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The structure and the structure change of the melt crystallized oligourethanes, CH3CO—
—f—(CH2}5NHCO——,,0CH3, naving strictly homogeneous moiecular weight, were studied. The
crystal system of every melt crystallized oligourethane was similar to that of the single crystai 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' and Zahn®. The structure
and the physical properties of solid state of oligomer, how-
ever, have not been investigated in detail.

In previous papers®#, 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—
~4—0(CH;)sNHCO—}—,0CH3 with 1 = 2 to 10, synthesized
by a stepwise addition polymerization method® and having
strictly homogeneous molecular weights and the polymer
having M, 5.3 x 104, 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 ]. The intensity of the absorption band
of 34003500 cm~!, 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 = 10 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°%.

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 condition 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 o} 1 120 2
1256 1
3
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Figure 1 Infra-red spectra of {a) unannealed and {b) annealed
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Figure 2 WAXS patterns ot (a) unannealed and (b) annealed
samples

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.
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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 # = 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

Table 2 Degree of polymerization and density

Degree of Density (g/cm3)
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. Asshown 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 of oligourethanes (6): M. Nagura et 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 equation™

where hg is the initial height of mercury in the dilatometry,
h is the final height, 4, is the height at time ¢ and k and »
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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Figure 6 Dependence of the endothermic peak temperature of
d.t.a. thermogram on the heating rate
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Figure 7 Avrami plots for n = 3. ¢, 65°;,85°; X,88° 0, 92°C
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temperature in the d.s.c. thermograms, expands and then

14 contracts as shown in Figure 8. This volume contraction
versus time curve was also analysed by using the Avrami

1ok 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

IOF 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 » = 5 and 8.

As shown in Figure 5, the long periods of n = 10 and
polymer increase by annealing. The calculated spacing®
(0k0) assuming that the unit cell expands along 5: of sub-
cell axis, the length of repeating unit, —O(CH;)sNHCO—,
having that of the planar zigzag configuration is also shown
in Figure 5. The Figure shows the thickening phenomena
of the crystal of n = 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

O 15 20 2.5 30 and the melt increases with increasing time.
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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 permittivity tensor €, one first obtains
the molecular polarizability a7, where ~ denotes an average
over the polymer chain distribution. Comparison with the
polarizability a; of a single molecule yields the orientation
function. Our purpose here is to examine in some detail
the relation between €;and oy thlS relation for the isotro-
pic case is the Onsager equatlon Previous analyses of ani-
sotropic data?~*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-
cussed®; 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 priori obvious, that this should be so.

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 a;;.
Next the response of a molecule in a medium is considered
and a general expression is found for the permittivity €;;. 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

General formulation

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

- - -

M= pga — ex ey

Herea 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:

o _ Jui exp (—pU)d3xdQ2
" fexp (—pU)d3xdQ

()

Here ©2 denotes the orientation of the unit vector z, SB=
(xT)~1 and U is the energy of the dipole. For an isolated
molecule, U is taken to be of the form:

- > >
U= A@) +%xikyxj — wE=Uy —uF 3

Here A(Z) is the orientation energy of the permanent dipole,
the symmetric matrix kj represents an anisotropic ‘spring’
binding the elgctron and Eisan external electric field. To
first order in £, equation (2) may be written as:

W) = ok @
where the polarization tensor q is:

Suiuj exp (—BUp)d3xdQ

ah f exp (—BUp)d3xdQ )

A special 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:

2 Jajajexp (—BAYIQ

%= foxp (—BA)IQ 6
Define
Q) = exp (—BA) @)

which is just the Boltzmann distribution function for the
permanent dipole. Further assume that Q(?) is axially sym-
metric about the chain axis (of the monomer molecule). If

POLYMER, 1976, Vol 17, January 7



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

the angle between the chain and the dipole E’is denoted by
v, Q(Q2) may be written as:

1
oR) = — 2, OiPicos) ®)
47 7
Putting these into equation (6) gives:
Buo?
= —— aP, dQ 9
I e 2 O faPi(cos) ©)

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

o = 0((5,-]- + V‘nij) (10)

where 7;; is the matrix (matrices will be denoted by ")

1
7= ( 1 ) (1
-2

Thus a = tr a;/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 a2 = 1, we get:

a = fug?/3 (12)

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

e L (13)

5 Qo
It is to be noticed that ay; is insensitive to Qy with /> 2;
therefore measurement of the polarizability will yield no
information on the higher Q;. This comes as no surprise

since a; is a rank two tensor and therefore involves only
{=0and 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 Q',
with the angle between them being y. Then equation (8)
becomes, by the addition theorem for spherical harmonics*®.

2I—Q+l—1 Yim*(Q) Ypn(Q) (14)
im

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

1
A= — Z fiPi(cos8")
4n ]

1 1 ’
" @ik Z @+ )R fi¥10(§2) (15)

*  We shall not explicitly indicate the © dependence of Q.
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Here 8’ is the polar angle between the chain and the draw
direction. The distribution (15) is normalized to unity if
fo = 1. With these definitions in hand, Q(£2) can be eval-
uated:

Q) = QAR )L

1

1

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

Comparing with equation (8), we see that Q; has been
replaced by Qif7/(21 + 1). Thus if we parametrize the aver-
age polarizability as:

&g‘ = &(5,] + ;nz]) amn

then E_= a, which is physically obvious. The average aniso-
tropy v can evidently be obtained from equation (13) with
the replacement Q; - Q;f;/(21 + 1):

— 1pHs_ 1 ifs (18)

Again I > 2 is not involved. The proportionality to f; 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 NV such molecules or
monomers per unit volume. Our treatment will draw on
the method of Frohlich”. 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 ;. 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® of the
Onsager equation to include short range effects.

Now the energy of the mplecule in question will still
have the intrinsic pieces A(a) +%x;k;x; of molecular origin.
In addition, there will be the energy used to set up the di-
pole:

u
> -
—f F-du (19)
0

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

>

6(r) = ”,Tr _F7 1002 (20)

asr - 0, where ¢ is the electrostatic potential. The linearity
of the dielectric can be used to write 1? as the sum of two



terms respectively proportional to the external field F and
to

Fi = XjE; + Yy 21

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

> >
Hr)—>—Er F—>oe

o) > — (XyEpr; + o(r?) r->0 (22)

The second term, known as the reaction field, is the field at

the origin when there is no external field, but with a dipole
1 in the cavity:

Mr)—~>0 r—>o
27
() > 5 - (Yiui)ri + O(r?) r-0 (23)

The symmetric matrices Xj; and Y are completely de-
fined by equations (22) and (23) and will be functions of
the macroscopic permittivity €;. For reference, we quote
the well-known isotropic result:

3e
2e+1

X, i ) i (24)

_2 e—18_8nNe—16 25)
TTR32e+1 7 3 U 2e41 ¥

where in equation (25) we have made the usual assumption
(4n/3)R3N = 1. We are of course concerned here with the
anisotropic case. The form of Xj; for this more complicated
situation has recently been found and its effect discussed®.
The rest of the paper will concentrate on the effect of Y.

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

> >
Fedu = — i XGE;j — %Y (26)

Ok—utl

so that the total configuration energy is now:
-,
U=A@@)+ l/zx,-ki,'xj - I/ZHiYijIlj — I.i,'X,']'Ej

= Uy — i XiE; 27

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

Juityj exp (—BU1)d3xdQ

W = B e (U

XjxEx (28)

Recall that the permittivity tensor € is defined by:

AnN) = (€5 — Sk )EK (29)

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

so that comparison with equation (28) gives:

€k — 8k = ATNZ X (30)
or in matrix notation:

¢ —1=4nNZX (31)
where:

_ . Juy exp (-BUdxdQ
S exp (—BU;)d3xdQ

i 32

Comparison with equation (5) shows that Z; differs from
o; by the replacement Uy — Uj. 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 k;; = k&)
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’.

Special case

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

Jaja; exp (—BA) exp (¥Bug 2g; Yjia;)dQ2
J exp (—BA) exp (%4Bupa; Y ja)dQ

Zj = Bug? (33)

Note that in the isotropic case g; Yja; « a? =1 is indepen-
dent of 2 and hence can be drapped. 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 ghysically obvious: in the isotropic case, the
reaction field Eg is necessarily in the same direction as the
rigid dipole, therefore the torque tending to orient the di-
pole: 7= u x ER vanishes. When the medium is anisotropic
and Yy # Y8, ER is no longer parallel to u, so there is a
non-zero torque.

The matrix Y is of course a function of €. We consider
a case where e is symmetric about the z-axis:

é—1=(e—1)[1+un) (34)
with 7 defined as in equation (11). Here:
€=tre/3 (3%5)

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

_exx teyy — 2,

6(c — 1) (36)

is a measure of dielectric anisotropy*. We have calculated

* The parameter « here corresponds to u in ref 5.
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Y;; in terms of € and u, using a2 method similar to that in
ref 5, with the result:

vo= 2 7 s 2 L nvowd)) 67
P — s u_ .y u
v Y0 2e+1

It is anticipated that the O(u2) contribution will be negli-
gible; this is the case with X;, which we have previously cal-
culated to O(u?2) 5.

Insert equation (37) in equation (33) and note that
the &;; piece in Yy affects only the overall normalization
and may be dropped. Thus:

. J a;a70(S2) exp (Aua;nga;)d

"~ J O(82) exp (Auaynyjaj)dS2 (38)

where we have made the replacement, exp (—fA) = Q - 0,
as discussed earlier and where 4 stands for:

3 Bug? e—1
A:__B_ug____—- (39)
10 R3 (2e+1)?

Since the calculation will be carried only to first order in
the anisotropy u, we only need 4 to zero order in u, i.e. for
the isotropic case. In that case, equation (30) is:

2 3¢
L

3 2e+1

(40)

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

(e —1)?

1
A= — — "~
10 e(2e +1)

(41)

Note that 4 does not exceed 0.05.
Let us parameterize Zj as:
Z=ofl +wn) (42)

then solving for w from equation (38) gives:

 [PAZ)OZ) exp (-2AuPAZ))AZ
J O(Z) exp (—24uPy(Z))dZ

where we have used:
ana; = — 2Py (cos 8) = —2Py(Z) (44)

For reference note that the usual treatment in the litera-
ture? ignores the anisotropy in the reaction field and cor-
responds to putting A = 0. Provided that neither the reac-
tion field correction (owing to 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®, so in this paper we take
X to be isotropic as in equation (24) and concentrate on the

reaction field. Thus comparing anisotropies in equation (31),

we find ¥ =w. Hence equation (43) now reads:

L IPA2)0@) exp (~2AuPZ))Z )
TO@) exp (2AuPYZ)NZ

Thus we have derived an implicit equation relating u to
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molecular parameters embodied in Q(Z). It remains to in-
vestigate how a non-zero A affects equation (45).

The reaction field correction

We expand the exponential in equation (45) and also
insert equation (16) to get:

off (-24uy’ » |
; ~2+1 ! TRAZYT P2z
T 0y (—2Auy #6)
Z 1 21#17—— JPy(ZY'P(Z)dZ

Since 4 < 0.05 and |u] <1, we terminate the seriesat n=1:

_ No —24ulN;
Us - ——————— 47
Dy —24uDq
where:
o

2l_—fP2(Z)PI(Z)dZ =— Q2f2
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Notice that since
Py (ZY'P(Z)dZ =0 49)

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

We are now in a position to look at the properties of
equation (47). Recall that the molecular polarizability
determines Q22 by means of equation (17), but does not
determine Q4f4, which appears in NVq. 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 Q44 to zero. This will be discussed
in the Appendix.

Ignoring Q4f4, and relating Q2> to v by equation (18),
equation (47) can be written as:

_ (2 4*)
vtAu | ———v
5 7

u= — 50
1+2A4Auy (59)




Solving for v:

v=u |[1+4 2u2+iu——% 51
7 5

where O(42) terms have not been kept. In practice, one
measures the anisotropy u = [exy + €y, — 2€;] /[6(e — 1)]
and determines v from 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 4 < 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®.

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 |€g| >> |€.. | (where the subscript de-
notes the frequency) or if we consider the dispersion Aé =
€y — €=, 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 é..) is a separate
question to be looked at.
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Note added in 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:

v=u [1+4 2u2+iu—g+§ (51"
7 5

where £ = 4/315 (Q4f4/Q¢f,)- By the positive of £, we can
deduce

9 9 9
fal= 5 ' ff(Z)P4(Z)dZ‘ < 5 JAZ)dZ = 2—f0
since [P4(Z)| < 1. A similar bound applies to Q4 , hence
4 (9\2 9
El<-— |z ==
315 \2 35

Therefore the inclusion of £ does not alter the fact that the
correction will be quite small, on account of 4 < 0.05.
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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! ~>. 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
the I versus t profiles or, as suggested by Magill' , from
normalized light transmission/time plots of the form

(I, — I)/{U, — Ip) vs. log t where Iy and I, are initial and
final intensities and /; the intensity at time . Rate con-
stants can be calculated from the Avrami equation:

g =ekt" (1

where 0 is the fraction of untransformed material, k is a
constant and # an integer depending on the type of nuclea-
tion and growth®~7. With 6 = (I, — I)/(I; — Ip), n can be
obtained directly from In(—In@) vs. In ¢ 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®. 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°. 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'®.
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-
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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'®. 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 £1; values are obtained for polypropylene by the two
methods.

EXPERIMENTAL

PBT samples were obtained from the GE Plastics Division
(Pittsfield, Mass.) (Valox® 310 resin, [n] at 25°C in hexa-
fluoroisopropanol (HFIP) = 1.32 dl/g), PET from Cellomer
Associates ([n] ffp = 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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to the crystallization temperature. This procedure allowed
any thermal stresses to be relieved and permitted more rapid
equilibration at 7,.. 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
Ty, and one at T, 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 ¢.
By dropping the entire stage temperature with a cool nitro-
gen jet, ty could be accurately fixed although the maximum
measurable crystallization rate was somewhat reduced.

The calorimetric data were reduced by setting 0 = AH%/
AHO where AHY is the integral heat of crystallization at time

t and AHO 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(—Ing) vs.
In ¢ plots include induction times. Slopes were determined
graphically over the range 6 = 0.2—0.8 to avoid difficulties
associated with unusual birefringence variations during the

10
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Ol
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Figure 3 Avrami plot of depolarization data for polypropylene.
Note shift in exponent from 3 to 2 as spherulite diameters approach
film thickness at higher T, values. O, T, = 120°C, n = 3.0; X, Tc=
123°C,n=29;8, T, =125°C,n =2.9;0, T, = 127°C, n = 2.9;
®,7.=130°C,n=3.0

Table 1 Avrami exponents obtained from d.s.c. and depolarization
data
Crystal-
lization Avrami
temperature exponent
Polymer Technique (°c) n
polypropylene O.s.c. 110 3.0
115 3.1
120 29
125 29
130 27
depolarized 120 3.0
light 123 29
125 29
127 29
130 3.0
poly (butylene D.s.c. 200 2.7
terephthalate) 205 29
210 28
depolarized 200 29
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 29
light 215 3.0
220 3.1
225 3.5

POLYMER, 1976, Vol 17, January 13
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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

14 POLYMER, 1976, Vol 17, January
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melt and mould temperatures respectively in °F.) Again
the £ 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!! polypropylene and by de-
polarization microscopy on Shell Carbona White polypro-
pylene? is presented in Figure 7. The respective values for
t12 are conveniently replaced with the respective values
for Avrami’s £ 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 £y p vs. T plots 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-

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 #1p
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 of I, 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 /. to displace #1 ) 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 7. the
induction time, as the slopes of the In(—In@) vs. In ¢ plots
are very sensitive to the value of r. However, we would
expect such errors to show up as fluctuations in the Avrami
n well before deivations in ¢ are observed. Such varia-
tions were not observed. Furthermore inbedded thermo-
couples indicate that #(, 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!?. 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!>!*. 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 which 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. andi.r.”
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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'. The extraction techniques, generally, involve the
preparation of a thin film of the sample, ¢.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—10 h and
drying of the polymeric films is done overnight’. 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?. The u.v. spectrum is usually scanned from
200—400 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,
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?, 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?, 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®. It consisted of a simple gel permeation chro-
matograph with a 4.0 cm3 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 ul 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 A nominal exclusion limit glass beads
respectively. Column set 2 consisted of five, 1 m, 6.35 mm

POLYMER, 1976, Voi 17, January 17



Quantitative analysis of polymers using stop-and-go g.p.c. and i.r.: F. M. Mirabella Jr et al.

40

8 a

Transmittance (So)
.
O
T

80t
90
100
Elution volume {3-1cm¥/mark)
© b
20: x IOOmV Stop flow
40t 8
601
3 80t
o
8 IOO 1 1 ] L 1 1 I
cC
2
= —Restart flow rRestart
g flow
5 O Stop flow
(S
F 20}
40R
60 \io
sof 2pidt s
i eigzo
|OO 1 1
2530 50 70 90
Elution Elution
volume Wavelength (pm) volume
(3-lcm 3imark) {31cm¥mark)
Figure 1 {a) G.p.c. of sample 1 (polystyrene and dibutyl phtha-

late) on column set 1; see text for details. (b) Stop-and-go g.p.c. of
sample 1 on column set 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
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concentration of 15 mg/em3 (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 ahd 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 1a and 1b show, respectively, the g.p.c. of sample 1
(15 mg/cm3 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 um (4000 cm~1) t0 9.00 um (1111
cm~1) since a continuous ‘window’ was obtained within
these limits for tetrachloroethylene 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 1b indicates how this method
permits the qualitative identification of both polymer and
additive. Total analysis time was 1% h for running one
chromatogram and two i.r. spectra.
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IOO 1 1 L ue 1 1 i
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40t
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Figure 2 (a) L.r. spectrum of polystyrene, 1 mg/cm3 in tetrachlo-
roethylene, 3 mm pathlength solution versus 3 mm pathiength
tetrachloroethylene reference. (b) Lr. spectrum of dibutyl phtha-
late, 1 mg/cm® in tetrachloroethylene, 3 mm pathlength solution
versus 3 mm pathlength tetrachloroethylene reference
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Figure 3 (a) Stop-and-go g.p.c. of sample 2 (polystyrene and dide-
cyl phthalate) on column set 1, showing the i.r. spectrum of the
additive peak; see text for details. (b) l.r. spectrum of didecyl
phthalate, 1 mg/cm3 in tetrachloroethylene, 3 mm pathiength solu-
tion versus 3 mm pathlength tetrachloroethylene reference

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/cm3 in tetrachloroethy-
lene of polystyrene containing 3.2% w/w didecyl phthalate)
with the ix. 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/cm3 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,
espe%ially the hydroxyl absorption at ~2.70 um (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

O
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Figure 4 (a) Stop-and-go g.p.c. of sample 3 (polystyrene and BHT)
on column set 1 showing the i.r. spectrum of the additive peak; see
text for details. (b) I.r. spectrum of BHT, 0.4 mg/cm3 in tetra-
chloroethylene, 3 mm pathlength solution versus 3 mm pathlength
tetrachloroethylene reference
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Figure 5 Stop-and-go g.p.c. of sample 1 on column set 2, showing
the i.r. spectrum of the additive peak
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calibration curve. Analysis time for a sample was 2 h per REFERENCES
g.p.c. run at the higher resolution conditions.

1 Henniker, C. J., ‘Infrared Spectrometry of Industrial Polymers’,
Academic Press, New York, 1967, pp38—41
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Relationship of temperature to
composition of copolymers of _
o-methylstyrene and maleic anhydride

Raymond B. Seymour and David P. Garner
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(Received 19 August 1975, revised 16 September 1975)

Alternating copolymers of a-methylstyrene and maleic anhydride were prepared in good yields in a
decalin solution at temperatures below 80°C. Random copolymers with large percentages of a-
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 copotymers were characterized by pyrolysis/gas chromatography
and differential scanning calorimetry. The glass transition temperature of poly{a-methylistyrene)
and the random copolymer of this monomer and maleic anhydride were approximately 450 and

458 K respectively.

INTRODUCTION

Polymers of a-methylstyrene! and maleic anhydride?® as well
as alternating copolymers of these two monomers® have
been described. Likewise, the alternating copolymer of
styrene and maleic anhydride was one of the first recog-
nizable copolymers®. Both block copolymers and random
copolymers of this system have also been described®*.

The formation of block copolymers is the result of
the addition of excess styrene monomer to styrene—maleic
anhydride macroradicals’. The formation of random co-
polymers has been attributed to the decomposition of the
charge transfer complex at elevated temperatures®. It is
assumed that this complex is formed when the electron-
poor maleic anhydride accepts a charge from the electron
rich styrene®. 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'®. The presence of this complex has also been
demonstrated by n.m.r. techniques'".

EXPERIMENTAL

Copolymers of a-methylstyrene and maleic anhydride were
prepared from freshly distilled a-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 a-methylstyrene, 10% w/w solution of
maleic anhydride in carbon tetrachloride, and 10% w/w

solution of the maleic anhydride/a-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 1B.

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 a-methylstyrene and maleic
anhydride

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

AR O

As shown in Figure 3, the n.m.r. absorbance for maleic
anhydride has shifted from 7.1 § (Figure 1) to 5.9 § in the
mixture of this monomer and a-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 2 N.m.r. spectrum of a-methylstyrene
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Figure 4 Effect of temperature on absorbance of a-methylstyrene—
maleic anhydride charge transfer complex at 291 nm
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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 K2,

Table 1 Effect of temperature (60° —80°C) on composition of
copolymers of a-methylstyrene («-MS) and maleic anhydride (MA)

Temperature Feed ratio Polymer composition
(°c) (a-MS/MA) (a-MS/MA)

60 11 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 a-methylstyrene and maleic anhydride. A,
1:1 ratio; B, 20:1 ratio of monomers

Table 2 Effect of temperature {60°—100°C) on composition of
copolymers of a-methylstyrene (a-MS) and maleic anhydride (MA)

Temperature Feed ratio Polymer composition
e (a-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 tor 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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Figure 6 D.s.c. thermograms of a-methylstyrene—maleic anhydride
copolymers. A, poly(a-methylstyrene) Tg = 450K; B, alternating
copolyomer prepared at 70°C; C, random copolymer (7:2) prepared
at 100°C
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A study of molecular orientation indrawn
and shrunk poly(ethylene terephthalate) by
means of birefringence, polarized
fluorescence and X-ray diffraction

measurements

J. H. Nobbs, D. |. Bower and 1. 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 a44'-
(dibenzoxazoly!) stilbene, prepared by a method previously described, were drawn around a ‘pin’ at
80°C to draw ratios, \, of 2.0, 2.5, 3.44, 3.5 and 4.2. Values of (P5{cos 8)) were determined for sam-
ples from the tapes, either as-drawn or shrunk and crystallized in air under various conditions.
Py{cosB) is the second order Legendre polynomial, 8 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 6))opt and (P2(cos 6)); which refer, res-
pectively, to the whole polymer and to the crystalline regions only. By making certain assumptions,
values of (P5{cos0)), 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
{Palcos8));. 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 A < 2.5. For higher A, 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’ 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 (Py(§)), the mean value of Py(§), where £ is the co-
sine of the angle 6 between the axis of a structural unit in
the polymer and the draw direction and P»(£) = 4(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 (EMopt, relate to the overall chain axis orientation to a
good approximation. This has been confirmed directly by
infra-red? and Raman? 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, asa
first step, that it is the same. In the previous paper’ a set of
equations was developed which enables the determination,
from suitable measurements of fluorescent intensities, of
(cos20 pp) and (cos*0 ), the average values of cos20 y and
cos#0yy, where 0y 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(£a)) =
14(3¢cos?0 > — 1) can be used to estimate the value of
(Py(§)),, where the subscript @ signifies that the average
extends only over the polymer chains in the amorphous
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regions. A similar average, {P2(£))., 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, (P2(E)g and (P2(£)). should be related

by:
(P2(E))opt = felPAEN e + (1 — f){Po(E)), (1

where f 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 10~3m
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 + 1°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, A, 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° 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 S—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, 7,
or normal to this direction but parallel to the plane of the
tape, 11y, were measured using an image-splitting interfer-
ence microscope (Zeiss Zena Interphako) with accurately
calibrated immersion liquids. All measurements were made
at 551 nm. The results are shown in Tables 1—6.

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

o — o
9 + 265

Aa
300 (PAENopt = @)
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where ¢f = (nlz— 1)/(n,-2+ 2), Aais the difference between
the electronic polarizabilities of a polymer repeat unit
parallel and perpendicular to the chain axis, and «g is the
isotropic polarizability.

In the present work Aa/aq was estimated from measure-
ments on a series of drawn amorphous samples. A plot of
(95 — ¢%)/(¢% + 2¢%) against (Py(£3r)), measured by polar-
ized fluorescence, was extrapolated to the point where
(Py(,y)» =1. The corresponding value of (¢§ — ¢%)/

(¢% +2¢%), 0.106 £ 0.005, was taken as Aa/(3ag). 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
Aa/(3ag) is the same for polymer segments in the crystal-
line and amorphous phases.

As in previous studies'#, the assumption of transverse
isotropy was checked by calculating the refractive index
of isotropic amorphous PET, n§, from n; and ny using the
relationship:

n92—1=p9 n§—1+2(n%—1)
nd2+2 3p |nZ+2 nZ+2

(3)

where p is the density of the sample and o is the density
of an isotropic amorphous sample. The values of n obtain-
ed are shown in Tubles 16 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’ 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 {cos?0s) for PET samples of low crystallinity
containing the same fluorescent additive as used in the pre-
sent work. In Figure 1, {Py(£p)) is plotted against {(P2(£)opt.
Note that (Pa(£pr)} and (Pa(£)opt take the value unity
simultaneously as a result of the method used to derive
(P2(E))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
{Py(£)), from the measured value of (Pa(£p)). For example,
a value of (Py(&pr) of 0.25 corresponds to a value of 0.119
for (Po(£),.

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®. 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. £ TOD formed by the transmitted beam,
OT, and the line OD from the centre of the sample to the
detector we call 28. The angle between the bisector of
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Figure 1 (P3{Ep)) compared with (P2(£)>op for samples of low
crystallinity. A, Samples from previous work " drawn at 80°C to
various draw ratios; &, samples from previous work " drawn to draw
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; ®,
samples from present work drawn and shrunk at 80°C

£ 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 is fixed so that the
detector is at the peak of the diffraction profile for that
plane. The intensity of the diffracted beam, /(x), is mea-
sured as x is varied by rotating the sample about a vertical
axis. Io(x) is derived from the measured intensity /(x) 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 28 around the peak.

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

T
f Io(x) Pa(cos x) sin xdx

(P, (cosx) = 0 - 4)

flo(x) sin xdx
0

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 (105) plane was therefore used
and the results were corrected to allow for the angle
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8(=9°46") between the (105) plane normal and the c-
axis.

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

(Py(cos x ) = (PN LPa(cos 8)) (%)
{Pa(cosx)) = (P4(§ )L Pa(cos b)) (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 +4° of x in the horizontal
plane and £1%° in the vertical plane. This was not cor-
rected for, since the ranges of angles involved are far smaller
than the smailest haif-width of the intensity versus x plots.
The corrected values of (P,(§)), 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 er al.® have given the lattice parameters of the
PET crystal as 4 = 4.56A,b = 594A,¢=10.754,a =
98°30",8=118° and y = 112°. These values, together with
a value of 1.5416A for the wavelength of the radiation, give

z

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 Diffracted X-ray intensity as a function of 23 in the
region of the (105) plane diffraction for sample 3f

28 = 42.8° for the (105) plane diffraction. For our sam-
ples 28 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 28 = 37° to 49° for x = 0°
and x = 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 28 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
28 =37.5° was called C. The background intensity at the
diffraction peak for any other value of x was found by
multiplying the observed background at 28 = 37.5° by C.
Figure 4 shows the observed intensities as a function of
for 28 = 43.3° and 37.5° for sample 3f. For this sample
C=1.11.

The values of (P,(¥)), were obtained from equations (4),
(5) and (6) by performing the integration by Simpson’s
method. A total of 27 g)oints was used in the range 0° to
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 —90° was similarly divi-
ded.

In order to determine whether the peak intensity Zo(x)
was proportional to the intensity integrated over a range
of values of 28 around the peak, the diffraction peak from
sample 3f was recorded for several values of x. For each
peak the corrected intensity fg(x) was integrated from 28 =
41.5 to 28 =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 x of the
effective volume or absorption of the sample. The rod-
shaped samples were almost completely illuminated with
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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” 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, p,, of the
amorphous material should vary with orientation of the
amorphous regions, and the curve in Figure 5 shows the
estimated variation. f, the fraction of polymer in the
crystalline regions, is given by f, = fypc/p, where f, is the
volume fraction that is crystalline and p, is the density of
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Figure 4 Diffracted X-ray intensity as a function of the orienta-

tion of the draw direction for sample 3f. A, 23=43.3°;B,28 =

37.5°
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Figure 5 The curve shows the estimated relationship between
density and (P,{£)); for amorphous PET. The points show the
relationship for samples of low crystallinity. A, Samples from
previous work "~ drawn at 80°C to various 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; ®, samples from present work
drawn and shrunk at 80°C
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Figure 6 (P,(£); plotted against final effective draw ratio for
samples drawn at 80°C to draw ratio 2.0 and then shrunk at 80°C
to controlled final effective draw ratios. The curve represents a
smooth line through points {not shown) for all samples from the
previous and present work which were drawn at 80°C but not
subsequently shrunk

the crystalline fraction. Now

fu=(0 —pa)/(pc — Pa)

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

fe=(oclp)o — p)/(pc — 0a) @)

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.

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,
(PYENopts (P2AEN, and (Py(E))c. The calculated values of
the isotropic refractive index, ng, are also shown. The
values of nJ 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-
ples.

For sample 4e, (Py(£)). 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.
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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,
(Py(£)), and (P(£)). were determined. These values do not
generally satisfy equation (1). If we temporarily denote
the experimental values by a superscript m, then in general,

(Py(ENEr # FEXPAENE + (1 — FEY (PAEDT
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(§)),, {(P2(§))c,
(Po(E)opt and fo which satisfy equation (1) exactly and at
the same time minimize the sum

S = (EgIDg)? + (Ec/Dc)* + (EofDp)? + (E/D)? ®)
where the £7s are defined as:

E, = (PaE), — (P2EVT

E.= (PyENe — (PoEN!

E; = (PyENopt ~ (PoAENEHt

E¢=f.— 17

©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 (Pr(ENT, (P2(E)V1,
(Py(£)Y2ht and f7 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, (PAENc and f, were derived
and they are shown below the corresponding measured
values in Tables 1, 4, 5 and 6.

DISCUSSION

Rubber-like behaviour for low initial draw ratio

Figure 6 is a plot of (Py(§£)), against the final draw ratio
for essentially non-crystalline samples (f,. < 0.03). The
curve is derived from the results given in Tables 2 and 6
of our previous paper® for samples which were simply drawn
at 80°C. The values of (cos?0,p in these Tables have been
converted to {(Pa(&pr) and then to Py(¥)), 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 1g (Tables 1 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 Krigbaum8 have derived the following
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Table 1 As-drawn samples
Draw Refractive index Crystal-
ratio, Density, S tinity,
Sample A p nz ny ng fo (PylEhgpt  (P2lEDg (PalENe
1a 2.0 1.3388 1.611 1.5671 1.583 0.01 0.17 0.18
2a 25 1.3418 1.630 1.561 1.5682 0.03 0.30 0.27
3a 3.44 1.3541 1.685 1.545 1.582 0.06 0.59 0.58 0.54 meas.
0.06 0.58 0.59 0.54 fit
3j 3.5 1.3574 1.682 1.5645 1.679 0.11 0.58 0.55 0.57 meas.
0.11 0.56 0.56 0.57 fit
4a 4.2 1.3648 1.713 1.540 1.580 0.06 0.72 0.74 0.72 meas.
0.07 0.73 0.73 0.72 fit
Table 2 Samples initially drawn to A = 2.0 and shrunk at 80°C for 30 sec to controlled final length
Final Refractive index Crystal-
draw Density, o linity,
Sample ratio, A o nz ny na fo (P2{EDopt (Pl
1b 193 1.3382 1.605 1.575 1.585 0.00 0.13 0.14
1c 1.64 1.3377 1.595 1577 1.583 0.00 0.08 0.08
1d 1.43 1.3375 1.588 1.578 1.582 0.00 0.04 0.04
le 1.32 1.3370 1.585 1.680 1.582 0.00 0.02 0.03
1f 1.05 1.3373 1.582 1.682 1.682 0.00 0.00 0.01
1g 1.00 1.3372 1.582 1.5681 1.582 0.00 0.00 0.02
I
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o} 10 20 30
- |-lo l 3-Io NI/
o §~O Figure 8 B plotted against A2 —1/a for samples drawn at 80°C.
A=/ O, Samples drawn but not shrunk, present and previous workl;

Figure 7 B plotted against . 1/\ for samples drawn and
shrunk at 80°C. Linear region for rubber model

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

(PyEN) = : A2 : + 36 x4+A 4
Y x| " 875A2 3732
N 108 x6+3)‘3 8 o
6125N3 5 53 (10)

where NV is the number of freely jointed links between
crosslink points. This equation can be simplified by setting:

1
B=(1/N) (AZ—X) an
to obtain the following approximation to equation (10):
<P(s))—13+36 82+———108 B3+ 12
TS s Teias T (12)
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@, samples drawn to draw ratio 2.0 and shrunk at 80°C

Equation (12) gives (P2(£)) within 1% of the value given
by equation (10) for A <3 and N = 6, which is close to the
value of NV found in the present work.

By plotting a graph of (P(£)) against B, a value of B can
be read off for each experimental value of (P3(£)),. The
rubber model predicts that a plot of B against (\2 — 1/})
should be a straight line of gradient 1/V. Figure 7 isa plot
of B against (\2 — 1/)) for samples la to 1g. The plotisa
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 — 1/A) for all
samples from the present and previous' 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 (A2 — 1/)\) greater than 6,
the results deviate from the straight line. This value of
(A2 — 1)) corresponds to a draw ratio of 2.53, which is in
the region of maximum extension for a rubber network

with N = 5.6, since the maximum draw ratio of a rubber
network with ¥ freely jointed links between crosslink points

40
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Table 3 Samples initially drawn to A = 2.0 or A = 2.5 and shrunk freely for 10 min

Shrin- Final
Draw kage draw Refractive index Crystal-
ratio, temp. ratio, Density, linity,
Sample A rc) A P ny nx nd fo (PylEDopy  (PaleDy
1h 2.0 80 1.00 1.3370 1.683 1.582 1,683 0.00 0.00 0.00
1i 2.0 120 1.07 1.3690 1.697 1.594 1.578 0.30 0.01 0.05
1j 2.0 150 1.00 1.3798 Sample opaque 0.40
Tk 2.0 180 1.00 1.3855 Sample opaque 0.45
2b 25 80 1.04 1.3370 1.583 1.583 1.583 0.00 0.01 0.00
2c 25 120 1.10 1.3707 1.606 1.585 1575 0.31 0.08 0.02
2d 25 150 1.10 1.3787 Sample opaque 0.39
2e 25 180 1.10 1.3855 Sample opaque 0.45
Table 4 Samples initially drawn to A = 3.44 and shrunk freely for 10 min
Shrin-
kage Shrin- Refractive index Crystal-
temp. kage Density, linity,
Sample (°C) (%) P nz nx n? fo (PalEhopt  (PalEDg (PalE))g
3b 70 29 1.3557 1.656 1.556 1.579 0.13 0.43 0.41 0.58 meas.
0.13 0.43 0.41 0.58 fit
3e 80 9.6 1.3593 1.652 1.561 1579 0.18 0.39 0.37 0.66 meas.
0.17 0.40 0.35 0.66 fit
3d a0 14.0 1.3626 1.655 1.563 1.580 0.22 0.39 0.27 0.73 meas.
0.23 0.38 0.28 0.73 fit
3e 100 14.8 1.3691 1.677 1.658 1.580 0.28 0.50 0.30 0.76 meas.
0.30 0.46 0.32 0.78 fit
3f 110 17.7 1.3718 1.676 1.561 1.680 0.31 0.48 0.24 0.83 meas.
0.33 0.45 0.26 0.84 fit
3g 120 16.6 1.3761 1.686 1.5659 1.580 0.36 0.53 0.20 0.73 meas.
0.40 0.45 0.24 0.76 fit
3h 150 20.8 1.3841 1.688 1.561 1677 0.43 0.563 0.19 0.76 meas.
0.46 0.47 0.21 0.78 fit
3i 180 18.3 1.3907 1.704 1.560 1.580 0.49 0.59 0.19 0.76 meas.
0.53 0.52 0.22 0.80 fit

is approximately equal to (V)!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®

on higher and lower molecular weight polymer and with

the value 4.8 previously obtained by means of infra-red
measurements’. 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 1a to 1h
had very low crystallinity. When freely shrunk in an air oven
at higher temperatures, specimens li to 1k (Table 3) return-
ed to their original length. The final crystallinities were,
however, no longer low. Sample 1k 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 2¢ (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
20.

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 min 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(£)); had a large uncertainty arising from the low dif-
fracted X-ray intensity for this sample. The percentage
shrinkage, the crystallinity, (P2(§Dopt, (P2(E)), and (Py(§))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 min. 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 min
oven time. Each sample which spent longer than 20 min
in the oven had a similar value of crystallinity, shrinkage,
(PAEVopt, (P2AE)), and (Pa(E)).. 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
344.

<AED

Shrinkage (%)
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Crystallinity, 7,
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Oven temperature (°C)

Figure 9 (P (kD (D, A), (PylE)igpt (O, @), (Py(£D, (O, M), £y and
shrinkage plotted against oven temperature for samples 3a—3i,
which were initially drawn to A = 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)

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 10 (P(g), (D, A), (P2(£))opt (O, 8}, (Py{e), (T, ), ¥,
and shrinkage plotted against time in oven for samples 3k to 3o
which were intially drawn to A = 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 fit to equation (1)

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

Shrin- Shrin-
kage kage Shrin- Den- Refractive index Crystal-
temp. time kage sity, o linity,
Sample (°C) {min) (%) o ngz nx na fo (PylEhopt  (PalEla (PylEDc
3k 80 5 8.7 1.3605 1.667 1.5565 1.579 0.17 0.47 0.45
3l 80 10 12.2 1.3605 1.663 1.557 1.580 0.18 0.45 0.39 0.62 meas.
0.18 0.44 0.40 0.62 fit
3m 80 20 20.7 1.3614 1.658 1.560 1579 0.20 0.42 0.34
3n 80 60 20.6 1.3608 1.660 1.561 1.681 0.20 0.46 0.33 0.67 meas.
0.21 0.43 0.36 0.69 fit
30 80 1000 13.6 1.3649 1.675 1.5567 1.581 0.23 0.49 0.36
3p 120 5 20.1 1.3750 1.676 1.562 1.579 0.35 0.48 0.19
3q 120 10 27.2 1.3752 1.675 1.562 1.579 0.35 0.47 0.16 0.63 meas.
0.39 0.39 0.21 0.66 fit
3r 120 20 24.1 1.3777 1.678 1.563 1.579 0.37 0.48 0.15
3s 120 60 241 1.3782 1.678 1.563 1.580 0.38 0.48 0.14 0.75 meas.
0.41 0.42 017 0.77 fit
3t 120 1000 27.7 1.3807 1.687 1.562 1.579 0.40 0.62 0.16
3u 180 10 18.7 1.3928 1.706 1.562 1.579 0.51 0.21 0.58 0.78 meas.
0.53 0.23 0.54 0.81 fit
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Table 6 Samples initially drawn to A = 4.2 and shrunk freely for 10 min
Shrin-
kage Shrin- Den- Refractive index Crystal-
temp. kage sity, linity,
Sample  (°C) (%) p ny Ny nd fo (Pa(ENgpt  (PalED, (PalEDe
4b 80 5.7 1.3673 1.705 1.544 1.580 0.13 0.67 0.70
4c 120 154 1.3778 1.702 1553 1579 0.34 0.62 0.44
4d 150 214 1.3855 1.708 1.5568 1.581 0.42 0.61 0.38
4e 180 25.0 1.3933 1.713 1.560 1.579 0.50 0.62 0.36 0.78 meas.
0.51 0.59 0.37 0.80 fit
o8 2
that of the polymer chains in the amorphous regions of the
N crystalline polymer is the same as in the completely amor-
) N phous polymer. We are therefore justified in interpreting
53 (P5(£)),, determined from measurements of the fluorescence
° intensities in the way described, as the value of (P(£)) for
the amorphous regions of the polymer.
Figures 9, 10 and 11 show both the shrinkage and the
5 . crystallinity of the samples. The results in Figure 9 for
samples originally drawn to draw ratio 3.44 are the most
Or L L revealing because they show a separation between the
30k shrinkage and crystallization processes. For this series of
J * samples the shrinkage increases very markedly, from zero
2 v * to 15%, as the temperature of the oven rises from 60° to
S 20 90°C and then increases less rapidly with temperature. The
§" crystallinity, on the other hand, shows a more gradual in- .
S 0 crease over the whole range of oven temperatures from 60
5 to 180°C. It is notable that (Pz(‘g‘))ogt shows a clear mini-
mum for oven temperatures near 80" C. We can conclude
o] » L T from this that shrinkage is associated with a decrease in
\00.44_ o R o : overall molecular orientation, whilst for these samples
P " crystallization produces an increase in molecular orienta-
< tion and that this is the major effect above 100°C. These
902 results and those for the samples of lower draw ratio
=~ shrunk at 80°C, which do not crystallize, show that there
o 1 , L can be no doubt that at the lower temperatures shrinkage
O 30 60 1000 is primarily due to the disorientation of the amorphous

Time in oven {min)

Figure 11 (P2(Elc (B, A), (P {E)gpt (O, ®), (P2 (£, (O, M), £, and
shrinkage plotted against time in oven for samples 3p to 3t, which
were initially drawn to A = 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)

Intercomparison 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(£)), was measured, enabling a
second set of values of {Py(E)g, (P2(E)c, (PUEDopt and fe
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

regions, as was concluded from a much earlier study of the
dichroism of dyestuffs incorporated in PET'. It has been
proposed '~ '3, notably by Statton et al.'*, 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'®"* and the view of Wilson'® 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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Figure 12 (P4lt)) plotted against (Pa{g)). O, (P4ltpy) plotted
against (P {Ep) for all the samples of low crystallinity from the
present and previous  work, including those drawn to draw ratio
2.0 and shrunk at 80°C; ®, X-ray data for (P4(£)); against (P2 (£))¢;
B, fluorescence data for (P4{Ep)) against (Pa(£p)) for the shrunk
samples 3b to 3i and 3I, 3n, 3q, 35, 3u and 4e. —. —.—. , mathemati-
cal upper and lower bounds on the value of (P4{£)) for any value of
(PalE)); , relationship predicted by the pseudo-affine deforma-
tion scheme

Fourth-order orientation averages

The fluorescence method can provide! values of
(Pa(Ear) = 1/8(35(cos? g — 30{cos20p) + 3) as well as
values of (Pa(£y)), 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(£p7))
plotted against the corresponding values of (Pa(£p) for all
the samples of low crystallinity from the present and pre-
vious' 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 (Pa(£)) predicted
according to the pseudo-affine deformation scheme’® for the
preferential orientation of a set of unique axes. As pre-
viously suggested’, the agreement between the points and
this line may be fortuitous. Also shown in Figure 12 are
values of (P4{£ar) plotted against (Po(£p7)) and (P4(£))c
plotted against (P2(§)). for all the shrunk samples for which
X-ray measurements were made. The upper broken curve
is the theoretical upper limit on (P4(§)}, which corresponds
to {cos#8) = (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 (cos*0) = ({cos20))2 and the unique
axes lie on a cone around the draw direction with semi-
angle §.

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
(P5(%)), 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
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of samples appear to be different. Since, however, the
points for the semi-crystalline sample do not lie far from
the pseudo-affine 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(£)),. This may be done by making two assumptions.
The first is that (P4(§)), is related uniquely to (P4(Ep),
which is similar to the assumption made in deriving
(Py(£)),. The second is that (P4(£)), may be deduced approx-
imately for totally amorphous samples from the value
(Py(EDg = (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(E) and {Po(£). 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(§)), for amorphous samples which are cor-
rect to a good approximation.

Once {P4(£))g, (P4(§)c and f, are known, a value of
{P4(£)g for the overall distribution of molecular orienta-
tions may be derived using a similar equation to (1). In
Figure 13,(P4(£)) is plotted against (P2(§))opt (which also
refers to the overall distribution of orientations), (P4(£)). is
plotted against (P2(£)), and (P4(£)), is plotted against
{P(£)), for samples 3a—3i. Despite the scatter of the
points, the values of (P4(£)) and {P,(£)) for the overall dis-
tribution are indeed seen to lie closer to the pseudo-affine
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Figure 13 (P4l%)) plotted against (P, (£)) for samples 3a to 3i.

