liquid system is related to the cohesive energy 
density, AEv/V, where AE v is the molar energy of vaporiza- 
tion and V is the molar volume. It is better to predict and 
interpret solubilities in terms of the square root of the co- 
hesive energy density, known as the Hildebrand solubility 
parameter is given by: 

8 = (2) 

Liquids with like values of ~ tend to be equally good sol- 
vents for a given solute and to be mutually compatible. 
This leads to indirect methods of measuring 8 for a poly- 
mer where AEv/V cannot be evaluated. Michaels et al. 16 
have measured the equilibrium sorption of various solvent 
vapours by polypropylene at 25°C, and found that the 
equilibrium sorption (mass of solvent vapour sorbed by unit 
mass of dry polymer) reached a maximum for cyclohexane 
which had a solubility parameter of 16.8 (MJ/m3) 1/2. Since 
the thermodynamic dissolution temperature of the poly- 
mer, Ts, was a minimum in the same solvent, it was sug- 
gested that polypropylene had a solubility parameter of 
~16.8 (M J/m3) 1/2. Other authors17 have pointed out that 
the viscosity of solutions of a polymer in various solvents 
at a given temperature and concentration shows a maxi- 
mum when the polymer and solvent have most nearly the 
same ~i value. The maximum arises because the polymer 
chains are most uncoiled in solvents of high comparability. 

Figure 1 shows Q, the equilibrium volume of solvent 
imbibed per unit mass of dry polypropylene at 25°C, plot- 
ted against literature values 1s'18 of the solubility parameters 
of the various solvents, calculated from the heats of vap- 
orization and the molar volumes. The density of the poly- 
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Table 1 Effect of solubility parameter, 6, on the equilibrium 
swelling, Q, of polypropylene at 25°C 

QX 104 
Solvent Solvent type (m3/kg) &(M j/m3) 1/2 

Benzene Aromatic 1.16 18.7 
Toluene Aromatic 1.24 18.2 
p-Xylene Aromatic 1.30 17.9 
Cumene Aromatic 1.06 17.7 
Cyclohexane Hydroaromatic 2.20 16.8 
Methylcyclohexane Hydroaromatic 1.80 16.1 
Tetrahydro- Naphthenic 1.04 19.5 

naphthalene 
Decahydro- Naphthenic 1.91 17.2 

naphthalene 
a-Chloro- Chlorinated 0.74 21.1 

naphthalene naphthenic 
Chlorobenzene Chlorinated 1.22 19.9 

hydrocarbon 
Carbon Chlorinated 2.08 17.6 

tetrachloride hydrocarbon 
n-Dodecane n-Alkane 1.06 16.1 
n-Decane n-Alkane 1.10 15.8 
n-Octane n-Alkane 1.21 15.5 
n-Heptane n-Alkane 1.66 15.1 
n-Hexane n-Alkane 1.48 14.7 

propylene used was 907.7 kg/m 3 at 25°C. In good agree- 
ment with Michaels et aL 16 the maximum uptake of solvent 
for the naphthenic and aromatic solvents occurs at a value 
of 5 between 16.5 and 16.8 (MJ/m3) 1/2. There is a sepa- 
rate curve for n-alkanes, and signs of yet another for chlo- 
rinated hydrocarbons. The swelling data appear in Table 1. 
It is significant that for alkanes the maximum occurs at a 
lower 6 value than for the naphthenics and aromatics; Hilde- 
brand 19 and other workers have noted anomalies in binary 
solutions where one component is a paraffin. In particular 
Hildebrand 2° evaluated 8 values by means of regular solu- 
tion theory and showed that they were consistently higher 
than values obtained from equation (2). He quoted iso- 
octane and n-heptane as having 8 values 2.0 and 1.2 (M J/ 
m3) 1/2 higher, respectively, than those determined from 
AE v and V, whereas the value for cyclohexane was much 
the same for both methods of evaluation. This reinforces 
the argument that 8 for polypropylene is indeed very close 
to 16.8 (MJ/m3) 1/2, and there is a case for correcting alkane 
values by ~1.7 (M J/m3) 1/2, an amount which would make 
the maximum of the alkane curve on Figure 1 coincide 
with that of the other curve. 

It is noteworthy that cumene falls between the aroma- 
tic-naphthenic curve and the n-alkane curve. This may be 
because cumene has a fairly bulky aliphatic side chain, 
which confers some alkane character without being large 
enough to overshadow the effect of the benzene ring. If 
the abscissa of the point for cumene is indeed too small 
it would account for the observed displacement. 

Repeating the above experiments at 50°C gave the re- 
suits shown on Figure 2, which includes data discussed in 
the following section. 

Soluble fraction 

It was mentioned in the introduction that atactic and 
some low molecular weight isotactic material might be ex- 
pected to dissolve at temperatures substantially lower than 
the dissolution temperature of the bulk polymer. An 
attempt was made to correlate the densities of 3 distinct 
polypropylene specimens with the weight losses recorded 
after soaking in 4 different solvents for 7 days at 25°C. No 
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correlation could be established, though shorter soak times 
might have shown up some dependence on crystallinity 12. 
At least the results suggest that the material soluble at 25°C 
is essentially non-crystalline. The lowest recorded weight 
loss was 0.11% in 1-chloronaphthalene and even this was 
probably more than mere antioxidant removal. Further 
experiments were devised to test the hypothesis that the 
1.1% or so dissolved by p-xylene, the best solvent used, 
was polymeric and mostly atactic. 
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Figure 2 Relationship between solubility parameter, equilibrium 
solvent uptake and mass percentage loss of soluble material for 
polypropylene at 50°C: El, • chlorinated solvents; o, • aromatic and 
naphthenic solvents; A, • n-alkanes. Equilibrium solvent uptake 
( ); mass percentage loss (-- -- --) 

1.2 

0 8  

0-4 

0 ( J  

I / I I I I I 

60 I00 140 180 
t ih)  

Figure 3 Loss of soluble material (wt%) plotted against time for 
polypropylene film density 908 kg/m 3 immersed in p-xylene at 25°C 
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Figure 4 Loss of soluble material (wt%) plotted against density 
of polypropylene after treatment with various solvents (initial den- 
sity 908 kg/m3): ©, measured values;, , calculated values assum- 
ing soluble material is leached only from non-crystalline regions of 
the bulk polymer 

Figure 3 shows one consequence of soaking polypropy- 
lene f'dm in p-xylene at 25°C. Several selected strips of 
uniform thickness (0.300 -+ 0.010 mm) and density 907.7 
kg/m 3 were weighed and separately immersed in p-xylene. 
Samples were removed after appropriate times and dried 
as described earlier, so that the soluble fraction might be 
calculated at various intervals over a period of 7 days. After 
a steep initial rise the curve flattened off to become effec- 
tively horizontal after about 90 h. It is possible to test 
directly whether the soluble material being removed had 
about the same density as amorphous polypropylene. Sup- 
pose that a specimen is soaked as above for 7 days, dried, 
and a fragment released into the density gradient column 
at the same time as an unsoaked fragment of identical 
shape and size. The pre-soaked specimen will settle fairly 
quickly to its final density since there is no more material 
to be dissolved, but the other will behave differently. 
According to Figure 3 about 0.68 wt% will go into solu- 
tion in the first 7 h, assuming that the mixture of column 
liquids behaves like pure p-xylene. (This is a reasonable 
assumption on two counts: the column liquid adjacent to 
the specimen after 7 h is 83% p-xylene by volume, and 
separate experiments have shown that the weight loss after 
7 days is the same in pure chlorobenzene as in pure p- 
xylene.) In the period between 7 h and 7 days after inser- 
tion of the test fragments into the column, the unsoaked 
piece will still be losing atactic or low crystallinity isotactic 
material and will continue to fall as its density increases. 

The above argument was tested by cutting 4 samples, 
2 mm square, from film previously soaked in p-xylene at 
25°C for 7 days, then dried, and 4 similar samples were cut 
from unsoaked film. Figure 3 predicts that unsoaked speci- 
mens should lose about 0.44% in weight between 7 h and 
7 days, and equation (1) permits the calculation of the cor- 
responding increase in overall crystallinity. A crystallinity 
change of 0.30% corresponds to a displacement of 3.7 mm 
in the density gradient column, which compares well with 
the observed value of 3.9 -+ 0.5 mm. The implication is that 

the dissolved material had an in situ density of between 848 
and 860 k~/m 3, limits which enclose Natta's value 14 of 
857 kg/m~for the density of wholly amorphous polypropy- 
lene at 25°C. Since the atactic content of the polymer is 
~2%, it seems that the 1.12% lost to p-xylene in 7 days is 
very probably wholly atactic. 

Having demonstrated that at 25°C the overall density 
of a polypropylene specimen increased as soluble material 
was leached from the non-crystalline regions, it was appro- 
priate to investigate higher temperatures and other solvents, 
always with a view to understanding the induction period 
preceding steady total dissolution at higher temperatures 
still. Figure 2 shows that at 50°C there is a rather close 
correspondence between solvent untake and weight loss 
in the same period, and the solubility parameter correlates 
both properties effectively, bearing in mind the possible 
corrections to the 6 values for some solvents. Figure 4 
gives the measured weight loss for various temperatures 
and solvents plotted against the appropriate density after 
soaking for the usual 7 days. The intercept corresponds to 
unsoaked film and the solid curve is the relationship ex- 
pected if: (a) all the material dissolved had the density of 
amorphous polypropylene; and (b) the soaking treatment 
left the remainder totally unaffected. The curve was ob- 
tained as follows. Equation (1) relates (1 - k)u to du as 
well as (1 - k)s to ds, where the subscripts u and s denote 
unsoaked and soaked specimens. If the mass of crystalline 
material is indeed unaffected by any soaking treatment 
then it follows that: 

(1 - X ) u  x 1 0 0  

100  - m 
= (1  - x ) s  ( 3 )  

Evidently the percentage loss in weight, m, can be calcu- 
lated from this expression ifds and du can be measured. 
It is clear from Figure 4 that there are marked deviations 
from the theoretical curve, and these deviations prove to 
be very informative. 

Comparison of columns 4 and 5 in Table 2 will show 
that for all solvents the significant deviations arise for soak 
temperatures in excess of 50°C. It appears that up to ~4 
wt% of the soluble material has a density like that of amor- 
phous polypropylene, as required by the theoretical curve. 
Some of the 4% is evidently isotactic yet non-crystalline. 
For weight losses between 4 and 12% the points lie to the 
right of the curve, which is evidence for a structural reor- 
ganization process during the soaking, the result being a 
density increase over and above that caused by dissolution 
of low density material. At very high temperatures and 
when the weight loss exceeds 12%, the points start to fall 
above the curve and another new feature requires 
explanation. 

To interpret Figure 4 it is necessary to recall certain 
morphological features of semi-crystalline polymers. Dur- 
ing the crystallization of polyethylene from the melt there 
is some segregation of low molecular weight material 21~2 
and this tends to persist in part in uncrystallized form lo- 
cated within and between the spherulites. Hofmann and 
Lauritzen 23 have shown that the disappearance of crystal- 
linity at temperatures well below the melting point 24-26 
may be attributed to the early melting of the smallest 
crystallites. Baddour et al.27 have pointed out that such 
effects are accentuated by the presence of solvent acting 
as a diluent to reduce the melting points of  crystallites of 
any size below their 'dry'  value. If the smaller crystallites 
also tend to contain more of the lower molecular weight 
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Table 2 Effect of soak temperature on the density of poly- 
propylene 

d s calcu- 
lated 

Soak Mea- Mea- from 
tern- sured % sured  equation 
perature weight ds (3) ~d s 

Solvent (°C) loss (kg/m 3) (kg/m 3) (kg/m 3) 

p-Xylene 50 2.20 909.0 909.3 --0.3 
Cumene 50 1.62 908.8 908.9 --0.1 
Chlorobenzene 50 1.92 909.0 909.1 --0.1 
Decahydro- 50 2.22 909.0 909.3 --0.3 

naphthalene 

p-Xylene 75 4.12 911.3 910.4 0.9 
Cumene 75 3.80 910.1 910.2 -0.1 
Decahydro- 75 4.83 911.6 910,8 0.8 

naphthalene 

Cumene 95 4.59 912.1 910.6 1.5 
Decahydro- 95 7.68 913.7 912.5 1.2 
naphthalene 
n-Octane 95 6.27 912.2 911.5 0.7 

p-Xylene 100 8.88 914.6 913.2 1.4 
Cumene 100 6.87 913.8 912.0 1.8 
Decahydro- 100 29.4 920.8 931.8 -11.0 

naphthalene 
n-Octane 100 6.00 913.7 911.5 2.2 
I-Chloro- 100 3.68 910.5 910.0 0.5 

naphthalene 

Cumene 107 19.22 916.0 920.8 --4.8 
n-Octane 107 9.29 914.9 913.6 1.3 

Cumene 110 16.34 916.3 918.5 -2.2 
n-Octane 110 14.06 916.1 916.9 -0 .8  

material, then the deviations from the curve in Figure 4 
may be interpreted in terms of three parallel processes: 
(a) removal of amorphous material having the same den- 
sity as amorphous polypropylene; (b) melting out and 
dissolution of small crystallites or crystallites containing 
notable amounts of  low molecular weight polymer; (c) 
inclusion of material described in (a) and (b) into existing 
crystallites with a consequent increase in overall density, 
or possibly the creation of new crystallites large enough to 
resist solvent. 

Process (a), on which the theoretical curve in Figure 4 
is exclusively based, evidently covers the lower tempera- 
tures of  soaking and weight losses up to ~4%. Suppose 
that at temperatures of 75°C upwards, the consequences of  
soaking were covered by processes (a) and (b) only. Al- 
though m would continue to rise with ds, the points would 
lie above the curve, because the dissolved material would 
include some polymer from the crystalline regions. The 
density of  the soaked polymer would therefore be lower 
~han if all the soluble material had come from non-crystal- 
line regions. (Indeed if a high enough proportion were 
leached from the crystalline regions it would even be pos- 
sible for d s to fall with increasing m, though this was not 
observed.) Figure 4 shows that the points concerned ac- 
tually lie below the curve, and this positively requires the 
operation of process (c) in addition to (a) and (b) for 
values o f m  from 4 to 12%. The process is presumably simi- 
lar to that induced in pure bulk crystallized polymer on 
dry annealing at elevated temperatures, but with solvent 
present, the reorganization occurs at much lower tempera- 
tures. At temperatures in excess of 100°C it can be seen 
that the experimental points lie well above the curve on 
Figure 4, and this may be interpreted in terms of the in- 
creasing dominance of process (b). It does not mean that 
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process (c) becomes less important in absolute terms, as 
the following observations confirm. 

Consider a polypropylene specimen which had been 
soaked at 100°C in decahydronaphthalene (well above the 
curve in Figure 4) and another soaked in p-xylene at the 
same temperature (below the curve). After removing all 
the imbibed solvents these dried specimens were re-immer- 
sed in separate tubes containing fresh p-xylene at 25°C. 
The results are shown in Table 3. The sample pre-treated 
in p-xylene is seen to have absorbed more than twice as 
much of this same solvent at 25°C as the sample pre- 
treated'in decahydronaphthalene. Even on the basis of 
C* (volume of liquid sorbed per unit volume amorphous 
polymer) the uptake at 25°C is much higher for the sam- 
ple pre-treated in p-xylene. This is the opposite of what 
is generally found for specimens not subjected to pre- 
treatment, as it will be shown later that C* normally in- 
creases with the density of dry but annealed specimens. 
The decrease in C* with increased density cannot be ex- 
plained in terms of void formation caused by the loss of 
soluble polymer, since the percentage loss is considerably 
higher for decahydronaphthalene pre-treatment, yet the 
amount ofp-xylene finally imbibed at 25°C is lower. 

A possible explanation is that the interlamellar tie- 
lengths in the two specimens are different after pre-treat- 
ment, and these lengths determine the extent to which re- 
swelling can occur. The specimen pre-treated in decahydro- 
naphthalene would have to have the shorter tie-molecules 
and this could arise if some of the inter-lamellar chains 
originally present were incorporated into the crystalline 
lattice structure as a result of soaking in this good solvent. 
Re-swelling at 25°C would then give a low result. 

Blackadder and Keniry 8 have shown that if polyethylene 
film is soaked in liquid p-xylene at 50°C then dried, it 
absorbs a greater amount ofp-xylene vapour at 30°C than 

Table 3 Effect of solvent pretreatment at high temperatures on 
subsequent reswelling at 25°C in p-xylene 

Solvent pre-treatment 
Reswelling in p- 
xylene at 25°C 

Equili- Equili- 
brium Percen- brium 

Temper- swelling tage swelling 
ature X 104 weight dst X 104 
(°C) Solvent (m3/kg) loss (kg/m 3) (m3/kg) C* 

100 p-Xylene 7.0 8.88 914.6 5.53 1.92 
100 Decahy- 12.7 29.4 920.8 2.46 1.05 

dronaph- 
thalene 

t d u for both specimens was 908.0 kg/m 3 

Table 4 Effect of liquid pre-treatment on percentage weight loss 
of soluble material 

Pre-treatment Percentage weight loss 

Temper- True % Calcu- Calcula- 
ature Time weight lated ted from 

Solvent (°C) (Days) loss from d s swelling 

p-Xylene 75 7 4.12 5.70 5.0 
p-Xylene 100 7 8.88 10.8 24.6 
Decahydro- 100 7 29.4 19.5 8.15 

naphthalene 
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Reduced sorption curves for polypropvlene and liquid 

does untreated film, whatever the vapour activity. Indeed 
by extrapolating the relevant isotherms to unit activity it 
emerged that the increased volumetric uptake exactly com- 
pensated for the volumetric loss of soluble material in the 
pre-treatment. Experiments along similar lines would 
appear to offer another method of establishing when the 
dissolution of soluble material from polypropylene is 
accompanied by reorganization of the crystalline and non- 
crystalline regions. 

For this work liquid uptakes were measured rather than 
vapour isotherms. Specimens of polypropylene film of 
density 908.0 kg/m 3 were immersed in p-xylene (at 75 ° or 
100°C) or decahydronaphthalene (at 100°C). After 7 days 
the specimens were removed from their respective liquids, 
dried, reweighed and the losses determined. They were then 
re-immersed in separate 50 cm 3 quantities of p-xylene at 
25°C. Unsoaked control specimens were also treated in this 
way. After 24 h the equilibrium uptakes were determined 
and, without exception, samples which had been pre-treated 
at temperatures above 25°C imbibed more solvent than did 
untreated specimens. The increased liquid uptake was used 
to estimate the equivalent weight lost during the pre-treat- 
ment on the assumption that the soluble material had a den- 
sity of about 860 kg/m 3 at 25°C. The results appear in 
Table 4, together with the true weight losses and values cal- 
culated from d s. 

For the samples pre-treated in p-xylene at 75°C it is 
noteworthy that the weight losses arrived at by all three 
methods are much more comparable than for the other pre- 
treatment procedures. This suggests that for this 75°C 
treatment the material removed is largely from non-crystal- 
line regions and any induced reorganization is small. The 
wide spread in the loss values for treatment at 100°C in 

p-xylene, can be explained as follows. The fact that the 
true weight loss is less than the value calculated from ds 
points to some incorporation of previously non-crystalline 
material into crystallites, while the much larger loss calcu- 
lated from the swelfing data points to a considerable length- 
ening of the average interlammellar tie length above the un- 
treated value. Blackadder and Keniry 8 showed that sorp- 
tion of vapour at quite low activity and temperature by 
polyethylene film resulted in a permanent increase in the 
average length of interlamellar ties. This can arise because 
bulk crystallized polymer has a wide distribution of tie- 
lengths. On the way to sorption equilibriur~ some of the 
shorter ties might be pulled out or even fractured, and this 
process can hardly be reversed on removing the solvent, 
thus resulting in a permanent increase in the average length 
of the interlamellar ties. The sorption of liquid p-xylene 
by polypropylene at 100°C has a more drastic effect, as 
seen by the very large difference between the measured 
weight loss and that calculated from swelling data. 

The situation when poly]~ropylene is pre-treated in de- 
cahydronaphthalene at 100~C is quite different. The much 
lower percentage loss calculated from swelling measure- 
ments is presumably the result of some recrystallization, 
yet at 100°C untreated polymer absorbs almost twice as 
much decahydronaphthalene as p-xylene. This fits perfectly 
with the expectation that the former solvent would pene- 
trate the polymer to a greater extent than the latter and 
recrystallization would be easier under the conditions of 
the pre-treatment. 

Sorption kinetics 
Studies of sorption kinetics are likely to be relevant to 

polymer dissolution. Unlike microcrystalline substances, 
amorphous polymers swell prior to dissolution 2a, and it will 
be shown in Part 2 that polypropylene also swells. One of 

the factors determining the rate of dissolution might thus 
be the rate of  movement of the diffusing solvent front as it 
penetrates the non-crystalline material before affecting the 
crystallites. 

For a plane sheet of polymer, thickness 1, immersed in 
a liquid, it is a standard result that: 

0.0419 
D = - -  (4) 

(tvJl 2) 

where D is a diffusion coefficient and tl A is the time re- 
quired for the amount of liquid imbibed to reach half of 
its equilibrium value. The intrinsic error in this approxi- 
mate formula is negligible, but a more serious objection is 
that it assumes a constant diffusion coefficient. In fact D 
will depend on concentration (among other things) and the 
use of equation (3) will generate some sort of average value 
for the range of concentrations present in the film during 
the measurements. 

Reduced plots for the sorption of liquid p-x_ylene into 
polypropylene films of different densities are presented in 
Figure 5, which refers to 25°C. Mt/M= is expressed as a 
function of t/l 2, M t being the uptake at time t, and Moo is 
the final equilibrium uptake. The curves have sigmoid 
shapes as observed by Rogers et al. 29 for the sorption of 
organic vapour into polyethylene at high vapour activities. 
Figure 5 shows that liquid is imbibed more rapidly for the 
higher densities, and Table 5 indicates that there is a re- 
duced equilibrium uptake at the higher densities. Note that 
appropriate film densities were obtained by annealing, and 
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Table 5 Effect of density on diffusion coefficient and equilibrium 
uptake of p-xylene at 25°C 

Anneal 
temperature Density D X 1 0 1 2  Equilibrium 
(°C) (kg/m3) (m2/sec) uptake (w/w%) 

120 907.7 0.75 10.70 
150 914.1 1.08 9.57 
163 918.1 1.28 9.05 

the temperatures concerned appear in Table 5. It has been 
shown by McCrum a°, Michaels et al. al and by Keniry 32 that 
for bulk polymer, D increases with annealing temperature 
for experiments with low activity solvent vapours and poly- 
ethylene. In the present work on polypropylene and where 
the solvent activity is unity (pure liquid), it is again evident 
that the value of D increases with the annealing temperature. 

Michaels et al. 31'33 have expressed the diffusion coeffici- 
cient of a penetrant in a semi-crystalline polymer in the 
form: 

D = D*/r3 

where D* refers to the same penetrant in wholly amorphous 
polymer, r is a tortuosity factor to allow for the increased 
path length when diffusion occurs round crystallites, and/3 
is a chain immobilization factor to account for the restrain- 
ing effect of crystallites on segmental mobility. It is known 
that annealing leads to an increase in fold length which, in 
turn, causes a decrease in the width to thickness ratio of 
crystalline lamellae and hence a decrease in tortuosity (for 
a given volume fraction of obstructive material tortuosity 
is increased least by spheres and most by rods). This would 
appear to explain the increase in D with annealing tempera- 
tures noted here. 

Figure 6 shows the sorption data plotted on the basis of 
C*, the volume of liquid sorbed per unit volume of non- 
crystalline polymer (assuming the two phase model), rather 
than Mr/Moo, and it can be seen that C* increases with den- 
sity. The explanation of this interesting observation lies in 
a comparison of the morphology of semi-crystalline poly- 
mer with that of crosslinked amorphous polymer. The lat- 
ter swells much less than the unlinked form of the same 
polymer because the links restrain the uncoiling of chains 
which accompanies sorption. In polypropylene the non- 
crystalline regions might thereby be expected to have a 
lower sorptive capacity than wholly amorphous polypropy- 
lene, volume for volume. Ochiai et al. 34 measured the equili- 
brium uptake of two liquids by polypropylene film and 
found that C* increased with density as in the present work. 
Their explanation virtually constituted a denial of  the sim- 
ple two-phase model, and the suggestion made by Keniry in 
the context of polyethylene 32 appears more convincing. It 
hinges on the observation that mats of agglomerated single 
crystals swell more than bulk crystallized polymer, the 
obvious inference being that tie-molecules inhibit the swell- 
ing of the latter and are absent in single crystal agglomer- 
ates. Furthermore, the sorptive capacity of unit volume of 
non-crystalline material was highest for single crystals, and 
bulk polymer tended towards this only as the density was 
increased by annealing. An increase in the fraction of non- 
crystalline material in the form of chain folds rather than 
miscellaneous tangle would appear to favour high 
absorption. 

organic solvents (1): D. A. Blackadder and G. J. Le Poidevin 

CONCLUSIONS 

(1) The Hildebrand solubility paran~eter for polypropylene 
is 16.7 (M J/m3) 1/2. This quantity is obtainable by plotting 
the swelling caused by various solvents against calculated 
values of the parameter for these solvents and noting the 
position of the maximum. A correction must be applied 
to values for n-alkanes obtained from the cohesive energy 
density. When suitably corrected the solubility parameters 
correlate well with the amount of polypropylene dissolved 
by each solvent at 50°C and with the amount of solvent 
imbibed by the polymer. 

(2) At 25°C the density of polypropylene films cannot be 
correlated with the amount of polymer dissolved by soak- 
ing at that temperature. This suggests that the material 
soluble at 25°C is not removed from the crystalline regions, 
a view for which other evidence is available. It is noteworthy 
that polypropylene samples immersed in a density gradient 
column suffer from loss of soluble material, and this source 
of error should be allowed for when necessary. 

(3) Soaking of polypropylene film in solvents at tem- 
peratures from 25 ° to 75°C involves dissolution of soluble 
material from the non-crystalline regions only, at least for 
a polymer density of 908 kg/m 3. Up to 4 wt% of the sam- 
ples is thought to be a mixture of atactic material and iso- 
tactic material, all excluded from crystallites. At tempera- 
tures from 75 ° to 100°C solvent soaking brings about con- 
siderable reorganization of the general morphology, pre- 
viously non-crystalline chains or parts thereof being incor- 
porated into new or existing crystallites. In the high tem- 
perature range of 100 ° to 110°C (just bordering on that 
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Figure 6 Sorption curves for polypropylene and liquid p-xylene 
at25°C. Initial densities: [3,907.7;©,914.1;X,917.9kg/m 3 
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required for total dissolution) the reorganization is over- 
shadowed by the destruction and dis"solution of the smaller 
crystallites. It appears that there are irreversible changes 
in the average lengths of the interlamellar ties. 

(4) Sorption kinetics show that at 25°C liquid p-xylene 
swells polypropylene most rapidly at high sample density, 
and in addition more liquid is then imbibed per unit volume 
of non-crystalline material. This is explained in terms of 
morphology. 

(5) The results of this paper form the foundation for the 
investigation of the conditons under which total, and not 
merely fractional, dissolution of polypropylene occurs. In 
particular the present results relate to the induction period 
preceding steady state dissolution. 
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Configurational and dynamic flexibility of 
polymer chains 
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The frequency of collisions between the end-groups of a polymer molecule is a useful measure of the 
dynamic f lexibi l i ty of the molecule. An exact expression for this quantity is given in terms of the 
various distribution functions which characterize the polymer and the result compared with the ex- 
periments of Szwarc et aL on polymethylene chains in solution. The implication of some of the re- 
sults for normal mode models of polymers is also discussed. 

INTRODUCTION 

There are two measures of molecular flexibility that are 
useful in the study of polymers. The first may be termed 
'configurational flexibility' and arises from the multitude 
of conformations available to a polymer mol,~cule. The 
second is 'dynamic flexibility' and comes about because, 
in thermal equilibrium in say a solvent, the molecule is not 
static but will be undergoing continual conformational 
changes. The rate at which these changes are occurring is 
clearly a reflection of the dynamic flexibility. As a mea- 
sure of the configurationalflexibility of a polymer we may 
take the probability of  contact being made between the 
ends of  the molecule (i.e. a ring closure). This, however, 
gives no indication of the rate at which end-to-end contacts 
are being made. We will use this latter quantity as a mea- 
sure of the dynamic flexibility of the molecule. 

In an attempt to quantify the concept of dynamic flex- 
ibility, Szwarc and Shimada ~'z have made a series of experi- 
ments designed to measure the frequency of collisions be- 
tween the end groups of a polymethylene chain in solution. 
Furthermore, they were able to investigate the dependence 
of the collision frequency on the chain length, solvent vis- 
cosity and temperature. In this paper we will formulate 
the problem and give an exact expression for the frequency 
of the expected number of end-to-end collisions in terms 
of the various distribution functions which characterize the 
polymer molecule. The results of Szwarc and Shimada will 
then be discussed in the light of our results. 

EXPECTED FREQUENCY OF END GROUP COLLISIONS 

In Figure 1, the configuration of a polymer chain at some 
instant of  time, t, is shown, together with a schematic 
sketch of the time dependence of the square of the end-to- 
end vector, R(t). The forces governing the behaviour of 
R(t) will be sufficiently complex to ensure that R2(t) may 
be regarded as a stochastic process. The problem of calcu- 
lating the frequency of end-group collisions may then be 
formulated as finding the frequency of zeros in the stochas- 
tic process described by R(t). In fact in the experiment of  
Szwarc et al. the collision of the end groups was detected 
using e.s.r, techniques by the transference of an electron 
between the end groups. In this experiment the end groups 

* Premanent address: Physics Department, The Institute of Tech- 
nology, Bandung, Indonesia. 

needed only to be within a certain minimum distance, d, 
for the electron to be transferred. We are therefore inter- 
ested in the frequency with which the stochastic process 
R2(t) crosses the level d 2. This problem arises in many 
diverse fields of study, e.g. in electronics, fatigue studies, 
speech analysis etc. and is generally known as the level 
crossing problem. A solution was first given by Rice 3, but 
the derivation we will use follows that given by Bendat 4. 

If we put A(t) = R2(t), then the expected number of  
level crossings of A(t) through the interval R 2, R 2 + dR 2 
for a given value of dA/dt = (3 is: 

f(R 2, ~)dR2d~ 

Idtl 
(1) 

where f(R 2,/3)dR2d~3 is the probability that R 2 < A(t) < 
R 2 + dR 2 and/3 < A < 13 + d/3, and Idt[ is the time to cross 
dR 2, i.e. 1/31 = dR2/Idtl. The total number of crossings/unit 
time v is then given by: 

v= f I/~lf(R2, fl)d/3 (2) 

R(t )  

t 

Figure 1 Schematic sketch of the time dependence of the end-to- 
t;nd vector R(t) 
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we finally obtain that the number of  end-to-end 'collisions' 
(R < d ) i s  given by: 

I U 

O 
. J  

OI I I 

6 ~ a -8 I.O 1.2 0 6  
Log n 

Figure 2 Log (electron transfer frequency, P) as a function of 
log (no. of monomers, n) for various temperatures: A, 40°C; B, 
30°C;C, 15°C;D,0°C;E, - -15°C.  SolventHMPA 

In thermal equilibrium A(t) = R2(t) constitutes a stationary 
process, i.e. the correlation (A(t)A(t + r)) is independent 
of the time t. Therefore: 

d 
- -  (A(t)A(t + r)) = (A(t)A(t + r)} + (A(t)A(t + r)) = 0 (3) 
dt 

in which case A(t) and A(t) are uncorrelated and conse- 
quently f (R  2,/3) can be written as: 

f (R 2,/3) = g(R2)h(/3) (4) 

1 
v = - 47rd2p(d, L ) ( ~  l) (8) 

2 

This is the main result of  the paper; i fv  is taken as a mea- 
sure of  dynamic flexibility and p(d, L) as a measure of  con- 
figurational flexibility, then equation (8) indicates that 
they are related primarily by the term (I/~1), i.e. the speed 
of the end-to-end separation. 

In the next section we will discuss some aspects of  the 
result and give a comparison with the experiment of  Szwarc 
and Shimada. 

COMPARISON WITH EXPERIMENT 

In the experiment of  Szwarc and Shimada they measured, 
using electron spin resonance techniques, the frequency P 
of intramolecular electron exchange in N - ( C H 2 ) n - N ' -  in 
the solvent HMPA (hexamethylphosphoric triamide) where 
N denotes an a-naphthyl moiety. In this system, for n />  5 
the frequency of  electron transfer when the end groups are 
together, is much faster than the frequency v with which 
the end groups actually come together. In other words 
there was a one-half probability that an electron on one 
end group before the encounter would be on the other end 
group after the encounter. Hence P = ½v. The principal 
results of  this experiment are shown in Figure 2 where 
togP is plotted as a function of log n for various tempera- 
tures. 

In the previous section we showed (equation 8) that 
there are three factors which determine the collision fre- 
quency v and hence P. They are: (a) an effective scatter- 
ing cross-section 4rid2; (b) the probability p(d, L) of  an 
end-to-end separation d for a chain of  length L; and (c) the 
average speed (1/~ I) of  the end-to-end vector R(t). Of these 
factors, p(d, L) is expected to depend most strongly on n. 
For a Gaussian chain of  n links, each of length ! w.e have 
that: 

g(R 2) is related to the usual probability density p(R, L), 
that the end-to-end distance of  a chain of  length L is equal 
to R by: 

g(RZ)dR 2 = p(R, L)47rR2dR 

o r  

g(R 2) = 27rRp(R, L) (5) 

Using equations (4) and (5) we can write the frequency 
with which the stochastic process R2(t) crosses the level 
d 2 as: 

v = 27rdp(d, L) f I/3lh(fl)d/3 (6) 
i /  

The integral in equation (6) is just by definition (I/31) and 
since: 

/3 = IA [R=d = I2R/~ IR=d = 2d/~ (7) 

p(d,L)  = exp k 2nl2] (9) 

and the slope of  ln(p) versus ln(n) is given by: 

d In (p) 

d In (n) 
_ (10) 

For large n we get a limiting slope of - 3 / 2  characteristic 
of  the Gaussian model. This is confirmed by Szwarc for 
the temperatures - 1 5  °, 0 ° and 15°C by plotting log(Pn 3/2) 
versus log n. The results are shown in Figure 3. For smaller 
values of  n, equation (10) indicates that the slope should 
flatten and become zero when: 

(R 2) = nl 2 = d 2 (11) 

i.e. when the root mean square, end-to-end distance is 
equal to the distance over which the electron can be trans- 
ferred. Qualitatively the slope in Figure 2 does decrease as 
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o 
..A 

8 I i i 

0 6  0 8  I.O 112 
Log n 

Figure 3 Log (Pn 3/2) as  a function of log n for various tempera- 
tures; A, 45°C; B, 30°C; C, 15°C; D, 0°C; E, --15°C 

coordinate~km we have that: 

k T  
<lk'l 2) ~ - -  (13) 

m 

The end-to-end vector can be obtained as a linear combina- 
tion of  normal modes and so we obtain equation (12). This 
result holds under considerably wide circumstances s and in 
particular when chain stiffness and internal viscosity factors 
are included. Even though these factors may be regarded 
as activated processes, the use of  normal modes is the over- 
riding consideration and leads to the stated result for (I/~1). 
Thus Edwards and Goodyear 6 considered a model where 
the motion of  the polymer was dominated by potential 
barriers between conformations; however, as a result o f  re- 
ducing their model to a Rouse form their work contains the 
result (12). This indicates that for a discussion of  the fre- 
quency of  end-group collisions the dynamics of  the polymer 
chain need to be treated in greater detail. This is being cur- 
rently investigated and will be reported later. 

n decreases and for n "~ 10 is approximately flat. In the 
experiment, d was estimated to be of  the order of  7 - 9  A, 
which gives using equation (11) for the link length l of  the 
chain l ~ 2 .3 -3  A. For polymethylene chain this estimate 
is about right. A much faster increase of  P with n for n < 5 
comes about because for these short chains the end-groups 
are always in the vicinity of  each other for the electron to 
be transferred. 

In general we might expect that p(d, L)  will be inversely 
proportional to the 'volume' 4n / 3~2 )  3/2 of  the polymer. 
The Gaussian result gives (R 2) ~ n, but if excluded volume 
effects are also included then for large n (strictly speaking 
n -+ co) we have (R 2) ~ n 6/5. Therefore we would have that: 

u u p ( d ,  L)  ~ n 9/5 = n 1.8 

In Figure 4 we have plotted logPn 1.8 as a function of  log n; 
however the experimental results do not appear to be suffi- 
ciently accurate to distinguish an exponentof  1.8 from 1.5. 

Szwarc and Shimada also showed that the electron trans- 
fer frequency P and hence the end-group collision frequency 
u was an activated process. For chains of  more than five 
monomers the 'activation energy' was approximately 5 
kcal/mol and independent o f  the length of  the chain. This 
has important implications for the kind of  theoretical 
model most appropriate for the description of  the dynamic 
of  the polymer molecules. The only factor in our expres- 
sion (8) for u likely to contain any strong temperature de- 
pendence is the term (h~ [), i.e. the average relative speed of  
the end-groups. However, any model of  a polymer mole- 
cule which describes the motion in terms of  normal modes 
will inevitably lead to a temperature dependence of  ( ~  [) of  
the form: 

(12) 

where m is the mass of  a segment. This result comes from 
the equipartition of  energy, where for each normal mode 

CONCLUSION 

A measure o f  the dynamic flexibility of  a polymer chain is 
given by the collision frequency u of  the end-groups. In 
this paper we have shown that v depends on three factors: 
(a) an effective cross-section 47rd2; (b) the probability of  
an end-to-end separation d; and (c) the average speed of  the 
end-to-end separation. In the experiments of  Szwarc et al. 
the dependence of  v on the length of  the chain is reasonably 
well accounted for by a Gaussian distdbution function, 
although excluded volume effects could not entirely be 
ruled out. The most difficult factor to account for was 
the average speed (~tl) of  the end-to-end separation. A pre- 
liminary investigation based on the idea of  normal modes 
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Figure 4 Log (Pn 9Is) as a funct ion o f  log n for  various tempera- 
tures: A, 45°C; B, 30°C; C, 15°C; D, 0°C; E, - -15°C 
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and the equipartit ion of  energy indicates that the <l/~l> 
should depend on (7') 1/2. Experiments, however, show that 
the collision frequency is an activated process. Work is in 
progress to resolve this issue. 
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Molecular motion of poly(methyl methacrylate), 
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distributions of correlation times 
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The 13C n.m.r, spin lattice relaxation times and Nuclear Overhauser Enhancements have been meas- 
ured for solutions of poly(methyl methacrylate) (PMMA) in o-dichlorobenzene, polystyrene (PS) in 
pentachloroethane and poly(propylene oxide) (PPO) in CDCI 3 as a function of temperature. For PS 
and PMMA a T 1 minimum is observed close to ambient temperature. The single correlation time 
theory of relaxation is inadequate to explain the relaxation data, but within experimental error, the 
data can be interpreted in terms of either the Cole-Cole distribution of correlation times, the log -X  2 
distribution or a conformational jump model of chain dynamics. 

INTRODUCTION 

Several workers in recent years 1-T have used 13C n.m.r. 
relaxation time measurements to study polymer motion in 
solution, and the topic has also been the subject of some 
theoretical investigation s-~2. In most work of this type, it 
has been assumed that the single correlation time model s'9 
of segxnental re-orientation is valid, but there is clear evi- 
dence ~°Jl that this is not necessarily so. Schaefer t° was 
obliged to use a distribution of correlation times to explain 
spin-lattice (TI) and spin-spin (T2) relaxation times and 
Nuclear Overhauser Enhancements (NOE) for both bulk 
and dissolved polymers. However, these results whilst of  
considerable importance, were limited to only a single tem- 
perature. This point was also noted by Hermann and Weil111 
who made an extensive series of 1H, 2H and 13 C relaxation 
measurements over a range of temperature for poly(ethy- 
lene oxide). Again the single correlation time theory was 
found inadequate but they chose to use a correlation func- 
tion which was the sum of two exponentials, observing that 
a distribution of (single) correlation times is indistinguish- 
able experimentally from a non-exponential correlation 
function. They assumed the anisotropic rotation model 13 
of relaxation but purely as a formal way of expressing a 
non-exponential correlation function. The results were 
satisfactorily interpreted by a self-consistent set of para- 
meters, though each nucleus required a different set. This 
is surprising if the model is to be realistic, since the 13C 
and 2H relaxation times depend on exactly the same auto- 
correlation function viz that for the orientation of the C - H  
bond, and should therefore have the same set of parameters. 
The significance of this model is therefore doubtful. 

At normal temperatures, poly(ethylene oxide) is a very 
flexible polymer, and it seemed likely that measurements 
on less flexible molecules could be more informative. We 
therefore have determined values of 13C, T1 and NOE for 
poly(methyl methacrylate) (PMMA) in o-dichlorobenzene 
(ODCB), polystyrene (PS) in pentachloroethane (PCE) and 
poly(propylene oxide) (PPO) in CDC13 over a wide tem- 
perature range. (These solvents were chosen for their large 
liquid range and lack of conflicting 13C signals rather than 

for thermodynamic reasons). These polymers provide a 
wide range of motional variety from the very flexible PPO 
(Tg --- 198 K) to the stiff PMMA (Tg = 298 K), and contain 
side groups with varying amounts of freedom, from the 
mobile CH3 groups in PPO to the highly restricted aromatic 
rings in PS. The observed relaxation data was interpreted 
in terms of three models: (I) the empirical Cole-Cole dis- 
tribution t4'~s used in analysis of diectric relaxation~JT; 
(II) the log -X 2 distribution used by Schaefer ~° referred 
to above; (III) the non-exponential correlation function 
deduced by Monnerie et al. t2 for a conforrnational jump 
model of polymer dynamics. 

The necessary theoretical formulae are outlined in the 
Theory section, together with the results of trial calcula- 
tions, and this is followed by a discussion of the experi- 
mental results. 

EXPERIMENTAL 

13C relaxation times were measured on a Varian Associates 
XL-100 spectrometer at 25.14 MHz using the standard 
rr - r - 7r/2 inversion recovery technique. The values of 
NOE were measured by comparing the integrals of spectra 
recorded first with complete proton noise decoupling and 
then with the decoupler offset 30 kHz in cw mode. This 
procedure eliminated sample temperature changes due to 
switching the decoupler on or off. Measurements were 
made for solutions of 100 and 400 mg polymer/ml solvent. 
The solutions were not degassed as the relaxation times of 
interest rarely exceed 500 msec. The theoretical maximum 
value of NOE was observed in a number of cases showing 
that the effect of paramagnetic impurities was indeed 
negligible. 

The PMMA was a predominantly syndiotactic sample of 
Mn = 90 000 supplied by the Rubber and Plastics Research 
Association, Shrewsbury, England. Two PS samples of 
Mn = 10 000 and 110 000 with Mw/Mn = 1.06 were supplied 
by Pressure Chemical Co., Pittsburgh, Pa. Both samples 
were found to be atactic. The PPO was a sample ofMn = 
2020 supplied by Waters Associates, Framingham, Mass. 
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THEORY 

The 13C spin-lattice relaxation time, T1, and Nuclear Over- 
hauser Enhancement Factor, r?, for a 13CHn group, are 
given in terms of spectral densities Jn(cO) by the formulae s 
(in SI units) 

1 _ Ido2n'yc2")'H 2h2 {j0(wH _ 6oC) + 3Jl(WC) 
T1 40n2rctt 6 

+ 6J2(WH + coo)} (1) 

r/= 3.976 
6J2(COH + coC) -- J0(COH -- coc) ] 

J 0 ( ~  H _ - - - ~  + 3JI(COC) + 6J2(¢.o H + coC) J 
(2) 

7H and ~'C are the magnetogyric ratios of  1H and 13C res- 
pectively, and rCH is the C - H  bond length. It is assumed 
that 13 C relaxation occurs solely by intramolecular d ipo le -  
dipole interaction with the attached protons, and this is 
undoubtedly true for motions of the time scale encountered 
in polymers. The spectral densities Jn(~) are the Fourier 
transforms of  the normalized autocorrelation functions of  
the second-order spherical harmonics of  the C - H  bond 
orientation angles: 

Jn(cO) = f Fn2(r)Fn2(O) eiwrdr (3) 

For an exponential autocorrelation function .with a single 
correlation time rc (isotropic rotation), then: 

TC 

Jn(c°)- 1 + w2r~ (4) 

For a distribution of correlation times, with distribution 
function G(rc) then equation (4) becomes: 

oo 

( G(rc)¢c 
Jn(c°) = J i +-£-2-r2 " drc (5) 

0 

Because n.m.r, correlation times may cover a very wide 
range, it is more convenient to use a logarithmic scale. De- 
fining a new variable S by: 

S=ln(rc/ro) 

the Cole-Cole distribution function of S, L(S), is given 
bylS: 

1 sin~lr 
L(S)dS . . . .  dS (6) 

27r coshTS + cos71r 

where the width parameter "y lies in the range 0 to 1. 7 = 1 
reduces to the single correlation time case. The expression 
for Jn(cO) is: 

1 [ cos(1- ) /2 ] 
Jn(co) = ~ cosh(1,1ncoro) + sin(1 - ~ ' ) . /2  

(7) 

In the log --X 2 distribution employed by Schaefer l°, the 
logarithmic time scale (of  adjustable base b) is defined by: 

S = logb[1 + (/5 - 1)rc/r0] 

and the distribution function H(S) by: 

1 
H(S)dS = - -  ( pS )p - l exp ( -pS )  (8) 

r (p )  

where p is the width parameter. In addition to the time 
constant r0, two parameters, p and b, are needed to specify 
this distribution. However, Schaefer has pointed out that 
it is really necessary to fix p and r0, provided that b is 
sufficiently large. The larger p, the narrower the distribu- 
tion; for p />  100, the distribution is so narrow as to be 
indistinguishable from the single correlation time case. The 
spectral density function is given by the integral: 

e o  

f roH(S) [expbS - 1 ] dS 
Jn(w) = ( b -  1-) ~ +  w-- -~r02[~x~ - 1)/(b - 1)] 2} 

0 (9) 
which was evaluated numerically. 

In both  distributions, r0 is the average correlation time 
but whereas the Cole-Cole distribution is symmetrical, the 
log -X 2 distribution is unsymmetrical with a tail towards 
longer correlation times. Other symmetrical distribution 
functions which have been briefly applied Is to n.m.r, relaxa- 
tion include the Gaussian and Fuoss-Kirkwood distribu- 
tions la, but these are very similar in effect to the Cole-Cole.  
The Davidson-Cole distribution 1s,19 is an unsymmetrical 
distribution which has been applied to dielectric relaxation. 
Here the tail is to shorter correlation times, but this does 
not seem physically reasonable for n.m.r, relaxation in 
polymers (see ref. 10 and the Discussion). 

The third model employed is the non-exponential corre- 
lation function obtained by Monnerie et al. 12 f6r relaxation 
by conformation jumps of a polymer chain on a diamond 
lattice. This model is of  course a highly simplified picture 
of  the conformation freedom of  a real polymer chain, 
which is generally considerably restricted by steric inter- 
actions. However, it is felt that it may be sufficiently real- 
istic to be of  some value in interpreting experimental ob- 
servations. The same correlation function was obtained by 
Hunt and Powles 2° for a defect diffusion model of  relaxa- 
tion in supercooled liquids and glasses, but they found it 
necessary to include also an exponential term to take ac- 
count of  molecular rotation. The same approach was fol- 
lowed here, since polymer motion in solution is undoubted- 
ly a combination of  conformational jumps and overall 
molecular tumbling. The correlation function used is: 

(10) 

where r0 and rO are correlation times characterizing mole- 
cular rumbling and conformation transitions respectively. 
The spectral density function for this correlation function 
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For the conformation jump model (Figure 3) the crucial 
8 

factor is the ratio rD/rO. If rD/rO >1 10, the correlation de- 
cay is dominated by r0, and the model reduces effectively 
to the single correlation time case. As rO becomes compar- 
able to, or less than r0, the T 1 minimum is raised and 
broadened, as in Figures 1 and 2, and also markedly shifted 
on the log TD scale. 

I I _ _  I I 

40C C' B' A' 

e 

IOO 

z~2 
-II -9 -7 

Log io Xo 
Figure 1 Plots o f l a l r t a n d ( b l T  l v s . r 0 f o r a C H g r o u p w i t h a  
Cole--Cole distribution of correlation times, rCH = 1.1 A. Values 
of 3': A, A', 1.0; B, B', 0.8; C, C', 0.6 

• ow(ro - to) 
(T O -- TD) 2 + 602"r02TD2 

1 + 602702 + (tO - rD) 

(1 + 602r02)1/2 -- 1 112 _ 1} 

i+602ro - ~ -  ] 
(1 1) 

is given by12: 

J.(60) = 

By using equations (1), (2), (7), (9) and (11), the relaxation 
times and Overhauser enhancements are easily calculated as 
a function of correlation times and width parameters. 
Selected results are shown in Figures 1, 2 and 3. Such cal- 
culations of relaxation times have already been presented 
for the Cole-Cole distribution by Connor ~s, but these were 
given in reduced form and not specifically for 13C relaxa, 
tion. The effect of such a distribution on the Overhauser 
enhancement has not previously been studied. The results 
for the log -X 2 distribution have of course been published 
by the originator 1°, but are included here for convenient 
comparison with the others. The most prominent feature 
in Figures 1 and 2 is the raising and broadening of the T1 
minimum as the distribution increases in width. If the mini- 
mum can be observed, its value immediately determines the 
width parameter at that point. Furthermore, the sharp in- 
crease in rt in the vicinity of the T1 minimum is moderated. 
Equally notable is the decrease in effective activation energy 
for T! with increasing width of distribution. For the Cole- 
Cole distribution, Connor ~s has shown that the effective 
activation energy for TI(E*) is related to the true activation 
energy for To(E) by: 

E* = ")'E 

2 

a 

~- BA 

O 

5 A' U 

40C 

IOO 

40 ql 
I I I I _ _  

-9  -7 

LO%o t o 

Figure2 Plots of (a) r /and(b) T l v s . r 0 f o r a C H g r o u p w i t h a l o g  
--X 2 distribution of correlation times, b = 1000, rCH = 1.1 A. 
Values of p: A,Af, 40; B.B f, 20; C,C, 10 

a 

40O 

IOO 

I I I 

b 

4 0  i i i i 

-II -9 -7  
Log Io xo 

Figure3 Plots of (a) r /and(b) T l v s . r  O for a CH group with a 
correlation function given by the conformational jump model (see 
text), rCH = 1.1 A. Values of rD/ro: A.A , 0.01 ; B,B*, 0:1 ; C,C', 1.0; 
D,D', 10.0 
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I 0 0 0  

4 o o  . 

I 0 0  , / ~ '  

I I I 

4-C10 - 8  -6 

Log,o -t o 

Figure 4 Plot o f  TI vs. r 0 fo r  a CH group undergoing s imul taneous 
overal l  and internal ro ta t ion  w i th  a log - X  2 d is t r ibu t ion  o f  correla- 
t ion  t imes. ( ), r g / r  c = 0.1, rg same d is t r ibu t ion  as r c, p = 40; 
( . . . .  ), r g / r  c = 0.1, rg  same d is t r ibu t ion  as rc ,  P = 20; (: . . . . . .  ), 
r g l r  c = 1.0, rg  same d is t r ibu t ion  as r c, p =~ 20; ( . . . . .  ), rg l ro  = 
1.0, rg  independent  o f  rc ,  p = 20 

It would normally be expected that r0 and rD would 
vary with temperature according to the Arrhenius equation, 
and the calculated curves should therefore also correspond 
to log T1 vs. 1/Tplots. However, it is quite likely that in 
the case of  the distributions the width parameter varies 
with temperature, and in the case of the jump model rD 
and r0 have different activation energies so that the ratio 
varies with temperature. In practice therefore the tempera- 
ture dependence of T1 and r/may be quite complicated. 

For the 13CH3 groups in PPO and PMMA, an additional 
relaxation process arises from internal rotation. Formula 
for the spectral densities for a nucleus undergoing simul- 
taneous overall and internal rotation have been given by 
Woessner2k In the case of a three-fold potential well, the 
spectral density is: 

the T 1 minimum as for the backbone carbons, but its posi- 
tion on the r 0 scale and its depth are much affected by the 
ratio Zg/rO. The relaxation times also depend a great deal 
on whether rg is independent of or proportional to rc, so it 
is important to choose the correct relationship for the par- 
ticular polymer under investigation. 

RESULTS AND DISCUSSION 

The 13C spectra of all polymers studied here have been 
presented elsewhere 6'2°. For PMMA, the CH2 and OCH3 
peaks lie close together and overlap strongly at the lower 
temperatures, limiting the accuracy of T1 and particularly 
NOE measurements. Fine structure due to sequences of 
different tacticity is observed in the CH2 region at the 
higher temperatures, but all peaks relaxed identically with- 
in experimental error. The a-CH3 region clearly showed 
three peaks due to syndiotactic, heterotactic and isotactic 
triads. The last one was very weak, but it proved possible 
to measure individual T1 for the syndiotactic and hetero- 
tactic peaks, though not individualNOE. The results for 
two solutions of  100 and 400 mg/ml are shown in Figure 5. 
It is seen that in both cases a minimum in T1 for the back- 
bone 13CH2 group is observed at about 30°C for the more 
dilute solution and 60°C for the more concentrated. The 
relaxation time at the minimum is in each case approxi- 
mately twice as long as expected from the single correla- 
tion time theory, which is a clear imperative for the adop- 
tion of a more complicated relaxation theory. In addition, 
it is noteworthy that the activation energy for the CH2 
value of T 1 at the higher temperatures is apparently less 
for the 400 mg solution than for the 100 mg solution. 
This result is opposite to that expected intuitively, and 
points to the existence of a distribution of correlation 
times. The values of NOE for the CH2 group increase as 
T1 increases and are higher for the more dilute solution, as 
expected. The a-CH3 relaxation times are somewhat longer 
than the CH2 values because of additional mobility con- 
ferred by internal rotation. It is noticeable that the T1 of 
the heterotactic peak is greater than that of the syndiotac- 

1[ ,c 
Jn(w) = ~ (1 - 3 cos 2 ct) 2- - -  + 3(sin 2 2a + sin 4 ct) 

1 + eo2r 2 

] Tc 
x - (12) 

1 + ~21"e2 

where: 

1 1 3 
- + 

I rc rc 2rg 

rg is the lifetime of any of the three equivalent methyl posi- 
tions and a is the angle between the CH bond and the rota- 
tion axis. For a polymer with a distribution of correlation 
times there are two extreme relationships between rg and 
rc. In the first case, exemplified by PPO 6, rg is essentially 
independent of rc and is constant throughout the distribu- 
tion. In the second case, exemplified by polyisobutylene 6, 
rg is proportional to re and therefore has the same distribu- 
tion function. The appropriate versions of equations (1), 
(2), (5) and (12) can be used to calculate T1 and r/for each 
case and some results for the log _×2 distribution are shown 
in Figure 4. Broadening the distribution raises and flattens 

U 

E 

300 

0 
IOOC 

V 

IOC 

I t 

b 

c 

d 

3 %  3:o 2!6 "3.4 3o 2.6 2.2 
1/7- xlO3lK -~ ) 

Figure 5 13C TI and r/for PMMA in o-dichlorobenzene. (a), (b), 
100 mg/ml solvent; (c), (d), 400 mg/ml solvent. A CH2; X, syndio- 
tactic c~-CH3; o, heterotactic e-CH 3 
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O I I I I I 
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2 0 0  
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I©C 

3' ' 2 ' .9  ' ' 50 3 2.5 

I/rxlO3(K -I) 
Figure6 13C TI and ~ for PS (MW IOOOO) in CDCI3. (a) X, back- 
bone CH + CH2 100 mg/ml solvent; O, backbone CH + CH 2 400 
mg/ml solvent. (b) X, backbone CH, 100 mg/ml solvent; o, back- 
bone CH, 400 mg/ml solvent; ~, aromatic C2,a,s,6, 100 mg/ml sol- 
vent; 0 aromatic C2,3,5,6,400 mg/ml solvent 

tic peak, suggesting faster internal rotation and a lower 
torsional barrier. This observation is in agreement with a 
neutron scattering measurement of barriers in PMMA :1 
which gave 34.3 kJ/mol for the syndiotactic a-CH3 barrier 
and 16.7 kJ/mol for the isotactic isomer. [ 

The values of T1 for the -OCH3, backbone - C -  and 

C=O carbons in PMMA are considerably longer th[an those 
of the CH2 and a-CH3 peaks, in the first case because of 
high internal flexibility of the -COOCH 3 side group and in 
the last two cases because of the absence of directly bonded 
protons. These T1 values were not measured, as the sub- 
stantial additional experimental time was not supported by 
a confident interpretation of the values obtained. 

For polystyrene, the backbone CH and CH2 peaks lie 
very close together, the former being much sharper in atac- 
tic polystyrene 2°. The ortho (C2C6) and meta (C3C5) aro- 
matic carbons also overlap, but the para (C4) carbon is 
fairly well resolved at all temperatures except the very low- 
est in the more concentrated solutions. The C1 carbon is 
well separated from C2-C6 to low field but[its T1 value was 

not measured for the same reasons as the - C -  and C=O 
l 

carbons in PMMA. Also the CH2 resonance is broadened so 
much by the effects of tacticity that its relaxation time is 
difficult to measure accurately. The results in Figures 6 
and 7 therefore comprise relaxation times for the backbone 
CH, and aromatic C2, C3, C5 and C 6 combined. The values 
of NOE reported are for backbone CH and CH2 combined 
and for aromatic C2 to C6 combined. A clear minimum for 
T1 for the backbone CH, at about 50°C is observed only 
for the 400 mg/ml solution, though it is obvious that the 
minimum for the 100 mg/ml solution is just beyond the 
lower limit of the temperature range covered here at about 
15°C. 

twice the value expected for the single correlation time 
theory. The values of T1 for the aromatic and backbone 
carbons lie on approximately parallel curves, with the aro- 
matic carbons having slightly longer T 1. The aromatic ring 
is therefore highly restricted compared to the a-CH3 group 
in PMMA, but still retains a small degree of oscillatory free- 
dom. There is no variation of T! with molecular weight, in 
agreement with results reported some time ago by Aller- 
hand and Hailstonek 

In PPO, there is no difficulty in resolving the proton- 
decoupled CH, CH2 and CH3 signals, though in the unde- 
coupled spectra, the CH doublet and CH2 triplet overlap. 
Individual values of T 1 are therefore reported but only a 
combined CH + CH2 value for NOE (Figure 8). PPO is a 
much more flexible polymer than PMMA or PS and only 
tentative indications of a minimum in T1 were observed 
even at -60°C. The apparent activation energies increase 
with concentration, unlike PMMA, and since this is entirely 
reasonable, there is no obvious indication of a distribution 
of correlation times for this polymer. To elucidate such de- 
tails, it is necessary to fit the observed values of T1 and NOE 
to each model. However, before presenting the relaxation 
model parameters applicable to the experimental data dis- 
cussed above, there are several points worth discussing con- 
cerning the accuracy with which such parameters can be 
obtained. 

It is clearly necessary that both T1 and the NOE be de- 
pendent of the model parameters. There are two regions 
where this is not so. The first is in the vicinity of  the T1 
minimum, where TI is only slightly dependent on r0 (or rD). 
The minimum value of T1 itself is quite strongly dependent 
on the parameters 7, P and rD/rO, as Figures 1 -3  show, 
but the usual uncertainty of at least 5% in T 1 does not per- 
mit an accuracy in r0 in this region of less than a factor of  
2 or so (i.e. an error in log r0 of-+0.3). It is true that the 
region of the T! minimum is where the NOE is most sensi- 
tive to r0, but because the NOE is approximately propor- 

As for PMMA, the TI a.t the minimum is roughly 
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Figure 7 13C TI and ~ for PS (MW 110 000) in CDCI 3. Legend 
as for Figure 6 
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tional to log r0, the experimental error of say -+0.1 in the 
NOE leads to factor of 2 uncertainty in z0. 

The second region giving an imprecise interpretation of 
experimental data is to the high temperature (short corre- 
lation time) side of the T1 minimum, where the NOE is 
approaching its limiting value. For the log -X 2 distribution 
and the conformational jump model, the curves for all 
values of the parameters p and 7"D/T 0 respectively approach 
the value 1.988 at varying rates, but below some critical 
correlation time the NOE becomes insensitive to the model 
parameters. T1 here is strongly dependent on ~'0, so if a 
value for p or rD/~'0 is assumed, the corresponding value of 
r0 can be determined to the same accuracy. However, the 

2 0  

~- 15 

I'0 

IOOC 

~-  3 0 0  

IOO 

f ' / ,  
b 

4!4 ' 3'6 
I / r x  IO3(K -'} 

Figure8 13CT1 andff forPPOinCDCI 3. ( a ) © , C H + C H 2 , 1 0 0  
mg/ml solvent; X, CH + CH2,400 mg/ml solvent. (b) o,  CH, 100 
mg/ml solvent; X, CH3, 100 mg/ml solvent; D, CH, 400 mg/ml 
solvent; <~, CH3,400 mg/ml solvent 

NOE at that point cannot be used to distinguish between 
different values o fp  or rD/rO (and hence different correla- 
tion times) except between wide limits. Figure 1 shows 
that this second structure does not apply to the Cole-Cole 
distribution where the limiting values of the NOE are 
strongly dependent on the width parameter % In practice, 
some limitation on the range of uncertainty may be placed 
by the need for physical coherence. For instance it may 
reasonably be expected that r0 will (at least approximately) 
follow the Arrhenius equation, and that 7 and p will vary 
consistently with temperature. 

With these restrictions in mind, the experimental data 
given above has been interpreted in terms of the parameters 
at the three models, and the results are presented in Tables 
1 to 4. Values especially subject to the uncertainties des- 
cribed are placed in parentheses. It is estimated that the 
errors in the remaining parameters are approximately +20%. 

There was little difficulty in fitting most of  the data to 
any of the three models. Problems were encountered for 
the lowest temperatures of the more concentrated PS and 
PMMA solutions where the calculated values of NOE were 
consistently higher than the observed values of NOE for 
any reasonable model parameters, but no explanation has 
been found as yet. The discrepancy was common to all 
models, and there is little reason on the basis of these 
measurements to prefer one model over another. The ex- 
perimental data certainly requires a distribution of correla- 
tion times, or its equivalent but the exact form is immate- 
rial provided it has the. flexibility to cover a wide range. 
The conformational jump model yields values for the ratio 
rD/rO of less than unity, which is reasonable since it is 
expected that the correlation time for small-scale, limited 
local motions will be less than that for larger scale re-orien- 
tation. However, the conformity to reasonable physical 
behaviour may be no more than coincidence. It could well 
be that the non-exponential part of the jump model auto- 
correlation function, dominant since rD < r0, is simply a 
satisfactory representation of a certain distribution of cor- 
relation times of which TD is the average value. It is signifi- 
cant that for any system and temperature, the three 
models give values of r0 and ~'D which rarely differ by more 
than a factor of 2, and usually by much less. The tempera- 
ture dependence of rD/rO is erratic, in some cases increas- 
ing with temperature e.g. PMMA, and in others decreasing 

Table 1 Correlation times and width parameters for PMMA in o-dichlorobenzene. Model I, the Cole--Cole distribution, Model II, the log _×2 
distribution and Model III the conformational jump model 

103/T (K -1)  

Model Parameter 3.3 3.1 2.9 2.7 2.5 2.3 

(a) Concentration = 100 mg polymer/ml solvent 

I --log TO (8.8) 9.1 9.37 9.64 9.95 10.21 
3' 0.57 0.57 0.6 0.65 0.7 0.8 

II --log ro (8.6) 9.05 9.34 9.63 9.87 (10.25) 
p 8 10 15 20 30 (30) 

I I I --log r D (9.04) 9.25 9.44 9.64 9.93 (10.26) 
rD/T 0 0.04 0.04 0.06 0.1 0.1 (0.1) 

(b) Concentration = 400 mg polymer/ml solvent 

I --log To (8.1) (8.35) (8.7) 9.17 9.58 9.89 
0.55 0.55 0.58 0.6 0.7 0.8 

II --log TO (7.85) (8.2) (8.6) 9.05 9.55 9.92 
p 8 8 10 12 20 30 

I II --log T D (8.15) (8.50) (9.10) 9.40 9.62 10.0 
rDIz o 0.C25 0.025 0.04 0.06 0.1 0.1 

For discussion of values in parentheses see text 
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Table 2 Correlation times and width parameters for  PS (MW 10 000) in pentachloroethane. Models I--III as in Table 1 

103/T (K -1 )  

Model Parameter 3.3 3.1 2.9 2.7 2.5 

(a) Concentration = 100 mg polymer/ml solvent 

I - l og  TO 8.6 8.93 9.15 9.36 9.57 
"y 0.75 0.75 0.8 0.8 0.85 

II --log TO 8.68 8.96 9.2 9.38 9.62 
p 30 30 40 4O 40 

III --log ,r D 8.30 8.57 8.80 9.20 9.55 
,rD/,r 0 1.5 1.0 0.8 0.4 0.25 

(b) Concentration = 400 mg polymer/ml solvent 

I - l og  ,r o (8.25) (8.50) 8.85 9.08 9.37 
~f 0.72 0.75 0.8 0.8 0.8 

II - l og  ,r o (8.25) (8.5) 8.84 9.12 9.39 
p 30 30 40 40 40 

III - l og  ,r D (7.87) (8.23) 8.41 8.73 9.17 
,rD/,r 0 1.0 1.0 1.0 0.7 0.4 

For discussion of values in parentheses see text 

Table 3 Correlation times and width parameters for  PS (MW 110 000) in pentachlorothene. Models I - I I  I as in Table I 

103/T (K--I)  

Model Parameter 3.3 3.1 2.9 2.7 2.5 

(a) Concentration = 100 mg polymer/ml solvent 

I - l og  ,To (8.35) 8.80 9.07 9.28 9.48 
3' 0.72 0.72 0.72 0.8 0.85 

II - l og  ,r 0 (8.35) 8.75 9.10 9.3 9.55 
p 20 20 25 30 30 

III - l og  T D (8.4) 8.7 8.92 9.09 9.32 
TD/,r o 0.4 0.4 0.4 0.4 0.4 

(b) Concentration = 400 mg polymer/ml solvent 

I - l og  TO (8.15) (8.35) 8.75 9.1 9.45 
3' 0.72 0.72 0.72 0.72 0.72 

II --log ,r 0 (8.0) (8.3) 8.65 9.15 9.45 
p 20 20 20 20 20 

III --log ,r D (8.10) (8.40) 8.70 9.13 9.49 
• rD/,r o 0.4 0.4 0.4 0.2 0.1 

For discussion of values in parentheses see text 

Table 4 Correlation times and width parameters for  PPO solutions in CDCI3. Models I-- I l l  as in Table 1 

103/T (K -1 )  

Model Parameter 4.6 4.4 4.2 4.0 3.8 3.6 3.4 

(a) Concentration = 100 mg polymer/ml solvent 

I - l og  ,To 9.67 9.79 9.91 10.03 10.15 10.27 10.39 
3' 0.7 0.75 0.8 0.8 0.9 0.9 0.95 

I I --log TO 9.68 9.82 9.96 10.1 10.24 (10.38) (10.52) 
p 20 25 30 35 35 (40) (40) 

I I I --log ,r D 9.70 9.87 10.01 10.18 10.33 (10.48) (10.64) 
TD/,r 0 0.1 0.1 0.1 0.1 0.1 (0.1) (0.1) 

(b) Concentration = 400 mg polymer/ml solvent 

I - l og  ,To 9.05 9.36 9.67 9.92 10.1 10.25 10.4 
3' 0.7 0.7 0.7 0.75 0.8 0.8 0.85 

II --log ,To 9.07 9.4 9.7 9.96 10.22 10.44 (10.66) 
P 20 20 20 20 20 20 (20) 

II I --log ,r D 9.0 9.44 9.7 10.1 10.39 10.85 ( 11.08) 
TD/,rO 0.4 0.1 0.1 0.05 0.025 0.01 (0.01) 

For discussion of values in parentheses see text  
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Figure 9 ~ calculated according to equation (13) for log _×2 dis- 
tribution. ( ) , p = 4 0 ; (  . . . .  ) , p = 2 0 ; (  . . . .  ) , p = 1 0 .  
b = 1000 in all eases 

e.g. PS. It is difficult to understand why PS and PMMA, two 
polymers of similar flexibility, should differ in this res- 
pect, and this anomaly does call the physical basis of the 
model into question. 

The temperature dependence of the width parameters 
for the other two models is consistent for all systems, the 
distribution narrowing as the temperature increases; this is 
as expected. Greater thermal activity will lead to greater 
independence of successive units and less inequality be- 
tween the time constants for different types of motion. 
The decrease in width is in most cases quite rapid at the 
lower temperatures, near the T 1 minimum, and there are 
indications that the distribution width tends to stabilize at 
the higher temperatures, though the evidence is not conclu- 
sive. 

The distribution width appears to depend mainly on the 
chemical structure of the polymer and the temperature, 
but does not differ a great deal between the two concen- 
trations. This is particularly true near the T1 minimum 
where the appreciable decrease of T1 with concentration 
arises from an increase in the correlation time. At higher 
temperatures, the variation of correlation time with con- 
centration is less since the more concentrated solution has 
a higher activation energy. In some cases, notably PPO, 
the correlation times for the two solutions are very close 
and the observed decrease in T1 with concentration arises 
from a small increase in the distribution width. The varia- 
tion of molecular weight for PS has a greater effect on the 
width than on the correlation time, especially for the 
higher concentration. Experimentally the increase in 
width affects the NOE rather than the T1, the former de- 
creasing with concentration to a greater extent than the 
latter. 

The origin of the distribution of correlation times is 
difficult to decide. The evidence from the present data is 
that the distribution arises from intramolecular rather than 
intermolecular effects. Thus the fact that the distribution 
width is relatively independent of concentration, even 
though the bulk viscosity changes by an order of magni- 
tude indicates an intramolecular origin. The environment 

affects the correlation time and its activation energy but 
not the nature of the polymer motion. Further circum- 
stantial evidence arises from calculations of the NOE by a 
different approach to equations (2) and (5). The distribu- 
tion of correlation times may arise from a distribution of 
environments due to small-scale inhomogeneity of the poly- 
mer solution, or alternatively as an effective way of expres- 
sing a non-exponential correlation function. Substitution 
of equation (5) into (2) is correct in the latter case and 
also in the former case when the rate of environmental 
fluctuation is rapid compared to the average decay of the 
autocorrelation function. More probably, the fluctuation 
rate is slower than the autocorrelation function decay, in 
which case the expression for the NOE should be averaged, 
and averaged spectral densities should not be used. 

The appropriate equation for the NOE is: 

f? = f G(rc)~(rc)drc 

0 

(13) 

Since the expression for 1 IT1 is linear in the spectral 
densities, there is no change in this expression. Figure 9 
shows//calculated using equation (13) for the log -X 2 dis- 
tribution. Comparing with Figure 2, the NOE is much less 
sensitive to the distribution width, and in fact it proved 
impossible to fit the majority of experimental results to 
this model. It is probable therefore that the use of a dis- 
tribution is necessary to represent a non-exponential corre- 
lation function arising from the character of polymer mo- 
tion. The nature of this motion has been discussed by 
Schaefer 1° and others 1' who conclude it is likely to consist 
of a rapid short range process leading to partial loss of cor- 
relation of the C - H  vector followed by a slower, longer 
range process leading to complete loss of correlation. The 
less effective the initial process, or the greater the disparity 
in correlation times, the wider is the distribution. The rate 
of each process is strongly affected by the chemical struc- 
ture of the chain, as is obvious from the fact that the corre- 
lation time appropriate to the T1 minimum in the strongly 
hindered PS and PMMA molecules occurs at about 30°C, 
whereas that in PPO occurs at a much lower temperature, 
estimated at about -90°C. It is interesting however that 
the distribution width for PPO at the lower temperatures is 
comparable to the widths for PS and PMMA in the vicinity 
of the T1 minima. It seems that the balance between short 
and long-range processes expressed by the width parameter 
correlates in roughly the same way for all polymers with 
the average correlation time. The correlation is not exact, 
as can be seen from the fact that the distribution width 
for PMMA is larger than for PS at the T1 minima even 
though both polymers have similar flexibilities. There is 
however a major conformational difference between the 
two polymers which may explain this and indirectly sup- 
port the above explanation of the distribution origin. PS 
possesses accessible conformations in which steric inter- 
actions are very small or non-existent whereas all conforma- 
tions of  PMMA contain some degree of irreducible steric 
conflict. The additional interactions in PMMA need not 
lead to higher barriers to rotation, as might be expected, 
provided the energies of both stable conformations and tran- 
sition states between conformations are affected to the same 
extent. (This effect has been observed in dielectric relaxa- 
tion of substituted polystyrenes16.) However the strong 
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Table 5 Correlation times for internal rotation of the ~-CH3 
groups in PPO and PMMA 
~a} PMMA (100 mg/ml solvent) 

Syndiotactic CH3 Heterotactic CH3 

1/T (K -1) --log rg rg/ro --log Tg ry/r0 

3.1 9.53 0.33 9.87 0.15 
2.9 9.86 0.3 10.19 0.14 
2.7 10.11 0.33 10.45 0.15 
2.5 10.33 0.35 10.57 0.20 
2.3 10.50 0.45 10.71 0.35 

(b) PPO 

Concentration = 100 mg/ml Concentration = 400 
solvent mg/ml solvent 

1/T (K - l )  - log rg "rg/r 0 --log rg rg/rO 

4.6 9.98 0.5 10.03 0.11 
4.4 10.04 0.6 10.12 0.19 
4.2 10.15 0.65 10.17 0.34 
4.0 10.2 0.8 10.41 0.45 
3.8 10.34 0.8 10.37 0.7 
3.6 10.45 0.85 10.49 0.9 
3.4 -- - 10.63 1.1 

Tab/e 6 Activation energies for backbone motions and internal 
rotation of (~-CH3 groups. Models I--I II as in Tab/e I 

Polymer 

Co n- 
cen- 
tra- 
tion 
(mg/ 
ml 
sol- 
vent) 

Activation energies for 
Backbone motions (k J/tool) 

Internal rotation 
Model l Model II Model l l l  of e-CH3 groups 

PMMA 100 
400 

PS 100 
( 10 000) 400 
PS 100 
( 110 000) 400 
PPO 100 

400 

2 8 ± 5  3 1 ± 6  2 3 ± 6  2 5 ± 6 " , 2 0 ± 5 t  
3 5 ± 8  4 2 ± 7  3 7 ± 7  
~ ± 5  2 1 ± 4  3 0 ± 7  
3 1 ± 5  2 9 ± 6  3 1 ± 6  
2 7 ± 5  2 7 ± 6  2 1 ± 5  
3 2 ± 6  3 5 ± 7  3 3 ± 6  
1 2 ± 1  1 4 ± 3  1 5 ± 3  9 . 3 ± 2  
2 1 ± 6  2 5 ± 5  3 5 ± 8  9 . 3 ± 2  

* Syndiotactic CH3 
t Heterotaetic CH 3 

interactions will lead to a greater degree of correlation be- 
tween the motions of successive segments and hence a 
wider distribution of correlation times. It is interesting to 
compare distribution parameters obtained for PMMA from 
dielectric relaxation 17. The Cole-Cole parameter for PMMA 
in dilute solution in CC14 at 25 ° to 50°C is approximately 
0.75, rather higher than the values given here. However, the 
two values are not strictly analogous, since the present value 
applies to backbone motion only while the dielectric value 
must also incorporate a contribution from internal motions 
within the ester group in which the dipole moment resides. 
Such motions will tend to reduce the effective distribution 
width, though not eliminate it completely. 

The c~-CH3 relaxation times for the two PPO solutions 
and the less concentrated PMMA solution have been ana- 
lysed using the extension of the relaxation theory outlined 
earlier for the log -X 2 distribution. For PPO, it was as- 
sumed that rg is independent of rc, following previous 
work on this system 6. For PMMA it was assumed that rg 
is proportional to ~'c because of the similarity in basic struc- 
ture between PMMA and polyisobutylene for which this 

has been found to be approximately true 6. Knowing the 
correlation times and distribution widths for the backbone, 
it is straightforward to determine the value of rg reproduc- 
ing the observed 13CH3 value for T1. A graphical inter- 
polation method was employed, giving the values in Table 5. 
For almost all cases, rg is less than to, though on average 
the ratio rg/r0 is comparable for the two polymers. The 
factors which determine the magnitude of ro are also im- 
portant in determining "Cg. It is interesting to note that the 
values of rg at the same temperature for the two PPO solu- 
tions are practically identical, though ro differs consider- 
ably. This observation, surprisingly consistent in view of 
the propagation of experimental errors in the lengthy ana- 
lysis, confirms a previous conclusion 6 that the internal rota- 
tion of methyl groups in PPO is truly an internal process 
and is independent of the rate of molecular tumbling. 
PMMA on the other hand resembles polyisobutylene where 
the rate of methyl rotation correlates with the rate of mole- 
cular rotation, rg for the heterotactic c~-CH3 group is 
shorter than rg for the syndiotactic group, indicating 
greater freedom of movement, though this is not revealed 
so clearly by the activation energies which are given in 
Table 6. The values of the a-CH3 barrier obtained here are 
similar to the value of 32.7 kJ/mol for syndiotactic PMMA 
reported by Higgins et aL from neutron scattering 23. In 
that work a value of 16.7 was given for isotactic PMMA, 
but unfortunately this isomer could not be obtained for 
the present work. The a-CH3 barrier in PPO is rather 
lower than the values of 11 kcal/mol from neutron scatter- 
ing 23. It is significant that in PPO the c~-CH3 barrier is appre 
ciably less than the backbone activation energy, whereas in 
PMMA, the two quantities are comparable. This is further 
evidence that in PPO side group and chain motion are essen- 
tially independent while in PMMA the motions are linked. 
The backbone activation energy for PPO increases by a 
greater relative amount on increasing the concentration 
than the backbone activation energies for PS and PMMA. 
Presumably the viscoelastic properties of  the polymer en- 
vironment exert a greater influence on the backbone mo- 
tion when the intramolecular barriers are small. The neces- 
sity of taking correlation time distributions into account 
is seen clearly by comparing the activation energies for the 
two solutions in Table 6 with the slopes of the TI plots in 
Figure 1. A cursory inspection of the T1 data suggests that 
the activation energy decreases with concentration whereas 
the opposite is in fact true. 

To progress further in studies of this kind, the first re- 
quirement is additional experimental relaxation data. The 
spin-spin relaxation time is measurable from the n.m.r. 
linewidth, if it is sufficiently short to dominate other line 
broadening processes, but unfortunately in the present 
polymers there is an unknown contribution to line broad- 
ening from chemical shift dispersion due to irregular tac- 
ticity. Further data could be obtained from measurements 
made at different resonance frequencies, and the possibili- 
ties in this direction are worth investigation. 
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New solid state polyamidation process 
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Solid state polymerization reactions are of considerable scientific and industrial interest. In some 
cases nylon salts can be converted to polyamides through intermediates of lower melting point, in- 
volving a sol id-melt-sol id sequence which is incompatible with known solid state polyamidation 
processes. A new solid state polyamidation process is described for use with salts, prepolymers, or 
amino acids which provides good temperature control and the avoidance of agglomeration of particles. 
The process comprises: (a) suspension of the particles of raw material (salt, amino acid or prepolymer) 
in an inert solvent; (b) reaction at the boiling point of the solvent with continuous distillation and 
feeding of solvent; (c) reactions at higher temperatures by feeding with the correct solvent; (d) separa- 
tion of the formed granules of polymer by centrifugation, and (e) washing and drying. This process 
was tested for the solid state polymerization of hexamethylenediammonium maleate, which poly- 
merizes through intermediates of lower melting point, and the following factors were examined: (a) 
presence and amount of dispersing agents; (b) nature of inert solvent; (c) grain size of salt; (d) dis- 
ti l lation rate; (e) the ratio of salt: inert solvent and (f) temperature and time. 

INTRODUCTION 

Polyamides can be prepared by a variety of  methods. Of 
these only three have been found of importance for indus- 
trial application. These arc melt reaction, ring-opening 
polymerization, and low temperature solution polymeriza- 
tion with acid chlorides. 

The method of melt reaction is the one exclusively used 
in the case of polyamides prepared from diamines and 
diacids. The method is inapplicable in the case of diamines 
or diacids sensitive to the high temperatures of  the melt 
reaction, and also when undesirable side reactions, such as 
cyclization, can proceed. Solid state reactions proceed 
generally at lower temperatures and can be topochemically 
controlled. Thus when the reaction is compatible with the 
geometry of arrangement of molecules in the solid state, 
the polymerization can be followed and cyclization excluded. 

]'he proposed processes for solid state polyamidation 
generally include: (a) heating in an inert gas flow1-3; and 
(b) heating in an inert solvent 4. The first has been pro- 
posed for use in the case of further polymerization of given 
prepolymers, and the second for the polymerization of 
nylon salt. 

In non-catalysed solid state polymerizations the reaction 
rate is strongly affected by the temperature and thus the 
reaction is generally studied in a narrow temperature range 
close to the melting point of the monomer s-7. In this case, 
the narrower the range the greater the need for satisfactory 
temperature control, in order to avoid the possibility of 
hot spots in which the melt phase forms and the particles 
tend to agglomerate. Experience in solid state polymeriza- 
tions of a number of salts indicate that in some cases the 
conversion, from the solid salt to a polymer of higher melt- 
ing point, passes through intermediates of lower melting 
points. In these cases and soon after the early stages of  
the reaction the solid particles become sticky and the re- 
action partly proceeds through a semi-solid or melt state. 
This state continues until formation of a product of higher 
melting point. After that the reaction occurs in the solid 
state. To avoid the semi-solid state, in the case of  reactions 
close to the melting point, and to overcome the tendency 

to agglomerate, in the case of lower melting point products 
formed during the course of the reaction, a suitable pro- 
cess is needed. 

This paper presents a new solid state polymerization 
process designed for use with nylon salts, prepolymers and 
amino acids. It is also designed to secure the required tem- 
perature control and overcome tendency of semi-solid 
particles to agglomerate. The process is based on the prin- 
ciple of suspension polymerization and shows basic differ- 
ences from that already proposed 4. These include different 
methods of temperature control, ability to effect reaction 
at lower temperatures, ability to continue reaction for long 
times at a given temperature, and ability to overcome the 
tendency for agglomeration. The process comprises: (a) 
dispersion of the ground salt, prepolymer or amino acid, in 
an inert solvent with or without the presence of a suitable 
dispersion agent. The requirements for the inert solvent 
include non-solvent action for the raw materials, the inter- 
mediates and the polymer and a boiling point equal to the 
desired temperature of reaction; (b) reaction under con- 
tinuous distillation and introduction of additional inert 
solvent, for the required time; (c) change of the reaction 
temperature by feeding with another suitable solvent; (d) 
separation of the product by filtration (centrifugation); 
(e) washing and drying. 

In order to examine the various factors affecting the 
process, the polymerization of hexamethylenediammonium 
maleate was studied as an interesting example. The factors 
examined were: (a) the presence and amount of dispersion 
agents; (b) the nature of inert solvent; (c) the grain size of 
the salt; (d) the distillation rate; (e) the ratio of salt:inert 
solvent; (f) the temperature and time. 

EXPERIMENTAL 

Preparation of hexamethylenediammonium maleate 
Hexamethylenediamine (250 g) was added in portions 

to a stirred solution of maleic acid (250 g) in water (300 ml), 
while cooling to maintain the temperature at ~40°C. Stir- 
ring was continued for 1 h, after the addition of all the 
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Table I Effectiveness of dispersing agents 

Type of Dispersing agent (% w/v)  
dispersing 
agent 0.1 0.4 0.6 0.8 1 2 3 4 5 

1 p p p g g g g g g 
2 p p p g g g g g g 
3 p p p g g g g g g 
4 p p p p g g g g g 
5 p p p p g g g g g 
6 p p p p p p p p p 
7 p p p p p p p p p 
8 p p p p p p p p p 

1, Crude montana wax; 2, decolourized montana wax; 3, bleached 
montana wax; 4, carnauba wax; 5, sodium stearate; 6, fatty acid 
poly(ethylene glycol) ester; 7, fatty alcohol poly(ethylene glycol) 
ether; 8, alkyl phenol poly(ethylene glycol) ether; p, poor results; 
g, good results 

Table 2 Effect of the nature of the inert solvent 

Reaction NH 2 Product on 
Inert temperature content no. 30 sieve 
solvent (o C) (%) (%) 

Tetrachloro- 121 7.5 7.7 
ethylene 
n-Octane 125 7.3 7.2 
n-Nonane 151 2.6 9.0 
Cumene 152 2.4 9.3 

hexamethylenediamine, and the reaction mixture was cool- 
ed to assist deposition of the salt formed. The separated 
product was filtered off and dried, over CaC12, to give 410 g 
(76%) of hexamethylenediammonium maleate monohy- 
drate. RecrystaUization from water gave prisms, melting 
point 130°-13 I°C. (Found: H20, 7.7%; C10H20N204.H2 O 
requires H20, 7.2%.) Dilution of the mother liquors with 
an equal volume of methanol and cooling produced more 
product, to give a total yield of 95%. The anhydrous salt 
was obtained by drying the monohydrate over P205 in vacuo 
at room temperature. Recrystallization from ethanol gave 
the anhydrous form, melting point 150 ° -  151 °C. (Found: 
C, 51.4; H, 8.4; N, 12.3; and NH2, 13.9%. C10H20N204 
requires: C, 51.7; H, 8.6; N, 12.1 ; and NH2, 13.8%.) The 
salt was soluble in water (pH of 1% solution, 7.8), slightly 
soluble in the lower alcohols, and insoluble in paraffinic, 
aromatic and chlorinated hydrocarbons. 

Polymerization 
50 g of screened anhydrous salt were suspended in 500 ml 

of the selected non-solvent, contained in a four-necked 1.51 
flask. The flask was equipped with side condenser, stirrer, 
inert gas inlet, and separating funnel, and was heated by an 
oil bath. The stirred mixture was de-aerated, blanketed 
with a weak flow of N2 and the reaction was carried out at 
the boiling point of the inert solvent with a continuous feed 
of de-aerated solvent, to equalize the amount distilling. The 
water formed was continuously eliminated with the distill- 
ing solvent. At the end of the reaction, the mixture was 
cooled, and the product was separated, washed with hexane, 
and dried under vacuum. When dispersing agents were 
used, the calculated amount was dissolved in the inert sol- 
vent before the addition of the salt. 

Characterization 

The characterization of the products obtained was based 
on end-group analysis, melting point determination, and 
i.r. spectroscopy. End-group analysis was by NH2 deter- 
mination s and parallel determinations for carboxyl groups 
indicated no considerable differences, indicating that only a 
little amine was eliminated during the process. I.r. spectra, 
obtained with KBr discs, showed a successive change from 
the salt to a polyamide structure 9. 

RESULTS AND DISCUSSION 

Presence and amount o f  dispersion agents 

The polymerization of hexamethylenediammonium 
maleate is one of the better examples of the process taking 
place through lower melting point intermediates. Even at 
120°C, i.e. 30°C below the melting point of the salt, the 
particles soon become sticky and tend to agglomerate to a 
semi-solid mass. Suspension throughout the course of the 
reaction was assured by the use of a dispersing agent. The 
suitability of the following agents was examined: (a) mon- 
tana wax (crude, decolourized, and bleached); (b) carnauba 
wax; (c) sodium stearate; (d) fatty acid poly(ethylene gly- 
col) ester; (e) fatty alcohol poly(ethylene glycol) ether; 
and (f) alkyl phenol poly(ethylene glycol) ether. 

The efficiency of the dispersion agents was tested at 
125°C (n-octane) under the following conditions: (a) re- 
action time, 4 h; (b) salt to non-solvent ratio, 1:10 w/v; 
(c) salt grain size, 30 to 40 mesh (US Sieve Series);and (d) 
amount of dispersion agent, 0.1 to 5% w/v on the inert 
solvent. 

As a measure of the efficiency of dispersion agents, the 
reaction product, was collected, on the 30 mesh sieve. The 
greater the efficiency of the dispersion agent, the lower the 
amount of product collected. The results obtained are 
given in Table i where 'good' signifies an amount on the 
sieve no greater than 10%, and 'poor' indicates greater per- 
centages. As the data indicate montana wax (crude, de- 
colourized, or bleached) can be satisfactorily used for con- 
centrations of 0 8% and higher. Carnauba wax and sodium 
stearate were found good enough for concentrations 
greater than 1%. The other agents failed for all concentra- 
tions up to 5%. Accordingly decolourized montana wax 
was used, in 1% w/v concentration of the inert solvent. 

Nature o f  the inert solvent 

Paraffinic, aromatic, and chlorinated hydrocarbons were 
examined for use as inert solvents (non-solvents for the 
salt and the reaction products). Two pairs of solvents hav- 
ing similar boiling points were compared: (a) n-octane 
(125 ° C) and tetrachloroe thylene (121 °C) and (b) n-nonane 
(151°C) and cumene (152°C). The reaction was carried out 
for 4 h, in the presence of 1% montana wax (on non-solvent), 
for salt to non-solvent ratio 1:10 w/v, for salt grain size 
30 to 40 mesh, and for a distillation rate of 400 ml/h. The 
results from Table 2 indicate no visible difference between 
a n-paraffin and a chlorinated hydrocarbon, also between a 
n-paraffin and an aromatic hydrocarbon, when the differ- 
ences in boiling points are small. These results enable us to 
conclude that, at least between the experimental limits used, 
the nature of the non-solvent does not affect the polymer- 
ization process. 

410 POLYMER, 1976, Vol 17, May 



Table 3 Effect of the grain size of salt 

Grain size NH2 content 
(mesh) (%) 

20 -25  7.8 
30 -35  7.5 
40--45 7.2 
5 0 - 6 0  7.4 

Table 4 Effect of the distillation rate 

Distillation rate NH 2 content 
(ml/h) (%) 

100 7.4 
250 7.2 
500 7.6 
750 7.3 

1000 7.3 

Grain size o f  salt 

The effect of the grain size of salt upon the polymeriza- 
tion rate was examined for grain sizes 20 to 25 mesh, 30 
to 35 mesh, 40 to 45 mesh, and 50 to 60 mesh (US Sieve 
Series). The conditions of the reaction were: temperature 
125°C (n-octane); duration, 4 h; distillation rate, 400 ml/h; 
ratio of salt to non-solvent, 1:10 w/v; and montana wax, 
1% on non-solvent. The results obtained are given in Table 
3. As the data indicate, the NH2 content varies between 
7.2 and 7.8%, thus there is no visible effect of the grain 
size upon the reaction rate. These results indicate that the 
reaction rate is not controlled by the diffusion process by 
which the water formed is eliminated from the grain. Simi- 
lar results have been published for the solid state polymer- 
ization of nylon-6,6 prepolymers 1°. 

Distillation rate 

The effect of the distillation rate of non-solvent upon 
the polymerization process was examined for rates from 
100 to 1000 ml/h. The conditions were; temperature, 125°C 
(n-octane); salt grain size, below 50 mesh; montana wax 1%; 
salt to non-solvent ratio, 1 : 10 w/v; and duration, 4 h. The 
results obtained are given in Table 4. As the data indicate 
there is no appreciable differences in NH2 content, thus the 
distillation rate does not affect the reaction rate, at least 
not in the case studied. 

Ratio salt: inert solvent 

This effect was examined for n-octane (125°C) and 
cumene (152°C), and for the ratios 1/20; 1/15; 1/10 and 
1/5 w/v. The two non-solvents were selected to have boil- 
ing points below and equal to the melting point of the salt. 
In all cases the concentration of montana wax was 1% of 
the non-solvent (w/v), the grain size of the salt 50 to 60 
mesh, the distillation rate 400 ml/h, and the time 4 h. The 
results obtained are given in Table 5. As the data indicate 
the value of the ratio, at least between the limits used, does 
not affect the polymerization process or the effectiveness 
of the dispersing agent. 

Temperature and time 

The effect of temperature was examined in the range 
125 ° to 180°C and that of time for 14 h. The non-solvents 
used were n-octane, cumene, mesitylene, and o-dichloro- 

New solid state polyamidation process: E. M. Kampouris 

benzene. The grain size of the salt was below 50 mesh (US 
Sieve Series), the concentration of montana wax 1% w/v, 
the ratio salt to non-solvent 1/10 w/v, and the distillation 
rate 250 ml/h. In the case of reactions at 164°C (mesity- 
lene) and 180°C (o-dichlorobenzene), the salt was first sus- 
pended in cumene and once the distillation started was 
continuously fed with the correct non-solvent. In these 
cases the ability of the method to proceed at various tem- 
peratures was tested, and the final temperatures were 
reached after about 3 h. The results obtained (Table 6) 
indicate in all cases that the polymerization proceeds 
through intermediates of melting points lower than that 
of salt. The case of n-octane represents a typical solid state 
reaction (the melting point of product being always higher 
than the boiling point of the non-solvent), while in the 
other cases the reaction starts in the melt and changes to a 
solid state polymerization (the melting point of product 
being at the early stages lower and then greater than the 
boiling point of the non-solvent). 

All the products obtained, were in the form of small 
spheres, free flowing, and containing microscopic bubbles. 
The reaction rate and the conversion, as the examination 
of the amine group content indicates, were low at 125°C 
and increased both with temperature and time. The low 
molecular weight products of high NH 2 content, were solu- 
ble in water and 70% alcohol and highly hygroscopic. Solu- 
bility and hygroscopicity decreased with increase of mole- 
cular weight, and the high molecular weight products be- 
came non-hygroscopic and insoluble. Search for a satisfac- 
tory solvent, among the common polyamide solvents e.g. 
DMF, DMSO, trifluoroacetic acid etc. was unsucessful and 
small amounts dissolved only in concentrated sulphuric 
acid. The melting point increases sharply from 145°-150°C 
to more than 300°C (discoloration begining from about 
250°C), but the products can be formed into sheets by 
pressing at 180°-200°C. The insolubility and infusibility, 
followed by formability under pressure, may be due to the 
polyamide structure rather than to possible reactions, such 
as crosslinking through the maleate double bonds. Analo- 
gous behaviour has been reported for the case of poly(hexa- 
methylene fumaramide) 11 prepared by interfacial polycon- 
densation from hexamethylenediamine and fumaroyl 
chloride. The consistency of the products of polymeriza- 
tion changed from brittle, in the case of  low molecular 
weights, to stiff difficult to break, and hot-press formable, 
in the case of the high molecular ones. 

The i.r. spectra, obtained with KBr discs, showed the 
characteristic polyamide bands at 1630 cm - I  and 1540 
cm -1. The identification of the maleamide groups by i.r. 
analysis is quite difficult. In polyesters it is possible to dis- 
tinguish between maleic acid and fumaric acid units, the 

Table 5 Effect of the ratio salt: inert solvent 

NH2 content Effectiveness of 
Ratio (w/v) (%) dispersion agent 

n-octane 
1/20 7.4 good 
1/15 7.8 good 
1/10 7.3 good 
1/5 7.5 good 

cumene 
1/20 2.5 good 
1/15 2.4 good 
1/10 2.6 good 
1/5 2.7 good 
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Table 6 Effect of temperature and time 

n-octane cumene 

Time NH2 m.p. 70% NH 2 m.p. 70% 
(days) (%) (°C) alcohol (%) (°C) alcohol 

mesitylene o-dichlorobenzene 

NH2 m.p. 70% NH 2 m.p. 70% 
(%) (°C) alcohol (%) (°C) alcohol 

2 9.6 140--5 soluble 5.1 
4 7.8 140--5 soluble 2.6 

6 7.2 140--5 soluble 2.0 

8 6.8 135--40 soluble 1.5 

10 6.5 130--5 soluble 1.1 

12 6.2 135-40 soluble unde- 
termined 

14 6.0 135--40 soluble unde- 
termined 

140--5 soluble 2.8 140--5 soluble 1.1 145--50 soluble 
140--5 soluble 1.4 145--50 soluble unde- 150--5 insoluble 

termined 
140--5 soluble unde- >300 insoluble unde- >300 insoluble 

termined termined 
145--50 soluble unde- >300 insoluble unde- >300 insoluble 

termined termined 
145--50 soluble unde- >300 insoluble unde- >300 insoluble 

termined termined 
200 insoluble unde- >300 insoluble unde- >300 insoluble 

termined termined 
>300 insoluble unde- >300 insoluble unde- >300 insoluble 

termined termined 

former showing absorption bands at 7.17/am (1400 cm-1)  
and 7.45/am (1350 cm -1)  and the latter at 8.42/am 
(1175 cm -1)  and 7.52/am (1330 cm-1) ,  but usually these 
bands overlap with other absorptions in the spectra 9. Ear- 
lier literature for the case o f  polyamides has not  been 
found except for the case o f  fumaramides 11. In our spectro- 
grams bands were found at 1400 cm -1 and 1380 cm -1 ,  
possibly characterizing maleic acid units. No bands charac- 
teristic of  fumaric acid units were found. 
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Sequence distribution of polyisoprenes 
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The 13C n.m.r, spectra of hydrogenated polyisoprenes were investigated. Polyisoprenes were pre- 
pared with n-BuLi-Et20, Ti(OBu)4-AIEt 3, Col2-ROH-PhMgBr, Alfin, and radical catalysts. These 
polymer were hydrogenated with p-toluenesulphonylhydrazide. 13C n.m.r, signals were assigned for 
triad sequences of 

C 
I 

- C - C - C - C -  and - C - C -  
I 
C 

C 

arising respectively from 1,4- and 3,4-units. Signals due to head-to-head and tail-to-tail linkages of 
1,4- and 3,4-units were also assigned. It is disclosed that 1,4- and 3,4-units were randomly distributed 
in n-BuLi--Et20 , Col2-ROH-PhMgBr ' and radical catalysed polyisoprenes, rather alternating in 
Ti(OBu)4-AIEt 3 catalysed polyisoprene, and slightly in blocks in Alfin polyisoprene. It is also con- 
firmed that Alfin, radical, and cobalt catalysed polyisoprenes contained significant amounts of head- 
to-head and tail-to-tail linkages of 1,4- and 3,4- units. Signals due to the tacticity of the polyads of 
3,4-units were also discussed. 

INTRODUCTION 

Isoprene can be polymerized into four types of isomeric 
structures; cis-1,4, trans-1,4, 3,4, and 1,2, depending on 
catalysts and polymerization conditions. So far, the 
difference of mechanical and thermal properties among 
polyisoprenes has been discussed chiefly on the basis 
of amounts of these isomeric structures. However, it is 
quite reasonable to expect that the polymer properties 
are affected not only by the composition of isomeric 
structures but also by the distribution of isomeric struc- 
tures, the arrangement of head and tail linkages, and the 
degree of branching. This idea was adopted by Hackathom 
and Brock as an explanation of the poor crystallizability 
of lithium polyisoprene; i.e. head-to-head and/or tail-to- 
tail linkages of 1,4- and 3,4-units prevented the crystalliza- 
tion of the polymer 1. 

Pyrolysis-gas chromatography has been applied to the 
investigation of the sequence distribution of 1,4- and 3,4- 
units in polyisoprenes 2~. This method is based on the 
structural relationship between the isoprene dimers and 
the dyad sequences of 1,4- and 3,4-units. However, it is 
difficult to discuss the slight differences in the yield of 
each dimer because the absolute amount of the dimers is 
small (~30%) compared to the isoprene monomer (~65%). 
Ozonolysis has been used to measure the amount of head-to- 
head, head-to-tail, and tail-to-tail linkages of the 1,4-unit 
in polyisoprenes 4,s. This method, however, is limited to 
the detection of these linkages of 1 A-unit. 

In a previous paper, we have investigated 13C n.m.r. 
spectra of chicle and cis-trans isomerized polyisoprenes 
and determined the sequence distribution of cis-l,4- and 

trans-1,4-units in these polymers 6. We have also studied 
13C n.m.r, spectra of hydrogenated polyisoprenes pre- 
pared with n-BuLi-Et20 catalysts and found that 1,4- 
and 3,4-units were distributed randomly along the poly- 
mer chains regardless of the amounts of 3,4-unit 7. In the 
present investigation we prepared various types of polyiso- 
prenes and discussed the distribution of 1,4- and 3,4-units, 
arrangements of head and tail linkages, the branches of 
polymer chains, and the tacticity of polyads of 3,4-unit 
by the use of 13C n.m.r, spectra of hydrogenated 
polyisoprenes. 

EXPERIMENTAL 

Materials 

Polyisoprenes were prepared with n-BuLi-Et20, 
Ti(OBu)4-A1Et3, Alfin, and Col2-MeOH-PhMgBr cata- 
lysts, and a radical initiator (emulsion polymerization) in 
the conventional methods. Isomeric structures of the poly- 
mers were determined by 1H n.m.r, and i.r. studies. Poly- 
merization conditions and isomeric structures of the poly- 
mers are listed in Table 1. Isoprene-piperylene copolymer 
was prepared by adding isoprene dropwise into a pentane 
solution of piperylene after the addition of n-BuLi as an 
initiator. Polyisoprenes and isoprene-piperylene copoly- 
mer were hydrogenated by the use ofp-toluenesulphonyl- 
hydrazide in xylene according to the method of Sanui 
et al. s. Hydrogenation was carried out twice in order to 
reduce the residual unsaturation to less than 2%. The 
absence of cyclization of polymer chain during the hydro- 
genation was confirmed by the 13C n.m.r, spectrum of 
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Table 1 Microstructure of polyisoprenes 

Microstructure (%) 
Catalyst 
(mole ratio) Solvent 1,4- 3,4- 1,2- 

(a) BuLi -Et20 Pentane 51 48 1 
(1:24) 

(b) Ti(OBu)4--AIEt3 Tolene 39 60 1 
(1:6) 

(c) Alfin Hexane 72 23 5 
(d) Radical Water 69 7 4 

(emulsion) 
(e) Col2--MeOH--PhMgBr Toluene 37 62 1 

(1:2:2.2) 

hydrogenated natural rubber. Poly(3-methylbutene-1) 
was prepared with TiC14-A1Et3 catalyst according to the 
method of Natta et al. 9. The crude polymer was washed 
with methanol and extracted with benzene in order to re- 
move the amorphous fraction. 

13C n.m.r, measurements 
The 13C n.m.r, spectra were obtained at 25.1 MHz by 

using a JEOL JNM-PS 100 spectrometer equipped with a 
Fourier transfer accessory at room temperature or 60°C. 
About 25% w/v CDC13 solution was used for the hydro- 
genated polyisoprenes and the copolymer. In the case of 
poly(3-methylbutene-1), 13C n.m.r, measurement was 
carried out for a swollen polymer in CS2 containing 5% of 
CDC13. Chemical shifts were referred to tetramethylsilane, 
added as an internal Standard. All the spectra were proton 
noise decoupled and obtained with multiple scans at a 
pulse repetition time of 2.0 sec. 

RESULTS AND DISCUSSION 

Sequences o f  1,4- and 3,4-units 
Polyisoprenes containing cis-1,4-, trans-1,4-, and 3,4- 

units exhibit complicated 13C n.m.r, resonances resulting 
from various types of carbon atoms in different sequences. 
After hydrogenation cis-1,4- and trans-1,4-units are con- 
verted into the same structure (I), and 3,4-unit becomes 
the structure (II). Therefore, hydrogenated polyisoprenes 
containing only a slight amount of 1,2-unit can be regarded 
as copolymers consisting of structures (I) and (II). 

CH3 
I 

-CH2-C=CH-CH2-  

c/s-1,4 and trans-l,4 

- C H - C H 2 -  
D 

/ \  
CH2 CH3 

3,4-unit 

hydrogenation 
> 

hydrogenation 
> 

5 

CH3 
I 

- - C H 2 - C H - C H 2 - C H 2 -  

1 2 .3 4 
(I) 

3 4 
- C H - C H 2 -  

I 
2 CH 

1 5 

(II) 

The chemical shift of each carbon atom in the hydrogenated 
polymer can be predicted by using the empirical equations 
for branched and linear alkanes proposed by Paul and 
Grant ~° or Lindeman and Adams n. 

Figure i shows I~C n.m.r, spectra of 1]ydrogenated poly- 
isoprenes prepared with n-BuLi-Et20 and Ti(OBu)4-AIEt3 
catalysts [polymers (a) and (b), respectively]. Both poly- 
mers exhibited sixteen main signals as indicated by sym- 
bols A to P in the spectra. These signals have been assigned 
to the carbon atoms in the central monomer unit of a triad 
sequence of the structures (I) and (II) as listed in Table 27. 

Signals due to head-to-head and tail-to-tail linkages 
Figure 2 shows 13C n.m.r, spectra of hydrogenated 

polyisoprenes prepared with Alfin and radical catalysts 
[polymers (c) and (d), respectively]. In these spectra 
characteristic signals were observed at 34.41 (signal E') and 
27.42 ppm (signal L'), which were scarcely observed in the 
polymers (a) and (b). These new signals are assigned to C1 
and C4 carbon atoms of structure (I) in head-to-head 
(4,1 - 1,4) and tail-to-tail (1,4-4,1) linkages, respectively, 
from a comparison of the observed chemical shifts with 
the predicted values. It is also disclosed that C2 carbon 
atom in head-to-head linkage resonated at 33.25 ppm, 
which is overlapped with the signal of C2 carbon atom in 
structure (I) adjacent to structure (II) (Table 3). 

An isoprene-piperylene (1,3-pentadiene) copolymer 
was prepared as a model polymer containing head-to-head 
(4,1-1,4) and tail-to-tail (1,4-4,1) linkages of polyiso- 
prene. It was confirmed that the copolymer prepared 
with n-BuLi consisted of predominantly 1,4-addition for 
both monomers by 1H n.m.r, and i.r. studies. Therefore, 
the hydrogenated copolymer corresponds to a hydroge- 
nated polyisoprene containing significant amounts of 
head-to-head and tail-to-tail linkages as illustrated below. 

O 
E 

B K L N P 

1 
I I I 

4 0  30  20 
pprn from TM$ 

Figure 1 13C n.m.r, spectra of hydrogenated polyisoprenes pre- 
pared with (a) n-Bu/i--Et20 and (b) TiJOBu)4--AIEt3 catalysts 

414 POLYMER, 1976, Vol 17, May 



Sequence distribution of polyisoprenes: Y. Tanaka and H. Sato 

Table 2 13C n.m.r, signal assignments 

Triad Carbon Signal 6 Triad Carbon Signal ~; 
sequence atom (ppm) sequence atom (ppm) 

1 ,4 -1 ,4 - -1 ,4  I D 37.47 1 ,4 - -3 ,4 -1 ,4  1,5 O 19.34 
2 H 32.84 2 K 29.32 
3 D 37.47 3 A 44.39 
4 M 24.51 4 L 27.84 
5 N 19.83 

1,4--1,4--3,4 1 D 37.47 1,4--3,4--3,4 1,5 P 18.61 
2 G 33.25 2 K 29.32 
3 E 35.09 3 B 41.43 
4 L 27.84 4 a I 31.96 
5 N 19.83 J 30.58 

3,4--1,4--1,4 I E 35.09 3,4--3,4--1,4 1,5 P 18.61 
2 G 33.25 2 K 29.32 
3 D 37.47 3 B 41.43 
4 M 24.51 4 L 27.84 
5 N 19.83 

3,4--  1,4--3,4 1 E 35.09 3,4 --3,4--3,4 1,5 P 18.61 
2 F 33.64 2 K 29.32 
3 E 35.09 3 C 38.13 
4 L 27.84 4 a I 31.96 
5 N 19.83 J 30.58 

a The signal spilt into two peaks 
Carbon atoms are denoted as follows: 

5 
C 
t 

for the 1,4-unit - C - C - C - C -  
1 '2 3 4 

3 4 
and for the 3,4-unit --C--C-- 

/ \  
CC 
1 5 

C C C 
I I I '1 I hydrogenation 

- C - C = C - C 4 C - C = C - C + C - C = C - C -  > 
rsoprene Piperylene i Isoprene 

C C C 
I I I - , - , - , - , - , - , - , - , - , - , - , - , -  

Head-Head Tail-Tail 

The 13C-n.m.r. spectrum of the hydrogenated copolymer 
displayed the signals at 34.41,33.25, and 27.42 ppm cor- 
responding to head-to-head and tail-to-tail linkages of 1,4- 
unit in hydrogenated polyisoprene. It has been reported 
that the central methylene carbon of squalene, which cor- 
responds to tail-to-taft 1,4-linkage, resonated at 27.5 ppm 
characteristic of this linkage 12. These findings indicate the 
validity of the signal assignments described above. 

In a previous paper the predominance of head-to-tail 
arrangement was confirmed for n-BuLl catalysed polyiso- 
prenes regardless of the amounts of 3,4-unit 7. Polymers 
having 4,1-3,4 (head-to-head) and 1 ,4~ ,3  (tail-to-tail) 
linkages are expected to have characteristic signals around 
38 and 25 ppm, respectively (Table 3). In the 13C n.m.r. 
spectra of polymers (a), (c) and (d), a small signal was 
observed at 25.00 ppm (signal M'), which is assigned to the 
C4 carbon atom of the structure (I) in 1 ,44 ,3  linkage. 
Polymer (d) exhibited also a small signal at 38.1 ppm (sig- 
nal C'), which can be assigned to the C1 carbon atom of 
the structure (I) in 4,1-3,4 linkage. In the case of poly- 
mers (a) and (d), however, no distinct signal corresponding 
to C' was observed. 

H M 

L' 

i E  

J 

I 
4O 

C 

L I 

I I 
30  2 0  

pprn fromTMS 

d 

Figure 2 13C n.m.r, spectra of hydrogenated polyisoprenes pre- 
pared with (c) Alfin and (d) radical catalysts 
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Table 3 Signals due to head-to-head and tail-to-tail linkages 

Carbon 
Structure Linkage atom Signal Obs. 

Chemical shift (ppm) 

Calc. 

C C 
I I 4 , 1 - 1 , 4  C1 

- C - C - C - C - C - C - C - C -  
2 l 1 2 head-to-head C2 

C C 
I | 

- C - C - C - C - C - C - C - C -  1,4-4,1 C4 
4 4 tail-to-tail 

C 
I 

-C--C - C  --C--C--C- 4,1 --3,4 C 1 
l ,I head-to-head 

C 

C 
I 1 ,4-4,3 C4 

- -C-C- -C-C- -C-C- -  tail-to-tail 
4 I 

C 

E r 

G 

L' 

C' 

L' 

34.41 
33.25 

27.42 

38.1 

25.00 

34.22 
32.52 

27.52 

38.48 

25.08 

Figure 3 shows 13C n.m.r, spectrum of hydrogenated 
polyisoprene prepared with CoI2-ROH-PhMgBr catalyst. 
This polymer also exhibited signals E', L', and M', indicat- 
ing that it contained head-to-head and tail-to-tail linkages 
of 1,4- and 3,4-units. 

Distribution of isomeric structures 
In a previous paper triad sequence distributions of 1,4- 

and 3,4-units in BuLi catalysed polyisoprenes were ana- 
lysed using the signals F, G, and H, and also A, B, and C. 
In the case of polyisoprenes containing head-to-head and 
tail-to-tail linkages some of these signals were overlapped 
with the signals due to these linkages. In these cases dis- 
tributions of 1,4- and 3,4-units, including head and tail 
arrangements, were determined as dyad sequences by using 
the signals M, L, E', L', M', and C', which arise from C1 
and C4 carbons. On the basis of these assignments the 
fractions of dyad sequences were measured according to 
the following equations by using the relative intensities of 
signals: 

1,4-1,4 linkage = M/E (head-to-tail) 
4,1-1,4 linkage = E'/2E (head-to-head) 
1,4--4,1 linkage = L'/2Y. (tail-to-tail) 
1 , 4 - 3 , 4  t 
3,4-I  ,4 • linkage = L/Y~ (head-to-tail) 

1,4~t,3 linkage = M'/Z (tail-to-tail) 
4,1-3,4 linkage = C'/Z (head-to-head) 
3,4-3,4 } 
4,3-3,4 linkage = [K - (L + M' + C')/2]/~ 
3,4-4,3 

where, Z = M + K + ( L + E  + L ' + M  +C')/2 

The results are listed in Table 4. 
In the polyisoprene prepared with n-BuLi-Et20 catalyst, 

a random distribution of 1,4- and 3,4-units with predomi- 
nantly head-to-tail linkage is also demonstrated in this ex- 
periment. On the other hand, Hackathorn and Brock sug- 
gested that a 3 A-unit was incorporated into the polymer 
chain chiefly with 1,4-4,3 linkage, in the case of alkyl 
lithium catalysed polymerization, on the basis of crystal- 

D.  

C I 

B 

I I 
4 0  3 0  

K N 0 

L 

! 
2O 

ppm from I-MS 

Figure 3 13C n.m.r, spectrum of hydrogenated polyiso- 
prene prepared with (e) Co l2 -ROH-PhMgBr  catalyst 

lization and ozonolysis studies 1. In our experiment, how- 
ever, only a small signal due to 1,4-4,3 linkage was ob- 
served, while signals due to 1,4-3,4 and 3,4-1,4 linkages 
were clearly observed. Therefore, it may be necessary to 
take into account other factors to intetprete the poor 
crystallizability of lithium polyisoprenes. 

Ti(OBu)4-A1Et3 system was reported to be a catalyst 
providing 3,4-polyisoprene from the i.r. spectrum of the 
polymer 13. In our experiment the polyisoprene prepared 
with this catalyst contained only 60% of 3,4-unit. Further- 
more, it is revealed that distribution of 1,4- and 3,4-units 
is rather alternating with exclusively head-to-tail linkage in 
this polymer. 

It is ascertained that polyisoprenes prepared with Alfin 
and radical catalysts contained about 20% of head-to-head 
and tail-to-tail linkages of 1,4- and 3 A-units. It is also dis- 
closed that 1,4- and 3,4-units were distributed slightly in 
blocks in Alfin polyisoprene and almost randomly in emul- 
sion polyisoprene. 
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Table4 Sequence distribution of polyisoprenes 

Sequence distribution of polyisoprenes: Y. Tanaka and H. Sato 

BuLl-- 
Linkage a Signal Et20 

Col2 -  
Ti (OBu)4-  ROH-- 
AIEt3 Alfin Emulsion PhMgBr 

1,4--1,4 M 25 
4,1--1,4 (H) E' 0 
1,4--4,1 (T) L' 0 
1,4 - 3 ,4  
3,4--1,4 L 50 
4 ,1 -3 ,4  (H) C' - 
1,4-4,3 (T) M' 3 
3,4--3,4 etc. 22 
1,4--1,4 b 25(27) 
1,4--3,4 b 53(50) 
3,4--3,4 b 22(23) 

6 35 60 10 
0 16 14 6 
0 12 14 2 

61 19 0 25 
-- -- 6 -- 
0 5 6 13 

33 13 0 44 
6(13) 63(56) 88(88) 18(14) 

61 (47) 24(38) 12(12) 38(46) 
33(40) 13 (6) 0(0) 44 (40) 

a (H), head-to-head; (T), tail-to-tail 
b Sequence distribution regardless of head and tail arrangements 
Values in parantheses represent calculated values assuming a random distribution of 1,4- and 3,4-units 

Table 5 Signal assignments of poly(3-methylbutene-1) and 
structure (11) 

Chemical shift (ppm) 

Carbon a Signal Obs. Calc. 
Dyed 
tacticity 

C3 C 38,13 39.52 
C4 I 31.96 33.60 

J 30.58 33.60 
C2 K 29.32 30.46 
C1,C5 P 18.61 19.63 

m e s o  

racemic 

Carbon atoms are denoted as follows: 
3 4 

- C - - C -  
I 

2C 

1 5 

CoI2-ROH-PhMgBr system was reported as a catalyst 
providing equibinary polyisoprene composed of equal amounts 
ofcis-l,4- and 3,4-units ~4. An alternating sequence of 
1,4- and 3,4-units was expected by Teyssi~ et al. for this 
equibinary polyisoprene on the basis of polymerization 
mechanism. It is clearly demonstrated in Table 4 that the 
equibinary polyisoprene had a rather random distribution 
of 1,4- and 3,4-units along the chain with significant 
amounts of head-to-head and tail-to-tail linkages of these 
units. In Table 4 the discrepancy between the amounts of 
head-to-head and tail-to-tail linkages is probably owing to 
the fact that the amounts of 4,1-3,4 (head-to-head), 4 ,3 -  
3,4 (head-to-head), and 3,4-4,3 (tail-to-tail) linkages were 
not separately determined in this measurement. 

Configurational sequences o f  3,4-polyads 

The signals due to carbon atoms in the polyads of 
structure (II) are expected to display splitting because of 
the tacticity. In a previous paper signals I and J were 
assigned to the central methylene carbon (C4) in the dyad 
of structure (II) on the basis of the finding that the inten- 
sity ratio of I and J signals did not vary with changing the 
ratio of structures (I) and (II) for n-BuLi-Et20 catalysed 
polyisoprenes 7. The detailed assignment of the signals I 
and J was carried out by using isotactic poly(3-methyl- 
butene-1) prepared with TiCI4-A1Et3 catalyst as a model 

compound of an isotactic sequence of structure (II). Four 
signals were observed by the measurement of a swollen 
polymer in carbon disulphide, though the spectrum was 
not well resolved owing to the poor solubility of the poly- 
mer xs. These signals are assigned as shown in Table 5. 

Signals I and J are assigned to methylene carbons in 
meso and racemic dyad of structure (II) from the compari- 
son of the chemical shift of methylene carbon (C4) in 
hydrogenated polyisoprene with that of poly(3-methyl- 
butene-1). In the case of Ti(OBu)4-A1Et3 catalysed 
polyisoprene, the intensity ratio of the signals I and J was 
about 9 to 1, indicating the highly isotactic configuration 
of 3,4-unit in the polymer. The polyisoprenes prepared 
with n-BuLi-Et20, CoI2-ROH-PhMgBr, and Alfin cata- 
lysts were less stereoregular. 

Signals clue to end groups 

Low molecular weight polymers and highly branched 
polymers are expected to display signals due to carbon 
atoms in the end groups. It has been reported that almost 
all monomer units are incorporated into polymer chain by 
4,1- or 4,3-addition in BuLi catalysed polymerization 16. In 
such a case the terminal units become structure (III) after 
hydrogenation regardless of the isomeric structure of the 
end units: 

CH3 
I 

- -CH 2 -CH =C-CH ~ Li + and ~ C H 2 - C H - L i  + 
I /c\ 

CH2 CH 3 

CH3 
I 

--CH2-CH-----C-CH3 and ~ C H 2 - C H 2  
4,1-end unit [ /c\ 

CH2 CH3 

4,3-end unit 

H + 
> 

hy drogenat io  n 
- -  > 

I'CH 3 
I 

- -CH2-CH2-CH-CH3 (III) 
2' 1' 

Cl' 22.30 ppm (calc. 22.13) 
C=' 27.64 ppm (calc. 27.99) 
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Sequence distribution of polyisoprenes: Y. Tanaka and H. Sato 

The terminal methyl (CI') and methine (C2') carbon atoms 
are expected to resonate around 22 and 28 ppm, 
respectively. 

Polymer (a) exhibited small signals at 22.30 and 27.64 
ppm indicating that this polymer had measurable amount 
of  the end groups. Furthermore, this polymer displayed a 
signal around 14 ppm attributed to the methyl carbon in 
n-butyl group derived from the initiator. The amounts of  
terminal group (III) and residual butyl group of  the initia- 
tor were found to be 0.7 and 0.6 units, respectively, per 
hundred monomer units, demonstrating that this polymer 
had few branches. The absence of  branches was also con- 
firmed by the molecular weight measurement. The num- 
ber of  the end group obtained by vapour pressure osmo- 
metric measurement was found to be 1.1 units per hundred 
monomer units which is comparable to the values deter- 
mined by 13C n.m.r. 

Polymer (d) also showed a small signal at 22.3 ppm 
corresponding to the terminal methyl carbon. The degree 
of  polymerization for this polymer was found to be about 

300 by osmometric measurement, hence it is concluded 
that some part of  this signal had arisen from end groups 
in branches. In the case of  polymers (b), (c) and (e), no 
signal due to end groups was detected. This may be due 
to the fact that the molecular weight of  these polymers was 
too high to detect end groups. 
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Laser flash photolysis investigations on 
primary processes of the sensitized 
polymerization of vinyl monomers: 
1. Experiments with benzophenone 

R. Kuhlmann and W. Schnabel 
Hahn-Meitner-lnstitut fi)r Kernforschung Berlin GmbH, Bereich Strahlenchemie, 
1 Berlin 39, Germany 
(Received 30 September 1975; revised 19 December 1975) 

The laser flash photolysis technique was used in order to evaluate kinetic parameters concerning the 
efficiency of benzophenone (BP) as a photosensitizer for polymerizations. Rate constants (in M -1 
sec -1) of the reaction of triplet BP with monomers were measured (e.g. styrene, 3.3 x 109; methyl 
methacrylate, 6.9 x 107; acrylonitrile, 3.4 x 107; vinyl acetate, 5.4 x 106). The rate constant of the 
reaction of triplet BP with tetrahydrofuran is 3 × 106 M -1 sec -1. Fror~ these results it can be de- 
rived, for example, that the BP photosensitized polymerization of styrene is not feasible. Ketyl radi- 
cals of BP were found to react relatively slowly with vinyl acetate (5.5 × 103 M -1 sec-1), acrylonitrile 
(3.8 x 103 M -1 sec -1) and methyl methacrylate (9.0 × 103 M -1 sec-1). Based on these data it was 
estimated that benzpinacol should not be formed as a major reaction product at relatively low inci- 
dent light intensities and at monomer concentrations greater than 1 mol/l. 

INTRODUCTION 

During recent years the photosensitized polymerization of 
vinyl compounds has attracted attention for its applicability 
for technical processes ~. Besides other groups of com- 
pounds aromatic carbonyl compounds are used frequently 
as sensitizers. There are, however, limitations concerning 
the general usability of a certain compound as sensitizer. 
Benzophenone (BP) for example, was reported by Heine 
e t  al. 2 not to initiate the polymerization of styrene since it 
was assumed that styrene acts as a quencher for triplet ex- 
cited benzophenone molecules (3Bp*). Thus, the formation 
of polymerization-initiating radicals (by the reaction of 
3Bp* with hydrogen donor compounds present in the sys- 
tem) is inhibited. Slightly controversial to this are findings 
of Block et  al. 3 that BP and 3,3', 4,4'-tetramethoxycarbonyl 
benzophenone photosensitized the polymerization of sty- 
rene when the latter was irradiated in a 50% (v/v) solution 
in tetrahydrofuran. 

Evidence of the triplet quenching ability of another vinyl 
monomer (methyl acrylate) was obtained recently 4 from 
measurements of the quantum yield of the photoreduction 
of benzophenone by t-butanol and benzhydrol. 

Questions concerning the influence of sensitizer triplet 
quenching by monomer molecules on the initiation of poly- 
merization could in principle be readily answered if the res- 
pective kinetic parameters were available. It was the aim 
of our investigation to collect relevant information. In this 
paper we wish to report mainly on the reaction of several 
vinyl monomers with benzophenone triplets and ketyl radi- 
cals. We considered benzophenone as an appropriate sub- 
stance to start our studies with, since its photochemistry 
has been investigated rather thoroughly before s-13. It 
appears to be useful to represent the elementary reactions 
this work is dealing with, in the following scheme: 

1Bp + hv > 1Bp* - - ->  3Bp* (0) 

3Bp. kl > 1Bp (1) 

k2 
3Bp* + 3Bp* > 1Bp + IBP (2) 

k3 
3Bp* + RH > K- + R- (3) 

k4 
3Bp* + M >IBp + M* (4) 

ks 
R. +M . >RM- (5) 

k6 
K. + M > 1Bp + M- (or KM.) (6) 

2k~ 
K. + K -  > products (7) 

2ks 
R. + R- > products (8) 

k9 
K. + R- > products (9) 

EXPERIMENTAL 

Mater ia ls  

Benzene (Merck, 99.5%) was shaken several times with 
concentrated H2SO 4, washed with distilled water, dried 
over CaC12 and Call2 and distilled over a splitting tube 
column. Tetrahydrofuran (Merck, 99.5%) was treated with 
Call2, distilled over a Vigreux column, dried over sodium 
wire and distilled again from KOH. The monomers con- 
tained stabilizers and were treated before use as follows: 
methyl methacrylate (MMA), acrylonitrile (AN), styrene 
(St) and c~-methylstyrene (c~-MSt) were washed with NaOH 
solution and water, dried over CaC12 and Call2 and dis- 
tilled over a 1 m Vigreux column. Vinyl pyrrolidone (VP) 
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Figure I First order life time of the'decay of the absorption at 
h = 532 nm as a function of monomer concentration. St, m; ct-MSt, 
O;VP, O; MMA, &; AN, A ;VAC,  O. [BP] = 7 . 4 X  10--4M. Ab- 
sorbed dose per flash 7 X 10 -5  einstein/I. Solvent: benzene 

solution at the end of the laser flash. In the absence of 
added substances this spectrum decayed according to a 
first order law with life times between 3 and 12 psec de- 
pending on the intensity of incident light. At a constant 
intensity corresponding to an absorbed dose per flash of 
10 -5 einstein/mol ([BP] = 7.4 x 10 -4 M), the variation of 
first order life times with the concentration of added mono- 
mer was measured. Results are shown in Figure 1. Since 
the monomer concentration hardly changed during these 
experiments, the rate constant of the quenching reaction 
(4) could be evaluated by use of equation (10): 

1 
- =  Zk(1) + k4[M] (10) 
T 

where Zk(1) is the rate constant of decay of 3Bp* in the 
absence of monomer. Values of k4 are compiled in Table 1, 
which shows that the quenching effectiveness decreases in 
the sequence: styrene > c~-methylstyrene > vinyl pyrroli- 
done > methyl methacrylate > acrylonitrile > vinyl acetate. 

Table 1 Quenching o f  benzophenone t r ip le ts  by  v i ny l  monomers  

Monomer  k4 (M - 1  sec - 1 )  

Styrene (3.3 -+ 0.3) X 10 9 
e-Methylstyrene (2.7 +- 0.3) X 10 9 
Vinyl  pyrrol idone (3.6 -+ 0.4) X 10 8 
Methyl methacrylate (6.9 + 0.7) X 10 7 
Acry loni t r i le  (3,4 -+ 0.3) X 10 7 
Vinyl  acetate (5.4 +- 0.5) X 10 6 

was stabilized with 0.1% NaOH and therefore washed with 
aqueous H2SO4, washed and dried over Call 2 and subse- 
quently distilled. Vinyl acetate (VAC) was treated as 
methyl methacrylate except that it underwent a 48 h treat- 
ment with NaHSO 3 immediately before distillation in a 
nitrogen atmosphere 3. Benzophenone (Aldrich, 99%) was 
twice recrystallized from heptane (melting point 48.0°C). 

Reaction of 3Bp* with tetrahydrofuran (THF) 
The reaction of 3Bp* with THF was studied by adding 

small amounts of THF to 7.4 x 10 -4 M BP solutions in 
benzene. The decay of the T - T  absorption of 3Bp* at 
532 nm was recorded as a function of time. Figure 2a 
shows a typical oscilliscope trace. The initial decay is due 
to benzophenone triplets which are converted to ketyl 
radicals by reaction (3). The absorption of the radicals is 
represented by the slowly decaying branch of the trace. 
Values of k3 were obtained either from a plot of reciprocal 
life times of 3Bp* versus [THF] as shownin Figure 2b by 
use of equation (11): 

1 
- =  Zk(1) + k3 [THF] (11) 
T 

(]~k(1) = rate constant of  decay of 3Bp* in the absence of 
THF) or from the optical density (OD) of K. at t = 3 tssec 

lrrad&tion of  samples 
Solutions were de-aerated by bubbling with purified Ar. 

The oxygen content in the solutions was less than 3 ppm. 
Samples were irradiated in rectangular cells with 347.1 nm 
light flashes (25 nsec) of a frequency doubled ruby laser 
(Korad model K1QS2). Schott BG23 filters were used to 
reduce the incident intensity of light. A xenon lamp 
(Osram XBO450W) was used as light source for the analys- 
ing light. Further details have been given before ~4. 

Actinometry 
The dose absorbed per flash was measured with a potas- 

sium ferrioxalate actinometer is (q~[Fe 2+] = 1.20). Normal 
laser operation yielded ~4 x 1016 photons per flash. In 
calculating concentrations of triplets a quantum yield of 
1.0, taken from the literature 16'~7 was used. 

RESULTS AND DISCUSSION 

Reaction of benzophenone triplets with vinyl monomers 
With benzene solutions of BP (7.4 x 10 -4 M), the well 

known 9'n'13 T - T  absorption spectrum of benzophenone 
was recorded by measuring the optical absorption of the 

3 0  

2.0 

u~ 
% 
3" 

1.0 

b 

a 

¢ /  [- --~ ~-ns~c 

' c ;  ' ' o '  ' 0 2 0 4  6 0 '8  
[THF](M) 

Figure 2 (a) Oscilloscope trace demonstrating the variation of 
optical absorption at h = 532 nm with time. (b) Reciprocal first 
order life times of the initial decay of the absorption at ;~ = 532 nm 
versus the concentration of tetrahydrofuran 
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Figure 3 Probability a R for the formation of radicals capable of 
inducing polymerization versus the monomer concentration 
according to equation (13). VAC, o; AN, A; MMA, A; Vp, t3; 
ct-MSt, O; St, l .  Competition of reactions (3) and (4) for the de- 
cay of 3Bp* is assumed 

after the flash recorded as a function of [THF] according 
to equation (12): 

OD(S) Ek(1) 
- 1 + ( 1 2 )  

OD k3[THF ] 

OD(S) denotes the saturation value of the optical density 
observed at high THF concentrations, i.e. when all triplets 
react according to reaction (3). 

k3(THF) = (3 + 1) x 106 M - I  sec -1 was obtained which 
is about as high as the rate constant for the reaction of 
3Bp* with isopropanol (k3 (isopropanol) = 1.3 × 106 M -1 
sec -1) determined by Beckett and Porter s. 

From a formal treatment, the probability aR for the 
formation of radicals capable of initiating the polymeriza- 
tion of a monomer M dissolved in the solvent RH, may be 
derived. If a relatively simple case is considered where 
reactions (3) and (4) are the only competing reactions, 
equation (13) is obtained: 

k3(RH)[RH] 
~R = (13) 

k3(RH)[RH ] + k4[M] 

It is presumed here that all 3Bp* particles are converted to 
pairs of  ketyl and solvent radicals in the absence of mono- 
mer. If M is present in the solution a fraction of 3Bp* is 
quenched by M according to reaction (4). 

Figure 3 shows the probability ot R as a function of 
monomer concentration expected for THF solutions, cx R 
was calculated with the values of k4 given in Table 1 and 
the value of k3 (THF) given above. It is hereby assumed 
that the rate constants determined in benzene are also 
valid for THF as the solvent. It results that for a typical 

monomer concentration of 2 mol/1, radicals capable of 
initiating the polymerization of the monomer are hardly 
formed in styrene solutions whereas in the case of  vinyl 
acetate polymerization appears to be feasible. With the 
other monomers intermediate situations are expected. Ex- 
perimental results relevant to this subject were obtained by 
Block et al. 3a. They reported a sensitizing effect of BP in 
THF for St, AN and MMA. The rate of polymerization of 
VAC was retarded by BP in THF and accelerated of BP in 
toluene. The inability of BP to sensitize the polymeriza- 
tion of VAC in THF is according to these authors due to 
the fact that THF radicals are incapable of adding to VAC. 
A sensitizing effect of BP on the rate of polymerization of 
styrene is not expected according to the respective curve 
in Figure 3. It may be noted that the importance of the 
data by Block et al. is somewhat reduced by the fact that 
remarkable rates of polymerization were observed in 
certain cases already in the absence of sensitizer, a fact 
which pertains especially to the case of vinyl acetate. 

Reaction o f  ketyl radicals with vinyl monomers 

Since the reaction of 3Bp* with the solvent yields sol- 
vent radicals as well as ketyl radicals the question arises as 
to whether or not ketyl radicals can initiate the polymer- 
ization of vinyl monomers via reaction (6). It is frequently 
assumed that ketyl radicals are deactivated essentially by 
reaction (7). However, it has been shown by Hutchinson 
et aL 3b that semi-pinacol radicals act as terminators during 
the free radical polymerization of MMA. The possibility 
that semi-pinacol radicals act as initiators of the polymeriza- 
tion of MMA has been pointed out by the same authors 3b. 
By monitoring the slow decay of the absorption at k = 
532 nm and plotting the respective values of the reciprocal 
optical density versus time we found by using eK.(532 nm) = 

5 r 5.1× 103M - l c m  -1 ; k 7 = 6 . 4 ×  107M - l  sec- l ,  which 
agrees fairly well with the value reported by Beckett and 
Porter (2k7 = 5.9 x 107 M -1 sec-1) s. k~ may differ from 
2k7 [rate constant of reaction (7), since reaction (9) may 
also be involved in the observed second order decay (com- 
pare equation (15)]. 

In order to determine k 6 experimental conditions were 
chosen such that the competing reactions (7) and (9) 
could be neglected. In this case the optical density due to 
ketyl radicals decayed according to pseudo first-order kine- 
tics with a rate constant proportional to the monomer con- 
centration: 

k(pseudo 1) = k6[M] (14) 

This procedure of determination of k 6 could, however, 
only be applied for monomers with relatively low values of 
k4. Therefore, styrene (k4 = 3.3 x 10 9 M -1 sec -1, a- 
methylstyrene (k4 = 2.7 x 10 9 M -1 sec -1) and vinyl pyrro- 
lidone (k4 = 3.6 x 10 8 M -1 sec - l )  were not included in 
this series of experiments, since in order to be allowed to 
neglect reactions (7) and (9). monomer concentrations must 
be kept relatively high. With styrene, a-methylstyrene and 
vinyl pyrrolidone thus, situations would be encountered 
where no ketyl radicals are formed owing to quenching of 
practically all triplets according to reaction (4). 

Typical pseudo first-order plots are shown in Figure 4. 
Corresponding data are presented in Table 2 which shows 
that k 6 is relatively high in the case of vinyl acetate. The 
efficacy of ketyl radicals as polymerization-inducing agents 
in the presence of solvent radicals depends, of course, on 
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Figure  4 Semilogarithmic plot o f  the optical absorption at K = 
532 nm versus time for  various monomers dissolved in THF: MMA, 
A; MAC, 0; AN, A. Monomer concentrations are given in Table 2. 
[8P] = 7 X 10 - 4  M. The absorption was normalized relative to an 
absorbed dose per flash of 3.5 X 10 - s  einstein[I 

Table 2 Reaction of  ketyl radicals with vinyl monomers for the 
determination of k 6 (see Figure  4) 

k 6 X 10 - 3  
Monomer [M] (M) (M - t  sac -1 )  

Vinyl acetate 0.4 (5.5 -+ 1.5) 
Acrylonitr i le 0.4 (3.8 -+ 1.0) 
Methyl methacrylate 0.4 (9.0 +- 2.0) 

Table 3 Numerical presentation for the estimate concerning the 
formation of benzpinacol, which is possible i f  k~/ [K ' ]  ~ k 6 [M] 
(based on k 6 = 3.8 X 10 3 M -1  sec -1 )  

[M] [ K ' ] s t *  kL/[K.] k6[M]  X 10 - 3  
mol/I mol/I (sec -1 )  (sec -1 )  

0.5 10 - 5  6.4 x 102 1.9 
10 - 6  6.4 X 101 1.9 
10 - s  6.4 x 10 - 1  1.9 
10 -10  6.4 x 10 - 3  1.9 

2.0 10 - 5  6.4 X 102 7.6 
10 - 6  6.4 X 101 7.6 
10 - s  6.4 × 10 - 1  7,6 
10 -10  6.4 X 10 - 3  7.6 

* Stationary concentration 

the ratio k6[K'] /k5 [R.],  which is equal to k6/k5 since 
[K.] = [R.].  However, since k5 is not known the fraction 
of  polymer molecules generated by an initiation via reac- 
tion (6) cannot be predicted. 

Knowing the values of  k6 and k7 it can be estimated 
that at stationary concentrations of  [K-] < 10 - 6  mol/1, 
the mutual deactivation of  ketyl radicals must be negligible 
at sufficiently high monomer concentrations ([M] > 0.5 
tool/l). This follows from equation (15) according to 
which the rate of  decay of  ketyl radicals is equal to the 
sum of  the rates of  reactions (6), (7) and (9): 

d[K.] 

dt 
- -  -k6[K"  ] [M] + 2k7[K'l 2 + k9[K- ] [R'] (15) 

= k6[K" ] [M] + (2k 7 + k9)[K" ] 2 

A predominant decay of  K. according to reaction (6) is to 
be expected ifk6[M] >> (2k7 + k9)[K'] = k~[K-]. Some 
typical numerical data are given in Table 3. Under condi- 
tions frequently applied [K.] stationary is certainly very 
small, which implies that benzpinacol should not be formed 
at monomer concentration of  e.g., 2 mol/1. 
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Cobalticenium-bridged polybenzazoles: 1. Low 
temperature solution polymerization 
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The low temperature solution polymerization of 1,1'-bis(chlorocarbonyl)-cobalticenium hexafluoro- 
phosphate/chloride with 3,3'-diaminobenzidine in aprotic media furnishes linear, soluble polymeric 
intermediates, the recurring unit of which comprises the 1,1'-cobalticenium nucleus linked with the 
(diamino-substituted) biphenyl system by an amide bridge. The analogous interaction of the cobalt- 
icenium salt with 3,3'-dimercaptobenzidine produces corresponding polymers containing both amide 
and thioester links. Because of the heterogeneous nature of the reactions, the degrees of polymer- 
ization attained in both types of reaction are low (~ / inh  = 10--20 ml/g). A solid-state heat treatment 
at temperatures up to 300°C converts the pre-polymers to polyheterocyclics essentially composed of 
alternating cobalticenium-l,l '-diyl and 6,6'-bibenzazole-2,2"diyl units, the heterocycle being, res- 
pectively, of the imidazole and thiazole type. Structural imperfections in the end products are indi- 
cated by their insolubility and by a t.g.a, performance (in both air and nitrogen) inferior to that of 
common phenylene-bridged bibenzimidazole polymers. Thermal instability of the PF~ counter ion 
at the conversion temperatures employed may be a factor contributing to the unsatisfactory t.g.a. 
performance observed. 

INTRODUCTION 

The excellent resistance of the cobalticenium ion to oxida- 
tive and thermal attack 2 prompted suggestions, many years 
ago 3, that cobalticenium-based polymeric compounds 
should display outstanding performance in materials appli- 
cations requiring high thermo-oxidative stability. Several 
reports of cobalticenium polymer preparations have since 
appeared in the literature. Thus, oligomethylene-bridged 
cobalticenium polymers were synthesized from a,6o-dicyclo- 
pentadienylalkanes (via their sodium salts) and hexa- 
amminecobalt (II) chloride4; several polyesters were pre- 
pared from diols and 1,1'-bis(chlorocarbonyl)-or 1,1'-bis- 
(carbethoxy)cobalticenium salts s'6, and a series of tin-, 
titanium-, and zirconium-containing polyesters were ob- 
tained by interracial polymerization of cobalticenium di- 
carboxylate dianion with the appropriate reactants 7-1°. 
While most of the polymers described were of quite low 
molecular mass, one of the titanium-containing products 9 
exhibited a reduced viscosity value as high as 45 ml/g and 
showed excellent thermal stability in thermogravimetric 
analysis (t.g.a.) tests. 

In an effort to obtain all-aromatic polymers devoid of 
functional groups in the bridging moieties between cobalt- 
icenium units, we have investigated synthetic routes leading 
to linear polymer structures in which cobalticenium-1, l'- 
diyl units alternate along the backbone with heterocyclic 
groupings of the bibenzimidazolyl and bibenzothiazolyl 
types. As part of this effort, the present communication 
is concerned with a polymerization study involving condi- 
tions of low temperature solution polycondensation. 

EXPERIMENTAL 

Melting points, uncorrected, were taken in sealed capil- 
laries. Infra-red spectra, on KBr pellets, were recorded 
with a Perkin-Elmer, Model 521, spectrophotometer. Pro- 
ton magnetic resonance spectra were obtained with a Var- 

ian A-60 NMR Spectrometer at 60 MHz on CF3COOH 
solutions (chemical shifts, 6, in ppm relative to internal 
TMS). Inherent viscosities were determined in Cannon- 
Fenske viscometers at 30°C (0.5% w/v in 98% formic 
acid); in order to minimize acidolysis, the period required 
for dissolution, filtration and thermal equilibration was 
restricted to 20-25 min. Microanalyses were performed 
by Robertson Laboratory, Florham Park, N J, USA. 
Thermogravimetric analysis traces were obtained in the 
laboratories of the Polymers & Plastics Department, West- 
inghouse Electric Corporation, with a Du Pont Thermo- 
gravimetric Analyzer, Model 950, at a heating rate of IO°C/ 
min and a gas (N2, air) flow rate of 0.2 1/min. 

Materials 
3,3'-Diaminobenzidine. The compoul~d, prepared by the 

method of Vogel and Marvel ~6 and purified by sublima- 
tion t~, melted at 178°-179°C; it was kept under N2 in the 
dark until used. 

3,3'-Dimercaptobenzidine. Preparation of the base in pure 
form presented appreciable experimental difficulties. Al- 
though synthesized by many workers 12'17-23, the oxidati- 
vely unstable base has preferably been used in the form of 
its dihydrochloride, for which analytical findings are avail- 
able 17'19. The free compound, on the other hand, has never 
been unambiguously described in the literature. Dokoshi 
et aL 22, while publishing the found (correct) elemental 
composition, listed a melting point of 287°C for the base. 
Rabilloud and coworkers 23 described the compound as in- 
fusible. Both groups of authors obviously had in their 
hands a polymeric disulphide of the base, which, accord- 
ing to Hergenrother z4, possesses about the same elemental 
composition and melts with decomposition at 273°C. In 
our work, preparation by the standard procedure ~s failed 
to give a product pure enough for subsequent successful 
polymerization. Satisfactory purification was eventually 
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achieved by repetitive fractional precipitation of the com- 
pound from alkaline solution with acetic acid. To this end, 
the crude dipotassium salt, obtained as described is, was dis- 
solved in water (150 ml/10 g of salt), and the free base was 
regenerated from the filtered solution by acidification with 
glacial acetic acid. The precipitated product was redissolved 
in 1 M aqueous potassium hydroxide (500 ml/10 g of base). 
Slow addition of acetic acid to the filtered, rapidly stirred 
solution produced a precipitate of yellow impurities (largely 
the polymeric disulphide 24) as the point of neutrality was 
approached. Following removal of the impurities by filtra- 
tion, the addition of acid was continued to pH 5 -6  where- 
upon the base separated as almost colourless and reasonably 
air-stable, fine crystals, m.p. 156°-160°C. Two more re- 
precipitations by the same procedure, followed by drying 
for 24 h at 50°C/0.1 mmHg, furnished a product with m.p. 
158°-161°C * in an overall yield of 3 5 4 0 % .  No further 
narrowing of the melting range was observed upon addi- 
tional reprecipitations. All operations described were per- 
formed under a blanket of nitrogen, and the solvents were 
meticulously degassed prior to use. 

Calculated for C12H12N2S2: C, 58.03; H, 4.87; N, 11.28; 
S, 25.82%. Found: C, 58.36; H, 5.02; N, 11.25; S, 25.26%. 

I.r. (KBr, prominent bands only): 3425,3342 (VN-H), 
2544 0'S-H), 1615 (6N-H, uC-C), 1480--1490 (6C_H) , 
1272, 1280 (v(._N), 875,815 (6C_H). 

1, l'~Bis(chlorocarbonyl)cobalticenium hexafluorophos- 
phate/chloride. 1,1'-Dimethylcobalticenium hexafluoro- 
phosphate, obtained from methylcyclopentadiene and anhy- 
drous cobaltous bromide s or, alternatively, from thallium 
(I) methylcyclopentadienide and cobaltous chloride hexa- 
hydrate 2s, was oxidized as described previously s'n. The 
crude oxidation products, precipitated as the hexafluoro- 
phosphate salts, were thoroughly extracted with hot ace- 
tone for removal or monocarboxy compound H, leaving the 
dicarboxylic acid hexafluorophosphate as yellow, fluffy 
fme needles. The compound gave 1H n.m.r, absorptions as 
reported previously n, and no resonances due to monosub- 
stituted or incompletely oxidized products were observed. 

The dicarboxylic acid was chlorinated with freshly dis- 
tilled thionyl chloride (10 ml/1 g of acid) for 24 h at the 
reflux temperature with moisture protection. (Heating 
periods of 6 h, corresponding to the literature value s, gave 
product contaminated with starting material or mono- 
chloride as indicated by i.r. absorption near 1725 cm-l . )  
The dichloride, which crystallized from the cooled (0°C) 
solution, was separated by filtration, washed with dry ben- 
zene, and dried for 24 h at 60°C/0.1 mmHg. Yields in the 
chlorination step amounted to 80-87%. The compound 
gave the same i.r. bands as reported by the earlier authors s. 
Chlorine determinations on the hydrolysis products of sam- 
ples from several runs indicated variable C1- contents 
generally 15-30% by wt in the anion moiety, (see, however, 
first nootnote in results section); for stoichiometric calcu- 
lations, throughout this work, the anion composition of 
the dichloride was taken to be 80% PF~-, 20% C1-. The 
extreme moisture sensitivity of the compound necessitated 
rigorous precautions, including the use of dry-box tech- 
niques, in handling and transfer manipulations. 

* In a personal communication, for which we are most indebted, 
Mr P. M. Hergenrother, Whittaker Corporatio n, has recently brought 
to our attention some results of unpublished work in his laboratory 
on the synthesis of the free base, which was found to melt at about 
the same temperature as in our study. 

Intermediate polymer I from 3,3Ldiaminobenzidine and 
1,1t-biz(chlorocarbonyl) cobaltieenium salt 

In this and all subsequent polymerization experiments, 
all glass ware was flamed and flushed with dry N2. Solvent 
media were redistilled in vaeuo, stored over Molecular 
Sieves, type 4A, and degassed prior to use. Transfer opera- 
tions involving monomers were performed in the dry-box, 
and the poly-condensation reactions were conducted under 
an argon blanket with rigorous moisture protection. 

In a 100 ml three-neck flask equipped with mechanical 
stirrer and fitted with gas in- and out-let tubes, 0.54 g 
(2.5 mmol)of  pre-dried diaminobenzidine was briefly 
shaken under a rapid stream of dry argon and was dissolved 
in 15 ml of N-methylpyrrolidone. To the solution, cooled 
to -5°C, was added dropwise, with stirring, 1.09 g (2.5 
mmol) of bis(chlorocarbonyl)cobalticenium salt, dissolved 
in 45 ml of acetonitrile. Throughout the addition period 
(45 min) and another 3 h thereafter, the temperature was 
maintained at - 5  -+ 3°C and was subsequently allowed to 
rise to 22 + 3°C. Stirring was continued at that tempera- 
ture for 15 h. The mixture remained heterogeneous 
throughout, as oligomeric condensation products began to 
precipitate shortly after the addition of the cobalticenium 
salt was started. Product precipitation was completed at 
the end of the reaction period by the addition of 300 ml 
of dry ether, and the separated dark reddish-brown poly- 
mer I was collected by filtration, briefly washed with 
methanol (low-molecular mass constituents partly ex- 
tracted), and dried for 2 days over P205 at 60°C/0.1 rnmHg; 
yield, 0.98 g (71.8%, based on A ~ = 50% PFff, 50% CI-, by 
wt). The polymer was soluble in water and formic acid, but 
insoluble in aprotic solvents. In acidic solutions, rapid 
chain degradation was indicated by viscosity reductions to 
nearly one-half the initial values upon standing for 40-60  
min at ambient temperature. 

For regeneration of the PFff anion, a 0.20 g sample of 
the crude polymer was rapidly dissolved in 2 ml of 98% 
formic acid containing 0.1 g of NH4PF6. The filtered solu- 
tion was stirred dropwise into 30 ml of diethyl ether/etha- 
nol (1:1) saturated with NH4PF6, and the precipitated 
polymer I (A- = PF6-), after rapid separation by filtration, 
was washed successively with diethyl ether (50 .ml), diethyl 
ether/ethanol (1 : 1) saturated with NH4PF6 (50 ml), and 
ethanol (200 ml). After drying for 50 h at 65°C/0.2 mmHg 
over P205, the reddish-black polymer weighed 0.11 g, 
corresponding to an overall yield of 39.5% (based on mono- 
mers). The product, while now insoluble in water, showed 
solubility in dimethylformamide and other aprotic solvents. 

The reaction variables for the described polymerization 
run are summarized in Table I (experiment 1), which also 
lists analytical data for the crude and reprecipitated I. 

Intermediate polymer III from 3,3t-dimercaptobenzidine 
and 1,1'-bis(chlorocarbonyl)cobalticenium salt 

To the solution of 0.60 g (2.4 mmol) of the dimercapto- 
benzidine in 30 ml of hexamethylphosphoramide, rapidly 
stirred and precooled to -5°C, was added 1.05 g (2.4 mmol) 
of solid bis(chlorocarbonyl)cobalticenium salt. Following 
1 h of stirring at - 5  + 3°C, the temperature was allowed to 
rise to 22 -+ 3°C and was there maintained for another 48 h 
with continued stirring. Heterogeneity of the mixture ob- 
tained throughout the reaction period. The work up 
method as described in the preceding section gave 1.2 g 
(86.2%, based on A- = 50% PF6-, 50% CI-, by wt) of crude, 
brownish-black polymer (III), which was partly soluble in 
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Cobalticenium-bridged polybenzazoles (1): E. W. Neuse et aL 

Table 1 Intermediate polymers I and III from benzidine derivatives and 1,1t-bis(chlorocarbonyl)cobalticenium salt 

Polymer 
yield d (%) Foundf (%) 

Ex- 
peri- Heat after Polymer I Polymer III 
ment Reac- Sol- treat- repreci- ~inh, g 
No. tants a vent b ment c crude pitatione C H N C H N S (ml/g) 

1 DAB + NMP/ 3 h at -5°C,  72 
BCC MeCN then 

(1:3) 15h at22°C 

2 DMB + HMP 1 h at--5°C, 86 
BCC] then 

48 h at 22 ° C k 

3 DMB + HMP 4 h at --5°C, 88 
BCC then 

96 h at 20 ° C 

4 DMB + MeCN/ 4 h at --5°C, 79 
BCC Py then 15 h at 

(2:1) 20°C, 2 h at 
60°C 

39 (a) 53.57 4.02 11.12 h 12 

(b) 48.69 3.07 9.70 i 

44 (a) 50.10 3.12 4.71 10.241 20 

(b) 45.87 2.93 4.52 _ m 

(a) 49.77 3.20 4.50 10.72 n 9 

(a) 50.99 3.05 5.45 10.49 ° 10 

h 
i 
J 
k 
I Calculated for I I I ,A- -=45% PF~-, 55% Cl - :  C, 50.20; H, 3.16; N, 4.88; 
m Calculated for I l l , A - -  = PF~-: C,45.43; H, 2.86; N, 4.42% 
n Calculated for I II. A-- = 513°/0 PF~-, 50°/0 Cl--: C, 49.73; H, 3.13; N, 4.83; 
o Calculated for III, A-- = 40°/0 PF~-, 60% CI--: C, 50.68; H, 3.19; N, 4.93; 

a Employed in equimolar quantities. Concentrations, mol/l: 0.042 (experiment 1); 0.08 (experiments 2 and 3); 0.05 (experiment 4). DAB = 
3.3'-diaminobenzidine; DMB = 3;3'-dimercaptobenzidine; BCC = 1,1'-bis(chlorocarbonyl)cobalticenium salt ( A -  = 80% PF E,  20% CI-)  

b NMP = N-methylpyrrolidone; MeCN = acetonitrile; HMP = hexamethylphosphoramide; Py = pyridine. Ratios by volume 
c Temperature variation +3°C, ~2 h period to reach ambient temperature 
d Calculated for A-- = 50°/0 PF~-, 50% CI-- (by wt) in crude polymer; for A--  = PF~- in reprecipitated polymer 
e Crude polymer reprecipitated from formic acid solution in the presence of NH4PF6 (see text) 
f Line (a), crude polymer; line (b), reprecipitated polymer (footnote e). All values are averages of at least two determinations 
g At  30°C; 0.5% (w/v) in 98% formic acid, on reprecipitated polymer (footnote e) in experiments 1 and 2; on crude polymer in experiments 

3 and 4. Measurements made within 30 min following dissolution. Value in experiment 2 drops to 11 (9) mllg after 40 (60) rain standing in 
solution 
Calculated for I, A-- = 40°/0 PF~-, 60°/0 CI- :  C, 53.53; H, 3.72; N, 11.15% 
Calculated for I,A--=PF~-: C, 48.01; H, 3.36; N, 9.33% 
No significant changes in composition or degree of polymerization at DMB/BCC molar ratios of either 0.9 or 1.1 
No significant changes in degree of polymerization after 1 h at -5°C,  followed by 8 h at 20°C and 15 h at 60°C 

S, 11.16% 

S, 11.06% 
S, 11.27% 

water and alkanols and completely soluble in formic acid, 
but essentially insoluble in aprotic solvents. Similar sen- 
sitivity to acidotytic chain scission was observed as with 
the polyamide I. 

Regeneration of the PF~- anion was accomplished by 
rapid reprecipitation from formic acid solution in the pre- 
sence of NH4PF6 as described for I. Polymer III (A- = 
PFg) so obtained in a yield corresponding to 43.6% (based 
on monomers) was insoluble in water, but moderately sol- 
uble in dimethylformamide. 

The experimental variables and analytical results for 
both the crude and the reprecipitated polymer III are 
compiled in Table 1 (experiment 2). 

A polymerization run conducted as above, except that 
the temperature was maintained for 4 h at -5°C followed 
by 96 h at 20°C, is summarized in Table 1 as experiment 3. 
A further run, employing the solvent system acetonitrile/ 
pyridine (2:1 v/v), is tabulated as experiment 4; in this run, 
the dichloride was added as a 2.2% solution in acetonitrile. 
No reprecipitations were performed in the last-named two 
experiments, and the analytical data listed accordingly refer 
to the crude polymer products possessing mixed CI-/PFg 
anions. Summarized results for additional polymerization 
experiments are found in footnotes j and k of the same 
Table. 

Polyazoles, Hand IV  by thermal advancement o f  inter- 
mediate polymers I and III 

Samples (0.05 g) of I and III, both crude (A- = PFg-]CI-) 
and after reprecipitation from formic acid/NH4PF6 (A- = 

PFg-), were placed in Schlenk tubes and were subjected to 
heating cycles as exemplified in Table 2. The samples were 
employed either in the solid, powdery state or else as f'dms 
cast from aqueous solutions (crude I) or from dimethylfor- 
mamide solutions (reprecipitated I and IIl). Because of the 
low degrees of polymerization attained, the films generally 
were quite brittle and tended to crumble on handling. 
Throughout the heating period, the pressure was reduced 
to 0.05 mmHg. Alternatively, in a few experiments, heating 
was conducted under a blanket of deoxygenated argon. 
The cooled tubes, on opening after completed heat treat- 
ment, were found to contain acidic (pH 3-4)  vapours of 
pungent odour reminiscent of phosphorus fluorides. The 
brownish-black polyazoles obtained were insoluble in all 
common organic solvents and mineral acids. Analytical 
data on representative samples are collected in Table 2. 
Selected polymers, as marked in the Table, were used for 
the t.g.a, scans. 

RESULTS AND DISCUSSION 

Intermediary polyamides and polythioesters 
The synthetic approach chosen for the preparation of 

polymers with bibenzimidazolyl backbone constituents 
comprised the low temperature solution condensation of 
3,3'-diaminobenzidine and 1 ,l'-bis(chlorocarbonyl)cobalt- 
icenium hexafluorophosphate/chloride in N-methylpyr- 
rolidone/acetonitrile. The analogous procedure selected 
for the synthesis of polymers with bibenzothiazolyl units 
in the backbone involved the low temperature solution con- 
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Table 2 Polyazoles II and IV by thermal advancement of intermediate polymers I and III 

polybenzimidazole II 

Foundb(%) 

Starting material Heat treatment a C H N 

polybenzothiazole IV 

C H N S 

Polymer 1 : 
crude (A-- = PF~-/CI--) c 5 h at 100--180°C, 1 h at (a) 57.31 3.91 11.05d, k 

250°C, 2 h at 290°C (b) 57.44 3.78 11.00 

reprecipitated (A-- = PF6) e 5 h at 120-200°C, 1 h at (a) 51.46 3.67 9.62f, k 
250°C, 2 h at 300°C (c) 52.07 3.48 9.,75 

Polymer 3: 
crude ( A -  = PF~-/CI--)g 12 h at 100--180°C, 2 h at 

250°C, 2 h at 300°C 

reprecipitated (A-- = PF~-) i 12 h at 100--180°C, 2 h at 
250°C, 2 h at 300°C 

(a) 54.72 2.71 5.74 11.05h, k 

(a) 49.70 2.82 4.74 10.06J 
(c) 50.13 2.96 4.96 10.33 

a Performed at 0.05 mmHg unless marked to the contrary 
b Line (a), advanced as powder; line (b), advanced as film cast from aqueous solution; line (c), advanced as film cast from DMF solution. All 

values are averages of at least two determinations 
c Crude polymer I from experiment 1, Table I 
d Found for sample advanced under Ar: C, 57.50; H, 3.94; N, 11.07%; for sample advanced as tabulated, but addit ionally heated for 0.5 h 

at 380°C: C, 57.22; H, 3.53; N, 11.17%. Calculated for II, A-- = 40% PF~', 60% Cl--: C, 57.37; H, 3.19; N, 11.95% 
e Reprecipitated polymer I from experiment 1, Table I 
f Found for sample heated under Ar: C, 52.33; H, 3.27; N, 9.65%. Calculated for II, A-- = PF~-: C, 51.08; H, 2.86; N, 9.93% 
g Crude polymer III from experiment 4, Table 1 
h Found for sample heated under Ar: C, 54.11; H, 2.82; N, 11.21%. Calculated for lV, A - -=40%PF~- ,60%Cl - - :C ,  54.64; H, 2.68; N, 5.31; 

S, 12.16% 
i Reprecipitated polymer III from experiment 2, Table I 
J Calculated for IV, A-- = PF~-: C, 48.17; H, 2.36; N, 4.68; S, 10.72% 
k Sample employed in t.g.a, test 

densation of 3,3'-dimercaptobenzidine with the same cobalt- 
icenium compound; the medium used was hexamethylphos- 
phoramide, which in this case proved slightly superior to 
the methylpyrrolidone/acetonitrile mixture. Advancement 
to an acceptably high degree of polymerization called for 
utmost purity of the starting materials, a requirement pre- 
senting appreciable experimental difficulties with both the 
cobalticenium salt and the dimercapto compound (see 
experimental). The former compound was prepared as the 
mixed PF~'/C1- salt s, a variable*, minor portion of the PFff 
counter ion originally present in the dicarboxy-cobalticen- 
ium salt having undergone exchange with C1- anion in the 
course of chlorination in accord with earlier observations s. 
The two reactant pairs were allowed to undergo polycon- 
densation at -5  ° to 25°C in the respective media (equa- 
tions 1 a and 2a). 

Experimental conditions are summarized in Table I for 
two typical runs each employing equimolar reactant quan- 
tities (experiments 1 and 2). Insolubility in the aprotic 
solvents caused immediate partial precipitation of the pro- 
duct salts in both cases; for this reason, propagation largely 
proceeded in a heterogeneous system, and the degrees of 
polymerization attained were correspondingly low (rhnh = 
10-20 ml/g). Product precipitation was completed at the 
end of the specified reaction periods by the addition of 
excess ether, use of this precipitant being dictated by the 
partial solubility of the products in water and, to a lesser 
extent, in lower alkanols. The separated polymeric inter- 
mediates gave C, H, N (S) microanalytical results (Table 1) 
in agreement with structures I and III respectively, having 
anion compositions of 40-50% PF~- and 60-50% C1-. 

* Although chlorine determinations indicate replacement of PF~- 
by CI- generally to be limited to 15-30%, halogen (F, CI) and 
phosphorus analyses in the combination of elements present (not- 
ably Co) proved highly erratic and hence could not be used in our 
work for quantitative evaluation. 

{I) 

n + n Co*A- ~ COCI -HCI 

CO ~" structures 

/3 

( I )  

H H 
2 5 O o _ 3 o o o c  ~ N  N 

- H 2 0  N ~ ~ [ ~  N 

( I I )  

n H S ~ ~ I ~  SH + n  

H2N/  v v -.NH 2 

rrl 

~ C O C I  -5  ° to  25°C 
Co*A- ~ COCI -HCI 

C O - - H N  NH2 + structures 

(m) 

2 5 0 0 - 3 O O ° C .  

-H20 N N 

n 

(SZ) 

(la) 

(I b) 

(2a) 

(2b} 
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While a portion of this chloride anion percentage in both 
I and III is attributable to the cobalticenium salt reactant, 
the major part evidently resulted from anion exchange in 
the presence of the hydrogen chloride liberated in the pro- 
pagation reaction. Such exchange wa= earlier observed by 
Pittman, Sheats, and collaborators s, but could not be veri- 
fied quantitatively by a complete elemental analysis be- 
cause of unreproducible results in the halogen determina- 
tions due to interference by the cobalt presentt. We en- 
countered the same analytical problems in our work, the 
experimentally found C1 and F contents generally adding 
up to 25-30% of the total (as against a maximum of 20.20%, 
calculated for A- = PFg- in I). Although, for this reason, 
we were unable to confirm the postulated anion compo- 
sitions by halogen (and phosphorus) determinations, we 
found corroboration in the i.r. spectra. The spectrum of 
crude I, as isolated in these reactions, while showing in the 
expected intensities the common absorption patterns of 
the substituted biphenyl system and the 1,1'-disubstituted 
cobalticenium cationS~as well as the N-H and C-N stretch- 
ing bands near 3350 and 1270 (sh) cm -1 associated with 
the primary amino groups and the amide I, II and III bands 
at about 1660, 1525, and 1305 cm -1, displayed only weak 
absorption in the P - F  stretching region of 830-840 cm-1 
(partially merging with the benzene- and cobalticenium- 
aromatic C-H out-of-plane deformation bands at 810 and 
860-870 cm -1) and showed the typical 560 cm -1 peak 
of the PF 6 complex~ with appreciably lower intensity. The 
spectrum of crude III was characterized by a similarly atten- 
uated P - F  absorption in the two regions. 

In order to regenerate the PF 6 anion quantitatively, the 
crude polymers I and III were each reprecipitated from for- 
mic acid solution by ether/ethanol saturated with ammo- 
nium hexafluorophosphate. The polymers' extreme sensi- 
tivity to chain scission in contact with strong acids neces- 
sitated fast operation in this reprecipitation step. The C, 
H, N (S) contents of the polymers so treated conformed, 
respectively, to structures I and III with A- = PF~-, and 
the i.r. spectra now featured the broad P -F  stretching band 
system in the same dominating intensity as commonly ob- 
served with non-polymeric cobalticenium hexafluorophos- 
phates and showed a strongly enhanced 560 cm -1 peak~. 
Analytical data and inherent viscosities for the reprecipi- 
rated polymers are presented in Table 1. 

Several polycondensations involving the reactant pair 
of equation (2a) were conducted over appreciably pro- 
longed reaction periods under otherwise unchanged condi- 
tions in an attempt to raise both the conversion and the 
degree of polymerization in these largely heterogeneous re- 
action systems. Experiment 3 (Table 1),performed over 
a 96 h period, exemplifies this effort. In another experi- 
ment, the reaction temperature was gradually increased 
from - 5  ° to 60°C. In still other polycondensation experi- 
ments, either the cobalticenium salt or the dimercapto com- 
pound was employed in a 5-10% molar excess over the 
respective reaction partner. In no case did an increase in 
conversion or polymer viscosity result from such modifica- 
tions (footnotes j and k, Table 1). Changing to the solvent 
system acetonitrile/pyridine, at temperatures ultimately 
reaching 60°C (experiment 4, Table 1), likewise proved of 

t Difficulties with P, F, C1 analyses have also been reported in 
studies involving other polymeric and non-polymeric cobalticenium 
hexachloropho sphat es[chloridesg,11. 

$ We found the band invariably at 550-570 cm -1 in the spectra 
of a large number of:inorganic and organometallic hexafluorophos- 
phates studied. 
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no benefit in this respect. These findings rather conclu- 
sively point to the inhomogeneity of the reaction system 
as the principal hindrance to tke attainment of high mole- 
cular masses and show the need for further scrutiny of the 
polymer solubility problem. 

While the polyamide backbone structure of the inter- 
mediary polymer I can be regarded as established on the 
basis of the synthetic conditions, as well as the elemental 
analytical and i.r. spectroscopic findings discussed, the 
structural details of the analogous polymer III are by no 
means obvious. Hergenrother and Levine 'z, discussing the 
two possible reaction paths originating from the condensa- 
tion of isophthaloyl chloride with 3,3'-mercaptobenzidine, 
concluded from i.r. data that the principal reaction sequence 
leading to the intermediate polymer involved amide forma- 
tion (path a), although preferred thioester formation (path 
b) was expected on the basis of relative nucleophilicity con- 
siderations. In the present case, i.r. evidence is inconclusive. 

SH CICO- . . .~  (a) 

S--CO 

The spectra of polymers from different experiments invar- 
iably displayed the S-H stretching band near 2550 cm -1 
(path a) in almost negligible intensities or failed to show it 
altogether, and the N-H stretching and bending vibrations 
of the primary amino group (path b) could not be detected 
in existing envelopes of other bands. While absorption was 
observed at the positions of the amide I, II and II! bands, 
suggesting the existence of amide links, the amide I band 
appeared broadened, with a maximum emerging at 1670 
cm -1 assignable to the thioester carbonyl stretching mode. 
We conclude that polyamide and polythioester structures 
both were formed under the conditions of our experiments, 
and the (idealized) representation polymer III takes account 
of these two isomeric types. 

Polybenzazoles 
The polymeric intermediates I and III, in both the crude 

(A- = PF~-/C1-) and the reprecipitated (A-  = PFg-) forms, 
were subjected to thermal solid-state heat treatment under 
reduced pressure or under an argon blanket for cyclodehy- 
dration to the heterocyclic end-products, II and IV (equa- 
tions lb, 2b). Although preliminary checks by i.r. and ele- 
mental analyses had shown such cyclization to set in below 
250°C, we employed temperatures in the vicinity of 300°C 
to ensure optimal ring closure. (Higher temperatures still, 
up to 380°C, entailed no further changes in the spectral 
behaviour and elemental composition.) The heat treated, 
brownish-black polyheterocyclics were no longer soluble 
in organic solvents or mineral acids. Confirming substan- 
tially accomplished cyclodehydration, the i.r. spectrum of 
II featured the absorption characteristic of the aromatic 

13 15 benzimidazole system - with maximanear 1625 (s), 
1610 (m), 1505 (w), 1445-1470 (m-s,  multiplet), 1280 
(m-s),  1080-1130 (w-m,  broad multiplet), 860 (m, par- 
tially merging with cobalticenium C-H deformation band), 
and 800 (s) cm -1, as similarly shown by the benzene-aro- 
matic polybenzimidazoles of Marvel's work ~6. The C-N 
stretching and amide I, II and III peaks, on the other hand, 
vanished in the envelopes of the adjacent benzimidazole 
absorptions. Analogously, the spectrum of IV was charac- 

POLYMER, 1976, Vol 17, May 427 



Cobalticenium-bridged polybenzazoles (1): E. W. Neuse et aL 

terized by absorption reasonably assignable to the benzo- 
thiazole unit at 1600-1590 (s), 1510 (s), 1445 (s), 1380 
(m, shoulder on 1395 cm -1 cobalticenium band), 1270 
(w-m) ,  865 (m, partly coalescing with cobalticenium 
band), and 815 (s) cm - l ,  whereas the thioester and amide 
bands disappeared in the envelopes of  these absorptions. 
The weak carboxyl end group absorption shown at 1720 
cm -1 in the spectra of  several samples also vanished upon 
the heat treatment, obviously as a result of  thermal decar- 
boxylation. 1,1'-Dicarboxycobalticenium hexafluorophos- 
phate undergoes complete decarboxylation (concomitant 
with partial degradation of  the PF 6 counter ion) after 4 h 
at 250°C and 0.1 mmHg. 

In further confirmation of  substantially cyclized pro- 
duct structures, the C, H, N (S) microanalytical results 
(Table 2) obtained on polybenzazoles that were derived 
from the crude ( A -  = PF~/C1-) intermediary polymers 
agreed with structures II ( A -  = PFg-/C1-) and IV(A-  = 
PF6-/C1-), respectively. Similarly, benzazole polymers ob- 
tained from the reprecipitated ( A -  = PF~-) intermediates 
gave C, H, N (S) analytical data reasonably well in accord 
with product structures possessing A -  = PFg-, although the 
slightly higher C, H values found suggest a corresponding 
minor loss of  fluorine and, perhaps, phosphorus contents. 
(For the reasons outlined further above, F and P could not 
be determined reproducibly and in any degree of  reliability 
to verify such losses.) At the same time, the P - F  stretch- 
ing absorption in the i.r. spectra o f  the last named two 
polyazole types appeared in drastically reduced intensities 
relative to their precursor polymers with A -  = PF~-, clearly 
exposing the aforementioned C - H  deformation bands of  
the cobalticenium and benzazole systems in this region. 
The weak evolution of  acidic vapours observed during the 
heat treatment suggests rather limited thermal stability of  
the PF~- counterion in these polysalts, phosphorus fluo- 
rides being eliminated in the process. Conceivably, then, 
the cyclization steps in equation ( lb)  and (2b) were accom- 
panied by a partial breakdown of PF~ into F -  and PF5, 
and the latter halide, being an aggressive fluorinating agent 
at these high temperatures, caused partial ring fluorination. 
Evidence for carbon-bonded fluorine in the products can 
indeed be found in the i.r. spectra, which invariably showed 
broad absorption at 1100-1150 cm -1, whereas, not unex- 
pectedly, this absorption was very weak or virtually absent 
in the spectra of  polyazoles obtained from crude polymers 
I and III with grossly reduced PFg contents. The PF3 libe- 
rated in the fluorination step could partially escape and, 
to some extent, might also be re-incorporated into the 
polymers, e.g., through phosphorylation of  amino groups. 
The various hexafluorophosphate degradation and ring 
fluorination reactions would account for both the consider- 
ably weakened 840 cm -1 i.r. absorption and the minor 
deviations of  the C, H, N-contents from the calculated 
values in the hexafluorophosphate polysalts. 

The loss of  solubility accompanying the heat treatment 
of  both I and III points to minor imperfections in the 
structural build-up of  II and IV, including incomplete 
cyclization, branching, and crosslinking via functional 
groups escaping the ring-closing steps, and it remains to be 
studied to what extent these structural imperfections are 
caused and affected by the hexafluorophosphate counter 
ion and its inherent instability at the cyclization tempera- 
tures employed. As an immediate consequence of  struc- 
tural defects, the polyazoles, whether derived from pre- 
cursors with A-  = PF6- or from those with A -  = PF~-/CI-, 
showed a performance distinctly inferior to that of  the 

common all-aromatic polybenzimidazoles in thermogravi- 
metric analysis. The thermograms of  both II and IV re- 
corded at a heating rate of  5°C/min, indicated weight loss 
to set in near 350°C in air and at 400-450°C in a nitrogen 
atmosphere. In the air runs, the relative weight loss at 500 ° , 
650 °, and 800°C was in the range of  45 -55 ,  70 -75 ,  and 
72-76%, respectively. In N2, the corresponding weight 
loss ranges were 10-15,  30 -40 ,  and 55--65%. 

We are currently studying polymerizations in a more 
homogeneous phase as realized, for example, in polyphos- 
phoric acid or ethylated polyphosphoric acid media. The 
consequences of  replacing hexafluorophosphate by chloride 
and other anions in the intermediate polymers will also be 
examined. 
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Syntheses and conformational studies of 
poly(7-N-alkyl- L-e,7-diaminobutyric acids) and 
their carbobenzoxy derivatives 

H i r o y u k i  Y a m a m o t o ,  M i h o  M i y a z a k i  and  T a d a o  H a y a k a w a  
Institute of High Polymer Research, Faculty of Textile Science and Technology, Shinshu University, 
Ueda 386, Japan 
(Received 5 November 1975) 

Three types of high molecular weight poly(T-N-methyl, T-N-carbobenzoxy-L~, T-diaminobutyric 
acid), poly(qr-N-ethyl, 7-N-carbobenzoxy-L~, 7-diaminobutyric acid), and poly(T-N-benzyl, 7-N- 
carbobenzoxy-L~, 3,-diaminobutyric acid) were synthesized by the N-carboxyanhydride method. 
The hel ix-coi l  transition of these poly(T-N-alkyl, T-N-carbobenzoxy-L-~, T-diaminobutyric acids) in 
chloroform-dichloroacetic acid was followed by optical rotation measurements. The introduction 
of a methyl, an ethyl, or a benzyl group to the side chain of the carbobenzoxylated derivative of 
poly(L~, T-diaminobutyric acid) appeared to weaken the helical conformation at 25°C and altered 
the direction of the temperature induced hel ix-coi l  transition from a 'normal' to an 'inverse'. For 
water-soluble poly(T-N-alkyI-L-~, T-diaminobutyric acids), the coil-to-helix transition was little ob- 
served even when the polypeptides were uncharged at pH 12. At sufficiently high methanol concen- 
tration, however, the polypeptides underwent a complete transition from the random coil to the e- 
helical conformation even at pH 3. 

INTRODUCTION 

In aqueous solution at 25°C uncharged PLL* is known to 
exist in a helical form, uncharged PLO is only partly heli- 
cal, and uncharged PLD is almost a random coil structure 1-4. 
The only difference among the three polypeptides is that 
PLD has one less methylene group in the side chain than 
PLO and two less than PLL. To study further the chain 
length effect of the non-polar alkyl group on the conforma- 
tional stability, we have reported the syntheses and con- 
formational studies of poly(e-N-alkyl-L-lysine), poly(8-N- 
alkyl-L-ornithine), and their carbobenzoxylated deriva- 
tives in previous papers s-s. 

We now extend our investigations by introducing a 
methyl, an ethyl (aliphatic alkyl), or a benzyl (aromatic 
alkyl) group to the "),-amino group of the side chain, noting 
that 7-N-methyl-L~, 7-diaminobutyric acid is an isomer 
of L-ornithine and 7-N-ethyl-L ~,  7-diaminobutyric acid is 
an isomer of L-lysine. In the present paper we report the 

* Abbreviations used in this work: PLL, poly(L-lysine); PLO, 
poly(L-ornithine); PLD, poly(L-~, "r-diaminobutyric acid); PMLD, 
poly(~,-N-methyl-L-~, 3,-diaminobutyric acid); PELD, poly(.~-N- 
ethyl-L-~, 7-diaminobutyric acid); PBLD, poly('r-N-benzyl-L-a, 
3,-diaminobutyric acid); PCLL, poly(e-N-carbobenzoxy-L-lysine); 
PCLO, poly(f-N-carbobenzoxy-L-ornithine); PCLD, poly(q,-N- 
carbobenzoxy-L-~,-r-diaminobutyric acid), PCMLL, poly(e-N- 
methyl, e-N-carbobenzoxy-L-lysine); PCBLL, poly(e-N-benzyl, 
e-N-carbobenzoxy-L-lysine); PCMLO, poly(6-N-methyl, 6-N-carbo- 
benzoxy-L-ornithine); PCELO, poly(6-N-ethyl, 6-N-carbobenzoxy- 
L-ornithine); PCBLO, poly(5-N-benzyl, 6-N-carbobenzoxy-L-orni- 
thine); PCMLD, poly(7-N-methyl, 3,-N-carbobenzoxy-L-a, 3,-dia- 
minobutyric acid); PCELD, poly(3,-N-ethyl, "y-N-carbobenzoxy-L-a, 
"r-diaminobutyric acid); PCBLD, poly(3,-N-benzyl, ~,-N-carboben- 
zoxy-L~, 3,-diaminobutyric acid); DCA, dichloroacetic acid. o,r.d 
optical rotatory dispersion; c.d., circular dichrmsm. 

syntheses and conformational studies of PMLD, PELD, 
and PBLD and their carbobenzoxylated derivatives, PCMLD, 
PCELD, and PCBLD. The helix-coil transitions of the 
carbobenzoxylated polypeptides in mixed organic solvents 
of chloroform-DCA and the deprotected water-soluble 
polypeptides in aqueous solutions were followed by opti- 
cal rotation and circular dichroism measurements. 

EXPERIMENTAL 

PolypeptMes 

PLD was prepared according to the method of Fasman 
et aL 9. Three kinds of poly(7-N-alkyl-L-a, 7-diaminobuty- 
tic acids) were synthesized according to the following 
scheme: 

( I ) 7-Tosylation 
NH2CtlCOOtl (2) u-Benzoylation ~ .,~{T- R 

I (3) 7-Alkylation _- i (CH2) 2 ~ J  
I j - ~  ~ Tos 
NH2 ~ . ~  
i i f l (11) 

Z4'I 
I11, IV, V 

Bzo-NHCHCOOH NH2CHCOOH 
I Hx I 

(CH2)2 ~ (CH2)2 
I 
NH-R 
HX 

(111) 

Benzaldeh~.~ NH2CHCOOH NIt2CHCOOH 
(n) I I 

~ (CH2)2 NaBH4 (CH2)2 

~ ' ~  ]N=CHC6H5 -> I NHCH2C6H5 

(Iv) (v) 

Ntt2CttCOOH -(NttCItCO)-- -(NHCHCO)~- 
I " I"E A I nl|Br I (CH2)3 COC12> NCA ---o- . (CH2)2 ~ (CH2)2 
I I I 

IV N-R N-R NH-R 
I I HBr 
Z Z 

(VD (V l l )  ( v i i i )  ( IX)  
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Tos = p-CH3C6H4SO2-; Bzo = C6H5CO-; Z = 
C6HsCH2OCO-; TEA = triethylamine. In compounds I I -  
III; R = CH3-  or C2H5-. In compounds VI- IX,  R = CH3- , 
C2H5-, or C7H7-. 

7-N-tosyl, a-N-benzoyl-L-a, 7-diaminobutyric acid 
7-N-tosyl-L-a, 7-diaminobutyric acid was prepared from 

L-a, 7-diaminobutyric acid monohydrochloride (I) and p- 
toluenesulphonyl chloride, as described in a previous paper 6. 
The yield was 59%; melting point 209°-210°C; [aiD 25°C = 
25.8 (c = 0.93% in 6 N hydrochloric acid) Calculated for 
C11H16N204S: C = 48.52%; H = 5.92%; N = 10.29%; found: 
C = 48.43%; H = 6.01%; N = 10.10%. 7-N-tosyl, a-N-ben- 
zoyl-L-a, 7-diaminobutyric acid was prepared from 7-N- 
tosyl-L-a, 7-diaminobutyric acid and benzoyl chloride 
according to the Schotten-Baumann method 6. This was 
recrystallized from ethanol and water; yield, 99%; melting 
point 141°-143°C; [t~] D 25°C= --33.8 (c = 1.07% in acetic 
acid). Calculated for C18H20N2OsS: C = 57.43%; H = 
5.36%; N = 7.44%; found: C = 57.37%; H = 5.30%; N = 
7.25%. 

7-N-tosyl, 7-N-methyl (or ethyl), a-N-benzoyl-L-a, T" 
diaminobutyric acid (II). 

To a solution of 7-N-tosyl, t~-N-benzoyl-L-a, 7-diamino- 
butyric acid (32.7 g) in 32 ml of 33% sodium hydroxide, 
was added 12.4 ml of dimethyl sulphate. The mixture was 
stirred at room temperature for 3 h and at 50°C for 1 h. It 
was acidifed to 'Congo' red with 3 N hydrochloric acid. An 
oily product separated which was extracted with ethyl 
acetate. The organic layer was washed with water and dried 
over anhydrous sodium sulphate, the solvent was removed 
under reduced pressure, and the residue was solidified as an 
amorphous foam from n-hexane; yield, 35.7 g (100% as 
mono-hydrate). The dicyclohexylamine salt, prepared from 
a 1.0 g sample in ethyl acetate, was recrystallized twice from 
ethyl acetate and n-hexane; yield, 1.24 g (86.4%); melting 
point 144°C; [a]O 25°C= 17.4 (c = 1.10% in methanol). 
Calculated for C31H45N305 S, H20: C = 63.13%; H = 8.03%; 
N = 7.12%; found: C = 62.87%; H = 7.85%; N = 7.05%. 

The corresponding ethyl derivative was prepared as 
above from 7-N-tosyl, a-N-benzoyl-L-a, 7-diaminobutyric 
acid (31.4 g) and diethyl sulphate (16.3 ml); yield, 35.0 g 
(100% as mono-hydrate). A part of the amorphous foam 
was converted to the dicyclohexylamine salt; yield, 90.0%; 
melting point 78°-80°C; [a]O 25°C= 17.3 (c = 1.08% in 
methanol). Calculated for C32H47N3OsS, H20: C = 63.63%; 
H = 8.18%; N = 6.96%; found: C = 63.86%; H = 7.91%; 
N = 7.12%. 

7-N-methyl (or ethyl)-L-a, T-diaminobutyric acid hydro- 
halides (III) 

A suspension of T-N-methyl, 7-N-tosyl, a-N-benzoyl-L-a, 
T-diaminobutyric acid (13.3 g) in 115 ml of 47% hydro- 
bromic acid, was refluxed for 3 h at 150°C and cooled to 
0°C. After filtration, the benzoic acid was removed by 
extraction with ether. The aqueous solution was then 
evaporated to dryness under reduced pressure. The oily 
residue was dissolved in ethanol and the solution neutral- 
ized to pH 6 with pyridine. The precipitate, 7-N-methyl- 
L-a, 7-diaminobutydc acid hydrobromide, was filtered and 
recrystallized from water and ethanol; yield, 4.0 g (62.6%); 
melting point 195°-196°C; [a]D 25°C= 19.8 (c = 1.04% in 
6 N hydrochloric acid). Calculated for CsH13N202Br: C = 

et aL 

28.18%; H = 6.15%; N = 13.15%; found: C --- 27.95%; H = 
6.02%; N = 12.99%. 

T-N-ethyl-L-a, 7-diaminobutyric acid hydrochloride was 
prepared from "),-N-ethyl, 7-N-tosyl, a-N-benzoyl-L-a, T- 
diaminobutyric acid (30.5 g) and 180 ml of 12 N hydro- 
chloric acid. The mixture was heated for 24 h at 100°C 
and treated in the same manner described above; yield, 
4.2 g (30.5%); melting point 192°C; [a]D 25 C= 5.6 (c = 
0.95% in 6 N hydrochloric acid). Calculated for 
C6H15N202C1, H20: C = 35.91%; H = 8.54%; N = 13.96%; 
found: C = 36.06%; H = 8.33%;N = 14.32%. 

7-N-benzylidene-L-a, T-diaminobutyric acid (IV) 
7-N-benzylidene-L-a, 7-diaminobutyric acid was pre- 

pared from I (15 g) and benzaldehyde (10.3 ml) as des- 
cribed in a previous poaperS; yield, 14.7 g (73.4%); melting 
point 173°C; [a]O 25°C= -4 .0  (c = 0.50% in 0.5 N sodium 
hydroxide). Calculated for CllH14N202: C = 64.06%; 
H = 6.84%; N = 13.58%; found: C = 63.88%; H = 6.65%; 
N = 13.23%. 

7-N-benzyl-L-a, T-diaminobutyric acid ( V) 
7-N-benzylidene-L-a, 7-diaminobutyric acid (14 g) in 

68 ml of 1 N sodium hydroxide, was hydrogenated by 
sodium borohydride (3.9 g in 50 ml of water) as described 
in a previous paper s. The product was recrystallized from 
water (50 ml) and methanol (100 ml)-ethanol (10 ml); 
yield, 3.5 g (21.0%); melting point 200°C; [a] O 25°C= 8.7 
(c = 0.58% in 0.5 N sodium hydroxide). Calculated for 
CllH17N202Cl: C = 53.99%; H = 7.00%; N = 11.45%; 
found: C --- 53.71%; H = 6.84%; N = 11.44%. 

7-N-alkyl, 7-N-carbobenzoxy-L-a, 7-diaminobutyric acids 
(VI) 

7-N-alkyl, 7-N-carbobenzoxy-L-a, T-diaminobutyric acids 
were prepared by the usual procedure using carbobenzoxy 
chloride and cupric carbonate s and recrystallized from 2 N 
hydrochloric acid and 2 N ammonium hydroxide (methyl 
and ethyl derivatives) or dilute acetic acid (benzyl deriva- 
tive). T-N-methyl, T-N-carbobenzoxy-L-a, 7-diaminobuty- 
ric acid; yield, 82.1%; melting point 198°C; [a] D 25°C= 
-5.2  (c = 1.0% in glacial acetic acid). Calculated for 
C13H18N204: C = 58.64%; H = 6.81%; N --- 10.52%; found: 
C = 58.65%; H = 6.73%; N = 10.27%. 7-N-ethyl, 7-N-carbo- 
benzoxy-L-a, 7-diaminobutyric acid; yield, 37.3%; melting 
point 200°C; [ot]o 25°C= -2.3 (c = 1.0% in glacial acetic 
acid). Calculated for C14H20N204: C = 59.99%; H = 7.19%; 
N = 9.99%; found: C = 59.65%; H = 6.94%; N = 10.17%. 
7-N-benzyl, 7-N-carbobenzoxy-L-a, 7-diaminobutyric acid; 
yield, 51.1%; melting point 179°-180°C; [aiD 25°C= 2.1 
(c --- 1.17% in glacial acetic acid). Calculated for 
C19H22N204: C = 66.65%; H = 6.48%; N = 8.18%; found: 
C = 66.69%; H = 6.60%; N = 7.90%. 

7-N-alkyl, 7-N-carbobenzoxy-L-a, T-diaminobutyric acid 
N-carboxyanhydrides (NCA ) (VII). 

The NCAs were prepared by the usual procedure using 
phosgene for 1 h at 40uC in ten-fold dry dioxane. The 
crude NCAs were dissolved in dry acetone and then passed 
through a dry charcoal-silver oxide column to purify them. 
The acetone was evaporated to dryness under reduced pres- 
sure. T-N-alkyl, T-N-carbobenzoxy-L-a, 3,-diaminobutyric 
acid NCAs were obtained as syrups and used for immediate 
polymerization. The three NCAs showed double absorp- 
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Table I Molecular weight of PCLD, PCMLD, PCELD, and PCBLD RESULTS AND DISCUSSION 

Molecular 
25 ° Polypeptide [~] DCA DP* weight 

PCLD 0.355 210 50 000 
PCMLD 0.790 690 172000 
PCELD 0.194 90 23 000 
PCBLD 0;257 130 43 000 

* Degree of  polymerization 

Lion peaks at 1785-1788 and 1853-1855 cm -1 due to 
the cyclic anhydride. 

Poly(~-N-alkyl, T-N,carbobenzoxy-L-a, T-diaminobutyric 
acids) (VIII) 

High molecular weight polypeptides (VIII) were pre- 
pared by polymerizing the NCAs in ten-fold dioxane for a 
week at room temperature and for 2 h at 100°C using tri- 
ethylamine as an initiator (A/I = 100). The polypeptides 
were precipitated with water and filtered. PCMLD: yield, 
80.6% (from the methyl derivative of  VI). Calculated for 
(Ct3HI6N203)n: C = 62.89%; H = 6.50%; N = 11.28%; 
found: C -- 62.44%; H = 6.23%; N = 11.19%. PCELD: 
yield, 95.6% (from the ethyl derivative of VI). Calculated 
for (C14H18N203)n: C = 64.11%; H = 6.92%; N = 10.68%; 
found: C = 64.49%; H = 6.64%; N = 10.63%. PCBLD; 
yield, 88.1% (from the benzyl derivative of VI). Calculated 
for (C19Hz0NzO3)n: C = 70.35%; H = 6.21%; N = 8.63%; 
found: C = 70.49%; H -- 6.17%; N = 8.59%. 

Poly(7-N-alkyl-L-~, T~diaminobutyric acid) hydrobromides 
(IX) 

The polypeptide hydrobromides were prepared from 
VIII by the usual procedure using hydrogen bromide in 
glacial acetic acid 1°. The polypeptides were re-precipitated 
from water (2 ml) and ethanol (20 ml)-ether  (25 ml). 
PMDL, HBr: yield, 95.2%. Calculated for (CsH10N20, 
HBr)n: C = 30.79%; H = 5.69%; N = 14.36%; found: C -- 
30.97%; H = 5.51%; N = 14.37%. PELD, HBr: yield, 86.5%. 
Calculated for (C6H12N20, HBr, H20)n: C = 31.73%; H = 
6.66%; N -- 12.33%; found: C = 31.34%; H = 6.47%; N = 
12.50%. PBLD, HBr: yield, 96.0%. Calculated for 
(CllHI4N20, HBr)n: C = 48.72%; H = 5.58%; N = 10.33%; 
found: C = 48.94%; H = 5.33%; N = 9.94%. 

Poly(T-N-alkyl, T-N-carbobenzoxy-L ~, 7-diaminobutyric 
acids) 

Conformation. The o.r.d, above 340 nm for PCLD, 
PCMLD, PCELD, and PCBLD was fitted with the Moffi t t -  
Yang equation ~1. The b0 values were large and negative in 
a helix-promoting solvent, e.g. dioxane or chloroform, and 
close to zero in a coil-promoting solvent, e.g. DCA 
(Table 2). The b0 value -400  of PCLD in chloroform- 
DCA (95:5 v/v) at 25°C, was in good agreement with the 
reported value of Hatano 4. In the ultra-violet region, the 
o.r.d, of the three T-N-alkyl polypeptides showed a 233 nm 
trough in dioxane or chloroform and their helical contents 
based on the 233 nm trough coincided well with that based 
on the b0 values. Therefore, PCMLD is mostly helical 
(right-handed) in dioxane or chloroform but PCELD and 
PCBLD are less helical (about 50%) in the same solvent. 
This difference of the helical contents might arise from the 
difference of the bulkiness in the side chain. 

Solvent induced transition. Figure 1 shows the hel ix-  
coil transition of PCLD, PCMLD, PCELD, and PCBLD in 
chloroform-DCA mixed solvents at 25°C with midpoints 
at 40, 10, 10, and 4% (v/v) DCA, respectively. Thus, the 
introduction of an alkyl group to the T-N-amino group in 
the side chain appears to weaken the helical conformation 
at 25°C. For comparison, the transition points for w-N- 
carbobenzoxylated poly(basic L-amino acids) and their 
~-N-alkylated polypeptides are listed in Table 3. Less 
DCA is required to destroy the helical conformation of 
PCMLD than its isomer PCLO and PCELD than PCLL. 

Temperature induced transition. PCLO and PCLL are 
known to display an 'inverse' temperature induced transi- 
tion in mixed solvents, i.e. high temperature favours the 
helical form and low temperature the coiled form 12-ts. 
As contrasted with its higher homologues, only PCLD dis- 
plays a 'normal' temperature induced transition. This fact 
suggests that the number of methylene groups in the side 
chain markedly influences the direction of the temperature 
induced transition. As listed in Table 3, in the previous 
papers 6~ we have shown that all the e-N- and 6-N-alkylated 
polypeptides underwent an 'inverse' transition and the 
introduction of an alkyl group did not alter the direction 
of the transition. 

Methods 
O.r.d. and c.d. were measured with a Jasco ORD/UV-5 

spectro-polarimeter under constant nitrogen flush. Con- 
stant temperature was maintained by circulating water or 
ethanol (cooled by dry ice) through the jacket of  a specially 
designed cell holder from a Haake constant temperature 
bath. The temperature of the solution in the cell was mea- 
sured on a Takara thermistor. The experimental data were 
expressed in terms of specific rotation [a] or reduced mean 
residue rotation [m'] (degree cm2/dmol) for o.r.d, and 
mean residue ellipticity [0] (degree cm2/dmol) for c.d. 
The refractive indexes of  the chloroform-DCA and water-  
methanol mixtures were assumed to be the average of sol- 
vent composition of that of each solvent. 

The intrinsic viscosities were measured in DCA at 25°C 
using an Ubbelohde viscometer. The molecular weights 
were estimated from an empirical equation logDP = 
1,47 log [~7] + 2 99, in DCA at 25°C for e-N-carbobenzo- 
xylated polylysine 4 and listed in Table 1. 

Table2 Valuesof  [m~]233, ao, andboforPCLD, PCMLD, PCELD, 
and PCBLD in various solvents at 25°C 

Polymer Solvent 

[m'] 233 ao bo 
(degree {degree (de~ree 
cm2/ cm2/ cm'l 
dmol) drool) drool) 

PCLD* Chloroform-- 
DCA(95:5 v/v) 
DCA 

PCMLD Dioxane 
Chloroform 
DCA 

PCELD Dioxane 
Chloroform 
DCA 

PCBLD Dioxane 
Chloroform 
DCA 

- -12800 
- -11100 

--5700 
--5500 

--6200 
-6000 

50 --400 

--260 0 

30 --570 
--30 --440 

-430 25 
20 --260 

0 --240 
--240 15 

10 --250 
--10 --200 

- 3 7 0  ~10  

* Insoluble in dioxane or chloroform 

POLYMER, 1976, Vol 17, May 431 



Poly(~, "f-diaminobutyric acid) derivatives: Hiroyuk i Yamamoto 

- 5 0 0  

-30C 

o 

ocl  

x~ x 

\ 

I00 ' = ' 

0 

I I i I I I 

4 0  80  

Dichloroocctic acid in chloroform (O/o) 

Figure I Helix-coil transition of PCLD (x); PCMLD (o); PCELD 
(e) and PCBLD ([3) in chloroform--DCA mixtures at 25°C 

One of the interests of the present study is whether a 
~,-N-alkyl group alters the direction or not. Figure 2 shows 
the temperature dependence of the rotation for PCMLD, 
PCELD, and PCBLD in the transition region (Figure 1) 
with 11, 11, and 5% DCA, respectively. At high tempera- 
ture the three polypeptides decreased the negative rotation. 
Since [a] 450 were smaller negative values (in magnitude) 
for the helical form than for the coiled form, PCMLD, 
PCELD, and PCBLD underwent an 'inverse' temperature 
induced transition. Thus, as contrasted with their w-N- 
alkylated derivatives of PCLL and PCLO, the 7-N-alkylated 
derivatives of PCLD alter the direction of the transition 
from a 'normal' to an 'inverse'. 

Poly(~/-N-alkyl-L-a, ~/-diaminobutyric acids) 
Conformation. PLD, PMLD, and PELD are soluble in water, 

0.1 M sodium chloride solution, and up to 95:5 (v/v) metha- 
nol-water at all pH. PBLD hydrobromide is insoluble in 
water; below pH 7, however, it can be solubilized in 0.1 M 
sodium chloride solution by heating at 50°C (concentra- 
tion less than 0.05%). Table 4 lists the [m'] 233 values for 
the four polypeptides. The positions and the magnitudes 
of the trough suggested that the uncharged polypeptides 
(except PBLD) at pH 12 were within a few per cent of 
helix and the charged polypeptides at pH 3 were in a 
coiled conformation (see also Figure 5). 

et al. 

Charge induced transition. Figure 3 shows the changes in 
optical rotations at 233 nm with pH for the four polypep- 
tides in 0.1 M sodium chloride solution at 25°C. PLD, 
PMLD, and PELD did not undergo a sharp charge induced 
coil-to-helix transition and judging from the magnitudes of 
[m'] 233 the three polypeptides showed a very slight change 
from a random coil to within a few per cent of helix even 
at p,H 12. At pH 12, unlike PLL (completely a-helical with 
[m ] 233 = -12  000 to ~ - 1 4  7001J6), its isomer PELD had 
a [m'] 233 = -2050 and, unlike PLO (25 to ~35% helical 
with [m'] 233 -- -5400 to ~-67001'3), its isomer PMLD a 
[m'] 233 = -3400.  Thus, the conformation of PMLD or 
PELD differs completely from that of its isomer PLO or 
PLL. It is difficult to explain why PELD is less helical than 
PMLD, which has one less methylene group in the side 
chain than the former. 

PBLD showed a marked tendency to increase its rotation 
but, because of its poor solubility, no data were obtained 
above pH 7. 

Solventinduced transition. Figure 4 and Table 4 show the 
[m'] 233 values for PLD, PMLD, PELD, and PBLD in mixed 
solvents of water and methanol at pHapp 3 and pHapp 12. 
At pHapp 3 the coil-to-helix transition of charged four poly- 
peptides began sharply at ~70 to ~75% (v/v) methanol 
content. The four polypeptides became completely helical 

O 

o 
, ¢  

-4C 

- 8 0  

o 

[1 

-120 ' ' ' ' L , 

- 2 0  0 2 0  4O 

TCrnpcratur¢ (oc) 

Figure 2 Change in optical rotation with temperature for PCMLD 
(O); PCELD ( I )  and PCBLD (B) in the coil-to-helix transition region 
in chloroform--DCA mixtures. DCA concentration: 11% for PCMLD, 
11% for PCELD and 5% for PCBLD 

Table 3 Temperature induced helix--coil transition of poly(basic amino acids) in mixed organic solvents 

Solvent transition, Direction of 
Polypeptide Side chain % DCA in chloroform transition Reference 

PCLD ZNH(CH2) 2 -  51, 40 Normal 12--14 
PCM LD ZN (CH 3) (CH2)2-- 10 I nverse present paper 
PCE LD ZN(C2H s) (CH 2)2-- 10 I nverse present paper 
PCBLD ZN (C~H 7) (CH 2)2-- 4 Inverse present paper 

PCLO ZNH(CH2) 3 -  35, 38 Inverse 12, 13 
PCMLO ZN(CH3)(CH2) 3 -  12 Inverse 6 
PCELO ZN(C2Hs)(CH2)a - 30 Inverse 6 
PCBLO ZN(CTH*/)(CH2) 3 -  12 Inverse 8 

PCLL ZNH(CH2) 4 -  37 Inverse 15 
PCMLL ZN(CH3)(CH2) 4 -  10 Inverse 6 
PCBLL ZN(C./HT)(CH2) 4 -  8 Inverse 8 
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Table 4 Values of [m'] 233 for PLD, PMLD, PELD, and PBLD at 25°C 

PLD PMLD PELD PBLD 

pH 3 12 3 12 3 12 3 7 

I n water* 

--1400 --2300 --1270 --3400 --1270 --2050 --20 

In 90N95% methanol: 

--11 000 --11 000 --12 100 --12 200 --11 600 --11 800 --12 300 

--720 

* In 0.1 M sodium chloride solution 

- 3 0 0 0  

-2000 

('4 

- IOOC 

I 

C2 6 IO 

pH 

Figure 3 Change in optical rotation with pH for PLD (x); PMLD 
(O); PELD (O) and PBLD (13) in 0.1 M sodium chloride solution at 
25 ° C 
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Figure 5 C.d. spectra of (a), PLD and (b), PMLD in aqueous solu- 
tion at indicated pH and temperature: random coil ( . . . .  ), at 
pH 3 and 25°C; partial helix ( ), at pH 12 and 25°C; partial 
helix ( . . . .  ), at pH 12 and 4°C 

with [m'] 233 = -11  000 to ~ - 1 2  300 in 90 to ~95% meth- 
anol at 25°C, showing no racemization during the synthe- 
ses. At pHap p 12 the partly ordered structure-to-helix 
transition of uncharged PLD, PMLD, and PELD began 
broadly at about 40% methanol. Since the three polypep- 
tides are partially helical even in zero methanol content, 
the transition is not sharp. At above 80% methanol con- 
tent, the polypeptides would have been in the helical con- 
formation over the entire range of pH. Such was the case 

of PLL in 95% methanol or 76% 2-propanol ~7'1s and poly(6- 
N-benzyl-L-ornithine) in 90% 1-propanol 8. 

Temperature induced transition. The [0 ] in Figure 5 shows 
the temperature dependence of the ellipticity for PLD and 
PMLD. Lowering the temperature from 25 ° to 4°C, en- 
hanced the helicities of PLD and PMLD; PLD, [0] 220 = 
-2800  (25°C) and - 1 0  000 (4°C), and PMLD, [0] 220 = 
-3100  (25°C) and - 1 2  300 (4°C). In analogy to protein 
denaturation, both PLD and PMLD became helical at low 
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temperature and disordered at high temperature.  PLL and 2 
PLO showed also the same tendency 1. 

3 To summarize, three kinds of  new poly(7-N-alkyl-L-a, 4 
7-diaminobutyric acids) and their carbobenzoxylated deri- 
vatives were synthesized and the effect of  the side chain 5 
was investigated. PCLD and PCMLD fold a complete helix 
in organic solvents, while PCELD and PCBLD, which have 6 7 
the bulkier alkyl groups, fold a partial helix. The three 8 
carbobenzoxylated 7-N-alkyl polypeptides alter the direc- 
tion of  the temperature induced transition from a 'normal '  9 
to an 'inverse'. The water-soluble polypeptides,  PMLD and 

10 
PELD, undergo a helix-coil transition slightly by increasing 11 
the pH of  the solution. PMLD, an isomer of  PLO, or PELD, 
that of  PLL, behaves like PLD rather than PLO or PLL 12 
showing no increased alkyl effect. This suggests that the 
helical stability depends not  only on the total number of  13 14 
methylene group in the side chain, but also on the steric 
arrangement of  alkyl group around the w-amino or imino 15 
group. 

16 
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Response of macromolecular structure to 
shear gradients 

B. Hlavacek and H. P. Schreiber 
Department of Chemical Engineering, Ecole Polytechnique, Montreal, Canada 
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The response of macromolecular structure to increasing shear gradients is considered. It is suggested 
that the coiled configuration, characteristic of the macromolecule at zero shear gradient, persists far 
into the region of non-linear viscous response. The increase in recoverable shear, normal stress and 
related parameters of elastic response in this range of shear gradients is attributed to shifts in the 
orientation of the principal stress axis, the polymer coil remaining characterized by the gyration 
radius at zero shear. Uncoiling of the macromolecule is postulated only at shear gradients greater 
than that corresponding to the onset of f low instability, such as structural turbulence. Literature 
data for a variety of polymer solutions are used to confirm the postulates of the present model. 

INTRODUCTION 

This paper presents a simple model for the behaviour of  
macromolecular fluids (solutions and melts) at high gra- 
dients of shear. The problem treated here is of  long stand- 
ing concern. The interest stems from inter-relationships 
between molecular structure and the shear response of poly- 
mer molecules and equally from phenomena such as flow 
instability or melt fracture 1, which impose high shear limits 
on the commercial processing of polymer fluids. Ram 2 has 
summarized the current situation, noting that the com- 
monest interpretations of non-Newtonian behaviour relate 
the reduction of viscosity to the gradual orientation and 
disentanglement of chain segments as the polymer chains 
deform and orient under the influence of a shear gradient. 
The concept of chain entanglement is a subtle one, how- 
ever, experimental evidence indicating 3'4 that viscous and 
elastic responses in polymers are probably due to short- 
and long-range associations owing to entanglement, 
respectively. 

Existing theories for the behaviour of  polymers in high 
shear fields generally do not differentiate between segmen- 
tal and longer-range (domain) entanglements. Among the 
most familiar of  these theories are the soft dumbbell 
approaches of Zimm 5 and Bueche 6, and non-linear visco- 
elastic flow models such as those of Meister and Biggs 7 and 
Bird and Carreau s. These latter theories particularly, differ 
substantially in their handling of the variation of entangle- 
ment density with shear gradient, yet they tend to be non- 
discriminating in their goodness-of-fit to experimental data. 
Consequently it seems reasonable to avoid the complexity 
inherent in considerations of  entanglements at the sub- 
chain (segment) level, and to attempt a rationalization of 
polymer fluid behaviour under high shear gradients via a 
simple method based on deformations at the supra-mole- 
cular level. 

THEORETICAL CONSIDERATIONS 

A convenient starting point for our argument is the as- 
sumed presence in polymers of supra-molecular structures 
of the type discussed by Busse 9, or of'viscoelastic drops', 
as introduced previously by Hlavacek et al. 10,11. In con- 
sidering the response of these large structures to shear gra- 

dients, we expect to gain information on the change with 
shear gradients of the number of interaction (entanglement) 
points at the domain level but, inherently, little detail can 
be expected about the situation at the sub-chain (segmen- 
tal) level. Since interactions at the domain level relate 
more specifically to elastic than to purely viscous proper- 
ties of  polymer fluids 3'4, it is in the former area that rele- 
vant tests of the model must be sought. 

We begin with two basic concepts: 
(a) Following Bueche 12, at zero gradient the flexible 
macromolecule is subject to Brownian movement and is 
distributed uniformly about a centre of mass. In this 
state, assuming shear-thinning characteristics, its vis- 
cosity is at a maximum, r/max, corresponding to the 
upper Newtonian limit, and a direct correlation can be 
expected between r/max and the unperturbed gyration 
radius of the unit (r-2)o. 
(b) At finite gradients in the range 0 < ~/< 1/rmax, 
where ~ is the shear rate and rmax is the maximum 
relaxation time, the polymer structure should remain 
effectively unchanged. Consequently, the existence of 
relationships is called for between the principal stress 
and the quantities, r/max ~/; G ' (~)  and G"(~), where the 
latter are the real and imaginary parts of dynamic 
moduli at rotational velocity ~ .  At gradients "~ > 1/rmax, 
we should expect variations in these three parameters. 
Introducing 0 as the angle of orientation for the princi- 

pal stress axis, and ~ = 90 - 0, the following simple expres- 
sion can be written: 

(r/max + 6r/max) X ~ cos~ = [(Pll - P22) 2 + (2P12) 2] 1/2 

(1) 

where P l l  - P22 is the normal stress. Equation (1) is 
essentially a restatement of Philippoff's expression 13 to 
which the dynamic component cos ~ in the response of 
the macromolecule to the shear gradient, has been added. 

In the above equation, we note that: 

2/°11 
cos ~ = 

[ (Pl l  -P22)  2 + (2P12) 2] 1/2 
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It is surprising that for many polymer solutions at varying 
concentrations the relationship of equation (1) is well 
obeyed over 4 - 5  decades of shear m'n. 

In a majority of cases for which experimental results are 
available, simple relationships can be found between G', G" 
and Pl l  - P12 (co = 5`) and P12 (co = 5`). Consequently, we 
can rewrite equation (1) in the form: 

r/max X 5` aG" 
- - X  
F(~) [(oe 2 x G')  2 + (o~G") 2] 1/2 

= [(2~2G")2 + (2~G")21 1/2 

= [e11_-e22 1)f 
where c~ ~ 2G' =9 

(2) 

~5`) 
r/'(co = 5') (3) 

Whilst F(a) is, in principle, a weak function of? ,  we find 
for many polymers m'n that F(a) ~- a, though for lower 
molecular weight systems such as polystyrene (M ~- 104) 
and aluminium soap, F(a) = 1, i.e. the macromolecular 
structure remains virtually undeformed over the entire 
shear gradient studied. 

Further, in spite of the possible shear gradient depen- 
dence of the relationship: 

Pll_-P22)l/2 ~ r/(5`) 
2G' r/'(co = 5`) 

equations (1)-(3)  fit experimental data very well l°'n in 
the range 5  ̀> l/rmax. 

The emphasis in this paper is on the structural connota- 
tions of the above, particularly on the use of the expression: 

/ ) m a x  
r/max + Ar/max = -- (4) 

F(~) 

as a means for interpreting the shear response of viscoelas- 
tic drops or molecular domains. As noted already, r/max 
reflects the number of entanglement points per unit struc- 
ture and their distribution about a centre of mass. Further, 
according to the well-known Bueche theory 12, r/max is pro- 
portional to the molecular weight of the polymer and to a 
friction coefficient, f0, per monomer unit. Any change in 
r/max at gradients 5  ̀> 1/rma x can therefore be construed 
as a change in the effective geometry of the structure, i.e. 
with some effective value of the gyration radius, such that: 
(r-2)eff :/= (r-2)0. Restating the point, only when changes in 
r/max are observed following application of a shear gradient, 
can a corresponding change in the 'entanglement density', 
characteristic of the structure, be postulated. (We note that 
although our reference is the supra-molecular domain, an 
analogous set of statements can be made in terms of simple 
macromolecules and entanglements at the sub-chain level.) 
Experimental tests of these concepts are outlined in the 
following section. 

EXPERIMENTAL TESTS AND DISCUSSION 

Region of laminar flow 
The experimental data of Carreau and coworkers '4 and 

of others quoted by Carreau xs, were used for the present 

requirements. The former consider the behaviour, over a 
wide range of shear, of 7% aluminium laurate in decalin/m- 
cresol, (system I) and of a 2% solution of polyisobutylene 
in Primol 355 (system II) while the latter provides data for 
4% polystyrene solutions in Aroclor 1248 (system III). 

First, we consider the result of applying equation (1) to 
systems (I) and (III). The necessary parameters (r/max, 
P l l  - P22,P12, G'  and G ' )  are given by the authors 14'as, 
making feasible a calculation ofF(a)  and hence of the sum 
(r/max + At/max). For convenience of presentation, we in- 
troduce the identity 7/+ - (r/max + Ar/max), and plot log r/+/ 
r/ma x vs. log 5  ̀in Figures 1 and 2. Since both systems (I) 
and (III) satisfy the demands of equation (3), it is reason- 
able to use data in our computation from both the linear 
and non-linear range of viscoelastic behaviour. Indeed over 
the 4 decades (approximately) of 5  ̀in which laminar flow 
persists, while the net solution viscosities vary by factors of 
about 103 , it is evident that the 'structural' viscosity, r/max, 
varies by no more than a factor of 2 -3 .  Thus, only minor 
changes can have occurred in the entanglement densities at 
the segmental level, and the large responses in the observed 
viscosity, a viscoelastic property, must be due to elastic 
effects at the domain or supra-molecular level. 

We suggest that these elastic responses represent a shift 
from shear to normal stress effects as the principal stress 
axis of the flow units orients in the direction of flow. The 
situation can be inferred from a Mohr's circle argument 16. 

The instructive results of applying present concepts to 
system II, are shown as curves A and A of Figure 3. Sec- 
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tion A of the curve can be obtained by two alternative 
methods: the use of  equation (2) and G', G" data from 
the linear range of behaviour, or by using equation (1) with 
(P11 - P22) and PI2 data calculated from the expression 
given by Bird and Carreau s. It is evident that in section A 
of Figure 3, the two approaches yield equivalent results. 
Application of the Bird and Carreau expression for calcu- 
lations o fP l  1 - P22, P12, etc. in the range ~, > 3'c yields 
section A' of Figure 3. This deviates sharply from curve 
B, denoting the fact that real and calculated normal stress 
data produce very different values of 'structural' viscosity 
in the range of unstable flow. The point is discussed further 
in the following section. 

Thus, for diverse polymer solutions with highly non- 
Newtonian properties no major changes in the geometry of 
the macromolecule can be substantiated at shear gradients 
corresponding to laminar flow of the systems. For any 
individual macromolecule then, (~2)e ff ~- (~)0.  Accepting 
the fundamental evidence for rotational motion of coiled 
macromolecules under shear gradients ~74~, we suggest that 
the frequency of changes in compressional and elongational 
force fields (proportional to 50 is such as to require no sig- 
nificant change in the spacial arrangement of chain seg- 
ments populating a given domain (viscoelastic drop). 
Therefore, in 0 < # < ~c (where ~c is the shear rate for 
onset of elastic melt-fracture ~ or structural turbulence as 
defined by Ram2), we can find little reason for believing 
that individual polymer molecules uncoil, the principal 
mode of deformation residing instead at the interdomain 
level. Here, elastic energy is stored owing to the shift of 
the principal stress axis, as already noted above. 

The slight deviations from r/ma x which can be seen in 
Figures 1-3, may in fact be due to changes in the density 
of segmental entanglements. Various causes may contri- 
bute to this relatively minor effect, including the gradual 
loss of solvent from the internal volume of the coiled 
macromolecule, as ~ rises and the hydrodynamic volume of 
the coil tends to a minimum 19. 

Region of  flow instabilities 
The effects of structural turbulence 2 and elastic melt 

fracture, occurring deep in the non-linear flow regime of 
polymer solutions and melts, have been discussed fre- 
quently 1'2'7'2°. Using a notation of recoverable shear strain 
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and working with polymer melts TM, Bagley noted a dis- 
continuity in this parameter at the onset of flow turbulence 
and identified this flow defect as elastic in nature. A limit- 
ing value of recoverable shear (7 -14  units), was found to 
depend essentially on the flexibility of the macromolecular 
chain. Philippoff 21, working with polymer solutions, noted 
a similar discontinuity at the onset of turbulent flow in 
optical birefringence data and further noted a sharp in- 
crease in birefringence effects at very high shear strains. He 
attributed this feature to an uncoiling of the polymer chain. 

Significantly the correlations arising from the use of our 
equations (1)-(3)  break down for data collected in the 
shear gradient range ~ > ~c. As shown schematically in 
Figure 4, the parameters P11 - P22 and P12 have distinct 
inflection points associated with this critical value of the 
shear gradient 7,a'14,ls. Of the existing theories for flow be- 
haviour at high shear gradients, only that of Meister and 
Biggs 7 seems to have coped with this problem realistically. 
For "~ < 3~c, these authors stipulate a rotational velocity 
co = "~/2, a requirement which, they state, breaks down for 
"~ > 5'c- A fundamental change in the rotational motion of 
the system's structural units apparently occurs. In the pre- 
sent context, the data for system (II) extend into the 
appropriate range of shear rate. The requirements of equa- 
tion (3) are satisfied approximately, and equation (2) holds 
for F(a) ~- c~. This time introducing real rather than calcu- 
lated values of (/911 -P22) ,  P12 into equation (1), we now 
generate ~7 + values which are shown in Figure 3 as curve B. 

Evidently, for ~ > 5'c, a major (nearly 10-fold) increase 
in the 'structural' viscosity r/max must be taken into account 
From our previously introduced stipulates therefore, (~)cft': 
(r2)0. Where primarily elastic effects associated with defor- 
mations at the level of  domains were operative at ~, < "~c, it 
now appears that important deformations at the molecular 
level also occur, the individual macromolecules becoming 
more widely distributed about their centre of mass. We 
therefore suggest, in keeping with Philippoff's concept 21, 
that only in the region of turbulent flow does the rota- 
tional motion of macromolecules result in significant chan- 
ges of entanglement density at the level of individual chain 
segments. 

CONCLUSIONS 

(1) A simple supra-molecular domain, or viscoelastic 
drop model accounts for the behaviour of polymer fluids 
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under shear gradients extending well into the region of  
non-linear viscoelasticity. 

(2) The parameters r/max, G' and G" which characterize 
the systems in the region of  linear viscoelastic behaviour, 
vary only slightly with "~, following the correlations 
2G' ~ P l l  - P22 and G" +P12.  Only in the area of  struc- 
tural turbulence (or elastic flow instabihty) does the r/max 
value become a strong function of  ~ (>  3~c). Uncoiling of  
the molecule, or similar deformations leading to a change 
in the density of  segmental entanglements, is postulated for 
this region. 

(3) In the region of  steady, laminar shear flow, elastic 
deformations at the domain level of  associations are post- 
ulated, the number of  entanglement points on a molecular 
level being only weakly dependent, or independent of  ~. 
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Craze kinetics for PMMA in liquids 

I. D. Graham*, J. G. Williamst and E. L. Zichy$ 
(Received 9 May 1975; revised 12 January 1976) 

Observations are reported on the growth of crazes in PMMA immersed in a range of alcohols, some 
less active crazing agents and some mixtures of methanol and inactive agents. When there is substan- 
tial plasticization of the craze, the growth is adequately described by the fluid flow model. Mixtures 
are also explicable in these terms since the active agent is preferentially absorbed. For lower degrees 
of plasticization, the craze growth is small and probably relaxation controlled. 

INTRODUCTION 

Several previous papers ~-4 have described a model for the 
growth of  crazes in polymers in the presence of  plasticizing 
environments. The criteria of  craze initiation and growth 
rates were described in terms of  stress intensity factors K 
involving both stress level o and initial crack size a. The 
most recent work 4 postulates that the governing factor in 
determining growth rate is the slower either o f  the relaxa- 
tion processes o f  the polymer or the flow of  the crazing 
fluid within the porous craze structure. The nature of the 
processes involved results in the initial behaviour being flow 
controlled while subsequent growth is relaxation 
controlled 4 . 

For flow controlled growth the craze length x is given 
by: 

x = (1 ~ -  7~ n)----~o0E0 x K x t  (1) 

where P = the pressure drop within the craze; usually 
atmospheric pressure 0.1 MN/m2;/2 = fluid viscosity. The 
yield stress and modulus are described as power laws of  
time in the form: 

X may be estimated from the displacement applied at 
the craze tip: 

u = K21oE (3) 

and the original crack tip diameter do so that: 

X = 1 + u/do 

In the model described here, crazes are always f o r m e d  in 
unplasticized (and unswollen) material so that X is predeter- 
mined and so is V. It seems probable, therefore, that V 
will not change with S which will change with the fluid 
used, while A may well do so. 

For small values of  X (i.e. <2 )  we may write: 

A ~- S2/3102u/2do 

= C x u  

where 

C = $2/3102/2d0 (4) 

o = oo t - m  and E = Eot  - n  (2) 

where o0 and E0 are unit time values. 
The model proposes that the void area within the craze 

is determined by the deformation of  the ligaments between 
void sites in the craze. If  these sites have a spacing 10 and 
the craze is strained to an extension ratio X (deformed 
length/original length), then the void area is given by: 

= to  2 IX - (x) ~/2] 

The void content of  the craze is: 

V=(1 --~k -1) 

If the craze subsequently swells by a volume factor S then 
10 becomes S1/310 so that: 

A = $2/3102 [X - (X) 1/2] 

while V remains unchanged. 

* Ciba-Geigy (UK) Limited, Duxford, Cambridge, UK. 
~- Department of Mechanical Engineering, Imperial College, 
London SW7 2BX, UK. 
1: ICI Plastics Division, Welwyn Garden City, UK. 

Relaxation controlled growth has the form: 

~r K 2 
= - . ? ( 1  - m )  2 x t  2m 

x 8 o 
(5) 

Since m "" n "" 0.1 for most polymers, we expect flow con- 
trolled growth with x ~x t0.6 and relaxation control with 
x cc t02. 

The craze is modelled as a line plastic zone so that the 
length implies an average craze stress for a given length 
given by: 

a + x - cos x (6) 

so that Oc may be determined for combinations of  o, a and 
x. 

Previous work has used these models to describe the 
poly(methyl methacrylate) (PMMA)-methanol system, since 
it was convenient to use. In this work the ideas are ex- 
plored for PMMA in various liquids; i.e. several alcohols, a 
set of  relatively inactive liquids and then some mixtures of  
methanol and inert liquids. 

POLYMER, 1976, Vol 17, May 439 



Craze kinetics for PMMA in fiquids: I. D. Graham et aL 

Figure I Experimental arrangement 

EXPERIMENTAL 

The technique used has been described previously 1, and 
consisted of  loading rectangular specimens 150 × 50 × 1.6 
mm thick in dead loading machines and measuring the craze 
growth from an initial flaw inserted in the side of  the speci- 
men. The environment was applied by means of  small 
tanks made from microscope slides stuck onto the speci- 
men using silicone grease and filled with a hypodermic 
syringe. The arrangement is shown in Figure 1. Craze 
growth was measured using a travelling microscope looking 
through the tank wall and all tests were performed at 20°C 
and 50% R.H. 

The alcohol series methanol, ethanol, propanol and 
butanol, was first considered• Methanol was used originally 
because it gave a single craze with no evidence of  surface 
crazing. As the series was used, the occurrence of  surface 
crazing increased• In addition, bifurcations became more 
prevalent and of  the form, 2 for ethanol, about 5 for propa- 
nol and 10 in butanol. It was observed that in both propa- 
nol and butanol there were coloured fringes clearly visible 
in the craze indicating very thin craze material. 

All the crazes had a uniform silvery appearance and at 
low K levels growth at decreasing rates resulted in convex 
craze fronts as observed in methanol previously• At high K 
levels constant speeds could be induced with a concave 
craze front as described for methanol I and attributed to 
flow through the specimen sides. No description of  
constant speed growth will be given here other than to note 
its occurrence• 

The relatively inert liquid series used was water, ethylene 
glycol, paraffin and white spirit. The last two are mixtures 
but of sufficient industrial interest as common crazing 
agents to be included. White spirit behaved as if it were 
just further up the alcohol scale than butanol giving 10 
bifurcations and surface crazing. The other liquids all gave 
considerable bifurcation with many crazes formed but no 
evidence of  surface crazing• No constant speed growth was 
observed and fringes were seen on all crazes. 

Mixtures of  25, 50 and 75% methanol in both water and 
ethylene glycol were tested and there was a general trend 
towards the methanol behaviour as the methanol content 
increased. Constant speed behaviour was only found with 
the 25% water mixtures but with ethylene glycol, 50% mix- 

tures gave some constant speed behaviour. A notable effect 
was that all the crazes grown in mixtures had very uneven 
craze fronts and a scaly appearance as opposed to the even 
silvery appearance in pure liquids. 

VOID CONTENTS 

The void content o f  dry crazes has been measured using 
changes of  refractive index previously by Kambour s but it 
was considered reasonable to observe any variation with 
crazing liquid• The void content may be deduced by as- 
suming the Lorentz-Lorenz equation relating refractive 
index and density and if 0 is the angle of  total internal re- 
flection then the void content V is given by: 

P0 3N 1 - sin20 
v -  - -  x ( 7 )  

P O - P l  N - 1  N s i n 2 0 + 2  

where P0 = the density of  the polymer; Pl = the density 
of  the l iquid;N = the refractive index of  the polymer. The 
experimental method for determining 0 was a refinement of  
that used s and consisted of  a long thin tube, through which 
the craze was viewed, which was pivoted about an axis in 
the line of  the craze. A protractor was also mounted on the 
axis and when the tube was rotated until the illuminated 
craze was observed to go dark, the angle of  rotation could 
be measured. The test was performed by viewing the craze 
from both above and below and an average value of  0 taken. 
Loaded crazes were used in all the liquids and at various 
loading levels and no appreciable variation was found with 
an average value of  50% as given by Kambour s. This indi- 
cates a similarity in craze structure independent of environ- 
ment in accordance with the idea of  a craze formed in un- 
swollen material as mentioned previously. 

MODELLING OF CRAZE KINETICS 

In the liquids used there were clearly two types of  beha- 
viour. Water, ethylene glycol and paraffin produced very 
short crazes indicating high craze stresses and thus a low 
degree of  plasticization• When craze growth was observed, 
the time power was generally in the region 0 .2-0 .3  with 
very rapid initial growth followed by the slow relaxation 
growth indicated by these powers. Careful observation was 
necessary to detect any flow controlled growth since the 
craze lengths were short (-~20/am) and changing rapidly. 
By recording the growth on videotape it was possible to 
make some measurements and these gave approximately 
t 1/2 behaviour. The short time results, however, are not 
very accurate and should be treated with caution. 

For the remaining liquids and mixtures the craze growths 
were much larger indicating considerable plasticization and 
• 1 / 2  a e m fact very good t data w s obtain d indicating rn = n = 
0 followed by complete arrest of  the craze. Figure 2 shows 
some typical data for ethanol. This is in line with Andrews' 
observation 6 that the crazed polymer is swollen to a rub- 
bery state with heavy plasticization so eliminating any 
viscoelastic behaviour. Figure 3 shows some data for craze 
arrest lengths plotted versus stress in accordance with equa- 
tion (6) indicating good agreement with the line zone 
model. Table 1 lists the eraze stress values for the liquids 
used and suggests that a decrease of  Oc from the air value 
of  100 MN/m 2 to around 33 MN/m 2 is sufficient to pro- 
duce this effect• 
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Table 1 also gives the slopes of  the K versus x(t) 1/2 lines, 
the derived values of  C = $2/3102/2d0, equation (4), and the 
initiation value Kin, of  K. There is a clear correlation of  
Km and Oc and this is shown in Figure 4, which gives a value 
for the craze size at initiation from equation (6) of  11.5/2m 
for all fluids. This is the initial value, the condition for 
craze growth is that sufficient load must be applied to over- 
load the softened craze for new craze material to form. 
The new craze material is then plasticized further; repeti- 
tion o f  this sequence results in craze growth. 

The newly formed voids appear in unplasticized mate- 
rial ahead of  the softened craze and when C is calculated 
from equation (1), on and E0 must refer to the unplas- 
ticized material. The data in Table 1 referring to methanol 
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Figure 3 Craze arrest lengths as a function of applied stress accord- 
ing to equation (6) 

and its mixtures with water and ethylene glycol show that 
this concept is essentially valid assuming that in the mix- 
tures methanol is the more active agent and controls S giv- 
ing values of  Cbetween 2 .41-3 .15 x 10 -10 m. This indi- 
cates a practically constant material composition at the 
craze tip; by contrast the craze stress varies in tune with 
the proportion of  the ingredients of  the mixture. 

Different C values are obtained for crazing agents other 
than methanol. As a first approximation one may expect a 
variation of  C roughly parallel to the equilibrium swelling 
of  PMMA in the crazing liquid as reflected in S. This view 
finds support in the observation that the ratio of  C for the 
alcohols to C for water or hydrocarbon liquids given in 
Table 1 is about the same as the ratio o f  equilibrium swell- 
ing of  PMMA in these liquids. However, this approach fails 
on closer examination because of its inherent over- 
simplification. 

Table 1 Craze stress values for liquids used 

Oc K/x/ ( t l  1/2 X 103 K m # C(S2/~lo2/2do ) 
Environment (MN/m 2) (MN secl/2/m 5/2 ) (MN/m3/2 ) (cP) (A) 

Methanol 7.0 6.3 0.05 0.59 2.71 
Ethanol 5.2 6.5 0.02 1.22 5.19 
Propanol 5.3 10.1 0.01 2.95 3.96 
Butanol 9.6 9.6 0.07 2.95 5.73 

Water 86.4 41.1 0.40 1.00 0.11 
Ethylene glycol 35.3 43.4 0.14 19.70 1.90 
White spirit 15.2 28.9 0.09 0.87 0.29 
Paraffin 40.8 37.2 0.22 1.16 0.15 
Water/Methanol: 

0.75:0.25 31.4 9.7 0.17 1.54 2.96 
0.50:0.50 22.0 10.5 0.15 1.76 2.86 
0.25:0.75 14.9 8.7 0.12 1.33 3.15 

Ethylene glycol/methanol: 
0.75:0.25 24.6 21.3 0.12 7.33 2.93 
0.50:0.50 16.2 15.7 0.09 3.38 2.41 
0.25:0.75 9.7 9.6 0.06 1.29 2.58 

Air 100.0 -- 0.70 
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alcohols would be pointless. We have to limit ourselves to 
the first approximation, i.e. that C is broadly parallel to 
equilibrium swelling, if liquids are compared in which the 
equilibrium swelling of PMMA shows great differences. 

The mechanical model used in fracture mechanics served 
us well in explaining craze propagation as long as one single 
crazing agent or a mixture of this agent with much less ac- 
tive liquids was used. The experiments reported here have 
shown that the material constant C is not a parameter 
characteristic of the polymer alone, but of the polymer 
liquid system. Fracture mechanics is not the framework in 
which the interaction of a polymer with different liquids 
can be discussed. 
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Figure 4 Correlation of initiation K and craze stress 
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Polymers made up of ester groups along a hydrocarbon 
chain are essentially amphiphilic, they can react with liquids 
by hydrogen bonding at the ester-oxygen functions or by 
van der Waals forces along the hydrocarbon chain. PMMA 
is a good example of such behaviour as shown by the variety 
of liquids which can cause crazing and swelling. For exam- 
ple, H-bonding alcohols as well as hydrocarbons like paraf- 
fin and white spirit, which interact by van der Waals forces 
alone. The effect of the two interactions on the structure 
of the swollen polymer is not expected to be the same, be- 
cause they affect different parts of the molecule. This dif- 
ferentiation should manifest itself especially clearly in the 
series of the lower alcohols, because of the gradual change 
of the balance between H-bonding and van der Waals 
interactions. 

One sees accordingly considerable variations in C with 
the four lower alcohols. It is probably significant that the 
variations do not follow the sequence of the number of 
carbon atoms. Clearly we do not have a sufficiently de- 
tailed understanding of the polymer-liquid interactions 
taking place in these systems, nor of the influence on those 
of stress and strain. Without this knowledge any further 
discussion of the observed variations of C with the different 

CONCLUSIONS 

The use of liquids of various degrees of plasticization capa- 
city has shown that provided there is a sufficient reduction 
in the craze stress (to about 1/3) then the fluid flow model 
is an adequate description of the behaviour. For mixtures 
of active and inactive liquids preferential absorption takes 
place of the active one. Thus there is good consistency for 
methanol and its mixtures. For other alcohols there is very 
similar behaviour but a difference in void spacing is appa- 
rent and this seems likely to be due to differences in swell- 
ing behaviour. The evidence of craze stresses and initiation 
behaviour is strong support for the concept that already 
formed crazes are softened by the liquids and that this leads 
to propagation. 

For liquids which are less active in plasticizing the craze 
the experiments are difficult to perform because the crazes 
are very short. The growth curves are not, in general, t 1/2 
and are probabl2( relaxation controlled. The few values 
obtained for t l/z data indicate low values of void size con- 
sistent with low swelling as expected but the data are far 
from conclusive. 
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Melting of polymers in narrow annular shear 
devices 
B. Yi and R. T. Fenner 
Department of Mechanical Engineering, Imperial College of Science and Technology, London 
SW7 2BX, UK 
(Received 24 July 1975; revised 31 December 1975) 

The melting process of a compacted solid bed of polymer forced through a narrow annular shear cell 
has been investigated. This melting device is used in a continuous ram extruder 1, where melting rates 
are independent of throughput rates and are governed mainly by the tangential shear rates and heat 
conducted from surrounding walls. Theoretical results show that increasing shear rates promotes 
faster melting, but the rate at which melting accelerates slows down significantly at excessive shear 
rates. This is due to the reduction in polymer melt viscosity as shear rates and temperature increase 
in the melt f i lm where most of the energy for melting is generated by viscous dissipation. A compari- 
son with melting in a single screw extruder of similar size and capacity indicates that the present de- 
vice may have superior performance. 

INTRODUCTION 

Polymers supplied to the processing industry are generally 
in the form of small particles. To manufacture the pro- 
ducts, the polymer is first melted, then shaped and finally 
solidified. Screw extruders and screw plasticating units are 
the most commonly used devices for melting. The mecha- 
nism of melting in screw devices has been extensively stu- 
died 2 and under certain circumstances the process becomes 
unstable 3. Screw extruders also act as melt conveyors. 
This pumping and the melting functions are interdependent 
to such an extent that often one of these functions is sacri- 
ficed for the other in commercial production. 

A continuous ram extruder has been described by the 
authors ~ where a different method of melting and pumping 
polymers is employed in which these two functions can be 
made virtually independent of each other. The purpose of 
such a development was to provide a more flexible and ver- 
satile extruder, to overcome one of the major disadvantages 
of screw extruders. The technique relied on a positive ram 
conveying system for forcing material continuously through 
a narrow annular shear cell formed by an externally heated 
barrel with a concentric plasticating shaft rotating inside. 
The material was melted by the shear action of the shaft 
and heat supplied through the barrel. The plasticating 
action was controlled independently of the pumping system 
by adjusting the barrel wall temperature and the shaft 
speed. 

A theoretical analysis of the melting process described 
above is developed here as a design tool with the aim of 
predicting the length of the shear cell necessary for melting 
completely the solid polymer pumped through. The theo- 
retical model is also used for studying the effects of operat- 
ing conditions on melting. It can be used for studying 
melting of polymers in any similar device using the same 
principle, 

MELTING MECHANISM 

Figure 1 shows a sectional view of the annular shear cell 
made up to the barrel with the rotating shaft inside form- 
ing a narrow annular channel. The solid polymer bed for- 

med by compacted small particles is forced through the 
cell by an axial pressure gradient, and as it moves from left 
to right in the diagram, melt films are formed at the sur- 
faces of  contact with the barrel (which is heated) and the 
plasticating shaft. Melting is initiated by heat conducted 
through the barrel wall and heat generated by friction of 
solid polymer against the metal walls. Once the Fdms have 
formed, their thicknesses increase as a result of further 
material melting off by heat conduction across and viscous 
dissipation in the melt, particularly in the Film adjacent to 
the shaft. The molten polymer is conveyed downstream by 
the dragging action of the solid bed and also by pressure 
gradient in the polymer melts. 

ASSUMPTIONS 

To reduce the complexity of the problem, a rectangular 
coordinate system is used to describe the geometry rather 

Figure I Annular shear cell 
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Barrel 

a n  

vY2 1/~2 

Shaft 

Figure 2 Rectangular geometry considered in theoretical model 

_ AE 1 = X + cs(Tr n -- Ts) + Crn(T1 - Tin) 

than the more natural cylindrical coordinate system. The 
annulus is therefore regarded as a rectangular slit and the 
flow confined between two fiat plates. This assumption 
is reasonable and errors are small provided the annulus is 
narrow, that is hiD ~ 1, where D is the internal barrel and 
h is the annular gap. 

Figure 2 shows the geometry considered, in which the 
rotational speed of the shaft is replaced by an equivalent 
velocity Vx, in the x-direction (perpendicular to the plane 
of the diagram), for the lower plate. 

In addition the following assumptions are made: (a) a 
steady state melting process prevails; (b) the polymer has a 
sharp melting point and linear relationships between enthalpy 
and temperature in the solid and the melt phases; (c) mate- 
rial properties other than viscosity are independent of tem- 
peratures and pressure; (d) the polymer melt is represented 
by a 'power-law' fluid constitutive equation with tempera- 
ture dependent viscosity; (e) pressure varies in the down- 
stream direction only and is therefore uniform across any 
downstream section; (f) the solid bed is assumed to be rigid 
enough to withstand shearing forces and moves as a plug in 
the downstream direction without rotating (it is, however, 
allowed to deform freely in the downstream direction). 
This assumption was later confirmed on the prototype con- 
tinuous ram extruder to be valid a. 

MATHEMATICAL MODEL 

Considering a spatial element of infinitesimal length 5z, con- 
servation of mass in the film adjacent to the barrel requires 
that: 

[ (</ ] drn l_  C km - k s  (1) 

02 ~ -  ~ 1 ]  Yl=0 ~aYs] Ys=Hs 

and for the film adjacent to the shaft: 

[ (</ (</ ] drn 2 _ C km + ks (2) 
dz AE 2 ~ay2] y2=0 ~ Y s  J ys=O 

where ,/3,E 1 and AE2 are the changes in enthalpy given by: 

~ 2  = x + e,(7",n - ~ )  + Cm(T2 - r m )  

Overall mass continuity requires that: 

M-&l-&2-&s=0 (3) 

The model is then completed by an equation expressing 
the equilibrium of forces acting in the z-direction on the 
solid bed: 

do 
r l  + r2 + "-- Hs = 0 (4) 

dz 

Equations (1) to (4) describe the melting process. An 
additional set of secondary equations must also be solved 
to provide values for the terms appearing in equations (1) 
to (4). 

The temperature gradients are obtained from the tem- 
perature distribution in the material which for the melt 
films are given by (neglecting conduction in z-direction): 

~T O2T dvz dv x 
PmCmVz -~g = k m 0y2-- + ryz -~y + TxY dy-- (5) 

The shear stresses and the velocity gradients in equation 
(5) are given by the equations of motion: 

d( l 
"dy/  =° 

d [ dvz~  dp 
~ P~ (6) 

where: 

la = pOll(dvz/dy) 2 + (dvx/dy)2]ll2/70[n-I x 

exp [ - b ( T -  T0)] 

Note that no subscript I or 2 has been used in equations 
(5) and (6) as they apply to both melt films. The initial 
and boundary conditions for these equations are (with the 
appropriate subscripts): 

(a) for the film adjacent to the barrel: 

Tl(Yl, 0) = TI*{Yl) 

TI(0 , z) = Tm 

TI(H1, z) = Tb(z ) 

vxl(Yl)  = vzl(H1) = 0 

Vz,(0) = V,~ 

(b) for the film adjacent to the shaft: 

T20"2, 0) = T2*(Y2) 

/2(0, z) = Tm 
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a T2(H2, z) 
- 0 (see footnote) 

ay2 

Vx2(O) = Vz2(H2) = 0 

vx2(n) = v x  

Vz2(O) = Vsz 

The temperature distribution in the solid bed is given by: 

PsCsVsz ~Ts - k ~2Ts 
a~- - s ays2 (7) 

with 

rLvs, O) = r*(ys)  

Ts(0, z) = Ts(H s, z) = rm 

The solution of equations (5) to (7) provides the tem- 
perature and velocity profiles in the material. From the 
velocity profiles in the melt films, the flow rates are ob- 
tained as: 

Hi 

tni= PmC I vzidyi (8) 
i ¢  

0 

and the shear stresses: 

(dvzil (9) 

ri = lai ~ dy i ] Yi =0 

Noting that Vzi depends on Vsz, Pz and Hi, equations (8) 
and (9) may be expressed as: 

rhi = rhi(Vsz, Pz, Hi) ( 1 0 )  

and 

ri= 7-i(Vsz, Pz, Hi) (11) 

In equations (8) to (1 1), i = 1 and 2 respectively for the 
melt film adjacent to the barrel and to the shaft. 

METHOD OF SOLUTION 

Using equations (10) and (11), equations (3) and (4) are 
expressed as: 

fl(Vsz, Pz, H1, H2) = 0 (12) 

The thermal  boundary  condit ion at Y2 = H2 is difficult to estabfish 
without  a complete  analysis of  the mO.t/metal heat  transfer coup- 
ling effect. The condit ion used is: 

a T2(H2. z) 
=0 

bY2 

which has been shown to be a valid assumpt ion  by Martin s for 
Newtonian flows with the geometry  and conditions considered in 
the present work. 
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and 

f2(Vsz, Pz, H1, H2) = 0 (13) 

If, in addition to M, rh 1 and rn 2 are also known, then a 
set of values of the variables Vsz, Pz, H1 and H2 can be 
found to satisfy equations (12), (13) and: 

ml = rhl(Vsz, Pz, H1) (14) 

and 

in2 = rn2( Vsz, Pz, H2) (15) 

which come from equation (I0)  with i = 1 and 2. 
An iterative procedure was used for calculating the 

values of Vsz, Pz, H1 and H2. At the start of the solution, 
values for rnl and//72 were assumed. These were typically 
of the order of rh ~ 0.001 3;/. 

Having obtained the solution of equations (12) to (15) 
which also gives the solution of equations (6), the bulk 
mean temperatures in the expressions for AE are obtained 
as: 

H 

f vzTdy 
~= 0 

H 

f vzdy 

0 
The temperature gradients are evaluated from the ini- 

tially specified temperature profiles T* and hence equa- 
tions (1) and (2) integrated numerically to give a new set 
of  values for rhl and rn2 at a suitably small ~z increment. 
The parabolic equations (5) and (7) are then solved using 
a finite-difference method and hence the temperature pro- 
files at the same axial location are obtained. A new set of 
values of Vsz, Pz, H1 and H2 is calculated and the proce- 
dure is repeated until the material is completely molten 
when Hs = O. 

Starting conditions are somewhat difficult to define 
because at the initiation of melting, a different mechanism 
operates. The melt formed does not accumulate into a 
film until it has filled the gaps in the layers of  the solid bed 
near the barrel and shaft. The values ofrh ~- 0.001 h;/for 
starting were found to work well with the method of solu- 
tion used. In fact, the general results are little affected by 
the initial values for rh provided these are kept relatively 
small, which they are in reality when the melting mecha- 
nism studied begins to function. 

The initial temperature profiles assumed in the melt 
films were: 

where, for the film adjacent to the barrel: 

Tr= Tb and Vr 2= Vs2z 

and for the film adjacent to the shaft: 

T~= 
2km 

+ Tm and Vr2 = + 
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Table I Material properties for low density polyethylene 

Material property Value 

b 0.0054 
c m 2428 (J/kg °C) 
c s 2512 (J/kg °C) 
k m 0.268 (J/msec °C) 
k s 0.268 (J/msec °C) 
n 0.423 
To 145°C 
"yo 1 s e c  - 1  

h. 209.35 X 103 (J/kg) 
/ZO 6274 (N sec/m 2) 
Pm 780 (kg/m 3) 
Ps 880 (kg/m 3) 

rr¢l 

Shaft  
, , ~ 

0 I 0 0  2 0 0  3 0 

z (mm)- 

Figure 3 Solid bed profile for M = 20 kg/h, T b = 200°C and 
N = 120 rev/min 

8 0  

T* is the temperature profile in the drag flow of a Newto- 
nian melt and is suitable for starting purposes. 

The initial temperature prof'de in the solid bed T* was 
assumed to be linear, varying from Ta at Ys -- Hs[2 to Tm 
at the melting interfaces. 

RESULTS 

The annular shear cell size selected for performing the cal- 
culations was a 44.5 mm diameter barrel with a 3.18 mm 
annular gap. These are based on the prototype continuous 
ram extruder which has been operated successfully/. The 
material properties supplied to the computer program were 
those for a grade of granulated low density polyethylene, 
and are given in Table 1. A typical throughput rate of 20 
kg/h for this size of channel was assumed. 

Figure 3 shows the predicted profile for the solid bed 
when the shaft is rotated at 120 rpm and the barrel tem- 
perature is uniform at 200°C. At this relatively high barrel 
temperature, the contribution of heat conduction from the 
barrel to melting is as significant as the heat generated by 
the rotating shaft. Figure 4 shows the variation of the ratio 
of shaft power to the total power input (shaft power + heat 
conducted from barrel) with operating conditions. The 
curves tend to flatten out with increasing shaft speed. This 
is due to the non-Newtonian nature and the temperature 
sensitivity of the polymer melt viscosity in that at higher 
shear rates and associated higher temperatures, the vis- 
cosity reduces and hence the amount of heat generated 
increases at a slower rate. Thus, for a given polymer/ma- 
chine system, there is a shaft speed above which increased 
shear rates do not lead to corresponding increases in melt- 
ing rates, and therefore resulting in little improvement to 
melting performance. 

This aspect becomes more clear in Figure 5 where the 
length of channel required for the completion of melting 
is plotted against the shaft speed. It decreases rapidly as 
speed is increased from 60 rev/min, but above 240 rev/min, 
further increase in shaft speeds produces only a minor 
reduction in the melting length. Figure 6 shows that the 
melting length increases almost linearly with output rate. 

An interesting exercise is to compare melting in the pre- 
sent situation with that occurring in a single screw plas- 
ticating extruder. Melting in the screw is inherently effi- 
cient in that the melt film across which most of the heat 
is generated and conducted for melting is kept thin by the 
continuous deformation of the solid bed of polymer. For 
this comparison, the melting model provided in ref 3 was 
used and the performance of a screw extruder of  equivalent 
physical size was simulated. Details of this extruder are 
given in Table 2. Melting was assumed to start at the begin- 
ning of the transition zone and a barrel temperature of 
200°C was assumed. To yield an output rate of 20 kg/h, 
a screw speed of 54 rev/min was selected to give a dimen- 
sionless flow rate of 0.5, which is a practical value found 
with many extruders. The dimensionless flow rate is de- 
fined as volumetric flow rate/(cross-sectional area of  screw 

A 

B 

A 

~- 6 0  

& 

-5 

4c 
t ,  
o 

0 
" 2 0  t / )  

I ~ I I I I 

0 I 0 2 4 0  360  

Shaft speed (rev/min) 
Figure 4 Variation of power consumption ratio with shaft speed 
f o r M = 2 0 k g / h .  CurveA, T b =  150°C;B ,T  b = 2 O O ° C ; C , T  b =  
250 ° C 

6 0 0  

E 

e- 

t -  

4 0 0  
o 

2 0 0  

4 0 0  

I I I I [ I 

0 120 2 4 0  3 6 0  
Shaft  speed (rcv/min)  

Figure 5 Variation of melting zone length with shaft speed for 
M =20kg /h .  CurveA, T b =  150°C;B,T  b=2OO°C;C,T b=250°C 
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Throughpu t  rate (kg /h)  

Figure 6 Variat ion of  melt ing zone length wi th  th roughput  rate. 
Curve A, T b = 200°C, N = 120 rev/min; B, T b = 250°C, N = 120 
rev/min; C, T b = 200°C, N = 240 rev/min; D, T b = 250°C, N = 
rev/min 

Table 2 Details of screw extruder  simulated 

Barrel diameter  = 44 .5  mm 
Length of feed section = 5 diameters 
Length of compression section = 5 diameters 
Length of metering section = 10 diameters 
Depth of feed section 9.5 mm 
Depth of metering section 3 .18  mm 
Radial clearance = 0 .04  mm 
Flight w id th  = 4 .45  mm 
Lead = 44 .5  mm 
Number  of  starts = 1 
Hel ix angle = 17.7 ° 
Channel w id th  = 37 .9  mm 

channel in metering zone x velocity component parallel to 
the screw flights of  barrel relative to screw). The simula- 
tion has shown that the melting process in the screw is 
likely to become unstable at an axial location of  12 dia- 
meters where about 25% of  the polymer remains unmelted. 
This instability is manifested in the breaking up of  the 
solid bed producing surges in the output rate, and is detec- 
ted in the simulation by a rapid acceleration o f  the solid bed. 

Simulation of  melting in the annular cell o f  the same 
material with Tb = 200°C,N = 54 rev/min andM = 20 kg/h, 
shows that at an axial location of about 11 diameters from 
the beginning of  melting, the polymer is completely mol- 
ten and no significant acceleration of  the solid bed occurs 
thus indicating that a stable melting process prevails. It 
should also be noted that in this case the output rate is in- 
dependent of  the shaft speed, whereas in the case o f  the 
screw extruder output rates are almost linearly proportional 
to the screw speed. The speed of 54 rev/min chosen for the 
shaft was to provide a shear rate of  the same order of  mag- 
nitude as that in the metering zone of  the comparative 
screw extruder, and is completely independent of  output 
rate. 
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The melting mechanism described operates in a limited 
number of  processing devices as yet. Basically the process 
is equally if not more efficient than melting in single screw 
extruders and should also be more stable. In addition, the 
independence of  melting rates from throughput rates adds 
considerable flexibility to the process. As a consequence, 
it is envisaged that wider application of  this method will be 
found in the processing industry. 

b 
Cm, Cs 
C 
D 

f l ,  f2 
h 
H 
kin, ks 
m 

n 

N 
P 
ez 
T 
T, 
Tm 
TO 
Tr 
T* 

Vx, Vz 
Vsz 
Wz 
x, y ,  z 

70 
~ E  
X 

P 
gO 
Pm, Ps 
T 

Txy, ryz 

NOMENCLATURE 

,temperature coefficient of  viscosity 
specific heats of  melt and solid 
mean circumference of  annulus 
diameter of  barrel 
functions in equations (12) and (13) 
annular gap size 
thickness of  material 
thermal conductivities of  melt and solid 
mass flow rate 
overall throughput rate 
power law index 
shaft speed 
pressure 
pressure gradient 
temperature in material 
ambient temperature 
melting point o f  polymer 
reference temperature 
temperature used in specifying T* 
initial temperature prof'fle 
bulk mean temperature 
velocities in x and z directions 
solid bed velocity 
velocity of  shaft 
rectangular coordinates 
reference shear rate 
change in enthalpy 
latent heat o f  fusion 
viscosity 
mean viscosity 
effective viscosity at 3'0 and TO 
densities of  melt and solid 
shear stress at melting interface 
transverse and downstream shear stresses 

Subscripts 

1 variables related to melt film adjacent to barrel 
2 variables related to melt film adjacent to shaft 
s variables related to the solid bed 
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CONCLUSIONS 

In this work, the melting of  a compacted bed of  polymer 
particles moving through a narrow annulus subjected to 
tangential shear was studied. The mathematical model has 
been kept as simple as possible yet  retaining the important 
features of  the process. It can be applied as a powerful 
design tool, but solutions must be obtained numerically 
on a digital computer. 
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Molecular motions and segmental size of 
vulcanized natural and acrylonitrile- 
butadiene rubbers by the spin-probe 
method 
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Nitroxide radicals were dispersed as paramagnetic probes in natural and acrylonitrile-butadiene rub- 
bers, differing in the content of combined sulphur, and their molecular motions were investigated 
through the motion of the probe inspecting e.s.r, spectra. Broad e.s.r, spectra at low temperatures 
changed into sharp ones around or above Tg of the rubbers, showing the rapid narrowing of the ex- 
treme line separation of triplet spectra. From the activation energy of the rotational motion of the 
probe, calculated from the temperature dependence of the rotational correlation frequency, it was 
deduced that the self-diffusion of the probe through polymer matrices and polymer segments had 
occurred around or above Tg. The temperature narrowing of the line separation was correlated to 
the glass transition of the rubbers and a relation between the temperature narrowing, Tg and the 
molar volume ratio of the segment to the probe on the basis of the hole theory, was proposed. From 
this theory, the size of segments of the rubbers was estimated. 

INTRODUCTION 

The spin-probe method detects molecular motions of solid 
polymers through e.s.r, spectra of paramagnetic probes 
which are usually stable nitroxide radicals embedded in 
polymer matrices. Although this method is an indirect 
observation, it has been found by Strukov 1 that e.s.r, spec- 
tra enable us to study the molecular motions of host poly- 
mers since the motion of the probe is dominated by that of 
polymer matrices. 

Further, Rabold 2 reported that this method was useful 
for characterizing polymers. Since then, studies have been 
made on the transition of rubbers 3, blend polymers 4, the 
crystallization of poly(ethylene terephthalate) s, styrene- 
butadiene block and random copolymers 6, the distribution 
and motions of probes in polymer matrices 7-9, latexes'°, 
drawing '1:2 and annealing '3 effects on polyethylene and 
the surface problem of polyethylene single crystals 14. 

In this method, two kinds of parameters have been used 
to represent the motion of the probe. One of these, for 
instance, is the correlation frequency of tumbling motion 
of the probe, which can be estimated by use of the KJvel- 
son theory 's. However, the frequency range, for which 
this theory is valid is confined to a range of 109-1011 
cycles/sec and the analysis of spectra often becomes diffi- 
cult in practice. Another parameter is the extreme line 
separation of a triplet spectra of the nitroxide radical. This 
line separation varies with the motion of the probe owing 
to the averaging of the anisotropic hyperfine interaction 
and the anisotropy of the g-value. In almost all cases this 
narrowing of the line separation takes place rapidly, and 
the temperature at which the line separation crosses 50 

* Present address: Mitsubishi J ushi Co., Hiratsuka, Japan 
"~ Present address: Bridge Stone Tire Co., Tokyo, Japan 
~t Department of Synthetic Chemistry, Faulty of Engineering, 
Kumamoto University, Kumamoto 860, Japan 

gauss is defined as T, which characterizes the polymer 
matrix 2. 

Meanwhile, the motional mode of the probe in polymer 
matrices has not yet been clarified. In many cases the 
motion has been supposed to be isotropic, but in some 
cases it is anisotropic 7. In a previous paper 14, one of the 
authors has suggested that the probe possibly jumps from 
a hole to an adjacent one in the same manner as polymer 
segments do, and this jumping might be related to the nar- 
rowing of the extreme line separation mentioned above. 
In the present study, the motional mode of the probe was 
carefully taken into consideration and a theory was given 
on the relation between the temperature narrowing of line 
separation (Tn), glass transition temperature (Tg) of poly- 
mers and the volume ratio of  the segment to the probe on 
the basis of the hole theory of the glass transition. Attempts 
were made to estimate the segmental size of the polymers. 

EXPERIMENTAL 

Materials 
Natural (NR) and acrylonitrile-butadiene (NBR, nitrile 

content 35%, Nihon Synthetic Rubber Co.) rubbers were 
chosen as materials. The vulcanizing conditions are listed 
in Table 1. The samples contain 1 wt. % of 2-mercapto- 
benzothiazole and phenyl-~-naphthylamine as vulcanizing 
accelerator and antioxidant, respectively. 

Introduction of  paramagnetic probe 
2,2,6,6-Tetramethyl-4-piperidinol-l-oxyl was employed 

as a paramagnetic probe. This was prepared as described 
in a previous paper 14. The rubber specimens were soaked 
in 0.1 wt. % of xylene solution of the probe at 20°C for 
10 h for specimens No. 1 4  and 24 h for No. 5 -7 ,  respec- 
tively. After soaking, the surface of specimens was lightly 
washed by methanol and then dried under reduced pres- 
sure for 2 - 3  weeks. 
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Table I Vulcanization conditions and sulphur content 

NR NBR 

Temper- 
ature Time S m 

No. (°C) (h) (%) 

Temper- 
S c ture Time S m S c 
(%) (°C) (h) (%) (%) 

1 140 2 2 1.1 140 2 2 2 
2 140 2 4 1.9 140 2 4 3.8 
3 140 2 8 3.2 140 2 8 7.2 
4 140 3 14 7.5 140 3 14 11.9 
5 140 4.5 20 11.2 140 4.5 20 17.5 
6 140 4.5 25 -- 140 4.5 25 -- 
7 140 4.5 32 15.1 140 4.5 32 23.4 

Sin, mixed sulphur; Sc, combined sulphur 

Measuremen ts 

E.s.r. spectra were recorded on a Nihon Denshi JES- 
3BSX e.s.r, spectrometer using X-band and 100 kHz field 
modulation. Temperature was varied from -160  ° to 100°C 
using the JES-VT-3A temperature controller and the JES- 
UCT-2A gas flow cryostat. The sample temperature was 
measured by a thermocouple inserted into a sample tube 
during the e.s.r, measurements. For exact estimation of 
theoretical correlation frequency of the probe from the 
linewidth of e.s.r, spectra, the modulation width and the 
microwave power level were carefully controlled to de- 
crease the line broadening and the power saturation, res- 
pectively, while maintaining necessary sensitivity of the 
spectrometer. 

The glass transition temperature of the samples was 
measured by the dilatometry at the rate of temperature 
elevation, 0.5°C/min. 

RESULTS AND DISCUSSION 

Line shape o f  e.s.r, spectra 

Figure 1 shows the e.s.r, spectra of NBR at various tem- 
peratures. At liquid nitrogen temperature, both NR and 
NBR show similar broad asymmetric triplet spectra caused 
by the interaction of an unpaired electron with a nitrogen 
atom, the broad line shape indicating that the probe is in 
a rigid matrix. These broad spectra change into sharp ones 
with narrower line separation with increasing temperature, 
indicating that the probes begin to move at higher tem- 
peratures. A small subsplitting appears at around -90°C,  
increasing in intensity as temperature is increased for both 
NR and NBR. This aspect seems to be superposition of 
two kinds of spectra with broad and narrow line separation. 
The broad spectral component narrows almost simulta- 
neously with increase in intensity of the narrow compo- 
nent, and the spectral shape finally changes into a sharp 
triplet. 

This multiplicity of spectra has already been interpreted 
in two ways as described before 14. One of them is the 
superposition of a broad and a narrow spectra caused by 
the inhomogeneity of fine structure of a matrix. Another 
may intrinsically occur by the partial averaging of aniso- 
tropic hyperfine interaction and g-value in an intermediate 
frequency range 16. As far as the present data are concerned 
at least the former case may be conceivable since the effect 
of fine structure of  the polymer on the spectra is observed; 
namely the higher the content of combined sulphur of the 
samples the clearer the separation of two peaks in the inter- 
mediate temperature becomes, as shown for NR in Figure 2. 

D 

C 

A 

Figure 1 E.s.r. spectra of NBR at various temperatures: A, 75°C; 
B, 25°C; C, -20°C;  D, -90°C;  E, -180°C 

A 

B 

C 

Figure 2 E.s.r. spectra of NR at around T n. A, S c = 1.1% at 16°C; 
B,S c = 7.5% at 25°C; C,S c = 15.1% at 33°C 
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Figure 3 Temperature dependence of line separation for NBR. 
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Moreover, it has been reported ~7 that vulcanized cis-l,4- 
polybutadiene rubber showed the increase of microstruc- 
tural inhomogeneity with increasing sulphur content. The 
increase in the peak separation with increasing combined 
sulphur content may be similarly related. 

Variation o f  extreme line separation with temperature 
It has been proposed as mentioned before, that extreme 

line separation of a triplet pattern, I¢, can be used as a mea- 
sure of the motion of the probe. Figure 3 shows the varia- 
tion of W with temperature for NBR samples. The line 
separation is about 69 gauss at liquid nitrogen temperature 
and shows rapid narrowing above the glass transition. Since 
the spectra show a complex pattern, the Figure shows the 
line separation of two components. The temperature differ- 
ence of the two narrowing temperatures is found to increase 
with increase in the content of combined sulphur in accor- 
dance with the increasing double peak separation (Figure 2). 

For convenience, the average temperature narrowing at 
which the intensity of the two peaks becomes equal as 
shown in Figure 2 is taken as the temperature narrowing, 
Tn. The relation between Tn and Tg is shown in Figure 4, 
indicating a correlation between T n and Tg. Tn is found to 
increase with increasing Tg. From these curves it can be 
deduced that Tn will coincide with Tg at 34°C for NR and 
28°C for NBR, respectively, and Tn exceeds T x above 23°C 
for NBR. These relations between Tn and Tg will be dis- 
cussed later. 

Correlation frequency o f  tumbling motion o f  probes 
When temperature is increased to cause enough sharpen- 

ing of the line width, the correlation time of isotropic tum- 
bling motion of the probe can be calculated using the 
Kivelson theory TM viz.: 

r c = Wo[(ho/hl) 1/2 - (ho/h_l) 1/2] C (1) 

T c = Wo[(ho/hl) 1/2 + (ho/h_l) 1/2 - 2] C' (2) 

where W 0 is the maximum slope line width of central peak 
of the three line spectrum, h is the peak height, whose 
subscript represents the nuclear quantum number of nitro- 
gen atom, C and C' are constants determined by experi- 
mental conditions such as the hyperfine interaction charac- 
teristic of the probe and the magnitude of a static magnetic 
field. These equations are mathematically equal, but accu- 
racy in employment has been discussed by Strukov 1. In 
this theory the rate conditions mentioned in a previous 
paper 14 must be fulfilled. 

Figure 5 shows the plots of the logarithmic correlation 
frequency (1/rc) versus the reciprocal of observation tem- 
perature. The correlation frequency increases with increas- 
ing combined sulphur content over the whole temperature 
range indicating that the polymer matrix is immobilized by 
the increase of combined sulphur. Slight upward departure 
in the frequency from the linear plot at low temperatures 
is found for NR samples with low sulphur content (No. 
1-3),  and progressive decrease in the frequency at higher 
temperatures is seen also for NR samples with high sulphur 
content (No. 5-7) .  

On the other hand, for NBR the upward departure can 
be found and, in turn, a progressive decrease at higher tem- 
peratures is seen for all samples. The decrease becomes 
larger with increasing sulphur content. 

The activation energy of the motion of the probe is cal- 
culated by the equation: 

E = R dln(1/rc)/d(1 / T) (3) 

The linear parts of the curves of Figure 5 are shown in 
Table 2. 

For NR samples which show two linear relations, the 
activation energy at higher, El,  and lower temperatures, 
E2 were estimated. The values of E1 and E2 are comparable 
to those of bulk polyethylene 13, although much higher than 
those estimated from the Arrhenius plots of the lower tem- 
perature region of polyethylene single crystals ~4. 

As has been suggested in a previous paper 14, this rela- 
tively large activation energy E2 may possibly be associated 
with the jumping mode of the probe into adjacent holes. 
Andrew ~s has shown by the measurements of second mo- 
ment of wideline n.m.r, that cyclohexane molecules begin 
to diffuse through the crystal lattice between -53  ° and 
-33°C. In this case, the activation energy of molecular 
motion was estimated as 8 kcal/mol, which is supposed to 
be two-thirds of the lattice energy, suggesting the occur- 
rence of the self-diffusion of cyclohexane molecules. This 
explanation provides a valuable indication of the existence 
of the self-diffusion of the probe in the rubbers. The value 
of 9-11 kcal/mol in the present study and the fact that the 
activation energy is almost independent of the sulphur 
content, implies that the probe is not restricted in a local 
potential barrier in a polymer matrix so-called cavity model 
but diffuses through polymer matrix. 

At low temperatures the probe is in a rigid state and 
begins restricted rotational oscillation, and then free rota- 
tion as the temperature increases. The rotational oscilla- 
tion and the free rotation may possibly average out the 
anisotropic hyperfine interaction and g-value, causing the 
narrowing of the line separation until the self-diffusion 
takes place. However, appearance of the narrowing de- 
pends on the rotational frequency of the probe, the narrow- 
ing being recognized only when the frequency exceeds the 
e.s.r, frequency of 107-a cycles/sec. Since the motional 
mode of the probe and its frequency depends on the na- 
ture of the probe such as size, shape and the aspect of 
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energies below 6 kcal/mol obtained for the low tempera- 
ture region in polyethylene la'14 may be associated with this 
mode. 

In the present study, the appearance of the break point 
around 50°C in the Arrhenius relations in Figure 5a sug- 
gests that the rotational mode of the probe is mixed and 
leads to a change in the slope of the curves in the low tem- 
perature region. 

Theoretical treatment of the relation among Tn, Tg and 
the molar volume ratio of the segment to the probe 

As has been discussed in the previous section the mo- 
tional mode of the probe in NR in the highest temperature 
range can be the self diffusion of the probe in the polymer 
matrix. Further, the correlation between Tn and Tg implies 
that this self-diffusion takes place in a similar manner to 
the segmental diffusion of the polymer above glass transition. 

In terms of the hole theory, the segments of polymer 
molecules begin to jump into adjacent holes formed by dis- 
placement of the segment and the thermal expansion of 
polymer matrix around Tg. At the same time, if the probe 
has a comparable size to a segment it will jump into an 
adjacent hole as well as the polymer segment. According 
to the theory by Bueche 19 let us consider a polymeric sys- 
tem which consists of polymer molecules with n segments, 
probes and the free volume, F/as shown in Figure 6. F/is 
supposed to be the summation of packets with the volume 
of v f: 

Ff=n xv f  (4) 

Table 2 Activation energy of the tumbling motion of the probe 

9.5 
NR 

E 1 E 2 E t for NBR 
No (kcal/mol) (kcal/mol) (kcal/mol) 

T 
L)  

9"0 

O 
_.1 

1 7.8 11 12 
2 7A 11 12 
3 7.2 10 12 
4 7.6 10 12 
5 - 10 12 
6 -- 10 10 
7 -- 9 10 

8 5  

8 .0  
2 8  3"0 3.2 3 4  

I l r x  IO 3 (K -I) 

Figure 5 Arrehnius plots of correlation frequency. (a) O, NR with 
S c = 1.1%; O, NR with S c = 1.9%; 13, NR with S c = 3.2%; B, NR 
with S c = 7.5%; A, NR with S c = 11.2%; A, NR with S m = 25%;V, 
NR with S c = 15.1%; (b) o, NBR with S c = 2%; O, NBR with S c = 
3.8%; D, NBR with S c = 7.2%; I ,  NBR with S c = 11.90/0; A, NBR 
with S c = 17.5%; A, NBR with S m = 25%;V, NBR with S c = 23.4% 

interaction with the polymer, the cause of the narrowing is 
not always the same. 

However, when the narrowing occurs by the rotational 
mode, the activation energy will be ~10 kcal/mol. The 

\ (cPZo-o i 
, ' , , , , to&%o,  

- J C  B 

Figure 6 Schematic model of jumping of probe and segment: A, 
probe (volume Vp); B, segment (volume vf); C, hole (volume 
v~ >V~n); D, hole (volume v~ > v~); E, packet (volume vf) 
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Provided that q packets are gathered to form a hole with 
the volume of @in the vicinity of a segment or probe, the 
segment or the probe will jump into this hole when v~ex- 
ceeds the activation volume for jumping, Vm* and v~, which 
are for the segment and the probe, respectively. In this sys- 
tem, the probability that q packets are gathered around a 
certain segment is given by: 

p(q)  = (1 - 1/n)n-q( l [n)q[n! /q[(n  - q)[] (5) 

This calculation is comparable to the case where a person 
throws n balls towards n boxes and has the possibility of 
getting q balls in , certain box. The ball corresponds to 
the hole and the oox to the segment. Let us consider the 
case where a few of the boxes are replaced by ones differ- 
ing in size and having q balls in one of them. This corres- 
ponds to the case where q balls are gathered around the 
probe in a polymer matrix. In this case, the difference in 
interaction between the probe and the segment and inter- 
segments is ignored. When the number of the probe is neg- 
ligibly small compared with that of segments, the prob- 
ability of q holes around the probe may approximately be 
given rewriting equation (5) as: 

p(q)  = (1 - Vp/nvm)n-q(vp/nvm)q[n![q!(n - q)!] (6) 

where vp and Vm denote the molar volume of the probe 
and the segment, respectively. In equation (5) the pos- 
sibility of a hole around a segment is I /n ,  therefore, this 
possibility is modified in equation (6) as being proportional 
to the volume ratio of the segment to the probe. 

Assuming n M q and using: 

lim ( 1  - vp/nvm)n = e x p  [-vp/nVm] 
n - ~ o o  

and 

n! /q!(n  - q)! = n(n - 1) . . . . . . . . . .  (n - q + 1)/q! ~- nq/q! 

equation (6) is rewritten as: 

p(q)  = exp [ -vp /vm]  x (vp/vm)q(1/q !) (7) 

While the gamma function F(2) is: P(n + 1) = n ! and from 
the Stifling formula: lim (n + 1) / (2mr)l /2(n/e)  n = 1. 

n ~  
Therefore, when q is not so small: 

l /q!  = (27rq) -1/2 x (q /e ) -q  (8) 

Substituting equation (7) into equation (8): 

p(q)  = (27rq)-l /2(vmq/Vp)-q x exp(q - Vp/Vm) (9) 

q = v'~vf, therefore the probability that the probe encom- 
? 

passes the free volume of v f: 

p(v'f) = (2try'f/v f ) -1 /2  exp [-(/3 + lnvm/Vp)V'dV r - Vm/Vl)] 

(10) 

where/3 = ln(v'f/vf) - 1. 
The probe jumps into the hole when @>~ vj~, therefore 

the probability is: 

f p(v'[)dv' I" ~- (const.) e xp [-(13" + lnvrn/Vp)V~/vf - Vp/Vm ] 

Vp (11) 

The jumping frequency is: 

~b = dp 0 exp [-(13" + lnvm/Vp)VJ/V f -  Vp/Vm] (12) 

The microscopic free volume vfchanges with temperature 
above Tg: 

v f  = Vfg + vmgAct(T - Tg) (13) 

where, Vfg and I;mg a r e  the free volume and the occupied 
volume,of a segment at Tg, respectively. Aa is the differ- 
ence between thermal volume expansion coefficients above 
and below Tg. This relation is valid in a temperature range 
Tg<~ T<~ Tg + 120°C. 

Substituting equation (13) into equation (12) and re- 
arranging the formula we obtain: 

{ 
ln(~0/~) x vfg x v *  - VpV*Vfg/VmJ 

(14) 

The Doolittle relations: Vfg/Vmg~Ot = 52 and v*/Vfg = 40 
and 13" ~- 1 are substituted into equation (14) and assum- 
ing lnq~/~0 ~ f, we obtain: 

T -  Tg = 52140f(lnl/f+ 1)/lnqbo/d# - 1] (15) 

where f = v~ /v*  = Vp/Vrn. 
qb 0 = 1014 is assumed according to Bueche 19. The nar- 

rowing of line separation may occur at q~ = 108. This sup- 
position is satisfactory since the extrapolation of almost all 
curves in Figure 4 to the narrowing temperatures is of the 
order of 108 . Thus, we obtain the simple formula: 

Tn - Tg = 5212.9(ln I / f +  1) - 1] (16) 

When Tn and Tg are determined experimentally and the 
molar size of the probe is known the segmental size of poly- 
mer can be estimated using equation (16). 

Figure 7 shows the value of Tn - Tg as a function of f ,  
calculated from equation (16). Tn - Tghas a maximum at 
f =  1. This may mean physically that the probe is not able 
to jump at Tg, when the size of the probe exceeds that of 
the segment. The maximum value of Tn - Tg is 98.8°C, 
indicating that this equation is valid on the supposition 
0 <. Tn - Tg <<. 120°C. On the other hand, Tn - Tg be- 
comes negative as mentioned in the previous section. This 
may occur when the probe is considerably smaller than the 
segment and the jumping mode occurs by the local motion 
of the segment. For instance, this will occur in the system 
which has a wide distribution of segmental size because of 
the inhomogeneity of a matrix. The deduction that the 
inhomogeneity of the matrix becomes larger with increas- 
ing content of combined sulphur may explain this pheno- 
menon. This may also occur by the local relaxation mode. 
In such a case, macroscopic volume expansion and total 
increase in free volume, is not necessary for the displace- 
ment of the probe. The diffusion of the probe due to the 
displacement of the local free volume may afford the nar- 
rowing of e.s.r, pattern. The case where Tn - Tg < 0 is also 
seen in a polymeric system which has large side groups such 
as polystyrene. For this polymer it was found 2° that 
Tn - Te is -15°C when di-t-butylnitroxide (CH3)3C(NO.)- 
C(CH3)3 is used as a probe, while it is 35°C for the probe 
used in this study. The molar volume of di-t-butylnitroxide 
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Calculated size of the segment 

V m  
T n TQ AT (cm3/ d m v~ d m 

No. (°C) (°~C) (°C) f mol) (A) (A 3) (A) N 

NR 
3 20 --22 
4 25 --12 
5 2 8  - -  3 

6 31 12 
7 33 27 
NBR 
3 19 -- 3 
4 24 4 
5 26 11 
6 29 36 
7 30 41 

42 0.268 876 14.0 660 10.8 45 
37 0.246 955 14.5 719 11.1 50 
31 0.219 1073 15.0 808 11.5 56 
19 0.175 1609 15.1 1011 12.4 70 
6 0.125 1880 15.3 1416 13.9 98 

22 0.182 1291 16.0 973 12.3 65 
20 0.175 1343 16.2 1011 12.4 68 
15 0.156 1505 16.8 1135 13.3 76 

- -  7 0.090 2611 17.1 1966 15.5 142 
-11 0.055 4273 23.8 3218 18.3 215 

o , 2,o - 2 0  4 0  
rg (oc) 

Figure 8 Relation between the number of backbone atoms of the 
segment and T 9, O, NR; e, NBR 

The lat ter  case includes only the excluded volume of  the 
segment, therefore this may be the smallest value estimated. 
Tile number of backbone atoms of  the segment was esti- 
mated by multiplying the number of  backbone atoms of  the 
repeating unit of  the polymers to the excluded volume 
ratio of  the repeating unit to the segment. Thus, 4 5 - 9 8  
and 6 5 - 2 1 5  backbone atoms are included in the segment 
of  NR and NBR, respectively depending upon the content 
of  combined sulphur. For this calculation, sulphur is not 
taken into consideration. However, the values are almost 
coincident with those estimated by dividing the number of  
backbone atoms of  the probe (12) by f within -+2%, there- 
fore the number estimated may be valuable as a first ap- 
proximation. These values may be comparable to the case 
of  polypropylene (Tg = -10°C) ,  where the size of  the seg- 
ment has been estimated as 30 monomeric units corres- 
ponding to 90 backbone atoms, estimated from viscoelastic 
data 23. 

Figure 8 shows the number of backbone atoms as a 
function of  Tg. The values of  NBR are found to be located 
above the TgofNR.  When the segmental size of  NBR is the 
same as that of NR Tgis about 5 - 1 5  ~ C higher than that o f  
NR. This fact may be due to the cohesive energy o f  NBR 
molecule being larger than that o f  NR. 

ExT = T n - Tg, v m and d m are from atomic volume at boiling 
point 21, V~n and d~  are calculated by the Slonimskii's method 22, 
N is the number of backbone atoms of the segment 

is 88% of  the latter,  accordingly the narrowing can occur at 
lower temperatures.  The effect o f  the probe size is well 
interpreted by equation (16). The details of  the data will 
be reported elsewhere. 

From Figure 7 we can estimate the seg~nental size of  
polymers above glass transition measuring Tn and Tg since 
the molar volume of  the probe is known. Table 3 lists the 
estimated values o f f ,  the molar volume of the segment, the 
number of  backbone atoms of  the segment and the diameter 
of  the segment, calculated assuming the spherical shape o f  
the segment. 

For calculation of  v m and v~n the atomic volume at boil- 
ing point 21 and the Slonimskii 's method 22 were employed.  
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Letter 

D e t e r m i n a t i o n  o f  c o n c e n t r a t i o n  d e p e n d e n c e  o f  t h e  
h y d r o d y n a m i c  d i m e n s i o n s  b y  d i f f e r e n t i a l  g .p .c .  

The decrease in hydrodynamic dimensions of macromole- 
cules with increasing concentration is a well established 
phenomena 1-3. The elution volume of macromolecules in 
gel permeation chromatography is a measure of the hydro- 
dynamic radius of such molecules 4-6. Measurement of 
hydrodynamic volumes as a function of concentration has 
been done only in a limited number of cases 7'8. Rudin 9 
determined molecular dimensions at finite concentrations 
using gel permeation chromatography to confirm calcula- 
tions based on dilute solution viscosity measurements. In 
this case the calculated values were compared against those 
determined experimentally by varying the concentration of 
the polymer injected into the gel permeation chromatograph. 
This requires the assumptions that the sample is injected 
instantaneously onto the column so that the initial concen- 
tration is applicable to the hydrodynamic volume of the 
solute in the column and that the samples are monodisperse 
in terms of molecular weight. These assumptions probably 
do not affect the results. A further assumption that the 
longitudinal diffusion is negligible may be an over simplifi- 
cation and cause appreciable uncertainty in the results, as 
suggested by Rudin. 

The method of differential gel permeation chromato- 
graphy (g.p.c.) involves dissolving a polymer in the solvent 
so that solvent contains a known concentration of polymer. 
The g.p.c, measurements are then made in the usual way. 
This method was introduced by Chuang and Johnson 1° who 
used it to determine small differences in molecular weight 
distributions. The method appears to overcome the assump- 
tions made by Rudin and to be able to directly determine 
molecular dimensions as a function of concentration. 

Results and Discussion 

The data used in this report were taken from Chuang 
and Johnson ~o. Calculations of the hydrodynamic volume 
from viscosity parameters, densities and molecular weight 
were carried out in the same manner using the same con- 
stants as Rudin. The hydrodynamic dimensions were cal- 
culated based on zero concentration or infinite dilution for 
samples containing no polymer in the solvent, although the 
concentrations were in actuality 0.016 mg/ml with an injec- 

tion volume of 0.318 ml. Calibration curves were then 
determined by plotting the log of the hydrodynamic radii 
vs. the elution volume. Elution volumes determined at 
finite concentrations of polymer using the differential 
method were then used with the equation resulting from 
the previously described plots to calculate hydrodynamic 
radii. The results are shown in Table 1. The values at con- 
centrations of 0.667 mg/ml are in reasonable agreement 
with those calculated by the method of Rudin. At the 
higher concentration of 4.10 mg/ml, the values are appre- 
ciably lower. It should be emphasized that the polymer 
used to establish the known concentration was that of a 
moderately broad distribution polystyrene having a )~w of 
424 000 and a Mw/Mn of 1.8. 

From this we conclude that the values are reasonable and 
that this appears to be a convenient, reasonably precise way 
of determining the change of the hydrodynamic dimensions 
as a function of concentration. Further measurements are 
in progress and will be reported in the near future. 
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Experimen- 
Theoretical tal R X 106 % Difference 
R X 106 (cm) (from from 
(cm) plot) theoretical 

670 000 0 11.97 1.070 0.110 4.79 82.35 
0.667 12.12 
4.10 12.51 

498000 0 12.41 0.7950 0.125 4.23 65.61 
0.667 12.53 
4.10 13.07 

411 000 0 12.75 0.6261 0.134 3.94 56.63 
0.667 12.97 
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0.667 14.25 
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82.35 2.76 
75.01 2.68 2.53 5.6 
51.36 2.36 2.25 4.7 
65.61 2.32 
61.05 2.26 2.23 1.3 
44.46 2.04 1.88 7.8 
56.63 2.04 
53.26 2.00 1.94 3.0 
40.18 1.82 1.66 8.8 
32.62 1.35 
31.45 1.34 1.32 1.5 
26.55 1.26 1.07 15.1 
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Book Reviews 

Natural & Synthetic Polymers An Introduction 
Henry I. Bolker 
Marcel Dekker, New York, 1974, $29.75 

This is a book written for students of polymer chemistry wherein 
the author makes the novel approach of treating knowledge of 
natural and synthetic polymers in a unified manner. To achieve 
his objective he has of necessity had to restrict his coverage to 
organic and biological material and to exclude any physical concepts. 

Following a short introductory chapter in which polymers and 
macromolecules are defined, polymers of life and commerce are 
introduced, some basic definitions given and sufficient history of a 
range of big molecules presented to whet the appetite. 

The author divides his book into 3 Parts subdivided into 12 
chapters and an Appendix. Part I is concerned with linear homo- 
polymers and its first chapter is an essay on linear polysaccharides, 
60% of which is devoted to cellulose. From the wide literature on 
this remarkable molecule, the author condenses a truly vast amount 
of information into an essay which makes really exciting reading 
for the students. The account of the uses of cellulose is particularly 
timely. A very brief introduction is given to the molecules of amy- 
lose, amylopectin, chitin etc. and to the nucleosides involved in the 
synthesis o f polysaccharides. 

Chapter 3 gives an account of synthetic condensation polymers 
and covers polyesters, polyamides, polysiloxanes, polycarbonates 
and a great deal of information all clearly crowded into a small com- 
pass. Interfacial polycondensation and the theoretical aspects of 
condensation polymerization are well done. 

Addition or chain-growth polymers are next considered begin- 
ning with an account of the methods of poly.merization, plastication 
and stabilization. All the well known polymers such as poly(vinyl 
chloride), polystyrene, polyethylene, the acrylics, fluoro polymers, 
etc. receive attention with important aspects such as initiation, 
pr6pagation and termination being adequately described. 

The the two succeeding chapters, (nearly one quarter of the 
book), we are given full accounts of the stereo regularity in addi- 
tion polymers, the story of branched homopolymers both natural 
and synthetic, and of natural hetero polymers - mainly polysac- 
charides and nucleic acids. Then there is a sharp jump to the con- 
sideration of copolymers and copolymerization, to cross linking 
mainly in synthetic polymers and back again we come to learn 
about polypeptide and proteins with a courageous summary of the 
Genetics code and the chemical and biosynthesis of peptides, and 
thence to a study of lignins. Finally, we are given an important if 
brief introduction to the methods used for measuring the molecu- 
lar weight of polymers. 

Con ference A nnouncemen t 

Theoretical Methods in Polymer Physics 
Leeds, 5 -7  July 1976 

The Institute of Physics Polymer Physics Group is 
organizing a conference on Theoretical methods in 
polymer physics at the University of Leeds from 5 to 
7 July 1976. The programme will consist of invited 
lectures given by: Professor Sir Samuel Edwards; 
Professor C. Domb; Dr M. A. Moore; Professor P. G. 
de Gennes; Professor M. Gordon; Professor W. H. 
Stockmayer; Dr M. G. Brereton; and Professor G. J. 
Morgan, together with a number of contributed 
papers. Further information and registration forms 
may be obtained from the Meetings Officer, Institute 
of Physics, 47 Belgrave Square, London SWlX 8QX, 
UK. 

When the late Sir Norman Haworth (whose contribution to 
polysaccharides are rather neglected in the book) favourably re- 
viewed a book he would write, 'I have had this book at my elbow 
for 6 weeks', and one can follow him by saying that graduate stu- 
dents of polymer chemistry will greatly benefit by having this book 
at hand throughout their courses and afterwards. It contains a 
wealth of well sifted information and achieves the author's objec- 
tive of presenting a new comprehensive approach to the study of 
macromolecules. 

The book is in typescript reproduced by a photolithographic 
process - quite adequate for a student text. 

M. Stacey 

Characterization of Materials in Research: Ceramics 
and Polymers 
Edited by John J. Burke and Vo/ker Weiss 
Syracuse University Press, Syracuse, New York, 
1975, 566 pp. $32.00 

This volume contains the proceedings of the 20th Sagamore Army 
Materials Research Conference, held during September 1973. It 
comprises eighteen review Chapters dealing with methods for 
characterizing the structure of ceramic or polymeric materials in 
relation to their behaviour and applications. 

There can be little doubt about the importance of adequately 
characterizing materials. This is frequently essential for obtaining 
conclusive research data, for the preparation of standards and speci- 
fications, and for more efficient design with existing materials. A 
discussion of these points, together with comments on the waste 
of effort resulting from negligence in characterization, is included 
in an Introductory Chapter by N. E. Promisel on the Concept of 
Characterization. In the case of polymers, F. W. Billmeyer later 
emphasizes the difficulties associated with specifying all aspects 
of structure, and the probable need for compromise. In view of 
the expanding efforts in materials research and development, the 
theme of the proceedings is timely and important. 

The proceedings are arranged into five sections dealing, respec- 
tively, with the Physics of Nonmetallic Solids, Ceramic Character- 
ization, Molecular Characterization of Polymers, Characterization 
of Polymers in Bulk and Case Histories. The polymer sections con- 
tain reviews on molecular weight measurements (J. B. Kinsinger), 
sequence distribution and tacticity (H. J. Harwood), statistical 
properties (J. E. Mark), morphology of semicrystalline polymers 
(L. Mandelkern), characterization of bulk polymer morphology by 
optical methods (S. B. Clough), rheological characterization (W. W. 
Graessley) and characterization of molecular and crystalline orien- 
tation (C. R. Desper). A chapter by H. K. Herglotz on the charac- 
terization of polymers by unconventional X-ray techniques is inclu- 
ded in the section of nonmetallic solids, as is a review of amor- 
phous solids by D. R. Uhlmann which includes some reference to 
polymeric glasses. A discussion by F. R. Barnet and M. K. Norr on 
the structure of etched carbon fibres, as revealed by the scanning 
electron microscope, should be of interest to workers in the field 
of polymer composites. The Chapters relating to ceramics include 
several informative descriptions of experimental techniques which 
should interest those concerned with various aspects of polymer 
structure. 

In general, the aims and principles of the different methods of 
characterization are clearly presented, the methods are well-illus- 
trated with critical discussions of selected data, and comments 
on recent developments are frequently included. Each Chapter 
contains a comprehensive list of up-to-date references. The book 
is carefully and attractively produced with few apparent errors. It 
should be a useful reference for practical research workers, lec- 
turers and advanced students of polymer or materials science, and 
for organizations concerned with the development of materials 
standards and specifications. 

B. E. Read 
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Chain-extended polyethylene in context: 
a review 

D. C. Bassett 
J. J. Thomson Physical Laboratory, University of  Reading, Whiteknights, Reading RG6 2AF, UK 
(Received 19 December 1975) 

The subject of crystallization of polyethylene at high pressures, commonly known as chain-extended 
crystallization, is reviewed. An historical approach is taken for the topics of molecular conformation, 
the relationship to chain-folded growth and the responsibility of the hexagonal phase. With the iden- 
tification of this new phase and the demonstration that chain-extended growth is crystallization of 
hexagonal polyethylene, the basis of understanding is established. The field is then surveyed in this 
new context with discussion of high pressure annealing and molecular mechanisms involved, implica- 
tions for the understanding of kinetically controlled growth in general and the use of chain-extended 
polyethylene as a model for crystal growth and mechanical behaviour. 

INTRODUCTION 

Recent work has brought the understanding of high-pres- 
sure crystallization of polyethylene, widely known as chain- 
extended crystallization, into the context of chain-folded 
polymers and suggests that this apparently esoteric subject 
may have important implications for polymeric crystalliza- 
tion in general. 

THE PROBLEM 

1964 saw the publication of two papers on the interior 
morphology of bulk polyethylene (PE) as revealed on frac- 
ture surfaces. Both showed lamellae fractured in planes 
containing the c axes, a consequence in linear polyethylene 
of having little or no molecular folding. In one ~, fractions 
of up to 12 000 molecular weight had been crystallized for 
up to ten days at 128°C in vacuo and formed lamellae 
approximately equal in thickness to their molecular lengths. 
The other 2 showed a similar appearance but of lamellae in- 
creased dramatically in thickness (the maximum observed 
being ~3 /zn )  to dimensions commensurate with typical 
molecular lengths. This sample had been crystallized from 
the melt around 5 kbar. The molecular conformation in 
the first case was seemingly one of full extension in what 
were thus denoted as 'extended-chain' lamellae in contrast 
to the thinner folded-chain crystals produced in similar cir- 
cumstances with higher molecular weight polymer. This 
nomenclature seemed appropriate also to the high pressure 
case and it has become common usage to identify the pro- 
duct of high pressure crystallization as 'extended-chain 
polyethylene' although this now needs qualification and 
the alternative 'chain-extended' has been adopted in recent 
work. The problem presented by chain-extended poly- 
ethylene (CEPE) falls into three parts: to understand why 
the use of high pressures should so alter the morphology of 
PE crystallized from the melt, but not from solution nor 
for polymers in general, to describe what that morphology 
actually is and to explain how it comes about. 

With a topic requiring specialized apparatus and, there- 
fore, still limited to only a few laboratories, it was inevi- 
table that the experimental background should be slow to 

* Presented at the Polymer Physics Group (Institute of Physics) 
Biennial Conference, Shrivenham, September 1975. 

be established. Nevertheless possible explanations of the 
effect were soon forthcoming based on the facts as they 
then appeared to be. In the early papers a'4 it was assumed 
that PE had either crystallized as chain-folded or as 'ex- 
tended-chain' lamellae i.e. that there were two alternative 
crystallization processes. Kawai s suggested specifically 
that these involved folded and bundle-like nucleation res- 
pectively and went on to propose detailed explanations 6,7 
generalizing, as we now know incorrectly, from Anderson's 
atmospheric data ~ that shorter molecules more readily 
formed chain-extended lamellae at a given pressure. An 
alternative hypothesis advanced by Peterlin s sought to ex- 
plain the situation in terms of enhanced lamellar thickening 
whereby folded-chain crystals formed initially would, under 
appropriate conditions, undergo an 'avalanche-like long 
period growth' and transform into extended-chain crystals. 
The experimental evidence, which merely suggested that 
one morphological form was appearing at the expense of 
the other 3, could not then decide between these two pro- 
posals. Indeed the basic issue of whether there were two 
independent processes operating at low and high pressures 
respectively or merely one, suitably modified, remained un- 
resolved for ten years and a major difficulty in clarifying 
the situation. 

Molecular Conformation 

The evidence of the very first papers suggested that PE 
molecules could have become fully extended after high 
pressure crystallization. Samples crystallized at 5 kbar 3 
had densities up to 0.994 Mg/m 3, maximum melting points 
of 140°C and were full of lamellae much thicker than any 
encountered previously, the spectrum of thicknesses ex- 
tending to 3/am, with an average value of 2500 A 2. The 
c axis direction, identified by electron diffraction and opti- 
cal birefringence, is parallel to a characteristic striation on 
fracture surfaces 2 and is sometimes along but more often 
moderately inclined to the lamellar normal in similar ways 
to the oblique structures encountered in chain-folded PE. 
For full extension, the lamellar thicknesses along c must 
agree with values expected from the molecular weight of 
the sample; in the case cited 2 this was ~r n = 1.1 × 104 and 
Mw = 1.25 × 105 so that at least the lamellar dimensions 
were of the right order. However, doubt was expressed 4 as 
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to whether extension could be complete after crystallization 
at 5 kbar because a substantial increase in molecular weight 
(by comparing polymethylene with Marlex 6050) produced 
only a marginal increase in crystal thickness. A proper test 
of this point required a detailed comparison of the distribu- 
tion of crystal thickness and molecular weight. The first 
of such was published by Wunderlich and Melillo 9 followed 
by similar ones from Prime and Wunderlich 1°. From the 
statistics of fracture surfaces computed for a variety of 
chain-extended polyethylenes ranging from whole Marlex 
50 through fractions of polydispersities from 3.5 to 5.3 to 
polymethylene it was inferred that the shortest molecules 
(~< 104 in weight) did attain full extension in a separated 
population of crystals. The remaining molecules crystal- 
lized together producing lamellae which were thicker for 
longer crystallization times 11 and for increasing molecular 
weight, although a rise of  1000 in molecular length only 
produced a tenfold increase of crystal thickness. In this, 
the great majority of the material, at least the longest mole 
cules had to be folded to some extent 9-12. 

All the above samples had, however, been treated so as 
to try and maximize their molecular extension. When the 
effect of changing crystallization conditions was examined 
by Rees and Bassett 13, using fractions of  polydispersity 
1.14 it was discovered that the lamellar thickness of CEPE 
increased not only with the molecular length and crystal- 
lization time but also, and most markedly, with crystal- 
lization temperature. For example, for a 5 × 104MW frac- 
tion crystallized at 4.9 kbar for 30 rain, average thicknesses 
over the attainable range of temperatures increased from 
2000 to 3300 A, whereas the average molecular length was 
close to 5000 A. It followed that full molecular extension 
was the exception rather than the role and that the con- 
formations of all molecules in CEPE, not just the longest, 
were generally folded13 

All measurements on lamellar thickness at this time 
came from fracture surfaces, a method which is always 
under suspicion of bias. However, the data produced can 
now be seen to have been much more reliable than might 
have been feared. In fact the most evident bias actually 
improves the measurement because low-melting (chain- 
folded) lamellae are much under-recorded 13 so that frac- 
ture surfaces tend to select the chain-extended component 
from the mixture of chain-folded and chain-extended crys- 
tals typically produced by crystallizing whole polymer at 
5 kbar. Particular care was taken to establish the reliability 
of fracture surface measurements by guarding against errors 
due to chain axes being inclined to the fracture surfaces 
and by testing for statistical significance. It was found that 
the fracture surface method gave repeatable values for the 
same sample and that for example the increases found bet-- 
ween samples crystallized at progressively higher tempera- 
tures were real 13. Further confidence in the method came 
with excellent correlations found between fracture surface 
measurements and density, melting point and low-angle X-ray 
data measured on PE annealed at high pressure 14. Most recent- 
ly the introduction of the entirely different method of nitra- 
tion followed by g.p.c, analysis which correlates well with 
fracture surface data over the entire range of molecular 
weights and pressure treatments 15 shows clearly that statis- 
tics derived from fracture surfaces are a reliable means of 
measuring molecular extension in chain-extended crystals 
of linear PE. The fracture surface method is not available 
for chain-extended branched polyethylenes, however, as 
these generally fracture between lamellae and do not expose 
the relevant surfaces. For these, the nitration/g.p.c, method 
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is the only one so far available. 
Qualitatively, the change in layer thicknesses of CEPE 

resembles those found for chain-folded crystallization in 
vacuo. Further examination showed that both conformed 
to the temperature dependence of kinetic theory formalism 
connecting lamellar thickness l to supercooling AT by the 
equation: 

2Oe 1 
l = - - ×  - - + 8 l  

~ s f  A T  

where Oe is the fold surface free energy, ~sfthe entropy of 
fusion and 8l is a small length. Indeed, data for CEPE and 
for chain-folded crystals of low molecular weight material 
(chosen to have a similar number of folds per molecule) 
have a common reduced plot of  fractional change in crystal 
thickness against supercooling 16. The implication is that 
lamellae in CEPE are essentially large-scale copies of  chain- 
folded layers, a conclusion which is reinforced by the simi- 
lar logarithmic time dependence of  long period during 
annealing at both high and low pressures 17. In view of the 
most recent developments, this conclusion seems a natural 
one, but at the same time it carries with it implications con- 
cerning the nature of melt growth in general. 

Another recent finding is that full chain-extension does 
not seem to be the upper limit of layer thickness. Two 
pieces of  evidence indicate that, given the right conditions, 
molecules will fit end-to-end inside one crystal in fully ex- 
tended conformation. Hatakeyama, Kanetsuna and Hashi- 
moto 18 found that prolonged crystallization of 50 000 MW 
PE at 237°C and 4.8 kbar for 200 h gave lamellae up to 
40 pan thick, with over 20% thicker than 10/am, whereas 
only 1.2% of molecules were longer than 10/am. In a simi- 
lar way, detailed comparison of fracture surface data, mole- 
cular weight measurements and g.p.c, analysis after nitra- 
tion Is indicates that the proportion of long molecules in 
ordinary CEPE samples is often quite insufficient to account 
for the comparatively large number of thick lamellae pre- 
sent. Having lamellae more than one molecule thick might 
be anticipated by current thinking on chain-extended 
growth, and could be expected to occur for prolonged 
crystallization at low supercoolings. It does, however, 
raise interesting questions as to how the observed wide 
variation of crystal thickness with molecular weight under 
given crystallization conditions comes about if lamellar 
thickness is not limited by molecular length, 

Morphological investigations 

From the outset, the morphology of CEPE has been 
carefully scanned looking for clues to its formation. Al- 
most all studies have been confined to fracture surface 
replication, a technique which is particularly suited to these 
often brittle materials. In linear PE fracture is predomi- 
nantly along prism faces but occasionally basal surfaces are 
also exposed; both are present in Figure 1. The prism faces 
possess a characteristic striation parallel to c; this is con- 
fined to fracture surfaces and whereas there had been early 
speculation 2 that it represented a structural feature, detailed 
investigation concluded that it did not, but was created at 
the moment of fracture 19. 

Because of exposed side surfaces 19'z° such striations begin 
to melt as low as 100°C at 1 bar. By 120°C, a pronounced 
'ripple' develops very rapidly (<  10 sec), as chain-folded 
lamellae form as oriented overgrowths on the underlying 
chain-extended polymer 9'19. The importance of this is that 
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Figure 1 Thick lamellae characteristic of CEPE ( D. C. Bassett 
and B. A. Khalifa, unpublished) 

it shows that notwithstanding primary nucleation with 
highly-extended conformation, lamellar thickness is deter- 
mined by secondary nucleation at the growing sur- 
face 9'19'21'22. This is in agreement with observations on solu- 
tion growth 23 and of the foundations of kinetic theory. 
Moreover, even with careful annealing at 1 bar such lamel- 
lae cannot be thickened to the dimensions of the underly- 
ing substrate 9. This fact, too, is readily understood in 
terms of recent work. 

Replicas of CEPE and the morphologically similar 
PTFE 243s often reveal a number of threads pulled from 
the surface. These appear to be produced when specimens 
are stripped from the backing film during two-stage replica- 
tion; stripping at a suitably low temperature where the poly- 
mer is entirely brittle avoids the phenomenon. The extent 
of the drawing is intimately related to the degree of fold- 
ing in a sample, thus in whole polymer threads are pulled 
preferentially from the thinnest lamellaen; using sharp 
fractions their number increases for lower crystallization 
temperatures 13 (which give thinner lamellae) and the effect 
can be so pronounced for high molecular weight that it can 
obscure practically all surface detail. 

The most interesting result of morphological studies is, 
however, that they clearly show lamellae increasing their 
thicknesses with time. The same lamella is found to be- 
come thicker in positions further away from its primary 
nucleus or branch point 9. Above all, where they impinge, 
one on another, the thickest lamellae always show a tapered 
prol'fle, within which lamellar thickness decreases from per- 
haps 1/am or even less 9'13. From this and other evidence, 
Wunderlich 9'26 concluded that lamellae in CEPE grow by 
adding molecules to their edges at dimensions of ~1000 A, 
i.e. in folded conformation after which there is thickening 
towards the thermodynamically most stable extended-chain 

conformation. Wunderlich and coworkers saw no principle 
difference between atmospheric and high pressure crystal- 
lization but considered that whereas chain-extension is 
kinetically hindered at I bar it is very much enhanced at 
high pressures. This was thought to be partly due to the 
pressure but even more to the high temperatures involved. 
In both cases the driving force for extension was the reduc- 
tion, as chain-extension increased, of the number of  folds 
introduced by secondary nucleation at the growth face. 
Wundeflich has also proposed that such a mechanism is res- 
ponsible for the formation of a class of extended-chain 
crystals within which he includes PTFE, PCTFE and sele- 
nium 2~. The existence of such a class grown by a distinct 
mechanism has, however, been disputed 2s and does not 
seem required by recent work. 

Faced with rather similar evidence, Rees and Bassett 13 
deduced that the tapered profiles of thick chain-extended 
lamellae were not due to special circumstances but indi- 
cated that in general molecular extension and lamellar thick- 
ness increased rapidly behind the growth front. They also 
had direct evidence from fracture surface statistics of in- 
creasing average lamellar thicknesses with time over the 
longer term and the very marked effect of crystallization 
temperature. They, therefore, stressed the analogy with 
chain-folded crystallization at 1 bar, left open the implica- 
tions of growth proceeding behind a narrowed edge and 
concluded by remarking that the relationship of lamellar 
thickening to crystallization and the attainment of high 
chain extension under pressure are probably different as- 
pects of the same problem. This still appears to be true, 
the relevant problem being kinetically controlled (i.e. 
chain-folded) growth from the melt. 

The evidence of tapered tips was discounted by Calvert 
and Uhlmann 2s, who pointed out correctly that crystals of 
many kinds grow in this fashion. There are, however, addi- 
tional implications from molecular connectedness if this 
shape resembles the profile of a growing edge. In the event, 
direct observation of the growth of thick chain-extended 
lamellae has confirmed that they do indeed grow behind a 
narrowed edge 29. These authors also proposed an alterna- 
tive theory of chain-extended growth 2s whereby growth at 
5 kbar was similar to that at 1 bar but gives thicker crystals 
because of a large fold surface free energy, the value of this 
parameter increasing considerably with pressure. Unfor- 
tunately a central part of their argument involved combin- 
ing two sets of data from the literature which have not been 
reproduced in subsequent work. Moreover, their basic pre- 
mise of a continuous change of behaviour from 1 bar to 
5 kbar turned out to be incorrect. 

The sum of all the work so far described and carried out 
on CEPE after return to atmospheric pressure was to leave 
the situation still confused and with no consensus as to 
what essentially was going on. Although it had been shown 
that full chain-extension was not the general rule, the ques- 
tion of whether chain-extended growth was independent 
of or an extrapolation of chain-folded growth was not 
answered; one did not then know why solution growth did 
not reproduce the high thicknesses found in the melt 3°, and 
explanations of the large increase in thickness of CEPE 
were still rather speculative. Furthermore, high pressure 
annealing experiments carried out contemporarily 31-33 had 
added to the problems by showing that this was also a 
means of producing CEPE. In these circumstances increased 
attention began to be paid to the monitoring of high pres- 
sure crystallization of PE in situ; it was from these experi- 
ments that the essential new information came. 
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HIGH PRESSURE MEASUREMENTS 

Early measurements in which the melting and recrystalliza- 
tion of PE under high pressure were monitored by dilato- 
metric or d.t.a, means were those of Matsuoka 34 (to 4 kbar), 
Osugi 3s (to 30 kbar), Baltenas and Igonin 36 (to 3 kbar) and 
Baer and Kardos 37 (to 3 kbar). Though not entirely consis- 
tent one with another, all the papers showed an apparently 
unchanging pattern of behaviour from atmospheric condi- 
tions into the pressure region where CEPE formed. Above 
all, Davidson and Wunderlich 3a had made high pressure 
d.t.a, observations to 4.2 kbar, (compared to 2.8 kbar for 
the first formation of CEPE) without finding any new fea- 
ture to associate with chain-extended growth. 

CEPE had even been watched growing directly in a high- 
pressure diamond-anvil optical cell by Jackson, Hsu and 
Brasch 39. They observed the formation of what is a charac- 
teristic appearance of CEPE by the growth of what they 
interpreted as rod-like crystals but which are really oriented 
lamellae viewed edge-on of the same dimensions as lamellae 
measured in CEPE by Rees and Bassett ~3. Although the 
pattern of  growth was quite different from normal spheru- 
litic growth, no specific indication of its cause or difference 
from atmospheric behaviour was noted. 

The prospects of in situ high pressure measurements re- 
vealing anything very new about chain-extended growth 
thus seemed remote but the continuing need to clarify the 
relationship between chain-folded and chain-extended 
growth prompted a second look at what Wunderlich and 
Arakawa 3 called the intermediate pressure region, where the 
high melting points and thick lamellae had begun to appear. 

Once it was appreciated that full molecular extension 
was not a characteristic of CEPE, the meaning of the term 
had to be redefined. Wunderlich had done this empirically 
by choosing 2000 A as the minimum thickness of  a chain- 
extended layer 4°. This is a conformational definition such 
that basic properties approach sufficiently closely to their 
ultimate values, e.g. the melting point depression is < ~ I K .  
Though this might correspond to a suitable minimum level 
of thickening in a monotonic approach to infinity, in prac- 
tice there is a natural pattern of behaviour for which this 
description is quite unsuitable. 

It was shown by Wunderlich and Arakawa 3 that PE 
crystallized between 2.8 and 3.8 kbar at a supercooling of 
10K showed two atmospheric melting peaks, the lower 
apparently continuous with the single peak observed at 
lower pressures and the higher with the main peak at higher 
pressures, although the maximum melting points are al- 
most continuous through the pressure range. This beha- 
viour is, primafacie, compatible with either a change-over 
to a different crystallization mechanism or with an 'ava- 
lanche-like long period growth'8 as is familiar from anneal- 
ing studies on solution-grown lamellae at 1 bar 41. It is, 
however, natural to associate the higher melting peak with 
chain-extended layers and the lower one with chain-folded 
as was done in early papers 4. The distinction was carried 
further when it was noted that for each PE studied there 
were two non-overlapping ranges of melting point for cry- 
stals grown at moderate supercoolings, though these varied 
with molecular weight so much that there was no one melt- 
ing point, nor, correspondingly, one crystal thickness, which 
could always be said to divide off chain-folded from CEPE. 
Nevertheless, Bassett, Khalifa and Turner 42 showed that 
material in the two melting peaks could always be distin- 
guished by their characteristic textures as seen in the polar- 
izing microscope. The lower peak or chain-folded material, 
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was clearly spherulitic, with rounded or polygonal out- 
lines and sometimes banding, whereas chain-extended 
material of the higher melting peak had a coarse spikey 
sheaf-like appearance previously noted at 5 kbar 9 which 
while possibly due to embryonic spherulites would nowa- 
days be regarded as similar to the morphology produced by 
regime 1 crystallization at low supercoolings 43. This gave a 
working distinction between chain-folded and chain-exten- 
ded material produced by recrystallization at high pressures. 
It played a significant role in the subsequent advance in the 
subject but has now been superseded by a fundamental defi- 
nition following recent work. One of the consequences of 
using it, however, was a realization that the language chain- 
extended/chain-folded is not well suited to the description 
of what actually occurs with high pressure crystallization. 
For example, with decreasing molecular weight, lamellar 
thicknesses associated with the chain-extended melting 
peak drop, and average values as low as 800 A have been 
recorded for a 20 000 MW fraction 44, considerably less than 
values recorded for chain-folded lamellae of similar mole- 
cular weight polymer in other circumstances 1. The absur- 
dity of the terminology has increased following studies of 
crystallization in thin films showing that lamellae as thin 
as 100-200 A should also be regarded as chain-extended 4s'46. 
The underlying reason for this is now clear, but the scienti- 
fic case for a change in nomenclature is extremely strong 
notwithstanding the current widespread usage. 

The first consequence of using this new definition was 
the demonstration that it is easier for longer molecules to 
become chain-extended than for shorter ones 44. This some- 

what paradoxical conclusion shows that it is not possible to 
generalize Anderson's observations at ambient pressurel to 
high pressure behaviour, thus negating theories proposed by 
Kawai 6'7. The relevant observations were that the change- 
over from chain-folded to chain-extended behaviour for 
sharp fractions occurs over a narrow temperature range 
(5K) at a suitable constant pressure and at lower pressures 
for longer molecules. 

The second conclusion was that chain-folded and chain- 
extended growth are independent processes. The different 
textures of chain-folded and CEPE had already cast doubts 
on a thickening hypothesis because it had also been shown 
that thickening lamellae ten-fold to over 2000 A on aver- 
age by high pressure annealing left the gross physical tex- 
ture unaltered 31. The conclusion was established, however, 
following high pressure d.t.a, observations. These showed 
that at a cooling rate of ~lK/min,  crystallization of a 
50 000 MW fraction occurred at characteristic supercoolings 
of ~16K for chain-folded crystallization and ~1 2K for 
chain-extended 47. In the region where both morphologies 
resulted, two d.t.a, peaks were detected having the charac- 
teristic super-coolings and widths measured on either side 
of this region 44. There was thus no evidence for a modifica- 
tion of either process when they overlapped, but an indica- 
tion that both were occurring independently. Finally it 
was shown that under particular isothermal, isobaric condi- 
tions chain-extended polymer formed before chain-folded 
material 44. The conclusion is, therefore, that chain-extended 
material could not in this case have formed by a reorganiza- 
tion of chain-folded material but must have formed inde- 
pendently. This has since been verified by direct optical 
observation of high pressure crystallization 29. 

Support for the independence of chain-folded and chain- 
extended growth also came from the studies of Kanetsuna 
and coworkers 48. They, too, observed the sharp change 
from a chain-folded to a chain-extended product with a 
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change of a few degrees in the temperature of isothermal 
crystallization at a fixed pressure of 3 kbar and decided 
that this was most likely to be a consequence of a different 
growth mechanism, possibly involving a bundle-like nucleus. 
Subsequently Maeda and Kanetsuna 49 reported volumetric 
data showing the same phenomenon observed with high 
pressure d.t.a., namely that when crystallization during cool. 
ing gave a mixed product, the chain-extended component 
formed first, at a higher temperature, before the onset of 
chain-folded growth. Accordingly they supported the con- 
clusion of the Reading group that there were two growth 
processes involved. 

At this stage the subject was in a curious state. The dis- 
continuity in behaviour ruled out the hypotheses of 
Peterlin 8, of Calvert and Uhlmann 2a and of Wunderlich 26 
(at least in the form in which it has so far been expressed). 
The facts showed that there were two independent crystal- 
lization processes each producing lamellae containing folded 
molecules with only a difference of scale between them. 
The nature of these two processes was, for a while, still 
obscure but was soon suggested following further in situ 
high pressure measurements. 

New phenomena at high pressures 

The first reports of a change in the customary pattern of 
crystallization behaviour came in 1972. Bassett and Tur- 
ner s° reported that at 4.10 kbar and higher pressures an 
additional high temperature endothermic d.t.a, peak appear- 
ed during melting of PE. The change was reversible and a 
corresponding exothermic peak was detected at 4.3 kbar 
and higher pressures. The same high pressure d.t.a, pheno- 
mena were also reported by Yasuniwa, Nakafuku and 
Takemura s~ during melting at 4.0 kbar and above and dur- 
ing crystallization at 6.0 kbar. These authors simply refer- 
red to the peaks as due to the melting and crystallization 
of an unknown structure. Bassett and Turner s°, however, 
also reported corresponding dilatometric changes and con- 
cluded from criteria of reversibility, stability and accord 
with the Clausius-Clapeyron equation that the changes 
were first-order transitions into and out of a new high pres- 
sure phase intermediate in properties between orthorhombic 
solid and melt. A phase diagram was published based on 
melting data for thick crystals and an 'excellent correlation' 
claimed between the formation of chain-extended polymer 
and the occurrence of the new exotherm during crystalliza- 
tion. It was proposed, in consequence, that crystallization 
of orthorhombic PE from the melt gave the customary 
chain-folded polymer while chain-extended polymer result- 
ed, strictly when the sequence melt -* intermediate phase 
orthorhombic occurred, but was likely simply to be crystal- 
lization of the new phase, inferred to be either liquid crys- 
talline or solid, from the melt. This hypothesis explained 
the main features of chain-extended growth in a straight- 
forward manner, notably the specificity of the phenomenon 
to melt crystallization of PE, and its absence in dilute solu- 
tion or for polymers in general and the relationship with 
chain-folded growth. In particular a substantial increase of 
thickness would be expected for the chain-extended poly- 
mer according to kinetic theories of crystallization because 
the entropy of fusion of the intermediate phase is reduced 
below that of the orthorhombic phase by a factor of 
approximately four. 

These two sets of authors were then joined by Maeda 
and Kanetsuna who reported extensive dilatometric data 49's2. 
While the actual results of the three groups are in good 

agreement, the respective interpretations were quite 
different. 

Maeda and Kanetsuna at first doubted 49, then rejected s2, 
the interpretation in terms of a new phase. Partly this was 
because of their experience of the effectof thermal history 
of a sample in the moderate pressure region where chain- 
folded growth gives way to chain-extended and where wide- 
spread and delicate fractionation causes great complication. 
Most of all, though, these authors considered that the addi- 
tional d.t.a, peak and related volume change concerned not 
the whole sample as Bassett and Turner believed, but only 
a part. This part they termed highly-extended-chain crystals 
in contrast to ordinary extended-chain crystals. These were 
thought to be present above 4.7 kbar when the additional 
peaks were well-resolved and were taken to be composed of 
the crystals 42/~m thick which are the dominant cause of 
the characteristic texture of chain-extended polyethylene 
in the polarizing microscope. They believed that such crys- 
tals resulted from reorganization of ordinary extended- 
chain crystals in a similar way to the reorganization of 
folded-chain into extended-chain polymer known to occur 
under high pressure annealing al and confirmed by their own 
data. This reorganization would not necessarily be detected 
as a peak in either d.t.a, or volumetric measurements in the 
same way that a secondary d.s.c, peak is often not recorded 
during melting of polymer crystals at 1 bar even though 
reorganization and crystal thickening undoubtedly occur 41. 
Finally in support of their arguments, Maeda and Kanetsuna 
reported a distinct population of crystal lengths of order 
2 #m, representing about 10% of a sample, when crystal 
thicknesses are measured by the nitric acid/g.p.c, method. 
It should be noted, however, that the corresponding peak 
is not present in the raw g.p.c, data, but only appears after 
correction to allow for instrumental broadening 53. 

The interpretation of Yasuniwa, Nakafuku and Take- 
mura s~ is in many ways similar to that of Maeda and Kanet- 
suna. They also found that on slow cooling at ~3 kbar 
chain-extended crystals formed before chain-folded and 
were able to identify the two processes by direct observa- 
tion with the diamond-anvil optical cell. Moreover, they 
too, showed that folded-chain crystals can reorganize into 
extended-chain crystals during the melting of initially chain- 
folded PE and a continuation of this process is apparently 
the model for formation of their unknown structure which 
is said to form later in the sequence by recrystallization 
after melting of extended-chain crystals. Conversely, during 
slow cooling at 6 kbar, the two high pressure d.t.a, peaks 
are said to be of 'an unknown structure and an extended- 
chain crystal'. This interpretation also considers the addi- 
tional d.t.a, peak as relating to only part of a sample as is 
confirmed firstly, by the listing of separate melting (and 
crystallization) temperatures for both extended-chain crys- 
tals and the unknown structure, secondly, by the (unsuc- 
cessful) attempt to isolate the appropriate morphology by 
pressure quenching a sample from the crystallization tem- 
perature of the unknown structure and, thirdly, by the 
(allegedly successful) demonstration of extended-chain 
crystals growing directly at their 'crystallization tempera- 
ture'. Evidently the unknown structure is taken to be addi- 
tional to the extended-chain crystals and is only considered 
to occur above 4 kbar where the additional d.t.a, peaks are 
observed. The nature of the unknown structure was left 
open with the statement that 'it may be a nematic liquid 
crystal phase - but we have no proof'. 

Both the Japanese interpretations are inconsistent with 
the previously published proposals of Bassett and Turner 
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Figure 2 X-ray patterns of PE recorded at high pressure and tem- 
peratu re 29 showing, on the left, the 110 and 200 orthorhombic 
rings, and on the right, the single 1 O0 hexagonal ring to which they 
give way before the polymer melts 

based on experiments reported in detail in a full paper 47. 
The two major differences are that these authors considered 
the additional d.t.a, peaks as due to the whole and not 
merely a part of  a sample (neglecting the segregation of the 
lowest molecular weights) and claimed that even though the 
extra peak on crystallization could not be resolved below 
4 kbar it was still present and necessarily involved in the 
formation of chain-extended polymer to below 3 kbar 
where crystallization switched to the chain-folded mode. 
Regarding the first point, Bassett and Turner had the advan- 
tage of working with fractionated polymer (polydispersity 
1.14) but despite thorough searching could find no inhomo- 
geneity at atmospheric pressure to correspond to the extra 
d.t.a, peak at 5 kbar. They thus were forced to conclude 
that the two high pressure peaks were sequential processes 
involving the entire sample and did not involve different 
components within it. Fundamental to their case, also, 
was the correlation between the formation of CEPE (de- 
fined by optical texture and d.s.c, melting point) 42'44 with 
the two d.t.a, peaks on cooling. This came from a study 
of the supercoolings of  the beginnings and the maxima of 
all d.t.a, crystallization peaks as a function of pressure. It 
was shown that the two separate peaks observed at 5 kbar 
draw closer together before merging at about 4 kbar into a 
single peak (assumed to be the unresolved sum of the pre- 
vious two) which at first was suitably wider, then extra- 
polated smoothly back to the onset of  chain-extended 
growth when a discontinuous change to the conditions for 
chain-folded growth occurred 47. 

The situation in which three groups of authors inter- 
preted essentially the same facts in three different ways was 
resolved by the discovery of the high pressure intermediate 
phase postulated by Bassett and Turner s°. This was achiev- 
ed by Bassett, Block and Piermarini 29 using the gasketed 
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diamond-anvil cell, a device similar to that used in previous 
optical studies of high pressure crystallization 39. The 110 
and 200 lines of  orthorhombic polyethylene were observed 
to give way to a single spacing of 4.23 A before melting at 
~6 kbar (Figure 2). Although only one line was recorded 
this, nevertheless, compares favourably with an earlier view 
that it is 'not possible to observe the X-ray pattern of a 
polymer sample with this system 's4. The new phase was 
identified as hexagonal and having the prescribed proper- 
ties i.e. that there was a discontinuous change from orthor- 
hombic to hexagonal then from hexagonal to melt, and 
that the average chain axis direction c was preserved in the 
orthorhombic to hexagonal transition. Moreover, a direct 
correlation was established of the hexagonal X-ray pattern 
with the optical appearance of chain-extended polymer 
under the same conditions. The formation of chain-folded 
polymer correlated similarly with the orthorhombic X-ray 
pattern. The proposals of Bassett and Turner 47's°, were 
thus confirmed in their essentials. It is the hexagonal 
phase which causes the changed pattern of behaviour when 
PE crystallizes from the melt at high pressures. Crystalliza- 
tion of orthorhombic PE from the melt is what has been 
termed chain-folded growth whereas crystallization of 
hexagonal PE (followed by a transition to the orthorhom- 
bic structure during reduction of pressure and/or tempera- 
ture) is chain-extended growth. 

Hexagonal polyethylene 
Although only one X-ray reflection of the new phase 

was detected 29, this was shown to be o fhk0  type in a uni- 
axial structure. Knowledge of the volume change during 
the transition 47 then eliminated the possibility of a tetra- 
gonal structure with a hexagonal/trigonal structure as the 
only alternative. Since then further confirmation has come 
from finding the anticipated threefold twining resulting 
after an orthorhombic --* hexagonal ~ orthorhombic se- 
quence of transitions ss. 

There is the well-known precedent of the n-paraffins in 
which a hexagonal structure also intervenes between the 
orthorhombic form and the melt. However, whereas the 
hexagonal form of the paraffins is a well-ordered solid, 
closer in properties to the orthorhombic phase than to the 
melt s6, this does not seem to be the case for PE. The single 
sharp X-ray line, while incompatible with a nematic liquid 
crystalline structure merely defines a close-packing of rods. 
The spacing of these rods is significantly wider for PE (the 
relevant X-ray spacing is 4.23 A compared to 4.11 A for 
n-C24H50) yet the respective increases in specific volume 
over the orthorhombic phase are not so different. The 
value for PE according to Bassett and Turner 47 is 0.085 
cm3/g (more recent values of Maeda and Kanetsuna s2 sug- 
gest a slightly lower figure which, however, probably needs 
revising upwards because of the presence of a chain-folded 
component in the samples). This is an increase of only 
8.5%, whereas the increase in cross-sectional area per chain 
is from 18.2 to 20.6 A 2, i.e. 13%. It was suggested, there- 
fore, that the average e axis spacing per ethylene unit had 
to decrease from the presumed 2.53 of an all trans configu- 
ration to 2.45 A and shown that this was most unlikely to 
occur by the adoption of a uniform helix. Hexagonal PE 
thus seems to have lost the all trans configuration and to 
include a proportion of gauche bonds along the chain, so 
that it is probably not a fully-ordered solid. It is certainly 
much closer to the melt in its specific volume and enthalpy 
than to the orthorhombic form as is commonly found in 
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liquid crystals but is not the case for the hexagonal form 
of the n-paraffins. This is intuitively reasonable because its 
formation is favoured by increasing pressure s° whereas the 
hexagonal forms of paraffins are not stable above a few 
kbar s6. 

High pressure annealing 
The effects produced by annealing PE at high pressures 

are intimately related to the crystallization phenomena, 
although their role in the development of the subject has 
been mostly to raise questions rather than to provide many 
of the answers. Thus the discovery by Rees and Bassett 3~'a2 
that chain-folded PE in various forms: single crystal mats, 
drawn fibres, spherulitic fdms, could be converted into 
chain-extended, with maintained molecular orientation and 
gross texture but gradually increasing lamellar thicknesses, 
by high pressure annealing appeared, at the time, to support 
the proposal that enhanced lamellar thickening was res- 
ponsible for the formation of CEPE. It certainly showed 
that a range of conformations could be produced and not 
merely that of full molecular extension. These results have 
now been confirmed by many groups 14'49'51's8'59 but further 
work showed that although there is some increase in thick- 
ening rate (i.e. the gradient of a plot of crystal thickness 
against log time) at 5 kbar compared to 1 bar, this was in- 
sufficient to account for the large thicknesses of CEPE 
which were already established at short times ~7. They did, 
however, prompt work looking for the time (and tempera- 
ture) dependence of lamellar thickness during high pres- 
sure crystallization which brought out the similarity in pat- 
tern with chain-folded crystallization is. 

Early criticism of this work was misguided, as is now 
quite evident. Fischer and Puderbach 6° were unable to re- 
produce the high extensions reported by Rees and Bassett, 
but this was simply because they had not annealed to 
sufficiently high temperatures and the polymer had not 
entered the hexagonal phase. Gruner, Wunderlich and 
Bopp 3a, on the other hand, did find the high extensions, 
but mistook the orthorhombic-hexagonal transition for 
a change in molecular mechanism from solid-state thicken- 
ing to 'partial melting' and recrystallization. They also con- 
sidered, wrongly and without testing the point, that mole- 
cular orientation would not be maintained beyond this 
transition. The first discussion of high pressure annealing 
in terms of the hexagonal phase was that of Bassett and 
Carder 14 on drawn sheets, but the behaviour of other sam- 
ples is essentially the same and the case of spherulitic PE 
has also recently been placed in this context sg. 

Annealing in the hexagonal phase produces high thick- 
nesses in bulk polymer; these then increase gradually with 
temperature and time until the final melting of the hexa- 
gonal phase which results in a substantial further increase 
typically from ~2000 A average to "4000 A, achieved 
mainly by the appearance of very thick lamellae ~4's9. An- 
nealing which is confined to the orthorhombic phase tends 
to reproduce phenomena found at 1 bar. Thus X-ray long 
period gives approximately a common reduction in terms 
of supercooling for 5 kbar and 1 bar 6°-62, while the mor- 
phology of solution-grown lamellae annealed at high pres- 
sures 6~'6a shows features already familiar from atmospheric 
experiments 2a. 

It is a strong argument in favour of regarding the effects 
of annealing as due to a sequence of melting then recrystal- 
lizing (at a higher and more stable thickness) part of a sam- 
ple, perhaps only a few fold stems in the early stages, that 

annealing in the hexagonal phase should also give layer 
thicknesses approaching but lower than those produced by 
crystallization into this phase, thereby reproducing a pat- 
tern familiar in many polymers ~. Even though the more 
open structure of the hexagonal phase will tend to assist 
postulated molecular mechanisms such as solid-state thick- 
ening, the rate of thickening actually measured is not large 
enough to account for the high thicknesses produced 17. 
The interpretation in terms of local melting followed by 
recrystallization has been strongly canvassed in several re- 
cent papers from Reading ~4,4s~s,59, although in earlier re- 
search Rees and BassettlJwere not then able to support 
this point of view because of the known effect of sample 
prehistory on annealed specimens la,6s, a factor which 
should not have influenced melting/recrystallization ac- 
cording to facts then known. Soon afterwards, however, 
it was reported that the thicknesses produced in chain- 
extended samples decreased with sample size. Recent 
papers show that crystallization of hexagonal PE from the 
melt and annealing of hexagonal PE can both give lamellae 
only 100 A or so thick in the thinnest films whereas bulk 
specimens treated alongside acquire lamellar thicknesses 
one to two orders greater '~,ss. 

This phenomenon removes, in principle, the objection 
based on sample prehistory by allowing local melting of a 
smaller part of a sample to produce a lower lamellar thick- 
ness on recrystallization 4s. A side-effect of work on CEPE 
has thus been to provide what appears to be a consistent 
explanation of this second long standing problem in poly- 
mer crystallization. 

CURRENT STATUS 

Pattern of  crystallization 
The current status of research on CEPE is that the hypo- 

thesis of Bassett and Turner s°,47 allows a simple understand- 
ing of the main features within the framework of ideas de- 
veloped for chain-folding, but that many of the detailed 
points need thorough testing. At the same time the gene- 
ralization of behaviour found in CEPE to chain-folded 
growth as a whole sheds interesting light on some old 
problems. 

Because the hexagonal phase is specific to molten poly- 
ethylene, one has a simple answer to the mystery of why 
crystallization under pressure does not greatly affect the 
behaviour of other polymers nor indeed the growth of poly- 
ethylene from solution 3°'61'6~. Even when new phases do 
appear with pressure as e.g. in cis-polyisoprene 67 one would 
not expect these to produce pronounced increases in lamel- 
lar thickness unless, as for hexagonal PE, the new phase has 
a correspondingly reduced entropy of fusion, i.e. it is closer 
to the melt in properties than to the normal solid. 

The independence of chain-folded and chain-extended 
growth is inherent in this scheme, but the manner in which 
one gives way to the other is of particular interest. At 5 
kbar the expected behaviour is for CEPE to form at low 
supercoolings and for chain-folded growth to set in at higher 
supercoolings corresponding to the pattern of the phase dia- 
gram. This is observed in practice 13,as,ss, although crystal- 
lization of the hexagonal phase frequently occurs at suffi- 
ciently high supercoolings to make it metastable 47. In a 
similar way, CEPE is still formed isothermally at tempera- 
tures and pressures a little below the estimated orthorhom- 
bic/hexagonal/melt triple point ~,47. It can also be formed 
by rapid application of pressure beginning at temperatures 
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Figure 3 (a) High pressure d.t.a, traces of PE fractions having the 
molecular weight distributions shown in (b). All samples had 
previously been crystallized into the hexagonal phase at 4.9 kbar. 
(R. B. Morris and D. C. Bassett, unpublished) 

as low as 170°C for high molecular weight polymer 3, but 
this is merely ~ consequence of temperature rising during 
the pressure quenching to conditions close to those where 
isothermal crystallization Occurs 69. Such temperature rises 
can be substantial (8K/kbar has been estimated for molten 
PE in the range 1-4  kbar 69) and as pressure crystallization 
has mostly been carried out by the rapid imposition of 
pressure at a given temperature it is probable that in at 
least some of the experiments in the literature, crystalliza- 
tion actually occurred at higher temperatures than those 
reported. 

The change from chain-folded to chain-extended growth 
is very dependent on molecular weight 42'44'4a. In part this 
is a consequence of kinetics, but it also reflects the sensi- 
tivity of the triple point, the orthorhombic-hexagonal 
transition and the melting point to this parameter 47. Un- 
published estimates from this laboratory place the extra- 
polated triple point as low as 2.7 kbar for very high molecu- 
lar weight linear polyethylene whereas it is above 5 kbar 
for molecular weights of a few thousand. Figure 3a taken 
from unpublished work by Morris and Bassett shows that 
the orthorhombic to hexagonal transition temperature in- 
creases at 5.35 kbar from 237 ° to 245°C and the hexagonal 
melting point from 245 ° to 258°C, all samples having pre- 
viously been crystallized by slow cooling at 4.9 kbar, with 
average molecular weight rising from 104 to 105 . (The 
effect of increasing the branch content is qualitatively the 
same as lowering the molecular weight of linear polymer). 
Inevitably, therefore, fractionation is widespread during 
high pressure crystallization 2'4'1a. At 5 kbar, obvious frac- 
tionation can be avoided by removing molecules below 104 
molecular weight 7°'7~'~a, although the impression gained 
by direct observation of crystallization is that fractiona- 
tion on a fine-scale still persists with a change in habit and 
branching frequency with molecular weight; this is in ac- 
cord with the facts cited above and observations on the 
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progress of melting through a sample 71. Near the triple 
point, however, even tolerably good fractions (polydisper- 
sity 1.14) undergo internal fractionation 47 and mixed sam- 
pies of disparate molecular lengths separate out 72 because 
the higher crystallizes into the hexagonal phase and the 
lower into the orthorhombic. In addition there are time 
effects, altogether making for a complicated situation 
whose details remain to be elucidated. 

Segregation of lower molecular weight material is res- 
ponsible for separate low melting peaks of thinner crystals 
which appear not only in recrystaUized PE but also in speci- 
mens annealed at high pressures 14,3a'T°m. The number of 
such peaks and their explanation vary. There is always at 
least one clearly attributable to direct crystallization into 
the orthorhombic phase i.e. chain-folded polymer. The 
triclinic structure has also been detected 73. In addition 
there is often a peak of intermediate mettingpoint, rising 
in certain circumstances to ~140°C at 1 bar 14'a3'71, whose 
origin was once claimed to be the onset of molecular mo- 
tion at 1 bar 4 similar to that of the orthorhombic-hexa- 
gonal transition in n-paraffins. Alternatively it was sug- 
gested that it referred to PE of intermediate molecular 
weight in either folded-chain or fully-extended conforma- 
tion 3a,71. Most recently it has been proposed s9 that this is 
material which is unable to crystallize into the hexagonal 
phase at the treatment temperature but does so on cooling, 

thereby being differentiated from the shortest molecules 
which are incapable of forming the hexagonal phase at the 
pressure used. Here, too, the details need clarification al- 
though they are not likely to affect the broad understand- 
ing of chain-extended growth. 

Lamellar thickness 
Knowing of the existence of the hexagonal phase, it is a 

natural assumption that the differences between chain- 
extended and chain-folded growth reflect the properties 
of the two phases rather than a change in the crystalliza- 
tion process itself, i.e. that chain-extended growth is just 
kinetically controlled ('chain-folded') growth of the hexao 
gonal phase. There is support for this view in the depen- 
dence of lamellar thickness on supercooling 16 and the en- 
tropy of fusion s°'47, in the similar ratio of Oeff needed to 
fit the kinetic theory formalism to Oe, the surface free 
energy derived from melting points 2s and in the similarity 
to PTFE 2s. On this basis the lamellar thicknesses produced 
by chain-extended growth should be higher than those of 
chain-folded polymer because of the lower entropy of fu- 
sion. At pressures ~3 kbar where both forms of PE can be 
produced at the same temperature, the ratio of lamellar 
thicknesses of chain-folded and CEPE is about 4 ~, a value 
consistent with the relative entropies of fusion estimated 
when they can be resolved i.e. at 5 kbar 47. This behaviour 
is that expected from kinetic theory, but for CEPE crystal- 
lized at higher pressures (at constant supercooling) there is 
a large increase of crystal thickness with pressure of ~750 
A kbar for 50 000 molecular weight polymer 44. The variation 
of thickness of chain-folded crystals with pressure has 
hardly been studied either experimentally or theoretically. 
A modest increase has been found 74 for chain-folded PE 
(~50 A/kbar) of a magnitude anticipated from the increase 
with pressure associated with the density deficit of chain- 
folds in the surface free energy 13 and little change observed 
for cis-polyisoprene 7s. It is possible, however, that a sub- 
stantial increase of lamellar thickness might be anticipated 
on existing theories of chain-folding from the melt. 
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In his early formulation, Hoffman 76 found the observed 
thickness of a melt-grown lamella to be: 

[2Oe× TOm + 
l = 7  [ A h l  

where 51 = kT/bo, 7 expresses the effect of isothermal. 
thickening, b is the lattice translation and the remaining 
symbols have their previous meaning. Later, Lauritzen and 
Passaglia 77 obtained a similar expression: 

2Oeff T ° 
l = - -  x - -  +  l(73 

Ah[ AT 

which removes 7, replaces Oe by °eft which is a function of 
temperature and 6l by 61(T). The latter expression w as used 
by Bassett and Davitt 2s, with the assumption that 6l(T) was 
small, to show that the ratio Oeff/Oe ~- 7 was approximately 
the same (~2.5) for PTFE, for chain-folded PE and for 
CEPE in making a case for a common crystallization pro- 
cess. Concerning the increase oflamellar thickness with 
pressure, Hoffman (personal communication) has pointed 
out that, in addition to the large increase in I due to the 
small enthalpy of fusion of the hexagonal phase, 5l in the 
first expression should also increase for CEPE firstly be- 
cause o, the lateral surface free energy, is expected to be 
proportional to Ahf, the enthalpy of fusion, and so will be 
proportionately lowered for the hexagonal phase. There 
should, moreover, be a second and even greater effect be- 
cause o is liable to decrease with pressure, in a parallel way 
to its decrease with falling temperature, as the hexagonal 
phase and melt become closer in properties. In addition, 
the theory oflamellar thickening relating to the factor 7 
predicts 76 a logarithmic increase with time of a magnitude 
inversely proportional to 0 2 , so that the initial rate of thick- 
ening might become quite large, conceivably accounting 
for a projectile shaped profile for the growth front as has 
been observed. 

Experimental facts against which to judge any such pro- 
posals are still meagre but it has been shown that lamellar 
thickness increases approximately with inverse supercooling 

16 44 at a given pressure , with pressure at a fixed supercooling , 
with molecular weigi~ot (between 2 x 10 4 and 5 x 10 4) at a 

4, 0,13~44 fixed temperature and pressure and, most markedly 
of all, with specimen size below ~100 ~tm 4s,46. This last 
parameter can depress lameUar thicknesses by more than 
an order of magnitude and yet, for lamellae away from a 
free surface, would not be expected to have much influence 
in the thickness of a simple molecular strip adding to a crys- 
tal in the model envisaged by kinetic theories, but would 
have a significant role in any subsequent lamellar thicken- 
ing 4s. It is noteworthy that, in comparison, the factor 7 is 
only ~2.5 2s. Secondly, in terms of the rationalization of 7 
in terms of lamellar thickening, all data have been measured 
away from the growing edge of lamellae and may well, 
therefore, not be related to the tapered profdes now ob- 
served. It should also be pointed out that these profiles 
and the effect of specimen size have led to questioning of ' 
the basis of kinetic theories 2s'46. To clarify all these points 
there is an urgent need for further data which hopefully 
may be forthcoming from direct observation of chain- 
extended crystallization in the diamond-anvil cell. 

Kinetics 
The kinetics of chain-extended growth have been little 

studied until recently and should be capable of adding sig- 

nificantly to our understanding of its nature. Although 
Davidson and Wunderlich aa reported that both crystalliza- 
tion and melting rates are retarded under elevated pressure, 
other workers have found the opposite. Thus Kyotani and 
Kanetsuna 79 found an increase of crystallization rate with 
pressure throughout the range from 0 to 5 kbar. In this 
and other work from this group s°, dilatometric data ob- 
tained for varying molecular weights, pressures and tem- 
peratures were analysed in terms of the Avrami equation. 
Whereas at lower pressures the Avrami exponent was ~2, 
there was an abrupt change at pressures where CEPE occur- 
red. Data at these higher pressures were interpreted in 
terms of a single process, whereas we now know that two 
are involved. 

The high pressure d.t.a, data of  Bassett and Turner 47 
also show an increasing rate of crystallization with pres- 
sure from 1 to 5 kbar. They show, in addition, that this is 
true of the crystallization of the hexagonal phase just as 
for the orthorhombic, but that the rate of the hexagonal to 
orthorhombic transition is more or less constant with pres- 
sure. The effect of increasing molecular weight from 5 x 
10 4 to 2 x 10 6 was to increase the rates of hexagonal crys- 
tallization and hexagonal to orthorhombic transition but 
to decrease the rate of  chain-folded (i.e. orthorhombic) 
crystallization at 2 kbar and below. These authors also 
presumed that in a given set of  crystallization conditions 
the actual product was the result of kinetic competition 
between crystallization into orthorhombic and hexagonal 
phases. In this connection, they pointed out that the ob- 
served changeover between chain-folded and CEPE occur- 
red below the triple point by a pressure approximately 
that needed to alter the melting points sufficiently to off- 
set the difference in rates measured by the relative super- 
coolings at the triple point. The whole question of kine- 
tic competition is an interesting one which remains to be 
investigated. 

Chain-extended polyethylene as a model system 
CEPE is an interesting material in its own right because 

of its large lamellar thicknesses and the consequent approach 
to fully crystalline properties. This large lamellar thickness 
also makes it of particular value as a model system because 
at least the thickest lamellae can be individually resolved 
in the optical microscope. So far advantage has been taken 
of this in two ways, the direct observation of lamellae 
growing from the melt and the study of mechanical proper- 
ties in relation to physical texture sl. 

The first observations of CEPE forming under pressure 
by Jackson, Hsu and Brasch 39 have been referred to briefly. 
Further studies of a similar kind have now been reported 
by Bassett, Block and Piermarini 29 and, most fully, by 
Yasuniwa and Takemura 7s. These have shown the hexa- 
gonal-orthorhombic transition and, most significantly, 
confirmed directly that at least the thickest lamellae of 
CEPE do grow outwards behind a narrowed edge as had 
been inferred from observations of fracture-surfaces la'21'26 
and thin films (e.g. Figure 4). This establishes that the 
final lamellar thickness only appears after very substantial 
lamellar thickening. The suppression of lamellar thicknesses 
with decreasing specimen size has also been claimed as evi- 
dence of a cooperative process, involving a number of mole- 
cules, being involved in the attainment of the familiar large 
thicknesses 46. Furthermore, arguments have been brought 
to bear suggesting that this is likely to be true also of thin- 
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Figure  4 Thick lamellae with highly-tapered edges viewed edge-on, 
produced by crystallization of a thin fi lm of a PE fraction (M w = 
5 × 10 5) at 5 kbar. (D. C. Bassett and J. M. Phillips, unpublished) 

ner lamellae in CEPE 13ga and of lamellae produced by kine- 
tically controlled growth in general 2s. 

Such a process appears to be at variance with the con- 
cepts of  the LP kinetic theory 77, which envisages a single 
strip laid on a substrate as establishing layer thickness with, 
presumably, only Oeff to look to to account for systematic 
variations in thickness. In terms of the earlier Hoffman 
theory 76, if it can be shown that the thickness at the tip 
is nucleation controlled, then the observations concern the 
theory of the factor 3 .̀ To date the theory of 3' has gene- 
ralized the logarithmic time dependence observed for thick- 
nesses away from lamellar edges; whether this is relevant 
to the profile of  the edge is not known. As has also been 
pointed out previously, however, the value of 3' for PE is 
estimated at "~276 or ~2.52s, whereas the suppression of 
thickness by specimen size is at least an order of magnitude. 

Mechanical properties 
As first prepared, CEPE was notorious for its brittleness 2 

so that its mechanical properties did not seem especially 
interesting. Even the brittleness, however, is revealing be- 
cause whereas for the linear polymer CEPE characteristi- 
cally fractures in { hkO} planes, only a small proportion of 
short-chain branching effects a striking change to fracture 
between the basal lamellar surfaces. It was subsequently 
shown by Bassett and Carder 81 that, in an oriented sample, 
brittleness in tension along the chain axis disappeared if 
short chains (less than a few thousand A long) were re- 
moved, otherwise they segregate between the large lamellar 
surfaces. Subsequent investigation has shown that the 
polymer remains brittle for other directions of  stress. This, 
however, is a matter of  molecular weight and in recent 
work Attenburrow and Bassett 82 report that Hifax poly- 
ethylene (molecular weight in excess of 2 × 106) can be 
drawn about 5 times at 80°C; at room temperature the 
material shows ductile fracture. 

Chain-extended polye~ylene in context: D. C. Bassett 

The first paper on mechanical properties of CEPE was 
that of Bassett and Carder 81 who investigated the change in 
chain-axis modulus as a function of annealing temperature 
at 5.35 kbar. They showed that towards the end of the 
chain-folded region, the polymer behaved, according to its 
morphology, melting point, density and stiffness, as a series 
composite of crystal and intercrystalline regions while aver- 
age lamellar thickness increased from 500 to 1000 A. Once 
in the chain-extended region this simple model broke down, 
as is not unexpected, in view of the sensitive fractionation 
indicated by Figure 3. 

The modulus parallel to c of CEPE is of particular inter- 
est in the quest for attainment of the theoretical stiffness 
of polymers; for PE this is ~300 GN/m 2, rather more than 
that for steel sa. It is now widely appreciated that it is the 
interruption by fold surfaces of the sequence of covalent 
carbon-carbon bonds which leads to the observed chain- 
axis modulus of PE being often at least t00 times lower 
than the maximum. To increase the modulus one must, 
therefore, ensure good orientation, stiffen interlamellar 
connections and reduce the number of interfaces by in- 
creasing chain-extension s3,s4. Bassett and Carder 8~ studied 
the compromise between the last two factors resulting 
when drawn fibres, with stiff interfaces but low chain-ex- 
tension, gradually had their chain-extension increased but 
simultaneously, their interfaces softened. It was shown 
that interface stiffening is much more important to modu- 
lus than is chain-extension. This is the factor which has now 
been exploited in the attainment of moduli of order 100 
GN/m 2, through the use of very high draw ratios 8s. 

The mechanism of drawing has itself been the subject of 
much study but its understanding is severely handicapped 
by the difficulties of establishing the facts in chain-folded 
systems, especially those concerning the fate of lamellae 
which cannot, in general, be examined directly. This is no 
longer the case for CEPE where at least the larger lamellae 
can be directly observed in bulk specimens in the optical 
microscope. A second advantage is that whether melting 
(or quasi-melting) occurs during drawing, a hypothesis 
which continues to receive support, can be checked very 
simply. If this were to happen at atmospheric pressure, it 
could not reproduce the large crystal thicknesses (and high 
melting point) because these are a legacy of crystallization 
into (or annealing in) the hexagonal phase and so crystal 
thicknesses would drop to a few hundred A and melting 
points fall to ~130°C. In fact Attenburrow and Bassett 82 
have shown that melting does not occur in five-fold drawing 
and that lamellae survive this process at essentially con- 
stant thickness but become highly sheared along c. CEPE 
is thus proving valuable in yet another context to illuminate 
major problems in polymer physics. 

CONCLUSIONS 

The study of CEPE can be summarized as having led to four 
main conclusions: 

(1) In the case of PE, chain-extended growth is crystal- 
lization of the hexagonal phase. The chain-folded/chain- 
extended terminology is confusing; it is probably best 
avoided and replaced by reference to the orthorhombic and 
hexagonal phases respectively. 

(2) The mechanism of lamellar thickening during anneal- 
ing of polyethylene can be regarded as due to (it is certainly 
very little different from) local melting, initially perhaps of 
only a few fold stems, followed by recrystallization. 
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(3) There is probably one mechanism of polymeric 
crystallization with molecular folding common to chain- 
folded and chain-extended polyethylene as well as to PTFE 
and other polymers. This process is cooperative, being 
more than the deposition of a single molecule on a substrate 
and leads to observed lamellar thicknesses being approxi- 
mately inversely proportional to the entropy of fusion and 
to supercooling. 

(4) CEPE is a valuable model system particularly in so 
far as it allows observation of individual lamellae being for- 
med during crystallization and being deformed mechani- 
cally. 
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Study of crystallization and isothermal 
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low frequency Raman spectroscopy and 
electron microscopy* 
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This study contains a combined application of three different techniques for the study of polyethy- 
lenes crystallized from the melt under different circumstances, small-angle X-ray diffraction (SAXD), 
low frequency Raman spectroscopy to examine the longitudinal acoustic (LA) mode, and electron 
microscopy. In particular, the combination of SAXD and Raman methods enables the separation of 
the situation where there is only one lamellar structure which displays several orders in the SAXD 
pattern, from that where there is more than one type of lamellar thickness present. The superior 
power of the Raman method, which does not depend on the regularity in the lamellar stacking, be- 
comes apparent. The multiplicity of the lamellar population could be associated with lamellae formed 
isothermally at the preselected crystallization temperature and with lamellae which originated from 
material which has remained uncrystallized at this temperature and formed subsequently with smaller 
lamellar thickness during cooling of the sample. The existence of the corresponding double lamellar 
population could be made directly visible using electron microscopy on freeze-cut and stained sec- 
tions. The thinner lamellae in the double population could be extracted by solvents, removing the 
corresponding SAXD and Raman peaks, and leaving blank image areas in place of the thin lamellae 
in the electron-micrographs. These extracted thinner lamellae correspond to lower molecular weights 
as assessed by g.p.c. Thus molecular segregation during crystallization is involved. Furthermore the 
segregated texture units and their arrangement within the full morphology could now be identified. 
Pronounced changes in lamellar thickness with crystallization time were observed throughout and 
were associated in the early stages of crystallization with molecular fractionation and in the later 
stages with thickening of lamellae already present. An unexpected interrelation between nucleation 
density and the final lamellar thickness through the agency of isothermal lamellar thickening has been 
established. Examples are quoted which are contrary to the expected trend of lamellar thickness with 
crystallization temperature, but which are interpretable nevertheless in the light of the effect of iso- 
thermal lamellar thickening. The potential significance of all these findings and of this kind of 
approach for the characterization of crystalline bulk polymers is made throughout. 

INTRODUCTION 

It has been established that the Raman active longitudinal 
acoustic mode of vibration (LA mode) can be used as a 
measure of the straight chain length in lamellar crystals of 
polyethylene 1-a. A greater part of the recent discussion 
involving the Raman method has centred around correla- 
tions of the Raman derived chain length with the lamellar 
spacing determined from small-angle X-ray diffraction. The 
motivation for this has been to obtain a better description 
of the lamellar morphology in terms of the crystalline core 
and an amorphous fold surface. At a quantitative leyel there 
are several problems to this approach. In the Raman spec- 
trum a vibrational frequency is observed and the problem 
becomes one of interpreting this frequency in terms of a 
chain length. This is usually carried out by using the fol- 
lowing relationship developed for the n-paraffins4: v = 
(m/2L)E/p 1/2 where u is the vibrational frequency of the 

* Presented at the Polymer Physics Group (Institute of Physics) 
Biennial Conference, Shrivenham, September 1975. 

LA mode, m, the order of the vibration, L the length of 
the vibrating chain, E the Young's modulus and P the den- 
sity. A rigorous treatment however, would require the 
special features associated with polyethylene for example 
chain branches and fold surfaces to be taken into account s . 
These effects are known to be small but their precise values 
on which deafly a meaningful comparison with other tech- 
niques depends is as yet unknown. By contrast both SAXD 
and electron microscopy are established techniques in this 
field. However, there are still uncertainties surrounding 
the values of lamellar thickness for melt crystallized poly- 
ethylene. Authors differ in their treatment of the SAXD 
data which in turn affects the long spacings determined. 
Furthermore in cases where more than one SAXD maxi- 
mum is observed there is disagreement about which one 
represents the lamellar spacing 6'7. Generally observations 
by electron microscopy have not shown good agreement 
with the expectations of lamella thickness given by SAXD 8. 

While pursuing these problems, in particular the rela- 
tionship of SAXD to Raman data, new information has 
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Figure I Typical (a) SAXD pattern and (b) Raman spectrum of 
PE single crystals (Marlex 6002, T c 85°C) 
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become available on the dependence of the lamellar thick- 
ness on the time of crystallization and on the effect of 
nucleation density when crystallization is carried out from 
the melt including a tie-up with the wider field of  molecu- 
lar weight segregation during crystallization. These results 
are presented in this paper and the interrelation of crystal- 
lization time, temperature and nucleation density is discus- 
sed. In an attempt to confirm deductions made from the 
Raman spectra about the crystallization process the elec- 
tron microscope has been used. Here it is possible to show 
that information obtained from the Raman spectrum on 
the distribution of lamellar thicknesses is directly related to 
the fine structure observable using the electron microscope, 
hence showing the complementary nature of these techniques. 

The wider implications of this work are in the control 
of the structure and properties of polyethylene formed by 
the process of crystallization from the melt. 

EXPERIMENTAL 

Raman spectroscopy 
Raman spectra were obtained at room temperature using 

a triple monochromator spectrometer, a Coderg model 
TS00. Laser excitation was provided by a CRL model 52 
argon ion laser which was set to give a power of 100 mW 
at the sample. 

In all spectra the LA modes appear against a sloping 
background which tends to distort the band-heads to lower 
frequencies. In order to minimize this error it is desirable 
to obtain well resolved peaks when subtraction of a back- 
ground has only a small effect on the peak frequencies. 
This was attempted using small slit widths typically 1 cm -1 
and occasionally 0.5 cm -1 for recording spectra below 
Az) = 5 cm -1. Noise on the trace also creates an uncer- 
tainty in peak position, although nowadays this is generally 
not a problem since signal to noise ratios better than 20:1 
can be achieved. On this basis we were able to locate 
strong LA mode peaks to better than +0.5 cm -1 depending 
upon the individual conditions. The error bars for Raman 
chain length quoted in this paper correspond to the uncer- 
tainty in the frequencies of the LA modes. 

The frequency shift of a peak with respect to the excit- 
ing radiation is denoted by ~ and expressed in cm -1 
throughout the text. Values of  Av were converted into 
values of chain length using the relationship derived by 
Schaufele and Shimanouchi 4. In certain spectra there are 
two low frequency peaks. In these cases the peak with the 
lower value of v is referred to as peak 1 and that with the 
higher value as peak 2. 

Small-angle X-ray diffraction ( SAXD ) 
SAXD photographs were taken at room temperature 

using a Frank's point focusing X-ray camera. An exposure 
time of 17 h was used for all samples with a specimen to 
film distance of 9 cm. On a number of occasions a point 
collimating Rigaku-Denki camera and rotating anode X- 
ray generator were used whereby the exposure time could 
be reduced to 4 h using a specimen to film distance of 30 cm. 
Experience with the results obtained showed that these 
cameras were very similar in terms of resolving power and 
background scatter. 

Densitometer traces of  the X-ray plates were recorded 
using a Joyce and Loebel two beam microdensitometer. 
Braggs law was applied to the maxima to determine the 
lamellar long spacings. When two distinct maxima are ob- 
served in the SAXD pattern, the one at the smaller angle is 
referred to as 01 and that at the larger angle as 02 in accor- 
dance with the usual convention. 

Recently some discussion has centred around the need 
to apply a Lorentz-geometric correction to SAXD inten- 
sity curves 7'8. The Lorentz correction was originally intro- 
duced as an intensity correction for wide angle X-ray rota- 
tion photographs and allows for the different times for 
which crystallographic planes are in the reflecting condi- 
tion. In a randomly oriented sample it should be applied 
to correct for the different probability of planes being in 
the reflecting condition. At low angles the combined 
Lorentz-geometric correction takes the form of a 02 mul- 
tiplication factor. 

The application of this correction to SAXD curves from 
single crystal material (Figure 1), or from bulk material 
with well defined peaks (Figure 2) creates no problems, 
and the effect is to shift the peaks only slightly towards a 
lower spacing. In Figure 1, for example, the peak is moved 
from 124 to 114 A, by the application of this correction. 

The situation has been found to be rather more compli- 
cated in the case of some isothermally crystallized bulk 
materials. In addition to any background scatter from the 
instrument or from the air, which can be subtracted from 
the intensity curve, such materials produce a strong intrin- 
sic background scatter at very small angles. Since we be- 
lieve that this scatter does not originate from the basic 
lamellar periodicity, it must be subtracted before the 
Lorentz correction can properly be applied. 

