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The influence of different solvents on the copolymerization behaviour of N-(1,1-dimethyl-3- 
oxobutyl)-acrylamide (diacetone acrylamide, DAAM)  with styrene and methyl methacrylate 
has been investigated. The calculated relative reactivities of DAAM towards the polystyryl 
and poly(methyl methacrylyl) radicals (1/r2) are practically unaffected by the reaction 
medium; on the contrary, the relative reactivities of both styrene and methyl methacrylate 
monomers towards the poly(diacetone acrylamide) radical (1/rl) are influenced by the 
reaction solvents. This effect, however, is less significant than that found previously for 
N-methyl acrylamide copolymerization. 

INTRODUCTION 

Previous papers have shown that in the free radical co- 
polymerization of acrylamide, methacrylamide, and N- 
methyl acrylamide 1-8, the reactivity ratios are strongly 
influenced by the reaction medium; on the contrary, in the 
case of N,N-dimethyl acrylamide 4 no significant influence 
of the solvent on the copolymer composition was shown. 
Several factors were considered in order to tentatively 
explain such peculiar solvent effects. 

In the present paper the results obtained in the 
copolymerization of N-(1,1-dimethyl-3-oxobutyl)- 
acrylamide (diacetone acrylamide) with styrene and 
methyl methacrylate in different solvents are reported; 
this monomer is a N-monosubstituted acrylarnide. The 
copolymerization of diacetone acrylamide has already 
been investigated by other authorsS; this paper, however, 
does not consider the effect of solvents on copolymeriza- 
tion parameters. 

EXPERIMENTAL 

Diacetone acrylamide (DAAM), styrene and methyl 
methacrylate (MMA) were commercial products and 
were purified before polymerization according to the 
usual techniques. Dioxane, ethanol and ethyl acetate 
were commercial products; they were dried and distilled 
before use. The initiator, ~#'-azodiisobutyronitrile, was 
crystallized twice from ethyl ether. All experiments were 
performed in glass tubes sealed in a nitrogen atmosphere 
and heated to 70°C. The total concentration of monomers 
was kept constant at 0.8 mol/l of solvent; the initiator was 
used at the rate of 0.4 g/l of solvent. The conversions to 
polymers were in each case lower than 10 ~.  The detailed 
experimental procedures for copolymer separation, 
purification, analyses and infra-red (i.r.) spectra are 
reported in a previous paper 8. 

RESULTS AND DISCUSSION 

The experimental points and the calculated copolymeriza- 
tion curves are plotted in Figures 1 and 2 where monomer 
f l  and copolymer F1 compositions are expressed as molar 
ratios with respect to DAAM. 

The data were plotted according to the method of 
Fineman and Ross 6. The best values of rl and r2 were 
obtained by the method of least squares and the associated 
standard deviations by regression analysis. 

The calculated rl and r2 values are reported in Table 1. 
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Figure 1 Copolymerization diagram for the system diacetone 
acrylamide (Mz)/styrene at 70°C. ©, dioxane (line calculated for 
rz= 0.47, r2=1.85); 0, ethanol (line calculated fort1= 0.30,r2= 1.80); 
×, ethyl acetate (line calculated for rz=0.49, r==t-TO) 
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I .O  Table I Reactivity ratios for D A A M  copolymerizations 

O.I 

O. 6 

0 . 4  

Solvent 
DAAM/styrene D A A M / M M A  

rz rg. rz r2 

Dioxanea 0-47+0-05 1.85+0-15 0.50+0.05 1"80+0"30 
Ethanola 0.30+0.03 1-80+0.10 0.31+0.0£ 2.00_+0.10 
Ethyl acetatea 0.49_+0.04 1.70+0.10 0.46_+0.03 1-70+0.10 
Benzeneb 0.49+0.06 1.77-+0.08 0-57+0.03 1.68+0.03 

a Present work; b ref. 5 

Table 2 Q and e values for D A A M  copolymerizations 
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Figure 2 Copolymerization diagram for the system diacetone 
acrylamide (Mz)/methyl methacrylate at 70°C. ©, dioxane (line 
calculated for rz=0.50, r2=1.80); 0 ,  ethanol (line calculated for 
rz=0.31, r2=2.00); x ,  ethyl acetate (line calculated for rz=0.46, 
rs= 1-70) 

Solvent 
DAAM/styrene D A A M / M M A  

Q e Q e 

Dioxanea 0.43 - 0 . 4 3  0.35 - 0 . 0 4  
Ethanola 0.30 - 0 . 0 3  0"28 - 0 . 2 9  
Ethyl acetatea 0.42 - 0 - 3 7  0-36 - 0 . 1 0  
Benzeneb 0.42 --0.42 0.41 --0.0'2 

a Present work; b ref. 5 
Reference values: Q=I-00, e=-0-80 for styrene; 0=0.74, e=0.40 
for MMA 

Table 3 Relative reactivities of D A A M  monomer towards poly- 
styryl and poly(methyl methacrylyl) radicals 

Table 2 shows the corresponding Q and e values. 
The experimental data show an evident influence of the 

solvents on these copolymerizations. ]t can be seen 
particularly that in each copolymerization system the 
copolymers obtained in dioxane and in ethyl acetate are 
always richer in DAAM than the copolymers obtained in 
ethanol. These differences can be seen by examining the 
i.r. spectra of copolymers obtained from 0.5 DAAM 
molar ratio of feeding. The intensity of absorption bands 
respectively of amide, styrene and methacrylic ester are in 
agreement with the found nitrogen contents. 

It seems worth mentioning that the solvent effect is in the 
present case less significant compared to the effect found 
in the N-methyl acrylamide a copolymerization. In fact the 
mobility of the amido hydrogen giving the enolic form 
might be lowered by the presence of the substituent 
group on the amido nitrogen. In addition there is the 
possibility of intramolecular hydrogen bond formation 
according to: 

CH=-- CR__CO--N/H ........... % - - C H s  

\c 4, / \  
CH3 CI-I= 

although such effect should be rather reduced at poly- 
merization temperature. The intramolecular hydrogen 
bonding should decrease the tendency of DAAM to give 
solute-solute associations v in low polarity solvents such 
as dioxane and ethyl acetate compared to N-methyl 
acrylamide. These considerations should be valid both 
for the monomers and the growing chain end radicals. All 
these facts could contribute to lowering the solvent 
influence on the copolymerization parameters. 

In Tables 1 and 2 beside the rl, r2 and Q, e values 
obtained in the present work in dioxane, ethyl acetate and 
in ethanol, the values obtained by Coleman et al. 5 in the 

1/r~ 

Polystyryl Poly(methyl methacrylyl) 
Solvent radical radical 

Dioxanea 0-54 0"55 
Ethanola 0.55 0.50 
Ethyl acetatea 0-59 0'59 
Benzeneb 0-56 0.60 

a Present work; b ref. 5 

Table 4 Relative reactivities towards the poly(DAAM) radical of 
styrene and methyl methacrylate monomers 

1/rz 

Styrene Methyl methacrylate 
Solvent monomer monomer 

Dioxanea 2.12 2.00 
Ethanola 3-33 3.22 
Ethyl acetatea 2.04 2.17 
Benzeneb 2.04 1.75 

a Present work; b ref. 5 

copolymerization of DAAM with styrene and methyl 
methacrylate in benzene are also reported. These values 
show that benzene behaves like dioxane and ethyl acetate. 
This could be attributed to the low dielectric constant of 
these solvents compared to that of ethanol. 

The relative reactivities of DAAM monomer (l/r2) 
towards both the polystyryl and poly(methyl methacrylyl) 
radicals, listed in Table 3 are practically unaffected 
by the reaction solvents. On the contrary, the relative 
reactivities of both styrene and methyl methacrylate 
monomers (1/rl) towards the poly(DAAM) radical 
(Table 4) are remarkably affected by the reaction solvents: 
they are higher in the more polar solvent (ethanol) than in 
the other ones. 
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Similar results were previously found, and to a greater 
extent, for N-methyl acrylamide 3 and unsubstituted 
acrylamide t. Also these results could be explained by the 
above discussed association phenomena. 
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Poly(ethyl acrylate) in dilute solution 
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(Received 24 July 1972; revised 25 September 1972) 

Poly(ethyl acrylate) (PEA), solution polymerized in methyl ethyl ketone by free radical 
initiation, was fractionated and the fractions were characterized by light scattering, visco- 
metry and osmometry. Fractions obtained were in the molecular weight range of 0.3 x 106 to 
1.6× 106 with a polydispersity of 1-40. The following Mark-Houwink relations were estab- 
lished: 

35=C 
[r/] =4"15x 10-2~;  et 

acetone 
35oC 

[7] = 2"03 x 10-~M~; ~6 
MEK 

39.5"C 
[7] = 7"89 x 1 0 - 2 M ~  5° 

n-propanol 

It was found that n-propanol at 39.5°C was a theta solvent for poly(ethyl acrylate) and that 
acetone was a poor solvent compared to methyl ethyl ketone. A relation between the 
molecular dimension and the molecular weight was established. It was observed that the 
chain dimensions of poly(ethyl acrylate) and poly(butyl acrylate) were considerably larger 
than poly(ethyl methacrylate) and poly(butyl methacrylate) respectively. The validity of 
various extrapolation procedures that have been proposed for calculating the unperturbed 
dimensions have been examined. The steric factor for PEA was 2-16 compared to 2.10 for 
poly(ethyl methacrylate). Root mean square end-to-end distances were calculated from the 
Debye-Bueche and Kirkwood-Riseman methods and compared with the experimental 
values. 

INTRODUCTION 

A number of conformational and thermodynamic 
studies on polystyrene, poly(methyl methacrylate) 
(PMMA) and poly(ethyl methacrylate) have been made 
but little attention appears to have been paid to poly- 
(methyl acrylate) (PMA), poly(ethyl acrylate) (PEA) or 
poly(butyl acrylate) (PBA). It was observed by Kotera 
et al. 1, Matsuda and Inagaki2 and Karunakaran and 
Santappa s that the chain dimension of PMA was con- 
siderably larger than that for PMMA. It was felt interest- 
ing to study the dilute solution properties of poly(ethyl 
acrylate) and poly(butyl acrylate) and to compare the 
chain dimensions of polyacrylates with the corresponding 
polymethacrylates. This communication deals with the 
fractionation of poly(ethyl acrylate) and the charac- 
terization of these fractions by light scattering and 
viscometry. Viscosity and molecular weight data obtained 
in different solvents have been used to establish the 
viscosity/molecular weight relations and unperturbed 
dimensions of PEA chains. Also the interaction of 
polymer in solution has been interpreted in terms of 
the current theories of polymer solutions. 

EXPERIMENTAL 

Materials 
Methyl ethyl ketone (lab. reagent grade, BDH), 

acetone (analytical reagent grade, BDH), n-propanol, 

methanol (lab. reagent grade, BDH), etc. were purified 
according to the standard procedure 4. Ethyl acrylate 
(Chem. pure, India) was washed three times with sodium 
hydroxide (5 %) followed by distilled water, dried over 
anhydrous Na~SO4 and distilled in an atmosphere of dry 
nitrogen. 

Polymerization 
Polymerization of ethyl acrylate in methyl ethyl 

ketone was carried out with benzoyl peroxide as initiator 
in an atmosphere of nitrogen at 60°C. The conversion 
was restricted to ~ 15 %. The polymer was precipitated 
with methanol-water (6:1 v/v). It was purified by dis- 
solving in methyl ethyl ketone and reprecipitating with 
methanol-water (6:1 v/v) and dried in vacuum at 60°C. 
Fractionation and refractionation were carried out by 
fractional precipitation technique using methyl ethyl 
ketone and methanol-water (6: 1 v/v) as the solvent/non- 
solvent pair at 30°C and fifteen fractions each weighing 
about 0.20-0.50 g were obtained. 

Characterization 
Viscosity. Viscosity measurements were carried out 

with filtered solvent and polymer solutions (six con- 
centrations in the range 2x  10 -a to 5x 10-4g/ml) in a 
suspended level dilution viscometer (PCL, Colchester 
Instruments Ltd, UK) at 35°C+0-01°C in a constant 
temperature viscometer bath. The kinetic energy 
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correction was negligible. The limiting viscosity number 
[~7] was obtained as a mean of three [~7] values from the 
equations: 

~sp/C = [r/] + kz[r~] 2c 

(In ~7,~1)/c= [~7] -k267] 2c 

~Tsp/C= ['q] "k k3[~7]~Tsz0 

where kl, k2 and k3 are the Huggins constant, Kraemer's 
constant and the Schulz-Blaschke constant respectively. 

Osmotic pressure. An osmometer (Pinner-Stabin, Col- 
chester Instruments Ltd, UK) with preconditioned gel 
cellulose (PECEL 600) membranes was employed to 
measure the osmotic pressure of PEAD and PEAF 
samples in acetone at 30 + 0-01 °C. The number-average 
molecular weight 0ff~=5-69 x 105, 9.10x 105 for PEAD 
and PEAr respectively) was obtained from a plot of 
(zr/c) 1/z vs. c. The polydispersity of the fraction was 
calculated from the ratio of the molecular weights by 
light scattering and osmometry and was found to be 
1-42 and 1.38 for PEAz) and PEAr respectively. 

Light scattering. Light scattering measurements of 
PEA in methyl ethyl ketone and acetone were carried 
out at 35+0.5°C in a Brice-Phoenix universal light 
scattering photometer (Series 1999-12; Phoenix Pre- 
cision Instruments Company, Philadelphia) 5 with the 
use of unpolarized light (~=4356/~) at various angles. 
The refractive index increment (dn/dc) of PEA in acetone 
(0.106+0.003) and methyl ethyl ketone (0.097+0.002) 
were measured in a differential refractometer (Brice- 
Phoenix No. 1974; Phoenix Precision Instruments 
Company, Philadelphia) 5a. The light-scattering data 
were treated according to the method of Zimm °. The 
weight-average molecular weight /~rw, the z-average 
mean square radius of gyration (S--~)~ and the second 
virial coefficient were calculated from the plots of 
KC/Ro versus sin 2 0/2+ 100c. (~)z was then converted 
to (~)w by the equation 7, 21, 22. 

(r2)w = ($2)z(3 +/3)(2 +/3)(h + 1)/(h + 2 +/3) 

where h=[(Mw/Mn)-l] -1 in the Schulz-Zimm dis- 
tribution function and/3 is obtained from (~)=AM(1+~) 

or/3=(2a--1)/3 where A is the second virial coefficient, 
M is the molecular weight and a is the exponent in the 
Mark-Houwink equation (Tables 1 and 2). 

RESULTS AND DISCUSSION 

The solution properties of fractionated poly(ethyl 
acrylate) in methyl ethyl ketone (six fractions designated 
as PEAz to PEAe) and in acetone (seven fractions 
designated PEAA to PEAF) were investigated by light 
scattering and viscosity measurements at 35°C. 

Mark-Houwink-Sakurada relation 
The least square fit of the double log plots (Figure 1 

and Tables 1, 2 and 3] of [~7] and )ffw for PEA systems 
yielded the following Mark-Houwink-Sakurada rela- 
tions for PEA: 

[V]~:  =2"03 x lO-2.t~fw 0"66 

[~7].~e~one= 4"15 X lO-2Mw 0"61 

[~'139'5°c -- '7.Qo × l O - 2 ~ f  0'50 
" l J n - p r o D a ~ B o l - -  t o.7  tO 

The low value of a (0.61) for PEA/acetone compared to 
that for PEA/methyl ethyl ketone indicated that acetone 
is a 'poor' (thermodynamically more ideal) solvent for 
PEA compared to methyl ethyl ketone. The a value of 
0.50 in n-propanol at 39.5°C suggests that n-propanol 
at 39.5°C is a 0-solvent. 

Relation between (~)~12 and )ffto 
Kuhn relations for these systems at 35°C were estab- 

lished by least square fits of the log-log plots (Figure 1 
and Tables I and 2): 

(7'a) 1/2 = 0.89/ffw°- s 1 for acetone 

(7-~)~2 = 0.98)ffrto °.52 for methyl ethyl ketone 

A~--~w relation 
The second virial coefficient, Az decreased as the size 

of the molecule increased for PEA/acetone and PEA/ 

Table 1 Parameters obtained from light scattering and viscosity 
Polymer= poly(ethyl actylate); solvent=acetone; temperature=35°C; ~--4856A; dn/dc=0.106+O.O02; h=2.5; a=0.60; ,8=0.07 

A2xl04 
Fraction MwX 10 -6 [~/] (ml/g) kz (r'2)lW/2 (A) (r-o~o)l/2(A) (cm3 molg -2) • x 10 -23 

PEAA 0.490 121-5 0"25 945 463 2"20 0-68 
PEAB 0.560 131.0 0"26 1001 495 - -  0.71 
PEAc 0-775 170.0 0.24 1177 589 2.00 0.78 
PEAD 0.811 167-0 0-28 1180 597 1.80 0.80 
PEAE 1.065 189.4 0.36 1380 681 2.44 0-74 
PEAF 1.234 207.1 0- 33 1520 738 1.76 0.71 
PEAG 1.663 263- 5 0.32 1758 854 1.53 0" 63 

Table 2 Parameters obtained from light scattering and viscosity 
Polymer= poly(ethyl acrylate); solvent= methyl ethyl ketone; temperature=35°C; ~=4356A; dn/dc=O.097+_O.O02; a--0.66; h=2.5; ,8= 0.085 

A2×104 
Fraction Mw× 10 -6 [~/] (ml/g) (~)~2 (A) t--~2~1/2 voJw (A) (cmamolg -2) ~ x l 0  -23 

PEA1 0"412 102" 0 800 348 1"8 0"80 
PEA2 0"485 112.1 839 369 2"0 0.74 
PEAa 0.811 165.5 1137 496 1-5 0.91 
PEA4 0.868 167.0 1158 498 1.5 0.93 
PEA5 1.079 232.0 1411 617 1.2 0-89 
PEAe 1.676 263.5 1708 747 1-5 0' 86 
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Figure I Plots of Ioglo[~/] versus IogloMw in (A) methyl ethyl ketone, 
(B) n-propanol and (C) acetone; plots of Iogzo(~)~ 2versus IogzoMw 
in (D) methyl ethyl ketone and (E) acetone 

Table 3 Evaluation of molecular parameters 
Polymer=poly(ethyl acrylate); solvent=n-propanol; tempera- 
ture=39-5°C; a=0.50 

Polymer 
sample /~wx 10 -~ [~/]0 kl 

PEAx 0" 490 54" 2 0" 42 
PEAB 0" 561 59" O 0" 49 
PEAc 0" 775 69" 5 0" 60 
PEA4 0"882 73"5 0"47 
PEAF 1" 234 85.9 0" 40 

methyl ethyl ketone but the points were too scattered to 
get any qualitative relation (Tables 1 and 2). 

Evaluation of unperturbed dimensions 
A number of graphical procedures are available for 

the determination of unperturbed dimensions of polymer 
molecules from intrinsic viscosity and molecular weight 
measurements in non-ideal solvents. In general all these 
methods involve determination of the constant Ko for 
the expression [~]o=KoMZ/2 where Ko=fbO~o/M)3/2 
with O0=2.86 × 1023, the asymptotic value of the Flory 
constant and (~), unperturbed mean square end-to-end 
distance. Determining Mw by light scattering in acetone 
and methyl ethyl ketone for poly(ethyl acrylate) and 
relating this Mw to [~7] in n-propanol at 39.5°C, the 
Mark-Houwink relation [~]o=KoM1/2 was established. 
From K0(7.89 x 10-2), the value for ~o/M)ll  2 = 673 x 1011 
cm was obtained taking into account the correction for 
heterogeneity as given by Kurata et aL s viz. 

_ ,  

qJo qwtMw] ,,,w 

where qw = I'(h + 1-5)/(h + 1)l/2I'(h + 1). The evaluation 
of  the Flory constant Ko was also done by plotting 
[7] and )lTw data by three different methods based on 
the Flory-Fox-Schaefgen 9 (FFS), the Stockmayer- 
Fixman 10 (SF) and the Ptitsyn-Inagaki l l  (PI) expres- 
sions. The Ko values obtained by these three methods 
respectively were: 7.89 x 10 -2, 7.74 x 10 -2, 10.63 x 10 -2 
in n-propanol; 7.89x 10 -2, l l .09x  10 -2 , l l .20x  10 -z 
in methyl ethyl ketone; and 13.87x 10 -2, 14.30x 10 -2, 
13.49 x 10 -2 in acetone. In theta solvents FFS and the 
SF methods gave almost identical values which are in 
good agreement with those obtained from the relation 
[~]o=Ko M1/z. The PI method gave a higher value in 

in dilute solution : K. S. V. Srinivasan and M. Santappa 

theta solvents. This method is applicable only in good 
solvents 12. In good solvents (methyl ethyl ketone) the 
FFS theory was found to give the same Ko value as 
that obtained in theta solvents. The SF and the PI 
methods gave a higher value of Ko. Cowie 13 has shown 
that the SF method gives reliable Ko values only when 
the molecular weight of the fractions are less than 
1 x 106 and the Mark-Houwink exponent is less than 
0.7. Since the molecular weights of the fractions of 
PEA studied were not less than l0 s it is evident that 
the SF method is not applicable for the present system. 
The 1£o value for PEMA (5.64x 10 -z) is far smaller 
than that of PEA (7.89 x 10-2), showing that the un- 
perturbed dimension of PEA is greater than that of 
PEMA which is in good agreement with the observations 
made on PMA and PMMA 2. 

Steric factor or conformational factor, cr 
The unperturbed mean square end-to-end distance 

for the free rotation model of a polymer chain is given 
by: 

~ y =  n12(1 - cos0)/(1 + cos0), 

where n is the number of carbon atoms in the chain, 
I is the bond length and 0 is the valence angle; ~ I  is 
calculated taking l=  1.54A, 0= 109.5 °. The ratio 
(~0~/~i)1/2= a was found to be equal to 2.15. 

Flory's universal parameter 
The universal parameter, qb for PEA/acetone and 

PEA/methyl ethyl ketone was found to be less than 
1 x 1023 (Tables 1 and 2) which was less than the normal 
value 2.86 x 1028. Such low values have been obtained 
from the data reported in the literature for poly(methyl 
acrylate) 1-8 and poly(butyl acrylate) 14. The possible 
factors that affect the magnitude of • are: (a) non- 
Gaussian distribution of chain segments; (b) molecular 
weight heterogeneity; and (c) branching. It was observed 
that in the case of poly(methyl acrylate) 16 and other 
vinyl polymers, the non-Gaussian distribution of chain 
segments was small 15, 17. Since • values were very low, 
the effect of branching could be ruled out. Even after 
applying the correction for molecular weight hetero- 
geneity and excluded volume effect, the values were low. 
Hence the reasons for the low values of • obtained for 
poly(methyl acrylate), poly(ethyl acrylate) and poly(butyl 
acrylate) are not quite clear at present. 

Calculation of root mean square end-to-end distance 
Values of the end-to-end distance were calculated from 

Debye-Bueche theory zs and Kirkwood-Risemen 

Table 4 Comparison of root mean square end-to-end distance 
from hydrodynamic theory and experiment 
Solvent= aceto ne; a= 0.60; ~(o) = 1-850; X'F(X') = 0-970 

(~)ad2(~,) 

Fraction Mwx 10 -e D-B K-R Expt. 

PEAA 0- 490 494 550 957 
PEAs 0,561 530 590 1011 
PEAc 0.775 644 717 1190 
PEAD 0.811 550 723 1192 
PEA]~ 1,065 741 825 1395 
PEAF 1,234 802 894 1536 
PEAG 1.663 979 1090 1778 

D-B= Debye-Bueche 
K-R= Kirkwood-Riseman 
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theory z9 (revised values 20) to attempt to visualize the 
shape of the molecular chain in solution. It was observed 
that (P-~)~z measured by fight scattering was 1.7 to 2.0 
times higher than that calculated from the theories 
(Table 4). 
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An X-ray method is discussed for the formal characterization of three phases of fibres: the 
crystalline, intermediate and amorphous phase. Its application to the study of physically 
treated poly(ethylene terephthalate) (PET) fibres has been investigated. The crystalline 
phase index is correlated with the macroscopic density of fibres, whose non-crystalline 
densities were approximately equal. The least squares regression line is given by the 
following equation: p(g/cm3)=l"358+0"09kcr, the correlation coefficient being 0-88. The 
deviations from the regression line are discussed by using specially drawn non-crystalline 
templates with different densities. The unit intercept of the regression line is at density 
1.448g/cm 8. This value is very close to the value of 1.455g/cm 3, which is the density of the 
perfect crystal. 

The results show that wide angle and density measurements alone are not sufficient to 
prove whether two different non-crystalline states with boundaries between both exist 
simultaneously in a semicrystalline drawn PET fibre or not. As long as no other suitable 
method is available, the two-phase model has to be regarded as an adequate approximation 
for PET fibres with respect to density. 

INTRODUCTION 

The determination of the degree of crystallinity of fibres 
has been attempted over the last twenty years. A survey of 
the principles so far obtained has been given by Hermans t, 
Miller 2 and Ruscher a. The methods described have always 
involved some assumptions and simplifications. One of  
these is the two-phase model consisting of  crystalline 
and amorphous substance with no transitions between the 
two. 

It is the purpose of this paper to describe an internal 
X-ray method which allows an estimate to be made of  the 
amount of  the intermediate phase in poly(ethylene 
terephthalate) (PET) fibres subjected to different stretch- 
ing and physical treatments. In 1956 Sandemann and 
Keller 4 proved the existence of  an intermediate state of  
order between amorphous and crystalline in the case of  
nylon-6. Later Hyndman and Origlio 5 confirmed its 
existence from their nuclear magnetic resonance (n.m.r.) 
studies of  polyethylene and polypropylene fibres. Sobue 
and Tabata 6 described polymorphic structures with dif- 
fering physical phases on isotactic polypropylene fila- 
ments. Further experimental evidence for an intermediate 
state of  order in polymers was given by Stern v in the case 
of  nylon. Iwayanayi and Sakurai 8 proved the existence of  
a third n.m.r, component in addition to narrow and 
broadline components in polytetrafluoroethylene. It  was 
assumed to be intermediate between the amorphous and 

the crystalline phase. Jellinek et  al. 9 measured an aniso- 
tropy of  the diffuse scattering of the non-crystalline 
fraction on PET fibres subjected to thermal treatment at 
different temperatures and stresses, which could formally 
be subdivided into a diffuse isotropic halo and a diffuse 
arc on the equator. 

Since the general methods used to measure crystallinity 
assume the division of  the polymer sample into regions 
which are wholly crystalline or amorphous, Stern7 inferred 
that the existence of  an intermediate (mesomorphic) order 
renders its measurement invalid. This conclusion may be 
valid for nylon, since Stern proposed a paracrystalline 
structure for it, but this is not so in the case of  poly- 
propylene as Ruland 10 has shown. 

These and other studies indicate that the two-phase 
model as defined earlier does not hold true for some 
polymers. The question that arises is: can we accept the 
two-phase model as an adequate approximation for PET 
fibres, or how far from this hypothesis and in which 
direction must we go to be consistent with the data? 
There are several methods available for determining 
crystallinity, each of  which finds the spectrum order that 
may be present in the polymer sample differently. For  this 
reason, agreement among results obtained by different 
techniques could be shown only in some cases. Farrow 
and Bagley t t  found an excellent correlation between 
change in density and X-ray crystallinity in undrawn 
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yarns, heat treated at different temperatures in the 
relaxed state. In drawn yarns this correlation was not 
present. Their conclusion was that the density of the non- 
crystalline material can no longer be assumed constant 
and therefore the measurement of crystallinity in drawn 
fibres by density measurements is unreliable. It is evident 
that the existence of an intermediate state of order and the 
capability of the experimental technique to respond to it 
becomes important in the discussion as to the correct 
interpretation of density measurements and whether the 
two-phase model is practical or not. The justification for 
the present study, which adds a new X-ray technique, is 
that it gives three X-ray phase criteria. 

EXPERIMENTAL 

Samples 
The material used in this study was normal commercial 

production PET yarn with draw ratios of 3.0 and 3.3 
which was subsequently physically treated. 

Density method 
The apparent density was determined by the density- 

gradient column described by Kolb and Izard 12. Based on 
studies by Kashmiri and Sheldon za, a carbon tetrachloride/ 
heptane system was chosen as immersion liquid. Because 
of the time dependency of the apparent density measure- 
ment as shown by Juilfs ~4 and Preston and Nimkar ~5 the 
optimum shape of the sample and immersion time were 
previously selected. In the case of physically treated 
samples, the amount of retained liquid was determined. 
The measured density was corrected using the equation 
given by Moore and Sheldon 16. 

X-ray method 
The X-ray source was a microfocus X-ray unit 

(RDF50/1), 1200W. A bundle of fibres 1 mm thick was 
given an exposure to nickel-filtered CuK~ X-rays for 
30 min. The X-ray diffraction lines were recorded on film 
(OSRAY DW: produced by Agfa-Gevaert) with a 
Debye-Scherrer camera (evacuated to eliminate air 
scattering). 

After processing and drying, the diffractograms were 
scanned by a microdensitometer (Joyce double beam 
microdensitometer). The intensity data obtained from 
microdensitometer traces were used without correction 
for Lorentz-, polarization- and absorption-factors because 
the intensities compared were all measured at the same 
diffraction angle of 20. 

Principles of phase indices (PI)--scheme of measurement 
in the reciprocal space 

All procedures developed so far to determine the 
'degree of crystallinity' have a common first step: the 
division of the X-ray pattern into peaks and background. 
The relative method is based on the assumption that 
every crystalline or non-crystalline intensity measured 
either at one defined diffraction angle or about a limited 
angular range is proportional to the amount of crystalline 
or amorphous phase present in the partly crystalline 
polymer. If the unknown proportion factors can be elimi- 
nated then the problem is solved 27-2°. The absolute 
method includes the measurement of the intensity con- 
tributed by the crystalline as well as by the non-crystalline 

phase. The basic principle is as follows: the total diffrac- 
tion intensity of a substance, obtained by integrating in 
the three-dimensional reciprocal space, is independent of 
its state of order. Thus, if the total crystalline scattering in 
an X-ray pattern is Jet and the total amorphous one is 
Jam, then the crystalline fraction is given by: 

x=Jed(1c,+ Jam) (1) 
Naturally this principle is only valid if the total intensity 
has been measured by integrating either over the whole 
reciprocal space or over an angular range, which has been 
specially detected previously 1°. The errors arising from 
not observing this condition and by measuring over a 
limited range only (normally 20=6 ° to 38 ° in the case of 
PET 11) shows very dearly that these 'crystallinities' are 
not absolute but only indices of crystallinity. 

Another method measures the proportion of both 
intensities at one angle only. This is the simplest procedure 
both in the relative as well as in the absolute procedure. 
Table I gives a survey of the methods used so far but it is 
not claimed to be complete. 

In the case of the oriented specimens all methods applied 
to date have made some provision for the elimination of 
the orientation in the sample. The reason is that any radial 
scan of an oriented pattern will give improper intensity 
data20, 2t, since the different segments which give rise to 
the crystalline and non-crystalline halo do not have equal 
orientation. This has been accomplished by the spreading 
of the arcs into circles by either: (i) randomization of the 
sample21, 22; or (ii) rotation of the oriented specimen 
during the X-ray exposure 9, 20, 2a. However, Ruland 2a, 24 
and Jellinek et alp in their studies of the diffuse disorder 
scattering of nylon-6,6 and PET fibres respectively, 
measured the diffraction pattern without this randomiza- 
tion procedure. The argument put forward was that, in the 
case of axial symmetry, these procedures produce syste- 
matic errors owing to the neglect of the azimuthal distri- 
bution of the diffuse disorder scattering. Jellinek et al. 
discussed the volume integrals of the intensity in the 
reciprocal space calculated with some approximations 
and restricted to the (010) reflection. The intensity of the 
crystalline scattering has been calculated by multiplying 
the maximum intensity (measured above the background) 
with the radial and azimuthal half width. It was assumed 

Table 1 Survey of X-ray procedures for determining crystallinity 

Crystalline and/or amorphous intensity have been 
measured 

over the 
at one angle over a short range28=0 ° 

only angular range to 180 ° 

Relative 
method 

GoppeP 4 Hermans and 
Weidinger TM 

(cellulose) 
Goppel and Hermans and 

Arlmann z7 Weidinger TM 

(polyethylene) 
Statton =° (PET) 

Absolute 
method 

Ruscher 3 Matthews et aL 35 
Falkai and Bodor 36 

(PET) 
Johnson 37 (PET) 
Kilian et al. 2s 

(PET) 
Farrow and Preston ~z 

(PET) 

Ruland TM 
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that the integrated intensity of the diffuse anisotropy 
scattering is sufficiently represented by the product of the 
intensity of the maximum with the azimuthal half width, 
whereas the amorphous scattering has been represented 
by the peak intensity alone. It is clear that the intensities 
evaluated with the method just mentioned are not suffi- 
cient either for comparisons or for the evaluation of any 
index of order. The alterations on the diffractogram can 
be characterized in such a manner, but each of the three 
fractions must be discussed separately. Bearing in mind 
the fact that the macroscopic behaviour of any fibre is not 
only dependent upon the amount but also upon the 
distribution, the quality, and the percentage of the 
different phases, then it is apparent that the results 
obtained with this technique cannot be correlated with 
them. 

In the procedure discussed here, integration has not 
been carried out about any definite Bragg angle range. The 
measurements have been confined to the azimuthal distri- 
bution of the intensities to one Bragg angle (see Figure 1). 

Equatorial scan 
The shape of the background reflection curve in the 

equatorial scan can be reconstructed analogous to the 
method used by Kilian et aL ~5. They used relative heights 
h(20)=I(2O)/Imax(202)[I(20) being the intensity of the 
amorphous background; Imax(20z) being the intensity at 
the Bragg angle 202 of the maximum of the amorphous 
background] for reconstruction of the reflection contour 
of an amorphous template (Figure 2) in the diffractogram 
of a partly crystalline sample (Figure 3). The height A 
(Figure 3) is used as a reference position for fitting this 
curve to non-oriented samples, based on the assumption 
that the reflections (010) and (1T0) are not superimposed 
at this point. 

Initially this technique was used; later, however, it 
appeared that, in many cases, the constructed background 
superimposed on the measured reflection curve in the 
region 20 ~< 14 °. Thus, the minimum A has been rejected 
as a reference position. Assuming that there is no super- 
position of the non-crystalline spectrum by the crystalline 
scattering in this region ~5, the reconstructed background 
curve can be fitted. Since this discussion is restricted to the 
intensities arising at the Bragg angle of the maximum of 
the (010) reflection, a complete reconstruction of the 
background curve is not necessary. 

The relative height hB=IBT/I(OIO)T [IBT being the 
intensity of the non-crystalline scattering of the template 
corresponding to the Bragg angle at point B (see Figure 3); 
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Figure I Scheme of measurements in the reciprocal space 
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Figure 3 Radial scan along the equator of an oriented semi- 
crystalline PET sample. A, B, C, see text 

I(010)T being the intensity of the template at the Bragg- 
angle corresponding to the (010) reflection] is evaluated in 
the template (Figure 2). The background intensity of the 
ith partial crystalline sample corresponding to the (010) 
reflection is then given by the product of the relative 
height hn with the intensity IBi [IB! being the intensity in 
the ith partly crystalline reflection curve at the Bragg 
angle corresponding to position B]. 

As can be seen in Figure 3, no attention has been paid to 
the intensity below the straight line fitting the reflection 
curve at 20=6 ° and 20=36 ° . 
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Azimuthal scan 
The construction of the azimuthal background reflec- 

tion curve can be carried out analogously to the technique 
used for the crystalline orientation measurement by 
X-rays. The technique used by Hermans et al. ~6 who 
scanned in their work dealing with the network formation 
in swollen hydrated cellulose the X-ray intensities with a 
microdensitometer at small increments of n from the 
equator, has been adopted by Kast 2~ and later by Farrow 
and Bagley 11. The latter modified this procedure by using 
a polar table, which enabled them to reduce the determi- 
nation to three scans only, two of which were along the 
azimuth of (100) and (010) reflections. This technique has 
been used here for the (010) reflection. The crystalline 
intensity can be separated on the azimuthal micro- 
densitometer trace by the same relative height technique 
as discussed above. Reference points for the fitting of the 
non-crystalline template are given by the heights I1 and Is 
in the equatorial trace (Figure 3). They can be recon- 
structed in the azimuthal scan (Figure 4) at a = 0 degree 
(equator), starting from the fixed point C. Connecting the 
points on the trace where the intensity becomes indepen- 
dent of the azimuthal angular ~, by a straight line, we find 
the equatorial intensity Ia (Figure 4). Reconstructing Ia in 
the equatorial trace and doing so with each equatorial 
reflection, a curve analogous to that in Figure 3 can be 
reconstructed. Thus, the background due to diffuse dis- 
order scattering can be formally subdivided into a diffuse 
isotropic and a diffuse anisotropic halo; the latter are 
called diffuse to correspond to the terminology used by 
Jellinek et al. 

Regarding the template for the background reconstruc- 
tion in the azimuthal scan, the assumption can be made 
that the shape of an oriented non-crystalline yarn is equal 
to that of the background radiation of an oriented semi- 
crystalline sample. Once the shape of the background is 
known from experience, it can be drawn in by eye without 
too great an error. 

Definition of  the phase indices (PI) 
From the azimuthal trace, which has been formally 
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Figure 4 Azimuthal microdensitometer trace of sample reported 
in Figure 3 at a Bragg angle corresponding to the (010) plane 

Table £ Repetitive measurements of phase indices on PET fibres 

Crystalline Intermediate Amorphous 
Sample PI kcr PI ks PI kH 

Exposure of 0.21 0-23 0.56 
sample 1 

Exposure of a 0.24 0.23 0.53 
new sample I 

Exposure of 0.23 0.32 0.45 
sample 2 

Exposure of a 0.27 0-32 0.41 
new sample 2 

Exposure of 0.35 0.34 0.31 
sample 3 

Exposure of a 0.38 0.35 0.27 
new sample 3 

bO'5 

- 

.~ 0.1 

1 , a e i I '1 t I I I 

0 1"372 1"376 1"380 1"384 1"388 1'392 
Density (@/cm 3] 

Figure 5 Crystalline phase index kcr macroscopic density relation- 
ship for drawn PET filaments 

subdivided as shown above, the PI are determined by 
measuring the integrated areas. The integration has to be 
performed over the whole range of the azimuthal reflec- 
tion curve up to that angle where I(a)=Ia (Figure 4). The 
indices are then given by: 

ker= Aer/Y,A~ (crystalline PI) (2a) 

ks= As /~A,  (intermediate PI) (2b) 

kn=AH/]~A~ (amorphous PI) (2c) 

~A*=Aer+ As+ An  

analogous to equation (1). Aer, As and A~t are the inte- 
grated areas of the crystalline, unisotropic and isotropic 
scattering curves. 

Precision 
No special experiments have been done to work out a 

standard deviation for the measurement of X-ray phase 
indices, but an estimation has been obtained from several 
check tests on reproducibility. Two determinations were 
done on several fibres, i.e. two different samples were 
made and exposed to the X-ray beam. It has been estab- 
lished, that the precision is sufficient to detect differences 
in PI greater than 2 %. 

Values obtained for repetitive measurements of PET 
fibres are shown in Table 2. 

RESULTS AND DISCUSSION 

In Figure 5 evaluated PIker values are correlated with the 
apparent densities. The measurements refer to PET yarns 
given different physical treatments but which have been 
previously drawn with the same draw ratio. The straight 
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line drawn in Figure 5 has been evaluated using the least 
squares regression and is given by the equation: 

t~ (g/cm a) = 1.359 + 0"0823k er (3) 

range of availability: 0.2 ~< ker ~< 0"4 

The correlation coefficient r is 0.84. The density cor- 
responding to the zero intercept ( k e r - - 0 )  is 1"359 g/cm a, a 
value intermediate to the extrapolated non-crystalline 
densities obtained by Farrow and Ward zs and Statton 20 
(see Table 3). 

The fact that a straight line relationship exists between 
the crystalline P! ker and the apparent density asks the 
question as to whether it does coincide with the three- 
phase model. This relationship seems to be contrary to the 
possible existence of two different non-crystalline phases 
with boundaries between both (which has to be assumed 
in the case of a separate intermediate state) as can be seen 
by the following. 

The macroscopic density is given by: 

p = kerp er + ksps + k~prz (4) 

where per, PS and pn are the densities of the crystalline, 
intermediate and amorphous phases. Taking into account 
the fact that the sum of the PI's is equal to unity analogous 
to the equation: 

kcr+ks+kH= 1 (5) 

equation (4) can be transformed into equation (6): 

p=ker(per-pH)+ks(ps-p~)+p~ (6) 

If ks¢O, equation (6) satisfies equation (3) only if the 
following condition is valid: 

o . = p s  (7) 
Any discussion regarding this discrepancy should start 
with the analysis of non-crystalline but drawn fibres, 
which can be made by drawing under special con- 
ditions 29. This has the advantage that the discussion 
could be restricted to the non-crystalline phases. 

Figure 6 shows the X-ray photographs of an undrawn 
PET fibre and a yarn drawn under necking at room 
temperature. In Table 4 the densities and intermediate PI 
ks  of these uncrystallized fibres are listed together with 
the data of the bulk polymer and another sample with 
low draw ratio. 

The increase in density with increasing intermediate 
P I k s  as shown in Table 4 could be due to the existence of 
small crystallites. If this should be the case, the thickening 
of intensity on the equator as shown in Figure 6b is due to 
those crystallites small enough to produce only one 
diffuse reflection. Thus it has to be proved whether one or 
the other is valid. The fact that the X-ray pattern of 

Table 3 Survey of amorphous and crystalline, theoretical and 
empirical densities for oriented and isotropic PET 

p (g/cm a) v (cmS/g) 

Bulk polymer: 
100% amorphous 1 .335-1 .33725 0.749-0.748 
1 O0 % cry stalli n e 1.45582-1- 49825 O. 687-0.668 

Oriented polymer: 
100% amorphous 
100% crystalline 

1- 355"-1.363 =0 0. 738-0. 734 

Figure 6 Diffraction photographs of PET fibres: (a) undrawn; 
(b) drawn under necking at room temperature 

Figure 7 Small angle diffraction 
photograph of sample (b) re- 
ported in Figure 6 (see Table 4, 
sample D): the sharp Debye- 
Scherrer ring is due to MoS2, 
which has been used as refer- 
ence; the sharp, weak reflections 
on the meridian correspond to 
10.3A 

Table 4 Density and 
drawn PET yarns 

Sample 

intermediate Pl(ks) for uncrystallized, 

p (g/cm 3) ks 

A 1.335 0.0 
B 1-336 0"12 
C 1" 342 0' 29 
D 1- 371 0.65 

sample D (Figure 6b) has a weak meridional reflection 
(Figure 7), which cannot be found on the X-ray photo- 
graph of normal partly crystalline fibres, shows that this 
sample has a lattice which is intermediate to that of the 
amorphous and the crystalline. The spacing of this (001)'* 
plane is 10.3 A, which is in good agreement with the c 
spacing of the triclinic lattice, being 10.75A a0. The 
structure belonging to this X-ray photograph can be 
interpreted as being smectic arranged with a simultaneous 
formation of so-called trans-regions, as Bonart 29 has 
shown in his study on paracrystalline structure in 
poly(ethylene terephthalate). These trans-regions are 
characterized by the trans conformation of all monomer 

* The indication (hkl)' means that this plane is not identical with the 
corresponding plane of the crystal structure. 
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units of these zones. A partial separation in favour of a 
concentration of trans conformation has taken place. 

The X-ray pattern of samples B and C in Table 4 show 
no (001)' reflection but only a concentration of intensity 
on the equator. The lack of the (001)' plane in these fibres 
leads to the conclusion that in contrary to sample D the 
existent trans conformations are not separated 29, whereas 
the hexagonal rod packing is maintained. These domains 
of intermediate structures can be oriented by various 
means such as by extension 2z, as in the present case. Based 
on these interpretations it can be concluded in agreement 
with Bonart 29 and Vainshtein 31 that the 'amorphous' halo 
of the uncrystallized PET is compatible with a relatively 
high degree of order in the mutual disposition of the 
molecules. Thus the question which arose as to whether 
the increase in density of samples B, C and D in Table 4 is 
due to the existence of small crystallites or not, can be 
rejected. 

The physical data of samples B, C and D are further 
evidence that non-crystalline polymers or regions do not 
have to be a system of chains irregularly interwoven. 
Crystallization of polymers, especially in drawn polymers, 
is not the only source of introduction of order. 

In conclusion, we may assume that in the case of sample 
D, boundaries exist between the trans-zones and the 
amorphous phase. The macroscopic density of this 
sample is given by equation (6) with ker=0: 

p=ksCos-- pH) + pH (8)  

The density of the smectic state can be evaluated if the 
density of the amorphous phase is known. Regarding its 
evaluation, sample D has to be treated more as a partly 
crystalline than as a non-crystalline sample insofar as its 
amorphous density does not have to be identical with that 
of the isotropic uncrystallized bulk polymer, as will be 
discussed later. 

Thus, as a first approximation it seems reasonable to 
assume a continuous transition in densities from the 
nematic-hexagonal packing of samples B and C and the 
smectic structure of sample D. Figure 8 shows graphically 
the trend of change in density with the ratio of inter- 
mediate PI to amorphous PI (ks/kn) of those non- 
crystalline samples. In Table 5 the samples from which the 
regression line in Figure 5 has been evaluated are listed in 
order of increasing intermediate PI ks  for the different 
crystalline PIker. Using the corresponding ratios (ks/kH) 
(column 3, Table 5), the non-crystalline density has been 
ascertained by means of the straight-line relationship 
shown in Figure 8. The corresponding non-crystalline 
densities are listed in column 5 of Table 5. 
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Figure 8 Correlation of macroscopic density with the coefficient 
(intermediate phase index/amorphous phase index)(k$/kH) of 
non-crystalline PET fibres 

Table 5 Phase indices and densities of oriented fibres 

Evaluated 
Macroscopic non- 

Sample density crystalline 
number kcr ks k$/kH p (g/cm s) ps (g/cm 8) 

2 0.25 0-32 0-75 1.376 1.349 
3 0.25 0-36 0.92 1.383 1.853 
6 0"32 0.29 0.75 1-385 1.349 
8 0.32 0-32 0-89 1.387 1.352 
5 0.35 0-21 0.48 1-385 1.344 

10 0.35 0-25 0.63 1-387 1.346 
11 0-35 0"18 0.38 1-388 1 "341 
9 0-37 0.20 0.47 1-387 1-343 

13 0-37 0.29 0"86 1-388 1-351 
14 0-37 0.25 0"66 1.390 1-347 
15 0-38 0-27 0.77 1.390 1.349 
16 0.38 0.33 1.14 1-392 1.357 

If we compare in Table 5 the macroscopic densities of 
samples with a constant crystalline P1 ker but different 
intermediate PI ks we can see that except for sample, 
numbers 11 and 14 the macroscopic density increases 
with increasing ks. Although this correlation between the 
macroscopic and non-crystalline density gives a reason- 
able explanation for the fluctuations in the plot shown in 
Figure 5, it is clear from the difference between the mean 
non-crystalline density in Table 5, which is about 1.348 g/ 
cm a, and the zero intercept of the regression line in 
Figure 5, which is about 1.359 g/cm a, that the evaluated 
densities listed in Table 5 are only rough estimates. As an 
explanation of this divergence it can be suggested that the 
non-crystalline density is not only influenced by drawing 
but also by heat treatment. This would also explain the 
non-agreement of sample numbers 11 and 14. The matter 
is complicated by the fact that: (i) Bonart (personal com- 
munication, 1970) and Konrad and Zachmann aa have 
found that the non-crystalline density pa of semi- 
crystalline unoriented PET is lower than the density of the 
fully amorphous polymer; (ii) Konrad and ZachmannSZ 
found for samples which have been crystallized at lower 
temperatures that per was lower than 1.455 g/cm 3. These 
findings resulted from small angle and density measure- 
ments. Thus none of the 3 densities in equation (4) can be 
assumed to be constant in any case. 

The general picture which emerges from these facts is 
that as long as no further information is available regard- 
ing the crystalline and non-crystalline density, any 
decision, which is only based on density and wide-angle 
measurements, whether two different non-crystalline 
states with boundaries exist between both in partly 
crystalline oriented PET or not, is hypothetical in 
nature. 

It can be concluded that the condition ps = pn holds 
true at least for the PET fibres listed in Table 5. In order to 
prove the range of availability of this finding, PET fibres 
heat treated under different tensions have been investi- 
gated. The details will be discussed elsewhere 8°. The 
regression line calculated using all measurements made on 
normal drawn and crystallized PET fibres to date is given 
by: 

p (g/cm a) = 1.358 + 0"090ker (9) 

The correlation coefficient is 0.88. The number of samples 
tested was 27. As can be seen by comparing equations (3) 
and (9), there are only small differences between the 
corresponding constants. 
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Figure 9 Crystalline phase index-macroscopic density map of 
PET. A, theoretical line drawn with the extreme values p~r=1"335 
g/cm s and pcr ----- 1-455 g/cm3; B, regression line for the investi- 
gated oriented fibres; C, limiting line constructed with the density 
of the intermediate fibre p=1.371 g/cm 3 and the theoretical 
crystalline density 

Using the theoretical crystalline density calculated by 
Bunn and Daubeny 33 of  1.455 g/cm s, the density of  the 
fully amorphous polymer of  1.335 g/cm s, the constants of  
equation (9) and the density of  sample D in Table 4, the 
diagram shown in Figure 9 can be constructed. The 
straight lines A and C limit the range of  the crystalline 
PI-density relationship, assuming that the non-crystal- 
line density does not decrease under those of  the full 
amorphous polymer and does not increase above those of 
sample D in Table 4. The regression line B lies well within 
this range, at least within its range of availability. The 
density corresponding to the unity intercept (ker = 1) of  the 
regression line in Figure 9 is 1.448 g/cm s. This points to 
the fact that in fibres the crystalline density is lower than 
those of  isotropic poly(ethylene terephthalate). 