W, X-ray data for {P4{£)); against (Py(£)),; O, (P4(£))4 against
(P2{£))5; @, denotes (P4(£))g against (P3(£))gpy (which both refer
to the overall distribution of orientations). .——.—, and as
in Figure 12




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 of 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 {Py(&)),.

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

1=V, +AV (A1)

V. is defined as the volume of the same mass of material if
it were fully crystalline. It follows that AV is the volume
of the sample that is orientation dependent. In Figure 14,
the two unit vectors S; and S represent two adjacent poly-
mer chains. We assume that the shaded area, 4, is propor-
tional to the volume that is reduced to zero when Sy is com-
pletely aligned with S7. If G is the angle between Sy and Sy
the area 4 is equal to %sin G. It follows that

AV = k(sin G)p4/pY (A2)
where £ is a constant of proportionality and (sin G) is the
average value of sin G for the amorphous sample.

From equation (A1) we obtain:

AV =1 — pylpe (A3)
and if R is defined by:

R = (sin G){{sin G)q (A4)

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

pg = pZ0cl 09 + R(pe — p)] (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-

Figure 14 The unit vectors S and S, 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 S, is completely
aligned with Sy
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axial distribution of chain orientations,

(Py(cos G)) = [(Po()] 2 (A6)
It is not possible to obtain an exact expression for (sin &)

in terms of (P3{(cos G)) and we have therefore used the
approximation

) 1/2
(sin GY = (1 —{cos2GN1/?| = t {5 [1 — {Py(cos G)] r
(A7)

which gives in fact the maximum value for (sin G) for a
given (Py(cos G)), since by Schwartz’s inequality (sin2G)
is greater than or equal to (¢sin G))2. The same approxima-
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tion was used for {sin G in an attempt to reduce the error
inR.

For PET appropriate vatues are p§ = 1.3375 and o, =
1.445. Thus equation (AS5) becomes:

pg = 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!, 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 of f, for oriented samples.



Trajectory of polyethylene chains in single
crystals by low angle neutron scattering
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Measurements of coherent neutron diffraction 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 diffraction angle, the scatter is
fully consistent with thin lamellae, the planes of which contain the stems. The thickness of these
famellae agrees with that expected for neighbouring stems of one molecuie 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 diffraction angle, effects are observed which are
attributable to the finite 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. Lr. 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 I 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® 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 1 Diagrammatic representation of a polyethylene crystal,
showing how adjacent re-entrant folding leads to lamellar diffract-
ing objects

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 28 than shown, and were fully
consistent with the way in which the two spectra, PE and PE with
DPE, were subtracted to give a measure of coherent scattering fro‘{n
the DPE component. Results from the diffractometer at Harwell .

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 Ty = 85°C a seeding procedure
was employed? 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 flat mats about 0.1 mm thick. For
Ty = 70°C the dry mat was pressed at 60°C so as to produce
a translucent material. For T, = 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* where the normal to

the holder was held at an angle of @ 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® 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
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the normal to the mats. The 110 arcs were equatorial (most
intense along a direction parallel to the plane of the mats).
The long spacing / was 107 A for Ty =70°C and 132 A for
Tx=85C.

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®. The former
show scatter which is almost independent of 26, 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
asin the blend. To enable this to be done accurately, the
PE scatter was measured for several sample thicknesses. A~
(small) desmearing correction® 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 1 decreases sharply with 26 ; the results are conveniently
expressed as a plot of Is2 cos @ versus s, where

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

Such a plot is shown in Figure 4.

Figure 5 shows results on mats mounted edgewise (T =
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
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Figure 4 Plot of the data as 15% cos 6 versus s after background
subtraction, desmearing, and corrections for attenuation and pre-
ferred orientations {see text). The units of / are arbitrary, being
expressed as /dijff//p where /dj¢f is the count rate difference from
Figure 3. 1p 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) Ty =
85°C, mat unpressed; (b} Ty = 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 multidetector array) on orientation of the mats.

, direction in the plane of the mats; ————, direction parallel
to the mat normals. Ty = 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 from the
high flux reactor, Grenoble$

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” 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 of radius Rg 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:

1=(Nonp[2scos8) exp — (2s272R?%) €))

where &V is the number of scattering centres defined as the
number of deuterium atoms, o is the corresponding coherent
cross-section, n7, is the number of centres per unit length,
and the exponential factor applies for s < 1/Rg. R is analo-
gous to the usual radius of gyration: R =r2 where ris the
distance of each centre from the centre line of the rod.

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

1= (Nong/[2as2 cosB) exp — (4m2D2s2) 2

where n4 is the number of centres per unit area, and the
exponential factor applies for s € 4H. D =z* where z is
the distance of a scattering centre from the central plane

of the lamella. In these equations the additional cosd term
arises in order to avoid the restriction to small values of 26 ".
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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 A1, so that both conditions s € 1/R¢ and s < %H
(see above) are likely to be satisfied. The length of a stem
(approximately equal to the fold length /) 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/I, numerical calculations
would be necessary. These would need to allow for the dis-
tribution of orientations and the dimensions /and /, (see
Figure I). Qualitatively, it may be said that / may be both
above or below the asymptotic value for s ~ 1/I (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” 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 A2
Based on these figures, estimates of interference effects
which are analogous to previous calculations” suggest that
for lamellae (equation (2)) they should be small, for s more
than about 0.03 A1, but that for rods should be quite sig-
nificant for all s measured.

Finally, in order to be able to deduce values of ny, or ny
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? decreases and not increases as a
function of s. 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? for larger values of s; to test thlS equation further Is2 cos 8
is plotted on a log scale against s 2 (Figure 6). The predicted
variation for infinitely wide sheets [corres fondmg to (110)
pleated sheets: D =1.57 A;n4 = 0.35 A~4] is also shown.
The absolute calibration of / was estlmated 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 Ty = 70°C and 0.66 for T, = 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 parailel
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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b
1 1 ) 1 1
o} 000! 0002 O 000 0002
s2(A?)
Figure 6 The datazof Figure 4 replotted as /52 cos 8 on a logari-
thmic scale versus s°. (a) Ty =85°C (b) Ty = 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/A2)
Calculated 1.57 0.35

T, = 70°C 2.2 .29

Ty =85°C 1.9 0.18

The calculated values of n4 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) pianes for this calculation.
Other directions of folding [e.g. on the (100) plane] would give
stightly 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, 2¢, 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 n4 for adja-
cent re-entrant folding, together with values derived from
the linear portions of the experimental curves. (For T =
70°C there is an uncertainty introduced by the slight con-
cavity of the measured curve; the tabulated D and n4 values
refer to the slope at the highest values of s2, for which, un-
fortunately, the experimental uncertainties in / are greatest.)
As discussed above, the dimension D (related to the slopes
in Figure 6) agrees well with those predicted. For T, =70°C,
there is also good agreement for n4, when it is borne in
mind that any measured value of nyq 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®~°,

For Ty = 85°C, the measured value of n4 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 T, = 85°C. This is not unreasonable since 7=
85°C represents a lower supercooling than Ty = 70°C, and
hence sensitivity to slight thermodynamic differences. This
interpretation is consistent with measurements of overall
PE/DPE contents'!. 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
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low s when neither equations (1) nor (2) are likely to be
valid. For T, = 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? with decreasing s at small 5 is therefore attributed to
voids. By comparison, for Ty = 70°C, for which the mats
had been pressed, Figures 4b and 6b show a decrease in Js2
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”.

At 5 ~0.02 A1 there is, especially for T, =70°C, still
an increase of Is2 above the asymptotic line (Figure 6).
Some such departure could be expected for 1/s slightly
smaller than / or /| (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 <5< 0.07 A-1). Table 1 shows, further-
more, that these lamellae have a thickness as predicted for
rows of stems along (110) planes. The density of 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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Pulsed n.m.r. T1, To and T, 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. T4 and T, 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'~> This form

of the copolymer is referred to as a macroscopic ‘single
crystal’’. Although such systems are anisotropic in their
optical and mechanical properties* experimental observa-
tions so far indicate a random molecular orientation in both
the PS and PB components®.

EXPERIMENTAL

In the work reported here, Ty, T2 and T, 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®. The sample was annealed at 2150°C for 16 h in
order to enhance the features of the macrolattice®, Mea-
surements were carried out for orientation anglesy = 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 usec. A 90° pulse was of 2.5 usec dura-
tion. The Bruker temperature control facility provided
sample temperatures to an accuracy of +1°C. Rotating
frame data were recorded at a r.f. field, Hy, of 10 G. The
details of data acquisition and analysis have been described
previously

RESULTS AND DISCUSSION

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

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

[t is immediately apparent from the data that there is no
Ty, T; or T, dependence on the orientation angle y. 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®,

[ T T T T T T

7, (sec)

j 1
80 200

j
—-160 --40

Temperature {(°C)

Figure 1 T, data for a SBS single crystal: O, y = 0°; &, y = 54°;
0,vy=90": ————— , data for PS homopolymer; ....., data for PB
homopolymer
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10! T T T T T T
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-160 -40 80 200

Temperature (°C)
Figure 2 Ty data for a SBS single crystal: ————— , data for PS
homopolymer; ....., data for PB homopolymer. , values pre-

dicted by the spin diffusion model (see text). Data points for
orientations v = 54° and 90° which are essentially the same as for
v = 0° have been omitted for clarity

The T and T3 results for the single crystal are similar to
those for the comparable unextruded material®, 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 71, component at —50°C is
the T} , analogue for the Ty minimum at —20°C and the
sharp transition in the long T component in the region of
—40°C; they are all manifestations of the PB first order
transition®. The high temperature T 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®. 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 T, component, although
the exact location of the minimum is not possible. A short
Ty, component was just detectible in the temperature range
—20°C to +150°C but the intensity was too small to permit
a reasonable quantitative assessment of its magnitude.
Above +150°C the intensity was of the order of 25%.
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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 71, minimum for
the glass transition process in PS which is greater in magni-
tude than the predicted value of 60 usec in the absence of
spin diffusion’®.

The T and T, 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®,
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 77 and T, 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 and T, data, respectively; for the Ty data K =
4.4 as compared with the value of K = 20 for the T, results.

o)
10 T T T T T T T

-4
10 | 1 | I | i
-160 -40 80 200
Temperature (°C)
Figure 3 T\p data for a SBS single crystal: ————— , data for PS
homopolymer, {due to Connor’); ...... , data for PB homopolymer.

, Values predicted by the spin diffusion model (see text). Data
points for orientations y = 54° and 90° which are essentially the
same as for v = 0° have been omitted for clarity
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Figure 5 Intensity of the T1p long component as a function of
, theoretical predictions from the spin diffu-

temperature.
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 field strength for
applied fields comparable to the dipolar fields'' ~*°. 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'?. 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.

ACKNOWLEDGEMENTS

Mr S. Doherty provided valuable assistance throughout the
course of the work. The research was supported in part by
a grant from the National Science Council of Ireland.

REFERENCES

1 Keller, A., Pedemonte, E. and Willmouth, F. M. Narure 1970,
225,538

2 Keller, A., Pedemonte, E. and Willmouth, F. M. Kolloid-Z.
1970, 238, 385

3 Dlugosz, J., Keller, A. and Pedemonte, E. Kolloid-Z. 1970,
242,1125

4 Folkes, M. J. and Keller, A. Polymer 1971, 12, 222

5 Folkes, M. J., Keller, A. and Scalisi, F. P. Polymer 1971, 12,

793

6 Biarchi, U., Pedemonte, E. and Turturro, A. Polymer 1970,
11, 268

7 Wardell, G. E. and McBrierty, V. J. Proc. R. Ir. Acad. (A)
1973,73,63

8 Wardell, G. E., McBrierty, V. J. and Douglass, D. C. Am. J.
Appl. Phys. 1974, 45,3441
9 Connor, T. M. J. Polym. Sci. (A-2) 1970, 8, 191
10 Douglass, D. C. and McBrierty, V. J. J. Chem. Phys. 1971,
54,4085
11 Solomon, I. and Ezratty, J. Phys. Rev. 1962,127,78
12 Douglass, D. C. and Jones, G.P. J. Chem. Phys. 1966, 45,
956
13 Redfield, A. G.and Yu, W. N. Phys. Rev. 1968, 169, 443

POLYMER, 1976, Vol 17, January 43
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A. Gray* and M. Gilbert

Institute of Polymer Technology, University of Technology, Loughborough, Leicestershire LE11 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 crystallinity. Attempts to totally remove this crystallinity, were unsuccessful; further
crystallinity could be introduced by annealing above T4. Changes induced by annealing below Ty
were not due to crystallization. Methods used to measure crystallinity in poly(vinyl chloride) (PVC)

were assessed.

INTRODUCTION

Several workers' ~® 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' ™%,
X-ray diffraction®, infra-red spectroscopy® and differential
scanning calorimetry (d.s.c.)*~%. Changes in various mecha-
nical properties have also been reported'™3". Phillips e al.'
have attributed property changes caused by heat treatment
near and above the glass transition temperature T 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
T,. Rybnikaf* and Witenhafer® have heat treated at higher
temperatures (up to 180°C in the latter case) and have
attributed observed changes to crystallization. Rybnikdf
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? also used
this technique extensively, and compared structural changes
occurring under various conditions. He suggested that heat
treatment above T 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®.

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

Materials

Details of polymers used are given in Table 1a. 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 1a Polymers examined

Diad concen-
tration (%)
Syn-
_ _ dio- lIso- 7;,,
Polymer Details M, M, tactic tactic (°C)
PVC 2 BPsuspension 23300 59200 58 42 82
polymer supp-
lied by RAPRA
PSCC
Breon AS BP suspension 34800 77020 495 505 75
60/41 copolymer con-
taining 15%
viny| acetate
—30°C  Montecatini 43600 88800 665 335 9N

polymer- Edison homo-
ized polymer

Table 16 Conditions of sample preparation

Milling Moulding Moulding Pre-treatment
temperature temperature time temperature
Polymer {°C) °c) {min) °c)
PVC 2 160 180 3 200
PVC/PVAC 140 140 3 175
copolymer
low temp. 170 200 3 220
polymerized
PVC
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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 !3C
n.m.r. spectra using the method described by Carman et a
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 1b. 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.” 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 min pre-treatment under nitrogen, prior to crystal-
lization. Pre-treatment temperatures are shown in column
5 of Table 1b. 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. Samplesof 10+ 1 mg
were heated at 30°C/min from —40°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/min. The temperature at which the probe first star-

L.

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

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 find 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/m3) present.

Crystallinity Xz of the PVC was calculated from the equa-
tion

X = l_)i P — Pg
P Pec— Pa

where p. 1s density of totally crystalline polymer = 1530 kg/
m3" p, is density of totally amorphous polymer = 1373 kg/
m3 12 and p is the density of the PVC in the samples. Al-
though values of Xz 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 100%

X-ray diffraction

X-ray diffractometer traces were obtained from com-
pression moulded sheets of the polymers using Ni filtered
CuKa radiation (40 kV, 20 mA). Order factors were calcu-
lated as described by Rayner and Small®®. 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
Sb.

Then, order factor = x 100%

X+d

No corrections were made for the variation of scattering
intensity with 9.

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 1{A), and is similar to that reported by Ilers® 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 107°C which has been
attributed to crystallization®. 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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Figure 1 Thermograms for PVC 2: A, guenched, and annealed for

5hatB,40°;C, 55°; D, 70°; E, 100°; F, 115°; G, 130°; H, 145°;
1,160°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
05 - - - 121 134 148 162 176
1.0 - - - 121 135 148 163 177
156 - — - 122 137 150 164 179
3.0 - — - 123 138 151 164 180
5.0 72 83 94 125 139 152 166 180

AH{(J/q)

1 i L

O | 2 3 4 5
Time (h}

Figure 2 Enthalpy changes of low temperature polymerized PVC
as a function of annealing time. Annealing temperatures: X, 100°,
N, 115°;4,130°; ®,145°;¥,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. Itisapparent that the peak temperature is also influenced
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to some extent by annealing time. Results for the low tem-
perature polymerized PVC were very similar, peak tempera-
tures being 12-2°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 1(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

4

1

40 80 120 160
Temperature (°C})

Figure 3 Enthalpy changes of PVC 2 as a function of annealing
temperature. Annealing times: X, 0.5;®, 1,0; A 1.5;0, 3.0;v,5.0h

4

AH(J/g)

1 1 1

40 80 120 160

Temperature (°C)
Figure 4 Enthalpy changes of low temperature polymerized PVC
as a function of annealing temperature. Annealing times: X, 0.5,
N, 10,4, ,15;0,3.0;¥,50h
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Table 3 Enthalpy changes and d.t.a. peak temperatures for quench-
ed samples stored at room temperature

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

Storage time Peak temperature Annealing temperature Peak tempsrature
Polymer {days) AH {J/g) °c) °c) AH (Jlg) °c)
PVC 2 81 0.766 69 110 1.104 126
low temperature 77 0576 69 115 1.021 142
polymerized 130 1.058 152
PVC
Table 5 Effect of annealing on crystallinity Xg (%) for PVC homopolymers
Annealing temperature (°C}
Annealing
time (h) Polymer 100 115 130 145 160 40
0.5 PVC 2 16.88 17.16 17.02 14.79 13.88 (12.48)
1.0 PVC 2 17.58 16.95 17.16 15.07 13.88
1.5 PVC 2 17.72 17.65 17.37 15.15 13.67
3.0 PVC 2 17.79 17.63 17.23 15.35 13.74 (12.90)
5.0 PVC 2 18.07 17.51 17.37 15.70 13.54 (13.11)
0.5 low temp. 19.80 20.63 21.25 21.11 19.80 (16.88)
polymerized PVC
1.0 low temp. 19.94 20.84 2084 21.04 20.08
polymerized PVC
1.5 low temp. 20.22 21.05 21.18 21.60 20.02
polymerized PVC
3.0 low temp. 20.63 21.18 21.32 21.25 18.90 (17.23)
polymerized PVC
5.0 low temp. 20.84 21.25 21.1 21.39 20.35 (17.37)

polymerized PVC

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 (X;) 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 Tuble 6. As expected, the low temperature poly-

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

Annealing PVC2 PVC2 low temp
temperature annealed annealed PVC anneal- PVC an-

low temp PVC/
PVAC an-

°c) 05h 5h ed 0.5 h nealed 5 h nealed 5 h
40 8.5 8.4 20.7 19.56
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 2.0

130 14.4 14.6 26.9 20.8

145 14.1 14.3 23.7 24.0

160 11.6 11.9 275 23.1

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 crystallinity by
a factor of approximately 1.6. Diffractometer traces for
samples of PVC 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(4). Diffraction maxima assignments are those
reported by Garbuglio et al.'*.
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Figure 5 X-ray diffraction patterns for polymers annealed 5 h:

(A) low temperature polymerized PVC at 100°C; (B) PVC2 at 100°C;

{CYPVC 2at40°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/m3 and 1396 kg/m3, corresponding
to calculated crystallinities 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 ng. 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 T,

As reported previously, annealing, or storage below Ty
was found to increase the density of samples and also give
rise to additional endothermic peaks below or at Ty in the
d.t.a. traces. The conditions under which such peaks are
obtained have been discussed in considerable detail®. Both
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sample density and endothermic peak area increase with
time and temperature of annealing. Crystallization would
not be expected to occur below Tgand this was confirmed
by X-ray measurements, no significant changes in order
factor being observed for the samples annealed below Tj.
Thus the densifying process which occurs does not give

rise to three-dimensional order and has been attributed to
change in free volume!##. 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 7. 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 T,

X-ray results showed that annealing PVC 2 and the low
temperature polymerized PVC above T}, 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 T and the melting temperature Ty,
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 T,
is higher for this polymer, and T, 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 £qijn 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 {O)

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 T while annealing below T, produces
no additional three-dimensional order.

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

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'®,
it is possible to calculate the fraction of the total polymer
in syndiotactic sequences from the tacticity.

FXynpio = M1 — a)2aY

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

If PVC is considered as a copolymer in which only the
syndiotactic portion is crystallizable Flory’s theory of cry-
stallization of copolymers'” 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, £ min.

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 FyNpio 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 ¢rystallization of 56,

in agreement with Lebedev et al.'® and Talamini and Vidot-
to!®. However, Kockott?® 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.®, using values ot a = U.55 ana £ min = 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.

Measurement of crystallinity in PVC

Owing to the low levels of crystailinity 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 crystallinity 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 was not 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
Brunner?!.

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
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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 diffraction estimates
of total crystallinity. 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!. 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>?). 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 T, 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 350470 K.

Table 1 Polymer characterization

A. Experimental polymers

Sample No. M, x 10~ My, x 1073
1 {P) 25 -
2 6.0 2.45
3(P) 6.3 2.40
4 125 4.87
5 16.0 6.00
6 (P) 25.7 10.3
7 255 125
8 40.0 16.7
9 56.9 227

10 62.2 25.9

11 (P) 70.0 30

12 76 32

13 80 33

B. Commercial®

Commercial _ _

grade Source M, x 1073 M, X 1073

M39 Mobay (Merlon) 255 12.0

M40 Mobay (Merlon) 31.0 14.5

M50 Mobay (Merlon) 35.0 16.5

M60 Mobay (Merlon) 415 19.5

57303 Bayer{Makrolon) 71.0 37.0

5705 Bayer(Makrolon) 78.0 34.0

Makrofol-E Bayer{(Makrolon}  20.8 -

P = Molecular weight was controlled by using p-cresol
* Data as supplied by the manufacturers except @
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Figure 1 Weight loss by thermal decomposition of different polycarbonates heated at increasing temperatures: 1, commercial material, ll-rfv =
71 000; 2, experimental_polycarbonate, M, = 80 000; 3, experimental polycarbonate, My, = 16 000; 4, experimental polycarbonate, M, = 6000;

5, acetylated polymer, M, = 62 200. Rate of heating 20°C/min

Molecular weights

Viscosity-average molecular weights (M,) were deter-
mined from the limiting viscosity number [n] in methylene
dichloride solution using the relationship®:

[7] =1.11 x 10—2M982

The number-average molecular weights (M,,) 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 M,
(Table 1) using a dispersity (M, /M,,) 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/dm3) 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 NaNOj solutions.

52 POLYMER, 1976, Vol 17, January

X-ray diffractometer

A Picker Powder Diffractometer was used to measure
the degree of crystallinity of finely powdered or film sam-
ples. The instrument was used with CuKa radiation for 26
values of 4° to 40° at 2°/min. The instrument was stan-
dardized with a-quartz as a test sample.

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 2a  Effect of molecular weight on the thermal decomposi-

tion of commercial polycarbonates: ©, M, = 78 000; X, M, = 71 000;
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Figure 2b  Effect of molecular weight on the thermal decomposi-
tion of experimental polycarbonates: X, M, = 80 000; ¥, M, =
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Figure 2c Isothermal decomposition curves. ®, experimental

polycarbonate (IWV = 62000); O, acetylated polymer; ———,
commercial material, this line was interpolated for M, of 62 200
from Figure 2a

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®* (either
phenyl or hydroxyl) and this seems to be at least super-
ficially confirmed by our measurements. Also a study of
the patent literature” 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 2¢ 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®, i.c.

40H+H0A.>~0H..‘.(‘)_
H
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Figure 3 Effect of n?olecular weight on the i.r. hydroxyt! absorp-
tion peak (3500 cm™ ')

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. This is also sugges-
ted by the work of Bartosiwiz and Booth® 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.

1t 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.
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Thermal studies of the glass transition

The glass transition temperature (7) may be readily
estimated by d.s.c.''! 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 T, 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 T and
M1 1283 g that:

Ty= Ty — AM;!

where T, =432 K and 4 =145 x 105 mol K. In this case,
it was also found that both commercial and synthetic poly-
mers gave similar results for Ty: My, (Figure 4).

Another feature which was observed by d.s.c. studies of
T, was the occurrence of annealing peaks'~'¢. If the poly-
mer is heated at a temperature below T, say between T
and (T — 60) K, a change takes place which leads to an
endothermic peak on later heating through T,. 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'®. 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;=e K"

Table 2 Activation energies from thermal decomposition curves

Activation energy

Sample {kJ/mot)
Commercial 5705 126+ 25
Commercial 5730 126+ 25
Commercial M39 125 + 25
Experimental polymer 2 65+ 10
Experimental polymer 5 65 + 10
Experimental polymer 10 75 + 15
Experimental poltymer 13 80+ 10
Acetylated polymer 140 + 30

430

410

390

Giass transition temperature (K}

1 1 1

O 10 20 30 40
1/{m,)x10%
Figure 4 Effect of molecuiar weight on the glass-transition tem-

perature of polycarbonate: O, commercial materials; ®, experimental
polycarbonates
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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 glass transition temperature:
0,110°%; X, 120°; C, 130°; ®, 140°C. (b) the endothermic d.s.c.
peaks measured after 48 h, related to the difference between the
annealing temperature 7 4 and the relevant glass transition tempera-
ture: X, experimental polycarbonates of different molecular weights;
A commercial materials of different molecular weights; ®, experi-
mental polycarbonate M, = 80 000 at different annealing tempera-
tures

relating X, the extent of development of the new phase, to
time ¢ with an n value of 1.0, and with a rate constant X
which was dependent on temperature rather than on the
under-cooling from the glass transition temperature AT.
The enthalpic change QF 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,TA — Qt.TA = Alnt + Alnk

where A is a constant, k a first order rate constant, Oy 1,
the enthalpy change at time ¢ and annealing temperature
T4,and Qg 1, the maximum change in energy associated
with the transition. This relation is similar to that used by
Petrie'? for polystyrene, though we attach no theoretical
significance to the observation of a linear relation over the
range studied. However, one would expect QF to be equiva-
lent to the specific heat change between liquid and glass
multiplied by the temperature interval, i.e.:

Qr14 = AC)Tg— T4)

where AC, = Cpj, — Cpg, i-e. the difference in Cp, above

and below T,. 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 Qg 7, (0.80—2.00 cal/g),
and de?ended on the annealing temperatures. Annealing

at 130°C for 48 h established that the enthalpic changes of
different molecular weight samples exhibited a similar

dependence on temperature of under cooling (A7) (see
Figure 5b and Figure 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’” 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 p4 and
crystalline density p. the degree of crystallinity of a sample
of density p is given by:

_(p—r4)

Xc
(pe — pa)

The crystailine density was calculated as 1.30(7) gfem3
from the X-ray structure?®. However, the probable error in
pc obtained in this way (up to 2%) was highly significant
in deriving p. 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 (M, 19 500) used and 1.204 for the
hydroxyl terminated (experimental) material (M, 33 000).

[
30F
o)
T
OC 20+
x
l;‘:
)
[}
1O N
1 1 |
040 042 044
AH (cal/q)
Figure 6 Effect of molecular weight on the endothermic d.s.c.

peak: O, experimental polycarbonates; &, commercial materials
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Figure 7 X-ray diffraction peaks for a partly crystalline polycar-
bonate. The % crystallinity is obtained from the relative area of the
shaded portions

°
8..
o}
Gy
= @)
g o
(=
R
=
(3]
[=]
g
2
2 a4t
g
I
[e]
2-
i 1 1
o} 8 16 24

Crystallinity (/o)

Figure 8 Heat of fusion of polycarbonates with different levels of
crystatlinity. O, % crystallinity from density measurements (AHs =
30.4 cal/g + 20%); ®, % crystallinity from X-ray diffractometry
(AHf=32.9 callg + 4%)

X-ray diffraction

Partly crystalline polymers were characterized on an
Xray powder diffractometer, in which scattered intensities
were plotted as a function of the Bragg angle 26. 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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Table 3 Specific heat of polycarbonate

Specific heat {cal/g)

Temperature
(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 0434
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 of 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?'#2, The value obtained by X-ray diffraction is higher
(32.9 calfg), 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 Jeurissen®® 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 M,, as shown in Figure 9a. The results may be
represented by:

360 _
Cp(amorphous) = Cp +}-T,I—— calf/g [where M,, =
n

2.5 x 10310 3.3 x 104}

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

Cplcrystalline) =0.243 + (T — 350) x 9.0 x 10~* 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 Qp 7, values of 0.80—2.00 cal/g.
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Effect of phosphine ligand on the activity
of palladium/II-catalysts

Fereidun Hojabri

Department of Chemistry, Arya-Mehr University of Technology, PO Box 3406, Tehran, Iran

{Received 8 May 1975)

Homogeneous palladium/n-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(11) 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'?. Polystyrene—divinylbenzene copolymers have re-
cently been used to chemically bond Rh and Ti to prepare
hydrogenation catalysts with interesting selectivity and sta-
bility®#. Phosphine ligand is usually used to link metals to
the supports. The same method was applied to this work
to bond palladium/r-allylic complexes to polymer support.
The effect of phosphine ligand on the activity of palladium/
m-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/m-allylic complex®. The cata-
lyst was prepared from palladium chloride and §-pinene
according to the following scheme:

PdCly  + 2CH5CN ———  Pd{C4H5CN),Cly

S

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 mr-allylic complex of palladium is a bridged
compound® and triphenyl phosphine is a well-known bridge-

ﬁ Pinene
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splitting agent®, it was decided to functionalize the poly-
mer with a similar ligand. For the attachment of this ligand,
usually, the polymer is first chloromethylated” and then

treated with lithiodiphenylphosphide:
CHoC
CICH,OCH,CH,
(CgHs)oPLI

A

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

BF3

CaHsNOy '
e
2 (C6H5)2PCI \¢,

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

;—@—P + Pd-7r-Complex ———»

() (1

cp cn
P—Pd :

{m)

The polymer—attached palladium complex (3) was deep red

in benzene. The catalyst was washed several times with ben-
zene and dried.

CATALYTIC ACTIVITY 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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Figure 2 Effect of triphenylphosphine on polymerization of
bicyclohepta-(2, 5)-diene at 80 C with palladium/m-allylic complex
(30 mg)

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
min, prior to its application in polymerization reaction, the
catalytic activity was reduced to almost zero. Figure |
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/m-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/

m-complex with phosphine ligand or due to other factors,
the homogeneous palladium/m-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 w-olefin mechanism, involving an inter-
mediate metal—carbene complex. Such an intermediate
might be involved in addition of olefins to palladium/n-
allylic complexes, by olefins acting as bridge-splitting agents
(Scheme I). Rearrangement of m-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/m-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, S)-diene. The yellow colour of the polymer was
another indication that the m-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 II best explains the
observation on the effect of triphenylphosphine addition.
Palladium is in m-allylic complexes, [PdCl(allyl)]}; in the
Pd(1D) state and, therefore, has a 84 electronic structure.
The maximum coordination number for a 84 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 S-coordinate struc-
ture have so far been determined®. Triphenylphosphine
adduct (VIII), which is formed by addition of (CgHs)3P to
palladium/r-allylic complex (I), has also the preferred 84

C cl Cl

c< W)+ m — C/,\'C‘\Pd/

2/ =

| 2 |

R R
(1) (I)

N < Eb . 5

A7 - N\,
— o pd— pd
O =2
I | cl
R R
(X) (™1)
23 .0 Ay
—_— c{"\Pd/ 20 b s
80°C Ne n
rle a

(¥m)

Scheme |

POLYMER, 1976, Vol 17, January 59



Effect of phosphine ligand on activity of palladium /n-catalysts: F. Hojabri

AN AN
C\l'(; /FH + P — C\"‘c' /Pd\mp:,
| 2 |
R R
{1) (xm)
N & ! G
AN PN
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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 of (IX) to (X) and further addition
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of olefin (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*
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Isotactic poly(1-pentene) was degraded in the presence of pure oxygen at 115°C. 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 resuits obtained could readily be reproduced. Various oxida-

tion mechanisms for these products are postulated.

INTRODUCTION

Earlier studies' ™ 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®, Both polymorphous modifications have dis-
tinct X-ray crystal structures’, (e.g. the chain conformations
are 3; and 4 helix for modification 1 and 2, respectively),
and characteristic infra-red spectra, as reported elsewhere®.

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
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-
ﬁnsll,IZ.

Recently, a relatively new technique (thermal and mass
chromatography) was used to identify the VP evolved dur-
ing the thermal degradation of polyethylene!® and poly-
styrene™®. A modification of this technique was adopted
for the detection and identification of VP resulting from
thermal oxidation of polymers'®. 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)'®.

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

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

9,10

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-1 studied in this work was modifica-
tion [.

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!” 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'® 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 fot
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'>. 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 1  L.r. spectra of IPP-1 (modification 1) at (a) initial and
(b) final stages of oxidation at 115°C
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Figure 2 Chromatogram of volatile oxidative degradation products
of IPP-1 obtained at 115°C!5, A, CO2; B, acrolein; C, acetaldehyde;
D, propionaldehyde; E, acetone; F, methanol; G, ethanol; H, butyr-
aldehyde; |, 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-1 was that of modification 1 (see
Figure I) and the NVP formation was assessed in terms of
hydroxyl, carbonyl, and vinyl groups as described earlier'®.

RESULTS AND DISCUSSION

Figure I represents i.r. spectra of modification ! of IPP-1
at an initial and final stage of oxidation at 115°C. [t can
be seen that a strong band appeared at 2.85 um due to the
presence of hydroxyl groups. A triplet formation in the
carbonyl stretching region (5.70—5.85um) indicated the
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presence of such functional groups as aldehyde, ketone,
ester, and carboxylic acid'® and a band ingrowth at
11.35um indicated the formation of substituted vinylidene
bonds?. A representative gas chromatogram of modifica-
tion 1 oxidized for 75 min is shown in Figure 2. The rela-
tive abundance, 4,/hco,, of the fourteen volatiles was cal-
culated from the peak heights, 4, of an oxidation product,
p, to that of CO; (the first product appearing in the chro-
matogram and the most abundant). Values of /p/hco,
ratios and their relative percentages are given in Table 1 in
an order of decreasing abundance of the VP relative to CO>.
The molecular weights of five major VP are also given in
Table 1. As noted, the molecular weights of some of the
VP 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®'.

Since it has been established that peroxides or hydro-
peroxides??~% 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-1-pentene) were postulated in an earlier
publication!®, 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-1-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 1 were also detected in [IPMP
and their mechanism of formation was postulated'®. 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 [PP-1.

The poly(l-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.

Table 1 Relative abundance. h,/ficQ,. of volatile oxidation
products of IPP-1 at 116°C"*

Relative Calcula- Actual
Volatiles hp/hcog  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  0.055 3.6 58.58 58
Acetone 0.041 2.7 59.5 58
Butyric acid 0.036 23 91.83 88
Butyraldehyde 0.033 22 - -
Acrolein 0.033 22 - -
Ethanol 0.011 0.7 - -
Methanol 0.008 0.5 - -
n-Propanol 0.005 0.3 - -
Acetaldehyde 0.005 0.3 - -
Oxalic acid 0.003 0.3 - -
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Thus:
B o
M(le—CHz-ELﬂ—_l-XCHZ—(’JHN o ~~CH> —(:3-CH2-~
(|IH2 (IZH2 (IJHz — = (fH2
o "
CH; CH3 CH3 CH3
@ an

or

H-=5 - CHy~C~CHy~

"
"
CHj

(111)

In these reactions, the IPP-1 moieties II and III are con-
sidered to form according to the equations reported ear-
lier's. The broken lines on structure I indicate bonds which

may undergo scission, and also apply to structures II and 1L

epiaq Il
(1) A—i‘gsﬂ“e e C~~+ CH3CH,CH O 55
2

CH3CH,CHyOH

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 I). The resulting n-propa-
nol has been identified (Table 1) and may undergo further
reaction:

oxidn -
n-propanol ———> propionic acid and/or
propionaldehyde + H,0

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

0
N —> -~CH2—$H—CH2-~ — -~CH2~(|?H—CH2-~

CHj (le
(I:Hz
(I:Hg

wCHz—(lIH—Csz + CH3CHCHO «——-
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 I).

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

two B-scissions

SN
(I TRA /C—-CHz

CH3CH»CH,CHO +

and/or /;CH—CH20H

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:

a -0z, MCHz—C|H—CH2-\ ——>~MCH2—(|JH»CH2~W
HC—Q .CH
%, y
CH, 0-0CH,CH3

CH3 J(
CH3C00H &% 0H,cHO & CH,CH0H <XB- OCH,CH;
+
C-H
0

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

MCHz-E*(I:H—CHz%?H—Csz —_— H%—CHT + H—(”Z—CH2-~
o 0 0 0

|ru
CH3CHO 2", CH,COO0H
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Model polyurethane networks
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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 haif rather than unity. In dry networks
the effect of physical entangléements 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:

v
AFy =4 (E) kT(AZ + 23 + N} — 3) =Bk TInA A\,
(1)

where v = no. of elastically effective chains, k = the Boltz-
mann constant, T = absolute temperature, Ay, Ay, A; =
deformation ratios in the x, ¥, and z directions and 4 and
B are constants.

The values of 4, B differ in the various theories of rub-
ber elasticity. The theories of Flory and Wall'™* sum over
all the chains in the network before and after deformation
and give a form of equation (1) with 4 =1, 8 =%, James
and Guth®~® sum over all the crosslink positions and con-
sider the effects of a gradual rather than an instantaneous
crosslinking of chains, resultingin 4 =%, B =0. Edwards®
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 that 4 = %, 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= 3 AnkT = AvKT )

for a network with trifunctional crosslinks where # 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 o
determine the value of A. The value of B can only be deter-
mined for network deformations accompanied by changes
in volume.

Previous papers'®!! 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!®*! were consistent with the value of
A=%.

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!®!!,
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'®!*.

EXPERIMENTAL

Preparation of networks

Simple polyurethane networks were prepared by the re-
action of long chain poly(propylene oxide) polyols with
4,4’ -diphenylmethane 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 least 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. It 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 10 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
I ,
OH-R-OH + ONCR'CNO —» —R—O—C—I\lI—R - (A)
H
Polyol di-isocyanate Polymer

This is supported by studies on the structure of similar
polyurethane elastomers by n.m.r. spectra'”. 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'® 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
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were 100% T56, 75% T56, 60% T56 by wt. Thus polymer
concentration and crosslink density were varied.

Reaction efficiency

The method used in previous wor 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 4C-methanol
was then extracted from the gel by standing in excess of
solvent. The solvent was changed daily; 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% dipheny! oxazole and
0.03% bis(5 phenyloxazole-2-yl)benzene in xylene.

JRUA

Modulus measurement

Modulus measurements were determined in the same
manner as described in previous papers'®!!, 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 (7), and indentation (d), is given by Waters':

3P

G 16d32R112 G)
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 flat 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-



Table 1 Agreement between various methods of modulus
measurement

Modulus X 1074
(N/m*®)

Sample Method of measurement
A Extention of strip 84
Indentation of sphere 926
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 {ndentation with sphere 32.0
Compression of block 276
Extension of strip 28.2
F Indentation with sphere 171
Compression of block 15.3
Extension of strip 13.0
o
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Figure 1 Plot of G/nkT versus concentration for 100% T56 net-
works

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
r= 5 (a— 04'2) 4)

where fis the force applied to the sample per unit unstrain-
ed cross-section of the sample, £ is Young’s modulus and «
is the extension ratio. Thus a value of E can be obtained if
fis plotted against (& — o—2). Assuming Poisson’s ratio is ¥%
we can use the relationship, £ = 3G, and so determine G,
the shear modulus of the material. Table I 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.
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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 (1)
has been estimated. Allowance 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 #» 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.'® 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**
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 4 = % 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

15F
(o]
-OF ©
[
X
£
© 8
OS5+
o]
i i A L 1 i i L 1 1 1
ol 03 05 07 09 B

Concentration (kg/dm3)

Figure 2 Plot of G/nkT versus concentration for 75% T56/25%
B56 networks
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Figure 3 Plot of G/nkT versus concentration for 60% T56/40%
B56 networks

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 {c) Entanglements
formation involving involving 2
one trifunctional trifunctional
crosslink crosslinks

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

3 3 3
GmkT==-4 {1 - ——| (1-—_ %)
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 3 3
GnkT==4 [1 - —— | [1-— (6)
2 1 +30C 1+K'C
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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 closed 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
have suggested that the effect of entanglements is propor-
tional to C2 as predicted by Edwards'®. Thus for T56/B56
gels the total variation in G/nkT is described by:

G 3 3 3
—==A4 {1l - — l———— 1} +
nkT 2 1 +30C 1+K'C

2AR(C C 7
T ™

10,11

In Figures 1—3 the plots of G/nkT according to equation
(7) have been drawn using values of R = 6 x 105, 4 x 105,
3.75 x 10%, 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 x10° 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? 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 103 (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

Concen- modulus, modulus,
i G X  nkT X

tration ex

polymer, C 10—22 10—42
No. (kg/dm?) Solvent Catalyst (N/m”) (N/m®) G/nkT
29 0.55 DMP DBTDL 33.6 36.9 093
30 0.55 DEP DBTDL 32.0 36.4 0.90
31 0.55 DHP DBTDL 334 35.7 1.00
32 0.55 DNP DBTDL 33.0 335 0.94
33 0.56 DBP DBTDL 38.9 35.3 1.10
34 0.56 DBP DABCO 33.5 31.7 1.06

35 056 DBP SnOc 325 32.0 1.03

36 0.73 DBP DBTDL 63.5 48.3 1.34
37 0.73 Tetralin DBTDL 63.5 46.8 1.36
38 073 Diglyme DBTDL 58.0 47.3 1.24

DMP = dimethyl phthalate; DEP = diethyl phthalate; DBP = dibutyl
phthalate; DHP = diheptyl phthalate; DNP = dinony! phthalate;
DBTDL = dibutyltin dilaurate; DABCO = triethylene diamine;
SnOc¢ = stannous octoate
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Polymer Experimental 4
Sample Polymer conc. C modujus X 10 nkT X 107 G/"kz
No. (%) (kg/dm?) {N/m®) (N/m?) X 10 C/nkT
1 100 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 19.5 278 1.60 0.701
6 43.06 0.448 185 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 1.68 0.920
11 100 1.05 75.0 49,56 2.12 1.51
12 81.38 0.86 53.0 40.52 2.1 1.31
13 62.90 0.66 32.0 30.58 2.16 1.05
14 42 98 0.45 129 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
17 100 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 63 0.55 18.9 20.15 2.72 0.938
21 44 0.45 7.8 12.58 3.569 0.620
22 35 0.36 35 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

100

6 x10%(N/m?)

i

O 50 100
T56 (wt%%b)

Figure 4 Modulus of 100% polymer networks of various T56: B56
ratios

modulus measurements which have random errors of about
1.5%.

The curves plotted in Figures -3 have been calculated
using equation (7). Other theoretical curves have been plot-
ted assuming 4 = 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 C2.

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 I—3. This suggests that the esti-
mate of the network defects, i.e. closed loops and entangie-
ments, in the gels are of the correct order of magnitude.
The theoretical curves are plotted with a value of 4 =%,
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'®'!. 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 of the effects of closed loops in polyurethane
gels
If we neglect the effect of closed loops:

3
G = AnkT (A1)
G 3
—=_4 (A2)
nkT 2

Suppose that x is the fraction of wasted crosslinks, in closed
loops, then x is also the fraction of —~OH groups wasted in
closed loops. At least 2/3 of the —OH groups on the tri-
functional polyol must be incorporated into the network
for a truly infinite network to be formed. If #' is the total
number of —OH groups:

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

G 1
— =075 |- —x (A4)
n'kT 3

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

=0.75(1 — 3x) (A5)

nkT

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
Wx, v, 2,) = ( m) e B0+ dxdydz (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 = (3/2n1%)1/2 where (ni2)1/2 is the root mean
square end-to-end distance. If the two chain ends are in the
same unit volume dxdydz:

3 3/2
W) = (2n121r )

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

(A7)
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Single closed loops

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

3 32
) (A8)

G0 D . —
(@Xoop (2(99)2.14775.5

where we have 99 bonds between crosslinks and the aver-
age value of /2 for the chain is 2.14 A2, and 5.5 is the char-
acteristic ratio for poly(propylene oxide)?-

Closed loop involving 2 trifunctional chains
There are 4 possibilities of closed loop formation:

32
> ) (A9)

M oop =4 | o
S (4(99)2.14n5.5

W(d»)io0p = 11.8 x 107, T

We only consider the effects of

these two types of loops. Larg-

er loops will become more elas- T
tically effective. The choice of

two types of loops only is how-

ever an approximation.