The exact form of the background scatter is unknown, 
but subtracting various trial backgrounds and then apply- 
ing the Lorentz correction has the effect of reducing the 
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Figure 2 (a) SAXD pattern and (b) Raman spectrum of quenched 
PE (Rigidex 50 as supplied) with two maxima in the SAXD pattern 
and with one first order LA mode in the Raman spectrum 
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SAXD and Raman parameters for polyethylene samples 

SAXD layer Raman chain1" 
Figure Sample thickness*, L x length, L R 
number description (A) (A) 

01 02 peak 1 peak 2 

1 Single crystals 124(114) -- 135 -- 
of Marlex 6002,  
Tc 85°C 

2 Bulk Rigidex 50,219(190)  112(93) 208+-5 - 
as supplied 

3 Bulk Marlex 50, 320(260) 170(140) 397-+ 17 - 
T c 122.9 ° C 

4 Bulk Carlona -- 601 -+ 50 -- 
65045, 
T c 128.4° C 

5 Bulk Unifes 231 (205) 370 _+ 17 204 _+ 5 
7006, 
T c 126.0 ° C 

6 Bulk Unifes 220(185) 531 -+ 35 253 -+ 8 
7006, 
T c 127.9° C 

* Values in parenthese are those for Lorentz-geometric corrected 
long spacings 
1 The error bar arises from the uncertainty in the peak position, 
for a discussion of the errors in the SAXD long spacings, see text. 

measured lamellar periodicity of curves 3 to 6 by ~20%. 
Whilst the effect is not strongly dependent on the particu- 
lar background which is subtracted, this introduces an un- 
certainty in the values of long period estimated by SAXD 
of about 10%. Because of the uncertainties involved, the 
SAXD spacings shown in Table 1 are uncorrected, with 
corrected values shown in parentheses. 

Electron microscopy 
Some of the specimens were treated so as to make the 

lamellar structure visible in the electron microscope. The 
technique used was recently discovered by Kanig 9'~°, inde- 
pendently of previous similar work by K6rosy and Zeiger- 
son l~. Small pieces of the polyethylene were put into 
chlorosulphonic acid and left at 60°C for 9 h. After wash- 
ing in concentrated sulphuric acid and then distilled water 
the samples were left for 3 h in a 0.7% aqueous solution of 
uranyl acetate. Thin sections were then cut from these 
stained blocks at temperatures below 150K, using an ultra- 
microtome with a diamond knife and liquid nitrogen cool- 
ing system. The chlorosulphonic acid attacks polyethy- 
lene, and it diffuses preferentially into the disordered 
interlamellar material, and not into the crystalline lamellae. 
In the reaction with polyethylene, polar groups are substi- 
tuted for hydrogens, and these polar groups attract the 
heavy metal ions from the staining solutions. Thus the 
amorphous or disordered regions are made very electron 
dense. In the electron microscope at focus, the image seen 
is the projected electron density distribution in the section, 
so that when a crystalline lamella extends through the sec- 
tion, it appears as a light, electron transparent region. 

Another important effect of  the acid treatment on poly- 
ethylene is to introduce crosslinks between chains, making 
the sample rigid. It is then very much less susceptible to 
the large distortions which are otherwise produced by 
mechanical damage during cutting and radiation damage 
during observation in the electron microscope. Because of 
this stability, no special techniques are required in the 
actual microscopy, and it is possible to assert confidently 
that the structures observed are representative of  those 
existing in the bulk material. 

Samples 

Samples were taken from a range of high density poly- 
ethylenes of Marlex, Rigidex, Unifes and Carlona types. 
Specimens were prepared by pressing pellets between thin 
microscope coverslips on a hot bench at 180°C and held 
at this temperature for several minutes to allow any orien- 
tation in the material to disappear. The thin discs so form- 
ed (~0.1 mm thick x 0.5 cm in diameter) were then cooled 
to about 150°C on the hot bench and then quickly trans- 
ferred to a thermostat containing silicone oil at the crystal- 
lization temperature. The temperature of the oil bath was 
constant to within +O.I°C. 

For samples of special interest solvent extractions were 
carried out in p-xylene, the details of  which are described 
later. The results of the extraction were analysed in terms 
of the molecular weight distribution using a Waters analyti- 
cal g.p.c, apparatus. 

RESULTS AND DISCUSSION 

Scope and fimitations o f  the techniques available 

Since the techniques of SAXD, low frequency Raman 
spectroscopy and electron microscopy examine different 
properties of the material, meaningful comparisons of the 
results can only be made by bearing in mind how the infor- 
mation is obtained. The difference in density between 
crystalline lamellae and the disordered interlamellar mate- 
rial is detected directly by X-rays, but a prerequisite for 
the appearance of a discrete maximum in the small angle 
region is the regular stacking one upon another of lamellae 
of reasonably uniform size. The position of the peak then 
indicates the average repeat distance in the stacks of  
lamellae. 

The Raman active LA mode depends upon the average 
length of the extended chains within the lamellae. This 
will not necessarily be the same as the thickness of  the 
lamellae because the chains may not be perpendicular to 
the lamellar surface as earlier work has shown ~2. Further- 
more the LA mode will clearly not depend on how the 
lamellae are arranged in stacks. 

The electron microscope looks at density variations but 
these are not the density variations that originally existed 
within the material. They have been artificially induced 
by staining and so reflect the permeability variations within 
the material. Low permeability is associated with crystal- 
line order and thus high original density. Again, observa- 
tion of a lamellar thickness does not depend on regular 
stacking, indeed the arrangement of lamellae may be ob- 
served directly. 

In Figures 1 -6  we give illustrative examples of  typical 
SAXD patterns and Raman spectra of polyethylene. The 
values of X-ray long spacings and Raman chain lengths are 
given in Table 1. 

For mats of polyethylene single crystals which are well 
ordered and consist of  fairly small crystals the SAXD pat- 
tern gives well resolved peaks and several orders of diffrac- 
tion as shown in Figure 1. For melt crystallized polyethy- 
lene in general the position is not so good. The SAXD 
maxima in Figures 2 - 4  tend to be obscured by the intense 
background scatter. Consequently it is difficult or in some 
cases impossible to measure or even resolve them. In the 
Raman spectra the LA mode peaks also get nearer to the 
main beam (in this case the intense laser line) as the lamel- 
lar thickness increases. However, the recent introduction 
of triple monochromators has made it generally possible to 
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Figure 3 (a) SAXD pattern and (b) Raman spectrum of isother- 
mally crystallized bulk PE (Marlex 50, T c 122.9°C) with two maxima 
in the SAXD pattern and with one first order LA mode and a weak 
corresponding third order in the Raman spectrum 

a 

.I o< 
L(3 

LIb 

20xlO3(rad) Av(cm-t) 
Figure 4 (a) SAXD pattern and (b) Raman spectrum of isother- 
mally crystallized bulk PE (Shell Carlona 65045, T c 128.4°C) 
without a maximum in the SAXD pattern but with a well defined 
LA mode in the Raman spectrum 

obtain well defined peaks for melt crystallized material, 
and peaks can be detected even when the corresponding 
chain lengths are over 500 h as illustrated in Figure 4. 
SAXD patterns from material containing such large lamellae 
give little or no indication of a maximum. Greater inten- 
sity and thus finer collimation may be obtained using slit 
collimated cameras, but to avoid slit height corrections we 
have concentrated our efforts on point collimation. 

Since the electron microscope looks at lameUae in real 
space the accuracy is not limited by the lamellar size. How- 
ever, the accuracy is never high for the following reasons: 
the possibility of distortion of the specimen during prepara- 
tion; the very small volume of the sample which is obser- 
ved; and the difficulty of calibrating the microscope 
accurately. 

To summarize, therefore, the Raman technique can give 
information on a routine basis in circumstances when the 
SAXD method, cannot, at least not without time consum- 
ing procedures. To compare these two techniques quan- 
titatively requires knowledge of the chain obliquity which 
can be obtained independently using wide angle X-ray 
diffraction for oriented samples only. By using the two 
methods together there exists the possibility of distinguish- 
ing effects due to individual lamellae and those due to the 
stacking of lamellae. Electron microscopy gives direct 
visual information about the stacking and arrangement of 
lamellae as well as about lamellar size but the procedure is 

time consuming and the accuracy for the latter purpose is 
more limited. 

Values for lamellar thicknesses 
Since LR is a measure of the straight chain portion, then 

it might be expected to be smaller than the total lamellar 
thickness which is considered to be sub-divided into a 
crystalline and a more or less disordered (amorphous) sur- 
face layer. In previous works 3, nevertheless, L R was found 
to be larger than L X. This could be accounted for by the 
fact that the chains are inclined with respect to the layer 
surface. In cases where the chain inclination could be 
assessed LR was found to be close to Lx/cos¢ (¢ = angle 
between straight chain direction and lamellar normal). 
This implies that LR is a measure of the appropriately in- 
clined straight chain traverse across the full layer. As laid 
out previously 3 this leaves little room for amorphous mate- 
rial such as does not partake in the vibration contributing 
to the Raman peak, a point of potential consequence for 
the visualization of a polymer crystal. It means~that, con- 
trary to much other experimental evidence, there is either 
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Figure 5 (a) SAXD pattern and (b) Raman spectrum of isother- 
mally crystallized bulk PE (Unifes 7006, T c 126°C) with one 
maximum in the SAXD pattern and with two first order LA modes 
in the Raman spectrum 
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Figure 6 (a) SAXD pattern and (b) Raman spectrum of isother- 
mally crystallized bulk PE (Unifes 7006, T c 127.9°C) with one 
maximum in the SAXD pattern and with two first order LA modes 
and a weak third order in the Raman spectrum 
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no appreciable amount of amorphous material at the crys- 
tal surface or the amorphous material has some special 
structure and orientation. While we shall not take this 
issue further in the present paper we must state that the 
results to be described will further emphasize this point. 

Single crystal mats. Single crystal mats give clear results 
which are comparatively easy to interpret. They are being 
used here as control specimens. Three orders are visible 
in the SAXD pattern and a clear primary LA mode in the 
Raman spectrum as shown by Figure 1. As seen from the 
corresponding entry in Table 1, the Raman chain length 
LR is larger than the X-ray long period LX. With reference 
to the preceding paragraph we may invoke chain inclination 
as an explanation and test for the relation (Lx/LR) = cos~b 
which as stated above implies that the entire oblique tra- 
verse length partakes in the vibration. We find that ¢ = 
25 ° or 32 ° for the uncorrected and corrected values of 
Lx respectively. These are within the range for crystals 
grown at 85°C 13. 

Melt-crystallized polyethylene. Figures 2 -6  show exam- 
ples of SAXD patterns and Raman spectra from various 
melt-crystallized samples. They show that two X-ray peaks 
may appear when only one Raman peak appears as in 
Figures 2 and 3 and that two or more Raman peaks may 
appear when only one X-ray peak is present as in Figures 5 
and 6. The new observation of multiple Raman peaks is 
discussed fully later. Here we will confine the discussion 
to cases where one Raman peak and two X-ray peaks are 
observed. We find this behaviour for samples which have 
essentially fully crystallized at one temperature. 

When there is only one Raman peak the chain length is 
closest to the larger of the two X-ray spacings as shown by 
Table 1. This agrees with the results of Koenig and Tabb 2. 
For a rapidly quenched sample, as in Figure 2, L R is closely 
equal to the uncorrected value of Lx  while it is slightly 
larger than the corrected Lx  value. In the latter case the 
chain inclination, considering again the oblique traverse 
across the full layer, would be 24 ° . As the precise tem- 
perature at which this sample was crystallized is not known 
such a tilt could be reasonable; for a quenched sample it is 
unlikely to be larger 14. 

For an isothermally crystallized sample, as in Figure 3, 
LR > LX, both for the corrected and uncorrected LX 
values. This is consistent with the expectation of increas- 
ing chain tilt with crystallization temperature as documen- 
ted in earlier electron diffraction work. For the bulk sam- 
ple in Figure 3 this yields tilts of 36 ° and 49 ° for uncor- 
rected and corrected LX values respectively, again taking 
the oblique traverse as running across the full layer. While 
the latter may appear on the high side it is still within the 
range of practical experience in cases where the tilt angle 
could be directly assessed 3. It is to be noted that a traverse 
length shorter than that across the full layer would require 
still higher tilt angles. 

The observation of two low angle maxima has been re- 
ported many times previously. Since in many cases the 
ratio of the spacings has not been 2:1 they have been inter- 
preted as two independent first orders of diffraction arising 
from two different lamellar periodicities 6'7. Support for 
this has been found using the electron microscope where 
different types of lamellae have been observed ~s. How- 
ever, recently it has been shown that if the X-ray data ob- 
tained using slit collimated cameras are rigorously corrected 
then the ratio of  spacings becomes closer to 2:1 thus 
favouring an interpretation based on two orders of diffrac- 
tion from the same lamellar periodicity. 

Multiple SAXD spacings may be due either to higher 
orders of diffraction from a single lamellar periodicity or 
the two distinct sets of lamellae. Clearly the observation 
of a single, primary LA mode together with two SAXD 
maxima in Figures such as Figures 2 -4  indicate that at 
least in these cases only one lamellar periodicity is present, 
consequently the SAXD maxima are 1st and 2nd orders 
of the same spacing. Even if we did not go to such lengths 
on the effect of the exact corrections to the LX values as 
some other authors s the entries in Table 1 are certainly in 
support of  this plausible assignment. 

This is in contrast to Figures 5 and 6 where two LA 
modes but only one broad SAXD maximum are observed. 
As will be apparent below the two LA modes correspond 
to two types of lamellae. Accordingly, the single SAXD 
maximum may arise either from one set of lamellae only, 
that due to the second not being resolved, or may result 
from the superposition of the maxima arising from two 
sets of lamellae. In any event in this case we find that the 
Raman effect is the more informative and shall proceed to 
follow its behaviour more closely. 

Observation and interpretation of the multiple Raman 
peaks in melt crystallized polyethylene 

First we have to examine the possibility that a Raman 
peak appearing at a higher wavenumber than peak 1 corres- 
ponds to a higher order vibration of the first Raman peak. 
The second order LA mode is not Raman active but an 
active third order LA mode is predicted in the Raman spec- 
trum and this has been observed previously for melt crystal- 
lized polyethylene 12. Occasionally we have observed such a 
peak at approximately three times the wavenumber shift 
of the first peak as shown in Figures 3 and 6. However, in 
most cases the higher order is readily distinguishable from 
peak 2 as shown in Figure 6. Furthermore, the wavenum- 
ber shifts of peaks 1 and 2 bear no simple numerical rela- 
tionship to one another. Thus one can say that peaks 1 
and 2 are of different origin. 

The frequencies of peaks 1 and 2 have been measured 
for a variety of crystallization temperatures. Figure 7 
shows the data obtained for Rigidex 50. In this and later 
figures it is assumed in the first instance that both peaks 
are primary LA modes and their frequencies have been 
converted into Raman chain lengths. Here the data strong- 
ly suggest a dependence of the frequency of peak 1 upon 
the time of crystallization. Hence Raman spectra were 
measured as a function of time at a constant crystallization 
temperature of 126°C. This information is given in Figures 
8 and 9 which show the Raman chain lengths and relative 
intensities of  peaks 1 and 2 as a function of crystallization 
time. The major observations concerning the assignment 
of these peaks are: 

(a) The length corresponding to peak 1 (the longer 
chain length) increases as a function of crystallization tem- 
perature as shown by the upper curve in Figure 7. 

(b) The length corresponding to peak 2 is largely inde- 
pendent of crystallization temperature as shown by the 
lower points of Figure 7. The length is generally in the 
range 200-250 A although we have found that it can be 
lower for samples which have been cooled rapidly from the 
isothermal crystallization temperature by quenching into 
an ice/water mixture. 

(c) For a given crystallization temperature peak 2 de- 
creases in intensity relative to peak 1 as the time allowed 
for crystaUisation increases. At long times peak 2, although 
very weak, is still detectable as shown in Figure 9. 
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Figure 7 Raman chain length as a function of crystallization tem- 
perature for Rigidex 50. o, data for a crystallization time of 1 h; 
o, data obtained for more complete crystallization. The times used 
for the latter were at 123.6°C, 20 h; 125.0°C, 53 h; 126.0°C, 1 day; 
and 128.6°C, 2½ days 

From this we conclude that peak 1 corresponds to an LA 
vibration in material which crystallized isothermally at the 
temperature of the oil bath and that peak 2 is an LA vibra- 
tion in material which remained uncrystallized at the end 
of the 'crystallization time' and crystallized subsequently 
while the sample was cooled to room temperature. At 
longer i=othermal crystallization times more material has 
crystallized and so peak 2 weakens. Eventually after seve- 
ral days all the material crystallizable at the particular bath 
temperature has crystallized isothermally and consequently 
peak 1 predominates. 

The persistence of peak 2 at long crystallization times 
suggests that there remains a portion of the material which 
is able to crystallize only on cooling. During the course of 
this work our attention was drawn to a recent paper by 
Mehta and Wunderlich 17 in which a study of molecular seg- 
regation during crystallization from the melt was made. 
Here it was shown that for a given crystallization tempera- 
ture material below a critical molecular weight does not 
crystallize. On this basis it is anticipated that a small por- 
tion of uncrystallized material will remain when isothermal 
crystallization is complete. This would crystallize on cool- 
ing and would give rise to an additional LA mode such as 
peak 2. The possibility of making a connection between 
the structure of the resulting crystals and the process of 
molecular segregation is explored later. 

The immediate implication from the Raman results in 
Figures 8 and 9 is that polyethylene can be crystallized 

from the melt containing two different sets of lamellae. 
The SAXD patterns of  this type of sample commonly con- 
tain one maximum only. This can be explained by refer- 
ring back to the need for regular stacking of lamellae to 
give a distinct SAXD maximum. Clearly if lamellae of two 
different sizes are mixed, SAXD will not be able to distin- 
guish them. Decisive further evidence for the existence of 
two kinds of lamellae and their relative arrangement was 
sought at this stage using electron microscopy. 

Samples were chosen from the series prepared for the 
Raman study of chain length as a function of crystallization 
time so that a direct comparison of the results obtained 
from these different techniques could be made. 

A micrograph of material which gives two Raman peaks 
is shown in Figure lob. This is a stained section of Rigidex 
50 crystallized at 126°C for 78 min. For comparison in 
Figure lOa a micrograph is shown of the same material 
crystallized for a longer time of 24 h so that the Raman 
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Figure 8 Raman chain length as a function of crystallization time 
for Rigidex 50 crystallized at 126°C. The data were obtained from 
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long and straight and occur in large parallel bundles as shown 
in Figure lOa. The order in these is sufficiently good for 
one to be able to distinguish edge and screw dislocations in 
the lamellar arrangement. 

These visual impressions are borne out by measurements 
of the distributions of lamellar thicknesses which for Figure 
lOb give two peaks at 316 -+ 35 and 190 + 20 A. Similar 
measurements for material in Figure lOa give a single peak 
at 437 + 70 A. The errors given indicate the sharpness of 
the peaks, but there is an additional error of 10% due to 
the magnification calibration of the electron microscope. 
The corresponding Raman measurements are 425 and 
259 A for the sample giving two peaks and 489 A for the 
sample giving one predominant peak. If the difference be- 
tween these results is to be explained by chain tilt, the angle 
must be 40 + 14 °,41 + 13 °, 25 + 25 ° in the three cases. 
These are very inaccurate results for ~, but they are consis- 
tent with previous measurements giving ~ = 35 ° for bulk 
polyethylene 14. In any case the quantitative aspects of  
electron microscopy are not so important. What is impor- 
tant is that the presence of two kinds of lamellae are clear- 
ly indicated, supporting the original assumption that both 
peaks in the Raman spectra are due to LAM vibrations. 
Further, the arrangement of the lamellae strongly supports 
the hypothesis that the larger grew first, unimpeded, at the 
higher isothermal crystallization temperature and the smal- 
ler lamellae filled in the gaps between the larger on cooling. 
An area as at the centre right of Figure lOb where the large 
lamellae are further apart contains between them piles of 
lamellae of a smaller more uniform size, which will have 
formed later in the cooling process. 

Figure I0 Electron micrographs of stained sections of Rigidex 50 
crystallized at 126°C all the same magnification. (a) Sample crystal- 
lized for 24 h showing predominantly one layer thickness; (b) sample 
crystallized for 78 min showing a bimodal distribution of lamellar 
thicknesses. The thinner (light) central area is assumed to contain 
lamellae whose normals are oblique to the plane of the section; (c) 
solid residue from the sample in (b) after solvent extraction, show- 
ing removal of the thinner lamellae 

peak 2 is very weak. In Figure lOb two types oflamellae 
are clearly distinguishable. Some lamellae are thick, long 
and quite straight while others are much thinner and occur 
in groups surrounded by the thicker lamellae. Faint tracks 
or confused areas occur where the lamellar normals do not 
lie in the plane of the section. By comparison for a longer 
crystallization time of 24 h the lamellae are all very thick, 

Molecular weight and lamellar morphology 
As shown in Figure 7 the relative intensities of  the two 

Raman peaks on storing at the temperature of  the oil bath 
suggest that some form of fractionation occurs during 
crystallization from the melt. In the past there have been 
several reports of molecular fractionation especially during 
crystallization from solution ~s-2° and indications that a 
similar process may occur during crystallization from the 
melt ~4~1a2. It has been suggested that this leads to rejec- 
tion of the lower molecular weight molecules which may 
or may not crystallize subsequently. 

Mehta and Wunderlich 17 used solvent extraction to re- 
move material which had crystallized on cooling from the 
isothermal crystallization temperature 17. In order to exam- 
ine the material constituting the different sets of lamellae 
observed in our experiments, we carried out similar extrac- 
tiofis on samples selected from the series crystallized at 
126°C. Samples which had been crystallized for times of 
78 and 108 min were chosen since both showed two Raman 
peaks and for the time of 78 min the lamellar structure had 
also been observed using the electron microscope as in 
Figure lOb. Specimens of these were placed in p-xylene at 
102.5°C and held for 50 h. The solid residues left behind 
and the polymer extracted in solution were then separated 
by filtration. 

The Raman spectra of the solid residues of the 78 min 
sample and the 108 rain sample showed peak 1 only. These 
appeared at the same frequencies as in the starting mate- 
rials. This suggested that the thinner lamellae had been 
dissolved during the extraction. Supporting evidence was 
found by examining the solid residues of the 78 min sam- 
ple left behind using the electron microscope. The result 
is shown in Figure 10c. Here it is seen that only the thicker 
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Figure 11 G.p.c. traces of Rigidex 50 crystallized at 126 ° C for 
108 min before and after solvent extraction in p-xylene at 102.5°C 
for 50 h. A, starting material before extraction, B, solid residue 
left behind after extraction; C, material dissolved and removed by 
extraction 

lamellae remain and that there is a large number of void 
spaces which by comparison with Figure lOb are likely to 
have been occupied by the thinner lamellae. 

Because the supply of sample crystallized for 78 min 
had been exhausted by the preparations for the microscopy, 
g.p.c, analysis was carried out on the 108 min sample. It 
will be remembered that this sample also showed the re- 
moval of peak 2 by the solvent extraction. The results are 
given in Figure 11 which, even by inspection, show that, 
by comparison with the starting material (curve A), the 
solid residue (curve B) consists of the high molecular weights 
and that the lower molecular weights have been extracted 
(curve C). The values of the weight- and number-average 
molecular weights have been calculated from these curves 
and are given in Table 2. Values of dispersivity so given 
indicate that the extraction has produced two narrower 
fractions than the starting material; one of high and one of 
lower molecular weight corresponding respectively to the 
solid residues and the extracted material. No attempt was 
made to optimize the extraction procedure and it appears 
that the extraction conditions were more rigorous than 
strictly necessary since curve C also contains some high 
molecular weights. 

We are now in a position to correlate the results of the 
g.p.c, analysis with the previous electron microscopy and 
Raman results. The removal of the thinner lamellae in con- 
junction with the loss of the lower molecular weights both 
caused by the solvent extraction strongly supports the idea 
that the thinner lamellae are composed mainly of lower 
molecular weight material. Since all the evidence indicates 
that the thinner lamellae crystallized on cooling rather than 
isothermally this in turn favours the operation of a frac- 
tionation process during crystallization from the melt. In 
addition to showing this we have identified the lamellar 
thicknesses associated with the segregated material and 
illustrated their arrangement and location within the over- 
all texture. 

Time dependence of lamellar thickness 
The upper curve in Figure 8 gives a direct indication that 

isothermal thickening occurs upon storage at the crystalliza- 
tion temperature. There are two regions in this plot where 
thickening occurs. Initially there is rapid thickening at 
times up to 100 min followed by a slower rate of  thicken- 

ing which appears to operate even at times greater than ten 
days. Observations of the thickening of lamellae at the 
crystallization temperature have been made previously by 
Kawai 2~, by Hoffman and Weeks ~a and by Kawai and Kel- 
ler 24. We will now examine our Raman data in the light of 
the theories of thickening put forward by these authors and 
also discuss the varying magnitudes of  thickening which 
have been reported. 

Hoffman and Weeks explain the increase in X-ray long 
spacing by the annealing of lamellae after they have crystal- 
lized whereas Kawai 22 suggests a mechanism involving mole- 
cular fractionation during crystallization. 

According to Kawai 22 the higher molecular weight spe- 
cies crystallize first giving rise to thinner tamellae and with 
time the lower molecular weight species crystallize with a 
lower degree of supercooling giving rise to thicker lamellae. 
Assuming that molecular fractionation operates in this way 
it should be a simple matter to determine its influence on 
the lamellar thickness by examination of the Raman data. 
If, as proposed by Kawai 22, molecular fractionation con- 
trois lameUar thickness then it is expected that the number 
of lamellae of  a given thickness never decreases. Conse- 
quently the distribution of thicknesses should broaden con- 
tinually in the direction of thicker lamellae. As far as it is 
possible to determine from the spectra obtained this expec- 
tation is not fulfilled, since, when peak 1 shifts to lower 
frequencies (longer chain lengths), it does so without reten- 
tion of its previous intensity on the higher side of  the peak 
(shorter chain lengths). This suggests that molecular frac- 
tionation may not be totally responsible for the observed 
thickening. 

Further evidence of the complex nature of isothermal 
thickening is given in Figure 8. The form of the curve of 
lamellar thickness as a function of time suggests a discon- 
tinuity at around 150 min. This occurs at about the same 
time as peak 2 decreases in intensity to a small constant 
value, as shown in Figure 9. Thus when crystallization is 
essentially complete the lamellae continue to thicken on 
storing at the crystallization temperature. In this region 
therefore the evidence favours strongly a thickening mech- 
anism based on annealing as proposed by Hoffman and 
Weeks 23. 

The implications are, therefore, that molecular segrega- 
tion, coupled with isothermal thickening of the lamellae 
once they have formed, are responsible for the period of 
initial rapid thickening, while the continued thickening 
after crystallization is complete is caused by chain refold- 
ing alone. 

In so far as it is possible to compare the results of differ- 
ent authors using different experimental procedures a num- 
ber of comments on the scale of thickening can be made. 
The results of Kawai and those presented in this work were 
both obtained on samples examined at room temperature. 
The scale of thickening indicated by the Raman results is, 
however, much greater than that in the SAXD study of Kawai. 
It is notable, however, that in our studies of samples giving 
two Raman peaks one SAXD maximum only is observed. 

Table 2 Molecular weight determinations on Rigidex 50 crystal- 
lized at 126°C for 108 rain before and after solvent extraction 

Sample Mw Mn Dispersivity Mw/M n 

Starting material 62 000 10 000 6.2 
Solid residue 59 000 18 000 3.3 
Material extracted 18 000 5 000 3.6 
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temperature for samples of bulk PE with different nucleation den- 
sities. A crystallization time of 1 h was used for all samples. Out 
of the samples chosen Shell Carlona 65045 (A) had the highest 
nucleation density, and Unifes 7006 (El) had the lowest nucleation 
density while that of Rigidex 50 (©) was intermediate 

Thus the presence of two sets of lamellae and hence the 
nature of the thickening mechanism remained undetected 
to ususing the SAXD technique. Hoffman and Weeks, 
however, obtained their SAXD data at the temperature of 
crystallization and so should have detected only lamellae 
growing at the crystallization temperature. They observed 
two maxima but chose the smaller spacing as the lamellar 
periodicity. This may explain why they obtained much 
smaller values of lamellar thicknesses than in the experi- 
ments reported in this paper. 

For a direct comparison with Hoffman and Weeks we 
have attempted to follow this effect by observing the be- 
haviour of the LA mode at the crystallization temperature. 
This has not been entirely successful due to the smeared- 
out appearance of the LA mode peak at elevated tempera- 
tures. We have some indication that thickening occurs in 
these experiments but precise location of the peaks is not 
possible. An examination of the behaviour of LA mode 
peaks at high temperatures is to be reported elsewhere 2s. 

Nucleation density 
When crystallization takes place isothermally the nuclea- 

tion density has a dramatic effect on the time required for 
the completion of crystallization. For example at Tc = 
122°C different samples require between 20 min and seve- 
ral hours before crystallization is complete 26. Thus for a 
range of materials with different nucleation densities crys- 
tallized at the same temperature for the same time the 
average age of lamellae can vary significantly. Consequently 
the degree of thickening is expected to vary accordingly, 
and it is anticipated that older lamellae will have thickened 
more. This effect has indeed been observed as shown by 
the spread of results for peak 1 in Figure 12. The relative 

nucleation densities of  these polymers were determined 
from observations of spherulitic structures in the optical 
microscope 26. The samples with the higher nucleation den- 
sities consistently produce thicker lamellae for the same 
crystallization conditions. Typically the range of variation 
of spacings is in the region 50-100 A. Although the effect 
is usually small it has been observed consistently. Initially 
we propose that lamellae in all samples are of the same 
thickness. Subsequently the sample with the larger num- 
ber of growth centres contains more crystalline material 
and has on average thickened more than the sample with the 
smaller number of growth centres. 

The greatest effect we have observed is for the sample 
with the lowest nucleation density (see Figure 12) where 
peak 1 is not detectable after crystallization for 1 h at 
127.4°C. Peak 2, however, is of large intensity which indi- 
cates that this sample crystallized mainly on cooling. The 
value of chain length obtained from peak 2 is ~230 A. 
This behaviour contrasts with that for samples having higher 
nucleation densities (Figure 12) where peak 1 is the most 
intense peak. It appears therefore that for higher nuclea- 
tion densities under these crystallization conditions the 
greater proportion of the material crystallized isothermally. 
Accordingly a higher value of chain length of ~420 A is 
given. 

It will be seen in Figure 7 that using the same crystal- 
lization time of 1 h the chain length for a sample crystal- 
lized at 127.4°C is almost identical to that for a sample of 
the same nucleation density crystallized at the lower tem- 
perature of 126.5°C. This trend is also shown for other 
samples with different nucleation densities in Figure 12. 
This is contrary to expectations based on the usually ob- 
served dependence of the lamellar thickness upon the super- 
cooling whereby crystallization at the higher temperature 
produces the larger lamellar thickness, hence longer chain 
traverse lengths. 

The following explanation for this anomaly is proposed. 
The larger thickness observed is that arising during primary 
crystallization followed by subsequent thickening. As the 
latter is a function of time, its magnitude at a given tem- 
perature will depend on the age of the lameltae. At any 
given instant during crystallization we have a spectrum of 
ages. At a comparatively short time of crystallization, say 
at time tx in Figure 13, the majority of the lamellae pre- 
sent will have formed towards the end of the time interval 
tx - to in the case of the crystallization conducted at high 
temperatures (curve 1). Thus the corresponding lamellae 
will be young in comparison to the average of those formed 
by further crystallization at a lower temperature (curve 2) 
by the same time tx. This means that they have had less 
time to thicken and although formed with an initially 
larger chain length the actual value of this length as mea- 
sured at time tx can be equal or even lower. We see that 
we can envisage a situation where thickening can compen- 
sate for, or even reverse, the differences in lamellar thick- 
nesses arising due to different crystallization temperatures, 
particularly at the early stages of crystallization. This par- 
ticular influence of lamellar thickening to counteract the 
established trend due to the crystallization temperature 
itself should diminish with increasing crystallization time. 
This in fact is observed as shown in Figure 7. For crystal- 
lization times of 1 h the data in the lower curve were ob- 
tained. For crystallization times much larger than 1 h 
under the present conditions the data shown in the upper 
curve followed the commonly observed rapid upsweep of 
chain length with increasing crystallization temperature. 
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Figure 13 Schematic diagram of percentage of polymer crystal- 
lized as a function of crystallization time. Curve 1 represents 
crystallization at a higher temperature than curve 2. Curves 1 and 
2 illustrate the situation where at a relatively short time of crystal- 
lization, tx, more material has crystallized in case 2 than in 
case 1 

We conclude therefore that nucleation density, through 
the agency of  isothermal thickening, affects the lamellar 
thickness. This relationship is rarely noted and may go 
some way towards explaining the comparatively large 
variations in the values of  lamellar thickness reported by  
various authors using polyethylene from different sources. 

CONCLUSION 

The power of  the combined application of  the different 
structure methods has been demonstrated.  The Raman 
method has proved superior in registering lamellae and 
identifying their true origin while the more conventional 
low-angle X-ray scattering method is capable of  giving 
information on their mode of  stacking. Electron micro- 
scopy, involving novel sample preparation methods, can 
then provide the visual image corresponding to these diff- 
raction and spectroscopic effects thus providing direct 
confirmation of  the structural units involved and of  their 
arrangements in the overall texture. 

The important  part played by isothermal thickening has 
been highlighted. This, together with other factors includ- 
ing nucleation density, determines the measured lamellar 
thickness and is thus pertinent to the problem of  interpret- 
ing lamellar thicknesses in terms of  the crystallization 
temperature.  

The effect of  molecular segregation on crystallization is 
forcefully brought out  by  these studies whereby the struc- 
tural entities comprising the segregated materials have been 
identified and their lamellar thicknesses measured. 
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Diffusion of large molecules in polymers: 
a measuring technique based on 
microdensitometry in the infra-red" 
J. Klein and B. J. Briscoe 
Physics and Chemistry of Solids, Cavendish Laboratory, University of Cambridge, Cambridge CB3 ONE, UK 
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A technique based on infra-red microdensitometry has been developed for studying the centre-of- 
mass translational diffusion of large additive molecules in polymeric matrices. In this technique the 
diffusion broadening with time of a known initial concentration profile of the additive within the 
bulk polymer is monitored. The shape of the concentration profile after diffusion broadening read- 
ily yields D, the diffusion constant; it may also yield the concentration dependence of D where this 
is significant. The technique is found to be reasonably flexible, and applicable to a number of poly- 
mer-additive combinations. Values of D in the range 10 -5 to 10 -10 cm2/sec and initial additive 
concentrations of down to 0.3% may be studied. The technique is viable over a wide range of tem- 
peratures and pressures. Some results obtained by this technique are presented, for the case of vari- 
ous linear long-chain amides diffusing in low density polyethylene. 

INTRODUCTION 

The diffusion of small molecules through polymers has 
been extensively studied in the past. Several well estab- 
lished techniques for such studies exist and are described 
in detail elsewhere ~. Studies of the diffusion of large mole- 
cules, including polymeric self-diffusion, have been far 
less common. In this context 'small' molecules refer to 
those in the gaseous, vapour or liquid phase at room tem- 
perature and pressure and 'large' molecules are those form- 
ing solids under these conditions. Bueche et al. 2 first des- 
cribed the use of radioactively labelled polymers in the 
determination of self-diffusion coefficients in polymers. 
Their technique, with slight variations, has since been used 
with some success in studying the diffusion of smaller 
(though still 'large' in this context) additive molecules 
through various polymeric matrices 3-s. These techniques 
involving radioactive labelling of the diffusant are, generally 
speaking, faced with two major shortcomings in addition 
to the necessity of having to obtain the required labelled 
material: they fail for the case of diffusants which are sur- 
face active with respect to the polymer matrix, and they 
may also involve significant interfacial resistance which the 
method does not readily reveal. Nuclear magnetic reso- 
nance (n.m.r.) has also been used to determine diffusion 
coefficients in polymers, as for example by McCall et al. 6. 
These measurements are limited to the melt or liquid 
phases of the polymer. Furthermore the n.m.r, technique 
is limited ~ to measuring values of D, the diffusion coeffici- 
ent, greater than about 3 × 10 -7 cm2/sec. Autoradiogra- 
phical determination o l D  for large molecules is at present 
not a viable technique ~. 

We have developed a simple technique for the measure- 
ment of the translational diffusion of large molecules in 
polymeric matrices, based on microdensitometry in the 
infra-red (i.r.). A preliminary outline of this technique has 
already appeared ~. The purpose of the present paper is to 
describe the procedure and underlying principles in more 
detail. 

* Presented at the Polymer Physics Group (Institute of Physics) 
Biennial Conference, Shrivenham, September 1975. 

THEORY 

The principles underlying the technique are simple. When 
a step function in the concentration of a diffusant is set 
up within a host matrix it will broaden with time under 
diffusion, the driving force being the concentration gra- 
dient. The shape of the resulting concentration profile is 
established, as a solution of Fick's equations s with the 
appropriate boundary conditions, and is expressed in terms 
of x (the distance along the diffusion direction), D and t, 
the time over which diffusion broadening has taken place. 
D may itself depend significantly on the diffusant concen- 
tration, C. 

Figure i shows the diffusion broadening where D is 
independent of C. 

In essence the technique involves setting up a step func- 
tion in additive concentration within the bulk polymer, 
allowing this to broaden under diffusion at the required 
temperature and pressure, terminating the process at a 
known time t, and comparing the resulting broadening con- 
centration profile with the theoretical case. D is thus 
readily evaluated. 

EXPERIMENTAL 

The procedure for setting up a step function in additive con- 
centration within the bulk polymer is illustrated in Figure 2. 
The concentration CO of additive in specimen I is typically 
0.5% w/w but values as low as 0.3% w/w of additive have 
been used. Actual joining (Figure 2b) is effected by local 
melting of the adjacent surfaces in vacuum for a very short 
duration and pressing them together. We find this to re- 
sult in an interface which generally presents little or no 
resistance to diffusion, and at the same time only negligibly 
distorts the initial step function (see later, also Figure 5). 
Dimensions of the specimens are such that the final broad- 
ening of the initial distribution is small in comparison, to 
minimize end effects in the case of surface active additives. 
After joining, diffusion broadening of the initial step func- 
tion is allowed to occur at the desired temperature and 
pressure for a time t, when it is effectively terminated by 

POLYMER, 1976, Vol 17, June 481 



Diffusion of  large molecules in polymers: J. Klein and B. J. Briscoe 

Co 

(~ 

Co 

~J 

a 

O 
x 

b 

O ' 
-2 -I 0 I 

xl(4ot) v2 
Figure I Concentration profiles. (a) Initial step function; (b) cal- 
culated 8 diffusion-broadened step function after t ime t. D 
constant 

purpose, and a slit of width 90 -+ 10 tam mounted at the 
focus of the sample beam. This represents the limiting 
value of the spatial resolution of the 'microdensitometer'. 
The spectrometer is then fixed at the labelling frequency, 
and the slice slowly traversed across the slit on a motorized 
translation stage. 

If I 0 is the incident intensity of  the sample beam reach- 
ing the slice, then the intensity I passing through the slice 
at a point x may be written (neglecting the small diffrac- 
tion effect): 

I/I0 o~ exp {-eod(x)C(x)} (1) 

if the Beer's relation applies, e0 is the absorptivity of the 
additive at the scan frequency v0, d is the slice thickness 
at x and C(x) is the additive concentration at x. The pro- 
portionality factor represents such effects as the polymer 
matrix absorption at the scan frequency, the reflectivity of 
the slice and also some instrument effects. If d is constant 
and C ~ 1, however, the proportionality factor in equation 
(1) may be taken as constant for a given run. We have 
found d to be constant within 1-2% typically, by micro- 
meter measurements along the slice. 

Taking logarithms, we have: 

- log -= - l o g  T(x) = constant + AeoC(x) (2) 

for constant d, where A is constant. By making up a com- 
posite (as in Figure 2) consisting of five layers of known 
different concentrations and scanning a slice through this 
composite, we have shown that, within error, (Figure 4): 

f . ~ - - - - ~  [ - ~ - - ~  [ ~ f . i ~ F ~- . . . . . . . . .  

x x x 

Figure 2 
a b c 8o 

Setting up a step-function. (a) Specimen I: polymer 
containing a concentration C0 (~0.5%) of  additive uni formly dis- 
persed; specimen I1: additive-free polymer. Adjacent surfaces 
melted in vacuum and pressed together; (b) composite immediately 
after join has been made; (c) slice removed from centre of compo- 
site, after diffusion has occurred, and monitored in the micro- 
densitometer. The concentration profiles corresponding to the  
different stages are also s h o w n  

quenching. A thin (typically 150 tam) slice is representa- 
tive of the centre of the specimen removed by microtoming 
as shown in Figure 2c, and the concentration of additive 
C(x), along its length x, is monitored. 

In order to obtain a measure of the diffusant concentra- 
tion it is necessary that it absorb at some i.r. frequency 
unaffected by the bulk polymer. When scanning through 
the frequency spectrum a sharp absorption peak is observed 
at this 'labelling' frequency of the additive, and this is 
shown in Figure 3. 

The lateral scanning of the thin slice is then carried out 
at this 'labelling' frequency. A commercial double beam i.r. 
spectrometer (Perkin-Elmer 157)has been adapted for this 

- log (T(x)) = constant + A'C(x) (3) 

thus e0, for the additives and concentrations we have used, 
is independent of concentration. 

~_. 6O 

k~ 

4 0  

I I I I I 
20( i )0 1800  1600 1400 1200 

Wavenumber (cm -a) 
F i g u r e  3 Spectrogram of  a polymer--additive sample in the region 
of  the labelling absorption frequency, v O. T is the percentage 
transmission through the microdensitometer slit. The sample is a 
slice ~160 #m thick of low density polyethylene containing 0.5% 
w/w stearemide, v 0 corresponds to a wavenumber of  1660 cm -1,  
an amide absorption peak. (A similar but additive free slice o f  
polyethylene is in the  r e f e r e n c e  beam for  compensation, and t h e  
inverse-absorption peaks near 1500 cm -1 are due to overcompen- 
sation.) 
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Figure 4 Variat ion of  log T vs. concentrat ion o f  stearamide in 
low density po lyethy lene.  Scan f requency correSponds to 1660 
cm - 1  (see Figure 3) 

It is possible to calculate the concentration dependence 
of D, where this is significant, by the Matano-Boltzmann 8 
procedure. If any resistance to diffusional flow across the 
interface between the two halves exists, it can be detected 
by predictable s discontinuities in the broadened concen- 
tration profile, as in Figure 6. 

With the present resolution of the technique we can 
measure values at D in the range of 10 -5 to 10-10 cm2/sec 
in times of the order of 1-30  days. Estimated errors are 
of order 15%. 

DISCUSSION AND SOME RESULTS 

It is possible to anneal the composite sample after joining 
its two halves, but prior to measuring the diffusion - this 
would involve a slightly different procedure for evaluating D. 

Preliminary experiments with a number of additives and 
different polymers indicate that the technique is quite flex- 
ible. For example, by suitably labelling molecules of the 
polymer itself, say by deuteration, self-diffusion constants 
may be obtained. The labelling frequency here would be 
that of the C-D bond as against the C - H  background. 

c = c O 
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Figure 5 Observed concentrat ion profi les. (a) t ~ 0 ( init ial step 
funct ion;  t = 54 sec, C O = 0.5% w/w  stearamide in low density 
po lyethy lene;  (b) af ter  t ime t (t = 5.22 X 104 sec, T = 130°C, C o 
as in (a), Both prof i les scanned at 1660 cm - 1 ,  an amide absorpt ion 
frequency 

The output of the i.r. spectrometer as the slice is tra- 
versed along the slit is fed via a linear-to-log convertor to 
the y-axis of an X - Y  recorder, the X axis of which is coup- 
led to the lateral traverse of the slice, i.e. x in our notation. 
This yields concentration profiles directly. Figure 5 shows 
(on the same scale) both the initial step function and the 
diffusion-broadened profile for a typical run. Comparison 
with Figure 1 shows the agreement between Fickian predic- 
tions and experiment to be good, and compatible with a D 
independent of C. The actual value of D is readily evalu- 
ated by comparison of observed and calculated curves. 
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Figure 6 Concentrat ion prof i le  showing a d iscont inu i ty  (at A)  
indicating resistance to di f fusional  f low at the interface. Co = 
0.5% in low density po lyethy lene 
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Figure 7 Var iat ion o f  the d i f fus ion constant D of  stearamide in 
low density po lye thy lene as a funct ion of  temperature T, about  the 
melt ing po in t  o f  the polymer.  Inset: d i f fus ion constants D o f  
CH3(CH2) n C O N H  2 in  LDPE as a funct ion o f  n, at 118°C. Dale- 
creases as d i f fusant  length increases 
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We have studied the diffusion of various long chain n- 
alkyl amides in low density polyethylene (LDPE) about 
the melting point of the polymer at atmospheric pressure. 
The additives were incorporated into the bulk polymer by 
mixing the powders in the required proportions, then mill- 
ing at 125°C for 20 min. The cylindrical specimens (Figure 
2) were prepared by hot pressing in a die in vacuo. Their 
diameter was 30 mm and each half was 30 mm in length. 
Some results for temperature and chain length dependence 
are presented in Figure 7. The variation in slope of the 
Arrhenius plot is probably due in part to the breakdown of 
crystalline lamellae in the polythene, which at temperatures 
below about 80°C comprise some 60% of the polymerg; 
this leads to a decrease in the tortuosity of the path taken 
by the chains in the amorphous polymer regions, over and 
above the usual temperature dependence. (However, it 
appears that this variation in slope is not solely due to 
lamellar breakdown - effects due to annealing of the bulk 
polymer ~° and to association of the stearamide probably 
also play a part.) D.s.c. studies show that the discontinuity 
in the slope of the Arrhenius plot at T ~ I07°C corres- 
ponds, within experimental error, to the melting point of 
the polythene. 

The activation energy in the melt region is 6.2 -+ 0.2 
kcal/mol. This compares with the activation energies for 
self-diffusion of 5.3 -+ 0.8 and 5.6 +- 0.3 kcal/mol for a low 
MW (4100) polyethylene fraction and n-C32H66 respec- 
tively, as obtained from n.m.r, studies 6. 

The diffusional behaviour of longer molecules, including 
polymeric self-diffusion, is being explored. 
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Radial distribution functions from molten 
polyethylene by X-ray diffraction * 

G. W. Longmant, G. D. Wignall¢ and R. P. Sheldon~ 
(Received 22 January 1976) 

The short range ordering in molten polyethylene has been investigated by radial distribution function 
(RDF) methods. The intramolecular distances resolved are consistent with the presence of gauche 
conformations, whilst no long trans sequences are resolved. Broad peaks at ~5, 10 and 15/~ are 
attributed to intermolecular ordering, which is greater than that observed in glassy amorphous poly- 
mers. The results are not inconsistent with the polymer chains adopting a random coil configuration 
over distances greater than ~20 A. 

INTRODUCTION 

Few radial distribution function studies have been made 
concerning ordering in molten polymers, and almost none 
have been by X-ray methods. Ovchinnikov and Markova 1 
and Ovchinnikov, Markova and Kargin 2 made extensive 
studies of molten polyethylene between 136 ° and 211°C 
by means of radial distribution functions (RDF) derived 
from electron diffraction. Some of the peaks in the RDF 
curves (i.e. 1.3, 2.3 and 3.7 A) were attributed to intra- 
molecular distances. Other distinct peaks were observed 
at 4.8 and 5.8 )k, especially at temperatures near the melt- 
ing point. These distinct peaks were attributed to inter- 
molecular distances and became more diffuse with increas- 
ing temperature. The observed peaks were compared with 
those occurring in crystalline polyethylene and in an array 
of hexagonally packed parallel chain segments. On the 
basis of this comparison the authors proposed that molten 
polyethylene consisted of ordered regions ~50 )k in dia- 
meter, within which the chains were essentially parallel. 

Subsequently these experimental findings were chal- 
lenged by Fischer et aL 3 and Voigt-Martin and Mijlhoff 4 
who also measured RDF curves from molten linear poly- 
ethylene at 140 ° and 200°C. They observed a broad 
intermolecular peak in the region 4 - 6  )k with intramole- 
cular peaks at 1.16, 1.53, 2.18, 2.56, 2.99, 3.57, 3.95, 
4.51 and 5.08 )k. They criticized the previous work on the 
grounds that: 'not only is the CH distance missing and the 
C-C and C - C - C  distance in the wrong place and incor- 
rectly weighted, but there are considerable termination and 
background ripples on the RDF curve '3. They concluded 
'that there is a distribution of atomic distances between 
4 - 6  A, rather than tightly packed bundles with a well de- 
f'med intermolecular distance' as postulated by the Russian 
workers. The discrepancies between the different data sets 
derived from electron diffraction, and the conclusions 
which have been built on the disputed features, point to the 
need for very careful, data correction procedures. These 
procedures are discussed in detail by Voigt-Martin and 
Mijlhoff 4 for the case of electron diffraction. In principle 
the same RDF functions can be obtained from X-ray diff- 
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raction measurements though the experimental details 
naturally differ between the two techniques. 

The main experimental problems and procedures neces- 
sary to remove artefacts in the X-ray technique have been 
discussed by Wignall s. In an effort to resolve the above 
discrepancies in the measured RDF curves from electron 
diffraction, we have performed complementary RDF 
measurements on polyethylene by X-ray techniques. 

EXPERIMENTAL 

The experimental methods employed have already been 
described in detail 6. Measurements were performed on a 
Picker Automatic 4 Circle Diffractometer within the range 
0.11 < s < 16.1 A -1 where s = (4rr/X)sin0 ; 20 is the scatter 
angle and X = 0.7107 A is the wavelength of the incident 
molybdenum Ka radiation. The sample was ~0.125 cm 
thick and was held in a heated cell and constrained by thin 
Melinex film (~ 18/am thick). The sample was maintained 
at 160°C Jr 2°C by tungsten heaters embedded in mica 
plates and placed each side of the sample. Windows "~I cm 2 
allowed the passage of the incident and diffracted beams, 
the irradiated sample volume being ~1 mm 3. 

The scattered data were corrected for incoherent scat- 
tering, absorption in the sample and Melinex cell walls, 
double scattering and polarization of the scattered beam. 
The methods for performing these corrections, and for 
choosing the collimation limits, monochromatizing the 
incident beam etc. are described in ref 6. The data were 
normalized using the dispersion corrected form factors of 
Berghius 7 and Stewart 8, and incoherent scattering factors of 
Keating and Vineyard 9. The resulting RDF, H(r], was cal- 
culated from 

~max 
1 

H(r) - f si(s) sinsrds (1) 
27r 2b--r 

Smin 

where fiis the atomic density (atoms/unit volume) of the 
sample, and stain = 0.11 A -1 and Smax = 16.1 A -1. H(r) 
for molten high density polyethylene is shown in Figure 1, 
whilst the second moment of the RDF, 4~rffr2H(r) is shown 
in Figure 2. 

DISCUSSION 

The main peaks in the RDF of Figure I are listed in Table 1 
together with those observed previously 1,4. The peak posi- 
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Figure 2 The second moment of the RDF, 47r'fi-r2H(r) vs. r for 
molten high density polyethylene 

tions are very similar to those observed by Voigt-Martin and 
Mijlhoff(VMM). In particular we observe a peak at ~3.0 .~, 
which was attributed by VMM to a high concentration of 
gauche bonds, but was absent from the previous work of 
Ovchinnikov and Markova (OM). There are no resolvable 
peaks in the RDF consistent with the presence of extended 
sequences in the trans configuration, neither do we see the 
strong features at 4.8 A and 5.8 A reported by OM. 

No correction has been made to the data of Figure 1 for 
truncation errors, but the close agreement obtained with the 
work of VMM suggests that truncation errors are not a ser- 
ious problem in the region 1 < r < 6 A. This is particularly 
so in view of the wide differences in truncation limits used 
in the present work and those used by VMM (stain = 1 A -1, 
Smax = 25 A -1) as truncation features generally have a fre- 
quency inversely proportional to the truncation limits. The 
positions of the main RDF peaks of VMM are within a few 
percent of  those resolved in this work, which suggests 
strongly that the observed peaks are real and not truncation 
features. 

At higher values of r one would not expect to resolve 
sharp peaks in the RDF, due to the increasing number of 
overlapping interatomic distances. The small oscillations in 
the RDF of Figure 1 above ~7 A probably represent resi- 
dual truncation features, as they have a frequency given 
approximately by 27r/Smax ~ 0.4 A. These are small in 
H(r), but when plotting 47rr2pH(r) (Figure 2) the r 2 weight- 

ing factor considerably magnifies these features, and hence 
the data of Figure 2 have been 'damped' by inclusion of a 
damping factor exp(-a2s 2) in equation (1) before transfor- 
mation. The value of a = 0.112 was chosen to eliminate 
most of the high frequency oscillations (~0.4 A), whilst 
leaving the lower frequency structural features unchanged. 
The high frequency oscillations at ~24 A are probably the 
residue of these truncation features, and should not be 
taken as evidence of long range ordering. 

The second moment of the RDF (Figure 2) exhibits 
broad maxima with a period ~5 A. The first broad maxi- 
mum between 4 - 7  A is very similar to that reported by 
VMM, and supports their conclusion that 'there is a dis- 
tribution of atomic distances between 4~5 A', rather than 
the sharp distinct peaks at 4.8 and 5.8 A observed by OM. 
This broad peak is similar to peaks observed for amorphous 
polycarbonate 6, and amorphous polystyrenes 1°, and has 
been attributed to interchain packing. 

Further broad peaks at 10 and 15 A (and possibly 20 ~,) 
suggest that there is considerable liquid like order caused 
by the packing of polymer chains with an effective diameter 
of ~5 A. Odajima et al. xl have derived an RDF for the 
amorphous regions of solid polyethylene from X-ray diff- 
raction data, and have observed similar broad oscillations 
with maxima at 5, 10 and 15 A. These broad oscillations 
have been compared with a paracrystaUine model based on 
the methods of Hosemann and Bagchi 12. Starting with a 
pseudo-hexagonal lattice as an initial structure, the posi- 
tions of atoms were disordered to create a paracrystalline 
arrangement of atoms. To obtain the RDF, D(r) = 
47rr2-pH(r), a summation was taken over all atoms in a 
spherical shell about each atom. Odajima et al. chose a 
disorder parameter which gave the best fit to the observed 
oscillations in solid polyethylene. The amplitude of the 
oscillation at ~5 A in Figure 2 is ~5 compared to a value 
of ~3 observed in amorphous polyethylene and a value of 
~4 predicted from the model. Thus the amplitude and 
area of the first peal~ are consistent with the polymer 
molecules being arranged in a pseudo-crystalline lattice 
with parallel packing of chains 13 and as suggested by OM. 
A similar conclusion concerning polystyrene was reached 
by Wecker, Davidson and Cohen 1°, from an analysis of 
RDF plots derived from X-ray diffraction studies of amor- 
phous polystyrenes. 

The broad oscillations seen in Figure 2 are fairly rapidly 
damped and cannot be resolved clearly beyond ~15 A. It 
therefore appears that any pseudo-crystalline parallel 
ordering of polymer chains does not persist over large 
distances. 

Table 1 Positions of the main peaks in the RDF plots from molten 
polyethylene 

Ovchinnikov Voigt-Martin Predicted from 
and and short range 
Markova 1 Mijlhoff 4 This work intramolecular 
(T= 136°C) (T = 140°C) (T= 160°C) order 4 

1.16 1.14 
1.4 1.53 1.58 1.53 

2.18 2.10 2.10 
2.5 2.56 2.50 2.54 

2.99 3.05 2.99 
3.57 3.50 3.45 

3.8 3.95 3.92 3.90 
4.84 4.51 4.44 4.39 

5.08 5.15 5.07 
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Complementary neutron scattering measurements have 
been performed on molten polyethylene 14'1s. The polymer 
molecule adopts an overall conformation such that the 
radius of  gyration of  the molecule is very close to that 
measured in 0 solvents, and is that predicted by the random 
coil model 16. Furthermore, analysis of  the full neutron 
scattering curve is indicates that the polymer molecule 
obeys random statistics above 20 A. These findings are 
consistent with the R D F  measurements, which do not re- 
solve interatomic distances associated with extended se- 
quences in the trans configuration. The existence of  some 
nearest neighbour intermolecular peaks over short ranges 
would be expected simply in terms of  the geometrical 
packing of  polymer chains with a diameter ~5 A. This 
packing mechanism is the basis of  much of  the short range 
order in liquids, and the existence of  this kind of  short 
range liquid like order is not inconsistent with the random 
coil concept. This may be regarded as being particularly 
so in the case of  polyethylene where the cross-sectional 
dimensions of  the polymer chain are approximately the 
same in different directions, irrespective of  whether the 
carbon backbone is in the trans or gauche configuration. 
It is probable that the chain packing is enhanced by this 
uniformity of  the chain dimensions. Certainly the level of  
intermolecular ordering observed in molten polyethylene 
is greater that that observed in glassy amorphous polycar- 
bonate 6 and poly(ethylene terephthalate) 17. The molecu- 
lar chains in these latter polymers are both stiffer than 
polyethylene and the cross-sectional dimensions are differ- 
ent along each of  the axes perpendicular 1o the chain back- 
bone. Apparently, even for molten polyethylene the 
ordering does not persist beyond ~30  A perpendicular to 
the polymer molecules, and for distances less than ~20  A 
along the chains. This level of  short range ordering does 
not conflict with results that show that over larger dis- 
tances the molecule adopts a random configuration. 
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Analysis of wide-angle X-ray diffraction 
patterns of aligned glassy polymers with 
particular references to polystyrene* 
Richard Lovell and Alan H. Windle 
Department of Metallurgy and Materials Science, University of Cambridge, Cambridge CB2 3QZ, UK 
(Received 19 December 1975) 

Improvement of WAXD patterns from aligned glassy polymers by a numerical desmearing technique 
is reported. This gives a fibre type diffraction pattern that can be more easily interpreted than radial 
or cylindrical distribution functions. Application to atactic and quenched isotactie polystyrene shows 
that the molecular conformations that are found are in agreement with those deduced from i.r. and 
n.m.r, spectroscopy. For isotactic polystyrene there is significant agreement between the fibre pattern 
of the aligned glassy polymer and that of the drawn crystalline polymer. 

INTRODUCTION 

The conformation and packing of molecules in solid glassy 
polymers is not fully understood. Much of the conforma- 
tional data on these materials has been derived from infra- 
red (i.r.) spectroscopy, the powerful methods of high reso- 
lution nuclear magnetic resonance (n.m.r.) analysis being 
readily applicable only to polymer solutions. 

Careful small-angle X-ray and neutron scattering experi- 
ments ~'~ have failed to reveal any density fluctuations on a 
scale greater than 50 A which can be attributed to specific 
microstructural features. Wide-angle X-ray diffraction 
(WAXD) produces the familiar diffuse peaks. The tradi- 
tional approach to their analysis is to prepare radial dis- 
tribution functions (RDF) which essentially plot the dis- 
tribution of the interatomic vector lengths. However, in 
the case of fairly complicated materials such as most poly- 
mers where it is the actual structure which is in doubt, it 
appears that RDF are of limited value only and do not 
always enable interchain and intrachain distances to be 
separately identified. 

A slightly different approach to the problem of struc- 
ture determinations is to align the glassy polymer by exten- 
sion at a temperature a few degrees below its glass transi- 
tion. This alignment is reflected in the concentration of 
some of the WAXD halos at particular azimuthal angles 
which can reveal whether they are of inter- or intra-mole- 
cular origin. Ohlberg et al. 3 have attempted to derive a 
measure of the molecular orientation from the azimuthal 
profile of a halo that intensified on the equator although 
their conclusions have since been queried4'S; and Brady 
and Yeh 6 have used measurements of the loss of alignment 
in WAXD patterns as an indication of the structural reor- 
ganization which occurs on annealing glassy polymers. It 
must be emphasized though, that the observation of optical 
phenomena 7 such as birefringence and i.r. dichroism as well 
as n.m.r, effects s are also established techniques for the 
measurement of molecular orientation in glassy polymers. 
However WAXD alignment, where it can be observed, has 
the possible advantage that it is not controlled by the polar- 
izability or absorption of specific parts of the molecule. 

* Presented at the Polymer Physics Group (Institute of Physics) 
Biennial Conference, Shrivenham, September 1975. 

It also gives information as to the distances between adja- 
cent molecular chains. 

Cylindrical distribution functions (CDF) can be pre- 
pared from the WAXD patterns of aligned specimens with 
fibre symmetry 9. They are, however, difficult to calculate 
and interpret. Milberg and Daly 1° have used a difference- 
CDF which shows only the contributions due to orienta- 
tion. Since it needs few corrections to the measured inten- 
sities, it is easier to calculate but the problems of interpre- 
tation remains. 

In the work reported here we have concentrated on im- 
proving the apparent alignment in the diffraction pattern 
and then approaching its analysis in much the same way 
as one would a crystalline fibre diagram. In this way we 
have extracted additional information about the polymer 
structure from the positions of and intensity distributions 
along the layer lines. 

In this paper we describe in some detail the analytical 
technique of desmearing developed to improve the azi- 
muthal resolution of the diffraction patterns as well as its 
application to atactic polystyrene (a-PS) and quenched iso- 
tactic polystyrene (i-PS). Polystyrene is a particularly suit- 
able candidate for this technique as its first diffraction halo 
concentrates only on the equator and hence provides a 
quantitive measure of  the orientation distribution in the 
aligned specimens. 

EXPERIMENTAL 

The two polymers investigated were atactic polystyrene 
(BP Rigidex KLP 35) and quenched isotactic polystyrene 
(prepared by Dr N. Overbergh at the H. H, Wills Physics 
Laboratory, Bristol, and kindly loaned to us for these 
initial experiments. It is the same material as that used by 
the Bristol group for their gelation-crystallization studiesn). 
For each polymer a degree of chain alignment was obtained 
by multiple extrusion in a channel die at 85°C. The tech- 
nique was to extrude to two or three times the original 
length, then to cut in half and repeat with one half on top 
of the other. Any one specimen was extruded up to four 
times in this way, although the improvement in alignment 
for the stages subsequent to the first was comparatively 
small. 
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Figure 2 Experimental intensity patterns for (al aligned atactic 
polystyrene, a-PS and (b) aligned, quenched isotactic polystyrene, 
i-PS. The intensity is in arbitrary units and the contours are at 
equal intervals 

X-ray diffraction measurements were made using a tex- 
ture goniometer set up with the symmetrical transmission 
geometry as sketched in Figure 1. At each particular 20B 
setting, the specimen was rotated about the y axis and the 
azimuthal distribution o f  scattered intensity plotted on a 
chart recorder. Figures 2a and 2b show the intensity pat- 
terns built up for a-PS and i-PS respectively. No corrections 
have been made for absorption, polarization, double diffrac- 
tion or incoherent scattering. The radiation was CuKa. 

In view of  the fact that n.m.r, has shown a-PS to be pre- 
dominantly syndiotactic 12 it is perhaps surprising that the 
WAXD patterns of  unaligned a-PS and i-PS are very simi- 
lar ~3. However, a significant difference is apparent between 
the aligned diagrams (Figure 2) in that the second halo of  
a-PS is at maximum intensity on the meridian while that of  
i-PS shows maxima in the region of  ~ = +45 °. 

With fibre patterns from crystalline polymers it is nor- 
mal to view equatorial and meridional peaks as correspond- 
ing to inter- and intra-chain correlations respectively. In 
order to check that this assumption was valid in the case of  
glassy a-PS, the positions of  the diffuse halos were measured 
as a function of  temperature. The results are plotted in 
Figure 3. For the first (equatorial) halo at 2013 = 10 °, there 
was a marked shift towards lower angles (longer spacings) 
as the temperature was increased, especially above Tg, 
which appears to confirm that the halo is attributable to 
interchain spacings. (These results are in agreement with 
those of  Kilian and Boueke~4.) The shift of  the second 
halo as a function of  temperature is not nearly as distinc- 
tive as in the case of  the first. This reflects the appearance 
of  the second halo on alignment where it shows no clear 
predisposition to concentrate exclusively on either the 
equator or meridian. 

AZIMUTHAL SHARPENING OF ALIGNED WAXD 
PATTERNS 

Aims and assumptions 
In this work the interpretation of  WAXD patterns from 

aligned glassy polymers is approached in the same way as 
for the familiar fibre diagrams of  a drawn crystalline poly- 
mer. However, in the case of  an aligned glassy polymer one 
has to contend with not only a lack of  long range order and 
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Figure 3 Change in chain spacing as a function of temperature 
determined from the positions of the first (+) and second (o) halos 
of unaligned atactic polystyrene 
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hence diffraction maxima with a half width of several de- 
grees or more, but also with the relatively poor degree of 
fibre orientation which is the best so far achieved. The 
analytical method outlined here has been developed to 
improve the apparent fibre orientation by azimuthally 
sharpening the X-ray diffraction pattern. 

The aligned glassy polymer is treated as containing 
many entities each with its own fibre symmetry. The axes 
of the fibre entities are distributed in angle about the 
macroscopic fibre axis of the sample which we call the 
orientation axis; (z' axis lying in z-x plane of Figure 1). 
The individual diffracting domains may not have fibre 
symmetry, however we are viewing a fibre entity as a collec- 
tion of all domains which share a common molecular orien- 
tation. Thus each fibre entity will contribute to the diffrac- 
tion pattern according to its angular position in relation to 
the orientation axis (z'). For the purposes of this analysis 
it is best to consider the fibre axis of an entity as having 
two components of 'misorientation' with respect to the 
orientation axis: one about y '  (=y)  in the x'-z' plane and 
another about x '  in the y'-z '  plane. We can assume that 
the projections of the overall distribution of fibre entities 
about the orientation axis onto the x'-z' and y'-z'  planes 
are identical. We style the projected distribution D(a) 
where a is measured from the orientation axis. 

First stage desmearing 
The projected distribution D(a) on the x'-z' plane can 

be thought of as azimuthally smearing that diffraction pat- 
tern which would be recorded if all the fibre entities were 
aligned into the y'-z '  plane. For a particular 20 B we will 
refer to this pattern as I2(qJ). Hence we can write that the 
experimental intensity II(ff)  is the convolution of I2(ff) 
and D(a) expressed as D(ff'), i.e. 

~/2 

I1($) = f I2(~ - $ ' )D(~ ' )d~ '  (1) 

0 

For equatorially centred reflections from the fibre en- 
tities the distribution D(a) in the x'-z' plane is the only 
contribution to the smearing which is therefore fully des- 
cribed by the above relation, and I2(ff) is the true intensity 
distribution I(ff). Hence in the case of PS and other poly- 
mers which possess a halo which alignment concentrates 
onto the equator alone, D(a) can be obtained directly 
from the halo's azimuthal profile. It must of course be 
kept in mind that any significant extension of the equato- 
rial maxima in the meridional direction, resulting perhaps 
from the small size of diffracting domains in this direction 
or from significantly curved molecules, will complicate 
the determination of the true D(a). However, in the case 
of PS, azimuthal smearing is so obviously the dominant 
factor, that the working approximation has been made 
that the azimuthal profile of the equatorial peak is equiva- 
lent to D(a). For PS therefore, the first stage of azimuthal 
sharpening is to remove the effect of the x'-z' distribution 
function by deconvolution with the profile of the inner 
halo. (With some other glassy polymers such as poly(methyl 
methacrylate) and potycarbonate where no halo is uniquely 
equatorial the determination of D(a) will present additional 
problems.) 

Several methods of deconvolution are applicableiS, and 
one based on iterative procedures has been selected for this 
work. The convolution of two functions is written: 

f ( x )  = g(x) • h(x) (2) 

Deconvotution is the solution of this equation for g(x) 
where h(x), the smearing function, is known. The iterative 
method used is based on a scheme to improve an approxi- 
mation to g(x). 

This is: 

gn+l(x) = g.(x) + If(x) - g ~ ( x )  • h(x)] (3) 

The first approximation to g(x), gl (x), is taken as equal to 
f(x). 

The results of azimuthally deconvolving the profile of 
the equatorial peaks from the experimental intensities, at 
values of 20 B which include the 2nd halo, for a-PS and i-PS 
are shown in Figures 4a and 4b. This procedure of course 
totally eliminates azimuthal spread from the first halo 
which is not represented in the Figures. 

Second stage desmearing 
For all but equatorial reflections, the distribution in the 

y'-z' plane smears the diffracted information towards the 
meridian. Figure 5 shows the construction for calculating 
the nature of the smearing by considering a 'reflection' at 
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( ) ( , AFeO ~ COSEC ~g COSO~ = COS COS ~ " V ' ' J . . / /  , "  ~- - 4 ~ - 4 + sin ~ - 4 X 

A Axis of fibre entity 

~ ~  Therefore: 

cosa = sin~ sin~' + cos~ cos4' sin"/ (6) 

y' and using equation (4): 

~ . ~ ~  tan4 
cosec')' = ~ (7) 

x ' f ~ \  \ / , /  /~Equo to r  of Hence the distributionD(a) in the y ' - z '  plane will 
~ / f ~  fit~eentity smear intensity around the azimuthal circle according t O t h e  function: 

[ (sin~k't] tan4tan~ sin~(sin2~C°S~ simp'_ D a = cos -1 ~ s i ~ ] J  × 7-"T-,, × sin2~,)l/2 (8) 

A ct B 
_1 

7 
C 

Figure 5 Construction in reciprocal space for ealeuMting the 
position and intensity of a reflection from a fibre entity lying in 
the y'--z' plane. The axis of the entity makes an angle a with the 
orientation axis (z') and the reflection makes an angle 4' with the 
equator of the entity 

the angle 4' to the equator of a fibre entity. In reciprocal 
space this reflection is derived from the intersection of the 
small circle (CDE) and the 'reflection' plane, x' z' at C. 
If the axis of the entity is tilted away from the orientation 
axis by an angle a, in the y ' - z '  plane, then the reflection 
will appear at an azimuthal angle ~ with its integrated in- 
tensity increased according to cosec 3'. We now have to re- 
late 3' to 4 and i f ,  and obtain an expression which relates 
an increment of cx, An, in the y ' - z '  plane, to an increment 
of 4, A$ ; in fact the value of da/d4. These relations can 
be obtained with reference to the spherical triangle ABC 
on Figure 5. 

From ABC: 

c°s (2-~J')  =c°s ( 2 - 4 )  c°sa+sin ( 2 - 4 )  x 

7~ 
sina cos - 

2 

sin4' 
Therefore: cosa-  (4) 

sin~k 
da cos~ sin4' 

and - (5) 
d4 sinff(sin2ff - sin24') 1/2 

The second two terms of this function simplify to: 

COS4 p 

(sin24 -- sin24')l/2 

which is plotted for 4' = 30 ° in Figure 6. 
The function 12(4) (equation 1) obtained after the first 

deconvolution is therefore the true azimuthal distribution 
1(4) smeared by the function (8). It can be represented by 
a transform integral of the type: 

12(4) = f I ( 4 - 4 ' ) x D  [cos -1 /sin4'/] 

0 

cos¢. d4' 
(sin24 -- sin24')l/2 

(9) 

This is not strictly a convolution because the smearing 
function changes shape with 4; however, it can still be 
solved for the true distribution I(4) using the iterative 
method. The convolution operation in the final term of 
equation (3) becomes now strictly one of smearing which 
nevertheless can still be performed numerically. 

The results of this second stage desmearing are shown 
in the contour plots of Figure 7 (for a-PS and Figure 8 
(for i-PS). Comparison with Figures 2 and 4 indicate that 
the second stage process leads to a smaller improvement in 
azimuthal sharpness than the first, although its application 
does emphasize the presence of a discrete meridional 
maximum at 20B = 21 ° in the i-PS pattern. 

DISCUSSION 

In simple terms, a fibre diffraction pattern can provide 
information as to the structural and residue repeat distances 
along the chain, the mode of packing of the molecules and 
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the incidence of longitudinal register between adjacent mole- 
cules (as indicated by sampling of the layer lines other than 
the equator). 

If  the intensity distributions of Figures 7 and 8 are 
viewed as fibre patterns then it should be possible to ex- 

9 
A 4 

t -  

i 

% 
v 

LJ 
2 

0 

Figure 6 

3 0  6 0  

(degrees) 

Plot of cos~'l(sin2q;-sin2~') 112 for 4 '  = 30 ° 

90 

tract some at least of this structural information. How- 
ever, compared with diffraction from a crystalline fibre, 
the patterns from the glassy polystyrenes present additional 
problems. There is of course considerable disorder along 
the molecular chains as well as in their packing which is 
responsible for the general lack of definition in the pattern. 
In addition it is very probable that there is no unique chain 
conformation, so that the pattern may have to be treated 
as the superposition of two or more separate patterns. 

In attempting to analyse the diffraction from a-PS and 
i-PS, we have started by narrowing down the number of 
possible conformations for isotactic and syndiotactic con- 
figurations. We have considered mainly those based on 
staggered bonds, although one particular possibility involv- 
ing eclipsed bonds is also included. The relevant bond rota- 
tion angles for the carbon backbone are defined in Table 1. 
In Table 2 the possible conformations with repeats less than 
8 A based on combinations of rotation angles are listed. 
Conformations which we have successfully constructed from 
CPK models without undue intrachain steric hindrance are 
indicated with a + and those which satisfy Natta and Corra- 
dini's equivalence principle ~6 are marked in addition with 
an e. The chain repeat distances for the various conforma- 
tions are essentially those of Bunn a7 for an unencumbered 
carbon backbone but modified slightly on the basis of ob- 
servations of the CPK molecular models to take account of 
some measure of  steric hindrance. In addition the distances 
only refer to the structures which can be readily built (i.e. 
those marked with +). The figure of 6.65 A for (tg) 3 is 
simply the repeat shown by crystalline i-PS (The correspond- 
ing Bunn figure is 6.20 A). 

A tactic polystyrene 
There is strong evidence that a-PS is predominantly 

syndiotactic 12. For this reason the analysis of the sharpened 
diffraction pattern of a-PS (Figure 7) is viewed initially in 
terms of the possible syndiotactic conformations listed in 

(ttgg)2 2nd layer line 

t t t t  

( ttgg) 2 8"0  m 

m 

! 1 

20 ° I0 ° 0 ° I0 ° )0 ° 

Figure 7 Result of second stage desmearing for aligned atactic polystyrene. The calculated positions of the regions of high intensity on the 
1st layer line of (tttt) and on the 1st and 2nd layer lines of (ttgg) 2 are shown on the left 

4 9 2  P O L Y M E R ,  1976,  Vol 17, June 



WAXD patterns o f  aligned glassy polymers: Richard Lovell and Alan 14, Windle 

(tg) 3 2nd layer line 

(ttgg) 2 2nd layer line E : Z i  

X 
102 

(tg)366  
(ttgg )2 8-0  

R 

E : : % ~  

I I 

2 0  ° IO ° O ° IO ° 2 0  ° 

Figure 8 Result o f  second stage desmearing for  aligned, quenched isotactic polystyrene. The calculated positions of maximum intensity for  
the 1st and 2nd layer lines of (tg)3 and (tr ig)2 are shown on the left. The crosses mark the positions of the most intense reflections for  aligned 
crystalline isotactic polystyrene 

Table 1 Internal rotation angles 

~b (degrees) 

Trans, t 0 } Staggered 
Gauche, g ( ~  120 (--120) 
Skew, s(E) 60 ( -60 )  / Eclipsed 
Cis, c 180 J 

Table 2 Possible conformations for polystyrene 

Conformation Chain repeat (A) i-PS s-PS 

g4 4.0 e e 
tgtg- 4.4 -- +e 
tsts 4.8 + +c 
tttt 5.2 e +e 
(tg)3 6.65 +e -- 
(ttgg) 2 7.8 + +e 

+, indicates a conformation which does not lead to undue steric 
hindrance 
e, indicates a conformation which satisfies equivalence i.e. each 
monomer unit has a similar environment 

Table 2. The pattern shows equatorial maxima at (20B = 
10 °, ~b = 0 °) and (15 ° , 0°), a small peak at (17.5 °, 40 °) and 
a broad arc centred on the meridian at (21 °, 90°). 

The peak at (17.5 °, 40 °) corresponds to a chain repeat 
distance of  7 .5 -8 .0  A. If  we are to interpret this in terms 
of  (ttgg)2 which has a repeat of  7.8 A, then there should be 
a second layer line inter~ecting the meridian at 20B = 
22--23 ° with its maximum intensity on the meridian. This 
appears to correspond to the central region of  the broad arc. 

The calculated positions of  the intensity maxima on the 
first two layer lines o f  the transform of  a s-PS chain in 
(ttgg)2 conformation (i.e. a 2/1 helix) are represented on 
the left side of Figure 7. The large azimuthal spread of  the 
(21°, 90 o) arc appears to deny the effectiveness of  the de- 
smearing procedures already applied. An alternative ap- 
proach however is to consider the 'wings' of  the arc as rep- 
resenting off  meridional intensity maxima on a layer line 
intersecting the meridian at 20 ~ 18 °. i.e. about 5,8,. 
Such an intensity disposition would correspond fairly 
well to the (tttt) planar zig-zag conformation as indi- 
cated on the left of Figure 7. The data therefore suggest 
that atactic polystyrene contains substantial syndiotac- 
tic sequences in both (tttt) and (ttgg) conformations, both 
conformations being present in roughly equal proportions. 
However, we cannot exclude the possibility of  (tgtg) which 
would also lead to an intensity maximum close to the meri- 
dional peak at (21 o, 900). No other experimental technique 
has provided direct evidence for the chain conformation in 
bulk a-PS (or for that matter in s-PS which has not appa- 
rently been synthesized) so it is not possible to confirm our 
predictions. However, it is most encouraging to note that 
n.m.r, measurements on syndiotactic triphenylheptane (a 
model for s-PS) in solution have shown that it has equal 
preference for the conformations (tttt) and (ttgg) 18. More- 
over calculations 19 have shown that for s-PS the two con- 
formations are energetically equivalent. Further support 
is given to the reasonableness of  the prediction of  (tttt) 
and (ttgg)2 by observations of  the crystal structure of  syn- 
diotactic polypropylene. Two structures are reported, one 2° 
based on (tttt) with a chain repeat of  5.05 A and the other 21 
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based on (ttgg)2 with a chain repeat of  7.4 A. Since the 
repeat distance of  the 3/1 helix of  i-PS is ~3% greater than 
that of  i-PP, we can perhaps expect distances of  5.2 A for 
( t t t t )  s-PS and 7.6 A for (ttgg)2 s-PS. 

It should also be possible, on the basis of  the equatorial 
X-ray data, to make proposals as to the chain packing, 
which of  course should be in line with the predicted confor- 
mations. Such studies are in progress but not reported here. 

Isotactic polystyrene 

Perhaps the most striking feature of  the sharpened diff- 
raction pattern from glassy i-PS (Figure 8) is the correspon- 
dence between some of  the maxima and the 'reflection' 
positions in a corresponding fibre diagram from crystal- 
lized and aligned material. That glassy i-PS contains chains 
in the (tg)3 conformation (3/1 helices) is not particularly 
surprising as evidence for this conformation in solutions of  
the polymer has been obtained from infra-red 22~3 and 
ultra-violet 24 spectroscopy and it is o f  course present in the 
crystal 2s. What is intriguing however is that the corres- 
pondence of  the patterns implies longitudinal register be- 
tween adjacent molecules in the glassy phase; that is, some 
measure of  three-dimensional order. Further confirmation 
of  longitudinal register can be obtained by comparing the 
position of  the first maxima on the 6.65 A layer line of  the 
sharpened pattern, with the calculated position for the 
maximum on this layer line corresponding to an isolated 
3/1 helix. (Figure 8) (Its position is not significantly 
changed if an enantiomorphic pair of  helices is considered). 
The two maxima are at different distances from the meri- 
dian. This indicates that the first layer line of  the glassy 
polymer is sampled by a reciprocal lattice with the impli- 
cation of  three-dimensional order. It is not clear at this 
stage whether the glassy structure should be viewed as 
crystals with a high degree of  paracrystalline disorder, as 
exceptionally small crystallites or as some combination of  
both. 

There is, however, a maximum at (21 °, 90 °) which, lying 
between the first and second layer lines of  the crystal pat- 
tern, implies that a conformation other than (tg)3 is also 
present. It is difficult to interpret this maximum. Perhaps 
the best explanation is that it is the second layer line o f  the 
isotactic equivalent of  (ttgg)2, already proposed for the 
syndiotactic material, but which does not satisfy the equiva- 
lence principle. If  this is the case there should also be 
maximum on a first layer line corresponding to a repeat o f  
about 8 A. It is just possible that the 'lobes' extending 
downwards from the prominent peaks on the 6.65 )~ layer 
lines (3/1 helix) represent these maxima. 

CONCLUSIONS 

Wide-angle X-ray diffraction is a promising technique for 
the investigation of  the structure of  oriented glassy 
polymers. 

The fact that it is not possible to obtain a very high 
level of  fibre orientation by mechanical extension has lead 
to the development of  a numerical technique to enhance 
the azimuthal resolution of  the aligned diffraction patterns. 

The polystyrene results presented are from our first 
series of  experiments only. They do however permit seve- 
ral conclusions to be drawn as to the structure of  a-PS and 
i-PS in the aligned glassy state. For the atactic material 
there is evidence that the conformations ( t t t t )  and (ttgg)2 
are present in roughly equal proportions, whereas the iso- 

tactic samples contain some three-dimensional order based 
on the 3/1 helices, although the diffraction halos still re- 
main broad. 

In the light of  these results it appears that a useful ap- 
proach to the problem of  the microstructure of  glassy poly- 
mers may well be through X-ray structural studies o f  
aligned samples. 

The structural information derived by these methods is 
of  course only directly applicable to polymers in the align- 
ed state. However, experiments of  Colebrooke and Windle 26 
suggest that as far as chain conformation and packing are 
concerned, the extra information which can be extracted 
from the diffraction patterns of  the aligned material is also 
relevant to the normal unaligned material. 
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Effect of sample geometry on the 
measurement of mechanical properties 
of anisotropic materials* 
R. G. C. Arridge and M. J. Folkest 
H. H. Wills Physics Laboratory, University of Bristol, Bristol BS8 1TL, UK 
(Received 15 December 1975; revised 2 February 1976) 

Experimental observations have been made of the effect of sample geometry on the mechanical pro- 
perties of anisotropic polymer systems. The non-uniform stresses at the sample ends, arising from 
the method of clamping are found to persist over much greater distances than in isotropic materials, 
as judged by their effect on the tensile and torsional modulus. The Principle of St. Venant does not 
appear to be applicable to anisotropic materials. This is further supported by results obtained using 
finite element methods. The results raise serious doubts concerning current practice in determining 
the mechanical properties of anisotropic materials. 

INTRODUCTION 

In the practical determination of the elastic constants of 
solids, the most commonly used test methods involve ten- 
sion, bending or torsion either under dead loading or dyna- 
mic conditions. In all of these methods, it is usually assum- 
ed that stress concentrations imposed at the ends of the 
sample as a result of the particular clamping arrangement 
can be neglected in the calculation of the elastic constants. 
In practice, the approach has been either to choose appro- 
priate sample dimensions or to measure deformations of 
the sample by means of strain gauges attached to the sur- 
face. There are other limitations to be considered in the 
experiment namely time effects if the material is viscoelas- 
tic and non-linear effects such as are found in many poly- 
mers. These problems are not, however, our concern here 
although they may well interact with the effects of sample 
end constraint, which is the main subject of this present 
paper. 

The ability to neglect sample end effects in suitably 
shaped samples rests upon the validity of the so-called 
Principle of St. Venant proposed by the French elastician 
in 1855. This states (we quote Love 1) 'the strains that are 
produced in a body by the application to a small part of its 
surface of a system of forces statically equivalent to zero 
force and zero couple, are of negligible magnitude at dis- 
tances which are large compared with the linear dimen- 
sions of the part'. In practice this means that the irregular 
stress distribution arising from the particular method em- 
ployed to transfer an external force to the sample, becomes 
uniform at a distance away from the points of application 
equal to about one lateral dimension of the sample, and that 
from this distance further only the resultant forces and 
couples need to be considered. 

The irregularity of the stress distribution can be shown 
to decay away exponentially with distance from the sample 
ends so that, strictly, end effects are always present. How- 
ever in the case of isotropic materials, they are usually 
found to be negligible about one specimen width away frol:, 

* Presented at the Polymer Physics Group (Institute of Physics) 
Biennial Conference, Shrivenham, September 1975. 
5 Present address: Department of Materials, Cranfield Institute 
of Technology, Cranfield, Bedford MK43 0AL, UK. 

the sample ends compared to the other errors incurred in 
the measurement of any mechanical property. This means 
that in practice, depending on how far one is prepared to go 
in order to eliminate end effects, a specimen length/width 
ratio of 10 is sufficient. 

Recently, Folkes and Arridge ~ reported observations 
made on highly anisotropic material in the form of a poly- 
meric microcomposite, which showed end effects in torsion 
persisting over very much greater sample lengths compared 
to those for isotropic materials. Subsequent studies in this 
laboratory have shown that similar effects exist in other 
polymeric materials, namely high density polyethylene 
which has been either extruded in the solid state or drawn 
to a high draw ratio. All of these observations cast serious 
doubt on the validity of St. Venant's Principle when applied 
to anisotropic materials. 

It is the purpose of this paper first to summarize the 
findings of Folkes and Arridge 2 and then to describe pre- 
liminary results on ultra-high modulus polyethylene to- 
gether with theoretical studies using the finite element 
method for a two dimensional model of anisotropic mate- 
rial in tension. 

The authors feel that the results to be reported have im- 
portant implications in the accurate measurement of the 
mechanical properties of anisotropic materials in general 
and may require current testing standards to be modified. 

THEORETICAL DEVELOPMENTS OF ST. VENANT'S 
PRINCIPLE 

The Principle of St. Venant in the form stated in the intro- 
duction is not universally true for, as Toupin 3 shows, the 
stresses in a beam of dumbbell cross-section loaded at one 
end by couples whose resultant is zero will persist far along 
the beam. St. Venant in fact, stated the principle as being 
valid for perfect cylinders only, not necessarily for those of 
arbitrary cross-section. For this reason, mathematicians 
have recently sought a more general principle and in addi- 
tion, have examined the case of anisotropic materials. 

A criterion based upon elastic stored energy has been 
proposed by Toupin 3 and when applied to anisotropic 
materials by Horgan 4 led to the concept of a characteristic 
decay length for the stored elastic energy. This in turn led 

POLYMER, 1976, Vol 17, June 495 



Mechanical properties of anisotropic materials: R. G. C. Arridge and 114. J. Folkes 

4"0 

Z o 
~-- 3 o - o  

O o 0 
E 

~ 2c 
¢.- 

I'C 

Figure 1 

{J 
I I I I ~ I 

4 o 80 120 
Aspect ratio 

Dependence of shear modulus in torsion of S-B-S 
'single-crystal' on sample aspect ( length/width)  ratio. Curve indi- 
cates probable trend 

to an exponential decay for the stress irregularity at interior 
points. For anisotropic materials Horgan 4 showed that this 
decay length was always greater than it was for an isotropic 
material and was of the form k = b(E/G) 1/2 where b is the 
maximum lateral dimension of the sample, E is Young's 
modulus along the axis of the specimen and G the shear 
modulus, for shear which includes that direction, the so- 
called longitudinal shear modulus. 

Now for isotropic materials E/G lies between 2.6 and 
3.0, so k is "d .6-1 .7b .  For very anisotropic materials e.g. 
the microcomposite studied by Folkes and Arridge 2, E/G 
can reach values as high as 280 so that k may be as high as 
16.7b. In such cases, therefore, neglect of the stress distribu- 
tion at the points of loading becomes quite unjustifiable and 
only two alternatives remain. One is to determine the stress 
distribution for the particular method of sample clamping 
employed, solve the elastic equations of equilibrium and 
hence derive the elastic constants. The other is to choose a 
sample length/width ratio so large that the end effect may 
still be ignored. 

The first alternative is extremely difficult; not only are 
the stresses (or displacements) difficult to determine in 
practice but the solution of the elastic problem for an 
anisotropic body is a formidable task even for simple geo- 
metries. Pagano and Halpin s have considered this for ten- 
sile loading of an anisotropic material in directions at an 
angle to the symmetry axes and derive an explicit expres- 
sion for the Young's modulus along these directions as a 
function of the length/width ratio of the sample. Their 
analysis breaks down, however, when the applied load acts 
along an axis of symmetry. 

The second alternative seems at present the better one, 
provided sufficient sample material is available, which may 
not always be the case, for example, with minute 'whisker' 
crystals of  inorganic or organic substances, or those sam- 
ples as used in the classical measurements of the elastic con- 
stants of crystals of various symmetry classes. 

EXPERIMENTAL OBSERVATIONS 

In this section we report on studies of end effects in two 
highly anisotropic materials, one in torsion and the other 
in tension. 

Block copolymer microcomposite 
The material used for our investigations was Kraton 102, 

an S - B - S  block copolymer, which by suitable processing 
can be obtained in 'single-crystal' form, consisting of a 
hexagonal array of polystyrene cylinders embedded in a 

matrix of polybutadiene, with the cylinder axes uniaxially 
aligned 6. The mechanical properties of this material have 
been studied in simple tension 73 and torsion 2 and the re- 
suits compared using the following approach. 

If we consider the elastic properties of an anisotropic 
material having transverse isotropy, then the Young's 
modulus E o measured at any angle O to the symmetry axis 
is given by the usual transformation equation: 

1 
- -  = $1 ] sin40 + (2S13 + $44) s in20 cos20 + $33 cos 40 
Eo 

where the coefficients S# are the two-suffix compliances 
(see e.g. Hearmon 9) and the symmetry axis is taken as the 
3 direction. 

The measured values of Young's modulus for the 'single- 
crystal' samples of Kraton 102 have been fitted to the above 
equation using the method of least squares, from which one 
derives values for S l l ,  $33 and (2S13 + $44). In a previous 
paper 8, it was shown on theoretical grounds that S13 
10-3S44 and hence Young's modulus anisotropy provides 
values for S11, $33 and $44 , the latter being inversely pro- 
portional to the longitudinal shear modulus G. 

The shear modulus G can of course, be directly mea- 
sured by a torsion test about the symmetry axis on a long 
sample 2. It should be noted, however, that any end effects 
are expected to be much less pronounced in deriving G 
from the tensile data in view of the fact that this quantity 
is primarily determined by the Young's modulus corres- 
ponding to off axis loading where the ratio E/G is much 
less than for loading along the symmetry axis. 

Values of $44 or G = 1/$44 from tensile measurements 
can be compared with those from torsion tests. When this 
is done it is found that G, derived from tensile measure- 
ments, is about one half of the value measured by a direct 
torsion experiment. At the time of a previous paper by the 
authors a no explanation could be proposed for this discre- 
pancy, but later it became apparent that end effects in tor- 
sion may mean that the usual assumptions implicit in the 
classical theory of torsion are unjustified. Accordingly, 
torsion measurements were made on samples of varying 
aspect (length/width) ratio up to about 120 with the re- 
suits given in Figure 1. It appears from the results that the 
discrepancy referred to above is resolved only when very 
long samples are used, in fact greatly exceeding those nor- 
mally used in torsion measurements. 

As stated earlier, end effects are expected to persist for 
a length of the order of b(E/G) 1/2, which for Kraton 102 
is about 16-17 sample widths from each end. Hence we 
would expect that the measured shear modulus should show 
a decrease commencing near a length/width value of about 
32, as observed. 

The fact that short samples give higher values of shear 
modulus is attributed to the constraint imposed by the 
sample clamping, which prevents a portion of the sample 
length from undergoing pure torsion. In our experiments, 
here, the end surfaces of the specimen were constrained to 
remain plane by glueing the specimens onto tufnol blocks 
or by inserting them in exactly matching blocks of glue so 
that the specimens were free to slide vertically but not able 
to rotate (their~cross-sections were rectangular). Since 
Kraton 102 is a relatively soft material, this form of sam- 
ple clamping is simple to arrange and gives a well defmed 
end constraint. This may not always be possible and in fact 
preliminary experiments with carbon-fibre reinforced epoxy 
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is in satisfactory agreement with the experimental results 
in Figure 2. 

6 A A 
A A 

5 1 0  I ~ I 0 I 0 0  150 2 0 0  

Aspect ratio 

Figure 2 Apparent tensile modulus of linear polyethylene film 
(draw ratio 28) as function of length/width ratio 

resin specimens indicate that constraint of such materials, 
which can be stiffer than steel, requires very careful experi- 
mental design. More often than not, the sample clamping 
technique involves gripping the ends of the sample directly 
in the jaws of a mechanical testing machine. In this case, 
although the stresses still decay with a characteristic length 
b(E/G)I/2, the form of the end constraint is very different. 

High modulus polyethylene 
End effects can also be expected in tensile and bending 

tests since, again, the distribution of stresses at points of 
application of loads does not become negligible until a 
length of the order of  b(E/G) 1/2 is reached. Tensile speci- 
mens therefore need to be at least 2b(E/G) 1/2 in length be- 
fore uniformity of stress over the sample cross-section can 
be assumed and a three-point bend test specimen would 
need to be 4b(E/G) 1/2 in length before the simple beam 
equation could be assumed correct. As stated earlier, the 
effect is most pronounced along the direction of highest 
Young's modulus. Evidence for such a slow decay in stress 
concentration during tensile testing is afforded by another 
polymeric system exhibiting a large mechanical anisotropy, 
represented by the ultra-high modulus polyethylene, at pre- 
sent the subject of extensive research in many laboratories. 
Figure 2 shows a plot (from ref 10) of Young's modulus 
versus aspect ratio for polyethylene, drawn to a draw ratio 
of 28, with the tensile stress applied along the symmetry 
axis. Sample preparation has been given elsewhere la. Two 
important points here should be emphasized. First, it can 
be seen that very long samples are required before a plateau 
is reached on the curve and secondly the Young's modulus 
is seen to rise with increase in aspect ratio of  sample. The 
latter arises from the fact that the samples were held in 
cylindrical collars in the jaws of the tensometer and the 
load is therefore applied to the sample via shear from the 
surface to interior points. For short samples, therefore, the 
load is applied to only a fraction of the sample cross-section, 
producing an abnormally large strain and hence under-esti- 
mating the Young's modulus for the sample as a whole. The 
values of Young's modulus were obtained using estimated 
sample strain 10 assuming homogeneous stress and allowing 
for testing machine compliances (see Figure 9). The effect 
is particularly pronounced in very anisotropic materials and 
is supported by theoretical work using finite element 
methods as shown below. 

If one takes the theoretical values for E and G for a poly- 
ethylene single crystal as given by Odajima and Maeda 12, 
then (E/G) 1/2 = 15.1. This shows that the end effects 
should start to decrease for aspect ratios of about 30, which 

Finite element calculations 
The issues raised above are further illustrated in Figures 

3-8  obtained using finite element models in plane strain 
but it should be emphasized, they are models only. Figures 
3 and 4, show end effects in tension in an isotropic beam 
loaded at the corners only. The symbols on the diagrams 
represent the relative magnitudes and directions of the prin- 
cipal stresses. The effect of stresses introduced there is 
seen to approach a uniform resultant within 1 -2  sample 
widths away from the ends. Analysis of the stresses at the 
centre line in these models shows, in fact, that for a length/ 
width ratio of 5 the stress is uniform at the centre section 
and remains so up to 2 widths from each end. Similarly for 
the beam of aspect ratio 10. This is therefore consistent 
with the statement of St. Venant's Principle. 

This is certainly not true for anisotropic beams similarly 
loaded, however, as Figures 5-8  show. The values of E 
and G used in these calculations were those calculated for 
polyethylene crystals by Odajima and Maeda 12. It can be 
seen that the applied tensile load is almost entirely concen- 
trated in the surface layers and analysis shows that the beam 
has to have an aspect ratio of about 40 before the stress at 
the centre cross-section becomes uniform to within 1%. It 
is still non-uniform for about 14 widths from each end, in 
very good agreement with the theory of Horgan 4, discussed 
earlier. Finite element calculations for beams in which the 
two outer surface nodes at each end and on each side are 
given identical displacements yield very similar results to 
those of Figures 5-8. This loading corresponds to the case 
of a soft material bonded directly on its lateral surfaces at 
each end to a much stiffer material. 

Of great significance to the experimentalist is the fact 
that not until an aspect ratio of40:1 is reached is there a 
region of uniform stress across the specimen. This means 
that not even by using strain gauges will a correct value of 
tensile modulus be deduced, since the surface strain is not 
representative of  the sample as a whole. Figure 9 shows 
the predictions of the apparent tensile modulus deduced 
from the finite element model for specimens with the same 
degree of mechanical anisotropy as~used above. One curve 
shows results when the movement of the points of loading 
is used as a measure of the sample strain while the other 
uses surface strain as would be measured by a suitable strain 
gauge. It is apparent that erroneous values will be obtained 
unless the specimen is long enough to ensure uniform strain 
at its centre. There is qualitative agreement with the ex- 
perimental curve of Figure 2. Quantitative experimental 
results using strain gauges or other means of measuring sur- 
face strain on high-drawn polyethylene have not yet been 
obtained. The strains are very difficult to measure on the 
very small specimens available. 

Evidence for a slow decay in stress concentrations due 
to point loads in glass-fibre reinforced material has been 
obtained by photoelastic means by Bold la, but in this mate- 
rial the anisotropy is much less marked, though still 
apparent. 

CONCLUSIONS 

Experimental measurements on torsion and in tension on 
two highly anisotropic materials show that end effects pro- 
duced by various means of clamping persist further into the 
specimen than would be expected using the conventional 
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Figure 5 Principal stress values for anisotropic rectangular bar loaded in plane strain at the four corners. (E/G) ]12 = 15.1; length/width ratio 5 
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Calculated Young's modulus for bar of Figures 5-8. 
See text for explanation of terms used. A, surface strain; B, over- 
all strain 

Principle of  St. Venant. There is good agreement with the 
prediction o f  Horgan that  such effects persist for a distance 
b(E/G)I/2 and consequently specimens need to  be long 
enough for this enhanced end effect to be ignorable. 

In principle the finite element method enables calcula- 
t ion to be made o f  the stress distributions due to any sys- 
tem of  loading. In practice this is not  possible since we 
have no means of  measuring the distribution of  stresses at 
the points o f  at tachment o f  the clamps to the specimen. 
The practical conclusion therefore is that measurements o f  
any elastic moduli  on anisotropic materials need to be re- 
peated on specimens o f  increasing length/width ratio until 
consistent results are obtained. This may mean length• 
width ratios up to 100 for very anisotropic materials. 
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Multi-pass Fabry-Perot spectroscopy 
of polymers* 
S.  M .  L i n d s a y ,  A .  J .  H a r t l e y  a n d  I.  W .  S h e p h e r d  
Physics Department, University of Manchester, Manchester M13 9PL, UK 
(Received 25 November 1975) 

The potential util ity of multi-pass Fabry-Perot spectroscopy in the study of polymers is demon- 
strated. A triple-pass system is described and the performance is discussed. Preliminary results in 
three areas are presented: (1) a study of anisotropy in oriented poly(methyl methacrylate); (2~ I~/per- 
sonic viscoelastic behaviour of poly(propylene oxide) and poly(dimethyl siloxane); (3) the effect of  
crosslinking in poly(dimethyl siloxane) on the high frequency elastic properties and on: phonon 
absorption. 

INTRODUCTION 

In this paper we wish to describe a relatively new technique, 
multi-pass Fabry-Perot  spectroscopy (MPFPS), and to indi- 
cate possible applications to the study of polymers. We 
also present some of the early results obtained on our triple- 
pass equipment at Manchester. 

In this work the Fabry-Perot  (FP) is used to analyse the 
spectrum of laser light scattered from polymers. It is thus 
one of many techniques employed in scattering experiments 
and it is helpful to place it in context. Scattering of many 
types has played an important part in physics over many 
years, ranging in time and complication from the classical 
Rutherford and Compton scattering experiments to the 
modern work using high-flux reactors which produce in- 
tense neutron beams. These diverse experiments all have a 
common basis: an incident particle having momentum hki 
and energy lv.o i is scattered in the medium to emerge with 
changed momentum and energy hk s and Iv.a s. An excitation 
of momentum hK and energy h~  is created (or annihilated) 
in the medium. Conservation of energy and momentum 
requires that: 

~i  -- 6Os = +~ (1) 

and 

k~ - ks = K (2) 

where the positive and negative signs in equation (1) refer 
to creation and annihilation of an excitation. It is clear 

* Presented at the Polymer Physics Group (Institute of Physics) 
Biennial Conference, Shrivenham, September 1975. 

from these simple but basic considerations that if the inci- 
dent beam is well-defined, measurement of the frequency 
and momentum of the scattered particle will yield informa- 
tion about K and ~2 which in turn can give information 
about the medium itself. Equations (1) and (2) also show 
that the range of momentum and energy transfer, i.e. the 
range of K and ~2 that is measurable, will depend on the 
incident momentum and energy. These incident beam 
parameters will depend on the nature of  the particles, and 
Table 1 and Figure 1 show the regions of K - ~2 space that 
are covered by several different techniques. The precise 
shapes of the blocks in Figure 1 are affected by experi- 
mental resolution, and in drawing the diagram criteria have 
been adopted that are possible to realize using modern 
equipment. In the interest of simplicity the range of ~2 has 
been limited to that covered by visible light scattering, so 
that 'high energy' particle scattering is excluded. The most 
striking features of  this plot are the wide open spaces not 
covered by any presently available techniques. In other 
words, this type of experiment is only grazing the surface. 
The second most striking features are the very wide fre- 
quency range covered by visible light scattering and the 
very narrow momentum range. The so-called Brillouin re- 
gion, which covers the gap between Rayleigh line-width 
and Raman is covered by the Fabry-Perot  technique. The 
narrow momentum range is the most serious limitation of 
the method, and is of course due to the fact that [ki[ for a 
visible photon is only of the order 10 5 cm -1. Equation 
(2) then shows that the maximum IKI possible is 2[ki[ or 
approximately 2 x 10 5 cm -1. This is very much less than 
the reciprocal of an interatomic spacing in a solid or a 
liquid, and so light scattering studies are effectively limited 
to zone centres. This limitation does not apply to the neu- 
tron, which is a massive particle for which momenta of 

Table I Range of energy and momentum parameters in a number of scattering experiments 

Energy 
Radiation Wavelength (A) Momentum (A -1 )  Energy (eV) transfer (eV) 

Neutro ns 0.2 -- 10 5--0.1 0.1 --0.002 0.1-0.002 
Electrons 0.01--100 100-0.01 ~5 X 104--0.1 Wide 
X=ray 1 1 ~ 104 Wide 
Visible light: 

Raman 5 X 103 2 X 10 --4 3 0.5--5 X 10 - 4  
Brillouin 5 X 103 2 X 10 - 4  3 10--3--10 - 6  
Rayleigh linewidth 5 X 103 2 X 10 - 4  3 10--8--10 -14  
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Ikil ~ 108 cm -1 are readily obtainable. Advantages of 
light scattering in general and Brillouin in particular, other 
than the wide energy range, are not apparent from Figure 1. 
They are: (a) Good sensitivity. (b) High resolution (107-  
108 Hz in Brillouin). (c) Sample preservation. Except in 
extreme circumstances the experiments are non-destructive. 
(d) Possibility of observing transient effects. Very fast 
pulse techniques may allow the observation of transient 
effects down to a time resolution of 10 -7 sec. 

Particular contributions that may be made to the study 
of polymers using the FP are suggested in Table 2. There 
is a somewhat arbitrary division in this Table between 
BriUouin scattering and low frequency Raman scattering. 
Historically Brillouin's name is associated with scattering 
from propagating pressure waves, i.e. sound waves, so the 
items in this column make use of the waves at hypersound 
frequencies to give information about the materials. The 
velocity of sound, v, is connected with the measured fre- 
quency shift by: 

~2 2nv 0 
- sin - (3) 

coO c 2 

where coo is the incident frequency, n the refractive index 
and 0 the angle of scatter. The width of the Brillouin peaks 
gives information about the attenuation or lifetime of the 
waves, and thus about the structure over a range of 0.1 - 
20/sxn. Where phonon-phonon scattering makes an impor- 
tant contribution, absorption measurements will also yield 
information about the high frequency (109-1012 Hz) dyna- 
mics of the network. The generic term 'Raman' is used for 
the other light scattering phenomena. The method of detec- 
tion is, of course, the same in either case. Otherwise Table 
2 is self-explanatory. When it is realized that the list is only 
a selection of possible experiments it is clear that the tech- 
nique is potentially of  great value. 

INSTRUMENT DESCRIPTION 

The spectral range we wish to cover is roughly between 107 
and 1011 Hz. Visible laser sources are normally used and 
therefore the required resolving power is high, of the order 
107 . The only practical possibility in these circumstances 
is to use a FP etalon which achieves high resolving power by 
the interference of beams multiply reflected between two 
highly reflecting plates. The response function 1 of the 
etalon for a monochromatic beam of intensity 10 incident 
at 90 ° to the plates is given by: 

~(~) 1 
I0 1 + (2FR/rO 2 sin2½5 

(4) 

where the phase parameter 8 = 2dlkl; d is the plate separa- 
tion and Ikl = 2rr;k -1 the light wavevector. FR is the reflec- 
tivity finesse and is defined in terms of the reflection coeffi- 
cient r as rrrl/2( 1 - r) -1. It has been assumed that the 
finesse is determined solely by the reflectivity. In practice 
other factors, such as plate flatness, can be important and 
decrease the finesse to an actual value F which is below the 
theoretical reflectivity value. The response is plotted in 
Figure 2 for spectral orders n and N + 1. The parameters 
of experimental importance are indicated in the Figure. 
They are: (1) the free spectral range Av, which determines 
the accessible region of the spectrum free of overlap be- 
tween orders; (2) the instrumental linewidth 8v, which 
determines the smallest measureable linewidth; (3) the con- 
trast C, which is the ratio between the maximum and mini- 
mum intensities; (4) the resolving power R = v/Sv. The free 
spectral range is determined by plate separation and, in fre- 
quency units, is given by Av = c/2d, where c is the velocity 
of light. It can be adjusted between the approximate limits 
of 108 and 1012 Hz to suit experimental requirements. 
Stability problems are enhanced by the large plate separa- 
tions at the lower limit and make lower values of At) ex- 
tremely difficult to obtain. If it is not necessary to have an 
adjustable free spectral range, greater stability can be ob- 
tained by using a confocal arrangement 2. It is not, in gene- 
ral, important to increase the upper limit, because 1012 Hz 

Table 2 Selection of possible applications of multi-pass Fabry-- 
Perot spectroscopy to the study of polymers 

Low frequency Raman 
Brillou in scattering (0.03 -~ 30 cm - t  ) 

Only method for: 

(a) High frequency viscoelastic 
measurements 109--1011 Hz. 

(b) Thermodynamic and elastic 
studies of microcrystals and 
thin films (studies of the amor- 
phous state)* 

Convenient for: 

(c) Many thermodynamic studies 
e.g. volumetric measurements, 
glass transitions, Grdneisen 
parameters. 

(sample volume down to 10 -?  
cm -3  ) 

(d) Structural determinations: 
directly 0.1--20/~m 
indirectly 0.1--0.001 #m 

(e) 'Accordian modes' 

A study of very low frequen- 
cies in chain-folded materials 
may resolve X-ray/Raman 
anomalies. 

(f) Determination of moduli 
in big regular molecules, 
e.g. TMV,  collagen. 

(g) Measurement of 'super' 
lattice modes in block 
copolymers, e.g. SBS. 

(h) Rotations of polymer side- 
groups. 

(i) Low frequency modes in 
n-alkanes. 

* Dr G. Patterson, Bell Telephone Labs, Murray Hill, New Jersey, 
USA, is using the thin f i lm technique to obtain amorphous materials. 
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Figure 3 Schematic diagram of a triple-pass Fabry--Perot etalon 
system incorporating piezoelectric scanning and digital detection 

is already well within the range of modern grating spectro- 
meters. Under the assumption that the mirror reflectivity 
is the limiting factor in performance, other parameters can 
be expressed in terms of Av and F as 6v = AvF -1, C ~- 
4F27r -2 and R = vF/Av. Normally finesse values of be- 
tween 40 and 50 are attainable, corresponding to reflec- 
tivity of about 95% with plates flat to about X/100. Values 
of C are then ~ 103, which are sufficient for samples of  high 
optical quality that do not produce a large random scatter- 
ing intensity. Unfortunately many polymers are of poor 
quality, and the Brillouin spectra may be unobservable be- 
cause the peaks are much smaller than the minimum inten- 
sity in I(6).  This problem can be overcome by operating 
the etalon in a 'multi-pass' mode in which the beam is re- 
flected back through m times, where m has experimentally 
optimum values of 3 or 5. In this configuration the output 
function is determined by raising the function in equation 
(4) to the m'th power, and in this way contrasts up to 108 
can be obtained. The effect of 'triple-passing' the instru- 
ment is indicated by the broken line in Figure 2; the impor- 
tant point is that the minimum is significantly suppressed. 
A schematic diagram of the experimental equipment is 
shown in Figure 3. The incident laser light from an argon 
ion laser (), = 5145 A) is scattered through an angle 0 and 

then collimated into the etalon. The beam is returned three 
times by corner-cube retro-reflectors and emerges through a 
filter to be detected by a photomultiplier tube. The signal 
is then recorded using multichannel scaling techniques. Line 
shape analysis is carried out using an off-line computer. 
The etalon plates are scanned piezoelectrically and Figure 3 
includes a block diagram of the electronic control system. 
More detailed descriptions of this system can be found in 
refs 4 and 5. 

The enormous improvements to be obtained by multi- 
passing are illustrated in Figure 4 where we present Brillouin 
spectra of  a crosslinked rubber, poly(dimethyl siloxane). 
In Figure 4a the spectrum is shown after a single pass and 
the Brillouin peaks are only just visible above the back- 
ground. Figure 4b shows the same system after three passes 
when the Brillouin peaks seem to be completely resolved 
and quantitative analysis of line shapes is possible. From 
this data it is clearly possible to determine to a high accu- 
racy the sound velocity from the frequency shift and atten- 
uation from the line width of the phonon bands. Finally, 
the limit of performance is shown in Figure 5 where the 
Brillouin spectra obtained by surface scattering from 
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Figure 4 Bri l louin spectra of poly(dimethyl siloxane) rubber net- 
works at 30°C (a) after a single pass through the etalon, 8 = 90 ° 
(b) after three passes, 8 = 90  °. The Landau--Placzek rat io, the rat io 
of the central peak intensi ty to the sum of the side band intensities, 
in this case is 3000 
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poly(methyl methacrylate), 0 = 56 °. The Landau--Placzek ratio is 
>108, showing that a contrast of at least this magnitude has been 
obtained. 

poly(methyl methacrylate) is shown. In this case the ratio 
of central to side band intensities is greater than 10 8 indi- 
cating that a contrast of this magnitude has been obtained. 

EXPERIMENTAL RESULTS 

The data presented above have shown that extremely high 
contrasts of 108 can be obtained with a triple-pass etalon 
system. This impfies a qualitative change in the study of 
polymer systems. Previously only samples of extremely 
high optical quality could be studied, which limited activity 
to clean liquids, optical quality quartz and carefully pre- 
pared poly(methyl methacrylate) blocks plus a very few 
other similar systems. Now, with multi-passing, samples 
can be chosen for study because of their intrinsic interest, 
and it is even possible to study entirely opaque materials 
by back scattering 6. In this section we present preliminary 
measurements in three areas of interest. 

Measurements in oriented poly(methyl methacrylate) 
( PMMA ) 

The purpose of this experiment was to measure the aniso- 
tropy of the high frequency elastic modulus in strained sam- 
ples by observing the variation of sound speed as a function 
of the propagation direction with respect to the draw axis. 
This can be accomplished using BriUouin techniques with a 
volume resolution of 10 -6 cm j.  We also attempted to ob- 
serve dispersion effects by varying the scattering angle and 
hence the sound wavelength and frequency. 

Samples of ICI Perspex were drawn just above Tg and 
quenched. Further details of the sample preparation may 
be found in ref 7. The samples were then shaped into discs 
with the orientation axis in the plane. The scattering geo- 
metry is illustrated in Figure 6a where the incident and 
scattered beams, the orientation and the phonon are all in 
the same plane. The angle between phonon direction and 
orientation axis, ¢, could be varied by rotation of the sam- 
ple. Within the experimental error it appears that the ?ho- 
non line width is independent of propagation direction, in- 
dicating that the phonon attenuation is independent of 
orientation. This is in substantial agreement with low tem- 
perature thermal conductivity studies s which have found no 
measurable anisotropy in conductivity. The measured 
values of sound velocity v, as a function o f~  are shown in 
Figure 6b for three different strained samples and an an- 
nealed sample. The degree of strain was characterized by 
the optical birefringence, &n, and this parameter had the 
values -24,  - 9  and - 4  x 10 -4 in the three cases. The func- 

tional form of the data in each case is similar and follows 
closely the expression: 

V(¢) = VO(1 - A sin2~) (5) 

where V0 is the velocity in the annealed sample, which 
shows no variation with ~b, A is the appropriate anisotropy. 
It is interesting to note that the values of V(¢) are always 
less than VO, indicating that the observed sound waves are 
propagating in regions of high density. This contrasts with 
the ultrasonic work of Wright et al. 9 on the same samples 
where considerable increase in velocity along the draw di- 
rection is observed (see Figure 8). These regions are prob- 
ably separated by voids and this heterogeneity causes the 
large random scattering in the sample evidenced by the 
strong central peak that prevents such a study using a sin- 
gle pass system. The values of anisotropy, A, that give the 
best fit to data shown in Figure 6b are plotted as a func- 
tion of birefringence, An in Figure 7; the dependence is 
apparently linear. 

If the structure of the strained PMMA indeed includes 
regions of high density separated by voids then it may be 
possible to observe dispersion effects when the sound 
wavelength, A, is of the same order as the dimensions of 
these regions. We therefore made measurements of sound 
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Figure 6 (a) The sample and scattering geometries for a unia×iallv 
oriented sample (b) The measu red values of longitudinal sou nd velocity 
in PMMA as a function of  propagation direction ~ relative to orients- 
tion axis. All points taken with scattering angle e = 90 °. The values 
of birefringenca An: X, --24 X 10--4; e,  --9 × 10-4;  A, --4 X 10--4; 
. . . .  , represents the value of V for the annealed sample; 
represents fits to the form of equation (5) 
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velocity as a function of  the scattering angle 0 which is con- 
nected with A by: 

A = -- sin (6) 
2n 

where k is the incident light wavelength. 
The results are shown in Figure 8 for the sample having 

2~n = - 2 4  × 10 -4 at 4) values of  0 and 90 °. Also shown 
are measurements on an annealed sample and data taken at 
the lower frequency of  4 MHz. No dispersive effects are 
observed over the range of  A values from 0.2 to 0.8 osn. 
However the data taken at q5 = 0 ° at hypersonic frequency 
deviate significantly from the measurement at 4 MHz and 
this suggests that the average dimension of  the structure is 
larger than the largest value of A that we have yet attained 
by varying 0. In fact the lowest angle of  scatter we have 
used is 0 = 25 ° and with care it should be possible to ex- 
tend the range to 0 = 5 ° and hence cover A values up to 
5/lm. By making use of  incident radiation of  longer wave- 
length, for instance from a hel ium-neon laser (k = 6328 A) 
a further increase in A of  25% can be obtained and it is 
then very possible that the dispersion region will be reached. 
This would then yield valuable information about the 
strained structure. 

High frequency relaxations & polymer fluids 

The purpose of this work was to try and observe relaxa- 
tions in the hypersonic frequency range and to obtain some 
information about the glass transition at these high fre- 
quencies. In order to conduct the experiments at a con- 
venient temperature it is necessary to choose a polymer 
sample with a very flexible chain. The first choice w a s  

therefore poly(dimethyl siloxane) (PDMS) and measure- 
ments were make of  sound velocity and attenuation as a 
function of  temperature at 3.5 GHz (using the FP) and at 
35 MHz (using ultrasound equipment). These data proved 
quite featureless. There was no sign of  any relaxation over 
the range 240 < T < 340K at either frequency and the 
velocities at the two frequencies were identical within the 
experimental errors as is all 2 (a is the sound absorption 

coefficient, f t h e  frequency). Since it is unlikely that the 
a relaxation is above 340K at 35 MHz (see Figure 10) we 
deduce that even at 3.5 GHz the PDMS is still in a rubbery 
state and above the main glass transition. The fact that 
PDMS crystallizes at 223K makes it difficult to extend the 
measurements to lower temperatures and we are left with 
the supposition that Tg even at gigahertz frequencies is at 
a temperature near to, or lower than, the crystallization 
point for this material. 

The second material chosen for this study was poly(pro- 
pylene oxide) (PPO). While working on this material, of  
molecular weight Mw ~ 1500, (Shell PPG 1500), we be- 
came aware of  recent work l° on a low molecular weight 
material (Mw = 425) in which a relaxation was observed at 
gigahertz frequencies. Our data for both sound attenuation 
and velqcity are shown in Figure 9. A break in the gradient 
of  the graph of  F versus temperature at ~187K is attri- 
butedl° to the glass transition. It is important to note that 
the value of  Tg measured in this way in fact reflects changes 
in quasi-static parameters, such as the Gmneisen parameter, 
7, and the coefficient of  volume expansion, a, and does not 
represent a determination of  Tg at hypersonic frequencies. 
We believe the relaxation at ~310K to be the main a-relaxa- 
tion. Accordingly this value of  Tg is plotted for a frequency 
of  5 GHz in Figure 10 which shows the frequency depen- 
dence of the glass transition for PPO by plotting 1/Tg 
against the logarithm of frequency. Mechanical and dielec- 
tric measurements over a range of  frequency from 10 -3  to 
107 Hz ~1 and ultrasound measurements at 107 Hz as well 
as the present data are included. The dependence is clearly 
not linear implying that a single activation energy is insuffi- 
cient to describe this complicated transition. The dearth of  
points in the high frequency region (107-109 Hz) can be 
remedied by making Brillouin measurements at low scatter- 
ing angles, giving measurement frequencies in the region of  
108 Hz. Such measurements would enable a good estimate 
of  the activation energy appropriate to the high frequency 
transition to be obtained. Apart from a 50% discrepancy 
in the values of  F our data are in reasonable agreement with 
the measurements of  Huang and Wang 1°. Their measure- 
ments on a low molecular weight material did not show 
evidence of  the secondary relaxation apparent in our data 
in the vicinity of  260K (Figure 9b). This is consistent with 
ultrasound measurements on this polymer which indicate 
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Figure 8 Values of longitudinal sound velocity, v, plotted as a 
function of sound wavelength A = (h/2n)(sinS/2) -1  in strained 
samples with propagation direction parallel and perpendicular to 
the strain axis. Data is also shown for an annealed sample. • 
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sample; o, ultrasound data 4 MHz. The scattering angles e corres- 
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Figure 9 (a) Longitudinal sound velocity and (b) attenuation 
measured at 5 GHz in poly(propylene oxide) as a function of 
temperature. (M w = 1500). The observed dispersion is attributed 
to the main e-relaxation (Vo; and V 0 are the infinite and low fre- 
quency limiting values of velocity respectively) 

that low molecular weight PPO shows no specific polymeric 
relaxational behaviour ~2. The reduced data are a reasonable 
fit to a two relaxational time model with ~'1 = 0.09 rM and 
7"2 = 0.002 ~-M s. (rM is the Maxwellian relaxation time given 
by r/~,/= where r/s is the shear viscosity and Jo. the infinite 
frequency shear compliance.) Between 220 and 260K the 
material behaves like a non-relaxing fluid with (p V 2 -  ko)J.o 
constant as a function of temperature (k 0 is the zero 
frequency bulk modulus). Between 200K and the quasi- 
static glass transition the material behaves like a solid with 
3 V/aT constant as a function of temperature. The mea- 
sured velocity-temperature coefficient in this range cor- 
responds to a volume expansion coefficient of  7 x 10 -4 
and a Gruneisen parameter of +4.5. Away from the relaxa- 
tion the mechanism of phonon absorption is not under- 
stood. The value of(xXs(~0.1) is consistent with that pre- 
dicted for phonon-phonon scattering in long phonon life- 
time limit (~Orp >> 1) although estimates of  phonon lifetimes 
from quantities such as the thermal diffusivity indicate that 
W~'p< 1 s. 

The preliminary results of this project are encouraging. 
First it is extremely easy to prepare samples for multi-pass 
Fabry-Perot spectroscopy, and it should be possible to 
study a wide range of samples. Secondly, the existence of 
relaxation in the GHz region has already been established in 
one polymer (and initial measurements suggest they exist 

in others), whereas only recently it was doubted that relaxa- 
tions at these frequencies existed at all 13. There should be 
much more information forthcoming about the ~relaxation 
using this technique. 

Studies in rubber networks 
The purpose of these studies was to investigate the con- 

straints imposed on chain motion by crosslinking. PDMS 
samples ofMw = 7 x 104 were crosslinked by T-irradiation 
and the shear modulus, G, measured by the quasi-static 
method of ball-bearing indentation. The average crosslink 
density, N, was obtained from Charlesby's critical gel dose 
point data 14'1s and in the samples used the average number 
of monomer units between crosslinks, <n>, ranged from 109 
to 14. The value of G increases monotonically with (n) -1 
over the range 0.7 to 3 × 107 N/m 2, The extrapolated 
value with zero crosslinking was 0.3 x 107 N/m 2. and is 
attributed to the effect of entanglements. Values of G cal- 
culated from G = NkT were an order of magnitude lower 
than the measured values. This disagreement may reflect 
uncertainty in the gel dose point due to the distribution of 
chain lengths between links. Measurements of the longitu- 
dinal sound velocity were made at two frequencies 5 MHz 
and 3.5 GHz. PDMS is in a rubbery state at these frequen- 
cies, but may sustain shear because of the crosslinks. The 
effective modulus is given by: 

4 
M = p V  2 : k o  + -  G (7) 

3 

where ko = PV 2 (Vo is the velocity in the uncrosslinked 
sample). Sample density increased from 9751 kg/m 3 in the 
fluid to 9941 kg/m 3 in the most highly crosslinked sample. 
The Brillouin and ultrasound velocity measurements are 
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Figure 10 A plot of (Tg) -1  for PPO as a function of the logarithm 
of the frequency. The dependence is not linear, indicating that a 
single activation energy is insufficient to describe the relaxation. 
O Dielectric and mechanical loss measurements (high Mw)11; &, 
ultrasound measurements (M w 400); l ,  ultrasound measurements 
(M w 4000); i ,  hypersound measurements (M w 1500) present work; 
{~, hypersound measurements (M w 425) 10 
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summarized in Figure 11 in which p V  2 is plotted with 
(n)-1. The solid line is calculated according to equation (7) 
using the measured values of G. Whilst uncertainty in the 
ultrasound data points precludes any comment on their 
crosslink density dependence the Brillouin data is a good 
fit to the predictions of equation (7). Clearly the elastic 
behaviour of the network over distances ~0.3/am mirrors 
the macroscopic elastic behaviour. 

The absorption data show more distinct features: (a) 
There is a marked difference between the crosslinked and 
the uncrosslinked but entangled material in the ultrasound 
case. At Brillouin frequencies no difference is apparent. 
(b) Ultrasound absorption falls as a function of crosslink 
density above the gel point whilst Brillouin absorption rises. 

These results are not understood in detail; however, it 
may be that the difference between the crosslinked and un- 
crosslinked material in the two cases reflects relaxational 
motions by entanglements which are 'frozen in' at Brillouin 
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frequencies. If this is true then the entanglements must 
relax with a characteristic time which lies between a micro- 
second and a nanosecond. At ultrasonic frequencies cross- 
linking below the gel point has the effect of increasing the 
molecular weight while leaving the chains mobile. The vis- 
cosity, and therefore the absorption, increases. Above the 
gel point decreasing chain mobility restricts the contribu- 
tions of chain motion to the viscous loss process and so re- 
duces acoustic losses. It may be that the increase in absorp- 
tion at high crosslink density in the Brillouin case is caused 
by the introduction of a high frequency relaxation between 
crosslinks, possibly an LA mode of the free chains lengths. 
Extension of the experimental work to a wider range of fre- 
quencies and samples with other (n) -1 values is in hand. 

CONCLUSION 

We have suggested that the techniques of  MPFPS can be 
used to great advantage in the study of many polymer 
properties and have described the construction of a triple- 
pass system. In addition preliminary data in three fields 
have been presented: (1) the study of anisotropy in strain- 
ed samples; (2) the observation of the e-relaxation at hyper- 
sonic frequency; (3) the study of the constraints imposed 
by crosslinks on high frequency relaxations. These experi- 
ments are incomplete as yet, and in each case we are actively 
engaged in extending the work. However, these examples 
already show clearly the power of the technique in making 
measurements that have until now been impossible. 
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Electric birefringence of aqueous solutions 
of methyl cellulose * 
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Electric birefringence studies have been conducted on six samples of methyl cellulose in the mole- 
cular weight range 3 x 10 4 to 1.5 × 10 5. Using pulsed electric fields, both the amplitudes and rates 
of the transient birefringence induced in these solutions have been analysed. For molecular weights 
below 2 x 10 3, the molecules are represented by rigid rods. Above this value increasing f lexibi l i ty is 
evident. This can conveniently be seen through reduced electrical parameters, defined herein, which 
are obtained from a combination of the electrical and geometrical properties of the molecules. These 
parameters are apparently very sensitive to f lexibi l i ty in the near-rod regime. It demonstrates the 
uti l i ty of electro-optic experiments in which both the electrical and geometrical data are obtained 
simultaneously. The persistence length concept does not appear to be adequate when rotary relaxa- 
tion times are interpreted through it using current equations. 

INTRODUCTION 

Cellulose is insoluble in water owing to its strong intra- 
molecular hydrogen bonding. Water soluble derivatives c a n  

be produced by introducing methyl, carboxymethyl, ethyl, 
hydroxyethyl or hydroxypropyl groups into the cellulose 
molecule at one or more of the available hydroxyl groups 
of the cellobiose units. As the degree of etherification in- 
creases so too does the water solubility of the cellulose 
derivative. The products so obtained have wide commer- 
cial utility in the adhesives, cosmetics, food stuffs, oil drill- 
ing and paint industries. 

In this communication we report an electric birefrin- 
gence study on six different molecular weight samples of 
methyl cellulose in aqueous solution. The electric bire- 
fringence technique was employed in order to study both 
the electrical and hydrodynamical properties of the solute 
molecules. Measurements were made on each sample as a 
function of the applied field strength. The majority of 
macromolecules are optically anisotropic. In dilute solu- 
tion, with no intermolecular interactions, each macro- 
molecule adopts a random orientation. The bulk solution 
is then optically isotropic. However, on application of an 
electric field, any molecular electric dipoles interact with 
this field and cause the suspended molecules to orientate, 
deform and align. The bulk solution then partially exhibits 
the optical anisotropy of the individual molecules. It is 
by measuring the changes in the optical properties of the 
solution that we can monitor the average rotary behaviour 
of the constituent molecules. The amplitude of the chan- 
ges can be interpreted in terms of the magnitudes of the 
electrical dipoles, whilst the rates of change indicate the 
molecular relaxation times (r) and hence the particle sizes. 

In this work, electrically induced birefringence (An) is 
measured. This is defined 1 as the difference in refractive 
indices parallel and perpendicular to the applied field direc- 
tion for the bulk solution. It is related directly to the dif- 
ferences in refractive index (or optical polarizability, g,) 
along the major axes of a molecule of  cylindrical segmental 
symmetry. The property is measured by recording the 

* Presented at the Polymer Physics (Institute of Physics) Biennial 
Conference, Shrivenham, September 1975. 

changes A/ in  the light intensity transmitted through an 
optical assembly consisting of a polarizer, a cell containing 
the test solution and an analyser. The electric field is 
applied at 45 ° to the azimuth of the polarizer and the 
analyser is crossed with the polarizer and then offset by a 
small angle o. The basic theory for the birefringence of 
the solution in terms of the light penetrating such a system 2 
together with details of the apparatus and its mode of oper- 
ation 3 have been described in detail elsewhere. 

EXPERIMENTAL 

All samples were kindly supplied by British Cellanese Ltd, 
of Spondon, Derbyshire, under their trade name Celacol. 
Each sample was dissolved by continuous stirring for 24 h 
in de-ionized water at room temperature and at a concen- 
tration of 1 x 10 -3 g/ml. All optical measurements were 
made with light of 546 nm wavelength (in vacuo). 

RESULTS AND DISCUSSION 

The molecular orientation relaxation times (7-) were obtain- 
ed by analysis of the birefringence decay rates following the 
termination of the applied electric field pulse. Conventional 
semi-logarithmic plots a were drawn of the normalized bire- 
fringence amplitudes as a function of time and r were eval- 
uated from the initial slopes. Such r values were interpreted 
using three molecular models, namely, the rigid rod model 4, 
the weakly bending rod s and the worm-like chain model 6. 
The molecular parameters derived for each of these three 
structures are given in Table 1. The parameter L is the 
hydrodynamic extended length. It was calculated assuming 
each monomer unit to be of  0.69 nm length as indicated by 
X-ray data 7. Hence, a polymer of Z degree of polymeriza- 
tion has L = 0.69 Z nm. The equivalent rod length (lr) is the 
length obtained from the experimental value of r using the 
Broersma equation 4 as for a rigid rod particle exhibiting 
end-over-end tumbling rotation. A parameter which has 
been used to indicate molecular flexibility is the 'persistence 
length'. This has been defined as the projection of an in- 
fmitely long molecular chain in the direction of the first 
segment. It can be calculated from r using an equation for 
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Table 1 Geometrical parameters for methyl cellulose 

L I r qWBR qWLC 
M X 10 . 3  Z (nm) (nm) (nm) (nm) 

34 185 128 47 1.80 1.05 
58 315 218 62 1.57 1.02 
92 500 346 60 0.62 0.57 

110 597 414 78 0.95 0.81 
132 717 497 79 0.51 0.54 
150 815 565 78 0.54 0.58 

Z is the degree of polymerization for molecules of molecular weight 
/14. The length parameters are L for an extended rod and I r for the 
equivalent rod length obtained from the relaxation time as for a 
rigid rod. The 'persistence lengths', q, have been evaluated from 
the weakly bending rod (WBR) and the worm-like chain (WLC) 
models respectively 
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Figure 1 Variation of the equivalent rod length (I r) with molecu- 
lar weight calculated using a molecular diameter of 0.35 nm 10. 
. . . .  , indicates the behaviour of  the extended length (L). Data 
from relaxation times for solutions of 1 X 10 - 3  g/ml concentration 

a weakly bending rod (WBR)  ~, hence qWBR, or by using an 
equation for a worm-like chain (WLC) s, hence qWLC. Under 
the concepts of each of the appropriate models, these two 
last mentioned parameters qWBR and q WLC should remain 
constant with Z or M. 

In Figure 1 we compare both lr and L as functions of the 
molecular weight. If the molecules were always rigid rods, 
then one would expect these curves to remain coincident. 
Departure from such behaviour shows this not to be the 
case. That they are coincident at low molecular weight does 
indicate rigid rod like behaviour for samples of low Z. 

Values for q, whether obtained from the weakly bending 
rod or the worm-like chain equations are not constant with 
Z. Furthermore, they tend to assume a value which is of 
the order of the length of the cellobiose unit at high Z. We 
agree with Dev et al. s that the concept of q ceases to be 
credible in such a situation. Hence, although q is often 
used as a flexibility parameter for samples intermediate be- 
tween rigid rod and flexible coil conformations, we do not 
find it to be very satisfactory when derived through the 
relaxation time equations. 

Finally, to complete the analysis of r, we considered the 
modified form of Hearst's equation s as presented by Tsvet- 
kov et al. 9 for slightly curved rods in the low molecular 
weight range. Following their procedure and incorporating 

the relevant data in their equation leads to values of ?, = 
3.0 +- 0.2 x 10 -8 and S = 222 -+ 15 respectively. In the 
words of Tsvetkov et al. 'X is the projection of the mono- 
mer unit on the direction of the molecular chain and S is 
the number of monomer units in a Kuhn segment'. Our 
values for these parameters for methyl cellulose compare 
well with those evaluated by Tsvetkov et aL 9 for polychloro- 
hexylisocyanates. However, we have reservations about 
their validity as we feel that the derivation of Tsvetkov's 
et al. equation is incompatible with that of Hearst s. 

A typical plot of the dependence of the birefringence 
amplitude on field strength is shown in Figure 2. Similarly 
linear plots were obtained for each sample of methyl cel- 
lulose. The initial slope of these plots [limE~0(~xn/E2)] is 
a function of both the optical and electrical parameters of 
the solvent molecules. The optical polarizability difference 
(gl - g2) is independent of molecular weight and molecular 
concentration. By using the same concentration for each 
sample, the initial slope as given in Table 2 was directly pro- 
portional to the molecular electrical parameters. The exper- 
imental values for each sample as listed in Table 2 are there- 
fore taken as being directly indicative of the relative ampli- 
tudes of the electrical orientation function. 

The magnitudes of the initial slope values suggest that 
molecular orientation is attained as a result of interaction 
between the applied electric field and the induced electri- 
cal polarizability anisotropy. As discussed elsewhere 3 this 
parameter is expected to be proportional to the molecular 
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Figure 2 Dependence of the birefringence on the square of the 
applied electric field for a solution of 1 X 10 -3  g/ml of methyl 
cellulose in water. For this sample, M = 1.1 X 105 

Table 2 Electrical parameters for methyl cellulose 

An/E 2 X 10 Is 
M X 10 -3  (cm2 V--2) ~/~M-~o ?/?M-+o 

34 1.64 1.2 0.44 
58 2.43 1.44 0.41 
92 3.27 1.88 0.32 

110 4.48 1.97 0.35 
132 4.86 2.13 0.33 
150 4.64 2.04 0.28 

The parameters ~ and 3' are given by (An/I t  E2) and (Lxn/LE 2) res- 
pectively, where An is the birefringence measured in an electric 
field of amplitude E. For a true rigid rod, the ratios in columns 3 
and 4 would be equal for all rows of the Table 
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Figure 3 Variation of the reduced electrical parameters ~/~M~o 
(0) and ~(/TM-~O (0) with molecular weight. These parameters are 
defined in Table 2 

length for rigid and flexible rod-like molecules. Hence in 
accordance with previous work 2~ the values obtained were 
reduced to unit length values and normalized to the inter- 
section value as M approached zero. If we define the para- 
meters/3 and ~, as (An/lr E2) and (An /LE  2) respectively, then 
we have plotted the functions ~/~M-~O and ~//~/M-~O in 
Figure 3 as a function of  molecular weight. Here again, 
departure from a constant value indicates departure from 
rod-like behaviour with increasing molecular weight, whilst 
the common intercept on the ordinate indicates rod be- 
haviour at low M. 

CONCLUSIONS 

(1) The parameters/3 and ~, are very sensitive indicators of  
the degree o f  flexibility, especially when plotted as func- 
tions o f  molecular weight. They indicate departure from 
rod-like behaviour with increasing M and may be used 
numerically as empirical parameters for flexibility. 
(2) At low M, methyl cellulose behaves as a rigid rod par- 
tide in an electric field. 
(3) Methyl cellulose departs significantly from such rod- 
like behaviour for molecular weights exceeding 2 × 103. 
(4) That the persistence length (q) does not appear to be 
a satisfactory parameter for the indication of  flexibility o f  
this molecular system at least when evaluated from rotary 
relaxation data. 
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Optical anisotropy of polyisobutene 
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Department of Physics, Sir John Cass School of Science and Technology, City of London Polytechnic, 
London EC3N 2EY, UK 
(Received 19 December 1975; revised 15 January 1976) 

The distribution of chemical bonds in polyisobutene results in a theoretically zero optical and elec- 
trical anisotropy of the polymer according to bond polarizability additivity principles as conven- 
tionally applied, irrespective of polymer chain conformation. Non-zero values of the segmental 
anisotropy (~4.4 × 10 -40 C 2 m2/J) derived from strain-optical birefringence on the polymer in the 
rubbery state have been recently reported by Liberman etaL who suggest qualitatively that severe 
crowding of the chemical groups in the polymer affects the anisotropies of the group polarizabilities 
and gives the observed non-zero segmental anisotropy. We have measured optical, electrical and mag- 
netic anisotropies for the pure liquid polymer using techniques of f low birefringence, depolarized 
light scattering, electro-optic birefringence and magneto-optic birefringence. Segmental optical aniso- 
tropies so derived agree with those measured by Liberman et aL and results of the above measure- 
ments taken as a whole lead to an origin for the observed anisotropy which requires locality depen- 
dent values of optical and electrical bond polarizability anisotropies to be used in the calculation of 
the polyisobutene polarizability anisotropy. Our explanation of the polarizability locality dependence 
differs from the steric overlap suggestion of Liberman et aL and depends upon the electric field inter- 
action between dipoles induced in polarizable bonds. 

INTRODUCTION 

Evaluation of the optical anisotropy of polyisobutene using 
the bond polarizability tensor additivity scheme has been 
made by Volkenstein 1 and Liberman e t  al. 2 Both calcula- 
tions show that the assumption of tetrahedral bond angles 
produces a zero anisotropy for any conformation of the 
polyisobutene chain. Measurements of the optical aniso- 
tropy of the statistical segment by flow birefringence 3 in 
polyisobutene solutions, and by strain-optical measure- 

1 2 .  ments ' m dry and swollen butyl rubber, have shown that 
an optical anisotropy exists comparable with that of  poly- 
ethylene. Calculations of the segmental optical anisotropy 
by Liberman et  al. 2, which allow for possible non-tetrahe- 
dral bond angles, give a value which is an order of magni- 
tude smaller than measured by strain or flow birefringence. 
Volkenstein 1 quotes similar results. 

We have made measurements of the flow birefringence, 
depolarized light scattering, electro-optic Kerr effect and 
magneto-optic Cotton-Mouton effect for low molecular 
weight polyisobutene (Mn ~- 300-3000),  which is liquid 
at room temperature. In the molecular theories of all the 
above phenomena, the measured quantities can be related 
to some form of polymer chain optical anisotropy, each 
of which are examined in detail in the discussion. Mean- 
while it is useful to point out that the various measurement 
techniques have a different effect on the molecule. Whereas 
strain and flow birefringence measurements involve consider- 
able degrees of molecular strain and orientation, this does 
not occur in light scattering, Kerr effect and Cot ton-  
Mouton effect measurements. The applied electric and 
magnetic field forces in these latter measurements have a 
negligible or very small effect on the molecular conforma- 
tion or orientation. Hence a comparison of the optical 
anisotropy measured using such a range of techniques is of 
value in determining its origin. 

* Presented at the Polymer Physics Group (Institute of Physics) 
Biennial Conference, Shrivenham, September 1975. 

EXPERIMENTAL 

Materials  

The polyisobutene liquids used for all measurements 
were derived from commercial samples donated by the 
Post Office Research Station (Dollis Hill), BP Chemicals 
Ltd and BASF Ltd. These were cleaned of dust using 
Millipore filters and their molecular weights, densities, vis- 
cosities and refractive indices determined. Their structure 
was examined by i.r. and n.m.r, spectroscopy and all sam- 
ples were linear polyisobutene. No evidence was found 
for strongly anisotropic or dipolar impurities which could 
contribute disproportionately to the measured optical 
anisotropy. All samples were polydisperse with M w / M n  ~- 2. 
The polymer end-groups are not uniquely defined by the 
polymerization process and chemical analysis showed some 
end-groups to possess a CC double bond. 

F l o w  birefr ingence 

The apparatus and techniques used have been described 
previously 4,s. For all liquids the flow birefringence An was 
positive, proportional to the velocity gradient G and the 
angle of extinction X was 45 ° + 0.2 °. The liquid viscosities 
ri were independent of  G in the range of velocity gradients 
used to measure An. The maximum velocity gradient used 
for each liquid ranged from ~104 sec -1 for the lowest 
molecular weights (ri ~-0.015 Pa sec) to 1 sec -1 for the 
highest (ri ~- 600 Pa sec). 

The stress-optical coefficient V = An/r iG may be related 
to the average optical anisotropy (Aa)of  the undisturbed 
polymer chain. Aa is defined as cq - ot r where a l and ot r are 
the polarizabilities for optical wave fields parallel and per- 
pendicular respectively to the end-to-end distance of the 
chain. An expression for V for long chains has been devel- 
oped by Peterlin 6 and Lodger: 

V - (n2 + 2)2 (&z) (1) 

4 5 k T e o n  
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Figure 1 Flow birefringence value of (~e) versus number-average 
monomer units per molecule. - - ,  Calculated from the theory of 
Gotlib and Svetlov for A, 2; B, 4; C, 6 monomer units per persis- 
tence length 

where n is the refractive index of the liquid, e0 is the per- 
mittivity of free space and <~a> is the Kuhn statistical seg- 
ment anisotropy when the molecule is perturbed by the 
flow. For long chains: 

3 

5 

Figure 1 shows (2xa> calculated from experimental V values 
using equation (1), plotted with the number-average of 
monomer units per molecule Am. Since the polyisobutene 
chains do not contain sufficient monomer units for long 
chain polymer statistics to be applied, equation (1) is not 
strictly valid; <As> is not constant but tends to an asymp- 
totic (A~>=. A plot oflogl0 (1040 x (2xa))(C2m2/J) versus 
N~n 1 was found to be linear (Figure 2) from which <AoO~ = 
2.52 x 10 -40 C2m2/J at Nn  I = 0. This extrapolated value 
compares closely with the value 2.72 x 10 -40 C2m2/J de- 
rived from the results of Liberman et al. 2 who gave <Aa> = 
(4.55 -+ 0.1) x 10 -40 C2m2/j measured by strain-optical 
birefringence in crosslinked butyl robber. We conclude 
from this comparison that the origin of the optical aniso- 
tropy is the same in both short and long polyisobutene 
chains. 

Gotlib and Svetlov's theory of flow birefringence of 
short polymer chains gives an expression for V in terms of 
<Z~a) and a parameter x = L/a, a being the persistence length 
of a worm-like chain and L the polymer contour length, 
obtaining: 

V = (n2 + 2)2 (Aa> xq~__[1 (2) 

75kTneo 4)2 

where ~b 1 and q52 are complex numerical functions o fx  
only. Figure i shows the fit between our experimental re- 
suits and this short chain theory, obtaining <Aa> at Nn  1 = 0 
from Figure 2. A persistence length corresponding to 4 
monomer units gives the closest agreement with the experi- 
mental points. 

Depolarized light scattering 
Measurements of the depolarized scattered light Ray- 

leigh ratio RHu were made using a Sofica photogoniometer. 
The incident light was linearly polarized in the scattering 
plane and RHu was calculated from the total scattered in- 
tensity at 90 °. For isolated anisotropic scatterers the opti- 
cal anisotropy function which determines RHu is the polar- 
izability tensor invariant: 

3`2 = ~[(ffl -- ~2) 2 + (012 -- 0~3) 2 + (O~3 -- 0el) 2] 

where ai are principal polarizabilities of the polymer chain 
about the end-to-end distance. For flexible molecules, 
where 3`2 depends on the molecular conformation, it may 
be shown 9 that: 

(  32)2 
RH u - 27X4Me02 _ _  <3̀2> (3) 

where the angled brackets < > represent the ensemble aver- 
age with no externally applied perturbing forces, p is the 
density of  the scatterers and M their molecular weight. 
Thus RHu is zero if the polyisobutene polymer is optically 
isotropic. For polymer chains which are closely packed as 
in the liquid state, anIgular correlations 10 between nearby 
chains will modify <7z) which is then not only a function of 
the anisotropy of an isolated scatterer, but of neighbouring 
scatterers also. Thus <3 ,2> in equation (3) is to be regarded 
as an effective value for a polymer chain in its liquid en- 
vironment. Figure 3 shows that <3`2)INn calculated from 
equation (3) and our experimental values of RHu, is inde- 
pendent of Nn within experimental error. The slight in- 
crease of <3`2)INn with decreasing Nn is surprising since 
<Ac0 decreases by a factor of 2 in the same molecular weight 
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range. Hence it was felt necessary to use another experi- 
mental technique, the electro-optic Kerr effect, to give an 
alternative method of determining (72). 

Electro-optic Kerr effect 
The basic measurement techniques and apparatus used 

for liquids having a small Kerr constant has been described 
previously H'I2. For our measurements on the polyisobutene 
liquids, the visual end-point determination was replaced 
with the Badoz photometric linear detection method 13, in- 
creasing the apparatus sensitivity by about 100 times. 

The polyisobutene birefringence An was proportional to 
the square of  the applied electric field E, typical of  the be- 
haviour of  small molecules or flexible polymers. The Kerr 
constant B = AniSE 2 was measured over a range of mole- 
cular weights. Two major mechanisms contribute to B in 
non-dipolar liquids n'12. One is due to the preferred orien- 
tation of anisotropically polarizable molecules, B an. The 
other is due to hyperpolarizability, BhY, and has been cal- 
culated for polyisobutene from the bond hyperpolarizability 
data of  liquid n-alkanes 12. Thus B an = B - BhY and B an is 
related to (72) byH: 

47reon~ ~n--2~- l] 45kT 

(4) 

where er is the zero frequency relative permittivity of  the 
liquid. (72)INn versus Nn is plotted with the light scattering 
results in Figure 3 which shows that the two sets of data 
are in close agreement for all polyisobutene samples. The 
value of (72 ) derived from Kerr effect measurements in- 
cludes the influence of angular correlations as in depolar- 
ized light scattering assuming that the static field induced 
dipole-induced dipole interaction is negligible. The aniso- 
tropy of the end-group CC double bond has a value Act -~ 
3 x 10 -40 C2m2/J. Although its effect would be negligible 
in high molecular weight polyisobutene, it could account 

2 t for the increase of (7  )INn wi h decreasingNn as observed. 

Magneto-optic Cotton-Mouton effect 
The measurement technique and apparatus used for 

small Co t ton -Mouton  constant liquids have been des- 
cribed s. A birefringence An was easily measurable using 
this apparatus with other low molecular weight polymers 
such as n-alkanes, poly(ethylene glycol) and poly(propylene 
glycol), An being proportional to the square of  the applied 
magnetic field H. The smallest measurable Co t ton-Mouton  
constant C = An/X~o2H 2 was about +2 x 10 -5 m -1 T -2  
where g0 = 47r x 10 -7 H/m, the permeability of  free space. 
The birefringence of polyisobutene was undetectable and 
hence its Co t ton -Mouton  constant was less than +2 x 10 -5 
m -1 T -2.  The Co t ton-Mouton  constant is related 1° to the 
polymer chain magneto-optic anisotropy (7 2 )  by: 

(n2 + 2)NAp 
C -  (72) . (5) 

270nkTXeot~o 

where 27 2 = (al  - o~2Xx1 - x2) + (ol2 - ¢~3)(x2 - x3) + 
(o~3 - Otl)(?(3 - x1) and c~ i and Xi (i = 1, 2, 3) are the prin- 
cipal values of  optical and diamagnetic polarizability of  a 
polymer chain. 

Since the optical polarizability difference terms (ai - ~/) 
are not zero as shown by a t-mite (72), then the near-zero 

Optical anisotropy of polyisobutene: J. V. Champion et al. 

Cot ton-Mouton  constant implies that the (Xi - X/) terms 
are correspondingly small, as would result from the appli- 
cation of the diamagnetic bond polarizability anisotropy 
scheme to tetrahedrally bonded polyisobutene. An alter- 
native explanation of C ~- 0 is that there is cancellation be- 
tween terms of  opposite sign in 7 2.  We regard this as un- 
likely since negative Co t ton-Mouton  constants are never 
found experimentally in organic liquids. 

DISCUSSION 

Bond polatqzabifity additivity 
The bond polarizability additivity scheme as originally 

proposed by Wang is and Denbigh ~ for calculating the opti- 
cal polarizability of  a molecule from the polarizabilities of  
its constituent bonds assumed that the components of the 
bond polarizability tensors were independent of  the loca- 
tion of  the bond within the molecule or from one mole- 
cular type to another. On this basis, tables of  experimental 
polarizabilities for several chemical bonds have been given 
by Denbigh 16, Vuks ~7, Le Fevre TM and Clement et al. 1930. 
For any particular bond these tables show a large variation 
in the anisotropy of  polarizability but when used in strongly 
anisotropic groups such as benzene, fair agreement is ob- 
tained. Le Fevre's results show the variation of  bond polar- 
izability anisotropy for the same bond from one molecular 
type to another. By contrast, the above-cited values show a 
good agreement for values of  the mean bond polarizability. 
Thus it is clear experimentally that bond polarizability 
anisotropy may be regarded as a locality dependent quantity 
which varies from one environment to another, but that 
mean bond polarizability can be regarded as locality inde- 
pendent to a good approximation. 

Several authors have recognized the above situation and 
have attempted to explain it and to examine or re-establish 
the rules of  bond polarizability additivity. 

Pitzer 21 used the Silberstein 22 model describing an aniso- 
tropically polarizable bond of two induced point dipoles 
having a separation r. Pitzer showed that the anisotropy of 
such a bond varied strongly with r but the mean polariza- 
bility was nearly constant, as found experimentally. 

Matossi 23 has modified the Silberstein model by intro- 
ducing screening factors to account for lack of agreement 
between the model and experiment. Using this model of  
an anisotropically polarizable bond both the anisotropy 
and mean polarizability would vary strongly with r unless 
the screening factors of  the bonded atoms were equal. 
Matossi's modification is thus of  doubtful value. 

Rowell and Stein 24 have studied the effect of  induced 
dipole interaction between the bonds in ethane. A con- 
siderable distortion of  the electric field exists whereby the 
field polarizing any particular bond is the sum of  the field 
E applied to the molecule and the field E '  from the in- 
duced dipole moments  of  the other bonds in the molecule. 
They explored the range of  bond polarizability tensor com- 
ponents which provided values of  mean molecular polar- 
izability a-and optical anisotropy 72 close to those obtained 
from experiment. 

The CC and CH bond mean polarizabilities thus obtained 
were (0.54 + 0.03) and (0.77 + 0.04) x 10 -40 C2mZ/J res- 
pectively, where the uncertainties show the domain over 
which a fit between theory and experiment was possible. 
These values agree closely with mean bond polarizabilities 
listed in the tables cited above. By contrast, CC and CH 
bond polarizability anisotropies were not well defined and 
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formed a large domain of about 1 to 3 x 10 -40, and 0.3 
to 8 x 10-4OC2m2/J respectively. It was thus possible to 
obtain consistent values of ~-and 3 '2 over a wide range of 
combinations of the means and anisotropies of  bond 
polarizabilities. 

Teixeira-Dias and Murrell ~s have calculated the polar- 
izability tensor of methane, ethane and propane from 
molecular orbital theory. Using their calculated data, they 
show that the mean polarizabilities are bond-additive but 
the polarizability anisotropies are not, which they attribute 
to the large internal fields from bond polarizations within 
the molecule and also to the flow of electrons between 
bonds. 

Mortensen 26 has generalized the approach of Rowell 
and Stein, and within the approximation afforded by the 
neglect of interactions between induced bond quadrupoles 
and higher moments has shown that the polarizability ten- 
sor of a molecule may be regarded as the sum of bond 
polarizability tensors. In this theory the locality indepen- 
dent bond polarizability tensors are replaced by a locality 
dependent value, wherein the apparent polarizability tensor 
of a bond is dependent upon the degree of distortion of 
the uniform applied field caused by the polarization of all 
other bonds in the molecule. Thus the polarizability ani- 
sotropy of a bond generally will vary according to the 
location of the bond within the molecule, or from one 
molecular type to another. 

We may summarize as follows. Two effects have been 
neglected by most workers in deriving experimental bond 
polarizabilities from experimental molecular polarizability 
data. These are the interactions between the induced 
dipoles of the bonds and the flow of electrons between 
bonds. The former can be accounted for while still pre- 
serving bond-additivity as shown by Mortensen 26, where 
the bond polarizabilities are now locality dependent. The 
latter removes the identity of a bond as a polarizable unit 
and hence the principle of any sort of additivity. The rela- 
tive proportions of these effects is not generally known. 
Although the molecular orbital calculations of Teixeira- 
Dias and Murrell 2s were able to reproduce mean molecular 
polarizabilities to within a few percent, their estimate of 
the optical anisotropy of ethane was a factor of four lower 
than experiment. Thus their anisotropy results and conclu- 
sions drawn therefrom can be regarded only as qualitative. 
The experimental fact of locality independent mean bond 
polarizabilities which are capable of being summed to give 
mean molecular polarizabilities to within a few percent 27 
implies that the bond has a meaningful identity as a polar- 
izable unit and the electron flow effect of Teixeira-Dias 
and MurreU is small compared with the effect of dipole 
or higher interactions between bonds. 

Polyisobutene 
The principles outlined above are applicable to polyiso- 

butene and are capable of  explaining the finite optical 
anisotropy and near zero diamagnetic anisotropy of this 
polymer. 

No bond angle distortion from tetrahedral is required 
to explain the finite optical anisotropy of the chain. Like 
methane, each monomer unit possesses tetrahedral sym- 
metry of bonds and so the locality independent bond 
polarizability tensor additlvity scheme predicts a zero 
anisotropy for both. This symmetry disappears when 
dipole interactions are allowed between bonds. Methane 
remains isotropic 2s since its bond induced dipole interac- 

tions are symmetric. The polyisobutene monomer is in- 
fluenced by the polarization of the rest of the bonds in the 
chain, principally by those in neighbouring monomer units. 
This dipole interaction is not spherically symmetric and the 
monomer unit hence becomes anisotropic as observed. 

The Cotton-Mouton constant of liquid polyisobutene 
is very small ( C <  + 2 x 10 -5 m - l T  -2) compared with 
other short chain hydrocarbon polymers, e.g. C = 27 x 10 -5 
m -1T -2 for n-tetradecane a4. This result is also explicable 
in terms of induced dipole interactions between bonds. An 
electric field E induced a dipole field E '  ~ Ea/4rreO r3 at a 
distance r from the centre of  a bond of electricpolariz- 
ability ~. Inserting t.y, pical values: a ~- 1 x 10 -40 C2m2/J; 
r ~- 10 -10 m, gives E ~- E. This shows the necessity to 
allow for induced dipole-induced dipole interactions in 
molecules. For a magnetic field, H' ~-Hx/41rr 3 and insert- 
in~ typical values: X TM 1 x 10 -34 m3; r ~- 10 -10 m, gives 
H "- 10 -5 H. Thus for applied magnetic fields there is 
negligible distortion of the field at any particular bond due 
to the magnetic dipoles induced in nearby bonds. The dia- 
magnetic bond tensors are thus almost locality independent 
and the tetrahedral symmetry of the polyisobutene molecule 
ensures a near-zero Cotton-Mouton constant, as observed. 

The calculation of the optical anisotropy for polyiso- 
butene could be carried out in principle by the method 
used for ethane by Rowell and Stein 24. This would be 
extremely complex. Accordingly, we have devised an em- 
pirical approach to this end as below. 

We assign a different optical polarizability anisotropy to 
the skeletal and side-ann CC bonds. These are denoted 
Aa CC* and Aa CC respectively and are assumed to differ by 
reason of their different locations in the chain and the 
consequently differing induced dipole field distortions. 
Simple analysis assuming tetrahedral bond angles and neg- 
lecting any difference between the skeletal and side-arm 
CH bond anisotropies then gives Aa CC* - Aa CC = Aae for 
the monomer unit optical anisotropy, the polarizability 
tensor being diagonal for coordinate axes parallel and per- 
pendicular to the skeletal CC bond. 

Estimates of A(~ e are available from measurements of the 
optical anisotropy 3 '2 in small molecules such as branched 
alkanes. A suitable molecule having no rotational isomers 
and similar branching to polyisobutene is 2,2-dimethyl- 
butane for which 3 '2 = 2.52 x 10 _80 C4m4/J as measured 
in the liquid state by Clement and Bothore1299°. These 
workers found that the measured value of 3'2 for  some 
highly branched alkanes was larger than the value predicted 
by the application of the locality independent optical bond 
polarizability tensor additivity scheme, where the bond 
polarizability parameters had been derived from linear n- 
alkanes. We regard this discrepancy as resulting from the 
locality dependence of bond anisotropies and we have re- 
analysed the optical anisotropy of 2,2-dimethylbutane 
assuming that the most deeply buried CC bond has the 
anisotropy Act Co*. 2,2-dimethylbutane is thus 
(CH3)3- C*CH2. CH3 where the asterisk denotes the CC* 
bond. With the assumption of tetrahedral bond angles, the 
addition of bond tensors gives: 

3'2 _~ ~ c c . 2  + _8 a~cc2 _ 8 zmcc* ,  a ~ c c  
3 3 

16 ,t 
ActCC AaCH + - _ __ . AaC C* . AaCH + 4AaCH 2 

3 3 
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Figure 4 Dependence of effective back-bone C-C bond anisotropy 
Aee on F = Aa CC -- 2Aa TM 

from which: 

1 
Aa e = Aot CC* -- A0l CC = -- I ~' + (72 -- 8/91-'2) 1/2 (6) 

3 

where l ~ is the bond polarizability parameter Aa CC - 2Aa CH. 
Figure 4 shows the positive values of  Aa e calculated from 
equation (6). Negative Ac~ e values are ruled out by the sign 
of  flow birefringence in polyisobutene, which was always 
positive. Figure 4 shows that Ac~ e ~- 1.6 x 10 -40 C2m2/j 
over the whole range of  l ~ existing in the literature al, 0.6 
to 1.2 × 10 -40 C2m2/J. 

No theory at present exists which realistically estimates 
(Atx) or (72) from Atx e for polyisobutene in the liquid state. 
As well as the usual features of  the rotation-isomeric 
approach 1 any theory must also include intermolecular 
interactions, angular correlations and the effect of  the 
strong intramolecular steric interference between the side- 
groups. Conformational measurements a2 and calculations aa, 
as well as space-filling molecular models, show that steric 
interference is dominant in determining polyisobutene 
conformation and hence conformationally dependent para- 
meters such as (As) and (72). 

However, Ao~ e can be estimated from the polyisobutene 
flow birefringence results and a comparison made with the 
value o f A a  e ~ 1.6 x 10 -40 C2m2/J provided by our analy- 
sis of  2,2-dimethylbutane. Tsvetkov's flow birefringence 
theory 34 relates the Kuhn statistical segment anisotropy 
(Aa)= to the number of  monomer units per segment S by 

Optical anisotropy of polyisobutene: J. V. Champion et aL 

(Aa)~o = SAa  e' (Act e' is the monomer unit anisotropy refer- 
red to axes parallel and transverse to the backbone direc- 
tion of  the fully extended chain.) Thus Aa e' = ½Act e if 
bond angles are tetrahedral. S is given by 2 x persistence 
length as = 8 monomer units per segment. From our flow 
birefringence value of  (Aa)oo = 4.2 x 10 -40 C2m2/J (Figure 
2) this gives Act e' = 1 x 10 -40 C2m2/J compared with 
1.6 x 10 -40 C 2 m2/J derived from 2,2-dimethylbutane. 

CONCLUSION 

The optical polarizability tensor of  a bond depends on the 
location of  that bond within the molecule due to fields set 
up by the polarizations of  the other bonds in the mole- 

cule. The additivity of  optical bond anisotropies remains 
valid provided that the same bonds in different locations 
are assigned different anisotropies. Additivity of  mean 
optical bond polarizabilities remains unaffected to an accu- 
racy of  a few percent, as does additivity of  diamagnetic 
bond anisotropies where the magnetic induced dipoles and 
dipole fields are very weak. The effect of  locality depen- 
dent optical bond anisotropies may be small for strongly 
anisotropic molecules but will be dominant in near-sym- 
metric cases where the molecular anisotropy is the small 
difference between a number of  large terms such as for 
polyisobutene. We propose that induced dipole interactions 
between bonds causes the observed optical anisotropy in 
polyisobutene and that anisotropy calculations of  weakly 
anisotropic molecules using locality independent optical 
bond anisotropies may be subject to large errors. This pro- 
posal is substantiated by the fair agreement between the 
polyisobutene monomer unit effective anisotropy Ac~ e de- 
rived from flow birefringence data and 2xc~ e derived from a 
similarly branched small molecule 2,2-dimethylbutane. 

Liberman et al.2 propose to explain the finite observed 
optical anisotropy of  polyisobutene by the steric overlaps 
prevailing in the polymer chain which alter the polariza- 
bilities of  groups or bonds, thus producing locality depen- 
dent bond polarizabilities. This suggestion would also pre- 
dict a finite diamagnetic anisotropy of  the chain, contrary 
to our results. Although we agree with the proposals of  
Liberman et al. that the finite anisotropy of  polyisobutene 
is the result of locality dependent bond polarizabilities, we 
suggest that the locality-dependence arises predominantly 
from the electric field interaction between the dipoles in- 
duced in the bonds rather than steric overlaps between 
bonds. 
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Elastic modulus in the crystalline region of 
poly(p-phenylene terephthalamide) 

R. J. Gaymans, J. Tijssen, S. Harkema and A. Bantjes 
Department of Chemical Technology, Technological University of Twen te, The Netherlands 
(Received 13 January 1976) 

Fibres from aromatic polyamides have a much higher Young's modulus than fibres from aliphatic 
polyamides. In order to contribute to the explanation of this observed difference we looked at one 
of the ultimate properties, the elastic modulus in the crystalline region in the chain direction (Ecr//). 
We carried out measurements on a bundle of filaments of PRD 49 fibre, which we identified by i.r. 
and X-ray analyses as poly(p-phenylene terephthalamide). With the X-ray technique we determined 
the lattice extensions under loading and from these data the Ecr/I was calculated. The Ecr//was found 
to be 20 x 1011 dyne/cm 2 which is in good agreement with the calculated Ecr//, but not very 
different from that of nylon-6,6. The Young's modulus was found to be 11 x 1011 dyne/cm 2. 

INTRODUCTION 

Aromatic polyamides form a class of  polymers which have 
thermal and mechanical properties that are quite different 
from those of the aliphatic polyamides. Fibres of aromatic 
polyamides have a much higher Young's modulus than 
corresponding aliphatic ones. 

Aromatic polyamides are thought to be very good mate- 
rials for reinforcing fibres 1-4. The properties of these poly- 
amides have been reviewed by Black 4. He states that a pos- 
sible explanation for the extraordinary properties of these 
polymers is due to the extended orientation rather than to 
the high crystallinity. Since aromatic polyamide chains 
are much stiffer than those of aliphatic polyamides, chain 
folding is less likely and a fully extended chain is obtained 
much easier. 

Both the crystallinity and the orientation seem to be 
very high for these aromatic polyamide fibres. Northolt 
and Van Aartsen s suggest that poly(p-phenylene tereph- 
thalamide) (PpPT) has a paracrystalline structure with a 
long order. They did not observe any periodicity up to 
250 A with small-angle scattering. 

Dulmage and Contois 6 developed a model for the cal- 
culation of the Young's modulus from the moduli of the 
amorphous and crystalline phases and the degree of crystal- 
linity, assuming the crystalline phase to be fully oriented 
and the amorphous phase to be unoriented. 

Holliday and White 7 have given a review on the present 
status of the factors governing the Young's modulus and 
the techniques available for measuring them. 

One of these basic properties is the modulus in the 
crystalline region in the chain direction (Ecr//). The experi- 
mentally determined values of Ecr//agree on the whole 
fairly well with the calculated values. 

Fielding Russell 8 has calculated the Ecr//for PpPT using 
the method of Treloar with assumed chain dimensions and 
found a value of 20 × 1011 dyne/cm 2, which we also found 
with the now available cell dimensions s. 

EXPERIMENTAL 

Sample preparation 
The elastic modulus was determined using an industrial 

fibre from Du Pont (PRD 49). In order to prepare a film 

E 

g 

for i.r. analysis the Du Pont product was dissolved in chloro- 
sulphonic acid and precipitated in cooled methanol (-60°C).  
A fine suspension of gelly particles was obtained by warming 
up under vigorous stirring. Filtration of the suspension gave 
a fairly homogeneous film. After washing and drying an i.r. 
spectrum of the film was taken, and compared with the 
spectra of poly(p-phenylene terephthalamide) and poly(p- 
benzamide) synthesized in our laboratory (Figure 1). As 
can be seen the i.r. spectra of PRD 49 and poly(p-phenyl- 
ene terephthalamide) are identical. 

The X-ray diffraction pattern of PRD 49 fibre gave the 
same reflections as Northolt and van Aartsen s obtained on 
PpPT. From these results and the literature data 3 we assum- 
ed PRD 49 to be poly(p-phenylene terephthalamide). 

One filament of the fibre was too thin to obtain strong 
enough reflections so a bundle of 25 filaments was used. 
In order to be sure that all the filaments were equally well 
stressed both ends of the bundle were kit together while 
each filament was under a preload of 1.3 g. The ends were 
imbedded in such a way that easy clamping was possible. 
The length of the bundle of filaments between the imbedded 
areas was 4 cm. 

A 

C 

' c o o '  ' ' ' ' ' 4 0 0 0  3 2 0 0 0  16 1200 800 
Wovenumbcr (cm -I) 

Figure I Infra-red spectra of polymer films of A, PRD 49; B, 
poly(p-phenylene terephthalemide) and C, poly(p-benzamide) 
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Apparatus 

The X-ray method was chosen for the determinat ion of  
the Ecr//. Sakaradu 9 gives a detailed set-up for determining 
the lattice extensions. A Nonius diffractometer with a 
nickel filtered CuKa-beam was used. 

We measured, at any one time, an angular range of  
0 -+ 0.12 °. Reflections were scanned by  steps of  0.1 ° with 
a counting time for each point of  4000 sec. From these 
intensities the centre of  gravity of  the reflection curve was 
calculated. The samples were loaded with dead weights 
and from the shifts of  the gravity point the lattice exten- 
sions were calculated. Friction losses in the loading set-up 
were less than 5 g. The macroscopic s tress-strain curve 
was obtained by loading a bundle of  filaments and measur- 
ing the lengthening with a kathetometer .  The load was 
increased each hour. 

RESULTS AND DISCUSSION 

The crystal structure of  PpPT is given by Northolt  and 
Van Aartsen s as monoclinic with the cell dimensions a = 
7.87 A, b = 5.18 A, c = 12.9 A, and 3" = 90 °. The space 
group is Pn or P21/n. For the determination ofEcr / / the  
reflections from the 00l-planes were measured. The nor- 
reals of  these planes are parallel to the chain axis. The in- 
tensity curve is measured from a bundle of  filaments as a 
function of  0 (Figure 2). In the intensity curve the reflec- 
tions 004 and 006 can be seen. The reflections 001 etc., 
where l is odd, are expected extinctions. The 006 plane 
reflection was chosen to be measured. 

It is quite important  to note that in the measured region 
the structure factor is not very dependent on 0. Therefore 
the reflection maximum coincides with the lattice factor 
maximum so that we can use the Bragg law. 

The stress-lattice extension data are given in Figure 3. 
The Ecr//, calculated from the slope of  the curve, is 20 x 
1011 dyne/cm 2. 

The macroscopic s t ress-s train data are given in Figure 4. 
Young's modulus determined from these data is 11 x 1011 
dyne/cm 2. As can be seen the calculated and the experi- 
mental Ecr//agree very well and these values are not very 
different from those obtained on nylon-6,6 H. 

So the higher Young's modulus of  these aromatic poly- 
amide fibres cannot be explained by the ultimate property,  
the elastic modulus in the crystalline region in the chain 
direction. 

REFERENCES 

1 Rothuizen, J. H. Text. lnst. 1rid. 1973, 11,142 
2 Wilfong, R. E. and Zimmerman, J. J. Appl. Polym. Sci. 

1973, 17, 2039 
3 Gan, L. H., Blais, P., Carlsson, D. J., Suprunchuk, T. and 

Wiles, D.M.J .  AppL Polym. ScL 1975, 19, 69 
4 Black, L. B. J. Macromol. ScL (A) 1973, 7, 99 
5 Northolt, M. G. and van Aartsen, J. J. Polym. Lett. 1973, 11, 

333 
6 Dulmage, W. J. and Contois, L. E. J. Polym. ScL 1958, 28, 

275 
7 Holliday, L. and White, J.W. PureAppL Chem. 1971,26, 

545 
8 Fielding-Russell, G. S. Text. Res. J. 1971,41,861 
9 Sakurada, I., Nukushina, Y. and Ito, T. J. Polym. ScL 1962, 

57, 651 
10 Wallner, L. G. Monatsh. Chem. 1948, 79,279 
11 Dumbleton, J. H. and Buchanan, R. Polymer 1968, 9,601 

518  P O L Y M E R ,  1976,  Vol  17, June 



Coordinate polymerization of heterocycles: 
1. Oligomerization of epichlorohydrin 
by TiCI, 

M. Ku~era, A. Zahradni'~kova, K. Majerova 
Research Institute of Macromolecular Chemistry, 656 49 Brno, Czechoslovakia 
(Received 2 June 1975; revised 28 January 1976) 

The polymerization of epichlorohydrin proceeds via the TiCI 4. 2EPC complex provided the concen- 
tration of epichlorohydrin is twice as high as that of TiCI 4. The oligomerization process requires 
supposedly the existence of a complex in which the epichlorohydrin is coordinate through a CI-Ti  
bond. Diethyl ether has an inhibiting effect on the reaction. The oligomerization rate is increased in 
the presence of acetyl chloride, diethyl ether having no effect this time. The transformation of epi- 
chlorohydrin to polymer is always kinetically non-stationary, the number of active centres decreasing 
with time. Both the initiation and propagation steps proceed through a rearrangement following the 
coordination of monomer to the activating ligands. No polymerization active free ions have been 
found to be present in the system. The intermediate and final products were analysed employing 
spectral, chromatographic, kinetic, and conductivity measurements. The reaction mechanism of 
oligomerization has been suggested. 

INTRODUCTION 

The Ziegler-Natta polymerization of olefins can be regard- 
ed as a typical example of coordinate polymerization having 
considerable industrial importance. The propagating cen- 
tres are almost exclusively believed to be an 'anionic' co- 
ordinate character 1'2. Epoxides can also polymerize by 
'cationic' or 'anionic' coordinate mechanisms 3. Cyclic 
ethers with more than three members in a ring can be poly- 
merized only in the presence of strong acids. Some of these 
initiators facilitate the coordination of monomer prior to 
ring opening4"S; the mechanism of these polymerizations is 
not well understood. The coordinate mechanism has, how- 
ever, not been considered. 

The character of polymerization of four- and multi-mem- 
bered oxygen heterocycles strongly suggests that the 'cat- 
ionic' coordinate polymerization might be involved. We 
have been interested in the nature of active centres of this 
kind. For this reason TIC14 was selected as Lewis acid for 
the initiation, tetrahydrofuran (THF) being the monomer. 
Tetrahydrofuran, however, will oligomerize in the presence 
of TIC14 only when a 'promotor', e.g. epichlorohydrin (EPC), 
is simultaneously present. We have focused our attention 
towards the system containing TIC14 and epichlorohydrin. 
In some cases also another promotor of THF polymeriza- 
tion, acetyl chloride, (AcC1), was added. 

EXPERIMENTAL 

Chemicals 
Epichlorohydrin (a Lachema product, purissimum 

grade) was rectified several times, the 391.1K fraction be- 
ing collected. The fraction, which was at least 99.9% pure 
(analysed by g.l.c.) was stored over Call2 in a storage bulb 
attached to a vacuum line. 

TIC14 (a Fabrique de produits chimiques de Thann et de 
Mulhouse product) was distilled into an ampoule attached 
to a vacuum line. After the de-areation, the product was 

distilled into a storage bulb from where it could be trans- 
ferred into a calibrated pipette. The amount required 
could then be transferred to a spectrometer cell or a 
dilatometer. 

Dichloromethane (a Lachema product, analytical grade) 
was shaken with concentrated H2SO4 for several days. 
After washing with water until neutral the product was 
refluxed for 6 h in the presence of A1C13, then distilled, 
refluxed again in the presence of P205 and rectified. The 
fraction containing more than 99.98% of CH2C12 was col- 
lected and stored over P205 in a storage vessel attached to 
a vacuum line. The connection of the storage vessel with 
the vacuum line was effected by a high-vacuum stainless 
steel valve. 

Diethyl ether (Et20) (a Lachema product, u.v. spectro- 
scopic grade) was dried with Na and stored over Na in a 
vacuum line storage bulb. 

Sodium ethanolate was prepared from C2H5OH and 
sodium. The stoichiometric ratio of components was 
selected to give a solution with a 3 mol/dm 3 concentration. 
This solution was stored in the dark at low temperature. 

Other chemicals used (hexyl chloride, acetyl chloride) 
were of analytical grade. 

Instruments and procedures 
Polymerization: closed system. A schematic diagram of 

the dilatometer used for measurements is presented in 
Figure 1. The dilatometers were sealed to a vacuum line. 
After 1-2  days pumping the required amounts of epichloro- 
hydrin as well as other components (dichloromethane, 
acetyl chloride, diethyl ether) were transferred to the dila- 
tometer by a bulb-to-bulb distillation. The volume of each 
liquid component was measured using calibrated pipettes. 
The part containing the liquid mixture was then sealed off 
under vacuum. The TIC14 was transferred into the dilato- 
meter using the same procedure. 

Polymerizations were carried out under stirring at a con- 
stant temperature. Both dilatometer parts were first tern- 
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Figure ? Vacuum dilatometer: 1, space for epichlorohydrin, 
dichloromethane and acetylchloride; 2, space for init iator; 3, 2- 
di latometer bulb; 4, capillary i.d. 2.53 mm; 5, break seal; 6, breaker 

perature-equilibrated and then the seals were broken. After 
a certain time the dilatometer was opened so that the poly- 
merization could be stopped by adding an excess of  sodium 
ethanolate (double the quantity with regard to TIC14), an 
aliquot sample was taken and dried in vacuo to constant 
weight. The polymer was isolated from the residual part in 
the following way: approximately 1 h after the polymeriza- 
tion had been stopped by sodium ethanolate an excess of  
1 N HC1 was added, the acid-containing layer was extracted 
with toluene and the toluene extract was extracted with 
water. The solvent contained in the toluene layer was 
evaporated and the polymer was dried in vacuo at ambient 
temperature to constant weight. The polymer content in 
other layers was negligible. 

Polymerization: open system. The polymerizations of  
epichlorohydrin in the presence of  water were carried out in 
glass dilatometers 6 capable of  holding 13.5 and 16 ml of  
liquid, respectively. A millimeter scale was etched on the 
dilatometer capillary. The dilatometers were positioned in 
a cylinder which was maintained at a constant temperature 
of  293.0 -+ 0.1K. 

The water concentration in individual components of  
the polymerization mixture was determined using a coulo- 
metrically modified Fischer method 7. 

The calculated volumes o f  initiator (TIC14) and solvent 
(CH2C12) were transferred into a dilatometer flask. After 
reaching an equilibrium temperature, monomer and other 
components (epichlorohydrin, acetyl chloride, diethyl ether) 
were added. Neither surface nor the rate o f  stirring showed 
any influence on the polymerization. The heat due to the 
interaction of  TIC14 with ethers was dissipated into the con- 
stant temperature bath within the first 70 sec (measured 
by a thermocouple). The first reading was taken 90 sec 
after mixing the components. The reproducibility of  poly- 
merization runs was satisfactory. 

The same method as that described for the dosed sys- 
tem was used to stop the polymerization and to isolate the 
polymer. The conversion achieved during each run was 
determined gravimetrically and tested by gJ.c. 

The comparison of  results from closed system with those 
from open system has shown that water has no significant 
effect upon the oligomerization even when present at con- 
centrations as high as several hundred mmol/dm 3. Most of  
the kinetic measurements were thus performed in the open 
system at a constant concentration of  water (25 mmol/dm 3) 
in the reaction mixture. 

Each of  the curves shown in the results is representative 
of  a series of  curves 8 (e.g. at various monomer concentra- 
tions). Although all experimental curves have been inter- 
preted and conclusions drawn, only some of  the curves are 
presented here. 

Chromatography 

After the completion of  the polymerization run, 5 ml of  
the reaction mixture were degassed on a vacuum line. The 
residual monomer together with low molecular reaction 
products were transferred into a liquid nitrogen cooled 
ampoule by a bulb-to-bulb distillation. The volatiles were 
then analysed on a Perkin-Elmer F 11 chromatograph fitted 
with a thermal conductivity detector; a stainless steel column 
2 m long × 3 mm i.d., was packed with Chromosorb W 60/ 
80 mesh with 20% of  silicon rubber E 301 as a stationary 
phase. Ar was used as a carrier gas. 

Molecular weight determination 

Number-average molecular weigl)t, ~rn, was determined 
by the v.p.o, method using a VPO UMCH CSAV instrument. 
The deviation method was employed, bromoform, naphtha- 
lene and diphenyl ether respectively being the standards. 
Acetone, dichloromethane and in some cases ethanol were 
the solvents used. 

Conductivity measurements 

The conductivity of  samples was measured using a Radio- 
meter A/S-DK-2400 Kopenhagen NV-Emdrupvej 72 instru- 
ment. 

In all cases the conductivity was followed as a function 
of  polymerization time. Most of  the measurements were 
carried out in a stopcock apparatus but no vacuum was 
applied. From the experiments performed in the strict ab- 
sence of  water under high vacuum it was established that 
the amount of  water which can get into the open system 
has no significant influence upon the time dependence of 
conductivity changes 8. 

N.m.r. spectra 

A/VMR Tesla BS 487A-80 MHz spectrometer was used 
to measure nJn.r, spectra. The samples were placed in 
ground tubes 5 mm o.d. using an external capillary standard 
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Figure 2 Apparatus for filling n.m.r, tubes: 1, capillary standard 
containing HMDS alone or in mixture with chloroform; 2, ground 
tube 5 mm diameter; 3, teflon rings; 4, sintered glass S 2; 5, bulb 
with reaction components; 6, ground joint connecting the appara- 
tus to vacuum line. The n.m.r, tube is filled by tipping the 
apparatus 

~ 3  

(hexamethyldisiloxane alone or mixed with CHC13 at 1 : 1 
ratio). All the sample tubes were filled under high vacuum 
using an apparatus shown in Figure 2. The spectra were 
taken at room temperature as well as at 253 and 233K. No 
band shift or intensity changes were observed. 

~ 7  

6 , /  

Figure 3 Measuring cell: 1, space for sampling dichloromethane 
solution of TiCI4; 2, sampling of tetrahydrofuran; 3, sampling of 
epichlorohydrin; 4,4', break seals; 5,5',5 n, connections to vacuum 
line; 6,6 t, stirrers; 7, quartz cell (pathlength = 1 mm) 

\ 

~ 2  

U. v. spectra 
U.v. spectra were measured employing a double beam 

spectrophotometer Optica Milano CF-4 DR. The spectro- 
photometer cells (QS, l = 1 mm) were filled with sample 
under vacuum and sealed off. The differential method was 
used for obtaining the spectra, the samples being contained 
in cells shown schematically in Figure 3. 

The spectrum of TIC14 in CH2C12 was taken first using 
CH2C12 in a reference beam. The break-seal separating the 
spectrometer cell from the storage bulb containing epichloro- 
hydrin was then broken and the spectrum measured, using 
the CH2C12 solution of the same component as a reference. 

An spectra 

The spectra were measured on an UR-10 instrument in 
standard cells at 308.0 + 0.5K. 

RESULTS 

The character of epichlorohydrin oligomerization is appa- 
rent from Figure 4. At higher concentrations of diethyl 
ether (> 1.0 mol/dm 3) the polymerization of epichlorohydrin 
is completely inhibited. When acetyl chloride is present, 
however, then the contraction is increased by ether. The 
polymerization proceeds in a non-stationary fashion. When 
more epichlorohydrin is added after the end of polymeriza- 

150 

"~I00 
c • 
0 • 

u 

0 o 
U o 

50 o ° 
0 0 

nb 

0 

Figure 4 

o o 
o o o 

o 
o 

o 
o 

D 

C 
o o o 

o 
o o B 

A 
8 • a l l  m • • I 

s o  l e o  ,s6 
Time {rain) 

Contraction curves of epichlorohydrin polymerization. 
Temperature 293.1K; [TiCI4] = 0.5 mol/dm3; concentration of 
components (mol/dm3): A, [EPC] = 6.43, [Et20] = 2.9; B, [EPC] = 
6.43; C, [EPC] = 6.43, [Et20] = O, [AcCI] = 2.5; D, [EPC] = 6.43, 
[Et20] = 2.9, [AcCI] = 2.5 

POLYMER, 1976, Vol 17, June 521 



Coordinate polymerization of  heterocycles (1): 114. Kubera et aL 

3 0 0  

"~ 2OO 
E 

O 

u 

¢- 

IOC 

IQ 
Oe 

o 
o o 

t ° . . . . . .  . 

vo 

& 
& 

6 
A 

& 

O 0  

6 

& 

o 26o 3bo 
Tirne(min) 

Figure 5 Contraction curves of epichlorohydrin polymerization. 
Temperature 293.1K, [TiCI 4] = 0.5 mol/dm 3, [EPC] = 6.43 moll 
dm 3. Addition of components: o, EPC; A, EPC added, 6.43 tool/ 
dm3; V, EPC + AcCI; O, after 60 min AcCI added, 2.5 tool/din3; 
II, after 180 min TiCI4 added, 0.5 mol/dm 3 
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Figure 6 Absorption curves of TiCI4 and epichlorohydrin--TiCI4 
systems. Solvent dichloromethane; temperature 298.1K; [TiCI4] 
N10 -3  mol/dm 3, [EPC] 1.7 mol/dm 3. A, TiCI4 in CH;zCI2 vs. 
CH2CI2; B, TiCI 4 in CH2CI 2 and EPC vs. CH2CI 2 with EPC 

tion (provided no acetyl chloride was present) then a new, 
slower oligomerization commences. The addition of acetyl 
chloride can restart the polymerization, which had already 
ceased, to the full extent while further addition of TIC14 
does not show this effect (Figure 5). 

Calculated from initial rates, the oligomerization is of 
the first order with regard to TIC14 and apparently of the 
second order with regard to monomer. The latter value, 
however, is questionable because the effect of the increas- 
ing dielectric constant, this being a consequence of increas- 
ing the epichlorohydrin concentration, cannot be neglected. 
Since no sufficiently inert solvent possessing physical prop- 
erties of epichlorohydrin is available the question of the 
reaction order cannot be unequivocally answered. The re- 
action order with regard to monomer is equal to zero in 
the presence of acetyl chloride. The same value with re- 
gard to acetyl chloride is equal to two. Epichlorohydrin 

starts to polymerize at concentrations higher than 1 mol/ 
dm 3 (epichlorohydrin concentration I>2 [TIC14] ). 

U.v. spectra of TIC14 and epichlorohydrin in dichloro- 
methane are shown in Figure 6. 

In order to judge the interaction between TIC14 and 
CH2C12 the i.r. spectrum of TiC14 in the mixture of CH2C12 
and hexyl chloride was taken. Apart from originally pre- 
sent TiCI4 (495 cm -1 and 615 cm -1) and C-C1 (650 cm -1) 
bands a new weak band at 625 cm -1 was recorded. Here 
the newly formed absorption band was attributed to TIC14 
to which hexyl chloride is coordinated via chlorine atoms. 

The composition of both monomer and polymer phase, 
concentration of components, and their structure, was de- 
termined using i.r. spectrometry and gas chromatography. 
The amount of monomer determined by gJ.c. was in agree- 
ment with the gravimetry. Both methods were also used 
for the calibration of the contraction--conversion relation- 
ship. This dependence is strictly linear in the whole inter- 
val of measurement. The conversion ([EPC] 0 - [EPC])/ 
[EPC] 0 can be thus calculated by multiplying the contrac- 
tion (mm) by the constant 2.75 x 10 -3 (mm-1). 

I.r. spectra of polymers are presented in Figure 7. 
Table I summarizes the results of analyses of products 

16 0 1200 8 0 7 0 0  6 0 
v ( c m  - I  ) 

Figure 7 I . r .  spec t ra  o f  p o l y m e r s  i so la ted  f r o m  polymerizat ion 
systems. Temperature of polymerization 293.1K, temperature 
during spectral measurements 306 ± 0.5K. Concentration of com- 
ponents (mol/dm3): TiCI4 = 0.5; A, EPC = 6.43; B, EPC = 6.43, 
AcCI = 2.5 

Table ! Structure and relative yields of products during the 
oligomerization of epichlorohydrin 

Relative 
System Product yield (%) 

Epichloro- CH2CI 100 
hydrin I 

HO-{-CH2--CH--Oq-nH n = 5-20 

Epichloro- O CH2CI 
hydrin, I I 
acetyl CH3C-[O--CH--CH2-]-2CI 60 

chloride HO_CH_CH2_O_CH_CH2C I 
I I 
CH2CI CH2CI 40 
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EPC fast 1 ],fp idow 
TIC14.2EPC > 1Ac > ~ 1Ac > 

w slow 

inactive product~ (3) 
2 EPC f=st [ 

The material balance of TIC14 can be expressed as: 

[TIC14] 0 = IAc ([CH2C12] 2 + K1 [EPC] 2)/(g 1 [EPC] 2) 

(4) 

If the supply of monomer to the TiCI4.2EPC is faster than 
the propagation or deactivation rearrangement, the propaga- 
tion will be of ~:ero order with regard to epichlorohydrin. 
This case was observed in tetrahydrofuran oligomerization 9. 
The rate of epichlorohydrin disappearance can be then ex- 
pressed as: 

d[EPC] 
d ~  - lkplAc-- lkp[TiCl4] 0(K1 [EPC] 2)/ 

([CH2CI2] 2 + g l  [EPC] 2) (5) 

formed by interaction between epichlorohydrin and TIC14 
or epichlorohydrin, TIC14 and acetyl chloride. 

The conductivity measurements were carried out in a 
conductivity cell in which epichlorohydrin was polymerized. 
The results of these experiments are summed up in Figure 8. 
All experimental curves of ~ (specific electric conductivity) 
vs. t are monotonous. The highest conductivity was obser- 
ved in medium in which polymerization was not proceed- 
ing. These results suggest that free ions do not play a signi- 
ficant role during the polymerization. 

DISCUSSION 

The concentration of free TIC14 will be practically zero in 
the presence of donor compounds. Thus following equili- 
bria will be establiflaed at the beginning of polymerization 
of epichlorohydrin: 

TiCI4.2CH2C12 + 2EPC K~ 1 .. TIC14.2EPC + 2CH2C12 

(1) 

TIC14.2CH2C12 + EPC ,. "- TIC14. EPC. CH2C12 

+ CH2C12 (2) 

Epichlorohydrin starts to polymerize at concentrations that 
are at least twice as high as that of TIC14. The TIC14.2EPC 
complex is thus the centre to which the monomer is co- 
ordinated; TIC14. EPC. CH2C12 is kinetically insignificant. 
Neither inhibition nor induction periods were observed; all 
active centres are formed immediately after mixing the 
components. The reaction order towards TIC14 is one 
which means that the active centre reacts with free non- 
complexed monomer to give polymer chain or it is deacti- 
vated to inactive derivatives and new forms of TIC14 capable 
of being activated: 

Active centres, however, also disappear in the course of 
polymerization. Their disappearance cannot be simply 
expressed as a dependence on EPC concentration accord- 
ing to equation (4). Judging from Figure 4, some other 
reaction is involved. According to equation (3) it holds: 

d [1Ac] 
- lkd [1Ac] (6) 

dt 

When equation (5) is divided by expression (6) then the 
following expression results: 

d[EPC] _ lkp [TiC14]0K1 [EPCI 2 1 

d[1Ac] lk d x [CH2C1212 +KI[EPC]2 x [1Ac----- ] (7) 

The actual concentration of active centres expressed as a 
function of EPC concentration can be obtained by inte- 
grating equation (7), assuming that [CH2C12] 2 ,~ K1 [EPC] 0 
× [EPC] 

lk d 
[ 1Ac] = [ 1Ac] 0 exp - lkp[TiC14] 0 

] 
([EPC] 0 - [EPC])/ 

J (8) 

Inserting equation (8) into (5) and integrating within cor- 
responding limits the following expression is obtained: 

[EPC] 0 - [EPC] = --lkp [TIC14] 0 In 
lk d 

[1Ac] 0t)  

1 + lkd 
[TIC14 ] 0 

(9) 
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Figure 9 The dependence of E 0 -- E as a funct ion of measured 
variables and constants. Temperature 293.1K; concentrat ion 
(tool/din3): TiCI4 = 0.5, EPC = 6.43. Curve A,  dependence of 
E 0 - - E  on log (1 +qt);q = [1Ac]olkd; [AcCI]  = [ E t 2 0 ]  = 0; Curve 
B, dependence of  Eo -- E on B, where 

[TiCI4] o K2 [AcCI]  0 
B - - -  X 

Sk d K I[EPC] 02 + Ka[Et20] 2 

( , ) 1-- 
1 + [AcCI]  0 Skdt 

[AeCI] 0 = 2.5 mol/dm3; [E t20 ]  = 2.9 tool /din 3 

The values o f K l ,  lkp and lkd* can then be calculated from 
equation (9) using experimental data. 

Equation (9) can be plotted as a straight line (curve A 
in Figure 9). Experimental data presented in Figure 4 
(curve B) were used for plotting. 

Oligomerization o f  epichlorohydrin in the presence of  
aeetyl chloride 

Besides equilibria (1) and (2) the formation of  com- 
plexes with acetyl chloride and diethyl ether, should also 
be considered. No complexes containing mixed ligands, 
other than CI, were found to be formed. Therefore 

TIC14.2CH2C12 + 2AcC1 -: K2 -~ TIC14 • 2AcC1 + 2CH2C12 

(10) 

* Eo - E = k In(/+ qt). The most suitable values ofq are found 
by approximation from experimental values o f E o -  E and t. The 
values of q I and q2 are derived from two different values of [E] o. 
Then KI can be expressed: 

K1 - {[CH2C12122 - [CH2C121 12} 

[Eo 1 ] 2 [E02 ] 2 

q2 

q2 -- ql 

[Eol] - q l  [E0212) X 
q2 

The value Of Kl is used to calculate lk d [IAc] o from equation (4) 
into which the initial concentration of EPC was inserted, lkp is 
then evident from the slope of the plotted function (9). 

TIC14.2CH2C12 + 2Et20 ,.__K3 -~ TIC14.2Et20 + 2CH2C12 

(11) 

Reaction orders with regard to components together with 
the effect of  component  additions, mainly, however, the 
identical initial course of  the oligomerization in the pre- 
sence and absence of diethyl ether, suggest that out of  two 
possible types of  active centres only that type should be 
considered whose existence is determined by the presence 
of  acetyl chloride. The reaction scheme of  oligomerization 
presented in equation (3) can thus be applied for this case: 

d[EPC] 
dt - lkp[1Ac] + 2kp[EAc] ~ 2kp[2Ac] (12) 

The concentration [2Ac], which is kinetically manifested 
in form TIC14.2AcC1, can be expressed using relationships 
for material balance of  TIC14 (equations 1, 10 and 11): 

[2Ac] = [TiCI4]0 x 

K2 [AcCI] 2 

[CH2C12] 2 + K1 [EPC] 2 + K2 [AcC1] 2 + K3 [Et20] 2 

(13) 

Oligomerization o f  epichlorohydrin in the presence o f  
acetyl chloride and in the absence of  diethyl ether. The 
polymerization ceases at low conversions. Thus at first 
approximation the initial concentration of epichlorohydrin 
can be used instead of  the actual one in the denominator 
of expression (13). Direct determinations of  actual concen- 
trations of  acetyl chloride during tetrahydrofuran oligo- 
merization have revealed that the rate of  acetyl chloride 
disappearance depends on the value of deactivation con- 
stant kd and time according to relationship: [AcC1] = 
[AcC1] 0 (1 - [AcC1] 0 kdt) -1 (see refs 8 and 9). The 
parallelism of  effects caused by acetyl chloride concentra- 
tion changes allows one to assume that a similar mecha- 
nism of  acetyl chloride disappearance from the reaction 
zone is operative at oligomerization of  epichlorohydrin. 
The n.m.r, method could not be used to measure the dis- 
appearance of  acetyl chloride in epichlorohydrin medium. 
If  the equation for the concentration of  acetyl chloride is 
inserted into equation (13) (k d being denoted 2k d now) 
the following expression is obtained upon rearrangement 
and in tegration: 

[EPC]0 [EPC] -" 2kp[TiC14]0 1 - × _  x 

2k d[Aco] o ~/ 

{arctanT(1 + [AcC1] 0 x 2kdt) -- arctanT} (14) 

If  donor numbers of  components 1° are taken into account 
then it can be considered that 72c 2 >~ 1. In this case the 
following equation can be used to calculate the difference 
between the initial and actual concentration of  
epichlorohydrin: 

2k d [AcC1]0 7 2 1 - (15) 
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Coordinate polymerization of heterocycles (I):  M. Ku~era et al. 

in denominator of  relationship (13) the rate o f  disappear- 
ance of  epichlorohydrin can be expressed as: 

d [EPC] 
= 2kpiEAcl" " = 2kplTiC141" " o x 

dt 

K2 [AcC1] 2 

KI [EPC] 2 + K3 [Et20] 2 
(17) 

Inserting the concentration of  acetyl chloride [AcC1] into 
this equation (k d being denoted 5k d now) and integrating, 
the following equation results: 

[EPC] 0 - [ E P C ]  = 2kp-- [TIC14] 0 x 
5k d 

K2 [AcC1] 0 

K 1 [EPC] 2 + K3 [Et20] 2 

( 1 ) 
1 -  1 + [AcCl] 05kd t 08) 

The insertion of  known values of  K1, K2 and 2kp allows 
one to calculate K 3 and 5k d. The agreement between ex- 
perimental and calculated values is shown in Figure 9 
(curve B). 

The values of  equilibrium and kinetic constants are 
summarized in Table 2. 

where 

,),2 = [CH2CI2] 2 + K1 [EPC] 02 
K2[AcC1] 2 ;c  = 1 + [AcC1]2kd t. 

When the right hand sides of  equations (14) and (I 5) are 
compared for the same [EPC] 0 - [EPC] then the follow- 
ing relationship is obtained: 

7 [ a r c t a n T c -  arctanT] - 1 - -  
1 

(16) 
C 

The values o f c  and 7 t  can be computed from equations 
(15) and (16) using experimental data. Subsequently the 
values of  K2, 2kp and Zk d are obtained. 

Figure 10 shows the agreement between experimental 
data and equations (14) and (15) containing constants cal- 
culated in the way just described. 

Oligomerization o f  epichlorohydrin in the presence of  
acetyl chloride and diethyl ether. Since the sum K2 [AcC1] 2 
+ [CH2C12] 2 can be neglected with regard to other terms 

~- The values of [EPC] o (t = 0), [EPC] 1 (tl) and [EPC] 2 (atl) are 
determined from the contraction curve. At t > 10 min it holds that 
c ~- [AcC1] 0 2kdt. At time t, c = Cl while at time at. c =acl. Thus 
two equations containing two unknown variables can be set up 
allowing one to calculate c for a given difference [EPC] o - [EPC]. 

Mechanism of  oligomerization 
The low values of  conductivity, even in a relatively polar 

medium indicate that no free ions are involved in the re- 
action. Ion-pairs are not likely to be active species in this 
case either, because the conductivity is not increasing with 
the increasing dielectric constant of  the reaction medium. 
High concentration of  TIC14, mono-molecular rearrange- 
ment of  the active centre leading to higher or diminished 
activity, and no response towards the presence of  water in 
the reaction mixture, are the most important observations 
that are suggestive of  the coordinate mechanism of 
oligomerization. 

The stability of  TIC14 complexes with heterocyclic 
ligands coordinated to Ti atom through oxygen indicates 
that the polymerization of monomers bonded in this way 
will be difficult. If  we dismiss the participation of  ions in 
the growth reaction and assume the participation of  zwit- 
terions as a little probable one, it is very difficult to imagine 
the rise o f  a trimer and higher polymers (PO does not form 
high polymers in the presence of  TIC14 al). 

Table 2 Values o f  equi l ibr ium and kinet ic constants 

Constant Value Rate constant k X 102[sec - 1 ]  

K1 5 l ko  4.90 
K2 1 2k ;  48.70 
K3 20 1-kd 9.33 

2k d O. 17 
5k d 0.08 
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Coordinate polymerization of heterocycles (1): 114. Kubera et  aL 

Even though we have not succeeded in getting direct 
proof let us assume the existence of an equilibrium: 

CH2C I / O \  
,, ,,. C I ~ C H 2 - - C H - - C H  2 

"::~ri..;>. -O <~, KI I , "I'J';~CI__CH2__CH__CH2 
\6c~:, \o / 

(I) In) 
(19) 

According to this conception the complex (I) is kinetically 
inactive. Only complex (II) can start the polymerization: 

..-, ,.-. .:,, , ' .. 
/T~cH__CH 2 -1"i 

"'CH2"" ~t'~ / I ,,, "N 
.-;-" "~ .2 , ,  ~" *p "" " 4" 

ci" "" '9 " a "cl " 

'lcH~- ..-~ ~.2 I 
CH2 .;. . . . .  0% 
CH--CH2CI 

CH2CI 

(IAc} CIH2 
I 

CH 

CH2 
. , , . .  

CH~"~-~CH T! 

ci ' Z  ""'-": 'cl 
i 

CH--CH2CI 

CH2Cl O 
I 

CH--CH 2 

\ o  

-..\, l~.- 

~ Ti" 

/ / ~ .  

0 ci 
~H2 I 

CH 2 
I [ 

CIH2C--~CH CH\ 

I 
CH2 
I 

CIH2C--CH 
I 
O 
I 

,/ 

"~fi""" 
,, ",, CH--CH 2 

,,-" ~?,o / 
CI--CH 2 " ?1 C .... t 
CH2 ,5~ .CH2 
i '-oC/ 

CIH2C--CH CH 
I 

O CH2CI 

CH 2 

CIH2C--CH 

O 

CH2- -CH- -CH 2 CH2--CH--,CH 2 
O / \ O  / 

(20) 
The active centre of propagation is very unstable. Its 

activity may disappear either by a change of coordination 
mode (equation 19) or by splitting off the growing chain 

or exchanging the growing ligand for the polymeric ligand 
which will be coordinated to Ti via some of its oxygen 
atoms present in the backbone. The transfer occurs when 
the growing ligand is exchanged for epichlorohydrin. 

This simplified picture is to be understood as a first 
approximation to the elucidation of the mechanism, e.g. 
nan.r, spectra clearly indicate that HCI is eliminated from 
the epichlorohydrin molecule. The HC1 thus evolved may 
play an important role in termination and transfer 
processes. 

The inhibiting effect of diethyl ether can be accounted 
for by the coordination of the latter to Ti. Such an addi- 
tion would preclude further polymerization. 

"'".'-rj';" CICH2__CH__CH2 
I \o / % 

Et20 / Et~O 

The accelerating effect of acetyl chloride is probably due 
to the increased number of T i -C1-C-  bonds. The coordi- 
nation of acetyl chloride to Ti via chlorine atom is not 
excluded z2: 

\ , ' 

" f i "  
/ /  \ \  

,,," \ \ .O 2k# 

~''3 CH 2 .C CH 2 

I 
C=O 
I 

CH3 
. X / .  X / 

~ CH3 ,, 

[ ' ~ C  "~''''CI "" c ~% c( 
. . . . . .  i ..... : i o.,,i 
C, H2. z C ,  H2 

CIH2C__Cl H " " 0 ~ [  H3C- CH--CH2CI 
I 
O 
I~o 
C f 
C H 3  

..%..- 

~ x  / 

c(" "c~ 

\cH3 

Ct 
I 

CH 2 [ 
CH--CH2CI 
I 

O 
1 
CH2 I 
CH--CH2CI 
I 

O 

\CH 3 
(21) 

This hypothesis is supported by finding the values of 2k d 
lower than lk  d and by the ability of acetyl chloride addi- 
tions to restart the polymerization. When the growing 
ligand is detached together with C1 atom then an ester, 
whose presence has been detected, is formed. The other 
product is chlorohydrin which may be formed by the 
hydrolyds of the ester during the isolation of a dimer. 

526 POLYMER, 1976, Vol 17, June 



REFERENCES 

1 Boor, J. Jr. in 'Macromolecular Reviews', (Ed. A. A. Peterlin, 
M. Goodman, S. Okamura, B. H. Zimm and H. F. Mark), 
Interscience, New York, 1967, Vol 2, p 115; Ind. Eng. Chem. 
(Prod. Res. Dev.) 1970, 9,437 

2 Rodriques, L. A. M. and van Looy, H. M. J. Polym. ScL 
1966, 4, 1951,1971 and previous work of these authors; 
Armstrong, D. R., Perkins, P. G. and Steward, J. J. D. J. 
Chem. Soc. 1972, 18, 1972 

3 lshii, Y. and Sakai, S. in 'Ring-opening Polymerization', 
(Ed. K. C. Frisch, S. L. Reegen) Marcel Dekker, New York, 
1969, pp 31 

4 Saegusa, T., Ueshima, T., Imai, H. and Furukawa, J. Makro- 
tool. Chem. 1964, 79,221 

Coordinate polymerization of  heterocycles (1): M. Kudera et aL 

5 Imai, H., Saegusa, T., Ohsugi, S. and Furukawa, J. Makromol. 
Chem. 1965, 81,119 

6 Ku~era, M., Hladk~, E. and Majerov~, K. Z Polym. Sci. (A-I) 
1968,6,527 

7 Pfibyl, M. and Slova'k, Z. Mikrochim. Acts 1964, 1097 
8 Zahradni'~kov~, A. Thesis Research Institute of Macromole- 

cular Chemistry, Brno (1974) 
9 Kucera, M., Zahradnf~kov~, A. and Majerowt, K. Polymer, 

1976, 17,528 
10 Gutmann, V. 'Coordination Chemistry in Non-Aqueous 

Solutions', Springer Verlag, Wien, 1968, p 19 
11 Ku~era, M., ZahradnI~kov~, A. and Majerov~, K. to be 

published 
12 Chevrier, B. and Weiss, R. Angew. Chem. 1974, 86, 1, 12 

POLYMER, 1976, Vol 17, June 527 



Coordinate polymerization of heterocycles: 
2. Oligomerization of tetrahydrofuran by 
TiCI, in the presence of acetyl chloride or 
epichlorohydrin 

M. KuEera, A. ZahradniEkovb, and K. Majerovfi 
Research Institute of Macromolecular Chemistry, 656 49 Brno, Czechoslovakia 
(Received 2 June 1975; revised 28 January 1976) 

Both acetyl chloride and epichlorohydrin facilitate the opening of the tetrahydrofuran ring in the 
presence of TiCI 4. Electrical conductivity and spectral measurements indicate that the process is not 
of a cationic character. The solvent, however, exhibits a strong influence upon the reaction. An 
equilibrium in the ligand field of Ti atom will be established depending on the medium; this equili- 
brium then determines the character of the active centre and thus its ability to polymerize tetra- 
hydrofuran or epichlorohydrin. The kinetic analysis of polymerization was made possible by using a 
simple relationship between the rate and actual concentration of acetyl chloride, the latter being 
directly measurable by n.m.r. The values of equilibrium and rate constants have been calculated. 

INTRODUCTION 

The data on the polymerization of tetrahydrofuran (THF) 
considerably enhance our knowledge of cationic polymer- 
ization and the mechanism and the kinetics of polymeriza- 
tion of cyclic ethers. It is generally believed that the poly- 
merization will proceed only if the propagating centre is in 
the form of a trialkyloxonium ion or a salt. This opinion 
is expressed explicitly in a review by Dreyfuss 1 but it occurs 
implicitly also in later papers 2. To our knowledge, the co- 
ordinate mechanism of tetrahydrofuran polymerization 
has not been considered to account for the observed 
results. 

Tetrahydrofuran reacts with TIC14 to give a stable yellow 
complex. In order to enhance the fission of the tetra- 
hydrofuran ring, promotors were added accelerating poly- 
merization in other than TIC14 induced cases. Such a pro- 
motor is e.g. epichlorohydrin (EPC), which is capable of 
generating trialkyloxonium ion in situ 3 or acetyl chloride 
(AcC1) which increases the concentration of carboxonium 
ions 4. 

Each of these promotors, when combined with TiCI4, 
induces the tetrahydrofuran ring opening to give low mole- 
cular weight products. Employing the common methods of 
macromolecular chemistry we attempted to elucidate the 
mechanism and kinetics of oligomerization. 

EXPERIMENTAL 

The purity of most chemicals used, working procedures 
and apparatus have been presented in the first paper of 
this series s. 

Tetrahydrofuran (a VEB Laborchemie Apolda product, 
pure) was distilled several times in the presence of metallic 
sodium, then in the presence of potassium permanganate 
to remove peroxides, until no reaction with ferrous sulphate 
occurred. The product was finally rectified several times 
using a ~4  TP column. Purity, checked by gas chromato- 
graphy, was found to be better than 99.9%. 1,4-Dioxane 
(Lachema, analytical grade), purity checked by gas chroma- 
tography, was better than 99%. 

The actual concentration of acetyl chloride during the 
oligomerization was determined by measuring n.m.r, spec- 
tra at various time intervals. The signals at 7.35 r (from the 
methyl group in acetyl chloride) and at 8.0 r (acetyl group 
in the form of acetic acid ester CH3COOCH2 ~-'~) are typical 
for the spectrum. The concentration of acetyl chloride 
could be calculated by integrating the spectrum (Figure 1). 

The conversion could be determined from the resonance 
intensity decrease of a,/3 hydrogens of tetrahydrofuran and 
from the resonance intensity increase at 8.3 r, 6.55 r and 
5.86 r. The agreement with conversion determined gravi. 
metrically and by g.l.c, was satisfactory. These three 
methods verified that the relation between a measured con- 
traction and an actual conversion is strictly linear. The pro- 
duct of an observed contraction and of a constant of pro- 
portionality yields a conversion 7r = ([M0] - [M])/[M0]. 

During all experiments in the open system the concen- 
tration of water was constant (25 mmol/dm3). 

RESULTS 

The oligomerization of tetrahydrofuran in the presence of 
acetyl chloride is a strongly non-stationary process. The 
reaction subsides before a complete depletion of the mono- 
mer. A typical reaction course is shown in Figure 2, which 
presents a dilatometric record of contraction vs. time, the 
proportionality constant (mm -1) being 0.175 × 10 -2 for 

2 2 curves A, B, D, 0.33 × 10- for curve C and 0.55 × 10- 
for curve E. The initial rate of oligomerization is indepen- 
dent of concentration of water within the concentration 
interval 0 <~ [H20] ~< 0.8 mol/dm 3. 

The reaction order with regard to tetrahydrofuran is low, 
near to zero in CH2C12 and equal to two in ether (Et20). 
The reaction is, however, strongly retarded in the presence 
of ether. Since, under these conditions, the diethyl ether 
presence made up for the decreasing concentration of tetra- 
hydrofuran, the observed reaction rate decrease was evi- 
dently due to the increasing concentration of ether; not 
even CH2C12 would be inert. When 1,4-dioxane is used as 
a solvent then, indeed, the reaction order with regard to 
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Figure 1 N.m.r. spectra and their integrals measured on the system 
tetrahydrofuran, acetyl chloride, TiCI4 at various time intervals. 
Solvent CH2CI2; temperature 298.1 K; concentration of compo- 
nents (tool/din3): [ T H F ] 0  = 6.1; [AcCI] 0 = 2.5; [H20]  0 = 0.035. 
Time, t(min): A, 149; B, 69; C, 19; D, 9; E, 6; F, 150 

tetrahydrofuran is unequivocally zero. The order with re- 
gard to acetyl chloride (calculated from initial rates) is 
~2 .0  and that with regard to TIC14, 1.0. Neither the addi- 
tion of  fresh monomer nor TIC14 is able to restart the reac- 
tion once it has subsided. The addition of fresh acetyl 
chloride to such a system can, however, restart the poly- 
merization, the latter being initiated by the second genera- 
tion of  active centres (Figure 3). 

The concentration of  acetyl chloride is therefore directly 
determining the concentration of  active centres. N.m.r. 
spectra make it possible to determine the actual concentra- 
tion of  acetyl chloride at any stage of  oligomerization. It 
follows from Figure 4 that the disappearance of  acetyl 
chloride strictly obeys the relationship valid for the second- 
order reactions. No presence of  polymerization active free 
ions was observed during the oligomefization; the specific 
electric conductivity being generally lower than in non- 
polymerizing systems s. 

Differential u.v. spectra of  TIC14 in dichloromethane 
(measured according to the procedure described in a pre- 
vious paper s ) are shown in Figure 5. The yellow complex 
TIC14.2THF shows an absorption at 300 nm. In the pre- 
sence of EPC tetrahydrofuran is substituted in the ligand 
sphere of  the Ti atom which results in a lowering of this 
absorption. 

Coordinate polymerization of heterocycles (2): M. Ku#era et al. 

Typical oxonium ions formed in the presence of other 
Lewis acids, as reported by Meerwein 6, are not formed in 
our case, even in the presence of acetyl chloride (Figure 6). 

The infra red spectrum of a T iC I4 .2THF  complex taken 
in the solid state is also changed by addition of a small 
amount of epichJorohyddn, a new band being observed at 
640 cm -1.  The formation of  other bands seen in the OH 
region at 3350 cm -1 is suggestive of  the THF ring opening. 
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Figure 2 Oligomerization of tetrahydrofuran in the presence of 
acetyl chloride and epichlorohydrin, respectively. Temperature 
293.1K; [TiCI4] = 0.5 mol /dm 3. Concentration of components 
(tool/din3): A,  T H F  = 6.1; AcCI = 2.5; EPC = 0; CH2CI ~ = 4.1; 
B, T H F  = 6.1; AcCI = 2.5; EPC = 0; CH2CI 2 = 1.49; 1,4-dioxane = 
2.3; C, T H F  = 6.1; AcCI = 0; EPC = 4.0; CH2CI2 = 2.4; D, T H F  = 
6.1 ; AcCI = 2.5; EPC = 0; CH2CI2 = 0.46; Et20 = 2.9; E, T H F  = 
3.6; AcCI = 0; EPC = 4.0; Et20 = 3.9; CH2CI 2 = 0.6 
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Figure 3 The second oligomerization of tetrahydrofuran induced 
by a fresh addition of acetyl chloride. Temperature 293.1K; con- 
centration of components (mol/dm3): TH F = 6.1; AcCI = 2.5; 
TiCI4 = 0.5; [H20]  0 .0 .56;  after 120 rain AcCI added (2.5 mol /  
dm 3) 

POLYMER, 1976, Vol 17, June 529 



Coordinate polymerization of  heterocycles (2): M. Ku~era et aL 
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F@ure 4 The disappearance of  acetyl chloride during oligomeriza- 
t ion. Temperature 293.1K; componentconcentration(mol]dm3): 
AcCl = 2.5; TiCI4 = 0.5. A, TH F = 6.1; Et20 = 2.9; B, TH F = 8.54; 
Et20 = 0.97, C, THF = 1.83; D, THF = 6.1 
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Figure 5 Absorption curves o f  TiCI4 and its mixture with tetra- 
hydrofuran. Solvent CH2CI2; temperature 298.1K; [THF] = I tool/ 
dm 3, [TiCI4] ~10 - 3  mol/dm 3. A, TiCI4 in CH2CI2 ~ CH2CI2; B, 
TiCI4 in CH2CI2 with THF ~ CH2CI 2 + THF 

The solid complex TIC14.2THF is dissolved by a greater 
amount of epichlorohydrin. Thus a new pronounced ab- 
sorption band is seen at 615 cm-1 accompanied by less 
intense bands at 625 and 645 cm -1, instead of the original 
absorption due to TIC14 at 495 cm -1. Simultaneously the 
maximum of OH bands is increasing at 3370 cm -1. 

N.m.r. spectra of the product of tetrahydrofuran oligo- 
merization in the presence of acetyl chloride or epichloro- 
hydrin are presented in Figures 7 and 8. I.r. spectra are 
shown in Figure 9. 

The -~n of oligomers formed is 230-450. Gas-chromato- 
graphic analysis 7 together with the results of spectral mea- 
surements suggest the composition of products given in 
Table 1. 

DISCUSSION 

Oligomerization o f  THF in the presence o f  acetyl chloride. 
The following equilibria should be considered to be pre- 

sent in the reaction system containing TIC14, tetrahydro- 
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Figure 6 U.v. spectra o f  TiCI4 and its mixtures with AcCI and 
with acetyl chloride and tetrahydrofuran. Solvent CH2CI2, tem- 
perature 298.1K; [TiCI4] ~10 - 3  mol/dm 3, [THF] = 0.95 mol/dm 3, 
[AcCI] = 0.6 mol/dm 3. A, TiCI4 in CH2CI 2 ~ CH2CI2; B, TiCI4 in 
CH2CI2 + AcCI ~ CH2CI2 + AcCI; C, TiCI4 in CH2CI ~ + AcCI + 
THF ~ CH2CI 2 + AcCI + THF 

L J . . - -L  . J ~  

5 6 7 8 9 
" t  

Figure 7 N.m.r. spectrum of polymer formed in the system tetra- 
hydrofuran--acetyl chloride--TiCI4. Temperature 293.1K, concen- 
tration of components (mol/dm3): THF = 8.54; AcCI = 2.5; 
TiCI4 = 0.5. A, the spectrum taken at 323.1K; B, integral 
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Figure 8 N.m.r. spectra of polymer formed in the system tetra- 
hydrofuran--epichlorohydrin. Temperature of polymerization 
293.1 K, tempe ratu re of measu rement 298.1 K; concentration of 
components in the polymerizat ion system (mol/dm3): THF = 6.1; 
EPC = 4; [H20 ]0  = 0 
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Figure 9 I.r. spectra of polymers isolated from polymerizat ion 
systems. Temperature of polymerization 293.1K; temperature of 
measurement 308.0 -+ 0.5K; concentration of components in the 
system (mol/dm3): A, THF = 8.54; AcCI = 2.5; B, THF = 6.1; 
EPC = 4 

furan, dichloromethane and 1,4-dioxane or diethyl ether: 

Ko 
TiC14 . 2CH2C12 + 2THF -. ." TIC14.2THF + 2CH2C12 

(1) 
K2 

TiC14 . 2CH2C12 + 2AcC1 -. " TiC14 . 2AcC1 + 2CH2C12 

(2) 

Coordinate polymerization of heterocycles (2): M, Ku~era et aL 

TiCI4.2CH2C12 + 2 E t 2 0 / 3  ~ TiCI4.2Et20 + 2CH2C12 

(3) 
K~ 

TIC14.2CH2C12 + 1,4-dioxane -~ "~ 
TIC14.2(1,4- dioxane) + 

2CH2C12 (4) 

None of the reaction orders found, suggests the existence 
of complexes containing mixed ligands (e.g. TIC14. AcC1. 
Et20). Therefore such complexes are not considered to 
be kinetically important species. The rate of oligomeriza- 
tion is directly proportional to the square of acetyl chloride 
concentration while the zero order with regard to the mono- 
mer indicates that the reaction of tetrahydrofuran with 
active centre is not the rate controlling step. Let us assume 
that the opening of the tetrahydrofuran ring is effected via 
a slow rearrangement of the active centre. The disappear- 
ance of centre activity, during which TiCl4 is regenerated, is 
a competitive reaction: 

THF Skp slow Skp 
TIC14.2AcCI > 5Ac > ~ SAc > 

~ow (5) 
polymerization non-active products 

2AcCI ] 

It follows from the material balance ([SAc] - 
[TiCI4.2AcC1] ) that: 

[ 5Ac] = [TiCI4] 0 x 

K2 [AcCI] 2 

[CH2C12] 2 + Ko[THF ] 2 + K3[Et20] 2 + KT[1,4-dioxane] 2 + K2 [AcC1] 2 

(6) 

The rate of tetrahydrofuran disappearance follows from 
scheme (5): 

d[THF] 
dt - 5kp [SAc] (7) 

The actual concentration of acetyl chloride is, according to 
Figure 4, expressed by the relationship: 

[AcC1] = [AcC1] 0/(1 + [AcC1] 0 3kdt) = [AcC1] o/c (8) 

The dependence of tetrahydrofuran rate of disappear- 
ance upon measurable parameters is obtained when equa- 
tions (8) and (6) are used to express equation (7). Since 
the oligomerization ceases at low conversions the initial 

Table I Products of tetrahydrofuran oligomerization 

System Product % of total 

THF, AcCI CH3--~-[-O-(-CH2-}-4] 3 -H  66 

CI-(-CH2-~O -(-CH2)4--OH 34 

THF, EPC H -(-O--C H 2 --C H 2 -)-[--O J~rC H 2) 4}-4Cl 100 

~H~CI 
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Figure I0 The dependence of difference between i n i t i a l  a n d  
actual concentration of tetrahydrofuran as a function of equili- 
brium and rate constants and time. ©, data from curve A, 
Figure 2, processed according to equation (11 ) (G = ([TiCI4] o/ 
a[AcCI] o} X [arctanac -- arctana] ); D, data from curve A, 
Figure 2, processed according to equation (13) (H = {[TiCI4] o/ 
[AcCI] o} X (1/a2)(1 -- 1/c)); ~,  data from curve D, Figure 2, 
processed according to equation (15) ( / =  {[TiCI4] o/2kd(] X 
[(arctan~c'/[AcCI] o) -- (arctan/3/[AcCI] 0)] ; O, data from curve 
B, Figure 2, processed according to equation (11 ) (similarly to 
curve A) but with modified a: 

a, 2 = [CH2CI2 + Ko( [TH F] 2 + k7 [1,4-dioxane] 2) 
K2 [AcCI] o 2 

[TiCI4] 0 v [arctana'c-- arctana']) J = ~ , ,  

concentration of tetrahydrofuran can be used instead of 
the actual concentration. 

Oligomerization in dichloromethane. Thus to the first 
approximation: 

d[THF] 1 
d ~  - 5kp [TIC14] 0 - -  (9) 

1 + ot2c 2 

°t 2 = [CH2C12] 2 + K0 [THF] 2 

K2[AcCI] 2 
(10) 

The expression for the difference between initial and actual 
concentration of monomer is obtained by the integration of 
equation (9): 

[THF] 0 - [THF] = 5kp-- [TIC14] 0 
3k d a [AcCl] 0 

[arctanac - arctana] (11) 

Taking into account the values of donor numbers of tetra- 
acetyl chloride it holds: hydrofuran and s 

a2c2>>1 (12) 

Equation (9) then assumes the form: 

[THF] 0 - [THF] "-- 5kp [TIC14] 0 1 
3~d [AcCl]0 a 2 

Comparing expressions (11) and (13) the equation 1 - 1/c = 
a(arctanctc - arctanct) is obtained; it consists of a and of 
directly measurable values [AcCI] 0, 3kd and t; the values 
of a can be calculated. Knowing K2 (see ref 5), the value 
of K0 can easily be calculated from t~. 

Oligomerization in the presence o f  diethyl ether. The 
values of concentrations of reactants present in the denomi- 
nator of equation (6) were comparable. Since K3 is more 
than an order of  magnitude higher than other constants s 
the expression,for SAc can be simplified: 

d [ T H F ] .  5kp[TiC14] K2[AcC1] 2 
dt 0 K3[Et20] 2 + K2 [AcC1] 2 

[AcC1] 2 
"- 5kp[TiCl4] 0 /32c, 2 + [AcCI] 2 

0 

(14) 

Where: 

/3- KI/2 [Et20] 

K1/2 

I c = (I + [AcCI] 0 4kdt) 

4k d being directly measurable (see Figure 4). 
Integrating equation (14), an expression is obtained in 

which all values are known from previous measurements 
and thus it can be used for the verification of derived 
constants. 

[ T H F ] 0 -  [THF] 5kp [TIC14]0 1 =% b-× 

M /3 ) 
arctan [AcC1]~ arctan [AcC1] 0 (15) 

The ob=erved reaction order with regard to tetrahydrofuran fol- 
lows directly from equation (15). During this measurement 
the tetrahydrofuran concentration decrease was compensated 
by the increase in diethyl ether concentration. The latter is 
accompanied by the decrease in overall rate because of high 
value of K3. 

Oligomerization in the presence o f  l,4-dioxane. The sum 
of concentrations of tetrahydrofuran and dioxane was main- 
tained constant. The value of denominator in right hand 
term of equation (6) will be constant if K0 ~ K7. The 
polymerization will be of  zero-order with regard to mono- 
mer up to relatively high conversions. This was confirmed 
experimentally. 

The graphical confrontation of experimental results with 
expressions derived here is presented in Figure 10. 
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Table 2 Values of equilibrium and rate constants (other constants 
have been taken from ref 7) 

kp(d) × 103 
Constant Value Rate constant (sec - 1  ) 

K0 1.3 3kD 0.45 
K4 1.0 S kp 22.67 
K../ 1.3 ~k d 0.20 

4k d 0.017 

Oligomerization of  THF in the presence of  EPC 
Only two kinds of active centres can be involved in this 

case: TIC14.2EPC. EPC denoted by 1Ac and TIC14.2EPC. 
THF denoted by 3Ac. The formation of the latter should 
obey the following equilibria: 

EPC 
TIC14.2EPC 

fast 

l k p slow l kp (EPC) 
> 1Ac > ~ 1Ac > 

K4 /1 ~ inactive 

3Ac > ~ 3Ac > ( 

! 
2EPC l 

(16) 

According to the notion 1Ac is transformed to 3Ac by 
the exchange of epichlorohydrin for tetrahydrofuran (equa- 
tion 16) and vice versa. Therefore the consumption of 
tetrahydrofuran is indicative of its oligomerization on 3Ac 
while the reaction of epichlorohydrin involves 1Ac. The 
character of 1Ac has been known from the studies concern- 
ing the polymerization of epichlorohydrin s. These species 
are unstable, their activity disappearing with time. Judging 
from curve shapes in Figure 2 (curves C and E), it seems 
that 3Ac centres are considerably stable. Let us assume, in 
the first approximation, that the value of kd for their dis- 
appearance is zero (see also ref 5): 

d[THF] 
dt - 3kp [3Ac] 0 

d[EPC] 
dt - lkp[1Ac] = lkp[1Ac] 0 x 

exp [ lkd [ E P C ] ° ~ [ E P C ] /  (17) 

lkp [TIC14] 0 ] 

The sum of both equations upon integration gives the rela- 
tionship describing the course of oligomerization (M de- 
notes the sum of monomers): 

[ M ]  0 - [ M ]  = 3kp[3Ac] ot + lkp[TiC14] 0 
lk d 

ln(1 + lkd[lAe ] 0t) (18) 

Coordinate polymerization of heterocycles (2): M. Ku~era et al. 

The expression for coacentration of 3Ac can be derived 
from equilibria (1), (3), (16) and (1) in ref 5 taking into 
account TIC14 balance: 

[ 3Ac] = [TIC14] 0 x 

K1K 4 [THF] [EPC] 

[CH2CI2] 2 + K0[THF] 2 + K I  [EPC} 2 + K3 [Et20] ~ 

(19) 

K4 is the only unknown in this expression. We do not know 
of a direct method of its determination. If we presume that 
the rates of coordination of tetrahydrofuran or epichloro- 
hydrin to the ligands are similar, than K4 ~ 1. When this 
value is used then [3Ac] can be calculated from equation 
(19) (because of low conversions the initial concentrations 
of monomers can be used instead of actual ones) and 3kp 
obtained from equation (18). The agreement between equa- 
tion (18) and experimental results represented by curves C 
and E in Figure 2 is shown in Figure 11. The values of con- 
stants are summarized in Table 2. 

Mechanism. The results of spectral and kinetic studies 
suggest the mechanism of this reaction. The coordination 
of acetyl chloride to TIC14 via chlorine is not excluded 9. 
The oligomerization of tetrahydrofuran in the presence of 
acetyl chloride can again be visualized as a coordination of 
monomer to activating ligands" 
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Figure 11 The dependence of M 0 -- M upon Z ( te t rahydro furan- -  
ep ich lorohydr in  system). 

Mo -- M = ( [THF ]  0 + [EPC] o) -- ( [ THF ]  + [EPC] ). 

3kp [TiCI4] 0 
Z = 4kp [3Ac] ot + In(1 + 3kd[2Ac ] ot). 

3k d 

Temperature 293.1 K; TiCI 4 = 0.5 tool/din3; constant concentration 
of epichlorohydrin, 4 mol/dm3: tetrahydrofuran concentration 
(tool/din3): O, 8.54; A, 6.1 ; ~, 3.86; Q, 1.83. Constant concentra- 
tion of tetrahydrofuran, 6.1 mol/dm3: epichlorohydrin concentra- 
tion (mol/dm3): l ,  5; A, 3; [3, 2 
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Coordinate polymerization of  heterocycles (2): M. Ku~era et al. 
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(20) 

The termination may take place when the growing ligand is 
split off: 

..,, ,,'.. 
Ti 

/ 

ci 

°,cl 
I 

CH 3 

+ CICH2"~v+ OCOCH 3 

or by coordination of  monomer or polymer to the Ti atom 
via oxygen. 

A similar mechani=m may be suggested when epichloro- 
hydrin is used as a promotor :  

..,, ,,.. 3kp 
"Ti" THF "Ti" 

CH2--CH--CH 2 . . . .  , ,, / -, ICH~--CH--CH 2 

c r  . . . . .  c - o "  
" . . . .  " ' .... t-  / 

f . - ~ o / i  - , 
CH\ ( H 

(3Ac) /CH 

°L/H2 
', ,' 3kp -.'.,, ,,'.. 

""Ti"" = Ti 
. . /  ",, CH2--CH /" ". 

ci " 'o  \ ' o  / " :" 

(CH2) 3 J CH\ I ~O ((T H2)3 

O CH2 O 
I I 
(~H 2), {?H2} 4 

0 0 
I I 

1~H214 CH2 
I 

O CH\ 
I t . o  
H CH 2 

CH\ 
I~o 
CH~ (21) 

Also in this case the termination occurs probably by split- 
ting off  the growing ligand or by coordination o f  monomer 
or polymer to t i tanium via oxygen. 
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Coordinate polymerization of heterocycles: 
3. Oligomerization of tetrahydrofuran 
induced by TiCI4 in the presence of acetyl 
chloride and epichlorohydrin 

M.  Ku~era ,  A .  Zahradni ( :kov~t ,  and K .  Majerov~t 
Research Institute of Macrornolecular Chemistry, 656 49 Brno, Czechoslovakia 
(Received 2 June 1975; revised 28 January 1976) 

When a strong and a weak donor are present as promotors in the ol igomerization of tetrahydrofuran 
then under certain condit ions a pronounced stabil ization of active centres occurs. The formation of 
centres is governed by equi l ibr ium reactions during which the monomer and promotors are coordi- 
nated to Ti atom. The coordinat ion abi l i ty  is determined by the donor numbers. The dependence of 
ol igomerization reaction rate on the molar fraction of tetrahydrofuran exhibi ts a minimum. At  the 
concentration condit ions corresponding to this minimum, especially in the presence of diethyl  ether, 
the active centres do not lose their  reactivity and the ol igomerization becomes stationary to high con- 
versions. The results suggest that the classification of coordinate polymerizations to cationic and 
anionic coordinate polymerizations is meaningless. Coordinate polymerizations belong to a separate 
group of polyreactions similar ly as e.g. radical polymerizations. 

INTRODUCTION 

In our previous communications we analysed the oligomer- 
ization of epichlorohydrin (EPC) and tetrahydrofuran 
(THF) in the presence of acetyl chloride (AcC1) or epi- 
chlorohydrin. All these polymerizations are strongly non- 
stationary. In the presence of diethyl ether (Et20) and at 
low concentrations of epichlorohydrin the constants con- 
trolling the disappearance of activity of centres are decreas- 
ing. The question arises whether a suitable c'ombination of 
conditions, namely the varying composition of the reaction 
mixture, cannot preclude the destruction of centres. 

It is commonly believed, with a few exceptions t that the 
tetrahydrofuran ring can be opened only via a cationic pro- 
cess. The processes which have been shown to proceed 
through the coordinate mechanism are usually called 
cationic 2 or anionic (e.g. Ziegler-Natta polymerization of 
olefins 3) coordinate processes. In the systems which we 
have studied so far no polymerization active free ions have 
been observed 4. The strong donors which were present in 
the studied media would act as catalyst poisons in the case 
of Ziegler-Natta polymerizations. 

Therefore, it seems useful to compare both cationic and 
anionic coordinate mechanisms and to decide how justified 
is the use of the attributed 'cationic' or 'anionic' in the 
case of coordinate polymerizations. 

EXPERIMENTAL 

The purification of chemicals, the method of following the 
course of oligomerization, measuring electric conducti- 
vity, identification of intermediates and reaction pro- 
ducts by spectral and g.l.c, methods have been described in 
our previous papers 4. The chlorine content in polymers iso- 
lated from the reaction mixture was determined by elemen- 
tal analysis. 

RESULTS 

An example of tetrahydrofuran oligomerization in the pre- 
sence of a constant amount of acetyl chloride and various 
concentrations of epichlorohydrin is shown in Figure 1 
where contraction is plotted against time. In all cases the 
contraction is directly proportional to conversion 4. The 
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Figure I Contraction curves of tetrahydrofuran oligomerization 
in the presence of both promotors. Temperature 293.1 K; concen- 
tration of components (mol/dm3): TiCI4 = 0.5; THF = 6.1; AcCI = 
2.5. Concentration of EPC (mol/dm3): A, 0.5; o, 0.25; o, 1;V, 3; 
e, 2. The proportionality constant (ram -1)  for (A) and (O) 0.2 X 
10--2; ([3) 0.22 X 10--2; (IF) 0.29 X 10--2; (O) 0.25 X lO -2  
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Figure 2 Dependence of  initial rate on tool % tetrahydrofuran in 
monomer mixture. Temperature 293.1K; concentration of com- 
ponents [mol/dm3): TiCI4 = 0.5; AcCl = 2.5; Et20 = 2.9. Polymer- 
ization systems: A, THF-EPC--AcCI; B, THF--EPC--AcCI--Et20; 
C, THF--EPC 
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Figure 3 Stationary long time polymerizations of THF--EPC-- 
AcCI--Et20 system. Temperature 293.1K; concentration of  com- 
ponents (mol/dm3): TiCI4 = 0.5; AcCI = 2.5; EPC = 1. Concentra- 
tion of THF and Et20 (mol/dm3): A, 7.32 and 0.97; B, 6.1 and 
1.94; C, 3.66 and 3.88; D. 1.83 and 5.34; E01.83 and 5.34 

dependence of  initial rate on the percentage of  tetrahydro- 
furan in the mixture of  monomers XTHF exhibits a mini- 
mum (Figure 2). 

The shape of  contraction curves is suggestive of  a con- 
siderable influence of  the reaction mixture composition 
upon the stationarity of  oligomerization. This influence 
is in accordance with previous observations of  the deactiva- 
tion constant (kd) changes 4. If  this influence is enhanced 

by the selection of  component concentration and by addi- 
tions of  diethyl ether then kd may be practically zero and 
the oligomerization will proceed at constant concentration 
of  centres. Such stationary oligomerizations are shown in 
Figure 3. 

Under the conditions described above both the internal 
and external order of  reaction with regard to tetrahydro- 
furan is equal to zero; the oligomerization rate is directly 
proportional to the concentration of  acetyl chloride, being 
in reciprocal dependence upon diethyl ether concentration. 
As in previous observations 4 the presence of  polymerization 
active free ions in the oligomerizing system has not been 
detected. 

The quantitative analysis of  monomers has been carried 
out using gas chromatography. The chromatograms revealed 
the presence of  another two components the elution times 
of  which are identical to those of  CH3COO(CH2)4C1 and 
CI-~CH2~OH (Figure 4). 

at 
N.m.r. spectroscopy of  solid oligomerization products 

(Figure 5) enabled us to establish the concentration ratio of  
tetrahydrofuran/epichlorohydrin, the kind of  monomer 

II /,,,,, 

J 
B A 

Figure 4 Chromatograms of monomer phase. Concentration of 
components (mol/dm3): 1, THF = 6.1; EPC = 3; AcCI = 2.5; 2, 
THF = 3.66; EPC = 3; AcCI = 2.5; Et20 = 2.4. Temperature: A, 
313.1K (6 min); B, 413.1K 
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Figure 5 N.m.r. spectra of polymers obtained from tetrahydro- 
furan--epichlorohydrin--acetyl chloride system. Temperature of 
polymerization 293.1 K, temperatu re of measurement 298.1K. 
Concentrat ions of components (mol /dm3):  TiCI4 = 0.5; TH F = 
6.1; EPC = 1; AcCI = 2.5 

bonded to the acetyl group: 

O CH2C1 O 
I I I 

CH3CO-CH-  ; CH3C-O-CH2(-CH2-)-3 

I 
- C H -  = 4.8r - C H 2 -  = 5.8r 

and an approximate number of bonded monomer units. 
The percentage of epichlorohydrin and the band intensity 
of C=O and - O H  groups was measured by means of i.r. 
spectroscopy (Figure 6). The - O H  groups content was 
determined indirectly from i.r. spectra of polymers con- 
taining additions of  1,4-chlorobutanol. There is a shift of 
the - O H  band from 3450 cm -1 towards 3350 cm -1 which 
increases with the concentration of chlorobutanol (H-bonds). 
The areas of absorption bands, measured planimetrically, 
when inserted into the Lambert-Beer plot gave a straight 
line dependence. The extrapolation of the linear depen- 
dence to the origin enabled us to calculate the concentra- 
tion of - O H  end-groups as a percentage of added 1,4- 
chlorobutanol. These values were in good agreement with 
those obtained by elemental analysis, molecular weight 
measurements and n.m.r, spectroscopy. 

The spectra of polymers prepared in the 'dry'  system on 
the vacuum line were not different from those of polymers 
prepared in the presence of 200 mmol/dm 3 H20. Thus the 
- O H  groups observed in chlorohydrin were probably form- 
ed from ester CH3CO-O-  groups when alcoholic C2H5ONa, 

Coordinate polymerization of heterocycles (3): M. Ku~era et al. 

containing water, was added to stop the reaction. In some 
cases, however, the - O H  bands were observed in spite of 
the absence of acetyl chloride in the system. Thus the ac- 
tive centres containing epichlorohydrin can give - O H  
groups by alkaline fission of the oxirane ring taking place 
during the neutralization of the reaction mixture. 

The approximate composition of the polymers isolated 
from the systems was deduced on the bases of the data 
presented above and is shown in Table 1. 

DISCUSSION 

The change in tetrahydrofuran-epichlorohydrin ratio in the 
presence of acetyl chloride leads to radical changes in the 
course of oligomerization. The oligomerization rate in the 
presence of a small amount of epichlorohydrin is even lower 
than in the absence of epichlorohydrin, the decrease of re- 
action rate with time being, however, small. The excess of 
epichlorohydrin exhibits similar effects as those observed 
during the polymerization of epichlorohydrin in the pre- 
sence of acetyl chloride. 

It follows from Figure 2 that it would be misleading to 
consider observed overall reaction orders in terms of mole- 
cularity. Moreover, the dielectric constant is decreasing 
with the increasing abscissa. Also the attempt to find a 
relationship describing these processes would be of no 
practical importance. The behaviour of systems at a cer- 
tain concentration ratio of tetrahydrofuran and epichloro- 
hydrin can, however, be analysed. At XTHF = 0 and 
XTH F --- 100 the relationship derived in our previous papers 4 
will be valid. The most interesting, however, is the region 
around the minimum where the oligomerization exhibits a 
stationary behaviour. 

In the systems containing both promotors the following 
centres may be present: [1Ac], [5At], [3Ac] and YiCl4. 
EPC. AcCI, the complex from which [4Ac] results by a fast 

i I I ~ I I / I i f 

1 6 0 0  1 2 0 0  8 0 0  7 0 0  6 0 0  
v (cm -~ ) 

Figure 6 I.r. spectra of polymers isolated from polymerization 
systems containing tetrahydrofuran--epichlorohydrin--acetyl 
chloride. Temperatu re of polymerization 293.1 K, temperature of 
measurement 308 -+ 0.5K. Concentration of components (mol/dm3): 
TiCI4 = 0.5; EPC = 3; AcCI = 2.5; (A) THF- -EPC- -AcCI - -E t20 :  
THF = 3.66, E t20  = 2.4; (B) THF- -EPC--AcCh THF = 6.1 
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Table I The properties of polymers formed in systems containing 
6.1 mot/dm 3 tetrahydrofuran, 0.5 mol/dm 3 AcCI + Y + CH2CI2 
(filling up to the mark); oligomerization temperature 293.1K 

Content 
No. Y(mol/dm 3) CI (%) /~n Formula (%) 

1 3 EPC 27.9 340 

2 1 EPC 21.5 233 

3 1 EPC + 1.9 23.4 200 
Et20 

(I) 50 
(11) 50 
(I) 33 
(111) 50 
(IV) 17 
(111) 50 
(V) 20 
(IV) 15 
(VI) 15 

Where: 

(t) 

(it) 

(ill) 

( iv)  

(V) 

(Vl) 

O CH2Cl 
I I 

= CH 3_C--O-.CH--CH 2-{-O--(CH 2)4-]-2CI 

CH2Cl 
I 

= H-[-O--CH-CH2~2-[-O--(CH2)4-]-2CI 

0 
I 

= C H 3-C-[-O-(CH2)4q- 2CI 

= H O-/rCH2)4--O--(CH2)-4Cl 

O CH2Cl 
I I 

= CH3--C--O--CH-CH2--O--(CH2)-4CI 

CH2Cl 
I 

= HO--C H--C H 2--O--(C H 2-)~--CI. 

addition of tetrahydrofuran. The presence of 1Ac need not 
be considered in the region of the minimum because even 
epichlorohydrin alone does not polymerize at correspond- 
ing concentration. Therefore: 

d[THF] 
dt - 5kp [5Ac] + 3kp [3Ac] + 4kp [4Ac] (1) 

The concentration of both SAc and 3Ac can be determined 4. 
In order to determine the value of [4Ac] a following equil- 
ibrium is considered: 

TIC14.2EPC + AcC1 ,K6 > TIC14 . EPC. AcC1 + EPC (2) 

The constant K6 is not directly accessible. It can be esti- 
mated from the values of K1 and K2; to the first approxi- 
mation the value 2 x 10 -2 was used. In simple cases the 
4Ac can be expressed as: 

[4Ac] = [TIC14] 0K1K6 [EPC] [AcC1] 1([CH2C12] 2 + 

K0 [THF] 2 + K1 [EPC] 2 + K2 [AcC1] 2 + K3 [Et20] 2 + 

K1K6 [EPC] [gcC1] ) (3) 

When the values of [SAc] and [3Ac] (see ref4) are in- 
serted and [4Ac] from equation (3)*, neglecting small 

* At low conversions the value of [THF] can be considered as 
[THF] o and [EPC] as [EPC] o- The actual concentration of acetyl 
chloride was expressed using the previously verified expression4: 
[AcC1] = [AcCI] o[(1 + [AcC1] o 3kdt). 

terms in denominators, then a following equation is obtain- 
ed upon integration: 

[THF]0 - [THFI = [TiCl4] 0 {[([EPC] 0)/(K0[THF] ~ + 

g 1 [EPC] 2)] [3kpK1K4 [THF] 0 + 4kpK1K6[AcC1]o] t + 

pkp K~/2/(3g a K~/2[THF] 0)] [arc tan (K ID[THF] 0) 

(1 + [AcC1] 3kdt)/(K1/2 [AcC1] 0 ) -  arc tan (K 1/2 

[THF] O)/(K~/2 [AcC1] 0)]) (4) 

Equation (4) appears to be very complicated. All quan- 
tities are, however, known, the value of 4kp being the only 
exception. The agreement of experimental results, repre- 
sented by curves in Figure 4, with the interpretation ac- 
cording to equation (4) is apparent from Figure 7. 

The rate of oligomerization becomes constant till high 
conversions when diethyl ether is present in the system (see 
Figure 3). The term K3 [Et20] 2 in the denominator of 
equation (3) will outweigh other terms in most cases so 
that equation (4) assumes the form: 

[THF] 0 - [THF] = 

[EPC] 0 

[TIC1410 K0 [THF] 2 + K1 [EPC] 2 + K3 [Et20] 2 

[3kpK1K4ITHF]o + 4kpK1K6 [AcC1]01 t + 

[5kpKll2/(3kdK~/2[Et20])l x 

K~/2[Et20] (1 + [Acfl]3kd t) 
arctan K 1/2 [ACE1] 0 

K1/2 [Et20]0]/ 

arctan KI/2[AcC1] 0 ]J 
(5) 

/ 
2 
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E 
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O 
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0 I 2 3 
F- 

Figure7 Dependence of Mo--M on F. Mo- -M=( [THF ]o+ [EPC]0 )  
-- ([THF] + [EPC]).F = right hand side of equation (4). The 
designation of point corresponds to Figure I 
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The agreement between experimental data (Figure 3) and 
equation (5) is also satisfactory and is shown in Figure 8. 

The analyses have revealed that more than 85% of the 
products were formed on SAc and 4Ac centres containing 
AcC1. The oligomerization on 4Ac centres is again visual- 
ized as a mutual substitution of  ligands to which tetrahydro- 
furan is coordinated: 

, "Ti 
/ 

Cl "cl 

CH 2 C-CH 3 

CH 

> 
CH2 

"Ti" 
," .,, ..CH2--CH__CH 2 

/ /  '. I TH F -'. ~ " -  "V \ ~ /  4k# 
(-I CI U slow ~ 

(4Ac) 
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Cl ~zi 
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(~H2 CH2 
I I 

{C, H2) 3 CH 
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p. 

"'t .... .. 

/ t  
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I I 
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CH (CH2) 3 > ; 
CH2 (Cl H2)4 

I 
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C 
I 

CH3 

"Ti" / \ 
, /  

EPC (]11) 

(6) 

Another explanation accounting for the presence of pro- 
ducts (II) and (VI) (see Table 1) is offered by scheme (21) 
in a previous paper 4. 

The rearrangement of the complex following a rela- 
tively fast coordination of tetrahydrofuran is the rate con- 
trolling step of this reaction. The minimum reaction rate 
observed when changing the tetrahydrofuran--epichloro- 
hydrin ratio (Figure 2) is due to the varying concentration 
of individual active centres with different rate controlling 
steps. The role of diethyl ether will probably lie in its 
ability to lower the equilibrium concentration of (SAc) 
centres by displacing acetyl chloride from complexes. The 
lowering of concentration of centres whose activity is 

Coordinate polymerization of heterocycles (3): M. Ku~era et al. 

diminishing or their complete elimination will direct the 
process to a kinetically stationary region. The termination 
of chain growth may be effected either by a detachement 
of the growing ligand (e.g. product (III) from Table 1) or 
by coordination of the heterocycle or diethyl ether (or the 
product) to the Ti atom via oxygen. The rate constant of 
the rate controlling step of stationary oligomerization was 
determined on the basis of experimental data: 4kp = 0.04 
(sec -1) at 293.1K. 

It is practically impossible to meet the requirement of 
having only one variable when studying the behaviour of 
systems containing various amounts of the monomer. The 
quality of the medium is changing in those categories 
which are difficult to be assessed quantitatively (polarity, 
solvatation ability, etc.). It is thus difficult to compare 
the values of kp and k d obtained at various concentration 
ratios of individual components. The dependence of kp 
and kd (obtained under a variety of conditions in this and 
previous works 4) upon the reciprocal of dielectric constant 
indicates that such a comparison is feasible (Figure 9). It 
follows from the figures that: (a) the values of 4kp and 5kp 
are identical as to their magnitude and dependence on the 
dielectric constant; (b) the same as above will hold for 2kd, 
3k d and 5kd; (c) the increasing dielectric constant causes 
the increase in kp only in the case of epichlorohydrin 
oligomerization. 

The rate of rearrangement of SAc and 4Ac during the 
oligomerization of tetrahydrofuran will be equal. Diethyl 
ether has no effect on the rate of disappearance of 2Ac 
during the epichlorohydrin oligomerization. In the poly- 
merization of tetrahydrofuran, however, it acts as a strong 
retarder of centre disappearance. 

CONCLUSION 

The studied oligomerizations of tetrahydrofuran and epi- 
chlorohydrin are examples of coordinate polymerizations. 
It* seems that the different features in the reaction mech- 

* In our opinion the active centre has its origin in the coordina- 
tion of the monomer to activating ligands. 
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l"1 2 7 

I o I 

O I 2 3 
F' 

Figure 8 Dependance of M0--M on F'  (system TH F--EPC--AcCI-- 
Et20).Mo--M = ([THF] o + [EPC] 0) -- ( [THF] + [EPC] ). F' = 
right hand side of equation (5). Temperature 293.1K, component 
concentration in (mol/dm3): TiCI4 = 0.5; AcCI = 2.5; EPC = 1. 
Concentration of THF and Et20 respectively (mol/dm3): O, 1.8 
and 5.35; &, 3.6 and 3.88; E] 6.1 and 1.94; ~, 7,3 and 0.97 
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Figure 9 Dependence of kp and k d on the dielectric constant EPC 
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System THF--AcCh z~, Skp; , ,  3kd; o, 4kd. System THF--EPC: 
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anism, when comparing with Ziegler-Natta anionic coordi- 
nate polymerizations 3, may be accounted for by the basicity 
of  donors (monomers). Strong donors, which act as cata- 
lyst poisons in Ziegler-Natta polymerization, may, in our 
case, participate in the formation of ligand sphere of  the Ti 
atom. We believe that it is of  no advantage to distinguish 
between 'anionic' and 'cationic' coordinate mechanism. 
This opinion is in agreement with conclusions of  Italian 
authors who examined the Ziegler-Natta polymerization s. 

According to our notions the coordinate polymeriza- 
tions belong to an independent class of  polymerizations 
comparable e.g. with the class of  radical polymerizations. 
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Influence of intrachain double bonds on the 
properties of solution grown single crystals 
of polyethylene 

C. M a n c a r e l l a ,  E.  M a r t u s c e l l i  and  M .  Prace l la  
Laboratorio di  Ricerche su Tecnologia dei Polimeri e Reologia, CNR, 80072 Arco Felice (Napoli), I taly 
(Received 1 December 1975) 

The influence of intrachain trans double bonds, statistically distributed along a polyethylene chain, 
on the structure and behaviour of chain-folded single crystals has been studied. The dependence upon 
the percentage of double bonds of dissolution and thermal properties, external crystal habit, X-ray 
diffraction in the wide- and low-angle regions, of solution grown single crystals of ethylene-butadiene 
copolymers may be interpreted by assuming that a certain amount of -CH2 -CH=CH-CH2-  units 
are incorporated in the lattice as defects. The results of the bromination of single crystals of a sam- 
ple of ethylene-butadiene copolymers show that about the 56% of double bonds, not accessible to 
bromine, are situated not on the fold surface but in the inner part of the crystals. 

INTRODUCTION 

The effect of chemical groups statistically spaced along a 
polymer chain is of considerable interest. The properties of 
linear polyethylene may be drastically changed by introduc- 
ing along the chain a small amount of units with different 
chemical structure. Modifications may be carried out 
through various chemical reactions of which chlorination 
and chtorosulphonation are of techn, ological importance 
because the derivatives constitute a series of thermoplastic 
and elastomeric materials 1. 

Foreign units may also be introduced along the chain of 
polyethylene by means of reaction of copolymerization. 
The properties of copolymers, obtained by reaction of 
ethylene and a-olefms and ethylene and carbon monoxide 
have been extensively studied by the authors 2. In a pre- 
vious paper 3 the effect of intrachain double bonds on the 
crystallization of polyethylene from the melt was investi- 
gated. Trans double bonds were statistically introduced in 
the chain of polyethylene by means of a reaction of co- 
polymerization of ethylene and butadiene 4. We focused 
our attention on copolymers with low butadiene/ethylene 
ratios since they can have very important technological 
applications different from those of linear polyethylene. 

In the present paper we are mainly interested in investi- 
gating the influence of the concentration of trans double 
bonds on the crystallization of polyethylene from dilute 
solution; therefore the morphology, the structure, the 
melt properties and the bromination of solution grown 
single crystals of ethylene-butadiene copolymers have 
been examined. 

samples of copolymers with a rather sharp distribution of 
molecular weigh t4. 

The composition of the polymer samples, determined 
by i.r. and some melt rheological properties related to the 
molecular weight and to their distribution are reported in 
Table 1. Vestolen and ethylene-butadiene copolymers 
are comparable in both distribution and average molecular 
weight whereas Marlex has a higher average molecular 
weight. The presence of an appreciable number of buta- 
diene units in cis configuration, in the chains of copoly- 
mers, is excluded by i.r. analysis. 

Solution grown single crystals 
Single crystals of linear polyethylene and of ethylene- 

butadiene copolymers were isothermally grown from 0.08% 
w/w xylene solutions. Crystallization temperatures Tc of 
75 °, 80 ° and 85°C were used. The self-seeding technique s 
was applied throughout. The crystallization conditions 
used are summarized in Table 2, where precrystallization, 
Tpc, apparent dissolution Ta and seeding temperatures Ts 
are indicated together with the crystallization temperature 
Tc. For all preparations the same rate of heating to Ts and 
the same time of dissolution at Ts of 15 min were used. 
The external habit of single crystals was examined by 
means of a Philips EM 300 transmission electron micro- 
scope. Low-angle X-ray diffraction patterns of dried orien- 

Tab/e I Composition, melting flow index (MFI) and viscosity- 
average molecular weight of samples of ethylene--butadiene 
copolymers 

EXPERIMENTAL 

Materials 
The experiments reported here were carried out on un- 

fractionated samples of random ethylene-butadiene co- 
polymers (1,4-enchainment) and of linear polyethylene 
(Vestolen 6013 and Marlex 6009). 

The copolymers were synthesized in the laboratories of 
Eni-Snam Progetti, Milano (Italy) by using vanadium 
based catalysts. This process of polymerization leads to 

Sample 

Composi- Viscosity 
tion (tool MF/2.16 MF/21.6 (g/lOmin) average 
% buta- (g/lO molecular 
diene) min) MFI2A 6 (g/lOmin) weight 

Marlex 6009 
Vestolen 6013 
EB1 copolymer 
EB2 copolymer 
EB3 copolymer 
EB4 copolymer 

0.0 0.85 -- 128 000 
0.0 2.0 30 80 000 
0.7 3.0 20 75 000 
1.0 2.6 20 70 000 
1.7 3.0 22 75 000 
2.85 3.0 34 75 000 

a In decalin at 135°C. 
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Table 2 Crystallization conditions used to grow from solution single crystals of ethylene-butadiene copolymers and of linear polyethylene 
(see text  for explanation) 

Solution 
concentration, C T c TD Ts Tc 

Sample (% w/w) (cP~) (oC) (oC) (oC) 

Marlex 6009 0.08 60 98.5 99.5-101.5--102.5-103.5 75,80,85 
Vestolen 6013 0.08 60 98.5 99.5-101.5 75,80,85 
EB 1 0.08 60 96 97=-99--100--101 75,80,85 
E B2 0.08 60 95 96--98 --99--100 75,80,85 
EB3 0.08 60 94 95--97--98--99--100 75,80,85 
EB4 0.08 60 93 94--96--97--98--100 75,80,85 

L) o 

9-; 

A 

95 

93 

991 

i I I 

O I 2 3 
Butodiene ( tool O/o) 

Figure I A, Dissolution temperature calculated according to the 
Flory equation (see text); B, variation of the apparent dissolution 
temperature of single crystals of polyethylene and of ethylene-- 
butadiene copolymers as function of the composition 

ted mats of single crystals were recorded by using a pinhole 
collimated Rigaku-Denki camera. The X-ray diffractions 
patterns, in the wide-angle region, were recorded by means 
of a Philips 1050/25 diffractometer using the Cuka 
radiation. 

The density of single crystals was measured by flotation 
at 29°C. Melting temperature and apparent enthalpy of 
fusion were determined with a Perkin-Elmer DSC-2 by using 
standard methods 2. 

Bromination of  single crystals 
Crystals suspended in xylene were exchanged by 10 or 

11 washes into CC14. The addition of bromine to the 
double bonds of sample EB4 of ethylene-butadiene co- 
polymers was accomplished by adding 2 ml of a solution 
of bromine (in CC14, 1% by volume) to a suspension of 
single crystals (containing about 100 mg of polymer in 
200 ml of CC14). The reaction proceeded in the dark at 0°C. 
Time zero was taken as the instant of mixing, and samples 
(50 ml) were taken at appropriate intervals of time. The 
samples were rapidly filtered and the brominated single 
crystals were washed with distilled acetone to remove any 
traces of free bromine. The percentage of double bonds 
brominated was determined by i.r. absorption using a 
Perkin-Elmer 257 spectrophotometer. 

RESULTS AND DISCUSSION 

Dissolution and morphology of  single crystals 
The apparent dissolution temperature, TD, of single 

crystals of ethylene-butadiene copolymers, defined as the 
clearing point of suspensions, is reported in Figure 1, where 
B is plotted against % butadiene. The same precrystalliza- 
tion temperature of 60°C in dilute xylene and the same 
concentration were used for all samples. As shown in 
Figure 1, by increasing the butadiene content in the chains, 
crystals with markedly lower stability are obtained. 

According to the theory of Flory 6 the dependence of 
TD on the concentration of crystallizable units in a random 
copolymer is given by: 

1 1 R 
- - -  I n N  ( 1 )  

rDr;  

In equation (1) T~ is the dissolution temperature of the 
pure homopolymer, N the mole fraction of crystallizable 
units and M-/F the melting enthalpy per mole of the homo- 
polymer repeating unit. Equation (1) can be used for 
elucidating the dissolution temperature depression of single 
crystals of ethylene-butadiene copolymers. The value of 
TD theoretically calculated by equation (1), assuming for 
T/~ the experimental value of 98.5°C and M-/F = 970 cal/ 
mol CH27, are higher than the values experimentally mea- 
sured; their variation with % butadiene is shown in Figure 1, 
curve A. A plot of 1/TD versus - l o g N  is given in Figure 2. 
In our case N is the mole fraction of ethylene units. It is 
seen that the points for the copolymers lay fairly well on a 

10"8 

%_ 
~ iO'4 

I(>( 

I I 
O 5 IO 

- L o g  N x IO 3 

Figure 2 Reciprocal apparent dissolution temperature versus 
--log N (N = mol fraction of crystallizable units for ethylene-- 
butadiene copolymers) 
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t.fin 

.... . . . . . . . . . .  . . . . .  ..... .... ~ -~.~./ C 

Figure 3 Single crystals of ethylene--butadiene copolymers grown from xylene at 75°C. (Electron micrographs). (a) Sample EB1, AT s = 3°C; 
(b) EB2, LxT s = 3°C; (c) EB4, AT s = 3°C 

Figure 4 Single crystals of ethylene--butadiene copolymers grown from xylene at 80°C. (Electron micrographs). (a) Sample EB1, AT s = 1°C; 
(b) EB1, A T  s = 3°C; (c) EB2, LXT s = 1°C; (d) EB2~AT s = 3°C; (e) EB4, LxT s = 1°C; (f) EB4, AT s = 3°C 

line. The extrapolation to - l o g N  = 0 gives for T/~ a value 
of 96.5°C while the experimental value measured for Mar- 
lex and Vestolen is 98.5°C. 

These results are an indication that the crystal lattice of 
ethylene-butadiene copolymers is somehow different from 
that of linear polyethylene. The difference is likely to be 
due to the incorporation of -CH2-CH=CH-CH2 - units 
in the lattice of polyethylene as defects. 

In Figures 3, 4 and 5 electron micrographs of single, 
crystals of polyethylene and ethylene-butadiene copoly- 
mers, grown at various crystallization conditions, are 
shown. 

The crystals in all cases are truncated lozenges similar 
in shape to that of linear polyethylene. For the same crys- 
tallization temperature, seeding temperature and composi- 
tion they result uniform in size indicating that the self- 

seeding technique applies to ethylene-butadiene copoly- 
mers as well. 

A slightly larger tendency to form terraced overgrowth 
is observed in the case of single crystals of the copolymers 
with higher butadiene content. The external crystal habit 
of truncated lozenges may be described by the quantities 
D, d, t, D1 and a, defined in Figure 6 and by the thickness 
L of the lamellae as measured by low-angle X-ray diffrac- 
tion analysis. 

For a given butadiene concentration the dimensions of 
the crystals increases continuously increasing the seeding 
temperature Is. The trend is shown in Figures 7 and 8 
where the quantities log D and log D1 are plotted against 
ATs = (Ts - TD). It can be seen that increasing the seeding 
temperature log D and log D1 increases with an almost 
linear trend. The rate of variation as measured by the 
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p + ,  

a 

The effect seems to be more drastic at higher values of 
ATs. The values of D of single crystals of linear polyethy- 
lene (Marlex and Vestolen) are also reported in Figure 10. 
They lay outside the curves of the copolymer points. For 
ATs = 1 ° and 3°C the values of  D for single crystals of Mar- 
lex and Vestolen are lower than that of single crystals of 
samples EB1, EB2, EB3 and EB4. 

Assuming that the mass of polymer crystallized at Tc 
is the same, we have to conclude that in the series of sam- 
pies of ethylene-butadiene copolymers increasing % buta- 
diene under the same Tpc, Tc, Ts and c, a larger number of 
nuclei are present in solution. Overgrowing effects ob- 
served on some of the single crystals with a larger concen- 
tration of butadiene units and differences in the lamellar 

Figure 5 Single crystals of ethylene--butadiene copolymers grown 
at 85°C from xylene (Electron micrographs). (a) Sample EB1, 
&T s = 3°C; (b) EB2, AT s = 3°C 
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Figure 7 Log D versus AT s = T s -- T D for single crystals of 
ethylene--butadiene copolymers and of linear polyethylene (Mar- 
lex and Vestolen) grown from xylene at 80°C. A, PE; B, EB1 ; C, 
EB2; D, EB3; E, EB4 
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Figure 6 

also specified 

_ _ &  I i amounts of double bonds in the chain of polyethylene is O 2 4 6 8 
observed. 

As shown in Figure 10, for single crystals of ethylene- & rs (°C) 
butadiene copolymers, the values o f  D,  measured under Figure 8 Log D1 versus &T s = T s - T D for single crystals of 

ethylene--butadiene copolymers and of linear polyethylene (Mar- 
the same ATs, and at Tc = 80°C monoton ica l ly  decrease lex and Vestolene) grown from xylene at 80°C A, PE; B, EB1; C, 
w i t h  % butadiene. EB2; D, EB3; E, EB4 
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Figure 9 The rate d[Iog D, (D1)] /d(ATs) versus % butadiene for 
single crystals of  polyethylene and ethylene-butadiene copolymers 
grown at 80°C. O, from log D against T s curve; A, from log D1 
against T s curve 
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" D 
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Butodiene (tool % )  
Figure 10 The dimensions of the crystals measured by D versus 
the composition of the polymer. The comparison is made under 
the same value of AT$ and at T c = 80°C. Marlex and Vestolen points 
are practically coincident. A, A T  s = 5; B, A T  s = 4; C, AT s = 3; 
D, A T  s = 1°C 

thickness (see below) have to be taken also into 
consideration. 

The effect o f  the crystallization temperature on D is 
shown in Figure 11 where D is plotted as function of  the 
composition for Tc = 85 °, 80 ° and 75°C, at AT s = 3°C. 

Proper t i es  o f  s o l u t i o n  g r o w n  single c rys ta l s  o f  PE :  C. Mancare l la  e t  aL 

The trend of  the curves is the same. A slight increase in 
D with Tc is observed. The values of  ATs for growing sin- 
gle crystals of  ethylene-butadiene copolymers with the 
same dimension D were found to increase linearly with 
increasing amounts of  unsaturations. The extrapolation 
of  these lines (see Figure 12) gives for the pure homopoly- 
mer values of  ATs close to zero whereas the experimental 
values are about 3°C. 

As shown in Table 3 the values of  tan a, measured on 
single crystals of  polyethylene and of  ethylene-butadiene 
copolymers, increase with the percentage of  unsaturations 
in the chain. For Marlex we found for tan a a value of  
1.54 (crystallographic value 1.485) and for EB4, 1.68. 
This result is probably related to an expansion of  the unit 
cell caused by the inclusion of  some - C H 2 - C H = C H - C H 2  - 
units as defects. This conclusion is in agreement with the 

E 

A 

B 
C 

I 
o , 

Butadien~t { tool O/o ) 

Figure 11 D versus the composition of the polymer at dif ferent 
crystallization temperature and for AT s = 3°C. A, T c = 85; B, T c = 
80; C, T c = 75°C 
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Figure 12 Dependence of Z~T s upon the composition of the poly- 
mer to grow crystals with the same values of/9. I ,  O = 6; 13, O = 4 
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Table 3 Values of tan ~ and of the truncation ratio for  single 
crystals of polyethylene and ethylene--butadiene copolymers 
( T c = 80°C) 

Sample Tan 

Tru ncation 
ratio, 
t 

Marlex 6009 1.54 (+0.04) 0.23 (+-0.02) 
EB1 1.58 0.20 
EB2 1.64 0.21 
EB3 1.65 0.205 
EB4 1.68 0.21 

finding that, an increase of about 1% in the spacing of 
(200) and (110) wide-angle X-ray reflections had been found 
in the case of bulk EB4 copolymer. 

From literature data s it is well known that for single 
crystals of linear polyethylene the size of {100} sectors and 
the outline shape depends on the crystallization conditions, 
the sectors being more pronounced for higher polymer con- 
centration and lower undercooling. 

The truncation ratios of single crystals of ethylene- 
butadiene copolymers, crystallized at 80°C, range from 
0.20 to 0.21 and are lower than that of linear polyethylene 
(0.23 for Marlex and 0.25 for Vestolen) crystallized under 
the same conditions and therefore at larger undercooling. 
The values of t are reported in Table 3. This last result is 
in contrast with the quoted literature data s and seems to 
indicate that the chemical structure of the polymer and 
not only the undercooling affect the value of t. It is 
likely that in the case of copolymers the mobility of the 
chain in solution, increased by the presence of the double 
bonds along the chain 9, is responsible for this behaviour, 
partly at least. This should indicate that the truncation 
phenomenon in single crystals of polyethylene cannot be 
simply interpreted on a crystallographic basis but perhaps 
better on a thermodynamics basis. The same conclusions 
were also reached by Pedemonte and others 1° starting from 
different and independent observations. 

Melt properties and bromination of single crystals 
Density, melting temperature and apparent enthalpy of 

fusion of single crystals aggregates of polyethylene and 
ethylene-butadiene copolymers grown at 80°C are reported 
in Table 4 together with the lamellar thickness measured by 
X-ray low-angle diffraction. 

Melting temperatures of single crystals of copolymers 
range from 125 ° to 127°C and are lower than that of linear 
polyethylene 129.5°C. No systematic variation in the 
values of density and apparent enthalpy of fusion of single 
crystals are observed. 

A significative and continuous increase with the percen- 
tage of unsaturation is found in the values of the long 

spacing L. In fact, for linear polyethylene L = 110 A 
while for sample EB4 L = 131 A. This result is in agree- 
ment with the findings of  Martuscelli and others 11 that, 
under the same crystallization conditions, thicker crystals 
are obtained when polymers having a larger concentration 
of chain defects along the chains are allowed to crystallize 
from dilute solutions. The bromination of single crystals 
of sample EB4 of ethylene-butadiene copolymers was 
followed qualitatively and quantitatively by i.r. analysis 
in the wavelength region of 625 to 4000 cm -1. Figure 13 
shows the intensity of  the i.r. 970 cm -1 band, normalized 
with respect to the 735 cm -1 (Figure 13a) and 1475 cm -1 
(Figure 13b) - C H 2 -  bands, as function of the time of re- 
action. It can be seen that the absorbance due to the 
double bonds first drops very rapidly then a steady state is 
reached indicating that the reaction is terminated. 

The percentage of double bonds accessible to bromine, 
on the fold surface of the crystals, calculated from the 
decay in the i.r. absorbance is about 44%. 

These results are convincing evidence that a certain 
amount of  double bonds is situated, in the core of the 
crystals in agreement with the findings and the experimen- 
tal results reported above in the present paper. 

CONCLUSIONS 

The analysis of the solution properties and of some impor- 
tant morphological parameters shows that single crystals 
of ethylene-butadiene copolymers and of linear polyethy- 
lene have a different behaviour. Further a certain number 
of double bonds are incorporated in the crystal lattice as 
defects. 

In the case of EB4 copolymer about 56% of double 
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Intensity of i.r. 970 cm -1  double bond peak o f  EB4 
single crystals versus the time of bromination at 0°C. A, normal- 
ized with respect to 735 cm -1  --CH 2 -  band; B, normalized with 
respect to 1475 cm - ]  --CH 2 -  band 

Table 4 Thickness, density, apparent enthalpy of fusion, and melting temperature of single crystals of polyethylene and of  ethylene--buta- 
diene copolymers grown at 80°C 

Apparent 
Crystallization enthalpy of  Melting 
temperature, T c Long spacing Density a fusion, AH*  temperature, T m 

Sample (°C) (A) (g/cm 3) (cal/g) (°C) 

Marlex 6009 80 110 0.965 -+ 0.005 45 -+ 2 129.5 + 0.5 
EB1 80 122 0.970 -+ 0.001 43 125 
EB2 80 -- 0.976 +- 0.002 43 125.5 
EB3 80 128.5 0.97 -+ 0.01 36 126 
EB4 80 131 0.970 -+ 0.001 45 127 

a at 29 °C 
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bonds are not  accessible to bromine.  This should indicate 
that during crystallization from dilute solution a larger part 
of  double bonds are not  rejected from the crystal lattice. 
The decrease in the rate of  crystallization and the drastic 
increase in the value of  the free energy of  formation of  a 
nucleus of  critical dimensions with increasing number of  
double bonds, observed when the samples of  e t h y l e n e -  
butadiene copolymers are allowed to crystallize isother- 
mally from the melt 3, together with the different behaviour 
of single crystals and of  their solution properties as reported 
in the present paper may be related to the following 
observations: 

(a) The mobil i ty  of  the chain is increased by  the pre- 
sence of  double bonds because of  the lower energy barrier 
that hinders the rotation around the single C - C  bonds 
adjacent to the C=C groups 9. 

(b) The crystalline lattice of  crystals of e t h y l e n e -  
butadiene copolymers is perturbed by the inclusions of  
double bond as reticular defects. 
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Note to the Editor 

Monomer sequence distribution in butene/propylene 
copolymers by '3C nuclear magnetic resonance 

A. Bunn and M. E. A. Cudby 
ICl Plastics Division, Welwyn Garden City, Hertfordshire, UK 
(Received 27 January 1976) 

We wish to report the determination of monomer sequence 
distribution in butene/propylene copolymers by 13C nu- 
clear magnetic resonance (13C n.m.r.). This is an established 
technique for the measurement of stereoregularity in homo- 
polymers ~-~° and the measurement of sequence distribu- 
tions in copolymers 11-21. However, to our knowledge, the 
only reports of 13C n.m.r, measurements of a-olefin copoly- 
mers concern the systems ethylene/a-olefin~S and propylene/ 
ethylene 16-18. The proton magnetic resonances in polyole- 
fins are severely overlapped and this limits the structural 
information obtainable. As the resonances in the 13C 
n.m.r, spectra of polyolefins occur over a range of about 
40 ppm we expect this technique to produce more informa- 
tion than proton magnetic resonance. This is indeed the 
situation for polypropylene s-7, polyethylene lS,22g.4 and 
propylene/ethylene copolymers ~6-1a. Calculated chemical 
shifts from Lindeman and Adams data 23 predict that the 
13 C n.m.r, chemical shifts in butene/propylene copolymers 
would be sensitive to monomer sequence distribution. In 
this Note, we report 13C n.m.r, data on butene/propylene 
copolymers including random and block distributions and a 
copolymer which has a mixture of block and random dis- 
tributions. The observed resonances are assigned to dyad, 
triad and tetrad monomer sequences. 

The natural abundance 13C n.m.r, spectra of polypropy- 
lene, polybutene and butene/propylene copolymers were 
measured in o-dichlorobenzene solution at 140°C. The 
25.2 MHz spectra were recorded on a Varian XL100-15 
spectrometer equipped with a proton-noise decoupler and a 
standard VFT-100X Fourier transform system. A 2 sec 
acquisition time and a 90 ~tsec pulse width (tip angle ~70 °) 
were used to acquire data. Field-frequency stabilization 
was provided by D6-dimethyl sulphoxide contained in a 
5 mm o.d.n.m.r, tube held centrally in a 12 mm o.d. tube 
which contained the copolymer solution. 

Figure 1 shows 13C n.m.r, spectra of polybutene and 
polypropylene. The assignments of the resonances are also 
shown on the Figure. Those for polypropylene are known s-7 
and those for polybutene were determined from predicted 
values (Lindeman and Adams data) and an off-resonance 
experiment. Our own work on poly(a-olefins) higher than 
polybutene shows that backbone methine and methylene 
carbon resonances are the most sensitive to tacticity chan- 
ges and that in the spectra of non-isotactic polymers these 
resonances are broader than the remaining resonances. As 
the resonances in the 13C n.m.r, spectra of butene/propy- 
lene copolymers examined were equally sharp and in co- 

polymers with long propylene sequences the propylene a- 
methyl carbon resonance was a singlet and had a chemical 
shift the same as that found in isotactic polypropylene we 
feel justified in making the assumption that only a meso 
addition of either monomer to the polymer chain is made. 

Copolymers prepared with a wide range of composition 
and with differing monomer sequence distributions were 
examined. Representative spectra of the materials are 
shown in Figures 2 and 3. The resonances in the 13C n.m.r. 
spectra of these copolymers were assigned by reference to 
the spectra of the homopolymers, predicted values from 
Lindeman and Adam's data 23 and by checking that the rela- 
tive intensities of the resonances were self consistent. Table 
1 lists the chemical shift data of the 13C n.m.r, spectra of 
these copolymers, our proposed assignments and the mono- 
mer sequences characterized by each resonance. The letters 
P and B denote propylene and butene units with any two 
forming a meso dyad. Thus a PPB triad would contain a 
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13C n.m.r, spectra of  (a) polybutene (b) polypropylene 
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Figure 2 130 n.m.r, spectra of  butene/propylene copolymers (a) 
10 molar % propylene as isolated units; (b) 10 molar % propylene 
as propylene blocks; (c) 10 molar % butene as random copolymer; 
(d) 10 molar % butene with some butene blocks 

PP and a PB meso dyad: 

- C H 2 - C H - C H 2 - C H - C H 2 - C H -  
I I I 
CH 3 CH3 CH2CH3 

Figures 2a-2d show 13C n.m.r, spectra of four copolymers 
denoted by A-D.  Copolymer A is rich in butene and con- 
tains isolated propylene units only i.e. BPB. In contrast, 
copolymer B, although approximately the same overall 
composition as copolymer A, contains long propylene se- 
quences. The few interchange units give rise to a resonance 
at 42.76 ppm from the backbone methylene carbon atom. 
Copolymers C and D are propylene rich and contain approxi- 
mately 10 molar % butene. Copolymer C has the majority 
of butene units adjacent to propylene units, i.e. PBP, with 
the required number of adjacent butene units as is appro- 
priate to a random monomer distribution 2s. For copolymer 
D, the relative intensities of the methylene carbon reso- 

Note to the Editor 

nances characteristic of PP, PB and BB dyads show that 
there are more adjacent butene units than would be predic- 
ted for a random copolymer. The presence of three or more 
adjacent butene units in the copolymer chain is responsible 
for the 27.00 ppm resonance. The branch-methylene group 
carbon resonances at 27.00 ppm, 27.18 and 27.34 ppm are 
characteristic of BBB, BBP and PBP sequences and indicate 
the blockiness or otherwise of the butene units. 

Figures 3a-3c show spectra of copolymers E to G. These 
copolymers contain roughly equal amounts ofbutene and 
propylene, E and F have spectra with resonance intensities 
which show that the copolymers are fairly random. The in- 
tensities of the resonances in the spectrum of copolymer G 
(Figure 3c) show that the copolymer does not have a ran- 
dom monomer distribution; this is expected, as its method 
of preparation would produce long sequence of adjacent 
propylene units. Features to note in the spectra shown in 
Figures 3a-3c are the resonances at 27.00 ppm, 27.18 ppm 
and 27.34 ppm which are characteristic of the three pos- 
sible butene centred triads, and the three propylene methyl 
group carbon resonances around 20.7 ppm which are char- 
acteristic of the propylene centred triads i.e. PPP, PPB and 
BPB at 20.96 ppm, 20.74 ppm and 20.60 ppm respectively. 

Tetrad sequences for propylene/propylene centred units, 
BPPB, PPPB, PPPP are observed from the backbone methy- 
lene carbon resonances at 45.86, 46.10 and 46.40 ppm res- 
pectively. The lack of structure on the methine carbon 
resonances of both butene and propylene units is somewhat 
surprising, especially as the butene methyl group carbon 

b 

c 

ppm 

Figure 3 I3C n.m.r, spectra of  butene/propylene copolymers with 
approximately equal amounts of  propylene and butene. Copoly- 
mer G (Figure 3c) contains blocks of propylene together with ran- 
dom material 
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Table I Chemical shift data of the z3C n.m.r, spectra of the 
copolymers examined 

Chemical shift from 
tetramethylsilane Assignment, carbon Polymer sequences 
(ppm) marked with * characterized 

9.92 *CHa-CH2-CH BBB, BBP, PBP 
20.60 *CH3--CH BPB 
20.74 *CH3-CH BPP 
20.96 *CH3--CH PPP 
27.00 CH3-*CH2-CH BBB 
27.18 CH3-*CH2-CH BBP 
27.34 CH 3--*CH2-CH PBP 
28.29 CHa--*CH PPP, PPB, BPB 
34.47 CH3-CH2--*CH BBB, BBP, PBP 
39.64 --CH--*CH2--CH BBBB, BBBP, PBBP 

I I 
Et Et 

42.76 -CH2-CH-*CH2--CH PBPP 
I I 
Et Me 

43.04 --CH2--CH--*CH--CH BBPB, BBPP and 
I L probably also PBPB 
Et Me 

45.86 --CH--*CH2--CH PPPP 

Me 
46.10 -CH-*CH2--CH-- PPPB 

Me 
4 6 . 4 0  --CH--*CH2--CH-- BPPB 

Me 

resonances show well def'med shoulders in some of the spec- 
tra. These facts indicate to us that the origin of the chemi- 
cal shift observed on the butene methyl group carbon is not 
a through bond effect. 

In conclusion, the above data show that 13C n.m.r. 
spectroscopy can be used to characterize butene/propylene 
copolymers in terms of dyad and triad sequences. Well re- 
solved resonances were also observed for propylene/propy- 
lene centred tetrads. 
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Letter 

Multiple endotherms in polyepichlorohydrin 

Multiple endotherms have been reported in the literature 
for several polymers, e.g. polyesters 1~, polyethylenes (lin- 
ear 3, branched 4, and extended chainS), isotactic polysty- 
rene 6, polytetrafluoroethylene 7 and natural rubber 8. How- 
ever comparatively few investigations of multiple melting 
behaviour in multicomponent systems have been report- 
ed 9J°. This is understandable since the question of mul- 
tiple melting in homopolymers itself has presented many 
problems in interpretation. We wish to report some pre- 
liminary investigations on multiple melting in polyepichloro- 
hydrin (PECH) homopolymer and multicomponent sys- 
tems containing crystalline PECH. 

Crystalline PECH homopolymer was prepared in the 
laboratory according to the method of Hsieh H with a few 
minor changes in experimental procedure 12. Samples of 
homopolymer thus prepared (Tg = -20°C, Tm = +107°C) 
were heated to 200°C and kept for 10 min at this tempera- 
ture to destroy previous morphology. They were then 
taken out of the heating chamber, the d.s.c, cell of a Du 
Pont 900 Thermal Analyzer, cooled to room temperature 
(i.e. quench cooled), allowed to crystallize for one day at 
room temperature and scanned in the Du Pont 900 Analy- 
ser at 30°C/min. A typical trace is shown in Figure 1. 
Two distinctly separate endotherms are noticeable. One 
of these with a melting peak at about 40°C was separated 
from the other which had a maximum peak at 100°C. This 
latter endotherm always showed a minor endotherm at 70°C 
and in addition in some batches a well-defined endotherm 
appeared at 90°C. (The endotherms will be designated by 
peak temperatures.) Experimental investigations of 70 ° , 
90 ° and 100°C endotherms involving manipulation of an- 
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Figure 1 D.t.a. trace of crystalline polyepichlorohydrin showing 
multiple endotherm 

nealing and rates of heating on the lines of Bell *'13 and 
Roberts ~4 showed that the three endotherms were not 
interdependent i.e. the higher melting endotherms were 
not formed by melting and recrystallization of lower melt- 
ing endotherms during d.t.a, scanning. The following ob- 
servations on the 90°C endotherm were noted. The 90°C 
endotherm was detected only in batches of PECH prepared 
under conditions such that there was initial fast polymer- 
ization 12. Batches thus prepared had to be melted in a two- 
roll mill and crystallized from the melt for the 90°C endo- 
therm to be recorded. Unmilled samples crystallized from 
the melt or milled samples not crystallized from the melt 
failed to show the 90°C endotherm. Within the limits of 
experimental and sampling error (-+ 10%) the total area (en- 
closed by the broken base line in Figure 1) of samples in 
which the 90°C endotherm was resolved was equal to areas 
of samples which failed to record this endotherm. 

Crystalline PECH possessed elastomeric properties and 
hence multicomponent systems could be prepared by two- 
roll milling with other commercially available elastomers 
and fillers. Batches of PECH possessing the 90°C endo- 
therm were milled with reinforcing (ISAF black, Vulcan 
6-Cabot)  and inert (clay, whiting) fillers. In all cases the 
area of the 90°C endotherm decreased with increasing filler 
content although the total area essentially remained con- 
stant equal to that of the unfilled homopolymer. 

The effect of blending a second elastomer, without filler, 
on the 90°C endotherm depended on the nature of the 
second elastomer. Thus when natural rubber, amorphous 
PECH (Herclor H, Hercules) and propylene oxide rubber 
(Parel 58, Hercules) were used for blending, the 90°C endo- 
therms and total areas were somewhat reduced when com- 
pared with crystalline PECH batches used but remained 
constant over a wide range of composition. However when 
more polar rubbers were used for blending, the 90°C endo- 
therm was not recorded at the 1 : 1 (by weight) composi- 
tion; chlorosulphonated polyethylene, nitrile and acrylic 
rubbers belonged to this group and blending was presum- 
ably accompanied by a very large reduction of total 
crystallinity. 

In the case of unfilled blends, retention of the 90°C 
endotherm would indicate poor miscibility and compat- 
ibility as in the cases of natural rubber and the cyclic ether 
rubbers; disappearance of the endotherm in the blends with 
more polar rubbers would imply better dispersion and com- 
patibility. 

Our investigations show that observations of multiple 
melting in multicojnponent systems could prove to be a 
useful diagnostic tool in the interpretation of multiple melt- 
ing in homopotymer and compatibility effects in blends. 
Two difficulties which stand in the way of a quantitative 
approach need mention. One concerns difficulties in esti- 
mation of d.t.a, areas of individual endotherms; the other 
concerns sampling variations due to the nature of the small 
amount of material used in dynamic calorimetric methods. 
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Book Reviews 

Advances in Polymer Science 
Volume 17: Polymerization 
Springer-Verlag, Berlin, 1975, 103 pp. $23.00 

This volume in the series covers mechano-chemical initiation of 
copolymerization and the polymerization of thioaldehydes, thioke- 
tones and related compounds. It would be difficult to find two 
more widely different facets of polymer science. The first contribu- 
tion, by Casale and Porter, includes processes of commercial im- 
portance whilst the second, by Sharkey, has yet to find industrial 
usage. Mechano-chemistry, as the authors ably illustrate, is appli- 
cable to an extremely wide range of polymer-monomer systems 
which can be activated by an extensive choice of 'bond-breaking' 
processes. On the one hand, the coextrusion of two viscoelastic 
polymers can lead to high yields of block copolymers having pro- 
perties differing from simple blends, whilst on the other hand, esoro- 
teric materials can be synthesized for laboratory evaluation by vibro- 
milling or even simple solvent swelling techniques. All reported as- 
pects of mechano-chemical reactions leading to block and graft co- 
polymerization are discussed in depth and there are extensive refer- 
ences to original publications. 

The synthesis of polymers by polymerization through the car- 
bon-sulphur double bond is a very specialized field which is treated 
in depth by Sharkey in this book with more extensive reference to 
recent publications, in particular the patent literature, than the 
mechano-chemical section. By virtue of its specialized nature, the 
latter section will have a rather limited interest more or less con- 

fined to production and research personel directly involved with 
condensation polymerization and ring opening reactions. The first 
section, because of its more general nature, will appeal to practically 
everyone involved in the research, development, production and 
application of copolymers at all levels. 

Apart from some missing 'free radicals' on pages 9 and 22 and a 
pentavalent carbon atom on page 30, the book is relatively free of 
typographical errors. At $23.00 it is expensive for approximately a 
hundred pages but it does give a thorough review of two topics for 
which much of the available data is published in languages other 
than English. The contribution by A. Cassale, R. H. Porter and W. H. 
Starkey maintains the high standard which we expect from this ser- 
ies and it will, therefore, take its rightful place in polymer libraries 
throughout the world. 

R. J. Ceresa 

Reinforced Thermoplastics 
W. I/. Titow and B. J. Latham 
Applied Science, Barking, 1975, 294 pp. £10 

'Reinforced Thermoplastics' is the first book to be published on this 
subject and its contents well meet the aim of its authors, which is 
'to present a reasonably unified account of the technology and pro- 
perties' of this class of plastics materials. 

The description which the book provides is essentially techno- 
logical in nature but it touches on some commercial problems. 
Thus, it ranges from a very useful list of commercially available re- 
inforced thermoplastics and their producers, through a discussion 
of their principal applications to methods of processing and to 
material properties and there is also an appendix devoted to rele- 
vant patents. 

The book is self-contained in that it includes a description of 
the polymeric materials which form the basis of reinforced thermo- 
plastics and of their properties as well as that of fibrous and par- 
ticulate fillers before dealing with the two in combination. The 
properties of reinforced thermoplastics are dealt with primarily in 
terms of short term data but the importance of long term behaviour 
is clearly recognised. In view of the inevitable lapse of time between 
the completion of a manuscript and publication, the discussion of 
properties does not include the results of research published during 
the past year or two. However, it is surprising to find virtually no 
mention of anisotropy, even though the authors have not attempted 
to deal in depth with what might be termed the more scientific as- 
pects of reinforced thermoplastics, as they clearly state in the Pre- 
face. Nevertheless, their book should be of considerable interest 
and of value to anyone concerned with reinforced thermoplastics. 

R.M.  Ogorkiewicz 

Conference Announcement 
Structure and Uses of Biopolymers 

Cleveland, Ohio, USA, 11-16 October 1976 

The first Cleveland Symposium on Macromolecules 
will be held during the week of October 11--16th, 
1976 with the topic of Structure and uses of biopoly- 
mers. The week-long conference will be organized 
around fifteen invited international presentations in 
three areas: fundamental structure of biopolymers; 
materials properties; and medical applications, and 
will involve local social functions. Contributions of 
short papers to be presented at the meeting in the 
above areas are solicited. Prospective contributors, 
attendees and interested persons should write for fur- 
ther information to: Professor Alan G. Walton, 
Department of Macromolecular Science, Case Wes- 
tern Reserve University, Cleveland, Ohio 44106, USA. 
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Interesterification of starch with methyl 
palmitate 

M. L. Rooney 
CSIRO, Division of Food Research, Food Research Laboratory, North Ryde, New South Wales, 
Australia 
(Received 19 December 1975) 

Thermoplastic polymers derived from natural products have been prepared by interesterifying starch 
with methyl palmitate. The degree of substitution (DS) of the esters has been found to be strongly 
dependent upon catalyst concentration and the ratio of methyl palmitate to starch, but is largely 
independent of temperature and starch concentration over the range studied. Replacement of methyl 
palmitate with methyl esters of shorter chain acids does not appear to affect the DS. These observa- 
tions are interpreted from the results of studies on the effect of DS on the solubility parameter, the 
nature of the interchain bonding and the specific gravity of the polymers. 

INTRODUCTION 

Most polymers isolated from natural products and subse- 
quently modified retain the hydrophilic characteristic of 
the base polymer, whereas polysaccharide esters of long 
chain fatty acids have been shown to be more hydropho- 
bic la. Recently several authors have proposed uses for 
such esters. Arnylose esters of a variety of fatty acids have 
some properties sought in dip coatings for foods 2, while 
starch esters can be used as reactive bases for polyurethane 
resins 3 or as an artificial skin 4. Starch esters may ultimately 
prove useful as low cost resins and replace some of those 
currently derived from petroleum. 

Fatty acid esters of starch are usually prepared in the 
laboratory using the acid chloride-pyridine method s. How- 
ever, this method is of little commercial value because of 
the cost of acid chlorides 6. Direct esterification using the 
acid gives unsatifactory yields while the anhydrides are not 
readily available. Interesterification has been used exten- 
sively in the preparation of biodegradable detergents from 
sucrose and fatty acid methyl esters 6-s. Latetin et al. 9 re- 
acted cellulose heterogeneously with methyl stearate in 
dimethylformamide to a maximum degree of substitution 
(DS) of 0.38 compared with a theoretical maximum of 3. 
The interesterification of starch with the methyl esters of 
higher fatty acids has not been reported, although it is of 
particular interest since starch, unlike cellulose, is soluble 
in such solvents as dimethylsulphoxide (DMSO). 

The present work was undertaken to determine the con- 
ditions under which starch could be interesterified with 
the methyl esters of long chain fatty acids, and to obtain 
data indicating the DS at which useful properties might be 
obtained. These studies include an examination of the 

effects of temperature, the concentrations of starch, 
methyl palmitate and potassium methoxide as well as the 
chain length of the fatty acid, on the DS of  the resultant 
esters. The effects of DS on the specific gravity, solubility 
parameter and infra-red spectra of each of the esters were 
also determined. 

EXPERIMENTAL 

Materials 

Wheat starch (Fielders Ltd, Sydney) was defatted and 
dried to a moisture content of 2.1%. The methyl esters 

of palmitic, lauric and octanoic acids were greater than 98% 
pure and had water and free fatty acid contents less than 
0.05%. Methyl n-butanoate had water and free fatty acid 
contents of 0.38% and 0.17% respectively. Methanolic 
potassium methoxide solution, 1.5 M, was used as a 
catalyst. Dimethylsulphoxide (Ajax Chemicals, Sydney) 
was dried by vacuum evaporation of 15% of its volume 1°. 

Interesterification 

The method of interesterification was similar to that 
used with sucrose 7, although the starch and methyl ester 
solutions (dried to less than 0.02% water) were not mixed 
until the catalyst had been added to the starch solution and 
the methanol removed. The reaction was allowed to con- 
tinue for 6 h after which the starch ester was precipitated 
with aqueous ethanol, extracted for 3 days both with boil- 
ing water and ethanol and then dried under vacuum at 80°C 
for 6 h. 

Analyses 

Water analyses were carried out using Karl Fischer re- 
agent. Acyl contents of starch esters of palmitic and lauric 
acids were determined using the method of Berni et al. n 
for cellulose esters, except that after 48 h hydrolysis the 
starch formed was precipitated with methanol. 

Aliquots (0.5 #1) of  the fatty acid salt solution were 
chromatographed on a Perkin-Elmer FII gas chromatograph 
with flame ionization detector and a column, 2 m x 3.2 mm 
o.d. packed with SE 30, 5% on Chromosorb W with a nitro- 
gen carrier flow rate of  22 ml/min. The column and injec- 
tion block temperatures were 238°C and 370°C respec- 
tively, the latter being necessary to pyrolyze the quaternary 
ammonium salts to methyl esters. At least two samples of  
each ester were hydrolysed for 48 h and a minimum of 
four aliquots of each were chromatographed. 

Acyl contents of octanoate and n-butanoate esters were 
determined by the alcoholic alkali method 12. 

Specific gravity 
The specific gravity of  the polymers was measured sa by 

displacement of  water and/or light petroleum ether (b.p. 
100°-120°C). Water was used only for esters of DS greater 
than 0.6 while light petroleum ether was used for all esters 
of lower DS and for spot checking some esters of  higher DS. 
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Table 1 Starch palmitates prepared* at various catalyst 
concentrations 

KOCH 3 concen- Precipitation § 
tration (mol/ Yields 
mol starch) D S t  Alkoxide Ester (%) 

0.001 0.03 - -  - 67 
0.010 0.18 - -  - 65 
0.025 0.60 - -  + 90 
0.050 0.86 + + 88 
0.100 1.10 + + 93 
0.200 0.98 + + 94 

* Reaction Conditions: Temperature 100°C; starch/DMSO ratio 
9.5 X 10--3; methyl palmitate/starch ratio 3.0; time 6 h 
t The value 0.98 is not significantly different (P = 0.05) from 
values of 1.10 and 0.86 
§ Precipitate formed (+); no precipitate formed (--) 

Calculated from the weight of starch in esterified form compared 
with the original weight of starch 

Infra-red Spectra 
Films less than 20 ~m thick for i.r. studies were prepared 

by means of a laboratory heat sealer and dried over phos- 
phorus pentoxide. I.r. spectra were recorded using a 
JASCO IRA-1 spectrophotometer (Tosco, Sydney). 

RESULTS AND DISCUSSION 

Starch concentration 
The mole ratio of starch* to DMSO was varied in four 

steps from 4.7 × 10 -3 to 2.8 × 10 -2 at IO0°C, while the 
mole ratios of catalyst and methyl palmitate to starch were 
held at 0.1 and 3.0 respectively. The DS of the resulting 
esters was independent (P = 0.05) of the starch concentra- 
tion and so a starch to DMSO ratio of  0.5 x 10 -3, an ex- 
perimentally convenient value, was chosen for subsequent 
studies. 

The reaction was also attempted using a dispersion of 
starch in pyridineSbut no starch ester could be isolated. 

Catalyst concentration 
The effects of  raising the mole ratio of potassium 

methoxide to starch from 0.001 to 0.200 are shown in 
Table 1. The DS increased significantly (P = 0.05) with 
catalyst concentration up to a catalyst to starch mole ratio 
of 0.100. Based on the present data however, the DS value 
at the highest catalyst to starch ratio of 0.200 was not sig- 
nificantly different (P = 0.05) from the DS values at ratios 
of 0.050 and 0.100. 

The reaction occurred homogeneously or partly hetero- 
geneously depending upon the catalyst to starch ratio 
(Table 1). Two factors may explain both this behaviour 
and the effect of  catalyst to starch ratio on DS. These fac- 
tors are the removal of catalyst by reaction with traces of 
water and the insolubility of  highly esterified starch. 

The initial water content in each preparation was less 
than or equal to 0.02%, which is equivalent to one hun- 
dred times the catalyst concentration when the catalyst to 
starch ratio was 0.001. The very low DS value (0.03) ob- 
tained under these conditions was probably a result of 
catalyst destruction by water. The same probably applied 
to a decreasing degree as the catalyst to starch ratio was 
increased to 0.10, at which point the maximum possible 
water content equalled the catalyst concentration. 

* In  th i s  r e p o r t  a n h y d r o g l u c o s e ,  t h e  s t a r c h  r e p e a t  u n i t ,  w a s  used  
as t h e  bas is  f o r  c a l c u l a t i o n  o f  t h e  n u m b e r  o f  m o l e s  o f  s t a r ch .  

The precipitation of starch ester gel at catalyst to starch 
ratios of 0.025 or greater may be understood by reference 
to Figure la which shows the effect of DS on the Hilde- 
brand solubility parameter (8) obtained from measured 
specific gravities 14. Esters of solubility parameter less than 
about 11 should be insoluble in DMSO Is (solubility para- 
meter 12.93) since a difference between the solubility 
parameters of  solute and solvent of less than 1.7 to 2 is a 
critical requirement for solubility 16. This difference rule is 
probably modified by the specific reaction between DMSO 17 
and carbohydrates and hydrogen bonding within the poly- 
mer 16. The lowest DS ester which was precipitated (Table 1) 
had a solubility parameter of 10 which is 2.93 less than that 
of the solvent. 

The fact that the maximum DS obtained was 1.10 in- 
stead of 3.0 leads to the suggestion that as the DS increased 
the solubility parameter decreased, and in the presence of 
DMSO, the gel became less accessible to dissolved catalyst 
and methyl palmitate. 

The same two factors which affected the DS also affected 
the yield. Removal of catalyst from solution, by means of 
formation of starch alkoxide immobilized on gel molecules, 
prevented further reaction. In this way dissolved starch did 
not come into contact with the catalyst and the reaction 
stopped. A second catalyst addition after gel precipitation 
might have resulted in higher yields. At low catalyst con- 
centrations the catalyst removal by water would also have 
reduced yields. 

Potassium carbonate was also used as a catalyst but gave 
results similar to those obtained using the methoxide. 

Reagent ratio 
The reverse reaction of methanot with starch palmitate 

was inhibited by distillation of the methanol formed and 
by increases in the ratio of methyl palmitate to starch as 
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Table 2 Starch palmitates prepared* at various reagent ratios 

Methyl palmitate/ Yield~ 
starch (mol/mol) DS (%) 

1 0.59 75 
3 1.10 93 
5 1.48 82 

10 1.52 71 
15 1.54 67 

* Reaction Condit=ons: Temperature 100°C;catalyst/starch ratio 
0.10; starch/DMSO ratio 9.5 X 10--3; time 6 h 

Calculated from the weight of starch in esterified form com- 
pared with the original weight of starch 

Table 3 Degree of substitution of starch palmitates prepared at 
various temperatures 

Tern pe ratu re 
(°C) OS 

80 0.71 
90 0.90 

1 O0 1.08 
110 0.86 

shown in Table 2. The DS increased significantly (P = 0.01) 
as the reagent ratio was increased to a value of 10. Based 
on the present data, the DS value at the highest reagent 
ratio of 15 was not significantly different (P = 0.01) from 
the DS values at ratios of 5 and 10. This form of relation- 
ship is similar to those reported for cellulose stearate 9 and 
sucrose palmitate s formation. 

Temperature 

The effect of increasing the reaction temperature, from 
80 ° to 110°C, on the DS of starch palmitate is shown in 
Table 3. This temperature ranged from the boiling point 
of DMSO at the vacuum used to the temperature above 
which starch degradation may become serious. All DS 
values were significantly different (P = 0.05) except those 
for 90 ° and 110°C. The differences between DS values 
for 100 ° and 110°C on the one hand and 80 ° and 100°C 
on the other are significant at P = 0.01. This very small 
effect of temperature on DS largely supports the findings 
of Latetin et al. 9 for cellulose esterification. 

results of Gros and Feuge 2 for esterification using acid 
chlorides. 

Infra-red spectra 

The effect of DS on the hydrogen bonding in starch 
esters was studied by measurement of i.r. spectra. Esters 
of DS 0.6 or greater gave quite distinct spectra with many 
resolved bands, while the spectrum of an ester of DS 0.19 
was quite similar to that of starch except for the carbonyl 
absorption. At DS values less than 0.19, polymer films 
were not prepared due to the failure of the polymers to 
melt. 

The principal features of these spectra are the profile and 
wavelength of maximum absorption of the hydroxyl funda- 
mental around 3400 cm -1, as shown in Figure 2 for esters 
of DS 0.19, 0.64 and 1.54. This band is markedly influenced 
by DS, being (a) totally unresolved from that of the CH 
stretch at a DS of 0.19; (b) an asymmetrical band of maxi- 
mum absorbance centering at 3340 cm -1 at a DS of 0.64 
and (c) a more symmetrical band with maximum absorbance 
at 3460 cm - t  at a DS of 1.54. The result of partial acetyla- 
tion of an ester of DS 1.52 is shown in Figure 2. 

The hydroxyl absorption in the solution spectrum of an 
ester of DS 1.54 (0.02 M in carbon tetrachloride) was a 
composite of bands at 3460 cm -1 and 3550 cm - ] .  The 
latter band disappeared as the concentration was increased, 
until a saturated solution gave a spectrum similar to that of 
the solid polymer. 

The spectral results may be interpreted as follows. As 
the DS increases from 0.19 to 0.54 the predominant form 
of hydrogen bonding changes from polymeric to dimeric ~s. 
Acetylation provides a free environment for some hydroxyls 
and allows mainly dimer formation for the rest. Solution in 
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Length o f  the fatty acid 

The methyl esters of lauric, octanoic and butanoic acids 
were reacted with starch to establish whether or not the 
length of the fatty acid determined the maximum DS 
attainable at 100°C. The mole ratios of catalyst to starch, 
methyl palmitate to starch and starch to DMSO were 0.10, 
9.5 x 10 -3 and 5.0 respectively. Methanol was removed 
from the methyl butanoate reaction by means of a stream 
of nitrogen since the low boiling point of the methyl 
butanoate precluded use of refluxing under vacuum. 

The DS values of the esters of octanoic, lauric and 
palmitic acids formed under these conditions were 1.53, 
1.47 and 1.47 respectively. Such small differences could be 
attributed to similar relationships between solubility and 
DS for each of the fatty acid esters. The highest DS ob- 
tained for starch butanoate was 0.38 and this is attributed 
to the inadequate removal of methanol by the nitrogen 
stream. 

This apparent independence of DS on length of the acid, 
at least for acids from C8 to C16 , is in agreement with the 
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Figure 2 Absorption frequency of hydroxyl  fundamental: A, DS = 
0.19; B, DS = 0.64; C, DS = 1.54; D, DS = 1.52 then acetylated 
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carbon tetrachloride causes disruption of interchain hydro- 
gen bonds leading to an increased proportion of dimers on 
dilution. Polymeric hydrogen bonding would probably in- 
volve hydroxyls on several chains or segments whereas di- 
mers can be formed between hydroxyls at C2 and C3 on 
adjacent anhydroglucose units. 

The frequencies of maximum absorbance (v) of the 
hydroxyl fundamental in the spectra of all of the esters 
prepared have been fitted to the equation: 

may also have limiting specific gravity values independent 
o f  DS over a range similar to that for the palmitates. 

Since the specific gravity of the palmitate esters appears 
to be fairly constant over the DS range from 1 to 2 approxi- 
mately, it is possible that some of the valuable properties 
reported 2 for the high DS esters might be found in esters of 
much lower DS also. This suggestion is supported by the 
nature of the solubility parameter versus DS curve in 
Figure la. 

v= 3238 + 135 xDS 

with a standard error of estimate of 14.6 and a correlation 
coefficient of 0.94. The scatter of the results is attributed 
to the flatness of the absorption band as would be expected 
when several closely spaced bands overlap. Thus the fre- 
quency of maximum absorbance of this band provides a 
measure of the DS of the ester. There is also a sharp band 
near 720 cm -1 which is probably due to the methylene 
rocking vibration of palmitate chains. The intensity of this 
band increases markedly with increasing DS and may also 
offer some scope for quantitative analysis of these and 
related esters. 

Starch octanoate o f  DS  1.53 and the laurate o f  DS 1.47 
both had their hydroxyl fundamental maximum at 3405 
cm -1, which is more than two standard errors lower than 
the frequencies for the corresponding palmitates. This 
would be expected with shorter chain fatty acid esters 
which would interfere less with hydrogen bonding. 

Specific gravity 

F~gure l b  shows the effect o f  DS  on the specific gravity 
(SG) at 23°C of starch palmitates. The broken curve was 
calculated using the linear combination of specific gravities 
of starch and palmitic acid. The disruption of optimal pack- 
ing of molecules in both of the free components is reflected 
in the lower specific gravity values of the esters over the 
range studied. This is consistent with the i.r. results which 
indicate disruption of interchain hydrogen bonding. 

The apparent approach of the experimental results to a 
limiting SG of around 1.01 is supported by the reported 
value 2 of 1.022 (at 30°C) for amylose palmitate of DS 2.02. 
The octanoate of  DS 1.53 has a specific gravity of 1.115 
compared with 1.119 reported 2 for amylose octanoate of 
DS 2.25. Similarly the starch laurate o f  DS 1.47 has a 
specific gravity of 1.056 compared with 1.059 reported 2 
for amylose laurate of  DS 2.49. It appears that these esters 
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Differential scanning calorimetric studies 
on phase transition of glucose and 
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The phase transitions of D-glucose and an homologous series of cellulose oligosaccharides up to cello- 
tetraose have been studied using a differential scanning calorimeter. A detailed comparison of our 
experimental results with those reported by other workers has been made in order to derive precise 
information on melting and glass transitions of carbohydrates. Particular attention has been given to 
the static values of melting temperature of D-glucose and cellobiose. It has also been found that 
cellulose oligosaccharides which have more than three anhydroglucose units decompose below melt- 
ing temperature. 

INTRODUCTION 

In the course of the studies of the phase transition of glu- 
cose and an homologous series of cellulose oligosacchardies 
in solid state, information on precise values of phase tran- 
sition temperatures such as melting and glass transition 
temperatures are undoubtedly necessary. Pigman et aL ' 
reported melting temperatures of D-~lucose in different 
crystal forms. Wolfrom and Dacons" reviewed the values 
of transition temperatures of glucose and cellulose oligo- 
saccharides up to celloheptaose. Alfthan et al. 3 tried to 
estimate glass transition temperatures of several oligosac- 
charides from cellulose and xylan. 

However, those values reported seem to contain some 
errors from the thermodynamic point of view, since the 
values were not obtained under carefully defined thermal 
conditions and time factors. Therefore, in this study, we 
have re-examined phase transitions of D-glucose and cellu- 
lose oligosaccharides up to cellotetraose by the use of a 
differential scanning calorimeter. The isothermal melting 
of the carbohydrates which have melting points was carried 
out and attempts were made to obtain the static values of 
melting temperature. At the same time glass transition tem- 
peratures of glassy samples of glucose and cellulose oligo- 
saccharides were evaluated. 

EXPERIMENTAL 

Sample  Preparation 

D-glucose monohydrate obtained commercially from 
Merck AG was ground to a fine powder and was dissolved 
into hot, absolutely dry ethanol. The solution was then 
placed for one night at room temperature. Anhydrous 
a-D-glucose separated out as crystals. 

* Present address: Tokyo Metropolitan University, Faculty of 
Technology, Setagaya-ku, Tokyo, Japan. 
t Present address: Tokyo University of Agriculture and Tech- 
nology, Faculty of Technology, Koganei, Tokyo, Japan. 

The D-glucose, above (obtained commercially) was also 
dissolved into water. The solution was placed for 48 h in 
a refrigerator. Crystals of a-D-glucose monohydrate 
separated out. 

/3-D-glucose was obtained commercially from Tokyo 
Chemical Industry Co. Ltd and contained 7.7% of a-D- 
glucose as determined from a gas chromatogram obtained 
under the following conditions using a Shimadzu GC-4AIT 
gas chromatograph: the column was a stainless tube packed 
with 5% silicone SE-30/Celite; temperature, 200°C; carrier 
gas, He 30 ml/min; TCD detector, 3 mV full scale. 

Cellobiose was obtained commercially from Merck AG. 
The crystal forms of the above compounds were examined 
from X-ray diffractograms 4-7. 

According to the procedure reported by Miller et al. 8, 
cellulose oligosaccharides containing more than three 
anhydrous glucose units were prepared as follows. First 
cellulose was acetylated with a mixture of glacial acetic 
acid, acetic anyhydride and concentrated sulphuric acid. 
Then the acetylated oligosaccharides produced were sepa- 
rated into two portions, the anyhydrous methanol soluble 
portion was deacetylated with sodium methylate. The free 
oligosaccharides obtained were separated by ethanol-water 
gradient elution from a chromatographic column composed 
of stearic acid treated mixtures of charcoal and Celite. 
Each separated fraction was concentrated with a rotary 
vacuum evaporator and dried in vacuo. Purification of the 
samples was carried out by re-chromatographic treatment 
and the purity examined by thin layer chromatography 9. 
Characterization of the samples was carried out by measur- 
ing the molecular weight with a Hitachi model 115 mole- 
cular weight apparatus. 

Amorphous glucose and cellulose oligosaccharides were 
prepared by freeze-drying their aqueous solution 1°. First 
small amounts of the samples were dissolved in water. The 
solution was then frozen quickly using liquid nitrogen as a 
refrigerant, and dried in vacuo so as to drive the solvent off. 
Amorphous materials obtained were dried thoroughly in 
vacuo for more than two days. Amorphous glucose was also 
prepared by rapid cooling from the molten state. 
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Figure I D.s.c. melting curves of glucose and cellobiose. A, e-D- 
Glucose monohydrate; B, e-D-glucose anhydride; C, 3-D-glucose; 
D, cellobiose. Heating velocity, l°C/min 

Measurem en ts 

A Perkin-Elmer differential scanning calorimeter, DSC-II 
was used throughout this experiment, low temperature 
equipment being attached to the DSC-II when the glass tran- 
sition of D-glucose was measured. Temperature was cali- 
brated at all scanning velocity ranges using the melting tem- 
perature of indium as a standard. At low temperature re- 
gions, melting of spectrograde benzene was used for the 
calibration. In both cases, the foot temperature of a melt- 
ing peak observed in a differential scanning calorimetric 
(d.s.c.) curve was taken as the melting temperature accord- 
ing to the procedure recommended as a common calibra- 
tion method in the manual for DSC-II H. 

Samples were sealed into d.s.c, pans for volatile samples as 
this eliminates the effect of humidity. Sample wei~_Jat 
used asin this study was from 2 to 3 mg. Heating velocity 
was varied from 0.63 to 20°C/min. When crystalline sam- 
ples were measured by dynamic method at the desired 
heating velocity, peak temperature was adopted as a cri- 
terion of melting for a matter of convenience ~z. We mixed 
some samples with copper powder (1:1 in weight) and 
pressed into thin, small plates to increase the thermal con- 
ductivity, as the samples used were rather bulky. These 
mixed samples were also tested and compared with unmix- 
ed ones. 

The following isothermal melting was carried out using 
the DSC-II, in order to measure the equilibrium melting 
temperatures of D-glucose and cellobiose. At first the sam- 
ple was heated to the melting temperature which was 
roughly estimated from the value extrapolated to zero heat- 
ing velocity from dynamic measurements carried out at 
different heating velocities. The heat change was recorded 
while the sample was maintained above the melting tem- 
perature. After keeping the sample at the temperature for 
a certain time, the sample was reheated to ascertain whether 
any crystals remained. The equilibrium melting tempera- 
ture was thus determined by successively changing tem- 
peratures in the vicinity of the supposed equilibrium 
temperature. 

The glass transition temperature was defined as the point 
when the extension of the base line intersects with a line 
tangent to the maximum slope of the endothermic peak. 

RESULTS AND DISCUSSION 

Figure i shows the d.s.c, curves of or-D-glucose having differ- 
ent crystal forms, anhydride and monohydrate; 3-D-glucose 
and cellobiose respectively. Melting temperatures of these 
compounds measured at the heating velocity of l°C/min 
are not very different from the temperature reported pre- 

Hatakeyama et aL 

viously 2. Melting curves of glucose and cellobiose were 
broad compared with those of other materials used as 
calibration standards such as benzene, benzoic acid and 
indium. The initial melting temperature of the above car- 
bohydrates was difficult to estimate precisely from the 
foot temperature of a melting peak because of a gradual 
change in specific heat occurring from a temperature far 
lower than that of melting. Therefore, peak temperature 
was adopted in this study as a criterion of melting as des- 
cribed previously. In the case of cellobiose, the specific 
heat change was observed as a deflection in the base line of 
a d.s.c, curve before and after melting. Partial decomposi- 
tion seems to be masked with the melting peak 13. 

Figure 2 shows the relation between the temperature of 
a peak and heating velocity for the samples of or-D-glucose 
anhydride and 3-D-glucose. The mleitng temperature in- 
creased with increasing heating velocity. The change of 
peak temperatures was remarkable compared to known 
values of organic compounds. Similar results were also 
obtained in the case of a-D-glucose monohydrate and 
cellobiose. 

Hellmuth et aL x4 suggested that super heating was taking 
place after considering the special character of  the structure 
of these organic compounds. On the other hand, lchihara is 
suggested that the heat conductivity of an organic com- 
pound could not be ignored when the heating velocity 
dependency was discussed even if the sample weight was 
very small. Iguchi 16 and Hatakeyama 17 obtained good 
agreement with the results of Ichihara ~s by using extended 
chain-type polyoxymethylene crystal and high molecular 
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Figure 2 Heating velocity dependency of melting peak tempera- 
ture for e-D-glucose anhydride and ~-D-glucose. A, a-D-Glucose 
anhydride; B, 3-D-glucose 
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Figure 3 Heating velocity dependency of melting peak tempera- 
ture for e-D-glucose monohydrate. A, a-D-Glucose monohydrate; 
B, ~-D-glucose monohydrate with Cu powder 

weight polyethylene as samples. In order to clarify the 
effect of super heating and/or heat conductivity on the 
melting of carbohydrates, the melting temperature of 
a-D-glucose monohydrate was compared with that mixed 
with copper powder, as described earlier. As shown in 
Figure 3, the melting temperature of a-D-glucose mono- 
hydrate was affected seriously by the conditions of the 
sample in the high heating velocity region. This fact sug- 
gests that the heat conductivity of a sample played an im- 
portant part in heating velocity dependency. 

It was difficult to evaluate the melting temperature of 
the compounds from the data obtained by dynamic mea- 
surements, since the melting peak temperatures of glucose 
and cellobiose depended on heating velocity. Therefore, 
we tried to measure the equilibrium melting temperatures 
from melting curves obtained by the procedure described 
earlier. 

Figure 4 shows the isothermal melting curves of a-D- 
glucose monohydrate. From this Figure, it is shown that 
the melting of the sample takes place over a very long time 
interval. The same melting behaviour was observed in the 
case of cellobiose. The large heating velocity dependency 
of glucose and cellobiose seemed due to the above features 
of the compounds. Isothermal melting was carried out for 
all samples having melting temperatures. The cellulose 
oligosaccharides having more than three anhydroglucose 
units decomposed without melting. It is possible to redraw 
the endotherms shown in Figure 4 into accumlation type 
melting curves as a function of time as shown in Figure 5. 
From these curves, we could estimate the half-time of 
melting at various temperatures. The half-time thus evalu- 
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ated is shown in Figure 6 for the case of a-D-glucose mono- 
hydrate. 

As described above, the half-time of melting shown in 
Figure 6 was calculated from the isotherm of a sample 
which remained isothermal until it melted completely. In 
this case, however, if the temperature at which a sample is 
kept isothermally approaches an ideal equilibrium melting 
temperature, the time interval for melting is also expected 
to approach infinity, which cannot be attained in the ex- 
perimental time interval. Moreover, the sensitivity of the 
d.s.c, is not sufficient to follow such a small amount of 
heat in unit time, since the transition occurs over a long 
period. However, the difference between the maximum 
and minimum temperatures where isothermal melt could 
occur in a sample converged within -+0.5°C by holding a 
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Figure 4 Isothermal melting curves of s-D-glucose monohydrate. 
A, 336K; B, 334K; C, 333K 
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Figure 5 Accumlation type of melting curves for e-D-glucose 
monohydrate; where H t is the heat of fusion at time t and Hoo is 
the final heat of fusion. A, 336K; B, 335K; C, 334K; D, 333K 
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Figure 6 Relationship between half-time of melting and the tem- 
perature for e-D-glucose monohydrate kept in an isothermal state 
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Table 1 Melting (T m) and glass transition (Tg) temperatures of 
cellulose oligosaccharides 

T m (K) Tg (K) 

This Refer- This Refer- 
Sample work* ence 2 work* ence 3 

e-D-Glucose monohydrate 331 356 
e-D-Glucose anhydride 416 419 284 - 
#-D-Glucose 419 421--428 
Cellobiose 505 521 335 397 
Cellotriose -- 364 -- 
Cellotetraose -- 355 431 

* In this work, T m was determined by isothermal melting and Tg 
was estimated from a d.s.c, curve at the heating velocity of 10°C/rain 

U 
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I I I 

270 320  370 

Tempertur¢ (K)  
Figure 7 D.s.c. curves of amorphous glucose, cellobiose, cello- 
triose and cellotetraose near the glass transition temperature. A, D- 
Glucose; B, cellobiose; C, cellotriose; D, cellotetraose. Heating 
velocity, 10°C/min 

sample successively at different temperatures. The isother- 
mal melting temperature obtained by the above method co- 
incided well with that obtained by extrapolating values 
from the dynamic measurements shown in Figures 2 and 3. 
Table 1 shows phase transition temperatures obtained in 
this experiment and those reported in the literatures. 

Amorphous samples of  D-glucose and cellulose oligo- 
saccharides were prepared following the method described 
earlier. X-ray diffractograms of  the samples showed the 
typical amorphous pattern. It was possible for crystalliza- 
tion to take place by conditioning amorphous samples under 
an atmosphere with a very small amount of  water at a suit- 
able crystallization temperature. Crystallization of  amor- 
phous samples has been discussed in another report 18. 
Crystallization was never observed by d.s.c, or X-ray diffrac- 
tion measurement, if a sample was completely dried and 
handled in water free conditions. Figure 7 shows the d.s.c. 
heating curves of  amorphous samples measured at the heat- 
ing velocity of  10°C/min near the glass transition tempera- 
tures. The specific heat change was seen clearly for all 

samples. The glass transition temperatures were deter- 
mined from the curves in Figure 7. The temperature errors 
of glass transition were within -+ 1 °C among the runs made 
using different samples. No serious effects of  temperature 
cycling was observed among the runs carried out in the 
temperature range from 270K to 400K. 

The melting and glass transition temperatures estimated 
above are all listed in Table i together with the data ob- 
tained previously. From Table i it can be seen that the 
melting temperatures estimated in the present study are 
rather low as a whole compared with data reported pre- 
viously. This is because the effect of  time factor on phase 
transition process is taken into consideration. 

As seen in Table I the glass transition temperatures of  
oligosacchardies increase with increasing degree of  poly- 
merization except for cellotetraose which might be con- 
taminated by small amounts of  impurities. The glass transi- 
tion temperatures measured in the present study are quite 
different from those obtained by Alfthan et aL 3, even after 
considering the different techniques used.  They estimated 
the glass transition by torsional brade analysis and the 
maximum temperature of  damping was adopted as the 
criterion of  the glass transition temperature. As is well 
known, dynamic loss in viscoelasticity does not correspond 
only to the main motion but also to other phase transition, 
such as crystallization and local mode relaxations. On the 
other hand, by the thermal analysis, the glass transition is 
observed as the specific heat change, which is clearly dis- 
tinguishable from the other first order transitions. Judging 
from the results obtained in this study, the glass transition 
temperatures reported by Alfthan et ~/, 3 seem to coincide 
rather well with the cold crystallization temperatures which 
were detected in d.s.c, curves when the amorphous samples 
contained small amounts of  water. 
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Interaction between carboxylic acids and 
the peptide group 

R. M. Stephens and E. M. Bradbury 
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The interaction between the peptide group and carboxylic acids is one of either protonation or hydro- 
gen bonding. Both interactions will affect the vibrational frequency of the peptide group, resulting 
in changes in the characteristic amide vibrations. Infra-red spectroscopy has been used to examine 
the change in the amide I and II absorption bands of the model compound N-methylacetamide (NMA) 
when it is dissolved in deuterochloroform and various deuterochloroform/carboxylic acids, such as 
acetic, formic, dichloroacetic and trifluoroacetic acid. The results indicate that the interaction is one 
of hydrogen bonding except when NMA is dissolved in the strongest acid used, trifluoroacetic acid 
(TFA). Studies on the interaction between TFA and the peptide group of poly(L-alanine) various 
poly(DL-alanines) and poly(3,-benzyI-L-glutamate) show that the hydrogen bond interaction occurs, 
with little evidence of protonation taking place. In poly(7-benzyI-L-glutamate) it was found that the 
TFA interacted both with the peptide group and the side chain carboxyl group. 

INTRODUCTION 

Helix-random coil transitions of polypeptides can be in- 
duced by varying the proportion of polar and non-polar 
components in a mixed solvent. The polar solvents are 
normally trifluoroacetic acid (TFA) or dichloracetic acid 
(DCA) and the interaction between these acids and the 
peptide group are not fully understood. The interactions 
that can occur between TFA and the peptide group can be 
illustrated by examining the interaction between N-methyl- 
acetamide (NMA) and TFA where it can be seen that 
either (a) protonation or (b) hydrogen bonding can occur, 
(see Figure I). 

Klotz and coworkers 1-a have investigated this interac- 
tion by examining the overtone region of the infra-red 
spectra of N-methylacetamide dissolved in TFA and other 
non-polar solvents. The first overtone of the N - H  stretch- 
ing vibration was observed at 6557 cm -1 when NMA was 
dissolved in carbon tetrachloride, dioxane and water. For 
low concentrations of NMA in TFA two peaks were ob- 
served, one at 6620 cm - I  the other at 6557 cm -1 with a 
shoulder at 6711 cm -1. The 6620 cm -1 band observed 
for NMA in TFA was identified as that due to the over- 
tone of the N- H  group of the amide in the protonated 
state, and the one at 6637 cm -1 due to additional hydro- 
gen bonding between N - H  groups of the protonated series 
and either undissociated acid or the acid anion. It was also 
suggested that the shoulder of 6711 cm -1 observed from 
NMA in TFA and the band at 6734 cm -1 from NMA in 
acetic acid was due to amide N - H  hydrogen bonded to the 
carboxyl groups of the acid. Measurements made in the 
1800 cm - l  to 1500 cm -1 region for NMA in TFA showed 
bands at 1736 cm -1, 1655 cm -1 and 1613 cm -1. These 
were interpreted as being due to the C--O vibration from 
the COOH group in TFA, to the amide I vibrations of the 
peptide group and to the presence of COO- ions which 
would have an anti-symmetric stretching vibrational fre- 
quency at about 1613 cm -1. The amide II vibration which 
occurs at 1563 cm -1 in NMA was not seen. The results 
obtained from the near infra-red studies of poly(L-alanine), 
poly(L-leucine) and polyO,-benzyl-L-glutamate ) in CHCI3/ 

TFA solutions showed that as the acid concentration in- 
creased there was a decrease in absorption at 6630 cm -1 
with a corresponding increase in absorption of 6711 cm -1 
showing that the number of protonated groups increase 
with the proportion of acid content. Similar infra-red 
studies on the interaction between ethylene dichloride/ 
DCA mixtures and the peptide group of poly('y-benzyl-L- 
glutamate), poly(L-alanine) and poly(L-methionine) sug- 
gested that the interaction was one of protonation of the 
peptide group even at low acid concentration 4. Volchek 
has investigated the interaction between DCA, TFA and 
the peptide group of different model amides including NMA 
by monitoring the changes that occur in the amide I region 
of the infra-red spectra for different acid/chloroform con- 
centration s . The concentration of the solution was defined 
as Xk = Nk(No + Nk) where Nk is the molafity of acid in 
chloroform. NO the molarity of the model amide in chloro- 
form was kept constant at 0.2 M. The results show that 
for NMA in TFA/CHC13 solutions, a strong absorption 
band occurs at the approximately 1615 cm when Xk < 0.5, 
and shifts to approximately 1632 cm -1 when Xk > 0.5. 
These bands are attributed to a hydrogen bonding inter- 
action and protonation respectively. Similar results were 
obtained when other model amides were dissolved in either 
DCA/12HC13 or TFA/CHC13 solutions and it was concluded 

CH3~ OH -O O 

c / ",,c/ 
11 L 
N CF 3 

/ + N  
a H CH 3 

O 
CH3~ /~0 . . . . . .  H O - - C / /  

C// ~CF 3 
I 
N 

b H J ~CH 3 
Figure I (a) Protonation; (b) hydro° 
gen bonding 
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Figure 2 I.r. spectra of NMA in deuterochloroform solutions. 
A, 0.2 M NMA in CDCI3; B, 2 M NMA in CDCI3; C, liquid NMA 

that a hydrogen bonding interaction took place between 
the acid and the peptide group when Xk < 0.5 and proto- 
nation of the peptide group occurred when X k > 0.5. 
Other investigations, using infra-red spectroscopy, of the 
interaction between the peptide group and TFA, concluded 
that the interaction was one of hydrogen bonding and not 
protonation 6'7. Mandelkern and coworkers have studied the 
nuclear magnetic resonance spectra obtained from poly(L- 
alanine) and poly(Dt-alanine) NMA and N,N-dimethylaceta- 
mide, in TFA/CDC13 solvents and concluded that whereas 
protonation of the peptide group occurred in the model 
compounds there was no evidence of a similar interaction 
between polypeptides and carboxylic acids 8'9. Quadrifoglio 
and Urry using circular dichroism techniques also concluded 
that protonation did not occur in helical poly(7-benzyl-L- 
glutamate) in 3.65 M DCA in CDC13 solution 1°. 

The aim of this investigation is to examine and to estab- 
lish the nature of the interaction between NMA and car- 
boxylic acids having different acidities, and use the results 
to interpret the type of interaction taking place between 
several polypeptides and TFA. Infra-red spectroscopy has 
been used to record changes that occur in the characteristic 

vibrational frequencies of the peptide group when an inter- 
action occurs between this group and other molecules; in 
this case carboxylic acids. If the hydrogen bonding inter- 
action occurs the vibrational frequency of the amide I 
(80% C=O stretching) is lowered with little change in the 
amide II frequency (60% N - H  in plane bending, 40% C--N 
stretching). If protonation of the peptide group occurs 
then the amide I is replaced by a new absorption band 
which comes from the anti-symmetrical stretching vibra- 
tion of the charged carboxyl group and this occurs at a con- 

siderably lower frequency. The characteristic amide II 
vibration will no longer occur. 

EXPERIMENTAL 

The concentration NO of water free NMA or polypeptides 
in deuterochloroform was kept constant at 0.2 M and the 
molarity Nk of the carboxylic acid/CDC13 solution of NMA 
was varied by adding the required amount of acid to the 
NMA/CDC13 solution. Analar grade reagents were used 
and the purity of the CDC13 was 99.8%. The infra-red 
spectra of the solutions were recorded using a Grubb Par- 
sons Spectromaster. The cells contained barium fluoride 
windows and had a path length of 0.05 rim. The scanning 
speed of the instrument was 1/am/4 min. 

RESULTS 

NMA in deuterochloroform 
Figure 2 shows the infra-red spectra of liquid NMA and 

various solutions of NMA in deuterochloroform (CDC13) 
at room temperature. For the pure liquid NMA the amide 
I occurs at 1663 cm -1 with a broad shoulder at 1649 cm -1. 
The amide II also shows asymmetry with a peak at 1566 
cm -1 and shoulders on the low frequency side. The amide 
I vibration is due mainly to carboxyl stretching and the 
amide II to N - H  in plane bending and C-N stretching, 
and the pronounced asymmetries are due to hydrogen 
bonding, between NMA molecules involving the peptide 
group. For a dilute solution of 0.2 M NMA in CDC13 the 
amide I and II sharpen considerably and occur at 1672 cm -1 
and 1536 cm -1, indicating that very little hydrogen bond- 
ing is taking place. As the concentration of NMA in CDC13 
increases the amide I shifts to a lower frequency and broad- 
ens and the amide II moves to a higher frequency. At 
4.0 M NMA in CDC13 the amide I and II bands occur at 
1653 cm -1 and 1570 cm -1 with very little asymmetry in 
either band. This indicates that very strong hydrogen bond- 
ing is taking place at this concentration. 

NMA in acetic acid/deuterochloroform 
For NMA in dilute acetic acid/deuterochloroform 

(CH3COOH/CDC13) solution two distinct amide I absorp- 
tion bands are seen at 1670 cm -1 and 1651 cm -1 with a 
broad amide II at ~1537 cm -1 (Figure 3). At the higher 
acid concentration of 2.0 M only two bands can be seen, 
one at 1649 cm -1, the other at 1558 cm -1. If there was 
another higher frequency band present it could not be ob- 
served due to the intense background from the acid peak. 
Examination of the solvent spectra for this acid concentra- 
tion shows that there is no strongly absorbing band at 
1558 cm -1 and thus the 1558 cm -1 is due completely to 
the amide vibration. Therefore it seems likely from the 
intensity and position of the peaks observed for 0.2 M 
NMA in 2.0 M CH3COOH/CDC13 that the interaction be- 
tween acetic acid and NMA is one of hydrogen bonding. 

NMA in formic acid/deuterochloroform 
For NMA in formic acid/deuterochloroform solution, 

the amide I absorption occurs at 1670 cm -1 with a 
shoulder at 1643 cm -1 which becomes well resolved in 
0.1 M formic acid (Figure 4). The amide II band is broad 
and centred about 1538 cm -1. These results indicate that 
hydrogen bonding is taking place. However, at 0.75 M 
formic acid the amide I is broad with a peak at 1639 cm -1. 
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NMA trifluoroacetic acid/deuterochloroform 
o With NMA dissolved in trifluoroacetic acid/deutero- 

chloroform (CF3COOH/CDC13) and interesting effect is 
observed. Below an acid concentration of  0.25 M and 
above a concentration of  7.5 M the solution of  NMA and 
TFA/CDC13 is clear but between these two acid concen- 
trations the solution is cloudy at room temperature, but 
can be made transparent by gentle heat. The infra-red 
spectrum at the high acid concentration (Figure 6), shows 
a strong interaction band at 1620 cm -1 with asymmetry on 
the high frequency side, and a band at 1558 c m - k  Exami- 
nation of  the solvent spectrum at this acid concentration 
shows that the band at 1558 cm -1 is due to solvent, and 
thus the amide absorption band has disappeared indicating 
that only one interaction is taking place between NMA and 
TFA at this concentration. For the 0.25 M acid solution 
the interaction band occurs at 1610 cm -1 with a pro- 
nounced shoulder on the high frequency side, and absorp- 
tion band at 1560 cm -1. As the acid concentration is 30 
times lower than previously this band must be due to the 
amide lI vibration. Its intensity however, is low, similar to 
that observed for the 1.0 M DCA in CDC13 solvent which 

1500 1600 1700 1800 

Wavenumbcr (cm -I) 
Figure 3 I.r. spectra of 0.2 M NMA in acetic acid/CDCI3 solutions. 
A, NMA in 0.2 M acetic acid in CDCI3; B, NMA in 0.7 M acetic 
acid in CDCI3; C, 2 M acetic acid/CDCI3 solvent; D, NMA in 2.0 M 
acetic acid in CDCI 3 

14 

1.2 

The amide II occurs at 1558 cm -1 with a shoulder at 1565 
cm -1, and may have lost some of  its intensity. If  this re- 
gion of  the spectrum is compared with the corresponding 
solvent spectrum it is seen that there are no solvent peaks 
present. Thus there may be two different interactions be- 
tween formic acid and NMA; hydrogen bonding and a small 
amount of  protonation at the higher acetic acid concentra- 
tion. 

c 
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NMA hz dichloroacetic acid/deuterochloroform 
When NMA is dissolved in dichloroacetic acid/deutero- 

chloroform (C12CHOOH/CDC13) at an acid concentration 
of 0.1 M the amide I is sharp and occurs at 1670 cm -1,  
the amide II absorbs at 1544 cm -1 and 1559 cm -1,  and 
the interaction band occurs at 1628 cm -1 (Figure 5). At 
an acid concentration of  0.2 M, the interaction band in, 
creases in intensity, and is accompanied by a decrease in 
intensity of  the amide I band. At the higher acid concen- 
tration of  1.0 M, the interaction band has shifted to 
1610 cm -1 and the amide I absorption band is not ob- 
served. In the amide II region there is a band at 1565 cm -1 
but when the spectrum of the solvent is examined it is seen 
that there is an absorption band present near this position, 
indicating that the amide II absorption band has greatly 
reduced intensity. This suggests that protonation of  the 
peptide group in NMA is occurring at 1.0 M DCA in CDC13. 

0 4  

0 '2  

1500 1600  1700 1800 

Wavcnumber (cm -I) 
Figure 4 I.r. spectra of 0.2 M NMA in formic acid/CDCI 3 solution. 
A, NMA in 0.05 M formic acid in CDCI3; B, NMA in 0.1 M formic 
acid in CDCI3; C, 0.75 M formic acid in CDCI3 solvent; D, NMA 
in 0.75 M formic acid in CDCI 3 
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Figure 5 I.r. spectra of 0.2 M solutions of NMA in DCA/CDCI3 
solution. A, NMA in 0.1 M DCA in CDCI3; B, NMA in 0.2 M DCA 
in CDCI3; C, 1 M DCA in CDCI3 solvent; D, NMA in 1 M DCA in 
CDCI3 

suggests that at 0.25 M TFA in CDC13 two interactions are 
taking place between the NMA and TFA. If deuterated 
TFA is used, the interaction band occurs at 1620 cm -1 at 
an acid concentration of 0.25 M (Figure 7). This is 10 cm -1 
higher than the corresponding band when the hydrogenated 
acid interacts with NMA and the intensity of the band at 
1566 cm -1 is lower than that observed using ordinary TFA. 
This additional decrease in the intensity of the amide II is 
due to deuteration of the amide hydrogen but as the acid 
concentration (0.25 M) is similar to the NMA concentra- 
tion (0.2 M) only 50% of the amide hydrogens are deutera- 
ted. At the higher deuterated acid concentration (7.5 M) 
the interaction band occurs at 1636 cm -1. If  the interac- 
tion at this high acid content were due to hydrogen bond- 
ing between the amide carboxyl group and the acid, deutera- 
tion of the hydrogen bond would shift this interaction band 
to a slightly lower frequency (due to the fact that the inter- 
action band would arise from a modified carboxyl stretch- 
ing vibration). 

POLYPEPTIDES IN TRIFLUOROACETIC ACID/ 
DEUTEROCHLOROFORM 

P oly ( L-alanine ) in TFA / CDCl 3 
To see if hydrogen bonding or protonation occurs be- 

tween the acid and the peptide group for poly(L-alanine) 
in TFA/CDC13 solutions its infra-red spectra have been 
examined. Figure 8 shows the spectrum of a solution of 
poly(L-alanine) in 5.4 M TFA in CDC13. It can be seen 
that the amide I and II bands occur at 1658 cm -1 and 
1556 cm-1 respectively, and that an interaction band of 
almost the same intensity as the amide I occurs at 1623 cm -1. 
For the same polymer in 5.4 M deuterated TFA in CDC13 
the amide I occurs at 1653 cm -1 and due to deuteration of 
the amide hydrogen, the amide II has shifted to a much 
lower frequency. The interaction band occurs at 1621 cm -1 
and is 2 cm-1 lower than that which was observed when 
the polymer was dissolved in the hydrogenated acid. It is 
unlikely from these results that protonation is taking place 
at this acid concentration as the intensity of the amide II 
is normal and the frequency of the interaction band is 
lower when the acid is deuterated (as would be expected 
when hydrogen bonding takes place). O.r.d. results have 
shawn that poly(t-alanine) is 5.4 M TFA in CDC13 is mainly 
helical 2°. 

Poly(DL-alanines) in TFA/CDCI3 
To see if a similar interaction takes place between TFA 

and randomly coiled polyalanine, the infra-red spectra of 
solutions of various poly(DL-alanines) in 7.4 M TFA in 
CDC13 were recorded. It can be seen from Figure 9 that 
when L/D = 39 a strong acid interaction band is present at 
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Figure 6 I.r. spectra of 0.2 M NMA in TFA/CDCI3 solutionS. 
A, NMA in 0.05 M TFA in CDCI3; B, NMA in 0.25 M TFA in CDCI3; 
C, 7.5 M TFA in CDCI 3 solvent; D, NMA in 7.5 M TFA in CDCI3 
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1626 cm -1 which is absent when L/D = 1.25. In the latter 
case the amide I band is broad and occurs at 1637 cm -1 

O indicative of the acid solvated random coil form. For the 
? polymer with L/D = 39 the amide I occurs at 1656 cm -1 

indicating that this polymer is helical. The conformations 
l of the poly(DL-alanines) in 7.4 M TFA in CDC13 has been 

confirmed using o.r.d, techniques 2°. However, irrespective 
of the ratio of L:D i.e. the helicity of the polymer the in- 
tensity of the amide II band remains almost constant with 
the result that very little protonation is taking place. 

Poly(7-benzyl-L-glutamate) in TFA/CDCl3 
Figure 10 shows the infra-red spectra of solutions of 

poly(7-benzyl-L-glutamate) in TFA/CDC13. It can be seen 
that at an acid concentration of 0.34 M TFA two changes 
have occurred in its infra-red spectrum compared with that 
obtained from the polypeptide in deuterochloroform. The 
first is the appearance of a weak band at 1613 cm-1 which 
is in a similar position to the interaction band that is seen 
when poly(L-alanine) is dissolved in TFA/CDC13 solution. 
Secondly the intensity of the ester C=O at 1736 cm -1 has 
diminished with the appearance of a new band at 1713 cm -1 
It can be seen that as the acid concentration increases the 
intensity of the band at 1713 cm -1 increases steadily and 
the one at 1736 cm -1 decreases, until at an acid concentra- 
tion of 2.0 M only a band at 1713 cm-  1 can be seen. Mean- 
while the intensity of the weak band at 1610 cm-  1 has 
reduced as the acid concentration increased and as the 
conformation of the polymer changed from helical to ran- 
dom coil as indicated by the changes in the amide I and II 
bands. 

O , ~  

1500 1600 17OO 18OO 

Wavcnumber (cm -I) 
Figure 7 I.r. spectra of 0.2 M NMA in deuterated TFA/CDCI 3 
solutions. A, NMA in 0.05 M deuterated TFA in CDCI3; B, NMA 
in 0.25 M deuterated TFA in CDCI3; C, 7.5 M deuterated TFA in 
CDCI 3 solvent; D, NMA in 7.5 M deuterated TFA in CDCI3 

B 
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Figure 8 I.r. spectra of 0.2 M solutions of poly(L-alanine) in A, 
5.4 M deuterated TFA in CDCI3; B, 5.4 M TFA in CDCI3 

DISCUSSION 

Infra-red spectroscopy has been used to investigate the 
type of interaction taking place between carboxylic acids 

5 
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" t D  

Q .  

O 

~ 0 0  1600 1700 1800 
Wavenurnber (cm -I) 

Figure 9 I.r. spectra of 0.2 M solutions of poly(DL alanine) in 
7.4 M TFA in CDCI 3. A, poly(L-alanine); B, L:D 39; C, L:D 9; 
D, L:D 1,25 
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0 ' 4  

o 
1500 16oo 17oo  I B o o  

Wavenumber (cm -~) 
Figure I0 I.r. spectra of 0.2 M solutions of poly(3--benzyI-L- 
glutamate) in A, CDCI3; B, 0.34 M TFA in CDCI3; C, 0.67 M TFA 
in CDCI3; D, 1.35 M TFA in CDCI3; E, 2.0 M TFA in CDCI3; F, 
2.73 M TFA in CDCI 3 

and the peptide group of NMA and various polypeptides. 
The interaction may be either (a) hydrogen bonding or 
(b) protonation. The former causes a reduction in the 
stretching frequency of the affected group whilst the latter 
gives rise to the presence of a charged COO- stretching 
vibration accompanied by the disappearance of the amide 
II vibration. 

This investigation of the interaction between NMA and 
various carboxylic acids, show that two types of interac- 
tion may occur. For relatively weak acids like acetic or 
formic acids, Ka = 1.75 x 10 -5 and 1.77 x 10 -4 respec- 
tively, hydrogen bonding between the acid and NMA is 
present at quite high acid concentrations, with possibly 
only a little protonation occurring. Protonation is only 
likely to occur with the stronger carboxylic acids. 

When hydrogen bonding is taking place between the 
acid and NMA the frequency of the interaction band occurs 
between 1651 cm -1 and 1649 cm -1 for acetic acid (MW60) 
and between 1645 cm -1 to 1639 cm -1 for formic acid 
(MI¥ 46). The frequency of the hydrogen bonded inter- 
action band should depend to some extent upon the mass 

of the hydrogen bonded molecule. Thus the fact that the 
interaction band frequencies are lower for the lowest 
molecular weight acid (formic acid) indicates that the 
hydrogen bonding is stronger in formic acid than in acetic 
acid. This is to be expected when one compares the mag- 
nitude of their acidity constants K a. The fact that the 
hydrogen bonded interaction band is at 1649 cm -1 for 
pure liquid NMA (MW 73) means that the hydrogen bond- 
ing interactions between NMA molecules is weaker than 
between these carboxylic acids and NMA. Any hydrogen 
bonding occurring between DCA (K a = 5 x 10 -2) and NMA 
is likely to be stronger than that for acetic and formic acid. 
Consequently the frequency of the hydrogen bonded 
carboxyl stretching band should be even lower than that 
observed when formic acid hydrogen bonds to NMA. The 
interaction band for low dichloroacetic acid concentrations 
(0.1 M) is broad and has a peak at 1628 cm -1. It sharpens 
and occurs at 1620 cm -1 when the acid concentration is 
1 M. The amide II vibration is present at the lowest acid 
concentration but absent at the higher one. Thus when 
DCA/CDC13 is used as a solvent for NMA it appears that 
the interaction is mainly one of hydrogen bonding at low 
acid concentration but with increasing amounts of proto- 
nation as the acid concentration increases. 

For NMA dissolved in 0.05 M TFA in CDC13 the amide 
I and II absorption bands are present and a weak inter- 
action band occurs at 1610 cm -1. In 7.5 M TFA in CDC13 
only two bands can be seen one at 1620 cm -1 the other 
at about 1555 cm -1. This latter band is due to absorp- 
tion from the solvent, indicating that the amide II absorp- 
tion is absent. It appears then that at an acid concentration 
of 7.5 M the interaction is one of almost complete proto- 
nation. In 0.05 M TFA in CDC13 the interaction between 
the acid and NMA is likely to be hydrogen bonding. Even 
so protonation cannot be ruled out as the acid concentra- 
tion is low and any observable effect would be small. 

In view of the above conclusions, that complete proto- 
nation of NMA only occurs with high concentration of TFA 
and not with the weaker acids, the interactions between 
polypeptides and carboxylic acids has been restricted to 
that between polypeptides and TFA. 

With poly(L-alanine) in 5.4 M TFA in CDC13 the infra- 
red spectra show that an interaction band occurs at 1623 
cm-Xwith amide I and II bands at 1658 cm -1 and 1555 
cm -1 respectively. When deuterated TFA is used the inter- 
action band occurs at a slightly lower frequency and it 
appears likely that hydrogen bonding takes place between 
TFA and helical poly(L-alanine). From the studies made 
on various poly(DL-alanines) at an acid concentration of 
7.4 M in CDC13, hydrogen bonding occurs between the pep- 
tide group and TFA when L/D = 39 (as the interaction band 
occurs at 1626 cm -1 and the amide II band is present). 
When L/D = 1.25 the resultant spectrum is indicative of the 
acid solvated random coil form. 

When the interaction between TFA and the polypeptide 
containing an ester group [poly(')'-benzyl-L-glutamate)] is 
examined, two interaction bands occur which were not pre- 
sent when the polypeptide was dissolved in deuterochloro- 
form. For an acid concentration of 0.34 M, apart from the 
expected amide I, II and ester C=O stretching vibration 
absorption bands, two weak bands occurred at 1610 cm -1 
and 1713 cm -1. As the acid concentration increased, the 
polypeptide becomes more random (as indicated by the 
shape of the amide bands), the band at 1610 cm -1 remain- 
ed practically unchanged in intensity, whilst the band at 
1713 cm -1 increased in intensity. When the acid concen- 
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tration is 2.0 M TFA in CDC13 the spectru m is that from 
the acid solvated random coil form of  poly(~,-benzyl-L- 
glutamate) with the interaction band at 1610 cm -1 absent 
and the one at 1713 cm - I  very strong. Thus it seems that 
the main interaction occurs between TFA and the side 
chain ester group in poly(7-benzyl-L-glutamate), and is one 
of  hydrogen bonding. Very few TFA molecules appear to 
interact with the peptide group of  this polypeptide.  

CONCLUSIONS 

The results above indicate that protonat ion of  NMA occurs 
when strong carboxylic acids such as DCA and TFA are 
used as solvents. Hydrogen bonding occurs between NMA 
and weaker carboxylic acids (acetic and formic acid) and 
at low acid concentrations of  NMA in DCA/CDC13 solu- 
tions. Protonation of  the peptide group is not  observed 
for the polypeptides studied when they are dissolved in 
TFA/CDC13 solutions; the interaction is one of  hydrogen 
bonding between the peptide group of  helical polymers 
and the acid. If the polypept ide contains an ester group in 
its side chain, such as poly(q,-benzyl-L-glutamate), there is 
good evidence that the carboxylic acid will hydrogen bond 
to the side chain ester group. 

These conclusions are in agreement with the experi- 
mental and theoretical studies which support  the ideas of  a 
hydrogen bond interaction s-7'9'12-19, and disagree with pre- 
vious studies supporting protonat ion 1-4. The different 
conclusions may be due to the difficulty in characterizing 

changes that were observed in the overtone region of  the 
infra-red spectrum. 
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Viscosity-molecular weight concentration 
relationships beyond the critical region in 
polymer solutions and melts 
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(Received 23 December 1975) 

A multivariate regression analysis of viscosity-molecular weight-concentration data is presented 
which is superior to the methods currently used. Four sets of data from the literature are analysed 
to show the efficacy of the method. 

INTRODUCTION 

The flow properties of concentrated polymer solutions 
and melts are of great importance in the study of their 
processing characteristics and molecular structure. A con- 
siderable amount of experimental work has been reported 
in the literature 1-7 on the dependence of the zero shear 
viscosity, r/0, of polymer solutions and melts on the mole- 
cular weight of the polymer, M, and its concentration, c, 
or density, P. The experimental data show a dependence 
of r~0 on M TM. However, the dependence of r/0 on the con- 
centration appears to vary from system to system. Graes- 
sley 8 has recently reviewed the theoretical developments a'8-11 
in this area but most of the theories seem to be in contra- 
diction with experimental behaviour. 

It has been found empirically that log-log plots of r/0 
versus M at different c and r/0 versus c at different M are 
superimposible by horizontal shifts and on this basis the 
following equation has been suggested for regions beyond 
the critical pointS: 

r~ 0 = KcaM ~ (1) 

where K, a and/3 are constants. Several methods have been 
used in the literature to evaluate a and/3. In the first 
method 12, ~ and t3 are assumed to be 5.0 and 3.4 respec- 
tively (i.e. 3/a = 0.68) and a plot of log 770 versus (3.4 logM 
+ 5.0 logc) is made. The deviation of experimental 
points from a straight line of slope unity at high values of 
the abscissa indicate deviations from equation (1). This 
method has the drawback in that excessive experimental 
scatter does not indicate whether the functionality in 
equation (1) is wrong or whether incorrect values of a 
and/3 have been chosen. The same experimental data have 
been replotted 13 and 3/a has been found to be 0.54 instead 
of 0.68 assumed earlier. Recently a variation of this 
method has been used 7 and log r/0 has been plotted as a 

c 625 68 fun tion of log (cM 0" ) as well as log (cM O" ). Analysis 
of data on polystyrene in toluene reveals that it is impos- 
sible to decide which of the two exponents, 0.625 and 
0.68, is really applicable. A similar insensitivity has been 
reported by Graessley s who shifted log r/0 versus log (cM) 
and log ~70 versus log (cM 0'68) plots vertically. 

Plots of log r/0 versus logM for various values ofc  as 
well as log 7? 0 versus log c for various values of M have 
been made 13 and these curves shifted horizontally to super- 

pose on any reference concentration, c o , or molecular 
weight, M 0. The shift factors ac( =- log c/co)  and am( = log 
M/Mo)  are related to 3 and a as: 

/3 
a c = -- -- x a m (2) 

f f  

and a plot of ac versus a m gives/31a. This method has the 
drawback that the superposition of plots by visual methods 
leads to a loss of precision. Besides, this method is far too 
cumbersome to use. 

The insensitivity of the various methods of analysing 
experimental viscosity data and the loss of precision by 
visual shifts necessitates a more reliable method of analy- 
sis. In this paper, a multivariate regreggion analysis is sug- 
gested and some representative data existing in the litera- 
ture are analysed to give the 'best-fit' values of K, a and/3 
in equation (1). This method has the advantage of being 
amenable to computer calculations. 

METHOD OF ANALYSING DATA 

Above the critical region, equation (1) can be written as: 

log r/0 = log K + a log c +/3 logM (3) 

or, in simplified notation: 

y =A +t~x 1 +/3x 2 (4) 

A multivariate regression analysis for the case of two inde- 
pendent variables leads to a set of three simultaneous alge- 
braic equations in the three unknowns, A, a and/314: 

A n  + o l ~ x l , i +  f l E x 2 , i =  ~ Y i  

A~Xl, i+e~x21, i+/3~Xl , iX2, i=~Xx, iYi  (5) 

h ~ x 2 , i + c ~ x 2 , i X l , i + / 3 ~ x 2 , i = ~ x 2 , i Y i  

where n is the number of data points, Xl,i, x2, i and Yi are 
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Table 1 Values of log K, a and/3 for viscosity data obtained using 
the regression analysis 

System Log K (z /3 #/c= Curve no. 

Polystyrene-- --17.3 10.795 3.269 0.3028 A 
DOP17 

PMMA in --31.13 9.454 4.240 0.4485 B 
diethyl- 
phthalate 16 
at 30°C 

PMMA in -33.596 8.423 4.180 0.4963 C 
diethyl- 
phthalate 
at 60°C 

PVAc in --28.518 5.599 3.411 0.6092 D 
diethyl- 
phthalate 15 

IO 9 

IO 7 

IO s 

A 

~0 I I l I I I 
IO o iO I iO 2 

cM 13/c~ 

O 

iO 3 

iO 6 

iO 5 

O 

iO 3 

iO 2 

Figure I ~o vs. cM/3/~ for polystyrene in DOP 17 (curve A): [3, 
40%; O, 30% 

I010' ' L (~ 2 'I ' IC) 3 L ' (~4 ' i  ' I0 s 

cM ~I~ 

Figure 2 70 vs. cM [j/c~ for PMMA in Dl=p16 at 30°C {Curve B) 
and at 60°C (Curve C): [3 c = 0.226; o, c = 0.113. Curve D rep- 
resents ~Io vs. cM/3/~ for PVAc in DEpIs: • c = 0.171 ; A C = 
0.26; D c = 0.325 

DISCUSSION 

The multivariate regression analysis has been applied to 
four sets of  data beyond the critical region, taken from 
the current literature ls-1~. Table I lists the values of  K, 
a and/3 for the cases studied. It is observed that there is 
a considerable variation in the values of  t~. Such variations 
have already been reported 18-2e. The values of/3 are all 
found to be around 3.4 except in the case of  PMMA. 
Figures I and 2 show plots of  log rlo as a function of  log 
(cM/3/~) using the values of/3/ol listed in Table 1, along with 
the best-fit lines. 

This method of  analysis of  data does not have the draw- 
back of  insensitivity nor does it require any visual shifts of  
data which would lead to loss of  precision. Moreover, the 
regression analysis minimizes the standard deviation. 

It should be mentioned here that workers in this area 
usually plot log 170 versus logM and log r/0 versus log c for 
different c and M and obtain/3 and ct from the slopes of  
these plots above the critical region, respectively. As few 
as four to five points are normally used in the evaluation 
offl and t~. As opposed to this, in the regression analysis 
presented here, the number of  data points used is much 
larger because data for different M and c can be used 
simultaneously. 

the values of  log c, log M and log rio for the ith data point 
and the summations are over all values of  i from 1 to n. 
Cramer's rule can now be used to obtain the three best-fit 
values for the parameters. 
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Brillouin scattering study of gelatin gel 
using a double passed Fabry-Perot 
spectrometer 
D. S. Bedborough and D. A. Jackson 
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(Received 4 November 1975; revised 16 February 1976) 

The Bri l louin spectrum of gelatin gels has been recorded at room temperature as a function of concen- 
tration of gelatin, using a double passed Fabry-Perot spectrometer. It was found that both the 
Bril louin shifts and line-widths increase linearly with concentration. In the case of the line-widths it 
was shown that the rate of increase was sensitive to the thermal history of the gels, being greater for 
gels cooled slowly. Explanation of the results in terms of a relaxation phenomenon is improbable. 
The observations can however be explained in terms of the structure of the gel. Expressing this struc- 
ture as a number density of crosslinks, which is dependent on the concentration of gelatin, the in- 
crease in Bri l louin shift is consistent with the change in bulk properties. The increase in line-width 
is shown to be caused by the crosslinks scattering the sound waves in the gel. 