CONCLUSIONS 

An X-ray method could be devised which would be suit- 
able for the characterization of  the crystalline, inter- 
mediate and amorphous regions in drawn poly(ethylene 
terephthalate) fibres. From its application to the study of  
non-crystalline and partly crystalline PET fibres, the 
following conclusions can be drawn: 

(1) The content of  ordered segments can be ascertained 
successfully in the case of  non-crystalline, but oriented 
fibres as well as in the case of  partly crystalline drawn 
fibres, by applying the three-phases indices method. 

(2) The two-phase model is, at least for PET fibres, a 
useful approximation regarding the density, provided the 
density of  one of  the two non-crystalline phases cannot be 
ascertained by the results of  some other suitable method. 

(3) The measurement of  the amount  of  crystalline 
ordered regions by density alone is unreliable because of 
the high degree of  variability of  the density of  the non- 
crystalline regions. 
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Flow induced crystallization of 
polyethylene melts 

M. R. Mackley and A. Keller 
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(Received 31 July 1972; revised 30 August 1972) 

Longitudinal velocity gradients in a flowing system are known to extend molecules appreci- 
ably and have been found to be responsible for the fibrous crystallization of polyethylene 
from solution. In this paper the preliminary optical observations are given of the effect this 
type of velocity gradient has on flowing crystallizable polymer melts. By flowing molten 
polymer into two mutually opposed orifices a longitudinal velocity gradient is generated 
specifically along the symmetry axis of the system. It was found that fibrous crystallization 
of polyethylene melt appeared to occur preferentially along this axis, implying that longi- 
tudinal velocity gradients play an important part in the production of this fibrous crystalliza- 
tion. The structural implications of the resulting extrudates and filaments obtained are 
discussed. Additional observations of the effect a fine gauze has on the crystallization of 
polymer melts is also presented. 

For crystalline polymers to approach their theoretical 
maximum stiffness two physical conditions must be 
satisfied. The molecular chains must crystallize in a 
manner such that they are highly aligned; and, equally 
important, the chains must possess appreciable con- 
tinuity along the fibre direction 1. 

By cold drawing most crystalline polymers it is 
possible to obtain a high degree of molecular alignment; 
but the existence of chain discontinuities along the 
draw axis prevents a high modulus material being 
achieved. 

Obviously the finite length of the molecules is one 
limiting factor on the degree of chain continuity that 
can be obtained; however, a very much larger contribu- 
tion to chain discontinuities along the fibre axis can be 
expected to come from the existence of chain folding 
where the molecules fold back and forth a larger number 
of times. If a high modulus fibre is to be achieved an 
oriented extended chain type crystal structure relatively 
free from folds must be obtained 1. 

A possible way of producing oriented extended chain 
material is to align the molecules before crystallization 
by hydrodynamic means, and then allow the molecules 
to crystallize whilst in the extended configuration. 

Previous experimental2, 3 and theoretical4, 5 studies 
have shown that in solution large polymer molecules 
can be readily stretched to their extended chain con- 
figuration in a longitudinal velocity gradient, whereas 
in the more common transverse velocity gradient the 
rotational nature of the flow severely restricts the exten- 
sion of the molecules. 

It was estimated that in solution 3 a longitudinal 
velocity gradient of magnitude about 108sec -1 was 
required to extend a significant proportion of the 
molecules. If it is assumed that in the melt longitudinal 
velocity gradients are also necessary to extend molecules, 
the magnitude necessary to obtain appreciable molecular 

extension would be reduced somewhat because of the 
anticipated increase in relaxation times of molecules 
in the melt. However, a conventional fibre-spinning type 
apparatus can only supply a longitudinal velocity 
gradient at a maximum rate of about 20sec -1 which 
is a factor of 50 less than that estimated to be necessary 
in solution. Frank suggested a system of mutually 
opposed jets as a possible method of producing suffi- 
ciently high longitudinal velocity gradientsL A longitu- 
dinal velocity gradient would by symmetry be specifically 
generated along the symmetry plane and axis of the 
system. Regions away from these areas would not 
necessarily contain pure longitudinal velocity gradients 
and in all probability would be areas containing trans- 
verse velocity gradients. 

Experiments carried out using a solution of poly- 
ethylene in xylene at low supercooling, where normally 
no crystallization would take place, resulted in a crystal 
deposit being obtained between the jets 2. This deposit 
has a 'shish kebab' morphology of the type first studied 
by Pennings 6, 7. The 'shish kebab' consists essentially 
of a fibrous extended chain core onto which chain folded 
platelets are attached s, 9 

The crystal deposit produced between the jets had 
little mechanical strength, presumably because of the 
weak compacting of the individual fibrils to form the 
crystal aggregate. In addition the fibre could not be 
produced as a continuous filament. 

This paper reports the preliminary observations and 
their implications, made from similar experiments carried 
out in the melt. 

In extending the work to the melt it was necessary 
to design a new apparatus capable of withstanding the 
larger pressures involved due to the increase in viscosity 
of the polymer melt. Details of the apparatus are given 
in the provisional patent specification for the system 1°. 
It is basically the suck jet experiment of ref. 2 except 
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......... r opposed orifices 

Figure I Apparatus used for flowing molten polymer into two 
mutually opposed orifices 

~Windows 

that the polymer is forced through the jets not by 
suction applied to the jets but by pressure applied to 
the surrounding melt. The essential features of the 
apparatus shown in Figure 1 involve a barrel which is 
charged with polymer which is then melted. A piston 
forces the polymer down the barrel into a lower chamber 
where the melt is then forced out of two mutually 
opposed orifices. The barrel and chamber can be main- 
tained at any chosen temperature. Optical windows are 
provided in the system to enable in situ observations 
of the crystallization to be made in the region of the 
jet orifices. 

From the selected rate of advance of the piston and 
the known dimensions of both piston and jet orifices, 
the volumetric velocity, V, into the jets can be determined. 
It has been shown by tracer particle experiments s that 
the velocity at the centre of symmetry of the opposed 
orifice type of system, is essentially zero; thus the 
longitudinal velocity gradient ~ along the symmetry 
axis can be estimated to a first approximation simply 
by: 

V ~=d- 

where d is the half distance between the jet orifices. 

It is only possible to specify the longitudinal velocity 
gradient along the symmetry axis. Away from the sym- 
metry axis predictions of the type and magnitude of the 
velocity gradients present cannot be specified in this 
precise manner. 

The preliminary observed phenomena are best 
described with reference to Figure 2. 

High density polyethylene Marlex 6002 was used as 
a sample polymer. All photographs were taken for a 
velocity gradient of 50sec -1 using jets of internal 
diameter 1.0ram. 

At a temperature of 150°C the observed cross-polar 
and bright field flow patterns are shown in Figures 2a 
and 2b respectively. In Figure 2a with the polars crossed 
in the 45 ° position a highly symmetrical birefringence 
pattern is seen indicating molecular orientation in this 
region. Absolute determination of the magnitude of the 
birefringence would be difficult because the observed 
pattern is a result of varying optical paths through 
material where both the direction and magnitude of the 
birefringence are a function of position. A rough estima- 
tion of the overall birefringence can be made by dividing 
the observed retardation by a mean radius of the localized 
birefringence: an estimation of the maximum retardation 
being obtained by counting the number of interference 
fringes from outside the birefringent area to the sym- 
metry axis, and knowing that each fringe corresponds 
to one wavelength retardation. In this manner an 
estimated birefringence of 7.2 × 10 -a is calculated. This 
is a factor of 8.0 below that calculated for the theo- 
retical birefringence 11 expected for perfectly aligned 
polyethylene. 

A point of immediate interest seen in Figure 2a is the 
beginning of cusping of the fringes as they approach 
the symmetry axis of the system. This strongly suggests 
that there is increased molecular orientation along the 
symmetry axis. The bright field photograph (Figure 2b) 
is included to contrast with later pictures; only the 
profile of the jets and slight contamination in the melt 
are visible in the photograph taken during flow. 

Figures 2c and 2d show the cross-polar and bright 
field situation respectively for a temperature of 140°C. 
In addition to the features seen at 150°C, when either 
viewed between crossed polars or in bright field a 
discrete scattering line of about 0.1 mm diameter is seen 
along the symmetry axis of the jet geometry. This axial 
line was highly suggestive of a crystalline fibre being 
continuously produced along the symmetry axis with 
the ends of the fibre entering the jet nozzles along the 
jet axis. After flow the birefringence disappeared; 
however, the central line was seen to persist for up to 
30 min after the cessation of flow. 

Additional evidence to support the view that this 
discrete scattering line is a stable crystal form is shown 
in Figure 3. In this case the cross-polar photograph 
was taken when flow has terminated and the piston had 
been retracted slightly. In this way the pressure in the 
melt was returned to atmospheric pressure and some 
polymer 'sucked back' through the orifices. The picture 
shows dearly the discrete nature of the core. It also 
shows that the core extends into the orifices and that the 
core appears stable even at atmospheric pressure. 

In Figure 2c the cusping of the interference bands is 
more enhanced than in Figure 2a indicating greater 
orientation along and near the symmetry axis. An 
estimation of the increase in birefringence along the 
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a ¢ e 

b d f 
Figure 2 Photographs taken during flow of region between opposed orifices. (a) Polars crossed in 45 ° position, T= 150°C; (b) bright field, 
T=150°C; (c) polars crossed in 45 ° position, T=t40°C;  (d) bright field, T=140°C; (e) polars crossed in 45 ° position, T=134°C; (f) bright 
field, T=134°C 

symmetry axis can be made by dividing the increase in 
retardation seen near the symmetry axis by the thickness 
of  the central thread. This gives a value of  about 
1.7 x 10 -2 which is a factor of  2.4 greater than the 
estimated overall birefringence seen in Figure 2a. This 
makes the total birefringence along the central line only 
a factor of  2.5 below the theoretical value for fully 
aligned molecules. 

Typical operating pressures for these experiments were 
200 bar [1 ba r=  105 N/m~]. For  the above conditions, the 
polymer extruded through either of  the jets could be 
removed as a plug or alternatively as a filament if slight 
tension was maintained on the extrudate as it left the 
exit side of  the orifice. Both plug and filament showed a 

similar form of X-ray pattern. Figure 4 shows an X-ray 
pattern from a filament. This consists of highly oriented 
equatorial arcs superimposed on arcs of  much larger 
angular spread. The pattern obtained suggests molecular 
orientation of  a two phase nature, one phase being more 
highly oriented than the other. 

The likely interpretation of the phenomena described 
above is that the core fibre is produced within the melt 
by the crystallization of longitudinally aligned extended 
chain molecules. As the molecules are aligned in this 
highly oriented manner along the symmetry axis the 
polymer crystallizes as a fibre in an extended chain 
form and would be expected to have a higher melting 
point than the mass of  surrounding material. This 
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Figure 3 Crossed polar photograph showing 
discrete nature of core, seen when piston had 
been retracted after flow 

tional manner when the extrudate has left the heated 
block. 

Returning to the optical photographs, Figures 2e and 
2f show the cross-polar and bright field photographs 
respectively taken when flow had terminated after a 
run at a lower temperature of  134°C. 

In this case further fibrils are seen to develop on or 
near the symmetry axis. As the amount of visible crystal- 
line material was seen to increase the pressure within 
the melt rapidly increased until the maximum permissible 
pressure was reached where either one or both jets 
blocked. In this respect the experiment has similarities 
to observations of van der Vegt and Smit 12 and Porter 
and Southern 13 where they observe sudden increases in 
pressure resulting in total blockage when extruding 
polyethylene through tapered capillaries. They attributed 
this increase in pressure and blockage to the onset of  
crystallization. Using the apparatus described in this 
paper it is possible to confirm this type of  phenomenon. 
The optical observations of the development of individual 
crystalline fibrils can be directly seen to be related to 
the increase in pressure of the system resulting in total 
blockage. 

In an attempt to remove particle contamination from 
the melt a fine stainless-steel gauze supported on a 
rigid coarse gauze was placed in the polymer melt 
supply extending across the junction between the barrel 
and the bottom chamber. With the melt temperature in 
the barrel of 160°C the extrusion followed the same 
pattern described previously for this temperature. At a 
critical lower temperature of  about 140°C where in the 
previous example a crystalline fibre was thought to be 
continuously produced; an additional part of  the whole 
volume shown in Figure 5 was filled with a number of fine 
crystalline fibrils each one appearing to originate from 
a single hole in the fine gauze. With the further develop- 
ment of the fibrils the system tended to block with a 
corresponding rise in pressure. 

Figure 4 X-ray picture of filament, illustrating its 
two-phase nature 

filament is continuously produced as the ends move 
outwardly along the high longitudinal velocity gradient 
centrally through the jet orifices. The polymer extruded 
around the core as it enters the orifices is obviously 
molten at this stage and acts as a 'lubricant' preventing 
the system from blocking. This molten material can be 
expected to crystallize onto the core at a later stage when 
the filament or plug leaves the heated region of  the 
block, where the supercooling is sufficiently great to 
allow conventional chain-folded crystallization to take 
place. 

This two-stage crystallization process offers an 
attractive explanation of the two-phase X-ray photo- 
graph obtained from the extrudate: the highly oriented 
phase corresponding to the crystalline core seen to 
form between the orifices and the less strongly oriented 
phase corresponding to the outer sheath of  molten 
material which crystallizes onto the core in a conven- 

Figure 5 Photograph showing additional fibrous 
crystalization induced by putting gauze in poly- 
mer melt supply. T=140°C 
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It is apparent from the last example that fibrous 
crystallization can be induced through an array of fine 
holes in a gauze, presumably because of the longitudinal 
velocity gradient generated along the centre line of each 
hole. This observation may be relevant to the filtering 
of polymer melts in technical fibre spinning machines 
and to the origin of blockages which may occur. 

In conclusion, it can be seen from the mutually 
opposed orifice experiment that longitudinal velocity 
gradients play a major part in inducing fibrous crystalliza- 
tion in the melt. Also there are sufficient indications 
from these preliminary observations to believe that 
continuous oriented filaments and/or fibril reinforced 
materials can be achieved effectively by careful design 
and control of hydrodynamic and thermodynamic 
parameters. Finally the experimental technique adopted 
in this paper of direct in situ optical observation of the 
flow and crystallization phenomena commends itself 
for studies of this kind. 
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The stress-strain behaviour of acrylonitrile-butadiene-styrene (ABS) containing up to 
33.5vol ~ of 10-40/~m glass beads as filler was measured at one strain rate at room tempera- 
ture. The beads eliminate the yielding and greatly enhance the ultimate elongation and 
work-to-break. The change in stress-strain response is associated with the dewetting and 
vacuole formation around the beads and with an increase in the amount of crazing. Initial 
experiments using water permeability to investigate the crazes are reported. 

INTRODUCTION 

The straining of  a polymeric glass results in a volume 
change that is the sum of an elastic recoverable change 
associated with the compressibility of  the material and 
an irreversible non-linear change associated with micro- 
cavitation within the solid 1. In many polymeric glasses, 
the microcavitation develops through the formation 
of crazes z, 3 

Crazes are very similar to cracks in appearance but 
quite different in other respects. The distinction was 
first made by Sauer e t  al. 4, 5, who pointed out that 
polystyrene is capable of  bearing considerable loads 
even after crazes have extended across the entire cross- 
section of  the specimen. From X-ray diffraction evidence 
they concluded that crazes are composed of oriented 
polymer interspersed by voids 9. According to Kam- 
boutS, 6 and Spurt and Niegisch 7, these crazes are 
structured regions analogous to that of a porous sponge 
in which the cell walls are highly drawn. In these zones, in 
fact, fibrils are drawn out of  unoriented, amorphous coiled 
material and oriented in the direction of  the tensile 
stress. These fibrils, then, contain oriented molecules. 

The porous regions may be thought of  as aggregates 
of  microscopic cavities, which concentrate stress in a 
manner similar to a true crack. 

In an unfilled polymeric glass, a unidirectional tensile 
load can cause crazes to nucleate and grow perpendicular 
to the direction of  loading. While termination of  the 
craze is related to the ability of the fibrils to form and to 
sustain a given load, the initiation of  the crazes is con- 
sidered to take place when a critical limit is reached in 
stress s-10, strain 1~, dilationZg, ta or distortion strain 
energy 1~ in the glassy polymer. 

The presence of  a particle in the polymeric matrix, 
however, causes stress concentrations around the 
particle which enhance the rate of  craze formation s . 
The maximum stress concentration caused by a rigid 
inclusion, according to Goodier's 15 elastic analysis, is 

* of  the National Research Council, Italy. 
t Fulbright Senior Research Scholar, Italy, 1971-72, on leave from 
the Jet Propulsion Laboratory, California Institute of Technology, 
USA. 

about 1.5, whereas for a rubbery inclusion it is about  
212 and for a hole, about 3 s. Thus, in the case of  rubber- 
modified polystyrene, such as acrylonitrile-butadiene- 
styrene (ABS), the presence of the low modulus particle 
provides a point of  stress concentration which can act 
as a point of  initiation of  a craze. However, once the 
craze starts it does not continue to propagate through 
the sample because it comes up against another rubber 
particle and stops. This process has been illustrated by 
Bucknall and Smith 9, who studied the deformation of  
high impact polystyrene in a thin film under the micro- 
scope. Recently a similar effect has been reported 24 in 
glassy polymers filled with rigid particles. 

The dimensions of  crazes are not yet well defined but 
seem to be a function of the specific polymer and of  the 
stress level. Kambour found a value for polycarbonate 
of  20 to 200 A 6 for the thickness of a craze*. Naturally 
the stress level plays a role in the craze dimension in 
the sense that, after crazes are nucleated, the higher 
the values of  stress, the larger the lateral dimension or 
length, though the thickness remains relatively fixed. 

The density of this crazed material is very low, about 
40-50% of  the bulk material 17. However, this value is 
not known with certainty and may well vary with the 
polymer and the condition under which the craze is 
developed. A clearer knowledge of  this point would 
facilitate the understanding of  the mechanism of  craze 
propagation and the properties of  the crazed material. 

One way of  investigating such porosity would be a 
direct measure of  fluid transport (with or without the 
presence of  an added solute) through a crazed specimen. 

In the present work we report the effect of  a hard 
filler on the mechanical properties of  a material which 
does not craze as easily in their absence, and some 
preliminary results of  the permeability of  such materials. 
The emphasis, however, is almost solely on the mechani- 
cal properties, specifically the uniaxial stress-strain behav- 
iour of  ABS/glass bead composites at different filler levels. 

* Zhurkov et aL 2~ report microcrack dimensions of about 90A for 
polycaproamide, 320A for polypropylene and 400A for poly- 
ethylene. In this case, however, it is not clear whether such micro- 
cracks contain fibrils, as in the crazes discussed here. 
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EXPERIMENTAL 

The acrylonitrile-butadiene-styrene (ABS; Mazzucchelli 
Celluloide Sicoflex T 85 and Monsanto Co. Lustran I) 
having a glass transition temperature Tg= 100°C and a 
Poisson's ratio of  0.35, was used as received. The glass 
beads (Tradex Colori type 3000 CPO1 and Cataphote 
Corp. type 2740, both with a diameter range of 10-40 
/zm) were cleaned by refluxing with isopropyl alcohol 
for 24h, after first removing the iron particles present 
with HCI (Tradex) or a large magnet (Cataphote). To 
prepare specimens the beads and polymer were mixed 
on a two-roll mill at 180°C. 

For  the mechanical tests, crude sheets were cut from 
the mill and then moulded to about 0.25 cm thick in a 
21 x 7-5 cm compression mould at 185°C under a pressure 
of  55kg/cm z. Specimens containing the following 
concentrations by volume of  glass beads were prepared: 
11.2, 20.5, 27.2 and 33.5 ~ .  In the present paper filler 
content is always expressed as volume concentration 
assuming that the density of  the matrix is 1.05 and the 
density of glass beads 2.5 g/cm a. 

Tensile specimens were cut to the shape specified by 
ASTM D 638-64 T with a high speed router and the 
filler content was determined by combustion of  small 
pieces of broken samples. All samples were annealed at 
roughly 10°C below Tg for one day, to minimize moulding 
stresses and then conditioned at 23°C and 45-55 ~ r.h. 
for 14 days before testing. Samples were tested in tension 
at a constant rate of  strain and constant temperature 
with an Instron universal testing machine, using a 
strain gauge extensometer. Fracture surfaces were 
examined with a Cambridge electron scanning micro- 
scope. 

For  the permeability measurement the films were 
prepared in a similar manner, except that the film was 
created on the mill by adjusting the roller clearance TM. 

Permeability tests were conducted on two different 
types of  equipment normally used in reverse osmosis 
laboratory tests. The first was an unstirred batch system 
(static cell) similar to the one described by Drioli 19, 
working at a maximum pressure of 6-5 atm (1 a t m -  101.33 
kN/m2). With the second apparatus 20 it was possible 
to make permeability measurements in laminar and 
turbulent flow with a maximum pressure of  50 atm. 
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Figure 1 Stress-strain curve for ABS filled with glass beads to 
the volume percentage as shown. A, ~=0%; B, ~=11.6%; C, 
~=20"9%; D, ~=28"2%; E, ~=34"5% 

RESULTS AND DISCUSSION 

Typical stress-strain curves for different concentrations 
of  glass beads at 24°C and at a strain rate of 0.131 rain -1 
are shown in Figure 1. The modulus increases and the 
strength decreases as filler is added. In contrast to 
theoretical predictions for glassy polymers, the ultimate 
elongation of this system increases with the addition of 
the filler. 

The curves for the filled materials exhibit an inflection 
and closer examination shows them to be bilinear 
with the discontinuity in slope occurring at about 
120 kg/cm 2 . 

The stress at this point is practically independent of  
the filler concentration, as previously shown for styrene- 
acrylonitrile (SAN)/glass bead composites 9"4, while the 
slope of  the stress-strain curve above the discontinuity 
is strongly dependent on the bead content. 

The change in slope is accompanied by stress whitening 
over the entire gauge length. A typical fracture surface 

Figure 2 Electron scanning photomicrograph of the fracture 
surface of ABS/glass beads (440×) (~=0.20) 

for a 20 vol ~o bead filled composite is shown in Figure 2. 
The denuded beads indicate that the adhesion of the 
ABS to the glass is poor, as would be expected with 
these materials. 

At higher stresses the unfilled material shows a well- 
defined yielding, but the filled materials pass through a 
broad maximum with little change in the stress level. 
After this region of  zero slope is attained, these samples 
continued to elongate with no further change in ap- 
pearance and no necking. 

The initial elastic modulus of  the particulate composite 
Ee increases with filler content and can be expressed 
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Figure 3 Initial modulus of ABS/glass bead composites versus (~ 
compared with equation (1) 

as a function of its volume fraction, ¢, by the well 
known Kerner equation 25 as: 

where 

and 

Ec "" I + ACq~ = ~  ] = ~  (1) 

A -  7 -  5/xv -1 .17  
8 -  10/x v 

C "-- E I / E v -  1 
E I / E v  + A = 0"97 for this polymer 

ttv is the Poisson's ratio of  ABS and El ,  E v  are the 
Young's moduli of  the filler and polymer respectively. 

In Figure 3 the elastic moduli calculated from equation 
(1) are compared with the experimental values. 

The strength of  these composites decreases as the 
volume content of  beads increases. This decrease is 
simply a reflection of  the decreased cross-sectional area 
of  the polymer bearing the load and can be expressed 
as a function of  concentration by the following equa- 
tion24: 

oc = av(1 - 1"21¢ 2/3) (2) 

were ac and a v are the strengths of  the composite and 
the polymer respectively. In Figure 4 the experimental 
values of  the strength are compared with those cal- 
culated. 

Figure 5 shows the ultimate elongation of  the ABS/glass 
bead composites as a function of  filler content. It can 
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Figure 4 Strength of ABS/glass bead composites versus ~, 
compared with equation (2) 
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Figure5 Ultimate elongation of ABS/glass bead composites as a 
function of filler content 

be seen that, in contrast to theoretical predictions 2z, 22, 
the ultimate elongation of  these composites increases 
sharply when the filler is added, up to about 10vol%, 

* Smith e3 arrives at a similar prediction for a rubbery matrix. 
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and then decreases slowly. However, it should be recalled 
that the theories are only applicable to simple two-phase 
systems, not to those which are dilatable and can form 
a third phase. 

The local strain at the fractured surface in the unfilled 
ABS is quite high. While this is very revealing in terms 
of  the mechanism of  rupture, the fact remains that the 
ultimate elongation of the unfilled polymer is small for 
typical specimens by conventional standards. 

This high elongation of the filled polymer can be 
explained if one can assume that the growth of crazes 
can be terminated by the glass beads or vacuoles around 
them. It is known 13, ~ that the rubber phase can act 
as a stress concentrator to initiate crazes and then assist 
in the terminating process. A similar process also occurs 
in glassy polymers filled with rigid particles. In fact if 
the propagating craze encounters a glass sphere to 
which the matrix is not strongly adherent, interfacial 
debonding can effectively blunt the tip of the craze and 
prevent further propagation. A similar but even more 
effective blunting occurs when a growing craze encounters 
a vacuole around a bead. In the case of  ABS/glass bead 
composites these two processes act together to give a 
more extensive crazing which, when coupled with the 
added elongation associated with the vacuoles, permits 
the much greater specimen elongation. 

Moreover, the effect of glass beads on the behaviour 
of  the ABS is also that of  equalizing the stress concen- 
trations all along the specimen (throughout it, really) 
by causing crazes to initiate over the whole volume 
rather than just in a few localized regions. Thus Figure 6 
shows a picture of specimens with and without beads 
after fracture. It can be seen that the unfilled sample 

Figure 6 Appearance of two specimens after a tensile test, 
showing difference in stress-whitening. Unfilled, left, and 
filled with 90% glass beads, right 

Figure 7 Electron scanning photomicrograph of the fracture 
surface of ABS containing 20vo1% glass beads (300Ox) 

shows a stress-whitening only in proximity to the fracture 
surface while the filled one is white over the whole 
gauge length. 

However, it is not clear to what extent the stress- 
whitening in the filled material is due to void formation 
around the particles and how much is due to crazing per 
se. In the unfilled material, it must clearly be the latter. 
In the filled material, as indicated by Figure 2, and more 
clearly seen in Figure 7, there is a strong suggestion of  
the formation of  elongated voids, such as are observed 
in filled elastomers 1, 2a, 88. Certainly it is evident that 
a strain of  80 ~o must lead to elongated vacuoles if the 
beads dewet--the moot  point is then whether the major 
part of the dewetting occurs first and causes crazing 
or subsequently, after the general initiation of  crazing. 

In any event, the picture emerges, to explain this high 
elongation, of  the beads initiating crazes, either as rigid 
inclusions if they remain bonded until crazing starts or, 
if the dewetting occurs first, as sites for holes which are 
even more effective as stress raisers and hence initiators. 
Subsequently the beads or holes act as craze and crack 
stoppers, permitting other nuclei to grow and propagate. 
Eventually the resulting strain is large enough to dewet 
other beads in the matrix, with concurrent enhancement 
of  further nucleation and further crack prevention 
capability. 

The result of this combined dewetting and crazing 
leads to greatly improved toughness by the simple 
fact that a large volume of  the specimen is involved in 
the deformation and hence increases the work-to-break. 

Here we take toughness to mean simply the work-to- 
break in these uniaxial tensile tests. Notched impact or 
tensile tests, which localize the fracture plane, would 
be expected to show a lesser enhancement of  toughness, 
thus measured, by the beads. 

These results are very important practically in the 
fact that the addition of these rigid inclusions to the 
ABS leads to a new material with better mechanical 
properties. 
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The interesting point that only a small amount of 
glass beads increases the work to break very sharply is 
shown in Figure 8. The rapid fall-off at higher bead 
content indicates that the beads are more effective in 
stopping craze propagation than they are in initiating 
it. Even if the work is assumed to have been done only 
on the polymer and the results corrected for the decrease 
in polymer content, i.e. Wpol= W(1 _ ~ ) - z  the work to 
break is still decreased by the higher bead contents 
(though it always remains greater than that for the 
unfilled polymer). 

To investigate the resultant porosity in this material, 
sheet specimens were formed as previously indicated and 
are being tested for permeability to water. The unstrained 
material shows no permeability under a pressure of 
36atm for 24h in a stirred cell, while a pre-strained 
sheet tested under the same dynamic conditions shows 
a flow rate as indicated in Figure 9. The initial high 
rate of l lml/min decreases with time towards an 
asymptotic value of roughly half this magnitude. This 
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Figure 8 Work-to-break of ABS/glass bead composites as a 
function of bead content 
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Figure9 Flow rate Vagainst time for an ABS/12% bead composite 
in a stirred cell under conditions as described in text 
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Figure 10 Flow rate against time for an ABS/16% bead composite 
during repetitive tests in a static cell under 6.5atm pressure. 
©, Test immediately after mounting in cell; × ,  test after 576 hours 
of discontinuous operation for various periods of time 

decrease, analogous to compaction in reverse osmosis 
membranes, is partly reversible. Figure 10 indicates the 
course of  the permeability with time of another mem- 
brane in repeat experiments at 6.5 atm in an unstirred 
cell. 

The strain in these sheets is unknown. To obtain a 
known value, the planar metal support plate in the 
static cell was replaced with a concave Teflon support 
plate. An unstrained sheet containing 127o beads was 
damped in the cell and the applied pressure, 6-5 atm, 
was sufficient to stretch the sheet out against the plate. 
The hemispherical concavity in the plate was designed 
to give a maximum (biaxial) strain of 2.5 ~o, i.e. above 
the strain at the discontinuity observed in the uniaxial 
stress-strain curve. The unstretched sheet showed a 
permeability of 0-11 ml/min, while the stretched sheet 
had an initial permeability of 0-17ml/min. This per- 
meability could result from any of three sources, pin- 
holes or other large defects, contiguous voids, or the 
crazes themselves. In the third case, the pore dimensions 
are such that a large polymer molecule would pass 
through with difficulty, if at all. Therefore 0.2 7o solutions 
of  poly(oxypropylene glycol) (mol.wt~600 000) were 
used in both the static and dynamic test cells under the 
same conditions as used with the water. The effluent 
had a polymer concentration roughly half that of the 
original solution, which indicates that significant water 
permeation must have occurred through the crazes. 

Further experiments to assess the utility of permeation 
as an investigative tool for such microporous materials 
are currently in progress. 

CONCLUSIONS 

The addition of a hard filler to a glassy polymer enhances 
its toughness if the latter can craze, and the easier the 
craze formation the greatest the effect. 

Thus glass beads have essentially no effect on poly- 
styrene 16 but raise the elongation and work to break 
progressively in styrene-acrylonitrile, poly(phenylene 
oxide) (PPO) and acrylonitrile-butadiene-styrene. In 
the ABS the breaking strength depends on the available 
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polymer cross-section, according to equation (2), just  
as it does for  S A N  and PPO. 

In  this more  readily crazed material, however, the 
elongation at break is very high. There is no adequate 
theory for  this behaviour,  though a reasonable explana- 
t ion can be advanced based on craze initiation and 
propagat ion,  coupled with the growth of  voids a round  
the beads. 

The resulting porous  materials are permeable to 
water with a pore size such that  large flexible molecules 
seem to be excluded. 
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Rheological properties of emulsion viscoses: 
1, Influence of alkali concentration, reaction 
time and order of addition of reactants 
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Increased sodium hydroxide concentration resulted in a general decrease in structural and 
apparent viscosities of cellulose emulsion viscoses. For the same sodium hydroxide 
concentration, increased or decreased values of both types of viscosities accompanied 
increased reaction time and different orders of adding the reactants. With the viscose type 
of flow, the antithixotropic ones predominated among those viscoses produced in a short 
time by adding the carbon disulphide first, while the thixotropic ones predominated among 
those produced over a longer period of time either by adding the carbon disulphide or the 
sodium hydroxide first. The highest antithixotropy index was achieved with the lowest 
sodium hydroxide concentration. Opposite behaviour was shown for the thixotropic flow of 
the viscoses produced over a long period of time by adding the carbon disulphide first and 
then increasing the sodium hydroxide concentration. In general, the former viscoses showed 
higher thixotropic indices than the latter. 

INTRODUCTION 

Polyelectrolyte solutions, even as dilute as 1-2~o, exist 
in a state which is considered gel rather than fluid. When 
alkali is added, the gel-like mass tends to behave like 
an ordinary viscous fluid t. This fact indicates that the 
structure of aqueous solutions of polyelectrolytes is 
greatly modified by the presence of simple electrolytes. 
In general, the viscosity of a polyelectrolyte solution 
decreases markedly when a small amount of  simple 
electrolyte is added 2-5. According to Fuoss and Strauss 6, 
the addition of such an electrolyte makes the polymer 
molecule smaller and smaller, thus approaching a limit 
of contraction. 

If  shear stresses, ~-, are plotted logarithmically against 
shear rates, D, straight lines are obtained, the slopes of 
which give the value of s in the equation: 

• = b D  s (1) 

where s is designated as pseudoplasticity. Once s is 
obtained, b, which is taken as an indication of the 
viscosity, can be calculated as any experimental value 
of r divided by the corresponding D raised to the power 
s. For pseudoplastic flows, the value of s is less than 1, 
for dilatant ones s exceeds l, while for Newtonian flows 
s = l  7. 

I f  the apparent viscosity, 7, is plotted against the 
shear rate D on a log-log graph, approximate linear 
relations are obtained. The slopes of the resulting 
straight lines, - d log ~//d log D, were utilized as a measure 
for the strength of solution structure 1. 

As regards the effect of cellulose properties on the 
structural viscosity of viscoses, Kiseleva e t  aL a showed 

no interdependence between the average degree of 
aggregation of cellulose macromolecules in solution and 
the structural characteristics of viscoses prepared from 
various dissolving pulps. This structural property is 
mainly affected by the molecular polydispersity of the 
pulps. 

An important factor contributing to polymer pro- 
perties is the molecular weight or the length of the 
chain. The short chains of a low molecular weight 
polymer cause resistance to entangling when stress is 
applied. Hence the molecules can disentangle more 
readily under stress and produce a lower rupture point. 
As the average molecular weight increases, there is more 
entanglement of chains, resulting in an increase in 
strength properties 9. On the other hand, Stein and 
Doty 10 stated that the greater the molecular weight 
the greater the coiling tendency becomes. 

The dependence of viscosity on rate of shear of 
viscose was determined as a function of cellulose con- 
centration, degree of polymerization, degree of matura- 
tion, sodium hydroxide content, sulphur content and 
temperature. The first two factors were of predominant 
importance; at very large rates of shear, the dependence 
of viscosity on concentration was linear while at low 
rates it was exponential. The structural viscosity was 
caused by uncoiling and orientation of chain molecules, 
rather than by their interaction 11. 

Thixotropy is similar to pseudoplasticity in that an 
increase in shearing stress produces a larger increase in 
rate of shear than expected but there is an important 
difference in that thixotropic changes are affected by 
time, whereas pseudoplastic changes are produced 
instantaneously. Thixotropy is believed to be due to 
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an internal structure which imparts rigidity to the 
system. This structure breaks down under shearing 
stress and when this happens the flow conforms to 
either the plastic or pseudoplastic type. Thus, if a plot is 
obtained of the rate of shear against shearing stress, a 
hysteresis loop is formed between the up and down 
curves. After the shearing stress is removed, the structure 
responsible for thixotropy reforms and the system returns 
to its original state but a significant time interval is 
required for this to take placelL 

Thixotropy has also been defined as a reversible 
sol-gel transformation. It is difficult to measure and the 
usual criterion of measurement is the hystersis loop, 
which is produced by non-linear up and down curves 
or consistency diagrams. The most useful measure of 
thixotropy is the coefficient of thixotropic breakdown 
with rate of shear, or the loss in shearing stress per unit 
area per unit increase in the rate of shear 13. 

Antithixotropy, on the other hand, is distinguished 
from thixotropy in that the rise in shearing stress causes 
a rise in viscosity and it is distinguished from structural 
viscosity in that recovery of the system is not instan- 
taneous 14. 

Thixotropy has been found to increase with both 
concentration and temperature ~5. However, Fenson and 
Greenblatt 16 found that thixotropy decreased as the 
temperature increased, while it changed with concen- 
tration. Goodeve 17 showed that temperature has little 
effect on the coefficient of thixotropy over a fairly wide 
range but it normally has a large effect on the residual 
viscosity, i.e., the viscosity when the thixotropic effect 
is absent. The value of the coefficient of thixotropy 
increases as the square of the concentration. 

In the present work, the aim was to investigate the 
influence of sodium hydroxide concentration, reaction 
time and order of addition of reactants on the flow 
properties of emulsion viscoses. 

EXPERIMENTAL 

Wood pulp, shredded for 1 h at 50 7o moisture content 
and then dried at room temperature, was processed into 
viscoses in wide-mouthed glass bottles of 250 ml capacity, 
using l g cellulose and different sodium hydroxide 
concentrations, from 10 to 18%, at a liquor ratio of 
30 : 1, carbon disulphide in the ratio of 1 • 1-8, for reaction 
periods of 3 and 6 h. Either the carbon disulphide or 
the sodium hydroxide was added first. The bottles were 
allowed to rotate at 9rev/min in a water bath at 
20 ° _+ 0.5 °C. 

At the end of the reaction time, the viscose was 
centrifuged at 3000rev/min for 5 min, and the dissolved 
amount of cellulose was estimated by oxidation using 
1 N potassium dichromate solution and 6870 (w/w) 
sulphuric acid, after destruction of the sulphur com- 
ponents with 570 sulphuric acid Is. 

The apparent viscosity of the viscose was then deter- 
mined using a Rheo-viscometer after HSppler, thermo- 
stated at 20 ° + 0.05 °C. Thus, a known transferred volume 
of the viscose, defined by the mark of the suitable 
standard glass tube of the viscometer, was subjected to 
different shear stresses using weights allowing measure- 
ments within the range 10-200g/cm ~, and the cor- 
responding times taken for a glass ball to pass through 
the viscose solution for a certain length recorded by a 

dial are measured, from which the apparent viscosity 
was calculated from the following equation: 

~1 = t K'r 

where t=  measured time, K= constant for the standard 
tube, and z = shear stress. 

RESULTS AND DISCUSSION 

Structural viscosity 

The ionized groups along a dissolved polymer chain 
repel one another, thus causing the chain to straighten 
out 19. Such straightening might be accompanied by 
chain entanglement. Also, non-Newtonian behaviour 
would be due to the effect of shear on the number of 
links and the average life of a link 20. Therefore, in- 
creasing the number of xanthate groups, i.e., increasing 
the y number of the dissolved xanthated cellulose, 
would increase from the solution structure through 
increased entanglement as well as increased linking. As 
a result of their work, Fahmy and Fad121 showed that 
7 number for the dissolved xanthated cellulose increased 
as the sodium hydroxide concentration was increased. 
Accordingly, increasing the latter will, therefore, induce 
an increase in the structure of the viscose solution. 

However, it is known that increased sodium hydroxide 
concentration results in increased degradation, i.e., in- 
creased shortening of the cellulose chains, and this will 
therefore lead to decreased entanglement; also, this will 
lead to a decreased number of xanthate groups per 
substituted cellulose chain molecule and hence induce a 
decrease in the solution structure. 

Also, the introduction of a solvent electrolyte to a 
polyelectrolyte solution causes the repulsion between 
the neighbouring ionized groups along the polymer 
chain to become less, owing to the screening action of 
the electrolytes and, as a result, allows the polymer 
molecule to coil up into a more random configuration 19. 
Such a coiling might be accompanied by chain disen- 
tanglement. According to Fuoss and Strauss 6 the polymer 
molecule becomes smaller and smaller, thus approaching 
a limit of contraction on addition of a simple electrolyte. 
Again, addition of alkali results in making the double 
layer around the polyion denser and hence the structure 
of the solution less tight, owing to the decrease in the 
electrostatic interaction between the polyions 1. There- 
fore, increasing the sodium hydroxide concentration of 
the emulsion xanthation reaction, which is also accom- 
panied by increased formation of the simple electrolytes 
reaction by-products (namely sodium thiocarbonate, 
sodium sulphide and some sodium carbonate 21) induces 
increased loosening of the solution structure. 

While increased sodium hydroxide concentration of 
the xanthation reaction tends, on the one hand, to make 
the structure of the solution more tight, it also tends to 
loosen it and the determined structural viscosity will 
thus be a product of both effects. The results achieved 
in this work, within the viscoses showing complete 
solubility and decreased structural viscosity with in- 
creased sodium hydroxide concentration (Table 1 and 
Figure 1) therefore, reveal dominance of the factors 
affecting loosening of the structure over those affecting 
its tightness. 

However, for viscoses showing incomplete solubility, 
other factors, such as concentration of the dissolved 
cellulose as well as molecular aggregates formation, 
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Table 1 Influence of sodium hydroxide concentration, reaction time and order of addition of reactants on flow properties of emulsion 
vJscoses* 

NaOH Order of Thixotropy! 
conc. addition of Time Solubility Structural antithixotropy 
(%) reactants (h) (%) viscosity r/5o (A) index s b 

10 CS2 first 3 82 0.3481 912.10 1.8240(A) 0.6100 293.9 
C $2 first 6 87 0.4350 965.95 1- 2150 0.6200 313.8 
NaOH first 6 82 0.4553 935.15 2.4798 0-5400 243.0 

12 CS2 first 3 94 0.3603 704.65 0.1519 0.6392 271.9 
CS2 first 6 100 0.4200 831.95 2- 0514 0.5881 263- 0 
N aOH first 6 100 0.3669 548.80 1- 6716 0.6017 210- 5 

15 CS2 first 3 100 0.3276 602-60 0.6837(A) 0.6451 252.2 
CS2 first 6 100 0- 3060 367.70 2" 1273 0.7142 206.2 
NaOH first 6 100 0.3250 400.10 0.3609 0.5666 201-5 

18 CS~ first 3 100 0.2911 436.85 0.2279(A) 0.6875 223-1 
C S2 first 6 100 0.2507 362.20 0- 9300 0- 7140 204- 0 
NaOH first 6 90 0.2761 347.95 0.7597 0.7071 198.1 

3"4 

3.C 

0 

X 

~' X 0 

I=- 

0 
- - I  

2 ' 6 -  

2"2 
0 "4  

* The viscoses were produced using 1 : 1-8 CS2 ratio and 30 : 1 l iquor 

I I I ~ I I 
1.2 2 .0  2-8 

Logo 

Figure I Structural viscosity curves for viscoses produced in 
3 h by adding CS~ first. O, 10% NaOH; x ,  12% NaOH; 0 ,  15% 
NaOH; /k, 18% NaOH 

may interfere in influencing the solution structure. 
Thus, while decreased cellulose dissolution induces 
loosening of the structure, owing to a general decrease 
in the number of links within the entire structure, 
caused by a decreased linking strength through the 
resulting increased free spaces, the molecular aggregates 
induce increased solution structure. These molecular 
aggregates form by analogy to carboxymethyl cellulose 
solutions and to the presence of crystalline poorly 
soluble material which, serving as gel centres, entrap a 
relatively large amount of soluble material in a network 
held together by electrostatic and van der Waal forces zz. 

Therefore, for viscoses showing incomplete solubility, 
the structural viscosity will be a product of all the 
various effects related to the previously mentioned 
factors. This may explain the slightly increased and 
decreased structural viscosities of the viscose solutions 
produced with 12 % sodium hydroxide by adding carbon 
disulphide first, for 3 and 6 h, respectively, com- 
pared with the corresponding ones similarly produced 
with 10 % sodium hydroxide (Table 1). 

For the same sodium hydroxide concentration, the 
structural viscosity has been found to undergo an 
increase or decrease in its value as the reaction time 
was increased from 3 to 6 hours (Table 1). Again, for 

ratio at 20°C 

the same sodium hydroxide concentration and the same 
reaction time, the structural viscosity may show an 
increase or decrease following the differences in the 
order of addition of reactants, whether the sodium 
hydroxide or carbon disulphide is added first. 

This may relate for the viscoses showing complete 
solubility to differences in the relative rates, which 
some or all the factors affecting the structural viscosity, 
namely y number, amount of by-product formation and 
degree of degradation, may undergo as the reaction 
proceeds or the order of addition of reactants varies 
and which may differ with different sodium hydroxide 
concentrations, and to the formation of molecular 
aggregates and concentration of the dissolved cellulose, 
for viscoses showing incomplete solubility. 

In this connection, it is worth mentioning that the 
rate of xanthation [degree of substitution (y number) and 
cellulose dissolution], as well as the by-product forma- 
tion (sulphides and trithiocarbonates), are higher on 
adding carbon disulphide rather than sodium hydroxide 
first, as can be seen from Table 2. 

Pseudoplastieity 
The slope of the straight lines resulting from plotting 

log ~ vs. log D and designated by the symbol s in equa- 
tion (1) and which is less than 1 (Table 1 and Figure 2) 
is taken as an indication of the pseudoplasticity of the 
viscose solution. The increase in the s value means a 
decrease in the pseudoplasticity and hence the solution 
approaches Newtonian flow and vice versa. The results 
in the Table show, in general, that pseudoplasticity 
changes in accordance with the structural viscosity and 
both changes are in the same direction. However, the 
changes may not be of the same magnitude and even 
some few opposite changes may occur. 

Apparent viscosity 
From Figures 3, 4 and 5, it is clear that increased 

sodium hydroxide concentration resulted in decreased 
apparent viscosity. For the same sodium hydroxide 
concentration, increased or decreased values accom- 
panied increased reaction time, or different orders of 
adding the reactants. 

The different results achieved relate to the different 
factors affecting the apparent viscosity, namely, solution 
structure, concentration of the dissolved cellulose and 
length of the dissolved xanthated chains, i.e., extent of 
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Table £ Influence of order of addition of reactants on rates of 
xanthation and by-product formation 

Time (rain) 

30 60 120 180 360 

CS= added first: 
Dissolved cellulose 74-4 100 100 100 100 

(g%) 
~, number ~4 32.0 42.4 63.6 85.6 106.7 
By-products =5 

Sulphide (g) 0.21 0.35 0.42 0.53 0.66 
Tr i th iocarbonate 1.67 1.80 2.17 2-36 2.55 

(g) 
NaOH added first: 

Dissolved cellulose - -  34.6 46.5 84.2 90.0 
(g%) 

~, number ~4 - -  15-7 40.8 68-5 105.0 
By-products ~5 

Sulphide (g) 0.15 0.28 0.35 0.46 0.53 
Trithiocarbonate 1.45 1.75 1.98 2.01 2.18 

(g) 

The viscoses were prepared using 18% NaOH, 1 : 1.8 CS~: cel- 
lulose ratio, 30 : 1 l iquor to cellulose ratio, at 20°C 

2"6 

2"2 

~'  1'8 
_J 

1.4 

1.2 t-% 21o 2'.4 3.o 
Log D 

Figure 2 Pseudoplasticity curves for viscoses produced in 
3h by adding CSs first. O, 10% NaOH; 0 ,  12% NaOH; x,  15% 
NaOH; I-1, 18% NaOH 

degradation, whose values may differ with the different 
sodium hydroxide concentrations, reaction times and 
orders of adding the reactants and of which the apparent 
viscosity is a product. 

Thus, at the same cellulose solubility, sodium 
hydroxide concentration, and reaction time, where the 
last two are expected to lead to the same degree of 
degradation, the change in structural viscosity was 
accompanied by an analogous change in the apparent 
one. For example, both increased structural and apparent 
viscosities were achieved for the viscose produced with 
12~o sodium hydroxide, for 6 h, by adding carbon 
disulphide first, over the corresponding ones of that 
of the same solubility, similarly produced by adding 
sodium hydroxide first (Table 1 and Figures 4 and 5). 
Also the same, though the reverse, was achieved for the 
viscoses of the same cellulose solubility, produced for 

6 h, with 15~o sodium hydroxide, where the one 
produced by adding the carbon disulphide first, showed 
both decreased structural and apparent viscosities, 
below the corresponding ones of that produced by 
adding the sodium hydroxide first (Table 1 and Figures 
4 and 5). 

However, the decrease in the apparent viscosity, 
following that of the structural one, appears to take 
place up to a certain value beyond which any further 
decrease in the latter may be accompanied by little or 
no decrease in the former. This may reveal on comparing 
the viscoses produced with 15 and 18~o sodium 
hydroxide, for 6 h, by adding the carbon disulphide 
first, where practically no change in the apparent vis- 
cosity was achieved, in spite of the distinct difference 
in their structural viscosities (Table 1 and Figure 4). 

For different viscose solubilities or different degrees 
of degradation, or both, the apparent viscosity may 
behave differently from the structural one. Thus, although 
viscoses produced by adding the sodium hydroxide first 
for 6 h, with 10 and 18Yo sodium hydroxide con- 
centrations, showed increased structural viscosities over 
the corresponding ones of those of the same cellulose 
chain lengths, similarly produced by adding the carbon 
disulphide first, yet they showed decreased apparent 
viscosities, owing to decreased solubilities (Table 1 and 
Figures 4 and 5). 

Also, owing to a higher degree of degradation, accom- 
panying the viscose solutions produced after 6 h, 
with 10 and 15 ~o sodium hydroxide concentrations, by 

Jsoc 

15OC 

1200  

F" 
"~ 9 0 0  

3 0 0  - 

O 

~X 

Figure 3 
adding CS~ first. O, 10% NaOH; × ,  12% NaOH; A ,  15% NaOH; 
V,  18% NaOH 

I 1 I I I I I I I I 
4 0  80 120 160 2 0 0  

Sh¢or stress, t (g/cm 2 ) 

Viscos i ty  curves  for  v iscoses  p r o d u c e d  in 3 hours by 
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Figure 4 Viscosity curves for viscoses produced in 6 h by 
adding CS~ first. O, 10% NaOH; x ,  12% NaOH; A, 15% NaOH; 
O, 18% NaOH 

2 0 %  40  80 120 160 200 
Shear stress, x(g/cm 2) 

t 

 olt f . . . .  