Effect of closed loops in T56/B56 mixtures

For the case of single closed loops, we need only con-
sider closed 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)io0p 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:

W(dv)ioop = 3 ( (A10)

3
4(99)2.14715.5)

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
B56 molecules or one T56 and one B56 molecule.

This gives:

(Al1)

W(d»)ioop = 2.5 (W)



Intermolecular chains

Here we must consider the density of end groups per A,
this will again be proportional to the reaction probability:

CxNyx10-2
W(dv)ioop = T (A12)

where C'= concentration of polymer in kg/dm3; Ny =
Avogadro’s number; 1000 = equivalent weight of T56, B56;
W(d¥) cross = 5.3C x 10—4,

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

Model polyurethane networks: G. Allen et al.

- W(dV)loop
W(dV)loop + W(dV)eross

1

for single loops

1+30C
1 . . .
= for loops involving 2 chains
1+44C  in 100% TS6 (AL3)
1 . . .
= for loops involving 2 chains
1+60C in75% TS6
1 . . .
= 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:

G 3 3 3
=-A |- l——— (A14)
nkT 2 1+30C 1+K'°C,

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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The structural and morphological characterization of a cruciform styrene—butadiene block copolymer
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 film 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°.

Morphology and physical properties of these materials

have been widely studied and comprehensively reviewed'!'2.

The correlation between them is now made sufficiently
clear'?>™16,

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),X which have been recently
prepared'”8 and studied with regard to the effect of chain
geometry on domain morphology'®.

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
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and physical characteristics are summarized in Table 1.

The techniques employed to obtain the reported data
have been extensively described in a previous paper?’. 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?'#2 (47.5%), and at 269.5 nm (49.5%) and by refrac-
tive index increment?® (49.6%). Infra-red spectroscopy was
used to measure the configurational composition of the
elastic fraction®® while the length of the elastic chains was
obtained by swelling?2®,

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 cis—1,4 configu-
ration.

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

Weight-average molecular weight, My 1.48 X 109
Number-average molecular weight, M, 0.98 X 10°
My, /Mp 1.51
Polystyrene (% by wt) 49

Molecular weight of each polystyrene terminal block 1.8 X 104

Molecular weight of each polybutadiene block 19 x104

Configurational composition of the elastic phase:
trans-1,4-polybutadiene (%) 36
cis-1,4-polybutadiene (%) 56
1,2-polybutadiene 8

M,, (molecular weight of the elastically efficient

chain) 1.75 x 10%
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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/cm?).

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—!. 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

Fiure 1 El . ¢ an ultradthi ‘E For the morphological analysis by electron microscopy,
qure ectron mucrograph of an uitra-thin section o uroprene ultra-thin SeCtiOﬂS were cut at 10W temperature”. The
T 162 original copolymer
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Figure 2 Electron micrograph of ultra-thin sections of compression moulded Europrene T 162 film.

Section (a) corresponds to the surface paraliel to the compression plane; sections (b) and {c) have been
cut along the compression direction and their orietations differ 90°
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Q

150

100

o {kg/cm?)

50

| 3 5 7

Figure 3 Stress—strain isotherms of the compression mouided
Europrene T 162 films, detected at room temperature. 8, Sample A,
first run; O, sample A, second run after 30 min of relaxation at zero
load; ®, sample B, first run; O, sample B, second run (same condi-
tions)

detected in polarized light, at crossed Nicols
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Figure 4 (a) Neck present in a sampie deformed at « = 1.5. (b) Double neck present in a sample deformed at a = 4. The photographs were

rubbery phase of the specimen was contrasted by exposing
the sections to the vapours of an aqueous OsOy4 solution?®
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 1 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.
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Figure 5 Mullins effect as observed in a sample deformed increas-
ing step by step the maximum strain value
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Figure 6 Hysteresis loops detected on a compression moulded
film. @, first run; ®, second run {same conditions of Figure 3)

Figure 3 shows the stress—strain isotherms obtained
using compression moulded films. 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
ana the second cycle. There is clearly a strong influence ot
the previous mechanical treatment.

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 o= 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 of Figure 5 indicate the presence of
the well known Mullins effect?*°.

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

Figures 7 and 8 show the morphologies of compression
moulded films 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 & 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 film (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 @ = 3 than at « = 6, where the polystyrene
rods are shorter owing to the rods breaking under the
strain®®,

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 7 Electron micrograph of ultra-thin section of compres-
sion moulded Europrene T 162 film after stretching at « = 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 & = 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 stress—
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 « = 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’® 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!®, 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-
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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 AF =5.26 cal/cm3 and for the second
run AF = 9.88 cal/cm3, where AF is the free energy dissi-
pated in the hysteresis cycle. The ratio AF/AF, where
AFo¢ 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 T is so small that for normal periods of observation
the state is apparently stable. At temperatures approach-
ing Ty, the rate of volume relaxation will be increased, re-
sulting 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 (Ty — 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? employed a similar heat treatment on
UPVC and attributed the observed increase in the pre-glass
transition endotherm to an increase in crystallinity. Iilers®
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” 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 x 5§ x 140
mm were prepared.

(3) Creep specimens were stored in ovens at either 60°
+1°,50° £ 1°C, 0r40° 2 1°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? 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®. A Moiré fringe extensometer, em-
ploying crossed diffraction gratings with a ruling pitch of
4 ym provides the means of automatic strain detection.

The Moiré 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 um
extension or contraction of the 66.67 mm gauge length.
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Figure 1 _ Tensile creep characteristics for UPVC at 20°C and

25MN/m®. The parameter is the annealing time in hours. The
delay time between cooling and testing is 1 h. Hours (t) stored at
50°C prior to room temperature creep test: A,t=0;B,t=1;C,
t=2;D,t=6;E,t=14;F,t=24; G, t=96; H, t = 600; |, t = 1900;
J, t= 2400
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Figure 2 Time dependent tensile creep compliance AC of UPVC

at 20°C vs. annealing time at 60°C. Delay time between annealing
and testing: 4,1;0,24;v,336 h. —— ", no annealing

Thus strain increments of 0.0015% can be totalized on a
bi-directional counter and/or used to trigger a digital event
recorder which essentially records the time coordinate for
each positive or negative strain increment for the duration
of the creep test.

RESULTS

The family of creep curves shown in Figure 1 are for UPVC
with various annealing periods at 50°C with a 1 h delay be-

fore testing. The creep characteristic with no thermal treat-
ment is identified by the broken line. Similar data were
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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 AC is defined here:

AC = [e(10%) — e(20)] /o

AC-[e(10%)-€(20)1/25 xIG >/ MN)

10 102 103
Annealing period (h)

Figure 3 Time dependent tensile creep compliance AC of UPVC
at 20°C vs. annealing time at 60°C. Delay time between annealing
and testing: &, 1; O, 24;7, 336 h, ————, No annealing

1 1 1

AC-[e(10%)- (20))/25xIG° M2/ MN)

10 10
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Figure 4 Time dependent tensile creep compliance AC of UPVC
at 20°C vs. annealing time at 40°C. Delay time between annealing

and testing: 4,1;0,24;v,336 h, ——=—— , No annealing
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Figure 5 Time dependent tensile creep compliance A of cast
PMMA at 20°C vs. annealing time at 60°C. Delay time between
annealing and testing is 1 h, —— ", No annealing



where €(20) and e(10%) are the strains recorded 20 sec and
104 sec after a stress application of ¢ = 25 MN/m2 (UPVC),
and ¢ =20 MN/m2 (PMMA). The AC 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* 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®8, 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? 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'? 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 S0° 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'" have proposed that even
though the observed Ty is a kinetic phenomenon, there is
an underlying thermodynamic transition at a lower tem-
perature T3. If the polymer is cooled infinitely slowly, then
at T the configurational entropy of the specimen as a
whole, would be zero. Adam and Gibbs!2 calculated that
a universal expression for T’ could be:

Ty = (T, - 53)°C

According to Adam et al. the activation volume in the
Eyring!? 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 T, close packing is
energetically favourable because the equilibrium configura-
tional entropy is zero. This cannot be achieved on a macro-
scopic scale within a finite 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'®. 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 T 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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Figure 6 Density of cast PMMA after a range of annealing periods
at60°C. ————— , Density with no annealing

above this temperature. Above 45°C, volume relaxation
proceeds classically by a uniform diffusion of free volume.
Below ~45°C (T5) 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!)
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 T for a long period
prior to annealing.

It is not necessary to predict that on annealing above T
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
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changes have been observed by Golden et al.!® 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 Ty
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, T = 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 (73) are quite different,
it is suggested that below T the predominant process is
that of local diffusion of free volume to give small but defi-
nite regions of molecular order and disorder. Above T’ 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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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 shouid depend strongly on poly-
mer/solvent interactions in addition to the recognized variables of molecular weight, concentration
and geometry of the flow 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

The wide range of potential applications for drag reduction
(DR) effects of dilute polymer solutions, coupled with the
challenge of accounting for DR phenomena, have led to
numerous studies of the subject. In some' ™2 (only a few of
the more recent articles have been noted), successful corre-
lations have been developed for the drag reduction effective-
ness (DRF) of many polymers over a wide range of shear
gradients. However, as noted in recent papers'*~**, 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:

(¢) 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'®,

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’® and Fabula® are concerned
with the dynamic and relaxation propetties of polymers,
hence focusing on stages (b) and (c). Others, notably Seyer
and Metzner® stress the effect of increased elongational vis-
cosity in polymer solutions and so are concerned with the
decay rate of stage (c). Recently, Lacey'*, 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*, 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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Figure 1 Schematic representation of function in drag reducing
polymers. (a) (rg) = d microdomains (turbulence precursors); (b)
(re) ® d microdomains (turbulence precursors}

slip correlations are not universally substantiated. Thus,
Peyser and Little'? 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®. Astarita’s treatment™® 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 of DR mechanism therefore should be possible from
detailed consideration along these lines. Qur approach in-
volves the question of molecular structure, and thus resem-
bles the statements of Little and coworkers'>*3, of Bala-
krishnan and Gordon'® and Kiran'”. 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*!, 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 M-8,
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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,
{ro). Through changes in polymer molecular weight, con-
centration and solvent—solute interaction, the right order
of ¢.) 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'®. An important additional
effect will be the tendency for multilayers of solvent to
form a jacket about the polymer chain, an interfacial effect
discussed by Jellinek'® for polymer/water systems. These
stipulations of our model suggest that turbulence precur-
sors will have linear dimensions in the 100 A range.

Expectedly, DRE should increase as () increases beyond
{r.’ i.e. as the macromolecule becomes capable of hindering
the motion of an increasing mass of discontinuity elements.
A limit to the rise in DRE is clearly necessary however; at
(r» much greater than {r.), 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 DRE 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'®, Here a simple model is adopted which assigns Brow-
nian translation motion to any microdomain:

1/2(mu?) = 3/2(kT) )

Assuming the linear dimension of the domain to be 100 A
and the liquid density p = 1.00 then:

m= pD3 = 10—18g

At 300 K, ?)1/2 = 3 m/sec; in a much larger domain, say
1000 &, (u?)1/2 ~0.11 m/sec. These average values of the
Brownian velocity are comparable with the characteristic

velocity, vg, of boundary layers in pipe flow as given by**:

12
o = (’—9) @

P

According to Levich?’, this velocity pertaining to a boun-
dary layer of thickness 8 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, 8¢, contains a typical domain, A,
populated by » 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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Plur)

122

1A

Figure 2 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 vg. The situation is
tantamount to the existence of a local entropy gradient AS,
and a restoring force related to the gradient via:

Fx AS/8g €

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 D3, but in addi-
tion, a positive contribution to DRE should arise from an
increase in 8§ 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 (172)1/2 (equation 1) and
vg will decrease, the latter variation leading to the empirical state-
ment” vy « 1/D. Thus, the magnitude AS will depend most heavily
on D, i.e. on the total number of independent hydrodynamic units
involved.

the polymer chain'®, 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?’.

Initial tests of 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'®. A rough correlation between DRE and M/M,

should be expected and has in fact been reported by several
authors. The intrinsic viscosity, [n], 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 [n] and M/M, to be particularly useful in accounting
for the DR performance of a wide range of polymers.

The recent data reported by Liaw et al.'! provide a suit-
able test of this point. These authors tabulate M/M,, [n]
and the Mark—Houwink exponent @, for a number of equally
effective DR systems, and note a qualitative link between
DRFE and [n]. Expressing the effective dimension of the
macromolecule by:

o) =fIn] [(M/M ¥ “4)

it is found that this new parameter correlates with DRE
more satisfactorily than either [n] or M/M, alone, ()
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 ¢,) values are reasonably
invariant — a noteworthy fact when considering an inherent
error of some 20% in M, evaluations'®. 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 [n] 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??.

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 V,,, be the volume of one macromolecule.
In the light of our assumptions at any M, the product
(Cs/M) x V,y, 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},,. 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 X9, or the contact energy value Xy, drawn from con-
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Table 1 Values of [n] /(M/M_)? for various drag reduction systems. All source data taken from ref 11

[n]
Polymer Code M M/M, {dl/q} a [n] [\M/M )2
Polydimethyl- SR 130 1.1 x 107 380 8.0 0.62 0.201
siloxane SR b4 5.6 X 106 193 53 0.62 0.203
SE 3.0x10° 10 0.83 0.62 0.199
Poly(ethylene PEO—Coag 2.8 x 108 458 13.2 0.82 0.087
oxide) WSR—301 2.3 x 106 383 1.4 0.82 0.087
WSR—205 7.8 x10° 133 4.95 0.82 0.090
WSR—35 40 x10° 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 108 60 36 0.725 0.185
cis-Polyisoprene PIP—280 2.7 x 106 191 8.5 0.728 0.186
PIP—70 7.1 X 10° 50 40 0.728 0.232
Ethy] cellulose ECN 105 5 3.1 0.81 0.842
23,

temporary polymer solution theories****, This argument

indicates that:

(Cs/M) x V. £ = constant %)

If we assume, for simplicity, that the molecular weight
effect predominates, then £ &« M, and

C; X V= constant (6)

whence  Cyx D3 =C13D = constant @)
Re-introducing the interaction concept, we follow the fre-
quent procedure of using [n] as a more convenient measure
of solvent/solute interactions. As a first approximation then,
D« [n]*,and atk = 1.0,

Csll3 [n] = constant 8)

A major problem resides in the fact that [n] is defined in
the limit ¥ - 0, whilst DR occurs at high rates of shear.
Following Subirana®®, we note that at high shear rates the
{n] of all macromolecules corresponds to that of a § condi-
tion, whence a preferred statement is

C!3[n)4 = constant )

This development can be tested apyroximately, again
using the data of ref 11. A set of Csl/ [n] 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 C; over a range of 3 decades, the variation
in Csl/ 3[n] 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 [7n] instead
of the theoretically preferred [7] 4.

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,
AG)z, and consequently on the independent variables of
AG\yy, 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,

84 POLYMER, 1976, Vol 17, January

in particular the extensive field analysis of fluids due to
Denn and Porteous®®. These authors concluded that flow
instabilities in liquids bear a close similarity to field insta-
bilities in supersonic flow of gases. Our approach is closely
analogous, but (£2)!/2 of the large flow units in our systems
is much less than that in air flow?%, hence our flow units
can be affected significantly by the velocities vy of the rele-
vant boundary layers.

Analogy is also noted to the empirical relationship of
Virk®

K* x D = constant (12)
where K* is the wavenumber and D the particle diameter

of vortices. According to Hinze?”, K* is related to the size
of energy-dissipating eddies. Thus:

D
K*x D~ 5 = constant 12"
D3
and 57" S_m = constant 12"

Table 2 Values of (CS)IB [n] for drag reduction systems reported
inref 11

Polymer code* Cslwt %) (€)' 2 (n]
SR 130 ~0.001 0.8

SR 54 ~0.003 0.76

SE 30 0.7-1.5 0.78—1.00
PEO—Coag 0.001-0.003 1.35—1.93
WSR-310 <0.003 <1.83
WSR-205 0.008-0.02 0.9-1.22
WSR-35 0.02-0.05 0.68—0.92
WSRN—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 PIP-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 of DRE 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
DRE 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, DRE will correlate more
strongly with z-average and weight-average values than with
M, or number-average values of the molecular weight. Fur-
ther, in the present work, the envisaged role of 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(Cy/M,) is therefore proposed for constant thermodyna-
mic conditions of polymer/solvent interaction. (b) The
influence of polymer/solvent interactions on DRE 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 [n] 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 x 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®®, and it is proposed that more accurate predictions
of DRE 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 [n]4 results. (c)
The temperature dependence of DRE should reflect the
unique temperature dependence patterns of polymer/sol-
vent interaction parameters?3?*. 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 DRE 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 103 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 cails
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 = critical concentration of macromolecules

D = diameter of volume defined by macromolecule

M, M, =molecular weight, and critical weight for chain
entanglement of macromolecule

AS =local entropy gradient

m =mass of turbulence domain

K = restoring force to entropy gradient

) = characteristic velocity of boundary layers in tube
flow

Vin = internal volume of macromolecule

o = gyration radius of macromolecule

u = mean Brownian translational velocity

[n] = inherent viscosity of polymer

TW = wall stress

07 = shear rate

) = thickness of boundary layer

P = density of continuum fluids

K* = wavenumber

£ =number of turbulence precursors immobilized
by macromolecule

X12 = free energy of mixing | ¢ solvent/solute pair

X12 = contact energy
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Time effects on the thermochemical
behaviour of natural rubber
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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 equation®:

AF = AW+ AQ — TAS §))

where AF is the change in free energy, AW is the elastic
work and is given by the integral

[+
f rda
1

where 7 is the force on the unit of undeformed cross-sectional
area and « is the strain ratio, AQ is the heat change and TAS

is the entropic term. In equilibrium conditions AQ = TAS and:

AF = rda

(1a)

————

while in non-equilibrium conditions, taking into account that:
TAS = AQ + TASiy 2

where ASjis related to the irreversibility of the process, then:
@
AF = f rda — TASjr 3
1
and
AH =

rda + AQ (3a)

»—-%Q

All the thermodynamic terms of equations (1)—(3) refer to
the volume unit.

Therefore, a direct graphical integration of the experi-
mental 7 vs.  plots gives the experimental numerical value
of AW, 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?, suggest connections with inter-
molecular phenomena such as chain—chain interactions or

aggregations® .

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®. 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®. As explained before?,
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 « value was always 20 min. In this way, for each defor-
mation value, the stress, immediately after stretching and
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7 level, of the relaxation phenomenon, occurring when the
sample is stretched. Therefore, the comparative analysis
of the data of Table 1 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 clearly shown in Table
B 1, where all the values detected decreasing the strain are
7 A smaller than those during increase. From Table 1 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 AW and AQ related to cyclic de-
formation, the data of Table 1 give: |pAQda| > |pAWdal.
J@L 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: pAHda <0. As AHisa
C 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

Figure 1 Schematic illustration dichroism of stretched natural rubber networks®, where it is
of the apparatus used in the evident that orientation phenomena take place during the
thermomechanical measurements: relaxation process. On the other hand, the possibility that

A, force transducer; B, deforma- aggregation phenomena can occur during the stretching seems

tion microscrew; C, calorimeter

cell; D, sample to be supported by experimental data obtained analysing the

crystallization behaviour of stretched natural rubber™®,
This does not exclude the occurrence of other kind of re~

Table 1 Experimental data of AW and AQ laxation mechanisms, e.g. entanglements, or free chains or
chain ends slipping.
Awt AWL AQ* AQ,
X102 x10~2 Xx10~2 x10~2
ps Wem®  (lem®) «a Wem®)  (Jfem?)
1.200 1.4 15 1.659 7.52 4,46
1.500: 9.3 8.8 1.989 2046  13.72
2.100 396 36.6 2.319 36.69  30.09 o2+
2.400 59.1 55.0 2.648 60.08  50.11
2.700 81.3 75.7

The arrows indicate increasing (*) and decreasing (¢) strain
OI5¢F

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. a and AQ vs. a for increasing
and decreasing strain were obtained. Using equation (3a),
we have calculated the plot AH vs. « 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

am(J/em3)
(@]

of experimental errors. O-O5F

DISCUSSION

In order to give an interpretation of the results obtained,

the significance of the measurements as carried out must o, 5 > 25
first be discussed. The difference observed in the thermo- a

dyn?mlc funf:tlons, between increasing and decreasing Figure 2 Enthalpic term as a function of the deformation ratio:
strain, takes into account the effects, at thermodyaamic O, increasing the strain; ®, decreasing the strain
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Some comment can be made about the entropic term.
From equation (2) where TASjy 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 1 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 ASj; on
stretching and AS;;; on 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 I 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®™®
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A new approach in permeation chromatography calibration
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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’.

A lar%e variety of calibration methods have been pro-
posed?~®, involving narrow or broad MWD standards or
using the hydrodynamxc volume concept. Among the exist-
ing calibration procedures incorporating both of the above
mentioned conditions, only the effective linear calibration
method proposed by Balke ef al.” 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 fixed 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.:

tap V7 =1(V) )

where M, V, ag, ay,.. ., ap 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
ap,ai,...,an are evaluated from an identical equation (2)
by means of the least squares method?:

logM =ag +‘11V+02V2 LR

logM, = ag + a3 Vp+ an?, +--+a, V8 f(Vp) @)
in which M, 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 ¥, is obtained from
equation (2):

Vp=f-1(loghy) = bo + by (loght;) + --

where by, by,...,
nomial.
Equations (2) and (3) are the basis of the proposed cali-
bration procedure. In order to calculate (# + 1) values of
the g;and b;(i=0, 1, 2, ..., n), polynomial coefficients at

* +by, (logh,)* (3)

by, are coefficients of the reciprocal poly-
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least (n + 2) values of average molecular weights M,, and
the chromatograms of samples of which the M, are mea-
sured, have to be known.

Starting values of the ¢; and b; coefficients are evaluated
from the log M, versus Vpeak> and Vpeak versus lo g M, rela-
tions using the known (n + 2) values of average molecular
weights M, and peak elution volumes Vpeak of samples
chosen as standards for the polymer investigated. Values
of the average elution volumes V,, are then calculated for
each of the standards. If the number-average molecular
weight M, of a standard is known, Vp =Vy,is calculated
according to a formula derived from equations (3) and (2)
and the definition of M,;:

V1 =f-1(logM,) = -1 [log (ZW,‘M,‘_I) ‘1]
i
= f—l[.—]og (z wilo—f(Vi))J 4

In the case when viscosity-average M, or weight-average
M,, molecular weights of the chosen standards are known,
equations from which the corresponding 3 or V3 average
elution volumes may be evaluated are as follows:

a~llog ( z wil Oaf(Vi))] )
L i

log ( z wil Of(Vi)) ] ©)
L i

In equations (4)—(6) f and f-! denote the polynomials de-
fined in equations (2) and (3), w; are the established from
the chromatogram weight fractions of polymer with mole-
cular weight M; and « 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 g; and
b; coefficients repeated. An iteration procedure is then per-
formed on the successive g; and b; coefficients until a mini-
mum value of the average percentage accuracy of the calcu-
lated from the corresponding chromatograms average mole-
cular weights Myl using the latest calibration polynomial
is obtained, i.e.:

Va=f-l(logM,) = -1

V3=f-1(logM,) =f"1

1/(n+2) 'f

=1

100(ML — m(mlc.))/ﬂri Q)




In analogy to the ultracentrifugation method of establish-
ing the sedimentation coefficient—molecular weight relation,
using averaged values of sedimentation coefficients®'?, 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'!.
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 egrors in average molecular weights and poly-
dispersity of standards.
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INTRODUCTION

Spin labelled polymers have been used to study both the
solution properties of polymers'? and their behaviour when
adsorbed at the solid/liquid interface*. 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®, 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®,
Woodward’s reagent K7 or cyanuric chloride® has been
briefly reviewed™'®. 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'* ~'3.
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 filtered through a
No. 4 sintered glass filter and then dialysed against distilled
water for 2 weeks. Its molecular weight determined by
viscosity'*in 0.1 M NaCl was 32 500. Purified SCMC (2 g)
was dissolved in 40 ml HyO and the pH adjusted to 11 with
1.0 M NaOH. Cyanogen bromide, (0.1 g, supplied by BDH)
in 2 ml H>O, 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 E4 X-band
spectrometer.

The molecular weight of the labelled SCMC'!, again deter-
mined by viscosity in 0.1 M NaCl was 34 000, indicating a
minimum degree of crosslinking. The !H and !3C 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'? and their behaviour when
adsorbed at the solid/liquid interface*. 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®, 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®,
Woodward’s reagent K7 or cyanuric chloride® has been
briefly reviewed™'®. 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'* ~'3.
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 filtered through a
No. 4 sintered glass filter and then dialysed against distilled
water for 2 weeks. Its molecular weight determined by
viscosity'*in 0.1 M NaCl was 32 500. Purified SCMC (2 g)
was dissolved in 40 ml HyO and the pH adjusted to 11 with
1.0 M NaOH. Cyanogen bromide, (0.1 g, supplied by BDH)
in 2 ml H>O, 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 E4 X-band
spectrometer.

The molecular weight of the labelled SCMC'!, again deter-
mined by viscosity in 0.1 M NaCl was 34 000, indicating a
minimum degree of crosslinking. The !H and !3C 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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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® 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>* method. Assum-
ing a film density of 1.3 g/cm3, the film thickness (deter-
mined by weighing) was 1900 + 100 A. The true film den-
sity may be considerably less than 1.3 g/cm3 in view of the
structural model discussed below. A stack of the films (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 films. A range of s down
to s = 0.0012 A~! was studied with the Franks camera
(photographic detection) and down to s = 0.00044 A~!
with the Kratky (counter detection) where s = 2 sin 8/A.
Kratky data were desmeared by the method of Glatter®.

From s = 0.00044 to 0.025 A-! the scattered intensity
decreases monotonically apart from two ‘shoulders’ at s =
0.0043 and 0.0084 A—! (Figure 1). If the films consist of a
paracrystalline array of particles then the shoulder at s =
0.0084 A1 could be due to the structure factor of indivi-
dual particles. The first subsidiary maximum in the struc-
ture factor of a sphere radius R, occurs at sR =0.92, and
the (110) reflection of spheres in an hexagonal close packed
(h.c.p.) lattice occurs at sR = 1.00. Spherical particles
would then have a radius of 110—120 A. The s =0.0043 A-!
reflection is probably due to interparticle interference. The
(002) reflection for an infinite h.c.p. lattice of spheres
occurs at sR =0.613. However, the structure factor of a
sphere is changing rapidly at this value of sR® and if a crystal-
lite contained only 3 lattice repeats in the z direction then
the (002) peak would be displaced” to about sR =0.571,
i.e. to s =0.0050 A-1 for R = 115 A. The shoulder at s =
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Figure 2 Scattering from cellulose acetate films. Desmeared
Kratky camera data (higher angle region)
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0.0043 A-! 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®. Contrary to the assertion of
Kesting®, 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 A1
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® would produce a (100) reflection at s =0.0408 A-!
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
sphere, then this would correspond to a sphere radius of
21.9 A and (assuming a density of 1.3 g/cm3) 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 A 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 A particles. The peak would then be inseparable from
the start of the small angle scattering.

SAXS studies of these cellulose acetate films are continuing,.

Acknowledgements
Kratky-camera data were obtained:at the Institute for
Physical Chemistry, University of Graz. Thanks are due to
Professor . Pilz and the staff of the Institute for kindly pro-
viding facilities.
Philip H. Stothart
The National Institute for Research in Dairying,

Shinfield, Reading, RG2 9AT, UK
{Received 27 October 1975}

POLYMER, 1976, Vol 17, January 93



Letters

References

1 Riley, R. L., Lonsdale, H. K., Lyons, C. R. and Merten, U. J.
Appl Polym. Sci. 1967, 11, 2143

2 Schultz, R. D. and Asunmaa, S. K. Recent Progr. Surface Sci.
1970, 3,294

3 Carnell, P. H. and Cassidy, H. G. J. Polym. Sci. 1961, 55,233

4 Carnell, P. H. J. Appl. Polym. Sci. 1965,9, 1863

5 Glatter, O. Acta. Phys. Austriaca 1972, 36, 307

6 Guinier, A., Fournet, G., Walker, C. B. and Yudowitch, K. L.

‘Small-angle scattering of X-rays’, Chapman and Hall, London,
(Wiley, New York), 1955, pp 54-57

7 James, R. W. ‘The Optical Principles of the Diffraction of X-rays’,
Bell, London, 1962, Ch X

8 Kesting, R. E. ‘Synthetic Polymeric Membranes’, McGraw-Hill,
New York, 1971, p 68

9 Dulmage, W.J. J. Polym. Sci. 1957, 26,277

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 transition metal carbonyls (I)

In addition to a transition metal carbonyl, notably man-
ganese or rthenium carbonyl (Mn2(CO);9, Re2(CO) 1, 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 I illustrates the characteristics of
initiators of this type based on Mny(CO);o and Re2(CO)yp.
Rates of polymerization of methyl methacrylate at 100°C,
w, 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'?. For comparison, the dependence of w
on [CClg] for initiation by Mn3(C0)1/CCly at 100°C is
also illustrated in Figure I; evidently C2F4 and ADCADME

AT 130

J —l‘“
O— 120 %
1 E

< w
— . o]
S — - a x

40 3
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Figure T Thermal initiation by systems of type |. Methyl meth-
acrylate (buik), 100°C. 8, Mn,(CO),q (4.77 X 107 mol/l) +
ADCADME; A, an(CO)Jo (4.77 X 10 mol/l) + C,F4; @,
MndCO)lo (4.77 X 10 mol/l) +CCl4; O, Re2(CO)104(5.48 X
107" mol/l) + ADCADME; £, Rez(CO) g (5.48 X 107~ molfl) +
C,F4. The concentrations of C,F4 given are nominal values only,
being calculated on the assumption that all the gas is dissolved in
the methyl methacrylate. When [additive] =0, w =1.02 X 1075
mol I~ s !
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are less effective than CCly in producing high rates of initia-
tion in association with Mny(CO)qp.

Under suitable conditions, polymers prepared with the
new initiators show absorption in the infra-red near 2000
cm~! similar to that of (CO)sMnA— or (CO)sRe A— end-
groups®~*, 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)sMnCF,CF; or (CO)sMnC(COOMe)=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 initiators: block copolymerization (II)

In earlier papers®~7 we have shown that some transition
metal carbonyls, particularly Mn3(C0)1g, Re(CO)1g, 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)sReA—.
In the examples described below the additives were C2F4
and MeOOCC=CCOOMe, so that the corresponding end-
groups [from Mn7(CO)1q] were (CO)sMnCFCF»— and
{CO)sMnC(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:

~~M|~~AMn(CO)s - ~~M;~~A + Mn(CO), (1)

in which ~~M 1~ represents a polymer chain derived from
monomer My. The polymeric product obtained from a
monomer My is, therefore, in the simplest case, (when ter-
mination in M3 is 100% disproportionation) a block copoly-
mer:

M A My e

When an additive of the type described is present the spe-
cies Mn(CO)s 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®*~".

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 of macroinitiators at 25°C
Total
M1, concen- volume Additive

No. tration Solvent  (ml) {(~0.2 mol/l) My, X 10—3

[Mn2(CO) 1] =8.54 X 10~ mol/l; A = 435.8 nm:

1 MMA, bulk none 60 ADCADME 2.12
2 MMA, bulk none 60 CyFq 1.83
3 CyF4,2.6 acetic ~2 — -
mol/l acid
[Re(CO)10} =8.60 X 10™% mol/I; A = 365 nm:
4 MMA, bulk none 5 ADCADME 1.88
5 MMA, bulk none 5 C,F,4 1.88
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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 transition metal carbonyls (I)

In addition to a transition metal carbonyl, notably man-
ganese or rthenium carbonyl (Mn2(CO);9, Re2(CO) 1, 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 I illustrates the characteristics of
initiators of this type based on Mny(CO);o and Re2(CO)yp.
Rates of polymerization of methyl methacrylate at 100°C,
w, 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'?. For comparison, the dependence of w
on [CClg] for initiation by Mn3(C0)1/CCly at 100°C is
also illustrated in Figure I; evidently C2F4 and ADCADME
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Figure T Thermal initiation by systems of type |. Methyl meth-
acrylate (buik), 100°C. 8, Mn,(CO),q (4.77 X 107 mol/l) +
ADCADME; A, an(CO)Jo (4.77 X 10 mol/l) + C,F4; @,
MndCO)lo (4.77 X 10 mol/l) +CCl4; O, Re2(CO)104(5.48 X
107" mol/l) + ADCADME; £, Rez(CO) g (5.48 X 107~ molfl) +
C,F4. The concentrations of C,F4 given are nominal values only,
being calculated on the assumption that all the gas is dissolved in
the methyl methacrylate. When [additive] =0, w =1.02 X 1075
mol I~ s !
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are less effective than CCly in producing high rates of initia-
tion in association with Mny(CO)qp.

Under suitable conditions, polymers prepared with the
new initiators show absorption in the infra-red near 2000
cm~! similar to that of (CO)sMnA— or (CO)sRe A— end-
groups®~*, 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)sMnCF,CF; or (CO)sMnC(COOMe)=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 initiators: block copolymerization (II)

In earlier papers®~7 we have shown that some transition
metal carbonyls, particularly Mn3(C0)1g, Re(CO)1g, 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)sReA—.
In the examples described below the additives were C2F4
and MeOOCC=CCOOMe, so that the corresponding end-
groups [from Mn7(CO)1q] were (CO)sMnCFCF»— and
{CO)sMnC(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:

~~M|~~AMn(CO)s - ~~M;~~A + Mn(CO), (1)

in which ~~M 1~ represents a polymer chain derived from
monomer My. The polymeric product obtained from a
monomer My is, therefore, in the simplest case, (when ter-
mination in M3 is 100% disproportionation) a block copoly-
mer:

M A My e

When an additive of the type described is present the spe-
cies Mn(CO)s 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®*~".

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 of macroinitiators at 25°C
Total
M1, concen- volume Additive

No. tration Solvent  (ml) {(~0.2 mol/l) My, X 10—3

[Mn2(CO) 1] =8.54 X 10~ mol/l; A = 435.8 nm:

1 MMA, bulk none 60 ADCADME 2.12
2 MMA, bulk none 60 CyFq 1.83
3 CyF4,2.6 acetic ~2 — -
mol/l acid
[Re(CO)10} =8.60 X 10™% mol/I; A = 365 nm:
4 MMA, bulk none 5 ADCADME 1.88
5 MMA, bulk none 5 C,F,4 1.88
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Figure 2 Thermal initiation by systems of type Il. Methy! metha-
crylate (bulk), 100°C. No additive. &, Macroinitiator No. 1 {Table
1): 1.0 g/t; O, macroinitiator No. 2 (Table 7): 1.0 g/t

Table 2 Initiation by rhenium macroinitiators

Weights of final polymers
No. of macro- {mg)
initiator Additive,
(Table 1) weight (mg) 30 min 60 min
4 - 54 74
4 ADCADME, 151 72 127
4 CyFg4, 153 69 —
5 - 46 62
5 ADCADME, 151 66 117
5 CyFg4, 163 65 -

In each experiment 10 mg macroinitiator in 10 ml methy! 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 1) and in the polymerization of
methyl methacrylate (MMA) initiated by polymer 3 (Tuble
I). Details are given in Table 3. In three cases the products
were separated into fractions soluble and insoluble in
chloroform as indicated in 7able 3. Infra-red spectra of the
polymeric products from macroinitiators 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-

Letters

Table 3 Block copolymerization at 100°C

Product
Reac-
Additive, M,, tion CHCl3 CHCI3
Macro- Weight weight volume time soluble/ insoluble
initiator (mg) {mg) {ml) {min) (mg} {mg)
1 50 - AN,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
7r o
6-
T 5
__m
5 4
E
R
x
3 2r
|..
1 1 b 1 1 A 1 1
O 5 10 i5 20

[ADCADMEIxIO%(mol/1)

Figure 3 Thermal initiation by systems of type 11 in presence of
ADCADME. O, Macroinitiator No. 1 (Table 7): 1.0 g/}; O, macro-
initiator No. 2 (Table 7): 1.0 gfi

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,
Unijversity 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. Blout, F. A. Bovey, M. Goodman
and N. 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

Conference Announcement

IVth 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 Stras-
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 37
January 1976.

Progress in polymer science, Japan, Volume 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

Conference Announcement

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 lUPAC, CNRS and GRP will be organized in
Lyon from 5 to 9 July 1976. [t 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

Seccion de Fisicoquimica y Fisica de polimeros, Instituto de Plasticos 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 Géler—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-
tallization 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? has re-investigated the nucleation theory
for fractionated polymer diluent systems (polyethylene in a-
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 (v9 = 0.0030) in the system polyethylene/a-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®. 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®.

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®. Viscosity-
average molecular weights, M, were obtained from the rela-

tion given by Chiang® for decalin at 135°C. The viscosity-
average molecular weights for polyethylene fractions studied
in this work were: 14 000; 20 000; 47 000; 190000 and
1200000.

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 ez al.®. 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 mm. 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 min.

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 time involved in the
results reported here range from 1400 minutes to 10 000
min 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 1 Plot of degree of crystallinity as function of log ¢ fog
fraction M = 190 000. Solution temperatures: O, 180°; £, 190°;
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Figure 2 Double logarithmic plot of degree of crystallinity against
t at different crystallization temperatures, for fraction M77 = 14000.
+,08°,0,989°:4,100.1°; @, 100.9°; 0, 101.9°C

dilatometers were kept in a bath at 220°C for 12 h as is
shown in Figure 1.

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
190000. 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
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was found by Ergoz et al.” with undilute high molecular
weight fractions (M,, = 1.2 x 105). 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
The kinetic data were analysed using the Goler—Sachs or
free growth approximation®. Accordingly, for the initial

. portion of the transformation it is found that:

1 — N2 = (k3n)*/4
1 —N(#) = (k20)3/6 (6))
1 — N = (k10?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). Fora
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 crystai-
lization temperature. However, the slope of the linear por-
tion of the double logarithmic plot 1 — A(¢) vs. ¢, 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 x 109, the
slope is three. Similar results were obtained in previous
work” 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 M, = 20 000.
0,98°; A, 99°;0,99.9°; +, 100.9°C
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t at different crystalllzatlon temperatures for fraction M, = 47 000.
0,98.25°; £4,99.2°; 0, 100.1°; +,100.9°; ®,101.8°C

10°

10+

1= (#)

lo_zr

i 1
10! 102 103
Log ¢ (min)
Figure 5 Double logarithmic plot of degree of crystallinity against

t at different crystalllzatuon temperatures for fraction M =190 000.
0,98.1°;4,98.9°;0,100°; &, 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 Goler—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® can be written as:

In(1 — X) = ke" Q)

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 Géler—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 bulk’.

Therefore in the first stages of the transformation the
curves 1 — \(7) vs. log  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.”, 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%”.
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Figure 6 Double logarithmic plot of degree of crystallinity against
t agdrfferent crystalllzatlon temperatures for fraction My = 1.2 X
0,96.4°;4,984°;0,99.4°; +,100.4°C
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Figure 7 Double logarithmic plot of 7o _; against molecular weight

for different crystallization temperatures. 4, 368.2; ®, 369.2;
0,371.2;4,372.2;0,373.2; 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 10 000—
20000. 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.

Temperature coefficient of 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!®", Nucleation theory has been developed for finite
molecular weights in diluent—polymer systems?® and the
importance of molecular weight and concentration in analys-
ing the temperature coefficient 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-
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ces in cross-section for a diluted system containing V poly-
mer molecules each comprised of x repeating units in which
the volume fraction of diluent is v, is given by?'%!3:

RT
A Fg=2m'2p 20,5 — 2p0 Invy — £pAfy + f— 2 -

—E+1
pRTIn x__—xé 3

where o, is the lateral interfacial free energy, o, 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:

Afy= Af, —RT {‘Z— A —v2) — (1 —p)? @)
!

where Af,, is the energy of fusion per repeating unit for a
chain of infinite molecular weight, V,, is the volume per
repeating unit of the polymer and ¥;is the molar volume
of the diluent, u 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 relations™:

) 2n1 20,
L —
Afy — RT/xpy — RT/(x — £ +1) )
£ RT RT
5 (Af,',——x—vz +—:-E—+—1) =20, — RTnvy —
x—£E+1

RTIn
x

Accordingly, the free energy change, AF*, involved in form-
ing the critical nucleus is given by*:

AF* =qll2gp1 2, ©®

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 by*:

AF* =20, Q)
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Figure 8 Plot of g, against volume fraction v, 2. 1, M = 250000;
2,M=10000; 3, M = 4000

where £ is expressed by the transcendent equation:

x—§+1
20— RTIn | ——— | —RTlnry
x
£= (®
RT
Afly — v,y
x

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 7 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:

*

©)

-1
InTg 1 =In(7, —
0.1 =In(rg.1)o RT

By introducing equation (7) into equation (9) one obtains:
-1 £
In7g1 =In(79.1)o — 04 T (10)

It is quite clear from equation (10) that by plotting Inrq_ 11
against £/T a straight line should be obtained whose slope
should be the interfacial lateral free energy.

It is clear that this analysis does not involve the indepen-
dent establishment of values for T, the equilibrium melting
temperature (or dissolution temperature) of the dilute solu-
tion as has been done previously®. However, in order to pro-
ceed with the present treatment the basic interfacial free
energy de needs to be specified.

Recent work? has established that for undiluted poly-
ethylene g, ranges from 4600 cal/mol to 4000 cal/mol for
the molecular weight range 4000—250 000 if ¢, 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, ¢, decreases sharply with
dilution at very high concentrations and slowly at moderate
concentrations if 0, remains constant.

For very dilute systems, a lower value of ¢, of about
1000 cal/mol can be extrapolated although this extrapola-
tion is very risky since the lowest experimental concentra-
tion corresponds to vy = 0.30 (Figure 8).

o4 o5 06 o7
E/7

Figure 9 Plot of InTg -1 against £/T for various molecular weights.

¢ = 1000 cal/mol for 14 000 and 20 000 molecular weight fractions:

e = 1.200 cal/mol for 47 000 and 190 000; o, = 1.400 cal/mol
M: 5,14 000; ©, 20 000; 8, 47000; 2, 190 000; ®, 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 In7j] against £/T a set of non-parallel
straight lines is obtained if a unique value of o, is considered
for all molecular weights. This result means that o, changes
with molecular weight, a conclusion which is very difficult
to accept.

Assuming that o, 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 = 14 000) to 1400 cal/mol (M = 1.2 x 106) as
can be seen in Figure 9.

The conclusion is very important. The values of g, are,
in this concentration range, slightly dependent on molecu-
lar weight in the range analysed in this work and about four
timeg lower than the values reported earlier for pure poly-
mer.”.

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
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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),, block copolymers

P. C. Ashman and C. Booth

Department of Chemistry, University of Manchester, Manchester M13 9PL, UK
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Multiblock copolymers of poly(ethylene oxide)} and poly(propylene oxide), type P{EP),, 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!, PEP?” and EPE*. Here we present results for multi-
block copolymers of type P(EP),, where n = 1-7.

EXPERIMENTAL AND RESULTS

Preparation

P(EP),, block copolymers were prepared by the conden-
sation of @, w-hydroxy-poly(ethylene oxide) with e, -
chlorocarboxy-poly(propylene oxide) for n > 1 or with
a-methoxy, w-chlorocarboxy-poly(propylene oxide) for
n=1. Reagents and solvents were purified as described
earlier’.

Samples of a, w-hydroxy-poly(ethylene oxide) were
prepared using potassium hydroxide as catalyst and ethy-
lene glycol as initiator as described previously® (samples 48
and 75) or were commercial samples (Hoechst Chemicals
Ltd, samples 45 and 136). Samples of «, w-hydroxy-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, w-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 (1.65 g)
and propylene oxide (10.30 g) gave polymer with M,, = 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/m2,50°C, 1 h) and dissolved (10 g) in dry benzene

(75 cm?). 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/m2, 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®. Gel permeation chromatography served to show
that the molecular weight distributions (MWD) of the poly-
mers were unchanged during the phosgenation.