INTRODUCTION 

A common form for a polymeric material is that of a gel. 
This state is characterized by a low but finite rigidity and 
high incompressibility. These properties are directly related 
to the gel structure which usually incorporates both high 
and low molecular weight material. The high molecular 
weight material forming a semi-rigid three-dimensional net- 
work with the low molecular weight material (usually a 
liquid) pervading this network. An important part of the 
elucidation of the nature of a gel is the determination of the 
structure of the crosslinks between the polymer molecules 
forming the network. Another interesting feature of gels 
concerns the dynamics of the network. Both of these prob- 
lems have been investigated by light scattering. Information 
on the structure is obtained by conventional elastic light 
scattering ~ and on the dynamics by the more recent tech- 
nique of analysis of the quasi-elastic scattered light (Ray- 
leigh line) by correlation and spectrum analysis methods =. 
Raman scattering from molecular vibrations has also given 
information on the crosslinking structure 3. However, to our 
knowledge the technique,of Brillouin scattering, which 
measures the frequency and damping of sound waves in a 
system, has not been applied to the study of gels. 

BRILLOUIN SCATTERING THEORY 

Brillouin scattering a arises when light is scattered with a 
change in frequency by sound waves in the system under 
study. Physically we may picture this as the sound wave 
giving rise to a spatially periodic compression and rarifac- 
tion of the medium which then acts as a moving diffrac- 
tion grating; the frequency shift, essentially a Doppler shift, 
arises from the motion of the sound wave. 

In the quantitative evaluation of Brillouin scattering ex- 
periments two central results are needed. One relating the 
wavelength of the sound wave (Xp) being studied to the 
geometry of the experiment i.e.: 

27r 27r 0 
- 2v x - -  s i n -  (1) 

~kp ~k i 2 

where X i is the wavelength of the incident light, v the 
velocity of sound in the medium under study and 0 the 
angle between incident and observed light. 

The equation (2) relates the change in frequency of the 
scattered light (COp) to the velocity of sound in the medium: 

nv 0 
cop = 2 x - -  c o i  sin - (2) 

c 2 

where col is the frequency of the incident light, n the 
medium refractive index and c is the velocity of light in 
vacuum. 

More important than the frequency shifts in this work are 
the widths of the Brillouin lines (FB) which are related to 
the lifetime of a phonon before it is scattered or absorbed. 
If we view the sound wave as spatially damped according to 
exp(--ex) then the Brillouin width at half height in Hz is 
given by: 

r a  = - -  ( 3 )  

In many fluid systems (although we believe not in our case) 
a viscous mechanism is responsible for the line width s. 
However, we speculate below that the crosslinking regions 
of the gel under study, scatter the sound waves travelling in 
the liquid of the gel and give rise to broader Brillouin lines. 

EXPERIMENTAL 

Light scattering system 

A conventional experimental system consisting of a 
Coherent Radiation Laboratories 52B Laser operated at a 
single frequency and 200 mW power, piezoelectrically 
scanned Fabry-Perot  6 spectrometer plus d.c. detection of 
the light scattered at 90 ° was used except for one impor- 
tant feature not hitherto applied to polymer systems. This 
feature, made fairly standard in semi-conductor physics 7, 
consists of passing the scattered light through the Fabry -  
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Figure 1 Typical Brillouin Spectra of gels of low gelatin concen- 
tration. The upper trace is a single pass Fabry--Perot (98% mirrors) 
and the lower spectra obtained by the double passed technique 

min). During an attempt to study the time dependent be- 
haviour of the Brillouin spectra while a sample gelled, it 
was noted that the line width of the final sample was sig- 
nificantly lower. In view of the expected structure of the 
gel (see Discussion) and known phenomena of crystalliza- 
tion of polymers (crystalline regions decrease in size with 
increasing cooling rate) it was speculated that this change 
in line width was due to the rate at which the gel was cool- 
ed. Thus eight more samples were prepared and quenched 
in ice water and a significant drop in Brillouin line width 
was noted. The shifts and widths are displayed for the two 
cooling rates in Figures 2 and 3. 

In view of the fact that the changes in the Brillouin 
Spectrum on gelling for the low concentrations are small 
and that the higher concentrations gel relatively rapidly it 
was found necessary to delay a dynamic study of the gelling 
process to a later date. 

DISCUSSION 

There are two possible interpretations to the observed 
Brillouin spectra. One phenomenological explanation is 
that changes in the spectra are brought about by the change 

6.0 

Perot twice. This enables the weak scattered light to be 
detected in the presence of very much stronger elastically 
scattered light, i.e. it increases the contrast of the Fabry-  
Perot. 

The reflectivities of the Fabry-Perot mirrors were 
chosen as 92% at the exciting wavelength of 5154 A. The 
free spectral range 6 of the instrument was 8.66 GHz which 
with a finesse of ~40 gave a resolution of 200 MHz. A 
typical spectrum is shown in Figure i along with a single 
passed spectrum taken using higher reflectivity plates 
(~98%) in the Fabry-Perot (contrast increases with plate 
reflectivity6). These spectra clearly demonstrate the need 
for a multipassed system. It is not clear whether the Tyn- 
dall light is inherent in the nature of the gel or merely due 
to impurities such as dust etc. In obtaining the line-widths, 
allowance was made for the convoluting effect of the 
instrument function. 
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. _  

t -  

5 4 '0 
0 
i -  

n n  

3"C 

Figure 2 
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The graph of Brillouin shifts versus concentration of 

o2 

o . • gelatin. X, gel cooled slowly (0.5 C/ram); , gels quenched cooled 
to O°C 

550 

Gels 
The gelatin gels in this study were made from Eastman 

Gelatin (purified pigskin). A range of gels were made by 
dissolving appropriate quantities in 0.15 M NaC1 solution 
which had been previously made using distilled water. 

The salt solution was used because it is known ~3 that the 
nature of a gel is dependent upon the ionic nature of the 
solvent and the presence of a significant amount of NaC1 
should make the effects of impurities less important. 

The solutions were prepared by heating to not more than 
60°C. The samples were then allowed to cool naturally to 
room temperature at a rate of ~0.5°C/min or transferred 
directly from the water bath at 60°C to a bath at 0°C 
(quenched samples). 

RESULTS 

The shift and width of the BriUouin lines were measured at 
room temperature ('--20°C) for eight concentrations be- 
tween zero and 0.2 g/cm 3. The first set of results were 
taken from gels cooled slowly to room temperature ("-l°C/ 

x 

450 

- r -  x j S  , /  

~ x 
"o 350 ~ ii , 

,,_1 /~.f I • 
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Figure 3 The graph of Brillouin line width versus concentration 

o • • of gelatin. X, gels quench cooled slowly (0.5 C/mm); , gels 
quenched to 0°C; n, line-width of the gel in the molten state 
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in concentration affecting the relaxation frequency of the 
gel and the other that the structure of the gel scatters the 
thermal phonons in the gel and therefore affects their fre- 
quency and lifetime. We briefly consider first the relaxa- 
tional interpretation. 

R elaxational in terpretation 
There are essentially two effects observed in these ex- 

periments, the small (~20%) increase in velocity of sound 
in the medium (Figure 2) and the large (~300%) increase 
in the widths of the Brillouin lines (Figure 3) which in turn 
mean a large decrease in the life-time of the sound wave. 

Considering the equations describing Brillouin scatter- 
ing in a relaxing medium 4 under the very common approxi- 
mation of a single relaxation time necessary to make the 
equatior:s tractable, we investigate the possibility of the 
above two features being explained by a relaxational 
model. 

It was found, however, that the only parameters physi- 
cally variable in such a model i.e. the low frequency elastic 
modulus and the relaxation time, had to change in a phy- 
sically unrealistic manner. The modulus for instance had 
to decrease with increasing gel concentration. Therefore it 
was concluded that a relaxational mechanism is very un- 
likely to be responsible for the observed effects. 

However, stronger evidence against relaxational inter- 
pretation can be inferred from the effect on the Brillouin 
line-width of changing the exciting line from 5145 A to 
4880 A. If a relaxation mechanism is present a decrease in 
line-width should be observed after correction for the in- 

verse quadratic dependence of l" B o n  ~,. However, on per- 
forming this experiment the width increases significantly. 
An accurate quantitative estimation of the dependence of 
width on frequency was not attempted since the resolution 
of the Fabry-Perot  decreased with wavelength because of 
the nature of mirror coatings. 

Structural scattering 
Since a relaxational process would not appear to explain 

the experimental observations we investigate an alternative 
mechanism which might be responsible for the observed 
Brillouin line-widths i.e. that of the scattering of phonons 
by stationary objects. 

Scattering interpretation 
Taking as our model for the structure of the gel one in 

which the crosslinks between the polymer molecules are 
the triple helices 9 of the parent collagen molecule we con- 
sider the regions of helices as cylindrical scattering entities. 
In this case the problem of the scattering of sound waves 
by such a system is closely analogous to that of the propa- 

gation of sound in a fog 1°. In the case of fog the scattering 
entities are spherical water droplets whereas in the gel they 
are the triple helix of a portion of the native collagen mole- 
cule which are cylindrical in shape. In principle it should 
be possible to interpret the Brillouin shifts and widths in 
terms of expressions derived from scattering from finite 
cylindrical scattering centres. Unfortunately, it appears 
that this problem has not been treated theoretically, how- 
ever, it is justifiable to use the expression derived for sphe- 
rical scatterers to demonstrate an order of magnitude for 
the effect. 

Brillouin shift 
The velocity of sound in a system of N spheres of radius 

a n embedded in a medium is given by1°: 

1 
V 2 - (4) 

KRPR 

N 

KR = K0+ ~ 47ra3(Kn-  K0) 

. = l  (5) 
N 

; R =  .=1 

where K R and PR are the appropriate mean compressibility 
and density of the total system. The density and compres- 
sibility of the spheres and medium are Pn, Kn and PO, K0 
respectively. We know from our results that K R and PR in- 
crease only slightly. Therefore we may consider the effect 
of such small changes on equation (4) we have: 

1 dp+dK I 
v 2 p K 

Evaluating dp/p and dK/K from (5) using Pn and Kn, 1.3 
g/cm 3 and K = 10 -11 cm 2 dyne 11 respectively and approxi- 
mating the scattering centre as a sphere of radius 25 A we 
calculate the value of N required to give the observed 10% 
increase in Brillouin shifts. This yields a value o f N  ~ 1020 
cm -3 which gives a value for inter-crosslink distance of the 
order 20 A. This value would appear to be rather low but 
probably should not be interpreted too literally since equa- 
tion (5) is derived assuming the interparticle distance is 
greater than the wavelength, and this would not appear to 
hold. It is worth noting however, that the above figures 
would predict approximately a 50% solution of gelatin, 
which is of the same order of magnitude as that used. 

Brillouin widths 
The expression for Brillouin widths arising from the 

scattering of phonons by the spheres can be derived from 
PB = av/Tr using a value o fa .  This can be shown to be 1° 
N£  s where £ s is the scattering cross-section of one of the 
spheres and is given by: 

4 [rKnKoj2 F  02] = _ ~.a2(Ka)4 + - -  
3 KO 2pn - PO 

Using the above values of K, p, n etc., and equation (3) to 
related spatial decay rate of a sound wave to Brillouin line 
width the calculated line width is ~100 MHz, giving a good 
order of magnitude agreement with observation. Thus it 
would appear that the Brillouin spectrum of the gel may be 
explained in terms of the scattering of sound waves by the 
structure of the gel, i.e. the crosslinking regions. 

A further test that presents itself is the behaviour of the 
line width when the gel is melted. Melting the gel destroys 
the network and thus the line widths should decrease. We 
see from the single point of the graph, Figure 3, that this 
did in fact occur which further supported the scattering 
interpretation. 
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Correlation with ultrasonic results 

An alternative experimental method of  probing the 
properties of  a gel using sound waves is by ultrasonic 
methods. However only scant data appears to be available. 
Koinito 12 reports no change in absorption on gelling at a 
frequency of  1 MHz. Mikhailor and Tarutina ~2 report an 
increase in absorption up to a concentration of 3% and 
thereafter a constant absorption. This observation is con- 
sistent with the scattering interpretation since the wave- 

length (~) of  sound in ultrasonic experiments is very much 
larger than that in Brillouin scattering. For ~ very much 
larger than the inter-crosslink distance the scattering is ex- 
pected to be small in agreement with Koinito's results at 
high concentration. If  the inter-crosslink distance decreases 
with increasing concentration then the behaviour described 
by Mikhailor and Tarutina may be expected. A convincing 
test would be effectively to increase the wavelength of  the 
sound giving rise to the Brillouin scattering until it overlap- 
ped that of  Mikhailor and Tarutina, however, this requires 
an unattainably small scattering angle. 

Variation o f  line width and thermal treatment 

An interesting result obtained from the Brillouin scatter- 
ing measurements is the way that different thermal treat- 
ments affect the line-width. Quench cooling always result- 
ing in a reduction in this width. These results are indicated 
in Figure 3. 

If the increase in line width of  the gel over that of  water 
is accepted as due to scattering by the crosslinks in the gel 
then the explanation of  the difference between slow cooled 
and quenched gel can be indicative of  (a) differences in the 
size (probably the length) of  the scattering units or (b) 
differences in the concentration of  the scattering units. In 
reality, both probably occur and it is difficult, on the basis 
of  the present inelastic light scattering data to distinguish 
between the two. 

CONCLUSIONS 

We have reported what we believe to be the first Brillouin 
scattering investigation of  material of  biological origin. This 

was made possible due to the high contrast available from 
multipassed Fabry-Perot  techniques. The results have been 
interpreted in terms of  scattering of  sound waves by the 
structure of  the gel under study and parameters inferred 
from the study are in good agreement with the accepted 
structure of  the gel. 
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A sonic pulse propagation study of phase 
separation in certain block copolymers 

A. Beamish and D. J. Hourston 
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A pulse propagation technique has been used to measure the longitudinal sonic velocities (CL) of both 
linear ABA and 4-arm star block copolymers of styrene and butadiene. When homo-polystyrene and 
homo-polybutadiene are added to vary the styrene content a plot of C L against vol % polystyrene 
(V G) results in a smooth curve whose equation can be represented empirically as C L = 6.9 x 10 -2  + 
9.95 x 10 -4  V~¢ 4. It is found thafneith'et the star copolymer nor ABA poly(styrene-b-isoprene) lie 
on this curve. The latter material appears to give a lower and approximately parallel curve. The ex- 
perimental curve cannot so far be predicted by equations of mixing including that attributed to 
Urick. 

INTRODUCTION 

A considerable number of papers concerned with the inter- 
nal structures resulting from phase separation in ABA block 
copolymer systems, where A is a glassy and B a rubbery 
block, have now been published ~-s. Meier 6-s has deduced 
theoretically all the morphological possibilities. Part of this 
work has been devoted to the study of the influence of pro- 
cessing temperature 1 or casting solvent 9 on the resulting 
structure, showing that both of these variables can influence 
the internal structure considerably. 

To date the two techniques which have dominated mor- 
phological studies of this kind are electron microscopy and 
low-angle X-ray diffraction. The deduction of structure by 
both of these techniques is somewhat time consuming and, 
in the case of electron microscopy, some skill is also re- 
quired in the sectioning of these rubbery materials. This 
latter difficulty is sometimes avoided by solvent-casting the 
polymer onto electron microscope grids, but as it is known 
that both the solvent, as already mentioned, and the 
evaporation rate 9, at least for certain solvents, can influence 
the structure, it is an unsatisfactory approach if informa- 
tion on bulk structure of heat processed material is 
required. 

As a more rapid method of achieving even only qualita- 
tive information about composition, structure and orienta- 
tion in these systems would be welcome, a sonic pulse 
propagation technique has been applied in an attempt to 
achieve this end. This paper is a preliminary report on this 
work. 

This technique has been applied to both homogeneous 
and heterogeneous polymer systems for some considerable 
time ~°'u, but has mainly been used with semi-crystalline 
materials ~°-~2 often in an attempt to measure orientation 
in the amorphous phase m~3 which has a lower sonic velo- 
city than the crystalline phase. In the case of s tyrene-  
butadiene-styrene and styrene-isoprene-styrene copoly- 
mers the individual homopolymers which comprise the 
blocks also have widely differing sonic velocities so that 
it would seem very probable that both copolymer compo- 
sition and bulk structure should markedly influence the 
overall sonic velocity. For example, a system where the 
two phases are continuous should differ substantially in 
terms of sonic velocity from a system of the same compo- 

sition where the glassy blocks are regularly dispersed as 
spheres in a rubbery matrix. 

Craver and Taylor ~4 have discussed the theory of propa- 
gation of plane longitudinal sound waves through materials. 
In the case of a planar isotropic body, the sonic modulus 
(Es) is related to the longitudinal wave velocity (CL) by 
equation (1): 

Es = pC2(1 _ #2) (1) 

where p is the density of the sheet and tt is the Poisson's 
ratio. 

The equivalent expression for the sonic shear modulus 
(Gs) is given by equation (2): 

Gs = PC 2 (2) 

where C T is the transverse sonic velocity. By the combina- 
tion of equations (1) and (2), plus the relation Es = 
2Gs(1 + #), the following expression for Poisson's ratio is 
obtained: 

[24  .=1- t g l  (3) 

Thus, by the measurement of longitudinal and transverse 
velocities it is possible to calculate Poisson's ratio and 
sonic moduli so long as the sample is isotropic. 

Composition as well as structure should influence sonic 
velocity, but the form of such a dependence for this type 
of system is not known. The following equation for mix- 
tures which is due to Urick ~s has been applied as has a 
simple mixing equation, but neither fits the observed 
results: 

I 
C L -  (.P0K0)l/2 

1 ) 1/2 

[02/3 + Pl(1 -- ,8)] [K2/3 + KI(1 -/3)] (4) 

where PO and K0, Pl and K1 and P2 and K2 are the density 
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Table 1 Characterization data for polymers used in this study 

Styrene a 
Sample (vol %) Mn X 10 - 3  cis (%) 

Configurational analysis a 

trans (%) 1,2-(%) 3,4-(%) 

SBS-1 28.5  86  38 57 6 - 
SBS-2 22.9  67 38 57 5 - 
SIS-1 13.2 140 70 25 - 5 
SIS-2 25 .0  183 7 0  25 -- 5 
Star-1 34.6  210  . . . .  
Star-2 24.9  250 . . . .  
Polystyrene 100 124 . . . .  
Polybutadiene - 105 34 51 15 - 

aFrom proton n.m.r. 

and bulk compressibility of the composite, the matrix and 
the dispersed glassy phase respectively. /3 is the volume per- 
cent of the particulate phase. 

EXPERIMENTAL 

The four linear tri-block copolymers used in this study were 
unfractionated commercial polymers (Cariflex) manufac- 
tured by Shell Chemical Company. Both ABA poly(styrene- 
b-butadiene) (SBS) and ABA poly(styrene-b-isoprene) (SIS) 
were included. Two samples of a styrene-butadiene star 
copolymer (4 arms) were kindly supplied by Phillips Petro- 
leum-UK Ltd. Details of these materials and of the poly- 
styrene and polybutadiene homopolymers used in the com- 
positional study are given in Table 1. 

A Mechrolab Membrane Osmometer (Model 501) was 
used to determine number-average molecular weight and 
the configurational analysis was achieved by means of 220 
MHz proton n.m.r. 

All the systems investigated were fabricated into sheet 
by casting onto glass plates using re-distilled toluene as 
solvent. The rate of evaporation was kept low so that it 
could be eliminated as a factor influencing morphology. 

A Morgan Dynamic Modulus Tester (PPM-5R) supplied 
by H. M. Morgan Co. Inc., Cambridge, Massachussetts, USA 
was used to measure sonic velocity. This instrument trans- 
mits a pulse of sound at a frequency of around 10 kHz 
from one piezoelectric transducer to another and directly 
measures the time elapsed between transmission and recep- 
tion of the pulse. By changing the orientation of both 
transducers by 90 ° it is possible to measure the longitu- 
dinal and transverse sonic velocities. 

Samples for electron microscopy were cast from very 
dilute toluene solutions onto a clean mercury surface and 
collected on nickel grids. The samples were stained by 
suspending the grids over a 1% aqueous solution of osmium 
tetroxide. The grids were examined using a Siemens 
Elmiskop 1A electron microscope. 

RESULTS AND DISCUSSION 

Applicability of  the technique 
The data in Table 2, which are for sheet prepared by hot 

pressing, show that the technique is sensitive to structural 
anisotropy. It was found that when these polymers were 
cast from toluene the resulting sheet was isotropic. The 
sonic velocity values for solvent cast samples of SBS-1 and 
SIS-2 were 0.161,0.162 and 0.157 km/sec and 0.111, 
0.109 and 0.111 km/sec respectively in the three previously 

defined directions. For these cast samples, as shown in 
Table 3, Poisson's ratio was found to be close to 0.5. At 
low strains this is the expected result for a structure where 
the glassy phase is discontinuous and embedded in a rub- 
bery matrix. This structure has been shown to be the cor- 
rect one (see Figure la). This clearly shows a spherical or 
possibly a cylindrical polystyrene domain structure in a 
rubbery matrix. 

Influence of  polystyrene content on CL 
Figure 2 shows the influence of vol % polystyrene on 

CL, indicating that when various amounts of polystyrene 
and polybutadiene homopolymers were added to SBS-1 a 
smooth curve (A) which also passes through the point rep- 
resenting pure polybutadiene results. Furthermore, it was 
found that the data for SBS-2 and SBS-2 with added poly- 
styrene also fitted the same curve, but that the data for 
SIS-1 and SIS-2 did not fall on the curve, but seem to lie 
on a lower, and, approximately parallel, curve. In the case 
of the two styrene-butadiene star polymers the sonic 
velocities lay considerably above curve A. 

Table 2 Sonic velocity and dynamic storage modulus (E') data 
illustrating the sensitivity of the technique to sample anisotropy 

E' X 10 - 7  (N/m 2) 
Sample Direction a CL(km/sec) at 10°C b 

SBS-I 1 0.236 3.9 
2 0.221 3.4 
3 0.242 4.5 

SIS-2 1 0.318 6.7 
2 0.109 0.83 
3 0.182 2.0 

aDirections 1 and 2 were arbitrarily chosen to be mutually at right 
angles and direction 3 is at 45 ° to both directions 1 and 2; bmea- 
sured using a Rheovibron Dynamic Viscoelastometer, Model DDV- 
II, at 110 Hz 

Table 3 Poisson's ratio (p,) for samples cast from toluene 

Sample Direction a /~b 

SBS-1 1 
2 
3 
1 
2 
3 

SIS-2 

0.56 + 0 .06 
0.57 + 0.06 
0.52 + 0.04, 
0.50 -+ 0.04 
0.51 -+ 0.04 
0.49 +_ 0.04 

aAs defined in Table 2; baverage of at least 5 determinations 
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~" d 

Figure 1 (a) Electron micrograph of SBS-1 cast from toluene. Magnification: 71 500x; (b) electron micrograph of $BS-1 plus 
10% (w/w) added polystyrene (light areas). Cast from toluene. Magnification: 56 O00x; (c) SBS-1 plus 50% (w/w) added poly- 
styrene (dark areas). Magnification: 0.57x; (d) electron micrograph of Star-2 polymer cast from toluene. Magnification: 
72 O00x 

The polystyrene added to the SBS rubbers had a con- 
siderably higher molecular weight than that of the end- 
blocks. A consequence of this, which was recognized in 
advance, was that some or even the bulk of the added 
homopolymer would not be accommodated in the domains, 

but would rather form macrodomains of pure polystyrene. 
Such occluded polystyrene macrodomains were observed 
for all levels of added polystyrene. Figure lb shows a 
typical structure which also shows that the regularity of 
domain structure is largely retained. If the volume per- 
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Figure 2 Longitudinal sonic velocity (C L) versus vol % polysty- 
rene. Curve A: O, SBS-2 and SBS-2 plus added polystyrene, X, 
SBS-I and SBS-I plus added polybutadiene or polystyrene; ~, 
polybutadiene. Curve B, equation (5). Curve C, equation (4) 

of polybutadiene. It is now clear that in such systems 
there will be boundary regions 17 where an admixture of  
polystyrene and polybutadiene coexist. By considering 
this third phase it should be possible to improve, somewhat, 
the fit of  such equations of  mixing. At the moment how- 
ever, it is not clear what composition should be used for 
this mixed phase. 

The curve predicted by Urick's equation (equation 4) 
is shown as curve C (Figure 2), and, again, this curve bears 
no relation to the observed results. In the calculation of  
this curve the densities of  the glassy and rubbery phases 
were taken as 0.899 and 1.05 g/cm 3 respectively, whilst 
Poisson's ratios for these two phases were assumed to be 
0.33 and 0.49 respectively. The bulk compressibilities 
were calculated from experimental values of  dynamic stor- 
age modulus. This relation is very sensitive to the values 
chosen for Poisson's ratio for the rubber, but changes in 
this parameter, and, also the addition of  a third mixed 
phase, only results in somewhat lower, and parallel, curves. 

At this stage of  the work it is necessary to resort to the 
empirical equation shown below. 

centage of polystyrene exceeded ~40% the result was 
phase separation on a massive scale (see Figure lc).  

The polybutadiene which was added to lower the poly- 
styrene content had a very similar microstructure and 
molecular weight to that of  the mid-blocks of  both SBS-1 
and SBS-2, and would certainly be located in the matrix. 
The fact that all the points lie on a smooth curve would 
seem to a first approximation to indicate that the overall 
sonic velocity is sensitive only to the volume percent of  the 
glassy phase and not to whether it is all incorporated into 
the pre-existing glassy domains or whether macrodomains 
result. In either case it is assumed that the polystyrene 
phase remains discrete. This tentative conclusion will be 
tested by using polystyrene of  much lower molecular 
weight. 

It has been reported 16 that styrene-butadiene star co- 
polymers have higher elastic moduli than their equivalent 
linear counterparts. As the densities of  the two systems 
are very similar an inevitable consequence of  this is that 
the sonic velocities will also be higher. In the case of Star-1 
where the vol % polystyrene was 34.6, the sonic velocity 
was 0.540 km/s. The result for Star-2 is shown in Figure 2. 
Figure l d  shows that although the domains are somewhat 
less regular for the cast star polymer the rubbery phase is 
the continuous one. 

Because of  the non-linearity of  curve A (Figure 2) sim- 
ple equations o f  mixing such as equation (5) cannot be 
expected to fit the observed data precisely. 

CL = UGCG + (1 -- VG)C R (5) 

Where VG is the volume fraction of  glassy polymer and CG 
and CR are the longitudinal sonic velocities of  the glassy 
and rubbery phases respectively. However, in fact, expres- 
sions of  this type result in very poor fits as is illustrated by 
curve B (Figure 2). An experimentally determined value 
of  0.069 km/sec was used for the longitudinal sonic velocity 

CL = 6.9 x 10 -2  + 9.95 × 10 -4  V~ "4 (6) 

where VG is the vol % polystyrene. 
In conclusion, it can be stated that equation (6) relates 

CL to vol % polystyrene specifically for linear SBS systems, 
and, that a similar relation will probably hold for SIS poly- 
mers. Acceptance of such relations would allow rapid esti- 
mation of  polystyrene content. 
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Microstructure of directionally solidified 
poly(ethylene oxide) 
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Poly(ethylene oxide), zone solidified within a temperature gradient, has been examined by electron 
microscopy and X-ray diffraction. Longitudinal fracture replicas show the lamellae to be oriented 
parallel to the direction of solidification, with no observable order in the transverse direction. These 
results are also substantiated by X-ray diffraction. In contrast to a drawn fibre, the crystallites are 
not oriented in a single direction, but rather parallel to the {100} planes. This is consistent with 
growth on the {120} faces. These are inclined by 45 ° with respect to the a* axis, which is parallel 
to the direction of solidification and to the direction of the temperature gradient. 

INTRODUCTION 

During the past two decades, the zone solidification tech- 
nique I developed by Pfann 2 has found widespread applica- 
tions in the production of single crystals of metals 3 and 
inorganic 4 and organic s compounds, in the oriented growth 
of alloys 6, and in the purification of chemical substances 7~. 
This technique involves passage of a rod of the material at 
a steady state through a zone heater where the temperature 
is high enough to cause melting. The melt-solid interface 
is steady, so that crystallization proceeds at a constant 
growth rate equal to the velocity of the rod. 

This method has also been used to produce directionally 
oriented polymer crystals from the melt in the works of 
Fujiwara 9'1° and Crissman 11'12 on polyethylene and poly- 
propylene, as well as Stein et al. 13 on films of poly(butene-1). 
A review of these and other methods ~4'1s of inducing uni- 
axial growth of polymers has been given elsewhere 16. 

The microstructure of uniaxially crystallized material 
is expected to be similar to that in a narrow radial sector 
of ordinary spherulites. The divergence of the radii from a 
nucleation point requires a certain branching, but that does 
not affect the nearly parallel growth of adjacent fibrils. 
Price and Kilb 17 have confined poly(ethylene oxide) (PEO) 
in a small capillary, and have in fact used the resulting 
morphology as a model for spherulitic microstructure. 
Also, the diffraction pattern of a small sector of a type III 
polypropylene spherulite, as shown by use of a micro-X-ray 
beam ~8, is very similar to that of a zone solidified sample l°. 

Poly(ethylene oxide) rods have been directionally solidi- 
fled 16 to produce uninterrupted lamellae that extend 
throughout the full length of the material. The morphol- 
ogy, as determined by polarizing optical microscopy, indi- 
cates a spherulitic macrostructure in the form of an unin- 
terrupted matrix of parallel lamellar fibrils practically de- 
void of primary nuclei. These large specimens are thus 
ideally suited for microstructure evaluation by electron 
microscopy of fracture surfaces and by X-ray diffraction. 
It is the purpose of this report to use these techniques to 
determine the orientation of the PEO lamellae within a 
zone solidified rod, and to indicate their organization in 
planes parallel and normal to the direction of oriented 
growth. 

EXPERIMENTAL 

Poly(ethylene oxide), (Union Carbide WSR-205, molecular 
weight 600 000), was injection moulded to produce cylin- 
drical rods, 10 cm in length and 1 cm in diameter. The 
rods were then placed into glass tubes that were subse- 
quently evacuated, filled with dry nitrogen, and sealed. 
Zone solidification of the polymer was effected by passing 
the rods through an annular heater and cooler, as has pre- 
viously been described 16. The temperature gradient be- 
tween these was substantially linear at 3°C/mm, and the 
solid-melt interface was observed to remain stationary dur- 
ing the procedure. At speeds below 400/am/min, the 
directionally solidified sample was composed of spheru- 
lites slightly elongated in the direction of motion. When 
rates below 15/am/rain were employed, the initially nucl- 
eated spherulites extended into the entire length of the 
polymer rod, and birefringence indicated that fibrils were 
oriented in the longitudinal direction, parallel to the cylin- 
der axis 16. 

From the zone solidified samples, longitudinal and trans- 
verse sections, 1-2  mm thick, were cut to be used for X-ray 
studies. The same procedure was carried out on randomly 
crystallized rods, as well as on fibres; these were used for 
comparison purposes. As PEO is water soluble, the samples 
were stored under vacuum in a desiccator. 

Diffraction patterns were recorded on X-ray film (Kodak 
Type AA-2) using a well collimated beam from a CuKa 
source. A lead beam stop was placed on the f'tim, which was 
at a distance of 5.56 cm from the sample. 

Electron micrographs were made of replicas produced 
from fracture surfaces in both the longitudinal and trans- 
verse directions of the rods. Clean breaks could be made 
only after cooling the samples to liquid nitrogen tempera- 
tures. As ordinary carbon replicas showed very little con- 
trast, gold shadowing at an angle of about 30 ° was used 
prior to carbon deposition. The replicas were then isolated 
by dissolution of the polymer in water, and placed on 200- 
mesh grids or bar grids for bright field studies. 

RESULTS AND DISCUSSION 

Electron microscopy 

Poly(ethylene oxide) crystallizes in the form of lamellae 
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Figure 1 Fracture surface f rom a longitudinal section of direc- 
tionally solidif ied PEO. Zone velocity = 15/zm/min 

Figure 2 Fracture surface f rom a transverse section of directionally 
solidified PEO. Zone velocity = 15 #m/rain 

about 100 A thick and several microns in lateral dimen- 
sions 19. The clear lamellar structure of this polymer is seen 
in Figure 1, obtained from a surface replica in the longitu- 
dinal direction of a sample zone solidified at 15/2m/min. 
A distinct orientation of the lamellae from left to right is 
evident. Of course, the high magnification and consequent 
narrow field do not permit any general conclusions regard- 
ing overall orientation to be reached from a single micro- 
graph. However, it has been conclusively observed by use 
of numerous electron micrographs taken from different 
areas of each replica, as well as from other longitudinal sec- 
tions of the same and of similar samples, that for any given 
rod all lamellae are indeed oriented in the same direction. 
Use of bar grids has shown that this also coincides with the 
direction of zone solidification. 

Examination of the transverse cross-section can be made 
on the electron micrograph of Figure 2. In order to be able 
to observe the overall structure, the magnification has been 
reduced so that the field of view is now about eight times 
larger than in Figure 1. Here, no unique orientation is 
apparent; practically all possible directions are represented 
in this micrograph. Similar results obtained from other 
transverse sections indicate that there is indeed no overall 
orientation normal to the direction of solidification. These 
observations are consistent with the optical birefringence 
data 16 on the same materials, for which the transverse sec- 
tions were found to be birefringent but without orienta- 
tion when viewed between crossed polarizers. 

Nevertheless, despite the lack of overall orientation, 
adjacent fibrils, as seen in small regions of Figure 2, do 

adopt parallel directions. This is due to the space filling 
requirement of efficient packing of individual lamellae 
within the fibriUar texture. This is seen more clearly in 
Figure 3, which presents a part of the preceding photo- 
graph at a higher magnification. In addition, a number of 
very thin links are observed to connect many adjacent 
lamellae. Such links have been absent in all longitudinal 
replicas. These void-like areas may be caused by dimen- 
sional changes of the material during zone solidification. 
Their absence in the longitudinal direction would then be 
due to the fact that in this case all crystal boundaries are 
parallel to that direction. 

X-ray diffraction 
Figures 4a and 4b show the diffraction patterns obtained 

from bulk crystallized PEO and from a drawn fibre of this 
polymer. By use of such diffraction patterns, several inves- 
tigators 17'2°-24 have determined the unit cell parameters. 
In this study, the most recent values of Takahashi and 
Tadokoro 24 were used, postulating a monoclinic unit cell 
(a = 8.05 A, b = 13.04 A, c = 19.48 A, ~3 = 125.4 °) with a 
considerable distortion from the D7 helical symmetry that 
had been previously observed. 

Figures 5a and 5b contain the diffraction patterns shown 
by two longitudinal sections of the directionally crystallized 
PEO, while the major inner reflections are indexed in 
Figure 5c. In all cases the direction of solidification is 
vertical. The sample of Figure 5a was zone solidified at 200 
/am/min, forming numerous spherulites, all distinctly elon- 
gated in the direction of motion 16. The full circles seen in 
the bulk crystallized specimen of Figure 4a now begin to 
partly break up into arcs, indicating the start of limited 
orientation. A much more highly oriented structure is ex- 
hibited in the diffraction pattern of Figure 5b, where very 
distinct arcs are now apparent. This photograph was ob- 
tained from a sample crystallized at 15/sm/min, represent- 
ing uninterrupted growth of PEO lamellae in a temperature 
gradient. 

When the X-ray beam is directed parallel to the sample 
axis through a transverse cross-section, the pattern of 
Figure 5d is obtained. Full circles are again formed, indi- 
cating the lack of any preferred orientation normal to the 
direction of oriented growth of the spherulitic fibrils. The 
molecular chains thus adopt all possible directions about 
the rod axis. 

Comparison of the diffraction patterns from the bulk 
crystallized sample (Figure 4a) and from the transverse 
section (Figure 5d) shows a striking difference. Although 

Figure 3 Higher magnif ication of the fracture surface of Figure 2 
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a b 
Figure 4 X-Ray diffraction patterns of PEO. (a) Bulk crystallized sample; (b) drawn fibre; fibre axis vertical 

the strong outer ring of Figure 4a (composed chiefly of 
the 032 and 132 reflections) is also present in Figure 5d, 
the strongest individual reflection, i.e. the 120 seen as the 
intense inner ring in Figure 4a, is almost totally absent in 
Figure 5d. This implies that orientation in the transverse 
cross-section is not totally random, since in no case do the 
{120} planes adopt a Bragg angle of 9.6 ° required for their 
reflection. 

The treatment of Sisson 26 regarding the various types of 
orientation can be used to explain the differences in the 
diffraction patterns of Figures 4b and 5b. The former is 
the ordinary type of axial orientation 2s (or fibre formation) 
obtained by mechanical drawing, in which case the c-axes 
lie parallel to the fibre direction. In the zone solidified 
sample of Figure 5b, the crystallites lie parallel to a trans- 
verse plane 16, but can otherwise have all possible directions 
on this plane. 

In this case the X-ray photograph shows row lines paral- 
lel to a rotation axis. Layer lines are absent since the prin- 
ciple planes of the reciprocal lattice are now inclined with 
regard to the equator 2s. Such row lines are clearly seen in 
Figure 5b and 5c in the vertical direction. In these Figures 
the reflections on each specific row line have identical k 
indices. A transformation of the row lines using a Bernal 
diagram 27 indicates equatorial spacings of 13.1 -+ 0.2 A 
which are indeed characteristic of the length of the b-axis 
of the PEO unit cell. Small individual deviations occur in 
each row line (e.g. in the 020 and the 021 reflections) when 
the l values of the reflections are different. In this case the 
c-axes to which these indices correspond are inclined with 
respect to the axis of rotation in the monoclinic cell. 

A similar diffraction pattern was obtained by Price and 
Kilb 17 from a PEO spherulite grown isothermally within a 
very fine capillary. They found crystal orientation consist- 
ent with rotation about the (401) plane normal, while 
Walter and Reding 2a had previously concluded that rota- 
tion occurs about the b-axis of the unit cell. However, 

indexing of the diffraction pattern of Figure 5b shows that 
Price and Kilb 17 are right in rejecting the b-axi.~. Neverthe- 
less, the b-axis is still a very special direction within the unit 
cell; it is perpendicular to both the a and c-axes, as well as to 
the true rotation axis of the zone solidified polymer. 

The present data tend to question also the [401] * axis 
proposed by Price and KJlb ~7. It is true that their axis is 
consistent with the experimental data, and the interplanar 
angles as calculated from the formula for monoclinic unit 
cells are in close agreement with those predicted from the 
observedazimuthal angles (see Table 1). However, it is 
equally true that this axis is physically awkward, resulting 
in an anomalous growth mode. This is seen in Figure 6, a 
perspective drawing of the PEO unit cell, and in Figure 7, 
which depicts two sections of this cell, viewed along the 
(010) and (104-) plane normals. The [401] * axis is inclined 
at an angle of 4.6 ° with respect to the normal to the (100) 
plane, causing the c-axes of the unit cell to be positioned 
at an angle of 85.4 ° away from the [401] * direction. 

A much more attractive choice for a rotation axis is the 
[100] *, i.e. the a* axis, which is normal to the c-axis, allow- 
ing the molecular chains to crystallize perpendicular to the 
growth direction and parallel to the melt-solid interface 
(see Figures 6 and 7). Not only is this axis also consistent 
with the diffraction pattern of Figure 5b, but a comparison 
of the observed and calculated interplanar angles gives a 
closer agreement for the [100] * axis than for the [40• ] *, 
as is seen in Table 1. 

The precise growth front is most likely composed of 
parallel lamellae, growing on their {120} faces in a manner 
similar to that depicted in Figure 8. There is substantial 
evidence in the literature that the (120) is by far the 
favoured growth plane in the PEO crystals 29. Investigations 
of the unit cell structure ~,2°-24 show that the {120} planes 
are the most closely packed in the lattice. In fact, the latest 
unit cell proposed by Takahashi and Tadokoro 24 causes the 
{120} planes to be even more closely packed than had pre- 
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Figure 5 X-Ray diffraction patterns of zone solidified PEO. (a) Longitudinal section; axis vertical; zone velocity = 200 #rn/rnin; (b) longitu- 
dinal section; axis vertical; zone velocity = 15 #rnn/rnin; (c) indices of the major inner reflections of Figure 5b; (d) transverse section; zone 
velocity = 15 p.rn/rnin 

viously been thought. Barnes and Price 19 have observed 
growth spirals and terraces typical of (120) growth on single 
crystals of PEO. Lotz and Kovacs 3° have isolated single 
crystals of PEO, which in most cases appear as nearly per- 
fect squares whose four sides are (120) planes, while their 
diagonals are parallel to a* and b*. Thus, the above growth 
model also accounts for the striking absence of the strongest 
single reflection from the diffraction pattern of the trans- 
verse section in zone solidified PEO (Figure 5d). As this 
reflection is caused by the {120} planes which are inclined 
at a constant angle of 45.4 ° to the proposed [100] * axis 
(see Figure 6), the 9.6 ° Bragg angle required for reflection 

can never be attained. As seen from the above discussion, 
this type of growth results in a conical orientation of the 
{120} planes. The base of the cone is a common (100) 
plane, and its axis is [ 100 ] * or a*, which coincides with the 
direction of the oriented growth and the temperature gradient. 

It should be noted that the model proposed is not in 
disagreement with the branching of spherulitic fibrils re- 
ported in the treatment of Keith and Padden 31. However, 
as is also seen in Figure 1, directional growth geometrically 
constrains the extent of the branches produced, and thus 
the X-ray pattern should show no significant orientation 
other than around the rotation axis. 
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Table 1 Comparison of calculated and observed interplanar angles for the [401] * and [100] * axes 

Deviation (%) 
d Obs. 6 Obs. q~ Calc. q Calc. 

Reflection (A) (degrees) (degrees) [401 ] * [ 100] * [401 ] * [ 100] * 

210 3.1952 0 13.5 15.0 14.3 11.1 5.9 
221 3.2122 160 147.4 155.2 148.6 3.3 0.8 
040 3.2475 90 90.0 90.0 90.0 0.0 0.0 
131 3.2984 50 51.3 50.5 51.3 1.6 0.0 
2-24 3.3366 119 118.2 116.5 120.5 1.4 1.9 
2"11 3.5548 160 157.1 157.8 160.8 0.4 2.4 
201 3.6959 0 168.6 164.4 169.0 2.5 0.2 
032 3.7854 73 73.4 71.6 73.4 2.5 0.0 
031 4.1721 78 78.2 79.9 60.9 2.2 3.5 
120 4.6269 45 45.8 45.6 45.4 0.4 0.9 
110 5.6791 26 27.0 27.3 26.9 1.1 0.4 
021 5.9957 78 78.1 75.5 76.9 3.3 1.5 
020 6.4950 90 90.0 90.0 90.0 0.0 0.0 
1-11 6.8070 145 144.5 138.1 140.8 4.4 2.6 

Average difference [401] * = 2.28%; average difference [ 100] * = 1.34% 

(40 

Figure 8 Proposed mode of growth of the PEO tamellar fibrils 
during zone solidification 

Figure 6 PEO unit cell, showing the two possible axes of rotation 

[401] • [100] l- 

a 

I c 

[lO0]•l [401]* 

b 
, ' 2 0 )  c _ 

H 
Figure 7 Tw~ specific sections of the PEO unit cell. (a) View 
along (010) normal; (b) view along (10xT) normal 
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Differential refractometry and light 
scattering on nylon-6 and poly(methyl 
acrylate) in mixed solvents 
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Investigations have been made of solvent systems for potential use in characterizing nylon-6/poly 
(methyl acrylate) copolymers. To this end, measurements involving differential refractometry (at 
constant composition and also constant chemical potential of solvents) and light scattering have been 
conducted on solutions of nylon-6, poly(methyl acrylate) and a mixture of these two polymers. 
From refractometric and solubility considerations the most suitable solvents are binary mixtures of 
o-chlorophenol (o-CP) and 2, 2', 3, 3'-tetrafluoropropanol. In particular, the binary solvent contain- 
ing 73% (by volume) of o-CP yields the molecular weight of the nylon-6 constituent of the polymer 
mixture directly, since the light scattering from the other polymer constituent is thereby eliminated. 
Preferential adsorption of o-CP occurs to both polymers, the maximum extents corresponding to 
1 tool o-CP/1.4 segments nylon and 1 mol o-CP/5.7 segments poly(methyl acrylate). This is attribu- 
ted to a breakdown of intramolecular hydrogen-bonding in o-CP and subsequent formation of hydro- 
gen bonds with the carbonyl groups in the polymers. 

INTRODUCTION TFP 

Previous communications 1-s have been devoted to the MA, MB 
kinetics of the 7-radiation initiated grafting of acrylic acid 
to nylon-6. A continuation of this work is the correlation 
of these kinetics with the chain lengths of the grafts and 
of the nylon/poly(acrylic acid) copolymer produced, the 
latter being freed from homopolymer and ungrafted sub- 
strate 6. From solubility considerations it is found conve- 
nient to handle the grafts in their methylated form 6, i.e. 
as poly(methyl acrylate). In the present communication 
we investigate the potentialities of some solvent systems 
with a view to optimizing a future characterization of WA' WB 
methylated copolymers. To obviate any possible confusion 
it should be noted that no data on copolymers are reported 
here, and the measurements relate solely to solutions of if0 
nylon-6, poly(methyl acrylate) and a mixture of these two 
polymers. ~1 

CONDITIONS, UNITS AND ABBREVIATIONS v 

The temperature for all measurements was 303K and the 
wavelength of light in vacuo for refractometry, differential 
refractometry and light scattering was 436 nm. SI Units 
are used throughout so that molecular weights are quoted v4,, v~ 
in kg/mol, these values consequently being smaller by a 
factor of 103 than those expressed more conventionally 
in the non-SI units of g/tool. These considerations apply [~7] 
equally to the heterogeneity parameters P and Q. The X0 
following abbreviations and symbols are adopted: 

NY (also subscript A) nylon-6, 
PMA (also subscript B) poly(methyl acrylate), 
subscript AB mixture of polymers A and B, 
o-CP (also subscript 1) o-chlorophenol, 

* Present address: Department of Chemical Engineering and 
Chemical Technology, Imperial College of Science and Technology, 
London SW7 2AZ, UK. 

MAB, M~B 

(S~B.) 

2, 2', 3, 3'-tetrafluoropropanol, 
true weight-average molecular 
weights of polymers A and B, 
true and apparent weight-average 
molecular weights of mixture 
comprising polymers A and B, 
true z-average mean square radii 
of gyration of polymers A and B, 
apparent z-average mean square 
radius of gyration of mixture 
comprising polymers A and B, 
weight fractions of A and B in 
mixture comprising polymers A 
and B, 
refractive index of pure or mixed 
solvent, 
volume fraction of solvent 1 in 
mixed solvent comprising solvents 
1 and 2, 
notation for specific refractive 
index increment in general (also 
denoted commonly elsewhere by 
dn/dc), 
specific refractive index increments 
at constant composition and con- 
stant chemical potential respectively, 
limiting viscosity number, 
wavelength of light in vacuo. 

EXPERIMENTAL 

Materials 

NY film was Soxhlet extracted with methanol for 24 h, 
dissolved in freshly distilled m-cresol and precipitated in 
chilled diethyl ether. After filtering and washing, the pow- 
der was dried at 313K under vacuum. 
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PMA was prepared at 323K by polymerizing under nit- 
rogen a solution of freshly distilled methyl acrylate in ace- 
tone (60% w/w) using azobisisobutyronitrile (0.4% w/w) 
as initiator. Reaction was carried out for 100 min (~10% 
conversion) and the PMA was isolated by precipitation in 
petroleum ether (b.p. 333-353K). The polymer was then 
dissolved in methyl ethyl ketone, reprecipitated as before 
and dried at 313K under vacuum, o-CP, as well as the 
methyl ethyl ketone required for physico-chemical mea- 
surements, were dried over anhydrous MgSO4 and distilled 
at atmospheric pressure, the boiling points being 448.0 and 
352.7K respectively. 

Samples of TFP, obtained from three different commer- 
cial sources, were combined; the major portion ("90%) 
was an Eastman Kodak product. Purification was effected 
according to the procedure recommended by the Du Pont 
de Nemours Company 7, viz. the crude TPF was mixed with 
1/5 of its volume of water and 1/20 of its weight of sodium 
metabisulphite, left to stand for 24 h and then distilled 
rapidly at atmospheric pressure. Sufficient anhydrous 
lithium chloride was added to the distillate to saturate its 
aqueous portion and to thereby salt out the TPF as a lower 
layer. This separated layer was distilled, the residual water 
in it being removed as an azeotrope* with 71% (v/v) TFP 
at 366-368K. After isolation of more portions of TFP by 
salting out and distillation, all the products were combined, 
dried over anhydrous magnesium sulphate and redistilled 
through a Hempel Column. The major fraction distilling 
within the range 365-383K was retained, utilized and refer- 
red to in subsequent sections as TFP. The yield of product 
of reported* b.p. 380K would have been very low. In view 
of the boiling point range taken, the final product must 
certainly have contained impurities such as other fluorinated 
alcohols of similar physical properties. Reported values s 
at 298K and k0 = 546 nm for n'0 and vvn in the mixture 
LiC1/TFP/H20 are 1.3217 and 0.185 dm3/kg respectively. 
The characteristics of the TFP used in the present work are 
b.p. 365-383K, n'0 = 1.3247 and specific refractive index 
increment (vvA) of NY in TFP = 0.186 dm3/kg, the last two 
quantities relating to 303K and k0 = 436 nm. When the 
solvent was reclaimed after use for further experiments, 
the procedure outlined was adhered to exactly (after re- 
moval of polymer present) and the properties quoted above 
were taken to characterize the reclaimed TFP. 

Refractometry 
Refractive indices of pure and mixed solvents were mea- 

sured with a Pulfrich refractometer fitted with an external 
circulatory thermostat. Specific refractive index increments 
were measured in a Brice Phoenix differential refracto- 
meter maintained similarly at constant temperature. 
Values of v~, were obtained in pure and mixed solvents. 
Values of v u for polymers in mixed solvents were mea- 
sured at dialysis equilibrium of solution with mixed solvent 
of the same composition. This condition was achieved by 
the use of simple dialysis cells described previously 9. How- 
ever, to obtain good reproducibility, the dialysis bags were 
not allowed to dry, the water in the Visking tubing being 
extracted by repeated rinsing with methanol, which was 
then removed by successive washings with the mixed sol- 
vent. The time for dialysis equilibrium was 24 h. 

* We are indebted to Dr P. Kratochvfl (Institute of Macromole- 
cular Chemistry, Prague) for this procedure. 

Light Scattering 

Measurements were made on a Sofica photometer main- 
tained at constant temperature as above and calibrated 
with highly purified toluene, taking R 90 = 58.1 x 10-4 m -  1 

for this calibrant, as calculated from the Einstein-Cabannes 
equation m. Solutions and solvents were clarified by centri- 
fugation at 1600 rev/min followed by fdtration through 
Gelman 'Solvinert' filters. Data were analysed via Zimm 
plots. The molecular weights of the PMA and NY samples 
were determined separately using methyl ethyl ketone as 
solvent for the former and a mixture s of TFP/LiC1/H20 
as solvent for the latter. Measurements were also made on 
solutions comprising a NY-PMA mixture in which le A = 
0.573 (to correspond to the composition of a copolymer, 
which it is intended to study later). These solutions were 
made up by weighing NY and PMA individually into gradu- 
ated flasks and then adding the desired mixed solvent. 

RESULTS 

Refractive index increments and selection of  solvent 
medium 

In principle, light scattering measurements on a solution 
of a binary polymer system can be used to obtain its mole- 
cular parameters. For a copolymer comprising species A 
and B these parameters are the molecular weight (MAB) 
of the copolymer as well as the molecular weights (MA and 
MB) of the A-portion and the B-portion. When the solute 
consists of a mixture of two polymers A and B, the de- 
rived quantities MAB, MA and MB signify respectively the 
molecular weights of the mixture and of the separate poly- 
mers A and B. In practice, however, complications arise 
due to compositional heterogeneity of the sample, the 
effect being particularly pronounced for a mixture. This 
is manifested by an observed dependence of the molecular 
weight of the copolymer or mixture on the refractive index 
of the solvent. Hence the measured quantity has an appa- 
rent value (M:~B), only, and special procedures are neces- 
sary to evaluate the true molecular weights. 

Among these is the expedient of conducting separate 
experiments using solvents of different indices, which in 
turn afford values of VA, VB and VAB that vary according 
to the solvent. The expression relating the experimental 
quantities M~B , VA, v B and PAB to the desired molecular 
parameters of the systems can then be solved via simul- 
taneous equations. Since there are three desired para- 
meters (i.e. molecular weights), it is necessary to obtain 
data relating to at least three different solvent media. 
Alternatively, it is often possible to cover a larger range 
of values of the experimental quantities by using several 
solvents, which encompass a wide span of refractive in- 
dices. In this case the previously mentioned expression is 
not solved, since it is simpler to treat it graphically. The 
appropriate plot of the expression is parabolic and the de- 
sired parameters may be located on it from a knowledge 
of certain t'Lxed co-ordinates. The form of the expression 
as well as full details of the procedures are given later. 

These comments, directed at the general reader rather 
than the specialist, have been included to emphasize the 
necessarily more complex procedure involved when using 
light scattering to determine the molecular weight of a co- 
polymer compared with that required for a polymer. In 
particular it will be evident that, in order to obtain true 
molecular parameters of a binary polymer system (co- 
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Figure I Specific refractive index increment at constant solvent 
composition as a function of refractive index of solvent. Q, • 
single solvents; ©, ~ binary o-CP/TFP solvent mixtures of compo- 
sition indicated on upper abscissa scale. Curve A, NY; B, PMA 

polymer or polymer mixture), certain criteria have to be 
met with regard to the values of the specific refractive in- 
dex increments of species A and B. For maximum sensi- 
tivity of the molecular weight determinations, the follow- 
ing convenient summary of the optimum conditions has 
been proposed by Tuzar et al. H: 

IVAI = lUBI and both large, to obtainMAB (1) 

(2) IVAI large and v B = O, to obtain MA 

(3) lUBI large and p A = O, to obtain MB 

0"25 

discounted on the grounds of possible degradation 14'1s of 
the NY portion. The value o f f 0  for TFP is very low (1.325) 
and hence the second component of a mixed solvent must 
be of extremely high refractive index (~1.61). The inclu- 
sion of a large proportion of 1-bromonaphthalene (fro = 
1.69), whilst suitable in principle, was not found to be fea- 
sible in practice, since addition of this liquid at low concen- 
tration to a solution of NY-PMA copolymer in TFP caused 
instantaneous precipitation of polymer. Consequently, 
recourse was made to the use of o-CP (fro = 1.578) in con- 
junction with TFP as mixed solvent. These two liquids 
are completely miscible and allow solubility of copolymer 
or polymer mixture over the whole range of solvent com- 
position. As already noted from values of u~ for NY and 
PMA in such mixtures, the refractive index of o-CP is still 
not high enough to allow condition (3) to be fulfilled, but 
measurements of v u were made to ascertain if a favourable 
change could be induced at constant chemical potential of 
mixed solvent. 

In Figure 2 the values of v u as a function of q~l (and fro) 
are shown for solutions of NY and PMA in o-CP/TFP mix- 
tures. In no case is condition (1) realized. Relation (2) 
does hold at ~b 1 = 0.73 (i.e. in a mixed solvent of n0 = 
1.497) and here, when ruB = 0, the value of uuA is 0.1 O0 
dm3/kg, which is rather larger than the corresponding value 
of 0.069 dm3/kg found for u~A. However, even at the 
highest concentration of o-CP (4q = 0.90), the value of uuA 
is still not reduced to zero and hence condition (3) remains 
unfulfilled. 

For PMA, IVuBI > [V~BI except for the one mixture in 
which these two quantities are equal in magnitude. For 
NY, I v~AI >lvc~hl over most of the composition range, this 
relation being reversed only at high contents ofo-CP, that 
is, at ~b 1 greater than ~0.80. Comparison of refractive in- 
crements at constant composition and constant chemical 
potential in mixed solvents is, in fact, one of the methods 
available for quantifying selective adsorption of one of the 
solvent components. Although they are of secondary im- 
portance to the main theme of selecting the most suitable 
solvent medium, we report also the findings on preferential 
adsorption. The fact that in general v¢~ is not equal to v~ 

Since the refractive indices of NY and PMA are markedly 
different (~ 1.61 and 1.49 respectively), it is clear that con- 
dition (1) in terms of u~, cannot be realized. This is demon- 
strated also in Figure 1, where values of u~n and VCB in 
pure and mixed solvents are plotted as a function of n 0. 
(Some of the data for PMA in single solvents were obtained 
here by Mr K. Harvey and have been included elsewhere 12'13 
as part of a compendium of u 4, values for polymers). Con- 
dition (2) holds, although V~n is only moderately large 
(0.069 dm3/kg) when V~B = 0. Interpolation shows that in 
order for condition (3) to hold (i.e. for v~A = 0), the corres- 
ponding U~,B would be moderately large in value (~ -0 .077  
dm3/kg), but the appropriate solvent would have to be one 
of the few liquids having a high refractive index (~1.60). 

The expedient of using mixed solvents and the resultant 
values of v u can often induce changes which are sufficiently 
great to accommodate relationships (1)-(3).  However, the 
refractometric nature of the solvent must be coupled closely 
with considerations of polymer solubility. Thus, whilst 
several solvents exist for NY and PMA individually, ex- 
ploratory tests revealed only three liquids capable of dis- 
solving NY-PMA copolymers, viz. TFP, dichloracetic acid 
and molten chloral hydrate. The last two of these were 
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Figure 2 Dependence of specific refractive index increment at 
constant chemical potential of solvents on composition of o-CP/ 
TFP mixed solvents. A, A represent values relating to constant 
solvent composition for solutions in pure o-CP and pure TFP. 
Curve A, NY; B, PMA 
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Figure 3 Parameter characterizing selective adsorption of o-CP 
as a function of composition of e-CP/TFE mixed solvent. Refrac- 
tive index of solvent indicated on upper abscissa scale. Curve A, 
NY; B, PMA 

priate refractive increments are those relating to constant 
chemical potential of solvents. Kratochvfl and coworkers 1~ 
have demonstrated the validity of equations (5) and (6) 
expressed in terms of vu instead of the v~ terms adopted in 
single solvents. To afford a range of vg values, measure- 
ments were made using mixed solvents in which ~1 = 0.1, 
0.5 and 0.7. In each case the solute was the polymer mix- 
ture of previously quoted composition, and the values of 
VttAB were calculated from equation (7): 

Pg.AB = PIaAWA + Pg.BWB (7) 

Solution of expressions (5) and (6) by simultaneous equa- 
tions yielded values ofMAB , MA; MB, P and Q. An addi- 
tional experiment was conducted in the mixed solvent of 
~b I = 0.73 since, as already noted, the scattering due to 
PMA is thereby eliminated and equation (5) reduces to 
equation (8): 

* - 2 2 M~ B - (I,'#A/P#AB) WAM A (8) 

As a means of comparison, directly measured values Of MA 
and MS are available. Insertion of these into equation (9) 
allows MAB for the mixture to be calculated: 

indicates finite values of the preferential adsorption coeffi- 
cient 3'1 in equation (4)16'~7: 

71 = (V. -- vo)/(dno/ddpl) (4) 

Here, d~'0/d¢ 1 expresses the dependence of the refractive 
index of the mixed solvent on the volume fraction ¢1 of 
o-CP in it. Measurements of the refractive index of o-CP/ 
TFP mixtures over a range of composition showed a linear 
variation, thus: 

if0 = 1.325 + 0.253q~1 

Hence the value of dE0/d¢ 1 is 0.253 for all values of ~b 1. 
Values of the selective adsorption coefficient 3'I have been 
calculated via equation (4) from experimental values of 
v~ and v~ for each of the two polymers in o-CP/TFP mix- 
tures. The dependence of'},1 on ~b I is shown in Figure 3, 
where there is seen to be positive adsorption of o-CP to NY 
and to PMA except in solvents very rich in o-CP. 

MAB = MAW A + MBW B (9) 

Similarly, if the directly measured values o fM A and MB 
are inserted into equations (10), the parameters P and Q 
may be estimatedlS: 

p = WAWB(M A -- MB) 

Q = WAWB(MAW A + MBWB) 
(10) 

All measured and calculated data are reported in Table 1. 
The plot according to equation (5) is given in Figure 4. 

Included in this are the data points corresponding to the 
known values of MA and M B as well as that Of MAB calcu- 
lated from equation (9). Thus Is, for abscissae of 0, 1/WA 

and --1/WB, the corresponding ordinates are MAB, MA/WA 
and MB/WB. These points fall smoothly on the parabola 

Tab/e I Molecular parameters from light scattering for NY, PMA 
and NY/PMA mixture 

Light sea t tering 

Estimation of molecular parameters from light scattering 
measurements is made via the following two equivalent 
expressions is (equations 5 and 6), which have been referred 
to in general terms: 

M~, s = (p~AV.B/V2AB)MAB + [P#A(7)#A -- lV~B)/p2AB ] X 

[YAMs -- [/),B(/)gS -- PbtB)/P2AB] (I -- WA)M B (5) 

M~B = MAB + 2P[(P.A -- P/.tB)/P#AB] + 

Q[(V.A _ V.B)/V.AS] 2 (6) 

In equation (6), P and Q are parameters characterizing the 
heterogeneity in composition of an A-B copolymer or, as 
in the present instance, a mixture of polymers A and B. 
The maximum heterogeneity is attained in a mixture. When 
using mixed solvents, as in the present situation, the appro- 

MA MB MAB P Q 

Direct measurement on 
solution of polymer 

Polymer mixture in three 
mixed solvents; simultaneous 
equations (5) 

Polymer mixture in the 
mixed solvent giving v/~ B = 0 

Polymer mixture in three 
mixed solvents; simultaneous 
equations (6) 

Calculated from equation (9) 
using directly measured M A 
and M B 

Calculated from equations 
(10) using directly measured 
M A and M B 

From estimated minimum of 
parabola (Figure 4) 

49.7 838 

48.5 692 

47.4 

341 

346 - 1 6 3  

389 

--193 

- 1 7 8  

101 

123 

104 
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Figure 4 (a) Plot according to equations (5) and (6) for the poly- 
mer mixture in o-CP/TFP binary solvents. • experimental data; 
©, points corresponding to known molecular weights of the indivi- 
dual polymers and the polymer mixture. (b) Enlargement of the 
section for positive values of abscissa 

together with the four experimental data points. Because 
the abscissae do not extend to high enough positive values, 
it is not possible to locate the minimum of the curve with 
any degree of certainty. At the minimum the ordinate and 
abscissa correspond to (MAB --p2/Q) and (-P/Q) respec- 
tively ~8. The values of P and Q derived from the estimated 
minimum, in conjunction with the value of MAB calculated 
from equation (9), are included in Table 1. 

In addition to yielding an apparent molecular weight of 
the polymer mixture, light scattering gives an apparent value, 
(SAB.) , 2  for the mean square radius of gyration in each mix- 
ed solvent. The relevant equation differs in form from that 
for a copolymer and is expressed bylS'19: 

M~ B (S2B ,) = (MA(SI) /WA)y2  + (MB(S~)/WB)( 1 _ y)2 

(11) 

where y = WavuA/vu, B 
The plot of the le•hand side of equation (11) as a func- 

tion o fy  should be parabolic and of upward curvature. 
Since WA remains constant in value at 0.573, variations in 
y are effected solely via changes in solvent composition, 
i.e. effectively through differences in the refractive index 
increments. The situations y = 1 and y = 0 correspond to 
NY and PMA respectively and the values of (S 2) and (S 2) 
were measured individually for each of these samples. Con- 
sequently these constitute two additional points on the 
curve (Figure 5). Similarly, the minimum value of the 
ordinate, Ymin, can be calculated readily and, from equa- 
tion (12), it is clear that this value must lie between 0 and 1: 

.Ymin = 1/[1 + (MA(S 2) WB)/(MB(S2 B) WA) ] (12) 

The value of Ymin calculated from equation (12) and the 
corresponding minimum ordinate M;~B(S~B*) obtained 
thereby from equation (11) are 0.99 and 4.2 x 10 -14 
m 2 kg/mol respectively. The minimum of the smooth curve 
through the four experimental data points relating to o-CP/ 
TFP solvent mixtures indicates values of 0.97 and 8.1 x 
10-14 m 2 kg/mol for these quantities. A value of 0.97 is 
actually obtained for Ymin from equation (12), if errors of 
+5% and -+ 10% are assumed for the constituent molecular 
weights and mean square radii of gyration respectively, the 
signs of the errors being selected so as to maximize the 

and poly(methyl acrylate): M. B. Hug/in and R. W. Richards 

denominator in equation (12). However, under these con- 
ditions, the resultant minimum value of M~B(S2AB.) is not 
significantly different from 4.2 x 10 -14 (actually 4.3 x 
10 -14 m 2 kg/mol). 

Further discussion is deferred to the next section. With 
regard to Figure 5 we wish to emphasize here that ( I )  the 
curve is of the form predicted theoretically and (2) the 
points relating to the two individual polymers alone (y = 0 
andy = i) do not fall on the curve. 

DISCUSSION 

Refractive index increments and selective adsorption 
Assuming the value of dE0/d¢ 1 to be subject to negli- 

gible error, the accuracy of 71 calculated via equation (4) 
is dictated solely by the errors in v u and v~. If the minimum 
absolute error in each of these is taken as +0.001 dm3/kg 
and the sign of each error is selected to maximize the total 
error, then the coefficient of selective adsorption is "Y1 + 
(0.002/0.253), i.e. approximately 71 + 0.01, where 1'1 is 
the reported uncorrected value. This order of error in each 
datum point has a virtually undetectable effect on the 
curves in Figure 3. However, if the prime concern had been 
the absolute values of each adsorption coefficient, then the 
relative errors in 1'1 would have been reflected in a less 
favourable light, viz. ranging from ~1% (for high 3'1) to 
~20% (for low 1'1). 
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Figure 5 (a) Plot according to equation (1 1) for the polymer 
mixture in o-CP/TFP binary solvents, e ,  experimental data; O, 
points corresponding to known molecular weights and radii of 
gyration of the individual polymer. (b) Enlargement of the section 
for y = 0.7--1.0 
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With reference to equation (4), it is apparent that 
maximum or minimum values ofT1 occur when dT1/d¢l = 
0, that is, when: 

dvJd$1 = dv~,/d¢l (13) 

For both NY and PMA, comparison of the constant Glad- 
stone-Dale slope in Figure i with the various slopes in 
Figure 2 indicates that: 

(a) Relation (13) holds in the mixed solvent for which 
~1 is approximately 0.2-0.3,  which is actually the region 
of maximum 71 in F~ure 3. 

(b) There is unlikely to be an abrupt change in the form 
of 71 versus ~1 in the region q~l = 0 to q~l = 0.1, i.e. where 
there are no experimental data. 

(c) The observed minimum in 71 versus ~1 for solutions 
of NY suggests that there must be a value of vu (in the re- 
gion q~l = 0.9-1.0),  which is of smaller magnitude than 
the lowest value obtained experimentally (i.e. at ~1 = 0.9). 

Selective adsorption may be envisaged more readily when 
expressed in terms of the number (n l) of o-CP molecules 
adsorbed preferentially per segment of polymer, thusX6: 

nl = 71M0/V1 ~ 71Mo/V1 (14) 

Here,_M 0 is the molecular weight of the polymer segment 
and V1 and V 1 are respectively the partial molar volume 
and molar volume of o.CP. The maximum extents of selec- 
tive adsorption are calculated from equation (14) to be 
equivalent to 1 molecule o-CP/1.4 segments NY and 1 
molecule o-CP/5.7 segments PMA. The one negative value 
of 71 observed for NY indicates a preferential adsorption 
of TFP with a selective adsorption coefficient 72, where 
72 = --71. In this situation equation (14) becomes 

n2 ~ -71Mo/V2 

where 72 is the molar volume of TFP and n2 is the number 
of molecules of TFP adsorbed per segment of NY. This 
yields a selective adsorption of 1 molecule TFP/21 seg- 
ments NY, when the solvent medium is very rich in o-CP 
(~1 = 0.9). 

The curves of preferential adsorption coefficient versus 
composition of mixed solvent (Figure 3) are of a similar 
form to those observed for other systems 16~°~1. Expres- 
sions have been derived 16~2~3 for 71 in terms of ~1, but 
these involve the Flory-Huggins interaction parameters 
×i/, the values of which are not available for the present 
systems. In certain instances ~ the approach of calculating 
the values of the Xi! terms from Hildebrand-Scott solu- 
bility parameters has met with some limited success, but 
here again the relevant values are not known. Consequently, 
we restrict our comments to a purely phenomenological 
discussion of the selective adsorption of o-CP. 

Apart from the molecular weight 2s and the structure 26~7 
of the polymer, the most critical factor affecting the sign 
and magnitude ofT1 is the nature of the two liquids com- 
prising the binary solvent, as exemplified by their solvent 
power, polarity, associative capacity and molecular size. In 
the present system the two liquids exhibit similar solvent 
power for NY. Thus the values of [r/] (m3/kg) in o-CP and 
TFP are 0.14 and 0.18 respectively. Moreover for PMA 
solutions, [7] = 0.31 for both solvents. A simple molecular 
size effect can be discounted, because V1 and V2 are of a 
very similar magnitude (0.093 and 0.104 dm3/mol 
respectively). 

Combelas et al. 2s have studied the preferential adsorp- 
tion by polyacrylopiperidine of trifluoroethanol in ad- 
mixture with carbon tetrachloride; hydrogen bonding be- 
tween the alcoholic - O H  groups andthe ;>CO groups in 
the polymer was proposed. More recently Chaufer et aL 29 
and Lety-Sistel et al. 30 have discussed selective adsorption 
in systems already reported, and they have themselves made 
a comprehensive investigation involving light scattering and 
infra-red analysis of selective adsorption occurring in the 
systems poly(vinyl pyrrolidone)/halogenated solvent/proton 
donating solvent. Dependent on the solvent composition, 
adsorption of either of the solvents was observed. In the 
case of preferential adsorption of the proton donating 
liquid, hydrogen bonding to the >.C=O group of the poly- 
mer, followed by further induced auto-association of the 
proton donor, was proposed. A rationale was also afforded 
for the preferential adsorption of the halogenated solvent. 
No such detailed infra-red analysis has been performed on 
the present system, but it is reasonable to infer that hydro- 
gen-bonding prevails here also. The situation is complicated, 
however, by the facts that (a) o-CP, as opposed to the halo- 
genated hydrocarbon, is itself capable of hydrogen-bonding 
and (b) consequently, the known hydrogen-bonding ten- 
dencies of o-CP and TFP separately may alter, when one 
liquid is in the presence of the other. Discussion is confined 
to some qualitative observations. 

Infra-red spectra ofo-CP and TFP reveal that there is 
intramolecurar 31 bonding between adjacent - O H  and C1 
groups, whereas in the latter there is intermolecular 32 bond- 
ing between - O H  groups. If entropic effects are neglected 
and realization is made about the uncertainty in reported 
values 33 of hydrogen-bond enthalpies (AH), then the fol- 
lowing simplified picture emerges; The value of AH be- 
tween - O H  groups in alcohols is 21 kJ/mol, but the same 
amount of energy is liberated on reforming these bonds 
with 2>12=O groups in the polymer chain (NY or PMA); 
hence there is no net decrease in energy. In contrast, the 
value of AH for intramolecutar bonding in o-CP is - 1 6  kJ/ 
mol. Rupture of this bond followed by bonding between 
the - O H  group in o-CP and >C=O groups in the polymer 
would yield a net energy change of (+16 - 21) = - 5  kJ/mol, 
i.e. a fall in energy, which would render bonding between 
polymer and o-CP more favourable than bonding between 
polymer and TFP. Moreover constructions with molecular 
models of a molecule of o-CP and a segment of NY suggest. 
that the bonding may well be yet more energetically 
favourable. Thus, when the - O H  group in o-CP is made 
to coincide with the 2>t2=O group in the polymer, the C1 
group in o-CP coincides with the >NH group separated by 
five carbon atoms. Hence it is feasible, at least, to envisage 
two forms of bonding of o-CP to NY with a net energy 
change of (+16 - 21 - 16) --- -21  k J/tool. This accords 
with the observed, higher values of 71 for NY than for 
PMA. 

Light scattering 

We consider now the parameters listed in Table 1. Al- 
though the three values obtained for MA via different routes 
are in excellent agreement, this may be fortuitous to some 
extent in view of the errors which can be reasonably ex- 
pected in light scattering. Of course, accuracy can rarely 
be ascertained for a molecular weight determination, since 
there is no basis for comparison in absolute terms. Hence 
it is more correct to indicate the good consistency and to 
note that the use of a mixed o-CP/TFP solvent of q~l = 0.73 
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would be a reliable means of  obtaining the molecular weight 
of the NY port ion of  a NY/PMA copolymer.  The differ- 
ence of  ~ 17% between the directly measured value Of MB 
and the one derived indirectly via the use of  three solvents 
exceeds the error expected from a single molecular weight 
determination. This large difference arises from the 
cumulative effect of the operations involved in solving 
simultaneous equations coupled with the errors in the mole- 
cular weights and refractive index increments contained 
therein. The accord among the values for MAB may be 
considered satisfactory. 

The parameter P correlates the molecular weight of  the 
mixture with its composit ion and, although there are no 
limits to its numerical value, it must  be of  negative sign 
here, as follows from the definition in equations (10). The 
more commonly adopted ratio P/MAB ranges slightly in 
magnitude from - 0 . 4 7  to - 0 . 5 0  depending on whether the 
values of  P and MAB taken together are those obtained ex- 
perimentally from measurements in three solvents or are 
estimated from the known individual values Of MA and MB. 

The parameter Q quantifies the heterogeneity in com- 
position of  the mixture,  and is expressed commonly per unit 
molecular weight as Q/MAB. The value of  this ratio is zero 
for a completely homogeneous sample, whereas the maxi- 
mum value attainable for a mixture is WAWB, as seen in 
equations (10). As before, the value obtained for Q/MAB 
depends on whether the values of  Q and MAB taken together 
are those determined experimentally in three solvents or 
are estimated from known individual values Of MA and MB. 
In the former and latter instances respectively, Q/MAB is 
0.29 and 0.32, both of which exceed the theoretical maxi- 
mum of  0.573 x 0.427 = 0.245. The expedient of  com- 
bining the experimental Q(= 101) with the calculated MAB 
(=389) reduces Q/MAB to a more acceptable value of  0.26. 
Effectively, this is equivalent to regarding the calculated 
value Of MAB as the correct one. This approach has been 
adopted by others such as Kratochvil and coworkers who 
obtained the following experimental  (and theoretical) 
values for mixtures in which the magnitudes of  WA and 
WB were similar to those here: 0.25 (0.24) for poly(ethy-  
lene glycol methacrylate)  + poly(methyl  methacrylate) l l ;  
0.22 (0.25) for polystyrene + polybutadiene ~ .  The in- 
herent errors mentioned in the determination Of MB apply 
equally to Q, when data relating to three solvents are em- 
ployed. The value of Q/MAB determined here would seem 
to be as accurate as allowed by this particular technique. 

With regard to the minimum values o f y  and M~B(S2B ,) 
(equation 12 and Figure 5), the uncertainty in these is quite 
considerable, because in the present system MB >> MA and y 
is generally very large. Moreover, the error in (S 2)  must be 
greater than that normally encountered when estimating 
the mean square radius of  gyration from a limiting slope 
(at zero concentration) in a Zimm plot;  indeed, it was a 
matter  of some surprise that we were actually able to 
determine the value of  (S 2)  in v.iew of  the low molecular 
weight of  the NY sample (a molecular weight of  ~200  kg/ 
tool is considered 3s as an approximate lower limit for this 
purpose). The fact that the data points for the individual 
polymers fall outside the curve in Figure 5 is not  disturb- 
ing, since the solvents used in the determination of  (S 2)  
and (S~) were different from each other and also different 
from those used for the solutions of  the polymer mixture. 

In connection with future work on graft copolymers of  
NY/PMA, the anticipated heterogeneity should be lower 
than that deliberately introduced here for the mixture. 
Consequently, any over-estimate in the value of  Q will be 

of  greater relative significance. We note that such over- 
estimates in copolymer heterogeneity have been discussed 
in detail by Vorlic~ek and Kratochvi136, who concluded that 
a meaningful measure of  Q in a copolymer is only possible 
by light scattering provided that certain critical conditions 
be fulfilled with respect to molecular weight and IVA -- VBI. 
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Branched poly(ethylene terephthalate) 
correlations between viscosimetric 
properties and polymerization parameters 
P. Manaresi*, P. Parrini, G. L. Semeghini and E. de Fornasari 
Montedison Spa, Centro Ricerche Ferrara, 44100 Ferrara, Italy 
(Received 13 October 1975; revised 20 January 1976) 

Samples of poly(ethylene terephthalate) (PET) modified with small amounts of trimesic acid groups 
and hence containing long chain branching have been prepared. From the content of trifunctional 
modifier and from the experimental value of the extent of reaction, the weight-average molecular 
weight/~w and branching density B'w have been calculated, assuming that all the end-groups are 
equally reactive and intramolecular reactions are absent. The values of/~w and ffw have been corre- 
lated with the experimental values of intrinsic viscosity [7?] and the Newtonian melt viscosity r/0. 
General relations of the following type have been obtained: 

fl(['rl],Mw, Bw) =0; f2(rlo, Mw, Bw) =0; 

f3(Tto, [r/], Bw) = 0; f4(r/0, [r/],/~w)- = 0 

In particular, [r/] and r/0 i_ncrease on increasing/~w and decrease on increasing Bw, but, at equal [r/] 
values, 7/0 increases with Bw. Through the last relation, the reliability limits of which should be ex- 
perimentally checked, and from measurements of [r/] and 77 O, it is possible to calculate/~w of a 
branched PET. 

INTRODUCTION 

One problem that is most frequently met in the technolo- 
gical development of polymers is obtaining slight property 
variations after carrying out operations on the structural 
parameters. Among them long chain branching, together 
with the molecular weight and chemical structure, are some 
of the most important. 

In the case of a polycondensate, branching may easily 
be obtained by using a comonomer having functionality 
higher than two: this may lead to the formation of a tri- 
dimensional network. The basic theoretical concepts con- 
cerning polyfunctional polycondensation and the criteria 
for gel formation were established several years ago by 
Carothers 1, Flory 2-s and Stockmayer 6,7. In recent years 
the topic has been studied thoroughly and partly revised, 
especially from a theoretical point of  view 8-17. However, 
apart from patent literature, no data have been published 
on branched poly(ethylene terephthalate) (PET) even 
though this polymer is quite important for the production 
of fibres. 

Therefore we thought it interesting to prepare PET 
samples modified with small amounts (<2%) of a trifunc- 
tional comonomer, and to examine the relationships be- 
tween the various viscometric quantities as a function of 
the extent of reaction and the content on modifier. This 
study was carried out in the light of theories concerning 
polyfunctional polycondensation and the influence of long 
chain branching on properties. 

* Istituto Chimico, Facolt~t di Ingegneria, Universit/t di Bologna, 
Bologna, Italy. 

EXPERIMENTAL 

Preparation of PET samples 
PET samples were prepared from dimethylterephthalate 

and ethylene glycol with the desired amount of trimethyl- 
trimesate as the trifunctional modifier. The reaction was 
carried out in two consecutive steps, ester-interchange and 
polycondensation, according to the general procedure des- 
cribed in a previous paper Is. After the ester-interchange 
step, only one type of functional group remains, the OH 
groups of glycolic esters, i.e. 

COOCH2CH2OH 

COOCH2CH2OH 

and polycondensation proceeds with evolution of ethy- 
lene glycol. 

Viscometric measurements 
Intrinsic viscosity was measured in o-chlorophenol at 

25°C. Melt viscosity was measured at 280°C by the capil- 
lary method 18. The values of the flow gradient being low, 
the melt vizcosity measured by this method practically 
corresponds to the Newtonian one. 

Determination of the extent of  reaction 
Conversion p (extent of reaction) was obtained by sep- 

arately determining the number of OH and COOH end- 
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groups, the latter being present in small amounts. Carboxyl 
content was determined according to  Poh119, using freshly 
distilled aniline (instead of  benzyl alcohol) as solvent. 
Hydroxyl content was determined according to the Conix 
method 2°. EOH and ECOOH being the number of  equiva- 
lents of  OH and COOH end-groups per 106 g of  polymer, 
the sum of  the two E = EOlt + ECOOH was considered in 
order to calculate p. 

Conversion is given by: 

p = l  1 ~  - -P  ' 

The significance of  p, Mb and Mt is given below (in this 
particular case Mb = 192.17 and M t = 249.20). 

THEORETICAL 

Polyfunctional polycondensation 

In the case considered here after the first reaction step 
there is only one type of functional group, and the poly- 
merization may be shown schematically as follows: 

A A -  
A - A  + A < > > - - - A - ( A - A ) - A  < 

A A -  

Let p be the composition parameter, i.e.: 

number of  groups of  initial trifunctional units 
p =  

number of  total initial functional groups 

3Nt 

3Nt + 2Nb 
(1) 

where Nt = number of  initial trifunctional molecules and 
Nb = number of  initial bifunctional molecules. 

By assuming that all functional groups have the same 
reactivity and by neglecting the intramolecular reactions, 
Flory ~ obtained for the branching coefficient ct: 

PP 
a - (2) 

l -p (1  - p )  

where p is the extent of  reaction. For a = 0.5 gelation be- 
comes possible; at this point the extent of  reaction (critical 
value) is Pc = 1/(1 + p). 

The number-average degree of polymerization X-n will be 
given by: 

Nt+Nb 
Xn ~- 

(Nt + Nb) - (3Nt[2 + Nb)P 

where the second term of  the denominator represents the 
number of  bonds formed. By introducing equation (1) we 
obtain: 

3 - p  
x-n = (3) 

3 - / 9  - 3p 

The number-average molecular weight is given by: 

Mn = xnMo 

where M0 is the molecular weight of  the average mono- 
meric unit. IfMb and M t are the molecular weights respec- 
tively of  the bi- and tri-functional monomer  units (ha this 
case 192.17 and 249.20), then: 

MbNb +MtNt 3Mb + p ( 2 M t -  3Mb) 
M0= 

Nb + N t 3 -- p 

Hence: 

-~n = 3Mb + p ( 2 M t -  3Mb) 
3 - p - 3p (4) 

Therefore -Mn depends on the extent of  reaction and to 
a lower extent on the trifunctional units content: the latter, 
instead, extensively affects -Mw. In the case considered here, 
the distribution function obtained by Stockmayer 6 is: 

mn,1 = 3Nto (n-l) (1 - p)lp(n+t-1) (1 - p)(n+2) x 

(2n + l)! 

n ! l ! (n + 2 ) !  
(5) 

where mn~l is the number of  polymeric molecules consisting 
of  n trifunctional units and of  l bifunctional units. From 
the definition of  Mw: 

~ mn + Mtn) 2 ~l(Mb l 

~ w  = n,l 

NbM b + NtM t 

and from equations (1) and (5) is obtained: 

6(1 - p)2 
- × 

Mw - p(ZoMt + 3M b __ 3OMb ) 

~_~ (Mbl + Mtn) 2 

n , / - - - - O  

(n+l~ 1) 

[pp(1 - p)] n [p(1 - p)] l(2n + l)! ] 

1 (6) 

[if the trifunctional group__is absent, the usual relations are 
valid: ~tn = M b/(1 - p);  Mw = Mb(1 + p)/(1 - p ) ] .  

With the help of  a computer the summation in equation 
(6) may be evaluated; since such a calculation must be 
generally carried out to very high values of  l, we have app- 
lied the equation in a form that may be easily drawn from 
the previous one, i.e. 

6(1 - p)2 

p(2pMt + 3Mb - 3pMb) 

n,l=O 
(n+/;~l) 

(Mbl + Mtn) 2 [pp(1 - p)] n [p(1 - p)]l 

(1+ 1)(1 +2) . . . .  (I+ 2n)] 
J (7) 

596 POLYMER, 1976, Vol 17, July 



Branched  p o l y  (eth y lene tereph ~h alate)  : P. Manaresi  et al. 

Table 1 Linear and branched poly(ethylene terephthalates): polymerization parameters, viscosities and related properties 

[n] ~0 
p p (dl/g) (Poise) Mn X 10 -4  /~w X 10 - 4  c~ Bw [n ]b / [ n ] l  ~0,b/n0,1 

0 0.9735 0.275 50 0.73 1.43 0 0 1 1 
0 0.9790 0.360 110 0.92 1.81 0 0 1 1 
0 0.9815 0.380 290 1.04 2.06 0 0 1 1 
0 0.9850 0.440 380 1.28 2.54 0 0 1 1 
0 0.9880 0.510 1 100 1.60 3.18 0 0 1 1 
0 0.9895 0.600 1 750 1.83 3.64 0 0 1 1 
0 0.9910 0.640 2900 2.14 4.25 0 0 1 1 
0 0.9920 0.660 4 000 2.40 4.79 0 0 1 1 
0 0.9940 0.850 9 600 3.20 6.39 0 0 1 1 
0.00748 0.9690 0.290 70 0.67 1.55 0.190 0.60 1.00 0.93 
0.00748 0.9785 0.420 380 1.01 2.60 0.254 1.01 0.93 0.80 
0.00748 0.9800 0.440 500 1.10 2.90 0.269 1.13 0.91 0.71 
0.00748 0.9850 0.530 2 200 1.54 5.01 0.330 1.95 0.74 0.45 
0.00748 0.9860 0.550 3 900 1.67 5.76 0.344 2.24 0.69 0.49 
0.00748 0.9870 0.565 4 600 1.83 6.76 0.363 2.63 0.63 0.34 
0.00748 0.9875 0.630 8 000 1.92 7.37 0.372 2.87 0.66 0.43 
0.00748 0.9885 0.680 8700 2.13 9.00 0.392 3.51 0.62 0.23 
0.00748 0.9890 0.710 14 000 2.26 10.00 0.403 3.89 0.59 0.25 
0.01121 0.9780 0.280 60 1.05 3.40 0.333 1.99 0.52 0.050 
0.01121 0.9860 0.420 510 1.86 11.80 0.442 6.91 0.31 0.0050 
0.01121 0.9870 0.470 1 000 2.06 19.00 0.461 11.1 0.25 0,0020 
0.01121 0.9880 0.610 4 700 2.31 39.00 0.481 22.0 0.19 0.0007 
0.01121 0.9895 0.650 6500 2.82 NC 0.515 NC NC NC 
0.01121 0.9910 0.820 17500 3.62 NC 0.554 NC NC NC 
0.01493 0.9720 0.280 60 0.84 2.83 0.341 2.20 0.59 0.095 
0.01493 0.9775 0.330 150 1.10 4.95 0.393 3.85 0.46 0.033 
0.01493 0.9820 0.490 1 600 1.48 11.00 0.448 8.55 0.39 0.0210 
0.01493 0.9640 0.580 7 000 1.75 20.00 0.479 15.6 0.29 0.0110 
0.01493 0.9645 0.640 8 000 1.83 26.00 0.486 20.1 0.27 0.0050 
0.01493 0.9860 0.675 9300 2.13 NC 0.513 NC NC NC 
0.01493 0.9920 0.720 13 000 6.39 NC 0.648 NC NC NC 
0.02233 0.9665 0.250 40 0.73 3.25 0.392 3.81 0.48 0.039 
0.02233 0.9740 0.340 200 1.03 8.70 0.455 10.2 0.32 0.0060 
0.02233 0.9790 0.460 820 1.41 NC 0.510 NC NC NC 
0.02233 0.9820 0.500 1 900 1.81 NC 0.549 NC NC NC 
0.02233 0.9835 0.620 8 000 2.11 NC 0.571 NC NC NC 
0.02233 0.9845 0.710 13 000 2.37 NC 0.587 NC NC NC 
0.02233 0.9860 0.750 16000 2.90 NC 0.611 NC NC NC 

NC = not calculated, as c~>0.5 (p > Pc). 

From equation (7) it is possible to calculate the summa- 
tion terms as long as the values of n are not too high. For 
values of n higher than 30, the equation has been transfor- 
med, through the Stirling approximation formula, into the 
following equation of easier use: 

3e2(1 _ p)2 
~ w  = x 

lrp(2pMt + 3Mb -- 3pMb) 

{Mb__/_+gtn ) 2  1 

~ n +2 [n(n + 2)] 1/2 
n.l 

× 

~-n + 2-) [p(1 - p ) ] l ( l +  1)(1 + 2 ) . . ( l  + 2n) 
(g), 

Table 1 shows the results of such calculations, carried 
out in some cases to values of n = 300 and l = 30 000: when 
the extent of reaction gets near to the critical value Pc, Mw 
rapidly approaches infinity, whereas Mn stays relatively low. 

Number o f  branches 
The number of branches may also be theoretically de- 

duced and may be quite significant for a correlation with 

the experimental data. The number-average branching 
density, i.e., the average number of branches per molecule 
Bn, is given by: 

Nt 
Bn - (9) 

(Art + Nb) -- (3Nt/2 + Nb)P 

From equation (1) it follows: 

2p 
Bn - (10) 

3 - p  - 3 p  

It is often more useful to consider the so-called weight- 
average branching density Bw- The value of Bw is related 
to that of Bn and to the molecular weight distribution; in 
polycondensates, if the Stockmayer statistical distribution 
is assumed, the relation: 

_ _ 

Bw = -~ Bn ~lw/Mn (11) 

was proved__to be valid ~1. While Bn simply 'counts' the 
branches, Bw 'weights' them in the larger molecules more 
than in the smaller ones. Evidently Bw approaches infinity 
when p gets near to the Pc value. 
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Analysis of  the viscometric data 
As is well known, the intrinsic viscosity of branched 

macromolecules is lower than that of linear ones with the 
same molecular weight, the volume of the former in solu- 
tion being smaller 22#3. 

The ratio [*2] b/[*2] 1 between the intrinsic viscosities of 
the branched polymer and of the linear one, of the same 
molecular weight, has been frequently used as an experi- 
mental index of the degree of branching. In a 0 solvent 
such a ratio should be a function ofg  only, i.e. of the cor- 
responding ratio of the mean-square radii of gyration. 

In the practical case of branched and polydispersed 
polymers, a comparison among intrinsic viscosities should 
be made, using convenient average quantities taking into 
account the 'viscosity exponent' in the Mark-Houwink 
equation 21~. Semi-empirically and for sake of simplicity 
we chose to consider the Mw values, the intrinsic viscosity 
being nearly a weight-average quantity. Our choice has also 

been supported by the remarks reported in literature 2s 
according to which a correlation curve between [*2] and/~w 
constitutes one of the most sensitive methods for evidenc- 
ing the presence of branches. 

The Newtonian melt viscosity also extensively depends 
on the presence of long branches. Their influence may be 
quite complex, but in general the final result is a decreased 
viscosity 26-2s. Therefore, even in that case, the ratio 
.20,bl.20~ between Newtonian viscosities of branched and linear 
polymers, at the same value of Mw, may supply an experi- 
mental index of the degree of branching. 

RESULTS AND DISCUSSION 

Table 1 shows the experimental values of p, [*2] and *20 for 
linear PET's and those branched with different amounts of 
trimethyltrimesate. In this Table are also reported the cal- 
culated values of Mn, Mw, a and Bw. Evidently, as the 
polymerization is statistical, the values of the conversion 
high and the trifunctional comonomer contents low, bran- 
ches are few and long. 

Correlations have been attempted between [.2], *20 and 
/1~ w: an approximate linearity on a bi-logarithmic scale was 
observed (Figures 1, 2 and 3). In all branched polymer, at 
equal/~w values, [*2] and '20 are significantly lower and, at 
equal [*2] values, *20 is significantly higher than in the linear 
ones. 
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For the linear PET, the following relations have been 
obtained: 

logr/0j = 4.36 + 4.78 log [77] ] 

log[r/] 1 = -3.62 + 0.74 log~t w' 

(12) 

03) 

logr/0,1 = -12.96 + 3.54 log-~t w (14) 

in agreement with previous results by the authors la and 
Gregory 19. 

Using relations (13) and (14) we calculated, for each 
branched sample, the values of [r/] 1 and r/oJ (at equal Mw 
values), and then the ratios [77] b/[7/] land r/0,b/r/0;t report- 
ed in Table 1. These ratios, always below unity, decrease 
on increasing the trifunctional unit content and the extent 
of reaction, and a good correlation exists among them. 

Since such 'viscosity indexes' must be related to the 
parameters that theoretically define the amount of branch- 
ing, attempts have been made to correlate them with c~, 
Bn and B w. A satisfactory linear correlation has been ob- 
tained on a semi-logarithmic scale especially in the case of 
Bw, apart from a few points corresponding to polymers 
with very high p values. The following equations have thus 
been derived: 

log[r/] b/[/'/]1 = --0.06 Bw 

logr/0,b/r/0J = --0.25 Bw 

(15) 

(16) 

By combining equations (15) and (16) with (13) and 
(14) respectively, we obtained the following equations: 

log[r/] = -3.62 + 0.74 logMw - 0.06 Bw (17) 

logr/0 = -1~.96 + 3.54 log~tw - 0.25 Bw (18) 

Finally, by combining equations (17) and (18), two further 
ones are obtained: 

logr/0 = 4.36 + 4.78 log[r/] +0.037 Bw (19) 

logr/0 = 2.13 + 4.17 log[r/] + 0.456 logM'w (20) 

All these relations are valid for both branched and linear 
PET. In Figures 4 and 5 curves corresponding to these 
equations are compared with experimental data: the rela- 
tionships are valid for all values o fp  and p. 

Branched poly(ethylene terephthalate): P. Manaresi et al. 

Thus both viscosities decrease, at equal Mw values, on 
increasing Bw, while the melt viscosity increases, at equal 
[r/] values, on increasing Bw. This essentially occurs in- 
dependently of the single values of p. Through equation 
(20) it is possible to calculate the value o fM w for a bran- 
ched (as well as linear) PET from solution and melt visco- 
sity measurements. 

4.0 

03'(3 

o~ 

2.0 

xx:  
• A 

i I 
I '0 _2t.5 ' -1'5 -0i'5 0 

(4.78 Logh]+O.037 8w ) 
Figure 4 Melt viscosity as a function of intrinsic viscosity and 
branching density for various PET. , corresponds to equation 
(19); l ,  p = 0 (linear PET); X, p = 0.00748; &, p = 0.01121 ; =% p = 
0.01493; O, p ~- 0.02233 
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Figure 5 Melt viscosity as a function of the intrinsic viscosity and 
/~w for various PET. - - ,  corresponds to equation (20); l ,  p = 0 
(linear PET); X, p = 0.00748; &, p = 0.01121 ; m, p = 0.01493; 
o, p = 0.02233 
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Branched poly(ethylene terephthalate): P. Manaresi et al. 

Similar results had been obtained by Peticolas and co- 
workers 3°'31 and by Schreiber and coworkers 32 in the case 
of  polyethylenes with long branches. They found that 720 
at fixed temperature and given ~tw appears to be primarily 
a function of  long branching, and they give for unfrac- 
tionated polyethylenes relationships of  the same form as 
equation (18) 

More recently Ram and Miltz a3, by a careful character- 
ization of  several samples of  commercial free-radical poly- 
ethylenes, found that by using the variable ([r/] b/Jr/] 1) 2 Mw 
most rheological parameters can be correlated into single 
straight lines on a bi-logarithmic scale. From Ram's 
data it ispossible to obtain a general relation between r/0, 
Bw and Mw of the same form as equation (18). 

Finally, it must be noted that the values o f ~ t  w have 
been calculated from those o f p  and p, by assuming that 
all end-groups have the same reactivity and intramolecular 
reactions are absent: it is certain that this last condition is 
no longer valid in proximity of  the gel point. The most 
recent theories on gel formation, such as the stochastic graph 
theory, instead, suggest that this is due to the formation of  
cyclic structures as a result of  intramolecular reactions 13. 
Hence, in our opinion, one of  the most important results 
achieved by this work is that the existence is suggested, 
with regard to branched (and linear) PET, of  a general rela- 
tion between 770, [72] and &t w such as equation (20). The 
reliability limits of  such a relation should be checked by 
direct experimental measurements of  Mw. 
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Equilibrium ring concentrations and the 
statistical conformations of polymer 
chains: 14. Calculation of the 
concentrations of medium sized cyclics 
in poly(dimethyl siloxane)equilibrates 

L. E. Scales* and J. A. Semlyen 
Department of  Chemistry, University of  York, Heslington, York YO 1 5DD, UK 
(Received 29 December 1975," revised I0 February 1976) 

Theoretical molar cyclization equilibrium constants K x for dimethyl siloxane cyclics [(CH3)2SiO] x 
in undiluted poly(dimethyl siloxane) equilibrates are calculated for values of x in the range 
7 < x < 13. The Jacobson and Stockmayer theory is used for the calculations and K x values are 
computed by finding the statistically weighted fraction of the 3 2x-3 conformations [defined by the 
Flory, Crescenzi and Mark (FCM) rotational isomeric state model of poly(dimethyl siloxane)] that 
have terminal atoms in close proximity for ring formation. The FCM model gives theoretical K x 
values in good agreement with experiment for x = 8, 9, 10 but yields a K l l  value that is nine 
times greater than that found experimentally. This result is discussed in terms of the molecular 
structure of dimethyl siloxane chains. The effect on the calculated K x values of modifying the 
FCM model by assigning a smaller value to the S i -O -S i  bond angle is explored. 

INTRODUCTION 

It has been customary in developing theories in polymer 
science to assume that random-coil linear macromolecules 
obey Gaussian statistics. These statistics were established 
by Kuhn and others t-4 over forty years ago and they 
have been applied to interpret a wide range of polymer 
properties and behaviour. However, it has always been 
realized that Gaussian statistics would not necessarily apply 
to flexible random-coil molecules of finite length. In gene- 
ral, as the lengths of molecules decrease, deviations from 
Gaussian behaviour would be expected to become greater. 

Until recently, experimental data providing a close 
insight into the relationship between the statistical pro- 
perties of chain molecules and their chain lengths have not 
been available. However, in the past few years experimen- 
tal data have been obtained 5 that give a unique opportunity 
of assessing the deviations from Gaussian statistics shown 
by chains of finite length. In particular, experimental 
molar cyclization equilibrium constants Kx have been 
measured with a considerable degree of precision for 
dimethyl siloxane cyclics [(CH3)2SiO] x with eight to as 
many as five hundred skeletal bonds 6-s. Measurements 
were carried out for ring-chain equilibration reactions in 
the bulk polymer 7'8 as well as in solution in toluene 6'8 and 
in diglyme 8. Plots of log Kx against log x exhibit well de- 
fined minima in the region x = 12 and these minima are 
followed by definite maxima located at values o f x  ~ 15. 

One of the aims of this paper is to find a theoretical 
explanation for these experimental observations. To this 
end, the molar cyclization equilibrium constants for 
dimethyl siloxane rings have been calculated using the 

* Present address: The Computer Laboratory, University of Liver- 
pool, PO Box 147, Liverpool L69 3BX, UK. 

Flory, Crezcenzi and Mark 9 rotational isomeric state 
model for poly(dimethyl siloxane). The computational 
procedures involve finding the statistically weighted frac- 
tion of the 32x-3 conformations of the open chain mole- 
cules [(CH3)2SiO] x defined by the rotational isomeric 
state model that have terminal atoms in juxtaposition for 
ring formation. The calculations have been carried out 
for cyclics containing up to twenty four skeletal bonds. 
They are an extension of some calculations which were 
carried out for smaller dimethyl siloxane cyclics in an 
earlier study ~°. 

ROTATIONAL ISOMERIC STATE MODEL OF 
POLY(DIMETHYL SILOXANE) 

The rotational isomeric state model of poly(dimethyl 
siloxane) was set up by Flory, Crescenzi and Mark (FCM 
model) 9. It was based on a critical examination of all the 
available molecular structure data. Their model takes each 
skeletal Si-O bond to be of length 1.64 A, each S i - O - S i  
skeletal bond angle to be 143 ° and each O - S i - O  skeletal 
bond angle to be 110 °. The FCM model assigns each skele- 
tal bond to one of three rotational isomeric states at ~ = 
0 ° (trans), 120 ° (gauche +) and 240 ° (gauche-) positions. 
The statistical weight matrix U' that takes account of the 
mutual interdependence of adjacent pairs of skeletal bonds 
centred on silicon atoms is as follows: 

ti-1 

U' = get_ 1 

gf-1 

ti get gi- 

(1) 
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The corresponding statistical weight matrix U" that takes 
account of the mutual interdependence of adjacent pairs of 
skeletal bonds centred on oxygen atoms is: 

ti+l g~l gf+l 

ti r 1 o o 

u, ,=g+ 11 o ~ (2) 
g i  1 ~5 o 

The parameters e and 6 of the FCM model were assigned 
values so as to reproduce the experimental characteristic 
ratio (r2)o/nl 2 of linear poly(dimethyl siloxane) and the 
temperature coefficient d(ln (r2)o)/dT (where (r2)0 is the 
mean-square end-to-end distance of the unperturbed chain 
of n bonds each of length l in the limit n -> oo)11,12. The 
statistical weight parameters o and ~ are Boltzmann factors 
exp(-AE/RT) where AE is the difference in energy between 
its associated conformation and the all.trans conformation, 
and R is the gas constant. At the temperature of 383K 
that is relevant to the calculations to be described here, the 
values of the FCM model parameters are e = 0.327 and 

= 0.082. 
As will be discussed below, the greatest uncertainty in 

the assignment of a structural parameter in the FCM model 
is probably the value of 143 ° for the S i -O-Si  skeletal 
bond angle. In the direct computations of cyclic co~icen- 
trations to be described here, an alternative assignment 
was made for this bond angle. The statistical weight para- 
meters were adjusted accordingly so as to reproduce the 
experimental values for the characteristic ratio and the 
temperature coefficient don (r2)o)/dT of poly(dimethyl 
siloxane). 

CALCULATION OF MOLAR CYCLIZATION 
EQUILIBRIUM CONSTANTS 

Experimental and theoretical molar cyclization equilibrium 
constants 

The equilibrium between ring and chain molecules of 
poly(dimethyl siloxane) may be represented thus: 

-~(CH3)2SiO-]-y ~ ~(CH3)2SiO]-y-x + [(CH3)2SiOIx (3) 

This equilibrium can be set up in the bulk polymer 7,a, or in 
solution in toluene 6~ or diglyme s. In all these cases, there 
is a most probable distribution of chain lengths. It follows 
that the molar cyclization equilibrium constants Kx for 
cyclic dimethyl siloxanes are related to the extent of reac- 
tion of functional groups in the chain polymers p by: 

Kx = [(CH3)2SiO)x ]/px (4) 

In this paper, experimental Kx values used to compare with 
theory refer to undiluted equilibrates at 383K. Similar Kx 
values are found in diglyme ~ but substantially larger Kx 
values were obtained for the smallest cyclics in toluene up 
to cyclics with x < ~8. These higher Kx values for the 
small rings have been discussed elsewhere 7~. 

The Jacobson and Stockmayer theory la'~4 provides the 
following expression for Kx values (in mol/dm 3) for cyclics 
produced by the forward step of equation (3): 

r x  = ~x/2WAx (5) 

Semlyen 

where Wx represents the density of end-to-end vectors r in 
the region r = 0 (in molecules/dm 3) for an x-meric chain 
and N A is the Avogadro constant. 

As in the previous study ~°, no account is taken of the 
expected correlations between terminal bonds in the intra- 
molecular cyclization processes, and Kx values are calcu- 
lated using equation (5) by simply computing the statisti- 
cally weighted fraction of the total number of conforma- 
tions that have the centres of terminal atoms within small 
spheres of radius r. In this connection it is noted that there 
is no molecular structural information available as yet 
which could be used to define a solid angle within which 
the termini of siloxane chains must meet to form a bond. 

Calculation of  molar cyclization equilibrium constants for 
cyclic dimethyl siloxanes 

In the previous paper 1°, molar cyclization equilibrium 
constants Kx for small cyclic dimethyl siloxanes 
[(CH3)2SiO] x were calculated using the FCM rotational 
isomeric state model by determining the statistically 
weighted fraction of the 32x-3 discrete conformations of 
the corresponding open chain molecules which adopt 
highly coiled conformations corresponding to ring forma- 
tion. The chains were assumed to be unperturbed by 
excluded volume effects and the calculations were carried 
out for cyclics with x = 4-9 .  Excellent agreement be- 
tween experiment and theory was found for the cyclic 
octamer and nonamer. Furthermore, the failure of the 
FCM model to predict Kx values for the smaller cyclics 
and in particular the cyclic tetramer, pentamer and 
hexamer was rationalized by making a small but necessary 
adjustment to the FCM model so as to make it applicable 
to the calculation of the Kx values of small siloxane rings 1° 

The close agreement between experimental Kx values 
for the smaller cyclic siloxanes and those predicted by the 
FCM model has encouraged the calculations reported here, 
whereby Kx values for cyclics with x > 9 are computed. 
As will be seen, such an extension of the calculations has 
made it possible to explore the log Kx values in the region 
x = 12, where there is a well defined minimum rising to a 
maximum at x = 15 before the values decrease again (see 
Figure 1 for the experimental Kx values). 

The calculations were carried out as before 1°. Prob- 
ability densities Wx required by equation (5) were calcu- 
lated by dividing the sum Zr of the statistical weights for 
all chain conformations with their terminal atoms sepa- 
rated by less than r A, by the volume (4/3)1rr 3 and by the 
total sum Z of the statistical weights of all 32x-3 confor- 
mations. Z is the conformational partition function of the 
x-meric chain and is given by: 

• [! Z = [1 0 O] ( U " U ' ) x - 2 u  '' (6) 

and 

~Ix=zr/Z(4/3)nr 3 (7) 

The value of r, the radius of the sphere within which 
termini of siloxane chains meet to form a bond, is treated 
as an adjustable parameter. This radius is expected to be 
small but finite and in previous calculations it was assigned 
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Calculation o f  siloxane ring concentrations: L. E. Scales and ,I. A. Semlyen 

poly(d imethy l  siloxane) chain consists o f  a regular alter- 
20 nat ion o f  bond angles o f  unequal magnitude centred on 

' silicon and oxygen atoms. Consequently, the planar all- 
trans conformation will correspond to a closed loop after 
a definite number of  monomer units. For the bond angles 
chosen by Flory, Crescenzi and Mark 9 chain closure occurs 
at eleven monomer units (see Figure 2). Hence, for x -- 11 
there are a total of  1 162 261 467 conformations and 
296 357 of  these have the centres of  their terminal atoms 
within 2,8,. The total statistical weight of  these highly 
coiled conformations is approximately 17.4 and the all- 
trans conformation alone contributes a statistical weight 
of  unity. Hence, the FCM model does predict a well de- 
fined minimum in the log K x versus log x plot for dimethyl 
siloxane cyclics as is found experimentally but this mini- 
mum is not centred a tx  = 12. In the section to follow the 
FCM model is modified in order to explore whether even 
better correspondence between experiment and theory can 
be achieved. 

t3~ -O " O ' O ~ _  

~r ~Oo 

I I 

O~'6 O"8 I'O 1"2 

Log x 
Figure 1 Theoretical molar cyclization equilibrium constants K x 
for cyclic dimethyl siloxanes at 383K calculated by the direct com- 
putational method using the FCM model and assuming that r = 2 A 
(IlL They are compared with the experimental K x values for an 
undiluted poly(dimethyl siloxane) equilibrate (O) 

the value 3,&. For the calculations to be described here, 
smaller values have been assigned to r. In this connection 
it is noted that as the chains are built up and calculations 
of end-to-end distances are carried out, tests can be made 
at shorter chain lengths to discover whether the ends of  
the full length chain can ever fall within the volume of  
radius r. I f  they cannot, there is no further need to con- 
tinue adding further skeletal bonds. Naturally, the smaller 
the value of  r the greater will be the saving of  computational 
time. Provided that r is not too small, the values Of Wx are 
found to be relatively insensitive to its precise value and 
the general conclusions reached in this paper are not depen- 
dent on the values chosen for r in particular calculations. 

In Figure 1, Kx value.s for cyclics with x = 8 - 1 1  cal- 
culated by equations (5 ) - (7 )  using the FCM model and 
with r = 2A are compared with experimental values for an 
undiluted poly(dimethyl siloxane) equilibrate at 383K. It 
is found that there is a close correspondence between ex- 
perimental and theoretical K8, K9 and K10 values but a 
complete failure of  the FCM model to calculate the ex- 
perimental K11 value. Thus, the calculated KS, K9 and 
K10 values agree within experimental error with the cor- 
responding experimental values, whereas the calculated 
Kl l  value is nearly nine times greater than the experi- 
mental value. 

The reason for the sharp increase at x = 11 may be 
appreciated if the chain geometry is considered. The 

Modification o f  the FCM model 

The structural parameter of  the poly(dimethyl siloxane) 
chain that is open to most doubt in the FCM model is the 
S i - O - S i  bond angle. The value of  143 ° assigned to it is 
that observed in the cyclic tetramer [(CH3)2SiO] 4. Now, 
the S i - O - S i  bond angle is known to be flexible and to 
adopt different values in different silicone and silicate 
structures ~s. For example, a bond angle of  130 4- 10 ° has 
been observed in hexamethyl disiloxane [(CH3)2Si] 2 O16't7. 
Hence a new value of  138 ° was assumed for the S i - O - S i  
bond angle, 5 ° less than that in the FCM model. This 
value corresponds to the first appearance of  a planar all- 
trans cyclic conformation at x ~ 13. The statistical weight 
parameters of  the FCM model were assigned new values of  
o = 0.22 and ~ = 0.10 at 383K so as to reproduce the ex- 
perimental characteristic ratio of  poly(dimethyl siloxane) 
and the temperature coefficient of  its unperturbed dimen- 
sions. The log Kx versus log x plot obtained using this 

Si 

I i I I I 

5~ 
Figure 2 Diagram o f  the d ime thy l  siloxane chain in the 
planar, atl-trans conformation 
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Figure 3 Theoretical molar cyclization equilibrium constants K x 
for cyclic dimethyl siloxanes at 383K calculated by the direct com- 
putational method using the modified FCM model and assuming 
that • = 1 A (&) and r = 2 A (O). They are compared with the 
experimental K x values for an undiluted poly(dimethyl siloxane) 
equilibrate '(O) 

modified model  predicts a minimum in the region x = 10 
followed by a sharp increase at x = 12 (see Figure 3). Less 
complete calculations showed that  the K x value for x = 13 
is also considerably higher than the experimental value. 
Furthermore,  Monte Carlo calculations for even larger 
cyclics suggest that theoretical K x values decrease as x in- 
creases. Hence a good rationalization of  the experimental 
Kx values has been obtained. 

CONCLUSIONS 

The main conclusion of  this study is that the FCM model 
gives a good qualitative understanding of  the molar cycliza- 
tion equilibrium constants for dimethyl siloxane cyclics 
but  it  does not  predict Kx values for all the individual rings. 

Semlyen 

A small modification of  the model by making a 5 ° de- 
crease in the S i - O - S i  bond angle moves the minimum in 
the log Kx versus log x plot but gives K12 and K13 values 
that are much higher than those observed experimentally. 

These calculations provide a most exacting test of  the 
FCM rotational isomeric state model and it is believed that 
it is the discrete nature of  the model (with fixed bond 
angles and only three rotational isomeric states about each 
bond) that is responsible for the failure to predict theo- 
retically the smooth changes in the tog Kx versus log x 
plot  that are observed experimentally. 
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Comparison of the unperturbed 
dimension of polystyrene for endothermal 
and exothermal heats of dilution within 
the same system 
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Light scattering measurements for two samples of polystyrene (I, Mw = 2.15 x 105; II, M w = 2.5 × 106) 
were performed in the iso-refractive mixed solvent dimethoxymethane-diethyl ether. For sample I 
the temperature dependence of the second osmotic virial coefficient A 2 was determined for three con- 
stant compositions of the mixed solvent. In the range - 3 0  ° to +25°C the three curves run practically 
parallel and exhibit a maximum at approximately -10°C.  For the volume fraction of 0.7 diethyl 
ether in the mixed solvent, an endothermal theta-temperature 0+ was found at -27.0  ° -+ 1.5°C and 
0_, the exothermal theta-temperature, at -5 .0  -+ 1°C. The investigation of sample II in the above- 
mentioned solvent confirmed the observed 0_-temperature and displayed a higher exothermicity com- 
pared with I. Similarly to the temperature variation of A 2, the chain dimensions of II, determined 
from the angular dependence of the scattered light, run through a maximum. The unperturbed dimen- 
sions in the mixed solvent are found to be: r w = 448 -+ 5 A, at 8+ = -27°C and r w = 443 + 5/~, at 8_ = 
-5°C,  as compared with r w = 420 -+ 10 A, at 8+ = +33°C in cyclohexene. The inter-relation of the 
chain expansion coefficient and A 2 is quantitatively described by the Zimm-Stockmayer-Fixman 
equation over the entire range of heats of di lution. 

INTRODUCTION 

A lot of work has been dedicated to the question of whether 
the unperturbed dimensions of dissolved polymers, as deter- 
mined by light scattering, depend on the particular condi- 
tions under which pseudo-ideality is achieved 1-7. Practi- 
cally all systems studied so far were more or less endother- 
real and only in a few rare exceptions exothermal theta con- 
ditions were investigated 8'9. The quintessence of these stu- 
dies is that when a polymer is examined in a series of endo- 
thermal solvents, showing different &temperatures and 
different heats of dilution, the unperturbed dimensions 
normally do not differ widely and there is no systematic 
dependence on either of these two parameters or on the 
chemical nature of the solvent. 

To our knowledge no attempt has hitherto been made to 
compare the unperturbed dimensions of a given polymer for 
positive and negative heats of dilution and to eliminate 
chemical influences by using a solvent which exhibits both, 
endothermal and exothermal theta conditions. The present 
work is therefore concerned with this problem. 

The requirement that the two 0-temperatures should lie 
within the normal operation range of a light scattering in- 
strument is rarely met by a binary polymer-solvent system. 
From our investigation on mixed solvents for polysty- 
rene 1°'11 it was clear, however, that a mixture of diethyl 
ether and a proper second component should serve the pur- 
pose, since the ether exhibits its maximum solvent power, 
which still does not mean complete miscibility, at approxi- 
mately -10°C 12. By adding a suitable amount of a better 
solvent, the desired 8+ (< -10°C)  and 8_ (> -10°C)  c o n d i -  

tions 13'14 could then be realized. For the determination of 
the unperturbed dimensions by means of light scattering 
measurements, the solvent had to meet a second condition, 
namely iso-refractivity with diethyl ether (DEE). Fortu- 
nately dimethoxymethane (DMOM) not only fulfills this 
requirement* in addition its mixing behaviour with DEE 
deviates only slightly from ideality, as can be seen from 
vapour pressure measurements is. 

The system DMOM/DEE/PS is thus highly suited for a 
study of the purely thermodynamic influences on chain 
dimensions of dissolved polymers. 

EXPERIMENTAL 

Materials 
Both samples of PS were anionically prepared. The low 

MI¢ product is the main fraction of the lot S 111 provided 
by the Dow Chemical Co. The molecular weight of the 
main fraction prepared according to Breitenbach and 
Streichsbier 16 was found to be Mw = 2.15 x 10 5 as deter- 
mined from its intrinsic viscosity and the viscosity-mole- 
cular weight relationship 17. Its non-uniformity U = Mw/Mn 
- 1 is less than 0.116. The corresponding values for the 
high molecular weight product, which was a commercial 
sample from the Pressure Chemical Co., are Mw = 2.5 x 10 6 
and U ~ 1.0; these results, which have been confirmed by 
measurements in different solvents (cyclohexane and 

* We are grateful to our previous coworker J. K. Rigler for draw- 
ing our attention to this iso-refractive s y s t e m  a n d  its possibilities. 
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Figure I Evaluation of the light scattering data according to 
equation (2) for Mw= 2.15 X 105 and 66.6 vol % DEE (20°C) in 
the mixed solvent OTMF/DEE; p--I (90) = 1.08. A, --30°; B, --26o; . 
C, --20°; D, -14° ;  E, --7.5°; F, 2.5°; G, 9°; H, 15°; I, 21°C 

t-decalin) and by different experimentalists are in disagree- 
ment with the data given by the producers, namely Mw = 
2.0 x 106 and U ~ 0.2. 

The solvents were p.a. products, which we merely dried 
before use. The refractive indices n(at 15°C, 435.8 nm) of 
DMOM and DEE are 1.36356 and 1.36375, respectively and 
their thermal expansion coefficients at 0°C, 1.49 x 10 -3 K -1 
and 1.52 x 1 0 - a K  -1 respectively. 

Apparatus and procedure 
Since DEE and DMOM are very volatile compounds, we 

had to construct special closed cells which are sealed by 
means of a spherical grind and teflon foils. The clasps by 
which the two parts of the grind are pressed together are 
made entirely of brass and fit exactly into the holding de- 
vice of the commercially available light scattering instru- 
ment Sofica PGD 42000 in order to prevent the entrance 
of external light. A further consequence of the high vola- 
tility of our solvents was the necessity to clear the solutions 
by fdtration instead of centrifugation. The use of relatively 
tight teflon coated cellulose filters, produced by Millipore 
Corp., Mass. USA (diameter 0.5 pm), was possible because 
of the low viscosity of the solutions even at the working 
temperature of 0°C. 

The light scattering apparatus itself also had to be adapt- 
ed for low temperatures, since small ice particles forming 
in the bath result in a strong increase in light scattering, and 
water condensing on the window transmitting the light into 
the bath disturbs the geometry of the primary beam. The 
first difficulty was overcome by using a bath liquid miscible 
with water; the only substance meeting the additional re- 
quirement of approximately the same refractive index as 
glass (in order to keep the errors introduced by reflection 
small) was a-methylpyridine. The second problem was 

Wolf et aL 

solved by ventilating the window with a stream of dried 
nitrogen. For very low temperatures we had to stir the bath 
in order to prevent the formation of temperature gradients. 
All measurements were performed with unpolarized light 
of 435.8 nm. 

EVALUATION 

In order to avoid the laborious measurement of refractive 
index increments for polystyrene in our mixed solvent, we 
have used the evaluation procedure described by Kirste and 
Schulz 18. Instead of the well known equation (1) of Debye: 

ghc 1 

R P(O)Mw 
- -  +2A2c + " "  (1) 

we start from the modified expression (2): 

K~c 1 
- -  + 2A2c + ' "  (2) 

in which io, the difference in the galvanometer reading be- 
tween solution and solvent observed at the angle 0 replaces 
the Rayleigh-ratio Ro. Consequently K[' comprises the geo- 
metric constants of the apparatus and the correction for 
the reflected light in addition to the refractive index and 
refractive index increment (and some other quantities, con- 
stant for one measuring series) already contained in Kx. 

Zimm-like diagrams can now be constructed on the basis 
of equation (2), by plotting clio vs. sin 2 0/2+ constant c. 
For known molecular weight Mw of the polymer, the con- 
stant K[' is accessible from the twofold extrapolated ratio: 

1 

c=0 MwK~ (3) 
0=0 

since P(0) = 1 for 0 = 0; once K~ is known, the rest of the 
evaluation can be performed in the usual manner. 

RESULTS AND DISCUSSION 

Second osmotic virial coefficients 
Figures 1-3  give the results for three different ratios of 

solvent and non-solvent. The evaluation of these data ac- 
cording to the procedure described in the experimental sec- 
tion, yields the temperature dependence of A2 depicted in 
Figure 4. 

For the highest DEE content the curve runs belowA 2 = 0 
over the entire temperature range. When the content of 
DMOM is increased a practically parallel shift towards 
higher A2-values is observed. For a volume fraction of 
~DEE ~ 0.71 in the mixed solvent the maximum of the 
temperature dependence of A2 would touch the abscissa 
at approximately -10°C, i.e. a theta condition would be 
created for the first time. Because aA2/aTbecomes zero 
as well as A2, the corresponding 0-temperature belongs to 
an athermal heat of dilution. 

For still higher DMOM contents of the mixed solvents 
the above mentioned athermal 0-temperature separates into 
an endothermal (0+) and an exothermal (0_) theta-tem- 
perature which drift apart as the mixed solvent becomes 
richer in the solvent component. The corresponding com- 
position dependence of the 0-temperatures looks similar 
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Figure 2 Evaluation of the light scattering data according to equa- 
tion (2) for Mw = 2.15 X 105 and 70vol % DEE (20°C) in the 
mixed solvent OTMF/DEE; p--=T (90) = 1.08. A, --22°; B, --90°; 
C, 0°; D, 6.5°; E, 14°; F, 21°C 
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Figure 3 Evaluation of the light scattering data according to 
equation (2) for Mw = 2.15 X 105 and 75.0 vol % DEE in the 
mixed solvent OTMF/DEE;P -1  (90) = 1.08. A, --22°; B, --18°; 
C, --12°; D, --8°; E, 1°; F, 6°; G, 12°; H, 20°; I, 25°C 
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to the binodal edges determined from phase equilibria u, 
in fact it constitutes the critical line for infinite molecular 
weight of the polymer (Cpol = 0). 

To our knowledge the present system is the first for 
which the complete transition from endothermal to exo- 
thermal 0-conditions could be followed by light scattering. 
It was thus interesting to check whether the theoretically 
calculated character of the interdependence of entropy 
and enthalpy contributions to the second osmotic virial 
coefficien¢ 9, hither to only comparable to a limited range 
of heats of dilution 19, is experimentally substantiated. 

The required subdivision ofA 2 into its enthalpy con- 
tribution A 2 t /and  its entropy contrihution A 2,920: 

AG E AH 1 ASq; 
- + 

A2- RTc~V1 RTc2-~-/] R~c2~ 

=A2,H +A2,s (4) 

was performed by means of its temperature dependence 
according to: 

A2,H = T  ° L 4 2 -  3 T ]  (s) 

where a denotes the thermal expansivity of the solvent. 
Figure 5 shows the thus obtained interdependence of A2,s 
and A2,H, which confirms the picture given by the Prigogine- 
Patterson theory 19. In a diagram such as Figure 5, 0-condi- 
tions correspond to points on the diagonal, and it is clear 
that at a proper constant composition of the mixed solvent 
some curve should run through the origin of this graph. 
One could think that a perfect solution is created under 
these conditions (ASIE = 2uq 1 = 0), but this is not the case 
because of a non-zero AV1 value, which must be anticipated 
from our pressure experiments on the similar system ace- 
tone/DEE/PS2k 

For one mixed solvent (~DEE =0.7) the molecular weight 
influence on A2 was also investigated. The corresponding 
results, as obtained from several Zimm-plots (an example of 
which is shown in Figure 6) are entered in Figure 4. Owing 
to the limits of experimental error (A2 can be determined 
with an accuracy of approximately -+5 x 10 -6  cm 3 mol/g 2 

0"25 ~ o  A 

-20 0 20 
r (oc) 

Figure 4 Temperature dependence of the second osmotic virial 
coefficient A2 for the indicated molecular weights and composi- 
tions of the mixed solvent. -- . . . .  , calculated according to the 
equations (6)--(8) as described in the text; o, Mw = 2.15 X 105; 
A, Mw = 2.5 X 106. Curve A, ~DEE = 0.666; B, ~DEE = 0.7; C, 
~DEE = 0.7; D, ~DEE = 0.75 
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Figure 5 Interdependence of the enthalpy and the entropy con- 
tributions to the second osmotic virial coefficient for the indicated 
compositions of the mixed solvent for Mw = 2.15 X 10 s with in- 
creasing temperature from left (endothermal) to right (exothermal) 
on the curves: A, ~DEE = 0.66; B, ~DEE = 0.7; C, q~DEE = 0.75 

in the present case) there is some uncertainty as to the pre- 
cise shape of the curve below -15°C. There is however no 
doubt that the temperature dependence of A2 on the two 
molecular weights under investigation cross at 0_ and that 
the higher molecular weight sample exhibits the more exo- 
thermal heat of dilution. Since it is well established on the 
other hand, that a similar common point of intersection 
exists at 0+, which, however, is characterized by the fact 
that the higher MW sample exhibits less endothermal be- 
haviour 22, one should conclude, that the A2(T) functions 
intersect in the region A 2 > 0 and that a given solvent 
reaches its maximum solvent power for different molecu- 
lar weights of the polymer at different temperatures. 

As is generally known, a theoretical description of the 
temperature dependence ofA 2 explaining the occurrence 
of 0+ and 0_ in the same system, must in some way or 
other include free volume effects. In the application of all 
these theories at least one parameter is adjustible, we have 
thus chosen the simplest method for the calculation of the 
dependence of the Flory-Huggins interaction parameter 
× on the variables of state. This is equation (6) which was 
introduced by Patterson and Delmas23: 

/-71 C"pl b 
X = - ~ a + (6) 

T1 2 

In this equation tildes, - ,  indicate reduced quantities and 
the index 1 stands for the solvent. U represents the inter- 
nal heat of vaporization and Cp its temperature derivative. 
The latter two quantities are calculated using Flory's equa- 
tions of state24: 

O= _ ~ - 1  (7) 

and 

~ =  ~ - 1  _ ~ - 4 1 3 ; ~ =  0 (8) 

Although, the system specific parameters a and b can in 
principle be calculated theoretically, a is normally adjusted 

to the experiment. Since in addition, equation (6) consti- 
tutes an excellent analytical expression for the reproduc- 
tion of measured dependencies, when both system specific 
parameters are adjusted 21~s, it seemed interesting to check, 
whether this equation can describe A2(T), when a and b 
are determined from the fact that according to: 

(;)1 
A2 = -- X p2V1 

X must become 0.5 at 0+ and 0_, respectively. 
Treating the mixed solvent (which shows negligible pre- 

ferential solvation as) as one component, whose reduction 
temperature and reduction volume is calculated from the 
corresponding thermal expansivity to be: 

T* = 4070K, and V* = 72.2 cm 3, 

we arrived at the dependence shown in Figure 4 by the 
broken line. 

Similar to the previous findings the dependence calcu- 
lated from equations (7) and (8) is very close to the mea- 
sured one even at relatively large distances from the points 
of adjustment. It is also noteworthy that the observed 
influences of molecular weight on A2 cannot be explained 
theoretically by equations (6)-(9),  unless either the 0- 
conditions are treated to be slightly dependent on molecu- 
lar weight or the equations (6) and (9) are modified. 

(9) 

Radii o f  gyration 

Chain dimensions as a function of temperature were 
determined forMw = 2.5 x 10 6 in the mixed solvent con- 
taining 70 vol% DEE (at 20°C). Under these conditions the 
unperturbed dimensions can be observed at 0+ = - 2 7  ° -+ 
2.5°C and at 0_ = - 5  ° :1: I°C. As an example for the Zimm- 
plots obtained, Figure 6 gives the result for -1  I°C, at 
which temperature the solvent power of the mixed solvent 
achieves its maximum. 

The z-average of the radius of gyration was obtained 
from the initial slope ofPg0 1 vs. sin 2 0/'2 (which is found 
to be constant in the whole range in agreement with theo- 
retical prediction for values of the non-uniformity near 
unity 26) according to 27: 

16rr2r 2 0 
p ~ l = l +  3 - ~ - - s i n 2 - 2 + " "  (10) 
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Evaluation of the light scattering data according to 
equation (2) f o r M w =  2.5 X 106, 70.Ovol % DEE (20°C) in the 
mixed solvent OTMF/DEE and - 1 1 ° C .  A, c = 0; B, c = 0.489 X 
1 0 - - a ; C , c = 0 . 8 1 3  X 10 - -3 ;D ,c  = 1 .24X 10--3; E,c  = 1 .6X 10--3; 
g/ml; F, 0 = 142.5°; G, 0 = 136°; H, 0 = 120°; I, 0 = 105°; J, 0 = 90°; 
K, 0 ~ 7 5  ° ; L , 0  = 6 0  ° ; M , 0 = 4 5  ° ; N , 0 = 3 7 . 5  ° ; O , 0  = 0  ° 
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Figure B Dependence of the chain expansi._on coefficient a e on 
the second osmotic viral coefficient A2 for M w = 2.5 X 106. o, [3 
correspond to endothermal solutions; A, exothermal and endo- 
thermal points coincide; - - ,  calculated from the theoretical 
equation (12); A, [] DMOM/DEE/PS; O, cyclohexane/PS 

where X (=Xo/n) is the wavelength of the light in the medium 
and r z the z-average rz = (rzT) 1/2 of the radius of gyration. 

The conversion of rz to the weight-average radius of 
gyration r w = (F2) 1/2 was performed by means of the rela- 
tion given by Schulz2S: 

= ( l + U I 1 / 2  
rw rz 
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Since it seems interesting to compare this value with that 
obtained for the same polymer sample ill a conventional one 
component (with a much larger heat of dilution) 0-solution, 
we also determined the unperturbed dimensions in cyclo- 
hexane and arrived at rC~ = 420 + l0 A at 0+ = +33°C. 
This result lies within the normal scattering of the unper- 
turbed dimensions in different single solvents. 

The conclusion can therefore readily be drawn that the 
enthalpy conditions as such stay inconsequential on the 
chain dimensions resulting for a pseudo-ideal Gibbs free 
energy of dilution of the solvent (/12 = 0). 

The obtained values o f r  w are on average in better agree- 
ment than el .5% with the results obtained by the evalua- 
tion of the corresponding dissymmetry data by means of 
tables 29, directly yielding r w. 

Figure 7 shows how rw depends on temperature. As is 
immediately obvious from the shaded areas, the unper- 
turbed dimensions in the endo- and exothermal solution 
are identical within experimental scattering i.e.: 

r w = 448 +- 5 A at 0+ = -27°C: 

r w = 443 + 5 A at 0_ = - 5 ° C  

(11) 

Chain expansion and second osmot ic  virial coef f ic ient  

The observed correlation of the chain expansion coeffi- 
cient ae = r/ro with the second osmotic virial coefficient 
A2 was compared with the theoretical expression reported 
in literature. Best agreement is obtained when the Z i m m -  
Stockmayer-Fixman 3° equation: 

A2Mlvf 2 = 4NL(TrK' O )3/2arl (or 2 - 1) (12) 

• . . t 2 with the experimentally determined value Ko = rw.o/Mw = 
7.9 x 10-18(cm2mol/g 2) and a 1 = 134/105 is inserted. 
Other theoretical equations give deviations up to 40%. The 
dependence of c~ e on A2, calculated from equation (12), is 
shown in Figure 8 together with the experimental points. 
It is noteworthy that equation (12) is equally suited for the 
representation of slightly endo- and exothermal conditions 
of the mixed solvent and of the highly endothermal solu- 
tion of PS in cyclohexane. 

The fact that the K~ value for the mixed solvent is in 
good agreement with the mean value of 7.9 x 10 -18 for 

4 several single solvents and in particular with the value of 
7.2 x 10 -18 obtained for our polymer in cyclohexane is a 
further indication that the mixed solvent really behaves 
like one component. 

CONCLUSION 

Because it is possible to tailor the thermodynamic quality 
of a solvent by selecting the proper ratio of its components, 
the entire typical dependence of A2 on temperature could 
be followed. It was thus possible to compare the unper- 
turbed dimensions ro for endothermal and exothermal con- 
ditions without changing the system. The observed inde- 
pendence of r o on the particular thermodynamic conditions 
under which pseudo-ideality of the solution is achieved, 
indicates that the variations of ro reported in literature are 
exclusively the result of some local, solvent specific inter- 
actions which influences the stability of the different con- 
formers and/or temperature. 

In addition, the abnormal molecular weight dependence 
encountered in the vicinity of the exothermal theta condi- 
tions makes it once more clear that the theoretical concept 
of the dimensionless intermolecular excluded volume func- 
tion h(z)  must at least be modified, to cover all thermo- 
dynamic facts existing. 
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Studies on the curing of a loaded 
unsaturated polyester binder 
R. M.  V .  G. K. R a o *  and A .  Pourassamy*  
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(Received 2 February 1976) 

Experimental studies were made to determine the effect of loading and particle size on the gel-time 
of an unsaturated polyester binder filled with crystalline potassium chloride powder. The fi l ler 
chosen was found to exhibit neither absorbing nor catalytic effect on the curing system in the time 
scale of these studies. While the gel-time decreasedwith increased solid (filler) loading and with de- 
creased particle size, the gel-temperature essentially remained constant. A surface area mechanism is 
proposed to explain the observed results. 

INTRODUCTION 

Filler behaviour in thermosetting formulations is different 
from that with thermoplastic resins. While the thermo- 
plastics render themselves processible through a physical 
change (e.g. melting, solidification etc.) thermosets do so 
through a chemical reaction resulting in the extension and 
crosslinking of the molecular chains. The f'tller, then has a 
direct effect on the curing parameters such as gel-time and 
gel-temperature, in a manner that depends on whether it 
has a tendency to absorb or adsorb the resin or whether it 
has any catalytic effect on the system. Curing in the pre- 
sence of an absorptive filler presents all the complexities 
of  a bulk process, while in the case of  an adsorptive fdler, 
the resin is taken up over a few layers of  the filler giving 
rise to a surface mechanism. In such a case increased filler 
loading or decreased particle size for the same loading, 
means an increase in the surface area of  the curing mass. 
Further, when the chosen filler is non-catalytic, the curing 
reaction becomes based on the surface area of  the filler and 
the concentration of  the chosen curing agents (catalyst and 
accelerator). This analysis was applied to explain the ob- 
served behaviour, as the chosen filler was found to exhibit 
no absorptive and catalytic effects on the system within 
the time scale of  these experiments. 

20 

~ "-~Unfilled resin 
18 

A 

E 16 

f ' ' ' 

8o 
Filler loading (phr) 

Figure I Relationship between gel-time and the filler loading 
for various particle sizes: O, 74/~m; X, 53/~m; O, 44/~m 

EXPERIMENTAL 

General purpose polyester resin (Grade HSR 8111) was 
employed in these experiments in combination with the 
catalyst (methyl ethyl ketone peroxide) and the accelera- 
tor (cobalt naphthanate),  all supplied by Bakelite Hylam 
(India) Ltd. The filler chosen was white crystalline potas- 
sium chloride powder (Analar grade) and it was classified 
into three different particle sizes, viz. 74, 53 and 44/~m. 
All the studies were conducted at a constant room tem~ 
perature of  25 -+ I°C. 

In each experiment 50 g of  resin were cured using 1 cm 3 
of accelerator and 1 cm 3 of catalyst (2 cm3/100 g resin). 
The t ime- tempera ture  history was noted, from the instant of  
complete addition of solids, the reaction mass having been 
continuously stirred. 

Gel-time was noted as the point, when the reaction 
mass became just rubbery enough and the corresponding 
temperature was defined as gel-temperature. This pro- 
cedure was repeated for loadings ranging from 10 -100  phr 

* Present address: Materials Science Division, NAL, Bangalore-17, 
India. 

34 

32 

g 3o 

i-- 

0 4 8 12 16 20 

Gel Time (rain) 

Figure 2 Relationship between time and temperature for 
particle size 53 p.m at various filler Ioadings: O, 5 phr; A, 50 phr; 
e, 100 phr 
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and for three different particle sizes, viz. 74, 53 and 44 #m. 
The results have been presented in Figures i and 2. 

RESULTS AND DISCUSSION 

The relationship between gel-time and the filler loading 
for various particle sizes is shown in Figure 1. 

Any curve in the diagram can be divided into three 
regions as marked in the Figure at a loading of 5 and 
80 phr. The steep decline in gel-time from a value of 
18.5 min for the unfdled resin to its value of 5 phr load- 
ing, occurs because of  the sudden availability of  surface 
area for the curing mass as a result of  the incorporation of 
the first batch of the filler. Then there is further decrease 
in gel-time with increased loading upto 80 phr. The change, 
however, is gradual, since the resin/filler ratio decreases 
with progressing fdler loading, leading to a resin-lean condi- 
tion. Between the values of  80 and 100 phr the change in 
gel time is small, probably because all the resin is adsorbed 
by the filler and additional loading results only in a resin- 
deficient formulation. A similar effect is observed for dif- 
ferent particle sizes, but for a particular loading. Here again, 
the gel-time decreases as the particle size diminishes. 

Thus the occurrence of the same effect in both cases viz. 
increased filler loading and decreased particle size, both re- 
suiting in an increased surface area available to the curing 
mass, indicates the effect on the curing rate, of  the surface 
area as evidenced by the decreased gel-times in these cases. 

Referring to Figure 2, it can be seen that a steep rise in 
the slope of  the curves beyond a value of 30°C occurs in 
all three cases, indicating the onset of  gelling. This is char- 
acterized by a sudden change in the specific volume, tem- 
perature and viscosity of  the mass. The onset of  gelling is 
advanced with the increased filler loading as shown in the 
Figure. This is again a consequence of the surface area in- 
crease due to increased filler content. 

The more or less constant temperature of  gelling (33 ° -  
34°C) in all the cases tells us something about the relation 
between the heat release and the proportionality between 
the curing rate and the surface area. Thus, it may be ex- 
pected that with an increase in the surface area of  the filler, 
the curing rate increases, decreasing the gel-time, in order 
to give rise to a constant heat release. 

CONCLUSIONS 

Gel-time decreases with increased surface area of  the non- 
absorbing and non-catalytic f'dler, as a result of  progressive 
loading or decreased particle size for the same loading. 
Studies made on the system chosen indicate no absorbing 
or catalytic tendency of  the filler towards the polymeric 
binder. 

Curing rate increases with the increased surface area of  
the filler. Curing essentially occurs at a constant tempera- 
ture in all cases indicating some constancy in the heat re- 
lease, and this appears to explain why the gel-time de- 
creases with increased curing rates. 

In view of  the problems associated with mixing at higher 
solid loadings, as experienced in tfiese experiments, it 
seems desirable as far as possible to work with lower filler 
loadings but with finer filler particles. 

A more comprehensive study would involve investiga- 
tion of the effects of  the filler's shape and its cohesive and 
adhesive tendencies, and the particle size distribution 
which affects the surface area change phenomenon under 
the above situation. 
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Polymerization of ethylene by n-butyl lithium 
J. N. Hay, D. S. Harris and M. Wiles* 
Department of Inorganic and Physical Chemistry, University of Birmingham, PO Box 363, Birming- 
ham B 15 2TT, UK 
(Received 5 January 1976) 

The polymerization of ethylene with butyl lithium activated with tetramethyl ethylene diamine 
(TMEDA) has been investigated, and the mechanism proposed by McCabe eta/. substantially vindi- 
cated. The active initiating species is considered to be free monomeric butyl lithium, unchelated to 
TMEDA, and the mechanism of propagation of olefin insertion between the metal-carbon bond, 
probably involving an intermediate n-complex between olefin and metal alkyl. 

INTRODUCTION 

The addition of metal alkyls to olefins is an important source 
of polymerization reactions, originally being studied as 
models of the heterogeneous coordination anionic catalyst, 
but also in their own right. They have been used to: 

(1) initiate the anionic polymerization of dienes and 
a-olefins I 

1 
- (BuLi)x + CH2=CH-CH=CH2 -~ 
X 

Bu-[CH2" "" "CH . . . .  CH . . . .  CH2] -L i  + 

(2) study the coordination anionic catalyst 2, 

i . e . \  //CI \ / C I  
Ti + AI Et a . Ti. ~AI (Et) 

~C, ~ t ~ C i /  2 

By analogy, aluminium triethyl dimers and 1 : 1 complexes 
have been studied in their reactivity to ~-olefins; 

(3) oligomerize olefins a-6 by the insertion reaction: 

AIEt3 + CH2=CHR -~ AIEt2CH2-CH(Et)R 

n-Butyl lithium has been observed to polymerize ethylene a 
by an insertion mechanism, but high molecular weight poly- 
mer is produced only at high ethylene pressures. This is 
due to the competition of an elimination with the insertion 
reaction, and the polymerization is also inhibited by asso- 
ciation of butyl lithium (hexamer) since only the monomer 
is reactive to addition, i.e. 

(BuLl)6 ~ 6BuLi 

(this dissociation equilibrium is certainly over-simplified). 

BuLi + CH2=CH2 ~ Bu(CH2CH2)Li 

Polyethylyl lithium species are also associated, but unasso- 
ciated species in general are reactive to further addition: 

Bu(CH2CH2)nLi + CH2=CH2 ~ Bu(CH2CH2)n+I Li 

Bu(CH2CH2)n+I Li + CH2=CH2 -+ CH3CH2Li + 

CH2=CH(CH2CH2)nBu 

* Present address: Vinyl Products Ltd, Carshalton, Surrey, UK. 

Various chelating agents have been found to have startling 
effects on the reactivity of n-butyl lithium. In particular, 
Eberhardt and Butte 7, found that certain tertiary diamine, 
e.g. tetramethyl ethylene diamine and sparteine would 
telomerize ethylene in the presence of aromatic hydrocar- 
bons. The following mechanism was proposed: 

\ /  \ /  

BuLi~.,.N 

/ \  / \  
(I) 

(I) + nCaH 4 

~N / 
,~ r~--(CHa)2-~--Li.// q 

/ \  
(IT) 

(]I) + 0 - ~~(CH2)2-B-H +(I)  

Later work a, in n-octane as solvent, was interpreted in 
terms of a 1 : 1 chelate polymerizing ethylene to a linear 
product. Langer 9'1° has extended this to consider the effect 
of a number of bifunctional agents on the polymerization 
of ethylene with butyl lithium, and established that 
N,N,N',N'-tetramethyl ethylene diamine (TMEDA) was 
the most effective. Molecular weights up to 10 5 were re- 
ported at pressures of 5 x 10 3 lbf/in 2. 

McCabe et al. 11,12 have studied the kinetics of the ethy- 
lene polymerization and established that although the domi- 
nant species in solution is the 1:1 complex at BuLi:TMEDA 
molar ratios below 1 : 1, the rate of polymerization is inde- 
pendent of the chelate concentration over a wide molar 
ratio range. Accordingly the 1 : 1 complex could not be the 
active polymerizing species. It was suggested that the action 
of the chelating agent was to reduce the degree of associa- 
tion of the butyl lithium, encouraging the formation of  un- 
chelated butyl lithium monomer. Zero-order in chelating 
agent followed if it were required to reduce the association, 
and it complexed with the monomer, 

BuLl TMEDA ~ BuLi + TMEDA 

It has been suggested that this mechanism is inconsistent 
since it would require the chelating agent to act as an 
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Table I Polymerization characteristics 

Serial Pressure Polymer yield BuLl Time 
No. (atm) (tool) (mol × 10 -3) (h) 

Low pressure 0-2  atm, at 0°C 

V6 2 0.03 
V7 2 0.03 
V8 2 0.01 
V9 2 0.04 
V l0  2 0.05 

Pressure 5-100 atm, at 20°C 

2.0 24 
2.5 48 
2.0 48 
2.7 48 
2.7 48 

P1 5 0.070 2.5 70 
P2 5 0.040 2.5 70 
P3 5 0.005 1.0 24 
P4 10 0.15 5.0 100 
P5 17 0.25 5.4 120 
P6 15 0.06 2.7 50 
P7 30 0.27 5.4 140 
HP5 50 2.00 100.0 24 
HP12 70 0.25 20.0 4 

inhibitor for the polymerization ~a. Instead, an ionic mecha- 
nism was postulated in which the presence of the chelating 
agent encourages the formation of loose ion-pairs. 

Accordingly, it is interesting to reconsider this ethylene 
polymerization further, particularly in the light of the three 
mechanisms, anionic, complex formation and monomer 
insertion, invoked previously. 

EXPERIMENTAL 

De-aromatized n-hexane and tetramethyl ethylene diamine 
(TMEDA) were used after distilling in vaeuo from n-butyl 
lithium. Ethylene (Cambrian Chemical Co. Ltd) was used 
after drying; mass spectroscopic and gd.c. analyses indicated 
that it was at least 99.5% pure. 

Polymerizations were carried out in all glass apparatus 
with ethylene pressures up to 3 atm, and in a stainless-steel 
reaction vessel up to 100 atm. The extent of reaction, in 
the latter, was followed with a pressure transducer. Poly- 
merization characteristics are listed in Table 1. 

Low molecular weight hydrocarbon products were analy- 
sed by gel permeation chromatography, using a Waters 
Associates Model 100, with ten columns of crosslinked 
polystyrene gels with permeabilities in the range 13-15 nm. 
1.6% w/v solutions in tetrahydrofuran, stabilized with 2,6- 
di-t-butyl-p-cresol, were used at a flow rate of 1 cm3/min at 
295K. 

Number-average molecular weights, ~I n, of the polyethy- 
lene samples in the range 500-10 000, were determined by 
ebulliometry using p-xylene as solvent, n-Tetracontane and 
naphthalene were used as calibrants. Higher molecular 
weights were determined by temperature drop turbidimetry. 

RESULTS 

Lower pressure studies 
Rate measurements. McCabe et aL 1~,~2 have studied the 

kinetics of polymerization from the overall ethylene pres- 
sure change. They established that a constant rate of ethy- 
lene uptake occurred only after an initial period of more 
rapid uptake of ethylene. The excess volume of ethylene 
absorbed in this period, over that absorbed at constant rate, 
corresponded with one mole of ethylene per mole of butyl 
lithium irrespective of the molar ratio of BuLi:TMEDA. 

The nature of this initial rapid uptake of ethylene was 
further investigated by following pressure changes over a 
time scale consistent with first 2% conversion (moles of 
ethylene/moles of BuLi) of the slower constant rate of 
polymerization. The system was then degassed, ethylene 
re-admitted and the uptake of ethylene recorded as before. 
This was repeated (4 to 5 times) and in each case the ethylene 
uptake was the same. This adsorption was 25 times larger 
than ethylene solubility and corresponded to one mole per 
mole of n-butyl lithium present. 

The initial rapid adsorption of ethylene was clearly re- 
versible and dependent on butyl lithium concentration to 
first-order, consistent with McCabe's 11,12 conclusions of a 
n-complex, i.e.: 

BuLl + CH2=CH2 ~- [BuLl *- ~ H2 ] 
CH2 J 

Analyses of the products of the addition reaction indi- 
cated that little or no insertion of ethylene had taken place, 
and clearly metallation of the ethylene must be excluded 
since it cannot account for the reversible nature of the 
adsorption, i.e.: 

BuLl + CH2=CH2 ~ Bull + CH2=CHLi 

The constant rate of ethylene consumption was first 
order in ethylene and butyl lithium and zero order in 
TMEDA. In the absence of TMEDA no reaction took 
place, at least below 330K, and at atmospheric pressure, 
even in the presence of tertiary amines. The effect of 
molar ratio was investigated over the range 100:1 to 1:30 
(BuLi:TMEDA) from the observed rate constant, k,: 

-d /d t  [C2I-I4] = kKs PC2H4 [BuLl] 0 

where Ks is the solubility constant of ethylene in hexane, 
and PC2H4 the partial pressure of ethylene. At ratios above 
100:1 no reaction was observed. With increasing TMEDA 
concentrations the observed rate constant increased to a 
value which remained constant over the range 10:1 to 1:10; 
at higher ratios the rate constant decreased (Figure 2). 

Molecular weight changes. The molecular weight dis- 
tributions of the products of the reaction broadened with 
increasing conversion, which is also with increasing time 
(see Table 2). Soluble products, up to chain lengths of 20, 
were monodispersed, and so termination or transfer reac- 
tions were not considered important. At higher chain 
lengths the polymerization became heterogeneous and the 
rate decreased. The broadening of the dispersities was not 
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Table 2 Molecular weight characteristics 

Serial Molecular weight*, 
No. M n X 10 - 3  Ot  

P4 1.70 -+ 0.25 1.4 
P5 4.10 +- 0.70 1.7 
P7 5.40 +- 0.65 1.9 
V6 1.40 -+ 0.06 2.0 
V7 0.90 -+ 0.07 1.1 
V8 0.60 -+ 0.06 1.1 
V9 1.14 -+ 0.07 1.1 
V10 1.50-+ 0.10 1.4 

HP5 30.or 1.90t 
H P6 44.0 2.66 
HP7 26.0 2.19 
HP9 20.0 1.68 
HP16 22.0 1.41 
HP17 25.0 1.43 

D = Mw/Mn, *measured by ebulliometry; tby  g.p.c, characterized 
turbidimetry 
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Figure 2 
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Ratio Buli:TMEDA 
Effect of BuLi:TMEDA ratio on polymerization rate 

inconsistent with the heterogeneous nature of the poly- 
merization. 

Number-average molecular weights of  the products were 
greater than calculated assuming no transfer (or termina- 
tion) and each mole of  BuLl initiating. Indeed, based on 
these assumptions BuLi was 30-50% efficient, but decreas- 
ed with conversion (which is also molecular weight) (see 
Figure 1). Extrapolation to low conversion did not exceed 
50%, and there is evidence of catalyst decreasing in activity 
with time. 

The 50% efficiency cannot readily be explained unless 
growth proceeds from both ends of the chain. Accordingly 
the number of active sites per chain was determined by ter- 
minating with excess benzoyl chloride and determining the 
phenyl ketone by the u.v. absorption band at 240 nm. 
1.1 -1 .2  end-groups per chain were detected, (see Table 3). 
Hydrogen was also used to terminate the polymerization. 
Langer has shown that the 1:1 complex of BuLi:TMEDA 
reacts with hydrogen with the precipitation of lithium 
hydride. With a molar ratio of BuLi:TMEDA less than 1:2, 
1 mole of hydrogen was absorbed per mole of BuLi initially 
present. Accordingly there was no loss of alkyl lithium 
bonds on initiation of the ethylene polymerization, although 
half the bonds were involved in initiating. McCabe et al. 11,12 
have also shown that polyethylyl lithium will initiate the 
polymerization of butadiene, but with the same 50% effi- 
ciency in producing the block copolymer. Block lengths 
were consistent with this efficiency. 

Polymerization o f  ethylene by  n-buty l  f i thiurn: J. N. Hay et aL 

Polymerizations at higher pressure 
Polymerizations were carried out in a stainless-steel 

vessel agitated by rocking. Despite this polymer was ob- 
served to form a crust on the liquid surface, and agitation 
was not sufficient to prevent the rate of solution of the 
ethylene determining the rate of polymerization. The ob- 
served kinetic parameters were considered atypical and 
experiments were restricted to a study of initiator activity. 

In general, the yield of polymer increased with pressure, 
time and concentration of BuLi. Some of the scatter in 
experimental results was due to a part of the BuLi being 
used to purge the reaction system. 

Langer 9'~° studied the polymerization at similar ethy- 
lene pressures, and concluded that a more reactive initiator 
was formed on ageing by a slow reaction of polyethylyl 
lithium and TMEDA to produce a ~CH2-N-CH~-Li + 

/ 

CH3 
species. This new initiator produced a higher molecular 
weight product. Langer's experiments were repeated by 
ageing (in vacuo) the TMEDA:BuLi (2:1 molar ratio) com- 
plexes for varying periods up to a week, before being used 
to polymerize ethylene for a fixed period of time at a con- 
stant ethylene pressure. The weight of polymer decreased 
with ageing period, (Table 4). Higher molecular weight 
materials were obtained, but this was considered more 
appropriate to a reduced initiator concentration, in that 
the rate of  dissolution of ethylene became less rate control- 
ling, and there was a decrease in competition between pro- 
pagating centres for the available ethylene in solution, (see 
Table 4). The initiator decomposed to inactive material 
rather than to more reactive material (see Table 4). 

Table 3 End-group determination 

Molecular weight 
Serial End group Catalyst 
No. per molecule (a) (b) (c) efficiency (%) 

V11 1.2 386 281 113 40 
V12 1.1 378 273 127 46 

(a) measured by v.p.o.; (b) calculated as RH from RCOPh assuming 
1 COPh per chain; (c) calculated as [C2H 4] consumed/[BuLi] 

Table 4 Polymerization characteristics 

I nitiator 
Ageing Poly- Yield of Molecular concen- 

Serial period merization polymer weight tration 
No. (days) period (h) (mol) X 103 (mol/dm 3) 

Ageing of the initiator 

HP7 0 24 1.71 26 -+ 5 0.10 
HP5 1 24 1.30 30 0.10 
HP6 3 24 0.63 34 0.10 
HP8 6 24 0.20 27 0.10 

I nitiator concentration effect* 

HP1 0 5 0.09 20 0,020 
HP2 0 5 0.50 -- 0.20 
HP3 0 5 1.04 -- 0.60 

Polymerization t imet 

HP11 0 2 0.02 - 0.013 
HP14 0 27 0.26 - 0,013 
HP17 0 480 0.25 -- 0.013 

* 50 atm ethylene pressure; t 7 0  atm ethylene pressure 
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Polymerizations carried out over an extended period ex- 
hibited a similar decrease in initiator efficiencies (see Figure 
2 and Table 4). 

DISCUSSION 

Langer 9 has interpreted the reactivity of butyl lithium in 
the presence of TMEDA to the formation of a 1 : 1 complex, 
i.e. 

C.H3 /CH3 
\N' 

Bu_Li / ~ H2 
CH2 

N / 
/ \CH 3 CHa 

particularly since the n.m.r, chemical shift of the t~-protons 
of the butyl lithium increased progressively up to this ratio. 
Indeed, molecular weight studies x2 in cyclohexane indicate 
a progressive decrease in association of butyl lithium, such 
that it is monomeric at a ratio of 1 : 1. If  the reactivity can 
then be attributed to the decreased association and the in- 
creased ionic character of  the Li-alkyl bond complex to 
TMEDA, maximum reactivity would then be achieved at a 
molar ratio of  1 : 1. This was observed by Langer 9'1° in the 
hydrogenolysis of butyl lithium. Efficiencies studies also 
indicate that the same species is not involved in the hydro- 
genolysis and ethylene polymerization reactions. McCabe 
et al. x4 have also shown, in the anionic polymerization of 
butadiene and isoprene, that a 1:2 molar ratio is required 
for maximum efficiency. This involved the propagating 
species, CH=CH-CH~-Li+(TMEDA)2 . No simple relation- 
ship between molar ratio and catalyst efficiency exists in 
the present polymerization studies; indeed a constant maxi- 
mum polymerization rate is observed over the molar ratio 
10:1 to 1:10, which covers the molar ratios required for all 
the predicted BuLi/TMEDA complexes, i.e. 4:1 ; 2:1 ; 1 :I ; 
l :2,etc.  

McCabe et al. x2 have argued that since the polymeriza- 
tion rate is first order in BuLl concentration, monomeric 
butyl lithium is involved in the initiating species. Also, by 
analogy TMEDA cannot be involved, other than to break 
up the degree of association. They invoked Zeigler's 
mechanism a of olefin insertion into alkyl metal bond which 
is inhibited by association of the alkyl metal, since mono- 
mer is alone active, i.e. 

Al2Et6 ~ 2AIEt3 

AIEt3 + CH2=CH2 ~ AlEt2CH2CH2Et 

TMEDA accordingly accelerates the lithium alkyl reaction 
by reducing the degree of association, and increasing the 
stationary concentration of monomeric butyl lithium. 
Allen et a/. la have indicated that this mechanism cannot be 
correct since chelating agents, e.g. cyclic ethers, will inhi- 
bit the addition reactions of aluminium triethyl, i.e. 

AIEt a + O ~  . " AIEt a O ~  

By analogy TMEDA should inhibit the reaction of BuLl 
monomer. While this indeed may be the case for a simple 
dimer/monomer equilibrium, it is by no means proved for a 
hexameric/monomer one, since: 

(BuLi)6 ~- (BuLi)6_x + (BuLi)x ~ . . . . . . . .  ~ 6BuLi 

[BuLl] = K 1/n [(BuLl)6] 1/n 

where K is the overall dissociation constant, and n is 6 or a 
lower integer 

BuLi TMEDA ,, " BuLi + TM.EDA 

[BuLi] = K2 [BuLi TMEDA] / [TMEDA] 

If KI  1/n ~ K2/[TMEDA] the reaction will be accelerated 
over that of (BuLl)6. 

These reactions are oversimplified; there is clear evidence 
for several BuLi:TMEDA complexes 7-12'14, and for each of 
these one can envisage the general reaction: 

(Bu Li)xTMEDA ~ (BuLi)x_ 1TMEDA + BuLi 

which assist the formation of BuLi monomer, so 

6 [(BuLi)xTMEDAI 
[BuLi] = ~ Kx 

x=l [(BuLi)x-ITMEDA] 
(1) 

The presence of these equilibria would have the effect of 
buffering the inhibition by TMEDA, until it is present in 
large excess. With a large excess of TMEDA there is indeed 
a decrease in rate. The presence of TMEDA complexes on 
either side of the equilibria will reduce the dependence of 
dissociation on its concentration, and so account for the 
apparent zero-order dependence. If on the average x = 2, 
the 50% efficiency may be explained. 

Allen et al. 13 have further proposed that the reactive 
species is a TMEDA-BuLi complex and the presence of 
TMEDA increases the concentration of looser (more reac- 
tive) ion-pairs, thereby increasing the overall reaction rate. 
If this were the case, the reaction would not be inhibited 
at higher TMEDA concentrations. It would appear that the 
reactive species is the unlikely monomeric BuLl, uncom- 
plexed. BuLi:TMEDA complexes will form n-complexes 
to ethylene, 

\ /  
,/N 

BuLi 7 
INN__] 

H2CLCH'/2 
in a reversible equilibrium, which must have an effect on 
the dissociation reactions. 
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Stereospecific anionic polymerization and 
copolymerization of 1, 1-diphenylethyl 
rnethacrylate 
Heimei Yuki, Yoshio Okamoto, Yoshiki Shimada, Koji Ohta and Koichi Hatada 
Department of Chemistry, Faculty of Engineering Science, Osaka University, Toyonaka, Osaka, Japan 
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1,1-Diphenylethyl methacrylate (DPEMA), which is a new methacrylic ester, was synthesized and 
polymerized by n-butyllithium (n-BuLl) in toluene and THF. The triad tacticity of the polymers was 
determined from the n.m.r, spectrum of poly(methyl methacrylate) (PMMA) which was derived from 
them. A highly stereoregular polymer was not formed either in toluene or in THF by n-BuLl between 
--78 ° and 30°C. In toluene,the tacticity depended very much on the polymerization temperature, and 
unexpectedly, the polymer obtained at -78°C was rich in syndiotacticity. The polymers obtained in 
THF were atactic regardless of the temperature. A highly isotactic polymer was formed with Grig- 
nard reagents. DPEMA (M 1) was also copolymerized with methyl methacrylate (MMA), diphenyl- 
methyl methacrylate (DPMMA), and trityl methacrylate (TrMA) (M 2) in toluene and THF with n- 
BuLl; the tacticity of the copolymers was determined. Generally, the stereoregularity of the copoly- 
mers was lower than those of the M 2 homopolymers. In the copolymerization with MMA monomer 
reactivity ratios were also determined. 

INTRODUCTION 

Stereospecific polymerizations of methyl and other 
methacrylates have been studied extensively and the effect 
of ester groups on the tacticity of polymers has been re- 
ported by many authors. Radical polymerizations of 
methacrylates have been investigated by Sakaguchi et  al. l, 
Niezette et  al. 2, and Matsuzaki et  al. 3, who showed the 
relationship between the bulkiness of ester groups and the 
syndiotacticity of polymers. Since the stereoregulation in 
the anionic polymerizations of methacrylates is influenced 
by many factors such as propagation species, counter-ion, 
ester group and penultimate unit, there still exist several 
unresolved problems in the polymerization. 

In a previous paper 4, we reported the stereospecific 
polymerizations of very bulky methacrylates, diphenyl- 
methyl methacrylate (DPMMA) and trityl methacrylate 
(TrMA), which formed quite different tactic polymers with 
n-BuLi in THF. The former gave a highly syndiotactic 
polymer, while the latter gave a highly isotactic one. 

In the present study, a new monomer, 1,1-diphenylethyl 
methacrylate (DPEMA) was synthesized and polymerized 
by using n-BuLi in toluene and THF in order to clarify the 
steric effect of the ester group on the tacticity of the poly- 
mer. The bulkiness of the ester group of this monomer lies 
between those of the above two monomers. The stereo- 
regularity of the copolymers of DPEMA with MMA, 
DPMMA, and TrMA was also investigated. 

EXPERIMENTAL 

Materials 
DPEMA was prepared from silver methacrylate and 

1,1-diphenylethyl chloride in diethyl ether. The chloride 
was produced by the reaction of equimolar amounts of 
diphenylmethylcarbinol (50 g, 0.25 mol) and HC1 gas in 
benzene-petroleum ether (1 : 1) mixture (350 ml) at 0°C s. 
The chloride contained 1,1-diphenylethylene which was 
formed simultaneously, but was used without the separa- 
tion of the olefin as the separation was found to be diffi- 

cult. The yield of the chloride was found by n.m.r, analy- 
sis to be 69% (0.17 mol). The chloride and silver metha- 
crylate (39 g, 0.20 mol) were allowed to react in 500 ml of 
diethyl ether for 3 h under reflux. Ethereal solution was 
separated from precipitates by filtration, and ether, metha- 
crylic acid, and 1,1-diphenylethylene were removed by dis- 
tillation under reduced pressure. The residues contained 
DPEMA, the carbinol, 1,1-diphenylethylene, and a small 
amount of polymer which was produced thermally during 
the above treatment. These were poured into a large 
amount of petroleum ether in order to separate the poly- 
mer by filtration. The filtrate was then left at ~ -20°C 
for a few days to crystallize the monomer. The crude 
monomer thus obtained was recrystallized from petroleum 
ether; yield 11 g, 17%; m.p. 34.0°-35.0°C. Found for 
C18H1802: C, 81.03%; H, 6.73%; calculated: C, 81.17%; 
H, 6.81%. The monomer is decomposed at ~IO0°C to 
give 1,1-diphenylethylene and methacrylic acid. 

TrMA was prepared from silver methacrylate and trityl 
chloride in diethyl ether6; m.p. 102°-104°C (literature 
value 6 101°-103°C). 

DPMMA was prepared by the reaction of methacryloyl 
chloride with diphenyl carbinol in the presence of triethy- 
lamine in diethyl ether; m.p. 80°-82°C (literature value 4 
78°-79°C). 

MMA was purified in the usual way and stored over Call2. 
It was redistilled under vacuum just before use. 

Toluene was purified and dried over sodium. The solvent 
was mixed with a small amount of n-BuLi and redistilled 
under high vacuum just before use. Tetrahydrofuran (THF) 
was purified in the usual way and was distilled onto lithium 
aluminium hydride, where it was stirred and redistilled under 
reduced pressure just before use. n-BuLi was prepared from 
n-butyl chloride and lithium metal in n-heptane. 

Phenylmagnesium bromide (PhMgBr), cyclohexylmag- 
nesium bromide (C6H11MgBr), and isobutylmagnesium 
bromide (iso-BuMgBr) were prepared from the correspond- 
ing bromides and magnesium in diethyl ether and most of 
the ether was replaced with toluene by distillation. Diethyl- 
aluminium diphenylamide (Et2A1NPh2) was prepared by 
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Table 1 Polymerization of DPEMA by n-BuLi a 

Tem- 
pera- ~sp/ Tacticity (%) 
ture Yield C 

Solvent (°C) (%) (dl/g) I H 8 41SIH 2 

Anionic polymerization of 1,1-diphenylethyl methacrylate: Heimei Yuki et aL 

The solut ion viscosity o f  a po lymer  was measured in 
toluene (C = 0.5 g/d l )  at 30.0°C by using an Ubbelohde 
type viscometer. 

Toluene - 7 8  18 - 23 28 49  5.8 
Toluene - 4 0  90  0 .45 57 29 14 3.8 
Toluene 0 90  0.21 52 37 11 1.7 
Toluene 30 88 -- 34 47 19 1.2 
THF --78 94 0.07 21 46 33 1.3 
THF --40 95 0.06 24 45 31 1.5 
THF 0 94 0.07 17 48 35 1.0 
THF 30 90 0.09 20 49 31 1.0 
Toluene /THF b --78 94 0.40 18 33 49 3.2 
Toluene/THF c --78 96 0.07 11 33 56 2.3 

aMonomer 1.88 mmol, solvent 10 ml, n-BuLi 0.094 mmol, time 24 h; 
btoluene 10 ml, [THF] / [n-BuLi ]  = 2; Ctoluene 9 ml, THF 1 ml 

the reaction of triethyl aluminium and diphenylamine in 
toluene at 60°C 7. 

Polymerization 
The polymerization was carried out in a dry glass am- 

poule. The solid monomer was first placed in the ampoule 
under dry nitrogen. The ampoule was then evacuated and 
flushed with nitrogen gas. This procedure was repeated at 
least twice. Then, a solvent and a liquid comonomer, if 
necessary, were added with hypodermic syringes. A catalyst 
solution was added with a syringe to the ampoule which 
had been placed in a thermostat bath. 

Monomer reactivity ratio 
Monomer reactivity ratios were calculated by use of 

Fineman-Ross equation for the initial copolymer. 

Conversion of poly( l, 1-diphenylethyl methacrylate) to 
PMMA 

Poly(1,1-diphenylethyl methacrylate) (PDPEMA) was 
completely hydrolysed to poly(methacrylic acid) (PMAA) 
by refluxing in methanol containing a small amount of 
hydrochloric acid. However, the PDPEMA obtained by 
the Grignard reagents was not completely hydrolysed under 
the above condition. These polymers and a copolymer of 
DPEMA with DPMMA were converted to PMAA by the 
reaction with hydrogen bromide in toluene solution. The 
PMAA thus obtained was converted to PMMA with diazo- 
methane in benzene-diethyl ether solution. The triad 
tacticity of the original polymer was determined from the 
n.m.r, spectrum of PMMA thus derived. In the hydrolysis 
of the copolymer of DPEMA and MMA by hydrochloric acid 
in methanol, only the DPEMA unit was hydrolysed 
quantitatively. 

Measuremen t 
N.m.r. spectra were obtained with a JEOL ( J NM-MH-  

100) spectrometer at 100 MHz. The spectrum of PMMA 
was measured in 8-10% CDC13 solution at 60°C using 
tetramethylsilane as an internal reference. The copolymer 
composition was calculated from a n.m.r, spectrum of the 
copolymer which was measured in a 10% CC14 solution at 
60°C using tetramethylsilane as an internal reference. The 
composition of the copolymer of MMA and MAA derived 
from copolymer MMA/DPEMA by hydrolysis was deter- 
mined from an n.m.r, spectrum in a 10% pyridine-d 5 solu- 
tion at 100°C using hexamethyldisiloxane as an internal 
reference. 

RESULTS 

Homopolymerization of DPEMA 
The polymerizations of DPEMA by n-BuLi were carried 

out in toluene and THF. The results are shown in Table 1. 
Surprisingly, the PDPEMA obtained in toluene at -78°C 
was rather syndiotactic. This result is very unexpected, so 
the polymerization was repeated under the same reaction 
conditions taking care that there was no contamination 
from polar substances. However, the polymer obtained 
still had the same tacticity. The tacticity of the polymer 
was influenced by the polymerization temperature in tol- 
uene; i.e. syndiotactic at -78°C, isotactic at -40°C and 
atactic at 30°C, although the differences in tacticities were 
not remarkable. At -78°C the addition of twice as much 
THF as n-BuLi (mol/mol) did not induce a considerable 
change in tacticity, but the yield of the polymer was much 
greater than that in the absence of THF. However, the 
highest syndiotacticity was attained by adding ~10% THF 
to toluene. In THF atactic polymers were formed regard- 
less of the temperature. 

In Table 2 are shown the results of polymerizations by 
PhMgBr, C6H11MgBr, iso-BuMgBr, Et2A1NPh2, and AIBN 
in toluene. Highly isotactic polymers were obtained with 
Grignard reagents regardless of the organic moiety. The 
isotactic polymers were not completely hydrolysed to 
PMAA by methanolic hydrochloric acid, probably because 
of the highly regular structure. It is known that the poly- 
merizations of methacrylates by Et2A1NPh 2 usually pro- 
duce syndiotactic polymers %~. DPEMA also gave a syndio- 
tactic polymer by this catalyst, although the syndiotactic 
content was low. The radical polymerization by AIBN 
gave an atactic polymer. 

Anionic copolymerizations of DPEMA (M1) with MMA, 
TrMA, and DPMMA 0142) 

Monomer reactivity ratios, r 1 and r 2 were determined 
in the copolymerizations of DPEMA (M1) with MMA (M2) 
by n-BuLi in toluene and in THF at -78°C. The copoly- 
mer composition curves are shown in Figure 1. The mono- 
mer reactivity ratios were found to be r 1 = 0.56 -+ 0.36 and 
r2 = 7.45 + 1.53 in toluene, and rl = 1.62 -+ 1.00 and 
r2 = 1.13 + 0.35 in THF. 

Table 2 Polymerization of DPEMA in toluene by various catalysts a 

Tempera- Tacticity (%) 
ture Yield nsp/C 

Catalyst (°C) (%) (dl/g) I H S 

PhMgBr 0 85 0.12 97 3 0 
PhMgBr --78 99 0.07 88 9 3 
C6HIIMgBr 0 87 0.12 91 8 1 
C6H]IMgBr --78 95 0.06 88 9 2 
iso-BuMgBr 0 92 0.09 92 6 1 
iso-BuMgBr --78 85 0.06 89 9 2 
AIBN b 60 66 0.08 19 49 32 
Et2AINPh2 c --40 98 0.05 12 34 54 

aMonomer 1.88 mmol, catalyst 0.094 mmol, toluene 10 ml, time 
24 h; bcatalyst 0.091 mmol; Crime 48 h 
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Figure 1 Copolymer composition curves for anionic copolymeriza- 
tions of DPEMA (Mr) and MMA (M2) by n-BuLi at - 78 °C .  I ,  in 
toluene; o, in THF 

Table 3 Copolymerization of DPEMA (Mt) with MMA (M2) by 
n-BuLi a 

Tempera- Tacticity (%) 
ture Yield Tlsp/C 

Solvent (°C) (%) M2/M1 b (dl/g) I H S 

Toluene - 7 8  26 4.3 0.23 60 27 13 
Toluene --40 85 0.94 0.45 56 31 13 
Toluene 0 90 1.0 0.17 56 31 13 
Toluene 30 58 1.2 0.12 57 31 12 
TH F - 7 8  97 1.0 0.29 10 36 54 
TH F - 4 0  91 0.82 0.50 12 38 50 
I-HF 0 46 0.54 0.07 17 42 41 
THF 30 21 0.50 - 16 45 39 

a[M1] 0, [M2] o 1.88 mmol, solvent 7.5 ml, n-BuLi 0.188 mmol, 
time 24 h; bmolar ratio in copolymer 

Anionic copolymerization of equimolar DPEMA and 
MMA was carried out for a prolonged time in toluene and 
THF with n-BuLl at various temperatures. The results are 
summarized in Table 3. In toluene the yield of the copoly- 
mer was highest at 0°C and lowest at -78°C. The compo- 
sition of the copolymer obtained at -78°C was rich in MMA 
unit as expected from the rl and r2 values. When the co- 
polymers obtained in toluene were hydrolyzed in methanol 
containing a small amount of hydrochloric acid, methanol 
soluble and insoluble parts were separated. The results are 
summarized in Table 4. The methanol-insoluble part was 

almost the homopolymer of MMA and the soluble part 
contained nearly equal amounts of MMA and DPEMA. 
The tacticity of the copolymers prepared in toluene was 
rich in isotactic triad and independent of the polymerization 
temperature. On the other hand, the copolymers obtained 
in THF at higher temperatures were rich in DPEMA unit. 
As the temperature increased, the syndiotacticity slightly 
decreased. 

The cop olymerizations of DPEMA (M1) with equimolar 
amounts of TrMA and DPMMA (M2) were also carried out 
in toluene and THF with n-BuLi at -78°C. The results are 
shown in Table 5. In the Table, besides the tacticity of the 
copolymers, that of the M2 homopolymers prepared under 
the same reaction conditions is also shown. The reactivity 
of DPEMA in toluene was comparable to that of TrMA and 
much lower than that of DPMMA. The stereoregularity of 
all the copolymers was much lower than that of the corres- 
ponding M2 homopolymers and a great deal different from 
that of PDPEMA shown in Table 1. 

DISCUSSION 

It is well known that MMA forms an isotactic polymer by 
n-BuLl in a non-polar solvent at low temperatures 9- u. 
Various alkyl methacrylates and some acrylates whose 
a-position were substituted with alkyl or phenyl group also 
gave isotactic polymers under the same reaction condi- 
tions 12,13. The polymerization of DPEMA may be the first 
example which yielded a polymer rich in syndiotacticity by 
n-BuLl in a non-polar solvent. 
The values of 4IS/H 2 from which the penultimate effect in 
the polymerization can be estimated 14 are given in Table 1. 
The values in toluene at low temperatures deviated from 
unity, indicating that the process of the polymerization 
cannot be explained by the Bernoulli trials. 

The tacticity of PDPEMA was compared with those of 
PTrMA and PDPMMA which have similar ester groups to 
PDPEMA (Table 6). It has already been observed that 
TrMA formed a highly isotactic polymer with n-BuLi not 
only in toluene but also in THF and DPMMA gave a highly 
isotactic polymer in toluene and a syndiotactic one in 
THF 4. In the polymerization of DPEMA a highly stereoregu- 
lar polymer was not obtained either in toluene or THF by 
n-BuLi. On the other hand, these monomers behaved in 
quite a different manner in the polymerizations with 
PhMgBr in toluene. DPEMA formed a highly stereoregular 
polymer, DPMMA gave an atactic polymer, and TrMA form- 
ed no polymer 4. These results indicate that the small differ- 
ence in ester group has a large influence on the tacticity of 
the polymer and the effect of the ester group can be varied 
a great deal by the nature of the counter-ion. 

In the polymerization of MMA in toluene by n-BuLi it is 
postulated that the lithium counter-ion can coordinate with 

Table 4 Fractionation of copolymers of DPEMA (M1) with MMA (M2) obtained by n-BuLi in toluene 

Soluble Part in Methanol 

Tacticity (%) 
Temperatu re 
(°C) % w/w M2/MI I H S % w/w 

Insoluble Part in Methanol 

-I'acticity (%) 

M2/M1 I H S 

- 7 8  54 1.6 56 32 13 46 24 63 24 13 
- 4 0  91 1.0 53 35 11 9 10 38 32 30 

0 91 0.85 56 33 11 9 5.7 41 29 30 
30 98 1.3 56 33 11 2 co 79 13 8 
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Table 5 Copolymerizations of DPEMA (M1) with TrMA and DPMMA (M2) by n-BuLi at -78°C  a 

Tacticity (%) 

Copolymer M 2 homopolymer 
Yield M2/M 1 ~sp/C 

M2 Solvent (wt %) (in copolymer) (dl/g) I H S I H S 

TrMA b Toluene 17 1.0 0.24 27 37 36 96 2 2 
TrMA TH F 97 1.0 0.06 51 34 15 94 4 2 
DPMMA Toluene 57 4.3 0.26 66 22 12 99 1 0 
DPMMA THF 92 1.0 0.16 8 28 64 2 11 87 

a [M l ]  o, [M2] 0 1.88 mmol, sob,ont 7.5 ml, n-BuLl 0.188 mmol, t ime 24 h; btime 48 h 

Table 6 Tacticity of PDPEMA, PDPMMA, and PTrMA 

n-BuLl PhMgBr 

Tempera- in toluene (%) in THF (%) Tempera- in toluene (%) 
Ester ture ture 

Monomer group (°C) I H S I H S (°C) I H S 

DPEMA 

DPMMA 

TrMA 

Ph 
I - -78 23 28 49 21 46 33 - 7 8  88 9 

CH3--C--  
I 0 52 37 11 17 48 35 0 97 3 
Ph 

Ph 
I - 7 8  99 1 0 2 11 87 

H--C--  
I 0 93 4 3 2 31 67 
Ph 

Ph 
t --78 96 2 2 94 4 2 

Ph--C-- 
I 0 93 4 3 81 13 6 
Ph 

20 28 36 36 

30 Polymerization 

did not proceed 

the carbonyl oxgen of the penultimate monomer unit in 
the growing chain and the resulting cyclic intermediate 
dominates the conformation of the incoming monomer to- 
ward the lithium cation to give an isotactic polymer ls'16. 
It is expected from a molecular model that in the poly- 
merization of TrMA, the bulkiness of a trityl group may 
prevent the syndiotactic placement and the monomer pre- 
fers to take the isotactic placement with a helical conforma- 
tion 4. This may be one of the reasons why TrMA forms an 
isotactic polymer even in THF. The very low stereoregu- 
larity of PDPEMA obtained by n-BuLl probably demon- 
strates that the bulkiness of the ester group is not enough 
to force the monomer to take the isotactic configuration, 
and the coordination to lithium ion may be weakened by 
the bulky ester group. 

In previous papers ~%18, we reported the copolymeriza- 
tions of various methacrylates (M1) and MMA (M2) with 
n-BuLi at -78°C,  and the relative reactivity of the metha- 
crylates towards MMA- anion was correlated with the 
electron density on the/]-carbon, accordingly the polar 
effect of the ester group of monomer. The plots of 
log(I/r2) vs. the 13C~ or 1H a (cis to carbonyl) n.m.r, chemi- 
cal shifts of the monomers are shown in Figures 2 and 3, 
respectively. 

The log(I/r2) values in toluene and THF were practically 
identical for many methacrylates and many were situated 
near the straight line. However, the plots for DPEMA as 
well as TrMA and dimethylbenzyl methacrylate in toluene 
were quite different from those in THF because of the ex- 
tremely low reactivity of those monomers in toluene. It 

has been found that in the cases of TrMA and dimethyl- 
benzyl methacrylate, not only the copolymers containing 
nearly equal amounts of M1 and M2, but isotactic MMA 
homopolymers were also formed 17'19. Similar results were 

0.5 

. - . . . .  

-~ -o,s 
0 

c 

• B DPEMA 
• HO 

@E 

-1"5 ' J ' 
66 67 68 69 7 0  

8 (C~)(ppm) 

Figure 2 Plots of log(I/r2) vs. 13C/3chemical shift of mathacry- 
lates; @, in toluene; O, in THF. A, diphenylmethyl;  B, tr i ty l ;  C, 
benzyl; D, e-methylbenzyl; E, e,e-dimethylbenzyl; F, ethyl; G, 
isopropyl; H, t-butyl 
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Figure 3 Plots of Iog(1/r 2) vs. IH a chemical shift of methacry- 
lates; O, in toluene; O in THF. A--H as in Figure 2 

obtained in the hydrolysis of  the copolymers of  MMA with 
DPEMA, as shown in Table 4. These results suggest that 
there exist, at least, two kinds of  propagating species, one 
which predominantly polymerizes MMA and the other 
which yields a copolymer.  Consequently, the monomer 
reactivity ratios determined in toluene should be taken as 
mean values for these two propagating species; one leads to 
r l  = 0, r2 >> 1 and the other leads to r l  ~ r2 ~ 1. In THF, 
however, only the species forming the copolymer may exist. 
This is probably one of  the reasons for the extremely low 
reactivity of  these monomers in toluene, and this suggests 
that the bulky tertiary ester monomers cannot add to the 
growing MMA chain end with subsequent long MMA se- 
quences in toluene because of steric hindrance. 

The isotacticity of  the copolymer DPEMA/MMA ob- 
tained in toluene by n-BuLi ties between those of  PMMA 
and PDPEMA obtained under the same conditions (Table 3). 
Similar results have been found in the copolymerizations of 
MMA with various methacrylates 2°. The tacticity of  the 
copolymers of  DPEMA with TrMA and DPMMA obtained 
in THF seems to be close to the mean values of  those of  the 
homopolymers  (Table 5). However, the isotacticity of  the 
copolymer DPEMA/TrMA obtained in toluene was very low. 
Since this copolymer consists of  equal amounts of  DPEMA 
and TrMA, the distribution of  the monomers in the copoly- 
mer may be rather at random. The isotacticity of  the co- 
polymer DPEMA/DPMMA prepared in toluene was also 

rather low judging from the copolymer composition. It 
seems that DPEMA lowers the stereoregularity in the co- 
polymerizations with these bulky monomers in toluene. 
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Transition metal impurities in crystalline 
conjugated polymers 
G. C. Stevens*, D. J. Andot, D. Bloor and J. S. Ghotra 
Department of  Physics, Queen Mary College, London E 1 4NS, UK 
(Received 26 January 1976) 

Two disubstituted diacetylene monomers and their corresponding polymers were found to contain 
transition metal impurities, the presence of which may be associated with the observation of anoma- 
lous e.s.r, absorption spectra. Copper complex impurities are considered responsible for the observed 
paramagnetism which is thought to arise from their inclusion at specific sites within the monomer 
crystal. 

INTRODUCTION 

Anomalous magnetic properties, including the occurrence 
of broad line e.s.r, absorption spectra, have been observed 
in natural macromolecules 1~ and synthetic conjugated 
polymers 3'4. The observed e.s.r, absorption lines were asy- 
mmetric, exceedingly broad  (An p p  ~ 500 to 1500 Gauss; 
1 Gauss = 10 -4 Tesla) and of high integrated intensity; 
many spectra contained zero-field absorptions and g-values 
ranged from 2.1 to 3.0 Three possible explanations were 
proposed s viz.: (a) presence of ferromagnetic inclusions; 
(b) presence of paramagnetic ions participating in collec- 
tive interactions mediated by the hosts crystal and elec- 
tronic structure and (c) unusual properties of unpaired 
electrons, a consequence of specific chemical and struc- 
tural features of organic systems. 

It soon became clear that these observations could be 
attributed to transition metal impurities, particularly iron 6. 
Conjugated polymers prepared so as to minimize these im- 
purities were found to contain 10 to 500 ppm of iron and 
one to three orders of magnitude less of cobalt, nickel and 
chromium 6. The chemical nature of the impurities was not 
clear and the presence of ferromagnetic oxides in inter- 
stitial or colloidal form was invoked to explain the 
observations. 

This problem has not been considered very important 
until recently when the possibility of preparing crystalline 
conjugated polymers by solid state polymerization 7-9 re- 
quired that it be reconsidered. These polymers allow the 
fundamental properties of the conjugated polymer chain, 
free from major morphological defects, to be investigated. 
The presence of transition metal impurities may be signifi- 
cant in this situation, not only in producing impurity e.s.r. 
absorption spectra but also by the unknown effects of these 
impurities on other physical properties, e.g. electrical con- 
ductivity. The impurities will be introduced during the 
growth of monomer crystals from solution and the degree 
of impurity inclusion can be assessed by a number of tech- 
niques 1°. Under these circumstances it is the purity of this 
initial monomer solution which is important in determining 
the final impurity content of the polymer. 

* Present address: Central Electricity Research Laboratories, 
Leatherhead, Surrey, UK. 
t To whom correspondence should be addressed. 

EXPERIMENTAL 

Two disubstituted diacetylene monomers were chosen for 
this study: 2,4-hexadiyne-1,6-diol (HD) and the diester, 
bis(p.toluenesulphonate) of 2,4-hexadiyne-1,6-diol (TSHD), 
derived from it. HD polymerizes to an amorphous poly- 
mer u in contrast to TSHD which retains its complete cry- 
stal structure during solid state polymerization ~°'~2. The 
monomer and polymer molecular structures of HD and 
TSHD are shown in Figure 1. 

HD, 'Purum' grade (Fluka AG), was purified by recrystal- 
lization from redistilled 'Aristar' grade toluene (BDH 
Chemicals), the latter having a specified assay of less than 
0.01 ppm for iron, cobalt, manganese and nickel and less 
than 0.02 ppm for cadmium, copper, lead and zinc. Purifi- 
cation was also achieved by vacuum sublimation. 'Pure' 
TSHD monomer was prepared by the Wegner method 13 
using diol as purified above and 'Analar' grade reagents 
(BDH Chemicals). 'Ultra-pure' TSHD monomer was pre- 
pared by the same method, using the following reagents: 
diol, purified as above; p-toluenesulphonyl chloride, 
'Puriss' grade (Fluka AG), minimum assay 99% (typically 
35 ppm iron, 5 ppm copper, other transition metals absent); 
tetrahydrofuran, 'Analar' grade (BDH Chemicals), minimum 
assay 99.5%; acetone, 'Aristar' grade (BDH Chemicals), 
general metal impurities ~<0.1 ppm; potassium hydroxide, 
'Aristar' grade (BDH Chemicals), general metal impurities 
~<250 ppm; demineralized water (resistivity > 4 x 105 ~2 
cm). 

R--C ~CTC ~C--R Monomer 

t 
Heat, light~ 
pressure or high 
energy radiation 

[ R//~C--C~ C-- C/~/RI Polymer 
/) 

HD; R=--CH2--OH 0 
II 

TSHD; R=--CH ~--O - -  ~ - - - - - - ~ C H  3 

o 
Figure I TSHD and HD monomer  and poly- 
mer structure 
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Table I Sensitivities of metallic ions as determined by atomic 
absorption spectroscopy 

Sensitivity 
Element (ppm) 

Fe 0.05 
Cu 0.026 
Co 0.035 
Cr 0.04 
Mn 0.02 
Ni 0.038 

Table 2 Iron concentrations of a single HD batch 

Recrystallized material 
Material as (ppm) Sublimed 
received material 
(ppm) 1X 2X 3X 

45 17 125 271 30 

Samples of 'pure' TSHD for e.s.r, measurements were 
prepared by repeated freezing and melting of 'Analar' ace- 
tone solutions under vacuum and oxygen free argon to re- 
move oxygen; polycrystalline samples of both TSHD and 
HD were placed in quartz sample tubes and evacuated to 
less than 10 -3 Torr 14. Monomer single crystals of 'ultra- 
pure' TSHD were grown from seeds by sub-ambient cooling 
of saturated 'Aristar' acetone solutions in an argon gas 
atmosphere. 

Metallic ion impurity analysis was carried out by atomic 
absorption spectroscopy using a Pye Unicam SP-1950 
machine, which allowed detection of required metallic 
ions to an accuracy of +2%, with sensitivities as shown in 
Table 1. E.s.r. spectra were recorded with a Varian E-9, 
X-band spectrometer incorporating an E-101 microwave 
bridge, as described previously 14. 

RESULTS AND DISCUSSION 

2, 4-Hexadiyne- l,6-diol 
Iron and copper content varied in the 'as received' com- 

merical HD; in most cases copper was absent or present in 
small traces with cobalt, chromium, manganese and nickel 
below the limits of detection. Typical iron concentrations 
for a single HD batch subjected to recrystallization and 
sublimation are shown in Table 2. A single recrystalliza- 
tion gave the best reduction in iron content; indeed, with 
care, single recrystallized samples were obtained with as little 
as 1 ppm concentration of iron. 

The increase in impurity content on subsequent recrys- 
tallizations is unusual. 'As received' HD always contained 
some polymer which was extracted prior to recrystalliza- 
tion so that the first recrystallized monomer solution is 
essentially polymer free. Polymerization is slow and sub- 
sequent monomer solutions may contain small dispersed 
quantities of low molecular weight polymer. These chains 
may absorb or react with impurity species and be included 
in growing crystals allowing impurities to accumulate with 
repeated recrystallization. 

E.s.r. observation of HD polycrystalline monomer sam- 
ples taken from a single batch containing 1 ppm of iron by 
analysis did not reveal any spectra directly attributable to 
iron. This is to be expected since the corresponding im- 
purity spin concentration of about 1016 spins per gram of 

monomer would be difficult to detect in 50 mg samples 
and spectral linewidths of the order of 103 Gauss (Figure 2). 
However, monomer-batch impurity analysis can be mis- 
leading if the impurities are not homogeneously distribu- 
ted. This is illustrated by the iron and copper content of an 
HD polymer sample, exhibiting no impurity e.s.r, absorp- 
tion, from the high purity monomer-batch after thermal 
polymerization at 373K. The monomer-batch and poly- 
mer-sample iron contents were 1 and 54 ppm respectively; 
the copper levels were 0 and 18 ppm respectively. This 
variation in monomer-polymer impurity concentration 
will be discussed further below. 

Bis(p-toluenesulphonate ) o f 2, 4-hexadiyne- l ,6-diol 
Figures 2a and 2b illustrate some typical broad impurity 

e.s.r, absorption spectra with g ~ 2 and g ~ 2 respectively 
for samples of 'pure' polycrystalline TSHD. For all samples 
observed it has been found that the impurity absorption 
spectra are present in the monomer and do not change in 
intensity, shape or position during thermal polymerization. 
The narrow g = 2 absorptions in Figure 2 arise during 
polymerization and have been associated with defect cen- 
tres in the 'as formed' polymer 14. Some polycrystalline 
monomer-batch and resultant e.s.r, polymer-sample iron 
and copper impurity concentrations are listed in Table 3; 
all other common transition metals were ~bsent. The 
polymer-sample impurity spin concentrations Ns(Fe) and 
Ns(Cu), calculated assuming one spin per impurity atom, 
may be compared with the observed spin concentration 
NOBS, calculated from the observed first derivative spectra 
by double numerical integration and comparison with a 
Varian strong pitch reference standard (3 × 1015 -+ 15% 
spin/cm) I*. 

A 

f 

i s60 2goo ' 3goo ' 4sbo 
(Gauss) 

Figure 2 TSHD impurity e.s.r, absorption spectra. (A) g ~ 2; 
(B) g 4, 2 
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Table 3 Polycrystalline TSHD monomer-batch and polymer-sample iron and copper impurity concentrations and spin concentrations com- 
pared with observed sample spin concentration. All other metals absent 

Batch Batch Sample Sample 
Sample Fe (ppm) Cu (ppm) Fe (ppm) Ns(Fe)a Cu (ppm)  Ns(Cu)a NOBS a 

TSA1 79 32 0 0 83 7.9 X 1017 5.8 X 1018 
TSA2 79 32 0 0 177 1.69 X 1018 1.3 X 1018 
TSA8 190 320 1540 1.66 X 1019 87 8.3 X 1017 3.3 X 1018 
TSAIO 90 0 350 3.78 X 10 is 2870 2.75 X 1019 2.8 X 1018 
TSA12 90 0 440 4.75 X 1018 18 1.74 X 1017 2.5 X 1018 

aspins/g of sample. 

Inspection of Table 3 indicates the inconsistent nature 
of the monomer-batch and polymer-sample impurity re- 
suits. It is clear that both decreases and increases in indi- 
vidual impurity atom content occur in comparing the 
monomer-batch and polymer-sample results. This suggests 
that inhomogeneous impurity distribution occurs, post- 
recrystallization contamination is unlikely in view of the 
precautions taken during sample handling. However, the 
very large variation in polymer-sample impurity content 
is not reflected in the observed spin concentration which 
is typically about 3 x 1018 spins per gram of polymer sam- 
ple. This result suggests that only a part of the total metal- 
lic impurities present actually contribute to the observed 
e.s.r, absorption; the TSA 1 polymer-sample result suggests 
also that there is not necessarily a single spin per impurity 
atom contribution to the observed spectrum. 

The above results and the need to investigate purer 
TSHD single crystals led to the preparation of an 'ultra- 
pure' monomer, as described earlier. Analysis of the 
monomer-batch sample revealed iron and copper concentra- 
tions of 34 ppm each, all other common transition metals 
being absent. In comparison, typical impurity concentra- 
tions of TSHD single crystals grown from this monomer 
were, copper between 50 and 120 ppm, with iron and all 
other common metals absent. E.s.r. observations of four 
single crystals gave no absorption spectra which could not 
be accounted for from other sources, e.g. sample tube. 

However, anomalous e.s.r, absorptions do occur in poly- 
crystalline TSHD samples with only copper contamination. 
Figure 3 illustrates two very intense tow field absorptions 
obtained from two polycrystalline samples, TSA4 and 
TSA9, whose monomer-batch analysis was that of TSA1 
and TSA10 respectively. Both polymer samples contained 
only copper impurities, TSA4 approximately 168 ppm and 
TSA9 150 ppm. The strong zero-field absorptions in 
Figure 3 are in agreement with the results of Blumenfel'd 
et al. 3. They found that complexes of polyaminoquinones 
with copper gave broad absorption spectra and increasing 
copper content increased the intensity of the broad absorp- 
tion already present and induced a strong zero-field absorp- 
tion also. Thus, in associating the observed e.s.r, absorp- 
tion spectra with a metallic or a corresponding metallic 
complex impurity, the results'indicate, in the case of TSHD, 
that it is probably copper. 

The formation of a copper-monomer complex involv- 
ing the acetylenic bonds, such that unpaired electrons 
occupy the ground state of the complex, seems reasonable. 
However, the constancy of NOB S in Table 3 and the ab- 
sence of absorption spectra in copper-containing single 
crystals require explanation. Two factors are important in 
determining impurity content of the monomer crystals. 
These are: (a) crystal morphology and (b) the presence of 
oligomeric species. Crystal morphology has a strong influ- 

ence on impurity inclusion. For slow crystal growth, well 
faceted monomer single crystals are obtained containing 
minimal included impurity. Polycrystalline samples will 
contain some crystallites with irregular non-crystallogra- 
phic facets which are much less effective in rejecting 
impurities 1°. Impurity inclusion at such faces may be 
either into the crystal lattice or into voids containing im- 
purity rich solvent. In addition more of the final impurity 
rich solution will be trapped in the spaces between crystal- 
lites in polycrystalline samples. We can also conclude from 
the behaviour of HD, reported above, that repeated recrys- 
tallization as used in preparing polycrystalline samples leads 
to an enhancement of impurity content, possibly by the 
formation of impurity oligomer complexes which are inclu- 
ded in the monomer crystal. These factors contribute to 
the large variations in impurity content from sample to 
sample. Our observation of a nearly constant e.s.r, spin 
density in spite of these variations can be explained in 
terms of diamagnetic impurity complexes some of which 
become paramagnetic by inclusion at particular sites, i.e. 
the close proximity of the complex to surrounding mono- 
mer or oligomer molecules with a specific geometry favours 
a reaction whose product is paramagnetic. 

The results are not conclusive but it is suggested that 
explanation (b) in the introduction is the most acceptable 

/ 

B 

6 IObO ' 2 6 0 0  3 6 0 0  ' 4 0 0 0  
(Gauss) 

Figure 3 TSHD impuriW anomalous e.s.r, absorption speetra. 
A, TSA9; B, TSA4 
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for TSHD at the present time. However, the variety of  
e.s.r, absorption spectra observed for polycrystaUine sam- 
ples prohibit  a more complete interpretation,  in which the 
roles of  copper and iron impuri ty complexes are clearly 
displayed. The degree of  impurity control in diacetylene 
polymers is much greater than in most other polymer sys- 
tems and this should allow more selective experiments, such 
as doping, to be pursued in conjunction with other techni- 
ques capable of  identifying the impuri ty complex 
unambiguously. 
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Crack growth in plastic panels under 
biaxial stress 
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It is commonly considered by theoreticians and practitioners of fracture mechanics that the beha- 
viour of a crack is determined only by loads causing a stress singularity at its tip. However, evidence 
is accumulating which indicates that this may not be entirely so, and that stresses parallel to the 
crack can affect fracture toughness and cyclic propagation rates. More extensive investigation of 
these effects involves experimental difficulties. Testing equipment described in this article offers the 
solution of these problems in a simple way without any significant sacrifice in experimental accuracy. 
Preliminary tests on poly(methyl methacrylate) are described to demonstrate the machine itself and 
the phenomena which it is being used to investigate; the results suggest that, for this material at least, 
the effects of transverse stresses are indeed slight. 

INTRODUCTION 

The concepts and techniques of fracture mechanics are now 
widely used for predicting and analysing the behaviour of 
flawed components. The mathematical and physical models 
of the fracture process which are in common use generally 
concentrate on uniaxial-stress situations, in which the crack 
propagates normally to the applied load. Within the last 
ten years or so considerable effort has been directed to- 
wards the problem of the 'angled crack 'I, whose behaviour 
is significantly modified by superposed remote shear stres- 
ses. Situations in which the crack is subject to additional 
direct stress along its line have been much less widely inves- 
tigated; if any consequent change in fracture behaviour is 
admitted at all, it is usually considered to be negligible. 

This may be an optimistic over-simplification. Experi- 
ments and analyses have variously suggested that tensile 
transverse stresses can enhance 2,a, reduce 4 or have no effect s 
on fracture toughness; increase 6, reduce 7 or have little 
effect 3 on fatigue crack growth rates; can cause instability 
of the path direction of the crack 8, and can change slow- 
crack-growth rates in viscoelastic materials 9. These effects 
are of obvious importance. Flaws in most service structures 
may be expected to initiate and propagate continuously 
along a minor principal stress trajectory 1°'11, but the ratio 
between the two principal stresses can vary considerably 
during propagation. Since this is also the situation in many 
fracture specimen geometries, a parameter such as the 
stress intensity factor K may be inadequate to characterize 
the testing environment. 

Clearly the field offers considerable scope for further 
investigation. Two interacting deterrents have contributed 
to its neglect: the lack of a substantial theoretical frame- 
work within which to treat data, and experimental diffi- 
culties. If conventional tensile and fatigue testing ma- 
chines were equipped or readily adaptable for biaxial load- 
ing, much more data would be available; since they are not, 
investigators are required to design and construct their own. 
A recent publication 12 has described the development of a 
purpose-built biaxial fatigue testing rig. Capable of a wide 
range of biaxiality ratios, cyclic waveforms and frequen- 
cies, this type of system would be eminently suitable for 

biaxial fracture testing. Unfortunately, it is correspond- 
ingly complex and expensive. For their own work in this 
field, the present authors have designed and constructed a 
system which represents a simple and cheap solution to the 
requirements of the planned test programme: a series of 
biaxial-stress static-load and fatigue fracture tests on various 
polymers. The essential features of the system are des- 
cribed in the present paper and results are presented from 
a series of exploratory tests, designed to demonstrate the 
suitability of the machine and the general character of the 
phenomena which it is being used to investigate. 

SPECIMEN AND MACHINE DESIGN 

Specimens and loading shackles 
The logical starting point in the design of such a system 

is the selection of a suitable specimen geometry for biaxial- 
stress testing. Most previous examples of these are ren- 
dered unsuitable by the special requirements of a fracture 
mechanics approach, which weight the choice in favour of 
a conventional pre-cracked fiat plate type, for which mate- 
rial is normally readily available. Of these, the classical 
centre notched (CN) configuration offers the advantages 
of a long usable propagation path which can vary freely in 
direction, and along which K can be assessed from existing 
analyses. Furthermore, a significant quantity of data from 
uniaxial-stress tests on such specimens is available for com- 
parative purposes. 

Some modifications to this simple geometry are required 
to maintain acceptably uniform stress biaxiality and sym- 
metry in the working area. These have been specially inves- 
tigated elsewhere 13,1a and are implicit in an arrangement 
previously used Is for biaxial creep testing; the design arrived 
at for the present work (Figure 1) derives partly from all 
three sources. Load is applied to the central region, which 
is considered for analysis to be a square plate of 190 mm 
width under uniform normal boundary stresses, through 
four longitudinally-slotted extensions on each side. The 
longer and more laterally compliant these extensions are, 
the less will strain along the side affect the applied stress 
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Biaxial-stress fracture specimen design 

normality, and the less will the difference between uniform- 
load and uniform-displacement boundary conditions affect 
the crack tip stress field. However, a practical limit is im- 
posed by material and machining costs. A convenient com- 
promise can be achieved by the use of 'whipple-tree' loading 
shackles, which can accommodate extensive deformation 
or initial misalignment of the loading points on the speci- 
men while maintaining equal and normal loads on them. 

Figure 2 shows a specimen mounted in its shackles on 
the straining frame to be described below. The uniformity 
of the central stress field was checked in situ, using a full- 
size 6 mm thick Araldite CT200 replica of the specimen 
and a specially built photoelastic bench. Photographs of 
representative isochromatic fringe patterns for uniaxial and 
biaxial loading are shown in Figure 3. Analysis of isochro- 
matics and isoclinics showed that within a central square of 
75% of the plate width w, the local biaxiality ratio varied 
by less than 5% and principal plane directions were within 
3 ° of the centrelines. These conditions in the uncracked 
specimen justify the assumption that cracks of lengths nor- 
mally used in fracture testing (less than 0.5w) will behave 
similarly to those in a square plate of width w under uni- 
form, normal stresses on its boundaries. 

Fatigue loading rigs: the design alternatives 
The specimen and shackle design, having been adopted, 

constituted the primary constraint on the machine design. 
A system was required to apply two normal in-phase loads 
of independently-variable magnitude and ratio, either con- 
stantly or varying monotonically or cyclically with time. 
Easy visual access to the specimen was necessary for crack 
monitoring and transmission photoelastic work. Most im- 
portant, simplicity, reliability and low cost were to be 
maintained. 

A few investigators whose technical requirements have 
been similar have devised rigs of widely varied sophistication. 
Arrangements for transverse dead-weight loading have been 
added to conventional fatigue machines 3'~°. In this situa- 
tion the non-singular part of the crack-tip stress field varies 
cyclically and, if the crack path curves, so might the sin- 
gular part, rendering analysis difficult. True biaxial fatigue 
fracture tests have been accomplished by eliminating trans- 
verse strain in a uniaxially fatigued CN plate3; the biaxiality 
ratio was therefore immutably equal to the Poisson ratio. 

In a purpose-built rig 16 for testing M6nch-Galster type 
specimens under static biaxial stresses, load was applied by 
two pairs of opposed hydraulic rams, each pair backed by 
an independent hydraulic system. This is a difficult 
arrangement to modify for in-phase fatigue loading. A 
similar straining frame has been used 17 for strain cycling 
cruciform specimens by interconnecting the hydraulic sys- 
tems to eliminate phasing errors, but thereby restricting 
load biaxiality ratios to 1,0 and -1 .  

The same machine has subsequently been extensively 
developed 12 to overcome this difficulty. In its current 
form, each pair of hydraulic jacks is controlled by a servo- 
hydraulic valve, which forms part of a closed control loop 
working from load or strain feedback. Capable of a wide 
range of frequencies, cyclic waveforms and biaxiality ratios, 
this machine represents an ideal for the fracture tests which 
are now envisaged; unfortunately this flexibility demands 
a high capital outlay. The machine to be described below 
offers performance of a standard suitable for fracture test- 
ing at a fraction of the cost and complexity. 

A simple biaxial fatigue machine 
The machine applies in-phase tensile loads to both axes 

of the specimen, using a single hydraulic actuator; load 
biaxiality is stepwise variable. The output of two 15 kN 
capacity strain gauge load cells is used to measure (on an 
x/y plotter) and control (using a limit switching device) 
the load cycle. The electro-hydraulic interface is a direct 
solenoid-operated direction control valve, which imple- 
ments an essentially triangular load/time characteristic 
whose rise and fall rates are independently controlled by 
flow control valves. The entire system is outlined schema- 
tically in Figure 4. 

Mechanical system. The straining frame is constructed 
on a substantial welded/-beam base. As can be seen in 
Figure 2, the specimen is freely accessible, and there is 

Figure 2 General view of specimen in straining frame 
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tion control valve V4 reverses flow through the actuator at 
pre-set load limits; forward and reverse flow rates are set by 
pressure and viscosity compensated flow control valves V5 
and V6. 

The second actuator, A2, was connected in parallel with 
the first after initial performance inadequacies had been 
noted. The high stiffness of the machine reduced oil flow 
rates to levels which were difficult to control. Loading 
rates were erratic and the valves tended to jam with oil 
impurities; furthermore, transient leakage through the flow 
valve compensating spools at flow reversal caused shock 
unloading of the specimen at the peak point (Figure 5a) 
which was considered highly detrimental to valid testing. 
These problems were alleviated by increasing the hydraulic 
compliance of the load. Actuator A2 (identical to A1) acts 
against a 400 kN/m spring, raising flow rates by at least 
fifteen times, the factor depending on the degree of bi- 
axiality. This has virtually eliminated sensitivity to hydrau- 
lic line shock, oil impurities and specimen stiffness varia- 
tions, and has softened the machine response, as can be 
seen by the plateau at each load cycle limit (Figure 5b). 
These are significant advantages in a load-cycling testing 
machine. 

poly(methyl methacrylate) (PMMA). This quasi-brittle 
thermoplastic, used here in the form of 6.35 mm thick ICI 
Perspex sheet, has been the subject of extensive previous 
work; much data on its fracture behaviour in established 
testing modes is therefore already in existence (see, for 
example, reference 10). 

MACHINE EVALUATION AND EXPLORATORY TESTS 

The rig described above is initially to be used for measure- 
ment of fracture toughness, fatigue crack growth rates and 
fracture path stability in polymers under varying stress 
biaxiality. To assess the general character of these prob- 
lems and the suitability of the machine for their investiga- 
tion, some exploratory tests have been carried out on 

Figulv 5 Oscillograms of load cycle waveform. Frequency = 
0.1 Hz. Upper trace Px, lower trace Py. (a) wi thout  additional 
hydraulic accumulator; (b) with additional hydraulic accumulator 
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Figure 6 Cyclic traces of Py versus Px. Frequencies 0.1 to 0.5 Hz. 
Characteristic values of load biaxiality ratio B are shown for loading 
and unloading, for comparison with the nominal value Bn: A, 4; 
B, 2;C, 1;D, 1.5;E, 3 

If the stress intensity factor K characterizes crack tip 
strain components, its true derivative dK/dt governs strain 
rates. For materials as highly strain-rate sensitive in their 
fracture behaviour as polymers 18'19, it seems desirable to 
compare results from different loading environments on a 
basis of similar time dependence of the governing condi- 
tions at the crack tip. A feature of the planned programme 
of tests, which involves only linear or triangular load/time 
(and hence, at constant crack length, K/time) histories, is 
therefore to be the adoption of a fixed value of dK/dt. Im- 
plementing this condition in fatigue tests involves increasing 
the cycle time linearly with z2d£, so that the frequency must 
be appropriately reduced as the crack propagates across the 
plate under a constant load range. 

To gauge the effects, if any, of this variation in frequency 
on the shape of the cyclic crack growth rate da/dn versus 
z2ug curve, comparative tests have been performed at con- 
stant frequency (0.1 Hz) and at constant dK/dt (0.2 MN3/2/ 
sec). These are convenient values for the particular material 
and for the machine. Using the same value of dK/dt, 
monotonic-load fracture toughness tests were performed 
at various biaxiality ratios. 

Fatigue tests 
30 mm long symmetrical centre cracks were produced b, 

cutting 25 mm notches with a hacksaw and forcing a razor 
blade into each tip. Uniaxial fatigue loading for 1 or 2 
kcycles was then used to straighten the crack fronts before 
the first readings were taken. A simple method of crack 
length measurement was devised to cover cases in which 
the crack path would curve, m~aking the use of a travelling 
microscope difficult. A 100 mm square measuring grid, 
graduated in millimetre divisions, was cut from self-adhe- 
sive pre-printed acetate sheet (Letraset Letratone type 
LT159) and fixed centrally to one face of the specimen. 
Location of the crack tips on this grid by eye was judged 
to be accurate to -+0.1 mm, and the accuracy of the sheet 
itself is better than 1%. The former error hardly affects 
crack growth curves for paths tens of millimetres long, 
while the latter is insignificant in comparison with the nor- 
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mal scatter band for this kind of test, and is correctable by 
grid calibration. 

Fatigue tests were carried out at constant frequency and 
constant dK/dt at a load range of 3.5 kN, at a stress ratio of 
0.1 and under uniaxial and equibiaxial stress (B n = 0 and 1). 
Figure 6 shows an x/y plotter trace of Px versus Py during 
fatigue cycling at various nominal biaxiality ratios. It can 
be seen that the true-load biaxiality ratio B is affected by 
friction in the transverse loading linkage, mainly in the 
crank pivot, a PTFE-lined bush on a mild steel shaft. On 
the loading edge of the cycle B is constant up to the peak 
load, this being the point for which a characterizing value 
is defined. After load reversal friction elevates B, an upper- 
shelf value being attained at 60-70% of the load amplitude 
and then maintained downwards. Since the maximum and 
minimum values of B are not symmetrically disposed about 
Bn, geometrical errors in the linkage are indicated; viscous 
or inertial effects, however, appear to be negligible, the 
same plot being characteristic of a range of frequencies 
from 0.1 to 0.5 Hz. 

The machine ran continuously for periods of up to 100 h 
during which the cycle time, at a constant frequency of 
0.1 Hz, was maintained to within 5% on the initial flow 
valve settings. The response speed of the limit switching 
equipment and solenoid valve was found to be 0.2 sec; this 
caused limit overshoot. In variable frequency tests adjust- 
ments were necessary to maintain the required load limits 
of 0.4 and 3.9 kN (-+0.05 kN as measured on the x/y plot- 
ter) each time the frequency was adjusted, at about 1 mm 
crack growth increments. 

Crack lengths at very high growth rates were measured 
from striations on the exposed surface after specimen frac- 
ture; these cycle-by-cycle measurements were then matched 
with those previously taken at intervals with a correspond- 
ing cycle counter reading. Figure 7 shows da/dn versus ZkK 
curves for PMMA in the high growth-rate region for the 
various conditions tested. It is clear that within the rather 
narrow range of conditions investigated, neither modifica- 
tion of the frequency nor superposition of in-phase trans- 
verse stress noticeably affects growth rates. 
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Figure 8 Fracture paths under biaxial, monotonically applied stress 
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Figure 9 Fracture toughness, K1c, of PMMA in air, as a function of 
stress biaxiality B 

Quasi-static tests 

For these tests, the length of  the initial crack was about 
40 mm. For eleven of  the thirteen specimens used, no 
attempt was made to straighten the crack tips by fatigue 
extension, since it is customary to base fracture toughness 
calculations on the crack length at the initiation of  fast frac- 
ture, at which point slow crack extension has already taken 
place. A further two specimens, which were uniaxially 
fatigued prior to testing, showed similar toughness and path 
stability characteristics. The resulting fracture trajectories 
in all cases were straight at low stress biaxiality ratios and 
S-shaped (or, in one case, arch-shaped) at higher ones 
(Figure 8). No particular orientation was observed rela- 
tive to the machine, the paths tending to veer off in the 
direction of  the initial crack tip angle. The general shape of  

these trajectories does not, however, seem to be so strongly 
influenced by the initial tip misorientation as by the bi- 
axiality ratio. The possibility of  correlating these path geo- 
metries with the stress biaxiality ratio will be discussed in 
a forthcoming paper. 

Crack growth normally followed a smooth path from the 
initial crack tip, through a slow-growth region, and into fast 
fracture; only occasionally (more often at low transverse 
stress levels) was an 'angled crack' type path discontinuity 
observed. When this did occur, slow growth was generally 
suppressed, suggesting that perhaps the other tip had al- 
ready reached the free surface before the first began to 
move. Fast fracture toughness values, Klc, for cracks in 
which preliminary slow growth had occurred are shown in 
Figure 9 as a function of  stress biaxiality, which does not 
appear to exert any powerful influence. Klc was evaluated 
using the horizontal crack length after slow growth; curva- 
ture of  the slow growth path was always less than I 0 °. Al- 
though the data is too scarce to support firm conclusions, 
a slight decrease in fracture toughness due to tensile trans- 
verse stress is indicated, rather than the large increase (up 
to 25%) previously reported 3. 

NOMENCLATURE 

a 
da/dn 
B 

Bn 
[ 
K 

Klc  
AK 

ex 
ey 
w 

half crack length, 
rate of  half-crack growth per cycle, 
biaxiality ratio (Px/Py), 
nominal value orB, 
fatigue loading frequency, 
Mode I stress intensity factor, 
value of  K at initiation of  unstable fracture, 
cyclic variation in K, 
load on specimen parallel to crack, 
load on specimen normal to crack, 
effective width of  specimen. 

REFERENCES 

1 Williams, J. G. and Ewing, P. D. Int. Z Fract. Mech. 1972, 
8, p441 

2 Hilton, P. D. Int. Z Fract. 1973, 9, 149 
3 Kibler, J. J. and Roberts, R. J. Eng. Ind. 1970, 92, 727 
4 Smith, S. H. Conf. Prospects Fract. Mech., Delft. Nether- 

lands, 1974 
5 Sih, G. C. and Liebowitz, H. Int. J. Solids Struct. 1967, 3, 1 
6 Joshi, S. R. and Shewchuck, J. J. Exp. Mechs. 1970, 10, 529 
7 Adams, N. J. I. Eng. Fract. Mech. 1973, 5,983 
8 Cotterell, B. Int. J. Fract. Mech. 1966, 2,526 
9 Laheru, K. L., Hufferd, W. L. and Jacobs, H. R. lnt. J. Fract. 

to be published 
10 Atad, S. PhD Thesis London University (1972) 
11 Klein, G. J. Mater. TechnoL 1975,6,30 
12 Parsons, M. W. and Pascoe, K. J. Z Strain Anal. 1975, 10, 1 
13 Mdnch, E. and Galster, D. Br. J. AppL Phys. 1963, 14, 810 
14 Cridland, L. and Wood, W. G. lnt. J. Fract. Mech. 1968, 4, 

277 
15 Johnson, A. E. and Khan, B. in 'Machines for Materials and 

Environmental Testing', Inst. Mech. Eng., London, 1966 
16 Fessler, H. and Musson, J. K. J. Strain Anal 1969, 4, 22 
17 Pascoe, K. J. and de Villiers, J. W. R. Z Strain Anal 1967, 

6, 117 
18 Johnson, F. A. and Radon, J. C. J. Polym. ScL (Polym. 

Chem. EdnJ 1973, 11, 1995 
19 Radon, J. C. and Culver, L. E. Polymer 1975, 16, 539 

632 POLYMER, 1976, Vol 17, July 



Association of stereoregular poly(methyl 
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Stereocomplexes of isotactic and syndiotactic poly(methyl methacrylate) (i- and s-PMMA) were 
prepared by mixing dilute i- and s-PMMA solutions in acetone or DMF at different temperatures. At 
50°C the rate of complex formation is larger than at 20 ° or 70°C. Differential scanning calorimetry 
and X-ray powder diffraction measurements were performed on the material crystallized from mixed 
solutions. The thermograms showed 3 endotherms at temperatures not depending on the i-/s-PMMA 
ratio of the sample. The endotherm at ~280°C is caused by degradation of PMMA, the maximum 
at ~210°C by melting of the stereocomplex and the endotherm at "~185°C by melting of solvent 
stabilized s-PMMA. By comparing X-ray powder diffraction patterns of s-PMMA crystallized from 
borderline solvents with those of stereocomplexes of i-/s-PMMA with different drying histories it ix 
concluded that the reflection at 2 0 = 4 ° 10' belongs to a solvent stabilized s-PMMA structure. Partial 
association of i- and s-PMMA chains in an i-/s-PMMA ratio of about 1:1 and crystallization of solvent 
rich s-PMMA is proposed as a mechanism for the complex formation under the present conditions. 

INTRODUCTION 

In 1958 Fox e t  al. 1 reported for the first time that gelation 
occurred by mixing solutions of isotactic and syndiotactic 
poly(methyl methacrylate) (i- and s-PMMA). This gelation 
process can be explained by the formation of stereocom- 
plexes of i-/s-PMMA. Stereocomplex formation may be re- 
garded as a general property of  stereoregular polymers. The 
driving force in the complex formation of i- and s-PMMA is 
the structural complementarity of both tactic polymers. 
This has also been proven by the template polymerization 
of MMA in the presence of i-PMMA, resulting in the forma- 
tion of s-PMMA 2. 

Basic questions concerning the composition and struc- 
ture of  the formed stereocomplexes remained unanswered. 
The stereocomplex formation of i- and s-PMMA has been 
investigated by viscometry and turbidimetry a-6, light scat- 
tering 7,a, high resolution and broad line n.m.r. 9'1°, sedimen- 
tation in an ultracentrifuge 8'al, calorimetry 12'13, and by 
dynamic mechanical 13'14 and dielectric measurements is. 

Viscosity and turbidity measurements in dilute solutions 
have pointed out that complex formation of i- and s-PMMA 
can occur at concentrations far below that with homogene- 
ous segmental distribution 3. As the solvents have different 
influence on complex formation we divided them into 
three types: (a) strongly complexing; (b) weakly complex- 
ing, and (c) non-complexing solvents, Buter e t  al. 16 and 
Gons e t  al. 17 found that the effect of solvent on the stereo- 
chemistry and kinetics of  the template polymerization of 
MMA in the presence of i-PMMA is in line with its complex- 
ing ability. The heats of complex formation of i- and s- 
PMMA as reported by Biros e t  al. 12 are also in agreement 
with this classification. 

N.m.r. measurements 9 showed that the mobility of the 
methoxy protons of stereocomplexes is strongly decreased 
by mixing concentrated i- and s-PMMA solutions in CC14 or 
CD3CN. Pyrlik e t  al. 14 also found by dynamic mechanical 
measurements that complex formation can occur in very 

concentrated solutions. In a previous paper 13 we concluded 
from calorimetric and dynamic mechanical measurements 
that complex formation of i-/s-PMMA can even occur in 
bulk. We found that the complex formation rate was 
maximal at 140°C and that within a few minutes, more 
than half of the complex has been formed. From the fact 
that annealed and non-annealed samples had the same value 
of the storage modulus (G')  above the glass transition tem- 
perature, we concluded that the main process taking place 
in bulk during annealing comprises growth of complex 
crystallites. Liquori e t  al. 18 have proposed a model for the 
stereocomplex in the form of 51 helices of i-PMMA in the 
grooves of which the fiat chains of s-PMMA lie so that the 
a-methyl groups of both macromolecules become situated 
at van der Waals distance from each other, stabilizing the 
stereocomplex in polar solvents by hydrophobic interaction. 
In this model the syndiotactic chains are tilted ~60 ° with 
respect to the isotactic helical chain. We find it difficult to 
understand the phenomena of the template polymerization 
of MMA in the presence of i-PMMA using this model. In 
this case one would expect that the isotactic and syndiotac- 
tic chains are aligned parallel to one another in some way. 
Moreover, we have shown that samples obtained by tem- 
plate polymerization behave like material crystallized from 
mixed dilute solutions of i- and s-PMMA 3. 

The most frequently quoted composition of the stereo- 
complex is an i-/s-PMMA ratio of 1 : 2, but other results 
have been presented 4,6 in favour of an i-/s-PMMA ratio of 
1 : 1 and lately also a ratio of  1 : 1.59'12. On the other hand, 
Chiang e t  aL a concluded from ultracentrifuge measure- 
ments that complex formation of i- and s-PMMA does not 
proceed necessarily in a fixed stoichiometric ratio. 

In order to elucidate the structure of  the stereocomplex 
of i-/s-PMMA, it is necessary to know the real i-/s-PMMA ratio 
of the associated regions. Therefore we prepared stereo- 
complexes by mixing very dilute solutions of i- and s-PMMA 
in the strongly complexing solvents DMF or acetone at dif- 
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Table I Data of polymers used 

Triads [4] /~v X 10 -3  
I--H--S (dl/g) 

i-PMMA 107 91-- 6--3 1.99 600 
s-PMMA 106 4-- 8--88 1.37 370 
s-PMMA 113 4-- 9 -87  1.71 490 
s-PMMA 119 1--11-88 0.14 22 

IOO 

60 
-0 

T- 

2 0  

O 2 0  6 0  IOO 

s - P M M A  ( w t % )  

Figure I Yield of crystallized material (%) versus wt% s-PMMA 
for mixtures of i- and s-PMMA in DMF at 20°C (o) and 50°C (A) 
The total polymer concentration is always 0.2 wt% 

ferent i-/s-PMMA ratios. The results of calorimetric, X-ray 
and n.m.r, measurements on the crystallized material are 
described and discussed in this paper. 

EXPERIMENTAL 

The polymers i- and s-PMMA were prepared according to 
known procedures 19#°. The data of the polymers used are 
summarized in Table 1. The tacticities of PMMA were 
measured on 5 wt% solutions in o-dichiorobenzene at 160°C 21 
by 60 MHz n.m.r, spectroscopy with a Jeol C.60 HL appa- 
ratus. Values of [7] for the PMMA samples were deter- 
mined in chloroform at 25°C. For the calculation of /~  v 
we used the relationship 22 [~7] = 4.8 x 10 -5/14 O-8. Stereo- 
complexes were prepared by mixing 0.2 wt% i- and s-PMMA 
solutions in DMF or acetone. The mixed solutions were 
kept in thermostatically controlled baths at 20 ° and 50 ° + 
0.1°C for 20 days. At 70°C no complex formation could be 
observed after 20 days. Therefore the solutions were kept 
70 days at 70°C. The solvents DMF and acetone (Merck) 
were used without further purification. The crystallized 
material was separated from the solution in a centrifuge 
with an acceleration of 25 000 x g and then dried in vacuo 
at 70°C for 64 h. 

The melting behaviour of i- and s-PMMA and their 
stereocomplex was studied with a differential scanning 
calorimeter (Perkin-Elmer DSC 1B). The temperature 
scale was calibrated with high purity metal standards. Nor- 
mally a heating rate of  8°C/min and sealed pans were used, 
unless otherwise indicated. 

Thermogravimetric measurements were performed with 
a Mettler DTA/TGA apparatus with a heating rate of  10°C/ 
min. X-ray powder diffraction patterns were recorded by a 
Philips diffractometer with a scan speed of 0.5°/min and 
angle aperture of 1/2 or 1/6 °. Ni-filtered CuKa radiation 
was applied. Triad contents of the crystallized material 
were measured in the same way as described for the PMMA 
samples. It is known 3'14#a that the stereocomplex is com- 
pletely dissociated at 160°C. 

de Boer and G. Challa 

RESULTS 

Crystallization of  i- and s-PMMA 
For a better understanding of the thermal behaviour and 

structure of the stereocomplex we required first data on 
crystalline i- and s-PMMA. For i-PMMA the crystal growth 
in bulk showed a maximum rate at 120°C and produced a 
substantial melting endotherm at 155°C after 5 days :4. For 
s-PMMA only data are reported on crystallization from 
borderline solvents 1~s-27. We were also unsuccessful with 
bulk crystallization of s-PMMA and tried to achieve crystal- 
lization by cooling hot solutions of s-PMMA in borderline 
solvents. The precipitates isolated from heptanone-4 or 
methyl isobutyrate solutions at room temperature showed 
an endotherm at ~190°C in the d.s.c, and a reflection at 
2 0 = 4o30 ' in the X-ray powder diffractogram. After dry- 
hag at 70°C this reflection disappeared, while the melting 
endotherm was lost after drying at higher temperatures, 
e.g. 150°C in vacuo. The same phenomena were observed 
with the needle-like crystals of s-PMMA grown from 
toluene at -20°C. So, it seems that some crystalline struc- 
ture of s-PMMA is stabilized by solvent and is destroyed by 
drying. Careful drying of a toluene solution in a desiccator 
above paraffin for 2 months at room temperature produced 
s-PMMA with an endotherm at about 200°C, which did not 
disappear after prolonged drying. 

Stereocomplex of  i-/s-PMMA 
In Figure 1 the yield of crystallized material is plotted 

versus wt% s-PMMA for DMF solutions at 20 ° and 50°C. 
Complex formation from acetone produced a similar pic- 
ture. The results of DMF solutions at 70°C are not pre- 
sented in this Figure because in this case the material was 
separated only after 70 days. 

From n.m.r, measurements it appeared that the gross 
composition of the material crystallized from DMF or ace- 
tone at 20°C is about the same as the composition of 
PMMA in the starting solution. 

Thermograms of crystallized material with different i-/ 
s-PMMA ratios obtained from DMF solutions at 20°C are 
represented in Figure 2. The peak temperatures of the 
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Figure 2 Thermograms of samples crystallized at 20°C from 
0.2 wt% DMF solutions with different i-/s-PMMA ratios: A, 60:40; 
B, 50:50; C, 33:67; D, 20:80 
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Table 2 Melting temperatures recorded by d.s.c. (o C) of samples crystallized f rom acetone or DMF solutions wi th  d i f ferent  i-/s-PMMA ratios 
at 20 ° , 50 ° and 70°C (T c) 

i-/s-PMMA 
ratio in t h e  A c e t o n e  

starting 
s o l u t i o n  T c = 20°C 

Tin1 Tin2 

DMF 

Tc= 50°C Tc= 20°C Tc= 50°C Tc= 70°C 

Tm I Tin2 Tm 1 Tin2 Tm 1 Tm2 Trn 1 Tin2 

60:40 175 205 
50:50 185 205 
33:67 185 205 
20:80 189 209 

190 210 180 205 190 210 
190 215 185 205 190 214 222 
190 215 185 205 190 215 226 
195 213 186 207 190 215 

o 

o 

nr 

50 

30 

IO 

~ A 

I i i I _ _  

O 20  60  I00  

s - P M M A  (wt °/o) 

Figure 3 Relative area of  the endotherm at ~185°C (Tml )  versus 
w t ~  s-PMMA for  samples crystall ized f rom DMF and acetone at 
20°C (A) or 50°C (B), relative area = Tml/(Tml + Trn2) 
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Figure 4 Area of the endotherm at ~285°C (Tma) recorded by 
d.s.c, versus heating rate for samples crystallized from mixed solu- 
tions of i- and s-PMMA in DMF with i-/s-PMMA ratios of 1:2 or 1 : 1 

endotherms at about 185 °, 210 ° and 280°C are designated 
as Tml, Tm2 and Trn3 respectively. In Table 2 values of  
Tm 1 and Tin2 are compiled for products isolated from 
PMMA solutions with different i-/s-PMMA ratios in ace- 
tone and DMF at 20 °, 50 ° and 70°C. Tin1 could not be 
observed in samples obtained from DMF solutions at 70°C. 
In Figure 3 the relative area of  the endotherm at 185°C 
(Tin 1) is plotted versus wt% s-PMMA for products obtained 

from acetone and DMF at 20 ° and 50°C. These Figures 
show that the relative area of  the endotherm at Tin1 increas- 
es with increasing s-PMMA content and is much larger for 
material prepared at 20 ° than at 50°C. 

In Figure 4 the area under the endotherm at Tm3 is plot- 
ted versus heating rate in the d.s.c. We see a strong de- 
crease of  transition heat with increasing heat rate, whereas 
the peak temperature Tm3 itself increases from 270 ° to 
335°C. These phenomena are less important for our pre- 
sent study of  stereocomplex formation and can be explained 
by thermal depolymerization of  PMMA. According to 
thermogravimetric analysis the weight loss started at 280°C, 
so that the volatile monomer can escape from the nonsealed 
pans at Tm3. At a lower heating rate more monomer can 
diffuse out of  sample and pan at a given temperature which 
leads to the increase of  the area and lowering of  the peak 
temperature. When a sample is kept at 240°C for 10 rain 
a fully amorphous X-ray powder diffraction pattern re- 
sults. This also indicates that Tm3 is not related to the 
stereocomplex. 

X-ray powder diffraction patterns for different i-/s-PMMA 
ratios are presented in Figure 5. This Figure shows that the 
reflection in i-PMMA at 20 = 8 ° 10' which is a (110) or 
(200) reflection 28 is not present in the stereocomplex. The 
intensity of the reflection at 20 = 4 ° 10' which is a (hko) 
reflection 18 increases with increasing s-PMMA content. As 
mentioned above this reflection also occurs in solvent sta- 
bilized 'crystalline' s-PMMA. The effect of  drying on the 
X-ray powder diffractogram of  a sample with an i-/s-PMMA 
ratio of  1:2 crystallized from DMF at 70°C is shown in 
Figure 6. A strong decrease of  intensity of  the reflection 
at 20 = 4 ° 10' is observed, but in this case the reflection 
does not fully disappear after prolonged drying. Samples 
crystallized at 20°C behave like s-PMMA and lose the 
reflection completely. 

DISCUSSION 

From Figure 1 it is clear that more crystalline material has 
been formed at 50 ° than at 20°C. By measuring the yield 
after 10 days, it was observed that the complex formation 
rate in a solution with i-/s-PMMA ratio of  1 : 1 is higher at 
50 ° than at 20°C. 

Sp~¢~cek and Schneider 29 have shown by n.m.r, measure- 
ments that self-association may occur in i-PMMA solutions. 
However, by varying the dissolution temperature o f  i- and 
s-PMMA in DMF no influence could be established on the 
amount and quality o f  the material crystallized from the 
mixed solutions at 20 ° and 50°C. Hence, the difference 
between the amounts of  crystalline material formed at 20 ° 
and 50°C shown in Figure 1 cannot be ascribed to self- 
association and has to be explained in terms of  a complex 
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solvent stabilized 'crystalline' structure. Indeed it appeared 
also possible to crystallize i-PMMA chain segments. Anneal- 
ing a sample crystallized from an acetone solution with an 
i-/s-PMMA ratio of 1.5:1 for 5 days at 120°C an extra 
endotherm arose at atbout 170°C and the reflection at 
20 = 8 ° 10' could also be detected with the X-ray diffracto- 
meter. We know that the growth rate of i-PMMA crystals 
is maximal at 120°C 24 and that the rate of complex forma- 
tion in bulk equals zero at this temperature ~3. 

The proposed mechanism is partly in accordance with 
that of Miyamoto and Inagaki 31 who performed ultra cen- 
trifuge and thin layer chromatography measurements on 
the complex formation of i- and s-PMMA in acetone. Ac- 

'- cording to these authors a primary complex formation 
~- occurs yielding stereocomplexes with an i-/s-PMMA ratio 

of 1 : 1. In a second step these complexes are transformed 
in stereocomplexes with an i-/s-PMMA ratios of 2:1 or 1:2. 
However, Table 2 shows that the i-/s-PMMA ratio has no 
influence on the melting temperature (Tm2) of the stereo- 
complex. The melting temperature (Tm2) depends only on 
the temperature Tc of complex formation. So, in our 
opinion it is more likely that complex formation occurs 

I I I ' 

5 i5 25 

2 0 (degrees) 
Figure 5 X-ray diffraction intensity (I) versus diffraction angle 
28 (degrees) for samples with different i-/s-PMMA ratios: A, 100:0; 
B, 60:40; C, 50:50; D, 33:67; E, 20:80; F, 0:100. Curve F relates 
to s-PMMA containing some solvent 

formation which is closer to the equilibrium state at 50°C 
than at 20 ° or 70°C. The broadening of the yield curve at 
50°C in Figure I towards lower s-PMMA contents indicates 
that i- and s-PMMA do not form stereocomplexes in a fixed 
stoichiometric i-/s-PMMA ratio of 1: 2. 

Figures 2 and 3 showed that the relative area of the 
endotherm Tm I increases with increasing s-PMMA content. 
The same trend is observed for the intensity of the reflec- 
tion at 20 = 4 ° 10' (Figure 5). From Figure 6 it is clear 
that the material crystallized from mixed solutions of i- 
and s-PMMA exhibits in some way the same behaviour as 
solvent stabilized 'crystalline' s-PMMA. Hence we conclude 
that the endotherm at about 185°C (Tm 1) as well as the 
reflection at 20 = 4 ° I0'  can be attributed to solvent stabil- 
ized 'crystalline' s-PMMA. Experiments carried out with 
s-PMMA 119 showed that the molecular weight of s-PMMA 
does not affect the thermal behaviour and X-ray powder 
diffraction pattern of the crystallized material. 

So far we have attributed Tm3 to thermal degradation 
and Tml to s-PMMA, leaving Tin2 as the melting point for 
the stereocomplex. By partial scan and the effect of scan 
speed on Tm2 3° we have shown that this endotherm is an 
independent one and does not result from the endotherm 
at Tml by recrystallization. From the foregoing we derive 
the following mechanism: isotactic and syndiotactic PMMA 
chains partly associate in an i-/s-PMMA ratio of about 1 : 1. 
When these associates crystallize from the solution, non- 
associated isotactic and syndiotactic chains are dragged 
from the solution and the s-PMMA chains crystallize in a 

I I I I l c 

, 

~2 

I 

a 

i I ~ I [ I 

2 e (degrees) 
Figure 6 X-ray diffraction intensity (/) versus diffraction angle 
28 (degrees) for a sample crystallized at 70°C from a DMF solution 
with an i-/s-PMMA ratio of 1:2 subsequently dried at 70°C in vacuo 
for 64 h (A); at room temperature for 3 months (B); at 150°C in 
vaeuo for 19 h (C); and at 150°C in vacuo for 120 h (D) 
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only in an i-/s-PMMA ratio of 1:1 and that at the same time 
some liquid induced crystallization of s-PMMA occurs. 
Under the prevailing conditions of solvent and temperature 
s-PMMA has a stronger tendency to crystallize than i-PMMA. 
This may explain why the yield curves in Figure 1 are 
shifted towards higher s-PMMA content.  

Finally, we have estimated the degree of crystallinity of 
the stereocomplex from X-ray powder diffraction patterns 
applying the method proposed by Challa et al. 32. Stereo- 
complexes with an i-/s-PMMA ratio of 1:2 obtained from 
DMF at 70 °, 50 ° and 20°C showed a crystallinity of 40, 
30 and 15% respectively. In our opinion this is in line with 
our view that association of stereoregular PMMAs occurs 
only partially. 
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Note to the Editor 

Optical rotatory dispersion of crotamine: 
effect of denaturants 

Oscar G. Hampe 
Departamento de Fisiologia, Farmacologia e Biof]sica, UFRGS 90. 000, Porte A legre, Brazil 

and Josd M. Goncalves 
Inst i tute de Energia At6mica, Setor de Radiobiologia, Cidade Universitaria, Sao Paulo, Brazil 
(Received 9 December 1975; revised 23 February 1976) 

The amino-acid sequence of  crotamine, 
a toxin found in the venom of the 
south Brazillian snake Crotalus duris- 
sus terrificus was recently determined 
by Laure*. It is a miniprotein with 42 
amino-acid residues and a minimum 
molecular weight of about 5000. This 
molecule contains among others, 6 haiti 
Cys, 2 Trp, 1 Tyr and 2 Phe residues 
which can contribute to the behaviour 
of the optical rotatory dispersion mea- 
sured in the ultraviolet region of  the 
spectra. 

The present communication reports 
studies on the ultra-violet o.r.d, of  cro- 
tamine and the effect of  denaturants 
on the protein. The pure protein used 
in the experiments was obtained from 
the snake venom purified on a column 
of  SP-Sephadex G-25 with a gradient 
of  0.5 to 3.0 M NaC1 in 0.05 M ammo- 
nium formate, pH 3.2, after gel filtra- 
tion in Sephadex G-75 with 0.05 M 
ammonium formate buffer pH 3.4. 
The purified material showed only a 
single component by disc electropho- 
resis ill polyacrylamide gel 2. 

O.r.d. measurements of the pure 
toxin, were carried out in a Fica Spec- 
tropol I Spectropolarimeter with a 
thermostatized cell and the reduced 
mean residue rotation values, [m'], were 
expressed in degrees cm2/dmol. 

The infra-red spectrum of  crota- 
mine was obtained with a Perkin- 
Elmer Model 225 Spectrophotometer 
in a pressed potassium bromide disc. 

Figure I shows the o.r.d, curve of  
native crotamine dissolved in unbuf- 
fered distilled water pH 5.5 over a 
wavelength range of 197 to 325 nm. 
This anomalous spectrum is due to 
several Cotton effects caused by the 

500 

4 0 0  

3 O 0  

2 O O  

I O 0  

0 

-IO0 f 
-200 

-300 I 

Figure I 

225 

206 

25o 

293  

242 
2~o 2~o 3~o 

Wav~ leng th  (rim) 

Optical rotatory dispersion of 
crotamine dissolved in unbuffered distilled 
water pH 5.5 at 25°C. The [m'] values 
from 325 to 237 nm are the average of those 
obtained for 0.25, 0.50, 0.75, 1.00, 1.25, 
and 1.50 mg/ml of protein using a 0.1 dm 
quartz cell, and those below 237 nm were 
obtained from 0.025 and 0.050 mg/ml of 
protein concentration using a 0.05 dm quartz 
cell 

protein chromophores. The positive 
band found between 283 to 325 nm 
shows a peak at 293 nm which is rela- 
ted to the Trp residue. Besides the 
peak, a shoulder at 285 nm appears to 
the Tyr Cotton effect 3. The very asym- 
metric negative band from 240 to 283 
nm has two troughs centred at 263 and 
242 nm. The first trough, indicates the 
participation of  Phe 3, and disulphide 
bridges ¢ in the anomalous o.r.d, spec- 
trum of crotamine. The other one, can 
be related to ~3-II structure s. It is very 

difficult, if not impossible to determine 
which chromophores of  the toxin are 
responsible for each Cotton effect 
found below 283 nm, mainly below 
235 nm through the o.r.d, spectrum. 
Nevertheless, the presence of  disul- 
phide bridges can perturb some of  the 
other Cotton effects of  the protein 6. 

Evidence of  the presence of/3-struc- 
ture was obtained through the infra- 
red spectrum of the protein as shown 
in Figure 2. The peaks found at 1625 
cm -1 of  amide-I band and at 1533 
cm -1 of  amide-II band can be regarded 
as due to the presence of  this structure 
in the molecule 7~. The [m'] values of 
+400 at 199 nm shown in Figure 1, and 
o f - 1 4 6 0  at 232 nm of Figure 3, are 
not enough to postulate significant 
helical content in this macromolecule, 
despite the fact that sodium dodecyl 
sulphate at the concentration of  6.5 x 

3 v 10-  M changes the ery anomalous 
o.r.d, curve to one characteristic of 
helical like structure with a trough at 
232 nm (Figure 3, curve A). 

The effect of  chemical denaturant 
urea at a concentration of  8 M on the 
crotamine spectrum is shown in Figure 
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Figure 2 Infra-red spectrum of crotamine 
measured from 1.16 X 10 - 3  to 1.76 X 10 - 3  
cm - l .  The spectrum was obtained using a 
pressed disc of 4 mg of protein with 200 mg 
of potassium bromide 
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Figure 3 Effect of denaturants on the 
conformation of crotamine. O.r.d. measure- 
ments of crotamine solution with a concen- 
tration of 1 mg/ml in 6.5 X 10 - 3  M sodium 
dodecyl sulphate were carried out between 
230 and 360 nm (curve A) and of the same 
concentration of protein in 0.1 M acetate 
buffer pH 5.5 containing 8.0 M urea, be- 
tween 230 and 350 nm (curve B) 

3, curve B. There are no significant 
changes in the spectrum from 235 to 
350 nm which indicates a high resis- 
tance of  the protein molecule to urea 
denaturation. The o.r.d, spectrum re- 
mained the same, even when a solution 
of  crotamine in 0.1 M acetate buffer 
pH 5.5 containing 8 M urea was left at 
room temperature for twenty days and 
then heated at 60°C for two hours. 
However, the protein must have signi- 
ficant tertiary structure, since the re- 
duction of  the disulphide bridges by 2- 
mercaptoethanol  in the presence of  
8 M urea in 0.1 M tris-HC1 buffer pH 
8.6 abolishes the anomalous o.r.d, spec- 
trum of  the molecule between 250 and 
320 nm. 

The high resistance to conformation- 
al modifications of  crotamine in the 
presence of  concentrated urea solution 
combined with a very low intrinsic vis- 
cosity of  1.2 ml/g at pH 5.5, indicates 
that at tertiary structure level, the mini- 
protein is maintained very compact 
having an axial ratio close to the unity. 

Note to the Editor 
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Letters 

S t r u c t u r e  of  a c o m p a t i b l e  m i x t u r e  o f  t w o  p o l y m e r s  as revea led  b y  
l o w - a n g l e  n e u t r o n  sca t te r ing  

This letter reports results of a brief 
investigation made, using low-angle 
neutron scattering measurements, of 
the extent of segregation and dimen- 
sions of polymer molecules in a com- 
patible mixture of two polymers. In 
recent years, the technique of low-angle 
neutron scattering has been developed 
to study molecular dimensions in amor- 
phous polymers in the solid state 1-4. 
This method relies on the large differ- 
ence in the coherent scattering length 
for neutron diffraction between hydro- 
gen and deuterium atoms to provide 
the required contrast. For example, 
the neutron scattering pattern from a 
perdeutero polymer tagged with say 5% 
protopolymer, depending on molecular 
weight, may be compared with the 
scattering from a perdeutero polymer 
blank. Using this technique it is pos- 
sible to examine the size of the mole- 
cules and, at the same time, check that 
the tagged molecules are statistically 
distributed within the sample and not 
clustered together. The technique has 
also been applied to semi-crystalline 
polymer systems both in the melt s'6 
and solid state 7 as well as to studies of 
polymer solutions 8'9. In addition, 
Kirste et  aL 8 have reported an initial 
result for an incompatible mixture of 
two homopolymers, poly(methyl 
methacrylate) and poly(a-methyl- 
styrene). They deduce from the scat- 
tering results that, for this system, the 
poly(ct-methylstyrene) formed spheri- 
cal aggregates each containing about 
sixteen molecules (weight-average). 
However, as yet nothing is known 
about the distribution or dimensions 
of polymer molecules in an apparently 
compatible mixture: do the molecules 
adopt their unperturbed configuration 
as in an amorphous homopolymer or 
are the dimensions of. the molecules 
affected by neighbouring unlike mole- 
cules? Are the molecules statistically 
distributed or is there any clustering 
of like molecules? The purpose of the 
experiments reported here was to at- 
tempt to elucidate the structure in a 
compatible polymer mixture. 

The polymer system selected for 

this investigation was polystyrene/ 
poly(a-methylstyrene). At high mole- 
cular weights this system is reported 
to be incompatible but, in the lower 
molecular weight region we have used, 
compatible mixtures have been ob- 
served 1°. In addition, calculations 
made using the procedure described 
by Krause 11, based upon the Flory-  
Huggins theory of polymer solutions, 
have indicated that the polymer mix- 
tures described below should be 
compatible. 

The neutron scattering samples 
were prepared using polymers pro- 
duced by anionic polymerizations: 
molecular weights obtained by gel 
permeation chromatography and com- 
positions of the mixtures are shown 
in Table 1~ The polydeuterostyrene 
was 98% deuterated. The concentra- 
tion of tagged molecules, polyproto- 
styrene, in the samples was restricted 
to 5% which was low enough to en- 
sure 'dilute solution' scattering be- 
haviour ~2. Mixtures were prepared 
by dissolving in chloroform and pre- 
cipitating into methanol. 

Each mixture appears to be a com- 
patible system according to the differ- 
ential scanning calorimetry data shown 
in Table 1. These data were obtained 
at a heating rate of 20°C/min. The 

mixtures showed only broad transi- 
tions with no detectable transition 
corresponding to any of the homo- 
polymers. 

Low-angle neutron scattering ex- 
periments were performed at J~ilich 
using a sample to detector distance of 
3 m and a neutron wavelength of 
7.2 A. Gunier plots were constructed 
from the corrected scattering patterns 
obtained for each tagged sample and 
the intercept and slope used to derive 
the weight-average molecular weight, 
~tw and the z-average radius of gyra- 
tion, (S2)z 1/2, respectively. Both tag- 
ged samples gave a value for the poly- 
protostyrene M w of 54 000 +- 5000 
and for (s2) 1/2 of 61 + 2,8,. It will be 
seen from Table I that the weight- 
average molecular weight derived from 
neutron scattering is identical with the 
g.p.c, datum. Because of this excellent 
agreement, a Zimm plot procedure was 
not considered necessary. This result 
clearly shows that in a compatible 
mixture of two polymers the mole- 
cules are statistically distributed. This 
contrasts with Kirste's result for an 
incompatible system where clustering 
was observed. 

The weight-average radius of gyra- 
tion, (s2)1~2, obtained from neutron 
scattering after correction for polydis- 

Table 1 Compositions and d.s.c, data for polymer mixtures used in neutron scattering 
experiments 

rgl°c~ 
Polymers G.p.c./~ w Onset Finish 

A Polyprotostyrene 54 000 103 110 
B Polydeuterostyrene 128 000 102 109 
C Poly(deutero-~- 32 000 170 178 

methylstyrene) 

Composition (wt %) Tg (°C) 

Mixtures A B C Onset Finish 

6 (blankfor7) 10 90 155 172 
7 5 5 90 154 173 
8 (blank for9) 5 95 156 171 
9 5 95 162 174 
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persity was 54 + 2 A. This may be 
compared with a value of  63 +- 3 A cal- 
culated for an unperturbed system 
using (s0)l~ 2 = 0.660/(t1~2/(6)1/2. The 
measured radius of  gyration is thus 
near to, or slightly less than, the un- 
perturbed value. If  the uncertainties 
in the measurements are as low as indi- 
cated there is a small reduction in radius 
of gyration below that of  the unper- 
turbed value. Similar behaviour has 
been both observed 13 and described 
theoretically 14 for a single phase poly- 
mer solution in a poor solvent below 
the theta-temperature, when the se- 
cond virial coefficient will be negative. 

The main conclusion from the re- 
suits of this work is that it is possible 
to produce a truly compatible mixture 
of two polymers in which the mole- 
cules are statistically distributed. This 
result may be used to clarify what is 
meant by the term 'polymer compat- 
ibility' and to impose a new criterion 
for establishing compatible polymer 
systems. 
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Optically active vinyl polymers containing fluorescent groups: 1. Syn- 
thesis and properties of copolymers of N-vinylcarbazole with optically 
active monomers 

Introduction 

Chiroptical properties of  copoly- 
mers of  vinylaromatic monomers with 
optically active c~-olefins 1-3 have been 
useful in helping to define the confor- 
mational requirements of  aromatic 
moieties inserted in a regular conforma- 
tional environment. Studies of  the 
same properties in copolymers of  N- 
vinylcarbazole with optically active 
comonomers could, in principle, per- 
mit a valuable approach to the correla- 
tion of  luminescence and photoelec- 
trical properties o f  poly(N-vinylcar- 
bazole) with the stereochemical ar- 
rangement of  monomeric units. In the 
present paper we report preliminary 
results of  copolymerization experi- 
ments ofN-vinylcarbazole (NVC) with 
optically active monomers (a-olefins, 
alkyl vinyl ethers, acrylates and metha- 
crylates) in the presence of  different 
catalytic systems. 

Results and Discussion 

Copolymerizations of  NVC with 
optically active comonomers have been 
carried out in the presence of  various 
catalytic systems which are capable of  
polymerizing NVC and/or the selected 
comonomers. In Table 1 data are col- 
lected for those reactions giving poly- 

mer yields in excess of  10%. In all 
cases regular linear enchainment of  
monomeric units is substantiated by 
n.m.r, and i.r. spectroscopy which 
show the presence of  bands character- 
istic of  only unsubstituted carbazole 
rings. By using a conventional cationic 
catalyst (EtA1C12) and experimental 
conditions which are claimed to give 
stereoregular poly(alkyl vinyl ethers) 4 
and poly(N-vinylcarbazole) s, three 
different alkyl vinyl ethers having an 
asymmetric carbon atom in the/3-posi- 
tion with respect to the double bond 
(BVE, TPVE, MVE) and one (MBVE) 
having the chiral centre ~, to the double 
bond, have been copolymerized with 
NVC (Runs C1-C5) .  In one case (Run 
C6) a complex catalyst based on Al(iso- 
C4H9) 3 and H2SO 4 was used 6. (Full 
structures of  the alkyt vinyl ether 
monomers are given later.) 

Moderately high molecular weight 
polymers (M, n < 2 x 104) were obtain- 
ed and, in the runs where the overall 
conversion is lower than 90%, the poly- 
merization rate of  NVC is always larger 
than that of  alkyl vinyl ethers except 
Run CI where BVE is polymerized 
more quickly than NVC. The solu- 
bility characteristics of  the copoly- 
merization products (polymers con- 

taining appreciable amounts of  NVC 
units are soluble to an extent greater 
than 90% in cyclohexane, which is a 
very poor solvent for poly(N-vinylcar- 
bazole) as well as measurements of  
optical rotation and differential di- 
chroic absorption (Ae) indicate the 
formation of  copolymer macromole- 
cules. In fact in all cases c.d. spectra 
show the presence of two complex di- 
chroic bands at about 300 and 260 nm 
having practically the same rotatory 
strength (0 ~- 5 x 103/mol NVC unit), 
and it is particularly interesting that 
no dichroic band can be observed cor- 
responding to the u.v. band at 350 nm 
associated with the 1L b *- 1A transi- 
tion in the carbazole ring 7. 

Copolymerization of  NVC with 
(S)-4-methyl-l-hexene, in the presence 
of  the AI(iso-C4H9)3/TiC14 catalytic 
system, which is claimed to polymerize 
NVC 8'9 as well as c~-olefins 1° by an 
anionic coordinated mechanism, yield- 
ed only a mixture of the two homo- 
polymers, supporting previous conclu- 
sions H that these types of  monomers 
polymerize by independent routes. 
Therefore earlier assumptions of  poly- 
merization of NVC by an anionic co- 
ordinated mechanism seem to be ques- 
tionable. 
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persity was 54 + 2 A. This may be 
compared with a value of  63 +- 3 A cal- 
culated for an unperturbed system 
using (s0)l~ 2 = 0.660/(t1~2/(6)1/2. The 
measured radius of  gyration is thus 
near to, or slightly less than, the un- 
perturbed value. If  the uncertainties 
in the measurements are as low as indi- 
cated there is a small reduction in radius 
of gyration below that of  the unper- 
turbed value. Similar behaviour has 
been both observed 13 and described 
theoretically 14 for a single phase poly- 
mer solution in a poor solvent below 
the theta-temperature, when the se- 
cond virial coefficient will be negative. 

The main conclusion from the re- 
suits of this work is that it is possible 
to produce a truly compatible mixture 
of two polymers in which the mole- 
cules are statistically distributed. This 
result may be used to clarify what is 
meant by the term 'polymer compat- 
ibility' and to impose a new criterion 
for establishing compatible polymer 
systems. 
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Optically active vinyl polymers containing fluorescent groups: 1. Syn- 
thesis and properties of copolymers of N-vinylcarbazole with optically 
active monomers 

Introduction 

Chiroptical properties of  copoly- 
mers of  vinylaromatic monomers with 
optically active c~-olefins 1-3 have been 
useful in helping to define the confor- 
mational requirements of  aromatic 
moieties inserted in a regular conforma- 
tional environment. Studies of  the 
same properties in copolymers of  N- 
vinylcarbazole with optically active 
comonomers could, in principle, per- 
mit a valuable approach to the correla- 
tion of  luminescence and photoelec- 
trical properties o f  poly(N-vinylcar- 
bazole) with the stereochemical ar- 
rangement of  monomeric units. In the 
present paper we report preliminary 
results of  copolymerization experi- 
ments ofN-vinylcarbazole (NVC) with 
optically active monomers (a-olefins, 
alkyl vinyl ethers, acrylates and metha- 
crylates) in the presence of  different 
catalytic systems. 

Results and Discussion 

Copolymerizations of  NVC with 
optically active comonomers have been 
carried out in the presence of  various 
catalytic systems which are capable of  
polymerizing NVC and/or the selected 
comonomers. In Table 1 data are col- 
lected for those reactions giving poly- 

mer yields in excess of  10%. In all 
cases regular linear enchainment of  
monomeric units is substantiated by 
n.m.r, and i.r. spectroscopy which 
show the presence of  bands character- 
istic of  only unsubstituted carbazole 
rings. By using a conventional cationic 
catalyst (EtA1C12) and experimental 
conditions which are claimed to give 
stereoregular poly(alkyl vinyl ethers) 4 
and poly(N-vinylcarbazole) s, three 
different alkyl vinyl ethers having an 
asymmetric carbon atom in the/3-posi- 
tion with respect to the double bond 
(BVE, TPVE, MVE) and one (MBVE) 
having the chiral centre ~, to the double 
bond, have been copolymerized with 
NVC (Runs C1-C5) .  In one case (Run 
C6) a complex catalyst based on Al(iso- 
C4H9) 3 and H2SO 4 was used 6. (Full 
structures of  the alkyt vinyl ether 
monomers are given later.) 

Moderately high molecular weight 
polymers (M, n < 2 x 104) were obtain- 
ed and, in the runs where the overall 
conversion is lower than 90%, the poly- 
merization rate of  NVC is always larger 
than that of  alkyl vinyl ethers except 
Run CI where BVE is polymerized 
more quickly than NVC. The solu- 
bility characteristics of  the copoly- 
merization products (polymers con- 

taining appreciable amounts of  NVC 
units are soluble to an extent greater 
than 90% in cyclohexane, which is a 
very poor solvent for poly(N-vinylcar- 
bazole) as well as measurements of  
optical rotation and differential di- 
chroic absorption (Ae) indicate the 
formation of  copolymer macromole- 
cules. In fact in all cases c.d. spectra 
show the presence of two complex di- 
chroic bands at about 300 and 260 nm 
having practically the same rotatory 
strength (0 ~- 5 x 103/mol NVC unit), 
and it is particularly interesting that 
no dichroic band can be observed cor- 
responding to the u.v. band at 350 nm 
associated with the 1L b *- 1A transi- 
tion in the carbazole ring 7. 

Copolymerization of  NVC with 
(S)-4-methyl-l-hexene, in the presence 
of  the AI(iso-C4H9)3/TiC14 catalytic 
system, which is claimed to polymerize 
NVC 8'9 as well as c~-olefins 1° by an 
anionic coordinated mechanism, yield- 
ed only a mixture of the two homo- 
polymers, supporting previous conclu- 
sions H that these types of  monomers 
polymerize by independent routes. 
Therefore earlier assumptions of  poly- 
merization of NVC by an anionic co- 
ordinated mechanism seem to be ques- 
tionable. 
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Table I Copolymerizat ion of  vinylcarbazole (M1) with optically active comonomers (M2) in the presence of different catalytic systems 

Polymerization conditions Polymeric product 

Comonomer (M2) 
Molar ratio Molar ratio a 

Type Amount M2/M1 Conversion M2/M 1 
Run (mmol) (tool/tool) Catalyst (%) (tool/tool) /~n X 10 - 3 b  [~] ~) 5c [a] 0d 

C1 BVE 15.5 3 ~ 46 5.0 -- +157 +204 
C2 BVE 12.2 i l  94 1.1 10.8 + 53 + 89 
C3 TPVE 1.2 EtAICI2 94 1.1 14.1 + 83 + 90 
C4 MVE 23.3 17 2.1 17.6 - 1 2 8  - 1 3 3  
C5 MBVE 16.0 32 0.36 9.9 +0.76 +0.70 
C6 MBVE 16.0 1 AI(iso-C4H9)3/H2SO4 19 0.58 5.5 +1.21 +1.15 
ZN 1 4M E 13.0 1 AI (iso-C4H9)3/TiCI 4 65 0.1 -- +218 e +245 
RA1 MA 13.3 2 AIBN 88 1.7 0.28 f -- 74 - 53 
FIM1 MMA 7.8 2 AIBN 44 2.0 0.20 f -- 69 -- 67 

aDetermined by n.m.r, spectroscopy and/or elemental analysis; bby vapour pressure osmometry in benzene at 37°C; Cin CHCI 3 (c = 1 - 5  g/dl); 
devaluated for homopolymer mixture having the same composition as the corresponding copolymerization product; erelated to the fraction 

• t . . . o extracted w th cyc ohexane contammg 88% of NVC monomerm un ts; ntr ns c viscosity m benzene at 25 C 

In the presence of a conventional 
radical initiator (AIBN) NVC has been 
copolymerized with menthyl acrylate 
and methacrylate. The relative poly- 
merization rate of the comonomers 
seems to be very similar, and formation 
of copolymers was established on the 
basis indicated above. 

Finally in the presence of a conven- 
tional anionic catalyst (C6HsMgBr) 
both the comonomer mixtures gave 
polymers in very poor yield (conver- 
sion ~< 5%), and which at the present 
have not been further characterized. 

Studies are in progress to prepare 
copolymers of NVC with optically 
active alkyl vinyl ethers, acrylates and 
methacrylates in order to investigate 
the correlations between physico-opti- 
cal properties on the one hand, with 
chemical composition, distribution of 
monomeric units, and stereoregularity 
of the copolymerization products. 

Conclusions 
Copolymers of optically active 

alkyl vinyl ethers, menthyl acrylates 
or methacrylates with N-vinylcarba- 
zole can be obtained by copolymeriza- 
tion in the presence of conventional 
cationic catalyst or radical initiator 
respectively. Extraction of the poly- 
meric products with boiling solvents, as 
well as their optical rotation and 
differential dichroic absorption demon- 
strates the formation of copolymer 
macromolecules rather than mixtures 
of homopolymers. 

Attempts to copolymerize NVC 
with a-olefins, menthyl acrylate or 
methacrylate in the presence of anio- 
nic coordinated or anionic catalysts 
were unsuccessful. 

Experimental 
Monomers. (S)-4-methyl- 1-hexene 

(4 ME), [a] 25 _ 2.82 (neat), optical 
purity 93.0% 12 was prepared accord- 
ing to the procedure already des- 
cribed 12. 

[(S)-l-methylpropyl]-vinyl ether 
(BVE), [a] 25 + 12.5 (neat), optical 
purity 87.1%13; [(S)-2-methylbutyl]- 
vinyl ether (MBVE), [a] 25 _ 5.82 
(neat), optical purity 100%14; [(S)-I, 
2,2-trimethylpropyl] -vinyl ether 
(TPVE), [c~] 25 _ 8.00 (neat), optical 
purity 78.0% is and (-)menthyl vinyl 
ether (MVE), [a] 25 _ 73.6 (neat), 
optical purity 100% 13'16 have been pre- 
pared by transvinylation 17 starting 
from the corresponding optically active 
alcohols. 

(-)Menthyl acrylate (MA), [~] 25 _ 
89.9 (benzene), optical purity 97.0% 18 
was prepared by the reaction of methyl 
acrylate with menthoxymagnesium 
bromide19. (-)Menthyl methacrylate 
(MMA), [a] 25 _ 91.8 (neat), optical 
purity 99% was prepared as already 
reportedlS. 

N-vinylcarbazole (NVC) (commer- 
cial grade purity) was purified by cry- 
stallization from n-hexane (m.p. 
65°C) 2°. 

Catalysts. AIBN and TIC14 analy- 
tical grade purity were used without 
further purification. EtA1C12 and 
Al(iso-C4H9)3 were distilled at reduced 
pressure prior to use. Al(iso-C4H9)3/ 
H2SO 4 catalyst was prepared by add- 
ing H2SO4 (100%) dropwise to a solu- 
tion of Al(iso-C4H9)3 in n-heptane 
[AI(iso-C4H9)3/H2SO4 = 4.5 mol/ 
mo16,21.] 

Copolymerization of NVC with (S)- 
4-methyl-l-hexene. The run was car- 
ried out in a glass vial under dry nitro- 
gen. Equimolecular comonomer mix- 
ture was added at 0°C to the catalytic 
slurry obtained by reacting TIC14 with 
Al(iso-C4H9) 3 in toluene, comonomers/ 

TiC14 = 50 mol/mol, [Al(iso-C4H9)3/ 
TiC14 = 3 mol/mol] s. The run which 
was stopped after 70 h by addition of 
methanol, gave a polymeric product 
(68.4% yield evaluated as weight of 
polymer/weight of the starting comono- 
mer mixture) constituted mainly (95%) 
of poly(N-vinylcarbazole). 

Copolymerization of  NVC with ( - )  
menthyl acrylate and methacrylate. 
Both runs were carried out in vials seal- 
ed under vacuum in the presence of 
AIBN at 70°C. 1 M solutions of co- 
monomers in benzene were used and 
the polymerization were interrupted 
after 6 h. 

Copolymerization of NVC with alkyl 
vinyl ethers. The copolymerization 
runs were carried out in glass vials at 
-78°C and -15°C when EtA1C12 and 
AI(iso-C4H9)3/H2SO4 catalyst was 
used respectively. 1 M toluene solu- 
tions of comonomers were used. 

Characterization of  copolymerization 
products. The crude polymeric pro- 
ducts, after reprecipitation from metha- 
nol, were characterized as unfraction- 
ated materials, but in some cases were 
fractionated by extraction with boiling 
solvents under nitrogen in Kumagawa 
extractors 22 by using methanol, acetone, 
cyclohexane, and toluene or chloro- 
form in that order. Chemical compo- 
sitions of polymeric products were 
determined by elemental analysis and/ 
or n.m.r, spectroscopy using a Varian 
T60 or a Jeol JNM-PS-100 spectro- 
meter. Optical rotatory measurements 
were performed on a Perkin-Elmer 
Model 141 with sensitivity +0.003 ° 
using chloroform solutions having a 
concentration in the range 0.5-5 g/dl. 
C.d. and u.v. spectra were measured 
for solutions in the range 240--400 nm 
using a Jouan II dichrograph and a 
Cary Model 14 Spectrophotometer. 
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Novel synthesis of 2-vinylanthraquinone 

I n t r o d u c t i o n  

We have recently concentrated some 
attention on the synthesis, characteriza- 
tion and evaluation of various poten- 
tially intrinsically useful polymers. 
One system which appears to offer 
particular promise concerns poly(2- 
vinylanthraquinone). Earlier synthe- 
ses 1'2 of  a vinyl polymer containing 
the anthraquinone system were aimed 
at the production of  materials contain- 
ing redox groups and generally took 
the form of 2-vinylanthraquinone/sty- 
rene/divinylbenzene crosslinked net- 
works. However, in recent years, the 
photochemistry and the stereochemis- 
try of  polymers containing large pendant 
n-systems has gained much interest. N- 
vinylcarbazole deserves particular men- 
tion in this respect 3. Our interest in 2- 
vinylanthraquinone concerns its role as 
an intermediate in the synthesis of  
polymers having both novel and useful 
characteristics including intrinsic 
colour. 

More recent syntheses of  2-vinyl- 
anthraquinone involve the use of  high 
temperatures and catalysts, and require 
that the reacting species be in the 
vapour phase 4,s. Consequently yields 
are irreproducible and the products 
difficult to purify. Using this type of  
procedure Maneck46 has reportedly 
achieved yields of  2-vinylanthraquinone 
of the order of  83%. We have not been 
able to obtain yields at this level and 

the reaction product composition was 
found to be un-reproducible as were 
the final yields. 

Fernandez-Refojo et  al. 7 have de- 
vised an alternative route to 2-vinylan- 
thraquinone which involves synthesis 
of  anthraquinone-2-aldehyde, conversior 
to the 2-acrylic acid derivative which is 
subsequently decarboxylated to the 
vinyl compound (yield 25.7%). 

Here we report details of  an alterna- 
tive, novel and reproducible route to 
2-vinylanthraquinone, which results in 
significantly higher yields of the mono- 
mer, and involves forming the vinyl de- 
rivative from the aldehyde via the 
Wittig reaction. 

The reaction of  anthraquinone-2- 
aldehyde with the ylid, produced from 
methyl-triphenyl phosphonium bro- 
mide and phenyl lithium, did not give 
the corresponding expected 2-vinylan- 
thraquinone but instead gave a stable 
blood-red complex. This was prob- 
ably an ion-pair formed from inter- 
action between the intermediate be- 
taine and lithium bromide which is 
produced in the synthesis of the ylid 8. 
Subsequently the stronger base, potas- 
sium t-butoxide (as a 1 : 1 complex with 
t-butanol in tetrahydrofuran) was em- 
ployed. The reaction gave 2-vinylan- 
thraquinone in high purity and allow- 
ed recovery of  the unreacted aldehyde. 
This was then available for use in sub- 
sequent syntheses, thus ensuring mini- 

mal losses of  important intermediates. 

E x p e r i m  en tal 

For ease of  replication, full experi- 
mental details are presented. 

Reagents .  t-Butanol was distilled 
from fresh sodium. Tetrahydrofuran 
(THF) previously stored over sodium, 
was freshly distilled from lithium alu- 
minium hydride prior to use. Benzene 
was dried over sodium after distilla- 
tion from sodium. With the exception 
of  potassium t-butoxide, which was 
stored in the cold, organic solids were 
dried to constant weight in a vacuum 
oven at 50°C. Nitrogen (oxygen-free) 
was dried by passing through sulphuric 
acid and calcium chloride. 

Synthes is .  A vigorously stirred sus- 
pension of  4.47 g (0.013 5 mol) of  
methyl-triphenyl phosphonium bro- 
mide in 100 ml of benzene under a 
nitrogen atmosphere was treated to 
slow addition of  a THF solution of  
1.66 g (0.0148 mol) potassium t- 
butoxide complexed with 1.03 g 
(0.0148 mol) of  t-butanol. The mix- 
ture was allowed to stand for 3/4 h, 
filtered and the filtrate added drop- 
wise (over 2 h) to a refluxing, stirred 
solution of 3 g (0.135 mol) of  anthra- 
quinone-2-aldehyde in 80 ml of  benzene 
under an atmosphere of nitrogen (the 
aldehyde was prepared, following the 
method of Fernandez-Refojo 7 et  al., 
in 48% yields). The solution volume 
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Novel synthesis of 2-vinylanthraquinone 

I n t r o d u c t i o n  

We have recently concentrated some 
attention on the synthesis, characteriza- 
tion and evaluation of various poten- 
tially intrinsically useful polymers. 
One system which appears to offer 
particular promise concerns poly(2- 
vinylanthraquinone). Earlier synthe- 
ses 1'2 of  a vinyl polymer containing 
the anthraquinone system were aimed 
at the production of  materials contain- 
ing redox groups and generally took 
the form of 2-vinylanthraquinone/sty- 
rene/divinylbenzene crosslinked net- 
works. However, in recent years, the 
photochemistry and the stereochemis- 
try of  polymers containing large pendant 
n-systems has gained much interest. N- 
vinylcarbazole deserves particular men- 
tion in this respect 3. Our interest in 2- 
vinylanthraquinone concerns its role as 
an intermediate in the synthesis of  
polymers having both novel and useful 
characteristics including intrinsic 
colour. 

More recent syntheses of  2-vinyl- 
anthraquinone involve the use of  high 
temperatures and catalysts, and require 
that the reacting species be in the 
vapour phase 4,s. Consequently yields 
are irreproducible and the products 
difficult to purify. Using this type of  
procedure Maneck46 has reportedly 
achieved yields of  2-vinylanthraquinone 
of the order of  83%. We have not been 
able to obtain yields at this level and 

the reaction product composition was 
found to be un-reproducible as were 
the final yields. 

Fernandez-Refojo et  al. 7 have de- 
vised an alternative route to 2-vinylan- 
thraquinone which involves synthesis 
of  anthraquinone-2-aldehyde, conversior 
to the 2-acrylic acid derivative which is 
subsequently decarboxylated to the 
vinyl compound (yield 25.7%). 

Here we report details of  an alterna- 
tive, novel and reproducible route to 
2-vinylanthraquinone, which results in 
significantly higher yields of the mono- 
mer, and involves forming the vinyl de- 
rivative from the aldehyde via the 
Wittig reaction. 

The reaction of  anthraquinone-2- 
aldehyde with the ylid, produced from 
methyl-triphenyl phosphonium bro- 
mide and phenyl lithium, did not give 
the corresponding expected 2-vinylan- 
thraquinone but instead gave a stable 
blood-red complex. This was prob- 
ably an ion-pair formed from inter- 
action between the intermediate be- 
taine and lithium bromide which is 
produced in the synthesis of the ylid 8. 
Subsequently the stronger base, potas- 
sium t-butoxide (as a 1 : 1 complex with 
t-butanol in tetrahydrofuran) was em- 
ployed. The reaction gave 2-vinylan- 
thraquinone in high purity and allow- 
ed recovery of  the unreacted aldehyde. 
This was then available for use in sub- 
sequent syntheses, thus ensuring mini- 

mal losses of  important intermediates. 

E x p e r i m  en tal 

For ease of  replication, full experi- 
mental details are presented. 

Reagents .  t-Butanol was distilled 
from fresh sodium. Tetrahydrofuran 
(THF) previously stored over sodium, 
was freshly distilled from lithium alu- 
minium hydride prior to use. Benzene 
was dried over sodium after distilla- 
tion from sodium. With the exception 
of  potassium t-butoxide, which was 
stored in the cold, organic solids were 
dried to constant weight in a vacuum 
oven at 50°C. Nitrogen (oxygen-free) 
was dried by passing through sulphuric 
acid and calcium chloride. 

Synthes is .  A vigorously stirred sus- 
pension of  4.47 g (0.013 5 mol) of  
methyl-triphenyl phosphonium bro- 
mide in 100 ml of benzene under a 
nitrogen atmosphere was treated to 
slow addition of  a THF solution of  
1.66 g (0.0148 mol) potassium t- 
butoxide complexed with 1.03 g 
(0.0148 mol) of  t-butanol. The mix- 
ture was allowed to stand for 3/4 h, 
filtered and the filtrate added drop- 
wise (over 2 h) to a refluxing, stirred 
solution of 3 g (0.135 mol) of  anthra- 
quinone-2-aldehyde in 80 ml of  benzene 
under an atmosphere of nitrogen (the 
aldehyde was prepared, following the 
method of Fernandez-Refojo 7 et  al., 
in 48% yields). The solution volume 
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was reduced by 50% by distillation and 
the residue allowed to reflux for 1 h. 
By this time the blood-red colour of 
the betaine intermediate had almost 
disappeared. The resulting mixture 
was poured slowly into a 3 fold excess 
of ligroin (60°-80°C) and the preci- 
pitate of triphenyl phosphine oxide 
separated. Residual solvents were re- 
moved and the yellow residue (aldehyde- 
vinyl anthraquinone mixture) partly 
dissolved in benzene/ligroin (3:1). The 
insoluble residue of unreacted aldehyde 
was recovered for recycling. The crude 
2-vinylanthraquinone was purified by 
column elution with 4:1 ligroin/ben- 
zene. Recrystallization from 3:1 ben- 
zene/methanol gave pale yellow need- 
les, melting point 176°-177°C, in 61% 
yield. Such yields have been main- 
tained on repeated preparations. Ana- 
lysis calculated for C16H1002: C, 
82.05; H, 4.30. Found: C, 82.08; H, 
4.50. The infra-red spectrum was 
found to be identical with the product 

of the method of Maneck41'2. 
In forming vinyl compounds from 

aldehydes using the Wittig reaction the 
more customary addition of the alde- 
hyde had to be reversed in order to re- 
duce reaction at the 9,10-quinone posi- 
tions. Any reaction in the 9,10-qui- 
none positions of the anthraquinone 
nucleus gives 9,10-dimethylanthracene 
derivatives as highly fluorescent and 
unwanted side-products. It is the pro- 
duction of vinyl compounds, from a 
precursor containing both aldehyde 
and ketonic groups, by making use of 
the greater reactivity of the aldehyde 
group, which gives this preparation its 
originality, within the present context 
and creates a route for the production 
of many similar compounds. 

Work is at present being carried out 
by one of us (A. J. G.) concerning the 
7-ray, thermal, chemical and ionic 
routes to polymers based on vinylan- 
thraquinones and their derivatives. Our 
immediate interest lies in the photo- 

chemical, thermal and stereochemical 
properties of the monomers and resul- 
tant polymers. 
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Ultra-high modulus po lye thy lene  by  high tempera ture  drawing 

In this note we wish to report some 
remarkable new results obtained rec- 
ently during an investigation now in 
progress on the high temperature draw- 
ing of linear polyethylene (LPE). This 
study forms a natural extension of our 
previous work on the preparation and 
properties of ultra-high modulus orien- 
ted polymers *-s. It also attempts to 
re-examine, in the light of results for 
different drawing conditions, the con- 
clusions of recent investigations ~-4'6 
on the inter-relation between molecu- 
lar parameters and processing condi- 
tions for LPE drawn at 75°C. In par- 
ticular, our proposal 2~ that the draw- 
ing behaviour of a semi-crystalline 
polymer may be interpreted in terms 
of a network structure having crystal- 
line domains and molecular entangle- 
ments as junction points - hence the 
vital role played by the non-crystalline 
material - can receive further support 
or be disproved by the temperature 
dependence of the drawing process. 

We report here results for two 
grades of LPE: H020-54P (BP Chemi- 
cals International, ~t w = 312 000, 
~t n = 33 000) and Hostalen GUR (Far- 
bwerke Hoechst AG, -~w ~ 3 500 000). 
Isotropic samples were produced by 
compression moulding at 160°C and 
either slow cooling to 110°C and 
quenching into water at room tem- 

perature (160/110/W) or quenching 
directly into water (160/W), as des- 
cribed previously *'~. Dumb-bell speci- 
mens of 2 cm gauge length were then 
drawn in air at different temperatures 
in an Instron Tensile Testing Machine 
using a crosshead speed of 10 cm/min. 

The results of these drawing experi. 
ments were remarkable in two respects. 
First, it was found that effective draw- 
ing (drawing which produces ultra-high 
modulus material) can be achieved at 
temperatures very close or apparently 
even above the crystalline melting 
point of the polymer, provided that 
appropriately high molecular weight 
polymer is used. Secondly, the ultra- 
high modulus materials produced at 
high drawing temperatures can exhibit 
properties and structural features which 
are significantly different from those 
found in products from drawing at 
75°C. 

In Figure I the variation of the 
draw ratio k in the plastically deform- 
ed region with draw time (td) is shown 
for samples drawn at 115 ° and 75°C, 
the results for 75°C being obtained in 
a previous investigation 6. Despite 
some scatter in the present results, 
there does not appear from these data 
to be any difference in kind between 
drawing at 115°C and drawing at 75°C. 
The increased draw temperature does 
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Figure I Local draw ratio (A) as a function 
of time of draw (t d) for sample HO20-54P. 
T d = 115°C: O, 160/W; O, 1601110/W. 
T d = 75°C: . . . .  ,160/W; - - ,  160/110/W 

however result in an extension of the 
curve obtained for 75°C, allowing the 
production of much higher draw ratios 
before failure occurs. 

When the properties of the drawn 
materials are examined, the results are 
more unusual. The 10 sec isochronal 
stress-strain curve (see Figure 2) for a 
sample of draw ratio 34 confirms that 
very high Young's moduli are still ob- 
tained from high temperature drawing. 
Although the value of 47.5 GN/m 2 at 
a strain of 10 -3 is marginally lower 
than that for low molecular weight 
LPE drawn at 75°C, these high mole- 
cular weight drawn materials show 
much superior long term creep pro- 
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was reduced by 50% by distillation and 
the residue allowed to reflux for 1 h. 
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2-vinylanthraquinone was purified by 
column elution with 4:1 ligroin/ben- 
zene. Recrystallization from 3:1 ben- 
zene/methanol gave pale yellow need- 
les, melting point 176°-177°C, in 61% 
yield. Such yields have been main- 
tained on repeated preparations. Ana- 
lysis calculated for C16H1002: C, 
82.05; H, 4.30. Found: C, 82.08; H, 
4.50. The infra-red spectrum was 
found to be identical with the product 

of the method of Maneck41'2. 
In forming vinyl compounds from 

aldehydes using the Wittig reaction the 
more customary addition of the alde- 
hyde had to be reversed in order to re- 
duce reaction at the 9,10-quinone posi- 
tions. Any reaction in the 9,10-qui- 
none positions of the anthraquinone 
nucleus gives 9,10-dimethylanthracene 
derivatives as highly fluorescent and 
unwanted side-products. It is the pro- 
duction of vinyl compounds, from a 
precursor containing both aldehyde 
and ketonic groups, by making use of 
the greater reactivity of the aldehyde 
group, which gives this preparation its 
originality, within the present context 
and creates a route for the production 
of many similar compounds. 

Work is at present being carried out 
by one of us (A. J. G.) concerning the 
7-ray, thermal, chemical and ionic 
routes to polymers based on vinylan- 
thraquinones and their derivatives. Our 
immediate interest lies in the photo- 

chemical, thermal and stereochemical 
properties of the monomers and resul- 
tant polymers. 
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In this note we wish to report some 
remarkable new results obtained rec- 
ently during an investigation now in 
progress on the high temperature draw- 
ing of linear polyethylene (LPE). This 
study forms a natural extension of our 
previous work on the preparation and 
properties of ultra-high modulus orien- 
ted polymers *-s. It also attempts to 
re-examine, in the light of results for 
different drawing conditions, the con- 
clusions of recent investigations ~-4'6 
on the inter-relation between molecu- 
lar parameters and processing condi- 
tions for LPE drawn at 75°C. In par- 
ticular, our proposal 2~ that the draw- 
ing behaviour of a semi-crystalline 
polymer may be interpreted in terms 
of a network structure having crystal- 
line domains and molecular entangle- 
ments as junction points - hence the 
vital role played by the non-crystalline 
material - can receive further support 
or be disproved by the temperature 
dependence of the drawing process. 

We report here results for two 
grades of LPE: H020-54P (BP Chemi- 
cals International, ~t w = 312 000, 
~t n = 33 000) and Hostalen GUR (Far- 
bwerke Hoechst AG, -~w ~ 3 500 000). 
Isotropic samples were produced by 
compression moulding at 160°C and 
either slow cooling to 110°C and 
quenching into water at room tem- 

perature (160/110/W) or quenching 
directly into water (160/W), as des- 
cribed previously *'~. Dumb-bell speci- 
mens of 2 cm gauge length were then 
drawn in air at different temperatures 
in an Instron Tensile Testing Machine 
using a crosshead speed of 10 cm/min. 

The results of these drawing experi. 
ments were remarkable in two respects. 
First, it was found that effective draw- 
ing (drawing which produces ultra-high 
modulus material) can be achieved at 
temperatures very close or apparently 
even above the crystalline melting 
point of the polymer, provided that 
appropriately high molecular weight 
polymer is used. Secondly, the ultra- 
high modulus materials produced at 
high drawing temperatures can exhibit 
properties and structural features which 
are significantly different from those 
found in products from drawing at 
75°C. 

In Figure I the variation of the 
draw ratio k in the plastically deform- 
ed region with draw time (td) is shown 
for samples drawn at 115 ° and 75°C, 
the results for 75°C being obtained in 
a previous investigation 6. Despite 
some scatter in the present results, 
there does not appear from these data 
to be any difference in kind between 
drawing at 115°C and drawing at 75°C. 
The increased draw temperature does 
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T d = 115°C: O, 160/W; O, 1601110/W. 
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however result in an extension of the 
curve obtained for 75°C, allowing the 
production of much higher draw ratios 
before failure occurs. 

When the properties of the drawn 
materials are examined, the results are 
more unusual. The 10 sec isochronal 
stress-strain curve (see Figure 2) for a 
sample of draw ratio 34 confirms that 
very high Young's moduli are still ob- 
tained from high temperature drawing. 
Although the value of 47.5 GN/m 2 at 
a strain of 10 -3 is marginally lower 
than that for low molecular weight 
LPE drawn at 75°C, these high mole- 
cular weight drawn materials show 
much superior long term creep pro- 
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Figure 2 Room temperature 10 sac iso- 
chronal stress--strain curves for highly 
drawn samples of (A) H020-54P,  ~ = 34,  
T d = 115°C;  (B) Hostalen G U R ,  h = 17,  
T d = 135°C  
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perties 7. These materials are more 
elastic in their behaviour, and this 
more than outweighs the slightly low- 
er level of initial modulus. 

The ultra-high molecular weight 
Hostalen GUR could not be drawn to 
high X at 115°C. In order to achieve 
high draw ratios and explore fully the 
temperature boundaries for effective 
drawing, the deformation was there- 
fore performed at an air temperature 
of 135°C i.e. above the melting point 
of isotropic material. Under these 
conditions the samples could be drawn 
to X = 17 and the drawn materials ex- 
hibited interesting and novel proper- 
ties. Previously, the draw ratios of 
this polymer appeared to be limited 
to about 4 with little or no increase in 
stiffness over isotropic material. 
Figure 2 shows that a value of 7 GN/ 
m 2 is obtained for the Young's modu- 
lus, and that the stress-strain curve is 
remarkably linear. 

The melting behaviour of these 
samples reveals very interesting struc- 
tural differences with the lower mole- 
cular weight materials drawn at lower 
temperatures. The d.s.c, traces for 
both samples are shown in Figure 3. 
An unprecedentedly high melting 
temperature for drawn LPE of 141.5°C 
is recorded for the H020-54P grade, 
indicating the extremely high degree 
of order and continuity of the crystal- 
line phase. On the other hand, the 
drawn Hostalen GUR shows a double 
peak with the higher Tm at 139.5°C. 
Wide-angle X-ray diffraction patterns 

for these samples throw light on these 
differences. That for a drawn samples 
of the H020-54P grade, shown in 
Figure 4a, indicates a sharpness for 
the reflections similar to that obtained 
previously for ultra-high modulus 
materials drawn at Tel = 75°C- The 
photograph for the Hostalen GUR 
samples is, however, remarkable in 
showing indications of poorly oriented 
material in addition to the sharp reflec- 
tions which can be attributed to highly 
oriented crystalline material (Figure 
4b). A possible explanation of the 
d.s.c, and X-ray diffraction data is that 
the high temperature peak and the 
sharp X-ray reflections arise from mat- 
erial crystallized under stress while 
the low temperature peak (Hostalen 
GUR) corresponds to poorly oriented 
material which crystallizes on cooling 
down to room temperature. 

These results show that the pre- 
paration of ultra-high modulus LPE 
can be successfully extended to higher 
molecular weight polymers provided 
that drawing is carried out at high tem- 
peratures. For high molecular weight 
polymers the initial thermal treatment 
does not appear to influence the draw- 
ing process (Figure 1). We have sug- 
gested 2,s that this is because the high 
molecular weight material now plays a 
decisive role in the network structure 
which undergoes deformation in the 
drawing process. This idea receives con- 
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Figure 3 D.s.c. melting curves for highly 
drawn samples of (a) H020-54P, T d = 115°C; 
X = 25; (b) Holstalen GUR, 7=d = 135°C; 
h = 1 7 .  
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Figure 4 Wide-angle X-ray d i f f rac t ion pat- 
terns for  a sample of  (a) H020-54P drawn to 
X = 25 and (b) a sample of Hostalen GUR 
drawn to k = 17 

firmation from the present results. It 
is clear that drawing can be carried out 
even at temperatures close to or appa- 
rently above the crystalline melting 
point, provided that the molecular en- 
tanglements of high molecular weight 
material are available to guarantee con- 
tinuity for the network structure. 
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Department of Physics, 
University of Leeds, 
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On the field dependent photoconduction in poly(N-vinylcarbazole) 

The photogeneration of carriers and 
their transport in poly(N-vinylcarba- 
zole) (PNVC) has been the subject of 
many investigations 1-6. The photo- 
conduction in PNVC is the result of a 
field enhanced carrier generation, ex- 
plained on the basis of 'geminate re- 
combination '3 of the electron-hole 
pairs produced and a field assisted 
drift mobility arising from the hopping 
mechanism 2 of the photogenerated 
holes. In the case of positive electrode 
illumination with strongly absorbed 
light (350 nm), the I - V characteris- 
tics of PNVC (in a sandwich-cell config- 
uration) is found to be linear for low 
values of V, but becomes superlinear 
(with a slope 2 in the double log plot) 
at higher values s (~15 kV/cm). The: 
origin of the superlinearity has been 
attributed to the following reason. 

During their transit across the film 
towards the negative electrode, the 
photogenerated holes undergo repeat- 
ed trapping and release from shallow 
and intermediate traps, whereas those 
trapped in deep levels remain bound 
to the trapping site. Since the trapping 
probability is proportional to the pro- 
duct of the number of unoccupied 
trapping sites and the number of free 
holes available, the field assisted car- 
rier generation results in increased trap- 
ping at higher fields. As more and more 
traps become occupied, the trapping 
probability decreases, thereby increas- 
ing the number of holes available for 
conduction. The 'knee-point' in the 
I - V plots should therefore corres- 
pond to the onset of trap-filling. Since 
only intermediate and deep traps are 
responsible for the above phenomenon 
(shallow traps being in thermal equili- 
brium with the valence band), the argu- 
ment appears to be feasible in the case 
of PNVC, where the density of deep 
traps have been estimated to be very 
small 6 (~1012/cm3). 

The purpose of the present note is to 
examine the validity of the above argu- 
ment, which suggests that the photo- 
electret charge (Q), obtained by the 
time integration of the dark depolariza- 
tion current 7 (idd), should increase ini- 
tially and approach a saturation value 
near the voltage corresponding to the 
knee-point in the 1 - V plot. 

The photoconduction and photo- 
electret measurements were carried out 
at room temperature (30°C) in a sand- 
wich structure (A1-PNVC-NESA), 
fabricated by vacuum depositing A1 

onto a PNVC layer (100/am) cast on 
the NESA glass substrate. The sample 
was illuminated from the NESA side 
using a 125 W u.v. lamp, by keeping 
the NESA electrode positive. The 
values of photocurrents observed at 
different times after the commence- 
ment of the photopolarization are 
given in Figure I along with the level 
of dark currents observed at the end 
of 5 min dark polarization. It is seen 
that the onset of non-linearity (knee- 

10 -20 

point) shifts towards lower voltage as 
the polarizing time increases. Figure 2 
shows the idd values observed at diffe- 
rent times and the photoelectret 
charge Q (Q = o f"  idddt) for the diffe- 
rent polarizing voltages. The values of 
idd and Q are found to exhibit a maxi- 
mum for V = 800 V, which roughly 
corresponds to the knee-point in the 
1 - V plot. The broken lines in 
Figure 2 show that an expression 
idd(t ) ~ t-1 is valid for the idd decay 
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Figure 2 Dark depolarization currents (idd) observed after an interval of A, 5 sec; B, 45 
sec; C, 3 rain for different polarizing voltage (V) and the PE charge (Q) obtained by Q = 
of  ~ idddt. 1, 2 and 3 represent typical decay curves for the idd, for V = 400 V, 800 V and 
1500 V respectively 

with time on both sides of  the maxi- 
mum. 

The photoelectret  charge observed 
in the case of  organic and inorganic 
semiconductors usually shows an ini- 
tial increase with voltage, followed by 
a saturation 8 though in the case of  
anthracene, the Q - V plots (corres- 
ponding to the idd - V plots) exhibited 
a maximum 9. The observation of  this 
maximum in the case of  anthracene has 
been explained on the basis of  homo- 
charge formation at higher fields due 
to air breakdown in the sample-e lec-  
trode interface, since the occurrence 
of  a maximum was absent when an 
insulating spacer was introduced in 
this interface 9. This possibility has to 
be ruled out in the present case, as 
there is no gap between the sample 
and the NESA or A1 electrodes. 

However, an explanation based on 
a field assisted detrapping seems to be 
plausible because of  the correspon- 
dence between the knee-point in the 

I - V plot  and the maximum in the 
Q - V plot. In materials such as 
PNVC, characterized by a charge 
transport  limited by the release from 
localized (trapping) states, where this 
release also is highly field dependent,  
it is possible that a charge could be 
trapped at a given state, when the 
next state is inaccessible at a particu- 
lar field. However, for a higher applied 
field, the same state may not act as a 
trap due to a field enhanced release 
probabil i ty.  This has been proved by 
' thermally stimulated current '  (TSC) 
experiments in PNVC 2, which has 
shown that the TSC peak shift towards 
lower temperature as the polarizing 
field is increased, indicating the de- 
creased contribution to the total 
charge from the deeper traps at elevated 
fields. 

Since trapping centres at consider- 
able depth are either very few or ab- 
sent in the case of  PNVC, as concluded 
from the ' t ime of  flight '6 and photoel- 
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ectret 1° experiments,  it can be assumed 
that a field as low as 10 kV/cm is able 
to influence even the deepest trapping 
sites with a meaningful abundance. It 
should be noted that such a case can- 
not arise in materials with an appre- 
ciable density of  deep-lying traps, as 
the applied fields cannot influence 
such deeper levels, thereby explaining 
the absence of  a maximum in the 
Q - V plots of  ordinary photoelectret  
materials. 

From the present results on the 
photocondu~tivity in PNVC, it can 
therefore be concluded that the super- 
linearity in the I - V plots is not only 
a consequence of  a field enhanced car- 
rier generation and a field assisted hop- 
ping transport,  but  also is due to a sig- 
nificant contribution from the field 
assisted release from the trapping cen- 
tres. Further work on the spectral, 
temperature and illumination intensity 
dependence of  the Q - V characteris- 
tics is in progress. 
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Book Reviews 

Block and Graft Copolymerization Volume 2 
Edited by R. J. Ceresa 
Wiley, London, 1976, 402pp £16.50 

Over seventy per cent of the text of this book is devoted to the 
synthesis, properties and applications of block copolymer polycol 
surfactants by L. G. Lundsted and I. R. Schmolka. These block 
copolymers based on poly(ethylene oxide) were first produced in 
1950 and have been marketed since then by the Wyandotte 
Chemical Corporation under the trade names of Pluronics and 
Tetronics. From the references to patents and publications, both 
authors have been actively involved in the development of polyoll 
surfactants at Wyandotte. Lunsted was one of the authors of the 
paper on the synthesis of ABA poly(ethylene oxide-b-propylene 
oxide) in 1951. 

Chapter one on preparation and properties covers similar 
ground to a review by Schmolka published in 1967 on the nonionic 
surfactant properties of poly(alkylene oxide) block copolymers. 
More details on block copolymer synthesis have been included in 
the present book. Chapter two describes the applications of block 
copolymer surfactants under twenty seven headings. The applica- 
tions are very wide-ranging. The uses of these surfactants appear 
to be continually expanding; over a quarter of the references are to 
papers and patents published from 1970 onwards. Polymer chem- 
ists will be particularly interested in the sections on emulsion 
polymerization, paint, plastics and polymers, polyurethanes, rub- 
ber and textiles. These two chapters illustrate that block and graft 
copolymers often have valuable interfacial properties, the study 
of which has received less attention than the use of these copoly: 
mers as thermoplastic elastomers and impact modifiers. 

The remainder of the book is concerned with poly(vinyl chlo- 
ride). In chapter three the editor reviews the synthesis of block 
and graft copolymers..In his preface he apologizes for any major 
omissions in this chapter which is concerned mainly with chemical 

Conference Announcement 

The Science and Technology of 
Water Soluble Polymers 

UWIST, Cardiff, 21-23 September 1976 

A group representing various societies are holding a 
symposium on The Science and Technology of Water 
Soluble Polymers at UWlST Cardiff on the 21,22 
and 23 September 1976. The symposium is intended 
as an international meeting point for academic and 
industrial scientists interested in water soluble poly- 
mers. Some 20 papers will be presented which will 
include communications from Czechoslovakia, 
Switzerland, Norway, USA, Hungary, Belgium, 
France, Britain and Ireland. The topics covered 
include fundamental science and applications in the 
food, cosmetics, polymers, textiles, medical, pharma- 
ceutical and photographic fields. Full programmes 
and application forms are available from The Short 
Courses Secretary, Planning Section, UWlST, King 
Edward VII Avenue, Cardiff CF1 3NU, UK. 

and irradiation grafting procedures, either by a monomer to a 
poly(vinyl chloride) backbone or by vinyl chloride to another 
polymeric backbone. Thus the work of J. P. Kennedy on cationic 
grafting is only briefly mentioned and references to his work pub- 
lished during the last three years are not included. The text is less 
than forty pages long and almost ninety per cent of the literature 
cited was published before 1970. 

In chapter four on the properties and applications of graft 
copolymers of poly(vinyl chloride) by D. Hardt, less than six per 
cent of the references were published from 1970 onwards. Con- 
sequently, the recent developments in microphase separation in 
block and graft copolymers and their importance in poly(vinyl 
chloride) systems are not discussed in detail. 

In summary, the first two chapters give a very comprehensive 
and authoritative review of poly(alkylene oxide) block and graft 
copolymers. The book should be bought by libraries serving poly- 
mer chemists and those interested in polymers at interfaces in 
colloidal systems. Workers concerned only with poly(vinyl chlo- 
ride) obtain poor value, because of the high price, £16.50 for 130 
pages, and because recent developments are not reviewed owing to 
the delay in publication. A list of 60 references published from 
1971 onwards is included in an addendum. 

J. K Dawkins 

Photodegradation, Photo-oxidation and Photo- 
stabilization of Polymers 
B. Ranby and J. F. Rabek 
Wiley, London, 1975, 573 pp. £16.50 

Polymer chemists and technologists have for long been preoccupied 
by the deteriorative effects of light on their products. This interest 
has diversified in various directions over the years to include mech- 
anisms of photolysis and photo-oxidation, photosensitization and 
photostabilization. In the meantime, rapid advances have been 
made in understanding the fundamental principles of photochemi- 
cal and photophysical processes in materials generally. 

This book, which is intended for experimental investigators in 
polymer chemistry, begins by explaining clearly and concisely the 
general fundamental principles of photochemistry and of the me- 
chanism and kinetics of photodegradation and photooxidation. 
There follows a long chapter (134 pages) in which the specific re- 
actions of a large variety of polymers are described in detail. A 
good deal of space is also devoted to photosensitized reactions of 
polymers, the stabilization of polymers to ultra-violet light and prac- 
tical methods in the photochemistry of polymers. Interspersed 
with these longer chapters the overall picture is completed by 
shorter treatments of such diverse topics as singlet oxygen mecha- 
nism of polymer photo-oxidation, energy transfer in polymers, 
photochemistry of polymers in reactive gases (ozone, sulphur di- 
oxide, nitrogen dioxide and chlorine), the role of photodegradable 
polymers in the packaging industry and finally weatherability of 
plastics materials. 

The reviewer would confirm the authors' belief that this is the 
first monograph in which the fundamental photochemical reactions 
involved in the photodegradation of polymers has been thoroughly 
discussed. They have admirably succeeded in producing a compre- 
hensive and critical yet easily readable account of the subject and 
the textual material is supported by a very complete bibliography 
of 2334 references for those who may require further information 
on a specific topic. 

Scientists with any interest in photoreactions of polymers will 
wish to and will also find this volume very easy to read from cover 
to cover. Those more intimately concerned with research and 
development will find it a valuable source of information and a 
useful catalyst for the development of new approaches to their 
subject. 

N. Grassie 

Typeset by Mid-County Press, London SW19 
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Electro-optic Kerr birefringence of 
polystyrenes in dilute solutions 
J. V. Champion, G. H. Meeten and G. W. Southwell 
Department of Physics, Sir John Cass School of Science and Technology, City of London Poly- 
technic, London EC3N 2EY, UK 
(Received 13 February 1976," revised 19 March 1976) 

The electro-optic Kerr effect has been measured for styrene and several high molecular weight poly- 
styrenes in dilute solution in carbon tetrachloride. The results for styrene clearly show free rotation 
of the phenyl group. The results for polystyrene are in accord with the predictions of the Stuart and 
Peterlin independently orientating segment theory, and also in agreement with the results to be ex- 
pected from currently available estimates of the segmental anisotropy provided that the segmental 
dipole is orthogonal to the segmental end-to-end distance. 

INTRODUCTION 

Two models have been used to describe the electro-optic 
Kerr effect in flexible polymer chains. One of these des- 
cribes the chain as a sequence of dipolar and anisotropically 
polarizable chemical bonds and enables calculation of the 
appropriate averages of optical polarizability anisotropy 
from the conformation and orientation of the chain in an 
applied strong field. The other describes the chain as a se- 
quence of freely jointed segments having segmental dipol- 
arity and polarizability anisotropy. These segments be- 
have as independently orientating units in the applied 
strong field. The former model is exemplified by the cal- 
culations of Kluk ~, Volkenstein 2, Dows 3, and Nagai 4 who 
express the Kerr constant in terms of clearly defined bond 
parameters, i.e. the number of bonds and their polarizability 
tensors, dipole moments, bond angles and energies of rota- 
tional isomerism. They assume the validity of the bond 
polarizability tensor additivity scheme and the vectorial 
addition of bond dipole moments. Both assumptions may 
be questioned even as first order approximations but the 
model is applicable to chains of any length. 

The segmental model of Stuart and Peterlin s does not 
express the Kerr constant in terms of clearly defined bond 
parameters but employs segmental polarizability aniso- 
tropies and dipole moments, these being a conformational 
average of bond anisotropies and moments over a small 
number of bonds in a sequence. The model is only cap- 
able of describing chains having a sufficiently large num- 
ber of monomer units to analyse statistically, but is not 
dependent on the assumptions of additivity of bond polar- 
izability tensors and bond dipole moments. Segmental 
anisotropies are also derivable from flow birefringence, 
strain-optical birefringence and depolarized Rayleigh light 
scattering experiments. They provide useful knowledge 
about the conformational flexibility of the chain in a given 
solvent. Segmental dipole moments are of similar use. It 
will be shown that the Kerr constant of a dipolar polymer 
interpreted with the Stuart-Peterlin theory relates the seg- 
mental dipole vector to the axes of the segmental polariz- 
ability tensor. 

Le Fevre et al. 6 have made Kerr effect measurements of 
styrene and polystyrene in carbon tetrachloride solution. 
They found the specific Kerr constant to show a consider- 
able molecular weight dependence in the molecular weight 

range 900 to 250 000, and interpreted their data in terms 
of the re-orientation of the whole polymer chain behaving 
as a rigid unit under the influence of the applied electric 
field. This interpretation has subsequently been criticized 
by Dows s who showed theoretically that the specific Kerr 
constant is related to the properties of a segment rather 
than the whole chain. 

Since the molecular weight dependence of specific Kerr 
constants as found by Le Fevre indicates that the polymer 
chains are too short to be considered as being composed of 
a large number of segments, the aim of this work was to 
repeat the Le Fevre measurements using higher molecular 
weight polystyrenes, where an interpretation of results in 
terms of segmental properties should be valid. 

EXPERIMENTAL 

Material 
Samples of polystyrene were used with weight-average 

molecular weights Mw = 1, 2.1, 2.8, 8.8 and 35 x 105. 
The first three were obtained from Monsanto, Shell and 
BDH Ltd, the last two were made by the slow room tem- 
perature polymerization of styrene using benzoyl peroxide 
as a catalyst. The samples were all polydisperse with 
Mw/Mn ~ 2, as shown by g.p.c, measurements. Mw was 
determined by the techniques of light scattering and dilu- 
tion viscometry. The solvent used for all samples was Analar 
grade carbon tetrachloride (Hopkin and Williams). The 
styrene was supplied by Hopkin and Williams as styrene 
monomer stabilized by about 0.001% p-t-butyl catechol. 
This was regarded as a negligible impurity as contributing 
to the measured Kerr effect. 

Procedure 
The apparatus and procedure have been described pre- 

viously 7'8. Measurements were made at ~25°C. All solu- 
tions were filtered before use with Millipore glass fibre pre- 
filters. For all solutions the birefringence 2xn was propor- 
tional to the square of the applied field E, a least squares 
fit of Air to E 2 giving the solution Kerr constant B = 
Lxn/kE 2, X being 546 nm for the light used in all measure- 
ments. B was measured for several concentrations of poly- 
styrene less than 100 kg/m 3, the excess Kerr constant over 
the solvent, B B1, being proportional to the polystyrene 
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Figure I Variation of Kerr constant B with solution concentration 
c2 of polystyrene, M w = 1 X 10 s 

concentration c2 within experimental error. A least squares 
fit ofB - B1 to c2 then gave the specific incremental Kerr 
constant dB/dc2. Figure 1 shows a typical plot of B versus 
c2. Measurements of the specific incremental relative per- 
mittivity de/dc2 at low concentrations were made using a 
Wayne-Kerr B221A bridge and a temperature controlled 
capacitor. Specific refractive index increments dn/dc2 were 
measured using a precision Abb~ refractometer. 

Results 

Table 1 shows values of dB/dc2 with weight-average 
molecular weight. Values of de/de2 and dn/de2 of 0.4 × 
10 -3 m3/kg and 0.15 × 10 -3 m3/kg were found for all 
polystyrene solutions, de/dc2 being calculated from dn/dc2 
as described previously 7. For styrene, values of de/de2 = 
0.235 x 10-3m3/kg and dn/de2 = 0.118 m3/kg were 
obtained. 

Systematic errors in dB[dc 2 arising from errors in the 
applied strong field (up to 107 V/n0 and Kerr cell geo- 
metry amounted to about +2%. Random errors in dB/de 2 
measurements were about 10%, including errors in the con- 
centration, the optical compensation and in observation. 

THEORY AND DISCUSSION 

Theory 
The Kerr constant of the solute is defined as B~ = 

An2/kE 2 where An 2 is that part of the electrically induced 
solution birefringence arising from the solute when a field 
of E is applied to the solution. The specific Kerr constant 
is then given in SI units by9: 

- - -  ( O ~ + O u )  (1) 
e2 neoXM2 

where 

45kTOa = (Otxx -- Otyy) 2 + (Otyy - Otzz) 2 + (azz - axx) 2 

+ 6~2y + 6a2z + 6a2 x 

and 

4 5k 2 T20 u = ( , 2  _ , 2 )  (OLx x _ Otyy)  + 0.12 - ,2z ) (Otyy - Otzz ) 

+ ( .2 _ ..2) (azz - axx) + 6axyUx"y + 6 a y z . y . z  

+ 6 a z x , z , x  

In equation (1), M2 is the molecular weight of the solute, 
0,~ is the term describing molecular re-orientation due to 
the interaction between the molecular polarizability tensor 
components ai/and the applied field. 0 u is the dipole term 
describing molecular re-orientation due to the interaction 
between the molecular dipole components "i and the ap- 
plied field. In correspondence with recent work, (Vuks 1°, 
Zamkov 11, Kuball et al. 12-a4, G6b et aL ~s, and Proutiere 
et al. 16) the factor [(e + 2)/3] is of the first power rather 
than the second as was originally used for solutions and 
liquids by many workers. This change results from distin- 
guishing between the internal polarizing field and the field 
responsible for the orientational couple acting on a mole- 
cule. When the solvent specific Kerr constant cannot be 
neglected with respect to the solute and it may be assumed 
that solute-solute interactions are absent at low concentra- 
tions, then the solution birefringence is the sum of the com- 
ponent birefringences weighted according to their respec- 
tive number densities. It follows that: 

B~ dB 3B 1 de B1 (3n 2 - 2~ 

c2 dc2 (et +2) de2 nl ~n 2 ~  ---~] 

dn 
- -  + B I ~  2 (2) 
dc2 

where the differentials are all limiting values as c 2 ~ 0. v-2 
is the solute partial specific volume given by 1/Cl [1 - 
(dc/dc2)] . Values of B{/c2 are shown in Table 1. 

Styrene 
For styrene, the experimental results will be used to 

determine the mutual orientation of the C=C bond and the 
phenyl ring. This mutual orientation is described by the 
orthogonal torsional angle 0 between the normal N to the 
ring and the plane containing the C=C bond and the ring 
axis of rotation, as described by Figure 2. The axis of rota- 
tion of the ring makes an angle 0(<90 °) to the x axis. The 
bond polarizability tensor additivity scheme gives the mole- 
cular tensor components ai! in terms of the tensor compo- 
nents of the constituent bonds or groups. The anisotropy 
AodK of a JK bond is the difference between the tensor 
components parallel and perpendicular to the length of the 
bond. All bonds have diagonal polarizability tensors for 
axes parallel and perpendicular to the bond length. Polar- 

Table 1 Experimental values of dB/dc2 and B~lc2 

(dB/dc2) X 1018 (B~/c2) X 1018 
Solute M w (V - 2  m 4 kg -1 )  (V - 2  m 4 kg -1 )  

Styrene 104.1 13.4 14.2 
Polystyrene 1 x 10 s 9.0 9.7 
Polystyrene 2.1 x 10 s 9.3 10.0 
Polystyrene 2.8 x 10 s 7.1 7.7 
Polystyrene 8.8 x 10 s 8.8 9.5 
Polystyrene 35 x 10 s 7.9 8.6 
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Figure 2 Styrene: the x axis lies parallel to the C=C bond and the 
z axis normal to the xy plane containing the C=C bond, the ring ro- 
tat ion axis and the CH bonds. The ring or ientat ion is described by 
the torsional angle q5 between the ring normal N and the xy plane 

izability symmetry around the bond length axis is assumed 
for all bonds and for the phenyl ring, where N is the sym- 
metry axis polarizabili ty and Aab  is the ring anisotropy. 
These assumptions give: 

axx  - ay), = X - Y + [(N - M) cos 24) - (N - L)] cos 20 

ayy - azz = Y - Z + (N  - L )  cos 2 0 + (M - N) x 

(1 + cos20) cos2~ + (L -- M) 

O~zz - O~xx = Z - X - (M - N )  (2 - cos 20) cos 2 q~ 

+ ( N  - L ) cos2 0 + ( M - N )  

axy = ( N  - L )  sin 0 cos 0 + (M - N) sin 0 cos 0 cos 2 

ay z = ( N  - M )  cos 0 cos 4) sin 

and 

4 5 k 2 T 2 0 u = l a 2 [ ( X  - Y ) ( 3 c o s 2 0 -  1 ) + ( Y  Z) 

+ (I. - M )  + (L - A0] (5)  

Values o f A a  b = --6.67, b a  cH = 0.33, ZXa CC = 1.58, 
2xe C=C = 3.34 x 10 -40 C2m2/J for X = 0.546 nm have been 
obtained from depolarized light scattering measurements on 
liquids and solutions Iv. Values ~ = 1.17 and 1.24 x 10 .30  
C m have been given 6'18 for styrene dissolved in carbon 
tetrachloride. Graphs o f  B { / c 2  versus the phenyl ring rota- 
tion angle q5 are shown in Figure 3 for various values o f #  
and the =C~emi-dihedral  angle 0, calculated from equations 
(1), (3) and (4). The experimental value for styrene of 
B ~ / c  2 = 14.2 x 10 -18 V - 2  m 3 kg -1 indicates ~b ~ 45 ° . A 
probable explanation of this result is that cos 2 ~ = 0.5 
which indicates free rotation of the phenyl ring relative to 
the rest of  the styrene molecule. 

P o l y s t y r e n e  

Figure  4 shows B~/c2  plot ted with Mw 1. The near- 
independence o f  B { / e 2  with molecular weight shows that 
the segmental values of  0~ and 0 u are also molecular weight 
independent.  This is a just if ication of  the basic assumption 
in the Stuart  and Peterlin theory of  a large number of  orien- 
tationally independent segments per polymer chain. Small 
tacticity deviations from atactic could explain the slight 
molecular weight dependence o f  B~/c2 ,  as iso- and syndio- 
tactic chains possess markedly different optical 
anisotropies 19. 

The expression given by Stuart and Peterlin s in their 
theory of  the Kerr effect for flexible polymers may be 
derived from equation (1) where 0a and 0 u refer to segmen- 
tal properties. They assumed the segment to be a polariz- 
ability ellipsoid of  revolution about its end-to-end distance 

azx = ( N  - M )  sin 0 cos q~ sin q~ 20 

where 

X Y = Aa c=C -- 4Aa  cH (1 -- 2 cos 20) 

Y - Z = 4Ac~ CH sin 2 0 15 

Z - X = --Ac~ C=C -- 4Aa  CH cos 2 0 

L - M = Ac~ CC - 2Aa CH "~ 
E 

~> ic  
M N = - - A a b  _~ 

O 
N - L = Aab -- AaCC + AaCH (3) 

The dipole moment /1  is assumed to lie parallel to the axis 
of rotation of the phenyl ring so that: 5 

#x = gt cos 0, ~), = -/1 sin 0,/a z = 0 (4) 

The functions 0a and 0 u in equation (1) are then given by: 

4 5 k T O e , = ( L - M + Y  Z) 2 + ( M - N + Z - X )  2 

+ (N - L + X - y)2 _ 6(M - N) (X - Y) cos 20 cos 20 

- 6 ( M  - N )  ( Z  - X )  c o s  24) - 6 ( N  - L )  ( X  - Y)  c o s  2 0  

_ _ 1 _  2 I I I l I L I 

0 4 0  6 0  8 0  

¢ (degrees) 

Figure 3 Solute specific Kerr constant versus torsional angle q~ of 
phenyl ring in styrene. Units of/J are 10 -30  Cm. A, 8 = 54 ° ,/z = 
1.24; B, e = 54 ° ,/~ = 1.17; C, e = 57 °, # = 1.17. - - - - ,  measured 
value of B~/c2 
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will generally produce different segmental lengths. It may 
also originate optically since the segmental anisotropy is 
influenced by angular correlation between monomer units 
and solvent molecules 26. The data in Table 2 represents 
the possible spread in value of (or l - t~r). Since S ~- 822'2a 
Figure 5 shows that there is good agreement between ex- 
perimental and theoretical values of B~/c2 when the seg- 
mental dipole moment is orthogonal to the segment length. 
For the segmental dipole moment to be parallel to the seg- 
ment length then S ~< 5 which is well outside the range of 
acceptability =2 . 

CONCLUSION 

The experimental values for the specific Kerr constants of 
various molecular weight polystyrenes in solution with 
carbon tetrachloride has been compared with the theoreti- 
cal result as given by the Stuart and Peterlin theory. Using 
literature values of segmental parameters such as optical 
anisotropy, number of monomer units per segment and 
segmental dipole moment, the experimental and theore- 
tical values of specific Kerr constant agree provided that 

and to have a permanent dipole moment parallel to this 
distance. In polystyrene a dipole moment perpendicular to 
the segment end-to-end distance is expected from the 
direction of the moments associated with the phenyl groups. 
Both cases are covered by writing equation (1) in the form: 

c2 ne0~$[0 

[ 2(at- a,)2 +/a~(a!- o~) ] 
45kTS - 45k2T2S ] 

(6) 

where t~ l and o~r are the polarizabilities parallel and perpendi- 
cular to the segment end-to-end distance and/as is the seg- 
mental dipole moment. -4"/0 is the monomer unit molecular 
weight and S the number of monomer units per segment 
which is a parameter describing chain flexibility. The mag- 
nitude of/a2may be derived from available dielectric data 
since for the whole polymer chain the dipole moment 
(/a2) = ~N0/a2, where the angular brackets denote a statisti- 
cal mechanical average of the chain dipole moment over all 
possible conformations of the polymer chain. • is a con- 
formationally dependent parameter which is characteristic 
of a particular polymer-solvent pair 2° and/10 is the mono- 
mer unit dipole moment. NO and Ns are the number of 
monomer units and segments respectively per polymer 
chain. Since S = Ns/NO,/a2 may be written as S~/a~ in 
equation (6), • and/a0 being 0.65 and 1.17 x 10 -30 C m 
respectively for polystyrene in carbon tetrachloride 2°. 

Flow birefringence measurements 2' show that (a t - ar) 
is negative. Thus the -+ sign in equation (6) is decided 
according to whether/as is perpendular (+) or parallel ( - )  
to the segment length. Figure 5 shows B~/c2 calculated 
from equation (6) plotted with (el - Ctr) for several values 
of S, with/as parallel or perpendicular to the segment 
length. 

Values of (el - tXr) for atactic polystyrene derived from 
flow birefringence 2'a2 and depolarized light scattering 
measurements 22;4;s demonstrate a solvent dependence 
as shown in Table 2. This dependence may have a confor- 
mational origin since different solvent-solute interactions 
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Figure 5 Theoretical specific Kerr constant versus segmental aniso- 
tropy for polystyrene with values of S: A,A', 6; B,B', 8; C,C', 10; 
calculated from equation (6). - . . . .  , #s parallel to segment; 
- - ,  #s perpendicular to segment; . . . . .  measured value. The 
horizontal arrow denotes the spread of experimental (e / - -e  r) values 

Table 2 Experimental values of segmental anisotropy at 546 nm 

(~/- -er)  X 1040 
Solvent (C 2 m2/J) Technique 

Bromoform --16.1 Flow birefringence2L 23 
Benzene --15.0 Flow birefringence 22 
3enzene --15.0 Light scattering 22 
Methylal --18.9 Light scattering 22 
Cyclohexane -17.2 Light scattering 22 
Bromoform --15.0 Light scattering 22 
Chlorobenzene -13.3 Light scattering 24 

-- --18.9 Strain birefringence 26 
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the direction of the segmental dipole moment  is assumed 
to be orthogonal to the segment length. We regard this 
agreement, together with the near-independence of specific 
Kerr constant upon molecular weight, as indicating the 
validity of the Stuart and Peterlin segmental model in the 
molecular weight range examined. 

Bond polarizability based rotational isomeric state cal- 
culations have been made 19 for polystyrene of the optical 
anisotropy 3 '2 which is equal to ½0a if dispersion of the 
bond polarizability parameters is neglected. No similar 
calculations exist for 0 u and hence B~/c2 and therefore 
no comparison is yet possible between our experimental 
results and non-segmental theories of the Kerr effect. 
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13C n.m.r, spectra of some 
poly(N- acylimi noalk enes ) 

K. J. Ivin, L. C. Kuan-Essig, E. D. Lillie and P. Watt 
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(Received 3 March 1976) 

13C n.m.r, spectra are reported for six poly(N-acyliminoalkenes), -[N(COR) (CH2)n-]- (n = 2, R = H, 
CH 3, C6Hs;n = 3, R = H, C6H5), and 4N(COC6Hs)CH(CH3)CH2-]- (isotactic and atactic), and com- 
pared with that for poly(N-formyliminopropylene). These linear polymers were made by the iso- 
merization polymerization of the appropriate oxazoline or oxazine derivatives. For the polymers 
with N-formyl or N-acetyl side groups the spectra of the main chain carbons show fine structure re- 
sulting from restricted rotation about the two nearest N-COR bonds. This fine structure shows a 
small temperature dependence and in some cases there are indications of the influence of a third 
N-COR group at the lower temperatures. For the polymers with N-benzoyl side groups the rota- 
tion of these groups is less restricted than for N-formyl and N-acetyl and at 120°C no fine structure 
is observed except that resulting from tacticity in atactic poly(N-benzoyliminopropylene), where the 
carbonyl and main-chain carbons exhibit partly resolved triad structure. At lower temperatures some 
of the lines broaden because of restricted rotation. In the model compound N-ethyI-N-methylbenza- 
mide all eight types of carbon atom give two lines at -30°C (in CDCI3), the two conformers being 
present in the approximate ratio 58:42. The pairs of lines coalesce in turn as the temperature is 
raised to 50°C. Spin-lattice relaxation times were measured for the carbon nuclei in poly(N-formyl- 
iminoethylene), in N-ethyI-N-methylformamide and in N-isopropyI-N-n-propylformamide. T 1 values 
increase by two orders of magnitude in going from the polymer to dimethylformamide. 13C chemical 
shifts are recorded for seven oxazoline and two oxazine derivatives as well as for six model compounds 
of the polymers. 

INTRODUCTION 

It has recently been shown 1 that the 13C (IH} n.m.r, spec- 
trum of isotactic* poly(N-formyliminopropylene) 2 (I), 
[poly(N-formylpropylenimine)] exhibits fine structure 
which may be interpreted in terms of restricted rotation 
about the N - C H O  bonds. Each main-chain carbon gives 
four chemical shifts, according to whether the two nearest 
formyl groups take up syn or anti-conformations. How- 
ever the spectrum of this polymer is complicated by two 
factors: first, there is overlap between the fine structure 
for the C H and CH2 carbons; second, the methyl side 
group causes unequal populations of  syn and anti 
conformers. 

We now report the spectra of  poly(N-formyliminoethy- 
lene) (II), poly(N-formyliminotrimethylene) (III)  and 
poly(N-acctyliminoethylene) (IV), where these complica- 
tions are not present; also the spectra of  the N-benzoyl 
analogues of  I, II and III namely V, VI and VII respectively, 
and of some model compounds of the N-benzoyl analogues. 

CH 3 

(~) {g) (m) 

-[-I~ICH2CH2- ]- 

j \cH  
(ISZ) 

CH 3 

o//C C / C  

(•*) (isotoctic) (~2"[) (~E]I) 
(27) (otoctic) 

EXPERIMENTAL 

Polymers II to VII were prepared by the isomerization 
polymerization of the corresponding oxazoline or 1,3- 
oxazine derivatives II '  to VII ' ,  using the cationic initiator 

ns 13, and conditio listed in Table 1. C shifts for these mono- 
mers are recorded in Appendix I. The molecular weights 

* In this paper the term 'tacticity' relates to the sequence of 
configurations about the asymmetric carbon atoms. 

of  these polymers, where estimated from viscosity measure- 
ments, were found to be low (1000-10  000), as reported in 
the literature 3-7, but is no case were they so low as to 
reveal end effects in the 13 C n.m.r, spectra. 

The sources of  the monomers were as follows. II '  and 
III '  were prepared by Saegusa's method 3 in which the 
appropriate amino-alcohol is reacted with t-butyl isonitrile, 
in the presence of silver cyanide. IV' was a commercial 
sample (Aldrich). 
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Table 1 Polymerization conditions 

13C n.m.r, spectra o f  some poly(N-acyl iminoalkenes): K. J. Ivin et al. 

Compound 
number Monomer 

Conditions 

Temperature Time Yield 
Initiator a (° C) (h) (%) Reference 

I1' Oxazoline 3% A 70 
II I' 5,6-Dihvdro-4H-1,3-oxazine 3% A 120 
IV' 2-Methyloxazoline 0.7% A 80 
V' L-2-Phenyl-4-methyloxazoline 0.6% B 100 
V" 2-Phenyl-5-methyloxazoline 1% C 135 
VI' 2-Phenyloxazoline 5% A 120 
VI I' 2-Phenyl-5,6-dihydro-4H-1,3-oxazine 4% A 150 

4 65 4 
2 32 5 

50 ~60 6 
18 70 this work 

160 30 this work 
3 100 6 
3 97 7 

alnitiators: A, dimethyl sulphate; B, perchlorate of monomer; C, p-toluenesulphonic acid. (mol %) 

V' and V" were prepared by the following series of 
reactions: 

CH3CH(NH2)COOH (VIII) 
I EtOH/HCI 

CH3CH(NH2)COOEt (IX) 
I LiAIH4 

CH3CH(NH2ICH2OH IX) CH3CH(OH)CH2NH2 (Xll) 

, I C6HsCOCI I C6Hs COCI 
CH3~ HCH2OH (Xl) CH3~HCH2NHCOC6H 5 (Xlll) 

NHCOC6H 5 OH 
I P2Os IP2Os 

(V') - ~  "Cf \CH3 (V") 

The final stage in each case was carried out by adding a 50°~ 
excess of P205 to molten XI or XIII, the cooled mass then 
being treated with 10% sodium hydroxide solution. The 
product separated as an oil, which was extracted with ether, 
dried over magnesium sulphate and distilled under reduced 
pressure. For V' the yield was 25%; b.p. 86°C at 3 mmHg; 

121.4_ a1589 - 60-4° (neat); -84.3 ° (10.8 g/100 cm 3 in CIIC13). 
1H n.m.r. (CDC13): 6 1.35 (d, 3, C_H3), 3 . 9 4 . 7  (m, 3, C_H 2 
and C H), 7.45 (m, 3, m- and p- aromatic H), 7.5 (m, 2, o- 
aromatic _ILl). In the presence of 25 tool % of the shift re- 
agent Eu(fod)3 the two CH2 and the CH signals were sepa- 
rated: 6 2.25 (d, 3, C_H3), 4.7 (t or q, 1, C_H2), 5.19 (t or q, 
1, C_H2), 5.85 (m, 1, CH), 7.47 (m, 3, m- and p- aromatic H), 
8.8 (m, 2, o- aromatic ~_). The geminal splitting constant 
was 9 Hz and the two vicinal constants 7.5 and 8.0 Hz. 
Infra-red absorption bands: 1650 cm -1 (>C=N - )  and 
1260 cm 1 ( - C - O - C ) .  This compound appears not to 
have been prepared before. 

For V" the yield was 61%, b.p. 95°C at 0.5 mmHg; pic- 
o o 1 rate, yellow needles m.p. 166 -167  C. H n.m.r.(CDCl3): 

6 1.4 (d, 3, C H3), 3.85 (m, 2, CH2), 4.77 (m, 1, CH) , 7.43 
(m, 3, m- and p- aromatic H), 7.95 (m, 2, o- aromatic _). 
In the presence of 79 mol ~o of the chiral shift reagent 
Eu(tfc)3 only the methyl signal was split as the result of the 
presence of the two enantiomers. Downfield shifts were 
observed as follows: CH2 (3.0), CH (2.1) and o- aromatic 
H (1.9), CH3 (1.0), m- and p-H (0.07 ppm). 
- VI' wasprepared as described by Matsuda and Kagiya 8. 
VII' was prepared by cyclodehydration of N-(3-hydroxy- 
propyl) benzamide using phosphorus pentoxide, as for the 
preparation of V' and V". The benzamide derivative was 
prepared by reaction of benzoyl chloride with propanola- 

mine. The yield of VII was 25% based on propanolamine; 
b.p. 72°C at 0.05 mmHg. 

N-methylbenzamide and N,N-dimethylbenzamide were 
commercial samples. N-ethyl-N-methylbenzamide was pre- 
pared by Fones' method 1°, starting from N-methylbenza- 
mide and reacting it first with sodium hydride and then 
with ethyl iodide; m.p. 25°C. 

13C n.m.r, spectra were obtained with a WH90 Bruker 
spectrometer operating at 22.63 MHz in the pulsed Fourier 
transform mode, with decoupling from protons by broad- 
band irradiation. The free induction decay was recorded 
at 8K points, transforming to a spectrum with 4K (4096) 
points. For aqueous (D20) solutions dioxane was added 
as a reference signal, its chemical shift being taken as 69.15 
ppm relative to TMS; this value is somewhat arbitrary, be- 
ing slightly dependent (+1 ppm) on the medium. For solu- 
tions in DMSO-d 6, the chemical shift of the centre line of 
the solvent was taken as 39.67 ppm relative to TMS. For 
solutions in CDC13, chemical shifts were measured directly 
relative to TMS. Other details are given with each spectrum. 
Differences in chemical shifts have a precision of +0.02 p pm 
when determined using a sweep width of 2000 Hz. 

T1 measurements were carried out using the 1 8 0 ° r - 9 0  ° 
pulse method and a built-in computer programme giving a 
least-squares fit to the equation ln(1 -- A/A=) = "r/T1 + in 2. 
Aoo was determined using a delay time of at least ST1. 
Values of T1 were calculated from both areas and intensi- 
ties and an average value taken. 

RESULTS AND DISCUSSION 

Poly(Nqbrmyliminoethylene ) I1 
The spectrum shown in Figure l is for a solution in D20 

at 35°C. The carbonyl carbon gives a single peak at 168.3 
ppm. The main-chain carbons give two pairs of peaks, at 
47.90 and 47.06, and at 42.77 and 41.86 ppm, which may 
be assigned to the four possible situations depicted in the 
following chain (see Figure 1). 

- - N - - C - - C - - N - - C - - C - - N - - C - - C - - N - -  
I I I I 

H ~O O ~ \ H  ,..., H H 

The symbols as, aa denote whether the carbon atom is syn 
(s) or anti (a) to the oxygen atom of the formyl group at- 
tached to the s-nitrogen atom; similarly for/3 s, Ha- The 
chemical shift differences, c~ a - as, etc. are as expected 
from small molecules 1 (see Table 4). The total probability 
of finding a carbon in the aa~s or aa~ a situation is equal to 
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13C n.m.r, spectra o f  some poly(N-acyliminoalkenes): K. Jo Ivin et al. 

-HO 
_CH 2 

a a f b . ~ . . ~  : s ~ a s B s  

Dioxane 

II II 

168.3 69.15 47.90 42.77 
47.00 41"86 

8 (ppm) 
F. igure I 13C{1H} n.m.r, spectrum of -[N(CHO)CH2CH24. 
20% solution in D20 at 35°C. 16320 scans, sweep width 6024 Hz, 
acquisition time 0.679 see, pulse width 6 #see 

that of finding it in the asf3 s or as[3 a situation, but the indi- 
vidual probabilities can only be equal either if the formyl 
groups are randomly oriented or if they take up certain non- 
random sequences of orientations. An attempt was made 
to determine the individual probabilities as follows. The 
spin-lattice relaxation times were first determined using a 
set of ten ~" values between 0.05 and 10.0 sec, with the 
following results: C HO 0.4 + 0.2 sec; CH2 aaf3a 0.3 --- 0.1 
sec, aat3 s 0.2 -+ 0.1 sec, aslJ a 0.15 -+ 0.05 sec, as~s 0.25 -+ 
0.1 sec. The limits of error cover the values of T1 deter- 
mined separately from both areas and peak heights. No 
significant difference between the T1 values for the main- 
chain carbons was detected. With gated decoupling and a 
delay time of 30 sec between pulses the intensity pattern was 
not greatly changed although one would have expected a 
symmetrical intensity pattern to emerge ( aaf3 s = asfl a; 
aa[3 a = asf3s) as a result of  elimination of nuclear Overhauser 
and T1 effects. The spectrum obtained without decoupling 
and with a time delay of 4 sec showed too much overlap of 
the fine structure (JcH = 140 Hz, JCHO = 202 Hz) for a 
ctearcut answer to be obtained but was not inconcistent 
with equal populations of  aafl a, aafl s, asfl a and as/3 s 
structures. 

Raising the temperature to 80-C caused a downfield 
shift for the main-chain carbons, the downfleld pair moving 
by about 0.2 ppm and the upfield pair by about 0.4 ppm, 
i.e. a net decrease in aa - as; at the same time the peaks 
sharpened a little. The converse effect was found on cool- 
ing to 5°C, and between 15 ° and 5°C the fine structure 
due to the/3-splitting disappeared. This effect is presum- 
ably connected with an increasing ease of rotation about 
the main-chain bonds as the temperature is raised. 

Poly(N- fonny l iminotr imethy lene  ) I I I  

The spectrum shown in Figure 2 is for a solution in 
D20 at 80°C. The carbonyl carbon gives a single peak at 
167.7 ppm. Main-chain carbons adjacent to nitrogen show 
two pairs of peaks as for II, but the secondary splitting is 
now smaller since it arises from the conformation of the 
formyl group attached to the T-nitrogen. If Ta - "Ys is nega- 
tive, as in N-isopropyl-N-n-propylformamide ~, the line 
order is (downfield to upfield) aaTs, aa')'a, asTs, asTa. The 

chemical shift differences a a - as etc. are as expected from 
small molecules (see Table 4). 

The central methylene carbons give the expected 1:2:1 
pattern with the assignments indicated on Figure 2 and the 
formula below. 

asy s aa~s eLWo ataYa 

- - N - - C - - C - - C - - N - - C - - C - - C - - N - -  C - -  C - - C - - N - -  
I I 1 I 

O /  \ H  ---13s [3(7 ~ H 

The fla -/3s values are of the magnitude expected t (see 
Table 4). 

On reducing the temperature all the peaks move slightly 
upfield (relative to dioxane), but while the upfield pair of 
a s peaks remain well resolved, even at 3°C, the downfield 
pair of aa peaks at first show signs of further fine structure, 
imperfectly resolved at 30°C, which then merges into a 
single broad peak at 3°C. This suggests that at low tempera- 
ture the main-chain takes up a conformation which brings 
a third nitrogen close enough to the a a carbon so that the 
conformation of the formyl group about this nitrogen can 
influence the chemical shift by a through-space effect. The 
sort of structure which mi?~t be involved is indicated be- 
low, the relevant carbon atom being underlined. Why this 
effect should not operate for both a-carbons is not clear, 
though possibly highly significant. 

\ . /  
I I 

I I 

o: % ~H H / %0 

The intensity distribution in the fine structure is consis- 
tent with a random orientation of the formyl groups (com- 
pare with polymer II). 

C_HO 

NCH 2 

• aYa asYa 
aaYs asYs Pof~a 

CH2C_H2CH 2 

PaPs 
Ps 13o 

Bs ~s 
J 

Dioxan¢ 

I II Jl I II 
167"7 69"15 4 8 " 0 9  42 :70  29"25 

47"70 42'24 28-14 
27" I0 

6 (ppm) 

Figure 2 I3C{1H} n.m.r, spectrum of 4N(CHO)CH2CH2CH2-~. 
10% solution in D20 at 80°C. 29530 scans; other conditions as in 
Figure 1 
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13C n.m.r, spectra o f  some poly(N-acyl iminoalkenes): K. J. Ivin et al. 

Poly(N-acetyliminoethylene ) IV 
The spectrum shown in Figure 3 is for a solution in D20 

at 35°C. The carbonyl carbons give a single peak at 176.6 
ppm; the methyl carbons also give a single peak, at 22.75 
ppm. The methylene carbons give four peaks, with the 
upfield pair sharper and better resolved than the downfield 
pair. The assignments are as for II, with methyl replacing 
hydrogen. There is good reason 1IJ2 to believe that the up- 
field pair corresponds to methylene syn to carbonyl, as in 
II. The differences a a - a s are smaller than in the corres- 
ponding formamide, again as expected from small mole- 
culesU; (see Table 4). It is notable that the average chemical 
shift for CH 2 in the acetyl compound IV is 3 ppm downfield 
compared with the formyl compound II and this again paral- 
lels the behaviour of model compounds ~3. Any additional 
steric effect caused by the introduction of the methyl group 
(which might have caused an upfield shift) is evidently out- 
weighed by an electronic effect. 

On raising the temperature to 80°C all the methylene 
peaks move about 0.3 ppm downfield relative to dioxane 
but the methyl peak is unaffected. In contrast to II the 
resolution of the downfield pair of methylene peaks did 
not improve. 

Miron and Morawetz 14 observed that in the 1H n.m.r. 
spectrum of IV the methylene protons showed no splitting 
but the acetyl protons were split into two lines separated 
by 7 Hz, coalescing at 79°C. A higher temperature would 
be needed to cause coalescence of the/3-splitting (18-26 Hz) 
in the CH2 spectrum or of the a-splitting (62-70 Hz). 

Poly(N-benzoyliminoethylene ) VI 
In DMSO-d 6 at 120°C single sharp lines were obtained 

for each carbon: CO, 170.43; C_I (aromatic) 135.79; C_4, 
128.71 ; C2,3, 127.73,125.78; CH2 44.41 ppm. The absence 
of fine sffucture indicates thatat  120°C rotation about the 
N-CO bond is fast on the n.m.r, time scale (>100 Hz) and 
faster for N-COPh than for N-CHO. This accords with 
the observed behaviour of small molecules containing these 
groupingslS; the conjugated PhCO system evidently reduces 

SO Dioxane 

C_H2 

i 
I ~ H II 

176'6 69.15 49.52 4 6 7 9  22"75 
48.81 4562 

6 (ppm) 

Figure 3 13C{1H} n.m.r, spectrum of -~N(COCH3)CH2CH2-]-. 
30% solution in D20 at 35°C. 2500 scans; other conditions as in 
Figure I 

J 

C_H3 

the double-bond character of the N-CO bond. In CDC13 
at 55°C the peaks remain sharp except for the main-chain 
carbon which splits into two broad peaks separated by 
about 3 ppm. At 5°C the aromatic peaks have broadened 
to the extent that the middle two have merged. This be- 
haviour indicates that for the individual conformations 
about the N-CO bond the largest chemical shift difference 
occurs for the main-chain carbons, as expected. 

Poly(N-benzoyliminotrimethylene) ~W 
In DMSO-d 6 at 120°C single sharp lines were obtained 

for each carbon, in the following positions: C_O, 170.11; 
Ci, 136.70; C4, 128.32, C2,3, 127.67,125.65; aCH2, 43.76; 
~-CH2, 26.35 ppm. Again the rotation about the N-CO 
bond is fast on the n.m.r, time scale. In CDC13 at 32°C the 
aCH 2 signal is split into two broad peaks separated by 
about 4.5 ppm, the upfield peak showing secondary splitt- 
ing of about 0.7 ppm. The/3CH 2 signal is broadened into 
an incipient triplet but the aromatic and carbonyl peaks 
remain sharp. The behaviour is thus akin to that of 
poly(N-formyliminotrimethylene) (Figure 2) but with 
much lower coalescence temperatures. 

Poly(N-benzoyliminopropylene} V and V* 
The spectrum of the isotactic polymer V* in DMSO-d 6 

at 120°C is shown in Figure 4a. Single lines are observed 
for each carbon, with slight broadening of the main-chain 
carbon peaks. At room temperature all the lines are broad- 
ened, the main-chain carbons being barely distinguishable 
above the base line. The effect of temperature is similar to 
that for VI and VII. The spectrum for the atactic polymer 
in DMSO-d 6 at 120°C is shown in Figure 4b. Fine struc- 

a c_2. 3 

C_H3 

CO _C, _C 4 
I 
t 

C_H DMSO-d~ 
I 

53'7246!5639"67 ,6"02 17101 13631 128'84 
[2775 
12624 

6 {ppm) 

b c-2,3 

17121 13624 128.77 
127-67 
126.17 

,' , C H 3 

/r i l l  , C_H2 

53.7-/ 46.37 39-67 1602 
52-99 4557 

6 (ppm) 

Figure 4 13C{ tH}  n.m.r, spectrum of 4N(COC6Hs)CH(CH3)CH2-]- 
(a) Isotactic polymer, 20% in DMSO-d 6 at 120°C. 4000 scans; 
other condit ions as in Figure I. (b) Atact ic  polymer,  40% in 
DMSO-d 6 at 120°C. 82826 scans; other condit ions as in Figure 1. 
The CO, CH and CH2 regions are also shown in expanded form 
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Table 2 Tentative assignment of fine structure in 13C spectrum of 
atactic -{- N (COPh)CH (CH 3)CH24 

CO 171.40 r r  CH 2 46.56 | . mm 
171.21 mr  rm 46.37 mr  (or rm) J 
171.01 (sh) mm 45.67 / . rm (or mr) 

45.48 J rr 
CH 54.03 (sh) r m  (or mr) 

53.77 mm mr  
(or rm) 

52.99 rr 

sh, shoulder; * unresolved 

ture may be seen for the CO, CH and CH2 resonances and 
this must arise from tacticity effects with respect to the 
main-chain carbons (CH). The relative intensities may be 
interpreted in terms of a completely atactic structure with 
the groupings of lines and tentative assignments to dyad 
structures shown in Table 2. The mm (isotactic) assign- 
ments may be made with reasonable certainty, since there 
is agreement of the aromatic peak positions in Figures 4a 
and 4b within one channel (0.06 ppm). The rest are made 
by assuming a gradation of chemical shifts from mm to rr 
as normally found in polymers. The direct detection of 
triad structure in this polymer is made possible by the 
rapid rotation of the benzoyl groups at 120°C. This is: in 
contrast to poly(N-formyliminopropylene) where it was 
necessary first to remove the formyl groups by hydrolysis 
before tacticity could be determined hg. An attempt was 
made to hydrolyse V for the same purpose but this did 
not prove successful. 

Benzamide derivatives as model compounts of  V, VI and 
VII 

The spectra ofN-methylbenzamide (XIV), N,N-dimethyl- 
benzamide (XV), and N-ethyl-N-methylbenzamide (XVI), 
were examined. In CDC13 or DMSO-d 6 XIV showed a 
single set of sharp lines at all temperatures from - 4 0  ° to 
100°C, probably indicating the presence of a single confor- 
mer with CO-NH in the anti (trans) conformation is. For 
XV in DMSO-d 6 or CDC13 two broadened methyl peaks 
are observed at 33°C, separated by 91 Hz, which collapse 
into one sharp peak at 100°C. A coalescence temperature 
of about 36°C may be predicted from the IH n.m.r. 
spectrumi6. 

The spectrum of XVI in CDCI 3 at -30°C is shown in 
Figure 5. Every carbon atom gives two peaks of unequal 
intensity. The line positions, separations and approximate 
coalescence temperatures are shown in Table 3. Assign- 
ments to NCH2 and NCH3 were made by an off-resonance 
experiment. The relative intensities were derived from the 
print-out of areas. A plot of log ,56 against the reciprocal 
of the coalescence temperature gives a line whose slope 
corresponds to an activation energy of about 48 kJ/mol 
(11.5 kcal/mol), somewhat lower than the barrier reported 16 
for N,N-dimethylbenzamide (14.0-+ 0.25 kcal/mol). The 
variation in the relative intensities of the pairs of peaks 
from carbon to carbon is caused by differential nuclear 
Overhauser effects and differential spin-lattice relaxation 
times. The average intensity ratio for the eight pairs is 
58:42 which is probably close to the actual relative popu- 
lations of the two conformers. In order to make the assign- 
ment to the individual conformers we must make the same 
assumption as that for iV, namely that the upfield NCH3 
and NC_H2 peaks correspond to a syn conformation with 

Cz3 

_c, :i r 

L • 

I~o 16o i~o 12b ~oo 8D go ~ - d o -  
8 lppm) 

Figure 5 13C{1H} n.m.r, spectrum of C2HsN(COC6Hs)CH3  • 50% 
solution in CDCI 3 at -30°C.  512 scans, acquisition time 0.679 sec, 
post-delay 2 sec, pulse width 11 #sec. In original spectrum each 
carbon shows 2 distinct lines 

respect to the carbonyl oxygen i.e. 

N N 

I . " I 
C C 

o / ""%Hs 01 \C6Hs 
58010 42010 

The et a - ets values are then as shown in Table 4. 

Summary of  13C chemical shift differences Jbr syn and anti 
conformations 

The various values which we have determined are brought 
together in Table 4. It should be noted that eta - as for 
NCH3 in N-ethyl-N-methylformamide was originally assigned 
a negative value 1. A further experiment using gated decoup- 
ling, with a delay time of 75 sec between pulses, has shown 
that this assignment was incorrect and that eta - bts for NCH3 
has in fact a positive value. The spin-lattice relaxation times 
of the syn and anti carbons are substantially different and 
of such a magnitude (see below) that if the spectrum is 
taken with a short delay time between pulses the relative 
intensity of the two lines is reversed. The proportions of 
the two conformers determined from the gated decoupling 
experiment were 62% and 38%, good agreement being 
found for the four pairs of lines. 

13C spin-lattice relaxation times in N-isopropyl-N-n-propyl- 
formamide and N-ethyl-N-methylformamide 

For the former these were determined using a 50% solu- 
tion in D20 at 35°C. Fourteen sets of data were accumu- 
lated, with delay times r ranging from 0.1 to 6.0 sec. For 
the latter, 7 sets of data were accumulated with delay 
times ranging from 1 to 75 sec for a 50% solution in CDC13 
at 35°C. The results are shown below and compared with 
published results on dimethylformamide and di-n-butyl- 
formamide 13, as well as with those reported above for 
poly(N-formyliminoe thylene). 

The assignment of the 7-carbons in N,N-di-n-butylforma- 
mide is the reverse of that given in the original paper in 
order to make ~'a - ~'s negative as seems more likely - see 
earlier discussion. It is interesting to note that in N-iso- 
propyl-N-n-propylformamide the relaxation times in the 
Iess abundant conformer are mostly longer than those in 
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Table 3 N-ethyI-N-methylbenzamide, 13C chemical shifts. Solvent CDCl3, -30°C 

8 relative to TMS (-+0.03) (ppm) Coalescence 
Carbon A5 (-+0.7) temperature 
atom Major peak Minor peak (Hz) (+-5 °) (°C) 

CO 171.51 (55) 170.66(45) 19.1 10 
Aromatic C_[ 136.35(67) 136.22(33) 2.9 -20  
Aromatic C4 129.20(55) 129.33 (45) --2.9 -10  
Aromatic C2,3 128.36(58) 128.23(42) 2.9 -10  

126.08(55) 126.80(45) -16.0 25 
NCH 2 45.82(62) 41.92(38) 88.3 35 
NCH 3 32.11 (56) 36.72(44) -104.4 40 
CH2CH 3 13.58(61 ) 11.96(39) 36.8 30 
Average (58) (42) 

Values in parentheses represent relative intensities 

Table 4 13C chemical shift differences (ppm) of syn and anti carbons in some N,N-substituted amides and related polymers. (Syn and anti 
are defined with respect to the carbonyl oxygen) 

Compound Solvent (Xa - as /3a - fls 3'a - 3's 

CH 3 ?CH3 CDCI 3/35 ° C 5.07 
/ 

HCO 

CH3NCH2CH3 CDCI3/35°C 5.13 (CH3) a 2.31 
/ 5.53 (CH 2 ) 

HE© 

CH3CH2CH2NCH(CH3)2 CDCI3/35°C 4.03 (CH2) 2.34 (CH 2) 
/ 5.20 (CH) 1.95 (CH 3) 

HCO 

-{-CH2NCH2]- D20/35°C 5.13 (~t a pair) 0.84 ((x a pair) 
5.20 (fls pair) 0.91 ((x s pair) 

HCO 

-[-CH2NCH2CH2"]- D20/80°C 5.46 (~'a pair) 1.11 (~a pair) 
i 5.39 ('Ys pair) 1.04 (fls pair) 

HCO 

-E CH2NCJ-I (CH 3) -}- D20/33 ° C 5.46 1.37 
I 

HCO 

CH3?CH3 

CH3CO 

CDCI3/35°C 3.06 

~CH2NCH2~- D20/35°C 2.73 (~a pair) 0.71 (a a pair) 
/ 3.19 (fls pair) 1.37 (a s pair) 

CH3CO 

CH3I~CH3 

C6H5CO 

CDCI3/35 ° C 4.03 

CH3HCH2CH3 CDCI3/--30°C 4.61 (CH3) 

T 3.90 (CH 2) 

C6HsCO 

~cCH2?CH2]- 

C6HsCO 

-[- CH2?CH 2CH2-}- 

C6HsCO 

CDCI3/55°C ~3 

CDCI3/32°C ~4.5 

1.62 

-0.46 

-0.39 (a a pair) 
-0.46 (a s pair) 

aSee text 
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the more abundant conformer, suggesting that the less 
abundant form can take up a more spherical and faster- 
rotating shape. There is the usual decrease in T1 as one 
proceeds from the end to the centre of  a short-chain mole- 
cule, and also as one goes from small to large molecules. 
The low T1 values for the carbon nuclei in the polymer in- 
dicate a chain length high enough for the values of  T1 to 
be determined by the rate of rotation of  segments of the 
chain. 

7.9 5i 7.9 7.2 8.5 15.1 
186 IH _+O.5+16 -+05 +_0.5 +-0.6 ±0.6 
CH3 //CH3 CH3~CH2 //CH3 CH3~-CH L /CH3 

\ \ 
N N N 
I I 380/0 62O/o I 
C \  ¢ 

O / H O//~C\H H / ~O 
20.2 ~11.7_+ 04  (Gverage}~ 

(in DMF/C6D6 at 38°C) B (in CDCI3ot 35°C} 
2.1 2.4 I-8 22 41 16 24 12 I-7 31 

±O'1 +-O'1 -+OI +-02 +-0'3 +-O-I ±O'1 +-02 +-O'1 ±OI 
(CH3)2CH, ~ /,CH2--CH2--CH3 (CH3}2CHxx /,CH2--CH2--CH 3 

N N 
I 30010 ~ 700/0 I 

c /C\o 
O / \ H  H 

32±O1 2,5-+O1 
(in D20 at 35°C) 

31 2.4 I-7 12 IO 1.5 2.3 3.1 
CH3---CH2---CH2~ CH 2 //CH2--CH2~ CH2-- CH 3 

N 
N 
I 
C 

J X'H 
(in acetone at 38°C) 13 

02 O 25 
-+O1 -+O1 

- -CH2 \  /CH2- -  
N 

jc\ 
O"4 

+0"2 
(in O2OGt 40°C) 

CONCLUSIONS 

The 13C n.m.r, spectra of  all the polymers are as expected 
from the spectra of  simple N-substituted formamides, ace- 
tamides and benzamides. Fine structure arises in two ways: 
first, because of  restricted rotation about N - C O R  bonds; 
and second, when asymmetric carbons are present, from 
tacticity effects. The former is always present when R = H 
or CH3 (up to 80°C) but can be eliminated when R = C6H5 
by the use of  a sufficiently high temperature (1200(2). The 

effect of  restricted rotation about the N - C O R  bond is 
largest for the s-carbon, less for the/3-carbon but still signi- 
ficant for the "y-carbon. In the polymers the chemical shifts 
for the main-chain carbons were governed by the conforma- 
tion about the two nearest N - C O R  bonds, with a slight 
influence of a third, more remote, NCOR group in some 
cases. For poly(N-benzoyliminopropylene) the tacticity 
effect can be studied by itself by working at 120°C, but 
for poly(N-formyliminopropyler,e) this is not possible and 
the polymer must first by hydrolysed 9. 
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N o t e  added in p r o o f  
With improved resolution the spectrum of II (Figure 1) 

shows fine structure of  the carbonyl peak (two lines of  
equal intensity) and splitting of  each of  the as[J a and ~s[Js 
lines into two equal components (cf. behaviour of  ~a~a, 
~13 s peaks of  III). In the 1H 220 MHz spectrum of II in 
D20 at 22°C the formyl proton also shows fine structure 
(three lines, just resolved, spanning 0.03 ppm); the methylene 
protons give a single peak. 
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APPENDIX I 

Table A 1 13C n.m.r, shifts for some oxazolines and 5,6-dihydro-4H-1,3-oxazines, ppm relative to TM8. Solvent CDCI3, 35°C 

Compound 
number Formula C2 C4 C5 C6 Aromatic (C 1, - -  04,) 

i r  3N ~ 4 ~  155.39 53.81 66.16 

2ko) s 
I 

6 
I' Me 154.22 60.83 72.59 21.45 

t O  / (157.99 61.94 75.19 22.751 a 

6 
.Me 2 

x v l r  ,, / 152.92 66.55 77.73 28.40 

IV' N ) / / ~  165.27 54.85 67.52 13.71 

I N '  
v r  ~ J  164.20 54.96 67.43 131.06 

p h / \ O  / (el ,+ c4,) 

V' N ( /  163.39 62.07 74.02 21.45 131.22 
/ ~  1C1,+ C4,) ) 

Ph O 
. ~ N  

V "  / \ 0  / \ ~ ~ & 163.74 61.68 76.10 21.06 131.08 
Ph e (C1 '+  C4') 

4 
3N~X"-.15 

II1' 2 ~ 6  149.61 41.59 22.75 64.34 

\ O /  
I 

VII' 155.20 42.63 21.97 65.06 134.33 
Ph (CI') 

128.13 
(C2'+ C3,) 

128.29 
(C2'+ Ca') 

128.22 
(C2'+ Ca') 

130.18 127.97 
(C4,) (C2,+ C3,) 

128.10 

126.93 

aValues in D20 taking dioxane as 69.15 ppm 

Note 1 

Monomer XVII' was prepared by Saegusa's method 3 from 
2-amino-2-methylpropan- 1-o 1. Its polymerization was 
attempted but the product appeared to be oligomeric as 
judged from its n.m.r, spectrum. The monomer has pre- 
viously been prepared by another method ~7. 

Note 2 

Three features of  the spectra of the aromatic derivatives 
V', V" and VI'  are of particular interest. The first is the 
coincidence of  the chemical shifts ,for C 1, and C4' in all 
three cases. Second is the coincidence or near-coincidence 
of  the chemical shifts for C2' and C3' in all three cases. 
Third is the second order splitting effect observed in off- 
resonance experiments for C 4 and C 5 in both V' and VI' ;  
also for CI' in all three compounds. 

Note 3 
The usual rules concerning the effects of substituents 

on the shifts are obeyed, as exemplified below: 

Table A2 

(~ shift /3 shift 

I1' -* r C 4 7.0 C 5 6.4 
v r  ~ v '  c4 7,1 c 5 6.6 
Vl' -, v "  cs 8,7 c4 6.6 
i' -, XVll' C4 5,7 C 5 5.1 

C 6 7.0 

APPENDIX II 

Summary of  13C n.m.r, shifts for poly(N-aeyliminoalkenes) 
and model compounds 

For ease of reference these shifts are summarized here, 
giving only average values for those cases where there is 
fine structure resulting from restricted rotation or tacticity. 