Figure5 Viscosity curves for viscoses produced in 6 h by 
adding NaOH first, ©, 10% NaOH; x, 12% NaOH; A, 15% NaOH; 
O, 18% NaOH 

adding the alkali first (it is known that the degree of 
degradation increases with time and sodium hydroxide 
concentration) they showed lower apparent viscosities 
than the corresponding ones of the same cellulose 
solubilities produced by adding the carbon disulphide 

first, for 3 h, in spite of the higher structural vis- 
cosity achieved for the viscose produced after 6 h 
rather than 3 h with 10 % sodium hydroxide con- 
centration, and the practically equal ones for those 
produced for both times with 15 % sodium hydroxide 
concentration (Table 1 and Figures 3 and 5). However, 
the decrease in apparent viscosity was distinct for the 
viscoses of 15% sodium hydroxide concentration, 
owing to the practically equal structural viscosities and 
only slight for those of 10 % sodium hydroxide concen- 
tration, owing to the accompanying increase in structural 
viscosity. 

By applying equation (1), the b value corresponding 
to a shear stress of 50g/cm 9' was calculated and it has 
been found that it does not approach the value of the 
apparent viscosity at the same shear stress, ~750 (Table 1). 
However, the change of b value goes more or less 
parallel to that of the apparent viscosity at the same 
shear stress; only a few exceptions have been achieved. 

Thixotropy and antithixotropy 
The hysteresis loop produced by non-linear up and 

down curves on plotting shear stress against shear rate, 
has been taken as a measurement of the thixotropy and 
antithixotropy indices 

= area of the hysteresis loop x shear stress x shear rate 

= cm 2 x (g/cm~) x sec -1 = g sec -1. 

According to Ree and Eyring 23, two kinds of mole- 
cules--extended entangled and coiled disentangled-- 
exist in a flow system of thixotropic substances; the 
former are non-Newtonian in their flow and the latter 
Newtonian. The relative amounts of the two kinds of 
molecules are determined by the equilibrium constant 
for entangled molecule ~ disentangled molecule. The 
equilibrium is shifted at high stresses and the entangled 
molecule is stretched and disentanglement is promoted 
and the network structure is thus destroyed. 

Also, thixotropy and antithixotropy relate to differences 
in the rates of bond breaking and reformation, where 
for the former, the rate of reformation is slower than 
breaking, while the reverse takes place for the latter 
i.e., rate of reformation is higher than breaking ~0. 

In dealing with the results achieved in this work, it is 
evident from Table 1 that while the antithixotropic 
flow dominates among viscoses produced by adding the 
carbon disulphide first, for 3 h, the thixotropic one 
prevails among those produced by adding either the 
carbon disulphide or the sodium hydroxide first, for 
6 h; examples of the thixotropic and antithixotropic 
types of flow are shown in Figures 6 and 7, respectively. 

Again, from Table 1, it is clear that the highest anti- 
thixotropy index was achieved with the lowest sodium 
hydroxide concentration i.e. 10%. Within the viscoses 
produced by adding the carbon disulphide first, for 6 h, 
the thixotropy index showed an increase with the 
increase of the sodium hydroxide concentration from 
10 to 12 %, remained practically constant as the concen- 
tration was increased to 15 %, and finally decreased on 
further increasing the concentration to 18%; while, 
within those similarly produced by first adding the 
sodium hydroxide, it showed a decrease with the increase 
of sodium hydroxide concentration from 10 to 12 to 
15 %, and then an increase on further increasing the 
concentration to 18 %. 
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Figure 6 Consistency diagram of thixotropic flow for viscose 
produced with 15% NaOH in 6 h by adding CS= first. ©, up; 
x ,  down 
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Figure 7 Consistency diagram of antithixotropic flow for viscose 
produced with 10% NaOH in 3 h by adding CS2 first. ©, up; 
x ,  down 

The Table also reveals increased thixotropy indices 
for the viscoses produced, by adding the carbon disul- 
phide first, for 6 h, than the corresponding ones 
of those similarly produced, by adding the sodium 

hydroxide first; with 10~ sodium hydroxide concen- 
tration, the reverse took place. 

The different results achieved above relate primarily 
to the relative differences in the rates of xanthation and 
by-product formation, while the flow measurements 
were being carried out. These may differ with the sodium 
hydroxide concentration, reaction time and order of 
adding reactants. Thus, during the flow measurements, 
and due to by-product formation, promotion into coiled 
disentanglement and bond breaking induces increased 
thixotropy, while owing to the formation of new 
xanthate groups, promotion into extended entanglement 
and bond formation induces, on the contrary, decreased 
thixotropy and if the latter type of promotion dominates 
that of the former, the opposite type of flow (anti- 
thixotropy) is achieved. 

In addition, incomplete cellulose solubility may induce 
increased or decreased thixotropy and antithixotropy 
indices or even transformation of one type of flow into 
the other, through the counteracting effects of the 
molecular aggregates formation, to which Ott s2 ascribed 
the thixotropic flows of carboxymethyl cellulose solutions 
and the increased free spaces which may allow proper 
extensions for the transformed molecules, respectively, 
increased entanglement and linking, while the flow 
measurements are being carried out. The latter influence 
may be observed when the viscose of incomplete cellulose 
solubility produced with 10~ sodium hydroxide, for 
3 h, showed a distinctly higher antithixotropy index 
(Table 1). 

CONCLUSIONS 

(1) The solution structure of an emulsion viscose, 
being considered as a polyelectrolyte, is a product of 
several factors affecting the configuration of its xanthated 
cellulose chain molecules, as well as the bonding between 
the neighbouring chains. These factors are: sodium 
hydroxide concentration, degree of substitution, amounts 
of by-product formations, degree of degradation, per- 
centage cellulose solubility and molecular aggregates 
formation. 

(2) The apparent viscosity is affected by the solution 
structure, percentage cellulose solubility and degree of 
degradation, of which it is a product. 

(3) The change of pseudoplasticity is in most cases 
in accordance with that of structural viscosity, while 
the b value agrees with that of the apparent one. 

(4) The viscose type of flow is primarily affected by 
the relative rates of xanthation and by-product forma- 
tion while the flow measurements are being carried 
out. Molecular aggregates formations and the increased 
free spaces between the molecules, which both accom- 
pany incomplete solubility of cellulose, may interfere. 
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Rheological properties of emulsion viscoses: 
2. Influence of cellulose origin, carbon 
disulphide ratio and temperature 
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Celluloses of different origins or carbon disulphide of different ratios may affect different 
structural and apparent viscosities, thixotropy and antithixotropy indices for the produced 
viscoses. Change of temperature for the viscose flow measurements alone, or together with 
that for the viscose reaction may also have a similar effect or even convert one type of flow to 
the other, i.e., thixotropy into antithixotropy or vice versa. Apparent viscosity is affected by 
a change in structural viscosity, free space, cellulose solubility, degree of degradation and 
amounts of carbon disulphide included. 

INTRODUCTION 

In Part 1 of this work 1, investigations on the sodium 
hydroxide concentration, reaction time and order of 
addition of reactants have been carried out regarding 
their influence towards the structural and apparent 
viscosities and thixotropy and antithixotropy indices of 
the produced viscoses. The results achieved showed 
considerable variation, which has been attributed, for 
each property, to several factors whose effects may 
vary with the sodium hydroxide concentration, reaction 
time and order of addition of reactants and of which 
the state of the property is a product. 

Thus the structural viscosity of a viscose solution is 
a product of the factors affecting the configuration of 
the constituent chain molecules as well as the bonding 
between the neighbouring chains. These factors are: 
sodium hydroxide concentration, degree of substitution 
amounts of by-product formation, degree of degradation, 
percentage cellulose solubility and molecular aggregates 
formation. The apparent viscosity is a product of the 
solution structure, percentage cellulose solubility and 
degree of degradation. 

The thixotropic and antithixotropic flows are primarily 
affected by the differences in the relative rates of xantha- 
tion and by-product formation while the flow measure- 
ments are being carried out, as long as complete solu- 
bility is maintained; otherwise, other factors such as 
molecular aggregates formations and free spaces, owing 
to incomplete solubility, may interfere. 

From the same work, it has also been shown that 
the pseudoplasticity changes in most cases in accordance 
with the structural viscosity while the b value changes 
with the apparent viscosity. 

In the present work, the investigation has been further 
extended to include the influence of the cellulose origin 
from which the viscose was derived, carbon disulphide 

ratio and the temperature used for its production 
together with the temperature at which the flow 
measurements have been carried out on the viscose flow 
properties. 

EXPERIMENTAL AND RESULTS 

Influence of  cellulose origin 
Cotton sliver and viscose wood pulp of almost the 

same degree of polymerization, were processed into 
emulsion viscoses, using 18 ~o sodium hydroxide solution, 
1.8 : 1 carbon disulphide to cellulose ratio, 30 : 1 liquor 
to cellulose ratio at 20°C for 6 h. Either the carbon 
disulphide or the sodium hydroxide was added first. 

From Table 1, it is clear that cotton sliver viscoses, 
produced by either adding the carbon disulphide first 
or the sodium hydroxide, showed distinct increases in 
structural viscosity over that of wood pulp viscose 
produced by the former type of addition and only a 
slight or indistinct one over that produced by the latter 
type. This may relate to differences in the relative rates 
of xanthation and by-product formation, following the 
differences in the cellulose origins from which the 
viscoses were derived--higher for the viscose of cotton 
sliver than for that of wood pulp. However, for viscoses 
showing incomplete solubility, interference of the 
molecular aggregates formation may take place so that 
the structural viscosity of wood pulp viscose produced 
by adding the sodium hydroxide first, approached those 
of cotton sliver viscoses produced by either type of 
addition of reactants. 

Regarding the pseudoplastidty, the results of Table 1 
show that its change is different from the structural 
viscosity; higher structural viscosities of cotton sliver 
viscoses were accompanied by either almost constant 
or higher s values, than those of wood pulp. 
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Table 1 Inf luence of cel lulose origin on f low properties of viscoses 
i i i ,  

Order of addition of Solubi l i ty Structural 
reactants (%) viscosity ~/5o 

Thixotropy 
index s b 

Wood pulp viscose: 
CS = f irst 100 0" 2507 362.20 0" 9300 0' 7140 204- 0 
NaOH first 90 0' 2761 347.95 0' 7597 0" 7071 198" 1 

Cotton sliver viscose: 
CS~ first 100 0- 2894 727.70 0.3806 0" 7222 343-1 
NaO H first 90 0.2857 482.95 1.2501 0- 7402 268- 5 

The viscoses were prepared using: 18% NaOH, 1 : 1.8 CS= and 30 : 1 l iquor ratio, at 20°C, for 6h 

As far as the apparent viscosity is considered, its 
value at a shear stress of 50g/cm 2 (~750), will be taken as 
representative, and from Table 1 it is clear that cotton 
sliver viscoses showed higher apparent viscosities than 
those of wood pulp. This may relate for the former 
viscoses either to a higher structural viscosity or lower 
degree of degradation which may accompany the 
cellulose cotton sliver. 

The change in b value, has been found to follow 
that of apparent viscosity at the same shear stress (~750) 
(Table 1). 

Again, from Table 1, the cotton sliver viscose pro- 
duced by adding the carbon disulphide first, showed 
lower thixotropy indices than those of wood pulp 
viscoses produced by either type of addition of reactants, 
while that produced by adding the sodium hydroxide 
first showed a higher one. This may relate to a higher 
rate of xanthation than by-product formation, accom- 
panying the flow measurements of the cotton sliver 
viscose produced by the former type of addition, as it 
is completely soluble; and to a higher percentage of gel 
centres and, molecular aggregates formation, accom- 
panying the production of that produced by the latter 
type of addition, as it is incompletely soluble, owing to 
the higher lateral order and fibril packing of the cotton 
sliver cellulose. 

Influence of carbon disulphide ratio 
For such an investigation, two carbon disulphide ratios, 

namely, 1 : 1.8 and 1 : 3.6, were used for the production 
of wood pulp viscoses, with 18~o sodium hydroxide, 
30:1 liquor to cellulose ratio at 20°C for different 
reaction times, namely, 3 and 6 h, and order of 
addition of reactants, i.e., either the carbon disulphide 
or the sodium hydroxide added first. 

From Table 2, it is clear that increasing the carbon 
disulphide ratio from 1:1.8 to 1:3.6 resulted in an 

indistinct increase of structural viscosity and a distinct 
one, for viscoses produced by adding the carbon disul- 
phide first, for 3 and 6h, respectively, while, for 
those produced by adding the sodium hydroxide first, 
for 6 h, decreased viscosity was achieved. This may 
relate to a relatively higher rate of xanthation than by- 
product formation, accompanying the production of 
viscoses produced with the higher carbon disulphide 
ratio and by the former type of addition, as they are 
of complete cellulose solubility and which appear to be 
increased as the reaction time increased from 3 to 6 h, 
while to the dominance of the effect of the 
molecular aggregates formation, for the one produced 
with the lower carbon disulphide ratio, by the latter 
type of addition, as it is of incomplete cellulose solubility. 

The results of pseudoplasticity show that its change, 
owing to the carbon disulphide ratio change mainly 
follows that of the structural viscosity (Table 2). 

Regarding the apparent viscosity, it is clear from 
Table 2 that its value showed a slight decrease, increase, 
and again, increase, for the viscoses produced with the 
higher carbon disulphide ratio, by adding the carbon 
disulphide first, for the short and long reaction periods, 
and, by adding the sodium hydroxide first, for the long 
reaction period, respectively, over the corresponding 
ones similarly produced with the lower carbon disulphide 
ratio. This relates to. the differences that may be affected 
in the cellulose solubility and structural viscosity, which 
may accompany the use of different carbon disulphide 
ratios; otherwise, it may relate to a higher percentage 
of carbon disulphide included within the viscose pro- 
duced with the higher carbon disulphide ratio, which 
may thus lead to a decreased viscosity. 

For the b value, its change again often follows that 
of ~750 (Table 2). 

As far as the flow behaviour is concerned, viscoses of 
of the higher carbon disulphide ratio, showed increased 
antithixotropy and decreased thixotropy, for those 

Table £ Influence of carbon disulphide ratio on flow properties of viscoses 
i i i i  U l l l  

Order of addition of Time Solubi l i ty Structural 
reactants (h) (%) viscosity 

i i  

Thixotropy/  
ant i th ixotropy 

(A) index s b 

CS= ratio 1 : 1-8 
CS~ first 3 100 0.2911 436.85 0" 2279(A) 0" 6875 223" 1 
CS = f irst 6 100 0" 2507 362" 20 0" 9300 0.7140 204.0 
NaOH first 6 90 0-2761 347.95 0' 7597 0.7071 198-1 

CS~ ratio 1 : 3"6 
CS2 first 3 100 0" 2970 407.20 0" 3039(A) 0" 7302 231.2 
CS= first 6 100 0.2910 447.30 0"3039 0-6608 212.4 
NaOH first 6 100 0' 2567 392- 40 0 0.7430 229' 6 

The viscoses were prepared using: 18% NaOH and 30 : 1 l iquor ratio, at 20°C 
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Rheological properties of emulsion viscoses (2): O. Y. Mansour el al. 

Table 3 Influence of temperature of flow measurements on flow 
properties of wood pulp viscoses 

Temperature (°C) 20 30 
Structural viscosity 0-3603 0.3472 
~/5o 704.65 388.00 
Thixotropy index 0.1519 2.0514 
s 0.6392 0.6625 
b 271.90 193.10 

The viscose solution was produced by adding the carbon di- 
sulphide first with 12% NaOH, 1 : 1 "8 CS2 and 30 : 1 liquor ratio, at 
20°C, for 3h 

produced by adding the carbon disulphide first, for 3 
and 6 h, respectively, and absence of thixotropy, 
for those produced by adding the sodium hydroxide 
first, for 6 h, as compared with the corresponding 
ones produced with the lower carbon disulphide ratio 
(Table 2). This may relate to a relatively higher rate of 
xanthation than by-product formation accompanying 
the flow measurements of the viscoses produced with 
the higher carbon disulphide ratio. 

Influence of temperature 
The temperature influence on the flow properties of 

emulsion viscoses has been investigated by varying 
either the temperature of the flow measurements only 
or together with that of the viscose reaction. 

For the former purpose, the flow measurements of 
the viscose of wood pulp, produced by adding the 
carbon disulphide first, with 12~o sodium hydroxide, 
1:1.8 carbon disulphide ratio, and 30:1 liquor to 
cellulose ratio, at 20°C, for 3 h, were carried out 
once at 20°C, and again at 30°C (Table 3). The results 
showed decreased structural and apparent viscosities 
as well as decreased b values, while, the thixotropy 
index and the s value showed increases, for the measure- 
ments at the higher temperature. 

According to Ree and Eyring 2, raising the solution 
temperature results in an increase in the free spaces 
between the molecules and hence a decrease in the 
apparent viscosity. The latter, represented by ~750, is 
in turn accompanied by a decrease in the b value. 

The decrease in structural viscosity may also be 
attributed to the increase in the free spaces which may 
then lead to decreased linking strength, or to an increase 
in the energy of the molecules, with which the bonds 
become more energetic and hence easily broken; non- 
Newtonian behaviour would be due to the effect of 
shear on the number of links and the average life of a 
link a. The decreased structural viscosity was as usual 
followed by decreased pseudoplasticity, i.e., increased s 
value. 

The decreased rate of xanthation and that of increased 
by-product formation, which accompany increased 
temperature 4, may contribute to the increased thixo- 
tropy, as they take place while the flow measurements 
are being carried out. However, the increased energy 
of the molecules, following the increased temperature, 
may lead to a change in the relative rates of bond 
breaking and reformation and hence interfere with the 
achieved result. 

Regarding the effect of change of both the reaction 
and flow measurements temperature on the flow pro- 
perties of viscose solutions, the investigations have been 
carried out on viscoses of wood pulp produced with 
15 and 18~o sodium hydroxide solutions using 1:1.8 

carbon disulphide ratio and 30:1 liquor to cellulose 
ratio, by adding the carbon disulphide first, for 3 and 
6 h, and, by adding the sodium hydroxide first, for 
6 h, at 20, 30 and 50°C (Table 4) as well as on cotton 
sliver viscoses similarly produced with 18~o sodium 
hydroxide, by adding first either the carbon disulphide 
or the sodium hydroxide, for 6 h (Table 5). 

It is clear from Table 4 that increased temperature 
showed for the viscoses of wood pulp produced with 
15 ~o sodium hydroxide, different changes: increase and 
decrease, of structural viscosity, thixotropy and anti- 
thixotropy, and replacement of one type of flow by the 
other. Only for the viscoses produced by adding the 
carbon disulphide first, the increase of the temperature 
from 30 to 50°C resulted in almost no change in the 
structural viscosity; those produced with 18Yo sodium 
hydroxide showed increased structural viscosity and 
thixotropy and disappearance of the antithixotropic 
behaviour and its replacement by the thixotropic one. 
For the viscoses produced by adding the sodium 
hydroxide first, the increase of temperature from 20 to 
30°C resulted in decreased structural viscosity and disap- 
pearance of the thixotropic behaviour. However, for 
cotton sliver viscoses, similarly produced to those of 
wood pulp with 18 ~ sodium hydroxide, both decreased 
structural viscosities and thixotropy indices accompanied 
the rise of temperature from 20 to 30 to 50°C; only 
increased structural viscosity and thixotropy index were 
achieved, when the temperature was increased from 20 
to 30°C, for the viscoses produced by adding the carbon 
disulphide first. 

The above discrepancies were observed for the change 
of flow properties of the viscoses produced from the 
same cellulose origin, but with different sodium hydroxide 
concentrations or with the same sodium hydroxide con- 
centration but from different cellulose origins, owing to 
temperature change, relate to different changes, the 
increase of temperature brings about the factors affecting 
the flow properties, which may vary with the sodium 
hydroxide concentration and the cellulose material from 
which viscoses were derived, and upon which the extent 
of the change of the flow properties depend. 

Thus, besides these factors, which may affect the 
viscose flow properties owing to the change of the flow 
measurements temperature, and among which the de- 
creased rate of xanthation and that of increased by- 
product formation may also result in the replacement 
of the antithixotropic type of flow by the thixotropic 
one, the following which are consequent of the change 
of the reaction temperature may be considered: (1) de- 
creased cellulose solubility. This may affect: increased 
or decreased structural viscosity, thixotropy and anti- 
thixotropy or even conversion of one type of flow into 
the other, depending on the amount of gel centres 
produced; molecular aggregates formation, which in- 
creases structural viscosity and thixotropy, decreases 
antithixotropy and the antithixotropic-thixotropic con- 
version; and the resulting free spaces between the 
molecules, which increases the reverse effect; (2) de- 
creased y-number and increased by-product formation 
and this results in decreased structural viscosity. 

As far as the apparent viscosity is considered, the 
results of both Tables 4 and 5, show decreased values 
for ~750, with the temperature increase, owing to the 
accompanying progressive decrease of cellulose solu- 
bility. 
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Table 4 

NaOH 
conc. 
(%) 

Rheological properties of ernulsion viscoses (2):  O. Y. Mansour et aL 

Influence of temperature of reaction and flow measurements on flow properties of wood pulp viscoses 

Thixotropy/ 
Temp. Order of addition Time Solubility Structural antithixotropy 

(°C) of reactants (h) (%) viscosity ~/so (A) index s b 

15 

18 

20 CSa first 3 100 0.3276 602.60 0.6837(A) 0.6451 252-2 
CS2 first 6 100 0.3060 367.70 2-1273 0- 7142 206.2 
NaOH first 6 100 0-3250 400.10 0.3609 0.6666 201-5 

30 CS= first 3 92.0 0.2970 245.85 0.7246 0.6923 150.0 
CS= first 6 96.5 0.3454 342- 45 0- 7246 0.6568 178.0 
NaOH first 6 92- 0 0-2649 154- 75 0.5442 0.7500 116- 6 

50 CSa first 3 75.0 0.3010 161.35 1.3767(A) 0.6818 110.9 
CS= first 6 80.0 0.3130 199-75 9.4198(A) 0.6539 123.0 

20 CS= first 3 100 0.2911 436.85 0.2279(A) 0.6875 223.1 
CS~ first 6 100 0.2507 362.20 0.9300 0.7140 204.0 
N a 0 H f i rst 6 90.0 0.2761 347.95 0- 7597 0- 7071 198.1 

30 CS = first 3 85.0 0.8039 239.30 0.9058 0.7222 154.3 
C S= first 6 90" 0 0.3125 277.15 0.9420 0.7071 168.7 
NaO H first 6 87.0 0- 2131 76.85 0 0.7549 69.0 

50 CS ~ first 3 72- 0 0.3627 133.90 4- 3476 0.6363 93.9 
CS~ first 6 75.0 0.388,3 184.40 9.9875 0.6320 113.7 

The viscoses were prepared using 1 : 1.8 CS2 ratio and 30 : 1 liquor ratio 

Table 5 Influence of temperature of reaction and flow measurements on flow properties of cotton sliver viscoses 

Temp. Order of addition of Solubility Structural Thixotropy 
(°C) reactants (%) viscosity ~/5o index s b 

20 CS 2 first 100 0.2894 727.70 0.3806 0.7222 343.1 
NaOH first 90.0 0.2857 482.95 1.2501 0.7402 268.5 

30 CS = first 90.0 0.3163 497.20 2- 6085 0.6875 244-1 
NaOH first 87.0 0.2778 431-35 0-9238 0.7142 225.6 

50 C S 2 first 75.0 0.1 689 52.14 0 0- 8190 51.6 
NaOH first 72.0 0.1329 28-54 0 0.8823 30.6 

The viscoses were produced using 18% NaOH, 1 : 1.8 CS~ and 30 : 1 l iquor ratio, fo r6h  

The b value changes with ~5o, and the s value changes 
in accordance with the structural viscosity, with the 
exception of  very few cases. 

CONCLUSION 

Change of  viscose flow properties, following that of  
cellulose origin, carbon disulphide ratio or temperature 
of the flow measurements alone or, together with that 
of  the viscose reaction, relates to the accompanying 
changes, which may occur in the relative rates of xantha- 
tion and by-product formations, amount of  gel centres 

produced, degree of degradation, free spaces between 
the molecules, cellulose solubility, amounts of  included 
carbon disulphide within the produced viscose and 
and energy of the molecules. 
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Note to the Editor 

Metal carbonyls as photoinitiators for the polymerizations 
of tetrafluoroethylene and vinyl monomers containing 
tetrafluoroethylene 
C. H. Bamford and S. U. Mullik 
Department of Inorganic, Physical and Industrial Chemistry, Donnan Laboratories, University of Liverpool, 
Liverpool L69 3BX, UK 
(Received 22 August 1972) 

is well-known that manganese and rhenium carbonyls 
the presence of a suitable chlorine or bromine deriva- 

ve RX (e.g. CC14, BrCH2COOH) are efficient initiators 
'free-radical polymerization 1. With Mn2(CO)lo the 
:ocess involves scission of a halogen atom with forma- 
~n of initiating radicals Ro and a manganese penta- 
Lrbonyl halide Mn(CO)sX which may subsequently 
lter into other reactions such as ligand exchange and 
merization 2. In the absence of halides Mn2(CO)to is 
effective with common vinyl monomers, but Re2(CO)lo 
ves rise to relatively slow photoinitiation which has 
~'en attributed to hydrogen abstraction s. We now 
port that both carbonyls are active photoinitiators of 
e free-radical polymerizations of liquid tetrafluoro- 
hylene and other vinyl monomers containing low 
pncentrations of tetrafluoroethylene. No halogen com- 
~und other than C2F4 was present in any of the systems 

consider in this communication, and radical genera- 
~n follows a route quite different from those outlined 
) o v e .  

The optical system in the present experiments com- 
• ised a 250W high-pressure mercury arc (AEI, type 
IE/D) with a quartz lens (focal length 10cm) to produce 
I approximately parallel beam. Wavelengths employed 
ere 435.8 and 365 nm for Mn2(CO)10 and Re2(CO)10, 
spectively; these were isolated by a pair of Wratten 
ters 2E+98 ()t=435.8nm) and a Chance OV1 filter 
=365nm). Reactants were thoroughly degassed by 
e conventional freeze-thaw technique and irradiated 
a Pyrex tube of 1 cm internal diameter. 
Tetrafluoroethylene, kindly supplied by ICI Ltd, 
Iond Division, was submitted to various treatments to 
lsure absence of impurities. Stabilizer was removed by 
tssage of the gas through a glass spiral cooled to 
135°C. About 6g of the monomer were condensed 
an evacuated Pyrex tube containing 1 mg Mnz(CO)10, 

en maintained at -93°C with occasional shaking 
ltil the carbonyl had dissolved in the liquid tetra- 
mroethylene. On irradiation at -93°C rapid poly- 
erization occurred, approximately l g of polymer 
,,ing precipitated in 15min. Similar results were ob- 
ined when the gaseous monomer was passed through 
,ncentrated sulphuric acid and over solid sodium 
rdroxide, or liquid CzFa was allowed to stand over 
,dium hydroxide, before reaction. In one series of 
periments the monomer was distilled off after partial 
flymerization as described, and submitted to further 
:adiation after addition of Mn2(CO)10. When the 

ensuing polymerization had proceeded for 15min the 
process was repeated. In all, eight cycles were carried 
out, with essentially similar results at each stage. We 
believe these results demonstrate that the photopoly- 
merization does not depend on the presence of low 
concentrations of adventitious impurities. Rhenium 
carbonyl, although not very soluble in liquid CzF4 
at -93°C, also gave rise to rapid photopolymerization. 
In neither system was there any observable polymeriza- 
tion in the dark. 

The free-radical polymerizations of styrene, methyl 
methacrylate and acrylonitrile photoinitiated by 
Mn2(CO)10/C2F4 and Rez(COh0/C2F4 were studied at 
25°C. In a typical experiment with methyl methacrylate 
with [C2F4] =0.2 and [Mn2(CO)10]=8"5 x 10-4moll -1 a 
mean rate of polymerization of 5.1 x 10 -4 tool 1-1 s -1 was 
obtained. No polymerization was observed when C2F4 
was replaced by perfluorocyclohexane. 

The manganese contents of polytetrafluoroethylene 
and poly(methyl methacrylate) prepared as described 
were determined by activation analysis after removal 
of uncombined manganese derivatives. Before analysis 
polytetrafluoroethylene was allowed to stand in contact 
with large volumes of benzene or methanol for 11 
days, the liquids being changed eight times. The polymer 
was then washed five times and dried in vacuum at 
60°C for one day. Poly(methyl methacrylate) was 
precipitated from benzene solution into methanol three 
times. The manganese content of the reprecipitated 
poly(methyl methacrylate) corresponded to 1.25Mn 
atoms per polymer molecule. This is close to the value 
calculated (1.20) on the assumption that each growing 
polymer radical is initiated by, and remains attached to, 
a manganese atom (taking kte/ktd for methyl metha- 
crylate at 25°C to be 0.52) 4. The polytetrafluoroethylene 
contained 349ppm by weight of manganese, implying, 
on the above basis, that the mean kinetic chain length in 
the polymerization was 1570. 

Since Mn2(CO)lo does not photosensitize the poly- 
merization of methyl methacrylate in the absence of 
additives, initiation in the above experiments must 
involve participation of C2F4, so that the fluorine content 
of the polymer was of interest. Tetrafluoroethylene may 
be incorporated in the polymer in the initiation process, 
and also by copolymerization. The contribution of the 
latter was assessed by determining the fluorine content 
of polymers prepared by azodiisobutyronitrile initiation 
under similar conditions. It turns out that the mean 
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value of the ratio of fluorine to manganese atoms 
incorporated by initiation is 3-96, suggesting strongly 
that one C2F4 molecule is incorporated with each Mn 
atom during initiation. 

We therefore propose that initiation involves the 
following reactions: 

M n z ( C O ) z o + h v ~ M n ( C O ) 4 + M n ( C O ) 6  (1) 

Mn(CO)4 + C2F4~ (CO)4MnCF2CF2 (2) 
(i) 

(CO)sMnCF2(2F2 + nM~(CO)sMnCF~CF~Mn_IM ° (3) 

Evidence for the photolytic step (1) has already been 
presented 5. The radical-generating reaction (2) is 
favoured by the relatively high strength of the Mn-CF2 
bond. It is also possible that electron transfer from 
Mn(CO)4 or photoexcited Mns(CO)10 to C2F4 leads to 
a complex subsequently generating a propagating 
radical. Clearly this is much more probable with C2F4 
than with monomers (e.g. methyl methacrylate) which 
do not possess such powerfully electron-attracting 
groups. The vacant coordination position in (I) may 
be filled by CO or monomer. Subsequent propagation 
is represented by step (3) in which M represents CzF4 
or other polymerizable vinyl monomer. A similar 
mechanism is likely to hold for Rez(CO)10. 

These experiments do not establish whether chain 
growth in liquid C2F4 is stopped by bimolecular ter- 
mination or radical occlusion 6. No significant after- 
effects are observable on interrupting illumination, so 
that occlusion, if operative, must be extreme. 

The polymerization of C2F4 at -93°C photoinitiated 
by Mn2(CO)t0 is strongly retarded by low concentrations 
of styrene, methyl methacrylate or acrylonitrile; poly- 
merization is almost completely suppressed by a con- 
centration of methyl methacrylate of 2x 10-Zmol1-1 

Note to the Editor 

([Mn2(CO)10]=3.9x 10-Smoll-1). It appears that pro- 
pagation between radicals with terminal methyl meth- 
acrylate units and C2F4 is extremely slow at -93°C, 
although the experiments described earlier show that it 
occurs at 25°C. 

We conclude with a brief reference to observations 
on osmium and ruthenium carbonyls. Osa(CO)l~ is 
sparingly soluble in liquid C2F4 at -93°C and photo- 
sensitizes polymerization (A=365nm) very slowly. 
Ru3(CO)zz, although more soluble, behaves similarly. 
However, both carbonyls photoinitiate the poly- 
merization of methyl methacrylate containing CzF4 at 
25°C. 

We hope to publish shortly a full account of poly- 
merizations photoinitiated by metal carbonyl/C2F4 
combinations. 
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Book Reviews 

Polymer characterization 
Edited by Clara D. Craver 
Plenum Press, New York, 1971, 279 pp. $16.24 

The book is a report of the proceedings of a symposium on 
'Interdisciplinary Approaches to the Characterization of Polymers' 
sponsored by the American Chemical Society. It  contains eighteen 
papers, and covers a wide range of techniques. Since the sym- 
posium additional data and background information have been 
added to some of the papers so as to make them more useful 
reference material. 

The first four papers deal with the application of Raman spectro- 
scopy to polymers. The introduction of laser sources has generated 
new interest in the technique and the book gives a good guide to 
the way the field is developing. Representative results are reported 
by F. J. Boerio and J. L. Koenig for a number  of polymers, together 
with a comparative study of graphite and carbon black. The 
application of Raman spectroscopy to the study of biological 
polymers is dealt with in a paper by W. L. Peticolas, E. W. Small 
and B. Fanconi. 

The other contributions which I feel should be noted are as 
follows. There is an interesting study by R. E. Baler and G. I. 
Loeb of the factors affecting the behaviour of interfacial films of 
poly(methyl glutamate). W. Wrasidlo reports extensive data on 
transitions and relaxation behaviour for a series of polyquin- 
oxalines and other aromatic polymers. Finally, there is a paper 
by R. B. Fox and T. R. Price dealing with the scope and experi- 
mental problems associated with the application of luminescence 
spectroscopy in polymer science. 

Taken as a whole the book provides a useful report of current 
achievements in a number of branches of the field and it can be 
recommended to research workers who wish to be kept informed 
of general developments. 

C. Price 

Properties of polymers: correlations with 
chemical structures 
D. W. van Kreve/en 
Elsevier, Amsterdam, 1972, 427 pp. $27.25 

This book is concerned with the relationships between polymer 
properties and structure. Thermophysical, optical, electrical, 
melting and flow and diffusion phenomena and all other important 
properties of polymers are dealt with. 

The range of subject is great and necessarily the treatment of the 
theoretical background is frequently superficial and some topics are 
dealt with, briefly, where there are little or no data available. In this 
sense the author may have attempted too much for a single volume, 
but this criticism, if such it is, does not detract from the main 
purpose, and both the data and the correlations will be of the 
greatest value to the polymer scientist. 

In  a short review it is not possible to do more than refer to a few 
points on presentation and content. The arrangement of each 
chapter follows a more or less uniform pattern. The definitions and 
relationships, with their units clearly stated, are given first followed 
by tabular presentation of experimental data and calculated group 
contributions. The relationships are discussed critically and com- 
parisons are made between different approaches. Where appropriate 
graphical correlations are given. 

Numerical examples are provided which may appear hardly neces- 
sary for the professional scientist and more suited to the student, but 
to be fair the author makes modest claims both in regard to the 
composition of the book and the readership to which it is directed. 

The text appears to be up to date, with 1969 and 1970 references, 
and no obvious errors or misprints were found. The book will 
clearly be of more than ephemeral value and the provision of space 
here and there for the insertion of newly published data would have 
been useful. The paper and printing are of good quality and the 
binding attractive. 

Its cost ($27.25) considering the problems of preparing a book of 
this type, is not excessive. 

W. Cooper 

Film-forming compositions: Vol I, Part III 
Edited by R. R. Myers and J. S. Long 
Marcel Dekker, New York, 1972, 578 pp. $48.75 

This book is part of a five volume work aimed primarily at the 
surface coatings technologist. It purports to be an up-to-date and 
comprehensive work of reference on film-forming compositions. As 
a 'treatise' I expect such a book to present a systematic, comprehen- 
sive and detailed account of modern coatings technology. In fact it 
falls short of this on all three counts, even when considered in 
relation to the preceding two parts of the volume. The compilation 
of this type of work as a collection of authoritative reviews by 
experts in the field is undoubtedly a difficult task for the editors, and 
one in which they have been only partly successful. The method of 
compilation leads to variations in treatment, in depth and in 
material content which are difficult to reconcile in order to produce a 
cohesive book. The individual chapters are clearly written and well 
illustrated but their titles are misleading in some cases. Thus, un- 
saturated polyester resins are mentioned only in passing in the 
chapter on 'reactive polyesters'. A little more information is found 
on these important materials in the chapter on 'Dimer acids', other- 
wise one has to go to Volume I, Part I, for a slightly more detailed 
account. Similarly, fragmentation occurs with topics such as 
emulsion technology, polymerization, etc, emulsion polymerization 
being treated in an elementary fashion in the chapter on 'Surface- 
active agents'. The chapter on 'Emulsion technology' is of least 
value to the U K  technologist since it deals only superficially with 
emulsion processes and equipment and is concemed with bodied 
linseed oil emulsions which are virtually unused in Europe. (Two 
whole pages of this chapter are devoted quite unnecessarily to the 
full canonical structures of common surface-active agents !) 

Since this is the third and final part of Volume I of the treatise one 
may have hoped it to rectify omissions in the previous parts. How- 
ever, important modern developments such as in the field of non- 
aqueous dispersion polymerization and powder coatings have been 
overlooked. 

The chapters are generally well documented and the index for the 
book is adequate. It seems a pity that the editors did not include an 
index to the complete volume in this third and final part. As a work 
of reference it will be useful to the technologist as an introductory 
source of information on a wide range of film-forming materials, 
but it will not satisfy those who are seeking information in depth. 

At  $48.75 1 believe the book to be poor value for money. 

R. Lambourne 

Plastics 
Technologist 
The newly established Department of Materials 
Science and Engineering at Pahlavi University, 
Shiraz, Iran, is in need of a qualified faculty 
member in the field of plastics technology. 
Minimum requirements are: 

(i) Ph.D. degree in a related field; 

(ii) Industrial and/or teaching experience. 

The post will be available in January 1973 
and anyone interested should contact this 
department as soon as possible: Department of 
Materials Science and Engineering (Chairman: 
A. Ahmadieh), School of Engineering, Pahlavi 
University, Shiraz, IRAN. 
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Synthesis of titanium polyethers by the 
interfacial and aqueous solution techniques 

C. E. Carraher dr. and S. T. Bajah* 
Department of Chemistry, University of South Dakota, 
Vermillion, South Dakota 57069, USA 
(Received 14 August 1972) 

Titanium polyethers were formed via the interfacial and aqueous solution techniques as 
illustrated below. Synthesis was effected employing both aromatic and aliphatic diols 

cp Cp 
I I 

C i ~ T i ~  CI + H O ~  R ~ O H  I, -{-- Ti ~ O  ~ R ~ O - } -  
I I 

Cp Cp 
for the interfacial system but was effected only for aromatic diols when employing the 
aqueous solution technique. Some products exhibit Ti-OH and/or R-OH endgroups. 

INTRODUCTION 

Relatively little work has been reported on the synthesis 
of organometallic polymers largely due to lack of 
suitable preparative methods. We are interested in the 
synthesis of polymers containing heavy metals in their 
backbone 1-4. Recently we reported the synthesis of 
polyamines, polyesters and polythioethers as illustrated 
below for the synthesis of polythioethers via the inter- 
facial and aqueous solution routesS-L 

Cp 

I 
Cp~TiCl= + HS - - R m S H  • .-(--Ti--S--RmS--} - 

I Cp (1l 

(I) 

The above work is based largely on the simple Lewis 
acid (the metal halide)--Lewis base (dithiols, etc.) 
concept. There is ample evidence that the formation of 
analogous Ti-O-R containing polymers should be 
effected under the proper conditions. For instance, 
metathetical reactions have been carried out with cyclo- 
pentadienyltitanium trichloride and ethanol in the 
presence of triethylamine as the acid scavengerS: 

CpTiCl3 + 3EtOH + 3Et3N ~ CpTi(OEt)s + 3EtsN'HCI (2) 

(it) (m) 
We now report the synthesis of polyethers as illustrated 

below using both the aqueous solution and interfacial 
techniques. 

c~ 

I 
Cp2TiCla+ HO--R--OH Base • -'{--Ti~O--R--O'-I- (3) 

I 
cp (w) 

* Portions of this paper are taken f rom the thesis of S.T.B. (1972). 

The only previous report of the synthesis of titanium 
polyethers was by Schramm and Frijhauf 9 via a redox 
reaction involving the refluxing of Cp2TiCI2 with di- 
carboxylate salts in the presence of heavy metals. The 
products were poorly characterized but reportedly 
exhibited good thermal stabilities. Additionally Gid- 
dings 10 reported the formation of organometallic pro- 
ducts from refluxing R2TiX2 products with various 
diols in toluene. No structure was given for the products. 

There are several reasons for choosing Cp2TiCI2 as 
the titanium-containing organometallic. It is com- 
mercially available and stable in air. Previously it has 
been shown to possess catalytic properties in certain 
reactions such as the synthesis of stereoregular polymers 
via the Ziegler catalyst route. A product containing 
the Cp2Ti moeity may possess similar properties. 
Cp2TiC12 ionizes in water to form CpzTi 2+ which is 
stable for longer than 1 h in neutral and acidic aqueous 
solutions. Lastly, Cp~TiC12 possess two readily identifi- 
able colour sites, the yellow Cp-Ti colour site and the 
red Ti-C1 colour site, making rapid tentative identifica- 
tion of compounds containing these sites possible. 

EXPERIMENTAL 

The following chemicals were used as received without 
further purification: dicyclopentadienyltitantium di- 
chloride (from Alfa Inorganics, Inc., Beverly, Mass.); 
ethylene glycol (from Baker Chemical Co., Phillipsburg, 
N.J.); 1,4-benzenedimethanol, 1,3-dihydroxyacetone,4, 4'- 
isopropylidene diphenol, hydroquinone, chlorohydro- 
quinone, tetrachlorohydroquinone, methylhydroquinone, 
t-butylhydroquinone, 2,5-di-t-butylhydroquinone, and 
dicyanohydroquinone (from Aldrich Chem Co., Mil- 
waukee, Wis.). 

Polymerization procedures are similar to those 
described in detail elsewhere 7. Briefy, solutions of 
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Cp2TiCI2 are added to stirred aqueous solutions con- 
taining diol and any added base. For interracial systems 
Cp2TiC12 is contained in a water-immiscible solvent 
whereas for aqueous solution systems CpzTiC12 is con- 
tained in water. The reaction apparatus is similar to 
that described previously 11. Essentially reaction occurs 
under rapidly stirred conditions in a 1 US pint (1 US 
ga l -  3.785 dm 3) Kimax Emulsifying Mill jar placed on 
a Waring Blendor with a recorded rotor speed of 23 500 
rev/min (no load). Solutions are added through a large 
mouthed funnel placed in a hole in the jar lid. Addition 
is rapid such that 100ml of solution can be added in 
1,:ss than 3 sec. A second hole in the jar lid acts as a 
vent. Timing for each reaction is begun after the second 
phase has been introduced into the stirring jar. Syntheses 
employing hydroquinone or substituted hydroquinones 
were accomplished under a nitrogen atmosphere using 
equipment described beforelL 

Polymer precipitates rapidly from the reaction jar 
as a tacky to 'powdery' solid. It is recovered using suction 
filtration, washed repeatedly with portions of water, and 
then transferred to a preweighed Petri dish for drying. 
After drying the Petri dish is weighed to determine 
product yield. The products vary in coloration from 
yellow to dark orange. Some dry to give glasses from 
which strong, flexible films are formed when they are 
scraped from the Petri dish while others dry to give 
salt-like solids. All can be ground to give powders which 
are electrostatic. 

Solubility tests were conducted utilizing 0.001g 
quantities of the polymer added to 2ml of liquid. A 
wide range of solvents were used. The products were 
insoluble in all solvents tried. They undergo degradation 
in acid solutions, such as HC1 and HNO3. 

As with many organometallic polymers, elemental 
analysis by classical techniques is not possible. Titanium 
determinations were made using a technique given in 
ref. 12. Representative results follow: product from the 
condensation product of Cp2TiCI2 with hydroquinone 
gave 15-3 ~ Ti, calculated 16.8 ~ Ti; with dicyanohydro- 
quinone gave 14-4 ~,~, calculated 14-3 ~ Ti. 

Infra-red spectra were obtained using KBr pellets 
with a Beckman IR-10 and 12 and Perkin-Elmer 237-B 
spectrophotometers. Band sites for some of the products 
are contained in Table 1. Spectra of products agree 
with a product of form (IV). Some bands of particular 
interest are as follows. All of the products exhibit bands 
in the region of 815cm -~, 1015cm -1 and 1440cm -1 
characteristic of the ~-Cp group. Products containing 
aliphatic groups contain bands in the 3000-2800cm -1 

region characteristic of C-H stretching. The product 
from 2,3-dicyanohydroquinone contains a sharp, strong 
band at 2240cm -1 characteristic of the nitrile group. 
The product from dihydroxyacetone exhibits a broad 
intense band in the region of 1620cm -~, characteristic 
of the carbonyl group. 

RESULTS AND DISCUSSION 

Yield results as a function of diol appear in Table 2. 
Polymerization is general for interfacial syntheses but 
has been effected with only aromatic diols utilizing 
aqueous solution systems. The reason(s) for the lack 
of polymer formation in aqueous solution systems for 
aliphatic diols is presently a matter of study. A possibility 
concerns the difference in acidity between aromatic 
and aliphatic diols. For instance hydroquinone is 99 ~o 
mono-ionized at pH values > 12 and over 99~ di- 
ionized at pH values > 13.8 (for hydroquinone pKal= 
10 la and pKa2=1213). Aliphatic diols remain largely 
un-ionized even at a pH of 14 (for instance, ethylene 
glycol has a pKal of 15"114 and 1,3-dihydroxyacetone 
has a pKal of 13"512. It is possible that polycondensation 
is only effected in aqueous solution with deprotonated 
diols whereas other criteria are critical for interfacial 
synthesis. 

Reaction is rapid for both interfacial and aqueous 
solution syntheses (Table 3). Reaction is completed 
within 10 seconds for aqueous solution systems, but is 
slower for interracial systems with yield reaching a 
plateau around 40 sec. 

There exists at least three possible endgroups. These 
are R-OH, Ti-C1 and Ti-OH, the latter resulting from 
the hydrolysis of Ti-C1. The presence of R-OH and 
Ti-OH endgroups has been confirmed for at least some 
products. Because of the overlapping of some of the 
R-OH bands (in the region of 3600 to 2500cm -1) with 
bands due to the O-H stretching in Ti-OH (a broad, 
strong band in the 3500 to 3100cm -~ region) identifica- 
tion is not always possible. The Ti-C1 stretching band 
vibration has been assigned as 310cm -1. This is in 
agreement with assignments made by others TM 19. None 
of the products exhibited a band in this region indicating 
a lack of detectable Ti-CI endgroups. This may be due 
to the hydrolysis of Ti-C1 endgroups after polymerization 
was completed. 

The only noticeable difference in the spectra of 
products synthesized using either the aqueous solution 
or interfacial techniques concerns bands associated with 
Ti-OH endgroups. These are often more intense for 

Table 1 Infra-red bands of products of Cp=TiCI= condensed with various diols for the range 4000-700cm -1 (all band locations are given 
in cm -1) 

Diol" bands* 

2,5-di-t-butylhydroquinone: 3410 S; 2960 SSp; 2910 MSp; 2880 MSp; 1645 MSp; 1625 MSp; 1600 WSp; 1525 WSp; 1515 WSp; 1465 M; 
1435 MSp; 1420 MSp; 1405 SSp; 1390 SSp; 1360 MSp; 1270 MSp; 1205 M; 1170 SSp; 1120 SSp; 1075 WSp; 1020 MSp; 920 M;875 MSp; 
855 MSp; 795 SSp. 

Chlorohydroquinone: 3650-2500 SB; 1630-1600 MB; 1485 SSp; 1440 MSp; 1330 W; 1310 W; 1265 SSp; 1200 SSp; 1130 WSp; 1040 MSp; 
1025 MSp; 810 SB (broad intense band in region 950-700). 

4,4'-isopropylidenediphenol: 3500-3000 MB; 2990 MSp; 2925 MSp; 1605 MSp; 1500 SSp; 1480 WSp; 1445 M; 1390 W; 1365 MSp; 1350 WSp; 
1250 S; 1180 SSp; 1120 WSp; 1105 WSp; 1090 WSp; 1020 MSp; 900-700 SB. 

2,3-dicyanohydroquinone: 3520 SSp; 3250 W; 3100 W; 260-2450 WB; 2350 W; 2240 SSp; 1695 MSp; 1680 MSp; 1605 MSp; 1595 MSp; 
1500 SSp; 1450 SSp; 1420 MSp; 1390 MSp; 1340 MSp; 1305 SSp; 1270 WSp; 1255 SSp; 1170 MSp; 1150 W; 1080 W; 1065 W; 1035 MSp; 
1020 MSp; 985 M; 955 MSp; 945 W; 830 SSp; 800 M; 765 WSp. 