The «, w-hydroxy-poly(ethylene oxide) was dried by
evacuation (<1 N/m2,2 h, T> T},) and dissolved (5 g) in
pyridine* (20 cm3, 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 (Tuble 1)

Table 1 Effect of mole ratio on the degree of condensation (n) in
the formation of 12(136—12),, copolymers
Mole ratio Degree of
(P:E) condensation
0.86 1.3
1.00 2.1
1.08 29
19 3.7
1.34 59
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:

TN

MWD C==0 H—\.(;jMva\A—wava~C~OMNw~A +
- H
Nict Nfcm
cd
g U
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)s.
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Table 2 Characteristics of homopolymers

M, _ _
My iM,,
Sample (v.p.0.) leg.a) (gp.c) (predicted)? (g.p.c.)
@, w-hydroxy-poly (ethylene oxide}b:
45 2030 1910 2040 - 1.05
48 1900 2100 2000 2100 1.10
75 3400 - 3000 3300 1.08
136 6100 6040 6010 - 1.23

«, w-hydroxy-poly{propylene oxide):

5 280 275 - -~ -
7 430 375 - - -
9 5560 500 - - -
12 700 710 - - -

a-methoxy, w-hydroxy-poly {propylene oxide):

4 - 220 - 200
6 - 330 - 330 -

a  Predicted from preparative conditions
b pata mainly from Refs 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 4:1 was used for

a-methoxy, w-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),, chains by poly(propylene oxide) blocks was
ensured at this stage by the addition of further a, w-chloro-
carboxy-poly(propylene oxide) to bring the overall mole
ratio to 1.6:1.

The condensation was terminated by adding methanol
(10 em3). Pyridine and methanol were removed by rotary
evaporatlon followed by evacuation of the melt (<1 N/m?,
50°C, 24 h). Pyridinium hydrochloride was removed by
dissolving the dry polymer in dry benzene and centrifuging
the mixture ( 15000 x 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’~? ) 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®'%, 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
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to 1500 nm were used with tetrahydrofuran solvent (25°C,
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™® (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 M,,/M,, = (2n + 1)/(n + 1)
varying from 1.7.(n = 2) to 1.9 (n = 7)'%. The generally
higher values of M,,/M,, 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”.

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*?.

Melting points are listed in Table 5. Multiple melting
points were observed only for the P(45—P)y, 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—45—-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—6 082 0.84

Table 4 Molecular characteristics of P(EP), copolymers

Sample ll_l,, n /I_JW/M,,
5(45-5)4 15400 6.7 25
7(45—7), 4400 1.7 15
9(45-9)5 13200 5.1 21

12(45—-12}5 14400 5.1 25
5(75—5)4 13200 36 22
9(75—9)5 19000 438 23
5(136—5)4 23000 3.6 2.2
7(136—7)3 19500 3.0 23
9(136-9)4 24100 3.6 2.3

12(136—12)¢ 39500 58 22
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Table 5 Melting points (T,;) and lamella spacings (/) of P(EP),
copolymers

Te Tm /

Sample °c) °c) (nm)
4-45—4 25 38.5 —
30 39.2 —
6—45—6 25 374 —
30 37.6 -
5(45-5), 20 409 -
25 41.1 13.0
28 41.0 -
7(45-7), 20 38.9(37.3) 12.3
25 38.8 -
28 38.7 131
9(45-9) 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 — 111
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), 25 46.0 _
30 46.1 14.2
35 46.6 -
40 47.6 155
5(136-5)4 30 53.7 17.3
35 54.4 -
40 55.0 18.0
45 56.0 —
7(136-7)3 28 53.0 -
35 53.4 16.1
40 53.8 —
9(136—9)4 30 53.0 16.7
35 53.5 -
40 54.0 16.8
45 54.8 -
12(136—12)¢ 28 526 -
35 52,6 17.3
40 53.7 -

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, than hitherto observed'~* 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'®'? and copolymers' 3 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,,. 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—48—5 crystallized at 29°C
had®/=10.9 nm, 3—75-3 crystallized at 37°C had®I =
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

(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)3,9(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'®'S T, = 53.8°C for
poly(ethylene oxide) 2000 (x, = 45); Ty, = 60.2°C for
poly(ethylene oxide) 3300 (x, = 75); and T, = 64.1°C for
poly(ethylene oxide) 6000 (x, = 136). The melting point
depression is due in part to chain folding in the crystalline
lamellae [compare T}, = 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'® 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),,, 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.

Long P blocks. The E blocks are haphazardly placed in
the crystalline lamellae (Figure Ia). Assuming random
placement of the E blocks in the lamellae, the free energy
of fusion per chain (AG) is given by ''®!7:

AG = n(xAg — 40, — RTinx + RTIng,) n
where 7 is the number of E blocks (Iength x) in the copoly-

mer chain, AG is the free energy of fusion per chain unit of
perfectly crystalline poly(ethylene oxide), o, is the free
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Figure 1 Model polycrystals of P(EP),, 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),
copolymers

T

m
n de 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 o0 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
5(45-5)5 41 3 0 7.6
5—-75-5 47
4,
5(75—5)4 48 ! 0 5

energy of formation from the melt of the crystal/amorphous
interface and the amorphous lamella, and ¢, is the segment
fractions of E in the copolymer melt (one segment has the
volume of one poly(ethylene oxide) unit). The term RTlng,
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 RTInx 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*:

T = TH[1 — 40e/xAn] [[1 — (RT),/xAM)In(ge/x)]  (2)

where 79, and Ak are, respectively, the melting point and
the enthalpy of fusion per chain unit of perfectly crystalline
poly(ethylene oxide). The melting point 7, is independent
of n.

Short P blocks. The —EPEPEPE— chain forms a regularly
folded lamella (Figure 1b) 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
—EPEPEPE— 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, — RTInz + RTIng, 3)

where g, is the free energy of formation from the melt of
the interface and z is the chain length in segments of the
—EPEPEPE-- chain (i.e. the chain length excluding the two
end P blocks). This equation leads to the melting point
expression:

T = Th{1 — (40/x2m)]/[1 — (R 79n/nxAh)ln(¢e/Z)]( )
4

The melting point 73, depends upon #n.

*  We use the condition AG =0 when T = T}y, and the relationship
Ag = Ah[1 — (T /Tp)]
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Values of T;;, calculated from equation (4) for a typical
copolymer series, 5(45—5),, are listed in Table 6. We use
79, = 34920 and Ak = 8.4 kJ/mol?* and choose o), to be
8.0 kJ/mol in order to bring the calculated melting points
into approximate agreement with those observed. Para-
meters ¢, 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 1.012 cm3/g!.

A comparison of the experimental and the predicted
variation of T}, with n is made in Table 7. Experimental
results fall between those predicted from the extreme
models. This is in keeping with our finding 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 of 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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Effect of chain structure on the melting of
low molecular weight poly(ethylene oxide)
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Linked poly{ethylene oxide) samples have been prepared by the condensation of a-methoxy-c-
chlorocarboxy-poly(ethylene oxide} with alcohols of various functionalities. Melting points {by
difatometry) 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'™
and the melting*~ of linear low molecular weight a, -
hydroxy-poly(ethylene oxide), of poly(ethylene oxide)
samples with other end groups’® or with segmented struc-
ture®, and of block copolymers of poly(ethylene oxide)
with poly(propylene oxide)!®~!*, polystyrene!'¢ or
poly(e-caprolactam)'”. In the absence of effects attribut-
able to incompatibility in the melt'S'® or crystallization

of the copolymerized component'” the experimental results
can be broadly interpreted in terms of a polycrystalline struc-
ture of alternating crystalline and amorphous lamellae'>*?
In this paper we report an extension of the range of investi-
gations to include branched poly(ethylene oxide) samples.

5

EXPERIMENTAL AND RESULTS

Preparation

Poly(ethylene oxide) samples were prepared by the con-
densation of a-methoxy-w-chlorocarboxy-poly(ethylene
oxide) with alcohols of various functionalities.

Samples of a-methoxy-w-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 a-methoxy-w-chlorocarboxy-
polymer intermediates for the condensation. The prepara-
tive methods have been described elsewhere'*.

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 a-methoxy-w-chlorocarboxy-
poly(ethylene oxide) was melted at 60°C under vacuum
(<1 N/m2,2 h). The system was then blanketed with dry
nitrogen and a solution of the appropriate alcohol in pyri-
dine (~0.1 g/em3 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 (15000 x g for 15 min). The poly-
mer was recovered by freeze-drying.

Nomenclature

Starting from a-methoxy-w-hydroxy-poly(ethylene
oxide) samples of molecular weight M,, = 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 a-methoxy-w-hydroxy-
poly(ethylene oxide) samples lead to the formation of a
small proportion of &, w-hydroxy-poly(ethylene oxide)
initiated by adventitious water. This polymer will form a,
w-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/dm3)
by addition of isoctane in the manner described elsewhere®.
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-groups'®?%), 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 Structure
MH36 CH3{0O.CH,;CH,)350H
MC36 CH3(0.CH;CH,1}350.CO.0.CH;3
(M36),0 CH3(0.CH,CH,)340.CO.0(CH,CH,0)34CH3
(M36), E CH3(0.CH,CH3)}34 0.CO.0.CH,CH20.C0.0(CH,CH,0)36CH3
(M36)3G CH3({0.CH,CH;,)340.CO.0.CH,

CH3(0.CH;CH3)340.C0.0.CH

CH3(0.CH;CH;)340.C0.0.CH,
(M36)4P CH3(0.CH;CH,)340.C0.0.CH, CH20.C0.0 {CH,CH,0)34CH3

Cc

CH3(0.CH,CH3)340.C0.0.CH, CH3 0.C0.0 {CH,CH,0)34CH3

Table 2 Characteristics of the poly(ethylene oxide) fractions Table 3 Lamella spacings (nm) for poly (ethylene oxide) fractions
My Myltty tn) | _ To°0)
(em™ M,

Sample vp.o. ega. g.p.c. g.p.c. /) (predicted) Sample 30.5 39 43 48
MH36 1500 1400 1600 1.05 6.2 - MH36 10.6 10.7 - -
MC36 1600 - 1600 1.05 5.9 - MC36 10.6 - - -
(M36),0 2900 - 3000 1.05 9.3 3200 (M36),0 — 10.7 - -
(M36)2E 3600 - 3300 1.08 9.7 3300 (M36), E 11.3 1.7 - -
(M36)3G 4600 - 5000 1.07 10.0 4800 (M36)3G - 124 12.7 -
(M36)4P 5900 - 6800 1.16 13.6 6600 (M36)4P - 128 - -
MH#61 2800 2500 2700 1.0 79 - MH61 - 15.5 16.0 -
MC61 2700 - 2700 1.05 7.5 - MC61 - — 16.0 -
(M61),E  — - 4700 1.13 14.0 5400 (M61),E - - 175 18.3
(M61)3G  — - 8800 1.12 155 8300 (M61)3G - - 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 applied®*.

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 weight®; the
calibration curve was adjusted to reproduce the values of
M,, for the calibrants. Values of M,, for the branched sam-
ples were based upon a ‘universal’ calibration®®i.e. a plot of
logyo[n]M against elution volume. Corrections for instru-
mental spreading were not made.

Values for M,, 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 &, w-hydroxy-poly(ethylene oxide).

Values of M,;, 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'?. The scattering patterns were simi-
lar to those observed for other poly(ethylene oxide) homo-
polymers'# and copolymers'?. 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 (7,); scattering was at
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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)?®. 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!*®, 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
elsewhere'2?*. 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'?%, Av can vary considerably with undercooling. The

*  We use the following specific volumes to calculate Av for the
perfect crystallization2 3.2,

Melt v =0.891cm>/g at 25°C « = 0.00069 cm>/g K

Crystal v = 0.813 cm /g at 25°C o = 0.00015 cm /g K.
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Table 4 Contraction on crystallization (102 x cm3/g) for
poly{ethylene oxide) fractions

T.(°C)
Sample 36.1 40.0 432
MH36 6.1 55 —
MC36 - 5.6 -
(M36),0 - 6.4 -
(M36), E 6.5 55 -
(M36)3G — 5.5 —
(M36)4P 48 47 -
MH61 - 7.3 5.1
(M61)2 E - 5.7 6.3
(M61)3G - 6.1 6.5
Perfect crystallization 8.4 8.6 88

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 crystailinity'?. Within
the temperature range T, = 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®~® less than 70 chain units. Melting points of the
branched samples are slightly dependent on T; those of
the linear samples are independent of 7.

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?’
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'2.
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’ because the introduction of aryl groups is known to
depress the melting point of low molecular weight poly(ethy-
lene oxide)’. (In fact melting point depressions were found
by Galin ez al® for the 2,4-toluene di-isocyanate linked
polymers.)

Effect of chain structure on melting

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?® who write the free energy of fusion per
chain:

AG-=xAg — 200 — RTnx (1)

where Ag is the free energy of fusion per chain unit of per-
fectly crystalline poly(ethylene oxide) and o is the free
energy of formation from the melt of the crystal/melt inter-
face (i.c. the layer of end groups). This equation leads to
the melting point expression*:

* We use the condition AG = 0 when T = Ty, and the relationship
Ag = AR — (T /TON.

T = T8, [1 — Qoo/xAR)]/[1 + (RTS/xA)Inx]  (2)

where T?n 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 2 1, the free energy of fusion per chain
can be written:

AG = pxAg - 2pog — RTnz 3)

where z is the total chain length. In formulating the term
RTlnz 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 =T [1 — Qoo/xAR)]/[1 +(RTS, fpxAh)lnz]  (4)

The Flory—Vrij model can be extended? to take account
of a crystalline lamella of thickness [, < x, i.e. the case of
partial melting®®. The free energy of fusion per chain can
be written:

AG =pl Ag — 2po, — RTInz +pRTIn(x — .+ 1)  (5)

where 0, is the free energy of formation from the melt of
the crystal/amorphous interface and the amorphous layer
of uncrystallized chain ends. The term RTIn(x — /. + 1)
originates in the additional combinatorial entropy of the
partly melted crystal. We assume here an identical contribu-
tion of RTIn(x — I, + 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:

Ty = T9,[1 — QoellcA)/[1 — (RTY, [pl.AR)InI]  (6)
where:

I=(x — 1.+ 1))z (7)

We have shown elsewhere®'? 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 Melting points (°C} of poly(ethylene oxide) fractions

T°C)
Sample 305 33.3 348 35.1 36.1 40.0 43.2 48.0
MH36 495 495 495 — - - - -
MC36 491 491 491 — 491 - - -
(M36),0 534 6535 — 535 53.7 - -
(M36),E 531 531 — - 532 -~ -
(M36)3G  52.3 52.5 526 525 — -
(M36)4P 519 52.1 522 524 — -

4
P e

MHB1 - - - 576 574 574 57.6
MC61 - - - 56.8 569 569 —
{(M61), E - - - 58.3 58.3 58.7 59.3
{M81)3G - - - 58.4 584 58.8 595
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Table 6 Calculated melting points {T,,) and interfacial free
energies (o)

Calculated
Equation Equation (6)
Observed (4)
Sample Tm(°C) Tmi°C)a Tm(°C)2 aelkd/mol}
MC36 49.1 49.0 49.1 6.6
{M36), E 563.1 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), E 58.4 60.1 61.4 9.7
(M61}3G 58.5 61.3 63.2 10.6

a8 Calculated assuming that for the 36 series of copolymers og =
6.8 kd/mol and o = 6.6 kJ/mol, and that for the 61 series g¢ = 0 =
8.2 kJ/mol

Comparison of theory and experiment

Values of Ty, calculated according to equations (4) and
(6) are listed in Table 6. We use T}, = 349K» 3! and Ah =
8.4 kJ/mol®2. The lamella thickness /, is assumed to be
0.7x, in keeping with the values of /. found!? for extended
chain polycrystals. The values of og and o, (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 Ty, 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 7}, at least as large as those pre-
dicted by equation (4). In fact we do not observe a constant
increase in T,, with p; moreover the observed increases in
Ty, 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 o, re-
quired to bring theory and experiment into agreement.
These values are listed in Table 6. An increase in g, of up
to 2.5 kJ/mol is sufficient to explain the observed melting
points. Such an increase in o, would be consistent*'* 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 crystallinity), 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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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 Cq, Co, and C4 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 Cq 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 ¢/s-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' *. 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¢ nm.r. signals of cis-1, 4- and
trans-1, 4-homopolyisoprenes®.

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®. 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’. 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 H 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.

Measurement

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 CDCl3 (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 of c¢is-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 Cy, C3, Cy, C4, and Cs carbons in the order
of increasing magnetic field for both cis-1, 4- and trans-1,
4-polymers®. The symbols of carbon atoms are denoted as
follows:

¢H2 - é(éH?’) = &H - éHZ)‘n

The observation that chicle contains both cis-1, 4- and
trans-1, 4-polyisoprenes is in accord with the finding ob-
tained by Schlesinger and Leeper using fractionation®.
Polyisoprenes containing various ratios of cis-1, 4- and
trans-1, 4-units were obtained by cis—trans isomerization
of 1, 4-polyisoprenes. Figure 2 shows the differences be-
tween the 13C n.m.r. spectra of chicle and isomerized poly-
isoprenes. In the spectra of isomerized polyisoprenes sig-
nals due to Cy carbon split into two peaks for both cis
and trans resonances. Similar splittings were observed in
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Ca Cs G Cs Cs
(trans) (trons)
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ppm from TMS
Figure 1 13¢ numr. spectrum of chicle polyisoprene (25.1 MHz)
C2 C Cs
{ trans)
C
{cis)
b
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| I S N | 1 1 1 1
135 134 400 395 325 320 27 26
ppm from TMS
Figure 2 13¢ h.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; and Cy4 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
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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 cis—srans linkages were pro-
duced by the isomerization of both cis 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 Cj, 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—cis, trans—trans, cis—cis, and cis—trans
were determined from the relative intensities of the four
signals of C; 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
1 1 1 1
15 20 25 30
26 (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 1 Assignment of 3¢ n.m.r. signals

Chemical shift (ppm from TMS)

Carbon trans—trans trans—cis cis—trans cis—cis
Cq 39.67 39.91 32.01 32.25
C2 134.38 134.55 134.68 134.85
Ca 26.69 ~26.55 ~26.45 26.36
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o5t a

Diad fraction

L N Il o
O 0O5 |
trans-1,4-fraction
Figure 4 Diad sequence fraction of ¢is-1, 4- and trans-1, 4-units
Points show experimental points, and curves the theoretical depen-
dence assuming Bernoullian distribution; O, cis—cis; O, cis—trans;
X, trans—cis; ®, 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 Cy-cis and
C|-trans signals were in good agreement with those obtained
by 'H 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 C;
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 'H n.m.x. 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®. 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 of ¢is-1, 4- and trans-1, 4-homo-
polymers, although a pure c¢is 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

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.®.

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 et al. using 'H 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 hydrogenated polyisoprenes’.
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 frans-1, 4-units was also observed for cis—trans iso-
merized polybutadienes®. The sequence distribution of
3,4-and 1, 4-units were also determined by BCamur.
measurement of hydrogenated polyisoprenes as described
in a previous paper’. On the other hand, polyisoprenes
containing cis-1, 4-, trans-1, 4 and 3, 4-units exhibited quite
complicated '3C 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

100

50 /’_——_X_
X

trans - 1,4-{%)

1 i
(@] 100 200
Uv. irradiation time {min)

Figure 5 Isomerization of 1, 4-polyisoprenes. [l Thiobenzoic acid;
0,1: X, 3;® 8% w/w polymer
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Diimide reduction of cis-1,4-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 ¢is-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 farge 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, NoH,'?, has
been extensively studied as a general hydrogenation re-
agent for low molecular weight olefins®*. The use of di-
imide with polymeric substrates was first reported by
Okawara and coworkers®, who employed it to remove resi-
dual unsaturation from polyvinylchloride.

Lenz et al.*" and Harwood et al.® have investigated the
hydrogenation of polydienes (i.e. cis- and frans-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-toluenesulphonyi-
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® 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 NaCl plate
by casting from the benzene solution. N.m.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
in toluene at 30°C. The molecular weights of polyisoprene
were calculated using the equation, [n] = 5 x 10-4M0-67,

Physical properties of vulcanizates

The hydrogenated rubbers that had been kept in metha-
nol, plus 0.2% phenyl $-naphthylamine, were washed with
methanol then dried in vacuo. 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 dimethy1i 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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Hydrogenation (%o}
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Reaction time {h)
Figure 1 Effect of TSH on hydrogenation of polyisoprene (Natsyn)
at 100°C. Concentration of polyisoprene: 0.29 mol/l, i.e. polyiso-
prene {10 g)/xylene (400 mi) + pyridine (100 ml). Concentration of
TSH (mol/l); A, 0.88, B, 0.569; 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
Top 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 ata
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 I).

Table 1
pyridine (100 ml}] at 100°C for8 h

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—1.2 and 0.9—0.8 ppm due to
hydrogenated isoprene units appeared in the spectrum.

The results of elemental analysis of products (7Table 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 I) 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™! 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.

Transmission
lv]

1 ) Il 1 L ! i 1

L i
1000 600
Wavenumber lcm™)
Frgure 2 |nfra-red spectrum of cis-1,4-polyisoprene (A} and
hydrogenated cis-1,4-polyisoprene (26.5%) (B)

1500

Effect of concentration of p-toluenesulphonylhydrazide on degree of hydrogenation. Natsyn (10 g); solvent [xylene (400 ml),

Natsyn/TSH ) Hydrogenation
(mol ratio) C (%) H (%) [n] My X 10° (%)
1:0 87.72 12.35 2.38 308 0
(88.23 11.77 calc. for CsHg)
1:1 85.91 12.82 1.14 103 1.7
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/l) and reaction temperature (100°C—102°C), were 30
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 IO
the degree of hydrogenation decreased continuously from
m-xylene to pyridine. 5

The shifis of the peak at 1450 cm~1 were observed in
m-xXylene, and in m-xylene and pyridine mixtures, but not
in pure pyridine, showing that the cyclization could be N
avoided in the pyridine solution. These results were sum- o 2 3 4 5 8
marized in Table 2. Reaction time (h)

Figure 3 Effect of concentration of polyisoprene on hydrogena-
tion at 100°C. Concentration of TSH: 0.88 mol/l; concentration of
Physical properties of hydrogenated rubber polyisoprene (mol/l): A, 0.59; B, 0.44; C, 0.29

All the hydrogenated rubbers obtained as described
above, were compounded to observe their vulcanizing
characteristics and to measure the physical properties of 56
vulcanizates. T9p 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.

35r¢

25

Hydrogenation (/o)

1 L

Table 2 Effect of m-xylene/pyridine mixture on hydro-
genation reaction at 100°C. Natsyn 15 g (0.441 mol/l}; TSH 82.2 g
(0.882 mol/l), mole ratio = %; solvent 500 mi

Rate of hydrogenationx |G (mol/i/sec)

Xylene/ Hydrogenation Hydrogenation
pyridine after 8 h rate Ry X 10°  Cyclic
{vol %) (%) {mol/l/sec) units

o i 1 1 1
100:0 62.0 49.0 2
80:20 34.0 40.3 © 20 © 60 80 00

: Pyridine (%)

40:60 23.3 26.1 100 80 60 40 20 (o]
0:100 16.1 211 Xylene (o)

Figure 4 Effect of solvent on hydrogenation rate of polyisoprene

at 100°C. Concentration of polyisoprene. 0.44 mol/l; concentra-
tion of TSH, 0.88 mol/l

| ++ 1

Table 3 Physical properties of hydrogenated polyisoprene vulcanizates

Hydro- Appearance Ti0* Too™ Tensile

genation of (scorch (opt. cure strengtht Mioot Elongationt

(%) polymer time) time) (kg/ecm®) {kg/em?) {g) Hardness**t

0 Natsyn clear and soft 4.4 115 93.2 (83.0) 4.1 (4.3) 952 (902) 28 (28)

11.7 light brown 15 4.5 14.7 (12.1) 7.4 (7.5) 300 (250) 40 (36)
a little tacky

20.2 light brown 26 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 8.0 275 13.6 (13.3) 7.9 (8.0) 283 (308) 43 (41)
a little hard

33.3 brown 9.0 30.0 14.2 (10.9}) 8.6 (6.4) 258 (225) 39 (37)
a little hard

*

Wallace Shawbury MK V curometer ** ASKER Hardness Tester-type JA A-degrees T Values in parenthesis are for ageing test at 70°C for 24
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Solid reaction of 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 filtration. 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
(1.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 71
60 11.7
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sponge manufacture is generally up to 510 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-1-pentene)”
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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-1-pentene) is also reported, and compared with that of
the atactic polymer. General assignment of absorption bands is presented.

INTRODUCTION

The i.r. spectra of several hydrocarbons and polymers have
been studied extensively. Much of this work has been con-
cerned with establishing and determining the origin of char-
acteristic group frequencies. These data have been sum-
marized and critically reviewed by several investigators'~>.

In previous publications on the i.r. spectra of polyolefins,
e.g. polyethylene® 7, isotactic polypropylene (IPP)®~'2,
syndiotactic polypropylene'>**, and isotactic poly(1-butene)
(IPB)*>~*, assignments for the principal vibrations were re-
ported. The correlations of the i.r. spectra with crystallinity
and stereoregularity of IPB, were studied by Nishioka and
Yanagisawa?®, Their studies showed that certain absorption
bands are 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?! ob-
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-1-pentene) (APMP), including the
correlation of certain bands to crystallinity 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-1-pentene) obtained from Imperial
Chemical Industries Ltd, England; (¢) atactic poly(4-methyl-
l-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?2,

*  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.
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(a} L.r. spectrum of IPP-1 modification 1; (b) i.r. spec-
trum of IPP-1 modification 2

Figure 1

The identity of these samples (modification 1 and 2), was
established by reference to their crystalline melting temper-
ature®. 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®?.

All spectra were recorded on a Perkin Elmer Model 21
infra-red spectrophotometer equipped with NaCl prism.

RESULTS AND DISCUSSION
Poly(1-pentene)

Significant differences in the characteristic i.r. spectra
were detected between 7.0 to 14.0 um 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, 11.15
um appear to be specific to modification 1. The modifica-
tion 2 spectra shown in Figure 1b 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 ym (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**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**, 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 (3V — 4) where MV 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.?*,

In modification 1 and 2 of IPP-1 there are three and four
monomer units respectively, in one complete turn of the

helix?®. 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'” and by applying the same selection
rules, we also found a satisfactory agreement. These results
are presented in Table 1. 1t 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-1-pentene)
Natta et al.?® 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 IPB and IPP-1
No of Observed Calculated
Repeating monomer no of no of Observed Calculated
Polymer Unit Form per turn bands bands ratio ratio
IPB ~CH3—~CH-— 1 3 17 104
|
(|:H2 0.77 0.74
CH3 2 22 140
{PP-1 —CH;—(I3H—- 1 3 20 131
CH» 0.77 0.74
|
CH, 2 4 26 176
|
CH3
Table 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 54(CH3) 7.30 S -
7.47 [ w(CH,) 7.37 s
7.73 M conformation 7.42 s
7.98 w {CH;) 7.52 w conformation
8.09 W w(CH) 7.80 w
8.40 M conformation 7.85 W
8.75 M 55[{CH2)2CH3] 8.02 M
9.05 M p(CH3) 8.23 w
9.35 s vg(CC) 8.35 w
9.48 W 7{CHa) 8.45 s
9.65 M conformation 8.77 M
10.40 w 8.82 s
10.92 W 2 pICH,) 9.00 M
11.15 M conformation 9.35 w
11.35 s 9.45 M
11.50 w z p(CH2) 9.65 s
11.75 M v(CC) 9.80 M
12.256 s p(CH3) 10.07 W conformation
12.52 M v4(CC) 10.60 M
13.70 S p[{CH5),CH3] 11.20 s ——
11.32 M conformation
11.50 s —_
11.75 M ——
12.45 S —_
13.55 s conformation
13.70 S ——

5, bending; w, wagging; v,stretching; 7, twisting; p, rocking; S, strong; M, medium; W, weak; s, shoulder. Subscripts: a, asymmetric; s, symmetric
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Figure 2 |.r. spectrum of poly{4-methyl-1-pentene) (a) isotatic
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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 um 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 um, either are extremely weak
or eliminated in the spectrum of APMP. The 10.70 um
band with a shoulder at 10.55 um in IPMP becomes a broad
band at 10.70 um in APMP. The 11.55 um strong band in
IPMP is shifted to 11.60 um in APMP with a shoulder at
11.30 um. The sharp band at 12.00 um, in APMP becomes
a shoulder in IPMP and the band 13.95 um, in APMP is com-
pletely absent in IPMP. This indicates that these bands are
sensitive to tacticity, however, the 11.85 um and 12.35 um
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 um absorbance band gradually diminishes from
the 0 to 100% atactic sample, while the 13.95 um absor-
bance band gradually increases from 100 to 0% atactic sam-
ple. Since the 11.85 um 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 um band in the case of polypropylene was also
correlated to crystallinity by Heinen?®.

Table 3 Characteristics of i.r. absorption bands of poly(4-methyl-1-pentene)

Relative Tentative Relative Tentative
Wavelength intensity assignment Wavelength intensity assignment
3.35 S v4(CH3) 7.92 M w(CH)
3.43 S va(CH3) 8.17 w w(CH)
3.48 S vg{CH3) 8.46 M -
3.60 M vg(CHy) 8.61 S 83[CHI(CH3),]
3.80 M v (CH) 8.67 s
6.85 s 53(CH3) 8.75 s % w(CH3)
6.95 S 5,(CH3) 8.86 M vg({CC)
7.25 S 85[CHI{CH3),] 9.14 M p(CH3)
7.35 S 5(CH) 9.45 s % 7(CH.)
7.50 M w{CH,) 957 W 2
7.73 M 7{CH,) 10.15 M p(CH3)
IPMP APMP
10.55 s Tacticity - -
10.70 M §(CH) 10.70 M &8(CH)
10.97 S p{CH3) 10.97 S p(CH3)
1155 s o(CH3) } } :gg : Tacticity
11.85 S Tacticity 11.85 w -
(Crystallinity)
12.00 s _— 12.00 M Tacticity
12.35 M Tacticity 12.35 w ——
(Crystallinity)
12.70 S v4({CC) 12.70 S va{CC)
13.95 S Tacticity

&, bending; w, wagging; v, stretching; 7, twisting; p, rocking; S, strong; M, medium; W, weak; s, shoulder. Subscripts: a, asymmetric; s, symmet-

ric
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Interpretation of broad line nuclear
magnetic 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 light 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 frans/gauche conformations. It was found that
drawing decreased the proportion of gauche conformations
at the expense of frans, 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 PET2 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 films.

NUCLEAR MAGNETIC RESONANCE

In the study of anisotropic materials by nuclear magnetic
resonance (n.m.r.), the second moment (AH2) 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?, 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 v, between the direction of H
and the z axis, and the azimuthal angle ¢, between the x
axis and the plane containing H and the z axis (Figure 1).
The value of (AH?) for a given direction of H, depends on
a combination of a set of numbers Sy, (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 (¢,
0, y), as shown in Figure 1. The orientation distribution
of the structural units may then be represented by a func-
tion (¢, 8, ), where p(¢, 6, Y)d¢dddy represents the
volume fraction of structural units with Euler angles in

the range ¢ to ¢ + d¢, 8 to 8 + df and Y to ¢ +dy. Know-
ledge of the lattice sums for the structural units and the
orientation functions p(¢, 8, ¥) permits the calculation of
(AH?) as a function of y and ¢,- To carry out the inverse
procedure and obtain information about the orientation
distribution of the structural units from the measured
variation of (AH2) with vy and ¢y and the calculated lattice
sums, it is necessary to expand o(¢, 6, ) 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 ¢
axis), in both the crystalline and amorphous regions, lying
along the w axis of Figure 1, but with no preferred orien-

7 w
Structural
unit
v
M /
Y | e
! /Q} v
LY
A
R
C o
y b
/4 [
< +1 Y
o \y._ M
R \\l 1
N
N
X g ™
Figure 1 The relationship of the axes (u, v, w) of a struc-

tural unit to the symmetry axes x, y, z of a specimen of

drawn material through the Euler angles (¢, 8, ¢) and the
definitions of the angles v and ¢ specifying the direction
of the magnetic field H with respect to the specimen axes
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X /’

Figure 2 The vector rjx and the angles 8 jx and ¢k
for the protonsj and k of a structural unit for the cal-
culation of the lattice sums

tation of the u and v axes about w. This means that for the
low draw ratio films it is permissible to take the orientation
distribution function p(¢, 9, ¥) as independent of ¥, and it
can be reduced to the form p(8, ¢), where 6 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:

=& 12
p(0,¢)=z Z 217( il ) PmoYin(8,¢) (1)

10 m=0 \2+1
By, =4G T4 87 s @
Im =30 1 a1+ 1 0PmO
!
QHD= D, D, By¥imlr.6y) 3)
1=0,2,4 m=0
m even

G =3/2[I(I + 1)g2u,2] where [ is the nuclear spin quan-
tum number, g the nuclear g factor and p, the nuclear mag-
neton and ag = 1/5,a7 =2/7 and a4 = 18/35. These equa-
tions correspond to equations (18)—(20) of ref. 2 but are
written here with the real form of spherical harmonics. The
factor of 27 appearing in equation (1) should also be pre-
sent in equation (18) of ref. 2. It arises, because in going
from p(@, ¢, ¥) to p(0, $), there is an effective integration
over Y. For a similar reason the right hand side of equation
(15) of ref. 2 should be multiplied by 472. The lattice sums
Sip are determined from the general form Sy, given by:

1
Sim = 2, 5O 40 @
>k
corresponding to equation (8) of ref. 2.
1 1/2
20+1 | -
S0 = Z =6 Pcos0; 5
N ok Ik [ an ] Kcos bjk) )

1jx is the internuclear vector between protons j and & of a
structural unit and 0% the angle between tj 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 ¢., vanishes and equations (1)—(3)
are simplified. ‘
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The six coefficients By, for / =0, 2, 4, are determined
from the experimental measurements of (AH2) for various y
and ¢,, through equation (3), by a least squares fitting pro-
cedure. Values for gy, for =0, 2, 4 may then be obtained
from equation (2), using calculated values for Syy. 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 Brown3.
The intramolecular contributions to the lattice sums which
are shown separately in Table 1, can be seen to be of major
importance, and for S7g and S49, 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*®. 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—C1’ methylene
bond; with the further assumption that the C1—02 bond
length remains constant (i.e. C1'—02’ bond length = C1—-02
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 Sgg, S20 and
S4q for the trans and gauche conformations. There is little
difference between the values of Spg but S2g and S4¢ 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 Sgg, S20 and
Saq of the four protons in the glycol group in the trans and
gauche conformations, which are also given in Table 1.

Table 1 Total lattice sums for trans and gauche conformations
in PET and contributions from intramolecular interactions

Soo S20 S40

1 Total Spq for transver- +0.00424  —0.00227 +0.00276
sely isotropic structural
units in trans configura-
tion

2 Intramolecular contribu- +0.00303
tion to Spq in trans

configuration
3 Intramolecular contribu- +0.00325

tion to Spq in gauche
configuration

4 Difference (3 — 2)

5 Contribution to Spq for
four methylene protons
in trans configuration

—0.00206  +0.00315

+0.00202  —0.00177

+0.00492
+0.00262

+0.00408
—0.00281

+0.00022
+0.00260

o

Contribution to Spg for  40.00274  +0,00123  —0.00226

four methylene protons
in gauche configuration

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 74 for an oriented sample
can be related to the average molecular polarizabilities (agq)
by the Lorentz—Lorenz equation:

2

ns—1 4n

4 =__ N 6
n(21+2 3 <aqq) ()

where, /V 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 oy, in the transverse directions, then it has
been shown? that for a transversely isotropic distribution

of the structural units:

(o 1) = (sin20 cos2¢) (@33 — 0y +
{o2) = (5in20 sin2¢) (a33 — ) + oy @)

2 1
(a3 = 3 (Py(cos0)) (a33 — ) + 3 (o33 + 2ayp)

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 ay 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, aj 1, a2 and
33 for the frans and gauche configurations of molecules,
are now calculated by the addition of bond polarizabilities
as discussed in ref. 2. They yield the values shown in Table
3 from which ay; = %(a11 + a22) can be calculated. The
results in Table 3 show that the values of a33 and ay; 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’, 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 (Py(cos@)°verall the procedure followed has
been described in the previous publications'?. 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 cm3 to be
consistent with values obtained from birefringence mea-
surements on drawn samples of PET. No alteration was
required in the values of ay,, but an average value of 1.70 x
10-23 ¢cm3 was assumed. These values of a33 and o, lead
to the value of 0.105 for Aa/3ag used in ref. 1.

In contrast to the optical situation, the n.m.r. lattice
sums S and Sy, 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 6(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
H1' -0.284 —0.160 +1.481
H3 +3.514 —0.228 +1.546
H4 +4.974 +0.498 —2.354
H3' +7.236 +0.228 —1.546
H4' 45,776 —0.498 +2.354
02 +1.770 +0.208 +0.000
0 +2.402 +0.845 —2.100
c1 +0.408 +0.435 —0.430
ct1’ —0.408 —0.435 +0.430
c2 42,707 +0.541 -0.916
Cc3 +4.057 +0.233 —0.395
ca +4,345 —0.105 +0.860
c5 45,131 +0.297 —1.300
cz" 48.043 —0.541 +0.916
02 +8.980 -0.209 +0.000
o' 48,348 —0.845 +2.100
c1” +10.342 —0.435 +0.430
ca’ +6.405 +0.105 —0.860
cs' +5.619 —0.297 +1.300
c3 +6.693 —0.233 +0.395
(b} gauche conformation coordinates (Model)

H1 -0.213 +0.400 —1.355
H2 +0.901 —0.953 —1.666
HY' —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
ct’ —0.408 -1.239 —0.024
c2 12.318 +0.541 -0.916
C3 +3.668 +0.233 —0.395
c4 +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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a

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. ®,
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 S7g and S4g 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 of trans
molecules with orientation characterized by coefficients
pfoo and (1 — f) of gauche molecules with orientation coef-
ficients p&j90, and we assume that the contributions to the
overall second moment are additive we should find:

pioo(experimental) = fpigg + (1 — £) pf00 ®)

for paqp this leads, using equation (2), to:

B2 ar 82
=46 (——) (*) [ S50p500 + (1 — £)S%2005200]
a2 >3 ©)

where S’ and $8q are the relevant lattice sums for the
trans and gauche materials.

A value of By for the proposed model? specifying f,
ph00 and P& 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.
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This result will now be used to predict the overall n.m.r.
response (as reflected through B,q) for such oriented poly-
mers.

For isotropic gauche material we have p&gg = 0. Equa-
tion (8) now becomes:

47 8n2

B
20 (proposed) = 4G (——) ( ) f8%00%00 (10)
2 5 5

Let the average value of the coefficient of Py(cos8) for the
molecular orientation function of the trans material be
(Py(cos8)Y. Then (Py(cosd)overall = AP;(cos §))

82
=fpho0 '5—‘

Substitution into equation (9) gives:
B 47
220 (proposed) = 4G (5-) St (Py(cosf)overl (11)
a«

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 of f. If therefore the model is correct, the value of
By determined experimentally from n.m.r. measurements,
should be a linear function of the (Py(cos 8 )yoverall values
obtained from refractive index measurements.

For the other extreme situation of isotropic trans and
oriented gauche material, equation (11) would require the
use of $%g instead of S%g. 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 (Py(cos 8))°Verall angd the
equivalent isotropic refractive indices # calculated from
the experimental values of ny, n and n3. The values of n
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

Table 3 Principal polarizabilities for PET monomers and their
average values in transversely isotropic structural unit

Trans {calc.) Gauche (calc.) Trans (exp.)
(1073 em?) (10723 em?) (10723 em?)
[£35] 212 212 -
[¢5D) 1.22 1.26 -
@33 2.22 216 -
g 1.67 1.69 1.70
@33 2.22 2.16 2.30




Table 4
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Draw
ratio

Density n3

n

m

(Py{cos 6)yoverall

Bjola;
{exp.)

Boolag
(exp.)

2.5:
3.25:

aGgn
Z2ER

1.349
1.354
1.361
1.372

1.628
1.645
1.679
1.708

1.571
1.566
1.543
1.580

1.5648
1.546
1.643
1.609

1.676
1577
1.588
1578

0.32
0.40
0.59
0.70

—3.67
—4.76
—8.48
—7.65

+182.3
+182.8
+196.5
+181.2

exp. isotropic refractive index n; = 1.583, p; = 1.338

A structural unit to the conformation, as shown in Table 3.
A similar situation, is shown by the experimental value of
Bog/ag of Table 4 which reflects the insensitivity of Spg to
4 the conformation (Table 1).

il However Bag/ag in Table 4 shows a behaviour which
correlates with Py(cos )°¥eral, Figyre S 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
y 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
N of gauche conformer material, the oriented parts of the

Boo
L]
O
N

20 N a specimens being those with the trans conformation.
| N The point in Figure 5 for the 5:1 draw ratio film, shows
A less good agreement with the points for the other material.
6r A c This is not surprising since as was shown in ref. 3, there is
- N d " a distinct preferred ori ion distributi -
. S, preferred orientation distribution of the mole
ok AN cules with respect to the plane of the film. The position
AN of the point in Figure 5 for this specimen does suggest,
1 AN however, that here also the gauche material is sensibly iso-
-l4r \\ tropic in molecular orientation distribution.
N
r N\
Y
=18} AN B
o2 04 06 08 1O REFERENCES
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Ziegler-Natta catalysis: 7. The settling

period

D. R. Burfield,* 1. D. McKenziet and P. J. T. Tait
Department of Chemistry, University of Manchester Institute of Science and Technology, Manchester

M60 1QD, UK
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Factors affecting the duration of the settling period in the polymerization of 4-methylpentene-1 by
the catalyst system VCI3/AIRg3 in benzene have been systematically investigated. Plots of logqg
{100 — %R,) 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 Cg follows a strictly first order time dependence. The initial region is believed to arise from the
removal of adsorbed AIR2Cl 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' ™ and is a characteristic feature of these
polymerization systems®. Typical kinetic curves for these
systems are shown in Figure I and can be seen to be divided
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
directly.

The duration of the settling period appears to be influ-
enced by the majority of the variable parameters in these
complex polymerization systems, €.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, slow initiation by monomer®’, and the pre-
sence of impurities®. 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/AlR3 in
benzene, and forms part of a detailed study” 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”.

* 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
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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-
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Figure 1 Plots of rate versus time (a) showing decay characteris-
tics; (b) showing steady state characteristics
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Figure 2 Plot of Rp/[VCI3] versus time. [VCI3] = 18.5 mmol/l;
[Al{iBu)3] = 37.0 mmol/l; [4-MP-1] = 2.0 mol/l; 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®”, 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. 1t
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. Burfield et al.