Shifts are in ppm relative to TMS, using the following 
sub-standards where necessary: dioxane (in D20), 69.15; 
DMSO-d 6 39.67; TSP (in D20), 0. 
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Table 

Com- Com~ 
pound Chemical pound 
number Polymerformula shift Solvent number Model formula 

Chemical 
shift Solvent 

(7 
II - - N - - C H 2 - - C H  2 -  a 44.9 D20/30°C XVl l l  

I b 168.3 
CHO 
b 

I GCH3 a 19.0 D20/33°C 
I b 49.1 

- - N - - C H  - -  CH~---- c 56.2 
I c b d 168.4 

CHO 
d 

b (7 
III - - I / I - C H 2 - c H 2 - C H 2 -  a b 45.2 28.1 D20/80°C 

Cl iO c 167.7 
C 

b 
IV - - N - - C H 2 - - C H  2 -  a 22.8 D20/35°C 

I b 47.7 
COCH 3 c 176.6 
C O 

(7 
Vl - - N - - C H 2 ~ C H  2 -  a 44.4 DMSO/120°C 

I b 125.8 
fCO c 127.7 

I d 128.7 
Ph b,c,d,e e 135.8 

f 170.4 

V oCH 3 a 16.0 DMSO/120°C 
/ b 46.0 

__N__CH2__CH 2 _  c 53.6 
I c b d 126.2 

hCO e 127.7 
I f 128.8 
Ph d, ejf~g g 136.1 

h 171.2 

V ll b o a 26.4 DMSO/120 ° C 
- - N - - C H 2 - - C H 2 - - C H 2 - -  b 43.8 

I c 125.7 
gCO d 127.7 

I e 128.3 
Ph cjd~e,f f 136.7 

g 170.1 

O 

CH3--1~ I - C H 3  ba 162.433"7 

CHO 
b 

XlX a 11.4 
o c d e b b 21.6 
C H 3 ~  CH 2 - -  CH2--- I~1-- CH(CH3)2 c 23.1 

d 43.8 
CHO e 48.4 
f f 162.4 

XX b c e a 13.3 
C H 3 - - ~  - C H 2 - C H 3  b 32.2 

CHO c 42.5 
d d 163.2 

XXl 
b 

CH3--1~I - -  CH3 a 21.5 
! b 36.4 
COCH3 c 170.2 
C (7 

XV 

XVI 

G 
CH3__N__CH 3 a 37.3 

J b 127.0 
fCO c 128.2 

J d 129.4 
e 136.4 

Ph b,c,d,,e f 171.4 

b c o a 12.9 
C H 3 - - ~ - - C H 2 - - C H 3  b 34.1 

c 44.2 
hCO d 126.4 

I e 128.3 
Ph dse~f,g f 129.3 

g 136.3 
h 171.2 

CDCI3/30°C 

CDCI3/40°C 

CDCI3/35 ° C 

CDCI3/40°C 

CDCI3/32 ° C 

CDCI3/-30°C 

The usual rules concerning the effect of  substituents are 
again obeyed,  as exemplified below: 

II - 1 CH a shift = 11.3 
~H2 (fl + 7) shift = 4.2 

II ~ W CO a shift = 8.3 
XVIII ~ XXI C O a s h i f t  = 7.8 
VI ~ V CH a shift = 9.2 

C-H2 ~ + "7) shift = 1.6 
XVIII -* XX CH 2 a shift = 8.8 

CH3 3' shift = - 1 . 5  

It is also a general rule that the chemical shifts are higher 
for the aliphatic carbons in the polymers than in the cor- 
responding model compounds.  This may be regarded as a 
consequence of  progressive substitution to form the long 
chains. 
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Comparison of the dielectric and 
viscoelastic properties of two poly 
(propylene glycol) liquids 
Turhan Alper, A. John Barlow and R. Walter Gray 
Department of Electronics and Electrical Engineering, University of Glasgow, Glasgow G 12 8QQ, UK 
(Received 22 Januarv 1976; revised 15 March 1976) 

The complex relative permittivities of two poly(propylene glycol) liquids, of molecular weights 380 
and 3030, have been determined. Measurements were made in the frequency range 60 Hz to 200 MHz 
and at temperatures from -64  ° to +25°C. The lower molecular weight liquid showed only one re- 
laxation region, which could be described by the Williams-Watts function with ~-= 0.51. The higher 
molecular weight liquid exhibited a similar main relaxation region and a secondary relaxation, of 
smaller amplitude, at lower frequencies. The relaxation times and their temperature dependencies 
are compared with previously determined viscoelastic relaxation and retardation times for the same 
liquids, and with the results from earlier dielectric studies by Baur and Stockmayer, and by Williams. 
The differences between the dielectric and mechanical times are discussed. 

INTRODUCTION 

A previous article I described the viscoelastic behaviour of 
two poly(propylene glycol) liquids, designated P400 and 
P4000. In general, the complex compliance, J*(/co), of a 
liquid may be described by: 

J*(fco) = J'(co) - fJ"(co) =Joo + 1/]cor7 + Jr*(fco) 

where Jo~ (= 1/G=) is the limiting high frequency compli- 
ance, co the angular frequency of the applied shearing 
stress, rt the steady flow viscosity and J*(jco) the complex 
retardational compliance. The product J~r/is commonly 
termed the Maxwell relaxation time r M. For both poly 
(propylene glycol) liquids, J *  could be described by 
equation: 

Jr*(]co) = J1 (co) - JJ2(co) = Jr/(1 + jcorr)t ~ 

which is analogous to the equation: 

e*(ico) = (e0 - e:)/(1 +/cord )~D 

used by Davidson and Cole 2 in their studies of dielectric 
relaxation. For P400, the lower molecular weight liquid, 
(Mn ~ 380), the retardational compliance Jr = 17.4 J~ ,  
the parameter fi = 0.45 and the characteristic retardation 
time rr increased with decreasing temperature, reaching a 
limit of 170 r M near 0°C. The viscoelastic behaviour of 
P400 is similar to that of many non-polymeric organic 
liquids. For the higher molecular weight liquid, P4000 
(Mn ~ 3030), the viscoelastic properties were described by 
the same equation but with Jr = 85 Jo~,/3 = 0.76 and 7 r = 
15.4 rM, remaining constant at least over the temperature 
range from +79.5 ° to 0°C. 

The dielectric behaviour of poly(propylene glycol) 
liquids has been investigated by several authors. In par- 
ticular, Baur and Stockmayer 3 investigated four liquids 
of nominal (number-average) molecular weights from 1025 
to about 3700, and Williams 4 has studied an amorphous 
sample of high molecular weight, Mn > 105. Other pro- 

perties of high molecular weight material have also been 
determined and have been summarized by McCrum, Read 
and Williams s. 

The present work supplements previous studies of di- 
electric properties by extension of the measurement range 
to lower molecular weights and to higher frequencies. In 
addition, since the samples P400 and P4000 used are the 
same as employed before 1, a quantative comparison of the 
viscoelastic retardation and dielectric behaviour is possible. 

EXPERIMENTAL 

Details of the P400 and P4000 liquids used have been given 
previously 1. Measurements of the complex relative per- 
mittivity, e* = e' - / ' e " ,  were made in two frequency ranges, 
60 Hz to 200 kHz and 3 to 200 MHz, using conventional 
bridge techniques. In the lower frequency range a transfor- 
mer ratio arm capacitance bridge was used, (General Radio, 
Model 1615A), with a matching generator and detector, 
together with a two terminal cell. Measurements were made 
with the cell immersed in a constant temperature bath. The 
estimated errors in the measurements made using this system 
are +1% in e' and +2% in e" up to 10 kHz, above this fre- 
quency the accuracy decreases slightly. In the higher fre- 
quency range an R - X  meter was used, (Hewlett Packard 
Type 250B) with a coaxial cell of capacitance (when empty) 
of 1.1 pF. The calibration of this cell was checked using 
liquids of known permittivities. The experimental errors 
in measurements made up to 100 MHz are estimated to be 
-+1% in capacitance and +3% in conductance. Above 100 
MHz the accuracy achieved was less because of the distribu- 
ted impedance of the strips connecting the cell to the meter. 
The readings were corrected assuming a simple lumped cir- 
cuit model for the connections. For this cell temperature 
stabilization was ensured by circulating a liquid at the de- 
sired temperature through a jacket around the cell. Tem- 
peratures were determined using platinum resistance thermo- 
meters and are estimated to be accurate to within +0.05°C. 
Measurements in the high frequency range were made of 
P400 at temperatures from +20 ° to -22.8°C, and of P4000 
from +16.3 ° to -64°C. 
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Figure I Temperature dependence of eo for a range of poly(pro- 
pylene glycol) liquids and of eo. for the liquid of lowest molecular 
weight 

Mn Mn 
nominal measured Reference 

V eoo 400 380 P400, this work 
0 e0 400 380 P400, this work 
• e0 1025 900 -+ 100 Baurand Stockmayer, 1965 
D e 0 2000 This work 
X e0 2025 1800 + 300 Baurand Stockmayer, 1965 
• e 0 4000 3030 P4000, th is work 
• eo "HMW" 3700 + 600 BaurandStockmayer, t965 
___ e o >105 Williams, 1965 

A few measurements were also made of a third poly(pro- 
pylene glycol) liquid, P2000, which was obtained from the 
same source and processed in the same manner as the other 
two liquids 1. This liquid has a nominal (number-average) 
molecular weight of 2000. The dielectric behaviour of this 
liquid was found to be intermediate between that of P400 
and P4000, and showed evidence of two relaxation processes 
which, however, were not sufficiently separated to allow 
useful analysis. Accordingly, measurements were limited 
to the low frequency region and to the temperature range 
+9.9 ° t o -56°C .  

RESULTS AND ANALYSIS 

The data were sufficient to define the low frequency limit 
e 0 for P400 over the range +20 ° to -61°C,  and e0 for 
P4000 from +20 ° to -20°C. The results are shown in 
Figure 1, together with the variation of eo found for other 
poly(propylene glycol) materials by Baur and Stockmayer 3 
and by Williams 4. The high frequency limit e.~ for P400 
was also defined in the range - 2 2  ° to -61  °C, the variation 
was linear and values at higher temperatures have been ob- 
tained by extrapolation. 

Considering first P400, at each temperature the compo- 
nent e" was normalized with respect to its maximum value 

I t  

emax, and plotted as a function of e r a ,  where ra is the 
reciprocal of the angular frequency at the peak of the e" 
curve. The data reduced to a single curve as shown in 
Figure 2. Similarly, the e' data were plotted as (e' - e**)/ 
(e0 - e**) and combined to a single curve by shifting. 
Figure 3 shows the result plotted in terms of e r a .  The 
temperature dependence of ~'a is given in Figure 4. For 
comparison with the viscoelastic retardation behaviour, the 
time z j, defined as the reciprocal of the angular frequency 
at the peak of the J2(~)  curve, is also given in this Figure. 
A plot of e"/(e0 - e=) against (e' - e=o)/(e0 - e..), com- 
bining results obtained at three temperatures, is shown in 
Figure 5. 

For P4000, the results showed the presence of two re- 
laxation processes, as found by Baur and Stockmayer a for 
a similar liquid. The minor secondary or/3-peak of e", 
occurring at lower frequencies than the or-peak, was suffi- 

I'Oi -k 

~E 
0"5 

% 

o -i 6 i 

Log ioWTa 

Figure 2 Values of e"/e~nax plotted against Ioglo co~ for poly 
(propylene glycol) P400 (M n ~ 380): O, +10.5°0; X, --0.1°0; 
n, _22.8 ° C, +, - 46 .9  ° C; A, __60.8 ° C; V, --57.0 ° C; &, - 51 .6  ° C, 
e, -39.9°C;  II, _15.2°C. For comparison, results obtained by 
Williams (1965) for M n > 10 s ( ) and by Baur and Stockmayer 
(1965) for M n -~ 1025 ( . . . .  ), are also shown 
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I o 
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O _~ 
-I 

Loglot0T a 

Figure  3 Values of (e' - eoo)/(e0 - eoo) for poly(propylene glycol) 
P400 ( M  n ~ 380) plotted against Iogt0 oJTt~: O, +20.0°C; o, _22.8°C, 
+, --46.9°C; u, --51.6°C; ~, o A _ _  --57.0 C; , - 60 .8 °C .  
the corresponding variation found by Williams (1965) for ~fn > 105 
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i i  

the ratio of emax for the c~-relaxation to the permittivity 
% contributed by this process to e0 has been assumed to 

tt 
" be the same, 0.283, as emax/(e 0 - e~) for P400. ea can 
" then be determined and deducted from e0 to give the sum 
" of eoo and e¢, the permittivity for the secondary relaxation. 
" The e" curves for the secondary process are not well 
.: defined experimentally, they are similar to those obtained 
" by Baur and Stockmayer 3. They imply a distributed, but 

.." narrow, relaxation spectrum. The best estimate of  the 
/ t T . . / j  maximum value o fe "  for the~-process to e~is0.4. If this 

ratio is assumed constant, then e~ may be determined and 
hence e=. Figure 7 shows the temperature dependence of 

t e0, %, e~ and e~ for P4000, the variation of e~ deduced in 
t. this manner is linear and the extrapolated value at -64°C 

i / / / /  is in good with the measured value for this agreement only 
liquid. The ratio %/e~ is approximately 8, the correspond- 

' I : /  ~ ing value for P2000 is about 18. 
" The time r,~ and ~ defined by the main and secondary 

v ~ / / /  peaks curves P4000 have also been deter- o f  the c" for 
mined and are included in Figure 4. 

- l %  ,¢ L i I I 
4 5 

IO3/T(K -~) 

Figure 4 
elastic retardat ion and viscoelastic re laxat ion times. P400 
(M n ~ 3B0): A, rc~; _ _ .  _ _ ,  f j ;  -- -- --, r r ;  - - ,  r M. P4000 
(M n ~- 3030):  X, TC~; O, T~; . . . .  , T corresponding to the peak of  
the loss curve given by Wil l iams (1965) 

Temperature dependence o f  dielectr ic relaxat ion, visco- 

I O  

= E  d o.5 / 
w 

0 - 5  -4  -3  -2 - I  O I 2 

LogloWTa. 

Figure 6 Values of  e" /ema x p lot ted against IOgl0 oJT(x, fo r  P4000: 
O, --51.5°C; X, - -45.7°C; [3, _42.2°C;  +, _37.0°C;  A, _33 .0°C;  
V -31 .0 °C ;  " ,  - 10 .0 °C .  - - - ,  the corresponding var iat ion fo r  
P 4 0 0  

°3! 
Io 0"2  

-~ O I 

J I I I t I I I J J 
0 0 .5  I.O 

(E'- %o)/(%-%o) 
Figure 5 Plot of  e" / (e0 -- ego) against (e' -- e=o)/(e0 -- ego) fo r  
P400: [3, - -51.6°C; O, - 5 7 . 0 ° C ;  X,_-60.8°C.  - - . ,  derived f rom 
the Wil l iam--Watts equat ion w i th / ]  = 0.51 ; . . . .  , p lo t ted using 
the Davidson--Cole equat ion wi th ¢ = 0.39; . . . .  , p lo t ted using 
the Davidson--Cole equat ion wi th ~3 = 0.35 

ciently small and separated from the main a-peak to allow 
comparison of the c~-peak with the single process found for 
P400. Figure 6 shows e"/emax for P4000 as a function of 
corm. At the lowest frequencies the data for e" showed a 
frequency dependent loss attributable to d.c. conductivity 
and the results given in Figure 6 have been corrected for 
this effect; the corrections were significant only in the 
region logl0 corm < -3 .5 .  The data defining the main peak 
reduce to the same curve as found for P400. Accordingly, 
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~ . ~  ° ~ °  

b E ~ .  , 
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~ "1~ - "(3 "13" "El "13(3" . . . . . .  E l - -E l - -  [3- 

- - + ~ + ° + 4 - ~ 4 - ~ + _ + ~ + - -  . . . . . .  ~E~Ej 3 
E°° "f 7 

J ~ J L - 2 0  i i i j 
- 6 0  - 4 0  O 2 0  

r (oc) 
Figure 7 Temperature dependence of  e0 and e~ for  P4000, show- 
ing the cont r ibu t ions of  the main (c~) and the secondary (/3) pro- 
cesses, o e0 measured; X, ego measured; E3, e= + e/] deduced; +, ego 
deduced. - . . . .  , represents the measured var iat ion o f  e0 fo r  a 
po ly (p ropy lene  glycol) l iquid o f  M n ~ 2000 and is included fo r  
comparison 

P O L Y M E R ,  1 9 7 6 ,  V o l  17,  A u g u s t  6 6 7  
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Table 1 Properties of poly(propylene glycol) liquids a t  0 ° C  

Viscoelastic Viscoelastic 
r e l a x a t i o n  r e t a r d a t i o n  Dielectric 
times times r e l a x a t i o n  t i m e s  

(#sec)  (#sec)  (#sec)  

P 4 0 0 0  r l  = 4 .1  * r a = 1 . 8 "  r e = 0 . 0 0 4 5  

r 2 = 1 .0 "  r b = 0 . 6 *  r13 = 3 . 6  

r M = 0 . 0 0 9  r r = 0 . 1 4  

r G = 0 . 0 0 1  r j  = 0.1 

P 4 0 0  ~ M  = 0 . 0 0 0 6  "r r = 0.1 "r e = 0 . 0 0 4 5  

r G = 0 . 0 0 0 2  r j  = 0 . 0 5  

* D e r i v e d  assum ing  the Rouse modes to be given by r p  = 
6r lM/ r r2p2pR T 

DISCUSSION 

The results (Figure 1) for P400 and P4000 confirm the 
previous findings of a decrease of e O, and its temperature 
dependence, with increasing molecular weight. Stock- 
mayer and Burke 6 note that for both linear and branched 
poly(propylene oxide) e0 is an almost linear function of 
hydroxyl content. This is substantiated by the present 
results, a plot of e0 against 1/Mn is fitted by a straight line 
within the experimental error limits of molecular weight 
determination, e.g. at -20°C,  e 0 = 5.35 + 2220/M n. Plots 
of e0 against molecular weight or its inverse therefore pro- 
vide a means of checking relative molecular weights. For 
P4000, Mn is clearly less than that of the HMW sample of 
Baur and Stockmayer 3, for which Mn ~ 3700, and the 
measured value ofMn "~ 3030 is compatible with previous 
results to within about 10%. 

Figures 2 and 3 show that the normalized dielectric 
relaxation curves for e"/emax and (e' - e~)/(e0 - e~) are 
similar to those found by Williams 4 for a very high mole- 
cular weight polymer. Although Baur and Stockmayer 3 
comment that the relaxation region broadens with increas- 
ing molecular weight there is no difference, within the 
limits of experimental accuracy, between their results and 
the present ones for P400 (and for P4000), and only a 
small increase in the width of the relaxation region as Mn 
increases to more than 105. The plot of Figure 5 shows a 
skewed curve, which is not fitted by a Davidson-Cole 2 
distribution of relaxation times - the best fit varying from 
/3 = 0.39 at high frequencies to 0.35 or less at low frequen- 
cies. However, the results can be described by the Williams- 
Watts function 7, which is defined by the dielectric decay 
function 7(0  = exp - (t/-cO)ff, where 0 < f~< 1 and r0 is a 
relaxation time. For P400, the data are fitted within the 
limits of experimental error by the corresponding fre- 
quency - dependent complex permittivity with the para- 
meter ~- = 0.51. Williams, Watts, Dev and North ~ have pre- 
viously noted that this function describes the dielectric 
relaxation of a very high molecular weight poly(propylene 
oxide) 4, and of the principal relaxation region of several 
other polymers. The main (a) relaxation process for 
P4000 (Figure 6) is the same as for P400, and is indepen- 
dent of molecular weight. Figure 4 and Table 1 show that 
at a given temperature the relaxation times, re, for P4000 
and P400 are the same; the value differs only slightly from 
that found by Williams 4 for the polymer ofMn > 105. 
This similarity of the values of r~ is accompanied by a 
comparable lack of dependence of the glass transition tem- 
perature Tg on molecular weight in the range 400 to >105, 
the values of Tg being within a few degrees of -75°C. The 
same physical process is c/early involved in the different 

polymers, and local segmental motion of the polymer chain 
has been suggested 3. Since re for P400, with only 5 repeat 
units, is the same as for longer chain polymers, then any 
particular segmental motion must involve very few bonds, 
otherwise end effects would have a significent influence. 
Rather than making any such specific ascription, it is more 
realistic to regard the form of the c~-relaxation as a general 
characteristic of the co-operative nature of local rearrange- 
ments 9, and due to intermolecular rather than intramole- 
cular movements. 

For P400, the proportion of the relaxing permittivity 
due to end-groups is relatively large, yet their contribution 
to the relaxation process is in no way different from that 
of main chain elements..lohari and Goldstein ~° and others 11, 
have pointed out the general similarity of the a-relaxation 
in amorphous polymers and in supercooled, small mole- 
cule liquids. The present results for P400 provide direct con- 
firmation, within the same molecular species, of a common 
process being responsible; P400 may be regarded either as a 
very short chain polymer or more realistically, as a super- 
cooled liquid with dielectric and viscoelastic properties 
similar to those of a non-polymeric liquid 11. In this context, 
it may be noted that the value/3 = 0.51, in the Williams- 
Watts function describing the a-relaxation, defines a stress 
relaxation curve which is very similar to that predicted 
theoretically from a relaxation model based upon a defect- 
diffusion mechanism ~2,13. 

The secondary dielectric dispersion in poly(propylene 
oxide) has been attributed by Baur, Burke and Stockrnayer 3,6 
to the cumulative effect along the chain of the dipole mo- 
ment (0.18 D) of each repeat unit. Since polymerization 
occurs by head-to-tail additions to the chain, more or less 
symmetrically about an initiator site, the resultant polar- 
ization has a (+ . . . . . . . . . .  +) form. The measured dielec- 
tric relaxation time of the secondary dispersion, its tem- 
perature variation and dependence on molecular weight were 
found to be similar to the corresponding properties of the 
second normal mechanical relaxation mode of the chain, 
calculated using the assumption of free-draining conditions 
as proposed by Rouse ~4. However, the apparently satisfac- 
tory numerical agreement with the Rouse theory is subject 
to some reservations. Firstly, the secondary dielectric dis- 
persion is distributed and the longest relaxation time, rd, 
in such a spectrum is, in general, longer than that defined 
by the peak of the e" curve, r~. For P4000, rd may be up 
to 1.5 r#. Secondly, Stockmayer and coworkers compare 
the dielectric relaxation time and the viscoelastic relaxation 
time, instead of with the formally analogous retardation 
time. A spectrum of discrete relaxation times, as postulated 
in the Rouse theory, implies a spectrum of discrete retarda- 
tion times, on a time scale these are interleaved between 
the relaxation times. The first retardational mode "ca occurs 
at about 0.45 of rl, the first relaxation mode, and the sec- 
ond retardational mode rb lies at about 0.6 of r2, the second 
relaxational mode. The measured time for the secondary 
dielectric dispersion may therefore be up to 2.5 times the 
predicted viscoelastic retardation time. If the non-free- 
draining approach of Zimm ~s is assumed, then the ration is 
greater since this theory gives shorter predicted times ~6 In 
the present work a similar discrepancy is found, r#/rb ~ 6, 
(Table I). Therefore, whilst the accepted explanation of 
the secondary dielectric dispersion may be correct in general, 
there are obvious short-comings in the detailed predictions 
of the theory. If instead of using the macroscopic dielectric 
times in these comparisons, a microscopic time is calculated 
using, for example, the factor proposed by Powles ~7, then 
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the discrepancies between mechanical and dielectric times 
are greater. Conner,  Blears and Allen ~8 suggest that hydro- 
gen bonding between end-groups increases the effective 
chain length, and this may account for r~ being greater 
than rb. It may also be partly responsible for the absence 
of  a secondary dielectric dispersion in very high molecular 
weight poly(propylene oxide), although random reversals 
of polarization along the chain and entanglements ~9 have 
also been suggested as possible explanations. An at tempt  
has been made, by extending the range of  previous visco- 
elastic measurements of  P4000 to lower frequencies, to 
see if a mechanical retardation process occurs correspond- 
ing to the secondary dielectric dispersion. No separate 
process was found*. 

Williams 4,s has shown that the mechanical loss peak of  
the dynamic shear modulus at the g lass- rubber  'transition 
which was observed by Saba, Sauer and Woodward 2° at 
0.37 Hz and -62°C ,  corresponds to the main (a) dielec- 
tric relaxation process in an amorphous high molecular 
wei~zht poly(propylene glycol). At such a low temperature 
(10~/T ~ 4.7) both mechanical and dielectric times are 
greatly affected by small variations in temperature,  and 
any difference between them may be masked. The present 
results in Table 1 show that there is an appreciable differ- 
ence between r~ and the analogous mechanical retardation 
time r j .  For P400, 7 j ~  10 ra  and for P4000, 7j  ~ 20 to.  
(For  comparison, the time r a  defined by the peak in the 
loss component  G" of  the shear modulus is also given in 
the Table.) Whilst it remains possible that the relevant 
mechanical and dielectric losses have their origins in a 
common physical mechanism it is clear that there is no 
close numerical equivalence between ~-j and ra.  

* However, subject to the uncertainty due to increasing experi- 
mental errors at lower frequencies, there is at. indication of a gradual 
increase of the ratio Jr/Joe at temperatures above 0°C. 
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Dimensions of poly(trimethylene oxide) 
chains in a theta-solvent 
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Fractions of poly(trimethylene oxide) -[-(CH2)3-O-]- x of relatively high degree of polymerization x 
were studied in liquid--liquid phase equilibria in the poor solvent cyclohexane. The results thus ob- 
tained indicate that the ideal or theta-temperature for this system is 27.0 "+ 0.5°C. Intrinsic visco- 
sities measured under these conditions were used to obtain a value for the characteristic ratio 
(r2)o/nl 2 of the unperturbed dimensions of these chains relative to the number of skeletal bonds and 
the average square of their length. The resulting value, 3.86 + 0.08, is unusually low, a fact which 
may be attributed to the high degree of conformational randomness in this chain molecule. Consid- 
eration of poly(trimethylene oxide) to be an alternating copolymer of ethylene and oxymethylene 
provides some additional information of interest. It clearly demonstrates that a chemical copolymer 
can have configuration-dependent properties which are vastly different from those of its parent 
homopolymers. 

INTRODUCTION 

Poly(trimethylene oxide) Q2H2-CH2-CH2-O~-x is one 
of the most interesting chain molecules which may be 
studied with regard to its spatial configurations in the ran- 
dom-coil state. The polymer may be prepared to relatively 
high degrees of polymerization x 1, and has a rather tow 
melting point (35°C)2; its characterization from the experi- 
mental point of view should therefore be straightforward. 
In addition, its investigation a-5 in terms of the rotational 
isomeric state theory 4 of chain configurations is facilitated 
by two important features of this polyoxide chain. Its re- 
peat unit has a very simple structure and most of the 
intramolecular interactions occurring in this molecule also 
occur in other members of the ~CH2)y-O-]-x series, seve- 
ral of which have now been extensively studied with re- 
gard to their configuration-dependent properties 4-6. 
Finally, preliminary evidence ~ indicates that poly(trimethy- 
lene oxide) in the random-coil state is an unusually com- 
pact chain molecule, judging from approximate values of 
its unperturbed dimensions as estimated from viscosity 
measurements in a thermodynamically good solvent. 

For the above reasons, the present study was under- 
taken to determine a reliable experimental value of the 

r 2 2 cha acteristic ratio (r )o/nl of poly(trimethylene oxide), 
where (r2)0 is the chain dimension as unperturbed by ex- 
cluded volume effects 1'7, n is the number of skeletal bonds, 
and l 2 is the average square of their length. The approach 
taken, the study of the molecules in a theta (0) solvent, 
where excluded volume interactions are known to be nulli- 
fied 7, is probably the most reliable method presently avail- 
able for this purpose. The temperature at which a suitably 
poor solvent acts as a 0-solvent for poly(trimethylene 
oxide) will be located by measurements of the critical 
solution temperatures for liquid-liquid phase equilibria 
of solutions of the polymer, obtained as a function of its 
degree of polymerization 7. Intrinsic viscosities measured 
in this solvent at the 0-temperature thus established then 

* Permanent address: Faculty of Science, Osaka University, 
Toyonaka, Osaka 560, Japan. 

directly yield values of the unperturbed dimensions and 
the characteristic ratio, without the need for approximate 
corrections for chain expansion due to excluded volume 
interactions. 

Since there has been a considerable amount of interest 
in the configuration-dependent properties of chemical 
copolymers 8-12, it should be noted that poly(trimethylene 
oxide) may be thought of as an alternating copolymer of 
ethylene and oxymethylene. It is therefore obviously of 
considerable interest to compare its statistical properties 
with those of polyethylene 4 and polyoxymethylene 4'1a'~4 

EXPERIMENTAL 

The five fractions of poly(trimethylene oxide) employed 
in the present study were among those studied previously 
in a thermodynamically good solvent, and their prepara- 
tion is thus described elsewhere ~. Their number-average 
molecular weights Mn, which had been determined by 
osmometry in benzene at 30°C ~, are listed in Table 1. 

A preliminary survey of solvents indicated that cyclo- 
hexane should serve as a 0-solvent 7 for poly(trimethylene 
oxide) in the vicinity of room temperature. Precipitation 
temperatures, Tp, for liquid-liquid separations in the re- 
agent-grade solvent were therefore determined for the five 
fractions listed in Table 1, augmented by two others (F1 
and F71, having values ofMn × 10 -3, 53.5 and 153.0, res- 

Tab/e I Experimental results on poly(trimethylane oxide) 

[n]c 
Fraction a M n X 10 -3b (dl/g) (r2)o/nl 2 

F2 65.1 0.275 3.78 
F3 87.5 0.316 3.76 
F4 109.1 0.380 3.95 
F8 161.1 0.465 3.97 
F10 292.5 0.591 3.82 

Average 3.86 -+ 0.08 

aDetailed information on these fractions is given in ref 1. bObtained 
from osmotic pressure measurements in benzene at 30°C; see ref 1. 
Cln the 0-solvent, cyclohexane, at 27.0°C; present results 
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Figure I Some typical binodials characterizing liquid--liquid 
separations in the poly(trimethylene oxide)--cyclohexane system. 
The fractions represented are described in Table I, and in a pre- 
vious studyl.: O, FIO; ~, F7; O, F4; 1:3, F2 

pectively). Values of Tp were determined as a function of 
composition, for all seven fractions, using simple visual 
inspection, in the usual manner ~5. The volume fraction v 2 
of polymer in each solution at 23°C was obtained from the 
weights of polymer and solvent, and the specific volumes 
at this temperature. Values of v2 thus obtained were in 
good agreement with direct pycnometric measurements on 
the solutions themselves. 

Viscosities of the poly(trimethylene oxide) fractions in 
the cyclohexane were determined in a Cannon-Ubbelohde 
viscometer. Each fraction was studied at a minimum of four 
concentrations, in the range 0.03 to 2.17 g/dl, and values 
of the relative viscosity ranged from 1.02 to 2.03. 

RESULTS AND DISCUSSION 

The binodials for the liquid-liquid phase separations were 
obtained by plotting values of the precipitation tempera- 
ture against composition. Typical results are shown in 
Figure 1. The maximum of each binodial is the critical 
solution temperature Tc at that particular degree of poly- 
merization x. Although some of the data scatter somewhat, 
presumably because of the relatively low molecular weights 
of some of the fractions, the values of Tc obtained are 
probably accurate to +0.2°C. Their reciprocals were plot- 
ted against the molecular size function indicated by theory, 
in the usual manner 7. The results are presented in Figure 2, 
where the line shown was located by least-squares analysis. 
The intercept gives the value of Tc in the limit of infinite 
chain length, which is the 0-temperature of the system. We 
thus obtain 0 = 27.0°C, with an uncertainty estimated to 
be ~ -+0.5°C. The entropy of dilution parameter ff 17, ob- 
tained from the slope of this curve, was found to have the 
relatively large value 1.0. 

Values of the intrinsic viscosity [7] of the poly(tri- 
methylene oxide) fractions in cyclohexane at 27.0°C were 
obtained from the solution viscosities in the usual mannerT; 

the results are given in Table 1. They are plotted logarith- 
mically against the number-average molecular weight in 
Figure 3, and were found by least-squares analysis to be 
represented by the relationship: 

[r/] = 8.89 x 10-4M~ 0"519 (1) 

The fact that the exponent on the molecular weight is one- 
half 7 within experimental error confirms cyclohexane to 
be a 0-solvent for poly(trimethylene oxide) at 27.0°C. 
Values of the unperturbed dimensions (r2)o are therefore 
directly calculable from the equation: 

[77] = cb((r2)o/Mn)3/2M 1/2 (2) 

which is applicable to any random-coil polymer in a 0- 
solventT; under these conditions, the constant q5 has the 
value 2.5 x 1021 dl/mol cm 3 7,16. The unperturbed dimen- 

sions thus obtained were expressed relative to nl 2, with 
n = 4(Mn/Mo), where M~ = 58.08 is the molecular weight 
of the repeat unit, and l = 2.19 A2 1. The resulting values 
of the characteristic ratio are given in Table I and are seen 
to be independent of molecular weight, as expected 4'7. 

The average value (r2)o/nl 2 = 3.86 --- 0.08 is in excellent 
agreement with the value 3.94 -+ 0.17 obtained from visco- 
metric and osmometric measurements in a thermodynami- 
cally good solvent, benzene at 30°C ~. The agreement may 
be somewhat fortuitous, however, in that it is frequently 

3'48 

°Jo O _~3.40 / / / ~ J  

' 332 

,.Y 

I I I I 

0 0.02 0.04 
X - I / 2  + (2x) -I 

Figure 2 Extrapolation of reciprocal critical solution tempera- 
tures to obtain the g-temperature for the poly(trimethylene oxide)-- 
cyclohexane system 

-0.5 

-I( 

' I'I ' ' ' 12 13 

InM n 
Figure 3 The intrinsic viscosity--molecular weight relationship 
for poly(trimethylene oxide) in cyclohexane at the 0-temperature, 
27.0°C 
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Table 2 Some characteristics of polyethylene, polyoxymethylene, and their alternating copolymer poly(trimethylene oxide) 

PE POM POM 3 

Repeat unit -CH2-CH 2 -  - C H 2 - O -  - C H 2 - C H 2 - C H 2 - O -  
(r2)o/n/2 7.6a, b 12 c 3.9 e 
103d (In(r2)o)/d T --1.1 a --6 d 0.1 f 

aThe pertinent experimental studies are cited in ref 4. bThe actual experimental result is 6.7 at 140°C; it was corrected to the vicinity of 25°C 
by means of the coefficient d(In <r2)o)/dT. CApproximate value estimated from intrinsic viscosities 13 obtained in a thermodynamically good 
solvent at 25°C, using a value of 2.1 X 10 ;it for the hydrodynamic constant ~ l , t 6  dVery approximate value estimated from intrinsic viscosi- 
ties obtained in two thermodynamically good solvents at 25 ° and 90°C, respectively 13,14. epresent study, fRef 1 

very difficult to correct satisfactorily for the excluded 
volume effects present in thermodynamically good sol- 
vents ~7'~8. In any case, the characteristic ratio found for 
poly(trimethylene oxide) is unusually small, and is probably 
the smallest of  those 2~ which are reliably known, to a high 
degree of  accuracyt.  This compactness of  the poly(tri- 
methylene oxide) chain is due to its high conformational 
randomness; two of  the skeletal bonds of  the repeat unit 
have a preference for gauche rotational states, whereas 
the other two have a preference for the alternative trans 
states~,3~. 

In addition, it is of  instructional value to note that 
poly(trimethylene oxide) may be considered an alternating 
copolymer of  ethylene and oxymethylene units, and it is 
thus of  interest to compare its configuration-dependent 
properties with those of  its parent homopolymers poly- 
ethylene (-CH2-CH2-~x and polyoxymethylene (-CH2-O-}x. 
Pertinent results are given in Table 2. Polyethylene is seen 

1,4 to have a relatively high value, 7.6 , for the characteristic 
ratio in the vicinity of  25°C; polyoxymethylene, at the 
same temperature, has one of  the highest values ~'13, 125, 
reported to date. This is due to the fact that these two 
homopolymeric chains exhibit a preference for conforma- 
tions of  high spatial extension; in polyethylene the pre- 
ference is for trans or planar zig-zag conformations 4, and 
in polyoxymethylene it is for gauche states giving rise to 
helical sequences 4. High spatial extension is no t  preserved, 
however, upon mixing the two types of  units, in alternat- 
ing sequence, to give poly(trimethylene oxide). The 
characteristic ratio of  poly(trimethylene oxide) is in fact 
very much smaller than the corresponding value for either 
homopolymer,  since gauche states cause disruption of  the 
planar trans sequences, while trans states likewise disrupt 
the helical gauche sequences. Similarly, the large negative 
values reported for the temperature coefficient d(ln(r2)o)/dT 
of  the unperturbed dimensions of  polyethylene and poly- 
oxymethylene are of  course a direct result of  the fact that 
the spatially extended conformations in these chains are of  
relatively low energy 4. Again, destruction of  the confor- 
mational regularity in polyethylene and in polyoxymethy- 
lane by the intermixing of  these two repeat units in poly(tri- 
methylene oxide) has the marked effect of  reducing its 
value of  d(ln (r2)o)/dT essentially to zero ~. These compari- 

t It is of course important to use the same conventions in calcu- 
lating values of the characteristic ratio in comparisons of this type. 
In polypeptides, for example, 'virtual bonds' of length 3.80 A are 
frequently used to replace three consecutive skeletal bonds, of 
lengths 1.53, 1.32, and 1.47 A, respectively 4,8. For uniformity, 
therefore, characteristic ratios thus calculated would have to be 
multiplied by the factor [3.802/(1.532 + 1.322 + 1.472)] = 2.31. 

Stockmayer and Chan la calculate the somewhat lower value 
10.5 -+ 1.5, using • = 2.5 × 1021 rather than the value 2.1 × 1021 
we used to obtain (r2)o/nl 2 ~- 121. We consider the uncertainty 
associated with this assignment to be minor compared with other 
uncertainties 19,2o inherent in the use of such extrapolation 
methods 21 in the interpretation of viscometric data. 

sons strikingly illustrate the very large error which may be 
introduced by use of  the assumption 9 that a chemical co- 
polymer should have statistical properties intermediate to 
those of  its parent homopolymers. 
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Mechanism of polysilazane thin film 
formation during glow discharge 
polymerization of 
hexamethylcyclotrisilazane 
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Preparation of thin polymer films by the glow discharge polymerization of hexamethylcyclotrisilazane 
has been studied. The effect of basic parameters of the process, such as time, pressure and current 
density on the polymer deposition kinetics has been established. It has been found that the curves of 
polymer deposition rate versus monomer vapour pressure have the same shape as the adsorption iso- 
therms. The experimental relationships R = f(p) have been analysed by means of the adsorption equa- 
tions BET and HJ. A good agreement between the experimental results and adsorption equations sug- 
gests an adsorption mechanism of the polysilazane fi lm formation. The effect of polymerization con- 
ditions on the properties and morphology of thin polysilazane films has been also investigated. 

INTRODUCTION 

In recent years there has been an increasing interest in the 
formation of thin polymer films by the polymerization of 
monomer vapours initiated by a glow discharge. The poly- 
mer films obtained by this technique on suitable substrates 
may find wide and various applications in modern tech- 
nology 1-6 because of their interesting mechanical, thermal 
and electrical properties. Much attention has been given 
to the preparation of thin films from organosilicon mono- 
mers. The polymer films from these monomers have a high 
electric resistance, high dielectric strength and high thermal 
stability 7-9. 

The present paper reports the results of a study of the 
effect of some of the parameters of the glow discharge 
polymerization of hexamethylcyclotrisilazane, such as 
time, pressure and current density on the polymer film de- 
position rate. The results show a close relationship be- 
tween the polymerization conditions and properties and 
morphology of thin films giving at the same time a partial 
explanation of the physical mechanism of film deposition. 
Using hexamethylcyclotrisilazane as monomer with Si-N 
bonds, we wished to verify the possibility of using the glow 
discharge process for preparation of thin polymer films of 
extremely high thermal stability as indicated in our pre- 
vious paper I°. 

EXPERIMENTAL 

The glow discharge polymerization was carried out in an 
electrode static system. A schematic diagram of the appa- 
ratus used in this study is shown in Figure 1. The discharge 
chamber consisted of a 20 dcm 3 glass bell jar with two 
parallel electrodes, made of stainless steel, fixed inside. 
Freshly rectified hexamethylcyclotrisilazane placed in a 
feeder was thoroughly degassed by freezing-thawing evacua- 
tion cycles until the pressure was less than 10 -5 Torr. Be- 
fore starting the polymerization the chamber was evacuated 
to 5 × 10 - °  Torr and then monomer vapour from the feeder 

was admitted until the pressure inside the chamber reached 
a fixed value. The pressure inside the chamber was mea- 
sured by means of a differential micromanometer filled 
with silicon oil DC-704. An electric field was then applied 
to the electrodes whereupon a glow discharge took place 
and as a result a polymer thin film was deposited on the 
electrodes. The polymerizations were carried out at an 
electrode temperature of 20°C for 30 sec, the monomer 
vapour pressure being varied over the range 0.05-0.5 Torr. 
Discharge current densities were 0.2-7.1 mA/cm 2 at a 

D 

Figure 1 Schematic diagram of glow discharge apparatus: A, 
amplifier; B, base plate; C, bell jar; D, electrodes; E, differential 
micromanometer; F, cold trap; G, monomer feeder; H, oil diffu- 
sion pump; I, rotating pump; J, generator of frequency 
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IO A similar phenomenon was observed in the polymerization 
of toluene by Tuzov et al. H who suggested a catalytic in- 
fluence of the substrate. 
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Figure 2 Weight of deposited polymer as a function of deposi- 
t ion time. Current density, 2 mA/cm2; pressure, 0.4 Torr 

fixed frequency of 20 kHz and a fixed electrode separation 
of 3 cm. 

The polymer film deposition rates were calculated from 
the amount of polymer deposited on the electrodes mea- 
sured gravimetrically. A series of at least five experiments 
was made in order to calculate an average value of the de- 
position rate (R), and to find a point for the kinetic rela- 
tionship curves. 

Hexamethylcyclotrisilazane was purified by rectification 
using a Perkin-Elmer column, Model 151, with teflon spin- 
ning band and then the purity tested by gas chromatographic 
analysis. 

RESULTS AND DISCUSSION 

Effect o f  deposition time 
The relationship between weight of polymer deposited on 

the electrode and duration of discharge was found for con- 
stant monomer vapour pressure 0.4 Torr and constant cur- 
rent density 2 mA/cm 2. As can be seen from Figure 2 the 
amount of polymer deposited increases linearly with the 
discharge time. This would suggest that the deposition rate 
is constant over the time range under investigation. The 
deposition rate calculated from the gradient is R = 14.6/ag/ 
cm 2 see. The straight line extrapolated to zero time does 
not go through the origin, but intersects the polymer weight 
axis. This is probably connected with the change in condi- 
tions of the monomer adsorption resulting from the altera- 
tion of substrate by the polymerization process. As soon 
as the first layer of monomer molecules adsorbed on the 
metal surface of electrode is polymerized, adsorption of 
new monomer molecules takes place on a polymer layer 
already formed. Hence, the conditions of adsorption for 
the first layer are different from those for the next layers. 

Effect o f  monom er vapour pressure 

Dependence of deposition rate on the monomer vapour 
pressure for polysilazane film was determined for various 
current densities: 0.6, 1.1 and 2.3 mA/cm 2. The curves 
obtained are shown in Figure 3. They are completely diffe- 
rent from curves of an analogous relationship reported by 
other authors ~2-~7. The different shapes of curves may re- 
sult from the relatively low saturated vapour pressure of 
hexamethylcyclotrisilazane (P0 = 0.7 Torr at 20°C) in com- 
parison with considerably higher P0 values for other mono- 
mers used in kinetic studies of glow discharge polymeriza- 
tion (for example, P0 for styrene 4.8 Torr). It is interesting 
to note, that the curves of polysilazane deposition rate vs. 
vapour pressure have similar shapes to the adsorption iso- 
therms of II type according to Brunauer a8'~9. It can be seen 
in Figure 3 that within the range 0.05-0.3 Torr the depo- 
sition rate increases with pressure, reaching a saturation 
state over a certain pressure value. The course of the curves 
within this pressure range is explained by the fact that the 
number of monomer molecules adsorbed on the electrodes 
increases with increase in pressure. Over certain pressure 
values, for a given current density when all the active elec- 
trons present in the discharge zone take part in the initiation 
of polymerization, the film deposition rate reaches a con- 
stant value independent of pressure and limited only by the 
current density. This explains the appearance of distinct 
plateau in the curves (Figure 3) at current densities 0.6 and 
1.1 mA/cm 2. The increase in deposition rate observed over 
the range 0.3-0.4 Torr may be due to a rapid increase in 
monomer adsorption since the range of these pressures is 
close to saturated vapour pressure P0 of hexamethylcyclo- 
trisilazane, and under these conditions a partial vapour con- 
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Figure 3 Polymer deposition rate at various current density as a 
function of monomer vapour pressure; deposition time 30 sec. 
A, 2.3; e,  1.1; O, 0.6 mAlcm 2 

674  P O L Y M E R ,  1976,  Vo l  17, Augus t  



40 

% 
u 

2 
O 

t~ 
d~ 

30 

20 

IC 

o 

n • J I  I1!  ~ i L n 

0 2 4 6 

Current density (mA/cm 2) 
Figure 4 Polymer deposition rate at various pressure as a funct ion 
of current density; deposition t ime 30 sec. ~,  0.4; I I  0.3; • 0.2, 
O 0.1 Torr  

densation is likely to occur. In accordance with adsorption 
isotherms ls'19, the volume of molecules adsorbed increases 
asymptotically to infinity i fp  ~ P0, hence for p close to 
P0 a multimolecular quasi-liquid layer of  the adsorbate may 
be produced on the substrate. Therefore, the glow discharge 
polymerization of  hexamethylcyclotrisilazane at pressure 
p > 0.3 Torr may be initiated in the quasi-liquid phase. 
This would cause the process yield to increase consider- 
ably and would explain the increase in the film deposition 
rate within this pressure range. The results show that 
adsorption of  monomer plays a significant part in the 
mechanism of polysilazane film formation as initiated by 
the glow discharge. 

Effect of  discharge current density 
The dependence of  polysilazane f'flm deposition rate on 

current density (j) (Figure 4) was determined at various 
monomer vapour pressures: 0.1,0.2,  0.3 and 0.4 Torr. 
The relationships obtained at pressures 0.1,0.2 and 0.3 
Torr are consistent with data from the literature 14,lv'2°'2a 
describing analogous relations for other monomers. It can 
be seen in Figure 4 that the deposition rate increases with 
the discharge current density and reaches a constant value 
over a current density defined for the given pressure. Some 
decrease in the deposition rate observed at 0.1 Tort and 
over 1.7 mA/cm 2 may be due to partial degradation of the 
polymers formed. The films obtained under these condi- 
tions, were cracked and badly adhered to the substrate. 
The relationship R = f ( j )  for a pressure 0.4 Torr is com- 
pletely different, and as is seen in Figure 4, the increase in 
the deposition rate is observed over the whole range of  cur- 
rent densities used. The relationship is linear over the 
range 0 .6-3 .4  mA/cm 2, and when extrapolated to zero 

Mechanism of polysilazane thin film formation: A. M. Wrdbel et al. 

current density, intersects the R axis. This different course 
of the relationship at 0.4 Torr pressure is probably due to 
the initiation of  polymerization in a multimolecular quasi- 
liquid layer of  monomer which at this pressure may be 
produced on the substrate as a result of partial vapour con- 
densation. This fact explains the rapid rise in the deposi- 
tion rate observed within the whole range of  current den- 
sities used and the distinct curve shift from the origin of  
coordinates. The results are in agreement with the curves 
R = f(p) for p > 0.3 Torr and confirm the correctness of  
our assumption on the initiation of polymerization in a 
quasi-liquid phase. 

Properties and morphology of polysilazane thin films 
It was found that the appearance of films and their 

properties depend to a great extent on the polymerization 
parameters. As the pressure increased at a constant cur- 
rent density the film became softer and much more adhe- 
sive to the substrate but when the current density increased 
at a constant monomer vapour pressure the film properties 
changed in the reverse direction. Solubility measurements 
showed that polysilazane films contained a small fraction 
soluble in non-polar solvents such as benzene or carbon 
tetrachloride but they were completely insoluble in ace- 
tone. The films prepared at constant pressure and low cur- 
rent densities ( ' 1  mA/cm 2) contained about 16% by wt sol- 
uble fraction. The soluble fraction content decreased with 
increasing current density and the films obtained over 
4 mA/cm 2 were completely insoluble. Insolubility of the 
films is a result of  crosslinking taking place in the glow dis- 
charge polymerization. The degree of crossiinking increases 
with the current density as indicated by the loss of  the 
soluble fraction in films obtained at higher current 
densities. 

It was observed that under certain conditions homo- 
geneity of  the films was affected by powder products. 
Over 2 mA/cm 2 the powders were observed almost over 
the whole range of pressure used. At 1 -2  mA/cm 2 the 
powder appeared at higher pressures while below 1 mA/cm 2 
the films were transparent. It was also found that at con- 
stant current density and pressure the powder regions grew 
with the discharge duration. Figures 5 and 6 show electron 
micrographs of  surfaces both of homogeneous film and 
powder region, respectively. In the powder region (Figure 
6) one can easily observe distinct spheres on the film sur- 
face. The powder formation, also reported by other 
authors zl-28, is a typical feature of the glow discharge poly- 
merization and according to a generally accepted opinion it 
is due to initiation of  the process in the gas phase. 

Mechanism of film formation 
The results presented suggest that adsorption is a deter- 

mining factor in the mechanism of polysilazane film forma- 
tion. Nevertheless it should be noted, that the mechanism 
of film formation is not as simple as that of  the adsorption 
process. During the film formation a continuous renewing 
of the substrate surface takes place resulting from growing 
film thickness. While in classic adsorption at a constant 
temperature and pressure a dynamic equilibrium state exists 
characterized by a constant volume of adsorbed molecules, 
here the equilibrium state can be determined by the volume 
adsorbed within the time unit because of  the continuous 
renewal of substrate surface. It is clear that this volume 
depends not only on temperature and pressure but also on 
the film deposition rate, and thus on the current density. 
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Electron micrograph of homogeneous polysilazane film Figure 5 
formed at 1 mA/cm 2, 0.3 Torr 

can be also described by the Harkins-Jura 3° (HJ) equation: 

In P = B  A 
p0 v2 (2) 

which expresses the linear relationship ln(p/p0) = f(1/v2). 
Using previous assumptions, experimental relationships 
R = f(p)  were verified in the system ln(p/p0) = f ( l [ R  z) 
according to equation (2). The linear relationships obser- 
ved almost over the whole pressure range (Figure 8) show 
that the HJ equation describes the experimental results 
well. 

A good agreement of the experimental relationships 
R = f(p)  with the adsorption equations would confirm the 
accuracy of our hypothesis on the adsorption nature of 
polysilazane film formation mechanism. It should be 
noted, however, that in the case of glow discharge poly- 
merization, the adsorption phenomenon is a very complex 
one. In comparison to the classic adsorption dealing with 
a homogeneous gas, here we have a gas mixture, produced 
by monomer fragmentation, which consists of components 
of various adsorption constants. Therefore, the use of 
classic adsorption equations to describe the formation 
mechanism of polymer film is a certain simplification of 
this complex process. 

An attempt was also made to verify the quantitative 
model of mechanism for glow discharge polymerization 
postulated by Denaro et al. 13. Their theory put forward 
a radical mechanism of polymerization and linear relation- 
ship I[R = f(1/p).  The non-linear nature of this relation 
found by us in the case of polymerization of hexamethyl- 

0"20 

Figure 6 Electron micrograph of powder region in polysilazane 
film formed at 3 mA/cm 2, 0.3 Torr 

Accepting such an assumption, one can verify whether the 
experimental relationship between polymer deposition rate 
and pressure is consistent with the Brunaeur, Emmett and 
Teller (BET) multi-layer adsorption equation29: 

p 1 1 - c p  
- - - - -  + - -  ( 1 )  
v(PO - P) CVm CVm PO 

where v is the volume of adsorbed gas, v m is the volume of 
monolayer, p is the pressure in the system, PO is the satu- 
rated vapour pressure of the adsorbate and c is a constant. 
The equation is a linear function of relative pressure P/Po. 
If one assumes that the polymer deposition rate is propor- 
tional to the volume of adsorbed monomer (R = V), the 
experimental relationships R = f (p)  (Figure 3) can be ex- 
pressed in the form P/R(PO - p) =f(P/PO) according to the 
BET equation. These relationships as determined by equa- 
tion (1) are shown in Figure 7. The curves obtained have 
similar shapes to those of typical BET isotherms ls'19. One 
can say that to an approximation the relationships for cur- 
rent densities 1.1 and 2.3 mA/cm 2 are linear only for 
P/PO <~ 0.2. This narrow linear range is a characteristic fea- 
ture of BET isotherms as the multilayer adsorption equa- 
tion is not free from some imperfections. The dependence 
of polysilazane film deposition rate on pressure, R = f(p),  
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Figure 7 Experimental relationships R = f(p) treated by BET 
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cyclotr isi lazane points  out  a l imi ted appl icat ion o f  the 
Denaro  mode l  for in te rpre ta t ion  o f  glow discharge poly-  
meriza tion mechanism.  
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Thin polysilazane films have been prepared by glow discharge polymerization of hexamethylcyclotri- 
silazane in an electrode static system. An increase in pressure in the reaction system observed during 
polymerization indicated that the monomer underwent fragmentation in the glow discharge. The 
structures of thin polysilazane films prepared at various current densities have been determined by 
elementary analysis, infra-red spectroscopy and gas chromatography. It has been found that fragmen- 
tation of hexamethylcyclotrisilazane takes place mainly through the cleavage of Si-C bonds and that 
methyl group content in the polymer film structure decreases with increasing current density. The 
mechanisms of reactions leading to polysilazane film formation have been discussed. 

INTRODUCTION 

Attention has been given to the use of the glow discharge 
technique for polymerization of organosilicon compounds 
in order to prepare thin polymer films with good dielectric 
properties and high thermal stability. Many investigations 
reported in the literature were carried out to study the 
properties and structure of polysilazane films l-s. Among 
the great number of organosilicon compounds organosila- 
zanes deserved particular attention. Polymers prepared 
from these compounds by a conventional polymerization 
have much higher thermal stability than polysiloxanes 6. 
Using organosilazane monomers in the glow discharge pro- 
cess one can produce polymer films with good electrical 
properties 7 and very high thermal stability s. 

The aim of the present paper was to study the chemi- 
cal structure of thin polysilazane films prepared by the 
glow discharge polymerization of hexamethylcyclotri- 
silazane and to establish a relation between polymerization 
conditions and polymer structure. However, one should 
be aware of the fact that examination of chemical struc- 
ture of thin polymer films prepared by glow discharge in 
monomer vapour is difficult because of the complex mecha- 
nism of polymerization. Monomer molecules in the glow 
discharge undergo fragmentation by collisions with accele- 
rated electrons or ions. In the gas phase several segments 
of molecules are formed which have definite probabilities 
of polymer film formation. Various molecule segments 
have different polymerization rate constants and different 
adsorption constants. Their contribution to the polymer- 
ization mechanism is difficult to establish, as the quantity 
of them in the total number of reactive molecules is not 
always known. Thus, the glow discharge polymerization 
can be considered as a copolymerization of numerous 
segments with different functions giving a polymer with a 
highly crosslinked structure. It is clear, that the chemical 
structure and properties of the polymer film will be closely 
related to the parameters of glow discharge. 

EXPERIMENTAL 

Glow discharge polymerizations of hexamethylcyclotri- 
silazane were carried out by means of the electrode static 

system. Details of the apparatus used for this study have 
been reported previously 9. Polysilazane samples were pre- 
pared in a glow discharge operating at 20 kHz. Polymer 
was formed as a thin film on the surfaces of two parallel 
stainless steel electrodes with the electrode separation fixed 
at 3 cm. Polymerization was carried out at an electrode 
temperature of 20°C and a constant discharge time of 30 sec 
with a fixed monomer vapour pressure of 0.3 Torr. Current 
density applied was within the range 0.2-6.4 mA/cm 2. 

Infra-red spectra of the polymers were obtained by re- 
moving the polymers from the metal surface and dispersing 
in KBr discs. The spectra were run on a Unicam Model 
SP 1200 spectrophotometer. 

Pyrolysis of the polymers was carried out in a Jeol 
pyrolyzer unit, Model PL 723. A polymer sample of 0.2 mg 
placed in the pyrolyzer was heated at 750°C for 15 sec. 
The volatile components of the pyrolysis products were 
directed immediately to the injection part of a Jeol, Model 
JGC 1100, gas chromatograph, equipped with a flame 
ionization detector. The stainless steel separation column 
1 m x 3 mm i.d. was filled with a 5A 60/80 mesh mole- 
cular sieve. The column was heated at a constant rate of 
10°C/rain starting from the initial temperature of 40°C. 
Nitrogen was used as a carrier gas and the flow rate was 
60 cm3/min. 

Hexamethylcyclotrisitazane was purified as described 
previously 9. 

RESULTS AND DISCUSSION 

Effect of glow discharge on pressure variation 
It was observed that during glow discharge polymeriza- 

tion of hexamethylcyclotrisilazane a considerable increase 
in pressure took_place in the reaction system. In order to 
obtain a quantitative picture of this phenomenon, measure- 
ments of pressure increase were made at various current 
densities. Increases in pressure, Ap, were measured after 
30 sec of discharge and were calculated in relation to the 
initial monomer vapour pressure, PM. To avoid an error 
caused by a pressure increase due to desorption of gases 
adsorbed on walls of the bell jar, a series of discharges were 
carried out in nitrogen under the same conditions. In this 
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Figure 1 Effect of discharge current density on the relative pres- 
sure increase in the reaction system. Monomer vapour pressure 
PM = 0.1 (A) and 0.3 Torr (B), discharge time 30 sec, frequency 
20 kHz 

way the relative pressure increase calculated from measure- 
ments was below 1%. 

Relationships between the relative pressure increase, 
Ap/pM, and current density, found for two various mono- 
mer vapour pressures 0.1 and 0.3 Torr are shown inFigure 1. 
It can be seen, that the pressure increase in the reaction 
system rises with increasing current density. 

The phenomenon of pressure increase in the reaction 
system results from the monomer molecule fragmentation 
taking place during the glow discharge. Due to high ener- 
gies of glow discharge reaching several electron 
volts, and even more, the initiation of polymerization 
proceeds spontaneously. This can lead to bond cleavages 
in the monomer molecule resulting in the formation of 
several segments in the gas phase and followed by pressure 
increase in the system. Higher pressure increases observed 
at lower monomer vapour pressure (PM = 0.1 Torr) are con- 
nected with the fact that the kinetic energy of plasma par- 
ticles increases with decreasing pressure as a result of in- 
creased mean free path. Hence, at lower pressures, 
as a result of collisions of monomer molecules with 
plasma particles of considerably higher energy, fragmenta- 
tion of the monomer proceeds to a greater extent than at 
higher pressures. This explains the steeper shape of the 
curve forPM = 0.1 torr (Figure 1). In accordance with the 
curves in Figure 1 one can draw a conclusion that the de- 
gree of fragmentation of hexamethylcyclotrisilazane de- 
pends strictly on the discharge conditions and increases 
with current density. 

Interesting data on the pressure variation during glow 
discharge polymerization are reported by Yasuda et al. m-12 
These authors in their studies on polymerization of numer- 
ous aliphatic and aromatic compounds have found that 
fragmentation of monomer manifested by the pressure in- 
crease depends only on the structural features of the mono- 
mer ~2. Pressure increase was observed during polymeriza- 
tion of almost all the saturated hydrocarbons used. High 

of  glow discharge polysilazane thin films: A. M. Wrobel et aL 

hydrogen content in the gas phase indicated that most 
fragmentations of these compounds proceeded with C - H  
bonds cleavage. 

Analysing the bond energy in a hexamethylcyclotrisila- 
zane molecule (I) one can state that the Si-C bond has the 
lowest energy equal to 3.3 eV 13 as compared with 3.6 eV 
for a S i -N bond 14. 

H3C~ /CH3  

Si / \  
HN NH 

H3C~,~i ~ j / C H 3  

/ \ N /  
H3C ~CH 3 

H 

(I) 

This would suggest that fragmentation of the compound in 
glow discharge proceeds most easily through Si-C bonds 
cleavage with the methyl groups splitting off. One may 
assume, that the fragmentation of monomer, resulting in a 
significant change of the gas phase composition, affects the 
chemical structure of the polymer films. The observed re- 
lationship between pressure increase and current density 
(Figure 1), being in close relation to fragmentation of 
hexamethylcyclotrisilazane, shows that the chemical struc- 
ture of polysilazane films should depend to a great extent 
on the discharge parameters. 

Composition of  thin films 
In order to examine the effect of polymerization con- 

ditions on the composition of glow discharge polysila- 
zanes, elementary analysis of polymer films prepared at 
various current densities was carried out. Silicon, carbon, 
hydrogen and nitrogen contents were determined with 
oxygen content being calculated by difference. The re- 
sults are given in Table 1. It can be seen, that the polymer 
contains less carbon, hydrogen and nitrogen than the mono- 
mer. The results of chemical a:nalysis in terms of molar 
contents of particular elements in relation to silicon versus 
current density are illustrated in Figure 2. It can be seen, 
that molar contents of carbon and hydrogen in polysila- 
zane decrease linearly with increasing current density. 

The straight lines of C/Si and H/Si extrapolated to zero 
value of current density pass through the points represent- 
ing contents of these elements in the monomer (C/Si = 2 
and H/Si = 7). The decrease of carbon and hydrogen con- 
tents in the polymer observed with increasing current den- 
sity proves, that hexamethylcyclotrisilazane is subject to 
strong fragmentation which results in cleavage of Si-C 

Table I Composition of glow discharge polysilazane thin films 
formed with different current densities and at 20 kHz, 0.3 Torr, 
30 sec 

Molecular formula 
Current density 
(mA/cm 2) Si C H N O 

0* 3 6 21 3 -- 
2.0 3 4.31 17.30 2.56 2.10 
2.0 3 4.61 19.13 2.48 0.84 
2.8 3 3.96 16.84 2.68 2.81 
3.0 3 3.96 15.92 2.47 1.73 
4.0 3 3.13 13.78 2.50 2.55 
5.1 3 2.49 12.27 1.97 3.20 
6.4 3 2.98 14.26 2.58 2.47 

*Composition of hexamethycyclotrisilazane 
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Figure 2 Effect of discharge current density on the composition 
of polysilazane thin fi lm. Polymerization parameters: 20 kHz 
0.3 Torr, 30 see. A, O/Si; B, N/Si; C, C/Si; D, H/Si 

bonds and the methyl groups splitting off. Consequently, 
the number of the fragmentation products in the gas phase 
increases with current density causing a pressure increase 
in the system, which is consistent with the results shown 
in Figure 1. 

A slight decrease of nitrogen content in the polymer 
(Figure 2) may be a result of the partial hydrolysis of 
S i -N bonds devoid of sufficient steric hindrance because 
of the methyl groups splitting off and therefore more sus- 
ceptible to the action of hydrolytic agents. However, one 
can not exclude fragmentation of silazane ring leading to 
Si-N bonds cleavage. 

From the elementary analysis it can be seen that glow 
discharge polysilazanes contain a certain amount of oxygen. 
As is seen in Figure 2, the oxygen content increases with 
current density. The presence of oxygen in glow discharge 
polymers has been reported by numerous authors 1s-19 and 
ascribed to the reaction of free radicals trapped in f'rims 
with air oxygen. The polymer films prepared by these 
authorslS- 19 contained a certain amount of unsaturated 
bonds and as a result of this they showed high reactivity 
with oxygen or water vapour after exposure to the 
atmosphere. It should be noted that the monomers nor- 
mally used to prepare thin polymer films contained un- 
saturated groups and hence one can understand the pre- 
sence of a great number of unsaturated products in the 
polymer structure. The presence of oxygen in glow dis- 
charge polysilazane structure is a more complex problem 
because of the rather different chemical structure of mono- 
mer (absence of unsaturated bonds). As was already noted 
the presence of oxygen may be a result of the partial 
hydrolysis of S i -N bonds leading to the formation of 
Si-OH or S i -O-S i  groups. On the other hand however, 
polysilazane f'rims, similar to other glow discharge polymer 
films, may contain free radicals generated during glow dis- 
charge, which readily react with air oxygen. The presence 
of oxygen in the structure of glow discharge polysilazane 
seems likely to be due to both the processes mentioned. In 
order to obtain general information on the fragmentation 
products in the gas phase the change of H/C ratio in the 
polymer composition was analysed. Figure 3 shows the 
change of H/C ratio in glow discharge polysilazane as a func- 
tion of current density. As can be seen the H/C ratio in the 
polymer grows linearly with current density and the value 

et al. 

of H/C found by extrapolation to zero current density is in 
a good agreement with the respective ratio for monomer, 
where H/C = 3.5. 

The change in H/C ratio observed proves, that as the cur- 
rent density increases the carbon content in polysilazane 
decreases to a greater extent than the hydrogen content. 
This means that the gas phase is expected to contain frag- 
mentation products in the form of unsaturated hydrocarbons 
such as ethylene or acetylene. The amount of these compo- 
nents in the gas mixture should increase with current density 
according to the plot in Figure 3. It might be interesting to 
quote results obtained by Kabayashi, Bell and Shen 19'2° who 
investigated the composition of glow discharge polymers pre- 
pared from saturated and unsaturated hydrocarbons. They 
found that each of the polymers studied was hydrogen defi- 
cient in comparison to its respective monomers. This sug- 
gested that the polymers were highly crosslinked and con- 
tained significant amounts of unsaturation. The observed 
carbon deficiency in the case of glow discharge polysilazane 
would lead to the conclusion that the polymer can be ex- 
pected to possess a highly saturated structure. 

Chemical structure of thin films 
In order to examine the effect of polymerization condi- 

tions on the polymer structure infra-red analysis was per- 
formed using polysilazane prepared at various current den- 
sities within the range 0.2-6.4 mA/cm 2 with the remaining 
parameters being constant. It followed from qualitative 
estimation that the i.r. spectra of glow discharge polysila- 
zane are similar within the whole range of current densi- 
ties used. A comparison of the i.r. spectra of glow discharge 
and conventional polysilazanes revealed the existence of 
analogous absorption bands 21. A typical spectrum of glow 
discharge polysilazane and a spectrum ofhexamethylcyclo- 
trisilazane are shown in Figure 4. Both in the monomer 
spectrum and in that of the polymer there is a strong 
absorption of S i -NH-S i  group revealed in the bands 
at 3400, 1170 and 930 cm -1. 

The bands correspond to ~(NH), 8(NH) and Vas(SiNSi) 
vibrations respectively. The presence of Si(CH3)2 groups in 
the polymer is characterized by the strong, sharp band at 
1250 cm -1 corresponding to 8s(CH3) vibration. The ap- 
pearance of intense absorption bands in the polymer spec- 
tra at 2140 and 1030 cm -1 which are absent in the mono- 
mer spectrum is interesting. The first of them at 2140 cm -1 
corresponds to u(SiH) vibrations. This group may be form- 

O 
E o 

"I- 4 

3o 2 ~ 6 
Current density (rnA/crn 2) 

Figure 3 Hydrogen-carbon ratio in polysilazane fi lm as a func- 
t ion of current density 
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Figure 4 Infra-red spectra of hexamethylcyclotrisilazane (A} and 
polysilazane formed at 2 mA/cm 2, 20 kHz, 0.3 Torr, 30 sec (B) 

ed as a result of monomer fragmentation connected with 
cleavage of Si-C and C - H  bonds. The second absorption 
band at 1030 cm -1 is a typical one for methylene groups 
between two silicon atoms and corresponds to w(CH2) 
vibration. The presence of Si-(CH2) 1 or 2 -S i  bonds was con- 
firmed also in the structure of  glow discharge polysiloxanes 
prepared from octamethylcyclotetrasiloxane n by mass 
spectrometry. The absorption within the range 1100- 
1000 cm -1 is also characteristic for Vas(SiOSi ) vibration. 
This bond, as noted previously, may be formed as a result 
of hydrolysis of S i - N - S i  bond. The appearance of a wide 
and non-symmetrical absorption band in this range in the 
polysilazane spectra is because of the overlap of signals 
from Si-CH2-Si  and S i - O - S i  bonds present in the poly- 
mer structure. A very weak absorption band at 840 cm -1 
in the polymer spectrum is due to the presence of Si(CH3)3 
groups in the polymer structure and corresponds to v(SiC) 
and p(CH3) vibrations. These groups confirm the fragmen- 
tation of silazane ring caused by the cleavage of S i -N bonds. 

The results presented only give a qualitative picture of 
the chemical structure of thin polysilazane films. Much 
more information has been provided by quantitative inter- 
pretation of the i.r. spectra of  polymers prepared at various 
current densities. Using this method, a change in relative 
intensity of absorption bands at 2140 and 1250 cm -1, 
corresponding to Sill and SiCH3 groups respectively, has 
been observed. It may be assumed that the absorption peak 
area at 2140 cm -1, ASiH, corresponds to the number of 
S i -H bonds in the polymer structure which enables the 
loss of methyl groups at the silicon atoms to be deter- 
mined, while the absorption peak area at 1250 cm-1,  A SiCH 3, 

corresponds to the total number of the methyl groups link- 
ed to silicon atoms. Hence the ratio ASiH/ASiCH3 is a factor 
which characterizes, to some extent, the loss of methyl 
groups due to the monomer fragmentation. The plot Of 
ASiH/ASiCH3 ratio versus current density is shown in Figure 
5. It can be seen that the deficiency of methyl groups in 
the polysilazane structure increases linearly with the cur- 
rent density. It should also be noted that the straight line 
(Figure 5) when extrapolated to zero current density passes 
through the origin of the coordinate system, which is con- 
sistent with the fact that an absorption band correspond- 
ing to the S i -H bond does not exist in the monomer spec- 
trum. The above relationship has a similar course to that 
shown in Figure 3 and confirms the results of elementary 
analysis. Making a similar assumption, a change in relative 
intensity of absorption bands at 1170 and 930 cm -1, cor- 
responding to N - H  and Si-N bonds respectively, has been 
analysed. IfANH and ASiN represent the areas determined 
from the absorption peaks in these bands, thus ratio ANH / 

ASiN is a factor which characterizes the - N H -  group con- 
tent in the polymer structure. A plot of this ratio as a 
function of current density is shown in Figure 5. The value 
OfANH/Asi N at zero current density was calculated from 
the monomer spectrum. As can be seen from Figure 5 the 
ratio ANH/AsiN decreases with increasing current density, 
which means that there is a loss of - N H -  groups in the 
polysilazane structure. This process may be due only to a 
transition of secondary nitrogen into tertiary through eli- 
mination of hydrogen from - N H -  groups and formation of 
(->Si)3 N groups. Such groups have been identified by 
Krtiger 21 and Andrianov 23 in the structure of conventional 
polysilazane prepared from hexamethylcyclotrisilazane. 
The presence of Si-CH2-Si  and(>Si)3N groups proved by 
i.r. analysis suggests that the structure of glow discharge 
polysilazane thin films is highly crosslinked which would 
explain the insolubility of the films observed previously 9. 

Interesting information about the structure of glow dis- 
charge polymers can be gained by examination of its pyro- 
lysis products with the aid of gas chromatography. Sam- 
ples of polysilazane prepared at different current densities 
were pyrolyzed at 750°C in nitrogen, with the gas products 
passing through a chromatographic column. The identifi- 
cation of peaks in the chromatograms pointed out that 
methane was a main component of the pyrolysis products. 
Ethylene was also found as well as small amounts of ethane, 
propane, acetylene and propylene. A typical chromatogram 
of the pyrolysis products is shown in Figure 6. Relative 
contents of the pyrolysis products expressed by a ratio of 
the peak area of particular components to methane, for 
polysilazane prepared at 1 mA/cm 2, are listed in Table 2. 
The data in Table 2 suggest, that besides methane the re- 
maining components may be formed as a result of secon- 
dary reactions. The appearance of methane in the pyroly- 
sis products is a result of the homolytic decomposition of 
Si-CH3 groups. The methyl radicals formed in this way 
recombine with hydrogen radicals detached from the poly- 
mer structure, thus giving methane. This high methane 
content in the pyrolysis products confirms the results of 
elementary analysis which pointed out a high H/C ratio in 
glow discharge polysilazane. 

Mechanism of polymerization 
The results presented show that the chemical structure 

of polysilazane film is a very complex one and is formed 
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~u 

I I I ' I I 0 " 5  

o 2 4 6 
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Figure 5 Relative i.r. absorption intensities: o ASiH/ASiCH3; 
A, ANH/ASiN ' as a function of current density 
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Figure 6 Chromatographic pyrolysis pattern of glow 
discharge potysilazane formed at 1 mA/cm 2, 20 kHz, 
0.3Torr, 30 see. Pyrolysis conditions: temperature 
750°C, heating time 15 sac, sample size 0.2 rag. A, methane; 
B, ethane; C, propane; D, ethylene; E, acetylene; F, propylene 

Accepting such a consideration it is possible to describe 
the mechanism of some reactions leading to form identified 
structure fragments of glow discharge polysilazane. As a 
result of collision with accelerated electrons or ions of plas- 
ma, monomer molecules can be converted to an excited 
state. These excited molecules may then fragment into 
radical or ionic active species capable of propagating poly- 
merization. According to the radical mechanism the frag- 
mentation of hexamethylcyclotrisilazane molecule may 
proceeds as follows: 

H3C\ /CH3 
Si / \ 

HN NH 
H3C~ /CH3 H3C~i J 

./Sit + .CH3+¢ 
si , / / .~c / \NH-- \c.~ 

/ N 
HN NH + ( , .  (]I) ( l )  

H3CN~i ~i/CH3 ¢ C  " ~  H3C'N /CH3 

/ \ / \ H 3  H3C NH /si\ 
HN NH . +.H+¢ 

H3C~& i J/CH2 
Si 

H3 C /  \ N H /  ~CH3 (2) 
(I/a] 

Methyl and hydrogen radicals formed in the above reactions 
may produce methane and ethane by a suitable recombina- 
tion in the gas phase. These compounds may then be con- 
verted by plasma to various gas products such as ethylene, 
acetylene as well as hydrogen, methyl, ethyl and vinyl 
radicals x9'2°. The radicals (II) formed in reaction (1) by 
recombination with atomic hydrogen (reaction 3) may pro- 
duce Si-H bonds identified in the polymer structure, 

as a result of the large number of various reactions initiated 
in the glow discharge. Detailed mechanism of glow dis- 
charge polymerization is difficult to elucidate, and opinions 
on this subject found in the literature are often inconsis- 
tent. According to the theory of Denaro et aL ~, concern- 
ing the polymerization of styrene and its derivatives, the 
process is initiated mainly by free radicals generated by col- 
lisions of free electrons present in the plasma with mono- 
mer molecules. Yasuda ~2 and Kabayashi ~9~°, who have 
examined the polymerization of various hydrocarbons, have 
also concluded that the process proceeds according to a free- 
radical mechanism. A completely different conclusion has 
been drawn from the studies of Thompson and Mayhan 24 
on styrene polymerization. Their results have shown that 
positive ions play a significant part in the initiation process. 
In spite of these different opinions on the nature of glow 
discharge polymerization it is most likely that two initiation 
mechanisms may occur simultaneously: a radical and an 
ionic. Such a hypothesis is supported by the fact that elec- 
trons present in plasma have some energy distribution and 
consequently by collision with monomer molecules may 
produce both radical and ionic species capable of initiating 
the polymerization. It is still a problem to establish the 
contribution of particular species in the whole initiation 
process. This contribution seems to be dependent not only 
on the electron energy distribution but also on the struc- 
tural features of monomer. 

H 
\ .  \ / 

Si + "H " Si 
/ \CH3 / \CH3 (3) 

Monomer molecules by collision with accelerated electrons 
of plasma may also fragment according to ionic mechanism 
(4), 

H3C. N /CH3 
Si . /  \ 

HN NH 
H3C.~ i ~i~CH3 +¢ "-'" 

H3 c /  ~NH / ~CH 3 

H3C~ /CH3 
Si / \ 

HN NH 
H3C~.~i ~i ~CH:  

/ \  / \  
H3C NH CH 3 

+2e -,,,- 

H3C. .CH 3 
",,si/ 
/ \  

HN NH 
H3C'sI i ~i + 

/ \  
H3 C /  \NH CH 3 

(iv) 

+ -CH 3 

(4) 
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Table 2 Volatile pyrolysis products of glow discharge polysilazane 
formed at 1 mA/cm 2, 20 kHz, 0.3 Torr, 30 sec, determined by gas 
chromatography. Pyrolysis temperature 750°C 

Component Relative content (%) 

Methane 100.0 
Ethane 1.8 
Propane 0.1 
Ethylene 15.8 
Acetylene 1.0 
Propylene 1.5 

Reaction (4) is a typical fragmentation which takes place 
in a mass spectrometer 2s'26. The peak corresponding to 
cation (IV) has been found 26 to be present in mass spectra 
of hexamethylcyclotrisilazane, independent of the electron 
beam energy used, within the range 10-70 eV. Taking into 
consideration that plasma electrons have similar energies as 
those in the mass spectrometer 24 it is very probable that the 
ionization of hexamethylcyclotrisilazane molecules in the 
glow discharge may occur according to reaction (4) 

Cations (IV) produced by the ionization of monomer 
may initiate the polymerization as follows: 

/SIMe2--NH SiMe2--NH 

HN ~;iMe + HN / ~SiMe 2 

~SiM¢2--NH / ~SiM¢2--NH / 

SIM¢2--NH SiM¢2~NH 
HN / ~SiM¢ --H~N / ~SIM~ 2 

\ / \ / 
SIMe2--NH SIMe2--NH 

SiMe2---NH 2 i M ¢ 2 - - - N H \  
HN / ~SiMe--N SiMe+ H + 

~SiM%---NH / ~'SiMe2---N H / 

(5) 

Dimer (V) may be ionized further and produce trimer 
through reaction with the next monomer molecule, and 
so on. Further growth of the macromolecule may take 
place also by a reaction of dimer (V) with cations (IV) pre- 
sent in the gas phase. The polymerization proceeding ac- 
cording to the mechanism presented is accompanied by 
transition of secondary nitrogen into tertiary and forma- 
tion of ()Si)3N groups in the polymer structure. This is 
confirmed by a decrease in the number of - N H -  groups 
in the polymer as illustrated in Figure 5. The mechanism 
is also supported by the fact that a peak corresponding to 
dimer of structure (V) was found in mass spectra of the 
soluble fraction of glow discharge polysilazane 26. It is 
worth noticing that a similar mechanism was first pro- 
posed by Andrianov 23 for conventional polymerization of 
hexamethylcyclotrisilazane. It should be noted that poly- 
merization according to reaction (5) may lead to the forma- 
tion of branched and highly crosslinked polymer. 

Crosslinking may also take place through the recom- 
bination of macroradicals type (I) and (III) to produce 
Si-(CH2)I or 2 -Si  groups identified in the polymer structure. 

The process may proceed as follows: 

H2C"x, Si / \ /CH2 X 
\S i .  + - Si Si (6) 
/\ /\ /\ / 

CH 3 HsC CH 3 H3C 

CH2---CH 2 "~. / dH2 H2C,~ / ~ / \S, ,/ 
Si + Si - Si " (7) 

/ "~,CH 3 HsC / ~ / ~,CH 3 H3C / \ 

The reaction mechanism presented here may be con- 
sidered only as a part of such a complex process as the glow 
discharge polymerization. We hope that the studies started . 
by us on polymer structure and gas phase composition by 
means of gas chromatography and mass spectrometry will 
allow better elucidation of the mechanism of glow dis- 
charge polysilazane formation. 

CONCLUSIONS 

(1) The fragmentation of hexamethylcyclotrisilazane in 
glow discharge predominantly occurs through Si-C bond 
cleavages with the methyl groups splitting off. 

(2) A decrease in methyl group content in glow dis- 
charge polysilazanes with increasing current density proves 
that polymers contain a significant amount of inorganic 
structure. 

(3) Carbon deficiency in glow discharge polysilazanes 
by comparison with monomer points out that polymers 
are highly saturated. 

(4) A decrease in NH group content in glow discharge 
polysilazane with increasing current density, suggests that 
the polymerization of hexamethylcyclotrisilazane may pro- 
ceed through Si-N linking with cleavage of N - H  and Si-C 
bonds. This process leads a highly crosslinked polymer be- 
ing formed. 
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Upper and lower critical solution 
temperatures in poly (ethylene glycol) 
solutions 
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Upper and lower critical solution temperatures have been determined for solutions of poly(ethylene 
glycol) in t-butyl acetate and water over the molecular weight range of Mn = 2.18 x 103 to ~1020 × 
103. The phase diagram for solutions of poly(ethylene glycol) (M~ = 719 x 103) in t-butyl acetate 
was expressed as the 'hour glass' type, while the phase diagram for solution of poly(ethylene glycol) 
(Mn = 2.18 × 103 to ~2.29 × 103) in water was expressed as the 'closed loop' type. The value of the 
pressure dependence of the lower critical solution temperature (dT/dP) c in the poly(ethylene glycol) 
(M~ = 1020 × 103)/water system over the pressure range of 0 to ~50 arm was negligibly small and 
positive. 

INTRODUCTION 

Investigation of the phase separation behaviour of polymer 
solutions over a wide range of molecular weights gives use- 
ful information on the dependence of the reduced residual 
chemical potential or the X parameter on temperature, pres- 
sure, and concentration. The expression o fx l  as a func- 
tion of temperature derived by Patterson et al. 1-6 and 
Flory et al. 7-1o has predicted the occurrence of phase sep- 
arations at the lower critical solution temperature (LCST) 
and the upper critical solution temperature (UCST) in non- 
polar polymer solutions 11-2° and the continuous change 
from the endothermic behaviour near the UCST to the 
exothermic near the LCST passing through the athermal 
condition in the intermediate temperature region between 
the UCST and the LCST 14. The XI parameter represented 
by a parabolic-like function of temperature with a mini- 
mum has been correlated with the polymer chain dimen- 
sion in the dilute polymer solution with a maximum in the 
intermediate temperature region between Ou and Ol 2°-22, 
in which 0u and O1 are respectively the Flory temperatures 
for the UCST and LCST. The phase diagram of the 'closed 
loop' type with both the UCST and LCST in aqueous solu- 
tions e.g. nicotine-water 23, butyl glycol-water 24, poly 
(ethylene glycol)-water 2s, and poly(riboadenylic acid)-  
water 26 has been distinguished from that in non-polar poly- 
mer solutions, e.g. polystyrene solutions i3'16'17 and poly- 
ethylene solutions is. The behaviour of phase separation 
for the aqueous solutions has been explained by the exis- 
tence of a special interaction, e.g. the hydrogen bond, 
which is beyond the scope of usual solution thermodyna- 
mics. A theoretical prediction for the phase diagram of 
the 'closed loop' type has been suggested by Barker and 
Fock 27 with the introduction of the molecular interaction 
depending on the relative orientation and by Scatchard and 
Wilson 2.'29 with the expression for the excess free energy 
of mixing. The temperature dependence of the second 
virial coefficient A 2 of a poly(riboadenylic acid) solution 
at neutral pH in 1 to ~1.33 mol sodium chloride 26 is rep- 
resented by a parabolic-like curve with a minimum at 40°C 
in harmony with the parabolic-like temperature dependence 
of the mean square radius of gyration (s 2) with a minimum 

at 40°C. The behaviour of A2 or (1/2 - XI) and (s 2) over 
the temperature range of Ou to "~Ol in the poly(riboadeny- 
lic acid) solutions is in extreme contrast to the temperature 
dependence of XI and (s2) in the non-polar polymer solu- 
tions 19-21. The phase separation behaviour of the LCST 
and the temperature dependence of A2 for solutions of 

cellulose-, amylose-, and polyvinyl-carbanilate in polar 
solvents reported by Burchard 3° are also remarkably diffe- 
rent from those for the non-polar polymer solutions and 
also for the aqueous solutions. 

The LCST for solutions of poly(ethylene glycol) in 
methyl, ethyl, n-propyl, and iso-butyl acetate, acetone, and 
methyl ethyl ketone were observed in our preliminary 
experiments. However, we are interested in the appear- 
ance of both UCST and LCST in poly(ethylene glycol) 
solutions, which is a very general phenomenon in polymer 
solutions. In this paper the typical phase diagrams of the 
'hour glass' type and of the 'closed loop' type with solu- 
tions of poly(ethylene glycol) in t-butyl acetate and water, 
are presented. We have also examined the pressure depen- 
dence of the LCST for solutions of poly(ethylene glycol) 
in water. 

EXPERIMENTAL 

Poly(ethylene glycol) [Union Carbide, Chemical Division 
Product Polyox WSR 301: M = 4000 × 103; Wako Pure 
Chemical Industries, Product poly(ethylene glycol) 4000: 
M = 3000 and Nakarai Chemicals, Product poly(ethylene 
glycol) 20000: M= 15 × 103 to ~25 × 103] were fraction- 
ated into seven fractions for the Polyox WSR 301, seven 
fractions for the poly(ethylene glycol) 4000, and thirteen 
fractions for the poly(ethylene glycol) 20 000. Fractiona- 
tion was carried out by the solution fractionation techni- 
que called the coacervation method. After adding n-hep- 
tane to the poly(ethylene glycol)/benzene solution (concen- 
tration <0.10 g/dl) the solution was kept for a day at 40°C 
in a water bath controlled to +0.01°C. After complete 
attainment of the liquid/liquid phase equilibrium for solu- 
tions of the Polyox WSR 301 and the poly(ethylene glycol) 
20 000 or liquid/solid equilibrium for solutions of the 
poly(ethylene glycol) 4000, the dilute solution, in which 
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Figure I Temperature/weight fraction phase diagram for the 
poly(ethylene glycol) samples in t-butyl acetate: V, M~ = 719 X 103; 
O, Mn=21.2X 103;A, Mn= 14.4X 103;V, Mrt =8.0 X 103 

lower molecular weight poly(ethylene glycol) is richer, was 
carefully separated from the concentrated solution phase. 
A fractionated poly(ethylene glycol) was obtained from 
the dilute phase and the concentrated phase was redissolved 
in a mixture of benzene and n-heptane for further fractiona- 
tion. The fractionated samples were dried for more than 
two weeks at 40°C under vacuum. Reagent grade t-butyl 
acetate (500 g) was refluxed for 2 h over ~15 g of acetic 
anhydride and dried over anhydrous potassium carbonate. 
The dried solvent was fractionally distilled using a column 
100 cm in length and 10 mm in diameter packed with stain- 
less steel helices. Fractionally distilled water was obtained 
using a specially designed distillation apparatus, which was 
repeatedly washed by steam for seven years. 

Several solutions of each polymer sample were prepared 
in t-butyl acetate and water for cloud point curve deter- 
minations, in the concentration range 0.3 to ~43 wt% and 
flame sealed under dry nitrogen gas in 7 mm i.d. cylindri- 
cal cells. Cloud point temperatures for the UCST and LCST 
were optically 17 determined with an accuracy of---0.1 °C in 
a silicon oil bath over the temperature range 40 ° to ~240°C. 
After measuring the precipitation temperatures for the 
LCST, the thermal degradation of poly(ethylene glycol) 
was examined by the reproducibility of the precipitation 
temperature for the UCST. Errors caused by thermal de- 
gradation are estimated to be 1.5 ° to ~2.0°C for the poly 
(ethylene glycol)/t-butyl acetate system, while no thermal 

degradation was observed for solutions of poly(ethylene 
glycol) (M n = 2.18 x 103 ~ 2.29 x 103) in water. Cloud 
point temperatures under pressure have been measured 
over 0 to " 5 0  atm using the pressure apparatus described 
in detail elsewhere 31. Solutions for the cloud point tem- 
perature measurements under pressure were stirred with a 
magnetic stirrer for at least 24 h and then sealed using pure 
mercury inside the solution cells. 

The molecular weights of the poly(ethylene glycol) 
samples were determined from the values of the limiting 
viscosity number [77] for solutions of poly(ethylene glycol) 
in benzene at 20 ° and 25°C, according to the equation32'33: 

[r/] =4.8 x 10-4M 0.68 

at 20°C a2 for 0.1 <M x 10 -3 <20 

and [r/] = 3.97 x 10-4/140.686 

at 25°C a3 for 80 <21,/x 10 -3 <5200 

Viscosity measurements were carried out with negligible 
kinetic energy corrections with an Ubbelohde-type visco- 
meter with the aid of a water bath controlled to within 
-+0.02°C. The concentration of solutions was determined 
by evaporating a known volume to dryness and weighing 
the residue. Viscosity data were treated by double extra- 
polation of rlsp/C and In rlr/C against C to determine the 
limiting viscosity number, where r/sp and 77 r are respec- 
tively the specific and the relative viscosity and C is the 
concentration (g/dl). 

RESULTS 

Phase diagrams of solutions of poly(ethylene glycol) in 
t-butyl acetate and water are shown in Figures 1 and 2, 
where w2 is the weight fraction of the polymer. Complete 
miscibility of the poly(ethylene glycol) (M,7 = 719 x 103)/ 
t-butyl acetate system occurs at concentrations <4  wt% 
and >29 wt% of the polymer. Although the maximum and 
minimum points of the cloud point curves for the low 
molecular weight poly(ethylene glycol) in t-butyl acetate 
and poly(ethylene glycol) in water systems deviate slightly 
from the critical points depending on the polydispersity of 
the samples, the deviation from the critical points should 
be quite small as the polymer samples were obtained by 
the solution fractionation technique a4'3s. Since we are 
mainly interested in semi-quantitative features of miscibility, 
the maximum and minimum temperatures in the phase dia- 
grams are taken as the critical solution temperatures for 
UCST and LCST, respectively. Values of UCST and LCST 
under saturated vapour pressure for the systems are com- 
piled in Table 1. Coalescence of the UCST and LCST in 
the t-butyl acetate system would occur at ~M n = 41 x 103, 
while both the UCST and LCST in the water system would 
disappear at ~M n = 2.14 × 103 giving complete miscibility 
over the whole concentration range. 

The pressure dependence of the cloud point tempera- 
tures at four concentrations in the vicinity of the critical 
concentration for the LCST in the poly(ethylene glycol) 
(M n = 1020 x 103)/water system is shown inFigure 3, 
where the value of (dT/dP) c for the LCST is pointed out 
to be negligibly small and positive (0.O04°C/atm). The 
cloud point curves of the poly(ethylene glycol)/water 
system were obtained under a solution vapour pressure of 
20 to ~30 atm for the UCST and 1 to ~10 atm for the 
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Figure 2 Temperature/weight fraction phase diagram for the 
poly(ethylene glycol) samples in water: X, Mn = 1020 X 103; o, Mn = 
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LCST, depending on the molecular weight of the samples. 
Corrections of the LCST to the zero pressure condition 
for aqueous solutions would be small, while the corrected 
values of the LCST for the t-butyl acetate solutions would 
be lower than the observed ones by 0.4 ~ 0.6°C/atm de- 
pending on the solution vapour pressures 36-4°. 

DISCUSSION 

According to the Patterson-Delmas theory of correspond- 
ing states the polymer-solvent interaction parameter of 
×1 is expressed byX-6: 

X1 = -(U1/R T) v2 + (Cp,1/2R )r 2 ( l) 

where U 1 and Cp, 1 are the configurational energy and con- 
figurational heat capacity of the solvent respectively, R is 
the gas constant, and both the u 2 parameter and the r para- 
meter are the temperature independent molecular para- 
meters. The u 2 parameter is related to the cohesive energy 
and segment size of the solution components, while the r 
parameter is determined from the characteristic tempera- 
ture reduction parameters (T~) of the solvent (1) and 
polymer (2). It is convenient to rewrite equation (1) when 
applying it to polymer solutions using thermodynamic rela- 
tions such as the thermodynamic equation of state and the 
difference relation between the heat capacities at constant 
pressure (Cp) and at constant volume (Cv)4: 

UCST and LCST in poly(ethylene glycol) solutions: S. Saeki et al. 

-U1 = 7v,1V1T (2) 

and 

Cp,1 = 7v,l VITal (3) 

where 7v,1 is the thermal pressure coefficient, a 1 is the 
thermal expansion coefficient, and VI is the molar volume 
of the solvent. The Xl expression coupled with equations 
(2) and (3) is independent of the model used for the con- 
figurational energy of the liquid. The calculated curve for 
X1 against temperature for the poly(ethylene glycol)/t-butyl 
acetate system using equation (1) coupled with the equation 
of state of the van der Waals model 7, the experimental values 
of al  for t-butyl acetate over the temperature range of 20 ° 
to ~95°C 2° and extrapolated values of al  over 95 ° to 
~160°C is shown in Figure 4, where the values of the con- 
figurational energy (v 2 term), the configurational heat 
capacity (r 2 term) in equation (1), and values of the Xl (crit) 
are also included. Values of the v 2, r 2, and c I para- 
meters, and the characteristic reduction parameters such 
as P*, T*, and V* for the poly(ethylene glycol)/t-butyl 
acetate system are listed in Table 2. The values of the X1 (crit) 
are determined by neglecting ×242 and higher terms 
in the × parameter m and are given by: 

X1 (crit) = (1/2) (1 + r- l /2)  2 (4) 

where r is the ratio of the characteristic molar volume 
reduction parameter (V*) of the polymer and solvent. The 
parabolic-like temperature dependence of Xl with a mini- 

Table 1 Critical solution temperatures for solutions of poly(ethy- 
lene glycol) in t-butyl acetate and water 

Mr/X 10 -3  UCST LCST 
System Sample (g. mol. wt) (K) (K) 

Poly(ethylene glycol)/ 
t-butyl acetate 

Poly(ethylene glycol)/ 
water 

8-1 8.00 321.2 464.2 
8-2 14.4 340.2 446.2 
B-3 21.2 353.2 431.2 
C-1 2.18 489.7 448.7 
C-2 2.27 505.2 437.2 
C-5 2.29 507.7 435.7 
B-1 8.00 389,4 
B-2 14,4 380,7 
B-3 21.2 376.8 
A-3 719.0 372.3 
A-4 1020.0 371.8 

373I 
371~_ n ^ ~ ~ ^ g J. 

~ 373 

g 371~ 
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o 2b 4'0 go 

Pressure (atrn) 
Figure 3 Pressure effect of cloud point temperatures for the 
poly(ethylene glycol) (Mr/= 1020 X 103)/water system at various 
concentrations (w2): /x, 0.01746; ~, 0.01321; t ,  0.01001; o, 
0.02162 
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Figure 4 Interaction parameter x1 (A), v 2 (B) and r 2 (C) vs. tem- 
perature plots for the poly(ethylene glycol)/ t-butyl acetate system. 
©, represent x1 (crit) from equation (4) 

Table 2 Parameters of the system poly(ethylene glycol)/t-butyl 
acetate 

Parameter Value 

T~ (K) 4728a 
V~ (ema/mol) 105.0 a 
P~ (arm) 5038 b 
C] 1.40 b 
v 2 0.0249 
r 2 0.0724 

aFrom ref 20; bfrom ref 40. T~ = 6469K and V~p,2 = 0.7532 cma/g 
for poly(ethylene glycol) were taken from ref 46. The values of T~ 
and V~ for t-butyl acetate are the average value over a temperature 
range of 40 ° to ~95°C 

mum in the t-butyl acetate system is brought about by 
both an increasing contribution of the r 2 term and decreas- 
ing contribution of the u 2 term with increase in tempera- 
ture. 

The direct prediction of the temperature dependence of 
Xl in the poly(ethylene glycol)/water system by equation 
(4) is represented by the parabolic-like temperature depen- 
dence with a maximum. The temperature dependence of 
7v,1 for water 41,42 is expressed by the parabolic-like tem- 
perature dependence with a maximum at ~150°C. This is 
contrary to the theoretical prediction from the reduced 
equation of state of the van der Waals model, which pre- 
dicts a monotonous decrease of 7v with an increase in tem- 
perature. The experimental values of 7v for many liquids 
such as methane, n-heptane, benzene 42, etc., monotonously 
decrease with increasing temperature. The increase of 
")'[=(OS/a V)T ] with an increase in temperature observed in 

water reflects the fact that the ratio of entropy change to 
enlargement of volume increases as the temperature increas- 
es. This behaviour is consistent with a contribution to the 
entropy originating from the break down of the structure 
of the water caused by an increase in temperature. In the 
light of these facts it is suggested that the phenomenon of 
the UCST and LCST  in the poly(ethylene glycol)/water 
system is brought about by essentially different interac- 
tions from that of non-polar polymer solutions. 

The value of (dT/dP) c for the LCST  in the poly(ethylene 
glycol)/water system is related by43'44: 

dT) T(O 2 gfi)c~2)T.p 
= lim 

c r-,rc (aLq/a~,~)r~, 
e~ 2 ~4~ c 

(5) 

where H and V are the enthalpy and the volume per mole 
mixture and q~2 is the concentration of the polymer. The 
negligibly small and positive value of (dT/dP)c for the LCST  
in the aqueous solution corresponds to the negligibly small 
and positive value of ( a 2 v / a ~ )  or the small negative excess 
volume of mixing because of the positive value of (a2H/a¢ 2) 
in the vicinity of the LCST. The present value of (dT/dP) c 
for the LCST  of the aqueous solution is consistent with the 
negative excess volume of mixing observed in the poly 

3 o (ethylene glycol) (Mn = 5 x 10 )/water system at 65 C over 
the wide concentration range 2s. The value of (dT/dP)c for 
the L C S T  in the poly(ethylene glycol)/water system 
(0.004°C/atm) is extremely small compared to the values 
of (dT/dP)c for the LCST  in non-polar polymer solutions a6-4°, 
e.g. polystyrene/methyl acetate (0.45°C/atm) 37 and poly- 
styrene/t-butyl acetate (0.65 ~ 0.70°C/atm) 4°. 

In this work it is emphasized that the phenomenon of 
the UCST and L C S T  and the pressure dependence of the 
LCST  in the poly(ethylene glycol)/water system are 
caused by a special interaction between the poly(ethylene 
glycol) and water beyond the scope of van der Waals inter- 
actions, while the appearance of the UCST and LCST  in 
the t-butyl acetate system can be explained by the recent 
theories of polymer solution thermodynamics by Patterson 
and Flory. It is also suggested from the temperature de- 
pendence of X1 estimated by equation (4) that the sign of 
the excess partial molar heat capacity 4s is negative for the 
t-butyl acetate system and positive for the water system. 
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Anomalous diffusion of water in glassy 
polymers 

G. A.  Pogany 
Koninkliike/SheH Laboratorium, Amsterdam (Shell Research b.v.) The Netherlands 
(Received 12 November 1975; revised 7 April 1976) 

Anomalous diffusion of water has been observed in polystyrene and in epoxy resin. Sudden changes 
in the boundary conditions can cause the absorbed water to agglomerate and form a second phase 
within these polymers. The agglomerated water can force the polymer segments apart and create per- 
manent crazes. The diffusion of water in crazed polymers is non-Fickian. The solubility becomes a 
function of the total pressure and the amount of water taken up from liquid water is much more than 
that absorbed in saturated water vapour. 

INTRODUCTION 

Many diffusion processes can be adequately described by 
Fick's first and second laws I. However, deviations from 
Fickian diffusion in polymers have been observed 2. In 
these cases the diffusion coefficient becomes dependent 
not only on temperature, but also on time and concentra- 
tion. Non-Fickian diffusion is usually explained by some 
kind of interaction between polymer and penetrant a -n .  

In the past special attention was paid to the anomalous 
diffusion of water in glassy polymers 12'1a. More recently, 
this behaviour has been attributed to the presence of voids 
in the polymer 14-1a. 

This paper presents the results of some experiments 
concerning the absorption of water by polystyrene and 
by epoxy resin. A qualitative explanation is given of the 
observed anomalies. 

EXPERIMENTAL 

Materials 
The following materials were used: a pure, commercial, 

high molecular weight polystyrene homopolymer ('Carinex' 
HR), and a somewhat lower molecular weight polystyrene 
containing about 0.1 wt% of a finely dispersed (~1 ~m), 
non-compatible, polymeric additive. Both samples were 
compression moulded into sheets of 1 and 3 mm thickness 
and cut into squares of approximately 10 × 10 cm. 

In addition, samples of epoxy phenolic lacquers cast on 
tin plates were examined. 

Technique 
The dried and weighed polystyrene samlales were im- 

mersed in water baths kept at 20 °, 50 °, 80 ° and 100°C, 
with an accuracy of el°C. At different intervals a sample 
was removed, plunged into ice-cold water, removed, dried of 
surface water with blotting paper, weighed on an analytical 
balance and returned to the bath. The whole procedure 
took about 30 sec. The purpose of using ice-cold water was 
to quench the sample and lower the diffusion constant so 
as to reduce the loss of absorbed water during weighing. 

This process has been described by Braden 19, except for 
the use of ice-cold water. Static electric charges sometimes 
developed during the surface drying of the samples, causing 
erratic weighing results. This problem was overcome by 

ionizing the air with a spark from a Tesla coil inside the 
balance chamber 2°. 

The maximum solubility was found from a plot of the 
weight increase versus the logarithm of time. The diffu- 
sion constant can be calculated from such a curve using 
the relationship: 

0.049L 2 
D -  - -  

tl/2 

where,D = diffusion constant in cm2/sec;L = thickness of 
the specimen in cm; tl/2 = half-time of saturation in sec. 

In addition to measuring the diffusion and solubility 
constants, we made use of an optical and an electron 
microscope. 

RESULTS 

Compression moulded sheets of pure, high molecular weight 
polystyrene immersed in water at temperatures up to 80°C 
(their approximate glass-transition temperature, Tg) absorbed 
water according to the sigmoid curves shown in Figure 1. 
These results proved reproducible after a number of absorp- 
tion-desorption cycles. Sometimes, however, it was impos- 
sible to obtain a well-defined plateau of maximum absorp- 
tion within the experimental time. 

Figure 2 shows that the low molecular weight polysty- 
rene, with a small amount of non-compatible polymeric 
additive dispersed in it, kept on increasing in weight at the 
same temperatures. Figure 3 shows that the pure, high 
molecular weight polystyrene behaved similarly at 100°C. 

° • °  
O.15 o 

~ ©.1© 

1 
I 

10 1000 10000 
Time lmin) 

Figure I Absorption of water by pure polystyrene, L = ~3 mm. 
A, 22°C;B, 50°C;C, 80°C 
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Figure 2 Absorption of water by polystyrene with additive, L = 
- 3 m m .  A, 22°C;B, 50°C;C, 80°C 
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Figure 3 Absorption of water by polystyrene at 100°C, L = 
~1 ram. O, With additive; ©, pure 

(Note the increased scales on both axes and the reduction 
in sample thickness from 3 to 1 mm.) Even more significant 
is the 100Oc absorption curve of the lower molecular weight 
polystyrene, also depicted in Figure 3. 

Solubility values and diffusion constants calculated 
from Figures ] and 2 are presented in Table 1. The values 
for the non-pure polymer are based on the assumption that 
equilibrium has been reached in 10 000 min. 

On the basis of the results given in Figures ] and 2 one 
might expect a higher maximum weight to be reached at 
100°C, since the saturated vapour pressure of water (driving 
force) increases with temperature faster than the solubility 
decreases. Moreover, the diffusion constant increases with 
temperature, so that the new maximum should be attained 
quicker. However, the uptake of water by the samples in 
Figure 3 shows no sign of reaching a maximum, in spite of 
the very long times involved. 

In the 100°C experiment we observed that as long as the 
pure polystyrene samples were immersed in the hot water, 
they were transparent. On removal and cooling they turned 
opaque. On being returned to the hot water, they again 
became transparent. Opacity first developed on the outer 
faces of the test plate and moved inwards with time. We 
further observed that the opacity did not disappear with 
the complete removal of the absorbed water at room tem- 
perature, but faded away quickly when the dried sample 
was heated above its glass-transition temperature. The heat- 
ed sample then became transparent again and remained so 
at all temperatures. 

We induced opacity in a pure polystyrene sample by 
keeping it in a water bath at 100°C for 168 h. After re- 
moval of all the absorbed water in vacua at room tempera- 
ture, we repeated the 80°C absorption experiment. The 
still opaque sample proved to absorb much more water than 
the original, transparent one, as shown in Figure 4, which 
should be compared with Figure 1, curve C. 

Anomalous behaviour o f  water in glassy polymers: G. A. Pogany 

The additive-containing polystyrene sample was already 
opaque to start with. Whereas the pure polystyrene gave 
reproducible results at temperatures up to and including 
80°C, this polymer took up increasingly large quantities of 
water on repeated absorption at 80°C (not shown). This 
material, too, was kept in a 100°C water bath for 168 h, 
along with the pure polymer. After drying at room tem- 
perature now it took up as much water at 80°C as the pure 
polystyrene (see Figure 4). 

A transparent sample of pure polystyrene and two 
samples of the same material made opaque by prolonged 
immersion in hot water were allowed to absorb water at 
80°C. They were then subjected to a series of experiments 
involving the consecutive use of vacuum, water, air satu- 
rated with water vapour, and saturated water vapour only 
(no air) at 50°C. Each condition was maintained for at 
least 48 h (2880 min), which - according to Figure 1 - is 
sufficiently long for equilibrium to be reached. Figure 5 
shows the equilibrium values obtained, connected by 
straight lines, which serve as visual aids only. 

Table I Solubility values and diffusion constants for purepoly- 
styrene and polystyrene with additive 

Temperature Pure Polystyrene with 
Unit (°C) polystyrene additive 

Solubility 22 0.385 0.533 
(cm3/cm3/ 50 0.141 0.205 

cmHg) 80 0.053 0.073 

Diffusion 22 1.7 0.9 
constant 50 5.6 3.1 
(cm2/sec X 107) 80 16.0 9.6 

0 .6  

o 0 '4  

~, o.2 

Figure 4 
168 h in 
~1 mm. 

IC) IO0 IO'O0 ,OdO0 
Time (rain) 

Reabsorption of water by polystyrene at 80°C after 
100°C water (to induce crazing) and desorption, L = 
I ,  Pure; &, with additive 

0.5 

i 04 

~ O 3  

~6 o.2 

o.1' II I I I 1 I I I I 

80°C 50°C 5OoC Dry SO°C 50°C 50°C 50°C 50°C 50°C Dry 
S a t . a i r  Sat.w.v. Wa te r  Sat .a i r  Water Sotw.v. Water  Sat.w.v 

Figure 5 Water absorption and desorption experiments with 
compression moulded polystyrene (HR) plates. Each step measured 
after 48 h. O, opaque; e, opaque; I ,  transparent 
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Figure 6 Desorption of water at 50~C from polystyrene sheets 
after immersion in water at 80°C for 50 h. X, Opaque; D, slightly 
opaque; e, transparent 

There seemed to be a difference between the equilibrium 
conditions of the transparent and the opaque samples. For 
the latter, a further difference was observed between sam- 
pies submerged in the liquid water and those exposed to 
saturated water vapour only. The total amount of water 
retained in the opaque samples was no longer proportional 
to the partial pressure of water vapour, but proved to be a 
function of the total absolute pressure. 

Three samples of pure polystyrene, one transparent, one 
slightly opaque and one opaque, were immersed in water 
at 80°C for two days and then transferred to a 50°C bath~ 
The resultant weight loss as a function of time is shown in 
Figure 6. Interestingly, although the starting points were 
widely different, the three samples lost about equal amounts 
of water and reached a new equilibrium in about equal 
times. 

Another glassy polymer, epoxy phenolic lacquer, is re- 
gularly subjected to hot water in practice. As coating mate- 
rial in tin cans it has to withstand sterilization. In certain 
cases (e.g. inadequate cure) white spots appear on the lac- 
quer, a phenomenon known to the industry as 'blushing'. 
It is known that the part submerged in the water (100°C 
or higher but still below its Tg of about 140°C) exhibits 
more blushing than the part just above the water level, 
which is still in contact with the saturated vapour (see 
Figure 7). 

Using an optical and an electron microscope we found 
that blushing is a result of the development of a large 
number of small voids (see Figure 8). These voids are not 
inherently present in the polymer but develop on steriliza- 
tion. We have further established that just as with the poly- 
styrene samples, as reported above, these voids appear on 
cooling the sample after its removal from the hot water. 
The voids remain after drying but heal if the sample is heat- 
ed above its Tg. 

DISCUSSION 

It is evident from these experiments, that under certain 
conditions the diffusion of water in glassy polymers, such 
as polystyrene, can become non-Fickian. That is to say 
that the absorption curve is no longer sigmoid in shape, 
and an apparent diffusion constant, which could be calcu- 
lated, would depend on the amount of water already ab- 
sorbed (see Figure 4). This kind of behaviour has been re- 
cognized as such in the literature and many an explanation 
has already been offered. In the most general cases some 
kind of polymer/penetrant interaction 2-6 or even swelling 7-1° 
is postulated, whereas in others the general term 'active 
sites' is used 11. However, none of these theories can be ap- 
plied to the polystyrene/water system. 

It is more likely that in our systems the active site is no- 
thing but a void 14'17'1a. The existence of a submicroscopic 
network and free volume is glassy polymers is well estab- 
lished 21-23. There is further evidence to suggest the presence 
of local order and disorder 24-26. To accommodate a water 
molecule, this hole must have a diameter of at least 3A. 
Since we observed no opacity in the pure polystyrene up to 
80°C the diameter of the voids must be below 300 A. Sar- 
bolouki 27 measured the diffusion of water through cellulose 
acetate membranes of different porosities. He concluded 
that for 'true' diffusion the pore size should be 3 - 5  A, and 
that above this value the diffusion constant should increase 
abruptly. However, using pore sizes up to 74 A, he did not 
find any evidence of non-Fickian behaviour. 

In our experiments the anomalous diffusion coincided 
with sample opacity, which we think points to the presence 
of discontinuities having a size of at least 300 A. Anoma- 
lous diffusion and opacity have been linked before by 
others 12. Opacity or crazing in glassy polymers can be in- 
duced by mechanical stress 2s-a° or by a solvent a'9'al-aa. 
Drioli et al. is induced crazing during diffusion measure- 
ments by applying pressure and measured its effect. If  craz- 
ing is induced e.g. by creep even permanent gases behave 
anomalously in subsequent diffusion experiments 16. Barter 
and Barrie reported la that crazing can result from clustering 
of water molecules during the experiment. 

The term crazing is usually used to describe cavitation in 
the material due to local weakness as a result of tensile 
stress. It has been demonstrated that in glassy polymers 
these crazes contain, besides voids, continuous (oriented) 
polymeric material. The presence of such oriented matter 
in our samples has not been established, thus the use of the 
term craze in this context may be incorrect. Since the term 
'solvent crazing' is so widely used, however, we felt justified 
in using the same term here. 

In a non-homogeneous system permeability should be 
proportional to the concentration and the permeability of 
the individual components. This was confirmed for some 
systems a4 but not for others as'a6. Presumably, the adhesion 
and continuity at the interface play an important role. For 
the polystyrene with the polymeric additive we found that 
while the diffusion constant decreased the solubility had in- 
creased to values far above the level expected from its com- 
position. We conclude that the dispersed particles had in- 
creased the voids content of the sample. 

Figure 7 Optical micrograph of the border.line in blushing lacquer. 
The darker part was submerged in liquid water, the lighter part was 
in contact with the saturated vapour only 
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Figure 8 Electron micrographs of an undercured epoxy phenolic lacquer before and after sterilization in hot water. (a) Before sterilization, 
magnification IO00x;  (b) after sterilization not submerged in water, magnification IO00X; (c) after sterilization submerged in water, magnifica- 
tion IO00X; (d) as for (c), magnification 10 O00X 

We further confirmed Barrer and Barrie's finding that 
crazing is caused by clustering of water in the pure poly- 
styrene and epoxy resin samples. Our observations suggest 
the following mechanism: first the hot, absorbed water is 
dispersed in the polymer in units smaller than 300 A, then 
on rapid cooling the vapour pressure drops and the polymer 
attempts to eject the excess amount of water it holds. How- 
ever, desorption is slow and in the meantime the surplus 

water forms a second phase within the polymer. It agglo- 
merates in places of least resistance and in near spherical 
shape to minimize its surface area. The holes created by 
the clusters remain as long as the polymer is in the glassy 
state. 

It is known that mechanically crazed samples of poly- 
mers 'heal' when heated above their glass-transition tem- 
perature 37. We found the same to be true for 'absorption- 
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crazed' polymers. Above their glass transition temperature 
the mobil i ty  of  polymer segments is restored and i f  the 
obstruction (i.e. absorbed water) has been removed the 
holes created by the forced deformation close permanently.  
If  water is still present, it re-disperses and the sample be- 
comes temporarily transparent again. 

If  the cycle of  immersion in hot  water and cooling is 
repeated some permanent damage is bound to occur, re- 
sulting in the creation of  new holes and an increased water 
uptake in subsequent measurements. Thus Figure 3 prob- 
ably represents a polymer with a continuously increasing 
degree of  crazing and solubility. As evidence in support 
of this hypothesis,  we can report  that some of  the samples 
eventually developed visible cracks and broke up during an 
extended test. 

It  is difficult to be certain about where the non-Fickian 
process begins. In the pure polystyrene we first observed 
the development of a cobweb-like network of  crazes. We 
believe this to represent the grain boundaries of  individual 
polymer p~rticles (extruded nibs) which were subsequently 
compression moulded.  Evidently, the compression mould- 
ing process did not  fully destroy the pro tec t ion  given by  
the oriented surface of  the extruded particles. 

The diffusion of  water from the voids into the polymer 
remains Fickian,  but  the continuously increasing solubility 
suggests the overall process to be non-Fickian. The water 
in the crazes, whatever its quantity,  is in thermodynamic 
equilibrium with its surroundings. The flow in and out of  
them is controlled by hydrostat ic  pressure differences and 
not  by differences in partial pressure alone. This model  
may be used to explain the results of  other workers 38'39 
who reported differences between diffusion of  liquids and 
their vapours. 
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Polyethylene and polytetrafluoroethylene 
crystals: chain folding, entropy of fusion 
and lamellar thickness 

Alan E. Tonelli 
Bell Laboratories, Murray Hill, New Jersey 07974, USA 
(Received 14 January 1976; revised 17 February 1976) 

Chain folding in polyethylene (PE) and in polytetrafluoroethylene (PTFE) crystallites is simulated on 
the computer in an attempt to determine if the large disparity in their lamellar thicknesses has its 
origin in any differences between their inherent abilities to fold. PE and PTFE chains of 6 to 15 
carbon atoms are permitted to adopt each of their many rotational isomeric state (RIS) conforma- 
tions, and each is checked for the presence of a chain fold. The conformational energetics of both 
polymers are used to calculate the probabilities of generating both randomly and adjacently re-enter- 
ing chain folds. Depending on the RIS model adopted for PTFE, calculated probabilities for generat- 
ing randomly re-entering folds are found to be comparable in PE and PTFE. Adjacently re-entering 
folds, however, are much more easily formed in PE than in PTFE. Despite the greater ease of folding 
PE chains, the relative energies required to create a unit area of chain fold are estimated to be nearly 
the same for both polymers in agreement with results obtained from the kinetic theory of chain fold- 
ing. Consequently, in agreement with the recent proposal of Bassett and Davitt, it is concluded that 
the greater lamellar thickness of PTFE crystals is attributable exclusively to their lower entropy of 
fusion. An analysis of the possible reasons for the low entropy of fusion of PTFE is also presented. 

INTRODUCTION 

Melt crystallized polytetrafiuoroethylene (PTFE) is unusual 
among crystalline polymers ~ with regard to its thick 
lamellae. Lamellar thicknesses of 1000-2500 A are typi- 
cally observed for PTFE, while by comparison polyethy- 
lene (PE) crystallized from the melt normally consists of 
lamellae 300-400 A in thickness. 

The disparity in lamellar thicknesses observed between 
melt crystallized PTFE and PE and its origin were recently 
the subjects of a study reported by Bassett and Davitt 2. 
They concluded that both polymers obey the kinetic theory 
of chain folding 3, and PTFE derives its unusually thick 
lamellae from its low entropy of fusion. 

The motivation for the present study of the inherent 
ability to fold PTFE and PE chains stems from the work 
of Bassett and Davitt 2. By comparing the probabilities of 
generating folds in PTFE and PE it is hoped that the under- 
lying basis for the low entropy of fusion of PTFE, which 
results in a high melting temperature as well as thick lamel- 
lae, could be determined. 

CALCULATION OF FOLD PROBABILITIES 

Identical C-C bond lengths (1.53 A) and C - C - C  valence 
angles of 112 ° for PE and 116 ° for PTFE are adopted 4 for 
PTFE and PE chains containing from 6 to 15 carbon atoms. 
The usual rotational isomeric state (RIS)  model for PE is 
employed s. Each of the three staggered rotamers about 
each bond is permitted, with the two gauche rotational 
states (g~ = +120 °) assigned an energy ofE~ = 500 cal/mol 
higher than the trans state (t = 0°). Neighbouring gauche 
states of opposite sign (g-+g~) are allowed, but at a cost of 

+ _ ~ _  E~g. - 2.0 kcal/mol. 

Two different R IS  models developed by Bates and 
Stockmayer 6-8 for PTFE are adopted. The three-state 
model is identical to that described for PE except that 
E~ = 700-1400 cal/mol and E ~  > 4.0-5.0 kcal/mol. In 
the four-state model the trans rotational state is replaced 
by two states t -+ symmetrically displaced by ± 15 ° from 
the planar zig-zag. The t+-g ~, g+-t ~, and g+-g; states for 
neighbouring bonds are disallowed, and the t±g ~, g±g+-, and 
t+-t ~ states are assigned energies of 950,950 and 1750 
cal/mol, respectively, relative to the t+~t +- and g+-t +- states. 

The R I S  model of PE has been successful in predicting 
the dimensions and their temperature dependence s and the 
constant volume entropy of fusion for PE 9, the depolarized 
light scattering of n-alkanes m, and the dipole moments of 
the terminally substituted dibromo-n-alkanes 1~ Br-(-CH2-)-nBr 
Because of the insolubility of PTFE experimental deter- 
mination of the conformational characteristics of isolated 
PTFE chains is difficult. Instead, Bates and Stockmayer 7 
have measured the dipole moments of c~,co-dihydroper- 
fluoroalkanes, H(--CF2-)-nH, with Iz = 4, 6, 7, 8 and 10. 
Their three- and four-state R I S  models of PTFE, which 
were described above, successfully reproduce the experi- 
mental dipole moments of these c~,w-dihydroperfluoro- 
alkanes. 

A right-handed Cartesian coordinate system is defined 
with origin at the first carbon atom of the chain and the 
X-direction (same as C-axis in crystal) taken perpendicular 
to the H - C 1 - H  or F - C 1 - F  planes in the PE and PTFE 
chains, respectively. The positions of carbon atoms C3 
through C15 in this reference frame are calculated for each 
of the R I S  conformations generated. If the component of 
the C6-C15 position vectors along the X-axis is smaller 
than 0.3 to 0.5 A, then a randomly re-entering fold is 
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assumed to have been formed provided the X-coordinates 
of the intervening atoms C3-C14 are at least 1.0-1.3,8, 
above C1. This ensures that none of the atoms C2-Cn_ 1 
in a C1-C n fold penetrate, or approach too closely, the 
crystal surface. 

Each randomly re-entering fold generated above is 
tested further to determine whether or not it also belongs 
to the subgroup of adjacently re-entering folds. If the sum 
of the y2 and Z 2 components of the C6-C15 position vec- 
tors is ~>[ID-(0.3 to 0.5 ,~)] 2 or ~<[ID+(0.3 to 0.5 A)] 2, 
where ID is the interchain separation in the crystal (ID = 
5.0 A for PE and 5.6 A for FrFE) x2, then the fold formed 
is termed adjacently re-entering. 

The 0.3 to 0.5 A tolerances permitted in generating 
folds presumably corrects, at least partly, the artificial 
built in rigidity of the PE and PTFE chain models employed, 
i.e. the rigid valence angles and the perfect staggering of 
the rotational states. 

A probability is calculated for each of the randomly 
and adjacently re-entering folds so generated. This is 
achieved by multiplying the pairwise dependent rotational 
state statistical weights #at3, where for bond i in state 
and bond i - 1 in state a,/ao~ =/ai-l=a,i=# = exp (-E,~JRT), 
for each of the n - 2 bond rotations in the n carbon atom 

folds. This product of statistical weights is then divided by 
the~sum of the products of statistical weights for every 
conformation (fold plus non-fold) possible for an n carbon 
atom chain, which is the configurational partition func- 
tion. The resulting number is the fractional probability of 
forming a particular fold ofn  carbon atoms in length. The 
melting temperatures of PE and PTFE (140 ° and 330°C, 
respectively) are used in the calculation of the fold 
probabilities. 

RESULTS AND DISCUSSION 

Tables 1 and 2 contain the calculated fractional probabili- 
ties for forming folds of from 6 to 15 carbon atoms in PE 
and PTFE chains which re-enter the crystal surface in either 
a random or adjacent manner, respectively. The relative 
probabilities of forming randomly re-entering folds in PE 
and PTFE chains depend markedly on the RIS model 
adopted for PTFE. When the three-state RIS model is 
assumed for FrFE, the resulting fold probabilities are com- 
parable to those calculated for randomly re-entering PE. 
On the other hand, the four-state model of PTFE leads to 
randomly re-entering fold probabilities much reduced from 
those calculated for PE. 

Table 1 Fold probabilities for randomly re-entering PE and PTFE chains 

PE 

AX~ 0 . 3 A  AXe< 0.5A 
Number of 
carbon atoms Three-state 
in fold RIS model 

PTFE 

AX < 0.3 A AX < 0.5A 

Four-state Th ree-state Four-state 
RIS model RIS model RIS model 

6 0.0243 0.0243 
7 0.0165 0.0173 
8 0.0164 0.0504 
9 0.0135 0.0190 

10 0.0089 0.0288 
11 0.0093 0.0219 
12 0.0064 0.0222 
13 0.0060 0.0159 
14 0.0053 0.0110 
15 0.0052 0.0097 

0.0114-0.0281 ) 
0.0075-0.0152) 
0.0080-0.0172) 
0.0066-0.0131 
0 .0051 -0 .0093  
0.0059-0.0094 
0.0035-0.0062 
0.0036-0.0059 
0.0036-0,0052 
0.0033-0.0052 

0.0 
0.0 
0.0 
0.0018 
0.0009 
0.0029 
0.0016 
0,0031 

(0.0114-0.0281 ) 0.0 
(0.0075-0.0152) 0.0 
(0.0371-0.0501) 0.0 
(0.0090-0.0176) 0.0054 
(0.0233-0.0276) 0,0018 
(0 .0160-0 .0216)  0.0053 
(0 .0216-0 .0222)  0.0028 
(0 .0127-0 .0153)  40 .0047 
(0.0088--0.0105) 
(0 .0076-0 ,0093)  

The range of probabilities in parentheses correspond to the range in E~ = 700--1400 cal/mol 

Table 2 Fold probabilities for adjacently re-entering PE and PTFE chains 

PE 

~X ~< 0.3 k a AX < 0.5 A b AX < 0.3 A a 
Number of 
carbon atoms Three-state Four-state 
in folds RIS model RIS model 

PTFE 

A X  ~< 0.5 A b 

Th tee-state F ou r-state 
RIS model RIS model 

6 0.0243 0.0241 (0.0) 0.0 
7 0.0 0,016 (0.0) 0.0 
8 0.0010 0.0010 (0.0) 0.0 
9 0.0021 0.0060 (0.000 06--0.000 08) 0,000 66 

10 0.0031 0.0041 (0.0) 0.0 
11 0.000 49 0.0020 (0.000 44--0.000 71) 0.0 
12 0.000 63 0,000 82 (0.0) 0.000 010 
13 0.000 51 0.0012 (0.000 22--0.000 34) 0,000 059 
14 0.000 51 0.0010 (0,000 000 1-- "" -- 

0.000 000 4) 
15 0.000 31 0,000 50 (0,000 23--0,000 32) - 

(0.0) 0.0 
(0,008--0.014) 0.0 
(0.0) 0.0 
(0,001--0.002) 0.000 66 
(0.0) 0.000 50 
(0.000 60--0.001 20) 0.0 
(0.000 04--0,000 20) 0,000 19 
(0.000 22--0,000 31) 0.000 07 
(0.000 54--0.000 68) 

(0.000 29--0.000 41 ) 

a(y2 + Z 2) < (ID + 0.3) 2 or ;~ (ID -- 0.3)2; b(y2 + Z 2) < (ID + 0.5) 2 or >/ (ID -- 0.5) 2 . 
* The range of probabilities in parentheses correspond to the range E~ = 700--1400 cal/mol 
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Table 3 
PTFE 
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Comparison of the entropies of fusion* of PE and 

Polymer &S f (AS f) v ~S v ASconf 

PE 2.34 1.82 0.52 1.76 
PTFE 1.14 0.77 0.37 1.60 

* All entropies are given in eu/mol of repeat units (CH 2 or CF 2) 

In contrast to the behaviour of  the randomly re-entering 
folds, the probabilities of  forming adjacently re-entering 
PE folds are considerably greater than the probabilities cal- 
culated for adjacently re-entering PTFE folds. This dis- 
parity in adjacently re-entering fold probabilities is inde- 
pendent of the RIS  model adopted for PTFE. 

' Since it is becoming increasingly evident a'12-xs that the 
primary mode of  folding in polymer chain crystals is the 
adjacent re-entry of portions of  the same polymer chain, 
we restrict our attention to the probabilities calculated 
for adjacently re-entering folds. If  the disparity in the fold 
probabilities calculated for PE and PTFE chains is inter- 
preted in terms of differences in fold energy, q, in kcal/mol 
of  folds, then it is possible to conclude from the probabili- 
ties presented in Table 2 that q(PTFE)/> 1.5q(PE). This 
conclusion is based on the assumption that the fold prob- 
ability is proportional to the Boltzmann factor of q at the 
melting temperature. 

The fold energy, or work required to form a fold, q 
constitutes an important ingredient in the kinetic theory 
of  chain folding 3. Of direct concern here is the relation 
between the lamellar thickness l and the fold energy q. In 
the kinetic theory of chain folding3: 

and 

2Oeff 
l = - - + 8 l  (1) 

q 
Oeff = a + (2) 

2A0 

where 2~Sfis the entropy of  fusion per unit volume of  the 
crystal, AT is the undercooling, cr is to a good approxima- 
tion the lateral surface free energy of  the polymer crystal, 
6l is nearly constant at 10 -40  A, and A 0 is the cross-sec- 
tional area of  a chain in the crystal. Since for most poly- 
mer crystals 3 o ~ q/2Ao: 

(3) 

From an analysis of  lamellar thickness versus under- 
cooling data, fold energies of  5 and 7.5 kcal/mol of  fold 
have been obtained for PE and PTFE 3, respectively. In 
other words it was found that q (PTFE) = 1.5q (PE) in 
kcal/mol of fold which is not inconsistent with the differ- 
ence in fold energies derived here from the calculated fold 
probabilities. 

Division of  q by the cross-sectional area of a chain in 
the crystal A 0 leads to nearly identical ratios q/Ao for PE 
and PTFE. As stressed by Bassett and Davitt 2 this means 
(see equation 3) that at a given undercooling the difference 
in the lamellar thicknesses observed for PE and PTFE crys- 

Tonell i 

tals grown in the bulk is directly attributable to the differ- 
ence in their per unit volume entropies of fusion i.e. 
2xSf(PE) ~ 3.0 2xSf (PTFE). Thus, even though the in- 
herent abilities of PE and PTFE to fold in adjacently re- 
entering fashion differ greatly, when they are translated 
into fold energies q and divided by fold area 2A 0 the 
closely similar values of (q/2Ao) obtained for both poly- 
mers eliminates them as the principal source of the disparity 
in lamellar thicknesses. 

Turning finally to the difference in the entropies of 
fusion of  PE and PTFE, which Bassett and Davitt 2 and we 
believe to be the sole source of  the disparity in their lamel- 
lar thicknesses, it may be worthwhile to devote a few com- 
ments to the most likely sources of  this entropy difference. 
When the entropies of fusion 16 for PE and PTFE expressed 
per mole of repeat units, i.e. 2.34 and 1.14, respectively, 
are converted to a per unit of  crystalline volume basis, the 
two-fold disparity is further magnified to over a three-fold 
difference, i.e. 0.167 eu/cm 3 (PE) and 0.0502 eu/cm 3 
(PTFE). Even if the molar entropies of fusion were iden- 
tical for PE and PTFE, the smaller molar density of the 
PTFE crystal would still result in a smaller volume entropy 
of fusion for PTFE and larger lamellae according to 
equation (3). 

The entropy of fusion ASfmaybe divided into two sepa- 
rate contributions 17, the constant volume (~$1) v and the 
volume expansion ASv entropies of  fusion. Each of  these 
contributions for PE and PTFE is listed in Table 3. Further- 
more it has been demonstrated 9'18 for a wide variety of  poly- 
mers that the constant volume contribution (2~Sf) v is 
closely approximated by the gain in intramolecular (intra- 
chain) conformational entropy ~Sconf experienced by each 
polymer chain upon melting. ASconf can be calculated 9'18 
from the RIS model of a polymer chain, such as the three- 
and four-state models used to calculate the fold probabili- 
ties of  PE and PTFE, by assuming that each polymer chain 
in the crystal is restricted to a single conformation. When 
applied to PE and PTFE the conformational entropies ob- 
tained are those shown in the final column of  Table 3. 

For PE (zSSf) v ~ z2xSconf , while for PTFE (z3Sf) v 
½(2xSconf). Upon melting, half of  the conformational en- 
tropy gain expected for the PTFE chains is not realized 
resulting in a total entropy of fusion significantly lower 
than that of  PE and a larger lamellar thickness as well. 
Either the PTFE chains in the melt are partly ordered, pre- 
venting the complete achievement of  the RIS entropy, or 
some conformational disorder exists in the crystal result- 
ing in a non-zero conformational entropy for the crystal- 
line PTFE chains. Based on statistical thermodynamic 
arguments 19 and recently reported suggestions 2° of  con- 
formational isomorphism in PTFE crystals, we believe 
that conformational disordering* of  the crystalline PTFE 
chains to be the most probable cause of  the observed loss 
in conformational entropy upon melting. 

In combination, the lower molar density of  and pro- 
bable conformational disorder in PTFE crystals are suffi- 
cient to cause the necessary reduction in the per unit 
volume entropy of fusion which leads to their increased 
lamellar thickness. 

* Conformational disordering of the PTFE chains in the crystal 
is to be distinguished from the rotation and/or translation of 
rigid chains known 21-24 to occur in PTFE crystals below the 
melting point which serve to reduce the volume expansion en- 
tropy of fusion ASv, but not the constant volume contribution 
(asf)v.  
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Composition of rubber/resin adhesive 
films: 1. Surface composition as 
determined by ATR spectroscopy 
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Determination by ATR infra-red spectroscopy of the chemical composition of the surfaces of rubber/ 
resin adhesive films is described. An excess concentration of resin at the surfaces compared with the 
bulk is found, this being shown to be dependent on the solvent, the overall bulk concentration of 
resin, the thickness of the fi lm and time of equilibration. A proposed qualitative mechanism explains 
the appearance of the concentration profile in terms of the solubility characteristics of the system 
and the evaporation rate of the solvent. 

INTRODUCTION 

Modern adhesive systems of the pressure sensitive type 
are based on mixtures of several components, the exact 
formulations generally being based on empirical know- 
ledge. The compatibility of the components is largely un- 
known and the phase structure of such systems has received 
comparatively little study 1-s. In addition, many of these 
adhesives are solvent based, i.e. the adhesive components 
are dissolved in a solvent which is used as a carrier to assist 
in the application of a thin film of the adhesive to the sub- 
strate. The solvent subsequently evaporates leaving the 
adhesive film on the substrate. Although the system may 
be a homogeneous solution at the normal solvent concen- 
trations, during the evaporation stage any incompatibility 
within the mixture will become evident, and the nature of 
the solvent and the evaporation conditions might be expect- 
ed to influence the final structure of the adhesive film. In- 
compatibility between the components in the adhesive 
might be expected to lead to a surface composition which 
is not identical with that of the bulk. Recent evidence 6 
has shown that solvent evaporation from thin films can give 
fractionation of incompatible components. A knowledge 
of the surface composition of adhesive films seems funda- 
mental to an understanding of the mechanism of adhesive 
bond formation and failure, since it is the surface proper- 
ties of the films which are of critical importance in this 
context. 

A two component adhesive system was chosen, closely 
approximating to current industrial practice, consisting of 
natural rubber and a commercially available tackifying resin 
(glycerol ester of partly hydrogenated wood rosin). The 
function of the resin is to plasticize the rubber, and enable 
the adhesive to adhere easily to a wide variety of substrates. 
The maximum ability to adhere as measured by the tack 
energy 7 may be developed in this type of adhesive with 
high loadings of the resin (up to 80% by volume). The pure 
resin is a brittle, glassy solid. The rubber and resin mix- 
tures were dissolved in a variety of solvents, films were 
cast and the solvent allowed to evaporate; the chemical 

composition of the film at the air/adhesive and adhesive/ 
substrate interfaces was examined by internal reflection 
infra-red spectroscopy (ATR). 

ATR has been used extensively to study qualitatively 
the chemical composition of surfaces of polymeric mate- 
rials such as paint films 8'9 and the chemical reactions 
occurring at the surfaces of such films under the influence 
of various environments 1°-~2. One of the problems in- 
herent with quantitative analysis by ATR is obtaining con- 
sistent contact efficiency between the surface of the film 
and the internal reflection crystal. To overcome this, an 
internal standard was used, thus calibration curves were 
prepared by relating the intensity of a concentration de- 
pendent absorption to the intensity of an absorption which 
was not sensitive to changes in composition. 

An examination of the fundamentals of the theory of 
ATR 13 shows that the totally reflected beam from the 
crystal/adhesive interface penetrates the adhesive film, and 
the depth of penetration (dp), perpendicular to the inter- 
face, of the evanescent wave is given by Harrick 13 as: 

dp = - -  (sin20 n 2 )-1/2 - 21 ( 1 )  
2nn 1 

where k is the wavelength of the radiation in air, 0 is the 
angle of incidence and n21 is the ratio of the refractive 
indices of the crystal (nl) and the sample (n2). The evane- 
scent wave is selectively attenuated according to the infra- 
red activity of the sample in the region from the surface to 
a depth dp. Thus by varying 0 or X different depths of 
penetration into the sample may be achieved, and hence 
the variation of chemical composition of surface layers of 
varying thickness may be examined. 

EXPERIMENTAL 

Materials 
Natural rubber. ~/n = 736 800 g/mol; Mw = 927 600 

g/mol; relative density = 0.900 at 293K. 
Purification technique. The rubber was dissolved in 
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Figure 1 Ratio R1 of absorpt ion intensities at 5.78/~m (A) and 
8 . 1 3 / t i n  (B) to the internal  standard absorpt ion at  6 . 9 0  # m  plot ted 
against vo lume fract ion of resin on the crystal surface 

toluene (1 -2  mass percent concentration), filtered through 
a No. 4 glass sinter to remove insoluble impurities. The 
natural rubber was then precipitated by adding excess ace- 
tone, filtered and dried to constant mass in a vacuum desi- 
ccator at 5 Torr and 293 -+ 2K. 

Resin. Staybelite Ester 10 (Hercules Powder Co.) gly- 
cerol ester of partly hydrogenated wood rosin which con- 
sisted of approximately 84% diester and 16% triester. Mn = 
993 g/tool; relative density 1.066 at 293K; softening point 
(Ring and Ball 14) 358.5K. 

Solvents. Analar grade reagents used without further 
purification. 

ATR INFRA-RED SPECTRA 

Spectra of the adhesive surfaces were obtained by use of a 
Perkin-Elmer model 457 grating infra-red spectrophoto- 
meter fitted with a Wilks model 9 multiple internal reflec- 
tance attachment. A KRS-5 crystal (eutectic mixture of 
thallous bromide and iodide) of width 20 mm and length 
50 mm was used, having a 45 ° entrance and exit face, giving 
up to 25 reflections. This system gave a maximum trans- 
mission through the internal reflectance attachment cor- 
responding to 35-45% of the intensity of the unattenuated 
reference beam. All spectra were obtained using a medium 
scan rate, which required approximately 15 min to scan 
from 4000 cm -1 (2.5/am) to 250 cm -1 (40/am). 

The method was calibrated by casting separate films of 
pure rubber and pure resin in toluene onto adjacent areas 
of the same crystal. The solvent was allowed to evaporate 
completely under ambient temperature conditions (293 -+ 2K). 
By varying the length of the rubber and resin films (con- 
stant film width of 20 mm) various area ratios could be ob- 
tained. Thus spectra corresponding to the whole composi- 
tion range were recorded. Two concentration-dependent 
absorptions were selected, at 1730 cm -1 (5.78/am) and 
1230 cm -1 (8.13/am), both associated with the ester link- 
age of the resin. An absorption at 1450 cm -1 (6.90/am) 
was selected as tile internal standard, since the intensity of 
this absorption (due to the methyl, methylene and methyne 
bending vibrations, present in both resin and rubber) was 
not significantly c°ncentrati°n'dependent" The ratios R, 

of the absorption intensities at 1730 cm -1 and 1230 cm -1 
to the internal standard absorption intensity at 1450 cm - I  
are plotted against the percentage by area of resin on the 
crystal surface in Figure 1. The standard deviations in R, 
are within -+0.2%. 

The compositions of the adhesive films at the adhesive] 
substrate interface were examined by casting mixtures of 
rubber and resin dissolved in solvent (2.3% by mass) directly 
onto the KRS-5 crystal and allowing the product to evapo- 
rate completely under ambient conditions (293 -+ 2K). By 
controlling the concentration and volume of the solutions 
used for a given area of crystal, a constant dry film thick- 
ness of 5.20/am was produced, and used for all measure- 
ments except where otherwise stated. The spectrum of the 
adhesive film was scanned as soon as all the solvent had 
evaporated from the film, usually within 20 rain (the re- 
tained solvent concentration was less than 10-3%). The 
ratios of the absorption intensities at 1730 cm -1 and 
1230 cm -1 to the absorption intensity at 1450 cm -1 were 
calculated and hence the volume fraction of resin in the 
surface layer was found by reference to the calibration 
curves (Figure 1). 

The compositions of the adhesive films at the adhesive/ 
air interface were examined by casting the adhesive solu- 
tions onto an inert support film and laminating the dry film 
to the KRS-5 crystal. The intensity of the spectrum ob- 
tained in this manner was significantly affected by the 
modulus of the film and the lamination pressure, but the 
use of an internal standard removed the problems normally 
associated with variable contact efficiency. 

Measurements were made using an internal reflection 
angle of 45 °. The refractive indices of rubber and resin 
were measured by the usual methods in the visible region 
of the electromagnetic spectrum and equation (1) used to 
calculate the depth of penetration, dp. The depths of pene- 
tration dp corresponding to the concentration-dependent 
absorption at wavelengths, X, of 5.78/am (1730 cm -1) and 
8.13/am (1230 cm-1), were calculated to be 1.33/am and 
1.87/am respectively. 

Since the refractive indices of the rubber and resin may 
vary with the wavelength of the radiation, the depth of 
penetration was confirmed experimentally. Films of rub- 
ber of known thickness were cast onto a poly(ethylene 
terephthalate) support film and laminated onto the crystal 
face. The spectrum of the backing film was visible at 
5.78/am (ester absorption) when viewed through a 1.30/am 
thick rubber film, but was not visible through a 1.35/am 
thick film. This indicated that the depth of penetration 
at a wavelength of 5.78/am was between 1.30/am and 
1.35/am; which is in good agreement with the theoretical 
value of 1.33/am. 

All experimental data represent the mean of twelve 
spectra recorded for each composition. This procedure 
was used to compensate for random variations in the spec- 
trum due to fluctuations in environmental conditions. 

RESULTS AND DISCUSSION 

The system was dissolved in toluene and investigated most 
thoroughly since this is a solvent often used in industrial 
practice. In all cases, adhesive films prepared from toluene 
solutions gave spectra which indicated a higher concentra- 
tion of resin at the surface than the overall resin concentra- 
tion for the whole film, based on the known masses of rub- 
ber and resin in the initial solution. The results are most 
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toluene solution onto each face of a rock salt plate. The 
transmission spectrum of this combination was recorded 
and compared with the transmission spectrum of a mixture 
of rubber and resin cast from solutions onto a single face 
of the rock salt plate. Both spectra thus measured the 
absorptions of identical amounts of rubber and resin, in one 
case without any possible interactions and in the other case 
with interactions possible. The spectra were identical with- 
in experimental uncertainties, showing that interactions be- 
tween rubber and resin in the dry film do not cause spurious 
effects which might have suggested an excess of resin at the 
interface. 

In order to assess the influence of the chemical and phy- 
sical properties of the solvents on the composition of the 
surface layer of adhesive films, the volume fraction in the 
surface layers was measured for a wide range of solvents for 
five overall bulk resin compositions at two depths of pene- 
tration (Table 1) for 5.20/am thick films. In all cases the 
data refer to both adhesive/substrate and air/adhesive inter- 
faces, with no significant differences in composition being 

~ .~,0 ~ L , ~ L 
0-20 0 0 ' 6 0  O' 0 1.0 

Bulk volume fraction of resin 
Figure 2 Fractional surface excess of resin for 5.2 ~m films cast 
from toluene solutions for two depths of penetration: 1.33 #m (©}; 
1.87 ~m (e)  

easily displayed by defining a fractional surface excess i.e. 

fractional surface excess = 

observed surface layer volume fraction of resin 
(2) 

overall bulk volume fraction of resin 

I.,4 

U ~c 

-~ I-2 
E 
0 

U 

U_ 

Figure 2 shows the variation in fractional surface excess 
with bulk volume fraction of resin for films cast from tol- 
uene solutions, using two depths of penetration of the 
radiation. Representative mean deviations are shown. The I.O 
results were identical, within experimental uncertainties, 
for both the adhesive/substrate and the air/adhesive inter- 
faces. It can be seen (a) that the fractional surface excess 
decreases as the bulk volume fraction of resin increases; 
(b) that the fractional surface excess decreases as the depth 
of penetration of the radiation increases. 

These observations are consistent with the view that at 
the surface itself, there is an excess of resin for all compo- 
sitions. It must be appreciated that the ATR technique is 
giving concentration data characteristic of surface layers of 
thicknesses which are not negligible compared with the total 
thickness of the adhesive film (5.20/am). The results pre- 
sented in Figure 2 suggest that in the dry adhesive film 
there exists a concentration gradient of resin varying from 1.2 
a maximum at each interface to a minimum at the centre 
of the film. 

Figures 3 and 4 show the results obtained for the frac- ~ I.I 
tional surface excess of resin as a function of the bulk volume 
fraction of resin for films of increased thickness (11.40/am), 
compared to the previous data of Figure 2. As the film u 
thickness is increased, so the surface excess concentration 
of resin decreases. 0-9 

The possibility that interactions between the rubber and 
resin cause changes in absorption intensities or the ratio of 
absorption intensities was investigated. Films of known Figure 4 
thickness of pure resin and pure rubber were cast from 

' ' ' ' 

O 0 ' 4 0  O. O I. 0 

Bulk volume fraction of resin 
Figure 3 Fractional surface excess for 11.4 #m. Films cast from 
toluene solutions, for the depth of penetration 1.33 #m (0), - -  
represent results obtained for the 5.2 #m films 

J L 1 i i i i i i 

0-20 0 4 0  0 6 0  0 8 0  

Bulk volume fraction of resin 
Fractional surface excess for 11.4 #m films cast from 

toluene solutions for the depth of penetrat ion 1.87 #m ( I ) .  - -  
represent the results obtained for  the 5.2 p.m films 

I O  
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Table I Effect of various solvents on the concentration of resin in the surface layers for two depths of penetration 

Depth of Observed volume fraction of resin in surface layer for overall volume fractions of resin 
penetration 

Solvent (#m) 0.086 0.266 0.458 0.664 0.884 

Dichloromethane 1.33 0.121 0.361 0.569 0.771 0.947 
1.87 0.098 0.332 0.524 0.732 0.842 

Ch Ioroform 1.33 O. 102 0.312 0.524 0.762 0.937 
1.87 O. 081 0.265 0.466 0.623 0.860 

Carbon tetrachloride 1.33 0.096 0.267 0.506 0.723 0.927 
1.87 0.079 0.226 0.457 0.622 0.843 

Benzene 1.33 O. 117 0.337 0.512 0.757 0.981 
1.87 0.090 0.301 0.437 0.640 0.819 

Toluene 1.33 O. 132 0.290 0.513 0.689 0.934 
1.87 0.095 0.286 0.466 0.659 0.884 

Xylene 1.33 0.101 0.321 0.537 0.762 
1.87 0.080 0.274 0.440 0.609 

Chlorobenzene 1.33 0.110 0.313 0.521 0.753 0.974 
1.87 0.090 0.265 0.460 0.626 0.781 

Trichloroethylene 1.33 0.098 0.303 0.511 0.729 0.950 
1.87 0.086 0.277 0.450 0.628 0.832 

1,2-Dichloroethane 1.33 0.142 0.351 0.543 0.745 0.972 
1.87 0.111 0.307 0.485 0.651 0.809 

1,1,1-Trichloroethane 1.33 0.120 0.349 0.544 0.744 0.987 
1.87 0.087 0.295 0.473 0.648 0.840 

1,1,2,2-Tetrachloroethane 1.33 0.102 0.307 0.490 0.759 0.914 
1.87 0.078 0.272 0.458 0.643 0.862 

shown between the two interfaces. The general pat tern of  
the results followed those shown in Figure I for toluene. 
At  least for the lower depth of  penetrat ion,  all systems 
show an excess of  resin in the interfacial layer, with the 
fractional surface excess of  resin decreasing with increasing 
overall volume fractions of  resin in the mixture. The abso- 
lute values of  the fractional surface excesses of  resin and 
their dependence on the overall concentration of  the mix- 
ture are seen to be dependent  on the solvent used in the 
film forming operation. 

Since it has been shown that the fractional surface excess 
of  resin is identical at either interface, and that it decreases 
with increasing depth of  the surface layer, the volume frac- 
tion of  resin, y ,  may be assumed to follow a simple para- 
bolic relationship as a function of  film thickness, x,  having 
a minimum at x = 0, the centre of  the fdm, and maxima at 
the film interfaces -Xmin and +Xmax (Figure 5). It may be 
seen from Figure 4 that the experimentally observed volume 
fractions y 1, Y2, Y ~ and y 1 represent the mean volume frac- 
tions with layers of  thickness (Xmax - Xl), (Xmax - x2) etc. 
The mean bulk concentration for the film isyav. The sim- 
plest equation for this parabolic relationship is: 

y = ax 2 + b (3) 

where a and b are constants. Integration with respect to x 
gives: 

f ydx = f (ax 2 + b ) dx (4) 

Now 

f y d x  =yl(Xmax - Xl) 

X I  

(5) 

Hence: 

X 1  ]xmaXx f (Xmax-- Xl )  = + bx 

Yl 

(6) 

A further two equations may be obtained by considering 
the integrals between Xmax and x2, and Xmax and Xl. Inser- 
tion of  the known values ofYav, Xl, x2 and Xmax and the 
experimentally determined values o f y  and Y2 yield three 
equations and two unknowns a and b. Optimum values of  
a and b are thus calculated, from which may be calculated 
the volume fraction of  resin at the interfaces Ymax, and at 

 oxl 
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Figure 5 Variation of volume fraction of resin, y, as a function of 
the distance, x, from the central plane of the fi lm 
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Table 2 Surface (Ymax) and centre (Ymin) volume fractions of resin for various mean compositions (Yav) related to solvents and their 
properties 

Vapour Cohesive Yav 
pressure energy density 

Solvent (mmHg) X 108 (J/m 3) 0.086 0.266 0.458 0.664 0.884 

Dichloromethane 437 406 Ymax 0.192 0.475 0.743 0.929 1.119 
Ymin 0.026 0.191 0.332 0.550 0.638 

Chloroform 194 349 Ymax 0.154 0.437 0.685 0.998 1.083 
Ymin 0.036 0.151 0.312 0.400 0.736 

Carbon tetrachloride 115 308 Ymax 0.130 0.374 0.584 0.815 1.102 
Ymin 0.051 0.153 0.382 0.550 0.704 

Benzene 95 349 Ymax 0.167 0.461 0.652 0.966 1.304 
Ymin 0.040 0.170 0.317 0.455 0.554 

Toluene 29 332 Ymax 0.207 0.334 0.601 0.746 1.048 
Ymin 0.019 0.236 0.377 0.606 0.801 

Xylene 8 324 Ymax 0.140 0.410 0.708 1.060 
Ymin 0.046 0.185 0.287 0.360 

Chlorobenzene 12 376 Ymax 0.149 0.389 0.620 0.992 1.386 
Ym i n 0.051 0.192 0.363 0.422 0.458 

Trichloroethylene 76 352 Ymax 0.117 0.365 0.615 0.925 1.220 
Ymin 0.068 0.213 0.355 0.464 0.614 

1,2-Dichloroethane 82 400 Ymax 0.238 0.498 0.685 0.906 1.308 
Ymin 0.009 0.150 0.338 0.505 0.540 

1,1,1-Trichloroethane 125 384 Ymax 0.173 0.489 0.683 0.911 1.264 
Ymin 0.035 0.149 0.332 0.498 0.604 

1,1,2,2-Tetrachloroethane 8 394 Ymax 0.148 0.373 0.540 0.963 1.018 
Ymin 0.039 0.206 0.409 0.461 0.777 

the centre of the f'tlmymin. 
The maximum and minimum resin concentrations for 

5.20/am films, calculated in the manner described above, 
are presented in Table 2, in which the vapour pressure and 
cohesive energy densities of the solvents are also tabulated. 
Within the limits of the assumption of a parabolic depen- 
dence o f y  on x, the Ymin and Ymax values are estimated to 
be accurate to within +2% ofy. The calculated resin con- 
centration at the interface often exceeds a volume fraction 
of unity for an average resin concentration of 0.884. This 
suggests that the surface of the film consists entirely of 
resin to some depth. 

The results in Table 2 confirm that there are consider- 
able differences in the composition of the interfaces of 
an adhesive film compared with the composition of the 
central plane of the film when first produced. However, 
when the films were allowed to equilibrate for approxi- 
mately 500 days, the surface compositions of the film be- 
came identical to the overall bulk compositions. This in- 
dicates that the heterogeneity of such adhesive films is a 
consequence of the solvent evaporation stage, and that 
subsequent diffusion within the f'flm will equalize the 
composition throughout the film. It can therefore be 
appreciated that adhesive properties of such films are 
likely to be appreciably time-dependent if equilibration 
has not been attained subsequent to film formation. Under 
the normal industrial conditions in which such adhesives 
are used, it is unlikely that they will be left for such a 
period before being used for bonding purposes. It is there- 
fore necessary to propose a mechanism of film formation 
by solvent evaporation which would account for the con- 
centration profile. The initial solution, containing solvent, 
rubber and resin may be assumed to be homogeneous. As 
the solvent is lost, the concentration of rubber and resin 
increases. As the resin has a higher cohesive energy density 
(4.16 x 108 J/m 3 compared with 2.94 x 108 J/mJ) it is 
likely that the rubber and resin are incompatible to some 
extent. Hence the resin will act as a non-solvent for the 
rubber. Under these conditions, the rubber-rich phase is 

likely to precipitate out of solution frist, as a consequence 
of the lower contribution to the free energy of mixing with 
the solvent for a given volume of high molar mass rubber 
compared with an equal volume of low molar mass resin. 
Since the density of the natural rubber is less than that of 
the resin any tendency to settling out will favour movement 
of the resin plus solvent phase downwards towards the sub- 
strate interface, leading to an excess of resin at this inter- 
face. However, the movement of the rubber-rich phase is 
likely to be restricted in view of the high viscosity of this 
phase. The solvent evaporation process involves transport 
of solvent from the bulk of the drying fdm to the air/adhe- 
sive interface by spontaneous convection currents ~s- 17 and 
subsequent loss of solvent to the atmosphere. Since the 
solvent is resin rich, this process will transport the mobile 
resin molecules to the air/adhesive interface, where solvent 
molecules are lost leaving an excess concentration of resin 
at the adhesive/air interface. Loss of solvent from the 
evaporating film is fast enough to prevent the resin diffus- 
ing back into the bulk of the film; essentially freezing the 
concentration profile for the film with surface excess of 
resin at both interfaces. The lower fractional surface excess 
of resin observed for the 11.4/lm thick films is consistent 
with the longer drying time required for a thicker film, 
leading to more diffusion of resin back into the bulk of 
the film. The concentration dependence of the fractional 
surface excess of resin may be caused by the variation in 
resin mobility with volume fraction of resin within the t-tim. 
At low volume fractions of resin, the resin will exhibit maxi- 
mum mobility, since the solubility limit of resin in solvent 
will not be reached until the final stages of the drying pro- 
cess. At high volume fractions of resin, the resin will exhibit 
minimum mobility, since the solubility limit of resin in sol- 
vent will be reached at an earlier stage of the drying process. 
Thus the fractional surface excess of resin should decrease 
with increasing overall volume fraction of resin in the mix- 
ture. The qualitative mechanism outlined, suggests that the 
surface excess of resin depends on the solubility charac- 
teristics of the ternary rubber/resin/solvent system and the 
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Figure 6 The degree of film heterogeneity measured by Ymax -- 
Ymin plotted against cohesive energy density of soluent, at an over- 
all bulk volume fraction of resin of 0.086, for a variety of solvents. 
Dry film thickness 5.2/~m 

of adhesive properties of  such films must take those para- 
meters into account, since the surface properties of  such 
adhesives are usually thought to be of vital importance in 
the adhesive bonding process. 

CONCLUSIONS 

Adhesive films consisting of  natural rubber and a resin 
(glycerol ester of partly hydrogenated wood rosin), when 
cast from solvent, contain a concentratien variation through- 
out the film, with maximum resin concentrations at the 
air/adhesive and adhesive/substrate interfaces. The magni- 
tude of  the fractional surface excess depends on the sol- 
vent, the overall bulk resin concentration, the thickness of  
the film and the time for equilibration after the film has 
dried. The concentration variation may be represented by 
a parabolic function, and hence the concentration of  resin 
at the interfaces may be estimated. The resin excess appears 
to be related to the mechanism of the film forming process 
in which the solubility characteristics and rate of  evapora- 
tion of  the solvent are important parameters. 

film drying time. The latter variable may also affect the 
temperature of  the drying film and hence the solubility 
characteristics. The cohesive energy densities of  the three 
components may be compared as a guide to the likely solu- 
bility characteristics for the system and the vapour pres- 
sures of  the solvents may be compared as an indication of  
the rate of  film formation. It is clear from a consideration 
of  the data in Table 2 that no single overall correlation 
exists between the surface concentrations of  resin and the 
cohesive energy densities and vapour pressures of  the solvents 
over the whole concentration range of  adhesive formulations. 
In general, however, the highest surface concentrations of  
resin tend to be shown by solvent systems having cohesive 
energy densities which are furthest removed from that of  
the rubber, and having high vapour pressures. These are the 
systems which would show minimum mobility for the rub- 
ber, due to fast drying times. A general trend can be dis- 
cerned. If  the heterogeneity of  the films measured as 
Ymax - Ymin (at 0.086 overall volume fraction of resin, 
where the resin excess is most pronounced) are plotted 
against cohesive energy density of  the solvent, the hetero- 
geneity increases as the cohesive energy density of  the sol- 
vent increases from a value corresponding to that of  the 
natural rubber up to a value corresponding to that of  the 
resin (Figure 6). This is consistent with the idea that maxi- 
mum mobility of  the resin plus solvent phase and minimum 
mobility of  the rubber-rich phase leads to highest values 
for the resin concentration at the interfaces of  the adhesive 
film. 

The heterogeneous nature of  the rubber plus resin adhe- 
sive films, when cast from solvents, and the dependence of  
the degree of  heterogeneity on the solvent, thickness of  film 
and time for equilibration have demonstrated that the study 
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Modification of the fastness properties of 
dyed wool through grafting* 
N. S. Batty, A. J. Gradwell and J. T. Guthrie 
Department of Co~our Chemistry and Dyeing, University of Leeds, Leeds LS2 9JT, UK 
(Received 22 December 1975; revised 26 March 1976) 

Methods are described whereby the light fastness and wash fastness properties of dyed wool can be 
improved through grafting small quantities of acrylonitrile onto the wool. Four dye classes are 
covered together with six techniques of copolymerization. Preliminary data from studies of the fad- 
ing of dyes in solution with and without acrylonitrile are presented. These show that acrylonitrile 
reduces the rate of fading of most of the dyes investigated, irrespective of the chromophore structure. 
Radiation induced processes are more successful than those based on chemical initiation whilst post- 
irradiation induced grafting of acrylonitrile onto wool, followed by conventional dyeing offers par- 
ticular promise for effectiveness and industrial exploitation. 

INTRODUCTION 

Recent work in this department has dealt with intrinsically 
coloured polymers 1-~. One of the many systems investi- 
gated involved the 'copolymerization' of acrylonitrile with 
vinylsulphonyl dyestuffs by high energy ",/-radiation in- 
duced processes 1-2. In this work it was noticed that solu- 
tions of dye containing acrylonitrile were markedly more 
stable to radiation than were those exposed without acry- 
lonitrile. The more academic aspects of.this observation 
are still under investigation. Here we are concerned with 
the applied aspects, more specifically with possible improve- 
ments to the light fastness (LF) and wash fastness (I#F), 
acquired through the application of acrylonitrile, of wool 
treated with dyes from various classes. Also of interest are 
the effects of acrylonitrile on the fading characteristics of 
these dyes in aqueous solution. 

Much work has been devoted to improving the physical 
properties of wool by grafting with acrylic monomers. The 
complex nature of the substrate makes any truly quanti- 
tative approach difficult, if not impossible. Thus, although 
many of the improvements have been substantiated, the 
mechanism of action is usually far from well understood. 
The characteristics of fading and the wash fastness of dyes 
on wool have also been extensively covered but many 
points require consideration. In fading, these include con- 
cepts such as energy transfer within the substrate which 
could lead to chromophore stability, the role of oxygen in 
the fading process, protection against damage by the use 
of additives, relationships between chromophore constitu- 
tion and resistance to fading and the dye-concentration 
dependence of fading. Equally, the fundamental aspects 
of fastness to washing are noteworthy. These include the 
physical state of the dye during removal from the fabric, 
the mechanism of removal, the possible simultaneous re- 
moval of low molecular weight species from the matrix 
and so on. Ideally, any attempt at improving a particular 
aspect of wool's performance must not reduce its other 
qualities, though this is often difficult to achieve. 

* Presented at the 5th International Wool Textile Research 
Conference, Aachen, 1975; published as special issue of Schriften- 
reihe Deutche Wollforschungsinstitute an der Technischen Hochs- 
chule Aachen, 1976. 

There have been several reports concerned with the 
radiation induced modification of wool 4-6. It is opportune 
to consider whether or not the expertise gained might be 
extended. This point is of importance to the present sur- 
vey of possible improvements to the light fastness and wash 
fastness of dyed wool, though other facets such as crease 
resistance, drape, shrinkage resistance and so on can be 
dealt with in this context. 

We have investigated three dye classes namely basic dyes, 
acid dyes and reactive dyes, in terms of their fading and 
wash fastness on wool. Basic dyes are not used with wool 
because of their very poor light fastness properties although 
examples showing moderate wash fastness do exist. How- 
ever, basic dyes are known to exhibit satisfactory light 
fastness on substrates based on polyacrylonitrile 7'8. Thus, 
a combination of wool and polyacrylonitrite should exhibit 
improved light fastness relative to wool alone, though 
other properties might be adversely affected. The position 
regarding other dye types was less certain. Two types of 
acid dye were considered, acid levelling dyes and acid mill- 
ing dyes. The former show intermediate light fastness but 
poor wash fastness. Acid milling dyes have both good light 
and wash fastness so one might anticipate little improve- 
ment through grafting. The Remazol dyes, based on the 
vinylsulphonyl system show good wash fastness but variable 
light fastness. Previous experience with these dyes suggest- 
ed that polyacrylonitrile would enhance their light fastness 
though the position regarding the wash fastness was 
uncertain. 

The general approach to this work is one of simplicity in 
operation, geared to existing techniques with slight modifi- 
cations. Little emphasis is placed on the deposition of acry- 
lic monomers on wool using chemical initiators, other than 
azobisisobutyronitrile, although a variety of such systems 
does exist. These have been adequately dealt with else- 
where* and need not be considered further here. 

EXPERIMENTAL 

Reagents 
Acrylonitrile was supplied by BDH Ltd, UK. The inhibi- 

tor was removed and the monomer purified by standard 

POLYMER, 1976, Vol 17, August 705 



Modification of  the fastness properties of  dyed wool: N. S. Batty et aL 

Table I Variation in light fastness and wash fastness WF/LF of samples of dyed wool with method of preparation 

Code 

Dye A B C D E F G H 

Dyeing 
depth 
(%) 

Methylene 1 - 2  1 1--2 1 - 2  1 - 2  2 2 3 1 
blue 1 1 --2 2 2--3 2 2--3 2 2 

Rhodarnine 2--3 3 3 2--3 3 4 4 4 1 
B 1 --2 I --2 3 3 2--3 3 3 3 

Magenta 2--4 2 - 4  2 2 2 3--4 4 4 1 
PNS 1 1 - 2  3 3 3 3 - 4  3 3 

Methyl 3--4 3 2--4 3--4 3 4 4 3 1 
Violet  1 1 --2 2--3 2--3 2 3 2 2--3 
Astra 2--3 3 3--4 3 3 5 4 3 1 
Diamond 1 1--2 3 3 3 4 3 - 4  2--3 
Green 
Astrazone 1--2 1 --2 1--2 2 2 5 4 3 1 
Blue BG 1 2--3 2--3 3 3--4 3--4 3 
Astrazone 1 --2 2--3 2--3 2--3 3 3 3 1 
Yellow -- 3 5 4--5 3 5 4 4--5 
7GLL 
Astrazone -- 2 2--3 3 2--3 4 4 3 1 
Red BBL 2 3 - 4  3 - 4  2 - 3  4--5 4 - 5  4 
Tartrazine 2 - 3  2--3 2--3 2 2 - 3  4 4 2 0.6 

N 200 4 - 5  3--4 6 6 6 6--7 6 6 
Naphthalene 4 4 3--4 4 3 - 4  5 4 4 0.6 
Dark green 3 4 4--5 4--5 4--5 5--6 5 5 
Solway 2--3 1 2--3 3 2--3 4 4 2 0.6 
Ultra 5--6 3 - 4  4--5 5 4--5 6 5 5 
Blue 
Naphthalene 2 2 2--3 2 - 3  2 5 4 2 0.6 
Red JS 2 2--3 4 - 5  4 4 - 5  5 - 6  5 5 
Carbolan 4 4--5 5 4--5 5 5 5 2 0.8 
Yellow 3GS 4 - 5  4 5--6 4 - 5  4 6 - 7  3 - 4  5 
Coomassie 3 3 - 4  4--5 4 3 - 4  5 4 3 0.6 
Violet 2RS 4 - 5  4 5 5 4 6 3 - 4  5 
Coomassie 4 - 5  4 5 5 5 5 4 3 0.6 
Blue BL200 4 3 - 4  5 5 4 6 3 4 
Coomassie 4 - 5  4--5 5 5 5 5 5 4 1 
Fast 4 4 5 4 - 5  4 6 3 5 
Scarlet BS 
Remazol 4 4 5 3 5 5 5 1 
Golden -- 4--5 5 6--7 4 6--7 5 5 
Yel low G 
Remazol - 4 - 5  4 5 3 5 5 5 1 
Red B 3 4 - 5  5--6 3 - 4  6 4 5 - 6  
Remazol 3--4 4 5 3 - 4  5 5 5 1 
Bril l iant -- 4--5 4--5 6 4 6 5 6 
Blue B 
Remazol -- 4--5 5 4 3 - 4  5 5 5 1 
Red 3B 4 4--5 6 4 5--6 4--5 5 

methods. With the exception of the Remazol dyestuffs 
(Hoechst-Cassella Dyestuffs Ltd, Manchester, UK) all the 
dyes were used as supplied by the manufacturer. Remazol 
dyestuffs were converted to the free vinyl form, as described 

1 in an earlier publication , before use. Azobisisobutyroni- 
trile (AIBN) was used as supplied, though N,N-dimethyl- 
formamide (DMF) was distilled before use. Commercially 
available carbonized wool flannel was used as the substrate, 
after soxhlet extraction with ethanol and ether and pro- 
longed washing with distilled water. Before exposure to 
either dye or dye/monomer solutions, the wool was soaked 
in boiling water for 15 min, allowed to cool, and always 
maintained in a moist condition. 

It is fully appreciated that the previous history of the 
wool and its origin are important factors in any subsequent 
modifications. This point provides an extension to the pre- 
sent work and will be covered in a later publication. 

Dye solutions 
The dye solutions were formulated to satisfy the wt % 

dye on wool stated in Table 1. The wool substrates were 

dyed from a 50/1 liquor/wool ratio and invariably exhaus- 
tion of the dyebath was observed. Basic dyes were applied 
from baths containing 0.5% acetic acid (based on the weight 
of wool), acid levelling and acid milling dyes from baths 
containing 2-3% sulphuric acid (based on the weight of 
wool) whilst the reactive dyes were applied from neutral 
aqueous solution. 

Monomer solutions 

Throughout this work the concentration of acrylonitrile 
in aqueous solution was maintained at 3% v/v which gave 
a weight of acrylonitrile in solution approximately equal 
to the weight of wool. For irradiations carried out in the 
presence of dye/acrylonitrile mixtures, the monomer solu- 
tion constituted the liquor for the dye. 

Procedures 
In order to investigate various aspects of the influence 

of polyacrylonitrile on the physical properties of wool, seve- 
ral methods of grafting were applied. These are coded in 
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Table 1 and in the Results. Both chemical and physical 
methods of initiation were used. The details are as follows:- 

(A) Information relating to the wash fastness and light 
fastness of the dyestuffs on wool, as supplied by the manu- 
facturer of the dyes. 

(B) Information acquired from our application of the 
dyes to carbonized wool flannel using conditions specified 
by the dye manufacturer. This treatment varies slightly 
depending on the dyestuff. 

(C) Wool, dye and acrylonitrile used simultaneously 
in water with AIBN (applied as 0.1 g in 5 cm 3 of methanol) 
as initiator and heated to 90°C on a rotary dyer for I h. 

(D) Wool was treated with acrylonitrile from aqueous 
solution and water/DMF mixtures with AIBN (applied as 
0.1 g in 5 cm 3 of methanol), at 90°C for 1 h before dyeing. 

(E) The wool was dyed, then grafted using AIBN (0.1 g 
in 5 cm 3 of methanol), aqueous solutions of acrylonitrile, 
and at temperature of 90°C for 1 h. 

(F) Wool, after exposure to high energy 7-radiation 
(16 h at a dose rate of 1.65 x 10 -2 Mrad/h), was treated 
with aqueous solutions of acrylonitrile at 60°C in a rotary 
dyer. The modified samples were then dyed. 

(G) Simultaneous irradiation of wool in aqueous solu- 
tions of acrylonitrile using the conditions outlined in pro- 
cedure (F), before dyeing. 

(H) Simultaneous irradiation of wool in aqueous solu- 
tions containing acrylonitrile and the dyestuff under con- 
ditions given in procedure (F). Irradiation was followed by 
heating at 90°C in a rotary dyer for 1 h. 

(I) As conditions used in procedures (C) to (H), without 
the acrylonitrile. These systems act as standards so that the 
effects of the initiation processes alone on the light fastness 
of the dyed wool could be assessed. 

Dyeing procedure 
Samples of acrylonitrile grafted wool, standard wool 

and wool grafted with acrylonitrile in the presence of the 
dye, were all treated at 90°C -+ 2°C for 1 h on a rotary 
dyer to ensure efficient, level dyeing. 

Pre-polymerization procedure 
Simultaneous. Chemical initiation: the monomer solu- 

tion (with or without dye) was made up as specified and 
0.1 g of AIBN in 5 cm 3 of methanol added. Tared, water 
equilibrated wool was added and the mixture shaken 
thoroughly before heating on a rotary dyer at 90°C, for 
l h .  

Physical initiation: the monomer solution (with or 
without dye) containing tared, pre-swollen wool was irra- 
diated at ambient temperatures (19 ° + 2°C) using the 
10 000 Ci 6°Co radiation facility, located in the Depart- 
ment of Physical Chemistry at the University of Leeds, 
Leeds, UK 

Post-irrad&tion 
The time elapsing between cessation of irradiation and 

subsequent processing was approximately 10 min. 
In post-irradiation processes samples of pre-swollen wool 

were irradiated in sealed tubes. These were then exposed 
to the dilute aqueous monomer solution for 30 rain before 
dyeing. 

All polymerizations were carried out in air using con- 
ventional dyeing tubes equipped with efficient screw seal- 
ing caps. Identical treatments were applied to the stan- 
dards (Condition I) but in the absence of acrylonitrile. 

Post-polymerization procedure 
Copolymerization under conditions (C)-(H) gives rise 

to attendant homopolymerization of acrylonitrile. Poly- 
acrylonitrile, being insoluble in the monomer solution, 
precipitates from solution. Attempts to remove homo- 
polymer and unreacted monomer involved washing with 
water/DMF (5/95) mixtures. Whilst this treatment removes 
the monomer and loosely attached homopolymer, truly 
grafted polymer will be unaffected. Problems with homo- 
polymer should not arise in method (F), though the same 
procedure was applied in order to remove any unreacted 
monomer. Water assists the swelling of the wool substrate 
and thus facilitates removal of any occluded homopolymer. 
However, as aqueous/DMF mixtures are prone to aggrega- 
tion effects the use of these as washing media should be 
closely defined. The above ratio of water/DMF (5/95) was 
reached after previous experimentation. 

Light fastness 
A standard ~° method for assessing the light fastness of 

wool was applied. A fading lamp, Microscal Ltd, based on a 
mercury-tungsten fluorescent bulb was used throughout 
the samples exposed until the contrast between the exposed 
and covered portions of the wool sample was equal to Grade 
3 on the grey scale ~1. Light fastness standards, 1-8,  were 
exposed under identical conditions to the wool specimens 
and assessment of fastness made. 

Wash fastness 
Samples were assessed for wash fastness using the ISO 212 

procedure with two modifications. (a) Staining was not 
assessed hence the dyed sample was free in the test solution. 
(b) Restrictions on sample size limited the specimen avail- 
able for assessment. Consequently each dyed piece (5 cm x 
4 cm) was treated alongside undyed wool flannel of identi- 
cal dimensions. 

Fading of dyes in solution 
Solutions of each of the dyes in water and water/acryloni- 

trile (95/5) were used. The dye concentration was arranged 
to give an optical density between 1.4 and 1.9 for the un- 
exposed solution. Sealed tubes containing the dye solution 
were exposed using the Microscal light source. Fading was 
assessed over twenty days at regular intervals. Measure- 
ments were made on a Unicam SP800A spectrophotometer. 

RESULTS AND DISCUSSION 

The results in terms of changes in the light fastness and 
wash fastness of dyed wool specimens arising from treat- 
ment given are listed in Table 1 together with general obser- 
vations. Preliminary investigations involved extensive graft- 
ing (up to 25% based on the original weight of wool). This 
level of grafting gave poor wash fastness results. Hence for 
this work the level of grafting was considerably reduced by 
using solutions of lower monomer concentration. 

Studies of the level of grafting, obtained using the wool/ 
acrylonitrile system with 3% v/v aqueous monomer solutions, 
indicated the difficulties associated with quantitative assess- 
ments of the extent of grafting using gravimetric techniques. 
These arise mainly from differences in equilibrium moisture 
content, removal of soluble fractions from the wool and 
the presence of occluded homopolymer, where relevant. 

Attempts to reduce errors included the use of blanks, 
treated similarly but in the absence of acrylonitrile, condi- 
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tioning of the wool before and after treatment, careful 
handling during experimentation to avoid losses and attempt- 
ed extraction ofhomopolymer and unreacted monomer. 
The levels of grafting recorded (as seen through weight 
changes in the wool after suitable correction), using the 
conditions (C)-(H), were always in the range of 1-2% 
based on the original weight of wool. These values must be 
treated with caution since no information is available relat- 
ing to the uniformity of grafting. However the weight of 
acrylonitrile involved, grafted onto the wool, is similar to 
the weight of dye deposited on the fibre. Each experimen- 
tal procedure was repeated four times in this preliminary 
investigation. 

Initiation of polymerization under simultaneous con- 
ditions using dye/acrylonitrile mixtures produced coloured 
homopolymers. With the exception of the Remazol dye- 
stuffs, the colour strength of the homopolymeric species 
was weak, hence the homopolymer did not compete with 
the wool for the dye in solution. Remazol dyestuffs gave 
highly coloured homopolymer and so competition between 
the wool and homopolymer for the dye in solution resulted 
in weaker dyeings on wool. Generally the depth of shade 
was lower than was observed with untreated wool and 
acrylonitrile-grafted wool. 

From Table 1 the following observations can be made: 
(i) Use of acrylonitrile grafted wool with basic dyes 

leads to slight improvements in the wash fastness but signi- 
ficant improvements in light fastness. Particular benefits 
appear from radiation induced processes - especially post- 
irradiation grafting of acrylonitrile, followed by dyeing (F). 
The basic dye standards (methylene blue, Rhodamine B, 
Magenta P and Methyl Violet), although showing less im- 
provement in light fastness than the Astrazone Basic Dye- 
stuffs, are worthy of further consideration, because of 
their superior wash fastness. 

(ii) Marked improvements to the light fastness of acid 
levelling dyes were noted though the wash fastness was un- 
changed. Radiation induced processes show particular 
promise in this series. 

(iii) Acid milling dyes on wool show good wash fastness 
and reasonable light fastness without any modification. 
Use of acrylonitrile modified wool yields a product with 
very slightly improved wash fastness (except H,) though 
moderate improvements to the light fastness are apparent. 

(iv) Remazol reactive dyes show good wash fastness on 
wool which is maintained with the modified varieties 
[except for (E)]. Moderate improvements to the light 
fastness are apparent throughout. 

(v) Results relating to conditions (C)-(H), in the absence 
of acrylonitrile were monitored with regard to light fast- 
ness and wash fastness (Code I). These results were then 
compared with those shown in Table 1. 

The following points are relevant: (a) No changes in any 
of the wash fastness characteristics of the dyed wool sam- 
ples were observed. In instances involving chemical initia- 
tion non-reproducibility of colour, shade and depth was 
observed. No changes in dyeing characteristics were ob- 
served for samples subjected to high energy radiation. 
(b) Improvements to light fastness were marginal in most 
instances though in no case was the light fastness reduced 
as a consequence of exposure to the processes outlined. 
However with certain systems, using high energy irradia- 
tion, a noticeable improvement in the light fastness was 
observed. Whilst these improvements did not match those 
observed using polyacrylonitrile grafts, any improvement 
is significant. Post-irradiation was more effective in this 
respect. 

Those dye-wool composites showing improvement are 
Rhodamine BN, Methyl Violet, Astra Diamond Green, 
Naphthalene Red JS and Coomassie Blue. 

Fading of dyes in solution 
The fading of aqueous dye solutions in the presence of 

acrylonitrile, compared with those irradiated in the ab- 
sence of acrylonitrile, has been observed. With three excep- 
tions (including Astrazone Yellow 7GLL) acrylonitrile re- 
duced the rate of fading. Protection by the acrylonitrfle 
was shown to be a property of the solution and not the 
result of a filtering action, since irradiation of dye solutions 
in tubes contained in slightly larger tubes with acryloni- 
trile - to provide a film of acrylonitrile around the inner 
tube - showed no reduction in the rates of fading. Two 
dyes (Astrazone Blue BG and Remazol Golden Yellow) 
showed no change in their rate of fading when mixed in 
solution with acrylonitrile. With these exceptions, all dyes 
were given appreciable protection. It is worth noting that 
apart from the Remazol dyes, all dyes monitored for fading 
in solution were used as supplied by their manufacturer, 
without further purification. This makes any interpreta- 
tion of the fading characteristics difficult because of the 
complexity of the dye system. However the improvements 
imparted by acrylonitrile have been demonstrated in a 
realistic manner. 

GENERAL DISCUSSION 

The concept of radiation induced modification of textiles 
has been the subject of much interest though recently 
attention has been placed on the industrial use of accu- 
mulated expertise. This technique is at a more advanced 
stage in the packaging industry and in modification of 
cellulosics 1a-is. Improvements to physical properties 
of textiles by chemically initiated processes, involving the 
initiator, the monomer and the substrate simultaneously, 
are used to some extent but give rise to problems. These 
include secondary reactions arising from initiator frag- 
ments, initiator decomposition products, and direct inter- 
action with the substrate. With many dyestuffs these side 
reactions are serious since they result in the decomposition 
of the dye. This leads to non-reproducible results in terms 
of shade and levelness of dyeing. 

With few exceptions the use of acrylonitrile, irrespective 
of the treatment given (C-H), improves the light fastness 
and/or the wash fastness of the dyed wool specimens, How- 
ever, great benefits are gained from tile use of radiation 
induced processes (F -H)  and especially treatment (F). In 
process (F) we are concerned with the irradiation of moist 
wool, exposure of the irradiated wool to the aqueous/mono- 
mer solution and then transfer of the grafted wool to the 
dyebath, whence the wool is dyed as usual. No problems 
with homopolymerization arise and there is no reduction 
in the dye uptake. 

In those treatments involving copolymerization of wool 
with acrylonitrile before dyeing, very bright shades are 
obtained. This phenomenon is probably associated with a 
reduction in the yellowing tendency of the wool, though 
Rattee and Singh s have noted that acrylic monomers en- 
hanced the yellowing of wool when transition metal ion 
catalysts are used with peroxydisulphates as the initiating 
system. It was found that the addition of formaldehyde to 
the reaction mixture considerably reduced the tendency to 
yellowing. Such yellowing leads to dullness of shade on 
dyeing. 

708 POLYMER, 1976, Vol 17, August 



Modification of  the fastness properties of dyed wool: N. S. Batty et al. 

The noted improvements in the wool's fastness proper- 
ties are surprising. Earlier work, using higher levels of graft- 
ing (up to 25% by wt of wool) gave wash fastness results 
which were disappointing. Reduction of the level of graft- 
ing to approximately 1-2% gave improved wash fastness 
though it is appreciated that the grafting is unlikely to be 
homogeneous. Further work is needed before a satisfac- 
tory explanation of such improvements can be offered. 

As expected, the presence of polyacrylonitrile in wool 
dyed with basic dyes improved the light fastness though to 
varying extents, depending on the dye. Less anticipated 
was the superior light fastness, obtained with the acid level- 
ling dyes, especially for samples containing no residual initia- 
tor or initiator fragments (processes F-H).  Marginal im- 
provements with the acid milling dyes and the reactive dyes 
suggest that polyacrylonitrile has potential as an anti-fading 
agent even for dyes with nominally good light fastness. 

The complex nature of the systems and of the light fast- 
ness properties of dyes on wool is shown by these observa- 
tions of improved light fastness even in the absence of the 
acrylonitrile, and has been noted by operators in related 
work 16. This opens up an area of research into the effects 
of radiation on wool in relation to the light fastness of 
subsequently dyed samples and may be indicative of the 
destruction of centres which might otherwise take part in 
fading processes. Whilst the marginal nature of these im- 
provements makes any conclusions highly speculative, it 
does suggest that further work could be pursued along 
similar lines. 

Work is now in progress to find out if the improvements 
noted with grafted samples are particular to the polyacry- 
lonitrile modified system and are a feature of the grafted 
polymer, or whether such improvements are obtained using 
other grafted polymer-wool compositics, suggesting that 
the improved fastness properties arise from reaction with 
those sites in wool which would otherwise become involved 
in secondary reactions resulting in poor light fastness by 
some type of complex mechanism. One possibility involves 
the reaction between the acrylic monomer and reactive 
groups such as the amino-acid end-groups in the wool. This 
would reduce any electron transfer between the wool and 
the dye which would otherwise lead to eventual breakdown 
of the chromophore. If this mechanism is valid then protec- 
tion of the chromophore should be possible using a variety 
of acrylic monomers. Hence, we are not limited to acry- 
lonitrile. This proposed mechanism is supported by the 
data given in Table 1 since improvements observed with 

samples which were dyed before deposition of polymer 
occurred (condition E) were negligible compared with those 
obtained by simultaneous dyeing and deposition or by 
deposition of monomer followed by dyeing. However 
much remains to be done before proven satisfactory explana- 
tions can be offered. 

The application of high energy, radiation induced pro- 
cesses on an industrial basis would be much simpler than 
those dependent on chemical initiation. Such a process 
could operate on lines similar to those proposed for the 
treatment of cellulosics, about which much more has been 
written. This approach would require considerable changes 
in outlook when compared with conventional wool pre- 
treatment. The problems are far from insurmountable 
though they do exist. The low levels of grafting required 
to achieve significant improvements suggest that vapour- 
phase grafting processes offer potential though such modifi- 
cations would present technological problems. 
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Palladium / T[ - complexes as catalysts for 
olefin polymerization 
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Polymerization of different types of olefins was investigated with a palladium/lr-allylic complex as 
catalyst. Polymerization was possible only with those olefins which have a bicyclo structure. Com- 
pounds with two double bonds reacted as easily as mono-olefins. The effect of temperature on reac- 
tion rate was studied and an activation energy of 21.3 kcal/mol calculated for the polymerization 
reaction of bicyclohepta-2,5-diene. 

INTRODUCTION 

Palladium chloride has been used before for the polymeriza- 
tion of cyclo-olefins 1~. Since palladium in the form of 
PdC12 is not very active, we applied a 7r-allylic complex of 
palladium to the polymerization. The 7r-allylic complex 
was prepared from 3-pinene and Pd(C6HsCN)2C12 3. We 
tried to polymerize different types of olefins to find out 
if the higher activity of palladium in this catalyst system 
would allow the polymerization of simpler olefins. Ethy- 
lene and propylene are not polymerized with palladium 
chloride under normal conditions 4,s. 

EXPERIMENTAL 

Palladium complex was dissolved in 200 ml of an aromatic 
solvent such as benzene or toluene. 100 ml of olefm were 
added and the mixture heated in a one litre autoclave 
equipped with stirrer and temperature control. In experi- 
ments with propylene the autoclave and solvent were first 
cooled to -40°C and the propylene in liquid form was 
added. Samples were taken from the reaction mixture at 
different stages of polymerization and the content of olefin 
was determined by gas chromatographic analysis. The 
polymer was precipitated by addition of polar solvents to 
the viscous liquid product. Molecular weights for the poly- 
mers were determined with a vapour pressure osmometer. 

RESULTS AND DISCUSSION 

In a series of experiments bicyclohepta-2,5-diene (I), 
norbornene (II), cyclohexene (III) and 1-hexene were used 
in polymerization with paUadium-~r-allylic complex. 

(I) (g) (Tn) 

The results of polymerization of these compounds are 
summarized in Table 1. Polymerization of bicyclohepta-2, 
5-diene (I) and norbornene (II) was fast between 140 ° and 
200°C. Cyclohexene which has only one ring 
showed only a very small amount of polymerization after 
long reaction times. 1-Hexene which is an open-chain ole- 
fin showed under the same reaction conditions no poly- 
merization at all with palladium/n-complex. 

Bicyclohepta-2,5-diene polymer was decomposed to 
monomeric diene and gave, by hydrogenation, a compound 
with the same structure as the polymer obtained from 
norbornene. Figure 1 shows the n.m.r, spectra of bicyclo- 
hepta-2,5-diene polymer (A), hydrogenated polymer (B) 
and norbornene polymer (C). The last two compounds 
are saturated and have no double bond in their polymer 
chain. The strong band at 3060 cm -1 in the infra-red 
spectrum of the polymer, indicating the presence of a car- 
bon-carbon double bond, also disappeared in the hydro- 
genated polymer (Figure 2). Hydrogenation was only pos- 
sible at higher temperatures and pressures (70°C, 20 atm), 
using Pd/C as catalyst. At normal pressure and tempera- 
ture and with Raney nickel no hydrogenation took place. 
These results indicate that bicyclohepta-2,5-diene and 

Table 1 Polymerization of different types of olefins with 1 mmol 
palladium complex; 20 ml olefin; 15 ml toluene 

Tempnera- Time Product 
Olefin ture (-C) (h) (g) M W  

Bicycloheptadiene 140 16 13.1 4800 
Norbornene 140 16 9.6 4200 
Cyclohexene 148 36 0.6 - 
1-Hexene 145 48 -- -- 

J I I I l I I l 

8 6 4 2 

ppm 
Figure I Nuclear magnetic resonance spectra at 60 MHz of: 
A, bicyclohepta-2,5-diene polymer; B, hydrogenated polymer; 
C, norbornene polymer 
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Propylene, like 1-hexene, did not show any tendency 
to polymerize with palladium/n-allylic complexes. Only 
small amounts of dimers and trimers of propylene were 
obtained at 60 atm and up to 130°C. Addition of HC1 
(1 cm 3, 1 M) to the catalyst system did not change its 
activity and only promoted the formation of chloropro- 
pane. 

Table 2 Polymerization at 140°C, 1 mmol catalyst 

Tempera- 
Time ture BCHD BCHD I /BCHD 

No. (min) (°C) (mol %) (mol/I) (l/mol) 
I I I I 

1 5 0 0  IOOO 5 0 0  1 0 140 24.6 2.1355 0.468 

Wavelength (cm -I) 2 25 140 23.0 1.9966 0.501 
3 45 140 24.0 2.0834 0.480 

Figure 2 Infra-red spectra of: A, bicyclohepta-2,5-diene polymer; 4 75 140 23.1 2.0053 0.499 
B, hydrogenated polymer 5 105 140 21.7 1.8838 0.531 

6 135 140 20.9 1.8143 0.551 
7 150 140 20.9 1.8143 0.551 

n ~ 

Decomposition, 3OOOC 
H2 P d / C  

P0com x 21 
~= n 3 

Decomposition. 3OOOC 4 
5 

Figure 3 Polymerization pattern of bicyclohepta-2,5-diene and 6 
norbornene 

Table 3 Polymerization at 175°C, 1 mmol catalyst 

Tempera- 
Time ture BCHD BCHD 1/BCHD 

No. (rain) (°C) (tool %) (mol/I) (l lmol) 

0 165 12.5 1.080 0.925 
30 175 10.2 0.885 1.13 
60 175 7.3 0.633 1.58 
80 175 6.5 0.563 1.77 
95 175 4.0 0.347 2.88 

150 173 2.6 0.298 3.35 

Table 4 Polymerization at 200°C, 1 mmol catalyst 

norbornene display the same polymerization pattern 
(Figure 3). 

The fact that norbornene was polymerized easily, but No. 
cyclohexene only to a very small extent, suggests that a 
rigid structure is necessary for an olefin to polymerize 1 
with palladium complexes. Apparently, this is an impor- 2 
tant feature for the formation of 7r-complexes as inter- 3 

4 
mediate between the double bond and palladium. Because 5 
of the lack of a rigid structure, formation of these inter- 6 
mediates needs higher activation energy with cyclohexene 7 
than with norbornene. Rotation of the chain hinders the 8 9 
formation of these intermediates in the case of 1-hexene 10 
and therefore no polymerization can occur. 

Tempera- 
Time ture BCHD BCHD 1/BCHD 
(min) (°C) (mol %) (mol/I) (I/mol) 

0 180 21.4 1.8577 0.536 
10 201 20.0 1.7362 0.576 
20 202 15,4 1.3363 0.748 
30 200 12,2 1.0591 0.944 
40 199 9,54 0.8262 1.207 
55 198 6,32 0.5486 1.823 
70 198 5,7 0.4948 2.021 
85 197 4,35 0.3776 2.648 

105 199 3.6 0.3125 3,200 
125 199 3.6 0.3125 3.200 

Table 5 Polymerization at 170°C with 0.3 mmol, 1 mmol and 2 mmol catalyst 

BCHD (mol/I) 
Time 

No. (rain) 0.3 mmol 1 mmol 2 mmol 

1/BCHD (I/mol) 

0.3 mmol 1 mmol 2 mmol 

1 15 2.439 2.0450 2.118 0.399 0,487 0.472 
2 30 2.504 2.0043 1.780 0.410 0,494 0.562 
3 45 2.214 1.7835 1.645 0.452 0,561 0.608 
4 60 2.283 1.6797 1.280 0.438 0.595 0.781 
5 75 2.135 1.6061 1.143 0.468 0,623 0,875 
6 9 0  2 . 0 9 6  --  0.981 0.477 -- 1.091 
7 105 1.992 1.5674 0.853 0. 502 0.658 1.127 
8 120 1.997 -- -- 0.501 -- -- 
9 135 2.057 1.5238 - 0.486 -- - 

10 150 1.918 1.4043 -- 0.521 -- -- 
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Figure 4 Variation of polymerizat ion rate with temperature, 
1 mmol catalyst. Curve A, 200° ;  B, 175°;  C, 140°;  D, 110°C 
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Figure 5 Variation of polymerization rate with catalyst concen- 
tration, 140°C. Curve A, 2; B, 1; C, 0.3 mmol 
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Table 6 Rate constants at different temperatures 

t 1/T k' Log k' 
(°C) (K - l )  ( I /mol rain) ( I /mol min) 

110 2.61 X 10 - 3  2 . 3 2 X  10 - 4  - -3 .6340  
140 2.42 X 10 - 3  7.4 x 10 - 4  - -3 .1300  
175 2.25 X 10 - 3  1.67 X 10 - 2  --1.7730 
200  2.11 X 10 - 3  2.79 X 10 - 2  --1.5540 

T= 

E 

G n  

0 
J 

-I.5 

-2.5 

I I J I 

2 . 0 0  2 2 0  2 .40  

I /Tx lO3(K  "1) 

Figure 6 Plot of log k' versus 1/T 

I 

2.60 

KINETICS OF POLYMERIZATION 

Polymerization of  bicyclohepta-2,5-diene (BCHD)was 
carried out at 110 °, 140 °, 175 ° and 200°C with different 
amounts of  catalyst. Tables 2 - 5  show the results of  these 
experiments. The rate of  polymerization increased with 
increasing temperature and concentrations (Figures 4 and 
5). The linearity of  variation of  1/[BCHD] with time at 
constant temperature and constant catalyst concentration 
shows that the polymerization reaction is second-order for 
bicyclohepta-2,5-diene. The reaction rate follows equation 
(1): 

d[BCHD] 
r -  - -  - k ' [ B C H D ]  ( 1 )  

dt 

k'  = k [catalyst] m 

Calculated k' for different temperatures are shown in Table 
6. The plot of  log k'  versus 1/Tis represented in Figure 6. 
From this plot an activation energy of  21.3 kcal/mol was 
calculated for the polymerization reaction. 
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Distribution of abnormal groups in natural 
rubber 
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Fresh samples of natural rubber were fractionated and the distribution of epoxy and amine groups 
over the molecular weight range was investigated. The origin of these abnormal groups is suggested. 
A scheme is proposed to explain the formation of lactone groups from the reaction products of the 
rubber epoxide and simple amino-acids. The presence of other functional groups is discussed. 

INTRODUCTION 

Natural rubber, although predominantly hydrocarbon, is 
known to contain definite proportions of oxygen and 
nitrogen as integral parts of the macromolecule. The oxy- 
gen content has variously been interpreted as owing to the 
presence of hydroxyl 1'2, carboxyl 2, aldehyde 3-6, lactone 7, 
and epoxide 8'9 groups, whilst the nitrogen content is gene- 
rally assumed to be owing to proteinous material either 
tenaciously held or chemically bonded to the rubber. 
These abnormal groupings are not uniformly distributed 
over the whole molecular weight range but appear to be 
concentrated in the very low and high (or gel) molecular 
weight fractions. The intermediate fractions are relatively 
pure hydrocarbon. 

Comparison of the results of different workers is ham- 
pered by the fact that the nature, number and distribution 
of such groups may be affected by several factors including: 
(a) clonal source of rubber; (b) use of fresh or stored rub- 
bers; (c) storage conditions, i.e. whether stored as dry 
rubber or ammonia preserved latex; (d) conditions of 
isolation. In addition natural rubber is very prone to oxida- 
tion which can readily affect the molecular weight distribu- 
tion and simultaneously introduce oxygen groups into the 
macromolecule. It is tempting to assume that the oxygen 
content arises as a result of oxidation of rubber subsequent 
to its isolation from the tree, but work with fresh rubber 
latex, taking stringent precautions to preclude oxidation, 
show this is not the case z. 

Recently it has been fairly conclusively shown that rub- 
ber contains epoxide groups 9. It was speculated that the 
epoxide content was predominantly located in the lower 
molecular weight fractions because of discrepancy in the 
number of such groups as determined by a direct titration 
technique 9 and a degradation method 8. 

This paper describes the fractionation of a fresh rubber 
sample and the subsequent determination of the variation 
of epoxide group content with molecular weight. 

EXPERIMENTAL 

Isolation o f  rubber 
The natural rubber used in these experiments was iso- 

lated from freshly tapped rubber latex, clone RRIM 600, 
and used immediately. The rubber was precipitated by 
diluting the latex with an equal quantity of water and 
slowly adding the diluted latex, with stirring, to excess 
methanol. The precipitated rubber was extensively washed 

with water, pressed into thin sheets and dried under 
vacuum at 50°C. 

Fractionation 

Fractionation was performed on a 1% w/v solution of 
rubber in toluene, stabilized with 1% w/v 2,6-di-(t-butyl)- 
p-cresol. The fractionation apparatus consisted of a 2 litre 
pear-shaped flask, equipped with stirrer, nitrogen inlet and 
exit, and dropping funnel for the methanol precipitant. 
The whole assembly was mounted in a thermostat bath at 
30.00 ° + 0.02°C and was continuously purged with a slow 
stream of oxygen-free nitrogen. 

Methanol, as non-solvent, was added dropwise to the 
vigorously stirred solution, until a definite turbidity was 
observable. The temperature of the solution was first in- 
creased by 4 ° 5°C so as to redissolve the precipitate and 
subsequently returned to the original temperature over- 
night. The resultant precipitate was then run out of the 
fractionation apparatus (via a stopcock mounted at the 
bottom of the flask) and centrifuged for 10 min. The 
supernatant was tipped back into the flask, while the pre- 
cipitate was added to excess methanol. The rubber was 
then filtered off and dried under vacuum. 

The fractionation was repeated so as to obtain all to- 
gether 5 molecular weight fractions, designated F 1 to F 5. 
The intrinsic viscosity of each fraction together with that 
of the unfractionated rubber was determined by viscosity 
measurements on dilute solutions of rubber in benzene 
at 30°C. 

Determination o f  epoxide and amine group content 

The number of epoxide and amine groups in each frac- 
tion was determined by a direct titration technique pre- 
viously described 9. 

RESULTS AND DISCUSSION 

The rubber isolated from freshly tapped latex dissolved 
readily in toluene, on gentle stirring overnight. There was 
no observable gel fraction. This is in contrast to the partial 
solubilities and high gel contents generally observed with 
samples from ammonia preserved latices and crepe rubbers 1°. 
The gel content thus presumably arises through crosslink- 
ing reactions in rubber which occur on storage either in 
latex, or dry rubber 9. The intrinsic viscosity of the initial 
unfractionated rubber (6.66 cm3/g) is close to the value of 
6.95 cm3/g determined recently for this clonal rubber by 
other workers 6. 
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Table I Fractionation data 

Weight Amine concentration 
fraction, 

Fraction W i [r/] mol/106g rubber mol %a 

Epoxide concentration 

mol/106g rubber mol %a Amine/Epoxide 

Originalrubber - 6.66 38 0.25 78 0.53 0.49 
F1 0.217 9.36 57 0.39 111 0.75 0.51 
F2 0.369 9.08 50 0.34 84 0.57 0.60 
F 3 0.218 5.27 10 0.07 29 0.20 0.34 
F 4 0.098 2.45 9 0.06 20 0.14 0.45 
F 5 0.107 2.26 5 0.03 21 0.14 0.24 

a mol % ~ tool of functional group per 68g of rubber X 100; 
)~W i = 1.009 

The results (Table 1) clearly show that the epoxide con- 
tent of natural rubber is predominantly, although not 
exclusively, associated with the higher molecular weight 
fraction of natural rubber and is not the same as the low 
molecular weight 'oxide' fraction previously reported 2,n. 
In addition the amine content appears to be related to the 
epoxide content, being on average over the fractions ap- 
proximately half its value, although lower molecular frac- 
tions show a tendency towards a smaller proportion of 
amine groups (see Table 1). The presence of both epoxide 
and amine groups and their inter-relation can be ration- 
alized in the following way. 

Epoxidation of the macromolecule may occur within 
the tree at the same time as the biosynthesis, or, alter- 
natively the two reactions may not be related. It seems 
likely that the epoxidation occurs enzymatically since 
enzyme catalysed epoxidation reactions are well known 12, 
and rubber latex is an ideal medium for such enzyme act- 
ivity. The reaction may be represented as: 

. o .  
- -CH2-- - -CH=C--CH2-- -  Enzyme / \ - - C H 2 - ~ C H - -  C - - C H  ~-~ 

I " + 0 2  I 
CH 3 CH 3 

(I) (~) 

( l )  

If the higher molecular weight fractions represent 'older' 
rubber molecules this would then explain the predominance 
of epoxide groups in these fractions since the epoxide con- 
tent would presumably increase with reaction time. Alter- 
natively the epoxide content might be connected with the 
actual biosynthesis. 

Subsequent reactions of proteins or free amino-acids 
with some of the epoxide groups would lead to the incor- 
poration of detectable amine groups, e.g. 

/ / 0  NH2R.C02 H (~ H3 

I or p otein I I 
CH 3 NH OH 

I 
R or protein 
I 

CO2H 
(]Z) (]~) 

(2) 

This would explain the parallel relationship between the 
epoxide and amine content, and the tendency for the ratio 
amine/epoxide to increase with the higher molecular weight 
fraction. 

That reaction (2) is feasible has been demonstrated by 
the reaction of amylene oxide with glycine, in aqueous 
media, which is shown to proceed to completion within 
about 36 h at room temperature ]a. Further supporting 
evidence that this reaction can occur in latex is provided 
by the addition of 3H labelled glycine to rubber latex. The 
labelled glycine is found to be incorporated into the rub- 
ber, to a level which approaches the concentration of 
epoxide groups (Table 2). Further details of these experi- 
ments are to be reported. Fractionation of rubber treated 
with labelled glycine shows that the incorporation is pre- 
dominantly in the high molecular weight fraction (Table 3), 
which is again consistent with the above proposals. It 
should be pointed out that this latter fractionation is not 
directly comparable with the results presented in Table 1 
since, although rubber from the same clonal source was 
used, amino-acids have been shown to cause crosslinking 
of the rubber ]4, and this may well affect the molecular 
weight distribution. 

It seems likely that the high molecular weight fraction 
in which these abnormal groups are concentrated is equiva- 
lent to the insoluble (gel) fraction in which lactone groups 
were observed 7. These apparently unrelated observations 
may be brought together since Gregg 7 has presented evi- 
dence that base hydrolysis of the gel fraction (i.e. the high 
molecular weight fraction containing the major portion of 
structure III) shows the presence of the salt of a carboxylic 

Table 2 Incorporation of 3H labelled glycine into rubber 

Epoxide Amount of 
Clonal concentration glycine incorporated 
source (mol/106g rubber) (mol/106g rubber) 

RRIM 600 93 89 
PR 107 69 60 
PB 49 46 20 

Reaction conditions: T = 30°C; t = 4 days; [glycine 3H] = 0.016 
mol/dm3; [rubber] = 30 g/dm3; pH of latex = 8.1 -+ 0.2 

Table 3 Fractionation of 3H-glycine treated rubber 

F raction [r/] 

Amount of glycine 
incorporated 
(mol/106g rubber) 

F 1 9.82 34 
F 2 6.11 6 
F 3 4.44 4 
F 4 2.38 4 
F 5 0.72 5 

Clonal rubber = RR IM 600; conditions for glycine incorporation 
same as Table 2 
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Table 4 Calculated oxygen and nitrogen analysis for  the various fractions 

Weight Calculated analysis (%) 
fract ion, 

Fraction W i [n] N a 0 b 0 total c 0 c tota l /N 

F 1 0.22 9.4 0.08 0.18 0.45 5.6 
Fz 0.37 9.1 0.07 0.13 0.37 5.3 
F 3 0.22 5.3 0.014 0.046 0.094 6.7 
F 4 0.10 2.5 0.013 0.032 0.077 5.9 
F 5 0.10 2.3 0.007 0.034 0.058 8.3 

a%N required by structure (111) assuming the presence of  amino-acid only. b%0 required by structure (11). c%0 required by structure (11) and 
structure (11 I) assuming that 1 N ~ 3 0 as would be the case for  simple amino-acids 

acid. Such a structure would be consistent with structure 
(III) after neutralization of the amino-acid, or, hydrolysis 
of the protein and neutralization of the protein residue, e.g. 

CH 3 CH3 

I NaOH I 
--CH2--IH--I--CH 2- " --CH2--1H--I--CH 2- 

NH OH NH OH 

I I 
or R R 

protein 1 I 
C02H CO 2- 

(rn) (~z) 
(3) 

In addition, acid hydrolysis of the same fraction led to the 
detection of an ester carbonyl peak characteristic of a lac- 
tone structure. This may well arise by esterification and 
ring closure of structure (III), either via the amino-acid or 
protein hydrolysis residue, e.g. 

CH3 
I H + 

--CH~---- CH--C- -CH~ 
" I I " 

NH OH 
I 

o r  F;? 
protein I 

C02H 
(m) 

CH3 

I CH C'--CVCH2-- 
HN © 

\ R  C / --% 

This ring closure is quite feasible since 7" and 6-hydroxy 
acids are easily lactonized by treatment with acids or even 
on standing is. Gregg's statement therefore, that, 'natural 
rubber can be considered a high molecular weight lactone '17 
is erroneous, if this reasoning is correct, since the lactone 
structure is induced by the acid hydrolysis and is not the 
precursor. 

The presence of groupings such as structure (III) would 
explain why even after extensive purification, involving 
enzyme deproteinization a small amount of nitrogen always 
remains firmly bound to the rubber. 

An interesting comparison can be made between the 
fractionation data presented in this paper (Table 4) and 
that of Bloomfield (Table 5) also obtained from fresh latex 
rubber 2. It can be seen that the oxygen and nitrogen analy- 
sis determined by Bloomfield are of the same order of 
magnitude as that required by the structures (II) and (III) 
determined in this work. Bloomfield's figures are on the 
whole somewhat lower, but this is not unreasonable since 
the clonal rubber chosen for this study (RRIM 600) was 
selected because of its above average number of abnormal 
groups 9. It would thus seem that the oxygen and nitrogen 
analysis figures particularly for the intermediate fractions, 

could be largely accounted for by the proposed epoxide 
(II), and structure (III) with an amino-acid residue. It is 
conceivable that the presence of structure (III) with appre- 
ciable quantities of appendages could relegate the solu- 
bility of the rubber to that of the gel fraction. Supporting 
evidence for this assertion is provided by ratio of % oxygen/ 
% nitrogen, which is found to be about 4 .5-5.0  for Bloom- 
fields results for the intermediate fractions. This is consid- 
erably more than the figure of about 2.3 required for sim- 
ple proteins and is similar although somewhat smaller than 
the values of 5.3-6.7 required by the presence of struc- 
tures (II) and (III), at the levels indicated in this work. 

The nature of the low molecular weight 'oxide' fraction 
detected by Roberts ~ and Bloomfield 2 is thus still uncer- 
tain. This fraction which may constitute up to 10% 2 of the 
rubber in 'soft '  rubber samples and may analyse up to 
3.5% oxygen u, and is substantially nitrogen free, is clearly 
not an epoxide fraction. In addition the oxygen content 
cannot be carbonyl in nature since recent work 6 has shown 
that the carbonyl content of fresh rubber is very low, cor- 
responding to about 0.002 to 0.01% oxygen on the total 
rubber. It seems most likely that the oxygen content of 
this fraction is hydroxylic or carboxylic in nature. Thus 
Roberts ~ has shown that the fraction can be esterified with 
acetic anhydride, whereas, Bloomfield 2 has shown the oxy- 
gen contains an active hydrogen. Since this fraction is sub- 
stantially nitrogen free any acid groups present cannot be 
associated with the presence of amino-acids. 

One interesting observation is that rubbers from ammo- 
nia preserved latex or from crepe rubber steeped in ammo- 
nia solution for several weeks show little or no soluble 
'oxide' fraction H. This rather unusual finding suggests 
that treatment with ammonia in some way either reduces 
the solubility of this low molecular weight fraction, or, aids 
its assimilation into high fractions by promoting crosslink- 
ing reactions. The most straight forward explanation of 
this effect is that the oxygen content is at least partly car- 
boxylic in nature and that treatment with ammonia merely 
leads to salt formation. That this would be enough to 

Table 5 Oxygen and nitrogen analyses determined by 
Bloomfie ld 2 on fract ionated rubber 

Weight Analysis (%) 
fract ion, 

Fraction W i [n] N 0 0/N 

F 1 0.23 Insoluble -- -- -- 
F2 0.18 9.7 0.02 0.09 4.5 
F 3 0.15 7.9 0.01 0.05 5.0 
F 4 0.24 2.8 -- -- -- 
Fs 0.20 ND -- -- -- 

ND = not determined 
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markedly reduce the solubility of the rubber in non-polar 
solvents is shown by Gregg ~, who found that rubber, re- 
suiting from base hydrolysis of the gel fraction, and thus 
presumably containing carboxylic salt residues only gelled 
in benzene. However, acidification of the solution with 
acetic acid allowed ready dissolution of the rubber. 

If the above reasoning is correct the pH at which the 
rubber is isolated could have a profound influence on the 
subsequent fractionation behaviour of the rubber, since 
the presence of free acid or salt would markedly affect the 
solubility of the different rubber fractions. Thus low 
molecular weight fractions containing appreciable quan- 
tities of acid groupings could be readily relegated to the 
insoluble gel fractions. 

Recently, in a comprehensive g.p.c, study of the effect 
of clonal variations on molecular weight distribution 
Subramaniam 6 has shown that clonal rubbers exhibit dis- 
tinctly bimodal distributions. In particular, 'soft '  rubbers 
of low average molecular weight show the presence of a 
sizeable low molecular weight fraction. The presence of 
such a low molecular weight fraction was noted earlier by 
Westall ~6, who speculated that this fraction might be a 
basic building block for higher molecular weight macro- 
molecules. What makes these observations of particular 
interest is that it is the same 'soft '  rubbers which provide 
significant amounts of both this low molecular weight frac- 
tion and the low molecular weight oxide fraction observed 
by Bloomfield 2. Thus if there is any substance to Westall's 
hypothesis it is quite possible that the building-up process 
involves the abnormal oxygen groups discovered by 
Roberts ~ and Bloomfield 2. The nature of these groups thus 
definitely merit further investigation. 

The presence of carbonyl or more specifically aldehyde 
groups in natural rubber has yet to be unambiguously 
established. The presence of such groups has been inferred 
by the inhibiting effect of amines and dimedone on cross- 
linking reactions in natural rubber, which were purportedly 
caused by these functional groups 3-s. As has been pointed 
out amines are not specific reagents for carbonyl groups 8, 
and the action of dimedone is not unequivocally established 
since it may well react with other non-rubber substances 
present in rubber, which catalyse the crosslinking reaction 6. 
Recently reported estimations of carbonyl groups in natu- 
ral rubber by reaction with 2,4-dinitrophenylhydrazine 6, 
suffer from the same drawback that this reagent cannot be 
considered a specific reagent for carbonyls, for example, 

reaction products with epoxides have been reported ~7. 
Further work is obviously necessary in this area. 

It needs to be emphasized that the oxygenated groups 
discussed in this paper are restricted to those already pre- 
sent in rubber as it leaves the tree. Without doubt oxida- 
tion of rubber subsequent 1o this event will lead to the in- 
corporation of additional oxygen functional groups includ- 
ing hypoperoxide groups which have not been considered 
in the above discussion. Analysis of stored rubber samples 
may thus lead to erroneous conclusions since not only may 
the functional groups already present in the rubber be 
modified by chemical reaction, but additional oxygenated 
groups may also be introduced. 

CONCLUSIONS 

The epoxide content of natural rubber is concentrated in 
the higher molecular weight fractions. The presence oflac- 
tone groups in the same fraction can be attributed to ring 
closure of the reaction product between amino-acids and 
the macromolecular epoxide. 
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Time-dependent failure of poly(methyl 
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A theory has been developed to explain the time-dependent failure of poly(methyl methacrylate) 
(PMMA) (and possibly all glassy polymers). The analysis uses the concepts of linear elastic fracture 
mechanics and it has been shown that by making simple assumptions it is possi~e to predict the l:i~e- 
times of PMMA specimens under static toad from the strain-rate dependence of Young's modulus for 
the material. 

INTRODUCTION 

Many structural materials, when subjected to a static load, 
fracture after a period of time which varies inversely with 
the magnitude of the applied load. This phenomenon is 
sometimes called 'static fatigue' or 'creep rupture'. The 
Griffith theory of fracture is based on a classical elastic 
model which cannot, unless modified, account for the 
observed behaviour. It predicts that a stress only infinitesi- 
mally less than the fracture strength of the material would 
be sustained for an infinite period of time. The theory may 
be extended to explain creep rupture in several ways: (a) 
the size of flaws present in the material may be increased 
by chemical attack until the crack reaches critical dimen- 
sions, and (b) the environment may reduce the fracture- 
surface energy of the material by adsorption of chemical 
species at the crack tip. 

Many theories based upon the time-dependent fracture 
of polymers have approached the problem from an entirely 
different viewpoint (Berry 1, Beuche 2, Zhurkov3). They 
have adopted a molecular model and taken the basic pre- 
mise that the failure process is characterized by an activa- 
tion energy, where the height of the energy barrier is re- 
duced by some function of the applied stress. Berry 1 has 
reviewed some of these theories; he criticized them for 
being too phenomenological in that they produce arbitrary 
fitting constants that have little physical meaning. It is 
clear that the rupture of molecular bonds is an important 
process but like Berry we emphasize the need for a theory 
of fracture in amorphous glassy polymers which includes 
both the microscopic and macroscopic aspects of the failure 
process at the tip of the crack. 

In this paper we have developed a theorj to explain the 
time-dependent failure of poly(methyl methacrylate) 
(PMMA) in terms of the parameters controlling the growth 
of a crack and that can be readily measured. It is based on 
a theory by Williams and Marshall 4,s and takes a linear elas- 
tic fracture mechanics approach to explain slow crack 
growth in this material. It has been shown by several groups 
of workers s'6 that in PMMA the crack growth rate (da/dt), 
can be described as a unique function of the stress intensity 
factor (K) for a given temperature and environment. Wil- 
liams and Marshall 4,s used a constant crack opening dis- 
placement (6) criterion to explain, at least qualitatively, 

* Present address: Department of Materials, Queen Mary College, 
University of London, London E1 4NS, UK. 

the variation of crack velocity V(=da/dt) with K, in terms 
of the strain-rate dependence of the Young's modulus (E). 
Young and Beaumont 6 have applied the V(K) relationship 
to successfully predict the lifetimes of specimens of PMMA 
held at different stress levels. In this paper we have pro- 
posed an extension of these two theories to predict the 
lifetimes of components made from PMMA (and possibly 
all glassy polymers) directly from measurements of Young's 
modulus, E, as a function of strain-rate. 

MODELS 

Constant 6 criterion 
The constant 6 criterion was first developed by Williams 

and Marshall 4 to explain the relationship between V and K 
for PMMA. It assumes that a craze at the tip of a crack in 
PMMA is equivalent to a Dugdale line plastic zone 7. The 
zone of length R is illustrated schematically in Figure 1 and 
for a non-work-hardening material is given by8: 

g = - ( a <  0.5 oy) (1) 
8 

under conditions of plane strain or plane stress. The value 
of crack opening displacement, 6 t, at the crack tip is as- 
sumed to be fixed and is given by Corten 8 as: 

g 2 
6 t = - -  x q~ (2) 

oyE 

where ~ = 1 under plane stress conditions and q~ = (1 - v 2) 
for conditions of plane strain, where u is Poisson's ratio. 
For PMMA, p2 is of the order of 0.1 and so the difference 
between the two conditions is only of the order of 10%. 
Brown and Ward 9 have shown that the assumption that a 
craze can be modelled by the Dugdale plastic zone is a rea- 
sonable one. For simplicity we have taken q~ equal to 1 
throughout our analysis even though the specimens used 
are probably too thick for plane stress conditions to prevail. 

The Young's modulus, E, for the polymer is a function 
of the applied strain-rate, ~. There is evidence to suggest 
that the yield strain, ey, is fairly insensitive to both strain- 
rate and temperature (e.g. Marshall et al. s) and so: 

Oy = eyE(~) (3) 
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t~ 

~ .~ R ~-~" 

6t 

l l 1 1 cl 
Figure I Dugdale line plastic zone at the tip of a crack under 
the action of  an applied stress o (after Williams and Marshall 4) 

Combining equations (2) and (3) gives: 

K = (6tey) 1/2 x E(b) (4) 

In order to relate the crack velocity (V) to K it is neces- 
sary to first of all determine the relationship between 
and V. If t is the time-scale of the deformation of a volume 
element adjacent to the crack tip, then: 

~ eylt (5) 

In this time, t, the crack will have moved a distance R at a 
velocity, V, and so: 

t ". R /V  (6) 

Combining equations (1), (2) and (3) gives: 

r r6 t  
R - (7) 

See 

and therefore: 

rr8 t 1 
t . . . .  (8) 

8ey V 

Combining equations (5) and (8), then: 

84 
~ - - -  V (9) 

rr 6 t 

which shows a direct proportionality between b and V 
[since (8/Tr)(@/St) is a constant]. Equation (9) describes 
the relationship between ~ and V that is required to predict 
the variation of K with E(~) and hence to determine the 
relationship between K and V. 

The values of ey, 6 t and E(b) are known or can be readily 
measured. It should be possible therefore to construct a 
plot of V(K) with no fitting parameters. 

Time-to-failure predictions 
Fracture involves two processes both of which may be 

time-sensitive; (a) crack initiation and (b) crack propagation. 
The lifetime of a PMMA specimen can be considered to be 
the sum of the times for the completion of these two pro- 
cesses. This means that: 

~f= ~i + ~p 
where fffis the time-to-failure, ~i and ffp are the times to 
initiate and propagate a crack to some critical size respec- 
tively, at which point catastrophic failure occurs. 

Notched specimens. For notched or precracked speci- 
mens the initial crack will be present and so ~i will be zero. 
This means that the time-to-failure of such a specimen will 
be governed entirely by the time taken to propagate the 
crack and so: 

~f= ffp 

The time-to-failure, ~bf, at constant stress is given in this 
case therefore by the integral~°: 

ac 

f '  @ = V(K) 
ai 

- -  d a  ( 1 0 )  

where a i is the initial (or inherent) crack size and ac is the 
crack size at which the crack becomes unstable. The defini- 
tion of the stress intensity factor, KI is given by: 

gi  = oaY(a) 1/2 (11) 

where Y is a geometrical factor (equal to (Tr) 1/2 for infinitely 
wide specimens) and oa is the applied stress. The subscript I 
refers to the crack opening mode of failure. Combining 
equations (10) and (11) gives: 

K~ 
2 KI 

~ f - o ~ y  2 f V(KI) 

K~ 

d/q (12) 

where KIi is the initial value of KI and KIc is the value of 
KI at which the crack becomes unstable. In polymers Klc 
may be the value of K I at which there is an adiabatic-iso- 
thermal transition 4. KIc is normally called the 'plane strain 
fracture toughness' of the material. 

All the parameters in equation (12) can be determined 
experimentally and the integration can be performed 
either analytically or numerically depending upon the com- 
plexity of the relationship between V and KI. 

Unnotched specimens. Calculation of the time-to-failure 
in this case is more complicated since ~i must also be taken 
into account. It is possible to obtain a conservative predic- 
tion of fffby assuming ffi is negligible. However, this may 
lead to a gross underestimation of specimen lifetimes. 

EXPERIMENTAL 

Materials 
The material used throughout this investigation was 

commercial Perspex (manufactured by ICI Ltd) acrylic 
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P 

P/2 I 

P/2 
Figure 2 Schematic representation of the Double-Torsion speci- 
men. The shaded area represents the fracture surface 

sheet. 6.4 mm thick sheet was used for the Young's modu- 
lus determinations, 5.0 mm thick sheet was used for the 
slow crack growth measurements, and 3.2 mm thick sheet 
was used for the time-to-failure measurements. 

Young's modulus determinations 
The Young's modulus, E, of PMMA was determined as 

a function of strain-rate using a 3-point bend test perform- 
ed on an Instron mechanical testing machine. The rela- 
tionship between the applied load, P, and the displacement 
of the centre of the specimen, y, is given by: 

4Ebh 3 
p = _ _  × y (13) 

L 3 

for specimens of rectangular cross-section, (thickness h and 
breadth b). L is the distance between the supports. The 
Young's modulus, E, was determined from the slope of a 
plot of P against y and the specimen dimensions. The plot 
was linear over the range of strain investigated (up to 0.005). 

V(K) determination 
Measurements of cracl: velocity, V, as a function of stress 

intensity factor, KI, were made at 20 + 2°C using the 
Double-Torsion (DT) test, (Figure 2). This test and its 
applicability to PMMA have been described in detail else- 
where 6. It can be shown ~l that the stress intensity factor, 
KI, is independent of crack length, a, and for an elastic 
material is given by: 

KI=PWm [ Wt3t n j (14) 

where P is the applied load, W m is the moment arm, u is 
Poisson's ratio (~0.33 for PMMA), W is the bar width, t 
is the bar thickness and tn is the plate thickness in the 
plane of the crack. 

Measurements of crack velocity may be made quite simply 
by following a growing crack with a travelling microscope. 
However other, more convenient methods may also be em- 
ployed which have the advantage of removing the necessity 
of directly observing the crack. Marshall et al. s have favour- 
ed a constant displacement-rate method. Under conditions 
of constant displacement rate, the crack propagates at a 
constant load, P, and it can be shown that'1: 

= BPV = constant (15) 

where B is a constant related to the slope of a compliance 
calibration curve for the material. 

The approach that has been used primarily in this paper 
is the constant displacement method. With the specimen 
held at constant displacement, the load falls off gradually 
as the crack extends in a controlled manner. The crack 
growth rate is given byl°: 

(d~t) - 'i.j" ( 7 )  ( d ~ )  = V= p~T- ai.f + (16) 
y 

where Pi.f is the initial (or final) load, P is the instantaneous 
load, ai.fis the initial (or final) crack length, and B and C 
are constants relating to the slope and intercept of a com- 
pliance analysis calibration curve for the DT specimen, 
(y/P)f(a) ,  respectively. The values of B and C were 7 x 
10 -5 and 8 x 10 -4 mm/N respectively for 5 mm thick 
Perspex sheet. 

The crack velocity can be found therefore directly from 
the rate of load relaxation (dP/dt)y, providing the material 
does not suffer from mechanical relaxation as a result of, 
for example, molecular rearrangements in the arms of the 
DT specimen. This source of error may be reduced by pre- 
loading the sample to a value of load where the crack growth 
rate is very low ( V <  10 -10 m/sec). 

Observations of the crack front profile show that the 
crack extends further along the lower face of the specimen 
than the upper one 6. The crack velocity is therefore smaller 
than that given by equation (16) by a factor which is depen- 
dent on the crack front profile 1° and is of the order of 
0.4 for 5 mm thick sheet. 

Time-to-failure measurements 

Time-to-failure measurements were made upon single 
edge-cracked tensile specimens 25 mm wide and loaded to 
a value Of Oa of 2.7 + 0.1 MN/m 2. Cracks were introduced 
into the specimens by sawing a notch into one edge of the 
specimen and forcing a razor blade into the root of the 
notch. The cracks formed were between 9 mm and 13 mm 
long giving a range of values of stress intensity factor (KIi). 
For this particular range of crack lengths the geometrical 
factor Y, in equation (11) was of the order of 4. 

RESULTS AND DISCUSSION 

Young's modulus measurements 
The measured variation of Young's modulus, E, with 

crosshead speed is given in Figure 3 in the form of a log-log 
plot. The crosshead speed has also been converted to an 
'average' strain-rate corresponding to the rate of strain in 
the specimen half way between the neutral axis and the 
specimen surface. It can be seen that although the data is 
presented in the form of a log-log plot, the slope of the 
curve, n, is continually changing indicating that at this tem- 
perature (20°C) the material is near to a relaxation peak. 
This may correspond to the ~-transition 6. 

V(K) measurements 

The data points in Figure 4 are measured values of V 
as a function o f K  I for PMMA in air at 20 +- 2°C. The 
different symbols refer to points obtained from various 
relaxation experiments on the same and different speci- 
mens. The solid curve in Figure 4 is a V(K) curve derived 
from the E(b) curve in Figure 3 using the analysis described 
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Figure 3 The Young's modulus of PMMA at 20 -+ 2°C as a func- 
tion of crosshead speed and strain-rate 
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Figure 4 V(K) diagram for PMMA at 20 + 2°C. - - - ,  theoretical 
line derived from the E(b) data in Figure 3 using the values of the 
constants: St=  1.73 X 10 - 6  m;ey = 0.038 

earlier. The Young's modulus E has been converted to KI 
using equation (4). The crack opening displacement (6t) 
for PMMA has been determined by Brown and Ward 9 to 
be 1.73 x 10 -6 m. The yield strain ey, has been chosen so 
that the theoretical curve follows the measured data. This 
gives a value for ey of 0.038. A compressive stress--strain 

R. Beaumont 

curve for PMMA is given in re÷ 12. The point of maximum 
stress, which is conventionally taken to be the yield point, 
occurs at a strain of the order of 0.08. The curve deviates 
from linearity well below this strain and plastic deforma- 
tion takes place at values of stress below the maximum 12. 
A value of yield strain of the order of 0.04 is therefore not 
unreasonable. The strain-rate, ~, has been converted into a 
crack velocity V through equation (9) using the same 
values of  ey and ~t as before. 

It can be seen that the fit of the theoretical line to the 
measured data is very good. However, the range of crack 
velocities over which the curves and the data overlap is 
small. This is because the crack velocities corresponding 
to strain-rates that can easily be measured using an Instron 
are rather low (<10 -6 m/sec). Williams 13 and Marshall 
et aL s have shown qualitatively that the slopes of  the pre- 
dicted and measured V(K) curves would be of the same 
order. Now by evaluating the V(K) relationship at very 
low crack velocities we have shown that good quantitative 
agreement between the data and the theory can be 
obtained. 

Time-to-failure measurements 
Pre-cracked specimens. As well as using the constant 6 

criterion to explain slow crack growth in PMMA it can be 
used for the prediction of times-to-failure of pre-cracked 
PMMA specimens held under conditions of constant stress. 
In this case it was shown earlier that ~fis  controlled by 
the time for crack propagation ~p. Figure 5 gives the 
measured times-to-failure of pre-cracked tensile specimens 
of PMMA as a function of initial stress intensity factor. 
The solid line in Figure 5 is the time-to-failure curve pre- 
dicted from the V(K) relationship (Figure 4) which in turn 
had been obtained from the E(k) measurements (Figure 3). 
The V(K) relationship was used in equation (12) with a 
value of Klc of 1.6 MN/m 3/2 (Young and Beaumont6). The 
broken line in Figure 5 is the predicted time-to-failure 
curve obtained in a similar way but using the experimen- 
tally obtained V(K) data presented i n Figure 4. It can be 
seen that all the measured points lie on or above the theo- 
retical predictions. This shows that it is possible to inte- 
grate the V(K) function [obtained from the E(k) relation- 
ship] and obtain a conservative estimate of the times-to- 
failure. 

Some of the scatter may be due to the variation in crack 
front profile following cracking or bifurcating of the craze 
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Figure 5 T i m e - t o - f a i l u r e  data for pre-cracked PMMA specimens 
at 20 + 2°C. -- . . . .  , predicted ~fderived from the data points 
in Figure 4; , prediction from the E(b) in Figure 3 
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at which po in t  they begin to break down and act as cracks 
of a length equivaler~t to the inherent flaw size. It is known 
that an incubation period is needed for crazes to nucleate 
and grow (A. Argon; personal communication). Oxborough 
and Bowden 18 have shown that the formation of crazes in 
polystyrene is stress and time-dependent. It is clear there- 
fore that the formation of the inherent flaws will be time- 
dependent. The results of Regel ~4 would appear to confirm 
this since he found that well before the PMMA specimens 
finally fractured, cracks or crazes appeared on their surfaces 
after an initial incubation period. 

I01 103 I0 s 107 

~t(sec)  
Figure 6 Time-to-failure data for PMMA as a function of applied 
stress o. The data was obtained by Rege114 at 25°C, Zhurkov  3 at 
18°C and that given by Ogorkiewicz 16 was measured at 20°C. 
The heavy line is the predicted time-to-failure curve for 20°C de- 
rived from the E(b) data in Figure 3 and using an inherent flaw size 
for PMMA of 0 .075 +- 0.005 mm (Berry Is) 

at the crack tip. The predictions presented here are for a 
crack with a single craze at the crack tip and any imper- 
fections at the crack tip will lead to failure at times longer 
than those predicted by the analysis. 

Unnotched specimens. Some experimental time-to- 
failure curves for unnotched specimens of PMMA are given 
in Figure 6. The curve of Zhurkov was used in a previous 
publication where it was shown that for fff in the range 
10 -3 to 103 sec agreement could be obtained between the 
measured ~fvalues and ~f  predicted solely from crack 
propagation using the measured V(K) relationship. The 
analysis predicted a value of the inherent flaw size, a0, of 
0.073 -+ 0.005 mm, which is close to the value obtained 
by Berry is for PMMA at 20°C. The ~fcurve obtained by 
ICI Ltd for Perspex and presented by Ogorkiewicz 16 is 
given in Figure 6. It does not agree particularly well with 
the experimentally determined curves of Zhurkov 3 or 
Rege114, which are also presented in Figure 6. For a given 
level of applied stress the values of fff given by Ogorkiewicz 
are approximately two orders of  magnitude longer. This 
may be due to differences in the grade of PMMA used. In- 
deed, Berry I has shown that large differences in flaw size 
and fracture surface energy may be found between differ- 
ent grades of nominally the same material. This implies 
that comparisons between measured and predicted values 
of fffshould only be made for the same material. This 
means that in this present investigation direct comparisons 
should only be made for data on Perspex. 

The heavy line in Figure 6 is the calculated t~fcurve for 
specimens of Perspex containing inherent flaws of 0.075 -+ 
0.005 mm (Berry is) and using the V(K) relationship (Figure 
4) derived from the E(~) curve in Figure 3. The time to 
initiate these inherent flaws, ffi, has been assumed to be 
zero and ~fhas been calculated solely from ~p. The cal- 
culated line has a shallower slope and falls to the left of 
the measured curve for Perspex. This implies that the 
assumption that ~ki is zero is incorrect and means that there 
must be an incubation period during which the inherent 
flaws are formed. It is thought (Andrews ~7) that the in- 
herent flaws are crazes which have grown to a critical length 

Limitations of the theory 
It is clear that this theory can only be applied to poly- 

mers in which crack propagation takes place by the exten- 
sion of a single craze which may be modelled as a Dugdale 
plastic zone. It will not be directly applicable to polymers 
such as polystyrene where the crack and crazes at the crack- 
tip may be branched 19. 

The assumption that the crack opening displacement, 
6t, and the yield strain, ey, are insensitive to both strain- 
rate and temperature will only be an approximation. The 
variation of these two parameters could be incorporated 
into the theory but the extra complication involved would 
probably not be worthwhile. 

The time-to-failure for unnotched samples requires care- 
ful consideration. It is clear that even the experimental 
data is not in very good agreement. Even so it is essential 
that in order to accurately predict the time-to-failure of 
unnotched PMMA specimens we must have a complete 
knowledge of both the craze and crack growth kinetics. 

CONCLUSIONS AND IMPLICATIONS 

It has been shown that the relationship between the crack 
velocity, V, and the stress intensity factor, KI, for PMMA 
can be explained quantitatively in terms of a critical crack 
opening displacement criterion. It has been possible, using 
simple assumptions, to construct a V(K) diagram for PMMA 
from measurements of the Young's modulus as a function 
of strain-rate. Good agreement is found between the de- 
rived V(K) curve and the measured data. 

The analysis has been extended to predict the lifetimes 
of PMMA specimens held under constant stress. For speci- 
mens containing sharp cracks, it has been possible to make 
a conservative prediction of their times-to-failure. For un- 
notched samples the agreement is not so good and it ap- 
pears that an incubation period is required during which 
time the inherent flaws must grow. A complete analysis 
for this case would have to include knowledge of both the 
craze and crack growth kinetics. 

It has been shown that knowing the yield strain, crack 
opening displacement and initial crack length it is possible, 
with certain precautions, to predict the lifetime of PMMA 
components under stress by measuring the strain-rate de- 
pendence of the Young's modulus. This could eliminate 
the necessity of measuring crack velocities and may be a 
valuable method of predicting the time-dependent strength 
of other glassy polymers. 
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A thermoanalytical comparison between 
ram and screw extruded polypropylene 
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Thermoanalyt ical  methods are useful in comparing the effects of extrusion on talc f i l led polypropy-  
lene. Dif ferent ial  thermal analysis, either by the conventional technique, or in an atmosphere in i t ia l ly  
of nitrogen to which oxygen is introduced, is the most convenient way of studying the extruded poly- 
mers. The po lymer  is more degraded by screw extrusion than by ram extrusion. Crit ical oxygen index 
measurements conf i rm the d.t.a, results. 

INTRODUCTION 

Extrusion is the most widely used technique for processing 
polymers ~. A screw feed is usually employed but recently 
there has been considerable interest in ram extruders. Work 
on ram extruded polyethylene has already been reported in 
this series z. Thermoanalytical techniques are well estab- 
lished for the characterization of polymers 3 and the critical 
oxygen index flammability test has been found to be of 
value in quality control studies 4. It was decided, therefore, 
to compare these with the conventional quality control 
tests to monitor differences in the properties of polypropy- 
lene that had been extruded by ram and screw techniques. 

EXPERIMENTAL 

For differential thermal analysis a Dupont 900 apparatus 
in the so called DSC mode was used. Samples of approxi- 
mately 15 mg were heated to 400°C at 8°C/min in still air, 
with an empty aluminium cup as the reference cell. In the 
second series of experiments, the polypropylene was initial- 
ly heated under static nitrogen and oxygen was instanta- 
neously introduced at a flow rate of 8 ml/sec near 200°C 
as indicated in Figure 3. 

The critical oxygen index (COl) was measured on a 
Stanton Redcroft FTA. The results are the mean of ten 
samples. Each sample was a semi-circular rod 75 mm long 
and 6.35 mm radius. A gas flow of 4 cm/sec was used with 
butane ignition (30 sec, 15 mm flame). This is substan- 
tially the method of ASTM D 20863-70. 

The polypropylene was a powder HS6 10E (ICI Ltd) 
containing a tertiary butyl type as an anti-oxidant and was 
used as supplied, 35% by wt of talc was added to the poly- 
propylene in a tumbler dry powder mixer before extrusion, 
in order to provide economical reinforcement. It can be 
seen that the mechanical shearing action of the screw raises 
the temperature of the screw extruded polymer by 22°C, in 
spite of the fact that the polymer stays for a much shorter 
period in the heated zones than the ram extruded polymer 
does. 

A prepactor (ram controlled compactor unit) assisted 
the feeding of the powder to the screw extruder to ensure 
that the product was homogeneous. 

Operating conditions were as follows: 

Single ram Single start screw 
extruder extruder 

Ratio length to 96:1 20:1 
diameter of barrel 

Diameter of die 0.375 in 0.375 in 
orifice (9.53 mm) (9.53 ram) 

Temperature of 230 230 
orifice (°C) 

Temperature of barrel (°C) Zone 1 137 Zone 1 190 
+2°C Zone 4 230 Zone 4 215 

Temperature of polymer (°C) 
(a) at orifice 230 ± 2 252 ± 3 
(b) after cooling 15 15 

Take-off speed for 0.456 4.56 
polymer (m/min) 
(extrudate cooled with water) 

Tensile strength and extension under load were deter- 
mined at 20°C on an Instron Model TT-DM. In both cases 
the extension rate was 100 mm/min. Specimens were rods 
75 mm long and 9.5 mm in diameter. 

In the C01 studies of talc filled polypropylene samples 
a hard crust may form on the test sample surface during 
the initial ignition period (before the onset of uniform cone 
burning surface). If this char is removed from the softened 
surface of the sample and the test recommenced on the 
softened cone surface produced, a steady flame and repro- 
ducible results are obtained. 

RESULTS 

Differential thermal analysis 
The d.t.a, curves for the polypropylene powder before 

and after ram extrusion are shown in Figure 1. Figure 2 
shows the d.t.a, of the screw extruded material and in 
Figure 3 the d.t.a, curves are seen of the polypropylene 
powder, before and after extrusion by both methods ex- 
amined by heating in an atmosphere of static nitrogen with 
the admission of oxygen around 200°C. The unextruded 
powder in Figure 1, curve A and the talc f'dled powder, 
Figure 1, curve B, both show evidence of premelting which 
is usually attributed to the presence of material of less 
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Figure 1 D.t.a. of powder and ram extruded polypropylene + talc. 
A, Powdered polypropylene, not extruded; B, powdered polypro- 
pylene + talc, not extruded; C, ram extruded polypropylene, aged 
12 days at 155°C; D, ram extruded polypropylene, aged 21 days 
at 155 ° C 

ordered structure than the normal crystalline polymer. The 
samples after extrusion, Figure 1, curves C and D and 
Figure 2 having had heat treatment do not show this initial 
premelting. In the unextruded talc filled powder, the oxi- 
dation begins to occur around 200°C. It is noticeable that 
the onset of oxidation is later in the extruded samples and 
this is attributed to the better mixing of the inhibitor in the 
extruded material. The d.t.a, curves both in still and flowing 
atmospheres were closely reproducible except above 450°C 
by which time most of the polymer had been consumed. 

We now come to a significant difference between the two 
techniques. The sample in Figure 1, curve C was ram extru- 
ded and then aged in still air for 12 days at 155°C; the 
curve obtained is similar to that for shorter ageing periods 
of eight and five days respectively which are therefore not 
shown. The corresponding curves, Figure 2, curve C, for 
screw extruded material held for 12 days for 155°C shows 
that the ram extruded material is significantly more stable 
after this ageing period, as seen in Table 1. After the ram 
extruded material has been aged for 21 days, Figure 1, 
curve D, it can be seen that the inhibitor is beginning to be 
used up and ageing is occurring around 200°C. This curve 
is very similar to that of Figure 2, curve B of a screw 
extruded material after 8 days. After 21 days ageing, oxi- 
dation is occurring almost immediately after the melting 

endotherm and it is obvious that the useful life of the screw 
extruded material has already been completed. In Figure 3 
we present the results for the differential thermal analysis 
of  the original polypropylene, the powder plus the talc 
filler, and for samples that were extruded on the ram and 
screw machines and subsequently aged for 21 days at 155°C. 
These samples were initially heated in static nitrogen and 
then oxygen was introduced at the point indicated on the 
graph to obtain the exotherm. The technique has been 
widely used to study the effect of  inhibitors on the oxida- 
tion of polyolefins s. The change in scale of the AT after 
the introduction of the oxygen should be noted. In addi- 
tion after such a vigorous reaction the base-line will not be 
that of the original polypropylene. It is clearly seen that 
the sample in Figure 3, curve C that had been ram extruded 
still retains much material for oxidation whilst for the screw 
extruded material, Figure 3, curve D, the reaction is almost 
complete before the oxygen is introduced. This difference 
is also seen between Figure 1, curve D and Figure 2, curve D 
but is greatly enhanced by the introduction of oxygen. 
This technique of introducing oxygen into d.t.a, conducted 
under nitrogen is a very sensitive and rapid method for 
determining the amount of oxidation that a sample has 
undergone and this could well be the preferred way of 
quality control testing by d.t.a, of extruded materials. 

A 

Exo. 

C 
Endo. 

D 

I I I 

,oo ,so 20o 2;0 36o 3;0 
Temperature {oc) 

Figure 2 D.t.a. of screw extruded polypropylene + talc. A, Screw 
extruded polypropylene unaged; B, screw extruded polypropylene 
aged 8 days at 155 ° C; C, screw extruded polypropylene aged 12 
days at 155°C; D, screw extruded polypropylene aged 21 days at 
155°C 
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Figure 3 D.t.a. on polypropylene + talc, in nitrogen with subse- 
quent admission of oxygen. A, Powdered polypropylene, not 
extruded; B, powdered polypropylene + talc, not extruded; C, ram 
extruded polypropylene, aged 21 days at 155°C; D, screw extruded 
polypropylene, aged 21 days at 155°C. Note change of scale 

50 to 60 2 h cycles. It is interesting to note that the criti- 
cal oxygen index indicates the onset of degradation before 
any physical discolouration of samples is seen. 

TENSILE STRENGTH AND DENSITY 

The ram extruded material had a density of 1.15 compared 
to 1.08 in the screw extruded material. For 100% sample 
compactness using polypropylene of SG 0.892 and talc of 
SG 2.65, a density of 1.176 would be anticipated. The 
maximum possible consolidation has thus not been 
achieved by either process, and small voids were seen in 
the screw extruded material, but were not visible at 20× 
magnification in the ram extruded polypropylene. 

The tensile strengths of the two materials after ageing 
are shown in Table 3. The ram extruded material retains 
its tensile strength longer, as would be expected since the 
d.t.a, indicates that it has degraded less. The latter tech- 
nique is much simpler than tensile testing and is therefore 
preferable for quality control work. 

The screw extruded material exhibits drawing effects by 
necking under excess loads prior to fracture. The ram ex- 

Table 1 Temperature of initial degradation exotherm (°C) of 
samples of polypropylene 

Aged for 21 days at 155°C 

Aged for 12 days Without 
Extruder at 155°C oxygen 

Screw 192 181 186 
R am 219 202 206 

Oxygen 
introduced 
at 200°C 

The corresponding temperature for unaged, unextruded polypropy- 
lene powder was 188°C, and for the talc filled powder 200°C. 

Table 2 Critical oxygen index measurements on extruded poly- 
propylene after being aged at 155°C for several days. COl results 
are the mean of 10 specimens 

CRITICAL OXYGEN INDEX 

Samples were examined after various periods of ageing in 
air on a metal free surface at 155°C. In addition, a further 
sample was aged for 21 days at 155°C in contact with 
copper, in order to get a figure for the COI of the fully 
oxidized material. 

The results of the critical oxygen index are shown in 
Table 2. The improvement in oxidation stability of the ram 
extruded material over the screw extruded material is 
clearly seen. A COI of 21.27 for material oxidized in 
the presence of copper, is the maximum CO[ value. It can 
be seen from Table 2 that the critical oxygen index is not 
sufficiently sensitive to distinguish between extruded mate- 
rial that had been aged for 21, 12, 8 or 5 days. On the 
other hand, it clearly shows the difference between the 
ram and screw extruded material. The screw extruded 
polypropylene is nearing the end of its useful mechanical 
efficiency as shown by a CO1 of 20.73% close to the maxi- 
mum value. In an industrial process involving repetitive 
heating to 155°C and cooling to ambient temperatures 
over periods of 2 h the screw extruded material withstands 
only 2 or 3 2 h cycles before mechanical failure occurs. 
The ram extruded material shows no oxidative degradation 
(COI 17.82%) and remains mechanically serviceable for 

Ram extrusion Screw extrusion 

Days CO I 3D CO I SD 

0 17.97 0.16 20.70 0.10 
5 17.81 0.13 20.89 0.09 
8 17.73 0.06 20.66 0.07 

12 17.87 0.09 20.94 0.06 
21 17.71 0.21 20.45 0.09 

Mean 17.82 20.73 

Table 3 Tensile strength of talc fil led polypropylene after ageing 
at 155°C 

Tensile strength polypropylene (kg/cm 2) 
Ageing 

Ram Screw period 
extruder extruder (h) 

59.2 57.4 0 
16.5 15.0 24 
20.5 18.0 48 
20.5 18.25 72 
21.0 18.5 96 
20.75 19.5 168 
21.0 16.25 192 
20.75 1.5 240 
20.75 Nil 264 
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truded material remains as a fused structure which shows a 
brittle fracture with no necking under breaking load 
conditions. 

CONCLUSIONS 

Thermoanalytical methods give information on flammability, 
dispersion, degradation and thermal history. It is possible 
with controlled ageing, to obtain results indicative of  the 
component life of  an extrudate before the onset of  visible 
degradation. This is particularly valuable when pigmented 
materials are in use and coloured oxidation product forma- 
tion is masked. 

Differential thermal analysis is a useful means of  detect- 
ing and following the onset of  oxidative degradation and 
exhaustion of  antioxidant, without the need for testing 
large samples of  material with heavy test machinery and 
is thus a convenient quality control test for prognostica- 
tion of  the life of  extruded materials. D.t.a., with control- 
led admission of  oxygen into an initially inert atmosphere 
is the better quality control technique. 

Critical oxygen index results show insufficient ageing 
differential to be of value for process control purposes. 

The screw extruder appears to cause greater degrada- 
tion than the ram extruder. This indicates that the mecha- 
nical shearing action of  the screw is much more destructive 
than the longer time spent at high temperatures and pres- 
sure within the ram extruder. The effect of the extrusion 

process on antioxidant effectiveness is demonstrated; d.t.a. 
is a useful analytical tool to study these effects. 

If a ram extrusion process with less degradative action 
from processing could be developed to achieve the same 
speed throughout as is obtainable by screw extrusion 
methods, valuable savings in material usage could be ob- 
tained as less scrap was lost by degradation during proces- 
sing and recycling. Continuous ram extrusion is now being 
extensively investigated 6. 
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Failure criterion for the fracture of 
structural adhesive joints 
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The long-term strength of stressed, structural adhesive joints, consisting of aluminium alloy substrates 
bonded with an epoxide adhesive, has been investigated. The applied adhesive fracture energy, Glc, is 
shown to be linearly dependent upon the logarithmic time-to-failure; the failure time decreases as the 
value of Glc is increased. The fracture of these joints over eight decades of time is uniquely described 
by the hypothesis that there is a critical plastic-zone size developed at the crack tip at failure. 

INTRODUCTION 

Structural adhesives are relatively brittle, high modulus, 
thermosetting materials, usually based upon epoxide resins, 
and are being increasingly used in many diverse engineering 
applications. This has generated a need for the mechanical 
properties of bonded structures to be ascertained and for 
pertinent failure criteria to be established. The efficient 
design of bonded structures, and the accurate prediction of 
safe-working life, are dependent upon such data being 
available. 

Structural joints fail by progressive crack growth and 
thus no failure criterion based on average stress or modulus 
(reflecting, for example, gross yielding or buckling) is appro- 
priate, and the failure criterion must be founded upon the 
initiation and propagation of flaws inherent in the joint. 
Since the basic tenet of continuum fracture mechanics 
theory ~ is that the strength of most real solids is governed 
by the presence of flaws, and since the theory enables the 
manner in which they propagate under stress to be analysed 
mathematically, the application of fracture mechanics to 
adhesive joint failure has recently received considerable 
attention. 

It has been shown 2'3 that the concepts of continuum 
fracture mechanics are applicable to the failure of structural 
adhesives joints but the measured adhesive fracture ener- 
gies, Gk., are orders of magnitude greater than expected 
from theoretical considerations of solely brittle fracture 4. 
This is in accord with fracture studies on other glassy poly- 
mers ~ and arises from the energy that must be dissipated in 
producing local plastic deformation at the tip of the crack, 
in additior, to that required for the rupture of molecular 
bonds. It has subsequently been shown that the value of 
GIc is not a 'joint constant' but is a function of test tem- 
perature s, crack velocity 6-s and test environment 8'9. How- 
ever, all this work has been concerned with relatively short- 
term tests; the present investigation examines the long-term 
stability of structural joints under imposed stresses. A main 
aim is to develop a failure criterion, for such joint fracture, 
by employing a continuum fracture mechanics analysis. 

EXPERIMENTAL 

Determination of Glc 
The specimen geometry employed in this investigation 

was a tapered double cantilever beam joint and is shown 

schematically in Figure 1. The substrate material was alu- 
minium alloy, to specification British Standard 1474 NE4, 
which was machined into cantilever beams, 152 mm long, 
6.4 mm thick and with a height, h, varying between 16.0 
and 31.5 mm. The surfaces to be bonded were first sub- 
jected to a liquid- and vapour-degreasing bath of trichloro- 
ethane, then grit-blasting with 180-220 mesh alumina, then 
degreasing again and finally were allowed to air-dry. The 
epoxide adhesive employed was a diglycidyl ether of bis- 
phenol A crosslinked with 9.4 mass per cent of a tertiary 
amine curing agent [tri-2-ethyl hexanoate of 2,4,6-tris(di- 
methylamino-methyl)phenol]. Immediately prior to joint 
preparation the aluminium alloy substrates were treated as 
described above, adhesive spread on the treated faces and 
the two beams pressed lightly together; small pieces of plas- 
tic sheet, previously inserted in the adhesive at the far ends 
of the joint, were employed to control the thickness of the 
epoxide resin layer to 0.50 + 0.06 mm. Further, a piece of 
Teflon tape, about 30 mm long, 6.4 mm wide and 0.08 mm 
thick, was previously placed, approximately in the centre 
of the adhesive layer and at the narrow end of the joint, to 
assist in propagating a 'starter' crack later. Excess adhesive 
on the beam sides was wiped off and to effect cure of the 
adhesive the joint was held at 23°C for 96 h, followed by 
1¼ h at 100°C and finally 2½ h at 180°C, and then allowed 
to cool slowly. The specimens were then conditioned at 
23°C and 56% r.h. for a few days prior to testing. 

To obtain a natural, sharp, starter crack for subsequent 
experiments the arms of the specimen were separated at a 
constant rate of 8.5 x 10 -3 mm/sec using an Instron tensile 

Load, Pc Alurninium alloy 

Crack 

Figure 1 

Epoxide adhesive layer 

Sketch of tapered double cantilever beam specimen 
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Displocement 
Figure 2 Typical schematic load-displacement record for stick-slip 
crack growth 

of the total load and the time when the crack had propaga- 
ted completely through the specimen. 

The adhesive fracture energy, GIc, was ascertained from 
the relationshipS7: 

4p2m 
Glc - (1) 

Esb 2 

where Pc is the applied load, Es is the modulus of the sub- 
strate (68.9 GPa), b is the specimen thickness and m is a 
geometry factor given by'a: 

3c 2 1 
m = - ~ + h  - (2) 

where c is the crack length corresponding to a height of 
substrate beam, h. Values o fm are shown as a function of 
crack length in Figure 3 and are in good agreement with 
values ascertained from experimental calibrations ~a'19. 

testing machine. Now, for this particular adhesive and joint 
geometry, crack propagation occurs intermittently 6, in a 
stick-slip manner, as is shown schematically in Figure 2. 
The fundamental reasons why unstable, stick-slip crack 
growth, rather than continuous, stable crack growth, is 
observed in this material/geometry combination is not fully 
understood. Similar differences in fracture behaviour have 
previously been ascribed to geometry effects z°,/3-relaxation 
transitions occurring in the polymer H, a change from iso- 
thermal to adiabatic crack propagation (e.g. ref 12), environ- 
mental effects s'~° and the morphology of the materialL 
Further, our current work 13 suggests that the shape and 
sharpness of the crack tip, and the strain distribution in the 
immediate vicinity of the crack tip, prior to crack propaga- 2-5 
tion may be of some importance. 

After several crack initiation/arrest cycles, when the 
crack length was between 50 and 90 mm, the specimen was 
removed from the tensile testing machine and the sharpness 
of the crack tip examined using transmission optical micro- 
scopy. Initial observations indicated, however, that it was 
not possible to insert reproducibly sharp cracks; similar 
difficulties have been experienced by other workers ~4-~6. 
Indeed, using the technique described above crack tip radii -- 2.0 
ranged between 1 and 200/~m and improvement in the 7~ 
reproducibility was not obtained by employing other tech- 
niques such as cooling the specimen in liquid nitrogen prior L" 

to crack insertion, propagating a longer crack, using a razor o 
blade instead of the Teflon tape to initiate the blunt starter 
crack, etc. To ensure minimum, reproducible values of the 
adhesive fracture energy the technique as described was E 
employed but only the sharp cracks, having tip radii of 8 
1.5 + 0.5 #m, were selected for subsequent testing. Initial ~ 1.5 
work showed that the value of GIc was not significantly 
dependent upon the crack tip radius within these limits. 

The tapered double cantilever beam joint was then placed 
in a creep machine (a 'Unisteel Stress Corrosion' apparatus, 
manufactured by W. H. Mayes and Son Ltd.) and the re- 
quired load gently applied via a double lever system giving 
a 30:1 loading ratio. The test temperature and humidity 
were maintained at 23°C and 56% r.h. The crack tip was t© 
frequently observed using a travelling microscope, fitted 50 
with an eyepiece graticule unit which permitted a minimum 
crack growth increment of 0.01 mm to be detected. The Figure 3 
failure time was taken as the time between the application 

Determination of the creep modulus 
The method of determining the creep modulus, E(t), 

as a function of time has been described in detail else- 
where 2°az and it is sufficient to note that values of E(t) 
for samples of the epoxide resin, cured as detailed above, 
were ascertained at stress-levels of 18.5, 36.1,48.0 and 
53.4 MPa. 

Uniaxial stress-strain measurements 
Dumb-bells of the epoxide resin were cast in silicone- 

rubber moulds and cured as described previously. The 
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IOO 15o 

Crack length, c (ram) 
The geometry factor, m, as a function of crack length, c, 

for the tapered doub le  cant i lever  beam specimen 
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Figure 4 The relationship between the applied adhesive fracture 
energy, Gic, and joint failure time 

shown as a function of time in Figure 5 and these results 
clearly demonstrate that E(t) is also a function of the ap- 
plied stress level, i.e. the epoxide material exhibits non- 
linear viscoelastic behaviour. An empirical, curve-fitting 
exercise revealed that the value of E(t) in GPa could be 
represented by: 

E(t) = 2.27361 + 0.33261 In t - 0.02076 (In t) 2 

+ 0.02192 o - 0.01175 oln t 

+ 0.00052 o (In t) 2 (3) 

where o is the applied stress level (MPa) and t the time 
(sec). The average difference between the experimental 
values of  E(t)  shown in Figure 5 and values calculated from 
equation (3) is 7.0%. 

dumb-bells had a gauge-length of  30 mm and a cross-sec- 
tional area of  about 10 mm 2. Uniaxial stress-strain 
curves were obtained at 23°C and at strain-rates from 
7.1 x 10 -3  sec -1 to 2.8 x 10 -5 sec -1,  using an Instron 
tensile testing machine and a strain-gauge extensometer. 

RESULTS 

Determination of G/c 
The relationship between the applied adhesive fracture 

energy, Glc, and the resulting failure time is shown in 
Figure 4; a linear relation exists between Glc and logarith- 
mic failure time with the failure time decreasing as the 
value of Glc is increased. Several other interesting obser- 
vations were recorded during the course of  these determina- 
tions. First, the locus of  joint failure was cohesive in the 
epoxide adhesive, with the crack propagating along the 
centre of  this layer. Second, the failure time represented 
an incubation period; the original starter crack was never 
observed to propagate until the very end of  the experi- 
ment,  at the instant of  fracture, when it propagated ex- 
tremely rapidly. The part of  the total failure time during 
which the crack was actually growing was confined, there- 
fore, approximately to milliseconds. This is in accord with 
previous work 6 where the short-term, initiation, adhesive 
fracture energy was studied as a function of initial crack 
velocity. For this particular geometry and adhesive it was 
found that the velocity of  crack growth was always greater 
than about 20 m/sec; crack velocities slower than this were 
never observed. In the present experiments, however, even 
though unstable crack growth occurred, no crack arrest was 
observed. This was probably due to (a) the relatively high 
crack velocities and short specimen length; (b) the fact that 
a constant load, rather than a constant displacement, was 
applied to the specimen during crack growth and thus no 
decay in the applied load occurred as the crack length in- 
creased during crack propagation, obviously a fall in the 
applied load would assist crack arrest; (c) the tapered- 
double-cantilever-beam specimen has a poor geometrical 
stability factor which hinders the attainment of  stable 
crack growth l°, especially when a relatively large crack- 
length to specimen-length ratio is employed 22, as in the 
present experiments. Third, within the time-scale of  the 
current experiments, there was no discernible minimum 
value of GIc, below which joint failure did not occur. 

Determination of  the creep modulus 
The creep modulus, E(t), of the epoxide adhesive is 

DISCUSSION 

A failure criterion 
It had been hoped that the adhesive fracture energy 

would prove to be a working criterion for the long-term 
stability of  these structural adhesive joints upon being 
stressed. However, while it had been expected that the 
value of Glc might well have been dependent upon such 
variables as test temperature and crack velocity, its depen- 
dence on a parameter such as an incubation time cast 
grave doubts as to its usefulness as a failure criterion. 

Nevertheless, a unique failure criterion may be derived 
by considering the fracture behaviour from the viewpoint 
of  the crack opening displacement model of  an elastic- 
plastic material ~3-2s the deformation of which is elastic up 
to the yield stress, Oy, and then becomes fully plastic. The 
plastic zone at a crack tip, according to this model, is shown 
schematically in Figure 6, where 6 is the crack opening dis- 
placement and ry is the radius of  the plastic zone at the 
crack tip. 

Now, in plane-strain, the plastic zone size, rIy, is given 
by23: 

,:2 

r iy -  6fro 2 
(4) 

O. 
C9 

t~ 

X .....X ~ X"X ~X~×~ ~ . X ~  x 
X ~ x .  X ~ x  X ' ~ x . ~ _  X A 

x ~  ~ X ~ . x  ~ x  

\ x  \ × ~  
\ x  

%,,D ×\ 
Applied stress "'~ C 

I _ _  I I I 

O - -  2 3 4 5 

Loglotime (sec) 
Figure 5 The creep modulus, E(t)~ of the epoxide adhesive as a 
function of time: A, 18.5; B, 36.1; C, 48.0; D, 53.4 MPa 

POLYMER, 1976, Vol 17, August 729 



Fracture o f  structural adhesive joints: R. A. Gledhil l and A. J. Kinloch 

I. 2ry ,~ 

Figure 6 Schematic drawing of the crack opening displacement 
model of an elastic-plastic material 

defined as the point of  intersection of two tangent lines 
on the stress-strain curve 29 and this value, Oc, taken as the 
appropriate value of o to use for deducingE(t).  The value 
of Oc from Figure 7 is 42 MPa and was not significantly 
dependent upon the strain-rate employed. 

Experimentally obtained values of  Gic were taken from 
Figure 4 and values of  E(t), at a stress-level of  42 MPa and 
at a corresponding time, t, ascertained either by interpola- 
tion of Figure 5 or from equation (3). Values of  Glc and 
E(t) so determined are plotted in Figure 8 and both 

60 

where KI is the stress-intensity factor, related to GI by 19'23'24: 

K21_ EGI 
(1 - v 2) (5) 

where E is the modulus of  the adhesive and v its Poisson's 
ratio. By combining equations (4) and (5) to eliminate KI: 

GI E 
rly - 6rr(1 - v2)o 2 (6) 

Now for many polymers 26'27, including epoxide resins 2a, it 
has been shown that the yield strain, ey, is largely insensi- 
tive to both strain rate and temperature and thus equation 
(6) may be simplified if ey is taken as constant and 

~y = Eey (7) 

Substituting equation (7) into (6): 

GI 
rly - 6rr(1 - v2)ey2E (8) 

At fracture, rly = rly c and G I = GIc. Now it has been shown 
that both Gic and E are time-dependent. Therefore: 

1 GIc 
rlyc = 6rr(1 - V2)e 2 E(t) (9) 

Thus, if the value of Glc/E(t) is a constant over the time- 
scale of  the experiments, a constant value of rlyc might be 
deduced which would provide a unique failure criterion for 
the fracture of  these structural adhesive joints. Indeed 
Williams and coworkers 12'27 have recently shown that a con- 
stant ryc criterion, derived from a Dugdale line-plastic-zone 
model, is valid for poly(methyl  methacrylate) and polycar- 
bonate over a wide range of test temperatures and rates. 

Calculations o f  rlyc 
To calculate a value of rIyc values ofE(t),~Gic, ey and 

v are required. 
Now, since the epoxide adhesive exhibits non-linear 

viscoelastic behaviour, derivation of pertinent values of  
E(t), from either Figure 5 or from equation (3), requires 
that an appropriate value for the applied stress level, o, be 
selected. A typical uniaxial stress-strain curve for the 
epoxide resin is shown in Figure 7 and, since the material 
is relatively brittle, with no evidence of bulk yielding, no 
yield-load drop is recorded. A 'yield point '  was therefore 
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Figure 8 The adhesive fracture energy, Gic, as a function of the 
corresponding value of the creep modulus, E(t), of the adhesive. 
o, for values of E(t) interpolated from Figure 5. X, for values of 
E(t) calculated from equation (3) 
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Table 1 Yield-strain, Cy, as a function of strain-rate 

Loglo (strain-rate) (sec -1) Yield strain, Cy 

-2.15 0.016 
-2.55 0.013 
-2.85 0.015 
-3.15 0.015 
-4.15 0.018 
-4.55 0.014 

methods of  deducing E(t)  yield a linear proport ional i ty  
between Glc and E(t)  (having a combined correlation coef- 
ficient of 0.984). Glc/E( t )  is therefore constant and has a 
value of 0.059 + 0.006/am. This means that the value of  
rly c is a constant over the entire time-scale of eight decades, 
over which the fracture experiments were conducted,  and 
thus provides a unique failure criterion. 

Values of  'yield strain' were determined from the uni- 
axial s t ress-s train curves as exemplified in Figure 7, and 
are shown in Table 1. The yield strain, ey is not  signifi- 
cantly dependent upon the strain-rate employed and its 
mean value is 0.015. 

Thus, taking the value of v of  the epoxide adhesive as 
0.35, the value o f r l y  e from equation (9) is 16/am. If, in 
ascertaining the values o fE( t ) ,  a stress-level, Oe, of, say, 36 
or 48 MPa had been chosen, (instead of  the 42 MPa value 
used above) a constant value of rly c would still have been 
obtained, but  its value would have been 13/am or 19/am 
respectively. Thus, the hypothesis that a constant value of  
f ly c provides a unique failure criterion, is not  dependent  
upon the value of Oe chosen for deducing values of E(t).  

Furthermore,  a constant rlyc criterion implies that there 
is also a critical crack opening displacement, 6c, for frac- 
ture which may be deduced from12: 

Glc 
6c - (10) 

E(t)ey(  l - t. ,2) 

The value of  8 c so determined is 4.5/am. 
Finally, the wider implications of  the proposed con- 

stant f ly c criterion may be considered. This is a criterion 
for the onset of  crack propagation but  the total time-to- 
failure, tf, of a pre-cracked structural adhesive joint  is given 
by: 

t f  = t i + tp (l  l ) 

where t i is the incubation time and tp the time the crack 
takes to propagate through the specimen. In the present 
experiments t i >~ tp, and hence t i ~ tf ,  and thus the attain- 
ment of  the critical value of  rly not only provides a criter- 
ion for the onset of  crack propagation but  also provides one 
for total fracture of  the structure. However, for other 
adhesive/geometry combinations,  tp may well not  be neg- 
ligible and, in such cases, GIe as a function of  ti, rather 
than tf ,  must be used to deduce the value of  rly c. 

CONCLUSIONS 

The long-term strength of  stressed, structural adhesive 
joints has been investigated and the following main con- 
clusions reached: 

(a) A linear relationship exists between the applied ad- 
hesive fracture energy, GIe, and the logarithmic failure time; 
the failure time decreases as the value of  GIc is increased. 

(b) Within the time-scale of the present experiments no 
discernible minimum value of  Glc, below which joint  failure 
did not occur, was recorded. 

(c) From a fracture mechanics analysis it has been de- 
monstrated that there is a critical value of the plastic zone 
size, rlyc, at the crack tip at which fracture occurs. This 
gives a unique failure criterion for the fracture of  these 
joints over eight decades of  failure time. A value for rIyc 
of 16/am is indicated. 
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Photoelastic non-equilibrium behaviour 
of natural rubber networks 
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INTRODUCTION 

In previous papers 1-4 we have reported 
results from studying the elastic and 
thermoelastic behaviour of  rubber-like 
networks obtained by vulcanizing elas- 
tomers such as natural rubber and cis- 
polybutadiene in the presence of a sol- 
vent, and analysing the mechanical be- 
haviour in the bulk dry state. A fea- 
ture of such materials is that they fol- 
low the Gaussian equation for the rub- 
ber elasticity s'6 very closely. 

This feature is related to the parti- 
cular vulcanization technique and thus 
to the topology of the network. The 
conformational state of the network 
chains which in the preswollen rubbers 
are in a supercoiled state 1'2, is particu- 
larly relevant. Taking into account this 
property, a working hypothesis has 
been given, which suggests that in the 
monodirectional elongation the chain 
supercoiling is a direct cause of a smal- 
ler degree of orientation in the strain 
direction, when compared to a conven- 
tional vulcanizate at the same strain 
value. Therefore, the tendency for 
chain-chain interactions or chain-  
chain aggregations induced by the 
strain to arise is smaller in a preswollen 
network then in a conventional vulcan- 
izate. Moreover, the supercoiling, and 
the consequent high concentration of 
crosslinking points may be, in the same 
way, a direct cause of a smaller degree 
of order in the rubber-like network, 
such as an order resembling chain 
bundles. 

This hypothesis is related to the 
main hypothesis that deviations from 
the rubber elasticity theory can be re- 
lated to the presence in the amorphous 
material of some degree of order pre- 
sent before or induced by the strain 7'8. 

In other papers 9J° our aim was to 
give experimental support to the sug- 
gested effects of the supercoiling on 
the mechanical behaviour. Results ob- 

tained by analysing the viscoelastic be- 
haviour of an ethylene-propylene co- 
polymer 9, and the crystallization kine- 
tics under stress of natural rubber l° 
seem to give support to our hypothesis. 

In the present paper we have studied 
the photoelastic behaviour in strain 
cycles where the maximum strain is in- 
creased step by step. The materials 
used were natural rubber vulcanized 
both in bulk and in the swollen state. 
The results are discussed in the light of 
these two different vulcanization tech- 
niques and give more direct evidence 
to our model. 

EXPERIMENTAL AND RESULTS 

The networks analysed were prepared 
in the usual way 1-4. The preswollen 
network, denoted as Gaussian-NR, was 
vulcanized in a chlorobenzene solution 
with the following composition: 0.3 
rubber, 0.7 solvent. 

The initiator was dicumylperoxide 
(3% of the polymer weight), and vul- 
canization was carried out at 120°C 
for 2 h. The conventional network, 
denoted as normal-NR, was vulcanized 
at 145°C for 45 min using 0.3% of di- 
cumylperoxide as initiator. The stress- 
strain plots for these two samples re- 
ported in terms of the Mooney-Rivlin 
equation s , and corrected for the effect 
of the solvent during vulcanization1, 
give values of the same order for the 
molecular weight of the network chains, 
Mc. In particularMc is 10 800 and 
8100 for the normal-NR and Gaussian- 
NR, respectively. 

The photoelastic measurements were 
carried out using a system that gives 
the force and the birefringence values. 
The force was measured with a force 
transducer, and the birefringence was 
detected following the Senarmont 
method 11. The hysteresis photoelastic 
loops were obtained by stretching and 
relaxing the sample step by step with 

5 min intervals between two successive 
points. For each sample four hystere- 
sis loop~were obtained with a gradually 
increased maximum strain value. In 
the first loop amax was 2, 3 in the se- 
cond, and so on up to 5, where Otma x 
is the maximum strain ratio in a given 
hysteresis loop. 

In Figure I results obtained with 
the normal-NR are shown. The bire- 
fringence An is plotted vs. the true 
stress ra. The arrows indicate the in- 
creasing and decreasing strain. In 
Figure 2, results obtained with the 
Gaussian-NR are reported. In Table 1 
we report the quantitative data for the 
photoelastic hysteresis loops in terms 
of the functions ¢ and ~bre 1. ~b is the 
hysteresis area, while Crel is the rela- 
tive amount of ~ with respect to the total 
integral of the function An vs. ra. 

DISCUSSION 

The photoelastic measurements, as 
carried out in this paper, can give evi- 
dence of irreversibility phenomena in 
the time scale of the experiment. In 
fact, the birefringence is a physical 
quantity which is a direct measure of 
the optical anisotropy of the sample, 
where the optical anisotropy is the 
effect of the chain orientation in the 
strain direction. As is well known in 
the literature s, and as explained in a 
previous paper 12, if the chain orienta- 
tion is partly irreversible in the time 
scale of the experiment, we observe an 
hysteresis loop in the photoelastic 
plots. The irreversibility of the chain 
orientation is related to a reduced con- 
formational freedom, which can be an 
effect of chain interaction or aggrega- 
tion induced by the deformation, or, 
in more drastic situations, due to 
chain crystallization. 

Considering the present work, the 
photoetastic hysteresis loops can pro- 
mise a direct support to our picture re- 
garding the topology of the preswollen 
networks and the relation between the 
particular topology and the Gaussian 
mechanical behaviour observed for 
these materials. In the light of these 
few considerations we can analyse the 
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Table 1 Numerical values relative to the 
photoelastic hysteresis loops 

Sample emax ~ X 104 (kg/cm 2) ~bre I 

Normal- 2 6.77 0.10 
NR 3 167.60 0.18 

4 223.54 0.22 
5 1914.88 0.28 

Gaussian- 2 0 0 
NR 3 0 0 

4 54.92 0.13 
5 203.80 0.24 

results obtained in the summarized 
form Of Table 1. The term q~ in Table 1 
is a quantitative measure of  the degree 
of  irreversibility of  the deformation 
process. 

As shown in Table 1 the experimen- 
tal data indicate a drastic difference 
between the normal-NR and the Gaus- 
sian-NR. For the latter, in fact, at 
Otma x 2 and 3, a completely reversible 
behaviour is observed, while at O~ma x 4 
and 5, even if ~ indicates the presence 
of  a deformation mechanism irrever- 
sible in the time scale of  the experi- 
ment, the numerical values for ~ are 
clearly smaller than the corresponding 
values detected for the normal-NR sam- 
ple. The effect is not so drastic, but 
equally evident, on crel, for which the 
difference seems to decrease on increas- 
ing the strain. 

This is in good agreement with the 
crystallization data previously pub- 

lished ~°. In other words the samples 
of  normal-NR and Gaussian-NR give 
evidence of  a very different degree of  
irreversibility of the photoelastic beha- 
viour in the time scale of  the experi- 
ment. In the light of  this evidence it 
seems possible to state that the ideal 
mechanical behaviour of  the preswollen 
samples is related to higher degree of  
reversibility of the deformation 
mechanism. 

Considering the particular topology 
of  the preswollen samples, and the sig- 
nificance of  the photoelastic data, these 
results support our model, suggesting 
the ideal behaviour to be a consequence 
of the smaller tendency of these mate- 
rials to give rise to chain-chain aggre- 
gations, or, in general, to interaction 
before or induced by the strain. In fact, 
even if other mechanisms of  relaxation 
can give effects of irreversibility, the 
photoelastic measurements indicate that 
an important role is played on relaxa- 
tion by a residual orientation of  the 
chains with a smaller conformational 
mobility, related to chain-chain effects 
induced on stretching. 

Finally, we wish to pay some atten- 
tion to another feature of  the pre- 
swollen networks, i.e. the number of  
physical entanglements. In fact, this 
particular vulcanization technique is the 
cause of a reduced concentration of  en- 
tanglements in the volume unit 1'~3. We 
believe that this property plays a role at 

the level of the mechanical behaviour ~3, 
but, at the same time, the interaction 
effects are believed to have greater 
relevance. 

Results of  this and of  a previous 
paper ~° seem to give firm support to 
the last hypothesis. 
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Many attempts have been made to re- 
late the modulus of  filled vulcanizates, 
showing the phenomenon termed re- 
inforcement, to the modulus of  the un- 
filled vulcanizate and the filler 
concentration. 

Several modifications of  the Ein- 
stein viscosity equation have been de- 
veloped and applied, including the in- 
troduction of  a shape factor to allow 
for the asymmetric nature of  carbon 
black aggregates 1. 

Many workers have chosen to ex- 
press data in the form of  'modulus en- 
hancement' ,  equal to E/Eo where E 
and E0 are the modulus of  filled and 
unfilled vulcanizates respectively. Not 

only is modulus dependent on such 
factors as type of  filler, strain, defor- 
mation history, test method etc., but 
so also is the modulus enhancement. 
Mullins and Tobin's 2 static Young's 
modulus data obtained at small exten- 
sions, on initial extension of  natural 
rubber vulcanizates filled with HAF 
black, fit the equation: 

E/Eo = 1 + 0.67fc + 1.62f2c 2 (1) 

where c is the volume fraction of  filler, 
when f t h e  shape factor is given a value 
of  6.5 (Table 1). 

Payne's 3 data from his study of the 
dynamic properties of  rubbers in shear 

show that the enhancement of  in-phase 
modulus is reduced markedly as strain 
amplitude is increased; they further 
show how heat treatment of  the mix 
reduces the enhancement. His data for 
butyl rubber filled with HAF black are 
given in Table 2, in comparison with 
theoretical values now calculated from 
equation (1) after putting f =  6.5. With 
normally compounded vulcanizates it 
is clearly the enhancement at high 
strain which approximates to the theo- 
retical relationship. Heat treatment 
enormously reduces the effect of  
strain except at very high filler 
concentration. 

Sircar and Lamond 4 have obtained 
data on a wide range of  elastomers fill- 
ed with a high-structure HAF black. 
Their dynamic shear moduli values 
differed slightly from those of Payne, 
in showing a slight increase to a maxi- 
mum modulus with very small increases 
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Table 1 Numerical values relative to the 
photoelastic hysteresis loops 
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results obtained in the summarized 
form Of Table 1. The term q~ in Table 1 
is a quantitative measure of  the degree 
of  irreversibility of  the deformation 
process. 

As shown in Table 1 the experimen- 
tal data indicate a drastic difference 
between the normal-NR and the Gaus- 
sian-NR. For the latter, in fact, at 
Otma x 2 and 3, a completely reversible 
behaviour is observed, while at O~ma x 4 
and 5, even if ~ indicates the presence 
of  a deformation mechanism irrever- 
sible in the time scale of  the experi- 
ment, the numerical values for ~ are 
clearly smaller than the corresponding 
values detected for the normal-NR sam- 
ple. The effect is not so drastic, but 
equally evident, on crel, for which the 
difference seems to decrease on increas- 
ing the strain. 

This is in good agreement with the 
crystallization data previously pub- 

lished ~°. In other words the samples 
of  normal-NR and Gaussian-NR give 
evidence of  a very different degree of  
irreversibility of the photoelastic beha- 
viour in the time scale of  the experi- 
ment. In the light of  this evidence it 
seems possible to state that the ideal 
mechanical behaviour of  the preswollen 
samples is related to higher degree of  
reversibility of the deformation 
mechanism. 

Considering the particular topology 
of  the preswollen samples, and the sig- 
nificance of  the photoelastic data, these 
results support our model, suggesting 
the ideal behaviour to be a consequence 
of the smaller tendency of these mate- 
rials to give rise to chain-chain aggre- 
gations, or, in general, to interaction 
before or induced by the strain. In fact, 
even if other mechanisms of  relaxation 
can give effects of irreversibility, the 
photoelastic measurements indicate that 
an important role is played on relaxa- 
tion by a residual orientation of  the 
chains with a smaller conformational 
mobility, related to chain-chain effects 
induced on stretching. 

Finally, we wish to pay some atten- 
tion to another feature of  the pre- 
swollen networks, i.e. the number of  
physical entanglements. In fact, this 
particular vulcanization technique is the 
cause of a reduced concentration of  en- 
tanglements in the volume unit 1'~3. We 
believe that this property plays a role at 

the level of the mechanical behaviour ~3, 
but, at the same time, the interaction 
effects are believed to have greater 
relevance. 

Results of  this and of  a previous 
paper ~° seem to give firm support to 
the last hypothesis. 
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Many attempts have been made to re- 
late the modulus of  filled vulcanizates, 
showing the phenomenon termed re- 
inforcement, to the modulus of  the un- 
filled vulcanizate and the filler 
concentration. 

Several modifications of  the Ein- 
stein viscosity equation have been de- 
veloped and applied, including the in- 
troduction of  a shape factor to allow 
for the asymmetric nature of  carbon 
black aggregates 1. 

Many workers have chosen to ex- 
press data in the form of  'modulus en- 
hancement' ,  equal to E/Eo where E 
and E0 are the modulus of  filled and 
unfilled vulcanizates respectively. Not 

only is modulus dependent on such 
factors as type of  filler, strain, defor- 
mation history, test method etc., but 
so also is the modulus enhancement. 
Mullins and Tobin's 2 static Young's 
modulus data obtained at small exten- 
sions, on initial extension of  natural 
rubber vulcanizates filled with HAF 
black, fit the equation: 

E/Eo = 1 + 0.67fc + 1.62f2c 2 (1) 

where c is the volume fraction of  filler, 
when f t h e  shape factor is given a value 
of  6.5 (Table 1). 

Payne's 3 data from his study of the 
dynamic properties of  rubbers in shear 

show that the enhancement of  in-phase 
modulus is reduced markedly as strain 
amplitude is increased; they further 
show how heat treatment of  the mix 
reduces the enhancement. His data for 
butyl rubber filled with HAF black are 
given in Table 2, in comparison with 
theoretical values now calculated from 
equation (1) after putting f =  6.5. With 
normally compounded vulcanizates it 
is clearly the enhancement at high 
strain which approximates to the theo- 
retical relationship. Heat treatment 
enormously reduces the effect of  
strain except at very high filler 
concentration. 

Sircar and Lamond 4 have obtained 
data on a wide range of  elastomers fill- 
ed with a high-structure HAF black. 
Their dynamic shear moduli values 
differed slightly from those of Payne, 
in showing a slight increase to a maxi- 
mum modulus with very small increases 
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Table 1 Young's modulus enhancement for Table 2 
natural rubber vulcanizates filled with HAF black 
black 

Filler From 
volume As equation 
fraction determined (1) 

0.0383 1.30 1.27 
0.0611 1.49 1.52 
0.0954 2.01 2.04 
0.144 3.12 3.05 
0.233 8.77 5.73 

Data from ref 2 

Notes to ~e Editor 

Dynamic modulus enhancement for butyl rubber vulcanizates filled with HAF 

Normally compounded Heat treated 

Filler Low High Low High From 
volume strain strain strain strain equation 
concentration (<0.1%) (>100%) (<0.1%) (>100%) (1) 

0.092 3.00 2.04 2.00 1.70 1.98 
0.132 5.26 2.39 2.30 2.04 2.77 
0.168 8.70 3.04 2.65 2.17 3.66 
0.202 19.3 3.91 4.13 2.96 4.67 
0.232 42.6 4.35 6.26 3.52 5.69 
0.288 62.6 5.43 27.0 5.00 7.93 
0.336 113.0 6.52 95.7 6.09 10.2 
0.388 217.4 13.0 221.7 12.6 13.0 

in dynamic strain amplitude. The data 
in Table 3 show that modulus enhance- 
ment is dependent on both the strain 
and the polymer type. Values calcu- 
lated from equation (1), with f =  6.5, 
depend on the polymer density but 
range from 5.6 to 8.0, and fall between 
those quoted for enhancement at the Polymer 
two strains (Table 3). type 

Other data confirm the dependence SBR 
involved on strain and polymer type but 6R 
indicate that the modulus variation from NR 
polymer to polymer for a given filler IR NBR 
and concentration, may be less than CR 
the variation of the modulus enhance- EPDM 
ment  value (Table 4). This is part icu- el- l iB 

lar ly  not iceable w i th  a f i l ler  such as 
Aerosil 300 which gives values far in 
excess of those predicted by equation 
(1) with f =  6.5. 

Previous workers s'6 have had some 
success in fitting a modified Einstein 
equation to their data by making some 
allowance for bound rubber deter- 
mined on the unvulcanized polymer/ 
filler mixture. The bound rubber, Polymer 
with a particular filler, depends on the type 
polymer and may at least qualitatively 
explain the differences in modulus en- Natural 
hancement; but neither the decrease in rubber 

Nitrile 
dynamic  modulus w i th  increase o f  strain rubber 
ampl i tude,  nor  the decrease due to heat  Silicone 
treatment (Table 2), can be attributed rubber 
to a decrease in bound rubber. 

Unvulcanized silicone rubber/silica 
mixes, at low strains, are sufficiently 
elastic to allow Young's modulus values 
to be determined 7. Some such mixes 
on remilling show a decrease of Young's 
modulus with no significant change in 
bound rubber; other mixes on remilling 
and subsequent storage show an in- 
crease of Young's modulus accompan- 
ied by an increase in bound rubber. 

These several effects and anomalies 
can, however, be explained in terms of 
three types of structure which are as- 
sumed to be present: adsorbed rubber, 
interparticular rubber and filler-filler 
structure s,9. 

Generally, straining temporarily 

Data from ref 3 

Table 3 Dynamic modulus, and modulus enhancement, for vulcanizates filled with high 
structure HAF black (60 phr) 

Low strain (~0.2%) 

Maximum Modulus Modulus 
modulus (MPa) enhancement (MPa) 

High strain (200%) 

Modulus 
enhancement 

23.8 11.9 5.0 2.00 
16.0 8.0 4.75 1.85 
17.2 8.6 4.40 2.00 
14.4 6.9 3.5 2.14 
43.6 15.6 5.0 2.17 
37.5 15.6 5.5 8.50 
31.7 10.2 4.8 1.60 
31.3 24.1 3.2 1.68 

Data from ref 4 

Table 4 The effect of filler (50 phr) and polymer type on modulus, and modulus enhance- 
ment, of vulcanizates 

Modulus enhancement 

From 
Young's modulus (MPa) Actual equation ( 1 ) 

No SAF Aerosil SAF Aerosil SAF Aerosil 
filler black 300 black 300 black 300 

0.9 2.3 22.5 2.6 25 4.7 3.8 

1.2 4.9 22.8 4.1 19 5.1 4.1 

0.5 5.0 ~27" 10 -54  5.1 4.1 

Data from ref 8; *value obtained by extrapolation of data for 0 to 40 phr of Aerosil 300 

disturbs any three-dimensional filler- 
filler structure present and, in a vul- 
canizate, reversibly reduces the con- 
tribution of this structure to the 
modulus without any change in the 
other two structures. This may be 
the explanation of the quoted dyna- 
mic results, and of the comparable 
effects in a silicone rubber/silica vul- 
canizate 8. 

More severe straining, while de- 
creasing the number of contacts, or 
near contacts, between filler particles, 
may expose hitherto unreacted sites on 
the filler surface to active sites on the 

polymer. This can lead to an increase 
of adsorbed rubber and/or interpar- 
ticular rubber, and consequently to an 
increase in modulus and bound rubber; 
it occurs in the case of the remilling 
of the second class of silicone rubber/ 
silica mixes mentioned above. 

Improvement of filler dispersion 
e.g. by hot milling of butyl rubber/ 
HAF black mixes, reduces the extent 
of filler-filler structure and its con- 
tribution to modulus; there may be a 
concurrent increase in polymer-filler 
interaction, exhibited as an increase in 
bound rubber etc. 
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If  f'fller dispersion is good, and no 
unreacted filler sites exist, f'dler-f'dler 
structure is at a low level and a high 
degree of  straining will lead to the re- 
arrangement of  the interparticular rub- 
ber chains (as postulated by Boonstral°), 
or to their scission. The former will 
allow partial reversibility, the latter 
irreversibility, of  modulus reduction; 
bound rubber is not significantly chan- 
ged because any broken chain ends will 
still be present as adsorbed rubber. 
This is the situation occurring in many 
systems and the remilling of  the first 
class (see above) of  unvulcanized sili- 
cone rubber/silica mixes provides a 
good example of  the phenomenon. 

The properties of  a vulcanizate de- 
pend upon the concentrations of  the 
three structures when crosslinking 

takes place, polymer in the form of ad- 
sorbed rubber, interparticular rubber 
and matrix rubber being involved. 

Until methods can be found for 
quantifying the structures, and the var- 
ious changes, during vulcanization, it 
appears unlikely that the problem of 
modulus enhancement will be solved. 
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We would like to suggest a reappraisal 
of  the notion of  mosaic blocks within 
polymer crystals in the light of the im- 
plications of  recent diffraction results. 
The concept has an importance with 
regard to the fundamental nature of  
polymer crystals 1-3 and in addition 
has a wider significance, since it has 
become influential in the interpretation 
of  polymer deformation 4 and mechani- 
cal behaviour s. 

The X-ray diffraction pattern from 
polymers, ever since their first observa- 
tions 6 were noted for their broad dif- 
fraction maxima. In view of  consider- 
ations of  inherent polymer disorder, 
these peak widths were interpreted 
quite naturally in terms of  small crys- 
taUite (or 'micelle') size. Polymer 
crystals were first directly observed by 
crystallization from dilute solution and 
subsequently also in the bulk 7-9. The 
crystal entities have been identified as 
lamellae, with the polymer chains 
either parallel or at a particular angle 

to the lamellar normals. ~ can have 

a value of  up to 45 °; in polyethylene 
single crystals it is usually around 30 ° . 

As is well known, the thickness of  
these lamellae is in the range of  1 0 0 -  
300 A and corresponds to the fold 
length. Hence the limited size of the 
crystals along the chain direction has 
acquired a very specific molecular in- 
terpretation and is satisfactorily ac- 
counted for by the chain folding beha- 
viour. However, the solution grown 
crystals were seen to extend laterally 
over many microns, even tens of mic- 
rons. In spite of this the X-ray reflec- 
tions from planes parallel to the ~hain 
directions (i.e. (hkO)) of  collected 
assemblies of such crystals were still 
broadened - even if to a somewhat 
lesser extent - than in the usual poly- 
crystalline bulk material. This indi- 
cates that what are seen as single crys- 
tals by microscopy do not yield hkO 
X-ray reflections as sharp as expected 
from extended regions of  a coherent 
crystal lattice. Nevertheless, when the 
crystals are extended in the thickness 

direction (the so-called chain extended 
crystals grown under pressure) the hk0 
reflections are sharp 1°, 

Measurement of  successive orders of  
diffraction enabled a separation of  the 
line broadening effect into crystal dis- 
tortion and crystal size components 1'=. 
Although some contribution from the 
former was established, an effective 
mosaic size not much greater than the 
lamellar thickness was found (e.g. 
300,8, mosaic size for 130 ,~ thick 
polyethylene single crystals). It has 
now been suggested that there is an 
intrinsic structural unit corresponding 
to a mosaic block within the lamel- 
lae 1-3'1°'~. To reach this conclusion 
it has been assumed 12 that one of  the 
three principle axes which are neces- 
sary to describe a mosaic unit is paral- 
lel to the chains (along (001), i.e. 

= 0 ) .  

The effective block size assessed in 
this way increases in proportion with 
the lamellar thickness, which has led 
to the postulate of  an equilibrium 
block shape satisfying a Wulff surface 
criterion ~1. The blocks themselves are 
visualized as having slightly differing c 
axes orientations; the boundaries sepa- 
rating them would thus be twist 
boundaries ~. 

More recently an electron micro- 
scope investigation was undertaken in 
order to observe the postulated blocks 
directly. It was believed that owing 
to the misorientations in question the 
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good example of  the phenomenon. 
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pend upon the concentrations of  the 
three structures when crosslinking 

takes place, polymer in the form of ad- 
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We would like to suggest a reappraisal 
of  the notion of  mosaic blocks within 
polymer crystals in the light of the im- 
plications of  recent diffraction results. 
The concept has an importance with 
regard to the fundamental nature of  
polymer crystals 1-3 and in addition 
has a wider significance, since it has 
become influential in the interpretation 
of  polymer deformation 4 and mechani- 
cal behaviour s. 

The X-ray diffraction pattern from 
polymers, ever since their first observa- 
tions 6 were noted for their broad dif- 
fraction maxima. In view of  consider- 
ations of  inherent polymer disorder, 
these peak widths were interpreted 
quite naturally in terms of  small crys- 
taUite (or 'micelle') size. Polymer 
crystals were first directly observed by 
crystallization from dilute solution and 
subsequently also in the bulk 7-9. The 
crystal entities have been identified as 
lamellae, with the polymer chains 
either parallel or at a particular angle 

to the lamellar normals. ~ can have 

a value of  up to 45 °; in polyethylene 
single crystals it is usually around 30 ° . 

As is well known, the thickness of  
these lamellae is in the range of  1 0 0 -  
300 A and corresponds to the fold 
length. Hence the limited size of the 
crystals along the chain direction has 
acquired a very specific molecular in- 
terpretation and is satisfactorily ac- 
counted for by the chain folding beha- 
viour. However, the solution grown 
crystals were seen to extend laterally 
over many microns, even tens of mic- 
rons. In spite of this the X-ray reflec- 
tions from planes parallel to the ~hain 
directions (i.e. (hkO)) of  collected 
assemblies of such crystals were still 
broadened - even if to a somewhat 
lesser extent - than in the usual poly- 
crystalline bulk material. This indi- 
cates that what are seen as single crys- 
tals by microscopy do not yield hkO 
X-ray reflections as sharp as expected 
from extended regions of  a coherent 
crystal lattice. Nevertheless, when the 
crystals are extended in the thickness 

direction (the so-called chain extended 
crystals grown under pressure) the hk0 
reflections are sharp 1°, 

Measurement of  successive orders of  
diffraction enabled a separation of  the 
line broadening effect into crystal dis- 
tortion and crystal size components 1'=. 
Although some contribution from the 
former was established, an effective 
mosaic size not much greater than the 
lamellar thickness was found (e.g. 
300,8, mosaic size for 130 ,~ thick 
polyethylene single crystals). It has 
now been suggested that there is an 
intrinsic structural unit corresponding 
to a mosaic block within the lamel- 
lae 1-3'1°'~. To reach this conclusion 
it has been assumed 12 that one of  the 
three principle axes which are neces- 
sary to describe a mosaic unit is paral- 
lel to the chains (along (001), i.e. 

= 0 ) .  

The effective block size assessed in 
this way increases in proportion with 
the lamellar thickness, which has led 
to the postulate of  an equilibrium 
block shape satisfying a Wulff surface 
criterion ~1. The blocks themselves are 
visualized as having slightly differing c 
axes orientations; the boundaries sepa- 
rating them would thus be twist 
boundaries ~. 

More recently an electron micro- 
scope investigation was undertaken in 
order to observe the postulated blocks 
directly. It was believed that owing 
to the misorientations in question the 
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mosaic blocks should be directly vis- 
ible by diffraction contrast within 
the electron microscopic image 13. 
However, the crystals proved to be 
uniform in diffraction contrast. The 
same investigation also examined the 
electron diffraction patterns and quan- 
tified the observation, (noted ever 
since the discovery of polymer single 
crystals) that the reflections appear 
unusually sharp for a polymer. An 
effective block size of  more than 
2000 A was obtained from the diffrac- 
tion peak width. Thus not only has 
the mosaic itself remained unobserved 
within the crystals, but the actual dif- 
fraction effects produced by these 
crystals denied their existence. Admit- 
tedly, different types of  radiation, 
sample mounting and recording geo- 
metries were used. Nevertheless it is 
indisputable that while there can be 
various extraneous sources which may 
contribute to broadening, there is no- 
thing but the intrinsic perfection of  
the crystal which can make reflections 
sharp. It follows that polymer crystals 
can be highly perfect in the lateral di- 
rection, and it remains to be discover- 
ed why they produce line broadening 
in the usual X-ray diffraction pattern. 

Recent X-ray measurements have 
revealed one extraneous source of 
broadening 14. It was found that the 
reflections are broader if the solution 
grown single crystals are dried into a 
mat, as usually carried out for X-ray 
diffraction studies, than if they are in 
the form of a sludge in mineral oil. 
The same was observed in subsequent 
experiments where the crystals were 
left as a sludge in their original liquor 
(xylene) is. Clearly sedimentation and 
drying introduces a mosaic character of  
the crystal in addition to any present 
after growth. Nevertheless, even with- 
out drying there is still appreciable line 
broadening, as compared with electron 
diffraction. It is then pointed out that 
this residual broadening would corres- 
pond to diffraction from thin crystals 
with oblique chains in a 'powder diag- 
ram', where the effective crystallite 
size as determined by the Scherrer 
equation is a measure of  the perpendi- 
cular distance through the set of  crys- 
tallographic planes, i.e. T/sin q~ where 
T is the length of the crystalline stem 
within the lattice 14. 

It will be clear at this juncture that 
a fundamental re-examination of  the 
basis of  the mosaic concept is needed. 
This is the principle purpose of  the pre- 
sent note. No new discovery is being 
claimed besides the examination of  
familiar principles of  diffraction in the 

context relevant to established struc- 
tural features of  polymer crystals. 

The argument as evolved in discus- 
sion between the authors of  this note 
is based on the reciprocal lattice con- 
struction pertaining to a lamellar crys- 
tal of  finite thickness but with long 
range crystalline register laterally. In 
this case each reciprocal lattice point 
will be broadened into a spike along 
the direction of the lamellar normal. 
This spike will only coincide with c*, 
the chain direction, if q~ = O. It should 
be emphasized that at no time have 
any polyethylene crystals been verified 
as having 4~ exactly zero degrees when 
the crystals are in suspension or in ag- 
gregates. Thus the spike should be in- 
clined at a finite angle ¢ to (001). The 
rest of  the argument relates to the dif- 
ferent possible modes of  intersection of 
the spikes and the Ewald sphere. 

If  only one well defined crystal orien- 
tation exists within the sample the in- 
tersection can only be a point, whatever 
the value ofq~ (Figure 1). As discussed 
below, this situation can only be real- 
ized in electron diffraction. The more 
usual situation, which always pertains 
for X-ray diffraction, is when more 
than one crystal orientation is present. 
Consider first that the crystals are all 
random such as would give a 'powder'  
pattern. The observed signal is now the 
consequence of  a superposition of  reci- 
procal lattice points of  different crys- 
tals, i.e. the spikes superimpose to give 
a shell of  finite thickness in reciprocal 
space and hence a broadened reflection 
(Figure 2). Approximating the spike 
as being length 1/T, where T is the 
crystal thickness, the shell width b 
which will govern the total breadth of  
the ring in a powder pattern will be 

sin ~b 
b - (1) 

T 

where b is inversely related to the 
mosaic size (Figure 2). Note first that 
this line broadening only occurs if 
q5 ~ 0. Secondly, note that full ran- 
domization is not necessary to give 
this line width. Within sedimented 
aggregates, single crystals acquire a 
spread of  orientation with relation to 
the plane of  sedimentation, and a mis- 
orientation of  only a very few degrees 
is sufficient to produce a line width of  
similar magnitude to that in a powder 
pattern. This is simplest to show analy- 
tically for small curvatures of  the 
Ewald sphere in which case the mini- 
mum range 2a (Figure 2b) is approxi- 
mated by 
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---- ~In¢Ident rediation 

Ewald sphere 

"I ' -d 
h k o  i 
r¢ccprocal j 
lattice plane I 

IId 

Figure 1 (a) Schematic section through a 
polymer crystal, as seen along one set of 
hkO planes of spacing d. T is the thickness 
of the crystal, and ~ defines chain obliquity. 
(b) Corresponding reciprocal lattice con- 
struction, the lattice points being approxi- 
mated as spikes. The incident radiation 
direction is vertical; a section through the 
Ewald sphere is shown intersecting the 
spikes in points. (Both spikes can intersect 
simultaneously in the case of electron 
diffraction) 

d c o s ¢  
tan ~ - (2) 

2T 

For a typical strong hk0 reflection and 
a typical value of  ~ and T 16 2a would 
be about 2 ° . This description of  
'powder'  type diffraction is entirely 
equivalent to the rigorous derivation of  
the modified Scherrer equation 17 
whereby the 'effective mosaic size' for 
a reflection is given by the intersection 
length through a crystallite in a direc- 
tion perpendicular to the reflecting 
planes in question. 

Hence we identify two well defined 
situations, depending on whether or 
not the precision of  crystal lattice 
orientation is within the few degrees 
described by equation (2) or not. 
The former case can only occur for 
individual polymer crystals in electron 
diffraction as selected under the elec- 
tron microscope, though in practice, 
the precision of  orientation may not 
be sufficient even here (e.g. if Bragg 
fringes are visible, a whole range of  
orientation must be present)*. 

The latter case, namely that the 
precision of  crystal orientation is low- 
er than defined by equation (2) will 
apply to all X-ray work which is al- 
ways on aggregates. 

* Footnote given on p738 
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Figure 2 (a) As Figure la but  with a range 
of  or ientat ions. (b) The corresponding re- 
ciprocal lattice construction; the intersec- 
tions now define a line on the Ewald sphere 
whose length is related to  T/sin 

On the basis of  X-ray evidence alone 
therefore there are two possible expla- 
nations for line broadening even as 
confined to the 'crystal size' contribu- 
tion alone (i.e. lattice distortion apart). 
If  one assumes that the lamellar nor- 
mals are parallel to the chains the ex- 
tension of  the lattice register in the 
lateral direction will need to be limited 
to a few 100 A and from this the mo- 
saic block structural unit would follow. 
As an alternative, we can account for 
the same line broadening effect on the 
basis of  the well established structural 
feature of  chain obliquity in the way 
described above. We consider that the 
electron microscope results are deci- 

* The structure of the crystal as observed 
in the electron microscope is not always as 
in suspension owing to changes occurring 
when the crystals are dried down on to the 
support film. It is then possible for crystals 
to collapse by chain slip so that q~ becomes 
zero, although the original chain tilt can be 
demonstrated by special methods 16. Alter- 
natively the crystal may collapse by tilt, 
such that tent shaped crystals show charac- 
teristic pleats. There is evidence from wide- 
angle X-ray diffraction that in this case the 
original value of 0 is retained when macro- 
scopic aggregates are dried x6. In the first 
case all principal hkO reflections will be 
visible in the usual setting of the sample 
where the beam is perpendicular to the sup- 
port. In the latter case (collapse by tilt) 
only some particular reflections, if any, are 
seen unless the sample plane is tilted. Which- 
ever the case, it does not affect the issue that 
a sharp reflection is obtained as long as the 
orientation is uniform within the crystal or 
sufficiently large portions of it. 

sively in favour of  the latter interpre- 
tation. This alternative also explains 
the decrease in X-ray hkO 'crystal size' 
broadening with lamella thickness xs 
with no need to invoke the equilibrium 
Wulff shape ~ in a system not normally 
considered as being in equilibrium in 
any case. 

It would follow that sharp reflec- 
tions might be observable for poly- 
mers where there is no such chain 
obliquity as in polyethylene. This pre- 
diction has been strikingly verified by 
recent observations on polyoxymethy- 
lene ~4 and isotactic polystyrene19; here 
the hkO reflections were very much 
narrower than in polyethylene. In fact 
in the better explored polyoxymethy- 
lene system close numerical correspon- 
dence was found between the peak 
broadening crystal size and the crystal 
size determined from the slope of  the 
observed shallow pyramid (2 ° ) ( 'mo- 
saic size' of  2300 against 2500 A 
predicted). 

We would in this way question the 
necessity of  the mosaic concept as an 
intrinsic feature in polymer crystalliza- 
tion. To avoid possible misrepresenta- 
tions, we are anxious to stress that we 
do not question the existence of  small 
crystal blocks, which may produce X- 
ray line broadenings, due to genuine 
size limitations to the coherently diff- 
racting lattice under appropriate cir- 
cumstances, such as are likely to be 
present in the more complex and yet  
partly unexplored morphologies of the 
bulk where X-ray reflections are usual- 
ly broad. Also, they are likely to arise 
in systems which results from defor- 
mation as in drawn fibres etc. What 
we do question is the necessity for in- 
voking an intrinsic structure unit of  a 
specific size and shape as a necessary 
attribute of  polymer crystallization. 
Neither do we question the self-con- 
sistency of  the existing theoretical 
treatment of line broadening. All we 
wish to point out is that these treat- 
ments have derived analytical results 
on certain assumptions, which imply 
a particular model, and that different 
physical consequences can be deduced 
on the basis of  an alternative model 
which requires no postulate beyond 
established structural knowledge. What 
is more, the interpretation that we 
advocate does not imply any contra- 
diction between different diffraction 
techniques in the particular case of 
single crystals. 

To conclude we may sum up the 
various factors which could contribute 
to the crystal size component of  the 
X-ray line broadening as we feel this 

has not been done before in its 
entirety: 

Broadening with coherent lattice 

(1) Thin crystals with oblique 
chains coupled with at least slight mis- 
orientation (the subject of  the present 
note). 

(2) Different lattice spacings in dif- 
ferent crystal sectors. This item under 
the term 'subcell distortion' is docu- 
mented throughout the literature on 
polymer single crystals 21 and is attri- 
buted to the distorting effect of  the 
folds. It produces multiplicity of  
spots in electron diffraction patterns 
in individual crystals (e.g. Figure 21 
ref 7). It is clear that in principle it 
will contribute to the broadening of  
appropriate lines when the crystals are 
in the form of  aggregates even if no 
other source of  broadening is present. 
On the basis of  existing data 21 this 
effect, however, should be small. 

Broadening by genuine limitation o f  
lateral crystal size (incoherent lattice) 

(1) Induced by the process of  sedi- 
mentation and drying. This may be a 
total artefact, but it may well relate to 
some fine-structural feature we do not 
yet know about. It has been so far 
only recorded for X-ray work, but may 
also occur on individual crystals in the 
electron microscope. 

(2) A genuine !imit to lateral chain 
register. This is clearly the case when 
the crystals are genuinely small in such 
a direction. This will be the case for 
thin bundles in fringed micelles which 
act as tie points for physical gelation 2°. 
The same is expected from thin fibres 
produced by flow orientation. 

When all the foregoing causes of  
mosaic-type line broadening are absent, 
sharp reflections are observed. In these 
circumstances, the evidence may be 
judged to leave no scope for the mosaic 
block concept as an intrinsically gene- 
ral feature of  polymer crystallization. 
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In the literature several conflicting val- 
ues of  a glass transition temperature 
(Tg) of poly(N-vinylpyrrolidone)* 
(PVP) were found 1-8, ranging from 
54 ° to 175°C (Table 1). These may be 
at tr ibuted to the large influence of 
sorbed moisture due to the hygrosco- 
pic nature of  the material,  as will be 
shown by the present measurements. 

PVP samples containing various 
known amounts of  water were scanned 
in a Perk in -Elmer  DSC-1B differential 
scanning calorimeter. The PVP was a 
commercial sample, Luviskol K-90 
BASF (Germany),  having a viscosity- 
average molecular weight of  750 000. 
The results are shown in Figure 1. 

The onset of  the transitions were 
taken as the Tg values (see inset in 
Figure 1). If  the best fitt ing curve was 
drawn through these Tg values, on ex- 
trapolation to zero water content  a Tg 
value for PVP of  175 -+ I°C (448K) 
was obtained. The effect of  diluents 
and plasticizers on the Tg of a polymer 
may be expressed by the equationga°: 

1/Tg = Wl/Tg 1 + w2lTg2 

polymer and diluent or plasticizers, 
respectively. Applied to the PVP/H20 
system the equation becomes: 

1/Tg = wpvp/TgPV P + WH20/TgH20 

where TgH20 represents the glass transi- 
tion temperature of  water, WH20 the 
weight fraction of  water, and wpv P = 
t -- WH20. 

A plot  of 1/Tgin K -1 versus WH20 
appeared to be linear over the whole 
range (0 -16 .1% H20). As Tgpvp was 

15C 

where the subscripts 1 and 2 pertain to 

* Poly[1-(2-oxo-l-pyrrolidinyl)ethylene] 

Table I Tg values of PVP 

Literature 
Tg( ° C) reference 

54 1 
86 2,3 

145 4,5,6 
140--160 7 
175 6 ,8  

Details mentioned in ref 2 

found to be 448K it can be derived 
that Tgn20 = 128K ( -145°C) ,  a value 
which agrees well with 135K u and 
134K ~2:3 found by other means. 

This extremely low value provides 
water with a very effective Tg depress- 
ing activity if  it  is homogeneously ab- 
sorbed in a polymer.  

Hence for hydrophyl ic  polymers 
such as PVP, careful drying at the high- 
est temperature possible, preferably 
under a nitrogen blanket ,  is necessary 
in order to obtain correct Tg values. 
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INTRODUCTION 

The emulsion polymerization of  sty- 
rene is often regarded as one of  the 
few emulsion polymerization systems 
that conforms to 'case 2'  of  the Smi th -  
Ewart model 1. A number of  reasons 
have been suggested for this confor- 
mity; one of  these is the apparent ab- 
sence of  radical migration from the 
polymer particles. Thus, the average 
number of  radicals per particle, h--, 
would be/>0.5 for styrene polymeriza- 
tion, 

In this paper some experiments are 
described in which the emulsion poly- 
merization of  styrene, which has attain- 
ed a constant polymerization rate, is 
subjected to step-changes in the supply 
rate of  free radicals. These experi- 
ments provide information on the value 
of  h-and show that radical desorption 
from polystyrene particles takes place. 

THEORY 

Prediction o f  K 

The present experiments deal with 
the region where the conversion of  
monomer to polymer is a linear func- 
tion of  time. Therefore, it is valid to 
assume that the distribution of  radical 
populations in the particles has reach- 
ed a steady state. If  radicals are able 
to desorb from the particles they must 
be subsequently re-absorbed by the 
particles (assuming that mutual reac- 
tion of  radicals in the continuous 
aqueous phase is negligible). Thus the 
number of  particles which contain n 
free radicals, Nn, is given by the recur- 
sion expression1: 

BNn_ 1 + m(n + 1)Nn+ 1 

+ (n + 1)(n + 2)Nn+2 

= Nn [n(n - 1) +mn + B] 

where 

B = m n  + E, E = Vqw/ktN w 

and m = koa/kt 

In these expressions v is the volume and 
a is the area of  a polymer particle, kt  is 
the rate coefficient for radical-radical 
termination reactions in the particles, 
k0 is the rate coefficient for radical de- 
sorption from the particles, Nw is the 
total number of  particles per unit 
volume of  emulsion and qw is the rate 
of  production of  new free radicals from 
the decomposition of  initiator. 

A general solution to the recursion 
expression may be obtained if it is first 
transformed into an ordinary second- 
order differential equation. This tech- 
nique was used by Stockmayer 2 and 
also Ugelstad et al. 3 who also allowed 
for radical re-absorption. For a given 
value of  m, E can be obtained as a func- 
tion of  E. This function contains the 
ratio of  two modified Bessel functions 
the values of  which are obtained from 
series expressions. Thus, this mathe- 
matical procedure, although elegant, 
eventually requires numerical manipu- 
lations and the approximation of  series. 
In view of  this, an alternative and sim- 
pler procedure for solving the recur- 
sion equation is now obtained by allow- 
ing the maximum value o fn  to be 4. 
This transforms the recursion expres- 

sion into a set of  linear equations 
which can be solved exactly for given 
values of  E and m. Since the value of  
h-in the present work (and in many 
other cases also) is >1,  the assumption 
that n ~< 4 is at least as good as the as- 
sumptions made in previous 
treatments. 

Examples of  the solutions resulting 
from this simpler procedure are shown 
in Figure 1. In Figure 1, ~ was ob- 
tained from individual values of  n 1, n2, 
n 3 and n4 by using the relationship if= 
]£nNn/~N n. 

EXPERIMENTAL 

Styrene was freed from inhibitor by 
washing with aqueous sodium hydrox- 
ide. The initial composition of  all re- 
action mixtures was as follows (parts 
by weight): styrene, 100; water, 214; 
sodium laurylsulphate, 7; ammonium 
persulphate, 5; sodium hydroxide, 5. 
Polymerizations were carried out in 
agitated glass vessels under nitrogen. 
Conversion to polymer was monitored 
by periodically extracting samples of  
the reaction mixture and weighing the 
recovered polymer. The polymeriza- 
tions were carried out in three differ- 
ent ways: (a) at 30°C; (b) at 30°C with 
post-addition of  extra initiator; (c) 
initiated at 60°C and subsequently 
cooled to 30°C. Cooling of  reaction 
mixtures from 60 ° to 30°C was 
achieved by rapid replacement of  
water in the thermostated bath. In 
some cases, precalculated amounts of  
cold oxygen-free water were also add- 
ed to the reactor. This cold water con- 
tained ammonium persulphate and 
sodium hydroxide in the same concen- 
trations as those initially present in the 
reactor. No extra surface-active agent 
was added. A new constant polymer- 
ization rate was attained in ~5 min. 
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trations as those initially present in the 
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was added. A new constant polymer- 
ization rate was attained in ~5 min. 
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RESULTS 

In all isothermal experiments the 
polymerizat ion rate was constant be- 
tween 0 and 65% conversion. The two 
methods of cooling from 60 ° to 30°C 
produced substantially the same re- 
suits. It can be seen from Table 1 that 
the addition of  extra amounts of  am- 
monium persulphate at 30°C does not  
change the polymerizat ion rate. The 
data in Table 1 show that the polymer- 
ization rate at 60°C is 6.77 times faster 
than that at 30°C. Also, polymeriza- 
tions which are carried out at 30°C 
throughout are 1.96 times faster than 
those started at 60°C and subsequently 
cooled to 30°C. By taking the propaga- 
tion rate constant for styrene as 332 
1/mol sec at 60°C and 52.6 1/mol sec 
at 30°C 4 and by assuming the mono- 
mer concentration in the particles to be 
5.07 mol/1 at 60°C and 5.76 mol/1 at 
30°C s we obtain the following values 
for the stationary number of  growing 
free radicals: 9.23 × 1017 1-1 for poly- 
merization at 60°C; 7.47 x 1017 1-1 for 
polymerizat ion at 30°C and 3.82 x 1017 
i -  1 for polymerizat ion started at 60°C 
and cooled to 30°C. 

DISCUSSION 
Since the addition of extra persulphate 
at 30°C had no effect on the polymer- 
ization rate, we may deduce from 
Figure 1 that h-~ 0.5 under these con- 
ditions (because h-is almost indepen- 
dent of  E and qw when h -~- 0.5). I f  
this was the case, Nw would be 1.49 x 
1018 1 1 which leads to a value of  E of  
about 1.6 x 10 - 2  before the addition of  
extra persulphate (assuming the rate 
constant for persulphate decomposi- 
tion at 30°C = 3.60 x 10 - 8  sec-16 and 
k t = 2.24 × 107 l/tool sec4). This value 
is in the region where h -~- 0.5 providing 
m > 10 -2  (see Figure 1); thus the 
assumptions are self consistent. 

The results of  previous workers (who 
used the same chemicals as are used 
here) indicate that for any given recipe, 
the number of particles produced at 
60°C is about 3 times greater than the 
number produced at 30°C 7,s. Conse- 
quently polymer particles which are 
produced in isothermal experiments at 
30°C will be larger (and less numerous) 
than the particles produced in the ex- 
periments which are started at 60°C 
and subsequently cooled to 30°C. 

Thus, in comparing these two sets of  
experiments,  it can be seen that E is 
about 9 times smaller in the ' thermally 
quenched'  experiments than in the iso- 
thermal experiments (v is inversely pro- 
portional to Nw). This lowering of  E 
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Figure I Variat ion of  ~ w i t h  E for  various values of m: A, m = 0; B, m = 10- -4 ;C,m = 
10--3; D, m = 10--2; E, m = 10 

Table I Effect of step-changes on polymerizat ion rate 

Init ial Conversion Polymerization Polymerization 
temperature Change at change rate before change rate after 
(°C) introduced (%) (%/min) change (%/min) 

30 none -- 0.757 - -  
30 a 35 0.725 0.725 
30 b 38 0.750 0.750 
30 b 45 0.725 0.725 
30 b 60 0.750 0.750 
60 none -- 5.00 -- 
60 c 52 4.76 0.350 
60 c 50 4 .80 0.414 
60 d 54 5.40 0.370 
60 d 33 5.00 0.474 
60 d 48 5.10 0.281 

a, addit ion of  twice the original ini t iator;  b, addit ion of  4 times original ini t iator;  c, external 
cooling to 30°C; d, internal cooling to 30°C 

causes the value of  E to be reduced by 
a factor of  about 6. From Figure 1 it 
can be seen immediately that m must 
be > 0  at 30°C. Since a four-fold in- 
crease in E produces no change in h- 
while a nine-fold decrease in E reduces 
n-by about 85% we can see from 
Figure 1 that the value of  m for styrene 
polymerizat ion at 30°C is in the region 
of  10 -2 .  Precise values o f m  are diffi- 
cult to obtain because the value of  a 
(and therefore m) is not  exactly the 
same in the two sets of  experiments. 
With reference to Figure I it can be 
seen that the value of  f fmay not change 
markedly during the period of  particle 
growth because the values of  both E 
and m are increasing during this period. 
Since E a t  60°C appears to be less than 
f i a t  30°C (in the isothermal experi- 
ments) and the value of  E is probably 
larger at 60°C, it seems that the value 
of  m increases with temperature.  

It may be concluded that the de- 
sorption rate of  free radicals from poly- 
styrene ]?articles is low (ko is about 

o 
2 x 10-  m/sec at 30 C). However, 
even this low desorption rate can have 
an appreciable effect on the value of  
n-and the polymerizat ion rate. 
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Letter 

Polymerization of N-vinylcarbazole in systems containing maleic 
anhydride and benzoyl peroxide 

Polymerization of N-vinylcarbazole 
(NVC) in benzene can be initiated at 
60°C by benzoyl peroxide (BPO) or 
azoisobutyronitrile (AIBN) but the 
kinetics of the reactions promoted by 
the two initiators and the characteris- 
tics of the resulting polymers are quite 
different 1~. Mixtures of BPO and 
AIBN give rise to polymers having bi- 
modal distributions of molecular 
weight, confirming that the initiators 
give rise to polymerizations of funda- 
mentally different types. It is believed 
that BPO is involved in a one-electron 
transfer with NVC and gives rise to a 
cationic polymerization. It has been 
shown 3 that, when monomer of very 
high purity is used with BPO, about 4% 
of the polymer differs from the re- 
mainder, resembling the polymer made 
using AIBN and having the characteris- 
tics expected for the product of a radi- 
cal polymerization. Confirmation of 
the nature of the main polymerization 
promoted by BPO might be obtained 
by initiating with mixtures of BPO and 
substances known to form charge-trans- 
fer complexes with NVC giving rise to 
cationic polymerization. It seemed 
that maleic anhydride (MAH) might 
be suitable for this purpose but the 
first experiments revealed anomalies 
meriting close attention. Polymer pre- 
cipitated as it was formed when both 
MAH and BPO were present but initial 
rates could be measured. Figure 1 
shows that the rate of polymerization 
for a system containing both initiators 
considerably exceeds the sum of the 
rates produced by them separately. 

The amounts of MAH incorporated 
in the polymeric products of low con- 
version experiments were found using 
14C-MAH. Systems without added 
initiator gave products completely solu- 
ble in chloroform and containing only 
one MAH unit for approximately 100 
NVC units. Systems including BPO 
gave products only partly soluble in 
chloroform although completely solu- 
ble in pyridine; they contained appre- 
ciable quantities of MAH but unexpec- 
tedly the proportion decreased con- 

3.o 
E 
"5 

5 
-~2,0 
0 

'r- 

E 

0 0.2 0.4 0.6 0.8 
[MAH] (tool/din 3) 

Figure 1 Effect of MAH on rate of poly- 
merization at 60°C of NVC at 1 mol/dm 3 
in benzene, o, Systems free from added 
initiator; e, systems containing BPO at 
2.07 X 10 -3 mol/dm 3 

tinuously as the mole fraction of MAH 
in the NVC/MAH mixture was increas- 
ed from 0.1 to 0.9 (see Figure 2). 
The compositions were unaltered by 
performing the polymerizations in 
complete darkness using (MAH + BPO) 
and NVC solutions previously stored in 
the dark. The proportion of MAH in 
the product was increased by the pre- 
sence during polymerization of a small 
amount of ammonia but was unaffect- 
ed by replacing BPO with AIBN. 

Polymers produced from mixtures 
NVC/MAH/BPO in benzene were sub- 
jected to prolonged Soxhlet extraction 
with chloroform. They split into two 
fractions: the soluble fraction was a 
homopolymer of NVC containing 
very little combined MAH, and the 
other a copolymer of NVC with MAH 
at a mole fraction of about 0.40 (see 
Figure 2). 

These results disagree with a state- 
ment 4 that NVC and MAH with AIBN 
at 50°C do not undergo copolymeriza- 
tion. It appears that benzene solutions 
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Figure 2 MAH contents of polymers made 
at 60°C with NVC at 1 mol/dm 3 in benzene. 
[3, Systems free from added initiator; O, 
BPO at 2.07 X 10 - 3  mol/dm3; e, as for 
(O) but small amount of ammonia present 
during polymerization; +, as for (O) but 
reaction performed in darkness; X, BPO re- 
placed by AIBN; A, chloroform-insoluble 
fractions from products from systems (0) 

of NVC with MAH containing either 
BPO or AIBN give rise to the simul- 
taneous formation of a homopolymer 
of NVC and a copolymer which may 
not be far removed from an alternat- 
ing copolymer of MAH with NVC. 
The system NVC/MAH resembles 
those of NVC with fumaronitrile or 
diethyl fumarate s and vinylidene cya- 
nide with unsaturated ethers 6, in that 
homopolymers can be formed spon- 
taneously while copolymers can be 
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made using additives known to disso- 
ciate to radicals. Further studies are 
in progress. 
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Book Reviews 

Advances in Polymer Friction and Wear 
Volumes 5A and 5B 
Edited by Lieng-Huang Lee 
Plenum, New York, 1975, 840 pp. $35.50 

This two-volume set, the fifth volume of the series of Polymer 
Science and Technology provides a unique survey of both theoreti- 
cal and practical aspects of polymer tribology. It reports the First 
International Symposium on the subject held in Los Angeles, which 
was sponsored by the Division of Organic Coatings and Plastics Chemis- 
try and co-sponsored by the Division of Cellulose, Wool and Fibre 
Chemistry and Colloid and Surface Chemistry of the American 
Chemical Society. The proceedings contains all revised or expanded 
papers together with discussions, introductory remarks by session 
chairman, the plenary lectures and the symposium address. 

Following the sequence of the sessions the book consists of 
eight parts: 

(1) Mechanisms of Polymer Friction and Wear 
(2) Polymer Properties and Friction 
(3) Characterisation and Modification of Polymer Surfaces 
(4) Polymer Surface Lubrication and Solid Lubricants 
(5) Polymer Properties and Wear 
(6) Friction and Wear of Polymer Composites 
(7) Polymer Tribology Research in the USSR 
(8) Trends in Polymer Tribology Research 
The first three parts are in volume 5A and the remaining five 

in volume 5B. 
For the benefit of polymer chemists, in most parts there is a 

state-of-the-art review. Most papers present recent research results 
in science or technology pertaining to the subject matter. A gene- 
ral discussion devoted to the future of polymer tribology research 
is included. Thus the book covers the past, the present and the 
future of this important branch of interdisciplinary science. 

Part one introduced by L. H. Lee contains the plenary lecture 
of D. Tabor on 'Friction, adhesion and boundary lubrication of 
polymers' a survey of the effects of surface energetics on polymer 
friction and wear and papers on the adhesion mechanism of rub- 
bers, the interaction between PTFE and iron and fracture mecha- 
nics aspects of polymer wear. 

T. L. Thomson introduces the six papers on the nature of poly- 
mer friction in part two which illustrates some of the complexities 
of the problem of friction. J. J. Bikerman discusses the nature of 
polymer friction and the other papers cover the effects of deforma- 
tion on friction in the context of extrusion, studies of solid film 
lubrication, studies of relating polymeric molecular structure to 
friction and the effects of velocity and temperature. 

Part three introduced by D. V. Keller contains six papers which 
demonstrate that the surface characterization of polymers is well 
underway. The plenary lecture by D. T. Clark on 'The application 
of ESCA to studies of structure and bonding in polymers' reviews 
most of the current areas of applicability to polymers and the poten- 
tial of the technique for the investigation of friction and wear 
phenomena. 

The six papers of part four introduced by D. Dowson cover 
polymer surface lubrication and solid lubricants and indicate that 
the fundamental and applied problems posed by the newer solid 
lubricants and composites provide a formidable challenge to physi- 

cists, chemists and engineers by the multidisciplinary approach 
required. 

Polymer properties and wear are covered in part five by five 
papers introduced into the background of the subject by G. J. J. 
Griffin. The papers deal with the wear topic from a variety of 
viewpoints and are all concerned with 'ordinary functional' rather 
than exotic materials. Two of the contributors deal with the prob- 
lem of polymer wear in the human machine and emphasize the 
increasing importance of bio-engineering. 

D. H. Buckley introduces the six papers of part six concerned 
with friction and wear of polymeric composites. These cover ther- 
mally anisotropic plastics bearing materials, wear of phenolic resin - 
asbestos friction materials, wear mechanisms of polymers at cryo- 
genic temperatures, wear characteristics of fluoropolymer com- 
posites, wear of nylon by paper and wear of dental restoratives. 

Part seven introduced by K. C. Ludema contains five papers 
covering polymer tribology research in the USSR which outline the 
current state-of-the-art and offer a better understanding of the ter- 
monology, apparatus and equipment used in the USSR. 

The last part, 'Trends in polymer technology' contains three 
contributions; the symposium address, 'Probing the effects of en- 
tranglements in rubber networks' by J. D. Ferry, 'Chemical and 
physical effects associated with polymer tribology' by M. O. W. 
Richardson and an overview of the conference and closing remarks 
by K. C. Ludema as well as some general discussion. 

Short biographical sketches of many of the contributors are 
given and a complete author and subject index for both volumes is 
given at the end of each volume. 

The books are well produced and attractively bound and should 
be a valuable reference source for all concerned with polymer 
science and technology. 

As to be expected with this modern method of publication 
some tables are difficult to read e.g. p 674,675 and 676 and some 
electron micrographs have suffered in quality in reproduction. 

D. Scott 

Degradation and Stabilisation of Polymers 
Edited by G. Geuskens 
Applied Science, Barking, 1975, £8.00 

This book consists of nine papers given at a conference in Brussels 
under the above title. It is not as the title appears to imply, a sys- 
tematic review of the field, although there are some valuable review 
papers dealing with particular aspects of polymer degradation and 
stability, notably Grassie on present trends in polymer degradation, 
Braun on PVC degradation and Wright on heat-resistant organic 
polymers. The latter is a particularly valuable systematic review, 
not only of recent developments but also of the principles under- 
lying the development of thermally stable polymers. 

The remaining papers (Hawkins on polyolefins, Chien on hydro- 
peroxides in polymer degradation, Geuskens and David on poly- 
styrene, Wiles on fibre-forming polymers, Sohma on e.s.r, studies 
of mechano-chemical degradation and Guillet on polymer photo- 
chemistry) are not critical reviews but accounts of research origi- 
nating in the laboratories of the authors. As such they present 
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state-of-the-art review. Most papers present recent research results 
in science or technology pertaining to the subject matter. A gene- 
ral discussion devoted to the future of polymer tribology research 
is included. Thus the book covers the past, the present and the 
future of this important branch of interdisciplinary science. 

Part one introduced by L. H. Lee contains the plenary lecture 
of D. Tabor on 'Friction, adhesion and boundary lubrication of 
polymers' a survey of the effects of surface energetics on polymer 
friction and wear and papers on the adhesion mechanism of rub- 
bers, the interaction between PTFE and iron and fracture mecha- 
nics aspects of polymer wear. 

T. L. Thomson introduces the six papers on the nature of poly- 
mer friction in part two which illustrates some of the complexities 
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polymer friction and the other papers cover the effects of deforma- 
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nating in the laboratories of the authors. As such they present 
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Book Reviews 

carefully argued points  o f  view which are not ,  however,  necessarily 
accepted by other  workers in the  field. 

There are some impor tan t  omissions f rom the book which de- 
tract f rom its general value. There is no ment ion  at all o f  the de- 
gradation and stabilization o f  elastomers or of  rubber  modif ied 
thermoplast ics ,  bo th  o f  which are o f  considerable interest to poly- 
mer scientists and technologists.  Nor is there 'any discussion o f  
high temperature  processing operat ions and their effect on subse- 
quen t  service stability o f  polymers  and one is left with the  impres- 
sion that  many  of  the degradation processes discussed are carried 
out  under  condit ions which bear little relation to those to which 
polymers  are subjected in practice. 

In spite o f  these shortcomings,  the book  will be o f  considerable 
value to the  research specialist since it is a major funct ion  o f  a con- 
ference o f  this nature  to st imulate the presentat ion o f  original work 
in a rapidly advancing field. 

G. "Scott 

Polymer-Plastics Technology and Engineering 
Volume 4 
Edited by L. Naturman 
Marcel Dekker, New York, 1975, 249 pp. $32.50 

The editorial policy in this volume has been to maintain the shift o f  
emphas i s  f rom polymer characterization and properties to polymer 
engineering and processing. To this end a series o f  review articles 
have been presented mainly on the state o f  art  in the various bran- 
ches o f  polymer technology and engineering. 

The articles range from rather specific topics such as epoxy 
resin casting processes, reduct ion o f  creep in high acrylonitrile and 
other  polymers,  interpretat ion o f  gel permeat ion chromatography,  
to ure thane elastomers,  asbestos in polymers,  and then  more gene- 
ral papers on elastic fracture mechanics  and con t inuum mechanics  
o f  solid polymers.  Al though all o f  these topics were meant  to be 
covered by review type  articles, there is a wide disparity between 
the various presentat ions.  Some are so specific as to materials and 
processing as to be more  in the  nature o f  technical  reports  o f  limi- 
ted interest. Others  were more  what  one expects  o f  a review article. 
In any case a review will always be useful if it contains up to date 
references to the  research literature. Sadly one o f  the articles 
'Asbestos in polymers '  contains no references, while others  were 
certainly not  up to date. For example the latest reference in 'con- 
t inuum mechanics '  was for a book published in 1971. 

As a whole this volume o f  the  series lack coherence in the  choice 
o f  review papers. The only feature that  they loosely have in com- 
mon  is that  they deal mainly with polymer  processing and engi- 
neering, bu t  perhaps this is what  the  editor had in mind .  The price 
$32.50 for 249 pages is rather high even in these of  high inflation. 

M. G. Brereton 

Heparin, Structure, Function and Clinical 
Implications 
Edited by Ralph A. Bradshaw and Stanford 
Wessler 
Plenum Press, New York, 1975, 422 pp. $39.1 

Polysaccharides encompass  the  plant and animal kingdoms: they 
exhibit  astonishing diversity in nature,  intermeshing structurally 
and interacting on a molecular level with numerous  other  biologi- 
cal macromolecules.  Of  those polysaccharides known to be essen- 
tially linear in construct ion the  relative complexi ty  (or simplicity) 
of  the repeating chemical sequence lies within reasonable bounds .  
Thus,  for example,  the plant  celluloses, mannans ,  xylans and the 
insect cuticle chitins,  jus t  to name a few, are all relatively straight- 
forward homopolymers ,  whereas the bacterial capsular polysac- 
charides are more  complex,  of ten  involving four to six different 
saccharide uni ts  per repeat  sequence. The animal connective tissue 
polysaccharides,  with which heparin may  be loosely associated, 
are intermediate in the  spect rum of  complexity:  they  are poly- 
disaccharides with molecular weights in the  range 103 to over 106 
Daltons. Heparin is the most  highly charged of  this group, drenched 
with sulphate appendages,  and preferring a molecular weight close 
to the lower end of  this scale. It occurs as packets o f  polymeric 
material in mast cells and is released as and when required. 

The blood anti-coagulant properties associated with heparin 
and its role as an anti-lipaemic (fat-clearing) agent have aroused 
considerable medical interest and its clinical application has en- 
couraged pharmacological preparation and standardization. Thus 
scientific interest in heparin and its behaviour embraces medicine, 
biochemistry,  chemistry plus a little physics, and with so many  
aspects of  heparin being investigated simultaneously,  of ten  involv- 
ing specialized techniques,  a conference was organized in an a t t empt  
to correlate this wealth of  information.  The book represents the 
proceedings of the International Sympos ium on Heparin, held in 
St. Louis, Missouri in May 1974. 

The collected contr ibut ions are segregated into three main sec- 
tions. The first deals with the structural aspects of  heparin cover- 
ing the molecular properties, biosynthesis,  biological properties and 
including analytical and pharmacological considerations. The first 
part discusses the chemistry of  heparin and its molecular architec- 
ture. It is near this point  that the related macromolecule  heparan 
sulphate (also confusingly referred to as heparitin sulphate) creeps 
into the text.  The nomencla ture  is somewhat  novel, to say the 
least, since heparan sulphate is 'heparin-like' bu t  contains on aver- 
age approximately 70% less sulphate groups! This substance has 
generated considerable interest recently since it appears on cell sur- 
faces and may have a controlling influence on intercellular adhesion. 
However, returning to heparin,  the evidence accumulated relating 
to the  biosynthet ic  process strongly favours polymerizat ion follow- 
ed by epimerization of  the sugar residue D-glucuronic acid to L- 
iduronic acid coupled with,  or followed by sulphation of  the 
polymer.  

This is a further example in the polysaccharide field where post- 
polymerizat ion modificat ions are carried out  to suit particular 
biological roles. Synthet ic  polymer chemists  might well be enlight- 
ened by examining the inherent  shrewdness in the manufac ture  of  
some of  these natural polymers.  

The biological properties of  heparin certainly change as a func- 
tion of  the varying chemical structures that occur, especially from 
different sources, bu t  no clear correlation has yet emerged. The 
ambiguities in this area certainly create unforgivable headaches for 
those responsible for standardization o f  such an impor tant  drug. 

The second section covers the functional  aspects of  heparin: 
parts of  the complex 'waterfall '  process of  blood clotting are ex- 
amined in detail. My only criticism of  the book relates to this sec- 
tion, - nowhere can one find a concise layout  of  this 'waterfall '  or 
'cascade'  process which involves about  eight steps, where A inter- 
acts with B and which in turn controls conversion of  C to D etc. 
As Macfarlane pointed out  in 1964 the whole blood clotting pro- 
cess may be likened to a multistage amplifier probably with positive 
and/or  negative feedback - after all, when we cut ourselves we do 
not  wish to clot to death! Thus,  I judge, many readers will be 
lured into details about  such substances as an t i thrombin  (one of  the  
factors involved in the process) wi thout  first having the oppor tuni ty  
of  grasping the gist of  the  blood clotting sequences and the relevance 
of  heparin. One can eventually pull out  some of  the essentials from 
the text .  During the coagulation o f  blood th rombin  is produced 
from its precursor, pro thrombin ,  on lipid surfaces and in the pre- 
sence of  calcium ions. Thrombin ,  which is a proteolytic enzyme,  
interacts with fibrinogen and initiates the development  of  the fib- 
rin clot. The outsider in this arena is ant i thrombin,  which as its 
name implies, neutralizes th rombin  thus safeguarding fibrinogen. 
Heparin accelerates this neutralization between thrombin  and anti- 
th rombin  by a couple of  orders in magnitude.  As ment ioned earlier 
heparin is also a fat-clearing agent. Intravenous injections of heparin 
triggers the release of  the  enzyme lipase into the  circulating blood 
which can then fragment  the fat ty  lipoproteins. 

In the final section relating to the  clinical aspects of  heparin 
Dr Stanford Wessler points  out  the frightening fact that  about  15% 
of  Americans are hospitalized every year and one sixth of these die 
from venous thromboembol ism!  Heparin, when administered in 
carefully controlled doses, behaves as an effective anticoagulant 
for the  prevention of  the  possibly fatal format ion of  blood clots 
after surgery. Additionally heparin has a potential  role in inhibiting 
the  clotting process in the  early stages without  increasing the danger 
of  excessive bleeding, and may well reduce the risk of  clotting in 
women  using oral contraceptives. 

This book,  consisting of  some thir ty-three papers on selected 
aspects o f  heparin in 422 pages, is an excellent reference text for 
those wishing to familiarize themselves with the heparin macro- 
molecule. The editors have made an excellent job of jux tapos i -  
t inning the individual contr ibut ions  to produce a coherent  text.  
The bright red textured dust  cover is almost  appropriate.  

Edward A tkins 
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Book Reviews 

Advances in Polymer Friction and Wear 
Volumes 5A and 5B 
Edited by Lieng-Huang Lee 
Plenum, New York, 1975, 840 pp. $35.50 

This two-volume set, the fifth volume of the series of Polymer 
Science and Technology provides a unique survey of both theoreti- 
cal and practical aspects of polymer tribology. It reports the First 
International Symposium on the subject held in Los Angeles, which 
was sponsored by the Division of Organic Coatings and Plastics Chemis- 
try and co-sponsored by the Division of Cellulose, Wool and Fibre 
Chemistry and Colloid and Surface Chemistry of the American 
Chemical Society. The proceedings contains all revised or expanded 
papers together with discussions, introductory remarks by session 
chairman, the plenary lectures and the symposium address. 

Following the sequence of the sessions the book consists of 
eight parts: 

(1) Mechanisms of Polymer Friction and Wear 
(2) Polymer Properties and Friction 
(3) Characterisation and Modification of Polymer Surfaces 
(4) Polymer Surface Lubrication and Solid Lubricants 
(5) Polymer Properties and Wear 
(6) Friction and Wear of Polymer Composites 
(7) Polymer Tribology Research in the USSR 
(8) Trends in Polymer Tribology Research 
The first three parts are in volume 5A and the remaining five 

in volume 5B. 
For the benefit of polymer chemists, in most parts there is a 

state-of-the-art review. Most papers present recent research results 
in science or technology pertaining to the subject matter. A gene- 
ral discussion devoted to the future of polymer tribology research 
is included. Thus the book covers the past, the present and the 
future of this important branch of interdisciplinary science. 

Part one introduced by L. H. Lee contains the plenary lecture 
of D. Tabor on 'Friction, adhesion and boundary lubrication of 
polymers' a survey of the effects of surface energetics on polymer 
friction and wear and papers on the adhesion mechanism of rub- 
bers, the interaction between PTFE and iron and fracture mecha- 
nics aspects of polymer wear. 

T. L. Thomson introduces the six papers on the nature of poly- 
mer friction in part two which illustrates some of the complexities 
of the problem of friction. J. J. Bikerman discusses the nature of 
polymer friction and the other papers cover the effects of deforma- 
tion on friction in the context of extrusion, studies of solid film 
lubrication, studies of relating polymeric molecular structure to 
friction and the effects of velocity and temperature. 

Part three introduced by D. V. Keller contains six papers which 
demonstrate that the surface characterization of polymers is well 
underway. The plenary lecture by D. T. Clark on 'The application 
of ESCA to studies of structure and bonding in polymers' reviews 
most of the current areas of applicability to polymers and the poten- 
tial of the technique for the investigation of friction and wear 
phenomena. 

The six papers of part four introduced by D. Dowson cover 
polymer surface lubrication and solid lubricants and indicate that 
the fundamental and applied problems posed by the newer solid 
lubricants and composites provide a formidable challenge to physi- 

cists, chemists and engineers by the multidisciplinary approach 
required. 

Polymer properties and wear are covered in part five by five 
papers introduced into the background of the subject by G. J. J. 
Griffin. The papers deal with the wear topic from a variety of 
viewpoints and are all concerned with 'ordinary functional' rather 
than exotic materials. Two of the contributors deal with the prob- 
lem of polymer wear in the human machine and emphasize the 
increasing importance of bio-engineering. 

D. H. Buckley introduces the six papers of part six concerned 
with friction and wear of polymeric composites. These cover ther- 
mally anisotropic plastics bearing materials, wear of phenolic resin - 
asbestos friction materials, wear mechanisms of polymers at cryo- 
genic temperatures, wear characteristics of fluoropolymer com- 
posites, wear of nylon by paper and wear of dental restoratives. 

Part seven introduced by K. C. Ludema contains five papers 
covering polymer tribology research in the USSR which outline the 
current state-of-the-art and offer a better understanding of the ter- 
monology, apparatus and equipment used in the USSR. 

The last part, 'Trends in polymer technology' contains three 
contributions; the symposium address, 'Probing the effects of en- 
tranglements in rubber networks' by J. D. Ferry, 'Chemical and 
physical effects associated with polymer tribology' by M. O. W. 
Richardson and an overview of the conference and closing remarks 
by K. C. Ludema as well as some general discussion. 

Short biographical sketches of many of the contributors are 
given and a complete author and subject index for both volumes is 
given at the end of each volume. 

The books are well produced and attractively bound and should 
be a valuable reference source for all concerned with polymer 
science and technology. 

As to be expected with this modern method of publication 
some tables are difficult to read e.g. p 674,675 and 676 and some 
electron micrographs have suffered in quality in reproduction. 

D. Scott 

Degradation and Stabilisation of Polymers 
Edited by G. Geuskens 
Applied Science, Barking, 1975, £8.00 

This book consists of nine papers given at a conference in Brussels 
under the above title. It is not as the title appears to imply, a sys- 
tematic review of the field, although there are some valuable review 
papers dealing with particular aspects of polymer degradation and 
stability, notably Grassie on present trends in polymer degradation, 
Braun on PVC degradation and Wright on heat-resistant organic 
polymers. The latter is a particularly valuable systematic review, 
not only of recent developments but also of the principles under- 
lying the development of thermally stable polymers. 

The remaining papers (Hawkins on polyolefins, Chien on hydro- 
peroxides in polymer degradation, Geuskens and David on poly- 
styrene, Wiles on fibre-forming polymers, Sohma on e.s.r, studies 
of mechano-chemical degradation and Guillet on polymer photo- 
chemistry) are not critical reviews but accounts of research origi- 
nating in the laboratories of the authors. As such they present 
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carefully argued points  o f  view which are not ,  however,  necessarily 
accepted by other  workers in the  field. 

There are some impor tan t  omissions f rom the book which de- 
tract f rom its general value. There is no ment ion  at all o f  the de- 
gradation and stabilization o f  elastomers or of  rubber  modif ied 
thermoplast ics ,  bo th  o f  which are o f  considerable interest to poly- 
mer scientists and technologists.  Nor is there 'any discussion o f  
high temperature  processing operat ions and their effect on subse- 
quen t  service stability o f  polymers  and one is left with the  impres- 
sion that  many  of  the degradation processes discussed are carried 
out  under  condit ions which bear little relation to those to which 
polymers  are subjected in practice. 

In spite o f  these shortcomings,  the book  will be o f  considerable 
value to the  research specialist since it is a major funct ion  o f  a con- 
ference o f  this nature  to st imulate the presentat ion o f  original work 
in a rapidly advancing field. 

G. "Scott 

Polymer-Plastics Technology and Engineering 
Volume 4 
Edited by L. Naturman 
Marcel Dekker, New York, 1975, 249 pp. $32.50 

The editorial policy in this volume has been to maintain the shift o f  
emphas i s  f rom polymer characterization and properties to polymer 
engineering and processing. To this end a series o f  review articles 
have been presented mainly on the state o f  art  in the various bran- 
ches o f  polymer technology and engineering. 

The articles range from rather specific topics such as epoxy 
resin casting processes, reduct ion o f  creep in high acrylonitrile and 
other  polymers,  interpretat ion o f  gel permeat ion chromatography,  
to ure thane elastomers,  asbestos in polymers,  and then  more gene- 
ral papers on elastic fracture mechanics  and con t inuum mechanics  
o f  solid polymers.  Al though all o f  these topics were meant  to be 
covered by review type  articles, there is a wide disparity between 
the various presentat ions.  Some are so specific as to materials and 
processing as to be more  in the  nature o f  technical  reports  o f  limi- 
ted interest. Others  were more  what  one expects  o f  a review article. 
In any case a review will always be useful if it contains up to date 
references to the  research literature. Sadly one o f  the articles 
'Asbestos in polymers '  contains no references, while others  were 
certainly not  up to date. For example the latest reference in 'con- 
t inuum mechanics '  was for a book published in 1971. 

As a whole this volume o f  the  series lack coherence in the  choice 
o f  review papers. The only feature that  they loosely have in com- 
mon  is that  they deal mainly with polymer  processing and engi- 
neering, bu t  perhaps this is what  the  editor had in mind .  The price 
$32.50 for 249 pages is rather high even in these of  high inflation. 

M. G. Brereton 

Heparin, Structure, Function and Clinical 
Implications 
Edited by Ralph A. Bradshaw and Stanford 
Wessler 
Plenum Press, New York, 1975, 422 pp. $39.1 

Polysaccharides encompass  the  plant and animal kingdoms: they 
exhibit  astonishing diversity in nature,  intermeshing structurally 
and interacting on a molecular level with numerous  other  biologi- 
cal macromolecules.  Of  those polysaccharides known to be essen- 
tially linear in construct ion the  relative complexi ty  (or simplicity) 
of  the repeating chemical sequence lies within reasonable bounds .  
Thus,  for example,  the plant  celluloses, mannans ,  xylans and the 
insect cuticle chitins,  jus t  to name a few, are all relatively straight- 
forward homopolymers ,  whereas the bacterial capsular polysac- 
charides are more  complex,  of ten  involving four to six different 
saccharide uni ts  per repeat  sequence. The animal connective tissue 
polysaccharides,  with which heparin may  be loosely associated, 
are intermediate in the  spect rum of  complexity:  they  are poly- 
disaccharides with molecular weights in the  range 103 to over 106 
Daltons. Heparin is the most  highly charged of  this group, drenched 
with sulphate appendages,  and preferring a molecular weight close 
to the lower end of  this scale. It occurs as packets o f  polymeric 
material in mast cells and is released as and when required. 

The blood anti-coagulant properties associated with heparin 
and its role as an anti-lipaemic (fat-clearing) agent have aroused 
considerable medical interest and its clinical application has en- 
couraged pharmacological preparation and standardization. Thus 
scientific interest in heparin and its behaviour embraces medicine, 
biochemistry,  chemistry plus a little physics, and with so many  
aspects of  heparin being investigated simultaneously,  of ten  involv- 
ing specialized techniques,  a conference was organized in an a t t empt  
to correlate this wealth of  information.  The book represents the 
proceedings of the International Sympos ium on Heparin, held in 
St. Louis, Missouri in May 1974. 

The collected contr ibut ions are segregated into three main sec- 
tions. The first deals with the structural aspects of  heparin cover- 
ing the molecular properties, biosynthesis,  biological properties and 
including analytical and pharmacological considerations. The first 
part discusses the chemistry of  heparin and its molecular architec- 
ture. It is near this point  that the related macromolecule  heparan 
sulphate (also confusingly referred to as heparitin sulphate) creeps 
into the text.  The nomencla ture  is somewhat  novel, to say the 
least, since heparan sulphate is 'heparin-like' bu t  contains on aver- 
age approximately 70% less sulphate groups! This substance has 
generated considerable interest recently since it appears on cell sur- 
faces and may have a controlling influence on intercellular adhesion. 
However, returning to heparin,  the evidence accumulated relating 
to the  biosynthet ic  process strongly favours polymerizat ion follow- 
ed by epimerization of  the sugar residue D-glucuronic acid to L- 
iduronic acid coupled with,  or followed by sulphation of  the 
polymer.  

This is a further example in the polysaccharide field where post- 
polymerizat ion modificat ions are carried out  to suit particular 
biological roles. Synthet ic  polymer chemists  might well be enlight- 
ened by examining the inherent  shrewdness in the manufac ture  of  
some of  these natural polymers.  

The biological properties of  heparin certainly change as a func- 
tion of  the varying chemical structures that occur, especially from 
different sources, bu t  no clear correlation has yet emerged. The 
ambiguities in this area certainly create unforgivable headaches for 
those responsible for standardization o f  such an impor tant  drug. 

The second section covers the functional  aspects of  heparin: 
parts of  the complex 'waterfall '  process of  blood clotting are ex- 
amined in detail. My only criticism of  the book relates to this sec- 
tion, - nowhere can one find a concise layout  of  this 'waterfall '  or 
'cascade'  process which involves about  eight steps, where A inter- 
acts with B and which in turn controls conversion of  C to D etc. 
As Macfarlane pointed out  in 1964 the whole blood clotting pro- 
cess may be likened to a multistage amplifier probably with positive 
and/or  negative feedback - after all, when we cut ourselves we do 
not  wish to clot to death! Thus,  I judge, many readers will be 
lured into details about  such substances as an t i thrombin  (one of  the  
factors involved in the process) wi thout  first having the oppor tuni ty  
of  grasping the gist of  the  blood clotting sequences and the relevance 
of  heparin. One can eventually pull out  some of  the essentials from 
the text .  During the coagulation o f  blood th rombin  is produced 
from its precursor, pro thrombin ,  on lipid surfaces and in the pre- 
sence of  calcium ions. Thrombin ,  which is a proteolytic enzyme,  
interacts with fibrinogen and initiates the development  of  the fib- 
rin clot. The outsider in this arena is ant i thrombin,  which as its 
name implies, neutralizes th rombin  thus safeguarding fibrinogen. 
Heparin accelerates this neutralization between thrombin  and anti- 
th rombin  by a couple of  orders in magnitude.  As ment ioned earlier 
heparin is also a fat-clearing agent. Intravenous injections of heparin 
triggers the release of  the  enzyme lipase into the  circulating blood 
which can then fragment  the fat ty  lipoproteins. 

In the final section relating to the  clinical aspects of  heparin 
Dr Stanford Wessler points  out  the frightening fact that  about  15% 
of  Americans are hospitalized every year and one sixth of these die 
from venous thromboembol ism!  Heparin, when administered in 
carefully controlled doses, behaves as an effective anticoagulant 
for the  prevention of  the  possibly fatal format ion of  blood clots 
after surgery. Additionally heparin has a potential  role in inhibiting 
the  clotting process in the  early stages without  increasing the danger 
of  excessive bleeding, and may well reduce the risk of  clotting in 
women  using oral contraceptives. 

This book,  consisting of  some thir ty-three papers on selected 
aspects o f  heparin in 422 pages, is an excellent reference text for 
those wishing to familiarize themselves with the heparin macro- 
molecule. The editors have made an excellent job of jux tapos i -  
t inning the individual contr ibut ions  to produce a coherent  text.  
The bright red textured dust  cover is almost  appropriate.  

Edward A tkins 
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Editorial 

POLYMER in the USA 

Many of POLYMER's readers will have noticed various changes in the appear- 
ance of the journal over the years. Some of these have been minor and of 
little importance (such as the recent change to a three column format for 
the Notes to the Editor and Letters sections). Others, such as the change in 
page size in 1972 and the introduction of more modern printing methods in 
1975 have made a bigger impact, allowing more material to be published and 
some reduction in the inflationary spiral of increased production costs. The 
observant reader of this issue will have noticed a change in appearance to the 
inside front cover of far greater significance than anything previously - the 
appointment of a group of Editors for the USA. 

However, this change is more than just an appearance and should be seen 
as a fresh and positive approach by the journal. The presence of these Edi- 
tors will hopefully encourage more authors in North America to submit 
contributions to POLYMER in the knowledge that each submission will be 
refereed by their immediate contemporaries to the standard expected of this 
journal. This will also help to minimize delays in the refereeing procedure so 
that publication to a worldwide audience can be made quickly and accurately; 
our previous performance should testify to that. It is understandable that 
many potential authors in the past have felt reluctant to break with tradition 
by publishing outside their own country. Now, by placing POLYMER's new 
facilities and current reputation before the North American polymer com- 
munity on the same level as our competitors already based there, we ask to 
be judged not as direct competitors but as complementary publishers whose 
aim is to continue to serve the international interests.of polymer research. 
By having the services of such eminent scientists to act as US Editors for 
POLYMER, their range of experience and specialist knowledge will cover 
most areas of the field. Inevitably new techniques, new technologies, fresh 
developments as well as different materials will evolve with the need for 
academic debate in public (the biomaterials and biopolymers field is one area 
with an exciting potential). Thus an ever-increasing group of specialists will 
become involved with the refereeing process and this will ensure that 
POLYMER remains a living organ in dynamic equilibrium with its environ- 
ment ('constantly cha.~ging yet constantly unchanged'). 

Growth is another aspect of the living process and these changes will 
represent further growth for POLYMER so that some of the great wealth of 
polymer research from the USA can be published alongside the present existing 
material. 

Airspeeding service 

We are pleased to announce that from the July 1976 issue, all copies of 
POLYMER destined for North America have been airfreighted to New York 
and posted from there at no additional cost to subscribers. This should mean 
that readers will receive their copy during the period of the cover date where 
before it had been taking anything from 2 to 6 months to reach a library in 
the USA. The publishers would be interested to hear how the system works 
in practice. 
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Directional diffusion rates in keratin 

lan C. Watt 
Division of Textile Physice, CSlRO, Ryde, New South Wales 2112, Australia 
(Received 8 December 1975; revised 20 April 1976) 

The kinetics of sorption of water vapour have been measured for keratin prepared by slicing horse- 
hairs into discs so that the major part of the external surface of the discs was composed of cross- 
sections of the original fibres perpendicular to the fibre direction. For diffusion-controlled absorp- 
tion no significant difference in the diffusion coefficients of the horsehair discs or intact keratin was 
detected indicating that diffusion in the longitudinal or lateral directions in keratin fibres, occurs at 
similar rates. However, the initial rate of absorption by the discs was faster by a factor equivalent to 
the increased surface to volume ratio. The rates of absorption approached similar values for anoma- 
lous sorption where stress relaxation in the keratin contributes largely to the water uptake and the 
rate of stress relaxation is sufficiently fast to occur concurrently with diffusion into the keratin. This 
occurs at high penetrant concentrations and for large integral absorption steps. The similar rates of 
absorption, despite the difference in surface areas, is not evidence that diffusion is more rapid in a 
lateral direction but supports the concept of a coupled dif fusion-relaxation sorption mechanism. 

INTRODUCTION 

Keratin is not isotropic with respect to swelling in water 
and this had led to speculation that diffusion rates in wool 
fibres may be dependent upon the direction of travel of 
the penetrant. However, no conclusive evidence on this 
question is available. The geometry of wool fibres is such 
that there is a large surface to volume ratio. The molecu- 
lar chains are oriented in the direction of the fibre axis and 
since orientation in the direction of travel is thought to be 
responsible for decreased rates of absorption in amorphous 
polymers with continued sorption cycles/, the ability of 
water molecules to diffuse longitudinally may be consider- 
ably less than their ability to diffuse laterally in the fibres. 

Penetration initially occurs perpendicular to the surface 
and the basic assumption that all diffusion takes place in a 
direction perpendicular to the surface probably provides a 
reasonable approximation in calculation of diffusion rates. 
The present paper reports on experiments designed so that 
the calculated rates of diffusion of water vapour longitu- 
dinally and laterally into horsehair keratin could be com- 
pared. Horsehair was sectioned perpendicular to the fibre 
axis, to form flat discs; the surface area of the discs being 
composed of new surface created by the sectioning, and 
the original surface of the horsehair. Thus, diffusion per- 
pendicular to the flat surfaces of the discs would be in the 
longitudinal direction of the original fibres while diffusion 
across the curved surface would be perpendicular to the 
fibre direction. 

EXPERIMENTAL 

Preparation of materials 
The keratins used were horsehair, taken from the tail, 

and Merino wool fibres cleaned by six washes in cold pet- 
roleum ether followed by thorough soaking in distilled 
water until the pH of the wash water was unchanged by 
the keratin. Successive sections of average thickness 20/am 
were microtomed from a number of horsehairs embedded 
in parallel array in a paraffin wax, using a Cambridge rotary 
rocking microtome. Another portion of horsehair, of dry 

diameter the same as the average diameter of the micro- 
tomed horsehairs, was kept intact. 

Apparatus and procedure 
Sorption measurements were carried out by a gravimet- 

ric technique using quartz spiral spring balances (sensi- 
tivity 500 cm/g) mounted in evacuable sorption chambers, 
the whole apparatus being enclosed in an air thermostat. 
Two identical chambers were set up side by side and con- 
nected to the same reservoir of water vapour and to a wide. 
bore differential mercury manometer. The temperature 
was controlled to +0.01°C and the spring extensions read 
to 0.01 mm with cathetometers. A length of horsehair 
weighing 8 mg was suspended from one spring and from 
the other an equivalent weight of horsehair discs, each 
20/am thick, was suspended by spreading the sections 
thinly on a non-sorbing plastic sheet attached to the end 
of the spring. 

The dry diameter of the intact horsehair and the average 
dry diameter of the sliced horsehair discs was 170/am. 
Thus, the surface area, A, of an x cm length of this horse- 
hair would be A = 27r85x × 10 -4 cm 2. The additional sur- 
face exposed by microtoming an equivalent length of horse 
hair of this diameter into 20/am sections would be: 

20 x 10 -4 
x 7r(85 × 10-4)2cm 2 = 7rx852 × 10 -5 cm 2 

= 4.25A cm 2 

Thus, the total surface of the microtomed sections was 
5.25A cm 2 of which A cm 2 was the original surface lying 
parallel to the fibre axis and 4.25A cm 2 was new surface 
perpendicular to the fibre axis. 