* S=strong; M=medium; W=weak; B=broad; Sp=sharp. If the band is between being broad and sharp no designation will be given 
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Table £ Yield of polyether as a function of diol 

Yielda (%) 
Diol (aqueous solution) 

Yieldb (%) 
(interfacial) 

1,3-Dihydroxyacetone 0 18 
1,4-Benzenedimethanol O 23 
Ethylene glycol 0 24 
4,4'-Isopropylidenediphenol 30 36 
Hydroquinone 1 46 
Chlorohydroquinone 41 61 
2,3-Dicyanohydroquinone 70 72 
2,5-Di-t-butylhydroquinone 74 41 

a Reaction conditions: the aqueous phase consisting of Cp2TiCl= 
(0.001 mol) contained in 50ml of water is added to stirred aqueous 
solutions containing the diol (0.001 mol) in 50ml of water with 
added sodium hydroxide (0.002mol) at 25°C for 1 min stirring time 
at a stirring rate of 23 500rev/min (no load) 
b/bid, except the CpzTiCI= is contained in 50ml of CHCIs 

Table 3 Yield as a function of stirring time 

2,3-Dicyanohydroquinone Methyl- 
Hydro- hydro- 

Stirring time Aqueousa Interfacialb quinoneb,c quinoneb 
(sec) yield (%) yield (%) yield (%) yield (%) 

10 15 14 
20 70 52 
30 67 59 
40 66 72 
60 70 72 
80 66 
90 66 73 

120 69 73 
180 

31 8 
35 28 
36 31 

70 60 

68 60 
67 60 
67 60 

a Reaction conditions are the same as given in Table 2a 
b Reaction conditions are the same as given in Table 2b 
c Yield for aqueous systems is approximately constant after 

10sec stirring time 

products synthesized using the aqueous solution tech- 
nique in comparison with analogous products produced 
using the interracial method. 

While Cp2TiClz ionizes in water to form Cp~Ti 2+ it 
does undergo subsequent mono- and di-hydroxylation: 

H=O 
Cp2TiCl2 > Cp2Ti 2+ > Cp=Ti(OH) + > CpzTi(OH)2 

(4) 

Cp2Ti ~+ is stable in neutral solutions for several hours, 
but hydroxylation is greatly accelerated in basic solu- 
tions16, 17. Such base-catalysed hydroxylations are pre- 
sumably responsible for the presence of T i -OH end- 
groups. To eliminate the importance of such hydroxyla- 
tions, solutions containing the titanium moiety are 
made up just prior to reaction and the product is 
separated from the reaction solution just after (normally 
within 3min) completion of reaction. None of the 
products studied exhibited T i - O H  bands greater than 
5 ~o, determined by comparison of the T i -OH band to 
the Ti-Cp,  1440cm -1 band. 
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Nuclear magnetic relaxation in poly(N-amyl 
maleimide) and poly(N-dodecyl) maleimide 

J. Bailey, H. Block, D. R. Cowden and S. M. Walker 
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PO Box 147, Liverpool L69 3BX, UK 
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Longitudinal relaxation times in the laboratory (Tt) and rotating (Tip) frames have been 
measured for poly(N-amyl maleimide) and poly(N-dodecyl maleimide). The results are 
compared with information previously published using dielectric relaxation techniques. A 
total of three relaxation processes have been detected corresponding to methyl rotation, 
motion within the substituent alkyl chain and out-of-plane deformation of the maleimide 
ring. An attempt to fit the T~ data in the dodecyl derivative to theoretical equations is 
described. 

INTRODUCTION 

The techniques of dielectric 1 and nuclear magnetic relaxa- 
tion ~-4 are widely used for studying molecular motion in 
solid polymers. Both of these methods yield information 
on the molecular correlation times for various relaxation 
processes and on the apparent activation energy for the 
molecular motion involved. An extensive study using 
dielectric relaxation and broadline nuclear magnetic 
resonance (n.m.r.) measurements on a series of poly(N- 
substituted maleimides) (I) has recently been carried 
o u t  5, 6 

c 

O~\N/\\ 0 
I 
R n 

These polymers, having in general very high glass 
transition temperatures and substantial backbone rigidity, 
are potentially important thermally stable materials. In 
this paper we report the results of a subsequent investiga- 
tion into the longitudinal nuclear magnetic relaxation 
times of two of these polymers, poly(N-amyl maleimide) 
(R=CsHl l )  and poly(N-dodecyl maleimide) (R= 
C12H25), using pulsed rather than continuous wave 
techniques. 

The behaviour of T1 as a function of temperature is 
given by the expressionT: 

1 2/' 1 ]2 r TC 4r c ] 
7"1 =J~ ~P~ ] [] + to~r~c ~ 1 +4o,~r~J (1) 

where o~R is the resonance frequency and T~' is the value of 
7'2 for the rigid lattice, i.e. as T--+ OK. r c is the molecular 
correlation frequency for the process which is occurring 
and is related to the activation energy E* by the expres- 
sion: 

r e = A e x p ( E * / R T )  (2) 

where T is the temperature. 

Equations (1) and (2) show that a plot of TI versus 
temperature passes through a minimum when CORTC ~ 0.6. 
Furthermore at temperatures which are very much less or 
very much greater than the minimum temperature, a plot 
of In Tx versus 1 / T  has a slope of + E*, and hence the 
activation energy for molecular motion may be deter- 
mined. 

When applied to data on polymeric systems, however, 
the simple theory given above always gives rise to activa- 
tion energies which are very low when compared with the 
corresponding quantity obtained by observing the same 
molecular motion by dielectric relaxation techniques s, 9 
This non-correspondence is believed to arise from the 
neglect, in equation (1), of the distribution of relaxation 
times, which is always found for molecular motions in 
polymers. Connor 9 has shown how equation (1) may be 
modified to allow for a Fuoss-Kirkwood TM relaxation 
time distribution. The result is: 

I 2[  1 ~z fl [ oJRre c , 2(2W~rc)B l 

where fl is the Fuoss-Kirkwood distribution parameter 
and is readily obtained from dielectric relaxation data. 

Equations (3) and (2) show that the position of the T1 
minimum is little affected by the value of t ,  and the main 
effect of the distribution of relaxation times is to 'broaden' 
the whole temperature range over which T1 varies 9. 
Quantitatively, the slope of a graph of In T versus 1 /T  now 
gives + f iE* at temperatures well above or below the T1 
minimum. Since 0 < 13 < 1 it would be expected that the 
n.m.r, activation energies would initially be low. 

The behaviour of Tip in the temperature region of a 
molecular relaxation is rather more complex than that of 
2"1, although the results are qualitatively similar. The 
detailed theory 11-13 shows that Tip goes through a 
minimum when OJLrC~0"5, but O~L is now the Larmor 
precessional frequency as given by equation (4). However, 
in contrast to the behaviour of 7"1, the slopes of the lines 
on either side of the Tip minimum bear no relation to the 
activation energy for the molecular process. Indeed these 

POLYMER, 1973, Vol 14, February 45 



Nuclear magnetic relaxation in polymaleimides : J. Bailey et aL 

two slopes are generally different z4 because different 
heories are applicable in the two temperature regions. 

It is generally concluded, however, that the position of 
the Tip minimum is not affected to any great extent by the 
presence of a distribution of molecular relaxation times. 

It is, therefore, usual to proceed in one of two ways when 
deriving activation energies for molecular motion in 
polymers from nuclear spin relaxation data. I f  the 
molecular process can be seen to give rise to correspond- 
ing minima in 7'1 and Tip then there are two values of the 
correlation time at two temperatures, which are not 
subject to distribution effects. Similarly, the behaviour of 
7"2 as a function of temperature may also give a third value 
of the correlation time, but it is often found that molecular 
motion which affects the longitudinal relaxation time (/'1 
and Tip) has no effect on the transverse relaxation time 15 
(/'2). Alternatively the single accurate value of ~-c at the Tz 
minimum may be seen to lie on the Arrhenius line for one 
of the dielectric processes in the material. If this is found 
to be so, then it is only necessary to multiply the apparent 
n.m.r, activation energy by 1/fl, fl being found from the 
dielectric measurements 16. This latter procedure has 
certain disadvantages, because an apparent frequency 
correlation of this type may occasionally arise fortuitously 
even when the n.m,r, and dielectric relaxation methods 
are not observing the same process. Such a situation has 
been shown to exist for the line width measurements on 
poly(N-dodecyl maleimide) 6. Furthermore, the relevant 
distribution parameters for a given molecular process may 
not be the same for the nuclear magnetic and dielectric 
relaxation methods. 

We have attempted a further method of estimating/3 by 
a curve-fitting procedure on the T1 data using equations 
(2) and (3). 

EXPERIMENTAL 

Nuclear magnetic relaxation experiments were carried out 
to determine the longitudinal relaxation times Tz and T~p 
i.e. in the laboratory and rotating frames respectively. 
A Polaron pulsed n.m.r, spectrometer operating at a 
resonance frequency of 21 MHz was used for all the 
measurements. This corresponds to a stationary magnetic 
field (B0) of 0.5 T provided by a Newport Instruments 4 in. 
electromagnet./'1 was determined by a saturation recovery 
method using 90°-z-90 ° pulse sequences 4. The 90 ° pulse 
length was about 6/zs and the receiver recovery time 8/zs. 
Experiments in the rotating frame were carried out using 
a 90 ° pulse followed by a long (several ms) pulse, phase 
shifted by 90 ° relative to the first pulse 14. This second 
pulse has the effect of 'locking' the spin system in the 
rotating frame, and T~p is then obtained by observing the 
height of the (Bloch) decay following the long pulse as a 
function of the pulse length. The effective frequency of the 
Tip measurements was calculated using the prescription 14: 

oJz,=9"B1 (4) 

where 9' is the magnetogyric ratio and Bz is the radio- 
frequency field applied at right angles to B0. o~z was found 
to be 5 x 104 Hz in these experiments. 

Some mention is also made in this paper of the trans- 
verse relaxation time/'2, although most of the 7"2 mea- 
surements were derived from the line width of the nuclear 
resonance signal. These measurements have been reported 
in detail in another paper 6. Occasional checks were made 
on the earlier measurements of 7"2 in these polymers by 

observing the time constant of the Bloch decay following 
a 90 ° pulse 17. In all cases the values obtained in this way 
were found to be in satisfactory agreement with the earlier 
results. 

The preparation of the polymers has been described 
elsewhere 5. The samples consisted of a compressed pellet, 
0.5 cm 3 volume and 0.7 cm long, this approximating to the 
ideal of 70 ~ of the length of the transmitter coil. Samples 
were contained in a glass tube which was evacuated to 
10-2mmHg for several hours before sealing. These 
particular polymers were found to be especially suitable 
for the nuclear magnetic relaxation experiments because 
their transverse relaxation times are reasonably long com- 
pared to the receiver recovery time. Therefore, very little 
of the Bloch decay is obscured and this provides a com- 
paratively large signal amplitude with which to work. 

Low temperatures were achieved by passing the vapour 
of boiling liquid nitrogen through a heater controlled by a 
thermistor bridge, the thermistor being situated adjacent 
to the sample tube. At high temperatures the nitrogen 
carrier gas was replaced by compressed air. Temperatures 
were measured using a chromel/alumel thermocouple. 

RESULTS AND DISCUSSION 

Poly(N-amyl maleimide) 
Figure 1 shows the results of T1 and Tip measurements 

for poly(N-amyl maleimide). The T1 data show two 
minima at 130 and 210K, but these were not well resolved. 
Tzp showed two rather more distinct minima, one at 150K, 
the other apparently situated below the temperature of 
boiling liquid nitrogen (77K). There was also a flattening 
of the Tip curve between 200 and 290K, although no cor- 
responding behaviour was seen for Tz. Above 310K both 
7"1 and Tip increased exponentially as a function of 
temperature. 

Over some temperature ranges, the decay curve follow- 
ing the long pulse in the Tip experiments was resolvable 
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into two exponential portions, indicating the presence of 
two simultaneous relaxation processes in the material. 
This behaviour is frequently observed in polymers, and is 
believed often to be due to different rates of molecular 
motion in the amorphous and crystalline regions of the 
sample 2. For these materials, the fast decay region was, for 
the most part, too short for accurate assessment and the 
data in Figure 1 refer exclusively to the 'long time con- 
stant' part of the decay curve. 

Tip minima in the region of 70--80K are frequently 
observed 1s-2° for polymers which contain a terminal 
methyl group and these minima are generally associated 
with rotation of the methyl group about its three-fold axis. 
In this particular case, an approximate calculation of the 
activation energy for methyl group rotation can be obtain- 
ed by assuming the Tap minimum to be at 70K (oJz-rc= 
0.50, "rc= l '0 × 10-Ss), and taking the /'1 minimum at 
130K (~onrc = 0"62, ~c = 2"95 x l0 -s s). The value obtained 
in this way is 7.2 kJ/mol. This compares very favourably 
with the 7.1 kJ/mol found experimentally in poly(propyl- 
ene oxide) ~° but, in common with other experimental 
values, is lower than theoretical estimates 21 of this 
quantity. 

The higher temperature relaxation found from T1 and 
Tip in this polymer has an activation energy of 24 kJ/mol. 
On an Arrhenius diagram showing some of the other 
relaxation processes for poly(N-amyl maleimide) (Figure 
2), this 3 relaxation mechanism is seen to occur at a far 
higher frequency than either the dielectric ~, process or the 
process detected in the T2 measurements. Furthermore its 
activation energy is much lower than the prediction of 
Schatzki 22 and Boyer 2a for crankshaft motion in the 
pendant alkyl chain (55kJ/mol). The /'2 relaxation 
mechanism has previously been assigned to this latter 
process 6. One cannot rule out the possibility of molecular 
motion involving the rotation of a dipole, since the region 
of this 3 process is above the frequency range of the earlier 
dielectric experiments. However, a similar process has 
been detected at a rather lower frequency in the dodecyl 
derivative and it seems more likely that some fast rotation 
about the carbon--carbon bonds of the alkyl chain is 
involved. This point will receive some further discussion 
in the next section. 

The frequency/temperature position of the broad Tip 
'minimum' (200--290K) is also shown in Figure 2. There 
is, of course, considerable uncertainty in the exact posi- 
tion of this minimum but Figure 2 shows the range of 
possibilities. It seems very probable from this diagram 
that the minimum corresponds to the same mechanism as 
the dielectric y process. This process in the maleimide 
polymers has been assigned to an out-of-plane deforma- 
tion of the maleimide ring involving nitrogen inversion. 
Unfortunately it is not possible to calculate an activation 
energy from the n.m.r, measurements, because no parallel 
minimum in T1 is observed. On the basis of the dielectric 
activation energy (53 kJ/mol) a minimum in T1 would be 
expected around 310K, but no trace of such a minimum 
can be detected (cf. Figure 1). It is possible that this type 
of motional behaviour makes only a small contribution 
to the correlation time at the frequency of T1 measure- 
ment and is essentially not detected. This point is particu- 
larly well exemplified by the behaviour of the dodecyl 
derivative. 

Poly (N-dodecyl maleimide) 
Measurement of T1 in poly(N-dodecyl maleimide) 
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Figure 2 Correlation frequency as a function of temperature for 
poly(N-amyl maleimide). O, Points for the dielectric ~, processS; 
O, T1 minimum at 210K; A,  Tip minimum at 150K; m, 72 measure- 
ment s. <--> Flat portion of the Tip data 

showed the existence of  a rather broad minimum extend- 
ing over the temperature range 200-290K and centred on 
253K. There was also a small 'shoulder' in the temperature 
dependence of T1 at 300K and a change in slope of the 
graph on the low temperature side of the minimum at 
260K. Neither of these latter two phenomena could be 
described as true minima. The data are shown in Figure 3. 
This diagram also indicates the temperature dependence 
of Tip for this polymer, and here two distinct and well 
resolved minima were observed at 150 and 240K. 

The Tap minimum at 150K and the T1 minimum at 
250K are associated with the same molecular process, 
which has an activation energy of 17.2 kJ/mol. Both from 
the similarity of  the activation energies, and from the 
similarity in the positions of the Tip minima, it is sug- 
gested that this process is the same as the process detected 
in the amyl derivative. However, the activation energy is 
somewhat lower and this would seem to be in accord with 
the proposed mechanism; since a longer alkyl chain will 
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Figure 3 Tz and Tip measurements for poly(N-dodecyl maleimide). 
The curve superimposed on the Tz data is obtained from the 
curve-fitting procedure 

create for itself a larger free volume in which it can move. 
If  one associates the 240K Tip minimum with the 

shoulder in T1 at 300K, then an activation energy of 
55 k J/tool is obtained for this second relaxation process. 
Figure 4 shows the frequencies and temperatures for both 
this process, the dielectric ~, process and the broadline ]'2 
process as obtained in earlier work. It is seen that the 
n.m.r. T1 process is only one or two decades faster in 
frequency than the dielectric 7 process at the same tem- 
perature. Moreover, the activation energy found here is 
not very different from the 73 kJ/mol found for the ? 
relaxation. The comparatively small discrepancies in 
frequency correlation and in activation energy could be 
accounted for by the experimental uncertainties in the 
interpretation of the n.m.r, spectra, particularly in the 
location of the diffuse T1 minimum. 

At this point it is worth pointing out that the 7 process 
in these polymers markedly affects the longitudinal 
relaxation times (T1 and Tip) but no correlation could be 
established between this process and the transverse 
relaxation time T2. 

No evidence was found for a minimum in Tip in the 
region of 70K in the dodecyl polymer. This is slightly 
surprising in view of the fact that this polymer contains 
a-methyl groups which should give rise to a relaxation 
minimum in this temperature range [cf. poly(N-amyl 
maleimide)]. The only possible manifestation of methyl 
group rotation is the change in slope of the Tz graph 
observed at 200K. Hence it would appear that with long 
alkyl chains, the cooperation between methyl group 

aL 

rotation and whole chain motion is so great that it is 
meaningless to speak of these as separate molecular 
processes. The expected effect of such cooperation would 
be to produce a very wide distribution of relaxation times 
in the single observed minimum. This in fact appears to be 
the case because the Fuoss-Kirkwood distribution para- 
meter is reflected in the width of the T1 minimum 9. 
Indeed even the dielectric 7 process [the shoulder of 7"1 at 
300K in poly(N-dodecyl maleimid¢)] is barely resolved 
from the general behaviour of T1 so that it would appear 
that this too is involved in a more cooperative motion 
than a simple statement of the mechanism would suggest. 

An attempt was made to fit the minimum at 250K to 
equation (4) in order to extract the Fuoss-Kirkwood/3 
value. Such a procedure could be useful when, for 
example, the true activation energy was required and no 
corresponding Tzp minimum was observed. Alternatively 
an independent value of/3 could be used as a point of 
comparison, when pulsed n.m.r, and dielectric techniques 
are observing the same molecular process, although this is 
not relevant in the present case. 

The fitting procedure was based on a combination of 
equations (2) and (3) which gives: 

1 _2(2,,~2/~ [ (A,o)P exp(flE*/Rr) 
T1 3~T;] oJ [1 +(+4(o) 2a exp(2fle*/RT) t- 

2(2Ao~)P exp(flE*/RT) ] 
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Figure 4 Correlation frequency as a function of temperature for 
poly(N-dodecyl maleimide), O, Points for the dielectric), processS; 
O, 7"1 shoulder at 300K;A, Tzp minimum at 240K; I ,  T~ measure- 
menP 
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Taking f lE*=12 .0kJ /mo l  and T ~ = 7 . 9 x 1 0 - S s ,  a com- 
puter p rogram was written to fit the experimental data  to 
equation (5) using A and 13 as variables. The derived 
values were 103s and 0.24 respectively, and Figure 3 
shows that  these values provide an excellent fit to the 
results. The derived E* is apparently 50 kJ/mol,  as oppos- 
ed to 17.2 kJ/mol  found by the more conventional  method 
using the T1 and Tip minima. The derived 13 value is 
obviously too low, and in fact the true 13 value must  be 
a round 12.0/17.2=0.7. This is slightly surprising, since 
inspection indicates that  the min imum is broader  than 
would be suggested by a 13 o f  0.7. 

Since the Tip information indicates the T1 min imum to 
comprise two relaxations, the closeness o f  the fitting pro- 
cedure to the experimental data  must  imply that  one o f  the 
relaxations is making only a very minor  contr ibution to the 
T1 curve. The major  influence o f  this process is to render 
quantitative evaluation o f  the energy and distribution 
parameters meaningless. I t  is clear that, in the absence o f  
rotat ing frame data or information deduced f rom other 
relaxation techniques, curve-fitting to T1 data alone may 
yield misleading information even with an apparently 
good  fit. 
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Studies on the formation of poly(ethylene 
terephthalate): 1. Propagation and degradation 
reactions in the polycondensation of 
bis(2-hyd roxyethyl) terephthalate 
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The polycondensation of bis(2-hydroxyethyl) terephthalate (BHET) was kinetically investi- 
gated in the presence of zinc acetate as a catalyst at 283°C. The reaction was followed by 
molecular weight measurements on the polymers formed. These molecular weights were 
found to have maximum values at a certain reaction time. To explain these observations 
an irreversible degradation reaction was assumed to occur simultaneously with the poly- 
condensation reaction. If p and d are rate parameters associated with the rate constants 
of propagation and degradation reactions, respectively, and t is the reaction time, the 
following relation was finally obtained for the degree of polymerization (DP): 1/DP ( = n ) =  
dt+l/(l+pt). This simple equation was found to be in good agreement with the experi- 
mental results. Using this equation the effects of temperature and stirring could be studied 
for both reactions. 

INTRODUCTION 

The preparation of poly(ethylene terephthalate) (PET) is 
usually carried out by polycondensation of bis(2- 
hydroxyethyl) terephthalate (BHET) or its oligomers at 
elevated temperature and under reduced pressure. In 
spite of the high industrial production of PET, there is 
little detailed knowledge about the chemical reactions by 
which PET is industrially synthesized. 

Thus, only a few reports about the polycondensation 
process have been published 1-8. The reaction conditions 
in previous work involve a sealed system or a limitation to 
the initial stage of the reaction. More specifically, no 
kinetic treatment of an industrial polycondensation pro- 
cess, over a wide range of conversions, has been given. In 
the latter case side reactions, such as thermal degradation, 
must be taken into account. This makes a kinetic treat- 
ment of the process more complicated. 

In the present study, however, two main reactions are 
assumed to occur simultaneously: one reaction which 
increases the molecular weight (propagation reaction) and 
one reaction which decreases the molecular weight 
(degradation reaction). A kinetic treatment based on this 
assumption is shown to agree with experimental results. 
Furthermore, it is consistent with other information 
concerning the BHET polycondensation process. 

EXPERIMENTAL 

Reagents 
The catalyst used was zinc acetate. A commercial pro- 

duct (guaranteed reagent grade) was used without further 
purification. 

BHET was synthesized from dimethyl terephthalate 
(DMT) and ethylene glycol (EG). Starting with a molar 
ratio (EG/DMT) of five, the transesterification was carried 
out with sodium acetate (1 x 10-2mol/mol DMT) as a 
catalyst at 200°C. By repeated recrystallization of the 
product from water, pure BHET (m.p. 109°C) was 
obtained. 

P olycondensation 
To a three-necked 300 ml glass vessel equipped with a 

stirrer and a take-off column, 0.3mol BHET and 
3 x 10-Smol zinc acetate were introduced. The reaction 
was carried out in an open system with stirring (120rev/ 
rain) under reduced pressure (0.02-0.05 mmHg). EG was 
continuously removed by distillation. The reaction tem- 
perature was maintained at 283°C with a dimethyl 
phthalate vapour bath. At suitable intervals nitrogen was 
introduced into the reactor, and the reaction mixture was 
sampled. A separate experiment was made in order to 
study the effect of this sampling operation on the poly- 
condensation process. It was found to be negligible. 

Other reaction temperatures were obtained by using 
vapour baths with fl-naphthyl methyl ether (272°C) or 
diethyl phthalate (293 °C) instead of dimethyl phthalate. 

The reaction was also carried out with a reduced stirring 
rate (60rev/min) in order to investigate the effect of 
stirring. 

Determination of molecular weight 
The molecular weight of a formed polymer was deter- 

mined viscometrically. The intrinsic viscosity [~] was 
measured, using a phenol-tetrachloroethane (1 : 1 w/w) 
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mixture as solvent at 20°C. This was converted to molecu- 
lar weight by means of the following relation 7: 

[7] =7"55 x 10-4/~fn 0"685 

RESULTS AND DISCUSSION 

Rate equation 
Rigorous kinetic treatments of the polycondensation of 

BHET have been given by Challa 1 and Sumoto and 
Inoue 2 only for the equilibrium reaction in a sealed 
system. In open systems (with continuous removal of EG) 
the initial stage of the reaction has been studied by Griehl 
and Schnock 3, Reinish et al. 4 and Stevenson and Nettle- 
tonL In the work of t2efelin and M~lek 6 the kinetic treat- 
ment is extended to a higher molecular weight (Mn= 
30 000), but in this case the reaction was carried out in a 
solvent and at a lower temperature (260°C). 

In commercial polycondensation of BHET the reaction 
would normally be carried out in a melt at about 280°C, 
under reduced pressure and in an open system. Under 
these conditions the molecular weight of the formed 
polymer has a maximum at a certain reaction time, as 
illustrated in Figure 1. This phenomenon indicates that 
the propagation reaction (which increases the molecular 
weight), corresponds to the polycondensationreaction, and 
the degradation reaction (which decreases the molecular 
weight) occur simultaneously. 

In a rigorous kinetic approach to such a complex 
reaction, a treatment in terms of a competitive and con- 
secutive reaction system is demanded. However, this 
would be rather complicated in a multistep reaction such 
as the polycondensation one*. Accordingly the author 
attempted to approximate this reaction system as a 
parallel reaction system of two kinds of reaction: propaga- 
tion and degradation reactions, as mentioned below. 

The main reaction which leads to formation of PET can 
be represented as 

~ COOCH2CH2OH Jr- HOCH2CH2OOC ~ 

- - ~  COOCH2CH2OOC ~ -  + HOCH2CH 2OH (l) 
From available information 10, the following side 

reactions seem to occur in parallel with the above main 
reaction]'. 

- - ~  COOCH 2CI'IL~)OC ~ -  ) 

- ~ - C O O H + C H 2 = C H O O C ~  (2) 

~ -  COOCH2CH2OH + HOOC ~ -  " 

COOCH,CH2OOC ~ + H20 (3) 

~ COOCH2CH2OH 

~~ - COOH + CHzCHO (4) 

Reaction (3) occurs as a result of reactions (2) and (4). 
The product from reaction (2), a terminal vinyl group, 
causes further complex reactions, but these reactions are 
omitted from the present discussion because of little 
connection with the purpose of this study. 

Reactions (1) and (3) both contribute to the propaga- 
tion process. However, the latter is of little importance, 
except when the number of terminal carboxyl groups 
approaches the number of terminal hydroxyethyl groups. 

On the other hand, reactions (2) and (4) contribute to 
the degradation process. However, the latter is important 
only in the very first stage of the reaction. 

Based on the above considerations, it may be con- 
sidered reasonable to pay attention only to reactions (1) 
and (2). Both reactions are regarded as ones which change 
the mole number (the reciprocal of the degree of poly- 
merization) of the polymer. Assuming that reaction (1) 
obeys second-order kinetics for the mole number and 
reaction (2) obeys first-order kinetics for the number of 
ester bonds, the rate of polycondensation may be repre- 
sented by the equation 

dn 
dt = k in ~ - k 2(n - 1) (5) 

where n is a mole number of a polymer, kl is a rate con- 
stant for reaction (1) and k2 is a rate constant for reaction 
(2). 

Equation (5) can not explain the above-mentioned 
phenomenon that the molecular weight of the polymer 
has a maximum value at a certain reaction time. Because, 
if all the degradation products again contribute to the 
propagation reaction, nothing but the equilibrium state 
will be established. In order to account for the maximum, 
the terminal groups formed by reaction (2) are assumed to 
be inactive. Taking reaction (3) into account, this assump- 
tion is not strictly correct, but from the earlier considera- 
tions, it may be considered to be approximately valid over 
a wide conversion range in the polycondensation process. 

Accordingly, equation (5) can be rewritten as: 

dn 1 2 
dtt = kl(n---znd) -- k2(n - 1) (6) 

wherend is a mole number of a degraded polymer, which is 
assumed to increase linearly with time as follows: 

nd=kzt (7) 

By substitution of equation (7) into equation (6), an 
equation which is not easy to solve analytically is obtained. 
Therefore, a Taylor series expansion was attempted. 

Assuming that the solution of the above differential 
equation can be represented with a Taylor series, and that 
the higher-order terms in k2 can be neglected and putting, 
nt=0= 1, n can be obtained as a sum of series, which can 
be simplified by the binomial theorem as follows: 

n= m=o ~ (-1)m-l(klt)m-l+k2t{ 1- m=0 ~] (-1)m(klt)m- 

½k~t2m=o ~ ( -  1)m(m + 1)(kit)m} 

_ l + ~ l t + k z t {1  . . . . .  _ 1  (kit)  2 I 
1 +k i t  3(1 +klt)2J (8) 

For large values of t, equation (8) becomes: 

* In a limited-step reaction this demand can be occasionally met 8. 
t Details on the side reactions will be reported separately. 

l 
n l + k l t  ~-~k2t (9) 
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By fitting equation (9) to experimental values of n, kl 
and k2 can be calculated. As it stands, equation (9) does 
not permit a simple fitting procedure. The existence of a 
maximum in the time-course of molecular weight, how- 
ever, makes it easy to estimate kl and k2; by setting 
dnldt = 0, it is found that: 

1 
+%nin= 1 +klr=+k2f (10) 

Using equation (lo), kl and k2 can be estimated. 
Taking into account the approximations in the kinetic 

treatment, it may be preferable not to regard kl and k2 as 
rate constants, but as two parameters associated with the 
propagation degradation reactions, respectively. There- 
fore, we will use p and d in place of kl and kz, in the 
following discussion. 

According to the above consideration, equation (9) is 
rewritten as : 

Figure 1 Effect of stirring on polycondensation of BHET. 0, 120 
rev/min; 0, 6Orev/min 

‘\ \* \ 
\ \ \ l / 

/ 
‘\ L \ l +.l 

\ 0 
0 

\ 0 

‘\ 
0 

, /d-term 

\ 0 

/Y\ 
0 \ 

/ . . 
/ +\ 

/ 
p-term 

I 1 Oo 
I I I I I I 

5 IO 
Time (h) 

Figure2 A p-d analysis for polycondensation of BHET with 
6Orev/min stirring 

1 
n=-+dt 

1 +pt (11) 

where p is a rate parameter for the propagation reaction 
and d is a rate parameter for the degradation reaction. We 
will call this kinetic expression a p-d analysis. 

The meaning of equation (11) is illustrated in Figures 2 
and 3 or Figures 5 and 6. By means of equation (11) the 
time dependence of n can be separated into two com- 
ponents: one each for the propagation and degradation 
reactions. 

As stated above, n at t =0 was fixed at 1, and in the 
following calculation the molecular weight at t = 0 is fixed 
at one structural unit of PET. Accordingly n at arbitrary t 
may be calculated from equation (12): 

192 
II= 

molecular weight of formed polymer 

Applications of a p-d analysis to the study of conditions of 
polycondensation of BHET 

Effect of stirring. The time dependence of the polymer’s 
intrinsic viscosity, using two different stirring rates, is 
shown in Figure 1. This Figure suggests that stirring is an 
important parameter, but does not give further informa- 
tion. 

The applicability of equation (11) to the experimental 
values in Figure 1 is shown in Figures 2 and 3. In these 
two Figures each point represents an experimental value 
and the full lines represent equation (11) after fitting the 
parameters p and d. The contributions from the p and d 
terms in equation (11) are drawn separately with broken 
lines. From these Figures it is evident that equation (11) is 

Figure3 A p-d analysis for polycondensation of BHET with 
120rev/min stirring 
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Figure9 Effect of temperature on time dependence of the 
melt viscosity of PET obtained with zinc acetate as a catalyst. 
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Figure 10 Arrhenius plot for the data in Figure 9 

in good agreement with the experimental results. The p - d  
analysis seems to disclose the features of the BHET poly- 
condensation adequately. 

The parameters of the fitted curves are: p = 34.0 mol -~ 
h -1, d = 9 . 0 x l 0 - 4 m o l h  -1 with low stirring speed; 
p = 55.0 tool -1 h -I, d=  8.3 x 10 .4 mol h -1 with high stirring 
speed. Thus stirring has a large influence on the propaga- 
tion reaction and little influence on the degradation 
reaction. This behaviour is just as expected: the propaga- 
tion reaction requires encounters between polymeric 
molecules and it is promoted by removal of EG, while the 
degradation reaction is unimolecular and not affected by 
the distillation of  a product. 

Thus, the effect of  stirring on the polycondensation 
process can be clarified by the calculation of p and d 
values. 

The above result illustrates the importance of  having a 
reactor with efficient stirring for BHET polycondensa- 
tions. 

Effect of  temperature. The polycondensation of BHET 
was carried out at 272, 283 and 293°C. The results are 
plotted in Figure 4. This Figure suggests that with rise of  
temperature the optimum reaction time and the maximum 
molecular weight are both reduced. 

The application o f p - d  analysis to these data is shown 
in Figures 3, 5 and 6. In all cases the fitted curves are in 
good agreement with the experimental values. 

Thep  and dvalues of the fitted curves are the following: 

272°C: p = 36"3 mol -I h -1, d =  3.7 x 10 -4 mol h -1 

283 °C: p = 55"0 mo1-1 h -1, d =  8.3 x 10 -4 mol h -x 

292°C: p = 78.6 mo1-1 h -1, d =  16.8 x 10 -4 mol h -1 

Plots of logp and logdvs. 1/Tare given in Figures 7 and 
8. From these Figures it is found that satisfactory linear 
relations exist. As apparent activation energies the follow- 
ing values were calculated: 

Ep = 23.7 kcal/mol; Ea = 46.6 kcal/mol 

In other words, the degradation reaction is much more 
influenced by a temperature change than the propagation 
reaction. 

Consequently, the use of a lower temperature permits a 
higher molecular weight to be obtained. 

According to Tuckett 9, in a random degradation reac- 
tion a plot of log~7 (7 is the melt viscosity) vs. time gives a 
straight line, and its slope is related to the rate constant for 
the degradation reaction. For the purpose of comparison, 
the time dependence of the melt viscosity of the polymer 
obtained in one of  the experiments above (the poly- 
condensation at 283 °C) was followed with a rheometer at 
270, 280, 290, and 300°C (Figure 9). From an Arrhenius 
plot an activation energy was calculated: Ea = 44.0 kcal/ 
tool (Figure 10). 

This value is comparable with Ect, which lends support 
to the p - d  analysis procedure. 
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of dimethyl terephthalate with ethylene glycol 

Kosuke Tomita and Hiroaki Ida 

Research and Development Center, Unitika Co. Ltd, Uji, Kyoto, Japan 
(Received 11 July 1972) 

The transesterification of dimethyl terephthalate (DMT) with ethylene glycol (EG) was 
kinetically investigated in the presence of various catalysts at 197°C. The reaction was 
followed by the measurement of the quantity of methanol which disti l led from the reaction 
vessel. This dist i l lat ion made corrections of reactant and catalyst concentrat ions neces- 
sary. The transesterif ication was assumed to obey first-order kinetics with respect to 
DMT and EG, and a rate equation was derived. The reaction was found to be first order in 
catalyst concentrat ion as well and when this f inding was incorporated in the rate equation, 
excellent agreement between the observed and calculated values was recognized through- 
out the reaction. The first-order dependence on the catalyst concentration is valid below a 
critical concentration which was found to be dependent on the catalyst type. Above this 
concentrat ion a lower reaction order was observed. 

INTRODUCTION ~-- 

The preparation of poly(ethylene terephthalate) (PET) 
is usually carried out by polycondensation of bis(2- 
hydroxyethyl) terephthalate (BHET) or its oligomers. 
These can be formed by the transesterification of dimethyl 
terephthalate (DMT) with ethylene glycol (EG) or by the 
esterification of terephthalic acid (TPA) with EG. The 
transesterification process is generally preferred. 

Knowledge of the kinetics of the transesterification 
reaction of DMT with EG is important for industry. A 
few reports on such investigations have been published 
previously z-5, but they do not account completely for 
the experimental observations. In the present study 
improvements have been made, and good agreement 
between experimental data and an appropriate rate 
expression is obtained over a wide conversion range. 

EXPERIMENTAL 

Apparatus 
The apparatus used in this work is shown in Figure 1. 

For a kinetic study on the transesterification reaction, 
it is important to prevent methanol formed in this 
reaction from being retained, and to make it distil 
smoothly. Therefore, we have paid special attention to 
the following points: (i) nitrogen was made to flow 
through the reaction vessel at a steady rate of 42 _ 2 ml/ 
rain; (ii) the tube connecting the reactor to a condenser 
was electrically heated at the inlet to prevent condensa- 
tion of methanol; (iii) the length of the tube was reduced 
as far as possible in order to shorten the response time 
of the acceptor (a graduated cylinder); (iv) a Vigreux 
distillation column was incorporated in the tube in order 
to prevent distillation of reactants; (v) the whole acceptor 

N2 

I Dry ice-methanol 
3 

Figure 1 Apparatus used in this work: 1, motor; 2, flow meter; 
3, gas burner; 4, mantle heater; 5, distillation column; 6, acceptor 
(graduated cylinder); 7, trap 

was cooled with a dry ice-methanol mixture in order to 
trap effluent methanol efficiently. 

Reagents 
DMT was a commercial 'fiber grade' product and was 

used without further purification. EG was also a commer- 
cial 'fiber grade' product and was purified by distillation 
prior to use. 

All catalysts were metal acetates. Commercial products 
(guaranteed reagent grade) were used without further 
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purification. However, antimony (III) acetate was syn- 
thesized according to the method of Nerdel and Klein- 
wachter s and then distilled under reduced pressure 
(b.p. 167-168°C at 5 mmHg; m.p. 120--124°C). 

Transesterification 
To the reaction vessel 0.5 mol DMT, 1.0mol EG and 

an adequate amount of catalyst were introduced. The 
reaction was carried out with stirring under a nitrogen 
atmosphere. 

The temperature of the reaction mixture heated with 
the EG bath was measured with a thermocouple detector 
and was confirmed to be 197°C. The temperature of the 
distillation column was maintained at ~ 100°C. 

The reaction was considered to have started at the 
time when the methanol first condensed in the acceptor. 

After that, the progress of the reaction was followed 
by measuring the quantity of methanol collected in the 
acceptor. 

RESULTS AND DISCUSSION 

Kinetic treatment 
The mode of transesterification of DMT with EG is 

shown below in a simplified form, where methanol and 
bis(2-hydroxyethyl) terephthalate (BHET) are formed: 

CHaOOC ~ -  COOCHa -I-2 HOCH 2CH2OH ..,¢=..- 

HOCH2CH 2 O O C - ~  COOCH 2CH=OH + 2 CHaOH 

If less then 2mol of EG are used, polycondensates, 
with a degree of condensation of 2 to 4, are formed as 
well as BHET. However, under the conditions of this 
work BHET and methanol are almost the only reaction 
products. 

The transesterification is a reversible reaction as 
indicated in the equation above. Consequently, efficient 
removal of formed methanol is necessary in order to get 
a high yield of BHET. In this work, particular attention 
was paid to the removal of methanol, as mentioned above. 

An important problem in the kinetic treatment is 
whether there is a difference between the rate constant 
of the first-step reaction, related to the reactivity of 
methyl ester groups in DMT, and that of the second-step 
reaction, related to the reactivity of methyl ester groups 
in p-methoxycarbonyl-2-hydroxyethyl benzoate, since 
DMT and EG form BHET in the following two steps. 

DMT + EG --~ HOCH2CH2OOC --~/~/COOCHa + CH3OH 

+EG 1 BHET + CH3OH 
On this problem, Challa I reported that there is no 

difference. On the other hand, the presence of a difference 
was maintained by Peebles and WagnerL From experi- 
ments with model compounds, we have concluded that 
such a difference is negligible, i.e. it may safely be assumed 
that the rate constant of the first-step reaction and that 
of the second-step reaction are much the same. 

Consequently, the formation of BHET may be regarded 
as being merely the reaction between a methyl ester group 
and a hydroxyl group in EG. 

In the paper by Challa 1, the kinetics of the transesteri- 
fication reaction in a closed system was studied. A similar 
study was made by Sumoto 3. These papers are relevant 
for the reaction in non-distilling systems. In practice, 
however, the transesterification of DMT with EG should 
be made to proceed with removal of methanol. Very 
much simplified treatments of this case have been given 
by Griehl and Schnock 4 and Yoda et aL 5. A more 
rigorous attempt was made by Peebles and Wagner 2 
but it is possible to improve on their treatment. For 
example, in correcting concentrations of reactants-- 
removal of formed methanol is accompanied by a 
decrease in volume--they did not apply such a correction 
to the catalyst concentration. Quantities of catalysts are 
usually kept constant in weight during the reaction, but 
their concentrations increase with a decrease in volume 
of the reaction mixture. 

In the present study, according to the above considera- 
tions, transesterification of DMT with EG was kinetically 
treated as follows. 

Schematically the reaction can be represented as: 

~ ~ "  COOCHa + HOCH2CH2OH ka 

A B 

~ COOCH2CH2QH + CHaOH 

C 

Based on a material balance, the rate equations are 

dCA 
~.=kaCAC]~ (1) 

dCB = kaCACB (2) 
dt 

dCc 
d~=k=CACB (3) 

Volume corrections were made as follows: 

pA pB pC 
CA=224+32B, CB-224+32B, Cc=224+32 B (4) 

where A, B and C are the quantities of reactants expressed 
in mol, p is the density of the reaction mixture and Cx 
is the concentration of X (X is A, B or C.) 

By substitution of equation (4) into equations (1)-(3), 
k= may be obtained. This solution is imperfect since k~ 
is an apparent rate constant which may depend on the 
catalyst concentration. Therefore, k= must be also 
corrected for a decrease in volume of the reaction mix- 
ture*. 

Provided that the reaction order with respect to the 
catalyst concentration is one, the correction factor is: 

256[(224 + 32B) (5) 

Furthermore, it must be noticed that p varies with the 
extent of reaction. 

In order to simplify the above equations, the degree 
of conversion, y (~o), is introduced. 

* If the reaction considerably proceeds without catalysts, this 
volume correction may be of limited significance. However, under 
the usual conditions, the transesterification of DMT with EG does 
not proceed without catalysts. The reaction order with respect to the 
catalyst concentration will be discussed later. 
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Using this variables, equation (4) can be rewritten as: 

A0 
A A o -  ~---~ y 

CA = = (6) 
Vo-//'loo Vo- Vloo 

Vo 100 y Vo l ~ y  

where V is a volume of the reaction mixture and the 
suffixes 0 and 100 are used to denote the extent of 
conversion, 0% and I00%, respectively. 

Similarly, the correction factor for the catalyst concen- 
tration will be: 

Vo 
V0-  V100 (7) 

Vo l o ~ Y  

Under the present experimental conditions CA= Ca. 
Consequently the rate of reaction is represented by: 

Vo A°-l~Y 
dCA-ka Vo- Vloo " Vo- Vloo (s) 

dt Vo 100 Y Vo- 100 Y 

Equation (8) is simplified by assuming Ao= 1, as 
follows: 

Vloo 
~ k a d t  ~ Vo{1 - (Vo-  Vloo)CA}C~ dCA (9) 

If  the reaction starts from the direction: A0 = 1, y = 0, 
integration yields: 

kat=-Vo-[lOO_y VI°°I VlOOY +(Vo_ Vloo)logl~y}= (10) 

If  the decrease in volume of the reaction mixture can be 
neglected, equation (10) can be simplified to yield a 
normal second-order equation: 

kat= Vy (11) 
lO0-y 

Application of the rate equation 
Figure 2 shows how the reaction proceeds with zinc 

acetate as a catalyst (1 x 10 -4 mol/mol DMT). By appli- 
cation of equation (10) to these data, and plotting the 
Y values thus obtained against time, the points in Figure 3 
are obtained: Yrepresents the right hand side of equation 
(10). In accordance with equation (10), a plot of Y against 
t is found to be linear over a wide conversion range. 

In Figure 4 the results obtained with a less careful 
treatment is compared with equation (10). In one case 
volume corrections are completely neglected [equation 
(11) is applied], and in another case the change in catalyst 
concentration is ignored [equation (13), derived in the 
Appendix, is applied]. It is easily seen that only equation 
(10) gives a straight line in the entire conversion range. 
Others give ka values which increase with the reaction 
time. The above-mentioned difference, maintained by 
Peebles and Wagner 2 between the rate constants of the 
two reaction steps may relate with the above result 
brought by equation (13). 

Catalyst concentration dependence 
Formerly, little was known concerning the dependence 

of the rate on the catalyst concentration. Griehl and 
Schnock 4 suggested a first-order dependence, but their 
data were too poor to discuss such a problem. 

8O 

60 
g 

g 
U 

40 

20 

o ' g o  ' ,2'o 
Time (rain) 

Figure2 Time-conversion curve of the transesterification of 
DMT by EG with zinc acetate as a catalyst 
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Figure 3 Application of equation (10) to data in Figure 2 
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Figure 4 Comparison of three kinds of kinetic treatment for data 
in Figure 2: ©, the authors' treatment, equation (10) is applied; 
[~, a change in catalyst concentration is ignored, equation (13) 
is applied; A, volume corrections are completely neglected, 
equation (11) is applied 

zinc acetate or stannous acetate is used. Thus the pheno- 
menon depends on the kind of catalyst used, which 
suggests that it cannot be attributed to a simple diffusion 
control effect. 

Instead, these results may shed some light on the 
mechanism of catalysis.* A few remarks related to the 
phenomenon of catalyst saturation will be made. 

The strength in Lewis acidity of the metal ion catalysts 
used in this work is considered to increase in the order 
of  Mg 2+ < Mn 2+ < Zn 2+ 7, the same order as the limiting 
catalyst concentration. A possible explanation may be 
that there exists an association phenomenon with these 
metal compounds, which is related to the Lewis-acid 
strength of  the metal ion species; during the experiments 
it was observed that an increase in the amount of zinc 
acetate makes the formation of a deposit, in which some 
catalyst may leave the reaction mixture, to appear earlier. 
Such a deposit formation may clearly counteract an 
increase in the catalyst concentration. 

In the case of still stronger Lewis acids such as anti- 
mony (III) acetate, however, coordination bonding to the 
substrate (DMT) may occur preferentially. Therefore, 
the above-mentioned phenomenon may appear later. 

In evaluation of the catalytic action above, certain 
facts must be kept in mind. I f  catalytic action is evaluated 
beyond above the critical point of ka, the erroneous 
conclusion will be drawn and from a practical point of 
view, it will lead to a waste if the catalyst is used in a 
large excess quantity. 

* A more detailed discussion of this question will be published 
separately 7. 

For a satisfactory kinetic treatment it is necessary to 
clarify this problem, as mentioned in the above section. 
Therefore, the dependence of ka on the catalyst concen- 
tration was investigated. 

Some examples of  the time-course of  the collected 
methanol formed with various amounts of catalyst are 
shown in Figures 5 and 6. The corresponding plots 
according to equation (10) are shown in Figures 7 and 8. 

Apparent rate constants, ka, were calculated from the 
results shown in Figures 7 and 8. The relation between 
ka and the catalyst concentration is illustrated as the 
double-logarithmic plot in Figure 9. It  is seen in Figure 9 
for all the different catalysts that a straight-line relation 
exists at not-too-high catalyst concentrations. The slope 
of this linear part, and therefore the reaction order is 
found to be 1.0 in all cases. This is consistent with the 
assumption made in the derivation of  equation (10). 

An interesting phenomenon can be observed in Figure 
9: the linear relation with a slope of 1.0 is only valid 
within a limited range. When the catalyst concentration 
is increased beyond a certain value, log ka increases more 
slowly. 

In order to explain this phenomenon, it was first 
considered that a diffusion control effect might occur. 
However, in this case the saturation phenomenon in ka 
would appear at a constant value of  ka regardless of 
the catalyst type. Figure 9 shows that when magnesium 
acetate or manganese acetate is used as a catalyst this 
phenomenon appears at higher values of ka than when 

t -  
O 

c 
0 u 
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20 

p /x 
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Figure 5 Time-conversion curves of the transesterification of 
DMT by EG with zinc acetate as a catalyst. Effect of catalyst 
concentration: O, 1 x 10-a; x ,  3x  10-4; A,  7x  10-5; FI, 5x  10-5; 
V,  3x  10-5 mol/mol DMT 
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Figure 6 Time-conversion curves of the transesterification of 
DMT by EG with manganese acetate as a catalyst. Effect of cata- 
lyst concentration: O, 5x 10-3; x,  1 x 10-3; [3], 5x 10-4; A, 2x 10-4; 
0 ,  1"5x10-4; II, lx10-4; V, 8x 10-Smol/mol DMT 
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Figure 7 Application of equation (10) to data in Figure 5: O, 
lx10-3; x,  3x10-4; A, 7x10-5; D, 5x10-5; V, 3x 10-5mol/tool 
DMT 
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Figure8 Application of equation (10) to data in Figure 6: O, 
5x10-3; x ,  lx10-3;  rq, 5x10-4; S, 2x10-4; O, 1'5x10-4; I ,  
1 x 10-4; V, 8x 10-Smol/mol DMT 

0 

,4- 

J 

/D./..o- 

,u / /  
0 

1 I i 

O I 2 (mol/l} 
I I I I I 

l 2 3 
(mollmol DMT) 

5+1o9 [cata lys t ]  

Figure 9 Rate dependence on the catalyst concentration. Metal 
acetate: O, Zn; ~, Mn; V, Mg; D, Sn; x,  Sb 
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Figure 10 Time-conversion curves of the transesterification of 
DMT by EGo with zinc acetate as a catalyst. V, 160°C; A, 170°C; 
O, 180°C 

Temperature dependence 

In  Figure 10 methanol effusion curves from experi- 
ments at lower temperatures, zinc acetate (1 x 10-4tool/ 
tool DMT)  as a catalyst, are shown. By application of 
equation (10) the corresponding k= values were computed. 
The activation energy was calculated from a plot of  
log ka vs. 1/T(Figure 11) as Ea = 9.4 kcal/mol. 