The observation that the settling period is shorter when
the catalyst is unaged suggests that in the absence of mono-
mer, VClj reacts with Al(iBu)z 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 is consistent with other
evidence® 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 logyg (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/l; [Al{iBu)3] : [VCI3] = 2.0:1; solvent
benzene; temperature = 30°C

[vels] x 10° Rate Settling Period
Method {mol/1) [VCI3] {min)
A 18.8 0.281 120
A 17.3 0.267 140
A 17.1 0.252 200
A 17.6 0.284 156
A 15.1 0.269 150
B 188 0.258 73
B 185 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

[VCiz] = 18.0 mmol/l at 30°C, 8.8 mmol—! at 40°C; [Al(iBu)3]:
[VCI3] = 2.0:1; solvent = benzene; Method A

Temperature 30°C Temperature 40°C

Duration of Duration of

{4-MP-1] settling period [4-MP-1] settling period
{mol/1) {min) {mol/1) {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/l; [Al{iBu)3] : [VCI3] = 2.0:1; solvent = benzene;
Method A

Temperature 30°C Temperature 40°C

Duration of Duration of

[VCI3] X 10°  settling period  [VCl3] X 10°  settling period
{mol/1) (min) {mol/1} {min)
10.2 208 3.9 116
15.7 235 43 151
175 150 7.4 95
2115 143 7.5 110
226 190 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/l; [Al{iBu)3] =37.0 mmol/i; solvent = benzene;
Method B

Duration of
[VCl3] X 10° settling period
{mol/t) {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/l at 30°C, 8.6 mmol/I
at 40°C; solvent = benzene; Method A

Temperature 30°C Temperature 40°C

[Alkyl] Duration of [Alky!] Duration of
settling period settling period
[VCI3) {min) [VCI3l (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 [Al] :[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] : [Al]
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:

AlEt3 > Al(nBu)s > Al(nHex)3 > Al(iBu)3 > Al(nDec);3

This order is similar to that already established for over-
all rates of polymerization”, 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 alkylaluminium compounds on the
duration of the settling period at 30°C

{4-MP-1] = 2.00 mol/|; |AIR3] : [VCI3] = 2.0:1; solvent = benzene;
Method B

Settling

Alkylaluminium  [VCI3] X 10° period
Compound {mol/l) Rate/[VCl3] (min)
AlEt; 17.6 0.247 38
Al(iBu); 18.5 0.271 70
Al{nBu)j3 18.3 0.221 45
Al(nHex)3 18.1 0.149 69
Al(nDec)3 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/}; [Al(iBu)3] :[VCI3] = 2.0:1; solvent = benzene;
Method A

3 Duration of
[VCI3] X 10 settling period
{mol/l) {min)
6.0 80
8.8 73
13.7 a5
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. [VCl3] X 10°  period  [VCI31* X 10>  period
(°c) {mol /) {min) (mol/1) (min)
30 18.9 85 7.9 130
30 16.8 95 16.3 70
35 — — 111 130
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 of 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® 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”. Further, the
model does not explain, the variation in the settling period
observed with different metal alkyls as in this work, nor the
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dependence of the rate of polymerization on the initial sur-
face area of the metal halide observed by several authors'®"3

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'® has shown that Natta’s data® 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 ———= (; (1)
slow

i ——> (g 2)
slow

C; + monomer ———> (j 3)

where C;is the number of potentially active centres on the
VCl; 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 Cyp 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 Cpy) is the number of active centres which have been
converted from potential to actual active centres at time ¢,
then under these circumstances the rate of formation of Cy
will be given by:

dc,
O(I) = kiC,' (43)
dr
or
dc
00 = k84, C; (4b)

where 0y is the fraction of surface covered by adsorbed
monomer 1516

In either case, if the monomer concentration is constant,
the relationship will be:

= k;'C,' (5)

where k; = k; or k;0p depending on the validity of the
above expressions. Since C; = Cy — Cy(p), integration of
equation (5) gives rise to the result:

Cp ,
In | ——— ) =kk (6)
Co — Cop

Since it has already been established that during the steady
state period the overall rate of polymerization, R, is given
by the equation ™"

Rp=kpfnCo @)
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Figure 4 Plotof logyo (100 — %Rp) versus time. O, Al{nDec}3;
®, Al{iBu)3. Experimental conditions as for Figure 2

then the overall rate of polymerization at time ¢, Ry, cor-
rected for decrease in monomer concentration, will be di-
rectly proportional to the number of propagating active
centres at time £, Co(y). Thus the variation of propagating
active centres with time can be followed by an examination
of the polymerization rate, since at constant kp0 »r, equa-
tion (6) becomes:

R
In ( A ) = kit (8)
Rp—Rp()
which rearranges to give:
R
In <1 -ﬂ> = Kt ©)
Rp

Now if this expression holds for the acceleration period, a
plot of In(1 — Rp(/Rp) versus ¢ should be linear. In prac-
tice plots of 1og19(100 — %Rp), where %R, = 100R )/ R p,
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 Cp
is increasing, followed by

(ii) a steady region, where the formation of Cg 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)s, the least reactive alkyl, it cannot
be associated with slow alkylation. It could, however, con-
ceivably involve the removal of some adsorbed AIRCl
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 Al(iBu);Cl because of the limi-
ted dimerisation of this sterically hindered alkyl'”.

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 ki with monomer concentration

The effect of the initial monomer concentration on kj
is shown in Table 9. It can be seen that k; is virtually inde-
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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
Ci—— 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 C;. Earlier work has shown, that the concentra-
tion'® and order of addition'” of monomer does significantly
affect the final Cp value, presumably by affecting the con-
centration of Cj.

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 C;. 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 &} is shown in Table 10.
The rate of formation of Cp 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 (C;) is a species such as VCI3RM whose
rate of rearrangement to form Cy is dependent on the na-
ture of R.

Variation of k; with catalyst component concentration

Inspection of Tables 11 and 12 shows that X} is indepen-
dent of the concentration of VCl3 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 Effect of monomer concentration on kj at 30°C
[VCI3] = 18.5 mmol/l; [Al{iBu)3] = 37.0 mmol/l; solvent = benzene

{4-MP-11 k!

{mol/1) {min™ 1
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 Variation of k} with nature of aluminium atkyl at 30°C
[4-MP-1] = 2.0 mol/l; [VCI3] = 18.5 mmol/l; [AIR3] = 37.0 mmol/l;
solvent = benzene

Aluminium k; Initial Region
atkyl {min™) (min)

AlEts 0.037 20

Al{nBu)3 0.023 25

Al(iBu)3 0.019 50
Al{nHex)3 0.015 "

Al{nDecl3 0.009 4




Table 11  Effect of vanadium trichloride concentration on kj at

30°C

[4-MP-1] = 2.00 mol/I; [Al{iBu}3] = 37.0 mmol/I; solvent = benzene

tvell x 10° K}

{mol/) (min™")

185 0.018

0.020

8.61 0.022
5.44 0.021
3.54 0.023

consistent with earlier proposals'” that donors primarily
activate the polymerization by removal of AIR;Cl species
rather than by interaction with the active centre.

Effect of temperature

The value of k',- 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’ as:

VCl3 + AIR3 ——> VCl; . AIR,C! (fast)
K (10)
VCLR . AIR,Cl + AIR3 =25 VCI5R + ALRsCl (slow)
(11)
Km

(12)

ki
VCZR . M —— V(CI3MR (slow)
(equivalent to Cg) (13)

K
VCIR + AIR; <25 VCLLR. AIR;  (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

Ziegler—Natta catalysis (7): D. R. Burfield et al.

identifying the nature of C; and Cy. It might seem reason-
able to suppose that C; is some monomer containing com-
plex (formulated VCI3R . M in equation 12), which re-
arranges by means of a slow reaction to give an entity of
the type VCI;MR, 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'®. 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 Cj, 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® 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 TiCl3.0.3AlCl3 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 of aluminium alkyl concentration on kj at 30°C
[4-MP-1] = 2.0 mol/I; [VCi3] = 18.6 mmol/l; solvent = benzene

[Ai{iBul3] X 10° K
{mol/1) {min™h)
37.0 0.018
37.0 0.020
111 0.020
222 0.019

Table 13 Variation of k} with temperature
[4-MP-1] = 2.00 moi/l; [VCI3] = 18.5 mmol/l; [Al{iBu)3] = 37.0
mmol/l; solvent = benzene

.
Temperature k;

(°c) (min™ 1)
30 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.c. 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. Impurities can, nevertheless, affect the
duration of the settling period as has been demonstrated by
Vesely'®in the case of Hy0 and by McKenzie'® 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 of one kind or another.
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The kinetics of the thermal oxidation of isotactic and atactic poly{4-methyl-1-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 carbony! 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-1-pentene) (PMP)
was first examined by Winslow and coworkers! using oxygen
uptake methods. These investigators found that isotactic
poly(4-methyl-1-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?. Recently, the authors®
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®, 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'”. 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®.

(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
03/N; 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*—®
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 cm?/
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 1 Comparison of theoretical and observed maximum rates
(pm) of total carbonyl at different temperatures and oxygen con-
centrations for APMP

om tem?/min)

Temp. [0,] K1 X
c) {vol.%) 10* Ky K3 Calc.  Obs.
135 17.20 4814  50.00
100 0.253  0.258
75 0209 0214
50 0.166  0.172
25 0.119  0.118
10 0.086 0.072
130 1480 37.08 39.18
100 0201  0.206
75 0.164 0.170
50 0126  0.130
25 0.087  0.090
10 0060  0.052
126 1020 2790 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
120 6.60 1741 2424
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, K3 defined in equations (10a), (10b) and {10c), ref. (4)

(5.50—6.00 um) 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 (cm2) and
normalized to unit thickness as described earlier®. 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®®,

RESULTS

As in the case of IPP-1* and other polyolefins®’, 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
(pm) 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-1*. Values of observed p,, for APMP and
IPMP are listed in Tables I and 2, respectively.

DISCUSSION

The general kinetic scheme for the thermal oxidation of
polyolefins®”’, including the mathematical expressions de-
rived therefrom, were reproduced for convenience in a re-
cent paper® 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, (om)obs, for APMP, were found
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to satisfactorily agree to those calculated, (o) calc, (Se€
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 (0 )obs, Was
found to agree within 3% to the (p,;)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 um),
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 py,, which increased with increasing reaction tem-

Table 2 Comparison of theoretical and observed maximum rate
{om) of total carbonyl at different temperatures and oxygen con-
centrations for IPMP

o em?/min}

Temp. [03] KX
(°c) {vol.%) 10 Ka K3 Calc. Obs.
126 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
875 0.501 0.520
75 0.464 0.480
165 38.0 10450 106.06
100 0.771 0.780
87.5 0.722 0.730
75 0.673 0.680
175 49.0 107.73 110.20
100 1.005 1.030
87.5 0942 0.961
75 0.878 0.900
50 0.748 0.780
35 0.664 0.680
25 0.603 0.640
10 0472 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

K1, K4, 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. [0,] A A k'
c) {vol. %) (min™ 1) {min™ 1)
126 100 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
1356 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 0.689 0.036 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®,
poly(1-butenes)®, and poly(1-pentene)*, 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®’, 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 p,,. 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®”,
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°C3. 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-

ieved that the poor agreement between calculated and ob-
served py;, 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:

A x 100
AC=—
(100 — x)

where: A, = corrected carbonyl absorbance area; 4, = 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 p,y
within an experimental error of *4%, was obtained (see
Table 2). On the basis of the satisfactory agreement be-
tween observed and calculated p,y,, 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 —n p,,4/[03],In K2/KK3,1n K3,
and —In k'K/K 3 versus 1/T, as in the previous paper* on
IPP-1, afforded values of energies of activation of £ + Ej,
Ey +E¢ — Es,Eg — Eg, 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.®, 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. [0,] A’ A k'
e {vol. %) {min™h {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
126 100 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 1 Arrhenius plot of log K2/K K 3 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 RO3R into non-
volatile carbonyl products. It was possible, as described
below, to estimate Eg, from which F'1 is then obtained
from the value of E + E¢.

Thus, in the Arrhenius plot of —ln k'K/K 3 versus 1/T
(from which F7s is obtained) the intercept yields In Zs,
where Zs is the frequency (pre-exponential) factor for step
5; from which k5 is obtained from k = Ze—EIRT In this
manner values of k5 were calculated at different tempera-
tures. In the kinetic scheme, k' represents ks + kg (see
equation 3a) calculated from the ratio of A/4’. Values of
k', A,and A’ at different temperatures are shown in Table
3. From the above, values of kg were obtained at the dif-
ferent temperatures and Arrhenius plots of In k¢ versus 1/T
afforded F¢g for oxidations conducted above and below
150°C. E{ was found to be constant over the temperature
range of 125° to 185°C, whereas, E decreased in the range
above 150°C (Table 5 summarizes the estimated activation
energies). It may well be that the rate constant k¢ 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:

~

k’
(RO3R),, —>—> (NVP >
RO,R )
kg ~. _
(ROR), ———> (NVP_C=0),

C=0),

where the subscripts m and p represent the main chain and
pendant group, respectively. Thus:

ks[RO2R] = ks[RO2R] ,, + k6[RO2R] ,
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Table 5 Activation energies of APMP, IPMP, isotactic polypropy-
lene {IPP) and atactic polypropylene (APP) for various oxidation
stages

Polyolefin Activation energies {kcal/mol)
Eg—E9 Ey+Eg—Eg Ey+Eq Ej Eg
APMP 16 17 43 27 30
IPMP, below 150°C 19 16 33 17 23
IPMP, above 150°C 4 7 28 19 18
Ippl! 6 18 51 33 24
Appll 9 17 48 31 30

Below 150°C, the tertiary carbons on the main chain
are the major reactive sites, thus kg = k. 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” and this observation may account for side chain
tertiary carbon oxidation. As stated earlier, the isopropyl
ir. band (7.25 um), diminished signiﬁcantlx 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®’ for the thermal oxida-
tion of polyolefins, 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® and by Bassett®.
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®, and in the case of polystyrene the isotactic
form was more susceptible to oxidation than the atactic
form, reported by Jellinek™®.

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, E's
that PMP is more susceptible to oxidation than polypropy-
lene. This is consistent with the observation made by Win-
slow et al..
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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 Flory—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
‘0-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:

v volume fraction of rubber in swollen state
l1,12,13  principal extension ratios, referred to un-
strained, unswollen state

ty,t3,t3  principal (tensile) stresses

ag radius of cylinder in unswollen state

a radius of cylinder in swollen state

bg radius of core

ro radial position of element in unswollen state
r radial position of element in swollen state

p density of unswollen rubber

M, mean molecular weight of network chains
Vo molar volume of swelling liquid

Aom molar free energy of dilution
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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 rg 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 /1, I2, and I3 res-
pectively we have then /3 = 1. If we consider an element
of unit volume in the unswollen state, its volume in the
swollen state is 1/vy, where »7 is the volume fraction of
rubber corresponding to the radial position r. Assuming
additivity of volumes it follows that:

/vy =libl =1k 0y

i.e. that the state of swelling at any point is determined by
the two strain parameters /] and /5.

As will be shown later, particular significance is attached
to the state existing at the inner and outer boundaries. At
the inner boundary (r = bg), it is clear that /; = 1. Since
also I3 = 1, it follows that the swelling in the immediate
vicinity of this boundary is associated solely with an in-
crease in the radial dimension l5. This generates a lateral
compressive stress, represented by a negative value of ¢q,
together with a radial fensile stress, t3. On proceeding out-
wards, the restraining influence of the core diminishes, per-

a b f a
Figure 1 Strain geometry and principal stresses in cylindrical sys-
tem: (a) unswollen; (b) swollen
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Figure 2 Typical variation of circumferential (/;) and radial (/3)
extension ratios, and of volume swelling ratio (1/v,) with radial
position referred to core radius bg (lower scale} or to external
radius b of swollen cylinder (upper scale): A, /1/, = 1/vy; B, 15:C, I

mitting an increase both in /; and in the degree of swelling
1/v5. Correspondingly, the numerical values of both ¢; and
1y progressively diminish, until at the surface (r = @), the
radial stress £ falls to zero, though 71 (and also £3) remain
finite, (see Figures 5 and 6).

The changes in the geometrical parameters /; and / are
illustrated in Figure 2. This refers to the particular case
bplag = 0.4601, and is taken from the data presented in
Figures 3 and 4, the scale of abscissae being converted to
rfbg. It is seen that as 7 increases the two lateral strains
tend to converge; at the same time the volume swelling
ratio /1/3 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 of strains
The radial variation of /{ and /3 is not entirely arbitrary,
but is subject to certain geometrical conditions of compat-
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ibility. From Figure 1 we see that the initial radius g of a
circular arc is changed on swelling to the value r; the cir-
cumferential extension ratio is therefore r/ry. Also, the
thickness of a cylindrical shell is correspondingly changed
from drg to dr, giving the radial extension ratio dr/dr.

=

o34t N
L F,

o32f \

o030t D \
N L c \

024}

>

rla
Figure 3 Radial variation of v4 {volume fraction of rubber) for
values of bgpfag: A, 0.1634; B, 0.4601; C, 0.5695; D, 0.7249; E,
0.8354; F, 0.9201; G, 0.9880; H, 1.000; C, 0

< 18t
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Figure 4 Radial variation of principal extention ratios/; and /,
{referred to unswollen unstrained dimensions). bgfag values: A A’,
0.1634; B B’, 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 I3 = 1, the three principal extension
ratios are therefore:

r dr
li=—; b

=___. = 2
o g I3=1 (2

From these equations we have:

dr d(yro) dh
p=—=——=ltrop—
dro dng ro
whence:
dy h-h
drp 1o

We thus obtain:
dly diiy drg - dn

X
dr drg dr ro dr

Substituting for rg and drp/dr from equation (2) this gives:

dhp 1 !
= (11 - -%) ®3)

dar r 1)

Equation (3) implies that, if the values of the principal ex-
tension ratios at any point » are known, the rate of change
of 1 with respect to r is determined.

Relations between stresses and strains

The relations between the principal stress differences
(t1 — 12), (#2 — t3), (t3 — £1) and the principal extension
ratios, in a pure homogeneous deformation, are given by
the Glaussian network theory of rubber elasticity in the
form™:

PR

MCT v2(1§ — ) etc. “

t1—f=

where 11, £, t3 are the respective forces per unit area, mea-
sured in the strained swollen state.

Equilibrium of stresses

It may easily be shown? that the conditions for internal
equilibrium of the stresses in a cylindrical system lead to
the differential equation:

dt; t1-12
dr r

)

By virtue of equation (4), this may be put in the alternative
form:

drz_pRTXI%—lg

— XV 5a)
ar M, r 2 (

Relation between swelling equilibrium and stresses

The relations between the equilibrium swelling and the
principal stresses, in a pure homogeneous strain, have been
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given by the author!. For the present purpose the relevant
relation is of the form:

" ©)
C

in which A, 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 relation:

Aom =RT (ln(l —v2)+v2+xv§) )

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 Agp-

RADIAL VARIATION OF »;

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 v5. (This avoids the
necessity of having to work directly with the cumbersome
equation 7.)

Putting I = 1/I1v, in equation (6) and differentiating
with respect to r, we obtain:

dry 1 dA0m+pRT d ( 1)

X
dr Vy dr M, dr

or

dr Vy (1 —») M, dr
(pRT 2h dll‘)
—_— —— X — ——
M, B odr 8)

Introducing d¢;/dr from equation (5) and d/y /dr from
equation (3):

r Vo (1 —») 2 M, dr

oRT 2h 1}
_ X —— ll —_
M, Br I

dvy _ (McJeRT) (11 —12) + 2(L/ - 1) ©)

ar (M. 1
2x - v2—l% r
eVo (1 =)

or
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Figure 5 Variation of tensile stress (£3) in radial direction. bg/ag
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 ag, by, and the parameters defining the material proper-
ties. The boundary conditions are: (1) at r =a, t3 =0 and
(2) at r = bg, I} = 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 =4. Assuming an arbitrary value of vy,
and inserting the condition #7 = 0, equation (6) was solved
for I. Knowing /3 and v, /1 was then obtained from equa-
tion (1), following which #; was obtained from equation
(4). The values of v5 and ¢ at a neighbouring point (r — &r)
were then obtained, using the gradients d¢7/dr and dv,/dr
as given by equations (Sa) and (9) respectively; using these

values the solution for /; and ¢ was then obtained as before.

The process was repeated until the condition /; = 1 was at-
tained; this corresponds to the inner boundary (r = bg), and
hence determines the value of by.

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®. These values were
as follows:

p =950 kg/m3; V=894 x 10~3 m3/mol; x = 0.41.
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Taking M, = 8.490 kg/mol we then have pVy/M, = 1/100.
For a temperature of 298 K this yields the value of shear
modulus for the unswollen rubber pRT/M, = 0.2772 MN/m?

The accuracy of the calculations depends on the interval
8r between successive radial positions. Two values of this
interval were used, i.e. 57/r = 0.005 and &r/r = 0.001. The
resulting figures differed only slightly (i.e. in the 4th sig-
nificant digit in /y and vy), indicating that the smaller inter-
val gives reasonably accurate results. For any chosen value
of v; at the surface, there is a corresponding value of bo;
this, as already noted, is the value of r at which /1 = 1, which
was obtained by interpolation.

Figure 3 shows the radial variation of v, for 7 values of
bg/ag, obtained in this way. The circumferential and radial
strains are shown in Figure 4, Figure 5 gives the variation
of the radial (tensile) stress £ and Figure 6 the circumfer-
ential (compressive) stress, —1, and the (compressive) stress
parallel to the axis, —#3. All the stresses are given relative
to the shear modulus pRT/M,..

Overall degree of swelling

The effect of the solid core on the overall swelling ratio
of the rubber component is obtained from the formula:

Q= (10)

This quantity is shown in Figure 7, as a function of bg/ag.

LIMITING CASES

Two limiting cases may be treated generally. These are:
(a) infinitesimal thickness of rubber (bg/ag - 1) and (b)
infinitesimal core radius (bg/ag — 0).

24+

20r

O4ar

L i . L
O 02 O4

06 o8 IO
rla

Figure § Radial variation of compressive stresses in circumferen-

tial direction (—t;) and in axial direction (—t3). , —t1/{pRT/

M) ————, ~t3/(bRT/M;). bglag values: A, 0.1634; B, 0.4601;

C,0.5695; D, 0.7249; E, 0.8354; F, 0.9201; G, 0.9880; H, 1.0000

POLYMER, 1976, Vol 17, February 145



Swelling of bonded-rubber cylinders: L. R. G. Treloar

44

Swelling ratio, Q

28 1 1 1 . i 1 1 1 1 1
bolag
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 thiscase [ =13=1,vy =1/, 2 =0.
Substituting these values in equation (6), we obtain an
equation for v, namely:

140_"1 + pﬁ Pfl =0 (1 1)

RT M,

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 of the core
being merely to restrict the axial extension. The only stress
present will be the axial compressive stress —#3. Hence
l% = l% =1/vy;t1 = & = 0; and equation (6) becomes:

Ao_m+PV0=

— 12
RT M, (12)
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The solutions for v3 corresponding to these two limiting
cases are represented in Figure 3 by the point for bgfag = 1
and the horizontal line for bg/ag = 0. Corresponding values
for case (a) are shown also in Figures 4 and 6.

DISCUSSION

Origin of 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 ¢ and the axial compressive stress —¢3 derived
from the above calculations. The circumferential compres-
sive stress —¢7 is a result of the radial tensile stress #7.
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Comparison of bound rubber and swelling
in silicone rubber/silica mixes and in
silicone rubber vulcanizates
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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
filler 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 filler, to a dependence of the absorption on the previously postulated interparticular rubber
which, in turn, is dependent on the mean distance between filler 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 filler 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
than previously realized, e.g. immersion times in excess of
six months' 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?.

Comparison of unvulcanized and vulcanized mixes was
restricted to modulus measurements®. 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® 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®. 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 crosslinked’ 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,
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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 fil-
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 rubber remaining in the gel. This arises
from a back pressure effect® which has been confirmed by
others”® and recently analysed by Blow®, 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'®.

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

Table 1

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 110°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 1 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 § weeks were transferred to hexane they gave values
identical within likely experimental error.

Effect of liquid composition on unextracted polymer (%) of a silicone rubber vulcanisate

Solubility parame'ter16

9.7 9.6 9.3 89 7.2
Acetone Methyl THF Toluene Hexane
Immersion isobutyl
time ketone
Successive determinations
7h 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 92.0 923 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

Samples from successive determinations for 5 weeks transferred to hexane

1 week 92.1 91.4 91.1 915 90.6
3 weeks 90.9 91.0 91.0 91.1 90.6
5 weeks 90.7 90.8 90.7 90.9 90.6
7 weeks 90.7 90.7 90.7 90.5 90.6
9 weeks 90.7 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 isobuty!
time Acetone ketone THF Toluene Hexane
Successive determinations
1 day 94.0 929 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 929 86.7 84.2 85.5 79.1
5 weeks 929 86.6 84.1 85.4 79.1
6 weeks 929 86.6 84.1 855 79.0
7 weeks 929 86.7 84.0 85.4 79.0
8 weeks 929 86.6 84.0 85.4 79.0
Further successive determinations after transfer to hexane
1 day 921 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 detet-
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 x 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 x 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'’.

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'2, 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'>.

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 Tubles 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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Figure 1 Relationship between unextracted polymer and

volume swelling {Vg) for a silicone rubber vulcanizate {©) and an
unvulcanized silicone rubber/silica mix {®)

(Vg) 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 (Sps). This value is substantially inde-
pendent of storage time before immersion'?; 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 Syy 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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Figure 3 Relationship between unextracted polymer and liquid
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Figure 4 Relationship between unextracted polymer and log
(fil%er volume concentration). Filler nominal specific surface area
{m“/g) O, 300; ®, 80 (data from Vondrdcek, personal communica-
tion, 1974)

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 (7able 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 filler)
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 relationship'®; 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 filler
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. Vondrdéek and Schatz
have recently proposed's 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-
rdcek and Schatz 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 filler
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/
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fume silica network, are dependent upon the mean distance
between filler particies. 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 filler 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”,
the importance of filler 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

polytetrafluoroethylene
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The three strong sharp lines in the 50 cm~7 region of the infra-red spectrum of polytetrafiuoroethy-
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?~*. 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 stowly (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™! 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 30—90 cm~!
region appears. This phenomenon is well known for un-
stretched PTFE and has been attributed to the onset of a
two segment unit cell'. 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 T, T}, 77, and the rotation about
the chain axis R,. Because of the strong covalent bonding
between repeat units, the two other rotations Ry and R,,
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 of 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’*® of polyethylene but this has to be done with
care because of the much higher symmetry (V}) of the poly-
ethylene unit cell. For PE* one has two i.r. active modes
(Tx and Ty belonging to the irreducible representations By,
and B3, respectively), two Raman active modes (the split
R; in A and Byg respectively) and an inactive mode in class
Ay. For PTFE, where the current model postulates no
higher than ¢y symmetry for the two segment unit cell, ail
five modes would be active in both i.r. and Raman scatter-
ing. In the ir. case, the two translations 7'y and T, and
both components of the split R, 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~! was the analogue of the

* The point group Vj(D,p) has an unavoidable ambiguity of axis

labelling and consequently one may see one and the same vibration
referred to as By, or Byy,; this confusing situation is especially pre-
valent for the 73 cm™ ~ lattice mode.
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Figure 1 Polarized far infra-red spectra of a stretched sample of

PTFE at room temperature. Resolution 4 em™1, A, Electric field
perpendicular to draw axis; B, Electric field parallel to draw axis

B3, (73 cm~1) lattice mode of PE and that, the lines at
53.5 and 56.7 cm~! were the components of the R, 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~—! all of which are
polarized perpendicularly and are therefore candidates for
the B3, mode. However, by analogy with PE, one would
expect the B3, (often referred to as the By,!) line to lie at
higher frequency and to be much weaker than the B, (45
cm~1) line; so perhaps the 70 or 76 cm~! line can be iden-
tified with the B3, mode. The 86 cm™—! 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 T, lattice mode. Again by
analogy with PE where calculations have placed the 4,
mode below the B, mode, one would expect the T, 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 of the slight helical distortion away from the planar
zig zag. The perpendicularly polarized line at 34 cm~! has
previously’ been assigned to the £} intersection of Bg, 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—! pair is not the second perpendicular
lattice mode. However the polarization evidence shown in
Figures 1 and 2 provides further strong evidence in support
of the two segment unit cell theory for the structure below
19°C.

154 POLYMER, 1976, Vol 17, February

30

2-0

Absorption coefficient {neper/cm)
o
T

20 40 60 80 100
Wavenumber (cm™)
Figure 2 Polarized far infra-red spectra of a stretched sample of
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A, Electric field perpendicular to draw axis; B, Electric field parallel
to draw axis
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Non-Newtonian viscosity and non-linear
flow birefringence of cellulose

tricarbanilate
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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. [ts number-
average molecular weight was 4.4 x 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'?, which deals with the influence of chain stiffness on the viscoelastic properties
of polymer solutions. The qualitative outcome of this theory agrees fairly weli with the experimental
results. However, the onset of non-linear behaviour, especiaily 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-cresy! 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?®. On the other
hand, for solutions of flexible linear macromolecules the
theoretical and experimental situations are still rather ob-
scure. In a previous work* 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®. 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-inear effects.

The general theories on the dynamics of dilute solutions
of flexible macromolecules do not account for non-linear
effects®’. 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 cos2x = p11 — pap = 0q> M
Apsin2x' = 2p13 = 2(n — ngq €y

where Ap = p; — pyy is the difference of the two principal
stresses in the plane of flow, X', 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), p11 — p22, the so-called primary normal stress differ-
ence (related to the shear rate ¢ by the primary normal
stress coefficient, §), p12, the contribution of the polymer
molecules to the shear stress, n the viscosity of the solution
and 7, the solvent viscosity.

According to these theories  and 7 should be indepen-
dent of shear rate. In particular, the intrinsic viscosity [n],
defined as:

[] =tim 22 = ], 3)
=0 g

is independent of shear rate. In equation (3) ¢ is the con-

centration (g/ml) and the subscript O indicates the value of
In] at zero shear rate. Further:

_Pit—r2 0q

cot 2x’ =__ 1 4
212 2(n —ng)
should be a linear function of shear rate.
Equation (4) can be presented in another form:
cot 2x' =Jor By (5)

where J.g is reduced steady-state shear compliance?, for
which numerical values for flexible coil molecules®’ and
stiff rods®'® were given earlier®. The reduced shear rate
By is defined as '*:

_ Mg(n —ng)

cRT ©

By
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Table 1 Data of the solvents
Temp. Density Viscosity Ang X 107
Solvent (°c) {g/fem3) X 102 (P) atg = 104 (sec™1)
1, 4-Dioxane 25 1.0283 1198~ —————
Phenyl 75 1.0893 2.699 1.137
benzoate
Tri-ocresyl 30 1.15623 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 p12/q and (p11 — p22)/q? both de-
crease with increasing g, in some cases even by several
orders of magnitude. The first of both non-inear 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-inear effects are'?:

(i) changes in the excluded volume of the chain when the
chain becomes extended at high shear rates'3; (ii) an aniso-
tropy of the hydrodynamic interaction at high shear rates'®'s
(this is not accounted for in most molecular theories because
of the necessity to nreaverage 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!®*é.

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®.

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!?. 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'®. It should be mentioned as well that
this doubt also holds for the basis of the theories described
in refs.1 and 24.

In terms of the stress—optical law!® 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 @)
and
An sin 2x = 2Cq(n — 1g) )]

where x is the extinction angle, An the birefringence, both
measured at shear rate ¢, and C is the so called stress—
optical coefficient. The validity of the stress—optical law

* 1In principle, one can interpret the quantity g(without subscript
N) also as a reduced shear stress. In that case, however, one has to
insert the non-Newtonian viscosity ot the solution, as measured

at shear rate g.
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is not necessarily linked to all peculiarities of the linear
theories describing the hydrodynamic properties of poly-
mers. Therefore, the non-linearity in 1 can tentatively be
taken into account in equation (8) by inserting the non-
Newtonian solution viscosity 7, as measured at the finite
shear rate ¢ 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'®?%. For rigid
ellipsoidal particles the stress—optical coefficient was pre-
dicted to decrease in value with increasing shear rate?*. 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 (M), was 4.4 x 10° and its polydispersity index
M)y, [, was about 1.5.

As solvents 1, 4-dioxane, phenyl benzoate and tri-o-
cresyl phosphate were used. Dioxane (UCB) was dried
over MgSOy4 and distilled afterwards. Phenyl benzoate
(Fluka AG) was recrystallized from ethanol and thoroughty
dried in vacuum. Tri-o-cresyl phosphate (K & K Laborato-
ries) was dried over MgSO, 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 I 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
Ang to the total birefringence An of the solution. Appro-
priate correction formulae were given by Sadron®. Values
of Angare given as measured at a shear rate ¢ = 104 sec—1.
Since, for low molecular weight fluids the dependence of
Ang on shear rate is always linear, Table 1 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-Kriegl*®. The flow birefringence measurements
were carried out in the equipment previously described by
Janeschitz-Kriegl and Nauta®?,

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 10~2t0 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 1, replotted as the reduced viscosity
nsp/c against the reduced shear rate {8pp,,. 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 3a),. In the
latter quantity (), signifies that the number-average molecu-
lar weight (M), is inserted in equation (6) for Sy.

From both Figures it is evident that the decrease of the
reduced viscosity with increasing {8p?, 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?®#® 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-inear effects are basically expressed
in terms of the reduced shear rate fp, we chose to make the
extrapolations at constant {8p?,. The results, the intrinsic
viscosities as functions of {$p»,, are given by broken lines.

If one plots the reduced viscosity against reduced ‘shear
stress’ (B, where the latter quantity is defined in exactly
the same manner as {3y3?,, 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 {3, the Huggins constant approaches zero
with increasing {8),, so that the reduced viscosity seems to
become more and more independent of concentration.
This agrees with the observations of Munk and Peterlin®
on solutions of polystyrene in Aroclor 1248.

In both solvents the non-Newtonian effects become per-
ceptible at (B, values of about 10~1. Further, in none
of the solvents sufficiently large values of {8p», 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/{Ba?, against By,. While accord-
ing to linear theories cot 2x/By should be independent of
B (equations (4) and (7)), a strong decrease is observed
with increasing {8a?,;. A linear region is hardly found. For
the solutions in dioxane the value of cot 2x/{8p?, seems to
level off at (By),, values around 2 x 10~2. The larger scat-
ter which is observed at the lowest (8D, 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-
tions of cellulose tricarbanilate in pheny! benzoate at 75°. Symbols
as in Figure 1. ——, curve extrapolated to zero concentration
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Figure 4 Shear rate dependence of the extinction angle for solu-
tions of cellulose tricarbanilate in dioxane at 25°C. Data plotted
as cot 2x/Bppp, against {Bpp,. Symbols as in Figure 1. ———, curve
extrapolated to zero concentration
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Figure 5 Shear rate dependence of the extinction angle for solu-
tions of cellulose tricarbanilate in phenyl benzoate at 75°C. Data
plotted as cot 2x/{Bnp, against {Bap,. Symbols as in Figure 1.
~——, curve extrapolated to zero concentration

In view of the observable concentration dependence of
cot 2x/{Bn)y an extrapolation to infinite dilution was car-
ried out, again at constant {8y),. 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 alast 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 102 g/ml). All values of the
stress—optical coefficient were calculated according to
equation (8), using the non-Newtonijan solution viscosities.
In all three solvents the stress—optical coefficient appears
to be nearly independent of shear rate up to a a, 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-inear effects for cellulose tricarbanilate. The viscosity
shows the first deviations from linear behaviour at {$a,
values of about 10~1. The ratio of cot 2 to (8x), shows a
non-linear behaviour even at lower values of (§x),.

A number of polystyrene samples of narrow MWD inves-
tigated by Janeschitz-Kriegl®, showed a linear relationship
between cot 2x and BaP;, up to Sy =0.5. Also Munk and
Peterlin® found similar results for polystyrene in Aroclor
1248, both on the intrinsic viscosity and on the ratio of
cot 2x to {Bydy,. It means that for this cellulose tricarbani-
late the onset of non-linear behaviour is shifted to lower
values of {Bpy,-

It is of interest to compare the present data with the re-
sults of the theory of Noda and Hearst!®. For that purpose,
in Figure 7 the intrinsic viscosity of cellulose tricarbanilate
in both solvents, as obtained from Figures 2 and 3, is replot-
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ted as [n] w1 = [7]/[n] o against Bp?,. The curves according
to Noda and Hearst correspond to chains with various deg-
rees of chain stiffness and a dominant hydrodynamic inter-
action. The numbers AL 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/\. With increasing chain stiffness (smaller AL) the
Noda and Hearst theory predicts that the onset of non-
Newtonian viscosity shifts along the logarithmic {x?),, scale
to lower values of (8y),. From the investigation®, values of
AL can be derived for our sample of cellulose tricarbanilate
in the solvents under consideration: AL = 17 in dioxane at
25°C and AL = 28 in phenyl benzoate at 75°C. The differ-
ence between these two values of AL 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 AL
which apply to flexible polystyrene samples, as those investi-
gated by Janeschitz-Kriegl, Munk and Peterlin, 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 {85?,. However, according to observa-
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Figure 6 Stress—optical coefficient C against (8pp, for a series of
solutions of cellulose tricarbanilate in various solvents. 2, 0.8 X
10—2g/ml in dioxane at 25°C; O, 0.8 X 10—2g/ml in phenyl ben-
zogte at 75°C; +, 0.564 X 102 g/ml in tri-o-cresyl phosphate at
30°C
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Figure 7 Plot of the relative intrinsic viscosity [n] ¢ against
8y, for cellulose tricarbanilate in &, dioxane at 25°C and O, phenyl
benzoate at 75°C. ———, theoretical lines according to Noda and
Hearst. Parameters AL: A, 10; 8, 1; C, 0.001
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tions on other polymers?® 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
pheny! benzoate breaks intramolecular hydrogen bonds®

in contrast to dioxane. The explanation may lie in the fact
that cellulose tricarbanilate has a hybrid nature with respect
to solvents>®.

The theory predicts the total non-Newtonian behaviour
of a polymer solution, i.e. the change from constant [n]g
to a new constant {1] oo, to occur within about 3 decades
of Bah,. This is found experimentally for solutions of
monodisperse polymer samples®*2. 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 {§p?;,.
This broadening of the transition range is a well known
polydispersity effect. The fact that the first deviations
from Newtonian behaviour are observed at {8a?, values
which are slightly smaller than those predicted by theory
may therefore be due to the polydispersity of 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/{Bx, is still indepen-
dent of {Ba),) the polydispersity raises cot 2x/@pd, to a
value far outside the theoretical range for J g, 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®® and this was done previously®. 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 {cot2x/{Bn’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/
BNl ret = [cot 2x/Bnnl [Tcot 2x/Bpdn] o against Bp),. The
subscript O 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/{Bn)n] o 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/Bnn] rel to @ 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 {8p),,.

The flexible polystyrene samples, mentioned before,
start to behave non-linearly at {8y?,, values of about 0.5,
which is still small compared to what the Noda--Hearst
theory predicts for the appropriate values of A\.. It indi-
cates that the Noda—Hearst theory underestimates the
effect of non-inearity in the ratio [cot 2x/{8x?,] . 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®, 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 {8z,
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 (8,273, 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{methy! methacrylate) (PMMA) were prepared by the radiolysis of a polymer from
an initial viscosity average molecular weight of M, = 1.1 x 108 down to 1.5 x 10%. Corresponding
values of fracture surface energy, ranging from 3.5 x 105 erg/cm? 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 () 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!, investiga-
tors have tested many materials by different techniques, to

compare experimental results with theory?~'°. 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'!, measured the fracture energy of PMMA for M
in the range (0.9—60) x 105. By an equation of the form
y=A4 — BM~1, where 4 and B are arbitrary constants, he
considered that vy should equal zero for M =2.5 x 10%. 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'? 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 -y ‘should become zero
for a polymer of molecular weight 25 000’, the functional
dependence in the region of decreasing y 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!>'*. Moreover, work by Robertson'® on nar-
row molecular weight fractions of polystyrene, yielded a
concave upward relationship for the molecular weight
range below 103, 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 preparation

An unplasticized PMMA homopolymer, Plexiglas G
(Rohm and Haas Co.), was cut at random into two sets of
specimens: A, 12.7 x2.5x032cm; B, 12.7 x3.2x0.32 cm
Slots were cut in the A specimens with a 0.015 c¢m thick
circular saw, from 0.025 to 0.25 c¢m in depth, either before
or after irradiation. Cracks were made in unirradiated B
specimens using a method similar to that described by
Berry'é, 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 time—temperature schemes: S h at 90°C, 10% h at
80°C, or 24 hat 70°C. A few specimens were not annealed
for purposes of comparison.
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Figure 1 Influence of moiecular weight of glassy polymers on
fracture energy {from ref 15)
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Figure 2 Preparation of notched tensile bars: {a), machined and
notched; (b}, with PMMA fiats 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'”. As reported by Charlesby'®, 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 /, b, and d are the length,
width, and thickness of the unnotched specimen, respec-
tively!'®:

p3

= 1
E 4bd3s )
The engineering stress at fracture, oy, 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 [] were determined in ben-
zene at 25°C. Viscosity molecular weights, M, were cal-
culated from the Mark—Houwink equation (2) in which
K =5.5x10"> dl/g and a = 0.76%°:

[n] =KM,* @
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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):

&) (5 o ()
mr= (= — | exp [—];1<k<2 (3)

Xp k!

in which W(r) is the weight fraction of r-mers and x,, is the
number average degree of polymerization®'. 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) ~ 1.7%2, 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, y or ¢™), dose rates (0.1—
100 Mrad/h), atmosphere (air or in vacuo), or ambient
source temperature (20°—40°C)*3. Furthermore, the G-
value remains relatively constant up to doses of at least 40
Mrad (1 Mrad = 6 x 1019 eV/g)*. A dose of a few Mrad
transforms the initial distribution to a ‘most probable dis-
tribution’, for which k = 1%°. In such cases the number
average molecular weight, M, can be calculated from the
value prior to irradiation, M, p, (equation 4) in which R

is the dose in Mrad:

1 1 RXxG
=4 X G x 10—5 &)
M, Mg 96

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, [n]. This allows the calculation of a viscosity
molecular weight, M,,, (equation 2) and derivation of a num-
ber average, M,,, from equation (5):

_ M, [T +k+a)| L
My=— | —— (%)
k I(1 +k&)
ie.
M,=1.89M, fork=1 (6a)
and
M,=145M, fork =2 (6b)

Equation (6a) was used since the ‘most probable distribu-
tion’ is generated by random fracture25-®,

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.*” 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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a,x IO3(1bf/in2)

Y2 (in)

Figure 3 Influence of crack length (c) on tensile strength (of) as a
function of molecular weight (IL7V): A,y=24x105 erg/cm,2
My = 1120 000, ® degassed specimens; B, y = 4.7 X 10* erg/cm2,
M, = 52600, A, degassed, &, not degassed specimens; C, v = 1.3 X
10% erg/cm?, My = 29 200, 8, degassed, 0, not degassed; D, v =
3.4 X 10° erg/cm?; M, = 15 000, ¥, 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 of fracture energy

Values for v, can be calculated from Griffith’s equation
(7) (plane strain)" in which ofis the tensile stress at fracture,

¢, the crack length, F, Young’s modulus, and v, Poisson’s ratio:

| 2By 112 ;
o Lc(l —uz)] ™

This expression may be used since the ratio of the crack
length to specimen width (¢/w) is small (<0.1), which mini-
mizes the interaction of the strain energy field near the
crack tip with the specimen edge®®. The functional depen-
dence of oron ¢ has been demonstrated previously for high
molecular weight PMMA?® 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 v is a matter of conjecture. In the
case ot metals, Orowan® and Irwin® independently suggested
that v be regarded as the sum of an elastic and plastic com-
ponent. In the present work, v comprises a contribution

from the energy expended in generating surfaces by cleavage,

Y1, and in causing localized plastic deformation, v3, i.e.

Y=v1+72 (®

Values of v were calculated from the slopes of Figure 3
in which » = 0.32 and E = 3.8 x 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

and Bopp?® found that Young’s modulus was unaffected
when specimens of PMMA were exposed to radiation from
an atomic pile (£ = 3.2 x 1010 dyn/cm?). Furthermore
from a plot of log P/8 vs.log ! 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®. These observations
are in contrast to Berry’s report that £ increases from
2.30 x 1019 t0 3.06 x 1010 dyn/cm? as M, increases from
0.98 x 105 t0 3.0 x 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(CH,) = 0.55; G(CO) = 0.44; G(COy)
=0.32; G(Hy) = 0.21 and G(HCO,H) = 0.09%. This would
correspond to a total gas formation of ~3 cm? (STP)/cm3
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 PMMA3!?2,

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

‘3% IO_
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gg 4:1-_ -t .x - . A —
50 2of
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Figure 4 Influence of molecular weight (Iﬁv) on modulus of elas-
ticity (£) in transverse bending

Table 1 Dependence of fracture energy () on residual gas

Y (erg/cmz)*

Nominal dose

R(Mrad) M, degassed not degassed
0 1120000 %2.5 {(x18) x 10°
2.4 (+15) X 10°
5 193000 1.7 (+16) X 10° 1.6 (+25) X 10°
10 112000 1.7 (20) X 10° 1.6 (+17) x 10°
17 75000 1.4 (£30) X 105 9.7 (+29) X 10
25 52600 4.9(£30) X 10° 45{+ 7 x 10
32 42100 3.2 (£28) x 10% 3.4 (x18) X 10
40 33500 1.7 (+31) X 10* 1.8 (+20) X 10
50 29200 1.1 (£38) X 10° 1.4 (+20) X 10
65 21700 6.1 (+38) X 103 5.3 (£34) X 10
80 15000 2.3 (x41) X 10° 4.5 (+49) X 10

*  Mean (+SD) of ten specimens which were tested with saw
notches (pre-irradiation notched) after annealing (R = 0.90 Mrad/h).
SD expressed as % of mean.
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Table 2 Dependence of fracture energy (v) on residual stress

¥ (erg/cmz)*

Dose _
R{Mrad) M, annealed unanneated
0 1160000 2.4 (x20) X 10° 1.9 (+15) X 10°
(35)** 3 {15) 3
. 309 37100 6.6 (+18) X 10 6.8 (+28) X 10
(R = 0.90 Mrad/ (5) (5)
h)
. 309 28900 6.3 (+32) X 10° 4.2 (+18) X 10°
{R = 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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Figure 5_ Comparison of fracture energy (v} versus molecular
weight (M, }: x, saw notches; ®, natural notches formed by driving
in wedge. Specimens were pre-irradiation notched and tested in
annealed and degassed condition

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®? 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
worthwhile to note that the glass transition temperature
(105°C) does decrease as a function of molecular weight?63*,
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-
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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.*® 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 7y 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 7y 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 of fracture
energy on molecular weight

Berry noted from his data that a marked decrease in y
did not occur until M, < 4 x 1051, 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, ...”'".
Berry’s views may be expressed in quantitative terms by
making the additional assumption, that the molecules above
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Figure 6 Influence of fracture energy () on molecular weight
(M) for various investigators
Poly(methyl methacrylate)
Symbol Investigators Designation Test Method
a Benbow & Roesler(35) Perspex Wedge Splitting
x rwin 8 Kies(5) Plexiglas O Central Notch
0 Svennson(36) Perspex Wedge Splitting
v Berry(18) Plexiglas O Tensile Test
o Berry(11) Plexiglas Cleavage Test
a Broutman & Mc Garry Plexiglas I1 Cleavage Test
(37)
. Present Work, Plexiglas G Tensile Test
{ notural notches
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Figure 7 Influence of x and k on the theoretical relationship for
fracture energy (y). [Present experimental results, {®) are shown

versus ————, k= 1; L k=2]. A,x=25X%X10%,B,x=1X

103, ¢, x=5Xx 10°

a critical length contribute to the vy 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 vy 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 y; 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 7 term, and that y»
is equal to the product of the volume fraction of such mole-
cules, v2, and a constant energy term, v, equation 9 results:

Y=y +yv2=v1Hv2vc 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, v1, and by replacing volume
fractions with corresponding weight fractions, i.e. wq for vg
(equation 10). This last approximation is permissible as
the density of PMMA is virtually independent of molecular
weight.