RESULTS AND DISCUSSION 

Interval sorption 
Rates of uptake of water vapour by keratin are depen- 

dent on the initial concentration of water and the size of 
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Figure 1 Uptake of water vapour by keratin at 35°C as a function 
of (time) t/2 following a 0--4.5% r.h. humidity increment, e,  
Horsehair snippets; X, intact horsehair; [3, Merino wool fibres 

the concentration increment 2. Sorption over a large con- 
centration range has been termed integral sorption and over 
a small concentration range, interval sorption. For such 
small concentration increments absorption may occur in 
two stages; the second stage much slower than the first 3. 
The uptake during the first stage of absorption occurs by a 
Fickian mechanism with a concentration-dependent diffu- 
sion coefficient. Accordingly, in order to determine 
diffusion coefficients the horsehair samples were equili- 
brated with water vapour at various concentrations and 
subjected to small increments of vapour pressure. 

Low humMities. Initially the samples were evacuated 
to attain an equilibrium dry weight and subjected to a 
0-4 .5% r.h. humidity increment at 35°C. The uptake curve 
for the intact horsehair and the corresponding uptake for 
the horsehair snippets are shown in Figure 1 where the 
water contents of the keratin samples are plotted as a func- 
tion of (time) 1/2. The uptake curve for 20/~m diameter 
Merino wool fibres is included for comparison. 

Fickian sorption is characterized by an initially linear 
plot of  absorption or desorption as a function of (time) 1/2. 
Crank 4 has given mathematical solutions for the amount of 
penetrant entering a cylinder, or a thin film, at any time 
following an instantaneous change of  surface concentra- 
tion to a constant value and assuming an infinite supply of  
penetrant. The two cases yield different shaped uptake 
curves because of  the different geometry. When plotted 
as a function of  (time) 1/2 the linear portion of the uptake 
curve for the plane film persists to as much as 50% of the 
equilibrium value, while the uptake for the cylinder be- 
comes concave to the abscissa soon after the commence- 
ment of  absorption and reaches equilibrium at half the 
value for the plane for a sample of  equivalent surface area. 
Thus it is essential to consider only initial rates of  uptake. 

The diffusion coefficient for water vapour into intact 
horsehair over the range 0 4.5% r.h. was calculated from 
the data presented in Figure 1 to be 2-7 × 10 -10 cms2/sec. 
This is in good agreement with the value of  2.4 × 10 -10 
cms2/sec obtained for the diffusion of  water vapour into 
Merino wool fibres for the same concentration increment. 
The greater surface to volume ratio for the snippets com- 
pared to the intact horsehair allows the uptake of water 
vapour to approach equilibrium more quickly in the former 
case. The coefficient of  diffusion into the two parallel 
surfaces of  the discs can be calculated from the appropriate 
expression for a plane film if the initial uptake is consid- 
ered uniform over the whole surface, and yields a value of  
2.5 × 10 -10 cms2/sec. 

Directional dif fusion rates in keratin: lan C. Watt 

A simpler comparison can be obtained from the initial 
slopes of the uptake curves for horsehair; these differ by a 
factor of  5 whereas the ratios of  surface area in the two 
cases is 5.25:1. If the original surface is assumed to absorb 
at the same rate in both cases, the difference in rate of  up- 
take over the two surfaces is less than 7% and must be con- 
sidered within the experimental error. Thus, the diffusion 
of water into keratin at low concentrations is virtually iso- 
tropic. Similar results were obtained for desorption when 
the samples were evacuated to dryness after equilibration 
at 4.5% r.h. 

b~termediate humidities. At intermediate humidities, 
and for small increments of  humidity, absorption into 
wool fibres occurs in two distinct phases. An increasing 
proportion of  the uptake occurs in the second stage as the 
initial water content is increased and reaches a maximum 
for wool conditioned at around 50% r.h. s Similar data 
were obtained for the horsehair samples equilibrated at 
50% r.h. and subjected to a 4% r.h. increment of humidity. 
The fractional change in water content for the step is plot- 
ted in Figure 2 as a function of (time) 1/2 for the intact 
horsehair and the snippets. The ratio of  the initial rates 
of uptake is 4.7:1 but the second stage uptake which con- 
tinued for 5 days occurs at the same rate in the two cases. 
This supports the contention that the mechanism of absorp- 
tion in the second stage is not diffusion-controlled and is 
consistent with the notion that it results from a relaxation 
mechanism which occurs uniformly throughout the keratin 
following the entry of  water during the first stage of  uptake s. 

High humidities. As the water content of the horsehair 
samples increased a continued reduction was observed in 
the difference in the rates of  uptake of  the snippets and the 
intact horsehair. For the small increment of 83-86% r.h. 
the ratio of the initial rates of uptake was reduced to 
2.25:1. However, it must be emphasized that the uptake 
in this region displays anomalous sorption characteristics 
over the whole range and the comparison of rates is only 
an estimate in that uptake is not strictly linear as a function 
of (time) 1/2 and there is no clear separation into two stages. 

Integral sorption 

Integral absorption embraces the two mechanisms of  
sorption mentioned previously, i.e. a diffusion-controlled 
entry of  water vapour and an additional uptake of water 
as a result of  stress relaxation in the keratin. In such a 
coupled diffusion-relaxation system the relative contribu- 
tion of  each of  these mechanisms to the total uptake will 
vary according to the concentration range of  the step. The 
dependence of  uptake on sample thickness is also variable 
according to the concentration range. A better comparison, 
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Figure 2 Interval absorption. Fractional water content change 
as a function of (time) t/2 for horsehair subjected to a 50.0--54.0% 
r.h. humidity increment. A, Horsehair snippets; B, intact horsehair 
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Figure 3 Integral absorption. Uptake of water vapour by keratin 
as a function of (time) t/7" for the humidity range of 0--80% r.h. at 
35°C. A, Intact horsehair; B, horsehair snippets; C, Merino wool 
fibres 

therefore, is obtained by considering the rates of uptake 
by Merino wool fibres of 20/an diameter and the horse- 
hair snippets over the same concentration range. If the 
wool fibres are considered as cylinders and the snippets 
as infinite plane films, the wool fibres should have double 
the surface area for the same weight of sample. Because 
the curved surfaces of the snippets contribute appreciably 
to their total surface area this ratio is less for the snippets 
used here; the surface area of the 20 gm diameter wool 
fibres is 1.67 times the surface area of the horsehair snip- 
pets for the same weight of keratin. 

For the sorption steps of 0-25% rJa. and 0-50% r.h. 
the rate of uptake by horsehair snippets was approximately 
60% of the initial rate of uptake by Merino wool fibres. 
Sorption into the intact horsehair was much slower be- 
cause of the increased diameter of the sample and the con- 
sequent reduction in surface to volume ratio. Thus, there 
is little evidence that absorption in the longitudinal direc- 
tion occurs at a different rate from absorption perpendicu- 
lar to the original surface of the fibre. 

For integral absorption at humidities approaching satura- 
tion the situation changes. The rate differences become 
progressively less as the humidity range is increased and at 
high humidities the intact horsehair absorbs water vapour 
at a rate which approaches the rate of uptake by the snippets 
despite the difference in surface area. In Figure 3 the up- 
take curves for the intact horsehair, horsehair snippets and 
the Merino wool fibres for the humidity step of 0-80% r.h. 
show the greatly decreased differences in uptake rates com- 
pared to the corresponding absorption curves o f  Figure 1. 

Desorption of the samples by evacuation to dryness 
showed that the discs desorbed rapidly at a rate similar to 
that for Merino wool fibres while the intact horsehair, after 
an initial rapid desorption, approached equilibrium slowly 
such that the time to reach dryness became proportional 
to (diameter) 2. 

CONCLUSIONS 

The rate of diffusion of water into keratin fibres is similar 
in the directions parallel to, and perpendicular to the fibre 
direction. However, the uptake of water is influenced by 
the ability of the keratin to stress relax after swelling. For 
small increments of water vapour pressure the diffusion 
process and the stress relaxation process can be separated; 
the former leads to rates of  uptake proportional to the 
surface area and the latter to rates of uptake independent 
of surface area. When stress relaxation occurs concurrently 
with diffusion the contribution of the stress relaxation 
mechanism becomes the rate controlling step throughout 
the sample and the dimensions of the sample become less 
important in determining the rate of uptake. The apparent 
slower rate of uptake in the direction parallel to the fibre 
direction at higher humidities follows from the rapid rate of 
stress relaxation in this region. 

A further deduction which may be made from these 
results is that because diffusion coefficients for the two 
samples of horsehair and the wool fibres are similar, it 
appears to be a reasonable assumption to consider wool 
fibres as smooth cylinders for purposes of treatment of 
sorption data, despite the surface irregularities present. 
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Small-angle neutron scattering studies have been made of molten and crystalline polyethylene using 
samples containing small amounts of deuterated polyethylene (PED) in a protonated polyethylene (PEH) 
matrix. Careful studies were made of PED aggregation effects, and by a combination of solution blending 
techniques and rapid quenching from the melt, it was possible to prepare samples with a statistical distri- 
bution of PED molecules in the PEH matrix. Measurements of radius of gyration ($2) 1/2 at low • [~: = (47r/~) 
sin O ~< 2 X 10 -2 /~-1 ]  in the melt and in the solid state gave very similar values which may be sum- 
marized a s  (S2~ 1/2 = (0.46 + 0.05)Mlw/2 for both phases. This correspondence of values indicates that 
on a rapid quench, diffusion is sufficiently slow that the molecule crystallizes with a similar spatial 
distribution of mass elements to that possessed in the melt. Measurements of scattering data over a 
wide K range (6 x 10 -3 ~< K ~< 0.12 A -1) have also been made from samples showing no aggregation 
effects. Calculations indicate that it is diff icult to f i t  this data in terms of models which postulate 
adjacent chain re-entry in one crystallographic plane for this type of sample. 

INTRODUCTION 

Small-angle neutron scattering (SANS) using the D - H  sys- 
tem has proved successful in studying amorphous polymers 
in the solid state t and above Tg 2, and crystalline polymers 
above their melting point 3'4. When applied to the study of 
crystalline polymers in the solid state several experimental 
problems were encountered which were associated with 
voids of sub-microns dimensions formed between the crystal- 
line and amorphous regions and the segregation into clus- 
ters of the tagged molecules during sample preparation 3. 

The first of these problems is overcome in the case of 
polyethylene, by using deuterated polyethylene (PED) in a 
matrix of protonated polyethylene (PEH). Normally void 
scattering dominates low-angle X-ray scattering from poly- 
ethylene, but in the case of neutron scattering from PEH, 
cancellation between the positive scattering length of 
C(bc = +0.66 x 10 -12 cm) and the negative scattering from 
1H(b n = -0.37 x 10 -12 cm) means that the coherent neu- 
tron scattering is almost completely eliminated. In PED 
on the other hand no such cancellation is possible since the 
scattering lengths of carbon and deuterium are nearly of the 
same magnitude and the same sign. 

The second problem, the formation of clusters of tagged 
molecules, can be overcome by a combination of appro- 
priate solution blending techniques and rapid quenching 
from the melt as described below. The segregation of PED 
chains within the PEH matrix was first mentioned by 
Stehling et al. s, who measured the difference in melting 
points in two series of deuterated and protonated alkanes. 
They showed that PED has a melting point ~6°C below 
that of PEH and discussed how this might arise from differ- 
ences in the entropy or enthalpy of the two polymers. They 
pointed out that there was a danger of segregation and that 
a statistical distribution of tagged molecules could not be 
assumed. 

* lnstitut fur FestkOrperforschung der Kernforschungsanlage 
GmbH, D-5170 Jglich 1, Postfach 1913, Germany. 

EXPERIMENTAL 

The first samples prepared were solution blended in boiling 
xylene and precipitated into methanol at room temperature. 
The resultant powders were washed in methanol and dried in 
a vacuum oven at 70°C and subsequently compression 
moulded at 190°C into sheets ~1 mm thick, suitable for 
neutron measurements. After compression moulding the 
samples were removed from the press and quenched into 
water at room temperature. Further details of sample pre- 
paration, the experimental SANS technique, together with 
the measured SANS data, are given in refs 3 and 6. It was 
concluded from an analysis of this data that clusters of 
15-30 PED molecules had occurred in the solid state, and 
that the clustering was reduced or eliminated by thermo- 
dynamic mixing when performing measurements in the 
melt over periods of several hours 3'6. 

In order to reduce or eliminate the clustering problem 
in the solid state, the method of sample preparation was 
varied, and it was eventually found that virtually unclus- 
tered solid samples could be prepared by substituting 
ortho-dichlorobenzene (o-DCB) for xylene in the above 
procedure, and quenching from the melt after compression 
moulding, o-DCB has a boiling point ~ 180°C (compared 
to xylene ~ 140~C), which is well above the melting point 
of polyethylene (-~135°C) and will therefore enhance the 
probability of complete dissolution of the two polymers. 
By this method samples coded A3, A6, PE 18, 21,22, 23, 
24 and 25 (Table 1) were made. Table I shows the mole- 
cular weights of the matrix and deuterated molecules and 
also the polydispersity and concentration of the tagged 
PED molecules. The scattering parameters found in Table 1 
are defined and discussed below. 

For all these samples the matrix was linear unbranched 
PEH and the crystallinity indices of this series, as measured 
by X-ray diffraction and density flotation methods, were 
typically 65 z- 2%. In order to further characterize the 
morphology of the rapidly quenched material, typical sam- 
ples were analysed by small-angle X-ray scattering (SAXS) 
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Table 1 Neutron scattering data for polyethylene with PEH matrix and PED tagged molecules 

PED (linear) 

Sample PEH Polydispersity c (S2) ]12 
No. MwX 10 - 3  MwX 10 -3  Mw/M n (g/g) (Mw)appX 10 -3  (A) z (S2)Iw/2/MI~ 2 O Comments 

Rapidly quenched measurements at 23°C 

A3Q 78 60 1.54 

A6Q 78 60 134 

A6O 78 60 1.54 

PE18 112 43 2.8 
PE18 112 43 2.8 
PE21 100 140 2.1 
PE21 100 140 2.1 
PE22 100 140 2.1 
PE23 100 140 2.1 
PE24 100 383 2.1 
PE25 100 54 2.1 

Measurementsat150°C 

PE21 100 140 

0.03 53 146 0.52 

0.06 46 133 0.46 

0.06 46 132 0.46 

0.03 50 13 ~ 0.53 
0.03 55 150 0.59 
0.10 344 307 0.66 
0.10 338 313 0.68 
0.05 121 197 0.43 
0.03 143 189 0.41 
0.05 275 276 0.36 
0.05 58 142 0.54 

2.1 0.10 114 

Slow cooled clustered PED, measuremen~ at25°C 

A3SC 78 60 1.54 0.03 343 

A6SC 78 60 1.54 0.06 693 

- Matched sample with 
branched PEH matrix 

2.4 Matched sample with 
branched PEH matrix 

- Matched sample with 
branched PEH matrix 

- Linear PEH matrix 
- Linear PEH matrix 

2.3 Linear PEH matrix 
2.3 Linear PEH matrix 
- Linear PEH matrix 
- Linear PEH matrix 
- Linear PEH matrix 
- Linear pI:;H matrix 

215 0.46 2.3 Linear PEH matrix 

313 1.10 --  Matched sample with 
branched PEH matrix 

368 1.29 2.4 Matched sample with 
branched PEH matrix 

methods. The measurements were performed on a SAXS 
scattering facility which utilized a 5 kW rotating anode, 
pin-hole collimation and a position sensitive proportional 
counter 7. The CuKt~ radiation was monochromatized be- 
fore scattering and very well collimated in both directions. 
No resolution corrections were therefore necessary and the 
differential scattering cross-section, dZ/d~,  was measured 
in absolute units. A typical scattering pattern is shown in 
Figure I and shows a well resolved first maximum at K = 
47r~,-1 sin 0 = 0.024 A-1. Typical Bragg-law 'spacings' cal- 
culated from the position of the first maximum are in the 
range 254 -z- 10 A for fast quenched samples. The occur- 
rence of well resolved maxima in the SAXS patterns is good 
evidence for the existence of lamellar structures in the 
samples. 

If samples are slow cooled from the melt it is to be ex- 
pected that separation could again occur due to the well 
established separation mechanism by which the higher 
melting component will crystallize first on slow cooling. 
It was to avoid this separation mechanism that samples were 
initially quenched rapidly from the melt. We attempted to 
check by thermal analysis for possible segregation on slow 
cooling, the measurements being made in a Perkin-Elmer 
DSC-2 differential scanning calorimeter. As thermal 
methods cannot easily detect PED at the normal level of 
1-10%, measurements were made on a 50:50 mixture. 
The mixture (components as PE 25) was solution blended 
(19-DCB) and precipitated into methanol. As prepared, this 
showed a single melt endotherm on heating to 160°C. Sub- 
sequent cooling relatively rapidly from the melt at 5°C/min 
gave a single crystallization exotherm and the anticipated 
single melt endotherm on reheating. There is no evidence 
to suggest that phase separation has occurred. However, 
cooling from the melt slowly at 0.62°C/min resulted in 
two clearly resolvable crystallization peaks, (Figure 2a) 
and a distinct shoulder in the subsequent melt endo- 
therm at a temperature consistent with the melting point 

of the deuterated material (Figure 2b). From this data we 
can conclude that fast quenching from the melt consider- 
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Figure 1 SAXS pattern from bulk polyethylene, rapidly quenched 
from the melt 
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60 

Figure 2 (a) Crystallization exotherm; (b) re-melt exotherm of 
50:50 PEH/PED mixture slow cooled at 0.62°C/min from the melt 

ably reduces the possibility of phase segregation of the 
molecules. 

We have attempted to reduce the probability of segrega- 
tion in slow cooled samples by choosing a slightly branched 
PEH polymer, whose thermal characteristics match those 
of the deuterated material. The temperatures for the start 
of crystallization, Ts, and peak crystallization rate, Tp, were 
Ts = 113.7°C and Tp = 111.7°C; and Ts = 113.5°C and 
Tp = 112°C for the PEH and PED materials respectively. 
These materials were then solution blended in ortho- 
dichlorobenzene as described above, and slow cooled from 
the press at ~l°C/min after compression moulding. It will 
be seen from the subsequent discussion that although the 
matching procedure reduced the segregation or clustering 
effect, it was not eliminated completely. It is our opinion 
therefore that it is virtually impossible to prepare unclus- 
tered samples of unmatched (i.e. linear) PEH and PED, 
when these samples are cooled slowly from the melt. 

It is important to understand, not only the morphology 
of melt crystallized polyethylene, but also solution crystal- 
lized polymer. For this reason we attempted to also make 
samples of solution crystallized material. However, d.s.c. 
measurements on the 50:50 blend of linear PEH and PED, 
crystallized slowly from ortho-dichlorobenzene at 65°C 
indicated a well resolved shoulder on the d.s.c, endotherm 
~8°C below the peak of the endotherm (Figure 3). The 
equivalent melt endotherm of PEH crystallized from solu- 
tion in the same manner showed no such shoulder. This 
again indicated the strong possibility of phase separation in 

samples of solution crystallized mixtures, and for this reason 
we did not attempt to proceed with solution crystallized 
samples at this stage. 

For both melt and solution crystallized systems, it is 
clear that unambiguous conclusions on chain configuration 
can only be drawn from data which originates from a 
homogeneous specimen (no phase segregation), where the 
tagged molecules are statistically distributed throughout 
the matrix. Fortunately, it is possible to check the latter in 
a homogeneous specimen as shown in the next section. 

SEGREGATION OF TAGGED MOLECULES 

The extrapolated forward scattering cross-section, measured 
in absolute units is a very sensitive indicator as to whether 
the tagged molecules are clustered or statistically distributed. 
For the latter case it has been shown 2'3 that: 

1 
cKN ~ ,~=o-M~- (1) 

where [ ]2 
1 ( b D  - b H )  N 

KN = P 2XM(cD2)x H2(I-X) 
(2) 

where p = 0.94 g/cm 2 is the density, X is the degree of 
deuteration of PED chains, M!CO2)xH2(I_X) is the mass of a 
chain segment, N is Avogadro s number, bD and b H are the 
scattering lengths of 2D and 1H. The extrapolated forward 
scattering cross-section is obtained from the usual linear 
plots of dE-1/d~2 vs. K 22,~. Where there is no clustering, 
M w determined from the neutron measurement (equation 1) 
should equal the known molecular weight of the tagged 
molecules determined by g.p.c, or osmometry prior to 
blending. When clustering does occur, curves obtained by 
plotting diE-1/d~2 against K 2 are still linear over a wide 
range as can be seen by corresponding Figures 4 and 5 but 
the values of the slope and intercept are changed. In this 
case the apparent molecular weight obtained from the for- 
ward scatteriltg, (Mw)app, is larger than the real molecular 
weight Mw. The ratio (Mw)app/M w is a measure of the 
number of molecules in a cluster (n). 

7 

,D,o ' ,7o ' 6 0  ' do 
r (°C) 

Figure 3 Melt endotherm of a 50:50 PEH/PED mixture after 
crystallizing from o-DCB solution at 65~C 
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In Table 1 we have summarized the neutron scattering 
data on polyethylene. Comparing (Mw)app with Mw, there 
is generally good agreement showing that clustering has 
been substantially eliminated. The combined error of the 
comparison is ~25% due to uncertainties in the calibration 
of g.p.c., SANS and the polydispersity correctionL One 
exception to the agreement is sample PE 21 which contains 
a high concentration (10%) of tagged molecules. It may 
also be seen that clustering occurs even for matched sam- 
pies (A3 SC, A6 SC) which are slow cooled from the melt. 

MEASUREMENTS OF RADIUS OF GYRATION 

For samples without clustering, obtained by rapid quench- 
ing from the melt, we obtain from the slopes of the curves 
such as Figure 4 values of the radius of gyration of statis- 
tically distributed molecules in the solid state. In Table 2 
we compare values of ($2)1/2/M 1/2 obtained in the solid 
state, with those obtained in the melt 4 and in a 0-solvent. 
The close agreement between these values shows that the 
overall size of the molecule is the same in all these systems. 
The values of radius of gyration measured in the melt are 
in excellent agreement with the measurements of Lieser 
et aL 4 and this provides a useful cross-check on the accuracy 
of the data. 

HOMOGENEITY OF THE DISTRIBUTION OF TAGGED 
MOLECULES IN THE MATRIX 

We were concerned to test whether the tagged molecules 
were preferentially occupying the amorphous regions, as 
this might have been one explanation for the close agree- 
ment between results in the solid and liquid states. To do 
this we rapidly quenched samples as thin films and etched a 
selection of this material with nitric acid. This process pre- 
ferentially removes the amorphous regions of the sample 
and we would expect a reduction in the deuterium content 
if this kind of segregation had occurred. The initial and 
etched samples were therefore analysed using an ARL Multi- 
Element Plasma Detector, which gives a signal proportional 
to the deuterium content. Within the experimental error 
of the measurement (½% in the concentration of tagged 
molecules, c) no differences was observed. The etched 
sample showed an increase ("6%) in crystaUinity indicating 
that the amorphous regions had been preferentially re- 
moved. Therefore it may be concluded that the deuterated 
molecules were uniformly distributed throughout the 
amorphous and crystalline regions. 

NEUTRON SCATTERING AT HIGHER ANGLES 

We have studied the scattering behaviour at high angles in 
a similar way to our studies with polystyrene 2. The most 
convenient way to present this data is shown in Figure 6 
for samples PE 21 at 150°C. It is evident that the results 
are similar to those obtained for polystyrene. Moreover, 
sample A6Q, when cooled rapidly at 23°C gives a similar 
curve as can be seen by comparing Figure 7 with Figure 6. 
Both curves tend to a constant value at K ~ 0.15 A - l ,  
which may be characterized as follows. Let us define the 
quantity 

Q= Lim 
~0.15A-1 

K 2(s2) w (K) 

cKNMw 

= Lim [r2($2) 1/2] [IF(K)II 2 (3) 
r-.0.15A-I 

where F(K) is the form factor of the polymer molecule and 
c is the concentration of tagged molecules. Q is thus a 
measure of the asymptotic value of the ordinates of 
Figures 6 and 7. Listed in Table i we see that at 150°C 
and 23°C (for the rapidly quenched material) Q = 2.3, very 
close to that derived from the Debye function 9 for which 
Q ~ 2 for large r .  The sample PE 21, which contains clus- 
ters of tagged molecules, shows a scattering behaviour 
which is different in the intermediate r range 
(0 ~< K ~< 0.04 A- l ) .  Figure 8 shows that in this range the 
presence of clusters leads to an overshoot of the simple 
Debye-like curve observed in Figure 7. This overshoot dis- 

/ _ l _  

Table 2 Values of ~ = LS2)I"2/MI rz 
W W 

Temperatu re 
(°C) State ~ Origin 

23 Crystalline 0.46 ± 0.05 Thispaper 
150 Molten 0.46 ± 0.05 Thispaper 
150 Molten 0.45 Ref 4 
150 Solution 0.45 + 0.08 Ref 8 

6-solvent 
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with 

lff If(~)l 2 = ~ de sin ffdff IFx(qx)Fy(qy)[ 2 

and 

qx = K sin ~ cos ¢ 

qy = K sin ~ sin ¢ 

The radius of gyration ($2)1w/2 corresponding to (dX/d~2) 
(K) is resolvable into two components: 

+ 
+ 

oo 

o o 

o 

g 
o 

L J ~ J L ,. 
-0 .12  - 0 " 0 8  - 0 0 4  0 0 " 0 4  0 " 0 8  0 1 2  

Figure 6 Kratky plot  for scattering from 10°/o PED molecules 
(sample PE 21 at T = 150°C) 

(6) 

(7) 

l 2 w 2 
= - -  + - -  (8) (S2)w R2x +R~v= 12 12 

appears when the sample is melted (Figure 6) and the clus- 
ters are dispersed (Table 1). 

MODEL CALCULATIONS AND DISCUSSION 

It has been shown that the random coil model can fit the 
neutron data, in the solid state, both with regard to radius 
of gyration and the whole small-angle scattering function 
(Figure 7). However, this model is in conflict with the 
known crystallinity and the SAXS evidence (Figure 1), 
which shows that long straight sections of the molecule 
(~100 A) exist. Thus such an extreme model cannot be 
used to describe the scattering data and other properties of 
solid polyethylene. 

At the opposite extreme of models which might be used 
to fit the data there are models postulating folding within 
a given crystallographic plane of the lamella. Such a model 
has been put forward by Bank and Krimm 1° on the basis 
of adjacent re-entry. Generally the scattering function of 
such a configuration would also lead to the observed K-2 
behaviour and we have therefore performed model calcu- 
lations, in which the basic requirement is that the chain 
folding must occur within a given plane. The molecule is 
therefore constrained within a plane height, w, length, l, 
with negligible width. The density of CD2 molecules of 
one chain is therefore px(X)py(y)8(z) with px(X) and py(y) 
constant over distances l and w respectively and zero 
elsewhere, px(X) and py(y) are the mass distribution func- 
tions, x and y are the rectangular coordinates within the 
folding plane, and z is perpendicular to it. The form factor 
of this chain molecule is: 

Fx(qx)Fy(qy ) - X 
w l 

qx ~ qy -~ 

(4) 

if F x and Fy are the Fourier transforms of p x and py of 
argument q with components qx and qy in the x and y 
directions. The differential cross-section dE/dI2 of tagged 
molecules folded in planes with their normals statistically 
oriented in space is:  

dZ 
d--~ (K ) =eMwKMF(K )I211F(O)I 2 (s) 

where Rgx and Rgy are the second moments of the mass 
distributions Px and py respectively. 

For each chosen pair of mass distribution functions the 
scattering cross-section dE/d~ was calculated for Rgy/Rgx 
ratios of 1, 2, 4 and 8, and hence a value of Q was calcu- 
lated for each of these ratios. These values of Q are shown 
in Figure 9, and show that only for a value ofRgy/Rgx = 4, 
can this model give the measured value of Q = 2.3. Using 
this value of Rgy/Rgx, Figure 10 shows the curve of 
~2(dX/d~2) (K) predicted by the model. The function 
shows some oscillations which are not important to the 
main argument, and gives a reasonable agreement to the 
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Figure 7 Kratky plot for scattering from 6% PED molecules 
(sample A 6 Q  at T = 23°C)  
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measured scattering data (Figure 7). For a typical chain 
with molecular weight M ~- 140 000, the length L, is 

2 1/2 046 "~ 12 500 A and the radius of gyration ( S )  = . 
M 1/2 ~- 168 A. Thus, assuming w/l = 4 we calculate from 
equation (8) that l "" 138 A, w "" 565 A. The distance be- 
tween adjacent folding segments is then calculated to be: 

W 
d = - - = 6 4  10A 

L/l 
(9) 

depending on whether one assumes that all the molecule 
is within the folding plane, or whether 35% of it is in the 
amorphous region. Thus this distance of the same order 
of magnitude to a value of 4.9 A calculated by Bank and 
Krimm 1° for adjacent re-entry within the (200) plane. 

According to equation (8), however, (S 2) = 0.462Mw = 
12/12(1 + 42) or 

l = 0.38 Mlw/2 (10) 

This implies a molecular weight dependent fold length, and 
for a chain with molecular weight M -~ 60 000 we calculate 
l -~ 93 A;d  = 6 -* 10 A. This raises a particular difficulty 
for this model because in the neutron experiments l is 
effectively fixed by the matrix, and yet it is seen that Q 
remains 2.3, while the tagged molecular weight changes 
from 60 000--* 140 000 (Table 2). It therefore seems that 
although the model can be made to give a reasonable fit 
to the data at a given molecular weight, it does not seem 

capable of describing the variation of the measured para- 
meters over the whole molecular weight range. 

In order to remove the molecular weight dependence of 
l, which arises from equation (8), the model might plausibly 
be re-formulated to allow the molecule to pass through 
several different lamellae. To maintain the r - 2  behaviour 
of dX/d~2, the chain would have to crystallize in each 
lamella in a plane whose dimensions obeyed the relation 
wfl = 4. This relaxes the constraint of equation (8), as the 
radius of gyration of the molecule is determined by the 
overall mass distribution of the molecule rather than by 
equation (8), Such a molecular configuraiion is shown 
schematically in Figure 11, for a molecule passing through 
4 lamellae. However, a serious argument against this kind 
of configuration is that l has to be approximately the same 
as before as this is determined by the matrix. Hence as the 
ratio wfl has to remain 4 in order to give Q = 2.3 (Figure 9), 
it follows that each folding plane has to have approximately 
the same dimensions (w, l) as in the previous formulation: 
Hence the chain has to be distributed over four planes (in 
the case of Figure 11), of approximately the same size as 
the original plane. This means that the interchain distance 
d, has to increase by a factor of 4 and one cannot, there- 
fore, maintain the adjacent re-entry mode of folding. 

It seems that the basic problem of this type of model 
lies in the assumption that the measured value of Q = 2.3 
in the solid arises from the fact that the molecules fold in 
planes maintaining w/l -~ 4. This seems a very artificial 
assumption, which leads to the problems discussed above. 
It is thus difficult to see therefore how the correspondence 
with the melt, both in radius of gyration in (Table 2) and 
the whole scattering function (Figure 7), can be plausibly 
explained on the basis of adjacent re-entry within a given 
crystallographic plane for rapidly quenched samples. 

C h 
h 

Figure 11 Schematical reformulation of model with molecules 
folding in one crystallographic plane in each lamella 
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It seems much more reasonable to propose that  the rea- 
son for the correspondence of  ($2) 1/2 with the melt,  lies in 
the fact that on a fast quench, the molecule cannot diffuse 
sufficiently rapidly to adopt  a very different mass distribu- 
tion of  chain elements to that  adopted in the melt. The 
correspondence of  Q values in the melt  probably arises 
from a retention in the crystalline state of  some of  the 
randomness of  the melt.  

Beyond these general assertions, we are not  in a position 
of being able to propose a unique configuration for the 
molecule from the data of Figure 7. This is because two 
extreme models can be fitted mathematical ly to this data, 
and hence it is to be expected that there are a whole 
variety of  further models between these extremes which 
might generate a similar function. It is clear that further 
data over a wider K range would be useful for determining 
the configuration, and such experiments are currently in 
progress. 

In conclusion, it  is relevant to discuss the work of Sadler 
and Keller on single crystal mats 11. Figure 4b in ref 11 is 
typical of  the results obtained for single crystal matts 
0.1 mm thick. The results shown correspond to the trans- 
lucent material obtained by pressing at 60°C. Sadler and 
Keller were unable to measure the molecular weight of  the 
tagged molecules from the foreward scattering because of  
the presence of  a 'void artefact ' .  No check for clustering 
was therefore made, and the evidence from the studies 
described in this paper would suggest that the system is 
highly aggregated. A maximum at a value K "~ 0.08 A-1  
was observed in the Kratky plots,  though we are of  the 
opinion that the shape of  this curve is in no way a feature 
of the structure of  PE but  a consequence of aggregation 

of  PED chains. A similar feature was found in sample 
PE 21 (Figure 8) and was shown to be due to clustering 
of  small numbers (2 to 3) of  PED molecules. This feature 
is absent in unclustered samples (Figure 7), and the 
strength of  this overshoot in Sadler and Keller's data sug- 
gests even greater aggregation effects. 
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Effect of molecular oxygen on the n.m.r. 
relaxation times of some aromatic 
polymers 

Michael  F. F ro ix  and Andreas O. Goedde  
Xerox Corporation, Webster, New York, USA 
(Received 5 April, 1976) 

Proton spin-lattice (T 1) and spin-spin (T 2) relaxation times are reported for poly(2-vinylpyridine), 
poly(I-vinylanthracene) and polycarbonate in air, oxygen and in vacuo. The results substantiate 
earlier findings that oxygen complexes with the aromatic rings giving rise to T1 minima which are not 
intrinsic to the polymers. This effect appears to be fairly general for aromatic containing polymers. 
For those polymers containing low temperature relaxations intrinsic to the polymer, the oxygen para- 
magnetic effect can complicate the relaxation behaviour and, in some cases, totally mask the intrinsic 
processes. The transitions in T 1 and T 2, due to the torsional oscillation of the anthracene side group 
in poly(1-vinylanthracene), is much better defined than the corresponding transitions for previously 
reported aromatic vinyl polymers. The activation energy for the motion of the side group is com- 
parable to that of polystyrene and poly(N-vinylcarbazole). 

INTRODUCTION 

Recently, it has been shown that some aromatic polymers 
exhibit anomalous n.m.r. T M  and dielectric s'6 relaxations in 
the presence of oxygen. Prior to this discovery, the origins 
of these relaxations were the source of much uncertainty. 
Polyvinylcarbazole (PNVC), poly(N-ethyl-3-vinylcarbazole) 
and polystyrene (PS) were found to complex with mole- 
cular oxygen giving rise to low temperature n.m.r, relaxa- 
tions due to the dipole-dipole interaction with, and spin- 
diffusion to the paramagnetic oxygen. N.m.rJ -4 and di- 
electric s'6 measurements have also shown low temperature 
relaxations due to the motion of the aromatic side groups 
which are only observed on interaction with oxygen. In 
the absence of oxygen, these motions are either of too low 
amplitude or about a symmetry axis and, consequently, 
are not observed in the n.m.r, and dielectric data. How- 
ever, on interaction with oxygen, a dipolar field due to the 
unpaired electrons of the paramagnetic species is exper- 
ienced by the polymer protons. At the onset of oscillation 
of the aromatic ring, the lifetime of the interaction is re- 
duced and transitions in n.m.r, and dielectric relaxations 
are observed with activation energies corresponding to the 
intrinsic motions of the polymers. 

In this paper, the nuclear spin-lattice (T1) and spin-  
spin (T2) relaxation times are reported for a series of aro- 
matic polymers. The relaxation behaviour of thoroughly 
evacuated samples is compared with that of samples in air 
and oxygen, and the results are discussed in terms of the 
influences of paramagnetic oxygen on the polymer proton 
relaxation behaviour. 

EXPERIMENTAL 

The polycarbonate (PC), poly(2-vinylpyridine), and poly(1- 
vinylanthracene) (PA) samples were obtained from various 
sources. The relevant data are given in Table 1. All sam- 
ples were reprecipitated several times before using. Evacu- 
ated samples were obtained by pumping the samples to 
~10 -5 mmHg at 80°C for 12 h. The n.m.r, tubes were 

attached to nylon valves so that samples could be re- 
equilibrated with oxygen or air at a later time. 

The n.m.r, relaxation times were obtained on a Bruker 
SXP NMR Spectrometer at 90 MHz. The magnetic field 
was generated by a 12 in shimmed electromagnet operated 
in the current regulated mode. The temperature was con- 
trolled by a gas-flow system thermostatted with a copper 
constantan thermocouple and controlled to an accuracy 
of_+l°C. 

Spin-lattice relaxation times were measured by the 
180°--T--90 ° pulse technique ~. Values of T1 were derived 
from a least squares analysis of plots of In [A(oo) - A ( T ) ]  
as a function of the interval r between the 180 ° and 90 ° 
pulses, where A(T) is the amplitude of the free induction 
decay following the 90 ° pulse and A(oo) is the value of 
A(T) for infinite time. 

Spin-spin relaxation times were obtained from the free 
induction decays following the 90 ° pulse. T2 was taken as 
t1/2/ln2 where tl/2 is the time for the magnetization to 
decay to one-half of its original value. Both values of Tt 
and T2 were determined using a computer program a in 
which the free induction decays were stored in a Nicolet 
1080 computer. 

RESULTS 

Figure 1 is a plot of T1 versus temperature for degassed 
poly(2-vinylpyridine) and poly(2-vinylpyrindine) in oxygen. 
The high temperature T 1 come together at the minimum 
due to the glass transition. At low temperatures, the sam- 
ple in oxygen shows a minimum at 210K which is not pre- 

Table 1 

Sample M w M W D  Source 

Polycarbonate 38 000 2.36 General Electric 16 
Poly(2-vinylpyridine) Polysciences 
Poly(1-vinylanthracene) 152 000 1.8 This laboratory 16 
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tense minimum at 280K which is almost totally masked by 
the lower temperature minimum. All samples exhibit ano- 
malous minima in air and oxygen. The magnetization re- 
covery on the low temperature side of these minima is non- 
expotential. This magnetization recovery can be described 
by a (time) 1/2 dependence at short times and the plots con- 
sist of two straight line segments 1. 
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DISCUSSION 

The low temperature T1 behaviour of polycarbonate, poly(2- 
vinylpyridine) and poly(1-vinylanthracene) exhibit en- 
hanced relaxation in the presence of air and oxygen accom- 
panied by the appearance of new minima which are not 
observed for the evacuated samples. The anomalous mini- 
ma are accompanied by a non-exponential magnetization 
recovery on the low temperature side of the minima. The 
limiting cases of diffusion-limited and rapid diffusion of 
nuclear spin energy to paramagnetic oxygen have been 
dealt with previously 1-4. In diffusion-limited relaxation, 
the initial magnetization recovery is described by a (time) 1/2 
dependence at short times which gives rise to an exponen- 
tial dependence at longer times 9. All of the polymers exa- 
mined in this study exhibit this type of behaviour in both 
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sent in the evacuated sample. The T1 behaviour of PA in 
air and in vacuo is given in Figure 2. The evacuated sample 
shows a shallow minimum at 400K and the approach to 
another minimum beginning at 480K. There is no minimum 
in T1 for this sample below room temperature; however, the 
sample in air shows a minimum at 180K three orders of 
magnitude smaller than the degassed sample. A transition 
in T2 at 220 K is observed in Figure 3. The transition in air 
is slightly more pronounced than that of the evacuated 
sample. Figure 4 gives T1 plots of evacuated PC and PC in 
air. The evacuated sample shows a minimum at 280K while 
the sample in air exhibits a minimum at 190K and a less in- 
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air and oxygen below the low temperature T1 minimum. 
Plots of fractional magnetization recovery are composed 
of two regions which have been demonstrated to result 
from surface and bulk oxygen effects 1. Polyvinylcarbazole 
and polystyrene have been shown to complex with 
oxygen t'a4° and it appears from the results of this study 
that this is a general feature of aromatic ring containing 
polymers. The polymers absorb oxygen both at the sur- 
face and in the bulk; however, there appears to be a pre- 
ference for surface adsorption giving rise to larger concen- 
trations of oxygen on the surface than in the bulk ~. Higher 
surface area materials have been shown to exhibit shorter 
values of T1 in the presence of oxygen and the minimum 
due to this effect occurs at lower temperatures reflecting 
the change from diffusion-limited relaxation on the low 
temperature side of the minimum to rapid diffusion above 
the minimum ~. 

The T 1 minimum at 400K and the corresponding transi- 
tions in T2 at 220K for PA are consistent with maxima in 
tan 5 observed for poly(2-vinylanthracene) and poly(t~- 
methyl-2-vinylanthracene) H. Polystyrene 3'12 and poly- 
vinylcarbazole t have been shown to exhibit fairly ill defined 
minima in T1 due to torsional oscillation of the aromatic 
side group. In degassed samples, the corresponding transi- 
tions in T2 are not observed due to the low amplitude of 
the motion. However, in the presence of oxygen in these 
systems, changes in T2 are observed at the onset of re- 
orientation of the rings due to the averaging of the small 
dipolar field arising from the proton interaction with the 
unpaired electrons ~3. In PA, both the T1 and T2 transi- 
tions are well defined. The T2 transition is small and is 
accentuated in air. It is concluded that the T1 and T2 
transitions correspond to a low amplitude torsional oscil- 
lation with an activation energy of approximately 8 kcal/ 
mol. Above 480K, the beginning of another transition in 
T1 is apparent. The temperature was not taken any higher 
in order to avoid sample degradation. The approaching re- 
laxation is probably the a/3 process associated with the 
glass-transition. 

The minimum in T 1 at 280K for degassed PC has been 
observed previously and is ascribed to methyl group re- 
orientation ~3-~s. Since the position and depth of the T1 
minimum due to the paramagnetic oxygen is known to 
be a function of the surface area of the sample ~'a the posi- 
tion and width of the low temperature minimum can be 
vastly altered (if T1 measurements are made in air) de- 
pending on the physical state of the sample. This has been 
shown to be the case for low molecular weight, small par- 
ticle size polystyrene in air where two minima in T1 are 
observed at low temperatures due to the oxygen effect 
and to the motion of chain ends. When this sample is 
quenched from the melt, thereby reducing the surface 
area, both minima merge to form a broad minimum a. 
Poly(2-vinyl-N-ethyl-carbazole) and poly(3-vinyl-N- 
ethylcarbazole) also exhibit a low temperature T1 minimum 
due to motion of the ethyl group. It has been shown that 
in the presence of air, this minimum is totally masked and, 
as a result, is not observed; however a minimum due to the 
interaction of oxygen does appear at a lower temperature 2. 
In view of these facts., it is not surprising that the minimum 
due to the methyl group motion is somewhat overshadowed 
in the PC sample in air. Taking these observations into 

account, we have been able to regenerate~some previously 
published T1 data 14'~s and to account for their unusually 
wide and more intense T1 minimum in terms of the above 
mentioned oxygen effects. 

CONCLUSIONS 

Spin-lattice relaxation time measurements have been made 
on evacuated samples of polycarbonate, poly(2-vinylpyri- 
dine) and poly(1-vinylanthracene) and on these polymers 
in air and oxygen. The results agree with those previously 
obtained for carbazole containing polymers ~'2'4 and polysty- 
rene 3 in which oxygen is found to complex with the aro- 
matic ring giving rise to a T1 minimum in these atmospheres 
which are not intrinsic to the polymers. This effect now 
appears to be fairly general for aromatic containing poly- 
mers. Like low molecular weight polystyrene 3 and poly(2- 
vinyl-N-ethylcarbazole) 2 which exhibit low temperature re- 
laxations due to chain-ends and side chains respectively the 
oxygen effect in polycarbonate can complicate the low 
temperature behaviour, in some instances masking the in- 
trinsic processes altogether. 

Poly(1-vinylanthracene) exhibits a T1 minimum and a 
transition in T2 due to torsional oscillation of the anthra- 
cene side chain. The transitions are more easily discernible 
than for previously reported aromatic vinyl polymers ~-~ 
reflecting either a larger amplitude motion of the side 
group or a narrower distribution of correlation times asso- 
ciated with that motion. The activation energy for tor- 
sional oscillation of poly(1-vinylanthracene) agrees with 
that of polystyrene and poly(N-vinylcarbazole) 1~. 
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Pulsed n.m.r, studies of molecular 
motion in wet nylon-6,6 fibres 
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The influence of water molecules on molecular motion in commercial nylon-6,6 fibres has been 
investigated by pulsed n.m.r, techniques. Transient n.m.r, signals, T 2 and T 1 relaxation times for the 
fibre protons were measured as a function of temperature and moisture (D20) content. Above the 
glass transition temperature, 7-9, of the fibre, separation of the signal into two components, a 'rigid' 
and 'non-rigid' fraction, was possible. For wet fibres, the temperature at which the 'non-rigid' or 
'mobile' component appeared was reduced as the water content was increased and the 'mobile frac- 
t ion' increased with temperature. This behaviour is explained in terms of the mobilization of amor- 
phous chain segments above the Tg and their abil ity to be 'plasticized' by water molecules. The effect 
of D20 molecules and paramagnetic Mn 2+ ions on T 1 relaxation of rigid and mobile segments provided 
further information on the properties of accessible chain segments between and on the crystallite sur- 
faces. A chain folded model of semi-crystalline morphology has been adopted throughout the 
discussion. 

INTRODUCTION 

The semi-crystalline structure and properties of polymeric 
fibres are important in many aspects of textile preparation 
and applications. It is well known, for example, that the 
strength, crease recovery and dyeing characteristics of fab- 
rics ~-3 depend on the crystallinity and state of orientation 
in the fibres. Moreover, for fibres such as nylon or rayon, 
the influence of moisture on these properties is determined 
by the behaviour of fibre polymer chains in the accessible 
regions and therefore ultimately by the semi-crystaUine 
morphology. Although numerous correlations have I~een 
established between the properties and structure of fibre 
forming polymers in terms of their degree of crystallinity 
and orientation 4,s more information is required on the 
dynamic configurational behaviour of the polymer chain 
segments in both the crystalline and amorphous states. 
However, the non-crystalline or amorphous structures are of 
particular interest since it is in these regions that the pro- 
cesses leading to fibre distortions originate 6'7, either through 
mechanical disruption of inter-chain attractions or by the 
influence of the glass transition temperature, Tg, on mole- 
cular mobility. Furthermore, it is known that the pene- 
tration of liquids and other low molecular weight substances 
into fibres 8 takes place via the inter-crystalline regions and 
that the rate of penetration is increased above the Tg 9. The 
most popular theory of fibre structure at present is one in 
which the crystalline or elementary fibril is formed by a 
polymer chain folding back and forth in a regular manner 
along its own length l° with chain ends, loops and tie mole- 
cules between crystallite surfaces forming the amorphous 
regions. Hence, in this case the extent of mobility of an 
amorphous chain segment above the Tg, unlike that in a 
completely amorphous polymer depends on its mode of 
attachment to the crystallite H. 

Of the many techniques employed to examine the 
physical properties and transition behaviour in solid poly- 
mers 12-~4 the n.m.r, method is perhaps the one most suit- 
ed for obtaining direct information on the various molecu- 

lar motion processes involved ls-23. The broad-line n.m.r. 
investigations of Zachmann TM and of Bergmann ~9 on poly 
(ethylene terephthalate) are representative of recent 
attempts to analyse the mobility behaviour of the different 
amorphous arrangements of chain segments in semi-crystal- 
line polymers, while Olf and Peterlin have used the same 
technique to study orientation 2z and the effects of mois- 
ture 23 on mobility transitions in nylon-6,6 fibres. Although 
there have been several pulsed n.m.r, relaxation time studies 
on polyamides 2ran to our knowledge this method has not 
been used to study chain mobility and thermal transitions 
in wet nylon fibres. This paper examines the influence of 
temperature and moisture on chain motion in commercial 
nylon-6,6 fibres. The n.m.r, relaxation behaviour of poly- 
mer segments resulting from penetration of water (D20) 
molecules and paramagnetic electrolyte into the fibres is 
discussed with reference to the features of a chain folded 
morphology. 

EXPERIMENTAL 

Sample preparation 
Commercial nylon-6,6 fibres (1.5 denier) were obtained 

from ICI Fibres Ltd. Fibres were washed several times in 
distilled water but no attempt was made to remove opacifier 
or carry out any other purification treatment which might 
have changed the original morphology. For dry samples 
oxygen and other volatile materials were removed by main- 
taining the samples under vacuum for several days. Samples 
of different water content were achieved by equilibrating 
fibre samples in various relative humidity chambers (satu- 
rated salt solutions in D20) 2s for about 6 weeks (at 25°C). 
Saturated fibres and fibres containing manganese sulphate 
were prepared by soaking fibres in appropriate solutions. 

N. m.r. measurem en ts 
Pulsed n.m.r, signals and proton relaxation times were 

measured using a Bruker (BKR 322S) pulsed n.m.r, spectro- 
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Figure I Form of pulsed n.m.r, induction signals for protons of 
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I1.) Dry fibres: (a) at 45°C; (b) at 165°C. Wet fibres: (c) at 45°C, 
4% D20; (d) at 45°C, 12% D20 

meter operating at 60 MHz. The temperature was control- 
led to within e lK.  Loss of signal during the pulse and re- 
ceiver dead time was minimized by examining the induction 
signals in the form of a 'solid-echo '26 using a 90 °-7-90°90 ° 
pulse sequence, where ~', the pulse separation is of the order 
of several microseconds. Two component signals were 
found to fit reasonably well the superposition of a Gaussian 
and an exponential curve of the form: 

h = hR exp [--t2/2T2R] + hMexp [--t/T2M] 

where h is the signal intensity at time t after the signal 
maximum and h R and h M are proportional to the numbers 
of chain segments in the 'rigid' and 'mobile' states, respec- 
tively. T2M, the spin-spin relaxation time for the mobile 
component was deduced from the linear portion of the 
plot of log h against t and T2R, a relaxation time related 
to the second moment of 'rigid', Gaussian, component, was 

2 estimated from a plot of log (h - hM) versus t . T1, the 
spin-lattice relaxation time was determined from the re- 
covery of signal amplitude following a 9 0 ° - r - 9 0  ° sequence 
as T, the pulse separation, is varied. T 1 values for each sig- 
nal component could be measured separately. 

RESULTS AND DISCUSSION 

Inf luence o f  water on n.rn.r, signals and transitions 

Pulsed n.m.r, signals were recorded as a function of 
temperature for dry fibres and fibre samples containing 
different amounts of water; a signal contribution from the 

water was avoided by using D20. The main variations in 
signal shape obtained for the nylon-6,6 fibres are illustrated 
in Figure 1, which shows solid echo signals formed after the 
second 90 ° pulse (t = 0); signal amplitudes are proportional 
to the total number of protons in the sample. In the dry 
fibres at temperatures above about 100°C a broader com- 
ponent indicating an increase in molecular motion appears 
in the signal. This is connected with the a a process or the 
onset of 'liquid-like' motions of the amorphous chain seg- 
ments above their glass transition temperature, Tg. The 
interesting feature of the n.m.r, behaviour for the wet 
fibres is that a similar mobile signal component is present 
at much lower temperatures. Olf and Peterlin 23 have 
recently investigated a mobile component in broad-line 
n.m.r, studies of wet nylon filaments which they suggest 
is a manifestation of the process causing a narrow line in 
the dry fibres at high temperatures i.e. the cta process. By 
comparison we therefore conclude that the pulsed n.m.r. 
behaviour in the wet fibres is due to mobilization of chain 
segments in the amorphous regions by water molecules. 
The temperature at which the mobile component appeared, 
was found to depend on water content. In an arbitrary 
manner, transition temperatures for each sample have been 
deduced from plots of decay time (% life) of the bulk signal 
versus temperature, these curves are presented in Figure 2. 
It can be seen that the transition occurs at lower tempera- 
tures as the water content is increased and in saturated 
fibres determination of a value below 0°C is probably limi- 
ted by some freezing of water. From detailed studies of 
sorption in nylon by Puffr and Sebenda 27,28 it has been pro- 
posed that the progressive uptake of water by nylon occurs in 
several stages involving water strongly bound across CO groups, 
loosely bound water forming bridges between neighbouring 
amide groups and, after further disruption of inter-chain 
bonds 29'a°, clustering of water molecules as 'capillary' or inclu- 
ded water. Therefore it is not expected that a single mechanism 
of segment mobilization applies throughout the entire sorp- 
tion range; the tightly bound water is thought to cause local 
plastitcization of segments connected to CO groups 3~, only 
above about 3% water content a2 can plasticization by water 
be considered to be 'of  a polymer-diluent type described 
by free-volume theories 33"~. 

Apart from recent indications that the transition ct c in 
the crystalline regions of nylon-6,6 is affected by water 23, 
it is often accepted that the penetration of water into 

I , 
. -  5pS¢C A ~^ ,~o  

6 I I l 
- 0 5 0  I 0 0  150 

Temperoture (oc) 
Figure 2 Variation of bulk signal decay times (arbitrary scale) 
with temperature for nylon-6,6 fibres containing different amounts 
of water (D20). Estimation of Tg (n.m.r.). D20 content: A, 12%; 
B, 6%; C, 4%; D, 2%; E, 0.6%; F, dry fibres 
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nylon fibres takes place via the amorphous regions and 
therefore the molecular motion processes associated with 
these segments alone are influenced by water. In addition 
to the influence of water on the normal Tg process it is 
believed that the firmly bound water gives rise to another 
transition in the amorphous regions at a somewhat lower 
temperature, sometimes called the/3-transition; (Kapur 31 
et al propose that the/3-process in wet nylon-6 at low water 
contents is similar to the mechanical and dielectric transition 
in ice associated with LI defects). The other important mo- 
tional process in the non-crystalline regions which can be 
affected by water is that associated with local movement 
of the CH2 groups, as in polyethylene, namely the 3,-pro- 
cess 22'3s. Olf and Peterlin 23 have observed a reduction in 
hindrance of the "},-motion in wet nylon above -75°C by 
wide-line n.m.r, due to mobilization of water molecules 
at this temperature. In the present work, at low water con- 
tents it is difficult to determine the relative importance of 
each mobility process from the signal shape alone, except 
that at a water content of 2%, which must represent bound 
water at normal temperatures, a mobile component is pro- 
duced in the n.m.r, signal at a temperature about 30°C 
lower than in the dry fibres. 

Mobile fraction 
At higher water contents and temperatures where the 

'rigid' and 'mobile' components can be separated more 
easily it is possible to estimate the fraction of material 

N.m.r. study of nylon fibres: Edward G. Smi~ 

undergoiT~ significant segmental motion and its charac- 
teristic decay or relaxation time T2M, as in Figure 3. In 
this analysis it has been assumed that the 'mobile' compo- 
nent can be extrapolated as a single exponential beneath 
the 'rigid' signal component and h M has been taken from 
the end of the second 90 ° pulse (the exact position of 
t = 0 for the exponential component probably lies between 
the two pulses, separation ~4/~sec, therefore our estimates 
ofh M will be slightly low). The mobile fraction, defined 
as the amplitude of mobile signal divided by total signal 
was plotted against temperature for several water contents, 
(Figure 4). From these curves it is evident that not all seg- 
ments in the amorphous regions are able to commence mo- 
tion at the same temperature and also that the presence of 
water shifts the curves to lower temperature. This behaviour 
must be related to the influence of fibre morphology on the 
properties of chains forming the amorphous regions be- 
tween the crystallites. Present theories of structures of 
semi-crystalline fibres, such as chain folding, require that 
some of the amorphous chain segments belong to chains 
having at least one end embedded in the crystallites ~ ~,,8 as 
represented in Figure 5. Hence, in contrast to the beha- 
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Figure 4 Dependence of mobile fraction, MF, on temperature 
for nylon-6,6 fibres containing different amounts of water (D20):  
©, saturated fibres &, 12% D20;  [], 2% D20;  O, dry fibres 
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Figure 5 Schematic representation of chain folded struc- 
tures in a semi-crystalline fibre. C, Cilia (chain end);  T,  tie mole- 
cule; R, rejected chain;  L, loop 
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viour in completely amorphous materials the presence of 
the crystalline regions in nylon fibres impose permanent 
constraints on the ends of amorphous chains at temperatures 
below the melting point of the crystallites. Zachmann la 
proposes that in poly(ethylene terephthalate), loops of 
amorphous chain segments (L in Figure 5) protruding from 
the surfaces of chain folded crystallites take part in signi- 
ficant motion above the Tg only if the ratio of end-end 
separation to extend length of the loop is less than about 
0.5 (in this model, rejected chains and chain ends emerg- 
ing from crystallite surfaces would, of course, be capable of 
such motion). Using simple free-volume theories 36 to re- 
late n.m.r, mobile fraction to free volume increase viz.: 

MF=MFo. exp [ - A ( T -  Tg) -1] 

(where Tg is the temperature at which the mobile compo- 
nent first appears and A is a constant which includes the 
coefficient of expansion) Zachmann extrapolated his 
n.m.r, data to 'infinite temperature' and obtained estimates 
of the maximum fraction of chains, MF=, capable of taking 
part in motion above the Tg. Our data has been plotted in 
this form and, for comparison, the curves obtained for dry 
and wet nylon-6,6 fibres are shown in Figure 6; within 
experimental error linear relationships were obtained. Al- 
though, due to the specific water-polymer interactions in 
the nylon system, quantitative interpretation of the tem- 
perature behaviour becomes difficult, extrapolation of the 
curves to 'infinite temperature' demonstrates that the frac- 
tion of non-crystalline chain segments able to participate in 
the motion is independent of the method of introducing 
free volume i.e. whether solvent or thermally induced. The 
concept of moisture-temperature superposition has been 
used elsewhere in studies of nylon fibres 37'3a and in general 
could be applied to these results, however the method of 
introducing D20 into the samples does not preclude the 
possibility of some droplet formation between individual 
fibres in the staple pack thereby yielding uncertainties in 
amounts of water actually absorbed in a fibre. 

Relaxation in dry fibres 
For dry nylon-6,6 fibres both the T1 and T2 processes 

could be described as single component below the Tg 
(~100°C); the results are presented in Figure 7. The T 1 
behaviour is similar to that found by McCall and Anderson 21 
for dry nylon filaments. The main feature between -100°C 

and 100°C is a pronounced T1 minimum occurring at 
about 40°C which is attributed to the 3,-process in the non- 
crystalline regions. That T] relaxation of the whole sample 
is influenced by the "),-process suggests that a spin diffusion 
process 39 operates between the crystalline and amorphous 
regions whereby spin energy of 'rigid' chain segments is 
propagated by mutual 'spin-flips' between pairs of nuclei 
to mobile sites capable of relaxing via the normal spin-lat- 
tice mechanism. The behaviour is compatible with the 
arrangements of chains outlined previously in Figure 5 in 
which the non-crystalline segments are located on the sur- 
faces of the crystallites as chain loops, rejected chains, chain 
ends or tie molecules adjoining the crystalline regions. 
These segments, by virtue of either their 7" or aa-motion, 
will be able to act as the 'sinks' for the drain of spin energy 
from the chain folded material to produce an average T1 for 
the system. The steady increase in T2 with increasing tem- 
perature up to 100°C is also associated with the ")'-process, 
the signal components of the crystalline and amorphous 
phases being inseparable in this temperature range. Above 
~I00°C the T1/temperature curve begins to form a second 
minimum which is accompanied by the appearance of the 
'mobile' T2 component. Here the T 1 values for the two 
components were determined separately and found to be 
practically equal, again demonstrating the efficiency of the 
spin diffusion process between crystalline and mobile amor- 
phous segments above their Tg. (There is likely to be a con- 
tribution to the drop in T1 at this temperature due to the 
ac-process 22 associated with motion of segments about long 
chain axes in the crystalline regions.) Approximate T2 
values for each component at the higher temperatures have 
been determined and are included in Figure 7. 

Relaxation in wet fibres 
In Figure 8 is shown the recovery of magnetization after 

the second 90 ° pulse in a typical T1 measurement for wet 
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Figure 7 Dependence of proton relaxation times, TI and 72, on 
temperature for dry nylon-6,6 fibres: total signal, ~" (T1), ~" (7"2); 
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Figure 8 Recovery of signal intensity in a typical T1 experiment 
(90°--r--90 ° pulse sequence) for wet nylon-6,6 fibres (at 55°C), 
h(r) = signal intensity at time r; h(=) = signal intensity as r -* ~. 
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nylon fibres (saturated in D20). It can be seen that the 
form is non-exponential; examination of the curves obtain- 
ed between 0 ° and 100°C suggests a distribution of T1 
value¢ °. Therefore it appears that in this temperature 
range spin diffusion is not completely effective in produc- 
ing an average T1 when some D20 molecules are present 
between the chains in the accessible regions. The depen- 
dence of relaxation times on temperature is presented in 
Figure 9. After about 0°C the appearance of the 'mobile' 
signal component enabled both T1 and T2 for the amor- 
phous regions to be measured separately. It is interesting 
to observe that the lower T 1 curve referring to relaxation 
of the 'rigid' component retains the minimum characteris- 
tic of that produced by the T-process in the dry fibres. In 
view of the nature of the morphology being considered 
this is not surprising since non-crystalline segments con- 
tributing to this component over most of the temperature 
range are those segments capable of acting as 'sinks' in spin 
diffusion relaxation of crystallite protons i.e. those form- 
ing tight loops on the crystallite surface. (The existence 
of a strong 3,-relaxation in highly crystalline nylon-6,6 has 
recently been noted by Ito, Tanaka and Kayamoto 24 and 
interpreted as arising from crystal defects.) The T-process 
may also be responsible for the steady increase in T2 with 
temperature for this component although it is possible that 
the increase includes a contribution from the influence of 
water on the %-process, as indicated in the n.m.r, second 
moment data of Olf and Peterlin 2a. Because of the ability 
of both moisture and temperature to mobilize chain seg- 
ments in the amorphous regions it is reasonable to claim 
that the T1 minimum observed (Figure 9) for the plasticized 
segments is a low temperature version of the minimum for 
the ~a-process commencing after the Tg in the dry fibres. 
However, in addition, it is realized that the T 1 behaviour 
for the amorphous component includes relaxation of more 
and more segments as the temperature is increased. Unfor- 
tunately, it  is impossible to resolve separate T1 data for 
the different types of amorphous chain segments and at 
present no quantitative treatment can be applied to deter- 
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mine the relative influences of water on their %- and 
T-processes. 

Effect of  paramagnetic ions 
When paramagnetic Mn 2+ ions are introduced into the 

wet fibre sample only one T 1 is apparent and the T1/tem- 
perature behaviour is modified considerably as shown in 
Figure 9. Since there is a reduction in T1 over the whole 
temperature range and the fibre diameter is in excess of 
10 ~m the effect is considered to be due to penetration of 
some paramagnetic ions into the water accessible regions 41. 
Below about 0°C some water responsible for plasticization 
at normal temperatures is frozen; as the temperature is 
raised above 0°C there must be a dramatic change in corre- 
lation frequency for the ions as this water melts. The drop 
in T1 as the temperature is further increased arises from 
the influence of increasing chain mobility in the presence 
of paramagnetic ions. It is possible that the increase in 
free-volume with increase in temperature allows more ions 
to reach tight loops near the crystallite surfaces. The struc- 
tural features thought to determine relaxation of chain 
segments between two chain folded crystalline regions are 
represented schematically in Figure 10. In this model it is 
expected that amorphous segments plasticized by D20 
molecules remote from the crystallite surface will have a 
different average motional correlation time, ~A, to those 
in the chain folded material forming the crystallites (corre- 
lation time ~c)- The action of D20 molecules between 
mobilized chains will result in an inefficient spin diffusion 
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Figure 9 Dependence of proton relaxation times, TI and T2, on 
temperature for wet nylon-6,6 fibres. Fibres soaked in D20: total 
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process across the amorphous regions and hence prevent 
complete averaging of the T1 process, i.e. T1C for the crystal- 
lites and T1A for mobilized amorphous segments. However, 
a distribution of Mn 2+ ions in the amorphous regions, as 
shown in Figure 10 will relax directly alljTrotons between 
and on the crystallite surfaces. A single T1 process is ob- 
tained because these ions also determine the relaxation of 
chain folded material via spin diffusion through the crystal- 
lite surface. The influence of paramagnetic sources on the 
relaxation of chain segments in the region of the transition 

for a fibre sample in which the bulk of the water had been 
removed is shown in Figure 7. Spin diffusion is still effec- 
tive in producing a single T1 and it can be seen that com- 
pared to the pure dry fibres the drop in T1 accompanying 
the increase in chain motion in the vicinity of the Tg is 
more pronounced. Finally, in order to confirm that para- 
magnetic effects were responsible for relaxation behaviour 
in fibres containing manganous sulphate, T 1 values obtained 
at several temperatures for a sample with non-magnetic Mg 2~ 
ions have been included in Figure 9. It can be seen that the 
presence of these ions has little, if any, effect on T1 relaxa- 
tion behaviour. 

CONCLUSIONS 

For wet nylon-6,6 fibres at ambient temperatures a mobile 
component is present in the pulsed n.m.r, signal which is 
similar to that observed in the dry fibres above 100°C. The 
temperature at which the mobile component appears was 
found to depend on water content, the depression in the 
transition being about 100°C on saturating the fibres. This 
behaviour is due to plasticization of the amorphous regions 
of the fibre by water molecules corresponding to mobiliza- 
tion of 'non-crystalline' chain segments above their glass 
transition temperature i.e, the aa-process. The growth of 
mobile fraction with increase in temperature and moisture 
indicates that in contrast to the behaviour for completely 
amorphous polymers more segments take part in the %- 
process as the free volume is increased after the transition. 
This is consistent with some of the morphological features 
of recent chain folded models of fibre structure in which 
chain loops, chain ends and tie molecules forming the non- 
crystalline material are constrained to different extents 
through their attachments to crystallites. The influence of 
fibre morphology on the mobility properties of chain seg- 
ments is also reflected in the relaxation behaviour of the 
fibres. T1 relaxation of the crystalline segments in dry 
fibres is dominated by processes occurring in the amorphous 
regions such as the 7-process, which shows an efficient spin 
diffusion or relaxation averaging process between both 
arrangements of chain segments. In D20 soaked fibres it 
is concluded that spin diffusion only operates between 
crystallites and those amorphous segments which are not 
plasticized by D20 molecules, i.e. some of the folds on the 
crystallite surface. When Mn 2+ ions are introduced into the 
fibre samples the relaxation behaviour of both the amor- 
phous and crystalline segments is strongly influenced by 
paramagnetic effects, indicating that some of these ions 
are able to reach the water accessible segments between 
and on the surfaces of the crystallites. 
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Dissolution of polypropylene in 
organic solvents: 2. The steady state 
dissolution process 
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This paper is part of a series describing the dissolution of solid polypropylene in organic solvents. A 
previous paper distinguished between two types of dissolution. (a) At sufficiently low temperatures 
dissolution is partial and only a limited amount of polymer dissolves, the rate of dissolution falling 
to zero. (b) At  higher temperatures and in suitable solvents dissolution occurs continuously at a con- 
stant rate. The present paper is concerned with the details of (b). Steady state dissolution is pre- 

faced by an induction period during which solvent penetrates the solid polymer to some characteristic 
depth. The rate of dissolution is measured by gravimetric analysis of the dilute solution surrounding 
a rotating disc of solid polymer. The variables considered include polymer density, stirring speed and 
temperature. From the results it is possible to identify the rate-determining stage of the dissolution. 
Depending on the conditions this is either the rate at which polymer molecules escape from a solvent- 
swollen surface layer, or the rate at which solvent penetrates and destroys crystallites in the solid 
polymer. 

INTRODUCTION 

Substantial differences exist between the dissolution be- 
haviour of micromolecular and macromolecular substances. 
The former have been studied in great detail and it is well 
known that dissolution takes place through a liquid boun- 
dary layer with little or no penetration of the solid matrix 
by the solvent. The concentration of solute at the solid/ 
liquid interface is that of an equilibrium saturated solution 
at the temperature of the system, and this concentration 
falls through the boundary layer to the bulk solution value 
which may be effectively zero. 

The molecular entanglement characteristic of high poly- 
mers has a pronounced effect on the dissolution rate. Sol- 
vent may penetrate deeply into the solid structure while 
molecules at the surface disentangle themselves sufficiently 
to 'float' out into the solution. There is certainly a poly- 
mer-rich mixed phase in the solid as well as a liquid boun- 
dary layer, and some degree of swelling is often observed 
in the form of a surface gel. Most of the work on polymers 
so far has been concerned with polystyrene 1-9 or poly 
(methyl methacrylate) 2, both amorphous, or with the very 
low crystallinity polymer poly(vinyl chloride) 1°. The semi- 
crystalline ester poly(ethylene succinate) has also received 
some attention 2'11 and a few results are available concerning 
the partial dissolution of polyethylene 12. In the present 
paper it will be convenient to interpret the dissolution of 
polypropylene on the basis of a comparison with the well- 
documented features of the dissolution of amorphous poly- 
mers. It is therefore necessary to summarize briefly the 
findings of other authors. 

An amorphous polymer dissolves in two stages: an induc- 
tion period ~3'1°'13 during which the rate of dissolution 
build up is followed by a steady state regime where the 
rate is essentially constant for a fixed area of dissolving 
polymer. Ueberreiter and Asmussen have identified the 

* Now at the Electricity Council Research Centre at Capenhurst, 
Chester, UK. 

induction period or swelling time as being related to the 
thickness of the total surface layer system and to an aver- 
age diffusion coefficient for the solvent penetrant s. The 
stationary state would be represented by a straight line on 
a plot of penetration depth of solvent into polymer against 
time, the depth, s, being measured from a fixed reference 
plane parallel to the flat surface of the receding solid. The 
slope of the line is g, the velocity of penetration, and extra- 
polation gives the induction time as an intercept on the t 
axis. Alternatively it is possible to measure m, the mass 
of polymer dissolved at time t, and this approach would 
lead to th as the measure of steady state dissolution rate. 
Ueberreiter and Asmussen 4 have painstakingly described 
the complicated steady-state system of layers which is built 
up near the surface of the dissolving polymer, and their 
model takes account of the influence of temperature. It 
appears that the flow temperature, glass temperature and 
gel temperature of the polymer are of particular importance 
in defining regimes, the last-named being the temperature 
below which no surface gel is formed. 

The dissolution of a semi-crystalline polymer is alto- 
gether more difficult to achieve than that of an amorphous 
polymer, and fewer solvents are suitable. The parallel be- 
tween crystallization and dissolution has been discussed 
by many authors since the original suggestions of Tamman t4 
In the polymer context it has been shown that under appro- 
priate conditions single crystals of polyethylene will first 
undergo some dissolution then the dissolved material recrys- 
tallizes with a longer fold length than previously 1s'16. 
Steiner e t  al. 11 used poly(ethylene succinate) to demon- 
strate a marked correspondence between the temperature 
of the maximum rate of crystallization 17 and the maximum 
rate of dissolution. Some work on the effect of hot toluene 
on polypropylene TM has shown a dependence on morphology, 
which is at least qualitatively in line with expectations 
based on the rate of crystallization. 

The present paper considers the steady state dissolution 
of polypropylene in hot organic solvents, with special refer- 
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Figure 1 The dissolution apparatus: P, polymer specimen; H, 
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ence to the effects of stirring rate, crystallinity, and tem- 
perature. The first paper of the series ~9 provided a descrip- 
tion of the processes involved in the induction period, and a 
further paper will discuss the importance of polymer- 
solvent compatibility on a thermodynamic basis, as well as 
the effect of the molecular weight of the polymer. 

EXPERIMENTAL 

Mater&Is 
Polymer. The polymer used was a homopolymer, GXM 

43, kindly supplied by ICI Plastics Division. The amount 
of atactic material present was estimated to be about 2 wt %, 
and the polymer contained the usual small amounts of anti- 
oxidant and stabilizer. In view of the relatively high tem- 
peratures used in some of the experiments these additives 
were welcome and no attempt was made to remove them. 
The polymer was quoted as having a melt flow index of 
2.16 and a melt viscosity of 5.0 x 103 N sec/m at 190°C. 

Solvents. The p-xylene was a 99% product obtained 
from ICI. The other organic solvents, of SR or AR grade, 
were used as received. 

Procedures 
Fabrication of specimens. For the main dissolution ex- 

periments it was necessary to prepare polypropylene discs 

organic solvents (2): D. A, Blackadder and G. J. Le Poidevin 

50 mm in diameter and 4.5 mm thick. 8 g of polymer chips 
were melted at 210°C for 1 h under vacuum in a special 
mould. The mould and contents were then quench cooled 
by immersion in a water bath. Cooling was not particularly 
rapid and the specimens were typically of density 905 kg/m 3. 
For some purposes specimens were slow cooled from the 
melt temperature by controlling the input to the heater of 
the mould assembly. Another method of obtaining higher 
densities was to anneal quenched specimens for 2 h in the 
mould itself at an appropriate temperature followed by slow 
cooling. 

Check on polymer degradation. The polypropylene was 
inevitably subjected to fairly severe conditions during fab- 
rication of specimens and in the dissolution experiments 
involving hot solvents. It was therefore desirable to check 
for degradation, and a technique was not adopted on a 
routine basis until it had been shown that no detectable 
degradation was caused by the use of that technique. The 
test was to measure the specific viscosity of a solution of 
the polymer in a given solvent at fixed temperature and 
concentration. 

Characterization of specimens. Infra-red and density 
measurements were carried out to assess  crystaUinity. For 
the former a Perkin-Elmer Infracord Spectrometer was 
used, and for the latter a density gradient column with 
p-xylene and chlorobenzene as the column liquids. 

Apparatus for dissolution measurements 
The apparatus is shown in Figure 1. The flat-bottomed 

cylindrical vessel was provided with a set of stainless steel 
baffles designed to prevent the formation of a vortex be- 
neath the spinning disc. The baffle assembly was remov- 
able for thorough cleaning between runs. The disc of 
polypropylene was held in a rimmed plate by means of three 
retaining screws in the rim. The disc protruded about 1 mm 
beyond the rim, a slight ambiguity concerning the area of 
the dissolving polymer being preferable to the possibility 
of stagnant zones forming if the disc were significantly 
recessed. Dissolution was assumed to occur over the area 
represented by one side of the disc. The rimmed plate was 
attached to one end of an axle with the other end being 
driven by a variable speed motor. 

It was important not to expose a polymer disc to heat 
or solvent unduly before the start of a timed experiment, 
having characterized the specimen. The lower surface of 
the disc was about 40 mm above the bottom of the vessel 
which held about half a litre of solvent and was thermo- 
statted in an oil bath to +0.05°C. In general runs were ter- 
minated when no more than 30% of the original specimen 
had dissolved. 

After reviewing the methods of following the dissolution 
process used by other workers l'l°'~3p° and trying a few of 
these, it was decided to rely on a very simple gravimetric 
procedure. Up to 10 samples of solution were withd.~awn 
~:t 'ntervals into a 20 cm 3 pipette and transferred to weigh- 
ed aluminium foil dishes. The solvent was evaporated off 
in an oven for 12 h at 80°C. The amount of polymer was 
then found by reweighing. The time of each sample was 
taken as the midpoint of the 10 sec required for sampling. 
The initial volume of solvent was generally 550 cm 3 mea- 
sured at room temperature, and corrections were applied 
to allow for expansion to the operating temperature. The 
amount of solvent, even after removal of all the samples, 
was sufficient to ensure that the solution was always very 
dilute with respect to polymer. Indeed the polymer was 

POLYMER, 1976, Vol 17, September 769 



Dissolution of propylene in organic solvents (2): D. A. Blackadder and G. J. Le Poidevin 

-& 

¢ 
o 

"O 

E 

t3. 

O 

O 

/ 
3 / 

/ 

I 

O 4 8 12 

Time (rain) 
Figure 2 Dissolution of polypropylene in p-xylene at 120°C for 
various densities; stirring speed 1000 rev/min, disc diameter 50 mm. 
[3, Run 1,904.7 kg/m3; X, Run 2, 909.0 kg/m3; O Run 3,910.8 kg/ 
m3; O, Run 4, 913.5 kg/m3; II, Run 5, 913.0 kg/m3; A, Run 6, 
914.7 kg/m a 

virtually dissolving into pure solvent all the time. It is 
easily shown that m, the amount dissolved after time t, 
is given by: 

m ( n - l )  mn+z.., mx 

x = l  

In this equation: 

V = initial volume of solvent at room temperature, 
dA = density of solvent at room temperature, 
v = volume of sample at temperature of experiment, 
do = density of solvent at temperature of experiment, 
n = number of samples taken up to time t, 
mn = mass of polymer in nth sample, 
m x = mass of polymer in xth sample. 

The weight of polymer in each extracted sample was in 
the range 5 to 150 mg, increasing with t. Near time zero 
the error was about +2% but much less in the later stages of 
an experiment. 

The results of an experiment are in the form of values 
o fm for different values of t and, where appropriate, the 
slope of a plot of the data, rh, may be regarded as a good 
measure of the rate of dissolution. Values of rh from differ- 
ent experiments are directly comparable because, with the 
exception of experiments designed to test the effect of disc 
size, the same type of disc was used throughout. The re- 
producibility ofvh in separate experiments was better than 
5%. 

RESULTS AND DISCUSSION 

General aspects of  the dissolution 
Figure 2 shows the dependence of m, the mass of poly- 

propylene dissolved, on the immersion time, t, in p-xylene 
at 120°C for a range of specimen densities, each measured 
at 23.6°C in the gradient column prior to a dissolution ex- 
periment. After an initial period during which the dissolu- 
tion rate gradually increases, the process enters a steady 
state in which the rate, rh, holds constant for several min- 
utes. (Some experiments were continued into a further 
period of accelerating dissolution rates but these experi- 
ments do not appear in Figure 2. Discs subjected to this 
final stage were deeply pitted by erosion which increased 
the effective area of exposed surface in an irregular way.) 
The existence of an induction period followed by a steady 
rate of dissolution suggests a similarity between the be- 
haviour of amorphous and semi-crystalline polymers. There 
is, however, a difference in the significance of density for 
the two kinds of polymers. At any given temperature the 
density of an amorphous polymer is more or less fixed and 
predictable, whereas the density of a semi-crystalline poly- 
mer is dependent upon its thermal history and is control- 
lable within limits. Figure 2 shows that the dissolution 
rate of polypropylene tends to increase with decreasing 
density but in a non-simple manner due to the intrusion of 
other effects. 

Runs 1 and 2 gave similar values of rh yet the densities 
of the specimens were different. Since the specimen for 
Run 1 was prepared by quench cooling it might be thought 
that a substantial density increase occurred as a result of 
annealing during the dissolution experiment itself. How- 
ever, subsidiary experiments with i.r. showed that the 
crystal!inity of both specimens remained unchanged on 
heating to the temperature of the dissolution experiments. 
Only on subsequent cooling to room temperature at the 
end of the experiment did the specimen used in Run 1 show 
a rise in density, while the density of the specimen from 
Run 2 remained substantially the same on cooling. The 
latter observation is explained by the fact that the speci- 
men had experienced a higher temperature (130°C) during 
the dry annealing which formed part of its initial fabrica- 
tion than in the subsequent dissolution (120°C). For suffi- 
ciently low densities it would therefore appear that the 
rate of dissolution is actually independent of density and 
this is borne out by the more detailed results which appear 
later on. 

Runs 4 and 5 also require special comment. The speci- 
mens had the same density but were prepared by different 
methods. (The specimen for Run 4 was quench cooled 
then annealed at 155°C, while the other was slow cooled 
from the melt at 10°C/h). The results suggest that for den- 
sities of this magnitude the effect of preparative method 
is wholly subordinate to the effect of density in determin- 
ing the rate of dissolution. 

Figure 3 shows the effect of initial specimen density on 
the steady dissolution rate, rh, at various temperatures. Each 
curve has been extrapolated to intersect the density axis at 
zero dissolution rate, though it is known from Part 1 of the 
series 19 that partial dissolution can occur at a slow and 
ever-diminishing rate even at densities greater than the 
'intercept' value for a given temperature. Figure 3 is never- 
theless correct in that it shows steady state dissolution 
rates, and these do genuinely tend to zero at characteristic 
densities. For a given temperature the dissolution which 
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Figure 3 Rate of dissolution of polypropylene in p-xylene at 
various temperatures as a function of density; stirring speed 1000 

o o 0 rev/min, disc diameter 50 mm. II, 130°; O, 125 ; 13, 120 ; , 115°; 
X, 110°C 

can occur at densities above the intercept value is frac- 
tional rather than wholesale, and its rate eventually falls to 
zero for any given specimen. 

Figure 4 shows schematically the dependence of dis- 
solution rate on density for both steady state dissolution 
and fractional dissolution. For the latter runs, character- 
ized by the plot of m against t being concave to the time 
axis, the recorded rh is the slope of the tangent at time 
zero, and it was noticeable that the surfaces of the discs 
did not recede. Some material evidently dissolved out but 
the overall structure was maintained by the larger insolu- 
ble molecules. The gradual slowing up of any fractional 
dissolution is due to the fact that removal of soluble poly- 
mer becomes increasingly difficult as it has to be leached 
from deeper levels in the disc. 

Figure 5 provides an example where the specimen den- 
sity of 917.9 k~g/m 3 slightly exceeded the intercept density 
of 915.7 kg/mJread off Figure 3 for the temperature con- 
cerned. It is interesting to note that 120°C is virtually the 
thermodynamic dissolution temperature, Ts, for polymer 
having the intercept density. 

A further demonstration of the nature of fractional dis- 
solution is provided by the following simple experiment. 
A disc of density 916.2 kg/m 3 was suspended motionless 
in excess p-xylene at 120°C. Figure 3 would predict the 
absence of steady state dissolution for such a specimen. 
After 4 days the original disc outline remained despite a 
weight loss of 33%, but the specimen was probably on the 
verge of dissolving completely in view of the replacement of 
the smooth surface by a rough gel which could be scraped 
off easily. Viscometric measurements were carried out on 
specimens obtained from the original polymer, the interior 
of the disc after dissolution, and dissolved polymer. For 
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0.25% w/v solutions in decahydronaphthalene at 135°C 
the values of r?sp were 0.692, 0.738 and 0.250 respectively, 
thus providing clear evidence for fractionation. 

It must be emphasized that the intercepts on Figure 3 
have a significance only for relatively short experiments. 
Considerable morphological changes occur on annealing 
polypropylene in solvents at temperatures between ambient 
and Ts (see ref 19). If the dissolution were slow enough it 
is conceivable that solvent could penetrate right to the back 
of a disc during an experiment with ambiguous conse- 
quences. In addition the excessive swelling so caused could 
lead to buckling of the disc in its holder. Indeed this tend- 
ed to occur after 30 min or so however high the dissolution 
rate, which is a further reason why data such as in Figure 3 
should be based on fairly short experiments. 

For homopolymers the linear growth rate, G, of spheru- 
lites in the vicinity of Tm, the melting point, follows a rela- 
tion of the form: 

T 
o 
t -  
O 

0 

¢5 

where n = 1 or 2, CI is a term involving interfacial energy 
and heat of fusion terms, and Tc is the temperature of the 
crystallization. Qualitatively the curves on Figure 3 appear 
to follow a similar relationship if Tc and Tm are replaced by 
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Density at 23.6oc 
Figure 4 Schematic diagram of dissolution rate as a function of 
density showing regimes of wholesale and fractional dissolution. 
0 ,  Wholesale dissolution; X, fractional dissolution 
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Figure 5 Fractional dissolution of polypropylene in p-xylene at 
120°C; specimen density 917.9 kg/m 3 
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Figure 6 Effect of Tdiss and T s on the rate of dissolution of 
polypropylane in p-xylene; stirring speed 1000 rev/min, disc dia- 
meter 50 mm 

Tdiss and Ts, where Tdiss is the actual temperature of a dis- 
solution experiment and Ts is the thermodynamic dis- 
solution temperature. Modification of the above equation, 
putting n = 1, gives: 

should assert itself and the dissolution rate should be a 
function of annealing temperature or density. Evidence for 
separate regimes for control by (b) and (c) is discussed in 
detail in the next section. At this point it is appropriate 
to try to identify the fundamental parameter involved in 
a crystallite destruction controlling step. 

The thermodynamic dissolution temperature, Ts, is con- 
trolled by fold length as shown by Flory 22, and one would 
certainly suppose that material with a longer fold length 
would be more resistant to solvent attack. Furthermore, 
Farrow 23 has established a correlation between fold length 
and annealing temperature for polypropylene. A six-fold 
change in fold length was also accompanied by a change 
of about 20°C in Ts according to the Flory equation. The 
present results are compatible with these facts since Ts was 
observed to cover a range of 20°C depending on specimen 
density or annealing temperature, and the changing fold 
length can explain this variation if Flory's analysis is sound. 

Effect o f  stirring speed on dissolution rate 
For the dissolution of microcrystalline solids many 

authors have obtained relationships of the form: 

rh=nx +C 

In rh = constant 
KT~ 

(Tdiss- Ts)Tdiss 

and this is plotted in Figure 6. A good straight line is ob- 
tained, but regrettably this does not exclude fractional 
powers of n around unity, and indeed the fit is only mar- 
ginally less satisfactory for n = 2. It well illustrates the 
difficulty of matching theory to experiment in this context. 

In their work on poly(ethylene succinate) Steiner et 
al. TM were able to show quite an impressive correlation 
between the maximum rate of dissolution and the maximum 
rate of crystallization. In the present work there was no 
evidence of an identifiable maximum rate of dissolution of 
polypropylene which is known to crystallize most rapidly 
round about 75°C 2~. This could well be because it was not 
possible to cool the relatively massive specimens quickly 
enough to prevent most of the crystallization occurring at 
temperatures well above 75°C. If typical water cooled 
discs were annealed at 1 IO°C there was no change in den- 
sity and even at 130°C the density change was very small, 
thus confirming the view that the original cooling allowed 
crystallization at quite high temperatures. 

where rh is the dissolution rate, C is its value at zero stirring 
speed and n is the actual rate of stirring. The exponent x 
lies between 0.4 and 1, with most values around 0.5. 
Spalding 2° has shown from theoretical considerations that 
in the laminar regime the rate of a diffusion controlled dis- 
solution is proportional to n 0"5, all other parameters being 
fixed. The exponent of 1 sometimes observed 24 for higher 
stirring speeds is probably an indication of non-laminar flow. 

Figure 7 shows the effect of stirring speed on the dis- 
solution of polypropylene in p-xylene at 120°C. All of the 
discs were prepared by annealing quenched specimens, and 
their densities were 909, 913 and 914 kg/m 3. There are 
two distinct dissolution regimes, one in which the rate of 
dissolution rises with stirring speed and another in which 
the rate of dissolution is constant. 

The fact that the plot of rate of dissolution against stirr- 
ing speed is linear for the specimen of density 909 kg/m 3 
suggests that the flow is turbulent. The Reynold's number 
for a rotating disc is given by 

~2pd 2 
Rerot - 

77 

Modelling the dissolution process 
The dissolution process may be described broadly in terms 

of the following steps which, at the steady state, are occur- 
ring at characteristic depths in the dissolving polymer. (a) 
Penetration and swelling of the non-crystalline regions by 
solvent. (b) Penetration of the crystalline regions by solvent 
with subsequent destruction of crystallites. (c) Dilution, 
disentanglement and final escape of the polymer molecules 
into solution. 

The first step is certainly not rate-controlling: it has 
been shown previously ~9 that the rate of penetration actual- 
ly increases with specimen density, whereas quite the oppo- 
site trend is observed for the rate of dissolution. If step 
(c) controls, the previous thermal history should be unim- 
portant since the polymer which is exposed to the bulk sol- 
vent is essentially in the amorphous state. On the other 
hand if step (b) dominates, the structure of the specimen 

where Q is the rotation speed in radians per unit time, p 
is the fluid density, d is the disc diameter and rl the liquid 
viscosity. Taking r~ to be the viscosity of the pure solvent, 
Re varied from 1.1 x 105 at 150 rev/min to 7.2 x 105 at 
1000 rev/min. For other systems turbulent flow is known 
to occur 2° when Rerot is about 8 x 105, and in the present 
apparatus turbulence could be induced at lower values by 
the presence of flow-disturbing baffles and vibration in the 
stirrer. It is likely, therefore, that turbulent flow existed. 

Ueberreiter and Kirchner 1 have shown that for amor- 
phous polymers the dissolution rate rises with stirring 
speed. This was attributed to a reduction in the thickness 
of the swollen layer, rather than to a change in the average 
diffusion coefficient of the permeant into the polymer 
since the latter is presumably independent of stirring rate. 
Likewise crystallite destruction should not depend on stirr- 
ing speed. In a sense the interplay between disentanglement 
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Figure 7 Effect of stirring speed on the rate of dissolution of 
polypropylene in p-xylene at 120°C for various densities; disc 
diameter 50 mm. o, 909 kg/m3; [3,913 kg/m3; X, 914 kg/m 3 
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Figure 8 Effect of density on the rate of dissolution of poly- 
propylene in p-xylene at 120°C for various stirring speeds; disc 
diameter 50 mm. O, 1000 rev/min; 0,500 rev/min; X, 250 rev/min 

and crystallite destruction mechanisms gives rise to a situa- 
tion similar to that involving transport processes and chemi- 
cal reaction, with the destruction of crystallites replacing 
chemical reaction. At high enough stirring speeds the dis- 
solution rate should flatten off, and this is observed for the 
913 and 914 kg/m 3 curves on Figure 7. The existence of 
a regime of rising dissolution rate with stirring speed indi- 
cates that the controlling step under these conditions is the 
disentanglement of polymer chains. It will appear later 
that this is accompanied by the formation of a gel layer 
and the polymer therefore resembles amorphous polymer 
in its behaviour. The similarity is reinforced by Figure 8 

which shows the effect of density on dissolution rate at 
three stirring speeds. At 250 and 500 rev/min the dissolu- 
tion rate is virtually constant over the density range 905 
to 914 kg/m 3. This is not the case at 1000 rev/min, though 
there are signs of flattening out at the lower densities. In 
regions of constant dissolution rate the fraction of crystal- 
line material (and fold length) does not affect the rate be- 
cause the stirring speed is too low. It can be imagined that 
solvent penetrates the polymer very quickly and destroys 
the crystalline structure, but the amorphous phase so 
created is still in a very tangled state and the disentangle- 
ment process is rate controlling. A result of this is the for- 
mation of a gel layer whose thickness actually controls the 
rate. In other circumstances the rate of destruction of 
crystallites is the slowest process and so rate controlling. 
The overall rate of dissolution will decrease with increasing 
density in this regime because the rate of destruction of 
crystallites is sensitive to density or fold length. The ex- 
tent of the gel layer should decrease with increasing den- 
sity and there is direct experimental evidence for this. A 
quenched disc, removed from the holder of the dissolution 
apparatus immediately after a run at 500 rev/min and 
120°C, had a surface layer which was extremely tacky and 
easily scraped off. In addition there were whorls on the 
surface suggesting bulk movement of a highly viscous gel 
layer. The amount of polymer which could be scraped off 
denser discs was smaller and on the specimen of highest 
density whorls were conspicuously absent. Indeed there 
may have been no gel layer whatever. 

Figure 9 shows schematically the surface layer structure 
of dissolving polypropylene where Pt refers to the density 
at the transition between constant and changing dissolution 
rate at a given temperature. The layers are not, of course, 
individually homogeneous. In the swollen crystalline layer, 
for example, the crystalhnity varies from the dry polymer 
value on the extreme left to zero at the next interface what- 
ever it might be. It is plausible that when a large amount of 
solvent is present in the swollen crystalline layer (Tdiss ~ Ts) 
the macromolecules may be sufficiently disentangled at the 
outer face of this layer to pass directly into solution with- 
out forming a gel layer. Conversely, when the solvent con- 
tent of the swollen crystalline layer is everywhere fairly 
low, a gel layer will become necessary to round off the 
process. 

p<p, E 
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Figure 9 Schemat ic  representat ion o f  the layer  s t ruc tu re  o f  po l y -  
p ropy lene  dissolv ing in solvent .  A ,  D ry  crys ta l l ine  p o l y m e r ;  B, 
swol len crys ta l l ine  p o l y m e r ;  C, amorphous  gel layer;  D, l iqu id  
b o u n d a r y  layer;  E, bu l k  so lvent  
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Figure 10 Effect of temperature on the rate of dissolution of 
propylene in p-xylene for various densities; stirring speed 1000 rev/ 
min, disc diameter 50 mm. O, 904.7 kg/m3; D, 911.0 kg/m3; X, 
914.0 kg/m3; O, 915.0 kg/m 3 

Effect of  disc size on dissolution rate 

Figure 11 shows In rh plotted against 1/Tdiss for disc 
diameters of 25 and 50 mm and stirring rates of 500 and 
1000 rev/min. Good straight lines of similar slopes can be 
drawn through the higher temperature points and the 
values of Es so obtained range from 27.2 to 31.4 kJ/mol, 
with an average of 28.9 kJ/mol. The variation is within 
experimental error, the range of accessible temperatures 
being only 15°C. Temperatures higher than 135°C were 
not practicable because p-xylene boils at 138°C. Table 1 
shows how disc size affects the dissolution rate at fixed 
stirring speed and temperature. The subscripts refer to the 
disc diameter in mm. If the local rate of dissolution were 
the same at all points on the surface of a disc, then doubling 
the diameter would simply quadruple the exposed surface 
area and produce a rhs0/rh25 ratio of 4:1. In fact the ratio 
is about 4.9:1 and direct observation provided an explana- 
tion in terms of varying local rates. The 25 mm discs dis- 
solved evenly over the whole surface, while 50 mm discs 

'were noticeably thinned at the edges compared with the 
centres of the discs. 

Effect of  temperature on the dissolution rate 
Figure 10 shows an Arrhenius plot of In rh against 1/Td~s 

for polypropylene and p-xylene. Ueberreiter and Asmussen 4 
and Lap~ik and Valko 1° have shown that the systems poly- 
styrene-toluene, polystyrene-amyl acetate and poly(vinyl 
chloride)-cyclohexanone give straight lines when the data 
are plotted in this manner. For a semi-crystalline polymer 
such as polypropylene the situation is rather more com- 
plicated. It is significant that for a density of 904.7 kg/m 3 
(the lowest available density, obtained by quench cooling) "~ -2 
a straight line can be drawn through the points for the three _c 
highest temperatures. In this region each run was repeated 
at each temperature and the reproducibility was very good. 

It is interesting to compare values of the apparent acti- 
vation energy of dissolution, E S, for amorphous polymers 
and polypropylene. E s can be determined from rh = 
rho exp(-Es/RT) where rh is the observed dissolution rate -3 
at temperature Tdiss and rh 0 is the Value at infinite tempera- 
ture. For polystyrene-toluene and polystyrene-amyl ace- 
tate Ueberreiter and Asrnussen a obtained 15.9 and 25.1 kJ/ 
mol fo res ,  and Figure 10 gives a value of 31.4 kJ/mol for 
quenched polypropylene at the higher temperatures. For 
the poly(vinyl Chloride)-cyclohexanone system Lap~ik 
and Valko obtained values ofE S ranging from 30 to 50 kJ/ 
mol depending on the molecular weigh tx°. When, as in the 
present work, E S usually varies with temperature it is in- 
structive to consider the form of the variation. Figure 10 
shows clearly that ES, considered in terms of point values, 
increases with density at any selected temperature, and 
varies with temperature for quenched polymer below 120°C 
and at all temperatures if the density exceeds 909 kg/m 3. 
This can be explained as follows. Higher densities, produced 
at higher crystallization or annealing temperatures, are asso- 
ciated with crystallites having longer fold lengths 23'2s. 
These crystallites may be expected to present larger energy 
barriers to diffusing molecules. 

As the temperature increases the curves on Figure 10 
appear to converge, though it is not possible to be sure 387.5 
from the data available. If there is indeed a common line 392.7 
above 137°C or so this would imply that the disentangle- 401.1 
ment step is controlling regardless of density. 408.4 

I I I I I I ,1 
2.46 2-50 2. 2 58 

( l / r )x  103(K "~) 
Figure 11 Effect of disc diameter and stirring speed on the rate 
of dissolution of polypropylene in p-xylene over a range of tem- 
peratures. Average specimen density 904.7 kg/m 3. e, 50 ram, 
1000 rev/min; 0 50 ram., 500 rev/min; l ,  25 ram, 1000 rev/min; 
n, 25 mm, 500 rev/min 

Table I The effect of temperature on the dissolution rates of 
polypropylene discs, 25 and 50 mm diameter, rotated in p-xylene 
at 500 rev/min 

Temperature of 
dissolution, 
Tdiss (K )  

Dissolution rate, rh (g/rain) 

25 mm disc 50 mm disc rhsolrh2s 

0.0317 o. 154 4.85 
0.0383 o. 190 4.96 
0.0458 0.223 4.87 
0.0533 0.259 4.85 
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Swelling time for polypropylene in p-xylene at various Figure 12 
temperatures as a function of density; stirring speed 1000 rev/min, 
disc diameter 50 mm. O, 125°C; a, 120°C; o, 115°C; X, 110°C 

Effect o f  temperature and density on the swelli:~g time 
Figure 12 shows the swelling time, tq, plotted against 

the density. (tq was obtained by extrapolating the linear 
portion of the plot ofm against t to make an intercept at 
zero m.) Decreasing the temperature and increasing the 
density both lengthen the swelling time. At low densities 
tq is clearly very small (30-50 sec) even with an error of 
-+ 15 sec. At sufficiently high temperatures the induction 
period for dissolution of poly(vinyl chloride) was virtually 
non-existent, an important clue to the behaviour of poly- 
propylene. The relative flatness of the curves on Figure 12 
at low densities may be associated with the fact that disen- 
tanglement controls the ensuing steady state just as for 
amorphous polymers. On the other hand, as the density 
increases so does tq, crystallite destruction being dominant 
in the resulting steady state. If the crystallites are more 
resistant to solvent attack when the density is higher, then 
more swelling is required to bring about their destruction. 
In its general shape Figure 12 is seen to be an inverted 
mirror image of Figure 3, thus illustrating a connection 
between an induction period and the steady state to which 
it leads. 

There are at least two effects which indicate caution in 
the interpretation of absolute values of tq. First it might 
be thought that there are structural differences between the 
surface of a disc and its interior, but thin sections cut from 
these places showed that density, at least, was independent 
of position. Secondly, since discs were not pre-heated be- 
fore plunging them into hot solvent at the start of a run 
it might be that swelling time and heating up time are con- 
nected. The surface of the disc will heat up almost instan- 
taneously, but there will certainly be a small drop in the 
liquid temperature due to the thermal capacity of the poly- 

organic solvents (2): D. A. Blackadder and G. J. Le Poidevin 

mer disc and its holder. In practice it was convenient to 
set the solvent temperature about 2°C above that actually 
required for a run, since this offset the fall in temperature. 
The desired temperature was maintained by adjusting the 
bath heater. At worst the thermal capacity effect could 
introduce an uncertainty into tq of less than 30 sec, and 
the trend of increasing tq with increasing density and de- 
creasing temperature is too marked to be obscured by these 
experimental shortcomings. 

CONCLUSIONS 

(1) Like amorphous polymers, polypropylene dissolves 
according to a two-part rate curve. There is first an induc- 
tion period during which the rate of dissolution gradually 
increases, and this is followed by a period in which the 
rate is essentially constant. The length of the induction 
period increases with increasing density and decreasing 
temperature. 

(2) The rate of wholesale dissolution at a given tem- 
perature is constant only over a limited range of lower den- 
sities, the breadth of this range being greater at higher tem- 
peratures. For any fixed temperature the rate eventually 
falls for specimens of sufficiently high density, and the 
rate curve extrapolates to zero at a density value which in- 
creases with temperature. This behaviour can be best ex- 
plained in terms of an increase in the fold length of the 
chains which accompanies an increase in density. Speci- 
mens whose densities exceed the 'zero-rate intersection 
density' for a given temperature dissolve to some extent, 
though the process is quite different being a matter of frac- 
tionation or selective leaching rather than wholesale dis- 
solution. The rate of a fractional dissolution process in- 
evitably falls off with time since the soluble material (atac- 
tic and low molecular weight isotactic) must be leached 
out from ever deeper levels of the specimen. 

(3) For polypropylene discs dissolving in p-xylene at 
120°C there is a linear relationship between dissolution 
rate and stirring speed for a specimen density of 909 kg/ 
m 3. In these circumstances the rate controlling step appears 
to be molecular disentanglement in a gel-like surface layer 
of swollen polymer. At higher densities the linear rela- 
tionship is visible only at low stirring speeds. When the 
rate becomes independent of stirring speed it appears that 
the rate of destruction of crystallites controls the overall 
rate of the dissolution. 

(4) The temperature dependence of the dissolution rate 
of polyropylene is such that it resembles amorphous poly- 
mers only at the highest temperatures and for specimens of 
lowest density. Otherwise the activation energy for dissolu- 
tion varies a good deal, and curvature of the Arrhenius 
plots is attributed to the controlling influence of crystallite 
destruction. 

(5) Ts and Tdiss are important for dissolution in just the 
way that T m and Tc are important for crystallization. 

ACKNOWLEDGEMENT 

One of the authors (G. J. Le P.) is indebted to the Science 
Research Council for a studentship. 

REFERENCES 

1 Ueberreiter, K. and Kirchner, P. Makromol. Chem. 1965, 
87, 32 

POLYMER, 1976, Vol 17, September 775 



Dissolution of propylene in organic solvents (2): D. A. Blackadder and 

2 Ueberreiter, K. in 'Diffusion in Polymers', (Eds J. Crank 
and G. S. Park), Academic Press, London, 1968 

3 Ueberreiter, K. and Asmussen, F. J. Polym. Sci. 1957, 23, 
75 

4 Ueberreiter, K. and Asmussen, F. MakromoL Chem. 1961, 
43, 324 

5 Ueberreiter, K. and Asmussen, F. J. Polym. ScL 1962, 57, 
187 

6 Asmussen, F. and Ueberreiter, K. J. Polym. Sci. 1962, 57, 
199 

7 Asmussen, F. and Ueberreiter, K. Makromol. Chem. 1962, 
52, 164 

8 Asmussen, F. and Ueberreiter, K. Kolloid-Z 1962, 185, 1 
9 Asmussen, F. and Ueberreiter, K. Kolloid-Z 1968, 223, 6 

10 Lap~ik, L. and Valko, L. J. Polym. Sci. (A-2) 1971,9,633 
11 Steiner, K., Engelbart, W., Asmussen, F., and Ueberreiter, K. 

Kolloid-Z 1969, 233, 849 
12 Biackadder, D. A. and Keniry, J. S. J. AppL Polym. Sci. 

1972, 16, 1261 
13 Machin, D. A. and Rogers, C. E. Polym. Eng. Sci. 1970, 

G. J. Le Poidevin 

10. 300 
14 Tamman, G. 'KristaUisieren und Schmelzen', Verlag Barth, 

Leipzig, 1903 
15 Holland, V. F. J. Appl. Phys. 1964, 35, 59 
16 Blackadder, D. A. and Schleinitz, H. M. Polymer 1966, 7, 

603 
17 Ueberreiter, K., Kanig, G. and Brehner, A. S. J. Polym. 

Sci. 1955, 16, 53 
18 Leugering, H. J. Makromol. Chem. 1967, 109, 204 
19 Blackadder, D. A. and Le Poidevin, G. J. Polymer 1976, 

17,387 
20 Spalding, D. B. 'Convective Mass Transfer', Arnold, London, 

1963 
21 Magill, J. H. Polymer 1962, 3, 35 
22 Flory, P. J. J. Chem. Phys. 1949, 17,223 
23 Farrow, G. Polymer 1963, 4,191 
24 King, C. V. and Bravermann, M. M. J. Am. Chem. Soc. 1932, 

54, 1744 
25 Wunderlich, B. 'Maeromolecular Physics', Academic Press, 

London, 1973, Vol 1, p196 

776 POLYMER, 1976, Vol 17, September 



Relative rate constants during the 
hydrolysis of syndiotactic poly(methyl 
methacrylate) with base 
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The relative rates of appearance and disappearance of triads of monomer units during the hydrolysis 
of syndiotactic methyl methacrylate/methacrylic acid copolymers in aqueous solution with excess 
base are studied by proton n.m.r. The relative rate constants are determined from these data using a 
graphical method. The measured relative rates and rate constants are consistent with a mechanism 
wherein COO- retards the attack of OH-. There is, however, a mechanism change indicated on con- 
sumption of OH-dur ing hydrolysis. The COOH which are then formed apparently participate in an 
intramolecular mechanism. The change of mechanism is accompanied by a change in copolymer sta- 
tistics, i.e. from alternation tendency to block character. The lack of temperature dependence of the 
relative rate constants during the hydrolysis with OH-  as the active species leads to the conclusion 
that enthalpies of activation are equal for the three reacting triads. Thus the differences found be- 
tween the relative rate constants are entropic in origin. 

INTRODUCTION 

Diesters and monoesters of dicarboxylic acids may serve as 
model substances for the hydrolysis of polymeric esters. 
Particularly during the hydrolysis of monoesters large co- 
operative effects influence the kinetics in many instances. 
These cooperative effects may also be present during the 
hydrolysis of polymeric esters since with progressive hydro- 
lysis an increasing number of carboxyl or carboxylate 
groups is introduced. The hydrolysis of the esters of di- 
carboxylic acids has been frequently studied ~-3 and it was 
found that alkyl esters have widely differing rates for the 
hydrolysis of the first and the second ester group 4-6. This 
was explained by the electrostatic repulsion between 
- C O 0 -  and the OH-  reacting with the second ester 
group 3'7-1°. General base catalysis and nucleophilic attack 
by neighbouring - C O 0 -  appears not to have been found in 
the alkaline range with alkyl esters of saturated aliphatic 
dicarboxylic acid. This is in keeping with the known inef- 
fectiveness of - C O O -  as a general base or nucleophile for 
the hydrolysis of alkyl esters of saturated monocarboxylic 
acids 11. 

For the hydrolysis of atactic methyl methacrylate/ 
methacrylic acid copolymers in aqueous solution with ex- 
cess base, it has been postulated that the slowing down of 
the rate and limiting conversion is due to the electrostatic 
repulsion between the negatively charged carboxylate on 
the chain and the OH-  attacking the ester groups 1~. Co- 
polymers were used as starting materials because poly 
(methyl methacrylate) is insoluble in aqueous base. For 
the hydrolysis of syndiotactic methyl methacrylate/metha- 
crylic acid copolymers it was shown by n.m.r, determina- 
tion of the triads of monomer units that the hydrolysis 
leads to a statistics of monomer units with a pronounced 
tendency of alternation ~3'~4. This was attributed also to 
electrostatic repulsion between the carboxylate and the 
OH-  attacking the next neighbouring ester group. With 

* Dedicated to Professor H. K~mmerer on the occasion of his 
65th birthday. 

some exceptions 13'14 most studies of reactions on vinyl 
polymers relied on measurements of the gross composition 
of the polymer during the reaction. The probabilities of 
triads for tactic methyl methacrylate/methacrylic acid 
copolymers can be evaluated by 1H n.m.r, and 13C 
n.m.r) 3-t6. The probabilities of the sequences during 
hydrolysis gives information on the distribution of hydro- 
lysed and unhydrolysed monomer units along the chain 
and this is intimately linked with the basic features of the 
mechanism of hydrolysis. Also, more reliable determina- 
tions of the rate constants for the individual sequences 
might be possible than with measurements of the change 
of gross composition alone. In this communication the 
conversion dependent rates of the hydrolysis of triads 
are studied in detail, (a short account has been previously 
published 17) and the conversion dependent (relative) rates 
are evaluated to yield the relative rate constants. 

RESULTS 

The kinetic runs were carried out with a syndiotactic 
methyl.methacrylate/methacrylic acid (MMA/MAA) co- 
polymer, possessing Bernoullian (random) compositional 
statistics. The use of 'prehydrolysed' syndiotactic PMMA, 
instead of PMMA itself, is necessary to obtain a homoge- 
neous solution of the polymer in the aqueous base. Having 
Bernoullian compositional statistics is an advantage since it 
is uniquely defined, easily calculated, and because any co- 
operative character of the kinetics will be revealed imme- 
diately during the kinetic runs by a deviation of the mea- 
sured sequence probabilities from calculated Bernoullian 
sequence probabilities. The starting copolymers are charac- 
terized by the probability of A-monomer units, P(A), 
(A = MMA) the probabilities of configurational triads, 
P(ss) = 0.92 and P(is +) = 0.08, and the weight-average 
molecular weight Mw (s = syndiotactic placement, i = iso- 
tactic placement; the + sign indicates inclusion of both 
forms of the sequence, in this case is and si). The copoly- 
mers are then dissolved in aqueous KOH and the kinetic 
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Figure I Probabilities of triad AAA, P(AAA), versus conversion 
parameter, P(A). Initial Bernoullian copolymer P(A) = 0.83. 
e, 0.5; m, 1; &, 1-5; O, 3; El, 5; A, 7 mmol KOH. ,Calculated 
for Bernoullian statistic from experimental P(A) 

runs carried out by heating a number of ampoules to 145°C 
for specified periods. The products were characterized by 
determining P(A) and the probabilities of the compositional 
triads [P(XsXsX) (X = A, B; B = MAA monomer units)] 
from the a-methyl resonance of the 1H n.m.r, spectra ~3,~4. 
In the following, the P(XsXsX) are simply written as 
P(XXX) since only syndiotactic triads are considered. The 
small amount of  XiXsX ÷ is assumed to possess only a small 
kinetic effect. Plots of P(XXX) versus P(A), the latter be- 
ing chosen as a convenient conversion parameter, results in 
graphs which are dependent on relative rates and relative 
rate constants, but not on absolute rates and absolute rate 
constants ~s. 

Starting with a Bernoullian copolymer of P(A) --- 0.83 
with Mw = 100 000 (copolymer No. 6 of Table 4) the kine- 
tic runs resulted in P(XAX) vs. P(A) data which are shown 
as points in Figures 1 to 3. The total amount of KOH 
(mmol) indicated, is present at the start of the hydrolysis 
run and includes the amount of KOH necessary for the 
neutralization of the -COOH groups of the MAA-units. 
The broken curves were drawn to give the best fit through 
the experimental points and, at the same time, to obey 
the statistically necessary relations*9: 

P(A) = P(AAA) + P(AAB +) + P(BAB) (la) 

P(B) = I - P(A) = P(BBB) +P(ABB +) + P(ABA) (Ib) 

P(ABB +) + 2P(ABA) = 2P(BAB) + P(AAB +) (2) 

Equations (1) and (2) are independent of the mode of 
formation of a copolymer, and are therefore suitable for 
correcting the experimental triad probabilities for errors 
which stem from the n.m.r, measurements, particularly 
the errors caused by incorrect separation of areas of over- 
lapping triad peaks. The full curves in Figures I to 3 rep- 
resent Bernoullian P(XAX) calculated from the measured 
P(A). 

The conversion dependent kinetic behaviour does not 
depend on the initial amount of KOH, if the amount of 
KOH is 3, 5 and 7 mmol. Some data collected with 10 and 
20 mmol KOH indicated that this appears to hold also for 
these much higher KOH concentrations. The kinetic beha- 
viour does, however, depend on the amount of KOH when 
only 0.5, 1.0 and 1.5 mmol KOH are initially present. This 
dependence of the relative rates on the initial amount of 

with base: V. Barth and E. Klesper 

KOH, at low KOH concentrations, is due to a change in 
relative rate constants which in turn is due to a change in 
the cooperative mechanism. The dependence is clearly 
connected with the consumption of OH-  during the kine- 
tic runs. With 1.0 and 1.5 mmol KOH the excess of OH-  
initially present at P(A) = 0.83 (t = O) can be calculated 
to be consumed at P(A) = 0.61 and P(A) = 0.41. In- 
specting Figures I to 3 shows that up to these conversions 
the experimental points for 1.0 and 1.5 mmol KOH follow 
the main curve, i.e. the common curve for 3, 5, and 7 mmol 
KOH, and then form separate branches. With 0.5 mmol 
KOH at P(A) = 0.83, there is no excess OH- present from 
the start, since all KOH is needed for the neutralization of 
-COOH. Thus the experimental points inimediately form 
a branch. In summary, it may be concluded that the rela- 
tive rates are independent of [OH-] ,  as long as OH-  is 
present in excess. 

The branches of the main curve, occurring with 0.5, 1.0, 
and 1.5 mmol KOH, are connected with the fact that not 
all carboxyl groups of the MAA-units are present as - C O O -  
but some are present as -COOH. The proportion of 
-COOH increases with increasing hydrolysis, that of 
- C O O -  remaining constant. The unneutralized MAA- 
units can partake in the reaction leading to a change in 
reaction mechanism and relative rates. Comparison with 
the Bernoullian curves shows that the main curves for ex- 
cess of OH-  indicate a tendency towards alternation of 
the A -  and B -  units, while the branches indicate block 
character. More AAA and less BAB than corresponds to 
the Bernoullian curves may be taken as indicating block 
character and less AAA and more BAB as indicating a ten- 
dency towards alternation (Figures I and 3). However, no 
such simple connection apparently exists for AAB + (Figure 
2). It is worth noting, that a unique relation between 
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Figure 2 Probabilities of tried AAB +, P(AAB+), versus conversfon 
parameter, P(A). Initial Bernoullian copolymer P(A) 0.83. Symbols 
as for Figure I 
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Figure 3 Probabilities of triad BAB, P(BAB), versus conversion 
parameter, P(A). Initial Bernoullian copolymer P(A) = 0.83. 
Symbols as for Figure 1 
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P(AB +) = 2P(ABA) + P(ABB +) = 2P(BAB) + P(AAB +) 

(8) 
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Figure 4 Probabilities of dyad AB +, P(AB+), versus P(A). Initial 
Bernoullian copolymer P(A) = 0.83. A, 3--7 mmol KOH; B, 
1.5 mmol KOH; C, calculated from Bernoullian statistics from 
experimental P(A); D, 1 mmol KOH; E, 0.5 mmol KOH 

P(sequence) and a tendency towards alternation or block 
character may only be assumed for the behaviour of dyads. 
This may be seen as follows: 

(3) P(A) = P(AA) + P(AB) 

(4) P(A) = P(AA)r + P(AB)r 

Where the P(XX)r are the Bernoullian probabilities. On 
sub traction: 

(5) 0 = AP(AA) + AP(AB) 

The AP(XX) = P(XX) - P(XX)r are the deviations from 
Bernoullian probabilities at a given P(A). Similarly one 
obtains: 

(6) 0 = AP(BB) + AP(BA) 

It follows with AP(AB) = AP(BA) and AP(AB) + AP(BA) = 
AP(AB+): 

(7) AP(AA) = AP(BB) = - 0.5AP(AB +) 

The deviation of each P(XX) from the corresponding 
P(XX)r determines the deviations of the probabilities of 
the other two dyads at a given P(A). Thus there is a unique 
relation between the experimentally found deviations from 
Bernoullian curves and the terms 'tendency toward alter- 
nation' and 'block character'. An equation similar to 
equation (7) does not exist for P(XXX) for the most gene- 
ral case since at a given P(A) the probabilities of three of 
the triads are independent while only the probability of 
one dyad is independent. 

In Figure 4 the dyad probability P(AB +) is plotted 
versus P(A). The P(XX)have been obtained from the 
P(XXX) by the usual relations based on the principle of 
stationarity 2°a'. For P(AB +) there are two possibilities of 
reducing the triads to dyads: 

for average values equation (9) was employed: 

P(AB +) = P(ABA) + 0.5P(ABB +) + P(BAB) + 0.5P(AAB +) 

(9) 

Inspection of the P(XX) versus P(A) data reveals that the 
necessary relation equation (7) is reasonably well obeyed. 
The P(XX) vs. P(A) plots are, together with the P(XXX) 
data, necessary for the evaluation of realtive rate constants. 

A second set of kinetic runs was carried out with a 
Bernoullian copolymer ofP(A) = 0.60 (copolymer No. 9 
of Table 4), in order to show that the relative rate constants 
do not change when another starting copolymer is used. 
In Figure 5 data are plotted for runs with 3, 5 and 7 mmol 
initial KOH in a similar way as for Figures 1 to 3. The scat- 
ter of the points in Figure 5 is reasonable and they are well 
fitted by the broken curves which have been drawn accord- 
ing to equations (1) and (2). As with Figures I to 3, there 
is no dependence of the data on the amount of excess OH-. 

The conversion dependent kinetics of the triads with 
excess OH-,  as shown in Figures 1-3, 5, could in principle 
be dependent on the molecular weight of the copolymers, 
the ionic strength of the solution, the concentration of the 
copolymer and the temperature. The molecular weight 
was varied from ~t w = 100 000 to 650 000 and the ionic 
strength changed by the addition of 2 mmol KC1. More- 
over, the concentration of copolymer was reduced to 1/2 
or 1/4 and the temperature varied from 115 ° to 175°C. 
Within the investigated range, none of these variables ap- 
pears, however, to influence the kinetics to any extent, 
which is outside the error of measurement. 

Assuming that the A-centred triads are the kinetic units 
for the cooperative hydrolysis, then, if for a given A-centred 
triad the conformation and/or the solvation state changes 
with conversion, the rate constants might also change with 
conversion. A change in conformation and solvation should, 
however, make itself felt through the 1H n.m.r, chemical 
shifts of the copolymers, if the spectra are recorded under 
conditions similar to hydrolysis. Figure 6 shows the 1H 
n.m.r, spectra from D20/KOD solutions of syndiotactic 
copolymers with Bernoullian compositional statistics. The 
copolymers cover the range of conversion with P(A) = 0.83; 
0.60; 0.37; 0.16; 0.00. The spectra are recorded from solu- 
tions of 100 mg copolymer (P(A) = 0.83; 0.60; 0.37) or 
50 mg polymer (P(A) = 0.16; 0.00) in 1 ml 0.8 N KOD. 
This is sufficient KOD for an excess of OH-  to prevail after 
neutralization of all MAA-units. The copolymer concentra- 
tion is about 5 or 2.5 times the concentration used for 
hydrolysis, and, the temperature 80°C instead of 145°C. 
It is unlikely, however, that a change in conformation and 
solvation with conversion, if present, will appear less 
strongly at the higher concentration and the lower temper- 
ature used for the n.m.r, spectra. 

Spectral trace A of Figure 6 shows that at P(A) = 0.83 
the -OCH3, ~ - C H 2 -  and c~-CH 3 resonances are very 
broad. Decreasing the P(A), however, shows that an accept- 
able resolution of sequences is possible. A maximum of 
three peaks appears in the/%CH2- and a maximum of four 
peaks in the ct-CH3 resonance. The assignment of the 
/3-CH2- peaks to dyads is straightforward by observing the 
change in intensity with changing P(A). On the other hand, 
the assignment of the a-CH 3 peaks is complicated by coin- 
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cidence of triad resonances. In Table 1 the chemical shifts 
and relative peak intensities are shown for the peaks in the 
t~-CH3 resonance of the Bernoullian copolymers and a num- 
ber of copolymers with alternation character which have 
been obtained from the kinetic runs. The agreement be- 
tween the observed relative peak intensities and the expect- 
ed peak intensities for the proposed assignment leaves little 
doubt that the assignment of the triads is correct as in 
Table i and trace B of Figure 6. The only strong deviation 
is seen for the Bernoullian copolymer ofP(A) = 0.60. This 
may be connected with the inferior resolution of trace B 
but also with the possibility that the assignment changes 
at P(A) = 0.60. There exists a self-consistent set of shift 
differences governing the assignment. Both the replace- 
ments XAX ~ XBX (Table 1) (X = A, B) and replacements 

BXX ~ AXX (Table 1) produce an upfield shift of 0.10 
ppm. Having ascertained that the chemical shifts of the 
triads do not change with the P(A) of the copolymers in 
the range 0.6 > P(A) > 0, it is reasonable to assume an 
absence of change in conformation and solvation of triads 
in that range. Therefore, an invariance of rate constants 
with conversion may also be assumed. However, the 
broadening of the resonances at P(A) = 0.83 points to a 
collapse of the coiled chains with a concomitant reduction 
in conformational mobility. This collapse is apparently 
caused by poor solvation of longer blocks of A-units and 
raises the question of the accessibility of these A-units by 
the attacking OH-.  Consequently, the reaction rate con- 
stants may possibly be variable in the conversion range of 
P(A) > 0.60. 
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-OCH3 a 'CH3 

AAB + 
BBIBAA A 

ABB + 
AB + BAB~ I ..-,,, 

AA I BB I I~l '~"~ 

ppm 

Figure 6 ]H n.m.r, spectra of syndiotactic MMA/MAA copoly- 
mers of Bernoullian compositional statistics and different P(A). 
A, P(A) = 0.83; B, P(A) = 0.60; C, P(A) = 0.37; D, P(A) = 0.16; 
E, syndiotactic PMAA, P(A) = 0 

DDS 

6 

DISCUSSION 

The treatment of  data is limited to that obtained with 
excess OH- .  The data obtained with less KOH than neces- 
sary to neutralize the MMA/MAA copolymers will be the 
subject of  a future communication. With an OH-  excess 
statistics are obtained which deviate from Bernoullian 
pointing to cooperative kinetics, i.e. to a kinetic influence of  
neighbouring monomer units on the hydrolysis of  central 
A-monomer units. Considering only the next nearest mono- 
mer units to have kinetic influence and in view of  the fact 
that ester hydrolysis with base is irreversible, the polymer 
analogous hydrolysis reaction may be reduced to three 
individual reactions involving the three A-centred triads 
and their rate constants k, i.e. 

k(AAA) 
AAA > ABA (10a) 

k(AAB +) 
AAB ÷ > ABB + (10b) 

k(BAB) 
BAB > BBB (10c) 

From the kinetics of  the saponification of  low molecular 
weight alkyl esters it is well known TM that the rate is first 
order both in ester and in OH- .  The rate laws in terms of 
probabilities for overall second order reactions of  triads 
have been established previously ~7,~a,22: 

dP(AA) 
- -  - - 2 k ( A g g )  [R] P(AAA) - k(AAB +) [R] x 

dt 

P(AAB +) (11) 

dP(AB +) 
- -  - 2k(AAA) [R] P(AAA) - 2k(BAB) [R] x 

dt 

P(BAB) (12) 

dP(BB) 

dt 
- -  - k(AAB +) [R] P(AAB +) + 2k(BAB) [R] x 

P(BAB) (13) 

where [R] is the concentration of  reactant, in this case 
[OH-] .  

There are two more rate laws for the reactions of  triads 
but unfortunately their differential coefficients are written 
in terms of  two triads and may not be simply reduced to 

Table 1 Chemical shifts assignment and relative peak intensities 
(normalized) d in the ,~-CH 3 resonance of nearly Bernoullian a and 
'alternating 'b copolymers from 10% solutions in D20 with an excess 
of O D -  

P(A) 

Chemical shifts (ppm) c 

1.05 0.95 0.85 0.75 
11 ~' BBB- + 

BAB +~'~ ABB - 
"""~ AA B ......~AAA~ABA 

Bernoullian 0.83 e . . . .  
copolymers 0.60 f 0.14 0.46 0.26 0.14 

(0.096) (0.352) (0.406) (0.144) 
0.52 0.12 0.41 0.34 0.13 

(0.120) (0.370) (0.380) (0.130) 
0.37 0.15 0.45 0.32 0.08 

(0.147) (0.422) (0.345) (0.086) 
0.28 0.18 0.48 0.29 0.05 

(0.145) (0.487) (0.312) (0.056) 
0.16 0.14 0.63 0.20 0,03 

(0.113) (0.636) (0.230) (0.021) 
0.00g 0.08 0.92 

Copolymers 0.72 e . . . .  
with 0.50 0.17 0.33 0.25 0.25 
tendency (0.22) (0.28) (0.285) (0.215) 
toward 0.42 0.23 0.27 0.32 0.18 
alternation (0.255) (0.26) (0.29 s) (0.19) 

0.36 0.29 0.22 0.34 0.15 
(0.27) (0.26s) (0,3Os) (0.16) 

0.32 0.28 0.24 0.34 0.14 
(0.26s) (0.28s) (0.31 s) (0.13s) 

0.24 0.26 0.31 0.36 0.07 
(0.22s) (0.39s) (0.30) (0.08) 

0.14 0.18 0.52 0.26 0.04 
(0.14) (0.60) (0.23s) (0.02) 

aBernoullian copolymers of P(A) /> 0.60 ~repared by hydrolysis 
of syndiotactic PMMA [P(ss) = 0.92; P(is ) = 0.08] in dioxane/ 
methanol/KOH. Bernoullian copolymers of P(A) < 0.60 prepared 
by hydrolysis in concentrated H2S0419. bCopolymers with a ten- 
dency toward alternation prepared under conditions of a kinetic 
run by hydrolysis of  a Bernoullian copolymer with P(A) = 0~83 
with an excess of O H -  at 145°C. CMeasured at 80°C relative to 
(CH3)3Si(CH2)3SOaNa (DDS) as internal standard, dValues in 
parentheses are expected probabilit ies for Bernoullian copolymers 
calculated from P(A), for  alternating copolymers obtained from 

13 e spectra in pyridine of the same copolymer . Peaks not resolved. 
fPeaks not well resolved, gSyndiotactic PMMA of P(ss) = 0.92, 
P(is +) = 0.08. 
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Figure 7 Slopes of the P(XX) vs. P(A) curves as obtained from 
tangents (points). Composition P(A) = 0.83 of Bernoullian start- 
ing copolymer indicated by broken vertical line. - - ,  Valid for 
a non-cooperative reaction starting from a homopolymer or Ber- 
noullian copolymer. O, dP(AA)/dP(A) vs. P(A); [3, dP(AB+)/dP(A) 
vs. P(A); A, dP(BB)/dP(A) vs. P(A) 

differential quotients of dyads. The differential quotient 
of the monad A 

de(A) 

dt 
k(AAA) JR] P(AAA) - k(AAB +) [R] P(AAB +) 

- k(BAB) JR] P(BAB) (14) 

In order to obtain rate laws which are compatible with the 
conversion plots, equations (11) to (13) should be divided 
by equation (14). 

dP(AA) -2k'(AAA)P(AAA) - k'(AAB+)P(AAB +) 

dP(A) N 

dP(AB +) 2k'(AAA)P(AAA) - 2k'(BAB)P(BAB) 

(15) 

(16) 
dP(A) N 

dP(BB) k'(AAB+)P(AAB +) + 2k'(BAB)P(BAB) 
(17) 

dP(A) N 

with 

N = - k'(AAA)P(AAA) - k'(AAB+)P(AAB +) 

- k'(BAB)P(BAB) 

The kinetic behaviour shown in Figures l, 2, 3 and 5 de- 
monstrates that there exists no dependence on [OH-] ,  as 
long as an excess of OH- is available. This lends support 
to the reaction model embodied in equations (11) to (17). 
The differential quotients in equations (15) to (17) are 
affected only by relative rate constants and not the rate 
constants themselves. For the relative rate constants we 
choose arbitrarily the definition: 

k'(AAA) + k'(AAB +) + k'(BAB) = 1 (18) 

with, for instance: 

k(AAA) 
k'(AAA) = k(AAA) + k(AAB +) + k(BAB) (19) 

The sequence probabilities of a copolymer prepared by a 
polymer analogous reaction depend only on the relative 
rate constants and a specified P(A) (and on the sequence 
probabilities of the starting polymer), but not on the re- 
action time needed to reach that P(A). Furthermore, only 
one of equations (15) to (17) is independent since at a 
given P(A) only one P(XX) is independent. Thus at l e a s t  

two copolymers of differing P(A), prepared under analogous 
conditions, are needed to determine the two independent 
relative rate constants. The rate equations (15) to (17), 
could either be used as such or in their integrated form. 
We choose to use the former, since it is not simple to estab- 
lish even the differential equation for a given model of poly- 
mer analogous reactions 22'23, while it is a formidable task to 
obtain an integration in closed form without approxima- 
tions 24. Also, an available solution for the irreversible case 
is difficult to handle 2s. Thus the differential equations for 
polymer analogous reactions are important in evaluating 
kinetic data, particularly with new models. The situation 
is similar to that for enzyme kinetics where the differential 
equations are often employed 26. The inaccuracy in the 
determination of the differential quotients by construct- 
ing tangents can be kept to levels comparable to or below 
the inaccuracies caused by the n.m.r, determination of t h e  

kinetic curves; both inaccuracies being compared in their 
effect on the determination of the relative rate constants. 

As only one of the equations (15) to (17) is independent, 
equation (15) has been arbitrarily chosen for evaluating the 
relative rate constants. Setting dP(AA)/dP(A) = S and sub- 
stituting k'(BAB) by [1 - k'(AAA) - k'(AAB+)] one 
obtains: 

k'(AAA) = Cl + c2k'(AAB +) (20) 

with: 

SP(BAB) 
C l = - -  (21) 

SP(AAA) - SP(BAB) - 2P(AAA) 

SP(BAB) - SP(AAB +) + P(AAB +) 
c2 = (22) 

SP(AAA) - SP(BAB) - 2P(AAA) 

Although Cl and c 2 are functions of P(A), at a given P(A) 
i.e. for a given copolymer equation (20) yields a linear 
plot of k'(AAA) versus k'(AAB+). In order to determine 

S by the tangent method, not only dP(AA)/dP(A) was 
determined but also dP(AB÷)/dP(A) and dP(BB)/dP(A), 
all of them over the available range of P(A) at intervals of 
AP(A) = 0.05. These values are plotted in Figure 7 for the 
starting copolymer ofP(A) = 0.83. Differentiating the two 
generally valid equations P(A) = P(AA) + 0.5P(AB ÷) and 
P(B) = P(BB) + 0.5P(AB +) with respect to P(A) and P(B), 
respectively, and considering dP(A) = - dP(B): 

dP(AA) dP(AB +) dP(BB) 
- - - 1 - 0 . 5 - - - 2 + - -  (23 )  
d~A) dP(a) dP(A) 

Equation (23) states that the values for the three differen- 
tial quotients trace out a common curve (broken curve in 
Figure 7) if a corresponding triple ordinate is used. Any 
experimental scatter is then due only to errors in con- 
structing the tangents on the P(XX) vs. P(A) curves and on 
deviations of the P(XX) vs. P(A) curves themselves from 
the principle of stationarity. 
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Figure 8 Relative rate constants k'(AAA) and R'(AAB +) as inter- 
sections of straight lines plotted according to equation (20). 
Bernoullian starting copolymer of P(A) = 0.83. P(A) values: A, 
0.83; B, 0.80; C, 0.75; D, 0.70; E, 0.65; F, 0.60; G, 0.55; H, 0.50; 
I, 0.45; J, 0.40; K, 0.20; L, 0.35; M, 0.30; N, 0.25 

< 
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Figure 9 Relative rate constants k'(AAA) and k'(AAB +) as inter- 
sections of straight lines plotted according to equation (20). 
Bernoullian starting copolymer of P(A) = 0.60. P(A) values: 
A, 0.60; B, 0.55; C, 0.50; D, 0.45; E, 0.40; F, 0.35; G, 0.20; 
H, 0.25/0.35 

For a random polymer analogous reaction, for which 
k'(AAA) = k'(AAB ÷) = k'(BAB), equation (15) becomes: 

dP(AA) 2P(AA) 

dP(A) P(A) 
- 2P(A) (24) 

However, the second equality holds only if the copolymers 
formed are Bernoullian, which is always the case for 
k'(AAA) = k'(AAB +) = k'(BAB) when the starting polymer 

is either a homopolymer or a Bernoullian copolymer. The 
straight line of equation (24) is seen as the diagonal in 
Figure 7. As a further test of the precision of the differ- 
ential quotients the shaded areas F1 and F2 must be equal. 
Considering two polymer analogous reactions, 1 and 2, 
which differ in their sets of k' but start from the same 
P(A)start and P(AA)start and end at the same P(A)end and 
P(AA)end, it holds with P(AA)start - P(AA)end = AP(AA): 

AP(AA)I = AP(AA)2 (25) 

and 

P(A)end P(A)en d 

P(A)start P(A)start 

(26) 

when ce: 

P(A)end P(A)end f de(AA)I 
dP(A~ dP(A)= f 

P(A)start P(A)start 

dP(AA)2 

dP(A) 
- -  dP(A) (27) 

According to equation (27) the areas under the curves 
traced out in a plot of dP(AA)/dP(A) vs. P(A) for reactions 
1 and 2 must be equal. One may regard the hydrolysis 
with excess OH-  as reaction 1 and the hypothetical 
hydrolysis with k'(AAA) = k'(AAB +) = k'(BAB) as reaction 
2, because they start from the same P(A) and P(AA) and 
both end at P(AA) = P(A) = 0. The equality holds for 
Figure 7 with F1/F2 = 1.03. 

The averaged S of Figure 7 (broken curve) and the 
P(XAX) of P(XAX) versus P(A) curves are taken at inter- 
vals of AP(A) = 0.05 to plot k'(AAA) vs. k'(AAB +) accord- 
ing to equation (20). In Figure 8 (starting copolymer of 
P(A) = 0.83) and in Figure 9 (starting copolymer ofP(A) = 
0.60) it becomes apparent that the intersections of the 
straight lines of differing P(A) show only a reasonable 
amount of scatter or systematic change. Moreover, the 
areas in which the intersections occur are about the same 
for both starting copolymers. In order to evaluate the co- 
ordinates of the intersections more closely, the results of 
Figure 8 are summarized in Table 2; the k'(AAA) values 
are in the upper right half and the k'(AAB ÷) values in the 
lower left half, the diagonal separating the areas. The inter- 
sections of the straight lines of different P(A) in Figure 8 
are seen in Table 2 as the intersections of columns and 
rows. The k'(AAA) and k'(AAB ÷) values at the intersections 
of the columns and rows ofP(A) = 0.60 to 0.40 can be con- 
sidered as particularly characteristic for two reasons. First, 
they stem from a conversion range where Figure 6 shows 
well resolved spectra with constant chemical shifts of the 
triad peaks, and second, in this range the difference be- 
tween different sets of relative rate constants is about the 
largest both with respect to P(XXX) and dP(XX)/dP(A) Is. 
Comparing the fluctuation of the values k'(AAA) and 
k'(AAB +) within the rectangle of Table 2 with that of the 
other values of the same Table, it is apparent that the fluctu- 
ation is about the same. The data may be inspected by compar- 
ing the k'(AAA) or k'(AAB +) values running parallel to the 
diagonal. Immediately adjacent to the diagonal, the values 
are obtained by intersections of lines which are only AP(A) = 
0.05 apart. These values are not very reliable since the 
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Table 2 Values for k'(AAA) and k'(AAB +) for the intersections of Figure 8, representing the data obtained from a starting copowmer of 
P(A) = 0.83. The intersections of two straight lines of different P(A) in Figure 8 are represented in Table 2 by the intersections of columns 
and rows of the same P(A). 

P(A) 0.83 0.80 0.75 0.70 0.85 0.60 0.55 0.50 0.45 0.40 0.35 0.30 0.25 0.20 

0.83 ~ 6 3  0.61 0.63 0.62 0.61 0.61 0.60 0.60 0.59 ['--0~8---658---O_5-7--O~'5-9-" I " " " 

0.80 0 . 3 7  ~ 0 . 6 1  0.63 0.62 0.61 0.61 0.61 0.60 0.60, 0 59 0.59 0.58 0.60 
0.75 0.35 0.34 ~ . ~ . 0 . 6 3  0.62 0.61 0.61 0.61 0.60 0.601 0.60 0.59 0.59 0.60 
0.70 0.37 0.37 0.40 ~ . . .  0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62 
0.65 0.36 0.35 0.37 0.33 ~ 0.62 0.62 0.62 0.62 0.63 0.63 0.63 0.63 0.62 
0.60 0.35 0.35 0.35 0.32 0.30 ~ 0.61 0.62 0.62 0.63[ 0.63 0.63 0 64 0 62 
0.55 0.35 0.35 0.35 0.33 0.33 10.35 ~ 0.64 0.64 0.6511 0.66 0.66 0.67 0.64 
0.50 0.34 0.34 0.34 0.32 0.32 [0.33 0.30 ~ 0.64 0.6611 0.66 0.68 0.69 0.65 
0.45 0.34 0.33 0.33 0.32 0.31 10.32 0.30 0.30 ~ 0.701: 0.70 0.72 0.74 0.66 
0.40 0.33 0.32 0.32 0.30 0.29 J_0.29___.0.27___0_.26___0_23__~'-~s-2~___ ]L__. 0.70 0.67 0,82 0.41 
0.35 ,r -6.32 - - -0~ 31 . . . .  0.3 T - - - -0 .31 . . . .  ().28 - - 0.28 0.26 0.26 0.23 0 . 2 3 ~  . . . . . . . . . . . . . . . . . . . .  
0.301 0.31 0.31 0.30 0.29 0.28 0.27 0.25 0.24 0.21 0 171 ~ ~  k'(AAA) 
0.251 0.31 0.30 0.29 0.27 0.27 0.26 0.24 022 0 18 0 131 . . . . . .  + , ~  
0 . 2 0  ;. 0 . 3 3  0 . 3 2  0 . 3 2  0.31 0 . 3 0  0 . 3 0  0.29 0.28 0.27 0.481 

angles with which the lines, intersect are very acute (Figure 
8). Once or twice removed from the diagonal, the inter~ 
secting lines are ZkP(A) = 0.10 and z~P(A) = 0.15 apart and 
the angles less acute, although still far from 90 °. A syste- 
matic change of the k' values with conversion should 
appear along these lines parallel to the diagonal. There 
appears indeed a relatively small increase of k'(AAA) and 
a corresponding decrease in k'(AAB+), but in view of the 
accuracy of the data it is not clear whether one should 
attach significance to this trend. It should finally be point- 
ed out that intersections for which only lines ofP(A) = 
0.35 to 0.20 participate are those for which the hydrolysis 
has so far progressed that P(AAA) = 0. Then Cl of equa- 
tion (21) becomes 1 and the intersections of two such lines 
becomes meaningless (blank space, lower right corner of 
Table 2). If, however, only one of these lines participates 
in a given intersection the values are still useful, although 
possibly less reliable, since P(AAB +) has already become 

small at P(A) <<, 0.35 and can only be inaccurately measured 
(values in broken line rectangles). 

In view of the foregoing it appears justified to simply 
take the median of the values for lines from P(A) = 0.60 
to P(A) = 0.40 for both starting copolymers ofP(A) = 
0.83 and P(A) = 0.60 to result in k'(AAA) = 0.62 and 
k'(AAB +) = 0.33. This in turn yields k'(BAB) = 0.05. Simi- 
lar values are obtained when all intersections are evaluated. 
In view of the experimental error this result may be rounded 
to 0.6, 0.3, and 0.1, respectively. Apparently, next neigh- 
bouring -COO-  retards the attack of OH- by electrostatic 
repulsion. This retardation amounts to about 2 for k(AAA)/ 
k(AAB +) and to at least 6 for k(AAA)/k(BAB). In view of 
the relative constancy of the k' values with P(A) it may also 
be concluded that repulsion by -COO-  situated on mono- 
mer units further removed is not large. It is, of course, also 
possible to use, besides equation (15), equations (16) and 
(17) to plot k'(AAA) vs. k'(AAB +) diagrams. However, the 
expressions for the intercept and the slopes of the corres- 
ponding straight lines are identical with those of equations 
(21) and (22), as shown for equations (16) and (17) and 
in accordance with equation (23). 

The relative rate constants are not significantly changed 
in the temperature range 115°C (T1) to 175°C (T2). Using 
the Eyring equation one obtains for TI: 

k(AAA) / = /k'(AAA) I 

(kT1/h ) exp (ASia/R) exp (--~LI--~IR T1) 
( k T1/h ) exp ( AS~/R ) exp (-AH-~/R T1 ) 

(28) 

where S~: and S~ = are, for instance, the activation entropies 
valid for the reaction 1, (AAA ~ ABA) and the reaction 2, 
(AAB + -~ ABB+), respectively. Similarly for temperature 
T2: 

k(AAB+)] T2 ~k'(AAB+)/ T2 

= (kT2/h) exp (AS~/R) exp (-AH-~/RT2) 
( k T2fh ) exp (ASp/R) exp (-AH~ /R T2) 

(29) 

presupposing, as usual, that AS~:, AS~:, AH~I , and z3d/~ are 
invariant over a limited temperature range. Since it was 
found that the approximation: 

(30) 

holds, it follows from equations (28) and (29) that: 

= ~ (31) 

and analogously to equations (28)to (30)that: 

AH-( = AH~ (32) 

where the subscript 3 is valid for reaction 3 (BAB ~ BBB). 
Thus the activation enthalpies are all equal.. From equation 
(28) it follows that: 

k(AAA) AS~ - ASp 
- -  - exp (33) 
k(AAB +) R 

and similarly that: 

k ( i i i )  AS1 -- zS.S'~ 
- -  - e x p  ( 3 4 )  
k(BAB) R 

Equations (33) and (34) state that the ratios of the rate 
constants are determined only by the differences of the 
activation entropies. From k'(AAA)/k'(AAB +) = 0.6/0.3 =2 
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Table 3 Preparation of syndiotactic poly(methyl methacrylate) 

Aging Reaction Polymer Tacti- Molecular 
PMMA AIEt3 TiCI4 time MMA time yield city weight 
No. (ml) (ml) (min) (ml) (h) (%) P(ss) a /~w b 

1 17.5 2.8 30 70 38 55 0.92 651 000 
2 17.5 2.8 30 70 18 30 0.92 525 000 
3 17.5 2.8 45 70 5 4 0.92 210000 
4 25 2.8 90 70 40 65 0.92 292 000 
5 17.5 2.8 60 70 40 69 0.90 243 000 
6 12.5 2.0 60 70 18 51 0.90 364 000 
7 13 2.8 60 70 18 49 0.90 274 000 
8 17.5 2.8 60 50 18 51 0.90 179 000 
9 25 4 60 70 18 66 0.90 192 000 

10 25 2.8 60 40 7 35 0.92 100 000 

aAs determined from the e-CH3 resonance of the IH n.m.r, spectra recorded from pyridine solution (100°C) at 220 MHz. For all polymers 
P(ii) = 0 and P(is +) = 1 -- P(ss). bAs determined from [r/] = 5.2 10 -s/~W0.76, a relation which has been established for radical initiated (pre- 
dominantly syndiotactic) PMMA of Mw ~> 35 000 at 30°C in benzene 29 

and k'(AAA)/k'(BAB) = 0.6/0.1 = 6 the differences of 
)he activation entropies are found as AS]~ -- AS~ = 1.4 cal/ 
mol K and AS~ - AS~ = 3.6 cal/mol K, respectively. 
The cooperativity of the lanetics is therefore entroplc in 
origin. 

EXPERIMENTAL 

Syndiotactic poly(methyl methacrylate) (PMMA) was pre- 
pared using Ziegler-Natta initiator at - 7 5  ° to -78°C in 
toluene, according to the method of Abe et al. 27. Table 3 
lists experimental conditions for 10 preparative runs. The 
PMMA was prehydrolysed in dioxane/methanol/KOH 
mixture as described previously ~a. Table 4 lists the co- 
polymers prepared. With one exception the hydrolysis 
solutions were homogeneous up to the end of reaction 
time, with the same extent of hydrolysis for all polymer 
chains. Comparison with Table 3 shows that the -~w of 
the re-esterified copolymers in Table 4 (values without 
parentheses) are not greatly affected by the prehydrolysis. 
Moreover, the 1H n.m.r, spectra of the re-esterified pro- 
ducts were the same as those of the corresponding pre- 
cursor PMMA. 

For some copolymers obtained after prehydrolysis it 
was shown by fractionation, carried out by the incremen- 
tal addition of HC1 from aqueous solution 2s, that within 
error of measurement, no heterogeneity with respect to 
P(A) and P(XXX) (X = A, B) existed (Table 5). Thus the 
copolymers are compositionally homogeneous starting 
materials for the kinetic runs. For the copolymers ob- 
tained after the kinetic runs with excess of OH-  it could 
likewise be shown (Table 5) that no heterogeneity exists 
with respect to P(A) and P(XXX). Therefore, the sequence 
data obtained during the kinetic runs with excess of OH-  
are representative of the statistics of the individual chains 13. 
Also, the/~t w after the kinetic runs are not very different 
from that of the precursor PMMA or precursor Bernoullian 
copolymers. The n.m.r, spectra of the PMMA obtained by 
esterification of the copolymers from kinetic runs are iden- 
tical with those of the precursor PMMA, showing that siae 
reactions are absent. 

For the kinetic runs, 1N KOH was added to multiples 
of 250 mg prehydrolysed copolymer in an alkali resistant 
glass ampoule (the amount of KOH specified in this com- 
munication always applies to 250 mg of starting copoly- 
met). Sufficient water was added to bring the volume of 
aqueous KOH to 12 ml for each 250 mg copolymer. As 

noted, part of the water was substituted by aqueous KC1 
solution. The ampoule was flushed with N2, sealed, and 
transferred to a circulating air oven at 115°C and after a 
maximum of 1 h, and shaking every ten minutes, the poly- 
mer had dissolved. The P(A) had not changed measurably 
as determined by n.m.r. The content of the ampoule was 
then distributed into several smaller ampoules of Duran 
glass (12 ml solutionlinto each) which contained Teflon 
thimbles to completely prevent contact of the alkaline 
solutions with the glass. For the kinetic runs, these am- 
poules were inserted into well fitting holes of an aluminium 
block and inserted in a thermostatically controlled oil bath. 
The time at this instance was taken as t = O; the time need- 
ed for the ampoules to reach 145°C (115°C, 175°C) being 
assumed to be compensated to some extent by the time 
spent dissolving the copolymer in the dissolution step. The 
copolymers were isolated after the kinetic runs by diluting 

Table 4 Prehydrolysis of syndiotactic poly(methyl methacrylate) 
to methyl methacrylate/methacrylic acid copolymers of Bernoullian 
statistics a 

Prehydro- Derived 
Copoly- lysis from 
mer time Molecular weight b, PMMA 
No. (h) P(A) /~w No. 

1 15 0.85 (525 00C 
2 18 0.83 (651 00G 
3 18 0.83 (364 00G 
4 18 0.83 (179 00G 
5 18 0.83 (243 000 
6 18 0.83 (100 000 
7 c 40 0.62 (292 000 
8 40 0.60 (192 000 
9 40 0.60 (100000  

437000 2 
630000 1 

6 
8 

241 000 5 
100000 10 

4 
190000 9 
100000 10 

aSyndiotactic PMMA (1 g), dioxane which had been treated with 
NaOH and Na wire (32 ml), and 20% w/w KOH in methanol 
(16 ml) were purged w|th N 2 in an ampoule. After sealing, it was 
heated at 85°C, tumbling thereby the ampoule. After the specified 
prehydrolysis time it was poured into water (1 I) with stirring, 
heated to 80°-100°C, precipitated by slow addition of a just suffi- 
cient amount of concentrated HCI, filtered and washed with small 
amounts of hot water. Drying to constant weight in vacuo at 50°C. 
bValues in parentheses are/~w determined from the precursor 
PMMA by viscosity, values without parentheses obtained by re- 
esterification of copolymers to PMMA with diazomethane Is and 
determination of/1# w by viscosity (see Table 3). CBecause of its 
higher molecular weight this copolymer started to precipitate be- 
fore 40 h, explaining the somewhat lower degree of hydrolysis as 
compared to copolymers 8 and 9. 
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Table 5 Fractionation of copolymers obtained after prehydrolysis and of copolymers obtained after kinetic runs with excess O H -  

Copolymer a Molecular 
and weight b Amount 
fraction No. M w (mg) P(A) c P(AAA)  P(ABA) P(AAB +) P(ABB +) P(BAB) P(BBB) 

After 6 ( 100 000) 500 ~ 0.57 0.11 0.23 0.05 0.03 0.01 
prehydrolysis I 97 000 160 | 0.83 

II 97 000 230 ) (0.572) (0.11 "I) (0.234) (0.048) (0.024) (0.00s) 
(Bernoullian 8 (181 000) 500~ 0.22 0.14 0.29 0.19 0.10 0.06 
copolymers) I 200 000 260 ~ 0.60 

II 182000  170)  (0.216 ) (0.144) (0.288) (0.192) (0.096) (0.064) 
After d ( 100 000) 500 
kinetic run I 9 5 0 0 0  350 ]  0.62 0.21 0.19 0.26 0.16 0.14 0.04 
(copolymers II 95 000 140 ) 
with e (100 000) 500 
tendency I 87 000 270 } 0.46 0.03 0.20 0.20 0.26 0.23 0.08 
toward II 83 000 230 ) 
alternation) f ( 100 000) 500 

I 91 000 220 ~ 0.23 0 0.06 0.02 0.32 0.21 0.39 
II 79 000 240 ) 

aArabic nu merals 6 and 8 refer to whole (u nfractionated) copolymers, of Table 4. d - f  refer to whole copolymers, and I and I I signify first and second 
fraction derived from the corresponding whole copolymers, bM w in parentheses are determined by viscosimetry from the precursor PMMA, the 
/~w without parentheses apply to fractions which have been determined by re-esterifying with CH2N2 to PMMA and determining M w by visco- 
simetry. CThePvalueswere identical for the whole copolymer and its two fractions. Values of P in parentheses calculated from the experimental 
P(A) for a Bernoullian statistics, dAIternating copolymer, obtained from random copolymer No. 6 (Table 4) with 5 mmol KOH after 4 h at 
145°C. eAIternating copolymer, obtained from random copolymer No. 6 (Table 4) with 3 mmol KOH after 18 h at 145°C. fAIternating co- 
polymer, obtained from random copolymer No. 6 (Table 4) with 5 mmol KOH after 48 h at 145°C 

with a ten-fold amount  of  water and precipitating with 
concentrated HC1 at 80 ° to 100°C. 

The 1H n.m.r, spectra were recorded on a Varian HR-220 
spectrometer operated at 220 MHz. For  all the copolymers 
pyridine was used as solvent; a temperature of  100°C, a 
concentration of  ~10% w/v, and TMS as internal standard 
were employed.  The gross composit ion of  the copolymers 
was obtained by:  

5--1(_OCH3) 

P(A) = (39) 
I ( -CH2-)  + I(-CH3) 

where the I values are the areas of  the resonance regions 
indicated in parentheses. The P(XXX) were obtained from 
the ct-CH3 resonance region by either separating the triad 
peak areas by  hand and measuring the areas by planimeter,  
or, in most cases, by  a Du Pont Curve Resolver 310. For  
the latter procedure the peak shape was derived from the 
undisturbed high field flank of  the AAA peak which is the 
c=-CH 3 peak situated to highest field. The skew of  the peaks 
was adjusted by observing the skew of  the TMS signal. 
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Rate constants during the hydrolysis of 
syndiotactic poly(methyl methacrylate) 
with base 
E r n s t  K l e s p e r  a n d  V o l k e r  B a r t h  
Institut fi)r Makromolekulare Chemic, Universitat Freiburg, D-78 Freiburg, W. Germany 
(Received 5 March 1976) 

A procedure is presented for the determination of rate constants for the reaction of triads during the 
reaction on polymers and the method applied to the base hydrolysis of syndiotactic methyl metha- 
crylate/methacrylic acid copolymers. 

INTRODUCTION 

For reactions of polymers the relative rate constants for in, 
dividual sequences are sufficient to determine the distribu- 
tion of sequence probabilities at a given gross composition 
for present reaction models. The rate constants themselves 
yield the same information and in addition the time neces- 
sary to obtain a given gross composition and distribution of 
sequences. The relative rate constants of triads have been 
determined ~ for the hydrolysis of syndiotactic methyl 
methacrylate/methacrylic acid copolymers with excess base 
in aqueous solution. In the present communication a pro- 
cedure is given for the determination of the rate constants 
of triads for this hydrolysis reaction. It was found that the 
values for the rate constants and relative rate constants are 
compatible and that the rate constants are not greatly 
affected by conversion, e.g. by the total charge on the chain 
or by a kinetic effect of pentads. 

RESULTS AND DISCUSSION 

Syndiotactic methyl methacrylate/methacrylic acid 
(MMA/MAA) copolymers of Bernoullian distribution of 
monomer units are used for the kinetic runs in aqueous 
KOH. PMMA itself could not be employed since it is not 
soluble in aqueous KOH. Unless otherwise stated, aliquots 
of 250 mg of copolymer in 12 ml aqueous KOH of speci- 
fied concentration are kept at 145°C under N2 in sealed 
ampoules for periods of time to effect the hydrolysis. The 
experimental details for obtaining the kinetic data have 
been described ~. Two gross compositions are selected for 
the starting MMA/MAA copolymers, i.e. one With a prob- 
ability of finding A ofP(A) = 0.83 (copolymer No. 6 of 
Table 4 in reference 1) and P(A) = 0.60 (copolymer No. 9 
of Table 4 in reference 1) (A --- MMA monomer unit). The 
molecular weight of the starting copolymers is ~t w = 
100 000, unless otherwise indicated. The probabilities of 
the configurational triads are P(ss) = 0.92 and P(is +) = 0.08 
in all cases, where s = syndiotactic and i = isotactic place- 
ment. The + sign indicates that both forward and reversed 
forms of the sequence are included, e.g. is and si. Part of 
the P(XXX) and P(XX) data presented in this communica- 
tion (X = A, B; B = MAA monomer unit) have already been 
evaluated for their dependence of P(A) in a previous comm- 
unication I in which the same hydrolysis reaction was studied, 

* Dedicated to Professor H. Kgmmerer on the occasion of his 
65 th birthday. 

but with tlae interest centring on relative rates and relative 
rate constants. In this communication the time dependent 
behaviour ofP(XXX), P(XX), and also P(A), is of primary 
concern in order to evaluate the rate constants themselves. 

Figure I shows the change of gross composition, P(A), 
with time for the copolymer ofP(A) = 0.83 with different 
initial amounts of KOH (at t --- 0). ~1 amount of 3, 5, and 
7 mmol KOH/250 mg copolymer is sufficient to maintain 
a significant concentration of OH- during the whole course 
of the reaction, since [KOH] used is more than is needed 
for the transformation of all -COOH and -COOCH3 to 
- C O O - .  The kinetic curves for these OH-  concentrations 
show a monotonous decrease of P(A) with time 
which depends greatly ol, [OH-] .  The runs with 3 mmol 
initial KOH are considerably slower at the end range of con- 
version than those with 5 and 7 mmol KOH because a 
greater percentage of the OH-  has then been consumed in 
the former run. 

Kinetic runs are also shown for 0.5, 1.0, and 1.5 mmol 
initial KOH. With 0.5 mmol KOH, the [KOH] is only 
slightly in excess of that necessary to transform all carboxyl 
groups of the starting copolymer to carboxylate (calculated: 
0.435 mmol KOH). The kinetic behaviour approximates 
to that of a straight line. The kinetic curves for 1.0 and 
1.5 mmol initial KOH, however, exhibit two points of in- 
flection. During the first part of the reaction the rate de- 

0"8 ~- -.... 

0 2 4 6 8 
Time (days) 

Figure 1 Change of gross composition, P(A), with reaction 
time during hydrolysis of syndiotactic methyl methacrylate 
methacrylic acid (MMA/MAA) copolymer of Bernoullian compo- 
sitional statistics and P(A) = 0.83. O, 0.5; II, 1; &, 1.5; ©, 3; [3, 5; 
G, 7 mmol KOH 
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Figure 2 Slopes of P(A) versus t curves, dP(A)/dt, of the curves 
of Figure 1 for ©, 3; n, 5; A, 7 mmol KOH. Slopes are obtained 
graphically at ~P(A) = 0.05 intervals 

ponent x is the reaction order with respect to [OH-] and 
the k(XAX) are the rate constants of the three individual 
reactions. On transferring [OH-] x to the left of equation 
(1), the right hand side should be a constant at a given 
P(A), provided the P(A) uniquely determines the P(XAX), 
which is the case with a given set of k(XAX) and a given 
starting copolymer. Then the left hand side of equation (1) 
can be equated for different [OH-] : 

= x (2) 
L~, dt / 7 [ o n - ] ~  ,,:,(,,), 

where the subscripts 3 and 7 indicate reactions with 3 and 
7 mmol KOH and where P(A)3 = P(A)7. [OH-] 3 and 
[OH-] 7 refer to the momentary [OH-] at P(A)3 = P(A)7. 
Equation (2) leads to 

~ d--~--] [OH-] 3 

X= log (dP(A) / g [O H _ ]7  P(A)a=P(A), 

~ d t  ] 

creases greatly to a point which nearly coincides with tlae 
point where the excess KOH is consumed during hydrolysis 
by newly formed - C O 0 - ,  i.e. where [OH-] -~ 0. The cal- 
culated points of consumption are P(A) = 0.61 with initial- 
ly 1.0 mmol KOH and P(A) --- 0.41 with initally 1.5 mmol 
KOH. The points of consumption are approached slowly, 
as to be expected for an overall second order reaction in 
which OH- partakes, the curves forming thereby a plateau 
of small slope. The plateau indicates also, that the -COO-  
alone does not sustain the hydrolysis and the slow hydroly- 
sis still prevailing at the plateau leads to an autocatalytic 
phase which at the end of the reaction levels off again. It 
is suspected that the active species present after the plateau 
is connected with the -COOH formed during the hydroly- 
sis. The final levelling off is connected with the exhaustion 
of A-units in the copolymer chains. Thus P(A) versus time 
behaviour is in keeping with the previous finding I that at 
the point of consumption of OH- the compositional sta- 
tistics of the copolymers changes from one with alternation 
character to one with block character. Apparently the 
plateau separates the hydrolysis with OH- as the attacking 
species to one in which the -COOH partakes in some way. 
The electrostatic repulsion between OH- and - C O 0 -  is 
likely to create alternation character, while the active spe- 
cies related to -COOH, by being bound to the chain and 
attacking preferably next neighbouring A-units, will tend 
to form block character. The following results refer to the 
hydrolysis in the presence of excess OH-. 

The rate for the hydrolysis of A-units with excess base 
may be writtenl-3: 

dP(A) 

dt 
k(AAA) [OH-] x P(AAA) 

- k(AAB +) [OH-] x P(AAB +) 
- k(BAB) [OH-] x P(BAB) (I) 

where the P(XAX) designate probabilities in the copolymer 
chains and the [OH-] concentrations in solution. The ex- 

The dP(A)/dt values obtained graphically as slopes from 
Figure I at AP(A) = 0.05 intervals are shown in Figure 2 
for 3, 5, and 7 mmol KOH. The accuracy of the slope 
measurements appears to be good since there is little scatter 
around the broken curves which have been drawn visually 
through the points for best fit. The [OH-] (mol/1) which 
remains from the initial amount of KOH after hydrolysis 
to a given P(A) is calculated by: 

mmol KOHinitial - mmol KOHconsumed 
[OH-] = (4a) 

12 ml 

The mmol KOHconsumed is the KOH needed for the neu- 
tralization of all MAA units present at a given P(A). 
Therefore: 

mmol KOHconsumed - 
25011 - P(A)2] 

100P(A)I + 8611 - P ( A ) I  ] 
(4b) 

The P(A)I is that of the starting copolymer (0.83 or 0.60), 
while P(A)2 is that of the copolymer for which the [OH-] 
is to be calculated. The [OH-] so calculated agreed with 
the [OH-] titrated for a number of copolymers hydrolysed 
to high conversion. The results for the reaction order x of 
[OH-] are shown in Table 1 for both sets starting from 
P(A) = 0.83 and P(A) = 0.60, combining the data for 3 and 
7 mmol KOH as well as 5 and 7 mmol KOH. Based on these 
results, the reaction order is taken to be x = 1 and it is in- 
teresting that x 4= 1 goes unnoticed when evaluating the 
relative rates as expressed by equations (15) to (17) in ref 1, 
because [OH-] x has been cancelled in these equations. 
Also, the determination o fx  from dP(XX)/dt by equations 
(13) to (15) is equally possible. 

The initial rates of the probabilities do not depend greatly 
on the concentration of polymer. This can be deduced from 
Figure 3a where some P(A) vs. t points are shown for 125 
and 62.5 mg starting copolymer ofP(A) = 0.83 hydrolysed 
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Table 1 Reaction order x for  [OH--] with copolymers of P(A) = 0.83 and P(A) = 0.60. The data were combined according to equation (3) 
for  3 and 7 mmol initial KOH as well as for  5 and 7 mmol initial KOH. The constant C (I/mol h) for transforming relative rate constants 
k ' (XAX)  to k (XAX)  (X = A, B) 

Reaction order x of [OH- ]  Constant C c 

P(A) = 0.83 a P(A) = 0.60 a P(A) = 0.83 a P(A) = 0.60 a 

3 and 7 5 and 7 3 and 7 5 and 7 3, 5, and 7 3, 5, and 7 
P(A) b mmol KOH mmol KOH mmol KOH mmol KOH mmol KOH mmol KOH 

0.83 0.99 1.03 0.42 
0.80 1.03 1.04 0.44 
0.75 1.01 1.05 0.46 
0.70 1.00 1.04 0.51 
0.65 0.97 1.04 0.54 
0.60 0.97 1.01 0.91 1.00 0.55 0.59 
0.55 0.94 1.02 0.92 1.03 0.59 0.58 
0.50 0.95 1.04 0.95 1.02 0.60 0.55 
0.45 0.98 1.13 0.97 1.07 0.64 0.54 
0.40 1.00 1.17 0.99 1.12 0.63 0.54 
0.35 1.03 1.27 1.00 1.12 0.61 0.57 
0.30 1.03 1.29 1.04 1.11 0.55 0.55 
0.25 1.04 1.29 1.00 1.10 0.48 0.55 
0.20 1.07 1.29 1.06 1.10 0.45 0.52 
0.15 1.06 1.29 1.05 1.14 0.40 0.47 
0.10 1.06 1.20 1.11 1.13 0.36 0.40 
0.05 1.10 1.21 1.07 1.17 0.44 0.40 

ap(A) of starting copolymer; bp(A) during hydrolysis run; Ccalculation based on k ' (AAA)  = 0.60, k ' (AAB +) = 0.30, and k'(BAB) = 0.10. 
Average value of reaction order x of  [OH--] = 1.06; average value of constant C = 0.51 

by 5 mmol KOH in 12 ml solution. The points may be 0.8 
compared with the drawn out curve of the standard run 
with 250 mg copolymer under the same reaction conditions. 

Since x = 1 and the chosen definition for the relative 
rate constants k'(XAX) 1, equation (1) may be written 0-6 
simply as: 

dP(A) - k'(AAA)P(AAA) - k'(AAB+)P(AAB +) 
dt [OH- ] C 0.4 

- k'(BAB)P(BAB) 
0.2 

(6a) 
O 

where C is given by: 

k'(AAA)C = k(AAA) 

k'(AAB+)C = k(AAB +) (6b) 

k'(BAB)C = k(BAB) (6c) 0.6 

The relative rate constants were previously found to be 
k'(AAA) = 0.6, k'(AAB ÷) = 0.3, and k'(BAB) = 0.1 at 
145°C and are not detectably dependent on temperature 
in the range 115 ° to 175°C or on the extent of hydrolysis 1. 
Using the known values for the k'(XAX) equation (5) can 
be employed to obtain the constant C. The dP(A)/ 
dt[OH-]  data needed for this purpose are plotted in 
Figure 4. The dP(A)/dt[OH-] obtained for runs with a 
starting copolymer ofP(A) = 0.83 are shown in Figure 4a 
and those for a starting copolymer ofP(A) = 0.60 in 
Figure 4b. Because dP(A)/dt[OH-] is found invariant with 
[OH-] at a given P(A), averaging curves may be drawn 
through the experimental points obtained with 3, 5, and 7 
mmol initial KOH. The P(XAX) data shown in Tables 2 
to 4 however, contain only the primary kinetic data for 
runs with a starting copolymer ofP(A) = 0.83. The pri- 
mary data for P(XAX) of Tables 2 to 4 are not taken as 
such for the evaluation of C, but are plotted versus time 
for averaging and interpolation. The C values calculated 

a 

I I I 

12 
Time (h) 

24 

~ 0 4  

¢_ 

q" 0.2 

O 

i 

' , , ' ~ - - ~ L ,  ' 0, ~ , i  ~ , i 
2 0  4 0  60  8 0  IOO 

Time {h) 

Figure 3 (a) Change of gross composition, P(A), with reaction 
time (h) during hydrolysis of syndiotactic MMAIMAA copolymer 
of Bernoullian compositional statistics of P(A) = 0.83. •, 125; 
©, 62.5 mg initial copolymer; - - - ,  250 mg initial copolymer 
from Figure 1. (b) Change of probabilit ies of A-centred triads, 
P(XAX), with hydrolysis time. Initially 3 mmol KOH + 2 mmol 
KCI: l ,  O,__P(AAA); II, D, P(AAB+); &, A, P(BAB) where @, II, • 
represent M W = 651 000 and ©, [3,__~ represent Mw = 243 000; 
- - ,  Represents 3 mmol KOH, M w = 100000: A, P(AAA); B, 
P(AAB+); C, P(BAB) 
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Figure 4 Slopes dP(A)ldt from P(A) versus t curves for: O, 3; rl, 5; 
~, 7 mmole KOH. Data obtained at 145°C from a starting copoly- 
mer: (a) P(A) = 0.83; (b) P(A)  = 0.60 

dP(A) 

dt[OH-] 
k(AAA)2 + x P(AAA) 

k(AAA)I ] 
(7) 

k(ggB+)2 + k(ggB+)l ] J x P(AAB+) 

k(BAB)I] 
k(BAB)2+ [--0--H-~j x P(BAB) 

where the subscripts 1 and 2 denote the rate constants for 
the overall first and second order reactions. Clearly dP(A)/ 
dt[OH-] cannot be independent of [OH-] according to 
equation (5) if the k(XAX)I possess significant magnitude. 
Equations analogous to equation (7) may be written for 
dP(XX)/dt [OH-]. 

Figure 3b shows the averaged P(XAX) of Table 2 (3 mmol 
KOH and starting copolymer ofP(A) = 0.83). The points 
from runs carried out with addition of 2 mmol KCI to start- 
ing copolymers of different Jl4w, using otherwise the same 
reaction conditions show neither a great dependence on 
molecular weight nor a salt effect. First results (not shown), 
however, indicate that the counterion might be an influence 
on the kinetics since with LiOH the rate appears to increase. 
From the P(XXX) versus t data of Tables 2 to 4 the P(XX) 
versus t are calculated by the principle of stationarity 4's. 
The result is shown in Figure 5 as points for the run with 
5 mmol KOH. The curves are drawn for best fit and are 
utilized for graphical determination of dP(XX)/dt. A pro- 
cedure was adopted which allows checking and averaging 
of the graphically determined differential quotients. On 
differentiation of the generally valid relations P(AA) + 
0.SP(AB +) = P(A) and P(BB) + 0.5P(AB +) = 1 - P(A): 

dP(AA) dP(A) dP(AB +) 
- - - - -  0 . 5 - -  (8 )  

dt dt dt 

dP(AB+)--dt - 2  Ida(A) dP(AA) ] d t  

[dP(A) dP(BB) ] 

= - 2  t dt + ~ J  
(9) 

for a given P(A) are shown in Table 1. The fluctuation of 
C with P(A) and with the two starting copolymers of 
P(A) = 0.83 and P(A) = 0.60 is within the limits probably 
to be expected for the errors inherent in the determination 
of P(XAX). It should be noted that the invariance of C 
with P(A) excludes the presence of a strong repulsion of 
attacking OH-- by -COO- removed further than one 
monomer unit along the chain. 

The independence of dP(A)/dt[OH-] from [OH-], was 
also found for dP(XX)/dt[OH-]. It should be pointed out 
that this independence is a test for the chosen kinetic model 
as embodied in equation s (1), (13)-(15) and exclude s the 
presence of a significant overall first order reaction of triads 
connected with a hydrolysis by neighbouring -COO- or by 
H20. An overall first order reaction in the presence of the 
postulated overall second order reaction with OH- can be 
written with respect to kinetic behaviour of A as 

dP(BB) dP(A) 

dt dt 

dP(AB +) 
0.5 - -  (10) 

dt 

From equations (8) and (10) it follows 

dP(AA) _ 2 dP(A) + dP(BB) 

dt dt dt 
(11) 

dP(BB) dP(A) dP(AA) 
- - -  2 + - -  (12) 

dt dt dt 

So, each dP(XX)/dt may be obtained in two additional ways 
thus compensating the error in drawing the P(XX) versus t 
curves and in slope measurement. 
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Table 2 Primary data at 145°C with a syndiotactic, Bernoullian copolymer of P(A) = 0.83 and 3 mmol initial KOH 

Time (h) P(A) P(AAA) P(ABA) P(AAB +) P(ABB +) P(BAB) P(BBB) 

0 0.83 0.57 0.11 0.23 0.05 0.03 0.01 
1 0.79 a 0.45 0.15 0.25 0.08 0.06 0.01 
2 0.75 a 0.41 0.16 0.26 0.08 0.07 0.02 
3 0.72 0.36 0.17 0.28 0.09 0.08 0.02 
4 0.70 0.32 0.18 0.28 0.09 0.10 0.03 
6 0.65 a 0.23 0.18 0.29 0.14 0.12 0.04 
9 0.58 a 0.14 0.20 0.26 0.19 0.17 0.04 

12 0.53 0.09 0.21 0.24 0.20 0.20 0.06 
18 0.46 a 0.03 0.20 0.20 0.26 0.23 0.08 
24 0.42 0.01 0.18 0.15 0.29 0.26 0.11 
36 0.37 a 0 0.15 0.10 0.32 0.27 0.16 
48 0.33 0 0.14 0.06 0.31 0.27 0.22 
72 0.27 0 0.09 0.03 0.32 0.24 0.32 
96 0.23 0 0.06 0.02 0.32 0.21 0.39 

144 0.18 0 0.04 0.01 0.27 0.17 0.51 
192 0.15 0 0.03 0 0.25 0.15 0.57 
240 0.13 0 0.02 0 0.23 0.13 0.62 
480 0.07 0 0.01 0 0.13 0.07 0.79 
720 0.03 0 0 0 0.06 0.03 0.91 

aResult of duplicate runs, reproducibility -+0.01 

Table 3 Primary data at 145°C with a syndiotactic, Bernoullian copolymer of P(A) = 0.83 and 5 mmol initial KOH 

Time (h) P(A) P(AAA) P(ABA) P(AA8 +) P(ABB +) P(BAB) P(BBB) 

0 0.83 0.57 0.11 0.23 0.05 0.03 0.01 
1 0.76 a 0.44 0.15 0.26 0.08 0.06 0.01 
2 0.71 0.33 0.17 0.28 0.11 0.09 0.02 
3 0.66 0.26 0.18 0.29 0.13 0.11 0.03 
4 0.62 a 0.21 0.19 0.26 0.16 0.14 0.04 
6 0.55 0.11 0,20 0.25 0,20 0.19 0.05 
9 0.48 0,05 0.21 0.21 0.24 0,22 0,07 

12 0.43 0.02 0,18 0.16 0.28 0,25 0.11 
18 0.36 0 0.15 0,10 0.32 0,26 0,17 
24 0.32 0 0.12 0.06 0.33 0,26 0,23 
36 0.27 0 0.09 0.03 0.32 0,24 0.32 
48 0.23 a 0 0.06 0.02 0.32 0.21 0.39 
72 0.18 a 0 0.03 0.01 0.28 0.17 0.51 
96 0.14 0 0.02 0 0.24 0.14 0.60 

120 0.11 0 0.01 0 0.20 0.11 0.68 
144 0.09 0 0.01 0 0.17 0.09 0.73 
192 0.05 0 0.01 0 0.09 0.05 0.85 
264 0.02 0 0 0 0.04 0.02 0.94 
360 0.00~ 0 0 0 0.01 0.005 0.98s 

aResult of duplicate runs, reproducibility -+0.01 

Tab/e 4 Primary data at 145°C with a syndiotactic, Bernoullian copolymer of P(A) = 0.83 and 7 mmol initial KOH 

Time (h) P(A) P(AAA) P(ABA) P(AAB+) P(ABB +) P(BAB) P(BBB) 

0 0.83 0.57 0.11 0.23 0.05 0.03 0.01 
1 0.74 0.38 0.16 0.27 0.09 0.08 0.02 
2 0.67 0.28 0.18 0.28 0.12 0.11 0.03 
3 0.61 0.19 0.19 0.27 0.16 0.15 0.04 
4 0.56 0.13 0.20 0.25 0.19 0.18 0.05 
6 0.48 a 0.05 0.19 0.20 0.25 0.23 0.08 
9 0.40 a 0.01 0.17 0.12 0.31 0.27 0.12 

12 0.35 0 0.15 0.08 0.31 0.27 0.19 
18 0.29 0 0.11 0.04 0.31 0.25 0.29 
24 0.25 0 0.08 0.02 0.31 0.23 0.36 
36 0.20 a 0 0.05 0.01 0.29 0.19 0.46 
48 0.16 0 0.03 0 0.25 0.16 0.56 
72 0.10 0 0.01 0 0.18 0.10 0.71 
96 0.07 0 0.01 0 0.13 0.07 0.79 

120 0.04 0 0 0 0.08 0.04 0,88 
144 0.03 0 0 0 0.06 0.03 0.91 
192 0.01 0 0 0 0.02 0.01 0.97 
240 0 0 0 0 0 0 1.00 

aResults of duplicate runs, reproducibility +0.01 
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Figure 5 Change of probabilit ies od dyads with time of hydroly- 
sis. O, P(AA) = P(AAA) + 0.5 P(AAB+); A, P(AB +) = P(AAB +) + 
2P(BAB); V, P(AB +) = P(ABB +) + 2P(ABA) ; n P(BB) = P(BBB) + 
0.5 P(ABB + ) 

The appropriate differential equations 1 for dP(XX)/dt 
are: 

dP(AA) 

dt 
- -  - 2k(AAA)[OH-] P(AAA) 

- k(AAB +) [OH - ]  P(AAB +) (13) 

dP(AB +) 

dt 
- -  - 2k(AAA) [OH-] P(AAA) 

- 2k(BAB) [OH-] P(BAB) (14) 

dP(BB) 

dt 
_ _  - k(AAB +) [OH-]P(AAB +) 

+ 2k(BAB) [OH-] P(BAB) (15) 

Equations (13) to (15) assume first order reaction with res- 
pect to [OH-] and absence of an additional, overall first 
order reaction of triads. 

Equation (13) may be rearranged to the straight line 
form: 

k(AAA) = Clk(AAB +) + c2 (16) 

with 

c 1 - 
P(AAB +) 

2P(AAA) 
(17) 

c 2 - 
S1 

2P(AAA) 
(18) 

where S1 = dP(AA)/dt[OH-], and where S1, c 1 and c2 
refer, of course, to data at the same time or P(A). Equa- 
tions (14) and (15) may be rearranged similarly to: 

k(AAA) -P(BAB) k(BAB) + dP(AB+)/dt [OH-] (19) 
P(AAA) 2P(AAA) 

2P(BAB) dP(BB)/dt [OH-] 
k(AAB +) - - -  k(BAB) + (20) 

P(AAB +) P(AAB +) 

In Figure 6 the k(AAA) vs. k(AAB +) plot of equation (16) 
is shown for the run with 5 mmol KOH and starting from 
P(A) = 0.83. The P(XAX) for equation (16) are obtained 

from P(XXX) vs. t curves drawn through the data of Table 
3. Similarly, Figures (7) and (8) show the k(AAA) versus 
k(BAB) and the k(AAB +) versus k(BAB) plots. The lines 
are labelled by their reaction time and vertical parallel 
lines refer to special cases. When P(AAA) becomes zero 
during hydrolysis, then according to equations (13) and (14): 

dP(AA)/dt [OH-] 
k(AAB +) = - (21) 

P(AAB +) 

dP(AB+)/dt [OH - ] 
k(BAB) = - (22) 

2P(BAB) 

and k(AAB +) or k(BAB) can be immediately olJtained 
without plotting. However, additional information is ob- 
tained by drawing corresponding vertical lines on the 

t 
0.5 

I I - -  I I I I I 

O 0 5  
k (AAB*)(I/mol h} 

Figure 6" Determination of k(AAA) and R(AAB +) according to 
equation (16). Reaction time (h): A, 0; B, 1; C, 2; D, 3; E, 4; F, 6; 
G, 9; H, 12; I, 18; J, 24; K, 36; L, 72; M, 48 

V-~D E F .G 

H 

0 5  I 

J 

_ - ~ - - - - - - - - - - - - -  K 

• - I R  . . . .  . . . .  
0~5 0 

k {BAB)(I/mol h} 
Figure 7 Determination of k(AAA) and k(BAB) according to 
equation (19). Reaction time (h): A, 18; B, 36; C, 48; D, 12; E, 9; 
F, 6; G, 4; H, 3; I, 2; J, 1 ; K, 0; L, 240; M, 24; N, 192; O, 72; P, 96; 
Q, 120; R, 144 
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Figure 8 Determination of k(AAB +) and k(BAB) according to 
equation (20). Reaction time (h): A, 96; B, 120; C, 144; D, 192; 
E, 240; F, 0; G, 1; H, 2; I, 3; J, 4; K, 6; L, 9; M, 12; N, 18; O, 24; 
P, 36; Q, 48; R, 72 

k(AAB +) or k(BAB) axis. When P(AAB ÷) = 0, in addition 
to P(AAA) = 0, then equation (15) becomes: 

dP(BB)/dt [OH-]  
k(BAB) = (23) 

2P(BAB) 

Again, k(BAB) may be obtained directly and plotted as 
vertical on the k(BAB) axis. 

There is considerable scatter of  the intersections par- 
ticularly in Figure 6, indicating the limits of  accuracy in 
determining the triad probabilities. Since the two coordi- 
nates of  the intersections are not normally distributed, the 
median and the 95% confidence limits of  the median were 
determined. For Figure 6 it was found that k(AAA) = 0.34 
(from 0.30 to 0.38) and k(AAB +) = 0.16 (from 0.10 to 
0.18). For Figure 7 it was found that k(AAA) = 0.33 
(0.28 to 0.35) and k(BAB) = 0.04 (range less than 0.01), 
while for Figure 8 the values k(AAB ÷) = 0.21 (0.20 to 0.21) 
and k(BAB) = 0.04 (0.03 to 0.04) were obtained, all rate 
constants being in (I/mol h). The lack of  overlap of  the con- 
fidence ranges for k(AAB +) indicates a systematic error for 
the triad probabilities. 

Plotting the three graphs corresponding to equations 
(16), (19) and (20) for the data obtained with 3 and 7 mmol 
KOH (Tables 2 and 4) yields similar values for the rate con- 
stants and the same applies to runs starting with a copoly- 
mer ofP(A)  = 0.60 at 3, 5, and 7 mmol initial KOH. More- 
over, the value Caverag e = 0.51 of  Table l agrees reasonably, 
because this value yields k(AAA) = 0.30, k(AAB +) = O. 15, 
and k(BAB) = 0.05 when applied to k '(AAA) = 0.6, 
k'(AAB ÷) = 0.3, and k'(BAB) = 0.1. 

The rate constants were determined not only at 145°C 
but also at 115°C and 175°C, using 5 mmol KOH and a 
starting copolymer ofP(A)  = 0.83. The rate constants at 
115°C were found as k(AAA) = 1.1 x 10 -5,  k(AAB +) = 
5.5 x 10 -6, and k(BAB) = 1.9 x 10 -6,  those at 175°C as 
k(AAA) = 6.7 x 10 -4,  k(AAB ÷) = 3.3 x 10 -4,  and k(BAB) = 
1.1 x 10 -4,  which compares with k(AAA) = 8.3 x 10 -5,  
k(AAB ÷) = 4.2 x 10 -5,  and k(BAB) = 1.4 x 10 -5 at 145°C, 

Rate constants during the hydrolysis of s-PMMA with base: E. Klesper and V. Barth 

all in (l/mol sec). The set of  values for 145°C corresponds 
to k ( n n n )  = 0.30, k(AAB +) = 0.15, and k(BAB) = 0.05 
(1/mol h) as derived from k'(XAX) and C. 

According to the Eyring equation one may write for the 
rate constant of each individual reaction (A) AAA -+ ABA, 
(B)  AAB + -~ ABB ÷, and (C) BAB -+ BBB 

k k AS ~ AH ~ 
log ~ = log - + - - -  + - -  (24) 

h 2.303R 2.303RT 

The plots of log kiT vs. 1/T are shown in Figure 9 for three 
temperatures 115 °, 145 °, and 175°C. The lines for the 
three rate constants are parallel, i.e. of identical slope, in- 
dicating the same AH ~ for each of the three reactions. 
The same conclusion has been reached from the relative 
rate constants 1. The AH ~ was derived from: 

Z3dr/~ 
Slope - ( 2 5 )  

4.576 

and found to be 22.9 kcal/mol for the three individual re- 
actions. The AS* for the three reactions (A), (B), and (C) 
are then AS] ~ = - 23.0; ASp = - 24.4, and AS~ = - 26.5 
cal/mol K. This yields zSS~ - ASp = 1.4 eu and zIS~ 
AS~ = 3.5 eu which compares with 1.4 and 3.6 eu obtained 
previously for these differences from the relative rate con- 
stants 1. The AH* possesses a value which is in a higher 
range than usually found for ester hydrolysis with base 6. 
In view of  the finding that AH ~ is independent of the 
reacting triad, i.e. its charge, this higher value should be 
attributed to steric constraints for the attacking OH- .  
Clearly, the difference in rates for the three individual re- 
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- 8  
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-91" 5 2 2"5 3 
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Figure 9 Eyring plot  (equation 24) for temperature dependence 
of k (AAA},  k(AAB+),  and k(BAB) O, AAA k(AAA)~ AA8  +. 
D, AAB + k(AAB+)> BAB; z~, BAB k(BAB)> BBB P ' 
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actions is due to entropic changes occurring when OH-  is 
approaching the charged chain to form the transition state. 
The entropy loss increases from reaction (A) to (C) which 
indicates that the gain in conformational, and possibly also 
solvational order of  the reacting triads increases with in- 
creasing charge of  the triad. 
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Effect of solvent on the crystallization 
from dilute polyethylene solutions 
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The influence of the thermodynamic interaction parameter on the crystallization of very dilute solu- 
tions of polyethylene in decalin, tetralin, e-chloronaphthalene and p-xylene has been studied. 
Depending on the solvent, quantitative kinetics data were obtained at different temperature intervals. 
In comparison with the crystallization in bulk, higher crystallinity levels were obtained. The overall 
rate temperature coefficient has been analysed according to the nucleation theory pertinent to 
polymer-di luent mixtures and the results show that the basal free energy for nucleation is indepen- 
dent of the solvent. 

INTRODUCTION 

Long chain molecules crystallize in the form of lamellar- 
like structures of platelets when precipitated from dilute 
solutions 1-3. It has been shown that for linear polyethy- 
lene the crystallite size in the chain direction is governed 
by the nucleation process. In a previous work 4, the influ- 
ence of molecular weight and cqncentration on the crystal: 
lization kinetics has been analysed, using a new approach 
to the nucleation theory for finite chain molecules. It has 
been shown that the crystallization process in these systems 
is governed by the nucleation act, so that, when the varia- 
tion ir~ the interfacial free energy in the (001) face of the 
crystal with molecular weight is stipulated, the phase trans- 
formation is described by a function of the free energy 
required for nucleation. This analysis was later extended 
to very dilute solutions s of polyethylene in ct-chlorona- 
phthalene and it was found that the basal interfacial free 
energy of the critical nucleus increases slightly with mole- 
cular weight. 

Renewed attention has been given in recent years to the 
effect of solvents on the crystallization of polymers. The 
relation between the crystallite size and the crystallization 
temperature 6'7 and between the dissolution temperature 
and the mature crystal 8 -n  have been studied. 

In the present paper we analyse the crystallization kine- 
tics of a high molecular weight fraction of polyethylene in 
several solvents, utilizing the theory for polymer diluent 
mixtures. Special emphasis is given to the influence of the 
thermodynamic interaction parameter on the crystalliza- 
tion conditions. 

EXPERIMENTAL 

Materials 
A linear polyethylene fraction was obtained from 

unfractionated Marlex 50 using the column fractionation 
technique 12. The viscosity-average molecular weight was 
determined from the relation given by Chiang 13 for deca- 
lin at 135°C and corresponds to M = 100 000. 

The four solvents used in this work, p-xylene, chloro- 
naphthalene, tetralin and decalin, were of high purity 

Crystallization 
An accurately weighed amount of polymer was intro- 

duced into the bulk of the dilatometer and the desired 
amount of solvent was added to obtain a polymer volume 
fraction of 0.0030. The dilatometers were so constructed 
that, after adding the solvent, the bulk was sealed and 
filled with mercury in a high vacuum line. The total 
change in the mercury height upon the completion of the 
crystallization was about 4 cm. Prior to the isothermal 
crystallization, the polymer in the dilatometer was dissolved 
by heating overnight at 220°C in the case of a-chloronaph- 
thalene and at about 140°C for the other three solvents. 
The crystallization was conducted in silicone oil thermo- 
stats with the temperature controlled to within -+0.01°C. 
After shaking and complete dissolution of the sample, the 
dilatometer was quickly transferred to the thermostat set 
at a preassigned temperature. About 10 min were required 
for the dilatometer to achieve thermal equilibrium. 

RESULTS AND DISCUSSION 

Depending on the solvent, quantitative kinetic data could 
be obtained at different temperature intervals. At this 
very high dilution (v2 = 0.003) comparatively large under 
coolings are necessary to obtain kinetics data in a reason- 
able time period and these undercoolings depend on the 
solvent. All the isotherms display the same characteristic 
sigmoidal behaviour. 

In order to examine the shape of the isotherms, we 
analysed the data according to the Goler-Sachs or free 
growth approximation 14. For the initial portion of the 
transformation it is found that: 

1 - X( t )  = ( k 3 t ) 4 / 4  

1 - X( t )  = ( k 2 t ) 3 / 6  

1 - X( t )  = ( g l t ) 2 / 2  (1) 

for three, two or one dimensional growth. In these equa- 
tions 1 - X(t) is the degree of crystallinity, kl ,  k2 and k3 
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Figure 2 Double logarithmic plot of degree of crystallinity 
against t, at different crystallization temperatures, for polyethy- 
lene in xylene: &, 87.2°; O 88.1°; D, 89.0°; O, 90.0°C 

I0 o 
are the rate constants and t is the time. Equation (1) sug- 
gests, that as the simplest analysis, a double logarithmic 
plot be made of 1 - X(t) against time. 

Figures I to 4 show the experimental results for the 
four solvents. There is a good adherence of the experi- 
mental data to this theoretical development and a linear 
relation is obtained for a significant portion of the total 
transformation. At the lower crystallization temperatures, 
this formulation holds for about 50-60% of the transfor- 
mation, independent of the solvent. The level of agreement 
decreases somewhat as the crystallization temperature is 
increased. 

The agreement of the experimental data with the Avrami 
equation, in (1 - x) = kt n, is about the same as with the 
G61er-Sachs theory and deviations from either of the theo- 
ries occurs at about the same level of crysta/linity. This 
conclusion is similar to that obtained previously in the 
crystallization in bulk Is. 

In comparison with the crystallization in bulk, higher 
crystallinity levels are obtained in solution. For the fraction 
used in this work, the total crystallinity varies from 90 to 
95% and does not depend on the solvent. The slope of the 
linear portion of the G61er-Sachs plot, corresponds to the 

exponent in the Avrami equation, and these slopes are de- 
pendent on solvent. For decalin and p-xylene n is four 
and for a-chloronaphthalene and tetra/in n is three. The 
differences in the exponent n is made clear in Figure 5 
where we have superimposed points from two different 
solvents, deca/in and tetra/in. Previously, the Avrami 
exponent for p-xylene, decalin and n-hexadecane was 
found to be n = 4 in all cases 6. The simplest interpretation 
of the exponent n = 4 is the occurrence of an homogeneous 
nucleation accompanied by three-dimensiona/growth and 
for n = 3, an homogeneous nucleation with a two-dimen- 
sional growth. The first fact must be reconciled with the 
lamella-like crysta/lites that are observed. The fact that 
integral values of 3 are obtained in a-chloronaphtha/ene 
and tetralin is very important. There is no correlation 
between the interaction polymer solvent and n and differ- 
ences observed must remain unexplained at present. How- 
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Figure 3 Double logarithmic plQt of degree of crystallinity 
against t, at different crystallization temperatures, for polyethy- 
lene in tetralin: O, 87.9°; &, 89.4°; El, 90.5°;V,  91.5°; I ,  92.4°; 
O, 93.7°C 
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Figure 4 Double logarithmic plot of degree of crystallinity 
against molecular weight, at different crystallization temperatures, 
for polyethylene in e-chloronaphthalene: O, 98.9°; • 100.0°; B, 
100,9 ° ; A, 102.0Oc 
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Nucleation free energy 
n=4 n-3 

~ o- The free energy of melting of crystalline polymers was 
calculated by Flory 17 using the lattice model. One of the 
main contributions to the free energy of melting is the free 
enthalpy of mixing which for a quasibinary system (single 
solvent plus multicomponent homologous polymer) is given 
by: 

10-3 I I  ~ i 

I0 102 103 I04 
t 

Figure 5 Superimposed isotherms of decalin ([3) and tetralin 
(e). T c of decalin 83.7°C; T c for tetralin 90.5°C 

zSd~/RT = nl lnv 1 + Nni lnv  i + gnlv2 (3) 

In the above equation nl,  n i are the number of moles and 
Vl, vi the volume fractions of solvent and polymer species i, 
respectively, v2 = £vi is the whole polymer volume fraction 
and R T  has its usual meaning. The dimensionless interac- 
tion function g is allowed to depend on temperature, pres- 
sure and concentration, but not on the molecular weight 
of any of the species. According to equation (3) the 
chemical potential of the solvent, referred to its value in 
the pure liquid is given by18: 

~Ia/RT = ln(1 - v2) + (1 - x -1 )v  2 + XV 2 (4) 

where × = g - v 1 ~g/Sv 2. Moreover, the concentration 
dependence of × can be expressed in series form: 

ever, the exponent n = 3 looks as if it corresponds to poor 
solvents, in which the molecules freely interpenetrate one 
another, and the exponent n = 4 corresponds to better 
solvents. 

The crystallization rate depends strongly on the solvent. 
Thus the time necessary for 10% of the transformation to 
occur at 87.2°C is ~3000 min for the polyethylene frac- 
tion in decalin while in xylene the time is reduced by a 
factor of 6. It is tempting to relate this difference to the 
intensity of polymer-solvent interaction embodied in the 
parameter Xl. Most of the values of ×1 reported in the 
literature for these systems, were calculated on the basis 
of the familiar relationship: 

1 1 R Vu 

Tm TOm AHu V1 
Vl(1 - XlVl) (2) 

where T ° is the melting temperature of the undiluted 
polymer, of infinite molecular weight. As it has been 
pointed out 3 the validity of equation (2) is questionable 
for very dilute solutions and although it describes the equili- 
brium, the appropriate thermodynamic quantities may no 
longer remain constant because of the non-uniforn polymer 
segment distribution throughout the medium. Only when 
the solvent is sufficiently poor may these aspects be 
neutralized. 

Although different investigations have led to different 
absolute values for the interaction parameter, they rank in 
the same order for different solvents, as can be seen in 
Table 1. Decalin has the lowest value tbr ×1 and xylene 
the highest. Therefore, the crystallization rate, at a given 
temperature, is lower in the better solvent. However, it 
is difficult to find a correlation between Xl and the mag- 
nitude of the crystallization rate as can be seen in Table 1 
where ×1 and the temperature at which 10% of the crystal- 
lization occurs in 100 min has been represented for poly- 
ethylene in several solvents. The lack of correlation may 
be due to the fact that the estimation with sufficient accu- 
racy of ×1 presents serious difficulties. This point will be 
discussed later. 

X = X1 + X2V2 + " ' "  (5) 

A molecular weight dependent contribution to g are the 
end-group contributions 19a° as well as the well-known 
inherent non-uniformity 21 of local polymer segment con- 
centration at high dilutions. It has long been recognized 
that an interaction function g independent of chain length 
cannot describe the thermodynamic properties of dilute 
polymer solutions; e.g. the second and third virial coeffi- 
cients are known to depend on molecular weight. As it is 
well known two extremes of polymer solutions behaviour 
can be distinguished. At sufficiently high concentration, we 
have an enmeshed, intertwined and entangled assembly of 
chains. Under these conditions, an essentially uniform 
polymer segment concentration may be assumed through- 
out the solution and the theoretical treatment leads to 
equation (2) with an interaction coefficient g that is inde- 
pendent of chain length except for the specific end-group 
effects. At high dilutions, however, the macromolecules 
are more or less isolated from each other, only occasionally 
interacting in small clusters. 

Koningsveld et aL 1~ have considered the dependence of 
g on molecular weight, by assuming g for a polymer solu- 
tion of arbitrary concentration as a simple linear combina- 
tion of the two extreme cases described above. For a 
strictly binary polymer solution these authors obtain: 

g = gconc + ( 2 - X t ) ( 1 - h ( Z ) ) ( l + X ) - l e x p ( - X o x l / 2 v 2 )  

(6) 

T a b l e  I Values of the interaction parameter for different solvents 

Solvents X1 T c 

Decalin 0.10to, 11 84 
Xylen 0.418,1°,11,16 88 
Tetraline 0.391°,11; 0.208,16 89 
Chloronaphthalene 0.308,16 96 
Hexadecane* 0.151oA 1 105 

*Kinetic data from ref 6 
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The factor h(z )  is always less than unity above the 0-tem- 
perature and is theoretically related to the average number 
of nearest neighbour segment-segment contacts between 
two polymer chains of a binary cluster. X0 is given by: 

X 0 = 47raNAb3V]/2/3f  3/2 (7) 

where b = S.fllli -1/2, S 2 being the mean square polar radius 
of gyration, a is a geometric factor of order unity and ~2 is 
the effective specific volume of polymer. 

The free energy change involved in forming a cylindri- 
cally arranged crystalline array of ~ units long and p sequen- 
ces in cross-section, for a diluted system containing N poly- 
mer molecules each comprised o fx  repeating units, in 
which the volume fraction of polymer is v2, is given by4: 

A/re D = 27rl/Eau~ - 2poe lnv2  - ~PAfu + 

R T  x - ~ + l  
GO - -  v2 - o R T l n  - -  (8) 

X X 

where Oe is the lateral interfacial free energy per repeating 
unit as it emerges from the crystal face normal to the chain 
direction. The third term in equation (8) represents the 
depressed energy of fusion for the units involved in the 
transformation. By taking into account equation (6) Af  u 
can be written in the following way: 

(1) 
= 1 -- gconc + -- X1 x Af u A f u - R T  V1 

( l - h ( z ) )  (1 + x ) - l e x p ( - X o x l / 2 v 2 ) ]  va} (9) 

where A f  u is the energy of fusion per repeating unit for a 
chain of infinite molecular weight, Vu is the volume unit 
per repeating unit of the polymer and Va is the molar 
volume of the diluent. 

As has been described in a previous work 4, the surface 
described by equation (8) contains a saddle point and the 
coordinates of this point prescribe the dimensions of a 
nucleus of critical size. These dimensions are given by the 
relations: 

pl/2 = 
2rrl/2ou 

A f  u - (R T /x )  v2 - R T/ (x  - ~ + 1) 

R T  R T  ) 
A l l ,  - -  ~'2 + 

x - ggil 

x - ~ + l  
= 2o e -  R T l n v  2 -  R T l n  - -  

X 

x - ~ + l  
= 2O'e - R T l n  

X 
(10) 

and the free energy change, AF, involved in forming the 
critical nucleus is given by: 

z2tF = 7r1/2~p 1/20 u (11) 

If a bidimensional nucleation is assumed and we use the 
concepts and notation of a previous analysis, the change in 

free energy that accompanies the formation of a bidimen- 
sional nucleus, ~ units long and p sequences breadth is 
given by: 

= 2Ou~ (12) 

where ~ is expressed by the equation: 

x - ~ + l  
2 O e  - R T t n  - -  

X 
~= (13) 

R T  

X 

It is quite clear, independent of the type of nucleation 
assumed, that the free energy is strongly dependent on 
the depressed energy of fusion and ttiis magnitude depends 
on the polymer-diluent interaction. The analysis ofg  
according to the treatment of Koningsveld et  al. is is per- 
fectly feasible in principle, but for its practical implemen- 
tation a precise sepcification of the dependence of the 
second virial coefficient on molecular weight distribution 
is required. Present experimental and theoretical know- 
ledge is quite limited. We are thus not in a position to 
evaluate the dependence ofg  on molecular weight and will 
use the approximation g = XI in further calculation. More- 
over, we should stress that the estimation of X1 is a diffi- 
cult task indeed; as a consequence, different authors ob- 
tain different values and the difference between these 
values are perhaps greater than the contribution to g of 
the corrections due to the excluded volume effects. 

Temperature  coef f ic ient  

The characteristic strong negative temperature coeffi- 
cient found in the crystallization of polymer suggests a 
nucleation controlled crystallization. Taking, r0,1, the 
time required for 10% of the crystallization to occur, as a 
measure of the rate constant and assuming for simplicity 
that only one type of nucleation process is rate controlling, 
the data can be analysed by the equation: 

AF 
= ( 1 4 )  In r~, 1 (In tO, l) 0 R T  

where T is the crystallization temperature and ZkF is the 
energy required for the formation of a critical nucleus. If 
the rate determining step requires the formation of a two 
dimensional nucleus, then for chains of high molecular 
weight: 

2 o u o e 
(15) Inro, l = In (rff,~)0 TAfu 

t It is clear that 2OuOe can be obtained from the 
straight lines in the plot In r~ t vs. i / T A f u .  The slopes of 
these lines are clearly depend~nt on the value taken for X1. 
Taking as a typical example the polyethylene-tetralin 
system, if X1 for tetralin were taken to be 0.39 as reported 
by Nakajima et  al. xo instead of 0.20, the earlier value given 
by Quinn and Mandelkern 16, then Oe would increase from 
3.000 cal/mol, to 4.800 cal/mol (Figure 6) if ou is equal to 
58 + 2 cal/mol, as it has been suggested by Mandelkern etal. 6. 
Similar variations are observed in the other solvents. There- 
fore it is possible that within the uncertainty of the present 
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Figure 6 Influence of ×1 in the coefficient temperature for 
polyethylene in tetralin 

assignment of X1, different values could be obtained for the 
slopes for each solvent. Consequently relatively high 
differences in the product of the interfacial free energies 
cannot be ruled out of this procedure. 

It is thus paramount to assign a correct value to the 
thermodynamic interaction parameter X1. From nuclea- 
tion theory it is easily shown that equation (15) can be 
written in the following way: 

ln r_ l  2Ouae Tgs (16) 
0'1 = In (ro'l)O zkH u TAT 

where z~/u is the enthalpy of fusion per repeating unit and 
T ° , the equilibrium melting temperature (or dissolution 
temperature) of the dilute solution. As has been discussed 
in the literature 33, this quantity has evaded direct experi- 
mental determination and it has been obtained by various 
extrapolation procedures. The most reliable values of T O 
are represented in Table 2. Using these quantities a value 
of Oe equal to 4.800 cal/mol is obtained for polyethylene 

1 0 in different solvents when In 7"~, 1 is plotted against T~/TAT 
(Figure 7). This is the same value obtained by Mandelkern 
et al. 6 from kinetic analysis and from the crystallite size- 
crystallization temperature relation 8. 

dilute polyethylene solutions: E. Riande and J. M. G. Fatou 

In order that the plots of Figures 6 and 7 for tetralin 
are consistent with one another the thermodynamic inter- 
action parameter ×1 should be 0.39 as has been reported 
by Nakajima et aLlo. For the same reason of consistency 
we have used for other solvents the values of X1 which are 
summarized in Table 3. These chosen values completely 
agree with the values reported for decafin, xylene and 
tetralin and they are higher for chloronaphthalene and 
hexadecane. By using these values in equations (12) and 
(13), a set of parallel lines are obtained, and from the 
slopes a value Oe of 4.800 cal/mol is obtained. 

The fact that solvents with different interaction para- 
meter Xl, such as decalin and tetralin, are characterized 
by the same slopes in Figure 8 indicates that the interfacial 
free energies controlling the kinetics of crystallization are 
independent of the nature of the medium. A similar con- 
clusion has been made earlier by other investigators 6'7. 
This is a very important finding as it enables the tempera- 
ture solution T o and the interaction parameter Xl for any 

Table 2 Values of T O, the dissolution temperature, for different 
solvents 

Solvent TJ)s a (°C) T Ob (°C) 

Decalin 112.6 +- 2 113.0 + 1.5 
Xylene 118.6 +- 2 118.6 +- 2 
Tetralin 118.6 _+ 2 - 
n-Hexadecane 131.7 + 2 133.1 -+ 2 

aobtained from crystallite sizes (ref 7); bobtained from nucleation 
theory (ref 7) 

- 4  

T o  
¢ -  

m 

315 4 4-s s 
I00 Ts ° 
7AT 

Figure 7 Plot of In r0,1--1 against T~s/TZxT for the indicated 
solvents: O, decalin; D, tetralin; ~, xylene; O, n-hexadecane; 
V, chloronaphthalene 
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Table 3 Calculated values of thermodynamic parameters for different solvents 

1 - × t  

Solvent VI (cm3/mol) ~ss (°C) ×1 Tca (°C) V1 

Decalin 170 112.6 0.10 84 5.29 X 10 - 3  
Xylene 131 117.0 0.38 88 4.73 X 10 - 3  
Tetralin 143 118.6 0.39 89 4.27 X 10 - 3  
Chloronaphthalene 144 122.0 0.43 96 3.90 X 10 - a  
Hexadecane* 315 131.7 0.35 105 2.06 X 10 - 3  

aTemperature at which 10% of crystallization occurs in 100 rain. *The kinetic data for the analysis were taken from ref 6 
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Figure 8 Plot of In r0 t - - I  against 10s/T& f{; for the indicated 
solvents: o decalin; 1:3, ~tetralin; A, xylene; e ,  n-hexedecane; 
V, chloronaphthalen~ 

given polyethylene-solvent system to be established if 
kinetic data are available. Thus, for instance, from our 
kinetic data we conclude that the equilibrium melting tem- 
perature of polyethylene in a-chloronaphthalene should be 
equal to 122.0°C and Xl equal to 0.43. On the same basis, 
T ° = 117.6°C and ×1 = 0.38 for polyethylene in xylene. 

It is interesting to analyse the influence of the solvent 
on the crystallization. The crystallization temperature for 
10% of the transformation to occur in a given time, has 

been indicated in Table 3. For any given crystallization 
temperature the depressed free energy of melting depends 
on (1 - ×l)/V 1 and as a consequence, the change of free 
energy involved in forming a critical nucleus increases as 
(1 - -  X1)/V1 increases. Therefore, the crystallization tem- 
perature should increase as (1 - ×l)/V1 decreases as our 
results show. 

With the establishment of the equilibrium dissolution 
temperature or the thermodynamic interaction parameter 
×1, it is possible to assess the influence of the crystallizing 
medium and the temperature on the size of the critical 
nucleus in the chain direction. By assuming bidimensional 
nucleation, ~ is given by equation (13) and depends strongly 
on (1 - X1)/V1. With the values of X1 from Table 3, ~ can 
be calculated from equation (13). It is worthwhile stressing 
that these values calculated coincide quite well with the 
mature crystallite thicknesses, which have already been 
measured as a function of the crystallization temperature 1°. 

In the analysis of the temperature coefficient of the 
crystallization process which has been carried out above, 
we have assumed the same temperature coefficient for both 
initiation and growth nucleation. This is a fairly standard 
assumption commonly used. In order to confirm this 
assumption we compare our results, based on overall tem- 
perature coefficient analysis, with the recent results of 
Cooper and Manley 23, who have measured the growth rates 
of polyethylene single crystals in xylene as a function of 
solution concentration, molecular weight and crystalliza- 
tion temperature using the self-seeding method. On in- 
creasing the concentration from 0.001 to 0.1%. Cooper 
and Manley found that the free energy product OuOe in- 
creases with molecular weight in agreement with our earlier 
results of polyethylene in chloronaphthalene s. If a two 
dimensionalprocess is assumed, the product 2OeOu is found 
to be 5 x 10acal2/mol 2 when the concentration is 0.1%. 
Although this quantity is about 12% lower that the corres- 
ponding one deduced here for overall crystallization, the 
values can be considered comparable. Therefore, the sug- 
gestion is that the temperature coefficient of the overall 
process is a reflection of the temperature coefficient of 
lateral crystallite growth. 
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Effect of intra-chain double bonds on 
the melt crystallization of aliphatic 
polyesters 

A .  D i  M e o ,  G .  M a g l i o ,  E. Mar tusce l l i  and R.  P a l u m b o  
Laboratorio di Ricerche su Tecnologia dei Polimeri e Reologia, CNR, Arco Felice (Napoli), Italy 
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The influence of intra-chain double bonds on the crystallization rate of a series of linear aliphatic poly- 
esters was investigated. The free energy of formation of a nucleus of critical dimensions decreases with 
the percentage of double bonds along the chain. The values of the free energy of folding drastically 
decreases with an almost linear trend with increase in the amount of unsaturation. The results may 
be interpreted assuming that the increasing chain f lexibi l i ty decreases the free energy of formation of 
a nucleus of critical dimensions mainly because of a lamellar surface effect. 

INTRODUCTION 

The influence of intra-chain double bonds, introduced 
along the chain of polyamides and linear polyethylene, on 
the crystallization rate from the melt has been reported 
previously ~.  The results have shown that both kinetic 
and thermodynamic quantities such as the half time of 
crystallization, kinetic rate constant, the free energy of 
formation of a nucleus of critical dimensions and the sur- 
face free energy of lamellar fibrillae of spherulites are de- 
pendent upon the chain flexibility, i.e. upon the amount 
of double bonds distributed along the macromolecular 
chain. 

This investigation has been extended to include crystal- 
lization rate measurements for a series of linear aliphatic 
polyesters with various amounts of double bonds along 
the chain. 

The whole research is part of a general project leading 
to the study of the properties of some important class of 
polymers whose chemical structure has been modified 3. 

EXPERIMENTAL 

Materials 
The polyesters were prepared by melt polycondensation 

of 1,16-hexadecandiol with the acid chlorides 4. They are 
reported in Table 1, along with their composition, inherent 

Table I Composition, inherent viscosity and molecular weight 
of the prepared polyesters 

Molar 
fraction ninh L -- 

Polyester a Name of 4-OD (dl/g) u Mn c 

SUB-1,16-HDD Ps 0 0.99 - 
SUB-4-OD-1,16-HDD P1 0.20 1.06 11.000 
SUB-4-OD-1,16-HDD P2 0.57 1.30 11.000 
SUB-4-OD-1,16-HDD P3 0.75 0.80 10.500 
4-OD-1,16-HDD Pi 1.00 1.16 -- 

aSUB = subericacid; 4-OD = trans-4-octen-l,8-dioic acid; 1,16-HDD = 
1,16-hexadecandiol. bin tetrachloroethane/phenol mixture (60/40 
by wt) at 30°C, C = 0.5 g/dl. CNumber-average molecular weight 
determined in CHCI3 by vapour pressure osrnometry at 40°C 

Table 2 Crystallinity X c, apparent enthalpy of fusion ~HF* and 
thermodynamic enthalpy of fusion ~x/-/F of the investigated 
polyesters 

Molar fraction of &FIF* Z~HF 
Sample 4-OD (cal/g) X c (%) (cal/g) 

Ps 0 26.7 67 40 
PI 0.20 23.2 66 35 
P2 0.57 18.7 59 32 
P3 0.75 18.4 56 33 
Pi 1.00 18.6 57 33 

viscosity and number-average molecular weight. From the 
data reported in Table I it may be deduced that effects of 
the molecular weight on the crystallization kinetics 
should be negligible. 

Calorimetry 
All the measurements were carried out using a Perkin- 

Elmer DSC-2 differential scanning calorimeter operating 
under N2 atmosphere with samples of 4 to 8 mg by wt. 

The temperature scale was calibrated against the melting 
temperature of high purity standards for each of the indi- 
vidual heating rates. For the determination of the heat of 
fusion indium was used as the standard material. The foll- 
owing procedure was used to record the crystallization 
exotherm: the sample was kept for 10 min at a tempera- 
ture 20°C higher than the melting temperature Tm and 
then cooled rapidly to the predetermined crystallization 
temperature Tc and the exothemic curve of crystallization 
was recorded. Furthermore the melting thermograms of 
the crystals formed in the isothermal crystallization were 
performed after each crystallization run. The maxima of 
the melting endotherms were taken to be the melting tem- 
peratures. The method used for the determination of the 
weight fraction of crystallized material at time t, Xt, has 
been described in detail in previous papers ~'2. 

Measurement of X-ray diffraction patterns 
The wide-angle X-ray diffraction patterns were recorded 

at room temperature over the range of diffraction angles 
(20) from 2 ° to 50 ° with nickel filtered CuKa radiation by 
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RESULTS AND DISCUSSION 

Kinetics and thermal data 
Typical examples of crystallization isotherms obtained 

by plotting Xt versus time are shown in Figure 1. From 
these curves the half life time of crystallization tl/2 was 
calculated. The variation of tl/~ with Tc is given in Figure 2 
for each of the polyesters investigated. 

For every Tc and for each sample the Avrami exponent 
n was calculated from the slopes of the lines obtained by 
plotting the quantity log[-log(1 -Xc) ]  against log t 6 and 
thereafter the rate constant Z was calculated according to 
the relation: 

ln2 
Z -  (2) 

(tl/2) n 

Typical Avrami plots are shown in Figure 3. 
The values of the equilibrium melting temperature were 

graphically determined by plotting the melting temperature 
Tm ,versus the crystallization temperature Tc by using the 
well known relationT: 

where 3' is constant. 
In Table 3 the values of n and log Z are given as functions 

of Tc together with T ° for each polyester examined. The 
values of n range from 2.8 to 4.1. T ° decreases linearly 
with the increase in the amount of 4-OD units along the 
chain. This trend is shown in Figure 4. 

For sample Ps, TO is equal to 382K while for sample Pi 
the value is reduced to 358K with a percentage lowering of 
6.3%. Assuming that the crystallization of polymers from 
melt is of lamellar type then overall rate constant of crystal- 
lization Z can be described in terms of a classical equa- 
tionma which can be written as: 

1 AF* A ~ *  

logZ + 2.3K ~ 1 c  - A o  2.3KTc (4) J 

where AF* is the activation energy for the transport of a 
chain unit across the liquid-crystal interface and A~* can 
be written: 

using a Philips diffractometer. The scattering intensities 
of the crystalline part were obtained by subtracting the 
contribution of the amorphous part and the incoherent 
scattering from the total scattering intensity. To separate 
the contribution of the crystalline part and to calculate the 
mass crystallinity conventional methods were followed s. 

The thermodynamic enthalpy of melting AH F has been 
calculated by means of the simplified relation: 

z~x//F - (1) 
x~ 

where zSJ/ff is the apparent enthalpy of fusion as deduced 
from d.s.c, traces and X c is the X-ray mass crystallinity. 
In Table 2 the quantities zSJ-/j~, Xc and zM-/F are reported 
for each of the samples examined. 
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Figure 2 Variation of half time of crystallization tll2 with crystal- 
lization temperature for aliphatic polyesters. I ,  Pi; e, Pa; &, P2; 
o, P1; o, Ps 
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Avrami plots for copolyesters with different composition 
at various crystallization temperature. (a) Sample Ps, Tc values: 
A, 346.5K; B, 347.5K; C, 348.4K; D, 349.4K; E, 350.4K. (b) Sam- 
ple P1, Tc values: A', 341.7K; B', 342.6K; C', 343.6K; D', 344.6K; 
E', 345.3K 

4bOOOe TO 4booae TO 
zx~* = - (5) 

~r-IF( TO -- Tc) ZX[-IFA T 

where b0 is the distance of two adjacent told planes and 
o and Oe are the free energies of formation per unit area of 
the lateral and end interfaces of the lamellar crystal 
respectively. 

Equation (4) may be rewritten as: 

1 ~r~, 4booae Tm 
~ logZ =A0 2.3KTc M-IF2.3KTcAT 

(6) 

According to equation (6) and taking the term A0 and 
AF*/KTc to be relatively insensitive to temperature in the 
vicinity of the melting point, a plot of 1/3 (log Z) against 
T °/TcAT should be a straight line of slope 4ooeb0/2.3KAHF 
Such plots for the series of polyesters investigated are given 
in Figure 5. A linear trend is observed for all samples of 
polyesters. The values of the slopes of the straight line 
drawn through the experimental points are reported in 
Table 4. The free energy of formation of a nucleus of 
critical dimensions calculated from the slopes of Table 4 
decreases with the percentage of 4-OD units along the chain 
of the polyesters. This trend is shown in F~gure 6 for two 
different values of the undercooling. 

Tab/e 3 Values of the exponent of Avrami n and of the rate 
constant Z, at various crystallization temperatures. The equilibrium 
melting temperatures T ° are also reported 

Sample T ° (K) T c (K) n n --log Z 

Ps 382 348.5 3.3 6.57 
347.5 3.3 7.35 
348.5 3.6 3.54 8.21 
349.4 3.4 9.33 
350,4 4.1 10.51 

PI 377 341.7 3.2 5.82 
342.6 3.2 6.45 
343.6 3.1 3.0 7.17 
344.6 2.8 8.07 
345.3 2.8 8.93 

P2 368 331.9 4.0 6.39 
332.9 3.6 7.08 
333.9 4.0 7.86 
334.9 4.1 3.9 8.85 
335.9 3.8 9.61 
336.8 4.0 10.29 

P3 364 330.9 3.5 6.93 
331.9 3.9 7.56 

3.8 332.9 4.0 8.28 
333.9 3.9 9.00 

Pi 358 328.5 3.5 7.50 
328.9 3.5 7.89 
329.9 4.1 3.9 8.49 
330.9 4.2 9.15 
331.9 4.2 10.10 

380 

370 

360 

I I I 

O 25 50  75 
O/o 4-OD 

Figure 4 Variation of the equilibrium melting temperature, T ° 
with the percentage of 4-OD 
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Table 4 Values of the quantity 4boGGe/AH F 2.3K obtained from 
the slopes of the lines of Figure 6 

S a m p l e  

4boaO e 

Molar fraction of 4-OD ZXHF2.3K 

Ps 0 384 
P1 0.20 320 
P2 0.57 310 
P3 0.75 246 
Pi 1.00 201 

6O 

A 

-~ 40 

e -  

<] 2C 

0 

Figure 6 

2L5 50 7~ I O0 
O/o 4-OD 

Variation of the free energy of formation of a nucleus 
of critical dimensions Ad~*, as function of the copolyesters com- 
position. The value of Z~4)* are compared under the same values 
of AT. A, AT= 10;B, AT=20 

Wide-angle X-ray diffraction analysis of polyesters 
Wide-angle X-ray diffraction traces of the polyesters under 

examination are given in Figure 7. It is well known from 
literature data 9 that aliphatic polyesters generally crystal- 
lize according to a polyethylene-like monoclinic unit cell 
with the chains in a trans planar conformation. 

For sample Ps we assumed a unit cell similar to that of 
10-16 aliphatic polyester (a = 6.47 A; b = 7.38 A; c = 37 A; 
/3 = 115 °) except for the length of the c-axis assumed equal 
to 37 - 2.5,8, where 2.5 A is the shortening due to the 
absence of two methylenic groups. According to this con- 
sideration it is possible to calculate for the equatorial (110) 
and (020) reflections; values of spacing of 4.14 and 3.69 A, 
respectively. These values agree very well with the observed 
spacings of the two most intense reflections on the X-ray 
traces of the Ps sample, 4.12 and 3.69 A, respectively. 

Melt crystallization of  aliphatic polyesters: A. Di Meo et aL 

These planes are also the most probable fold planes in 
the case of linear aliphatic polyesters. Sample P1 shows an 
X-ray spectrum similar to that of Ps, only a shift toward 
smaller angle s being observed for the (020) reflection. 

The unsaturated polyester, sample Pi, has an X-ray 
diffraction pattern that is totally different from that of 
the sample Ps. This result is an indication that this poly- 
ester crystallizes in a different crystalline unit cell. The 
X-ray diffraction patterns of the P2 and P3 samples (0.57 
and 0.75 molar fractions of 4-OD respectively) still show 
the reflection characteristic of the fully saturated poly- 
ester Ps together with some of the more intense reflections 
characteristic of the fully unsaturated polyester Pi- As 
observed in the case of the P1 sample, the (0.20) reflection 
of the Ps-like 15hase shows also for P2 and P3 an increasing 
shift toward smaller angles indicating an expansion of the 
unit cell along the b-axis. This result is interpreted by 
assuming that unsaturated units can be incorporated in the 
Ps crystal lattice as defects. The relative intensities of the 
reflections lead us to conclude that, for the P2 and P3 sam- 
pies, the fraction of material crystallized with a Pi-like 
structure is very low. This observation may account for 

r -  

2 

r -  

Figure 7 
text). A, 

D 

I L / I I 

5 I0 15 20 25 30 

28 (degrees) 
Wide angle X-ray diffraction traces of bulk polyesters tsee 

Ps; B, PU C, P2; D, P3; E, Pi 

Table 5 Values of bo, age, G and a e for the investigated 
polyesters 

Sample b0 (.~) Goe(erg2/cm4) a(erg/cm 2 ) oe(erg/cm 2 ) 

Ps 3.69 2334 10.4 224 
P1 3.74 1692 9.3 182 
P2 3.77 1656 9.6 172 
P3 3.78 1198 8.8 136 
Pi 3.83 964 8.8 110 
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Figure 9 Effect of the copolyesters composition on the value of 
~e(O) and a (11) 

the absence of double peaks both in the fusion endotherm 
and in the crystallization exotherm. 

Moreover to neglect the contribution of the very low 
amount of the Pi-like phase in the treatment of the therm- 
al and kinetic data should not affect the qualitative trend 
of the thermodynamic parameters investigated as function 
of the composition. 

For all the polyesters we assumed that the equatorial 
plane has a smaller spacing than the fold plane. These 
planes were identified by means of fibre spectra. The fold 
planes are coincident with the (020) reflection of the 
saturated polyester phase in the case of sample Ps, P1, P2, 
P3. For sample Pi we assumed as fold phase that corres- 
ponding to the marked peak in Figure Z 

The variation of this spacing, that is coincident with the 
term b 0 in equation (5), is shown in Figure 8 as function 
of the percentage of 4-OD units in the sample. 

Surface free energies calculation 

From the values of 4bOaOe/2.3KAH F of Table 4, bo 
and z~-/ F being determined for every samples, it was pos- 
sible to calculate the quantity eOe. The values are reported 
in Table 5. 

The free energy e of surfaces parallel to the chain axis 
of the lamellar crystals was calculated by means of the well 
known empirical relationT: 

o = AHFbo~ (7) 

where a for polymeric material is assumed equal to 0.1. 
From the values of OOe and o the surface free energy of 
folding Oe was obtained. The values of o and Oe are report- 
ed in Table 5. 

As shown in Figure 10 Oe drastically decreases with an 
almost linear trend with increase in the amount of unsatu- 
ration, whilst o is practically constant. Values of cre of 224 
and 110 erg/cm 2 are obtained for samples Ps and Pi respec- 
tively with a percentage reduction of 51%. 

It can be concluded that the higher chain flexibility of 
the more unsaturated chains 1° decreases the free energy of 
formation of a nucleus of critical dimension mainly because 
of a lamellar surface effect. This surface effect is probably 
due to an increase in the values of the surface entropy of 
folding ae. The same result was observed in the case of 
linear aliphatic copolyamides ~. 
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Chain conformation of poly- 
(tetra m ethylene terephthalate) and its 
change with strain 

I. H. Hall and M. G. Pass* 
Departrnent of Pure and Applied Physics, University of Manchester Institute of Science and Tech- 
nology, Manchester 11460 IOD, UK 
(Received 1 March 1976;revised 21 April 1976) 

In monofilaments of poly(tetramethylene terephthalate) the chain conformation changes reversibly 
between two forms as the fibre is strained. Both forms and their packing have been determined using 
the techniques of X-ray diffraction. In the unstrained form the methylene section of the chain has 
the conformation gauche-trans-gauche; on straining this changes to trans-trans-trans. The conse- 
quences of this change on other structural parameters are discussed in detail. 

INTRODUCTION 

Poly(tetramethylene terephthalate) is a member of the 
family of polymers having the structural formula: 

[ ~ - ~ C O 0 - - ( C H  2) n - - C O O  - - ]m 

and abbreviated n-GT. The best known member of 
this series is 2GT [poly(ethylene terephthalate)] which 
has been extensively studied. Other members have re- 
ceived much less attention. The series is of particular in- 
terest with regard to relationships between structure and 
properties of polymers, and previous publications have 
dealt with comparisons of melting points and glass transi- 
tions x'~, with studies of molecular mobility using broad- 
line nuclear magnetic resonance 2-4 and in a very limited 
way with crystallographic structure 2~'s. 

The present investigation forms part of a study of the 
relationship between the structure and properties of n-GT 
for n = 3, 4, and 5, using the techniques of X-ray diffrac- 
tion and Laser-Raman spectroscopy. It has already been 
reported that the chain conformation of 3- and 4GT varies 
by a surprisingly large amount with strain 6. The confor- 
mation of 4GT undergoes a discontinuous change at 
strains in the region of 4-6%, and in a preliminary publi- 
cation the unstrained conformation has been described 7 
together with provisional indications of the way it changes 
with strain. The present paper is a detailed account of the 
determination of these structures. When it was in an ad- 
vanced state of preparation the structure of 4GT was pub- 
fished a, but it is still of interest to compare the two inde- 
pendent sets of results. 

EXPERIMENTAL 

Material 
4GT polymer chip with an intrinsic viscosity of 

0.75 dl/g was made available for this study by ICI Fibres 
Ltd. It was spun into monofilament at 252°C, the collec- 

* Present address: ICI Fibres Ltd, Hookstone Road, Harrogate, 
Yorks, UK. 

tion speed being adjusted to give a filament of suitable 
diameter. The monofilament was drawn over a hot pin 
(90°C) and plate (170°C), giving a final diameter of 200/am. 
A filament as coarse as this was chosen in order that a single 
fibre could be used in the experiments in which it was 
strained, and reasonably short X-ray exposures used. The 
final draw ratio of the fibre was 7:1. 

Following drawing, the monofilaments were mounted, 
just taut, on a frame and annealed for at least 4 h at 202°C. 
They then had extremely well developed crystallinity and 
high orientation. After annealing, the birefringence was 
0.183 -+ 0.007. 

Recording of  diffraction data 
X-ray diffraction photographs were taken using nickel 

filtered CuKa radiation with a camera of the type described 
by Elliott 9 and manufactured by G. and D. Searle Ltd. The 
essential feature of this camera is that a high-intensity, 
highly monochromatic beam of X-rays of about 40/~m dia- 
meter is focused at the film position giving a diffraction 
photograph of good resolution with comparatively short 
exposure time. A cylindrical film holder was used and the 
camera evacuated to eliminate air scatter. 

The photographs of the unstrained material revealed 
biaxial orientation. This has been interpreted qualitatively, 
but in order to generate true cylindrical symmetry in the 
photographs ~sed for structural analysis the fibre was spun 
about its axis whilst the exposure was being made. The 
specimen holder in which this could be carried out only 
became available later in the investigation. Some of the 
intensities were measured from photographs in which the 
fibre was stationary and may therefore contain some error 
due to biaxial effects. 

To obtain diffraction photographs of the strained fibre, it 
was strained by 10% whilst mounted in the specimen holder 
used during the X-ray exposure. This value of strain was 
chosen because separate experiments had revealed that it 
was sufficient for most of the material to have adopted the 
strained conformation, and that diffuseness of the pattern 
increased at higher strains. The strained fibre was allowed 
to stand for a few hours so that major relaxation effects 
could occur before the exposure was made. Experiments 
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a 

Figure I X-ray diffraction patterns of 4GT fibre. (a) Relaxed; 
(b) strained at 10% 

in which the filgre was re-annealed whilst strained produced 
negligible improvement in the clarity of the diffraction 
pattern, and so this procedure was not adopted. 

Biaxial orientation persisted in the strained state, and 
so the fibre was spun on its axis during the exposure. A 
diffraction pattern of each state of the fibre is shown in 
Figure 1. 

Determination of  unit cell parameters 
The location of all the diffraction spots on the film was 

measured, and a reciprocal unit cell that would fit these was 
determined by trial and error. In the diffraction pattern 
of the unstrained fibre, the reflections were displaced up 
and down from the mean layer line positions, indicating 
that the molecular chain axes were systematically misorient- 
ed from the fibre axis by a few degrees, (i.e. the c-axis of 
the unit cell was slightly tilted with respect to the fibre axis). 
Similar behaviour was reported by Daubeny et al. for 2GT 1° 
and following the method he described, the magnitude and 
direction of tilt was determined, and it was shown that dis- 
placement of all reflections could be explained this way, 
thereby confirming the correctness of the unit cell. This 
tilting persisted in the strained form, but not to such a 

Ha/land M. G. Pass 

marked extent. Daubeny et al. found with 2GT that anneal- 
ing under tension would remove the tilt. This did not occur 
with 4GT. 

The unit cell parameters were refined by minimizing the 
sum of the differences between the squares of the d-spac- 
ings calculated from the location of the diffraction spots 
and those calculated from the unit cell. Since a d-spacing 
can be determined directly from the location of a reflec- 
tion, even though it is displaced from a layer-line, this pro- 
cedure was particularly convenient. 

Determination of&tensity of  X-ray diffraction spots 
The integrated intensity of each reflection was determined 

using an Optronix 'Photoscan' digital microdensitometer in 
conjunction with an Optronix 'Photowrite' machine. The 
technique has been fully described elsewhere H. As far as 
possible, allowance was made for background intensity, and 
intensity was apportioned between partly overlapping reflec- 
tions. Where this could not be done the reflections were 
treated as an overlapping group. 

Determination o f  chain conformation 
Relaxed form. Comparison of the density calculated 

from the unit cell dimensions with the measured value 
confirmed that there was one monomer of one molecular 
chain per cell. This monomer is illustrated in Figure 2 
which also defines the symbols used to specify particular 
angles and bonds. It was assumed that the conformation 
was centro-symrnetric about the points marked. An 
attempt to confirm this using intensity statistics was 
inconclusive. 

Because of the small quantity and relatively poor quality 
of the intensity data, it was considered unlikely that a com- 
plete structural determination would be possible. There- 
fore bond lengths and angles were assumed to be the same 
as those in comparable low molecular weight compounds. 
Only the chain conformation angles and the orientation of 
the molecule in the unit cell then remain to be determined. 

Bailey x2 and Ohrt et al. la have determined the structures 
of compounds containing many similar bonds to those 
found in 4GT. Daubeny et al. 1o attempted to determine 
bond lengths and angles in their structural analysis of 
poly(ethylene terephthalate) as did Tomashpol'skii and 
Markova 14 from electron diffraction data. Very recently 
P~rez and Brisse 1s-t7 have published the structures of ethy- 
lene glycol dibenzoate, ethylene glycol di-para-chloroben- 
zoate, and trimethylene glycol di-para-chlorobenzoate, all 
of which closely resemble the 4GT monomer. Bond 
lengths and angles from all these studies are listed in Table 
1 and defined in Figure 2 (values obtained by Tomashpol'skii 
et al. have been omitted because some seem very question- 
able). Our own choice of assumed values is also given in 
this Table. Where discrepancies between the various values 

Monomer unit 

Figure 2 Monomer of 4GT. *Centre of symmetry 
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Table 1 Values of bond lengths and bond angles 

Length (A) 

Bond 1 2 3 4 5 6 7 8 

C0--Ct 1.39 1.36 1.41 1.38 1.38 1.37 1.40 1.38 
CI--C 3 1.40 1.41 1.34 1.38 1.40 1.38 1.40 1.38 
C2-C3 1.38 1.39 1.41 1.39 1.40 1.39 1.40 1.39 
H 1--C 1 1.11 0.95 0.94 1.08 1.07 
H2--C 2 1.10 0.99 0.93 1.08 1.07 
C4--C 3 1.48 1.47 1.48 1.48 1,48 1.48 1.49 1.48 
O2--C 4 1.28 1.22 1.26 1.21 1.20 1.21 1.23 1.21 
O 1--C4 1.32 1.34 1.36 1.34 1.34 1.33 1.26 1.34 
C5-O 1 1.51 1.47 1.45 1.44 1.45 1.49 1.41 1.44 
H3--C s 1.03 1.01 0.97 1,09 1,03 
C6-C5 1.55 1.48 1.50 1.49 1.50 1.53 1.50 
C./_C 6 1.53 1.54/1.50 

Angle(degrees) 

a l  124 119 125 119 118 120 119 119 
a 2 118 123 118 121 123 121 119 121 
~3 118 119 117 120 123 119 121 120 
~4 116 120 
a s 120 125 127 125 125 124 121 125 
~6 115 113 110 113 113 113 119 113 
a~ 125 123 122 122 123 123 120 122 
~a 117 117 114 116 116 117 119 116 
~9 105 104 105 108 107 104 106 
~10 115 105 109.5 

1, From structure of diethyl terephthalatel2; 2, from structure of trans-4-t-butyl cyclohexanol para-bromobenzoatel3; 3, calculated from 
atomic coordinates of poly(ethylene terephthalate)10; 4, from structure of ethylene glycol dibenzoatelS; 5, from structure of ethylene glycol 
di-para-chlorobenzoatet6; 6, from structure of trimethylene glycol di-para-chtorobenzoatelT; 7, assumed by Mencik 8 in structural analysis of 
4GT; 8, assumed in the present work. 
For identification of bonds, see Figure 2. A blank has been left where no comparable bond exists in the model compound, or where it has not 
been possible to determine a value from the data given 

exist we have used ones similar to those of P~rez and 
Brisse which are likely to be the most relevant to our work. 
No bond comparable with C7-C 6 exists in any of the 
model compounds and we investigated two possibilities in 
our trial structures: (a) 1.54 A which is comparable with the 
C-C bond in the methylene chain, and (b) 1.50 A which is 
comparable with the value found by P~rez and Brisse ls-17 
in compounds where the C-C bond is adjacent to an O - C  
bond. A similar uncertainty exists in the value chosen for 
alO. The only comparable bond in the compounds listed 
was in trirnethylene glycol di-para-chlorobenzoate and was 
larger than similar bond angles in the methylene chain. The 
latter value was chosen but the effect of varying it was 
investigated. 

The values chosen by Mencik 8 are also listed in Table 1. 
It will be seen that several differ significantly from those 
chosen by us. 

The terephthaloyl residue contributes most of the 
soattering power of the molecule and is likely to be almost 
planar. There is only one of these in each unit cell and so 
its centre was placed at the origin of coordinates, and, 
assuming it to be planar, the inclination found which gave 
best agreement between observed and calculated structure 
factors. Once the inclination of this unit is fixed there are 
only four different ways in which the section of chain 
O1-C5-C6-C  7 can be added which will preserve the 
centre of symmetry, chain repeat length, bond lengths and 
bond angles. Hence four trial models were generated and 
the final conformation was found by refinement of these 
models. 

If bond lengths and bond angles are fixed the only de- 
grees of freedom available to the system are the chain 
conformation angles, r l  to 7"4 in Figure 2 (from the as- 

sumption of centro-symmetry ~-5 = 180°), and angles which 
define the inclination of the molecule within the unit cell. 
This complete set of angles must satisfy the constraints of 
symmetry and chain repeat length, but subject to this 
requirement may be varied to minimize the sum of the 
squares of the differences between the observed and cal- 
culated structure factors, these differences being weighted 
according to some suitable scheme ~8. This technique of re- 
finement of polymer structures was described by Arnott 
and Wonacott 19 and a computer program for performing 
it was kindly made available for the present investigation 
by Professor Arnott (The Linked Atom Least Squares Struc- 
ture Refinement System for Helical Polymers). 

For the purpose of computation a model of the chain is 
built by successively adding atoms, starting at H 1 and pro- 
ceeding to C7 (Figure 2). Suppose the atom C4 has been 
reached and Ol is about to be laid down. Its position will 
be determined by three parameters, the bond length 
C4-O1, the bond angle a6, and the conformation angle r l .  
The manner in which rl  is measured may be understood by 
reference to Figure 3. In this Figure the section of chain 
C2-C3-C4-O 1 is held so that C3-C 4 (the bond about 
which r 1 is being measured) is normal to the plane of the 
diagram with C2-C3 (the section already built) above the 
plane of the diagram and C4-O 1 (the section about to be 
built) below, r l  is then measured as shown. It is positive 
if measured clockwise, negative if anticlockwise. 

When the chain conformation has been fixed, the mole- 
cule still has to be placed in the unit cell. Its location is 
totally, and its orientation partly, determined by the fact 
that the centre of a benzene ring lies at the cell origin, and 
the chain axis coincides with the C-axis. However, the ro- 
tation of the chain about its axis is still undetermined. This 

POLYMER,  1976, Vol 17, September 809 



Chain conformation of poly(tetramethylene terephthalate): L H. 

c2 

Figure 3 Convention for measuring the conformation 
angle 

Table 2 Unit cell parameters 

Relaxed 
Parameter Relaxed Strained (from ref 8) 

a (A) 4.8(9) 4.7 5.96 
b (A) 5.9(5) 5.8 4.83 
c (A) 11.6(7) 13.0 11.62 

(degrees) 98.0 102 115.2 
/~ (degrees) 116.(6) 121 99.9 
3' (degrees) 110.0 105 111.3 

The chain axis is in the c-direction 

is specified by the angle 0. The molecule is placed in the 
unit cell so that the normal to the plane of the benzene 
ring lies in the (010) plane. /7 is the rotation about the 
chain axis required to bring the molecule into its correct 
orientation and is positive if this rotation is anticlockwise 
looking in the negative C direction. 

The uncertainty concerning the value o fa l0  has already 
been mentioned. In general bond-angles might be expected 
to vary more between compounds than bond lengths. Con- 
sequently, when the best models had been obtained by re- 
fining 7"1-r4, ot8--Otl0 were refined. The choice between 
1.50 and 1.54 A for the bond C6-C 7 was based on the re- 
suits from these final models. 

Unobserved reflections were omitted from the refine- 
ment procedure and R-factors calculated using only ob- 
served reflections. 

Strained form. In general the same procedure was 
followed as with the relaxed form, differences being dic- 
tated by the fact that the quality of the intensity data was 
much poorer in this case. 

Refinement of bond angles and lengths was less likely 
to be conclusive, and so the final refined values from the 
relaxed form were used. A refinement was attempted, but 
the results are only quoted to indicate possible changes, 
not to define a conformation. 

Unobserved reflections were included at threshold in- 
tensity and only omitted from the refinement if  the cal- 
culated value was less than this. However, so that R-factors 
should be directly comparable with those from the relaxed 
form, the values quoted are calculated on observed reflec- 
tions only. 

Hall and M. G. Pass 

RESULTS 

Unit cell 

The unit cells of both the relaxed and strained fibre were 
triclinic and the parameters are given in Table 2. Whilst 
experimental results show conclusively that the change in 
c occurs discontinuously, they do not show whether the 
much smaller changes in the other parameters take place 
discontinuously or not. 

The transformation between the two structural forms 
is known to commence at a fibre strain of about 2%, and 
as strain is increased above this value progressively more 
material is transformed until a strain of about 10% is reach- 
ed at which the transformation is complete 2°. 

At about 6% fibre strain near-equatorial reflections are 
blurred whilst near-meridional ones remain sharp. This 
blurring might be due to disorder in the lateral packing of 
chains, or because two species of unit cell with only slightly 
differing lateral dimensions are present. 

At about 10% strain the 100 reflection remains blurred, 
but other equatorial ones have sharpened. The (100) planes 
are fairly close to those of the benzene rings, suggesting that 
the stacking of these rings is somewhat disordered in the 
strained state. 

A value of 1.286 g/cm 3 has been reported for the density 
of a specimen of 4GT which shows negligible evidence of 
crystallinity in its X-ray diffraction pattern 21. The density 
calculated from the unit cell dimensions of the relaxed 
material was 1.39(0) g/cm 3 and the measured value of the 
sample used was 1.336 g/cm 3. These values correspond to a 
crystallinity by density of 48%. Since it was not possible to 
measure the density of the strained sample, no value can be 
given for this state. 

Systematic misorientation o f  chain axes 
The crystallites are tilted by rotation about an axis 

which lies in the a 'b*  plane at an angle of 42 ° from the 
line of intersection of this plane with the ac plane, the 
angle being measured anticlockwise looking in the negative 

CUp 
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UPl II Illiil'l~ 
i i D O W F t  - 

1/11111 i / . 
, Axis of ti lt 

2GT 

\ 
Up 

Down 

\ 
xis of t i l t  

4GT 

G 

Figure 4 Projection of 4GT unit cell down c-axis showing axis 
about which tilting occurs 
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Figure 5 An example, showing four different unit cell orientations 
having two axial directions common. (a) Projections of the four 
cells down the c-axis. (It is assumed in this diagram that c and b- 
projected are the common directions. The direction of tapering 
indicates the directions in which the axes recede from the observer.) 
(b) Positions in reciprocal space of the same reciprocal lattice point 
for each cell 

C direction. The magnitude of the tilt is such that the 
chain axes are, on average, inclined at an angle of 2 ° -+ 0.2 ° 
to the fibre axis. Its sense is such that the positive b-axis 
moves up, whilst the positive a-axis moves down (see 
Figure 4). 

The (310) plane is almost normal to the tilt axis and 
so will remain vertical on tilting. 

Biaxiality 
The cross-section of the fibres was elliptical and photo- 

graphs of stationary (not rotated) fibres showed indica- 
tions of an axis of a preferred orientation of the crystal- 
lites in addition to the c-axis. Since the unit cell is triclinic, 
in this situation there can be four different possible orien- 
tations of the unit cell within the specimen. An example 
is illustrated in Figure 5a which shows projections of the 
cell edges on a plane normal to the c-axis and assumes that 
c and b-projected are the axes of preferred orientation. 
The plane containing these directions (100) (to be called 
the preferred plane) has the same orientation in each cell. 

Figure 5b shows the positions of equivalent reciprocal 
lattice spots for each of these cell orientations [(hkl)l and 
(hkl)1 are equivalent spots for the orientation labelled 1 
in Figure 5a, and others are denoted similarly]. If it is 
assumed that all four orientations are equally probable, 
then the intensity of each of the illustrated reciprocal lat- 
tice points will be the same. Therefore, on a diffraction 
photograph of a stationary specimen (not rotated), equiva- 
lent spots above and below the equator (such as (hkl)l and 
(hkl)2 in Figure 5b will have the same intensity. In the 
general case, this will not be true for equivalent spots 
either side of the meridian; the relative intensities of these 

will depend on their position relative to the sphere of reflec- 
tion, i.e. on the orientation of the preferred plane relative 
to the X-ray beam. Their intensities will be equal only in 
the special case in which the beam is either parallel or per- 
pendicular to this plane. 

The intensity of equivalent spots above and below the 
equator was not equal on the diffraction photographs of 
the 4GT fibre used in this investigation. Thus the propor- 
tion of unit cells in an orientation such as 1 in Figure 5a 
was different from that in an orientation such as 2, and 
the proportion in an orientation such as 3 was different 
from that in 4. 

On the other hand intensities of equivalent spots across 
the centre of the diffraction pattern tended to be similar. 
This cannot be interpreted without more detailed know- 
ledge of the distribution of intensity in reciprocal space, 
but if the X-ray beam had been either parallel or perpen- 
dicular to the preferred plane, then it would imply that 
either the proportions in orientations such as 1 and 3 are 
similar, as are those in 2 and 4, or that the proportions in 
1 and 4 are similar, as are those in 2 and 3. Both of these 
are consistent with the conclusion of the previous 
paragraph. 

These results therefore indicate that there are two direc- 
tions of preferred orientation in the fibre and that the four 
different unit cell orientations which are consistent with 
this do not occur in equal proportion. 

To investigate biaxiality further, a sheet was prepared 
by melting polymer between hot plates under pressure. A 
section of this sheet was cold-drawn on a tensile testing 
machine and then annealed under vacuum for 24 h at 
202°C. A Weissenberg photograph of the zero layer line 
showed that the b* axis lay in the plane of the sheet or was, 
at most, inclined to it by a few degrees. Comparison of 
intensities in the different quadrants of a stationary-film 
photograph showed that all four possible cell orientations 
were present in approximately equal proportions. The bi- 
axial texture was much more pronounced than with the 
fibre. 

Chain conformation 
Relaxed form. After preliminary refinement of the four 

trial models, it was clear that one gave much closer agree- 
ment between observed and calculated structure factors 
than the others. Subsequent investigations were confined 
to this model. 

In the first stage of refinement, bond angles and lengths 
were kept constant at the values given in Table 1 and 
7"1 - -  7"4 allowed to vary. The values obtained for these 
angles at the end of this stage are given in columns 1 and 2 
of Table 3 for both values of C6-C 7. In the second stage 
the bond angles a8-cq0 were allowed to vary as well as 
rl  - 7"4 and the values obtained at the end of this stage are 
listed in columns 3 and 4 of Table 3. 

In this Table two parameters are given in addition to 
those defined already. These are not essential to defining 
the structure but help in visualizing the orientation of the 
terephthaloyl residue. ~b is the angle between the bond 
C 3 - C  4 and the e-axis; ff is the angle the normal to the 
benzene ring makes with the e-axis. 

The different lengths for the bond C6-C 7 result in neg- 
ligibly different conformations. If  the values of c~ are kept 
constant during refinement R increases from 17.2 to 17.3 
as the length of C6-C 7 is reduced from 1.54 to 1.50 A. If 
the values of a are allowed to vary then R decreases from 

P O L Y M E R ,  1976, Vo l  17, September 811 



Chain conformation of  poly(tetramethylene terephthalateJ: L H. Hall and M. G. Pass 

Table3 Parameters defining chain conformation 

Relaxed Strained 

1 2 3 4 5 6 7 

rl (degrees) 179.(8) 179.(3) 179.(7) 179.(3) 174.8 172.(9) 171.(3) 
r2 (degrees) --178.(15) --179.(5) -177.(3)  -177 .  (8) -177 .5  --178. (6) -175.(3)  
r 3 (degrees) -96. (3)  -96. (3)  -94. (5)  --94.(5) --90.6 -159.(1) -157.(1)  
r 4 (degrees) -77. (6)  --79.(3) -77. (9)  --79.(3) --88.4 162.(2) 144.(4) 
a s (degrees) 116.0 116.0 118.(8) 119.(0) 119 119.0 126.(1 ) 
~9 (degrees) 106.0 106.0 105.(2) 105.( 1 ) 104 105.0 111 .(1 ) 
~10 (degrees) 109.5 109.5 112.(3) 112.(9) 109.5 113.0 112.(6) 
C6-CT (A) 1.54 1.50 1.54 1.50 1.53 1.50 1.50 
0 (degrees) 4.(8) 5.(2) 4.(2) 4.(4) 19.(5) 17.(8) 
~b (degrees) 27.(4) 27.(4) 27.(7) 27.(7) 26.(4) 27.(6) 
~0 (degrees) 74.(0) 74.(1) 73.(7) 73,(7) 86.(9) 86.(8) 
R 17.2 17.3 17.0 16.8 14.8 22.3 21.8 

In columns 1, 2 and 6, o t8~10 were fixed at the values given, in columns 3, 4 and 7 they were allowed to vary during the refinement proce- 
dure. Column 5 are the values found by Mencik s 

Table 4 Amount  by which atomic separations are less than sum 
of Van der Waals' radii 

(a) Within a molecule 

(Sum of radii) -- separation (A) 
Atom 
pair Relaxed Strained 

0 2 - C t  0.2(5) 0.2(5) 
O ] -C2 0.3(8) 0.3(8) 
OI--H2 0.0(2) 0.0(2) 
Cs--O2 0.4(1 ) 0.4(2) 
H 3--C4 0.2(1 ) 0.1 (6) 
H3--O 2 0.0(7) 
C6--C 4 0.2(6) 

(b) Between molecules 

Atom 
pair 

Unit cell translations (Sum of  radii) --  separation. 
between molecules Strained model 

HI--C2 a = 0, b = 1 0.1(8) 

17.0 to 16.8 with the same variation in C6-C7. These 
differences are too small to be significant. However since 
the conformation in column 4 of Table 3 gave the lowest 
value of R, these parameters were used in the strained 
model. Tables and diagrams which refer to the relaxed 
form, and in which the particular conformation is not de- 
fined, are derived from the parameters in column 4. 

It was assumed that the Van der Waals radius of the 
carbon atom was 1.7 A, of oxygen was 1.4 A, and of hydro- 
gen was 1.0 A. Using these values the separations of all 
pairs of non-bonded atoms were compared with the sums 
of their radii. Between molecules, all such separations were 
greater than this sum; within molecules, a few were less and 
these are listed in Table 4. 

The chain conformation and packing within the unit 
cell is illustrated in Figures 6a-9a. 

Strained form. Using values of bond lengths and angles 
modified according to experience with the relaxed form, 
four trial models were constructed as already described. 
Refinement of these again produced one which appeared 
better than the others. In this case, other factors were 
introduced as well as agreement between observed and 
calculated structure factors. (For example, r4 is known 
to move from agauche towards a trans conformation 2° in 

I 

Z 2 >  - r ~ ~ / "  R 

4"3 (7)~ 

~ f  ~) . . . .  
J 

a 5.1(2)~ b 

,4 

O 

b 
Figure 6 Projection of unit cell and terephthaloyl residue on to 
plane normal to c-axis. (a) Relaxed; (b) strained at 10%. (The 
methylene part of the molecule has been omitted from this diagram 
for clarity) 

the transformation from the relaxed lorm, and the changes 
in other conformation angles must appear to be reasonable 
in experiments with molecular models.) 

This model was refined by varying rl - r4 but keeping 
bond angles constant and the values at the end of this stage 
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are given in column 6 of Table 3. Bond angles a8 -a l0  
were then allowed to vary as well as 7" 1 - -  7"4 and the values 
obtained are given in column 7 of Table 3. 

Because of the poor quality of the intensity data, this 
last conformation is unlikely to be any more accurate than 
that obtained with the bond angles f'Lxed. It is only inclu- 
ded to indicate possible variations in the parameters. Dia- 
grams and Tables refer to the fixed bond-angle model. 

The separations of all pairs of non-bonded atoms were 
compared with the sums of their Van der Waals radii. All 
cases in which the separation is less than the sum of the 
radii are listed in Table 4. 

The chain conformation is illustrated in Figures 6b-9b.  

DISCUSSION 

From Table 3 it is clear that the orientation and shape of 
the terephthaloyl residue is almost the same for each of 
the relaxed and for each of the strained models. Most of 
the scattering power of the molecule is concentrated in 
this residue and so it is likely that this part of the structure 
has been determined fairly accurately. The other parts of 
the molecule complete the molecular chain within the con- 
straints imposed, and variations in their parameters have a 
fairly small effect on the structure factors. Hence there is 
more doubt about this part of the structure, particularly for 
the strained form for which fewer reflections were recorded, 

and (since they were more diffuse) for which intensities 
were measured less accurately. 

For these reasons, the model of the strained form in 
which bond angle strain was allowed (column 7 of Table 3) 
will not be considered here, although this does suggest that 
bond angles cz 8 and a9 are opened by a few degrees on 
straining. 

With the relaxed form, the terephthaloyl residue is 
planar, though Daubeny et al. lo found that in 2GT the 
carbonyl unit was about 10 ° out of the plane of the ben- 
zene ring. TonellP ~ has calculated the potential barrier to 
rotation about this bond and found it to be low. Devia- 
tions from planarity of 10°-20 ° might not be surprising. 
However, in low molecular weight compounds containing 
this arrangement of atoms ~2-~7 the unit is planar. 

It has been assumed that there is a centre of symmetry, 
at the middle of the three bonds joining the methylene 
groups. Hence this central one must be trans, but the 
others are close to a gauche conformation. The conforma- 
tion of this part of the molecule is shown in Figure 9a. 

In 2GT the rotation about the only methylene bond is 
trans but P~rez and Brisse T M  have investigated two low 
molecular weight analogues and found that in ethylene 
glycol dibenzoate it is trans, whereas it is gauche in ethy- 
lene glycol di-para-chlorobenzoate. In both of these mate- 
rials r3 is nearly 180 ° whereas it is about - 9 0  ° in 4GT. 
In 2GT it is -160  ° but in poly(ethylene adipate) 23 it is 
-114  °. (In both of these cases the authors quoted values 
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Figure 8 Projection of unit cell and contents onto ac plane. (a) Relaxed; (b) 10% strain 

have been transformed to agree with the conventions used 
in this paper). These two disparate values suggest a low 
potential barrier to rotation about thisbond which is con- 
firmed by our value, r2 is close to 180 ° in this and all 
similar structures. 

If the structure reported here is compared with that 
given by Mencik 8, there is a strong overall similarity with 
some differences of detail. The unit ceils are in close 
agreement, (see Table 2) except that Mencik has made a 
different choice of a and b directions from us. Since our 
cell was the first to be published 6 we propose to keep to 
our original convention. 

There are some differences in the choice of bond angles 
and lengths. These are quantities which cannot be deter- 
mined with high accuracy from studies in the polymeric 
state, and there must be some doubt in values assumed 
from similar atomic groups in low molecular weight com- 
pounds. However, since the values we take come from 
studies on compounds which bear a closer resemblance 
to 4GT than any others yet reported, where differences 
exist between ourselves and Mencik our values are likely 
to be the more reliable. 

The major differences between the conformation angles 
found in the two studies are that we find the terephthaloyl 
residue to be more closely planar and rotation about 
methylene bond to be closer to gauche. To ascertain 
whether these differences followed from the choice of 
bond angles and lengths, the parameters given by Mencik 

were used to construct a model which was then refined 
against our intensity data. The f'mal model thus obtained 
had a closely planar terephthaloyl residue in agreement 
with our original model, but the methylene conformation 
angle was roughly midway between the values given by 
ourselves and Mencik. 

Since most of the scattering power of the molecule is 
concentrated in the terephthaloyl residue the differences 
in this part probably follow from differences between the 
two sets of intensity data, but the difference in the methy- 
lene conformation is likely to follow from the choice of 
model parameters and the non-planarity of the terephtha- 
loyl residue. 

The R-factor of 14.8 obtained by Mencik was lower than 
the value of 16.8 obtained by us. However he applied 
independent scaling to each layer line, whereas we scaled 
them all by the same factor, and he also used a different 
formula to calculate R. (We use R = ~IEo - Fcl/~Fo where- 

F 2 ~F 2 Ir, The two values a s M e n c i k u s e s R = [ E ( F o -  c) / c] 2). 
are not, therefore, comparable. 

The shortest of the interatomic distances, that between 
02 and C5 (Figure 2 and Table 4) is controlled by the con- 
formation angle r2 and the bond angle e8 (non-planarity 
in the bonds radiating from C4, which was not allowed in 
our refinement [~rocedure, could also change this distance). 
r2 is nearly 180 which is common to all similar structures. 
116 ° is a typical value for a8 from similar structures; after 
refinement we get 119 ° which should increase this distance. 

814 POLYMER, 1976, Vol 17, September 



a b 

Chain conformation of  polF(tetramethylene terephthalate): I. H. Hall and 114. G. Pass 

In the relaxed state the plane of the terephthaloyl resi- 
due of molecule R (Figure 6) lies roughly midway between 
those of S and P. The shearing of the unit cell and the 
rotation of the molecular plane makes S and R more nearly 
coplanar on straining. From Figures 6-8 it is seen that in 
the strained state there is a close contact between atoms 
02 and H5 of molecules P and R. (This is not listed in 
Table 5a because the atomic separation is about 0.1 A 
greater than the sum of Van der Waals radii.) The shear- 
ing movement and twisting would help relieve this contact. 
These movements, however, cause a close contact between 
atoms H l and C2 ofmoleculesP and Q. The final posi- 
tions and orientations of the molecules, therefore, balance 
these contacts. However, a rotation of the benzene ring 
in a sense which would improve the planarity of the tere- 
phthaloyl residue would also relieve the H 1-C2 contact. 
This non-planarity does not, therefore, appear to arise as 
a consequence of the chain packing. 

From the above discussion it is clear that the unit cell 
Figure 9 Conformation of methylene part of molecule. (a) Relaxed; 
(b) 10% strain 

This short distance must, theretore, be a common feature 
of these structures as are the distances O2-C 1 and O1-C2 
which arise from the planarity of the terephthaloyl residue. 
The other short distances, H3-C 4 and C6-C 4 are control- 
led by the angle r3. As has been pointed out, this varies 
widely between similar structures indicating a low potential 
barrier to rotation. Presumably movement to ease these 
contacts will cause an increase in energy due to the proxi- 
mity of other atoms, not necessarily in the same molecule. 

The main differences between the strained and relaxed 
conformations are in the values of 7-3 and 7" 4 (see Figure 9), 
and in the planarity of the terephthaloyl residue (7"1); 7"1 
and 7"3 take values very similar to those of equivalent angles 
in 2GT. The parameters quoted for the strained model( 
are likely to be subject to greater error than those of the 
relaxed because of the poorer quality of the intensity .data. 

On transition from the relaxed to the strained' form, 
the unit cell distorts by simple shear along a-c planes 
accompanied by a reduction in the chain spacings in the 
a-direction (see Figure 6). There is also some translation 
of chains in the c-direction. The volume of the unit cell 
increases from 262.(8) A 3 in the relaxed state to 268.(9) ,8,3 
in the strained. 

Figure 7 shows that the translation of chains maintains 
neighbouring terephthaloyl residues in similar positions 
,:elative to each other. Thus R and S (Figure 7), which lie 
alongside each other maintain a position in which the 
hydrogen atoms on the respective benzene rings interleave. 
P and S maintain relative positions in which the benzene 
ring of one sits behind the carboxyl unit of the other. This 
form of packing is also characteristic of 2GT 1° indicating 
that the terephthaloyl part of the molecule exerts the con- 
trolling influence on their packing. 

On straining, the inclination of the plane of the benzene 
ring changes so that the angle its normal makes with the 
c-axis increases from 73 .(7) ° to 86.(9) ° (Table 3). Thus 
the perpendicular separation of planes of  adjacent rings 
would increase if the spacing of chains along the a-axis was 
maintained. This spacing contracts from 4.3(7) A to 4.0(4) A 
(Figure 6) and the ring normal rotates through 15.(1) ° 
about the c-axis towards the b-c plane (Table 3). These 
changes result in the perpendicular separation increasing 
by a very small amount (from 3.5(7) A to 3.6(7) A). 

dimensions change on straining so as to restore the main 
features of intramolecular packing with the new 
conformation. 

Since the conformation angles of the strained form are 
close to those of 2GT, this form might be expected to be 
stable. The fact that it is not suggests that each conforma- 
tion represents an energy minimum the relaxed form being 
the lowest, with the barrier between them being suffi- 
ciently low for thermal activation to transform most 
material to the unstrained form at normal temperatures. 
The presence of tension reverses the relative heights of 
these energy levels. Confirmation of this hypothesis must 
await calculation of the energy of the system, taking into 
account the proximity of near neighbours. The present 
study shows that the volume of unit cell of the shortened, 
relaxed, form is smaller than that of the other, indicating 
a more economically packed, lower energy, form. How- 
ever it gives no indication as to why this should be so for 
4GT, but not 2GT. 

The result from the investigation of biaxiality in a 
pressed sheet may be combined with the results of the 
structure determination. It then follows that the chain axis 
lies in the plane of the sheet, and the plane of the tereph- 
thaloyl residue intersects this plane in a line which is with- 
in a few degrees of the perpendicular to the chain axis. 
That is, the two planes are as close as possible to coinci- 
dence subject to the constraint that the chain axis also lies 
in the sheet plane. This finding is in agreement with Men- 
cik, although he produced his films by a different method. 

Consideration of the relative intensity of equivalent 
diffraction spots has led to the conclusion that the propor- 
tions of unit cells in an orientation such as, for example, 1 
(Figure 5a) must be different from that in 2, but could be 
similar to that in either 3 or 4. This suggests that the 
crystalline objects in 4GT might comprise an orientation 
such as 1 twinned with either 3 or 4. If this is so the twin 
plane is likely to be the plane of preferred orientation 
(which is (100) in the example illustrated in Figure 5), and 
a twin satisfying this condition is illustrated in Figure 10. 
It will be seen that this comprises orientations 1 and 3 of 
Figure 5 (because of the assumed centre of symmetry, the 
molecular conformation is the same, whether the positive 
c-axis points up or down) and will so satisfy the require- 
ment that these are present in similar proportions. If an 
axis normal to the twin plane has a preferred orientation, 
biaxiality will occur. This axis will correspond to a positive 
unit cell direction on one side of the twin plane and a nega- 
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Figure 10 Projection down c-axis of a twin on 
(100) plane 

tive on the other. Should it point with equal probability 
in both directions along the line of  preferred orientation, 
there will be four unit cell orientations in roughly equal 
proportions. This was the situation observed in the sheet. 
Should different proportions point in these directions, one 
pair of  unit cell orientations will occur in greater abun- 
dance than the other. This was observed in the fibre. 

(It must be emphasized that the choice of  preferred 
plane used in Figure 5a and followed in the above discus- 
sion, and in Figure 10, was made solely for convenience of  
illustration. As already shown, the plane of  preferred 
orientation in 4GT is close to that of  the terephthaloyl 
residue, and if the above suggestion of  twin formation is 
correct, this will be the plane on which twins are formed.) 

The cross-section of  the fibre was elliptical, and this, 
together with the biaxiality, was probably caused by 
lateral compression during drawing at the pin. A longitu- 
dinal section containing the major axis of  the cross-section 
might be expected to be equivalent to the sheet plane as 
far as biaxial orientation is concerned. During pin-drawing 
there would be a gradient in temperature and pressure 
normal to this plane which would not occur when pressing 
a sheet. This might account for the difference in orientation 
in this direction between the two test-pieces. 

There is no apparent relationship between crystalline 
structure and the tilt of  the c-axis with respect to the fibre 
axis. This is illustrated in Figure 4. Since, on projection 
down the c-axis, the angles between a and b are similar in 
2- and 4GT, it is possible to mark on the diagram the tile 
axis for 2GT as well as for 4GT. The plane of  the tere- 
phthaloyl residue, which is the main structure-determining 
feature, is similar with respect to the a and b axes in each 
case, but it is seen that the direction of  the axis of  tilt is 
very different in the two cases. 

Hall and M. G. Pass 
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Note  added in proo f  
After this paper had been accepted for publication, a 

structural determination of  the two forms of  poly(tetra- 
methylene terephthalate) was published (Yokouchi, M., 
Sakakibara, Y., Chatani, Y., Tanaka, T. and Yoda, K. 
Macromolecules, 1976, 9 ,266) .  The two accounts agree 
substantially for the relaxed form, but there appear to be 
significant differences between the proposed structures o f  
the strained form. 
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Block polymers of poly(para-xylelene) 
and polystyrene or poly(vinyl pyridine) 
prepared by anionic polymerization 

P. K. Wong, A. E. Zachariades and M. Szwarc 
Department of Chemistry, State University of New York, College of Environmental Science and 
Forestry, Syracuse, New York 13210, USA 
(Received 6 April 1976) 

Anionic polymerization ofpara-xylelene, p-X, may be initiated in solution at a low temperature 
(~ -70°C)  by electron-transfer process. The spontaneous formation of diradicals through dimeriza- 
tion ofp-X monomers is too slow at these temperatures to initiate the radical polymerization ofp-X. 
The anionic polymerization yields a living poly(p-xylelene) which is capable of growing further by 
the addition of vinyl pyridine, VP. In this way block polymers PVP-PpX-PVP were prepared. 
Alternatively, the addition o fp-X monomers to living polystyrene, PS, or living poly(vinyl pyridine), 
PVP, yields at low temperatures the block polymers PpX-PS-PpX or PpX-PVP-PpX.  The block 
polymers prepared by this approach were isolated and characterized. Even small blocks of PpX 
attached to polystyrene or poly(vinyl pyridine) make the resulting polymers insoluble in boiling sol- 
vents below 200°C. 

INTRODUCTION 

The quinonoid p-xylelene hydrocarbon, 

H2C==~CH2 
discovered by one of us as a product of pyrolysis ofp-  
xylene 1, is a highly reactive species which spontaneously 
polymerizes on any surface exposed to its vapour. Such a 
surface becomes coated by a tough, crystallinic film of 
poly(p-xylelene). In spite of its high reactivity, the p- 
xylelene persists in highly dilute vapour in monomeric 
form; its stable solutions may be obtained at low tempera- 
tures ( "  -70°C) by condensing the dilute vapour of this 
monomer into a well stirred and chilled solvent 2, e.g. 
hexane or toluene, kept at -70°C. 

The spontaneous polymerization ofp-xylelene proceeds 
through a radical mechanism initiated by the dimerization 
yielding diradicals, 2CH2=C6H4=CH2 --* 
• CH2-C6H4-CH2CH2-C6H4-CH2". Low temperature 
presumably inhibits the latter reaction as well as slows 
down the subsequent propagation. The high intrinsic re- 
activity ofp-xylelene prevents its copolymerization with 
the conventional vinyl or vinylidene monomers, and hence 
all attempts of obtaining such copolymers or block poly- 
mers were virtually in vain a. However, we expected that 
the preparation of block polymers of p-xylelene with con- 
ventional vinyl monomers could be feasible through anio- 
nic mode polymerization and, as shown in this paper, this 
expectation turned out to be correct. 

Preparation of p-xylelene from p-cyclophane 
High temperatures of about 800°-1000°C are needed 

to afford the pyrolysis p-xylene into p-xylelene. More- 
over, the resulting monomer vapour is then mixed with an 
excess of unpyrolysed p-xylene and contaminated by some 
undesirable by-products of pyrolysis. A pure monomer 
is conveniently obtained by pyrolysing para-cyclophane 4. 

Such a pyrolysis takes place at about 600°C, and the 
vapour of the precursor, maintained at low pressure, is 
then decomposed cleanly and quantitatively into p-xyle- 
lene, i.e. 

,'- 2 

CH2--CH 2 CH2 

This method has been utilized therefore in the present work. 

EXPERIMENTAL 

The apparatus used in our studies is depicted in Figure 1. 
Para-cyclophane, kindly provided by the Union Carbide 
Corp., was freshly sublimed in vacuum and placed in the 
sublimation zone (A). The wide portion (P) of the quartz 
tube was inserted into an electrically heated furnace, and 
a thermocouple, placed in a pocket tube, measured the 
temperature nf pyrolysis. The outlet (K) was connected 
to a pyrex double walled tube (F) through a quartz-to-pyrex 
graded joint and heated with electric tape to avoid any 
condensation and polymerization of the monomer on the 
walls of the outlet system. For the same reason the inner 
tube of the pyrex double walled tube (F) was also electri- 
cally heated. The double walled tube (F) fitted into a 
round flask reactor (R) equipped with a magnetic stirrer 
and connected to a high vacuum line. Two evacuated am- 
poules (B) and (C), or more if necessary, contained the 
required reagents or solvents. These were equipped with 
breakseals and magnetic hammers which allowed the in- 
troduction of the reagents at the proper time. 

After placing a weighed sample ofpara-cyclophane in (A), 
the left outlet of the pyrolysis tube is sealed and the fur- 
nace brought to a desired temperature. The whole unit is 
then thoroughly evacuated. A solvent, or a solution of a 
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Figure I The schematic drawing of the apparatus used in the pre- 
paration of block polymers of PpX 

living polymer, is then introduced into the reactor (R) by 
crushing the appropriate breakseal and the contents are 
cooled with solid carbon dioxide-isopropanol mixture. 
The sublimation zone is then heated to about 200°C with 
electric tape and subsequently the pyrolysis ensues. The 
resulting monomer vapour passes through (K) and (F) into 
the reactor (R) where it is dissolved in the stirred liquid that 
half filled the reactor. Some of the vapour reaches the 
upper walls of the reactor, above the level of the liquid, 
coating them with a coherent and insoluble film of poly(p- 
xylelene). After completion of the pyrolysis the furnace 
is switched off and, if desired, the additional reagents are 
introduced into the reactor by crushing the breakseal of 
the appropriate ampoule. Finally, air is introduced into the 
unit, the reactor detached from the outlet of the pyrolysis 
tube, and its content analysed. 

RESULTS 

We confirmed that the monomer vapour, p-X, when intro- 
duced into cold (-70°C) tetrahydrofuran (THF) does not 
polymerize but forms a Clear solution stable as long as the 
liquid is kept at -70°C. The presence ofp-X monomer in 
the solution was demonstrated by pouring the solution into 
a precooled hexane solution of iodine. The excess of io- 
dine was reduced with thiosulphate, and thereafter 2.2 g 
of CH2I.C6H4CH21 were isolated from the organic layer. 
The amount of the isolated di-iodide shows that 66% of the 
pyrolysed para-cyclophane (1.0 g) was dissolved in THF. 
The weight of the poly(p-xylelene) film coating the walls 
of the reactor was 0.30 g, and hence the material balance 
is satisfactory. 

The identity of the purified di-iodide was established by 
its n.m.r, spectrum in CDC13, 84.35, (bs, 4), and 7.24 (bs 4). 

After establishing the reliability of our procedure the 
pyrolysis ofpara-cyclophane was repeated and its vapour 
was introduced into a THF solution of sodium naphthale- 
nide. The dark green solution of the naphthalenide turned 
rapidly into a light tan suspension. The reaction was com- 
pleted after 2 h and thereafter the resulting lightly cotoured 
precipitate of apparently living poly(p-xylelene) was bleach- 
ed by adding methanol to the reactor yielding a white, dead 
polymer. 

The precipitate was filtered, washed, and dried in a vacuum 
oven. The conversion of the dissolved p-X into the polymer 
was virtually quantitative and the X-ray diffraction demon- 
strated that the precipitated poly(p-xylelene) is in the a- 
form. We conclude that the electron-transfer initiated 

anionic polymerization ofp-X monomer proceeds rapidly 
in THF at -70°C, while the initiation of its radical poly- 
merization is too slow to be observed under comparable 
conditions. 

Preparation of block polymers of PpX and styrene 
Samples of PpX-PS-PpX block polymers were pre- 

pared by introducing the vapour ofp-X monomer into a 
THF solution of living sodium polystyryl kept at -70°C. 
The polystyryl used in these experiments was prepared by 
the well known anionic technique s , initiating the polymer- 
ization with sodium naphthalenide. Its molecular weight 
and molecular weight distribution, determined by the gel- 
chromatography~ were 110 000-120 000 and 1".1-1.2, 
respectively. 

The p-X vapour was introduced by the previously des- 
cribed procedure. The red solution of the living polysty- 
rene turned into a redish-brown suspension as the reaction 
ensued. The pyrolysis was completed after 2 h and the 
living polymers were termined then by the addition of 
methanol to the reactor. The resulting white suspension 
was then separated from the homo-poly(p-xylelene) film 
coating the walls of the reactor. The latter formed 30-40% 
of the pyrolysed para-cyclophane. Repeated centrifuga- 
tion and decantation yielded a gel that coagulated on addi- 
tion of water. The coagulate was filtered, washed, and 
dried for 12 h in a vacuum oven at 110°C. Alternatively, 
the resulting suspension was gently heated until all the sol- 
vent evaporated. This procedure yields white granules 
from which the soluble fraction (up to 20%) could be ex- 
tracted with THF, benzene, or toluene. The extractable 
material, or the solid residue isolated from the decanted 
THF liquor, was shown to be homo-polystyrene, presum- 
ably resulting from the 'killing' of some living polystyrene 
in the course of manipulation preceding the addition of the 
p-X monomer. 

The polymers left after extraction were insoluble in 
boiling benzene, toluene, or chloroform. They could be 
dissolved in boiling methylnaphthalene (~250°C) but pre- 
cipitated as the temperature of the solution dropped to 
about 200°C. The results of the individual experiments 
are summarized in Table 1. The first two columns give, 
the respective amounts of pyrolysed para-cyclophane and 
of polystyrene introduced into the reactor. The total 
amount of the collected polymer, excluding the homo-PpX 
film, is given in the third column, while the fourth column 

Table 1 Preparation of the block polymers P p X - P S - P p X .  The 
polystyrene block, PS, has DP ~ 100 

Weight of Total Total Insoluble 
pyrolysed Weight of weight of weight of polymer 
para- introduced insoluble extractable 
cyclophane polystyrene polymer polymer PS PpX 
(g) (g) (g) (g) (%) (%) 

1.0 1.0 1.22 0.2 66 34 
1,0 1.0 1.19 0.4 50 50 
1.0 1.0 1.30 0.2 62 38 
1.0 0.5 1.13 0.2 27 73 
1.5 0.5 1.10 0.2 27 73 

Mechanical losses in the isolation amount often to 10% of the total 
feed. The percentages are calculated on the assumption that the 
extractable polymer is a pure PS, subtracting this amount from the 
PS feed and dividing by the total weight of the isolated, insoluble 
block polymer. This kind of calculation gives the upper limit for 
the % of PS 
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Table 2 Preparation of block polymers of 2-vinyl pyridine and 
p-xylelene 

Sample 1, Sample 2, Sample 3, 
PpX-PVP--PpX PpX-PVP--PpX PVP-PpX--PVP 

Feed (g) p-X 0.5 0.7 1.0 
Feed (g) VP 1.0 0.7 0.5 
Total (g) 1.5 1.4 ~1.5 
Film of homo- 0.20 0.28 0.32 

PoX (g) 
Insoluble co- 0.80 0.66 0.70 

polymer (g) 
Extractable 0.15 0.16 0.18 

polymer (g) 
PVP calc. (%) 73 53 29 
N calc. (%) 9.7 7.1 3.9 
N analysed (%) 10.1 6.1 4.9 

gives the amount of the insoluble block polymer left after 
extraction of the THF or benzene soluble fraction. The 
wt% PPX blocks and PS blocks are given in the last two 
columns and are derived on the basis of material balance. 

No attempts were made to prepare block polymers by 
starting with a suspension of living PpX and feeding it with 
monomeric styrene. It is known that the initiation of 
anionic polymerization of styrene by a primary carbanion, 
e.g. PhCH~Na +, is slow as compared with the subsequent 
propagation, and hence the initiation by ~ C H 2 - C 6 H 4  - 
CH~-Na + was expected to be inefficient. Instead, we de- 
cided to produce the two kinds of block polymers, viz. 
those terminated by the PpX blocks and the other possess- 
ing a middle PpX block, by using a monomer that reacts 
very rapidly with the ~ C H 2 - C 6 H 4 - C H ~  -Na ÷ end groups. 
2-Vinyl pyridine was chosen for this purpose. 

Preparation o f  block polymers o f  p-X and vinyl pyridine, 
VP 

Two kinds of block polymers of 2-vinyl pyridine (VP) 
and para-xylelene were prepared. The technique used in 
the preparation of PpX-PS-PpX was applied also in the 
preparation of PpX-PVP-PpX block polymers. Living 
poly(2-vinyl pyridine) was prepared in THF by initiating 
the polymerization with sodium naphthalenide 6. The solu- 
tion of the resulting polymer ofDP ~ 100 was introduced 
into the reactor and the p-X vapour was fed thereafter in 
the way previously described. The resulting precipitate 
was extracted with methanol in a Soxhlet and the residue 
dried in a vacuum oven. The results of two typical experi- 
ments are summarized in Table 2. Alternatively, a living 
PpX was prepared, as described earlier, by initiating the 
polymerization ofp-X monomer with sodium naphthalenide. 
Thereafter, 2-vinyl pyridine was added to the cold solution 
of the living PpX and the insoluble residue extracted with 
methanol, dried in vacuum oven and then weighed. A typi- 
cal result of such a preparation is included in Table 2 
(sample 3). 

The percentage of PVP in the insoluble fraction was cal- 
culated by assuming that the mechanically lost material 
was proportionally divided between the insoluble and ex- 
tractable fractions, the latter being assumed to be pure PVP. 
Thus the composition of the insoluble fraction was calcu- 
lated as: 

PpX = p-X (fed in) - p-X (in the film of homo-p-X) 

PVP = VP (fed in) - (corrected weight of the extract- 

able material). 

The results of such calculations are given in Table 2 and on 
this basis we calculated the percentage of N in the block 
polymers. The calculated results, given in the line before 
the last, compare satisfactorily with those listed in the last 
line and obtained by the analysis of the pertinent samples. 

L r. spectra of  the studied polymers 
All the i.r. spectra reported in this paper were obtained 

by dispersing the investigated polymers (~1 wt%) in KBr 
and pressing pellets from the mixture. The i.r. spectrum of 
anionically prepared homo-polystyrene is shown in Figure 2. 
The two strong absorption bands centred at 758 and 
696 cm-1 are characteristic of that polymer and distin- 
guish it from the anionically prepared homo-poly(p-xyle- 
lene), the i.r. spectrum of which is shown in Figure 2. The 
latter has an intense absorption band centred at 819 cm -1. 

A typical i.r. spectrum of PpX-PS-PpX block polymer 
is shown in Figure 3. The absorption bands due to the 
blocks PpX and PS are clearly seen, proving that both 
blocks are present in the investigated polymer. To demon- 

Wavelength (crn -I) 
4 0 0 0 3 0 0 0 2 0 0 0  15OO 1 0 0 0 9 0 0  8 0 0  7 0 0  

i I I r I t A 

8 

I I I I 

4 6 ; io 
Wavelength (l~m) 

Figure 2 I.r. spectra of anionically prepared polystyrene (A) and 
poly(p-xylelene) (B) 

Wavelength (crn -I) 
4 0 0 0  3 0 0 0  2 0 0  15OO IOOO9OO 8 0 0  7 0 0  

I I I I I l I l I I l 
4 6 8 IO 12 14 
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Figure 3 I.r. spectra of block polymers, PpX--PS--PpX. A, the 
originally isolated polymer; B, the spectrum of the same material 
after its precipitation from e-methylnaphthalene solution. The 
block polymer was dissolved in e-methylnaphthalene at 250°C and 
began to precipitate when the solution was cooled to ~200°C 
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Figure 4 I.r. spectra of block polymers PpX--PVP-PpX (A) and 
PVP--PpX-PVP (B) 
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Figure 5 I.r. spectra of PVP-PpX-PVP polymer before (A) and 
after (B) its precipitation from a-methylnaphthalene solution 

strate that the investigated sample contains block polymers 
and is not a blend of homo-PpX and homo-PS, the follow- 
ing tests were performed. A mixture of homo-PS and 
homo-PpX, both prepared by anionic technique, were dis- 
solved in boiling a-methylnaphthalene. Precipitation occur- 
red instantly after cooling the solution to about 200°C. 
The precipitate was isolated and its i.r. analysis showed that 
it contained PpX only. A similar solution of the P p X - P S -  
PpX sample afforded on cooling a precipitate, the i.r. spec- 
trum of which is shown also in Figure 3, and its inspection 
clearly demonstrates the presence of both blocks. Since 
polystyrene is not occluded in the poly(p-xylelene) when 
the latter precipitates from the a-methylnaphthalene solu- 
tion of the blend, its presence in the precipitate formed 
from the solution of the block polymer provides an un- 

equivocal proof of its block nature. Of course, this test 
does not preclude the presence of some homo-poly(p- 
xylelene) in the material containing a block polymer 
PpX-PS-PpX.  

Comparison of the two i.r. spectra shown in Figure 3 
suggests that the percentage of PpX in the dissolved and 
then precipitated material seems to be higher than that in 
the original sample. This observation was confirmed by 
repeating such tests with other samples of the P p X - P S -  
PpX polymers. The enrichment in PpX could be due to 
the presence of some homo-PpX in the block polymer, and 
while the former is insoluble in the cold solvent, the latter 
could be partly soluble. 

The i.r. spectra of the block polymers of PVP and PpX 
are shown in Figure 4. The presence of the PVP blocks is 
manifested by the strong absorption bands centred at 
745 cm -1 and 785 cm -1 characteristic, for the homo- 
poly(vinyl pyridine). It is significant to note the presence 
of poly(vinyl pyridine) in the PVP-PpX-PVP block poly- 
mer, an observation confirming the ability of living poly(p- 
xylelene) to continue the growth by the addition of vinyl 
pyridine. 

Finally, a Sample of PVP-PpX-PVP block polymer was 
dissolved in boiling ct-methylnaphthalene and precipitated by 
cooling the solution. The i.r. spectra of the original sample 
and of that obtained from the precipitate are shown in 
Figure 5. The presence of the PVP blocks in the latter proves 
again that the original material contained the PVP-Pp X -  
PVP block polymers and not a blend of homo-PVP and 
homo-PpX. 

We tried to develop a quantitative i.r. method of analysis 
of block polymers. However, these attempts were not yet 
met with success. 
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Christian Coulon, Nicolas Spassky and Pierre Sigwalt 
Laboratoire de Chimie Macromol~culaire associ~ au CNRS, Universite Pierre et Marie Curie, 75230 
Paris Cedex 05, France 
(Received 4 March 1976) 

The polymerization of racemic propylene oxide was performed using a chiral initiator obtained from 
the reaction of diethylzinc with ( - )  3,3-dimethyl-l,2-butanediol. With this initiator R(+) enantiomer 
is preferentially incorporated into the polymer with a stereoelectivity ratio r equal to 1.8, the r value 
remaining constant during the polymerization. The polymer was fractionated into a crystalline iso- 
tactic part and an amorphous heterotactic part, both optically active. Partial stereoelectivities were 
determined for both fractions and found to be equal to 2.6 and 1.6 respectively for polymerization 
at 80°C. Two types of sites, stereospecific and non-stereospecific, formed in the first reaction be- 
tween monomer and initiator are both active for the stereoelective polymerization. The stereospecifi- 
city of the monomer-init iator system increased at low temperatures, but the overall stereoelectivity 
remained constant and seemed to be an intrinsic property of the system. 

INTRODUCTION 

Propylene oxide was the first heterocyclic monomer to be 
polymerized in its optically active form by Price and Osgan 
in 1956 ~, giving an optically active polymer. It was also the 
first monomer to be involved in an asymmetric selective or 
stereoelective polymerization in which a racemic monomer 
is polymerized using an asymmetric catalyst 2. 

Over the last ten years the Japanese school with the 
groups of  Furukawa and Tsuruta have investigated various 
features of  these processes and this work has been reviewed 
in several papers 3'4. The initiator systems which were used 
in such polymerizations are derived from the reaction be- 
tween an organometallic compound, usually diethylzinc, 
and chiral compounds with active hydrogens such as alco- 
hols 2, amino-acids 5 or other derivatives. 

Most of  the results reported up to now were run with a 
low polymer conversion (generally less than 30%) and 
under these conditions a linear relationship between optical 
purity and conversion was established by Furukawa e t  al. 6 
defining the asymmetric selectivity of  the catalytic system. 

A few years ago we investigated the stereoelective* 
polymerization of  propylene sulphide, and it was found 
that the initiator systems obtained from the reaction of  
diethylzinc with chiral 1,2-diols were much more efficient 
than those obtained using chiral alcohols a. We also investi- 
gated the stereoelective process at various conversions and 
have established a theoretical relationship which fitted well 
with experimental data 9. 

It was interesting therefore to see if this type of  initiator 
was more efficient in the case of  propylene oxide than the 
initiators used previously and also to study the stereoelec- 
tive process up to high conversions. 

* Using the terminology introduced by Pino et al. 7 in the case of 
olef'ms. 

EXPERIMENTAL 

Mater ia l s  

Commercial racemic propylene oxide was stored on 
potassium hydroxide, then distilled on a spinning band 
column and purified under vacuum on calcium hydride. 
It was chromatographically pure. A commercial solution of  
diethylzinc in heptane (Orgmet) was used. It was redistilled 
and distributed in graduated ampoules under vacuum. The 
classical EDTA method was used for the zinc content titra- 
tion; ( - )  3,3-dimethyl-1,2-butanediol was prepared as des- 
cribed elsewhere 23. 

P o l y m e r i z a t i o n s  

All the experiments were carried out in sealed apparatus 
using high vacuum technique. Diethylzinc was allowed to 
react with chiral 1,,2-diol in heptane solution for 2 h at 
80°C, the solvent was evaporated and the initiator dried at 
80°C under vacuum for several hours. Then, the monomer 
was introduced by distillation and the polymerization 
carried out at a convenient temperature. At the end of the 
polymerization unreacted monomer was recovered by vacuum 
distillation. Chloroform and a few drops of  acetic acid were 
added to the residual polymer. The catalyst residue was 
separated by centrifugation and the solution washed several 
times with water in order to eliminate all traces of  diol. The 
chloroformic solution was dried on sodium sulphate and • 
finally the polymer recovered and dried under vacuum. 
Optical activities were measured on a Perkin-Elmer P 141 
Polarimeter. t3C n.m.r, spectra were observed in CC14-C6D 6 
(90:10) solutions on a JEOL PS 100 FT spectrometer. 
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Table I Polymerization of racemic propylene oxide at 80°C in bulk using diethylzinc ( - )  3,3-dimethyl-l,2-butanediol (1:1 molar ratio) as 
initiator system 

No. 

[C] Polymer- a ~  [a] ~)s 
_ _  ization Polymer unraacted [r~] whole 
[M] Time yield monomer C6H6 polymer 
(mol %) (h) (%) neat, dm (dl/g) C6H 6 C = 1 

12 ~ 2.62 7 12 --0.42 1.39 - 9 . 2  
5* 1 42 14 --0.49 --9.6 

14~ 2.47 5 17 --0.64 0.92 --8.6 
91" 2.72 15 23.5 --0.97 1.41 - 8 .5  
7t  2.80 24 42 --1.87 1.74 --7.7 
8* 1.35 52 63 --3.5 3.48 - 6 . 0  
6$ 2.1 41 65.5 --3.6 3.0 -5 .7  

11 t 2.64 48 93 --8.2 2.07 - 2 .4  
13:1: 2.46 29 94 --8.7 3.31 --1.7 
10t 2.72 63 96 -9.0 1.87 --1.3 

*Polymerization carried out in heptane; tinitiator dried 2 h at 80°C; ~initiator dried 10 h at 80°C 

POLYMERIZATION USING DIETHYLZINC/(-)  3,3- 
DIMETHYL- 1,2-BUTANEDIO L (1 : 1) SYSTEM 

Stereoelectivity o f  the system 
Racemic propylene oxide was polymerized using the 

initiator system derived from the reaction between diethyl- 
zinc and (R) ( - )  3,3-dimethyl-1,2-butanediol (DMBD) in 
equimolar ratio. The preparation of the catalyst was car- 
ded out under conditions described elsewhere ~° and in all 
cases we have used an initiator in which the ratio R - M - O /  
O - M - O  between alkylalcoholate and dialcoholate species, 
was equal to 0.24. The polymerization was carried out in 
bulk at 80°C. The experimental data are given in Table 1. 
As one can see, the optical activity ot m of unreacted mono- 
mer increases with conversion to polymer, while the optical 
activity of the polymer otp is decreasing. The signs of un- 
reacted monomer in pure liquid form and of polymer in 
benzene solution are both levorotatory. This means that 
(R)-enantiomer was preferentially incorporated into the 
polymer chain [poly(IRI propylene oxide) is levorotatory 
in benzene solution l] leaving an excess of S ( - )  enantiomer 
in the unreacted monomer. This corresponds to the so- 
called 'homosteric' type process as was defined in the case 
of propylene sulphide 11. 

If  one plots the optical activities of unreacted monomer 
versus the conversion to polymer as shown in Figure 1, one 
can see that the experimental data fit well on a curve which 
corresponds to the following theoretical equation (1), estab- 
lished previously for the stereoelective processg: 

(1 - x )  r-1 - 1 + c=/a 0 (1) 
(1 - alao)r 

where a is the optical activity of unreacted monomer, so 
the optical activity of pure enantiomer, x the conversion 
and r the stereoelectivity ratio. 

a and x are directly obtained from experimental data 
and a 0 was deduced from n.m.r, data on the polymer 12 
and was taken to be 11.9 ° (neat, dm). The best theoretical 
curve fitting the experimental data corresponds to a value 
of the stereoelectivity r equal to 1.8 as shown in Figure 1. 

Similar calculations could be made for the polymer 
giving the same r value. In all cases we have checked that 
the optical balance between the recovered monomer and 
the polymer satisfies the relation (2) proposed previously 
by Inoue et aLla: 

M[ctrn ] = ~mo P[ap] (12) 
avo 

where a, ap, Otmo and apo are the optical activities of unreac- 
ted monomer, obtained polymer, pure enantiomer and pure 
polyenantiomer respectively. M is the ratio of recovered to 
starting monomer and P the yield (%) of optically active 
polymer. This is shown in Figure 2. The slope of the 
straight line corresponding to the ratio amo/apo was found 
to be 0.34 which is identical to the calculated theoretical 
value 11.9/35 = 0.34. 

The stereoelectivity ratio found (r = 1.8) is one of the 
highest obtained for propylene oxide. Comparison with 
the results of Tsuruta and Furukawa is not very easy, 
because they have usually worked at low conversions where 
very small variations of optical activity of the monomer 
produce strong variations in the r value. One can estimate 
however, that for ZnEt2/(+) borneol system the stereo- 

I.( 

-IO -IO 

.'.. o,21 
-4 

-2 

0 0.5 
X 

Figure I Stereoelective polymerization of racemic propylene 
oxide using diethylzinc/(--) 3,3-dimethyl-l,2-butanediol as initiator 
system. Polymerization carried out at 80°C, r = 1.8. A, optical 
activity of unreacted monomer (neat, din); e, optical activity of 
whole polymer (C = 1, benzene); , theoretical curves accord- 
ing to equation ( 1 ) 
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Figure 2 Relation between optical activities of recovered mono- 
mer and whole polymer, em01ep0 = 12135 = 0.34 

electivity should be close to 1.5-1.63 and the best result 
for ZnEt2/amino-acid system was found equal to 1.2 s. A 
single result for (FeCl3/propylene oxide) complex-H20 
catalyst containing d-bornylethylether corresponds to 
r = 1.71, however in this case the polymer obtained was 
optically inactive 6. In our case both unreacted monomer 
and resulting polymer fitted satisfactory with the proposed 
r = 1.8 value. 

A few experiments were performed in heptane solution. 
These experimental data fit on the same theoretical curve 
with r = 1.8. The polymerization times are however much 
longer in solution than in bulk, as expected. 

polymerization of racemic propylene oxide: C. Coulon et aL 

Fractionation of the polymer 
Crude polymers were fractionated into crystalline, semi- 

crystalline and amorphous fractions using selective solubility 
in acetone at different temperatures. 

Using this procedure the following fractions were iso- 
lated: a crystalline polymer insoluble in acetone at room 
temperature; a semi-crystalline polymer insoluble at -20°C 
and an amorphous polymer, soluble in acetone below 
-20°C. 

Crystalline fractions were of high molecular weight (an 
intrinsic viscosity of I~l = 7.7 corresponds to 800 000 MW) 
and high melting points (varying from 69 ° to 72°C). Semi- 
crystalline fractions were of lower molecular weights and 
lower melting points. 

Results of the fractionation are given in Table 2. If one 
plots [t~] 25 of polymers versus conversion one can see that 
data for the crystalline and semi-crystalline fractions fall 
on the same curve corresponding to a stereoelectivity ratio 
equal to 2.6. The data for amorphous fractions, on the 
other hand, fit well on a theoretical curve corresponding 
to a much lower stereoelectivity ratio equal to 1.6 (Figure 3). 

Effect of temperature on polymerization 
A lowering of the temperature from 80 ° to -8°C (see 

Table 3) decreased the rate of polymerization by a factor 
of one hundred if comparing times of polymerization neces- 
sary to reach similar yields. The overall stereoelectivity of 
the system r was not changed significantly. However, dis- 
tributions between crystalline and amorphous fractions and 
their corresponding 'partial' stereoelectivities, were con- 
siderably modified. Thus, as much as 65% of the crystalline 
fraction was isolated in the polymerization run at -8°C 
against only 10% in the polymerization carried out at 80°C. 
The proportion of semi-crystalline fraction does not alter 
much as a function of temperature, this fraction resulting 
probably from an imperfect fractionation. As expected, the 
proportion of amorphous fraction increased as the tempera- 
ture increased (Figure 4). 

The stereoelectivities of all fractions decreased with 
decrease in temperature, while overall stereoelectivity re- 
mained nearly constant. The semi-crystalline fraction ob- 
tained at low temperature has a stereoelectivity very similar 
to the amorphous fraction, in contrast to their stereoelec- 
tivities at 80°C. 

Table 2 Fractionation of poly(propylene oxides) obtained in stereoelective polymerizations. Experimental conditions as described in 
Table I 

Fraction insoluble in acetone 
Fraction soluble 

in acetone 
25 

[e] D A t  room temperature A t  - 2 0 ° C  A t  - 2 0 ° C  
whole 

No. polymer*  (%) [~] ~)5- [~] t (%) [~] ~)5- [rt] t I%) [<~] ~ *  [~1] t 

5 --9.6 8 --14.4 67 --7.6 
14 --8.6 12 --14.1 3.60 10 --14.9 1.40 78 --7.1 0.95 
9 --8.5 9.4 --14.0 4.62 9.2 --14.4 1.76 81.4 --7.2 0.98 
7 --7.7 10.3 --12.5 4.2 12.3 --12.6 1.63 73.5 --6.5 1.0 
8 --6.0 16.6 --10.5 8.1 9.1 --10.7 2.58 74.2 --5.8 2.05 
6 --5.7 15 -- 9.9 7.9 82 --5.1 

11 --2.4 12.4 -- 2.8 5.63 6.1 -- 3.0 1.9 81.0 --2.0 1.53 
13 --1.7 18.2 -- 2.4 5.50 7.4 -- 2.5 2.0 72.4 --1.5 2.24 
10 --1.3 12.0 -- 1.5 3.72 6.2 -- 2.0 1.8 79.6 --1.0 1.15 

* In benzene C = 1; td l /g  in benzene 
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Figure 3 Stereoelective curves fo r  whole polymer and its crystal. 
line and amorphous fractions. Polymerization carried ou t  at 80°C. 
A, r = 2.6; B, r = 1.8; C, r = 1.6; O, whole; O, crystalline; o, semi 
crystal l ine; V ,  amorphous 

According to Tsuruta et al. ' "  and Furukawa et al. is, 
racemic stereoregular poly(propylene oxide) could be 
separated into two fractions of opposite signs with pre- 
dominent R- and S-units. The crystalline fraction is there- 
fore a mixture of poly-R type chains and poly-S type 
chains in different amounts formed on enantiospecific sites. 
For other fractions Tsuruta considered a full spectrum of 
sites having more or less R or S character 3'*. 

It is possible to make an estimation of the distribution 
of various sites knowing the proportion of different fractions 
and the partial stereoelectivities. 

At the beginning of the polymerization the enantiomeric 
composition of the polymer first formed directly reflects 
the stereoelective choice of the initiator. 

R / S - 1  r - 1  
[aP]0/[czO] =R/S+ 1 ~ r +  1 

where [a_] 0 is the optical activity of the polymer extrapo- 
lated to t~e origin for a given r; [s 0 ] is the optical activity 
of optically pure polymer [we haveVtaken [ol 0 ] -- 35(C6H6 
C = 1)]. 

Therefore it is possible to determine the distribution of 
R- and S-type species for each fraction of polymer, corres- 
ponding to a partial r. Then knowing the amount of each 
fraction in the whole polymer, one can calculate the percen. 
tage of polymer corresponding to different stereoregularities 
and different chiralities. Calculations were performed using 
experimental data obtained at various temperatures. Al- 
though there is no direct indication that amorphous poly- 
mer may be separated into fractions of opposite signs, we 
have introduced such fractions of both chiralities in our 
scheme. 

Indeed, with a decrease in the temperature of polymer- 
ization there is an increase in the stereoregular fraction and 
with an increase in the temperature a substantial decrease. 
We consider that there is a full spectrum of sites having 
different R-type and S-type characters. The distribution of 
stereospecific and non-stereospecific sites depends on the 
experimental conditions, namely on the temperature. At a 
high temperature (80°C) only 10-15% of active sites are 
highly stereospecific (giving a crystalline fraction), but the 
existence of a semi-crystalline polymer fraction is an indi- 
cation that other sites have potential stereospecificity. With 
a decrease in the temperature many more sites become 
stereospecific giving rise to a crystalline polymer (65% of 
crystalline fraction at -8°C). The latter requires sequences 
of approximately at least ten successive monomer units of 
the same configuration incorporated in the polymer chain. 

The overall stereoelectivity is not affected by this change 
in distribution, but a continuous variation of the amounts 
of different fractions is observed when changing the 
temperature. The estimated distributions of different poly- 
mer fractions calculated from the experimental data are 
given in Table 4. 

As one can see an almost symmetric variation of the per- 
centage of fractions is observed when changing the tem- 
perature from - 8  ° to +80°C. Such distributions could 
directly reflect the spectra of active sites of both chiralities 
and of different degrees of stereospecificity existing in the 
polymerization system for given experimental conditions. 

Tab/e 3 Effect of  the temperature on stereoelective po lymer izat ion of  racemic propy lene oxide 

Polymer- unreacted 
ization monomer [ap] ~)s* 

t time Yield neat, dm whole 
(°C) (h) (%) (degrees) polymer [r/] t r 

Fractionation in acetone 

Insoluble at room 
temperatu re 

(%) [ap]  ~)s* r 

Insoluble at - -20°C Soluble at - -20 ° C 

--8 426 14.6 --0.50 --8.3 5.8 
28 63.F 53 - 2 . 4  --6.0 4.9 
50 40 80 --5.1 --4.1 2.8 
80 5 17 --0.64 --8.6 0.92 
80 63 96 - 9 . 0  --1.3 1.87 

1.8 65 --10.5 2.0 6.5 -- 5.6 1.4 27.5 --3.9 1.2 
1.72 38 --11.5 2.7 5 -- 5.9 1.6 57 --3.3 1.35 
1.72 26 -- 7.0 3.0 6.5 -- 4.0 1.8 67.5 --2.9 1.5 
1.8 12 --14.1 2.6--2.5 10 --14.9 2.6 78 --7.1 1.6 
1.75 9 - 1.5 2.6--2.7 8.2 -- 2.0 2.6 82.6 --1.0 1.6 

* In  benzene C = 1; t d l / g  in benzene 
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Figure 4 Variation of the percentage of crystalline and amorphous 
fractions as a function of the temloerature of polymerization. V, 
crystalline part; [3, semi-crystalline part; O, amorphous part 

Stereoregularity o f  polymers 
The stereoregularity of the different polymer fractions 

were used as a tool for the study of the stereospecificity of 
sites in the mechanism of polymerization. 

13C n.m.r, was used for the study of the stereoregularity. 
Schaefer x6 has shown that the tertiary carbon of the poly 
(propylene oxide) chain is sensitive to triad effects and the 
methylenic carbon to dyad effects only. The assignment of 
peaks was reconsidered by Oguni et aL 17 and confirmed 
with the use of optically active monomers by Uryu et al. is 
and ourselves ~2. 

For a random polymer in CC14 solution, the i, (hi + hs) 
and s triads of tertiary carbon were respectively located at 
75.5, 75.4 and 75.3 ppm, while the m and r dyads, corres- 
ponding to methylenic carbon, found at 73.5 and 73.1 ppm 
(from TMS). The methyl carbon was observed as a singlet 
at 17.6 ppm. The crystalline and the semi-crystalline frac- 
tions showed only one type of peak for each carbon, e.g. at 
75.5, 73.5 and 17.6 ppm, which indicates that these poly- 
mers are highly isotactic. The amorphous fractions, on the 
contrary, showed a heterotactic structure with predominance 
of i peak and m peak in triads and dyads respectively 
(Figure 5). 

It was interesting to discover if the tacticity found corres- 
ponded to a statistical distribution of R and S units in the 
chain, the R/S ratio being directly related to the optical 
activity of the polymer, or whether there was some kind of 
preferential sequence of units in the chain. 

In the first case the arrangement of units should corres- 
pond to a Bernouilli type formation of dyads and triads, in 

the second case the tacticity found would be higher (or 
different from) than statistical distribution. 

In previous work on propylene sulphide 19 it was demon- 
strated that the triad distribution could be calculated easily 
from the enantiomeric composition of a polymer obtained 
by a non-specific initiation. Thus, if the starting monomer 
mixture has an enantiomeric composition R/S = 1/p the 
relative amounts of triads and dyads in the polymer are 
given by: 

i = - -  
p3 + 1 p(p + 1) 
(,o+1)3; s = h s = h i -  (p + 1)3 

and 

m -  

p 2 + l  2p 

(p + 1)2; r = (p + 1)-~--~ 

The enantiomeric composition R/S could be obtained 
simply from the optical activity of the polymer. Indeed, a 
linear relationship was found between optical activities of 
the polymer and of the monomer 2° and moreover the opti- 
cal purity of the latter was determined 12. 

The calculation of theoretical amounts of triads and 
dyads could be carried out easily for our amorphous sam- 
pies and the comparison with experimental data obtained 
from 13C spectra showed (Table 5) a satisfactory agreement 
with tacticity derived from a statistical Bernouilli type 
process. 

Therefore the amorphous fraction is very probably due 
to non-specific stereoelective sites. 

MECHANISM OF POLYMERIZATION 

Some mechanistic aspects of stereoelective polymerization 
of propylene oxide using chiral catalysts have already been 
described by Tsuruta 2~ and Furukawa 6. The ring-opening 
occurs almost exclusively at the primary carbon-oxygen 
bond and a polymer having some stereoregularity is 
produced. 

Using our chiral initiator, we preferentially polymedzed 
the R(+) enantiomer which corresponds to a so-called 
'homosteric' choice, i.e. the configuration of the chosen 
enantiomer is identical to that of the chiral agent used. 
The result is similar to the result observed previously for 
propylene sulphide using the same initiator 11. Anti-steric 
type initiators for propylene sulphide in which R - M - O /  
O - M - O  ratio is higher than 3 (excess of alkylalcoholates 
species) were not able to polymerize racemic propylene 
oxide under the same conditions. The stereoelectivity 
found was lower in the case of propylene oxide (r = 1.8) 

Table 4 Variation of the percentage of polymer fractions of different stereoregularities and chiralities as a function of the temperature of 
polymerization. Experimental conditions as described in Table 3 

R-type polymer S-type polymer 
Polymerization 
temperature Stereoregular Stereoregular Stereoirregular Stereoirregular Stereoregular Stereoregular 
(°CI (a) (b) (c) (c) (b) (c) 

--8 43 3.7 15 12.5 2.7 22 
28 27 3 33 24 2 11 
50 19.5 4.2 40 27.5 2.3 6.5 
80 8.6 7.2 48 30 2.8 3.4 

(a) Crystalline fraction; (b) semi-crystalline fraction; (c) amorphous fraction 
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Figure 5 13C n.m.r, spectra of  the amorphous par t  of poly(pro- 
pylene oxide) obtained is stereoelective polymerization. Amorphous 
polymer [a] ~)5 = --5.8 (C = 1, C6H6); spectra run in CCI4/C6D6 
(90: t0) solution at 40°C 

-dlSI 

- k'RICI LRI + kRICRI tRI 

dt 

then 

- k'sICI ISI + ks i f sI  ISI 

d l R I  k'RICi +kRICRI IRI t e l  
- -  - x - -  = r - -  ( 3 )  
dlSi k'slCI + k s l f s l  ISI iSI 

where 

k~ ICI + kR ICRI 
r =  

k'slCI + kslCst 

than in the case of propylene sulphide (r = 2.4). A possible 
explanation of this result could be found in the difference 
of 'hardness' or 'softness' of both systems. 

The oxygen atom of the oxirane cycle is a 'hard' element, 
according to the classification of Pearson 2~, while the sul- 
phur is much softer. The association of the latter with the 
zinc,:a soft element, is more favourable and this could play 
a role in the monomer-initiator interaction during poly- 
merization steps, iCRI 

The fractionation of poly(propylene oxide) into crystal- rs p - 
line (isotactic) and amorphous (heterotactic) parts is a IfsI 
strong support for the existence of different kinds of sites: 
one, stereospecific, giving isotactic polymer, others, non- 
specific but stereoelective, giving heterotactic polymer. 

Stereospecific sites are enantiomorphic with R-type and 
S-type chirality. They give through homopolymerization of ICRI > 6Csi 
each enantiomer R-type chains and S-type chains which are 
in principle separable. 

Non-stereospecific sites present an overall electivity cor- 
responding to the preferential choice of one enantiomer. 

If one calls C, CR and CS the concentrations of non 
stereospecific sites, or stereospecific R-type sites and S-type Y~ikiRCi 
sites respectively and k'R, k's, kR and ks the global rate con- rnsp - ~ikisC i 
stants of polymerization on these sites, one obtains the 
following kinetic equations for R and S enantiomers: 

The stereoelectivity ratio r is constant during all the poly- 
merization and equal to 1.8 in our system. 

Therefore equation (3) can be integrated and gives the 
theoretical relation (1) given previously. 'Partial' stereo- 
electivities could be defined for each type of sites. 

The change in the relative proportion of stereospecific 
and non-stereospecific sites according to polymerization 
conditions, and particularly temperature, seems to show 
that there exists a whole spectrum of sites, stereospecific 
or non-stereospecific, having a relative preference for one of 
the enantiomers, the rate of each type of site being ~,ik'iRCi 
for non-stereospecific sites choosing preferentially R, 
~ikiR CiR for stereospecific sites choosing R, and so on. 

For pure stereospecific sites, if kR and ks are supposed 
equal, the partial stereoelectivity is: 

and stereoelection results from unbalanced concentration of 
R-type and S-type sites 

In our case rsp is equal to 2.6. 
For non-stereospecific process the stereoelectivity is 

given by the ratio: 

which is equal to 1.6 for our system. 

Tab/e 5 Calculated and exper imental  dyads and triads for amorphous fractions of poly(propylene oxides) prepared by stereoelective 
polymer iza t ion 

~ C Triads --CH 2 -  Dyads 

i h s m r 

[~P] u25a R/S b Calc. Found Calc. Found Calc. Found Calc. Found Calc. Found 

--5.8 58.3/41.7 0.273 0.27 0.486 0.49 0.243 0.24 0.514 0.51 0.486 0.49 
--13.2 c 68.9/31.1 0.36 0.35 0.42 0.43 0.21 0.21 0.57 0.56 0.43 0.44 
--16.6 c 73.7/26.3 0.385 0.38 0.41 0.40 0.205 0.22 0.59 0.60 0.41 0.40 

+6.3 c 41.0/59.0 0.285 0.28 0.475 0.47 0.24 0.25 0.524 0.52 0.476 0.48 
+8.5 c 37.9/62.1 0.29 0.30 0.47 0.48 0.235 0.22 0.53 0.55 0.47 0.45 

aln benzene C = 1 ; bbased on [c=~] = 35 for an optically pure monomer  ct o = ! 1.9 (neat, dm)12; Camorphous part  of polymers taken from ref 22 
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Preliminary results recently reported for propylene oxide 
and propylene sulphide 22 show that the stereoelectivity ratio 
changed with the enantiomer composit ion of  the monomer 
used. However, the r values remained constant during the 
polymerization.  This would seem to indicate that active 
sites are formed only after a reaction of  pre-existing sites 
with the monomer  at the beginning of the polymerization.  

More data are needed in order to explain the relationship 
between the global ratio r and partial ratios rsp and rns p. 

Particularly, it is not  yet  clear why the overall selectivity 
is constant with temperature and seems to be an intrinsic 
proper ty  of a monomer - in i t i a to r  system. 

CONCLUSIONS 

The polymerizat ion of racemic propylene oxide was per- 
formed using a chiral initiator derived from the reaction of  
diethylzinc with ( - )  3,3-dimethyl-l ,2-butanediol .  During 
the polymerizat ion and up to high conversions, the stereo- 
electivity ratio, e.g. the preferential choice of  the initiator 
for one of the enantiomers,  was constant and a simple re- 
lation between the conversion and the optical puri ty of  un- 
reacted monomer  remained valid. 

The stereoelectivity is equal to 1.8, which is the highest 
value found up to now for propylene oxide. However this 
stereoelectivity is lower than that found for propylene 
sulphide for the same initiator. 

The polymer could be fractionated into a crystalline 
isotactic part and an amorphous heterotactic part  both  
optically active. Partial stereoelectivities could be deter- 
mined for both fractions, the crystalline one corresponding 
for example at 80°C to a ratio of  2.6 against 1.6 for the 
amorphous part. 

Two types of  sites, stereospecific and non-stereospecific, 
probably formed in the first reaction between monomer 
and initiator,  are both active for the stereoelective 
polymerization.  

The proport ion of  stereospecific and non-stereospecific 
sites depends on the temperature of  the polymerization,  
but  the overall stereoelectivity remains constant and seems 

to be an intrinsic property of  this monomer - in i t i a to r  
system. 
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Salt effect on cationic copolymerization 
between c i s - a n d  t r a n s  - ethyl propenyl 
ethers 

Kenji Yamamoto and Toshinobu Higashimura 
Department of Polymer Chemistry, Faculty of Engineering, Kyoto University, Kyoto 606, Japan 
(Received 15 March 1976) 

In order to study the common-ion effect on monomer reactivity ratios, cationic copolymerization 
between cis- and trans-ethyl propenyl ethers was carried out at O°C by using iodine or acetyl perchlo- 
rate as initiator. In toluene, the cis isomer was several times more reactive than the trans isomer 
regardless of the kind of initiators employed. When a common-ion salt (tetra-n-butylammonium 
iodide, triiodide, or perchlorate) was added to the copolymerization system in ethylene dichloride, 
the monomer reactivity ratios were changed approaching those observed in a non-polar solvent such 
as toluene. On the other hand, in nitroethane the monomer reactivity ratios were only slightly affec- 
ted by the addition of common-ion salts. These noticeable common-ion effects on monomer reactivity 
ratios in the 'cis-trans' copolymerization were satisfactorily explained on the basis of the steric hin- 
drance between the substituents of monomers and a bulky propagating chain end. 

INTRODUCTION 

Recently the common-ion effect has been examined with 
the cationic copolymerizations between vinyl ethers and 
styrene derivatives and between styrene derivatives initiated 
by iodine t or acetyl perchlorate 2. When a common-ion salt 
was added to the copolymerization systems in a polar sol- 
vent, it was found that the monomer reactivity ratios 
approached those observed in a non-polar solvent. These 
changes in monomer reactivity ratios were interpreted in 
terms of the depression of the dissociation of propagating 
species by a common-ion salt, and hence the selectivity of 
propagating species is dependent upon its dissociation 
state. 

In the cationic copolymerization between eis- and trans- 
ethyl propenyl ethers initiated by BF3OEt 2, it has been 
reported that the relative reactivities of the two monomers 
depend greatly on the solvent polarity 3-s. In a non-polar 
solvent thecis isomer is several times more reactive than 
the trans isomer, while in a polar solvent both isomers 
show nearly the same reactivities. 

The addition of a common-ion salt to a polymerization 
system will vary the degree of dissociation of propagating 
species without changing its counter-ion in a given solvent 1#. 
If the change in monomer reactivity ratios by the solvent 
polarity in the 'eis-trans' copolymerization results from 
that in the dissociation state of propagating species, the 
addition of the common-ion salt is also expected to change 
the monomer reactivity ratios. Therefore, in the present 
investigation, the common-ion effect on the cationic copoly- 
merization of cis- and trans-ethyl propenyl ethers in seve- 
ral solvents was examined and the propagation mechanism 
was discussed on the basis of the experimental results 
obtained. 

EXPERIMENTAL 

Materials 

Ethyl propenyl ether (EPE) was synthesized by the 
elimination of ethanol from the corresponding acetal 

which was prepared from propionaldehyde and ethanol 6. 
The cis and trans isomers of EPE were separated by frac- 
tional distillation through a spinning-band column of over 
70 theoretical plates. The cis and trans isomers were iden- 
tified by i.r. and n.m.r, spectroscopy. The boiling points 
of cis- and trans-EPE were 69 ° and 75°C, respectively. 
The spin-spin coupling constants of olefinic a- and ~-pro- 
tons were 6.8 Hz for the cis isomer and 13.2 Hz for the 
trans isomer; these values being similar to those for other 
propenyl ethers 7. The two monomers were distilled over 
calcium hydride and then over metallic sodium just before 
use. The geometric purities ofcis- and trans-EPE were 
found by gas chromatography to be 99.0% and 98.0%, res- 
pectively; each purified monomer containing only its geo- 
metric isomer as impurity. 

Solvents (toluene, ethylene dichloride, and nitroethane) 
and n-heptane as an internal standard for gas chromato- 
graphy were purified by the usual methods. Iodine (Merck, 
Guaranteed Reagent) was used without further purification. 
Acetyl perchlorate (AcC104) was synthesized by the same 
methods as described in the previous paper s. Tetra-n-butyl- 
ammonium iodide (n-Bu4NI) (Wako Pure Chemicals, 
Guaranteed Reagent) and tetra-n-butylammonium per- 
chlorate (n-Bu4NC104) (Nakarai Chemicals, Guaranteed 
Reagent) were used after drying overnight in vacuo. Tetra- 
n-butylammonium triiodide (n-Bu4NI3) was synthesized 
from n-Bu4NI and iodine 9. 

Procedures 

Copolymerizations were carried out under dry nitrogen 
in the same manner as reported previously t°. The concen- 
tration of residual water in the copolymerization system 
was found to be 0.2-0.3 mmol/1 by the Karl-Fischer titra- 
tion. n-Heptane (5 vol%) was added to the reaction mix- 
ture as the internal standard for gas chromatography. Co- 
polymer compositions were determined from the amount 
of residual monomers measured by gas chromatography. 
Monomer reactivity ratios were calculated according to an 
improved Fineman-Ross method n. Molecular weights of 
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Figure I Effect of solvent on the copolymerization of cis-EPE (M c) 
with trans-EPE (M t) by 12 at 0°C, [M]  0 = 10 vol%. o ,  C2HsNO2; 
A, (CH2Cl)2; E~, C6HsCH 3 

Table 1 M o n o m e r  reac t iv i ty  rat ios in the copolymerization of 
cis-EPE (M c) w i t h  trans-EPE (M t) at  0 °C  ( [ M ]  o = 10 vo l%) 

Solvent Salt  r c r t  

Initiator: 12 (1.0 m m o l / I )  

C6HsCH3 a - 2.08 + 0.13 0.41 + 0.03 
(CH2CI) 2 - 0.99 + 0.03 0.68 -+ 0.02 
C2HsNO2 - 1.02 +- 0.01 0.97 +- 0.01 
(CH2CI) 2 n-Bu4NI (1.0) 1.22 + 0.04 0.57 +- 0.02 
(CH2CI)2 n-Bu4NI3 (1.0) 1.29 -+ 0.06 0.52 + 0.03 
(CH2CI)2 n-Bu4NI3 (5.0) 1.48 +- 0.09 0.51 -+ 0.03 
C2HsNO2 n-Bu4NI (1,0) 1.09 +- 0.02 0.95 + 0.01 
C2HsNO2 n-Bu4NI3 (1.0) 1.18 -+ 0.04 0.87 -+ 0.02 

Initiator: AcCIO 4 (0.01 retool / I )  

C6HsCH3 - 1.62 -+ 0 .03 0 .29  +- 0.01 
(CH2CI)2 - 1 .18 + 0 .03  0 .78  + 0 .02  
(CHT.CI) 2 n -Bu4NCIO4 (1.0) 1 .40 + 0 .05  0 .53  + 0 .02  

a[12] 0 = 10.0 m m o l / I  
Values in parentheses represent the concentration of salt in 
m m o l / I  

all the copolymers obtained were found to be about 3 x 103 
(vapour pressure osmometry). Therefore, the conventional 
copolymer composition equation can be safely applied. 

RESULTS 

Copolymerization o f  cis-EPE (Mc) with trans-EPE (Mt) by 
iodine 

The effect of solvent polarity on the copolymerization 
of cis- and trans-EPE was investigated by using iodine as 
initiator at 0°C. Copolymerizations proceeded relatively 
slowly in the three solvents. Figure 1 shows the copolymer 
composition curves. Monomer reactivity ratios (r c and rt) 
are summarized in Table 1. C/s-EPE was more reactive than 
trans-EPE regardless of the solvent polarity. As the solvent 
polarity decreased, rc increased and rt decreased. 

A common-ion salt for iodine was added to the copoly- 
merization system in a polar solvent. Since it is uncertain 
whether a counter anion is I -  or I~- in the cationic poly- 
merization initiated by iodine 12-14, both n-Bu4Nl and 

n-Bu4NI3 were tentatively used as common-ion salts in the 
present investigation. 

Figure 2 shows the copolymer composition curves for 
the copolymerization in ethylene dichloride and in nitro- 
ethane in the presence of n-Bu4NI or n-Bu4NI3. Monomer 
reactivity ratios are summarized in Table 1. The addition 
of the common-ion salts in ethylene dichloride affected 
the monomer reactivity ratios and the resultant copolymer 
composition curves approached that observed in toluene. 
Although the effect of n-Bu4NI is not so large as that of 
n-Bu4NI3, it is clear that the monomer reactivity ratios are 
changed by the addition of both salts. In nitroethane, a 
more polar solvent than ethylene dichloride, the monomer 
reactivity ratios were little affected by the addition of the 
common-ion salts. 

Copolymerization o f  cis-EPE (Mc) with trans-EPE (Mr) by 
AcCl04 

C/s- and trans-EPE were copolymerized by AcC104 at 
0°C. Figure 3 shows the effects of the solvent polarity and 
of the addition of n-Bu4NC104. Monomer reactivity ratios 
are summarized in Table 1. When AcC104 was used as 
initiator, cis-EPE was more reactive than trans-EPE regard- 
less of the solvent polarity as in the copolymerizations by 
iodine. As the solvent polarity decreased, r c increased and 
r t decreased. Furthermore, in etl~ylene dichloride, the addi- 
tion of n-Bu4NC104 one hundred times as much as AcC104 
affected the monomer reactivity ratios and the resultant 
copolymer composition curve approached that observed 
in toluene. In nitroethane the copolymerization rate was 
so large that the monomer reactivity ratios could not be 
determined. 

DISCUSSION 

In the cationic copolymerization between eis- and trans- 
EPE initiated by iodine or by AcC104, the monomer re- 

I'O 

-->" / / o , / / f . S "  
o o ,  

• - / / , ,y. , , ,p 

0 0 .5  1.0 

M c in monomer  

Figure 2 Effect of n-Bu4NI or n-Bu4NI3 on the copolymerization 
of cis-EPE (M c) with trans-EPE (M t) by 12 at 0°C, [M] 0 = 10 vol%, 
[12] 0 = 1.0 retool/l: A, (CH2CI)2, [n-Bu4NI]o = 1.0retool/I; ©, 
(CH2CI)2, [n-Bu4NI3] 0 = 1.0 retool/I; [3, (CH2CI)2, [n-Bu4NI3]o = 
5.0 mmol/I; @, C2HsNO2, [n-Bu4Nt]o = 1.0 mmol/I;&, C2HsNO2, 
[n-Bu4NI3]o = 1.0 mmol/I. Broken lines show the salt-free copoly- 
mer composition curves in various solvents (from Figure 1): A, 
C6HsCH3; B, C2HsNO2; C, (CH2CI)2 
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Figure 3 Effect of solvent and n-Bu4NCIO4 on the copolymeriza- 
tion of cis-EPE (M c) with trans-EPE (M t) by AcCIO4 at 0°C. [M] 0 = 
10 vol%, [AcCIO4]0 = 0.01 mmol/l: ©, (CH2CI)2, salt free; O, 
(CH2CI)2, [n-Bu4NCIO4]o = 1.0 mmol/I, ~, C6HsCH3, salt free 

activity ratios were changed by the addition of  a common- 
ion salt in ethylene dichloride, and the resultant copoly- 
mer composition curves approached those obtained in 
toluene. This may be the first example of  the cationic 
copolymerization of  mt3-disubstituted olefins, in which the 
monomer reactivity ratios are affected by the addition of  
a common-ion salt. The addition of  a common-ion salt to 
a reaction mixture is expected to depress the dissociation 
of  propagating species through the mass-law effect. The 
propagating species will exist in the form of ion pairs and 
free ions in ethylene dichloride. When a common-ion salt 
is added, some of  the free ions will be changed to ion pairs 
and hence the relative reactivities of  monomers will approach 
those in a non-polar solvent such as toluene, in which ion 
pairs will be the propagating species exclusively. 

On the other hand, in the iodine initiated copolymeriza- 
tion in nitroethane the monomer reactivity ratios were 
little affected by the addition of  n-Bu4NI or n-Bu4NI 3. 
The propagating species in nitroethane must be ion pairs in 
the presence of  a common-ion salt. Therefore, the above 
results suggest that the nature of  these ion pairs is similar 
to that of  free ions. The present explanation is based on 
the same viewpoint as that presented in our previous 
paper 2. 

It has been shown by 13C n.m.r, measurements and 
molecular orbital calculations that the n-electron densities 
of  a- and 13-carbons are similar to cis- and trans-EPE is. 

Therefore, it is safe to assume that the magnitude of  elec- 
trostatic interaction between the propagating carbocation 
and its counterion does not depend on the geometric struc- 
ture of  monomers. In spite of  these, the relative reactivities 
of  cis- and trans-EPE changed considerably according to 
the dissociation state of propagating species. This suggests 
that a factor other than the electrostatic one plays an im- 
portant role in the determination of  relative reactivities in 
the 'cis-trans'  copolymerization. 

In a non-polar solvent, the propagating carbocation 
forms a tight ion pair with its counter-ion, hence the grow- 
ing chain end must be very crowded. In this circumstance 
it is probably more difficult for the propagating carboca- 
tion to attack trans-EPE than cis-EPE, because the former 
carries two bulky substituents on both sides of  its olefinic 
double bond. This will lead to the higher reactivity ofcis- 
EPE than that of  trans-EPE in a non-polar solvent. It is 
therefore concluded that the changes in relative reactivities 
of  EPE by the addition of  common-ion salts result from 
the difference in steric hindrance of the propagating species 
in different dissociation states. The above explanation is 
essentially consistent with the propagation mechanism 
proposed in our previous paper concerning the solvent 
effect on the cationic copolymerization between cis- and 
trans-EPE initiated by BF3OEt25. 
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Experiments on the flow of melts of mixtures of thermodynamically incompatible polymers show 
that ultra-fine fibrils of one of the polymers form in the matrix of the other in the entrance to the 

extrusion orifice. 

INTRODUCTION 

Earlier published papers ~-s show that in the flow of melts 
of mixtures of thermodynamically incompatible polymers 
under certain conditions ultra-thin fibrils of one of the 
components form in the mass of the other. Melts of mix- 
tures of polyoxymethylene (POM) with a copolyamide 
(CPA) show the phenomenon clearly (Figure 1). 

The experimental results seek answers to the following 
questions: is the length of elementary ultra-thin fibrils 
determined by the dimensions of the individual particles 
of the fibril-forming polymer or are fibrils of considerable 
length obtained due to the coalescence of the particles of 
the fibril-forming polymer deformed in the flow? Where 
does fibrillation take place, at the entrance to the duct, in 
the duct, or at its exit? 

RESULTS AND DISCUSSION 

Formation of fibrils begins at a temperature 2°C above 
the melting point of POM: the smallest particles become 
extended, forming the fibrils (Figure 2), but the bulk of 
POM remains in the shape of undeformed particles. At 
177°C fibril formation becomes more pronounced, but 
large POM particles (=100/am) still do not stretch, but 
aggregate. It is from such POM aggregates at increasing 
volume output, that films form (Figure 3). The largest 
particles do not appear to take part in fibril formation at 
all, but move in the stream from its axis to the periphery 
(Figure 4) and settle mainly in concentric rings. Conditions 
can probably be found under which POM in the CPA mass 
forms only thick films in the shape of concentric cylinders. 

The results show that the process of fibrillation takes 

EXPERIMENTAL 

The series of extrudates of a mixture of POM + 70% CPA 
was obtained in a constant pressure gas capillary viscosi- 
meter at temperatures of 173 °, 177 ° and 190°C. The melt- 
ing point of the POM was determined by d.t.a, and was 
taken as the melting peak at 171°C. The melting peak at a 
heating rate of 4°C/min is rather wide 6, covering the range 
from 158 ° to 180°C. The characteristics of the polymers 
and the conditions under which they were mixed have been 
described before 7. Conditions of deformation were as 
follows: the shear stress at capillary wall was 5.25 104 N/m2; 
diameter of capillary, 0.92 mm; capillary length to diameter 
ratio, 6. The outflowing extrudate was passed into a mix- 
ture of isopropyl alcohol and dry ice (temperature -70°C) 
or into liquid nitrogen. The copolyamide was extracted 
from the set extrudate with ethyl alcohol at 75°C in a 
Soxhlet apparatus. After the removal of CPA the micro- 
structure of thin sections of the extrudates and the rem- 
nants of POM were examined under an optical or electron 
microscope. 

* To whom correspondence should be addressed. 
Figure I Electron microphotograph of an extrudate transversal 
fracture POM + 70% CPA mixture 

POLYMER, 1976, Vol 17, September 831 



Fibrillation in the flow of molten polymer mixtures: IV/. V. Tsebrenko et aL 

is provided also by the formation of ultra-thin fibrils with 
POM powder of particle diameter ~2 #m. In this case a 
bundle of fibrils, obtained after the extraction of CPA from 
the extrudate, contains no separate particles or short fibrils 
indicating that the fibrils are continuous in length. 

Figure 2 Microphotograph of POM after extraction of CPA from 
the extrudate produced at 173°C 

Figure 4 Microphotograph of a-longitudinal 
section of an extrudate produced at 177°C 

Figure 3 Electron microphotograph of an extrudate fracture. 
Arrow indicates particle aggregates in the form of films 

place by the stretching of POM particles in the direction 
of the stream and is accompanied by their coalescence, 
which is the necessary prerequisite for producing long 
uniform continuous fibrils. 

Microscopic analysis of longitudinal sections of extru- 
dates obtained at 177°C confirm the deformation of the 
particles (Figure 5), and an electron microphotograph 
clearly shows coalescence of the particles which seem to 
form a chain of 'Vienna sausages' (Figure 6). 

In the case of well pronounced fibrillation the bundles 
obtained contain ~10 a ultra-thin fibrils. Since it is not 
possible to measure the length of an individual fibril in the 
bundle, we examined microscopically the POM after the 
extraction of CPA from the extrudates formed at 177°C, 
when only a small number of POM particles take part in 
fibril formation. The individual fibrils, so obtained were 
several millimetres in length and,simple calculations show 
that the formation of a fibril about 20/am in diameter 
and 3.2 mm long requires coalescence of 12 POM particles 
with a mean diameter of 53 #m. Proof of the coalescence 
of deformed POM particles in the direction of the stream 

_ . . . . .  

Figure 5 Microphotograph of a longitudinal section 
of an extrudate produced at 177°C, illustrating stretch- 
ing and coalescence of stretched POM particles 
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in the zone adjacent to the entrance to the capillary the 
stream lines form concentric cone-like funnels in which the 
fibrillation is very pronounced (Figure 8). Nearer to the 
walls the process becomes weaker and peters out in the 
dead zones of the container. 

Figure 6 Electron microphotograph of  individual POM fibrils 
after extraction of CPA from the extrudate 

Figure 7 Microphotographs of a longitudinal section of a frozen 
sample from the entrance zone area: (a) along stream axis; (b) paral- 
lel to the axis at distance of 200  #m from it. A,  entrance to capil- 
lary. Arrow indicates direction of the f low 

Experiments in which the extrudated stream was frozen 
in liquid nitrogen were carried out to ascertain the place 
where formation of ultra-thin fibrils takes place. For this 
purpose a dismountable capillary consisting of  semi-cylinders 
fastened to the viscometric container charged with polymer 
mixture was used. The container and capillary were placed 
in a thermostat at 190°C, a pre-set pressure applied and 
when the regime of flow stabilized, the container with the 
capillary was rapidly irr.mersed in liquid nitrogen. Examina- 
tion of such chilled samples enables the character of POM 
particle and fibril distribution in the CPA mass, during the 
flow of the melt in the viscosimetric container, in the en- 
trance zone and in the capillary to be studied. 

Figure 7a shows a microphotograph of a longitudinal 
section of a frozen sample in the entrance zone area, while 
Figure 7b presents the same results for a section which is 
parallel to the former, but is situated at a distance of 
200/an away from the stream axis. These data show con- 
vincingiy that fibrillation takes place in the entrance zone 
and is due to the effect of tensile stresses which extend 
and coalesce the POM particles in the direction of the 
stream lines. 

Figure 8 Microphotographs of longitudinal sections 
of a frozen sample, illustrating formation of funnel in 
entrance zone: (a) along stream axis; (b) parallel to 
the axis at distance of 0.5 mm from it 

P O L Y M E R ,  1976,  Vo l  17, Sep tember  833  



Fibrillation in the flow of molten polymer mixtures: M. V. Tsebrenko et aL 
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Figure 9 Representation of the fibrillation process in the entrance 
zone and in the ducts 

Figure 11 Microphotograph of a longitudinal sec- 
tion of a frozen sample at a zone of stabilized flow 

These results show that the formation of  ultra-thin fib- 
rils takes place in the entrance zone of  the ducts and the 
effect of  tensile stress on the particles and their coalescence 
in the entrance zone is a prerequisite for the product ion 
of  continuous fibrils. 

Figure 10 Microphotograph of a longitudinal section of a frozen 
sample, illustrating the process of fibril shrinkage and loss of 
parallelism 

On the basis of  microscopic examinations the fibrillation 
process can be presented schematically as shown in Figure 9. 
Under the effect of  tensile stresses acting in the direction of  
the stream the stretching and coalescence of  the par- 
ticles of  the fibrillation component  takes place in the en- 
trance zone (Figure 9, A). Close to the entrance to the duct 
the stream narrows sharply (Figure 9, B) and at a definite 
distance from the entrance (Figure 9, C) the influence of  its 
walls becomes manifest,  leading to the intensive develop- 
ment  of shear and retardation of  the stream. This is appa- 
rent in shrinkage (enlargement of  diameters) of  the fibrils 
and loss of  parallelism in their mutual  arrangement as shown 
in Figure 10. In the zone of  shear flow the fibrils become 
parallel once again (Figure 9, D; Figure 11). 

ACKNOWLEDGEMENT 

The authors are indebted to Dr B. V. Yarlykov, who helped 
them to stage the tests with the dismountable capillary. 

REFERENCES 

1 Tsebrenko, M. V., Yudin, A. V., Kuchinka, M. Yu., Vinogradov, 
G. V. and Zubovich, K.A. Vysokomol. Soedin. (B) 1973, 15, 
566 

2 Yudin, A. V., Tsebrenko, M. V., Kuchinka, M. Yu. and Vino- 
gradov, G. V. Abstr. Compl. Res. Work. Ukr. Higher Sch. 1974, 
7,3 

3 Tsebrenko, M. V., Yakob, M., Kuchinka, M. Yu., Yudin, A. V. 
and Vinogradov, G. V. Int. J. Polym. Mater. 1974, 3, 99 

4 Vinogradov, G. V., Yarlykov, B. V., Tsebrenko, M. V., Yudin, 
A. V. and Ablazova, T. I. Polymer 1975, 16,609 

5 Ablazova, T. I., Tsebrenko, M. V., Yudin, A. V., Vinogradov, 
G. V. and Yarlykov, B. V. J. Appl. Polym. Sci. 1975, 19, 1781 

6 Vlasenko, V. I., Mel'nikov, B. N., Blinicheva, I. B., Yudin, A. V. 
and Tsebrenko, M. V. Proc. Higher Sch. Chem. Chem. Technol. 
1973, 16,760 

7 Ablazova, T. I., Tsebrenko, M. V., Yudin, A. V., Vinogradov, 
G. V. and Yarlykov, B.V. VysokomoL Soedin. (.4) 1975, 17, 
1385 

8 3 4  P O L Y M E R ,  1976,  Vol 17, September 



[ Notes to the Editor 

Swelling of linear polymers in mixed 
swelling agents; predictability by means 
of solubility parameters 

P. E. Froehling, D. M. Koenhen, A. Bantjes and C. A. Smolders 
Laboratory for Macromoleculer Chemistry, Twente University of Technology, PO Box 217, 
Enschede, The Netherlands 
(Received 26 March 1976; revised 19 May 1976) 

INTRODUCTION 

The solubility behaviour of polymers 
can be predicted to a reasonable ex- 
tent by applying the Hildebrand rela- 
tion I which connects the energy of 
mixing of two compounds to their 
individual energies of vaporization: 

- V(61 - 62 )  2 (1 )  
~bl~b 2 

where ~ m i x  is the energy of mixing; 
(I) 1 andS2, the volume fractions of the 
components; V, the total volume of 
one mole of the mixture and 51, 62, 
the Hildebrand solubility parameters 
of both components, defined by: 

6 = (cohesive energy density) 1/2 

k V m ]  
(2) 

where z2tEva p is the energy of vapor- 
ization and Vm is the molar volume. 
From equation (1) it is clear that a 
smaller difference in 6 between two 
compounds results in a diminished 
energy of mixing. A decrease in 2XEmi x 
gives a higher degree of swelling and 
eventually complete solubility may 
result. The applicability of equation 
(1) has been extended by Hansen 2, 
who divided the solubility parameter 
into contributions from disperse (6d), 
dipole (6p) and donor/acceptor or 
hydrogen-bond (6h) interactions, and 
represented 6 as: 

(3) 
which may be taken as a vector sum. 

It is possible to express each of the 
solubility parameter components for a 
mixture of two solvents as: 

6m,iW-d~lSl,i+~262,i; i=d,p, h (4) 

This relation can be used only when 
there are no specific interactions upon 
mixing, since these interactions (e.g. 
additional donor/acceptor interactions) 
do not obey the geometric mean rule. 

The values of the components of 8 
have been reported for numerous com- 
pounds, and methods to calculate them 
from other physico-chemical properties 
of solvents and polymers are progress- 
ing rapidly 3. 

The often encountered enhanced 
interaction of polymers with solvent 
pairs can be explained by the vector 
concept of the solubility parameter, of 
which a representation is given in 
Figure 1. 

The affinity of a solvent mixture X 
(on the line A-B)  with respect to a 
polymer is inversely proportional to its 
distance to P, the location of the poly- 
mer in the 5d, 8p, 8 h space. It is evi- 

dent that for the given spatial con- 
figuration of A, B and P there exists 
a point M at which the energy of mix- 
ing is at a minimum and swelling 
should reach a maximum. The appli- 
cation of the solubility parameter con- 
cept to the interaction of polymers 
with solvent mixtures has been con- 
fined up to now to qualitative aspects 
of the solubility of linear polymers 2'4 
and the swelling behaviour of cross- 
linked elastomers s. We wish to report 
here on the application of the same 
concepts to the swelling of linear poly- 
mers by swelling agent/non-solvent 
mixtures. 

The systems studied are shown in 
Table 1. Toluene, trichloroethylene 
and n-butyl acetate are well-known 
swelling agents for poly(vinyl chloride), 
while methanol and nitromethane are 
strict non-solvents 2. For the combina- 

tion n-butylacetate/nitromethane a 
deviating behaviour may be expected, 
as these solvents show mutual inter- 
action on account of their respective 
electron donating and accepting char- 
acter 6. The other two solvent pairs do 
not show specific interactions which 
may cause deviations. 

EXPERIMENTAL 

Poly(vinyl chloride), Breon S 110/10 
(BP Ltd), was a very pure preparation 
according to i.r. spectrum and elemen- 
tary analysis. From gel permeation 
chromatography (solvent tetrahydro- 
furan, stationary phase Styragel-Waters 
Associates) the molecular weight dis- 
tributionwas calculated as 7 ~ / ~ n  = 
28 000, Mw = 56 000 using calibration 
samples of PVC from Pressure Chemi- 
cal Co. All solvents were analytical 
grade quality. 

PVC films were cast from a 15% so- 

A 

6 h 

Figure I Spatial representation of solvent 
mixture/polymer interaction 

Table I Solubil i ty parameters of PVC and 
solvents. Values are taken from ref 3 

Compound 6 d 6 0 6 h 

PVC 9.15 4.9 1.5 
Toluene 8.82 0.7 1.0 
Trichloroethylene 8.78 1.5 2.6 
n-Butylacetate 7.67 1.8 3.1 
Nitromethane 7.70 9.2 2.5 
Methanol 7.42 6.0 10.9 
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lution in tetrahydrofuran. The dry 
films (about 0.5 mm thick) was cut 
into pieces o f " 2 0 0  mg. The pieces 
were immersed in the solvent mixtures, 
and (after rapid blotting with filter ~: 0.6 
paper) weighed after 2, 6 and 20 h .~ 
immersion. Ecluilibrium was attained ~ 0.4 
after 6 h at 20~C. All experiments 
were carried out in triplicate. ~. 0.2 

O RESULTS 

The results of the swelling experiments 
are plotted in Figures 2 - 4 ,  together 
with the calculated polymer/solvent 
distances in the ~ space: 

a = [(gp.s  - ap~,)2 + ( g a s  - ga.p) 

+ (gh.S -- gh.p)2] 1/2 (5) 

where the subscripts S and P refer to 
solvent and polymer respectively. 

Values of 8 were taken from Koen- 
hen 3. The values of the solvent mix- 
tures were calculated according to 
equation (4). It is clear that for the 
solvent pairs toluene/methanol and tri, 
chloroethylene/nitromethane which do 
not show donar/acceptor interactions 
upon mixing, the maximum in the 
swelling curve coincides with the calcu- 
lated composition at which the distance 
in g-space is minimal. The magnitude 
of the relative increase in swelling with 
relation to the pure solvents appears to 
be proportional to the calculated de- 
crease in A. 

It should be pointed out that the g 
values for PVC as given by Hansen 2 re- 
sult in a poorer agreement between the 
calculated and measured extreme values 
of A and degree of swelling. In the 
case of the donor/acceptor solvent pair 

Figure 2 Calculated interaction parameter 
A and measured relative weight increase of 
PVC in toluene/methanol mixtures 
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Figure 3 Calculated interaction parameter 
A and measured relative weight increase of 
PVC in trichloroethylene/nitromethane 
mixtures 
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Figure 4 Calculated interaction parameter 
A and measured relative weight increase of 
PVC in n-butylacetate/nitromethane 
mixtures 

n-butyl acetate/nitromethane no maxi- 
mum occurs in the swelling curve, con- 
trary to expectation. 

Caution should therefore be exer- 
cised in the application of the solubility 
parameter concept in mixtures of sol- 
vent which may interact through donor/ 
acceptor forces. 
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INTRODUCTION 

Currently more and more additives 
are being used in polymers, particu- 
larity the polyolefins. These additives 
include f'fliers, flame retardants, pig- 

* Present Address: Van Leer Research 
Laboratories, Passfield, Hampshire, UK 

ments etc. Consequently, it is desir- 
able to be able to predict the concen- 
tration of additive above which the 
mechanical properties significantly 
deteriorate. This communication de- 
tails a method of calculating an opti- 
mum f'flier concentration using prin- 
ciples well known in the surface coat- 

ing industry. While this proposed tech- 
nique will be illustrated using high den- 
sity polyethylene, it is thought that 
since the equations presented here are 
of a general nature, they may be more 
widely applicable. Of the many tests 
available elongation at break is prob, 
ably the most sensitive and will be used 
here to compare experimental results 
with theory. 

THEORY 

Consider a polymeric material to which 
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ments etc. Consequently, it is desir- 
able to be able to predict the concen- 
tration of additive above which the 
mechanical properties significantly 
deteriorate. This communication de- 
tails a method of calculating an opti- 
mum f'flier concentration using prin- 
ciples well known in the surface coat- 

ing industry. While this proposed tech- 
nique will be illustrated using high den- 
sity polyethylene, it is thought that 
since the equations presented here are 
of a general nature, they may be more 
widely applicable. Of the many tests 
available elongation at break is prob, 
ably the most sensitive and will be used 
here to compare experimental results 
with theory. 

THEORY 

Consider a polymeric material to which 
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pigment is added in increasing amounts. 
Ultimately a point is reached where just 
sufficient polymer (binder) is present 
to fdl the voids between pigment par- 
ticles. This point is defined as the Criti- 
cal Pigment Volume Concentration 
(CPVC). The term pigment is used 
here rather loosely and is taken to 
mean, pigments, fillers and extenders. 
The term CPVC, has been 'borrowed' 
from the paint industry and hence it is 
convenient to retain their terminology. 
According to Patton 1 the CPVC repre- 
sents the densest packing of the par- 
ticles commensurate with the degree 
of dispersion and is found to be rela- 
tively independent of the binder used 
(except for polymer emulsions). Hence 
it can be argued that the CPVC is a 
basic property of the pigment. 

Above the CPVC insufficient poly- 
meric material is available to bind all 
the pigment particles, while below the 
CPVC a state of excess binder exists. 
Associated with this transition, chan- 
ges can be expected in terms of paint 
performance, thus for example, high 
gloss can be achieved below the CPVC 
while above it matt finishes result. 
Other properties like flexibility and 
permeability are also affected. It 
should be appreciated that the CPVC 
is not a sharp point of inflection; pro- 
perties change gradually, and in gene- 
ral follow sigmoidal shaped curves. 

One method of determining the 
CPVC values for pigments and fillers 
is to use oil absorption figures. The 
oil absorption (OA) is defined as the 
amount of oil required to wet a par- 
ticular pi~gnent and depends on par- 
ticle size distribution and degree of 
dispersion. It is usually expressed as 
grams of oil per hundred grams of pig- 
ment and can be simply determined 
by adding oil drop-wise to a known 
weight of pigment, rubbing with a 
spatula and considering the end point 
to be when a uniform film forms. 
Various other methods to measure 
oil absorption have been described by 
Gardner and Sward 2 and results are 
slightly dependent on the method 
used. 

The relationship between oil absorp- 
tion and CPVC is given by: 

100 

CPVC- Pf x 100% (1) 
OA 100 
- - +  

Po Pf 

where Of is the density of filler (pig- 

ment); OA, the oil absorption (g/100 g) 
and Po is the density of oil used. 

Since oil absorption values are 
known to be additive ~ it follows that 
in a blend consisting of many pigments 
or fillers the following holds: 

( CP VC)B lend = 

VI(CPVC)I + F2(CPVC)2 + 

V1 +V2+ 

~ ( C P V ~ 3 +  . . . . . .  + 

V3+ . . . . . .  + 

Vn(CPVC)n 

v. 

o r  

z vi(cevc)i 
(cevC)Blend - (2) 

ZV; 

where Vi is the volume fraction of a 
particular pigment or filler. 

On applying these equations to 
polyethylene, it is assumed that the 
filler is distributed throughout the 
amorphous regions only, hence if the 
degree of crystallinity (by volume) of 

Notes to the Editor 

the base polymer is @ it follows that 
the critical volume fraction of filler, 
Vfcrit is given by: 

Vfcr~ = CPVC x (1 - ~b) (3) 

This can readily be converted to 
critical weight fraction of filler, 
Wfcfit by: 

W f  crit = 

(v;~Opf (4) 
Pm( 1 -- VfcriO + ( Vfcrit) Pf 

where pfis the density of fdler; Pm is 
the density of polymer matrix and 
(1 - Vfcdt) = Vm(volume fraction of 
polymer). 

In a blend of many pigments and 
fillers it is necessary to replace pfin 
equation (4) by p-f where p-f is a weigh- 
ted average density. 

The following assumptions are basic 
to the argument and are discussed in 
more detail below. 

It is assumed that the filler is distri- 
buted in the amorphous regions only. 
In the case of polyethylene the size of 
the crystallite would appear to exclude 
any foreign material; with other semi- 
crystalline polymers some disruption 
of the crystallites may occur. Other 

Table 1 Materials specification 

(A) 

(B) 

Polyethylene: 
Viscosity-average molecular weight 
MFI  (ISO R292A) 
Density 
Melting range (polarized microscope) 

110 000 
0.25 g/lO min 
959 kg/m 3 
132 ° -  135°C 

Antimony trioxide: 
Density 5500 kg/m 3 
Purity >99% 
Oil absorption* (g/100g) 12 
Refractive index 2 .09-2 .29  

(C) Chlorinated hydrocarbont: 
Approximate chemical formula C23H28CI20 
Approximate molecular weight 1010 
Amount of chlorine (w/w) 6 8 - 7 2 %  
Density 1630 kg/m 3 
Oil absorption** (g/100g) 35 

(D) Alumina trihydrate~: 
Density 2400 kg/m 3 
Oil absorption (g/100g) 40 
Purity >99% 
Chemical formula AI203.3H20 
Refractive index 1.58 

* B =1 hn ed d ns k 3 i nl s t e r iI o'ed " se o' (de i ty935 g/m ) 'scommo y u  ed o m  asu eo" absorp- 
tion; * *  measured by author; t typically Cereclor 70 ® from ICI Ltd; ~ typically 
Trihydrate E ® from Plastichem 
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assumptions include no volume change 
on the introduction of the filler and 
that oil absorption is an accurate mea- 
sure of the CPVC. Strictly both these 
statements are incorrect, however they 
are adequate approximations for this 
simple theory. 

Clearly care should be exercised in 
using the above equations, which are 
intended to be a rough guide only. 

APPLICATION OF THEORY 

The above theory was studied using 
high density (linear) polyethylene 
(HDPE) as a matrix together with two 
different fillers viz. antimony trioxide/ 
chlorinated hydrocarbon in the molar 
ratio Sb:CI of 1:3 and alumina trihy- 
drate. Properties of polyethylene and 
the f'fliers used are shown in Table 1, 
the data being taken from the manu- 
facturer's information sheets. 

In the case of the antimony/chlorine 
system the theoretical calculations de- 
tailed above gave a critical weight frac- 
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Figure 1 

I0 210 30 40 
Additive (%) 

E longa t ion  at  break as a f u n c t i o n  
o f  a m o u n t  o f  add i t i ve  at  Sb:CI  rat io o f  1:3 

tion of filler of 29%, while from con- 
sideration of Figure I it can be seen 
that the elongation at break decreases 
rapidly after 25% additive. 

Regarding alumina trihydrate a criti- 
cal weight fraction was calculated to be 
24%, while Figure 2 indicates a value 
of 26%. 

Thus, while the assumptions used 
in the theoretical model are somewhat 
crude it would appear that their use is 
justified as the practical results indicate. 
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400~ 
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0 

Figure 2 
of amount of alumina trihydrate 
Although the theory has only been 
tested on HDPE it is thought that it 
could be applied to all polymers as the 
equations used are of a general nature. 
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I Letter 

Laser-Raman spectroscopic studies of mechanically-loaded polymers 

There has recently been interest in the 
effect of mechanical stress on the vibra- 
tional spectra of polymers with the 
prime aim of obtaining some insight 
on the fracture mechanism of poly- 
mers. I n  particular Zhurkov and co- 
workers 1~ using infra-red transmission 
spectroscopy have examined the 
effect on skeletal vibrational modes of 
applying small stresses to thin polymer 
films or fibres. They observed small 
frequency shifts which were a linear 
function of applied stress and agreed 
with theoretical predictions of Guba- 
nov3; such stress-sensitivity has been 
confirmed in the i.r. by Roylance and 
De Vries 4 and by Wool and Statton 5. 

Recent work in our laboratories 
has shown that laser-Raman spectro- 
scopy can be used in a similar, but 
more convenient way to i.r. for the in- 
vestigation of the effect of stress on 
polymers. This letter outlines the 
application, briefly compares the re- 
sults with the i.r. data, and highlights 
the advantages which Raman offers for 

such studies. 
Our investigations have included 

polypropylene (PP), polycarbonate 
(PC), polystyrene and nylon-6,6. The 
samples used are standard 4 in ASTM 
tensile testing dumbbells which thus 
allow direct correlations to be made 
with tensile test data. The dumbbells 
are stretched in situ in a mechanical 
jig with the orientation shown in 
Figure I and with almost no restric- 
tions of sampling area. 

The spectrometer used was the 
Spex Ramalog 4 with triple mono- 
chromator. The 514.5 and 488.0 nm 
exiting lines of a CRL Ar + laser were 
used, with Claasen filtering, at a power 
level of ~200 mW at the sample. 
Fluorescence presented no problem 
with PP but PC samples required about 
an hour to 'burn' out. To check the 
effect of the laser beam on the polymers 
some samples were left in the beam for 
up to three days with neither visible 
effect nor any further changes in the 
Raman spectra. The draw direction is 

/ Y  
So mple (4 in.ASTM J / T J  
d u m b b ~ ~  

/ // ~ Polarization 

Draw Laser 
direction direction 

i , 300/ ,~, ,  
', ,' Collection optics #" 

direction ,v , 
out of paper} i 

I V i 

Laser direction 

Figure I Sample orientation in Raman 
spectrometer (Spex Ramalog 4) 
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prime aim of obtaining some insight 
on the fracture mechanism of poly- 
mers. I n  particular Zhurkov and co- 
workers 1~ using infra-red transmission 
spectroscopy have examined the 
effect on skeletal vibrational modes of 
applying small stresses to thin polymer 
films or fibres. They observed small 
frequency shifts which were a linear 
function of applied stress and agreed 
with theoretical predictions of Guba- 
nov3; such stress-sensitivity has been 
confirmed in the i.r. by Roylance and 
De Vries 4 and by Wool and Statton 5. 

Recent work in our laboratories 
has shown that laser-Raman spectro- 
scopy can be used in a similar, but 
more convenient way to i.r. for the in- 
vestigation of the effect of stress on 
polymers. This letter outlines the 
application, briefly compares the re- 
sults with the i.r. data, and highlights 
the advantages which Raman offers for 

such studies. 
Our investigations have included 

polypropylene (PP), polycarbonate 
(PC), polystyrene and nylon-6,6. The 
samples used are standard 4 in ASTM 
tensile testing dumbbells which thus 
allow direct correlations to be made 
with tensile test data. The dumbbells 
are stretched in situ in a mechanical 
jig with the orientation shown in 
Figure I and with almost no restric- 
tions of sampling area. 

The spectrometer used was the 
Spex Ramalog 4 with triple mono- 
chromator. The 514.5 and 488.0 nm 
exiting lines of a CRL Ar + laser were 
used, with Claasen filtering, at a power 
level of ~200 mW at the sample. 
Fluorescence presented no problem 
with PP but PC samples required about 
an hour to 'burn' out. To check the 
effect of the laser beam on the polymers 
some samples were left in the beam for 
up to three days with neither visible 
effect nor any further changes in the 
Raman spectra. The draw direction is 

/ Y  
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d u m b b ~ ~  

/ // ~ Polarization 

Draw Laser 
direction direction 

i , 300/ ,~, ,  
', ,' Collection optics #" 
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Figure I Sample orientation in Raman 
spectrometer (Spex Ramalog 4) 
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along the direction of  polarization of  
the laser radiation. 

We have made an extensive study of  
all the Raman-active modes in the re- 
gion 4000 to 10 c m - I  of  polycarbo- 
nate and polypropylene and prelimi- 
nary studies on polystyrene and nylon- 
6,6. We have examined frequency 
changes, band intensity changes and 
depolarization ratios for small stresses 
and large stresses up to the yield point. 

In general our experimental results 
are in agreement with the i.r. data but 
our much wider coverage of  all vibra- 
tional modes and to larger stresses sug- 
gests that caution must be taken over 
the early interpretation ~'2 of  the ob- 
served changes. Table 1 lists our results 
for some of  the bands of  PP, in all cases 
the data being taken as the average of  
at least three replicate runs. From 
this it is clear that the skeletal modes 
are not the only modes which are 
stress-sensitive. For the skeletal modes, 
in concordance with the i.r. studies, we 
observe a slight decrease in frequencies 
with applied stress up to neck. After 
neck we find an increase in frequency 
often to higher than their initial values. 
Additionally we have found significant 
intensity changes usually very sudden 
at the necking-point, which is not ac- 
companied by a sudden frequency 
change, the latter being a gradual 
change between limits. With depolari- 
zation ratios we have found a sudden 
drop in the ratio with small amounts 
of  stress with no change thereafter. 