This value is a little lower than that of  alkaline hydro- 
lysis of  usual ester compounds, s 
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APPENDIX 

When the change in catalyst concentration is ignored, 
equation (8) becomes: 

d CA A0 - ~ y (12) 
- d ~  = k s  V0-  V:00 

Vo 100 

I f  the reaction starts from the initial value: A0 = 1, y = 0, 
integration yields: 

VlOOY (13) 
kat = l O 0 -  y 
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The structure of a-keratin 
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High-resolution low-angle meridional and near-meridional X-ray diffraction data have been 
collected from specimens of a-keratin and various heavy-atom derivatives of a-keratin. 
The observed reciprocal spacings of the layer lines satisfy the selection rule 

Z = m/h + niP + S/Pd 

where h=67-1]k, P=220A, Pd=235,/k and m, n and s are integers. Taken in conjunction 
with observations on the lateral distribution of intensity this evidence suggests that the 
microfibrils in a-keratin have a helical structure with pitch=220]k and unit height=67.1 ./k 
which is subject to a regular axial distortion of period 235]k. Possible relationships between 
this helix and the coiled-coil a-helix rope segments of the constituent molecules are dis- 
cussed. 

INTRODUCTION 

Three distinct groups of proteins have been isolated 
from mammalian hard keratinsl; a low-sulphur group, 
a high-sulphur group, and a high glycine-tyrosine 
group. The low-sulphur proteins possess regular second- 
ary structure and are organized into filaments termed 
microfibrils whilst the proteins of the other two groups 
form a matrix of variable composition. Recent X-ray 
diffraction and electron microscope studies 2-4 have 
focused attention on the problem of  determining the 
manner in which the low-sulphur proteins aggregate to 
form the microfibril and in the present paper new 
X-ray data are presented which permit the geometrical 
form of the aggregate to be deduced. 

INDEXING OF PATTERN 

The series of low-angle meridional and near-meridional 
reflections observed in the X-ray diffraction pattern 
of  a-keratin (Figure 1) have generally been indexed 5-s 
on an axial repeat of structure around 200 A but recently z 
it was found that the reciprocal spacings of many of the 
meridional reflections were significantly displaced from 
those calculated for any period in the vicinity of 200 A. 
It  was shown, however, that the meridional reflections 
could be satisfactorily indexed on a repeat of  about 
470A. In the present study the same specimens and 
procedures were used but the observations were extended 
to include both meridional and near-meridional reflec- 
tions. It is difficult to calibrate fibre patterns with 
sufficient precision to combine results obtained from 
different specimens and the device was again adopted 
of selecting a well-resolved meridional reflection as an 
internal standard for comparative purposes. 

Owing to the combined effects of lattice imperfections 
and disorientation the sharpness of the layer lines 
decreases rapidly with distance from the meridian 

(Figure 1) and it is difficult to measure the layer line 
translation (Z) for non-meridional reflections, particu- 
larly at high angles of diffraction. Attention was there- 
fore concentrated on the low-angle pattern and the 
measured values of the layer-line translations for both 
meridional and near-meridional reflections are collected 
together in Table 1. A composite diagram illustrating 
the approximate lateral extents of the intensity distri- 
butions is given in Figure 2. 

All the meridional reflections recorded in the present 
series of measurements can be indexed on a periodicity of 
470A, thus confirming the conclusion reached in an 
earlier study 3. In this earlier study the layer-line transla- 
tion of only one near-meridional reflection was deter- 
mined and was found to be close to the value calculated 
for the 17th layer line of a 470 A periodicity. On this 
basis it was suggested that it might be possible to index 
the entire pattern on an axial repeat of structure of 
470A. The more complete data obtained in the present 
study (Table 1) indicate, however, that the true axial 
repeat is very much greater than 470A. In particular, 
well-developed off-meridional reflections are observed 
with layer-line translations of Z=1/220/~  - t  in the 
chromium derivative (Figure lb) and Z = 3 / 2 2 0 A  -1 in 
wet quill (Figure lc). Neither of these layer lines can be 
indexed in terms of  a 470A repeat of structure and it 
is apparent, from a consideration of the data recorded 
in Table 1, that the true axial repeat (e) is too great to 
provide a suitable means for discussing the pattern, 
due to the correspondingly large values required for 
the indexing parameter l, where Z=l/c. Instead, it is 
more convenient and informative to relate prominent 
features of the diffraction pattern by means of a series 
of subsidiary parameters which may, if required, be 
related to I. 

In the earlier study of the meridional reflections z it 
was noted that the pattern resembled that expected for 
a structure subject to periodic axial distortion. The 
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Figure I (a) X-ray diffraction pattern obtained from a chromium derivative of porcupine quill showing relationship between the high-angle 
and low-angle patterns. (b) Enlargement of central portion of (a) showing a layer line of spacing 220~ (arrowed). (c) Low-angle pattern 
from wet quill showing a layer line of spacing 220/3~ (arrowed) 

Table 1 Layer line translations of the meridional and near-meridional reflections in the X-ray 
diffraction patterns obtained from porcupine quill and from certain heavy-atom derivatives 

Observed Z-values (10-8~-a)~/ 
Selection rule 
parameters* Z-value of Untreated 

layer liner Silver Chromium Mercury 
m n s (10-a.~ -1) Dry Wet derivative derivative derivative 

0 0 1 4"3 
0 1 0 4.6 
0 0 3 12.8 12"8 
0 3 0 13.6 13.4 13-5 
1 0 --2 6"4 
1 0 --1 10-6 10.8 
1 0 0 14'9 14.8 14.9 
1 1 0 19-4 
2 --3 0 16.2 
2 0 - 3  17.0 
2 0 --2 21 '3 
2 0 - - I  25.5 25.4 25.5 
2 0 0 29"8 
2 1 0 34.3 34.3 
3 0 --3 31-9 
3 0 - 2  36.2 
3 0 --1 40-4 40.4 40.4 
3 0 0 44.7 
3 1 0 49.2 
4 0 - 2  51 '1 
4 0 --1 55.3 55.3 55.1 

* See equation (2) 
t Calculated from the relation Z=(7m+2s)/470+n/220 
:~ Relative values based on Z(m=3, n=0, s=-1)=19/470/~ -1 

10-7 
15"0 
19.4 

21 "3 

29' 9 

40'4 

4"6 

10"7 
14"9 

16'2 
17"1 

25"6 
29"7 
34"3 
31 "9 
36"0 
40"4 
44' 9 
49"5 
50"9 
55" 1 

4"2 

6'3 
10"8 

19"5 

25'6 

34"5 

36"4 
40"4 

limited data collected in this earlier study favoured the 
identification of the meridional reflection with Z =  0.0404 
A-1 as the first order of the undistorted periodicity 
but the more complete data obtained in the present 
study suggests that the prominent meridional reflection 
with Z=0 .0149A -1 is a more likely choice. Originally 

this possibility was rejected since the higher orders are 
weak but if the distortion of the periodicity is appre- 
ciable the satellite or 'ghost' reflections soon become as 
strong as or stronger than the orders of the undistorted 
periodicity 9. The reciprocal spacings of the layer lines 
corresponding to the undistorted periodicity are given 
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Composi te diagram showing the translat ions and 
approximate lateral intensity distr ibut ions of layer lines observed 
in low-angle X-ray diffraction patterns of porcupine quill and of 
certain heavy-atom derivatives. The indexing scheme in terms 
of the integers m, n and s, as discussed in the text, is indicated 

by Z =  7m/470, where m is an integer and it was found 
that the meridional reflections could be indexed accord- 
ing to the selection rule: 

Z = ( 7 m +  2s)/470 (1) 

where s is an integer such that ]s ]~<3 (Figure 2). The 
observation, mentioned earlier, that near-meridional 
reflections occur at low angles on layer lines related 
to a 220A periodicity suggested that a term n/220, 
where n is an integer, be incorporated in equation (1) 
giving: 

Z = m/67. I + n/220 + s/235 (2) 

It  will be seen from Table 1 that all the observed layer-line 
translations can, in fact, be fitted to such a scheme of 
indexing. I t  should be recalled that the numerical values 
in equation (2) are relative values and, as discussed 
elsewhere 3, the precise values vary slightly with degree 
of hydration. 

INTERPRETATION OF THE PATTERN 

In biological structures formed by the self-assembly of 
identical structural units the units are generally equiva- 
lently or quasi-equivalently related 10-14. In the first 
instance the continued operation of a translation and a 
rotation leads to a helical structure lo and interpretation 
of the diffraction pattern is based on the fact that the 
layer line distribution is governed by the expression 15, 16. 

Z = m/h + nIP (3) 
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where Z is the reciprocal space coordinate parallel to 
the meridian, h is the unit height, P is the pitch of the 
helix and m and n are integers. The parameter n deter- 
mines the orders of  Bessel functions which contribute 
to the intensity transform. Meridional reflections can 
occur when n = 0  and near-meridional reflections when 
n is small. 

In the case of  quasi-equivalently related units the 
situation is made more complex by the departures from 
equivalence but these will generally be periodic in 
nature and the effects on the diffraction pattern have 
been discussed in some detail by James 9, Johnson I7 and 
by Caspar and Holmes is. The period of the distortion 
is often much greater than the undistorted period and 
this leads to the appearance of satellite layer lines 
around each layer line of the undistorted structure. 
In a helix subject to periodic axial distortion of amplitude 
za each meridional reflection is flanked by a series of  
satellite reflections and the intensity transform contains 
the factor Js(2~Zza) where s is the 'order '  of the satellite 
and Js is a Bessel function of the first kind of order s. 
The Z coordinates of the meridional reflections in the 
distorted structure satisfy the relation: 

Z = m/h + s/P(l (4) 

where Pa is the distortion period and m and s are integers. 
The set of meridional reflections obtained by setting 
s = 0  corresponds to the reflections given by the undis- 
torted helix. 

Combining equations (3) and (4) the expression for 
the layer-line translations of a helical structure subject 
to a periodic axial distortion becomes: 

Z = m/h +n/P+ s/P~ (5) 

and when this is compared with equation (2) it will be 
seen that the layer-line distribution in a-keratin is 
explicable in terms of a helix with pitch 220/~ and unit 
height 67.1 A which is subject to a regular axial distortion 
of period 235A. In addition to axial distortion there 
will, in general, also be radial and azimuthal distortion. 
In this event the non-meridional reflections will also 
be flanked by satellite reflections and it is possible that 
these occur in the diffraction pattern of ~-keratin although 
they have not been identified with certainty in the present 
study. 

Some ambiguity exists in the prediction of helical 
symmetry from the Z distribution of the meridional and 
near-meridional reflections due to the possibility that an 
N-fold parallel rotation axis of symmetry is present. 
I f  this is so n in equation (3) is limited 16 to multiples 
of N and the near-meridional reflections depend on 
factors in the expression for the intensity transform 
of the type J~x(2~rRr) rather than J~.(2=Rr) where R is 
the radial coordinate in reciprocal space, r is the radial 
coordinate in real space and k is an integer. The first 
maximum of J~(x) occurs at increasingly large values 
of  x with increasing k and in the present case the 
observed lateral positions of the near-meridiona[ reflec- 
tions correspond to values of r ~ 3 5 - 4 5 A  for N = I  
and to very much larger values of r for N >  1. Since 
the microfibril is believed" to have a radius of  about 
36A it is unlikely that an N-fold rotation axis could 
be present in the a-keratin microfibril. 

Although the lateral positions of the maxima of the 
near-meridional reflections only give a very crude 
estimate of  the radius of the diffracting object the 
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Figure 3 (a) Radial projection of the distribution of structural 
units at the surface of the microfibril as derived from the low-angle 
X-ray diffraction data. This arrangement is derived from a helix 
with a unit height of 67.1 ,~, and a pitch of 220A (broken line) by 
the superposition of an axial distortion of period 235A. The 
resultant distorted helix is shown by a full line. (b) and (c) Examples 
of distributions of 160~ long coiled-coil rope segments that satisfy 
the symmetry requirements in (a). For simplicity the undistorted 
helices are shown. The molecular boundaries and the actual tilt 
of the segments are unknown 

value obtained in the present study suggests that the 
low-angle pattern in s-keratin is largely determined by 
projections from the surface of the microfibril. An 
estimate of the amplitude za of  the axial distortion 
may be obtained 9 by comparing the way in which the 
range of  satellite orders increases with increasing Z and 
a consideration of  the observed intensity data suggests 
that the distortion amplitude za~ 10A. Since the pattern 
of meridional and near-meridional reflections appears 
to originate primarily from the surface of the micro- 
fibril the value derived for the distortion amplitude also 
refers to this region. 

The quasi-helical symmetry of  the surface of the 
microfibril, derived from a consideration of the low- 
angle X-ray diffraction pattern, is illustrated in Figure 3a 
and it seems likely that this is a consequence of a similar 
or related symmetry in the internal structure of  the 
microfibril. The 5.15A meridional reflection, which is 
believed to originate from the coiled-coil o~-helix rope 
segments within the microfibril 1, g, consists of  finely- 
spaced layer lines (Figure 1) but these are difficult to 
resolve owing to the effects of disorientation. In appro- 
priately tilted specimens it is found that the strongest 
component has a Z coordinate which corresponds, 
within experimental error, to values of  m =  13, n = s = 0  
in equation (2), and a component is also present with 
m = 13, n = 0, s = 1. Thus although the presently available 
data are very limited it supports the belief that the 
internal symmetry of the microfibril is basically that of a 
helix with a pitch of  220A and an axial translation of 
67.1A between consecutive structural units. In the 
following sections the extent to which existing knowledge 
of  the molecular structure can be reconciled with such a 
helical symmetry in the microfibril is examined. 

NATURE OF THE STRUCTURAL UNIT 

The S-carboxymethyl derivatives of the low-sulphur 
proteins from wool can be separated into two major 

fractions, termed components 7 and 8, which have 
molecular weights respectively of about 53 000 and 
45 000 and are present in a molar ratio of  approxi- 
mately 2 : 119-Zl. The helix contents of these derivatives, 
as judged by measurements of the optical rotatory 
dispersion parameter b0, are respectively 56 and 62~o 
and it has been demonstrated that discrete helical and 
non-helical regions are present in the molecule 22-24. 
The helix contents of  the low-sulphur proteins in their 
native, solid state are unlikely to be the same as in the 
charged derivatives in solution and the estimates so 
obtained cannot be interpreted too literally. Various 
lines of evidence suggest that a specific aggregate may 
be formed between two molecules of  component 7 
and one of component 823-85 but this has not so far 
been demonstrated directly, for example by hydro- 
dynamic measurements. A helix-rich fragment has been 
isolated from unfractionated preparations of the S-carb- 
oxymethyl derivatives of  the low-sulphur proteins after 
partial hydrolysis with enzymes zz and evidence from 
hydrodynamic 2z, electron microscope 2n, and X-ray 
diffraction 27 studies indicates that the fragment is rod- 
like and has a length of about 160A. In summary the 
chemical studies of  the low-sulphur protein derivatives 
suggest the possibility that there is a chemical unit of 
structure with a molecular weight of 151 000 and that 
about one-half of the polypeptide chain has an c~-helical 
conformation. 

I f  there is, in fact, a chemical unit of  molecular 
weight around 151000 in the native structure it 
would occupy a volume 

Vc= 1.66 x 151 000/1.3 = 1.93 x 105A 3 

assuming a density of  1.3 g c m  -a. The X-ray data dis- 
cussed earlier suggest that the microfibril contains 
quasi-equivalently related structural units spaced at 
intervals of 67 A along the length of the microfibril and 
the low-sulphur proteins associated with this structural 
unit will occupy a volume vs=67rrr 2, where r is the 
radius of a cylinder with the same volume per unit 
length as the microfibrillar proteins. The radius cal- 
culated for one chemical unit per structural unit (v8 = re) 
is 30A and for two (vs=2vc) is 43A. Estimates of the 
effective radius of the microfibril based on stain exclusion 
or electron density distribution 1 are intermediate 
between these two values, but the radius so estimated 
is not necessarily identical with that defined above. 
It  does not seem possible, therefore, on the basis of the 
existing evidence, to establish a definite correspondence 
between the chemical and structural units. 

STRUCTURE OF THE MICROFIBRIL 

Coiled-coil model 
Crick 2s and Pauling and Corey 29 suggested indepen- 

dently that the a-helices in a-keratin were distorted into 
coiled coils and the high-angle X-ray diffraction pattern 
has been examined in some detail 2, s, so-a3 for evidence 
of the characteristic features predicted for coiled-coil 
ropes. The problem of testing these and other suggestions 
is complicated by the presence of an overlying inter- 
ference function associated with the substructure of the 
microfibril and by the limited length of the helical 
sections of chain and the likelihood of  various types of 
disorder 2. Initially it was thought that the best agreement 
with the observed data was obtained with a three-strand 
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rope model 28,31,32 and this model has also been 
favoured by Crewther and coworkers as providing the 
best explanation of  their chemical and physico-chemical 
studies 23,24. Subsequent calculation of the intensity 
transform of  a coiled-coil rope, in which the effects 
of background material were taken into consideration as, 
showed however that the differences between the trans- 
forms predicted for two-strand and three-strand ropes 
were not as great as originally supposed and the existing 
data did not enable a clear choice to be made between 
these two alternatives. Comparative studies of  dried 
specimens of tropomyosin, myosin, paramyosin and 
a-keratin showed that the scattering in the equatorial 
and near-equatorial region was very similar and since 
the first three proteins have two-strand rope structures 
it was concluded that on balance the data obtained 
favoured a two-strand rope structure for the helical 
fraction of a-keratin3 z. 

Arrangement of  coiled-coil rope segments 
Evidence concerning the arrangement of the coiled-coil 

rope segments in the microfibril has been obtained from 
both electron microscope and high-angle X-ray diffrac- 
tion studies and in the present section this is discussed 
in relation to the quasi-helical symmetry derived from 
the low-angle X-ray study. 

Filshie and Rogers a4 obtained electron micrographs 
of cross-sections of reduced wool that had been stained 
with osmium tetroxide and lead hydroxide and found 
that there was a ring about 20/~ in width and 60A in 
diameter in which the uptake of  stain was small. In 
many cases a central unstained core about 20/~ in 
diameter was also observed. The unstained ring appeared 
to be broken up into subunits and it was suggested 
that the microfibril contained fine filaments about 20A 
in diameter arranged in the 9 + 2 pattern found in cilia 
and in certain flagella. The interpretation of these 
data in terms of a protofibrillar substructure has been 
the subject of  some controversy 35, 36 but the ring-core 
feature has been confirmed both by direct imaging a7 and 
by a number of independent methods including image 
averaging 3s and direct Fourier synthesis from the 
equatorial low-angle electron diffraction pattern obtained 
from similarly stained specimensL That the ring-core 
feature is not an artefact of staining has been shown by 
X-ray diffraction studies of untreated specimens 2, 33, 39, 40 
(Figure 4a). It seems probable that the unstained ring 
and core visible in electron micrographs of cross-sections 
contain the coiled-coil portions of the low-sulphur 
protein molecules and that the densely stained annulus 
between them is occupied by the non-helical portions 2. 

The observed density of a-keratin is close to 1.3 gcm -3 
in the dry state 41 and thus the structure must be close- 
packed. It is not possible to build up a three-dimension- 
ally regular assembly of coiled-coils which would achieve 
anything approaching this density but Rudal142 has 
shown that a reasonable close packing can be obtained 
in a two-dimensional array of two-strand ropes if 
neighbouring ropes are rotated by ~r/2 about the rope 
axis or displaced by Pc~4 parallel to the axis, where 
Pc is the pitch of the coiled-coil (Figure 5a). This suggests 
the possibility that the ring in the microfibril contains 
a helical array of close-packed segments of coiled-coil 
ropes. In the case of  a ring of M identical segments of  
rope (Figure 5b) it may be shown that close packing 
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Figure 4 (a) Fourier synthesis of the cylindrically averaged 
electron density distribution in porcupine quill obtained from the 
low-angle equatorial X-ray diffraction pattern 2. (b) Section through 
the model illustrated in Figure 3b for the ring portion of the micro- 
fibril. Only part of the section is shown; in the complete section 
two of the nine sites would be vacant. The core shown in (a) is 
believed to consist of a-helical material 1,2 but the present experi- 
ments do not give any information about its precise form. (c) In 
projection the ring would appear continuous since there is no 
reason a priori why the segments should be aligned exactly 
parallel to the axis of the microfibril 
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Figure 5 (a) Close-packing scheme for two-strand ropes sug- 
gested by Rudall a2. Cross-sections illustrating the relative 
orientations of the strands in adjacent ropes are shown for 
three different values of z. The relative stagger (Az) of the ropes 
in the sheet is indicated. (b) Extension to helical array 

occurs if there is an axial stagger between neighbouring 
segments of 

Az = Pc~4 - Pc/ M + kPc/2 (6) 

for two-strand ropes or 

az = - Pc/M + kPc/3 (7) 

for three-strand ropes where k = 0, + 1, + 2 . . .  
Equations (6) and (7) represent necessary rather than 

sufficient conditions for close-packing. For example if 
M is odd an array of  two-strand ropes can only be 
formed if the segment length is less than ( M -  1)Pc/M. 

The number of structural units per turn in the quasi- 
helical arrangement illustrated in Figure 3a is 

220/67.1 = 3.28 

and if the internal arrangement of the microfibril has 
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the same symmetry there should be an integral number 
of  rope segments associated with each structural unit. 
F rom a consideration of  the physical dimensions of  the 
ring the appropriate choice would appear to be 3, giving 
a value of M close to 10. When combined with the 
evidence, discussed earlier, that the helical segments are 
about  160A in length the general type of  model shown 
in Figure 3c is arrived at. The symmetry does not require 
that the three rope segments be equivalent and so the 
axial stagger may be different for the three segments; 
however, equations (6) and (7) would still be applicable 
to the mean stagger. There is no a priori reason why 
the rope axes should be aligned exactly with the micro- 
fibril axis and Figure 3b illustrates how the azimuthal 
spacing in section can be varied f rom 2rr/10 to 2zr/9 by 
the introduction of a small tilt of  the rope axis. The 
appearance of  a section through the arrangement in 
Figure 3b is depicted diagrammatically in Figure 4b, 
and Figure 4c shows the corresponding projection. 
The latter is in good accord with the experimentally 
determined distribution of  electron density shown in 
Figure 4a. 

DISCUSSION 

The data obtained in the present study indicate that the 
microfibril in o~-keratin consists of  a quasi-helical 
arrangement of  structural units, and when combined 
with evidence obtained f rom studies of  the extracted 
proteins and f rom high-angle X-ray and electron micro- 
scope studies, lead to a general type of  model in which 
160A lengths of  coiled-coil rope are arranged in a 
helical band to form the ring portion of  the micro fibril. 
The present data do not permit any deduction to be 
made about the molecular boundaries and the relation 
between the structural unit and the postulated chemical 
unit is not immediately apparent. However, there is a 
numerological coincidence between the number of  
coiled-coil rope segments per structural unit in the ring 
portion of the microfibril (three) and the number of  
protein molecules in the postulated chemical unit 
(three). This suggests the possibility that there is one 
chemical unit per 67 A in the ring portion of  the micro- 
fibril. 

There have been a number of  earlier suggestions as 
to the organization of  the polypeptide chain in the 
microfibril 4, 39, 43-50. These suggestions have generally 
been designed to account for particular features of  the 
physical properties or the diffraction pattern and have 
not been sufficiently comprehensive or stated in suffi- 
ciently precise terms to be tested experimentally by 
X-ray diffraction methods. In  many cases the suggestions 
could probably be adapted to conform with a quasi- 
helical distribution of scattering matter. Spei et al. 50-53 
have noted the presence of a layer line of  spacing around 
200A in chemically modified wool and mohair  but it 
is not immediately clear as to how this should be indexed 
on the present scheme. 

The data obtained in the present study relate essentially 
to the geometry of the arrangement of  the structural 
units in the microfibril and in order to determine the 
molecular boundaries or to derive or test a detailed 
model it will be necessary to collect intensity data and 
to extend considerably the range of  the observations. 
Many authors have noted that particular reflections in 
the X-ray diffraction pattern of  a-keratin are intensified 

following chemical treatments where specific types of  
residue are modified. In  view of  the complexity of  the 
diffraction pattern and its dependence on distortion 
amplitudes the interpretation of  such intensifications 
directly in terms of periodic distributions of  amino acids 
clearly requires some caution. 
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Molecular motion in a copolymer of styrene 
and maleic anhydride 

H. Block, M. E. Collinson and S. M. Walker 
Department of Inorganic, Physical and Industrial Chemistry, 
University of Liverpool, PO Box 147, Liverpool L69 3BX, UK 
(Received 18 September 1972; revised 12 October 1972) 

Dielectric and mechanical relaxation techniques have been applied to the study of the 
molecular motions exhibited by an alternating copolymer of styrene and maleic anhydride. 
Three major relaxations were detected by these techniques and shown to correspond to 
motions already defined in homopolymers of substituted maleimides. A fourth relaxation 
was detected but insufficient evidence for assignment was obtained. The ~ relaxation is 
attributed to gross main chain motion (Tg~475 K), the fl relaxation (activation energy 103kJ) 
to local motion about the backbone and the 8 relaxation (activation energy 51 kd) to deforma- 
tion of the substituted succinic anhydride ring. 

INTRODUCTION 

In our studies of the physical properties of thermally 
stable polymers, dielectric relaxation experiments have 
been carried out on a number of poly(N-substituted 
maleimides) 1 and copolymers of styrene with maleimidesL 
We report here the results of a similar investigation into 
a styrene-maleic anhydride copolymer, which includes 
mechanical as well as dielectric relaxation experiments. 

Molecular motion in polymers may be detected by 
electrical measurements, providing the type of movement 
involves the realignment of dipoles. Such a process is 
manifest by changes in the complex permittivity (~*= 
~'-iE") with variation of either the frequency, or tem- 
perature of measurement. The torsion pendulum used 
in these experiments to characterize the mechanical 
behaviour of the copolymer responds to changes in the 
complex shear modulus (G* = G' + iG"). 

The several relaxations detected in this investigation 
are labelled, according to established practice, as ~,/3, ~, 
etc., in the sequence in which they occur from the highest 
to the lowest temperature at constant frequency (tempera- 
ture plane) or from the lowest to the highest frequency 
at constant temperature (frequency plane). 

EXPERIMENTAL 

Materials 

Styrene was purified by fractional distillation (b.p. 
419K at 760mmHg after removal of inhibitor. Maleic 
anhydride was recrystallized from chloroform. 

The copolymer was prepared by the free-radical 
initiation of a 1 : 1 molar mixture of the monomers 
dissolved in acetone 3 (30 cm 3 per 7 g of maleic anhydride). 
Initiation was achieved with azobisisobutyronitrile at 
323K (0.05 g per 7 g of anhydride) for 4.5 h. 

The polymer was precipitated by running the reaction 
mixture into a ten-fold excess of petroleum ether (b.p. 
333-353K), isolated by filtration, washed and vacuum 
dried (yield ~ 80 ~o). Elemental analysis found: C, 

70.62 ~ ;  H, 5.02 ~. An alternating copolymer composi- 
tion requires: C, 71.41 ~o; H, 4"96~o. The polymer was 
stored and handled in a dry atmosphere because of its 
relatively easy hydrolysis to the free acid. Infra-red (i.r.) 
spectral checks on the purity were performed before all 
the experiments. 

The molecular weight was estimated viscometrically 
using dry tetrahydrofuran solvent and the previously 
established Mark-Howink parameters 4. A value for 
/ft, of 5.3 x 105 was obtained. Differential scanning 
calorimetry (Perkin Elmer DSC 1B, scan rate 16°C/min) 
showed an endothermic second order transition at 476K. 
Assignment of this to the glass-rubber transition is 
supported by the subsequent relaxation information. 

Dielectric measurements 

The copolymer was compression moulded into 5.08 cm 
diameter, 0.1 cm (nominal) thick discs as previously 
described 1. Sample behaviour was investigated in two 
frequency regions using the transient step response 
technique (10 -5 to 10 -1 Hz) and transformer ratio-arm 
bridges (102 to 106Hz) over a temperature range of 
-190K to +475K + 1K. Full details of the equipment 
and experimentation have been given elsewhere 1, as has 
the method of Fourier transformation involved in the 
data analysis obtained from the transient technique 5. 

Mechanical measurements 
Sample bars (8 cm long x 0-9 cm wide × 0.3 cm) were 

moulded at 500K in a stainless-steel die and tested on a 
Nonius torsion pendulum capable of oscillating at three 
frequencies between 0.5 and 4-5Hz. Temperature vari- 
ation over the range - 1 4 0 K  to + 4 7 5 K + l K  was 
achieved by a gas flow system using nitrogen as thermo- 
stating medium. 

RESULTS AND DISCUSSION 

Transient step-response dielectric experiments revealed 
the existence of two distinct relaxations in the temperature 
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range 300K to 475K (Figure 1). The high temperature 
peak (labelled ~) is clearly the larger of  the two and at 
several frequencies showed evidence of being composed 
of more than one relaxation. Cole-Cole plots (Figure 2) 
also suggest this possibility but since the data are insuffi- 
cient to warrant further analysis we are unable to confirm 
the existence of multiple relaxations. A plot of log10 fmax 
against 1/T is shown in Figure 3. The almost vertical slope 
of the apparent straight line obtained with the ~ relaxa- 
tion indicates a very high activation energy. Analysis of 
this line on an expanded scale reveals a degree of  curva- 
ture, but the mean slope is 515 kJ. Extrapolation of this 
curve leads asymptotically to a value for lIT correspond- 
ing to a temperature of 470K. The close similarity of  this 
temperature to that obtained for the transition on the 
differential scanning calorimeter implies that both 
techniques are detecting manifestations of  the same 
molecular reorientation, namely the gross Brownian 
motion of backbone chains. The low frequency investi- 
gation necessary to detect this process reflects the high 
rigidity of the copolymer backbone structure. This has 
been a common feature of  all the polymers recently 
studied 1, 2 containing a five-membered ring unit in the 
backbone. 

The /3 relaxation also derived from the transient 
measurements is shown as a function of frequency in 
Figure 4. This diagram shows distinct evidence for the 
existence of aliasing, in that the high frequency portion 
of the relaxation is emphasized at the expense of  low 
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Figure 1 Dielectric loss as a function of temperature. The data 
points are derived from the transient step-response technique 
transformed to a frequency of 2x lO-3Hz 
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Figure 2 Cole-Cole plot at 458K showing asymmetry in the c~ 
peak at high frequencies 
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Figure 3 Activation energy plot of Ioglo fmax against T -1. A,Tran- 
sient step response dielectric r e s u l t s ; . ,  torsion pendulum 
results; O, high frequency dielectric results 
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Figure 4 Dielectric loss as a function of frequency using data 
transformed from the step-response technique. The existence of 
'aliasing' is revealed in the/3 peak at two temperatures: (3,298K 
O, 313K 

frequency contributions. Relaxations at higher frequen- 
cies ( f >  10 -1Hz) are being 'folded back' on to the lower 
frequency region as a result of the numerical method of 
data treatment s , resulting in an apparently asymmetric 
loss peak. This effect is absent in the temperature plane 
(Figure 1) thereby proving that the observed asymmetry 
is not a true property of  the relaxation. Unfortunately 
there is no known numerical technique for subtracting 
aliased information. However, the data are still included 
since the inaccuracies so introduced are negligible below 
about 0.05 Hz and the position and magnitude of the 
loss peaks are not affected. The /3 peak is well charac- 
terized at room temperature but the rapidly increasing 
influence of the glass-rubber relaxation masks the 
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position of this relaxation at higher temperatures. 
Consequently the activation energy diagram (Figure 3) 
shows only a few points covering a very limited tempera- 
ture and frequency range. Fortunately this particular 
relaxation is well suited to study by the torsion pendulum 
and further discussion will be delayed until the data 
from this technique are assessed. 

High frequency dielectric experiments reveal the 
existence of two further relaxations (Figure 5)---a sub- 
stantial peak (8) occurring at about 240K and a very 
much smaller one (9) at about 330K both at 1000Hz. 
The latter peak occurs as a shoulder on the larger peak 
and we were unable to determine the activation energy 
of the process. These two relaxations are very similar 
in magnitude and position to relaxations occurring in 
many polymaleimidesX, L We have assigned these 
previously to a twisting of the maleimide ring sited in 
either the amorphous (8) or crystalline (y) regions of the 
polymer. The structural similarity of styrene--maleic 
anhydride copolymer to maleimide homo- and co- 
polymers inclines us to choose the same relaxation 
mechanism in this polymer. However, we were unable to 
detect crystallinity in this material by X-ray powder 
photography. Furthermore quenching of the polymer, 
which in the previous experiments proved of great 
importance in assignment, failed to provide useful 
information in this case. The dielectric behaviour after 
quenching was essentially unaltered although the activa- 
tion energy of the 8 peak increased slightly (60 kJ/mol 
compared with 51 kJ/mol). The 8 peak corresponds in 
activation energy, position and magnitude with the 
amorphous phase ring twist in the polymaleimides. There 
is insufficient evidence to be more precise about the 
origin of the y relaxation. 

The torsion pendulum results provide excellent comple- 
mentary data. Figure 6 shows that three mechanically 
active relaxations are present. At temperatures approach- 
ing the glass transition temperature the logarithmic 
decrement increases very rapidly and at about 375K the 
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Figure 5 Dielectric loss as a function of temperature showing the 
~, and 8 peaks detected using the high-frequency bridge apparatus. 
O, 1.5kHz; 0, 15kHz; [E], 150kHz; II, 700kHz 
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Figure 6 The logarithmic decrement as a function of temperature 
using the torsion pendulum at 1Hz (©). G' under the same condi- 
tions ( t )  

fl relaxation becomes very prominent. The shear loss 
data derived from these experiments are plotted in 
Figure 3 where they can be seen to supplement the 
dielectric results. The activation energy resulting from 
the combined data of the two techniques is 103 kJ. In 
magnitude, this value together with its close relationship 
to the glass-rubber transition suggests a local mode 
process about the backbone chain as being responsible 
for the/3 process. 

The mechanical loss peak at 170K correlates well 
with the dielectric 8 relaxation (Figure 3). The relatively 
small size of the mechanical loss peak vis-d-vis its electrical 
counterpart is not surprising in view of the proposed 
origin of the relaxation. Twisting of the five-membered 
ring would involve a proportionately small change in the 
mechanical characteristics of the material compared with 
the dielectric polarization change following inversion of 
the five membered ring. 

The dielectric y relaxation, which would be detected 
at about 260K, is not observed mechanically, possibly 
due to its very small magnitude. 
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The deformation behaviour of melt crystallized spherulitic samples of trans-l,4-polyiso- 
prene was investigated by small-angle and wide-angle X-ray measurements and by density 
and differential thermal analysis. The X-ray diffraction experiments were carried out both 
on the fibres under strain with the two ends clamped and on the fibres after relaxation at 
room temperature. A substantially different trend is obtained in the plots of the long-spacing 
versus the degree of elongation for the clamped and free fibres. A limiting axial long- 
spacing LT is found only in the case of the fibres with both ends fixed. The way in which 
isotropic trans-l,4-polyisoprene deforms seems to be dependent on the stretching condi- 
tions, on the thermal history, the pre-stretching conditioning and on the relative amount 
of polymorphic modification in the samples. A comparison with the deformation behaviour 
of polyethylene and polypropylene is made. The overall density and the mass crystallinity 
increase with the degree of elongation though a lowering in the melting point is observed. 
Linear relationships are obtained between the reciprocal of the long-spacing and the 
fusion temperature of the plastically deformed fibres. 

INTRODUCTION 

Depending on crystallization conditions and thermo- 
mechanical treatment, trans-l,4-polyisoprene has two 
different structures probably brought about by different 
conformations of the polymer chains in the crystal 1. 
The polymorphism of trans-l,4-polyisoprene is mono- 
tropic, no solid-solid transition having ever been ob- 
servedL The lower melting form (LM) is permanently 
metastable at room temperature, but may be converted 
to the higher melting modification (HM) by conditioning 
at elevated temperatures. The conversion can proceed 
only upon complete melting of the LM crystals 3. 

By quenching from the melt, polymer in the pure LM 
form can be easily obtained. On stretching, these samples 
assume a fibre-like morphology with a well-oriented 
pattern in the wide-angle X-ray region. Crystallization 
at high temperatures close to melting leads to samples 
of trans-l,4-polyisoprene with a high percentage of the 
higher-melting modification. 

The stretching of these samples produces the orienta- 
tion of the two modifications. The HM crystals always 
appear in association with the LM since all stretched 
samples, regardless of previous heat treatment show 
a high proportion of LM material 4. 

The morphology, the annealing behaviour and deter- 
mination of some important thermodynamic parameters 
such as equilibrium melting point T ° and the end surface 
energy (re of solution grown and melt-crystallized 

crystals of the LM and HM form of trans-l,4-poly- 
isoprene have been the subjects of previous papers 5. 

In the literature there is little work describing the 
features of stretched trans-l,4-polyisoprene and the 
influence of external stress on the morphology and 
texture of this polymer. In the present paper, wide and 
small-angle X-ray diffraction, differential thermal analysis 
and density techniques have been applied to the study 
of the deformation of spherulitic synthetic guttapercha. 
The main objective was to elucidate the transition and 
transformation mechanism of isotropic microspherulitic 
melt crystallized polymer to the anisotropic fibre texture. 
In addition, we were concerned with correlating quantities 
such as degree of deformation, crystal size, melting 
points, density and crystallinity with the influence 
which the relative amounts of the two crystalline modi- 
fications in the starting samples has on them. 

EXPERIMENTAL 

Synthetic trans-l,4-polyisoprene containing ,,~2~ of 
3,4-polyisoprene, as assessed by n.m.r, analysis, was 
kindly supplied by the Polymer Corporation Limited 
(Sarnia, Ontario, Canada). The registered trade mark 
of the polymer is 'transPIP' (lot 2026); number-average 
molecular weight (~tn) is 37 000. 

Pellets of synthetic trans-l,4-polyisoprene were com- 
pression-moulded into 1 mm sheets by heating to ~ 80°C 
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and slowly cooling to room temperature. The film was 
cut into strips of the usual dumbbell shape. These strips 
were kept for about 30rain in boiling water to destroy 
any traces of crystallinity and were then isothermally 
crystallized. Straining was performed with an apparatus 
similar to that reported by Ishikawa et aL e. Both ends 
of the crystallized sample were clamped on the straining 
bars with nuts. 

The samples were strained by rotation of the driving 
nuts by hand. The degree of elongation, defined by: 

I - I o  
a =  lo 

where 10 and 1 are the starting and the final sample 
length respectively, was determined by measuring the 
separation, before and after extension, of small India-ink 
fiducial marks placed a few millimetres apart along the 
longitudinal axis of the sample. 

The samples were stretched isothermally in a thermo- 
stated water bath following a time conditioning of 
30rain. After drawing, the sample was kept at the 
stretching temperature for 30m in, then removed from 
the thermostat and allowed to cool in air at room tem- 
perature. The degree of elongation a was measured as 
reported above on the sample under strain with both 
ends clamped. 

Four sets of samples differing in thermal treatment, 
crystallization and stretching temperature were used for 
the experiments reported here. 

Data on the preparation and characterization of the 
samples are summarized in Table 1. 

X-ray measurements 
Both wide (WAXS) and low (SAXS) angle reflections 

were recorded. The measurements were made at room 
temperature with a point-collimation Rigaku-Denki 
small-angle camera and a flat-plate camera. 

CuK~ radiation with a Ni filter was used. The photo- 
graphs were taken with the beam perpendicular to the 
draw direction. The long periods were calculated accord- 
ing to Bragg's equation. Fibres were first examined by 
X-ray diffraction while still clamped and under strain. 
The fibres were then removed from the stretching frame 
and allowed to shrink at room temperature. A second 
diffraction was obtained on these free fibres. The long 
spacings of the fibre under strain and of the free fibre 
are referred to as L and L1 respectively. Correspondingly, 
the extension ratios are ~ and ~1 (because of shrinkage 

of the fibre c >  ~1). Thus, every deformed sample is 
characterized by two values of the extension ratio 
(~, Ez) whose two long spacing values correspond 
(L, L1). 

Wide angle measurements were mainly carried out to 
assess in the sample the presence of the two crystalline 
modifications and qualitatively, the degree of orientation 
induced by the applied strain. 

Thermal and density measurements 

A Perkin-Eimer differential scanning calorimeter 
DSC-1 was used to obtain melting points Tin, apparent 
heats of fusion AH* and crystallinities xc of the strained 
polymer samples. The weight of polymer heated in each 
measurement was always less than 6 rag. 

A heating rate of 16°C/min was used. The calorimeter 
was calibrated in the temperature scale, at the scanning 
speed to be used, using substances with standard melting 
points. The peak maximum temperatures were assumed 
to correspond to the melting temperature of the samples. 
They could be measured with a precision of +0-5°C. 
The apparent enthalpy of fusion AH* was computed 
by comparing the area under the fusion curve of the 
polymer samples with that obtained from a known 
weight of indium heated under the same conditions. 

Finally, the overall mass crystallinity was obtained as 
the ratio between AH* and the true enthalpy of fusion 
AH whose values for the LM and HM modification of 
trans-l,4-isoprene are 2302 and 3070cal/mol respect- 
ively 2. 

Overall densities p were measured at 23 °C by using a 
gradient column with isopropyl alcohol and ethylene 
glycol as miscible liquids. Results are accurate to 
+ 0.001 g/cm 3. 

The crystallinity of the fibre was also determined by 
density measurement using the relation: 

1 1 

P~ P (1) 
xc= 1 1 

pa pc 

where pc is the crystallographic density, and p= the 
density of the completely amorphous polymer, was 
assumed to be equal to that of the amorphous rubber 
(0.91g/cma) 7. The value of pc ( l ' l lg /cm 3) was cal- 
culated from the crystallographic data of the LM 
modification 1. 

Table 1 Crystallization. thermal stretching conditions and some physical properties of the samples of trans-l,4-poiyisoprene used for 
the deformation studies 

Crystallization 
conditions of the 

Sample unstrained samples 

Percentage of the two 
solid modifications in 
the melt crystallized 

sample* 
Thermal treatment 

before the stretching 

Temperature Melting temperature Long spacing of 
of stretching of the unstrained the unstrained 

(°C) samples ( ° C )  samples (~) 

A Crystallized from ~100% LM 
100°C at 0°C ~ 0 %  HM 

B Crystallized from ~100% LM 
10O°C at 0°C ~ 0 %  HM 

C Crystallized from ,~ 100% LM 
100°C at 0°C ,~0% HM 

D Crystallized from ,,,61% LM 
10O°C by slowly ,~39% HM 
cooling to room 
temperature 

* By d.t.a, measurements. 

None 28.6 42 164 

None 35 44 178 

Annealed for 24 h in the 28.6 46 183 
unstrained state at 4O°C 
None 35 LM 41 173 

HM 49 
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RESULTS 

Following the crystallization and the thermal treatments 
indicated in Table 1, samples A, B and C of trans-l,4- 
polyisoprene crystallize in the pure LM modification 
while sample D proves to be a mixture of the LM and 
HM crystals. 

The relative amounts of  the two crystalline modifica- 
tions were assessed qualitatively by WAXS and quantita- 
tively by d.t.a, by measuring and comparing the areas 
of the endotherm peaks of the two forms whose melting 
temperatures differ by several degrees. 

!i!i ~iiii!!i!iii!ii!i~iiiii!!i!!!!~!!!ili~iiii i!!~7 ̧!~ i!i~ i!~ ~!i ii !~i!~ 

E =106o/o E:=221°/o 
A B 

X-ray scattering 

When a sample of  trans-I,4-polyisoprene is deformed, 
the original homogeneous ring of the SAXS is trans- 
formed into a diagram with two distinct maxima on 
the meridian. Correspondingly, a fibre-like oriented 
pattern is obtained in the WAXS (see Figures 1 and 2). 
The degree of orientation increases with E, as expected. 
After relaxation, the fibres are still well oriented, as 
can be deduced by comparing the shape of the WAXS 
reflection of the clamped and free fibres (see Figure 2). 

These observations lead to the conclusion that when 
trans-l,4-polyisoprene is stretched under the experi- 
mental conditions reported above, and allowed to 
shrink at room temperature, plastically deformed 
samples are obtained. 

The long period (L for the clamped fibres and L1 
for the free fibres) in the draw direction was derived 
from the position of the SAXS meridional maxima. 

These quantities are plotted in Figures 3 to 5 as func- 
tions of the degree of elongation E and e~ for samples 
A, B, C and D. Upon drawing in the ease of samples 
B and C, the small-angle long spacing L drops from 
initial value Lo (178 for B and 183 for C) of the melt 
crystallized sample to an almost identical constant 
value of L ( ~  162 A). This final value is attained at an 
extension ratio of ~ 1 0 0 ~  and ~ 1 5 0 ~  for B and C 
respectively. 

A levelling off of L with the draw ratio was observed 
by Samuels s and Peterlin 9 in the case of plastically 
deformed samples of polypropylene and polyethylene. 

Samples A and D behave differently. In the same 
range of deformation, no levelling off is observed in 
the plot of L versus e. In fact, one obtains a gradual 
and continuous lowering of L versus ~ with an almost 

A 

C 

B 

~ i  ~ 

D 
Figure la Small angle X-ray diffraction pattern from 
undeformed melt crystallized samples A, B, C and 
D of trans-l,4-polyisoprene 

El=lOI°/o Et=201o/o 

e=316% 

e=300O/o 

E1=259°/o 
Figure Ib Small angle X-ray diffraction patterns from deformed 
samples of trans-l,4-polyisoprene. The degree of elongation 
before (E) and after (~1) relaxation of the fibres is indicated 

linear trend. The rate of lowering seems to be higher 
for sample A. 

The values of L1 are always lower than the cor- 
responding values of L (see Figures 3 to 5). This indicates 
a contraction in the long-spacing in the draw direction 
when the fibres are allowed to relax and shrink at room 
temperature. 

This process appears to be reversible, if the shrunken 
fibres are re-stretched at room temperature to a new c 
value, and the long-period measured on the clamped 
fibre, a point is obtained that falls on the curve of L 
versus E. This is illustrated for sample C in Figure 5. 
The numbers 1, 2 and 3 respectively refer to the clamped, 
relaxed and re-stretched fibre. 

All the samples examined show a linear decrease of 
L1 with E1 even in the region of deformation where the 
corresponding meridional long-period L of the unrelaxed, 
clamped fibre, remains constant with ~ (compare the 
plots of L and L1 in the case of sample B and C in 
Figures 4 and 5). 

Density measurement results 
The macroscopic density p and the mass crystallinity 

xc of the drawn samples A and B of trans-l,4-poly- 
isoprene are reported in Table 2 together with El, L1 
and the melting temperatures Tin. The fibres were allowed 
to shrink at room temperature before measurement. 
Both quantities p and xc show a qualitatively similar 
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B c = 0 %  B ~:=246O/o 

B ~ =99o/0 B E, =214% 

B E, =9 I°/o D ¢ = 0% 

Figure 2 Wide angle X-ray diffraction patterns from undeformed and deformed samples of trans-l,4- 
polyisoprene (samples B and D). The degree of elongation is reported. Sample B (,=0) is in a pure LM 
form; sample D (¢=0) is a mixture of the two crystalline modifications 

dependence on Ez. In fact, a sudden change is observed 
from the values of the unstrained melt-crystallized 
material (0.9621 and 0.9625g/cm a for the density and 
~0.30 for the crystallinity of B and A respectively) 
to new higher values. At a higher degree of deformation 
(EI_300%) density and crystallinity increase to 0.9713 
g/cm 3 and N0-35 for sample B and to 0"9716g/cm s 
and 0.35 for sample A. 

The crystallinity has been calculated according to 
equation (1) assuming that the density of the crystalline 

and amorphous regions is independent of the draw 
ratio. 

Thermal data 
Melting points Tm of the fibres of samples A, B and C 

after relaxation, as determined by the d.t.a, endotherm 
peaks, are reported in Table 2 and plotted versus the 
reciprocal of the long-spacing l/L1 in Figure 6. 

All the samples show a gradual decrease in the melting 
point with ~1. All the experimental points reported in 
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Figure 3 Long spacing (A) of fibres of sample A of trans-l,4- 
polyisoprene as a function of the degree of elongation. O, long 
spacings, L, and degree of elongation, ~, measured on fibres 
with both ends fixed; e,  long spacings, Lz, and degree of orienta- 
tion, • z, measured on fibres with both ends free after relaxation 
at room temperature 
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Figure 4 Long spacing of fibres of trans-l,4-polyisoprene as a 
function of the degree of elongation. ©, long spacing, L, and 
degree of elongation, ~, measured on fibres of sample B with 
both ends fixed; e, long spacing, Lt, and degree of elongation, 
~i, measured on fibres of sample B with both ends free after 
relaxation at room temperature; G, long spacing, L, and degree 
of elongation measured on fibres of sample D with both ends 
fixed 

Figure 6 (including that of the undeformed samples) 
can be fitted by the same straight line whose equation 
is: 

Tm= 345 - 468811 (2) 

The values of the coefficient of equation (2) does not 
change drastically if the points of the undrawn samples 
are not taken into consideration. 

Assuming a two phase model for the fibre of trans-l,4- 
polyisoprene with crystalline and amorphous layers 
arranged periodically in the draw direction, the thickness 
of crystallites Lc canbe calculated by using the equation: 

xc.L1 
Lc = (3) 

Pc[1 - xc] + xc 
pa 

where Lz is the long-period in the fibre axis direction as 
derived from SAXS, xc the mass crystallinity and pc 
and Pa the density of the crystalline and amorphous 
regions respectively. In Table 2 the values of Lc and 
La (La =L1 -Lc ,  is the thickness of the amorphous layer) 
are reported for samples A and B. The values of the 

.< 

-.7 

crystallinity used in the calculation of Lc and La were 
obtained by means of equation (1). 