Y=y +(1 —wihe (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 wy
in equation (10) yields equation (13).

wy = f W(r)dr (11
0
W(r)=;—r§ e~"%n (12)
y =7y e fn (1 + —i) (13)
Xn

Similar expressions can be evaluated for other molecular
weight distributions, e.g. when k =2 (see equation 3):

~2x

2x 2x2)
(14)

Y=EYL VYL ( X, x2

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 molecular weight, i.e. on M, = x,My
or, equivalently, on M, = 1.89 M, (My is the molecular
weight of the monomer unit, which equals 100 for PMMA).
The limiting values for the sigmoid are as follows:

Lim v=7
Xpn—

Lim v =71 t7¢~%e (Ye> 71)

Xy

A theoretical value of y; = 450 erg/cm? has been calcu-
lated by Berry*® on the assumption that cleavage of a mono-
layer of covalent bonds occurs. The experimental value of
v1 =450 £ 250 erg/cm? is in agreement with this calcula-
tion, but the experimental data are too erratic to warrant
further comment. No theoretical estimate is available for v,
although values fluctuate from 1.1-4.9 x 103 erg/
cm25:A11628,35-37 4he former considered to be the best at
slow crack velocities?®, 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 v, = 3.5 x 10° erg/cm?2.

With values for y; and vy, determined, the dependence
of v on average molecular weight can be calculated from
equation (13) for any selected critical degree of polymer-
ization, x. Calculated curves for x = 2.5 x 103; 1 x 103,
and 5 x 103 are shown in Figure 7, in which M, is expressed
instead of M,, 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 of x. From the theoretical curves
and experimental data in Figure 7, the critical value of x is
near 1 x 103, i.e. to a molecular weight of 1 x 10°.

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 vy on
molecular weight for monodisperse fractions (i.e. M, = M,)
would result with y =77 for M <1 x 105 and y =7, 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'®. 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'',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%,
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 together by physical entanglements®®. Then
the upturn in vy at log M, ~ 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®® has report-
ed a range of values (log M), =~ 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®'.
Despite the considerable attention given to entanglements
with respect to viscosity measurements, no quantitative
treatment for y 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) ~ 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 ayvs.c=1/2,

(3) While the formation of gas and the presence of
residual stresses have no significant effect on v, notch geo-

metry is critical with decreasing molecular weight (M, S 105).

(4) For notched tensile specimens varying from M, =
1.5 x 10#—1.1 x 108, v ranged from 4.5 x 102-3.5 x 10°.

(5) The dependence of y on molecular weight was
shown by partitioning v into an elastic (y1) and plastic (y2)
component and by assuming that only molecules greater
than x, contribute to 3. (a) Both theoretical and exper-
mental data indicate that -y has a sigmoidal dependence on
molecular weight. (b) Varying x greatly influences the
sigmoid, while & has little effect. (c) The critical molecular
chain length (x) corresponds to = 1 x 103. (a) The crazed
layer may be best described as a network of extended
chains containing periodic entanglements. (e) The upturn
of vy at log M, ~ 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-Technikum 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 o;; (1 = 1, 2, 3) of its
polarizability tensor. The associated principal axes attach-
ed to the structural unit are designated by x; (i = 1, 2, 3).
The optical anisotropy of the sample is specified by the
three principal refractive indices n; (i = 1, 2, 3) and the asso-
ciated principal axes of the sample x;(i = 1,2, 3)".

The polarizability tensor b;; of the sample, is diagonal
(bij = 0, if i #) when its components are referred to the
x; set of axes, and the diagonal components of b;; can be
related to the principal refractive indices in a good approxi-
mation by the Lorentz—Lorenz equations':

b= 1 i=1,2,3 (1)
= X 5 =1, 2
4N ”2i+2

in which NV is the number of structural units per unit volume.

Therefore, N = 8Ng/M, where & is the density of the sample,
Np is Avogadro’s number (6.02 x 10-23 mol—!) and M is the
molecular weight of the structural unit.

Another way of expressing by, is by transforming the
polarizability tensor a;; of each structural unit from the
sets of axes xj, attached to the structural units, to the set
of axes x;, attached to the sample (in which its components
are designated by ojj). Assuming additivity of the contribu-
tions from all structural units we obtain:

by ={aip = (t%1>a11 + (l‘%z)azz + (t%3>a33
byy =) = (13 ey + (thpayy + (3
b33 = ((153) = (t%l)a“ + <t%2>0l22 + <t%3)a33 (2)

The t,,, are the components of the transformation matrix
between the x;and the x;sets of axes:

akr=titye;  k1=1,2,3 €)
and the brackets () denote averaging over the distribution
of structural units. Since the transformation is between

sets of orthogonal coordinate systems the coefficients 7,
obey the orthonormality relations:

Oif m#n

timtin =8mn = { 4
lifm=n

From these equations the following relations can be de-
duced by taking averages:

Bp+Ep+idy=1 @lp+gp+adp=1
G+ +idp=1 P+ +dy=1 (5)
G +Bp+dy=1 W+ +idp=1

Note, that only five of these six equations are independent.
Because of the orthonormality conditions, it is possible to
express the ¢, through trigonometric functions of three
angles (called the Euler angles, see e.g. Kashiwagi ef al.?),
such that the orthonormality relations are automatically
met. We feel, however, that it is clearer to proceed with
the usual meaning of the ¢,,, as direction cosines

tham=cos(Xn, X)) n,m=1,2,3 (6)
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 {¢3,,). Since only
seven of the nine equations of the associated homogeneous
system are linearly independent, the (t2,,,) can in general
not be determined uniquely. Note also that the inhomo-
geneous system only has a solution if:

b1y by th3z=agy tax tay; @)

We will proceed to investigate in a formal mathematical
way, information about the (t3,,) 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, b1 # by F b33 # b1 (orny Fny#Fn3#
ny); 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, ay1 # a3 # 33 F a1 1; 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, by # by =b33=byp(orn Fny=n3=
n); the direction of only one principal axis in the sample
is determined (x1); the other two (x7 and x3) can be chosen
at will, provided they form an orthogonal system of axes
with x7.

The structural unit is transversally isotropic

In this case, aj1 # @32 = a33 = ay. The direction of only
one principal axis of the polarizability tensor of the struc-
tural unit is determined (x}); the other two (x5 and x3) can
be chosen at will, provided they form an orthogonal system
of axes with x1.

The sample is optically isotropic

In this case, b1 = b2 =b33=b (orny =ny=nz =n).
Any system of orthogonal axes in the sample is a system
of principal axes.

The structural unit is isotropic

In this case, @11 = a2 = @33. 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 written in somewhat different forms
by making use of equation (7) to replace one of the three
a;; or one of the three b;;, by the remaining o;; and b;;.

Transversally isotropic structural unit

The choice in the directions of x5 and x5 in each struc-
tural unit can clearly be used to make:

13y = 39, () = (5, () =15y ®)

The only {3, 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):

3=
a1 —ar
by —or b33 —ar

Gp=——=, Rp=——— ©)
@y —or app —ar

If the sample is transversally isotropic the result is (for any
choice of the x2 and x3 axes):

o
ap] —ar
br—ar
WGp=ap=—— (10)
app —ar
If the sample is isotropic we immediately obtain:
Wy =@3p=3p=1/3 @an

for any choice of the xj, x2 and x3 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.” using Euler
angles to specify the orientation.
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OPTICALLY ORTHORHOMBIC STRUCTURAL UNIT
AND ORTHORHOMBIC OPTICAL SYMMETRY OF THE
SAMPLE

The general solution for the {t2,) of our basic equations
(2) and (5) contain two parameters Ay and >\2 One way
of writing the solution is:

a2 - b1 Q33 — a2
=t (1 —N)) ——
@) —ajg a2 —aqq
b1 —aq1 a33 — a]
tfp=——-1—-\2) BT
a2 —ajq ) —aq
2 fP=A—N2
a — b2 33 — )
Q%l) = + )\2 2
@) —ayg @) — aqq
by —ayy a3z —aq
t3y) = -2 12)
2 —ayq a2 — aqg
3=\
a33 — b33 Q33— a2
GO -\
a2 —aqg an —ayq
b3z —a33 @33 —aqq
3= +\
) —agq a2 — 01
Hy=1-2N

Any choice of the parameters Ay and Az will give a solution
to the system, and all possible solutions are obtained by
varying A1 and Ap. However, only certain choices of Aq and
A2 will give physically meaningful results, since, from the
meaning of the (t3,,) as averages of the squares of direction
cosines, we must require:

0<ZwW<1l nm=1,2,3 (13)
This immediately puts the following conditions on A1 and
A2

oSN <SLOSsLg2N0 14)
In general the range of the allowed A1 and A3, will be even
more restricted by equation (13), but a certain finite range
will remain for A1 and A, and with it, through equations
(12), a certain range for the (t2,». This calculation of the
allowed ranges for the (¢2,,)is the maximum information
which can be extracted from the optical anisotropy without
additional assumptxons If this range is small for one or
more of the (t3,,,) 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 x3
and x> axes around the x) axis in different structural units.
Mathematically this implies:

13y = (1}, By = (1§, (13 = 43y 15)

These equations fix the values of A1 and A\ exactly, yielding
the following solution for the {¢2,,):



(2= +ta33—2byy
" ayp + a33 — 2011

= (t%3) = ____b_l_l___gl_l__
ay + a3z — 201

@y = azy tazz —2b22
P e Lt
oy t a3z —2aq3

(16)

by —aj

84y = (159 = ——c———
3=k ayy +a33 — 20y

(=220 2b33
3 4y + 033 — 201
b33 —ay

=gy ——
ay +a33 — 2a11

OPTICALLY ORTHORHOMBIC STRUCTURAL UNIT
AND TRANSVERSALLY ISOTROPIC SAMPLE

For any choice of the x; and x3 axes:
13y = @}, 3 = 13y, (§p = 3y a7)

These equations put the additional condition Ay + A3 =1
on our two parameters. Eliminating Ay yields:

2007 —a33 — b1y @33 — a2
Bp="" ey —— =
a2 —ayg a2 — 0]
a33 —2a2 t by Q33— o]
)= — 2 ———
Q) — a1} a2 —ag]
=22 1
(18)
5 2, _ @301 33 — a2
Bp=tlp= —— -\ ——
) —af] ) —aq1
br—a33 a3z —aq
t}y) =3y = +\1
o) —ay o) — a1

=9 =1-N

Notes to the Editor

Equation (13) again limits the range of \. From the third
of equations (18) we get at once:

05<N <1 (19)

but, as before, in general the range of A; will be even more
restricted. The resulting ranges in the (t3,,) are again the
maximum information obtainable from the optical aniso-
tropy without further assumptions.

If we again make the assumption of random orientation
of the x5 and x5 axes around the x] axis, i.e. if we again
require equations (15) to hold, we get the following unique
solutions:

_appva33—2byy

G
a2 t a3y —2ay)

b1y —a
Bp=dy=—0r
ayy t a3z —2aq)
20
5 ) ax tazz3 —2br (20)
Gp=0p=—T"-"""7
azz + a3z —2aqq

by —aqq
=ty =3p=tp)= —nv
a2 t a3z — 200

OPTICALLY ORTHORHOMBIC STRUCTURAL UNIT
AND ISOTROPIC SAMPLE

We obtain at once the result that all {¢3,,) are equal for any
choice of the x1, x7 and x3 axes, which means:

tE)=1/3 nm=1,2,3 (1)
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Simple and direct assignment of the methylene and
methine *C resonances in polystyrene

J. R. Ebdon and T. N. Huckerby

Department of Chemistry, University of Lancaster, Lancaster LA1 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! 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 > § CH) was
obeyed?>.

There is however, some indirect evidence*® 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 a-methyl styrenes and similar compounds will all
be affected.

Figure 1 illustrates 20 MHz proton noise decoupled
carbon spectra, for 10% w/v solutions of atactic polysty-
rene and the corresponding §,8-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 (6 ~ 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 13C n.m.r.”, the
suggestion® 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'~® 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®? 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®
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’
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®# 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® 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 assume'~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®. 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
glem3; M, = 19 000, crystallinity of 79% as measured by
density and d.s.c.) were washed with acetone and dried at
50°C under vacuum before 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/em3)!/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)>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 mil 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'!. 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 styrene-—
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 23—
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 I; 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
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Figure 1 Degree of graft polymerization versus time for various

styrene—benzene mixtures at a dose rate of 0.037 Mrad/h. Styrene
concentrations: 2, 100; 4, 85; 0, 75; ®,65; O, 50; ®, 35%
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Table 1 Initial graft polymerization rates for different benzene—
styrene mixtures

Composition of Inside
inside and outside monomer
solution (vol % concentration

Grafting rate {% graft/h) at

styrene) {mol/i)2 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 0.700 251

50 1.30 0.451 1.24

35 0917 0.271 0.564

2 mol styrene/l swollen amorphous polyethylene
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Figure 2 Log—log plot of graft polymerization rate versus mono-
mer concentration at dose rates of 0.037 (O) and 0.00076 (®)
Mrad/h. Slope: O, 2.61; ®, 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®, 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 of 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 e al.! 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>.

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>. It has also been shown that
elastin can be hydrolysed by use of a salt + alcohol mixture,
the inorganic component acting as an accelerator?. loffe
and Sorokin® have also obtained a soluble elastin by reac-
tion of isolated elastin with a solution of the mixed salts,
CuSO4 and Ba(OH); 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® and Hall” 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® 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®, 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 CaCl,,
MgCl; and (NH4)2804 in 98% HCOOH and an examination
of some properties of the corresponding elastin solutions.

Letters

Part of the isolated bovine elastin which was used as the
starting material was also solubilized by the oxalic acid
method?® and provided a basis for comparison.

The isolation of elastin from bovine ligament followed
the usual procedure® material for this study (E10) 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®.
The soluble elastins have been characterized by measure-
ment of the coacervation temperature, ¢,> and the limiting
viscosity number, [n] determined in buffer solutions of
different pH but constant ionic strength'®. (Full experi-
mental details can be supplied if requested.)

It has been found that soluble elastins can be prepared
using the Earland and Raven® formic acid method in a
similar yield but with fewer stages of reflux than the oxa-
lic acid procedure®. Details of the preparations and a
summary of the properties of the soluble elastin solutions
are given in Table /. The oxalic acid preparation, used as
a reference, is designated E10.PDA. Gel electrophoresis
measurements'! 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 ¢,
(+0.2°C) on protein concentration was observed. The
agreement between results for the reference preparation
and those of Partridge et al.? 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 ¢, as shown in Figure 1, and in the viscometric
results shown in Figure 2. The values of [n] for « and §
elastin (separated by coacervation) as obtained by Ksiezny
et al.'® for oxalic acid solubilized bovine elastin are indicated
in Figure 2 by the broken lines.

Results for E10.PDA, for which the a and § components
have not been separated, conform with those of Ksiezny
et al.'® (a-elastin being the major component) and show a
minimum value of [n] in the range pH 4 to 6. With the
exception of preparation E10.NHy a similar pH dependence
is shown by the formic acid solubilized elastins. However,
values of [n] for E10.Mg and E10.Ca are significantly re-
duced and for the most part they are lower than the corres-
ponding values for S-elastin.

As reported, these solutions show coacervation and con-

Table 1 Details of the preparation and properties of the solu-
bilized elastins

Stages Liquid/ VYield [n]*

Reagent of solid % Aml/ gt
Code system reflux ratio wiw) gl °c)
E10PDA** (COOH), 5 12 56 86§ 28.7%
E10.Ca HCOOH + 2 25 46 7.1 25.6
CaCl,
E10.Mg HCOOH + 3 50 46 5.8 30.0
MgCI2
E10.NH4 HCOOH + 4 25 61 8.3 26.1
(NH4),S04

*  Determined at 20°C and pH §

T Interpolated at ¢ = 10 mg/ml

** Reference sample

1 Partridge et al.? obtained ¢, = 27.8°C at¢ = 7 mg/ml
§ For a- and g-elastin values of [n] are 9.3 and 7.2 ml/g
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Figure 1T Dependence of the coacervation temperature on the
concentration of the elastin solution as determined at pH 4.7 and
an ionic strength of 0.05. O, E10.Mg; ®, E10.NH,4; O, E10.Ca;

X, E10.PDA; A, Partridge et al.3

tain apprecible amounts of high molecular weight material
whereas $-elastin is non-coacervating and of low molecular
weight (about 3000). Thus measurement of [n] 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'?. Differ-
ences in [n] and t, 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 ¢,
also can provide a method of characterization®,

However, the main objective of this study was to try the
Earland and Raven® 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
jons and the elastin matrix” through examination of the
properties of the solubilized products.

R. B. Beevers

Belvoir Research Laboratory,
7160 Chatham Road,
Eastwood, NSW 2122,
Australia

{Received 29 September 1975)
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Conference Announcement
Deformation, Yield and Fracture of Polymers
Cambridge, UK, 29 March to 1 April, 1976

The third international conference on Deformation,
yield and fracture of polymers will be held at Churchill
College, Cambridge from 29 March to 1 April 1976
and is being organized by the Plastics and Rubber In-
stitute on behalf of a number of collaborating bodies.
A programme of thirty two contributions has been
arranged under the following 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 SW1W OHL, 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 [UPAC 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 of 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 heterocy clic co-
poly condensates (Fontan), which paper regrettably gives no refer-
ences. Okamura reviews his 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 13Cn.m.r.ina 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(g-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. Olivé and S. Olivé.
Stereochemistry of propylene polymerisation by A. Zambelili and

C. Tosi, Structures of copolymers of high olefins by Y. V. Kissin
and Mercaption<ontaining 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 Olivé and Olivé 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 Br3ZrC3Hs (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 g-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 poly olefins, the effect of copolymerization on crystallinity,
melting points, and infra-red spectra. The observations divide them-
selves into three principal groups: copelymers in which the como-
nomer side chain is rejected by the host crystal lattice, in these
cases quite small amounts of comonomer reduce the crystallinity
drastically ; copolymers such as 4-methyl pentene-1/hexene-1 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

lonic polymers
Edited by L. Holliday
Applied Science, London, 1975, 416 pp, £14

The most familiar examples of ionic polymers, the so-called ‘iono-
mers’, 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
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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 jon-
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 dicar-
boxylates and the technology of polyelectrolyte comple xes 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. V. Wright

The Proprietors of British Patent No. 1163502, for
“Method for activating cycloaliphatic polyamines as
curing agents for reaction with epoxide compounds”,
desire to enter into negotiations for the sale of the
patent, or for the grant of licences thereunder. Further
particulars may be obtained from Marks & Clerk,
57-60 Lincoln’s Inn Fields, London WC2A 3LS.

Other sections

Current topics

Conference reports

Forthcoming meetings

Book reviews and announcements
Publications received

RESOURCES POLICY presents multi-disciplinary
discussions at an upper management/academic level.
The aim is to identify policy options for the future
supply and demand of mineral resources. |t encom-
passes the many disciplines and examines options as
they affect industrial, commercial and social institut-
ions at world and regional levels.

176 POLYMER, 1976, Vol 17, February

Published quarterly in March, June, September, December.
One-year subscription (four issues) £22.00 U.K. £25 ($65.00) Overseas

For details apply to: IPC Business Press (Sales and Distribution Ltd.)

Oakfield House, Perrymount Road, Haywards Heath, Sussex, England RH6 3DH
Telephone Haywards Heath (0444) 53281 Telex: Bisnespress Ldn 25137

Typeset by Mid-County Press, London SW19
Printed by Kingprint Ltd, Richmond, Surrey



Book Reviews

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 [UPAC 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 of 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 heterocy clic co-
poly condensates (Fontan), which paper regrettably gives no refer-
ences. Okamura reviews his 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 13Cn.m.r.ina 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(g-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. Olivé and S. Olivé.
Stereochemistry of propylene polymerisation by A. Zambelili and

C. Tosi, Structures of copolymers of high olefins by Y. V. Kissin
and Mercaption<ontaining 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 Olivé and Olivé 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 Br3ZrC3Hs (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 g-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 poly olefins, the effect of copolymerization on crystallinity,
melting points, and infra-red spectra. The observations divide them-
selves into three principal groups: copelymers in which the como-
nomer side chain is rejected by the host crystal lattice, in these
cases quite small amounts of comonomer reduce the crystallinity
drastically ; copolymers such as 4-methyl pentene-1/hexene-1 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

lonic polymers
Edited by L. Holliday
Applied Science, London, 1975, 416 pp, £14

The most familiar examples of ionic polymers, the so-called ‘iono-
mers’, 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
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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 jon-
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 dicar-
boxylates and the technology of polyelectrolyte comple xes 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. V. Wright

The Proprietors of British Patent No. 1163502, for
“Method for activating cycloaliphatic polyamines as
curing agents for reaction with epoxide compounds”,
desire to enter into negotiations for the sale of the
patent, or for the grant of licences thereunder. Further
particulars may be obtained from Marks & Clerk,
57-60 Lincoln’s Inn Fields, London WC2A 3LS.
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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, a2, 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 2.
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, ¥(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®~®.

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 §-function of appropriate strength —v6(r),
where:

= [t G- )

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’ 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:

a2 = (RNR 2y ) = (RH)IN (2)

Some of these are illustrated in Figure I, as a function of
the dimensionless parameter:

32
z= (_3—) yN1/2 (3)

2na?

where a, is the length of a unit of the chain. (This diagram
follows Yamakawa®, except that a2 is plotted rather than
o3 which has no direct physical significance.) All of the
formulae assume that o is a function of z only, say ¢(z)
(this is sometimes called the ‘two-parameter theory’®). Such
an assumption is rigorously valid in the limit N - oo, v -0,
vN1/2 finite, and there is evidence that it provides a reason-
able general approximation for large V 1°.

In this confused situation, it may seem presumptuous to
put forward yet another formula for a2. 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 a2 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 A-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—disorder transition in an alloy, the Néel
point of an antiferromagnet, the A-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 T, 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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Figure 1a Some approximations to the expansion factor az, for
values of z = 0—12. A, Bueche—James: a® —1 = 4az/3; B, Fixman:
o3 =142z C, Ptitsyn: 4.67¢2 = 3.67 + (1 +9.342)2/3; D, Alexan-
drowicz—Kurata: o®/5 + a3/3 — 8/15 = 42/3; E. Flory: &° —a3 =
3(3)1/22/2; F, Yamakawa—Tanaka: o2 = 0.572 +0.428 {1 +6.232)1/2;
G, Fujita—Okita—Norisuye: o® — 0.49310% — 0.2499q¢ 1332
5in{1.073Ina) — 0.50690 332 c0s(1.073 In a) = 2.630z; H,
Bueche: a* — o® = 482(1 + 2/3a2 + 1/40*)/69; 1, Modified Flory:

o® —a’ = 42/3; J, Yamakawa: %97 = 1 + 4.452. z, is defined by

equation (3). —— ——, is given by equation (20)
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Figure 1b  Some approximations to the expansion factor for
values of z = 0—250. Curves B—J as for (a)
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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'!. For other
models, numerical techniques have been developed which
have proved highly effective'?, and good agreement with
experiment has been achieved over a wide range. More
recently, the renormalization group approach introduced
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into the field by Wilson'? 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 exporients 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 V steps on any
lattice in any dimension, or in a continuum:

(R{y=N “

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 T, is the
fraction of walks which are at the origin after  steps, given
by:

Py~ AN-dI2 )

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'S for large V:

_[d\ 92 d ,
fluy= (5;) exp — 5 u (6)

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 NV, are
related to critical behaviour which depends on (T — T).
For any model of critical behaviour, an interaction para-
meter J must be specified, and if X 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:

XM= D HV) exp — VI = 2; HVWY (7= exp )
N=1 N= (7)
Singular behaviour in X(7) arises at a temperature T, cor-

responding to the radius of convergence of this power ser-
ies, and if the asymptotic behaviour of ¢(N) is:

V) ~ Nt (8
then that of X(7) is:
X(T)~(T - Tp)~1 )
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Figure 2 Convergence of virial coefficients for various lattices to
two-parameter value. (a) k1/hgN1/2 vs. N—1/2, points shown are
values computed numerically: ®, Gaussian continuum model; O, s.c.
lattice; &, b.c/.c. lattice; O, f.c.c. lattice; x, diamond lattice. (b} k3/
NhS vs. NT12; ® Gaussian model; O, s.c. lattice; 2, b.c.c. lattice;

O, f.c.c. lattice. It will be seen that there is convergence to a single
value as N — = (the two-parameter value)

When ¢(V) 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'?, the
interacting units consist of classical vector spins in # 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'® 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’®. This is of direct relevance to
the polymer problem.

UNIVERSALITY IN A POLYMER CHAIN

We shall now endeavour to show that the expansion factor
o2 as a function of z introduced earlier, is a universal func-
tion as N - o, We must first specify a lattice version of the
problem, and this is available in the Domb—Joyce model'’
of a random chain on the lattice with an intramolecular
interaction —wd;; between any pair of points of any con-
figuration, / and j being the lattice sites occupied by the ith
and jth points of the walk. The Boltzmann factor associated
with any configuration of the chain is the product:

N-2 N
IT II a-wsp (10)
=0 j=i+2

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 a2 as a perturbation series in w, for any
lattice'™® and for any NV:

=1 +kw+kw? +kgwd+ .- (11

where the leading term in k, is of order A"/2. The continuum
model (1) can be expanded likewise in powers of », 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 Y(z) results from ignoring all but
the term of highest order, N'/2,

Our claim to universality for y(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, hg, the reduced coefficients become iden-
tical as V > oo, For a lattice g is given by:

0 2 a3

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/a3 has the values 1,4.373/2,2-1/2 respectively;
for the diamond lattice there are two atoms per unit cell
and the corresponding g/a3 is 8 3-3/2

We therefore conjecture that if we take as variable:

z=hoN2w (13)
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Figure 3 Convergence of numerical estimates for various lattices
to the two-parameter value (z = 1). O, f.c.c. lattice; ®, b.c.c. lattice;
X, s.C. lattice

the expansion factor o2 is asymptotically the same func-
tion of z for all lattices. This can be tested by numerical
estimates for various lattices'®'8, and a typical result is
shown in Figure 3. The constant kg has been chosen to
give the same function, V(z), as that defined for a con-
tinuum earlier.

CALCULATION OF THE EXPANSION FACTOR

We now apply the above ideas to the estimation of Y(z).
For small z, we can use the three known coefficients of the
virial expansion®. We have recently recalculated these
coefficients by an alternative method and have obtained a
slightly different value for the third coefficient'® (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'®. 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:

(R%p) ~ BN/ (14)

has been conjectured®, the most accurate estimates of B
being as follows?!?%:
Bee = 1.067,

Bbec. =0.959, Bicc =0921

Bdiamond = 1.283 (1 5)

We have pointed out that the existence of a single function
¥(z) to describe o2 is true only asymptotically as N —
and w ~ 0. However, there is evidence'®? that it is a rea-
sonable approximation elsewhere, and we can furmish a
numerical test when w = 1 using the values in equation (15).
Equation (14) then implies that:

W(z) ~ bz2/5 (16)
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and combining with equation (13) we have:
b ~ Bhy 5 a7n

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 kg for different lattices in relation (13),
each lattice provides an estimate of Y(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 NV for the above
lattices and extrapolating'®, 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 formula®>:

12
WSR2 _y32 = 3(32) z (18)

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?*, in which the right-hand side of equation (18) s re-
placed by 9V 3z/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 1 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

5t Self-avoiding walks
Initial slope from
4| virial expansion

i
> -

3 r'd

F /’A\I nterpolated
7
2r /s
’
1 1 " L 1 i 1 1 1
lO 4 8 12 16 20

Figure 4 Estimation of Y (z} for the whole range of z: for small
z, virial expansion ¢ = 1 + 42/3; for sufficiently large z, ¢ ~ 1.6422/5;
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):

20
¢5=1+§—z+4nz2 (19)

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):

70 10 2
Y= [1+102+ (3n+?) 22+81T3/2z3] (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 Y(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:

Y =225 exp (4/52) [a]o (;) +bly (%)
1\1-4/5
+cly (-)] @n
z

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, (SZN), and by analogy with

Expansion tactor of a polymer chain: C. Domb and A. J. Barrett

equation (2) we can define an expansion factor arising from
intramolecular forces:

o = (SHKSTyo) = 6(SH)/N (22)

Various formulae have been advanced for azs as for a2, and
an illustration analogous to Figure 1 has been given by
Yamakawa®.

The ideas and methods which have been described in
the previous sections can be applied equally to azs. Exact
enumerations for small N have been undertaken, but the
results have not yet been processed”. However, data for
self-avoiding walks are available!*?®, and therefore a rea-
sonable first approximation can be derived.

We prefer to concentrate on the ratio:

%o = 6¢SHIKRY) = 0(2) (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®®. However, it is clear from the general
argument above that this cannot be rigorously correct, and
the proper conclusion to draw is that 8(z) varies little with
z, once Z is greater than a particular value zg.

Only two terms of the virial expansion for aZS are cur-
rently available, and from these we deduce that for small z:

8(z) ~1 —0.057z — 0.069z2 24

Using as our limiting estimate for large z the value, 0.933,
we approximate to 8(z) by the formula:

0(z) = 0.933 +0.067 [exp —(0.85z + 1.3922)] (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 §-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?’, 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 trans double bonds
on the melt crystallization of polyamides
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Melt crystallization kinetics of some aliphatic polyamides, with variable amounts of intra-chain
double bonds, was investigated by d.s.c. technique. Crystallization isotherms fit 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, T,O,,, 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 o and g, of

the famellar 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 g, is found.

INTRODUCTION

The purpose of this paper is to investigate the effect of in-
creasing chain flexibility, obtained by introducing intra-
chain double bonds, on the rate of isothermal melt crystal-
lization of aliphatic polyamides. This research is part of a
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-
late the amount of double bond unsaturation within poly-
amide chains, with half time of crystallization, Avrami ex-
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-
face free energy of lamellar fibrillae of spherulites, on the
amount of double bonds along the main chain.

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®. They are
reported in Table 1, along with their composition and in-

Table 1 Composition and inherent viscosity of the prepared
polyamide samples

Molar fraction

Polyamide* Name of 4-0D Ninh{dl/g)
SUB-HMD A [¢] 25
SUB-HMD4-0D B, 0.12 24
SUB-HMD-4-0D B, 0.24 23
SUB-HMD4-0D Bj 0.46 2.0
SUB-HMD4-0D Bg 0.61 1.1
SUB-HMD4-0D Bs 0.79 1.4
4-0D-HMD C 1.00 2.0

*  SUB, suberic acid; HMD, 1,6-diaminohexane; 4-0OD, trans-4-
octen-1,8-dioic acid

O75

T

T

050

025+

Copolymer composition { molar fraction of 4-OD)

1 1 i

025 050 O75
Initial composition{ moiar fraction of 4-OD)
Figure 1 Composition of the copolymers, as average of i.r. and
p.m.r. (®) analyses versus. the composition of the initial mixture.
O, 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 A9g7 em—1 43300 cm—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 I) 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 § and of the methylene protons adjacent to
the nitrogen at 3.56 §,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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—

a4
d¢

Exothermic

t (sec)
Figure 2 Typical crystallization isotherm obtained by means of
d.s.c. technique {see text)

Table 2 Crystallinity, apparent enthalpy of fusion and thermo-
dynramic enthalpy of fusion of nylon-6,8 and of unsaturated
copolyamides

Molar fraction

Sample of 4-0D AHF(callgit  Xo(%)  AH°E(callg)
A 0 12 57 20

B, 0.12 1

B, 0.24 11 61 19

B3 0.46 12 63 20

B4 0.61 13 64 21

Bs 0.79 12 61 19

c 1.00 13 61 21

t The accuracy of AH;: is within 10%

Table 1 have comparable inherent viscosities (9, 2.0—2.5
in m-cresol at 25°C; ¢, 0.5 g/dl) except for samples B4 and
Bs, and show high molecular weight (M, 28 000 + 1000 for
sample C as determined by endgroup titration)®. 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 (T1), 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, T,. The heat evolved was recorded as function
of time and the weight fraction X; of material crystallized
at time ¢ was calculated from the equation:

[ (2o T )

Zero time of crystallization was taken, as the time when the
central light came on, indicating thermal equilibrium. A
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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 Ty, of the polymer
sample. In order to correlate melting and crystallization
temperatures, Ty, was determined for each of the samples
after isothermal crystallization at 7.

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 numerically resolved into a
broad diffuse hato 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®. In the sep-
aration, we assume for the maximum of the amorphous
halo, an angle of about 19 degrees. The thermodynamic
enthalpy of melting, AHF, has been determined by using
the simplified relation:

AHE
AHp = YE )

where AHF, the apparent enthalpy of fusion, is obtained
by thermal measurements and X, is the X-ray mass crystal-
linity. The values of X,, AHf and AHF, 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 (#k0) planes. The variations
of the spacings dy and d; are shown in Figure 4, as function
of the composition.

RESULTS AND DISCUSSION

Examples of crystallization isotherms of polyamides with
different amounts of frans double bonds along the chain
(samples B4, Bs and C of Table 1), are reported in Figure 5.
From such curves the half time of conversion, #1 3, of each
polymer has been determined at various crystallization tem-
peratures T,.

E]
[
2
P
o
£
B
[
L
z
723
c
2
AC I’ AG
1 1 1 1 1 1 i
5 10 15 20 25 30 35
2 0 (degrees)

Figure 3 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)



440}
!
L ]
420
<
©
400 -7 -
J A
8% 25 50 75 100

Copolymer composition {96 4-OD )

Figure 4 Variations of the spacing d;, (W}; and d5, (2}, of the
strongest reflections observed in the X-ray traces of polyamides
with the copolymer composition

In Figure 6, the variation of ¢y with T for each poly-
mer is shown. It is well known that, crystallization curves
of polymers can be analysed by means of the Avrami equa-
tion®:

(1 —X;) = exp(-Zt") @

In logarithmic form equation (2) is written:
V4
log[—log(1 — X;)] =nlogt +1log 73 3

In equations (2) and (3), X, is the weight fraction of crystal-
lized material at time ¢, 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/)], is reported against
log ¢ for samples By, B3 and C. Deviations at the end of the

process may be due to secondary crystallization phenomena.

The values of the Avrami exponent #, graphically calcu-
lated from the slopes of the curves log[—log(1 — Xp)] —
log t are reported in Table 3, together with the values of
the rate constant Z calculated by means of the relation:

Melt crystallization of polyamides: G. Maglio et al.

to 4. According to the theory®, 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, # 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 » an integer value of 4 for all the
polymers investigated.

In2
1"

Z=

O]

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

a
ok A B C
k\'
O5r
(@] 50 100 150
t {sec)
b
rof A ¢
><\.
O5F
O 50 100 léO
t {sec)
C
A B C
IOF
kk
o5+
1 1 L
O 50 100 150
¢ (sec)

Figure 5 Crystallization isotherms ot polyamides with different
compaosition at various crystallization temperature: (a) sample B4;
crystaliization 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, 510K; C,
512K
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Figure 6 Variation of half time of crystallization t;/, with the
crystallization temperature for samples: &, C; ®, Bs; X, B4; ®, B3:
O,By: 4, B0, A

The equilibrium melting temperatures T9, have been
determined from plots of T}, against the crystallization
temperature T, according to equation (5):

Ty = Thy (u) L ©)

Y Y

where 1 is a constant®.

Examples of plots of T}, against T, are shown in Figure
8, for samples B3 and Bs. A linear trend is observed for all
the polyamides examined. TY, is graphically obtained from
such plots, by extrapolating the experimental line to the
point where Ty, = T,.

The values of T9, are reported in Table 3. They increase
regularly with the amount of unsaturation along the chain.
The half time of conversion 13, for the same value of the
undercooling AT = T9, — T, decreases with increasing the

Log [Flog (=X )]
I

Log¢
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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.

Log [Flog(1-x)]

Log ¢

Logi-log{l-x,)]

—_ | 1
3O | 2
Log ¢t

Figure 7 Avrami plots for copolyamides with different composi-
tion at various crystallization temperature: (a) sample B,; crystal-
lization temperatures: A, 477 K; B,480K; C,482K; D, 484 K;
E, 486 K; (b) sample B3; 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,510K; D,512K



Table 3 Value of the exponent n of Avrami and of the rate con-
stant Z, at various grystallization temperatures. The equilibrium
melting temperature is also reported

Molar

fraction Te Zx 1078 T?n
Sample of 4-0D (Kl n*  (sec™) {K)

SUB-HMD 475 42 1369

A 477 4. 433
0 480 50 085 514

482 40  0.27

SUB-HMD-4-OD 477 40 660

B, 480 34 177
0.12 482 43  0.41 518

484 40 0.1

486 42  0.03

SUB-HMD-4-0D 482 40  6.60

B8, 484 42 433
0.24 486 44 085 521

488 42 046

490 42 0.1

SUB-HMD-4-0D 489 40 829

B3 491 41 2.96
0.46 493 41 098 525

495 40 027

SUB-HMD-4-0D 495 36  6.60

B4 496 37 177
0.61 499 40 046 528

501 4.2  0.01

SUB-HMD-4-0D 502 3.7 4.33

Bs 504 42  1.40
0.79 506 43 027 530

508 4.1 0.06

4-OD-HMD 504 4.1 433

c 508 39 041
1.00 510 38  0.11 533

512 42  0.01

* Estimated error in n is 0.4

According to the kinetic theory of polymer crystalliza-
tion®’, 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* Ag*
—logZ + =Ag — {6)
3 2.3KT, 2.3KT,

In equation (6) AF*, is the activation energy for the trans-
port process at the liquid—crystal interface. AF* is usually
approximate to the activation energy of the viscous flow
of melt polymer, AFyrr. 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 relation”:

. 4bgoo. T,

AHpAT ™

where o and o, are the free energies per unit area of the
surfaces parallel and perpendicular, respectively, to the
molecular chain direction; AT is the undercooling; AHfr

is the enthalpy of melting and by is the distance of two
adjacent fold planes. Plots of (1/3) log Z against T%/T AT,
are shown in Figure 10, for some of the investigated polya-
mides. A linear trend is observed. According to equation

Melt crystallization of polyamides: G. Maglio et al.

(6), this result indicates that the transport term 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 Ferry®:

Cl Tc
AF* = Fyp= ———— (8)
WLE S v T - T,

530
¥ oof
W8

5I0F
500 .

1 i —1 1
480 490 500 510 520 530
7K}

Figure 8 Examples of Ty, against T plots for samples: ®, B3;
O,Bs; —~——,line Ty =T¢

150 S

100

ty,{sec)

50

L {

i
O 25 50 75 100
Copolymer composition (%o 4-OD )
Figure 9 Variation of the half time of conversion t/,, under the

same undercooling AT, with the copolymer composition: C, AT =
25K;0,AT=30K; 4, AT =35 K

-1-OQr
N L
g
S -2-00(
i
_3OO _ S 1
300 400 500
75 x 102
Te AT

Figure 10 Piots {1/3) log Z against T?n/TCATfor nylon-6,8 and
some unsaturated copolyamides: B, A; 0, B3; &, By; ®, Bs; &, C
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Figure 11 Plots of (1/3) logZ + AFyy FI2.3R T, against To/
T¢AT for samples A (O); B, (W); and C, (A)

Table 4 Values of the quantity 4bpoo,/AH £ obtained from the
slopes of the lines of Figures 10 (A) and 77 (B)

4bgo0/AH F2.3K
Molar fraction

Sample of 4-0D A B

A 0 244 281
B, 0.12

By 0.24 212 256
B3 0.46 221 256
B4 0.61 206 255
Bs 0.79 166 189
C 1.00 152 175

30

n
o

o)

A ¢"12.31 keal / mol)

O 25 50 75 100
Copolymer composition (%0 4-OD)

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 A7: &,
AT=10K;0, AT =15K;® AT=20K; 2, AT =30K

C; and C; 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-6,10°.

Plots of the quantity (1/3) logZ + AFyr/2.3RT,
against 79,/T AT, show for all samples a linear trend. Exam-
ples of such plots are reported in Figure 11, for A, B3 and
C polymers. The values of the quantity 4bg00./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 4bgo0,/2.3AHF reported in Table 4,
the quantity o, can be calculated, if AHg and bg are known.
The estimation of b, was based on the observation that in
the case of nylon-6,8 the value of d (3.84 A) is close to the
spacing of the (010) crystallographic fold planes of nylon-
6,6. This strongly indicates that for our polyamides also,
d7 can be assumed as a measure of the distance between
adjacent fold planes.

It is interesting to observe that d increases with the
amount of double bond along the chain as shown in Figure
4. The values of 00, 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:

o=aAHpbg 9)

where the constant a is equai to 0.1 for all polymers®.
From the values of g0, and o, the folding free energy o,
was calculated. The values of ¢ and o, are reported in
Table 5.

As shown in Figure 13, o, drastically decreases with
increase in the amount of unsaturations in the polyamide
chain, whereas ¢ keeps practically constant. In fact, in the
case of nylon-6,8 we found for o, an average value of 141
erg/cm?, while for the completely unsaturated polyamide
the value is lowered to 81 erg/cm?2. The value of ¢ is around
4 erg/cm?, being about one tenth of o.

CONCLUSIONS

The experimental results reported in the present paper
show that the presence of intra-chain trans double bonds

Table 5 Values of AHE, bg, 60, 0 and og for nylon-6,8 and for unsaturated copolyamides

AHF 3 bo* 00e % ‘. aae; . 4 2 oef ) ogt 2

Sample (cal/em”) (A) {erg”/em”) (erg“/em™) {erg/cm®) (erg/cm®) {erg/cm®)
A 24 3.84 511 586 3.9 131 151

B, 3.86

B, 22 3.88 402 490 3.6 112 135

B3 23 3.93 441 511 3.9 113 131

Ba 25 3.95 434 559 4.1 105 135

Bs 23 3.98 320 363 38 83 95

C 26 4.02 320 370 4.3 75 86

* b is assumed as equal to the da spacing in the X-;zy traces (see text)
m

1 From the slopes of the curves (1/3) log Z against

IT.AT

t From the slopes of the curves (1/3) logZ + AFyy; F/2.3RT, against T?,,/TCAT
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Figure 13 Effect of the copolymer composition on the value of
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along a polyamide backbone, strongly influence some kine-
tic and thermodynamic parameters of melt crystallization.

In fact the equilibrium melting point 79, of nylon-6,8, in-

creases with increasing amount of double bonds within the
chain (79, = 514 K for nylon-6,8 and 533 K 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:

et
A[NH—-(CH2)6—NH—C —(CH2)6—C]»

0 0
I I
and ~[rNH—(CH2)6—NH—C—(CH2)2—CH=CH—CH2)—C

Melt crystallization of 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 o, 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'! on the surface of the lamellar
fibrillae, may explain this behaviour.
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Persistent internal polarization studies in
poly(N-vinylcarbazole)/trinitrofluorenone
charge transfer complex
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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' ™"

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)”. This PNVC/
TNF charge transfer complex also exhibits a high photo-
sensitivity”.