The interpretation of  our results 
will be discussed later in a full paper. 
However, we feel that the Zhurkov/ 
Gubanov 1-3 theory of  the stressing of  
the interatomic bonds in the molecule 
is an unlikely mechanism and that the 
modification of  intermolecular forces 
is of  greater importance. We thus 
favour a mechanism along the lines of  
changes in molecular conformations 
proposed by Cunningham et al. 6 for 

Table I Frequencies (cm -1) of selected bands in the Raman spectrum of mechanically 
loaded polypropylene 

Stressed 

Prior to Prior to Band 
Unstressed neck break assignment 

2923.5 2923 2923 vC--H (CH2 anti) 
2883 2883.5 2881.5 vC-H (CH 3 sym ) 
2867.5 2867 2868.5 vC-H (CH2 sym) 
2839.5 2839 2838 vC-H (CH2 sym) 
1459 1458.5 1459.5 CH2 bending 
1435 1434 1435 CH 3 antisym bending 
1151.5 1151 1152.5 Skeletal C-C 
973.0 972.8 972.5 a Skeletal C-C 
808.5 807.5 807.0 Skeletal C-C 
320.0 320.0 321.5 Skeletal C=C bending 
105.5 104.5 Absent Lattice vibration? 

aFor comparison purposes this peak has been studied on scale expansion and values are 
quoted to 0.1 cm - 1  and are the mean of 10 runs. Other values are quoted to 0.5 cm - 1  
and are mean of at least 3 runs. 

the polarized i.r. spectral changes 
occurring in poly(ethylene terephtha- 
late) on drawing. From the depolari- 
zation ratio measurements it would 
appear that orientation occurs very 
early in the stress process and changes 
very little thereafter. The sudden in- 
tensity changes are thought to be a 
conformational change at neck the 
preferred conformer on necking being 
more 'streamlined' than the other. 

We hope to have shown the value 
of  laser-Raman as a research tool for 
stress analysis. The convenience of  
using bulk samples, in particular stan- 
dard dumbbells, together with almost 
no restrictions on sampling area, 
which allows the ready use of  sophis- 
ticated stress- and strain-measuring 
equipment, gives it many advantages 
over the i.r. technique. However, it 
should be emphasized that the two 
methods are complementary rather 
than competitive and that the use of  
both i.r. and Raman on the same sys- 
tem is likely to lead to a better under- 
standing of  the stress-sensitive 
phenomena. 
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Book Reviews 

Structural Studies of Macromolecules by Spectro- 
scopic Methods 
Edited by K. J. Ivin 
Wiley, London, 1976, 339 pp. £14.50 

This volume is based largely on the contributions to a meeting held 
at Cranfield Institute of Technology, England, in July 1974. The 
object of the meeting, and also that of this volume, was to bring 
together information about the application of some of the more 
recently developed spectroscopic methods to the study of macro- 
molecules. It consists of sixteen individual chapters, which vary 
in length from 8 to 69 pages and which may be divided into five 
groups, of roughly equal total length, dealing with neutron Scatter- 
ing, far infra-red and Raman spectroscopy, X-ray photoelectron 
spectroscopy (ESCA), n.m.r. 03C and IH) and e.s.r. The character 
of the individual chapters varies quite widely, from one in the re- 
view-style on ESCA, which forms the longest chapter of the book, 
to rather specialized chapters such as that on 13C n.m.r, studies of 
a-methylstyrene-alkane copolymers. This variation is not a weak- 
ness, since the different spectroscopic methods involved are in 
different stages of development both in terms of their general 
application and of their more specific application to polymers, and 
by avoiding any attempt at a rigid style of coverage it has been pos- 
sible to produce a book of modest length with stimulating and rea- 
sonably up-to-date contributions on all the techniques considered. 

The book deals with experiments on nearly 100 macromole- 
cules. Most of them are synthetic polymers but very brief descrip- 
tions are given of neutron diffraction from collagen, of the overall 
vibrations of polypeptide chains and protein molecules and of some 
laC studies of biopolymers. The techniques described allow infor- 
mation to be obtained about the detailed chemical structure and 
conformations of macromolecules, about their radii of gyration in 
the bulk and their segmental and side-chain motions in bulk and 
in solution, about the rate of collision between the ends in solution 
and about the vibrational frequencies, crystaUinity, lamellar thick- 
ness and surface composition in the bulk. Most of the chapters 
have extensive lists of references. 

This is a well-produced book in which all polymer spectro- 
scopists, and indeed most polymer scientists, will find much of 
interest and value. 

D. I. B o w e r  

weight is given to biopolymers as illustrative of the various pheno- 
mena discussed. 

Because of the extent of the field, the author has had to be 
selective and this has resulted in the omission or scant coverage of 
certain topics. The author has eschewed the discussion of experi- 
mental details, but on occasion missed or insufficiently stressed 
aspects of theory. Thus, although there is good coverage of the 
thermodynamic aspects of solubility and miscibility, its underlying 
importance in the practice of polymer fractionation is not explicitly 
discussed. There is brief mention of gel-permeation chromatography, 
but one is left with the impression that this technique inevitably 
requires the viscometric determination of the molecular weight of 
the eluted fractions, since there is no mention that columns may be 
calibrated or even that the Waiter's Q factor method may on occa- 
sion prove useful. In the chapter on frictional properties there is 
no mention of the dangers of intrinsic viscosity calibrations when 
used with samples of differing molecular weight distributions, and 
the viscosity-average molecular weight is not mentioned. There is 
some coverage of relaxation techniques, and viscoelasticity is given 
a brief mention, but dielectric relaxation is hardly touched upon 
and the use of dipole moment measurements as a tool in studying 
polymer flexibility not at all. 

The author presents numerous interesting examples with refer- 
ences to illustrate the various facets of the field but such mathe- 
matical derivations as are given are often over brief. In the case of 
light scattering the author initially related molecular polarizability 
to the dielectric constant rather than to the square of the refractive 
index, not making it clear when these differ, or as an alternative, 
using the optical frequency form of the Clausius-Mossotti relation 
and thereby avoiding dielectric constant altogether. 

There are a few minor typographical errors, but on the whole 
the book is well produced and illustrated. Because the author 
makes extensive use of examples, the book will prove valuable as 
a source book and reference work. It is a worthwhile acquisition 
for anyone involved with work on polymers or biopolymers, pro- 
vided the field is not completely new to the reader. However, for 
the student embarking for the first time into an understanding of 
the behaviour of macromolecules in solution, the book is difficult 
and in some places misleading. 

I-I. B lock  

Macromolecules in Solution 
Volume 21: High Polymers, 2nd Edition 
Herbert Morawetz. 
Wiley, London, 1975, 549 pp. £15.00 

The second edition of this well known book is an expanded and 
updated version of  its predecessor but does not deviate from the 
underlying philosophy of the original volume. As the author makes 
clear in his introduction, his aim is to present a unified view of 
maeromoleculax behaviour in solution regardless of whether the 
maeromolecule is a synthetic polymer or a biopolymer. This emi- 
nently desirable aim does carry with it the difficulty of adequately 
covering a very wide field. 

Professor Morawetz starts the book with a chapter entitled 
'General Considerations' which deals with the classification, dimen- 
sions, dispersity and shape of macromolecules in solution. There 
follows a chapter on thermodynamic aspects of polymer solutions 
and one dealing with conformation and the statistics of polymer 
chains. The next three chapters respectively entitled 'Equilibrium 
Properties of Dilute Solution'; 'Spectroscopy, Optical Activity and 
the Scattering of Light and X-rays'; 'Frictional Properties of Dis- 
solved Macromolecules'; present the theoretical but no experimental 
background into the technique on which we largely base our know- 
ledge of macromolecules in solution. The final three chapters dis- 
cuss Polyelectrolytes, Molecular Association, and Chehaical Kinetics 
in Macromoleeular Solution. Throughout the book considerable 

Con ference A nnouncemen t 

lUPAC INTERNATIONAL SYMPOSIUM 
ON MACROMOLECULES 

Dublin, Eire, 17-22 July 1977 

The IUPAC International Symposium on Macromole- 
cules will be held in Dublin on 17-22 July 1977. 
The symposium will cover the following topics: 
(1) Homogeneous Polymerizations, Zwitterions and 
Coordination Complexes; (2) Fine Structure of 
Polymers including Biopolymers; (3) Polymers as 
Reagents and Catalysts and (4) Polymer Chemistry in 
Polymer Engineering. These topics have been chosen 
in order to avoid overlapping those proposed for the 
Macromolecular section of IUPAC XXVI Congress in 
Tokyo in September 1977 Further details about 
registration, social events and the full programme 
may be obtained from: Symposium Officer, Macro 
Dublin 77, Institute for Industrial Research and 
Standards, Ballymun Road, Dublin 9, Eire. 
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Synthesis and characterization of 
poly(acryloyl morpholine) xerogel 
networks suitable for the gel 
permeation chromatography of small 
molecules 

R. Epton, S. R. Holding and J. V. McLaren 
Department of Physical Sciences, Wolverhampton Polytechnic, Wolverhampton WV I I L Y, UK 
(Received 30 April 1976) 

The synthesis and characterization of a crosslinked poly(acryloyl morpholine) network, Enzacryl ® 
Gel KO, calculated to be effective as a matrix for the g.p.c, of small molecules, is described. Chroma- 
tographic performance was evaluated in water, chloroform, dimethylformamide and pyridine. Charac- 
teristic g.p.c, behaviour was observed for all standards tested although 'additional exclusion' was ob- 
served in the case of aliphatic hydrocarbons in the three organic solvents and with aromatic hydro- 
carbons in chloroform and pyridine. Similar molecular weight fractionation ranges were obtained for 
poly(ethylene glycols) in the four solvents investigated the molecular weight exclusion limit being 
less than 1500. 

INTRODUCTION 

For a polymer network to be effective as a column packing 
in the gel permeation chromatography (g.p.c.) of small 
molecules it is essential that the network undergoes gela- 
tion in the chromatographic solvent selected as eluent. 
Matrices which undergo gelation in both water and organic 
solvents are particularly useful and may be termed 'univer- 
sal' g.p.c, supports. Three such networks are commercially 
available. These are the hydroxypropyl ether of crosslinked 
dextran (Sephadex ® LH 20) ~, a crosslinked poly(hydroxy- 
ethyl methacrylate) (Spheron ® 1)2 and a crosslinked poly 
(acryloyl morpholine) (Enzacryl ® Gel K1) 3-4. In water and 
the more useful organic solvents the exclusion limits of 
these packings lie in the 30004-4000 molecular weight 
range. This is rather high for the efficient fractionation of 
most small organic molecules. 

In this paper we report the synthesis of a poly(acryloyl 
morpholine) network of greatly reduced mean pore dia- 
meter. The g.p.c, evaluation of this new bead polymerized 
column packing (Enzacryl Gel KO) is described. Water, 
chloroform, dimethylformamide and pyridine were used as 
chromatographic solvents. 

EXPERIMENTAL 

Synthesis of  Enzacryl Gel KO 
The polymerization vessel and stirrer blade used are 

depicted in Figure 1. Stirring was effected by a Citenco 
continuously variable (0-300 rev/min) stirrer motor 
(Citenco Ltd, UK). 

The bulk phase for the polymerization consisted of 
light liquid paraffin (5 1) (,o20 = 0.85 g/cm3; r/20 = 3 . 5 4 . 0  
sec/m 2) and the surfactant (100 cm 3) which was usually 
sorbitan trioleate (Koch-Light Ltd, UK). In some runs a 
surfactant mixture (100 cm'3') consisting of sorbitan trio- 
leate and polyoxyethylene (20) sorbitan trioleate (Koch- 

Light Ltd, UK), volume ratio 19:1, was used. The bulk 
phase was placed in the polymerization vessel and freed of 
oxygen by vigorously bubbling nitrogen from a fine jet 
(0.5 mm) over 3 h with stirring. Subsequently the length 
of the nitrogen inlet was adjusted to maintain a nitrogen 
atmosphere over the liquid. 

The monomer solution, consisting of acryloyl mor- 
pholine (470 g, 3.33 mol), (Koch-Light Ltd, UK), cross- 
linker, N,N'-methylenediacrylamide (52 g, 0.33 mol) and 
water (500 cm 3) as diluent, was deoxygenated by nitrogen 
bubbling for 1.5 h. The appropriate amount of initiator, 
potassium persulphate, was dissolved in water (50 cm 3) 
and deoxygenated. Polymerization was started by mixing 
the initiator solution with the rest of the monomer phase. 
This mixture was added to the bulk phase in the polymer- 
ization vessel and dispersed as droplets by a short period 
of rapid stirring (100 rev/min). The stirring rate was re- 
duced (25-30 rev/min) and adjusted periodically to main- 
tain most of the droplets within a size range of 50-100/sin. 

To ensure complete polymerization, the suspension was 
left stirring under nitrogen overnight. The hydrated beads 
of Enzacryl Gel KO so obtained were washed free of para- 
ffin with petroleum spirit (40-60°), further washed with 
ethanol and dispersed in water. 

Preliminary bulk polymerizations were necessary in 
order to determine optimum initiator concentration. These 
were carried out using a reciprocating gel timer (Tecam, 
UK) s. An initiator concentration which would cause the 
gel timer to stop in 10 to 20 min was considered ideal. A 
temperature maximum was observed in 0.5 to 1 h in the 
corresponding suspension polymerization at this 
concentration. 

Gradation of  Enzacryl Gel KO 
Bead gradation was effected by wet elutriation. Up to 

1 litre bed volume of the swollen beads was placed in a uni- 
form bore glass elutriation column (9 x 200 cm) fitted with 
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Figure I Polymerization vessel showing stirrer blade geometry: 
A, polystyrene stirrer blade; B, polystyrene counterweight; C, pivot 
stop; D, thermometer; E, nitrogen inlet. For clarity, the dropping 
funnel and stirrer motor have been omitted 

glucose) (Koch-Light Ltd, UK) were employed as standards 
in water. 

Column packing. A funnel was attached to the top of 
each column and the whole assembly fined with a slurry 
of pre-swelled Enzacryl Gel KO (40-80/~m dry diameter) 
in the appropriate solvent. In the case of chloroform, 
packing was effected using an approximate flow rate of 
150 cm3/h cm 2 throughout. This was necessary in order 
to prevent flotation of the beads. With other solvents the 
beads were allowed to settle under gravity for a few min- 
utes before completing packing under flow. 

Jobling liquid chromatography columns (1.5 x 100 cm) 
(Jobling Ltd, UK) fitted with PTFE end fittings were used 
throughout. 

Elution of  columns and effluent analysis. The precise 
column lengths and flow rates used are given in Table 2. 
Elution was performed at ambient temperature. Sample 
volumes applied did not exceed 1 cm 3 and solute concen- 
trations were generally less than 2%. 

For aqueous g.p.c, the column was incorporated in a 
Technicon Auto-Analyzer (Technicon, USA). The pro- 
portionating pump of the Auto-Analyzer was used both to 
operate the column and to regulate the analysis of the 
column effluent. Analysis was effected by the automatic 
five-fold dilution of effluent samples with chromic acid 
reagent 6, heating and monitoring the colour produced at 
440 nm. The flow rate used for column elution was the 
maximum practical with the ~to-Analyzer. 

An alternative system was used with organic solvents. 
This consisted essentially of a Type R401 Waters differen- 
tial refractometer (Water Associates, USA), a constant dis- 
placement pump (Milton Roy Co., USA) and an injection 
valve (Jobling Ltd, UK). The flow rates used for elution 
were those which gave a pressure drop of 14 kg/cm 3 across 
the column. 

The deuterated solvents CDC13, CsDsN and (CD3)NCHO 
were detected in column effluents directly by the differen- 
tial refractometer. Deuterated water was detected by mass 
spectrometry 4. 

a water inlet at the base. The bed was mechanically stirred 
by means of a polypropylene paddle situated immediately 
over the water inlet. The paddle (depth 20 cm) had hori- 
zontal rectangular slats (1 x 2.5 cm) cut at 2 cm intervals 
along each vertical side and each set of slats was staggered 
with respect to the other. A stirring rate of 40 rev/min 
was found to give adequate bed fluidization with minimal 
swirling. The aqueous suspension of graded gel beads was 
conducted from the top of the column, via a number of 
siphon tubes, to a wide collecting vessel where the beads 
settled out. Elutriation times, flow rates and bead size 
ranges obtained are presented in Table 1. 

Gel permeation chromatography 
Chromatographic standards. The principle standards 

used were poly(ethylene glycols) (Carbowaxes)(M n 200, 
400,600, 750, 1000, 1500 and 4000) (Phase Separations 
Ltd, UK). triethylene glycol, diethylene glycol and ethy- 
lene glycol (British Drug Houses Ltd, UK). In addition 
polystyrene (Mn 585), (Digby Chemicals Ltd, UK), t-stil- 
bene, styrene and n.alkanes (pentane, heptane, decane and 
hexadecane) (British Drug Houses Ltd) were used in organic 
solvents. Saccharides (stachyose, raffinose, maltose and 

Table I Elutriation parameters used for the gradation of 
Enzacryl Gel KO 

Bead diameter (/~m) 
Flow rate Elutriation 
(cm3/min) time (h) Hydrated Dry 

70 48 <60 <40 
200 24 60-120 40-80 
420 8 110-175 70-120 

1450 4 >175 >120 

Table 2 Column and elution parameters for Enzacryl Gel KO 

Bead volume 
Column parameter available to 

Solvent solvent 
used for Length Efficiency Flow rate (cm3/g dry 
elution (cm) (plates/m) (cm3/cm 2 h) polymer) 

Water 95.5 8387 19 1,16 
Chloroform 87.5 2354 37 1,42 
D imethyl- 

formamide 90.0 3356 12 0,90 
Pyridine 93.0 904 30 1,06 
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Figure 2 Aqueous g.p.c, fractionation of Carbowax 200 on 
Enzacryl Gel KO. Column dimensions and flow rate are given in 
Table 2..A, Breakthrough peak; B, H(OCH2CH2)sOH; C, 
H(OCH2CH2)4OH; D, H(OCH2CH2)3OH; E, H(OCH2CH2)2OH; 
F, HOCH2CH2OH 

Distribution coefficients. The Wheaton and Baumann 7 
absolute distribution coefficient, Kd, was calculated in the 
case of all standards chromatographed from the relationship: 

g d  m m 
Ve- Vo Ve- Vo 

Vi V,- Vo 

where Ve is the elution volume of the given standard, V o 
the void volume of the column and Vi the internal volume 
of the xerogel packing available to a solute able to pene- 
trate the gel with equal facility to the solvent. The void 
volume, 1Io, was determined as the elution volume of Blue 
D_extran (-Mw 2 x 106) (Pharmacia Ltd, UK) or polystyrene 
(M n 4 x 105) (Digby Chemicals Ltd). It was assumed that 
Vi corresponded to the difference between the solvent 
elution volume, V s, and 11o. 

Column efficiency. The number of theoretical plates 
per metre, n, was calculated for appropriate solutes by 
applying the equationS: 

,6 
n - - - - -  

L 

where L is the column length and w the peak width. The 
latter was calculated by producing tangents through the 
points of inflection of a given peak and measuring the dis- 
tance between the points of intersection with the baseline. 

RESULTS AND DISCUSSION 

Aqueous suspension polymerization of acryloyl morpho- 
line and N,N'-methylenediacrylamide at the high monomer 

concentration necessary to obtain beads of low mean pore 
diameter proved much more difficult than in the case of 
other poly(acryloyl morpholine) networks 3-s. The suspen- 
sion was difficult to stabilize and the aqueous droplets had 
a marked tendency both to settle and to fuse during poly- 
merization to give 'grape-like' agglomerates. 

After numerous empirical trials it was found that the 
best approach was to use the moderately efficient surfac- 
tant, sorbitan trioleate (Span 85) together with slow but 
very efficient stirring. The geometry of the stirrer blade 
(Figure 1) and stirrer speed are critical. Inefficient stirring 
results in a plug of xerogel at the bottom of the reaction 
vessel whereas stirring too rapidly results in the production 
of very small droplets at the extremities of the paddle. 
With some batches of acryloyl morpholine, it was necessary 
to add a small amount of the more efficient surfactant, 
polyoxyethylene(20)sorbitan trioleate (Tween 85), to 
the continuous phase in order to prevent bead agglomera- 
tion. Too much Tween 85 resulted in beads too small for 
chromatographic application. 

Enzacryl Gel KO forms denser xerogels in water than 
the more expanded poly(acryloyl morpholine) networks. 
Consequently, comparatively high flow rates were required 
to displace a given bead size range during wet elutriation 
(Table 1). This was a considerable advantage because grad- 
ing efficiency is related to the number of column volumes 
of water which can be passed through the elutriation 
column during a practical time scale. 

A preliminary separation of a poly(ethylene glycol) 
sample, Carbowax 200, into its constituent oligomers indi- 
cated that Enzacryl Gel KO was effective in the g.p.c, of 
small molecules in water (Figure 2). Aqueous character- 
ization was completed with a series of higher molecular 
weight poly(ethylene glycols) and oligosaccharides. Chloro- 
form, dimethylformamide and pyridine were selected to 
complete the g.p.c, evaluation because these solvents all 
swell the packing efficiently while differing widely in 
physico-chemical properties. Poly(ethylene glycols) to- 
gether with aliphatic and aromatic hydrocarbons were 
employed as g.p.c, standards in these solvents. 

For all four solvents used, plots of logarithm solute 
molecular weight versus K d were indicative of chromato- 
graphic separation by molecular sieving (Figure 3a-3d). 
Oligosaccharides and aromatic hydrocarbons, being more 
compact molecules, had relatively higher K d values than 
the less compact poly(ethylene glycols) and n-alkanes of 
similar molecular weight. Late elution of compact solutes 
in gel permeation chromatography is well established 9. The 
fractionation range for poly(ethylene glycols) was similar 
in all four solvents the molecular weight exclusion limit 
being less than 1500. 

Although reasonable separations were obtained in all 
four solvents, marked variation in column efficiency was 
observed (Table 2). The aqueous xerogel derived from 
Enzacryl Gel KO is considerably softer than those obtained 
with organic solvents. This allows distortion of the beads 
on column packing and results in maximal capacity ratio, 
Vi/Vo, and hence efficiency. The rigidity of the xerogel 
derived from dimethylformamide was intermediate between 
that of the aqueous xerogel and xerogels derived from 
chloroform and pyridine. This is reflected in the efficiency 
of Enzacryl Gel KO in dimethylformamide even though 
the internal bead volume corresponding to dimethylfor- 
mamide is less than that occupied by the solvent compo- 
nent in other xerogels. 
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for poly(ethylene glycols) (A); oligosaecharide$ (O); aliphatic 
hydrocarbons (A); aromatic hydrocarbons (O) and deuterated 
eluent (1) obtained using Enzacryl Gel KO in different solvents: 
(a) water; (b) chloroform; (e) dimethylformamide; (d) pyridine 
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When volumetric parameters alone determine the elution 
volume of homologous solutes then a plot of logarithm 
molecular weight versus Kd will extrapolate back through 
a point close to the coordinates for the isotopically labelled 
solvent. A linear (isotopically labelled) solvent molecule 
should emerge from the column slightly earlier than a com- 
pact solute molecule of a similar molecular weight. Conver- 
sely a compact solvent molecule should emerge from the 
column later than that of a linear solute. It is clear 
(Figure 3a-3d)  that poly(ethylene glycols) exhibit ideal 
g.p.c, behaviour in water, dimethylformamide and pos- 
sibly pyridine. Weak adsorption of ethylene glycol 
(K d = 1.17) occurs in this solvent. Low molecular weight 
ethylene glycol oligomers are adsorbed in chloroform. 

Marked early elution is apparent in the case of aliphatic 
hydrocarbons in all three organic solvents and aromatic 
hydrocarbons in chloroform and pyridine. This is indica- 
tive of an 'additional exclusion' mechanism 1o,1~ being 
operative as well as molecular sieving. Altgelt H has suggest- 
ed that, in the case of polymeric solutes, 'additional exclu- 
sion' arises as a result of the low entropies of mixing be- 
tween the solvated macromolecular species involved, i.e. 
between the solvated polymeric solute and the solvated 
gel matrix. Early elution arises if the entropy term is too 
small to overcome a positive heat of mixing. We have 
noted previously that a sufficiently low entropy term is 
only likely to arise with macromolecular solutes 3. We have 
suggested that 'additional exclusion' of small molecules 
may be a more subtle, related phenomenom involving solute 
micropartition being regions of the gel beads consisting of 
more or less pure solvent and other regions consisting of 
the constrained solvated polymer chains comprising the gel 
matrix. The present results are explicable also on this 
hypothesis. 

ACKNOWLEDGEMENTS 

The authors wish to thank Koch-Light Laboratories Ltd, 
for general support and a studentship (S. R. H.). 

REFERENCES 

1 'Sephadex LH-20', Technical Booklet, Pharmacia AB, 
Uppsala, 1972 

2 Coupek, J., Krivakova, M. and Pokorny, S. J. Polym. ScL 
(C) 1973, 48, 185 

3 Epton, R., Holloway, C. and McLaren, J. V. J. Appl. 
Polym. Sci. 1974, 18,179 

4 Epton, R., Holloway, C. and McLaren, J. V. J. Chromatogr. 
1974, 90, 249 

5 Epton, R., Holding, S. R. and McLaren, J. V. J. Chroma- 
togr. 1975, 110, 327 

6 Johnson, S. and Samuelson, O. Anal. Chim. Acta 1966, 
36, 1 

7 Wheaton, R. M. and Baumann, W. C. Ann. N. Y. Acad. Sci. 
1953, 57,159 

8 Martin, A. J. P. and Synge, R. L. M. Biochem. Z 1941, 
35, 1358 

9 Churms, S. C. Adv. Carbohyd. Chem. Biochem. 1970, 25, 
13 

10 Altgelt, K. H. Macromol. Chem. 1965, 88, 75 
11 'Gel Permeation Chromatography', (Eds K. H. Altgelt and 

L. Segal), Marcel Dekker, New York, 1971, p 193 

846 POLYMER, 1976, Vol 17, October 



Synthesis  and character izat ion of 
poly(e- ca rbo ben zo xy- L-lysyl- 
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An alternating copolypeptide poly(e-carbobenzoxy-L-lysyl-7-benzyI-L-glutamate) was synthesised by 
polymerizing the p-nitrophenyl ester of e-carbobenzoxy-L-lysyl~-benzyI-L-glutamate. The highest 
molecular weight obtained was 570 000 (2370 peptide residues), which had not yet been attained 
by the active ester method. The polymers were soluble in various organic solvents including those 
solvents in which the parent polymers were insoluble, i.e. poly(e-carbobenzoxy-L-lysine) and 
poly(3,-benzyI-L<Jlutamate), and their conformations were essentially e-helical except in strong 
acids such as dichloroacetic acid. 

INTRODUCTION 

According to well-established theories 1, typical average 
quantities, such as the helical fraction, the number of 
helix portions, and so forth, which characterize homo- 
polypeptide conformations in dilute solution, can be 
expressed in terms of three parameters s, o, and N, where 
s is the equilibrium constant between helix and random 
coil residues, o is the cooperativity parameter for the for- 
mation of a helix sequence, and N is the degree of poly- 
merization of the polymer. Much effort has been made 
to establish practical methods which allow the parameters 
s and o to be evaluated from measurements of thermally 
or solvent induced helix-coil transition curves, and now 
little remains to be developed further in this direction, as 
can be seen for example from our recent review articles 2'3. 

For both theoretical and experimental studies with 
copolypeptides one has to face the complexity of two 
additional factors influencing their conformation. These 
factors are the composition of different peptide residues 
and their distribution (or geometric arrangement) in the 
polymer chain. Furthermore, in general, these factors 
fluctuate among a bunch of polypeptide molecules in the 
system under consideration, and this introduces an added 
complication. To approach the problem of copolypeptides 
it is therefore desirable to start with systems which involve 
such complexities as little as possible. One of these systems 
is an alternating sequential copolymer consisting of two 
peptide residues A and B, which may be schematically 
represented by ...ABABAB... In this case, the composition 
and arrangement of the constituent residues are fixed not 
only in a particular chain but also among all the individual 
chains in the system. Thus none of the complexities men- 
tioned appear. The sole effect that distinguishes such 
sequential copolymers from homopolymers is expected to 
arise from the interaction between A and B in a given sol- 
vent, and it is certainly of interest to investigate either 
theoretically or experimentally the consequences from this 

* Present address: The Central Research Laboratory, Kurarei Co. 
Ltd, Kurashiki, Japan. 
** On leave of absence from the Department of Polymer Science 
and Technology, School of Engineering, Inha University, lnchon, 
Korea. 

interaction. The work described in the present paper deals 
with the synthesis of an alternating copolypeptide and its 
preliminary characterization. 

Since 1963 when DeTar e t  al. 4 reported a successful 
synthesis of sequential polypeptides using p-nitrophenyl 
esters, a number of active esters have proved useful for 
synthesising this class of polypeptides. An obvious motiva- 
tion of such syntheses has been the hope of acquiring model 
compounds for the proteins, and much attention has been 
paid to the preparation of water-soluble species and to the 
investigation of their conformations in aqueous media. 
Conformation studies of sequential polypeptides in organic 
solvents have not always proved easy. Most of the copoly- 
peptides so far obtained were poorly soluble in ordinary 
organic solvents, making it difficult to characterize them 
satisfactorily. In fact, dichloroacetic acid (DCA), trifluoro- 
acetic acid (TFA), and their mixtures with chloroform, for 
example, were the only solvents effective for them. Fur- 
ther, their molecular chains were usually quite short, con- 
sisting of at the most 100 peptide residues. It is now well 
recognized that there is a marked difference in conforma- 
tion between oligomers and high molecular weight homo- 
logues. For this reason it is an important prerequisite for 
the conformation study of a polypeptide to have samples 
covering a wide span of molecular weights. To be more 
precise, such samples must be as homogeneous as possible 
in molecular weight. The work of Sakakibara e t  al. s on 
sequential polypeptides of L-prolyl-L-prolyl-glycine is a very 
impressive example on this point. 

The alternating sequential polypeptide chosen for the 
present study was poly(e-carbobenzoxy-L-lysyl-7-benzyl-L- 
glutamate). The choice was made for two reasons. Firstly, 
there were detailed investigations available on conformation- 
al characteristics of the homopolypeptides of its constituent 
residues, i.e. poly(3,-benzyl-L-glutamate) (PBLG) and poly(e- 
carbobenzoxy-t-lysine) (PCBL) in various organic sol- 
vents2Z~ -11. It was thus hoped that when compared with 
the data for these parent polymers, measurements on the 
copolypeptide would provide clear information about the 
interaction between neighbouring different peptide units. 
Secondly, Ledger and Stewart 12 had already reported syn- 
thesis of this sequential polypeptide by the active ester 
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method and its conformation in the solid state, but little 
had been mentioned in their paper about the conformation 
in solution and molecular weight. It is shown below that 
certain modifications of their method yield samples of 
poly [Lys(Z)-Glu(OBzl)] * which not only cover a wide 
range of molecular weight but are also soluble in many 
organic solvents. 

RESULTS AND DISCUSSION 

Synthesis of e-carbobenzoxy-L-lysyl-7-benzyl-L-glutamate 
p-nitrophenyl ester p-toluenesulphonate 

The scheme of Ledger and Stewart ~2 for the synthesis of 
a dipeptide monomer unit e-carbobenzoxy-L-lysyl-7- 
glutamate p-nitrophenyl ester p-toluenesulphonate (VI) is: 

H-Glu(OBzl)--OH NpsCl > Nps-Glu(OBzl)-OH, DCHA 
fl) 

HONp 
> Nps-GIu(OBzl)-ONp 

DCCI (11) 

HCI/dioxane 
> HC1, H-Glu(OBzl)-ONp 

(III) 

NpsCI 
H-Lys(Z)-OH > Nps-Lys(Z)-OH, DCHA 

(IV) 

DCCI 
III + IV > Nps-Lys(Z)-Glu(OBzl)-ONp 

(V) 

(a) HCl/dioxane 

(b) TsONa 
> TsOH, H-Lys(Z)-GIu(OBzl)-ONp 

(VI) 

We found that some modifications of this procedure were 
effective for obtaining the final compound VI in a form of 
high purity. The modified procedure was as follows. 

Cleavage of the Nps-group from the compound II was 
achieved by treatment with excess HC1, according to Ledger 
and Stewart 12. The resulting HC1, H-Glu(OBzl)-ONp (III) 
melted over a rather broad range of temperature. This, to- 
gether with the result from elemental analysis, suggested 
that the protecting groups on the side chains might have 
been partly cleaved. Recrystallization of the crude product 
from acetonitrile gave the compound III, melting point 
157°-160°C, which Ledger and Stewart had described as 
a hemihydrate. However, our compound III, in agreement 
with Brack and Spach 14, showed no sign of hydration. 

Nps-Lys(Z)-OH (IV) and H-Glu(OBzl)-ONp (III) 
were coupled to obtain the compound V by the DCCI pro- 
cedure of Bodanszky and Vigneaud Is with use of THF or 

* Abbreviations used in this article are those recommended by 
the IUPUC IBU Commission in Biochemical Nomenclature 13, except 
that the side chains attached to the a-carbon atom are given in 
parentheses. All amino-acids referred to in the text are of L- 
configuration; Bzl, benzyl; Nps, o-nitrophenylsulphenyl; Np, p- 
nitrophenyl; TsO, p-toluenesulphonate; DCCI, dicyclohexytcarbo- 
diimide; DCHA, dicyclohexylamine; THF, tetrahydrofuran; DMF, 
N.N-dimethylformamide; DCA, dichloroacetic acid; PBLG, poly 
(7-benzyl-L-glutamate); PCBL, poly(e-carbobenzoxy-L-lysine); Ala, 
alanine; Tyr, tyrosine. 

THF/dioxane as solvent. This choice of solvent was made 
because racemization of the Glu(OBzl) residue and un- 
desirable side reactions were least likely to occur 16. 1"he 
compound V recrystallized from acetone/isopropanol had 
a melting point IO°C higher than the reported melting 
point for the same compound obtained by the mixed car- 
bonic anhydride method ~2. Removal of the Nps-group 
from the compound V was made by treatment with two 
equivalents of HC1 to the protected peptide, and the resul- 
tant hydrochloride was converted to the p-toluenesulpho- 
nate (VI). The product VI, recrystallized from 0.5% ace- 
tonitrile solution, had a melting point of 181.5 ° -  182°C, 
which indicated its high purity. 

Polycondensation 
Experimental evidence has indicated that, among various 

active esters suggested so far for polycondensation, N- 
succinimidyl esters 14'17-z~ and 2-hydroxyphenyl es- 
ters 17,~s~as may be least liable to induce racemization. 
However, the use of these esters yielded polymers which 
had relatively low molecular weights, at least not high 
enough for our present purpose. The synthesis of the latter 
esters involved a lengthy path with relatively poor yields. 
Although p-nitrophenyl esters T M  and pentachloro- 
phenyl esters T M  were effective for the production 
of high molecular weights, they induced racemization. The 
former esters were more satisfactory than the latter with 
respect to racemization ~4'17'22'~9. Therefore, as a compro- 
mise between molecular weight and racemization, we 
chose p-nitrophenyl ester VI. 

Recently, K6nig and Geiger a~-a4 have shown that addi- 
tion of 1-hydroxybenzotriazole (HOBt) was not only largely 
effective for the condensation of amino-acids and peptides 
with repressed racemization but also accelerated reactions 
of active esters to form amide bonds. With the expecta- 
tion of a similar effect on the polycondensation of active 
esters, we allowed the active ester VI to polymerize in 
DMF by treatment with an approximately equimolar 
amount of base and varying amounts of HOBt. Prepara- 
tive data are summarized in Table 1. 

Samples LG-1 to LG-4 were synthesised under similar 
conditions in order to observe the effect of HOBt. It was 
found from an increase in viscosity that the polymeriza- 
tion for LG-1 (with an 0.1 equivalent of HOBt added) was 
fastest in the initial rate and gave the highest molecular 
weight when terminated. The polymerization for LG-3 
(with no HOBt added) was slower than that for LG-1. 
These observations appear to substantiate the predicted 
effect of HOBt on polymerization reaction. Other sam- 
pies synthesised under similar conditions gave essentially 
the same results. Furthermore, it was noticed that addi- 
tion of one equivalent of HOBt had no detectable effect 
on accelerating polymerization and resulted in a low mole- 
cular weight (LG-2). This was probably due to the acidity 
of HOBt, which is comparable to that of acetic acid. 

During the course of these polymerization experiments, 
we observed that the molecular weights of samples LG-2, 
LG-3, and LG-4 were quite low when the polymers were 
precipitated from the reaction mixtures. However the pre- 
cipitates underwent a remarkable increase in molecular 
weight when allowed to stand in the solid state. This in- 
teresting observation suggests that the precipitated poly- 
mers retained the polymerizing activity even in the solid 
state; the reason for which is as yet unknown to us, be- 
cause no other samples showed such behaviour. 
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Table I Preparative data for poly(e-carbobenzoxy-L-lysyl-7-benzyI-L-glutamate) 

Sample Equivalent Equivalent Reaction 
code of NEt3 b of HOBt Yield (%) /~V X 10 - 4  [(~] 546 time (days) 

LG-1 1.0 0.1 80 49 --23.4 6 
LG-2 a 1.0 1.0 56 23 -22 .4  3 
LG-3 a 1.0 0 68 57 -23 .2  3 
LG-4 a 1.0 c 0.1 73 32 -- 3 
LG-9 1.0 0 - 3 -18 .2  5 
LG-10-1 1.0 0.1 83 9.7 - 7 
LG-10-11 1.0 0.1 - 8 - 4 
LG-11 1.0 0.1 84 19 - 7 
LG-12 0.99 0.5 84 15 --21.9 4 
LG-13 1.00 0.5 93 9.1 --22.3 4 
LG-14 1.01 0.5 94 13 -22 .3  4 
LG-15 1.00 0 90 5.5 - 19.8 6 
LG-16 1.00 0.4 91 9.5 -21 .4  6 
LG-17 1.00 1.0 90 10 --21.6 6 
LG-18 1.03 0.5 80 32 -23 .0  9 
LG-19 1.02 0.5 86 30 -23 ,2  11 
LG-20 1.01 0.5 64 53 -22 .6  11 

a[r/] and [~] 546 measured after three days of polymerization; bNEt3 = triethylamine; CN-methylmorphorine 

Polymerization of LG-19 was followed by g.p.c. Figure 1 
shows the g.p.c, diagrams taken at three intervals of poly- 
merization. It can be seen that the polymerization con- 
tinued for as long as 7-11 days, with the peak molecular 
weight increasing gradually from 70 000 to 300 000 and 
that the low molecular weight oligomers almost disappeared 
in one week. Other crude samples yielded similarly broad 
g.p.c, patterns. Thus the samples obtained were quite broad 
in molecular weight distribution, as expected for polycon- 
densates. A quantitative analysis of these g.p.c, diagrams 
is deferred until the calibration curve with absolute mole- 
cular weights becomes available. 

Molecular weights 
The molecular weight of 570 000 for LG-3 is the highest 

of the reported values for polypeptides synthesised by the 
active ester method. In fact, it far exceeds, e.g. 160 000 for 
poly [Glu(OBzl)] 14 and 62 600 for poly(Tyr-Ala-Gly) 3s. 
Many other samples listed in Table I also have molecular 
weights of a few hundred thousands. This success in attain- 
ing high molecular weights may be attributed primarily to 
the fact that, as observed from its narrow melting range, 
the crystallizable active ester VI was of high purity and that 
the resulting polypeptide was very soluble in DMF, the sol- 
vent used for polymerization. 

Optical purity of  polypeptide samples 
As is shown below, poly[Lys(Z)-Glu(OBzl)] assumes 

random coil in DCA, so that the specific rotation [a] 546 
in this solvent may be taken as a measure of the optical 
purity of the polypeptide. The values of [a] 546 listed in 
Table 1 then indicate that all the samples but LG-9 and 
LG-15 had essentially the same optical purity. Closeness 
of these [a] 546 values to those of the parent polypeptides, 
PBLG and PCBL (Table 2), suggests that polymerization 
was accompanied by little racemization. In fact, optical 
rotation measurements on acid hydrolysates gave optical 
purities of 97 --- 1% and 98.5 + 1% for LG-2 (with a 0.1 
equivalent of HOBt added) and 96 -+ 1% for LG-3 (with 
no HOBt added). These estimates should be accepted with 
some reservations, because racemization on acid hydrolysis 
is known to differ between amino-acids and peptides 36. 
Samples LG-9 and FF-3 (fractionated sample) showed 
somewhat lower optical purities. This is partly because 
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Figure 1 G.p.c. diagrams for LG-19 taken at the indicated inter- 
vals of  polymerization: (a) 143; (b) 163; (c) 212 h 
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Table 2 Results f rom racemization tests 

Opt.ical purity 
Sample code [cz] $46 a (%)b 

LG-2 --22.4 97 -+ 1 
9 8 . 5 -  + 1 

LG-3 - 2 2 . 3  96 + 1 
LG-9 --18.2 91 
FF-3 - 1 9 . 7  93 
PBLG c --21 + 1 (100) 
PCB L c --21.3 (100) 

a[e] 5~6 = specific rotation for the wavelength 546 nm in DCA at 
25°C;°derived from optical rotation measurements on acid hydro- 
lysates; Csynthesised by the NCA method 
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these samples contained low molecular weight impurities, 
as revealed by g.p.c. 

Overall, the present polymerization experiments did ~lot 
introduce more than a few percent racemization, a conclu- 
sion compatible with the previous results from the poly- 
merization of p-nitrophenyl esters of 7-benzyl gluta- 
mates 1447'n;9. Although HOBt has shown to accelerate 
polycondensation of compound VI, it had no detectable 
effect on repressing racemization. 

data we may conclude that the conformations ofpoly[Lys(Z)- 
Glu(OBzl)] are a-helical in DMF and random coil in DCA, 
as is the case with PBLG and PCBL. Figure 3 illustrates 
the o.r.d, curve of LG-1 in trifluoroethanol at 25°C, which 
displays a negative Cotton effect with a trough at 234 -+ 2 
nrn ([m'] 234 = -1 8  600). The position and depth of this 
trough are also consistent with the a-helical conformation 39,4°. 

Solubility 
Unexpectedly and fortunately, the copolypeptide sam. 

pies synthesised dissolved in a number of organic solvents, 
which included either non-solvents or partial solvents for 
their parent homopolypeptides PBLG and PCBL. Examples 
of such solvents were THF, methylethyl ketone, and ethyl 
acetate. This unexpected feature must be a consequence of 
the interaction between neighbouring different peptide 
residues, since such interaction is absent in the parent homo- 
polymers. The observation 4. that in CHC13 about two thirds 
of urethane NH groups in the side chains of PCBL were left 
unbonded would probably account for its poor solubility in 
less polar solvents. However, the present copolypeptide dis- 
solved in such solvents, despite the fact that the infra-red 
spectra of LG-4 in EDC suggested the presence of unbonded 
NH groups comparable in quantity to those of PCBL in 
CHC13. At present, no adequate explanation of the unex- 
pected solubility in terms of molecular concepts comes to 
mind. For the sake of reference, the intrinsic viscosities and 
Moffitt parameters of LG-1 in typical solvents at 25°C are 
compared in Table 4. From these data the conformation of 
the copolypeptide in the listed solvents except for DCA are 
supposed to be a-helical. The large intrinsic viscosities ob- 
tained might be expected to be largely due to molecular 
association in these solvents. However, this may be ruled 
out because the Huggins viscosity constant k' was quite 
normal (0.4-0.5). Recent light scattering measurements on 
fractionated samples ~s have provided more direct evidence 
for the absence of association in one of the helicogenic 
solvents, MEK. They have also confirmed the correctness 
of the molecular weights reported in this paper. 

Table 3 Characteristic amida bands for LG-4 

Conformation in solid and in solution 
Figure 2 shows the polarized infra-red spectra taken on 

an oriented film of LG-4. The frequencies and dichroisms 
of amide I and II bands are recorded in Table 3. From the 
reported infra-red spectra of synthetic polypeptides 37, 
these data may be viewed as exhibiting characteristic fea- 
tures of the a-helical conformation. Ledger and Stewart 12 
have reported essentially the same result, but, differing 
from their finding, the present spectra show no band attri- 
butable to the ~-structure or diketopiperazine. This differ- 
ence is probably ascribed to the fact that the samples used 
by Ledger and Stewart were of low molecular weight and 
contained cyclic compounds. Infra-red spectra of LG-4 in 
ethylene dichloride (EDC) were also characteristic of the 
a-helical conformation. Thus we conclude that poly [Lys(Z)- 
Glu(OBzl)] can assume the a-helical conformation in solu- 
tion as well as in the solid state. 

The fact that the intrinsic viscosities of LG-1 were 
2.13 dl/g in DCA and 7.13 dl/g in DMF, both at 25°C, sug- 
gested that the conformations in these solvents are different. 
The Moffitt parameters b0 for LG-1 were 39 in DCA and 
-575 in DMF at 25°C. The literature values of b 0 for the 
parent polypeptides are 45 in DCA 6 and -630  in DMF 38 
for PBLG, and 3 in DCA and -550  for PCBL 9. From these 

Amide I Amide II 
Dichroism (cm - l )  (cm - t )  

Parallet 1648 - 
Perpendicular 1651 1544 

I 

O 

"o 
X 

E 
- I  

- 2  

Figure 3 
t r i f luoroethanol  at 25°C: . . . .  

I i I I I I I [ 

250 300 

Wovelen@th (nm) 

O.r.d. spectrum of  po ly [  Lys(Z)- -Glu(OBzl) ]  (LG-1) in 
, random coil; . . . .  ,/~-structure 
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Solvent [rl] (dl/g) k' b0 

DCA 2.13 0.20 39 
DMF 7.13 0.47 - 5 7 5  
CHCI 3 8.00 0.50 - 5 4 9  
THF 8.75 0.44 - 6 1 9  
MEK a 8.75 0.36 - 6 3 2  
PBLG (in DMF) --630 
PCBL (in DMF) - 5 5 0  

aMethyl ethyl ketone 

J I 

Table 4 Intrinsic viscosity [77] and Moffitt parameter b0 of LG-1 
in various solvents at 25°C 

© 

-IO 

, ¢  

-20 

-30  

O I O 2'0 310 
Temperature {oc) 

Figure 4 Plots of [el s45 against temperature for poly [Lys(Z)- 
Glu(OBzl)] (FF-2) in DCA-EDC mixtures of the indicated vol% of 
DCA: A, 53; B, 55; C, 58 

Helix-coil transition 
Figure 4 shows plots of [a] 546 against temperature for 

a fractionated sample FFo2 in DCA-EDC mixtures with 
the indicated DCA volume compositions. It can be seen 
that the polypeptide undergoes an inverse thermal helix- 
coil transition in these mixed solvents. For example, the 
transition temperature in the 58 vol% mixture is about 
20°C. Table 5 compares this composition with those of 
DCA-EDC mixtures for which the transition temperatures 
of PBLG and PCBL appear at about 20°C. It also includes 
the transition temperature for an equimolar random BLG- 
CBL copolymer in CHC13 containing 54.4 vol% DCA 42. 
The conclusion from this Table is that the stability of the 
helix of poly[Lys(Z)-Glu(OBzl)] is intermediate between 
those of PBLG and PCBL and comparable with that of the 
equimolar random copolymer. Detailed spectroscopic data 
and an analysis of helix-coil transition curves will be re- 
ported in a forthcoming publication. 

EXPERIMENTAL 

Reagent and solvents 
3,-Benzyl-L-glutamate, e-carbobenzoxy-L-lysine, and 

dicyclohexylcarbodiimide were purchased from the Protein 

Poly(e-carbobenzoxy-L-lysyl-~f-benzyI-L-glutamate) : I. Omura et aL 

Research Foundation, Osaka, and used without further 
purification, p-Nitrophenol (the Protein Research Founda- 
tion) was recrystaUized from toluene. 1-Hydroxybenzo- 
triazole 43 was synthesised from o-nitrochlorobenzene and 
hydrazine hydrate, melting point 156 ° -  157°C. N-Methyl- 
morphorine and triethylamine were refluxed over sodium 
metal and fractionally distilled. Other chemicals were 
purified according to the standard procedures. All the 
melting points reported below were uncorrected. 

~/-Benzyl-L-glutamate p-nitrophenyl ester hydrochloride (Ill) 
a-o-Nitrophe nylsulphenyl-3,-benzyl-L-glutamate, DCHA 

(I) was synthesised from 3,-benzyl-L-glutamate 44 and re- 

crystallized from dichloromethane, m.p. 160°-164°C, 
[a] 25 = _38.4 ° (c 1.62, CHC13). Literature44: m.p. 168°C, 
[~] O =- 34.0° (c 1.2, CHC13). The compound I was coup- 
led with p-nitrophenol following the procedure of Bodan- 
szky and Vigneaud ~s to give ~-o-nitrophenylsulphenyl-~/- 
benzyl-L-glutamate p-nitrophenyl ester (II) 12'*~. The pro- 
duct was recrystallized from EtAc/ether, m.p. 77°-80.5°C, 
[a]25 = -121.3 ° (c 1.2, CHC13). Literature44: m.p. 77 ° -  
78vC, [c~] D = --121.0° (c 3, CHC13). The compound II 
(69.8 g, 0.136 mol) was dissolved in warm anhydrous di- 
oxane (310 ml), and 4.8 N HC1/dioxane (83 ml, 0.4 mol) 
was added in one portion to the solution cooled to room 
temperature. After 3 min, 1.5 1 of anhydrous ethyl ether 
were added to the solution. A white precipitate appeared 
immediately. The precipitate was washed with ether, dried 
under reduced pressure, and recrystaUized from acetoni- 
trile, yielding 43 g (80%) of the product III, m.p. 157 ° -  
160Oc, [a] 25 = 35.2 ° (e 1.87, methanol). Literaturel2: 
m.p. 149°-15 I°C, [oc] D = 35'6° (e 2.0, methanol). Analy- 
sis calculated for C18HI9N206Cl: C, 54.76; H, 4.85; N, 7.10; 
C1, 8.98. Found: C, 54.5; H, 4.86; N, 7.03; C1, 8.98; 
Literature~a: C, 54.43; H, 4.95; N, 6.87; CI, 9.09; Litera- 
ture12: C, 53.5; H, 5.0; N, 6.9. 

~-o-NitrophenylsulphenyLe-carbobenzoxy-L-lysyl-7-benzyl- 
L-glutamate p-nitrophenyl ester { II) 

c~-o-Nitrophenylsulphenyl-e-carb obenzoxy-L-lysine, 
DCHA (IV) '~ was obtained from e-carbobenzoxy-L-lysine, 
m.p. 176°-181°C, [c~] 25 = -30.6 ° (c 0.61, DMF). Litera- 
ture44: rn.p. 184 ° -  187~C, [a] o = --29.1 (e 0.7, DMF). 
c~-o-Nitrophenylsulphenyl-e-carbobenzoxy-L-lysine isolated 
from 30.7 g (0.05 mol) of the compound IV was dissolved 
in THF (250 ml), in which 3'-benzyl-L-glutamate p-nitro- 
phenyl esterhydrochloride (III) (19.74 g, 0.05 mol) was 
suspended and cooled to 0°C. Dicyclohexylcarbodiimide 
(10.3 g, 0.05 mol) dissolved in a small volume of dioxane 
was added with vigorous stirring, and the suspension was 
kept stirred for 30 rain. N-Methylmorphorine (5.06 g, 
0.05 mol) diluted with 50 ml of THF was added dropwise 

Table 5 Helix--coil transitions in DCA--EDC mixtures 

Transition Solvent composition 
Polypeptide temperature (°C) (vol% DCA) 

PBLG a 20 71 
BLG-CBL b 16 54.4 (DCA--CHCI3) 
F F -2 c 20 58 
PCB L d 20 34 

aTaken from Norisuye et a/.6,7; bdata for an equimolar random 
copolymer of 3,-benzyI-L-glutamate and E-carbobenzoxy-L-lysine 
in a DCA--CHCI3 mixture42; Cfractionated sample of poly[Lys(Z) -  
Glu(OBzl)]; dtaken from Matsuoka etal .  9 
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to the suspension in 40 min. The reaction was then allowed 
to proceed at 0°C for 10 h. The precipitates formed were 
filtered, and the filtrate was concentrated at reduced pres- 
sure almost to saturation. Addition of isopropanol to the 
solution gave yellow crystals, which were dried at reduced 
pressure. The product was recrystallized from acetone/ 
isopropanol to yield needle crystals of the compound V in 
70% yield, m.p. 143.5°-145.5°C, [tx] 25 = -48.3°C (c 
0.77, EtAc). LiteratureX2: yield 39% (the mixed carbonic 
anhydride method), m.p. 134°-136°C, [el D = -49.4° 
(c 2.0, EtAc). 

Analysis calculated for C38H39NsOllS: C, 58.98; H, 
5.08; N, 9.05; S, 4.14. Found: C, 58.81 ; H, 5.09; N, 9.25; 
S, 4.06. 

e-Carbobenzoxy-L-lysyl-7-benzyl-L-glutamate p-nitrophenyl 
ester p-toluenesulphonate (VI)  

The procedure of Ledger and Stewart 12 with some 
modifications was used to obtain the compound VI. wo- 
Nitrophenylsulphenyl-e-carbobenzoxyl-L-lysyl-'t-benzyl-L- 
glutamate p-nitrophenyl ester (V) (15.86 g, 0.0205 mol) 
was dissolved in 55 ml of anhydrous dioxane at 60°C. To 
the solution cooled to room temperature was added 4.8 N 
HC1/dioxane (0.0408 mol). After 7 min, ether was added 
to the solution, which was kept overnight in a refrigerator. 
The precipitate was washed with ether, dried at reduced 
pressure, and dissolved in methanol. To the solution 
sodium p-toluenesulphonate (8 g, 0.041 mol) was added. 
Precipitated sodium chloride was filtered. The filtrate was 
concentrated to saturation, cooled in ice, and diluted with 
cold water. The precipitated p-toluenesulphonate (VI) was 
collected, washed with ether, and dried. The product, re- 
crystallized from 0.5% acetonitrile solution, gave colourless 
needle crystals of the compound VI in 78% yield, m.p. 
181.5 - 182°C, [a]25 = _5.5 ° (e 1.6, methanol). Litera- 
turel2: 170°-173°C, [~] D = --6° (c 2.0, methanol). 

Analysis calculated for C39H44N4012S: C, 59.08; H, 
5.59; N, 7.07; S, 4.04. Found: C, 58.97; H, 5.60; N, 7.04; 
S, 4.03. 

Polycondensation 

e-Carbobenzoxy-L-lysyl-q,-benzyl-L-glut amate p-nitro- 
phenyl ester p-toluenesulphonate (VI) (1.301 g, 1.64 mmol) 
and HOBt (0.022 g, 0.16 mmol) were dissolved in DMF 
(1.5 ml). Triethylamine (0.227 ml, 1.64 mmol) was added 
to this solution with stirring. An appreciable increase in 
solution viscosity was observed after 1 h, and the viscosity 
continued to increase for four days, so that subsequently 
the solution was diluted with DMF. The solution finally 
diluted to 5% was poured onto 200 ml of water-methanol 
mixture, yielding a thread-like precipitate LG-1. The pro- 
duct LG-1 was purified by repeated precipitation from 
DMF solutions and freeze-dried from a dioxane solution 
in 80% yield. Polymerizations of other samples were per- 
formed in a similar way. Aliquots were taken at suitable 
intervals from the polymerization mixture for LG-19 and 
the polymers precipitated from them in water-methanol 
were analysed by g.p.c. 

Racemization test 

In a sealed tube, a given amount of the polymer mixed 
with 5.7 N hydrochloric acid or an acetic acid/5.7 N hydro- 
chloric acid mixture (1:1 by volume) was heated at t 1 I°C 
for 24 h. The optical rotation of the hydrolysate was then 
measured, after removal of benzyl chloride by centrifuga- 

tion if necessary, and compared with that of a similarly 
treated solution of an equimolar mixture of 7-benzyl-L- 
glutamate and e-carbobenzoxy-L-lysine. For example, the 
acid hydrolysate of 0.06 g of LG-2 in 6 ml of 5.7 N HC1 
gave an optical rotation of 0.343 -+ 0.002 ° for the wave- 
length 436 nm; [ct] 436 = 34.4°- The hydrolysate of the 
corresponding amino-acid mixture gave 0.318 __. 0.002 °, 
which, corrected for the residue weights, ted to [ct] 436 = 
34.8 ° . 

Characterization 

Molecular weights were estimated from intrinsic visco- 
sities [r/] in DCA at 25°C with the use of the [77] - degree 
of polymerization relation for PBLG as as the calibration 
standard. They actually correspond to the viscosity-aver- 
age degrees of polymerization multiplied by mean residue 
molecular weight 241. The accuracy of the estimated 
molecular weights was confirmed by molecular weight 
determination of several fractionated samples by osmo- 
metry, light scattering, and sedimentation equilibrium 46. 
G.p.c. measurements were made on a gel-permeation 
chromatograph HLC-801A (Toyo Soda) equipped with 
two columns 2 feet long packed with polystyrene gels of 
nominal porosities, 1 x 104 A and 1 x 106 A, respectively. 
THF was used as solvent and the molecular weight calibra- 
tion of the chromatogram was made by using several frac- 
tionated samples of known weight-average molecular 
weights. Infra-red spectra were taken on a Jasco Model 
402G spectrophotometer. Optical rotatory dispersion 
(o.r.d.) and optical rotation measurements were carried 
out in the manner described previously 6-9. O.r.d. data 
were analysed by means of the Moffitt-Yang equation, 
with ~0 being taken to be 212 nm. 
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Theory of gelatinization in a starch-water-  
solute system 

J. Lelievre 
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In an attempt to understand the effect of solutes on starch gelatinization the theory of polymer- 
amorphous phase transitions has been developed to consider melting in a three component system 
consisting of polymer, diluent and solute. An expression has been derived according to this theory 
which relates melting temperatures to composition. It is suggested that the expression may be used 
to explain certain features of gelatinization. However while the theory successfully predicts some of 
the effects of various solutes on gelatinization temperatures, the fact that the analysis is based on an 
idealized model of the relatively complex gelatinization transition is emphasized. 

INTRODUCTION 

When an aqueous suspension of starch granules is heated 
above a certain temperature the granules swell to form a 
viscous paste, this process is known as gelatinization. The 
gelatinization temperature may be defined as the point at 
which all, or a fraction, of the granules have undergone 
transformation. Since different experimental techniques 
for determining this stage give varying results, gelatinization 
temperatures have arbitrary values when determined by 
conventional methods. Detailed reviews of starch gelatini- 
zation are available in several texts ~ .  Many investigators 
have demonstrated that if gelatinization occurs in the pre- 
sence of low molecular weight solutes the course of the 
transition may be altered. For example, polyhydric alco- 
hols raise gelatinization temperatures by an amount that 
increases as the molarity of the solute is increased 3. In the 
case of monohydric alcohols results are more complicated 
since lower concentrations of alcohol decrease the values 
of the temperature at which the transitions occur while in 
more concentrated solutions these values are raised 3. Past- 
ing of starch granules is also possible in non-aqueous sys- 
tems 4. Under commercial conditions, gelatinization fre- 
quently takes place in solutions containing sugars. The 
precise effect obtained depends on the concentration of 
starch and sugar examined s'6. In general, sugar concentra- 
tions of less than about 20% w/w appear to have relatively 
little influence, though in certain instances the temperature 
at which gelatinization occurs appears to be slightly de- 
creased. As the concentration of sugar is raised above this 
level gelatinization temperatures are increased, with higher 
concentrations of sugar producing a disproportionate incre- 
ment in the temperature at which conversion to a paste 
occurs s'6. In concentrated sugar solutions there may be 
relatively large changes in the course of gelatinization. Thus 
D'Appolonia reported that with a 9% w/w starch suspen- 
sion the point at which 98% of granules had gelatinized was 
24°C higher in an 80% w/w sucrose solution compared to a 
control s . If more concentrated starch suspensions are ex- 
amined, it is found that sugars tend to cause a greater in- 
crease in gelatinization temperatures. Some evidence sug- 
gests that disaccharides may cause a larger change in the 
course of gelatinization than monosaccharides 7. Despite 
'J-*, industrial significance of starch, the mechanism by 

which non-electrolytes influence gelatinization is incom- 
pletely understood. 

In order to resolve the uncertainties as to how organic 
solutes influence gelatinization, a detailed knowledge of 
the structural changes occurring during this process is re- 
quired. The starch grain consists largely of extensively 
branched and virtually linear polymers of D-glucose. The 
chains of these polysaccharides associate to form zones 
processing different degrees of order within each granule. 
However the precise distribution of the numerous types of 
amylose and amylopectin molecules in the various crystal- 
line and amorphous domains is unknown 8. In many res- 
pects granule structure appears to be quite similar to that 
of a spherulite crystallized from molten polymer; this 
might not be expected since polysaccharides are deposited 
in the starch grain under conditions which are very different 
from those operating during the crystallization of the syn- 
thetic material 9. Gelatinization occurs when higher tem- 
peratures cause the crystalline regions in granules to melt ~°, 
and since these zones possess different degrees of order the 
transition takes place over a temperature range. When star- 
ches are completely gelatinized polymer chains are in an 
amorphous state, though a fraction of the amylose may 
complex with traces of lipid ~'2. Thus gelatinization entails 
a change in structure from a partly crystalline to an amor- 
phous form. Previous work has demonstrated that the theory 
of crystalline-amorphous phase transitions in polymer- 
diluent mixtures H may be used to explain certain features 
of this behaviour in starch t2. The theory provides a means 
of analysing an idealized model of the gelatinization pro- 
cess, namely that of melting of a partly crystalline polymer 
in the presence of diluent. The following report describes 
an attempt to develop the analysis to consider the case of a 
three component system consisting of polymer, diluent and 
low molecular weight solute. 

THEORY OF MELTING IN POLYMERS 

Let the subscripts 1,2 and 3 refer to diluent, polymer and 
solute respectively. The expression describing crystalline- 
amorphous phase transitions relates the melting tempera- 
ture, Tm, at which liquid crystalline polymer repeat units 
are in equilibrium, to the composition of the liquid phase. 
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T m is the temperature at which the last traces of crystal- 
linity disappear when meltiag is performed using an ex- 
tremely slow heating schedule. The condition for equili- 
brium may be stated as follows: 

c O_ 0 
11u - 11u - 11u -- Pu (1) 

where 11u is the chemical ~otential of the liquid polymer 
repeat unit with 11c and 11~ the chemical potentials of the 
polymer in crystalline form and in the standard state. Ac- 
cording to Flory n, the left-hand side of equation (1), i.e. 
the difference in the chemical potential of the crystalline 
repeat unit and the unit in the standard state may be ex- 
pressed thus: 

11c_ 11u--0- ZM_/u(1 _ TIT  0 )  (2) 

where T is the absolute temperature, TOm is the melting tem- 
perature of pure polymer and zM-/u is the heat of fusion of 
polymer repeat unit. The right-hand side of equation (1) 
represents the lowering of the chemical potential of the 
unit in the liquid phase owing to the presence of diluent. 
For a tertiary system, this may be derived from the follow- 
ing general formulal i: 

1.12 _ 110 = RT[ lnv  2 + (1 - V2) -- Vl(X2/Xl) -- V3(X2/X3) 

+ (X2lVl + X23v3)(Vl + u3) -- XI3(X2/Xl)UlV3] 

where 112 and 110 represent the chemical potentials of liquid 
polymer and polymer in the standard state; R is the gas con- 
stant; Vl, u2 and v3 the volume fractions; Xl, x2 and x3 the 
number of segments per molecule in the respective species 
and Xij the pair interaction parameters corresponding to ×1 
in the two component system. An equation for the chemi- 
cal potential per mole of repeat unit rather than per mole 
of polymer is required. Dividing by the number of units 
per polymer molecule, i.e. x2 V/Vu,  where V and Vu are the 
molar volumes of segment and structural unit respectively: 

_ 110 - R TVu 11u [(lnu2)/x2 + (1 -- v2)/x 2 -- Pl (x2/xl) /X2 
V 

-- P3(X2/X3)/X2 + (X21Pl + X23P3)(Pl + v3)/x2 - X13X 

(X 2/X I )P l P3/X21 

This expression for the right-hand side of equation (1)may 
be simplified by making assumptions analogous to those 
used in deriving the melting point equation for a two com- 
ponent system n. Thus by considering the case of large 
values of x2, and relatively high concentrations of polymer, 
the expression reduces to: 

V,, 
11u -- 110 = R T ~ [ - P l X l  - P3/x3 + (X21 Vl + X23 P3) X 

V 

(p 1 + u3)/x 2 - Xl3VlV3/Xl] 

Let V = V1, and the number of segments per solvent mole- 
cule be 1, i.e. Xl --- 1. Then: 

O -  R T  Vu [_Vl _ v3/x 3 + (X21Vl + X23v3) x ~u - 11u - V 

(v 1 + v3)/X 2 -- XI3PlP3] 

Starch gelatinization: d. Leliovre 

The formula may be further simplified by using the relation: 

x/~ = x q ( @ / ( ~ i )  

Therefore: 

x2 
X21 = XI2 - -  = X12X2 

Xl 

Substitution gives: 

R T  
11u - 110 = 77-, Vu { - V l  - v3/x3 + [X12Vl + (X32V3/x3)] × 

v t  

@1 + P3) - X13PlP3} (3) 

Combining equation (2) and (3), replacing T by T m , and 
rearranging gives: 

1 1 R Vu 

T m T ° z~r-]uVX 
{v I + p3/x 3 + X131~lP3 

- [X12V 1 + (X32V3)/x3] (Vl + u3)} (4) 

This expression relates the melting temperature to  the com- 
position as represented by the volume fractions of solvent 
and monomeric solute. The depression of the melting point 
is a function of the heat of fusion per repeat unit, the ratio 
of the molar volumes of this unit and of diluent, the inter- 
action parameters X12, X13, X32 and the number of segments 
per solute molecule. 

APPLICATION OF THEORY 

While equation (4) provides a means of analysing the effects 
of solutes on melting temperatures, the expression contains 
a number of unknown constants and is therefore difficult 
to use to evaluate experimental situations in an unambigu- 
ous manner. Certain of the terms in the equation can be 
established by considering the case of a two component 
system; the equilibrium temperature, Tm, is then related 
to the concentration of diluent bym: 

1 1 R Vu 
- X - - ( V l  -X12P~) (S) 

T m T~, z~tH u V 1 

Values of Tm determined at various volume fractions, vl, 
may be substituted into this equation and AH u and X12 
calculated if T ° is known. However pure starch, like many 
other naturally occurring polymers, decomposes before 
melting and hence T ° cannot be determined directly. In 
this situation it is advantageous to rearrange equation (5) 
into the forml3: 

1 - T i n  v 2 -  _iug~ 1 x Pl ~'Iu-- x --gl x12Tm 

(6) 

If AH u and the product x12Tm are assumed to be constant 
over the temperature range of concern n, then according 
to equation (6) the term [ 1 - ( T m / T  0 )]/v~ should be a 
linear function of Tm/Vl. On substituting known values of 
Tm and v 1 the magnitude of T ° that gives the best fit to a 
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Figure I Graph of predicted melting temperature as a function of 
maltose concentration for various starch concentrations. From left 
to right the curves correspond to suspensions of 110, 100, 90, 80, 
70, and 60 g starch in 100 g solution containing the percentage of 
solute indicated. The symbols refer to corresponding experimen- 
tally determined melting temperatures 

linear relationship may be established and AH u and X12 can 
then be calculated. 

Two constants remain unknown in equation (4), namely 
X13 and X32. However in certain instances it is possible to 
make assumptions about the values of these parameters. For 
example, in the particular case of a sugar such as glucose, 
X32 is approximately zero. In other words, there is a neg- 
ligible difference between energy of a glucose molecule 
immersed in starch polymer and the energy of the same 
molecule surrounded by glucose monomer. On letting X32 
equal zero, equation (4) simplifies to: 

1 1 R V u 
[u 1 + v3/x 3 + X13~lt,3 

T m T~n z~-Iu Vl 

- X121,,1 (~,1 + l)3) ] ( 7 )  

Furthermore, for a hexose sugar, X12 is approximately equal 
to XI3, i.e. the difference between the energy of a solvent 
molecule in the environment of starch polymer and one 
surrounded by molecules of its own kind is similar to the 
difference when a solvent molecule is first in the situation of 
pure polymer and then pure solvent. Thus in the special 
case~of a sugar, equation (7) may be used to predict the 
effect of solute on melting temperatures. 

The possibility of using equations (7) and (4) to describe 
certain aspects of gelatinization in starch-water-solute 
systems was examined in the present study. 

EXPERIMENTAL 

Starch was isolated from wheat grains according to the 
method of Adkins and Greenwood t4. Melting temperatures 

were determined for starch-water and starch-water-solute 
systems. Starch suspensions containing Thiomersal (0.01%) 
to inhibit microbial growth ~5 were first annealed by holding 
at 50°C for at least 72 h. Samples were then heated at a 
rate of 1°C/3 h. Melting points were detected by loss of 
birefringence. Aminimum of two measurements of Tm 
were made, results generally agreed to within +-I°C. The 
effects of maltose and glucose on gelatinization were ex- 
amined. 

Equation (7) was used to calculate Tm values as a func- 
tion of solute concentration when X32 was zero and X13 
was equal to X12. In a further analysis the situation where 
X13 and X12 had different values was examined. The effect 
of changing the size of the solute molecule, i.e. varying x3 
was also studied. Finally the case where X32 was not equal 
to zero was tested. Results were computed using volume 
fractions calculated from density values of 1.55, 1.50 and 
1.0 g/ml for starch, sugar and water respectively. 

RESULTS AND DISCUSSION 

Results from the starch-water system were analysed ac- 
cording to equation (6) by computing the value of T ° that 
gave the best fit of the melting temperature and diluent 
volume fraction data to a linear relationship. Comparison 
of the experimentally determined melting points with the 
fitted melting temperatures obtained from this analysis 
indicated that the expression described results more accu- 
rately when diluent volume fractions were of relatively 
small magnitude. This would be expected as equation (6) 
was designed to apply to more concentrated polymer solu- 
tions. In the range where Vl was greater than 0.9 the fitted 
melting temperatures passed through a minimum as Vl in- 
creased. Since this was not observed experimentally the 
expression does not adequately describe melting at such 
volume fractions as far as the starch examined is concerned. 
Equation (6) could be modified to consider crystalline- 
amorphous phase transitions in the presence of relatively 
large quantities of diluent, however the resultant expres- 
sion would be more complicated. As the situation where 
diluent volume fractions have relatively large values is of 
commercial interest the compromise of analysing data ob- 
tained when the diluent volume fraction was less than 0.7 
was employed in the present study. From such data T ° 
was found to be 495 K, AH u to be 6000 cal/mol and X12 
to be 0.5, these results are similar to those obtained pre- 
viously ~2. The value of the solvent-polymer interaction 
coefficient is in agreement with that obtained by other 
investigators when using different methods of measure- 
ment 16,17. The similarity between experimental and fitted 
melting temperatures in the situation where v I is less than 
0.7 is illustrated on the y-axis of Figure 1. 

The polymer-diluent-solute system was examined in 
the range of polymer volume fractions where equation (6) 
was found to describe the behaviour of polymer-diluent 
mixtures. Equation (7) was used to calculate melting tem- 
peratures as a function of solute and polymer concentra- 
tions. Figure I shows values obtained for the case where 
the solute was a sugar with a molar volume similar to that 
of maltose. Results were computed using the assumption 
that X32 was zero and XI2 was equal to X13. The Figure 
shows that according to equation (7) sugars increase T m 
values under the range of conditions studied, the precise 
effect depending on starch concentration. Experimentally 
determined melting points are also illustrated in this dia- 
gram. The computed and experimental values are quite 
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Table 1 Melting temperatures predicted for different molar volumes 

Melting temperature (°C) 
Weight Weight Weight 
water sugar starch Molar volume Molar volume 
(g) (g) (g) 120 ml 228 ml 

100 0 65 68.0 68.0 
90 10 65 69.0 69.7 
80 20 65 70,9 72.6 
70 30 65 74.1 76.7 
60 40 65 79.0 82.6 
50 50 65 86.0 90.8 

100 0 75 69.4 69.4 
90 10 75 70.8 71.5 
80 20 75 73.2 74.8 
70 30 75 77.0 79.4 
60 40 75 82.4 85.8 
50 50 75 89.8 94.3 

100 0 85 70.8 70.8 
90 10 85 72.7 73.4 
80 20 85 75.7 77.1 
70 30 85 79.9 82.1 
60 40 85 85.7 88.8 
50 50 85 93.5 97.6 

100 0 95 72.4 72.4 
90 10 95 74.8 75.4 
80 20 95 78.1 79.4 
70 30 95 82.7 84.8 
60 40 95 88.9 91.8 
50 50 95 97.1 100.9 

100 0 105 74.2 74.2 
90 10 105 76.9 77.4 
80 20 105 80.6 81.8 
70 30 105 85.5 87.5 
60 40 105 92.0 94.7 
50 50 105 100.5 103.9 

similar though there is some disagreement at high concen- 
trations of polymer in the presence of relatively large quan- 
tities of sugar. The melting points of certain starch suspen- 
sions were found to be greater than the boiling point of 
water as required by theory. When equation (7) was used 
to predict melting points for smaller sugar molecules such 
as glucose i.e. molecules having decreased molar volumes 
but similar solute-polymer and solute-solvent interaction 
coefficients, the results resembled those in Figure I but 
the curves were shifted to slightly lower temperatures (see 
Table 1). The computed melting points did not fit the ex- 
perimentally determined values as well as the results for 
maltose did, however the discrepancy was usually less than 
2°C except at relatively high sugar and starch concentra- 
tions where the difference was of the order of 4°C. The 
assumptions used in deriving equation (7) from equation 
(4) are probably more accurate for maltose than for glu- 
cose, and this may explain the better fit obtained with the 
former sugar. 

The effect of assuming that X32 was zero when calculat- 
ing melting points was examined. Values of X32 ~ -+ X12/10 
were substituted into equation (4), this altered results by 
less than I°C in all cases. Hence provided X32 is of rela- 
tively small magnitude predicted melting temperatures are 
not significantly changed. Table 2 shows typical results 
obtained when X32 was zero but X13 and XI2 were not 
equal. In general, if X13 > X12 then Tm decreases, and it 
was only in solutions containing the greatest amount of 
solute that values increase. When X13 '~ X12 or X13 < 0, 
melting temperatures are increased at all solute concentra- 
tions in the range of conditions analysed. As the negative 
value of X13 increases 7m values increase. 

Starch gelatinization: J. Lelievre 

The above results suggest that a theory of crystalline- 
amorphous phase transitions may be used to explain cer- 
tain features of gelatinization in a starch-water-sugar 
system. With other solutes gelatinization temperatures 
(defined by the point at which the last traces of crystal- 
linity melt) and calculated melting temperatures may cor- 
respond when appropriate values of the solute-polymer 
and solvent-solute interaction coefficients are substituted 
into the melting point expression. Hence from an analysis 
based on an idealized model of starch behaviour various 
qualitative and quantitative aspects of the effect of solutes 
on gelatinization temperatures may be predicted. However 
the melting temperature is not strictly identical to the gel- 
atinization point unless suitable experimental conditions are 
adopted. The term Tm refers to the temperature at which 
crystalline polymer units are in equilibrium with material in 
the liquid state. In order to obtain such a condition it is 
necessary to adopt a very slow heating schedule when melt- 
ing the polymer. If a slow heating schedule is used anneal- 
ing occurs which results in the apparent melting tempera- 
ture increasing in value. 

Studies by Kempf ]8, Sair 19 and also by Gough and Pybus 2° 
indicate that such a recrystallization process occurs in the 
starch granule 21. However the crystallization of starch is a 
relatively complicated process with high temperatures and 
low water contents favouring A-type crystallization whereas 
low temperatures and high water contents favour B-type 
crystallization 22. In addition, branched starch polymers 
appear to interfere with the crystallization of the linear 
polymer fraction 23. Thus it is possible that a true equili- 
brium melting is not achieved even under controlled labora- 
tory conditions. It is clear that with the more rapid heating 
schedules used under commercial conditions the equilibrium 

Table 2 Predicted melting temperatures for various X13 values 
when X32 = 0 

Weight Weight Weight 
water solutes starch x12 = ×t3 = X]3 = 
(g) (g) (g) ½X12 ½X12 x13=X12 2X12 

1 O0 0 60 67.4 67.4 67.4 67.4 
90 10 60 75.1 71.0 68.9 64.8 
80 20 60 83.5 75.5 71.5 63.5 
70 30 60 92.6 81.1 75.4 63.9 
60 40 60 102.7 88.3 81.1 66.7 
50 50 60 113.9 97.3 89.0 72.4 

100 0 70 68.7 68.7 68.7 68.7 
90 10 70 76.4 72.5 70.6 66.8 
80 20 70 84.7 77.4 73.7 66.3 
70 30 70 94.0 83.4 78.1 67.5 
60 40 70 104.1 90.8 84.2 71.0 
50 50 70 115.3 100.1 92.5 77.3 

1 O0 0 80 70.1 70.1 70.1 70.1 
90 10 80 77.8 74.3 72.5 68.9 
80 20 80 86.2 79.4 76.0 69.1 
70 30 80 95.5 85.7 80.8 71.0 
60 40 80 105.6 93.4 87.3 75.1 
50 50 80 116.9 102.9 96.0 82.0 

100 0 90 71.6 71.6 71.6 71.6 
90 10 90 79.4 76.1 74.4 71.1 
80 20 90 87.8 81.5 78.3 71.9 
70 30 90 97.1 88.0 83.5 74.4 
60 40 90 107.3 96.0 90.3 79.0 
50 50 90 118.5 105.7 99.3 86.4 

100 0 100 73.3 73.3 73.3 73.3 
90 10 100 81.1 78.0 76.4 73.3 
80 20 100 89.5 83.6 80.6 74.7 
70 30 100 98.8 90.4 86.1 77.7 
60 40 100 109.0 98.5 93.2 82.8 
50 50 1 O0 120.3 108.4 102.4 90.5 
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state is not achieved and hence the point at which gelatini- 
zation occurs is not the same as the equilibrium melting 
temperature. 

The application of  equation (1) to the analysis of  gela- 
tinization is complicated by the fact that the crystalline 
phase may contain diluent. In this situation, an additional 
requirement is imposed for equilibrium, namely that the 
chemical potentials of  water in the liquid and crystalline 
phases be equal. Flory 24 has discussed this case with res- 
pect to the collagen-gelatin transition and suggested that 
at the completion of melting part of  the diluent is firmly 
solvated to polar groups while the remainder is in solution, 
i.e. in the amorphous phase. Under these circumstances, 
the condition in equation (1) is sufficient to describe the 
equilibrium and hence equation (5) gives the melting point 
relation. However Tm now refers to the polymer in a hy- 
drated state. The behaviour of  the diluent in the starch 
crystalline structures is likely to be analogous to that des- 
cribed by Flory for the collagen-gelatin system. There is 
also the uncertainty as to the precise effect of  solutes on 
the annealing process. In the present study it has been 
assumed that solutes do not interfere with annealing, how- 
ever some evidence suggests that in the particular instance 
of high concentrations of  sugars this may not be the case 2s. 
A further general problem is that the traces of  lipid con- 
tained in starch grains may complex with polymer in solu- 
tion 26. The presence of such complexes would influence 
the chemical potential of  the amorphous phase and hence 
the temperature at which mblting occurs would be altered. 
Lipids complex with approximately ten times their own 
weight of  starch polymer 26 and hence the magnitude of the 
effect may be greater than anticipated from the absolute 
amount of  lipid in the granule. Finally, there is the prob- 
lem that the analysis is, of  necessity, based on a simplified 
model of  the starch granule. This is since the precise dis- 
tribution and structure of  the various amylose and amylo- 
pectin molecules in the crystalline and amorphous regions 
of  starch particles is unknown, and hence the framework 
necessary for a comprehensive treatment of  gelatinization 
is unavailable. Furthermore, even if the required informa- 
tion were available the resultant equations would be too 
complicated to solve explicitly. Other investigators have 
also used model structures to interpret crystall ine-amor- 
phous transformations in relatively complicated polymers, 
their results indicate that the principles by which phase 
transitions in simple polymer systems may be understood 
apply equally well to more complex situations 27. 

The results of  the present study indicate that some as- 
pects of  gelatinization may be explained by treating the 
process as a general problem in phase equilibria. In particu- 
lar, the theory of  melting in a three component  system con- 
sisting of polymer,  diluent and low molecular weight solute 
appears to provide a means of analysing certain of  the effects 
of  sugars on the starch transition. However the fact that the 

analysis is based on an idealized concept of  the relatively 
complex gelatinization process must be stressed. While the 
foregoing explanation of gelatinization is speculative, it is 
suggested that the analysis serves to emphasize the fact that 
starch exhibits crystal-liquid transitions which are analo- 
gous to those occurring in other polymeric substances. 
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Glass transition temperature of ideal 
polymeric networks 
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Measurements of the glass transition temperature (Tg) have been carried out on polystyrene networks 
prepared by the anionic copolymerization of styrene and divinylbenzene, and star-shaped polystyrene 
of varying functionality. The results show a linear variation of Tg versus M n  1 in all cases. The value 
of the slope interpreted in terms of the free volume theory shows that the glass transition temperature 
depends closely on the average functionality of the crosslinks. In order to study the influence of free 
chains on the glass transition of crosslinked polymers a series of networks were contaminated with 
increasing ratios of linear polystyrene chains, slightly polydisperse. 

INTRODUCTION 

The glass transition temperature (Tg) of polymers is an 
important parameter, as their physical and mechanical 
properties vary greatly at this temperature. This is why 
the variation of Tg with molecular parameters has been 
the subject of numerous experiments 1. In particular, it 
is well known that the glass transition temperature is a 
decreasing function of the molecular weight for a linear 
polymer and of the crosslinking density for crosslinked 
polymers. 

The results published up to now on the variation of Tg 
with crosslinking density were obtained with samples pre- 
pared by a radical process. These samples are poorly de- 
fined and their molecular weight between crosslinks, ob- 
tained by indirect measurements, is to a great extent poly- 
disperse. In addition to this, the functionality of these 
networks, i.e. the number of elastic chains produced at 
each crosslink is a constant figure determined by the chemi- 
cal nature of the reaction at crosslinking. 

The samples studied here are ideal networks prepared 
by anionic copolymerization 2. This technique makes it 
possible to obtain networks for which the molecular weight 
between crosslinks is only slightly polydisperse and experi- 
mentally measurable. It also makes possible the prepara- 
tion of star-shaped polymers in which the functionality 
and the molecular weight of the star-points can be varied 3. 
Studies of the temperature variation of glass transition 
with these two parameters have been carried out. Results 
have been compared to those obtained on linear polysty- 
renes and interpreted with the help of existing theories. 

EXPERIMENTAL 

Polystyrene samples were prepared by anionic copoly- 
merization following the method of Rempp and coworkers 2. 
The polymerization of styrene is initiated by the disodium 
tetramer of ~-methylstyrene and gives by the nucleophilic 
attack of the double bonds, a 'living' polystyrene with re- 
active organo sodium sites at both ends. The network is 
obtained by the addition of divinylbenzene (DVB) whose 
copolymerization is initiated by styryl carbanion. The re- 
actions were carried out in a mixture of 50% toluene and 

tetrahydrofuran (THF) at -78°C, in order to obtain a 
good dispersion of the DVB in the mixture before cross- 
linking. The gels obtained in this way were deactivated 
by a solution containing 10% THF and tetrahydrofurfuryl 
alcohol; its alcoholates were removed by successive wash- 
ings. Before adding the DVB a calculated amount of linear 
polystyrene was taken in order to determine the molecular 
weight and the polydispersity of the chains between crosslinks. 

The gels obtained in this way consist of nodules of DVB 
which are strongly crosslinked and link chains of polysty- 
rene of known molecular weight and slightly polydisperse. 
It has been shown 4 that the functionality of the network 
thus obtained depends on the concentration of DVB per 
living end. Two series of gels were prepared, with 3 and 
10 molecules of DVB per living end. A third series was 
prepared following the method of Herz s which gives a 
functionality of three. 

In order to study the simultaneous influence of the free 
ends of the chain and of the crosslink points, we also mea- 
sured the glass transition of star-shaped polymers with 
different molecular weight and functionality which were 
prepared by Rempp and coworkers a. The method used by 
these researchers consists of preparing living polymers with 
a reactive organo sodium site at one end only, initiated by 
a monofunctional initiator. The formation of a star-shaped 
polymer is obtained by the addition of a variable mnount 
of DVB. The determination of the molecular weight of the 
initial linear polystyrene and of the star-shaped polystyrene 
makes it possible to determine the average functionality. 

In addition to this, and so as to study the influence of 
free chains on the glass transition of crosslinked polymers, 
a series of networks were contaminated with increasing 
amounts of polystyrene chains of a molecular weight re- 
sembling that of the network. 

The glass transition temperatures of the polymers were 
determined on a Perkin-Elmer differential scanning calori- 
meter (DSC-2). The values of Tg were obtained by the 
intersection on the baseline of the tangent at the inflection 
point on the representative curve. It is well know~a that the 
glass transition temperature, deduced by calorimetric analy- 
sis, depends on the thermal history of the polymer and on 
the speed of heating and cooling. So as to make the mea- 
surements among the different samples comparable, each 
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Table 1 Experimentally determined Tg values for linear and crosslinked polymers 

Linear ~-~ (5C)7) 
Mn Tg (°C) = - /~n 

Crosslinked 

= /~n 
T. ( °C)  
(T=10 -12 )  

7500 77.7 
10450 83 103 
1066O 102.5 
13200 84.9 101.7 
19100 90 
19900 92 100.7 
30000 93.5 99 
45600 94.5 98.6 
75000 95.3 97.7 

110 000 97.4 

K x 10 . 5  1.5 0.55 
PNA~ 6 4 

Mo 

9600 98.5 8000 109.5 
12 100 98 20 000 103.5 
27 550 97.7 36 000 102 

0.13 0.78 
1 6 

Table 2 Experimental values for linear crosslinked and star-shaped polymers 

Mn/ Kmeasured ATgMnmeasured I/2(KL + KR) 
branched Tg (°C) X 10-$ KL X 10 -5  KR X 10 - s  X 10 - s  X 10 - s  

10 880 93.5 
23 200 95.5 

f = 3 50450 96.3 --0.41 1.50 0.13 1.09 0.82 
80 000 96.7 

319.000 97.1 

16 670 96.2 
61 9OO 96.9 

f = 4 134 300 97.1 -0 .27  1.50 0.30 1.23 0.90 
200 000 97.5 
480 000 97.6 

35 200 98.1 

f = 6 - 7  52 270 97.7 +0.1 1.50 0.55 1.60 1.05 
100 000 97.9 
518200 98.7 

56 360 98.2 
f=  10-12 54540 98.1 0.26 1.50 0.78 1.76 1.14 

172 700 97.8 

of the samples was maintained at 460K for 10 min, then 
cooled at 40°C/min. With the intention of increasing the 
reproducibility of the measurements, the Tg were measured 
for different values of heating-rate and extrapolated at low 
rate, although this extrapolation has no physical meaning. 

RESULTS AND DISCUSSION 

Twenty years ago, Fox and Flory 6 showed that for a series 
of fractioned linear polystyrene, the glass transition tem- 
perature varied linearly with the inverse of the number- 
average molecular weight of polymers and they proposed 
an equation of the type: 

KL 
Tg=Tg= - - -  (1) 

M,, 

in which Tgoo is the glass transition temperature of an in- 
finite molecular weight polymer and KL is a constant. 
Ueberreiter and Kanig 7 showed that this equation was an 
approximation valid for molecular weights up to 2000. 

In the same way, Fox and Loshaek s proposed the follow- 
hag semi-empirical equation for crosslinked polymers obtain- 
ed by radical polymerization: 

KxP 
Tg= Tg~ + - 

NA 

in which NA, P, Kx represent the Avogadro's number, the 
crosslink density and a constant characteristic of the poly- 
mer. In this equation, the molecular weight of chains be- 
tween erosslinks does not appear because it is not directly 
accessible through experiments for this type of network. 
In our case, where we can measure this molecular weight, 
we can express the variation of Tg in relation to A n by an 
equation similar to equation (1): 

KR (2) 
Tg= + ----  

Mn 

where Tgo. represents the value of Tg for a network of infi- 
nite molecular weight. All the experimental results on 
linear crosslinked and star-shaped polymers are included in 
Tables I and 2. Following equations (1) and (2) we have 
plotted in Figures 1 and 2 the values of Tg versus ~rnl for 
linear, cross-linked and star-shaped polymers. In this way 
we obtained a cluster of straight lines, all passing through 
Tg~ = 97.5°C for infinite molecular weight. The conver- 
gence of these different straight lines indicates that struc- 
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tural parameters become negligible when the molecular 
weight Mn is high. 

The physical interpretation of the value of the slope of 
these straight lines, in the case of linear and crosslinked 
polymers, has been the subject of a great many studies based 
either on the concept of free volume ~, or on statistical theo- 
ries 9-n.  Recently Chompff 12 proposed a theory using the 
concept of the additivity of free volume, which can be 
relatively well applied to the experimental results obtained. 

The calculation is based on a model made up of three 
distinct structural elements: free chain ends (index 1), 
chain segments (index 2) and branch points (index 3). 
Assuming the additivity of free volumes, we can write: 

3 

f= ~ ¢~¢~i 
i=l 

and f~- =fgi + ufi(T - Tg i) with i = 1, 2, 3 

where )~ are the fractions in free volume of elements i at a 
given temperature;fg i are the fractions in free volume of 
elements i at T = Tgi; Tg i are the temperatures of glass 
transition of elements i; afi are the coefficients of volumic 
expansion of elements i; ~i are the fractions in effective 
volume of elements i and f i s  the total fraction of free 
volume. 

Considering as Chompff did, that f3 is negligibly small 
for T= Tg 

o~fl¢ 1Tg, + <xf2~2Tg 2 +fga~ 3 
rg  = (3) 

eef l (~1 + af2(~2 

Linear polymer 
For a linear polymer, the volume fraction ~3 is zero, 

which enables the volume fraction, qh, to be defined by 

2pNA~I 
~'~- ~t,, (4) 

where p is the density of the polymer;NA is Avogadro's 
number and ~'1 represents the effective volume of one 
chain end. 

This equation combined with equation (3) leads to the 
variation of Tg as a function ofMh-l: 

01--~ 

~fl 
- -- - -  (Tg 2 - Tg , )2pNA~I  = K L  (5 )  

As is indicated in equation (3), the variation of Tg with 
Mn 1 or ~1 is not linear, and equation (5) is an approxima- 
tion valid only when the molecular weight)~n is sufficiently 
high (4/1 -~ 0). 

From the curve relating to the linear polymer in Figure 1, 
we have obtained the experimental value ofKL = 1.5 x 105. 
The results obtained by other authors are scattered between 
0.70 and 2.1 × 105 6-s,~a-~6. This disparity may be linked 
either to the choice in experimental methods, or to the way 
in which the results were plotted, or even to the dispersity 
in the molecular weight of the sample ~s. 

By identifying the experimental and theoretical values 
of KL (equations 1 and 5), it is possible to determine the 
value of 4~i and thus to know the number of monomer units 
included in a free end of the chain. To this end, we used 
the experimental values published by Ueberreitter and 
Kanig ~ and by Fox and Loshaek 8, who obtained respec- 
tively the characteristic parameters Tg I and a l l  for oligo- 
mers of varying molecular weight. 

In Table 3 we have plotted the value of the different 
parameters appearing in equation (5) as a function of the 
number of monomer units PNAfl/Mo (Mo is the molecular 
weight of a monomer unit). The result nearest to the ex- 
perimental value is obtained when: 

PNA~I = 6M0 

This value is twice as great as that obtained by ChompfP 2. 
This difference is essentially due to the experimental value 
Of KL which was used and to the physical interpretation 

Table 3 Parameters f rom equation {5) as a funct ion of the 
number of  monomer units 

PNA~I 
M e Tg I (°C) Tg 2(°C) e f  t X 10 4 e f 2 X  10 4 K L XIO - 5  

1 - 1 5 8  97.5 10.08 3.9 1,37 
2 - 78 97.5 7,05 3.9 1.32 
3 - 41 97.5 5.96 3,9 1.32 
4 - 25 97.5 5.44 3.9 1,42 
5 - 10 97.6 5,14 3.9 1,47 
6 3 97.5 4,93 3.9 1,49 
7 12 97.5 4,71 3,9 1,525 
8 20 97,5 4,67 3.9 1.544 
9 26.5 97.5 4,59 3,9 1,564 

10 32 97.5 4.52 3.9 1,579 
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of the characteristic parameters Tgl and olfi. Clearly this 
value has no real physical meaning and is only related to 
the model and its parameters that we have used. It can 
only be used to compare among themselves the results ob- 
tained with different types of polymers. 

Crosslinked polymers 
For networks obtained by anionic copolymerization we 

can suppose that 41 = 0 (ideal networks) when all the active 
chain ends have reacted. The volume fraction $3 is then 
defined by the equation: 

2PN~t3 
$3 = r 

n 
(6) 

where t3 represents the effective volume of the crosslinked 
chain ends. The variation of Tg versus&f,-’ is expressed by 
an equation similar to equation (5), with the aid of equa- 
tions (2), (3) and (6): 

fg = - 2pN~f3 = KR 
af2 

(7) 

where fg = fg, = fg, = fg3 for T = Tg 
This equation is an approximation valid only when the 

molecular weight M,, is sufficiently high (43 + 0). 
In Table I we have included the results obtained for 

gels of functionality 3, 5-7, 10-12. These results suggest 
the following remarks. 

The slope KR, as well as the number of segments of $3 

depends closely on the average functionality of the cross- 
links. This parameter, which does not appear in an explicit 

way in the theory of free volume, reflects the intermole- 
cular interactions near the crosslink points, these are all the 
more remarkable the higher the functionality. It is there- 
fore very probable that the orientation of the chain seg- 
ments, near the crosslink nodules is imposed by a volume 
effect among different chains of the same nodule. 

The results we obtained seem to agree with those of 
other authors7~L7918 if we suppose, as Chompff” suggests, 
that crosslinks prepared by radical means have an average 
functionality f = 4 (Figure 3). 

Star-shaped polymers 
It is interesting to know the variation of glass transition 

temperature ATg induced by total or partial crosslinking of 
linear chains of known molecular weight IT;i,. The Tg in- 
crease due to the crosslinking process can be written for a 
small change in #I and 43: 

ATg= (2) r%) MI+ ($) x 

As Tg is a linear function offi;’ (for #r or @3 small), 
the variation A$1 and A43 for star-shaped polymers is 
given by: 

then: 

1 
ATg= #KL +Kj#il (8) 

In Table 2 the values obtained for star-shaped polymers 
of functionality 3,4,6-7,10-12, as well as experimental and 
theoretical (equation 8) values for ATg. B,r are given. In 
Figure 2 the experimental values of T, versus M;l are 
plotted. 

8- 

I * I I I 1 I 

5 IO I5 20 

f 
Figure 3 0, Gel anionic; n , gel radical; *, extrapolation to 
f=2 
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Table 4 Values of Tg for contaminated gels 

/~n = 10 450 
/~h = 7500 C C/2 C/5 

Initial concentration X 102 4.20 2.16 0.70 
(g/cm) 

p(%) 13.89 7.52 3.11 
Tgcontaminated (found) (°C) 98.5 101 102 
Tgcontaminated (calculated) 99 100.9 102.1 

(°C) 

Glass transition temperature of  ideal polymeric networks: F. Rietsch et al. 

As linear polystyrene with a molecular weight ./l~;z 
slightly different from the network molecular weight Mn, 

c/11 has been used, the following correction must be introduced: 

2.8 Tgc°ntaminated = Tgnetw°rk 1 - p + P ~nn Tglinear 

102.5 
102.2 The results are included in the Table 4. We can see that 

the agreement between experimental and calculated values 
is quite good within the experimental errors and justify the 
assumption of additivity of  free volume. 

Concerning samples of  functionality f =  3 and ] '=  4, 
the agreement is still satisfactory, whereas for star-shaped 
polymers of  higher functionality, the disagreement is very 
important. For all cases the calculated values are lower 
than the experimental values. This discrepancy can only 
be interpreted by architectural factors in relation to 
functionality. 

This can be explained if we suppose that the star-shaped 
molecules the segment density is higher in the vicinity of  
the nodule than in crosslinked systems where the chains 
are more extended. 

Contaminated gels 

In order to study the influence of  free chains present in 
a network on glass transition temperature, we contaminated 
a sample having a molecular weight between crosslinks -~n = 
10 450 at increasing ratio of  linear polystyrene with a 
molecular weight ° fMn = 7500, slightly polydisperse. 

The free polystyrene chains were introduced into the 
network by a diffusion process in the swollen state. Sam- 
pies prepared with different concentrations are shown 
in Table 4. 

From the additivity of  free volume it is obvious that: 

Tgcontaminated = Tg rmearP + (1 - p ) Tg networ k 

where p is the weight fraction of linear polystyrene in the 
sample. 
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Conformation and thermodynamics of 
adsorbed macromolecules at the liquid/ 
solid interface 

Erwin Killmann 
Institut fur Technische Chemie der Technischen Universit~t MOnchen, 8 Mimchen, W. Germany 
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Calorimetric measurements and results of the adsorption of poly(ethylene glycols) on Aerosil out of  
solution are reported. With the aid of conformation models for the adsorbed macromolecules and by 
comparing with the results on low molecular weight model substances, the measured values and their 
dependence on coverage, molecular weight and solvent are discussed. The resulting structure of the 
polymer layer, characterized by the adsorbed amount, the number of adhesive segments, the adsorp- 
tion enthalpy, the thickness and the concentration of the adsorbed layer is verified by i.r. spectro- 
scopic and e l l ipsometr ic  data. 

INTRODUCTION 

Most of the experimental work concerning adsorption of 
macromolecules has dealt with the determination of the 
amount of adsorption, which is basically necessary for the 
interpretation of all results from other methods to charac- 
terize the conformation of the adsorbed macromolecules. 
In some adsorption systems information has been success- 
fully obtained on the structure of the layer by spectromet- 
ric measurements of the number of adhesive units, and in 
some other systems by eUipsometric measurement of the 
thickness and the concentration of the adsorbed layer. 

Besides the adsorption layer characterizing parameters, 
the adsorption enthalpy is also very important in charac- 
terizing adsorption behaviour. As we know, direct calori- 
metric measurements of the enthalpy of adsorption on 
solid surfaces for polymers were rare until recently 1-3. In 
some investigations enthalpy of adsorption was obtained 
from the temperature dependence of the adsorption iso- 
therms 4-6. The plot of the equilibrium concentration in 
solution against the reciprocal of the absolute temperature 
at constant amount of adsorption yields the isosteric 
Clausius-Clapeyron adsorption enthalpy. This method is 
very problematical, as the conditions of isostericity and 
also of reversibility are not fulfilled in the case of polymer 
adsorption. To demonstrate this an example is given later. 

MEASUREMENTS AND DISCUSSION 

The enthalpy values reviewed here were measured with an 
isoperibolic calorimeter (LKB), which is useful for measure- 
ments up to 30 minutes. Aerosil 175 and Aerosi1200 were 
used for the adsorption experiments to achieve the neces- 
sary conditions for the method. The Aerosil is non-porous 
as shown by electron microscopy and has a high specific 
surface, ~200 m2/g. After heating at 10-2-10 -1 Torr and 
300°C for 6 h the Aerosil was immersed in a solvent or 
transferred to ampoules under nitrogen and melted off. 
This procedure yields reproduceable adsorbents, shown 
by i.r. spectroscopy and by calorimetric measurements 
of the wetting enthalpy in pure solvents. The opti- 

mum temperature for preconditioning was found to be 
300°C. The wetting enthalpies and the extinction band 
of the SiOH groups at 3695 cm -1 show a maximum 
(Figure 1). The extinction band of the hydrogen bonds at 
3500 cm -1 still existing is based partly on hydrogen bonds 
between neighbouring silanol groups and partly on adsorbed 
water. 

For the calorimetric adsorption measurements poly- 
(ethylene glycols) of different molecular weight were used 
in comparison with some low molecular weight substan- 
ces 1'2. The solvents were carbon tetrachloride, benzene, 
water and methanol. Carbon tetrachloride is most impor- 
tant for comparison with i.r. spectroscopic measurements 
of the number of adhesive segments. 
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Figure  1 (a) Extinction of the hydrogen bonds E O _ H _  O and of 
the SiOH groups E O _  H versus temperature of heating of Aerosil 
200. A, EOH = 3695 cm--]; B, EOH O = 3500 cm -1 .  (B) Wetting 
enthalpies in CCI 4 (O) in benzene ([3) versus temperature of heating 
of Aerosil 200 
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Figure 2 Adsorption isotherms of adsorbed amount A of poly- 
(ethylene glycols); M w 40000 (X), M n 6000 (©}, M n 600 03), 
ethyl glycol (V), ethanol (A), d/ethyl ether (+). CCI4-25°C - 
Aerosil 200 
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Figure 3 Adsorption isotherms of adsorbed amount A of PEG 
6000--benzene at 25°C (O) and 40°C (c]) 

by the variation in conformation and in the number of 
adhesive segments. 

The adsorption enthalpy was measured by breaking an 
ampoule of 1 ml concentrated polymer solution in an 
Aerosil suspension of 50 or 100 ml. The desired polymer 
concentration is given by the amount of the polymer in 
the ampoule. To obtain the adsorption enthalpy the mea- 
sured enthalpy must be corrected with the dilution enthalpy, 
which is measured by separate experiments shown in 
Figure 4. One can see the strong dependence of the dilu- 
tion enthalpies on the polymer weight resp. the fraction of 
OH end groups to the ether groups in the molecules. An 
example for the correction of the measured enthalpies with 
the dilution enthalpy to obtain the adsorption ehthalpy is 
given in Figure 5. 

The immersion enthalpy was measured by breaking a 
1 ml ampoule with the Aerosil under nitrogen gas in a 50 
or 100 ml vessel filled with polymer solution. From these 
procedures one can formulate for the adsorption enthalpy: 

- ~ t t ( O  ) = -n,SJ-Ip. A + n~XHL. A + ndd-IL. P + £dtp.p (1) 

and for the immersion enthalpy: 

--~r-Ii(O ) = --n,~J-Ip, A -- (n o - n)~J-IL, A + n,SHL, P + 

~¢e,e (2) 

The adsorbed amounts from CC14 and C6H6 solutions 
were measured in the usual way from the difference be- 
tween the initial concentration weighed in and the equili- 
brium concentration in the supernatant solution using C - H  
stretching vibration at 2900 cm -1 in CC14 and the C-OC 
valence vibration (oscillation) at 1107 cm-1 in C6H6. 
Figure 2 shows some adsorption isotherms measured in 
carbon tetrachloride. 

The measured adsorption isotherms of poly(ethylene 
glycol) 6150 in benzene at two different temperatures are 
given in Figure 3 yielding with the Clausius-Clapeyron 
evaluation an isosteric endothermic adsorption enthalpy. 
In contrast to this all calorimetrically measured adsorption 
enthalpies in all solvents are negative, representing exother- 
mic adsorption. This discrepancy shows that it is impos- 
sible to use the temperature dependence of the isotherms 
and to calculate the adsorption enthalpies according to 
Clausius-Clapeyron. The reason for this is that the condi- 
tions of isostericity and irreversibility are not fulfilled in 
the case of polymer adsorption, because the conformation 
of the adsorbed macromolecules is independent of cover- 
age and temperature; this is demonstrated by the i.r. spec- 
trometry and the enthalpy measurements discussed later 
and by desorption measurements. In the Clausius-Clapey- 
ron evaluation of the adsorption determination of the 
enthalpy shows that at the same amount of adsorption the 
state of adsorption is independent of temperature. This 
means that at different temperatures at the same amount 
adsorbed, the macromolecules are adsorbed in the same 
conformation with the same number of adhesive segments. 
This condition is not guaranteed by the conformation of 
the adsorbed macromolecules. The Clausius-Clapeyron 
enthalpy therefore does not correspond to the enthalpy 
of adsorption. It contains rather entropic factors, caused 
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Figure 4 Dilution enthalpies --Hv, of poly(ethylene glycols): 
M w 40000 (X), M n 6000 (o), Mn 2000 (O), M n 600 {D), d/ethyl 
ether (+), ethyl glycol (?), ethanol (G)-CCI4-25°C 

o 
< 

-6 
~A 

I 

V V 

O 0.1 C~.2 0.3 

CE ( g / lOOcrn 3) 

Figure 5 Measured enthalpy AHMeas" (o), dilution enthalpy 
AHv (El), adsorption enthalpy AH (~7) versus concentration, C E 
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Figure 7 Adsorption enthalpy --AH of PEG 40 000-Aarosil 
200--H20 versus adsorbed amountA at 25°C (o) 

which leads to the general rule: 

HI(O ) = ZkH(O ) + nozM-IL. A 

I I I I [ I  

0"01 0 0 3  0-05 0 0 7  0'0931 

/ 
The integral adsorption enthalpy equation (1) results from the 
binding of polymer segments nZkHp, A simultaneous dis- 
placement of the solvent from the surface nZ~-IL, A and the 
desolvation of the solvent from the solvation shell n~tHL. P. 
In addition to these contributions a possible interaction 
between polymer segments zX/]p.p must be regarded. The 
immersion enthalpy (equation 2) results from the sum of the 
adsorption enthalpy and the wetting enthalpy of the adsor- 
bent with solvent molecules (equation 3). Neglecting the 
polymer-polymer interaction the equation states that the 
integral adsorption enthalpy is proportional to the molar 
number, n, of adsorbed segments at a defined degree of 
coverage and to an enthalpy difference (zSd-Ip. A - zX[-IL, A -- 

z&HL.p). The differential adsorption enthalpy, DM, deviat- 
ing from equation (1) is proportional to dn/dN; this means 
that D M is a measure of the fraction of adhered segments 
dn/dN. 

In Figures 6 - 9  the values of adsorption enthalpies ob- 
tained are plotted against the adsorbed amount for some 
different solvents and molecular weights. Because of the 
convex bended curves the adsorption enthalpies do not in- 
crease proportionally with the adsorbed amount. The 
differential adsorption enthalpy DM decreases with increas- 
ing amount of adsorption. From this one can conclude 

0125 

8 O10 

<( 

:t: 0 0 5  

I 

_ _ m _ _  

I 

0 0 2 0-04 0 0 6  

,4 (gig) 

Figure 8 Adsorption enthalpy --AH of PEG 40000--Aerosil 
200-methanol versus adsorbed amount A at 25°C (O) 
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Figure 9 Adsorption enthalpy --AH versus adsorbed amount A 
of poly(ethylene glycols) 40 000, 6000 ([3), 600 (~7), ethyl glycol 
(O), diethyl ether (A)-CC14-25°C-Aerosil  200 
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The plot of the hydrogen bond extinction against the 
adsorption enthalpy in Figure 11 shows a straight line. 
This proves that the adsorption enthalpy and the number 
or the fraction of adhered segments are proportional. This 
justifies the neglect of the polymer-polymer interaction 
contribution in the adsorbed layer in comparison with 
other enthalpy contributions because the polymer-polymer 
interaction should increase with coverage, yielding a concave 
AtlversusA curve if essentially; but the contrary is measured. 

From the analogue curvature of the i.r. measured hydro- 
gen bonds and the adsorption enthalpy it follows clearly 
that the fraction of adsorbed segments decreases with rising 
coverage-the conformation of the adsorbed macromole- 
cule depends on coverage. At low coverage the macro- 
molecule on average is bound with more adhered segments 
in a more flat conformation than at high coverage. At low 
coverage the macromolecules adsorb unhindered by each 
other with highest possible contact points, simultaneously 
desorbing the solvent molecules from the surface and pro- 
ducing the highest exotherm adsorption enthalpy. 

With increasing coverage the new adsorbing macro- 
molecule segments are in contact not only with surface 
places covered with solvent, but also those covered with 
polymer segments. The number of new contact points de- 
creases. The exchange of segments of adsorbed macro- 
molecules with segments of new adsorbing macromole- 
cules, changing the average conformation of the adsorbed 
macromolecules, gives no enthalpy contribution. Of 
course only those segments which adsorb on new solvent 
covered places give a contribution to the adsorption 
enthalpy. This change of conformation independent of 
the concentration of the solution respectively of the cover- 
age also takes effect in the time dependence of the adsorbed 
amount, demonstrated in Figure 122,7 . At high concentra- 
tions normal behaviour is observed: the solution concentra- 
tion CL, represented by the extinction of the CH-band, 
decreases with time indicating the normal increase of the 
adsorbed amount with time. At low concentrations the 
opposite behaviour is observed: the solution concentration 
increases with time indicating a decrease of the adsorbed 
amount. This behaviour can only be explained by confor- 
mation change in the same way as before. 

ha the solvents CC14, C6H 6, CH3OH and H20 the immer- 
sion enthalpy in polymer solution with adsorption satura- 
tion is practically the same, AH= = 7.2 cal/g adsorbent 
(equation 2). The wetting enthalpies of the polar solvents 
H20, 6.78 cal/g and CH3OH, 7.06 cal/g nearly correspond 
with the immersion enthalpies, the adsorption enthalpy 

O O.I 0.2 03 0 4  
EoHo(-) 

Figure I I  Adsorption enthalpy --AH versus extinction EOH O 
of the hydrogen bonds of poly(ethylene glycols)--CC14--25°C - 
Aerosil 200. ©, Ethyl glycol; ?, poly(ethylene glycol) 600; o, 
poly(ethylene glycol) 6000 

that the fraction of adhered segments decreases with in- 
creasing amount of adsorption, respectively with increas- 
ing coverage. This is confirmed by the i.r. spectroscopic 
measurements of the number of adhered segments on the 
same Aerosil in CC147. The plot of the extinction of the 
hydrogen bonds at 3300 cm -1, responsible for the adsorp- 
tion of the polyethers, against the adsorbed amount also 
shows a convex curvature (Figure 10). 
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Figure 12 Concentration of the supernatant solution C L versus 
time t at different concentrations in C E (g/100 cm3): A, 0.55; 
B, 0.45; C, 0.35; D, 0.25; E, 0.15 
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therefore is very low. The wetting enthalpies of the non- 
polar solvents CC14, 3.75 cal/g and C6H6, 4.6 cal/g are on 
the contrary much lower than the immersion enthalpies, 
the adsorption enthalpy therefore is higher (equation 1). 

From the solvent independent immersion enthalpy it 
therefore follows from equation (2) that the solvent depen- 
dent terms (n o - n ) A n  L A and nzSJtL, e nearly vanishes in 
the saturation case. It is considered that this is only pos- 
sible in the different solvents if both terms are nearly zero. 
This means that the desolvation contribution for all sol- 
vents is small in comparison to the other terms and could 
be neglected and that in saturation nearly all places are cov- 
ered with polymer segments, so that n = n 0. This interpre- 
tation is confirmed by the finding that in case of saturation 
in CC14 practically no more extinction of hydroxyl groups 
is recognized by i.r. 7. This interpretation also means that 
the adsorbed enthalpy of poly(ethylene glycol) on Aerosil ia 
CC14 is influenced predominantly by the binding enthalpy 
and in competition to this, the desorption enthalpy of the 
solvent. The competition by the desolvation and the poly- 
mer-polymer interaction must be of second order. 

Relating the measured immersion enthalpy to the num- 
ber of silanol groups, 2.7 SiOH/100 A 2 on the Aerosil sur- 
face a binding enthalpy of 9.9 kcal/mol SiOH groups 
results 1,7 in good agreement with the enthalpy values of hy- 
drogen bonds in the literature. The value of 9.9 kcal/mol is 
also confirmed by the fact that also for the low molecular 
weight substances ethyl glycol, diethyl ether, ethyl alcohol 
the binding enthalpies are nearly 10 kcal/mol 2. 

From the linear ascent of the adsorption enthalpies with 
low coverage e.g. in CC14, one can calculate an adsorption 
enthalpy of 1.76 kcal/mol base units of the polymer. In 
comparison the adsorbed enthalpy of ethyl glycol at satura- 
tion is 4.0 kcal/mol. This consideration shows that at low 
coverage the fraction of adhered segments of the polymers 
isp = 0.5. This means that the polymer in this state is 
adsorbed in an extremely fiat conformation with 50% 
adsorbed base units. 

In the saturation region from the adsorbed amount and 
the measured adsorption enthalpy it follows that the frac- 

tion of the attached segments is about p = 0.2-0.25. This 
indicates a conformational change of the adsorbed polymer 
chain with coverage. 

The consequences of the high fractions of adsorbed base 
units are: (1) aa extremely flat adsorption layer confirmed 
by the ellipsometric thicknesses on chrome which are 
found to be less than 20 A in the whole coverage regionS; 
(2) the extremely small dependence of the adsorbed satu- 
ration amounts from the molecular weight2; (3) the state 
that poly(ethylene glycol) adsorbs almost irreversibly when 
the molecular weight is high enough, which is demonstrated 
by desorption measurements 7. 

This paper is restricted mainly to the calorimetric part 
of our work on polymer adsorption. Extensive i.r. spectro- 
metric measurements have also been carried out on the same 
PEG-CC14 systems and on low molecular weight materials 
to obtain direct information about the number of adhesive 
segments 2'7. Also ellipsometric measurements for deter- 
mining the thickness and the concentration of poly(ethy- 
lene glycol), polystyrene, poly(vinyl pyrolidone), poly 
(methyl methycrylate), polyisobutylene and poly(vinyl 
acetate) layers on chrome, platinum and gold surfaces in 
different solvents have been carried out s'9. 
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On the reproducibility of Tg 
measurements on polystyrene using 
d.s.c. 
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In determining the reproducibility of Tg data of a standard polystyrene measured by differential 
scanning calorimetry (d.s.c.), the effects of d.s.c, trace interpretation method, extrapolation to zero 
scan rate, polymer sample form, a thermal treatment and a thermal cycling procedure on the results 
were examined. The results showed that data from scanning at 8°C/min are preferred to those from 
extrapolation to zero scan rate while the overall reproducibility was unaffected by the d.s.c, trace 
interpretation method used. However, the onset of the transition step was selected to define Tg in 
this work. Similarly, no differences in the reproducibility of data were noted between the overall 
results for granular or sheet samples, although certain treatments of specific samples did produce 
changes in some instances. The mean value for Tg at 8°C/min was found to be 102.3°C. Imposing 
the thermal treatment on the samples did not significantly alter the reproducibility of the results 
whereas in contrast, cycling markedly improved the reproducibility of sheet sample data but left that 
of granules unaffected. 

INTRODUCTION 

The glass transition temperature (Tg) is a fundamental pro- 
perty of an amorphous or semi-crystalline polymer and is 
determined by molecular composition and structure. At 
this temperature, complex rate-dependent molecular pro- 
cesses occur which influence polymer properties both dur- 
ing processing and in service. 

Experimental methods of measuring Tg exploit the 
changes in properties manifested as polymers pass from 
the glassy to the rubbery state and normally fall into two 
categories. These are stepwise, steady state methods in 
which properties are measured under static thermal equili- 
brium conditions over a temperature range encompassing 
Tg, and dynamic methods, in which properties are measured 
during heating the material through Tg. The former 
approach gives Tg data directly, under approximately iso- 
thermal conditions, whilst the latter relies upon an extra- 
polation procedure in order to generate isothermal (zero 
scan rate) Tg data. Dynamic methods, however, are be- 
coming increasingly popular on account of their conve- 
nience. Differential scanning calorimetry (d.s.c.) 1 falls into 
this latter category and utilizes the fact that heat capacity 
changes are observed in a polymer with changes in tempera- 
ture. Although not intended solely as a technique for deter- 
mining Tg, d.s.c, is nevertheless widely used for this pur- 
pose on account of the commercial availability of suitable 
equipment, speed of measurement, small sample size re- 
quirements and precision of measurement ~. Currently, 
many research and development studies use d.s.c, to exa- 
mine thermal characteristics, structural changes and transi- 
tions in polymers. However, no published information 
which defines the reproducibility of the data generated 
using this technique is available; it is not known, for exam- 
ple, whether polymer variability is sufficiently low to allow 
meaningful d.s.c, data to be gathered when small differences 
between samples are being considered. 

The purpose of this paper is to examine the capability of 
d.s.c, for polymer characterization under normal laboratory 
conditions; the reproducibility of glass transition data pro- 
duced for a standard polystyrene will be considered. Sam- 
ple form, sample thermal history and data interpretation 
methods are varied. Such a study will permit certain of 
the polymer/d.s.c, interactions to be quantified, allow a set 
of data to be produced with which other laboratories may 
compare their own d.s.c, performances, and finally permit a 
method to be defined, within the limits of the variables 
examined, for obtaining the most reproducible d.s.c, data. 

EXPERIMENT DESIGN 

In an experimental programme of this nature it is impor- 
tant to identify the sources of error and to design the 
experiment so that the effect of the variables being exa- 
mined can be readily observed. The present programme 
recognizes that variations in data result from polymer sam- 
ple inhomogeneities, instrument/operator errors and data 
interpretation errors. 

In order to minimize d.s.c, data variation due to polymer 
sample inhomogeneities, a standard polystyrene, supplied 
by the Polymer Supply and Characterisation Centre (PSCC) 
at RAPRA was used. This material is homogenized before 
issue and has a fine particle size (~0.5 to 1 mm beads) 
allowing about 40 individual beads to make up the approxi- 
mately 10 mg samples used in the study. 

There are varying opinions about the method of defining 
Tg from a d.s.c, trace 3-6. Two methods were used in this 
work and are shown in Figure 1. Both Ti, the intersection 
point of the projection of the base line with the tangent to 
the step and Ts, the mid-point between the upper and lower 
deviations of the step from its tangent were defined. Al- 
though glass transitions occur over a temperature range, it is 
normal practice to quote a single temperature of transition. 
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average molecular weights of 145 and 328 g/mol 
respectively. 

Moulding sheet polystyrene 
Granules of PS2 were compression moulded to give 

circular sheets 50 mm in diameter by 1 mm thickness using 
a manually operated, laboratory Moore press and a semi- 
positive mould o f  100 mm external diameter with a plunger 
diameter of 50 ram, the cavity depth being 1 mm. Granules 
were placed in the mould which had been heated to 170°C, 
the mould was then closed and held at this temperature 
under a pressure of 18.45 MN/m 2 for 30 min. The mould 
was then cooled to and held at 100°C for a further 30 min, 
and finally slowly cooled to room temperature still under 
pressure. Three separate sheets of polystyrene were 
moulded. 

Sample preparation 
Four different forms of sample were used. These were: 

(a) the granules as received, samples A and B (Table 1); 
(b) the granules after they had been given a controlled 
thermal treatment in the d.s.c., samples C and D; (c) com- 
pression moulded sheet formed from the granules, samples 
1 and 2; (d) compression moulded sheet as in (c) after 
having been given the thermal treatment of (b), samples 3 
and 4. 

Temperature 
Figure I (a) Tg taken as the intersection of the extrapolation of 
the baseline with the extrapolation of the inflection. (b) Tg taken 
as the inflection point 

Also two methods of handling the abstracted data were 
considered by comparing the reproducibility of the Ti or 
Ts values obtained at a single calibrated scan rate with those 
calculated from an extrapolation of transition data from 
four scan rates. 

Amongst the several factors which may affect the repro- 
ducibility of d.s.c, data, the following were taken as the 
controllable variables and were examined in some detail. 
(A) The effect of sample form, i.e. granules or a thin sheet 
moulded from the granules. (B) The effect of an imposed, 
controlled thermal treatment. (C) The effect of thermally 
cycling the samples in the d.s.c. 

The experimental array to examine these three factors 
is shown in Table 1. 

The above were considered to be major practical vari- 
ables and in order to  increase the confidence of data handl- 
ing, six replications were made of each experimental condi- 
tion over a period of five months; after three replications 
had been completed the d.s.c, was serviced. The lengthy 
period over which the measurements were made, coupled 
with the instrument service allows the data generated to 
be considered as typical information, where the instru- 
ment/polymer/operator variability encountered will be 
maximized rather than minimized. It might be argued that 
the thermal and cycling treatments are not truly indepen- 
dent variables but from a practical point of view and for 
the purposes of this study they are considered independent. 

EXPERIMENTAL METHOD 

Material 
The polymer used was PSCC polystyrene PS2, a stan- 

dardized commercial material with number- and weight- 

Sample selection 
Granular material was taken randomly from the stock 

of polystyrene while the sheet material was taken randomly 
from the three sheets fabricated; it is possible however that 
towards the end of the programme sheet sample selection 
did not fulfil this random condition as only small uniden- 
tified remnants of sheet were available for the last few 
measurements. 

Instrumentation 
A Perkin-Elmer DSC-1B was used in the programme. 

Sample size, heating and cooling rates which could be 
accommodated by this instrument were chosen. All 
measurements were made under oxygen-free (BOC white- 
spot) nitrogen gas at a 25 cm3/min flow rate. 

D.s.c. operating method 
The temperature indicated by the programmer of the 

d.s.c, is not the true temperature of the contents of the 
sample pan due to the inherent non-linear character of the 
programmed temperature range. To allow for this effect 
calibration of the instrument with pure materials of known 
melting point was carried out at 8°C/min scan rate and a 
relationship established between the known melting tem- 

Table I The experimental array 

Thermal 
Sample name Sample form Treatment Cycled 

A Granules No Yes 
B Granules No No 
C Granules Yes Yes 
D Granules Yes No 
1 Sheet No Yes 
2 Sheet No No 
3 ' Sheet Yes Yes 
4 Sheet Yes No 
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peratures and the indicated d.s.c, programmer temperature. 
Results obtained after scanning the polystyrene samples at 
8°C/rain could then be corrected using this relationship. 

As each polystyrene specimen was scanned at four 
different rates, viz. 64°C/rain, 32°C/min, 16°C/min, and 
8°C/rain, pure indium was also scanned at these rates and, 
following Lambert 7, correction factors to account for the 
thermal lags at the different scan rates were calculated. 

Data abstraction and extrapolation 
The transition temperatures were abstracted from the 

d.s.c, traces as illustrated in Figure 1; the temperatures are 
given to the nearest 0.5°C. 

As has been mentioned previously the experiment re- 
quires a comparison of the transition data generated in two 
ways, viz. that of a single scan rate and that found from 
extrapolation which involved fitting the logarithms of the 
Tg values obtained from each set of four scan rates to a 
first order equation. The basis for this procedure is given 
elsewhere s. 

Thermal treatment 
The thermal treatment consisted of heating the poly- 

styrene in an open d.s.c, pan until the sample flowed, i.e. 
from 30 ° to 200°C at 8°C/min scan rate followed imme- 
diately by cooling to 30°C at 2°C/min scan rate. After 
treatment, the lid was crimped on to the pan. Wunderlich 
and Bodily 8 have shown that this type of treatment gives a 
clear transition upon reheating the sample at a fast scan 
rate. 

Cycling 
This was investigated by determining the Tg of the same 

sample at each of the four scan rates employed and compar- 
ing these values with those found when using a fresh sample 
for each scan rate. Details of these treatments are given 
below. 

(i) The same sample was heated successively to 140°C 
at 64°C/rain, cooled at 16°C/rain; to 140°C at 32°C/rain, 
cooled at 8°C/min; to 140°C at 16°C/rain, cooled at 4°C/ 
rain and finally heated to 140°C at 8°C/min, the Tg being 
determined during heating at each scan rate. This method 
is referred to as 'cycling' and samples A, C, 1 and 3 (Table 1) 
were treated in this manner. 

(ii) A fresh sample was used for each of the heating 
scans at 64 °, 32 °, 16 ° and 8°C/rain. This treatment is 
termed 'uncycled' and samples B, D, 2 and 4 (Table 1) 
were so handled. 

Data analysis 
Variance ratio and Student's ' t '  tests were used as 

appropriate and normally applied at the 5% level of 
significance. 

RESULTS AND DISCUSSION 

Effect of extrapolation 
The variance calculated from Ti and Ts replications at 

both the 8°C/rain scan rate and the extrapolated zero scan 
rate are given in Table 2. It can be seen that the 8°C/rain 
results have lower variances in 15 out of the 16 cases given; 
the probability that this result occurs by chance is 0.24 × 
10 -3 and it can be concluded that the extrapolation proce- 
dure increased the variance obtained. Consequent to this 
observation the remaining analyses of this work consider 
only the transition data from the 8°C/rain scan rate 
measurements. 

bffect of data abstraction method 
Both the Ti and Ts methods of evaluation must produce 

errors. In order to define the lower intersection point (Ti), 
tangents to two slopes must be constructed. The errors in- 
volved here will be partly dependent upon the gradient of 
these tangents. To define the inflection point (Ts), the 
tangent to the transition step must be constructed, the 
upper and lower points of deviation of the trace from this 
tangent must be defined and the mid-point between these 
two determined. It is probable that the errors produced 
using this method are self-compensating i.e. referring to 
Figure 1, the errors associated with fixing point A are 
likely to be similar but in the opposite direction to those 
involved in fixing point B. It could be anticipated therefore 
that Ts definition should be more reliable than Ti 
definition. 

Table 2 shows the variance in the replicate measurements 
calculated for the 8°C/rain scan rate using the two graphi- 
cal methods of determining the transition point. Apart 
from a single case, no significant differences in variance 
at the 5% level could be detected between results of each 
method. Examination at the 20% level of significance how- 
ever suggests that the intersection (Ti) method may give 
the better reproducibility. As a result of this observation 
the T/method only was adopted for the remainder of this 
study. It must be emphasized however, that very little 
difference, if any, exists between the reproducibility of the 
two methods of data abstraction; a choice has been made 
only on the grom~ds of expediency. 

A subsidiary experiment where Ti and Ts were deter- 
mined repeatedly from two different d.s.c, traces showed 
that Ts was fixed more reproducibly than Tiwhen tempera- 
tures were read to 0.5°C. This finding apparently contra- 
dicts the observation from the main experiment where Ti 
variability is stated to be possibly somewhat less than Ts 
variability. No contradiction, however, does exist as the 
variances determined in the main experiment include con- 
tributions from sources of error other than those of gra- 
phically fixing the Ti or Ts points. It is possible therefore 

Table 2 Comparison of variances of means of results from 8°C/min scan rate with those extrapolated to 0°C/rain by taking logarithms of Tg 

Data 
Scan Rate abstraction 
(°C/rain) method A B 

Variance 

Granules Sheet 

C D 1 2 3 4 

8 I ntersection 0.48 0.45 0.95 0.87 0.10 0.70 0.20 2.65 
0 Intersection 3.55 1.04 1.45 1.27 3.55 0.75 0.37 5.75 
8 I nflection 0.65 0.53 0.36 0.97 0.22 0.57 2.03 5.65 
0 I nflection 2.40 3.85 0.75 1.55 0.19 1.45 4.45 7.27 
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that Ts is more precisely fixed than Ti for a given trace but 
that overall reproducibility is favoured by using Ti. 

Effect of the ma/or variables 
Changes in thermal properties are produced on heating 

and cooling polymeric materials 4. These are explained by 
both the free volume and molecular relaxation theories on 
the basis of molecular configurational changes. All poly- 
mer samples handled in this experiment have been subject- 
ed at some stage to heating and cooling. It has been re- 
ported 9 that changes in the Tg of polystyrene can be pro- 
duced by varying the cooling rate of the polymer from the 
molten condition. Also according to Wunderlich m it is only 
the molten state of linear high polymers that is independent 
of thermal history. Although Shen and Eisenberg l~, in their 
review of glass transitions in polymers, remark that the 
effect of thermal history upon Tg is not well characterized, 
it can reasonably be assumed that differences in heating 
and cooling rates could lead to differences in the repro- 
ducibility of Tg data. 

In the case of sample form, differences in reproducibility 
additionally may arise from differences in sample geometry. 
A thin disc of sample gives good resolution in the d.s.c. 
because of the maximization of heat transfer between the 
sample pan and the sample and this results in more straight- 
forward interpretation of the d.s.c, trace. With a granular 
material good heat transfer exists only at and near point 
contacts with the sample pan and unless the granules are 
extremely fine, the quality of the trace may suffer. 

From the above considerations it was expected that the 
reproducibility of results would be affected by the treat- 
ments the polymer received in this work. The effects of the 
major variables were investigated by calculating and com- 
paring the variances associated with the major variables 
themselves and also their various interactions. This is 
shown in Table 3 where F 1 and F2 represent the two levels 
of sample form considered i.e. granules and sheet, Th 1 and 
Th2 represent thermally untreated and treated samples 
respectively and C1 and C2 represent uncycled and cycled 
samples respectively. 

Considering first the effect of sample form (i.e. F1 

Tab/e 3 The effect of the major variables 

(a) Form 

Results pooled Sample condition Variance 

Sample name F 1 F2 FI  F2 

Degrees of freedom 5% level Ratio 
Variance of signifi- signifi- 
ratio F1 F2 cence cant 

ABCD 1234 ThlTh2ClC 2 ThlTh2ClC 2 0.93 1.11 1.19 23 23 2.0 No 
AB 12 ThlCIC 2 ThlCtC 2 0.84 0.98 1.17 11 11 2.8 No 
CD 34 Th2CIC 2 Th2CIC 2 0.83 1.34 1.61 11 11 2.8 No 
6D 24 ThtTh2Cl ThlTh2Ct 0.61 1.75 2.88 11 11 2.8 Yes 
AC 13 ThlTh2C2 ThlTh2C2 1.07 0.41 2.60 11 11 2.8 No 
B 2 ThlCt ThlC1 0.45 0.71 1.57 5 5 5.1 No 
D 4 Th2CI Th2Cl 0.87 2.66 3.07 5 5 5.1 No 
A 1 Th 1C2 Th 1C2 0.48 0.10 4.80 5 5 5.1 N o 
C 3 Th2C2 Th2C2 0.96 0.20 4.80 5 5 5.1 No 

(b) Thermal treatment 

Results pooled Sample condition Variance Degrees of freedom 

S~mple name Th 1 Th 2 Th I Th2 

5% Ratio 
Variance level of signifi- 
ratio Th t Th2 significance cant 

AB12 CD34 CiC2F1F2 C1C2FtF2 0.89 1.08 1.21 23 23 2.0 No 
B2 D4 C1FtF 2 CIFtF2 0.57 1.72 3.03 11 11 2.8 Yes 
A1 C3 C2FtF2 C2F1F2 0.27 0.52 1.97 11 11 2.8 No 
AB CD C1C2F1 CtC2FI 0.84 0.83 1.01 11 11 2.8 No 
12 34 CtC2F2 CIC2F2 0.98 1.34 1.37 11 11 2.8 No 
B D C1F1 C1FI 0.45 0.86 1.91 5 5 5.1 No 
A C C2F l C2F 1 0.48 0.96 2.00 5 5 5.1 No 
2 4 C1F 2 CIF 2 0.71 2.66 3.75 5 5 5.1 No 
1 3 C2F2 C2F2 0.10 0.20 2.00 5 5 5.1 No 

(c) Cycling 

Results pooled Sample condition Variance Degrees of freedom 5% Ratio 
Variance level of signifi- 

Sample name CI C2 C1 C2 ratio Ct C2 significance cant 

BD24 AC13 FtF2ThtTh 2 F1F2ThlTh 2 1.13 0.71 1.60 23 23 2.0 No 
BD AC F1ThlTh2 FIThlTh2 0.61 1.07 1.76 11 11 2.8 No 
24 13 F2ThITh 2 F2ThlTh 2 1.75 0.41 4.26 11 11 2.8 Yes 
B2 A1 FtF2Tht FIF2Thl  0.57 0.27 2.14 11 11 2.8 No 
D4 C3 FIF2Th 2 FtF2Th 2 1.72 0.52 3.30 11 11 2.8 Yes 
B A F1Th I F1Thl 0.45 0.48 1.07 5 5 5.1 No 
D C F1Th 2 F1Th 2 0.86 0.96 1.12 5 5 5.1 No 
2 i F2Th ] F2Th 1 0.71 0.10 7.10 5 5 5.1 Yes 
4 3 F2Th2 F2Th2 2.66 0.20 13.30 5 5 5.1 Yes 
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versus F2), the first-row of Table 3 gives the variances of 
the results pooled over the two levels of both the remain- 
ing major variables; the next four rows give the variances of 
the results pooled over the two levels of one of the remain- 
ing variables with one level of the other variable, each being 
considered in turn. The final four rows represent the sepa- 
rate variances for the individual sets of replicates. 

The same treatment was given to each of the major 
variables in turn to complete the array of Table 3. 

Those pairs of conditions which display a significant 
difference at the 5% level can be identified from the Table 
and the conditions associated with the larger variance in each 
of these pairs may therefore be taken as those which should 
be ~voided when minimum variance in the data is being 
sought. These particular conditions are: 

F2Th2C 1 uncycled, thermally treated sheet, 
F2ThlC 1 uncycled, thermally untreated sheet, 
F2Th 1Th2C1 uncycled sheet, 

and FIF2Th2C1 uncycled, thermally treated material. 

Table 3 also shows variance ratios which are suspiciously 
large indicating that the following conditions possibly 
should not be used: 

F1 Th 1Th 2C2, F1Th 1(72 and F1 Th 2(72 (i.e. cycled 

granules). 

The condition F2Th ITh2C 1 appears with both of its 
components F2Th 1C1 and F2Th2C 1 and it is clear that un- 
cycled sheet must never be used. It follows therefore from 
the experimental design that if sheet is used it must be cycled. 
The position with F1F2Th2C1 however is less clear as only 
F2Th2C1 appears as a separately identified, undesirable 
component. Since the other component F1Th2C t does not 
appear as undesirable the use of uncycled, thermally treated 
granules cannot be excluded on this evidence. 

The above treatment of the data merely shows which 
conditions should not be employed when the best repro- 
ducibility of Tg data is being considered. To determine the 
most favourable experimental conditions a comparison of 
the lowest values of the variances displayed in Table 3 
should be made. This is carried out in the next section. 

Minimum variance conditions 
By taking the minimum variance shown in Table 3 and 

comparing it with all the other variances of the array in turn, 
it may be seen that only five other sets of conditions show 
a variance ratio which is not significantly different at the 

on polystyrene using d.s.c.: M. D. Griffiths and L. J. Maiseg 

5% level. These are F2ThlTh2C2, FIThIC 1, F1F2ThIC2, 
F 1 Th 1C2, F2Th2C2, the minimum variance condition being 
F2Th 1C2. Using the variance ratio test it is not possible to 
discriminate further between these six sets of conditions to 
isolate the one providing the best reproducibility. 

It is observed that the condition FI ThlC2 appears as 
both a minimum variance condition and, from above, as 
one which should possibly be avoided. This apparent con- 
tradiction is due to the fact that FIThlC 2 possesses a 
variance which is only suspiciously large when compared 
with the minimum variance of the array but which is never- 
theless a low variance in absolute terms. In fact the var- 
iances of all the conditions examined apart from those 
associated with cycled sheet show up as suspiciously large 
or significant at the 5% level due to the low variances of the 
cycled sheet samples. 

Preferred experimental conditions 
Additional information, which can aid in the choice of 

experimental procedure, was obtained by a statistical 
examination of the actual mean values given in Table 4. It 
was found that the means of samples A (F1ThlC2) and 
1 (F2Th 1C2) are significantly different at the 5% level from 
the remaining means of the array. These particular sets 
of conditions which lead to anomalous mean values are 
therefore excluded from those leading to minimum vari- 
ance. Since experimental simplicity in addition to experi- 
mental reliability is desirable, the conditions F2Th2C2, 
F2Th 1Th2C2 and FIF2Th 1C2 can be eliminated as experi- 
mentally complex. Thus the favoured experimental condi- 
tion giving rise to the best reproducibility is suggested as 
F1ThlC1 i.e. the simple case of uncycled, thermally un- 
treated granules. 

It should be noted that elimination of the two anomo- 
lous mean values (samples A and 1) does not greatly influ- 
ence the grand mean value for the whole array. The grand 
mean for the Tg of PS2 at 8°C/min scan rate using file 
intersection method of trace interpretation is 102.3°C; 
exclusion of the two anomolous means shifts this mean 
value up to 102.6°C. 

CONCLUSIONS 

None of the major variables of sample form, thermal treat- 
ment or thermal cycling of themselves produced a signi- 
ficant difference at the 5% level in the reproducibility of 
the T¢ data. Certain interactions between these variables 
however are evident and the following conclusions can be 
drawn from the study. 

Table 4 Corrected glass transition data at 8°C/min scan rate, found from the intersection method 
t 

Transition temperature (°C) 

Group 1 2 3 4 5 6 Mean 

Sample 
A 102.0 101.5 100.5 102.0 100.5 101.5 101.33 
B 102.0 102.0 102.0 103.0 103.0 103.5 102.58 
C 101.0 103.5 103.5 102.0 102.5 103.0 102.58 
D 103.5 101.5 102.0 103.0 102.5 104.0 102.75 
1 101.5 101.5 102.0 101.5 101.5 101.0 101.50 
2 103.0 102.5 102.0 103.0 103.0 104.5 103.00 
3 102.0 102.0 103.0 102.5 103.0 102.5 102.50 
4 99.5 101.5 101.5 102.5 103.5 104.0 102.08 

Grand mean 
= 102.29 
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(a) The sheet samples used in the experiment are sensi- 
tive to cycling but not to the thermal treatment. It is clear 
that thermally cycling the sheet samples gives an enhanced 
reproducibility to the results. 

(b) The granules used in the study are not sensitive to 
cycling or the thermal treatment. 

(c) The best reproducibility is associated with an 8°C/ 
rain scan rate as opposed to an extrapolated zero scan rate. 

(d) Trace interpretation by the intersection method is 
preferred. 

(e) For experimental convenience uncycled, thermally 
untreated granules can be used without increasing the var- 
iability of the results. 
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APPENDIX 

Although the analysis of d.s.c, trace shape was not one of 
the objectives of this experiment, it was observed that 
some of the traces showed endothermal peaks superim- 
posed upon the high temperature side of the transition 
step. The appearance of such peaks has been observed in 
polystyrene 4'12 and in PVC where Illers 13 has presented an 

L. J. Maisey 

extensive discussion of the phenomenon. Insufficient in- 
formation is available from our work to allow a critical 
comparison of our observations with those from lllers' 
carefully controlled experiments which were specifically 
designed to study this particular effect. However some of 
our experimental observations are in agreement with those 
of Illers and in addition it is probable that some form of 
correlation exists between the appearance of endothermal 
peaks and the thermal treatment of PS2. Large peaks 
appeared on the d.s.c, traces of almost all the granular and 
moulded sheet samples which had not been thermally con- 
ditioned. Cycled and thermally treated samples showed a 
reduction in both the size and the frequency of occurrence 
of these endothermal peaks. 

It is recognized that the fixing of the mid-point of the 
Tg step (Ts) will be influenced by the presence of such 
peaks, with a consequent effect upon the accuracy and 
precision of the measurement. 

As is usually the case in an experiment of this nature, 
several interesting phenomena have been observed in the 
course of the study which fall outside the scope of the 
narrow objectives of the work and which cannot be ex- 
plained adequately because of the experiment design. 

These can be summed up in the questions of why does 
cycling have such a marked effect upon the reproducibility 
of results from sheet materials but not upon the repro- 
ducibility of results from granules and why does the ther- 
mal treatment, which causes melting and flow in both 
sheet and granules, have no significant effect upon the 
reproducibility of data? All the materials used in the study 
have a thermal history whether it has been imposed by the 
polymerization or moulding stages or by the thermal con- 
ditions of the experiment and yet only in certain instances 
do the differences in thermal history show up as differences 
in the reproducibility of data. 

These observations suggest that the thermal history of 
the polystyrene samples used is unimportant apart from the 
single case where sheet is cycled. The only difference be- 
tween the cycled sheet and cycled granular samples is that 
the sheet material has been held under pressure in a mould 
while in the molten state and during cooling. 

One is led therefore to the conclusion that the thermal 
treatment of the experiment maintains but does not im- 
prove the reproducibility of the data but that samples 
which have been melted and cooled once under pressure in 
some way become more homogeneous when cycled to 
above Tg but below the polymer melting temperature. 
Further studies into this specific area are required in order 
to confirm and explain this particular observation. 
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New methods are put forward to explain the numerical values of some useful bulk physical proper- 
ties of amorphous copolyamides, in terms of parameters related to monomer structure. Polyamides 
based on adipic, tetramethylsuberic, iso- and tere-phthalic acids, and diamines including isophorone, 
xylylene, cyclohexane, hexamethylene and its trimethyl derivatives, methylnonane and dodecamethy- 
lene diamines were studied, e-Caprolactam and 12-aminododecanoic acid were also used as 
comonomers. In Part I, an empirical rule is proposed, based on experimental observations which pre- 
dicts whether a copolyamide has an amorphous or crystalline character. The rule is based on the 
individual stereochemical contributions of the constituent monomers to the overall polymer chain 
structure. A relationship between Vicat softening point and monomer composition is derived from 
experimental data, which seems to be generally applicable to all amorphous polyamides of the diacid/ 
diamine type. Each monomer makes a molar contribution which has been determined experimentally 
for all the materials studied. An arbitrary set of simple structural rules has been devised which en- 
ables the molar contributions of monomers to be related to their chemical structure. This procedure 
provided a method of predicting the contributions of other monomers for which molar constants had 
not been measured, and was successfully tested for a limited number of materials. A modified rela- 
tionship was obtained experimentally to explain the effect of amino-acids on Vicat softening point. 

In Part II, the relationships outlined in Part I are combined on the basis of experimental evidence 
to provide an empirical relationship between composition and impact strength. This relationship pre- 
dicted the impact strengths of the majority of eighty copolyamides, of widely different chemical 
structure, with a reasonably good accuracy. Substantial inaccuracy occurred only when a large pro- 
portion of a long chain aliphatic monomer was present in the polyamide. Tentative correlations be- 
tween tensile strength and carbon chain length were observed from a limited number of measurements 
which suggests that tensile strength may be a constitutive property. The main conclusions of this 
work are: (a) polyamides are naturally crystalline with high melting points if more than 80% of the 
monomer units are symmetrical; (b) Vicat softening point and tensile strength decrease linearly with 
increasing monomer chain length; the softening point is particularly affected by the presence of sub- 
stituent groups; (c) amino-acids reduce symmetry, impact strength and Vicat softening points of 
copolyamides; (d) Charpy impact strength increases with the proportion of symmetric monomer 
units, the rigidity of the acid and f lexibi l i ty of the diamine structures; (e) tensile strength and 
flexural modulus correlate with each other in copolyamides of diacids and diamines and both increase 
as the amount and chain length of aliphatic monomer is reduced; (f) by using the empirical relation- 
ships developed in this work, it has proved possible to formulate amorphous polyamides with out- 
standing combinations of physical properties, when compared with commercially available polymers. 

PART I: AMORPHOUS STATE AND VICAT SOFTENING POINT 

~TRODUCTION 

Polyamides containing aromatic residues are normally very 
high melting, practically insoluble crystalline materials 
which are difficult to process. In recent years, a number 
of more easily processed amorphous polyamides, based on 
iso- and tere-phthatic acids have been claimed in the patent 
literature 1-1°. Dynamit Nobel market an amorphous poly- 
terephthalamide (Trogamid T) which is suitable for injec- 
tion moulding 11. In general, amorphous polyamides can 
possess a wide range of good mechanical properties includ- 
ing high tensile and impact strength and high specific 
modulus which are desirable for engineering applications. 

The stereochemistry and the rigidity of the constituent 
monomer structures will not only determine the bulk phy- 
sical and mechanical properties of the polyamide, but also 

whether it is crystalline or amorphous. There is little pub- 
lished information on the relationship between chemical 
structure and bulk physical properties of polyamides. 
Gabler et aL 12 reported the effect of using different alkyl 
substituted hexamethylenediamines on the melting point 
and physical state of corresponding polyterephthalamides. 
Ridgeway 13 showed that incorporating a minimum of 20% 
of the asymmetric phenylindane dicarboxylic acid into 
nylon-6,6 rendered the polymer amorphous. Weyland 
et al. 14 discussed a method for predicting the Tg of poly- 
mers including some polyamides. 

In order to determine the quantitative relationships be- 
tween chemical composition and bulk physical properties 
of polyamides, a large number of copolyamides containing 
from two to five monomers were prepared by melt conden- 
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sation. The monomers selected for study were chosen prin- 12-ADA 
cipally on the basis of availability, and with the exception TPA 
of e-caprolactam and 12-aminododecanoic acid, were di- IPA 
acids or diamines. A number of bulk physical properties, CAP 
including Vicat softening point, tensile strength and notched PIDA 
Charpy impact strength were determined for each polymer. 
Polyamides were produced to a high molecular weight 
(]Pin > 20 000) in order to minimize the effect of molecular 
weight on bulk properties. Molecular weight was screened 
by measuring the inherent viscosity of the polyamides in 
concentrated sulphuric acid at 25°C. Physical properties 
were normally measured on polymers with values of 
[77] ! 1> 0.1 m3/kg, as this value corresponded to M n 
20 000 in a few test cases. In was impractical to measure 
the [7?] I versus M n relationship in every case. 

Primary data for about 130 copolyamides are set out in 
Tables 1-5.  Each Table contains a set of polymers with a 
common acid present. 

EXPERIMENTAL 

Monomers 

All the monomers used in the preparation of polyamides 
were obtained from commercial sources, with the excep- 
tion of 12-aminododecanoic acid, 5-methylnonanediamine 
and 2,2,7,7-tetramethylsuberic acid, which were synthesised 
in the laboratory. 

Abbreviations o f  monomers studied 

PDA 
BDA 
2-MePMD 
3-EtHMD 
3-MeHMD 
2,5-DMeHMD 
2,2,4-TMeHMD 
2,4,4-TMeHMD 
5-MeNDA 
DMD 
HMD 
MXD 
MPXD 

DACH 

IPD 

DAPM 

AA 
2,2,4-TMeAA 
2,2,7,7-TMeSA 
AZA 
SA 
DDA 

1,3-diaminopropane, 
1,4-diaminobutane, 
2-methylpentanediamine, 
3-ethylhexamethylenediamine, 
3-methylhexamethylenediamine, 
2,5-dimethylhexamethylenediamine, 
2,2,4-trimethylhexamethylenediamine, 
2,4,4-trimethylhexamethylenediamine, 
5-methylnonanediamine, 
dodecamethylenediamine, 
hexamethylenediamine, 
m-xylylenediamine, 
m- and p-xylylenediamine, 

H2N--CH2~.CH2N H2 
c~s or trans-diaminomethyl 

cyclohexane, 

H2NCH2~CH2NH2 
isophoronediamine, 

NH 2 

CH31~cH3 
CH H2NH 2 
4,4'-diaminodiphenylmethane, 

H2N'~~CH2~NH2 
adipic acid, 
2,2,4-trimethyladipic acid, 
2,2,7,7-tetramethylsuberic acid, 
azelaic acid, 
sebacic acid, 
dodecanedioic acid, 

12-aminododecanoic acid, 
terephthalic acid, 
isophthalic acid, 
caprolactam, 
1,1,3-trimethyl-5-carboxy-3-(/9- 

carboxyphenyl) indane. 

Polycondensation 

Nylon salts were used as the starting material for the 
preparation of polyamides. These salts were prepared by 
dissolving equimolar concentrations of diacid and diamine 
in water at 60°-95°C, precipitating with isopropanol at 
ambient temperature and drying overnight under vacuum. 

Polymerization was carried out in a 250 cm 3 round 
bottomed flask fitted with a vertical fractionating column, 
water-cooled condenser and receiver. 0.2 g-mol of salts 
containing 1% w/w ammonium hypophosphite (reaction 
catalyst and colour stabilizer), 10 ml water and optionally 
0-1.0 mol % benzoic acid to control molecular weight, 
were charged to the reaction flask. The charge was stirred 
with a stainless steel rod and heated to a temperature of 
270°-300°C under nitrogen over a period of 2 h. Diamine 
loss was minimized by retaining the fractionating column 
for a further 2 h at the reaction temperature. The final 
traces of water of condensation were then removed by 
venting the flask to the atmosphere for a further hour. 
The molten polyamide was allowed to cool and recovered 
by breaking the flask. 

This procedure was modified for the preparation of 
polyterephthalamides, which were difficult to polymerize 
to a high molecular weight. A precondensation step was 
introduced, in which the terephthalic acid salts were held 
under reflux at 220°C for up to 2 h before raising the 
temperature to 270°-300°C. A small excess (~<1 mol %) 
of diamine was sometimes added to the reaction flask. 
This method produced polyterephthalamides of very high 
molecular weight. 

Polymer test methods 

Test specimens were compression moulded at 220°C 
using a cycle of 4 min at 0 ton followed by 4 min at 
20 ton applied to the 4 in press ram. 

Vicat softening point was measured in accordance with 
BS 2782 1965 Method 102B (Part I), using moulded discs 
12.7 mm in diameter and 3.2 mm thick. 

Impact strength was measured by the Hounsfield Charpy 
method at 20°C using compression moulded bars 41.4 mm 
by 3.8 mm, which were notched after moulding (notched 
radius = 0.94 mm, notch depth = 0.56 mm). The average 
value obtained from testing six specimens was taken as the 
impact strength of the polymer. 

Tensile strength was measured at 20°C according to 
BS 2782, method 301C on an Instron tensile machine at a 
crosshead speed of 20 mm/min. Dumb-bell specimens 
53.4 mm long and between 0.51 and 1.27 mm thick (the 
actual thickness being recorded) with a control width of 
5.39 mm were used in the test. The average value obtained 
from testing six specimens was taken as the tensile strength 
of the polymer. 

Flexural modulus was measured in accordance with 
ASTM 790 at 20°C using 6 cm by 1 cm by 0.47 cm speci- 
mens with 5 cm between supports and the beam centrally 
loaded at a rate of O. 127 cm/min. 

The following method was used to measure inherent 
viscosity: ~0.04 g of polymer was dissolved in 25 ml of 
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Table 1 Polyadipamides and polydodecamides 

Structure-property relationships in amorphous polyamides: John G. Do/den 

Composition (mol %) 

Polymer TMe- 
no. AA DDA IPA TPA HMD HMD IPD MPXD DMD 

Physical property 

Inherent 
visco- Vicat Impact Tensile Flexural 
sity soft. pt strength strength modulus 
(m3/Kg) (°C) (kJ/m 2) (MN/m 2) (MN/m 2) 

I 50 50 
II 37.5 12.5 50 
III 37.5 12.5 50 
IV 50 15 
V 37.5 12.5 25 
VI 50 17 33 
VII 50 25 25 
VIII  50 42.5 7.5 
IX 20 30 25 25 
X 25 25 25 25 
Xl 40 10 50 
Xl l  50 50 
X l l l  50 25 25 
XlV 35 15 50 
XV 20 30 42.5 
XVl 10 40 30 
XVII  20 10 20 30 
XVII I  10 40 
XlX 6 24 20 42.5 7.5 
XX 4 30 16 42.5 7.5 
XXl 8 30 12 42.5 7.5 
XXl l  12 30 8 42.5 7.5 
XXl I I  16 30 4 42.5 7.5 
XXlV 20 30 42.5 7.5 
XXV 10 24 16 42.5 7.5 
XXVl  20 18 12 42.5 7.5 
XXVII  30 12 8 42.5 7.5 
XXVl I I  40 6 4 42.5 7.5 
XX lX  50 42.5 7.5 
XXX 12 18 20 42.5 7.5 
XXXl  18 12 20 42.5 7.5 
XXX l l  24 6 20 42.5 7.5 
XXXl I I  30 20 42.5 7.5 

35 
25 

7.5 

20 
5O 

0.165 
0.104 
0.105 
0.088 
0.123 
0.095 

0.155 
0.144 
0.156 

167 7 77.5 
179 8 
184 9 
127 9 
143 12 
134 13 94 

17 
230 29 69.5 
134 19 

34 97.0 
93 

122 4 
0.120 74 10 
0.105 139 18 
0.096 96 26 

20 0.098 152 27 
23 

0.108 142 13 
0.096 135 37 
0.110 139 36 
0.117 126 
0.093 115 32 
0.112 107 29 
0.096 96 26 
0.103 122 35 
0.130 100 30 
0.189 28 
0.133 25 
0.113 191 17 
0.087 153 
0.103 184 25 
0.104 179 20 

200 34 

2580 

2890 

Table 2 Copolyamides of caprolactam and 12-aminododecanoic acid 

Composition (mol %) 

Polymer 12- TMe- 
no. Cap ADA IPA TPA HMD DMD HMD IPD MPXD 

Physical property 

Inherent 
visco- Vicat Impact Tensile Flexural 
sity soft, pt strength strength modulus 
(m3/Kg) (°C) (kJ/m 2) (MN/m 2) (MN/m 2) 

XXXIX  20 40 
XL 28.4 17.9 17.9 17.9 
XLI 10 45 
XLII  10 45 
XLII I  10 45 
XLIV 33.3 6.7 26.6 
X LV 42.8 28.6 
XLVI 50 25 
XLVI I  60 20 
XLVI I I  60 20 
XLIX 66.7 16.7 
L 100 (quenched to amorphous state) 
LI 50 50 
LII 66.7 33.3 
LIII  11.1 31.1 13.3 
LIV 17.7 24.7 16.5 
LV 30 24.5 10.5 
LVI 43 20 8.6 
LVII 66.4 11.8 5 
LIX 30 35 
LX 17.7 24.7 16.5 35 
LXI 54 13.8 9.2 19.5 
LXII  10 27 18 39.3 
LX I I I 20 20 20 

20 

15.5 
45 
18 
35 

20 
17.9 

11.5 
10 
33.3 

25 

16.7 

44.4 
41.2 
35 
28.5 
16.8 
35 

6.2 
3.4 
5.7 

28.6 

20 
20 

40 

0.155 147 48 
144 
140 55 88.5 2980 

68 72.6 1880 
158 36 88.5 2800 
178 14 

0.118 211 57 
0.068 193 
0.102 155 19 
0.125 116 24 
0.092 74 23 

26 
38 
21 

0.177 39 
133 7 

91.5 
87.5 
84 
91.5 
78 
47 
58 
50 

79 2120 
67.5 2980 
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Table 3 Polyisophthalamides 

Composition (mol %) 

Polymer TMe- 5-Me- 
no. IPA TPA HMD DMD HMD IPD MPXD NDA 

Inherent 
visco- 
sity 
(m3/Kg) 

Physical property 

Vicat 
soft. pt 
(°C) 

Impact Tensile Flexural 
strength strength modulus 
(kJ/m 2) (MN/m 2) (MN/m 2) 

LXIV 50 50 
LXV 50 50 
LXVI 50 42.5 7.5 
LXVII  50 37.5 12.5 
LXVII I  50 25 25 
LXIX 50 30 10 10 
LXX 50 12.5 20 17.5 
LXXI 50 5 45 
LXXII  50 30 20 
LXXII I  30 20 17 33 
LXXIV 30 20 42.5 7.5 
LXXV 30 20 42.5 7.5 
LXXVI 50 40 10 
LXXVII  30 20 30 20 
LXXVI I I  30 20 37.5 12.5 
LXXIX 30 20 32.5 17.5 
LXXX 30 20 5 37.5 7.5 
LXXXI 30 20 32.5 10 7.5 
LXXXII  30 20 30 20 
LXXXI l l  30 20 42.5 7.5 
LXXXIV 30 20 47.5 2.5 
LXXXV 30 20 50 
LXXXVI  30 20 30 10 10 
LX X XV I 130 20 50 
LXXXII I  30 20 10 32.5 7.5 
LXXXIX 30 20 15 20 15 

143 38 86.5 
0.105 105 29 
0.116 151 28 101 
0.096 164 17 103 
0.124 192 17 111 
0.139 146 34 
0.085 149 27 
0.076 117 27 
0.103 149 22 106 
0.109 217 10 
0.120 152 46 95 
0.107 140 50 102 
0.098 137 30 
insoluble 151 45 106 
0.195 143 41 98 
0.114 145 38 
0.107 148 28 
0,099 140 26 
0.118 152 47 70 
0.085 115 58 
0.254 141 59 
0.107 107 46 
0.136 151 58 82 
0,152 146 17 
0.099 140 26 
0.120 153 46 

3003 
2600 
2500 

2140 

2360 

Table 4 Polyterephthalamides 

Composition (tool %) 

Polymer TMe- 5-Me- 
no. TPA HMD DMD HMD IPD MPXD NDA 

Inherent 
viscosity 
(m3/Kg) 

Physical property 

Vicat 
soft. pt 
(°C) 

Impact 
strength 
(kJ/m 2) 

Tensile Flexural 
strength modulus 
(MN/m 2) (MN/m 2) 

XC 5O 
XCI 50 
XCII 50 
XCIII 50 
XCIV 50 
XCV 50 
XCVI 50 
XCVI t 50 
XCVIII 50 
XCIX 50 
C 50 
CI 50 
CII 50 
CIII 50 
CIV 50 
CV 50 
CV I 50 
CV I I 50 
CIX 50 
CX 50 
CXI 5O 
CXII 50 
CXIII 50 
CXIV 50 
CXV 50 
CXVI 50 
CXVII 50 
CXVIII 50 
CXIX 50 

5 

10 

10 
15 
15 
10 

50 

30 20 
15 35 

40 
45 
42.5 
32.5 

10 32.5 
20 15 
25 10 

40 
7.5 35 

32.5 
27.5 
25 
3O 

5 37.5 
10 25 
10 30 
15 25 
15 27.5 
20 22.5 

15 27.5 

50 
0.136 
0.168 
0.297 

10 40 0.110 
5 45 0.122 

16.5 33.5 0.081 
20 30 0.112 

10 0.138 

7.5 
7.5 

10 
10 

7.5 
15 
10 
10 
7.5 
7.5 

7.5 
7.5 
7.5 

15 
15 
10 
7.5 

50 
7.5 

insoluble 

0.155 

0.142 

155 
>200 

160 
131 
143 
125 
158 
166 
162 
155 
171 
171 
160 
162 

164 
156 
155 
158 
159 
151 
157 
148 
145 
154 
147 
245 
153 

68 81 2570 
131 
98 70 1920 

126 89 
82 1990 

64 1960 
54 73 
55 
62 92 2520 
60 82 2470 
50 89 2400 
65 
80 77 2230 
85 
77 
50 90 
63 89 2390 
69 91 2430 

115 3010 
79 
69 93 2550 
70 
68 
90 82 2340 

119 
131 77 
135 
<1 

121 77 2230 
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Table 5 Miscellaneous polyamides 

Structure-property relationships in amorphous polyamides: John G. Do~den 

Composition (mol %) Physical property 

Polymer 2,2,7,7- 
no. AZA TMeSA SA DDA IPA PDA BDA 

Vicat 
Inherent soft. 

2-Me- TMe- 5-Me- cis- trans- viscosity point 
PMD HMD HMD NDA DAPM IPD DACH DACH (m3/kg) (°C) 

CXX 50 
CXXl 50 
CXXII 50 
CXXIII 50 
CXXlV 50 
CXXV 50 
CXXVI 50 
CXXVII 50 
CXXVIII 15 
CXXlX 50 
CXXX 50 
CXXXl 22.5 
CXXXll 22.5 

35 

27.5 
27.5 

25 
25 

50 

50 
50 

50 
25 
25 

35 15 
35 15 

50 
35 15 
35 15 

8.5 41.5 
8.5 41.5 

0.082 50 
0.01 51 
0.032 70 

135 
0.063 76 
0.071 74 
0.095 54 
0.060 56 
insoluble 185 
0.115 49 

54 
0.151 128 
insoluble 133 

Analar sulphuric acid, (SG = 1.84) overnight on a rotating 
shaker, and subsequently diluted to 0.15% w/v. Flow times 
were measured in BS 188/U Type D Ostwald viscometers 
suspended in a viscometer bath controlled at 25 ° + 0.015°C. 
No correction was made for kinetic energy effects etc. 

Inherent viscosity was determined from the equation: 

[77] I = In (t/to) 
C 

where c, is the concentration (g/100 ml); t, the solution 
flow time and t o is the solvent flow time. 

The physical state of polyamides is described in the text 
as 'amorphous' if the polymer was transparent and posses- 
sed a relatively low softening point (<200°C); 'crystalline' 
is used to describe white opaque polymers which were nor- 
really characterized by very high softening points (>200°C) 
The transition from amorphous to crystalline state normally 
occurred over a narrow range of composition and was accom- 
panied by a rapid loss of transparency and increase in soften- 
ing point. It was outside the scope of this work to study 
these changes by X-ray techniques. 

RELATIONSHIP BETWEEN STRUCTURE AND AMOR- 
PHOUS STATE IN POLYAMIDES 

The objective of the following discussion set out below is to 
develop an empirical relationship based on experimental 
data, which will allow the amorphous or crystalline charac- 
ter of a polyamide to be determined on the basis of the 
individual stereochemical contribution of the constituent 
monomers to the overall polymer chain structure. 

The various degrees of crystallinity found in polyamides 
prepared from aliphatic diacids and diamines, or co-amino- 
acids, and the high melting points which characterize such 
materials, are the result of the ability of the linear chains 
to pack in a regular crystal lattice and of the hydrogen bond- 
ing which exists between interchain amide links. The inclu- 
sion in such materials of in-chain structural units which 
prevent the formation of crystalline regions within which 
regular chain packing can occur leads to formation of an 
amorphous material of generally much lower melting point. 

The ability of individual monomers to inhibit crystal- 
lization in polyamides can be gauged from the data pre- 

sented in Table 6 which has been compiled from published 
literature. The first two sections of Table 6 show that the 
structurally planar benzene ring can be accommodated with- 
in the polymer chain without interfering with the overall 
crystalline character of the polyamide formed, and the mono- 
methyl substitution of an in-chain carbon atom in a linear 
aliphatic monomer has likewise no effect on the general 
physical state of the polyamide. The last two sections of 
the same Table show, however, that the introduction of 
ethyl or higher substituents along a linear aliphatic chain, 
or the attachment of more than one methyl group to the 
same in-chain carbon member, prevents crystallization. 

The ability of isophoronediamine to inhibit crystalliza- 
tion is immediately obvious from its structure. The ability 
of isophthalic acid to do so is less obvious, until it is re- 
called that the stereochemical configuration of the car- 
bonyl groups adjacent to the benzene ring must introduce 
a point of inflection into the polymer chain, this being such 
as to prevent regular chain packing and hence crystallization. 

It is interesting to compare the photographs of molecular 
models of isophthalic acid/hexamethylenediamine units 
and adipic acid/meta-xylylenediamine units shown in 

Table 6 Effect of monomer symmetry upon the form of the solid 
state of homopolyamides 

Physical state 
Asymmetric of the 

Polyamide monomer polyamides 

AA/HMD 
AA/PXD -- Crystalline 
TPA/DMD 

TPA/2-MePMD 2-MeHMD 
TPA/3-MeH M D 3-MeH M D 
TPA/5-MeN DA 5-MEN DA Crystalline 
TPA/2,5-DMeHMD 2,5-DMeHMD 
(AA)TPA/MXD MXD 

TPA/3-EtHMD 3-EtHMD 
TPA/3-iPrHMD 3-iPrHMD 
TPA/2-Et-4-MeHMD 2-Et-4-MeHMD Amorphous 
TPA/2,4,4-TMeH M D 2,4,4-TM eH M D 
TPA/IPD 

IPA/HMD(DMD) IPA 
2,4,4-TMeHMD 2,4,4-TMeAA 
2,2,7,7-TMeSA/HM D 2,2,7,7-TMeSA Amorphous 
PIDA/AA/HMD PIDA 
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Figure I Molecular model of an isophthalic acid/hexamethylene- 
diamine unit in a polyamide chain 

Figure 2 Molecular model of an adipic acid/meta-xylylenediamine 
unit in a polyamide chain 

Figures 1 and 2. In the former case the point of inflection 
in the chain caused by the stereochemical configuration of 
isophthalic acid is clearly demonstrated and contrasts with 
the linear configuration preserved in the xylylenediamine 
linkages. In both cases, the benzene ring is asymmetrically 
positioned with respect to the main chain axis and must 
interfere with the ordered packing of layers within the 
polyamide crystalline regions. The additional point of 
inflection created in the linear polyamide chain by isoph- 
thalic acid must prevent the growth of ordered layers of 
crystallite and increase the amorphous character of the 
polyamide. Since monomers which prevent crystallization 
all possess some measure of stereochemical asymmetry, it 
will be convenient to refer to these as asymmetric monomers. 

The minimum molar concentration of asymmetric 
monomers required to produce amorphous polyamides in a 
number of formulations studied in this work are listed in 
Table 7. 

The number of formulations studied in this way was 
very limited. Nevertheless it was interesting to note that 
whereas only 20 tool % of isophoronediamine was required 
to render the formulations studied amorphous, 30 mol % 
of trimethylhexamethylenediamine or isophthalic acid 
were needed to accomplish the same effect, while mono- 
mers such as meta-xylylenediamine or 5-methylnonane- 
diamine failed to give rise to amorphous materials at the 
limit set by their diamine function. 

On the basis of this somewhat tentative observation, 
and a knowledge of the physical state, i.e. amorphous or 
crystalline, of the polymers listed in Table 6, it was deci- 
ded to attempt a speculative classification of asymmetric 
monomers into three groups, and attach to this classifica- 
tion a summative numerical index based on type and molar 
concentration from which the physical state of the poly- 
amide could be predicted. The following three groups of 
asymmetric monomers, AM, were distinguished, 

Type AM 1 : Monomers whose presence alone, either as 
a diacid or diamine, do not seriously interfere with the 
linearity of the polyamide chain and hence do not affect 
the crystallinity of the polyamides, e.g. linear aliphatic 
diamine having one or more monomethyl substituted car- 
bon atoms in the main chain-3-MeHMD, 2,5-DMeHMD 
etc. and MXD (Table 6). 

Type AM2: Monomers whose presence alone, either as 
a diacid or diamine, would interfere stereochemically with 
the ability of the linear polyamide chains to pack in a 
crystalline manner e.g. linear aliphatic diacids or diamines 
having ethyl or higher substituents along the linear aliphatic 
chain, or the attachment of more than one methyl group to 
the same in-chain carbon member-3-EtHMD, 2,2,7,7- 
TMeSA and 2,4,4-TMeHMD (Table 6). Aromatic diacids 
also come within this group because of the stereochemical 
restriction imposed by the rigid benzene nucleus flanked 
by two carbonyl groups. 

Type AM3: Monomers whose stereochemical configura- 
tion causes a gross distortion of the linear polyamide chain 
e.g. isophoronediamine and I, 1,3-trimethyl-5-carboxy-3- 
(p-carboxyphenyl) indane (PIDA). The latter at a concen- 
tration of 20 mol % prevents crystallization in nylon-6,613. 

The results already presented in Table 7 have shown that 
different amounts of each type of monomer are required 
to produce amorphous properties, and hence the transition 
point between the amorphous and crystalline state cannot 
be related to the simple sum of the molar concentrations 
of the so called asymmetric monomers. It was decided 
intuitively to sum the molar concentrations of the asym- 
metric monomers expressed in percentages according to the 
relationship: 

:~[AM] = [AM1] +2[AM2] +3[AM3] (1) 

A contribution from the asymmetric monomers of 
Type AM 1 has been included here in order to allow for the 
possibility of an amorphous product being produced as the 
result of the combination of diacids and diamines of this 
type in the same polymer chain. The result of carrying out 
this procedure is shown in Table 8, from which it can be 
seen that polymers with a summed asymmetry value of less 
than 60 are crystalline, while materials with a higher molar 
asymmetry contribution are amorphous. Examples where 
the value given by equation (1) was used to predict the 
physical state of a polyamide before it had been prepared 
are indicated by an asterisk. 

It is interesting to compare formulations 2 and 7 in 
Table 8. The former contains dodecamethylenediamine in 

Tab/e 7 Comparative values of asymmetric monomer concentra- 
tion required to produce the amorphous state in polyamides 

Critical 
concentration to 

Polyamide Asymmetric yield amorphous 
formulation monomer state (%) 

TPA/DMD/IPD IPD 20 
AA/TPA/HMD/IPD IPD 20 
DDA/HMD/IPD IPD 20 
TPA/HMD/TMeHMD TMeHMD 30 
TPA/DMD/TMeHMD TMeHMD 30 
IPA/TPA/HMD IPA 30 
DDA/HMD/MXD MXD >50 
TPA/5-MeN DA 5-MaNDA >50 
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Table 8 Relationship between the asymmetry index and the amorphous--crystalline transition of polyamides 

Asymmetric monomer (mol %) 
Asymmetry 

Polyamide Type Type Type index, Solid 
No. composition AM1 AM2 AM3 Z(AM) state 

1 TPA/5-MeN DA 
AA/MXD 50 50 Crystalline 

2 TPA/DMD/IPD 20 60 Transparent 
17.5 52.5 Crystalline 

3 D DA/H M D/IPD 20 60 Semi-transparent 
15 45 Crystalline 

4 *TPA/HMD/ 31.6 63.2 Transparent 
TMeHMD 30 60 Crystalline 

5 TPA/DMD/TMeHMD 35 70 Transparent 
30 60 Semi-transparent 

6 t lPA/TPA/HMD 35 70 Transparent 
30 60 Crystalline 

7 TPA/5-MeNDA/IPD 45 5 60 Transparent 
40 50 Crystalline 

8 t I PA/TPA/H M D/ 23 6 64 Transparent 
IPD 25 2.5 57.5 Crystalline 

9 *t lPA/TPA/HMD/ 7.5 30 67.5 Transparent 
MXD 10 25 60 Crystalline 

10 *TPA/HMD/TMeHMD/ 25 5 65 Transparent 
IPD 20 5 55 Crystalline 

11 *TPA/DM D/TMeH M D/ 22.5 7.5 67.5 Transparent 
IPD 17.5 7.5 57.5 Crystalline 

12 DDA/IPA/TPA/HMD/ 24 7.5 70.5 Transparent 
IPD 18 7.5 58.5 Crystalline 

13 TMeSA/TPA/H M D 50 100 Transparent 
25 50 Crystalline 

*Solid state predicted by equation (1); t lPA: TPA = 30:20 

Table 9 Effect of monomer composition on the physical 
properties of polyam ides 

Composition (mol %) Vicat 
Physical soft. pt 

IPA TPA HMD IPD State (°C) 

50 40 10 Amorphous 155 
40 10 40 10 Amo~hous 156 
30 20 40 10 Amorphous 159 
20 30 40 10 Crystalline 219 
20 30 35 15 Amorphous 172 

From the former discussion, it is clear that we should ex- 
pect a polymer with a symmetry index >0.80 to be crystal- 
line. From the data presented in Table 11, this normally 
appears to be the case. 

There is a simple rule for deciding to which group an 
asymmetric monomer should be assigned. If the monomer 
can interfere with chain packing by distortion in one direc- 

combination with isophoronediamine, and the latter 5- 
methylnonanediamine in combination with isophorone- 
diamine. The last mentioned only required the addition of PDA 
5 mo l  % isophoronediamine to render i t  amorphous,  where- BDA 
as the other material did not become amorphous till almost 2-MePMD 

HMD 
20% isophoronediamine had been added. This would seem 2,2,4-TMeHMD 
to indicate that monosubstituted monomers do make a finite 2,4,4-TMeHMD 
contribution towards the amorphous state. 5-MeNDA 

Insufficient data are available at the time of writing to DMD 
extend this concept to polyamides containing caprolactam MPXD 

DACH 
as a comonomer. Values of the asymmetry index have been IPD 
calculated for about  one hundred exper imenta l  polymers.  DAPM 
These values have been transformed into the more conve- AA 
nient concept of a symmetry index (SI), which is defined 2,2,7,7-TMeSA 
by the relationship: AZA 

SA 
DDA 

Z(AM) TeA 
S[ = 1 IPA 

3O0 

Table 10 Vicat constants of monomers studied 

Vicat constant 
Monomer (°C/mol) 

53 
51 
53 
40 
50 
50 
15 
0 

80 
103 
140 
125 
30 
30 

1 
- 5  

- 2 0  
105 
90 
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Table 11 

Vicat soft. pt (°C) 
Polymer Symmetry Physical Polymer 
no. index state Measured Predicted no. 

Vicat soft. pt (°C) 
Symmetry Physical 
index state Measured Predicted 

I 0.50 A 167 170 LXXI I  
II 0.42 A 179 185 LXXI I I  
III 0.50 A 184 189 LXIV 
IV 0.73 A 127 128 LXXV 
V 0.67 A 143 159 LXXVI 
VI 0.67 A 134 136 LXXVI I  
V l l l  0.93 C 230 80 LXXVII I  
IX 0.55 A 134 156 LXXVIX 
XII 0.50 A 122 120 LXXX 
XIII 0.50 A 74 70 LXXXI 
XIV 0.50 A 139 149 LXXXII  
XV 0.74 A 96 96 LXXXI I I  
XVI 0.43 A 152 152 LXXXIV 
XV I I I 0,57 A 142 148 LXXXV 
XIX 0.77 A 135 143 LXXXVI  
XX 0,71 A 139 141 LXXXVI I  
XXI 0,71 A 126 131 LXXXVI I I  
XXII 0,71 A 115 121 LXXXIX 
XXIII  0.71 A 107 111 XC 
XXIV 0,71 A 96 101 XCI 
XXV 0,77 A 122 128 XCII 
XXVI 0.81 A 100 105 XCIII 
XXlX 0.93 C 191 35 XCIV 
XXX 0,81 C 153 134 XCVI 
XXXI 0,85 C 184 126 XCVII 
XXXII  0,87 C 179 117 XCVIII 
XXXII I  0.93 C 200 109 XCIX 
XXXIX A 147 147 C 
XL A 144 145 CI 
XLI A 140 143 CII 
XLII I  A 158 161 CIII 
XLIV A 178 178 CVI 
LIII  A 211 205 CVII  
LIV A 193 194 CIX 
LV A 155 1 64 CX 
LVI A 116 134 CXI 
LVII A 74 79 CXll  
LX l l l  A 133 155 CXl l l  
LXIV 0.67 A 143 130 CXIV 
LXV 0.50 A 105 105 CXV 
LXVI 0.59 A 151 143 CXVI 
LXVII  0.54 A 164 169 CXVII 
LXVII I  0.42 A 192 180 CXVII I  
LXIX 0.57 A 146 142 CXXI 
LXX 0.49 A 149 149 CXXVI 
LXXI 0.47 A 117 118 CXXXl  

0.60 A 149 146 
0.47 A 217 203 
0.73 A 152 152 
0.78 A 140 142 
0.63 A 137 138 
0.73 A 151 152 
0.76 A 143 146 
0.74 A 145 150 
0.53 A 148 155 
0.71 A 140 144 
0.60 A 152 152 
0.73 A 115 117 
0.77 A 141 141 
0.63 A 107 111 
0.70 A 151 148 
0.47 A 146 146 
0.56 A 140 149 
0.65 A 153 153 
0.67 A 155 155 
0.83 C >200 120 
0.80 A 160 161 
0.77 A 131 140 
0.77 A 143 145 
0.80 A 125 133 
0.70 A 166 170 
0.70 A 162 161 
0.70 A 155 154 
0.63 A 171 169 
0.71 A 171 167 
0.71 A 160 159 
0.75 A 162 162 
0.69 A 164 161 
0.76 A 156 158 
0.79 A 155 157 
0.80 A 158 158 
0.77 A 159 159 
0.73 A 151 155 
0.78 A 157 153 
0.77 A 148 151 
0.80 A 145 146 
0.79 A 157 154 
0.82 A 147 149 
0.79 A 245 245 
0.67 A 51 51 
0.73 A 54 58 
0.76 A 128 134 

A = amorphous; C = crystalline 

tion only, either along the chain or at right angles to it, then 
it belong to Type AM1. If it can interfere with chain pack- 
ing by causing distortion in two different directions at right 
angles to each other, irrespective of how it is rotated about 
the chain axis, then it belongs to Type AM2. Similarly if 
the stereochemical configuration of the monomer causes 
distortion in three different non-coplanar directions it 
must belong to Type AM3. 

STRUCTURE-VICAT SOFTENING POINT RELATION- 
SHIP IN AMORPHOUS POLYAMIDES 

Review of  experimental data and derivation of molar 
constant concept 

A linear relationship between Vicat softening point and 
composition for a series of amorphous copolyamides con- 
taining e-caprolactam and six of the nine salts which can be 
prepared from adipic, terephthalic, and isophthalic acids 
with isophorone-, trimethylhexamethylene- and m-xylylene- 

diamines is shown in Figure 3 and demonstrates that the 
softening point decreases linearly as the proportion of e- 
caprolactam in the copolyamides is raised. This dependence 
of softening point upon the caprolactam molar concentra- 
tion can be described by the equation: 

v = Vo(l - ~m)  (2) 

where V is the Vicat softening point of the copolyamide; 
110, the Vicat softening point of the corresponding poly- 
amide containing no caprolactam; m, the molar concentra- 
tion of caprolactam and a is a constant. 

Similar behaviour is observed for copolyamides contain- 
ing 12-aminododecanoic acid (Figure 4). 

A linear dependence of softening point upon molar com- 
position has also been observed for multi-component co- 
polyamides prepared from mixtures of diacids and diamines. 
This is shown graphically in Figure 5 for the dodecanedioic 
acid/hexamethylenediamine/isophoronediamine system, in 
which the ratio of the two diamines is varied, and in 
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Figure 3 A comparison of Vicar softening point data measured 
for caprolactam copolymers with the calculated linear relationship 
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Figure 4 The effect of the molar concentration of 12-aminodode- 
canoic acid on the Vicat softening point of IPA/TPA/IPD poly- 
amides. Ratio of IPA /TPA 30 :20  
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Figure 6 for the dodecanedioic acid/isophthalic acid/tere- 
phthalic acid/hexamethylenediamine/isophoronediamine 
system in which the ratio of dodecanedioic acid to tere- 
phthalic acid is varied. 

A statistical analysis was carried out on the relationship 
between composition and physical properties of the iso- 
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Figure 5 The effect of isophoronediamine concentration on the 
Vicat softening point of DDA/HMD/IPD copolyamides 
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Figure 6 Variation of Vicat softening point with % substitution 
of dodecanedioic acid for terephthalic acid in I P A / T P A / H M D / I P D  
polyam ides 
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phthalic acid/terephthalic acid/hexamethylenediamine/ 
isophoronediamine system, using concentration ranges of 
terephthalic acid and isophoronediamine which yielded 
amorphous products. A relationship was established be- 
tween softening point and composition of the form: 

V = b0 + b I(TPA) + b2(IPD) (3) 

Values of 0.143 and 1.38 were found for bl and b2 
respectively. 

The softening point is therefore not only related to the 
concentration of a single diacid/diamine pair, as in the 
caproamide copolymers referred to earlier, and to the 
linear combination of two or more such diacid/diamine 
pairs (see Figures 3 - 6 ) ,  but also to a linear combination 
of the individual diacids and diamines in the polyamide 
formulation. It follows that the softening point of an 
amorphous copolyamide is related to its constituent diacid/ 
diamine pairs by the expression: 

V = m l  V1 +m2V2 + . . . . . . . . . . .  + m n V  n (4) 

where ml, m2 . . . . .  m n are the mole fractions of the diacid/ 
diamine pairs which form polyamides of softening points 
V1, V2 . . . . . . .  Vn. 

In addition! 

V n = (Ka) n + (Kb) n (5) 

where (Ka) n is the molar constant of the diacid in the n th 
diacid/diamine pair and (Kb) n is the molar constant of the 
diamine in the n th diacid/diamine pair. 

Substituting equation (5) into equation (4) yields: 

V = ml(Ka) 1 + m2(Ka) 2 + . . . .  mn(Ka) n + ml(Kb)  1 

+ m2(Kb) 2 + . . . . . .  mn(Kb) n etc. 

which can be written more conveniently in the form: 

V = Y~maK a + ZmbK b (6) 

Ka and K b values for terephthalic acid and isophorone- 
diamine are given in equation (3) as b 1 and b2 respectively. 
Since K a and Kb values can be derived from the softening 
points of polyamides, it is only necessary to assign a unique 
value to one such component in order to calculate values 
for all other diacids and diamines. From the data con- 
tained in Table 9 it can be seen that isophoronediamine 
has a much more marked effect on the Vicat softening 
point than terephthalic acid, and for this reason the value 
of b2 quoted for isophoronediamine was considered to be 
the better reference standard. It will be convenient in the 
discussion to follow to write Kb as 100b2. 

The K b values for isophoronediamine can now be used 
to calculate the K a values for diacids in two component 
polyamides, and the procedure progressed through other 
polyamide formulations to yield further K a and Kb values. 
Unfortunately, a large number of salts cannot be easily 
polymerized due to the formation of polymers of very 
high softening points, e.g. terephthalic acid/isophorone- 
diamine, and reliable softening point measurements cannot 
be made. In many cases a crystalline polymer is formed 
and the softening point is not a true measure of the mono- 
mer contributions because of crystal lattice forces. In both 
cases molar constants can be calculated from ternary copoly- 

G. Do~den 

amide softening point data. The extrapolation of softening 
point to zero concentration of e-caprolactam in copoly- 
amides is a particularly useful method of obtaining molar 
constants. 

Molar constants are listed in Table 10 and are quoted in 
°C/mol, to an accuracy of-+5°C. By using these values to 
determine the intercepts of the best straight lines through 
the experimental points shown in Figure 3 for copolycapro- 
amides, it was found that a slope o f - 0 . 8  satisfactorily 
characterizes the relationship between softening point and 
e-caprolactam concentration in every series of copolycapro- 
amide studied. The softening point of these polymers can 
therefore be predicted from the equation: 

V = V0(1 - 0.8 [CAP] ) (7) 

providing V0 is known or can be predicted from molar 
constants. 

Table 11 compares softening points calculated from 
equation (5) using the values of the molar constants given 
in Table 10 with measured softening points of polyamides 
containing up to five monomers. The predicted values 
agreed to within 5% of the experimental values in most 
cases except when the polyamide was crystalline, and amply 
demonstrate the utility of the molar constant concept for 
amorphous polyamides. 

The simple additivity of the molar constant concept 
would appear to indicate that the rigidity and cohesive 
energy forces of the polymer chains are determined solely 
by the number and frequency of different monomeric 
structural units present in the molecular chain. From the 
data contained in Figures 3 and 4 there is also evidence to 
indicate that a reversal in the arrangement of amide groups 
by the introduction of an amino-acid into the diacid/dia- 
mine copolymer creates additional stefic hindrance which 
further reduces the ability of chains to pack together and 
lowers the softening point of the polymer. Because of a 
much more regular and closer packing arrangement in 
crystalline polyamides the cohesive energy between chains 
is much greater, and the softening points are much higher 
than for amorphous polyamides. 

Extension o f  the molar constant concept to the prediction 
o f  Vicat softening point  f rom functional groupcontributions 

The Vicat constants K a and K b of a range of diacids and 
diamines have been calculated in the manner described 
above. The chemical structure of the various diacids and 
diamines, together with their associated Vicat constants, 
are presented in Table 10. The objective of the discussion 
to follow will be to determine whether the individual groups 
within these monomers can be assigned a constant frac- 
tional contribution to the already characterized monomer 
Vicat constant. 

The chemical formula of a linear polyamide chain may 
be written in the form: 

- - -OC.X.CO-NH.Y.NH-OC.X.CO- NH.Y.NH- - - 

In the discussion, it is proposed to consider the poly- 
amide chain as being built up of structural units 
-NH.OC.X.CO.NH- and - Y - .  These units were chosen 
in order to simplify the discussion. 

Linear polyamides derived from aliphatic diacids and 
diamines contain structural units in which X and Y repre- 
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Figure 7 Relationship between the Vicat constant K N and the 
monomer structural unit factor N. O, Linear diamine unit; A, 
linear diacid unit; O, branched diamine unit; A, branched diacid 
unit 

sent a chain of  methylene groups ( -CH2- )n .  If  the total 
number of  atoms in a structural unit which lie along the 
chain axis of the polyamide is given by N, then N = n + 4 
for the linear structural unit -NH.OC.X.CO.NH- and 
N = n for the linear structural unit - Y - .  

Figure 7 shows that a linear relationship exists between 
the Vicat constants for the various aliphatic diacids and 
diamines listed in Table 5, and their individual N values 
derived as above. The line shown is fitted by the equation: 

KN = 78 - 6.7N (8) 

where KN is the Vicat constant characterizing both diacids 
and diamines in terms of  the common structural unit factorN. 

The monosubstitution of  in-chain atoms remote from 
the polar amide groups, would not be expected to signi- 
ficantly affect the value ofK N. This is found to be the 
case with 5-MeNDA whose KN value is close to that pre- 
dicted for the unsubstituted nonanediamine. On the other 
hand, methyl substitution at in-chain carbon atoms adja- 
cent to the amide groups would be expected to cause a 
steric effect, and hence some change in KN relative to the 
value of  N computed from the number of  in-chain atoms 
within the structural units. This is indeed observed when 
the data contained in Figure 7 for 2-MePMD and 2,2,4- 
TMeHMD are plotted against the respective diamine N 
values. However, if for such monomers the apparent chain 
length N is reduced by the number of  methyl groups sub- 
stituted on in-chain carbon atoms which occupy the o~ or 
13 position relative to the amide bond, agreement with the 
previously established relationship is obtained. The same 
rule when applied to 2,2,7,7-TMeSA reduces the apparent 
chain length from 10 to 6, and as can be seen from Figure 7, 
gives a better fit to the linear relationship proposed. 

Structure-property relationships in amorphous polyamides: John G. Dolden 

Additional empirical rules which might govern the appli- 
cation of  equation (8) to cyclic diacids and diamines should 
next be considered. Since only six such monomers are 
listed in Table 10, two being alicyclic and four aromatic, it 
will not be possible to test adequately any proposed struc- 
tural rule. 

Applying equation (8) to diaminomethylcyclohexane 
yields a value o f N  = -4 .  Since from the previously estab- 
lished rule for aliphatic diamines the two exocyclic methy- 
lene groups contributed n = 2, the alicyclic ring must con- 
tribute n = 6 to the overall value of N. Thus for iso- 
phoronediamine, the alicyclic ring must contribute n = -6 ,  
tetra-substitution of the two ring atoms n = - 4 ,  and the exo- 
cyclic methylene group n = 1. Isophoronediamine has 
therefore a derived structural unit factor N = -9 ,  and co- 
ordinates KN = 140, N = - 9  which allow placement in 
Figure 8 according to the relationship given in equation (8). 
In neither of  these calculations has any account been taken 
of  the nature of  the ring substitution. The general applica- 
tion of  the proposed group contribution to the structural 
unit factor, N, cannot be further tested here because of the 
lack of  experimental data on other alicyclic diamines. 

In considering how aromatic monomer might be placed 
on the same K N versus N relationship, it is convenient to 
make the purely arbitrary selection of  terephthalic acid as 
the aromatic standard. Terephthalic acid has a K a value of  
105, and therefore to fit the required data line it must have 
a structural unit factor o f N  = - 4 .  If instead of assigning 
an arbitrary value to the aromatic ring we count each car- 
bon atom in the shortest chain through the aromatic nu- 
cleus as - 1 ,  and add - 1  for each carbonyl group directly 
attached to the aromatic ring, terephthalic acid can be 
assigned a structural unit factor of  - 4  (by previous rules 
each of  the nitrogen atoms attached to the carbonyl groups 

8 A ~ D  

~ 4 

A~MkP X D 
u3 

IPA A ~ .  
-4 DACH C ~  

 APM 
-8 

O 40 80 120 160 

Vicat consta nt, K N (oC/mol) 
Figure 8 Extension of the relationship between the Vicat con- 
stant K N and the monomer structural unit factor N to cyclic 
monomers 
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must be counted as +1). In the same way isophthalic acid 
yields a structural unit factor N = -3 ,  and 4,4'-diaminodi- 
phenylmethane a factor N = -7 ,  both of which fit the 
desired relationship fairly well. m- and p-Xylylenediamine 
with a Vicat constant Kb = 80 and a m-/p-ratio of 70/30 
also provides a fairly close fit to the K b against N plot con- 
tained in Figure 8, by having a calculated value o f N  = -1.3.  

From the discussion set out above it is clearly possible 
from the simple structural rules derived to calculate the 
Vicat constant for a diamine or a diacid, and hence predict 
the Vicat softening point of a polyamide containing that 
component. The computational procedure adopted is 
arbitrary. Nevertheless, a limited amount of success has 
been achieved in predicting values for the structuralunitN 

which would have yielded by interpolation, values of Ka 
and K b close to the values derived from experimental 
observation. Most of the polyamides listed in Table 5 
were prepared to provide additional data to support the 
relationship shown in Figure 7. 

A procedure similar to the above has been published by 
Weyland et aL which uses numerical increments for con- 
stitutional molecular groups to predict the glass transition 
temperature of polymers from the chemical structure x4. 

The scheme proposed in this paper is better suited for use 
with polyamides which Weyland et al. found did not con- 
form to their general structural principles for other polymer 
types. 

PART II: IMPACT STRENGTH, TENSILE STRENGTH AND FLEXURAL MODULUS 

IMPACT STRENGTH 

Two empirical relationships proposed in Part I relate (a) the 
asymmetry of the monomeric units to the physical nature 
(amorphous or crystalline) of the polyamide and (b) the 
chemical structure of the monomeric units to the Vicar soft- 
ening point of the polyamide. The objective of the discus- 
sion below is to demonstrate that the impact strength (IS) 
of an amorphous polyamide is related, in a simple way, to 
the chemical structure, frequency of occurrence, and sym- 
metry of the structural units in the polyamide chain. It is 
shown that the empirical relationships referred to above 
can be combined in a particular way which enables the im- 
pact strength of a polyamide to be computed with reason- 
able accuracy. The effect of molecular weight on impact 
strength has been ignored since the polyamides studied had 
a molecular weight level (>20 000) above which their im- 
pact strength remained fairly constant. 

Comparative effect o f  acids and diamines on impact strength 
The examples of polyamides set out in Table I are 

arranged in pairs to illustrate the dependence of impact 
strength upon the nature of the acid(s) employed, when 
the diamine residues are fixed. The results of substituting 
one acid for another upon the impact strength is summar- 
ized in the final column of Table 1. Reference to this 
column will verify that the acids studied can be arranged 
in a particular order in which substitution increases impact 
strength: TPA > IPA ~ AA > DDA > TMeSA. 

The relationship between the diamine composition of 
the polyamide and its impact properties has been studied 
extensively, particularly in high impact resins containing 
iso- and/or tere-phthalic acids. The examples given in 
Table 2 are again set out in pairs, in which only the ratios 
of the diamines common to each pair have been varied. 

An example of every possible substitution* of one dia- 
mine by another is given, and the data are arranged in five 
sections to show that impact strength is increased by dia- 
mine substitution in the order DMD > HMD > 5-MeNDA > 
MPXD > 2,2,4-TMeHMD > IPD. 

Monomer structure and impact strength 
The significance of the comparative influence of the 

diacids and diamines upon the impact strength has been 
examined. In Part I monomers were divided into three 

*Except the substitution of MPXD by DMD. 

types: AM1, AM2 and AM3. It will now be convenient 
for the following discussion to classify all symmetric di- 
acids or diamines studied, e.g. terephthalic acid, adipic acid, 
hexamethylenediamine etc., into a single group designated 
SM. In Part I, a symmetry index was defined by the rela- 
tionship: 

Symmetry index = 1 (1) 
3OO 

where 

~[AM] = [AM1] + 2JAM2] +3[AM3] (2) 

[AM1], [AM2], [AM3] are the percentage molar con- 
centrations of asymmetric monomers in the three groups. 

The symmetry index (SO is more conveniently calcu- 
lated from the relationship: 

SI=(3[SM] +2JAM1] + JAM2])/300 (3) 

Each of the six diamines studied has been placed in 
Table 3 in the column corresponding to its symmetry 
group and in the row corresponding to its relative position 
in the order listed above (Vicat constants are quoted in 
parentheses). Reference to this Table indicates that im- 
pact strength is decreased by substituting a diamine with 
lower symmetry and/or higher Vicat constant. 

The first observation was tested by plotting impact 
strength against the symmetry index for several series of 
polymers in which the composition of the acids were kept 
constant. Figure I shows linear plots of impact strength 
versus symmetry index, which are all statistically signifi- 
cant, for polydodecamides, polyadipamides, polyisophthala- 
mides, polyterephthalamides and mixed polymers (IPA: 
TPA = 3 : 2 ) .  Furthermore, the slope of the line increases 
with the Vicar constant of the acid in the order 
TPA > IPA > AA > DDA and confirms the conclusions 
drawn from Table 1. 

The second observation was demonstrated by plotting 
the impact strength of polyterephthalamides against Vicat 
softening point. In spite of some variations in the sym- 
metry index, of these polymers, (0.70-0.80) a significant 
relationship was obtained (Figure 2) which showed that 
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Table 1 Effect of  interchanging diacids in polyamide formulations on impact strength 

Effect of  acid 
Composition (tool %) Charpy substitution 

IS on impact 
TMeSA DDA AA IPA TPA HMD IPD 5-MEN DA TMeHMD MPXD (kJ/m 2 ) strength 

50 

50 

25 
50 

30 
20 30 

50 
50 

50 
50 

30 20 
20 10 20 

50 

50 
50 

50 

50 50 68 
50 50 35 TPA > IPA 

25 25 25 34 
25 25 17 TPA > AA 

20 42.5 7.5 46 
42.5 7.5 26 TPA > DDA 

25 25 17 
25 25 17 IPA ~ AA 

42.5 7.5 28 
42.5 7.5 29 IPA ~ AA 

30 20 45 
30 20 23 IPA > DDA 

50 38 
50 <1 IPA > TMeSA 

42.5 7.5 29 
AA > DDA 42.5 7.5 17 

50 37 
AA > TMeSA 50 <1 

Table 2 Effect of interchanging diamines in polyamide formulations on the impact strength 

DDA IPA 

Comparative 
effect of  

Composition (mol %) Vicat Charpy diamines on 
[~t] I soft. pt /S impact 

TPA HMD DMD 5-MeNDA MPXD TMeHMD IPD (m3/kg) (°C) (kJ/m 2) strength 

10 

50 10 
50 10 

50 
50 30 

50 
50 15 

20 30 
20 42.5 

30 
30 

50 
5 0  50 

30 20 32.5 
30 20 42.5 

30 20 5 
30 20 42.5 

50 25 
50 50 

5O 
4O 
5O 

50 
50 

5O 
5O 

30 20 32.5 
30 20 32.5 

50 
50 

50 
50 

30 

50 

5O 

50 

30 
40 

10 30 
10 30 

17.5 
7.5 

7.5 
7.5 

50 
50 

7.5 
17.5 

10 

insoluble 159 69 DMD > 
insoluble 90 HMD 

20 0.112 166 55 DMD > 
20 0.297 161 98 5-MeNDA 

42.5 7.5 0.136 171 50 DMD > 
27.5 7.5 0.169 153 131 TMeHMD 

20 0.119 152 47 DMD > 
7.5 0.085 115 58 IPD 

0.105 105 29 HMD > 
143 38 5-MeNDA 

145 38 HMD > 
0.107 140 50 MPXD 

37.5 0.107 148 28 HMD > 
0.107 140 50 TMeHMD 

25 0.124 192 17 HMD > 
143 38 IPD 

0.074 britt le 5-MEN DA > 
0.108 142 13 MPXD 
0.105 105 29 

50 0.136 155 68 5-MeNDA > 
0.163 >200 131 TMeHMD 

20 0.112 166 55 5-MEN DA > 
10 0.11 143 83 IPD 

10 0.099 140 26 MPXD > 
0.114 145 38 TMeHMD 

42.5 7.5 0.136 171 50 MPXD > 
40 0.146 160 62 IPD 

42.5 7.5 0.136 171 50 TMeHMD > 
50 0.136 155 68 IPD 
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Table 3 Diamines  arranged accord ing t o  s y m m e t r y  g roup  and 
order of substitution which diminishes impact strength 

Type Type AM 1 Type AM2 Type AM3 

DMD (0) 
HMD (40) 

5-MeNDA (15) 
MPXD (80) 

TMeHMD 
(50) 

Impact strength decreases 

IPD (140) 

> 

Impact 
strength 
decreases 

Values in parentheses are values of K N, the Vicat constant 

12Q 

IOC 

8c 

¢.. 

0 e~ 

E 

D 

O ° 

O X X 

4o o9O x 
20  

O X 

i i I 

O.5 O.6 Q7 0 '8  

Symmetry index 

Figure 1 Relationships between impact strength and symmetry 
index for polyamides of various acids: 

K a Slope % Significance 

o Polyterephthalamides 105 488 0.1 
X IPA/TPA = 30/20 96 108 0.1 
o Polyisophthalamides 90 65 5 

Polyadipamides 30 52 2 
0 Polydodecamides - 2 0  24 -- 

impact strength does increase with a decline in softening 
point (i.e. longer diamine chain length). The correlation 
between impact strength and Vicar softening point does 
not hold for the other series ofpolyamides based on other 
acids, the data for which covers a wider symmetry range. 

The interaction between symmetry and softening point 
is better understood by referring to the schematic arrange- 
ment shown in Table 3. Impact strength can be decreased 
by substituting a diamine of higher Vicat constant from 
the same symmetry group or by substituting a diamine 
from a lower symmetry group. If the substitution is made 
from within the same symmetry group then a correlation 

G. Do~den 

between impact strength and Vicat softening point can be 
expected. However, this correlation breaks down when the 
substitution is made from different symmetry groups. For 
example, the substitutions of 5-MeNDA by HMD or 2,2,4- 
TMeHMD by MPXD increase not only the symmetry and 
the impact strength but also the Vicat softening point. 
The effect of diacid structure on impact strength can also 
be appreciated better by a similar schematic arrangement 
(Table 4). The order in which the diacids were ranked, on 
the basis of the data given in Table I is broadly confirmed 
by the data plotted in Figure 1. The slope of the best 
straight line relating impact strength to symmetry index 
increases with the numerical value of the acid Vicat con- 
stant. The slope obtained in the series containing IPA is 
lower than would be expected, on the basis of Vicat con- 
stant only, and must be due to the assymetry of this acid, 
This information is summarized qualitatively in Table 4. 

The effect of amino-acids has not been studied in detail. 
Nevertheless, the data given in Table 5 clearly show that a 
reduction in impact strength occurs as the level of e- 
caprolactam or 12-ADA in the polyamide is increased. 

Prediction of impact strength 
More information is needed about the interaction between 

monomer symmetry and Vicat constant before a quantita- 

A 

--) 
J< 

Gn 
r- 

E 

4° f 
120 

IOO 

80 

• O ~ 
O 

0 0 

I 1 

140 150 160 1-70 
Vicot softening point PC) 

Figure 2 Linear relationship between impact strength and Vicat 
softening point for polyterephthalamides with symmetry indices 
in the range 0.70--0.80 (1% significant). O, Sl = 0.70--0.75; e, 
Sl = 0.75-0.80 

Table 4 Diacids arranged according to symmetry group and 
order of substitution which diminishes impact strength 

Type SM Type AM1 Type AM2 Type AM3 

TPA (105) 
AA (30) 
DDA (--20) 

IPA (90) 

TMeSA (30) 

Impact strength decreases > 

Impact 
I strength 
,~ decreases 

Values in parentheses are values of KN, the Vicat cons tan t  
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Table 5 Comparison of predicted and measured values of impact strength of amorphous polyamides containing amino-acids 

Composition (mol %) Average 
measu red Predicted 

Amino-acids Diacids Diamines Charpy charpy 
IS IS 

e-CAP 12-ADA IPA TPA TMeHMD HMD DMD IPD (kJ/m 2) (kJ/m 2) 

0 
10 
10 
20 
50 

50 50 68 68 
45 45 55 60 
45 18 15.5 11.5 68 65 
40 20 20 48 40 
25 25 19 14 

0 30 20 42.5 7.5 46 48 
17.7 24.7 16.5 35 6.2 38 38 
54 13.8 9.2 19.5 3.4 21 21 
30 35 35 26 22 

tire prediction of impact strength can be made using these 
parameters. Nevertheless, an empirical equation has been 
devised which has been applied to the experimental data 
with surprising accuracy. For polyamides containing sym- 
metric acids only, equation (4) can be used. 

150K 
Impact strength = - -  [SI] VA (4) 

V 

where [SI] is the symmetry index of the polyamide; VA, 
the molar contribution of the acids to the Vicat softening 
point (in °C); V, the Vicat softening point (in °C) and K is 
a constant. 

In Part I, it was shown that: 

V = V A + VB = ]~maKa + ~mbKb (5) 

where ma, mb are mole fractions of diacids and diamines 
and Ka, Kb are contributions to v.s.p./mol of diacid or 
diamine. 

Equation (4) is in accordance with the experimental 
observation discussed above. 

In order to predict the impact strength of polyamides 
containing isophthalic acid, it has been necessary to intro- 
duce an additional assumption, viz. that impact strength 
depends on the sum of the products of symmetric mono- 
mer content and Vicar acid constant in the directions of 
the chain axis and two other planes mutually at right 
angles to each other and the chain axis. This equation 
takes the form: 

100K 
Impact strength (kJ/m 2) = ~- [E [SM] x Vx + 

Z[SM]yVy + Z[SM]zVz] (6) 

where [SM] is the mole fraction of symmetric monomer, 
and x, y, z denote each of the three non-coplanar directions. 
V x, Vy, Vz are the Vicat contributions of diacids symmet- 
rical in the planes x, y, z (°C). 

Equation (6) simplifies to the form of equation (4) when 
only symmetric acids are employed. Both equations are 
applicable only if the Vicat constants are expressed in °C 
and are limited to those polyamides where VA > 0. The 
direction of symmetry for each monomer was decided by 
its symmetry groups (SM, AMI etc.). 

To avoid ambiguity, and to obtain the most accurate 
prediction asymmetric diacids and diamines in the same 
polymer were awarded the least number of possible coinci- 
dent directions of symmetry. 

The value of K in equations (4) and (5) was computed 
by inserting reproducibly established values of impact 
strength for two reference polymers (TPA/2,2,4-TeHMD = 
68 kJ/m2; IPA/TPA/HMD/IPD = 46 kJ/m 2) and found to 
approximate to unity. The equation was applied to poly- 
amides containing amino-acids, by regarding these as com- 
pletely asymmetric (Type AM3), (because they cause seri- 
ous disruption to symmetry by reversing the order of 
amide groups along the polymer chain). 

Table 6 Comparison of measured and predicted Charpy impact 
strengths of amorphous polyamides 

Impact strength Impact strength 
(k Jim 2) (kJ/m 2) 

Polymer Polymer 
no. Measured Predicted no. Measured Predicted 

I 7 13 LXXVII I  41 51 
III 9 10 LXXIX 38 47 
Vl 13 23 LXXX 28 32 
VII 17 28 LXXl 26 48 
IX 19 19 LXXXl l  47 39 
X 34 48 LXXXl I I  58 61 
XVIII  13 17 LXXXIV 59 53 
XlX 37 49 LXXXV 46 50 
XX 36 43 LXXXVI  58 46 
XXl l  32 33 LXXXVI I  17 29 
XX l l l  29 25 LXXXVI I I  26 36 
XXlV 26 17 LXXXlX  46 42 
XXV 35 44 XC* 68 68 
XXVI 30 36 XCI 131 110 
XXVII  28 20 XCII 98 79 
XXX lX  48 51 XCIII 126 92 
XLI 55 61 XCIV 82 84 
XLII 68 65 XCVII 55 66 
XLI IV 36 51 XCVIII 62 68 
XLIV 14 15 XCIX 60 69 
XLVII I  7 4 C 50 59 
LV 19 9 CI 65 65 
LV I I 23 3 C I I 80 70 
LIX 26 22 CIII 85 69 
LX 38 38 CIV 77 69 
LXl 21 21 CV 50 58 
LXlV 38 32 CVI 63 66 
LXV 29 22 CVI I 69 77 
LXVI 28 28 CIX 115 80 
LXVII 17 24 CX 79 79 
LXVII I  17 18 CXI 69 76 
LX IX 34 28 CXI I I 68 79 
LXXVII  45 45 CXll 70 76 
LXX 27 25 CXlV 90 82 
LXXl 27 19 CXV 119 87 
LXXl l  22 24 77 
LXXIV*  48 46 CXVI 120 87 
LXXV 50 53 131 
LXXVI 30 30 CXVII 135 83 

*Reference polymers 
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Relationship between the tensile strength and carbon 
chain length of the monomer unit in crystalline aliphatic poly- 
amides. ©, Amino-acid homopolymers; O, caprolactam/12-ADA 
copolymers; El, diamine/diacids homopolymers 

The predictions made with equation (6) agree fairly 
well with the experimental values over a wide range of im- 
pact values. The predicted and average measured values of 
seventy five polyamides are compared in Table 6, for im- 
pact values ranging from 7 to 135 kJ/m 2. The agreement 
between these values was good, particularly in the range 
20-80 kJ/m 2 but the equation tends to underestimate very 
high values by a substantial margin. Most of the high im- 
pact polyamides contain a substantial proportion of C12- 
diamine, which appears to increase the impact strength 
rather more than it reduces softening point. The predic- 
tion of impact strength for polyamides containing amino- 
acids is also surprisingly good (see Table 5) and justifies 
the inclusion of these monomers in symmetry group AM3. 

Worked examples of equation (6) are included in the 
Appendix. The reasonable agreement between equation 
(5) and experimental values indicates the impact strength 
of polyamides may be a constitutive property. Optimum 
impact strength depends on raising the symmetry of the 
polymer chain to the limit permitted without loss of 
amorphous nature, and by using a rigid acid structure al- 
ternating between flexible diamine links to absorb the 
shock of impact. Energy of impact is readily delocalized 
through the bonding in the carbonyl group, particularly 
when the carbonyl groups form part of a conjugated sys- 
tem with an aromatic ring, e.g. in terephthalamide units, 
and is dissipated through the long flexible diamine chains. 

TENSILE STRENGTH AND FLEXURAL MODULUS 

Crystalline polyamides 
The tensile strength of linear crystalline polyamides is 

plotted as a function of the average number of carbon 
atoms in the monomeric unit, in Figure 3. The data were 
obtained from literature sources 2s-16 measured according 
to ASTM D238 and from measurements made in our 
laboratories. 

A linear relationship was observed, the tensile strength 
decreased with increasing carbon number and was inde- 
pendent of whether the polyamide was derived from an 
amino-acid or from a diacid/diamine combination. 

Amorphous polyamides 
During the course of our research programme in amor- 

phous polyamides, the tensile strength of a wide variety 
of formulations have been measured according to BS 2782, 
method 301C. The formulations which were most exten- 
sively studied contained one or more of the following mono- 
mers, each of which contained a linear backbone of six 
carbon atoms: adipic acid, hexamethylenediamine, a 1 : 1 
isomeric mixture of 2,2,4- and 2,4,4-tfimethylhexamethy- 
lenediamine, caprolactam. These monomers were copoly- 
merized with at least one of the following cyclic monomers: 
isophthalic acid, terephthalic acid, a 7:3 mixture of meta- 
and para-xylylenediamines, isophorone diamine. The ten- 
sile strength of this type of formulation was found to be 
linearly dependent upon the molar concentration of the 
aliphatic monomers with a backbone of six carbon atoms, 
irrespective of the nature or combination of the linear 
monomers or of the cyclic monomers (see Figure 4). It 
was concluded that even substantial differences in the 
chemical structure of cyclic or linear monomers had rela- 
tively little effect on the tensile strength of amorphous 
polyamides. The tensile strength of a few amorphous poly- 
mers containing C9- and C12-monomers have been measured 
(see Tables 2 -4 ,  Part I). When those results are compared 
against those of polymers containing only C6-aliphatic 
monomers it is evident that tensile strength does fall off 
with increasing chain length of monomer unit for amor- 
phous polymers as well, as might be expected. 

A linear relationship between tensile strength and flexu- 
ral modulus (0.1% significant) was obtained by plotting 
values for polyamides containing terephthalic, isophthalic 
or adipic acids (see Figure 5). Results obtained for poly- 
amides containing e-caprolactam or 12-aminododecanoic 
acid did not fit this relationship. 
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Relationship between tensile strength and the molar 
concen t ra t ion  o f  a l iphat ic  m o n o m e r  un i ts  con ta in ing  6 carbon 
atoms in copolyamides with cyclic monomers .  C6-monomer  com- 
b ina t ion :  El, H M D ;  ©, T M e H M D ;  A ,  A A ;  •, CAP;  O, C A P / T M e H M D ;  
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Figure 5 Linear relationship between tensile strength and flexural 
modulus (0.1% significant). Acid: O, TPA; I ,  IPA/TPA = 3/2; 
I ,  AA 

CONCLUSIONS 
The observations set out in Parts I and II demonstrate that a 
number of bulk physical properties of amorphous poly- 
amides can be described by simple structural parameters 
which relate them to the chemical structure, symmetry 
and molecular concentration of the monomer units which 
build the polymer chain. Amorphous polyamides may 
therefore be regarded as an 'ideal class of polymers' because 
interactions between polymer chains have a negligible effect 
on the relationship between the chain structure and bulk 
properties. 

Vicat softening point was shown to be a constitutive 
property which should be calculated from the contribu- 
tions of individual constituent groups within the molecule. 
This treatment has been combined with a simple symmetry 
concept to predict impact strength in the amorphous state. 
It was shown that impact strength could be optimized by 
maintaining the highest level of structural symmetry com- 
patible with an amorphous nature in a polymer chain com- 
posed of alternating rigid acid and flexible diamine struc- 
tures. This type of structure facilitated the dissipation of 
shock energy along the chain, and was particularly effective 
when the carbonyl groups were incorporated into a deloca! 
ized n-bonding system by conjugation with an aromatic 
ring. It was demonstrated that on average only 20% of the 
monomer units need to be asymmetric for the polymer to 

be amorphous, and a simple method was proposed for cal- 
culating the amorphous-crystalline transition point for 
structures containing monomer units with different degrees 
of symmetry. 

The tensile strength of both amorphous and crystalline 
polyamides was found to depend on the average number 
of carbon atoms in the monomer units which comprised 
the polymer chain. 

A statistically significant positive linear correlation was 
obtained between tensile strength and flexural modulus for 
polyamides not containing amino-acids. 

By utilizing the relationships outlined in Part I and Part 
II of this paper, it is possible to predict the compositions of 
polyamides which will have an outstanding combination of 
physical properties. 
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APPENDIX 

Worked examples to calculate the impact strength o f an  amorphous polyamide 

EXAMPLE 1 

IPA/TPA/HMD/MXD; mole ratio: 30:20:30:20. 

(1) (2) (3) (4) 

Vicat softening point 

V = Emak a + XmbKb; where Zma = 1, Xm b = 1 

= ( 0 . 6  x 9 0  + 0 . 4  x 105 + 0 . 6  x 4 0  + 0 . 4  x 80) 

= 152°C 

Symmetry 

Z(SM)x = (SM)xl + (SM)x2 + (SM)x3 + (SM)x4 

= 0 + 0 . 2  + 0 .3  + 0 . 2  = 0.7 

Z(SM)y = 0 + 0.2 + 0.3 + 0.2 = 0.7 

~(SM)z = 0 . 3  + 0.2 + 0.3 + 0 = 0.8 

Vicat acid contribution 

V x = ~,mxK a =mXlKal + mx2Ka2 

= 0 + 0 . 2  x 105=21  

Vy = mylKal + my2Ka2 = 0 + 0.2 x 105 = 21 

Vz = mZlKal + mz2Ka2 = 0.3 x 90 + 0.2 × 105 = 48 

Impact Strength (IS) 

100 
IS = - -  [Z(SM)x Vx + Z(SM)y Vy + •(SM)z Vz] 

V 

100 

152 
- - - [ 0 . 7 x 2 1 + 0 . 7 x 2 1 + 0 . 8 x 4 8 ] = 4 5 k / J m  2 

EXAMPLE 2 

e-CAP/TPA/IPD; mole ratio 50:25:25 

(1) (2) (3) 

Vicat softening point 

VO = 105 + 140 = 245 

V = V0(1-0.8 [e-CAP] ) 

= 0.6 x 245 

= 147°C 

Symmet~  

Z(SM)x = (SM)xl + (SM)x2 + (SM)x3 

= 0 + 0.25 + 0 

= 0.25 

Z(SM)x = Z(SM)y = Z(SM)z = 0.25 

Vica t acid co n trib u tio n 

Vx = Vy = Vz = 0.25 x 105 = 26.25 

Impact strength (IS) 

S =  - -  
100 

[3(26.25 x O.25)] 
147 

= 13.5 kJ/m 2 
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Relative rate constants during the acidic 
hydrolysis of syndiotactic poly(methyl 
methacrylate) 

V. Barth and E. Klesper 
Institut fi)r Makromolekulare Chemic, Universitat Freiburg, D-78 Freiburg, W. Germany 
(Received 29 April 1976) 

The relative rates during acidic hydrolysis of triads of monomer units in syndiotactic methyl metha- 
crylate/methacrylic acid copolymers in aqueous solution at different degrees of neutralization have 
been studied by proton n.m.r. Relative rate constants were determined by application of a graphical 
method to experimental and computer simulated relative rates of triads. 

INTRODUCTION 

When monoesters of dicarboxylic acids are hydrolysed in 
the acidic range, neighbouring group effects, i.e. anchimeric 
assistance by undissociated -COOH, has been found. This 
occurs, for instance, when an aryl group is directly bound 
to the carbonyl group of the ester moiety ~;. While this 
general acid catalysis has also been found with the methyl 
monoester of a sterically hindered, aliphatic dicarboxylic 
acid, i.e. methyl hydrogen 2,3-di-(t-butyl)-succinate 3, no 
such effect appears to be prominent with aliphatic mono- 
esters of unhindered aliphatic dicarboxylic acids 4,s. How- 
ever, it has been observed 6 that an aryl ester with two 
neighbouring -COOH groups shows a greatly enhanced 
rate of hydrolysis when partly neutralized to -COO- ,  as 
compared to the fully unneutralized state. This points to 
a bifunctional, electrophilic-nucleophilic catalysis, which 
might also be operative for the acidic hydrolysis of the 
purely aliphatic acrylic acid/ethyl methacrylate copolymers ~. 

The apparent rate constants for the acid hydrolysis of 
tactic and atactic methyl methacrylate/methacrylic (MMA/ 
MAA) copolymers have previously been studied by Smets s'9 
by following the gross conversion with time at different 
degrees of neutralization. The rates were explained by 
simultaneous general acid and nucleophilic catalysis of 
--COOH and - C O 0 -  respectively, the two catalysis mecha- 
nisms being largely independent. In the present communi- 
cation we have investigated the relative rate constants of 
individual triads for the acidic hydrolysis of syndiotactic 
MMA/MAA copolymers of different degrees of neutral- 
ization by following gross conversion and change of triad 
probabilities by proton n.m.r. 

EXPERIMENTAL 

The kinetic runs were carried out as previously described ~°, 
except that with the syndiotactic, Bernoullian copolymer 
ofP(A) = 0.60 for each 250 mg copolymer 1.5 mmol KOH 
were employed in the dissolution step and part of the 
KOH neutralized by titration with HC1 before starting the 
hydrolysis, as indicated in Figures 1 and 2. Alternatively, 
runs with this copolymer were carried out in a mixture of 
8 ml aqueous base and 4 ml dioxane instead of 12 ml 

aqueous base for each 250 mg of starting copolymer*. 
The P(A) and P(XXX) were evaluated from the a-CH3 
1H-n.m.r. resonance as before t°. 

For studying the reversibility of the acidic hydrolysis, 
250 mg of syndiotactic poly(methacrylic acid) (PMAA) 
(2.91 mmol) was dissolved in 3 ml of 1 N KOH and 3 ml 
H20 at 115°C. The syndiotactic PMAA was prepared by 
repeated hydrolysis of syndiotactic PMMA in concentrated 
H2SO412. After dissolution, 3 ml of I N HC1 and 0.1 ml 
methanol (2.5 mmol) were added and the total volume 
brought up to 12 ml. After 144 h at 145°C a small degree 
of esterification o fP (A )~  0.01 could be detected. The 
experiment was repeated adding only 1.5 ml of 1 N HC1 
because partly neutralized copolymer showed a greater rate 
of hydrolysis than unneutralized copolymer ~3. The degree 
of esterification was, however, not increased. 

The homogeneity of the copolymers with respect to 
P(A) and P(XXX) was tested after acidic hydrolysis at 
145°C. Starting with the Bemoullian copolymer ofP(A) = 
0.83 and 0.5 mmol KOH per 250 mg starting copolymer, 
the hydrolysis was stopped after 144 h at P(A) = 0.40. 
The resulting copolymer (500 mg) was fractionated from 
aqueous solution by incremental addition of HC112. Two 
fractions of approximately equal weight were obtained 
(fraction first precipitated 284 mg, final fraction 204 rag) 
which had the same P(A) and P(XXX). Therefore the mea- 
sured data are representative of the individual chain. The 
fractionation was repeated starting with a copolymer of 
P(A) = 0.60 and 0.5 mmol KOH per 250 mg starting co- 
polymer and hydrolysing for 72 h to P(A) = 0.23. Again, 
two fractions were obtained which had the same P(A) and 
P(XXX). 

The accuracy of the determination of P(A) for a large 
number of copolymers was checked by total esterification 
with diazodiphenylrnethane [(C6Hs)2CN2] is. The copoly- 
mers were dissolved in dioxane and twice the stoichiometric 
amount of diazodiphenylmethane in dioxane added. After 
refluxing until the violet colour of the diazo compound had 
disappeared, the same amount of reagent was added and 
refluxing continued until the colour had turned again. 

* In the latter case only the desired amount of KOH was used in the 
dissolution step, no backtitration being required before the run. 
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Figure 1 Dependence of triad probabilities, P(AAA), P(ABA), 
P(AAB+), P(ABB +) on conversion during the hydrolysis of a syn- 
diotactic, Bernoullian copolymer of initially P(A) = 0.60. Data 
are from runs with different initial amounts of KOH for 250 mg 
copolymer in H20 or H20/dioxane solution. O, 1.5 mmol KOH 
+1.25 mmol HCI; [3, 1.5 mmol KOH + 1.00 mmol HCI; ~, 1.5 mmol 
KOH + 0.75 mmol HCI; T, 1.5 mmol KOH + 0.50 mmol HCI; o, 
0.25 mmol KOH + 4 ml dioxane; I ,  0.50 mmol KOH + 4 ml 
dioxane; ~, 0.75 mmol KOH + 4 ml dioxane; •, 1.00 mmol KOH + 
4 ml dioxane. - - - ,  Calculated Bernoullian triad probabilities 

After precipitation with methanol the fully esterified pro- 
duct was soluble in CHCI3. The copolymer was reprecipi- 
tated from CHCI3 solution with methanol and dried at 50°C 
in vacuo. The ]H-n.m.r. spectra were recorded from CHC13 
solution at 60°C and P(A) evaluated by: 

P(A) = (5/3 )1(_ OCH 3) ( 1 ) 

/(-CH2-) +/(-CH3) 

(5/11)I(_cH(C6Hs)2) 
t'(B) = 1 -- e(A) = (2) 

I(-CH2-) + I(-CH3) 

V. Barth and E. Klesper 

where I are the relative areas of the resonances indicated in 
parentheses. The P(A) values of equations (1) and (2) agree 
with each other and the P(A) obtained directly from the 
precursor MMA/MAA copolymer to within +0.01. 

RESULTS AND DISCUSSION 

In two previous communications ~°'11 the rates and rate 
constants as well as the relative rates and relative rate con- 
stants of triads have been studied for the hydrolysis of syn- 
diotactic methyl methacrylate/methacrylic acid (MMA/MAA) 
copolymers of Bernoullian compositional statistics. The 
hydrolysis was carried out in aqueous solution, predomi- 
nantly at 145°C, with more KOH than necessary to neutra- 
lize all carboxyl groups of the MAA.units, either present at 
start or formed during the hydrolysis. In the present study 
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Figure 2 Dependence of triad probabilities P(BAB) and P(BBB) 
on conversion starting with a copolymer of initially P(A) = 0.60. 
Data were obtained with different initial amounts of KOH in H20 
or H20/dioxane solution. Symbols as in Figure I. Calculated 
Bernoullian triad probabilities shown for comparison ( ) 
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I / ,  of best fit have been drawn on the basis of generally valid 
/ statistical relations m. Barring the experimental scatter, all 

~z points trace out the same curve, regardless of the degree 
/ 

z of neutralization or whether pure water or water/dioxane 
~/ was the hydrolysis medium. Thus at a given P(A) / 

/ 
/ 

2 
/ /  where a 1 and ot 2 are any two degrees of neutralization, 

,~' or in more general terms, states of ionization. From equa- 
/z tion (15) of re f  10 this gives for a given P(A): 

A / 0.6 / 
z -2k'(AAA),~ ,P(AAA) - k'(AA B+)a,P(AAB +) #, 

) a/ Nal 
X 

q. / 
/ 

'x x a -2k'(AAA)a=P(AAA)- k'(AAB+)a=P(AAB +) (3) 

O'4 ~ / N~2 

"~°-,.,z/"'a,'"°-,. " /~ 'a , ,  the k'  (XAX) being relative rate constants and 

N ~  = - k ' ( A A A ) . e ( A A A )  - k ' ( A A B ÷ ) . e ( A A B  ÷) - 

0 . 2  k'(BAB)~P(BAB) (4) 

~ . , _  Because the P(XAX) at a given P(A) are shown to be the 
O ,  ,,,, same at ot 1 and ix2, equation (3) leads to: 

P(A)" ~ g ' . . , ~ .  
~, k'(XAX)a 1 = k'(XAX)a 2 = k'(XAX) (5) 

%L 
O ' ' ' ~ ' ~ at a given P(A). Thus the k'(XAX) are invariant with a but 
0"6 0"4 0"2 0 

p(A) may depend on P(A). 
Equation (15) of ref 10 is valid for irreversible, overall 

Figure 3 Dependence of dyed probabilities, P(AA), P(AB +) and first order and overall second order reactions of triads. 
P(BB) on conversion. Data derived from curves of best fit in 
Figures I and 2. Calculated Bernoullian dyad probability P(AA) However, some other conceivable models for the polymer 
shown for comparison and labelled P(A) 2. 0 P(AA); o, P(AB+); analogous reaction would also give equation (5) consider- 
A, P(BB) ing Figures 1 and 2. 

Comparison of the data in Figures 1 and 2 with the 
the amount of KOH was reduced to investigate the hydroly- calculated Bernoullian P(XXX) indicates that the copoly- 
sis in the acidic range. Starting with a copolymer ofP(A) = mers change from Bernoullian to block character during the 
0.60 (A = MMA, P(A) is the probability of finding an A course of hydrolysis. This finding is corroborated by the 
monomer unit) 1.06 mmol KOH is required for a 250 mg behaviour of dyads in Figure 3. The P(XX) of Figure 3 
aliquot of copolymer in 12 ml H20 to neutralize all the (points) have been obtained from the broken curves of 
MAA-units at t = 0. Accordingly, runs were carried out Figures 1 and 2, applying the principle of stationarity at 
with 1.0, 0.75, 0.50 and 0.25 mmol KOH at t = 0. All intervals ofP(A) = 0.05. The block character indicates 
kinetic measurements were carried out in KOH, because that the carboxyl groups in different ionization states 
the copolymer is insoluble in water. Because of slow dis- which are next neighbours to MMA units partake in the 
solution, the copolymer was dissolved in excess KOH (1.5 mechanism of the hydrolysis of these MMA-units. Figures 
mmol) and then titrated with HC1 to the desired amount of 1 and 2 also show that the hydrolysis may be almost com- 
KOH. Other kinetic runs were carried out by substituting plete which would not be possible if the reaction was sig- 
one third of the volume of water by dioxane (4 ml), adding nificantly reversible. The essential irreversibility of the 
only the desired amount of KOH without titration with HC1. reaction has also been shown using syndiotactic poly 
An additional reason for using dioxane is the possibility that (methacrylic acid) with a corresponding amount of methanol 
the limited solubility of MMA/MAA copolymers in purely (see experimental section). It has been demonstrated that the 
aqueous solution with small amounts of KOH may lead to P(XXX) measured by n.m.r, represent the probabilities for 
the formation of aggregates, e.g. microgels, which in turn individual chains by fractionating the copolymers by a pro- 
might influence the kinetics. It was found, however, that cedure which was previously shown ~2 to fractionate accord- 
the kinetic results are almost the same with or without ing to P(A). 
dioxane. In Figure 4 the graphically determined slopes dP(XX)/ 

In Figures 1 and 2 the conversion dependent behaviour dP(A), are shown for the P(XX) versus P(A) plot of 
of the six possible triads is shown. The triad probabilities, Figure 3. A triple ordinate is employed as before ~o for 
P(XXX), (X = A, B) and the conversion parameter, P(A), averaging the errors which originate by the deviations of 
have been determined by 1H-n.m.r. at 220 MHz m. The the P(XX) versus P(A) curves from the principle of sta- 
points represent the experimental data, while the curves tionarity and/or by the graphical evaluation of slopes. As 
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Figure 4 Slopes dP(XX)/dP(A) of P(XX) versus P(A) curves of Figure 
3. Diagonal is 2P(A), valid for a hypothetical hydrolysis with k ' (AAA)  = 
k ' (AAB +) = k ' (BAB) = 0.33. Shaded areas Ft and F 2 as an addi- 
tional test for correct slope measurement. A, dP(BB)ldP(A) vs. 
P(A); t3, dP(AB+)/dP(A) vs. P(A); o,  dP(AA)/dP(A) vs. P(A) 

(S - 2)P(AAA) - SP(BAB) 
c2 = (8) 

S [P(AAB +) - P(AAA)] + 2P(AAA) - P(AAB +) 

to be expected ~°, the ratio of areas F1/F2 = 0.96 is close 
to 1 in Figure 4. 

Besides using a Bernoullian copolymer ofP(A) = 0.60 
(copolymer no. 9 of Table 4 in ref 10) with different initial t~, 
a Bernoullian copolymer ofP(A) = 0.83 was employed 
(copolymer no. 6 of Table 4 in ref 10) as a starting material. 
Using 0.5 mmol KOH initially, c~ = 1 is reached almost im- 
mediately during the run. With 1.0 mmol KOH, however, 
the hydrolysis progresses first by attack of OH-.  At the 
point of consumption of OH-  (a = 1), the hydrolysis con- 
tinues by the acidic mechanism. Correspondingly, with 
1.0 mmol KOH only the part of the data obtained by acidic 
hydrolysis is of relevance here. The P(XAX) versus P(A) 
data obtained with a starting copolymer ofP(A) = 0.83 have 
already been discussed in connection with the change of 
mechanism from the basic to the acidic range ~°. The evalua- 
tion of P(XX) and dP(XX)/dP(A) was carried out analo- 
gously to that of the starting copolymer ofP(A) = 0.60. 
No data are available with different a at the beginning of 
the acidic hydrolysis, contrary to the case of the starting 
copolymer ofP(A) = 0.60. However, for the evaluation of 
the k'(XAX) one may fred for a given P(A) - a state during 
a run starting from P(A) = 0.83, the same state for the runs 
starting from P(A) = 0.60 if the first runs have reached 
P(A) = 0.60 or below and if the latter runs are considered 
to be invariant with t~. 

For the determination of the relative rate constants 
equation (20) of ref 10 was used. The intersections of the 
corresponding straight lines in the k'(AAA) versus k'(AAB +) 
plot demonstrated that the values for k'(AAA) are only 
small, while the k'(AAB ÷) are larger. Using all available 
P(XAX) and dP(AA)/dP(A) data, the data were replotted 
therefore in the equivalent k'(AAB +) versus k'(BAB) dia- 
gram by means of equation (6). 

where S = dP(AA)/dP(A). In the corresponding plot of 
Figure 5 the first arabic numeral indicates the runs from 
which a given line originates, i.e. (1) initial P(A) = 0.83, 
with 0.5 mmol initial KOH; (2)P(A) = 0.83, with 1.0 mmol 
KOH, and (3) P(A) = 0.60, with 1.0, 0.75, 0.50 and 0.25 mmol 
KOH. The second numeral indicates the P(A), e.g. 6 means P(A) 
= 0.60. Lines of the same run exhibit usually only small differ- 
ences in slope, their intersects are therefore less reliable. How- 
ever, lines belonging to different runs possess often less acute 
angles at their intersects. Nevertheless the latter intersects 
scatter also in a relatively large range of k'(XAX) reflecting 
significant inaccuracy of the data. Taking the average of 
the intersects results in k'(BAB) ~ 0.80, k'(AAB +) ~ 0.15 
and k'(AAA) = 1 - k'(AAB +) - k'(BAB) ~ 0.05. From 
these values it appears already that the acidic hydrolysis of 
A monomer units relies primarily on the attack of neigh- 
bouring B-units. This is in contrast to the hydrolysis with 
base where the attack of OH-  is retarded by neighbouring 
B due to electrostatic repulsion between OH-  and nega- 
tively charged B. 

The ratio k'(BAB)/k'(AAB) is much larger than two, 
which indicates that neither general acid catalysis by -COOH 
nor nucleophitic catalysis by - C O 0 -  alone or simultane- 
ously are primarily responsible for the hydrolysis. A con- 
certed electrophilic-nucleophilic catalysis by -COOH and 
- C O O -  seems to be operating. This conclusion is support- 
ed by the time dependent rates which exhibit a maximum 
between ~ = 0 and ~ = 1 ~a. 

In order to demonstrate that the similar slopes for a given 
run in Figure 5 are a property of the statistics of monomer 
units for the runs in question, several runs of 1000 mono- 
mer units each were simulated by computer as previously 
described ~4. The simulated runs started from the homo- 

16 14 12 32 34 24 
25 

¢n 
< 
< 

0 .5  

k'(BAB) 

k'(AAB +) = C 1 + C2k'(BAB) (6) 

C 1  - -  _ 

(S - 2)P(AAA) 

S [P(AAB +) - P(AAA)] + 2P(AAA) - P(AAB +) 

Figure 5 Relative rate constants k ' (AAB +) versus k'(BAB) accord- 
ing to equation (6). Lines identified by type of run (first digit) and 
P(A) (second digit). Runs 1 and 2 start from P(A) = 0.83 with 0.5 
and 1.0 mmol KOH in H20, respectively. Run 3 starts from P(A) = 
0.60 with di f ferent amounts of KOH in H20 or H20/dioxane 

(7) 
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0.55 
o.5o \0-60 

o.~5-o.45 0.65 

I 

0.5 

k'(BAB) 

Figure 6 Relative rate constants k ' (AAB +) versus k' (BAB) accord- 
ing to equation (6) from the block-like part of computer runs of 

t ~ 4" 1000 monomer units simulated with k (AAA)  = 0.01, k ( A A B )  = 
0.10, k ' (BAB) = 0.90. Curves for values of P(A) 0.25--0.65 are 
shown in the Figure 

polymer with the Bernoullian set of  relative rate constants 
k ' (AAA) = k'(AAB +) = k'(BAB) = 0.33 until P(A) = 0.67 
was reached. The set of  rate constants was changed at this 
point to k ' (AAA) = 0.01, k'(AAB +) = 0.09, k'(BAB) = 0.90 
which is similar to the experimentally found set of  rate 
constants. The resulting block part of  the simulated curves 
of  P(XXX) was evaluated in analogy to the experimental 
curves yielding the k '(AAB +) versus k '(BAB) plot of  
Figure 6. The random errors incurred with 1000 mono- 
mer units amount to AP(XXX) = -+0.01 selecting individual 
runs at random at a given P(A), and as compared to the 
average of  a larger number of  runs with 1000 monomer 
units each. This error, and the errors in drawing curves 

through the selected points, as well as in measuring the 
slopes of  the curves, suffice, in conjunction with the small 
slope differences of  the straight lines in Figure 6, to distri- 
bute the intersects over a relatively large range. Thus a 
plot of  the type of Figure 6 indicates the errors inherent 
in the evaluation of  k'(XAX), including the random errors 
in measuring the P(XXX). Comparison with a plot of  the 
type of Figure 5 indicates then the magnitude of  the sys- 
tematical errors in measuring P(XXX) and/or the possible 
true variation o f  the k'(XAX), provided the k'(XAX) are 
the same or similar between the Figures. 
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Phosphonitrilic chloride : polymerization 
behaviour of some 
hexaalkoxycyclotriphosphazenes 

M. Kaj iwara,  Y .  Mor i ,  and H.  Saito 
Department of Applied Chemistry, Faculty of Engineering, Nagoya University, Nagoya, Japan 
(Received 6 February 1976) 

Electron conductivity of hexaalkoxycyclotriphosphazenes N3P3(OR) 6 is temperature dependent; the 
conductivity of the n-propoxy derivatives is dramatically raised at elevated temperature. Tan 8 values 
of hexa-n-propoxy- and hexa-n-butoxy-cyclotriphosphazene increase appreciably at room temperature 
at high frequency. A chemical shift with 31p-n.m.r. spectra of hexa-n-propoxycyclotriphosphazene 
appears at the lowest field compared with other hexaalkoxycyclotriphosphazenes. Dipropyl ether or 
dibutyl ether, respectively, were detected when hexa-n-propoxy- or hexa-n-butoxy-cyclotriphospha- 
zene were heated. I t  is assumed that a polymerization rather than a rearrangement reaction occurs 
on heating with the elimation of ethers. 

INTRODUCTION 

The preparation of hexaalkoxycyclotriphosphazenes 1-a 
and their pka values have been reported 4"s. Shaw et aL 6-a 
observed that some hexaalkoxycyclotriphosphazenes are 
transformed to N.alk),lcyclotriphosphazenes under certain 
conditions. Godfrey'found that hexa-n-propoxycyclotri- 
phosphazene is the best flameproofmg agent of the series 
for rayon, and many patents 1° describe its use for this 
purpose. In this paper some characteristic properties of 
several hexaalkoxycyclotriphosphazenes are presented. 

EXPERIMENTAL 

Materials 

Hexachlorocyclotriphosphazene (NPC12)3 was prepared 
by the modified method ofKajiwara 12. Pure trimer was 
obtained by repeated fractional crystallization from light 
petroleum. 

Hexaalkoxycyclotriphosphazenes N3P3(OR)6 (R = 
CH3, C2H 5, n-C3H 7, n-C4H9) were prepared by the method 
of Shaw 1. 

Methods 

Ultra-violet spectra were measured with a Hitachi-124 
t YlPe spectrometer in n-hexane, methanol and ethanol. 
3 P-n.m.r. spectra were measured with a Nihon Denshi 
JNMC-60HL type spectrometer using dioxane as solvent 
and H3PO4 as standard. Electron conductivity measure- 
ments were carried out following the method of Kajiwara 13 
and dielectric constants were measured with a Shibayama 
Kagaku SS-802 type apparatus. 

RESULTS AND DISCUSSION 

The u.v. characteristics of hexaalkoxycyclotriphosphazenes 
are summarized in Table 1. The maximum absorption of 
hexaalkoxycyclotriphosphazenes appears at 215-217 nm 
in n-hexane. The maxima are not shifted with different 

alkyl groups, but they change the!r position in methanol 
or ethanol. A slight blue shift is due to n-n* of nitrogen 
atoms rather than to lr-Tr* transitions in the triphospha- 
zene ring. 

Dipole moments may indicate the planarity or non- 
planarity of a ring system. Results for some hexaalkoxy- 
cyclotriphosphazenes determined by dielectric constant 
measurements are given in Table 2. 

High dipole moments suggest the presence of a rela- 
tively inflexible ring at 25°C whereas low dipole moments 
are consistent with a slightly planar ring at 95°C. Differ- 
ences in dipole moments directly attributable to side groups 
have not been observed. 

The tan 8 curves for some hexaalkoxycyclotriphospha- 
zenes at room temperature are shown in Figure 1. 

At lower frequencies a decrease in tan 8 results from 
dipole relaxation, deformation or electron polarization 
losses. At high frequencies an increase in tan 8 for hexa-n- 

Table I Ultra-violet absorption maxima, hmax, E(nm), of 
h axaal koxycyclotriphosphazenes 

n-Hexane Methanol Ethanol 

Alkyl hma x e (nm)  ~.max e(nm) hma x e(nm) 

CH 3 201 40 
C2H s 215 120 205 120 206 120 
n-CaH ~ 217 810 203 60 205 90 
n-C4H 9 217 910 203 90 205 100 

Table 2 Dielectric Constant, dipole moment and conductance of 
hexaal koxycyclotriphosphazane 

Alkyl 

Dielectric Conductance 
constant Dipole moment (sec/cm X 10 -9) 

25°C 95°C 25°C 95°C 25°C 120°C 

C2H s 6.7 4.2 3.3 2.3 6.3 840 
n-Call -/ 5.3 3.5 3,1 2.2 1.9 2100 
n-C4H9 4.5 3.2 3.1 2.1 1.1 38 
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Table 3 31p-n.m.r. chemical shift values, 6, for hexaalkoxycyclo- 
triphosphazenes in dioxane 

Phosphonitri l ic chloride: M. Kajiwara et al. 

triphosphazene rapidly increases wi th  temperature, and a 
crystalline product,N-ethylcyclotriphosphazane having a 
melting point of 61°C is obtained from hexaethoxycyclotri- 
phosphazene. 

The molecular weights of hexaalkoxycyclotriphosphazenes 
increases on heating as shown in Figure 3. The rapid change 
with hexa-n-propoxycyclotriphosphazene parallels the cor- 
responding increase in viscosity. 

The products formed from hexa-n-propoxycyclotriphos- 
phazene on heating were collected in a glass tube cooled 
by dry ice, and were identified by gas chromatography or 
1H-n.m.r. spectra as propyl ether or butyl ether; other pro- 
ducts were not observed. 

From the analytical data it can therefore be estimated 
that polymerization rather than rearrangement becomes 
the predominent reaction on heating hexa-n-propoxycyclo- 
triphosphazene or hexa-n-butoxycyclotriphosphazene. 

Consequently, it can be presumed that the polymeriza- 
tion reaction proceeds ~s fo!lcws: 

R O ~  / O R  

N ~ P ~ N  

Ro/%N / \oR I II II I 

+ n ROR 

R = n-CH2CH2CH3, n-CH2CH2CH2CH3 

Alkyl a (ppm) 20C 

CH 3 --21.3 a 150 
C2H5 --15.3 b 
n-C3H 7 --34.2 ~ IOC 
n-C4H9 -16.9 

a--21.7 (AIIcock, H. R. Inorg. Chem. 1966, 5, 1709). b--15.3 50  
(AIIcock, H. R. Inorg. Chem. 1966, 5, 1709) 

propoxy- or hexa-n-butoxy-cyclotriphosphazene is attri- 
buted to an ion split off from their R groups. However, 
this is not observed with hexamethoxy- or hexaethoxy- 
cyclotriphosphazene. The electron conductivity of some 
hexaalkoxytriphosphazene (Table 2) shows that the con- 
ductivity of hexa-n-propoxycyclotriphosphazene shows the 
largest increase with increasing temperature. Allcock and 
Best n found that above 200°C the conductivity of molten 
hexachlorocyclotriphosphazene increased dramatically with 
temperature, and ascribed this to dissociation of chloride 
ion from phosphorus, with concurrent polymerization of 
the trimer. Consequently, the highest conductivity of hexa- 
n-propoxycyclotriphosphazene obtained at 120°C is attri- 
buted to dissociation of an ion from R groups in hexa-n- 
propoxycyclot riphosphazene. 

As shown in Table 3 3lp-n.m.r. spectra of some hexa- 
alkoxycyclotriphosphazenes display a singlet peak, and the 
chemical shift of hexa-n-propoxycyclotriphosphazene 
appears at the lowest field. For this reason, it is believed 
that the electron density around phosphorus atoms is low- 
ered by the deshielding effect, i.e. the electron may centre 
on nitrogen atoms. 

A change in viscosity of some hexaalkoxycyclotriphos- 
phazenes on heat treatment is shown in Figure 2. 

It can be seen that the viscosity of hexa-n-propoxycyclo- 

A I 

A ~ B' A" / /  ) ...-" 
x B ~,f 

~ _ ~  C . . . . . . .  ~ -  
, , v ~'---- -o-; ---'°~ 

IO 20 30 IOO 200 300 
Time (h) 

Figure 2 The time curves of viscosity of hexaalkoxytriphospha- 
zenes [NP(OR)2] 3 during heating: O, 155 ° C; X, 135°C; . . . . .  
110°C. A,A',A", prn; B,B',6", Bu n, C,C',C", Et 
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g 
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I ,,/ _....</~/ 

Figure 3 
alkoxytriphosphazenes [NP(OR) 2 ] 3 during heating: -- - - 

,110°C.  A,A',  Bun; B,B', Pr n 

2'o 4b';'260 ' 4 6 o  ' 6 o o  

Time (h) 
The time course c u r v e s  of molecular weight of hexa- 

,150°C;  
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However, products insoluble in organic solvents are form- 
ed when hexa-n-propoxy- or hexa-n-butoxy-cyclotriphos- 
phazene are heated for a long time and glass-like products 
are obtained at the final stage. 
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13C n.m.r, study of optically active 
polymers: poly (4- methyl-I- hexene) 
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Isotactic polymers of optically active and racemic 4-methyl-l-hexene, obtained by polymerization 
with Ziegler-Natta catalysts, were studied by 13C n.m.r. Polymer fractions with different stereo- 
regularity and molecular weight, derived from the monomer with high optical purity, show in their 
13C n.m.r, spectra differences which are tentatively associated with possible conformation effects. 
Stereoselectivity is observed in polymers obtained from the racemic monomer. 

INTRODUCTION 

The investigation of the microstructure of vinyl polymers 
from chiral olefins led to a better knowledge of the 
nature and mechanism of steric control in stereospecific ~ 
and stereoselective 2,a polymerizations. Moreover informa- 
tion on the relation between microstructure and conforma- 
tion in solution was obtained by studying chiroptical pro- 
perties of the above polymers and by comparing experi- 
mental values of rotatory power with the calculated ones, 
according to Brewster's method 4. For the detailed deter- 
mination of the macromolecular conformation in the solid 
state, X-ray studies were essential. In the case of poly [(S)- 
3-methyl- 1 -pentene] s and poly [(S)-5-methyl- 1 -heptene ] 6, 
the crystal structure shows the existence of macromole- 
cules having helical conformation with the left screw sense 
only, while for poly [(S)-4-methyl- 1-hexene ] main chain 
helical conformation of both screw senses has been found 
in the stable form, a second metastable form existing with 
the left handed screw sense only 7. Statistical models 8-1~ 
in addition allowed one to obtain indications of the most 
probable conformation in solution. All the authors agree 
on the general feature of the model which consists of a 
succession of main chain sections spiralled in both the 
possible screw senses with one screw sense largely prevail- 
ing. N.m.r. has proved to be a powerful tool for studying 
configuration and conformation of polymers in solution, 
and we have therefore examined 4-methyl-l-hexene poly- 
mers obtained with Ziegler-Natta catalysts by 13C n.m.r. 
The results constitute the object of the present paper. 

EXPERIMENTAL 

Monomers 
(S)-4-methyl- 1 -hexene, (R)4-methyl- 1 -hexene with 

different optical purity and racemic 4-methyl-l-hexene 
were obtained as described previously 12'~a. 

Polymers 
Polymerization experiments were carried out in the 

presence of TIC13 'ARA', or VC14 and Al(iso-C4H9)3, and 
the polymers obtained were fractionated by extraction with 
different solvents as previously reported 14. In Table 1 the 
characteristics of some typical analysed samples are 
collected. 

Polymers were characterized by their optical rotation at 
589 nm, viscosity-average molecular weight, and crystal- 
linity by X-rays. 

13C n.m.r, spectra were run on 5% solutions in CDCI3 
at room temperature and at 70°C, on a Varian FTXL 100 
and on a Bruker HF90, using TMS (tetramethylsilane) as 
an internal reference. The spectral conditions were as 
follows: spectral width, 5000 Hz; acquisition time, 0.4 sec; 
pulse width, 30 psec; sensitivity enhancement factor, 0.3 
sec; K transients l0 to 50. The results obtained with the 
two spectrometers were absolutely reproducible. 

RESULTS AND DISCUSSION 

Assignment of the spectra 
The 13C n.m.r, spectrum of poly [(S)-4-methyl-l-hexene] 

(sample El2 , Table 1) is given in Figure 1. Apart from 
variation of the intensities, and the width of the lines of 
the two signals at 11.51 and 31.72 ppm, all polymers from 
monomers having high optical purity show identical spectra. 

Let us consider the monomeric residue: 

- f C H - g C H 2 -  
[ 

eCH2 

c ICH_dCH3 

bICH2 
t 

aCH 3 
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Table I Properties of the poly(4-methyl-l-hexene) samples obtained from optically active and racemic monomer analysed by 130 n.m.r. 

Fraction 
Monomer 
absolute Polymeric Solvent for Weight a [r/] b 
configuration sample Catalyst extraction % [0t] ~1~ (dl/g) /~v X 10 - 3  

t E 0 , 2  VCI4/AI(iso-C4H9)3 Diethyl ether 52.5 +257 1.64 425 
E0, 3 Chloroform 47.5 +272 6.85 2365 

S c ~ EL2 Diethyl ether 42.9 +258 0.67 145 
E5, 2 TiCI3'ARA'/AI (iso-C4Hg) 3 Diethyl ether 46.0 +268 0.94 215 

} E5,3 Cyclohexane 54.0 +270 4.39 1395 
R d t ER,3 Di-isopropyl 24.5 - 2 4 8  1.69 440 

ether 
R,S Er0,3 VCI4/AI(iso-C4H9)3 Cyclohexane 55.8 - 3.60 1105 

aMeasured in chloroform solution; bmeasured in tetralin at 120°C; Cmonomer with optical purity 93.5% t2 was polymerized; dmonomer with 
optical purity 87.0% 12 was polymerized 

f g Cb 
w ~ C H - - C H 2 N V  

I 
e ~  H2 d 

c C H - - C H  3 
I 

b ~H 2 Cc 

o CH 3 31.73 t 

41"23 
42"71 ICgorCe 

Ceor Cg I 

31"11 

Cd 
19.48 

Cf  

t 

Ca 

11'51 

Figure I 13C n.m.r, spectrum of poly[(S)-4-methyl-l-hexene] 
(sample El, 2) at room temperature 

Table 2 Assignment of 13C n.m.r, spectra of poly(4-methyl-1- 
hexene) obtained from high,optical purity and racemic monomer 

Average 8-value (ppm) of the 
signals observed for polymer from: 

Optically Calculated 
active R acem ic 6 -val ue 

Assignment m o n o m e r  monomer (ppm) 

C a 11.51 11.41 10.87 
C b 31.13 "30.87t  29.60 
C c 31.74 "31.721" 32.52 

C a 19.52 19.59 20.35 19.63 
19.94 

C e or Cg 42.77 broad 43.00 41.67 
Cf 29.72 *30.00 broad high 30.84 

intensity 
Cg or C e 41.20 broad 41.70 intensity 39.98 

*In 'the 30.00 ppm band of the polymer from racemic monomer, 
peaks due to C b and C c should overlap the Cf signal due to very 
strong intensity of this band; twith other signals at 30.00 ppm 

The assignment of the peaks is made accordingly to the 
rules of Lindemann and Adams 15, as well as on the basis 
of 'Off Resonance' experiments (Table 2). 

The three signals at 29.70 ppm, 31.13 ppm and 31.70 
ppm are due to the methine carbons C/and Cc and to the 

methylenic Cb respectively. The assignment of the peak at 
31.13 ppm to Cb was obtained by an 'Off Resonance' ex- 
periment. The assignment of the peaks at 29.70 ppm and 
31.70 ppm to methines Cfand Cc respectively is made on 
the basis of the application of Lindemann and Adams rules, 
and is supported by the observation that in polymers ob- 
tained from the racemic monomer, which show quite 
different spectra due to the broadening and overlapping of 
some resonances (Figure 2), the signal at 29.70 ppm does 
not change while the signal at 31.70 ppm is split; this splitt- 
ing (present also in the signals due to C d and Cb) can be 
related to the variation in the configuration of the asym- 
metric carbon atom Cc (see Table 2). 

The peaks at 41.20 ppm and 42.70 ppm, due to methyle- 
nic carbon atoms Ce and Cg cannot be assigned unequivocally 
because of their broadness in all the samples examined*. 
Clearly optically active polymers obtained from the (R) 
monomer show spectra identical to those obtained from 
the (S) monomer 16. 

Conformational effects on poly[(S)-4-methyl-l-hexene] 
In Figure 3 spectra of fractions of poly [(S)-4-methyl-1- 

hexene], extracted with diethyl ether and cyclohexane, 
run at room temperature and at 70°C are reported. The 
polymers, previously extracted with acetone and ethyl 
acetate, have a rather high isotactic content. 

The spectra of different fractions, run at the same tem- 
perature, show some peculiar differences. The resonance 
line due to Cc, at 31.72 ppm and to a lesser extent that 
due to Ca at 11.41 ppm, show different line widths which 
seem to indicate a difference in the correlation times. If 
this difference in the spectra were due to differences of 
sterical configuration about carbon C/, one might expect 
that the signal due to this carbon atom would be split at 
least in the less stereoregular fraction. However it would 
seem that the more affected resonances are for C atoms 
(C a and Co) quite far away (6 and 4 bonds) from the 
hypothetical centre of irregularity Cf. Because of the high 
optical purity of the monomers used, and the very close 
values of the optical rotation of the two fractions, configu- 
rational effects on the side chain must be ruled out. 

Consequently a possible explanation should be related 
to conformational effects on the side chain; different con- 

* These assignments are confirmed recently by the elegant work 
of Neuenschwander in which the assignments of the methines car- 
bons were obtained with laC enriched (in position f) monomers. 
Makromol. Chem. 1976, 177, 1231 
We thank Professor P. Pino and Dr P. Neuenschwander, for sending 
us the manuscript before publication. 
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Figure 2 t3C n.m.r, spectrum of poty[(R)(S)-4-methyl-l-hexene 
(sample Er0,3) at room temperature 

formers for units of poly [(S)-3-methyl- 1-pentene ] s and 
poly [(S)-4-methyl-l-hexene] 7 have been observed in the 
solid state. 

The similarity of the spectra at 70°C of sample ES, 3 and 
of the spectra of sample E5,2 at room temperature strongly 
support this explanation. 

Taking into account the slight stereoregularity difference 
between examined samples it might be possible that the 
extraction is controlled by molecular weight. So far it can- 
not be excluded that steric defects are present in similar 
amounts but have different distribution in the two fractions. 

Configurational effects 
Let us consider isotactic polymers obtained by poly- 

merization of racemic 4-methyl-l-hexene with a Ziegler- 
Natta catalytic system or more generally isotactic polymers 
in which macromolecules consisting of both the monomer 
enantiomers may be present. 

With respect to the side chain asymmetric C atom which 
can have R or S configuration, it is possible to have in 
terms of triads the following situation: 

R R S  R S S  

(la) ( lb) 

S R R  S S R  

(2a) (2b) 

S R S  R S R  

(3a) (3b) 

R R R  S S S  

(4a) (4b) 

The triads a and b are equivalent being in an enantiomeric 
relation. 

The spectrum of the Er0,3 sample (Figure 2) shows the 
splitting of the resonances due to the methyl Cd in three 
different peaks at 19.59 ppm, 19.94 ppm, 20.35 ppm. The 
analysis of these peaks in terms of triads is straightforward 
since the signal at 19.59 ppm is also observed in polymers 
obtained from the optically pure monomer. Hence the peak 

t3C n.m.r, study of optically active polymers." F. Conti et aL 
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Figure 3 13C n.m.r, spectra of poly[(S)-4-methyl-l-hexene] : 
(a) ether soluble fraction (sample E 5 2) at room temperature; 
(b) ether soluble fraction (sample E5',2) at 70°C; (c) cyclohexane 
soluble fraction (sample Es 3) at room temperature; (d) cyclohexane 
soluble fraction (sample E513) at 70°C 
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at 19.59 ppm has been assignee[ to the triads (4a) and (4b). 
Because of the inversion of configuration of both the side 
units it is reasonable to think that the shifts for the triads 
(3a) and (3b) differ to a larger extent from the shifts for 
the triads (4a) and (4b) than those for the triads ( la) ,  ( lb )  
and (2a), (2b). With this hypothesis it is possible to attri- 
bute the peak at 20.35 ppm to the triads (3a) and (3b). 

This assignment is in agreement with the fact that in 
absence of structure of  the type: 

S R S R S R S R  

the intensity of  signals due to triads (3) are lower than the 
intensity of  the triads (1) and (2). The signals at 19.94 ppm 
can be then assigned to the triads (1) and (2). Quantitative 
analysis is unreliable since the signals are partly overlapped. 
However it seems that the process of  polymerization is 
stereoselective 3. 

In fact, in a non-stereoselective polymerization, the pro- 
bability (and as a consequence the intensity of  the corres- 
ponding signals) of  triad (4a) would be 1/8, and, due to 
the magnetic equivalence of the S S S and R R R triads, 
the probability of  the peak at 19.59 ppm should be 1/4 of  
the total which does not correspond to the experimental 
results. 
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Melting in single screw extruders 
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UK 
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A model for the melting of granules in a single screw extruder is presented in Part I. It is consistent 
with observations of earlier workers and retains some of the ideas introduced by Tadmor in his model; 
however, it assumes that the solid bed of granules cannot stand large differences of principal stresses 
and so account has to be taken explicitly of the downstream force balance on the solid bed and in 
the melt pool. Detailed quasi-analytic results are given for a Newtonian (constant viscosity) fluid in 
Part II. These illustrate the model for a particularly simple case and have relevance for some materials. 
A more elaborate numerical scheme is described in Part III for a non-Newtonian model and results are 
presented for comparison with the predictions of other theories and with experiments. 

PART I: The Mathematical Model 

INTRODUCTION 

There is as yet no rational nor fully satisfactory mathe- 
matical model for the melting process in single screw ex- 
truders. Reliable predictive calculations that are based on 
fundamental physical principles cannot yet be carried out. 
However, experimental evidence obtained by several work- 
ers l -s  on small to medium extruders had provided a fairly 
clear kinematic description of the process. Various physical 
and mathematical models have been described 3's-s based 
on these observations, and comparisons have been made 
between calculations based on these models and experi- 
ment. In most cases the models are partly empirical, or 
fail to satisfy the full set of conservation laws that are gene- 
rally accepted to govern mechanical phenomena, namely 
conservation of mass, momentum and energy 9. 

A new model attempting to satisfy all of these conver- 
vation laws was described at a meeting of an EFCE Work- 
ing Party (1970) and was presented by Shapiro l°. This 
model will be further developed here in relatively general 
form. It derives from the original observations of Maddock 
and Street and from the elementary model of Tadmor, the 
main difference from the last named being that the stress 
field is considered explicitly as part of the problem formu- 
lation. It is thus a full dynamical model and not merely a 
kinematical model. 

The utility of the model must depend upon the approxi- 
mations that can be shown to be relevant, because other- 
wise even numerical solution of the full governing equations 
is impracticable. Two particular approximation schemes 
are described and discussed in Parts II and III. 

It is important to emphasize that a kinematical model for 
the process is needed and that it is not sufficient merely to 
write down the conservation equations for the whole system 
and to hope that the observed flow pattern will be predict- 
able from first principles. A completely general approach 
would have to distinguish, for example, between a suspen- 

* Present address: Canadian Industries Ltd, Quebec, Canada. 
"~ Present address: Department of Chemical Engineering. Monash 
University, Clayton, Victoria 3168, Australia. 

sion of isolated granules in a molten matrix and the dis- 
crete solid bed observed in practice; it is not clear that the 
latter would be inevitably predicted. 

THE 5-ZONE MODEL 

Figure 1 provides in diagrammatic form the geometrical 
basis for the model we shall develop. The diagram relates 
to a cross-section of the screw channel taken perpendicular 
to the screw flights. The various geometrical approxima- 
tions leading to this rectangular 'unrolled' form of the prob- 
lem are now well known (see for example ref 11 pp.78-80,  
ref 12 and ref 13) and will not be discussed further. We 
choose a suitable Cartesian coordinate system with the x- 
axis parallel to the axis of the channel and the y-axis nor- 
mal to the plane of the barrel (and to the floor of the screw 

BGrrel 

L:  t Zo~ A I 
~" "I Zonc B grGnules~ -- ~ ~-Zone D 

i 7// ; - .  ;- ". : /  ""~ 4 / ~  ~ ' / / / .  ~jT~-.  ~ )'2-" -': " / . . ~ ' / ~  S $ / / / 0  ~C $,4 ~ ' . / / / S / / / / / . .  C 

S c r e w  Z o n e  E 

I I ~ I I  z=~--j / 
t 14 Z -4 I y=O 
I I 
I, 14 / " i  

Figure I G e o m e t r y  o f  t h e  m e l t i n g  z o n e  
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channel). The z-axis is thus normal to the screw flights. 
Curvature has been neglected. 

The material flowing in the channel is divided into 5 
zones, marked A to E. Zone A is formed of unmelted 
granular material, while zones B to E are regions of molten 
polymer. One essential feature of the model is that sharp 
interfaces exist between the solid and molten material, and 
that the cross-sectional shape of zone A is very nearly rec- 
tangular and fills most of the 'right-hand' side of the chan- 
nel. The bulk of the mass flow in the downstream x direc- 
tion takes place in the solid bed A and the melt pool B. 
Zones C, D and E are treated as relatively thin layers of 
molten polymer which 'lubricate' the surfaces of the solid 
bed, and across which heat to melt the solid bed can be 
conducted from the hot barrel and screw surfaces. 

The cross-sectional shape shown in Figure I for a fixed 
value o fx  is assumed to vary slowly downstream, i.e. Z, 
the bed width, is a slowly varying (usually decreasing) 
function ofx. Melting of the solid material at its interfaces 
with melt is a slow process. This means that no velocity 
gradient in the solid bed need be large. This is consistent 
with a second essential feature of the model, namely that 
the solid bed moves downstream with a velocity VAx that 
is independent o fy  and z and varies slowly with x. The y 
and z velocities in the bed are assumed very small everywhere. 

It will be seen that the prime cause for any motion in the 
(y, z)-plane is provided by the crosschannel velocity Vbz of 
the barrel relative to the screw. This leads to a dragging of 
melt from zone C into zone B: put differently, the material 
that is melted at the AC interface is swept away by the 
barrel into the melt pool. Because of this, it may be anti- 
cipated that the thickness of the melt layer C will be small, 
and hence that botb heat generation in and conduction 
across the layer C will be larger than similar effects in the 
other molten zones. Furthermore, the thickness will vary 
with z. 

Zones D and E are treated as molten on the assumption 
that the screw temperature is higher than the melting point 
of the polymer. This need not necessarily be so: if the 
screw were kept cold enough, the bed of granules A would 
be in direct unlubricated contact with the metal screw, and 
frictional forces would replace the viscous ones that we 
shall be considering here. Because there is no significant 
motion of the bed A relative to the screw in the (y, z)-plane, 
the thicknesses of zones D and E will be treated as inde- 
pendent o fy  and z respectively at any station x, and the 
velocity in these zones as in the x direction only. 

Because rheological forces are much larger than gravi- 
tational or inertial forces the momentum conservation 
equation degenerates to a stress equilibrium equation. A 
third essential feature of the model is that the rheological 
behaviour of the molten material is that of a temperature- 
dependent inelastic viscous liquid, while that of the solid 
bed is not specified in advance but is assumed to be con- 
sistent with the simple kinematics already presumed to 
apply in the solid bed. The stress equilibrium equation can 
therefore be satisfied locally everywhere in the molten 
material, i.e. in zones B - E ,  but only in an integrated form 
over the cross-section of the solid bed. 

The consequences of these assumptions will become 
clear when we discuss the equations that are relevant in 
each zone treated separately, and when we then consider 
the overall relation that links the variables describing each 
zone. As with many such complex situations, it is difficult 
to decide which features of the model to treat as basic 
assumptions and which as consequences of the assump- 

tions. What is important is to ensure that the model is self- 
consistent: this can only be done satisfactorily after num- 
erical values have been calculated. 

The relevant conservation laws and boundary conditions 
have been set out by Pearson n. To these must be added 
those that apply at the solid bed-mel t  interfaces within the 
flow region. We shall require the velocity vector, the tem- 
perature and the stress tensor to be continuous. A discon- 
tinuity in the heat flux is permitted, which provides the 
heat necessary to melt the polymer at the interface. 

Zone A: the solid bed 

We have already stated that the solid bed's downstream 
velocity VAx and its width Z are to be treated as slowly 
varying functions o f x  only. To these variables we add the 
mass flowrate MAx and the melting rate R, also slowly 
varying functions ofx. Formally 

) MAx VAx -- PAdy dz (1) 

-Z \ 6 E 

PA can be regarded as temperature (T) and pressure (p) 
dependent and hence a function o fy  and z. However, since 
the pressure dependence is likely in practice to be more im- 
portant than the temperature dependence, and our model 
treats (see below) the pressure as a function o fx  only, we 
can take PA outside the integral. We note for later refer- 
ence that if 6C, 8D and 8E are taken to be ,~ H, then 

MAx ~-- PAVAxHZ (1 a) 

where 

PA =PA(P) (2) 

The mass melting rate, R, can again formally be written as 

R =R B +R c +R D +R E (3) 

where the subscripts B - E  refer to the melting taking place 
at the interfaces AB-AE.  We shall take up the question of 
providing relations for each of these when we consider zones 
C-E. 

The mass conservation equation for zone A then be- 
comes, trivially, 

dMAx _ _ R (4) 
dx 

So far, there is no difference from all previous models. 
We now consider the stress equilibrium equation for 

zone A. The kinematical model that we have chosen allows 
us to make use of the x component equation as a govern- 
ing equation of the system; in particular, it effectively pro- 
vides the extra equation needed to determine VAx in terms 
of the other variables that depend on x only. Formally we 
define the total shear stress/unit length in the x direction 
acting in the x direction over the interfaces A B - A E  as 
SABx-SAEx, SO that the total shear force/unit length on 
the solid bed is given by 

Sx = SAsx + SACx + s~Dx + SAEx (5) 
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Note that this is the force caused by viscous shear stresses 
in the deforming molten material. Relations for SAB x etc. 
will be derived in later subsections. This force will be 
balanced by the downstream variation in isotropic pres- 
sure p (1/3 the trace of the stress tensor) which is assumed 
to be a slowly varying function o f x  only, and to dominate 
all other 'normal' forces. We obtain 

Sx = d_x dy dz (6) 

\ 6E 

or, using the same approximation as earlier, 

(6a) 

The geometry is given in Figure 2. 
The approximations inherent in equation (6) are com- 

pletely equivalent to those usually made in dealing with the 
fully molten zone (metering or melt pumping section) and 
the dry granular zone (feed section), where an effective 
pressure p is used as the relevant dynamical variable at any 
station x. Gradients in p are balanced by viscous or fric- 
tional forces caused by local shear rates or slip velocities, 
the former being calculated in terms of a purely viscous 
fluid model and the latter using a coefficient of friction. 
Normal stress differences are neglected in the metering zone 
models, and in the simplest 14 of the dry feed models, and 
are simply parametrized in the more complex feed zone 
models of Schneider Is and Lovegrove and Williams 16. 

We do not explicitly consider here the local stress equili- 
brium conditions within the slowly deforming solid bed A. 
Thus we do not need to specify its rheology. Because of 
the shear stresses imposed at the interfacesAB-AE, the 
implied stress state within the solid bed cannot be purely 
isotropic. However, if the absolute magnitude o fp  is large 
enough, we can assume that the stress tensor will be nearly 
isotropic. This is an assumption that we can check a pos- 
teriori. What we have assumed is that the almost isotropic 
stress state will be compatible with the small velocity gra- 
dients needed to cause the AB interface to move slowly to- 
wards the trailing flight z = 0 and the AC interface to re- 
main sensibly fixed relative to the moving barrel, i.e. mate- 
rial is slowly squashed up towards the hot barrel surface. 
One theological idealization that is compatible with this 
approach is that of an almost freely deforming hard granu- 
lar bed, i.e. one with a low (and suitably variable!) angle of 
internal friction. However, it is not necessary for this to 
be the case: indeed, a relatively rigid viscoelastic local 
model may well be far more appropriate, provided that 
large (comparablewith [pi)differences of normal stresses 
do not arise and so lead to significant modification of the 
overall balance relation equation (6). 

The same arguments allow us to neglect detailed con- 
sideration of even the integrated y and z components of the 
stress equilibrium equation. Clearly there will be a z shear 
stress on the bed A, caused by the lubricated motion of the 
barrel sliding over the melting face AC. This must be bal- 
anced largely by variations of the normal stress (pressure) 
across the interfaces AB and AD, since we cannot expect 
comparable z shear stresses in zone E. Similar considera- 
tion of the balance of moments acting about a z-axis on 
the bed A lead to pressure differences between zones C 
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and E. What we are assuming is that these differences are 
small in absolute magnitude compared to the local pressure 
p and, as we shall see later, are therefore too small to pro- 
vide significant pressure driven fluid motions in zones C, 
D, and E. All of these assumptions must be checked a 
posteriori. 

Nothing has been said so far about the temperature field 
within the bed. This has been treated by previous authors 3,6 
in terms of a straightforward solution of the heat conduc- 
tion equation. Shapiro 1° and Pearson 17 have made the 
coarse assumption that the solid bed remains at essentially 
the entry (feed pocket) temperature TA everywhere and 
that solid granules are raised to the melting temperature in 
a thin layer near the melting interface. The relevant equa- 
tions are derived later. Insofar as the layer may be rela- 
tively thick, then physical arguments show that the melting 
rate will be overestimated in the early stages of melting and 
underestimated in the later stages. The total amount of heat 
needed to melt the entire solid bed will however be correctly 
calculated. 

Zone B: the meltpool 

The flow in this region is very similar to the flow in 
relatively deep channels already analysed by Martin Is. 
Two differences arise: 

(1) The fixed trailing screw flight surface (at z = 0 in 
our notation here) is replaced by the interface AB (at z = 
-8  D - Z) moving downstream with velocity VAx. 

(2) The outflow/unit length, mFz, over the leading flight 
edge (at z = -W) is no longer balanced by the inflow over 
the trailing flight edge (at z = 0); instead the mass inflow, 
mcz from zone C (at z = -5  C - Z) causes the downstream 
flow, MBx to increase according to 

dMBx 
- -  + m C z  - m F z  = 0 ( 7 )  
dx 

Note that mcz and mFz are both negative for the coordi- 
nate system chosen. 

p (x) I x 

fill J ., 
- 

i sAo~ 

,,. __1.. :,! 
W ~ 

Figure 2 The force balance on the moving solid bed A;  the upper 
(barrel) and lower (screw) stresses SAC x and SAE x are both shown. 
The shear stress ~-~SAB x is shown clearly inclined to the x-axis but 
the effect of the cosine of dZ/dx is assumed negligible. The equi- 
valent sin (dZ/dx) term on the normal p forces is not negligible 
however. In practice, SAD x and SAE x will be negative 
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7"= T b Borrel VCz(y) 
/////////~////~/~/~///~//~//////////////~//////////////////////////////////////////jl///  

[ So id bed ' "vv" 
,- z ~Z)l = Screw 

z._Z_fD -6D= O flight 

Figure 3 The flow region in zone C. The thickness of 6 F and 6 c 
is exaggerated. Typical velocity and temperature profiles are shown. 
Main development of depth 6 c is in z-direction 

A full solution to the problem requires a local solution 
everywhere for the field variables v(x, y, z), p(x, y, z) and 
T(x, y, z). Martin has already shown that at best one can 
hope to calculate fully developed solutions (independent 
of x, except that ap/ax can be a non-zero constant) and 
that even so heavy numerical computation is in general re- 
quired. The often relevant case of high cross-channel 
Graetz number H leads to simplifications that could allow 
in principle of developing solutions but the influx mcz and 
the consequential open streamlines would be difficult to 
cope with. 

Hence we shall assumed that the mechanics of flow in 
zone B leads to a single dynamical equation that we write 
here formally as 

where/ ' is also dependent on the material properties of the 
melt. Thus there is an implicit dependence in equation (8) 
on the viscous properties of the melt and hence on the tem- 
perature field. We defer any further consideration of the 
function f in equation (8) until we consider specific approxi- 
mate models. 

We note that our discussion of zone A left SABx and 
R B unspecified; we should defer consideration of these 
also until a specific model for f i s  chosen, but it is con- 
venient to assume here that they can be taken as negligible. 

Zone C: the swept melting layer 
Zone C is the most important region of all from the 

point of view of heat transfer and hence of melting. Except 
very near the beginning of the melting section, 5 C will be 
smaller than 5E or ~D unless the screw temperature is much 
closer to the melting temperature than the barrel tempera- 
ture is. Certainly RC will be the dominant component of 
R, and for a very good reason: if it were not so, then melt- 
ing in an extruder would not be significantly more rapid 
than in a static reservoir with heated metal walls, which 
can easily be shown to be unacceptably slow. 

We shall therefore analyse the flow and temperature 
distribution in zone C as precisely as possible. The problem 
is intrinsically more difficult that that in a fully-molten 
metering section, say, because of the more complex boun- 
dary conditions that apply at the melting interface. The 
matter has been discussed at some length by Shapiro ~° and 
Pearson ~7 and so we try here to summarize the most im- 
portant points of the arguments given there. The geometry 
is illustrated in Figure 3. 

We first introduce the geometrical assumption, which 
will have to be verified later, that: 

aoc a6c 
, ,~1 (9 )  

az ax 

and hence that 

PCy "~ VCz, VCx(Pbz, Pbx) (10) 

(However we note that VCy cannot necessarily be neglected 
completely because its convective contribution to heat 
transfer must be important. What we shall seek to do here 
is to take account of its effect implicitly rather than ex- 
plicitly, so as to retain as far as possible the advantages of a 
full lubrication approximation.) Thus we are led, using 
equations (9) and (10) to the stress equilibrium equations: 

ap_ a ( a,, x i (11) 
ax ay la-~--y ] 

az ay ~P ay ] 

and may neglect ap/ay. We may note at once that the 
assumptions we made earlier, i.e. that the stress field in zone 
A is dominated by the isotropic component p(x), requires 
us to make the equivalent assumption here that ap/az ~- o. 
This result can be reached in a quite different manner 1°'~7 
by considering flow in zone C alone, and using the further 
geometrical approximation that: 

5c ,~H (13) 

In simple terms, we showed that any significant departure 
from drag flow in zone C would lead to unacceptably large 
pressure variations [i.e. of  the order of the mean pressure 
p(x)] around the surface of the solid bed. This result is 
consistent with the hypothesis of a freely but very slowly 
deforming solid bed in zone A if (see Figure 3) 

VCx = VA x I 

J VCz=O 
(14) 

at the interfaceAC, i.e. a ty  = H  - 6c. 
The other boundary conditions for equations (11) and (12) 
are provided by 'no slip' at the barrel, 

Pcx(H) = Pbx ; VCz (If) = Vbz (15) 

The viscosity/a in equations (11) and (12) must be specified 
by a constitutive relation. Following previous authors, we 
shall use 

ta = 2 - Z ~ c  o exp [ - b ( T  - TO)] (I2) -~  (16) 

where the second invariant 12 of the deformation rate ten- 
sor is given by 

I 2 = 4  ~ ay ] + ~ a y  ] (17) 

Co(To), s and b are parameters for any particular molten 
polymer in a given range of temperature and shear rate. 

The energy, or heat balance, equation can be written as 
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aT aT a T )  a2T 
pcCc VCx 3x + VCz a~ + VCy ~y = k c  ~y2 + 4/d2 

(18) 

where convection, conduction and generation are all accoun- 
ted for, bearing in mind the obvious consequences of equa- 
tion (9) on the conduction term. Two obvious boundary 
conditions to apply are 

T(H) = Tb; T(H - 6C) = Tm all z (19) 

We now have to account for the effect of melting at the 
interfaceAC Formally, we obtain 

~OA VAy(Y = H -  6C)= ~oCVCy(Y = H -  6C) 

=k C - k A 
y=H-6c+ y=H-6 C- 

(20) 

where we have assumed the position of the interface, i.e. 
6C, to be independent of time and ofx .  More precisely, 
it is the material derivative 

d6c a6c aSc 
- + VAx 

dt at ax 

that is taken to be zero. X is the latent heat of fusion of 
the polymer. 

Earlier, we argued that 

( ~ ) Tm - TA aT > > - -  

y=H_ac+ H 
(21) 

so that most of the solid bed would remain at the entry 
temperature TA. This will be the case provided that 

PA CA rAy >~ kA/H (22) 

in which case 

a T )  ~PACAVAy(Tm -- TA) 
I,A Uy y = ' - ~ c -  

(23) 

We are thus able to represent the term describing heat trans- 
fer into zone A - i n  equation ( 2 ) -  in a very elementary 
fashion, and it is convenient to write 

A = >, + ( T m  - TA)CA (24) 

to give 

k C = ApcVcyl, VCy I = VCy(H - 6C) (25) 
y=H-6 C 

as the relevant additional boundary condition for equation 
(18). Here A is an effective latent heat of fusion. 

Equation (18) still contains vcy as an unknown field 
variable. Equations (11)-(13) need to be supplemented by 
the continuity equation 

aVCy + aVCx aVCz 
+ - -  = 0 (26) 

ay ax az 
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for the set of field equations to be determinate. The boun- 
dary conditions become complete if we include the obvious 
condition 

Vcy(H) = 0 (27) 

and a sufficient set of entry conditions on vc and T along 
z = 0 a n d x = 0 .  

We could, with care and sufficient computing power, 
obtain numerical solutions to this governing set of equa- 
tions. However, without further simplifications, the task 
would be more formidable than those we have already re- 
jected as too expensive for other regions of the flow, e.g. 
the metering section, zone B or zone A. This is largely be- 
cause 6 C is an initially unknown function o fx  and z. 

The key to simplification is the convection term in the 
energy equation, i.e. the left-hand side of equation (18). 
We shall first suppose that 

a6c a6c 
< (28) 

ax az 

and that 

aT aT 
- -  , ~  - -  ( 2 9 )  

ax az 

For this to be a rational approximation, we need dvAx/dx 
to be sufficiently small, e.g. 

dVAx ,~ VAx (30) 

dx Z 

We note that the initial conditions at z = 0, which will be 
determined by the leakage flow over the flight, are likely 
to be very slowly varying functions ofx. Thus the assump- 
tions equations (28) and (29) are inherently plausible. 
Physically this means that the material that is melted at 
the AC interface is effectively swept in the z-direction into 
the melt pool B: tl',e Vbz sweeping velocity is more effective 
than the (Vbx - VAx ) relative sweeping velocity because 
dZ/dx ~ 1. The full set of field equations for v and T in 
zone C are now functions o fy  and z only, with dp/dx and 
VAx as parameters. We are therefore looking for a local 
(i.e. fixed x) solution. Furthermore, Vex and hence VAx 
is only coupled to the equations for VCy, VCz and T very 
weakly through 12. 

We have therefore effectively reached the starting point 
of Pearson 17. There it was shown that a useful approxima- 
tion to the solution of equations (12), (18) and (26) with 
VCx = 0 can, in certain circumstances, be obtained by using 

a2T 
k c  -~y  +4g/2 = 0 (18a) 

instead of equation (18) to give T rather simply in terms of 
6c using boundary conditions equation (19). The relevant 
dimensionless group is 

M = A/Cc(Tb - Tm) (31) 

I fM -1 is sufficiently small, then equation (18a) can be used 
provided the local melting rate (given by VCy at the inter- 
face) is calculated from equation (25) using a modified value 
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A* for A. Formally we can write 

A* =A + F C c ( ~ -  Tm)=X +CA(Tm - TA) 

+ F C c ( T -  Tm) (32) 

where F is a pure number and T-is some average value of 
the temperature in H < y < H - 8 c. Shapiro m took T to  
be the mixing cup mean 

H 

H-6 C t) Tvcz vczdy 

ac 

(33) 

and F = 1. Pearson 17 showed that F = ½ would be a more 
obvious general choice, and also gave results for certain 
special cases. 

When solving the simplified problem for zone C, we find 
that the relevant set of equations become equation (12) 
subject to equations (14) and (15), equation (18a) subject 
to boundary conditions equations (19) and (25) using A* 
from equation (32) and the integrated mass conservation 
relation 

(34) 

which follows directly from equations (26) and (27). 
Equation (34) yields ~C implicitly. The solution is depen- 
dent on VAx and on the initial condition 

H 
/ 

mFz = PC J VCz(Z = -- 5D)dy 

H-a C 

Here we have assumed that all the molten material is flowing 
over the flight and no more enters zone C; clearly 
~c(z  = - 8D) ~ 5F, the flight clearance. The solution is 
very weakly dependent on dp/dx through equation (11) 
and 12. The solution yields 

H 
Io 

mcz = Pc J 

H-8 C 

Vcz(z = - z - ao)dy (35) 

which is required in equation (7) for zone B. We see at 
once that 

RC = mFz - rncz (36) 

which is required for estimating R in equation (4) using 
equation (3). Finally we note that 

-a D 

- z - a  D 

which is needed in equation (5). 

Zones D and E: the lubricating layers 

An analysis of flow in the lubricating layers D and E 
follows that of zone C in many respects. Equations (9) 
and (10) become 

a5 D a~ g 

ax ' ax 
(38) 

VDz < VDx, VEy ~ VEx 

where VDx and VEx are of order VAx. Equation (13) is 
retained, i.e. 

(39) 

80, 5E ~ H (40) 

We shall see that a breakdown of equation (40) will prove 
to be the strongest constraint on our calculations for the 
melting process. Again, to be compatible with the assump- 
tions made above, we treat p as a function o fx  only. Thus 
ap/ay = 0 in the analogue of equation (12) for VDy and for 
ap/az = 0 in that for VEz. The zero boundary conditions 

VDy(Z = O) = VDy(Z = -- aD) = 0 (41) 

and 

VEz(y = O) = VEz(Y = -- aE) = 0 (42) 

ensure that VDy = VEz =- O. The flow pattern shown in 
Figure 4 for zone D is therefore the relevant 2-dimensional 
situation exactly equivalent to that considered by Pearson ~7. 
Thus 

az  ~ az ] - ax 

with 

(43) 

vaAO) = 0; voA-aD)  = VAx (44) 

# still obeys equation (16) where now 

I 2 = 4  ~)Z ] (45) 

We obtain T from 

a2T 
kD ~z 2 + 4#/2 = 0 (46) 

with 

T(o) = Ts; r ( - a o )  =Tm (47) 

Solid bed VAz I 

Figure # The flow region in zone D. A typical velocity profile 
is shown with development of depth 69 in the x-direction 
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VDzl is given by 

( 0 " )  
kD z=_~D = A*PDVVzl (48) 

where A* is given by equation (32), Tbeing interpreted as 
the relevant average temperature in --6D < z < O. 

The solution is obtained by 'marching' forward from 
some initial 5DO(mDxO) using 

), VDzI= dx vDxdz = dx (mDx/PD) (49) 

8D 

Note that here, as elsewhere, variations in p across the layer 
have been neglected. The information needed for the over- 
all calculation is provided by 6D(X), 

dmDx 
R v = - ~  [H - ~C(-5D) - 5E] (50) 

and 

( SADx = Ia aZ ] z=-~D [H-  6C(--6D) -- fiE] (51) 

Similarly 

and 

( / z (53) SAEx = Id--~-y ] y=6 E 

If 5DO = 6EO, then 6 D = 5E for all x and the solutions for 
VOx and VEx are essentially identical. 

Summary of governing equations 
The important quantities from an overall point of view 

are the major mass fluxes of solid and melt, namelyMAx 
and MBx, the width and the downstream velocity of the 
solid bed, Z and VAx respectively and the downstream pres- 
sure gradient dp/dx. All of these are slowly varying func- 
tions ofx. They are connected through the five approxi- 
mated balance equations 

MAx = PAVAxHZ (la) 

dMAx 

dx 
- ( R c + R D + R E )  (4a) 

dp 
HZ - -  = SACx + SADx + SAEx (6b) 

dx 

dMBx 
- R C (7a) 

dx 

Melting in single screw extruders: J. Shapiro et aL 

MBx= , B f  (Z ,  VAx, ~ )  (8a) 

Clearly initial values MAxO, MBx 0 and P0 and relations for 
RK, SAKx (K = C, D, E) and f i n  terms of Z, VAx and dp/dr 
are needed to make the problem determinate. 

We have noted that R K and SAK x are only weakly depen- 
dent on dp/dx and involve the important ancillary variables 
6 K (K = C, D, E). The basic equations needed to obtain 
these R K and SAKx functions are given above, and they 
are formally expressed as equations (35)-(37) and (49)-  
(53). The procedure for obtaining these functions is dis- 
cussed at greater length by Shapiro m and Pearson 17. No 
detailed discussion of the functional form of f has yet been 
given, nor of means to calculate it numerically. 

The complex non-linear nature of these equations im- 
plies step-by-step and iterative numerical procedures. 
Equations (4a) and (7a) carry forward information from 
one section x to the next section x + Ax, as do the sub- 
sidiary relations equations (50) and (52) for mox and mEx. 
At any particular station x, the x-mass fluxes in each zone 
are treated as given, and equations (1 a), (6b) and (Sa) are 
solved iteratively for Z, VAx and dp/dx, using the ancillary 
relations relevant in zones C, D and E which yield the R K 
and SAKx implicitly in terms of Z and VAx. 

Particular examples of solutions are given in Parts II and 
III of this paper. 

DISCUSSION 

A self-consistent 5-zone model has been described above 
which is based on a large number of interlocking assump- 
tions. It might be possible to justify all of the approxima- 
tions made by means of formal rational mechanical analy- 
sis. However, such severely analytical expansion methods 
usually appear to restrict the applicability of the formal 
theory to a far smaller range of situations than is ever met 
in practice. We argue here that the only sensible way to 
assess the model is to apply it in typical industrial or labora- 
tory contexts. Once having obtained numerical solutions 
based on the model, it is a relatively simple matter to esti- 
mate the order of magnitude of the errors involved in the 
various approximations that have been made, and so to put 
limits on the applicability of the model. Such a posteriori 
estimates should also suggest modifications to the model 
to overcome its limitations far better than a priori argument. 

We consider this first in Part II for the particularly sim- 
ple case of a constant viscosity (Newtonian) fluid, choosing 
a viscosity which is representative, for the rates of shear en- 
countered in the flow, of the apparent viscosity of commer- 
cial polymer melts. The adequacy of the various approxi- 
mations made is examined, and within quite reasonable 
limits, they are found to be valid. The effect of using the 
approximations used for zone C on a representative non- 
Newtonian fluid are also examined and the basic contention 
of Pearson 17, that a similarity solution is rapidly established, 
is found to be self-consistent. The advantage of using a 
Newtonian approximation for the full problem is that many 
of the relevant intermediate results, e.g. for 8D, are analytic. 

The full non-linear (non-Newtonian) problem is consid- 
ered in Part III, where the elements of a numerical solution 
scheme and an associated computer program are described. 
Representative results are presented and discussed briefly, 
particularly a post hoc analysis of the initial assumptions. 
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PART II: Solution for a Newtonian Fluid 

INTRODUCTION 

Part I of this paper has described a 5-zone mathematical 
model for the melting process in single screw extruders. It 
was based on a number of intuitive assumptions concerning 
the dominant geometrical and mechanical features of the 
flow. However, even with the simplifications imposed in 
Part I, a complex computational problem results. As a pre- 
liminary to providing computational results for a fully non- 
Newtonian (shear and temperature dependent) melt, a rep- 
resentative set of results will be given here for the much 
simpler case of a melt of constant viscosity. Various other 
approximations, not essential in the basic model, are also 
made here for convenience. 

SIMPLIFIED SOLUTION SCHEME 

The three equations (la), (4a) and (6b) relating to zone A 
given in Part I are retained, with the added assumption that 
PA = PS and H are constant. The two equations (7a) and 
(8a) relating to zone B are also retained, where now an exact 
solution can be given for f i n  the case where rE, 5C, 8 D and 
~E are neglected in comparison with H and W. Thus, using 
Rowell and Finlayson 

[8 (W-  Z) 2 
f = Vbx ~ 7r 3 

1 mrH ) 
~-~ tanh 2(W- Z~ 

n=l 

e o  

PAx ~ 7r 3 ~ n-~ tanh 2H 
n=l 

Pl dxClp ((I4,' -12 Z)3H 16(W.~s- Z)4 Z ~1 x 

n=l 

tanh 2(W - Z) (54) 

We also assume that the density Pro, the specific heat Cm 
and thermal conductivity k m of the melt are constant every- 
where. All we need now are expressions for R K and SAKx 
(K --- C, D, E). We note at once that equation (16) is re- 
placed by p = constant. 

Putting ap/az = 0 in equation (12) gives 

~2VCz 
- -  = 0 ( 5 5 )  ay 2 

with solution, using boundary conditions equations (14) 
and (15), 

Cv - H+5C) 
VCz = Vbz (56) 

8C 

Similarly, neglecting dp/dx in equation (11)-the drag flow 
assumption-yields 

VCx = VAx + (Vbx - VAx)(y - H + ~C)/SC (57) 

We now make the further assumption that the generation 
term in equation (18a) can be neglected. This is not, in any 
case, essential to this development but happens to be an 
approximation that is moderately well justified in the num- 
erical case to be presented here. Thus 

O2T 
=0; T(H) = T b" T ( H - 8 c ) =  T m (58) ay2 

giving 

T = Tm + (Tb - Tm)(y  - H + 8C)/8C (59) 

From equation (56) 

k m ( T b -  Tin) (60) 
VCyI - 6 CO rn A * 

where, using equation (33) and putting F = 1 

2 
A* = X + (Tin - TA)CA + z Cm(Tb - Tm) (61) 

3 

From equation (34) and equation (56) above we obtain 
directly 

1 a6 C 
- -  (62)  VCyI= 2 Vbz •z 

whence 

(4km(T  b _ Tm)z + ~ ) 1/2 
8C = \ pm~-~.Vb- f (63) 

where 5 D has been neglected in comparison with Z and 
8C(0) has been equated with 5F. RC is obtained immed- 
iately as 

1 
R C = _ : PmVbz 

2 

and 

(_4km(Tb  _ _Tm) Z 1/2 

(64) 

1 pmVbzA*p(Vbx - VAx ) 
S A C x  = - - -  

2 km(T b - Tm) 
x 

- 8F / 
1 /2 

J 
(65) 

Similarly, for zones D and E we obtain 

SAD x = I.tvAxn/8 D (66) 

SAE x = IJvAxZ]SE (67) 
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Table I 

Geometry of the screw: 
Diameter, D b 63 mm 
Helix angle, 13 0.31 rad 
Screw channel depth (feed 9.4 mm 

section) 
Screw channel width 

(normal to the flight) 
Screw flight clearance 76.3 #m 

Physical properties of polymer (LDPE): 
Melting temperature 
Viscosity 
Thermal conductivity of melt 
Thermal conductivity of pellets 
Density of melt 
Bulk density of pellets 
Heat of fusion of the polymer 
Heat capacity of solid 
Heat capacity of melt 

Operating conditions: 
(standard conditions given first) 

Speed of rotation 

Temperature of barrel 
Temperature of screw 
Temperature of feed 
FIowrate through the extruder 

54.15 mm 

110°C 
294.2 N sec/m 2 
0.178 W/m °C 
0.178 W/m °C 
760 kg/m 3 
490 kg/m 3 
130 kJ/kg 
2.76 kJ/kg °C 
2.60 kJ/kg °C 

2zr; ~, (4/3)n rad/sec 

230°C; 180°C, 280°C 
130°C; 120°C, 140°C, 160°C 
30°C; 20°C, 50°C, 80°C 
0.01; 0.015, 0.02, 0.03 kg/sec 

where 

X 

8E = $D = 620 + dx 
PmVAx A** 

0 

(68) 

and 

2 
A** = ~, + (T m - TA)C A + ~ Cm(Ts - Tm) 

3 
(69) 

No account is taken ofR D and RE, since 8 D and 8E are 
neglected in comparison with Z andH. 

The five governing equations given in Part I, for zones A 
and B, can now be reduced at a given x to the three equations 

dp p 

(ix HZ 

I (Vbx VAx)VO.p,,A* 
2km(T b - Tm) 

[ ( -4km(Tb L T-m)Z + 82 z 1 /2 - -8F]  

X 

0 
(70) 

MAx = PAvAxHZ (71) 

VAx = (M T -- pmf)[oAHZ (72) 

with fgiven by equation (54), and only 3 unknowns dp/dx, 
Z and VAx. Iterative numerical solution is necessary but not 
difficult. These equations give the solution for any given 
value ofx ,MAx being treated as known. The value of MAx 
at a new value o f x  is provided by 
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d/l~A )¢ 
- R C  (73) 

dx 

where R C is given by equation (64). 

TYPICAL SOLUTIONS 

Table I gives geometrical, physical and operating para- 
meters for a 'typical' polymer and screw. The solution 
scheme given above requires additionally that 6DO and 6E0 
be specified. Shapiro ~° showed that results obtained for 
6D0 = 100,200 and 300/lm were virtually indistinguish- 
able, and for convenience, he then took 

5D0 =BE 0 = 5 F 

Results are given in the Figures for separate variation 
about the 'standard' operating conditions of (a) barrel 
temperature, Tb; (b) screw temperature, Ts; (c) total flow- 
rate,MT; (d) screw revolution rate, N; (e) solid feed tem- 
perature, T A ; (0 solid feed density, PA- 

A careful analysis of the dimensionless groups relevant 
in the very simplified circumstances considered here shows 
that only 3 of these need be varied to provide all possible 
dimensionless solutions. However, since more realistic 
cases introduce further dimensionless variables, the exercise 
of writing all the results in dimensi,nless form has not been 
undertaken here. 

It is convenient to plot results as VAx, Z and dp/dx as 
functions o fx  for various values of the operating conditions. 
These are given as Figures 6-11. However, the perfor- 
mance of the melting section is more easily understood in 
terms o fp  and MAx which are also shown for the standard 
case and a few variations in Figure 5. Little need be said 
about the results obtained in that they contain no surprises, 
given the model used. 

VERIFICATION OF ASSUMPTIONS 

We now return to a consideration of the original assump- 
tions, whose validity can now be assessed quantitatively 
in terms of our numerical solution. 

6 C values 
The maximum value for 6 C using Table 1, i.e. with Z = W, 

and equation (63) is 0.44 ram. Hence (6c/a)max = 0.047. 
From equation (63) we have that: 

86C _ 2km(Tb - Tm) . __1 (74) 

~z PmA*Vbz 6 C 

which has a maximum value, when 5C= 6F, of 0.012. In 
our problem a6C/8X = O. Thus 6 C is small as required. 

6D, 6 E values 
The maximum value for 6 D or 5 E using Table 1 and 

equation (68) with x = 2 m can be approximated by taking 
VAx as constant and equal to 0.06 m/sec. This yields diEma x = 
1 ram. Thus 6E/H ~ 0.1. The assumption that 6E is neg- 
ligible in going from equation ( I )  to equation (la) or from 
equation (6) to equation (6a) clearly introduces a signifi- 
cant (10-15%) error which could have been eliminated; 
however, in simple geometrical terms, no major error is 
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3 0 }  a . . . . . .  

I ~ I t I I I I 
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w 
Q. 

b 

4 

3 

2 / /  
I 

~ J  , L , , , 
O IIO 125 150 200 250 300320340 

x (cm) 

Figure 5 (a) MAx vs. x; (b) p vs. x. O Standard operating con- 
ditions; A, T b = 280 °, M T = 0.02 kg/sec, N = 7r rad/sec 

likely to have arisen. The consequences are likely to be 
much more important when investigating the assumption 
that ap/az and ap/ay can be neglected. It can simply be 
verified that asD/aX is quite negligible. 

VAx , Z values 
The lubrication approximation for zones C, D and E 

had assumed that 

~)K . aVAx '< 1 (75) 
Vax ax 

Putting in the values used above, the ratio is readily seen 
to be <10 -3 . It is quite clear therefore that the lubrication 
approximation for zones C, D, and E is entirely justified 
and leads to insignificant error. 

The stress balance equation (6a) has the largest length 
scale, namely W, and is based on the principle that VAx and 
Z are slowly varying functions ofx. We can easily show that 

• , - .  ~ - 0 . 1  max dx Z (76) 

A careful analysis of the equations shows that this is effec- 
tively very small and that vAx and Z (and likewise MAx and 
R) can indeed be regarded as very slowly varying. 

R, Sx values 
From equations (34) and (48) or equation (64) we can 

compare R D or RE with RC. Using representative values for 
8 C and ~D we find that 

R D + R E 
<0.15 (77) 

RC 

and so neglect ofR D and RE implied in equation (20) is 

E 

60 

4C 

20 

O 

I a 

I I I 

70 

60 
E 
E 

x~ 

50 

0 I I I 

A 

z 0 

-2 

-C 

I 1 1 

0 I 2 3 
x(m) 

Figure 6 Effect of varying T b. (a) Effect of T b on Z. T b values: 
A, 280oc; +, 230oc; o, 180°C. (b) Effect of T b on VAx. T b values: 
O, 280°C; +, 230°C; A, 180°C. (c) Effect of T b on dp/dx T b values: 
O, 280°C; +, 230°C; A, 180oC 
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which shows that the dynamical effect of the layers E and 
D is not far from one of free lubrication. Small variations 
in 6 E and 6 D would not therefore alter the solution at all 
significantly. Clearly SABx is negligible. 

M, A* values 
By the definition given in equation (31) 

M -1 ~- 2.4 (79) 

The discussion given by Pearson 2° was partly based on an 
expansion in powers of M -1 (see ref 20, Appendix). Rela- 
tion (79) might be interpreted as suggesting that the sim- 
plification implied by equations (18a) and (32) was in- 
applicable in the case considered here as standard. How- 
ever experience in cases where the full convective equation 
(18) is used (ref 11, p 81) suggests thatM -1 (a Graetz num- 
ber) has to be 0(10) rather than 0(1) before convective 
terms become comparable with conduction terms. To this 
extent, 2.4 may be sufficiently small for the approximation 
used to be a good one. What is wrong is the value chosen 
here for F, namely 1, which is probably a factor of 4 too 

E 
N 

6 0  

4 0  

20  

o 

a 

2 C 

 8ot 
4 0  

-2t 6 i xlml 
J I L I 

O['~ f + - - - - - - - - ÷  . . . . . . . . . . .  +'~+ 

T s on VoAX; (c) effect of T s on dpldx. T s (°C): ©, 150°; +, 140°; x 

comparable with the errors made in neglecting 6 E and ~D - 1 6 ~  
in equations (la) and (6a). Indeed, to a large extent they 
are mutually compensating. RB is readily seen to be com- -20 
pletely negligible. 

Similarly 0 I 2 3 ,4 
x (m)  

SAEx + SADx Figure 8 Effect of varying M T. (a) Effect of M T on Z; (b) effect 
< 0.25  (78)  ofMTon VAx; (c) effect of MT on dp/dx. M T (g/sec): o, 10; +, 15; 

SACx A, 20; D, 30 
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6°la 

x(m) 

Effect of varying N. (a) Effect of N on Z; (b) effect of N 
on VAx; (c) effect of N on dpldx. N (rad/sec): o, 0.5; +, 0.667; 
A, 1.0 

large. Putting F = ¼ would reduce A* by a little over 15% 
and A** by less than 10% and so significantly increase the 
rate of melting. 

Generation 
If generation is included, then its effect is simply to re- 

place the coefficient of Z in equation (64)by 

2[2km(T  b - Tin) + la{V2z + (Vbx - VAx)2} ]/PmA*Vbz 

This leads to an increase in melting rate of a further 8% in 
zone C. Combining this with the result from the previous 
section, we see that the largest error made is in underesti- 

mating the melting rate by a factor of up to 25%. This how- 
ever is not sufficient to invalidate any of our earlier argu- 
ments relating to the basic assumptions; for more accurate 
calculations, both F = 0.25 and generation could be inclu- 
ded in either the Newtonian or the full 5-zone model, and 
so eliminate this numerically large error in the melting rate. 

60 a 

40 

2C 

60 
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E 

50 

4C I I 

1"5 
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Z 
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Figure I0  Effect of varying T A. (a) Effect of T A on Z; (b} effect 
o f T  A onvAx;(c)  effectof T A ondp/dx. T A ( °C ) :© ,20 ;+ ,30 ;  
A, 50; O, 80 
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p and dpMx values 
Although absolute values o f p  have been shown in 

Figure 5, it is important to recognize that the melting sec- 
tion is preceded by a feed zone in which no melt pool 
arises, and for which dry friction may be relevant at all or 
some of  the meta l -polymer  interfaces. A relatively large 
pressure may therefore be developed by the beginning of  
the melting zone (x = 0 in our coordinate system). In prac- 
tice, for a given screw p(x = O) and MT are not indepen- 
dently variable. It is therefore difficult to specify a repre- 

We shall take 10 MN/m as not un- sentative value o fp .  2 
reasonable. We then see that 

Wdp 1 

p dx 20 
(80) 

which goes a long way to justifying the assertion made in 
Part I that differences in normal stress would be small com- 
pared with the isotropic pressure. 

We now try to estimate the value of  3p/az by consider- 
ing the z balance of  stress on zone A. We can obtain, 
analogously to equation (65) above, 

pmV2z A*_ [[ 4km(Tb - Tm)Z + ~2 ) l/2 5F] 
SACz=--2km(Tb- Tin)[\ Pm-~*V--bz 

(81) 
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By equating this to p(Z) - p(O) we get an estimate 

~P SACz 
Oz ZH 

(82) 

which is, of  course, of  the same order of  magnitude as 
dp/dx, namely 10 MN/m 3. Hence the argument given after 
equation (80) still applies. 

We now turn to the question of  whether a drag flow 
approximation in zones C, D and E is justifiable. We use 
the result that a pressure gradient G in a channel of  depth 
h yields a mass flowrate 

ph3G (83) 
rap- 12/a 

This is to be compared with a drag flow 

1 
mD = -2 pvh (84) 

2 

The ratio is given by Gh2/61av. Putting G = 10 MN/m 3, 
h = 10 -3  m, v = 0.05 m/sec and/~ = 200 Nsec/m 2 gives 

mp/mD ~-- 0.1 (85) 

If we take h = 0.4 x 10 -3  m, the ratio falls to less than 2%, 
and so the drag flow approximation was justified in our 
case. 

The last question is whether the pressure diff~ rence act- 
ing between zones D and B could squeeze a significant 
amount of  fluid from zonesD and E into zone B and so 
cause the two-dimensional flow assumption in zones D 
and E to be inappropriate. The first thing we discover is 
that the pressure gradient would, if anything, cause flow 
towards zone D and so increase its thickness*. We have 
already decided that the mechanics are essentially those of  
a solid block unconstrained by the screw and so this would 
not lead to serious error. Simple calculations however, 
based on the constant values of  fE and fD obtained above, 
and taking the z force balance above, predict the melt pool 
to form on the opposite side of  the solid block to that 
which is observed. It is therefore clear that the actual pres- 
sure distribution is zones D and E is more complex. We 
have already argued that the x moment of  forces on zone A 
must be zero. This may result in fie becoming very small 
near z = - Z  and so inhibit flow from zone E into zone B. 
Further progress in this matter can only be made when a 
full rheological analysis is made of  zone A. This remains 
an outstanding problem. 

The errors inherent in assuming that/~ is constant are 
obviously large. We therefore consider a more realistic 
rheological model in Part III of  this paper. 

It should be pointed out that the results obtained here 
should not be interpreted as being always relevant. Assum- 
ing the polymer in question to be LDPE, the barrel tem- 
peratures chosen are on the high side, and so in practice 
generation would be more significant in zone C than here. 

* Lindt 21 has already shown that under certain circumstances, the 
melt pool model does not apply and that, instead, a rigid tongue of 
compacted granular solid advanced down the screw channel. He 
shows that this can be explained in terms of the z stress balance. 
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NOMENCLATURE 

b 

CA.C 

Cm 
Co 

F 
I 
G 
H 
12 

kA,C,~ 

km 
M 

MAx 
~ x  

MDx.~x 

mcz.Fz 

MT 
N 

P 
R 

RB.C.D.E 

SABx.ACx.ADx.AEx 

a material constant in a constitutive Sx 
(temperature sensitivity of  apparent 
viscosity), s 

specific heat of  melt in zones A (solid 
bed) and C respectively, T 

specific heat of  melt, TA 
material constant in the constitutive Tb 

equation, Tm 
constant introduced in equation (32) TO 
a scalar function used in equation (8), 
pressure gardient, Ts 
depth of  screw channel, t 
second invariant of  the rate-of-strain v 

tensor, VAx,A y 
thermal conductivity of  melt in zones 

A (solid bed), C and D respectively, Vbx.b z 
thermal conductivity of  the melt, VCx.Cy.Cz 
ratio of  apparent latent heat of  fusion VDx.D z 

to change in heat content between l~Ex.Ey 
barrel and melting temperatures, PCyi, Dz I 

mass flowrate in bed A in x direction, W 
mass flowrate in melt pool B in x x 

direction, y 
mass flowrates in zones D and E in x Z 

direction respectively, z 
mass outflow in z direction per unit 

length in x direction in zone C and /3 
under flight respectivel], 6x 

total mass flux in extruder, 
rate of  revolution of  the screw, ~C.D,E 
isotropic pressure, 5D0'E0 
total melting rate at the solid-melt  6F 

interface per unit downchannel A, A*, A** 
area, X 

melting rates at the AB, AC, AD, and /a 
AE interfaces respectively, PA 

forces due to x shear stress on the AB, ~B 
A C, AD and AE interfaces per unit PC.D 
downchannel distance, Pm 

total shear stress on solid bed in x 
direction, 

material constant in the constitutive 
equation (power-law index), 

temperature, 
solid feed entry temperature, 
barrel temperature, 
melting temperature of  polymer, 
base temperature for viscosity 

measurement, 
screw temperature, 
time, 
local velocity vector, 
velocity components of  the solid bed 

(zone A)  
velocity components of  the barrel 
velocity components in zone C, 
velocity components in zone D, 
velocity components in zone E, 
velocities at AC and AD interface, 
width of  screw channel, 
Cartesian coordinate-downstream, 
Cartesian coordinate-radial, 
width of  zone A, 
Cartesian coordinate-cross-stream, 

helix angle o f  the screw, 
thickness of  melt film in any of  zones 

C,D, orE,  
thickness o f  zones C, D and E, 
initial thickness of  zones D and E, 
screw flight clearance, 
'effective' latent heats of  fusion, 
latent heat of  fusion, 
viscosity function, 
density of  solid bed (zone A), 
mean density of  melt in melt pool, 
density of  melt in zones C and D, 
density of  the melt. 

REFERENCES 

1 Maddock, B.H. SPEJ. 1959,383 
2 Street, L. F. Int. Plast. Eng. 1961, 1,289 
3 Tadmor, Z. Polym. Eng. ScL 1966, 6,185; Tadmor, Z., 

Duvdevani, H. and Klein, I. Polym. Eng. ScL 1967, 7, 198 
4 Marshall, D. I. and Klein, I. Polym, Eng. ScL 1966, 6, 191 
5 Fenner, R. T. and Edmondson, I. R. Polymer 1975, 16, 49 
6 Chung, C. I. Mod. Plast. 1968, 45, 178; 1968, 45,110 
7 Hinrichs, D. R. and Lilleleht, L. V. Paper presented at the 

AIChE 67th Nat. Meet. Atlanta, Georgia 1970 
8 Donovan, R.C. 'A theoretical melting model for plasticat- 

ing extruders', Internal Report, Western Electric Co., New 
Jersey, 1970 

9 Martin, B., Pearson, J. R. A. and Yates, B. University of 
Cambridge Polymer Processing Research Report No. 5, 1969 

10 Shapiro, J. PhD Thesis University of Cambridge (1973) 
11 Pearson, J. R. A. 'Prog. in Heat and Mass Transfer' (Ed. 

W. R. Schowalter), Pergamon Press, New York, 1972, p 73 
12 McKelvey, J. M. 'Polymer Processing', Wiley, New York, 

1962, Ch 11 
13 Tadmor, Z. and Klein, I. 'Engineering Principles of Plasticat- 

ing Extrusion', Reinhold, New York, 1970 
14 Darnell, W. H. and Mol, E. A. J. SPE J. 1956, 20 
15 Schneider, K. Chem. Ing. Tech. 1969, 41,364 
16 Lovegrove, J. G. A. and Williams, J. G. J. Mech. Eng. SoL 

1973, 15,114 
17 Pearson, J. R. A. Int. J. HeatMass Transfer 1976, 19,405 
18 Martin, B. PhD Thesis University of Cambridge (1969) 
19 RoweU, H. S. and Finlayson, D. Engineering 1922, 114,606; 

1928, 126,249,385 
20 Pearson, J. R. A. Imperial College Dep. Chem. Eng. Chem. 

Teehnol. Polym. Sci. Eng. Rep. No. 4, 1974 
21 Lindt, J. T. Polym. Eng. Sci. 1976, 16,284 

918 POLYMER, 1976, Vol 17, October 



Notes to the Editor 

Osmotic pressures of moderately concentrated 
poly(y-benzyI-L-glutamate) solutions in N, 
N-dimethylformamide 
Kenji Kubo, Kenji Kubota, and Kazuyoshi Ogino 
Department of Pure and Applied Sciences, University of Tokyo, Meguro-ku, Tokyo, JapaP 
(Received 5 April 1976; revised 13 May 1976) 

INTRODUCTION 

It is known that poly(3'-benzyl-L-glu- 
tamate) (PBLG) exists in a rod-like 
conformation in helicogenic solvents, 
such as N,N-dimethylformamide 
(DMF) and chloroform. Below some 
concentration (A-point) PBLG solu- 
tions are isotropic, while above another 
concentration (B-point) they are ani- 
sotropic (liquid crystalline). The co- 
existence of these isotropic and aniso- 
tropic phases is observed in an inter- 
mediate concentration rangek Flory 2 
proposed the theory of solutions of 
rod-like molecules based on a lattice 
treatment. The results predicted that 
rate of change in solvent activity for 
the anisotropic phase is much less than 
for the isotropic phase. Osmotic pres- 
sure measurements provide a means 
for determining the solvent activities 
in the moderately concentrated region, 
extending sufficiently over the two 
phases. Osmotic pressures for the 
PBLG-chloroform system have been 
determined in the concentration 
range up to c = 0.19 g/cm 3 at 29°C 3. 
The difference between the solvent ac- 
tivities for the two phases was suffi- 
ciently small for a smoothed curve to 
be drawn for the range in contrast 
with the results predicted by Flory. 
Recently, the curve for the data on 
solvent activities has been found to 
correspond with that in the range 
above c = 0.21 g/cm 3 at 30°C 4. The 
data in the concentration range below 
approximately c = 0.5 g/cm 3 can be 
semi-quantitatively explained by the 
Wee-Miller theory, in which modifi- 
cation of Flory's lattice theory to 
allow for side chain flexibility has 
been made. 

The present investigation was 
undertaken with the object of detect- 
ing the difference between the solvent 
activities for the two phases. The 
results of osmotic pressure for the 
PBLG-DMF system are reported in 

the moderately concentrated region 
at 45°C. The results are compared 
with those predicted by the Wee- 
Miller theory. 

EXPERIMENTAL 

The PBLG used in the experiments 
was obtained by polymerizing 3'- 
benzyl-L-glut amate-N-carb oxy anhy- 
dride with triethylamine as an initiator 
and then refluxing with hot ethanol 
to remove low molecular weight im- 
purities. The solvent, DMF was dried 
with MgSO4 and then purified by 
vacuum-distillation before use. The 
semi-permeable membranes were pre- 
pared from regenerated cellulose mem- 
branes (Zartrius-Membranefilter Co., 
type Ultrafilter). Osmotic pressure 
was obtained in the concentration 
range up to c = 0.23 g/cm 3 at 45°C. 
A high pressure osmometer described 
previously 3 was used for solutions in 
the concentration range above c = 0.05 
g/cm 3. The solution charged in a solu- 
tion cell was stirred as little as possible 
to avoid air-bubble formation in a 
solvent cell s. The rate of movement 
of solvent in a capillary was observed 
-under a selected pressure. Osmotic 
pressure was determined by interpol- 
ating the relation between the pressure 
and the rate of meniscus movement to 
the null rate. The pressure was read 
using a mercury manometer. An equi- 
librium pressure was ordinarily attain- 
ed within 6 h. The concentration was 
determined after the run, assuming no 
volume change on mixing. The speci- 
fic volume of PBLG was taken to be 
0.787 cm3/g. After the osmotic pres- 
sures were determined for a few solu- 
tions of higher concentrations, solvent 
was removed from the solvent cell and 
tested for the presence of polymer; no 
polymer was detected. As the PBLG 
solution was gradually diluted with 
DMF, the following procedures were 

necessary in order to maintain a high 
level of accuracy in the osmotic pres- 
sure measurements. (I) The solvent 
above the membrane was removed 
thoroughly with a blotter immediately 
before charging the solution. (2) In 
order to avoid dilution or concentra- 
tion of the solution near the membrane 
due to the transport of the solvent 
through it, the external pressure was 
readjusted as frequently as possible 
until equilibrium pressure was attain- 
ed. Osmot"c pressure was determined 
in a low concentration range below 
c = 0.02 g/cm 3 using a high-speed 
membrane osmometer (Hewlett- 
Packard Co., model 503). The mole- 
cular weight of the sample was 
160 000. 

For the determination of biphasic 
compositions at 45°C ten solutions of 
c = 0.1 to 0.25 g/cm 3 were prepared 
in glass tubes (i.d. 6 mm). The solu- 
tions were allowed to stand at 45°C 
for at least three weeks, and then 
observed over a wide temperature 
range using a polarizing microscope. 
The concentration at the A-point was 
found to be c = 0.131 g/cm 3. Al- 
though it was difficult to determine 
accurately the point when no dark 
areas remained between crossed 
polars, we considered the concentra- 
tion at the B-point to be c = 0 .17-  
0.18 g/cm3. 

RESULTS AND DISCUSSION 

The dependence of osmotic pressure 
n on concentration c is shown in 
Figure 1. The biphasic compositions 
are satisfactorily within the range of 
the present osmotic pressure measure- 
ments. The osmotic pressure does not 
increase monotonously with increase 
in concentration within this range, un- 
like the ordinary curves of solutions of 
randomly-coiled polymers. It is evi- 
dent from the form of the Figure that 
the osmotic pressure data show three 
regions of thermodynamic behaviour. 
It is reasonable to consider that the 
region below ~c = 0.13 g/cm 3 is the 
isotropic region: that the region above 
~c = 0.17 g/cm 3 is the anisotropic 
region, and that the intermediate re- 
gion is the coexistence region of the two 
phases. The change in thermodynamic 
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Figure 2 Reduced osmotic pressu re ~r/c 
versus concentr~ition c (in g/cm 3) fo r  PBLG 
solutions in DMF at 45°C. Curves were 
calculated f rom the Wee--Miller theory wi th 
X = 0.462 + 0.213v2, x = 376, anda = 
1219. Vertical broken line indicates position 
of A-point .  B-point lies in vertical zone 

behaviour between the regions is more 
clearly evident from the plot of rr/c 
versus c, which is shown in Figure 2. 

PBLG can be assumed to be a poly- 
mer composed of a rigid main chain 
and flexible side chains. Several studies 
have shown that the side chains of 
PBLG have some flexibility in the 
solid state 6-8 and that they become 

increasingly flexible as solvent is add- 
ed 9. Wee and Miller extended the 
Flory lattice theory for rigid rods by 
arranging rigid units and flexible ones 
on a lattice 4a. Solvent activity al for 
the isotropic phase is given: 

lnal = In(1 - v 2 )  + 

[(x + a - 1)/(x + a)] v2 + XV 2 (1) 

and that for the anisotropic phase by: 

lnal  = ln(1 - v2) + 

[(y + a -  1 ) / ( x + a ) ] v 2 +  

2/y + (2) 

where v2 is the volume fraction of 
polymer, x the axial ratio of main 
chain, a the total number of side chain 
segments per main chain,y the dis- 
orientation index, and X the parameter 
which is related to the interaction be- 
tween the polymer and solvent. The 
value o fy  is given by: 

v 2 = [(x +a)/(x - y)] × 

[1 - exp ( -2/y)]  (3) 

The parameter × is assumed to be in- 
dependent of whether the system is in 
the isotropic or anisotropic phase. 

In order to allow these equations to 
be applicable to actual solutions, x and 
a are taken as adjustable parameters. 
Because In a l/In (1 - v2) must approach 
the ratio of  the molar volumes of sol- 
vent and polymer at infinite dilution, 
it is reasonable to take x + a as the 
reciprocal of the ratio. The solvent 
activity is related to osmotic pressure 
by: 

In al = -Tr V1/R T (4) 

where V 1 is the molar volume of sol- 
vent. The value of × is estimated us- 
ing equations (1) and (4). In Figure 3 
the X values calculated using x + a = 
1595 are plotted against the volume 
fraction of polymer. The × value for 
the isotropic phase may be linearly 
related to the volume fraction regard- 
less of whether the concentration is 
low or high. In Figure 3 the straight 
line is drawn as × = 0.462 + 0.213v2. 

In view of the thermodynamic 
equilibrium between the isotropic and 
anisotropic phases, the biphasic com- 
positions are calculated for given x and 
a from equations (1)-(3)  together 
with equations 4 for activity of poly- 
mer for the two phases. The concen- 
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F igu re  3 Exper imen ta l  values of X p l o t t ed  
against volume fraction of p o l y m e r  v 2 for 
PBLG so lu t ions  in DMF at 45°C.  Ver t i ca l  
b roken l ine indicates position of A - p o i n t  

tration at the A-point observed by the 
microscopic measurements can be fit- 
ted to the point calculated using x = 
376, a = 1219, and X = 0.462 + 
0.213v2. The plots of~  and zr/c 
versus c calculated with these values 
are shown in Figures 1 and 2, respec- 
tively. The osmotic pressure data 
shown in Figures 1 and 2 show that 
the rate of change in the solvent acti- 
vity for the anisotropic phase is con- 
siderably less than that indicated by 
extrapolation of the curves for the iso- 
tropic phase. The horizontal line in 
Figure 1 shows the region of the 
thermodynamic equilibrium between 
the two phases. However, the present 
data demonstrate that the solvent 
activity in the biphasic region is not 
constant, but increases with increase 
in concentration. The results may be 
due to the polydispersity of the poly- 
mer used. Above c = 0.131 g/cm 3 the 
longer rods separated first of all from 
the isotropic phase. The shorter ones 
separated at higher concentrations. 
This polydispersity might, perhaps, 
exert some effect on the width of the 
biphasic region and the curve of sol- 
vent activity for the anisotropic phase. 
Figures I and 2 indicate the discrepan- 
cies between the calculated values and 
experimental data for the width and 
the solvent activity. The discrepancies 
may be partly removed by applying 
the Wee-MiUer theory to rods of 
different lengths, provided that a form 
on the dispersity of the polymer used 
is given. However, attempts to calcu- 
late this have not been considered 
meaningful, because the PBLG-DMF 
system is not perfectly within the 
limits of applicability of the lattice 
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model. 
Equations (1)-(3) in the case of 

a = 0 lead back to the original Flory 
equations 2. The Flory equations with 
the value of × estimated here showed 
that the concentration at the A-point 
is small while the volume fraction at 
the B-point is near unity, so the 
present results cannot be accounted 
for by the Flory theory. 

ACKNOWLEDGEMENT 

The authors thank Dr A. Hatano of 
their Department for helpful discussions. 

REFERENCES 

1 Robinson, C., Ward, J. C. and Beevers, 
R. B. Discuss. Faraday Soc. 1958,25, 29 

2 Flory, P. J. Proc. Roy. Soc. (,4) 1956, 
234, 73 

3 Okamoto, A., Kubo, K. and Ogino, K. 

Notes to ~ e  Edi tor  

Bull. Chem. Soc. Japan 1974, 47, 1054 
4 Kubo, K. and Ogino, K. Polymer 1975, 

16,629 
5 Carter, S. R. and Record, B. R. J. Chem. 

Soc. 1939, 660 
6 Flory, P. J. and Leonard, Jr, W. J. J. Am. 

Chem. Soc. 1965,87, 2102 
7 Rai, J. H. and Miller, W. G. Macromole- 

cules 1972, 5, 45 
8 Rai, J. H. and Miller, W. G. Macromole- 

cules 1973, 6,257 
9 Rai, J. H., Miller, W. G. and Bryant, R. G. 

Macromolecules 1973, 6,262 

Study of polymer crosslinking by thermally stimulated 
current 

P. K. C. Pillai, P. K. Nair and Rabinder Nath 
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(Received 24 February," revised 11 May 1976) 

Thermally stimulated current (TSC) 
has become a powerful tool in the in- 
vestigations of dielectric relaxation in 
polymers. The relaxation time, acti- 
vation energy and the distribution 
function of dipolar relaxation, attempt- 
to-escape frequency and capture cross- 
section have been successfully evalua- 
ted for many polymers 1-4. 

In the present Note, the use of T S C  
for the study of crosslinking mecha- 2 0  
nism in polymers is illustrated with 
reference to poly(vinyl cinnamate) 
(PVCn). The crosslinking in PVCn, 
achieved by u.v. irradiation, is believed 
to cause photocyclodimerization of 
cinnamic groups with formation of 
cyclobutane bridges between polymer = 
chains through the excited triplet state 0 
of the cinnamic groups and/or through x 
the free radicals generated by the u.v. ~ 12 
radiations s. 

PVCn used in the present investiga- 
tions was supplied by Polyscience Inc., 
USA. The benzene solution of PVCn, 
cast on plane glass sheets was allowed 
to solidify under saturated benzene 
atmosphere. The PVCn layer(6.25 cm 2 
× 0.025 cm) was held between two A1 
electrodes forming a sandwich cell con- 
figuration. The crosslinked product 4 
was obtained by u.v. irradiation with 
125 W, 220 V mercury discharge lamp 
for 3 h and the crosslinking was evi- 
denced by the increased opacity of the 
film and its insolubility in benzene. Be- 
fore the polarization and T S C  measure- 0 
ments, the samples were preheated to 
120°C (the maximum temperature 
used in T S C  measurements) for 2 h. 
The satisfactory reproducibility of the 
a.c. capacitance measurements carried 
out during repeated heating and cool- 

2 0  

% 
-~ 12, 

. IOO . 9o 
" J t 

/ , , , b  
80 IO0 120 

PolarizGtion A ~ 
temperature (°C) f i  

E 

D 

4 0  6 0  8 0  I 0 0  120 

r (oc) 

Figure I TSC of photocrosslinked PVCn for V b = 1.95 kV and different polarization tem- 
perature Tb: A, 75°; B, 90°; C, 100°; D, 110°; E, 120°C. A', TSC of uncrosslinked sample 
for V b =  1 .95kVand  T b = 100°C. Inset:O, T m ; O , / m  
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model. 
Equations (1)-(3) in the case of 

a = 0 lead back to the original Flory 
equations 2. The Flory equations with 
the value of × estimated here showed 
that the concentration at the A-point 
is small while the volume fraction at 
the B-point is near unity, so the 
present results cannot be accounted 
for by the Flory theory. 
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× 0.025 cm) was held between two A1 
electrodes forming a sandwich cell con- 
figuration. The crosslinked product 4 
was obtained by u.v. irradiation with 
125 W, 220 V mercury discharge lamp 
for 3 h and the crosslinking was evi- 
denced by the increased opacity of the 
film and its insolubility in benzene. Be- 
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hag cycles (30°-110°C) of the same 
sample, suggests that the chemical de- 
gradation is not significant. A heating 
rate of  1.5°C/min was kept constant 
throughout the measurements. Tb Tm 

The results of TSC on uncrosslinked (K) (K) 

and crosslinked products are shown in 373.0 337.0 
Figure 1. The crosslinking in polymers 348.0 358,0 
increases the glass transition tempera- 363.0 362.0 
ture (until the gel-point is reached) 6 373.0 364.5 

383.0 369.0 
and so the shift of the TSC peak to- 393.0 375.0 
wards the high temperature'~ide upon 
crosslinking of PVCn is understand- 
able. As the heating rate is low, one 
also expects the TSC peak temperature 
Tm to correspond to the glass transi- 
tion temperature. Since Tm is found 
to vary by about 16°C in the biasing IO4 
temperature (Tb) range used (inset 
Figure 1), the glass transition in the 
photocrosslinked sample should be a 
slow transition. This can happen, be- 
cause, the degree of crosslinking in the 
sample may not be uniform on a mic- 
roscopic scale and the gelation on the 
surface may start before crosslinking IO 2 
has been initiated in the interior, par- A u 
ticularly in the present study of solid 
state crosslinking where the movement 
of polymer chains is not possible. The ~' 
width of the TSC peak and shift of 
Tm with Tb for the crosslinked sam- 
pies are in marked contrast with PVCn 
which shows neither of these pheno.- 
mena (Figure 1, curve A'). The acti- IO O 
ration energies for dipole relaxation 
calculated by the initial rise method 7 
for PVCn (2.48 eV) and the photo- 
crosslinked product (1.43 eV) show a 
significant difference. 

The evaluations of capture cross- 
section (on) and attempt-to-escape 
frequency (v) made from Grossweiner's 10 -2 
formula s are shown in Table 1 2.6 

P 

On = (m2) 
2.9 x 1024Tin 

3T' exp(E/kTm) 
"= (soc- l )  

where/3 is the heating rate and T'  is 
the half width temperature on the left 
of TSC peak. 

It is seen that in the crosslinked pro- 
duct, the capture cross-section On de- 
creases with the increase of Tb (Table 
1). The dipolar relaxation times cal- 
culated using these values of activa- 
tion energy are given in Figure 2, 
along with those obtained using the 
full curve method 9. The agreement is 
good in the case of PVCn, but in the 
case of the crosslinked product the 
points are scattered towards the high 

Tab/e I Evaluation of capture cross-section, On, and attempt-to-escape frequency, v, 
made from Grossweiner's formula s 

Capture 
Activation Escape cross-section, 
energy, E frequency, v o n 
(eV) (see -1) (m 2) 

Crosslinked 
(CL ) or 
u t l c r o s s l i n k e d  

(UCL) 

2.48 3.37 X 1034 1.20 x 105 UCL 
1.43 6.16 X 1017 1.66 x 10 -12 CL 
1.43 2.53 x 1017 6.66 X 10 -13 CL 
1.43 1.96 X 1017 5.08 X 10 -13 CL 
1.43 8.01 X 1016 2.02 X 10 -13 CL 
1.43 3.86 x 1016 9.46 X 10 -14 CL 

A t 

/ /  

f 
/ 

/ 
/ 

/ 

I I I 1 L 

2'8 3 '0  
iO3/r (K -' ) 

Figure 2 Relaxation time (r) for PVCn (A') and its photocrosslinked product (E) obtained by the 
full curve method ( ) and initial rise method ( . . . .  ) from Figure I 

temperature region, showing that the 
same relaxation process cannot be 
operative throughout the temperature 
range of TSC curve in photocrosslinked 
product. 

ACKNOWLEDGEMENT 

One of the authors (R. N.) gratefully 
acknowledges the f'mancial support 
given by CSIR, India. 

REFERENCES 

1 Turnhout, J. V. PhD Thesis Central 

Laboratory, TNO, The Netherlands 
(1972) 

2 Pillai, P. K. C., Jain, K. and Jain, V. K. 
Phys. Status Solidi (A) 1972, 13,341 

3 Hino, T. J. Appl. Phys. 1975,46, 1956 
4 Jain, V. K., Gupta, C. L., Agarwal, S. K. 

and Tyagi, R.C. Thin Solid Films 
1975, 30, 245 

5 Delzenne, G. A. 'Reviews in Polymer 
Technology', (Ed I. Skeist), Marcel 
Dekker, New York, 1971, Vol 1 

6 Fox, T. G. and Loshaek, S. J. Polym. 
• J Sct. 1955, 15,371 ~ 

7 Garlick, G. F. J. and Gibson, A. F. Proc. 
Phys. Soc. 1948, 66, 574 

8 Grossweiner, L. I. J. Appl. Phys. 1953, 
24, 1306 

9 Bucci, C., Fieschi, R. and Guidi, G. 
Phys. Rev. 1966, 48,816 

9 2 2  P O L Y M E R ,  1976,  Vol  17, October 



Optical observations of partly molten fibres of 
poly(ethylene terephthalate) 
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and Girolamo Coppola and Piero Fabbri 
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(Received 20 Apr i l  1976; revised 10 June 1976) 

The relevant interest for the fibrous 
state is well evidenced by the original 
investigations in fibre forming long 
chain polymers ~ and by the theoreti- 
cal and experimental studies on the 
oriented crystallization, both from 
solution and from the melt 2-8. 

Some attempts have been made to 
classify the fibrous materials. Very 
recently Keller 9 suggested a rather 
simple criterion which divides samples 

Figure I PET fibre heated close to the 
melting range and rapidly quenched. Cross- 
ed polaroids (Heating rate, 3°C/min up to 
260°C; storage time at 260°C, 10 min; 
quenching temperature, 214°C) 

into two classes 'according to the man- 
ner in which the fibrous nature was 
achieved even in the case of one and 
the same polymer', Class 1 comprises 
fibres formed from molecules pre- 
extended in an elongational flow 
field t°'tl, i.e. for instance by particu- 
lar stirring of solutions ~2 or by very 
high speed melt spinning 13. Class 2 
includes the fibrous materials obtained 
by solid state deformation of prefor- 
med crystalline textures, i.e. for exam- 
ple by cold drawing 6, where the origi- 
nal folded structure is disrupted and re- 
built in 'extended chain' crystals. 

Optical observation of fibres is a 
well known and widely employed tech- 
nique to obtain quickly fundamental 
information about their structure. 
Also according to Keller 9 the shrink- 
ing test can be carried out on the hot 
stage of a polarizing microscope. 

We have carried out some observa- 
tions on fibres heated very close to 
the melting range; at these tempera- 
tures it can be seen that the filaments 
are only partly fused; individual bire- 
fringent fibrils are clearly visible in- 
side the original fibre (Figure 1). 

D 

Notes to the Editor 

The polymer studied was a com- 
mercial poly(ethylene terephthalate), 
supplied by Snia Viscosa Co. under 
the trade name of Wistel. 

Filaments were obtained by melt 
spinning followed by drawing at 107°C 
(stretching ratio: 1.70). The section 
of the single filament was triangular 
and the lateral size dimensions were 
~20/2rn. The density of the filaments 
was 1.3740 g/cm 3, which corresponds 
to a crystallinity value of about 20%14; 
wide-angle X rays diffraction implies 
a good orientation of the crystalline 
phase. 

The fibrils still present at high tem- 
perature (Figure 1) are very long and 
have a diameter of about 2/zm. They 
are oriented along the fibre axis and 
seem to be rather straight. 

Scanning the specimen from 260 ° 
to 276°C at a heating rate of l°C/min 
shows that the fibrils are stable well 
above the d.s.c, melting point of the 
sample (T m = 261°C). Figure 2 shows 
that at 268°C the structure is very simi- 
lar to that one observed at 260°C; only 
some connections between the fibrils 
seem to be disrupted. By increasing 
the temperature more and more poly- 
mer is melted; up to 276°C the bire- 
fringent filamentous entities are still 
visible in the inner core of the fibre, 
which is completely melted. 

Incidentally it should be empha- 
sized that the melting point of these 
fibrils is very close to the equilibrium 
melting temperature reported in litera- 
ture by some authors T M  but is higher 
than that quoted by Wunderlich 
(270°C) 17. 

Figure2 PETfibrescanned from260.O ° to276.0°C. Heating rate: l°C/min. (a) 260.0°C; (b) 268.0°C; (c) 272.0°C; (d) 274.0°C; (e) 276.0°C. 
Crossed polaroids 
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Notes to the Editor 

Keller TM has reported some similar 
data for polyethylene samples prepared 
from the melt by extrusion through, 
and crystallization in a capillary. 

The thermal stability of  the fibrils 
is in agreement with the expectations 
coming from the Peterlin model 19. 
Actually Peterlin suggests that each 
fibril is made up of  bundles of  parallel 
microfibrils that differ slightly in the 
average draw ratio from the adjacent 
bundles; the packing of  micro fibrils 
within each fibril being more perfect 
than the lateral packing of  fibrils 19-22. 

Nevertheless the fibrils observed in 
the present study are longer and have 
lateral size larger than those previously 
reported for linear polyethylene 19. 
This result still fits with the Peterlin 
model if we take into account that 
the starting structure of  the PET is 
certainly more complicated than that 
of  polyethylene, i.e. the texture is 
approaching a defective crystal rather 
than a lamellar one. It would imply 
that the drawing would generate fib- 
rils ill which several tie molecules 
connect bundles of  crystallites and 
therefore the boundaries of  the micro- 
fibrils become partly lost. 

Besides this, neither the fibres nor 
the fibrils shrink during the annealing 
in the hot stage of  the polarizing 
microscope. According to Keller's 
criterion, our material should be 
assigned to Class 1 ; this is in disagree- 
ment with the preparative method of  
the specimens. As a matter of  fact a 
contraction of  about 10% can be mea- 

sured by dipping the fibres in boiling 
water. 

In order to justify the different 
behaviour of  the two classes of  mate- 
rials we must take into account the 
morphology of  the samples. We be- 
lieve that in the Class 1 fibres many 
extended chain crystals are present; 
they are highly stable to temperature 
and consequently the whole structure 
is frozen in: the oriented non-crystal- 
line sequences of  the macromolecules 
having no possibility to relax. The 
specimen does not shrink. On the 
other hand, the structure of  a Class 2 
fibre is very different: the crystallites 
are defective and therefore the amor- 
phous and oriented molecules can be 
easily pulled off from the paracrystal- 
lites by increasing the temperature. In 
this way a measurable shrinkage can 
occur. The shrinking test can never be 
fully satisfactory because the non- 
crystalline and oriented molecules of  
fibrous samples can crystallize very 
rapidly 2 and consequently the crystal- 
lization can take place before the relaxa- 
tion occurs. The experimentally ob- 
served shrinkage is an undervaluation 
of  the potential contraction or the 
molecules; if the relaxation time is very 
high in comparison with the crystalliza- 
tion time no shrinkage would occur 2. 

REFERENCES 

1 J. Macromol. ScL (A) 1973, 7 
2 Ziabicki, A. Colloid Polym. ScL 

1974, 252, 207 

3 Ziabicki, A. Colloid Polym. Sci. 
1974, 252, 433 

4 McHugh, A. J. J. Appl. Polym. Sci. 
1975, 19, 125 

5 Porter, R. S., Southern, J. H. and 
Weeks, N. Polym. Eng. Sci. 1975, 
15,213 

6 Capaccio, G. and Ward, I. M. Poly- 
mer 1974, 15,233 

7 Peterlin, A. Polym. Prepr. 1975, 16, 
315 

8 Spruiell, J. E. and White, J. L. Appl. 
Polym. Symp. 1975, 27, 121 

9 Barham, P. and Keller, A. J. Polym. 
Sci. (Polym. Lett. Edn) 1975, 13, 
197 

10 Peterlin, A. PureAppt Chem. 1966, 
12,563 

11 Frank, F. C., Keller, A. and Mackley, 
M.R. Polymer 1971, 12,468 

12 McHugh, A. J. and Forrest, E. H. 
J. Polym. Sci. [Polym. Phys. Edn) 
1975, 13, 1643 

13 Nakamura, K., Watanabe, T., Katay- 
area, K. and Amano, T. J. Appl. 
Polym. Sci. 1972, 16, 1077 

14 Pedemonte, E., Alfonso, G. C., 
Dondero, G., Coppola, G. and Fabbri, 
P. Tecnopolim. [Milan) to be pub- 
lished 

15 Taylor, G. W. Polymer 1962, 3,543 
16 Ikeda, M. and Mitsuishi, V. Kobunshi 

Kaguku 1967, 24,378 
17 Wunderlich, B. 'Macromolecular Phy- 

sics', Academic Press, New York, 
1973, Vol 1 

18 Grubb, D. T., Keller, A. and Odell, 
J. A. J. Mater. Sci. in press 

19 Peterlin, A. and Sakaoku, K. J. Appl. 
Phys. 1967, 38,4152 

20 Peterlin, A. 'Advances in Polymer 
Science and Engineering', Plenum 
Press, New York, 1972, Vol 1, pl 

21 Sakaoku, K., Morosoff, N. and Peter- 
lin, A. J. Polym. Sci. (.4-2) 1973, 11, 
31 

22 Peterlin, A. Adv. Chem. Ser. 1975, 
142, 1 

924 POLYMER, 1976, Vol 17, October 



I _ Le t te rs  

Polymer chain cross-section and the Mooney-Rivlin constants 

It is widely recognized that the s t ress-  
strain curves of  real elastomers, even 
when tested under near equilibrium 
conditions, may depart  to varying de- 
grees from the theory of  rubber elas- 
ticity1. Instead, particularly under 
uniaxial tension at low extension 
ratios, they follow the M o o n e y -  
Rivlin equation 2,3 

[ =  2Cl (X  - x -2) 

2c2 + - -  
~. (~, _ ~ , - 2 )  (I) 

where f i s  the force of  retraction at 
extension ratio ~ = l/l 0 and C1 and C2 
are the Mooney-Riv l in  constants. De- 
tails of  data treatment and numerical 
values of  2C1 and 2C2 for many elasto- 
mers have recently been summarized 4. 

An investigation of  the variation of  
C2/C1 with chemical structure suggest- 
ed an inverse correlation between cross- 
sectional area per polymer chain and 
C2/C1 s. A more critical examination 
of  the data has now been completed 6. 
Figure 1 shows a log - log  plot of  C2/C 1 
(at a fixed value of  2C1 = 0.2 N/mm 2) 
against cross-sectional areas per chain 
in nm 2. (Abbreviations used for poly- 
mer names and relevant data are given 
in Table 1.) The latter were calculateo 
from lattice parameters of  crystalline 
polymers 7 on the assumption that they 
would not differ significantly for the 
amorphous elastomers. An averaging 
method was used for copolymers. 

There is considerable controversy in 
the literature about the molecular sig- 
nificance of  the Mooney-Riv l in  con- 
stants 4. This controversy will be dis- 
cussed later 6. Figure 1 seems to indi- 
cate an intermolecular rather than an 
intramolecular origin for 2C2. 

Figure 1 predicts that an elasto- 
met such as di(n-propyl siloxane) with 
a cross-sectional area of 90 nm 2 should 
have a substantially lower value of  2C2 
and might indeed be indistinguishable 
from an ideal elastomer. However, 
from Vincent's 8 correlation between 
strength and cross-sectional area, this 
same elastomer might have no practi- 
cal utility. 
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Figure 1 Variation of C2/Cl at 2Cl = 0.2 N/mm 2 as a function of cross-sectional area in 
nm 2 per polymer chain. The curve for 2C2 is parallel to the trend line 

Table I Mooney--Rivlin constants and 
cross-sectional areas per chain 

Area C2/C 1 at 
Polymer per chain 2Cl = 
family (nm 2) 0.2 N/ram 2 

Polyethylene (PE) 0.183 4.3 
Trans-polypen- 0.181 2.75 

tenamer (TPE) 
Polybutadiene (cis 0.207 1.90 

and cis-trans) 
(PBD) 

Ethylene--propy- 0.285 1.2 
lene rubber 
(E 60 wt%) 
random (E-P) 

Styrene--butadiene 0.32 1.3 
rubber (25% S) 
(SBR) 

Hevea rubber (NR) 0.280 1.15 
Butyl 0.41 0.64 
Poly(dimethyl 0.436 0.33 

siloxane) 
(PDMS) 

We have found correlations of  
other physical parameters with cross- 
sectional area. Details of  these corre- 
latiorts will be published in due course. 
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Letters 

Proper t ies  o f  ny lon -1  p o l y m e r s  and c o p o l y m e r s  

Since Shashoua ~'2 first showed that 
nylon-1 polymers of the type 

o / .  

could be prepared from alkyl or aryl 
isocyanates, several such polymers and 
copolymers have been prepared 3-s 
and their solution properties have 
been studied extensively 9. In this way 
it has been shown that these polymers 
have an extended, nearly linear, chain 
in solution with a persistance length 
of 40-100 nm, and in this respect are 
more to be compared with the cellu- 
lose esters than with conventional 
vinyl polymers. 

However, although the preparation 
of these polymers is well known there 
have been few, if any studies of their 
mechanical properties. This appeared 
to us to be unfortunate since consider- 
able interest is attached to the ques- 
tion of the relation of chain configura- 
tion to physical and especially mecha- 
nical properties. For example, work 
on the yielding and post-yield defor- 
mation of polymers has postulated that 
these properties may be related to the 
number of deformable bonds in the 
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Figure I Stress-strain curves for butyl 
nylon-1 polymer and copolymer. (a) Homo- 
polymer 30--40% crystalline, [71] = 7.25 dl/ 
g, M v = 175 000. A, -20°C; B, 0°C; C, 23°C. 
(b) Copolymer with ~40% molar ethyl iso- 
cyanate. Amorphous [7] = 4.9 dl/g (in 
benzene, 30°C). A', --20°C; B', 0°C; C', 
23°C 

Figure 2 Photographs of poly(butyI isocyanate) test-piece showing uniform tensile defor- 
mation without necking. The sample on the left is the undeformed polymer 

polymer chain 1°'11. Thus polymers 
with straight chains would not be ex- 
pected to undergo such large deforma- 
tions as other polymers and orienta- 009 

tion hardening (due to the exhaustion 
of deformable bonds) should set in at 
lower strains, thus counteracting the 
effect of strain softening. According IO a 

to these theories therefore such poly- 
mers would show relatively uniform ~. 
deformation in tension and 'necking' e 
would be unlikely. ~ no 7 

We have now made stress-strain 
measurements on cast films of poly f f  
(butyl isocyanate) (partly crystalline) 
and a butyl-ethyl isocyanate copoly- iO (. 
mer (~morphous). The polymers were 
cast from a 1:2 (v/v) mixture of tolu- 
ene and chloroform. The curves ob- 
tained are shown in Figures la and lb. 
They clearly have a form similar to IOB 

that reported for isotropic cellulose ~2 
and for cellulose ester films 1°. They 
also extend uniformly as shown in 
Figure 2. i07 

Further studies at higher tempera- 
tures have shown that these polymers 
also differ from conventional vinyl 
polymers in other ways. Although, as 
shown in Figure 3 they exhibit a damp- 
ing peak at the temperature where the 
Young's modulus starts to fall, which 
may be regarded as a glass transition 

a 

).1 

A 

r -  
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Figure 3 Modulus and damping measure- 
ments on butyl nylon-1 polymer and co- 
polymer. {El, elastic modulus. (a) Poly 
(butyl isocyanate) (as for Figure la). (b) 
Poly(buWl--ethyl isocyanate) (as for 
Figure Ib). Measured on a Rheovibron 
Viscoelastometer DDV II 
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Figure 4 Differential scanning calorimetric measurements with butyl nylon-1 polymer and 
copolymer compared with polystyrene. (A) Homopolymer (as for Figure la); (B) copoly- 
mer (as for Figure Ib); (C) polystyrene. Experiments carried out on Perkin--Elmer DSC-2 
at 10°C/rain and 5 m cel sensitivity 

temperature (Tg) the fall in modulus 
with temperature is rather slow and 
the damping peak rather flat compared 
with more conventional polymers. 
This is accompanied by a very much 
reduced change in specific heat at 'Tg' 
as shown by the d.s.c, curves in Figure 
4, where the measurements recorded 

for the two nylon-1 polymers are com- 
pared with those for polystyrene. It 
will be seen that on a scale in which 
ACp (at Tg) is easily observed with 
polystyrene there is no significant 
effect with the nylon-1 polymers. 

We hope to publish full details of 
this work at a later date. 

Le tters 

A. A. J. Owadh, I. W. Parsons, 
J. N. Hay and R. N. Haward 

Department of Chemistry, 
University of Birmingham, 
PO Box 363, 
Birmingham B15 2TT, UK 
(Received 27 July 1976) 
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Book Reviews 

Emulsion Polymerization: Theory and Practice 
D. C. Black/ell 
Applied Science, London, 1975, 566 pp. £16.00 

It is 20 years since the only previous monograph in English on 
emulsion polymerization was published. Bovey, Kolthoff, Medalia, 
and Meehan summarized the work carried out under the Office of 
Rubber Reserve in the United States during the war on the de- 
velopment of synthetic rubber. Subsequently the emulsion poly- 
merization of other monomers has become important: vinyl 
chloride, vinyl acetate for emulsion paints, butyl acrylate for 
leather finishes, vinylidene chloride, ethylene, and tetrafluoro- 
ethylene. These differ between themselves and from the much 
studied styrene model system. Although one or two reviews have 
appeared each year in the meantime, an up-to-date monograph was 
overdue. The field is thoroughly reviewed in this book although 
in a rather verbose style. A few previously unpublished results 
from the author's laboratory are included. Chapters explain the 
Smith-Ewart Theory and Gardon's revision of it in detail. The 
history of the topic, the effects of initiators, emulsifiers, modifiers, 
electrolyte additions, variation of aqueous phase composition, 
sequestering agents, and shortstoppers are all covered. There is a 
chapter on non-aqueous dispersion polymerization: the final chapter 
points out 'Some Unresolved Problems'. Continuous reactors for 
emulsion polymerization, emulsion copolymerization, and appli- 
cations of polymer latices are excluded. Literature references are 
confined to those in English or available in English translation but 
these will cover 90% of the relevant material and readers may be 
encouraged to follow up references although most will find as much 
as they need to know in the book itself. 

There are indications (mentioned in the last chapter) that the 
theory of emulsion polymerization is now due for a major revision. 
The importance of the micellization of emulsifiers and the solu- 
bilization of monomers in micelles has been exaggerated and the 
question of the stabilization of polymer latex particles has been 
neglected. So this account, written from the viewpoint of the clas- 
sical theory of Smith and Ewart, may only just have appeared in 
time. Undoubtedly the Smith-Ewart theory accounts for most 
features of the emulsion polymerization of styrene and (when 
effects of transfer to monomer are taken into account) for those 
of the vinyl chloride and vinyl acetate too. But there has been a 
tendency for workers to force their results into the mould provided 
by the only available theory when an unbiased assessment would 
have shown that the results did not really fit the theoretical rela- 
tions at all! It is greatly to be hoped that the advent of this admir- 
able work may stimulate rather than delay the development of an 
alternative theory. 

A. S. Dunn 

Deformation Kinetics 
A. S. Krausz and H. Eyring 
Wiley, New York, 1975, 398 pp. £13.50 

The object of this book is to explain and describe plastic deforma- 
tion and fracture processes in solids in terms of the kinetics of bond 
rupture. The point is made, cogently, that any deformations (other 
than purely elastic ones) in a condensed phase of matter involve 
the rupture and repair Of inter-atomic bonds; to quote 'plastic de- 
formation is a process identical to the isomerization of a giant 
molecule - the specimen'. 

The philosophy having been established, the book launches into 
part I -The  theory of deformation kinetics. The basic idea of ther- 
mally activated atomic processes is developed and applied briefly to 
viscoelasticity and, much more extensively, to dislocation mobility 
in crystals. This section contains a considerable amount of experi- 
mental data e.g. on dislocation velocities and the stress dependence 
of strain rate in creep. In all cases the experimental results can be 
described satisfactorily by rate-theory equations. 

Turning from the microscopical to a continuum approach, the 
rate theory of thermally activated plastic flow is introduced, featur- 
ing as major parameters the apparent activation energy and the acti- 

vation volume, both of which betray the underlying atomicity of 
the phenomena. 

Part II, titled 'The analysis of deformation processes', intro- 
duces the familiar mechanical (spring and dashpot) models for in- 
elastic processes, Having derived the relevant equations, the authors 
apply them to experimental phenomena such as yield (the Johnson- 
Gilman analysis), creep and recovery and stress relaxation. A re- 
freshing feature of this section is the catholic treatment of materials, 
examples being taken from among metals, thermoplastics and ther- 
mosetting resins. Continuing the use of model analysis under 
'special topics' the authors next consider mechanical hysteresis, 
vibration, and the effects o f  hydrostatic pressure on yield and flow. 

A section on the interaction of deformation and chemical re- 
activity is mainly limited to effects on hair and natural fibres and 
an opportunity to include stress-corrosion processes seems to have 
been missed. The final section is devoted to the kinetic theory of 
fracture and includes reference to the direct observation of bond 
breakage in polymers by e.s.r. Appendices cover Boltzmann statis- 
tics, partition functions and the theory of absolute reaction rates 
for solids. 

This is altogether a most useful, thorough and up-to-date book, 
eminently readable and thought-provoking on account of its synop- 
tic approach to a wide range of physical phenomena. It is expen- 
sive at £13.50 but represents excellent value for money. 

E. H. Andrews 

Advances in Polymer Science 
Volume 18: Macroconformation of Polymers 
Springer-Verlag, Berlin, 1975, 149 pp. $29.70 

This volume comprises two authoritative highly specialized review 
articles which fall within the sub-title 'Macroconformation of 
Polymers'. 

The first, on 'Long-Chain Branching in Polymers', by P. A. 
Small, runs to 64 pages with 208 references. It opens with a gene- 
ral introduction, followed by eight sections which deal with gene- 
ralized aspects of the subject, viz. the general effects of long bran- 
ches, the dimensions of branched molecules, the hydrodynamic 
properties of branched polymers, the melt viscosity of branched 
polymers, the thermodynamics of solutions of branched polymers, 
synthetically branched polymers as models and methods for the 
estimation of long branching. These are followed by three chapters 
in which long branching in specific polymers, viz, polyethylene, 
poly(vinyl acetate), polystyrene, poly(methyl methacrylate) and 
poly(vinyl chloride), is discussed. In a brief conclusion the author 
draws attention to the difficulties of applying theoretical treat- 
ments to branched polymers and discusses the origins o f these 
difficulties. 

The second article, by A. Teramoto and H. Fujita, deals with 
'Conformation-Dependent Properties of Synthetic Polypeptides in 
the Helix-Coil Transition Region'; it occupies 83 pages and includes 
137 references. Attention is drawn to the restrictions which the 
authors have imposed on themselves; they deal here only with non- 
electrolyte poly(amino-acids) and only in the helix-coil transition 
region, in which the conformation can be regarded as an 'interrup- 
ted helix'. The article opens with an outline of the statistical- 
mechanical formulation of polypeptides conformation in terms 
of the degree of polymerization, N, and the Zimm-Bragg-Nagai 
parameters s and o. It then proceeds to discuss three properties of 
interrupted-helical poly(amino-acids), viz. molecular dimensions, 
intrinsic viscosity and translational friction coefficient, and mean- 
square dipole moment and mean rotational relaxation time derived 
from dielectric dispersion measurements. In all three cases, a theo- 
retical treatment is followed by a discussion of experimental re- 
sults. As the authors state, the article is to some extent a summary 
of the work of their own school, although it is by no means restrict- 
ed to this. 

A must for specialist polymer laboratories, the price of this 
volume will probably put it out of the reach of most individuals; 
it is not for the non-specialist reader. 

H. N. Rydon 

Typeset by Mid-County Press, London SW19 
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Professor Geoffrey Gee FRS-A Tribute 

Geoffrey Gee's attachment to polymer science began soon after he had graduated with distinc- 
tion at Manchester University in 1931. He had come under the ubiquitous wing of the Dye- 
stuffs Division of ICI and was promptly sent to work with Professor Eric Rideal in the Colloid 
Science Laboratory at Cambridge. This was probably the most exciting centre for physical 
chemistry in the country at the time because Rideal was adept at attracting a mixed bag of 
lively researchers from near and far, encouraged a catholicity of interests, and gave people their 
heads. In this nurturing environment, polymer synthesis and behaviour was becoming a main 
topic of interest, and Gee with a fellow ICI colleague swelled this stream by studying the kinetics 
of polymerizations relevant to the production of synthetic rubbers. 

His career took a new turn in 1938. The British Rubber Producers' Research Association had 
just been founded to provide technical backing to the natural rubber industry in the shape of 
consumption research and development to complement the substantial agricultural effort that 
had been going on for some time. The first Director, Mr J. Wilson, was recruiting the start-up 
staff and, by a combination of luck and judgement, he assembled a small team that proved to be 
of more than ordinary ability. A star performer was Geoffrey Gee who, on Rideal's recommen- 
dation, had been invited to head and build up a physical chemistry cum physics group. Mr Wilson, 
happily still with us, was a decidedly unconventional character who, although coming from an 
entirely industrial background, had acquired as passionate a fervour for fundamental research as 
John Knox had for Calvinism. When, as years passed, remonstrances were sometimes voiced as to 
whether the emphasis on fundamental research was perhaps being overdone, his come-back was 
much in the colloquial vein of 'you've seen nothing yet'. But whatever the power and persuasion 
of this particular and, as it turned out, well justified spirit, somebody has to give it flesh and 
bones if it is to be credible and purposeful and this is where Gee's efforts in the early years of the 
BRPRA's existence have an enduring value. Amid the fog which shrouded rubber science at the 
time, and with any number of false trails to confuse and confound, he saw with acute perception 
where fundamental research on a modest scale could make worthwhile break-throughs. The out- 
come was that within a decade or two he and his colleagues had made major contributions to the 
remarkable advances in knowledge of this general field that occurred in the period and thereby 
set up the scaffolding on which developments of great commercial impact were later to be built. 