It is interesting to point out that the amorphous 
regions of the fibres are ~2.3 times thicker than the 
crystalline ordered phase. 

DISCUSSION 

First, it is interesting to consider the results of previous 
work which point to the explanation of the processes 
involved in the deformation of polymeric materials. 
Meinel et alP, while plastically deforming polyethylene, 
found that the SAXS homogeneous ring of the melt 
crystallized material is first transformed into a pattern 
with four maxima whose angular and radial positions 
are dependent upon the value of the draw ratio and 
then, at high values of ~ (>300%), a meridional two- 
point pattern arises whose spacing is independent of 
the draw ratio and of the long-period of the starting 
melt crystallized material. 

A similar limiting axial long-period (L~) has also been 
observed in the case of polypropylene by Samuels s, by 
Balta-Calleja and Peterlin 11 and by Zubov 12 on fibres, 
films, and monofilaments respectively. 

The values of LT are shown to be dependent on the 
thermal stretching conditions only, increasing with 
the drawing temperature 11. According to Samuels' re- 
sults a, LT seems related to the degree of orientation of 
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Long spacing (A) of fibres of sample C of trans-1,4- 
polyisoprene as a function of the degree of elongation. ©, long 
spacing, L, and degree of elongation, E, measured on fibres 
with both ends fixed ; e,  long spacing, Lt, and degree of orienta- 
tion, Ez, measured on fibres with both ends free after relaxation 
at room temperature 
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Figure 6 Melting temperatures (K) of fibres of trans-1,4-poly- 
isoprene as function of the reciprocal of the long spacing L1 
(A-I). O, Sample A; e, sample B; A, sample C. The arrows 
refer to the melt crystallized undeformed sample (E=0) 
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Table 2 Long-spacing (L1), overall density (p), mass crystallinity (xc), melting 
temperatures (Tin), thickness of the crystallites (Lc) and of the amorphous 
regions (La) for plastically deformed fibres of samples A, B and C of trans- 
1,4-polyisoprene. The degree of elongation (cl) is also reported 

~1 Lz p xc* Tm Let L1- Lc= La 
Sample (%) (•) (g/cm 3) (%) (K) (~) (A) 

A 0 164 0.9625 30 315 - -  m 
A 105 152 0.9690 34 314 45 107 
A 145 149 0.9692 34 315 44 105 
A 175 153 0 '9702 34 315 46 107 
A 245 150 0"9705 35 313 46 104 
A 265 143 0 '9712 35 312 44 99 
A 306 150 0"9719 35 311 45 105 
A 335 145 0"9716 35 312 45 100 

B 0 178 0.9621 30 317 - -  - -  
B 109 160 0.9679 33 315 46 114 
B 183 159 0.9685 33 314 46 113 
B 217 155 0.9699 34 315 45 110 
B 243 152 0.9693 34 314 45 107 
B 266 155 0.9685 34 315 46 109 
B 289 148 0.9696 34 313 40 108 
B 289 152 0.9713 35 313 47 105 

C 0 183 - -  - -  319 - -  
C 109 161 - -  - -  313 - -  
C 137 161 - -  - -  314 
C 144 156 - -  - -  314 - -  
C 208 150 - -  - -  312 - -  
C 258 141 - -  - -  312 - -  
C 259 150 - -  - -  309 - -  
C 268 145 - -  - -  310 - -  

*Xc f rom density measurements  according to equation ( I )  
t Lc is calculated according to equation (3) 

w 

the ~ axis of the crystals along the draw direction. In 
fact, in the case of isotactic polypropylene film it is 
attained only when the lamellae are almost fully oriented 
with their ~" axis parallel to the deformation direction. 

The WAXS patterns of plastically deformed poly- 
ethylene first show a split of the (200) and (020) reflection, 
but by increasing E, the angle of the split decreases 
until the reflections coalesce on the equatorial line. 

At this point, the normal fibre-like WAXS pattern is 
attained. At high extension a line lattice is obtained and 
fibrillation occurs. Further deformation of the samples 
is obtained by cleavage of  erystallites which is the pre- 
dominating process. 

During this latter process, the long-spacing is constant 
while the extension of the sample can still be increased. 
Furthermore, a decrease in the intensity of the meridional 
SAXS at high draw ratio seems to indicate that the 
disordered phase orients throughout the draw region 
since this intensity is proportional to the square of the 
difference in the electron density between the crystalline 
and non-crystalline regions s. 

In conclusion, the discontinuity in the transformation 
of isotropic spherulitic microstructure into the fibre-like 
morphology, as revealed by low-angle, wide-angle and 
other techniques at higher degrees of elongation, is 
explained by the above mentioned authors assuming 
that the starting lamellae are broken into small blocks 
of folded chains and incorporated in microfibrils. 

The work of deformation produces a heating of the 
sample up to a temperature that is characteristic of the 
drawing temperature. This process of heating allows 
the blocks to rearrange themselves in a new fibre morpho- 
logy with well-defined long-spacing. In the case of 
deformation of samples of trans-l,4-polyisoprene, neither 
four-point patterns in the SAXS nor split in the equa- 

torial WAXS reflections is observed even at the lowest 
degree of elongation (-- 50~o). 

Noteworthy is the difference in the trend of the plots 
of the long spacing versus the degree of elongation for 
the damped and free fibres. 

A clearly defined, limiting axial long-spacing L~, is 
obtained only in the case of samples B and C of trans- 
1,4-polyisoprene when the diffraction experiments are 
performed on the fibres with both ends fixed. 

It is interesting to note that the values of L~, obtained 
are almost the same (~ 162 A) although the thermal 
history and stretching temperature of the two samples 
are different (see Table 1). On the other hand, fibres of 
samples A and C, whose stretching temperatures are 
equal, show a totally different trend in the plots of L 
and L1 versus E and ~1 respectively (see Figures 3 and 
5). A substantial difference is also observed when the 
behaviour of fibres of pure LM trans-l,4-polyisoprene 
(sample B) is compared with that of samples containing 
both phases (sample D) when both are deformed at 
35°C (see Figure 4). 

As far as the permanently deformed fibres are con- 
cerned, the plots of L1 against E1 never show levelling 
off. Thus, no limiting values of L1 arise, but a continuous 
lowering is observed for all the samples examined. 

According to our SAXS and WAXS results we con- 
clude that the way in which isotropic trans-l,4-poly- 
isoprene deforms is dependent not only on the stretching 
conditions, but also seems to be dependent in a rather 
complicated way on the thermal history, the pre-stretch- 
ing conditioning and on the relative amount of poly- 
morphic modification in the samples. 

These conclusions are in contrast with the above 
mentioned findings on polyethylene and polypro- 
pylene. 
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Much  work must  still be done before we can describe 
and forecast the behaviour o f  a deformed polymer. 
We believe that, together with the straining conditions 
and thermal history o f  the samples, the mechanism of  
transition f rom isotropic spherulitic structure to aniso- 
tropic fibre is also very much  dependent on the physical, 
chemical, morphological  and thermomechanical  pro-  
perties o f  the polymeric material. 
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Note to the Editor 

Crazing in a crystalline polymer (isotactic polypropylene) 
and the role of N2, 02, and CO2 as crazing agents 

H. G. OIf and A. Peterlin 

Camille Dreyfus Laboratory, Research Triangle Institute, PO Box 12194, 
Research Triangle Park, North Carolina 27709, USA 
(Received 6 November 1972) 

In a recent paper Lyakhovich et aL 1 described the 
temperature dependence of deformability of crystalline 
polymers and called attention to a significant increase in 
deformability of polypropylene and polyisobutylene 
with decreasing temperature around liquid nitrogen 
temperatures. As these authors state, such behaviour is 
in contrast to the usually observed decrease in de- 
formability with lower temperature and particularly 
differs from the behaviour of polyethylene at liquid 
nitrogen temperatures. In an attempt to check this 
effect we investigated films of crystalline isotactic poly- 
propylene in the temperature range from solid nitrogen 
to room temperature. The occurrence of large plastic 
deformation around liquid nitrogen temperatures was 
confirmed and found to be due to extensive crazing; 
it was further found to be an environmental effect 
similar to that observed by Parrish and Brown in 
amorphous polymersL Polypropylene in contact with 
solid, liquid, or gaseous nitrogen shows both crazing 
and large plastic deformation between -210°C and 
-140°C. In a helium atmosphere or in vacuum neither 
is observed. 

Crazing is commonly associated with glassy, amor- 
phous polymers as recently reviewed by Rabinowitz 
and Beardmore a and by Kambour and Robertson 4. 
A few reports in the literature indicate, however, that 
crazing can occur in crystalline polymers as welp-9. 
In particular, crystalline polypropylene was shown by 
van den Boogaart 7 to craze at room temperature and 
above. The present communication is concerned with 
crazing in crystalline, isotactic polypropylene at low 
temperatures, in the range from -210°C to 0°C, and 
with the role played by gaseous environments in the 
crazing process. 

Tile experiments here described were made with a 
polypropylene film of 0.125mm thickness. This was an 
extruded and subsequently quenched film made of 
isotactic polypropylene by the Rexall Chemical Co. 
The X-ray diagram indicated that the crystallites are 
in the so-called smectic form and that they are randomly 
distributed, i.e., that the film is isotropic. Since residual 
orientation might affect the present results, many 
experiments were performed with the mechanical stress, 
applied to induce crazing, parallel as well as perpendicular 
to the extrusion direction. Since the results were identical 
in every respect, it was concluded that the film is indeed 
isotropic. 

This polypropylene film was found to develop a 
myriad of crazes when stressed in liquid nitrogen, 
giving the sample the silvery appearance in reflected 
light so characteristic of crazing. That we are dealing 
with crazes rather than cracks is evident by the practically 

unimpaired strength~of the:sample a(both liquid nitrogen 
temperatures and room temperature. Optical microscopy 
and scanning electron microscopy revealed some of the 
well-known features of the craze: the typical 'lip', the 
fibrillar bridges across the craze, and the nearly perfect 
perpendicularity of the crazes to the stress direction. 

A load versus strain curve obtained in liquid nitrogen 
is shown in Figure la. This is somewhat atypical in that 
it depicts the greatest strain to break we have so far 
observed in liquid nitrogen, more than 60 ~o. The average 
of 20 samples in strain to break is 32 ~o. 

Crazes first appear when the load begins to level out. 
The load then remains remarkably constant while more 
crazes form and those already present grow to maturity. 
Finally, fracture occurs under gradual propagation of a 
crack which mostly starts at the edge of the sample. 

Crazing also proceeds in nitrogen gas, provided the 
temperature is close to liquid nitrogen temperature, 
-196°C. It also occurs in solid nitrogen, at -210°C, a 
condition reached by reducing the pressure above the 
initially liquid nitrogen with a pump. The load versus 
strain curves obtained in solid and in liquid nitrogen 
are practically identical, as are those obtained in gaseous 
nitrogen at temperatures very close to -196°C. The 
curves at higher temperatures, however, are quite 
different, the more so, the higher the temperature is 
above -196°C (Figures la and lb). The yield and 
ductile stress and the stress to break increase, the strain 
to break decreases, and the crack propagation becomes 
faster with increasing temperature up to about - 140°C 
(Figure la); the tough ductile material becomes ductile 
brittle. Examination of the fractured specimens in the 
optical microscope showed that crazes had formed at 
all temperatures including -140°C, although they 
became fewer in number and also finer and more difficult 
to detect as the temperature approached -140°C. 

At temperatures above -140°C the stress to break 
decreases steadily (Figure lb). Up to -100°C crazes 
were practically absent. The sample drawn at -56°C 
showed crazes again, but these were obviously different 
from those obtained around -196°C in that they were 
very coarse and easily visible even with the naked eye. 
Above -56°C more and more of this type of craze 
occurred on drawing. At -28°C a definite, macroscopic 
neck appeared, encompassing the entire cross-section 
area of the sample. Whereas the crazes at lower tem- 
peratures were rather long, traversing the width of the 
sample, those at -28°C were much shorter. 

In summary, there are two temperature ranges in 
which crazing occurs in a nitrogen environment: one 
region around liquid nitrogen temperatures, -196°C 
and another around -30°C, in the neighbourhood of 
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Figure 1 Load versus strain curves obtained with the extruded 
polypropylene film at different temperatures and in different 
environments: (a) between -196°C and -140°C (A, -140°C; 
B, -155°C; C, -170°C; D, -183°C; E, -196°C) and (b) between 
-140°C and -28°C (A, -140°C; B, -115°C; C, -101°C; D, 
-56°C; E, -36°C; F, -33°C; G, -28°C). Cross-section area of 
the samples at 20°C: 0.0125x 0.5cm2= 0'00625cm 2; gauge length: 
1 cm. The data were obtained with an Instron (TM-M) apparatus 
at an extension rate of 0.05cm/min 
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Figure 2 The average strain to break as a function of temperature; 
A, in N2; ©, in He and vacuum; F-I, in CO~ 

the glass transition temperature of  polypropylene. This 
behaviour is well represented in Figure 2 where the 
strain to break (average of several samples) appears 
plotted versus the test temperature. At temperatures 
where extensive crazing occurs the strain to break is 
comparatively high. 

Similar experiments were performed in other environ- 
ments: helium, oxygen, carbon dioxide, and vacuum. 
The results can be summarized as follows. 

Oxygen, having a boiling point (-183°(2) very close 

Note to the Editor 

to that of nitrogen, gave results very similar to those for 
nitrogen. In helium, which has a boiling point of - 269 °C, 
crazing occurred only at temperatures around -30°C ,  
but not around - 196°C; as a consequence the strain to 
break remains small at - 196°C  in He (Figure 2). The 
load at break in He at - 196°C is about 7.4kg which is 
80~o greater than the 4.1kg in N2 at -196°C.  The 
results obtained in vacuum are very similar to those 
in He. 

These results certainly suggest that a gas may promote 
crazing at temperatures near its condensation point. 
This is further supported by experiments in CO2 which 
has a sublimation point of  -78°C.  Extensive crazing 
was observed in CO2 at -75°C,  resulting in a strain to 
break of 25 ~o (Figure 2). 

The crazing at temperatures around -30°C,  that is 
just below the glass transition temperature of poly- 
propylene, is quite analogous to the well-known crazing 
of  amorphous polymers below their glass transition 
temperatures a, 4 and requires little comment. It is the 
crazing at lower temperatures, promoted by gases near 
their condensation points, which demands an explana- 
tion. Parrish and Brown 2 have reported the effect for 
some amorphous polymers and argued that it is due to 
the gas or liquid becoming adsorbed on the polymer 
surface and causing a significant reduction in surface 
energy. 

An alternative explanation is that these gases are 
absorbed in the polymer and act as plasticizers, thus 
making possible the plastic flow necessary in craze 
initiation and propagation. Gent has shown that poor 
swelling agents will become locally highly absorbed at 
the tip of  a flaw or growing craze because of stress 
concentration at that point 10. We submit that this 
mechanism may increase the absorption of the gas at a 
flaw or craze tip to the extent that the polymer becomes 
plasticized and capable of plastic flow and cavitation in 
the stress field. 

A more detailed report will be published soon. 
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Book Reviews 

Keratins: their composition, structure and 
biosynthesis 
R. D. B. Fraser, T. P. MacRae and G. E. Rogers 
C. C. Thomas, Springfield, II1., 1972, 304 pp. $16.75 

Although one of its manifestations is considered man's 'crowning 
glory' and another is the basis of one of the oldest industries, 
keratin has always been the least glamorous of the proteins. This 
dead, relatively inert substance, evolved as a protective layer 
between the higher vertebrates and their environment, could n e v e r  

compete on molecular biological terms with the structure-function 
relationships of other fibrous proteins such as myosin. The enzyme 
proteins appeared to outclass it completely. 

However, the multi-detective story unveiled under the leadership 
of ace researchers Fraser, MacRae and Rogers changes this picture. 
The many-faceted keratin, hard, soft, c~, /3, matrix, amorphous, 
mammalian, avian, reptilian is exposed in a dance of a hundred 
veils which, despite attack from chemical, spectroscopic, micro- 
scopic, diffraction and any other method so far possible, still has 
another fifty to go. 

This is a fascinating book, clear and detailed. Smoothly folded 
into 250 pages of text are no fewer than 599 assessed, criticized 
and evaluated references to original work on keratin. All this is 
done with tact and understanding, not only of the scientific prob- 
lems involved, but also of the difficulties confronting researchers 
limited to the techniques and knowledge current at the time of the 
research. The vast experience of the authors in the field is con- 
tinuously balanced by that of other researchers and the whole is a 
most gracious review of scientific investigation and investigators. 
The production is impeccable and the many photo- and electron- 
micrographs are superbly presented. The diagrams are precise and 
clear and these, as well as the illustrations and tables, are positioned 
meticulously so as to require a negligible amount of 'page- 
thumbing'. 

Despite the ease of reading, the book is dense with facts and is 
destined to become the definitive work on keratin for many years. 
It will be an indispensable work of reference for those involved in 
fundamental research on keratin chemistry and structure and also, 
especially so because of the large chapter on biogenesis, be of 
great value to medical research. 

No scientific criticism is warranted or necessary. Figure 5.16, 
the electron density map of B-keratin, may raise a few eyebrows 
as it did when the original paper was published in Polymer (1969, 
Vol I0, p 822). However, all X-ray diffraction work on keratin 

has had to involve an eye of faith, from the very beginning of 
Astbury's investigations in the early thirties. It is perhaps hard for 
the 'older hands' in the game to find the c¢-/~ transformation 
relegated to one-half page, although this is mollified by appropriate 
reference. 

Speculative comments are kept to a minimum throughout the 
book and fields where further investigation is necessary before 
worthwhile comment can be made are clearly indicated. 

This book will be invaluable for all those concerned with fibrous 
protein systems and related biopolyrner systems. 

E. Beighton 

Reviews in macromolecular chemistry 
Edited by G. B. Butler, K. F. O'Driscoll and M. Shen 
Marcel Dekker, New York, 1972, Vol 7, 305 pp. $19.50; 
Vol 8, 337 pp. $19.50 

Although there are a growing number of review journals in the 
field of polymer science, the rapid proliferation of journals for the 
publication of original work creates a demand for periodic reviews of 
the tremendous variety of topics. 

The present review volumes are hardbound versions of previously 
published journal editions and, whilst this provides a convenient 
opportunity to purchase individual volumes in a durable form, the 
duplication of publications can hardly be commended. 

Volume 7 comprises reviews of Linear polyquinoxalines, Nylons--  
known and unknown, Recent advances in polymer fractionation, 
Rheology of adhesion, Solvation of synthetic and natural poly- 
electrolytes, and Hydrogen transfer (isomerization) polymerization 
with anionic catalysts. 

Volume 8 comprises reviews of Polymerization of carbenoids, 
Carbenes and nitrenes, Collagen and gelation in the solid state, 
Ring opening polymerization of cyclo-olefins, Thermodynamics of 
(cationic) polymerization, Polymerization of N-vinyl carbazole 
initiated by metal salts, Vibration spectroscopy of polymers, and 
Polymer compatibility. 

In both volumes the presentation is very good and there are useful 
author and subject indexes. Although the chapters are not uniform 
in either topicality or critical comment, all serve to provide a 
convenient reference point to progress in the various areas covered 
and afford this opportunity to those who do not subscribe to the 
journal edition. 

A. Ledwith 

Reprinted Volumes of 

POLYMER 
1960-1969 (Vols 1-10) 

Missing volume of POLYMER in your 
library ? 

The first 10 volumes of POLYMER, covering 
the years 1960 to 1969, have now been reprinted 
in separate volumes (one per year) and are 
available at £15.00 ($39.00) per volume. 
All orders should be sent direct to: 

Wm Dawson and Sons Ltd, 
Cannon House, 
Folkestone, 
Kent, UK 

Conference Announcement 

Order in Polymer Solutions 

Midland, Michigan, 20-24 August 1973 

The Midland Macromolecular Institute will 
sponsor a Symposium on 'Order in Polymer 
Solutions' to be held from August 20 to 24, 1973 
in Midland, Michigan. The Symposium will 
consist of both invited and contributed papers. 
The invited papers will offer critical reviews on 
order in isolated biological and synthetic 
macromolecules, preferential solvation, associ- 
ation and morphological transitions in dilute and 
concentrated solutions. Contributed papers are 
solicited. For further information write to: 
Organizing Committee, Midland Macromolecular 
Institute, 1910 W. St Andrews Drive, Midland, 
Michigan 48640, USA. 
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Synthesis and solution behaviour of 
polystyrene-g-polyisoprene copolymers 

C. Price and D. Woods 
Department of Chemistry, University of Manchester, Manchester M13 9PL, UK 
(Received 25 October 1972) 

A graft copolymer was prepared by adding poly(isoprenyl lithium) to chloromethylated 
polystyrene. Four samples, isolated from the product by a liquid-liquid separation scheme, 
were characterized with respect to molecular weight and chemical composition. The intrinsic 
viscosities of the samples in methyl cyclohexane and n-decane were studied over a range of 
temperatures. On cooling in both solvents the results suggested that before the tempera- 
tures of liquid-liquid separation were reached segregation and partial collapse of the 
polystyrene main chains occurred. 

INTRODUCTION 

Earlier studies have shown how the solution properties of 
graft copolymers are very dependent on the selectiveness 
of the solvent 1-6. Numerous experiments have been 
carried out on graft copolymers in solvent mixtures. 
Systems investigated include polystyrene-g-poly(methyl 
methacrylate) 1, poly(p-bromostyrene)-g-polystyrene ~, 
poly(diphenyl propene)-g-polystyrene 7, polystyrene-g- 
poly(2-vinyl pyridine) s and poly(2-vinyl pyridine)-g- 
polystyrene s. If a non-solvent for the main-chain of a 
graft copolymer is added to a solution of the latter in a 
good solvent there is observed a large decrease in the 
intrinsic viscosity v. At low concentrations it is believed 
that monomolecular micelles are formed in which 
unsolvated main chains are kept in solution by protec- 
tive layers of the grafted blocks. However, as the con- 
centration is increased there is some evidence that 
aggregation occurs. Similar trends have been observed by 
varying the temperature of solutions of graft copolymers 
in good solvents 9. However, such studies have not been 
of a detailed nature, and the temperature ranges covered 
have been fairly narrow. 

In the present investigation we have synthesized 
polystyrene-g-polyisoprene copolymers by adding poly- 
(isoprenyl lithium) to chloromethylated polystyrene. The 
various stages of the synthesis were carefully monitored 
and the product was fractionated and characterized by 
light scattering, gel permeation chromatography (g.p.c.) 
and membrane osmometry. Intrinsic viscosities of frac- 
tions containing different numbers of grafts have been 
studied over a range of temperatures in decane and methyl 
cyclohexane. 

EXPERIMENTAL 

Preparation of chloromethylated polystyrene 
The chloromethylation of polystyrene by chloromethyl 

methyl ether* in the presence of Lewis acids such as 

* This material is carcenogenic and should be used with extreme 
caution. 

ZnCI210, SnCI2 zl and SnCI412 is well known. However, 
there appears to be considerable confusion in the litera- 
ture concerning reaction efficiency as a function of reagent 
concentration, temperature and polystyrene chain length. 
Consequently it was necessary to carry out a series of 
exploratory reactions to find the most suitable experi- 
mental procedure. The conditions eventually chosen were 
as follows: polystyrene, Mw/Mn<<.I'06 (supplied by 
Pressure Chemical Co.), was made up as a 5~o 
solution in pure carbon tetrachloride. Chloromethyl 
methyl ether was added and the subsequent mixture was 
cooled to 0°C. SnCI4 was injected via a serum cap and the 
mixture was shaken vigorously. The reaction was termi- 
nated by the addition of wet dioxane and the mixture was 
shaken with an aqueous solution of HC1. The organic 
layer was shaken twice more with the acid after which it 
was run into a large excess of methanol. The precipitated 
chloromethylated polystyrene was dried and freeze-dried 
to constant weight. A spectroscopic analysis of the pro- 
duct was carried out, and a reaction time of approximately 
30 min was found to give a substitution level of one 
chloromethylated unit per 40 polystyrene repeat units. 
This material was used in the subsequent polymerization 
programme. 

Materials 
All purification processes were carried out in a vacuum 

system. 
Isoprene. BDH laboratory reagent grade isoprene was 

twice distilled from powdered calcium hydride and stored 
over lithium aluminium hydride for 24h prior to use. 
Absence of adventitious impurities was ensured by distil- 
ling the reagent on to a sodium mirror. The required 
volume of isoprene was distilled directly from the 
polymerizing mixture into an ampoule which was then 
sealed from the vacuum line. 

Solvents. All solvents were first distilled from crushed 
calcium hydride and stored over lithium aluminium 
hydride in the vacuum system. Remaining traces of 
impurity were removed by distillation of the solvent from 
a solution of poly(styryl lithium). 
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Tetramethyl ethylene diamine ( TMEDA). BDH labora- 
tory reagent grade TMEDA was distilled on to a sodium 
mirror from which the required volume was distilled into 
a detachable ampoule. 

Chloromethylatedpolystyrene. This coupling agent was 
degassed and made up as a solution in tetrahydrofuran 
using the apparatus illustrated in Figure 1. Solvent from a 
solution of poly(styryl lithium) (A) was distilled on to the 
chloromethylated polystyrene contained in ampoule B 
which could be detached from the vacuum line at 
constriction C. 

n-Butyl lithium. This was obtained as a 15~ solution 
in n-hexane from the Koch-Light Chemical Co. and in this 
form it was used without further purification. 

Polymerization procedure 
All reactions were carried out using the vacuum 

apparatus illustrated in Figure 2. A benzene solution of 
poly(styryl lithium) was prepared in flask B. The appara- 
tus was washed internally with this solution to ensure 
absence of all adventitious impurities, care being taken to 
avoid contact with the serum caps. The solution was 
returned to flask B, after which flask D and its surrounds 
were rinsed thoroughly using successive quantities of 
condensed solvent. Next a given quantity of benzene was 
distilled into flask D and the constriction C was sealed. 
The requisite quantity of n-butyl lithium, as required by 
the equation Mn = weight of monomer/weight of initiator, 
was injected into flask D via serum cap E. Constriction F 
was sealed and the breakseal of ampoule G was broken 
using the magnetic breaker L. A seeding techniquO 3 was 
employed to ensure low dispersity in the polyisoprenyl 
living ends. The polymerization was allowed to proceed 
with vigorous stirring for 24 h. Whereupon a sample was 

c. ) 

l Vocuum pump 

I'L 

c 

( 
- r - -  

) 
Figure 1 Apparatus used in making up a carefully purified solu- 
tion of the chloromethylated polystyrene in tetrahydrofuran 

A 

Figure 2 Apparatus used for carrying out the coupling reaction 

removed in the detachable ampoule O. The sample was 
characterized using the standard techniques to be 
described. 

Preliminary experiments revealed that addition of the 
coupling agent to poly(isoprenyl lithium) in benzene 
produces some metal-halogen interchange resulting in 
crosslinking of the coupling agent. Comb and star-shaped 
polystyrene prepared by similar techniques have involved 
the use of the poly(styryl lithium) in mixtures of benzene 
and tetrahydrofuran of varying composition12, z4,15 
Unfortunately poly(isoprenyl lithium) reacts readily with 
tetrahydrofuran and therefore this technique could not be 
used. The problem was circumvented by the addition of 
1.2 equivalents of TMEDA from ampoule I, per equiva- 
lent of n-butyl lithium used. The original pale yellow 
poly(isoprenyl lithium)was observed to change rapidly to a 
deep yellow colour as a consequence of the solvating 
action of the amine. 

The coupling agent, contained in ampoule J, was added 
dropwise from position M over a period of 2h with 
vigorous stirring and with the poly(isoprenyl lithium) in 
large excess at all times. No visible crosslinking was 
observed and, as expected, the solution became slightly 
paler and noticeably more viscous. The reaction was 
allowed to proceed for 10h, before it was finally termi- 
nated by adding degassed methanol from ampoule N. 

Fractionation 
After the coupling reaction the remaining mixture 

consisting of graft copolymer, polyisoprene and any trace 
of crosslinked material was fractionated at 25 °C using the 
method of successive liquid-liquid separation. Successive 
quantities of methanol were added to a 1 ~ solution of the 
polymer in a 1 : 1 (v/v) mixture of toluene and heptane. 
The two liquid phases obtained after each addition were 
equilibrated using the usual heating and cooling cycles 
and then separated by syphoning off the dilute phase. 
Fractions were isolated by freeze drying. They were then 
carefully characterized using the dilute solution and 
spectroscopic techniques to be described. 

Characterization of fractions 
Gel permeation chromatography. Gel permeation 

chromatograms were obtained for polymer samples in 
tetrahydrofuran (0.2-0.5 wt~ concentrations) using a 
commercial instrument manufactured by Water Associ- 
ates operated at 25°C. The injection time and flow rate 
were 120 sec and 1 ml/min respectively. The technique was 
employed primarily to investigate the homogeneity of 
fractions rather than to assess molecular weight. 

Intrinsic viscosities. Solution flow times were measured 
in a modified Desreux-Bischoff viscometer. Efflux times 
were measured for at least three concentrations and plots 
of *]sole versus c and ln T]r/c were extrapolated to zero 
concentration to obtain [r]]. An investigation of the effect 
of temperature on [r]] was made in methyl cyclohexane 
and n-decane. The thermostat bath was controlled to 
+0.1°C. 

Number-average molecular weights (Mn). The number- 
average molecular weights of the graft copolymer frac- 
tions and the chloromethylated polystyrene were deter- 
mined using a Melabs (CSM2) recording membrane 
osmometer. Measurements on the terminated poly- 
isoprene homopolymer were made using a Mechrolab 
vapour-phase osmometer. Toluene was used as the solvent 
in both instruments. 
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Light scattering. Weight-average molecular weights 
were estimated from measurements made at 30 ° +0.5°C 
using a Sofica light scattering photometer. Polymer 
solutions and solvents were clarified by means of filtra- 
tion. Light scattering was performed with light of wave- 
length 546nm at ten angles between 30 ° and 150 ° for 
each of four dilutions with each solvent. The instrument 
was calibrated using benzene as standard. Results were 
plotted using the double extrapolation method of Zimm. 

Bushuk and Benoit have extended the classical light 
scattering theory for polymer solutions to solutions of 
copolymers which are polydisperse in chain composition 
as well as molecular weight 16. They showed that fluctua- 
tions in chain composition can lead to estimates of the 
molecular weight which are too high, and the observed 
value 

M a p  = Mw + 2P [(VA-- vB)/vo] + Q[(VA-- VB)/VO] 2 

where M,o is the real weight-average molecular weight of 
the polymer mixture and vA, vZ and v0 are the refractive 
index increments (dn/dc) in a particular solvent of the 
polymers forming the two types of block and of the 
copolymer mixture respectively. The two parameters P 
and Q are related to the heterogeneity in composition of 
the sample, and are given by: 

2P =(1 - xo)(Mw- MB)-- xo(Mw-  MA) 

and 

Q= xo(1 - xo)(MA + M B -  Mw) 

where MA and MB are the weight-average molecular 
weights of the parts of the copolymer formed of monomer 
A and B respectively and xo is the overall average weight 
fraction of component A. If values of Map, determined in 
a variety of solvents, are plotted against (vA--VB)/VO a 
parabola should be obtained from which the values of 
Mw, P and Q can be estimated. It has been shown that the 
values of P and Q will vary between the following limits: 

- x oMw <~ P <~ ( l - xo)Mw 

0 <<. Q <<. Mw[1 - x0(1 - xo)] 

The parameter Q/Mw, whose maximum possible value is 
x0(1- xo), has been shown to provide a useful quantita- 
tive measure of the polydispersity in chain composition 16. 

In the study a Brice-Phoenix differential refractometer, 
which had been calibrated using aqueous sucrose solu- 
tions, was used to determine refractive index increments 
of the copolymers and polyisoprene in the appropriate 
solvents. 

U.v. spectroscopy. U.v. analyses of chloroform solu- 
tions were used to estimate the polystyrene contents of the 
individual fractions. The procedure adopted was that 
described by Meehan 17. Measurements were made using a 
Unicam SP800 spectrometer operating at a slit width of 
0.5 mm with a path length of 1 cm. 

RESULTS AND DISCUSSION 

Fractionation and gel permeation chromatography 
The fractions isolated by liquid-liquid separation are 

shown in Table 1. Fractions 2 and 3 were designated 
samples 1G2 and 1G3 respectively, and fractions 4 and 5 
were combined together and designated sample 1(34. On 
examination the first fraction was found to contain a 
small quantity of microgel. It was therefore redissolved in 

Table I Copolymer fractions obtained by liquid-liquid separation 

Fraction Vol. methane 
No. Weight % Vol. 1 : 1 mixture G.p.c. suggests 

1 17"8 0"240 -- 

2 13.3 0.243 Graft 
3 16.5 0.246 Graft 
4 g- 4 0.252 G raft 
5 5.3 0.256 Graft 
6 8.0 0.264 Graft and polyisoprene 

Residue - -  - -  Graft and polyisoprene 

<3 

b 

J 
18 

:a Ic 

26 18 22 22 26 18 22 26 

d 

J, 
20 

e 

i i I 
22 24 28 

Elution volurr~ [cm 3) 

L 
24 26 

Figure 3 Gel permeation chromatograms of the unfractionated 
product (a), the chloromethylated polystyrene precursor (d), the 
terminated polyisoprene homopolymer (e) and the graft copolymer 
samples 1G1 and 1G4 (b and c) 

benzene and separated into two fractions la and lb by 
liquid-liquid separation using petroleum ether as non- 
solvent. Fraction la, which amounted to 30% by weight 
of the original fraction 1, contained microgel and was 
discarded. Fraction lb was isolated and designated 
sample 1G1. Samples 1 G1 -.  1 G4 were each characterized 
by the technique described in the last section. 

The effectiveness of the fractionation process is 
demonstrated by the gel permeation chromatograms 
shown in Figure 3; traces are recorded for the unfraction- 
ated product, the chloromethylated polystyrene pre- 
cursor, the terminated polyisoprene homopolymer and 
for two of the samples 1G1 and 1G4. On the basis of a 
conventional calibration plot established using poly- 
styrene standards, all the fractions show a fairly low 
polydispersity Mw/Mn < 1.25. 

Molecular weight and composition 
Number-average molecular weights determined by 

osmometry and percentage polystyrene contents deter- 
mined by ultra-violet spectroscopy are given in Table 2. 
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Table 2 Number-average molecular weights and composition 
==l=ll 

No. of side 
chains per 
main chain 

Weight % 
Sample Mnx 10 -5 polystyrene A B 

1G1 5"5 29"2 29 34 
1 G2 4- 9 34" 9 24 27 
1G3 4"2 38"1 18 22 
1G4 3"9 40"6 16 19 

Chloromethylated 1.9 - -  - -  - -  
polystyrene 

Polyisoprene O. 125 - -  - -  - -  

A. Estimated from number-average molecular weights of co- 
polymer and homopolymers 
B. Estimated from weight % polystyrene and number-average 
molecular weights of homopolymers 

Table 3 Apparent weight-average molecular weights 

Sample Solvent Mapx 10 -5 Map/Mn 

1 G2 Chloroform 5.7 1.16 
1G2 Cyclohexane 5.6 1.14 
1G2 Tetrahydrofuran 5.4 1.10 
1G2 1-Chloropropane 5.5 1.12 
1G1 Tetrahydrofuran 6.5 1.18 
1 G3 Tetrahydrofuran 5.1 1.21 
1 G4 Tetrahydrofuran 4.8 1.23 

I 
TQ 5.5-  

5"C 
0 

Figure 4 

, == .  , , . - -  

I I I 
0"2 0"4 0'6 0 8  

v s- v,/v o 

A plot of apparent molecular weights of sample 1G2 
versus  vs-- vi/vo 

Solution properties 
Intrinsic viscosities as a function of temperature are 

plotted in Figure 5 for the samples 1GI-IG4 in methyl 
cyclohexane. For samples 1 G1 and 1 G3 the measurements 
cover the range -20  to 60°C. For both cases the curves 
contain two steep regions X and Z separated by a short 
shallow extension Y. On lowering the temperature the 
solutions used for viscometry became somewhat turbid 
on going below 5 °C. However, the dispersions remained 
quite stable until much lower temperatures; for a 1% by 
weight solution liquid-liquid separation occurred for 
1G1 at -65°C and for 1G3 at -60°C. Over the range 
0 to 60°C we have collected data on all four samples 
1GI-IG4, and it is interesting to compare behaviour 
within this domain. It can be seen that the effect of 
increasing the number of grafted polyisoprene blocks 
per polystyrene main chain is to shift the curves in a 
systematic manner down the temperature axis. 

At the present time interpretation of the results in 
Figure 5 can only be somewhat speculative. At 0°C, methyl 
cyclohexane is a very poor solvent for polystyrene 
(0 = 74°C), but is still a relatively good solvent for poly- 
isoprene. We feel that the sharp, well defined decrease in 
[7] over the region designated Z is associated with an 
intramolecular phase separation on cooling leading to a 
species having a compact, but swollen, polystyrene core 
surrounded by a polyisoprene fringe. It should be possible 
to observe the transition using other experimental tech- 
niques which give more direct molecular information and 
this possibility is currently under investigation in our 
laboratory. 

The more gradual change in [~7] which is observed in the 
region above Z can be associated with the usual tempera- 

O'E 

z; 
IG3 

0.~ 

From these results we can obtain for each copolymer two 
separate estimates of the number of polyisoprene side- 
chains per polystyrene main chain. The two sets of values, 
which are given in columns 4 and 5 of Table 2 are seen to 
be in fair agreement. As might be expected it is seen that 
on passing from sample 1G1 to 1G4 the degree of grafting 
progressively decreases. 

Apparent weight-average molecular weights have been 
determined for sample 1G2 in four different solvents (see 
Table 3). In accord with the usual procedure in Figure 4 we 
have plotted Map against us -  vi/vo. Unfortunatey we have 
not covered a sufficiently wide range of refractive index 
increments to thoroughly investigate the heterogeneity of 
composition. However, the results available suggest that 
the heterogeneity parabola is very shallow and hence that 
Q/Qmax is small. For the other fractions measurements 
have only been carried out in one solvent. The values of 
Map (which again are likely to be close to Mw) are given in 
Table 3. 

~0"~ Yz/  
J 

0.2 

O'Pl  I I I I I I I I I 
-20 O 20  4 0  6 0  

Temperature (oC) 

Figure 5 Plots of [~/] versus temperature for the graft copolymer 
samples 1Gl- lG4 in methyl cyclohexane 
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ture dependence of coil dimensions. As a measure of  the 
coil expansion which may occur in solvents which are good 
for both components we list in Table 4 the intrinsic 
viscosities of  the four samples in toluene and tetrahydro- 
furan at 25 °C; the intrinsic viscosity of  the chloromethyl- 
ated polystyrene is also given for comparison. 

In the temperature range marked X, over which we 
have studied just two samples, a further sharp decrease in 
[~] is observed on cooling. We associate this lower transi- 
tion with the formation of intermolecular aggregates. 
After heating and cooling cycles the results plotted in 
Figure 5 were found to be completely reproducible. 

n-Decane is a much poorer solvent for polystyrene than 
methyl cyclohexane. We would expect therefore that the 
sort of  behaviour shown in Figure 5 would be observed at 
higher temperatures for the graft copolymer in n-decane. 
Intrinsic viscosities in decane for the temperature range 
20-120°C are plotted in Figure 6 for samples 1G1 and 
1G3. On cooling a 1 ~  by weight solution 1G1 became 
turbid at approximately 70°C, and for 1G3 at 105°C; 
liquid-liquid separation occurred at - 2 0 ° C  for 1G1 and 
at - 10°C for B. Both samples show a marked change in 
[~7] over the range covered. However, this change is 
gradual and the curves do not have the same character- 
istic shape as those observed in methyl cyclohexane. 
However, whilst no abrupt decrease in [V] occurs on 
cooling the very low values of  [~7] are indicative of  micelle 
formation. I t  is just possible that a further significant 
increase in [~7] (corresponding to regions Z in Figure 5) 

0"~-- 

0"4 

~0 .3  

0 . ;  

0 . [  I I I I I I 
25 45 65 85 105 125 

Ternperoture (°C) 

Figure 6 Plots of [rl] versus temperature for the graft copolymer 
samples 1(;1 (O) and 1(;3 (x )  in n-decane 

Table 4 Intrinsic viscosities in toluene and tetrahydrofuran 

[7/] in toluene [r/] in THF 
Sample (dl/g) (dl/g) 

1G1 1.09 1.16 
1(;2 0.99 1.03 
1(;3 0.91 0.94 
1(;4 0.82 0.84 

Chloromethylated 0.77 0.78 
polystyrene 

occurs above 120°C; unfortunately we were not able to 
work at these higher temperatures because of the insta- 
bility of  the polyisoprene chains under these conditions. 
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Reaction of thiol to diene polymer in the 
presence of various catalysts 
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The addition reaction of benzylmercaptan to diene polymer (natural rubber, and cis-l,4- 
polyisoprene) by various optically active catalysts such as o-camphorsulphonic acid, 
D-percamphoric acid, and active-amylalcoholate (sodium and barium) were carried out in 
benzene or anisole at room temperature to 100°C. The optically active adduct polymer was 
only obtained from the reaction of benzylmercaptan to natural rubber and cis-l,4-polyiso- 
prene by active-amylalcoholate (barium), but was not obtained by the other catalysts. The 
[~]25 value of optically active adduct polymer was -0.1°C ~ -0.6°C (in benzene), and the 
optical rotatory dispersion curves were found to fit the simple Drude equation. The reaction 
of benzylmercaptan to cis-l,4-polybutadiene, various styrene-butadiene copolymers, and 
alternating butadiene-acrylonitrile copolymer were carried out, but the optically active 
adduct polymers were not obtained by these catalysts. 

INTRODUCTION 

The addition reaction of thiol to olefin is well known; e.g. 
the reaction of thiol with acrylonitrile (or acrylic ester, 
methacrylic ester) by basic catalyst such as sodium 
ethoxide 1, the reaction of propylene with thiolacetic acid 
(AcSH) by sulphuric acid or phosphoric acid 2, the reac- 
tion of maleic anhydride with AcSH by peroxide catalyst a, 
the reaction of maleic anhydride with benzylmercaptan 
(BzSH) by 35~o aqueous solution of benzyltrimethyl- 
ammonium hydroxide 4, etc. have been reported. Further, 
many studies of the reaction of thiol to a carbon-carbon 
double bond in polymer, i.e. the reaction 5 of AcSH to 
natural rubber (NR) by peroxide, and irradiation of 
X-ray or ultra-violet radiation, have also been made. In 
connection with this reaction, one of the authors has 
reported that the polyaddition of N,N'-methylenebisacyl- 
amide or diallyidene pentaerythritol with ethylene di- 
mercaptoacetate or ethylene dimercaptopropionate 6 by 
radical catalyst (benzyl peroxide), ultra-violet radiation, 
basic catalyst (sodium t-butoxide) and acidic catalyst 
(p-toluenesulphonic acid) can be carried out to obtain the 
polymer. 

The asymmetric addition reaction of thiol to olefin was 
first presented by Tsuruta and co-workers 7, 8. They 
studied the asymmetric addition reaction of lauryl- 
mercaptan to methyl methacrylate with optically active 
amine catalyst. We also studied the asymmetric addition 
reaction of benzylmercaptan to methyl methacrylate and 
methacrylamide with active-amylalcoholate (barium) 9, 
and obtained the optically active product as follows: 

CH3 
I active- 

amylalcoholate 
CH2SH + H2C = C 

r [ o c ] a  = - 5 . 5  ° 

C=O 
I 
R 

CH3 

C H 2 - - S H 2 C  - -  *OH 

R =  - OCHa: [ a ]D=  +0"75 ° C = O 
I 

R =  - NH2: l a i D =  +0"50 ° R 

In this paper, the addition reaction of benzylmercaptan 
(BzSH) to diene polymers by optically active acidic 
catalyst (o-camphorsulphonic acid), radical catalyst 
(o-percamphoric acid) and basic catalysts [active- 
amylalcoholate (sodium and barium)] was carried out. 
The optically active adduct polymer was only produced in 
the addition reaction of thiol to NR and cis-l,4-polyiso- 
prene by active-amylalcoholate (barium), but was not 
obtained by other catalysts or from other diene polymers 
(cis-l,4-polyisoprene, various styrene-butadiene co- 
polymer and alternating butadiene-acrylonitrile co- 
polymer). 

EXPERIMENTAL 

Reagents 
The diene polymers used were NR, cis- 1,4-polyisoprene, 

cis-l,4-polybutadiene, alternating butadiene-acrylonitrile 
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copolymer 10 (mole ratio of butadiene/acrylonitrile = 50.9/ 
49.1, [~7130=1.55 in dimethylformamide) and various 
SBR. The used SBR were Tafuden 1000R (styrene content 
18 wt ~o, [~7] a°= 1.60 in THF) Nipol 1502 (styrene content 
23.5wt ~ )  [~7] 8°= 1.03 in THF), Solprene 1205F (styrene 
content 25 wt Yo, [~7] 3°= 1.06 in THF), Buna Huls 190 
(styrene content 40wt ~o, [7] 8°= 1.54 in THF) and Hycar 
2007J (styrene content 85wt ~o, [~/]a°=0"54 in THF). 
These diene polymers were reprecipitated from benzene 
or tetrahydrofuran (THF). 

BzSH 11 was prepared from benzyl chloride with sodium 
hydrosulphide and was distilled at the boiling point 
(74.0-74.5°C at 10mmHg). 

The used catalysts were active-amylalcoholate (sodium 
and barium), D-percamphoric acid, and p-camphor- 
sulphonic acid. 

Active-amylalcoholate (barium or sodium) was pre- 
pared from active-amylalcohol ([~]D--5"5 °) and barium 
or sodium metal, o-Percamphoric acid 13 ([~]~ 60"0 °) was 
prepared from o-camphoric acid with sodium peroxide 
and was recrystaUized from diethyl ether. D-Camphor- 
sulphonic acid ([a]~540-5 °) was used as the commercial 
reagent and was recrystallized from ethanol. 

Solvents (benzene, anisole, etc.) were purified by 
distillation. 

Reaction of  diene polymer with thiol 
Diene polymer, BzSH, catalyst and benzene as solvent 

were placed in a glass tube connected to a vacuum line, 
the tube was thoroughly degassed and sealed and the 
reaction proceeded from room temperature to 90°C for 
10-90 h (exposed to ultra-violet radiation in the reaction 
by D-percamphoric acid). After a suitable time, the 
reaction mixture was poured into a large excess of 
methanol. The product precipitated was filtered, washed 
with methanol and dried in a vacuum to constant weight. 

After all reaction products were purified by reprecipita- 
tion, sulphur analysis, elemental analysis, optical rotation 
and infra-red spectra were measured. The addition per- 
centage of thiol was calculated from the sulphur content 
of the reaction product. 

Measurements 
The infra-red spectra of reaction adduct polymers were 

measured with film and liquid state on an Infrared 
Spectrometer (Jasco IR-E, Japan Spectroscopic Co. Ltd). 

The molecular weight of the reaction product was 
determined with a Knauer vapour pressure osmometer, 
acetone being used as solvent. 

The sulphur quantitative analysis was determined by 
Schoniger's method a4 which used the combustion flask. 

The p-line optical rotation of the reaction adduct 
polymer reprecipitated from benzene was measured by a 
Shimadzu Liebig type polarimeter with filtered sodium 
light. Optical rotatory dispersion data were obtained with 
a Shimadzu model QV-50 polarimeter equipped with a 
xenon source. 

RESULTS AND DISCUSSION 

Reaction by acidic catalyst 
The addition reaction of BzSH to NR by D-camphor- 

sulphonic acid as optically active catalyst was carried out 
in benzene at IO0°C. The addition percentage of thiol 
increased with increasing concentration of catalyst, but 

20 

15 

! 
.~ IO 
.lJ 

< 

5 

I I I I 
0 5 I0 15 20  25 

Time (h) 
Figure I Relation between the percentage addition and the 
reaction time in the reaction of BzSH to NR with D-camphor- 
sulphonic acid. [NR] : [BzSH] : [catalyst]=1 : 1 : 1 (O); 
=1 :1  : 0.5 (Q) 

the addition percentage was shown to be saturated at 
about 10-15~o as shown in Figure 1. The adduct polymer 
did not show optical activity. Consequently, the optically 
active polymer was not obtained by this addition reaction 
but according to the reaction mechanism that follows: 

H CHz ~ H 
CH3 ~ C ~  c j  Acidic catalysis+ b ~ C- -C  / 

~ ' 1 ' ~  H ~ +  i ~ CH=-  --C=H, CaH=-- --CH2 H 

CHa ~ / H 

C--C + H  + 
--CH2 I [ CH2--  

RS H 

Moreover, from the reaction of styrene with BzSH by 
o-camphorsulphonic acid in benzene, ~-phenylethyl 
benzylsulphide 15 (b.p. 134--135°C at 1.5mmHg) was 
obtained, but did not have the same optical activity as 
above. 

Reaction by radical catalyst 
The reaction of AcSH or BzSH to NR by an optically 

active radical catalyst such as D-percamphoric acid was 
carded out in benzene at 90°C or room temperature by 
exposure to u.v. radiation. The results are shown in 
Table 1. It was found that the addition percentage was 
20-30% in this condition, but the optically active adduct 
polymer was not obtained in accordance with the anti- 
Markownikov rule. 

Reaction by basic catalyst 
Polyisoprene. The addition reaction of BzSH to diene 

polymers (NR and cis-l,4-polyisoprene) by active- 
amylalcoholate (barium and sodium) as optically active 
basic catalyst was carried out in anisole at 90°C for 48 h. 
The results are shown in Table 2. 