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?, 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 (1:1 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 film is dried in an air
oven at50°C to remove the residual solvent.
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Measurement technique

The experimental arrangement has been shown in Figure
1. The PNVC/TNF film (1 ¢m x 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 microvoltmeter

Teflon
Conducting glass
Polymer film

Conducting—_ |

glass

Metal to earth
Figure 1 Experimental set up for photo and dark depolarization
measurements
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Figure 2 Depolarization characteristics of PNVC/TNF films for

an applied electric field 50 kV/cm and time of polarization, tp=1
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Figure 3 Photoelectret charge vs. polarizing voltage, tp = 15 sec
(——):tp =4 min (————): A, /=65001x;B,/=1000Ix; C,
1=5251x; D,/ =280 1x

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; (¢) intensity of illumination
varying from dark to 6500 1x.

RESULTS

Figure 2 shows the dark and photodepolarization currents
of PNVC/TNF film polarized for 1 min in an electric field
of 50 kV/cm and at 1000 1x. The decay of charge is quite
fast in dark and takes about 30 sec for the total decay. The

light decay is also quite fast initially but slows down after-
wards, taking about 5 min 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=Pgy(1 —e7")

where ¢ is the time of polarization and 7 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 1x) followed by saturation effect.

Figure 6 shows the dependence of Ipnoto//dark On the
applied field. It is seen that the value of Jpnoto/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(V-vinylcarbazole) with
trinitrofluorenone is highly photoconducting throughout
the visible spectrum’. 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'® ™.

Brackmann'?, Mulliken'?, Briegleb'® 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:

hy
(D....A<>D*....A") <L s(D*....A~ <> D....A)

ground state excited state

800

Photoelectret chargex I0'(C/em?)

Polarizing time (min)

Figure 4 Photoelectret charge vs. polarizing time, / = 6500 |x
( );1=2801Ix (————). A, Vp =700 V; B, Vp =500 V;
C, Vp=300V;D, Vp=100V
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Figure 5 Photoelectret charge vs. intensity of illumination, tp =
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Figure 6 ’photo//dark vs. applied voltage

The CT band may be calculated from the relationship:
her=Ip —Es+C

where I is the ionization energy of donor. E'5 the electron
affinity of acceptor and C corresponds to the Coulomb
energy of D*A~ ionic couple. lonized 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~2°. Holes have been shown to domi-
nate the conduction and the hole drift mobility was found
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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*~®. The low mobilities indicate
a high degree of localization of the carriers, which in turn
suggests some form of intermolecular ‘hopping’ as the trans-
port mechanism. The photogeneration efficiency in organic
solids may be viewed as a two-step process®!. 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//dark in organic solids as observed in our case,
field dependent.

A comparison of the results obtained for pure PNVC®
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 Qpg/Qgp (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 Il) 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
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The remarkably consistent long term absorption data of Andrews, are shown to obey relaxation con-
troiled (case 11) 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 controlied (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 et al.! described a second limiting transport
process, frequently controlling absorption of organic va-
pours and liquids in glassy polymers, wherein diffusion per
se played no part in the rate determining transport mech-
anism. Alfrey termed this behaviour case Il 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? 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® by Andrews, Levy, and Willis was reviewed. The
Andrews et al. paper reports absorption kinetics and equili-
bria of methanol, ethanol, n-propanol, isopropanol, and n-
butanotl 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 IT) 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*~? 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’ et 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 T Anomalous Fickian kinetics of n-propy! alcohol absorp-
tion in poly(methyl methacrylate} sheets. [Volume fraction or
weight ratio, w/wy, as a function of t1/2 (T = 318 K)]. Volume
fraction ¢y, O; weight ratio wi/w;, O
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Figure 2 Case |l kinetics of n-propyl, i-propyl and n-buty| alcohot
absorption in poly(methyl methacrylate) sheets. [Weight of alcohol
per original dry sheet weight, wy/wy, versus ¢t (T =318 K)) O, n-
propy! alcohol; O, isopropyl atcohol; &, n-buty! alcohol
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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, ¢, of polymer in the PMMA—
alcohol mixture was calculated as:

$2=(1 — ¢1) = (wa/p2) (W1/p1 +wa/p2)~! )]

where wy and wj are, respectively, the weight of alcohol in
the swollen mixture and the original (dry) weight of PMMA,
and p1 and p3 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 of wi/wa or wi/(wq + wy) = 1 eliminate
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this assumption since wy and w9 were actually determined
experimentally.

RESULTS AND DISCUSSION

Kinetics

The absorption kinetics of lower alcohols in PMMA, pre-
sented by Andrews, Levy, and Willis® were presented in
plots of ¢, volume fraction of polymer as a function of
[time(#)] 1/2 measured in (h)}/2. Typical results are pre-
sented here again in Figure 1, for n-propanol in PMMA as
¢1 = (1 — ¢2), volume fraction of alcohol as a function of
12, A plot of wy/wa (for n-propanol) versus t/2 is also
included in Figure I for comparison. Clearly, the transport
is non-Fickian?, 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, wi/wy, 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 wi/w3 (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

wi lwy
(o]
4

O 1 1
50 150
Time (h)
Figure 3 Case |l kinetics of ethyl alcohol absorption in poly
(methy! methacrylate) sheets. [Weight of ethanol per original dry
sheet weight, w;/w,, 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 aicohol 17.6
npropy! alcohol 17.4
isopropy! alcohol 16.7

o5 —\

02 : . l . : |

29 31 33 35
rx103K™)
Figure 4 Van‘t Hoff plot of temperature dependence of absorp-
tion equilibria for ethanol in PMMA

The use of a wy/wy 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 wi/w (rather than
wy/(wy +wp) or ¢y) versus t.

Moreover, use of the wi/wa ordinate, in the case I
(w1/w 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 of wy/wy versus 112 does not, in fact, fit true diffu-
sion kinetics (e.g. wi/wy versus 1112 linear) over any signifi-
cant portion of the sorption history. The reduction in ordi-
nate value associated with the use of ¢, rather than wy/wo
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 justifiedz"s’9 is required since sorp-

tion kinetics were reported for only these two temperatures.

The results of these calculations are presented in Table 1.
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

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.

Equilibria

Andrews et al.® 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 mol 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 ¢
versus 1/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 ¢;
versus 1/T 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 AH i, as a function of carbon
number of the alcohol as well as the observed correlation
between ¢ and A6 (the solubility parameter difference be-
tween polymer and penetrant) for this alcohol series report-
ed by Andrews, ef al.>.

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}
methy! alcohol 28
ethyl alcohol 2.6
n-propy! alcohol 2.1
isopropy! aicohol 2.1

POLYMER, 1976, Vol 17, March 197



Relaxation controlled transport of lower alcohols in PMMA: H. B. Hopfenberg et al.

10

T T 7T

T T T

c
~
5
s ol
E C
N C
|<52g
E
-
-3
IO L 1 i I S Il
3 4 5 6

A, {gmol /1)

Figure 5 Log—log plot of absorption rate, kg, (mg/cm?2 h} versus
molar concentration of the various alcohols. [T = 318 K]

AHpix are consistent with the possibility that the low tem-
perature data do not reflect true equilibrium.

Relationship between the Kinetics and the equilibria of
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®®' 2 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®.

Jacques and Hopfenberg® reported a 10,000-fold in-
crease in the rate of case Il penetration of polystyrene—
poly(phenylene oxide) blends associated with only a two-
fold increase in equilibrium penetrant concentration of the
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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 er al. describing penetration
of PMMA by a homologous series of lawer 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 wq /wy ordi-
nate rather than a ¢; ordinate. Moreover, selection of a
linear time abscissa is indicated for absorption experiments
where case II kinetics may predominate.
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The thermal stabilities of polymaleimide (PMI), poly(/N-methy! maleimide) (PMMI), poly{N-ethyl
maleimide) (PEMI), poly {N-n-propy| 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 the poly(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-alky! 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!, anionic initiators!, y-ray? and ultra-
violet irradiation®. The physical properties of poly(/N-sub-
stituted maleimides) have been studied by many investiga-
tors. Cubbon! reported on the stereospecific configuration
of poly(N-alkyl maleimides); Sheremeteva et al.* on the
solution properties of poly(V-isobutyl maleimide) and
Walker et al. >® reported on the dielectric relaxation of
poly(NV-alkyl maleimides) and poly(/N-aryl maleimides), and
on the nuclear magnetic relaxation of poly(V-amyl male-
imide) and poly(V-dodecyl maleimide). These results indi-
cate that NV-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 ef
al.”. 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.® and purified by recrystallization
from ethy! 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 azobisisobuty ronitrile
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(V-ethyl maleimide)
(PEMYI), poly(N-n-propyl maleimide) (PNPMI) and poly(V-
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 poly(¥V-methyl maleimide) (PMMI). The
values of intrinsic viscosities are shown in Table 1.

The polymers have the following chemical structures.

CH——CH
\/ \

R= H(PMI)
= CH3(PMMI)
= CH,CH3(PEMI)
= CH,CH2CH3(PNPMI)
= CH(CH3)CH3(PIPMI)

Table 1 Properties of samples

Monomer Polymer
B.p.*{(°C/

Imide mmHg) M.p.t(°C)  [nldi/g)  Sp.:(°C)
Maleimide 94.0 0.185 >340
N-methyl

maleimide 96.2 0.155 >320
N-ethyl

maleimide 46.0 0.149 253—-265
N-n-propyl

maleimide - 0.145 238-248
N-isopropy!

maleimide  75/10 0.156 —

Boiling point
t Melting point
1 Softening point
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Figure 1 Weight loss vs. time at various temperatures. ——, 320°C;

———,360°C. O, PMI; O, PMMI; A, PEMI; ®, PNPMI; &, PIPMI

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°—400°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? 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.
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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
[n]+/[n] o against time of heating are shown in Figure 2,
where [n] o is the intrinsic viscosity of the original poly-
mer, and [n], is that of the solvent-soluble fraction of de-
gradated polymer heated for ¢ 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
Poly- %/min)

Weight loss (wt %) after 1 h

mer at360°C 300°C 320°C 340°C 360°C 380°C
PMI 0.30 1.0 2.2 3.5 15.4 -
PMM| 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 Insoluble fraction {wt %)
tempera- time
ture {°C) (h) 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 23 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
15 9.9 27.1 - 0 29
2 129 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 29 - 8.2
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Figure 3 Relative changes in optical density of NV-substituted
group with that of imide ring at various temperatures (heating time,
2 h). O,PM|; O, PMMI; A, PEMI; ® PNPMI; &, PIPMI. D(1430),
optical density of 1430cm”™  characteristic to melhlyl group;
D(1705, 1770), optical density of 1705, 1770 cm chaﬁcteristic
to carbony! group; D(3300), optical density of 3300 cm ~ charac-
teristic to amino group

380

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.

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® !
of five-membered imide ring of PMI (1770, 1710, 1370
and 1180 cm~!) 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 1229 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-
ing order:

PMMI > PNPMI > PIPMI > PEMI > PMI

The five-membered imide ring of PMMI is the most stable
in contrast to that of PML

The ratio of the optical density of characteristic band of
five-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 V-
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(V-phenyl maleimide)'?, poly(N-p-
tolyl maleimide)"? and poly(N-p-acetylphenyl maleimide)'3,
in which both N-aryl succinimide and urea compound are
chief products. These facts show that the main chains of
poly(V-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

Dimer—trimer of

N-alkyl
Residue* maleimidet
Polymer {mol %) (mol %)
PMI 3.2-4.7 -
PMMI - 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 (%) N (%)
M.p.
Poly- Volatilized [b.p.] Experi- Calcu- Experi- Calcu- Experi- Calcu- Experi- Calcu-
mer substance (°c) mental  lated mental  lated mental lated mental lated
PMI succinimide 125.0(125.0)* 98 99 48.57 48.48 5.13 5.05 14.80 14.14
dimer—trimer - - 196—291 44.37 48.97—49.48 4.30 3.09—4.08 12.60 14.28—-14.43
of maleimide
urea 131.5 (132.7)* 60 60 20.69 20.00 6.71 6.60 45.36 46.67
PMMI N-methyl 69.0(71.0)* mm 113 52.87 53.09 6.26 6.24 12.41 12.38
succinimide
dimer of - 223 224 52.10 53.57 543 5.36 12.39 12,50
MMI
trimer of 181.7—-184.0(-)* 334 333 55.94 54.05 454 450 12.60 12.61
MMI
PEMI N-ethyl (243.0)(245.0)* 125 127 56.32 56.59 7.03 7.13 11.03 11.01
succinimide
dimer of — 229 252 57.03 57.14 6.46 6.35 10.51 11.11
EMI
trimer of EMI1189.0—190.0(—)* 366 375 57.49 57.60 5.35 5.60 11.39 11.20
PNPMI  N-npropyl [240.0] (240.0)* 138 141 58.64 59.57 8.40 7.80 9.52 9.93
succinimide
dimer of [>240.0) {(—)* 283 282 60.37 60.00 7.54 7.14 9.10 10.00
NPM|
trimer of 190.0—-190.8(—)* 405 417 60.20 60.43 6.51 6.47 10.04 10.07
NPMI
PIPMI N-isopropy! 68.0 {(69.0)* 131 141 59.34 59.57 7.94 7.80 10.10 9.93
succinimide
dimer of - 274 282 61.58 60.00 7.04 7.14 10.15 10.00
IPMI
trimer of 170.0—-172.0(-)* 391 417 60.30 60.43 6.64 6.47 9.59 10.07
{PMI

* Value for the authentic compound

Table 6 Volatilized substances
Volatilized substances Volatilized substances
Polymer at 300—360°C at 380—400°C
PMI succinimide, dimer— H,, CO, CO,, NH3, urea
trimer of maleimide, NH40CN, (CONH);
urea, CO, CO,, NH3,
NH40CN, (CONH)};
PMMI MS1*, dimer—trimer of H,, CO, CO,, CH4, NH3,
MMI NH4HCO;
PEMI EStt, dimer—trimer of H,, CO, COj, CH4, C2H4,
EMI, CO, CO, CaHg, NH3,
NH4HCO;
PNPMI NPSI**, dimer—trimer H,, CO, CO,, CH4, C3Hg,
of NPMI, CO, CO, C3Hg, NH3,
NH4HCO3
PIPMI IPSI§, dimer—trimer of  Hy, CO, CO;, CHy, C2Hg,

IPMI, CO, CO, C3Hg, C3Hg, NH3

*  N-methylsuccinimide
** N-n-propylsuccinimide
1 N-ethylsuccinimide

1 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-
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Table 7 Amount of carbon dioxide ana carbon monoxide evolved
at 320°—360°C

Heat-

ing

temp- Heat-

era- ing CO5{wt %) [CO(ppm)] *

ture time

(°c) (h) PMI PMMI  PEMI PNPMI  PIPMI

320 05 - - o[o] o[o] —{0]
1 1.3 - 0.1 0 -
2 2.2 - 04 o] -
3 28 - 0.8 0 -

340 05 - 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 -

360 0.5 3.6(300] 0[0] 0.9[200] 0([50] 0.3[200]
1 48 0 24 0 1.2
2 16.0 0 28 0 23
3 275 0.6 - - -

* 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
B-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 $-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.
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Intermolecular crosslinking

Abstraction of the hydrogen atom attached to 4-position
carbon leads to the formation of N-substituted succinimide.
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Abstraction of the hydrogen atom attached to 5-position
carbon leads to the formation of trimer of N-substituted
maleimide.
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Abstraction of the hydrogen atom attached to 6-position

carbon leads to the formation of dimer of N-substituted
maleimide.
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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(/V-
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.

MWWACH—CH—CH—CHww»

l .

C C C C

/

O/ \N/ \O O/ \N/ \O

R R
»W\M(le—TH—C.——CH'ww*
+ +H
C C C C
O/ \g/ \O O/ \F\{/ \O

(m)
(II) + (I1) - intermolecular crosslinking

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.
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(VI) = intermolecular crosslinking
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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.

cle—CIH'ww MWW CH~— CHMA '\NWCH—C|:H/\AAN\
c. £ - 4 1 - C
+ 7\ - S \+
7N\ Vo o/ N Yo- o H/ A
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 of N-alkyl-substituted maleimides. From these
facts, it is thought that the five-membered imide rings of
poly(V-alkyl maleimides) except for PMI are significantly
stable in comparison with the main chains.
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Synthesis of narrow distribution
polytetrahydrofuran

T. G. Croucher and R. E. Wetton

Department of Chemistry, Loughborough University of Technology, Loughborough, Leicestershire,
LE113TU, UK

(Received 13 October 1975, revised 1 November 1975)

Bulk polymerizations of tetrahydrofuran (THF) 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 THF polymer over a wide molecular weight range

from 5 x 103 to 108.

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\
—CH,—0a? = —CH;—O—+CHy}; G}
\

Such reactions have been the subject of a number of
original and review papers'*. It is well established that
using PFg 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®. A particularly facile initiator is p-
chlorophenyldiazonium hexafluorophosphate®.

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’, or the very rapid dicationic sys-
tems of Smith and Hubin®,

It has been noted that the polydispersity ratio, which
should commence as a Poisson distribution (M,,/M,, < 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®,
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
1ecrystallization from water as white plates®, 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 a-methylstyrene to ensure complete removal of
protonic species. Sodium ethoxide was prepared by the
reaction of sodium metal upon ethanol in diethyl ether
solution®.

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/
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 aflowed
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-

POLYMER, 1976, Vol 17, March 205



Synthesis of narrow distribution PTHF: T. G. Croucher and R. E. Wetton
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Figure 1 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!®. Accordinglv a preparative gel per-
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meation chromatograph was set up following the procedure
of Mulder and Buytenhys'! to purify the products further.

Purification of polymers

Preparative g.p.c. columns were set up using Bio-Rad
SX-1 (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
39000 cm~1(256 nm) in the u.v. spectrum suggests re-
moval of an aromatic species undergoing a # - m* 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
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Figure 2 (a) U.v. spectra of polymer (M, = 7000) in solution in
ethanol {0.01%) showing disappearance of peak at 39 000 em™!

{256 nm) after passage of polymer through preparative g.p.c. column,
A, crude polymer; B, puritied polymer. (b) L.r. spectrum of poly-
mer (M, = 7000}, cast from chloroform onto K8r 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'?. For polystyrene (PS)
and polytetrahydrofuran (PTHF) in THF having identical
hydrodynamic volumes

log[n] prHF MpTHF = log[n] psMps

where [n] 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 [r3]1/2 and the expan-
sion factor a, with ¢ the universal viscosity constant®3

3\ 3" 12,3
[n] =¢ (54‘) Mo

substituting for [n] yields

MprhF _ (%) (M) ( aps ) 2
Mpg M) ps \7Z) prur \epnr

Assuming (apg/atyp) =1 for these two polymers in the
g.p.c. solvent (as proposed by Dawkins'* and taking litera-
ture values for [r2/M] 13 we calculate the value 0.592 as a
conversion factor, i.e.

Mpr1yr = 0.592Mpg

at a given elution volume. The determination of MprHF
enables absolute molecular weights to be evaluated from
the chromatogram.

An empirical correction for machine-broadening was
made by comparing the M,,/M,, 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.'>.

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 (M,,/M,, = 2).
Miyake and Stockmayer'® have calculated that for the anio-
nic polymerization of styrene it will take 80 years to reach
this polydispersity. Dreyfuss and Dreyfuss® 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.

. [(CH,), O

w0 - O—t CHz—);-/O/ g

B ) 7" NlicH, ), 0

6 \:O icH,),0t, - ( 2107y
N(Cry), 0 | Io}

(m

ACHy), 08~
*O\—HCqu—O}7 +  mwwO—+CH,3-0

PF,

This example shows chain transfer to polymer oxygen,
which is really a special case of a dialkyl ether. Dreyfuss®
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? 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 PFg as counter-ion,
the reaction between them is envisaged as follows:

wvQ  [+PF,

The PFj itself may act as an initiator'” 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® as follows for the diazo-
nium salt:

c1—< >——N=N*PF;+O: s [oj l+c1—< >—H
fast

M O—-CH, 5 CH,F + PFg

+
+ Nyt QH---Q
\\

PRy
+
OH---0 +Q HOICH ), O [+ QO
=5 PF;

Dehydrogenation of THF to a furan or dihydrofuran
occurs, along with the formation of the free acid of the
counter ion (HPFg), which is stabilized by complexing with
monomer (HPFg is normally found as its diethyl ether com-
plex, HPFg.2(CH3CH)-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

versus 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). [nitiation 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® 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
I
H—C—CH, 50!

4 -
PF;

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.

lon 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
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R~ and X* in solution may be envisaged:

— + — + —
R(Solv) + X(Solv) = R(Solv)X = (R—X)y

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 T, exists for
a given concentration of reactants such that AG (polymeri-
zation) = 0 at T, leads to:

Free solvated ions

kplkg = A exp[-AH(T, — T)[RT T,] 6

and as AH is negative kp/kp decreases with increasing tem-
perature, strongly near T,. However, we observe the poly-
merization to increase in rate with temperature well below
T, 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
with initiator concentrations of 1.75 x 10~2 mol/l 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

8
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Figure 4 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 min; B, 15 min; C,
7.5 min
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Table 1 Kinetics of polymerization followed at a series of low
temperatures

Reaction

Temp. (°C) Time (h) Conversion (%)

-10 1.83
2.85
3.97

5.16

1.98
3.22
3.43
4.69
5.99
8.18

443
6.38
8.91
11.16
1.50 13.80
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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 S min followed by rapid quench-
ing to a low reaction temperature gives a nearly monodis-
perse polymer (M,,/M, = 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 ([Ig] — [I]) mol/1 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(M M
e i[1] ((M] - [Me])

+ (kp/n) (ITo] ~ [1]) ((M] — [Me]) @

The terms ([M] — [Me] ) are the effective concentrations'®
under conditions where the equilibrium concentration
would be [M] and # 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 k; is small and we will neglect the first term
giving
1 n (Mo] — [Me]

lo]  [M] — [M]
where f= ([Ig] — [1])/[1g] is the fraction of catalyst de-
composed under the initiation conditions. These condi-

tions were constant with f/n, known approximately from
the relation:

f
== kpt (3)

f yield
- = , being ~ 0.1.
n  molecular weight [Ip]

Plots of (2.303/[Io]) log ([Mo] — [Me])/(IM] — [Me])
against time are shown in Figure 5. Good straight lines re-

sult at —10 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 k, values are shown,
together with the [Mg] and [M] '* values used, in Table 2.

A plot of In kj, against 1/7,, using the three lowest tem-
perature values of kj, 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 k increasing with increasing temperature
with an activation energy (probably for ion pair dissocia-
tion) of 51.3 kJ/mol. _

Number average molecular weights (M) 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 yolydispersity 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.

1 1 1

O 2 4 6 8
Time (h}
Figure 5 Plots of (2.303/[!o]) log {[Mo] — [Mg] }/(IM] — [Mg])
versus time to test equation (3), and also to allow calculation of
fkp/n and hence kp at each temperature: O, 20°C; 0, 0°C; &,-10°C

Table 2 Values of k, calculated from Figure § at various tem-
peratures, together with [Mg] and [Mp] values

Temperature [Mel* [Mo]) kp
(°c) {mol/t) {mol/1) (I/mol sec)
-10 1.25 12.74 9.20 x 104
) 1.70 12.60 2.20 x 103
20 2.96 12.32 1.46 X 102
50 5.93 11.90 1.20x 10~!
60 7.32 11.76 285x 10~!
70 8.94 11.63 5.19 X 10~!
80 10.81 11.49 1.05 x 10°

*  [Mg] values from Ofstead!?
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Figure 6 Plotofinkp +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 kJ/mol

Moxi0™

4 6 8
Time (h)

N

o

Figure 7 Increase of molecular weight (M) with time at tem-
peratures of —10°C (O, linear) and 0°C (O, falls away from linear
relation due to the onset of significant chain transfer reactions)

Another series of kinetic experiments was carried out
using the clean initiation conditions (95°C for 4 min) fol-
lowed by progagation 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 k, 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
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in deriving equation (3) is valid and k; [I] must be small
compared with kp ([Io}) — [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:
a—d V—n=ntpr; o NN+ PR

In the solid state this occurs at 150°C!, 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 T, 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 95°C, 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?.

Table 3 Polydispersity ratios at different temperatures and reac-
tion times

Polydispersity ratio after stated reaction times

Tempera-
ture (°C) 1h 2h 3h 4h 6h 8h

-10 1.08 1.08 1.08 1.10
0 1.17 1.26 1.31 1.36 1.76

Conversion {9/o)

O T —1
-20 0] 20 40 60 80
Temperature (°C)

Figure 8 Plot of conversion versus temperature for reactions of
the same time (10 min, 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 T, but conversely
the effect of a reversible reaction on broadening is not im-
portant well below T, 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 triethyloxonium hexafluorophosphate
more convenient®.

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 of 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 M,,/M,, = 1.08). Selection of 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
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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 8 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' ~*, giving only exam-
ples'? of the calculation method, based on the simple, sym-
metric distributions of § and -y 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(ethy!
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 um. 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®, at a constant heating
rate, 4°C/min. The polarization field £ p and polarization
time £, were constant for all experiments (150kV/cm and
1 h respectively). The polarization temperature 7, p was
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altered depending on the Ty of the polymer. The influence
of the heating rate on the t.s.d. peaks was in good agree-
ment with theoretical predictions?, and for our method the
rate 4°C/min was found most convenient. Because of the
small thickness of the sample (20 um), 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

| |
| I
O t, ¢

p s g !
!—Polqrizotion‘*Storoge} Tsd:
Figure 1 Time—temperature scheme of polarization, storage and
t.s.d.: , temperature changes; —« —« — , field changes
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Figure 2 T.s.d. spectra of: A, PMMA; B, PnBMA; C, PiBMA; D,
PEMA
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Figure 3 Thermal cleaning of the PMMA spectrum. A, an overail
spectrum; thermally cleaned peaks: «, B; g,C;8,D
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equation for the released t.s.d. current density, j2:

jleok = (es— e xa(T) | FUT, 1) ) xexp
0

— {a¥(Ts, D} doy (1)

where: € permittivity of vacuum;
€5 static dielectric onstant;

€oo high frequency dielectric constant;
a(T) the temperature shift of the dipolar relaxa-
tion frequency;
K(T, 1) the filling state function;
o the natural frequency of dipolar relaxa-
tion;
flay)  distribution function;
T
8T, T) =35 f a(T)dT is the so-called ‘reduced
time” an analogue of
Ty time in similar equation
for isothermal discharge;
Ts storage temperature;
s reciprocal of heating rate.

The temperature shift of the dipolar relaxation frequency
a(T) is defined by the equation o(T) = a,a(T) where o, is
constant and a(7) 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{,) is the one nor-
mally used in the theory of dielectrics.

Tzhe filling state function is given by the following equa-
tion”:

KT, t)= {1 —exp [a(Tp)tp - o ¥(Tp, Tyl
exp [~a(Ty) (1q — 5] @

where: t,, total time of field application; t4, 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
(€5 — €w), r, a(T) and R, ). Model calculations of Van
Turnhout?, show, that this condition is fulfilled if the polar-
ization temperature is ~20°C higher than the Ty (for a 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 « and
8 peaks are well resolved (the nomenclature of the relaxa-
tion processes is according to McCrum et al.%), but for all
the three remaining polymers (PEMA, PIBMA and PnBMA),
the {8 peak exists only as a shoulder on a low temperature
tail of the o 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’®’. This technique involves a partial discharge of the
first peak up to some temperature T'y. The temperature T
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 § and o peaks were unsuc-
cesful, as another peak was always seen (or an inflection on
the falling shoulder of the § peak or on the rising shoulder
of the a peak), independent of the choice of Ty, between

1073
—~ 5xI073 A
lU
9
W
[o]
W
i
10—4 L
B
5xI0-4F
1 1 S 1 -
150 200 250 300 350 400

7 (K}

Figure 4 Thermal cleaning of the PEMA spectrum. A, the overall
spectrum; B, the thermally cleaned peak 8
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the maxima of the  and a peaks. Thus, by successive
applications of ‘thermal cleaning’ it was possible to isolate
three different peaks; the « and 8 peaks and another one,
g, located between them, with a maximum temperature of
~50°C. (Figure 3) A similar process was observed by
Mikhailov et al.® by means of a.c. measurements and by
Wittman et al.° 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
contain a fairly high degree (<60%) of syndiotactic
sequences] . Vanderschueren* also observed such a process
in t.s.d. investigations of PMMA, and found, that it follows
monomolecular kinetics, which in our case, indicates that
it could be ascribed to another dipolar process.

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'". In this
work we have used the method proposed by Bucci, Fieschi
and Guidi” (BFG), which leads to the following equation:

e
where:
T
o) =BT and (D) =~ [ T, )
T,

T, is the ultimate temperature, when j reaches zero. Un-
fortunately all these methods hold only for non-distributed
polarizations. It was demonstrated by Van Turnhout?,
that for a distribution in natural frequencies in the case of
the initial rise of thermocurrent in t.s.d.:

dlnj

a1/7)

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 ¢ = 1 for Wagner and
Gevers distribution, and ¢ = m for Fouss—Kirkwood and
Cole—Cole distribution functions'?, 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’ of the inverse Laplace transform of equation
(2), taking into consideration only the second-order approx-
imation. We have introduced the logarithmic distribution
function?, normalized to the maximum value:

L (1) = f(In 77/r0)
70
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where 7, = 1 /a;; 7 is the most probable value of 7,

Ll
) [T%‘m]
=1

L Thim

7 T*(T)

70 Trznaxa(T max)

Ty ,Jm are the temperature and current density values for
maximum of t.s.d. peak, and Ty, is a temperature maxi-
mum of Debye relaxation for 7g.

For our calculations we have assumed that T}, = Tiax-
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 distribution'?:

_ mcos (mm/2) x cosh(rmu)
" cos2(mm/2) + sinh?(mu)

flu)

and the two parameter asymetrical Havriliak—Negami'4
function:

fw) = :7 sin(80) x {1 +exp [—2u(l — )]

+2exp [~ u(1 — a)] cosm(l — a)} —H2
where:

sin7(l — o)

= -1
6= tan exp [(1 — a)u] +cosn(l —a)

for both distributions u = In(r,/rg) and m; e, § 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 g
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 § processes,
as would be expected from dielectric measurements®, 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®*, which is a generalization
of the two known and well documented functions of
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Cole>'®. The fits of this function to the a 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 «,
and in the case of PMMA to {8 dipolar relaxation processes
too. By the ‘thermal cleaning’ technique, the hidden §'
processes in PMMA, and § process in other polymers can be

L)

O-25

i 1 1 i

3 =4 = o 2
Log (T,/Ty)

o775

o5

L)
LmGX(U)

0251

b

Log (T /T¢)

). (a) PMMA,

a =050, § = 0.30; (b) PEMA, o = 0.45, 8 = 0.32; {c) PIBMA, « = 0.23, 8 = 0.26; (d) PnBMA, o« = 0.24, 3 = 0.24
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Table 1 Parameters & and 8 of the Havriliak—Negami distribution
function obtained from the fit to distribution of relaxation times
of a processes in investigated polymers

Distribution parameters

Polymer a B

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 i B Y
PMMA 1.05 0.42 0.11 0.026
PEMA 0.58 0.24 0.080 0.034
PiBMA 0.53 - 0.072 -
PnBMA 0.56 0.20 0.093 0.035

Table 3 Experimental (ABEG), corrected (A), and literature
(A;) values of activation energies for 8 relaxation process in PMMA

. - ABFG
Correction coefficient A= ——
Alit ABEG 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/P(T)]
vs. 1/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 ¢ must be introduced (equation
6). Literature values of activation energies for the § 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 § 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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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 o,
g and -y 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 & and § and the correction coefficient ¢ is found,
this method can be extended also to the cases, where only
the asymetrical distribution function can be applied.
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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 usuaily adop-
ted in literature. In the whole range of monomer feed compositions, any modification 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 menomer feed compositions up to about 70 molar % of
methy| methacrylate. The P,,/P, 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! ~®, using, as a model, the pair styrene (S)—methyl
methacrylate (MMA) polymerized in bulk®* and in solu-
tion®* [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’~'2, that the initiation rate R;in catalyzed
copolymerizations, is almost independent of the feed com-
position, although there is some evidence that for a few
systems R; is a function of the monomer mixture'>~*%,

As far as AIBN is concerned, the chemistry of its ther-
mal, homolytic dissociation, is now well established'*~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®?~2¢ are conflicting with more recent re-
ports?’ 3, The initiation stage in AIBN catalyzed thermal
polymerizations can be depicted according to equations
(1a) and (1b):

k
(CH3)2(f—N = N~(f (CHy); —2> 2(CH3)2(|3' + N,
CN CN CN
@ (a)

* [stituto di Chimica Industriale, Universitd di Genova, 16132
Genova, [taly

k.
I'+M 1> R (1b)
and the rate of initiation is given by equation (2):
R;i=2/fkq[1} (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®~3%,
solvents®~3 and monomer concentrations®, also in con-
nection with actual changes in the viscosity of the med-
ium*~*, cause significant variations of the initiation rate.
Both k4 and f seem affected by the reaction medium. The
physical interpretations of the kinetic deviations are based,
among others, on cage effects*, hot radical hypothesis*
and complex formation?”"%,

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’ and on the overall copolymeriza-
tion rate® 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. Qur
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 1 Values of (fkg) X 10° (sec™!) at 50°C

bulk acetone DMF dioxane
S a 144 1.42 1.31 0.97
b 1.42 143 1.31 0.91
c 1.46 145 1.31 0.93
146°% - - 1.00%
MMA 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

8 Values calculated trom equation (2)

Values calculated from equation: R; = R;‘;Si,f/[M] 2, where
5y represents the ratio (2kt/k,2,)0'5, and the values for kp, 549 and
[M] are obtained from refs 4 and 6
€ Valyes calculated from M, data®® from equation: R; =
Rpnm/Mp, where n = 2 for S and n ~1.17 for MMA (interpolated
value)57.58

EXPERIMENTAL

Materials

The purification of monomers, solvents and uniabelled
initiator was carried out following previously described tech-
niques*®. AIBN—14C was obtained through the courtesy of
Professor S. Polowinski, £6dZ, and possessed a specific
activity of 0.476 mCifg. 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**. 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®.

Characterization

Number average molecular weights, M, 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, a;, and the polymer, ap, gives the kinetic chain
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length v, i.e. the number of monomer units per combined
initiator fragment, given by equation (3):

v = aj/2may, 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®. Thus, rates of
initiation can be unambiguously evaluated from the ratio
between rate of polymerization and kinetic chain length:

R;=(Rp/v) (1] o/ [ 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],yis the mean initia-
tor concentration during the reaction period, and the ratio

[1] o/ (1] av allows for the decrease in rate owing to initiator
loss**”. 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*®. Also the
primary radical termination reaction can be neglected in
our experimental conditions, except for the system AIBN—
S—acetone*®. On the other hand, literature data on the
chain transfer constants to AIBN**~5!, can provide suitable
corrections for the proper calculation of R;.

As mentioned in previous papers*S, 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®,
Therefore the simplest kinetic scheme for radical polymer-
ization®? 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; (¢} DMF and (d) dioxane;
respectively.

From the patterns shown in Figure 1 it is evident that all
reaction mixtures except dioxane, cause a complex varia-
tion of R;, which does not follow the linear interpolation
for monomer mixtures (broken lines) often suggested on
literature*'®”3. 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 (frq) values, related to the homo-
polymerization of S and MMA in the various media, which
are compared in Table 1 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 1 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 R;/[I]¢ 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
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Figure 1 |nitiation rate divided by the initial concentration of

AIBN as a function of the monomer feed composition in the vari-
ous media: (a) bulk (b} acetone (c) DMF; {d) dioxane.

highest values. The strongest solvent effect is exhibited by
dioxane, which gives the lowest rate of initiation for all feed
compositions. The behaviour of the initiation rates in bulk
and in acetone is juxtaposed: for styrene rich feeds the R;/ Mo
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, ali 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®**°, is
fully confirmed, as the agreement between experimental
and literature data of Table I clearly shows. Recent results
concerning solvent effects on the propagation rate constant®
show a somewhat similar behaviour:

kpbulk ~ Kp dioxane > kp DMF > kp acetone

i.e. here again the k, 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.

This behaviour, if compared to the trend of the propaga-
tion rate constants®, show consistent differences; in fact,
Kppulk is always lower than kp wlution and in the following
order:

kpDME ™ 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 of fajgN on chemical and diffusion mechanisms
has been recently pointed out by Mayer®. Also kg, as indi-
cated previously, shows unequivocal correlations with me-
dium viscosity; recent results of Yokota and Kondo®® con-
firm a marked decrease of the decomposition rate by increas-
ing the viscosity of the mixture.

However, besides the diffusion effects on k; and f, other
factors should be considered in order to explain the data
of Figure 1 and Table I; 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 =Py = (2apMpn)la; 6))

and can be used to calculate the modes of termination, i.e.
the extent of combination and disproportionation, by
means of the simple relationship:

A= —n)/n (6)

where A is defined as the fraction of polymer radicals under-
going disproportionation. Limitations and errors associated
with this method are well known*?*%. 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 O 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.’¢. Asis well known, the
ratio of P,, to P, 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®', the general
opinion that termination for styrene takes place solely by
combination®®. For MMA, the value of A ~0.71, interpola-
ted from the data of Bamford et al,577%, 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-hydroxyethyl) terephthalate

Kosuke Tomita
Research and Development Center, Unitika Ltd, 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 (BHET)
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 vatues were correlated by linear relationships
(mountain-shaped) with the stability constants (log 81) 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 1 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® 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 Kleinwichter?, and
aluminium acetate by the method of Pande and Mehrotra®.

Polycondensation

The reaction of 0.3 mol BHET and 3 x 103 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 [n] 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 relation®:

[n] =7.55 x 104 M, 0685

EVALUATION OF CATALYTIC ACTIVITY

Zimmermann® investigated polycondensation of BHET, and
compared the activities of some catalysts from the value of
the relative viscosity (nye)) 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’:

+dt 0))

where 7 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 1 Polycondensation of BHET with various metal acetates

as catalysts: O, Ti; &, Sn; V, Sb; 8, Zn; +, Al; ®, Co; A, Pb; ¥, Ce;
X, Mn; O, Mg; ® without catalyst

5
rof
o
o
x
[N
O.s_
o 5 I0

Time (h)

Figure 2 Application of p—d analysis to data for cobalt acetate
and antimony acetate in Figure 1: O, Co; @, 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!, the propagation reaction, (the polycondensa-
tion reaction), and the degradation reaction, (the pyrolysis
reaction), occur simultaneously in the polycondensation
process. By means of p—d analysis the effect of metal spe-
cies on both of the reactions can be clarified.
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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-

A x102

1 1

O 5 10
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Figure 3 Application of p—d analysis to data for aluminium acetate
and titanium acetate in Figure 1: O, Al; ® Ti
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Figure 4 Application of p—d analysis to data for plumbous acetate
and stannous acetate in Figure 1: O, Pb; ®, Sn



Table 1 Values of p and d in the polycondensation process of
BHET with various metal acetates as catalysts

Metal P dx 10%
species {mol—1h—1) (h—1)
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
Al 47 5.0
None 19 3.5

4.0
g
<
g
- 30
. L 1 —
2 OO 50 100

Time (h)
Figure 5 Time dependence ot the melt viscosity of PET obtained

with titanium acetate, antimony acetate or zinc acetate as a catalyst:

O, Ti;&,Sb; ®, Zn

rates the degradation reaction; zinc acetate forms a con-
trast to antimony acetate, etc.

Zimmermann® 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®, in a random degradation reaction a plot of
log 1 (n 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 of p and d in Table I 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 of poly(ethylene terephthalate) (6): K. Tomita

The author” 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 hydroxy! 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”. 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 o« methy-
lene group adjacent to carboxylate group and facilitates 1,2-
elimination reaction by £; 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’, 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 81) 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 log 8y
of the corresponding metal species’. Such calculation is
generally suitable for the determination of unknown o
value in Hammett relationship®*, 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 81 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 81 about 12 for p,
and 11 ford. These relationships suggest catalytic effect
of so-called ‘volcano-shaped activity order’*®. The drop in
catalytic activity is produced by the stronger or weaker
bond between the catalyst and the reactant, and log 8 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 g3 is regarded as corresponding to ¢ value in
Hammett relationship?.
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Figure 6 Values of p in the polycondensation process of BHET
with various metal acetates as catalysts against log 8; of DBM com-
plexes of the corresponding metal species
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Figure 7 Values of d in the polycondensation process of BHET
with various metal acetates as catalysts against log 8, of DBM com-
plexes of the corresponding metal species
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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 f;.

The optimum values of log 8; 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 81 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 B; 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 $1 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(C0O) 19, Re2(CO)qg
and Os3(C0O)q2. A kinetic study of the reaction photoinitiated (A = 435.8 nm) by Mn3(CO)4q 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 i1, The decay
coefficient of Mna{CO)qq is linear in CoF4 over the range studied {up to 0.45 mol 1=1). These and
other observations indicate that the dependence of the rate of initiation on [CoF4] 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)gMnCFoCFo— end-groups, confirming that the initiating radicals have the structure
(CO)5MnCF2CF2. 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. 1t is noteworthy that in the copolymerization of CoF4 and CoHg 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 CaF4 have also been carried out in these
liquids®. Initiation in such systems has been effected by
azobisisobutyronitrile’ or perfluorobutyryl peroxide?. In
some instances’, 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*~7 have investigated the radiation-induced polymer-
ization and copolymerizations of tetrafluoroethylene in
fluorinated liquids such as CF,CICFCl, CF»Cl7 and
CHF,Cl.

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®. With sulphuric
and acetic acids, these workers used NaHSO3 + KBrOj and
TiCl3 + NH2OH, respectively, as initiators. Temperatures

in the range —40 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®.

We have already reported®® the bulk polymerization of
tetrafluoroethylene at —93°C photoinitiated by transition
metal carbonyls, notably Mna(CO);g and Re2(CO) . 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)y2] were sublimed in vacuum at
room temperature and at 80°C, respectively. Tungsten car-
bonyl and osmium carbonyl [Os3(CO) 2] 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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Figure 1 Photoinitiated polymerization of tetrafluoroethylene in

acetic acid; dependence of rate on /4! /2 |pitial concentrations (mol
1) C,F34, 2.60; Mn,{CO) g, 1.03 X 103, A = 435.8 nm, /o{max)
=3.58 X 10~ einstein 111, 26°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!®. The
polymerization was studied gravimetricaily 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'’.

Measurements of the solubilities of C2F4 and CoHy in
various solvents were made as described by Bamford and
Mullik*! to allow concentrations in the liquid phase to be
calculated. Values of the absorption coefficient 8 defined
by these authors were found to be at 25°C: tetrafluoro-
ethylene—acetic acid, 2.23 x 10~2 mmHg~1; tetrafluoro-
ethylene—benzene, 2.49 x 10~2 mmHg~!; tetrafluoroethy-
lene—ethyl acetate, 1.31 x 10~2 mmHg~!; ethylene—acetic
acid, 8.60 x 10~2 mmHg~!. 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 CoF4 given by Sherratt!3,

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 CoF4 does
not produce any change.

Figure 1 shows that at constant [CyF4] (2.60 mol 1-1)
the mean rate of polymerization w is proportional to the
square root of the incident intensity /g, as expected for an
uncomplicated free radical polymerization obeying the rela-
tion:

= kpk 12[M] #1112 ©)

in which &, &, 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 0.54,
The highly swollen condition of the polymer which is pre-
cipitated is probably responsible for this behaviour.
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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)1g + CaF4 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 11, approximately'!. We shall return to
this point later.