To gauge the measure of this achievement one must recall the state of basic polymer science 
nearly forty years ago-though I doubt if anyone who was not around and involved at the time 
can quite visualize today how embryonic and murky it then was. Certainly Staudinger had re- 
vealed the general topography of the domain of high polymers and a few other pioneers such as 
K. H. Meyer and H. F. Mark had located important landmarks, but most explorers made little 
inroads and often managed to obscure rather than clarify the detailed features. This unsatisfac- 
tory state of affairs was thrown into greater relief by the striking developments coming forward 
on the technological and industrial fronts. PVC, Perspex, polyethylene, chloroprene and nylon 
were at different stages of large-scale commercialization and other synthetic rubbers were soon 
to be. These developments were broadly science based of course, but as regards polymer science 
per  se the input was of 'inspired empiricism', to use W. J. S. Naunton's apt expression, rather 
than much by way of guiding principles. But the need for back-up basic knowledge was increas- 
ingly being felt and the flowering of polymer science and polymer scientists, notably in the USA, 
that soon followed in the wake of this stimulus is a matter of history. 

For his own work Gee chose to tackle two truly basic problems in rubber science, namely to 
put the determination of molecular size on a sound basis and to rationalize the behaviour in sol- 
vents and swelling agents. Finding that the key to the latter lay in thermodynamics, he set him- 
self to become thoroughly proficient in a subject of but limited familiarity to him hitherto. One 
recollection from those days is of him at his desk in the utilitarian laboratory he shared with 
other senior and junior staff working his way imperturbably through tomes and papers on ther- 
modynamics, seemingly oblivious of the clay-long comings and goings and the incessant clatter of 
vacuum pumps. By a combination of theory so absorbed and of elegantly simple experiments 
designed to dig out cleanly the data that mattered, the problems mentioned were clarified in out- 
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line within a handful of years and highways opened up for understanding vulcanizate behaviour 
and elasticity theory that are still being travelled today. 

At  the same time, Gee took any amount of trouble to help along the work of his colleagues- 
and did so to real effect. In particular, as no-one knows better than myself, he played a big part 
in resolving the mechanistic details of olefin and polyisoprenoid autoxidation-another piece of 
work which changed the face of knowledge and was to have important spill-offs later on. 

In 1949 Gee succeeded to the Directorship of the Association and was confronted with prob- 
lems of a different kind. More critical questioning of the 'dollars and cents' impact of the work 
was entering the scene and so, wi thout fuss or upset and while ever concerned to sustain the 
scientific elan, he proceeded to put a more practical slant into the BRPRA's activities. Illustra- 
tive of this was his own analysis made in 1949, little known and barely remembered, of what the 
natural rubber industry needed to do by way of improved marketing and technical standardiza- 
tion of its product if this were to compete with synthetic rivals. His recommendations prompted 
action at the plantations and, while others in practising the art of the possible have since had to 
modify the approaches and emphases, the sequel to his early initiative is that something like a 
million tons of modern presentation natural rubber are currently being marketed annually-this 
representing one of the most dramatic technical achievements in up-dating a traditional agricul- 
tural, and high polymeric, product from developing countries. 

Having put his distinctive imprint on the Association in ways such as this, Geoffrey Gee was 
obviously gratified to receive in 1953 an invitation to occupy the Chair of Physical Chemistry at 
his alma mater. He, and others, saw as an important objective in this appointment the bringing 
into being of a school of polymer chemical physics, and this was immediately turned to. But the 
going was not to be easy. In a year or so the Senior Professor moved to more cloistered pastures 
and Gee, a relatively raw recruit to the university scene, had perforce to assume the responsibility 
of managing a large department at a testing time of change. Expansion was then the thing; high 
student intakes had to be coped with, staff at all levels recruited when practically every university 
was doing likewise, and new buildings planned and organized-and all within the particular con- 
text of the massive redevelopment of the enlarged university site at Manchester. Becoming in- 
volved in these matters to a degree that both the pressures and his conscientiousness dictated he 
had to be, it is no wonder that the prosecution of his own research interests came under con- 
straints. Nevertheless, work in his main speciality of seeking better descriptions of solution and 
kindred properties of polymers was soon put under way and a supporting team built up. From 
this has since come notable contributions to the deeper understanding now prevailing of the 
thermodynamics of polymer-solvent and polymer-polymer mixing, of intermolecular forces 
between polymers in solution, and of the structural and configurational features determining 
chain flexibil ity. With his collaborators and associates, the newer physical techniques of nuclear 
magnetic resonance and neutron scattering have been exploited with positive effect to supple- 
ment the traditional, though increasingly refined data obtained from older investigational methods 
such as calorimetry. Of special value in this general effort has been simply the existence of a 
strong group in the field, having close contacts with the polymer industry and critically familiar 
with work going on elsewhere, with whom Paul Flory has been happy to spend sabbatical leave, 
and which has served as a 'reference base' for polymer scientists in Europe with cognate interests. 

Geoffrey Gee's original papers and review articles are in the literature to testify to his percep- 
tive intellect and to his enviable clarity in analysis and exposition. But not on record are the 
finely sifting queries, the shrewdly pointed suggestions to measure this or work out that, and the 
rare skill to penetrate the perplexing that have placed so many who have worked alongside him so 
much in his debt. It is in the sum of his work and of his influence, so self-effacingly exerted, that 
the full worth of his conspicuous contribution to polymer science over four decades is to be 
found. 

L. Bateman 
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Theory of glasses 
S. F. Edwards t  
Science Research Council, State House, High Holborn, London WCIR 4TA, UK 
(Received 19 May 1976) 

It is argued that is possible to define a 'perfect glass' which is both preparable experimentally and 
understandable theoretically. Some basic conditions and statistical thermodynamics are derived. 
Polymerized glasses are complex substances but it is argued that progress may be possible by consid- 
ering them to have short range properties, and long range properties. Examples are given of models 
of glasses with such properties and their behaviour is shown to be amenable to theory. 

INTRODUCTION 

It is a pleasure to contribute a paper in honour of  Professor 
Geoffrey Gee, for it was he who suggested to me that poly- 
merized glasses present a great challenge to the theorist. 
The trouble with the study of  such glasses lies not only in 
the irreducible difficulties which separate them from sim- 
pler systems, but also in their specification. From the 
point of  view of  a theorist, or indeed any investigator, one 
just does not know the nature of  the substance under study. 
It is therefore worthwhile asking if there is possibly a 'per- 
fect' glass, or perhaps a 'theorist's ideal glass' (TIG), where 
well founded calculations can be made of  the thermodyna- 
mic properties. I believe this to be the case, and indeed 
some TIG's already exist, and confirm strikingly the pre- 
dictions of  theory. 

Polymerized glasses are bound to be more complex than 
these examples, but one must walk before one can run. 

STATISTICAL MECHANICS OF A TIG 
Suppose one could order the motions of  a substance at a 
particular temperature and density, so that a label can be 
put on each of  them, and any particular state built up from 
them. Suppose that at a certain temperature one or more of  
these motions are clearly slower than the rest. Suppose 
finally that it is possible to suddenly reduce the tempera- 
ture or pressure of  the system so that one maintains the 
population of  the different modes of  motion into the region 
where certain modes are very slow; so slow that they 
scarcely change over a period where all the other modes 
reach thermal equilibrium. Then one has a TIG in which 
some modes are characterized by the current temperature 
and density (or pressure), and others by previous conditions. 

It is easy to find examples which can be made. For 
example if one has 1% of  Cu dissolved in Au, and cools it 
from the melt, the rate at which it orders into crystallinity 
is much faster than the rate of  migration of  the Cu about 
in the Au lattice. So, although in the fullness of  time 
atoms will migrate and either nucleate, or if they remain 
dissolved do so with the correlation functions o f  the CuCu 
CuAu etc. determined by the thermal equilibrium distribu- 
tion, it is easy to obtain a specimen in which the Cu atoms 
are distributed with a distribution appropriate to a high 

* Presented at the Sixth Biennial Manchester Polymer Symposium, 
UMIST, Manchester, March 1976. 
t Also at Cavendish Laboratory, Cambridge, UK. 

temperature (in fact virtually at random) whilst the speci- 
men is at say 10K. 

How can one describe such a system? Consider the 
problem, at constant volume for simplicity, with the glass 
formation due to temperature changes. Suppose the degrees 
of freedom of the system are arranged into the fast modes, 
called xa and slow modes called Xa. The energy of  the 
system is given by a Hamiltonian H(X, x) and in thermal 
equilibrium the probability of  finding . . . .  X~ . . . .  x~ . . .  is: 

P(..  X a . . .  ; . . .  x a . . . )  = exp [F - H(X, x) ] /kT  (1) 

where the normalization condition of  the probability 

f PIIdXdx = 1 (2) 

gives the Helmholtz free energy F from 

exp -F(T)/kT = fexp[-tt(x, x)/XrlndXdx (3) 

One may also introduce the probabifity of  finding X with 
no restraint on x 

e ' ( . . . X ~ . . )  = f e x p  { [F(X) -H(X, x)l/kr}Ildx (4) 
d 

where 

exp [-/~(X, T)/kT] = f e x p  [-H(X, x)/kT] Ildx 
m/ 

(s) 

By putting equations (3) and (5) together, one has also: 

exp(-F/kT) = fexp(-P(x)/gr)rI  (6) 

Suppose the material is at TO, and is cooled to T1, in such 
a way that the distribution of  the X is unchanged, and is 
therefore still 

P'(X) = f e x p  ([/~(X, TO) - H(X, x)]/kTo}lldx (7) 

The x variables thermalize at T1, whilst the X variables are 
no longer part of  the dynamics of  the system, being frozen 
at their TO values. It follows that the free energy of  the 
glass is given, for a definite set of  X's by 
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exp [-Fg(X, TI~k TI] = f exp[-I4(X,x)/k Td rldx (8) 

i.e. 

Fg(X, T1) = - kT l  log f exp [-H(X,x)/kTI] Hdx (9) 

But the X's have the distribution (7), so the experimentally 
observed free energy will be 

Fg(To, T1) = -kT f{exp([P(X, TO)-H(X, y)]/kTo)rldy 

x log [ exp[-H(X,x)/kT1] lldx}lldX (10) 
d 

This is much more difficult to handle than the straightfor- 
ward Gibbs formula, equations (1) and (2), but it must be 
emphasized that it is the simplest formula possible for a 
glass, and will be only applicable under TIG conditions. 

The formula (10) already has applications in polymer 
science. The grand example is that of a rubber. In a rubber 
a set of crosslinks are established in the entangled polymer 
melt. Their positions are now fixed and their mobility 
essentially nil. The rubber is now sheared say, but the cross- 
links are distributed in a way appropriate to the unsheared 
material, so a modulus of elasticity results. Notice that the 
Gibbs equations (1) and (2) cannot give a resistance to shear. 
It is surprising that text books do not generally discuss this 
point. When they study the transition from a liquid to a 
solid, the crystal axes of the solid are put in without com- 
ment. But the Gibbs formula, strictly interpreted, would 
integrate over these axes as well. In such a case F = 
F(T, V, N) only, and cannot sustain shear. 

The analogous formula to equation (10) has been given 
by the author (Edwards 1'2) and provides (at least to the 
author's mind !) a firm basis for calculations of higher detail 
of the elastic equation of state (see for example Deam and 
Edwards3). 

Examples will now be given applying these ideas to 
models with short range order and long range order. The 
suggestion is that a polymerized glass will have both the 
properties of local difficulties in fitting together, and long 
range effects carried along the molecular chain by which 
atoms remote from each other can nevertheless interact. 
Such long range interaction is well known in polymer solu- 
tion and gel studies, but harder to develop for glasses. 

GLASSES WITH SHORT RANGE ORDER: THE SPIN 
GLASS 

Suppose one dissolves a little Fe in Au. One can think of 
the Fe atom as a little magnet, but solid state physics shows 
that if the interaction energy is written as 

Jijsi.sj 
# 

where the ith little magnet points in direction si, and the 
j th  in direction si, then Jij oscillates with the distance 
R i - R/between the sites i and j. Roughly speaking this 
is why some materials like pure Fe are ferromagnets i.e. 

the spacing between Fe neighbours hits an attractive value 
for J and all the little magnets line up parallel whilst other 
materials e.g. MnF2 are antiferromagnets, where the lattice 
spacing hits a repulsive value for J and the Mn magnets line 
up altemately up and down. Such a material will not show 
external magnetism but will have anomalies in the specific 
heat showing the existence of a phase change when the 
random directions at high temperatures are replaced by the 
alternate up and down positions below the critical 
temperature. 

In a spin glass, the magnetic atoms are placed at random, 
so any pair will interact with J positive or negative accord- 
ing to the distance. This is adequately described, since the 
distances between atoms is random being fixed by the high 
temperature from which the alloy was cooled, by taking 
Jii to itself be a random distribution, albeit decreasing with 
distance. In other words one can model the problem by 
saying that: 

H = EJi]si.s] 
i] 

(11) 

but Jij have fixed values, by a probability distribution: 

P(Jij) = [exp - (  ½j2 /j2 ei/)] (Joel~n) -1/2 (12) 

where el/is some monotonic decreasing function of distance. 
Thus equation (10) in this case is translated into a some- 
what simpler form: 

Fg= f ndJo.P(Ji/)kTlog f exp[(Jiisi- s/)/kT]Hds i 
(13) 

This is equation (10) with the X beingJij and with TO = 
oo, p being given by equation (12). 

Now one may ask what one would expect to happen. At 
a high temperature, the magnets will point at random i.e. 
paramagnetically. At a very low temperature there must 
be a position, or positions, of equilibrium and the magnets 
will settle into one of these. In one of these states they 
will still be pointing in different directions since their local 
fields will all be different, built out of the J 's  of their 
neighbours. Thus one can expect a phase change from 
the paramagnetic state in which the direction of the little 
magnet varies over the whole 4~ available to it, to a state 
in which the direction of each little magnet oscillates about 
some mean definite direction. The change will show up in 
a susceptibility anomaly and in a specific heat anomaly. 
These are found and a theory based on equation (13)has 
been given by Edwards and Anderson 4. That this theory 
explains the particular experimental phenomena is of course 
to be confirmed by more detailed experimentation, but 
there seems no doubt that if solid is aptly described by 
equations (11) and (12) then it will show a phase change 
into a 'glassy' spin state. 

The device which makes equation (13) a basis for calcu- 
lation is the observation that 

logA = coefficient of n in A n 

Hence if we think of n 'replicas' of our system, and 
evaluate 

(14) 
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3-(n) = f n.f:(:) x 

(is) 

then 

~ ' - ( n )  =~'-(0) + nFg (16) 

It turns out that with approximations it is possible to study 
equation (15) in n dimensions and evaluate equation (16). 
The mathematics is not far from the familiar mean field 
theory, but instead of a mean field, one makes the hypo- 
thesis that: 

(s~. s¢i ) = 0 T >  Tc (17) 

=q(T) T <  T c (18) 

with q(0) = 1 (19) 

There is some analogy with the fact that molecules in a poly- 
mer chain which is disordered will have an orientational 
interaction with their neighbours, although the analogy is by 
no means perfect. There is perhaps a stronger analogy with 
rod-like molecules, but these will normally have a potential 
energy which is doubly periodic whereas magnets are singly 
periodic. 

LONG RANGE INTERACTIONS 

At once one meets the difficulty that whereas the simplest 
theory of ferromagnetism produces an intuitive feeling for 
the spin glass, there is no simple theory of the simplest 
model of the long range effect, that of the liquid/solid 
transition; at least no simple theory which produces the 
crucial feature of a first order transition. It is argued for 
example in Landau and Lifschitz' text s that the first order 
transition is a phenomenon requiring a transition between 
states of symmetry and no symmetry. I do not believe this 
is true, and will now develop an admittedly crude theory 
of the liquid/solid transition in which the crystal structure 
of the perfect solid is not introduced, and which does not 
indeed give a first order transition*. 

The theory will follow many crude but successful theo- 
ries of statistical mechanics in which the phase change is 
attributed to a phenomenon and the magnitude of the 
physical manifestation of the phenomenon, q say, is a para- 
meter to be determined by the equilibrium condition: 

3F 
- 0 ( 2 0 )  

3q 

Equation (20) represents a relation between T, N, V, q and 
the phase change comes when two roots of equation (20) 
cross over and the value o f F  which is the minimum corres- 
ponds to phase 1 for T >  Te and phase 2 for T <  To. The q 
of equation (17) is an example, but a much more familiar 

* Professor P. W. Anderson made substantial  contr ibut ions  to this 
work and Mr Mark Warner heloed work out  the details. 
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one is the mean field of the Weiss theory of ferromagnetism. 
One assumes that such a field exists and calculates the value 
which makes F a minimum. For T >  T c the mean field is 
zero, and the material paramagnetic. For T <  Tc the mean 
field is non-zero, and saturates as T -* 0 to the value ob- 
tained when every atom is aligned parallel. 

The reference state will be taken to be the perfect solid, 
and the liquid state will be viewed as a solid which contains 
faults. It is well known that the simplest classification of 
faults in a solid is into dislocation and point defeets. Point 
defects are fairly straightforward and local, whilst disloca- 
tions have long range effects and are difficult to create or 
destroy. The model will then assume that the solid state 
has no dislocations, whereas the liquid state does. Now a 
real solid does have dislocations of course, but these are 
the analogue of ferromagnetic fluctations in a ferromagnet 
and can be ignored in the crude theory studied here. The 
idea of treating a liquid as a network of dislocations is not 
new, but the calculation to be reported on here will contain 
new features. The free energy of the perfect solid is taken 
to be known Fo(V, T, N) and will be used as a given func- 
tion. It will be taken to have the normal property appro- 
priate to a solid under zero (or effectively zero) pressure 
i.e. 

aF0 
P0(IO = - 0  (21) 

aV 

OPo(V) 
3V 

(22) 

At this point one may catalogue the changes expected when 
a dislocation density q appears. 

An expansion 
The dislocation will carry volume, say a 3 per unit length, 

total dislocation length being q. Then F0(V) becomes 
Fo(V + qVa3). Thus: 

Fo(V + q Va 3) = FO(I 0 + qa 3 OF° + q2 a6 32F0 
3V 2 3V 2 (23) 

to second order. Hence: 

C 
Fo(V + q Va 3) = F0(V ) + 2- p2 (24) 

where c = -3P0/3 V and will be assumed approximately 
constant, i.e. 

C 
AF 1 = ~ p 2  (25) 

Entropy 
The dislocation edge will give rise to an entropy corres- 

ponding to the choices of direction open tc it on formation. 
One immediately has the difficulty of the non-Markovian 
nature of the 'random walk' of tile edge, and also by the 
fact that although energy effects are not strictly separable 
from the entropy, the effective step length of the system 
can involve local elastic energy and make sharp bends in- 
frequent. Nevertheless the first approximation will be to 
associate an entropy per unit length of the dislocation, say 
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z ~ 2  = - TS = - Tqo (26) 

Elastic energy 

The local elastic energy will simply be proportional to q, 
eq say. More tricky is the long range elastic field (of  which 
e is just the cut off  term). A full calculation involves de- 
tailed elasticity theory as given by the books of  Friedel 6 
or Nabarro 7, but it will suffice here to consider an electro- 
magnetic analogy. Suppose one has a unit current j flowing 
along the dislocation line. The energy will be: 

f f  / (Sl) .  j(s2) dsldS2 (27) 
H = / a  I r(sl) - r(s2)l 

where s is considered as the arc length of  the locus of  the 
line r(s) and for unit current: 

~r  
/ = - -  (28) 

as 

One must now evaluate exp ( -H /kT )  taken over a random 
distribution of  dislocation lines being random walks of  step 
length say l (of the order of  a few lattice spacings). (The 
full elastic theory uses stress tensors but does not have an 
essentially different energy function.) 

The calculation o f f  exp ( -H /kT )  now can be performed 
after the Debye-Huckel  theory of  screened Coulomb inter- 
actions. It need not be reproduced here except in the final 
form that it gives rise to a free energy contribution: 

3ZkF 3 27r2/.tb 2 
m (29) 

where b is the point at which equation (2) is an inadequate 
description, so that as q ~ 0 the contribution is: 

AF  3 ~ 2rr2pb2q 

The term eq compensates for any errors in this expression 
due to short range detail. 

F = F0  + z2tF1 + z2u~2 + z2xF3 

The condition of  equilibrium is 

aF  
- 0  

aq 

or 

/ d  ? 

0 = cq - akT + e + 1/2 (30) 

The perfect solid is q = 0 and q must always be i>0. A 
sketch of  the right hand side -P(q)  of  equation (30) shows three 
cases (Figure 1). Possible values ofq  are marked by crosses; In 
Figure la  the perfect solid is the only solution and q = 0. 
Figure lb  is critical and qc 4= O. Finally in Figure l c  the 
right hand value gives the q for which F is a minimum. 

a 

I 

b 

I C 

Figure 1 
q 

Free energy curves 

Thus a first-order transition has been obtained. The cases 
are in ascending temperature Figure la, lb, l c  for constant 
volume. 

GLASS WITH LONG RANGE ORDER 

The work of  the section above, crude as it is, will give a 
model of  a glass. The view is that q represents a slow mo- 
tion. When the glass is quenched from T O with q0, to T1, 
q remains the same. Clearly the identification o f q  with a 
dislocation density may be an oversimplification, but from 
a TIG point of  view one now has a framework to employ 
(equation 10) and derive say the specific heat as a function 
not only of  T1 but TO. It will be seen that what in fact is 
derived is: 
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(Cv)glass- (Cv)perfect solid 

since all the work is relative to the perfect glass free energy 
which is taken to be known. 

It is possible to make sense of  the various curves describ- 
ing the behaviour of  Cv through the glass transition by ex- 
tending these ideas, and it is hoped to report fully on them 
(and some new experiments aimed to make the glass quickly 
rather than slowly) later. 

I hope however to have shown that both local molecular 
orientation and long range effects may both be important 
contributors to glass behaviour, and doubtless polymerized 
glass contains elements of  both of  these phenomena. 

Theory of glasses: S. F. Edwards 
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Work on the block polymers of styrene and butadiene indicates the potential of multiphase polymers 
of controlled solid state structure. The effect of chemical composition, molecular architecture 
(multichain 'star' shaped versus linear), block sequence length, processing conditions, and blending 
of homopolymer with the block polymers on their solid state morphology is discussed. Results on 
these block polymer systems indicate the future research directions in certain areas. Implications of 
these areas for polymers of controlled solid state structure to provide materials of desirable combina- 
tion of properties are also considered. 

INTRODUCTION 

The scientific and technological advances resulting from 
the work on block polymers have constituted a major 
milestone in polymer science during the last decade. The 
exciting aspect of the block polymers and other multi- 
phase polymers is that in a number of important cases, it 
has been found possible to control the morphology in the 
solid state and to be able to vary it over a broad spectrum 
through control of their molecular structure and composi- 
tion. The scientific foundation for the advances in block 
and multiphase polymers goes back to early fundamental 
studies of Professor Geoffrey Gee, particularly the work in 
such areas as the preparation of polymers of controlled 
structure, thermodynamics of polymer solutions and phase 
separation, and the relation between chemical structure 

and mechanical properties. Future advances in multiphase 
polymer materials, particularly in those polymers that are 
generally referred to as thermoplastic rubbers, are likely to 
depend on the scientific framework that the work of Pro- 
fessor Gee and his group provided in the area of network 
structure and rubber elasticity. 

This paper is in two parts: Part I is an overview of the 
solid state morphology and combination of desirable pro- 
perties that are attainable by the control of the chemical 
and molecular structure of block polymers. Part II is a 
brief discussion of a few of the recent research directions 
that appear particularly promising for multiphase materials 
of controlled structure with desirable combinations of 
properties. 

PART I: STRUCTURE AND MORPHOLOGY OF MULTIPHASE POLYMERS - AN OVERVIEW 

MORPHOLOGY OF STYRENE/BUTADIENE BLOCK 
POLYMERS 

Preparation of styrene/butadiene/styrene triblock polymers 
by anionic polymerization 

The system that has been studied in detail is that of 
block polymers of styrene and butadiene (or of isoprene 

in place ofbutadiene) 1-7. The polymerization chemistry 
that has made possible the preparation of block polymers 
of controlled structure is based on anionic catalysts such 
as butyllithium s-11. The reactive species from such initia- 
tors, with suitable monomers, are long-lived carbanions 114~. 
Thus, one may polymerize a monomer A (styrene) to com- 
pletion, followed in sequence by polymerization of another 
monomer B (butadiene or isoprene) to obtain a diblock 
polymer. The triblock ABA block polymer may then be 

* Presented at the Sixth Biennial Manchester Polymer Symposium, 
I/MIST, Manchester, March 1976. 

prepared by adding monomer A to the diblock polymer 
with the active end, or the diblock polymer active species 
may be coupled by a chemical coupling agent 1°,13. The 
scheme of preparing block polymers by sequential anionic 
polymerization is shown schematically in Figure 1. How- 
ever, a number of kinetic and preparative details must be 
considered in the preparation of triblock polymers from 
styrene and butadiene, to eliminate the homopolymer and 
diblock impurities during polymerization and coupling re- 
actions. These have recently been discussed by several 
authors 14-16. 

An especially convenient, and perhaps better controlled, 
method for the preparation of styrene/butadiene/styrene 
triblock polymers is by the use of difunctional catalysts 
such as 1,4 dilithio-1,1,4,4-tetraphenylbutane17-19: 

Li +~-H --CH 2----C H 2- -~H/ i  + 

C6H5 C6H s 
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R- L i *+  [ ~ C H ~ C H  2 

Styrene monomer (A) 

AAA . .  Ae------Reoctive end 
I Butodiene monomer (B) 

AAA... ABBB...  B o Block polymer 

I Monomer A 

AAA --. ABBB . -BAAA. . .A  Tr ib lock 15olymer 

Figure 1 Scheme for preparing block polymers by 
anionic polymerization 

Pure block copolymer A - B  block 
- Z = : : : Z = I : = : : : : : : = : : : : : : : ] C C 0 ~  

A - B - A  block 

Rondom copolymer 

coverable large deformations characteristic of common 
vulcanized rubbers. 

In Tables I and 2 are given the comparative strength 
and fatigue-to-failure properties of Kraton thermoplastic 
rubber and typical vulcanized rubbers at room temperature. 
At higher temperatures there is of course a large decrease in 
these properties for the thermoplastic rubber. 

The model s proposed to explain the above properties is 
shown schematically in Figure 3. It shows polystyrene do- 
mains segregating as glassy domains that act both as rein- 
forcing filler and also provide physical crosslinks that are 
thermally labile. This model in its essential features, has 
been shown to be the correct one by the work of a num- 
ber of workers 31-4~. The most direct evidence has been 
from the electron micrographs of such block polymers, 
stained by osmium tetroxide which stains the rubber phase, 
and thus appears dark in the electron micrographs. Figure 4 
is one of the early electron micrographs from our laboratory 

Table I Comparative strength values of typical vulcanized rubbers 
and Kraton 101 thermoplastic rubber 

Groded block copolymer 

Figure 2 Schematic representation of copolymer structures 

Butadiene is first polymerized at each terminal active end, 
followed by the polymerization of styrene to form the 
terminal blocks. This procedure was also used to prepare 
the triblock ABA polymers of a-methylstyrene (A) and 
isoprene (B) 19. 

Another aspect of anionic polymerization that makes it 
a very useful method for obtaining copolymers of controlled 
sequence length is the broad range of reactivity ratios that 
are possible in copolymerization of such monomers as sty- 
rene and the common dienes either i~ different solvents 
(e.g. benzene versus tetrahydrofuran) or in the presence of 
different concentrations of weakly basic ethers (e.g. di- 
phenyl ether and anisole) z°-2s. Based on these features of 
anionic polymerization, using a~l organo,lithium compound 
as an initiator, a number of block polymers of styrene and 
the common dienes (butadiene and isoprene) have been 
prepared. 

Tensile strength Elongation 
(Ib/in 2 ) (%) 

Triblock thermoplastic 40 300 
rubber (Kraton 101 ) 
Natural rubber (carbon 28 200 
black reinforced and cured) 
SBR synthetic rubber (carbon 29 800 
black reinforced and cured) 

740 

560 

590 

Data with typical rubber formulations and at room temperature. 
Tensiles based on true cross-section at break (1 Ib/in 2 = 6.894 X 
103 N/m 2) 

Table 2 Comparative fatigue-to-failure values* at approximately 
equal strain energy for Kraton thermoplastic rubber and typical 
vulcanized rubbers 

Cycles to 
failure 

Triblock thermoplastic rubber (Kraton 101) 145 000 
Natural rubber (carbon black reinforced and cured) 48 000 
SBR synthetic rubber (carbon black reinforced and 45 000 
cured 

Data with typical rubber formulations and at room temperature. 
* Monsanto Fatigue Tester, ~110% elongation 

Styrene/butadiene/styrene thermoplastic rubbers 

• Figure 2 shows schematically the various block polymer 
structures that can be prepared. The graded block struc- 
tures result when the comonomers are added together 
initially and the reactivity ratios are controlled by carrying 
out the polymerization in benzene containing a suitable con- 
centration of a weakly basic ether such as diphenyl ether 24-27. 
It results in long sequences of styrene at each end. The se- 
quence length of the styrene units gradually decreases away 
from the terminal blocks, so that the central block may have 
only sequences of one or two styrene units, but it has long 
sequences of butadiene units. 

The first block polymer that attracted wide interest was 
Kraton thermoplastic rubber by Shell 2'3'2a. It consists of 
approximately 70% butadiene and 30% styrene by weight. 
The central block is of butadiene units: and the terminal 
blocks are of styrene units. At room temperature it is a 
strong rubber 29~, can be processed as a thermoplastic at 
elevated temperatures and requires no crossllnking for re- 

Polystyrene Polybutadiene Polystyrene 

Poz~ ~ - - -  

Domoins as crosslinks and reinforcing f i l ler 

Figure 3 Schematic of the domain structure of styrene/butadiene/ 
styrene tr iblock thermoplastic rubbers 
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Figure 4 Electron micrograph of Kraton 101 Cast from THF/MEK 
90/10 solution 

Figure 5 Electron micrograph showing short range order and mor- 
phology of styrene/butadiene/styrehe (styrene/butadiene 25/75) 
block polymer 

which shows the spherical polystyrene domains of approxi- 
mately 100 A dispersed in the polybutadiene matrix 3s. 
Further studies revealed additional details in the electron 
micrograph that are important in understanding properties 
of such block polymers. Results of these studies may 
serve as a model for other block polymers that may not 
have as well defined structure as the block polymers from 
styrene and butadiene. 

The electron micrograph, Figure 5, shows that between 
the polystyrene domains there are frequent interconnec- 
tions, and there is an apparent short range order between 
the polystyrene domains. A consequence of such short 
range order, as shown in Figure 6, is that during the first 
stress-strain cycle, the material shows a high modulus 
typical of a plastic rather than that of a rubber (i.e. steep 
slope of the stress-strain plot), followed by a yield point 
and considerable cold-drawing 2s'~s. The short range order 
breaks down beyond the yield point during the first exten- 
sion cycle. Consequently, during the second and subsequent 
cycles, the behaviour is that of a crosslinked rubber. Iater- 
estingly, the behaviour is completely reversible on annealing. [ ]  
The domains are thus shown to have appreciable elastic 
memory. 

Another interesting aspect of the behaviour of poly- 
styrene glassy domains in these polymers is shown in 
Figure Z The polystyrene glassy domains in these block 
polymers are markedly ductile. The spherical domains 
present in the original sample are deformed to elliptical 
domains 3s at elongations above 300%. The high strength 
of styrene/butadiene/styrene triblock polymers mentioned 
above, may be attributed to the ductility of the glassy do- 
mains. On annealing a stretched sample, the elliptical do- 
mains revert to their original shape. 

Phase separation in block polymers results in two dis- 
tinct transition temperatures that correspond nearly to 
that of the two phases 42-44. Figure 8 shows the transition 
behaviour of Kraton 101 triblock polymer from measure- 
ments of damping as a function of temperature 2s'~s. The 
transition peaks in the vicinity of - 8 0  ° and 100°C are close 
to the transition temperatures of polybutadiene and poly- 
styrene respectively. How complete the phase separation is, 
depends also upon the nature of the solvent from which the 
film is deposited. Whenever there is appreciable mixing of 
phases, there is an intermediate transition peak, as is the case 
for the sample deposited from carbon tetrachloride. The 
completeness of phase separation, or the lack of it in films 
deposited from different solvents, has marked effect on 
their stress-strain behaviour 2s'3s. 

300  

20C 

m 100 

0 

Figure 6 

..~Yield point j ~ F i r s t  extension 
J j  (Initial mo.d, ul~u s 

~ / 7500 Ib/in =) 

~ S e c o n d  extension 

I 

o., o'.2 o% ' O4 
Strain 

Stress-strain curve of Kraton 101 styrene/butadiene/ 
styrene triblock polymer cast from THF/MEK 90/10 solution 

Figure 7 Deformation of polystyrene domains in styrene/butadiene/ 
styrene triblock polymers on stretching 300 % 
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Effect of  composition and structure on the block polymers 
of  styrene and butadiene 

The range of solid state structure, i.e. the nature of mor- 
phology of the dispersed phase, and thus the useful com- 
bination of properties that can be realized in block polymer 
systems a2~9,4s, is well illustrated by the examples discussed 
below for the block polymer of styrene and the common 
dienes. 

In Figure 9 are shown electron micrographs of those 
styrene/butadiene/styrene triblock polymers that contain 
increasing wt % styrene. In the block polymer that has 
butadiene as the major component, the dispersed phase is 
that of polystyrene spheres. As the amount of styrene in- 
creases, the morphology changes to short rods, lamellar 
structure of polybutadiene and polystyrene layers, and 
finally as styrene in the block polymer becomes the major 
component, the dispersed phase is that of polybutadiene in 
the matrix of polystyrene. The high styrene triblock poly- 
mers are glassy high ~mpact materials, and are optically 
clear because of the submicroscopic size of the dispersed 
phase. The effect of composition on the morphology of 
block polymers is seen more clearly from the electron 
micrographs in Figure 10 of styrene/isoprene/styrene block 
polymers from the work of Kawai and his associates a9'46. 
The block polymer that contains almost equal amounts of 
styrene and isoprene (Figure 10c) has a layered structure of 
polystyrene and polyisoprene domains. The composition 

I 
A 

-80  - 4 0  0 50 I00  
Temperature (oc) 

Figure 8 Transition behaviour of styrene/butadiene/styrene triblock 
polymers cast from different solvents: A, benzene/heptane; B, carbon 
tetrachloride; C, THF/MEK 

B 

of the triblock polymers is shown in Figure 10 caption. 
The morphology is also dependent upon the solvents in which 

the block polymer is prepared because of the effect of the 
solvent on the polymer morphology during work-up and 
isolation from solutions in different solvents. The two electron 
micrographs in Figure 11 are for triblock polymers of the 
same composition (40% styrene and 60% butadiene), but 
one was prepared in toluene and the other was prepared in 
heptane. The difference in morphology results from 
toluene being a good solvent for the polystyrene terminal 
blocks, while heptane is a good solvent for the central block 
and a rather poor solvent for the terminal blocks. 

Figure 12 shows the electron micrographs of styrene/ 
isoprene/styrene triblock polymers of the same styrene/ 
isoprene composition (75% styrene and 25% isoprene). The 
difference is that the pure block has terminal blocks of 
long styrene sequences, while in the graded block the sty- 
rene sequence length of the terminal blocks is smaller and 
the sequence length of the styrene blocks gradually decreases 
from each end toward the centre. The diffuse boundary of 
the dispersed phase for the graded block polymer results 
from the favourable conditions for phase mixing in block 
polymers of such structure. 

Effect of  processing on the morphology of  block polymers 
The morphology of the domains, for a particular com- 

position and molecular structure of the block polymers, 
depends markedly on the flow conditions during process- 
ing and fabrication. Figure 13a is an electron micrograph 
of a thin section of a rod of Kraton 101 (styrene/butadiene/ 
styrene block polymer containing 28% styrene terminal 
blocks marketed by Shell Chemical Company) extruded 
into the capillary of the Instron Rheometer, annealed in the 
capillary and then forced out. The electron micrograph 
shows long cylindrical polystyrene domains parallel to the 
direction of extrusion in contrast to the spherical or short 
cylindrical polystyrene domains present in samples of the 
polymer cast as films from solutions. When the sample is 
prepared by milling and then pressing the milled sheet 
under conditions of minimum flow, the morphology of 
polystyrene domains in the surface layers of the sheet is 
shown in Figure 13b. The domains in the surface layers 
are oriented parallel to the milling direction. The top and 
bottom layers thus may be regarded as 'macrodomains' of 
polystyrene with preferential orientation parallel to the 
milling direction. Optical birefringence measurement show- 
ed that as one goes away from the surface towards the mid- 
plane of the sheet, there is an increased tendency of the 
macrodomains to orient out of the plane of the sheet, and 
there is increasing disorder in the orientation of the princi- 
pal direction of the macrodomains with respect to the mill- 

Figure 9 Effect of chemical composition on the domain structure of styrene/butadiene/styrene block polymers: (a) styrene/butadiene, 25/75; 
(b) styrene/butadiene, 60/40; (c) styrene/butadiene, 90/10 
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I I~m tinuous rods arranged parallel to the direction of extrusion, 
in a rod sample of Kraton, if extruded slowly as a plug and 
the plug allowed to cool slowly. Figure 14 is an electron 
micrograph of an ultra-thin section cut parallel to the ex- 
truded and annealed plug. Figure 15 is an electron micro- 
graph of the cross-section of such an extruded rod, and 
shows the uniformity of the cross-section of these cylindri- 
cal domains and their regular hexagonal packing. 

Effect of molecular architecture on the morphology of 
block polymers 

The molecular architecture of the block polymers 
apparently has a marked effect on the regularity of the 
domain structure, and on the comparative ease with which 
such domain regularity develops. This is most dramati- 
cally demonstrated by the 'star' or 'radial' block copoly- 
mers prepared by Fetters and his associates 49-sl. Sche- 
matically, the structure of such radial block polymers is 
shown at the bottom of Figure 16. Each arm of this poly- 

Figure 10 Effect of chemical composition on the 
domain structure of styrene/isoprene/styrene 
triblock 10olymers. (a) SI8-1,5/90/5 S-I--S; '(b) 
81S-2, 10/80/10 S - I -S ;  (c) SIS-3, 25150/25 S--I-S; 
(d) SIS-4, 35/30/35 S--I--S. [Reproduced fromb 
Kawai, H., Soen, T., Inoue, T., Ono, T. and Uchida, 
T. Mern. Fac. Eng. Kyoto Univ. 1971,33, 421 by 
permission of the Faculty of Engineering, Kyoto 
University, Japan ©] 

a 

ing direction. Because of preferential orientation of the 
polystyrene domains, these samples show highly anisotropic 
mechanical properties, and are discussed later. Orientation 
of lamellar domains is observed in triblock polymers which 
contain approximately equimolar amounts of styrene and 
butadiene. The electron micrograph in Figure 13c is that 
of a sample cast rotationally from a triblock polymer con- 
taining styrene and butadiene in the ratio of 60:40. 

Keller and his collaborators in a series of papers 47'~ 
have reported that it is possible to obtain an almost perfect 
hexagonal arrangement of polystyrene domains as con- 

b 
Figure 11 Effect on morphology of the styrene/butadiene/ 
styrene triblock polymer by the solvent used for polymerization 
and isolation. (a) Toluene; (b) heptane 
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mer is an AB diblock polymer, and the total average num- 
ber of  arms may be controlled from four to as many as 
twenty-nine. The electron micrograph in Figure 16 shows 
the morphology of  domains formed in a film of  styrene/ 
isoprene radial block polymer containing 30% styrene, and 

Figure 12 Morphology of 'pure' and 'graded' styrene/ 
butadiene/styrene block polymers. Micrographs for block 
polymers of styrene/isoprene 75/25 by wt: (a) pure block 
polymer (75/25, styrene/isoprene); (b) graded block poly- 
mer (75/25, styrene/isoprene) 

Figure 14 Electron micrograph of an ultrathin section cut parallel 
to the extrusion direction of extruded and annealed rod of styrene/ 
butadiene/styrene block polymer--Kraton 101. [Reproduced from 
Dlugosz, A., Keller A. and Pedemonte, E. Kolloid Z. -Z. Polym. 
1970, 242, 1125 by permission of Dietrich Steinkopff Verlag ©] 

Figure 13 Effect of processing conditions on the morphology of 
polystyrene domains in styrene/butadiene block polymers: (a) 
cylindrical polystyrene domains in extruded rod--high tensile 
modules with low torsion modulus; (b) domains in a milled sheet-- 
polystyrene domains parallel to direction of milling; (c) domain 
morphology in rotationally moulded sample--60/40 styrene/buta- 
diene triblock polymer 

I 

• t i ~ I | 

O l ~ m  t .=  ~ 

Figure 15 Electron micrograph of cross-section of same sample as 
used for electron micrograph in Figure 14 
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Isoprene 

Styren%~ 

Radial block polymer 

Figure 16 Morphology of polystyrene domain in a fi lm of 'radial' 
block polymer 

having 15 number average arms with each arm havingMn = 
71 000. The noteworthy point is the regularity of the do- 
mains and that this regularity is easily achieved in solvent- 
cast films. In Figure 17, morphology in cast films of linear 
triblock polymers is compared with that of multichain 
'star' polymers of the same styrene/butadiene composition. 
These micrographs demonstrate the effect of the molecular 
architecture of the block polymers (linear triblock versus 
radial) on the morphology of the cast films. 

BLOCK POLYMERS AS MICROCOMPOSITES 

materials, or structures). In block polymer systems, some 
of which were referred to in the preceding discussion, simi- 
larities to each of these classes of composite materials are 
noted. In block polymer systems, the size of the phases may 
be of submicroscopic dimensions. 

There has been considerable activity and significant pro- 
gress in recent years in developing micromechanic theories 
of composite materials to calculate the various moduli of 
the composites, from the knowledge of the properties of 
the constituents and the geometry of the phases in the com- 
posite. Such theories have been successfully applied to 
block polymer systems. They serve as an important guide 
to understand and interpret the mechanical behaviour of 
block polymers, and to obtain a broad variation in compo- 
site properties by manipulating morphology and properties 
of phases. Following is a brief review of some of the theo- 
ries of micromechanics of composite materials, and a discus- 
sion of their applicability to some of the bl0ek polymer 
systems. 

Theories of micromechanics of composites 
Particulate composites. Hashin, in a classical set of 

papers, made use of variational energy methods to establish 
the upper bound and lower bound for the moduli of 
composite systems of irregular phase geometry, for 
systems of randomly dispersed spheres and for systems 
containing uniaxially oriented fibres s2-s4. For a random 
assemblage of spheres, the system is isotropic and only 
two material parameters are needed to characterize the 
system completely. He found that the upper and lower 

Similarity between multiphase structure of block polymers 
and of macrocomposites 

The multiphase domain structure of block polymers, and 
the orientation of such domains under suitable processing 
conditions, results in materials that are analogous to macro- 
composite materials fabricated by combining two types of 
materials. Some of the common examples of macrocom- 
posites of technological importance because of the useful 
combination of properties, are the filled plastics and rubbers 
for high modulus and strength, glass fibre reinforced plastics, 
and laminated structure of fibre cord/rubber in pneumatic 
tires. Composite materials in general may be considered 
under three broad classes: (a) isotropic particulate compo- 
sites (particles of one phase randomly dispersed in the mat- 
rix of another phase); (b) uniaxial oriented composites 
(fibres or similar shaped particles with uniaxial orientation 
in a matrix); and (c) laminated composites (layers of various 

Figure 17 Comparison of morphology of polystyrene domains for 
the linear triblock versus multichain 'star' block polymers. 30/70 
Styrene/butadiene block polymers: (a) linear triblock; (b) 'star' 
multichain, 40/60 styrene/butadiene block polymers; (c) linear 
triblock; (d) 'star' multichain 
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bounds for bulk and compression moduli were almost iden- 
tical. For shear moduli, these bounds are close only when 
the moduli of matrix and particle are close. The lower 
bound for the shear modulus is: 

- I +  
Gt 

(1) 

where G is the shear modulus of composite, G1 and G2 are 
the shear moduli of  the matrix and of the dispersed phase, 
and subscripts 1 and 2 refer to matrix and dispersed phase 
respectively. Pl is the Poisson ratio of the matrix, and qb 2 
is the volume fraction of the dispersed phase. This equation 
is equivalent to Kerner's equation derived by an entirely 
different method. 

When the dispersed phase is much more rigid than the 
polymer matrix, equation (1) reduces to: 

G 15(1 -- Vl)~ 2 
- 1 + ( 2 )  

G 1 8 -- 10VldP 1 

We used this equation to calculate the shear modulus of 
Kraton 101 SBS triblock polymer films 2s. 

Halpin and Tsai have shown that Kerner's equation and 
other equations for moduli of composites, such as equa- 
tion (1) above, can be put in a more general form for the 
particulate composites s6-ss. Nielsen sg, and then Lewis and 
Nielsen 6°, further generalized the Halpin and Tsai equations 
to take account of the maximum packing fraction $rn of 
the dispersed phase. For composites such as polystyrene 
domains in the matrix of polybutadiene, the shear modulus 
for the isotropic composite is given by the following modi- 
fied Halpin-Tsai equations for the lower bound value of the 
modulus: 

G 1 +AB~b 2 

G1 1 -Bffqb 2 

where 

7 - 5Vl 
A -  

8 -- 10Pl 

and 

G2 
- - - -  1 
G1 

G2 
- - + A  
G1 

(3) 

A takes into account the morphology of the dispersed phase 
and the Poisson ratio of  the matrix. For dispersed spheres 
in an elastomeric matrix, A = 1.5, for instance. ~O is a func- 
tion of the maximum packing fraction, Cm, of the dispersed 
phase: 

1 - ~b m 
= 1 + - - .  d# 2 (4) 

dm 

Similar equations apply for those systems in which the dis- 
persed phase is elastomeric in a rigid matrix, such as SBS 
block polymers containing a high amount of styrene, and 
give the upper bound value of the modulus. They are 
written in a form that takes into account that the continu- 
ous phase is more rigid than the dispersed phase. In sys- 
tems where both phases may be continuous, such as in the 
case of SBS block polymers containing equal amounts of 
styrene and butadiene, the equations giving the upper and 
lower bounds have to be combined in some manner. Niel- 
sen used a logarithmic rule of mixtures to combine the 
upper and lower bound values61'62: 

logM = ~u logMu + eL logML (5) 

where M U and ML are the upper and lower bounds for the 
modulus respectively, at a given composition; 4~U is the 
fraction of the low modulus material that is in a continu- 
ous phase in the overlap region where both phases are al- 
most continuous, and eL is the fraction of the rigid mate- 
rial in the overlap region. 

Uniaxially oriented fibre composites and laminated 
composites. Uniaxially oriented fibre composite materials 
are transversely isotropic, i.e. properties perpendicular to 
the fibre axis are direction independent. The basic geo- 
metry of this system is shown in Figure 18. Five indepen- 
dent elastic constants are needed to characterize completely 
the elastic behaviour of such systems. There are two ten- 
sile moduli: E l l  and E22; two shear moduli: G12 for shear 
parallel to the fibre direction, and G23 for shear normal to 
the fibre direction; bulk modulus, and two Poisson ratios. 
One Poisson ratio, v12, gives the transverse strain caused 
by the imposed strain in the longitudinal direction, and the 
second Poisson ratio, v 21, gives the longitudinal strain 
caused by the strain in the transverse direction. 

Material constants for the uniaxial composites are most 
conveniently calculated by Halpin and Tsai's equations s7 
given below: 

E11 = EfVf  + E m V m (6) 

v12 = vfVf+ vmVm (7) 

e _(Pf/em) * J [ 1  +(ef/Prn - 1)Vf] 

Pm PflPm - Vf(Pf/Pm - 1) + Y 

where El, Em = Young's modulus of fibre and matrix, res- 
pectively; vf, Urn = Poisson ratio of fibre and matrix, res- 
pectively; Vf V m = volume fraction of fibre and matrix; 
P =E22, G12 or G23 for the composite;Pm =Em, Gm or 

(8) 

3 

EII,DJ 2 

Figure 18 Basic geometry of uniaxial composite and reference co- 
ordinate system (right) and corresponding elastic constants 
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v m for the matrix;Pf=Ef, Gfor vffor the fibre, andoY= 
a parameter which accounts for the geometry of the filler 
and the mode of deformation. 

Equations (6) and (7) are the familiar 'Law of Mixtures' 
for principal Young's modulus and principal Poisson 
ratio, respectively. Equation (7) is a condensed formula 
for determining the elastic constants,E22, GI2 or G23. Use 
of equations (6), (7) and (8) is not restricted to uniaxial 
continuous fibre composites. Halpin and Tsai s7 have shown 
that: 

(a) Equation (8) can be applied to the calculation of the 
axial modulus of discontinuous composites by choosing an 
appropriate constant ,~¢', which depends upon the particle 
shape and aspect ratio. 

(b) The above equations can be extended to balanced 
ply laminates of discontinuous or continuous fibre com- 
posites, by application of laminated plate theory s9 and 
taking into account the angles between the ply orientation 
and the principal directions of the composite. 

(c) These concepts can be extended to randomly orien- 
ted fibre composites which are treated as quasi4sotropic 
materials r~, that is, the material is treated as a many-ply 
laminated structure having equal probability of all 
orientations. 

Experimental moduli and comparison with values calcu- 
lated from theories of  micromechanics of  composites 

The above equations and concepts for the composite 
materials moduli have been applied to a number of block 
polymers of definable morphology and geometry, con- 
sidering them as composite materials. 

Equation (1) was used to calculate the shear modulus 
of Kraton 101 SBS triblock polymer, considering it as a 
microcomposite with spherical polystyrene domains in a 
matrix of polybutadiene 2s. The shear modulus of Kraton 
was assumed to be 1.13 x 1010 dyne/cm 2. Modulus of the 
rubber can be estimated on the basis that all rubbery 
chains are tied down at each end in the glassy domains of 
polystyrene. The modulus is then determined by the en- 
tanglement network, which for polybutadiene would give 
a value of about 1 x 107 dyne/cm 2. Using these values of 
moduli for polystyrene and polybutadiene in equation (1) 
gives a composite modulus for Kraton 101 equal to 1.85 x 
107 dyne/cm 2. The experimental values are found to be 
:nuch higher than this. For a film of Kraton 101 cast from 
benzene-heptane solution, a shear modulus of 108 dyne/ 
cm 2 is obtained. This large discrepancy between the ex- 
perimental and theoretical value can be ascribed to three 
possible factors: (a) the polystyrene domains are not 
strictly spherical and show some connectivity; (b) the 
effective size of the domains is larger than that observed 
in the electron micrograph because of the interfacial region; 
and (c) the modulus of the matrix is higher than the rub- 
bery modulus value, which will of course be the case in the 
interfacial region near the domain boundaries. As refer- 
red to in the preceding discussion the studies on mor- 
phology and transition behaviour suggest that all the three 
factors are important considerations in the cast films of 
Kraton 101 block polymers. 

The Young's moduli of block polymers of styrene and 
butadiene as a function of composition cover a range of 
almost four decades - from ~10 to 104 kg/cm 2. Nielsen 
has shown that, the moduli of such diverse polymers - from 
elastomers to rigid plastics, calculated from equations (3-5)  
fit the experimental values over a broad range of composi- 

tions of the styrene/butadiene block polymers 61. In block 
polymers of low styrene content (such as Kraton 101 dis- 
cussed above), polystyrene domains appear to be either 
aggregates of six spheres Or rods with an aspect ratio of 6 
to 1. This corresponds fairly well with the morphology ob- 
served in samples of Kraton 101. The volume fraction of 
styrene, over which both polystyrene and polybutadiene 

Figure 19 (a) Fibrous polystyrene domains of polystyrene in an 
extruded rod of Kraton 101; (b} oriented polystyrene domain in the 
outer layers of a milled sample of Kraton 101 
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phases in the block polymer are almost continuous, ranges 
from about 0.15 to 0.8. Outside this region, either spheri 
cal domains of polystyrene or polybutadiene are the dis- 
psered phase 6s. 

As discussed above the polystyrene domains in a sample 
of Kraton 101 extruded into the capillary of a rheometer, 
and then annealed in the capillary have cylindrical poly- 
styrene domains parallel to the extrusion direction. The 
morphology of a thin section cut parallel to the length of 
the rod is included in Figure 13a, and is shown in more 
detail in Figure 19a. Moduli of the extruded rod were 
measured in tension, bending and torsion. It was modelled 
as an uniaxial composite and the moduli were calculated 
from equations (6-8)  for different geometries of the dis- 
persed fibrous polystyrene domains. The experimental 
and calculated values for this sample are given in Table 3. 

The ratio of tensile modulus to shear modulus is about 
80 for this sample. The rod sample is therefore quite stiff 
under bending and tensile loading, but has comparatively 
very low torsion modulus t),pical of an elastomer. At loads 
of greater than 10.5 kg/cm z, there appears to be a yield 
process which results in a five-fold decrease in tensile modu- 
lus. The torsion (shear) modulus shows a small but signi- 
ficant increase. On loading, there is some breaking up of 
the cylindrical domains which results in a decrease in ten- 
sile modulus and a slight increase in the torsion modulus. 
The calculated value of the tensile modulus for the com- 
posite of continuous polystyrene cylindrical domains is 
about twice that of the experimental value. The calculated 
shear modulus is appreciably lower than the experimental 
value. For a composite of discontinuous cylinders with 
LID = 750: which appears reasonable from the electron 
micrograph, the calculated value of the tensile modulus 
is close to that obtained experimentally. The calculated 
shear modulus is still appreciably lower than the experi 
mental value, but calculations show that only five percent 
of disorder i,~ orientation of the fibres should account well 
for this discrepancy: without much effect on the calculated 
value of the tensile modulus. 

In the sheet sample of Kraton 101 thermoplastic rubber 
prepared by pressing the milled sheet under conditions of 
minimum flow, the polystyrene domains in the outer layers 
are oriented parallel to the milling direction, as shown in 
Figure 19b. Optical birefrhlgence measurements showed 
that in this sample, away from the surface layers, there is 
less preferred orientation of the cylindrical polystyrene 
domains. This sample may be modelled as a layered lami- 
nate composite of uniaxially oriented sheets with a core of 
quasi-isotropic material. Flexural, tensile, and torsional 
moduli of sheets cut both parallel and perpendicular to the 
direction of milling, measured according to the methods 
described in ref 25, are given in Table 4. The values of shear 
modulus are the same for the samples cut parallel and per- 
pendicular to the milling direction. However, the flexural 

Table 4 Experimental and calculated moduli of mill oriented 
Kraton 101 sheet 

Experimental values 
(dyne/cm 2) X 109 

Modulus (and 
test method) [I M D  ± M D  

Calculated values 
laminated plate 
theory 2 
(dyne/cm) X 109 

II M D .L M D  

Flexural modulus, E B 1.655 0.331 
(vibrating beam) 
Tensile modulus, E T 0.538 0.331 
(longitudinal resonance) 
Shear modulus 0.241 0.241 
(torsion pendulum) 
EB/E T 3.1 1.0 

1.72 0.103 

0.504 0.076 

modulus value parallel to the milling direction (MD) is 
about five times that perpendicular to the milling direction. 
Also, for the sample cut parallel to the milling direction, 
the bending and tensile moduli are in the ratio of 3:1. hi 
the absence of longitudinal shear, the values would be the 
same for any homogeneous material. The observed differ- 
ence, we attribute to the outer layers consisting of uni- 
directionally oriented high modulus material, while the 
centre is less well oriented and is of lower modulus. The 
outer layers from the neutral plane make a dispropor- 
tionately large contribution to the flexural modulus, while 
they do not play as important a role in the tensile experi- 
ment. 

The experimental values are compared with the calcu- 
lated moduli based on the laminated plate theory. The 
agreement between the calculated and experimental values 
of the bending and tensile moduli for samples cut parallel 
to the milling direction is surprisingly good. However, in 
the transverse direction, the flexural and tensile moduli 
have about the same ratio as that predicted, but the experi- 
mental values of these moduli are much higher than pre- 
dicted. This is to be expected because, in these modes of 
deformation, the moduli are very much dependent upon 
the transverse orientation of the cylindrical polystyrene 
domains. Considering the uncertainty in describing pre- 
cisely the details of orientation of the polystyrene domains, 
especially away from the outer layers towards the centre, 
this discrepancy is not serious. Better agreement of values 
calculated from the laminated plate theory will be expect- 
ed if the solid structure could be described more accurately. 

In summary, the theories for composite materials can be 
useful in estimating the moduli of block polymer materials 
if information on morphology and orientation of domains is 
available. They can be useful in explaining the mechanical 
properties of block polymers. The noteworthy point is 
that, using theories developed for macroscopic composites, 
and using macroscopic bulk properties of the constituent 

Table 3 Experimentat and calculated moduli of extruded Kraton 101 rod 

Experimental (dyne/cm 2) Composite theory calculations (dyne/cm 2) 

Orthotropic 
After loading Orthotropic discontinuous rods, Quasi- 

Before loading 10.5 kg/cm 2 continuous rods L I D  = 750 isotropic 

Tensile modulus, E l l  4.28 X 109 0.93 X 109 7.55 X 109 5.0 X 109 E = 1.5 X 109 
Shear modulus, Gl2 5.4 X 107 6.5 X 10 "/ 1.66 X 10 "/ 1.66 X 10 "/ G = 0.5 X 109 

E l l / G I 2  = 79 

POLYMER, 1976, Vol 17, November 947 



Structure and properties of block polymers and multiphase systems: S. L. Aggarwal 

materials, mechanical properties of block polymer samples 
in which the size of phases is of such submicroscopic dimen- 
sions, can be calculated with a fair degree of dependability. 

BLENDS OF BLOCK POLYMERS AND HOMOPOLYMERS 

Another class of composite materials based on block poly- 
mers, of both fundamental and technological interest, are 
the blends of block polymers with one or both of the 
corresponding homopolymers. Either the homopolymer may 
be solubilized in the corresponding domains of the block 
polymer, or the block polymer may act as a surface active 
material, in which case blocks of one particular type may be 
incorporated at the interfacial boundary between the homo- 
polymer and the block polymer. Iu the latter case, blocks 
act as an 'alloying' agent by preventing the separation of 

Figure 20 (a) Morphology of a polyblend of 60/40 
styrene/butadiene triblock polymer (25 parts) and poly- 
styrene (75 parts); (b) morphology of 60/40 styrene/ 
butadiene triblock polymer 

Figure 21 Morphology of the dispersed phase in the polyblend of 
60/40 butadiene/styrene triblock polymer and polystyrene 

Electron micrograph of high impact polystyrene, Styron Figure 22 
495 

the incompatible homopolymers into macroscopic phases. 
Kawai and his coworkers 36,46,66,67, in a series of studies 

with AB type block polymers of styrene and isoprene, 
showed that when the molecular weight of the added homo- 
polymer is less than or comparable to that of the corres- 
ponding block of the eopolymer, the solubilization of the 
homopolymer into domains of the corresponding block 
takes place. In such cases, the size of the domains increases 
in relation to the amount of the added homopolymers, and 
in some cases, morphology of the domains may also change. 
However, when the molecular weight of the added homo- 
polymer is larger than that of the corresponding block poly- 
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mer, the block polymer behaves as if it were incompatible 
with the corresponding homopolymer. However, in such 
cases, the blocks in the interfacial region between the homo- 
polymer and the block polymer are preferentially anchored 
in the homopolymer phase, mad thus help to form a stable 
interface. 

A technologically important application of the above con- 
cept is in the blends of a styrene/butadiene/styrene block 
polymer of overall 60/40 butadiene/styrene composition 
with homopolymer styrene 68'69. These blends have higher 
impact strength than the commercial high impact poly- 
styrene, or rubber modified polystyrene materials. This is 
achieved without adversely affecting the flexural modulus, 
the softening temperature, and hardness. Figure 20b is an 
electron micrograph of the block polymer and shows the 
morphology and the domains of polystyrene. Figure 20a, 
an electron micrograph of the blend of polystyrene and the 
block copolymer, shows that the dispersed phase is that of 
the block polymer in a polystyrene matrix. Figure 21 
shows in more detail that the dispersed phase is itself a 
block polymer and has in it the two-phase structure of the 
block polymer. It has similarity with the electron micro- 
graph of high impact polystyrene in which the dispersed 
phase is itself also a two-phase system of polystyrene and 
rubber (Figure 22), and it is dispersed in the polystyrene 
matrix. In the blend of the block polymer with polystyrene, 
the polystyrene domains in the dispersed block polymer 

Table 5 Comparison of physical properties of polyblend containing 
block polymer to commercial high impact polystyrene and ABS 
materials 

Polyblend High impact ABS resin 
(85% total polystyrene (Cycolac 
polystyrene) (Styron 495) GSE 1000) 

Unnotched Izod 22.0 
(ft Ib/in) 
Notched Izod 7.5 
(ft Ib/in} 
Flexural modulus X 3.0 
10 -5, (Ib/in 2 ) 
Deflection tempera- 93.0 
ture (°C) samples 
annealed at 73°C. 
(60 mm deflection 
under 264 Ib/in 2 ) 

14.0 25.0 

2,2 7.0 

2,3 2.9 

82.0 94.0 

phase are of submicroscopic dimension, in contrast to that 
in the dispersed phase of high impact polystyrene. In 
Table 5, are given the comparative values of impact strength, 
flexural modulus, and heat distortion temperature of the 
polyblend of polystyrene and block polymer, a high impact 
polystyrene, and an ABS (acrylonitrile/butadiene/styrene) 
resin, showing that in the desirable combination of these 
properties, the polyblend properties are superior to those 
of high impact polystyrene, and approach those of ABS. 

PART II: RECENT RESEARCH DIRECTIONS AND OUTLOOK ON THE FUTURE OF BLOCK POLYMERS 
AND MULTIPHASE POLYMER SYSTEMS 

The discussion above is an overview of the recent work in 
block polymers and multiphase systems. Projection into 
the research areas in which future important advances of 
both scientific and technological interest in block polymers 
and multiphase polymer systems are likely to occur can 
only be subjective and to a large extent biased by personal 
experience and research interests. I have selected six re- 
search areas which I believe will play an important role in 
the development of advanced microcomposite materials 
and multiphase polymers of controlled solid state structure. 

exhibiting phase separation. The restrictions arising 
from the small size of the domains and from the attach- 
ment of the blocks, cadse a drastic reduction of the en- 
tropy of a polymer molecule in a phase separated system as 
compared to that of a free chain. The important entropy 
terms that need to be considered in calculating free energy 
differences between the completely mixed block polymer 
system and the system separating into domains of discrete 
size may be summarized with reference to the model 
shown in Figure 23 for the case in which the domains are 
lamellar. Ia this model for an ABA triblock polymer, all 

THERMODYNAMICS OF PHASE SEPARATION 

l:leading the list should be the basic understanding of the 
thermodynamics of phase separation in block polymers. 
Two dissimilar homopolymers are usually incompatible, 
because the heat of mixing is generally positive (endo- 
thermic process), while the only driving force towards 
compatibility is the entropy of mixing, which in polymers 
is generally very small. Ia block polymers, the blocks of A 
and of B units tend to separate because they are incom- 
patible, but are prevented from doing so by the chemical 
bonds linking the blocks together. The important conse- 
quence of arranging the chains in this way is that the 
phases cannot grow indefinitely if the density of packing 
of the molecules in each of the phases is to remain uniform. 
The sizes of the domains in the block polymers is thus much 
smaller than aggregates found in a mixture of homopolymers 

B 

Figure 23 

A B 

Model for phase separated domains in tr iblock polymers 
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composition of the blocks, and on the concentration gra- 
dient in and size of the interfacial regions 7°-s3. Recently, 
Meier has extended his thermodynamic analysis to the con- 
sideration of factors that govern the solubilization of homo- 
polymers in the domains of block polymers, and to the 
block polymers as surface active materials 84. Further ad- 
vances in theory and detailed thermodynamic analysis of 
block polymer systems will guide the development of 
methods for the control of their solid state structure, and 
their applications. 

Block polymer solutions which show liquid crystalline 
structure have many important implications. The thermo. 
dynamics of such solutions needs greater attention. Even 
more important are the solutions of block polymers in 
which the solvent is one of the monomers. In such solu- 
tions, block polymers form fairly organized micellar struc- 
ture 8s. After polymerization of such block polymer/mono- 
mer solution, the final solid has interesting morphology, 
particularly when the polymerization is carried out under 
controlled shear flow conditions. Figure 24 shows the 
lamellar regularity achieved when a 10% solution of sty- 
rene/bu'tadiene/styrene block polymer (Kraton 101) in 
styrene monomer is polymerized under a small shear field. 
The regularity in thickness of the rubber domains is a con- 
sequence of the micellar structure of the block polymer in 
the styrene monomer solvent. 

Figure 24 Electron micrograph of sample from polymerization of 
a 10% solution of Kraton 1101 in styrene monomer. Dark lamellae 
are of polybutadiene phase. Magnification 30000X 

B chains start at the phase boundary, and terminate at 
either the same boundary, or the opposite boundary of 
the B domain. All A chains start at the boundary and end 
in the A domain. The principal entropy terms are 
the following: (a) the limit in entropy due to restricted 
volume of the domain; (b) the limit in entropy because the 
chain is constrained to start at the boundary; (c) the limit 
in entropy due to the placement of one block junction 
point in the vicinity of the interfacial boundary; (d) the 
limit in configuration entropy arising from the restriction 
of the second end of the B segment to lie at an interfacial 
boundary; (e) the entropy of mixing term, which is com- 
paratively small and decreases with increasing molecular 
weight. 

The entropy decrease due to the above factors is a serious 
restriction against phase separation of block polymers into 
discrete domains as compared to a completeiy mixed sys- 
tem. However, there is a large bonus in entropy over the 
increase in interfacial energy or heat of mixing if we relax 
the restriction of sharp interfacial boundary, and consider 
an interfacial region in which phase mixing is allowed. Thus, 
the interfacial boundary of mixed phases in which there is a 
gradient of composition seems to be necessary for a stable 
phase separated system as compared to completely mixed or 
completely incompatible systems. The size of this interfacial 
region, the composition gradient in this region, and how they 
are affected by the molecular weight and composition of 
the blocks, and presence of different solvents, and diluent 
molecules, controls many of the important properties of 
block polymers. 

A number of workers, notably Meier, Krause, and Helfand, 
have developed thermodynamic analysis of block polymer 
systems to describe quantitatively the dependence of the 
size and shape of the domains on molecular weights and 

BLOCK POLYMERS OF CONTROLLED STRUCTURE 

Control of block length and of the number of blocks is 
possible only in a limited number of systems: block poly- 
mers of styrene/butadiene (or isoprene), as discussed above 
being one of the notable examples. The glassy domains in 
styrene/butadiene block polymers lose their integrity at 
about 80°-90°C, and are susceptible to solvents. Block 
polymers in which the domains have higher glass transition 
temperature, and are less susceptible to solvents, will have 
a broader range of usefulness. Such block polymers offer 
an important area of future research. 

Considerable effort in recent years has been directed to 
studies of block polymers in which the component blocks 
have either higher glass transition temperature, or better 
solvent resistance, or better thermal stability. Some of these 
materials have already achieved technological importance. 
Notable among them are the block polymers of poly(buty- 
lene terephthalate)/poly(tetramethylene ether terephtha- 
late) 8637, polysulphone/poly(dimethyl siloxane) 8839, poly. 
carbonate/polysiloxane 9°, and polyethylene/polypropy- 
lene 91. An important area for future research is the develop- 
ment of synthetic methods to obtain a similar type of con- 
trol on the size and number of blocks as is now possible for 
styrene/butadiene block polymers. Block polymers of con- 
trolled structure in the following systems appear to be 
promising: 

CH 0 CH 0 
I u l 11 

CH 3 0 CH 3 
Polysulphone Polycarbonate 

CH 3 O 0 0 

Polysulphon¢ Poly(butylcn¢ tcrcphthalat¢) 
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tH, 

Polycarbonate 

I 

Polysiloxane 

tCH*-CH2+ +CHICH-CH2CH+ 

Polyethylene 
CH3 CH3 

Polypropylene 

MULTILAYERED MACROCOMPOSITES 

Alfrey and coworkers have shown that multilayer compo 
sites of high and low modulus materials exhibit mutual 
interlayer reinforcement 92p93 A multilayer composite film . 
of polystyrene and polyethylene was shown to undergo 75% 
elongation without fracture, while the polystyrene by itself 
failed at 3.5% elongation. The high elongation layers act to 
prevent the propagation of transverse cracks across the 
brittle layers. Such multilayer composites consisting of as 
many as 300 alternate layers can be prepared through ro- 
tation of annular die boundaries during coextrusion of two 
polymers94’95. 

Recently, Shen and his coworkers have applied a similar 
concept to block polymer systems, and have obtained some 
very interesting results%. They prepared, by spin casting, 
multilayer composites consisting of three to eleven alternate 
layers of a polymer blend of 60% polystyrene and 40% by 
weight of Kraton 1101 triblock SBS polymer, and polysty- 
rene; and of polystyrene and Kraton 1101. The stress-strain 
behaviour of the 11 -layer laminates is shown in Figure 25 
from the results made available to the author by Professor 
Shen for this paper. The noteworthy feature is that these 
laminates can be stretched to 60% without fracture. This 
stress-strain behaviour is in contrast to fracture of poly- 
styrene beyond 3% strain. Block polymers, which, as dis- 
cussed above may be considered as microcomposites by 
themselves, may further be combined as multilayer macro- 
scopic composites for useful applications. Considering that 
block polymers from a particular set of monomers or start- 
ing materials can be prepared over a broad range of modulus, 
they offer a promising area for advanced materials, when 
they are combined as multilayer composites. Multilayer 
composites may be prepared either by using non-diffusive 
multiple extrusion of two molten polymer streams, or by 
sequential spin casting of thin layers. 

Another type of similar layered composites that appears 
interesting has been suggested by Shen and Beaver9’. A 
polymerizing monomer may be diffused into a sheet of block 
polymer. Concentration of the polymerizing monomer in 
the block polymer thus varies uniformly from the outer 
surface towards the centre. On later polymerization of such 
a sample, a multilayered structure having a gradient in corn 
position and perhaps in morphology should result. Mecha- 
nical properties, particularly impact and fracture properties 
of such materials, offer interesting possibilities. 

SEGMENTED POLYURETHANES 

Segmented polyurethanes are a class by themselves of block 
and multiphase polymers. Because of the broad range of 
structural variations, both controlled and uncontrolled, 
that are possible in these systems, the spectrum of mechani- 
cal properties they show is surpassed by few classes of poly- 
mers. The molecular units and sequences in segmented poly- 

urethanes are commonly divided into ‘hard segments’ and 
‘soft segments’. The hard segments consist of groups that 
are rigid and/or capable of strong intermolecular interaction, 
such as aromatic rings, urea and urethane groups. When hard 
segments crystallize, they do so generally by intermolecular 
aggregation, but systems containing long sequences of such 
segments may form crystalline lamellae by chain folding. 
The soft segments generally consist of long chain polyethers 
or polyesters, and are flexible. Figure 26 shows schemati- 
cally a typical ‘hard’ and ‘soft’ segment in a segmented poly- 
urethane. The soft segments in such a polymer are formed 
by the reaction of diphenylmethane-4,4’-di-isocyanate 
(MDI) with poly@ropylene ether glycol) oligomer. When 
this reaction is carried out in the presence of excess di- 
isocyanate, a prepolymer with isocyanate terminal group is 
formed. This prepolymer is then extended with additional 
di-isocyanate and ethylene glycol (chain extender), resulting 
in the final segmented polyurethane with ‘soft’ and ‘hard 
blocks’. Considerable literature has developed upon the 
structural variations and their effect on mechanical and per- 
formance properties by varying the structure of the oligomer, 
the di-isocyanate, and the chain extender used for the pre- 
paration of segmented polyurethanes98-‘0’. 

Crystallization of soft segments can occur in certain cases, 
particularly when its molecular weight is large, and is en- 

lo1 hanced by stretching . However, it is the molecular aggre- 
gation and phase separation of the hard segments that has 
marked influence on the properties of the segmented poly- 
urethanes. Phase separation of the hard segments in these 
systems comes about even when the sequence length of units 
in each hard segment is comparatively short. Strong inter- 
molecular interaction and crystallizability of the units en- 
hances phase separation ‘a+2 . Such phase separation, often 
results in multiphase systems that exhibit multiple transition 

I I i 

0 200 400 600 

E (o/o) 

Figure 25 Stress-strain plots of multilayered composites: L 1: 11 

layer laminate of blend of 40% SBS triblock polymer (Kraton 1101) 

and 60% polystyrene (m,, = 30000). and SBS triblock polymer; L4A 

and L4B are 11 layer laminates of polystyrene fm, = 30000) and 
Kraton 1101 triblock polymer; L4A and L4B have innermost layer 
of polystyrene and triblock polymer respectively. A, L4A; 8, L4B; 

6, Ll 

B 
HU+CH,-_CH-O%C-NHeCH&-N-$-0-HU 

Figure 26 (a) Hard and (b) soft segments in a typical segmented 
polyurethane 
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temperature. Transitions in these systems are traditionally 
labelled as ct,/3, and -/in order of decreasing temperature. 
Generally speaking, the -/-transition (or a lower transition) 
is attributed to a Schastzki type mechanism 1°2, the/3-transition 
is associated with the glass transition for the more flexible 
part of the chain, and the higher temperature a-transition, 
is associated with the hard segments. The t~-transition tem- 
perature depends upon the concentration of the hard seg- 
ments in the chain. As the hard segment concentration in- 
creases, this transition shifts to considerably higher 
temperature, and merges with the fusion temperature of 
the crystallities of the hard segments. A number of studies 
have recently been reported on the transition behaviour of 
segmented polyurethanes and its relation with their mole- 
cular structure lo3-1o7 

b 

Figure 27 Schematic of spherulite structures m segmented poly- 
urethanes: (a) hard segments crystallize radially, chain orientation is 
tangential; (b) hard segments crystallize tangentially, chain orientation 
is radial 

The multiphase structure of segmented polyurethanes 
has been studied by a number of workers 1°8-123. The general 
picture that emerges from studies of these polymers by dif- 
ferential scanning calorimetry, infra-red absorption, rheo- 
optical (low-angle light scattering), low-angle X-ray diffrac- 
tion, and thermomechanical analysis, is that hard segments 
do not separate as discrete domains. Instead, the hard seg- 
ments domains consist of two phases: crystaUites or aggre- 
gates of hard segments in a matrix of soft segments. These 
domains are separated by elastomeric material richer in soft 
segments and which may also contain some uncrystallized 
hard segments. The'domains of hard segments are likely to 
form spherulitic structure under suitable conditions. Figure 
2 7 shows schematically the structure of spherulites proposed 
for the hard segment domains in segmented polyurethanes. 

Direct observation by electron microscopy of the segmen- 
ted polyurethanes appears possible by staining with a solu- 
tion of phosphotungstic acid. This technique is similar to 
that used so successfully for studying the morphology of 
polyester-polyether block polymers 124'12s. Figure 28 is an 
electron micrograph of a segmented polyurethane containing 
the oligomer, poly(propylene ether glycol) as the soft seg- 
ment, and MDI and ethylene glycol as hard segments. The 
staining was done by immersing a microtomed section in a 
10% aqueous solution ofphosphotungstic acid. The elasto- 
meric phase absorbs the stain, but not uniformly. The 
crystalline domains are visible as light fibrillar regions. 

In spite of the extensive work in segmented polyurethanes, 
only a few studies have been made with controlled block 
length and number distribution of the blocks in the polymer 
chain 118'126'127. Our understanding of the structural factors 
that control the multiphase solid state structure in these 

Figure 28 Etectron micrograph of segmented polyurethane: poly(propylene ether glycol) (as soft segments); MDI and 
ethylene glycol as hard segments. Stained by 10% solution of phosphotungstic acid 
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Figure 29 Electron micrograph of an 80/20 PMMA/PU interstitial 
composite. Polyurethane phase from polybutadiene diol stained by 
OsO4 

systems, and how this relates to their performance is indeed 
embryonic. Studies on segmented polyurethanes in which 
the block lengths can be well controlled offer a promising 
research area. Use of moieties other than the commonly 
used low molecular weight diols and diamines, for use in 
hard segments, offers a number of promising approaches for 
materials with interesting properties. The moieties that are 
likely to enhance intermolecular hydrogen bonding and 
crystallization should be especially interesting. Only limited 
work has so far been done with soft segments that undergo 
strain-induced crystallization, and this should also be a fruit- 
ful research area. Thus, segmented polyurethanes offer a 
number of promising research directions for multiphase and 
microcomposite materials. 

INTERSTITIAL POLYMERS 

Another type of.multiphase polymers based on polyurethanes, 
that seem to have intriguing possibilities, have been reported 
recently from the work in the laboratories of Professor Allen 
at the University of Manchester and in the Corporate Labo- 
ratory of Imperial Chemical Industries 12s-13a. These poly- 
mers are prepared by the interstitial polymerization of vinyl 
monomers within polyurethane elastomer gels. The pre- 
cursors for preparation of a polyurethane elastomer network 
(mixture of an oligomer diol and triol, and di-isocyanate), 
are mixed with a vinyl monomer (methyl methacrylate, acry- 
lonitrile were most suitable). The crosslink points are intro- 
duced by the trifunctional polyol. Using dibutyltin dilanrate 
as the catalyst to promote polyurethane (PU) formation, a 
polyurethane network swollen in the vinyl monomer is 
formed. Subsequent polymerization of the vinyl monomer 
in the swollen polyurethane network results in a composite 
material: vinyl polymer and polyurethane being the two 
submicroscopic phases. 

Figure 29 is an electron micrograph of an interstitialpoly- 
mer composite from 80 parts of methyl methacrylate poly- 

merized interstitially in a polyurethane network from poly- 
butadiene diol. Osmium tetroxide stain was used to stain 
the polybutadiene elastomeric phase 129. The spherical 
domains of PMMA are clearly seen in the matrix of the 
elastomer. The size of the PMMA domains, for a given 
PMMA/PU composition is almost independent of factors 
connected with the vinyl polymerization, but is very sensi- 
tive to the physical condition and molecular details of the 
swollen PU network and on the state of gelation at the time 
of polymerization. Thus, it is quite sensitive to M c of the 
PU network. If the gel is 'loose', the domain size is larger 
than the domain size from a 'tight' network. 

The systems amenable to interstitial polymerization must 
clearly have two important prerequisites: (1) the precursors 
for the PU network must be soluble in the vinyl monomer, 
and (2) there must be a mechanism for formation of an 
elastomer network prior to the polymerization of the vinyl 
monomer 12s. Further, the solubility interaction parameter 
between the monomer and the gel should be such that the 
maximum swelling capacity of the gel is not exceeded, and 
that the density of crosslinks is high enough to prevent 
macroscopic phase separation during subsequent polymeri- 
zation of the monomer. 

A composite from interstitial polymerization containing 
80:20 PMMA/PU was found to have notched impact strength 
and shear modulus of 12.5 + 1.0 kJ/m2and 0.65 + 0.05 
GN/m 2 respectively, compared to 1.2 -+ 0.2 kJ/m 2 and 1.47 
+ 0.03 GN/m 2 in PMMA homopolymer 12a. The impact 
strength is increased ten-fold with only a decrease in modulus 
to about one-half. The composites from interstitial poly- 
merization of acrylonitrile in a polyurethane network were 
found to have the desirable combination of high notched 
impact strength and high modulus. 

These interstitial polymer composites may also be treated 
as microcomposites. The equation for composite materials 
that is most suitable for calculating the moduli of these 
systems takes into account the interaction of the two phases 
in the interracial layer. The experimental values of the shear 
modulus over a broad composition range of PMMA/PU inter- 
stitial composites was found to fit well the equation propos- 
ed by Davies 132'134. 

The two-phase structure of the interstitial composites is 
also supported by their transition behaviour. Two transition 
temperatures associated with Tg of PMMA and PU are ob- 
served. The shift in the position of PU a process from that 
normally seen in the corresponding PU bulk polymer is in 
support of the phase mixing in the interfacial region between 
the vinyl polymer domains 129. 

Interstitial polymer composites, similar to the systems 
that have been studied, are likely to play an important part 
in the future development of multiphase polymers and micro- 
composite materials. 

IN SITU CRYSTALLIZATION 

One of the intriguing ways of obtaining microcomposites is 
by crystallization of low molecular weight crystalline com- 
pounds or suitable crystalline polymers, in a polymer matrix, 
notably in the matrix of slightly crosslinked rubber. Only a 
few studies on in situ crystallization of one phase in the mat- 
rix of a rubber or plastic have been reported, but such inves- 
tigations offer interesting possibilities for future research. 

One of the early studies on the in situ crystallization of low 
molecular weight crystalline compounds in rubber 13s'136 
showed that crystallization of only 5% phenyl-/3-napthyla- 
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Figure 30 Scanning electron micrograph of a cut 
section of a sample containing 30 vol % of acetanilide 
in butadiene-acrylonitri le rubber 

should show solubility in the matrix at a temperature below 
the degradation temperature of each of the components; 
(b) broad range of temperature between the dissolution tem- 
perature of the crystallizing filler and the glass transition 
temperature of the matrix; (c) no chemical interaction of the 
crystallizing filler with the matrix, and low volatility at the 
fabrication and processing temperature 137 ,13s. These are 
difficult requirements to satisfy, but a systematic application 
of these concepts appears promising. If offers the prospect 
for developing composite materials with good adhesion bet- 
ween the dispersed phase and the matrix, and for controlling 
the morphology of the dispersed phase, and thus the mecha- 
nical properties, by controlling the temperature at which the 
system is allowed to crystallize and by the volume fraction 
of the crystallizing filler. 

CONCLUSION 

In conclusion, the recent work on block and multiphase 
polymers has already resulted in a number of materials with 
unique combinations of properties. We have, however, barely 
scratched the surface in this area of polymer science. Further 
progress will depend upon systematic studies in the above 
areas. In addition, we need to develop a scientific base for 
the understanding of the strength properties of multiphase 
polymers, because the main interest in such materials is the 
promise they offer for strong and tough materials. To guide 
the development of such materials, we need also to develop 
our understanding of the yield and failure mechanism of 
multiphase materials of controlled structure and morphology, 
including the study of creep and crazes that relate to the 
toughening of multiphase materials. 

Figure 31 Photomicrograph of polypropylene crystallizing in EPDM 
rubber 

mine produced the same increase in modulus of rubber as 
30-40% carbon black, commonly used for reinforcement 
and stiffening of gum rubber. 

Kardos and his workers 137'13s studied the in situ crystalli- 
zation of acetanilide in a styrene/acrylonitrile copolymer 
(SAN) and in an acrylo rubber (butadiene/acrylonitrile 
copolymer). Figure 30 is a scanning electron micrograph of 
a cut surface of a sample containing 30 vol % of acetanilide 
(from ref 138). The needle-like crystals were shown to have 
excellent adhesion with the matrix. The arrow in Figure 30 
points to the interlocking of two crystals, probably by twin- 
ning. There is a significant increase in the modulus of the 
composite relative to that of  the matrix. Over a fairly broad 
filler loading range crystallized at 25 ° C, the modulus can be 
predicted by the Halpin-Tsai equation sT'sa. At higher filler 
volume fraction (~0.3), because of the interlocking effect 
of the crystals, a Halpin-Tsai equation modified by Nielsen s9 
is more appropriate since it takes into account the maximum 
packing fraction which the filler can achieve. 

Figure 31 is a photomicrograph of a sample of  EPDM 
rubber in which polypropylene was allowed to crystallize. 
It shows the fibrous structure of polypropylene crystallizing 
in a matrix of rubber. 

The systems of the crystallizing filler and the matrix 
suitable for microcomposites of controlled solid state struc- 
ture need to satisfy the criteria: (a) crystallizing polymer 
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Specific intermolecular forces have been important to the development of many methods of polymer 
synthesis. This theme is developed so as to encompass major discoveries in ionic and complex organo- 
metall ic polymerizations and the more recent uti l ization of Lewis acid adducts for control of co- 
polymerization. In a final section, the rather weaker forces involved in charge transfer and exciplex 
binding are discussed in the light of existing and possible future mechanisms for polymer synthesis. 

It is self evident that intermolecular forces and intermole- 
cular complexes play an important role in a very wide 
range of chemical reactions, including synthesis of poly- 
mers. On the other hand, there are a number of rather 
specific molecular interaction phenomena of particular 
importance to the synthetic polymer chemist which pro- 
vide the foundation for this survey. Many of these inter- 
molecular complexes have been recognized and charac- 
terized during the time in which Geoffrey Gee has occu- 
pied the Sir Samuel Hall Chair of Physical Chemistry at the 
University of Manchester, and it is particularly appropriate 
to honour his retirement with a review of this nature as the 
first, and perhaps the simplest form of, molecular complex 
utilized in polymer synthesis was characterized in the same 
Department shortly before his arrival. 

In the late 1940s the research group led by Polanyi 
showed conclusively that rigorously purified, dry, isobuty- 
lene failed to polymerize when in contact with dry BF3 
and/or TIC14. Immediate polymerization ensued unon the 
introduction of traces of water I. These observations estab- 
hshed the requirement for a Lewis acid-cocatalyst complex 
as an initiating species for what is now termed a cationic 
polymerization, e.g. 

BF3+H20 ~--- H+[BF3OH] - 
CH 3 

+ ~ I-I- H [BF3OH]-+CH2=C(CH3) 2 CH3C [BF3OH]- 
! 
CH 3 

CH 3 CH 3 CH 3 
I÷ I I. 

CH3-----C ' [BF3OH]-+CH2=C(CH3)2---,,-CH3~C,--CH2-~C ' [BF3OH 1- 
I I / 

CH3 CH3 CH3 etc. 

Similar Lewis acid complexes are now widely employed 
for initiation of many tvpes of cationic polymerizations 
and, whilst precise details of some reaction mechanisms 
remain to be elucidated, afford opportunities for synthe- 

* Presented at the Sixth Biennial Manchester Polymer Symposium, 
UMIST, Manchester, March 1976. 

sis of new block and graft polymeric materials. Much of 
the recent development in this area is due to the work of 
Kennedy 2, following the commercial exploitation of butyl 
rubber (a random cationically prepared copolvmer of iso- 
butylene and isoprene) by the Standard Oil Develooment 
Co. (now Exxon Research and Engineering Co.). A par- 
ticularly important development by the Kennedy group was 
the utilization of aluminium alkyls as Lewis acids in forma- 
tion of catalytically active initiator complexes 3. Whereas 
the more usual Lewis acid-cocatalyst complexes employed 
protic agents such as water or HC1 as cocatalysts (and hence 
the ultimate source of initiating protons), it was demon- 
strated that carbocation precursors such as t-butyl chloride, 
allyl chloride, benzyl chloride etc. became extremely effec- 
tive cocatalysts when complexed with trialkyl aluminiums 
and alkyl aluminium chlorides e.g. 

RCI+AIEt 3 ~ ~ 12+[AIEtaCl] - 

( R=(CH3)3C-~ CH2=CHCH ~ etc.) 

It is well known that tertiary alkyl chloride units are pre- 
sent in commercially prepared samples of poly(vinyl chlo- 
ride), as a result of side reactions during polymerization, 
and these abnormal structures may thus be used to co- 
initiate graft polymerization when activated by complex 
formation with Et2A1C12, e.g. 

v~CH - - C H - - C H 2 ~ - - C H 2 - - C H , N v '  --- PVC 
I I I 

CI CI CI 

PVC + A I E t 3 ~  [PVC]+[AIEt3CI] - 

CH 3 

Poly (vinyl chloride)-g- < Isobutylene [ + PVC--CH2--C [AIEt3CI]- 
polylsobutylene [ 

CH 3 
Similarly, chlorobuty] rubber (obtained commercially 

by partial chlorination of isobutylene-isoprene copoly- 
mers) possesses allylic chloride units in the main chain 
which are readily activated to graft copolymerization by 
complex formation with Et2AICI: 
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~H3 (rH3 
CI 2 

'v~, C H2--  C- -C H2.~C = C H- -C  H2WW ~ - - - ~  
I 

CH3 
CH31 ~ H3 

CH2- -C- -CH= C - -  CH - -  CH2,~N, 
I I 

CH 3 CI 

AIEt2CI J[ 

Chlorobutyl Styrene ~ H3 
rubber- < ,,,vv CH2-- C--C H =C__C H __C H 2,~,, 
g - Heptene(-50 o) [ + 
polystyrene CH 3 

[AIEt2CI2]- 

We have already noted 1 that BF 3 was one of the first 
Lewis acids to be activated as an initiator for cationic poly- 
merization by protic agents etc. and, until very recently, it 
was the only boron trihalide which appeared to function 
in the required manner even though BF 3 is formally the 
'weakest' Lewis acid among BF3, BC13, BBr 3 and BI34. 
Clarification of this apparent anomaly has become avail- 
able again through the work of Kennedy and collaborators s. 
It is now known that the essential differences between 
cationic homopolymerization of isobutylene initiated by 
BF3/H20 and BC13/H20 combinations respectively, arise 
because the former catalyst system gives rates of polymer- 
ization governed largely by rates of initiation, which decrease 
with decrease in temperature, whilst the BC13/H20 system 
gives rise to very rapid rates of initiation at all temperatures 
and rates of polymerization which increase with decrease 
in temperature as a result of much diminished termination 
rates. In contrast to the BF3/H20 system where molecular 
weight is largely governed by chain transfer to monomer, 
polymerizations initiated by BC13/H20 exhibit spontaneous 
termination with transfer of chlorine from counterion to 
growing chain e.g. 

CH3 ~H3 
I, 

"vv~CH2-- ~ [BCI3OH] > ~N~CH2--C--CI+BCI2OH / I 
CH 3 CH 3 

In an elegant series of experiments, Kennedy and colla- 
borators s have established the termination mechanism in- 
dicated, and simultaneously generated a new technique for 
synthesis of block copolymers, by subsequent activation 
of the terminal tertiary alkyl chloride unit with diethyl 
aluminium chloride in the presence of styrene e.g. 

~wCH2--C--CI+Et2AICI., , ~vvCH2__ C [AIEt2CI2I- 
f 

CH 3 CH 3 

I Styrene 

Polyisobutylene- <-- ,w~CH2IC--CH2--CH+[AIEt  2CI21 - 
b-polystyrene I I 

CH 3 Ph 

Thus by suitable choice of catalyst or complexing cocatalyst 
homopolymer structures may be modified to provide a new 
range of graft and block polymers from readily available 
monomers. 

As indicated in the foregoing paragraphs, molecular 
complexes between Lewis acids and a variety of coinitiating 
species have dominated initiation processes in cationic 
polymerizations. However, there is a further complex equi- 
librium of equal importance to be considered, namely that 
of ion pair dissociation. Whatever the nature of Lewis 
acids and coinitiators, an initiating complex, and the actual 
chain propagating cationic entity, will be subject to ion 
pair dissociation equilibria possibly involving covalently 
bound, ion paired, solvent separated, and freely dissociated 
ionic species, e.g. 

RX ~.----~ R+X - ,. , ,  R ÷ / / X _  ,~dK > R + + X -  
Contact ion Solvent Free ions 

pair separated 
ion pair 

Whether or not contact and/or solvent separated ion pairs 
are intermediates will depend on the particular system be- 
ing considered but it is clear that full characterization of 
the effects of ion pair dissociation equilibria can only be 
successfully accomplished in the absence of cation forming 
equilibria such as those between typical Lewis acids and 
the usual cocatalysts. 

In our own work 6 we have sought to minimize compli- 
cations due to cation forming equilibria by utilizing as 
initiators, thermally stable crystalline complexes of appro- 
priate Lewis acids with comparatively stable carbocations 
such as triphenylmethyl (I) and tropylium (II). Hexachloro- 
antimonate (SbClg-) ion was the most convenient counterion. 

d 
(I) (rr) 

Use of these types of stable salts offers many advantages 
not least of which is the convenience of measurement of 
ion pair dissociation equilibria 7. Knowledge of the latter 
(e.g. for C7H~SbClg- in CH2C12 at 0°C,Kct = 3 x 10 -5 M) 
is important in that it permits regulation of catalyst concen- 
trations so as to ensure cationic propagation exclusively by 
free carbocations 6'8'9. Representative data for free carbo- 
cation propagation rate coefficients are given in Table 1. 
More recently we have used tropylium hexachloroantimo- 
hate in studies designed to evaluate the effects of chiral 
substituents on the stereochemistry of chain growth in 
propagation by free carbocations. This work is being pur- 
sued in collaboration with Chiellini and Solaro at the 
University of Pisa, in a group which owes its origins to 
Professor Pino who surveyed the effects of chiral substi- 
tuents on the sterochemistry of polymerization at the 
Manchester symposium 1°. 

Table 1 Propagation rate coefficients (k/~) for polymerization of 
RCH=CH2 in CH2CI2 at 0°C initiated by CTH+SbCI~ - 

k + X 10 -3  E a 

R (~m3/mol sec) (kcal/mol) 

CH30- 0.14 14 
CICH2CH2CHO-- 0.2 7 
CH3CH20-- 1.5 10 
(CH3)2CHCH20-- 4.1 6 
CyclohexyI--O-- 3.3 9 
(CH3)3CO-- 3.5 <2 
N-carbazyl- 340 6 
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In summary we find n that polymerization of (-)menthyl 
vinyl ether ([a] 25 = -73.6) (III) by C7H~SbClg - (10 -5 M) 
in CH2C12 at 0°C gives a product polymer (M_n = 15 000) 
having highly enhanced optical activity ( [a] 25 = -206).  
Highly isotactic poly [(-)menthyl vinyl ether] produced 
with more complex catalysts n has [a] 25 = -198.  Poly- 
merization initiated by C7H~SbClg - involves only freely 
dissociated ions, at the concentrations employed, and 
hence the high degree of stereoregulation observed must 
arise from steric, and chiral, effects between monomer and 
growing chains. 

CH 3 CH 3 

CH(CH3 ) CH2=CH OCH CH2CH 3 

OCH=CH 2 
(rrr) (n7) 

Very similar polymerizations of the less bulky monomer 
(S)-(1-methylpropyl)vinyl ether ([a] 25 = + 13) (IV), yielded 
a polymer (Mn = 6000) having enhancement of optical acti- 
vity ([~] 25 = + 142) approximately 40% of that exhibited 
by the highly isotactic product ([a] 25 = +312) obtained at 
lower temperatures with more complex catalysts 12. Clearly 
the smaller alkyl substituent in IV (compared with III) 
leads to a lower degree of stereoregularity in the polymer. 
Nevertheless the fact that the freely growing carbocation 
can interact with monomer with significant stereoregulation 
requires modification of the usual mechanisms put forward 
to explain stereoregular polymerization of alkyl vinyl 
ethers by complex catalyst systems 13. 

The Lewis acid complexes used in initiation of cationic 
polymerization of olefins are, of course, special examples 
of the more usually encountered Friedel-Crafts complexes, 
important in many organic alkylation, acylation and sul- 
phonation procedures. Whereas Friedel-Crafts reactions 
in organic synthesis normally employ large (i.e. equimolar) 
amounts of the Lewis acid component, the synthetic poly- 
mer chemist has been able to develop reaction conditions 
in which Friedel-Crafts complexes play a truly catalytic 
role. A good example is provided by the synthesis, devel- 
oped by ICI, of various types of polyarylsulphones from 
cationic step growth polymerizations of arylsulphonyl 
chlorides, e.g. 

~ 0 - ~ S 0 2 C I  

F¢CI3(_HCI ) 

Polyarylsulphones prepared in this way are now important 
commercial thermoplastic materials ~4. 

Another important example of the use of Friedel- 
Crafts complexes to produce resins having good combina- 
tions of electrical properties, chemical resistance and good 
thermal stability, is provided by the recently commer- 
cialized Xylok resins, developed by Albright and Wilson ~s. 
In this case the Friedel-Crafts reaction is used to synthe- 
sise a range of prepolymers from phenol and c~,a'-dime- 
thoxy-p-xylene in the presence of SnC14. The prepolymer 
(soluble) materials are eventually converted into cross- 
linked resins by the conventional phenohc resin curing 
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agents such as epoxy compounds or, more particularly, 
hexamethylenetetramine, viz.: 

OH 

+ CH 3 O C H 2 ~ - C H  2OCH 3 

SnCI 4 

OH OH OH 

Hexamethylenetetramine 

Xylok resin + NH 3 

Formation of Xylok resins is important in that it indicates 
how related cationic polymerizations of readily available 
monomeric units, which frequently give rise to products of 
low molecular weights may, in future developments, be 
readily converted to more useful products. 

Ion-pair dissociation equilibria are perhaps the most 
common forms of intermolecular complex important in 
polymer synthesis and there can be little doubt that anionic 
polymerizations provide the best examples (both quanti- 
tative and qualitative) of specific ion-solvent interactions 16. 
However these phenomena have been widely reviewed and 
will not be discussed further; a particularly lucid and re- 
vealing survey has been given by Szwarc 17, who was the 
first to recognize these important effects. It is worth noting 
that the polymerization of olefin oxides, especially propy- 
lene oxide, to high molecular weight and sometimes stereo- 
regular polymers might also be classified as anionic 18 and 
involves molecular complexes of iron, zinc, and aluminium 
alkoxides. Indeed it is fitting to recall that the role of water 
as activating cocatalyst in several of these systems was 
first recognized by Gee and his colleagues m. 

Similarly, the general area of Ziegler-Natta polymeriza- 
tion provides outstanding examples of molecular complex 
formation, notably between alkyl aluminium compounds 
and transition metal derivatives Here again the subject 
matter has been extensively reviewed ~6 and will not be dis- 
cussed further in so far as polymerization of olefin and diene 
monomers is concerned. Olefin metathesis however, is a 
development of studies in the general area of Ziegler- 
Natta polymerization and transition metal complex for- 
mation which is not only recent, but which could become 
increasingly important in polymer synthesis with the con- 
tinuing improvement in types and yields of hydrocarbon 
structures from refining of petroleum. 

OLEFIN METATHESIS 

As developed initially by the Goodyear Co., olefin meta- 
thesis 2°'21 was a term used to describe a redistribution re- 
action in olefins e.g. 

121 

a b e \  f \C=C / 

~C / C / WCle + EtAICI2 b / ~ f  
)l II . C C + EtOH c g 

c / \d  g / \ h  \ C = C /  
d / ~h 

These truly remarkable transformations can be accom- 
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plished with a wide variety of catalysts but most readily 
by complexes derived from tungsten or molybdenum 
halides. A particularly good catalyst is formed from appro- 
priate combination of tungsten hexachloride, ethylalu- 
minium dichloride and ethanol. Many reaction mechanisms 
have been proposed to explain the course of olefin metathe- 
sis but there is now convincing evidence 22 in favour of the 
metal-carbene complex chain reaction, originally proposed 
by Herrison and Chauvin 23 as illustrated schematically: 

G "I" 

¢ \ C = C ~  g 
f /  h 

b 
I o b 

o- -C - -M  ~C / M - 

- I I - II + I 
¢--C--C--g j  1 e /C~ f  g /  C ~h + 

f h 

Applied to strained cyclic olefins such as cyclopentene, 
the xeaction gives high molecular weight polypentenamer, a 
useful elastomer e.g. 

CH =CH 

. IcH l  

~ C H  ~ CH / Polypentena rner 

Very recent work by Katz and collaborators 2a indicates 
how well known polymeric materials may be synthesised 
from new monomers. Application of the metal-carbene 
chain reaction to 1-methylcyclobutene yields a polymer 
having essentially the same structure as cis-1,4-polyisoprene. 
It is interesting that the most effective metathesis catalyst 
for this polymerization is a preformed tungsten-carbene 
complex Ph2C = W(CO)5. 

ALTERNATING COPOLYMERIZATION 

Molecular complexes of the ubiquitous alkyl aluminium 
compounds are important in yet another area of polymer 
synthesis, in which completely new alternating copolymers 
are produced from the common polymerizable monomers. 

It was first reported by Hirooka et  al. 2s that free radical 
copolymerization of propylene and acrylonitrile in the 
presence of ethyl aluminium dichloride gave good yields of 
a 1:1 alternating copolymer: 

EtAICl 2 ~ 
C H 2 ~ C H + C H 2 ~ C H  ,---;-A-~--> --L--CH2---CH--CH2-~CH-]- 

I I I I ° 
CH 3 CN CH 3 CN 

Since the publication of Hirooka's observations, there have 
been a large number of similar reports for other monomer 
combinations and with other Lewis acid complexing agents. 
Typical examples include styrene/acrylonitrile[ZnC1226; 
vinyl chloride/acrylonitrile/EtA1C1227; butadiene and iso- 
prene/acrylonitrile-with many Lewis acids 2s. These types 
of copolymerization show the following general features: 

(1) 1:1 alternating copolymer is formed over a wide 
range of monomer feed compositions, usually in complete 
contrast to the behaviour observed in the corresponding 
conventional free radical systems. 

(2) The reactions are often spontaneous on addition of 
the donor monomer to a preformed Lewis acid-acceptor 
monomer complex, but may be promoted by conventional 
free radical initiation techniques to give copolymers of the 
same composition 29. 

(3) Monomers which homopolymerize and copolymerize 
poorly by free radical techniques (e.g. propylene 3°, allyl 
monomers) 31 copolymerize readily in the presence of Lewis 
acids. 

(4) The copolymerizations are usually affected by con- 
ventional free radical inhibitors (DPPH, hydroquinone) 32 
and are frequently complicated by competitive cationic 
homopolymerization of one of the monomers 33. 

Thus, although these systems exhibit many of the 
characteristics of free radical copolymerizations, the na- 
ture of the end products shows the powerful directing 
effect of the complexing agent. Lewis acids most common- 
ly used are ZnC12, SnC14, EtA1C12 and Et3A12C13. Acceptor 
monomers tend to be those with polar substituents (acry- 
lonitrile, methacrylonitrile, MMA) and the donor mono- 
mers are generally neutral hydrocarbons such as styrene, 
propylene, butadiene and isoprene. Alternating copoly- 
merization in the presence of Lewis acids is undoubtedly 
of practical importance and can be expected to feature 
prominently in the future design of copolymers. However, 
there is still considerable uncertainty as to the precise role 
of the Lewis acid component a4 and a full explanation must 
also account for the much earlier reports of the effects of 
metal salts on free radical homopolymerization of vinyl 
monomers, e.g. LiC1/acrylonitrile 3s and ZnC12/methyl 
methacrylate 36. 

Complexes of Lewis acids with monomers containing 
electron withdrawing groups such as acrylonitrile and 
methyl methacrylate, where the unshared electron pairs on 
oxygen or nitrogen supply Lewis base activity, are readily 
characterized by accompanying changes in the u.v. or i.r. 
absorption spectra of the olefinic compound. The com- 
plexes will certainly be more electrophilic, overall, than the 
uncomplexed olefin and would be expected to interact 
further with typical donor monomers, such as styrene, to 
promote alternating copolymerization. However, it is not 
at all clear whether the Lewis acid (which is usually present 
in large amounts) acts to complex a reacting monomer or a 
propagating radical. Both types of complex have been sug- 
gested 34. Bamford 37 has given an enlightened analysis of 
kinetic and mechanistic aspects with consideration of the 
complete range of monomer-Lewis acid phenomena and 
has suggested the more general description 'regulatedco- 
polymerization'. The latter implies copolymerization in 
which a change in monomer reactivity ratios is brought 
about by a Lewis acid, regardless of mechanistic implica- 
tions. 

Alternating copolymers were initially obtained from 
free radical polymerizations of mixtures of monomers hav- 
ing strong electron donor and acceptor character; impor- 
tant examples include styrene/maleic anhydride and alkyl 
vinyl ethers/maleic anhydride. In most of these cases there 
is evidence (usually spectroscopic) of ground state asso- 
ciation between donor and acceptor monomer pairs, lead- 
ing to the suggestion that alternating copolymers arise 
directly by free radical polymerization of monomer com- 
plexes. However, association constants for monomer com- 
plexes are frequently small and it is not yet clear how such 
weak forces of association could increase the polymeriza- 
tion reactivity of the complex (present in comparatively 
low concentration) relative to homopolymerization of the 

960 POLYMER, 1976, Vol 17, November 



monomers (where appropriate). A further difficulty with 
the concept of reactive monomer complexes arise because 
measurements of association constants indicate formation 
of molecular complexes for pairs of monomers which do 
not yield alternating copolymers. Proton magnetic reso- 
nance studies 3s of complexes between maleic anhydride 
and the monomers styrene, methyl acrylate, and methyl 
methacrylate give association constants 0.28 dm3/mol 
at 30°C, 0.32 dm3/mol at 60°C and 0.43 dm3/mol at 
60°C respectively. Only the first monomer gives alternating 
polymers with maleic anhydride. Despite these anomalies 
there is a continuing interest in donor acceptor interactions 
in polymer chemistry especially those exhibiting charge 
transfer phenomena. 

CHARGE TRANSFER COMPLEXES IN POLYMER 
SYNTHESIS 

In principle, monomers exhibiting donor or acceptor func- 
tion i.e. having low ionization potentials (ID) and high 
electron affinities (EA) respectively, should be polymer- 
izable via charge transfer interactions with a suitable part- 
ner 34. There are comparatively few examples of homo- 
polymerizable olefins having the required high electron 
affinity (vinylidene cyanide being a notable exception) 
but there are many examples of homopolymerizable elec- 
tron donor monomers including N-vinylcarbazole, alkyl 
vinyl ethers vinyl derivatives of naphthalene and anthra- 
cene, and cyclic ethers such as tetrahydrofuran. Useful, 
natural, organic electron acceptors include tetracyano- 
ethylene (TCNE), tetracyanoquinodimethane (TCNQ), 
chloranil, and maleic anhydride. 

The simplified Mulliken scheme for charge transfer 
interaction i.e. 

Donor + Acceptor -~ [Complex] ~ Donor S, Acceptor'- 

suggests the possibility of utilizing polymerizable olefins, 
as both donor and acceptor, in order to generate more than 
one type ofpolymerizing intermediate. Olefins having 
donor character polymerize best by cationic processes, and 
those having electron acceptor character by anionic or free 
radical processes. This distinction was first made use of by 
Gilbert e t  al. 39 who showed that mixtures of alkyl vinyl 
ethers (donors) and 1,1-dicyanoethylene (vinylidene cya- 
nide) spontaneously polymerized to give products consist- 
ing mainly of poly(alkyl vinyl ethers) (known to form by 
cationic processes only) and poly(vinylidene cyanide) 
(known n o t  to polymerize by cationic processes). A simple 
explanation for these observations although not generally 
known at the time, is that the reacting olefins undergo 
mutual oxidation and reduction with production of small 
amounts of initiating cations and anions respectively, e.g. 

ROCH=CH 2 
+ ~ -  [Complex] - - >  [ ROCH ~CH 2];~+ [CH2~C(CN)2] "- 

CH2=C(CN)2 I~DCH~CH21 CH2~C(CN) 2 

Cationic Anionic 
homopolymerizotion homopolyrnerization 

The early observations by Gilbert e t  al. 39 have been 
confirmed and substantially extended by Stille and colla- 
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borators 4° who have reported detailed studies of the mecha- 
nisms of interaction between a variety of unsaturated 41 and 
saturated cyclic 42 ethers with strong electron acceptors. 
Thus although in the presence of TCNE alkyl vinyl ethers 
form intermediate donor-acceptor complexes which ulti- 
mately collapse to 2 + 2 cycloadducts, the same monomers 
readily polymerize cationically in the presence of catalytic 
quantities of TCNQ and 2,3-dichloro-5,6-dicyano-p-benzo- 
quinone (DDQ). Neither TCNQ nor DDQ can readily under- 
go facile 2 + 2 cycloaddition. E.s.r. experiments and quen- 
ching of reaction intermediates by methanol have estab- 
lished the following (typical) mechanism for initiation via 
a charge transfer complex: 

Cl\ ~. /CN [CI x ~ /CN+ 

o o L o 

Cl\  ~, /CN + CH2~CHOR 
Slow ".r~,. ~ ~z--CH2--CH . Poly(alkyl vinyl ~dler) 

• " o R  
C I" ~) C -~-= N 

The reactions of TCNE and vinylidene cyanide with di- 
hydropyran are illustrative of the diversity of products 
which may be obtained in charge transfer initiated poly- 
merizations; TCNE gives only the 2 + 2 cycloadduct while 
vinylidene cyanide gives the two homopolymers as well as 
the 2 + 2 cycloadduct: 

CNCN 

NC CN 
CN 

CN 

Similar complications arise in the reactions of TCNE with 
N-vinylcarbazole 43 where the products include poly(N- 
vinylcarbazole) and 2 + 2 cycloadduct with the latter tter 
also being able to initiate polymerization in the presence 
of excess monomer. 

Apart from the well documented studies by Stille and 
collaborators 4°, there is considerable uncertainty as to the 
reaction mechanisms pertaining in many other charge 
transfer initiation processes. The topic has been fully 
surveyed by Hyde and Ledwith 34 and although it may be 
fairly said that charge transfer initiation of polymerization 
has not proved of any general value, despite considerable 
efforts, the closely related phenomenon of exciplex forma- 
tion appears to hold promise for significant commercial 
exploitation. 

EXCIPLEX INTERACTION IN PHOTOINITIATED 
POLYMERIZATION 

Excited states of charge-transfer complexes have structures 
resulting from a considerable degree of electron transfer 
in comparison to their ground states, e.g. 
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hv 
D + A ~ (D, A) > (D +, A-)*  

Nevertheless, the excited states of a charge-transfer com- 
plex should not be equated with a thermally-equilibrated 
pair of ion radicals, a point which was first highlighted 
in the early, but stimulating, review by Kosower 44. 

More recently, mainly as a result of the pioneering 
studies of WeUer and his associates 4s, it has become appa- 
rent that excited states, having structures equivalent to 
those of photoexcited charge-transfer complexes, may 
be formed by local excitation of one or the other com- 
ponent (i.e. D or A) in systems which do not give evidence 
of ground-state complex formation, e.g. 

hVD> A 
D D* > (D*, A) > (D +, A-)*  

A hVh> A* D > (D, A*) 

Here the excited state having the most electron-transfer 
character (D +, A-)*  is termed an exciplex and its forma- 
tion may be preceded by a variety of collisional complexes 
(encounter complexes) between an excited donor and 
ground-state acceptor or vice versa, e.g. (D*, A) and 
(D, A*). 

A simple molecular orbital treatment due to Weller 4s 
assumes that an electron is transferred from an excited 
state of one component to the ground state of  another as 
illustrated below: 

X X 

D* F + A > (D+A~) exciplex 

Molecular orbital treatment of exciplex formation (donor 
excited) 

e 2 
AG = I D -  E A -  h ~ -  - -  

r 

where hv is the excitation energy of A* or D* as appro- 
priate. Because a molecule in its excited state is both a 
better electron donor and a better electron acceptor than 
in its ground state, exciplex formation should be a wide- 
spread phenomenon• The topic is the subject of a recent 
review monograph 47. A particular advantage of ion radical 
formation via exciplexes rather than ground state charge 
transfer complexes is that a much wider range of substrates 
may be employed, including many compounds which do not 
interfere with commerically important polymerization sys- 
tems. However it must be stressed that molecules havi~lg 
ionization potentials or electron affinities typical of those 
observed in formation of ground state charge transfer com- 
plexes can equally well participate in exciplex formation 
with partners which do not give rise to ground state adducts. 
Likewise it is not necessarily the case that the photoexcited 
state of a ground state charge transfer adduct is the same as 
an exciplex formed by collisional interaction of an excited 
(uncomplexed) component 48. Interrelationships between 
charge transfer (CT) complexes and exciplexes are illus- 
trated below: 

Charge transfer complex 
and encounter complexes 

=,A)Ec ~ { D+, A-')F_C \ (D,A=IEc / 

=" D' A'- " 

x N 

x x ~ x 

N ~ x 

D + A * - - - >  (D+A'-)exciplex 

Molecular orbital treatment of exciplex formation (acceptor 
excited) 

Since the ionization potential (ID) and electron affinity 
(EA) are measures of the energies of the highest bonding 
and lowest antibonding molecular obitals respectively., 
AG, the energy of formation of the separated ions D+ and 
A -  from D and A in their ground states is I D - E A. Since 
we actually start with an excited state (e.g. A*), the energy 
of formation is diminished by the excitation energy of A*. 
Bringing the separated ions D 4 and A-" to their equilibrium 
distance It) in the exciplex reduces AG by an electrostatic 
term (-e2/r). It follows therefore 46 that the free energy 
of exciplex formation is given by: 

Products via intermoleculor processes 

Any distinction between collisional encounter complexes 
(denoted by EC) and exciplexes is indicated, in the diagram, 
by the potential interconversions of the two possible EC 
complexes to a pair of ion radicals [(D ÷, A-)Rd] having a 
solvation shell considerably relaxed from the Franck-  
Condon state [(D ~-, A-')F-C] formed on direct excitation 
of a ground state CT complex between the same compo- 
nents. Either of the encounter complexes, or the solvent 
relaxed exciplex, could be responsible for formation of the 
solvent equilibrated pair of ion radicals leading to ultimate 
photochemistry in the system. Reversion back to the neu- 
tral starting components will be an important competing 
process at any stage of the equilibria indicated and, although 
the diagram uses a common donor D and acceptor A for 
both CT complexation and exciplex formation, there is no 
requirement for ground state association prior to EC or 
exciplex formation. 

Exciplex formation between the excited states of most 
aromatic carbonyl compounds (acceptors) and a wide range 
of organic amines (donors) has been particularly useful as a 
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means of photoinitiating free radical polymerization '~'49. 
Singlet and triplet states of aromatic ketones are effi- 

ciently quenched by a wide variety of amino compounds 
and a general correlation exists between quenching effi- 
ciency and ionization potential of the amine, for a parti- 
cular class of amine s°'sl. In many cases tertiary amines are 
more effective than the corresponding secondary and pri- 
mary derivatives although specific solvation phenomena 
may change this order of  reactivity. Products from these 
various photo-redox processes are related and, for the 
photo-oxidation of amines, may be generalized as follows: 

Ar2C=O 
hv > (Ar2C=O) *RCH2cH2NR2 >(Ar2C= O) '-(RCH 2CH2NR2) ~ 

! 
Ar2C--OH + RCH 2CHNR 2 

Ar2COH + RCH2CHNR2- ->Ar2CHOH + RCH =CHNR 2 

RCH2CHNR2 + Ar2C=O - - >  RCH~CH N R2+Ar2C--OH 

2Ar2COH >AroC- -CAr  2 
1, I 
OH OH 

Fluorenone is one of the most useful of aromatic ketones 
having lowest lying n, lr* triplet excited states and its 
photophysical characteristics have been extensively 
characterized 48. 

Ionization potentials of amines are important in deter- 
mining quenching ability towards both singlet and triplet 
excited fluorenone but it appears that p h o t o r e d u c t i o n  is 
consequent upon interaction of triplet excited fluorenone 
with amine donors s°, the main effect of singlet state quen- 
ching being to reduce triplet yields. Evidence for the 
existence of both ion-radical pairs and free radicals is 
available from detailed CIDNP studies of photoreduction 
ofbenzophenones by tertiary amines. Such combinations 
afford a useful initiation system for radical polymerization of 
methyl acrylate s3 and we have demonstrated 49's4 that photo- 
reduction of fluorenone by tertiary amines is also an effective 
free radical initiating system for polymerization of methyl 
methacrylate, styrene, and acrylonitrile. 

Exciplexes produced on irradiation of naphthalene in 
the presence of acrylonitrile initiate polymerization of the 
latter ss, a reaction which helps to illustrate the wide range 
of organic structures which may be expected to participate 
in such processes. For initiation of radical polymerizations 
however, exciplexes of aryl ketones have been most widely 
employed and a particular interesting case arises from the 
use of Michlers' ketone (MK) (4,4'-dimethylaminobenzo- 
phenone) which possesses both carbonyl acceptor group 
and amine donor unit s6. It is also quite remarkable that 
Michlers' ketone enhances the light sensitivity of  initiator 
systems derived from other ketones sT. There is experi- 
mental evidence s8 for the photoinduced self condensation 
of Michlers' ketone, presumably via an intermolecular 
exciplex, and similar exciplexes are probable intermediates 
in systems based on mixtures of Michlers ketone and other 
carbonyl compounds e.g. 

Molecular complexes in polymer synthesis: A, Ledwith 

Me Me 

Me O Me 
M ichler's ketone (MK) 

MK ," (MK)sl ,- (MK)T I 

(MK)TI + MK - Encounter complex ( 'Exc ip lex ' ) -~  

OH 

(E) (~ )  

(V) + (Vl) 

Monomer 

Polymer 

OH 
J 

CH 2 f 
N - - C H  3 + 

(MK)TI+ Ar2C~---O J - (Complex) 
(Ar2C=O)rl +MK 

(Complex) ,~ Radicals 

During the past five years there has been an enormous 
upsurge in interest in photoinitiated polymerization for the 
hardening of decorative and protective surface coatings and 
soft mouldings as well as for the manufacture of printed 
circuits and relief printing plates s9'6°. Exciplex interaction 
has provided the means of improving both light absorption 
and wavelength sensitivity of photoinitiator components 
and will continue to be important for the future, especially 
since a number of economic and environmental factors now 
demand the development of pigmented, photocurable, 
printing inks based on fully polymerizable components. 
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Molecular design of polymers 

Anthony H. Willbourn 
Imperial Chemical Industries L td, Plastics Division, Welwyn Garden City, Hertfordshire, UK 
(Received 14 May 1976) 

This presentation is centred on what the chemist can achieve by control of molecular structure to 
achieve the 'simple properties' in linear, synthetic polymers which make them useful in a modern 
industrial environment. Transparency is a desirable property, readily accessible with amorphous 
polymers. Rather special structures are required to produce transparent crystalline polymers in the 
bulk state. The ut i l i ty of many polymers is restricted by their susceptibility to chain scission, lead- 
ing to a drop in molecular weight and hence loss of mechanical strength. A structural approach to 
defeating this effect is to make 'ladder' structures. An approach to the synthesis of novel ladder 
structures by bi-nuclear regulated copolymerization is suggested. Although copolymerization has 
been widely studied, little systematic work has been carried out on copolymer systems, which are 
more diff icult to attain, to study the effect of copolymer composition on physical properties. The 
results are not always those expected, as illustrated by the acrylonitrile/styrene system. An example 
for further research of this type is proposed. The problems of correlating molecular structure with 
mechanical properties in any quantitative way are formidable, although much progress has been made 
on the phenomenological level in the understanding of the physical behaviour of polymers. Attention 
is drawn to a correlation which has been observed between modulus and certain structural parameters 
which may open the way to quantitative studies. Toughness is a more diff icult property even to de- 
fine, let alone correlate with structure. Nevertheless qualitative correlations may provide a useful 
starting point for future research. 

INTRODUCTION 

Design is for a purpose. Design comes after the recognition 
of the need for what is to be achieved, and after a satisfac- 
tory answer to the question: why do it? It leads on to the 
question: how is it to be done? 

It is only in a mature field of science that these ques- 
tions can be posed and answered at all, because they pre- 
suppose a wealth of knowledge about what it is possible to 
achieve and the ability either to do so, or to discover means 
of so doing by pursuing lines of research of known pro- 
mise. Hence the fact that it is possible to talk on 'mole- 
cular design of polymers' is itself a tribute to the many able 
scientists who have, over the past 50 years or so, provided 
this wealth of background knowledge and who have dis- 
covered many remarkable ways of making polymers of all 
sorts of shapes and sizes. These different shapes and sizes 
result in an equal diversity of properties, and it is particu- 
larly in striving for understanding of some of these proper- 
ties that Professor Geoffrey Gee has contributed so 
significantly. 

This discussion will be restricted to a consideration of 
the relationship between the molecular design of synthetic 
linear polymers and some of those simple properties which 
are relevant to their usefulness to man. This will be the 
unifying theme, which may not be scientifically very defen- 
sible but in practice it is among the most powerful moti- 
vators of scientific research. 

The 'simple properties' that are useful are not always 
simple in scientific terms and the future direction of much 
polymer research will be governed by efforts the better to 

* Presented at the Sixth Biennial Manchester Polymer Symposium, 
UMIST, Manchester, March 1976. 

understand these properties and to improve on them. In 
reviewing what has been done, and what might be done in 
the future, emphasis will be placed on what can be achieved 
by the chemist by the control of the molecular architec- 
ture of polymers. There are other ways of changing pro- 
perties, e.g. by adding plasticizers, stabilizers, 'reinforcing' 
agents, etc., which are often the only practicable means of 
producing polymeric compositions (plastics) with the pro- 
cessing characteristics and final properties to suit particu- 
lar needs. However, on this occasion attention will be 
focused on what the chemist can do. 

MOLECULAR ENGINEERING 

Transparency 
Water-white transparency is on the face of it a very 

simple property. All that is required is that the material 
should neither absorb nor scatter radiation of wavelengths 
between 4000 and 7000 A. In principle the former should 
be no great problem with polymers based on carbon 
chemistry, since the electronic states of the ordinary sim- 
ple carbon bonds in synthetic polymer do not give rise to 
significant absorption of this radiation. In practice how- 
ever there are two major problem areas. 

The first problem is that most polymers when first made 
turn out to be coloured - usually dark brown, or at best 
yellow - and even if they start colourless they discolour on 
heating or on exposure to light. The pure scientist may dis- 
miss this unfortunate result as due to an aberration-the use 
of impure reagents, the formation of ionic complex chromo- 
phores from metallic contamination, thermal or photo- 
chemical degradation of the polymer to form conjugated 
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72 helix 

Figure I Helical structures of (a) isotactic polypropylene and (b) 
isotactic poly(4-methylpentene-1). [Reproduced from Caunt, A.D. 
and Rose, J. B. 'Kirk-Othmer Encyclopaedia of Chemical Tech- 
nology Supplement Volume', 2nd Edn, Wiley, New York, 1971, 
pp 773 -807  by permission of John Wiley and Sons Inc., New York, 
©] 

diene sequences in the chain, and so on. He will be right, 
but nevertheless a vast amount of both industrial and aca- 
demic research has been, and will be, aimed at eliminating 
colour in polymers, and in devizing stabilizers to prevent 
the formation of chrornophores (or to eliminate them by 
reacting with them). The problem arises not only from 
thermal decomposition during synthesis and processing, 
but from photochemical and thermal reactions during ser- 
vice. There is however one very helpful empirical rule to 
comfort the industrial chemist: the yellowness of a mould- 
ed thermoplastic polymer decreases with each increase in 
the scale and volume of commercial production and tends 
asymptotically to zero. 

This comes about for many reasons, the main one be- 
ing that much effort is devoted to achieving it. Quali- 
tatively the evidence for this 'law' may be seen in the his- 
tory of PVC, polystyrene and polycarbonate among other 
commercial plastics. 

The second problem area is more fundamental and 
arises because, in general, those polymers having geomet- 
rically regular repeat units will crystallize to form crystal- 
line domains larger than the wavelength of visible light. 

In polymer samples prepared by melting and forming 
(as most of them are), the individual lamellae are small, 
typically 100-300 A in thickness with lateral dimensions 
that can be up to several thousand A. But the lamellae 
~,ggregate in twisted ribbons to form spherulitic structures 
of sizes from about a micron up to units easily visible in 
the microscope. Therefore crystalline polymers are opaque, 
or at best translucent, in the bulk state. In forming these 
polymers into films they can be made more transparent 
which is fortunate considering how important these mate- 
rials are in such uses as photography. The rapid quench- 
ing which a thin film is subjected to produces some im- 
provement in transparency since rapid quenching from 
the melt reduces the degree of crystallinity and retards 
aggregation into spherulites. More drastic modification is 
achieved by orientation which not only results in the ab- 
sence of spherulites but can produce lamellar structures in 
which the orientation is correlated over distances large 
in relation to the wavelength of light, resulting in a marked 
decrease in intensity of scattered light ~. For example when 

polypropylene film is biaxially oriented, the spherulitic 
structure is completely disrupted and the final film has no 
visible structure and is highly transparent. However there 
are crystalline polymers which are transparent in the bulk 
state because of their molecular architecture, which is some- 
thing that the chemist can control. 

An unusual method of achieving transparency is exem- 
plified by poly(4-methylpentene-1). It is taken for granted 
that a polymer crystal has a greater density than the amor- 
phous phase, a larger refractive index and is optically aniso- 
tropic. These things are not true for poly(4-methylpentene- 
1) 2 . For instance the polymer chain in the crystalline unit 
cell forms a fairly open helix (less tightly coiled than the 
polypropylene helix, see Figure 1), and the packing of the 
large isobutyl side groups is such that the total assembly of 
bonds is vectorially quite well randomized. The result is 
that individual crystallites have low anisotropy and poly- 
mer spherulites exhibit unusually low birefringence com- 
pared, for instance, with polypropylene or polyethylene 
(Table 1). A second crucial and unusual factor is the fact 
that the specific volumes of the crystalline and amorphous 
regions are very close to each other; ill fact at room tem- 
perature the specific volume of the crystalline phase is 
greater (1.208 cm3/g) than that of the amorphous polymer 
(1.193 cm3/g). But the system is more complicated, other- 
wise the polymer would not crystallize at all. The amor- 
phous polymer has a larger coefficient of thermal expan- 
sion than the crystalline phase, and has a greater specific 
volume above 60°C 3 (Figure 2). The difference is large at 
around 200°C which is the temperature region at which 
the polymer crystallizes on cooling slowly from the melt 
(m.p. = 245°C). Under these conditions large spherulites 
are formed, and in forming they produce voids and the 
optical transmission drops to about 20%. If however the 
samples are quenched, such crystallization as occurs is at 
a lower temperature; voiding is reduced, and transparency 
is good (~80% transmission). In practice quenching pro- 
duces other problems and is not always practicable, and 
in fact the need to quench can be eliminated by some 
delicate molecular engineering. Copolymerization with 
a minor amount (~2%) of a linear 1-olefin helps, probably 
by lowering the temperature at which crystallization sets 
in. If in addition a very small amount (< 1%) of a high 
melting polyolefin is incorporated as a fine dispersion, to 
provide nuclei which persist in the molten polymer, then 
moulded parts can be made in which the average spherulite 
size is less than 5 pm, with optical transmissions around 
97% (Table 2). 

There is another industrially important way chemically 
to affect the transparency of crystalline polymers if they 
can be made with ionizable groups. Examples are poly- 
ethylenes and polyoxymethylenes containing small molar 
percentages of carboxylic acid groups which, when neutral- 

Table I Spherulite birefringence of some polyolefins 

B irefringence, 
Polymer n r -  n t 

Polyethylene (low density) -0 .003  
Polypropylene: 

Type I 0.003 
Type I I --0.002 
Type I I I --0.007 
Typical mouldings Varying from 

0.003 to --0.002 
0.0005 Poly(4-methylpentene- 1 ) 
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Figure 2 Specific volume-temperature curves for poly(4-methyl- 
pentene-1 ) samples: - - ,  quenched (more amorphous); -- -- -- 
annealed (more crystalline). [Reproduced from Griffith, J. H. and 
Ranby, B. G. J. Polym. ScL 1960, 44, 369 by permission of John 
Wiley and Sons Inc., New York (D] 

Table 2 Optical transmission of 1-olefin copolymers of 4- 
methylpentene- 1 

Optical transmission 
Mean of mouldings (%) 

Comonomer spherulite 
(2 wt %) Nucleation size (pm) Quenched Slow-cooled 

No >25 84 20 
None Yes < 2 95 88 

No >25 80 38 
1-Hexene Yes < 2 98 93 

No >25 90 47 
1-Decene Yes < 2 98 97 

ized with metallic cations, exhibit markedly increased 
transparency 4. These 'ionomers' (as they are known) are 
complex structures with many unusual features which can 
be illustrated by the Surlyn* range of plastics: these are 
ionomers based on ethylene copolymerized with meth- 
acrylic acid and (partly) 11eutralized with Na + or Zn ÷+ ions. 
The acid copolymers themselves with up to about 4 mol% 
of acid are structurally not very different from the parent 
low density polyethylenes, being translucent with typical 
spherulitic crystallinity (Figure 3). The introduction of 
cations however destroys the spherulitic structure (Figure 
4), and the process is reversible. The 'ionomerized' struc- 
ture is still crystalline (as shown by X-ray diffraction) and 

* Registered trademark, E. I. Du Pont de Nemours and Co. Inc. 
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the ions form clusters a few tens of Angstroms in diameter. 
Other properties change also: ionomers are generally more 
transparent than the parent acid copolymers, depending 
on the type and concentration of the cation; they have 
greatly increased water absorption (which can be up to 
25% by weight), the water presumably solvating the ionic 
clusters; ionomers are tougher than polyethylene, and are 
resistant to stress-cracking agents but they start to soften 
at quite low temperatures. In fact ionomers show some of 
the properties of crosslinked structures, but the 'crosslinks' 
are labile because ionomers are melt processable although 
they have much higher viscosities than the parent copoly- 

% 

g 

% 

4 

m ¢ 
Figure 3 Electron micrograph of an acid copolymer [Reproduced 
from Longworth, R. 'Ionic Polymers', (Ed. L. Holl iday), Applied 
Science, London, 1975, Ch 2, pp 69-172 by permission of Applied 
Science Publishers Ltd, Barking ©] 

E 

F igure  4 Electron micrograph of an acid copolymer after ionomeriza- 
tion. [Reproduced from Longworth R. "Ionic Polymers', (Ed. L. 
Holliday), Applied Science, London, 1975, Ch 2, pp. 69--172 by 
permission of Applied Science Publishers Ltd, Barking ©] 
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mers. Studies of other properties: dielectric relaxations, 
mechanical relaxations, thermal behaviour, X-ray diffrac- 
tion etc. display a complex dependence of properties on 
composition and no very convincing correlation with mole- 
cular structure. There seems to be plenty of scope for 
further research to understand these effects and to seek 
novel combinations of properties in such systems. 

Seemingly simple uses often demand unusual property 
combinations. Consider the laminated winds.creen as used 
in motor cars. All that is apparently required to make such 
a windscreen is a transparent, colourless tough plastic foil, 
which can be sandwiched between two sheets of (curved) 
glass. Further study shows that the optical quality of 
the interlayer foilmust be of a very high order so that a 
glass laminate made with it has a minimum light transmission 
of 70%, negligible haze (i.e. wide-angle scattered light) and 
low optical distortion. The foil must also be tough over a 
wide temperature range so that laminates are highly resis- 
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Figure 5 Variation of dynamic shear modulus G' with tempera- 
ture. Method: torsion pendulum 0.3--3 cycles/sec. - . . . .  , LDPE; 
. . . . . .  ionomer B; , Terpolymer X; . . . .  , plasticized 
poly(v iny l  butyral) 

tant to penetration over the temperature range - 2 0  ° to 
+40°C, but at the same time the laminate must yield on im- 
pact to give controlled deceleration below the threshold 
value causing brain damage. On top of all that, when 
the windscreen is broken, the glass fragments should still 
adhere to the foil. To achieve these effects, the adhesion 
between foil and glass must be closely controlled, not too 
great, and not too small. There is only one foil material 
which has been found satisfactory on a commercial scale 
for this use. It is poly(vinyl butyral) (PVB), an amorphous 
polymer, compounded with a specific plasticizer, which 
was introduced some 30 years ago and which has of course 
been gradually improved over this period. A crucial require- 
ment of PVB foil for this use is that its water content shall 
be carefully controlled at near 0.4%, because this governs 
not only the adhesion behaviour of laminates, but also the 
ability to make laminates and their integrity in service. PVB 
when sat arated takes up 3 to 5% of water. 

Various commercial ethylene copolymers and ionomers, 
which are partly crystalline, have some of the right sorts 
of properties for the windscreen application but none have 
the right balance. For example, ethylene/vinyl acetate co- 
polymers may have the desired stiffness and toughness but 
have poor adhesion to glass and inadequate optical proper- 
ties. Ionomers tend to be fairly transparent and give better 
adhesion to glass but are likely to be too stiff and to show 
too high a sensitivity to ambient relative humidity (r.h.). 
A much more suitable foil can be made by specific design 
of an ethylene/methacrylic acid terpolymer system. The 
level of acid copolymerized sets adhesion characteristics, 
while optical and mechanical characteristics can be opti- 
mized by controlling the content of a third monomer 
which can for instance be methyl methacrylate s. It turns 
out that a system with 4 mol% of each comonomer (Ter- 
polymer X) possesses the right balance of properties: com- 
parison of these materials is shown in Figure 5 and Table 3. 
An additional advantage of this terpolymer is that, unlike 
PVB, it has low water absorption and hence low sensitivity 
to ambient r.h. (Figure 6). One final thing is needed to 
achieve the highest transparency and minimum haze: the 
terpolymer foil should be cooled rapidly from the molten 
state during the process of making the windscreen. This 
quenching process renders the foil practically amorphous. 
Figure 7 shows what happened when a car fitted with a 
windscreen* made using Terpolymer X was involved in an 
(accidental) head-on collision, and illustrates the advantage 
of laminated screens. The driver's head impacted onto the 

* Experimental windscreen made by Triplex Safety Glass Co. for 
BLMC 1800 car. 

T3b/e 3 Comparison of foil materials and glass laminates made from them 

Impact strength of 
Methyl laminate* (ft) Adhesion behaviour: Transparency 

Methacrylic methacrylate glass retention after of 
Material Cation acid (mol%) (mol%) at - -20°C at 25°C breakage laminate 

PVB ~ -- -- 8 18 Good Clear 
Ionomer Na + 4 -- 15 14 Poor Hazy 

A 
Ionomer Zn ++ 6 -- 5 16 Fair Clear 

B 
Ionomer Na + 7 -- 10 15 Fair Hazy 

C 
Terpo lymer  -- 4 4 8 20 Good Clear 

X 

* Expressed as mean penetration height (ft) of a 1 ft  square laminate (foil 0 .030 in thick and glass 1/'8 in thick) for a 5 Ib steel ball 
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screen, but he emerged without a scratch on his face (al- 
though he did break his arm!). 

Glass transition temperatures o f  crystalline polymers 
No discussion of the temperature dependence of physi- 

cal properties can be coherent without agreement about 
the nature of the glass transition temperature, Tg, and 
its relationship to features of molecular structure. This 
has been a fruitful field for research, and there is no need 
to emphasize its continuing importance. There is however 
one recent development worth drawing attention to be- 
cause of its wider implications. For the simplest of poly- 
mers, viz. polyethylene, there is still controversy about its 
glass transition temperature: values of Tg are variously 
quoted as either around -120°C, or around -30°C 6. This 
disagreement leads to great confusion in the abundant 
literature on the properties of polyethylene and of related 
polymers (including the ionomers). Part of the problem 
undoubtedly arises because the 'glass transition tempera- 
ture' can be defined in different ways which lead to diff- 
erent criteria for recognition and measurement of Tg. A 
definition favoured by the author (although it is admit- 
tedly incomplete) is 'that temperature at which the main 
polymer chain acquires large-scale mobility'. Following 
this definition there is a simple criterion for Tg for those 
crystalline polymers that can be quenched from the melt 
into the fully amorphous glassy state: Tg is that tempera- 
ture at which crystallization occurs 7. Crystallization must 
involve fairly large scale chain movement, translational as 
well as rotational, especially as we now know that lamellae 
of folded chains are formed in the process. 

This criterion was of no value in the case of polyethy- 
lene because amorphous linear polyethylene had never 
been produced despite many efforts to do so. Quite re- 
cently however Hendra has succeeded in quenching a linear 
high density polyethylene to the fully amorphous state in 
which it is stable at -150°C. He has followed the onset of 
crystallization by observing infra-red spectra, Raman spec- 
tra and X-ray diffraction and has concluded that crystal- 
lization sets in at around -100°C which sets an upper litnit 
for Tg, using this criterion a'9. This work opens up a new 
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and fruitful field of research on the properties in their 
amorphous states of normally crystalline polymers, since 
this quenching technique can no doubt be applied to other 
crystalline polymers such as the aliphatic nylons, polyacetal 
and perhaps to polytetrafluoroethylene, polymers which 
have never been reported in the amorphous glassy state. 

Ladder polymers 
Permanence in physical behaviour is very desirable but 

most polymers are restricted in their utility by degradation, 
by light or by heat or by oxidation or by a combination 
of these. Typically such degradative reactions cause random 
chain scission, which results in a rapid drop in average mole- 
cular weight and this in turn results in a rapid fall in those 
properties dependent on average MW: impact strength, 
tensile strength and elongation at break. However there has 
been little work published on the quantitative aspects of 
this very important phenomenon. Adams has published 
data on MW changes of (unstabilized) polypropylene caused 
by thermal oxidation, photo-oxidation and by melt proces- 
sing, and noted that samples were quite brittle by the time 
their MW were halved 1°. The effect is quite dramatic: poly- 
propylene ofM n = 84 000 becomes brittle after 2 h exposure 
at 138°C if it is not stabilized. Similar data have been pre- 
sented by Birley and Brackman on the photo-degradation of 
low density polyethylenell. 

Most commercially available thermoplastics are produced 
with molecular weights as low as is safe and reasonable to 
confer the required mechanical properties, in order to make 
fabrication by moulding, extrusion, etc. as easy as possible 
by keeping the melt viscosity low. With this in mind, and 
taking account of the published data, it seems that when 
degradation has proceeded to the extent of about one bond 
broken per molecule present (thus halving Mn) the mecha- 
nical strength of the polymer has been effectively destroyed. 

A means of defeating this effect by redesign of molecu- 
lar structure is to form ladder polymers in which two paral- 
lel chains are connected together at regular intervals. An 
individual chain in a ladder polymer can undergo cleavage 
of any single bond without any effect on MW. If cleavage 
is a random process, then only after extensive degradation 
will two bonds in the same section of the ladder be cleaved 

Figure 7 Car f i t ted wi th  Terpo lymer  X windscreen after head-on 
collision 
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X X 

Figure 8 A ladder structure can withstand many bond cleavages 
without reduction in overall length 

O CH 2 C H  

\c  / 

O /7~ CH 

CH 2 

o z Z 

CH=CH 2 

o 

CH 2 

O + 

Figure 9 Diels--Alder condensation and polymerization of 2-vinyl- 
butadiene and benzoquinone 

and the chain itself be broken, with consequent drop in MW 
and in related physical properties (Figure 8). The first 
deliberate synthesis of a ladder polymer was by Bailey and 
Economy in 195412'13 of the polymer from 2-vinyl- 
butadiene and benzoquinone by Diels-Alder condensation 
(Figure 9). A proportion of the product was of fairly high 
MW, softening at over 340°C and soluble only in powerful 
solvents such as hexafluoroisopropanol. Many such ladder 
polymers have since been made, often containing condensed 
heterocyclic rings and giving intractable infusible solids 14. 
However some polyester types with a significant aliphatic 
content have been synthesised, and degradation studies on 
these and other systems have demonstrated that these ladder 
structures are more resistant to degradation than the ana- 
logous single-strand polymers ls'~6. 

This is a tantalizing field because there are polymers it 
would be interesting ta examine but synthetic methods to 
make them have yet to be devized. One such is a poly- 
ethylene-type ladder polymer with the 'rungs' irregularly 
spaced at intervals with an average of around 4 per 100 
chain atoms, i.e. at about the same frequency at the short 
branches in low density polyethylene (Figure 10). It is in- 
teresting to speculate what its properties would be. It is 
likely to be not very crystalline, the rungs not being regu- 
larly spaced, and also it is difficult to see such a ladder 
structure being incorporated in a chain-folded lamellar 
structure. A small amount of copolymerization with an 
a-olefin (say propylene or butene-1) to introduce some 
random short branches (R in Figure 10) might be expected 
to produce a completely amorphous polymer. Its thermal 
stability (and light stability) should be good, and although 
its melt viscosity would presumably be high for a given 
'ladder length', it should be processable at high tempera- 
tures without significant degradation. What its mechanical 
properties would be depends on one's view of the Tg of 
polyethylene (hence the comments above on this matter). 

Taking the view that the Tg is below -100°C, then this 
amorphous branched polyethylene-type ladder polymer 
will have an effective Tg around -70°C and (if lightly cross- 
linked) will be elastomeric over a wide temperature range, 
say from -60°C up to its limit of stability which could be 
well over 100°C depending on the conditions, the life re- 
quired and the effectiveness of stabilizing systems. 

Clearly some very advanced molecular engineering will 
be needed to synthesise a polyethylene ladder polymer. 
The obvious elegant way is to persuade, say 1,7-octadiene 
to copolymerize regularly, and coincidentally, between 
the same two growing polyethylene chains. Whilst this 
looks to be impossible to achieve in the way set out in 
Figure 11, published work on transition metal compounds 
which are catalysts for olefin polymerization 17 perhaps 
provides the basis of a possible synthesis. These catalysts 
function by 'growing' the polymer chain from the metal 
atom, the monomer being first coordinated to the metal 
and then being inserted into the polymer chain. Thus zir- 
conium tetrabenzyl is such a catalyst, and it retains its 
activity when bonded to a silica surface as a siloxy-tribenzyl 
zirconium. Under the right conditions structures of this 

(~R) - -  

- - ( ?  R) 

Figure 10 A polyethylene-type ladder structure 

Figure 11 Growth of polyethylene-type ladder structure by 
bi-copolvmerization with 1,7-octadiene (schematic) 
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type can indeed be formed (Figure 12). 
In this state the bonds are tetrahedrally disposed, but it is 

probable that during polymerization the zirconium is 6 co- 
ordinated with an octagonal structure (Figure 13). 

Now the procedure would be to synthesise a binuclear 
catalyst, joining two Zr (Bz)3 moieties with a para-xylyl 
ligand to form (Bz)3Zr.CH2.C6H4.CH2.Zr(Bz)3 . This bi- 
nuclear complex is then reacted onto a silica surface pre- 
viously heated to about 400°C so as to leave the surface 
only sparsely covered with OH groups (so that paired 
structures like those in Figure 12 are formed). When ethy- 
lene is presented to the system, polyethylene chains will 
grow from each of the paired Zr nuclei, and the problem 
is: how to join these two growing chains together? In prin- 
ciple this might be done by copolymerizing with 1,4-dial 
lylbenzene if the two allyl groups could be placed simul- 
taneously next to the two ~leighbouring Zr nuclei, To 
achieve this some 'template' mechanism must be provided 
to attract 1,4-diallylbenzene molecules onto the surface in 
between the paired Zr nuclei, so that their relative concen- 
tration is much greater there than at any other surface site. 
Such a mechanism could be the formation of a weak com- 
plex between diallylbenzene and the para-xylyl ligand by 
appropriate substitution of the respective aromatic nuclei 
by attracting groups X and Y. The complete system is 
shown in Figure 14. It would clearly be a formidable task 
to realize this system, but one might suggest an approach 
using X = F and Y = NR2 (R = alkyl), or vice versa. The 
effect of the substituent X on the stability of the xylyl 
ligand and on the polymerizing activity of the Zr nuclei 
may well be an important factor. 
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Novel copolymer systems 
Copolymerization is one of the most direct and widely 

used techniques of molecular engineering and the kinetics 
of copolymerization have rightly been the subject of ex- 
tensive academic study. The principles of the free-radical 
copolymerization of vinyl monomers are to be found in 
standard texts, with tables of  reactivity ratios, and Q - e 
diagrams. From these data it is apparent that there are 
many copolymers which are difficult to make. It is some- 
what surprising that more of these systems have not been 
taken as projects in, say, chemical engineering, the objec- 
tive being to make significant quantities of  truly random, 
thermally stable copolymers using the special monomer com- 
position control and feeding techniques now practicable 
with the advent of on-line process instrumentation and real- 
time computer control. It should be possible to make 
enough of these copolymers in laboratory scale apparatus 
to study their properties as a function of composition ~a. 
These properties sometimes turn out to be quite different 
from what was expected. 

Examples of 'difficult' copolymers which have become 
industrially important are the truly random copolymers of 
styrene and acrylonitrile (AN) containing 75 and higher 
mol% AN. This is a system in which~9: 

AN is monomer 1, r 1 = 0.04 

Styrene is monomer 2, r2 = 0.4 

The copolymer composition plot is skew sigrnoidal, as shown 
in Figure 15. This reflects the fact that over much of the 
range of monomer compositions the copolymer (instanta- 
neously) formed has a very different composition from the 
monomer mixture. Inevitably therefore if such a monomer 
mixture is fully polymerized, the copolymer formed will be 
structurally heterogeneous. This is illustrated in Figure 16 
for a 25:75 molar mixture of styrene and AN. The proper- 
ties of these heterogeneous copolymers are dreadful: ther- 
mal stability is poor and they are so brittle that the proper- 
ties can hardly be measured. If however the monomer com- 
position is controlled during reaction to produce a truly 
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Figure 14 System for polyethylene-type ladder polymer synthesis 
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1.0 

K 
Figure 16 The composition of the product resulting from the 
batch copolymerization of acrylonitrile (75 tool %) and styrene 
(25 mol %). [Reproduced from Hendy, B. N. 'Copolymers, Poly- 
blends and Composites', Advances in Chemistry Series, No. 142, 
Am. Chem. Soc., Washington D.C., 1975, pp. 115-128 by per- 
mission of The American Chemical Society, Washington D.C. ©] 

50 

random copolymer having even as much as 80 mol% AN, 
then a strong, clear and thermally stable copolymer can be 
made 18. The contrast in properties is indicated in Table 4. 

These particular copolymers, with high AN contents, are 
important because of their very low permeability to per- 
manent gases and in particular to CO2 and oxygen (Table 5). 
Such copolymers are classed industrially as 'barrier resins', 

and are used in the manufacture of bottles for carbonated 
beverages. 

Permeability is an important property which governs 
the use of  many polymers in film form to protect foodstuffs, 
chemicals, and agricultural products. In its simplest terms, 
permeability is a function of both the solubility (S) of a gas 
in the polymer and of its rate of diffusion (D). Both S and 
D are dependent on polymer structure in ways that are 
qualitatively understood, but there is certainly scope for 
better understanding and there are structural effects which 
are still mysterious. One of these is the relatively low per- 
meability of vinylidene polymers, shown by for instance 
polyisobutene compared with natural rubber and poly(vinyl- 
idene chloride) compared with poly(vinyl chloride) (Table 
5). An interesting research project would be to synthesise a 
range of vinylidene chloridel/isobutene 2 copolymers, truly 
random composition. This is likely to be difficult since one 
can guess that for this system r 1 ~ 3, r 2 ~ 0. 

The structures, and hence the properties, of these copoly- 
mers might well show some interesting and unusual features. 
The methyl group, although slightly larger than the C1 atom 
a~ld not spherically symmetrical, is not very different in size 
from the C1 atom. The available evidence suggests that the 
chain configurations of the two polymers in their individual 
unit cells are somewhat similar. Polyisobutene (PIB) only 
crystallizes on stretching; however in the unit cell the con- 
formation of the molecule is a 83 distorted helix with a re- 
peat distance of 2.32 A per monomer unit2°; the corres- 

Table 4 Styrene: acrylonitrile copolymers (20:80 mol ratio). 
Comparison of homogeneous and heterogeneous copolymers 

Un-notched 
Vicat impact 
softening strength X-ray 

Copolymer point (°C) (kJ/m 2) Appearance observations 

Hetero- 123 2.4 Yellow, Appreciable 
geneous translucent two-dimen- 

sional order 
Homo- 108 24 P a l e  Amorphous 

genous yellow, 
clear 

Table 5 Permeability of some polymers to oxygen and carbon 
dioxide 

Permeability coefficient at 25°C 
(cm 3 (STP)cm ) 

. . . .  X 10 lo 
cm sec atm 

Oxygen Carbon dioxide 

(a) Thermoplastics: 
Polyethylene (low densityl 180 900 
Polypropytene 90 300 
ABS 45 450 
PVC (unplasticised) 5 11 
Nylon-6,6 (dry) 2 7 
Nitrile barrier resin 2 5 

(AN: styrene, 75:25) 
Oriented polyester film 2 11 

[(poly(ethylene tere- 
phthalate)] 

Saran film [poly(vinylidene 0.5 4 
chloride) copolymer] 

(b) Rubbers: 
Natural rubber 1500 11 000 
Butyl rubber 100 400 
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Figure 17 Vinylidene chloride/isobutene copolyrners: depen- 
dence (hypothetical) of melting point (T m) and of glass transition 
temperature (Tg) on composition. A, Tin; B, Tg 

ponding conformation for poly(vinylidene chloride) (PVdC) 
is a 21 helix with a repeat distance of 2.34 A per monomer 
unit 21. Both molecules are very overcrowded in any con- 
figuration, so much so that the main chain bond angles at 
the CH 2 groups are opened up from the tetrahedral 109.5 ° 
to 128 ° for PIB and 123 ° for PVdC; the difference in bond 
angle at the CX2 group is rather greater, the angle being 110 ° 
for PIB and 120 ° for PVdC. These molecules are therefore 
rather similar in size and in preferred conformation, and in 
random copolymers of low isobutene content the comono- 
met units might be expected to cocrystallize. 

Some estimates can be made of the properties of such a 
cocrystallizing system. Although PIB does not crystallize 
unless stretched, from observations of the melting point of 
PIB at different elongations it appears that its notional melt- 
ing point is around 0°C; the Tg of PIB is -70°C. For poly- 
(vinylidene chloride) Tm ~ 210°C and Tg ~ -20°C. Hence 
one would expect a random, cocrystallizing, copolymer of 
80:20 VdC/IB composition to have (Figure 17): Tm ~ 175°C: 
and Tg ~ -30°C. 

Quite apart from this being an interesting academic re- 
search project, these random copolymers should have tech- 
nologically useful properties, especially if their lower melting 
points could be combined with thermal stability adequate to 
permit fabrication by melt processing. They should have 
good mechanical properties and be tough and extensible (the 
amorphous phase having such a low Tg), and might be expec- 
ted to retain low permeability to CO 2 and oxygen. 

MECHANICAL PROPERTIES 

Problem o f  structure correlation 
It is evident that, however desirable may be properties 

such as transparency, resistance to degradation, low dielec- 
tric loss, low flammability and low permeability, these are 
of little practical value unless they can be combined with 
'good mechanical properties' in a polymer which can be 
readily processed into desired shapes - mouldings, extru- 
sions, sheet and film. It is impossible really to define 'good 
mechanical properties' because what is acceptable in prac- 
tice is the result of a compromise between properties which 
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are essential for a particular application, adequate perfor- 
mance in other respects, and the overall cost involved. How- 
ever, prescinding from specific properties and applications, 
it is reasonable to generalize to the extent of stating that for 
structural uses one is seeking for high strength, rigidity, 
toughness and a wide usable temperature range. 

Although the dependence of mechanical behaviour on a 
variety of parameters (time, stress, geometry, environment, 
temperature), has been the subject of detailed investiga- 
tion and some progress has been made in an understanding 
in phenomenological terms, understanding at the level of 
molecular design is still qualitative, fragmentary and imper- 
fect, and compares unfavourably with the state of know- 
ledge about low molecular weight compounds, metals and 
even of elastomers. 

This point has recently been emphasized by Flory 22. He 
points the way to a rigorous mathematical approach to the 
calculation of physical properties using such basic data as 
energy barriers to bond rotation, intermolecular forces, the 
dimensions of chain links and of sub-units, the distribution 
of chain lengths, and the conformations of the long chain 
molecules. While in principle possible, this is a daunting task 
for the ordinary polymer scientist, if only because of the 
large amount of quantitative information needed for each 
polymer before a start can be made with the calculations, 
and also the difficulty of formulating the mathematical 
functions and programming the computations. 

A complementary approach is to consider the total sys- 
tem and to concentrate on those essential molecular fea- 
tures which determine a few basic properties. If one can 
establish some real correlations then these will point the way 
to profitable lines for future research, both practical and 
theoretical. Two examples of such correlations are proposed 
for consideration. 

Toughness and structure 

A tough material fails in ductile fashion, at large strains. 
Why is it that some glassy, amorphous (linear) polymers 
exhibit ductile failure, while others are brittle? Of course 
distinctions are not all clear cut, and are dependent on tem- 
perature, strain rate, etc. but the reality is quite recogniz- 
able in contrasting polystyrene with polycarbonate. There 
is no real correlation with modulus, glass transition tem- 
perature or secondary mechanical transitions. One clue is 
perhaps to be found in the shape of the molecule. 

In the 1930s and the 1940s when free-radical polymer- 
ization of vinyl compounds was the only readily available 
synthetic route to high molecular weight polymers, and 
most of these were amorphous being of the types 
- (CH2-CHX)-  or - (CH2-CXY)- ,  much effort was put 
into seeking useful polymers with softening points above 
110°C which was the top limit of Tg values for the poly- 
mers then in general use [polystyrene, poly(vinyl chloride), 
poly(methyl methacrylate)]. A favoured approach was to 
incorporate large side groups (X) in the vinyl ( -CH2-CHX-)n 
chain units, but the effect of this was invariably to make 
brittle materials. Perhaps the ultimate example was poly- 
vinylcarbazole, which has been used commercially because of 
its excellent dielectric properties and high softening point: 

s C ' ~ .  
CH 
I 
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Table 6 Effect of structure on impact behaviour of aromatic 
sulphone polymers 

Structu re Impact 
behaviour 

Me 

Me 

Ph 

Ph 

Tough 

Brittle 

- - - ~ S 0 2 ~ 0 - -  Tough 

" - - ~ S 0 2 ~ - - 0 - -  
Brittle 

Tough 

0 w 

Brittle 

~ 
S 0 2 ~ 0  - 

Brittle 

In more recent years conditions for carrying out a variety 
of coupling and condensation reactions have been devised 
(and intermediates of the requisite purity have been synthe- 
sised) to produce a wide range of macromolecular structures. 
These routes have been exploited to make high softening 
amorphous polymers by synthesising more rigid chain struc- 
tures in which large aromatic groups are incorporated in the 
main chain itself. If one compares these with polymers hav- 
ing bulky pendant groups, the striking difference is that the 
ring-in-the-chain polymers combine higher softening points 
(Tg) with increased toughness over vinyl polymers. They 
fail in ductile fashion, even at temperatures well below Tg, 
and therefore are able to absorb and dissipate mechanical 
energy: they are tough. 

It is in this context that the simple concept of shape be- 
comes significant. Put in its crudest terms large pendant 
groups interlock. This inhibits relative movement of neigh- 
bouring chain segments and the dissipation of elastically 
stored energy and the redistribution of stresses over the sys- 
tem thereby, thus leading to sequential failure at local high 
stress concentrations and to brittle failure of the total sys- 
tem. This mechanism is widely accepted as relevant on the 
macroscopic scale. 

The ring-in-the-chain amorphous polymers which are 
tough have chain structures without protuberances. It is 
interesting to note that if large side groups are introduced 

into these structures, then they become brittle also as was 
exemplified by Rose 23 for a series of aromatic sulphone 
polymers (Table 6). He also found that with the poly- 
(.phenylene ethersulphone) series of polymers the all para- 
linked polymer was tough but the ortho-para and the meta- 
para structures resulted in polymers which were brittle 
(Table 6). This is not inconsistent with the reasoning sug- 
gested, in that the ortho and meta linkages result in abrupt 
'kinks' in the chains which could be envizaged as causing 
neighbouring chains to interlock. 

This approach to the understanding of 'toughness' is 
clearly much over-simplified but it does suggest that a sys- 
tematic study of the failure behaviour of glassy amorphous 
polymers of widely different structures could be rewarding. 

Modulus and structure 
There is no satisfactory quantitative correlation between 

parameters dependent on molecular structure and elastic 
modulus, although in qualitative terms it is clear that modu- 
lus must be dependent on the energy of interaction between 
molecules and hence on parameters such as internal energy 
and coefficient of thermal expansion. Recognition of this 
has prompted a number of basic simple approaches to the 
problem. 

Combining a standard thermodynamic approach to the 
derivation of an equation of state of a simple molecular 
crystal with the Lennard-Jones model for the dependence 
of the energy of interaction between molecules on their dis- 
tance of separatio~a, gives for the bulk modulus (B) of a 
face-centred cubic lattice at 0K24: 

B0=8.04 ( E ~  ~ a p )  dyne/cm 2 (1) 

where E0ap is the molar energy of vaporization at OK (erg/ 
a 3 mol) and vO is the mol r volume (cm /mol). 

This equation holds well for neon, argon and nitrogen 
at cryogenic temperatures. 

Tobolsky 24 suggested that equation (1) would be a fair 
approximation at higher temperatures, and might even be 
relevant to amorphous polymers in the glassy state. The 
t e rm (gvap/g) is the cohesive energy density (CED), and 
this is 83 cal/cm 3 at 25°C for polystyrene. With CED ex- 
pressed in cal/cm 3 equation (I)becomes: 

B = 3.37 (CED) x 108 dyne/cm 3 (2) 

which gives a modulus value for polystyrene of 2.8 x 1010 
dyne/cm 2. The experimental value is 3.5 x 1010 dyne/cm 2, 
and at first sight this seems to be a very promising measure 
of agreement. 

A test of the general applicability (and utility) of equa- 
tion (1) is to plot modulus vs. CED for a number of poly 
mers. Nielsen 2s collected such data but noted that there 
was no correlation. His data are plotted in Figure 18. 

Lack of interest in this approach is therefore understand- 
able. However a broader consideration of the structural 
parameters which will determine modulus, combined with 
a similar approach to the glass transition temperature, en- 
ables one to demonstrate by an empirical procedure that 
there does indeed seem to be a relationship between 
modulus and cohesive energy density. 

Consider the simplest case of a linear, amorphous polymer 
of very high molecular weight (so that chain ends can be ig- 
nored) ~a the glassy state at temperature T < Tg. The indi- 
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Figure 18 Cryogenic Young's modulus and cohesive energy den- 
sity for various polymers. O, Amorphous polymers; O, crystalline 
polymers. - - ,  E = 3.37 (CED) X 108 

vidual macromolecules will take up completely random con- 
figurations, such as they assume in infinitely dilute solu- 
tion 2z. The force per unit area needed to produce uniaxial 
deformation at vanishingly small strain (i.e. the Young's 
modulus, E at zero strain) will in the ultimate be deter- 
mined by three parameters: 

(1) A molecular flexibility parameter, F(T, t), which is 
a function of temperature, T, and of the time scale of the 
experiment, t; 

(2) a parameter which is a measure of interchain forces, 
assumed to be of the form of equation (2); 

(3) a parameter which is a measure of bond angle distor- 
tion, assumed to be negligible at temperatures significantly 
>OK. 

The glass transition temperature is clearly determined by 
two of the same parameters, namely molecular flexibility 
and interchain forces. At the glass transition temperature 
the Young's modulus of amorphous plastics drops from 
3>1.0 GN/m 2 to ~0.01 GN/m z, the lower limit being set by 
the value for an ideal rubber- 

E ~ 3pRT/M c (3) 

which typically will be around 0.001 GN/m 2. So for amor- 
phous linear pol~cmers at their glass transition temperatures 
E ~ 0.01 GN/m z. 

What this means is that, in a sense, Tg is a 'normalized' 
temperature and it suggests an approach to identifying the 
individual parameters which determine the modulus. As- 
sume as an approximation that at temperatures just below 
Tg the parameter F (molecular flexibility) has the same 
dependence on temperature for all polymers, and hence 
that in this temperature region differences in modulus are 
determined by interchain forces (the contribution from 
the flexibility parameter F being constant). Pursuing this 
hypothesis, Figure 19 shows a plot of E~o versus 6~0 from 
data currently available on amorphous polymers, where: 
E~0 is the dynamic modulus in GN/m 2 at ~300 Hz measured 
at the temperature/'50; TS0 is the temperature 50°C below 
the Tg; 6~0 is the cohesive energy density at T50. 

The key to the data plotted is: 

PAN polyacrylonitrile, 
PEX polyethylene (amorphous, crosslinked, see ref 7), 
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NR 
PVAc 
PET 
PVC 
PC 
PS 
PMMA 
PES 
PSA 
PPO 

natural rubber, 
poly(vinyl acetate), 
poly(ethylene terephthalate) (amorphous), 
poly(vinyl chloride), 
polycarbonate (of Bisphenol A), 
polystyrene, 
poly(methyl methacrylate), 
poly(phenylene ethersulphone), 
polysulphone (of Bisphenol A), 
poly(dimethylphenylene oxide). 

The E~0 values were taken from dynamic mechanical data 
measured in these laboratories between the years 1955 and 
1965 except for the value for polysulphone (from Bisphenol 
A) which is a static modulus value and may therefore be 
slightly low relative to the other data. CED values were 
derived from solubility parameter values at 25°C calculated 
by the additive scheme proposed by Small 26 and collated 
by van Krevelen and Hoftyzer 27 who also give the specific 
heat data needed to make the derivations ~8, except for 
values for the two aromatic sulphone polymers which were 
estimated by Small :9. Tg values were taken as generally 
quoted in the literature, except that Tg for (amorphous) 
polyethylene was taken as -120°C. 

The line of slope 0.034 drawn in Figure 19 is simply the 
theoretical proportionality coefficient in equation (2), 
corrected for a change in units (1 GN/m 2 = 1010 dyne/cm 2) 
and assuming that the bulk modulus is (approximately) 
equal to the Young's modulus: 

E ~ 0.034 (CED) GN/m 2 (4) 

In contrast to Figure 18, it is apparent that the data plotted 
in Figure 19 do indicate a significant correlation between 

200 

-6 
u I0( 

150 
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O 

0 PET N R 
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O 

op S 
PES 0 0 PMMA 
PSA 

0 PPO 

I I I [ I 

O I 2 3 4 5 
E'(GN/m 2~ 

Figure 19 Relation between dynamic Young's modulus (E') and 
cohesive energy density (CED) for some amorphous polymers at 
(Tg -- 50)°C. E' /CED = 0.034 
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E~0 and CED which is not  very different from equation (4). 
It is interesting to note that the Ts0 values range from 
- 1 7 0  ° to +175°C. 

While some relationship between the relaxed Young's 
modulus and short-range intermolecular forces (of which 
CED is a measure) is to be expected, the excellence of the 
particular correlation observed is surprising and is further 
discussed elsewhere a°. In the meantime it is clear that 
further work to explore the scope of these observations is 
called for, and it would be particularly interesting to ob- 
tain modulus data for the amorphous states of those poly- 
mers which are normally crystalline. 
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Stereoregularity in vinyl polymers, although theoretically foreseen since 1929, became one of the 
main topics in polymer research after the discovery of the stereospecific polymerization of a-olefins 
in 1954. The theoretical and practical significance of a thorough knowledge of stereoregulation be- 
came immediately evident; however, in spite of extensive efforts made by different industrial and 
academic research groups, the mechanism of stereoregulation is far from being understood and the 
control of stereoregulation, particularly in Ziegler-Natta polymerization, is still carried out on a 
purely empirical basis. In this review, after a short survey of the methods used to determine polymer 
stereoregularity and a discussion of the information which can be obtained from examination of the 
microtacticity of the polymer chains, some of the factors which can influence the stereoregulation in 
radical, ionic and Ziegler-Natta polymerization will be considered. For the last type of polymeriza- 
tion, in which the nature of the catalyst seems to have an overwhelming importance, some analogies 
with the transition metal catalysed asymmetric reactions will be discussed. Finally, an attempt will 
be made to identify the main difficulties in further improving our knowledge of the control of stereo- 
regulation. 

INTRODUCTION 

In 1929 Staudinger e t  al. ~ pointed out that in vinyl poly- 
mers, even in those of completely regular chemical struc- 
ture of the macromolecular main chain, steric irregularities 
should be expected, since the tertiary carbon atoms were 
indeed asymmetric and could assume both possible abso- 
lute configurations. 

Unfortunately, no methods were available at that time 
to control the configuration of the newly formed asym- 
metric carton atoms during polymerization. The first 
attempts in this direction were made by Marvel e t  al. 2, who 
used optically active initiators in radical polymerization; 
the resulting polymers, however, were not optically active 
and were found to have similar properties to polymers pre- 
pared with the usual initiators. A paper by Huggins 3, in 
which he attributed the different solution properties of 
polystyrenes produced at different temperatures to a differ- 
ent stereoregularity, did not induce polymer chemists to 
investigate possible stereospecific polymerization processes. 
Schildknecht and collaborators 4, investigating the cationic 
polymerization of vinyl ethers with boron trifluoride in 
different solvents, found two different types of polymers, 
one of which showed some crystallinity. Unfortunately, 
the crystallinity was tow and the authors apparently assum- 
ed that all polymer chains in the sample had a similar steric 
structure. Therefore, they did not look for a suitable 
method of separation of polymers in a crystalline and in 
an amorphous fraction. Since the crystallinity of the poly- 
mers was too small to establish the actual type of stereo- 

* Presented at the Sixth Biennial Manchester Polymer Symposium, 
UMIST, Manchester, March 1976. 

regularity, and since the properties of the crystalline sam- 
ples were not excitingly different from those of amorphous 
polymers, this research did not persuade polymer chemists 
to look for polymerization processes having a high degree 
of stereospecificity. Furthermore, the possibility that the 
properties of stereoregular polymers could be entirely differ- 
ent from those of the amorphous materials known at the 
time was not seriously considered. 

A few years later, styrene was polymerized using 'Alfin' 
catalysts s. Although the 'Alfin' systems were shown to be 
highly stereospecific in the butadiene polymerization, 
yielding almost exclusively 1,4-trans polymers, the polysty- 
renes were not investigated in detail. It was only after the 
synthesis of isotactic polystyrene with Ziegler-Natta cata- 
lysts 6, that the above polymers were again considered and it 
was shown that they were isotactic 7. 

The concept that a catalyst could produce both stereo- 
regular and non-stereoregular chains was so far from the 
mind of polymer scientists that some a-olefin polymers ob- 
tained with heterogeneous catalysts containing chromium s 
or cobalt 9 in the early fifties, which showed a slight crystal- 
linity, were treated as if each macromolecule contained 
some stereoregular sections able to crystallize and some 
stereoirregular non-crystallizable sections. Therefore, no 
systematic attempt was made to separate crystalline and 
amorphous components. 

Only when Natta and his group 6 obtained a partly crystal- 
line polypropylene, using catalytic systems similar to that 
proposed by Ziegler for ethylene polymerization, the way 
of looking at partly crystalline vinyl polymers changed. In 
this case the first polymer obtained was clearly non-homo- 
geneous, and a successful attempt was made to separate 
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crystalline and amorphous polymers. In this way highly 
stereoregular polymers of propylene and other a-olef'ms 
were obtained 6 which had completely different properties 
than both the non-fractionated and the amorphous material. 

These results opened a broad field of research, including 
the synthesis and the properties of stereoregular vinyl poly- 
mers. The investigation of the crystalline structure and of 
the properties of these macromolecular materials have pro- 
ceeded rapidly. The research on the origin of the stereo- 
specificity in polymerization processes and on the stereo- 
regulating factors, however, is proceeding much more slowly 
and still has a largely empirical character. 

In our opinion there are two reasons that are mainly res- 
ponsible for the persistent ignorance about stereoregulating 
factors in vinyl polymerization. First, the tools available 
for the separation of the raw materials in fractions having 
different stereoregularity and for the quantitative deter- 
mination of the stereostructure of the fractions thus obtain- 
ed are limited. For the separation, no large progress has 
been made since 19546 , when the boiling solvents extrac- 
tion technique was first used for this purpose. This is still 
the most widely used method, even if many evident disad- 
vantages and failures have been pointed out 7s. For the 
determination of the stereostrueture, proton and 13C u.m.r. 
have replaced some relative methods such as determination 
of the crystallinity by X-ray diffraction or intensity mea- 
surement of i.r. bands connected with crystallinity or 
stereoregularity 1°. Very interesting results have been ob- 
tained with high resolution proton n.m.r., but 13C n.m.r. 
promises to become even more useful, although there are 
at present still some disadvantages connected with the diffi- 
culty in relating signal intensity to concentration. In any 
case, experimental uncertainties do not allow in general the 
detection of less than ~2% steric irregularities in a polymer 
chain H. Furthermore, the amount of information obtain- 
ed is restricted by the limited length of the observable se- 
quences, usually 2 or 3, exceptionally 4 or 5 monomeric 
units. The second reason for our lack of knowledge on the 
stereoregulating factors in vinyl polymerization lies in the 
nature of the process leading to highly stereoregular poly- 
mers. Most of these processes are in fact heterogeneous, 
and the most important ones in practice involve hetero- 
geneous catalysts containing a very small number of cata- 
lytic centres, the nature of which cannot be suitably inves- 
tigated by direct methods. Under these conditions the 
work carried out in most industrial laboratories has an 
empirical character and, even though it has been very suc- 
cessful in identifying catalytic systems with very high 
stereospecifity and, recently, exceptionally high reactivity, 
has not contributed remarkably to the basic knowledge 
cn stereoregulation. In an academic environment, on the 
other hand, this type of research is not carried out easily, 
since it requires a rather advanced knowledge of polymer 
chemistry, n.m.r, spectroscopy and catalysis; a combina- 
tion of specialties not readily achievable by graduate stu- 
dents during the relatively short period assigned for the 
preparation of a thesis. 

In the following, we will try to summarize briefly the 
state of our knowledge on the stereoregulating factors in 
vinyl polymerization and to identify the main directions 
for future development for the research in this field. How- 
ever, it must be emphasized that no attempt has been 
made to prepare a complete survey of the literature, which 
is very extensive indeed and even very important contribu- 
tions may have been overlooked. 

THERMODYNAMIC AND KINETIC ASPECTS OF 
STEREOREGULATION 

The relative thermodynamic stability of isotactic and syn- 
diotactic sequences in vinyl polymers has never been ex- 
perimentally investigated. Some data have been obtained 
for 'oligomers '~- la  and are shown in Table 1. Racemic 
dyads (i.e. couples of monomeric units arranged in a syn- 
diotactic way), denoted by (r), are thermodynamically 
slightly favoured over meso dyads, denoted by (m), ha all 
cases investigated. The free energy differences involved 
are apparently so small, however, that under equilibrium 
conditions highly stereoregular polymers would never be 
formed. The formation of stereoregular chains must there- 
fore be kinetically controlled and the stereoregularity is 
controlled by the difference in activation energy for the 
insertion of a monomeric unit in the growing chain yield- 
ing an isotactic or a syndiotactic dyad. In radical polymer- 
ization, for instance, the situation can be schematized as in 
Figure 1, if none of the preceeding units in the chain has an 
effect on the reactivity of the chain end (i.e. in the case of 
a Bernoullian propagation process). The degree of stereo- 
regularity of the polymer formed depends on the differ- 
ence in the free energies of activation for the two processes 
leading to isotactic (II) or syndiotactic (III) diads, 
&AG # (/XG~ - AGs~ ) (see Figure 2). Thus, to obtain a poly- 
mer at room temperature that contains more than 97% syndio. 
tactic (or isotactic) dyads, i.e. whose stereoregular sequences 
have an average length of at least 33, AAG # must be larger 
than 2 kcal/mol. 

This description of a single step in vinyl polymerization 
is analogous to that of a diastereoselective synthesis. Of 
course, for most polymerization reactions, e.g. ionic and 
especially Ziegler-Natta polymerization, the reaction path 
will be much more complicated than the one shown in 
Figure 1. However, the stereoregulation will always be con- 
nected with the difference in free energy of activation be- 
tween the two non-reversible steps of the growth reaction 
leading to the isotactic or syndiotactic dyads. This step 
can, but does not need to be the rate determining step of 
the growth reaction. 

Unfortunately, conventional kinetic measurements yield 
only the sum of the rates of formation of isotactic and syn~ 
diotactic dyads, and AG~ and AGs # cannot be determined 
separately. This situation is analogous to the one existing 
for instance in catalytic asymmetric synthesis. The infor- 
mation obtained there from the enantiomeric purity of 
the products is extracted, in the case of vinyl polymeriza- 
tion, from the microtacticity of the synthesized polymer 
chains. In fact, in the most simple case (e.g. radical poly- 
merization) the ratio between the relative amounts of iso- 
tactic and syndiotactic dyads, (m)/(r), corresponds to the 
ratio between the rate constants of the reaction steps lead- 
ing to the respective sequences, ki/k s. Then, the ratio (m)/ 
(r) gives the difference in free energy of activation, AAG #, 
as noted above, and the difference between the enthalpies 
of activation (AZM-/# = &H.. # - &Hs #) and the difference 
between the entropies of activation (A&S # = &Si # - &Ss #) 
can be determined by plotting ln(ki/ks) measured at differ- 
ent temperatures versus lIT 1°~°. As expected, in free radi- 
cal polymerization, a linear relationship between AAG# and 
T has often been observed 21. 

STERIC ASPECTS OF STEREOREGULATION 

Besides yielding information on the difference in activation 
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Stereochemical equilibrium in model compounds of vinyl polymers 

R 

I 
CH~÷CH--C%-~ H 

Equilibrium composition 

x = 2  x = 3  

R T (°C) Solvent Catalyst (m) (m) (mm) (mr) (rr) Reference 

--CN 25 MeOH NaOH 0.40 . . . .  12 
---COOMe 25 MeOH MaONa 0,455 0.453 0.198 0.509 0.293 12 
-CO O E t 25 E tO H E tO N a -- 0.431 0.178 0.506 0.314 12 
--COO(iso-Pr) 25 iso-PrOH iso-PrONa -- 0.360 0.117 0.485 0.398 12 
--CO0 H 180 H20 H C I - 0.483 0.242 0.482 0.274 12 
--COON H 4 180 H20 N H4OH -- 0.487 0.244 0.486 0.271 12 
-COONa 180 H20 NaOH - 0.449 0.197 0.504 0.299 12 
--Phenyl 25 DMSO t-BuOK 0,486 . . . .  13 

70 DMSO t-BuOK - 0.467 0.217 0.499 0.284 14 
--CI 25 CS2 AICI 3 0,29 . . . .  15 

70 DMSO LiCI 0,364 0.342 0.111 0.462 0.427 16, 17 

Equilibrium composition 

x =4  x = 5  

R T (°C) Solvent Catalyst (m) (m) (mm) (mr) (rr) Reference 

--CH3 --75 Pentene CISO3H 0,459 . . . .  18 
270 Octane Pd/C 0.485 0.487 0.237 0.500 0.263 18 

H P H 
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H RH R H 

,,LI ",, / / I  c / \ /c\ ~x 
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, " •  / ' k  , / \  
H H H  HH H 
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H R R  H H 

Y /  ",1 I 
C / C  C" 

,',,w,c / \ c  \c / \R ,,,\ ,, '\ , ' \  
H HH HH H 

(=) 
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(I) + 
nCH2=CHR 
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k,, (11") + (n-I) CH2=CHR 

~(m) +(n-I)CH2-----CHR 

Reoction coordinate 

b 

Free energy I 

.\ I 

- Y ~ t i o n  coordinote + y 

Figure 1 Possible reaction paths for the addition of a vinyl monomer unit to a growing chain by a radical mechanism 
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Figure 2 Difference in the free energies of activation (at 25°C) 
for the formation of  isotactic and syndiotactic dyads in a Bernoul- 
lian propagation process, required to obtain a given degree of 
stereoregularity 

I00 

parameters for the formation of isotactic dyads, n.m.r. 
experiments can also give interesting insight into the steric 
course of  the growth reaction. Depending on the polymer- 
ization mechanism, the growth of, for instance, an isotactic 
chain in vinyl polymerization can occur according to the 
two paths depicted in scheme (1). In the first case (la), 

H H H 
I I I 

,vw, C - - C H  2 -  + C H R = C H  2 - ,vw, C - - C H E - - - C - - C H 2 - -  

I I I 
IR R R (la) 

,~N, C H 2 - -  C -  + C H R = C H  2 = ' w v ' C H 2 - - C - - C H 2 - - C - -  

I I I Ob ) 
IR R R 

Ulrich W. Suter 

which has been verified in the Ziegler-Natta polymeriza- 
tion to isotactic chaifis, the configuration of the asymmet- 
ric carbon atom of the new monomeric unit that forms in 
each polymerization step is decided at the very moment of 
the addition. Therefore, it is possible to speculate about 
steric interactions between the R group of the entering 
monomer and the growing chain. Nothing can be said on 
this basis about the type of opening (cis or trans) of the 
monomeric double bond or about the side of the growing 
chain, approached by the entering monomer the growing 
chain terminal group being a CH2 group. 

In the second case (lb),  which occurs for instance in 
radical polymerization, the configuration of the asymmet- 
ric carbon atom of the ultimate monomeric unit of the 
chain is defined when the new monomer joins the growing 
chain. In this case, information on the side of the ultimate 
carbon atom (assumed as planar) of the growing chain 
which is attacked by the newly arriving monomer can be 
obtained, but nothing can be said about which prochiral 
face of the monomer is attacked or about the type of the 
double bond opening. 

More information can be obtained if deuterated mono- 
mers with known stereochemistry are used. In scheme (2) 

H H H H H H 

I I I I I I 
' v v v ' C - - C - -  + C H R = C H D  - - ' v v , , ' C - - C - - C - - C - -  

I I I I I I 
R D IR D R O (2a) 

H H H H H H 

I I [ I I I 
' v v v . C - - C - -  + C H R ~ C H D  - - ' v v v ' C - - C - - C - - C - -  

I I  I I I I 
D R D R D IR (2b) 

formation of a diisotactic dyad is shown. In both cases of 
addition, labelled (a) and (b) in analogy to scheme (1) 
steric information concerning both the side of the growing 
chain which is approached by the monomer and the pro- 
chiral face of the monomer preferentially attacked can be 
obtained from a knowledge of the microtacticity of the 
polymer. Furthermore, the type of double bond opening 
can be established if the growth reaction occurs simulta- 
neously at the two unsaturated carbon atoms of the enter- 
ing monomer. Unfortunately, most of the research up to 
now has involved non-deuterated vinyl monomers, but some 
cases of radical, cationic, anionic and Ziegler-Natta poly- 
merization using deuterated monomers have been described 
and have yielded very important indications on 
stereoregulation 22-33. 

STEREOREGULATION IN FREE RADICAL 
POLYMERIZATION 

Free radical polymerization occurs substantially as shown 
in equation (lb).  We can think of the terminal group with 
the unpaired electron as being substantially planar or a 
rapidly inverting trigonal pyramid. Then the stereoregulat- 
ing effect is connected with the prochiral side of the ter- 
minal trisubstituted carbon atom to which the new monomer 
is joined. The stereoregulating effect must originate from 
the steric interaction of the entering monomer with the R 
group of the penultimate unit of the chain. Interaction of 
the CHR group of the entering monomer with the growing 
chain apparently does not contribute to the stereoregulating 
effects, since experiments with monomers having a CHD 
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Table 2 Stereoregularity in radical polymers of monosubstituted ethylenes 

Triads 4(mm)(rr) 
Dyads 

Monomers Ini t iatort  T (°C) Solvent (m) (mm) (mr) (rr) (mr) 2 Reference 

Styrene BPO 80 Toluene 0.29 . . . .  35, 36 
--* --* --* 0.3 . . . .  37 

/3,/~-d2-Sty rene AIBN 100 Bulk (0.26) 0.06 0.40 0.55 0.83 22 
dT-Styrene AIBN 18 Bulk ~0.8 . . . .  24 

Vinyl chloride AIBN 25 Bulk 0.435 0.21 0.45 0.34 1.41 38 
--* --* --* 0.43 0.186 0.489 0.325 1.01 39 
AIBN 50 Butyraldehyde 0.33 . . . .  40 

a-all-Vinyl chloride AIBN 0 Cyclohexanone 0.43 . . . .  25 
AIBN 100 Cyclohexanone 0.46 . . . .  25 

/3,/3-d2-Vinyl chloride CPO 40 Bulk (0.434) 0.191 0.487 0.322 1.04 26 
(E)-~,[3-d2-Vinyl chloride BPO 70 CCI4 0.45 . . . .  27 

Vinyl formate AIBN 30 Bulk (0.50) 0.30 0.40 0.30 2.25 41 
AIBN 30 Acetaldehyde (0.50) 0.30 0.40 0.30 2.25 41 
AIBN 40 Bulk (0.52) 0.301 0.444 0.255 1.56 42 
AIBN 40 Acetone (0.53) 0.333 0.393 0.274 2.36 42 

Vinyl acetate AIBN/hv 30 Bulk 0.42 0.29 0.39 0.32 2.44 43 
AIBN 90 Amyl acetate 0.42 . . . .  43 
--* --* Bulk 0.46 0.207 0.498 0.296 0.99 44 

Menthyl vinyl ketone AIBN 40 Bulk 0.44 . . . .  45 
Ethyl vinyl ketone AIBN 50 Bulk 0.47 . . . .  45 
Phenyl vinyl ketone AIBN 50 Bulk 0.47 . . . . .  45 
[(S)-l-methyl propyl ]  -vinyl AIBN 50 Bulk 0.48 . . . .  45 

ketone 
[(S)-2-methyl buty l ] -v iny l  AIBN 50 Bulk 0.43 . . . .  45 

ketone 

4-Vinylpyridine AIBN 60 MeOH (0.29) 0.06 0.45 0.49 0.58 48 

2-Vinylpyridine AIBN 60 MeOH (0.20) 0.02 0.36 0.62 0.38 46 

Acryloni tr i le B(Butyl) 3 + 02 35 Bulk 0.5 . . . .  47 
BPA 120 Bulk 0.5 . . . .  47 

~-dl-Acrylonitr i le AIBN 50 DMSO 0.5 . . . .  28 

Methyl  acrylate BPO/hv 0 Toluene 0.53 . . . .  48 
3"-Rays 40 Bulk 0.53 . . . .  48 

iso-Propyl acrylate --* --* --* ~0.3 . . . .  49, 50 

*Exact conditions are not known, tBPO, benzoyl peroxide; AIBN, azobisisobutyronitri le; CPO, cumylhydroperoxide; BPA, t-butylperacetate. 
Values in parentheses are calculated f rom triad data. 

group show, that no preference for one of the prochiral faces 
of the entering monomer exists a4. 

The stereoregulating effect of the CHR group of the 
penultimate unit (or CRR' in 1,1-disubstituted ethylenes) 
could be due to a conformational effect along the growing 
chain, causing a preferential orientation of the terminal 
CHR (or CRR') group with respect to the chain already 
formed, and hence to a preferential orientation of the CH2 
group of the newly incoming monomer toward one or the 
other side of the terminal CHR (or CRR') group (compare 
Figure la). 

The extent of this type of regulation is very small, as 
expected. Experimental data, some of which are collected 
in Tables 2 and 3, show that a slight prevalence of syndio- 
tactic dyads exists in most cases, especially in polymers of 
1,1-disubstituted ethylenes. The polymers obtained from 
monosubstituted ethylenes can be divided roughly into two 
groups: those with aromatic substituents (phenyl or pyridyl 
groups) that are quite syndiotactic, (m) = 0.2 to 0.3, and all 
other ones, which are very nearly atactic. Poly(iso-propyl 
acrylate) seems to be an exception to this rule. No similar 
simple rule is obvious for the polymers from 1,1-disubsti- 
tuted ethylenes. 

In most cases where the content of dyads and triads 
could be determined experimentally, the polymerization 

appears to follow Bernoullian statistics. This is a confir- 
mation of the statement that the type of dyads already 
existing in the growing chain does not influence the stereo- 
chemistry of the addition of the new monomer unit, but 
that only the configuration of the ultimate tertiary (or 
quaternary) carbon atom in the chain has an influence. The 
only polymers that according to the value of the ratio 
4 (mm)(rr)/(mr) 2 are non-Bernoullian l° have extremely 
large side groups, i.e. the polymers from diphenylmethyl 
methacrylate and triphenylmethyl methacrylate s6, and per- 
haps (2,4,6-triphenylbenzyl) methacrylate s7 in Table 3. 
Poly(triphenylmethyl methacrylate) is also the only one 
that is distinctly isotactic. 

The quantity 4 (mm)(rr)/mr) 2 is a test for Bernoullian 
statistics with triad data only ~°. It is listed in Tables 2 and 
3 whenever triad data were available. As Bovey has pointed 
out 63, this criterion is extremely sensitive and can deviate 
substantially from the Bernoullian value of 1, if the triad 
data used are not very accurate. In general, a value of 
4 (mm)(rr)/mr) 2 between ~2 and ~½ seems not to contra- 
dict the assumption of Bernoullian statistics. 

Attempts to improve stereoregulation by polymerization 
in different solvents were made, but very poor results were 
obtained. In the polymerization of methyl methacrylate 
in bulk and 13 different solvents at 70°C, for instance, the 
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Table 3 Stereoregularity in radical polymers of 1,1-disubstituted ethylenes 

Dyads t 
Monomer Initiatort T (°C) Solvent (m) 

Triads 4(mm)(rr) 

(mm) (mr) (rr) (mr) 2 Reference 

,~-Methylstyrene A I BN/6000 atm 100 

Methyl methacrylate - *  - *  

NoneS: 60 
BPO 50 

Benzyl methacrylate BPO 60 
Diphenylmethyl methacrylate AIBN 60 

6O Triphenylmethyl metha- 
crylate 

(2,4,6-Triphenyl benzyl) 
methacrylate 

iso-Propenyl acetate 

Methacrylonitrile 

Methyl~-chloroacrylate 

Ethyl-a-chloroacrylate 
iso-Propyl-e-chloroacrylate 

AIBN 

AIBN 80 

Bulk (0.26) 0.06 0.40 0.55 0.83 22 

- *  0.26 0.04 0.36 0.60 0.74 51 
- *  (0.15) 0.03 0.24 0.73 1.52 52 
Toluene 0.30 0.08 0.33 0.59 1.73 53 
Bulk (0.24) 0.085 0.315 0.600 2.05 54 

Bulk (0.26) 0.07 0.37 0.56 1.15 55 
Toluene (0.23) 0.02 0.41 0.57 0.27 56 
Toluene (0.75) 0.64 0.22 0.14 7.40 56 

Toluene 0.32 0.16 0.33 0.51 3.00 57 

BPO 60 Bulk (0.44) 0.20 0.47 0.33 1.20 58 

AIBN 60 Bulk 0.46 0.19 0.47 0.33 1.14 59 
AIBN 80 Bulk (0.45) 0.20 0.50 0.30 0.96 60 

BPO 60 Toluene (0.26) 0.08 0.35 0.57 1.49 61 
BPO 70 Bulk 0.30 0.12 0.35 0.53 2.08 62 
BPO 70 Bulk 0.19 0.05 0.29 0.66 1.57 62 
BPO 60 Bulk 0.37 0.14 0.44 0.42 1.21 62 

*Exact conditions are not known, t A I B N ,  azobisisobutyronitrile; BPO, benzoylperoxide. ¢Thermally initiated. Values in parentheses are 
calculated from triad data 

meso dyad content (m) varied between 0.257 and 0.319 64. 
Having in mind the mechanism outlined above, it is clear 
that strong changes can only be expected between solvents 
that include drastically different chain (or chain end) 
conformations. 

A decrease in temperature generally increases the rela- 
tive number of syndiotactic dyads. The case of methyl 
methacrylate, where (r) increases from 0.64 at 250°C to 
0.87 at -78°C, has been particularly well investigated s4,6s'66. 
Similar observations have been made for many other mono- 
substituted and 1,1-disubstituted ethylene compounds. 
Accurate analysis of the experimental data still leaves ques- 
tions open ~°. However, in general a small difference in 
activation entropy seems to favour syndiotactic placements. 
The difference in activation enthalpy also seems to work 
in favour of the syndiotactic dyads, in many cases of mono- 
substituted ethylenes, however, this factor seems to be very 
smalltO, 67. 

The stereoregulating factors in free radical polymeriza- 
tion are thus relatively well known. The possibility of good 
stereocontrol seems at the present time to be really scarce, 
considering the points mentioned above. The only real 
success has been obtained on a different route, by ordering 
the monomer molecules prior to the polymerization using 
inclusion complexes 19~s and then initiating the polymeriza- 
by X-rays; however, this method has not found practical 
application up to now. Template polymerization of the 
type found in methyl methacrylate 69, does not seem to be 
very promising at the present time, although it offers very 
interesting possibilities, in principle. 

STEREOREGULATION IN IONIC POLYMERIZATION 

Polymers with marked stereoregularity have been produced 
both with cationic and anionic initiators from monosub- 
stituted and 1,1-disubstituted ethylenes. Although this 
stereoregulation was often achieved under homogeneous 
conditions, the best results were obtained where either the 
catalyst or the polymer or both were insoluble in the reac- 

tion medium. From literature data, however, it is not al- 
ways clear if the system under consideration is homogene- 
ous or heterogeneous, and we will list the data in common 
Tables regardless of the physical state of the components 
in the reaction mixture, although the existence of only one 
or two phases can be significant for stereoregulation. Re- 
suits on polymers obtained from the most investigated 
monomers are listed in Tables 4 to 10. Tables 4 to 7 con- 
cern monosubstituted ethylenes, the others show results 
for 1,1-disubstituted ethylenes. 

Table 4 summarizes some results on styrene. Here, in 
the non-stereoregular polymers, investigation of the micro- 
tacticity is hindered by the high band width of the n.m.r. 
peaks t°. Only in very recent publications it was claimed 
that a detailed analysis of the microtacticity was perform- 
ed, using 13C n.m.r. 35~. Cationic systems in toluene seem 
to yield polymers with low crystallinity and meso dyad 
contents similar to the value measured in free radical poly- 
mers 23'36. On the other hand it appears that with anionic 
initiators isotactic polymers can be produced under homo- 
geneous conditions in apolar solvents, such as toluene 7°'71. 
Even better results are obtained with heterogeneous sys- 
tems containing anylsodium or Alf'm catalysts 7'7t-73. In 
polar solvents, such as ethers, however, no highly stereo- 
regular materials were formed 23~'7°. 

Vinyl ketones (Table 5) polymerize with anionic initia- 
tors in hydrocarbon solvents to isotactic macromolecules 4s'74, 
some fractions having very high stereoregularities, (m) 
>0.954s. Often, the highly isotactic fractions amount to 
more than 80% of the total material. While lithium alu- 
minum hydride gives an inherently heterogeneous system, 
the polymerization with dialkyl zinc start homogeneously 
but a part of the polymer begins to precipitate already at 
low conversions 4s. 

Cationic polymerization of vinyl ethers is illustrated by 
the data shown in Table 6. In homogeneous systems, poly- 
merization in hydrocarbon solvents yields predominantly 
isotactic chains, whereas almost atactic polymers are ob- 
tained in polar solvents such as methylene chloride 77-79. 
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Table 4 Ionic polymerization of styrene 

Stereospecific polymerization of  vinyl monomers: Piero Pino and Ulrich W. Suter 

Catalyst System T (°C) 

Polymer insoluble 
in boiling 
heptane 

Solvent Stereoregularity (%) m.p. (°C) Reference 

C4H9Li Homogeneous --40 Toluene Isotactic* -- -- 70 
C4H9Li Homogeneous --78 Ethyl ether Atactic* -- -- 70 
C4H9Li Homogeneous 30 THF Atactic, (m) = 0.35 -- - 36 

CsH llNa/NaCI Heterogeneous - 4 0  Hexane Isotactic* 61 215-217 71 
'Al f in ' t  Heterogeneous --20 Hexane Isotactic* 98 215 71 

BF 3 Homogeneous --78 Toluene Atactic~ -- -- 23 
BF3OEt2 Homogeneous --78 Toluene Atactic, (m) = 40 -- -- 36 

Na Heterogeneous --20 THF Predicted syndiotactic~ -- -- 23 

*Stereoregularity from X-ray analysis, tAIlylsodium/sodium-iso-propoxide (1 : 1)/NaCI. ~/3,/3-d2-styrene as monomer, stereoregularity from 
n.m.r, measurements 

7"able 5 Anionic polymerization of vinyl ketones, R--COCH = CH 2. Solvent: toluene 

Highly Dyads 
R Catalytic system T (°C) isotactic polymer* (m) Reference 

-CH3 Zn(iso-C4Hg) 2 Heterogeneous --78 50 >0.95 45 
--C2H5 Zn(iso-C4H9)2 Heterogeneous --78 27 0.81 45 

/ C H 3  
( S ) - - C H  LiAIH4 Heterogeneous --78 94 0.96 45 

~ C 2 H  s 
j C H 3  

(S)--CH2~CH Zn(iso-C4H9)2 Homogeneous --78 41 0.82 45 
~ C 2 H  5 

--Phenyl Zn(C2Hs) 2 Homogeneous -25  23 0.85 74 

* Insoluble in acetone 

Table 6 Ionic polymerization of vinyl ethers and acrylates 

Triads 
Dyads 

Monomer Catalytic system T (°C) Solvent Fraction (m) (mm) (mr) (rr) 
Refer- 
ence 

Methyl vinyl ether BF 3.0Et2 (Homogeneous) --78 Toluene n.f. 0.79 
BF3.OEt 2 (Homogeneous) --78 Toluene n.f. (0.71) 
BF3.OEt 2 (Homogeneous 0 CH2CI 2 n.f. 0.64 
8F3.OEt 2 (Homogeneous) --78 CHCI3ltoluene n.f. (0.60) 
BF3.OEt2 (Heterogeneous) --78 Toluene/hexane n.f. 1 

Ethyl vinyl ether BF3.OEt 2 (Homogeneous) --78 Toluene n.f. 0.75 
BF3.OEt 2 (Homogeneous 0 CH2CI2 n.f. 0.65 

t-Butyl vinyl ether BF3.OEt 2 (Homogeneous) --78 Toluene n.f. 0.82 
BF3.OEt2 (Homogeneous) --78 Toluene n.f. (0.69) 
BF3.OEt2 (Homogeneous) --78 CH2CI 2 n.f. 0.45 
BF3.OEt 2 (Homogeneous) --78 CH2CI2 n.f. 0.44 

(~,/3-d2-Methyl acrylate LiAIH4 --78 Toluene n.f. ~0.9 

(E)-~,/~-d2-iso-Propyl Phenyl MgBr/Et20 (1:2) --78 Toluene pet.ether 1.00 
acrylate insol.* 

Phenyl MgBr --78 Toluene pet.ether 0.95 
insol. 

Fluorenyl Li/THF (~1:2) --78 Toluene pet.ether 0.86 
insol. 

~-dt-iso-Propyl acrylate Phenyl MgBr/Et20 (1:2) --78 Toluene n.f. ~1 

0.65 0.27 0.08 
0.54 0.34 0.12 
0.45 0.40 0.15 
0.41 0.37 0.22 

1 0 0 

0.56 0.36 0.08 
0.38 0.50 0.12 

0.70 0.24 0.08 
0.497 0.388 0.155 
0.16 0.58 0.26 
0.186 0.500 0.314 

77 
78 
77 
78 
78 

77 
77 

77 
79 
77 
79 

34 

29 

29 

29 

30 

*This polymer is completely insoluble in petroleum ether. Values in parentheses are calculated from triad data. n.f. = not fractionated 
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Table 7 Anionic polymerization of (Z)~,/3-d2-iso-propylacrylate 29 

H D 
\ / 

C=C  

D / ~CO0--{-iso --C3H-/) 

In toluene at --78°C, petroleum ether insoluble fractions 

R a t i o ~  
initiator 

Initiator ether 

cooR 9 ]ooR 
I I 

(m) C C C 
i ' i 
D A O 

Phenyl MgBr/Et20 1:0.05 0.95 0.28 
1:0.5 0.79 0.51 
1 : 2 ~ 1.00 0.50 
1:9 0.73 0.64 

Fluorenyl Li/THF 1:2.5 0.86 0.39 
1:16 0.83 0.20 
1:32 0.82 0.09 

* Fraction of dyads that are meso and have the deuterium on the 
methylene group in threo position 

Temperature does not seem to change these results dras- 
tically. In both cases mentioned, it would not seem un- 
reasonable to assume Bernoullian statistics 77. 

Isotactic polymers can be obtained with heterogeneous 
systems, e.g. with boron trifluoride etherate in toluene• 
saturated hydrocarbon mixtures 4'7a or with a catalyst ob- 
tained from aluminium oxide and sulphuric acid using alu- 
minium alkyls as activators s°~'1°2. The latter system in 
addition to being stereospecific, is also stereoselective s° 
and stereoelective al. 

A few results for polyacrylates are also listed in Table 6. 
These monomers polymerize anionically to isotactic chains 
in pure hydrocarbon solvents 293°~. In oxygenated sol- 
vents, predominantly syndiotactic chains are obtained 29. 
Table 7 shows the results of a particularly detailed study 
of the stereochemistry of anionic acrylate polymerization 
with (Z)-a, ~-d2-iso-propyl acrylate. It shows that the 
portion of meso dyads decreases somewhat with added 
ether, but that the stereochemistry of the methylene group 
is much more sensitive to this factor. With a Grignard 
initiator in virtually ether-free hydrocarbon solvent the 
erythro configuration is preferred at CHD in meso dyads, 
and this preference changes to the one for the threo place- 
ment as ether is added. With aryl lithium as initiator and 
otherwise unchanged conditions the preferential stereo- 
chemistry at the methylene group (in meso dyads) is 
reversed. 

For the 1,1-disubstituted ethylenes we begin the tabu- 
lation of selected experimental values (Table 8) with 
poly(a-methylstyrene) and some polymers obtained from 
para-substituted a-methylstyrenes. Polymers obtained 
with cationic initiators in polar or aromatic media, such 
as methylene chloride or toluene, are strongly syndiotac- 
tic 22'62'8s. In saturated hydrocarbons, syndiotactic chains 
of somewhat lower stereoregularity are obtained 62~. The 
presence of a substituent in the pars position and, in polar 
solvents, the type of initiator, have only little influence on 
the stereoregularity. Anionic initiators also lead to syn- 
diotactic chains, but less so in polar solvents than in 
hydrocarbons 2233. 

Also reported in Table 8 are some values for c~-chloro- 
acrylates. The usual anionic initiators, e.g. alkyl lithium 
or Grigna~d reagents, yield nearly atactic polymers ~ .  

Breslow and Kutner s7 found in 1971 that the solid pro- 
duct of the 1,4-addition of a Grignard reagent to an a~3- 
unsaturated ketone such as benzalacetophenone converts 
methyl methacrylate and methyl-a-chloroacrylate quanti- 
tatively to higher isotactic polymers. Application to seve- 
ral a-chloroacrylates show an equal stereospecificity 62~6. 

The most intensely investigated monomer in ionic poly- 
merization is methyl methacrylate. Table 9 shows a selec- 
tion of published data. With Grignard reagents in hydro- 
carbons highly isotactic chains are obtained. Addition of 
ethers lowers the isotacticity 29. With small amounts of 
ether, stereoblock structures are formed 29. Under most 
conditions, chains with different types of steric structure 
are formed, and the polymers must be fractionated before 
investigation as. As in the case of a-chloroacrylates, the 
addition products of Grignard reagents to conjugated ke- 
tones give highly isotactic polymers in quantitative yield aT. 
With alkyl or aryl lithium as initiator, isotactic polymers 
are obtained in hydrocarbon solvents. Solvents with higher 
ability to solvate the lithium cation give polymers with 
lower isotacticity. In the presence of amines substantially 
syndiotactic chains have been obtained 2939-91. 

Triad data in Table 9 indicate clearly non-Bernoullian 
statistics in toluene [where 4(mm)(rr)/mr) 2 -~8] and in- 
creasingly more BemouUian behaviour as the solvation 
power increases [the quantity 4(mm)(rr)/mr) 2 is 0.9 for 
ethylamine and 1.4 for ammonia as solvents]. Counterion 
size plays a clear role. In hydrocarbon solvents stereoregu- 
lation decreases with increasing size of the counterion 
(Li < Na< K), the decrease is smaller in pyridine and prac- 
tically absent in amines a9,9~. Finally, with lithium alu- 
minum hydride as intiator, highly isotactic polymers are 
obtained in ethyl ether and toluene, while in tetrahydro- 
furan predominantly syndiotactic chains are produced sT. 

With (E)-a-ethyl-/3~/1-methyl acrylate, Fowells, Schuerch, 
Bonvy, and Hood obtained information on the stereochem- 
istry of the methylene group (Table 10) 29. They polymer- 
ized this monomer in the presence of various amounts of 
tetrahydrofuran in toluene, using alkyl or aryl lithium as 
initiator. In the absence of tetrahydrofuran the process was 
highly stereospecific, both for the quaternary chain carbon 
atoms and for the CHD groups, yielding threo-diisotactic 
chains. Addition of ~2 molecules of tetrahydrofuran per 
lithium atom resulted in virtually no change. By further 
addition of THF, stereoblock polymers are obtained at first 
(at least at the low temperature listed in Table 10) and 
finally, predominantly syndiotactic structures with random 
configuration of the methylene group are formed. With 
Grignard initiator systems one obtains a reversed stereo- 
chemistry, since erythro-meso placements predominate 
at low ether concentrations and threo-meso structures in 
the presence of larger ether concentration. 

Finally, recent work on anionically polymerized methyl- 
a-ethyl acrylate shows an unusually strong dependence of 
stereoregularity on temperature for the butyllithium/toluene 
system 92. In contrast to observations on methacrylates, 
here (m) changed from 0.51 at -78°C to 0.99 at 0°C. The 
authors suggested that the low temperature material is 
actually a mixture of isotactic and syndiotactic chains. 
Similar to alkyl methacrylates, syndiotactic polymers form 
in tetrahydrofuran and isotactic ones in ethyl ether. 

The data of Tables 4 to 10 suggest some general lines 
that seem to be valid for stereoregulation in both, anionic 
and cationic polymerization. The ionic species can occur 
in several different forms in equilibrium with each other 76, 
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Table 8 Ionic polymerization of e-methylstyrenes and e-chloroacrylates 

Triads 
Dyads 

Monomer Catalytic system T (°C) Solvent (m) (mm) (mr) (rr) Reference 

e-Methylstyrene 

p-Chloro-~-methylstyrene 

p-Methyl-~-methylstyrene 

p-Trifluoromethyl-~- 
methylstyrene 

p-iso-Propyl-~- 
methylstyrene 

Methyl-~-chloroacrylate 

Ethyl-~-chloroacrylate 

TiCI 4 --78 CH2CI 2 (0.05) 0.02 0.06 0.92 62 
Triphenylmethyl --78 Methylcyclo- (0.28)* --* --* --* 82 

ZrCI5 hexane + CH2CI2 
BF 3 --78 Toluene (0.06) 0 0.12 0.88 62 
BF 3 --78 Toluene (0.06) 0 0.11 0.89 22 
BF 3 --78 Hexane (0.27) 0.11 0.32 0.57 62 
Napthyl Na --78 THF (0.35) 0.10 0.50 0.40 83 
Na 0 THF (0.34) 0.11 0.45 0.44 22 
C4H9Li 4 Cyclohexane (0.16) 0 0.31 0.69 22 

TiCI4 --78 CH2CI2 (0.11) 0.04 0.13 083 62 
TiCI4 --78 Hexane (0.34) 0.10 0.48 0.42 62,84 

TiCI4 --78 CH2CI 2 (0.03) 0 0.05 0.95 62 

TiCI4 --78 CH2CI2 (0.33) 0.10 0.45 0.45 62 

Triphenylmethyl- --25 CI(CH2)2CI (0.43) 0.22 0.42 0.36 85 
hexafluorophos- 
phate 

C4H9Li - --25 Ct(CH2)2CI (0.25) 0.13 0.24 0.63 85 
H2N(CH2)4NH2 

Phenyl MgBr - 6 0  Toluene (0.48) 0.30 0.36 0.34 86 
EtMgBr 30 Heptane (0.41) 0.22 0.37 0.41 86 
EtMgB r--benzalaceto- 30 Heptane (0.91) 0.87 0.07 0.06 86,87 

phenone 

Phenyl MgBr 0 Heptane (0.50) 0.34 0.33 0.33 86 
EtMgCI 30 Heptane (0.40) 0.24 0.31 0.45 86 
EtMgCI-benzalaceto- 30 Heptane (0.91) 0.87 0.07 0.08 86 

phenone 

* Dyads are calculated from triad data, but these are not given in the original paper. Values in parentheses are calculated from triad data 

Table 9 Ionic polymerization of methyl methacrylate 

Triads 
Dyads t 

Catalytic system Solvent T (°C) Fraction (m) (mm) (mr) (rr) Reference 

n.f. (100%) (0.84) 0.58 0.26 0.16 88 
Phenyl MgBr Toluene 0 pet. ether insol. (90%) (1) 1 0 0 88 
Phenyl MgBr Toluene 30 --* (0.99) 0.99 0.01 0 90 
EtMgB r--benzalaceto- Heptane 30 n.f. ( 1 ) 1 0 0 87 

phenone 

C4H9Li Toluene --70 pet. ether insol. (0.77) 0.670 0.205 0.125 89 
Fluorenyl Li/'FHF (1:1) ~ Toluene --78 pet. ether insol. (0.79) 0.70 0.19 0.11 29 
C4H9Li THF --78 --* (0.47) 0.31 0.32 0.37 90 
C4HgLi Pyridine --60 pet. ether insol. (0.24) 0.074 0.332 0.594 89 
Fluorenyl Li EtNH2 --60 --* (0.16) 0.023 0.275 0.702 91 
Fluorenyl Li NH3 --68 --* (0.14) 0.026 0.232 0.742 91 
C4H9Li Toluene 0 pet. ether insol. (0.81) 0.720 0.173 0.107 89 
C4H9Li THF 0 --* (0.25) 0.06 0.38 0.56 90 
C4H9Li Pyridine 0 pet. ether insol. (0.24) 0.082 0.318 0.600 89 
Fluorenyl Li EtNH 2 9 - *  (0.25) 0.073 0.347 0.580 91 
CsH 11Na Toluene 0 pet. ether insol. (0.72) 0.567 0.309 0.124 89 
CsH]tNa Pyridine 0 pet. ether insol. (0.35) 0.119 0.458 0.423 89 
Fluorenyl Na EtNH2 10 - *  (0.32) 0.146 0.300 0.554 91 
C8H]TK Toluene 0 pet. ether insol. (0.56) 0.346 0.421 0.233 89 
C8H1-/K Pyridine 0 pet. ether insol. (0.40) 0.140 0.529 0.331 89 
Fluorenyl K EtNH 2 10 --* (0.30) 0.096 0.410 0.494 91 

LiAIH4 Et20 --70 MaOH insol. (1.00) 1.00 0 0 57 
LiAIH4 THF --70 MeOH insol. (0.15) 0.07 0.16 0.77 57 

* Fractionation is not described; ? values are calculated from triad data; ~ with (E)-3-dt-rnethyl methacrylate, n.f. = not fractionated 
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Table 10 Anionic polymerization of (Z)-~-ethyl-~-dlmethyl acrylate 29 

H CH 3 

\ c = c  / 
D//  ~COOC 2 H s 

Temperature --78°C, petroleum ether insoluble fractions 

Catalytic system Solvent (m) 

COOR 9 COOR 

- - C  C C - -  

I ' 1 
C I.-I CH 3 (mm) (mr) (rr) 

C4H9Li Toluene 0.96 0.80 
Fluorenyl Li Toluene 0.87 0.77 
Fluorenyl Li/'rH F (1:2.5) Toluene 0.91 0.76 
Fluorenyl Li/THF(1:7.5) Toluene 0.64 0.07 
Fluorenyl Li THF 0.15 0.07 
Phenyl MgBr/Et20 (1:9) Toluene 0.96 0.92 

0.91 
0.79 
0.85 
0.55 
0.05 
0.94 

0.08 
0.16 
0.12 
0.18 
0.21 
0.04 

0.01 
0.04 
0.03 
0.27 
0.74 
0.02 

* Fraction of dyads that are meso and have the deuterium in threo position 

and each form has an individual behaviour for polymeriza- 
tion and stereoregulation 9a-9s. Most polar solvents exhibit 
a specific solvent effect by solvating the cation or the ion 
pair, e.g. pyridine, ethers or amines; in this case either free 
ions or solvated ion pairs are formed. On the other hand, 
in apolar solvents, for instance in hydrocarbons, contact 
ion pairs occur predominantly. Additionally, different ion 
pairs might aggregate here to form unreactive species 96. 
Depending on the type of charged chain end (carbonium 
ion or carbanion) and on the state of solvation of the ions 
or ion pair, a different behaviour might be anticipated. 

Under homogeneous conditions, in solvents with high 
'solvating power' where solvent separated ion pairs or even 
solvated free ions exist 9a'97, the polymers formed contain 
atactic or prevailingly syndiotactic structures, similar to 
those found in free radical polymerized chains. In the case 
of free ions we expect principally the same stereoregulating 
factors to exist as in the case of free radicals, except for 
differences in solvation of the chain ends. In the case of 
solvent separated ion pairs, which occur in the media of 
lower 'solvating power' and seem to predominate under 
usual polymerization conditions in polar solvents, a very 
small influence of the counterion seems to exist. If  2-dl- 
monosubstituted ethylenes are used, we expect the con- 
figuration of the CHD groups to be random, as was observ- 
ed in the case of free radical polymers a4. I,adeed, in the 
case of(Z)-a-ethyl-/3-dl-methacrylate, polymerized with 
aryllithium in tetrahydrofuran, such a random stereostruc- 
ture has been observed (see Table 10) 29. 

In solvents having little 'solvating power', the polymers 
fgrmed are in general isotactic. Here, the charged chain 
ends are iavolved predominantly in contact with ion pairs. 
These seem to be somewhat less reactive than the more 
separated species encountered above 94'9s, but a stereoregu- 
luting influence of the counterion seems to exist during the 
polymerization process. Different models have been pro- 
posed to explain the occurrence of isotactic structures~ 
and several factors are probably important. Many authors 
have made the assumption of a cyclic and/or chelated 
chain end. Many authors believe that poly(vinyl ethers), 
for instance, have a ring structure as suggested in Figure 3 
the oxygenated chain acting as a specific solvating agent 
itself 99. For the anionic polymerization of methacrylic 
esters a propagating chain end structure like the one in 
Figure 4 was proposed29'gs; other authors however, regard 
such structures as unreactive 1°°'~°1. Also, for anionic metha- 

H R H 
p~-~-.-_ , / "  ----~OR 

H - ~ ' - ~ H  CH2 

H H 

CH #m'O__R 

Figure 3 Cyclic transition state proposed for the 
polymerization of vinyl ethers to isotactic polymers 
in solvents having little 'solvating power' 

C H 3 0 ~ n  / 
CH.~ i i : OCH 3 
"<hi.CinCH2 1 .,, 0 

c / ! ...... - " i .."" 

/ \ o  .................... CH30 

Figure 4 Cyclic transition state pro- 
posed for the polymerization of methyl 
methacrylate to isotactic polymers in 
solvents having little 'solvating power' 

crylate polymerization a specific interaction between en- 
tering monomer and counterion has been postulated 89. 
None of these mode]s seems to suit the case of styrene, 
however, with which one can still obtain isotactic structures 
under apparently homogeneous conditions (see Table 4). 

Under the same conditions, for instance in the system 
styrene/perchloric acid in methylene chloride at room tem- 
perature and below, it seems that at least part of the grow- 
ing chain end contains a covalent bond between 'chain end' 
and 'counterion '9s'l°3-1°s. This structure and the free ion 
model are the extrema in the concept of the growing spe- 
cies of ionic polymerization. They form the bridges to free 
radical polymerization and coordinative polymerization 
respectively. 

If  small amounts of good solvent are added to systems 
with low 'solvating power', stereoblock structures can 
appear, that are characterized by relatively high (mm) and 
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Table 11 Stereoregulating factors in ionic polymerization 

Stereoregulating capacity 
Examples 

Prevailing Mono- 
stereoregulating substituted Disubstituted Prevailing Temperature 
factor ethylenes ethylenes stereoregularity Monomer Initiator Solvent (°C) Reference 

Interaction between Low Medium Syndiotactic 
solvated growing 
chain end and 
monomer 

Interaction between Medium Medium Isotactic 
non-solvated 
chain end and 
monomer 

Interaction between High High Isotactic 
contact ion 
pair and 
monomer 

Interaction between High Iostactoc 
asymmetric 
counterion and 
monomer 

Styrene LiC4H9 THF 30 36 

Methyl vinyl BF3.O(C2Hs) 2 Toluene/ --78 78 
ether hexane 

Methyl metha- LiC4H9 Toluene 0 89 
crylate 

1-Methyl Al(O-iso-CaHT) 3 Ethyl 25 80 
propyl vinyl -H2SO 4 acetate 

Al(iso-C4H9)3 . 
THF 

(rr) triad contents as compared with (mr). Table 10 shows 
an example 29, with aryllithium/tetrahydrofuran (1:7.5) in 
toluene as initiator for (Z)-a-ethyl-/3-dl-methacrylate. 
There, (mm), (rr) > (mr) and 4(mm)(rr)/mr) 2 is larger than 
18. These facts have explained by assuming two different, 
simultaneously active propagating species in equilibrium 
with each other, solvent separated ion pairs and 'peripherally 
solvated' contact ion pairs 29. The former are thought to 
propagate yielding predominantly syndiotactic chains, the 
latter generated isotactic structures. Here, as well as in all 
other cases where different propagating species are thought 
to compete, a strong temperature effect is observed, and 
assumed to originate in the changing equilibria between 
the ionic species. The above mentioned case of methyl-a- 
ethyl acrylate 92 is a drastic example. In contrast to this, 
temperature effects are relatively small whenever one single 
species is responsible for polymer formation. 

The experiments with acrylates and methacrylates, 
stereospecifically monodeuterated at the methylene car- 
bon, show that the stereochemistry of propagation in sol- 
vents where contact ion pairs predominate, i.e. where iso- 
tactic structures are formed, is not the same for all systems. 
While the case of alkyl lithium or aryl lithium in toluene 
is relatively well understood 29, the mechanistic speculations 
are less well founded for Grignard reagents 29'3°'1°6 or lithium 
aluminum hydride 34'1°7 as initiators. 

The fact that the polymerization of vinyl ethers under 
certain (heterogeneous) conditions is stereoselective a° seems 
to indicate that chiral catalytic centres, possibly formed by 
interaction of a chiral monomer with a counterion, can play 
an important role in stereoregulation in ionic polymeriza- 
tion. Since the stereoselectivity persists even in chains with 
relatively large numbers of steric irregularities (5-10%), a 
chiral counterion seems very probable. The fact that these 
initiators are also stereoelective 81 suggests, that this chiral 
counterion contains one or more monomeric units. 

From the large amount of the experimental data the 
picture schematized in Table 11 seems to emerge for the 
stereoregulating factors in ionic polymerization of mono- 
and disubstituted ethylenes. The interaction between sol- 
vated growing chain and monomer gives in general poly- 
mers having a low to medium stereoregularity degree of 
syndiotactic type. Stronger interactions between non- 

solvated chain ends and monomers seem to lead to a pre- 
valence of isotactic structure. However, a really large 
stereoregulating capacity seems to be connected with inter- 
actions between ionic couples and monomers and lead to 
prevailingly isotactic structures. As a special case the 
stereoregulating capacity of ionic couples must be consid- 
ered in which an asymmetric counter ion exists which 
might be responsible of the stereoselectivity and stereo- 
electivity phenomena observed for instance in the racemic 
vinyl ethers cationic polymerization. 

STEREOREGULATION IN TRANSITION METAL 
CATALYSED POLYMERIZATION 

Catalytic systems or initiators containing transition metal 
compounds are l~lown to polymerize olefins and other un- 
saturated monomers. These polymerizations are believed 
(and to a large extent proved) to occur through a monomer 
insertion on a metal-carbon bond. We shall not consider 
the polymerization of monomers containing polar groups 
carried out in the presence of the above catalysts or initia- 
tors as polar groups react very easily with organometallic 
catalysts. For this reason the nature of tile catalytic species 
is in general not well understood and the existence and role 
of the metal to carbon bonds in the polymerization can be 
questioned. 

The first indications concerning the possibility of poly- 
merizing ethylene and t~-olefins in the presence of transi- 
tion metal catalysts appear in some patent applications 
between 1952 and 1954 in which these monomers are 
claimed to polymerize in the presence of chromium oxides 
supported on SIO2/A1203 or nickel and cobalt supported 
on molybdenum oxides a'9'l°s. Although the formation of 
solid polymers is reported in some cases, the structure of 
the polymers was not well understood and only some years 
later the possibility of obtaining stereoregular polymers with 
particular catalytic systems of this type was shown l~s. The 
real break through in the feld ofct-olefms stereospecific 
polymerization came in 1954 when Natta and his group dis- 
covered the high stereoregulating capacity of some Ziegler 
catalysts obtained by reacting transition metal ha/ides with 
an organometallic component 6, the best organometallic com- 
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Table 12 Polymerization of propylene with different catalytic systems 

Type of prevailing Polymer fraction 
Catalysts components stereoregularity considered (m) Reference 

Soluble catalysts: 
Zr(C3Hs) 4 Isotactic Toluene insol. (64%) 0.81 109 
Zr(CH2--C6Hs) 4 Isotactic Heptane insol. -- 110 
Ti(CH2--C6Hs)4/AI(CH2--C6H 5)3 Atactic -- -- 110 
VCI4/AI(C2H 5)2CI/A nisole Synd iotact ic -- <0.10 111,112 

Insoluble catalysts: 
TiCI4/AI(C2Hs)3 Isotactic Heptane insol. (40%) >0.97 113 

TiCI4/NaCsH1-/ / Isotactic Ether insol. - 114 
/ Syndiotactic 

TiCI3/AI(C2Hs)2CI Isotactic Heptane insol. (90%) >0.97 115,116 
Supported catalysts: 

CrO3/AI203/SiO2 Isotactic Benzene insol. - 118 
SiO2/Zr(C3Hs)3Br Isotactic Toluene insol. (45%) 0.84 109 
TiCI4/MgCI2/AI(C2Hs)3 ~ " Isotactic Heptane insol. (83%) >0.97 117 
C6HsCOOC2Hs ] 

ponents being the ones (e.g. BeR2, A1R3, LiR) which poly- 
merize ethylene also in the absence of transition metal 
components. 

In the following years it was confirmed that supported 
and non-supported organometallic complexes of transition 
metals can act as active polymerization catalysts also in the 
absence of non-transition metal organometallic components. 
Today we can distinguish for the polymerization of olefins 
three classes of catalysts having a certain degree of stereo- 
regulating capa ity in the a-olefins polymerization: the first 
class consists of soluble catalysts which in general have a 
relatively low stereoregulating capacity and in the case of 
propylene can yield both isotactic and syndiotactic poly- 
mers. The second class consists of the typical Ziegler-Natta 
catalysts which are insoluble in the reaction medium and in 
which the catalytic centres are supported on the transition 
metal compounds used to prepare the catalyst or on other 
products arising from these compounds in general by alky- 
lation and reduction. The third class consists of transition 
metal compounds supported on non-transition metal com- 
pounds such as SiO2, A1203 or MgC12. Iil Table 12 some 
examples of catalysts active in propylene polymerization 
are given with the type and the maximum degree of 
stereoregulation which have been achieved in the most 
stereoregular fractions. 

Most of the investigations on stereoregulation in a-olefins 
polymerization have been carried out on Ziegler-Natta 
catalytic systems and the knowledge thus arising has been 
very often unduly extended to other catalytic systems 
which do not appear to be deeply investigated up to now; 
this is particularly true for the supported catalysts. There- 
fore we shall limit our remarks to the Ziegler-Natta cata- 
lytic systems and after a brief survey of some facts con- 
cerning the polymerization mechanism we shall discuss 
separately the isotactic and the syndiotactic type of stereo- 
regulation. 

Nature o f  the growth reaction 
The nature of terminal groups in ethylene polymeriza- 

tion demonstrates beyond any doubt that Zie, gler-Natta 
polymerization occurs throgh an insertion of the monomer 
in a metal to carbon bond (scheme 3) similarly to the inser- 
tion of ethylene in a Li-C, A1-C or Be-C bond (growth 
reaction)119-121. 

[Me]--R + CH2=CH 2 ' Me--CH2--CH2~R (3) 

When propylene is used two possibilities exist for the 
insertion of a new monomer molecule into a Me-C bond 
(scheme 4): 

a [Me] - -CH2--CH--R '  

Me__R,+ CH2=CHR Y I R 

b"~.[Me]__CH__CH2__ R 
I 

R 

(4) 

As shown by the existence of crystallinity as well as by i.r. 
an n.m.r, spectra, stereoregular polymers of propylene 
possess a very high chemical regularity corresponding to a 
head-to-tail enchainment. This chemical structure is in 
principle possible with insertion of both types (schemes 4a 
and 4b), the important factor in obtaining the chemical 
reg~darity being only that the type of insertion remains con- 
stant during the formation of each chain. 

In 1956 it was proved by i.r. investigation of the 
terminal groups that in the case of the most used Ziegler- 
Natta catalysts (TiC14-A1R3 or TiC13-A1R3) the fractions 
having the highest stereoregularity are formed according 
to an insertion of type (4a) 122. This regioselectivity was 
shown to be smaller, but still very large, in the formation 
of the non-stereoregular polymers 122. 

These results have been unduly generalized and for 
about a decade the general belief has been that the inser- 
tion in transition metal catalysed polymerization always 
occurs according to scheme (4a). However, dimerization 
of propylene with Ziegler type catalysts prepared from 
nickel 123'124 or palladium 12s compounds and aluminium 
dichloro monoalkyls has shown that both types of inser- 
tion are possible ~23-12s, that catalytic systems exist where 
regioselectivity is very poor 124 and that regioselectivity can 
be regulated using appropriate ligands lz3,12s. 

Furthermore, it has been shown that, using a VC14/ 
AI(C2H5)2C1/Anisol catalytic system which yields syndio- 
tactic polypropylene having a relatively high stereoregularity, 
insertion of c~-olefins according to scheme (4a) or (4b) might 
be possible 126:27, although no proof has been given that a 
macromolecular chain can grow after an insertion of'type 
(2b). Some n.m.rJ 29J3° and i.r. 128 evidence shows, how- 
ever, that in the case of syndiotactic propylene polymer- 
ization a chain growth according to scheme (4b) is not 
unlikely. 

No evidence has been provided up to now concerning 
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Table 13 Stereoregulation in polymerization of deuterated 
propylenes to isotactic polymers* 

Monomer (m) 

R H R 
V i ! 
Ci.--C-...,C 
i A i 
HID D HID 

Reference 

C~3 / H  >0.98 <0.02 

C=C 

D / \D  
(E)-1,2,3,3,3-ds- 

Propylene 

C~3 D >0.98 >0.98 

C=C  

D / ~H  
(Z)-l,2,a,a,a-ds- 

Propylene 

C ~  D >0.95 
/ 

C=C / \ 
H H 
(Z)-1,3,3,3-d4- 

Propylene 

C'~C H >0.95 
= C  / \ 

H D 
(E)-1,3,3,3~d4- 

Propylene 
CH3 H >0.98 - 
\ / 

C=C 
/ \ 

D H 
2-dl-Propylene 

>0.95 
erythro d i isotactict 

<0.05 

threo diisotactict 

11 

11 

32 

32 

11 

* Catalytic system: TiCI3/AI(C2Hs)2 I, in n-heptane at 0°C, n- 
heptane insoluble fractions; t assignment confirmed by infra-red 
spectroscopy (ref 33); $ fraction of dyads that are meso and have 
the deuterium in threo position 

the possibility of obtaining isotactic poly(a-olef'ms) accord- 
ing to scheme (4b). On the other hand, catalytic systems 
are known which produce polypropylene chains with long 
individual sections of isotactic and syndiotactic 
structure H4'~31432'~62. In conclusion the present state of 
our knowledge seems to indicate that, in the case ofpropy- 
lene, isotactic polymers are formed only according to 
scheme (4a), while syndiotactic polymers are formed both 
according to scheme (4a) and (4b). The type of insertion 
has been very little investigated with other a-olefins and 
even in the case of styrene the type of insertion in the for- 
mation of isotactic polymers with Ziegler-Natta catalysts 
is still open to discussion. 

Stereochemistry o f  the growth reaction 
Potymerizing (Z)- or (E)-l-deutero-propylene with 

Ziegter-Natta catalysts to isotactic polymers erythro- or 
threo-diisotactic polymers 133, respectively has been performed 
(see Table 13). I f  the reaction at the two carbon atoms of the 
olefinic double bond is simultaneous this fact proves that 
the type of addition during the insertion reaction is cis. 
If, however, the above reaction does not occur simulta- 
neously, an attack to one olefinic carbon atom, being 
followed by a rotation around the remaining single bond 
of the former olefinic group and finally by a trans addition 

to the second carbon atom of the olefinic group would 
yield the same result as simultaneous cis addition. 

As the isotactic type stereoregularity requires a constant 
type of addition which might be difficult to achieve admit- 
ting the occurrence of rotations between the attack to the 
first and to the second olefinic carbon atom, and in view of 
the fact that cis addition is a rather common feature in the 
reactions between organometallic compounds and double 
bonds, it seems likely today that insertion in Ziegler-Natta 
polymerization to isotactic polymers occurs with a cis 
stereochemistry. Some evidence mainly based on n.m.r. 
data has been published indicating that also propylene 
polymerization to syndiotactic polymers occurs according 
to a cis mechanism 32. 

Mechanism of  the insertion reaction 
There is no direct experimental evidence concerning the 

mechanism of the insertion reaction. A one step reaction 
occurring through a four centre intermediate or transition 
state (scheme 5) has not found experimental support. On 
the other hand, addition of propylene to sec-butyllithium ~42 
which is believed to occur through a four centre intermed- 
iate or transition state ~39, although a highly regioselective 
process, shows a poor stereospecificity (scheme 6). There- 
fore the hypothesis of a four centre intermediate or transi- 
tion state is not attractive, from a stereochemical point of 
view, to explain the formation of isotactic chains. 

[ M e ] - - C H 2 I R + C H 2 = C H - - R '  [Me] . . . .  gH2- -R (5) 

~H 2 . . . . .  CHR' 

M e - - C H 2 - - C H - - C H 2 - - R  I 
R' 

H H 
I i 

_ _ L i - - C H 2 - - C - - C - - C H  3 / -  
I , 

/ CH3 / ~  CH3 C2H 5 
L i - -CH + CH2=CH--CH 3" 54O/o 

I I 
m ¢2Hs (6) 

46°/o 

For these reasons, and in view of similarities with other 
transition metal catalysed reactions such as hydrogenation 
or hydroformylation, a two step mechanism involving for- 
mation of a n-olefin complex followed by the insertion of 
the complexed olefin into a metal-carbon bond is prefer- 
red at present, although the experimental evidence for the 
first step is still very scarce 14°'14~. 

Taking into account that in the typical Ziegler-Natta 
catalysts both a transition metal [MET] and a non-transition 
metal [MEN] are present, the mechanism can be formulated 
as in scheme (7). 

CH2 

[Me t] +CH2~CHR [Met].--"~i " (7a) 

(I) CHR 

POLYMER, 1976, Vol 17, November 989 



Stereospecific polymerization of  vinyl monomers: Piero Pino and Ulrich W. Suter 

(I) + [MeNI--CH2~v, ,. [MeN]--CH2-~CH--CH2~N,,, + 

I (7b) [MET] R 
[Cat]--CH2---CH~x~ ; [Cat] ~CH2- -CH~w 

I I 
R R 

(8) 

(I) + [Me~]--CH2~v~ • [ M e t r ] - - C H 2 - - C H - - C H  2 + 
I 
R 

[Me T] 

[MeT]--CH2'w~ ÷CH2~CHR 

(7c) 

(Ii) 

H2~--TCHR 
\ / 

,. [l~leT] - -CH2,w~ (7d) 
(n) 

(7e) • [MeT] - -CH2--CH--CH2,wv,  

I 
R 

H2C~--~-,, CH R 
t 

(If) + CH2--CH R ~ [ [Vle-r l - -CH2--?H.-~CH 2 (7f) 
/ 
R 

The mechanism (Ta + 7b) is often described as a bimetallic 
mechanism l~ while the mechanism (7a + 7c) involving two 
transition metal atoms Me T and MeT, which is also possible 
and for which some evidence exists 13s'136, is mostly ignored. 
The mechanism (7d + 7e) is described in general 138 as a 
monometallic mechanism but (7d + 7f) is equally possible. 
A molecular orbital description of centres (equation 2) and 
of reaction (7e) has been published 137 but all attempts 
to polymerize olefins with complexes containing only one 
metal atom as for instance TiC13CH3136 or Cp2Ti(C6Hs)2 ~3s 
failed. Ti(CH2-C6Hs)4 or Zr(CH2-C6Hs)4 show a very 
poor activity in the propylene polymerization n° and only 
very few of the metal atoms present are catalytically active 
as shown from the average molecular weight of the poly- 
mers obtained. On the other hand as mixtures ofTiC13CH 3 
and TIC13 ~ and of Cp2Ti(C6Hs)2 and TIC14134 give mode- 
rately active catalysts, it is possible that also in the case of 
Ti(CH2-C6Hs)4 the catalytically active complexes contain 
more than one metal atom. 

For the above reasons bimetallic centres involved in 
mechanism [(7a + 7b) or (7a + 7c)] seem more probable 
than monometallic centres involved in the other mechanisms, 
(7d + 7e) or (7d + 7f); it must be emphasized that mecha- 
nism (7a + 7c) in which only transition metal atoms are 
involved is certainly possible as shown since 1957 ~as but 
does not exclude mechanism (7a + 7b). 

Stereoregulation in Ziegler-Natta polymerization o f  a- 
olefins to isotactic polymers 

As previously discussed the formation of an isotactic 
polymer seems to involve a cis addition always to the same 
prochiral face of the a-olefin; therefore the catalyst-growing 
chain complex must be able to distinguish between the two 
prochiral faces of the c~-olefin, the difference in the activa- 
tion energy for the insertion reaction being more than 
2 kcal/mol when an highly isotactic polymer is formed (see 
FigTtres I and 2). This type of stereospecific polymeriza- 
tion can be considered an asymmetric reaction as either one 
or the other prochiral face of the a-olefin must be prefer- 
red by the couple growing chain-catalyst. The pair must 
therefore be chiral. Considering the growing chain-catalyst 
pair the chirality of the centre can be connected only with 
the presence of asymmetric carbon atoms in the last unit or 
units of the growing chain, or with the presence of a chiral 
catalyst or with both factors (scheme 8). 

The following facts indicate that the presence of chiral 
catalytic centres play the principal role in stereoregulation: 

(a) The polymerization of racemic a-olefins in the pre- 
sence of heterogeneous catalysts to highly isotactic polymers 
is stereoselective, when the asymmetric carbon atom is in 
a or/3 position with respect to the double bond (scheme 9). 

Ti C I 3 ~  
~,~ (R)(R) (R)(R) ~ + ~w IS) (S) (S)(S) 

(9) 

~ (R)(R)( S) (R)(S)(S)(S)~V~ 

Frequent inversion of configuration in the main chain does 
not cancel or appreciably alter stereoselectivity t43'=4~ and 
starting of the chains with alkyl groups of the type 

- C H 2 - C H - R '  
I 
CH3 

of a single chirality type does not induce preferential 
(stereoelecllive) polymerization of one antipode of the 
monomer 144. The polymerization of the same racemic ole- 
fins with soluble catalysts is not stereoselective t4s. These 
facts show that the chirality of the asymmetric carbon 
atoms in the main chain is not an important factor in 
determining stereoselectivity. Therefore, the ability to dis- 
tinguish between two antipodes must be connected with 
the chiral character of the heterogeneous catalyst., 

(b) Copolymerization of racemic olefins with ethylene 
is stereoselective t47,14s (scheme 1 O) confirming that the 
chiral character of the tertiary carbon atoms of the main 
chain is not decidingly important for the distinction be- 
tween the two antipodes implicit in stereoselective 
polymerization. 

4) TiCI3 
• ,~(R)(R)(C2 H4)(C2 H4)(R)(R)(R)(/?)(C 2 H4)(R) ~ 

+ 

~(S)(C2H4)(S)(S){S)(C2H4)(C2H4)(S)~. ( lO) 

(c) The copolymerization of a large excess of propylene 
with 13CH2=CH2 in the presence of catalyst TiC13/A1R2C1 
yields copolymers with only two bands in the 13C n.m.r. 
spectrum attributable to isolated -CH2-CH2-  (scheme 
11) ]49. In the same experiment carried out with non- 
stereospecific catalyst [VC14-AI(C2Hs)3], five of the 
expected six peaks have been detected is°. 

C3H 6 + 

CH 3 CH3 

,vv~ C- -CH2- -CH 2 - -  CH2--C 'w~ 
I I 

CH2~CH2 ~ CH3 H (11) 

C--CH2--CH 2 - - C H 2 1 C  
I I 
H CH 3 

If the catalyst is chiral and accepting the previously dis- 
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cussed two-step mechanism for the polymerization of propy- 
lene (scheme 7), the stereoregulation might occur in the 
first step (formation of the n-complex) or in the second 
step (insertion reaction) or in both steps. Up to now no 
sufficient experimental evidence exists to decide between 
the three hypotheses; Based on the fact that stereospecific 
complexation to transition metals (e.g. platinum) is 
kalown 1sl, it can be assumed as a working hypothesis that 
the two n-complexes arising from the attack of the catalyst 
to one or the other face of the a-olefin are in equilibrium. 
They may have a sufficient difference in free energy of for- 
mation (AAG 0) to justify the synthesis of highly isotactic 
polv(a-olefins), even if the free energy of activation for the 
insertion reaction yielding isotactic or syndiotactic diads 
are not very different (see Figure 4 in ref 143). Work is in 
progress to find experimental support in favour of this 
hypothesis. 

The known dependence of the degree of stereoregularity 
on the structure of the alkyl group in the a-olefin [using 
typical Ziegler-Natta catalyst (TiCh/A1R3), t-butylethy- 
lene does not polymerize; 3-methylbutene gives only iso- 
tactic polymers; propylene gives a mixture of isotactic, 
partly isotactic and atactic polymers 14°] is well explained 
bv the above hypothesis as the structure of the alkyl group 
of the olef'mic ligand has been shown to influence remark- 
ably the complexation equilibrium in cis (dichloro)(amino) 
(olefin) Pt II complexes ls2. 

An independent control of the hypothesis that the 
chirality of the catalyst is the main stereoregulating factor 
can be obtained from the investigation of the few steric 
irregularities in the isotactic polypropylene fractions. In 
fact if the main stereoregulating factor is the chiral catalytic 
centre, the insertion of a monomer molecule with an oppo- 
site stereochemistry with respect to the preceeding one 
would remain isolated (Figure 5a). On the contrary, if the 
main stereoregulating factor is the growing chain, the 
growth would continue maintaining the configuration of 
the unit causing the first steric irregularity until another 
irregularity occurs in the insertion (Figure 5b). 

In the first case couples of syl~diotactic dyads would 
occur while in the second case isolated syndiotactic dyads 
should exist. Unfortunately, many possible mechanisms 
exist by which a change in the stereochemistry of an iso- 
tactic chain can occur. While all the authors agree that both 
types oe irregularities can be observed with n.m.r, techni- 
ques, discrepancies exist concerning the prevalence of (rr) 

TTT TTT 
i a 

or isolated (r) dyads. In a recent paper in which the differ- 
ent pentads of polypropylene have been investigated lsa a 
larger amount of pairs of syndiotactic dyads than of iso- 
lated ones has been found in a number of highly isotactic 
polymers prepared with different catalysts, confirming that 
the chirality of the catalyst is the main stereoregulating 
factor. Similar investigation on other poly(a-olefins) has 
not appeared in the literature up to now and even the simple 
quantitative determination of the degree of stereoregularity 
is in many cases difficult because of the very small chemical 
shift difference between the methylene signals of the iso- 
tactic and syndiotactic diads. 

Research is in progress on poly(4-methyl-]-pentene) 
using specifically deuterated monomers and high resolu- 
tion n.m.r, techniques. 

Control of stereoregulation in the Ziegler-Natta polymeriza- 
tion of  a-olefins to isotactic polymers 

Although the factors determining the formation of the 
isotactic polypropylene are reasonably well known, very 
little is known about the structure of the chiral catalytic 
centres. The n.m.r, investigation of the polypropylenes 
produced with TiC14/A1R 3 catalysts shows that the de- 
grees of isotactic stereoregularity in different fractions 
continuously change from more than 98% to about 50% of 
isotactic dyads showing that centres having a different 
stereoregulating capacity exist. However, the detailed 
planning of a modification of the structure of the centres 
leading to a predetermined change of stereoregularity is 
still not possible and changes in stereoregulating capacity 
of the catalysts can be obtained only empirically. 

Back in 1955 Natta and his group thoroughly investi- 
gated the factors causing a change in the ratio between 
highly stereospecific and non-stereospecific centres. Among 
these factors the nature of the transition metal compound 
used for the preparation of the catalyst seems to be over- 
whelmingly important. However, other factors such as the 
nature of the non-transition metal component ~s4 and the 
addition of Lewis bases to the catalyst lss seem also to be 
effective. The last factor brings dramatic changes in the 
stereospecificity of titanium catalysts supported on magne- 
sium chloride is6 as shown in Table 14. 

The effect of the Lewis base is still nol: well understood; 
in fact, it has been supposed laa that the Lewis base, which 
in general causes a decrease of the activity of the catalysts, 
simply inactivates the non-stereospecific centres thus caus- 
ing an increase in the ratio between stereospecific and non- 
stereospecific catalytic centres and hence an increase of 
the highly isotactic polymer fraction. However, on the 
basis of the experimental results it is not possible to ex- 
clude that the stereospecific catalytic centres have a com- 
plicated structure in which the Lewis base plays an impor- 
tant role influencing the complexation equilibrium of the 

TTT 
Figure 5 Principal possibilities for defects in highly isotactic poly- 
mers. (a) Isolated error, leading to a pair of racemic dyads. (b) The 
defect leads to a further polymerization with reversed stereo- 
chemistry, yielding an isolated racemic dved 

Table 14 In f luenceo f  Lewis bases on stereoregulation in propylene 
polymerization with supported MgCI2/TiCI4/AIR 3 catalytic system 

Boiling heptane 
insoluble polymer 

Catalytic system (%) Reference 

TiCI4/MgCI2 21 156 
Al(iso-C4H9)3 

TiCI4 [(CH3)2N--CH2] 2 
MgCI2 93.5 117 
AI(C2Hs)3(C6Hs) 
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Figure 6 Content of meso and racemic dyads in 'atactic' (ether 
soluble) polypropylene as a function of polymerization tempera- 
ture. Catalyst: TiCI3IAI(iso-C4H9)3 (1:4). Polymerization in 
decalin at 6 atm. O, % i-dyad placements; o, % s-dyad placements. 
Z~-/#M - ~H#R = 2.2 kcal/mol; AS#M - tXS#R = 5.0 cal/mol K 

monomer with the catalyst. Similar hypotheses are at the 
present formulated to explain the enantioselectivity of 
nickel catalysts on which chiral compounds are adsorbed ls7. 

By increasing the temperature of polymerization of 
propylene both a decrease of the highly isotactic polymer Is8 
and an increase in the percentage of isotactic dyads in the 
polymers having a lower isotacticity have been noticed 
(Figure 6) 159 . The result might be taken as an indication 
of a decrease, with increasing temperature, of the number 
of highly stereospecific catalytic centres and of a larger 
free energy of activation for the isotactic insertion than for 
syndiotactic insertion at the non-stereospecific catalytic 
centres. However, by increasing the polymerization tempera- 
ture the average molecular weight decreases and the solvent 
fractionation does not yield a sharp separation according 
to stereoregularity. Therefore, the increase in content of 
isotactic dyads in the di~,thyl ether soluble fraction might 
be due to the formation (at high temperature) of highly 
isotactic but low molecular weight polypropylene. In any 
case, the propylene polymerization at high temperature has 
shown that some catalytic centres have a remarkable sta- 
bility at temperatures up to 180°C, since, even at that tem- 
perature, they yield a highly isotactic polymer. The large 
decrease of the heptane insoluble polymers with tempera- 
ture (even considering, that part of the highly isotactic 
polymer has such a low molecular weight that it becomes 
soluble in boiling heptane or ether) seems to indicate that 
the stereospecificity of some centres, that is, according to 
the previously formulated hypothesis, the capacity to dis- 
criminate between the twn prochiral faces of the olef'ms, 
decreases with temperature as in other asymmetric catalysts. 
Polymerization temperature remains therefore the para- 
meter which can be best used for fundamental investiga- 
tion of the stereoregulating capacity of the catalytic 
centres. 

STEREOREGULATION IN POLYMERIZATION OF 
PROPYLENE WITH ZIEGLER-NATTA CATALYSTS 
TO SYNDIOTACTIC POLYMERS 

The polymerization of a-olef'ms to syndiotactic polymers, 
because of its limited scope, as only propylene and buta- 
diene have been shown to yield polymers with a high syn- 

diotacticity, has been much less investigated. The poly- 
merization was first believed to occur with a regioselec- 
tivity similar to that demonstrated for the isotactic poly- 
merization n2 and with a cis type of addition 16°. Then 
some chemical 126'127, n.m.r. 129'13° and i.r. 12s indications 
have been obtained showing that with vanadium catalysts 
the regioselectivity could be opposite in syndiotactic and 
isotactic type of propylene polymerization respectively 
(see above). However, no investigation has been carried 
out on regioselectivity in the synthesis of syndiotactic 
polymers obtained with typical isospecific catalysts 
[TiC13/AI(C2Hs)2F] 162 or catalysts obtained from TIC14 
and natrium-alkyls 114. The problem of regioselectivity 
being not yet completely settled, and the maximum degree 
of syndiotactic stereoregularity achievable being not sys- 
tematically investigated, only speculations are possible 
concerning stereoregulating factors in propylene polymer- 
ization yielding highly syndiotactic polymers. As a pos- 
sible working hypothesis, the following can be suggested 
for the syndiotactic polymerization at low temperature 
with soluble catalysts, which is at least in part in agreement 
with the recent literature and is not in contrast with n.m.r. 
data on ethylene-propylene copolymers (scheme 11). 
Propylene would still insert into a metal to carbon bond 
but with a regioselectivity opposite to that proved for the 
isotactic polymerization; the stereoregulation is not con- 
nected with the chirality of the catalyst but with the chir- 
ality of the last monomeric unit, the asymmetric carbon 
atom of which is bound to the metal atom of the catalyst 
and does not racemize during the insertion reactions*. 

Two limiting cases are possible (scheme 12): (a) aa 
equilibrium between 1r-complexes exists, regulated by the 
asymmetric carbon atom of the growing chain bound to 
the metal, the position of the equilibrium being sufficiently 
displaced toward one of the complexes to justify the 
maximum degree of stereoregularity observed (90-95% 
of (r) dyads); or (b) the free energy of formation of 1 and 

H 
H ~ . H  
I c"  cH2--c--lcotJ,-:: i 

 CH2-- --tCotl +c3H6 (II CH3 

CH3 C~., H 

CH3 
(rr) f12) 

H H 

( I ) ~  C H 2 - - C - - C H 2 - - C - - [ C a t ]  
I I 

CH 3 CH3 

H ~H 3 
I 

( ~ ) ~  ~v~ CH 2 - - C - - C H 2 - - - C - -  [Cat] 

I L 
CH H 

(12) 

* Insertions of carbon monoxide into a bond between an asym- 
metric carbon atom and a metal atom without racemization are 
known 161. 
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II is the same but the activation energy for the insertion 
of  the olefin bound to the metal with one or with the 
other prochiral face is sufficiently different to justify the 
stereoregularity achieved. The diastereomeric composition 
obtained in the insertion of  propylene in a Li to sec-butyl 
bond (46% o f e r y t h r o  and 54% o f t h r e o )  which can be taken 
as a proper model for syndiotactic polymerization, seems 
to indicate that the first hypothesis is at the present more 
acceptable. The above totally speculative scheme for the 
steric control in syndiotactic polymerization of  propylene 
at low temperature has the merit of  explaining why the 
steric factors, which do not hinder inversion of  configura- 
tion during the polymerization to atactic polymers with 
typical Ziegler-Natta catalysts of  a-oleFms with alkyl 
groups other than methyl group ( 1 - 2  type of  insertion), 
can hinder completely the low temperature syndiotactic 
polymerization (2 -1  type of  insert ion)of  the same 
monomers. 

PERSPECTIVES OF STEREOREGULATION IN VINYL 
POLYMERS 

As it results from the topics discussed in the present review 
the problem of the control of stereoregularity in vinyl 
polymers is far from being solved. 

The perspectives for stereocontrol in free radical poly- 
merization are not very promising and research in this field 
should mainly be directed to polymers in which large 
attractive interactions exist between the last monomeric 
unit containing the unpaired electron and the preceding 
units of  the growing chain. A further direction for research 
would be the radical polymerization of  monomers regu- 
larly adsorbed on a surface t63 simulating the polymeriza- 
tion of  monomers included in solid matrixes which seem 
to be today the only way to obtafia highly stereoregular 
polymers with radical polymerization. 

The stereoregulating factors in ionic polymerization are 
fairly well understood and by varying the polymerization con- 
ditions, and particularly the type of  solvent and tempera- 
ture, the degree of  stereoregulation can be fairly well con- 
trolled. Further progress will lead to improvement of  the 
degree of  stereoregularity, and is bound to give a more de- 
tailed knowledge of  the type of  coordination around the 
counterions and of  the structure of  the growing chain ends. 
This type of  knowledge requires both a clever choice of  the 
system to be studied and improvements in the methods for 
the investigation of  structures of  complex ions in solution. 

More complicated is the situation in the case of  transi- 
tion metal catalysed polymerization. Here much basic 
knowledge of  the chemical aspects of  the growing reaction 
and on the nature of  the catalytic centres is still lacking. 
Therefore, a thorough discussion of  the stereoregulating 
factors is not  possible and we are still in the stage in which 
we try to improve our knowledge of  the polymerization 
processes by investigating the stereoregularity of  the poly- 
mers obtained. In this field the success of  the industrial 
production of  isotactic polypropylene shows how enor- 
mous progress can be made on a purely empirical basis. 
Progress in the basic knowledge of  transition metal cataly- 
sed polymerization and on the stereoregulating forces will 
probably be very slow in the future because of  the com- 
plexity of  the problems. A purely empirical approach will 
probably yield more results of  practical interest in a rela- 
tively short time. 

Possible lines of  development of  the basic research in 

the field of  transition metal catalysed polymerization are 
further studied on model systems to obtain a better under- 
standing of  the role of  the different components of  the 
catalysts as well as attempts to synthesize catalytically 
active chiral transition metal complexes. Attention should 
be given also to a thorough investigation of  the kinetics 
of  the polymerization in homogeneous sytems. One of  
the most fascinating and important fields is the investigation 
of  the stereoregulating effects of  bases in the Ziegler-Natta 
catalysts supported on MgC12. However, here, despite 
extensive progress in the techniques of  investigating hetero- 
geneous catalysts, a final proof  of  the structure of  the 
stereospecific catalytic centres is not likely to come very 
s o o n .  
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Mechanical motions in amorphous and 
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Ten areas of the field, all with some special interest to the author, were selected for predictions about 
the near future. In order to gain perspective, a brief review is presented of some key developments 
which occurred after the publication of the book 'Anelastic, and Dielectric Effects in Polymeric Solids' 
by McCrum, Read and Williams in 1967. The following predictive areas are then discussed in varying 
degrees of detail. (1) Apparatus: current status and the need for automation and more sophistication. 
(2) Extending the temperature range above Tg or T M and the molecular weight range down to the oli- 
gomers. (3) Study of rarefied polymers (higher than normal free volume). (4) Nature of the in-chain 

relaxation ( T <  Tg) in addition polymers. (5) Use of nitroxide probes as an auxiliary tool to study 
amorphous phase relaxations in highly crystalline polymers. (6) Computer simulation of molecular 
motion at sub-group relaxations. (7) Nature of the amorphous state and its possible effect on mecha- 
nical relaxations other than through free volume. (8) Correlation between mechanical strength of 
glassy polymers and secondary, glassy state relaxations. (9) The need to prepare highly crystalline 
polymers in the completely amorphous state. (10) The impact of new polymer types. It is concluded 
that mechanical spectroscopy is still a quite viable field with exciting potentialities. A synergism bet- 
ween automation of apparatus, new materials, new techniques (not necessarily in the field of mecha- 
nical spectroscopy) and theory is anticipated. 

INTRODUCTION 

Historical perspective 

Any considerations about the future prospects for the 
mechanical spectroscopy of polymers should start properly 
with recognition of the land-mark book by McCrum, Read 
and Williams ~ followed by a precis of key events between 
the 1967 publication of this book and the current time. 
This book presented six elements of the subject: historical 
perspective; definitions of terms; theory; experimental tech- 
niques; numerous relaxation spectra on all major polymers; 
relaxation maps, where data warranted, showing plots of log 
frequency - 1 / T  for two or more of the major loss peaks in 
a given polymer. Granting authors the privilege of knowing 
and citing their own most recent work, including papers in 
press, one must conclude from the bibliography section that 
literature references terminated sometime prior to 1965, 
when this subject was accelerating in interest and number of 
publications. 

Today, there are three commonly used dynamic mecha- 
nical loss instruments: torsional pendulum in several variants; 
the Rheovibron (dynamic tensiometer); and to a much more 
limited extent, the torsional braid apparatus (t.b.a.) which 
is a form of torsion pendulum using an impregnated glass 
braid rather than a strip of polymer. In the book by McCrum 
et aL ~, the torsion pendulum was treated in detail, the then 
new Rheovibron method was mentioned in one sentence; 
and the t.b.a, not at all. Some Rheovibron data were in- 
cluded. We have summarized elsewhere the salient features 
of these three methods 2. Since that time Sternstein 3 has 
modified the torsion pendulum technique by applying a 

* Presented at the Sixth Biennial Manchester Polymer Symposium, 
UMIST, Manchester, March 1976. 

tensile force along the length of the specimen which is then 
under both shear and tensile deformation. Gillham 4 has 
presented a comprehensive review on t.b.a., including his 
current completely automated instrument. Tabor et aL have 
miniaturized a torsion pendulum and placed it inside a hydro- 
static pressure vessel to measure the effect of pressure on 
mechanical relaxations s,6. 

It is not possible within the scope or space limitations of 
this article to summarize all of the key developments in 
mechanical spectroscopy between 1965 and the present. 
Some of them will emerge in subsequent discussion. The 
following selections are in some measure subjective, having 
in mind topics to be covered later. 

(1) Takayanagi has reviewed his extensive studies on dy- 
namic properties of mats prepared by compression of poly- 
mer single crystals 7,a. Many other relevant topics are inclu- 
ded. These papers serve as an introduction to many sub- 
sequent articles by him in the English language technical 
literature. 

(2) Saner et al. 9 prepared an extensive review on defor- 
mation and relaxation behaviour of polymer single crystals, 
showing in effect that this is a very mature area of study. 

(3) McCall 1° published a series of relaxation maps for all 
key polymers with special emphasis on n.m.r, data. 

(4) The work of Heijboer 11 on mechanical loss in saturat- 
ed ring ester of poly(methyl acrylic acid) constitutes a deft- 
nitive study correlating both temperature and intensity of 
the group motion with chemical structure of the unsubstitu- 
ted and substituted rings from C5 to C8. The five types of 
experimental apparatus developed by Heijboer and/or his 
collaborators to cover the frequency range from ~10 -4 Hz 
(torsional creep) to ~107 Hz (wave propagation) are des- 
cribed, and typical results presented. 

(5) Lamb 12-14 and his colleagues have approached dyna- 
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mic viscoelastic behaviour of liquids and polymers from the 
viewpoint of electrical circuitry. Analogies with circuit 
theory have allowed them to analyse and resolve the several 
key components playing a role in viscoelastic processes. 
Ultrasonic absorption (up to 1 -2  GHz) and dielectric loss 
(low frequency) apparatus have recently been added. 

(6) Simha and his students is#6 have measured thermal 
expansion of amorphous and semi-crystalline polymers, in 
some cases from 4.2K upwards, and shown in many examples 
a one to one correspondence between multiple step-jumps in 
coefficient of linear thermal expansion and peak heights of 
torsion pendulum loss curves. The latter represent their 
own data as well as literature data, in some cases on identi- 
cal samples as, for example, the C5 to C8 cycloalky] metha- 
crylates prepared and measured by Heijboer ~. 

(7) Ward and collaborators have made a systematic study 
of the effect of orientation on mechanical relaxation in poly- 
ethylene~7,~8 supplementing such studies with dielectric 19 
and n.m.r. 2° results. Orientation permits a correlation bet- 
ween loss peaks and direction of crystallographic axes, 
thereby helping to define molecular motion occurring at 
specific loss peaks. Takayanagi et al. 21 have also reported a 
systematic study of Rheovibron data on oriented PE. 

(8) Illers, in a series of detailed studies on branched and 
linear polyethylenes z2-2s has resolved and clarified the de- 
tailed nature of the various amorphous and crystalline loss 
peaks lying in the temperature range between liquid N 2 and 
the melting point. His conclusions about Tg = 195-200K 
for amorphous polyethylene are not universally accepted 
and the controversy continues. We consider this work 
definitive and the most sophisticated use yet made of the 
torsion pendulum in analysing an exceedingly complex 
problem. 

(9) Eisenberg 26 has carried out extensive mechanical loss 
measurements on a new class of polymers, the ionomers, 
which contain relatively small amounts (usually less than 
10%) of metal salts of acrylic or methacrylic or other acids 
present in the polymer chain. 

(10) Several pertinent review papers might be cited, both 
comparing results from mechanical and other types of relaxa- 
tion measurements. We refer to book chapters by Roberts 
and White 27 and by North 2s. The present author has re- 
viewed in some detail special problems related to multiple 
loss spectra of semi-crystalline polymers 29. 

(11) Jansson 3°-32 has developed a new viscoelastic func- 
tion which facilitates frequency or time-temperature trans- 
formations, calculation of creep compliance from complex 
compliance, and separation of viscoelastic mechanisms. 

(12) Gisolf has discussed the relationship between the 
applied mechanical field and the moving groups in the 
polymer in terms of mechanical-dipole relaxation a3. He 
concludes that compliance rather than modulus is the pro- 
per function to use ~. Gray and McCrum 3s had earlier 
stressed the importance of considering the proper visco- 
elastic function to use for crystalline polymers. 

Future trends: the -outlook 

Any scientific discipline advances in an erratic fashion 
caused by the unexpected advent of new theories and new 
techniques; one need only consider the characterization of 
polymers prior to the advent of light scattering, the laser 
or gel permeation chromatography. Our personal philosophy 
is that by reviewing the recent past as above and in refs 2 -35 ,  
one can draw a tangent to the curve of progress at this 
moment in time and extrapolate to what might happen in 
the absence of unpredictable break-throughs. Hence, we 

confine ourselves to listing some areas where problems exist 
and where specific types of studies might be conducted. 

THE OUTLOOK FOR DYNAMIC MECHANICAL 
SPECTROSCOPY 

Apparatus 

Several trends can be foreseen with considerable confi- 
dence based on activities already present in specific 
laboratories. 

Automation of data acquisition and reduction, with 
plotting either directly on an X -  Y- Y' recorder or as a com- 
puter printout, is inevitable. Automation of all instrumental 
techniques is occurring rapidly. Dynamic mechanical test- 
ing has seemed to lag in this regard, presumably because of 
some inherently difficult problems. Gillham has automated 
his torsional braid analysis equipment to the point that 
temperature programming is completely controlled in any 
desired logical sequence while an X -  Y-  Y' recorder plots 
out as a function of temperature at ~1 Hz log decrement 
and log (period-2), the latter being a measure of relative 
modulus of rigidity. This has now been described in detail 4. 
Since t.b.a, is inherently a torsion pendulum, this means 
that the technique for automating any torsion pendulum is 
at hand. In principal, the digital printouts 4 can be punched 
onto tape. All viscoelastic functions can be calculated and 
printed out. 

Du Pont has just announced a new type of automated 
dynamic mechanical analyser, Model 98036'37. It prints out 
on an X -  Y-  Y' recorder, X being the temperature scale, the 
resonant frequency of the specimen, which can be related 
to modulus, and damping on a decibel scale. Temperature 
is programmed from -150  ° to 500°C at various linear rates 
in heat cool cycles or isothermal modes. The modulus 
range is 0 to 1011 dyne/cm 2 so that metals, polymers, and 
other materials can be studied. While frequency varies along 
the temperature scale as modulus decreases, the variation is 
generally in the range from 150 to 3.5 Hz, and in specific 
instances, such as linear PE, from 20 to 3.5 Hz. The output 
information from the unit can be fed to various outside data 
handling devices and computers. In this way modulus can 
be calculated directly from the frequency-temperature data. 

An automated Rheovibron developed by the Monsanto 
Company has been described by Kenyon 38'39. Stress, strain 
phase angle, sample length and temperature are recorded 
continuously while the data are fed to an off-line computer 
to give storage modulus, loss modulus and tan 6. Tension 
is controlled with loadings as low as 0.015 g. Such low 
loading permits going well above Tg. Tan 6 measurements 
are made to -+0.001. Minor transitions and relaxations are 
now seen in a reproducible fashion. 

One automated instrument originally developed by 
Simpson et al. 4° for mechanical loss in metals deserves 
consideration for polymers. As originally conceived and 
used, the driven metal specimen forms one plate of a paral- 
lel plate condenser. Electrical circuitry permits plotting of 
logarithmic decrement and Young's modulus, currently as a 
function of time, but alternately as a function of tempera- 
ture. According to Soisin 41, the apparatus works on a 
polymer sample coated with an electrically conducting paint. 
Frequencies in the range of 0.1 to 5 kHz can be attained. 

Increased experimental sophistication. While a given in- 
vestigator may use a single dynamic mechanical testing ap- 
paratus for general characterization, it is apparent that com- 
plete characterization of mechanical spectra requires a range 
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Molecular weight 
Figure I Tg--molecular weight plot for  a polymer such as PS of 
PMMA. The shaded area above Tg is not normally available for  
dynamic mechanical tests because of excessive melt f low. The 
shaded area to the left o f  molecular weight ~20 000 gives, for PS, 
polymers too weak and britt le to be tested. The inset shows a 
dynamic loss spectrum at 1 Hz for  atactic PS of molecular weight 
in the range 1--2 X 10 s 

of instruments 1~'42, namely: torsional creep for ~10 -5 to 
~100 Hz; torsional pendulum for ~0.1 to ~20 Hz; flexural 
resonance for ~102 to ~104 Hz; long resonance for ~103 
to "105 Hz; wave propagation for ~106 Hz. The resulting 
range of 11 decades permits a precise determination of 
apparent energies of activation, especially for secondary 
relaxations 43. 

In general, mechanical relaxation measurements should 
be supplemented with one or more of the following tech- 
niques: dielectric, n.m.r., neutron scattering, and dynamic 
viscoelasticity. One such multidisciplinary study by Allen 
et al. on the glassy state of polymers containing para- 
phenylene linkages might be cite@ 4. 

Extension o f  mechanical relaxation measurements to higher 
temperatures and to lower molecular weights 

The Problem. Figure l is a generalized dilatometric, 
d.s.c, or d.t.a, determined glass temperature-log (molecular 
weight) plot for an atactic polymer whose limiting Tg, Tg (oo), 
is around 400K such as PS or PMMA. The insert is a 
schematic 1 Hz torsion pendulum loss curve on an atactic 
PS of molecular weight ~100 000. (A schematic curve is 
used because no single investigator has reported for one 
specimen the five loss peaks shown.) The dynamic loss 
curve usually ends at a temperature corresponding to the 
minimum in tan 8 just above Tg. Very careful torsion pen- 
dulum work by Turley 4s has revealed on several specimens 
the/) , l  loss peak indicated. In general, dynamic measure- 
ments normally must cease slightly above Tg because of 
excessive melt flow in the specimen. Thus, the shaded 
region above Tg is inaccessible to torsion pendulum (or 
Rheovibron) measurements because of viscous flow. How 
ever melt flow measurements by Ueberreiter and Orthmann 46 
show some kind of viscoelastic relaxation behaviour above 
Tg (broken line) for both atactic PS and atactic PMMA. 
This broken line appears to represent an iso-viscous state 
associated with the time scale of their instrument. Never- 
theless, there have been in the literature enough scattered 
reports about events in the liquid state above Tg in atactic 
polymers and above the melt in crystalline polymers to 
suggest that an a priori dismissal of this area is inadvisable. 

At the same time, Turley 4s found it impossible to make 
coherent moulding of atactic polystyrene at molecular 
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weights of 20 000 or below. Hence the crosshatched area 
below the Tg line and to the left of molecular weight 
~20 000 is inaccessible for measurement by torsion pen- 
dulum or Rheovibron as those instruments are normally 
used. The lower limiting molecular weight will vary from 
polymer to polymer. In brief, both the liquid state above 
Tg at all molecular weights and the oligomeric region for 
Tg and below at less than some critical molecular weight are 
not available for examination by conventional dynamic 
mechanical spectroscopy. 

We first recognized this situation in about 1969 when 
trying to prepare a review article on polystyrene 47. It then 
became apparent to us that the torsional braid analysis 
technique being perfected by Gfllham 4 offered the possibi- 
lity of examining the entire molecular weight range as well 
as the entire temperature range up to the thermal decomposi- 
tion temperature. A collaborative study on anionic PS from 
600 to 2 x 106 molecular weight and on a fractionated 
thermal PS over a more limited molecular weight range has 
been mostly completed, using the temperature range from 
liquid N 2 to 300°C. Certain parts of the data are in 
press 48'49 while other parts are being withheld because of 
some uncertainties about interpretation. The following 
summary can be made of both types of data. 

(a) A dynamic Tg for anionic PS of molecular weight bet- 
ween 600 and 2 x 106 is available 4s. The points lie consis- 
tently above the dilatometric values, as is normal for a 
dynamic test. 

(b) The Tl,l loss peak noted by Turley is found on both 
heating and cooling cycles and is completely reproducible. 
Below Mc, rl, l (K) ~ 1.2 Tg (K) and Tl, l ~Mn -1 48,49 
Both facts suggest an iso-free volume state at Tl, h which is 
consistent with an iso-viscous state 

(c) The ~ loss peak is always below Tg being ~300K for 
molecular weights down to 20 000 and as low as 190K for 
600 molecular weight. As normally seen, it is a shoulder 
on the low temperature side of the Tg loss curve and hence 
must be approximated. Moreover, it shows marked hystere- 
sis, being much more intense on reheating from liquid N 2 
than on cooling below Tg. Since the curves are reproducible 
on subsequent cooling and heating, Gillham has postulated 
that crazing occurs at very low temperatures, with crazes 
being removed on heating back to Tg s°. The large free 
volume existing in craze matter (up to 50%) is presumably 
responsible for the enhanced loss. The subject of crazes will 
be discussed later. 

(d) The 3~ peak around 150K is not seen as such at any 
molecular weight sl. The loss curves start to rise again below 
the normal 7 region for all molecular weights and reach, at 
the lowest molecular weights, a maximum around 190-200K 
with height increasing as Mn -1. This loss peak might arise 
from catalyst end-groups, as first suggested by the n.m.r. 
measurements of Connor s2 and later clearly assigned to CH 3- 
rotation by Crist s3. However, a thermal PS fraction of 
molecular weight 3 I00 also shows such a low peak but at 
100-110K st. It is also possible that the peak seen is some- 
how related to the 8 loss mechanism normally occurring at 
40-50K (1 Hz) ~. Again, because of such uncertainties, this 
data is being withheld from publication. 

Meanwhile, Cowie and McEwen s4 have reported torsional 
braid values of Tg on PDMS oligomers. Since this polymer 
does not appear to have a/3 peak (see Table 1) and since 
crystallinity at about 1.2 Tg would suppress and/or hide a 
Tl, l, only Tg was reported (and presumably was the only 
peak to be observed). The apparatus used was an earlier 
non.automated torsional braid equipment. 
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Table 1 Dynamic studies of supported low molecular weight substances a 

Substance Dynamic 
investigated Support method References 

Various Steel sheet Vibrating reed 

Alcohols Porous crosstinked styrene-divinylbenzene films Torsion pendulum 
(t.p.) 

Alcohols Cellulose blotter t.p. 

Oligomeric propylene glycols Cellulose blotter t.p. 
and butylene glycols 

Oligomeric ethylene glycols Cellulose blotter t.p. Faucher et al. f 

Polyoxetanes Cellulose blotter t.p. Stratta et aL g 
AI Foil sandwiches 

Bleached cellulose t.p. Koleske and Lundberg h 

Glass braid t.b.a. Gillham i 

Glass braid t.b.a. Gillham et al.48, 49 

Glass braid t.b.a. Cowie and McEwen s4 

Glass fibre circles Rheovibron Cowie et aL s6 

PBD of 10 6 MW Forced shear Sidorovitch et al.J 
vibrations 

Lactones 

Plasticizers, curing systems 

Oligomeric PS 

Oligomeric siloxanes 

Itaconic acid esters above Tg 
Polybutadiene (PBD) 

b 

IIlers c 

Faucher and Kolesked 

Faucher e 

a A low molecular weight substance is one which is too weak mechanically and/or which is too f luid to be used unsupported in conventional 
equipment, b See footnote 1, Table 1, ref 2. c Illers, K.-H. Rheolog. Acta 1964, 3, 13. d Faucher, J. A. and Koleske, J. V. Phys. Chem. 
Glasses 1966, 7, 202. e Faucher, J. A. J. Polym. Sci. (B) 1965, 3, 143. f Faucher, J. A., Koleske, J. V., Santee, E. R., Stratta, J. J. and Wilson, 
C. W. J. AppL Phys. 1966, 37, 3962. g Stratta, J. J., Reding, F. P. and Faucher, J. A. J. Polym. Sci. (A) 1964, 2, 5017. h Koleske, J. V. and 
Lundberg, R. D. J. Polym. ScL (A-2) 1972, 10, 323. i See ref 4 for  general background and references. J See item 4 of Table 2 

It is clear then that torsional braid analysis provides one 
solution to covering both the oligomeric range of molecular 
weights as well as the liquid region above Tg and/or TM. 
While its frequency can be caried by using pendulums with 
different moments of inertia, the frequency range available 
is limited. The Rheovibron offers a more extended range of 
frequencies but cannot use the inextensible Gillham braid ss. 
Cowie et aL s6 have demonstrated the use on the Rheovibron 
of polymer-impregnated strips cut from non-woven glass 
fibre circles (Watmann GFC) to go above Tg with t.b.a, on 
some semi-crystalline polymers. The results obtained were 
similar to those using t.b.a. We used some GFC material sup- 
plied by Cowie s6 to study anionic PS of molecular weight 
37 000, but appreciable flow occurred in the Rheovibron just 
above Tg. Inspired by Cowie, we used woven stainless-steel 
mesh strips cut at an angle of 45 ° to the warp and weft 
directions. This permitted obtaining well defined loss curves 
at several frequencies, showing Ta, Tg and T/, l on anionic 
PS of molecular weight 37 000 sTa. 

This section will be closed by reviewing two pertinent 
areas. The first concerns the fact that there have been many 
successful attempts reported in the literature to measure 
dynamic mechanical properties of low molecular weight 
compounds and of oligomeric polymer series Because of our 
general interest in this area for reasons cited above, and be- 
cause such a tabulation might inspire future work, we list 
in Table 1 the examples readily culled from our files. In 
all cases the low molecular weight substance is on or within 
a substrate that can withstand the applied mechanical force 
over the desired temperature range, while contributing little 
or no background loss. 

The second point is that the scientific community has ex- 
pressed friendly scepticism about the so-called Tl, l transition 
first named and explained some years ago by us Gillham s° 
and the present author both agree that since the braid may 
generate an artifact and since the event is not seen by con- 
ventional viscoelastic tests, scepticism is deserved until 
certain key issues are completely resolved, and answers 

made available. Since the present author is proposing the 
liquid region above Tg as a fruitful area for future study, it 
is important that the joint Gillham-Boyer attitude be clearly 
stated*. Briefly: 

(1) While we do not profess to understand the molecular 
basis for the t.b.a, observations, it is quite clear how the 
phenomenon can be observed with t.b.a, at will, and re- 
versibly on heating and cooling, via the use of essentially 
monodisperse polymers having Mn values ~< 100 000. 

(2) The unambiguous dependence of TI, I on h~ n - I  for 
molecular weights of narrow polymers and bimodal blends 
below M c suggests a basic molecular mechanism, even if an 
interaction between glass braid and molten polymer is 
involved. 

(3) However, several bodies of systematic data (variation 
of molecular weight) are now available in the literature on 
three atactic polymers using four different experimental 
methods. All agree that something with relaxational charac- 
ter occurs above Tg (Table 2). 

(4) In one instance, a fraction of PMMA (25 000 MW) 
tested by one non-braid method in Germany was furnished 
to the t.b.a, programme. Essentially identical values were 
obtained for Tg and TI, I by both techniques, the braid 
values being slightly higher because of frequency sTb. 

Table 2 is a summary of these eight systematic bodies of 
data. We believe that this tabulation should serve to en- 
courage study of dynamic mechanical loss in the region above 
Tg in amorphous polymers and above TM in crystalline ones. 

Mechanical spectra o f  rarefied polymers 
The mechanical spectra of amorphous and semi- 

crystalline polymers have been studied as a function of 
hydrostatic pressure by Zogel 5s and more recently by Tabor 

* A position paper is currently being prepared and will appear asa 
long abstract in Polymer Preprints 1976, 17, (ACS San Francisco 
Meeting August 1976). This seems to answer all major objections 
thus far made against TI, l and the t.b.a, method. 
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Table 2 Systematic evidence for relaxation phenomena above Tg 

Polymer Molecular Support 
(all atactic) weight range for polymer Method Reference 

1 Polystyrene 500--5 x 105 Glass plates Melt fusion under pressure Ueberreiter and 
Orthmann 46 

2 PMMA 1200--1.1 x 106 Glass plates Melt fusion under pressure Ueberreiter and 
Orthmann 46 

3 PMMA 200-1.1 x 106 None a Thermal diffusivity Ueberreiter and 
Nagh izadehb, c 

4 cis-trans polybutadiene d 10 000-3.1 x 10 s PBD of MW 106 Dynamic mechanical loss Sidorovitch, Marei and 
Gashtol'd e 

5 Anionic PS 6 0 0 - 2  x 106 Glass braid t.b.a. Stadnicki, Gillham and 
Boyer ~ 

6 Anionic PS AI pan d.t.a, f Stadnicki, Gillham and 
Boyer 48 

7 Thermal PS fractions 1800-1.1 x 10 s Glass braid t.b.a. Glandt, Toh, Gillham 
and Boyer 49 

8 Thermal PS fractions AI pan d.t.a, f Glandt, Toh, Gillham 
and Boyer 49 

a Sample in form of a rod. b Ueberreiter, K. and Naghizadeh, J. Kol/oid. Z. Z. Po/ym. 1972, 250, 927. c A fraction of PMMA, molecular 
weight 25 000 has been tested with t.b.a. Both methods essentially agree concerning Tg and a second event above Tg. d ~ 40% cis, 40% trans, 
10% vinyl-1,2. Similar results were obtained but not reported on hevea rubber and a poly(propylene oxide) elastomer, e Sidorovitch, E. A., 
Marei, A. I. and Gashtol'd, N. S. Rubber Chem. Technol. 1971,44, 166. See also Polym. Sci. USSR 1974, 16, 993. f Seen only on heating 
cycle of specimens in f inely divided form. 
It should be recalled that Cox, Isaksen and Mers, J. Polym. Sci. 1960, 44, 149 found a minimum in damping lying above Tg but below what we 
call Tif f which they could not observe. The temperature of this minimum increased wi th/~n while the magnitude of damping at the minimum 
decreased. Similar results for  PBD are found in the references in footnote e 

and his collaborators s'6 . Both amorphous and crystalline 
loss peaks are shifted to higher temperatures, as might be 
expected because of the decrease in free volume with pres- 
sure. Densified polystyrene prepared by the application of 
hydrostatic pressure in the melt above Tg with subsequent 
cooling under pressure has been measured at room tempera- 
ture by Dale and Rogers s9, as well as by Price et al 6°. 

The densification achieved in this latter reference was 
quite small, being only 1% at 3000 bars. The intensity of 
a secondary and the Tg peak of atactic polystyrene appeared 
to be suppressed in intensity by this densification. One can- 
not be certain if the effect arises from a decrease in free 
volume alone, or from different ordering parameters, i.e. 
different isomer content frozen in above Tg or both. 

We suggest for the future that there may be some merit 
in studying polymers whose densities are less than normal 
and hence, with enhanced free volume. This is achieved to 
a very limited extent by quenching from above Tg which 
gives, at least for polystyrene, an enhanced/3 (T < Tg) amor- 
phous loss peak 6~. This peak height is suppressed by an- 
nealing. We have in mind far greater volume changes than 
this. 

Illers and Jencke162 showed that the/3 peak in crosslinked 
styrene-DVB copolymers increased as the divinyl benzene 
content was raised from zero to 1 to 3 and to 9%. The 
effect was far greater than that normally achieved by quen- 
ching. Subsequent unpublished torsion pendulum results 
by Tudey 4s on a s tyrene- l% DVB copolymer confirmed 
the enhanced/3 peak. 

While one normally expects crosslinking to increase den- 
sity and decrease free volume, the exact opposite can occur 
in some instances. For example, Ueberreiter and Otto- 
Laupenm~iehien ~s cast a series of  styrene-DVB rods con. 
raining 5, 10, and 15% DVB. These cast rods were cooled 
slowly from 200°C to room temperature at which tempera- 

ture densities of 1.047, 1.021 and 1.005 g/cm respectively 
were measured. Presumably the normal shrinkage, which 
occurs both during polymerization and subsequent cooling, 
was inhibited by crosslinks and a substantial decrease in 
density resulted. 

A further but less dramatic indication of this same effect 
is afforded in the data of  Millar 64 on S-DVB 18-50 mesh 
beads prepared in suspension. The density goes through a 
slight minimum at 2 to 4% DVB before starting to climb 
sharply. This could result from a competition between the 
shrinkage effect already discussed and the normal tendency 
of crosslinkers to increase density. This shrinkage effect 
should be smaller, the smaller the dimensions of the poly- 
merized system. 

It might be thought that the presence of physical cross- 
links would drastically alter glassy state relaxation processes, 
and this may in fact prove true. However, with one cross- 
link every 10 or 20 monomer units, and with the/3 process 
involving only one or two monomers along the chain ~, it 
does not appear too likely that effects other than from free 
volume will be effective. Takayanagi and coworkers 6s have 
clearly shown that high levels of crystallinity (which we con- 
sider to act as physical crosslinks) do not appreciably aff::ct 
either the temperature or the intensity of the/3 relaxation 
in poly(ethylene terephthalate). 

If one assumes a value of 10% as the effective free volume 
at Tg, and presumably in the glassy state not too far below Tg 
then a 5% decrease in density is a 50% increase in free volume 
Correspondingly a 1% increase in density by densification 
means a 10% decrease in free volume. 

Further it is known from the studies of  Lloyd and 
Alfrey ~ that addition of an inert diluent to a styrene-DVB 
system prior to polymerization, and subsequent removal of 
the diluent, leads to a control of porosity (and even the 
shape of the pores depending on amount and type of diluent) 
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peaks 

Relative intensities of 13 (local mode) a amorphous relaxation 

Mechanical motions in amorphous and semi-crystalline polymers: Raymond F. Boyer 

Nature o f  the in-chain 13 relaxation in addition polymers 
The in-chain 13 relaxation is an amorphous phase process 

Strength Rafe- lying below Tg. For addition polymers (vinyl, vinylidene, 
o f  13 p e a k  c rence  ring opening, and some self condensing monomers such as 

2,6-dimethylphenol) in which the motion about the chain 
Strong (I), h axis must be similar in type but smaller in extent than the 
Strong d 
Strong e motion at Tg, we know from the original finding of Matsuoka 
Weak e and IshidaTras later modified and refined by Boyer 2'29 that: 
Weak f 

Strong f T/3(100 nz) ~ ( Z <  Zg)(100 nz) ~ 0.75 Tg(100 nz) (1) 

Weak g 
Strong g for a large number of examples but not all. It seems true for 
Weak h many amorphous and semi-crystalline polymers. The author 
Absent i, j has interpreted this relationship to imply that the motion 
Absent k, I occurring at T13 is a precursor of that which will occur at 
Weak m 

Tg 72 The presumption here is that the local mode motion Strong m 
(see pp 182-85 of ref 1 for definition) associated with T13 
occurs in isolated pockets of free volume and that these 
pockets coalesce at Tg. Moreover Goldstein 73 has predicted 
on theoretical grounds that every Tg should have a T < Tg 
or T13 process. 

The key question which remains for the future is: why is 
this/3 process missing completely or exceedingly weak in 
many common polymers? For example, it is missing in PIB, 
PVDC1, PDMS, isotactic PMMA, isotactic PS, etc. Janssen 
has concluded 3°'32 that in some cases T13 is hidden under the 
Tg loss peak and can be resolved by suitable data treatment 
techniques which he has developed. Even so, it would seem 
that the Goldstein hypothesis, equation (1), and the pre- 
cursor argument all fail in such instances. 

Even though the detailed answers are not available, Table 
3 assembles some literature data indicating that both chain 
geometry as well as chemical structure may play a role in 
the intensity of the 13 peak. In pairs of cases where the 
chemistry is identical, planar zig-zag vs. helical, trans vs. cis 
and syndiotactic vs. isotactic appear to be crucial with the 
first of the two giving a stronger 13 peak. This is further 
developed numerically in Table 4 for a few polymers using 
definitions shown in Figure 2. We show two measures for 
intensity of the/3 peak: absolute height on a given loss 
scale (whatever used by the investigator) and difference bet- 
ween peak height and an assumed background. Heijboer Jl 
has recommended for such weak secondary loss peaks an 
integration of the area between peak and background vs. 1/T 
but present circumstances do not warrant such detail. Table 
4 gives some quantitative feeling for the qualitative statements 
mode in several cases cited in Table 3. 

Heijboer 74 has concluded that apparent activation energies, 
AHa, for these secondary or 13 loss peaks are determined by 

Crystalline 
Polymer form b 

Polyethylene Planar zig-zag 
Poly(vinyl fluoride) Planar zig-zag 
Poly(vinylidene fluoride) Planar zig-zag 

Helical 
Isotactic PS Helical 
Atactic PS Mixed iso-- 

syndio--hetero 
Isotactic PMMA Isotactic 
Syndiotactic PMMA Syndiotactic 
Isotactic polypropylene Helical 
Polyisobutylene Helical 
PDMS Helical 
Cis-polybutadiene No crankshaft n 
Trans-polybutadiene Crankshaft n 

a The 13 (local mode) loss peak arises in the amorphous phase as 
well as in crystal defect regions, b It is assumed that some tenden- 
cies for the indicated conformation will persist in amorphous 
regions where/3 peak occurs, c Strength of a sub-group relaxation is 
not well defined. In general, we use whatever measure appears in 
the literature. See also Figure 2. d Osaki, S., Nemura, S. and Ishida, 
Y. J. Polym. Sci. (/I-2) 1971,9, 585; Kawsaki, N. and Hashimoto, J. 
J. Po/ym. Sci. (A-2) 1971,9, 2095. e Kakutani, H. J. Polym. Sci. 
(A-2) 1970, 8, 1177. f Reference 45. g Figure 5 of ref 4. hFIOcke, 
H. A. Kolloid Z. 1962, 180, 118. Data on PE also appears in this 
article, i Morgan, R. J., Nielsen, L. E. and Buchdahl, R.J. Appl. 
Phys. 1971,42, 4653. There is methyl group rotation below Tg. 
See Figure 9 of ref 10. J It is not known if symmetrical substitution 
plays some role. As mentioned in the text the 13 peak may lie under 
the Tg peak. k Figure 34 of ref 10. I Symmetrical substitution 
again, m Figure 2 of footnote i. n Morgan eta/. ( footnote i) above 
suggest that a slightly imperfect crankshaft is possible in the amor- 
phous phase for the trans but not for  the cis isomer 

Small amounts of diluent might be removed from linear 
polymers by freeze drying techniques although such poro- 
sity would almost certainly collapse on heating the specimen 
near Tg. The porosity induced in crosslinked polymers by 
diluents is probably much more stable near and above Tg. 

We also note that 'popcorn' polymers prepared by proli- 
ferous polymerization 67 as with S-DVB, can naturally 
attain densities as low as 0 .3-0.4  g/cm, with apparently a 
complete range in densities possible up to ~1.0568. 

Finally, controlled crazing offers another technique for 
introducing microvoids. This crazing may be developed 
under simple tension on the glassy polymer as was carried 
out by Maxwell and R a h t n  69 o n  polystyrene or on a rubber 
modified glassy polymer such as rubber modified poly- 
styrene, in which crazes developed at each rubber particle on 
flexing 7°. Such crazes tend to heal themselves and disappear 
when the specimen is heated above Tg. As indicated earlier 
crazes induced in PS by deformation at low temperature 
definitely enhance the intensity of the/3 peak. 

One might rationalize the enhanced 13 peak with increased 
free volume as follows: the opportunity for local mode re- 
laxation is probably much greater at the surface than in the 
interior of a specimen. Generation of large amounts of 
internal voids would be expected to enhance the intensity 
of the 13 peak and possibly to shift its location and/or 
breadth along the temperature scale. 

In summary, we suggest that control of  free volume by 
one or more of the techniques just enumerated offers new 
opportunities for investigating the nature of relaxation pro- 
cesses in the rarefied glassy state. 

< 

T 

Figure 2 Two definitions of 13 peak intensity used in connection 
with Table 4 
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Table 4 Relative intensities of ~3 (T < Tg) peak as defined in 
Figure 2 

f Structural Data 
System (Hz) comparison A/Ahelica I A/Ahelica I source 

Poly- 1 Anionic/ 2 4 Turnley a 
styrene quenched 

isotactic 

PMMA 1 Atactic/ 3.6 2 Gillham b 
isotactic 

PE/PP 1 Planar zig- 6 4 FlOcke d 
zag/helical c 

PVF 2 10 Planar --g 2 Kakutani h 
zig-zag e 
helical f 

a Ref 45; b Figure 5 of ref 4; c comparison based on specimens of 
about equal crystallinity; d FlOcke, H. A. Kolloid. Z. 1962, 180, 
118. e oriented or cast from solvent; f unorientated; g T < Tg loss 
peak not well defined; h Kakutani, H. J. Polym. Sci. (A-2) 1970, 8, 
1177 

local intramolecular barriers to motion about the chain axis. 
Strong intermolecular steric hindrance decreases the intensity 
of the loss maxima but leaves AH a unchanged. These con- 
clusions raise several problems. If T# is indeed a precursor 
for Tg, a heavy intramolecular component to Tg is implied. 
This is consistent with the fact that the methyl side group 
in PMMA raises Tg 100K over the value for poly(methyl 
acrylate). Heijboer's view is substantiated by the findings 
of Amrhein et al. 7s that dielectric loss in PMMA solutions 
still shows the/~ loss peak because, they conclude, it has an 
intramolecular origin. 

On the other hand, an intense dielectric fl peak has been 
reported for the relatively rigid coplanar molecule, o- 
terpheny176. This would appear more in harmony with 
Goldstein's view of the nature of the glassy state than of 
Heijboer s internal energy barrier. 

Molecular probes for motion in highly crystalline polymers 
Introduction. Highly crystalline polymers such as linear 

PE, POM isotactic polypropylene, PVF, PVDF etc. are 
composites consisting of three types of interconnected 
material in either the chain folded or fringed micelle models: 
high modulus crystallites; lower modulus crystalline defect 
regions, amorphous regions with low modulus above Tg, 
high modulus below Tg. Some amorphous material may be 
unconnected to the crystallites, or possibly adsorbed on 
them 77. 

Dynamic mechanical measurements of necessity yield 
the properties of the composite at any temperature and 
frequency, with the amount of crystallinity and overall 
morphology being very important. From an engineering 
point of view, dynamic properties of the composite are 
important because they should correlate with end use 
behaviour. However, this composite structure greatly com- 
plicates a thorough understanding of molecular motions in 
the several regions named above. There are three key 
problems: 

(a) identification of the phase in which each loss peak 
occurs; 

(b) effect of fractional crystallinity, Xc, on the tempera- 
ture of amorphous and crystalline relaxations and transitions; 

(c) effect of Xc on the intensities of each relaxation. This 
in turn assumes knowledge of how to define and measure 
intensity. 

Raymond F. Boyer 

In spite of 20 years or more of efforts to resolve these 
problems, much controversy still exists, especially in regard 
to the value of Tg for such highly crystalline polymers (see 
Figure 1 of ref 29). Therefore, it seems pertinent to review 
briefly the approaches taken in the past before proposing 
how one might proceed in the future. The examples deal 
mainly with PE, POM and PP. 

McCrum and his colleagues varied thermal history to con- 
trol relative amounts of amorphous and crystalline phase, 
and morphology 1. They were also concerned with the 
proper mechanical loss function (tan 8, decrement loss, 
modulus loss, compliance etc.) to use in describing the 
dynamic behaviour of crystalline composites as a function 
of ×c as. Recently McCrum has worked with the so-called 
T jump method 7s, as well as the effect of annealing versus 
quenching on mechanical loss in PE 79. 

Takayanagi and his colleagues extended this work in 
several directions including modelling, i e. series models, 
parallel models and mixed series-parallel models for the 
two phases; and secondly, study of single crystal mats in 
which the amorphous phase was extremely small in 
vo]umeT,8,21, 65. 

l]lers has varied branching, crystallinity, morphology, 
radiation crosslinking and the use of diluents in studying 
the relaxation behaviour of polyethylene 22-z5. 

Ward 1~-2° has studied mechanical spectroscopy, coupled 
with other techniques, for highly oriented polyethylene. 
Takayanagi et al. 2~ have also used orientation as a tool in 
studying molecular motion as have Buckley and McCrum. 

Kardos and Raisoni s~ have proposed using very specific 
models based on analogues with two-component engineering 
composites. Thus, for the crystalline phase in PE, the 
spherulite is modelled as a two-dimensional disc whose 
radius is the ]amellar crystal length. The bulk polymer is 
considered to consist of many such spherulites whose 
lamellae lengths are oriented principally in one plane of the 
fiat specimen. Observed values of stiffness and thermal 
expansion vary with crystallinity and morphology in a 
manner consistent with such a model. 

This listing by no means exhausts the names of workers 
or techniques devoted to mechanical loss in highly crystalline 
polymers. For example, we have proposed s2 two simple 
models to describe respectively the effect of crystallinity on 
the glass temperature(s) of polymers and the variation in 
strength of the Tg and T < Tg or T~ relaxations with crystal- 
linity. Dielectric and n.m.r, studies have been reported ex- 
tensively in the literature as an adjunct to mechanical loss. 

However, all of the above considerations convince us that 
mechanical spectroscopy must be supplemented in the 
future by one or more techniques not currently in common 
use. The nature of the problems and the likely origins of 
the continuing controversy about Tg have been discussed in 
detail by McCrum sa. He concludes inter alia that the amor- 
phous forms of linear crystalline polymers are not in all res- 
pects identical to the amorphous forms of other polymers 
and hence one must first define what is meant by the Tg 
of crystalline polymers. 

For purposes of continuing discussion of this problem, 
we include Figure 3. This Figure shows three types of ex- 
perimental results. The upper curve is the 0.2 Hz torsion 
pendulum plot for the Tg of ethylene-propylene copoly- 
mers as measured by Tuijman ~ and further modified in 
Figure 10.14 of ref 1. To the right of the minimum, as pure 
PE is approached, Tg is more generally known in the litera- 
ture as T~. The lower curve is a plot made by Illers ss of 
dilatometric Tg values for another series of E -P  copolymers, 
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Figure 3 Glass temperatures of ethylene/propylene copolymers as 
measured by 0.2 Hz torsion pendulum (0)84; di latometry with 
extrapolation to 100% amorphous PE by the Gordon--Taylor equa- 
t ion (111)85; and e.s.r, spin probe technique (A)87-89 

with extrapolation to a value for amorphous PE by the 
Gordon-Taylor copolymer equation. This places Tg of 
amorphous PE at I]ler's well known value of 196K. The 
broken straight line is one sometimes found in the literature 
as the proper extrapolation to a Tg around 150K. We have 
argued elsewhere 86 against such a conclusion because the 
3' relaxation is found independently of Tg in all E - P  copoly- 
mers for which there is no ambiguity about Tg, as well as 
in PE for which there is doubt. 

The four square points at high ethylene content were 
obtained by an e.s.r, technique employing a nitroxide 
probe 87-89. We will comment more on this later but suggest 
for the moment that this probe technique reinforces the 
l]ler's extrapolation via the Gordon-Taylor equation by 
measuring motion in the amorphous regions over small 
volume regions. 

The main conclusion from Figure 3 is that a dynamic 
mechanical test on PE gives the Tg of a composite specimen. 
This Tg is real and is the proper value for such a highly 
crystalline two phase material. This is the Tg of amorphous 
material connected to the crystalline material probably at 
both ends, as in a loop 29. It is not the Tg of free (rejected) 
molecules or of cilia connected at only one end to the 
chain folded crystal 29. It is our belief that the Tg of such 
amorphous material within a composite semi-crystalline 
polymer can best be seen only with some type of molecular 
probe. 

Molecular probes. There is nothing novel about proposing 
molecular probes to study motion in highly crystalline poly- 
mers. Bergmann 9° has demonstrated the power of the n.m.r. 
technique in revealing the onset of proton mobility in PE 
and other semi-crystalline polymers; North 9~ has recently 
reviewed the use of luminescence techniques, among which 
that of Guillet 92 is prominent. Our own interest is in the 
use of nitroxide free radical probe molecules to detect the 
onset of molecular motion in amorphous and semi-crystalline 
polymers. There are several reasons for this choice: (a) 
ready availability of a variety of nitroxide probes of dif- 
ferent molecular weights and shapes; (b) low level of addi- 
tive needed (10-50  ppm) because of the extreme sensitivity 
of the e.s.r, technique; (c) ease of constructing calibration 
curves between a characteristic e.s.r, signal from a large 
probe and Tg values of known polymersST'sg'93'94; (d) indica- 

tions are that smaller probes may be used to calibrate for 
the onset of motion at secondary relaxations 9s. 

A rather sophisticated application of the e.s.r, technique 
has been reported for PE by Bullock et al. 96 who have used 
the same nitroxide molecule both as a free probe and as a 
tag or label chemically bound to the backbone chain. This 
probe is smaller than any studied by us 87-89. It appears from 
their Figure 6 that this small probe may be responding to 
the 7 relaxation even though the mechanical relaxation peak 
is normally insensitive to crystallinity variation 22-2s. How- 
ever, it may be responding to the amorphous phase Tg 
around 195K, which is presumably sensitive to crystallinity 
level. A firm conclusion about T. r or Tg is not warranted 
in the absence of a calibration curve for this specific probe. 

Finally, it appears from their Figure 5 as if the nitroxide 
tag is observing the/3 relaxation, i.e. the Tg of the composite. 
This would be the case if, for example, the tag were carried 
on a loop because it has been rejected by the chain folded 
crystal. It would then follow the motion of the loop, the 
motion we associate with Tt329. Bullock et al. 96 appear to 
believe that this label can rotate freely about the backbone 
chain, although forced to rotate anisotropically. In our 
experience, the drop in line width starting at about 250K 
would be consistent with seeing/3 motion. 

Figure 4 is a schematic plot for PE combining the probe 
and label data of Bullock et al. 96 with results on two sizes 
of probes (both larger in size than Bullock's) by Rabold 93, 
as subsequently confirmed by the author and 
colleagues87-89, 9s. 

Figure 4 is intended to suggest possibilities for under- 
standing complex relaxation spectra in semi-crystalline 
polymers by using free probes of different size in addition 
to tags. 

Our current experience in using free nitroxide probes in 
semi-crystalline polymers is not free from problems 87-89. 
Four samples of PE gave Tg values of 201,201,220,  and 
233K, suggesting that probes are not always immune to 
morphological influences. Experience with POM, PEO and 
PVF have been satisfactory; that with PVDF is a complete 
failure for reasons not yet elucidated but probably connec- 
ted with morphology 87-89. 

In conclusion, we suggest that the e.s.r, probe and tag 
techniques will be a valuable adjuncts to, but not replace- 
ments for, mechanical spectroscopy. Other probe techniques 

80 

"~ 7O 

g sc 

~ 40, 
Lkl 

30 ~ 
-160 - 8 0  0 8 0  

Temperature (oc) 

Figure 4 Line width vs. temperature by e.s.r, technique in PE for: 
A, very small probe showing either T.), or amorphous Tg96; B and C, 
probes of increasing size showing amorphous Tg93; D, spin label 96 
which appears to reveal Tfl 
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are not thereby rejected. In fact, the dielectric probe studies 
of Davies and Edwards 97 for polystyrene might be cited. 
Although higher quantities of added probe are required, the 
essentially spherical molecule, camphor, MW 136, lies on a 
common curve with our nitroxide probes of molecular 
weight 172 and higher. 

It will be suggested later that availability of high mole- 
cular weight fractions which are slow to recrystallize will 
permit examination of PE, PEO, POM and other such poly- 
mers by mechanical spectroscopy with no or only minor 
complications from crystal]inity. The work of Illers 22 
suggests that moderate amounts of crystallinity may have 
little effect on the loss spectra of PE. 

Computer simulation o f  in-chain sub-group molecular 
motions for addition polymers 

As above, this section is concerned only with cases where 
the relaxing subgroup is identical in structure to the rest of 
the chain, as for example in linear PE for which the 3' sub- 
group relaxation at ~ 150K involves -(CH2) n -  where n is 
a small number, perhaps ~<7. Boyd and Breitling have de- 
veloped computer techniques involving both intra-chain and 
inter-chain barriers for simulating the motion of small units 
in the polymer backbone. This was first demonstrated for 
PIB only as an exercise in possible backbone chain motions, 
not in activated relaxation processes 9s. 

Such techniques were then extended to a conformational 
analysis of crankshaft motions in polyethylene 99-1°°, namely 
the 7 relaxation. Different proposals for crankshaft motion 
reported in the literature, such as the Schatzki or the Boyer 
crankshafts (Figure 5.8 of ref 1) could be examined rigorous- 
ly. It is possible to calculate the intra-chain energetics and 
also to simulate the possible effects of the surrounding 
matrix. Even more recently a simulation has been made for 
the energetics of kinks in PE, using crystalline arrays of 
C14, C18 and C22 linear paraffins 1°1. 

These simulation methods would appear to be limited 
ultimately by computer time and ingenuity in devising com- 
putational routines to shorten this time. 

We are not concerned here with the important parallel 
task of devising models for specific sub-group motions such 
as the glycol unit in PET 1°2, the phenyl side group in PS l°a 
or the generalized local mode motion in addition poly- 
mers 1°4 , and analysing such motion either experimentally 
or theoretically or both. 

Structure o f  the amorphous state and its possible effect on 
mechanical loss spectra 

There is currently considerable world wide interest in the 
nature of the amorphous state in polymers Ios-~°9. One pre- 
vailing opinion, based on recent neutron scattering experi- 
ments, is that an amorphous polymer such as atactic PS or 
PMMA; or the melt of a crystallizable polymer; or an 
amorphous elastomer consists of an assembly of randomly 
coiled inter-penetrating molecules with each polymer chain 
having essentially theta dimensions 1°s-1°7. Still uncertain is 
the extent of short range or local order, such as whether 
there might be a correlation of molecular orientation among 
neighbouring chains greater than expected for random coils 
but still less than will show long range order by scattering of 
X-rays, electrons or visible light. One study shows PS of 
MW21 000 to 1.1 x 106 to be random to 10 A H°. 

Now the mechanical relaxations with which we are con- 
cerned (with the possible exception of the TI, t process) in- 
volve relatively short sections of a polymer chain i.e. 20-30  
monomers at Tg, 1-2  monomers at Ta and less than an 

entire monomer unit at T~/and T6. Hence, the question 
must be whether such local relaxations are sensitive to local 
order, if such exists. 

We have studied on several occasions 29 a hypothesis by 
Bunn m that the empirical rule, Tg(K) ~ (2/3)TM(K), is 
consistent with the presence of short range order.in the 
amorphous phase. While one cannot prove this hypothesis 
conclusively, a number of facts are in harmony with it. 

However as mentioned above: Amrhein et al. 7s have 
shown that dielectric loss curves of either iso-or syndio- 
tactic PMMA in concentrated solutions (15 and 48%) in 
toluene occur at lower temperatures but are essentially 
similar to those of the bulk polymer. They conclude that 
intra-chain barriers to rotation are playing the dominant 
role in such motion. This would seem to suggest that the 
nature of the bulk state in these polymers plays no signifi- 
cant role beyond affecting free volume and hence the tem- 
perature at which a relaxation will occur. Presumably the 
relative intensities are also affected. Regions of demixing 
occur in the 15 and 40% solutions and act as crosslinks. 

Ito and Hatakeyama 112ma have attempted to introduce 
local order into PET m and into polycarbonate 113 by con- 
trolled orientation. Dielectric and mechanical loss do change 
in a very definite pattern with draw ratio. The frequency of 
the maximum in dielectric loss changed in the same manner 
at T# as at Tg. They consider that the local mode process 
does reflect the structure of the glassy state. We cite these 
two papers as indicative of concern about relaxation spectra 
and structure of the glassy state. 

We have attempted H4 to explain the extreme breadth of 
the/3 relaxation in atactic polystyrene, namely from about 
170 to 370K at I Hz, as arising from the extremes of varia- 
tion of free volume in the glassy state. Following an argu- 
ment of Robertson ~ls, it has been assumed that a random 
array of matchsticks (polymer chains) will have only about 
60% of the density of a regular parallel array, with many 
polymers showing an amorphous to crystalline density ratio 
of about 0.9. Therefore, one can visualize a free volume 
range from 0 to 40% with an average around 10%. An 
increase in Tg of 500 to 700K per cm3/g decrease in free 
volume has also been estimated. We assume similar values 
might hold for T#. Thus a range in free volumes from 0 to 
40% might correspond to a spread in the 13 peak of 175-  
250K, in agreement with the observed value for atactic PS. 

Finally it has been noted many low molecular weight 
glasses show/3 and Tg relaxations not too dissimilar in overall 
characteristics from those in polymers. For such glasses 
there can be ordy a short range, local liquid-like order with 
no long range physical connectivity between different parts 
of the glass, as in the case of polymers. It would appear 
from these simple considerations that local structure of the 
amorphous state other than distribution of free volume, 
may not play a role in glassy state relaxations. However, 
we mainly pose the problem for the future to answer. 

Room temperature impact o f  glassy polymers in relation 
to glassy state relaxations 

It is now known that the room temperature impact 
strength of polymers whose Tg is above room temperature 
may vary by several orders of magnitude. It is also known 
from the classical work of Bohn and Oberst 116, as well as 
Staverman and Heijboer 117, that for certain polymers room 
temperature impact is higher if a strong T < Tg relaxation, 
a/3 peak in amorphous polymers, exists below room tem- 
perature (provided this is due to an in-chain and not a side 
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chain motion). This general topic has been reviewed both 
by Heijboer H8 and by the present author H9. 

We have recently tried to refine the basic ideas of Bohn 
and Oberst with the hypothesis that room temperature im- 
pact should correlate with the measured or calculated 
frequency at room temperature of the most dominant sub- 
group in-chain motion. This frequency, determined dielec- 
trically and/or mechanically, will be higher the lower is the 
temperature of the T < Tg relaxation at 1 Hz and the higher 
its apparent energy of activation. Using scattered data from 
the literature on Izod, tensile impact and elongation at 
break, one could observe that high frequency of the sub- 
group motion at room temperature correlated well with 
high toughness. These data were presented in tabular 
form no. Figure 5 shows a plot of tensile impact strength 
against log frequency. The scatter is considerable, which 
is not unusual in view of the nature of catastrophic tests 
and their sensitivity to flaws. Moreover, the data came from 
a variety of investigators. 

Manson et al. nl, aware of the above correlations, found 
that one characteristic parameter in fatigue studies, namely 
fatigue crack sensitivity, FCS, (rate of change of fatigue crack 
propagation per decade change in test frequency at room 
temperature) correlated with the room temperature jump 
frequency of the/3 process. 

Sachet n2 has shown a good correlation between tough- 
ness evaluated from stress-strain curves (Instron) and 
6ynamic tan 6 (Rheovibron) at 11 Hz and 10°C. 

It is evident in the two cases ~21'~22 where one investi- 
gator(s) collects the data that the correlation found is sig- 
nificantly better than that shown in Figure 5. This clearly 
points out a future need. 

Deformation and rupture processes in tough, glassy 
polymers pose a number of complex problems. We have 
enumerated some of them on a prior occasion (pp 342-347 
ref 114). There is, however, a simple rationale for behaviour 
such as that shown in Figure 5. Application of a tensile 
stress generates a bias favouring rearrangement of bonds by 
rotation over energy barriers and/or free volume barriers. 
A high frequency of rotation in the absence of stress pre- 
sumably facilitates such motion, leading to facile glassy state 
deformation in the presence of a stress. Argon has treated 

the problem of deformation in glassy polymers in some 
detail (lap 411 ref 114). 

There is now a rather dramatic new development in n.m.r. 
which can have a profound impact on the subject matter of 
this section. Schaefer et al./23 have shown that by use of 
13C n.m.r ,  with magic angle spinning, the motion of chemi- 
cally unique carbon atoms in the main chain and side chain 
of bulk polymers can be followed in detail. Thus, they have 
been able to differentiate between the frequencies of motion 
of the 5 carbon atoms of a monomer residue in the PMMA 
chain. Each one has a characteristic frequency and some 
of the frequencies are quite high (especially -CH 2-  and 
C H 3 - 0 -  groups) in comparison with the normal 1 Hz 
mechanical motion associated with the/3 relaxation. Thus 
far, such measurements have not been made as a function 
of temperature 124. 

Schaefer and his associates 12s'n6 have now extended this 
work to obtain a correlation between motions of carbon 
atoms in a selected group of polymers and notched impact 
strength. They observe crosspolarization relaxation times, 
TCH, which contain information in the near zero frequency 
range; and 13C rotating frame relaxation times, Tlo , which 
contain information about motion in the 10-50 kHz range. 
An empirical correlation shows that a high ratio of TcH/Tlo 
is associated with high notched impact strength and vice 
versa. It seems clear that a technique such as this which 
follows motion of individual carbon atoms in bulk polymers 
can really help to clarify all types of mechanical behaviour 
problems such as crazing, shear band yielding, creep and 
impact strength, especially once such measurements are 
made over a range of temperatures. 

Amorphous state of  rapidly crystallizing polymers and 
copolymers 

This topic naturally relates to the section on molecular 
probes for highly crystalline polymers but has been deferred 
because of required background material in subsequent 
sections. 

We have stated on an earlier occasion 29 that certain 
questions relating to 7~ for the amorphous state of highly 
crystalline polymers such as PE, PEO, POM, etc. will not be 
answered unambiguously until the amorphous state of such 
systems is achieved experimentally. Several recent events 
have revived our interest in this topic as one for much con- 
sideration in the future. 

The first is that Hendra et al. x27 have reported the pre- 
paration via rapid quenching of amorphous PE and its sub- 
sequent recrystallization as a function of temperature. 
I.r. crystalline bands at 720 and 730 cm -1 were used as the 
measure for crystallinity. They conclude from the develop- 
ment of these bands with temperature of subsequent an- 
nealing that Tg of amorphous PE must lie below 190K, 
presumably because recrystallization normally occurs only 
above Tg. While we accept their experimental findings with- 
out reservation, some caution is indicated concerning their 
conclusion on Tg in view of material produced above es- 
pecially Figures 3 and 4, and considerations introduced. 

Without trying to pre-judge this matter categorically, we 
suggest that their results are not inconsistent with an amor- 
phous Tg of about 195K for the following reasons. 

(1) Order present in the crystalline material is not neces- 
sarily completely destroyed by a simple melting regime. 
Short range order reported by Zachmann 12a for PE melts 
could then be preserved in the quenched specimens, pre- 
disposing them to recrystallize, especially with the marked 
undercooling. 
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(2) Semi-crystalline PE shows 22-2s 1 Hz torsion pendu- 
lum loss peaks at 108K in the crystalline regions and at 
138 and 163K in amorphous regions which may be subject 
to some restraint by the crystallites. As noted above, es- 
pecially in regard to Figure 5, 1 Hz loss peaks at low tem- 
perature can move much more rapidly at elevated tem- 
peratures. Hence frequencies of 104-106 Hz in the region 
of 180-200K are not unlikely. An e.s.r, spin probe (Figure 
6, ref 96) is probably rotating at 106 Hz at 190K and 108 
Hz at 210K. This does not prove, of  course, that chain seg- 
ments are moving this rapidly. 

(3) The absence of side groups favours ~ecrystallization. 
(4) Their PE specimen is a commercial material and, 

hence, heterodisperse. Limited evidence above suggests 
that all glassy transitions decrease in temperature with de- 
creasing molecular weight so that transition temperatures 
just given may be considerably lower for short chains and 
effective frequencies at 180-200K higher than estimated. 

(5) Nylon-6,6 recrystallizes at temperatures some 80K 
below its nominal Tg 129, which most likely is a result of the 
prominent 1 Hz 3' loss peak in nylons around 150-160K*. 

The issues we have raised are amenable to experimental 
attack but would seem to require a high molecular weight 
monodisperse PE (a fraction) with a carefully controlled 
history in the melt. 

The other recent development is that Maclaine and 
Booth ~a° have succeeded in preparing by fractionation amor- 
phous high molecular weight PEO and following its rate of 
recrystallization. A fraction of MW 1.6 × 106 had a limiting 
fractional crystallinity of 0.4 when recrystallized at 57°C. 

We were able to obtain a small amount of a fraction 
having MW 1.1 x 106 in order to check Tg by  several 
methods~3k A preliminary d.s.c, run on a Perkin-Elmer II 
unit by MacDonald ~32 showed no evidence for a Tg 
but did give a strong endotherm at TM. It appears that the 
specimen had become highly crystalline while held at am- 
bient temperature for four months. The maximum rate of 
recrystallization for PEO occurs at 20°-25°C la3, consistent 
with the d.s.c, observations. Quenching from just above the 
melt generated a small amount of amorphous material. 
Other parallel studies of melting for 21A h at 100°C and 
for 10 min at 130°C were insufficient to remove all crystal- 
linity. Thus high molecular weight and monodispersity slow 
down recrystallization and also remelting. 

Our experience with e.s.r, at a frequency of 107 Hz in- 
dicates that since T50G is usually 40°-50°C above Tg, rapid 
recrystallization may occur during e.s.r, measurements, 
entrapping the probe molecule and leading to a high estimate 
of Tg. 

At the moment enough has been done to demonstrate 
the preparation of amorphous PE and PEO. Dynamic me- 
chanical measurements on such amorphous materials remain 
for the future. 

New polymer types 
One can predict the appearance of challenging new poly- 

mer types without being specific. One need only consider 
the challenges presented by two-phase polymer systems: 
block, graft, interpenetrating polymer networks, and poly- 

* Personal discussions with Hartley and Lord in Manchester in 
March 1976 reveals that they consider the above results to be based 
on an artifact. A recent paper, Lord, F. W. (Polymer 1974, 15, 42) 
shows ordering but not recrystaUization in the glass state below T~ 
i.e. from 20 °-40°C. Crystallization occurs only some 30°-40°C 
above Tg. Nylons are dominated by hydrogen bonding which is 
absent ifl PE. 

Raymond F. Boiler 

blends. The advent of a class of synthetic polymers with 
rings in the chain (polycarbonates, poly(phenylene oxides), 
polysulphones, etc.) generated a new set of problems, es- 
pecially when considering mechanical properties vis avis 
relaxation spectra. The ionomers 26 were mentioned very 
briefly above as possibly being at the threshold of some 
surprising new developments, especially in view of unpub- 
lished work by Eisenberg 1a4 as, for example, a new peak 
above Tg which correlates in intensity with ion content. 

CONCLUSIONS 

The areas chosen as likely candidates for future effort 
in mechanical spectroscopy cover apparatuS, materials and 
experimental as well as theoretical techniques. Most of 
them, understandably, are areas in which we have had a 
strong interest and/or some measure of interaction in the 
recent past. It is evident that progress made on the mecha- 
nical spectroscopy of polystyrene as,49, both above Tg and 
at low molecular weights, was heavily dependent first on 
the automation of the t.b.a, equipment 4 and second on the 
commercial availability of anionic polystyrenes from 600 to 
2 x 106MI¢. Many polymers, such as PMMA, are not readily 
amenable to preparation by living polymer techniques. 
Until sizeable fractions (1-10  g) of narrow distribution 
atactic, isotactic and syndiotactic PMMA are available by 
any means, progress in studying these materials will lag far 
behind PS. The same can be said of poly(vinyl acetate), 
poly(isobutylene), polypropylene, PVC and many other 
polymers. Any simple technique to give high molecular 
weight fractions of PE, PEO, POM, PVDF, PVF and other 
rapidly crystallizing polymers will be tremendously impor- 
tant. Therefore, the pace of progress in the near future - 
five to ten years - will rest heavily on automation of mecha- 
nical spectroscopy to simplify acquisition of data; on easy 
availability of good, relatively monodisperse materials; on 
new polymer types; and on characterization breakthroughs, 
in related fields, as in 13C n.m.r.~23-t26~ and e.s.r. 87-96. 

Failure to include any results based on dielectric tech- 
niques was dictated almost entirely by a need to limit the 
scope of this article, and not by any lack of appreciation for 
this powerful tool. If  one could cite a single example, it is 
the dielectric study by Irvine and Work 13s on copolymers of 
para-methyl-and para-chloro-styrenes in order to elucidate 
the nature of the 5 relaxation mechanism in polystyrene. 
North la6 has a recent review on dielectric relaxation, with 
special reference to two phase systems. 
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Syntheses and conformational studies of 
poly(S-menthyloxycarbonylmethyl L- and 
D -cysteines) 
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S-menthyloxycarbonylmethyl L- and D-Cysteines were prepared by the reaction of L- or D-cysteine and 
(-)-menthyl chloroa~;etate in liquid ammonia and were then polymerized to poly(S-menthyloxycar- 
bonylmethyl L- and D-cysteines) by the N-carboxyanhydride (NCA) method. From the results ob- 
tained by means of infra-red spectra, X-ray diffractions, optical rotatory dispersions (o.r.d.), and cir- 
cular dichroisms (c.d.), poly(S-menthyloxycarbonylmethyI-L-cysteine) was found to be a right-handed 
a-helix in the solid state and in ethyl ether/chloroform and chloroform solutions. Similarly, poly(S- 
menthyloxycarbonylmethyI-D-cysteine) was a left-handed e-helix. The helix-coil transition of these 
polymers was observed in the vicinity of 3-4% trifluoroacetic acid (TFA) in chloroform/TFA 
mixtures. 

INTRODUCTION 

Considerable interest has recently been shown in the con- 
formation of many synthetic poly(e-amino-acids) and 
proteins in the solid state and in solution. The conforma- 
tion of a polypeptide is intrinsically dependent on its 
amino-acid composition, and it can form an a-helix, a/3- 
structure, or a random coil conformation. It has been re- 
ported that polypeptides with a hetero-atom (oxygen or 
sulphur) attached directly to the/3-carbon atom, such as 
poly(L-cysteine) and poly(L-serine) derivatives form a 
stable fi-structure~; in coil promoting solvents, such as DCA 
and TFA, they are in a random coil. However, poly(L- 
homocysteine) derivatives with a hetero-atom attached to 
the "),-carbon in the side chains, assume the e-helix 
conformation 2,3. 

Poly(S-benzylthio-L-cysteine) a and poly(S-benzylpenicil- 
lamines) s are in the e-helical conformation due to the 
steric interference between the side chain and main chain. 
Since polycysteine derivatives are hardly soluble in most 
common organic solvents, o.r.d, and c.d. measurements in 
the far ultra-violet region are very difficult. 

In the present study, S-menthyloxycarbonylmethyl 
L- and D-cysteines were prepared by the reaction of L- or 
D-cysteine with (-)-menthyl chloroacetate and were poly- 
merized to poly(S-menthytoxycarbonylmethyl L- and D- 
cysteines) by the NCA method. The forms of the poly(S- 
menthyloxycarbonylmethyl L- and D-cysteines) are as 
follows: 

--(NHCHCO)~- I 
S--CH2CO0 ~ 

The polymers were soluble in many organic solvents, 
such as chloroform, methylene chloride, benzene, dioxane, 
DCA and TFA, were slightly soluble in diethyl ether and 

n-hexane, and were insoluble in water and alcohols. The 
conformations of the polymers were studied by o.r.d., c.d., 
infra-red spectra, and X-ray diffractions, in order to investi- 
gate the effect of their side chains with optically active 
groups on the polypeptide structure. 

EXPERIMENTAL 

Materials 
(-J-Menthyl chloroacetate. 9.45 g of monochloroacetic 

acid, 15.2 g of (-)-menthol, and 1.88 g ofp-toluenesul- 
phonic acid monohydrate were mixed with 150 ml of 
benzene. The mixture was heated under reflux, and the 
nascent water was removed azeotropically by means of a 
Dean and Stark distillation apparatus. After the solvent 
was removed, the residue was distilled under reduced pres- 
sure; yield 19.0 g (83.0%); b.p. 140°-144°C at 25 mmHg; 
[e]D 25°C = -112.2 (c = 0.13% in EtOH). 

S-menthyloxycarbonylmethyl-L-cysteine. 5.7 g of L- 
cysteine in 150 ml of liquid ammonia were treated with 
small pieces of metallic sodium, with stirring until a lasting 
blue colour was obtained. To this solution 10.0 g of ( - ) -  
menthyl chloroacetate were slowly added. 4. 8 g of ammo- 
nium chloride were then added, the solvent was allowed to 
evaporate, and the residue was taken up in 200 ml of 
water and brought to pH 6.8 under cooling. The crystals 
thus precipitated were f'dtered and dried yielding 9.8 g, 
and were then recrystallized from methanol and ether; 
yield 6.5 g (52.2%); m.p. 149°C; [e]D 25°C = --64.1 (c = 
0.55% in MeOH). Calculated for C15H2704NS: C = 56.75%; 
H = 8.57%; N = 4.41%; found: C = 56.31%; H = 8.38%; 
N = 4.49%. 

S-menthyloxycarbonylmethyl-D-cysteine was prepared 
from the D-cysteine and (-)-menthyl chloroacetate by the 
same procedure as above; yield 4.38 g (27.6%); m.p. 156°C; 
[e]D 25°C = -27.0  (c = 0.56% in MeOH). Calculated for 
C15H2704NS: C = 56.75%; H = 8.57%; N = 4.41%; found: 

POLYMER, 1976, Vol 17, November 1009 



Poly(~menthy loxycarbony lmethy l  L- and D-cysteines): 7". Hayakawa et al. 

Table I Characteristic absorption bands of poly(S.menthyloxy- 
carbonylmethyl L- and D-cysteines) at 22°C 

Wavenumber (cm -1) 

L-polymer D-polymer 

Assignment Solid* in CHCI3 Solid* in CHCI 3 

Amide I 1667 1665 1663 1665 
Am ide I I 1548 1544 1549 1548 

*KBr disks 
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Figure I O.r.d. spectra of poly(S-menthyloxycarbonylmathyl L- 
and D-cysteines) in an ethyl ether/chloroform, 95/5 (v/v) mixture 
at 22°C. A, Poly(S-menthyloxycarbonylmethyI-L-cysteine); B, 
poly(S-menthyloxycarbonylmethyI-D-cysteine) 

C = 57.27%; H = 8.57%; N =  4.12%. 
S-menthyloxycarbonylmethyl-L-cysteine NCA. S- 

menthyloxycarbonylmethyl-L-cysteine NCA was prepared 
from the corresponding cysteine derivative and phosgene 
by the usual procedure; yield 58.2%; m.p. 95.5°C. Calcu- 
lated for CI6H25OsNS: C = 55.95%; H = 7.33%; N = 4.08%; 
found: C = 55.87%; H = 7.32%; N = 4.00%. S-menthyloxy- 
carbonylmethyl-D-cysteine NCA was prepared by the same 
procedure; yield 83.3%; m.p. 77.0°C. Calculated for 
C16H25OsNS: C = 55.95%; H = 7.33%: N = 4.08%; found: 
C = 55.78%; H = 7.30%; N = 4.03%. 

Poly(S-menthyloxycarbonylmethyl-L-cysteine). The 
above NCA (1.9 g) was polymerized in benzene with tri- 
ethylamiaae as an initiator at NCA/initiator ratios of  50/1 ; 
yield 1.02 g (61.9%). Calculated for (C15H2503NS)n: 

C = 60.11%; H = 8.35%; N = 4.68%; found: C = 59.78%; 
H = 8.42%; N = 4.61%. [7/] = 0.243 (in DCA at 25°C + 
0.05°C). N-terminal titration,MW = 25 600 (DP= 80). 
Poly(S-menthyloxycarbonylmethyl-D-cysteine) was pre- 
pared by the same method as mentioned above;yield 
54.8%. Calculated for (CIsH2503NS)n: C = 60.11%; H = 
8.35%; N = 4.68%; found: C = 59.58%; H = 8.65%; N = 
4.52%. [7?] = 0.213 (in DCA at 25°C -+ 0.05°C). N-terminal 
titration,MW = 12 000 (DP = 40). 

Methods 

The molecular weights were deterinined from the titra- 
tion of  the polymer in benzene with HC104/acetic acid, 
using crystal violet as the indicator. The viscosities were 
measured in DCA at 25°C using an Ubbelohde viscometer. 
Infra-red spectra were measured with a JASCO Model DS- 
301 spectrophotometer at 22°C. Infra-red spectra of  the 
solutions of  the polymers were measured in a tube of  poly- 
ethylene film. X-ray diffraction photographs were taken 
using a Rigaku-Denki Geigerflex with a Cu target. C.d. and 
o.r.d, were measured with a JASCO ORD/UV-5 spectro- 
polarimeter with a c.d. attachment at 22°C. The c.d. and 
o.r.d, measurements were performed with 0.1 and 1 mm 
cells from 260 to 200 nm, and with 10 and 50 mm cells in 
the visible region. The concentration of  the polymers was 
between 0.1 and 1.0 vol%. The c.d. and o.r.d, were expres- 
sed, respectively by the molecular ellipticity, [0 ], and the 
reduced residual rotation, [m'] .  
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Figure 2 C.d. spectra of poly(S-menthyloxycarbonylmethyl L- 
and D-cysteines) in an ethyl ether/chloroform, 95/5 (v/v) mixture 
at 22°C. A, Poly(S-menthyloxycarbonylmethyl D-cysteine); B, 
poly(S-menthyloxycarbonylmethyI-L-cysteine) 
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RESULTS AND DISCUSSION 

Infra-red studies and X-ray analyses 
Poly(S-menthyloxycarbonylmethyl L- and D-cysteines) 

showed infra-red absorption bands characteristic of poly- 
peptides both in the solid state and in chloroform solution 
(Table 1). Both the L- and D-polymers gave almost the 
same infra-red spectra. The amide I and the amide II bands 
were found at about 1660 cm - I  and 1550 cm -1, respec- 
tively. The X-ray diffraction patterns of the L- and D-poly- 
mers indicated the presence of a 13.6 _A reflection. The 
marked spacing at 13.6 A corresponds to the helix-helix 
interval of the e-helical polypeptides, as has been reported 
by Bamford et al. 6. The result of the X-ray diffraction dia- 
gram coincides well with that of the infra-red spectra. 

Optical rotatory dispersion and circular dichroism 
The o.r.d, and c.d. of poly(S-menthyloxycarbonyl- 

methyl L- and D-cysteines) in ethyl ether/chloroform, 
95/5 (v/v) were measured. Figure I shows the o.r.d, curves 
of the L- and D-polymers in ethyl ether/chloroform 95/5 
(v/v). The L-polymer exhibits a broad trough at 233-235 
nm with [m'] 233 = - 1 4  500 degree cm2/dm, a crossover 
point of Ira'] at 224 nm, a strong peak near 204 nm with 
Ira'] 204 = 49 000 and a shoulder near 217 nm with 
[m'] 217 = 13 000. The c.d. curves are shown in Figure 2. 
The o.r.d, and the c.d. spectra correspond well with each 
other. Two negative dichroism bands at 221 nm and 
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Figure 3 Helix-coil transition of poly(S-menthyloxycarbonyl- 
L- and D-cysteines) in chloroform/TFA mixtures at 22°C. A, 
Poly(S-menthyloxycarbonylmethyI-D-cysteine); B, poly(S- 
menthyloxyearbonylmethyI-L-cysteine) 
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Figure 4 O.r.d. and c.d. spectra of poly(S-menthyloxycarbonyl- 
methyl L- and D-eysteines) in a chloroform/TFA 96/4 (v/v), mix- 
ture at 22°C. Poly(S-menthyloxycarbonylmethyI-D-cysteine): 
A, o.r.d.; B, c.d. Poly(S-menthyloxycarbonylmethyI-L-cysteine): 
C, c.d.; D, o.r.d. 

210 nm, with [0] 221 = --44000 and [0] 210 --- -43  000 
and a zero point at 203 nm were observed for the L-poly- 
mer; a positive dichroism band below 200 nm can be ex- 
pected. The polymer gave also similar curves in chloro- 
form solution. From these o.r.d, and c.d. measurements, 
the L-polymer can be considered to have a right-handed 
a-helical conformation in an ethyl ether/chloroform mix- 
ture and in chloroform solution 7. On the other hand, the 
o.r.d, and c.d. curves of the D-polymer have a peak at 
233-235 nm with [m'] 235 = 15 200 and the positive 
dichroism bands at 221 nm and 210 nm, with [0] 221 = 
39 500 and [0] 21o = 35 100. This result suggests that the 
D-polymer can be considered to have a left.handed a- 
helical conformation in solution 7. The o.r.d, trough (or 
peak) at about 233-235 nm, and the magnitude of the 
negative (or positive) c.d. band of [0] 210, is somewhat 
different for the L-polymer and the D-polymer. This re- 
sult signifies that the asymmetry of the (-)-menthyl 
chromophore in their side chains causes an extraordinary 
rotational strength. The conformatior.al changes of the 
L- and D-polymers in chloroform and in a chloroform/TFA 
mixture have been studied. The plots of the specific rota- 
tion [a] 400 values versus the solvent composition of these 
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polymers in solution are shown in Figure  3. In 100% 
chloroform, the [a] 400 of  the L-polymer is -190 .  When 
TFA is added to the chloroform solution, its levorotation 
increases markedly. In a chloroform/TFA mixture 98/2 
(v/v), it decreases to a minimum value of  - 3 4 1 ,  finally 
reaching the [a] 400 = - 3 3 2  at about 4% TFA. On the 
other hand, in 100% chloroform, that of  the D-polymer 
is --78. With the addition of  TFA, it increases to a maxi- 
mum value of  +46.3 at 1.5% TFA, finally reaching +44.0 
at above 2.5% TFA. Figure  4 shows the o.r.d, and c.d. 
curves of  the L- and D-polymers in a chloroform/TFA 
mixture 96/4 (v/v), characteristic of  the random coil con- 
formation. There is a 237 nm trough (or peak), a 226 nm 
peak (or trough), and a trough (or peak) below 210 nm 
in the o.r.d, curves, and a small negative (or positive) 
dichroism band at 230 nm in the c.d. curves. This means 
that a small amount of  TFA causes a drastic conformational 
transition from an a-helix to a random coil conformation. 
However, the absolute magnitude of  the [m'] 237 and 
[0 ] 230 are larger than those of  usual polypeptides 73, and 
differ for the L-polymer and the D-polymer. This may be 
due to the influence of  the ( - ) -menthyl  groups in their 
side chains. 

As described above, the o.r.d., c.d., infra-red spectra, 
and X-ray results suggest that poly(S-menthyloxycarbonyl- 
methyl L- and D-cysteines) in helix promoting solvents take 
the a-helical conformation. This could be interpreted as 
indicating that these polymers form an a-helix because of  
the stacking of  the menthyl groups in their side chains. In 
the case of  poly(S-alkyl cysteine), the steric interference 
between the side chains and the main chain forms a stable 

~-structure9-13; however, it is interesting that poly(S- 
menthyloxycarbonylmethyl L- and D-cysteines) form an 
a-hehx because of  the influence of  the menthyl groups in 
their side chains. 
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Phosphonitrilic chloride : 34. Electrical 
conductivity of 
polybisaminophosphazenes 

M.  K a j i w a r a  and H .  Sa i to  
Department of Applied Chemistry, Faculty of Engineering, Nagoya University, Nagoya, Japan 
(Received 10 May 1976) 

The electrical conductivity of polybisaminophosphazenes investigated over a range of temperatures 
was found to obey the general relation for semi-conductors. The resistivity decreased or increased 
when a side group having a high inductive effect or bulky group was linked in the polymers. The 
electrical conductivity of polybisaminophosphazenes containing primary amine, secondary amine 
and aromatic amine ranged from 1.3 x 1010 to 2.8 × 1010 ~,-cm, 9.3 x 1010 to 8.5 × 1011 f2-cm and 
above 9.1 x 10 TM f2-cm, respectively. 

INTRODUCTION 

Eley and Wills I and Reucroft 2 described the electrical con- 
ductivity of single crystals or powdery dichlorocyclotri- 
phosphazene (NPC12)3 and dichlorocyclotetraphosphazene 
(NPC12)4. Allcock and Best 3 reported electrical conduc- 
tivity of liquid dichlorocyclotriphosphazene and thereby 
explained its polymerization mechanism. Recently, the 
conductivity of some phosphazene chelating polymers was 
described by Kajiwara 4"s. This paper describes the conduc- 
tivity of polybisaminophosphazenes. 

EXPERIMENTAL 

Dichlorocyctotriphosphazene (NPC12)3 was prepared by a 
method previously described 6 and polymerized as des- 
cribed by Gimblet 7. 

Polybis(ethylamino)phosphazene [NP(NHC2Hs)2] n (I), 
polybis(n-propylamino)phosphazene [NP(n-NHC3HT)2] n 
(II), polybis(n-butylamino)phosphazene [NP(n-NHC4H9)2] n 
(III), polybis(hexylamino)phosphazene [NP(NHC6H13)2 ] n 
(IV), polybis(aiiylamino)phosphazene [NP(NHCH2CHCH2)2] n 
(V), polybis(dimethylamino)phosphazene (NP [N(CH3)2] 2} n 

was investigated using the apparatus described by Kajiwara 4. 
The value of the electrical conductivity Co) was estimated 

by equation (1): 

p =RAV/L (1) 

where R is the electrical resistance, A the plate area 
(1.3773 crn2), L the sample thickness (cm), and V is the 
volume fraction. Polybisaminophosphazenes were mould- 
ed under pressures 200-300 kg/cm z. 

Infra-red (i.r.) spectra of the polymers were obtained 
using the pressed KBr disc technique with a Shimazu Co. 
IRG-2 type spectrometer. 

RESULTS AND DISCUSSION 

Yield and appearance of the polymers formed from the re- 
action of polydichlorophosphazene (NPC12)n with each 
amino compound are summarized in Table 1. 

The polybisaminophosphazenes were soluble in THF and 
the P = N frequency in P3N3 ring of the polymers appeared 
in the region of 1200 to 1300 cm -1. 

The relationship between the resistivity of the polymers 
(VI), polyaminodiethylaminophosphazene [NP(NH2)N(C2Hs)2] n I -V and temperature is shown in Figure 1 and the 
(VII) and polybis(phenylamino)phosphazene energy gaps of the polymers calculated from the general 
[NP(NHC6Hs)2] n (VIII) were synthesised by the methods relation of semi-conductors are summarized in Table 2. 
of Allcock 8'9. The glass transition temperature of the polymers I, IV 

The electron conductivity of polybisaminophosphazenes and V appears at about 45°-80°C as shown by the drastic 

Table 1 Yield and appearance of iJolybisaminophosphazenes [NP(NHR)2]n 

Polydichlorophosphazene Amine compounds Yield 
(g) (g) Polybisaminophozphazene (%) Appearance 

3.96 3.10 [NP(NHC2Hs)2] n 23 White, powder 
7.10 23.3 [NP(NHC3H't)2] n White, powder 
9.65 17.0 [NP(NHC4H9)2] n White, powder 
3.68 25.0 [NP(NHC6 H 13)2] n 25 White, powder 
7.20 56.5 [NP(NHCH2CHCH2)2] n 10.8 White, powder 
8.98 20.5 {NP[N(CH3)2] 2}n 37.4 Orange, adhesive 
5.35 16.1 [NPNHN(C2Hs)2] n 27.0 Brown, adhesive 
7.0 5.0 [NP(NHC6H5)2] n 20.0 Brown, adhesive 
8.45 46.8 [NP(NHCH2C6Hs)2] n 3.0 White, powder 
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Figure I Electrical conductivity of polybisaminophosphazenes: 
A, [NP(NHC2Hs)2]n (I); B, [NP(n-NHC3H-/)2]n (II);C, 
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Figure 2 Electrical conductivity of polybisaminophosphazenes: 
E, [NP(NHCH2CHCH2)2] n (V); F, {NP[N(CH3)2]2} n (Vl); G, 
[NP(NH2)N(C2Hs)2] n (VII); H, [NP(NHC6Hs)2]n (VIII) 

Table 2 Energy gaps and the value of resistivity of polybisamino- 
phosphazenes [NP(NHR) 2 ] n 

Polybisam ino- 
phosphazenes Temperature (p) (25°C) E 
(NPR2)n (o C) (~-cm) (eV) 

NHC2H5 1.0 × 1013 
70-100 2.1 

n,NHC3H-/ 35--115 2.8 X 1014 2.2 
n-NHC4H9 20--150 2.0 X 1012 0.35 
NHC6H13 20--85 10 X 1011 1.90 

85-115  0.54 
NHCH2CHCH2 20--40 1.41 X 10 l° 1.13 

40-110 0.11 
N(CH3)2 20-90 9.3 X 10 l°  1.62 
(NH2)N(C2H5) 20-40 2.2 X 10 i t  1.35 

50--90 1.80 
NHC6H5 70-90 9.1 × 1014 1.90 

90--120 5.69 

change of  resistivity with increasing temperature. The resis- 
t!vity at 25°C is decreased Since the inductive effect is in- 
creased with increasing number of  carbon atoms in the 
pendant group. 

The activation energies and the resistivity of  secondary 

amino phosphazene polymers is lower than the values of  
primary amino phosphazene polymers, and this may be 
ascribed to the inductive effect of  secondary amine 
linked in a side group. Furthermore the resistivity of  the 
anilinophosphazene polymer, at room temperature is so 
high that it is difficult to measure. However, the resistivity 
decreased on heating and the polymer showed a glass tem- 
perature of  9 I°C. The resistivity of  the benzylaminophos- 
phazene polymer was too high to measure even with the 
heated polymer. 
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Use of differential scanning calorimetry 
to study polymer crystallization kinetics 

J. N. Hay*,  P. A. Fitzgeraldt and M. Wiles¢ 
Department of Chemistry, University of Birmingham, Birmingham B15 2TT, UK 
(Received 17 March 1976; revised I June 1976) 

The use of differential scanning calorimetry to determine accurate crystallization parameters is recon- 
sidered by direct comparison with dilatometry. Two calorimeters are compared: Perkin-Elmer DSC 
models 1B and 2. Fractions of polyethylene are studied since their rate constants have a marked tem- 
perature dependence which enables the accuracy of setting and calibrating the temperature of the 
calorimeters to be gauged. The resolutions of the calorimeters are compared from their abilities to 
detect secondary crystallization. The limitations of d.s.c, and the choice of operating conditions are 
discussed. 

INTRODUCTION 

In a previous publication s the limitations of a differential 
scanning calorimeter, DSC-1B, in measuring directly iso- 
thermal crystallization data were discussed. It was con- 
cluded that the d.s.c, was not as sensitive as precision dila- 
tometry in detecting low rates of crystallization, but never- 
theless the time dependence of crystallization could be 
obtained at higher rates with sufficient accuracy to test 
the validity of rate equations. Care, however, was neces- 
sary in setting and calibrating the temperature, as rate 
variations between repeated isothermal crystallizations were 
consistent with an error of-+0.3K. 

Since this report, d.s.c, has been considerably improved 
with the introduction of the Perkin-Elmer DSC-2. We now 
report on its use in crystallization kinetics. 

EXPERIMENTAL 

Materials 

Polyethylene (Marlex 60) fractions, supplied by Phillips 
Petroleum Co. Ltd, were used. Their characteristics are 
listed in Table 1. 

Apparatus 
Dilatometry has been described previously 2. Perkin-  

Elmer Differential Scanning Calorimeters, models DSC-1B 
and DSC-2, were used with powder samples (1.0-30.0 mg) 
weighed to 0.01 mg on a microbalance, and sealed in alu- 
minium sample holders. An empty aluminium sample 
holder was used as a reference. 

DSC-2 could be used at a constant temperature (preset 
to 0.1K) by heating or cooling from temperatures also 
preset to OAK at rates from 0.312 to 320 K/min. For 
comparison the DSC-1B rates were from 0.50 to 64 K/min 
and temperatures set to 1K. The temperature scale of  the 
DSC-2 was calibrated for the effect of sample size and rate 
of heating from the melting characteristics of zone refined 

* To whom all communications should be addressed: 
t Present address: ICI Mond Division, Runcorn, Cheshire, UK. 
~: Present address: British Vinyl Products Ltd, Carshalton, Surrey, 
UK. 

stearic acid (343,2K) dibenzyl (325.3K) and ultra-pure 
metals, indium (429.8K) and tin (505.0K). Extrapola- 
tion to zero rate of heating was used to calibrate constant 
temperature. Over this range (340-500K) temperature 
corrections were linear with temperature. This was a con- 
siderable improvement over that of the DSC-1B, which 
exhibited pronounced curvature ~. For calibration, the 
heat of fusion of indium was taken as 28.45 J/g. 

Analysis o f  the crystallization isotherms 

The crystallization-time dependence was analysed by 
means of the Avrami equation: 

(X~ - X t  )/(X= ) = exp(-Z1 tn) (l) 

where X t and X ~  are the weight fraction of crystallized 
material at time t, and oo; Z1 is the rate constant and n the 
exponent. 

Accordingly, 

log{]n[(X=)/(X= - Xt)]} = n log t + logZ 1 (2) 

and 

n = -t(dXt/dt)/{(X,o - Xt) In [(X= - Xt)/(X=)]}  (3) 

The rate constant Z 1 was calculated from the half life, t½, 
and the average value of n, since: 

(4) 

D.s.c. measures the rate of evolution of the enthalpy of 

Table I Polyethylene characteristics 

Molecular weight X 10 - 3  

Serial no. /~n /~w D*  

A 19.0 142.0 7.4 
B 25.0 41.0 1.6 
C 32.0 99.0 3.1 
D 78.0 165.0 2.1 

* G.p.c. molecular weight, D = Mw/M n 
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Figure I Temperature dependence of crystallization isotherms. 
AA', 396.1K; BB', 396.0K; CC', 395.9K 

Table 2 Primary crystallization parameters for sample B 

Me~od 

Crystalliza- 
tion tem- t½ Z 1 
perature (K) n (min) (min ~n) 

DSC-2 397.5 2.6 1.6 2.04 x 10 -1  
398.5 2.3 2.9 6.0 X 10 - 2  
399.5 2.2 4.7 2.3 X 10 - 2  
400.5 2.6 10.6 1.5 X 10 - 3  
401.0 2.9 13.5 3.6 X 10 - 4  
402.0 2.4 35 1.4 X 10 - 4  
402.5 3.0 70 2.0 X 10 - 6  

DSC-IB 399.5 3.2 3.8 9.7 X 10 - 3  
400.5 2.9 7.2 2.3 X 10 - 3  
401.5 3.1 31.0 1.7 X 10 - 5  

Dilatometry 400.5 2.8 9.5 1.3 X 10 - 3  
401.5 3.2 36.0 7.3 X 10 - 6  
402.0 3.2 77.0 6.4 X 10 - 7  
402.5 3.3 187 2.2 X 10 - 8  

crystallization (dHt/dt) as a function of time. The rate 
curves were processed by integrating to determine the rela- 
tive extent of crystallization as a function of time, i.e. by 
assuming: 

X t / X  ~ = f (dHt/dt) . d (dHt/dt) . dt 

0 

(5) 

RESULTS AND DISCUSSION 

Primary crystallization 
Rate measurements were restricted by the sensitivity of 

the calorimeter (0.4-8.5 #J/sec), sample size (up to 30 rag), 
and the enthalpy of crystallization (300 J/g). For poly- 
ethylene this limited the study to crystallization with half 
lives between 2 -200  rain, and to a range of 5-7K.  With 
polymers which crystallize less readily than polyethylene, 
these restrictions severely limit their study. Dilatometry 
is not so restricted since it measures the extent of crystal- 
lization directly rather than the rate. 

The isothermal extent of crystallization-time plots ob- 
tained with the DSC-2 was similar in most details to those 
obtained with DSC-1B and by dilatometry (see Figure I of 
ref 1). The reproducibility of the plots, however, was im- 
proved compared with those obtained with the DSC-1B, 
since the automatic temperature control enabled the tem- 
perature to be reproduced to 0.1K. Figure 1 exhibits the 

effect of varying the temperature of crystallization by 
-+O.1K at 396.0K (sample B). The crystallization at 396.0K 
was repeated 10 times and the scatter in the superimposed 
rate curves used as a measure of the error in setting the 
temperature. This was -+0.025K. The method must be con- 
sidered a maximum error since it attributes all variations, 
recorder speed and setting the initial onset of crystallization, 
to an error in temperature. 

Analysis of the crystallization rate-t ime dependences by 
equations (1) to (5) iildicated that two processes were pre- 
sent 2 which could be separated on a time scale. Following 
Banks et al. 3, X** for the primary'stage was used as an ad- 
justable parameter and a value was selected which gave a 
constant value ofn  over most of the primary process. Rate 
constants, Z1, and values of n obtained in this way are 
listed in Table 2. Dilatometry and both DSC's gave simi- 
lar rate constants with the same temperature dependence, 
iadicating that the primary process was being measured to 
a similar extent by the methods. 

Variations in the rate constants were considered to be 
due to errors in the procedures adopted for calibrating and 
setting temperature (0.3K in DSC-1B). This can be seen by 
directly comparing the crystallization rate curves. For this 
purpose the time interval between attainment of constant 
temperature and maximum crystallization rate, tmax, was 
selected as an experimental parameter independent of the 
choice of X~ and the analyses procedure adopted. No 
sample size dependence was observed with the DSC-2 in 
the weight range (1 -30  mg), (see Figure 2) and all three 
methods exhibited the same temperature dependence. 
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Figure 4 Analysis of crystallization isotherms for sample B from 
equation (2). O, 398.8K; Z'~, 399.3K; m, 399.8K; I ,  400.8K 

Assumption of an error of 0.3K in the DSC-1B temperature 
calibration alone was sufficient to superimpose all the data, 
(see Figure 3). 

It would also appear that tmax might be a more accurate 
means of calibrating constant temperature of the calori- 
meters than linear extrapolation of the melting points of 
zone-refined materials determined at various rates of heating 
to zero rate. 

Secondary crystallization 
It was observed previously ~ that differences existed be- 

tween the integrated DSC-1B and dilatometric crystalliza- 

the study of  polymer crystallization kinetics: J. N. Hay et al. 

tion extent- t ime plots, in that the slow increase in crystal- 
linity with time attributed to secondary crystallization was 
not present in the calorimeter determined plots. Despite 
this, analyses of the DSC-2 determined plots by equation 
(2) indicated that there was a change in mechanism at about 
85-95% of the measured crystallinity in that the exponent 
changed from 2.5-3.0 to about 1.0, (see Figure 4). The 
lower rates, inherent in secondary crystallization, meant 
that the process could only be followed over a limited time 
period and also a limited temperature range. The rate para- 
meters, obtained from equations (2) and (4) using n = 1.0, 
are listed in Table 3. Apparently conflicting results were 

Table 3 Secondary crystallization parameters 

Crystallization 
Sample temperature Z~ 
no. Method (K) n (rain -1 )  

B DSC-2 397.5 0.8 0.27 
398.8 1.0 0.13 
399.8 1.1 0.08 

Dilatometry 400.5 1.0 0.02 
401.5 1.0 0.007 

C DSC-2 399.5 1.0 0.12 
400.5 1.0 O. 16 

Dilatometry 400.5 1.0 0.0048 
401.5 1.0 0.0021 
402.0 1.0 0.0014 

* Assuming n = 1.0 
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Figure 5 Secondary crystallization for sample B. A, 399.8K; B, 
398.8K; C, 397.5K 
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obtained, in that with sample B, both dilatometric and 
calorimetric measured rate constants are very similar, and 
with sample C, very different values were obtained. How- 
ever, dilatometry indicates that the secondary process of 
sample C is much slower than that of B, to such an extent 
that it would not be detected to any appreciable conver- 
sion by DSC-2. Furthermore, it is unlikely that it could 
be separated from the final traces of the primary process. 

The sensitivity of the calorimeter required to determine 
the primary process severely restricted the use of the calori- 
meter to detect secondary crystallization, and no faith 
could be placed on the rate parameters determined. An 
alternative procedure was adopted by which the crystal- 
lization was followed to 80-90% apparent completion, 
and then the sensitivity of the calorimeter increased to a 
maximum (0.4 pJ/sec). The remaining rates of crystal- 
lization were followed to completion at this increased 
sensitivity. As before, the increased crystallinity was ob- 
tained by integrating [from the arbitrary initial point (X=) 
to the experimental point (Xo t)].  An increase in crystal- 
linity with logarithmic time was observed with sample B 
which closely paralleled the dilatometric observation 2 (see 
Figure 5) and indicated that secondary crystallization was 
present but its extent limited by the calorimeter 
sensitivity. 

CONCLUSIONS 

DSC-2 can be applied to the study of isothermal crystal- 
lization kinetics provided the rate is sufficiently large. 
Rates can be measured to lower values (×0.1) than can be 
measured by DSC-1B. 

The isothermal crystallization-time curves are more 
reproducible with DSC-2 because of the improved tempera- 
ture setting (to 0.1K), and the maximum variation in tem- 
perature setting is +0.025K. 

Despite the improved sensitivity of DSC-2, it is more 
restricted than dilatometry in measuring low rate of crystal- 
linity. This severely limits its use in studying secondary 
crystallization processes. Its main advantages, however, are 
in the speed and accuracy of use, and also the small sam- 
ples required (1 -2  rag). This has obvious advantages in 
characterizing the crystallization behaviour of polymer 
fractions for which small samples may only be available. 

There may also be some advantage in using the crystal- 
lization rate characteristics of standard polymer samples to 
calibrate the temperature of the calorimeter. 
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Notes to the Editor 

Contributions to the proton relaxation of 
poly(ethylene oxide) in benzene solutions 

F. Heatley and I. Walton 
Chemistry Department, University of  Manchester, Manchester M 13 9PL, UK 
(Received 27 May) 

It is clear from recent studies of poly- 
mer motion in solution using nuclear 
magnetic relaxation 1-3 that the auto- 
correlation functions for reorientation 
of internuclear vectors are often far 
from exponential, and full character- 
ization of the motion requires the 
measurement of several relaxation para- 
meters. Because of the simplicity of 
interpretation, 13C spin-lattice relaxa- 
tion times (TI) and nuclear Overhauser 
enhancements (NOE) are extremely 
valuable for this purpose 1,3, but it has 
been shown a that further data is re- 
quired to distinguish between various 
models of the reorientation process. An 
obvious source of such data is 1H relaxa- 
tion, since almost all synthetic poly- 
mers contain 1H nuclei and general 
applicationis possible. However where- 
as 13C relaxation is practically entirely 
intramotecular in origin, 1H relaxation 
may also have substantial intermolecu- 
lar contributions from interactions with 
solvent, polymer and dissolved oxygen. 
Each of these contributions must either 
be removed or determined separately 
in order to isolate the intramolecular 
contribution which is the significant 
quantity in studying chain dynamics. 
The interaction with dissolved oxygen 
is easily eliminated by vacuum degas- 
sing, but the interactions with other 
molecules can only be removed by ex- 
pensive deu'teration of both polymer 
and solvent. In order to determine 
whether intermolecular interactions 
are sufficiently important to require 
the use of the deuteration technique, 
we have measured the IH relaxation 
times of poly(ethylene oxide) in ben- 
zene solutions of concentrations from 
5 to 30% w/w. 

Three series of solutions were run: 
(a) fully protonated polymer (PEOH) 
in C6H6; (b) PEOH in C6D6; (c) C6H 6 
solutions of polymer consisting of 20% 
PEOH and 80% fully deuterated poly- 
mer (PEOD). The PEOD available had 
a fairly wide molecular weight distribu- 

tion (M n = 3500,M w = 7000). To en- 
sure that replacing PEOH by PEOD left 
the solution properties unchanged, the 
PEOH employed was a mixture of  
sharp fractions which reproduced the 
PEOD distribution. All solutions were 
degassed and the polymer and solvent 
1H relaxation times measured on a 
Varian Associates HA-100 spectro- 
meter using the adiabatic rapid passage 
with sampling technique 4. The results 
are presented in Table 1. 

It is clear that the polymer 1H re- 
laxation times are affected very little 
by deuteration of either solvent or 
polymer, and are therefore determined 
almost entirely by intramolecular 
interactions. As expected the largest 
increase in T1 is observed on replacing 
C6H 6 by C6D 6 for the 5% solution, 
but the increase is small and not far 
outside the combined experimental 
errors. The smallness of the po lymer-  
solvent contribution is also shown by 
the minor increase in the solvent T 1 on 
deuterating the polymer. The largest 
increase is shown by the 30% solution. 
Using the formula: 

Ps s Eo. 

where (T1)PS is the polymer-solvent 
contribution and (T1)s2EOH and 
(T1)spEOD are the solvent relaxation 

Table I 

Concen- 
tration 
(% w/w) 

times for the PEOH and PEOH/PEOD 
solutions respectively, we calculate a 
value of 70 -+ 30 sec for (T1)PS in the 
30% solution. Such a contribution 
would lead to a change of only 0.08 
sec in the polymer T1 of about 1.5 
sec, which is well within the experi- 
mental error. The effect on the poly- 
mer relaxation in the more dilute solu- 
tion would be even smaller. The in- 
significance of solvent-polymer inter- 
actions in polymer relaxation is in 
accord with earlier measurements s on 
aqueous PEO solutions. 

The conclusion drawn from these 
results is that in PEO solutions, 1H 
relaxation arises almost entirely from 
intramolecular causes, and is there- 
fore an accurate indicator of the chain 
motion. This data may thus be com- 
bined with 13C relaxation data to de- 
fine the nature of the motion more 
precisely. We have measured the 13C 
T1 of PEOH in C6D6 at 30°C and 
25.14 MHz using a Varian Associates 
XL-100 spectrometer. The results 
are given in Table 2, together with 
correlation times, rc, obtained using 

1 2 
- -  x r c  ( 1 )  

T1c r6H 

where rCH is the C - H  bond length 
(0.11 nm). This equation assumes 
isotropic motion in the extreme nar- 
rowing limit. 1H relaxation times were 
then calculated using the equation: 

1 3 [ 1 
- ~4h2rc [ . -6-+PT x 

T1H 2 [ r m 

(2) 

IH spin- lat t ice relaxation times (sec) for  solutions of PEO in benzene at 35°C 

PEOH/C6H 6 PEOH/PEOD/C6H6 
PEOH/C6D6 

Polymer Solvent Polymer Polymer Solvent 

5 1 .66+0.08 18.8-+1.0 1.84-+0.11 1.54-+0.11 19.3-+0.7 
10 1.61 + 0.05 17.0 -+ 1.0 1.52 -+ 0.1 1.55 -+ 0.1 17.7 -+ 1.0 
20 1 .55+0.06  17 .0 -  + 1.1 1.59-+0.1 1.7 -+0.10 18.5_+ 1.0 
30 1.51-+0.05 12.0_+0.8 1.37-+0.06 1.52-+0.07 14.7-+0.7 
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Table2 13C spin--lattice relaxation times, 
average correlation times and calculated 
tH relaxation times for PEOH in C6D6 

T1H (sec) 
Concen- 
tration TiC a ¢c Calcu- 
(%w/w) (sec) (psec) lated Found 

5 1.56 15.8 2.02 1.84-+ 0.1 
10 1.40 17.6 1.80 1.52 + 0.1 
20 1.14 21.6 1.47 1.59-+ 0.1 
30 0.99 24.9 1.28 1.37 + 0.06 

aError in T1C + 10% 

where PT and PG are the relative popu- 
lations of the rotational isomers of the 
C-C bond with the oxygen atoms 
trans and gauche respectively, and r m, 
r t and rg are distances between protons 
in respectively geminal, trans vicinal 
and gauche vicinal orientations. T1H is 
in fact dominated by the geminal inter- 
action, and the uncertainty in assuming 
equal weighting of the isomers (PT = 

PG/2 = 1/3) amounts to only 2.5%. A 
comparison of calculated and experi- 
mental values of T1H is also made in 
Table 2. 