The adduct polymer by active-amylalcoholate (barium) 
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Table I Reaction of thiolacetic acid or benzylmercaptan to natural 
rubber by D-percamphoric acid as radical catalyst in benzene 
[NR]= [RSH]= [per acid]=0.6 mol/I 

Sulphur 
content 

Time of product Addition 
RSH a Temp. (h) (%) (%) [c=] [~ 

AcSH Room temp.i" 72 10.85 32.0 0 
AcSH 70°C 72 9.98 29.4 0 
BzSH Room temp.t 72 9.35 20.6 0 
BzSH 70°C 72 8.60 19.0 0 

a AcSH: thiolacetic acid; BzSH: benzylmercaptan 
* In benzene at 25°C 
? U.v. irradiation 

Table 2 Reaction of benzylmercaptan to natural rubber and 
cis-l,4-polyisoprene by active-amylalcoholate (sodium, barium) in 
anisole at 90°C for 48 h 
[Polymer] : [BzSH] : [alcoholate]=l : 1 : 1 
[Polymer] = 0-44 mol/I 

Analysis of 
product 

Alco- Addition 
Polymer holate C (%) H (%) (%) [~]P~* 

Natural rubber Na 84.06 11.23 14.0 0 
Natural rubber Ba 85.70 11.47 7-7 - 0 . 6  ° 
Polyisoprene Na 85.01 11.33 10.2 0 
Polyisoprene Ba 85.76 11-51 7.5 -0 .1  ° 

* In benzene at 25°C 
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-2 "0  
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- 3 " 0  
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Figure 2 Optical rotatory dispersion of adduct polymer obtained 
from reaction of BzSH to NR with active-amylalcoholate (barium) 

showed optical activity, but the adduct polymer by active- 
amylalcoholate (sodium) did not. The specific rotation 
was -0 .6  ° for NR and -0 .1  ° for cis-l,4-polyisoprene. 

The optical rotatory dispersion of adduct polymer 
having [~]D=-0"6 ° is shown in Figure 2. This optical 
rotatory dispersion curve was satisfied by the simple 
Drude equation; the calculated Ao value was 287 nm. This 
Ac value is also based on absorption due to the thioether 
linkage. 

Other dienepolymers. The addition reaction of BzSH to 
other diene polymers (cis-l,4-polybutadiene, various 
SBR, alternating butadiene-acrylonitrile copolymer) by 
active-amylalcoholate (barium and sodium) was carried 
out at 90°C for 72-90h in benzene. In all cases, the 
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optically active polymer was not obtained. The results are 
shown in Table 3. 

Mechanism. From the above results, the mechanism of 
producing optically active adduct polymer was thought to 
be as follows: 

~ > - -  CH2SH + Ba(O*CsHll)= 

~ --  CH2SBaO*CsHll + *CsH11OH 

(I) 

CH2--C =CH--CH2- )Ln  + CH2SBaO*CsH.--~ 
a 8 3" 

CH2--C_--CH--CH27~ n 

H11*CsOBa + SCH2 

(1I) 

CH3 
I 

> ---(CH2 - -  *CH- -  CH - -  CH2-)- n 

I 
S 
I 
CH2 

© 
([u) 

In this addition reaction of thiol with polyisoprene by 
active-amylalcoholate (barium), at first, the product (I) is 
formed by the substitution reaction between the alkoxyl 
group of alcoholate and the mercapto group, and the 
intermediate (H) is produced by the reaction of product 
(I) to the carbon-carbon double bond according to the 
anti-Markownikov rule. The product (III) is produced 
from the intermediate (II) by acid treatment. The B- 
carbon of the isoprene unit in the intermediate (II) 
becomes optically active by the addition reaction of (I); 
therefore, the optically active polymer, i.e. the product 

Table 3 Reaction of benzylmercaptan to diene polymer by active- 
amylalcoholate (sodium, barium) in benzene at g0°C for 72h 
[Double bond of polymer] : [BzSH] : [alcoholate]=l : 1 : 1 
[Polymer]= 0.44 mol/I 

Analysis of 
product 

Alco- Addition* 
Diene polymer holate C (%) H (%) (%) [c~]~-j- 

Polybutadiene Na 83.10 9.86 16.1 0 
Ba 84.88 10.18 10.3 0 

Tafuden 1000R Na 85.05 9.70 31-5 0 
Ba 87.53 10.10 12.1 0 

Nipol 1502 Na 86.84 9.84 19.5 0 
Ba 87.37 9.93 15.4 0 

Solprene 1205F Na 87-20 9.78 17-4 0 
Ba 88-05 9.96 11.3 0 

Buna Huls 190 Na 88.88 9.52 10.8 0 
Ba 89.07 9" 56 9.1 0 

Hycar 2007J Na 91.43 8.18 11.3 0 
Ba 91.58 8.19 7.2 0 

Alternating Na 75.84 8.21 20.1 0 
butadiene- Ba 76.06 8-65 18.1 0 
acrylonitrile 
copolymer 

* Addition percentage of BzSH for double bond of butadiene unit 
t In benzene at 25°C 

P O L Y M E R ,  1973, Vo l  14, March  89 



Reaction of thiol to diene polymer: Koichi Yamaguchi et aL 

(III)  is obtained after acid treatment. On  the other hand, 
in the addit ion o f  thiol to c is - l ,4 -polybutadiene ,  SBR, and 
alternating butadiene-acrylonitri le copolymer,  all these 
adduct  polymers did no t  show optical activity because o f  
the pseudo-asymmetric carbon atom. 
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Kinetics of epoxy cure: 3. The systems 
bisphenoI-A epoxides/dicy 

E. Sacher 

IBM Systems Development Division, PO Box 6, Endicott, NY 13760, USA 
(Received 27 October 1972) 

Differential scanning calorimetry was used to study the cure of several bisphenoI-A 
epoxide/dicy (dicyandiamide, cyanoguanidine) systems in the temperature range 170-220°C. 
It was found that, simultaneously with curing, the dicy decomposed into melamine, which 
was capable of further decomposition. With a higher molecular weight epoxide, reaction 
subsequent to cure resulted in a more rigid epoxy than expected. The addition of surfactant 
caused reaction to occur at lower temperatures, although the rate decreased and a change 
in mechanism appeared to have occurred. 

INTRODUCTION 

Previous studies in this series 1, 2 were concerned with 
epoxide/hardener systems which were mutually soluble 
and could thus be intimately mixed, on a molecular 
level, prior to reaction. The present hardener, dicy 
(dicyandiamide, cyanoguanidine), is one of a unique 
group of hardeners whose use depends on the fact that it is 
insoluble in the epoxide. 

The insoluble dicy may be dispersed in the epoxide at 
the manufacturing site because reaction occurs only at the 
epoxide-dicy interface. This one-part epoxy system is 
stable enough to be shipped and stored for extended 
periods prior to use. The cure reaction begins when the 
temperature is raised to where the dicy dissolves. 

Although the commercial use of the epoxide/dicy 
systems has definite economic advantages, there are 
several variables which have not yet been addressed in the 
literature. Among them are the effects of hardener particle 
size, epoxide molecular weight and added solubilizers. 
Further, the activation energy for the overall reaction 
would be expected to include, in addition to that for the 
reaction of the epoxide and the hardener, the energies 
necessary for dissolution and mixing. The present study 
was undertaken to resolve these points. 

EXPERIMENTAL 

Materials 
Bisphenol-A epoxides have the general structure given 

in formula (I). 
The two epoxides used in the present study were Dow 

DER 332, the diglycidyl either of bisphenol-A, in which 
the value o fx  in formula (I) is zero, and Shell EPON 1001, 
a higher molecular weight mixture of bisphenol-A 
epoxides where x=2.0-2-7. They, along with the dicy 

CHa 

(Aldrich) and surfactant (Atlas Tween 80), were used 
without further purification. 

The epoxies were made immediately prior to use by 
dispersal in a cooled laboratory blender. All contained a 
10~o excess (eq/eq) of epoxide, and dicy whose particle 
size range was obtained on a set of nesting sieves. The 
blender speed was set low enough to minimize further 
breaking of the dicy particles. Where necessary, the 
epoxies were stored at -20°C.  

Instrumental procedures 
The infra-red (i.r.) absorption and d.c. conductivity 

methods used in the previous studies 1, 2 were not pre- 
sently used due to the heterogeneous nature of the epoxy 
system. Kinetic data were obtained using the previously 
described 1 differential scanning calorimetry (d.s.c.) tech- 
nique. The temperature range was confined to 170- 
220°C, within which kinetic data were easily obtainable 
on a reasonable time scale. Isothermal d.s.c, traces had a 
slight, but discernible shoulder during the rise of the 
exotherm. 

Transition temperatures were determined on a DuPont 
model 941 Thermomechanical Analyzer and i.r. spectra 
were obtained on a Perkin-Elmer model 521 Spectro- 
photometer. 

Treatment of  data 
The d.s.c, data were fitted to the equation3: 

d =  - ~)- (1) ~-t =k(1 

where ~ is the fraction reacted at time t, k is the overall 
rate constant and n is the overall reaction order. All the 
data gave good Arrhenius plots, from which the activation 
energies were obtained. 

OH CHa 

O-- CH~--CH--CH~--O O--CH2--CH -- CH2 

\O / 
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RESULTS 

The course of the reaction was found to depend on the 
molecular weight of the epoxide, the dicy particle size and 
the presence and amount of surfactant. For the DER 332 
epoxide and a dicy particle size of <125/~m (sub- 
sequently referred to as fine dicy), 

k(sec-1)=3.85 x 109 exp ( -  24.1 kcalmol-1/RT) * (2) 

where R is the gas constant and T is the absolute tem- 
perature; n values ranged from 0.7 to 1.4. For a dicy 
particle size of 250-500/zm (subsequently referred to as 
coarse dicy), 

k (sec-Z)=2.45 x 10aexp( - 12.1 kcal mol-1/RT) (3) 

while n values ranged from 1.0 to 2.1. For the EPON 1001 
epoxide and the fine dicy particles, 

k (see-l) =2.20 x 10~ exp ( -  16.6 kcal mol-1/RT) (4) 

with n values ranging from 1.0 to 1.2. 
Using the DER 332/fine dicy system, the addition of 

1"2~o (w/w) surfactant gave: 

k (sec -1) = 1.46 x 107 exp ( - 19.3 kcal mol-1/RT) (5) 

for a range ofn  from 1.0 to 1.5. The addition of 6~o (w/w) 
surfactant gave: 

k (sec -1) = 2.56 x 10 ~ exp ( - 18.2 kcal mol-1/RT) (6) 

with n ranging from 1.1 to 1.9. 

Table I Transition temperatures of cured epoxy systems 

System /'1 (°C) Ts (°C) Ta (°C) 

DER 332/fine dicy 73.7+4.3 124.9+_3-9 145.6+1-0 
DER 332/fine dicy/1.2~ 48.9+-4.5 121-5+-2.9 140.6+2.2 

surfactant 
DER 332/fine dicy/6~/o 41.6+1.1 118-7+-4.1 a 

surfactant 
DER 332/coarse dicy 57.7+6.7 106-6+-7.3 134.8+-1-7 
EPON 1001/fine dicy 95-5+2.8 a a 

No transition observed 

c5 

I I I I I I 
4 0  80  120 160 

Ternperoture (°C) 

Figure 1 A thermomechanical analysis plot of the transitions in 
cured DER 332/fine dicy epoxy. The complete sample, containing 
both transparent upper layer and opaque lower layer, was used, 
after having been cured at 200°C for 4 h. The plot was made using a 
20g load on an expansion probe at a heating rate of 5°C/min 

* I k c a l m o l - Z = 4 " 1 8 6 8  k J m o 1 - 1  

With the exception of the EPON 1001/fine dicy epoxy, 
whose cured d.s.c, samples were transparent, the cured 
samples of all the other epoxy systems had a transparent 
upper layer and an opaque, white lower layer. There was 
evidence of condensate in the d.s.c, cell and all the samples 
were full of microscopic bubbles. 

While the EPON 1001/fine dicy epoxy had one transi- 
tion temperature, the other epoxies had several, as seen in 
Table 1. By grinding off one of the layers, it was found 
that the transition occurring near 120°C (7"2) was associ- 
ated with the opaque layer, while T1 and T3 were associ- 
ated with the transparent layer. All three transitions are 
seen in Figure 1. 

DISCUSSION 

Course of the reaction 

The reaction of the dicy with phenyl glycidyl ether has 
previously been investigated 4 from the point of view of 
the structure obtained. The present results amplify what 
was previously found and show that the reaction is far 
more complicated than previously suspected. 

On heating the epoxide/dicy mixture in open d.s.c. 
sample holders, the first observable phenomenon was the 
clarification of the opaque mixture: that is, the dicy dis- 
solved. This was immediately followed by bubble forma- 
tion, indicating the thermal decomposition of dicy into 
melamine 5 (2,4,6-triamino-s-triazine, cyanurotriamide), 
a process of commercial significance 6. Since the reaction 
ultimately resulted in a glassy solid, decomposition 
occurred simultaneously with curing. 

During bubble formation, and while the epoxy was 
curing, a white precipitate formed and settled to the 
bottom of the DER 332 epoxies, but not the EPON I001 
epoxy. The presence of such a layer has previously been 
noted 7 as being due to excess, insoluble dicy. There are 
three reasons why this is not so. First, the dicy was initially 
totally soluble. Second, thermal analysis gave no sign of a 
melting point near 209 °C (dicy), but rather of a decom- 
position above 358°C (melamine). Finally, an i.r. of the 
opaque layer did not resemble that of dicy, but was quite 
similar to that of melamine, as in Figure 2. In the EPON 
1001 system, melamine did not precipitate out, indicating 
the increased solubility of melamine in higher molecular 
weight bisphenol-A epoxides. 

The two transitions in the clear layers of the DER 332 
epoxies, T1 and Tg, are not unusual: multiple transitions 
have been found in other cured epoxies 2. The transition 
associated with the melamine layer, T2, is unusual, in that 
no data were found in the literature to indicate the 
existence of such a transition. However, thermal analysis 
of pure melamine (Figure 3) indicates that it undergoes 
decomposition at 127°C, as indicated by frothing. The 
i.r. spectrum of the decomposition product no longer 
resembles that of the starting melamine and has few 
characteristics of the opaque layer of the cured DER 332 
epoxy, as seen in Figure 2. It was not further identified. 

Reheating the melamine decomposition product 
showed no further T2 transition, although the cured DER 
332 epoxies exhibited such a transition after several 
cycles. This indicates that the decomposition is reversible 
when its products are trapped in the cured epoxy matrix. 

The EPON 1001 epoxy did not exhibit a T2 transition 
since, evidently, the soluble melamine reacted with the 
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Figure 2 Infra-red spectra of the opaque lower layer of cured DER 332/fine dicy epoxy ( ) ,  of melamine ( - - - )  and of the melamine 
decomposition product ( . . . .  ). The presence of the nitrile peak (2200cm -1) in the spectrum of the opaque layer is due to the presence of 
the epoxy matrix, which contains nitrile groups, in which the precipitate was formed 
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A dif ferent ial  thermal  analysis plot  of the decompos i t ion  
of melamine at 127°C, followed by a premelt phenomenon begin- 
ning at 375°C and a melt at 390°C. When carried to completion, the 
final product was a black char, indicating decomposition during 
melting. The plot was made at a heating rate of 5°C/min 

epoxide or continued to decompose into the unidentified, 
soluble decomposition product, which reacted. The 
absence of a Ta transition suggests that this material 
differs structurally from the DER 332 epoxy. In a pre- 
vious study 4, it was found that a cured epoxy using phenyl 
glycidyl ether was capable of further reaction, through the 
addition of the hydroxyl group across the nitrile. An i.r. 
spectrum of the cured EPON 1001 epoxy (Figure 4) shows 
the presence of peaks at 3400cm -1 and at 2200cm -1. 
Although the former may be due to the presence of, 
among others, hydroxyl groups, the latter is definitely due 
to nitrile groups. Thus, any addition of hydroxyl groups 
across the nitrile is incomplete. This will be further 
considered in a later section. 

In summary, the reaction of dicy with epoxides is more 
complex than previously suspected. It is outlined sche- 
matically in Figure 5. What is clear is that the activation 
energies in equations (2) to (6) have contributions from 
the decomposition reactions, as well as from the cure 
reaction. Thus, the measured activation energy, AE, is 
really some combination of AEreaction and AEcateha]], 
where AEreaetion, that for the cure proper, is expected to 

Wavelength  (l~m) 
2-5 3 4 5 6 7 8 9 IO 12 

0 L "  " ! ~ ! I I t i t I 

\ f 
O'6  tO-81.O I t ~ J  J i 
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Figure 4 An infra-red spectrum of the cured EPON 1001/dicy epoxy 
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A R~.~oction Epoxide* dicy = Dicy dissolves L~ 
DER 332epoxy (T  I and T 3) 

EI:~N IOO1 epoxy ( T I and T 3 ) 

Partial decomposition (T 2 } = 

Figure 5 

Decomposition - Melamine 

Melamine precipitates out " 
DER 332 

EPON IOO1 
=- Melomin¢ soluble (no T 2} = 

Further 
Additional crosslinking(T I, no T s ) -= rcoction 

The cure/decomposition reaction scheme for the general bisphenoI-A epoxide/dicy system 

have a value z, 2 around 13 kcal mo1-1 and AEcstchsU has 
an unknown value varying with the magnitudes of the 
appropriate dissolution, mixing, decomposition and 
precipitation contributions. Doubtless, these same con- 
tributions influence the pre-exponentials, as well. For 
these reasons, a comparison of rate equations may not be 
justified except in very similar cases and, even then, only 
qualitatively. 

Effect of  particle size 
A comparison of equations (2) and (3) indicates that, for 

the DER 332 epoxies, the change from fine to coarse dicy 
reduced the pre-exponential by 10 e sec -z and the activation 
energy by half*. The transition temperatures in Table 1 
indicate a decrease in both T1 and 7'3 with increased 
particle size. 

Dynamic d.s.c., at 20°C/min, indicated a small melting 
transition at 209°C for the DER 332/coarse dicy, after 
isothermal reaction at 170°C. This dicy m.p. is evidence 
of  incomplete reaction. A similar transition was not found 
for the DER 332/fine dicy. That is, partial reaction occur- 
red in the case of the coarse dicy, caused by the inability 
of  the larger particles to react completely. This leads to a 
situation where regions of  more completely reacted 
epoxide exist in a matrix of less completely reacted 
epoxide. This situation is believed to be the cause of  the 
lowering of the transition temperatures in Table 1. 

Equations (2) and (3) indicate that the magnitudes of  
the pre-exponentials and activation energies might be 
used to estimate dicy particle size. The activation energy 
for the fine dicy, ,-, 24 kcal mo1-1, is similar to that found 
for commercial bisphenol-A diglycidyl ether/dicy systems 
of unspecified particle size 7, indicating that finer sized 
particles were used. However, the reason for using them 
does not appear to be because finer material gives a more 
complete cure reaction at a faster rate, but because it gives 
a more stable system at room temperature. This increased 
room temperature stability is mentioned in various 
monographs on epoxies s. 

An example of this stability is seen in the following: in 
the present study, DER 332/fine dicy was found to be 
stable after a week at room temperature, while DER 332/ 
coarse dicy was noticeably pasty after 48 hours. What 
appears to have occurred is reaction at the epoxide/dicy 
interface (i.e., the particle surface). Since reaction at 
relatively few sites is sufficient to immobilize a large 
particle, the material takes on a pasty consistency. On the 
other hand, the larger surface area available with the fine 
dicy leads to more interfacial reaction without a pasty 
consistency. 

* Since AE~ AEreaetion in the coarse dicy case, the various contribu- 
tions of AEcatehall seem to have cancelled each other. 

One might be tempted to use equation (1) to estimate 
room temperature stability. For example, letting n = 1 and 
assuming a gel point when a=0.6,  substitution of  
equations (2) and (3) indicates that, at 23°C, the time to 
gelation for the fine dicy is 4 x 104 hours (4.6 years) and 
that for the coarse dicy is 90 hours. Such an extrapolation 
is, however, invalid since dicy is insoluble at 23°C. 

Effect of  surfactant 
A surfactant lowers surface tensions. It was reasoned in 

the present study that the addition of  surfactant would, by 
lowering the epoxide-dicy interfacial tension, increase the 
dicy solubility at a lower temperature. The minimum 
amount of  surfactant to be added was determined in the 
following way: dynamic d.s.c, traces of the uncured 
DER 332/fine dicy were run at 20°C/min with increasing 
amounts of  Tween 80 added, until the dicy m.p. at 209°C 
was no longer present. This minimum amount was 1.2~o 
(w/w) and caused a diminution in both pre-exponential 
and AE, as seen in equation (5). What is surprising is that, 
as a comparison of  equations (5) and (6) shows, a five- 
fold increase in surfactant concentration caused no 
change in the rate, within experimental error 1. That is, 
beyond a certain minimum amount, additional surfactant 
had little effect on the kinetics. Further, in spite of the 
increased dicy solubility, the system without added surfac- 
tant still had a higher overall rate. This may be due to 
surfactant at the epoxide--dicy interface acting as a barrier 
to the cure reaction. 

Table I indicates that the addition of  surfactant caused 
a reduction in the transition temperatures, particularly in 
7"1. This does not appear to be due to plasticization by the 
surfactant since it is not linear in surfactant concentration. 
The absence of 7"3 in the case of the 6~o surfactant and the 
non-linearity of  the Tz change suggest a change in reaction 
mechanism caused by the addition of the Tween 80, which 
according to company literature, is polyoxyethylene (20) 
sorbitan monooleate. This view, that a change in mechan- 
ism has caused a change in structure, is consistent with the 
experimental data, although a comparison of i.r. spectra 
was inconclusive on this point. The similarity of equations 
(5) and (6) suggests that the rate-determining step occur- 
red early in the reaction; the mechanistic deviation sug- 
gested by the data in Table 1 must, then, have occurred 
later in the course of the reaction. 

Effect of  epoxide molecular weight 
The epoxide molecular weight does not affect AEreaetion 

since it is well known 1, 2 that this term is essentially 
constant for a large variety of epoxides. Rather, it affects 
the dicy decomposition, in that the solubility of the 
melamine formed increased with increasing epoxide 
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molecular weight. In spite of this increased melamine 
solubility, dynamic d.s.c, did not indicate a similarly 
increased dicy solubility. 

A comparison of equations (2) and (4) indicates that 
both the pre-exponential and AE decreased with increas- 
ing molecular weight of the epoxide. Since AEreaetion is 
expected to be the same regardless of epoxide molecular 
weighO, 2, and the same particle size of dicy was used in 
both cases, it seems reasonable to suggest that the decrease 
in AE is due entirely to a decrease in AEeatehan and is 
related to the absence of a heterogeneous layer in the 
EPON 1001 system. 

It has been found 2 that an increase in chain flexibility is 
reflected in decreased transition temperatures and increas- 
ed pre-exponentials. Table 1 indicates, however, that not 
only is T1 increased on going to EPON 1001, 7'3 is absent. 
In addition, the pre-exponential has decreased. Taken 
together, these indicate that the EPON 1001 epoxy differs 
structurally from the DER 332 epoxy. 

One may speculate on the structural difference. As 
indicated in the discussion on the course of the reaction, 
the presence of i.r. peaks at 2200 cm -1 and 3400cm -1 
precludes any large-scale addition of hydroxyl across the 
nitrile. However, a comparison of the i.r. spectra of the 
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DER 332 and EPON 1001 epoxies, in Figure 6, shows the 
presence of many more absorption peaks, in the 1500- 
1650cm -1 range, for the EPON 1001 epoxy than for the 
DER 332 epoxy. Such absorptions are characteristic of 
amides. Amides have previously been found 4 to result 
from rearrangement of the hydroxyl-nitrile addition 
product during epoxy cure. It is unlikely that such an 
addition may have occurred across the nitriles, sufficient 
to stiffen the resulting epoxy, since, although hydroxyl 
groups sterically favourable for reaction are produced in 
both epoxy systems through the opening of the oxirane 
rings, few amide peaks are present in the DER 332 epoxy. 

It is probable that, since the melamine remains soluble 
only in the EPON 1001 case, it or its decomposition pro- 
duct may be involved in reactions which produce amides 
and stiffen the resulting network. Thus, crosslinking in the 
regions responsible for 7"3 has suppressed this transition 
and stiffened the network, raising T1. A similar situation 
has been shown 2 to occur with polyamide hardener, where 
the product of an early stage of the reaction was a reactant 
in a later stage. 

CONCLUSIONS 

The cure of the systems bisphenol-A epoxides/dicy occurs 
with a simultaneous decomposition of the dicy into 
melamine. The melamine is soluble in higher molecular 
weight epoxides and is capable of further decomposition 
into an unidentified material. The melamine is insoluble in 
lower molecular weight epoxides and precipitates out, 
retarding its further degradation. The higher molecular 
weight epoxides are capable of further reaction and the 
resulting epoxy is more rigid than that obtained with 
bisphenol-A diglycidyl ether. 

The addition of surfactant causes an increased dicy 
solubility at lower temperatures. In spite of this, the rates 
are lower than for the system without surfactant. Further, 
the presence of surfactant appears to cause a change in 
reaction mechanism. 
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Electron microscopy studies of fracture 
processes in amorphous thermoplastics* 
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The electron microscopy techniques which can be used to provide definite information 
about fracture processes in amorphous thermoplastics are summarized. A comparison is 
made of the micromorphology of crazes formed in thin films of polystyrene and the micro- 
morphology of the fracture surfaces of bulk specimens. This shows that the fracture be- 
haviour of thin films simulates closely the fracture behaviour of the bulk in craze controlled 
fracture and that the former procedure may therefore be used for high resolution studies of 
fracture processes. A brief description is also given of the precautions that have to be taken 
in the study of electron beam sensitive materials and of the developments in electron optical 
instruments which should result in an improvement in the facilities available for electron 
microscopy studies of polymers. 

INTRODUCTION 

The main aim of this paper is to review the electron micro- 
scopy techniques which can be used to study fracture 
processes in amorphous thermoplastics, and to identify 
the procedures which are most likely to provide definite 
information about the fracture process in these materials. 
A more detailed discussion of the craze controlled frac- 
ture process in polystyrene which is used as the main 
example in this paper will be given elsewhere 1. 

The techniques fall into two main categories: first, those 
associated with the examination of fracture surfaces of 
bulk specimens using scanning electron microscopy and 
also replication combined with conventional transmission 
electron microscopy, and secondly, those associated with 
the transmission electron microscopy of thin polymer 
films or sections which provide information about the 
microstructure of the specimen and of the changes in 
internal structure which occur during the fracture pro- 
cess. Any changes in microstructure which occur during 
the fracture process are likely to be reflected in fracture 
surface morphology and as such the two approaches 
referred to complement one another. The resolution 
attainable with the conventional transmission electron 
microscope is considerably in excess of that attainable 
with the conventional scanning electron microscope so 
that the former should provide more definite micro- 
structural information. On the other hand, the scanning 
electron microscope procedures provide direct informa- 
tion about bulk specimens which is easily and rapidly 
obtained. Working at the best resolutions currently 
attainable they provide sufficient detail to allow a com- 
parison to be made between the microstructure associated 

* Text of a paper presented by M. Bevis at the symposium 'Applica- 
tion of electron microscopy to the study of polymers' on 12 Septem- 
ber 1972 as part of the 5th European Congress on Electron Micro- 
scopy (EMCON 72) held at the University of Manchester. 

with the fracture process in thin films and the micro- 
structure observed on the fracture surfaces of bulk speci- 
mens using optical microscopy techniques. In this paper 
the equivalence of structures observed is demonstrated for 
the case of craze controlled fracture. The experimental 
procedures which can be used to study the fracture pro- 
cess in amorphous thermoplastics are described. An 
outline is given of the potential of high resolution scan- 
ning electron microscopy based on instruments fitted with 
field-emission electron guns and of in situ experiments in 
high voltage transmission electron microscopes and 
conventional scanning electron microscopes. 

There are inherent difficulties associated with electron 
beam damage in the electron microscopy of amorphous 
polymers just as in the case of crystalline polymers. These 
difficulties can be overcome to a limited extent by operat- 
ing the microscope at low intensities and by keeping the 
specimen cold during examination. In order to establish 
the extent to which thin film experiments represent the 
behaviour of the bulk it is desirable to carry out experi- 
ments with materials which are relatively insensitive to the 
electron beam. The models of the microstructure, defor- 
mation and fracture processes which are developed for 
these materials can subsequently be modified for the case 
of the more beam sensitive polymers. This procedure has 
been adopted by the authors and the initial investigations 
were made with a general purpose grade of polystyrene. 
Most of the examples in this paper are taken from the 
results of our investigations with polystyrene, but some 
examples from electron microscopy studies of the more 
beam sensitive poly(methyl methacrylate) and poly- 
carbonate are also included. 

The examination by optical and scanning electron 
microscopy of fracture surfaces of bulk specimens of 
polystyrene 2, a has resulted in the formulation of the 
model for the fracture process summarized in Figures la 
and lb. Figure la is an optical micrograph showing a 
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typical fracture surface, and Figure lb is a schematic 
diagram of the fracture process which is initially craze 
controlled in that the crack nucleates and grows within 
the craze. The hackle region of the fracture surface is 
associated with crack propagation through small crazes 
which form ahead of the advancing crack. This particular 
mode of fracture is quite common in amorphous thermo- 
plastics and results from straining at low temperatures or 
high strain rates, the exact conditions of test and the 
resultant fracture surface morphology varying with the 
polymer or compounding formulation used. Discussion 
will be restricted to this type of fracture process. 

Figure 1 (a) Optical micrograph showing a plan view of the frac- 
ture surface of a bulk polystyrene specimen. Three distinct regions 
of the fracture surface are illustrated. The way in which these 
different areas arise in relation to craze controlled failure is illus- 
trated in (b). The crazed region is shown shaded in this end eleva- 
tion diagram and the direction of crack propagation is from left to 
right 

TRANSMISSION ELECTRON MICROSCOPY OF 
THIN POLYMER FILMS 

In a craze controlled fracture process it is to be expected 
that the microstructure of the polymer will influence the 
micromorphological characteristics of the craze, and 
hence the exact conditions for the nucleation and growth 
of the crack. There should also be some evidence of the 
craze microstructure on the fracture surfaces of bulk 
specimens. In order to understand the fracture process 
fully it is therefore necessary to be able to establish the 
effect of processing conditions, compounding, etc. on the 
morphology of crazes. The most effective way of doing 
this is to investigate the microstructure of crazes by 
transmission electron microscopy. However, it is essential 
that the results obtained be representative of the bulk and 
the best way of establishing this is to examine the rem- 
nants of crazes retained on the fracture surfaces of the 
bulk. It is also desirable to compare the morphology of 
fractures crazes which arise in in situ tensile testing in an 
electron microscope with that formed in the bulk. 

The microstructure of crazes may be examined by 
transmission electron microscopy using the following 
procedures. 

(a) Preparation of thin sections by the ultramicrotomy 
of precrazed bulk specimens 4-6. Included in this category 
is the procedure used by Kambour and co-workers 5, 6 
which consists basically of impregnating crazes with a 
reinforcing agent to reduce damage of the craze during 
microtomy. The procedures of preparing thin sections of 
precrazed material directly or by the use of reinforcing 
agents are difficult and there is also the possibility that 
artefacts may be introduced as a result of their use. 

(b) Preparation of thin sections by the ultramicrotomy 
of bulk specimens. Crazes can subsequently be formed 4 by 
straining the thin sections in a microstraining device. 

(c) Preparation of solvent-cast thin films 7 by solvent 
evaporation. The polymer film is prepared by evaporation 
of the solvent from a clean glass slide or casting onto 
mercury s. Crazes can subsequently be formed by straining 
the thin films in a microstraining device whilst supported 
on an electron microscope grid. Thin films of a uniform 
thickness may be prepared in this way and it is also pos- 
sible to carry out quantitative work on the effects of strain 
rate, total strain, etc. 

(d) Preparation of a solvent cast thin film encapsulating 
an electron microscope grid 7. The specimen can be made 
simply by placing the grid in a drop of the polymer solu- 
tion and allowing the solvent to evaporate. The plastic 
encapsulated grid may then be strained using a micro- 
straining device or even with pairs of tweezers. A complex 
and changing stress system occurs within the film in this 
type of experiment and it is therefore of limited value for 
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quantitative work. However, an indication of the type of 
craze microstructure which can occur is given rapidly and 
easily by the technique 7. 

(e) The preparation oflarge solvent-cast thin films 7, 9,10 
of dimensions of, for example, 30 x 5 mm. These films 
were prepared in a similar way to that described in (c) and 
subsequently strained on a Mylar substrate under well 
controlled conditions of testing with a tensile testing 
machine. Small sections identified by optical microscopy 
can be cut from the large film after removal of the film 
from the substrate by immersion in distilled water. The 
small sections supported by an electron microscope grid 
can then be examined in the electron microscope. 

(f) Preparation of 'thick' thin films of up to several 
microns in thickness by solvent casting. These films may 
then be strained using a microstraining device with a 
supporting grid or in the case of very thick films without 
the use of a supporting grid. This type of specimen is 
particularly suited for high voltage electron microscopy 
and in situ experiments in the electron microscope, includ- 
ing testing in situ in active environments. 

The microstructure of crazes formed in the bulk and 
studies using procedure (a) is similar to the microstructure 
of crazes formed by straining thin microtomed sections of 
bulk material using procedure (b) 4,7. Procedure (b) 
therefore provides a very effective way of studying the 
microstructure of crazes in amorphous plastics. An 
example of the microstructure of a craze produced by 
straining a microtomed section of bulk general purpose 
polystyrene is shown in Figure 2. The crazes formed in a 
plane normal to the major principal stress axis (the tensile 
axis) and exhibited the characteristic craze microstructure 
described previously7; that is, a planar interface between 
the matrix and the craze and fibrils of 250-500 A in 
diameter parallel to the major principal stress axis and 
joined together by minor fibrils. Also present are bands of 
large voids at the centre (midrib) of the craze and at the 
craze-matrix interfaces. 

The viability of technique (b) is dependent on being 
able to produce microtomed thin sections of the polymer. 
This can be a serious difficulty in the case of, for example, 
polycarbonate, where it is necessary to produce solveut 
cast thin films or alternatively to thin the bulk mate~al 

using jet or ion bombardment thinning techniques 14. It is 
possible in both of these situations that the deformation 
behaviour of the thin films will be modified by the pro- 
cedure used for producing the films, particularly in the 
former case where the desirable effects of compounding in 
the bulk can be lost in the solvent casting. The importance 
of method (b) is that the properties of the material which 
are modified by compounding are not lost. Nevertheless, 
if it can be demonstrated that solvent cast films are 
representative of the bulk polymer, particularly in the case 
of simple formulations in compounding, then the uni- 
formity of the films, their large dimensions, and large 
range of controllable thicknesses can be used to great 
advantage. Methods (d) and (e) have been described in 
detail previously 7,10, the latter in particular being useful 
in controlled strain rate and total strain experiments with 
ultra-thin films. In the case of general purpose polystyrene 
the microstructure of crazes formed in thin microtomed 
and solvent cast thin films have been shown to be very 
similar 7. The microstructure and failure of crazes formed 
in 'thick' thin films are expected to be even more repre- 
sentative of the bulk. An example of a craze formed by 
straining a thick thin film is shown in Figure 3. The 
microstructure of the craze in this example is consistent 
with the model for the microstructure of a craze previ- 
ously described by the authors v. The coarse fibres within 
the craze break down into fine fibres with increasing 
thickness of the craze resulting in bands of coarse voids at 
the centre of the craze and at the craze-matrix interfaces. 

The next stages of development in 'thick' thin film ex- 
periments are in situ tensile experiments in the transmission 
electron microscope. Experiments of this type have been 
made 11 and in principle it is possible to follow the nuclea- 
tion, growth and failure of crazes directly in the electron 
microscope. However, as is well known in this type of 
experiment a long time can be taken in detecting and 
following through a single 'event'. This type of experiment 
is, however, very important as it provides direct evidence 
about the fracture process by allowing the validity of the 
proposed mechanisms of failure to be established more 
definitely. This point is illustrated by Figure 4 which is a 
transmission electron micrograph showing the region of a 
craze directly ahead of a crack in a 'thick' thin film. This 
micrograph was not recorded during an in situ experiment 
but during an examination of a prestrained film. The 
micrograph shows the existence of a mackerel type failure 
of the craze which is very similar to the mackerel pattern 
observed on bulk fracture surfaces and illustrated in 
Figure 1. The mackerel pattern in 'thick' thin films is 
formed by dilatation and subsequent failure of fibres at 
the craze-matrix interface alternating between the two 
surfaces of the craze. 

The equivalence of the morphology of the mackerel 
pattern in this example and the mackerel pattern shown in 
Figure 1 indicate that the fracture process in 'thick' thin 
films does simulate the fracture process in the bulk. The 
equivalence of these processes can be further demon- 
strated by the examination of the fracture surfaces using 
high resolution electron optical techniques. 

Figure 2 Transmission electron micrograph of a craze formed by 
straining a microtomed thin section of polystyrene 

HIGH RESOLUTION ELECTRON FRACTOGRAPHY 
OF BULK SPECIMENS 

The best resolution that can be obtained in fractography 
of bulk specimens results from the examination of surface 
replicas with a transmission electron microscopy. 
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Figure 5 is a transmission electron micrograph of a two- 
stage carbon/platinum replica obtained from a poly- 
styrene fracture surface using gelatin as the replicating 
material. The gelatin was softened by immersion in cold 
water before being placed on the fracture surface and 
allowed to dry. The replica was coated at an angle of 60 ° 
and the final C/Pt replicas were floated off in warm dis- 
tilled water. The fibres observed on the replica are com- 
parable in dimensions to the fibres observed within crazes 
formed in thin films. The detail that can be observed using 
replicas is, however, very dependent on the replication 
procedure used. The technique has been used extensively 
in the past 1~, 18 for example, but has now in some areas of 
investigation tended to be superseded by high resolution 
scanning electron microscopy. 

It is now possible with conventional scanning electron 
microscopes to achieve on a regular basis resolutions of 
approximately 100/~. In high-resolution reflection studies 
of polymers it is necessary to use high accelerating 
voltages and this may lead to specimen charging. Charg- 
ing effects can be minimized without decreasing the 
resolution significantly by coating the specimen with a 
conductive film. 

It is widely realised that the optimum conditions for 
scanning electron microscopy, including for example, 
cleanliness of the system, alignment of filament and 
apertures etc. are essential requirements for high resolu- 
tion microscopy. 

The micrographs described below were obtained under 
these conditions of operation and from polystyrene frac- 
ture surfaces which had been coated on a planetary stage 
using gold/palladium. Figure 6 is a scanning electron 

Figure 6 High-resolution scanning electron micrograph from the 
mirror region of a polystyrene fracture surface showing the 
existence of fractured fibrils of dimensions comparable with that 
observed in thin film experiments and replicas. The specimen was 
coated with gold/palladium and examined at 30 kV accelerating 
voltage with an aperture of 100/~m diameter and optimum operat- 
ing conditions 

Figure 5 A transmission electron micrograph of a two-stage 
carbon-platinum replica showing the existence of a fibrillar 
structure in the mirror region of a polystyrene fracture surface 

Figure 7 Scanning electron micrograph ofthe side of a 'mackerel' 
band showing details of the micromorphology of the craze which 
correlate well with the micromorphology observed in thin film 
studies. In particular the existence of a 'midrib'(X-X) and a coarse 
fibrillar structure(Y-Y) at the craze-matrix interface should be noted 

micrograph from a polystyrene fracture surface and was 
obtained from an area similar to that indicated by X in 
Figure 1. The fibres illustrated in the micrograph are 
consistent with the dimensions of fibres observed in 
crazes formed in thin films. An examination of the sides of 
the mackerel bands on the fracture surface by scanning 
electron microscopy shows conclusively the existence of a 
change in morphology through the thickness of the craze. 
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This is illustrated by Figure 7 which shows the central 
row of voids at the centre of the craze and rows of voids at 
the craze-matrix interfaces. 

APPLICATIONS OF THIN FILM ELECTRON 
MICROSCOPY 

A comparison of the transmission electron micrographs 
of crazes formed in thin films and the scanning electron 
micrographs from polystyrene fracture surfaces shows 
that the micromorphology of crazes and the fracture 
processes associated with crazes in the two cases are very 
similar. It is therefore possible in principle to study the 
effect of the following variables on the micromorphology 
of crazes and the associated fracture processes by the 
transmission electron microscopy of ultra-microtomed 
thin sections of bulk specimens or solvent cast thin films: 
(i) heat treatments; (ii) strain rate; (iii) total strain; (iv) 
temperature; (v) environment; (vi) degree of crosslinking; 
(vii) compounding formulation; (viii) molecular 
orientation. 

The thin film procedures are being used by Bevis, Hull 
et aL at Liverpool University to study the effect of the 
variables listed on the deformation and fracture processes 
in a wide range of amorphous thermoplastics. The tech- 
niques have quite general applicability and if great care is 
taken with experimental technique they also apply to 
beam sensitive materials. The time taken for marked 
degradation of amorphous polymers to occur in the 
electron microscope can be increased by maintaining the 
specimen at low temperatures during examination, and by 
operating at low beam intensities. 

Figure 8 is a transmission electron micrograph of a 
craze formed in a solvent cast film of poly(methyl 
methacrylate). It is quite clear from that micrograph, 

Figure 9 Transmission electron micrograph showing the fibrillar 
structure observed within a craze formed in polycarbonate by 
straining in air after annealing at 110°C for three days (Low, A. and 
Bevis, M. work in progress) 

which was recorded for a specimen maintained at 77K 
that the micromorphology of the craze in this case is 
similar to that of the polystyrene craze shown in Figure 2. 

Figure 9 is a transmission electron micrograph showing 
the 100 A fibril microstructure of a craze formed in a thin 
film of polycarbonate which had been annealed at 110°C 
for three days prior to straining. A comparable extent of 
crazing in films which had not undergone heat treatment 
could only be developed by deforming in an active 
environment such as ethanol. 

The techniques described above can also apply equally 
well to two phase materials. This is particularly so in the 
case of ABS systems 11 where the rubber phase can be 
comparable in dimensions to the thickness of 'thick' thin 
films. 

Figure 8 Composite transmission electron micrograph showing 
the variation in micromorphology with craze width in a craze 
formed in a solvent cast thin film of poly(methyl methacrylate). 
The micromorphology in this case is very similar to that observed 
in polystyrene under certain conditions 

CONCLUDING REMARKS 

The main theme of this paper has been to demonstrate the 
ways in which electron microscopy can contribute in a 
definite way to the understanding of fracture and related 
processes in amorphous thermoplastics. The continued 
development of electron optical equipment should, 
however, lead to significant advances in the techniques 
available for the study of fracture problems in polymers. 

High voltage transmission electron microscopes allow 
much thicker films to be examined. The use of very thick 
films allows in situ testing to be carried out in a controlled 
way without need for the Mylar substrate technique. 
More important, however, is that the space available in 
the specimen area in the high voltage electron microscopes 
is sufficient to allow in situ straining experiments to be 
carried out in active environments. 

The development of scanning systems for conventional 
scanning electron microscopes operating at TV scanning 
rates and of versatile straining stages is also significant. 
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High resolution studies of  in situ fracture experiments 
with bulk specimens are possible in principle, but gener- 
ally difficult because of  specimen charging effects. The 
technique is, however, a practical proposition with thick 
films and has considerable potential. It  is possible to 
observe without significant charging effects when 
operating in reflection or transmission modes the existence 
of  voids within crazes in thick films. Figure 10 is a scanning 
electron micrograph of a craze formed in a thick thin film 
and shows enhanced contrast at the midrib of  the craze 
and at voids. In situ scanning electron microscope experi- 
ments and the use of TV scanning rates would therefore 
allow the nucleation and growth of  cracks within crazes to 
be studied. This provides in some respects a more straight- 
forward alternative to high voltage transmission electron 

microscopy, although the resolution attainable and the 
ease of deforming in active environments do not compare 
favourably with the latter. 

Probably the most important contribution that could 
be made to the development of the fractography of  
plastics would be an improvement in the resolution 
capability of scanning electron microscopes operating in 
the reflection mode. Fibre diameters within crazes 
described in this paper range from 30 A to 500 A illustrat- 
ing the importance of attaining resolutions better than 
100 A. Resolutions of better than 100 A would also be of 
great value in the study of crystalline polymers in relation 
to fractography studies and also to the identification of, 
for example, microstructural detail associated with 
processing which can be observed on etched sections of 
bulk specimens. The development of  the high brightness 
field-emission electron guns for use in reflection scanning 
electron optical equipment should result in some improve- 
ment in resolution. More sophisticated instruments of this 
type also have great potential for transmission studies of 
polymers, and would allow thicker films to be examined 
for a given accelerating voltage and in some cases would 
give improved contrast and possibly improved degrada- 
tion characteristics. These qualities are also of consider- 
able importance in the study of crystalline polymers. 
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Figure 10 Reflection scanning electron micrograph showing a 
craze formed by straining a 'thick' thin film. The existence of 
secondary fracture features, the 'midrib' and voids can be dis- 
tinguished. The specimens were not coated and this result indi- 
cates that in situ straining experiments for studying craze- 
controlled fracture processes are practicable with scanning 
electron microscopes equipped with TV scanning and in situ 
straining facilities. Experiments of this type are of value only in 
cases where the specimen material is not sensitive to electron 
beam damage, as for example, in the case of polystyrene 
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Some observations on the fracture of 
poly(ethylene terephthalate) film 

R. J. Ferguson and J. G. Williams 
Polymer Engineering Group, Department of Mechanical Engineering, Imperial College of 
Science and Technology, Exhibition Road, London SW7 2BX, UK 
(Received 12 September 1972) 

Recent work on the applications of linear elastic fracture mechanics to the problem of 
ductile tearing and fracture of poly(ethylene terephthalate) film is reviewed. It is shown 
that, even for a brittle plastic, there can be no direct correlation between the amount of 
slow crack growth and stress intensity factor. The Dugdale model, combined with a con- 
stant crack opening displacement criterion, is then used to correlate both initiation and 
final fracture results for poly(ethylene terephthalate) film extended in the extrusion direc- 
tion. Also, the model is able to justify the use of linear elastic fracture mechanics for a 
limited range of crack initiation results. 

INTRODUCTION 

In a recent paper 1. Vincent described some experiments 
in which he had studied the slow growth of cracks in 
poly(ethylene terephthalate) film (PET). He had chosen 
PET as a representative ductile thermoplastic to investi- 
gate the usefulness of linear elastic fracture mechanics 
in describing the failure of  this class of  material. 

In essence, Vincent's conclusion was that linear 
fracture mechanics could not correlate his test results 
and therefore cannot be applied to ductile plastics in 
general. In the main, this is certainly true, and indeed, 
Vincent shows clearly that a single value of  stress 
intensity factor (Kc) does not characterize the onset of 
slow growth in PET film; there is a clear dependence on 
crack length. 

Although ductile fracture strictly exceeds the explana- 
tory capacity of simple linear fracture mechanics theory, 
several useful comments on this topic can still be made. 
In the present paper the authors attempt to do this, and 
to show that some of  the PET results can be correlated 
by using the Dugdale model to account for the effects of 
plasticity at the crack tip. 

EXPERIMENTAL TECHNIQUE AND RESULTS 

Vincent's experiments 1 involved the loading of single 
edge notch 25 Fm thick film specimens of  various crack 
lengths at 5mm/min until a prescribed load, different 
for each specimen, was reached. The specimens were 
then unloaded, and the amount of  slow crack growth 
was measured. This technique was probably adopted to 
remove the difficulty involved in directly measuring 
tiny amounts of crack growth as a function of  load. 
Although this is acceptable for Vincent's tests, it would 
not be a good general method because further slow 
growth, or even catastrophic failure, could occur if 

* This work was an extension and, in part, a summary of two more 
extensive reports2, a. 

unloading were to begin when instability was imminent. 
The results of  Vincent's measurements are shown in 

Figures 1 and 2 where the amount of slow growth 
(Aa) is plotted against the net section stress (~lv), and 
the stress intensity factor (Ke) respectively. 

From these Figures, it is clear that slow cracking does 
not initiate at a particular Kc, but there seems to be a 
threshold value of o~r below which cracking will not 
occur. It must be pointed out, however, that if the 
data of  Figure 1 are examined critically, then it becomes 
obvious that extrapolation to 40MN/m 2 cannot be 
defended without additional evidence. 
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Figure 1 Slow crack growth in poly(ethylene terephthalate) film 
as a function of net section stress for various initial notch depths2: 
O, 4.34-4.83mm; x, 1.,.~-1-87mm; El, 0.3£~0-39mm 

POLYMER, 1973, Vol 14, March 103 



Fracture of poly(ethylene terephthalate) film: R. J. Ferguson 

160 

120 

E 
-t 

8 0  

.-~ 
8 
g 

~ 4 o  

O 

/ 
o 

, ?  , , 
3 5 7 9 

Stress intensity factor (MN/m 3/2) 

Figure 2 Slow crack  g r o w t h  in poly(ethylene terephthalate) film 
as a function of stress intensity factor 1. For legend see Figure 1 
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Figure3 Slow crack growth in PMMA as a function of net sec t ion  
s t ress .  (Data supplied by MarshallL) 

Since Vincent treats these measurements as a test 
of  fracture mechanics, it is appropriate to review what 
would happen if similar experiments were done using 
poly(methyl methacrylate) (PMMA), the archetypal 
brittle plastic. 

The initiation of slow cracking in PMMA occurs at a 
constant Kc for each strain rate 4. For  a tension test 
of  a single edge notch specimen of  brittle plastic, it 
can be shown that the amount of slow growth obtained 
depends on both the initial and final values of  Kc, and 
on the initial crack length. In these circumstances there 
can be no simple relation between Kc and Aa which is 
independent of a itself. 