The rate of consumption of manganese carbonyl was
measured spectrophotometrically as previously described !
over a range of [CaF4]; 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) % is linear in [CoF4].
This type of dependence is again very different from that
encountered'” in methyl methacrylate solution, for which
k is shown as a function of [CyF4] in Figure 3 (with k on a
scale reduced by a factor 10). Clearly, for a given [CoF4],
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 [CoF4] for the overall polymerization
requires, according to equation (1), that _# « [CqF4], or,
since in all other systems studied _#=k [Mny(CO)¢], that
k should be directly proportional to [CoF4]. A long extra-
polation of the straight line in Figure 3 to [CyF4] = 2.60
mol 11 (the highest [C2F4] in Figure 2) gives k = 66.7 x
10—4s—1 (for Ip = 9.85 x 10-6

5+ log g [w (mol r'sh)
o
P

OS 1 1 1 1 1 I
20 ) 22 ) 24

3 +log, [volume fraction of C,F, in solution)

Figure 2 Photoinitiated polymerization of tetrafluoroethylene in

acetic acid; order in [C3F4]. [Mn3(CO}yp] = 1.03 X 1073 mool -t
initially. A =435.8 nm, /o = 3.58 X 107 einstein I—1s—1, 26°C

®
10 0
= T A
o
o ¢ l o
% B
* -
o 8 16 24 32 420 a8
[TFEIxIO%mol)™")

Figure 3 Dependence of decay coeificient of Mn,(CO) 1 on
[CaF4]. [an(co),gl =8.5 X 10— mol I}, initially. A =435.8
nm, /o =9.85 X 109 ginstein 1=1s—1, 26°C. A, acetic acid solu-
tion; B, methyl methacrylate solutionl! (X 10—1) Individual
values: ®, benzene solution; O, ethy! acetate solution
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Figure 4 Infra-red absorption spectra of polymers prepared in ace-
tic acid. ————, PTFE; , copolymer CaF4 + CaHy4 (no. 4,
Table 3)

einstein 1-1s~1). For the incident intensity in the experi-
ments in Figure 2, I = 3.58 x 10~7 einstein 1= 1s~!, this
becomes 2.42 x 10~4s—! (since k is normally proportional
to Ip for weak absorption'!). Thus the initial rate of con-
sumption of Mn(CO)yg for Iy = 3.58 x 107 einstein
1-15=1 [CyF4] = 2.60 mol 1=! and [Mn3(CO)10] = 1.03 x
10~3 mol 1~ ! should be, on this basis, 242 x 10~4 x 1.03 x
10-3=2.50 x 10-7 mol 1-1s—1. However, the absorbed
intensity in the experiments of Figure 2 is only 1.24 x 107
einstein 1= 1s—1. Hence this extrapolation would lead to a
quantum yield of [Mn3(CO);19] 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!!*51¢ so that we believe the linear
extrapolation is inappropriate. -We shall assume that in the
experiments of Figure 2 the limiting value of & is reached
at [C;F4] = 2.60 mol 1-1 and is equal to 0.92 x 10—4s~1,
corresponding to unit quantum yield of initiation. The
highest [C2F4] at which & can be measured directly with
the equipment available is 0.45 mol 1~ (Figure 3); here

k adjusted for the conditions of Figure 2 is 3.2 x 10~5s~1.
The behaviour of k in the range of [CaF4] between 0.45
and 2.60 mol 1~ is not known, but we may note that the
dependence on [CF4] 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 [CyF4], 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 2'7. If pri-
mary termination were significant the true order in [CaF4]
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 _#— [C;F4] relation. In the experiments in
Figure 2 the relatively low value of the incident intensity
would minimize primary termination'’. Further, conclu-
sions about the unusual nature of the _#— [CyF4] 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 I shows that with
[C2F4] = 2.60 mol 1= 1, the rate of polymerization is pro-
portional to 101/2, so that primary termination is not im-
portant under these conditions'”. In our opinion, primary
termination is not a significant process in these investiga-
tions.

These considerations illustrate the important role played
by the solvent in photoinitiating reactions between
Mny(CO);o and CyF4. 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 mol 1-1
the rate of polymerization is 6.02 x 10=4 mol 1= 1s~! while
_#, calcuiated on the basis of unit quantum yield as dis-
cussed above, is equal to 1.24 x 10=7 mol I-1s~!. Inserting
these values in equation (1) we find that at 25°C:

kpki 12 = 0.66 mol~1/211/25-1/2, (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 10,

We now briefly consider the value of kpk,‘l/2 given in
equation (2). This is greater than the corresponding value'®
for methyl methacrylate (in bulk monomer) by a factor of
11, and for acrylonitrile'® in solution by a factor of 9, ap-
proximately. On the other hand, values of kpk,‘l/2 up to
0.69 and 0.72 mol~1/211/25=1/2 have been reported!® for
methyl acrylate and ethyl acrylate, respectively. Thus the
figure for CyF4 given in equation (2) does not appear un-
reasonable, especially when it is recalled that slight occlu-
sion'* would reduce k, and so increase kyk;~1/2. Hisasue
et al.” have presented results from polymerization studies
of C2F3 in chlorofluorocarbons from which a value of
kpk,‘ll = 4.2 mol—1/211/25~1/2 3t 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 of unquanti-
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—! (spec-
trum of a copolymer of C2F4 + C2Hy 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 CoF4 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®,
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?® 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®!. 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®'?2. In this connection
it is interesting to contrast the behaviour of acetic acid with
that of cyclohexane. Polymerization of C7F4 in the latter
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Table 1 Retardation by benzene. [C;F4] =2.60 mol I—1;
[Mn,{CO) 0] = 1.03 X 10—3 mot 1=1; /s = 1.24 X 10~7 einstein
1—1s—1; A = 435.8 nm

[benzene] X 104 w X 10%
(mol 1-1) (mol 1—1s—1)
0.00 6.12
0.14 482
1.36 412
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

CF,CF,Mn(CO,

)]

is virtually impossible on account of extensive chain-transfer
and retardation. As will be reported subsequently?’, the

compounds (CO)sMnCF,CFH and (I) are major reaction pro-

ducts and clearly have their origin in hydrogen abstraction
from cyclohexane by the primary radicals (CO)sMnCF2CF3.

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—4 mol 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)sMnCF,CF; radicals involving both addition and H-
abstraction?®. 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
the behaviour of perfluoroalkyl radicals2%24%5,

A simple kinetic scheme consistent with the data on re-
tardation of benzene is given below.

hv
Mny(CO)1g + C2F4 ——— Mn(CO)5.CF2CF2 4.

. (Ro)
Ryt CoFg —— Ro—CF2CF3

(Ry)

k R
R, + CoF4 P Ryt 3)
kz
R,+B——>B
B + R, ———> polymer

. Kkt
R, + Ry ——> Py
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The structure (CO)sMnCF,CFj is assigned to the primary
radicals (Rg) on the basis of earlier work'?~ %15, These
radicals appear as terminal groups in the polymer and show
characteristic infrared absorption near 2000 cm~! 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:

e E L Ty
w? kp[CoF4]lf w  RR[CyF4]2S

4)

Figure 5 is a plot of 10~7/w? 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 find that

2k,
kp[C2F4]

Inserting the values [CoF4] =2.60 mol1-! and #=1.24 x
10-7 mol 1-1s—1 we estimate that at 25°C:

=9.09 x 106 mol-212s

k
— =146 5
- | ©®

D

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 (Bzo02) when em-
ployed as photoinitiator. Results are presented in Figure 6.
Although a linear relation between w and [Bz70] 172 s

O

(Bl/wls}

Figure 5 Retardation of photoinitiated polymerization of C,F4
in acetic acid by benzene (B). Plot of results in Table 1 according
to equation (4). Initial concentrations {(mol 1—1): C43F4, 2.60;
Mn3(CO) g, 1.03 X 103, A =435.8 nm. /3hg = 1.24 X 107 ein-
stein I—1s—1, 26°C
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Figure 6 Polymerization of tetrafluoroethylene in acetic acid with

benzoy| peroxide as photoinitiator. [C,F4] = 2.60 mol =1 initially.

Full light of mercury arc!0, 25°C

Table 2 Photoinitiated polymerization of tetrafluoroethylene in
acetic acid at 26°C. A =365 nm; /g =2.01 X 106 einstein I~ 1s—1;
[C2F4) =2.06 mol 1!

Concentra- Time of

tion X 103 [CCl4] irradiation w X 105
Carbonyl (mol 1=1}  {moli=1)  (min) {mol I—1s—1)
Mo(CO)g 151 0 30 0.26
Mo(CO)¢ 1.51 0.01 30 1.64
Mo(CO)g 151 0.1 30 142
W(COlg¢ 2.83 0 30 0.13
W(CO)¢ 2.83 0.1 30 9.9
Rez(CO) o 0.51 0 15 144.5
0s3(CO);; 1.1 0 10 98.5
Ru3(CO)y, 0.63 0 30 1.25
Ru3(CO)j; 063 0.1 30 10.0

Table 3 Copolymerization in acetic acid at 25°C. Acetic acid,
1 ml; [Mn,{CO) 1ol = 1.03 X 10—3 mol I71; /= 4.24 X 107
ginstein 1—1s~1; A = 435.8 nm; time of irradiation 60 min

Total weights of initial monomers (g)

Weight of
No. C,F4 CaHg4 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

obtained, the line does not pass through the origin. An in-
creasing extent of retardation as [Bzy03] increases would
explain this observation.

Earlier work on solution polymerization

We now discuss briefly the work of Tabata and collea-
gues*~ 7 to which reference has already been made. For the
bulk polymerization Tabata et al.* mention a ‘remarkable
post polymerization. . . 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

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® 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'?,
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’ Tabata ef 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’®, 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 CClg, under which
conditions CCl3 is the initiating species?®. In group VII both
Rey(CO)p and Mno(CO)yq are very active and, of the group
VIII carbonyls, Os3(C0O)y, is much more effective than
Ru3(CO)y2. The efficiency of the latter increases markedly
in the presence of CCly4.

Copolymerization of 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.
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Synthesis and thermal characterization of

hafnium polythioethers

Charles E. Carraher, Jr.

University of South Dakota, Department of Chemistry, Vermillion, South Dakota, 57069, USA

(Received 15 September 1975)

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 (?p
l

Cl—i-llf—Cl + HS—R—-SH —> —(-l-llf—S-—R——S)-
Cp Cp

Several products exhibit reasonably good weight retention (70% at 1000°C) but ali 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'?. Recently we
reported the synthesis of titanium polythioethers of form I
where M = Ti®>*. Here we report the initial synthesis of the
corresponding hafnium polythioethers where M = Hf and

on preliminary thermal characterization of the products.

Cp
|

CpaMCl; + HS—R—SH —> (_1\|4_S—R—sy
Cp (D

The synthetic routes chosen are the interfacial and
aqueous solution techniques (i.e. low temperature conden-
sation procedures) since the hafnium containing moiety,
Cp2HfCl,, 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., Darlen, Conn.; all other dithiols were obtained
from Aldrich Chemical Co., Milwaukee, Wis. and used with-
out further purification.

Polymerization apparatus® and procedures®” are ana-
logous to those reported in detail elsewhere. Briefly, poly-
merizations were conducted utilizing a 1 gt (1.137 dm3)
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 CpaHfCl; 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~! 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~! region, characteristic of the carbony! 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~! 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—!, 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. Asin the case of the
analogous titanjum polythioethers and many other similar
organometallic polymers, solution was not effected in any
solvent. Solvents tried included water, carbon tetrachloride,
chloroform, DMF, DMSO, a-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 1/min. Samples were ground to
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Table 1 Yield as a function of dithiol
Yield (%)

(aqueous
Dithiol (interfacial) solution}
Dimercaptopropionate 78 35
Dimercaptoacetate 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 CpaHfCl; (0.50 mmol) in
15 ml chioroform at 27°C for 1 min stirring time. Aqueous Solu-
tion Systems: as above except CpyHfCl; is contained in 15 mi of
water instead of chloroform

fine 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-
ples. D.s.c. measurements were made using samples con-
tained in open aluminjum 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
10 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 CpHfClj as the hafnium containing
moiety are:

(1) CpyHfCl, is used as a catalyst or cocatalyst in certain
commercial processes. Additionally, inclusion of the CppHf
moiety generally imparts better u.v. stability to materials.
Such properties might be imparted to polymers containing
the CpoHf unit.

(2) CpHfCl; has been successfully condensed in ana-
logous systems to form polyesters and polyethers.

(3) 1t is the only commercially available hafnium com-
pound of the form RyHfXj.

(4) It is stable in air, soluble in a number of organic sol-
vents and hydrolyses in water to give CpHf2*, which is ac-
tive in condensations with Lewis bases®.

Condensation is general occurring in good to moderate

yield for both the aqueous and interfacial systems (Table I).

Reaction, while rapid, reaching a plateau in yield ~1 min,
is stower than for many similar condensations where reac-
tion is complete within ~10 sec®.

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
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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 HfOy. Table 2 shows
values of “%—HfO,’ which is the % weight retention ex-
pected if only hafnium dioxide were left. The difference
between the theoretical HfO % 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% HfO; 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

2 40
g40r TS
-
2 L
&

80+

O 300 600 900
Temperature {°C)

Figure 1 T.g.a. thermograms for products of CpaHfCl, with 1,2-

ethanedithiol (®), 1,3-propanedithiol (), 1,6-hexanedithiol (+),
1,8-octanedithiol , dimercaptopropionate (2}, 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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Figure 2 T.g.a. thermograms in nitrogen as described in Figure 1
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AT Exothermic —=

—-—— Endothermic

o 300
Temperature (°C)

Figure 3 D.s.c. thermograms for products defined in Figure 7 in
air-lower portion of plot and nitrogen-upper portion of plot at a gas
flow rate of 3 I/min, heating rate of 30°C/min and a Y axis setting
of 0.1°C/in (0.0040 mV/in) (except for sample * in air where the Y
axis setting was 0.5°C/in) where the straight solid line represents
AT =0

Table 3 Summary of thermal values

Table 2 Yield as a function of stirring time

Yield (%)
Stirring time (aqueous
(sec) {interfacial) solution)
5 55 6
15 67 20
60 78 53
300 78 53

Reaction conditions are the same as Table 7 employing dimercap-
toacetate at different stirring 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—Cl,
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~! 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

AH({cal/g)a
atmosphere
Static (open) Dynamic (closed)
Dithiol Air Na system system
1,2-Ethanedithiol —0.018; 0.080 -0.080 260—270°C colour change 250°—260°C colour
to buff brown change to buff
brown
1,3-Propanedithiol —0.031; 0.110 —0.096 230°C and upwards, progres- 220° —250°C colour
sive change to red-brown change to brown
1,6-Hexanedithiol —0.002; 0.089 —0.064 260° —270°C colour change 250°—260°C colour
to dark brown change to brown
1,8-Octanedithiol —0.038; 0.57 —0.20 270°C and upwards, colour Melts ~200°C,
change to light brown colour change to
brown ~250°C
Dimercaptoacetate —0.056; 0.095 —0.10 250° —-270°C colour change Colour change to

Dimercaptopropionate

to buff brown
230°C begins progressive
change to red-brown

brown begins 250°C
220° —250° C change
to brown

a8 Convention utilized: exothermic values are reported as positive values, endothermic values as negative values
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Hf—Cl unit is unsure, probably occurring about the 400 to
200 cm~! 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 Cp,HfCl, hydro-
xylation.
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New slit die rheometer: some results with
a butadiene—styrene block copolymer*

Jean L. Leblanc

Chimie Industrielle Minérale, Faculté des Sciences Appliquées, Université de Liége, B-4000 Liége,

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/cm2, 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 rheological 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, Han and coworkers*®” constructed a slit type
instrument with flush mounting of pressure transducers
on the die wall. They demonstrated further>="%, 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'?,
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'?*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.

theometry 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 siot 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-Y;, Y3 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 1°C
of the desired temperature.
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B

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

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.
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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 alt 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=ax2+bx +P

%

O

A
7

9.

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

Table 1 Characteristics of the Solprene 415 sample14

butadiene (BD)/styrene ratio 60/40
styrene wt % (experimental) 40.5
butadienic microstructures (i.r.)
cis-1,4 (%/BD phase) 32
trans-1,4 (%/BD phase) 49
vinyl(1,2) {%/BD phase) 11
total unsaturation (ICl method) (%) 95
specific gravity (g/cm’) 0.957
[n] (di/g) (toluene; 25°C) 0.97
[n) (difg) (THF; 25°C) 0.98
My (by g.p.c.) 153 000
M, (by g.p.c.) 123 000
M/, 1.24
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Figure 4 Axial pressure profiles in slit die for Solprene 415 at
175°Q. Slit die: L,85 mm; b, 10 mm; d, 0.5 mm. Values for v
(sec—1): A, 6.58; B, 3.30; C, 2.38; D, 1.546; E, 0.995; F, 0.598;
G, 0.299

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 — Py)/
(x — x1) versus (x — x1), where x is taken equal to 10
(pressure transducer’s position I) and Py is the corresponding
pressure. Straight lines are so obtained from which the
slope gives ¢, and the zero intercept gives (2ax + b) and
thus . The third coefficient which corresponds to the

‘exit pressure’ Py 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 I11, 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 Py 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 slit 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 it
depth decreases. These observations agreed very well with
the results of Han and Charles for capillary flow of molten
polymers'® 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 by Han, Charles and Philippoff in
their first publication"(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!’ 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 (Pyp) 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-

. l ]
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Figure 5 Axial pressure profiles in slit die tor Solprene 415 at .
175°C. Slit die: L, 85 mm; b, 10 mm; d, 0.75 mm. Values for y
(sec—l): A,39:B,11.5;C, 3.84;D,233; £, 1.28; F,0.613
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F/gure 6 Axial pressure profiles in slit die for Solprene 415 at

175°C. Slit die: L, 85 mm; b, 10 mm; d, 1 mm. Values for v (sec™1):

A1058434C216D781 E,3.26; F, 1.63; 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 coworkers*~*;
who observed strict linearity in pressure profiles for stot 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 7, in a slit die may be given, in a
classical manner, by:

_ bd [op
T rd) \ox )

where dP/dx is the pressure gradient along the axis, b the
slit width and d the slit thickness'S. This equation gives a
mean corrected wall shear stress, mcludmg the edge correc-
tion, and if the pressure gradient is determined by pressure
measurements inside the die, no Bagley correction (extrapo-
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lation to zero pressure of plots of pressure versus L/d ratio
at given shear rate) is necessary. When the slit becomes very
thin, the wall shear stress is obviously given by.

4 (ap) )
7'w—2~ B—); @

This simplified equation has been used by Han?® for slit dies
of b/d ratios equal to 10 and 20.

Since, in our experiments, pressure profiles 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 Py and Py
to straight lines and obtain the pressure gradient by:

oP Pm b

3)
ax 64 (
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 of x. In this manner we compute the
pressure, gradient taking x = 42 (the transducer’s position

300r '\

200¢

Pressure (kg/cm?)

100r

o 0

90 74 42
Longitudinal distance (mm)
Figure 7 Axial pressure profiles in slit die for Solprene 415 at
175° C Slit die: L,85 mm; b,10 mm; d, 1.5 mm. Values for y
(sec™ ) A,6155; 8965C577 D, 31.5; E, 13.2; F, 5.03; G, 1.42
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Table 2 Pressure profiles for Solprene 415 at 175°C. Slit die: L = 85 mm; b = 10 mm; d = 0.50 mm; Parabolic pressure profiles: P = ax” +

bx + Pg
Pr P11 PII

Applied (kg/cm2) (kg/cmz) (kg/t:mz)
pressurg a . b 3 Po 2
{kg/em®) x =10 x =42 x =74 (kg/em™) {kg/em”) {kg/em®)
137 15 61 110 0.00146 1.36133 1.240
173 19 77 139 0.00195 1.71094 1.695
209 23 93 168 0.00244 2.06055 2.150
245 27 109 197 0.00293 241016 2.605
281 32 125 226 0.00391 2.70313 4578
317 37 141 255 0.00488 2.99606 6.551
353 42 157 284 0.00586 3.28906 8523
Table 3 Pressure gradients for Solprene 415 at 175°C. Slitdie: L =85 mm; b =10mm;d = 1.6 mm

. P Pri1 —Pi1 P
Twa_, PL o, P, P, —= —=2ax+b
(sec™ ) (kg/cm®) (kg/em*) (kg/cm”) ax 64 ox  (x=42)

0.679 9 36 71 0.9687% 0.96907

24 12 49 95 1.29688 1.29649

6.3 15 62 119 1.62500 1.62476
15.0 18 75 143 1.95313 1.85303
275 21 88 167 2.28125 2.28130
46 24 101 M 2.60938 2.60957
74 27 114 215 2.93750 293784
Table 4 Wall shear stresses for Solprene 415 at 175°C

L=8mm;b=10mm;d=15mm L=85mm;b=10mm;d=05mm
P Twe Tw P Twe Tw

'Ywa_l — (kg/em?) (kg/cmz) 'iwa_l — {kg/cm?) {kg/cm?)
{sec” ") ax [equation 1] [equation 2] {sec™ ) ax [equation 11 [equation 2]

0.679 0.96907 0.6320 0.7268 0.173 1.48397 0.3533 0.3710

24 1.29649 0.8455 0.9724 0.346 187474 0.4464 0.4687

6.3 1.62476 1.0596 1.2186 0572 2.26551 0.5394 0.5664

15.0 1.95303 1.2737 1.4648 0.893 2.65628 0.6324 0.6641

275 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 08110 0.8515

74 293784 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 Ty,
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 ¥,,, has been calcu-
lated using:

60
.0 6
Y wa bd? ©)

where Q is the volumetric flow rate (mm3/sec) and b the

slit width. Plots of logry,c versus log ¥,,, 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 7y, is given by:

.. 2 1 3logYwa
Tw ™Y wa 3 3 ologmye
2n+1Y)
= 3 Y wa ™
n

where n = 3 log 7,,./0 108 ¥ wq-

We have then constructed a flow curve by plotting 7,
versus v, 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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Figure 8 Flow curve of Solprene 415 at 175°C. ®, 0.50; &, 0.75;
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Figure @ Melt viscosity versus shear rate for Solprene 415 at 175°C._

®,0.50; 4, 0.75; O, 1.00; v, 1.50 mm
range of shear rates, we compute by linear regression the
power function:

r=k.-y"

which may be adjusted to the set of experimental points
[(y;,7),i=1,2,...p]. The power law index 7 is given by:

Z(ny)In7) - (T Iny(Z In7)]/p
T(ny)?2 — [ (ny)?)/p

and k is given by’

(Zln'ri

Zlny;
k=exp 71)

D
We thus obtain a power law:

7=0.5751 702314

which is plotted in Figure 8 (broken line). It seems that
the behaviour of Solprene 415 is not strictly described by
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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
sec—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 (7} that has been acquired by the PET fibres during the
thermal processing. !n practice, several thermal treatments are often involved 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'™*. Mutiple melt-
ing peaks during d.t.a. scanning have been reported® 2 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®~". An increase in time of
treatment during annealing at a constant temperature cau-
ses an increase in the low temperature d.t.a. endotherm®.

Roberts® 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® and Holdsworth and Turner Jones® 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/min® 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 taking place
during d.t.a. scanning according to the heating rate®”.
These studies were mainly carried out on bulky polymer
annealed for a fairly long time (from ~5 min to several
hours).

* Part XVII of a series on the heat setting of PET14

Wiesener® 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 min.

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 beavy 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 min 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 yarns 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®.
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The change on d.t.a. traces due to heating rate can be ex-
plained by the theory of Zachmann and Stuart'®, 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 recrystallization. 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'’.

Heat setting temperature

D.t.a. traces of a PET yarn 10tex/36 filaments 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 =0.2K/in. They show a distinct gartial melting peak
prior to the main melting peak at 256 C. 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
Tefy.

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 2 D.t.a. traces of PET fibres heat set for 20 sec at the
various temperatures (°C): A, 110; B, 150; C, 190; D, 230
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Figure 4 Effective temperature of PET fibres as a function of
dwell time of heat setting at 180°C and zero tension. Standard
type (X); chemical modification S-type (O); physical modification
S-type (&)

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'? 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 Tefr of the succeeding process exceeds the Tegr
of the first process. Only PET yarns which have adopted a
Tefrin the first thermal process sufficiently above Tegr 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 +1°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 +1°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 (Tesr) 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 Tegr. A change in dwell time
causes a parallel shift on the ordinate indicating that a de-
crease in dwell time decreases Tefr. 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 {0); B, heat setting 0.2 sec in hot
air {O); C, high temperature dyeing at 130°C, 90 min( - - — - -)
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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
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length (t.m.a.)? or thermal shrinkage force'? to characterizé
the state of structural order.

Application of d.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 210°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 yarn adopted a Tegr which is
comparable with that of the high temperature dyeing. On
the other hand the deeper dyed yarn adopted a Tefr 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. Asa 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 8 D.t.a. traces of false twisted dyed PET yarn. A, light
shade; B, deep shade
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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, midd!e 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 latter were frac-
tions of a second, as in a false twisting process. The posi-
tion of the partial melting peak on the d.t.a. temperature
scale determines the effective temperature (Teg) of the PET
fibre. This effective temperature corresponds to a struc-
tural feature which is generated by a thermal treatment 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. shouid 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
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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 M,, of 3, 55 x 106 and a M,, 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.
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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!. For capillary recoil, we used an instrument of
our own design?, 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

[ Y
b [\

To viscometer

To viscometer

Figure 1 Recoil attachment, schematically. Three way cock: (a)
position 1; (b) position 2
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Figure 2 Shear modulus G calculated from recoil for polyisobuty-
lene/toluene. , recoil measurements in the rotational visco-
meter Rotovisco. (a) ¢ = 0.03 g/ml, tga = 0.22; (b) ¢ = 0.04 g/ml,
tga = 0.12; {c) ¢ = 0.05 g/m, tga = 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*. The shear rate D and shear stress 7 were calculated
from:

40 Rp
7R3 21

where: R, radius of capillary; /, length of capillary; Q, flow
volume per second; p, driving pressure.

No Weissenberg correction was applied. The recoil length
Al was used first to calculate the recoil volume ¥V = R2 x 7 x
Al, and this figure was used to derive the recoverable shear
S according to Philippoff:

_4xAV
7R3

From S, a shear modulus G was obtained according to:

R2p

8IA

G=

L«

The resolution of our recoil measurements was 10~2 mm.
Smaller recoil effects could not be detected in our apparatus.
The ratio 7/D is called apparent viscosity and designated by

I

n.

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 DY, 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 f1(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 1 Polyisobutylene B 200/Toluene

clg/ml) 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 due to network destruction by hydrodynamic
forces, which will reduce the number of network points.
Thus we may write:

G value of G when D =0

(modulus at rest)

G =Go x fi(D) x fo(D)

If we now use the following notations:

G =k x D", experimental function;

f1(D) = A x DY, stiffening factor;

f2(D) =B x DV, network destruction factor;
we must have:

wW=utvorv=w-—u
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If we assume u = 2 (taken from the dynamic theory of
Rouse), we arrive at the following results (see Table I).

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—¥, whereby v is
close to 2. In any event it can be stated, that the increas-
ing function fj(D) predominates in this range, over the de-
creasing function f3(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 Figure 2. This is
considerably lower than the G values obtained in an elas-
toviscometer® (104 to 105 dyn/cm?). 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-1,4-
butadiene)
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The effect of pressure on the melting, solid—solid transition, and crystallization of poly(trans-1,4-
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? and 22°C per 1000 kg/cmz, respectively. These values
were in fairly close agreement with those calculated from the Ciausius—Clapeyron equation. Mor-
phologica! 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 lametllae.

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'. PTBD under-
goes the first-order solid—solid transition, from one crystal-
line modification (form I) to another form (form II)?; par-
tlcularly 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 molecuiar axes?®. In connec-
tion with these basic features, a variety of mteresting find-
ings have been reported on the morphology ¢, mechanical
propertles and calorimetric propertles 7

The morphology of PTBD single crystals has been stud-
ied by several authors by electron microscopy*”, n.m.r.54
and calorimetric measurements®. 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®, 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.

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,

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 yields M, = 2.8 x 104 °.

The infra-red (i.r.) spectrum of this polymer gave >95%
trans content.

High pressure pipe

T
& 4 & High pressure chamber
\ Z/Reference
T 7 Sample
4 Plug
Y \-v % R
7
1+ N\
Sheathed thermocouple
Figure 1 High pressure d.t.a. cel!
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Differential thermal analysis (d.t.a.) under elevated pressure

Figure 1 shows the d.t.a. cell, which was designed in a
similar manner to that developed by Takemura et al.'®. 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 other was closed 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 1°—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? were used. Measurements in the cooling

process were performed with a cooling rate of 1°—3°C/min.

Preparation of pressure crystallized samples

A sheet of the polymer was wrapped in Teflon 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 £1°C. After gradual cooling
to room temperature, the pressure was removed and the
sample was taken out.
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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, using 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 CuKa 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 (sample D). The density of this sample at
25°C was 1.017 g/cm3. 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/cm3 ! and that of the amorphous
region as 0.926 g/cm3 '2. Dilatometry was performed with
a heating rate of 1°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.

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 1 lists the values of these thermodynamic quan-
tities without and with making crystallinity corrections.

Suehiro et al.'?, 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 AV, in
close agreement with 8.05 x 10-2 cm3/g in Table 1.

Table 1 Thermodynamic quantities of transition and melting at
normal pressure for PTBD

Transition

Ty AVy , AHy — ASy

(°c) X 107 “{em™/g) {cal/gd X 10 “(cal/K g}
obs.@ 78.0 6.79 26.4 7.52
corr.b 78.0 8.05 31.4 8.75

Melting

Tm AVp , AHpm  ASp_,

°c) X 10" “(em°/g) {callgd X 10™ “(cal/K g)
obs.2 136.0 6.14 14.3 3.50
corr.b 1360 7.29 171 4.18

a8  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 azt various pressures: A, 1; B, 1000;
C, 2000; D, 2500; E, 3000 Kg/cm

Stellman and Woodward®, obtained values of AHy;, AHyy,,
ASy; and ASy, 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 dT,/dP and thrédP, are 38°C per 1000 kg/
em? and 22°C per 1000 kg/cm?, respectively, at normal
pressure and they tend to decrease with increasing pressure.
A value of 22°C per 1000 kg/cm? for dT/dP is larger than
17.5°C per 1000 kg/cm?, reported by Takemura et al.®,

The Clausius—Clapeyron, equation (1), for melting (k =
m) or solid—solid transition (k = tr) enables us to calculate
the values of dT,,/dP and dTy/dP using the data on volume
and entropy changes:

Ty, AVk

P AS, (1)

The value of d7;,/dP for PTBD at normal pressure, was
calculated as 41.1°C per 1000 kg/cm? using the data on
AV, and AS,, in Table 1. This value is fairly close to 38°C
per 1000 kg/cm? experimentally obtained. The calculated
value of dTy/dP at normal pressure was 21.1°C per 1000
kg/cm?, in fair agreement with 22°C per 1000 kg/cm2
directly measured.

The experimental value of dT,,/dP for PTBD is about
1.7 times larger than that of dTy/dP. Referring to the data
of Table 1, the large difference between the values of dT},/
dP and dT/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
dTy,/dP for PTBD is also fairly large in comparison with
that for the extended chain crystals of polyethylene (26°C
per 1000 kg/cm?2), according to one of the authors'®. The
values of AS,, and AV, per mole of bond, for PTBD are

taken as 0.564 cal/K and 0.986 cm?, respectively, accord-
ing to Table 1, and those for polyethylene are taken as
232 cal/K and 2.56 cm3, respectively'. Hence, the value
of AV, per bond for polyethylene is about 2.6 times as
large as that for PTBD, whereas the values of AS,, 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 dT,/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'® are taken into account.

Lamellar structure.of PTBD crystallized at normal and high
pressures

Table 2 lists the density at 25°C, degree of crystallinity,
and the melting and transition temperatures under normal
pressure of PTBD samples crystallized for 3 h at various
temperatures (7,) and at various pressures (P,); the melting
temperature at 3000 kg/cm? was estimated as 210°C from
the extrapolation of Ty,,—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-

200

O
e 150
d
2
g
&
a
£
o
[heg
I0OF

50 1 Il ul
O i 2 3

Pressure (10%kg/cm?)

Figure 4 Plots of melting (O, upper); transition (O, lower); re-
crystallization {®, upper); and retransition (®, 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

pressurg, Pe

(kg/cm®}

Crystallization 65 125 170 200

temperature,

7. (°C)

Crystallization 3 ] 3 3 3

time, (h)

Degree of 73 13 30 10

supercooling,

Tm~T¢ (°C)

Density at 25°C 1.015 1.017 1.018 1.023

at 1 atm (g/cm3)

Degree of crys- 82,6 84.3 85.1 89.3

tallinity (%)

;I;t, )at 1 atm 75.0 78.0 76.8 76.6
c

(T;m )at 1 atm 1355 136.0 135.5 134.5
(o

L.amellar thick-

ness (A)

EMa 400-500 500—-850 400-500 400600

SAXSb 410-460 660—800 430-500 460—620

(ib. average) (435) (730) (465) (540)

a8 Determined from electron micrograph
Determined from SAXS pattern

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
250 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, Ty, and Ty, 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?
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,
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is too small compared with the 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? (Figure 6) and that of sample D
crystallized at 125°C under normal pressure (Figure 7). On
the other hand, the lamellar 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

j./. -,l"';" ? '2 .‘.:
Figure 5 Electron inicrograph of a fracture surface of PTBD crystal-
lized at 3000 kg/cm” and at 200°C (sample G). Scale bar represents
1um

: : S i TR R
Figure 6 Electron mié:rograph of a tracture surface of PTBD crys-
tallized at 2000 kg/cm® and at 170°C (sample F). Scale bar repre-
sents 1 um
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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 um

11 & LI A A S ETTA
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 um

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 400—800 A thick. Such a distinct lameliar 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'®. The PTBD lamellae observed above, on the con-
trary, can be regarded as being composed of folded chains,

since the fully extended chain length of the PTBD with
M, =28 x 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 lamellae, 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.
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Microstructure of poly(2-vinylpyridine): correlation
between *C and ' n.m.r. determinations

M. Brigodiot, H. Cheradame, M. Fontanille* and J. P. Vairont
Ecole Francaise de Papeterie, 44 Avenue Felix Viallet, 3800 Grenoble, France

{Received 10 October 1975)

First atterapts 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!?.

Further examinations at 100 MHz of isotactic P2VP
samples>* have shown that the low field peak corresponds
to the isotactic H, 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 7, and assigned respectively to Hc and Hy, Hp.
A theoretical spectrum was calculated using a single coup-
ling constant between the « and 8 protons (Joc =Jpc =
Jac =JBc =7 Hz) and was in fair agreement with the two
observed multiplets. Isotactic o, trans-g-dz-poly(2-vinyl-
pyridine) was also prepared and the H, quintet disappeared
from the spectrum, supporting thus the above assignment*.

13C—{1H} resonance spectra of atactic and isotactic
P2VP were recently published®®. One of these studies® was
devoted to relaxation times and side group motions and
does not report on tacticity measurements. The other
study® showed that the quaternary carbon Cy of the pyridyl
ring was the most stereosensitive. The C3 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 13C n.m.r. for tacticity deter-
minations of different P2VP samples and some discrepan-
cies appeared between preceding assignments and our re-
sults. It was thus interesting to correlate the 1H and 15C
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 !H 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 Macromolécules de I’Univer-
sitd Paris-Nord, Place du 8 Mai 1945, 93206 Saint-Denis Cedex,
France. :

1 Laboratoire de Chimie Macromoléculaire associé au CNRS,
Université Pierre et Marie Curie—4, Place Jessieu. 75230 Paris Cedex
0§, France.
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tion in benzene solution with CgHs 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 P2ZVP samples (D) and (E) were pre-
pared by radical polymerization at 60°C using AIBN as
initiator, either in butk (D) or in 30% (v/v) methanol solu-
tion (E).

N.m.r. analysis

P.m.r. spectra were run at 250 MHz in CDCl3 or CD30D
solutions (10% w/v) at room temperature using a Cameca
250 MHz spectrometer. The !3C—{1H} spectra were
observed at 25.15 MHz at room temperature in CD30D
solution (observation of aromatic carbons) and CDCl3
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 !H 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 fine structure at all was observed
for the atactic samples as the resonance of (mr + rr) methine
protons H¢ overlap with (r + m) methylenic protons Hu

and Hg. But, for all samples, the isotactic (mm) a-proton
H, triad is fairly well separated from the broad pattern due
to CHj (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] =
3ay/(ay + ap), 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 C5 in methanol solution
and for the chain carbons in CDCI5 solution, as was pre-
viously reported by Lukovkin et al.®.

The C; 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 Cy 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



Notes to the Editor

a E o a
E E & E gete _ gE
IS [up—yw o [
E E £
RN iRl
75 80 85
b . s
-20
b
| -20
7.5 80 85 c c
I
1 | 1
-20
d
75 80 85
T {ppm)}
Figure 1 Chain protons 2560 MHz spectra of (a) isotactic {sampie
A); (b} atactic (sample B) and (c) atactic {sample E) poly(2-vinyl-
pyridines) (CD30D 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 CHj chain carbons , .
=20

appear as two single and well separated resonance lines, A

whereas in atactic samples the corresponding peaks split 765 T64
into two multiplets (Figure 3). The CH patterns exhibit the . . ™S (ppm) .

expected triad effect, but the syndiotactic triad resonance MeOH (ppm) -ha
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- .
Figure 2 '3C— {1H} spectra of C, pyridy! ring carbon observed

m_emt-, It CE“ ?;’{seeg n g able 1 that the tagtlc“y dztetr' . at 25.15 MHz in CD30D/CH30D solution at 25°C (TMS and
minations by an n.m.r. aré in gooa agreement, sup methanol as internal standards). (a), sample D; {b), sample E; (c)
porting thus the above assignments. samples B (——} and C {—— ——); (d), sample A

POLYMER, 1976, Vol 17, March 255



Notes to the Editor

Table 1 Comparison between the 1H (chain protons) and 13C (ring carbon C2) n.m.r. determinations of P2VP tacticity
14+ 13c— {14} t 4is

Polymerization e
Samples conditions i h+s i h s h?
A $MgBr/CeH¢ 0.89 0.11 0.89 ~0.06 ~0.05 -
B Nat/THF/-78°C 0.43 0.57 0.47 0.38 0.15 1.95
Cc K+/THF/-78°C 0.50 0.50 0.50 0.36 0.14 2.16

(0.49) (0.51)

D AIBN/bulk/60°C 0.27 0.73 0.28 0.49 0.23 1.07
E AIBN/MeOH/60°C 0.25 0.75 0.28 0.48 0.24 1.17

Accuracy +0.02

Accuracy $0.03. Values in brackets are referred to determination on methine chain carbon

i 1 1 1 1 1 L
-45 -40
ppm from internal TMS

CH,

<CH

’

Figure 3 13C— {1H} spectra of chain carbons of (a) atactic (sam-
ple C) and (b) isotactic (sample A) poly(2-vinylpyridines), obser-
ved at 25.15 MHz in CDCl3 solution at 256°C

For radical polymerizations (in bulk or even in solution)
propagation mechanisms appear to be controlled by a Ber-
noulli trial process (4is/h2 ~ 1) whereas for anionic poly-
merization they deviate noticeably from Bernoullian 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 13C chemical shifts (see Figures 2 and 3)
agree closely with those reported by Chachaty et al.® but
they are somewhat different (~1 ppm) from those given by
Lukovkin et al.®. The major discrepancy with the results
of these last authors concerns the assignment of the C;
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triad pattern. 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 (P,, = 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, P, = 0.53). Asin
the spectrum published by Lukovkin the isotactic peak
appears as a very weak shoulder, the assigned 4 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 # as
between the peaks Lukovkin assigned 4 and s, whereas we
observed a 6 Hz difference between the peaks we assigned
hand s. This observation supports the above explanation.
In conclusion a good correlation is observed between
the 1H and 13C n.m.r. determinations of poly(2-vinylpyri-
dine) microstructure. The 25.15 MHz 13C 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 13C 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 anjonic 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® 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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a (-)poly(L-alanine)

M. D’Alagni

Centro di Studio per la Chimica dei Recettori del CNR, c/o Universita Cattolica, via Pineta Sacchetti 644, 00168

Roma, Italy

E. Giglio®

Istituto di Chimica-fisica, Universitd 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’, 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?~* and by a wide variety of synthetic polymers®~".
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 AHO 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-aspartic acid)® and
poly(L-leucyl-L-leucyl-L-lysine)®. 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 miay 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 CHj is considered as one atom. Intramolecular'®~'* as
well as intermolecular>'® 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~?° 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
witha =8.55 A, ¢ =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®®. The unit height
and twist are 2 = 1.495 A and r = 99.57 degrees respectively,

* To whom enquiries should be addressed.

Table 1
given in parentheses

and the helix is defined by the torsion angles ¢ = —57.4°,
¥ = —47.5° and w = —179.8° in agreement with the con-
vention of Klyne and Prelog?!, 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®?, given in Table I together
with those of Arnott and Dover? in parentheses for com-
parison. The a-helix parameters are: # = 1.5 &;¢=100°;
¢=-5145° ¢ = —52.74°; w = 180°. The coefficients of
the potentials employed in the generalized form:

V(r) = aexp (—br)/rd — cr—

were previously reported”. 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 y; — V5.
The van der Waals energy was computed by considering

Figure 1

Scheme of the system considered in the calculations.
Cg represents the methyl group

Atomic cylindrical coordinates and geometry of a monomer of PA following Parry and Suzuki. The values of Arnott and Dover are

Atom r(A) ¢ (degrees) z(A) Bond lengths (A) Bond angles {degrees)
N 1.550 (1.548) —28.69 (-27.35) —0.873 (—0.906) NCq 1.47 (1.47) CaC'O 121.1 (121.0)
H 1.586 (1.5639) -—-20.63 (—18.57) -1.847 (-1.878) CaC' 1.63 (1.53) CaC'N 114.0 {115.4)
Cuo 2.280 (2.288) 0 (0o ) 0 ( 0 ) C'N 1.32 (1.32) NC'O 125.0 (123.6)
Hy 3.069 (3.013) —13.17 (-13.54) 0.467 { 0.485) c'o 1.24 (1.24) C'NCQ 123.0 (120.9)
Cp 3.218 (3.294) 1865 ( 17.63) —0.830 (—0.808) NH 1.00 (1.00) C'NH 123.0 (123.0)
C 1.645 (1.664) 2588 ( 27.16) 1.089 ( 1.054) CaC5 1.63 (1.54) CoNH 114.0 (116.1)
(o] 1.858 (1.906) 18.15 ( 21.24 2.288 ( 2.256) CoHa 1.10 (1.07) NCaC' 109.5 (109.7)
NCoCg 109.4 (109.5)
C'CqHy 1095 (109.4)
CgCaHa 1095 (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; £, potential energy value of the

minimum; D, angle between the a-helical axes of A and C

N V1 (degrees) V5 (degrees) ¥ 3 (degrees) V4 (degrees) V5 (degrees) Elkcal) 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 — /5 and by assuming a cut off dis-
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 ¢/ — s and by introducing for the
C'—N bond the following torsional potential: V(3) =
(1 — cos 2y 3) Vo(¥3)/2, putting Vo(¥3) = 20 kcal. The
programme used adopts a modified version of the parallel
tangents technique®*, satisfactorily applied to the ethylene—
butadiene copolymer?*. Starting models were selected on
the basis of close-packing criteria, in order to obtain a suit-
able folding with the lowest number of . We succeeded
with one of these models and the results are shown in Table
2, where & is the number of monomers of A and C, F'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®®, except that those involving the methyl
group were derived according to Allegra et al.?’, 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 @ of PA. Moreover, the Cgof 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 I)
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 Y1 and Y values of the minimum are characteristic of

258 POLYMER, 1976, Vol 17, March

Figure 2 One of the possible growing mechanism of the PA cry-
stal. O, ‘up’ chain; O, ‘down’ chain

a distorted left-handed a-helix, while Y4 and Y5 (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 C,
of the first monomer of C being in a nearly fully extended
conformation. The Cg, 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?, 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
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The sequential copolymers poly(L-leucyl-L-leucyl-L -aspartic
acid) (PLLAA) and poly(L -leucyl-L-leucyl-i.-lysine) (PLLL)
were previously studied in aqueous solution’# as well as in
mixtures of water with an organic solvent® by spectroscopic
and potentiometric measurements. A conformational tran-
sition from a charged to an uncharged state was detected
for both copolymers. The AH99g 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*~® and
block” 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®.

It is well known that the sodium deoxycholate (DCANa)
is customarily used in order to solubilize biological mem-
branes, interacting with both phospholipids® and proteins

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.

10,11
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First, we have recorded c.d. spectra of PLLLAA and
DCANa over a wide range of molar ratios without a signifi-
cant variation in the molar ellipticity values. From the c.d.
spectrum of an aqueous solution of PLLAA, ¢ = 1.4172 x
10—4 mol/l 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 [8] 220 = —9200
and [0]206 = —16 400. The c.d. spectrum of an aqueous
solution of PLLAA—DCANa, 1:1 molar ratio, ¢ = 0.7086 x
10—4 mol/1 and pH = 6.62, shows the same characteristic
cross-over and band positions with [8] 729 = —9100 and
[6]206 = —16100. At this pH in an aqueous solution of
PLLAA the macromolecules are charged for about 20%".
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®. [#] in the
198-230 nm region abruptly increases by adding DCANa
and, at the same time, the negative dichroic characteristic
bands of the o-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 of the a-helix cont