The correspondence between the 
two sets of values is quite close, appa- 
rently justifying the isotropic rotational 
model used to derive equations (1) and 

(2). It is known l-a  however that poly- 
mer motion is often better represented 
by a distribution of correlation times, 
and rc should be interpreted as an aver- 
age correlation time. The conclusion 
to be drawn is that the C - H  interac- 
tions causing the 13 C relaxation, and 
the H - H  interactions causing the 1H 
relaxation have the same average cor- 
relation time and presumably also the 
same autocorrelation function. 

In PEO, the major contribution to 
1H relaxation arises from mutual inter- 
action ofgeminal  protons separated by 
0.18 rim. It is therefore highly prob- 
able that one can ignore intermolecular 
contributions to the relaxation of CH2 
groups in other polymers. However, 
relaxation of methine protons is due to 
vicinal interactions over distances of 
0.25 nm or more, which are at least 10 
fold less effective. In a vinyl polymer 
( -C H2-CHX-)n ,  each CH proton has 
four vicinal neighbours, so its relaxa- 
tion time should be about 3 or 4 times 
greater than the CH2 relaxation time. 
In a hypothetical vinyl polymer with 
the same motional properties as PEO, 
the methine T1H would therefore be 
about 5 sec. The polymer-solvent con- 
tribution of 70 sec estimated above 
would cause a significant decrease of 
7% from 5 to 4.67 sec. However, vinyl 

polymers are generally much less flex- 
ible than PEO, so that at the same tem- 
perature, the relaxation times in vinyl 
polymers would be much less than in 
PEO and therefore the effect of inter- 
molecular interactions would be as in- 
significant for CH protons as it is for 
CH2. 

Finally, it is worth noting that the 
relaxation times presented here are in 
agreement with previous studies s-7 of 
polymer motion, which showed that 
the polymer motions causing n.m.r, re- 
laxation are independent of concentra- 
tion until monomer/solvent mole ratios 
of about 5 are reached s'6, and that the 
motions of solvent molecules are essen- 
tiaUy unaffected by the presence of 
polymer up to quite high concentra- 
tions of 2 0 - - 3 0 %  7 . 
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INTRODUCTION 

The synthesis of mono- and difunc- 
tional living polymers was first des- 
cribed in full by Szwarc ~'2 in 1956, al- 
though the idea of terminationless 
polymerization systems had been 
proposed by Ziegler a-s in the 1930s. 
In recent years academic and commer- 
cial interest in these anionic techni- 
ques has developed rapidly; in parti- 
cular the methods have allowed the 
synthesis of terminally functional poly- 
mers of narrow molecular weight dis- 
tributions. Polymeric carbanions have 
been reacted with carbon dioxide to 
give carboxy end groups, and with 
ethylene oxide to give hydroxy end 
groups (equation 1) 6 . This approach 

has been particularly valuable in the 
preparation of di-terminally function- 
al (telechelic) liquid polybutadienes 7, 
which may be subsequently chain ex- 
tended and crosslinked by the addi- 
tion of suitable reagents. 

Other methods, which rely on the 
reaction of living polymers with an 
excess of a difunctional reagent, have 
been developed to prepare terminally 
functional polymers. Thus epoxy ter- 
minated polymer has been synthesised 
by reaction with excess epoxy resin 8 
and, perhaps more importantly, bro- 
mine terminated polymer has been 
prepared by reaction with excess bro- 

t . mine or with excess of an a,a -dlbro- 
moxylene 9 (equation 2). However, in 
both the latter cases the resulting mate- 

rial contained appreciable quantities 
of non-functional polymer, the maxi- 
mum yield of brominated chain ends 
never exceeding 75%. It was shown 
that when monofunctional living poly- 
styrene was used, the non-brominated 
material was double the molecular 
weight of that brominated, and so it 
was concluded that the efficiency of 
the reaction was limited by the preva- 
lence of the Wurtz condensation reac- 
tion, as represented generally by equa- 
tion (3). 

The latter process appears to be so 
rapid that attempts to reduce its con- 
tribution by rapid stirring or increase 
in the halide excess all failed. 

Clearly this high rate of reaction is 
controlled by the extreme reactivity 
of the organometallic end group and, 
if this could be reduced, it should re- 
sult in a corresponding decrease in the 
rate of coupling. Further, if this rate 
were lowered to a point where the re- 
agents could be efficiently mixed be- 
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Table2 13C spin--lattice relaxation times, 
average correlation times and calculated 
tH relaxation times for PEOH in C6D6 

T1H (sec) 
Concen- 
tration TiC a ¢c Calcu- 
(%w/w) (sec) (psec) lated Found 
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0.25 nm or more, which are at least 10 
fold less effective. In a vinyl polymer 
( -C H2-CHX-)n ,  each CH proton has 
four vicinal neighbours, so its relaxa- 
tion time should be about 3 or 4 times 
greater than the CH2 relaxation time. 
In a hypothetical vinyl polymer with 
the same motional properties as PEO, 
the methine T1H would therefore be 
about 5 sec. The polymer-solvent con- 
tribution of 70 sec estimated above 
would cause a significant decrease of 
7% from 5 to 4.67 sec. However, vinyl 

polymers are generally much less flex- 
ible than PEO, so that at the same tem- 
perature, the relaxation times in vinyl 
polymers would be much less than in 
PEO and therefore the effect of inter- 
molecular interactions would be as in- 
significant for CH protons as it is for 
CH2. 

Finally, it is worth noting that the 
relaxation times presented here are in 
agreement with previous studies s-7 of 
polymer motion, which showed that 
the polymer motions causing n.m.r, re- 
laxation are independent of concentra- 
tion until monomer/solvent mole ratios 
of about 5 are reached s'6, and that the 
motions of solvent molecules are essen- 
tiaUy unaffected by the presence of 
polymer up to quite high concentra- 
tions of 2 0 - - 3 0 %  7 . 
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cular the methods have allowed the 
synthesis of terminally functional poly- 
mers of narrow molecular weight dis- 
tributions. Polymeric carbanions have 
been reacted with carbon dioxide to 
give carboxy end groups, and with 
ethylene oxide to give hydroxy end 
groups (equation 1) 6 . This approach 

has been particularly valuable in the 
preparation of di-terminally function- 
al (telechelic) liquid polybutadienes 7, 
which may be subsequently chain ex- 
tended and crosslinked by the addi- 
tion of suitable reagents. 

Other methods, which rely on the 
reaction of living polymers with an 
excess of a difunctional reagent, have 
been developed to prepare terminally 
functional polymers. Thus epoxy ter- 
minated polymer has been synthesised 
by reaction with excess epoxy resin 8 
and, perhaps more importantly, bro- 
mine terminated polymer has been 
prepared by reaction with excess bro- 

t . mine or with excess of an a,a -dlbro- 
moxylene 9 (equation 2). However, in 
both the latter cases the resulting mate- 

rial contained appreciable quantities 
of non-functional polymer, the maxi- 
mum yield of brominated chain ends 
never exceeding 75%. It was shown 
that when monofunctional living poly- 
styrene was used, the non-brominated 
material was double the molecular 
weight of that brominated, and so it 
was concluded that the efficiency of 
the reaction was limited by the preva- 
lence of the Wurtz condensation reac- 
tion, as represented generally by equa- 
tion (3). 

The latter process appears to be so 
rapid that attempts to reduce its con- 
tribution by rapid stirring or increase 
in the halide excess all failed. 

Clearly this high rate of reaction is 
controlled by the extreme reactivity 
of the organometallic end group and, 
if this could be reduced, it should re- 
sult in a corresponding decrease in the 
rate of coupling. Further, if this rate 
were lowered to a point where the re- 
agents could be efficiently mixed be- 
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C O 2 ~ 1 ~  ~MCOO-L i  ÷ 

vw, M-Li + ~ ~  CH2 

~ ~MCH2CH20-L i  + -  

H ÷ 

H + 

~v~ MCOOH 

~Mv, MCH2CH2OH 

(I) 

excess Br 2 
- "vw, MBr + LiBr 

,w~ M-Li + 4  
[ e x c e s s  g r C H 2 ~  CH;~Br ~- , jCH2Br 

MCH 2---/x_0j3 + LiBr 

(2) 

"w~MRBr  + ~v~M-L i  + 'wv, MRM'vw '  ÷ L iBr  (3) 

~v~M-L i  + + MgBr  2 " vv~MMgBr  + L iB r  (4) 

B r C H 2 - - C H 2 B r  + Mg - MgBr  2 

fore significant reaction occurred, then 
the effect of  the excess halide would 
be maximized as would the yield of 
brominated product. 

We have previously shown that 
living polymers react smoothly with 
metal halides such as triethyl lead 
chloride 1°, and mercuric bromide 11 to 
give the corresponding polymeric ad- 
ducts, and so it was expected that a 
similar reaction would occur with 
excess magnesium bromide to form 
a polymeric Grignard compound (equa- 
tion 4). By analogy with the behaviour 
of small molecule Grignard com- 
pounds, these species should be 
very much less reactive than their 
parent living polymers but still retain 
sufficient activity to react clearly with 
the reagents cited 12. It is the results of 
such experiments which are the sub- 
ject of this communication. 

EXPERIMENTAL 

The preparation of benzene/THF solu- 
tion of 2000 molecular weight mono- 
functional polystyryl lithium was car- 
ded out under nitrogen, and is an 
adaptation of a high vacuum technique 
described by Altares et a/. 13. This 
adaptation has been described previous- 
ly 9, as has the reaction of aliquots of  
the living polymer with ten-fold excess 
bromine and with ten-fold excess 
a,E-dibromoxylene. 

The preparation of the polystyrene 
Grignard has not been previously re- 

+ C H 2 = C H 2 t  (5) 

ported and is briefly outlined here. 
The reaction scheme shown in equa- 
tion (4) requires that an anhydrous 
solution of magnesium bromide be 
prepared, preferably in THF so that 
the final Grignard reaction is carried 
out in the presence of an ethereal sol- 
vent. The most convenient method 
of preparing this is by the reaction of 
1,2-dibromoethane with magnesium 
turnings in THF, which goes quanti- 
tatively by equation (5) 14 . 

Typically, 37 g (0.2 mol) of  1,2- 
dibromoethane was added gradually 
to 6 g (0.25 mol) of magnesium turn- 
ings in 350 ml of refluxing THF. Re- 
action was carried out under nitrogen 
with rapid stirring to prevent uncontrol- 
led frothing. After completing the 
addition the mixture was further re- 
fluxed for half an hour before filtering 
through a porosity 3 sinter whilst just 
below the boiling point of THF. The 
filtered solution was clear and colour- 
less, but much magnesium bromide 
crystallized out on cooling to room 
temperature. Its solubility was deter- 
mined as being ~0.25 M at 25°C (titra- 
tion with 0.1 N silver nitrate using 
phenosafranine as indicatorlS). 

A known volume of the polystyryl 
lithium solution was transferred into 
an appropriate container fitted with a 
septum, and through which nitrogen 
was passing. A quantity of saturated 
magnesium bromide solution in slight 
excess of that required to react with 
the carbanion ends according to equa- 

Notes to ~e Editor 

tion (4) was added with a syringe, and 
this resulted in the immediate and total 
loss of the ehalaeteristic rext colour of 
the living ends. 

The reaction of polystyrene Grig- 
nard both with excess bromine and 
with excess a,a'-dibromoxylene was 
conducted in a manner identical to that 
previously described for the analogous 
reactions with living polymer 9, and 
will therefore not be described again 
here. 

RESULTS AND DISCUSSION 

Living polystyrene o.f about 2000 mole- 
cular weight with one active end per 
chain was prepared. A sample of this 
solution was protonated with metha- 
nol, and examination of the polymer 
by g.p.c, showed it to be of the anti- 
cipated molecular weight, and to pos- 
sess a narrow molecular weight distri- 
bution (Mw/M n ~ 1.05) (Figure 1). 

The remaining solution was divided 
into three parts, two being of equal 
volume and half the volume of the 
third. This largest sample was then re- 
acted with magnesium bromide before 
again dividing into two equal parts. 

One of the living polymer solutions 
was added slowly to a rapidly stirred 
solution containing ten-fold excess 
bromine, and the other was added simi- 
larly to a solution containing the same 
excess o f a,a'-dibromo-m-xylene. 
These operations were repeated under 
identical conditions using the two 
polymeric Grignard solutions, and the 
four polymers were then isolated and 
examined by g.p.c. The traces of the 
two polymers resulting from the di- 
rect bromination reaction are compared 

--~"\~ ~ II [ / ~ ' -  'ft 
/ 

/ 

2 0 0 0  
Polystyrene molecular weight 

Figure I G.I.c. trace of protonated poly- 
styryl lithium 

P O L Y M E R ,  1976,  Vol 17, November 1021 



Notes to ~e Editor 

in Figure 2, and those of the two pro- 
duced by reaction with ct,a'-dibromo- 
m-xylene are illustrated in Figure 3. 
The traces are all typical of a number 
of repeat experiments carried out 
under these conditions. 

All the four traces in Figures 2 and 
3 show the presence of coupled poly- 
styrene of 4000 molecular weight. 
This is in contrast to the protonated 
material (Figure 1) which exhibits a 
single sharp peak at 2000 molecular 
weight. Thus the coupling must have 
resulted from the bromination reac- 
tions employed. 

The degree of coupling has been 
very much reduced, however, in both 
reactions when the Grignard reagent 
is employed. In the direct bromina- 
tion reaction the percentage of bro- 
mine terminated polystyrene is in- 
creased from about 58 to 93% by this 
means. Similarly, with a,a'-dibromo- 
m-xylene the percentage is increased 
from 25 to 77%. Undoubtedly the 
bromine content can be increased fur- 

I / 
I 

/ 

\ .  l \  ii 
~ /  

a 

b 

4000 2000 
Polystyrene molecular weight 

Figure 2 G.I.c. traces of products of (a) 
polystyry l  l i thium and (b) polystyry l  Grig- 
nard reaction with ten-fold excess bromine 

ther by a more refined technique of 
addition and so these figures are not 
meant to represent an upper limit for 
bromination. These increases do, how- 
ever, illustrate the principle of reduc- 
ing reactivity in order to improve 
selectivity. 

It is at first sight somewhat surpris- 
ing that the degree of coupling with 
either polymeric reagent should be 
much more pronounced when a,a'- 
dibromo-m-xylene is used than in the 
direct bromination reaction. This 
trend may perhaps be explained in 
the following manner. The initial bro- 
ruination reaction is expected to be 
appreciably faster with bromine than 
with the dihalide and in both cases 
the polymeric bromides formed are 
benzylic in character and therefore 
should be of comparable intrinsic re- 
activities. The product from direct 
bromination should react less readily 
with further living polymer, however, 
because it is more shielded initially 
and on coupling produces a more 
sterically hindered bond (equations 6 
and 7). 

This idea of reducing reactivity of the 
polymer end groups to a required level 
may have much wider application than 
that listed here. Preliminary experi- 
ments in our laboratories indicate that 
the reaction of polybutadiene dianions 
with carbon dioxide or with ethylene 
oxide to produce telechelic carboxy 
or hydroxy liquid polymers (equation 
1) may benefit by prior reaction to 
form Grignard analogues. Under these 
conditions we have found that the 
polymer may be mixed at room tem- 

I 

I I I / !A' J 
f 

/ 

J 
/ 

I 
I I 
t I 

~ m  
4 0 0 0  2 0 0 0  

Polystyr¢n¢ molecular weight 

Figure 3 G.I.c. traces of products of (a) 
polystyryl  l i thium and of (b) polystyryl  
Grignard reaction with ten-fold excess 
e,e'-d ibromo-m-xylene 

b 

8r  

0 
11 

~v, MCOO-L i++ ~ v ' M - L i + ~  ~v, M - - C - - M ~ v "  + L i20 (8) 

2 ~ M C u - S - - - ~  

O O 
II It 

C u S - ~  + 2LiCt (9) Li + + R(COC!.)2-,--'w'M--C--R--C--M,w, + 
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perature with ethylene oxide without 
significant reaction occurring. Reac- 
tion takes place at elevated tempera- 
tures 16 as evinced by the gelling of the 
solution due to alkoxide ion pair asso- 
ciation 6, and this may be subsequently 
destroyed by hydrolysis. When living 
polymer is mixed directly with ethy- 
lene oxide immediate reaction occurs 
and the resulting gel delays comple- 
tion of the reaction for hours or days. 
The efficiency of the Grignard-ethy- 
lene oxide reaction has not as yet been 
studied. 

Similarly, in the reaction with car- 
bon dioxide it is very probable that 
the prior formation of the polymeric 
Grignard would reduce the production 
of ketone groups by the unwanted side 
reaction shown in equation (8). 

Of course, living polymers may be 
reacted with other metallic salts, either 
in excess or stoichiometrically, to gene- 
rate organometallic terminal groups 
possessing a variety of reactivities and 
properties. We have prepared end 
groups of the Grignard type such as 
-HgX, -CdX, -ZnX etc, and have also 
prepared the dipolymeric derivatives of 
metals such as these. We are currently 
investigating the behaviour of such 
species, and we have already shown 

that high yields of bromine terminated 
polymer may be obtained by reacting 
the mercury derivatives directly with 
bromine. 

Another intriguing possibility is that 
of preparing polydiketone systems by 
reacting polymeric cadmium 17 or cop- 
per complexes TM with diacylchlorides 
(neither of these species are reactive 
toward ketones) as illustrated in 
equation (9). 

It appears that this approach of 
generating polymers with end groups 
of controlled reactivity allows a much 
greater freedom in the choice of sub- 
sequent reactions to produce new poly- 
mers and copolymers of well defined 
structure. 

ACKNOWLEDGEMENT 

We wish to thank Mr R. J. Pace for the 
gel permeation chromatographic 
measurements. 

[© Crown Copyright. Reproduced 
with permission of the Controller, 
HMSO, London, 1976] 

REFERENCES 

1 Szwarc, M. Nature 1956, 178, 1168 
2 Szwarc, M., Levy, M. and Milkovich, 

Notes to the Editor 

R. J. Am. Chem. Soc. 1956, 78,2656 
3 Ziegler, K. et al. Annalen, 1934, 

511, 13,45,64 
4 Ziegler, K. Angew. Chem. 1936, 

49,499 
5 Ziegler, K., Grimm, H. and Wilier, 

R. Annalen, 1940, 542, 90 
6 Brody, H., Richards, D. H. and 

Szwarc, M. Chem. Ind. 1958, p 1473 
7 French, D. M. Rubber Chem. Tech- 

nol. 1969,42, 71 
8 Cunliffe, A. V., Huglin, M. B., Pearce, 

P. J. and Richards, D. H. Polymer 
1975, 16,654 

9 Burgess, F. J., Cunliffe, A. V., 
Richards, D. H. and Sherrington, D. C. 
Polym. Lett. 1976, 14,471 

10 Abadie, M., Burgess, F. J., Cunliffe, 
A. V. and Richards, D. H. Polym. 
Lett. 1976, 14,477 

l 1 Cunliffe, A. V., Hayes, G. F. and 
Richards, D. H. Polym. Lett. in press 

12 Kharasch, M. S. and Reinmuth, O. 
'Grignard Reactions of Organometal- 
lic Substances', Constable, London, 
1954, Ch 16 

13 Altares Jr, T., Wyman, D. P. and 
Allen, V. R..L Polym. Sci. (/t-2) 
1964, 2, 4533 

14 Tissier, A. and Grignard, V. C.R. 
Acad. ScL 1901, 132, 835 

15 Vogel, A. I. 'A Textbook of Quanti- 
tative Inorganic Analysis', Longmans, 
London, 1964, p 81 

16 Vogel, A. I. 'Practical Organic Chem- 
istry', Longmans, London, 1956, 
p 253 

17 Cason, J. Chem. Rev. 1947, 40, 15 
18 Posner, G. H., Whitten, C. E. and 

Sterling, J. J. J. Am. Chem. Soc. 
1973, 95, 7788 

A new quar ter ly  journa l  

environmental,social and engineering systems 
APPLIED M A T H E M A T I C A L  M O D E L L I N G  is the new internat ional  .journal providing a 
mult idiscipl inary m e d i u m  for publishing and discussing recent  advances and thinking 
per t inent  to mathemat ica l  model l ing and practical  systems analysis. In addi t ion  to 
m e t h o d o l o g y  - its val idat ion and reliability - emphasis is also given to the practical  
appl icat lons  o f  b o t h  novel and successful models .  

Some articles publ ished in early issues 

Computation of long-term average 802 concentration in the Venetian area 
E. Runca et al. (lBM ltalia, Venice, ltaTy) 

A simple model of economic growth or decline under the influence of resource depletion 
Bent S~rensen {Niels Bohr Institute, Copenhagen, Denmark) 

Evaluating environmental quality management programmes in which dischargers are grouped 
E. Downey Brill Jr. et al. {University o f  lllinois, USA) 

Mathematical modelling of flows in recessed wall flame holder 
D, Bhaduri and A. K. Majumdar (CMERL Durgapur, India) 

Manuscripts for publication should be sent to the Editor-in-Chief: 
Dr C. A. Brebbia, University of Southampton, Southampton, England SO9 5NIt 
ISSN: 0307-904X 
One years subscription (four issues) £25.00 ($65.00) 

For m o r e  details, please write to: 
IPC Science and T e c h n o l o g y  Press Limited,  
IPC House,  32 High Street ,  Gui ldford ,  Surrey,  England GU1 3EW 
Telephone :  0483-71661  Telex:  Scitec Gd 8 5 9 5 5 6  

POLYMER, 1976, Vol 17, November 1023 



Book Review 

Synthetic Paper from Fibers and Films 
M. G. Halpern 
Noyes Data Corporation, Park Ridge, New Jersey, 
1975, $36.00 

This volgme is essentially a summary of  the content  o f  122 US 
Patents issued during the period 1957-1974.  Paraphrasing the 
author 's  words, 'legal jargon and juristic phraseology have been 
eliminated' giving a book that is much more readable by the aver- 
age scientist than would be the original patents. 

Perhaps inevitably the book title does not adequately describe 
its contents.  Basic information on both  polymer technology and 
papermaking is lacking. Patents issued prior to 1957 have appa- 
rently been ignored and no account has been taken of  information 
available from other sources such as technical journals and trade 
literature. A number of  highly important  recent developments in 
both  materials and processes are not at present covered by patents,  
in some cases possibly because the innovators are not prepared to 
meet the Patent Office requirement of  'sufficient disclosure' or be- 
cause the innovation is not considered sufficient to warrant the 
issue of  a patent, and these are not referred to. Admittedly,  the 
Foreword makes it clear that the volume is effectively a patent re- 
view covering a limited period of  time, but  this is not  clear from 
the title. 

Although this is still the subject o f  some controversy, the 
author 's  description of  paper in the Introduction as a nonwoven 
fabric can be criticized. Furthermore,  his statement of  the advan- 
tages of  synthetic papers, also given in the Introduction,  must be 
regarded as an over-simplification. For instance, not all synthetic 
fibres have good chemical durability and the dimensional stability 
of  synthetic fibres is sometimes much worse than that o f  cellulose 
fibres. It is suspected that the author was here referring primarily 
to moisture effects, but  paper is also subjected to heat (during 
manufacture, conversion and usage) and the dimensional stability 
of  cellulose fibres to heat is much better than that o f  some synthe- 
tic fibres and other materials. 

There must also be some reservation with regard to the use by 
the author of  the term 'synthetic paper'.  Agreed terminology in 

Con ference A nnouncemen t 

Polymer Processing 
Massachusetts Institute of Technology, Cambridge, 

Massachusetts, USA, 15-18 August 1977 

An international conference on 'Polymer Processing' 
will be held at M.I.T., Cambridge, Massachusetts, 15-  
18 August, 1977. The purpose of the conference is to 
establish the state of fundamental knowledge in poly- 
mer processing and to assess the nature of major prob- 
lems to be solved in the field. The topics to be 
covered are: basic considerations in polymer process- 
ing, polymer melt processing, liquid reaction process- 
ing, processing of composites, processing of foamed 
plastics, processing related to surface phenomena, 
polymers for non-traditional applications, recent ad- 
vances in polymer processing, characterization and 
properties of polymers, quality control and accelerat- 
ed testing and needs and opportunities in polymer pro- 
cessing. Those interested in presenting papers are in- 
vited to submit abstracts of not more than 500 words 
on subjects related to one of the topics above. Ab- 
stracts should be sent by 30 November, 1976 to: 
Professor Nam P. Suh, Conference Chairman, Massa- 
chusetts Institute of Technology, Room 34-134, 
Cambridge, Massachusetts 02139, USA. 

this field is inadequate. However, the current internationally ac- 
cepted definition of  paper requires that the material should be pro- 
duced from fibres (thus disqualifying those paper-like materials 
manufactured in film form), but permits the use of  synthetic fibres 
in any quanti ty.  Rigid application o f  these criteria would require 
a complete change in the title of  the book, but the reviewer has 
encountered the same terminology problems himself when prepar- 
ing technical papers on this subject and cannot suggest a better 
title. 

The patent field covered by the author includes the use of  
chemical derivatives of  cellulose (in both fibrous and non-fibrous 
forms) and of  chemically modified natural cellulose fibres in paper- 
making. It also includes the papermaking use of  fibres manufac- 
tured from polymers such as polyolefins, polyamides and poly- 
acrylonitriles, and the manufacture of  non-fibrous synthetic 
papers from polyolefins and other polymers. 

The patents described in the text will obviously vary consider- 
ably in their importance. Some have been exploited commercially 
and in a few cases the reviewed, from personal knowledge of  pro- 
ducts manufactured using the process described, is satisfied that 
the information given would be very useful to interested scientists 
and technologists. Others might be considered to be of  very 
doubtful  merit but, bearing in mind the constantlY changing tech- 
nological requirements for paper and paper products and the state 
of  flux in the availability and relative costs of  materials, more criti- 
cal selection of  the patents included would have been very difficult. 

The descriptions of  the patents are clear and concise although in 
some cases the terminology used is somewhat unorthodox.  Ade- 
quate diagrams are included and the amount  of  tabulated numeri- 
cal data given is gratifyingly greater than might have been expected. 
It is interesting to note,  however, the wide variety of  test methods 
and units for expression of  results used by the different workers. 
For instance, no fewer than 15 different units are used for tensile 
strength, apart from several patents where numerical values for 
this property are given without units. This must be viewed as a 
criticism not o f  the author of  this book, but  o f  the original workers 
and of  the lack of  progress towards standardization. 

Although not without its limitations, this book is considered 
to be a very useful addition to the available literature, most par- 
ticularly for papermakers, but also for polymer and textile tech- 
nologists. Its publication at this stage of  the development of  syn- 
thetic pulps and papers is particularly well timed. Technical papers 
in this area have tended to concentrate on the properties and per- 
formance of  these materials and have usually ignored the basic pro- 
duction technologies. This gap has now at least partially been 
filled. 

F. D. Munda) 

Conference Announcement 

Polymer Surfaces Symposium 

University of Durham, 21-24 March 1977 

The Macromolecular Group of the Chemical Society 
are organizing the symposium 'Polymer Surfaces' to be 
held at the University of Durham, 21-24 March 1976. 
Particular emphasis is being placed on plenary and 
keynote lectures to review and highlight work of both 
an applied and academic nature. The topics to be 
discussed include the formation; chemical, physical, 
electrical and mechanical properties and modifications 
thereof; characterization and uses of polymer surfaces. 
Contributed papers are solicited and abstracts are re- 
quested by the end of November 1976. Further details 
may be obtained from: Dr W. J. Feast, Department of 
Chemistry, University of Durham, South Road, 
Durham DH1 3LE. 
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Configuration of cellulose trinitrate in 
solution 

C. Holt*, W. Mackie and D. B. Sellen 
Astbury Department of Biophysics, University of Leeds, Leeds LS2 9JT, UK 
(Received 1 March 1976; revised 19 May 1976) 

Cellulose trinitrate was prepared from cotton (Deltapine) under a variety of conditions and investi- 
gated in solution with ethyl acetate as solvent using the techniques of light scattering, osmometry and 
viscometry. The more mildly nitrated samples (e.g. 1 h at 20°C) exhibited downward curvature in the 
Zimm plots and a fractional precipitation experiment showed that this was due to the presence of 
large gel-like aggregates. Light scattering, viscometry, infra-red and ultracentrifuge measurements 
were made on the fraction of gel-like material and the effect of further nitration investigated. The 
possible nature of the aggregates is discussed. Light scattering measurements made on a mildly nit- 
rated sample with this fraction removed yielded a straight line Zimm plot from which chain statistics 
similar to those found by other authors could be deduced. Samples obtained by more extensive nitra- 
tion (2-25 h at 20°C) were considerably degraded but yielded straight line Zimm plots and osmotic 
pressure measurements showed the polydispersities to be low (DPw/DP n ~ 1.3). Values of effective 
bond length, b, calculated from these Zimm plots (4.6 to 5.6 nm) were much larger than those found 
for the more mildly nitrated samples and those found by other authors. Also, in contrast to the re- 
sults of other authors, second virial coefficients obtained by light scattering and osmotic pressure 
were found to be in fair agreement. The effect of gel-like material on measured second virial coeffi- 
cients is discussed. It is suggested that the discrepancy in b arises because gel-like material remains in 
more mildly nitrated samples even after the larger aggregates have been removed by fractional precipi- 
tation. This material consists of particles denser than the single coils but of comparable or smaller 
size so that values obtained for the effective bond length are too low. The results of previous investi- 
gations on all the cellulosic polymers which have been investigated are discussed in the light of the 
present work with particular reference to the effect of gel-like material. It is suggested that the appa- 
rent disagreement between the conformational analysis of cellulose and experimental results arises 
from the presence of gel-like material in solutions rather than any fault in the molecular model. 

INTRODUCTION 

Although the degree of polymerization and polydispersity 
of native cellulose has been investigated by a number of 
workers over many years, the nature of native cellulose in 
this respect remains a matter for speculation. An exten- 
sive re-investigation of this problem has therefore been 
carried out in this department 1 and a brief report of the 
results obtained has already been published 2. During this 
investigation, cellulose trinitrate was prepared from cotton 
cellulose and investigated in solution with ethyl acetate as 
solvent, using the techniques of light scattering, osmometry 
and viscometry. The chain statistics of cellulose trinitrate, 
calculated from the results of the experiments, were simi- 
lar to those obtained by other authors 3-6, when similar 
procedures of nitration and fractionation were adopted, 
and similar assumptions made about polydispersity. How- 
ever it was discovered that direct nitration of cotton for 
periods of from 2 to 25 h at 20°C yielded samples of low 
polydispersity with Mw/Mn ~ 1.3 and the chain statistics 
calculated from the results of experiments on these samples 
indicated a much stiffer chain. It is this aspect of the work 
which forms the subject of the present paper. The biologi- 
cal aspects of the work will be discussed elsewhere. Gel 
permeation chromatography measurements were also made 

* Present address: The Hannah Research Institute, Ayr, Scotland 
KA6 5HL, UK. 

on the cellulose trinitrate solution but in view of the com- 
plex behaviour discovered these also will be the subject of 
a separate publication. 

EXPERIMENTAL 

Preparation of  cellulose trinitrate solutions 
In all the work to be discussed in the present paper, 

cotton (Deltapine) was obtained from freshly opened bolls 
and was air dried prior to nitration with the mixture of 
Alexander and Mitchell 7. Stock solutions of the nitrate 
were made up in redistilled ethyl acetate at concentrations 
of ~1 kg/m 3. The good solvent ethyl acetate was used for 
three reasons (a) microgel formation is less likely in a good 
solvent, (b) for instrumental reasons osmotic pressure 
measurements were not possible in acetone and (c) gel per- 
meation chromatography measurements were made con- 
currently with this investigation and a good solvent was 
found to be necessary for this technique. The solutions 
were made up by slowly agitating for 24 h and then centri- 
fuging for 1 h at 30 000 x g to remove any undissolved 
material. The time of nitration required to achieve complete 
solubility was found to be a function of temperature and 
was approximately 20 rain at 20°C, 1 h at 0°C and 24 h at 
-20°C. The nitrogen content of all the fully soluble sam- 
ples was found by a semi-micro Kjeldahl method to be 
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13.8 -+ 0.1% (14.1% represents full substitution). The nit- 
rogen content of the soluble components of samples ob- 
tained by nitration for shorter periods was also 13.8 -+ 0.1% 
whilst the insoluble components had a nitrogen content 
ranging from 1 to 12%. 

Light sca ttering m easuremen ts 

Light scattering measurements were made by using a 
semi-cylindrical cell in an Aminco apparatus (American 
Instrument Co. hc . ,  Silver Spring, Maryland, USA). The 
apparatus was tested and calibrated as already described 6 
except that the Ludox calibration was checked by measure- 
ments on the pure liquids carbon tetrachloride, benzene 
and carbon disulphide. Assuming the Rayleigh ratios for 
these liquids based on a literature survey by Kratohvil et aL s 
and making the usual correction for the refractive index of 
the liquids 9'1° the Ludox calibration was confirmed to be 
correct within experimental error (-+5%). 

An adequate degree of clarification prior to light scatter- 
ing measurements is especially difficult to achieve with 
solutions of cellulose derivatives because centrifugation is 
the only effective means of removing dust and because 
the low refractive index increment and high dissymmetry 
of scatter make it necessary to work at concentrations 
where the solute scatter is sometimes less than that due to 
the solvent. In this work solutions were centrifuged for 2 h 
at 30 000 x g and the top 20% of each volume used for light 
scattering measurements. Both the syringe used for trans- 
ferring the solution to the light scattering cell and the cell 
itself were rinsed in a stream of condensing distilled ethyl 
acetate immediately before use. In this way an adequate 
degree of clarification was achieved once in every three 
attempts. The solute concentration was determined after 
each set of light scattering measurements by taking a 2 ml 
volume of solution from the light scattering cell and evapo- 
rating to dryness. 

Zimm plots were made in the usual way. It was found 
however that repeated experiments at a given concentration 
yielded KC/R o against sin?2~0/2 + kC plots (where the sym- 
bols have their usual meaning) in which the slope at high 
angles varied by about 10% although constant intercepts at 
0 = 0 were obtained. Higher slopes were obtained more 
frequently at the lower concentrations. The Zimm plots 
presented in this paper were constructed by taking at each 
concentration the set of measurements yielding the highest 
slopes at high angles. This procedure was found to yield 
self-consistent Zimm plots with linear extrapolation to zero 
concentration. A justification of this procedure will be 
given in the Results and Discussion section of this paper. 

The refractive index increment dn/dC was measured 
using a 10 mm cell in a Rayleigh differential refractometer. 
The cellulose trinitrate sample used for this purpose was 
one obtained by nitration for 1 h at 20°C. This was divided 
into three fractions by precipitation from solution in ethyl 
acetate with n-hexane and the middle fraction used for 
refractive index measurements. This was done to ensure 
that measurements were made on cellulose trinitrate chains 
and not upon microgel or low molecular weight material. 
It was found that due to it being slightly hygroscopic the 
refractive index of ethyl acetate could vary by several parts 
in 105 . The errors resulting from this can be minimized by 
using ethyl acetate from the same distillation batch both 
for making up the solution and as reference solvent. In this 
way dn/dCwas found to be 0.105 -+ 0.001 ml/g at both 
546 and 436 nm. This is in good agreement with the values 
found by Holtzer et al. 3 and Huque et aL s but 5% lower than 
that found by Penzel and Schulz 11. 

Membrane osmometry  

Osmotic pressure measurements were made in a Mechro- 
lab apparatus (model 503 Hewlett-Packard Ltd, Slough, 
UK) at 25°C using type 08 membranes. In this apparatus 
a negative pressure head of solvent is applied with the aid 
of a servo-mechanism so as just to counteract the flow of 
solvent through the membrane. Solvent flow is detected by 
means of a photocell which is set to receive light passing 
through an air bubble. The apparatus was found usually to 
reach equilibrium within 5 min and no permeation of the 
membrane by the solute was observed. By continuously 
recording the pressure with the aid of a pen recorder until 
15 min after equilibrium had been reached, it was found 
possible to integrate out purely random fluctuations (ther- 
mal and instrumental) and to obtain osmotic pressures cor- 
rect to 0.05 mm of ethyl acetate. Prior to making measure- 
ments the stock solutions were centrifuged for 2 h at 
100 000 × g and decanted. 

Viscometry 

Viscosity measurements were made at 20°C using two 
Cannon-Fenske viscometers each with two bulks thus giving 
four rates of shear in tile range 900 to 3000 sec -1. In each 
case the reduced specific viscosity was extrapolated first 
to zero rate of shear and then to zero concentration in the 
manner previously described 12. 

RESULTS AND DISCUSSION 

Mildly nitrated samples 

Table 1 shows data derived from Zimm plots represent- 

Table I Light scattering measurements upon cellulose trinitrate obtained by mildly nitrating cotton (Deltapine). Ethyl acetate as solvent 

Interpretation in terms of the theory 
of Benoit et aL 13 for  a polydisperse Interpretation in terms of a gel--coil mixture 

Second virial solution of Gaussian coils (see text) 
Time and coefficient 
temperature h B X 104 b S S c 

Sample of nitration (nm) (mol m3/kg 2) DP w DP n (nm) DP c (ngm) (nm) 
b ~ 

(nm) 

I 1 h at 20°C 436 6.2 11 000 2800 3.3 5700 270 120 3.6 
546 7.0 10 500 2700 3.5 5400 270 130 3.9 

II 1 h at --20°C 436 4.3 11 000 2400 3.0 4800 240 100 3.3 
546 3.8 10 500 2600 3.5 5200 290 120 3.9 

III 24 h at --20°C 436 8.8 13500 3300 3.4 6600 290 130 3.7 
546 7.5 13 500 3200 3.0 6400 290 120 3.3 

* Assuming a Schulz--Zimm distr ibution for  the single coils with DPw/DP n = 1.3 (see text) 
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Figure I Zimm plot for cellulose trinitrate derived from cotton 
(Deltapine}, sample III (Table 11. ko = 436 nm; solvent, ethyl 
acetate 

ing light scattering experiments on samples which had been 
obtained by nitration for relatively short periods, i.e. long 
enough to yield a high proportion of soluble material, (sam- 
ple II was 84% soluble), without severe degradation. A rep- 
resentative Zimm plot is shown in Figure 1. All the Zimm 
plots exhibited downward curvature at low angles and 
Table 1 shows their interpretation in terms of the theory 
of Benoit et  al. 13 for a polydisperse solution of Gaussian 
coils. This interpretation indicates highly polydisperse 
material with weight-average degrees of polymerization in 
the range 10000 to 14000. b is given by b 2 = r2/Dp, where 
r 2 is the mean square end to end distance of the cellulose 
chain. The mean value orb  obtained, 3.3 ± 0.3 nm (calcu- 
lated from the asymptotic slopes 6) agrees well with that 
foupd by Hunt e t  al. 4 for cellulose trinitrate in ethyl acetate 
and other authors for cellulose trinitrate in acetone. It is 
somewhat lower than that found by Huque et  al. s for cellu- 
lose trinitrate in ethyl acetate (4.3 rim). 

The interpretation of the Zimm plots as representing a 
polydisperse solution of Gaussian coils does not however 
stand up to close inspection. The number-average degrees 
of polymerization so derived are about 3000. Systematic 
errors arising because the Zimm plots are not truly asympto- 
tic at high angles would make these higher than the true 
values. Thus the number-average degrees of polymerization 
should be low enough to be determined by osmotic pressure 
measurements. An attempt to make such a measurement on 
one of the samples showed that the number-average degree 
of polymerization was much higher than 3000. It could not 
be determined with any accuracy because solutions at con- 
centration greater than 1 kg/m 3 could not be conveniently 
handled owing to their high viscosity. 

An alternative explanation of the downward curvature 
in the Zimm plots is that the solutions contained s,iper- 
molecular aggregates or gel-like material. In order to ascer- 
tain whether this was so, fractional precipitation experi- 
ments were carried out. A series of fractions was obtained 
by adding n-hexane to a 0.1% solution of sample I. Precipi- 
tates were removed by centrifugation at 3000 × g after 
sufficient n-hexane had been added to produce a permanent 
cloudiness. In order to avoid local excesses of precipitant, 
and hence obtain a narrower fraction, the cloudy solutions 
were raised 5°C above ambient temperature for 24 h and 
then allowed to cool prior to centrifugation. On heating, the 

Configuration o f  cellulose trinitrate in solution: C. Hol t  et al. 

cloudiness disappeared for all the fractions except the first. 
All the fractions were completely resoluble in ethyl acetate 
except the first which was only 68% soluble. The first frac- 
tion had a lower intrinsic viscosity than the second, (Table 
2), indicating the presence of denser particles and Figure 2 
shows the corresponding Zimm plot. The virtually zero 
second virial coefficient indicates a high density particle, 
and the form of the reciprocal particles scattering factor 
indicates some sort of supermolecular aggregate, with mole- 
cular weight and polar radius of gyration ~> 104 kg/mol and 
~>200 nm respectively. It was thought unlikely that the 
solution consisted entirely of aggregates however and an 
attempt was made to separate aggregates from single chains 
by centrifuging for 4 h at 100 000 x g. This resulted in the 
removal of ~15% of the material from solution. Light 
scattering measurements  on the supernatant however yield- 
ed a qualitatively similar Zimm plot to that obtained pre- 
viously although the molecular weight and pola[ radius of 
gyration fell to 4 x 103 kg/mol and 150 nm respectively. 
An experiment with the first fraction using an analytical 
centrifuge running at 100 000 x g confirmed that there was 
no separation into two components. A single sharp 
Schlieren peak was obtained and the sedimentation con- 
stant increased markedly with decreasing concentration in 
a manner characteristic of single cellulose chains; the extra- 
polated value at infinite dilution (S ~ 2 × 10 -12 sec) cor- 
responding to a degree of polymerization of ~7000 on the 

Table 2 Fractionation of cellulose trinitrate derived from cotton 
(Deltapine), sample I (see Table I) 

Intrinsic 
Fraction viscosity Huggin's Weight 
number (m3/kg) constant fraction 

1 3.6 1.08 0.17 
2 5.8 0.71 0.09 
3 4.5 0.50 0.28 
4 4.6 0.45 0.25 
5 2.3 0.33 0.13 
6 1.1 0.38 0.05 
7 0.54 0.30 0.03 

3 0  

25  

~ 2 " C  

~ 1.5 

0.5 

O[ s - - -  i . lo 1!5 _ 
Sin2(e/2) + c (kg/m 3) 

Figure 2 Zimm plot for cellulose trinitrate derived from cotton 
(Oeltapine), sample I (Table 11, fraction 1 (Table 2). •0 = 436 nm; 
solvent, ethyl acetate 
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Figure 3 Infra-red spectrum for cellulose tr initrate derived from 
cotton (Deltapine), sample I (Table I) fraction 1 (Table 2) before 
(A) and after (B) renitration 

basis of the relationship given by Hunt et al. 4. A possible 
explanation of this is that the aggregates are like branched 
polymers, rather than swollen gel particles, with just a few 
effective branch points, each formed by a number of inter- 
chain hydrogen bonds acting cooperatively. In this case the 
sedimentation constant of the aggregates might not differ 
greatly from that of their constituent chains and if single 
chains were also present the difference would be diminished 
due to the Johnston-Ogston effect ~4. The nitrogen content 
of the first fraction, 13.2%, indicated incomplete substit,a- 
tion, and the infra-red spectrum (Figure 3) showed high 
absorption in the range characteristic of hydrogen bonded 
hydroxyl groups. After precipitating with n-hexane, drying 
and renitrating for 1 h at 20°C, the nitrogen content rose to 
13.9% and the absorption characteristic of hydrogen bonds 
disappeared (Figure 3). On redissolving in ethyl acetate and 
centrifuging at 100 000 x g for 30 min to remove a small 
amount of insoluble material, the intrinsic viscosity was 
found to have risen to 3.9 m3/kg, the Huggins constant to 
have fallen to 0.59, and a straight line Zimm plot (Figure 4) 
was obtained consistent with single cellulose chains of low 
polydispersity having weight-average degree of polymeriza- 
tion 4500 and polar radius of gyration, [(S2)z] 1/2, 130 nm. 
The second virial coefficient was 8.5 x 104 mol m3/kg. 
Thus the properties of the gel fraction after renitration are 
consistent with the model proposed above, the aggregates 
breaking down into single chains. 

Light scattering measurements were also made upon 
sample I with the first fraction removed. The fractional 
precipitation experiment was repeated, the first fraction in 
this case representing 14% by weight of the material. The 
remaining solute was precipitated with n-hexane, air dried 
and heated in vacuo at 50°C for 4 h to remove all traces of 
hydrocarbon. It was then redissolved in ethyl acetate, cen- 
trifuged at 100000 × g for 1 h and decanted. Figure5 
shows the Zimm plot obtained from this sample. It ex- 
hibits no downward curvature and yields the data DPw = 
5800,B = 9.2 x 10 -4  mol m3/kg 2, [(S2)z] 1/2 = 140 nm. 
The way in which this sample was prepared is similar to the 
way in which most authors have obtained their highest 
molecular weight fraction. Ia the case of straight line Zimm 
plots it is common practice to assume a Schulz-Zimm dis- 
tribution withDPz: DPw: DP n = 3 : 2 : 1 as theory pre- 
dicts a straight line in this case 3. If this is assumed a value 
of b = 3.8 nm is obtained. This is in agreement with other 

authors, as is the intrinsic viscosity of this sample, 4.4 m3/ 
kg, which corresponds to degrees of polymerization of 
5300 and 6700 according to the expressions given by Hunt 
et al. 7 and Huque et al. s respectively. A similar agreement 
may be obtained with the results for the renitrated first 
fraction. However Kratochvil ~6 has shown that reciprocal 
particle scattering factors are in practice indistinguishable 
from straight lines over a very wide range of polydispersities. 
The data of Table 2, yield DPw/DPn = 1.1 if each fraction 
is assumed to be monodisperse. The true value is therefore 
much less than 2 and it will be shown in the next section 
that 1.3 >DPw/DP n > 1.1, yielding 4.5 n m >  b > 4.2 nm. 

Figures 2 and 5 show that at high angles the scattered 
intensity per unit concentration due to aggregates is of the 
same order as that due to single coils. In the unfractionated 
sample the weight fraction of aggregates is small. As a re- 
sult values of degree of polymerization and radius of gyra- 
tion obtained by ignoring the downward curvature in 
Figure I and extrapolating high angle data to zero angle 
differ little from those obtained from Figure 5. Table 1 
shows values for the coil component, DP c and S c calculated 
in this way for all three samples, together with values for 
the radius of gyration of the aggregates, Sg, found using the 
relation: 

S 2 ~ (ff2)zMw - S2Mc 

M w - M c 
(1) 

(ff2)z and Mw relate to the whole sample and are found 
from the low angle data in the usual way. In all cases 
squares of radii of gyration are z averages and molecular 
weights weight-averages. The definition of the aggregates 
is here somewhat arbitrary however. Whereas there appears 
to be a fairly well defined fraction of gel-like material, the 
Huggins constants shown in Table 2 decrease continuously 
with fraction number and only for low molecular weights 
approach the value of 0.3 characteristic of polymers in a 
good solvent ~7. Thus it is likely that the Zimm plot of 
Figure 5 contains a contribution from residual gel-like 
material, the particles of which are not large enough to 
cause any downward curvature. The extent to which the 
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Figure 4 Zimm plot for cellulose tr initrate derived from cotton 
(Deltapine), sample I (Table I), fraction I (Table 2), after renitra- 
tion. h0 = 436 nm; solvent, ethyl acetate 
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parameters calculated for the coil component (DP c, Me, Sc, 
b) are thereby in error depends upon the distribution of 
sizes of the residual gel-like particles. It will be argued 
later that Sc and b are seriously affected but M c and DPc 
much less so. 

More extensively nitrated samples 
Table 3 shows data derived from Zimm plots represent- 

ing light scattering measurements on samples which had 
been obtained by nitration for longer periods. These sam- 
ples were considerably degraded. Their Zimm plots (e.g. 
Figure 6) however, exhibited no downward curvature in- 
dicating the absence of large aggregates. There are probably 
two reasons for this. First, aggregates were broken dowa 
into single chains after longer periods of nitration and 
second, any remaining aggregates were more easily removed 
during the light scattering clarification procedure due to 
the lower solution viscosity. After 25 h of nitration some 
downward curvature reappeared in the Zimm plot although 
this was easily removed by centrifuging the sample for 4 h 
at 100 000 x g and decanting. Still longer periods of nitra- 

Conf igurat ion o f  cellulose t r in i t ra te in so lu t ion:  C. H o l t  e t  aL 

tion, however, produced even greater downward curvature 
and the material causing this is clearly differeJlt in origin 
from the aggregates in the mildly nitrated samples. It is 
likely that all the samples contain some very dense particles 
which are highly resistant to nitration but are normally 
easily removed during the light scattering clarification pro- 
cedure. Very long periods of nitration however turn these 
into swollen gel particles which are not so easily removed. 
It is thought that the two types of gel-like material arise 
from different components of the cell wall and the biolo- 
gical significance of this will be discussed elsewhere. 

Table 3 and Figure 7 show the results of osmotic pres- 
sure measurements. These were made possible by virtue 
of the lower degrees of polymerization and the fact that 
the lower solution viscosities enabled higher concentra- 
tions to be used. The polydispersities are low with DPw/ 
DPn ~ 1.3. It is very unlikely therefore that the coil com- 
ponents of the more mildly nitrated samples had a higher 
polydispersity than this. Values ofb  calculated for the 
more extensively nitrated samples are considerably greater 
than those found for the more mildly nitrated samples and 
those found by other authors. This cannot be explained 

6 

4 

X 

0 ' 0 ' 4  ' o ' s  ' J~ ' t'4 
Sin2(O/2)+ c (kg /m 3) 

Figure 5 Zimm plot for cellulose trinitrate derived from cotton 
(Deltapine), sample I (Table 1), with fraction 1 (Table 2) removed. 
Xo = 436 nm; solvent, ethyl acetate 

8 

O ["O 2"0 

Sin 2 ( e/2)+c(kg/m 3) 

Figure 6 Zimm plot for cellulose tr initrate derived from cotton 
(Deltapine), sample V I l l  (Table 3). ;k 0 = 546 nm; solvent, ethyl 
acetate 

Table3 Measurements in solution made on cellulose trinitrate obtained by nitrating cotton (Deltapine) for various extensive periods. Ethyl 
acetate as solvent 

Time of Light scattering results Osmotic pressure results Diffusion 
nitration constant 
at 20°C ~ B X  104 B X  104 b *  [T/] X106 

Sample (h) (nm) (tool m3lkg 2) DP w (~ )1 /2  (tool m3/kg 2) DP n (nm) (m3/kg) DP v (mm2/sec)t 

IV 2 436 8.0 3300 140 10 2600 5.6 
546 7.0 3000 180 

V 3 3.6 4200~ 
52OO§ 

VI 4 436 10.0 3300 140 10 2600 5.6 
546 9.0 3300 140 

VII 6 436 9.8 2700 120 9 2100 5.1 2.6 30505 
546 9.5 2600 130 3550§ 

VIII  25 436 9.8 2400 110 16 1600 4.6 2.1 24502 
546 10.0 1900 98 2750§ 

5.9 

7.7 

9.7 

* Assuming a Shulz--Zimm distr ibution 16. t Light scattering Rayleigh Linewidth measurements 18. ~Using the expression of Hunt et aL 4. 
§ Using the expression of H uqueetaL5.  
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sf 
L) 

0 I 2 3 

Concentrotion { kg/rn 3) 

Figure 7 Osmotic pressure measurements on cellulose trinitrate 
derived from cotton (Deltapine}. Solvent, ethyl acetate. £], sample 
IV; A, sample VI; V, sample VI I; O, sample VIl l  (Table 3) 

in terms of experimental errors (the calculation of b de- 
pends only on the square root of the slope of the Zimm 
plot and the square root of the estimate of polydispersity). 
The intrinsic viscosities are also higher than those found by 
other authors and the dispersity in intrinsic viscosity may 
be correlated with the disparity in b. The second virial 
coefficients obtained by light scattering (Blx) and osmo- 
metry (Bop) are in fair agreement in contrast to the results 
of other authors who have usually obtained much lower 
values for Bls comparable to the values obtained in the pre- 
sent work for the unfractionated mildly nitrated sam- 
pies. All of these discrepancies may be explained in terms 
of residual gel-like material in the mildly nitrated samples 
and the samples of other authors. The general effects of 
the presence of gel-like material will now be discussed. 

Effects of  the presence of  gel-like material on the solution 
properties of  cellulose trinitrate 

Particle scattering factors. Numerical calculations using 
particle scattering factors similar to that obtained from 
Figure 2 show that the presence of small numbers of large 
aggregates not only causes downward curvature in the Zimm 
plot at low angles of scatter, but also produces a slight de- 
crease in the slope at high angles. This decrease is due to 
the fact that the aggregates are denser than the coils and is 
mitigated by the downward curvature at low angles resulting 
from the large disparity in size between coil and aggregate. 
Gel-like material comprised of smaller particles would not 
necessarily cause downward curvature and when this is the 
case a greater decrease in the slope of the Zimm plot would 
be expected. This decrease could be considerable if a sig- 
nificant proportion of the gel-like material were comprised 
of particles comparable in size to or smaller than the single 
coils. If this sort of material remained in sample I after the 
larger aggregates had been removed by fractional precipita- 
tion, as in fact the viscosity measurements on the fractions 

(Table 2) have already suggested, then this would account 
for the discrepancy in the values of b calculated for the 
mildly and more extensively nitrated samples. On this 
basis the highest value of b obtained is ~aearest the true 
value, i.e. b/> 5.6 nm, showing that the flexibility of the 
cellulose trinitrate chain has been overestimated by other 
workers. The optimum period of nitration from the point 
of view of investigating chain statistics appears to be in the 
range 2 to 6 h. After very long periods of nitration addi- 
tional gel-like material becomes soluble leading once again 
to lower apparent values of b. 

It is the contention of the authors that the variability 
observed in the high angle slopes of plots of KC/Ro against 
sin 20/2 + kC for given concentrations is entirely due to the 
removal of varying amounts of gel-like material during the 
light scattering clarification procedure. It is on the basis of 
the above discussion that data yielding the highest slopes 
were selected to construct Zimm plots. However the ob- 
served variability would in any case affect the calculated 
values of b by only +5%. 

Second virial coefficients. An analysis of the effect of 
polydispersity on the second virial coefficients as deter- 
mined by light scattering and osmometry is given in the 
Appendix. Bls and Bop should be the same for a solution 
of single coils unless the polydispersity is very high. It is 
also shown that when gel-like material is present: 

Bts Me 
- -  (2) 

Bop Mw 

where Mc is the true weight-average molecular weight of 
the coil component and Mw is that for the whole sample. 

In practice B/s may be even lower due to the fact that 
less gel-like material is removed at the higher concentra- 
tions during the light scattering clarification procedure. 
In either case serious disagreement between Bls and Bop 
is a sure indication that the results are affected by the pre- 
sence of a gel-like component, quite apart from whether 
or not downward curvature ill the Zimm plot is observed. 
Agreement between B/s and Bop however merely indicates 
that Mc ~ Mw showing that any gel-like material present 
does not contain sufficient heavy particles to affect the 
measured molecular weight. The high value of Bts obtained 
for sample I with the first fraction removed would indicate 
that the value for DPc obtained is reliable. However as al- 
ready argued the value of b obtained from the slope of the 
Zimm plot is not correct. 

Intrinsic viscosity and diffusion constants. Intrinsic vis- 
cosity is a measure of effective partial specific volume. For 
a given sample molecular weight therefore, the effect of 
the presence of a gel-like component is to lower the intrin- 
sic viscosity as well as lowering the experimentally deter- 
mined value of b. The observed correlation in Table 3 is 
therefore to be expected. 

A diffusion constant is an inverse measure of effective 
hydrodynamic diameter so that for a given sample mole- 
cular weight the effect of the presence of a gel-like compo- 
nent is to increase the diffusion constant. The straight line 
which best fits a double logarithmic plot of diffusion con- 
stant against degree of polymerization obtained from data 
in Table 3 has a slope somewhat less than -118. It is likely 
that this arises from a systematic variation ha the amount of 
gel-like material present, the diffusion constants for the 
lower degrees of polymerization being too high. 
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Comparison o f  the experimentally determined chain 
statistics o f  cellulosic polymers in general with confor- 
mational analysis 

ha order to compare experimental results with the re- 
sults of conformational analysis it is necessary to correct 
experimental data so as to obtain the value of b, b o corres- 
ponding to the unperturbed chain statistics. In the present 
work the only method available is to apply the expression 
of Orofino and Flory ~9, which, by taking account of ex- 
cluded volume, gives the expansion factor, a, in terms of 
the second virial coefficient. For the sample yielding the 
highest value of b (5.6 nm) a can be calculated in this way 
to be 1.04. In view of the experimental errors involved, 
this correction is not considered to be significant. 

No detailed theoretical work has been carried out on 
the conformation of cellulose derivatives. Cellulose itself 
has been investigated. The results however depend very 
much on the value, r, assumed for the angle at the bridge 
oxygen atom and also on the type of potential energy 
function and the associated parameters used to estimate the 
permitted degrees of rotation about the C-O bonds. Assum- 
ing free rotation, bo varies from 0.89 am for r = 1 18 ° to 
0.77 nm for r = 1 10 °2°'21. Using Lennard-Jones poten- 
tials and Van der Waals radii obtained from crystallographic 
data to take account of hindered rotation, Cleland 2~ obtain- 
ed b o = 2.1 nm for r = 1 l 8 ° and b o = 4.3 nm for r = 110 °. 
However by increasing the Van der Waals radii by 0.02 nm 
(which Cleland considers more realistic) the values b o = 
4.6 nm for r = 1 18 ° and bo = 4.8 nm for r = 110 ° are ob- 
tained. Using Kitaigorodsky potentials Yathindra and 
Rao2° have obtained b o = 3.8 nm for r = 1 18 ° and bo = 
5.2 nm for r = 1 10 °, Cleland obtaining bo = 3.5 nm for the 
former figure. Yathindra and Rao have suggested that r 
could be different in different solvents. 

The solution properties of cellulose have been investi- 
gated in cadoxen 222a and iron sodium tartrate 24. Numer- 
ous investigations of the solution properties of various 
derivatives have also been made viz. the hydroxyethyl3Sa6, 
hydroxypropy1-27, e thyl(hyd roxye thyl) -2s'29, methyl -3°, 
ethyl_al,a~, sodium (carboxymethyl) -33'a4 derivatives, and 
also the acetate 3s-3v, tricaproate 3s, tricarbanilate 39-~, 
tributyrate 4s, tricaprylate 4s and trinitrate 2-6'n. An exten- 
sive review of these publications has been given elsewhere a. 
Values ofb  o range from 1.5 to 4.5 nm but in general agree- 
ment between different authors for the same derivative is 
not good, and only the values for cellulose trinitrate (ex- 
cluding those presented in the present paper) consistently 
fall within the range predicted by the conformational analy- 
sis for cellulose. Most other work has suggested that cellu- 
lose and its derivatives are highly flexible polymers. Brow:a, 
Henley and coworkers for instance have obtained results 
for cellulose and the hydroxyethyl-, ethyl(hydroxyethyl)- 
and sodium (carboxymethyl)- derivatives which indicate 
that all have the same flexibility with a persistence length 
equal to about four monomer units, comparable in fact to 
synthetic polymers such as polystyrene. 

Previously reported experimental data is therefore 
clearly at variance with conformational analysis and Brant 
and Goebe146 have suggested that this might result from a 
fault in the molecular model, in that glucose residues in the 
cellulose chain might occasionally adopt conformations 
other than C1. It is the contention of the present authors 
however that nearly all previously reported values of bo 
are too low and that the true values of bo for cellulose and 
many derivatives probably lie within the range predicted 
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by the conformational analysis of cellulose, whilst the 
true value for cellulose trinitrate is somewhat higher. 

The above assertions are based on the authors' belief in 
the light of experience gained ill the present work, that gel- 
like material in the samples investigated by most other 
authors has seriously affected their results. Second virial 
coefficients as determined by light scattering and osmo- 
metry have nearly always been in serious disagreement (by 
factors as much as three2S), Bls oftzn varying widely and 
at random with molecular weight. BIs can often be corre- 
lated with the biological source of material, a fact never 
commented on by the authors concerned which can only 
be explained by the presence of varying amounts of gel- 
like material, and in one case Bls has been correlated with 
the degree of nitration s . It might be expected that using 
a low value for Bls in the Orofino-Flory equation would 
lead to an underestimate of a and thus tend to compen- 
sate for the effect of a gel-like component on the measured 
value of b. However the form of the Oroflno-Flory equa- 
tioq is such that substitution of a too low value for the 
radius of gyration tends to counteract this. Huggins con- 
stants reported for cellulosic polymers are often very high, 
again indicatiag the presence of gel-like material. Never- 
theless it might be expected that chain statistics calculated 
from viscosity measurements would be less affected by the 
presence of a gel-like component than those calculated 
from Zimm plots, l:l fact values of bo calculated from the 
former tend to be even lower than those calculated from 
the latter. This arises because the various methods used to 
calculate bo 47-s° involve the extrapolation of intrinsic vis- 
cosity data to zero molecular weight, i.e. into a region where 
the theories themselves do not apply and in which the effec- 
tive value of bo would be lower than the true value. 

Finally it must be mentioned that the work of Mackie 
and Sellen on the nitrates of mannan and xylan ~2,sl is open 
to all the criticisms levelled here against other authors. The 
purely relative conclusions of these publications that the 
chain statistics of the trinitrate of 13-1,4 linked mannan are 
similar to those of cellulose trinitrate whilst the dinitrate 
of/3-1,3 linked xylan is a much more flexible polymer still 
stand. The absolute values of b quoted are however almost 
certainly much too low. 

CONCLUSIONS 

The results of solution experiments on cellulose trinitrate 
obtained by mild nitration procedures are very much affect- 
ed by the presence of gel-like material even when the larger 
aggregates are removed by fractional precipitation so as to 
yield straight line Zimm plots. Gel-like material remaining 
consists of particles denser than the single coils but of 
comparable or smaller size so that values obtained for the 
effective bond length are too low. Experiments on more 
extensively nitrated samples indicate that the effective bond 
length is at least 5.6 nm. It is suggested that all previous 
investigations of cellulosic polymers have yielded too low 
values for the effective bond length and that this has lead 
to the apparent disagreement with conformational analysis. 
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APPENDIX 

It is not possible to obtain general expressions which relate 
the values of B obtained from light scattering and osmotic 
pressure measurements to the values which would be ob- 
tained for constituent components if each were in solution 
alone s2-s4. Bop and Bls are in fact given by: 

= i / (A1) Bo p i / , Bl s = 

~ CiCf ~ ~ CiC/MiMj 

i / i / 

IfBii  = (Bi + B/)/2, an assumption which will not lead to 
appreciable error i fBi  and B~ are not too different*, then 
Bop = Bw and Bt~ = Bz. B is not expected to vary greatly 
with molecular weight for single chain polymers and unless 
the polydispersity is very high, values of B obtained by the 
two methods should agree. This is not  the case when a gel- 
like component is present however. Equation (A1) may be 
written: 

~ CiC/MiM] aij  

Bls 1 i / 

E 
i ] 

(A2) 

If the second virial coefficients corresponding to all mutual 
interactions between gel-like particles are assumed to be 
zero due to their high density and/or low solubility, and 
if the polydispersity of the coil component is low enough 
for all mutual coil interactions to be characterized by a 
single value Bc then: 

Bls Mc (wcMcBc + 2wgMgBcg) 

Bop M 2 (wcBe + 2wgBcg) 
(A3) 

where w indicates weight fraction. This formula is over- 
simplified since Bcg will be different for each gel-coil  inter- 
action and there are no real criteria for saying what the 
effective value of  Beg in equation (A3) is, as in this case 
the second virial coefficients of the two components are 
very different. However, crude calculations made on data 
obtained from Figures 2 and 5 by adopting a hard sphere 
model in which the equivalent radius is proportional to the 
radius of gyration, indicate that the foregoing assumption 
is still approximately true, i.e. Beg ~ Bc/2. Substituting 
this in equation (A3) yields equation 2t .  

* For a hard sphere model in which the radius of the equivalent 
hard sphere is assumed to be proportional to (~)1/2 and in which 
r ~ is proportional to molecular weight: 

Bi/=8(Bi+BJ)+-8 ~Bj Bi ] 

-~ A more rigorous but less useful expression may be obtained by 
putting B cg > 0 which yields Bls/Bop > (Mc/Mw) 2. 
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Dynamics of solutions of entangled 
polymers 

D. A. Maclnnes 
Department of  Pure and Applied Chemistry, University of Strathclyde, Glasgow G1 lXL, UK 
(Received 22 March 1976) 

A simple network model for the relaxation dynamics of entangled polymer fluids is presented. It has 
been assumed that entanglement fr ict ion is the principal dissipative mechanism for all but the longest 
wavelength modes in the entanglement region, and this gives rise to a peak in the relaxation spectrum. 
This model is shown to predict viscoelastic response functions whose qualitative features agree well 
with those observed experimentally, and in particular the well-known, 'C 2' effect of entanglement 
coupling is derived in a natural manner. 

INTRODUCTION 

The phenomenon of  entanglement coupling in polymer 
fluids is well known and has been studied many times ~. 
Most of  the work has concentrated on explaining the res- 
ponse in terms of  a spectrum of  relaxation modes and the 
experimental indications are that the major portion of  the 
response derives from a relatively narrow region, ka3wn as 
the terminal region, of  the spectrum. 

The purpose of  this paper is to propose a very simple 
model, for the dynamics of  an entangled polymer fluid, 
which reproduces some of the major features of  the res- 
ponse in a physically transparent manner. This work 
depends greatly on the work of  Edwards 2, Edwards and 
Grant 3 and de Gennes 4. The standard assumption is made 
that the normal relaxational modes of  the fluid can be 
separated into two groups - single chain modes and en- 
tanglement modes - and that with the transition between 
these groups a characteristic relaxation time Tc can be 
associated. It is further assumed that there is a disentan- 
glement time 4 Td such that for mot ion on a time scale 
t >> Td the polymer fluid will simply flow showing no elas- 
ticity. The primary concern in the present study is with 
modes with relaxation times r such that T d < r < T c i.e. 
the terminal spectrum. It is assumed that there are no 
relaxation modes with r > Td. The spectrum and response 
of single chain modes (i.e. those with relaxation times 
<Tc) have already been studied s-v, and given certain 
assumptions it has been shown that the relaxation spectrum 
contains a peak. The present study shows that the termi- 
nal spectrum should show a similar peak, and that this 
feature is crucial in the interpretation of  the experimental 
data. 

DYNAMICS OF THE TERMINAL REGION 

For T d > r > T c (i.e. for relaxation in the terminal region) 
the motion of  the polymer fluid is taken to be that of  an 
elastic network with two dissipative mechanisms: p o l y m e r -  
polymer (entanglement) friction and polymer-so lvent  fric- 
tion. The equation of  mot ion is assumed to be: 

~u(rt) 
S" c 3 ~  - S'e ~ -  V2u(r t )  -- eV2u(rt) = q~rt) (1) 

where u(rt) is the position vector of  the network element 
labelled r; ~" is the polymer-solvent  friction constant; S'e is 
the entanglement friction; e is the 'elastic constant '  of  the 
network and qS(rt)is a random force such that: 

(¢(rt)¢(r't)) = f i r  - r ')fi(t - t ')  (2) 

where f ( r )  is an unknown function and 8(y)  is the Dirac 
delta function. The average is over an equilibrium ensem- 
ble. To find the relaxation times implicit in equation (1) 
the author has followed the procedure of  Edwards 2 and 
Edwards and Grant 3 in calculating the second moment:  

( [ u ( r t ) -  u(r ' t ' )]  2) 

Writing 

u(rt)= I f ff(kco)exp [i(k.r + cot)]dkdco 

gives 

( [ u ( r t ) -  u(r ' t ' )]  2) = 2 Jj (u(kw)ii*(kco)) x 

{1 - cos[k . ( r  - r ' )+  co(t - t ' ) ] }  dkdco (3) 

(unimportant normalization constants are omitted 
throughout). This is obtained by observing that: 

f fexp(ikr)exp(ik'r')dkdk'~ cos [k . ( r -  r')] 

Carrying out a Fourier transform on equation (1) gives: 

~'icou-(kco) + fei~k2~(ko3) + ek2u-(kco) = ~kco)  (4) 

SO 

h-(kw) = q-/S(kco)/[ico(~" + ~e k 2) + ek 2 ] 

Inserting equation (5) into equation (2) gives: 

(s) 
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([u(rt) - u(r't')] 2) = 

( ( (~(kco)~*(kco)){1 - cos [k. (r - r ') + colt - t '  )]} 
2 j j ~ ~ ) ~ T z -  eTk, dkdco 

Now equation (2) implies: 

(~-(kco)~*(kco)> = y(k) 

so equation (5) becomes: 

([u(rt) - u(rt')] 2) = 

2 f f ?(k)(l - cos tco(t - t')l) dkdco 

(7) 

k2(~ + ~ek2) ~ + ~ek2 It - 

The integration over co is carried out by complex variable 
methods s and the result is standard. Thus it is clear from 
equation (8) that the dispersion relation of the terminal 
spectrum is: 

(8) 

r(k) = ~ + fek2/ek 2 (9) 

Equation (9) is the principal result of this section. 

SPECTRUM OF RELAXATION TIMES 

The spectrum is assumed to be divided into three separate 
regions: (a) r >  Td; (b) Td> r >  T c and (c) Tc> r. 

Region (c) has already been discussed s-7, and has been 
shown, given certain conditions, to contain a peak (at 
"r = c o s l ) .  

Region (a) is of little interest, since it is assumed that 
there are no relaxation modes in this region. 

Region (b) is the terminal region with dispersion rela- 
tion given by equation (9). The entanglement friction is 
taken to be the dominant resistance for almost all the mo- 
tion in the terminal region. This implies fe k2 >> ~ for most 
values of k such that r(k) < Td which gives a peak in the 
relaxation spectrum at r ~ ~'e/e. To obtain an estimate of 
the number,N, of modes in the peak it is assumed that 
nearly all of the modes of the network which cannot be 
described by single chain dynamics are concentrated round 
r ~- ~'e/e. By following Graessley 1 it is found that N is the 
number of modes in the 'shifted Rouse' spectrum i.e. 
N "~ C2M 0, or by following de Gennes 4 by means of essen- 
tially the same procedure but with excluded volume taken 
into account, it is found that N ~ C2-25M 0. In the present 
study we have taken N ~ C 2~ where 0 < cx < 1. 

Thus the predominant features of the spectrum are two 
peaks, one with r > T c and one with r < Tc. 

VISCOELASTIC RESPONSE 

To calculate the response it is necessary to know the visco- 

elastic weighting factor of a normal mode. The author has 
shown this to be proportional to the relaxation time of the 
normal mode for the principal viscoelastic modes in single 
chain dynamics 7, and has assumed it to be so for network 
dynamics. An argument is given to support this claim but 
this has been relegated to an appendix, for two reasons: 
(a) the result is what we would intuitively expect; (b) the 
argument contains features which, although plausible on 
physical grounds, will require further analysis to become 
totally justified. 

The zero frequency response will come almost entirely 
from the terminal peak. This will give for the steady-state 
viscosity, r?0, and the equilibrium compliance, Je: 

N 

70= 
k= l  

r(k) ~. NrO (ro - ¢2e/e) 

and 

Je = lira (c'(co)/[c"(co)] 2} 
to--*0 

=N-1 

Thus 

r/0 ~ C2"C~'r° / 

and 

Je ~ C- 2"~ (10) 

Equation (10) compares well with similar expressions quoted 
by Graessley~. 

The principal features of the dynamical response can be 
seen from G'(co) and G"(co) 

co2r(k) 2 cor(k) } 
G'(co) = ~ 1 + co2r(k)2 ; G"(co) = ~ i + co2r(k)2 

k k 

G'(co) will clearly have a plateau stretching from co ~ e/~e 
to co = co s and the magnitude of the plateau modulus will 
be proportional to N i.e. to C2"aM 0. G"(co) will appear to 
contain a separate relaxation region at co = e/~'e. These 
results bear close resemblance to those quoted by Graessley ~ 
and those reported by Riande et al. 9. The magnitude of the 
maximum in G"(co) at co = e/fe should be proportional to 
N i.e. to C2.aM O. The author is unaware of any experi- 
mental results against which to test this prediction. 

CONCLUSION 

A simple model for the dynamics of a fluid of entangled 
polymers has been proposed, and it has been shown how 
this model predicts a viscoelastic response whose qualitative 
features agree well with experiment, in particular the 'C 2' 
effect attributed to entanglement coupling occurs naturally 
and is a result of a peak in the relaxation spectrum. 

The principal features lacking in the model are consid- 
ered to be: (a) Mathematical rigour-many assumptions 
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are introduced with only physical intuition as a guide. 
(b) The quantities e, ~" and ~e are introduced as parameters. 
To obtain the full theory of  the viscoelastic response (i.e. 
the molecular weight dependence) it will probably be 
necessary to relate equation (1) to a more detailed mole- 
cular theory. 

It is felt that these omissions are justified in that the 
present work is only a first step. The analysis of  (a) and 
(b) would seem to contain very difficult but perhaps not 
intractable mathematical difficulties. 

To obtain an idea of t h e M  dependence of the response 
we need to know the M dependence of 70. It would be 
consistent with the present analysis to assume 70 ~ Td. 
de Gennes found T d ~ M  3 which would give r0 ~ M  3 in 
close agreement with experiment. However this feature 
is grafted on to the present model rather than occurs natu- 
rally, and should not be taken too seriously. 
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APPENDIX 

Response o f  the entangled network 
The purpose of this Appendix is to give justification 

to the claim that each viscoelastic mode is weighted accord- 
ing to its relaxation time. The argument is not rigorous, 
rather it is carried oat by analogy with those in refs 7 and 10. 

The viscosity is taken as: 

. =  < f uy(rt)Fx(rt)dr) (A1) 

where Fx(rt  ) is the elastic force on the element of  network 
labelled r at time t. The average is over the non-equilibrium 
distribution of  the network, in a shear field, given by the 
function ff which is determined by a diffusion equation. 
The secular force in a shear field V0(rt) on an element of  
network is taken as: 

Dynamics of solutions of en tangled polymers: D. A. Maclnnes 

[au( r t )  , _ v 2 V e ( r t ) ]  
~ ' /  ~t V 0 ( r t ) ] - ~ e  [~tV~2u(rt) 

eV2u(rt) = fs(rt) ( a2 )  

where v r is the gradient with respect to r. 
The principal difference between equations (A2) and ( I )  

is that in equation (A2) velocities are taken relative to the 
local shear velocity. We have no proof  that this is the cor- 
rect procedure but adopt it by analogy with ref 7. If 
V0(rt) is omitted in the entanglement resistance term 
there would appear, in a manner identical to ref 11, a non- 
relaxing component  of  the fluid viscosity and this is taken 
to be unphysical. 

The diffusion equation for the network is: 

- - d r  ( A 3 )  c)t Vu(rt) ~ ~)t .] 

Fourier transform the u(rt), V0(rt ) and Vu(rt ) to normal 
coordinates by writing: 

u(rt) = f c o s ( k ,  r)ffc(kt)dk ÷ fsin(k, r)ffs(kt)dk 

Similarly for V0(rt) and: 

27u(rt) = ,~( COS (k. r)U~-c(kt)dk + f sin (k. r)~K~(kt)dk 

where the bar, - denotes 'transformed function'. Unim- 
portant normalization factors are omitted throughout. 
Thus in normal coordinates the diffusion equation becomes: 

(2 

] + ~ek2 u(2(kt) 
kBT v~(2(kt)~ } 
+ ~-ek 2 dk (A4) 

where a represents c or s. Take 

90(2(kt) - (g~-y(2(kt), 0, 0) 

The viscosity 

= - fuy ( r t )Fx ( r t )d r  ) 

= E f ek2<uy(2(kt)ux~(kt))dk 

(2 

(AS) 

The (Uy~(kt)uxa(kt)) can be found in a manner similar to 
that given by Yamakawa x°, i.e. by the construction from 
equation (A4) of  a closed set of  first order linear differen- 
tial equations. This is carried out as follows: 
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a (Uya(kt)uxa(kt))=- ~ f dk' (gUy[3(kt) x 

3t~ ek '2 
3Ux~(k' t) Uya(kt)Tax~(kt) (~ + ~ek,2) Uya(kt ) x 

Uxa(kt)vg#(k,t) " ( u#(k' t)~) - 

kB T 
uy~(kt)ux~(kt)v2~(k' t) ~ ) 

(~ + ~e k2) 

2ek 2 
= g ( ~ ( k t ) )  - (~" + ~ek2 ) (Uy~(kt)uxa(kt)) (A6) 

where/5 is summed over c and s. 
This remits, as in ref 10, by the application of boundary 

conditions on ~b and by the independence of the normal 
coordinates. 

Similarly 

0 ek 2 
- -  (u-ffa(kt)) = - 2 ( u 2 a ( k t ) )  + 
Ot (~ + ~e k2) 

kBT 
2 (~ + ~ek2 ) (A7) 

The equations (A5), (A6) and (A7) are identical in form 
to those of Yamakawa 1° apart from the replacement of the 
ordinary friction constant ~" by an effective friction con- 
stant (~" + S~ek2). Thus the expression for the viscosity will 
have the same form as in ref 10 i.e. 

+7S7(k)] 
k 

where r(k) = ~" + fek2/ek 2 giving that the viscoelastic weight- 
ing factor of each mode is the relaxation time of that mode. 
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Effect of macromolecular length on 
anisotropic scattering of light in an 
electric field* 

M. D~bska-Kottowska and S. Kielich 
Nonlinear Optics Division, Institute of Physics, A. Mickiewicz University, 60-780 Poznah, 
Grunwaldzka 6, Poland 
(Received 9 ~pril 1976) 

Light scattering by monodisperse solutions of rigid rod-like anisotropic macromolecules, with~inear 
dimensions / of the order of incident wavelength X, oriented in an external d.c. electric field, E has 
been analysed. The relative variations ~ Vv ,E 5Hv,E 6 VE, (~H E of the scattered light components are 
discussed for the three values [I/X] = 1, 0-5, 2, and various reorientation parameters, p = [pE/kT] of 
the permanent dipole moment p and q = [(e3 - ° q )  E2/2kT] of the moment induced by the principal 
polarizabilities el  = 0~2 :# °~3. The saturation orientation field strength has been calculated for certain 
macromolecules with the aim of determining their optical anisotropy numerically. 

INTRODUCTION 

Relative intensity variations of the components of light 
scattered by monodisperse solutions of macromolecules, 
oriented in an external d.c. electric field, are a source of 
abundant data concerning their optical, electric and geo- 
metrical properties 1. The field effect has been considered 
for large macromolecules, of linear dimensions comparable 
with the incident light wavelength, for particular cases of 
the Rayleigh-Debye-Gans approximation 2~. Wippler and 
Benoit 4 analysed theoretically the influence of a d.c. elec- 
tric field on the particle interference scattering factor, 
P(O), with an accuracy to the square of the field strength 
E. Stoylov s'6 extended their analysis to intense fields, in- 
cluding electric saturation. Ravey 7 gave a description of 
the effect of arbitrary orientations of macromolecules 
having the shape of spheres, rods, discs and Gaussian chains 
in a d.c. electric field, acting in the direction of the exter- 
nal bisector of the observation angle. 

In the present study, on the basis of previous theory 8'9, 
we give an analysis of the relative variations 6 V E, 6H~', 6 V~ 
and 6H E of the respective components of light scattered 
by solutions of large rod-like macromolecules, oriented by 
a d.c. electric field applied perpendicularly to the plane of 
observed scattered light. Our results are obtained by nu- 
merical computer calculation of the relative variations for 
the three values [l/X] = 1,0.5 and 2, and for various values 
of the reorientation parameters of the permanent dipole 
moments and polarizability ellipsoids. 

THEORY 

Consider dilute, monodisperse solutions of rigid, aniso- 

* Reported in part at the International Symposium on Electro- 
optical Properties of Macromolecular Solutions, Liege, September 
1974. 

tropic, non-absorbing macromolecules in the shape of rods, 
of rotation-ellipsoidal symmetry. We have assumed that 
the symmetry axis of their electric and optical properties 
coincides with their geometrical axis. Thus, the principal 
electric polarizability, a3, and optical polarizability, a3, 
are parallel to the symmetry axis, the principal 3-axis of 
the macromolecule, whereas the principal polarizabilities 
oq = c~ 2 and a 1 = a 2 are perpendicular. The permanent 
dipole moment is also assumed to lie along the symmetry 
axis. 

Relative variations in scattered light intensity can be 
defined as followsS'6: 

/ E _ 1 0  
8 i  £ - ( 1 )  [o 

where I E and I 0 represent the intensity of lig_t)t scattered 
in the presence and absence of the d.c. field E. Consider- 
ing the experimental arrangement shown in Figure 1, and 
taking into account equation (1) and the expression for 
I E and I 0 proposed by Kielich 9 and Horn 2, respectively, 
one can write the relative variations of the vertical (V) and 
horizontal (H) components of scattered light when the in- 
cident light beam is polarized vertically (v), or horizontally 
(h), as follows: 

1 2rr rr 

5VvE=Vv0×[f0 0 f [1 +2K(3cos2v - 1)+ 

~2(9 COS4V -- 6 COS2V + l)] IR(v,¢)I 2 X 

exp(p cos v + q cos 2 v) sin vdvd~] 
m _ l  7T 

2n f exp(p cos v + q cos 2 v) sin vdv 
o (2) 
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Figure I The light beam is incident in the Y-direction with its 

electric vector Z(U) vibrating in the XZ-plane (the direction of the 
electric vector vibrations defines the light polarization direction: 
V, vertical; h horizontal). The scattered light is observed in the 
x-direction (observation angle 0 = 90”), with the vertical and 
horizontal component of scattered light denoted by V and H, res- 
pectively. .9 is the angle between the Z-axis and the macromole- 
cular symmetry axis z, whereas @ is the azimuth of z The orien- 
ting electric field 2 is directed along Z 

SVf=L x [9~~7 7 cos2vsin2vcos2@IR(V,@)]2 x 
v; 00 

exp(p cos v + 4 cos2 V) sin vdud$] 

271 i exp( p cos v + 4 cos2 V) sin vdb 
0 

EHf= L x [SICKLE cos2vsin2vsin2$iR(v,@)]2 x 
HI? 00 

exp(p cos v + 4 cos2 V) sin udvd@] 

27~ 7 exp(p cos v t 4 cos2 V) sin vdv 
0 

6H$ = L x [9~~ 7 _? sin4vcos2$sin2#jR(v,@)12 x 
Hho 0 0 

1 

(3) 

1 

(4) 

exp(p cos v t 4 cos2 V) sin vdvd@] _ 1 

2n i exp(p cos v + 4 cos2 V) sin vdv (5) 
0 

where’: 

v,o+K)2[$5?- (y) ‘1 t3K(l-K) 

Si(2K) + sin 2K 1 cos 2K 27 

K 4K3 K2 +T I 

+- K2 
8 

[ 

Si(2K) 4 cos 2K sin2K cos2K 
_-___- t- 

K 3K2 4K4 4K3 2K2 

sin 2K 
t- 

8K5 I 
(6) 

V,$‘=Hf =9K2 
Si(2K) + cos 2K + sin 2K 3 cos 2K 

tp 
16K 32K2 64K3 64K4 

3 sin 2K 

-___ 
128K5 1 

H{ = vK2 3S’(2K) [ . ’ 3 cos 2K 5 sin 2K 
--+P-P 

32K 6K2 64K2 128K3 

19 cos 2K 19 sin 2K 
+- 

128K4 256K5 I 

where, 

a3--al ,‘=_ 
a3 t 2al 

defines the optical anisotropy of the macromolecule, 
whereas 

P/!andq=(c$--ol) E2. 
kT 

- 

(7) 

(8) 

(9) 

(10) 

are dimensionless reorientation parameters of the perma- 
nent dipole moment, P, and electric polarizability ellipsoid; 
k is Boltzmann’s constant and T the absolute temperature. 
For rod-like macromolecules, in the Rayleigh-Debye-Gans 
approximation, the function R(B,@) is of the form3: 

(11) 

where K = [(27rZ sin0/2)/h] is a parameter dependent on 
the length I of the object, the observation angle,@ and the 
wavelength, h, of incident light. 

DISCUSSION 

In the case of small macromolecules, the component varia- 
tions, equations (2)-(5) can be expressed in the variables 
p and 4 in terms of generalized Langevin functions’. In 
the case under consideration, which is that of large macro- 
molecules, it is more simple to proceed by way of numeri- 
cal computer calculations of 6Hf = 6 Vf, 6Hf and 6 Vf in 
the integral form of equations (2)-(S) versus the reorien- 
tation parameters 4 and p, for [I/h] = 1,0.5,2. 

As can be seen from Figures 2-11, 6Hf= 6 Vf (Figures 
2 and 3) is negative for almost all the positive 4 values; 
&HE (Figures 4 and 5) is negative for all 4 > 0; whereas 

!+ 6 V, (Figures 6-11) is positive at practically all 4 > 0. This 
is because the orienting field, here, is applied perpendi- 
cularly to the plane of observation causing a weakening 
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A 

B 

C 

dence on l is less strong in the case of  6H~" (Figures 4 and 
5) since 6H~' is very small in comparison with 8Ht° even 
for macromolecules with l = 2?,; at very low field strengths, 
some influence of l on 6H~ is still apparent, but as E in- 
creases 8Hh £ very rapidly attains a constant value (6H~" ~ - 1), 
which is now independent of  the length of the 
macromolecule. 

With increasing q (i.e. with growing field strength), all 
relative variations, equations (2 ) - (5 )  tend to a finite value 
when saturation sets in. The saturation phenomenon con- 
sists of  the complete ordering of the macromolecules in the 

' ,o' ' 2'o ' 3'0 ' 

q 
Figure 2 The relative variation [-SHEI as a function of the 
reorientation parameter q, atp = 0. A,  I ~< ( / /20)}` ;  B, / = }`/2; 
C, / = }`; D, I = 2}` 

40 ~ I ' 0  I , " ~  

'CO. 6 

02 [  , 

,4 

I I0 ' 2'0 ' :~0 ' 4b ' so 0"8 __ 

variation [--SHh E] versus the reorientation Figure 5 The relative 
parameter q, at p = 4~q 

6 - - - - - -  

-0"4 ~ ¢ :  : :  ` : :  ' 3::rs ' etentit ion 5L ~u 4 A 
Figure 3 T e rel ve variati I - - o n  E]  us the r ~.~ 
parameter  q , at  p = 4 v / q .  A ,  I = M 2 ;  B, I = }`; C,  I = 2 }  " Tx,~ B . . . . . . .  

I'O A. ~ ........ C 
% / . , f  

<O 6 O IO 20 30 40 50 
q 

0'2 

I I I I I - I I 

I0 20 30 40  
q 

Figure 4 The relative variation [-8H E] versus the reorientation 
parameter q,  a t p  = O. A,  / ~ ( I /20)}` ;  B, / = }`; C, I = 2}` 

Figure 6 The relative variation [5 V E] as aft, netion of the re- 
or ientat ion parameter q,  a t p  = Oand  K = 0.1.  A , / =  2}`; B , I  = }`; 
C, / = },12 

£, I 

C 

I 

O IO 20 3'O 4'O 
q 

Figure 7 The relative variation [5 Vv E] versus the reorientation 
parameter q, a t p = 0 a n d K  =0. A, /=2h;B, /=h;C, /= }`/2 

of  the horizontal scattered light components and an en- 
hancement of  the vertical ones. 

The relative variations ~ V~" = 8HLv " and ~ V E (Figures 2, 
3, 6 -11)  are strongly dependent on the macromolecular 
length/. The longer the macromolecule, the larger are the 
variations, because the scattered light intensity undergoes 
a weakening due to intramolecular interferences. The 
weakening is considerably larger if scattered light is ob- 
served in the absence of  a reorienting field. The depen- 
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' ' 
0 I0 

q 

Figure I 1 The relative variation [6 Vv E] vs. q, at p = 4V/q and 
K = - -0 .1 .  A , I =  2 X ; B , I  = X ; C , / = X / 2  

50 

A 

f 

' ' ' 2 ' o '  'o ' 0 I0 4 50 
q 

Fig,ure 9 The relative variation [6 V E] vs. the reorientation para- 
meterq, a tp=4N/qandK  = 0.1. A , / = 2 h ; B , I  = h ; C , I  =;k/2 

B 
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0 I0 20 30 
q 

Figure 10 The relative variation [6 V E] vs. the reorientation 
parameter q, atp=4%/qandK = 0 .  A , l = 2 h ; B , / = h ; C , l = h / 2  

C 

2o ' 

external orienting field. At a given temperature T, macro- 
molecules with a given value o f  electric anisotropy, ((~3 - 
~1), attain the completely ordered state more readily the 
smaller their length l. 

In calculating the electric field strength when saturation 
occurs, the incident wavelength, X, as well as the electric 
anisotropy value, ((~3 - al) ,  plays a highly essential role. 
For example, in the case of  collagen at a wavelength of  the 
order of  5600 A the relative variation 6HLv " = 6 V E attains 
the value corresponding to saturation in a field of  30 e.s.u. 

whereas 6Hg attains its saturation value at a field strength 
of  17 e.s.u. 

It is also worth stating that, in absolute values, 15 V~I = 
:SHE',, if Vffl and lan~l are always largest for macromole- 
c, des possessing a permanent electric dipole moment. 

The numerical analysis of  the components (equations 2 - 4 )  
is also applicable to the reorientation of  macromolecules by 
the electric field of  laser light, of  intensity IL and frequency 
c.~ 1°, whenp  = 0 and q((~) = [(ot~ - a ~ ) I L / 2 k T ] .  Optical 
molecular reorientation in polymers 11 and liquid crystals 11-14 
has, in fact, successfully been observed a short time ago. 

Studies of  this kind are of  considerable importance for 
the determination of  the optical anisotropy of  macromole- 
cules, since the relevant formulae involve relative variations, 
defined by the phenomenon of  electric and optical satura- 
tiong, is. 

In recent years, electric light scattering observations in 
synthetic and biological polymers 16'17 as well as liquid 
crystals TM have provided abundant, interesting data on the 
dipole moments of  macromolecules and their polarizability 
anisotropies. Lately, first observations have been reported ~9 
of  the effect of  electric fields on the depolarization ratio 
of  light, scattered by molecular liquids. 
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Thermal degradation of poly(butylene 
terephthalate) 
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Istituto Chimico della Facolt~ di Ingegneria, Universit~ di Bologna, Bologna, Italy 
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The thermal degradation of poly(butylene terephthalate) between 240 ° and 280°C has been studied 
by measurements of intrinsic viscosity, carboxyl end groups and weight loss. A first-order mecha- 
nism of fission, fo l lowed by el iminat ion of butadiene, is proposed. The values of the kinetic constant 
and activation energy are in good agreement wi th  those obtained for simple esters and poly(ethylene 
terephthalate). 

INTRODUCTION 

Among the linear polyesters of  terephthalic acid with ali- -COOH 
phatic diols, poly(butylene terephthalate) (PBT) has found e n d  groups A [*7] 1" 
applications in recent times, especially in the field of  ther- PBT [r~] ~ I ' C E  _ (g equiv./ 
moplastics for injection moulding and films. At the tem- samples (dl/g) Mo* 10 6 g) [r/] 
peratures of  processing (250 ° to 280°C) various degrada- L1 1.00 26 900 80 15.6 
tion effects (thermal, oxidative and hydrolytic) may occur, L2 1.05 28 700 - 15.0 
and while for poly(ethylene terephthalate) (PET) such I_3 1.14 31  9 0 0  - 16.4 
phenomena have been studied extensively ~-H, nothing on c4 0.98 26 200 72 16.0 

C5 1.10 30500 56 12.4 
this subject has appeared in the literature, to our know- c6 1.18 33 400 58 13.0 
ledge, for PBT. Therefore, we have studied the mechanism c7 1.36 40300 - 15.8 
of  the thermal degradation of  PBT, between 240 ° and 
280°C. The study was carried out by measurements of  
viscosity, weight loss and number of  carboxyl end groups. 

Table 1 Properties of various PBT 

* Calculated from [n] = 4.3 X 10 --4 ~o-76 
1" Values obtained after degradation in a flow of nitrogen for 1 h 
at 260°C 

~ X  100 

EXPERIMENTAL 

Samples were commercial or laboratory products. They 
were obtained according to the well known technique of  
condensation of  aromatic polyesters 12, i.e. by transesterifi- 
cation of  dimethyl terephthalate with 1,4-butanediol at 
180°C in the presence of  titanium tetrabutyltitanate as 
catalyst, and subsequent polycondensation in the molten 
state, at 260°C in vacuo. 

All samples were free from additives and stabilizers, and 
the ash content was less than 200 ppm. 

The products were of  different molecular weights; their 
properties are shown collectively in Table 1. All samples 
were ground and dried in vacuo at 120°C for 6 h before 
each experiment; under these conditions moisture was re- 
duced to less than 400 ppm. 

Degradation technique 
Dried samples of  PBT were placed in glass tubes, 6 mm 

i.d., which were placed horizontally in an electrically heat- 
ed furnace. The variance of  the sample temperature was 
controlled by means of  a Philips 'Plastomatic' system, and 
kept to within +-0.5°C. 

The temperature difference between the centre and the 
ends was ~ I °C .  

Degradation was carried out at various temperatures, 
and special care was taken to prevent the effect of  oxygen: 

* Montedison Spa, Centro Ricerche Bollate, Milan, Italy. 

some preliminary tests were carried out at 260°C in a slight 
flow of  preheated nitrogen; a second group of  tests was 
carried out on tubes which had been repeatedly filled with 
nitrogen and evacuated, and eventually sealed under vacuum. 

Identification o f  the products 
In order to identify the gaseous degradation products 

the tube was connected to an evacuated gas cell, optical 
path length 70 ram, in which gases were collected at room 
temperature. Those degradation products which were 
liquid and solid at room temperature were generally re- 
covered on the cold wall of  the tube out of  the furnace; 
the infra-red spectra were recorded on capillary films or 
nujot mulls. N.m.r. measurements of  the liquid and solid 
degradation products were performed in CDC13 solutions. 

Viscosity measurements 
Viscosity measurements were carried out using Ubbelohde 

viscometers on solutions in the solvent mixture phenol/s- 
tetrachloroethane (50:50 by wt) at 30 ° -+ 0.05°C. 

End group analysis 
Carboxyl content was determined according to the 

method of  Pohl ~3, using freshly distilled aniline instead of  
benzyl alcohol as solvent. 

An attempt was made also to identify and evaluate 
quantitatively the - O H  end groups by means of  infra-red 
spectroscopy, since the absorption band at 3620 cm -1 
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corresponds to the stretching vibration of the free OH 
group. However, this method can yield only indicative 
data, because of experimental difficulties and of the small 
concentration of the - O H  groups. 

Weight loss determinations 
A Perkin-Elmer thermogravimetric balance model 

TGS-1 was used for weight loss measurements. These iso- 
thermal tests were carried out in nitrogen on small samples 
(a few mg); special care was taken to avoid losses of those 
degradation products which are solid or liquid at room 
temperature. The temperature was calibrated with the 
Curie points of some selected magnetic materials. 

proportions. The spectra of these compounds coincided 
with those of the degradation products. 

Tables 3 and 4 list respectively the viscosity data and 
the -COOH group content, obtained from samples de- 
graded under vacuum. The/~n values were calculated from 
the relationship14: [r/] = 4.3 x 10-4/~n 076. 

By thin layer chromatography low molecular weight and 
volatile products were recognized to be present in the 
polymer bulk. Viscosity measurements and carboxyl 
determinations were performed without any previous ex- 
traction of these substances. 

Table 3 Molecular weight data for sample L1 from viscosity 
measurements 

RESULTS 

Some preliminary tests, made on different samples in a flow 
of preheated nitrogen, showed that at 260°C PBT under- 
goes significant degradation. We found that [r~] decreases, 
and also that the ratio A [7?] /[~1], after 1 h, varies between 
0.124 and 0.164, and does not depend upon the initial 
value of [7] (Table 1); moreover, it seems irrespective of 
the preparation method. 

For a more complete study of the mechanism and kine- 
tics of decomposition we have taken into consideration the 
sample LI. 

During the degradation tests, volatile products are evolved 
and some discoloration of PBT occurs. The gas collected 
up to 280°C was essentially butadiene. The products con- 
densed on the tube wall appeared to be a mixture of two 
solids and one liquid. One of the solids proved to be tere- 
phthalic acid, the other showed a m.p. of 124°C. The 
liquid distilled at reduced pressure (Kps, 184°C). The i.r. 
and n.m.r, spectra support the suggestion that the last two 
are unsaturated esters of terephthalic acid. The elemental 
analysis and spectral data are reported in Table 2. 

In order to ascertain that these degradation products 
are terephthalic acid mono-3-butenyl (I) and di 3-butenyl- 
(II) esters, the latter have been prepared by reacting 1- 
buten-4-ol and terephthalic acid dichloride in the correct 

Degradation 
temperature Time [~] 
(°C) (min) (dl/g) ~I n l/x- n X 103 

- -- 1.00 26700 8.2 
240 120 0.77 19 100 11.5 
240 180 0.72 17 500 12.6 
240 305 0.62 14300 15.4 
240 365 0.59 13 400 16.4 
250 20 0.99 26 500 8.3 
250 40 0.91 23 700 9.3 
250 60 0.89 23 100 9.5 
250 105 0.77 19 100 11.5 
250 180 0.66 15600 14.1 
250 240 0.64 14 900 14.8 
250 300 0.56 12 500 17.6 
250 480 0.48 10 200 21.6 
250 898 0.36 7 000 31.5 
250 1320 0.29 5 300 41.6 
250 1800 0.26 4 600 47.9 
260 30 0.81 20 400 10.8 
260 60 0.73 17 800 12.4 
260 90 0.64 14 900 14.8 
260 150 0.58 13 100 16.8 
260 180 0.53 11 700 18.8 
260 240 0.50 10 800 20.4 
260 300 0.42 8 600 25.6 
280 60 0.46 9 700 22.7 
280 120 0.35 6800 32.3 
280 180 0.25 4 350 50.6 
280 240 0.20 3 250 67.8 

Calculated from [r~] = 4.3 X 10--4Mn 0'76 

Table 2 Analytical and spectroscopic data of degradation products 

Analysis (%) 

H C 
M.p. I.r. (v)* 

Compound (°C) Formula Found Calculated Found Calculated (cm -1 ) N.m.r. (5)1 

(I) 124 C12H 1204 5.55 5.49 65.86 65.45 

(11) -- C16H1804 6.59 6.62 69.67 70.05 

1719 (vs) 
1693 (vs), 1642 (w) 
1576 (w), 1507 (w) 
1435 (m}, 1410 (m) 
1367 (w), 1314 (m) 
1283 (vs), 1131 (m) 
1121 (sh), 1108 (ms) 
1017 (m), 918 (m) 
880 (m), 730 (s) 

1723 (vs), 1643 (w) 
1410 (w), 1383 (w) 
1270 (vs), 1255 (sh) 
1120 (s), 1103 (s) 
1085 (sh), 1019 (m) 
990 (w), 970 (w) 
920 (mw), 877 (w) 
730 (ms) 

2.59(2H, q, OCH2CH2CH=CH 2 
J = 7 Hz) 

4.52(2H, t, OCH2CH 2 J = 7 Hz) 
5.25(2H, m, CH =CI-I 2) 
5.92(1H, m, CH=CH2) 
8.30(4H, d, arom.) 

10.65(1H, broad, OH) 

2.58 (4H, q, OCH 2CH2CH =OH 2 
J = 7 Hz) 

4.48(4H, t, OCH 2, J = 7Hz) 

5.25(4H, m, CH=CH 2) 

5.93(2H, m, C._HH =CH2) 

8.22(4H, m, arom.) 

* Spectra were recorded between 2000 and 650 cm -1 .  
t In CDCI3 solution 
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Table 4 -COOH end group data, for sample L1, after degradation Table 5 Weight loss data for sample L1 
at various temperatures 

Weight loss %, 
~p 

Degradation Temperature Time - -  X 100 
temperature Time --COOH end groups 
(°C) (min) (g equiv./106 g) (°C) (min) p 

-- - 80 
239 60 80 
239 120 93 
239 160 100 
239 232 108 
239 300 108 
239 360 119 
250 5 87 
250 30 88 
25O 6O 96 
250 120 108 
250 180 123 
250 240 133 
250 300 143 
250 360 160 
260 30 93 
260 60 100 
260 120 142 
260 240 194 
260 300 229 
260 360 234 
280 62 213 
280 121 305 
280 174 409 
280 246 555 
280 301 637 
280 360 759 

Butadiene 
evolution X 103 
(moles/mole of 
repeat unit) 

260 60 0.2 8.2 
260 120 0.3 12.2 
260 180 0.35 14.3 
260 240 0.4 16.3 
280 60 0.3 12.2 
280 120 0.7 28.5 
280 180 1.1 44.9 
300 60 1.1 44.9 
300 120 3.0 122.4 
300 180 5.7 232.5 

d[N(III)l 

dt 
_ _  m k l ( N  ester linkages) - k2 [N(III)] 

d(N butadiene) 

dt 

(5) 

= k2 [N(III)] (6) 

Table 5 lists the weight losses at various temperatures; 
the weight losses were transferred into butadiene moles per 
mole of repeat unit: it was assumed that all gas was buta- 
diene and that all butadiene was in the gaseous phase, be- 
cause of its low solubility in the polymer ~s. 

DISCUSSION 

The presence of unsaturated esters and butadiene among 
the degradation products suggests that fission takes place 
at the ester linkage, as found for carboxylic esters le-~  and 
for the first step of PET degradation 1-n. 

On the basis of the experimental data the most likely 
mechanism can be outlined as follows: 

2at ~ J D ' q ~  I .  2 ' 1  w Jm 2 2 
~=l (1) 

(--COO (C H2 )400 C - ~  COOCH2C HaC H== CH 2 k2 . 
- -  a m mr) 

 coo,c.2,,ooc-C ]-:oo.. c.2=c.c.=c.2 (2) 

where: (N ester linkages) = moles of ester linkages/moles 
of repeat units; [N(-COOH)] = moles of -COOH end 
groups/moles of repeat units; [N(III)] = moles of 3-butenyl 
ester end groups/moles of repeat units; [iV butadiene] = 
moles of butadiene/moles of repeat units. According to this 
mechanism, only the first-order reaction (1) is the rate-con- 
trolling step with respect to the degree of polymerization. 

This reaction can be described by a kinetic treatment 
of the Tuckett type 24 which results in a linear relationship 
between 1/xn and t, ifX-n >> 1 (where x'n is the number- 
average degree of polymerization). Figure 1 shows the 
experimental data. 

The splitting of butadiene from the unsaturated end 
groups occurs, according to reaction (2), via a cyclic inter- 
mediate contiguous to a double bond. 

This reaction may be favoured by resonance with the 
double bond, and takes place at a higher rate than the 
primary fission. In this way it is reasonable to apply the 
steady-state hypothesis to equation (5). Then, from equa- 
tion (4), the initial rate of formation of butadiene is con- 
stant up to 280°C, as shown in Figure 2. 

According to this hypothesis, the number of -COOH 
end groups must also be found linearly increasing with 
time. This is verified in Figure 3. The steady-state approxi- 
mation yields: 

d[N(III)] 
- -  - 0; k 1 (N ester linkages) r- k2 [N(III)] (7) 

dt 

from which we obtain 

d [N(-COOH)] d(N butadiene) 

dt dt 

Once it is assumed, as is usual, that fissions occur randomly, 
for the proposed mechanism we obtain: 

d(N ester linkages) d(1/X-n) 
= _ _  m _ _  

dt dt 

d(N ester linkages) 

dt 
= kl (N ester linkages) 

d [N(-COOH)] 

dt 

(3) 

= kl (N ester linkages) + k2 [N(III)] (4) 

= k l ( N  ester linkages) (8) 

The values o fk l ,  the kinetic constant, calculated from 
Figures 1 - 3 ,  are listed in Table 6; the data obtained from 
the different methods of measurements are fairly consis- 
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that side reactions or different mechanisms are possible. 
This can be inferred from the weight loss data and from 
the presence of carbonyl compounds and small quantities 
of water and tetrahydrofuran in the gaseous degradation 
products. 

50 

~D 4O 
x 

3C 
0 

2ol- / / " 

IO 

CONCLUSIONS 

In the temperature range of processing, the thermal de- 
gradation of PBT takes place by ester-linkage fission, as is 
the case for carboxylic esters and for the first step of the 
PET degradation; the value of the activation energy is also 
in good agreement with those reported for these. 

The chain fissions of PBT are followed by an evolution 
of butadiene, while carboxyl end groups increase and un- 
saturated terminal groups disappear. This justifies the 
absence of those secondary reactions which take place in 
PET, where unsaturated compounds are more stable and 
acetaldehyde more soluble in the polymer bulk. 

The presence of carboxyl end groups~ as well as of other 
reactive fragments in degraded PBT might favour con- 
tamination by metal traces due to corrosion, and affect 
reactivity towards additives and fillers, added for the fab- 
rication stage (stabilizers, flame-retardants and reinforcing 

I I I i I I 

50  IOO 2 0 0  3 0 0  
t(min) 

Figure I 1 I x  n versus t plots for sample L1, degraded at various 
temperatures, from viscosity data. A 240°; e ,  250°; i i ,  260°; 
o, 280 ° C 

6 244.2 

t -  

D 
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0 4 162'8 ~ 

× E 

¢- 
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16 3 

60  120 180 2 4 0  
t (rnin) 

Figure 2 Weight loss data, at various temperatures, for sample Ll: 
~p/p X 100 versus t and moles of butadiene/moles of repeat unit 
versus t. m, 260°; o, 280°;&, 300°C 

tent for temperatures between 240 ° and 280°C. 
The calculated Arrhenius activation energy is E = 41 kcal/ 

mol in good agreement with the values reported for PET 2-4 
and carboxylic esters 18-19 under analogous conditions. 
Some tests at higher temperatures (300°C or more) suggest 

4 . l  

t -  

u 
0 

_u 

O"  

x 

"O  
t -  
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0 
0 
U 
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IC 
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6 0 0  ~ 
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Figure 3 -COOH end groups data at various temperatures for 
sample LI. &, 240°; O, 250°; l 260°; O, 280°C 

Table 6 Values of the kinetic constant at various temperatures 

k 1X 107(sec - l )  

-COOH 
Temperature Viscosity end group Weight loss 
(°C) measurements measurements measurements 

240 3.3 2.0" -- 
250 4.8 4.0 -- 
260 8.4 8.4 8.7 
280 37.1 34.5 39.1 

* Measured at 239°C 
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agents). Fur the rmore ,  degradat ion might  have an influ- 
ence upon the water  adsorpt ion and some physical  pro- 
perties such as crystal l ization kinetics.  
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Glass transition temperature in nylons 
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The determination of the glass transition temperature of semi-crystalline polymers is a controversial 
problem in the literature, because of the complexity of the phenomenon and of the different methods 
used for its measurement. In this work the glass transition temperatures of five commercial nylons 
(nylon-6, nylon-6,6, nylon-6,10, nylon-11, nylon-12) have been measured by both thermal and 
mechanical methods. The behaviour observed during thermal measurements is analogous to that 
observed by Gordon, who found that the transition detected in the heating cycle disappeared in the 
subsequent cooling cycle and appeared again only after a sufficient rest period of the samples, and at 
a temperature different from the init ially measured one. He attributed this behaviour to the structure 
of the amorphous regions of the material, where the hydrogen bonding groups form an irregular net- 
work. The delay in reforming the above mentioned network is the main cause of the dependency of 
the observed transition on the thermal history imposed on the samples. Mechanical measurements 
give results that are quite insensitive to the thermal treatment of the materials, and thus provide very 
reproducible values of the transition. This feature allows the possibility of attributing to the transi- 
tion obtained the character of a true glass transition where the main cause of the phenomenon is the 
increased mobil i ty of the chain backbone in the amorphous regions of the materials with increasing 
temperature. This character was also confirmed by dilatometry, with results in agreement with 
Boyer's criteria for a true glass transition temperature. 

INTRODUCTION 

The glass transition is a well known phenomenon, especially 
to people working in the area of polymer science and tech- 
nology, even though it occurs in several other classes of 
materials. It has a multidimensional character, i.e. once 
certain critical conditions have been achieved, it is possible, 
keeping all the variables constant but one to define many 
critical variables, such as glass transition temperature, glass 
transition pressure, molecular weight, frequency, and so on. 
The most technologically important is the glass transition 
temperature (Tg), which will be analysed here focusing our 
attention on a particular class of semi-crystalline polymers, 
the nylons. 

It is known that going through such a transition a large 
number of properties of the material undergo a more or 
less drastic change, due to the onset of motions of the 
chain backbone involving long sequences of carbon atoms 1. 
Step changes in properties such as the coefficient of ther- 
mal expansion, specific heat, compressibility, modulus of 
elasticity, etc. give the glass transition the apparent beha- 
viour of a second order thermodynamic transition, but its 
kinetic character is clearly shown by the dependency on 
time 2, dependency on rate of heating or cooling, hysteresis 
phenomena 3, etc. Among all these properties, Tg has been 
analysed by two thermal techniques: differential thermal 
analysis (d.t.a.) and differential scanning calorimetry (d.s.c.), 
and two mechanical methods: volume dilatometry and the 
so-called 'Tobolsky method '4"s. 

In d.t.a, measurements 6'7 a differential temperature be- 
tween the sample and a reference material is recorded at 
steadily increasing temperature. The temperatures are 
determined by means of two thermocouples embedded one 

* Also with the Istituto di Principi di Ingegneria Chimica, Univer- 
sity of Naples, Italy. 

in the sample and the other ill the reference material and it 
is not very easy to relate the differential temperature to 
the step change in the specific heat of the polymer. 

In d.s.c. 6'7, it is the differential heat flowing from the 
sample and from the reference, individually controlled and 
kept at the same temperature, while the temperature of the 
entire system is steadily increased, that is essentially 
measured. 

In volume dilatometry a plot of specific volume vs. tem- 
perature shows a breakpoint indicating the value of Tg. 
Sometimes there is a region of smooth curvature and the 
value of Tg is taken at the intersection of two limiting 
straight lines, the lower one representing glass-like and the 
upper one rubber-like behaviour. 

In the so-called 'Tobolsky method' a log-log plot of 
the elastic isochronal shear (tensile) modulus is plotted 
against temperature and the glass transition temperature is 
defined as the temperature corresponding to the following 
value of the modulus: 

logG1 + logG2 
log G(K) = (1) 

2 

where G1 and G2 are the values of the modulus correspond- 
ing to the glassy and the rubbery plateau, respectively and 
K is a fixed time after starting the experiment. Generally 
K is equal to 10 sec as suggested by Tobolsky and the glass 
transition temperature is represented by Ti ~°. It is possible 
to show, by applying the Boltzmann superposition prin- 
ciple and the WLF superposition procedure s, that the Tg 
obtained by volumetric measurements, and Ti ~° obtained 
by the Tobolsky method, are closely related by9: 

Ti (10) = Tg+4°C (2) 
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The above relation is only approximate as the values of the 
coefficients have been calculated from average values ob- 
tained on different polymers, and different techniques. 

In the case of semi-crystalline polymers and in parti- 
cular nylons some authors 1° suggest the occurrence of 
Tg at -65°C, based on penetrometer studies and on crystal- 
lization kinetics considerations, whereas other authors ~° 
accept the transition occurring in the range of 40°-50°C, 
as satisfying most of the criteria for Tg, even though some 
unusual behaviour seems to be associated with it. 

EXPERIMENTAL 

The materials used were commercial samples of nylon-6 
(Renyl B/V, produced by Montedison) nylon-6,6 (produced 
by Rhodiatoce), nylon-6,10, nylon-11 and nylon-12 (pro- 
duced by BASF). The crystallinity of the samples was cal- 
culated by measuring the peak areas of the melting zone 

Table 1 Crystall init ies and melt ing temperatures for nylons 
investigated 

Materials Hf Hf ° (kJ/kg) Crystallinity (%) Tf 

Nylon-6 51.7 193 27 224 
Nylon-6,6 52.8 193 27 265 
Nylon-6,10 31.5 165 19 225 
Nylon-11 41.2 222 19 184 
Nylon-12 58.7 225 26 172 

._u 
E 
r -  

46 
x 
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Figure 1 D.s.c. measurements on nylon-6: A,  f irst run; B, imme- 
diate rerun; C, rerun after one week of  rest 

obtained by means of a previously calibrated Perkin-Elmer 
DSC-2 apparatus. The values of Hf(Table 1) so obtained 
were divided by the enthalpy of fusion Hf, relative to sam- 
ples with 100% crystallinity. The latter values were calcu- 
lated by the group contribution method 11. In the same 
Table the melting temperatures are also shown in the last 
column. 

Thermal measurements have been made on a Perkin- 
Elmer DSC-2 (Figure 1) and the results are very similar to 
the ones obtained by Gordon on a d.t.a, apparatus 12. The 
transition present in the initial heating cycle, disappeared 
in the subsequent cooling and also in an immediate rerun; 
it began to reappear only after few hours rest of the sam- 
pies, but at a lower temperature than the initial one. Only 
after about a weeks rest did the transition appear again at 
the initial temperature. This behaviour was similar for all 
the nylons studied. Another feature was the shift of the 
observed transition towards higher temperature due to the 

annealing of the samples. Furthermore in an infra-red 
spectrum the absorption band attributable to unbonded 
NH groups disappeared after heating the samples at 85°C 
for 15 min. This behaviour cannot be explained in terms 
of the classical understanding of Tg. In fact if the transi- 
tion is due to the onset of motion of long segments of the 
chain backbone, the disappearance of the transition on 
cooling and also the other effects mentioned should not 
occur. In fact in the case of polystyrene in spite of a little 
hysteresis due to the kinetic character inherent in the Tg, 
the transition is still present in the cooling cycle and never 
disappears ~2. Therefore Gordon postulated the existence 
of an irregular network formed in the amorphous region 
of the polymer by hydrogen bonding groups. Since bond- 
ing sites occur at a certain distance along the chain, there 
are some steric factors which hinder the formation of the 
network, and this can explain the long delay in reforming 
the network. The shifting on annealing is due to the for- 
mation of a new network, which is stable at higher tem- 
peratures, and the disappearance of the absorption band 
for unbonded NH groups is also due to the formation of 
the network at a temperature of 85°C. Even though this 
explanation seems very plausible, we found different re- 
suits by performing mechanical measurements with a Clash- 
Berg creep torsional tester. The apparatus is very simple 
and very easy to use; it consists of a torsion drum to which 
two weights are suspended. A push button releases the 
weights applying to the sample a certain torque, at the 
start of the experiment. After a fixed time, generally 
10 sec, the creeping of the sample is stopped and the angle 
of torsion is measured. Changing weights with decreasing 
modulus (at increasing temperature) allowed us to main- 
tain torsion angles to within 20-30 ° and hence to restrict, 
the experiments within the range of linear viscoelasticity. 

The samples were obtained by compression moulding 
at a temperature of 20°C above the corresponding melting 
temperature and at a pressure of 100 kg/cm 2. The plates 
of the moulding machine were water cooled. The results 
for nylon-6 and nylon-6,6 are shown in Figures 2 and 3 for 
samples subjected to heating and cooling cycles. It can be 
seen that the transition is very well reproduced. Further- 
more since the thermal measurements (d.s.c.) are made at 
faster speeds, we increased the heating rate by immersing 
the sample of nylon-6,6, at room temperature, into a bath 
at 87°C, and then quenching to room temperature, there- 
fore obtaining a very high cooling rate. Also in this case 
the points fall on the curve showing no dependency of the 
observed transition on thermal histories. 
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Figure 2 Plot of  isochronal shear modulus after 10 sec, G(10) vs. 
temperature for  nylon-6, for  d i f ferent  thermal histories. O, With 
increasing temperature up to 60°C; " ,  subsequent cooling down to 
40°C; O, quenching from t25 ° to 40°C; V, sudden heating up from 
room temperature to 70°C and further heating to 125°C 
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Figure 3 Plot of G(10) vs. temperature for  nylon-6,6 for different 
thermal histories: A ,  before quenching; X, quenching down to room 
temperature; ©, after quenching; &, sudden heating up to 87°C 

Table 2 Physical parameters of  the nylons tested 

Glass transition temperatures in nylons: R. Greco and L. Nicolais 

RESULTS AND DISCUSSION 

The shape of the curves shown in Figures 2 and 3 is similar 
to that obtained in the case of non-crystalline polymers ~3, 
i.e. a glassy plateau, a transition zone, a rubbery plateau 
and a liquid=like terminal zone. The only difference is that 
the rubbery modulus has a value of 2 -3  orders of magni- 
tude higher than the corresponding value for a non-crystal- 
line polymer, but this is clearly due to the presence of 
crystalline regions that stiffen the polymer making it 
leathery rather than rubbery. However it seems clear that 
the observed transition is due to the onset of motions of 
the chain backbone in the amorphous region of the material. 

The independence of the transition from thermal treat- 
ments can also be seen from the dilatometric measurements 
shown in Figure 4 where the transition is present in both 
the heating and the cooling cycle. 

To judge the character of the above observed transition 
we will apply Boyer's criteria for a true glass transition in 
the case of non-crystalline polymers~4: 

aeTg = 0.16 

ActTg = 0.1 13 (3) 

ag = 2 × 10 -4 (degree -1) 

where ae is the expansion coefficient of the rubbery-like 
liquid: 

'(':) 
O~e = Vg e (4) 

ag is the expansion coefficient of  the glassy solid: 

and 

~ = ae - a g  (6) 

These criteria are based on the concept that the glass transi- 
tion is an iso-free-volume state. 

In Table 2 the parameters given previously for Boyer's 
criteria are reported for the nylons analysed. It is clear 
that AaTg< 0.113; cteTg< 0.16 and ag> 2 x l0 -4 degree -1 
and therefore we fall into case IV as described by Boyer ~s 
for semi-crystalline polymers: in fact aeTg is lower than 0.16 
because of the presence of crystallinity; ag is larger than 
2 x 10 -4 degree-1 because of the existence of secondary 
relaxation at temperature lower than Tg. Hence A~t must 

Tg (data f rom 
Materials T i l i terature) C~eTg ~ Tg C~g Tg (d.s.c.) 

Nylon-6 54 50--75 0.115 0.03 2.6 X 10 -4  53 
Nylon-6,6 58 57 57 
Nylon-6,10 45 50 45 
Nylon-11 42 46 0.115" 0.029* 3.6 X 10 --4* 42 
Nylon-12 40 37 0.118" 0.022" 3.8 X 10-4" 43 

* Data f rom Champetier, G. and Pied, J. P. Makromol. Chem. 1961, 44, 64 where T i is the glass transit ion temperature detected by means of  
the Tobolsky method; Tg is the glass transit ion temperature detected by dif ferential thermal analysis; a e and ag are the expansion coeff icients 
of  the rubbery-l ike liquid and the glassy solid respectively; A~ = ee -- eg 
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Figure 4 Plot of specific volume vs. temperature for (a) heating and 
(b) cooling cycles for nylon-B. O, Heating; I ,  cooling; e ,  quenching 

are shown. The behaviour is very similar to that already dis- 
cussed for nylon-6 and :aylon-6,6. Of course this technique 
does not have the necessary sensitivity to detect the exis- 
tence of multiple glass transition as suggested by Boyer ~6 
and it can only give an average glass transition temperature. 
However if there is a change in crystallinity, some shift in 
the transition can occur, as qualitatively shown in the 
Figures 5-7. In these the full symbols are relative to the 
cooling cycle made on specimens maintained at tempera- 
tures very close to the malting temperatures (nylon-I 1 and 
nylon-12) for at least 10 h. It would be possible, in prin- 
ciple at least, to see how the change in crystallinity affects 
the change in the glass transition temperature, but so far 
this can be only a very rough, indirect and qualitative evi- 
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Figure 5 Plot of G(10) vs. temperature for nylon-6,10. The 
points are obtained after annealing at 150°C for 2 h and subse- 
quent quenching of the sample at --10°C. o, Heating; =', cooling 

be lower than the indicated value valid in the case of amor- 
phous polymers. Therefore it is confirmed also from 
dilatometric data that the transition lying in the region of 
40°-50°C is a true glass transition in its classical meaning. 
In Figures 5-- 7 the isochronal curves obtained with the 
Clash-Berg apparatus for nylon 6,10, nylon-11 and nylon-12 
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Figure 6 Plots of G(10) vs. temperature for nylon-11. The cool- 
ing curve shows a variation in the value of Tg due to a change in 
crystal linity 
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Figure 7 Plot of G(10) vs. temperature for nylon-12 showing 
variation of Tg with increasing crystallinity. O Heating; u, cooling 
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dence of  the presence of  multiple glass transitions in nylons. 
In conclusion, we have seen that transition of  nylons 

lying in the range o f  4 0 ° - 5 0 ° C  is a glass transit ion in its 
classical meaaing, where the amorphous regions of  the 
polymer  undergo a g lassy- rubbery  change. Furthermore 
the reliability of  mechanical measurements compared to 
the thermal techniques has been shown, at least in cases 
where hydrogen bonding groups are present. We have also 
shown that the Tobolsky method is a very convenient 
method,  from a technological point  of  view, providing the 
Tg and also the two glassy and rubbery values of  the modu- 
lus whose difference tells the importance of  the glassy 
transition for that particular polymer.  
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Rheological behaviour of blends of narrow 
molecular weight distribution polystyrenes 
in the molten state: dynamic viscoelastic 
properties in the terminal zone 

J. P. M o n t f o r t  
Laboratoire de Thermodynamique, Universit~ de Pau, 64016-Pau, France 
(Received 12 May 1976) 

Narrow molecular weight distribution polystyrenes and their blends, with molecular weights exceed- 
ing Mc, have been measured in the molten state by means of a Contraves-Kepes balance rheometer. 
The vertical and the horizontal shift factors are the same for the fractions and their blends. In the 
terminal zone, the effect of blending on the complex viscosity r/* and its imaginary part 77" results in 
the appearance of two fields representing the respective contributions of both components to the 
blend. The importance of the coupling between both fields as a function of the weight ratio of both 
components is discussed. The zero-shear viscosity r/0 is equal to that of a narrow molecular weight 
distribution polystyrene having the same weight-average molecular weight M w, measured at the same 
temperature. 

INTRODUCTION 

Many investigations have revealed that the viscoelastic pro- 
perties of amorphous polymers, ha the terminal and plateau Sample Mw 
zones, are strongly affected by the molecular weight PS 11 1 lO 0o0 
distribution. PS 20 200 000 

This effect can be studied, for example, using binary PS 40 400 000 

blends of the same species of polymers having different 
molecular weights: blends of poly(methyl methacrylates) 1, 
monodisperse polystyrenes 2-4, poly(vinyl acetates) s, poly- Table 2 Features of the binaw blends 
ethylenes 6. The studies dealing with the binary blends of 
monodisperse polystyrenes have shown that, in the termi- Components Sample ~a Mw 
nal zone, the storage shear modulus G '  and loss modulus 
G "  undergo only a mere translation. On the other hand, PS 11 M 114005 0.05 124 500 

M 114010 0.10 139000 
Masuda and his collaborators 4 have shown that, if the + M 114015 0.15 153 500 
weight ratio of  the two components is high enough - high- M 114025 0.25 182 500 
er than about four - in the rubbery zone, the curves G '  of PS 40 M 114050 0.50 255 000 
the blends show a two-step plateau and the curves G"  show PS 11 
two peaks seeming to correspond to those of  the compo- + M 112030 0.30 137 000 
nents. This behaviour is also found in the aspect of the PS 20 
relaxation spectrum which, under the same conditions as 
G'  and G" ,  can present two maxima. The peak on the long 
time side seems to be shifted slightly to the short time side; 
the other peak, on the short time side, is shifted to the long 
time side. 

In the present study, we will show a similar behaviour 
with binary blends of monodisperse polystyrenes of  weight- 
average molecular weight higher than Mc, in the terminal 
Zone. For this purpose we have used a directly measurable 
viscoelastic function: the complex viscosity r/*. 

EXPERIMENTAL 

Materials 

Narrow molecular weight distribution polystyrenes ob- 
tained by anionic polymerization and manufactured by the 
Waters Associates Corporation were used. The polydisper- 

Table 1 The weight-average molecular weights for the narrow- 
molecular weight distribution polystyrene samples 

a ~ is the weight fraction of the component with the highest 
molecular weight 

sity, determined by gel permeation chromatography, was 
lower than 1.1. Table I shows the weight-average molecular 
weights of the fractions used. 

The blending of components was carried out by dissolv- 
ing a suitable mixture of narrow molecular weight distribu- 
tion polystyrenes in benzene. The solvent was then re- 
moved by freeze-drying and the blends obtained were dried 
in a vacuum oven at 60°C over two days. Features of  the 
blends are given in Table 2. 

Meas  greta en t$ 

The dynamic measurements were achieved with a Con- 
traves-Kepes balance rheometer. Complex viscosity r/* 
was measured at four temperatures: 156 ° , 166 ° , 176 ° and 
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186°C for all samples. Frequencies varied from 10 -4 to 
20 Hz. 

Superposition t ime-temperature 

The variations of the complex viscosity 71" as a function 
of frequency at the various temperatures of measurement 
can be shown in the form of some master curves. 

In fact, Marin 7 and Labaig s have shown that the analyti- 
cal expression of complex viscosity can be written in the 
form: 

rl = 710z(wro, h)  (1) 

where z is a complex function such that z(0, h) = 1; h is a 
parameter independent of time and temperature, but pos- 
sibly dependent on the nature of the polymer; 710 is the 
zero-shear viscosity such that 710 = lim 71"; and ro is a ter- 

6o--~0 

minal relaxation time as defined by ro = 1/com, corn being 
the pulsation corresponding to the maximum of 71". 

Therefore, for the fractions of polystyrene, the para- 
meter h will be the same and the use of the reduced vari- 
ables 71/710 and wr0 will permit the superposition of the 
curves relating to various temperatures. 

Figure 1 shows that the thermal variations of 710 and r0 
follow a Vogel-type law: 

b 
log710 =a l  + ~ - -  

Y - ~ l  

b 
log r0 = a2 + - -  

T - T ~  

Complex viscosity of blends of polystyrenes: J. P. Montfort 

where b = 715°C is independent of  Mw, and T~, = 50°C 9. 
If we want to bring back the variations of the reduced 

complex viscosity 71"/710 from the measuring temperature 
T to a reference temperature TO, the measuring pulsation 
co T will have to be assorted with a shift factor a T = 

(rOT/'rOTo ). 
By using the law of thermal variation of r0, it can be 

shown that: 

log a T = log TOT -- log rOTo 

= b .  
r 0 - r  

(T - Too) (To T~) 

The WLF equation is actually confirmed if we put 

b 
c o - 

T O - T ~  

Thus, if the reference temperature is TO = 186°C, the 
shift factors a T are determined by logal7 6 = 0.42; logal6 6 = 
0.91 and loga156 = 1.49. All the master curves are obtained 
using these values. 

The vertical shift factor b T will be such that bT = 710To/710T 
Now, the laws of thermal variation of 71 o and r o show 
that, in the temperature range studied: 

710To _ rOT o 

710T "rOT 

Thus, 

1 
b T - 

aT 

We notice that the same shift factors can be applied to 
the fraction mad to their binary blends. 

RESULTS AND DISCUSSION 

Effect  o f  weight ratio 

Figure 2a shows the development of the curves in the 
complex plane, representing the points with the affix 
71"/710. 

For the pure components (PS 1 1 and PS 40), the curves 
can be assimilated to arcs of circles, where the centre is 
located below the x-axis ~°. The location of the centre is 
the same for all three fractions studied. 

For the binary blends of PS 1 1 and PS 40, the curves 
reveal two fields. The field corresponding to the lower 
frequencies increases as the weight fraction ¢ of the com- 
ponent with the highest molecular weight increases, while 
the field corresponding to the higher frequencies decreases. 
The coupling between both fields is sufficiently important 
to ensure that whatever the pulsation co and the weight 
fraction ¢ may be, the curve does not present a minimum 
separating both fields. 

This notion of coupling between the contributions of 
each component to the properties of the blend is also 
noticeable in Figure 2b, which shows the variations of the 
imaginary part 71"/710 of the reduced complex viscosity. 
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Figure 2 (a) Master curves of reduced complex viscosity and (b) reduced imaginary part for binary blends of PS 11 and PS 40 with values of 0: 
A, o; B, 0.5; C, 0.10; D, 0.15; E, 0.25; F, 0.50; G, 1.00. (T o = 186°C) 

As ~ increases, we can observe: for ~ = 0, a maximum 
at the higher frequencies; for 0 < ~ < 1, the high frequency 
maximum decreases and shifts towards the lower fre- 
quencies, at the same time as a second maximum appears 
which increases and also shift towards the lower frequen- 
cies; or for ~ = 1, a maximum at the lower frequencies. 

The development of  the curves corresponding to the 
blend M 112030 (Figure 3) shows that the coupling is all 
the closer as the weight rat io-hence the ratio of  the zero- 
shear viscosities and of  the terminal relaxation times r0 - 
of  both components is lower. 

The variations of  the real part 7/'/770 as a function of  ~b 

show a gradual distorsion of  the curves as well as a shift 
of  all points together towards the lower frequencies 
(Figure 4). 

It should be noted that for blends, it is impossible to 
determine a relaxation time r0 having the same definition 
as that of  fractions. In fact, r0 has been defined as the in. 
verse of  the pulsation Wm corresponding to the maximum 
of  ~7". It can be determined accurately when the curve 
can be assimilated to the arc of  a circle 7~. However, for 
the blends studied, the complex viscosity cannot be rep- 
resented by the arc of  a circle and, if the weights of  the 
components are sufficiently distant, the distribution of  ter- 
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Figure 4 Master curves of reduced dynamic viscosity for  the same 
samples as Figure 2 

minal relaxation time is a bimodal one, and a more prob- 
able relaxation time cannot be defined. 

Effec t  o f  temperature and molecular weight 

Figure 5 shows that the variations of  rio as a function of  
temperature are the same for the pure fractions and their 
binary blends. This is connected with the fact that the 
vertical shift factor bT is the same for the fractions and 
their blends. The same applys for the variations of  70 as a 
function of  the weight-average molecular weight Mw. The 
molecular weight Mw of  the blends is calculated by means 
of  the following equation: 

M w = (1 -- q))M 1 + q)M 2 (2) 

since each component  presents a polydispersity very close 
to 1. 

In equation (2), q~ and M2 represent the weight fraction 
and the molecular weight of  the component  with the high- 
est weight, respectively and M 1 represents the molecular 
weight of  the component  with the lower weight. 

The points relating to the blends are precisely located 
on the line of  the points relating to the fractions (Figure 5). 
Therefore, the zero-shear viscosity ~70b of  the blends obeys 
the law: 

r?Ob = k M  w 3.4 (3) 

where k depends on temperature. 
Thus, we notice that, as has been shown by Friedman 

and Porter 1~, viscosity depends only upon the weight-aver- 
age molecular weight and no other moment .  

So the variations of  a zero-shear viscosity of  the frac- 
tions of  linear atactic polystyrene and of  their binary 
blends in the molten state, with a molecular weight higher 
than Mc can be represented by the expression: 

715 
log r~ 0 = 3.4 logM w + - -  17.73 (4) 

T - T o o  

The blending law on zero-shear viscosity can be easily 
inferred from relations (1) and (2) in the form: 

7/0 b = [(1 -- ~)r/011/3-4 + q~021/3.4] 3.4 (s) 

An extension of  this blending law to the complex vis- 
cosity of  the blend may be contemplated in the general 
form: 

r/Ob = [(1 -- q~)r/Oll/3"4fl(Zl, z2, Zb) + 

~a,rlO21]3.4f2(z1, z2 ' 2b)] 3.4 (6) 
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Figure 5 Temperature dependence of zero-shear viscosity for the 
same samples as Figures 2 and 4 

where Zl, z2 and z b are the reduced complex viscosities of 
the components 1 and 2' and the blend, respectively as de- 
fined in relation (1);f l  and f2 are two functions o fz l ,  z2 
and z b such that they obey the following relations: 

lim ~=  1 
to--~0 

f l(Z l, z2) = f 2(z2, Zl) 

Thus, relation (6) is compatible with relation (5), in 
that it obeys the principle of superposition time-tempera- 
ture and takes into account the symmetric part of the two 
components. 

CONCLUSIONS 

We have shown that the binary blends of narrow molecular 
weight distribution of linear atactic polystyrene with a 
molecular weight higher than the critical weight Mc, in the 
molten state, presented an interesting rheological behaviour 
in the terminal zone when the variations of the complex 
viscosity were examined. 

We have observed that, in the complex plane, the arc 
of a circle characteristic of the pure fractions, became dis- 
torted when these were blended and that the contribution of 
each component to the blend could be identified. The 
coupling between the two corresponding fields becomes 
closer as the molecular weights of the elements are nearer. 

The identification of all parameters conditioning this 
coupling and particularly the expression of the functions 
f l  and f2 in relation (6) could provide a better knowledge 
of the nature of entanglements between molecular chains 
and of the effect of the polydispersity affecting the visco- 
elastic properties in the plateau and terminal zones. 
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Figure 6 Zero-shear viscosity plotted logarithmically against the 
molecular weight at four temperatures: A, 156°; B, 166°; C, 176°; 
D, 186°C 
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X-ray studies of surface melting in single 
crystals of linear polyethylene 
K. Suehiro*, H. Tanizaki and M. Takayanagi 
Department of Applied Chemistry, Faculty of Engineering, Kyushu University, Fukuoka 812, Japan 
(Received 8 December 1975; revised 5 July 1976) 

X-ray diffraction by annealed single crystal mats of linear polyethylene was studied as a function of 
temperature. The intensity of small-angle scattering changed reversibly with temperature, but the 
long-period remained constant. The crystal thickness along the molecular chain, which was evaluated 
from the line width of the wide-angle 002 reflection, began to decrease in the vicinity of 60°C. The 
change in the intensity of the 002 reflection also indicated the decrease in the number of crystal lat- 
tices. From these facts surface melting of the crystal was inferred. 

INTRODUCTION 

Variation of small-angle X-ray scattering intensity above 
room temperature has been studied for many polymers 
such as polyethylene 1-6, polypropylene 2, nylon-62~, poly- 
oxymethytene 8'9, and others 7'8. According to these investi- 
gations, the intensity of the small-angle X-ray scattering 
changes reversibly with temperature so long as the measur- 
ing temperature does not exceed the crystallization or 
annealing temperature. Ia addition, the long-period varies 
reversibly in bulk and oriented polymers 2#~, but such a 
phenomenon has not been observed in the case of single 
crystals except for branched polyethylene s . The reversible 
change of the intensities has been interpreted mainly by a 
concept of reversible change in the ratio of the crystalline 
and amorphous regions due to the surface melting of the 
crystal. 

In this paper the temperature dependence of wide-angle 
as well as small-angle X-ray scattering was investigated over 
a range of temperatures from room temperature to the 
melting point for annealed single crystal mats of linear 
polyethylene to obtain further evidence of the surface melt- 
ing of the crystal lamellae. 

EXPERIMENTAL 

Sample preparation 
The sample used in this study was a commercial grade 

high density linear polyethylene, Hizex 1200J, provided 
by Mitsui Petro-Chemical Industries Co. Ltd with a vis- 
cosity-average molecular weight (My) of 30 800 and a de- 
gree of branching of 2 CH3/1000 CH2. 

Single crystals were prepared by the following method. 
A hot concentrated xylene solution of polyethylene was 
gradually dropped into xylene, which was kept at the crys- 
tallization temperature of 80°C, to obtain finally a 0.05% 
solution. The solution was maintained at 80°C for more 
than 24 h. The precipitated single crystals were then fil- 
tered and formed into oriented mats with thickness of 
0.2 mm. After drying they wer.e annealed at 125°C for 
24 h in vacuo. 

* Present address: Department of Industrial Chemistry, Faculty 
of Science and Engineering, Saga University, Saga 840, Japan. 

Measurem en ts 
X-ray diffraction diagrams were obtained with Ni-filtered 

CuKa radiation using a counter technique. The small-angle 
X-ray scattering was measured over the temperature range 
16°-120°C. The specimen was heated in a Rigaku-De~lki 
hot stage. The diffraction profile from the (002) plane was 
measured by the reflection method using a diffractometer. 

The infra-red absorption spectra were also taken in order 
to estimate crystallinity by using a Japan Spectroscopic 
Company heating cell at various temperatures from room 
temperature to 120°C. 

Data analysis 
If the single crystal mat consists of alternating crystal- 

line and amorphous layers with no intermediate transition 
regions, the peak intensity of the nth order small-angle 
X-ray scattering is given bye2: 

In = K(AP) 2 sin2(nnd/L)/(rm/L)2 (1) 

where K is a constant, Ap is the electron density difference 
between two layers, d is the thickness of the amorphous 
layer and L is the long-period. Providing that the amorphous 
regions are mainly located adjacent to the lamellar surfaces 
and those not are considered negligible, d/L may be sub- 
stituted for X, because the crystalline and amorphous regions 
are interchangeable as far as X-ray diffraction is concerned. 
Equation (1) can be written thus: 

I n = K(Ap)2 sin2(Trnx)/(~m/L)2 (2) 

When the long-period does not change with temperature, 
the following relation can be derived from equation (2): 

I2(T) / I I ( T )  cos2~'X(T) 
/ (3) 

I2(-T-oo) / Ii-(-Too) cos2rrx(T0) 

where TO represents a standard temperature. Therefore, if 
x(T0) is known, the crystallinity at a temperature T can 
be evaluated 4. 

The long-periods were calculated directly applying 
Bragg's law to the position of the maximum intensity of 
the first order small-angle scattering. 

The sizes of the crystalline layers along the molecular 
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chain axis, D001, were estimated from the integral liaae 
width of the 002 reflection by use of Scherrer's formula: 

D001 = KXl(fl cos 0) (4) 

where h is the wavelength; ~ is the true line width corrected 
for broadening due to the instrument and the Ka 1 and Kct 2 
radiations; 0 is the Bragg angle for the 002 reflection. The 
shape factor K was taken as equal to unity. The method of 
correction for spectral broadening was principally based on 
the Jones procedure H. Quartz powder was used as an in- 
strumental standard. A diffraction diagram of the 002 
reflection of polyethylene is shown in Figure 1. The foot 
of the peak is superimposed on the 231, 511, and 112 re- 
flections. This effect was subtracted for convenience by a 
straight line which was in contact with reflection curve at 
~73 ° and 76 ° in 20. As the diffraction line profiles of 
polyethylene and quartz were nearer to a Gaussian rather 
than a Cauchy distribution, the Gaussian profde was assum- 
ed for both line shape. The true line width/3 is given by14: 

/3 = (B 2 - b2) 1/2 (5) 

where B and b are the line widths of the specimen and 
quartz corrected for the spectral broadening, respectively. 

The crystallinity was also determined from infra-red 
absorption spectra. One crystalline band, 1894 cm -1, and 
two amorphous bands, 1352 and 1368 cm -1, were used 
according to the method proposed by Okada and Mandel- 
kern ~° to evaluate the crystallinity of a thick polyethylene 
sample. 

RESULTS AND DISCUSSION 

The relative intensities of the first and second order peaks 
of the small-angle X-ray scattering are plotted against mea- 
suring temperatures in Figure 2. Both intensities increased 
with increasing temperature, but the degree of change in 
the second order scattering was less than that in the first. 
They decreased reversibly to their initial values on cooling 
from a maximum temperature of 117.5°C which did not 
exceed the annealing temperature of the specimen. 

c- 
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~ f  

I I I I I I 

72 74 76 
2 O (degrees) 

Figure 1 Diagram of the 002 reflection of polyethylene. Region 
below the straight line represents background 
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Figure 2 Variat ion in the peak intensities of A,  the f irst (11) and 
B, second (/2) order small-angle X-ray scattering wi th temperature: 
O, heating; O, cooling 

According to equation (2), the scattering intensities 
depend upon the density difference between the crystal- 
line and amorphous layers and upon the volume crystal- 
linity. The ratio Ofll(117.5) to I1(16)was as large as 1.99. 
On the other hand, [Ap(117.5)/Ap(16)] 2 was found to be 
1.48 by using the specific volumes of the crystalline (Tc) 
and amorphous (~a) polyethylene, which were determined 
by Richardson et al. 13: 

v- c = 0.993 + 3.0 x 10-4T 

Va = 1.152 + 8.8 x 10-4T 

where T(°C) is the temperature. Therefore, as indicated 
first by Nukushina et aL 1, the increase of the scattering 
intensities can not be explained by the increase of the elec- 
tron density difference alone, but is also concerned with 
the change in the crystallinity. 

The volume crystalliaity determined from density at 
16°C was 0.792. By substituting this value into equation 
(3) as y.(T0), the volume crystallinities at other tempera- 
tures were calculated. The results are shown in Figure 3 
together with those evaluated by the infra-red method. 
They were in good agreement with each other. As a mat- 
ter of course, these crystallinities decreased with increas- 
ing temperature. Long-period, L, was nearly constant at 
418 A throughout a heating and cooling cycle as shown in 
Figure 4, although reversible changes of long-period with 
temperature have been observed for many bulk poly- 
mers 2'7~ and single crystal mats of branched polyethylene s. 
The constancy of the long-period and the decrease of the 
crystallinities indicate that the thickness of the amorphous 
layers increased. Indeed, the crystalline size along the 
molecular chain, D001, changed reversibly with tempera- 
ture decreasing gradually, increasing as the temperature was 
raised. The values of the ratio DOOI[L are markedly lower 
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Figure 3 Crystallinities determined by A, infra-red (i.r.); B, small- 
angle X-ray scattering (SAXS), and C, DOo]/L vs. temperature: 
D, heating; II, cooling 
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Figure 4 Temperature dependence of A, the long-period (L) and 
B, the crystal thickness (Doo 1) in the direction of the c-axis: O, 
heating; Q, cooling 

than those of SAXS and i.r. crystallinities. If any transi- 
tion region of ~80 A thick is assumed between the amor- 
phous and crystalline layers which is regarded as crystal- 
line by the infra-red and small-angle X-ray scattering mea- 
surements, those three sets of values agree fairly well. 
Another reason for the discrepancy is the following. The 
line broadening is not corrected precisely, because the line 
profiles are not necessarily exactly Gaussian. Consequently, 
the values of D001 in Figure 4 may be apparent ones and 
the true values larger. 

Furthermore, the intensity change of the 002 reflection 
was investigated to make sure the change of the crystal- 
linity with temperature. The observed integrated inten- 
sities of the 002 reflection are plotted against the tempera- 
tures in Figure 5. Decrease in the intensity was observed 

f A 
IO -(D- (.3' 

o-8 

_go 

0 6  

Figure 5 

J L 
40 BO I O 

Temperature (oc) 

Relative intensity of 002 reflection vs. temperature. The 
corrected intensity is determined by multiplying the observed one 
by [exp 87r2Ucc(sinS/h)2] 2. A, Corrected; B, observed 

from room temperature. Two factors may be considered 
as the cause: decrease in the number of crystal lattices and 
thermal vibration of the atoms in the crystal. The ob- 
served intensities were multiplied by [exp 87r2Ucc(sin 0/X) 2] 2 
to eliminate the effect of the thermal vibration of the atoms. 
Ucc gives the amplitude of atomic displacement in the di- 
rection of c-axis and 87r2Ucc represents the temperature 
factor. The values determined by Iohara et al. is were used 
for U¢c. The corrected intensities decreased markedly from 
the temperature in the vicinity of 60°C as shown in Figure 5. 
Premelting of the crystal seems to begin at this temperature. 

Bergmann and Navotki separated broadline n.m.r. 
spectra of polyethylene samples into three components, 
i.e. narrow, intermediate, and broad, and they have pro- 
posed a three phase model for polyethylene 16. The inter- 
mediate component is considered to originate from a boun- 
dary region where the crystal changes to the amorphous 
part. The molecular chains in the intermediate region must 
be more irregular than those in the crystal. According to 
the potential energy calculation of the fold conformation 
given by Oyama et aL 17, the internal rotation angles of 
eight bonds succeeding to the fold part deviated somewhat 
from precise trans conformation. This region will corres- 
pond to the intermediate region suggested by Bergmann 
and Nawotki ~6. Intermolecular forces in the intermediate 
region especially with approach to the fold part are weaker 
than those in the crystal so that the chains in the inter- 
mediate region are relatively easy to move. On heating they 
will melt before those in the crystal. This fact results in 
the melting of the crystal from the lamellar surface to the 
interior. 
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Deformation mechanism of "hard elastic 
polyethylene films'* 

Takeji Hashimoto, Kikuo Nagatoshi ?, Akira Todo~,  and Hiromichi Kawai 
Department of Polymer Chemistry, Faculty of Engineering, Kyoto University, Kyoto 606, Japan 
(Received 23 February 1976) 

Film specimens were prepared from extra-high molecular weight linear polyethylene (commercial 
grade, Sholex super 5551 H and 4551 H) as well as ordinary high and medium molecular weight 
polyethylenes (commercial grade, Hizex 7000 F and Sholex 4002) by using a calender manufactur- 
ing method, which involves the important processing problem of crystallization from a stressed poly- 
mer melt. The films crystallized from the extra-high molecular weight polyethylene, as compared 
with those crystallized from the lower molecular weight polyethylene, underwent a large elastic de- 
formation on stretching along the machine direction, characteristic of the specific morphology of the 
so-called 'row structure' or 'hard elastic structure'. Deformation mechanism of the submicroscopic 
crystalline superstructure of the hard elastic films was investigated by means of small- and wide-angle 
X-ray scattering and diffraction, as well as electron microscopy. 

INTRODUCTION 

There have been many reports on the morphology and 
crystallization of polyethylene crystallized from stressed 
polymer melts and solutions. Pennings et aL crystallized 
polyethylene from stirred polyethylene solutions ~-3. 
Andrews et aL 4"~ crystallized polyethylene after cooling 
stretched crosslinked polymer melts below their melting 
points. The crystallization was also achieved by applying 
shear stress to the polymer melts in between two plates 
followed by cooling below their melting points 2#, and by 
applying tubular extrusion (blown film) 2'7 or injection 
moulding to the polymer melts. 

Polyethylene crystallized from stirred solutions produces 
the row-nucleated shish-kebab structures which contain 
irregular lamellar platelets held together by a central fibre. 
The shear stress produces the fibre acting as row nuclei on 
which lamellar overgrowth occurs to result in the forma- 
tion of the usual lamellar crystal. 

Crystallization from a stressed melt similarly produces 
stacks of oriented lamellae, their plane normals being 
parallel to the machine direction 4-9. In order to explain 
the particular morphology, Keller and Machin demonstra- 
ted the row structure2; nucleation occurred from 'rows' of 
nucleating points, and as with crystallization from stirred 
solutions, growth was restricted only to the plane perpendi- 
cular to the row of nucleating points. The row nuclei were 
considered to be fibres formed as a result of the shear 
stress. Characteristics of row structure such as number of 
row nucleating lines, crystal and lamellar orientations were 
also shown to be a function of shear stress2; e.g. crystal a- 
and c-axes preferentially orient along the machine direc- 
tion when the films are crystallized under low and high 
shear stresses, respectively. 

* Published in part in Rep. Prog. Polym. Phys. Japan, 1974, 17, 
285 
~ On leave from present address: the Central Research Laboratory, 
ldemitsu Kosan Co. Ltd, Sodegaura-cho, Kimitsu-gun, Chiba-ken, 
Japan. 

On leave from the Research Center, Mitsui Petrochemical Indus- 
tries, Ltd, Waki-cho, Kuga-gun, Yamaguchi-ken, Japan. 

On the other hand, Kobayashi 1° suggested that the stack- 
ing of oriented lamellae in the machine direction results 
from numerous spiral growths of lamellae. The angle be- 
tween the axes of the spiral and the machine direction, 
which varies with film preparation conditions affects cry- 
stal orientations with respect to the machine direction. 
Drawing the films along the machine direction has been 
shown to result in a pulling apart of the spiral growths in 
a fashion similar to that which occurs when a helical spring 
is stretched. 

It has been found, recently, that several polymers form, 
under specific conditions of crystallization, highly crystal- 
line fibres or films which exhibit markedly elastic beha- 
viour, the so-called 'hard elastic' property, i.e. a high degree 
of length recovery from large extensions and additional 
unusual properties such as a marked reduction of apparent 
density, and generation of very large amounts of internal 
volume and surface area on stretching along the machine 
directiong:1-16. These polymers are polypropylene, poly(3- 
methylbutene-1) and some of its 1-olefin copolymers, 
and acetal copolymer, Celcon, in particular specimens of 
nylon-6, nylon-6,6, polyethylene, poly(4-methylpentene-1), 
and poly(ethylene sulphide). The elastic nature of these 
polymers results from a specific morphology produced by 
crystallization from sheared polymer melts, i.e. the stacks 
of oriented lamellae, their normals being parallel to the 
machine directions. 

It is not fully understood what the criteria are in terms 
of morphology or crystallization conditions for a given 
polymer leading to such unusual long range elasticity. The 
morphological studies on the 'hard elastic' fibres or films, 
however, indicated that the tilting and splaying apart of 
the lamellar network result in creating the void and surface 
area on stretching and that the bending of lamellae between 
the links in a manner analogous to a leaf spring 11 is related 
to the long range elasticity which is non-rubber-like, i.e. 
energetic but not entropic in origin 9'llJ4. 

I11 this work we adopted a calender manufacturing 
method to prepare high density polyethylene films as a 
method of crystallization from stressed melts. The method 
is efficient especially in moulding extra-high molecular 
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Table 1 

Moulding condition 
Molecular weight 

(X 10-4) Take-up/extru- Film 
Specimen Sample Melt ded velocities density h 
code grade index /~w e /14v f Temp.(°C) g (m/min) (g/cm 3) 

Film 
crystallinity i 
(%) 

HMW1-L Sholex super 1 4 5 - 1 3 0  6/5 0.950 66.0 
H MW 1 -H 5551 H a 5.0 c 34.9 -- 1 7 0 - 1 5 0  6/5 0.951 66.6 

H MW2-H 1 Sholex Super 170--150 814 0.941 60.1 
HMW2-H2 4551H a 5.0 c 29.1 28.4 1 7 0 - 1 5 0  6/5 0.940 59.5 
H MW2- L 145-- 130 6/5 0,940 59.5 

MMW-H Hize;, 7000F b 0.04 d 23.5 27.9 1 7 0 - 1 5 0  6/5 0.948 64.9 

LMW-L Sholex 4002 a 0.20 d 19.9 14.1 1 4 5 - 1 3 0  6/5 0.941 60.2 

aSupplied by Japan Olefin Chemical Ind. Ltd, prepared by the Philips method, bSupplied from Mitsui Petrochemical Ind. Ltd; prepared by the 
Ziegler method. CMeasured at 190°C and 21.6 kg. dMeasured at 190°C and 2.1.6 kg. eWeight-average molecular weights are measured by 
light scattering measurements using e-chloronaphthalene as a solvent at 125°C. rviscosity-average molecular weights are measured by using 
decalin as solvent at 135°C and by using a relationship [r/] = 6.80 X 10 - 4  X Mv°'67 (Chiang, R. J. Polym, Sci. 1959, 36, 91). g 1 4 5 - 1 3 0  desig- 
nates that temperatures of the first to third drums are 145°C and that of the fourth drum is 130°C (see Figure I). hMeasured in methanol-  
water system at 25°C by using density gradient tube. iVolume-average crystallinity calculated by assuming densities of crystal and amorphous 
being 1.000 and 0.852 g/cm 3, respectively 

Polymer melt 

Cooling drum 

Figure 1 A schematic diagram of calender moulding process 

weight polyethylene compared with conventional blowing 
(tubular extrusion) technique. Under a given f i l l  prepar- 
ing condition, the f i l l s  crystallized from the extra-high 
molecular weight polyethylenes showed crystal c-axis pre- 
ferentially oriented along the machine direction (MD) and 
exhibited unusually long range elasticity (hard elastic pro- 
perty) of the type described above, whereas those crystal- 
lized from polyethylenes having conventional molecular 
weights showed crystal a-axis preferentially oriented along 
the MD and exhibited usual mechanical properties accom- 
panied by necking and low degree of length recovery from 
large extensions. In order to understand this phenomenon, 
we investigated the crystalline superstructure of these f i l l s  
in submicroscopic scales by using various techniques such 
as wide-angle X-ray diffraction, small-angle X-ray scattering, 
and electron microscopy. 

TEST SPECIMENS 

Four kinds of linear polyethylenes were calendered under 
different conditions as shown in Table 1. Series of HMWl 
and HMW2 specimens have extra-high molecular weights, 
while those of MMW and LMW have ordinary molecular 
weights. Polyethylene pellets were fed into a bumbury 
mixer where the pellets were melted for about 4 min. The 
melt, with a temperature ~150 ° to 170°C at the exit of 
the mixer was fed into a mixing roll controlled at 150°C. 
The melt was then calendered into sheets as schematically 
shown in Figure 1. Temperatures of the first to the fourth 
rolls were controlled as in Table 1, while those of the other 
rolls were at ambient temperature. 

The friction ratios of the rolls were set so that the ratio 
of surface velocities of the first to the fourth rolls were 
1 : 1.25:1.30:1.32. The surface velocity of the fourth roll 

was set 5 m/min, and the f i l ls  were taken up at velocity 
of 6 m/min. Under this condition, the whitening of the 
specimens due to crystallization was visible immediately 
after the fourth roll. The ratio of the surface velocities of 
the first to the fourth rolls as well as the velocities them- 
selves are important factors which decide the shear rate of 
the melt. 

EXPERIMENTAL 

Stress-strain behaviour was measured at 20°C and at a rate 
of 100% elongation/min with a tensile tester, Shimadzu 
autograph type IM 100. 

Wide-angle X-ray diffraction (WAXD) patterns were ob- 
tained at 40 kV and 20 mA, using nickel filtered CuKa 
radiation. Small-angle X-ray scattering (SAXS) patterns 
were obtained with nickel filtered CuKct radiation at 50 kV 
and 100 mA using a Rotaflex RU-100 PL (Rigaku-Denki) 
and with a point focusing system under the following col- 
limating conditions: distances of the second pinhole, speci- 
men and photographic f i l ls  are 250, 310 and 610 mm 
from the first pinhole, respectively, and the size of the 
first and second pinholes are 0.5 and 0.2 mm in diameter, 
respectively. 

The SAXS patterns were recorded from three directions: 
'end' patterns taken with the incident X-ray beam parallel 
to the MD (machine direction); 'through' patterns with the 
beam normal to the f i l l  surface, and 'edge' patterns with 
the-beam normal to the MD but parallel to the f i l l  surface. 
The end scattering was very weak and usually required a 
long exposure time (~10 h), six to seven times longer than 
the through and edge scattering patterns under equivalent 
conditions. Since the film specimen is thin, about 100 to 
200/am, the patterns were taken after stacking the speci- 
mens to an appropriate thickness (about I mm). In the 
edge and end patterns, the incident radiation is nearly 
parallel to the f i l l  surfaces. This situation often produces 
a sharp streak-like scattering in a direction parallel to the 
f i l l  normal due to total reflection of the X-rays at sample- 
air interfaces as pointed out by Hashimoto et al. 17. In 
order to reduce the extra scattering arising from the reflec- 
tion, the stack of specimens were immersed in liquid para- 
ffin which replaces sample-air interfaces by sample-liquid 
paraffin interfaces 17. 
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I gations at a given stretching direction than the MMW and 
LMW series. The yield strengths and ultimate strengths of 
the HMWl and HMW2 are higher than those of the MMW and 
LMW series. 

On stretching the HMWl and HMW2 series along the MD, 
the film specimens start to whiten uniformly at ~10% elon- 
gation and the whitening is completed at ~20%. On further 
stretching, the specimens exhibit no trace of macroscopic 
necking to result in a break at ~75%. On releasing the ten- 
sion, the whitening disappears almost completely unless the 
initial elongation is larger than 20%. At initial elongations 
greater than 20%, the whitening remains to some extent, 
although only a little. On the other hand, on stretching the 
MMW and LMW series, the film specimens exhibit a clear 

15 macroscopic necking where the whitening is localized. 
Length recovery of the HMW1 and HMW2 series is ex- 

tremely good compared with the MMW and LMW series. 
Figure 4 shows typical stress-strain behaviours under a 
cyclic tensile loading mode for the HMW1 and HMW2 series. 
The solid lines correspond to the specimens crystallized 
under calender moulding, while the broken lines corres- 
pond to the specimens crystallized from the isotropic melt. The SAXS intensity distributions were measured along 

the meridional direction, i.e. a direction parallel to the 
machine direction (MD) with line focusing under the 
following collimating system: the second slit, the third slit, 
the specimen and the receiving slit were placed at 250,290, 
310, and 610 mm from the first slit, respectively, and the 
sizes of the first, second, solar, and receiving slits were 
0.1 x 10, 0.05 x 10, 0.1 x 15, and 0.05 × 15 mm 2, respec- 
tively. The length direction of the slit was set normal to the 
MD, i.e. parallel to the stack of lamellae. The intensity was 
measured with a scintillation counter and a Rigaku-Denki 
Rotaflex RU-100PL generator at 50 kV and 100 mA, and 
with nickel filtered (21/~m thick) CuKa radiation and 
pulse height analyser. 

The second order orientation factors of cry stal a, b and 
c axes (fa, fb, and fc, respectively) were evaluated by 
measuring the azimuthal angle dependence of integrated 
intensities under diffraction peaks corresponding to (110), 
(200), and (020) crystal planes. The intensity distributions 
were measured with a scintillation counter and a Rigaku-  
Denki Rotaflex RU-100PL at 50 kV and 100 mA. The 
intensity was measured with point focusing and with Ni- 
filtered CuKa radiation and pulse height analyser. The 
intensity was corrected according to the conventional 
method for air scattering, polarization factor and amor- 
phous scattering. 

RESULTS 

Mechanical studies 
Figures 2 and 3 demonstrate typical stress-strain be- 

haviour of the extra-high molecular weight linear poly- 
ethylenes (HMW2-L) and polyethylenes having conven- 
tional molecular weights (LMW-L) specimens, respectively, 
where curves A, B and C in Figures 2 and 3 show the be- 
haviour at small strain. The stress in the ordinate is the 
so-called nominal stress and is measured as a function of the 
angle between the MD and stretching direction. Under the 
same moulding conditions, HMW1 and HMW2 series show 
greater mechanical anisotropy than MMW and LMW poly- 
ethylenes in terms of Young's modulus, yield stress, ulti- 
mate strength, and ultimate elongation as is clearly seen 
by comparing Figures 2 and 3. The HMWl and HMW2 
series exhibit, in general, somewhat smaller ultimate elon- 
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Figure 4 The stress--strain behaviours under cyclic tensile loading 
the specimens moulded by the calender method ( ) and the 
specimens crystallized from isotropic melt of the same polymer 
grade ( . . . .  ). The elongation rate was 100%/rain and measuring 
temperature was 25°C. The tensile loading is applied parallel to 
the machine direction 
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Figure 5 Typical electron micrograph of the HMW2 series. Sur- 
face replica. The arrow in the micrograph indicates the MD 

The elongation rate and measuring temperature were 100% 
min. and 25°C, respectively. As is shown in the Figure the 
stress-strain behaviour of the calender films stretched 
parallel to the machine direction (MD) showed consider- 
ably large length recovery compared with the isotropic 
films. The stress-strain behaviour of MMW and LMW series 
along the MD are roughly similar to that of the isotropic 
films shown in Figure 4. 

The unusual mechanical properties as observed in the 
HMWl and HMW2 series are apparently similar to those 
found by Clark et aL 9'11, and Quynn et al. 12-16 for 'hard 
elastic' films or fibres. 

Morphology of  as-prepared calender films 
Electron microscopic studies. Figure 5 shows a typical 

electron micrograph of the free surface of the HMWl and 
HMW2 series. As is typical for film crystallized from orien- 
ted melts, the stack of crystal lamellae are seen to highly 
orient with their normals parallel to the hiD. The orienta- 
tion of the lamellae corresponds to the two-point SAXS 
patterns (Figures 6 and 7) and a high degree of negative 
b-axis orientation (Figure 14) as will be discussed later. 
Therefore the surface structure is considered to be repre- 
sentative of the bulk. Some degree of lamellar twisting is 
shown in the micrograph, which is also important in ex- 
plaining the observed degree of crystal c-axis orientation 
(Figure 14) and the preliminary results of dynamic bire- 
fringence (Figure 15). Similar but more distorted arrays 
of lamellae were observed on the electron micrographs of 
free surfaces of the MMW and LMW series. 

X-ray studies. In Figures 6 and 7 are shown typical 
WAXD and SAXS patterns for HMWl and HMW2 series 
and LMW and MMW series, respectively. In these Figures 
the through and edge patterns are identical, and the end 

patterns are cylindrically symmetrical with respect to the 
incident beam axis. This indicates that orientation of both 
crystallites and lamellar crystals are uniaxially symmetric 
with respect to the MD in these specimens. The SAXS 
patterns for all these specimens show a typical two-point 
pattern, indicating that the crystalline texture is essentially 
the stacks of oriented lamellae, their normals being parallel 
to the MD. The WAXD and SAXS patterns of the other 
HMWl and HMW2 series and those of the HMW-H speci- 
mens were almost identical to those of the HMWl-L and 
LMW-L specimens, respectively, so that their patterns are 
not included in this paper. The end patterns in SAXS 
patterns did not exhibit any appreciable distinct scatter- 
ing maxima for all the specimens. This is probably because 
only a few lamellar edges are emerging parallel to the MD 
and/or lamellae having this type of orientation are stacked 
less regularly compared with those having their normals 
parallel to the MD. 

The orientation of crystallites for the HMWl and HMW2 
series is, however, quite different from that for the MMW 
and LMW series. The former shows a preferential c-axis 
orientation along the MD, while the latter shows crystal 
a-axis orientation (Figures 6 and 7). The second order 
orientation factors of crystal b-axis, fb = (3(c°s20b)av -- 1)/2 
(0 b being the angle between the crystal b-axis and the MD), 
are close to -0 .5  for all these specimens, indicating that the 
crystal b-axis orients almost perfectly normal to the MD. 
This is in accordance with a high degree of lamellar orien- 
tation with their normals being parallel to the MD and thus 
with the observed two-point SAXS patterns. The differ- 
ence of the crystal a- or c-axis orientation may be therefore 
interpreted in terms of the difference in degree of rotation 
of crystal a- and c-axes around b-axis, i.e. a degree of lamel- 
lar twisting around its axis. For the HMWl and HMW2 
series the rotation of lamellae around their axes (i.e. b-axes) 
occurs less to give positive and negative c- and a-axis orienta- 
tion, respectively, while for the MMW and LMW series it 
occurs much more than the HMWl and HMW2 to give posi- 
tive c- and a-axis orientations, although a-axis orientation 
factor is larger than c-axis orientation factor is. 

Keller and Machin 2 demonstrated that the manner of 
lamellar orientation or degree of twisting of lamellae grown 
from the row nuclei depends upon shear stress in the melt: 
crystallization under high shear stress giving rise to the pre- 
ferential c-axis orientation, while that under low shear stress 
gives rise to the preferential a-axis orientation. 

According to the above result, the crystal orientation of 
the extra-high molecular weight HMWl and HMW2 series is 
typical of that resulting from crystallization under high 
shear stress, while that of the MMW and LMW series is typi- 
cal of that resulting from crystallization under low shear 
stress. This is quite reasonable because under a given manu- 
facturing condition with a fixed temperature and shear rate, 
the higher molecular weight series are subjected to a greater 
shear stress due to a greater viscosity. The degree of crystal 
c-axis orientation, or the degree of lamellar twisting is 
apparently related to the 'hard elastic' properties. 

Deformation mechanism along the MD 
In this study, a particular specimen designated as 

HMW2-L was used as a test specimen having the hard elas- 
tic property. Deformation behaviour of the superstructure 
was again investigated by means of wide-angle X-ray diff- 
raction, small-angle X-ray scattering, and electron micro- 
scopy techniques. 
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Figure 6 (a), (b), (c), WAXD and (d), (e), (f) SAXS patterns for the HMW 1-L specimens. The machine direction is vertical for the through 
and edge patterns. (a), (d), Through; (b), (e), edge; (c), (f), end 

Electron microscopy. Figure 8 shows electron micro- 
graphs of the surface replica of the specimen stretched 
along the MD, this particular specimen also shows increased 
tendencies of splaying apart, tilting and bending of the 
lamellar network of the type which is reported for other 
typical elastic hard fibres and films 11-16. 

Small-angle X-ray scattering. The deformation of the 
lamellar network can be quantitatively investigated by 
detecting the change of SAXS patterns and intensity dis- 
tributions during the stretching process. In Figures 9a-g 
and 10 the change of SAXS patterns upon stretching along 
the MD, which is in the vertical direction of the Figures are 
shown. The patterns in Figure 9 are for dry specimens, 
while those in Figure 10 are for specimens stretched by a 
given percentage and then immersed in liquid paraffin 
(SG, 0.855). 

On increasing the stretching, the following changes in 
the lamellar network may be seen from Figure 9: (a) in- 
crease of interlamellar spacing, which is associated with 
shifting the position (20max) of the meridional SAXS in- 
tensity maximum to a lower scattering angle; (b) increase 
of interlamellar void formation as a consequence of the 

process (a), which is associated with increase of the SAXS 
intensity especially at lower angles than 20max; (c) increas- 
ing degree of lamellar bending and irregular deformation of 
lamellae, which is associated with increase of the lateral 
breadth of two-point SAXS patterns. The increase of the 
SAXS intensity and the appearance of the equatorial streak 
at large elongations are related to a phenomenon of whiten- 
ing of specimen as pointed out earlier. 

In Figure 10 the SAXS patterns after immersing the 
stretched specimens in the liquid paraffin are shown. As 
shown in the Figure, the SAXS intensity decreases due to 
a reduction in scattering arising from the void as a conse- 
quence of the penetration of the liquid paraffin into the 
interlamellar void region. Therefore the mechanisms (a) 
and (c) described above can be more clearly seen in the 
immersed specimens. 

Figures 11a and 11b show changes of the meridional 
SAXS intensity distributions upon stretching for dry speci- 
mens and for specimens stretched and then immersed in 
the liquid paraffin, respectively. Each scattering curve 
shows the first and the second order scattering maxima (or 
shoulders). On stretching, positions of the scattering maxi- 
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Figure 7 (a), (b), (c), WAXD and (d), (e), (f) SAXS patterns for the LMW-L specimens. The machine direction is vertical for the through and 
edge patterns. (a), (d), Through; (b), (e), edge; (c), (f), end 

ma are seen to shift to lower angles, and the scattering in- 
tensity is seen to increase tremendously at scattering angles 
smaller than ~20'  (Figure 11a). 

The extra-intensity that appeared at the lower angles 
disappears upon immersing the specimens in the liquid 
paraffin. This is ascribed to the large interlamellar void 
which is accessible to the liquid paraffin. A small decrease 
in intensity at small angles on immersing in the liquid para- 
ffin is also observed for unstretched specimens, which indi- 
cates that the interlamellar void exists even for unstretched 
specimens, though its amount is less compared with the 
stretched specimens. It should be noted that the peak posi- 
tions themselves do not change before and after immersion, 
indicating that the liquid paraffin does not swell the speci- 
mens at all and thus does not affect the morphology. 

Figure 12 shows change of long spacing as a function of 
elongation. The long spacings are evaluated from peak 
positions of the first and second order scattering maxima 
in Figure 11b by using Bragg's law. As shown in the Figure, 
the long spacing observed from the first maximum is greater 
than that observed from the second maximum. The ratio 
P2/P1 of the second to first peak positions is also plotted 

in Figure 12 as a function of elongation. The ratio is seen 
to be greater than 2 and to increase slightly with increasing 
elongation. The discrepancy of the two long spacings or 
deviation of the ratio from 2 may be interpreted in terms of 
an asymmetric distribution of the interlamellar distances 
as proposed by Reinhold, Fischer and Peterlin 23. Accord- 
ing to their model, the results in Figure 12 may be inter- 
preted in terms of the positively skewed distribution of 
interlamellar distances. The width parameter 3' corresponds 
to ~0.4 for unstretched specimens and tends to increase 
upon further stretching. This is partly associated with the 
lamellar bending. 

Figure 13 shows elongation of the long spacing calcu- 
lated from the position of the first meridional SAXS maxi- 
mum and residual strain of the bulk specimens as a function 
of bulk elongation. As seen in the Figure, the deformation 
of submicroscopic structure as observed from the change of 
the spacing affinely occurs with the bulk deformation at 
elongations less than ~10%. However at larger elongations, 
the increase in the spacing is much retarded to the bulk 
elongations, indicating that the submicroscopic deforma- 
tion becomes increasingly heterogeneous and localized. 
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This is closely related to the whitening of the stretched 
~ specimens, and to the increasing SAXS power at the low 

angles (Figures 9a, 9c, 9e, 9g). 
Wide-angle X-ray diffraction. Figure 14 shows the 

second order orientation factors of crystal a, b, and c axes 
as a function of elongation. The orientation factor of the 
ith axis is defined byf i  = (3(cos20i)av - 1)/2, where Oi is 
the angle between the stretching direction and the ith 
crystal axis. The orientation factors were measured both 
for stretched specimens and for specimens stretched and 
then relaxed. For the relaxed specimens, the orientation 
factors were plotted as a function of residual elongation. 
The arrows in the upper part of Figure 14 indicate changes 
offc upon relaxing the specimens from given elongations. 
The relationship between the residual and initial elonga- 
tion is shown in Figure 13. 

As is shown in Figure 14, the original unstretched speci- 
mens show almost perfect orientation of the crystal b-axis 
perpendicular to the MD, i.e. fb ~-- --0.5. This corresponds 
to an orientation of lamellar axes normal to the MD, which 
is in good agreement with evidence from electron micro- 
scopy (Figure 5) and SAXS (Figure 6) studies. On the 
other hand, the a- and c-axis orientations are less perfect, 
which is associated with some degree of lamellar twisting, 
i.e. rotation of crystal a- and c-axes with respect to the 
b -axis. 

On stretching, the orientation factor fc increases while 
fa decreases, indicating that crystal c- and a-axes orient to- 
wards the stretching direction (SD) and the direction per- 
pendicular to the SD (TD), respectively. On the other hand 
the orientation factor fb changes only a little compared 
with fa and fc. These changes of the orientation factors 
should result primarily from a lamellar detwisting process 
which gives rise to rotation of crystal a- and c-axes around 
the crystal b-axis (lamellar axis). The detwisting (or so 
called interlamellar slip) makes the crystal c- and a-axes 
orient more towards the SD and TD, respectively. 

A minor change offb occurs in that fb slightly increases 
with increasing elongation. The increase offb may be 
attributed to a process of lamellar bending between tie 
links of the type as described in Figure 9 of ref 11 which 
may give rise to rotation of crystal c- and b-axes around 
crystal a-axis in a way that the c- and b-axes (originally 
oriented along SD and TD, respectively) tend to orient to- 
ward TD and SD directions, respectively. Therefore the 
entire change of orientation factors can be well interpreted 
in terms of the two processes, lamellar detwisting (inter- 
lamellar shearing) and lameltar bending (intralamellar shear- 
ing of mosaic blocks constituting lamellae or intralamellar 
chain slip). The contribution of the former to the orienta- 
tion factors is greater than that of the latter, at least for the 
static deformation. We will discuss briefly the time-depen- 
dence of the relative contribution, later. 

Recoverability of  deformation of  structure upon releas- 
ing the strain. The recoverability of deformation upon 
releasing the applied strain was investigated in terms of (a) 
deformation of interlamellar spacing (see Figure 13) and 
(b) orientation of crystallographic axes (see Figure 14). 
The recoverability of deformation of the interlamellar 
spacing is considerably high even at large elongations. The 
residual strain involved in the interlamellar spacing is 
approximately equal to the residual strain involved in the 
bulk. Thus in this sense the residual strain in the bulk is inter- 

Figure 8 The change of surface structure of the specimens as a 
func t ion  of elongation (surface replica). Arrows indicate the preted in terms of irreversible deformation of the submicro- 
stretching direction which is parallel to  the MD. (a) 10%; (b) 40% scopic structure, i.e. ]amellae. 
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/V/D SD 

Figure 10 The change of SAXS patterns upon stretching the specimens along the MD. The patterns were taken for the 
specimens stretched by a given elongation and then immersed by liquid paraffin (SG 0.855). (a) 0%; (b) 20%; (c) 30%; 
(d) 50% 

As a possible mechanism of irreversible lamellar defor- 
mation, one may consider a chain slip within the lamellae 
of the type as described in Figure 10 o f re f  11, lamellar 
destruction, and destruction of interlamellar tied links. All 
these processes are irreversible and increasingly important 
with increasing bulk elongations. At large elongations, the 
submicroscopic residual strain is slightly smaller than the 
bulk residual strain. This must be associated with an irre- 
versible deformation process involved on a much larger 
scale than in the interlamellar spacing. In our subsequent 
papers, we have discussed its origin 19. 

Figure 14 also shows recoverability of orientation of 

the crystal a, b, and c axes upon releasing the applied 
stress. The degree of residual crystal orientation again 
corresponds to the bulk residual strain. Thus the lameUar 
bending and interlamellar slip processes involve plastic de- 
formation of crystal such as chain slip of the type [001 ] 
(100) 21~2, which becomes increasingly important with 
elongations and is closely related to the irreversible defor- 
mation of interlamellar spacing. 

Time-dependence of  deformation 
In the preceding sections, we discussed the static defor- 

mation mechanism of the hard elastic polyethylene films 
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Figure 11 The meridional SAXS intensity distributions for 
specimens stretched by various elongations. (a) Dry specimens; 
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Figure 12 The change of long spacing upon stretching the speci- 
mens along the MD. The long spacings are estimated from the first 
and second order scattering maxima. P2/PI is the ratio of the 
second to first peak position 

along the MD. Relative contributions of the various de- 
formation processes involved are expected to be time- 
dependent. The analysis of the time-dependence is very 
important in understanding its dynamic mechanical 
properties. 

Figure 15 shows a preliminary result of dynamic bire- 
fringence experiments where master curves of real (K' + PT) 
and imaginary parts - (K"  - PT) of strain--optical coeffi- 

cient were splotted as a function of a reduced frequency 
lOT. In order to obtain the master curves a slight vertical 
shift (shift factor PT) was necessary as well as the conven- 
tional horizontal shift (shift factor OT). 

Static strain 3.3% and dynamic strain 0.25% were imposed 
on the specimens along the MD ~-26. The strain-optical 
coefficient is defined as the ratio of dynamic variation of 
birefringence to applied dynamic strain amplitude. As seen 
in the Figure the real part of the strain-optical coefficient 
increases from negative to positive value with decreasing 
frequency or increasing temperature. The transition of the 
coefficient from negative to positive values is related to the 
change of molecular orientation mechanism, i.e. negative to 
positive molecular orientation. 

As discussed earlier, the negative molecular orientation 
is associated with the lamellar bending process, while the 
positive molecular orientation is associated with the lamel- 
lar detwisting process• The frequency or temperature depen- 
dence of the coefficient is then interpreted qualitatively in 
terms of the frequency or temperature dependence of a 
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Figure 13 The deformation of the submicroscopic structure, 
(L -- Lo)ILo, as a function of bulk elongation (o). II, Corresponds 
to its residual deformation when the applied stress is released. The 
Figure also indicates a relationship between applied bulk elonga- 
tion and residual elongation in bulk 
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Figure 14 The second order orientation factors of crystal a, b, 
and c axes as a function of elongation. For the specimens stretched 
and then released, the orientation factors were plotted as a function 
of residual elongation. Stretched; 0, fa; A, fb; O, fc" Relaxed: 0, fa; 
D,%;O,~c. 

1072 P O L Y M E R ,  1976, Vol  17, December 



2"0 
x 

I 

r 

c 
v -10 

+ 

-2.0 

o co ~%~O~o~ 

Log foT(Hz) 
Figure 15 The master curve of the real (K' + PT) and imaginary 
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relative contribution of the two deformation processes. In 
a more quantitative discussion one must take into account 
contributions of amorphous orientation and form bire- 
fringence to the total birefringence, the discussion of which 
is beyond the scope of this paper. 

In other words, at high frequency or at low temperature, 
the lamellar bending is activated but the lamellar detwist- 
ing is not, and so the contribution of the former is greater 
compared with the latter. Consequently the coefficient is 
negative. On the other hand with decreasing frequency or 
increasing temperature, the lamellar detwisting is increas- 
ingly activated, and so the contribution of the latter be- 
comes predominant to the former. Therefore the coeffi- 
cient becomes positive. 

The lamellar bending process is accompanied by only 
a small amount of negative imaginary part, and thus the 
phase difference between the dynamic birefringence and 
applied strain is very small, indicating that the process is elastic 
in nature. On the other hand the detwisting process is 
accompanied by a relatively large phase lag to the applied 
strain as seen in a large phase lag between the dynamic bire- 
fringence and strain at low values of lOT, indicating that 
the process is viscous in nature and time-dependent. 

More detailed discussion including dynamic birefringence 
in other directions and dynamic mechanical spectra is re- 
ported elsewhere 2°. 
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ence of the orientation may be attributed to a difference 
of shear stress in polymer melt. The proposal by Keller 
and Machin 2 that the c- and a-axis orientation result, res- 
pectively, from crystallization under high and low shear 
stresses turned out to be applicable also to our system. 

(3) The manner of crystal orientation is apparently re- 
lated to the mechanical properties of bulk specimens. 
Specimens having preferential c-axis orientation exhibit the 
hard elastic properties, while the specimens having prefer- 
ential a-axis orientation do not show such unusual elasticity 
but exhibit usual yielding and necking, and a relatively 
small degree of length recovery from large extensions. This 
may occur partly because the interlamellar slip process in- 
volves a plastic deformation of the type [001] (100) chain 
slip. The interlamellar slip process which orients crystal c- 
axis towards the SD occurs more extensively for the speci- 
mens having a-axis orientation than for those having c-axis 
orientation. 

(4) The deformation of specimens along the MD in- 
volves lamellar bending and interlamellar slip processes. 
The bending process opens up interlamellar spacing to gene- 
rate voids, The expansion of the interlamellar spacing 
affinely occurs with bulk elongation at small elongations. 
At larger elongations the increase of the spacing is less than 
that expected for the affine deformation due to increasing 
localization of interlamellar deformation which is associated 
partly with beginning of the sample whitening. 

(5) The interlamellar slip involves rotation of crystal c- 
and a-axes around crystal b-axis (lamellar axis) towards the 
stretching direction (MD) and direction normal to the 
stretching direction (TD), respectively. The lamellar bend- 
ing, on the other hand, involves rotation of crystal b and c 
axes around crystal a axis towards the SD and TD, 
respectively. 

(6) Time-dependence of the two orientation mechanisms 
i.e. lamellar bending and interlamellar slip were studied by 
means of dynamic birefringence. The results indicated that 
the former mechanism is associated with a small phase differ. 
ence to the applied strain, and is elastic in nature, while the 
latter mechanism is accompanied by a large phase lag to the 
strain, and is viscous in nature and time-dependent. 

(7) Recoverability of deformation of the lamellar net- 
work, and crystal orientation was also studied. The results 
indicated that the lamellar bending and interlamellar slip 
processes involves, to some extent, a plastic deformation of 
crystals (irreversible intralamellar chain slip). 

CONCLUSIONS 

(1) High density polyethylene films crystallized by a 
calender processing method exhibit a submicroscopic struc- 
ture typical of that found for films crystallized from orient- 
ed polymer melts. Stacks of crystal lamellae are oriented 
with their normals parallel to the MD. Corresponding to 
this, the SAXS patterns show a two-point pattern, and the 
second order orientation factor for the crystal b-axis is 
close to - 1/2. 

(2) Under a given moulding condition with fixed tem- 
perature and shear rate, the films prepared from extra-high 
molecular weight polyethylenes and from high and medium 
molecular weight polyethylenes showed a preferential c- 
and a-axis orientation, respectively. In either case crystal 
b-axis orients almost perpendicular to the MD. The differ 
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Superstructure of high density 
polyethylene film crystallized from 
stressed polymer melts as observed by 
small-angle light scattering 
Takeji Hashimoto, Kikuo Nagatoshi*, Akira Todo ~r and Hiromichi Kawai 
Department of Polymer Chemistry, Faculty of Engineering, Kyoto University, Kyoto 606, Japan 
(Received 23 February 1976) 

The crystalline superstructure of high density polyethylene films prepared by a calender manufac- 
turing method was investigated by means of polarizing light micrographs and light scattering patterns. 
Results show that optically anisotropic rod-like units exist which orient at preferential angles +Co and 
--~0 with respect to the machine direction to form a network type superstructure. The rod-like unit 
is considered to be a row-nucleated cylindrite or a parallel assembly of them. The angle a0 is asso- 
ciated with a preferred orientation of axes of the cylindrites with respect to the machine direction, 
and found to be dependent upon manufacturing condition. Existence of such a super-structure was 
shown to be important in accounting for whitening of the specimens on stretching along the machine 
direction and for deformation behaviour of the specimens. 

INTRODUCTION 

In a previous paper 1, we prepared various high density poly- 
ethylene films by a calender manufacturing process which 
involved crystallization from stressed polymer melts. Mor- 
phology and deformation mechanism of the submicrosco- 
pic structures were studied by means of small-angle X-ray 
scattering, wide-angle X-ray diffraction, and electron micro- 
scopy. 

The X-ray data and electron micrographs were in agree- 
ment with general concepts obtained for tubular extruded 2'3, 
injected and hard elastic material 4-s, and other material 
crystallized from oriented melts 9'1°. For example, the sub- 
microscopic structure consists of stacks of oriented lamellae, 
their plane normals being parallel to the machine direction 
(MD), which gives rise to two-point low-angle X-ray scatter- 
hag patterns and the second order orientation factor of the 
crystal b-axis nearly equal to -1 /2 .  

Under given manufacturing conditions with a fixed tem- 
perature, shear rate etc., the polyethylenes with higher 
molecular weights (e.g. HMWl and HMW2 series in ref 1) 
result in a texture giving rise to preferential c-axis orienta- 
tion, while those with lower molecular weights (e.g. LMW 
and MMW series in ref 1) result in a texture giving rise to 
a-axis orientation. This again is in agreement with the 
general concepts of material crystallized from oriented 
melt, because the material with higher molecular weights 
are subjected to a greater shear stress (due to greater vis- 
cosity) than those with lower molecular weights under the 
given conditions. The difference in the manner of crystal 
orientation can be interpreted in terms of the differences 
in number of row nuclei and in the degree of lamellar 
twisting overgrowth on the nuclei 2. 

* On leave from present address, the Central Research Laboratory, 
Idemitsu Kosan Co. Ltd, Sodegaura-cho, Kimitsu-gun, Chiba-ken, 
Japan. 
t On leave from the Research Center, Mitsui Petrochemical Indus- 
tries Ltd, Waki-eho, Kuga-gun, Yamaguchi-ken, Japan 

The polyethylene with higher molecular weights exhibi- 
ted so-called 'hard elastic' properties 8, i.e. a high degree of 
length recovery from large extensions, a marked reduction 
of apparent density, generation of very large amounts of 
internal volume and surface area on stretching along the 
MD, etc. The results obtained for our polyethylene films 
of morphology, deformation mechanism, and mechanical 
properties etc. are again in agreement with the general con- 
cepts of other hard elastic films or fibres 4-s. The elasticity 
is energetically driven due to a bending type deformation 
of lamellae (see Figure 9 of ref 5). However in the case of 
polyethylene, the degree of lamellar twisting is large and 
thus the deformation mechanism associated with it (e.g. 
interlamellar slip) is markedly involved compared with 
poly(ct-olefin). This makes the hard elasticity of poly- 
ethylene less pronounced, because the deformation will 
probably involve some irreversible chain slip of the type 
(100) [001 ] 11,12 within the lamellae. 

In this paper we have extended our study further, from 
the submicroscopic scale to the microscopic scale to in- 
vestigate superstructure of the larnellae, if any, by means 
of polarizing microscope and light scattering. This work 
also should be of importance in investigating clarity of 
film specimens as-prepared and stretched, and to under- 
stand the deformation mechanism of the bulk specimens. 
It is one of our purposes in this work to study how the 
superstructure of the lamellae of these particular specimens 
is reconciled with our X-ray data and electron micrographs 
described in the previous paper 1 and with the concept of 
row-nucleated cylindrites proposed by Keller and Machin 2, 
and other workers. 

TEST SPECIMENS 

In this study, we used a particular linear polyethylene film 
designated as HMW2-L in our previous paper 1. The poly- 
ethylene (commercial grade, Sholex Super 4551H supplied 
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from Japan Olefin Chemical Ind. Ltd, and prepared by the 
Philips method) has weight-average molecular weight 
2.9 × 105 by light scattering (measured in a-chloronaph- 
thalene solution at 125°C), and a melt index of 5.0 at 
190°C and 21.6 kg. 

The film specimens were prepared by a calender process- 
ing method as described in detail in the previous paper =. 
Temperatures of the first to third drums were kept at 145°C 
and that of the fourth drum was at 130°C (see Figure 1 of 
ref 1). Crystallization took place immediately after the 
fourth drum. The ratio of take-up to extruded velocities 
was controlled to 6/5. The density of the f i l l s  thus pre- 
pared was 0.940 g/cm 3 (measured in methanol-water sys- 
tem at 25°C with a density gradient tube). The volume- 
average crystallinity evaluated was 59.5% by assuming den- 
sities of crystal and amorphous to be 1.000 and 0.852 g/cm 3, 
respectively. Other specimens prepared from the HMWl and 
HMW2 polyethylenes as described in the previous paper = 
showed a similar trend to the HMW2-L specimens. 

EXPERIMENTAL 

Light scattering patterns were obtained with a 1 mW He-Ne  
gas laser as a light source. Diffuse surface scattering was 
avoided by sandwiching the specimens in between the 
microcover glasses with silicone oil as an immersion fluid 
having an appropriate refractive index. The scattering pat- 
terns were taken with H F and Vie polarizations where the 
polarization directions of the analyser were set horizontally 
and vertically, respectively, under a vertically polarized in- 
cident beam as well as with HH polarization where both 
polarizer and analyser were set horizontally. The machine 
direction of the specimens was always set vertically. Typi- 
cal exposure times were 1/30 to 1/8 sec for H V, and 1/60 
to 1/25 sec for V V and HH patterns. 

Particular care was taken in obtaining the patterns, since 
as was shown in the previous paper, the specimen begins to 
whiten at elongations greater than ~10%, when the speci- 
men is stretched along the MD ~. At these elongations the 
sample transparency becomes poor, in general, and as a con- 
sequence scattering patterns will be distorted due to a 
multiple scattering effect =3. In order to minimize this effect 
the specimen stretched by a given elongation was immersed 
in a silicone oil (whose refractive index was matched to the 
average refractive index of the specimen) for at least a week 
prior to obtaining the patterns. Upon immersing the speci- 
men into the silicone oil, the transparency of the stretched 
specimen became as high as that of the undrawn specimen. 
It should be noted that it takes a few hours, at least, before 
the stretched specimen becomes transparent after immersion 
in silicone oil. 

Texture of the f i l l  specimens was also studied by 
means of polarizing light and electron microscopy. 

RESULTS AND DISCUSSIONS 

Polarizing light micrographs 
Figure 1 shows a typical light micrograph observed 

under crossed polaroids. Close observation of the micro- 
graph suggests that the texture is composed of rod-like 
units a few microns in diameter. These units are oriented 
at a particular angle of "~--22.5 ° with respect to the MD to 
form a network structure. It should be noted that the net- 
work structure composed of the anisotropic rod-like units 

et aL 

can be distinguished from the submicroscopic network 
structure composed of a stack of oriented lamellae linked 
by tie molecules of relatively short length. The deforma- 
tion of the latter network was discussed by Hashimoto 
et aL = in relation to the hard elastic properties of bulk 
specimens. When the specimens were rotated between 
crossed polaroids, the brightness and the retardation colour 
of  the units varied in such a way as to indicate that the 
average orientation of the optical axes of the rod-like units 
was parallel to the MD. The network structure was pre- 
served and rotated. The angle that the rod-like units make 
to each other was also kept constant at ~45 °. 

When the specimens are stretched parallel to the MD, 
the rod-like units orient toward the stretching direction 
(SD) and thus the angle between the units decreases from 
45 °. With a further increase in elongation identification of 
the units becomes increasingly difficult; this is associated 
with decreasing continuity or integrity of the units with 
elongations. 

The observations under polarizing light microscope seem 
to suggest that the rod-like units reflect some morphologi- 
cal detail existing in the interior of the specimens. As will 
be discussed below, we consider that these units correspond 
to a single row-nucleated cylindrite or an assembly of them 
(see Figure 13). Although the axes of the cylindrites are 
usually found or considered to orient parallel to the MD, 
the axes orient at +22.5 ° with the MD in these particular 
films. The boundaries between the adjacent cylindrites 
become a part of amorphous phase having zero birefrin- 
gence similar to a volume-filling spherulitic system. 

It should be noted that the network structure could also 
result from surface structure which is nothing to do with 
the morphological entity in the interior of  the specimen. 
The surface structure causes variation of sample thickness 
which, in turn, gives rise to variation of retardation to re- 
sult in the network structure under crossed polaroids. How- 
ever, we can rule out this possibility for the light scatter- 
ing data as will be discussed below. 

Light scattering patterns 
We consider the light scattering experiments to be very 

important and useful in studying the origin of the rod-like 
units or the network as observed under the polarizing light 
microscope. By treating the f i l l  specimens with silicone 
oils whose refractive indices are: matched with the speci- 
mens, we can effectively avoid the surface scattering. 

IO0t~rn 
I I 

Figure I A typical polarizing light micrograph of the specimens 
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15 ° 
I I 

Figure 2 (a) HV; (b) VV, and (c) H H light scattering 
patterns of the specimens. T h e  scale indicates the 
scattering angle 

Therefore the scattering patterns are considered to be rep- 
resentative of the interior superstructure. The scattering 
patterns under crossed polaroids are particularly insensi- 
tive to the surface scattering. 

In Figure 2 typical low-angle H V, V V, and HH light 
scattering patterns are shown. It is observed that the pat- 
terns for other specimens (the HMW1 and HMW2 series) 
are essentially the same and consequently essentially identi- 

cal crystalline superstructures are formed in these films. In 
all these patterns the scattered intensity at a given azimuthal 
angle continuously decreases with increasing scattering angle. 
In this regard the patterns are those typical of an oriented 
assembly of anisotropic rods ~4-16 as will be discussed below, 
but are not those typical of spherulitic texture. 

The H V scattering depends upon anisotropy and orien- 
tation of the rods, while the V V and H H scattering also 
depend upon density fluctuation between or within the 
rods and their surrounding medium. Since the scattering 
arising from the density fluctuation is isotropic in origin, 
it therefore does not depend upon a polarization direction 
under parallel nicols. Hence HH and VV scattering patterns 
are equivalent, if the scattering arises purely from the den- 
sity fluctuations. The difference in the two patterns sug- 
gests that the orientation and anisotropy contributions are 
predominant in the density fluctuation. In the case of the 
Vv  scattering the polarization direction is parallel to the 
MD and therefore to the molecular chain axis ~, so that the 
orientation and anisotropy contributions to the scattering 
are maximized, while in case of the H// scattering these 
contributions are minimized and the scattering predomi- 
nantly arises from the density fluctuation. The cylindrically 
symmetric Htt scattering intensity distribution with respect 
to the incident beam axis indicates that density fluctuation 
is isotropic. Thesefore the density fluctuation between the 
rods and their boundary region turns out to be small, be- 
cause if the fluctuation is large, then the HH pattern be- 
comes anisotropic in shape as in the Vv  pattern. On the 
other hand the strong azimuthal angle dependence o f H  g 
and VV scattering arises from anisotropic orientation and 
anisotropy fluctuations as will be discussed later. 

The angle that the I-I V and VV scattering lobes make 
with respect to the equator is ~22.5 ° and is apparently re- 
lated to the angle that the optically anisotropic rod-like 
units make with respect to the MD. Therefore from the 
light scattering patterns also we can show that there exists 
an anisotropic rod-like entity oriented at a particular angle 
with respect to the MD as an internal superstructure of the 
film specimens. The rod-like entity giving rise to the 
scattering patterns should be essentially identical to the 
units observed under the polarizing microscope. We will 
discuss later a relationship between the units and the scatter- 
ing patterns in a more quantitative manner by model calcu- 
lation of the scattering patterns. 

Orientation of the optical axis within the rod-like units 
may be qualitatively determined by observing the change 
in H V scattering patterns upon rotation of the MD as shown 
in Figure 3. On rotating the MD of the specimens while 
keeping the polarization directions constant as in the Figure, 
the pattern also rotated through the angle s,  since orienta- 
tion of the rod-like units is changed by the angle s.  An 
additional change is also seen in the intensity distributions 
in the rotated patterns. This arises from two factors which 
are mutually interrelated: (a) change of induced dipole 
moment which affects an absolute intensity, the intensity 
being maximum at s = 45 ° because of the preferential c- 
axis orientation as shown in the previous paper ~, and (b) 
change of birefringence effect on light scattering is, the 
effect being maximized at s = 45 °. 

The fact that four lobes of the pattern change in an 
equivalent manner upon rotating the MD through an angle 
s demonstrates that the two rod-like units having +s0 and 
--a 0 (s 0 ~- 22.5 °) orientation with respect to MD have 
equivalent optical condition for all values of s under the 
given polarization condition. This may rule out the pos- 
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suggests that the optical axis is preferentially oriented along 
the AID, and therefore it makes an angle a0(= 22.5 °) or 
---a 0 with respect to the longitudinal direction of the rod- 
like units as schematically shown in Figure 13b. Moreover 
the two-point SAXS patterns as described in the previous 
paper 1 demonstrate that the rod-like unit is composed of a 
stack of lamellae with their normals making also the angle 
+or 0 or --a 0 with respect to the longitudinal direction. 

Figure 3 The change of H V light scattering patterns 
upon rotating the MD by the angle ~ under crossed 
nicols. The polarization directions of polarizer (P) 
and analyser (A) are set in vertical and horizontal 
positions, respectively. (a) 0°; (b) 22.5°; (c) 45 ° 

sibility that the orientation of the principal optical axis is 
parallel to the longitudinal direction of the rod-like units. 
This fact together with the preferential c-axis orientation 

Integrity of  the anisotropic rod-like units 
Continuity or integrity of the anisotropic rod-like units 

which are now considered to exist as an internal superstruc- 
ture were investigated by observing the change of the scat- 
tering patterns on treating the specimens with fuming nitric 
acid and on stretching the specimens. 

Figure 4 shows the change of rig, Vie, and HH light 
scattering patterns of the specimens on treating with fum- 
ing nitric acid. Approximately 1 g of the polyethylene 
films was treated with 100 cm 3 of a fuming nitric acid 
(SG 1.54) for 4 and 8 h at 80 ° -+ 2°C. The specimens were 
then washed with water and put into acetone for a day and 
subsequently dried. The film specimens obtained were 
brittle and opaque. On increasing the time of the treatment, 
the HH pattern becomes angularly dependent with respect 
to the azimuthal angle and becomes similar to the Viepat- 
tern, indicating that the density contribution becomes pre- 
dominant to those of orientation and anisotropy. The 
change of VV and HH patterns indicates that the treatment 
increases the density difference between the rod-like units 
and their surrounding medium. This occurs because nitric 
acid first attacks boundaries between the rod-like units. On 
the other hand the Hv patterns of the treated specimens 
are essentially identical to that of the untreated original 
specimens. This demonstrates that the integrity or con- 
tinuity of the rod-like unit itself is maintained even after 
the treatment. This result again suggests existence of the 
network superstructure which is built up from the aniso- 
tropic rod-like units as an internal superstructure of the 
film specimens. 

As mentioned earlier in this paper and also in a previous 
paper, the specimen uniformly whitens during the course 
of stretching and becomes opaque at elongations greater 
than ~10%. The stretched specimens were, therefore, 
treated with a silicone oil for a certain period of time prior 
to recording their scattering. The silicone oil acts in two 
ways; (a) to avoid surface scattering, and (b) to increase 
the transparency of specimens as a result of penetration of 
oil into the internal void region responsible for the whiten- 
ing. For the specimens stretched by an amount smaller 
than 20%, the patterns were taken immediately after im- 
mersing the stretched specimens in silicone oil, so that the 
silicone oil essentially minimized surface diffuse scattering 
only. On the other hand for the specimens stretched by 
an amount greater than or equal to 20%, the patterns were 
taken after the specimens had been immersed in silicone 
oil for a few weeks. Thus in this case the silicone oil 
minimized both the surface diffuse scattering and the 
internal void scattering. 

Figure 5 shows the change of Hie, VV, and HH scatter- 
ing patterns on treating the specimens stretched by 20% 
with the silicone oil. The patterns in Figures 5a, 5b and 5c 
were taken immediately after the specimens had been 
treated with silicone oil, while Figures 5d, 5e and 5fwere 
taken after treating the specimens with silicone oil for a 
few weeks. As seen in Figures 5b and 5c, V v and HH 
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Figure 4 The change of H V, V V, and H H l ight scattering patterns of the specimens tFeated with fuming nitric acid for 4 h (a, b, c) and 8 h 
(d, e, f). (a), (d) HV; (b), (e), VV; (c), (f), H H 

15 ° 

El 

Figure 5 The change of H V, Vv, and H H scattering patterns upon treating the specimens stretched by 20% with the silicone oil. The patterns 
(a)--(c) were taken immediately after the specimens were treated wi th silicon oil, while (d)--(f) were taken after the specimens were treated 
for a few weeks. (e) (d), HV; (b) (e), VV; (c), (f), H H 
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patterns are essentially identical, indicating that the scatter- 
ing arises primarily from density fluctuation, since the 
scattering from density fluctuation is independent of polar- 
ization directions in parallel polarizers. The density fluc- 
tuation, in turn, arises from density lowering or void for- 
mation at the interrod region, i.e. at boundaries between 
adjacent row-nucleated cylindrites. 

Upon immersing the stretched specimens in the silicone 
oil for a sufficient time, the silicone oil penetrates into the 
void region and decreases the density fluctuation along the 
interrod region. This results in increased transparency of 
the specimens and in the patterns shown in Figures 5d, 5e 
and 5f. The difference in Vv and HH patterns suggests that 
the orientation contribution is now predominant to the 
density fluctuation. Thus the Vv pattern is primarily de- 
pendent upon anisotropy of the rod-like units and orien- 
tation distribution of the units with respect to the MD as 
in the H v pattern. On the other hand the HH pattern pri- 
marily depends on the density fluctuation, as polarization 
directions of polarizer and analyser are perpendicular to 
molecular chain axes. The circular type Of HH pattern sug- 
gests that the density fluctuation is spherically symmetric 
in contrast to the pattern in Figure 5c where the fluctua- 
tion occurs preferentially along the interrod region. There- 
fore the whitening of the specimens arises primarily from 
the void formation at boundaries between the cylindrites 
and from a long range correlation of fluctuations produced 
by interlamellar void formation. The generation of the 
interlamellar voids was discussed in detail in the previous 
paper ~. The Hvpat tern  in Figure 5a is diffuse compared 
with that in Figure 5d due to a multiple scattering effect ~3, 
but is essentially identical before and after immersion, sug- 
gesting that the silicone oil does not affect the morphology 
except for the fact that it interpenetrates the void region. 

Figure 6 shows the change of H v, Vv, and HH patterns 
on stretching the specimens along the MD. With increasing 
elongation the H v scattering lobes orient towards the equa- 
torial direction. This results from orientation of anisotropic 
rod-like units towards the SD as discussed previously. 

On increasing the elongation, the density difference be- 
tween the rod-like units and their surrounding medium in- 
creases. Consequently, the anisotropic H H pattern appears, 
and the Vv and HH patterns become identical as shown in 
Figure 6 for the specimens stretched by 7, and 14% and in 
Figures 5b and c for the specimens stretched by 20%. The 
disappearance of the anisotropic Vv lobes which is espe- 
cially remarkable at elongations greater than ~30% may be 
associated with a decrease of continuity or integrity of the 
rod-like units. The tendency is also seen in H v patterns in 
that the intensity distribution becomes sufficiently broad- 
er, and in polarized light micrographs the identification of 
the rod,like units becomes increasingly harder. 

Figure 7 shows recoverability of the Hv scattering pat- 
terns upon releasing strain from given elongation percen- 
tages. It is seen that the patterns are almost completely 
recoverable if the initial elongations are less than ~30%. 
However at larger elongations recovery of the pattern was 
not complete as seen typically in the pattern released from 
50% elongation. This can be associated with decreasing 
continuity or integrity of the rod-like unit is considerably 
high. 

Figure 8 shows the relationship between bulk elongation 
and elongation of the microscopic structural units i.e. the 
rod-like units. The angles between the MD and the rod-like 
units s0 and a before and after stretching were evaluated 
by measuring the angles between the equator and one of 

the H V scattering lobes. The solid line indicates the change 
of the (s 0 - a)/ao if the unit afflnely orients toward the 
SD. From the Figure the units turned out to orient affinely 
even at relatively large elongations. At large elongations 
greater than "--40%, the deformation of the microscopic 
structure is retarded to the bulk elongations. This is related 
to some localization of strain, especially at the interrod 
amorphous region, which may be followed by a disruption 
of integrity or continuity of the rod-like units as suggested 
from the change of the light scattering patterns. 

Hashimoto et al. ~ previously investigated the residual 
strain, i.e. the strain which is observed even after the stress 
applied to the specimens is released as a function of initial 
elongations. At low initial elongations, the residual strain 
in bulk turned out to be identical to the submicroscopic 
residual strain which is analysed in terms of the long spac- 
ings measured by low-angle X-ray scattering. At large initial 
elongations greater than ~40%, the bulk residual strain can- 
not be uniquely interpreted in terms of the submicroscopic 
residual strain. The former is shown to be appreciably 
greater than the latter. The excess residual strain in bulk 
can be associated with an irreversible defo~qnation process 
involved on a much larger scale than the interlamellar spac- 
ing. The irreversible deformation, in turn, may occur due 
to the localization of strain at the interrod amorphous re- 
gion described above. 

At elongations greater than 40%, (c~ 0 - a)/aO ~ 0.4 thus 
is approximately 10 °. By taking the orientation distribu- 

tion of the rod-like units into account, the interrod void is 
considered to exist virtually parallel to the MD, and there- 
fore it partly accounts for the equatorial streak-like scatter- 
ing in the SAXS patterns as shown in Figure 9 of the pre- 
vious paper ~. The change of the orientation of the unit c~ 
with elongations is qualitatively in agreement with that ob- 
served directly under polarizing microscope. This again con- 
firms that the network structure of the rod-like units ob- 
served under the microscope reflects a morphological detail 
existing in the interior of the specimens. 

Origin of anisotropic rod-like units 
In order to obtain better microscopic evidence showing 

existence of the rod-like units as crystalline superstructure 
of the f i l l  specimens, we investigated electron micro- 
graphs of the free surface. The typical micrographs obtain- 
ed were shown in Figure 5 in the previous paper ~. No micro- 
graphs were obtained which showed clearly boundaries be- 
tween adjacent rod-like units. This may be due to the small 
density difference between the rod-like units and their 
boundaries as predicted by the circular type HH scattering 
pattern. 

Since it is well known that there are anisotropic rod-like 
units oriented at "~-22.5 ° with the MD, our problem is now 
to understand the origin of the superstructure. There may 
be two ways to approach this problem: (a) the superstructure 
is essentially formed as a consequence of crystallization from 
oriented melts, and (b) the superstructure is eventually 
formed by stress exerted to crystallized texture when the 
films are taken up. The latter may be less probable since 
for this particular manufacturing condition the stress should 
not be so large as to change texture which has been already 
crystallized (probably spherulitic in nature) into the net- 
work of the oriented rod-like units. The continuity or 
integrity of the units also may support the fact that the 
former is more probable than the latter. Therefore the 
oriented melts are considered to be crystallized into the 
network of the oriented rod-like units which are followed 
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15 o 
! ...... l 

Figure 7 The recoverability of the H v l ight scattering patterns upon releasing the deformation from given elongations. T h e  p a t t e r n s  (a)--(c) 
were obtained upon stretching the specimens along the MD by a given elongation, whi le (d) and (e) were obtained after releasi.~g the strain from 
the given elongation. (a) (~o; (b), (d) 20%; (c), (e) 50% 
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Figure 8 The change of the angle between the MD and the rod- 
like unit as a function of elongation 

60 

by a minor deformation by the stress exerted when the 
films are taken up. 

The anisotropic rod-like units as observed by the scatter- 
ing patterns and the light micrographs should then corres- 
pond to a row-nucleated cylindrite or parallel assembly of 
them. However, the axes of the cylindrites which are found 
or considered to be usually parallel to the MD are now in- 
clined by angles of ~-+22.5 ° with respect to the MD, though 
there should be some orientation distribution around the 
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Figure 9 The model of an anisotropic rod-like unit  as a scattering 
e n t i t y  

preferred direction. It is not clearly understood at present 
why the axes should be inclined to the hiD. A possible 
interpretation may be drawn by assuming that the row 
nuclei are formed in the preferred direction due to a par- 
ticular mode of flow involved in this manufacturing method. 
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where (M" O)H v is an induced dipole moment  under H V 
polarization condition given by: 

In fact the angle of  ~-+22.5 ° turned out to coincide roughly 
with flow directions of  polymer melt by adding intention- 
ally lower molecular weight inpurity (dye) to the melt  and 
observing its flow line. 

The angle of  22.5 ° was found to vary with processing 
conditions adopted in this work. For example the angle 
turned out to be 15 ° and 20 ° for the HMW2-H1 and the 
HMW2-H2 specimens designated in the previous papeP,  
respectively. 

Model calculation of  light scattering patterns 
In order to confirm further that the scattering patterns 

shown in Figures 2 to 7 arise from anisotropic rod-like units 
observed under polarizing microscope (Figure 1), we made 
calculations on the scattering patterns based upon a sim- 
plified model of an oriented assembly of anisotropic cylin- 
drical units (Figure 9). 

The coordinate oxyz is a cartesian coordinate where oz 
is parallel to the MD and ox is the film normal along which 
the incident beam is irradiated. The vectors i, j, and k are 
the unit vectors along ox, oy and oz, respectively, and s O 
and s' are those along propagation directions of incident 
and scattered light beams, respectively. The scattered light 
is observed as a function of the scattering angle 0 and azi- 
muthal angle/~. The axis of  cylinder (unit vector r) having 
length L and radius R i ° oriented at angles a and/3 with 
respect to the coordinate. The cylinder is assumed to be 
composed of uniaxially anisotropic scattering element with 
polarizabilities all and a i  parallel and perpendicular to the 
optical axis, respectively. The optical axis whose unit vec- 
tor is given by d makes a polar angle Coo with respect to r. 

In our special case, the orientation distribution function 
N(a, ~) of the rod axes r has maximum values at a equal to 
a0, 7r - a0, 7r + ao, and 2rr - a0, and the value of co 0 is 
nearly equal to ao. The radius R is roughly 0.5 to 1/am. 

Some assumptions were introduced in order to simplify 
the calculation: (a) the radius R is negligibly small com- 
pared with length L; (b) the distribution function N(a, ~) 
is uniaxially symmetric with oz axis, i.e. independent of  fi; 
(c) the angle 6o 0 is zero, and (d) interrod interference is 
negligible, and the rod-like unit is dispersed in an isotropic 
medium having polarizability as. 

The assumption (a) turned out to be reasonable from 
the light micrograph (Figure 1). Moreover the lateral size 
of  the rod-like unit was previously shown to affect the 
pattern only in a quantitative manneP 7'18. The assumption 
(b) may be reasonable from experimental evidences of  uni- 
axially symmetric orientations of  crystallographic axes and 
lamellar crystals x. The assumptions (c) and (d) will be legi- 
timate only if the qualitative shape of the patterns is of  
importance. 

Under these assumptions, H V and Vv scattering inten- 
sities IHv and Ivv are given by 

2 n  7r 

Ivy] =C f f N(a) sinadad/3 (1)  E,4 
~=0 ~=0 

where C is a proportional constant related to the absolute 
intensity, and N(a) is an orientation distribution of the 
vector r. EHv and Evv are amplitudes of H v  and Vv  
scattering given by: 

E v v ]  = O)v~] F(L; a, ~) (2) 

(M- O)Hv = Eo(br - bt) sina cosa cos/3 (3a) 

(3b) 

similarly 

(M" O)v v = E 0 [(b r - bt) cos2a + bt] 

(4) 

E 0 is the amplitude of incident light, and br and b t are 
polarizability differences defined by: 

br = air - as, bt = c~± - a s 

Now the function F is the structure amplitude of an 
isolated, homogeneous rod of length L having infinitesi- 
mally thin lateral dimension oriented at a given direction 
and is given by: 

L/2 

f sinUW 
F(L;a ,~)= cosk(rl • s )d r l -  UW (5) 

L/2 

where k = 2rr/X', s is so called scattering vector, and r I is a 
displacement vector indicating position of  a scattering ele- 
ment  in the rod. The variables U and W are defined by: 

U = 4~- (L /X ' )  sin (0/2) (6) 

(7) 

W = sina sin~ sin(0/2) - sina cos/3 cos(0/2) sirgt - 

cosacos(0/2) cosu 

(8) 

The quantity X' is a wavelength of light in the medium. 
The scattered intensities can be numerically calculated 

by using equations (1) to (7), if a functional form N(a)  is 
known. In this work N(a)  is assumed to be: 

N(a)  = exp [-o2(I  sinai - sina0) 2] 

I 0  

where a 0 is related to a peak position and a to a sharpness 
of  the orientaton distribution. Figure 10 shows the typical 

I II 
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Figure 10 Assumed or ientat ion distr ibut ion N(e)  for  a set of 
parameters: o = 5.0 and ao = 22.5 ° ( ); o = 3.0 and eo = 
12.25 ° ( . . . . .  ) 

9 0  

P O L Y M E R ,  1976,  V o l  17, D e c e m b e r  1083  



Superstructure o f  high density po l ye~y lene  f i lms: 7:. Hashimoto et  aL 

O a 

90 
o 20 4 0  
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9O 
O 2 0  4 0  

U - = -  

Figure 11 (a) Calculated H V and (b) calculated V V scattering 
patterns for  a set o f  parameters: o = 5.0, eo = 22.50 , L/h' = 40, and 
p = bt/(b r - b t) = --0.27 

behaviour of N(ct) for a set of parameters, (o = 5.0, tx 0 = 
22.5°; solid line) and (o = 3.0, s 0 = 12.25°; broken line). 

Figure 11 shows the typical result of calculated H V and 
Vie contour patterns for o = 5.0, s 0 = 22.5 ° , L/rh ' = 40, and 

p = bt(br - bt) = -0.27.  The intensity of the calculated 
HI/patterns passes through a maximum value at/a = 65 °, 
which is in good agreement with that experimentally ob- 
served. The relative contribution of density and orienta- 
tion fluctuations to the Vv scattering pattern is deter- 
mined by a parameter p(= -0.27) ,  the value of which 
roughly corresponds to a case where the orientation con- 
tribution is predominant to the density contribution. Al- 
though splitting of the lobes of the calculated VV pattern 
is less than that of the experimental patterns, agreement 
of the calculated and experimental patterns is fairly good. 
The intensity of the calculated V V pattern passes through 
a maximum value at/a = 75 °, which is in agreement with 
that of the experimental pattern. The difference in the 
values of/a where the HV and VV intensities are maximized 
is clearly understood by comparing (M. O)Hv and (M- O)vv 
in equation (3). The deviation between the calculated and 

experimental patterns in terms of the splitting of the lobes 
may arise from an interrod interference effect which is neg- 
lected in the present calculation. 

Figure 12a shows the calculated Hvj?attern for another 
set of parameters, o = 3 and s0 = 12.25 V. Although the 
pattern well agrees with the experimental pattern, the fit 
of the Vg pattern is less satisfactory compared with the 
case of o = 5 and so = 22.5 °. Figure 12b shows the calcu- 
lated H v  pattern for a slightly modified model where N(a) 
linearly increases from 0 to 1 with increasing o~ from 0 ° to 
a~, and decreases according to equation (8) upon further 
increase o fa .  The pattern was calculated for a set of para- 
meters, o~ o = 22.5 ° and o = 5 as in the previous case (Figure 
11a). Upon modifying the function N(a), the calculated 
pattern at large W is shown to be slightly skewed towards 
the equator, the tendency of which is in better agreement 
with the experimental patterns. 

0 

9 0  
O 2 0  4 0  

a 

o b 

90 0 2 0  4 0  
U-= -  

Figure 12 The calculated H v scattering patterns: (a) o = 3 ,  ~ o  = 
12.25 °. and L/h' = 40, and (b) N(a) being linearly increasing f rom 
0 to 1 wi th  increasing e f rom 0 ° to e~, and decreasing according to 
equation (8) for  a set of  parameter eo = 22-5°, a = 5, and LIR' = 40 
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Figure 13 Schematic diagram of the network (a) composed of 
optically anisotropic rod-l ike units. The units is composed of a 
row-nucleated cyl indrites or a parallel assembly of them. The axes 
of the cylindrites or the units (vector r 1) are oriented on average 
at angles -+~o wi th  respect to  the machine direction (MD) as in (b), 
whi le the average orientations of the chain axis and lamellar normal 
(vector c) are parallel to the MD 

Superstructure of high density polyethylene films: 7-. Hashimoto et al. 

CONCLUSIONS 

The high density polyethylene films crystallized by  a calen- 
der processing method exhibit  a submicroscopic structure 
typical of  that  found for films crystallized from oriented 
melt;  stack of  crystal lamellae oriented with their normals 
parallel to the MD, giving rise to a two-point  small-angle 
X-ray scattering pat terns and to the second-order orienta- 
tion factors of  the crystal b-axis close to - 1 / 2 .  Simulta- 
neous observations of  the light scattering patterns and 
polarized light micrographs revealed existence of  a micro- 
scopic structure, i.e. a superstructure of  the lamellae 
(Figure 13). The superstructure is composed of  optically 
anisotropic rod-like units whose axes are preferentially 
oriented at angle of  +so (22 °) with respect to the MD to 
result in a sort of  network structure as schematically shown 
in Figure 13a. 

The rod-like unit is considered to be composed of a row- 
nucleated cylindrite or a parallel assembly of  them. The 
axes of the cylindrites which are usually found to be 

parallel to the MD are inclined with respect to the MD by 
~-+22 ° in this particular processing condition.  The average 
orientations of  the chain axis and lameUar normal is parallel 
to the MD and thus make angles of  "!--22 ° with respect 
to the axes of  cylindrites as shown in Figure 13b. The 
angle so  is dependent  upon manufacturing conditions such 
as temperatures of  the first to the fourth drums and the 
ratio of  extruded and taken-up velocities. The existence 
of  such superstructure plays an important  role in the defor- 
mation behaviour of  specimens and to their mechanical 
properties,  especially at large deformation.  It is also im- 
por tant  in accounting for whitening of  the specimens when 
they are stretched parallel to the MD. 
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Studies of the chemical degradation of 
polysiloxanes by hydrofluoric acid: 1. 
Poly(tetra methyl-p-silphenylene siloxane) 

N. Okui and J. H. Magill* 
Metallurgical and Materials Engineering, University of Pittsburgh, Pittsburgh, Pennsylvania 15261, USA 
(Received 1 June 1976) 

Hydrofluoric acid solution selectively degrades poly(tetramethyl~o-silphenylene siloxane) (TMpS) 
through scission of the S i -O bonds. The crystallinity of self-seeded single crystals of TMpS is sig- 
nificantly enhanced on degradation as the fold surfaces are removed. For 48% H F at 30°C the crystal- 
linity change is from 73 to 95%. This corresponds to removal of two or more monomeric units from 
each crystal surface. Acid concentration and treatment temperature are very significant factors in the 
degradation reactions. The observed molecular weight change with time also depends on these de- 
tails. The molecular weight distribution of a fraction at first broadens and then narrows with degrada- 
tion time. At  relatively long reaction times, the molecular weight (by g.p.c.) is reduced by more than 
an order of magnitude over that of the starting polymer fraction. In the early stages of chemical de- 
gradation the reaction is heterogeneous presumably because of poor wetting of the siloxane polymer 
by the H F reagent. 

INTRODUCTION 

Many years ago chemical etching techniques were first used 
in the analysis of cellulose by acid hydrolysis in water or 
ethanol ~3. Since then numerous studies using chemical de- 
gradation methods have been used to investigate the nature 
of the crystal surface structure of polymers. Examples are 
the degradation of polyethylene with nitric acid ~-3 or 
ozone 4~, isotactic polypropylene by nitric acid 6'7 and 
poly(hexamethylene adipamide) with sodium hydroxide s 
as well as the degradation of cellulose by acid hydrolysis 9 
or poly(ethylene terephthalate) with monoethylamine ~°'~1~3 
or water vapour 12. Over the last decade polyethylene in 
particular, has been the subject of very intense investiga- 
tions, but the precise details of the crystal surface and the 
mode of chain-folding is still not well understood. However, 
very recent work on the chemical etching of solution grown 
polyethylene has provided further insight into the extent of 
fold region and of the crystalline core !4'~s. From all studies 
made to date it is clear that there is a real need to use de- 
finitive etching techniques which have a minimum of side 
reactions in such studies. Recent studies 16 of the surface 
topography of polyoxymethylene single crystals suggest 
that they may have an absorbed layer of 'amorphous' 
material which may have far reaching implications ~7 with 
regard to many solution grown polymer crystals. 

It has already been established ~8 that TMpS and related 
siioxanes selectively degrade thermally through Si-O bond 
cleavage. More recently it has been demonstrated that HF 
has (a) the ability to selectively cleave Si-O bonds of 
siloxanes, and (b) the ability to preferentially attack, under 
certain conditions, the non-crystalline regions of the poly- 
meric solid. From this vantage point the polysiloxanes are 
amenable to investigation by chemical degradation in a way 
that will provide useful information about the topography 
of the chain-fold surface in solution grown crystals. 

* Present address: Department of Physics, University of Bristol, 
Bristol BS8 1TL, UK. 

EXPERIMENTAL 

Solution grown crystals of poly(tetramethyl-p.silphenylene 
siloxane) (TMpS), molecular weight Mw = 6.20 × 104, were 
crystallized from 0.1% solution in a mixture ethyl acetate 
and methanol (volume ratio 2:1) using the self-seeding pro- 
cedure 2°. The single crystal nature of these samples was 
confirmed by electron microscopy. The crystalline sam- 
ples so obtained were then dried overnight hi vacuo at room 
temperature. Selective chemical degradation was carried 
out subsequently by treatment with hydrofluoric acid to 
which a few drops of a solution of an anionic dispersing 
agent were added to facilitate wetting of the crystal sur- 
faces. The reaction was carried out in polyethylene vessels 
which are not attacked by HF. Degradation experiments 
were conducted at several HF concentrations, at three 
different temperatures and for various reaction times. 

The degraded polymer was carefully washed, first with 
distilled water and then with methanol in which it was in- 
soluble. Complete removal of HF from the crystals was 
affected by an overnight soaking and further washing in an 
excess of methanol. Samples were later dried to constant 
weight in vacuo at room temperature. 

Molecular weights and molecular weight distributions 
were obtained from conventional g.p.c, analysis. A Water 
Associates G~P.C. was used with tetrahydrofuran as solvent. 
Aliquots of 0.5 ml of 0.25 wt % polymer solution in tetra- 
hydrofuran were injected into a series arrangement of four 
columns having porosity ratings of 3 × 106, 1.5 x 105, 104, 
103 A. The melting temperature and heat of fusion were 
obtained on degraded and original polymer by Perkin- 
Elmer (d.s.c.) calorimetry. X-ray small-angle scattering 
(Rigaku-Denki) was used for determining the crystalline 
long spacing. 

RESULTS 

Figure 1 shows the weight loss of poly(TMpS) as a function 
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Figure I Weight loss (%) of poly (TMpS) on etching with 48% HF 
at three different temperatures: ©, 20°; O, 30°; rq, 50°C 
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Figure 2 Weight loss (%) of poly (TMpS) on etching at 30°C with 
three different HF concentrations: ©, 28%; O, 32%; [3 48% 

of time when it was selectively degraded with 48% HF at 
three different temperatures (20 °, 30 °, 50°C). It was 
found that at 50°C, the crystals were etched away very 
quickly and were completely destroyed in less than 80 h 
of treatment. At 20 ° and 30°C, the reaction was less rapid 
and the weight loss curves show a levelling off after the 
first few hours of reaction. Figure 2 illustrates how the HF 
concentration affects the weight loss of poly(TMpS) at 
30°C. These curves clearly show that weight loss is very 
sensitive to both the concentration of the HF and the treat- 
ment temperature. Polymer treated with 24% HF at 30°C 
for 100 h showed no measurable evidence of reaction since 
the molecular weight and specimen melting point changed 
very little by this treatment. However, upon etching with 
28 and 32% HF at 30°C, there was some loss in weight, but 
no appreciable change in molecular weight or melting point 
was detected under these conditions. Contrast, however, 
the drastic molecular weight decrease with the time during 
degradation with 48% HF (see Figure 3) where saturation 
levels are rapidly reached at relatively shorter reaction times. 

Typical g.p.c, traces (Figure 4) of the degraded samples 
show only a single peak. The molecular weight distribution 
was ascertained from the spread of the g.p.c, peaks for 
different extents of reaction. In Figure 5, the molecnlar 
weight distributions (Mw/Mn) of the resultant g.p.c, curves 
are plotted vs. the square root of time. At first the mole- 
cular weight of the polymer fraction broadens with the 
time of the reaction in the early stages, after a few polymer 

o~ 4 
0 
d 

0 

3 0  i i i i 5i i i i i IOI I 

(Timel/2) ( h I12) 

Figure 3 Time dependence of the g.p.c, molecular weight on 
etching with 48% HF at three different temperatures: ©, 20°; 0 ,  
30 ° ; D, 50 ° C 
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C 

. . . .  2 '5  . . . .  3 ' o  . . . .  is '  
Elution volume (counts) 

Figure 4 G.p.c. traces of poly(TMpS)  degraded with 48% HF at 
30°C for various periods of time: A,  100 h; B, 16 h; C, 5 h; D, 1 h; 
E, 0h 
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Figure 5 Plot of the molecular weight distribution (Mw/M n) 
against the treatment time for poly(TMpS) degraded with HF under 
the conditions: O, 20°C, 48% HF; O, 30°C, 48% HF; [3, 50°C, 48% 
HF; A, 30°C, 28% HF; X, 30°C, 32% HF 

chains have been cut. For this reason Mw/M n initially rises 
as the molecular distribution broadens as observed for 20°C, 
48% HF and 30°C, 28% HF treatment conditions. For the 
48% HF at 30 ° and 50°C, and 32% at 30°C specimens, 
where the degradation is faster, similar Mw/Mn rises are ex- 
pected (but not measured) as much shorter reaction times 
(see Figure 5, broken line) are suggested. The molecular 
weight distribution then narrows as the treatment time and 
temperature are increased. 

Crystal stem lengths determined by small-angle X-ray 
scattering, make as a function of treatment conditions, are 
shown in Figure 6. Little change in the long period was 
found at short etching times using 48% HF. However, be- 
yond a certain reaction time for a given temperature, the 
crystals were rapidly attacked by HF and solution (i.e. the 
fold surface was readily removed by HF) and the small-angle 
long period decreased by about 6~13% approaching con- 
stant values at long times of reaction. 

DISCUSSION 

The increase in the molecular weight distribution, invar- 
lance in the molecular weight and the relatively small weight 
loss change during etching with 28 or 32% HF at 30°C can 
be explained by the relatively mild reaction conditions that 
all the surfaces of the aggregations of the single crystals were 
not equally exposed simultaneously to the etchant. This be- 
haviour is not exclusive to these mild conditions. At very 
long reaction times when the HF etchant can penetrate more 
deeply a significant weight loss occurs. Clearly degradation 
must be incomplete within the reaction times investigated 
under mild conditions of treatment where the rate is slower 
and only the readily accessible surfaces of the crystals in the 
aggregations will be etched with HF. Under such circum- 
stances, a somewhat superficial levelling-off of the weight 
loss is noted with time because of the slow rate of degrada- 
tion. A model depicting this type of mechanism of degrada- 
tion is given in Figure 7. Molecular weight measurements 
indicate as a function of degradation time that the mole- 
cular weight of the specimens changes (increases) only 

slightly when the chemical attack occurs at the surfaces of 
the aggregates of crystals. Support for this behaviour fol- 
lows from the fact that both the melting point and X-ray 
long spacing of the samples did not change significantly, 
supporting the idea of the inaccessability of the chemical 
reagent to the crystal surfaces. 

The somewhat unexpected trends in behaviour have been 
noted in other polymer systems too. The dependence of 
the treatment temperature, degradation reagent and speci- 
men history have all featured in the weight loss (and/or the 
molecular weight changes) reported for polyethylene [solu- 
tion grown crystal 3~1~2, bulk crystal ~'~3, high oriented 24 
and copolymers 2s'26, isotactic polypropylene 6'7, poly(ethy- 
lene terephthalate) u'27 and cellulose9]. For instance in the 
early Stages of acid treatment, a negative weight loss was 
observed for polyethylene crystals due to the addition of 
heavy chemical groups through the oxidation reaction with 
HNO32~p4. However, this gain in weight is found to be de- 
pendent on the treatment condition 23 (i.e. temperature 
or acid concentration). Polyethylene crystals etched with 
HNO3 show a much more drastic molecular weight change 
for a few per cent weight loss, because the chain scission 
occurred mainly on the folded lamellae surface. Degrada- 
tion varies with sample history because of the extent to 
which the acid can diffuse or penetrate into the amorphous 
or more disordered parts of the crystals 23. 9: 
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Figure 6 Time dependence of X-ray long spacing on etching with 
48% H F at temperatures: O, 20 ° ; [3, 30 ° ; A, 50°C 

HF 
/ .F 

H F 

Figure 7 Model depicting the mode of attack of HF on TMpS 
single crystal clusters. Initially HF attacks accessible peripheral 
areas (arrowed), later permeating to the 'shielded' interior 
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Selective chain scission of polyethylene single crystal 
gave g.p.c, multiple peaks corresponding to the single stem 
traverse, double traverses and triple traverses of the lamel- 
lae 28. This evidence is supportive of a chain-folded mor- 
phology with a lamella texture. However, it was found that 
the multiple g.p.c, peaks were ill-defined for the fibrillar 
crystals 934"293° and for branched polymers 26. Here degraded 
residues have inherently broad distributions because of (a) 
a wider distribution of crystalline lengths than in the lamel- 
lar crystal and (b) geometrical constraints associated with 
accessibility to the etchant. 

In poly(TMpS) the molecular weight of unfractionated 
material is narrow (Mw/Mn ~ 2.2) relative to polyethylene 
(Mw/M n ~ 40) so that the polydispersity of polyethylene 
usually improves with the acid treatment time tending to- 
wards a most probable distribution independent of the 
original chain length distribution 31'32. This trend is illus- 
trated in a theoretical analysis polymer chain scission by 
Kothiar 33. 

Figure 8 summarizes some aspects of the degradation of 
TMpS by HF. The molecular weight and the crystallinity 
variations are small until the sample weight loss reaches 
about 25%. Beyond this point .the molecular weight and 
the crystallinity exhibit a drastic 25% weight loss (as indi- 
cated by the broken lines). From here on the molecular 
weight decrease is small but the crystallinity decrease is 
still comparatively large. This pattern of behaviour before 
the weight loss reached 25%, is attributed to limited ingress 
of HF where diffusion of the etchant is intimately con- 
nected with both geometrical (surface area) and wettability 
considerations. Later in the degradation process, the sur- 
face of the single crystals (particularly fold surfaces) are 
selectively cut very quickly by HF with relatively small 
weight loss (as indicated by the broken lines in Figure 8 
about the 25% level). After the HF has removed most of 
the fold surface, the acid can then penetrate and attack the 
crystalline core and progressively remove monomer units 
from the crystal surfaces causing a further weight loss and 
crystallinity change. 

Crystallinity assessed by d.s.c, from heat of fusion data 
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Figure 8 Plot of the molecular weight against the weight loss of 
the degradaded poly(TMpS) under the conditions: ©, 20°C, 48% 
HF; O, 30°C, 48% HF; [3, 50°C, 48% HF. Plot of the degree of 
crystallinity against weight loss of the degraded poly(TMpS) under 
the conditions: (3, 20°C, 48% HF; A, 30Oc, 48% HF; A, 50°C, 48% 
HF 

reaches levels of 95% after selective degradation with 48% 
HF at 30°C for 50 h. Originally poly(TMpS) crystals have 
approximately 73% crystallinity and a 71 A long period. 
It was found from long period measurements (Figure 6), 
that the crystalline core is about 52 A (consisting of 6 
monomer units) with an amorphous fold surface estimated 
at 9.5 A (comprised of 2 monomer units). At this point 
little can be said about the unevenness of the surfaces or 
indeed if there are adsorbed chains on the crystal surfaces 17. 
However it is clear that HF removes this surface resulting 
in a 25% loss of weight-a fact which is consistent with the 
proposed model and is in good agreement with the mea- 
sured weight loss, molecular weight measurements and de- 
gree of crystallinity (Figure 8). 

Still, in all chemical degradative studies it seems that 
the physical dimensions of the surface actually accessible 
to the acid must feature somehow in assessing the degrada- 
tion rate. To date the role of geometrical factors stemming 
from different morphologies have largely been ignored in the 
literature. However it is worth mentioning that fibres and 
bulk crystallized specimens are naturally expected to have 
less accessible amorphous regions than single crystals or well 
dispersed aggregates of crystals. At this point the type of 
crystal must also be important (i.e. whether the mor- 
phology is platelet, axialite, hedrite or terraced) within a 
given specimen. The diffusion or penetration rate of 
etchant 22, as well as sample area vulnerable to attack, de- 
serves further consideration. Some of these problems will 
be tackled in later papers on the degradation of poly- 
siloxanes. Highly drawn fibres will undoubtedly be more 
receptive to etchants than unoriented fibres because of the 
higher sorption and diffusion transverse to the draw direc- 
tion, that is a consequence of a more open microfibrillar 
morphology consisting of taut tie molecules 34. 

CONCLUSIONS 

All results can be explained by assuming that aqueous HF 
preferentially attacks the less ordered surface layer of the 
crystalline material and removes it through severing selec- 
tively the Si-O bonds of poly(TMpS) 19. The molecular 
weight decreases by 10 ~ 14 times compared to the original 
specimens. However, current g.p.c, curves did not show 
multiple peaks corresponding to single, double or triple 
chain traverses. This rfiay be due to limited g.p.c, resolu- 
tion or to the presence of degraded molecular fragments 
having broad distributions. Further investigations are aimed 
at this problem. 
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Confirmation of the role of radicals in 
energy transfer resulting in induced 
phosphorescence of irradiated doped 
poly(methyl methacrylate) 

C. S. Bi len and D. J. Morantz 
London College of  Printing, London SE I, UK 
(Received 10 June 1976) 

Transient species, in irradiated doped poly(methyl methacrylate) (PMMA), enhance the transfer of 
energy to the triplet state of the dopant. Production of these transients enables a strong, induced, 
phosphorescence to occur even at room temperature. This is inhibited by the use of a radical scaven- 
ger or the presence of oxygen, which results in reduction of the phosphorescence intensity in the post- 
irradiation period. E.s.r. analysis of u.v. and X-ray irradiated doped PMMA samples, showing induced 
phosphorescence, identifies such transients as PMMA radicals. The correlation between induced phos- 
phorescence and thermoluminescence, previously reported, is extended by a further correlation be- 
tween induced phosphorescence and e.s.r, measurements. It is concluded that the PMMA radicals are 
involved in the induced phosphorescence as well as the thermoluminescence. 

INTRODUCTION 

The presence of radicals in irradiated polymers is well 
established 1"~. However, there has been some controversy 3,a 
as to whether, in irradiated PMMA samples, there is only one 
type of radical with the same decay rate for various e.s.r, lines 
(5th and 7th lines are generally used for these arguments) 
or whether more than one kind of radical is present having 
different decay rates for the 5th and 7th lines. More recent 
studies s indicate that various types of radical may be pro- 
duced under different irradiation conditions, however, at 
room temperature one type only of propagation radical pre- 
dominates over other types. This radical is characterized 
by a strong (so-called 9 line) e.s.r, spectrum. We have stu- 
died the luminescence of doped PMMA which has been 
irradiated by X-ray, u.v. light and visible laser light respec- 
tively and also by prolonged heating, at 473K, of this sys- 
tem in the absence of air. In each case this results in induced 
phosphorescence 6'7, emitted by the affected regions of these 
samples. 

We have demonstrated 6 the role of transient species as 
providing an alternative route for the transfer of  energy to 
the triplet state. Other studies 8 correlated the thermo- 
luminescence and induced phosphorescence of the irra- 
dated systems and helped to narrow the possible range of 
transient species responsible for these two effects. Our pre- 
sent findings concerning the reaction of transient species 
with atmospheric oxygen yields an estimate of the activa- 
tion energy for oxygen sensitized decay of phosphores- 
cence which is not inconsistent with the reported value 9 
for radical recombination. Furthermore, inhibition of the 
induced phosphorescence, through the use of a radical 
scavenger (diphenylamine) during u.v. irradiation, also in- 
dicates the presence of radicals in the irradiated regions. 
Although radicals have been demonstrated in u.v. and X-ray 
irradiated PMMA using e.s.r, spectroscopy, such studies did 
not relate to the effects of induced phosphorescence or 

thermoluminescence. The present paper reports direct, 
e.s.r., evidence which confirms that PMMA radicals (pro- 
pagation type) occur in u.v. and X-ray irradiated samples 
exhibiting induced phosphorescence and we find a strong 
correlation between the induced phosphorescence intensity 
and the e.s.r, signals for the u.v. irradiated samples. 

EXPERIMENTAL 

PMMA (BDH) was of low molecular weight and average 
particle size, 170/am. Triphenylene (purity 98%) and 
dibenzothiophene (95%) dopants were obtained from ' 
Rall?h N. Emanuel Ltd. The diphenylamine radical scaven- 
ger was laboratory reagent grade from BDH. The samples 
were prepared as described elsewhere 6 and the radical 
scavenger, diphenylamine powder, was mixed with the 
doped or undoped PMMA by a similar method. Details of 
the emission spectrophotometer have also been mentioned 
in earlier papers a. X-ray irradiation of samples was under- 
taken in a steel irradiation chamber fixed at a point focus 
window of an Elliot Automation Cu target tube (type no. 
315/Tx/6 Cu). This was generally operated using an accele- 
rating potential of 30 kV at 16 mA beam current. X-ray 
spots of about 8 mm diameter were produced. U.v. irra- 
diation of doped PMMA samples was carried out using 
an unfiltered high pressure mercury lamp with quartz win- 
dows (MED Mazda, powdered by an a.c. supply) at a dis- 
tance of about I0 cm. Irradiations were of 5---10 min inter- 
vals, the total exposure being up to ~130 min. 

E.s.r. analysis was undertaken at room temperature in 
air using a Varian E-12 X-band spectrometer and scans were 
carried out immediately after the completion of each u.v. 
irradiation period. The emission spectra for induced phos- 
phorescence were also recorded using the same u.v. lamp in 
a similar arrangement. 
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Figure I Effect of air on phosphorescence decay ratios. Curves 
A and B are for X-ray irradiated dibenzothiophene doped PMMA 
samples during the post irradiation period. A, Sample stored in air; 
B, sample stored in nitrogen; C, shows phosphorescence intensity 
changes of a u.v. irradiated tr iphenylene doped PMMA sample stored 
in vacuum and after the introduction of air 

RESULTS 

Figure I shows the sensitivity of the induced phosphore- 
scence to the oxygen of the air. The intensity (curve A) 
falls, after 20 h, to about 30% of the value obtained imme- 
diately after the X-ray irradiation. The induced phosphore- 
scence intensity remains high, however, when the irradiated 
samples are stored in oxygelx-free nitrogen gas (curve B) or 
in a vacuum (carve C). Curve C again emphasizes how the 
induced phosphorescence is affected by the introduction of 
air to the storage dessicator. We believe that the induced 
phosphorescence intensity decreases when oxygen reacts with 
the transient species to form peroxides. The sensitivity to- 
wards oxygen of the transient species is also indicated by 
our observation that the induced phosphorescence in doped 
PMMA samples is only generated when the air (oxygen) is 
excluded from these samples during prolonged heating. 
Furthermore in u.v. irradiated samples the induced phos- 
phorescence effect is restricted to surface layers as opposed 
to X-ray irradiation where the effect is in the whole thick- 
ness of the sample. The surface layers (u.v. irradiated) show 
a much faster decrease with storage in air, than do the 
thicker, bulk, (X-ray irradiated) samples. 

The radical character of the transient species is further 
supported by the results shown in Figure 2. Curves A mad B 
(Figure 2a) show the emission from a triphenylene doped 

PMMA sample before and after u.v. irradiation. Note.the 
development of an emission peak at 460 nm in curve B, 
corresponding to induced phosphorescence of the dopant 
in addition to the normal fluorescence peaks in the region 
of 360 rim. Curves C and D (Figure 2b) show the emission 
of triphenylene doped PMMA sample also containing a 
radical scavenger diphenylamine, before and after irradia- 
tion respectively. Before irradiation, the scavenger slightly 
reduces the fluorescence emission and surpresses the vib- 
rational strJcture corresponding to triphenylene. After the 
u.v. irradiation (similar exposure to that in the case of 
curve B above) the sample does not show induced phos- 
phorescence but does give a strong fluorescence peak in the 
region of 400 nm. The curves E and F show the emissions 
of PMMA samples containing only the radical scavenger 
compound diphenylamine before and after u.v. irradiation• 
Noting the similarity of emission after u.v. irradiation, and 
bearing in mind that no such emission takes place when the 
PMMA sample is without any additive and irradiated with 
u.v. light, one can only conclude that these emission bands 
(at 400 nm) are related to the radical scavenger dipheny- 
lamine dopant when it interacts with the transient species 
in PMMA. Furthermore the presence of primary dopant 
triphenylene does not affect this interaction. 
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Figure 2 (a) Emission spectra of tr iphenylene doped PMMA 
sample before (A) and after u.v. irradiation (B). (b) Emission 
spectra of tr iphenylene doped PMMA sample also containing 
diphenylamine radical scavenger ( ) before (C) and after u.v. 
irradiation (D); emission spectra of PMMA sample wi thout  tri- 
phenylene but containing radical scavenger ( . . . . .  ) before (E) 
and after u.v. irradiation (F). 
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scence (from the decay rates at 295K, 307K and 314K). 
The value obtained, 16.6 kcal, may be compared with half 
of the reported values (which range from 28-32 kcal) for 
PMMA radical pair recombination reported by Ohnishi and 
Nitta 9. In the latter case two radicals need to be detrapped 
(in the absence of oxygen) compared with one only in our 
case in the presence of oxygen. This strengthens our ear- 
lier coaclusions that the transient species are the PMMA 
radicals, which predominate at room temperature, of the 
type: 

Figure 3 A,  E.s.r. spectrum of X-ray irradiated dibenzothiophene 
doped P M M A  sample scanned after 5½ h storage in air; B, e.s.r. 
spectrum of dibenzoth iophene doped PM M A  sample u.v. irrediated 
for 40  min and scanned immediately after irradiation 

Curve A of Figure 3 shows the e.s.r, spectrum obtained, 
when dibenzothiophene doped PMMA, showing induced 
phosphorescence under u.v. inspection, was placed in the 
Varian E-13 cavity. This sample was irradiated, with the 
X-ray beam (16 mA at 30 kV accelerating potential) from 
a Cu target for 1 h; the sample was, however, left in air 
for 5½ h. As a result of this long exposure to air and be- 
cause the X-ray beam spot only covered about 1/10 of the 
cavity area, the e.s.r, signal is relatively weak. Curve B 
shows the typical sharp e.s.r, spectrum, immediately after 
a 40 min period of u.v. irradiation for a dibenzothiophene 
doped PMMA sample. This spectrum is similar to those 
obtained by Wong ~° for u.v. irradiation of evacuated PMMA 
films and X-ray and 7-irradiated PMMA samples a's. The 
line attributed to a signal from the quartz container 1° did 
not appear in our scan, as solid samples without quartz 
containers were used. 

Figure 4, curve A shows the variation of the e.s.r, signal, 
for a dibenzothiophene doped PMMA sample, with increas- 
ing u.v. irradiation. The curve shows a linear increase at 
first, followed after a maximum by a non-linear fall. A 
corresponding induced phosphorescence intensity behaviour 
is shown by curve B. The curves have similar shapes but with 
a slight shift in the relative position of the peaks for the two 
curves. We recall that such shifts were also present when 
induced phosphorescence and thermoluminescence curves 
were compared in our earlier studies 8. 

DISCUSSION 

The results shown in Figures i and 2 clearly indicate that 
the transient species responsible for induced phosphore- 
scence in doped PMMA are sensitive to both oxygen and 
radical scavengers. This points strongly to the possibility 
that the transients are radicals derived from the PMMA 
matrix. Moreover, we have estimated the activation energy 
for the decay, caused by oxygen, of induced phosphore- 

I H3 

- -  C H 2 - ~  c • 
I 
COOCH 3 

The e.s.r, spectra of Figure 3 for X-ray and u.v. irradiated 
doped PMMA samples clearly identify the transients as the 
above mentioned species of PMMA radicals by their 
characteristic line spectrum. The spectrum for the X-ray 
irradiated sample corresponds to a low signal, however, 
and probably for the reasons previously mentioned, namely 
small spot size and long exposure to air. Nevertheless there 
remained sufficient signal to identify it as belonging to 
PMMA radical. This scan of the X-ray sample, however, 
does not show the central line (indicated by the broken 
line). This has been nullified by the cavity signal. This 
effect is also seen in the reduction of the amplitude of the 
same central line for the stronger signal, in the case of the 
u.v. irradiated samples (Figure 3, curve B). 

The strong similarity of the curves in Figure 4 supports 
the argument that these radicals, measured by the e.s.r. 
signal, play an essential role in induced phosphorescence. 
The slight shift in the peak positions for the two curves in 
Figure 4 may be explained as follows: the induced phos- 
phorescence emission is recorded using a weak excitation 
source (312 line)which only affects the topmost layers of 
the irradiated regions near the surface of the irradiated 
samples. The e.s.r, signal and this would be the case as well 
for thermoluminescence (we have reported, elsewhere 8, the 
correlation of thermoluminescence and induced phosphore- 
scence) is derived from all the affected layers including 
deeper layers. Thus the weighted average for the e.s.r. 
signal (and for thermoluminescence) would reach satura- 
tion after a small time lag as compared with the induced 
phosphorescence measurements. 
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Figure 4 Comparison of e.s.r, signal amplitude (A) and induced 
phosphorescence intensity (B) for increasing u.v. irradiation periods 
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Our conclusion concerning the role of  PMMA radicals 
in energy transfer is further supported by  the anomalous 
thermal behaviour of  induced phosphorescence. Such 
energy transfer as well as induced phosphorescence was 
reduced drastically as the irradiated doped PMMA sample 
was cooled below the 7-transition of  PMMA. Below this 
transition the rotational freedom of  the ester group 12 is 
reduced and we believe that loss of  such freedom affects 
the energy transfer of  these radicals. However, other types 
of  radicals of  PMMA origin may also be produced under 
other conditions s, and their role and part icipation in energy 
transfer processes were quite different 8 from those of  the 
PMMA radicals now identified by the sharp line spectra in 
Figure 3. The evidence for the role of  PMMA radicals in 
energy transfer to the triplet state o f  the dopant ,  is we 
believe, quite conclusive. 
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Some aspects of flame retardancy in high 
density polyethylene 
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nology, Manchester, UK 
(Received 9 June 1976; revised 1 July 1976) 

The influence of the flame retardant agents, antimony trioxide and a chlorinated hydrocarbon, on 
the mechanical and flammability properties of high density polyethylene has been studied. Flamm- 
ability was assessed by means of the limiting oxygen index test, whilst mechanical properties were 
measured in the tensile mode on compression moulded samples. An optimum in terms of flame 
resistance was found at a Sb:CI mole ratio of 1:3 which tends to confirm that the actual flame re- 
tardant is the volatile antimony trichloride. The modulus, yield and drawing behaviour, and ultimate 
properties of the unoriented samples did not show significant change (< 10%) until the combined 
level of additive exceeded 25% by wt. Above this level it was found that the samples could not be 
oriented and that the elongation to break decreased markedly. Alumina trihydrate was studied as an 
alternative flame retardant but was found to be unsuitable for use in HDPE, since to obtain an ade- 
quate level of fire retardancy a high concentration (40°/0) of additive was required, which resulted in 
a significant deterioration in the mechanical properties. 

INTRODUCTION 

In the study of fire retardant additives it is desirable to in- 
clude the effect of these substances on other properties, 
notably mechanical, as these determine to a large extent 
the end use to which a particular formulation can be put. 
It is the purpose of this paper to apply these ideas to the 
antimony/chlorine system and to alumina trihydrate, using 
high density polyethylene (HDPE) as the matrix. 

Although well known, the antimony/halogen synergism is 
highly controversial in terms of optimum ratios of antimony 
to halogen. Little I in 1947 made what is considered to be 
the first attempt at explaining this synergism. He claimed 
that hydrogen chloride was evolved from the chlorinated 
hydrocarbon which reacted with antimony trioxide to yield 
antimony oxychloride (SbOC1) in situ. This implies an 
optimum flame retardancy when the mole ratio of Sb :C1 
is close to 1 : 1, according to the following simplified reaction: 

Sb203 + 2R-C1 ~ 2SbOC1 

More recently 2'3 claims were made implying an optimum at 
"-28% (w/w) Sb20 3 and ~15% chlorinated hydrocarbon, 
while Raft and Allison 4 claimed that 6% chlorinated hydro- 
carbon is sufficient. Pitts s reviewed recent evidence and 
while conceding that the oxychlorides of antimony (SbOC1 
and Sb405 C12) are powerful flame retardants, suggested 
that the real flame retardant is the volatile antimony tri- 
chloride (SbC13) according to the following simplified 
reaction: 

Sb203 + 6R-C1 ~ 2SbC13 

* Presented at the SCI Conference Flammability, Loughborough, 
January 1976. 
-~ Present address: Van Leer Research Laboratories, Passfield, 
Hampshire, UK. 

In 1966 Fenimore and Martin 6'7 reported saturation in 
terms of oxygen index above certain mole ratios of Sb :C1 
in polyethylene. Unfortunately their results are somewhat 
difficult to interpret and it was the purpose of the work 
reported in this paper to repeat their results. 

Regarding alumina trihydrate, which has gained popu- 
larity as a fire retardant, in recent years, owing largely to 
its relatively low cost, this has been described by Hopkins a 
and functions by the endothermic release of water at tem- 
peratures above 180°C resulting in flame cooling. 

EXPERIMENTAL 

Materials 
Commercial grade materials were used throughout this 

investigation and their properties are shown in Table 1, the 
data being taken from the manufacturers' information 
sheets. 

Sample preparation 
To ensure good dispersion of the flame retardant a two- 

stage mixer process was adopted. The polyethylene was 
heated to 145°C in a Banbury mixer, the additives added 
over a period of 4 min and mixing continued for another 
4 min at 125 rev/min. After discharging, the hot blend 
was rapidly transferred to a two-roll hot mill and intensively 
mixed for another 5 min before sheeting off, a differential 
speed of 1:1.14 was used to ensure shear in the nip, and 
roller temperatures were set at 145°C front, and 127°C 
rear. 

Sheets moulded from 100% HDPE subjected to the above 
conditions showed no significant difference in tensile and 
flammability properties to those of sheets produced under 
identical moulding conditions from virgin polymer chips. On 
the basis of this it was assumed that no significant degrada- 
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Table I Materials specification 

(A) Polyethylene: 
Viscosity-average molecular weight 110 000 
MFI (ISO R292A) 0.25 g/10 min 
Density 959 kg/m 3 
Melting range (polarized microscope) 132°-135°C 

(B) Antimony trioxide: 
Density 5500 kg/m 3 
Purity >99% 
Oil absorption (g/100 g)* 12 
Refractive index 2.09-2.29 

(C) Chlorinated hydrocarbont : 
Approximate chemical formula C23H28CI20 
Approximate molecular weight 1010 
Amount of chlorine (w/w) 68--72% 
Density 1630 kg/m 3 
Oil absorption (g/100 g)5~ 35 
Softening point ;~85°C 

(D) Alumina trihydrate §: 
Density 2400 kg/m 3 
Oil absorption (g/100 g) 40 
Purity >99% 
Chemical formula AI203.3H20 
Refractive index 1.58 

* Boiled linseed oil (density 935 kg/m 3) is commonly used to 
measure oil absorption; ttypically Cereclor 70 @ e x  ICI; Smeasured 
by authors; §typically Trihydrate E ® e x  Plastichem 

tion of the HDPE occurred during the blending and mould- 
hag cycles. 

Compression moulded sheets of nominal thickness, 0.8 
mm, were produced at 190°C and slowly cooled to room 
temperature over a period of 8 min. Moulded sheets were 
not annealed following the experience of .Aaderton and 
Treloar 9 who found that annealing HDPE sheets gave poor 
drawing characteristics. 

In view of its reproducibility it was decided to use the 
limiting oxygen index test for flammability as originally 
proposed by Fenimore and Martin ~°. Basically this test 
measures the concentration of oxygen (by volume) in an 
oxygen/aitrogen atmosphere to just sustain combustion and 
is interpreted on the basis of air containing ~21% oxygen. 
Thus, materials with an oxygen index (OD less than 21 can 
be expected to burn in air, while materials with a higher 
01 will generally be self-extinguishing. 

Samples cut from the compression moulded sheets were 
subjected to this test as per ASTM D2863-74 with one 
modification. This specification recommends that for 
material in the form of thin sheet the criterion for sustain- 
ed combustion shall be the burning of a sample of length 
100 mm. In view of the size of the compression moulded 
sheets (150 x 150 mm) it was decided to adopt the criterion 
for a rod, which is burning for a length of 50 mm or 3 rnin, 
whichever occurs first. This enabled more samples to be 
tested from one moulded sheet. Consequently while OI 
results quoted here are comparative with each other they 
will be slightly low when compared with results obtained 
by other authors. Results indicate the mean and range of 
five samples. 

Dumbbell shaped specimens 80 mm long were used for 
the tensile tests, thickness being measured at three points 
along the length of the parallel section. Five samples per 
variable were tested at a clamp separation rate of 50 mm/ 
min and an initial strain rate of 100% per min. The tests 
were conducted at room temperature (19°-23°C) and all 
samples except those at 40% additive level necked and drew. 
Since dumbbell specimens were used it was decided to use a 

corrected initial length of 35 mm in the calculation of 
mechanical properties in an attempt to overcome the prob- 
lems posed by this shape. Accordingly results are compara- 
tive only. 

Theoretical boundary conditions, corresponding to uni- 
form stress and uniform strain were calculated as detailed 
by Broutman and Krock n, assuming moduli for antimony 
trioxide and the chlorinated hydrocarbon of 2 x 1010 Pa 
and 2 x 109 Pa respectively. The iso-stress modulus is 
calculated from: 

vi 
I / E =  ~ E -  / 

where E is the composite modulus; E i is the modulus of 
components; Vi is the volume fraction of components: 
while the iso-strain modulus is obtained from: 

E = Z ViE i 

DISCUSSION 

Regarding the antimony/chlorine system it is convenient 
to plot results as a function of mole fraction of chlorine. 
This has the advantage of indicating the effects of different 
total concentrations on the same graph, however the graphs 
become somewhat compressed in that a Sb:CI ratio of 1:3 
is shown as a mole fraction of chlorine of 0.750 while a 
Sb:C1 ratio of  1:30 becomes 0.968. 

Results for 10% and 20% total additive concentrations 
are shown in Figure i and considering these graphs it would 
appear that two discontinuous regions exist, corresponding 
to undiluted antimony trioxide and chlorinated hydrocar- 
bon respectively. Some synergism can be seen to exist in 
that the oxygen index obtained in a blend is higher than 
that obtainable by the individual components, antimony 
trioxide and chlorinated hydrocarbon. It can be seen that 
this synergism is relatively small; an effect which has been 
ascribed to the relatively high degree of crystallinity Of the 
base polymer 12. 

In view of this synergism it would appear logical to con- 
sider the points at 100% Sb203 and 100% chlorinated 
hydrocarbon as not belonging to these curves, because of 
the lack of synergism at.these two points. Both curves, at 
10% and 20% total additive concentration, show points of 
inflection at mole ratios Sb:C1 of just greater than 1:3 
which tends to confirm that the actual flame retardant is 

I - - 

17 L L 
O 

I I / I I L I I L 

0 2  0 4  0-6 0 8  I-0 
Mole fraction chlorine 

Figure 1 Oxygen index vs. amount of chlorine at different total 
additive levels: c], 10% total additive; O, 20%, total additive 

1096 POLYMER,  1976, Vol 17, December 



2C 

[ 

16 
0 

IOOO 

I , 310 I 
I0 20  4 0  

Flame retardant [%) 

c 
¢- 

0 

k) 

Figure 2 Comparison of d i f fe rent  f lame retardants. ©, Sb:CI of 
1:3; D, alumina trihydrate 

24 

o .-.-- "" - Isostress 

0.81 t J i i 
O IO 20  30 4 0  

Flame retardent  (%) 

Figure 3 Modulus as a funct ion  of a m o u n t  of f lame retardant  at 
Sb:CI of 1:3 

the antimony trichloride (SbC13). It was found that in 
the range Sb:C1 of  1:3 to Sb:C1 of  1:30 saturation occurred 
in that the oxygen index levelled off, which confirms the 
findings of  Fenimore and Martin. The reason for this 
saturation is not however known at this stage. 

On the basis of Figure 1 an optimum could be selected 
at a Sb:C1 ratio of  1:3, Figure 2 shows the effect of  vary- 
ing the total additive concentration at this fixed mole ratio. 
It is apparent from this Figure that a vast improvement of  
flame retardancy is not possible owing to the low efficiency 
as previously mentioned. From these results it can be seen 
that at 40% additive the (91 is still fairly low at ~25.  Con- 
sequently it is thought that in a real fire situation HDPE so 
stabilized will burn and that protection is only afforded 
against the dropped cigarette end etc. This can be ascribed 
to the fact that in a real fire situation high temperatures 
will be encountered, resulting in a decrease in the oxygen 
index as has been previously described 13'~4. It is thought 
that this decrease may be sufficient to reduce the value of  
the oxygen index to below 21 in which case it can be ex- 
pected to burn. Experimental evidence regarding the size 
of  this oxygen index reduction with increasing tempera- 
ture, in HDPE stabilized with antimony/chlorine, is not 
available as yet. 

It was found that the oxygen index of  unstabilized 
HDPE was 16.8 and as explained earlier this figure is ex- 
pected to be low. Most authors 1s-18 quote figures for 
polyethylene o f ~ 17.4. 

Flame retardancy in HDPE: S. C. Shea and J. P. Berry 

Regarding the mechanical properties the effect on 
modulus and elongation to break are shown in Figures 3 
and 4 respectively. It was found that an increase in the 
amount of  additive caused an increase in modulus and a 
decrease in ultimate strain. Boundary conditions, corres- 
ponding to uniform strain and uniform stress are shown by 
the broken lines and it can be seen that the results obtained 
are fairly close to the iso-stress boundary, indicating that 
this is the controlling parameter. As a result of  this close 
proximity to iso-stress, this condition can be used as a 
practical basis to determine theoretical moduli to within 
10%. Above 25% total additive the elongation to break 
decreased markedly and it is thought that this would rep- 
resent a maximum flame retardant loading for a commer- 
cial plastic. 

Alumina trihydrate was compared with the antimony/ 
chlorine system and results are shown in Figure 2. It can 
be seen that the antimony/chlorine system is far more effi- 
cient compared to alumina trihydrate, in HDPE. To achieve 
an oxygen index of  21 with the latter additive concentra- 
tions of  ~40% are required, however the elongation to 
break decreases above levels of  ~25% as shown in Figure 4. 
The effect of  alumina trihydrate on modulus is shown in 
Figure 5;as  before results are close to the iso-stress boundary. 

CONCLUSIONS 

From the available results it can be inferred that the opti- 
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Figure 4 Elongation at break as a function of amount of flame 
retardant. 0 Sb:CI of 1:3; El, alumina trihydrate 
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mum ratio of  Sb :C1 is 1:3, which tends to confirm that the 
significant flame retardant in this system is the volatile 
ant imony trichloride (SbC13). The synergistic effect of  
ant imony/chlorine was found to be small in HDPE and it is 
thought that this may be due to the high crystallinity of  
the base polymer.  In a real fire situation, even at high 
levels of  additive (~40%) the material could be expected 
to bum vigoro-asly with the evolution of  dense black smoke 
which would cause (toxicological) problems. In practice 
this high level of  additive could not  be used since the me- 
chanical properties (notably elongation at break and ulti- 
mate stress) showed a marked decrease at concentrations 
above 25%. 

Alumina tr ihydrate,  studied as an alternative to anti- 
mony/chlor ine was found to have poor  flame retardancy 
compared to the Sb :C1 system in HDPE. 
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Impact yielding of high density 
polyethylene 
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We have used a projectile impact method to estimate the flow stress of high density polyethylene at a 
strain rate of ~3 x 103 sec -1. The technique was developed initially by Taylor and applied success- 
ful ly by Whiffin and others to ductile metals. The data from this experiment have been compared 
with data obtained in more conventional compression and drop hammer tests at lower strain rates at 
20 ° and 100°C. The flow stress of high density polyethylene deduced from the impact test at 20°C 
is significantly higher than that anticipated from a simple extrapolation of the low strain rate data at 
20°C. The data at 100°C are however in good agreement. The technique has also been used to esti- 
mate the flow stress of high density polyethylene as a function of temperature over the range -20  ° 
to +105°C. These data indicate that the discrepancy in the data for 20°C arises from a real discon- 
t inuity in the response of the polymer rather than from an inadequacy in the theoretical analysis of 
the impact experiment as applied to polymeric solids. We conclude that the impact method described 
is a useful technique for estimating the flow stress of polymers. It is however limited to a relatively 
narrow range of strain rates. 

INTRODUCTION 

A deformable cylinder (Figure la) impacted axially against 
a rigid plane at a high velocity will suffer permanent defor- 
mation. In the case of an ideal rigid-plastic material the 
deformation is of the form shown in Figure lb. For this 
case Taylor 1 showed that the yield stress, o, of the material 
may be estimated from the geometry of the impacted speci- 
men, using the following formula: 

pV2(Lo- X) 
o "~ (1) 

2(L0 - L) In (Lo/X) 

where (Figure 1)0 is the density of the specimen; V is the 
impact velocity; L 0 is the original length of the cylinder; L 
is the ffmal length and X is the length of the undeformed 
portion of the cylinder. The mean rate of strain, ~, during 
the impact was shown ~ to be 

~- V[2(Lo - X) (2) 

Equation (1) has been used successfully by Whiffin 2 and 
others to estimate the flow stress of metals at high strain 
rates. Taylor's analysis was based on a momentum exchange 
calculation for an ideal rigid-plastic material; more recent 
treatments 3'4 which take account of  strain hardening and 
elastic deformation predict yield stresses which differ only 
slightly from the value given by equation (1). 

We have used Taylor's method to estimate the yield 
stress of high density polyethylene at a mean strain rate of 
about 3 × 10 3 sec - 1 . .  The result is compared with mea- 

* Although in principle the strain rate may be readily varied by 
changing the impact velocity, in practice at low velocities the de- 
formation is too small for accurate measurement, and at high velo- 
cities it is too gross for the theoretical assumptions to be valid. The 
usefulness of the method is therefore restricted to strain rates of 
around 3 X 103 sec -1 for high density polyethylene. 

surements obtained by uniaxial compression in conven- 
tional compression tests and drop-weight impact tests 
at lower strain rates (up to 3 x 102 sec-1). The projectile 
impact experiment gives a yield stress significantly higher 
than that anticipated from a simple Eyring extrapolation 
of the lower strain rate data. The reason for this anomaly 
is uncertain; it may be due either to a real change in yield 
properties of the polymer at these high rates of strain or to 
an inadequacy in the interpretation of the impact response 
of polymers using the Taylor method. 

This impact method has also been used to study the 
apparent yield stress of high density polyethylene over 
the temperature range - 2 0  ° to +105°C. While the yield 
strength decreases rapidly with temperature the variation 
cannot be simply explained using an Eyring flow model. 

EXPERIMENTAL 

Taylor impact method 
A commercial grade of high density polyethylene 

(Rigidex 075-65) was used in the form of 16 mm diameter 
rod (density 953 kg/m3). Plane-ended cylindrical speci- 
mens ~40 ram in length were accelerated using a compres- 
sed-gas gun s and allowed to impact axially against a massive 
smooth-faced steel anvil. Two high speed photographic 
sequences are shown in Figure 2. Figure 2a shows the im- 
pact for a typical velocity (120 m/sec) at 100°C and thus 
corresponds to the maximum observed deformation of the 
cylinder. The surface of the cylinder was lubricated with 
MoS2 grease to reduce frictional losses during impact. The 
impact velocity was about 110 m/sec and was measured 
to within 1% by timing the interruption of two light beams 
crossing the barrel 6. 

The polymer specimens could be heated before impact 
by means of an electrical heating element around the breech 
of the gun. The temperature of the barrel surface immed- 
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to +100°C and 90 to 125 m/sec. The rebound energy was 
therefore ~7% of the initial kinetic energy of the projectilet 

The final dimensions of the specimens were measured 
with a micrometer screw gauge. The impacted specimens 
showed various degrees of concavity on the impacted sur- 
face. This is shown schematically in Figure lc. In all cases 
the length L was measured along the axis of the cylinder. 

The concavity becomes more extreme at the highest 
impact temperature where AL/(L 0 - L )  approached 0.8. 
Figure 2b shows the rebound of a specimen impacted at 
100°C and at a velocity of 170 m/sec. The deformation of 
the cylinder is extremely pronounced and indeed much 
greater than observed in cylinders where yield stress mea- 
surements were made. At this velocity the concavity of 
the specimen end is accentuated. The photographs indi- 
cate that this concavity, AL, is produced as the cylinder 
rebounds from the anvil; the axial length L remains sensibly 
constant during rebound. It is not clear why this post- 
impact deformation occurs but it may be due to a com- 
bination of factors including momentum effects, hydro- 
static effects and elastic recovery. 

The mean flow stress and the mean rate of strain were 
calculated from equations (1) and (2). After impact several 
specimens were cut along their axes and sections of the 
cylinder were microtomed. These sections were examined 
for stress birefringence and local tensile failure. 

Hammer impact method 
The instrumented drop-weight apparatus described by 

Heavens and Field 7 was used. The measurements were 
carried out at 20°C and the mean calculated strain rate w a s  

t No correction was made for this effect in the data quoted below. 
At present the theoretical treatment of such a correction is unclear. 
However a simple argument suggests that the calculated values of a 
(equation 1) might be reduced by up to 7%. 

I" L =I J,-- 
L~L 

Figure 1 Projectiles used for the Taylor impact experiment: (a) 
before impact; (b) after impact; (c) shows the concavity which 
forms after impact at 100°C. This concavity is less pronounced at 
lower temperatures 

lately above the specimen was measured by means of a 
thermocouple; the reading of this thermocouple was com- 
pared in a series of calibration experiments with the tem- 
perature measured by a thermocouple at the centre of a 
dummy polyethylene cylinder in the barrel when a steady- 
state temperature had been achieved. In all experiments at 
elevated temperatures the specimen was allowed to reach 
thermal equilibrium in the heated breech for 15 min before 
firing; we estimate that with these precautions the quoted 
temperatures are accurate to +2K and that the maximum 
non-uniformity of temperature is of a similar order. A few 
experiments were performed at below room temperature, 
in which specimens were cooled in a refrigerator before 
firing; the estimated temperature of -20°C is accurate to 
only + 1 OK. 

In some experiments the rebound velocity was measured 
by a similar photoelectric timing method to the one des- 
cribed above; the rebound velocity was found to be 
30 --- 2 m/sec and to be essentially independent of speci- 
men temperature and impact velocity over the range -20°C 

a 

b 
Figure 2 Two sequences of high speed photographs; interframe 
time 19 #sec. Frames are numbered sequentially. Initial impact 
is from right to left. (a) Impact of a HDPE cylinder at 100°C and 
120 m/sec. Cylinder diameter 16 mm. (b) Rebound of an HDPE 
cylinder after impact at 100°C and 170 m/sec. Elastic recovery and 
formation of the concavity on the impacted face occur between 
frames 1 and 5; the projectile breaks contact between frames 5 and 
6. Rebound velocity 30 m/sec 
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Figure 3 Flow stress of high density polyethylene measured by 
several techniques, plotted against log (strain rate) for two different 
temperatures: A, 20°C; B, 100°C. Note the sudden increase in flow 
stress at 20°C above ~ =3  X 102, which does not appear in the re- 
sults at 100°C. This work: E3, uniaxial compression; V, drop-weight; 
O, Taylor impact uniaxial compression: O, Amuzu and Br iscoel l ; l l  
Bowden and Jukes s 

~3 x 102 sec -1. The specimens were cylindrical and some- 
what smaller than those used in the impact tests (diameter 
6 mm, length 6 mm) and a certain amount of barrelling was 
detected in the deformed specimens. 

Low strain rate tests 
Low strain rate compressive tests were carried out using 

a commercial testing machine (Instron) in the range 10 -3 
to 1 sec -1. The yield stress was taken to correspond to 10% 
strain following Bowden and Jukes 8. 

Impact yielding of high density polyethylene: B. J. Briscoe and I. M. Hutchings 

A change in the mode of deformation at the high im- 
pact strain rates is also indicated by a marked difference in 
the temperature dependence of the flow stress at high and 
low strain rates. In Figure 4 we show our data for the tem- 
perature dependence of the flow stress at two strain rates. 
In both cases the flow stress decreases linearly with tem- 
perature. However the temperature dependence at the high 
strain rate is about three times greater than at the low 
strain rate. In Figure 4 we show low strain rate data 
for ~ = 20 sec -1 . Similar temperature dependences have 
been observed at strain rates down to 1 sec-11~. At about 
100°C the higher strain rate data (by the impact technique) 
are very similar to the lower strain rate uniaxial compres- 
sion data. It is not clear from the present data whether 
the results at the two strain rates become coincident or 
cross over at about 100°C. The data obtained from the 
impact technique become very inaccurate above 120°C 
due to excessive concavity in the impacted specimens and 
thus this question cannot be answered using Taylor's 
method. However these data do indicate that the discon- 
tinuity in the logl0 e against o plot at 20°C (Figure 3) is 
due to a change in the physical properties of the polymer 
rather than to an artefact inherent in the impact technique. 
We have no unequivocal explanation for the discontinuity 
or for the different temperature dependences. The onset 
of crystallite melting occurs at about 100°C in high density 
polyethylene. It therefore seems that these effects are 
associated with the crystalline nature of high density 
polyethylene. Ia the absence of data at higher strain rates 
and temperatures it is probably not sensible to speculate 
on their origin. Nevertheless the data do indicate that the 
Taylor iropact technique forms a useful method for esti- 
mating the flow stress of polymers, although unfortunately 
limited to a very narrow range of strain rates. 

EXPERIMENTAL DATA AND DISCUSSION 

Figure 3 shows our data and that of other workers for the 
influence of strain rate, ~, on the compressive flow stress, 
o, of various grades of high density polyethylene at 20 ° 
and 100°C. Following the classical analysis based on the 
high stress limit of an Eyring-type stress-modified thermally 
activated flow process 9'1° we have plotted lOgl0 e against o. 
With the exception of one data point, that for Taylor im- 
pact at 20°C, the data for each temperature show a similar 
monotonic increase in the value of a with increasing values 
of logl0 e. It appears that the Taylor impact technique 
gives a reasonable value of cr at 100°C. However the value 
of o calculated from the impact technique at 20°C is at 
least twice that anticipated from the linear extrapolation 
of the low strain rate data. This discrepancy seems to arise 
from a change in the mode of deformation of the polymer 
at strain rates above about 3 × 102 sec - I  at 20°C. There 
is evidence for this in the stress birefringence of the sec- 
tions of polymer cut from the impacted specimen. At 20°C 
the impact specimen shows a diffuse region of deformation 
which penetrates into the cylinder to a depth of the order 
of one quarter of the diameter of the cylinder. At 100°C 
however the deformation is more localized in a region close 
to the impact surface and penetrates to a depth of only 
about one eighth of the diameter. In addition these speci- 
mens show evidence of gross tensile rupture close to the 
impact surface. The deformation observed at 100°C was 
with the exception of the gross failure region very similar 
to that obtained in the slip region during conventional 
compression tests at both 20 ° and 100°C. 

ACKNOWLEDGEMENTS 

We thank Professor D. Tabor for his support and encourage- 
ment during the course of this study. We are also grateful 
for the award of Research Fellowships from the Oppenheimer 
Fund (B. J. B.) and St. John's College, Cambridge (I.M.H.). 

,2° I 
Q_ 

8O 

o 

4O 

Figure 4 

O 0 

0 

d o  ' 2'0 ' i o  ' iSo  ' 
Temperature (oc) 

Flow stress of high density polyethylene as a function of 
temperatures. O, ~ = 3 X 103 sec -1 ,  Taylor impact method; O, 

= 20 sec -1 ,  unpublished results of Amuzu and Briscoe 11 obtained 
in uniaxial compression 

P O L Y M E R ,  1976, Vo l  17, December 1101 



Impact Fielding of high density polyethylene: B. J. Briscoe and I. M. Hutchings 

R E F E R E N C E S  

1 Taylor, G. I. Proc. R. Soc. (A} 1948, 194, 289 
2 Whiffin, A. C. Proc. R. Soc. {A) 1948, 194,300 
3 Hawkyard, J. B. lnt. J. Mech. Sci. 1969,11,313 
4 Lee, E. H. and Tupper, S. J. J. Appl. Mech. 1954, 21, 63 
5 Hutchings, I. M. andWinter, R. E. J. Phys. [EJ 1975,8 ,84  

6 Hutchings, 1. M. Rev. ScL Instrum. in press 
7 Heavens, S. N. and Field, J. E. Proc. R. Soc. (A} 1974, 338, 

77 
8 Bowden, P.B. and Jukes, J . A . J .  Mater. Sci. 1972,7 ,52  
9 Ward, l . M . J .  Mater. Sci. 1971,6 ,1397 

10 Bauwens-Crowet, C., Bauwens, J. C. and Homes, G. J. Polym. 
Sci. (A,2) 1969, 7,735 

11 Amuzu, J. K. A. and Briscoe, B. J. unpublished data 

1102 POLYMER, 1976, Vol 17, December 



Notes to the Editor 

Cooling of a polymer sheet 
R. Po l la rd*  and J. D. Perkins 
Department o f  Chemical Engineering, University o f  Cambridge, Pembroke Street, Cambridge 
CB2 3RA, UK 
(Received 20 November 1975," revised 17 June 1976) 

This Note presents some results from a 
digital simulation study of one typical 
polymer processing operation (see 
Figure 1). Molten polymer sheet cools 
by heat transfer to metal rollers and 
to the atmosphere, and as it cools it 
crystallizes. The crystallization process 
liberates heat which is removed by 
both conduction through the sheet 
and heat transfer at the surface. By a 
suitable choice of processing conditions 
it is possible to affect the final state of 
the polymer sheet. 

Heat transfer through the sheet 
may be represented by: 

 (0j) 0x 
_ _  = 

at ~-z k + - -  V a t  

(1) 

Neither heat conduction in the flow 
direction nor end effects due to finite 
sheet width have been included. 

For polymer surfaces in contact 
with air, a suitable boundary condi- 
tion for equation (1) is: 

Uz-z s = k -  ( rS  - rA)  (2) 

Extruder 

Coordinate 

i 

Figure I Schematic diagram of a eommon 
crystallization process (cross-section). Typ i -  
cal system parameters: To = 4 7 3 . 2 K ;  ( T  A)  1 = 
368.2K; (TA) 2 = 373.2K; (TA) 3 = 378.2K; 
R l = 0 . 1 m ; R 2 = R 3 = 0 . 1 5 m ; n = 3 ; A  = 
0.9; B = - -2 .5;  C = 408.2K 

Present address: Department of Chemical 
Engineering, University of California, 
Berkeley, California 94720, USA. 

Local heat transfer coefficients have 
been evaluated from standard correla- 
tions where heat transfer results from 
both free and forced convection 1. 
Different correlations are used to cal- 
culate point-value heat transfer coeffi- 
cients in cylindrical and flat regions. 
For polymer surfaces in contact with 
rollers, perfect thermal contact has 
been assumed: 

rs  = TA (3) 

The Avrami analysis 2 has been ex- 
tended to predict the kinetics of the 
non-isothermal crystallization process 3. 
The relative crystallinity, x, may be 
obtained from: 

1 - x = exp 

where x = X/X~.  
Previous workers 3'4 have neglected 

X~ and have computed x directly. 
With this approach the latent heat is 
defined as heat released per unit mass 
of polymer. This quantity would seem 
to be a function of temperature and 
crystallinity, and not the constant 
which both Sifleet and Nakamura 
assume. It seems better to work in 
terms of the absolute crystallinity, X; 
then L has the standard definition of 
heat released per unit mass of polymer 
crystallized. An empirical expression 
has been used to predict the tempera- 
ture dependence of X= (T < C): 

(s)  

polymer properties on the temperature, 
and a linear mixing law of the type: 

P = PM(1 - X) + PC X (6) 

was used to describe the dependence 
on crystallinity. Data for the poly- 
ethylene MARLEX 50 were used in 
this study (Table 1). 

Estimation of the parameters in 
equation (4) presents difficulties: only 
isothermal data are readily available and 
generally the experiments are perform- 
ed at slow rates of crystallization for 
ease of measurement. Thus, extra- 
polation is necessary to predict fast 
rates of crystallization common in in- 
dustrial processes. Figure 2 shows 
experimental half-life results 6 and two 
equations fitted to these data. Both 
equations are of a form normally used 
to represent kinetic data but they lead 
to greatly different rate predictions in 
the temperature range of interest in 
this study. To assess the importance 
of this uncertainty, simulations were 
performed with both the fitted equa- 
tions which are referred to below as 
'slow' and 'fast' kinetic models. 

The non-linearities in equation (1) 
make numerical techniques the only 
feasible method of solution. An ex- 
plicit finite difference scheme 7 has 
been used in a computer program that 
performs steps in time, computing new 
polymer temperature profiles at each 
step. (For constant polymer speeds, 

Table 1 Physical propert ies fo r  M A R L E X  
50 

Temperature dependence 
(e.g. C M = q + rT) 

Polymer 
property q r 

VM 
Some evidence suggests that X= is also kM 
dependent on cooling conditions s, but CM 

VC 
quant i ta t i ve  pred ic t ions  are no t  avail- kc 
able. The choice of parameters A , B, cc 
and C for a particular process should L 
be made to  ref lect  dependence on cool- Vm 

km ing rate. A linear relationship was em- 
Cm 

ployed to describe the dependence of 

9.12x  10 -4  8 .80x  10 -7  
4.61 x 10 -2  5.02 x 10 --4 
3.22 x 103 0.0 
9.11 x 10 --4 3 .00x  10 -7  
1.24 -2.09 x 10 -3  
2.09 x 103 0.0 
2.41 x 10 s 0.0 
1.20 x 10 - 3  0.0 
0.30 0.0 
2.70 x 103 0.0 
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Figure 2 Temperature dependence of 
crystallization half-life for MARLEX 50: 
Data points6: A, 'slow' kinetic model: t½ = 
0.690 exp[611.7/(410.7 -- T) 2] min; B, 
'fast' kinetic model: t½ = 0.015 exp[96.4/ 
(410.7 -- T)] rain 

the time variable, t, and the distance 
coordinate,y, are directly related). 
Also crystallinity profiles within the 
polymer are computed from equations 
(4) and (5), using successive applica- 
tions of Simpson's rule to calculate the 
integral in equation (4). The step sizes 
were decreased until negligible change 
(<OAK) was observed in computed 
temperatures. It was found that a 
time step of 5.0 x 10 -3 sec and a step 
length in z of 6.25 x 10 -5 m were 
sufficient. All computations were per- 
formed on a PDP 11/45 computer in 
single-precision. 

RESULTS AND DISCUSSION 

The processing conditions that were 
simulated are shown in Figure 1, to- 
gether with values for the constants in 
equations (4) and (5) used in this study. 
The linear sheet velocity is 5 cm/sec 
and its thickness is 2.5 mm. The calcu- 
lated temperature profiles at the label- 
led points in Figure i are shown in 
Figure 3, for the slow kinetic model. 
The effect of the kinetic model on the 
predicted temperature profiles was found 
to be very small for the processing con- 
ditions chosen. There was negligible 
difference between the 'slow' and 'fast' 
temperature profiles until after the end 
of the rollers, when the fast model per- 
mits more crystallization. It was found 
that the final, essentially uniform, 
sheet temperature was about 5K higher 
for the fast kinetics than for the slow. 

The final degree of crystallinity pre- 
dicted by the two kinetic moaels is 
shown in Figure 4. It can be seen that 

the slow model predicts negligible 
crystallization. The order of magnitude 
difference in crystallinity predicted by 
the fast model results in a small differ- 
ence in calculated temperature profiles. 
The latent heat released during crystal- 
lization does not appear to be an im- 
portant factor in this heat transfer 
problem. 

Previous workers 3'4 have assumed 
that polymer physical properties are 
independent of temperature and de- 
gree of crystallinity. To test the vali- 
dity of this assumption for the process 
under consideration, constant mean 
values of the physical properties (Table 
1) were used in the computer program. 
The predicted temperature profiles 
never differed from the variable pro- 
perties solution by more than 5K for 
either kinetic model. Thus it seems 
that the assumption of constant phy- 
sical properties is reasonable for this 
process. 

Consequently it seems admissible 
to simplify the equations used to des- 
cribe the process. By neglecting the 
latent heat term in equation (1) a~ad 
assuming constant physical properties, 
we have: 

8T kV b2T 

~t c az 2 
(7) 

for which analytical solutions are 
easily obtainable provided the boun- 
dary conditions are linear 8. However, 
the boundary condition for po lymer -  
air contact is non-linear because of the 
dependence of the heat transfer coeffi- 
cient on the temperature difference, 
TS - TA. Detailed examination of the 
predicted temperature profiles shows 
that the temperature gradient, 3T/Sz, 
at a polymer-air  interface is always 
small, which suggests that little heat is 
transferred to the air. Therefore, in 
this case, it is reasonable to omit the 
contribution of air cooling; this results 
in the boundary condition: 

480. 

44o  

3 6 0  Z Coordinate 

Figure 3 Temperature profiles at different 
points in process simulated with equation 
(1) and 'slow' kinetic model. Time (sec) 
after start of process: A, 1; B, 7; C, 15; 
D, 30 

(8) 

for polymer-air  contact. A dimension- 
less form of equation (7) may be read- 
ily solved analytically with boundary 
conditions of the form of equations 
(3) and (8). The resulting temperature 
profile predictions are shown in Figure 
5. By comparison with Figure 3, it can 
be seen that the simplified description 
of the process approximates the full 
description reasonably well; errors are 
always less than 5K. 

With the simpler model it is easy to 
make preliminary estimates of the pro- 
cess configuration and roller tempera- 
tures needed to obtain a specified pro- 
duct. However, the detailed model 
should always be used to check the 
validity of the initial results because 
the simplified approach might not be 
acceptable for other sets of processing 
conditions. 

Uncertainties in the data can be 
overcome to some extent by using a 
sensitivity approach. For example, 
the range of possible predicted rates 
of crystallization could be accounted 
for by using a 'slow' and a 'fast' model 

~_ 0.4 

o-3 
b 
"6 
~ 0 2  

; O.I 
E 

\ I 
x I 

c 
h 

z Coordinate 

Figure 4 Variation in volume fraction of 
crystalline material across sheet at end of 
process. - - ,  'Slow' kinetic model; 

, 'fast' kinetic model 

4 5 0 ,  A 

3 6 0  z coordinate 

Figure 5 Temperature profiles at different 
points in process simulated with equation 
(7) and 'slow' kinetic model. Time (sec) 
after start of process: A, 1; B, 7; C, 15; 
D, 30 
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for the kinetics and comparing the 
results. In some circumstances the 
representation of the kinetic data will 
not influence the results significantly. 
However, in general, there is no sub- 
stitute for better data. In this context, 
it seems that more effort should be 
concentrated on non-isothermal cry- 
stallization kinetics and on the mea- 
surement of higher rates of  crystalliza- 
tion of the type usually found in 
industry. 

NOMENCLATURE 

B parameters in equation (5) 
C 
c specific heat of polymer 

(J/kg K) 
h heat transfer coefficient 

for polymer-air  con- 
tact (W/m2K) 

K modified crystallization 
kinetic rate constant 

k thermal conductivity of 
polymer (W/m K) 

L latent heat of crystalliza- 
tion of polymer (J/kg) 

n Avrami index 
P polymer physical property 
R radius of cylindrical roller 
T temperature of polymer 
t residence time of polymer 

in process 
V specific volume of polymer 

(m3/kg) 
X fractional crystallinity of 

polymer 
X =  final fractional crystallinity 

of polymer 
x fraction of final crystallinity 

of polymer 
y distance coordinate (mea- 

sured from extruder 
head along polymer 
sheet) 

z thickness coordinate 
r time-like integration 

variable 

Subscripts 

A in cooling medium 
C of crystallized polymer 
M of uncrystallized polymer 
m mean value 

Notes to the Ed i t o r  

O at start of process 
S at surface of polymer 
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Conformational study of poly (O-carbobenzoxyl- L-tyrosine) 
in solution 
Hiroyuk i  Yamamoto  
Institute of High Polymer Research, Faculty of Textile Science and Technology, Shinshu 
University, Ueda 386, Japan 
(Received 23 June 1976) 

ORD/UV-5 spectropolarimeter with a 
c.d. attachment, using cells with light 
paths of between 0.1 and 10 mm (poly- 
peptide concentration, 0.20-0.60%). 

The conformational properties of  poly- 
peptides having aromatic side-chain 
chromophores in organic solvents have 
been investigated by many workers; 
poly(L-phenylalanine) ~, poly(1 -benzyl- 
L-histidine) 2, poly(L-tryptophan) 3-6 
and poly(O-carbobenzoxy-L-tyrosine) 
(PCLT) 7-9. In most cases, the inter- 
pretation of optical rotatory dispersion 
and circular dichroism (c.d.) spectra in 
terms of conformation is rather diffi- 
cult since there are overlapping con- 
tributions to the total activity both 
from the peptide chromophores and 
from the side-chain chromophores. 
PCLT has been shown to have a right- 
handed ct-helical conformation from 
the change of b0 with copolymer com- 
position 7, the c.d. spectrum in solu- 
tion 8'9 and the X-ray diffraction pat- 
tern in the solid state 1°. These studies, 
however, did not include recent im- 
provements in apparatus and new sol- 

vents which are transparent to below 
200 nm. The actual conformation of 
PCLT in various solvents remains un- 
resolved. The author wishes to report 
here the detailed conformational fea- 
tures and the helix-coil transition of 
PCLT in pure or mixed solvents. 

EXPERIMENTAL 

PCLT was prepared by the method 
described in previous papers11-13; [r~] = 
0.62 dl/g in dichloroacetic acid (DCA) 
at 25°C. The molecular weight was 
estimated to be 95 000 (degree of 
polymerization = 320) from an empi- 
rical equationT; 

[~7] = 3.2 x 10-2Mw 0-66 

in DCA at 25°C. The rotation proper- 
ties were measured at 25°C on a Jasco 

4 0 0 0 0  

2 0 0 0 C  

.$, 

C 

-20 OOC 
[ 
I 

2;o ' 2;o ' 2 5 o  
Wovetength (nm)  

Figure I C.d. spectra of PCLT in the ultra- 
violet region at 25°C: o, in chloroform; El, 
in dioxane; e, in TFA; X, in hexafluoro- 
acetone sesquihydrate; A, in hexamethyl- 
phosphoramide 

POLYMER, 1976, Vol 17, December 1105 



for the kinetics and comparing the 
results. In some circumstances the 
representation of the kinetic data will 
not influence the results significantly. 
However, in general, there is no sub- 
stitute for better data. In this context, 
it seems that more effort should be 
concentrated on non-isothermal cry- 
stallization kinetics and on the mea- 
surement of higher rates of  crystalliza- 
tion of the type usually found in 
industry. 

NOMENCLATURE 

B parameters in equation (5) 
C 
c specific heat of polymer 

(J/kg K) 
h heat transfer coefficient 

for polymer-air  con- 
tact (W/m2K) 

K modified crystallization 
kinetic rate constant 

k thermal conductivity of 
polymer (W/m K) 

L latent heat of crystalliza- 
tion of polymer (J/kg) 

n Avrami index 
P polymer physical property 
R radius of cylindrical roller 
T temperature of polymer 
t residence time of polymer 

in process 
V specific volume of polymer 

(m3/kg) 
X fractional crystallinity of 

polymer 
X =  final fractional crystallinity 

of polymer 
x fraction of final crystallinity 

of polymer 
y distance coordinate (mea- 

sured from extruder 
head along polymer 
sheet) 

z thickness coordinate 
r time-like integration 

variable 

Subscripts 

A in cooling medium 
C of crystallized polymer 
M of uncrystallized polymer 
m mean value 

Notes to the Ed i t o r  

O at start of process 
S at surface of polymer 
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ORD/UV-5 spectropolarimeter with a 
c.d. attachment, using cells with light 
paths of between 0.1 and 10 mm (poly- 
peptide concentration, 0.20-0.60%). 

The conformational properties of  poly- 
peptides having aromatic side-chain 
chromophores in organic solvents have 
been investigated by many workers; 
poly(L-phenylalanine) ~, poly(1 -benzyl- 
L-histidine) 2, poly(L-tryptophan) 3-6 
and poly(O-carbobenzoxy-L-tyrosine) 
(PCLT) 7-9. In most cases, the inter- 
pretation of optical rotatory dispersion 
and circular dichroism (c.d.) spectra in 
terms of conformation is rather diffi- 
cult since there are overlapping con- 
tributions to the total activity both 
from the peptide chromophores and 
from the side-chain chromophores. 
PCLT has been shown to have a right- 
handed ct-helical conformation from 
the change of b0 with copolymer com- 
position 7, the c.d. spectrum in solu- 
tion 8'9 and the X-ray diffraction pat- 
tern in the solid state 1°. These studies, 
however, did not include recent im- 
provements in apparatus and new sol- 

vents which are transparent to below 
200 nm. The actual conformation of 
PCLT in various solvents remains un- 
resolved. The author wishes to report 
here the detailed conformational fea- 
tures and the helix-coil transition of 
PCLT in pure or mixed solvents. 

EXPERIMENTAL 

PCLT was prepared by the method 
described in previous papers11-13; [r~] = 
0.62 dl/g in dichloroacetic acid (DCA) 
at 25°C. The molecular weight was 
estimated to be 95 000 (degree of 
polymerization = 320) from an empi- 
rical equationT; 

[~7] = 3.2 x 10-2Mw 0-66 

in DCA at 25°C. The rotation proper- 
ties were measured at 25°C on a Jasco 
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Figure I C.d. spectra of PCLT in the ultra- 
violet region at 25°C: o, in chloroform; El, 
in dioxane; e, in TFA; X, in hexafluoro- 
acetone sesquihydrate; A, in hexamethyl- 
phosphoramide 
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The dimension of [0 ] is degree cm2/ 
dmol. The nuclear magnetic resonance 
(n.m.r.) spectra were recorded on a 
Jeol 60-MHz JNM-c-60HL spectro- 
meter and peak positions were mea- 
sured relative to the internal tetra- 
methylsilane (polypeptide concentra- 
tion, 5%). 

b 

RESULTS AND DISCUSSION 

Figure 1 shows the c.d. spectra of 
PCLT in five solvents at 25°C. PCLT ~t t ~  

has a right-handed or-helix conforma- ~E 
tion in chloroform or dioxane. Appro- 
ximately the same c.d. spectrum to 
200 nm is obtained in trimethylphos- 
phate, 2-chloroethanol or 1,1,1,3,3,3,- 
hexafiuoro-2-propanol. The polypep- 
tide has a random coil structure in tri- 
fluoroacetic acid (TFA), hexamethyl- 
phosphoramide or hexafluoroacetone 
sesquihydrate. As shown in Table 1, 
the molar ellipticity values are -6000 
-8700 (at 229-231 nm) in helix-pro- 
moting solvents and less than -700  
(at 237 nm) in coil-promoting solvents. 
The assignment of the two Cotton 
effects, the first negative and centred 
at ~230 nm, the second positive at 
218 ,,am, have been discussed by Good- 
man et al. s. PCLT is insoluble in 
2,2,2-trifluoroethanol, N,N-dimethyl- 
formamide, dimethyl sulphoxide, for- 
mic acid and methylsulphonic acid. 

Figure 2 shows the helix-coil transi- 200  
tion of PCLT in chloroform/DCA (or 
TFA) or dioxane/DCA (or TFA) mix- 
ed solvents at 25°C with midpoint at 
8% (or 4%) or 62% (or ~35%) DCA 
(or TFA), respectively. This suggests o I0¢ 
that the right-handed helix of PCLT 
is more stable in dioxane/DCA (or 
TFA) mixed solvents than in chloro- 
form/DCA (or TFA) mixed solvents 
and less TFA is necessary to destroy O 
the helical conformation than DCA. 
The author was partly unable to mea- 
sure the transition since the solubility 
of PCLT decreased and precipitated at 
solvent compositions between 35 and 
88% TFA in dioxane. 

Figure 3 shows the behaviour of 
the chemical shift and b0 values for 
PCLT with change of solvent compo- 
sition in chloroform/TFA mixed sol- 
vents at 25°C. The b0 value was cal- 
culated from the optical rotatory dis- 
persion curve using )tO = 212 nm TM 
and is between 150 and 175 in chloro- 
form or dioxane. Vollmer and Spach 
reported a larger b0 value in a methy- 
lene dichloride/DCA (1%)mixed sol- 
vent (no c.d. data) 7. As for the speci- 
fic rotation, [a] 256 = 200 in dioxane 

o ' 4 ' 0  ' 8o ' ' ' ' I~0 // 0 40  

DCA or TEA in CHCI 3 or dioxone ( %  v/v) 

Figure 2 Helix-coil  transition of PCLT with change of solvent composition at 25°C. (a): 
O, In chloroform/DCA mixed solvents; o, in chloroform/TFA mixed solvents. (b): 13, In 
dioxane/DCA mixed solvents; m, in dioxane/TFA mixed solvents 

4 '20 

E 
¢ .  

4"60 o. 

5"00 

o ' ' ' ~ o '  ' ' 8 o '  

TFA in CHCI3(or CDCI~(% v/v) 

Figure 3 e-CH chemical shift (/k) and bo 
values (o) of PCLT in chloroform (or chloro- 
form-dl)/TFA mixed solvents at 25°C 

25 chloroform/DCA and [a] 546 = 167 in a 
(1%) mixed solvent are obtained and 
these values agree with a specific rota- 
tion reported by Vollmer and Spach 
([a] 500 = 165 in a methylene dichlo- 
ride/DCA (1%~ mixture) 7. Addition 
of 4% TFA to the chloroform solution 
causes a sudden drop in the value of 
b0 to zero. In DCA or TFA the b0 
value is zero (random coil). In chloro- 
form-dl, the ct-CH resonance of PCLT 

Table I Residue ellipticities and chemical 
shifts for PCLT 

[e] a 
(degree cm2/ a-CH 

Solvent dmol) (ppm) 

Chloroform -8700 (231) 4.10 b 
Dioxane --8400 (231) 4.05 b 
Trimethylphos- --7100 (230) c 

phate 
2-Chloroethanol - 8 0 0 0  (230) 
Pyridine 4.06 b 
1,1,1,3,3,3-Hexa- - 6 0 0 0  (229) 

fluoro-2- 
propanol 

TFA 4.75 
Hexafluoroacetone --700 (237) 4.60 b 

sesq u ih yd rate 
1,3-Dichlorotetra- - 5 6 0  (237) 

fluoroacetone 
2,5 hydrate 

aValues in parentheses show a trough posi- 
tion (nm); bmeasured in deuterated solvent; 
c[ 8 ] 232 = ~- -7000 was reported in ref 8 

appears at 4.10 ppm (helix), whereas 
in TFA this proton appears at 4.75 
ppm (random coil). 4% TFA changes 
the chemical shift from 4.10 to 4.55 
ppm (Figure 3). Thus, the conforma- 
tional relationship between the ct-CH 
resonance and the rotation properties 
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is clearly demonstrated. As summar- 
ized in Table 1, the conformation of  
PCLT is a right-handed e~-helix in 
chloroform, dioxane, trimethylphos- 
phate, 2-chloroethanol, pyridine or 
1,1,1,3,3,3-hexafluoro-2-propanol 
and a random coil in DCA, TFA, hexa- 
methylphosphoramide, hexafluoroace- 
tone sesquihydrate or 1,3-dichlorotet- 
rafluoroacetone 2,5 hydrate. 
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In the course of  the preparation of  well 
characterized narrow molecular weight 
distribution poly(styrene-g-isoprenes) 
partly chloromethylated polystyrene 
had to be converted to poly(vinyl- 
benzyl acetate-styrene) random co- 
polymer ~. The published method 2'3, 
using potassium acetate in dimethyl 
sulphoxide gave variable reaction 
yields and broadening of  the molecu- 
lar weight distribution. The tbrmer 
observation can be accounted for by 
the heterogeneity of  the reaction me- 
dium, the latter is ascribed to the pre- 
sence of  oxidation products of  dime- 
thyl sulphoxide. Therefore, a new 
method using crown ethers to solu- 
bilize and activate potassium acetate 
in non-polar solvents 4 was adapted to 
the acetylation of  partly chloromethy- 
lated polystyrene. 

Typically, 1 g anionically prepared s 
and chloromethylated 6 polystyrene 
containing 0.37 mmol chlorine is dis- 
solved in 20 ml of  a 50/50 (v/v) mix- 
ture of  benzene and acetonitrile. To 
this, 135 mg dicyclohexyl-18-crown-6 
(Aldrich) and 365 mg potassium ace- 
tate (3.7 mmol) are added. The mix- 
ture is magnetically stirred at 75°C. 
The reaction is quenched by cooling 
and the addition of  benzene. The mix- 
ture is filtered and the polymer pre- 
cipitated in excess methanol. The car- 
bonyl absorption band at 1740 cm -1 
is used to monitor the acetylation. 
(Figure 1). The final acetate content 
of  the polymer agrees with X-ray fluo- 
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Figure 1 Progress of the substitution reac- 
tion of chlorine in partly chloromethylated 
polystyrene. For the reaction conditions, 
see the text. ©, Substitution by acetate; A, 
substitution by one-ended poly(styrene 
carboxylate) 

rescence analysis of  chlorine in the 
original polymer, indicating that the 
substitution reaction goes to comple- 
tion 4,7. 

The 50/50 mixture of  benzene and 
acetonitrile constitutes a near 0-sol- 
vent for polystyrene at room tempera- 
ture. The reaction is quite slow in pure 
benzene at 70°C. Dibenzo-18-crown-6 
is only about half as efficient as dicy- 
clohexyl-18-crown-6. Table I illus- 
trates the generality of  the substitution 
reaction with the same chloromethy- 
lated polystyrene. Gel permeation 
chromatograms indicate that the sub- 
stituted polystyrenes retain the origi- 

nat narrow molecular weight distribu- 
tion. The substitution of  chlorine by 
stearate is slower than by acetate, pre- 
sumably because the large amount of  
stearate lowers the dielectric constant 
of  the reaction medium. When potas- 
sium p- (2-chloroethyl) benzoate is the 
substituent the chloroethyl group is 
available for further substitution by 
benzoate. An average of  three ester 
links were formed per polymer chlor- 
ine. Neither potassium 2,4-dinitro- 
phenolate nor potassium phenolate 
reacted under these reaction condi- 
tions. 

The reaction of  chloromethylated 
polystyrene with potassium 1.phenyl 
propionate is a prototype for the re- 
action with one ended potassium car- 
boxylated polystyrene. As an exam- 
ple of  crown ether catalysed grafting, 
0.30 g chloromethylated polystyrene 
(0.11 mmol C1,Mn = 143 O 0 0 , M  w = 
157 000) is reacted with 0.655 g of  
polystyrene capped with one potas- 
sium carboxylate group* (0.218 mmol 

* The one-ended polystyrene-COOK is 
prepared with sec-butyUithium in benzene. 
The living polymer is terminated under 
vacuum in the presence of 1.5 equivalent 
tetramethylethylenediamine with a large 
excess of solid carbon dioxide. The benzene 
solution of the polymer is acidified with 
aqueous hydrogen chloride, washed repeat- 
edly with distilled water and freeze dried. 
The polystyrene is redissolved in benzene 
and the acid groups are neutralized with 
potassium methoxide in benzene-methanol 
(5:1) using the thymol blue end point 8. The 
polymer is then recovered by freeze drying. 
During carboxylation a variable amount of 
polymer (less than 10%) dimerizes 9, but 
this fraction does not interfere in the subse- 
quent coupling reaction. 
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is clearly demonstrated. As summar- 
ized in Table 1, the conformation of  
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benzoate. An average of  three ester 
links were formed per polymer chlor- 
ine. Neither potassium 2,4-dinitro- 
phenolate nor potassium phenolate 
reacted under these reaction condi- 
tions. 
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propionate is a prototype for the re- 
action with one ended potassium car- 
boxylated polystyrene. As an exam- 
ple of  crown ether catalysed grafting, 
0.30 g chloromethylated polystyrene 
(0.11 mmol C1,Mn = 143 O 0 0 , M  w = 
157 000) is reacted with 0.655 g of  
polystyrene capped with one potas- 
sium carboxylate group* (0.218 mmol 

* The one-ended polystyrene-COOK is 
prepared with sec-butyUithium in benzene. 
The living polymer is terminated under 
vacuum in the presence of 1.5 equivalent 
tetramethylethylenediamine with a large 
excess of solid carbon dioxide. The benzene 
solution of the polymer is acidified with 
aqueous hydrogen chloride, washed repeat- 
edly with distilled water and freeze dried. 
The polystyrene is redissolved in benzene 
and the acid groups are neutralized with 
potassium methoxide in benzene-methanol 
(5:1) using the thymol blue end point 8. The 
polymer is then recovered by freeze drying. 
During carboxylation a variable amount of 
polymer (less than 10%) dimerizes 9, but 
this fraction does not interfere in the subse- 
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COOK,Mn = 3000) in 6 ml of  a ben- 
zene-acetonitrile (50/50) mixture in 
the presence of  40 mg dicyclohexyl- 
18-crown-6 at 75°C. Potassium chlor- 
ide precipitates out from the initially 
homogeneous reaction medium. The 
reaction is monitored by gel permea- 
tion chromatography. Progress is cal- 
culated from the relative amounts of  
polymer in the comb and that present 
as free branch material. (Figure 1). 
Excess branch material can be removed 
easily by fractionation. The i.r. car- 
bonyl absorption of  the fractionated 
comb is compared with the absorp- 
tion in fully acetylated or 1-phenyl 
propionated backbone polymer. It 
can be used to determine the extent of  
branching independently of  the mole- 
cular weight of the comb polymer 1°. 
Similarly, hydrolysis of  the ester links 
with sodium hydroxide in dioxane/ 
water 3 and gel permeation chromato- 
graphy of  the product permits calcu- 
lation of  X, the fraction of  polymer in 
the backbone and, therefrom, the 
average number of  branches per chain. 
For the comb polymer described 
~kCl = 0-472, ~kix. = 0.471, ~.hydr. = 
0.458, XMw = 0.456. With the same 
backbone polymer and a branch poly- 

Table I Substitution on partly chloromethylated polystyrene 

Substituent Yield (%) Remarks 

CH3(CH2)]6COOK 100 (36) 

C6HsCOOK 100 (24) 

trans-C6HsCH=CHCOOK 87 (64) 

p(CI--CH2CH2)C6H4COOK (72) 

CH3CH(C6Hs)COOK 100 (48) 
KCN 

Weight increase of polymer 
I.r. absorption at 1740 cm - !  
P.m.r. eliphatic/aromatic = 0.91 ; calculated 0.89 

I.r. absorption at 1720 cm--1; compared with 
benzyl benzoate 

I.r. absorption at 1720 and 1635 cm - I  
U.v. absorption at 275/~m 

I.r. absorption indicates 3 carbonyls per Ct 

I.r. absorption at 1740 cm - 1  

I.r. absorption at 2270 cm - 1  

Values in parentheses represent reaction times (h) 

mer ofMn = 18 700 a comb polymer 
was obtained having kCl = 0.126, 
Xis. = 0.146, ~khydr ' = 0.138, and ~Mw = 
0.145. 
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Grafting on to poly(vinyl alcohol): a new spectral 
method to est imate the extent of graft ing* 

T. Vasudevan t ,  H. Kothandaraman and M. Santappa 
Department of Physical Chemistry, University of Madras, Madras 600025, India 
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Studies of  grafting onto polymer back- 
bones are numerous 1-s. In most cases, 
the grafting rates are obtained by 
gravimetric procedures; the complete 
precipitation, filtering and drying to 
constant weight is a cumbersome pro- 
cedure, in which it is very difficult to 
eliminate experimental error. The use 
of  spectral techniques obviates such a 
gravimetric procedure, once a correla- 
tion is established between gravimetric 
and spectral techniques. Though much 

* This work was presented at the Chemistry 
Symposium, Indian Institute of Technology, 
Madras, March 1976. 
t Present address: Central Laboratory, 
Bharath Heavy Electricals Ltd, Tiruchi- 
vappalli -620 014, India. 

work has been carried out on spectro- 
scopic investigations of  vinyl copoly- 
merizations, the method has been applied 
for graft polymers in only a few cases 6'7. 
In this work, grafting is carried out in a 
homogeneous solution under both ther- 
mal and photochemical conditions. 

EXPERIMENTAL 

Materials 

Poly(vinyl Alcohol) (PVA) (DP = 
1000) supplied by BDH Laboratories 
was used as received. Acrylamide 
(LR BDH) was purified by recrystall- 
ing it from AR Chloroform twice. 
Ferric chloride (AR BDH) and ceric 
ammonium sulphate (AR BDH) were 
used as received without further puri- 

fication. The PVA solution and other 
solutions used in the spectroscopic 
investigations were prepared according 
to the procedure reported in a previous 
paper s. A typical absorption spectrum 
of the PVA/boric acid/iodine complex 
was recorded using a SPECORD UV- 
VIS Spectrophotometer (Figure 1). 
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Figure 1 Typical absorption spectrum of 
the PVA/boric acid/iodine complex 
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Percentage grafting = 
100 x Weight of grafted polymer - Weight of backbone polymer 

Grafting procedure 

Thermal. Grafting of acrylamide 
onto PVA was carried out in a reaction 
vessel having an inlet and outlet, in an 
atmosphere of  nitrogen at a constant 
temperature of 50 -+ 0.1°C using ceric 
ammonium sulphate as initiator. After 
a definite period of the reaction, the 
monomer concentration was estimated 
by bromometry. AR methanol was 
added to an aliquot of  the solution to 
precipitate the PVA which was then 
filtered through a G 4 sintered glass 
crucible, washed with 2% ice cold boric 
acid solution and dried at 60 ° C, to 
constant weight. The percentage of 
grafting is calculated by equation (1). 

Photochemical. The grafting of 
acrylamide onto PVA was carried out 
in an all quartz cylindrical cell under 
an atmosphere of nitrogen, at a con- 
stant temperature of  30 -+ 0.1 °C using 
ferric chloride as a photoredox initiator. 
A high pressure mercury vapour lamp 
was used for irradiation. The percen- 
tage grafting was determined using the 
same method as for thermal grafting. 
Samples with varying extents of graft- 
ing were prepared by varying the time 
and concentration of the initiator. 

Spectral estimation 

To an aliquot of the solution (5 ml) 
after the reaction was complete, boric 
acid (0.129 M) was added followed by 
iodine (3.565 x 10-4M) solution. The 
total volume was made up to 25 rnl. 
The visible absorption spectrum was 
measured in the wavelength region 
17 0 0 0 -  13 000 c m -  1. The absorbance 
maximum occurred at 14 500 cm -1, 
and was measured for the various re- 
action mixtures after the reaction (Fig- 
ure 2). A plot of these absorbance 
values against the gravimetrically esti- 
mated percentage graftings is given in 
Figure 3. 

RESULTS 

Samples of varying extents of grafting 
were analysed spectroscopically and 
gravimetrically. Figure 3 represents 
the correlation between the percentage 
grafting on initial weight against ab- 
sorbance, in the case of cerium (IV) and 
in the case of  iron (III) as initiators; 
these values were checked against the 
gravimetric values using samples up to 
30% grafting and the agreement was 
excellent. 

Weight of backbone polymer 
(i) 

DISCUSSION 

In the PVA/boric acid/iodine complex, 
the function of boric acid is to wind the 
linear PVA in a radical conformation 9,1° 
i.e. the - O H  groups of PVA are held in 
this conformation by electrostatic inter- 
action with boric acid and not by any 
covalent type of bond formation as sug- 
gested by Finch n. This becomes clear 
from the high salting out constants of 
the multiply charged anions such as 
suphate, citrate, borate etc. n. The 
molecular weight and the extinction co- 
efficient of the complex were found to 
be 106 000 and 55 550 respectively. 
The stability constant of the complex 
was found to be log k = 7.66. In a trial 
study, it has been found that two dif- 
ferent grades of PVA at the same con- 
centration, one with no acetyl content 
and the other with 20% acetyl content, 
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Figure 2 Absorption spectra for the com- 
plexes formed by PVA with different extents 
of grafting: A, 14% grafted; B, 19.4% grafted; 
C, 23.25% grafted; D, 26.8% grafted; 
E, 31.25% grafted 
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under identical conditions gave dif- 
ferent absorbances, the latter having a 
lower absorbance than the former, in 
proportion to the acety] content for 
the complex formed with boric acid 
and iodine. Thus the number of - O H  
sites in PVA is proportional to the ab- 
sorbance. Any change in the absor- 
bance is thus related to the number of 
- O H  groups in PVA. 

The mechanism of oxidation of 
secondary alcohols and that of grafting 
can be compared fairly well. In both 
cases a hydrogen atom is first abstrac- 
ted. Since the latter is a polymerization 
reaction, the hydrogen abstraction is 
by a radical mechanism. The 
mechanism generally accepted for 
grafting onto PVA is that it forms a 
complex with the initiator which de- 
composes to give a radical site on the 
backbone polymer 3'12. The radical 

Mn++ "~v¢r--CH2--CI H - ~ e ~  n ~ B = 
/ 
OH 

M(n-I)++ H + 'wv(---CH;t--CHC)-'q"N~-- 'n 

is generally denoted by RCH20". Palit 
et al. 3, suggest that the radical is formed 
by the abstraction of the hydrogen 
atom attached to the carbon. How- 
ever, according to Mino et al. 13, even 
if the radical is formed by the removal 
of the hydrogen atom attached to 
oxygen, the radical 
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R - - C - - O .  
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H 

rearranges to 
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Figure 3 Relation between the optical 
density of the complexes and extent of 
grafting. (A) Thermal; initiator: ceric am- 
monium sulphate; (B) photochemical; 
initiator: ferric chloride 

R--(~--OH 

I 
H 

In the cases of grafting onto cellulosic 
derivatives, the grafting takes place via 
the oxygen atom of the - O H  group 14-16. 
Also not all the oxidants appear to 
attack secondary alcohols through C - H  
bond fission 17-2°. Cobalt (III) and 
chromium (VI) seem to remove pre- 
ferentially at the hydrogen atom at- 
tached to oxygen 21'22 whereas vana- 
dium (V) removes the hydrogen atom 
attached to carbon 2a. In the case of 
cerium (IV) and iron (III) it is evident 

P O L Y M E R ,  1976, Vo l  17, December 1109 



Notes to the Ed i to r  

from this work that they attack the 
hydrogen atom of the - O H  group and 
the grafting proceeds via the oxygen 
atom of the - O H  group. Thus the low 
absorbance of the grafted PVA gives 
indirect evidence for the location of the 
grafted site. 
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Application of gas chromatography to the analysis of 
thermal decomposition products of some sulphur 
containing polyurethanes 

T. Lesiak, J. Hetper*, J. Pielichowski t ,  A. Prewysz-Kwinto and K. Marzec 
Institute of Chemistry, N. Copernicus University, Toruh, Poland 
(Received I June 1976) 

INTRODUCTION 

In continuing earlier studies ~-3 on the 
synthesis of new types of polyurethane 
resins Lesiak, Pielichowski and Prewysz- 
Kwinto recently pointed out the pos- 
sibility of applying 4,4'-dihydroxy- 
dibutyl thioether for that purpose 4. 
Polyurethanes prepared using this com- 
pound show exceptionally high mech- 
canical strength, a good thermal resis- 
tance and excellent adhesion to metals, 
wood and other materials. Their prac- 
tical applications are of great promise 
and therefore it seemed appropriate to 
develop a simple method for their ana- 
lysis. Among several possibilities, the 
method described by Hetper and Zag6r- 
ski s was chosen. They showed, that 
several polyurethane resins could be 
identified by pyrolytic gas chromato- 
graphy. Basically, the method depends 
on a certain selection of gas chromato- 
graphic separation conditions for the 
polyurethane pyrolysis product, to ob- 
tain on a pyrogram, peaks of  the key 
components derived exclusively from 
the destruction of the 'polyol' part of 
the resin mentioned. This method has 
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'Blachownia', K~dzierzyn, Poland. 
t Institute of Organic Chemistry and 
Technology, Technical University, Krak6w, 
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been found to give much better results 
than other methods of that type 6'7 in- 
cluding the 'Attenuated Total Reflec- 
tion' method (ATR method) s. 

A procedure, which complements 
this method was used by Takeuchi and 
coworkers 9 who characterized in a simi- 
lar way, diisocyanates used for the syn- 
thesis of polyurethanes. The present 
study was undertaken in order to deter- 
mine the key thermal degradation pro- 
ducts of 4,4'-dihydroxydibutyl thio- 
ether bonded in the polyurethane re- 
sins and to elucidate the mechanism of 
their formation. 

Table 1 

For comparison, similar analyses of 
the decomposition products of the 
polyol constituent of polyurethane 
prepared using 4,4'-dihydroxydibutyl 
ether were performed. In all the cases 
studied, pyrolysis of resins investigated 
was carried out at 770°C. 

The products were separated using 
gas chromatography and identified by 
mass spectrometry. The method was 
found to be suitable for the identifica- 
tion of pyrolysis products of  thioether- 
diol constituents of polyurethanes, 
since the decomposition products of 
isocyanic acid derivatives were held in 
the chromatographic column. It was 
found that tetrahydrotiophene was the 
main pyrolysis product of resins ob- 

Polyurethane resins investigated and compounds used for their syntheses 

Sample Symbol 
number of resins Diol 

1 TT-24 

2 TT-26 

3 TT-24-26 

4 TP-5 

5 TBP-44 

6 TBC-44 

7 ET-24 

Starting materials 

D iisocyanate 

4,4'-Dihydroxydibutyl 
thioether 
4,4'-D ihydroxydibutyl 
thioether 
4,4'-Dihydroxydibutyl 
th ioether 

4,4'-D ihydroxyd ibutyl 
thioether 
4,4'-D ihydroxydibutyl 
thioether 
4,4'-D ih ydroxydibutyl 
thioether 
4,4'-Dihydroxydibutyl 
ether 

Tolylene-2,4-diiso- 
cyanate 
Tolylene-2,6-diiso- 
cyanate 
Mixture of tolylene- 
2,4- and 2,6-diiso- 
cyanates in ratio 4:1 
Pentamethylenedi- 
isocyanate 
D iisocyanato-4,4'- 
biphenylmethane 
D i isocyanato-4,4'- 
bicyclohexylmethane 
Tolylene-2,4-diiso- 
cyanate 
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from this work that they attack the 
hydrogen atom of the - O H  group and 
the grafting proceeds via the oxygen 
atom of the - O H  group. Thus the low 
absorbance of the grafted PVA gives 
indirect evidence for the location of the 
grafted site. 
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INTRODUCTION 

In continuing earlier studies ~-3 on the 
synthesis of new types of polyurethane 
resins Lesiak, Pielichowski and Prewysz- 
Kwinto recently pointed out the pos- 
sibility of applying 4,4'-dihydroxy- 
dibutyl thioether for that purpose 4. 
Polyurethanes prepared using this com- 
pound show exceptionally high mech- 
canical strength, a good thermal resis- 
tance and excellent adhesion to metals, 
wood and other materials. Their prac- 
tical applications are of great promise 
and therefore it seemed appropriate to 
develop a simple method for their ana- 
lysis. Among several possibilities, the 
method described by Hetper and Zag6r- 
ski s was chosen. They showed, that 
several polyurethane resins could be 
identified by pyrolytic gas chromato- 
graphy. Basically, the method depends 
on a certain selection of gas chromato- 
graphic separation conditions for the 
polyurethane pyrolysis product, to ob- 
tain on a pyrogram, peaks of  the key 
components derived exclusively from 
the destruction of the 'polyol' part of 
the resin mentioned. This method has 

* Institute of Heavy Organic Synthesis 
'Blachownia', K~dzierzyn, Poland. 
t Institute of Organic Chemistry and 
Technology, Technical University, Krak6w, 
Poland. 

been found to give much better results 
than other methods of that type 6'7 in- 
cluding the 'Attenuated Total Reflec- 
tion' method (ATR method) s. 

A procedure, which complements 
this method was used by Takeuchi and 
coworkers 9 who characterized in a simi- 
lar way, diisocyanates used for the syn- 
thesis of polyurethanes. The present 
study was undertaken in order to deter- 
mine the key thermal degradation pro- 
ducts of 4,4'-dihydroxydibutyl thio- 
ether bonded in the polyurethane re- 
sins and to elucidate the mechanism of 
their formation. 

Table 1 

For comparison, similar analyses of 
the decomposition products of the 
polyol constituent of polyurethane 
prepared using 4,4'-dihydroxydibutyl 
ether were performed. In all the cases 
studied, pyrolysis of resins investigated 
was carried out at 770°C. 

The products were separated using 
gas chromatography and identified by 
mass spectrometry. The method was 
found to be suitable for the identifica- 
tion of pyrolysis products of  thioether- 
diol constituents of polyurethanes, 
since the decomposition products of 
isocyanic acid derivatives were held in 
the chromatographic column. It was 
found that tetrahydrotiophene was the 
main pyrolysis product of resins ob- 

Polyurethane resins investigated and compounds used for their syntheses 
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number of resins Diol 

1 TT-24 

2 TT-26 

3 TT-24-26 

4 TP-5 

5 TBP-44 

6 TBC-44 

7 ET-24 

Starting materials 

D iisocyanate 

4,4'-Dihydroxydibutyl 
thioether 
4,4'-D ihydroxydibutyl 
thioether 
4,4'-Dihydroxydibutyl 
th ioether 

4,4'-D ihydroxyd ibutyl 
thioether 
4,4'-D ihydroxydibutyl 
thioether 
4,4'-D ih ydroxydibutyl 
thioether 
4,4'-Dihydroxydibutyl 
ether 

Tolylene-2,4-diiso- 
cyanate 
Tolylene-2,6-diiso- 
cyanate 
Mixture of tolylene- 
2,4- and 2,6-diiso- 
cyanates in ratio 4:1 
Pentamethylenedi- 
isocyanate 
D iisocyanato-4,4'- 
biphenylmethane 
D i isocyanato-4,4'- 
bicyclohexylmethane 
Tolylene-2,4-diiso- 
cyanate 
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tained from 4,4'-dihydroxydibutyl 
thioether. In addition, tetrahydro- 
furan and small amounts of n-butanol 
as well as 3-buten-l-ol were also form- 
ed. Polyurethanes obtained from 4,4'- 
dihydroxydibutyl ether, decomposed 
under these conditions to give tetra- 
hydrofuran and the above mentioned 
alcohols. A mechanism of formation 
of these compounds is proposed below. 

EXPERIMENTAL 

Polyurethanes used in this study were 
obtained from equimolar amounts of 
4,4'-dihydroxydibutyl thioether and 
various organic diisocyanates using the 
method described in ref 4. One sample 
was prepared in the same way using 
4,4'-dihydroxydibutyl ether. Sym- 
bols for these polymers and a list of 
components used for their syntheses 
are shown in Table 1. 

Instrumentation and measurement 
techniques 

A gas chromatograph, Pye 104 pro- 
vided with a pyrolysis accessory work- 
ing on the principle of the Curie point 
was used with a mass spectrometer, 
LKB type GC/MS 2091 connected. 

Polymers were pyrolysed in a micro- 

I 

/ 

16 12 8 4 0 
Time (rain) 

Figure I Pyrogram of polyurethane ob- 
tained from 4,4'-dihydr~×ydibutyl thio- 
ether and tolylene-2,4-diisocyanate (TT-24) 

3 

16 12 8 
Time (min) 

2 

_LJ  
4 O 

Figure 2 Pyrogram of polyurethane ob- 
tained from 4,4'-dihydroxydibutyl thio- 
ether and pentamethylenediisocyanate 
(TP-5) 

reactor connected to the gas chromato- 
graph. The pyrolysis was carried out 
in a stream of carrier gas at 770°C with 
a heating time of 5 sec. The pyrolysis 
products were separated on a glass 
chromatographic column packed with 
poly(ethylene glycol) 1000 (15%) on 
Chromosorb P 60/80 mesh: column 
length, 3 m; temperature, 100°C; car- 
rier gas, helium; flow rate, 30 ml/min. 
Under these conditions the high boil- 
ing components were adsorbed, prac- 
tically irreversibly, in the first section 
of the chromatographic column. Mass 
spectra of the main components were 
measured at the top of their chroma- 
tographic peaks with ionization energy, 
70 eV and temperature of the ion 
source, 200°C. 

Results and discussion 
The pyrogram of polyurethane 

TT-24 is shown in Figure 1. Identical 
pyrograms, which are not shown here, 
were obtained for all polyurethanes 
synthesised from 4,4'-dihydroxydi- 
butyl thioether and other aromatic 
diisocyanates (TT-26, TT-24-26 and 
TBP-44). Figure i indicates, that 
under the conditions of chromatogra- 
phic separation used in this study, 
pyrograms show only those products 
which are formed from the diol part 
of the polymer (decomposition pro- 
ducts of thioether bonded in poly- 
urethane). According to the literature 
data 9 systems formed from aromatic 
diisocyanates decompose mainly to 
amines, nitriles and mono-isocyanates. 
These compounds are held in the 
chromatographic column under the 
conditions used. 

In the case of polyurethane ob- 
tained from an aliphatic diisocyanate 
(TP-5) the basic character of the 
pyrogram is not changed except that 
peaks corresponding to C1-C 4 hydro- 
carbons are increased (Figure 2). On the 
other hand, the alicyctic system pre- 
sent in TBC 44 polyurethane gives as a 
result of pyrolysis a series of aliphatic 
hydrocarbons with higher molecular 
weights. Peaks of these hydrocarbons 
overlap with peak number 2, but even 
in this case the characteristic pattern of 
3,4 and 5 peaks, remains unchanged 
(Figure 3). The main components pre- 
sent in all pyrolysis products investi 
gated, were identified on the basis of 
their mass spectra. The results are pre- 
sented in Table 2. 

The results of this study show, that 
tetrahydrothiophene is the main pyro- 
lysis product of the thioether compo- 
nent of polyurethane. However in addi- 
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Figure 3 Pyrogram of polyurethane ob- 
tained from 4,4'-dihydroxydibutyl thio- 
ether and diisocyanato-4,4'-bicyclohexyl- 
methane (TBC-44) 

2 

/ 

16 12 8 4 O 
Time(min) 

Figure 4 Pyrogram of polyurethane ob- 
tained from 4,4'-dihydroxydibutyl ether 
and tolylene-2,4-diisocyanate (ET-24) 

Table 2 Results of analyses of the polyure- 
thane pyrogram peaks obtained 

Peak number Compounds identified 

1 C]--C4 Hydrocarbons, 
carbon dioxide 

2 Tetrahydrofuran 
3 Tetrahydroth ibphene 
4 n-Butanol 
5 3-Buten-l-ol 

tion to this compound, tetrahydrofuran 
and small amounts of n-butanol and 
3-buten-l-ol are formed too. Pyrolysis 
of polymer ET-24 (not containing sul- 
phur) gives the same products except 
for tetrahydrothiophene. The main 
product in this case is tetrahydrofuran 
(Figure 4). 

Mechanism of formation of the above 
mentioned compounds, can be explain- 
ed on the basis of the characteristic pro- 
perty of higher esters which easily 
undergo the pyrolytic decomposition 
to carbon dioxide and the highly reac- 
tive free radicals. Thus in this case, the 
radical I, (scheme 1), adopting a suit- 
able conformation, can cyclize to five 
membered systems. Elimination of a 
molecule of heterocycle II gives again 
a radical which can lead to tetrahydro- 
furan III. Scheme (1)illustrates these 
reactions. R,R' represent fragxnents 
of the polymer molecule and Y a hetero- 
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atom (sulphur in the case of  thioether 
and oxygen in the case of  ethers used). 

I f  the bond ~ C - O -  in polyure- 
thane undergoes cleavage with subse- 

quent hydrogen migration, instead of  
decarboxylation, a chain with OH 
groups at the ends can be formed. This 
prevents the cyclization reactions and 

can lead to formation of  alcohols with 
four carbon atoms (IV or V, scheme 2). 
This procedure can be accompanied by 
the Y - C  bond cleavage with or with- 
out hydrogen atom migration as showri 
in scheme (2). The method presented 
here has been found useful for the iden- 
tification of  the diol constituent degra- 
dation products of  polyurethanes of  
the type described This makes pos- 
sible a partial qualitative characteriza- 
tion of  polyurethane composition. 
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I Letters 
Chain atoms between entanglements and cross-sectional area per 
chain 

We recently demonstrated a linear 
log- log  correlation of  slope - 3  be- 
tween the ratio C2/C1 of the M o o n e y -  
Rivlin constants (at 2C1 = 0.2 N/mm 2) 
and cross-sectional area per polymer 
chain 1"~. It was suggested 2 that either 
strain induced local order or chain en- 
tanglements might be involved in what 
appeared to be an intermolecular 
effect. 

Kraus and Moczvgemba 3 had pro- 
posed that the molecular origin of  the 
C2 term was a result, at least in part, 
o f  chain entanglements. Preliminary 
examination of  an extensive tabulation 
by Porter and Johnson 4 of  entangle- 
ment distances indicated a positive 
correlation with cross-sectional area 
per polymer chain. However, the scat- 
ter in data points was so great as to 
discourage any firm conclusions. The 
entanglement data in the literature 

have now been examined in detail and 
a preliminary strong correlation has 
been made. 

A specific tabulation by Fox and 
Alien s was used as a source of Nc, the 
number of  chain atoms between en- 
tanglement points determined from 
concentrated or bulk viscosity mea- 
surements as a function of  molecular 
weight. Cross-sectional areas per poly- 
mer chain were calculated by a method 
described previously 2, which differs 
only in minor details from that used 
by Vincent 6 for a different purpose. 

Figure 1 shows a log- log  correla- 
tion between Nc and chain areas in 
nm 2. The line as drawn has a slope o f  
approximately 0.5. The marked devia- 
tion of  atactic PMMA from the trend 
line is considered to arise because of  
molecular association between iso- 
and syndio-tactic species present in a 

PMMA 7. Porter and Johnson note 
that any form of  association tends to 
promote low values of  Nc. 

A detailed study of  this subject will 
be presented elsewhere s. As one in- 
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atom (sulphur in the case of  thioether 
and oxygen in the case of  ethers used). 

I f  the bond ~ C - O -  in polyure- 
thane undergoes cleavage with subse- 

quent hydrogen migration, instead of  
decarboxylation, a chain with OH 
groups at the ends can be formed. This 
prevents the cyclization reactions and 
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Chain atoms between entanglements and cross-sectional area per 
chain 
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tanglement points determined from 
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surements as a function of  molecular 
weight. Cross-sectional areas per poly- 
mer chain were calculated by a method 
described previously 2, which differs 
only in minor details from that used 
by Vincent 6 for a different purpose. 

Figure 1 shows a log- log  correla- 
tion between Nc and chain areas in 
nm 2. The line as drawn has a slope o f  
approximately 0.5. The marked devia- 
tion of  atactic PMMA from the trend 
line is considered to arise because of  
molecular association between iso- 
and syndio-tactic species present in a 

PMMA 7. Porter and Johnson note 
that any form of  association tends to 
promote low values of  Nc. 
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chides more bodies of data, and espe- 
cially other measures of chain entan- 
glement to be found in ref4,  the scat- 
ter increases significantly. However, 
the trend shown in Figure I is not lost. 

Since both C2/C1 and Nc correlate 
with a common variable, area in nm 2, 
it follows that one should expect a 
linear correlation between C2/C1 and 
Nc. This indeed is the case with five 
data points for PE, cis-trans PBD, NR, 
PIB, and PDMS 8. This correlation does 
not necessarily mean that chain entan- 
glements are solely responsible for the 

C2 term. 
The correlation line of Figure ] on 

a homogeneous set of data provides a 
criterion for judging and/or selecting 
from discordant literature values for 
these and other polymers. 

Raymond F. Boyer and Robert L. 
Miller 

Midland Macromolecular Institute, 
1910 W. St. Andrews Drive, 
Midland, Michigan 48640, USA 
(Received 19 July 1976) 
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The involvement of singlet oxygen in the sensitized photodegradation 
of cellulose 

The dye sensitized photo-oxidative de- 
gradation of cellulose has long been an 
area of practical and theoretical in- 
terest, but the mechanism of  this pro- 
cess is still a controversial subject 1. Of 
the two principal mechanisms that 
have been proposed, namely the singlet 
oxygen theory 2 and the hydrogen (or 
electron) abstraction theory 3, the for- 
mer has received relatively little cre- 
dence. This is probably because it is 
relatively easy to demonstrate that a 
dye will photochemically abstract 
hydrogen or an electron from cellulose, 
whereas it is much more difficult to 
show unambiguously that singlet oxy- 
gen will react with this substrate. Al- 
most all efficient sensitizers of singlet 
oxygen are good hydrogen abstractors 
(e.g. the quinonoid vat dyes, hetero- 
cyclic cationic dyes, and porphins), 
thus photodegradation studies with 
these compounds are ambiguous. The 
few known sensitizers that do not 
photoreduce (e.g. the acenes) are of 
little value because of their reactivity 
towards singlet oxygen. Non-photo- 
chemical sources of singlet oxygen are 
also suspect, as these systems are con- 
taminated with other oxidizing species 
that could play an uncertain role in 
cellulose degradation. 

We have looked for new stable sin- 
glet oxygen sensitizers that have a 
minimal tendency to undergo photo- 
chemical reduction. A particularly 
suitable compound is (I), which is ob- 
tained by the reductive methylation 
of Vat Yellow 2 (C167 300), using 
zinc and methyl-p-toluenesulphonate 
in alkaline solution. This compound, 
which was characterized by elemental 
analysis, is soluble in benzene (Xmax 
408,422 nm; loge 4.36, 4.29), and 
gives weakly fluorescent solutions. It 

is particularly resistant to photo-oxi- 
dation, and no decomposition was ob- 
served after irradiating an oxygen satu- 
rated solution for 48 h (600 W tung- 
sten lamp). The compound was an 
efficient sensitizer of singlet oxygen, 
as shown by the rapid photo-oxidation 
of tetraphenylcyclopentadienone when 
solutions of the two were exposed to 
visible light 4. The reaction could be 
supressed by the known singlet oxy- 
gen quencher, diazabicyclo [2,2,2 l- 
octane s . 

As (I) is an aromatic system that is, 
in effect, a prereduced form of a known 
photodegrading dye, it is unlikely to 
take part in further photoreduction 
processes with any degree of efficiency. 
To verify this, comparison experiments 
were carried out with (I) and 1-meth- 
oxyanthraquinone (II), an efficient 
hydrogen abstractor. The latter com- 
pound undergoes photoreduction in 
degassed isopropanol with a quantum 
yield of 0.536. In isopropanol-ben- 
zene mixtures (3:2 by vol) under 
nitrogen the dimethoxy compound (I) 
underwent only a slow irreversible fad- 
ing, in contrast to the rapid reversible 
photoreduction of (II). Under condi- 
tions of  equal light absorption, photo- 
reduction of( I I )  was at least 200 times 
more rapid than the fading of(I) .  Thus 
(I) can be regarded as a useful sensiti- 
zer of singlet oxygen that is free from 
the usual complications of competing 
hydrogen abstraction. 

Photodegradation of regenerated 
cellulose film was most conveniently 
followed by measurement of  the in- 
trinsic viscosity [r/] of solutions in 
Cadoxen. Measurements were carried 
out at 30°C with an Ubbelohde sus- 
pended-level dilution viscometer, and 
the viscosity of solutions measured 

OMe $___~:h 

~ S  OM¢ (I) 
Ph 0 

o {~1 

over a range of concentrations. The 
intrinsic viscosity of the undergraded 
samples had an average value of 1.30 
dl/g. 

Cellulose films freed from plasti- 
cizer were immersed in benzene solu- 
tions of(I )  (4 x 10-4M) and were irra- 
diated with a fluorescent lamp (aw) 
for 530 h. Control samples containing 
no sensitizer were irradiated at the 
same time. The unsensitized samples 
showed a 13% decrease in intrinsic vis- 
cosity, whereas the sensitized samples 
showed a corresponding decrease of 
30%. Thus it can be concluded that 
singlet oxygen causes degradation of 
cellulose. 

It was of interest to examine the 
relative efficiencies of the singlet oxy- 
gen and hydrogen abstraction mechani- 
sms, and thus a comparison experiment 
was carried out with (I) and (II). 
These two compounds absorb over 
roughly the same region of the spec- 
trum above 350 nm, and so rate differ- 
ences due to different light absorption 
characteristics could be minimized by 
using appropriate concentrations of the 
two compounds. Cellulose fdms were 
immersed in benzene solutions of (I) 
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whereas it is much more difficult to 
show unambiguously that singlet oxy- 
gen will react with this substrate. Al- 
most all efficient sensitizers of singlet 
oxygen are good hydrogen abstractors 
(e.g. the quinonoid vat dyes, hetero- 
cyclic cationic dyes, and porphins), 
thus photodegradation studies with 
these compounds are ambiguous. The 
few known sensitizers that do not 
photoreduce (e.g. the acenes) are of 
little value because of their reactivity 
towards singlet oxygen. Non-photo- 
chemical sources of singlet oxygen are 
also suspect, as these systems are con- 
taminated with other oxidizing species 
that could play an uncertain role in 
cellulose degradation. 

We have looked for new stable sin- 
glet oxygen sensitizers that have a 
minimal tendency to undergo photo- 
chemical reduction. A particularly 
suitable compound is (I), which is ob- 
tained by the reductive methylation 
of Vat Yellow 2 (C167 300), using 
zinc and methyl-p-toluenesulphonate 
in alkaline solution. This compound, 
which was characterized by elemental 
analysis, is soluble in benzene (Xmax 
408,422 nm; loge 4.36, 4.29), and 
gives weakly fluorescent solutions. It 

is particularly resistant to photo-oxi- 
dation, and no decomposition was ob- 
served after irradiating an oxygen satu- 
rated solution for 48 h (600 W tung- 
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as shown by the rapid photo-oxidation 
of tetraphenylcyclopentadienone when 
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visible light 4. The reaction could be 
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in effect, a prereduced form of a known 
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take part in further photoreduction 
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tions of  equal light absorption, photo- 
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more rapid than the fading of(I) .  Thus 
(I) can be regarded as a useful sensiti- 
zer of singlet oxygen that is free from 
the usual complications of competing 
hydrogen abstraction. 

Photodegradation of regenerated 
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followed by measurement of  the in- 
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Cadoxen. Measurements were carried 
out at 30°C with an Ubbelohde sus- 
pended-level dilution viscometer, and 
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samples had an average value of 1.30 
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Cellulose films freed from plasti- 
cizer were immersed in benzene solu- 
tions of(I )  (4 x 10-4M) and were irra- 
diated with a fluorescent lamp (aw) 
for 530 h. Control samples containing 
no sensitizer were irradiated at the 
same time. The unsensitized samples 
showed a 13% decrease in intrinsic vis- 
cosity, whereas the sensitized samples 
showed a corresponding decrease of 
30%. Thus it can be concluded that 
singlet oxygen causes degradation of 
cellulose. 

It was of interest to examine the 
relative efficiencies of the singlet oxy- 
gen and hydrogen abstraction mechani- 
sms, and thus a comparison experiment 
was carried out with (I) and (II). 
These two compounds absorb over 
roughly the same region of the spec- 
trum above 350 nm, and so rate differ- 
ences due to different light absorption 
characteristics could be minimized by 
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(4 x 10 -4 M) and (II) (2 × 10- 3 M), 
and were irradiated under oxygen as 
described previously. It was found 
that (I) caused an 18% decrease in the 
intrinsic viscosity of  the cellulose, 
whereas (II) caused a 23% decrease. 
The small difference indicates that the 
two mechanisms are of comparable 
efficiency. 

Because of the low affinity of (I) 
and (II) for cellulose, it was necessary 
to use two-phase systems for these ex- 
periments. It might be argued that this 
does not give a true reflection of the 
conditions operating in dyed cellulose, 
and might favour the singlet oxygen 
mechanism. However, cellulose films 
dyed with Vat Yellow 2 (2% based on 
weight of film), which is a very effec- 
tive photodegrading dye for cellulose, 
underwent degradation at comparable 
rates to the two-phase systems under 
conditions of similar light intensity. 
Thus whether the dye is in intimate 
contact with the cellulose or is dis- 
solved in a solvent appears to have little 
influence on the rate of degradation. 

As singlet oxygen is an intermediate 
in cellulose photodegradation, we have 
examined the protecting effect of a 
singlet oxygen quencher. Cellulose 
films dyed with Vat Yellow 2 (2% of 
the film weight) were impregnated with 
diazabicyclo [2,2,2] octane (0.5%), and 
these were found to undergo photo- 
oxidative degradation more slowly than 
films containing no quencher. Thus 
after 300 h exposure to a 200 W tung- 
sten lamp, the protected films showed 
5-11% decrease in intrinsic viscosity, 
whereas the unprotected fdms showed 
a decrease of 22-23%. A nickel ket- 
oxime chelate has also been found to 
afford protection in some cases 7, and 

this may be due to the quenching of 
singlet oxygen s or the triplet state of 
the sensitizer. 

The reaction of singlet oxygen with 
cellulose possibly involves hydrogen 
abstraction from one of the CH groups, 
with rapid recombination of the radical 
fragments to form a hydroperoxide. 
Thus the process would closely parallel 
the degradation pathway involving 
direct hydrogen abstraction by the 
photoexcited sensitizer. The intro- 
duction of a hydroperoxide function 
at positions 1 or 4 of a glucose unit 
could then be followed by a homolytic 
process, causing chain scission at the 
carbon-oxygen bridging bond, and 
the formation of a carbonyl group. 
However, the secondary processes in- 
volved in the photodegradation of cel- 
lulose are still a subject of speculation. 
Although singlet oxygen is a reactive 
dienophile, and normally attacks alkenes, 
there is good evidence that it can in 
certain instances, take part in hydrogen 
abstraction reactions 9. Whether such 
processes could involve the higher exci- 
ted state of singlet oxygen (ly~g) is still 
uncertain 1°. It should be noted that 
the quantum yield of dye sensitized chain 
scission of cellulose is very low 
(~10-5)  11, and thus the mode of 
attack by singlet oxygen on cellulose 
need not involve processes regarded as 
more characteristic of that species. 

In conclusion, it is evident that sin- 
glet oxygen can cause degradation of 
cellulose at a rate at least comparable 
to the hydrogen abstraction mechanism. 
As it has been demonstrated that vari- 
ous dyes active towards the photode- 
gradation of cellulose are also efficient 
sensitizers of  singlet oxygen 4, it must 
be assumed that singlet oxygen plays a 

significant role in the degradation of 
vat-dyed cotton fabrics, although not 
necessarily in every case 7. It  is impor- 
tant in interpreting experimental results 
that one mechanism should not be 
considered to the exclusion of the 
other, as has often been done in the 
past. 

Acknowledgement 

We thank the Science Research Coun- 
cil for a research studentship (to C. H.). 

J. Griff i ths and C. Hawkins 

Department of Cobur Chemistry, 
University of Leeds, 
Leeds LS2 9JT, UK 
(Received 16 August 1976; 
revised 9 September 1976) 

References 
1 Phillips, G. O. and Arthur, J. C. 

Text. Res. J. 1964, 34,497,572; 
McKellar, J. F. Radiat. Res. Rev. 
1971, 3,141; Egerton, G. S. and 
Morgan, A. G. J. Soc. Dyers Colour. 
1971, 87,268 

2 Egerton, G. S. J. Soc. Dyers Colour. 
1949, 65,764 

3 Bamford, C. H. and Dewar, M. J. S. 
J. Soc. Dyers Colour. 194% 65, 674 

4 Griffiths, J. and Hawkins, C. J. 
Soc. Dyers Colour. 1973, 89, 173 

5 Ouann6s, C. and Wilson, T. o r. Am. 
Chem. Soc. 1968, 90, 6527 

6 Ahmed, M., Davies, A. K., Phillips, 
G. O. and Richards, J. T. J. Cherrt 
Soc. Perkin Trans. 2, 1973, p 1366 

7 Davies, A. K,, Gee, A. G., McKellar, 
J. F. and Phillips, G. O. Chem. Ind. 
1973, p 431 

8 Cartsson, D. J., Mendenhall, G. D., 
Suprunchuk, T. and Wiles, D. M. 
J. Am. Chem. Soc., 1972, 94, 8960 

9 Matsuura, T., Yoshimura, N., Nishin- 
aga, A. and Saito, I. Tetrahedron 
Lett. 1969, p 1669 

10 Kearns, D. R. Chem. Rev. 1971, 71, 
395 

11 Bamford, C. H. and Dewar, M. J. S. 
J. Soc. Dyers Colour. 1949, 65, 674 

E R R A T A  

'Molecular motion of poly(methyl methacrylate), polystyrene and poly(propylene oxide) 
in solution studied by 13C n.m.r, spin-lattice relaxation measurements: effects due to 
distributions of correlation times' by F, Heatley and Afrozi Begum, Potymer 1976, 17, 
399-408.  

Page 401, left hand column, line 1 : 

for  reference 12 read reference 20 

Page 401, left hand column, line 16, 
first term on second line of equation 
(11) should read: 

(1 + 602~0) 1/2 + 1 ] 1/2 

1 + 6o2~0 

Page 403, left hand column line 16: 

for  reference 20 read reference 22 

Page 403, Figures 6 and 7, captions: 

for  CDC13 read PCE 

We apologise for these errors. 
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volved in the photodegradation of cel- 
lulose are still a subject of speculation. 
Although singlet oxygen is a reactive 
dienophile, and normally attacks alkenes, 
there is good evidence that it can in 
certain instances, take part in hydrogen 
abstraction reactions 9. Whether such 
processes could involve the higher exci- 
ted state of singlet oxygen (ly~g) is still 
uncertain 1°. It should be noted that 
the quantum yield of dye sensitized chain 
scission of cellulose is very low 
(~10-5)  11, and thus the mode of 
attack by singlet oxygen on cellulose 
need not involve processes regarded as 
more characteristic of that species. 

In conclusion, it is evident that sin- 
glet oxygen can cause degradation of 
cellulose at a rate at least comparable 
to the hydrogen abstraction mechanism. 
As it has been demonstrated that vari- 
ous dyes active towards the photode- 
gradation of cellulose are also efficient 
sensitizers of  singlet oxygen 4, it must 
be assumed that singlet oxygen plays a 

significant role in the degradation of 
vat-dyed cotton fabrics, although not 
necessarily in every case 7. It  is impor- 
tant in interpreting experimental results 
that one mechanism should not be 
considered to the exclusion of the 
other, as has often been done in the 
past. 
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E R R A T A  

'Molecular motion of poly(methyl methacrylate), polystyrene and poly(propylene oxide) 
in solution studied by 13C n.m.r, spin-lattice relaxation measurements: effects due to 
distributions of correlation times' by F, Heatley and Afrozi Begum, Potymer 1976, 17, 
399-408.  

Page 401, left hand column, line 1 : 

for  reference 12 read reference 20 

Page 401, left hand column, line 16, 
first term on second line of equation 
(11) should read: 

(1 + 602~0) 1/2 + 1 ] 1/2 

1 + 6o2~0 

Page 403, left hand column line 16: 

for  reference 20 read reference 22 

Page 403, Figures 6 and 7, captions: 

for  CDC13 read PCE 

We apologise for these errors. 
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Book Reviews 

The Permeability of Plastic Films and Coatings to 
Gases, Vapours and Liquids 
Edited by H. P. Hopfenberg 
Plenum Press, New York, 1975, $35.10 

This book  records the  proceedings o f  a sympos ium arranged to 
mark  the presentat ion of  the Borden Award of  the American 
Chemical Society 's  Division of  Organic Coatings and Plastics 
Chemistry to Vivian Stannet t  in 1974. It consists of  thir ty two 
separate papers in the general area described by the title. The 
au thors  include many  of the currently most  active US workers 
in this field and there are five papers in the  'Fundamen ta l '  section 
from European laboratories. 

The papers are grouped into three sections: Fundamen ta l  (17), 
Industrial (10) and Biomedical (5). Thus  more  than half  the 
volume is devoted to fundamenta l  considerations.  Here the  stan- 
dard of  work is high and most  of  the  authors  are highly distin- 
guished and recognized authorit ies.  Seven of  the  papers are pri- 
marily reviews and cover a considerable area of  diffusion in poly- 
mers and,  together,  they form a useful collection. Ten con ta in  a 
substantial  content  of  new work, four theoretical and six experi- 
mental .  In several cases these have enough general interest to 
justify inclusion but  one or two are highly specific and more  appro- 
priate to a research journal.  

In the industrial section the style and content  is far more  vari- 
able. Several papers describe well constructed and carried out  re- 
search on technological problems.  They make interesting reading. 
There are two reviews predicting rather different fu ture  t rends in 
reverse osmosis membrane  development .  The remaining papers are 
either less relevant or describe technological studies containing little 
exact science. 

Three of the biomedical  papers are reviews: on the  controlled 
release of drugs from capsules, on the preparation of  grafted hydro-  
gel membranes  for biomedical  devices and on ultrafi l tration through 

Conference Announcement 

6th Europhysics Conference on 
Macromolecular Physics 

Phase Transition in Bulk Polymers 
Varna, Bulgaria, 26-29 September 1977 

The Macromolecular Physics section of the European 
Physical Society together with the Bulgarian Academy 
of Science are organizing the 6th EPS Conference on 
Macromolecular Physics-Phase Transitions in Bulk 
Polymers, to be held at Varna, Bulgaria, 26-29 
September 1977. The topics to be discussed include: 
(1) crystallization and melting of polymers, thermo- 
dynamics, kinetics and mechanisms; (2) phase transi- 
tions in polymer liquid crystals, including oligomers; 
(3) conformational changes in bulk polymers: folding 
and unfolding of molecular nascent polymers obtain- 
ed by polymerization reactions. A limited number of 
contributed papers can be accepted and those interest- 
ed are invited to submit abstracts on subjects related 
to the topics above by 1 January 1977. Prospective 
contributors and those interested in attending the 
conference should write for further details to: Pro- 
fessor M. Mihailov, Bulgarian Academy of Sciences, 
Central Laboratory for Polymers, EPS Conference, 
1113 Sofia, Bulgaria. 

asymmetr ic  hollow fibres. Two papers contain new work concern- 
ing dialysis and blood compatibil i ty o f  membranes  of  potential  use 
in haemodialysis.  

The sympos ium must  have been a great occasion for those who 
a t tended it. That  this was so is made apparent  by the editor 's  pre- 
face about  Professor Stannett .  The justif ication for publishing this 
volume is more  arguable. It is a fit t ing form of  recognition of  the  
contr ibut ion that  Professor S tannet t  has  made over some twenty 
five years but  the papers could, in some cases with advantage, have 
been as well published through the normal  research journal  channels.  
Some of  them probably will be. However, the  decision has been 
taken and the volume has been published. Its quali ty should cer- 
tainly earn for it a place in libraries of  polymer science and plastics 
technology. Al though reproduced from the authors '  typescripts  
the ou tpu t  of  the many a n o n y m o u s  typists  is of  very high standard 
and the variety of  type faces used did not  disconcert  this reader. 

Patrick Meares 

Textile Chemistry 
Volume II1: The Physical Chemistry of Dyeing 
R. H. Peters 
Elsevier, Amsterdam, 1975, 902 pp. $112.50 

It is now a quarter  of  a century since Vickerstaff 's  'The  Physical 
Chemist ry  of  Dyeing' was first published and al though major books  
on this topic have appeared since then,  the  comprehensive treatise 
on the subject that  Professor Peters has produced is still welcome. 

Nominally this volume forms the third, and last, of  a series on 
Textile Chemistry,  hence the title 'The  Physical Chemist ry  of  Dye- 
ing' appears only as a subtit le to the  main work. This is in some 
ways to be regretted as the author  is acknowledged to be an expert  
in the subject mat ter  of  the present  volume, whereas in the first 
two volumes which dealt with a series of  rather disjointed topics he 
somet imes  betrayed the  fact that  he  was not  always familiar with 
the particular topic under discussion. 

The present work extends outside the strict range of  the  title. 
Thus  four in t roductory chapters cover such topics as dyeing 
machinery,  including 13 detailed diagrams, tests devised by the 
Society o f  Dyers and Colourists for assessing dyeing properties, and 
the  est imation of  dyes and their purification, including a brief  intro- 
duct ion to the  laws of  light absorption.  

The next  15 chapters,  which comprise the  heart  o f  the book,  
describe the properties of  various dye classes (dispersed, acid, di- 
rect, vat, reactive, etc.). An analysis of  the equilibrium sorpt ion 
behaviour is given for each dye/f ibre system which is complemented  
by a description of  the kinetics of  sorption which are analysed in 
terms of  diffusion processes. 

The final eight chapters deal with a series of  specialized topics 
such as solvent dyeing, dye aggregation and the dyeing of  special- 
ized fibres such as polypropylene.  

The author  is to be congratulated on producing such a detailed 
and well presented work. Throughout  the book  theoretical aspects 
of  a particular process are supplemented copiously by exper imental  
data in the form of  tables and graphs. The book is excellently pro- 
duced but  the writer does not  qui te  do himsel f  just ice by failing to 
provide an Author  Index. Such an addit ion would have increased 
the value of  the book as a source of  references since it is particularly 
well provided for in this respect. 

The major adverse criticism of  this book is its price. Volume I 
of  the series (published 1963) was £3.75,  volume II (published 
1967) cost £5.00 whereas the present  volume is £50.  Even allow- 
ing for the fact that  it is a much  larger book than its predecessors 
and the  publisher is not  responsible for the poor performance of 
the pound against foreign currencies, this price is still very high. 
This book  will be beyond  the reach of  virtually all s tudents  and 
most  private buyers.  It will probably be purchased by libraries if 
only to complete  the series, bu t  since many  of  these are operating 
on nearly static budgets ,  the  future  of  such high priced books  mus t  
be very doubtful .  

C Earland 
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