A similar argument applies to the Aa versus aN plot. 
Since cracking initiates at a constant K~, it cannot do 
so at a constant o~v and again no simple relation exists. 
To illustrate these points, some data supplied by MarshalP 
are shown plotted in Figure 3. The data are from tension 
tests of single edge notch specimens of  PMMA pulled 
at an extension rate of 0.5mm/min. The same degree 
of  scatter is obtained if the Aa versus Kc correlation is 
investigated. 

and J. G. Williams 

Since crack growth measurements for a brittle plastic 
such as PMMA cannot be successfully correlated using 
either Kc or oN, it seems unlikely that it could be done 
for a ductile plastic such as PET. 

The only way in which the Kc value and the behaviour 
of  the moving crack could be related is by plotting the 
results as Ke versus crack speed. It has been shown that 
this is entirely valid for brittle plastics such as PMMA 4 
and polystyrene 6. The approach is not, however, a 
worthy possibility for PET since there is an experi- 
mentally proved dependence of Kc for crack initiation 
on crack length z. Accordingly, a different Kc versus d 
curve would be generated for each a / W  ratio tested. 
The curves themselves would have little significance 
since they would owe their existence and shape to the 
act of multiplying two monotonically increasing quanti- 
fies, namely, a 1/2 and the applied stress. 

THE DUGDALE MODEL 

The Dugdale model 7 provides the first stage of refine- 
ment to linear fracture mechanics and can often be 
used for problems of  semi-ductile fracture. Here it will 
serve to show that the Kc-crack length dependence is 
an inevitable result of  ductility and that when it is 
combined with a constant crack opening displacement 
(COD) criterion, the model can correlate crack initiation 
and final fracture data for PET. 

The simple Dugdale model envisages the growth of a 
line plastic zone from the tip of  a crack in which the 
stress is equal to the yield stress of the material. The 
length of  this zone can be calculated as can the COD s 
which must necessarily take place at the crack tip. 
Closed-form solutions for both these parameters exist 
for the case of  a centre crack in an infinite plate, but 
more realistic geometries require the numerical solutions 
which are available in a recent paper by Hayes and 
Williams% Their result for the single edge notch specimen 
forms Figure 4. The abscissa of  the graph is COD (8) 
non-dimensionalized by the factor: 

erE 
4o v W (for plane stress only) 

where E=Young ' s  modulus, or=yie ld  stress, and 
W= plate width. 

0.8 A ~ -  ""..ClW:O.¢5 
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Figure 4 Crack opening displacement in the Dugdale model 
for the single edge notch specimen. (After Hayes et alP) A, 
a/W=0.1 ; B, a/W=0-2; C, a/W=0.3; D, a/W=0.4; E, a/W=0.5 
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If  it is assumed that slow cracking begins at a constant 
COD, irrespective of crack length--a reasonable and a 
common assumption--then it is possible to calculate 
Kc for a material having ~r u = 100 MN/m 2 (approximately 
that for PET) for a range of 3* values. The results are 
displayed in Figure 5 and show that there is a significant 
dependence of  Ke on crack length. This dependence 
becomes more pronounced as 3* increases since this 
implies increased ductility. For  low values of  3* the 
dependence is reduced so that for PMMA (3"~0.003) 
the constant COD and Kc criteria are satisfied simul- 
taneously. The falling off of  the curves at high values 
of  a/W is attributable to interaction between the single 
edge notch finite plate correction factor 10, and that 
inherent in the finite element results of  Hayes and 
Williams (Figure 4). 

CONSTANT COD AS A FRACTURE CRITERION 
FOR PET 

The postulate that 3 is a constant for crack initiation 
cannot be tested for the data of Vincent's paper 1 because 
not enough information is given. Figure 5 in the first 
of his two earlier reports 2 does, however, provide data 
for PET film which can be used for this purpose. In 
using these results it must be noted that the specimens 
were extended in the extrusion direction while those 
described in the most recent work 1 were extended in the 
transverse direction. 

The fit obtained by assuming a 3* of 0.03 is shown in 
Figure 6 along with the relationship between stress 
and crack length which would be predicted by a constant 
Kc criterion. [The constant Ke is calculated from the 
values: a = 1 0 m m  and ~=28MN/mZ.]  The two criteria 
agree reasonably well down to an a/W ratio of  0-05. 
Below this the plasticity effects are of paramount impor- 
tance since the plastic zone size becomes so large com- 
pared to the crack length, that linear elastic fracture 
mechanics can no longer apply and therefore the two 
results must diverge. For  example, with 3*=0.03, 
Hayes's finite plate version of  the Dugdale model a 
predicts that the plastic zone length is approximately 
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Figure 5 Dependence of Kc on a/W for a Dugdale material with 
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Figure 6 Comparison af theoretical curves and experimental 
results for crack initiation: A, Kc=canstant; B, 3*=0.03 

equal to a/5 when a/W=O.125, but that it rises to over 
6a/5 when a~ W= 0.025. 

There are two advantages to viewing crack initiation 
in PET in this way. First, the range of a/W ratios for 
which fracture data can be correlated is increased since 
the Dugdale model specifically accounts for the rela- 
tively large amount of  crack tip plasticity which occurs 
for short cracks. Second, the model provides a theoretical 
justification for using a constant Kc criterion over a 
limited a/W range. This second advantage may be the 
principle one because Ke can be determined more 
easily than 3 since it is unnecessary to know the value 
of either E or %. For initiation, for example, 3* =0.03 
corresponds to a=57f fm if ~u=100MN/m 2 and 
E = 6000 MN/m 2. 

Since Vincent found that Kc was even less able to 
deal with final fracture data 2 than initiation data, it is 
interesting to attempt the correlation using the Dugdale 
model. As can be seen from Figure 7, it is possible to 
fit a curve to a significant portion of the data-- the 
a/W range covered is twice that in Figure 6--using a 
3* of  0.7 which corresponds to 3= 189/~m. Also shown 
on the graph is the curve obtained when Ke is constant 
(calculated from the values a = 6 mm and c~= 20 MN/mZ). 
Once again constant 3* and constant Kc give the same 
result until plasticity effects cause the two theoretical 
curves to diverge. Unfortunately the two criteria are 
united only in their inability to correlate the data beyond 
a/W~0.25. The difference between theory and experi- 
ment is opposite to the one which might be due to 
work hardening effects. It may, however, be attributable 
to the discrepancy between the boundary conditions 
of the analysis, and the actual boundary conditions--one 
which will grow with increasing a/W. In particular, 
the analysis allows the specimen ends to rotate, but in 
the experiments the ends were clamped. 

Finally, it will be noted that the results of  Figure 7 
have been plotted using the initial crack length and the 
maximum tensile stress attained in the test. In reality 
this combination does not exist because of  the large 
amount of slow growth which takes place 2. If the actual 
crack length is used, however, it is found that the Dugdale 
model can no longer correlate the results if the stress 
in the plastic zone is presumed equal to the yield stress 
of  the material. This is a difficulty experienced with 
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Figure 7 Comparison of theoretical curves and experimental 
results for final fracture: A, Kc=constant; B, a*=0-7 

other tough plastics 11, and can only be removed by 
measuring the actual zone length and then by using the 
Dugdale model twice: first to calculate the stress in the 
plastic zone, and then again to determine the COD.  

When this process is complete, a more realistic model 
of  the physical situation is available. Use of  initial 
crack lengths can still be defended, however, since a 
reasonable estimate of  C O D  can be made and because 
the failure stress of  a cracked sheet can be predicted to 
a good degree of accuracy zl. 

CONCLUSIONS 

(1) Linear elastic fracture mechanics does not suggest 
that attempts to correlate the amount  of  slow crack 
growth with either o~v or Kc will be successful for even 
a brittle plastic such as PMMA. 
(2) By using the Dugdale model, it can be shown that 
a dependence exists between Kc and crack length for 
moderate to large values of  non-dimensional COD.  
(3) The constant C O D  criterion can correlate both 
initiation and final fracture data for PET film extended 
in the extrusion direction. Also, for crack initiation, it 
can be shown that Kc is an appropriate criterion for a 
restricted range of crack length to width ratios. 
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Effects of poor solvents on radical-radical 
termination of polymerization 
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Department of Chemistry, University of Aberdeen, Aberdeen AB9 2UE, UK 
(Received 28 September 1972) 

It is shown that in poor solvents for the polymer the rate coefficient for radical-radical 
termination in the polymerization of styrene and methyl methacrylate is diminished com- 
pared with that in bulk monomer. It is suggested that this effect is due to the formation 
of tightly coiled macroradicals which hinder the radical-radical reaction process. 

INTRODUCTION 

The rate of radical-radical termination in polymeri- 
zation of several monomers is sensitive to diluting liquids 
dissolved in the polymerizing monomer. The nature of 
this influence is dependent to a large extent upon 
how effective the diluent is as a solvent for the polymer. 
At one extreme, diluents which are thermodynamically 
good solvents for the polymer exert their influence on 
termination through their effect on the viscosity of the 
reaction medium. This has been known for some time 
for acrylate esters and has been found more recently 
to apply also to styrene 1, 2. The termination of poly- 
merization of these monomers is a diffusion-controlled 
process and the rate coefficient for termination, kt, is 
inversely proportional to the viscosity of the medium; 
hence, very viscous diluents retard termination because 
they slow down the viscosity-dependent segmental 
rearrangement which brings the radical chain ends into 
a position where they can react. At the other extreme, 
diluents, regardless of their viscosity, which are very 
poor solvents and which bring about immediate pre- 
cipitation of the polymer as it forms create a hetero- 
geneous reaction system in which at least some of the 
active polymeric radicals are co-precipitated with 
inactive polymer 3. These occluded radicals continue to 
propagate but termination in the solid or gelatinous 
precipitate is severely hindered. When this occurs the 
reaction rate and molecular weight of the polymer are 
abnormally high. 

These two extreme situations are reasonably well 
understood but very little is known about the effects 
on radical-radical termination of reaction media with 
solvent powers in an intermediate range, i.e. poor 
solvents, but not sufficiently poor to bring about pre- 
cipitation. Under such conditions the polymer molecules 
and active radicals remain in solution but adopt a 
tightly coiled configuration as opposed to the expanded 
coil configuration in good solvents. Therefore, the 
purpose of the present investigation was to ascertain if 
the macroradical configuration has a significant effect 
on kt, or if the proportionality between kt and medium 
fluidity is retained even in poorly solvating media. 

For this purpose the thermal (at 60°C)and photo- 

chemical (at 25°C) polymerizations of styrene and 
methyl methacrylate (MMA) were studied using methanol 
and various hydrocarbons to alter the solvent powers 
of the bulk monomers. At 60°C only the ratio k~/kt 
was derived but at 25°C the ratio k~/kt was also obtained 
using the rotating sector technique, and hence individual 
values of kp and kt; kp is the rate coefficient for propa- 
gation. 

EXPERIMENTAL 

Polymerization 
Solvents, monomers and initiators were purified by 

standard techniques as described in earlier papers 2, 4 
Polymerization rates were measured in vacuum-sealed 

dilatometers, the percentage conversion being cal- 
culated from the relation 5: 

conversion = ~ contraction x Vsp, m/(Vsp, m-- Vsp, p) 
where Vsp, m and Vsp, m are the specific volumes of 
monomer and polymer respectively under the particular 
conditions of polymerization. Vsp, p for poly(methyl 
methacrylate) (PMMA) in various media was deter- 
mined as described below. 

The rate of polymerization was varied by changing 
the initiator concentration, or incident light intensity in 
photo-initiated polymerizations. Azobisisobutyronitrile 
(AZBN) was used for thermal initiation of MMA 
and photo-initiation of styrene, and azobiscyclohexane 
carbonitrile (AZCN) for photo-initiation of MMA. 
None of the solvents absorbed the photo-initiating light 
(3650A) significantly and within experimental error 
the rates of polymerization, Rp, were always propor- 
tional to the square root of the initiator concentration 
or incident light intensity. 

For molecular weight measurements the conversion 
was restricted to 2-4 ~ .  Polymer samples were isolated 
and purified by precipitation in methanol cooled with 
solid CO2. 

Polymer specific volumes 
The value of Vsp, p of PMMA in monomer and of 

Vsp, m of MMA were available in the literature 5. Vso, p 
for PMMA in the other reaction media were calculated 
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Table 1 Monomer and polymer specific volumes in various media 

Polymer or Reaction medium Temperature Vsp 
monomer (parts by vol.) (°C) (ml/g) 

MMA Bulk monomer 25 1.0695 
MMA Bulk monomer 60 1.115 
Styrene Bulk monomer 95 1-111 
PMMA Bulk monomer 25 0.8228 
PMMA MMA : toluene 25 0.809+0.002 

(50 : 50) 60 0.820+0.002 
PMMA MMA : toluene : MeOH 25 0.804+0.003 

(50 : 15 : 35) 60 0.809+0-001 
PMMA MMA : MeOH 25 0.791 +0-003 

(50 : 50) 60 0.808+0.003 
PMMA MMA : n-octane : n-nonane 25 0.796+0.030 

(75 : 5 : 20) 
Polystyrene Bulk monomer 95 0.9302 

Reference 

5 
5 
6 
5 

This work 
This work 
This work 
This work 
This work 
This work 
This work 

7 

from pyknometer measurements of the densities of 
solutions of known weight composition. The values 
are shown in Table 1. The variations of Vsp, p in different 
media are small and no appreciable error in poly- 
merization rates would have resulted if these had been 
neglected. 

For the single experiment with styrene the literature 
values 6, 7 of Vsp, m and Vsp, p were used uncorrected 
for changes in media, since the variation is in this case 
even less than with PMMA. 

Determination of polymer molecular weights, k~/kt and 
k~/kt 

In all cases limiting viscosities were derived from 
measurements in toluene at 30°C using a suspended-level 
dilution viscometer. For styrene polymerization at 25°C 
in which termination is exclusively by combination of 
macroradicals, and when transfer reactions are negligible, 
it has been shown previously 2 that the relation between 
[~7] and R~ is: 

ktR~ 21+= 1 1/= 
[,/]-1/== 2M0k~[M] 2" KF(3+~)] (1) 

in which M 0 is the monomer molecular weight, K and 
the Mark-Houwink constants and F( ) the gamma 

function. In this work K and ~ were 11.0 x 10 -5 and 
0.725 respectively s and the ratio k~,/kt was obtained 
from the slope of the linear plot of [7/]-1/= vs. Ra/[M ]2. 
This line passed within experimental error through the 
origin confirming the absence of significant transfer. 

For MMA polymerization termination by both 
combination and disproportionation occurs, and in 
methanol and the octane/nonane mixture there is 
evidence of transfer to solvent. Under these conditions 
the number average degree of polymerization f is given 
by: 

f_x,_.kl [S] { kt Rp 2 + y  
kp [M] kg'[M]2"2(l+y) (2) 

where kl is the rate coefficient for transfer to solvent 
and y the ratio ktc/kta, ktc and kta are the rate coeffi- 
cients for termination by combination and dispropor- 
tionation respectively, and ke --- kte + kta. The rate of 
termination here is defined as kt[P'] 2, where [P'] is 
the macroradical concentration. In the experiments on 
MMA equation (2) was employed; f was plotted against 
R~/[M ]3 and the slope yielded k~/kt, y being taken as 
0.47 and 0.174 at 25 ° and 60°C respectively 9. Some 
typical plots are shown in Figure 1. f was calculated 
from [v] using the relation: 

M=K(Mof) = [y(1 +o~/2)+ 1 +Z]  x 
J 

[ y + Z + 2 Z  ]= 
2(y + i +-Z)] r(2+~) (3) 

K and ~ were 7.0 x 10 -5 and 0.71 respectively 10. Z is 
given by: 

[s] 
- I Rd  kl ~ (4) 

where R~ is the rate of initiation. In systems where 
transfer to solvent was evident f was calculated as 
follows. First an approximate set of values of f was 
obtained by assuming Z=0.  Applying equation (2), 
these values were then used to calculate the unknown 
parameters in the right hand side of equation (4) to 
give an approximate value of Z. With this value of Z 
a fresh set of values of f was then derived and this 
process was repeated until constant values of f and Z 
were obtained. In practice, the corrected values of f 
were always only marginally different from those ob- 
tained assuming Z=0.  In other words, in all these 
polymerizations transfer reactions had a very small 
effect on the molecular weight distribution of the 
polymer. 

The ratio k~/kt at 25°C was obtained by employing 
the rotating sector technique. For the MMA poly- 
merizations AZCN was the photo-initiator so that no 
dark rate correction was necessary. For the styrene 

3"0 I 2 

4 

I '0 

I I I 

o 2 4 6 8 I0 12 
Pp / IM] 2x IOn( I rnol-'s -I ) 

Figure 1 Reciprocal of degree of polymerization ~ versus 
Rp/[M] 2. 1 and 2, thermal initiation at 60°C, n on abcissa scale 6; 
3 and 4, photo-initiation at 25°C, n on abcissa scale, 7. V ,  
M M A  • toluene (50 : 50); r-I, M M A  : toluene : MeOH (50 : 15 : 35); 
O,  bulk monomer; A,  M M A  : MeOH (50 : 50) 
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Table 2 Rate coefficients for the radical polymerization of styrene and MMA in various media 

Reaction medium Temperature k~/ktx 103 kpx 10 -2 ktx 10 -7 ($2):/2x 105 
(parts by vol.) (°C) (I mol-Z s -a) kp/ktx 106 (I mol-Z s - : )  (I mol-a s -1) (mm) 

MMA-toluene 60 15-3 - -  - -  - -  4.1 
(50 : 5o)  

MMA-toluene-MeOH 60 20.7 - -  ~ - -  3.9 
(50 :15 :35 )  

Bulk MMA 25 3"50 9'08 3-9_+0.4 4.2_+0.4 4.1 
MMA-MeOH 25 5"92 14.35 4 .1+0.4 2-9-+0.3 3.6 

(50 : 50) 
M M A/n-octan e/n-n onane 25 6' 29 15" 50 4.1 _+ 0" 4 2.6 + 0- 3 3" 3 

(75 : 5 : 20) 

Bulk styrenea 25 6 .6x  10 -2 1.88 0.35+0.07 1.9_+ 0.4 3.66 
Styrene-dodecane 25 6 .6x  10 -2 2.69 0-25_+0'03 0.9_+0.15 3.16 

(60 : 40) 

a From ref. 2. 

polymerizations AZBN was employed and a dark rate 
correction, as described by Matheson et al. 7, was applied. 
Radical lifetimes at four or five different flash times 
were found and the mean value used to calculate 
kv/kt. 

R E S U L T S  A N D  D I S C U S S I O N  

The results of  these kinetic measurements are sum- 
marized in Table 2. It  should be noted that for each 
set of  experiments with M M A  the reaction media have 
been chosen to give contrasting solvent powers for the 
polymer but almost identical bulk viscosities. Thus, 
7/Mr~A=To: : ~/MM~-Tol-~eOr: is 1"070 at 60°C, and 
"r]MMA : "qMMA-MeOI-I : "~MMA-octane-nonane is 

1.000 : 0.953 : 0.972 

at 25°C. Therefore, comparisons can be made within 
these sets of data without having to consider the effects 
of  different medium viscosities. For  the styrene poly- 
merizations the medium viscosities are more divergent--  
"qstyrene : "qstyrene-dodecane is 0"902 at 25°C, and com- 
parison of the rate coefficients is a little more com- 
plicated. An estimate of  the solvent powers of  the 
various media is given by the root-mean-square end-to- 
end separations (S 2)1/2 in the last column of Table 2. 
These were calculated from the relation: 

[V]"/~f  = (I~(~"~2) 3/2 

[7] was measured at 30°C in each solvent system, and 
for the samples of  P M M A  and polystyrene M was 
3.75×105 and 1.26×105 respectively. The universal 
Flory constant • was 2-1 × 1021. As methanol or ali- 
phatic hydrocarbons are added to the polymerizing 
medium the solvent power diminishes as evidenced by 
the decrease in (S 2)1/2. 

For the thermally initiated polymerization of M M A  
at 60°C a decrease in solvent power is accompanied by 
an increase in the ratio k~/kt. This increase could be 
caused by a decrease in kt, an increase in kv, or both. 
However, if we assume that the only solvent effect is 
that of  viscosity on diffusion-controlled termination, 
then kt can be calculated as previously 4 from its known 
value in bulk monomer,  and hence kv. The values of  kv 
obtained in this manner  are 6.18 × 102 and 7.42× 102 
1 tool -1 s -1 in toluene and toluene/methanol respectively. 
On the basis of  previous results 4 this variation seems 
improbably large, and suggests that a contribution to the 

increase in k~/kt in the poorer solvent must come from a 
decrease in kt. 

The sector experiments with MMA at 25°C support 
this view. As the solvating power of  the medium de- 
creases there is a marked increase in kv/kt and again 
in k~/kt. The resulting values of  kt show a decrease, 
well outside experimental error, as the solvating power 
of  the medium is decreased. Furthermore, this decrease 
runs counter to the change that would be anticipated if 
only the viscosity affected kt since the bulk viscosity 
of  the bulk monomer  is marginally higher than that of  
the other two media. I t  is also noteworthy that this 
change in solvent power from M M A  to the MMA/n-  
octane/n-nonane mixture is close to the maximum 
achievable because the latter is very near to a theta 
system for the polymer. In all three media kv appears 
unaffected within experimental error. 

The results from the styrene polymerization again 
show a decrease in kt as the solvent power of the medium 
is decreased. However, in this case the poor solvent is 
somewhat more viscous than pure monomer. I t  has 
been shown 2 that for styrene kt~l/~Tmix, and on this 
basis alone kt for the styrene-dodecane mixture would 
be expected to be 1.7×1071mol-1s-1. The observed 
value is still below this figure. Rather surprisingly, kv 
also appears to decrease in the dodecane mixture. 

The results quoted in Table 2 show clearly that the 
medium viscosity is not the only controlling agent on 
the rate of  termination in free radical polymerization. 
The configuration of the polymer chain is also an 
important factor, and when the chain is tightly coiled, 
due to low macroradical-solvent interaction, termina- 
tion is hindered. A parallel effect has been noted in 
some polycondensation reactions. Thus, the rate coeffi- 
cient and the activation energy for polycondensation 
of  2,2-di(p-hydroxyphenyl) propane and its bis-chloro- 
formate in solution were found to be strongly dependent 
upon the effectiveness of  the solvent used and hence 
on the degree of macromolecule coiling::. These effects 
were explained on the basis that the diffusion constant 
of  the reactive end of the macromolecule inside the 
coil is a function of the segment density in the coil. 
Although the rate coefficient in the polycondensation 
reaction is several orders of  magnitude less than kt the 
solvent effects and likely causes are essentially the same 
in each system. 

The effects of  chain coiling on polymer reactions are 
not restricted to reactions of  end-groups. Schnabel and 
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G6rlich 12 have recently found that the bimolecular rate 
coefficient kR for side-group macroradicals generated in 
aqueous solution is dependent upon the coil dimensions. 
These dimensions in polymers, such as poly(vinyl 
alcohol), were altered by incorporating varying amounts 
of ionizable units, such as acrylic acid, in the polymer. 
In this case intramolecular coulombic repulsion causes 
coil expansion with a concomitant increase in kn for 
R . + R . .  

These investigations indicate that in the interpretation 
of kinetic studies of polymer-polymer reactions the 
solvent power of the reaction medium must be taken 
into account. 
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An investigation of molecular orientation in 
oriented poly(ethylene terephthalate) films 
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Department of Physics, University of Leeds, Leeds L$2 9JT, UK 
(Received 2 October 1972) 

Attempts to obtain a quantitative description of molecular orientation in one-way drawn 
poly(ethylene terephthalate) films are described using a combination of nuclear magnetic 
resonance (n.m.r.), optical and X-ray diffraction measurements. Complete theoretical 
developments are presented for the anisotropy of the n.m.r, second moment and for the 
optical anisotropy. The n.m.r, method shows severe limitations, primarily due to its inability 
to deal with the preferred orientation situation and to a lesser extent to the complications 
due to the presence of gauche conformations of the glycol residue. It has been shown, 
however, that the optical anisotropy is consistent with a simple scheme for the develop- 
ment of orientation during drawing. In this scheme a molecular chain axis undergoes the 
directional change of a line in the macroscopic body lying in the same direction, and 
preferred orientation is introduced by a simple mathematical approximation, which appears 
to hold well at high draw ratios. 

INTRODUCTION 

In two recent publications, broad-line nuclear magnetic 
resonance (n.m.r.) studies of two very dissimilar polymers, 
low density polyethylene 1 and poly(methyl methacrylate) 2, 
are described. In both cases the anisotropy of the n.m.r. 
second moment was used to obtain orientation distribu- 
tion functions, based on the assumption that the partially 
oriented polymer can be regarded as an aggregate of 
anisotropic units of  structure. The n.m.r, orientation 
functions were first shown to correlate well with the 
observed optical anisotropy, and then used to predict the 
mechanical anisotropy on the aggregate model, with very 
satisfactory results. 

The present paper describes a similar investigation on 
one-way drawn poly(ethylene terephthalate) (PET) sheets. 
There are a number of reasons why this is of particular 
interest. In the first instance, these PET sheets are of  
comparatively low crystallinity, and it is known that the 
non-crystalline regions can achieve considerable orienta- 
tion in this polymer a. The n.m.r, anisotropy will therefore 
arise from the orientation of both the crystalline and the 
non-crystalline regions, and we cannot neglect the orien- 
tation of the latter as was found adequate in low density 
polyethylene 1. Secondly, these one-way drawn sheets are 
known to possess orthorhombic symmetry. This has been 
shown by X-ray diffraction measurements in our own 
previous work 4, and even more extensively by other 
workers ~, 6. There is considerable interest in extending the 
n.m.r, techniques developed for specimens of  transverse 
isotropy to specimens of orthorhombic symmetry, and we 
will see that this exposes the limitations of  the n.m.r. 
method. 

Finally, these sheets have been extensively studied with 
regard to their yield behaviour and the formation of 

* On leave from Toray Industries, Inc., Basic Research Laboratories, 
Tebiro, Kamakura, 248 Japan. 

deformation bands 4, 7-9. In the latter work, the optical 
anisotropy of the initial sheets and of the material in the 
deformation band was found to relate directly to the 
deformation which had occurred from the original iso- 
tropic extruded state. Moreover, the refractive indices 
could be predicted in terms of the deformation using a 
simple deformation scheme 9. In this deformation scheme 
the polymer is again regarded as an aggregate of aniso- 
tropic units of structure, where preferred axes rotate with 
deformation as would lines marked on the body of the 
material. We have called this the pseudo-affine deforma- 
tion scheme and in this paper its relevance to the measured 
n.m.r, anisotropy, the optical anisotropy and the X-ray 
diffraction data will be examined in detail. 

There are a number of previous publications on broad 
line n.m.r, in PET. The earliest of these were primarily 
concerned with the temperature dependence of the n.m.r. 
spectrum in isotropic polymer 1°, 11. There have, however, 
also been some studies of oriented PET 12,13, and 
Slonim14, is has made a preliminary analysis of the n.m.r. 
anisotropy in terms of the molecular orientation which 
leaves the situation largely unresolved. 

In addition to these experimental investigations, Roe 16 
has recently reported an extension of our previous treat- 
ment for transversely isotropic specimens to the case 
where both the distribution and the structural unit 
possess orthorhombic symmetry. We will show that 
although Roe's treatment is very elegant, and is useful to 
the present studies in some respects, it has severe limita- 
tions in its practical application. 

THEORY OF THE ANISOTROPY OF THE SECOND 
MOMENT OF THE N.M.R. ABSORPTION CURVE 

General theory 
We wish to develop a general theory for the n.m.r. 

second moment anisotropy which is not restricted to 
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Figure I The specification of the orientation of the axes of a 
structural unit {uvw}  with respect to the reference frame {xyz.} 
The Euler angles (¢, 0, ~b) represent successive rotations about the 
z axis, t h e y '  axis and z ~ (w) axis 

systems showing transverse isotropy. Following the pro- 
cedure of the previous papers we will take as our starting 
point the assumption that the partially oriented polymer can 
be regarded as an aggregate of anisotropic units of struc- 
ture. At this stage we do not wish to be precise in struc- 
tural terms regarding the composition of the units of 
structure. We will, in fact, propose and examine models 
where the unit of structure is taken to be of different 
composition. 

We set up a system of orthogonal reference axes {xyz } 
fixed in the PET sheet with the xz plane in the plane of the 
sheet and the z axis parallel to the draw direction. We also 
set up a system of orthogonal references axes {uvw } fixed 
within the structural unit. The orientation {uvw} of the 
structural unit with respect to the reference frame {xyz} is 
then specified by means of the Eulerian angles 4, 0, 
(Figure 1). The angles ¢ and 0 define the orientation of the 
unique direction w in the structural unit and $ specifies 
the rotation of the unit around this unique direction. 

The orientation distribution function of all the struc- 
tural units in the sample is represented by p(0, 4, $), where: 

f~=f~=f:p(O,4,$)sinOdOd4d$=l (1) 

The Van Vleck formula 17 for the second-moment of the 
n.m.r, resonance absorption of a single magnetic species 
may be written: 

(AH 2> = G ~ r ~ 6 ( 3  cos2/3j~ - 1) 2 (2) 

j > k  

where G = 3/2[I(I+ 1)g 2tz~], I is the nuclear spin number, 
g the nuclear g factor, tz,, the nuclear magneton, N the 
number of magnetic nuclei over which the sum is taken, 
rjk the length of the vector joining nuclei j and k, and flj 
the angle between the vector rjk and the direction of the 
externally applied magnetic field H. This formula may be 
expressed in terms of the second order Legendre poly- 
nomial: 

G 6 2 <AH2> = 4 / ~ r ~  [P2(cosfl~)] (3) 
j > k  

and [P2(cos/3jD]z can be written as a linear sum of 
Legendre polynomials as follows: 

[P2(cosflJk)] 2= X a, Pt(cosfljk) (4) 
/=0 ,2 ,4  

where a0= 1/5, a~=2/7, and a4= 18/35. We let the polar 
and azimuthal angles of H and rjk be (8, 4,) and (0jk, 41~) 
respectively, with reference to the axes {uvw } fixed in the 
structural unit. Application of the Legendre addition 
theorem is leads to: 

+ l  

Pt(cosfljk)= S * 0 4zr rtk( J~,¢J~)rzm(8,¢,)2~ q (5) 
m =  --l 

To avoid complexity of the equations, and in order to 
allow the theory to be developed more clearly, the complex 
form of spherical harmonics is used. The application of 
real functions used in calculations is treated in the 
Appendixes. 

To calculate the dependence of the second-moment on 
the direction of the magnetic field H in the sample, we 
define y and 47 as the polar and azimuthal angles respec- 
tively of the field H with respect to the main reference 
system {xyz} set up in the sample. Ylm(8,4~) and 
Ytra(~,4r) are related through a transformation matrix 
involving 4, 0, ¢lS: 

t 

z 0 Ytm(8,¢~)= X Din'm(4, ,¢)Ytm'(Y, 4y) (6) 
m' = --1 

By substitution of equations (4), (5) and (6) into equation 
(3) we obtain: 

l l 

(AH2>=4G E [ 4 7 r a t ~ m ~ {  

/=0 ,2 ,4  m =  --l "=  --t 

r;m(Olz¢ , 41k)DZm,~n(4, O, ~b) Vtm'(~', 4e)} 

l l 
=4G E [ 4~a' ~ ~2~-1] E ~ StmDlm'm(4'O'+)Ytm'("4") 

/ = 0,2,4 m = - - l  m ' = - - l  
(7) 

where 

NE ¢vD 
J>k 

(8) 
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The lattice sum Stm is a more generalized lattice sum than 
in the case of transverse isotropy 1, and there are now in 
general 15 independent lattice sums instead of only 3. 
However, when the structural unit has symmetry pro- 
perties, not all of them are mutually independent. For 
example, a structural unit of orthorhombic symmetry 
(which we shall consider later) has Sire = Sl~ when m is 
even and Stm=O when m is odd, leaving only 6 indepen- 
dent lattice sums. Multiplying both sides of equation (7) 
by p(O, ¢, ¢) and integrating over the whole solid angle 
range of 0, q~, ¢, we obtain for the second-moment mea- 
surable in the experiment: 

(AHm)av=aG ~ ~2l+l][4rraZ]x 
/ = 0 , 2 , 4  

l l 

~ Slm(Dtm,m(~,O,~))Yzm'(y,q~r) (9) 

m=-l  m'=-I 

where 

t 0 (Dra'm(q ~, , ¢ ) )=  

o, ¢)sinOdOdCd  (10) 

Equation (9) expresses the measurable second-moment of 
the bulk specimen as a linear combination of 15 indepen- 
dent spherical harmonics Ytm(7, ¢~). 

l 

(AHZ)av=Z Z BtmYtm(y,¢z,) (11) 
l r n = - l  

From experimental measurements of (AHm)av as a function 
of 7 and ¢~, the coefficients Btm can be determined. It is 
shown later that not all of the spherical harmonics are 
necessary when the distribution function and the structural 
unit have symmetry properties. It can be seen from equa- 
tions (9) and (11) that the Btm are related to Stm', 
D t ( , , , , , (¢,0,~b)) and p(0,~,¢) through the following 

expression: 
l 

4 / 47rat ] 
, , , . .= J (12) 

m ' = - - I  

where (D,,,,,(¢, 0, ¢)) is defined in equation (10). 
We now relate the experimentally determined B~m to the 

distribution function p(0,q~,¢). For this purpose we 
expand p(O, (~, ¢) linearly in a series of basis functions. For 
this we use generalized spherical harmonics Dtm,~,(¢, 0, ¢)18. 

L L L* 
p(0,¢,~b)= ~ Z Z pLMNDMN(¢, O, ¢) (13) 

L=OM=--LN=--L 

L* " where DMN lS the complex conjugate of D~t~v and pLMN is 
a coefficient of the expansion. Substituting equation (13) 
into equation (12) and using the orthogonality relations of 
D, we obtain the following: 

co L L 1 

Bzm=4G(2~] ~ pLMNX 
L = O  M = - L  N = - - L  ra'=-I 

8~rz 8 
( 2 ~ ) S L l 3 M m  Nm'Slm" 

l 
[ arras ~( 8~ "2 

=4G~2~j\21+l] ~ Slm'Ptmm" (14) 
m'=--I 

Molecular orientation in PET: M. Kashiwagi et al. 

These relations are equivalent to those derived previously 
by Roe 16,19. Equation (14) represents the complete n.m.r. 
analysis of the distribution function p(0, ¢, ¢). The macro- 
scopic symmetry of the distribution function puts a con- 
straint on the possible values of m, whereas the structural 
unit symmetry constrains m'. For example, in the case of 
the orthorhombic symmetry of both p(0,¢,¢) and the 
lattice sums we have: 

Plmm,=O for m odd; Slm'=O for m' odd 

pl~m,=plmm'5~O for m even; St~'=Szm'#O for m' even 

In all cases l is positive and evenlL Also for fixed values 
of l and m there are, in general (2l + 1) unknowns mmm'. In 
principle, therefore, we cannot determine the distribution 
function p(O, ¢, ~b) up to l=  4 completely, using the n.m.r. 
method, unless we make some simplifying assumptions 
with regard to the distribution in 0, ¢, or ~b (e.g. random 
distribution in ¢). The physical meaning is that since we 
measure the second-moments through only two parameters, 
say 0 and ¢, we cannot get any information about the 
distribution in 4'. In this respect our conclusions differ 
from those of Roe 1~. 

Application of the theory to systems of particular symmetry 
Let us now consider three special cases relevant to this 

particular investigation. 

Case (i). Transverse isotropy (m=O)--Transversely 
isotropic structural unit (In'= 0). To express this case we 
make both ¢ and ~b random, and equations (13), (14) and 
(11) become: 

co 

0 - 0 4rr 1/2 p( )--~plooYto( ) (2-~  ) (15) 

I=O 
[ 4~rat ~ / 8~r2 \ 

B,o=4G[2~} (16) 

( AHm)av = Y, Bt0 Yt 0(7) (17) 
l 

The distribution function coefficients can now be uniquely 
determined up to I=4  by using equations (16) and (17). 
This is achieved by decomposing the measured second- 
moment variation with respect to the angle in accordance 
with equation (17), thus determining the expansion 
coefficients Bt0. 

Case (if). Orthorhombic symmetry (m only positive and 
even)--(ii)a. Transversely isotropie structural unit (m' =0). 
In this case we obtain: 

0(0'6)= ~2l+1] pzmoY~m(O,¢) (18) 
l = 0  m=--I 

Blm=4G[2~J~2~-~3"toptmo (19) 

( AHZ)av = ZZBtm Ytra(7, ~v) (20) 
l ra  

The coefficients ptmo can also be uniquely determined up 
to l = 4  by using equations (19) and (20). 

(ff)b. Orthorhombic structural unit (in' positive and even). 
Earlier it was pointed out that the n.m.r, method could 
not be applied to determine directly the dependence of the 
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orientation distribution on the angle ~. However, we 
wish to present an examination of the effect of  making the 
simplifying assumption that ~b=0. Expressed mathe- 
matically: 

p'(o, 4,) = a(¢- o)p(o, 4,, ¢) 

where p'(0, 4,) is now independent of ~b. We feel that this 
assumption has particular relevance to the situation in 
highly drawn PET films and will be discussed fully later. 

In Appendix A an expression (equation A12) for the 
second-moment ( A H  2) corresponding to equation (7) is 
derived in terms of real functions. By developing the 
theory using equation (A12) and carrying out the averag- 
ing as in equations (9) and (10) the following expression 
for (AH2>av corresponding to equation (11) is obtained: 

(AH2)av = Boo ]Zoo + B20 Y200 s, 4,~,) + B~2 Y2e2(7 ,, 4,~,) + 

S4o r4o(r, 4,0 + ~2 Yg2(r, 4,0 + 

where: 

B~4 Y4e4(r, 4, 9 ( 2 1 )  

Boo = ( 4aaoX 4~r)a l2 Soopoo 

14rr\3/2 r/5\1/2 / 1 , , "2°=(4aa2)(3) 
14~r\312 r , 

3~7~o~2P22j 

7 e , 

e 2 , . 2 , 1 , . 

14~ \312rI 9 \112,.,  e . /24\1/2 e 'e ":2:(4Ga,)tV ) 
/ 8 \  1/2 f [  2"~1/2 54 [24\1/2/_e \ ,,-I 

14~r\312rl 9 \ i i2 
n h = ( 4 a a 0 t ~  ) [ [ ~ ) S h < c o s 4 4 > +  

$40 /8\1/2 e / 2 \ 1 / 2  e \ ,-I 
3 S~2+ ~ $44 P44 t) t#  ) J (22) 

Appendix B illustrates the derivation of B~2. 
Equations (22) represent case (ii)b with ~b = 0 approxi- 

mation. Six independent lattice sums (S00, $20, S~2, $40, 
S~2, S]4 ) now characterize the orthorhombic structural 
unit. It is not possible, however, to solve equations (22) 
for all of the distribution function coefficients p[m. Only 
limited information on the axial distribution of  the struc- 
tural units, in the form of P~o and P]0, can be obtained 

uniquely. It can be shown that if p'(O, 4,) is represented by 
the first 6 terms in its linear expansion only, then equation 
(22) can be solved uniquely for all the 6 independent 
coefficients Bzm. The validity of this assumption rests on 
whether the molecular distribution can be approximately 
described by the truncated series. Theoretical work has 
shown that this is only true in the low draw ratio region 
and therefore cannot be applied to highly drawn PET 
films. We must therefore look to other methods to provide 
us with information regarding the ~b variable distribution. 

By reducing the structural unit to transverse isotropy 
e __ e __ e l__  (S~2 - $42-  $44-  0) equations (22) correspond to the real 

counterpart of  equation (19) of  case (ii)a [p'(0,4,)= 
p(O, 4,)]. Similarly by reducing the overall sample sym- 
metry to transverse isotropy (P~2 = P]2 = P]4 = 0) we obtain 
the real counterpart of equation (16) of case (i) 
[p'(0, 4,) = p(0)]. 

Identification of structural units for different model 
calculations 

In our calculations above we have proposed three dif- 
ferent models, with two types of structural unit: (i) trans- 
versely isotropic unit, (ii) orthorhombic unit. The trans- 
versely isotropic unit will be considered to be a small 
aggregate of crystalline and amorphous regions. Within 
the structural unit we set up a reference frame {u, v, w } and 
all the molecular chains in both the crystalline and amor- 
phous regions are assumed to be fully extended with their 
chain axes (the crystallographic c-axis for those in the 
crystalline regions) parallel to w, but with no preferred 
orientation about w. 

In the high draw ratio region of one-way drawn PET 
films X-ray diffraction data (Figure 2) show that the 100 
crystalline planes have a preferred orientation tendency to 
lie in the plane of the film 5. We propose to approximately 
describe this tendency by the introduction of an ortho- 
rhombic unit and the ~b = 0 approximation of case (ii)b as 
follows. 

Let the orthorhombic unit of structure consist of fully 
extended molecular chains in the amorphous regions 
parallel to w but with no preferred orientation about w, 
together with crystalline regions whose c axes are, as 
before, parallel to w but now with all the 100 planes lying 
parallel to the {uw } plane. Such an arrangement produces 
a unit of orthorhombic symmetry. In the high draw ratio 
region, where both 0 and 4, describing the orientation of  
the unit w axis tend to be small, the {uw } plane, by defini- 
tion of the Euler angles, already lies in or nearly in the 
plane of  the film. This prescribes a degree of 100 plane 
preferred orientation without the need to introduce a ~b 
variation. 

The two phase crystalline/amorphous nature of  the 
units is represented quantitatively by assuming a mass 
f rac t ionf  of  crystalline material. The overall lattice sums 
S~,, are then given by: 

S~m=feSfm +(1 -f)aS~, n (23) 

where eS~,, are the lattice sums of the crystalline regions 
calculated on the basis of  the crystal unit cell 2° and aS~,,, 
are the lattice sums of  the amorphous regions calculated 
on the assumption that these are equal to the intra- 
molecular lattice sums of the crystalline regions, all inter- 
molecular interactions being assumed to be isotropic. 
This latter assumption is identical to that adopted in 
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calculating the lattice sums for poly(methyl methacrylate) 
which is wholly amorphous. 

THEORY OF OPTICAL ANISOTROPY FOR 
POLY(ETHYLENE TEREPHTHALATE) FILMS 

We wish to apply our ideas regarding the molecular distri- 
butions within one-way drawn PET film to the prediction 
of the resultant optical anisotropy. For this we require the 
following intermediate theory which relates certain dis- 
tribution function coefficients to the principal refractive 
indices of the sample. Let us consider the orientation of a 
structural unit, so defined by its coordinate frame (u, v, w) 
with respect to the main reference system (x ,y , z ) .  This 
orientation can be described by the three Euler angles and 
the transformation of the rotated frame (u, v, w) is: 

cos0 cos¢ cos¢] [ - cos0 cos¢ sin~b] (sin0 cos¢) 
- sine sine ] k -  sin¢ cos¢) ] 

cosO sin¢ cos~b [ -cosO sin¢ sine] (sinO sin¢) 
+ cos4, sin¢ ] ~ + cos¢ cos~b) ] 

( -  sinO cos¢) (sinO sine) (cos 0) 

a l l  a12 a13 

= a21 a22 a23 

as1 a32 a33 

(24) 

If  we now define the principal polarizabilities of the unit 
along u, v, w as Pu, Pv, Pw and the resultant polariza- 
bilities as seen along x, y, z as Px, Pu, Pz then it can be 
shown that: 

P x = all 2pu + a122 pv + alz2Pw 

P y = a212 Pu + a222 pv + a232 pw (25) 

Pz = a312Pu + a322Pv + a332Pw 

For an orthorhombic unit of principal polarizabilities 
Pu, Pv, Pw we make the approximation that ¢ = 0  [case 
(ii)b], then equations (25) reduce to: 

Px = cos 20 cosZePu + sin26Pv + sin 20 cosg'6Pw 

Pu = cos20 sine¢P~z + cos2¢Pv + sin~O sin2¢Pw 

P z = sinZOPu + cos2OPw (26) 

If  the unit is to possess only transverse isotropy we must 
randomize the ~b variable of equation (25). This gives: 

Px = (sinCe + cos20 c o s e ¢ ) ( ~ ) +  sin20 cos2¢ Pw 

Pu = (cosUc, b + cos20 sinS4,)(P~u ~Pv--- ) + sin20 sin2¢Pw 

p . 2 . [ P u + P v \  
, =sm v ~ 2 - - )  + c°sZ0Pw (27) 
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where (Pu +Pv)/2 is the effective transverse polarizability 
PT. For a sample of overall transverse isotropy we average 
over ~ as well as ~b and obtain: 

Px = (½ + ½ cos 2 O) PT + sin 2 0 7  

2 Pw Pu=(½+½cos20)Pz+sin 0~-. 

Pz = sin20 PT + cos~O Pw (28) 

Polarizability values 
We assume that Pu, Pv, Pw are given by: 

Pu,v, w=fCPu,v, w+(1 - f )apu,v ,  w (29) 

where f is the mass fraction of the crystalline regions, 
cPu, v, w are the polarizabilities along the u, v, w, axes due 
to the crystalline regions and aPu,v, w the corresponding 
values in the amorphous regions. The intrinsic polariza- 
bility of a PET monomer is defined in terms of P1, P2 and 
Pa; where Pa is the polarizability along the chain axis, P2 
the polarizability at right angles to Pz but in the plane of 
the terephthalate residue and P1 the polarizability at right 
angles to both Pz and Pa. It is possible from known optical 
data on isotropic and drawn fibres of PET (measured at 
551 nm) where molecular orientation was assumed to be 
that predicted from birefringence measurements, to 
obtain consistent values for P3 and (el+P2)/2, the chain 
axis and average transverse polarizability of the PET 
monomer respectively. We assume that the intrinsic 
polarizability of the monomer is dominated by the nature 
of the intramolecular interactions and so we can say, 
in terms of the previous nomenclature that: 

Pa = ePw = apw= 2. 30 × 10-23 cm a 

(P1 2P~)  = P T = P u = P v  = 1.70x 10-z3 cm 3 

Independent experimental determination of P1 and P2 was 
not possible but predictions based on the summation of 
known bond polarizabilities 21 yield the following values: 
P1 = 1.18 × 10-2Scm~; P2 =2.18 x 10-23cm3; Pa=2.20 × 
10-Z3cm a (determined for sodium D line). These 
values have a 2-3 ~ overall error due to inaccuracies 
not only in the individual bond polarizabilities used but 
also in the structure representation. We therefore adjust 
Pa to be consistent with the experimentally determined 
value of 2-30 x 10 -2a cm z but make no alteration in P1 and 
P2. We will show later that the importance of these values 
lies not in their precision numerically, but in their charac- 
terization of the qualitative shape of the intrinsic polariza- 
bility anisotropy of the PET monomer. 

Since the plane of the terephthalate residue makes about 
20 ° to the 100 plane, cPu,v are calculated as follows: 

ePu =P2 cosZ20 ° +P1 sin220 ° = 2.06 x 10 -za cm z 

ePv =P2 sin220° +P1 cos220 ° = 1.30 x 10 -2a cm 8 

Assuming that the polarizabilities of each unit make an 
independent contribution to the polarizability of the 
aggregate, then the mean polarizabilities per unit volume, 
of the PET sample, will be given by: 
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~ r  
( P x )  = ~ { ( s i n  z 0 cos2~)(Pw-Pu) + 

(cos24 ,)(P=-P,)+Pd 

< Pu> = ~-{<sin 20 sin24'>(Pw-P=) + 

<cos24>(Pv-P,J + Pu) 

< Pz> = ~-(<cos 20>(Pw - Pu) = V=} (30) 

where p is the density of the material, N is Avogadro's 
number, M is the molecular weight of one monomer unit 
of PET and (cos20), for example is expressed as follows in 
terms of the case (ii)b approximation: 

(c°s20) = J0 J0 J0 p(0, ~b, ~b) cos20 sin0 d0 d~ d~b 

l '2~, 1TM , . . . .  f2/4~r\z/2 ~/sin0d0d~ 
/ 

2/4~r'~ 1/2 , 1 

Similarly: 

. . . . . .  2/3¢r\Z/~ 'e I[4~r~z/~ , 1 
Sln~u COS~9) = ~t ~- ) O2z--3t-~) P2O+~ 

(cos24) cannot be determined by the n.m.r, method. 
The procedure is identical for case (ii)a with v(0, 4) re- 
placing p'(0,9~). However, this case is independent of 
(cos29~) because P==Pv for the structural unit. The 
principal refractive indices are then related to the mean 
polarizabilities (to a good approximation) by the Lorentz- 
Lorenz equation: 

n~ (8/3)Tr(Px)+ 1 
~ = i ~ )  (31) 

When nx is the principal refractive index of the specimen 
in the x direction. 

EXPERIMENTAL 

Sample preparation 
The oriented PET films were similar to those used in 

previous investigations of their deformation band 
behaviour v-° and were also supplied by Imperial Chemi- 
cal Industries Limited, Plastics Division. The films were 
prepared by drawing at constant width to a series o f  
nominal draw ratios. Measurements were also made on a 
transversely isotropic sample produced by cold drawing a 
rod of square cross-section to its natural draw ratio 
which was measured and found to be 3.25 : 1. Details of 
the films are given in Table 1. 

N.m.r. apparatus and second-moment determination 
A low level marginal oscillator, based on the Robinson 

circuit22, 23 was used throughout these experiments. To 

Table 1 PET sheets used in n.m.r, measurements 

Draw ratio (sheets) Density Mean thickness (cm) 

2 : 1 1-349 0.047 
2.5 : 1 1-354 0"042 
5 : 1 1.372 0-026 

Table 2 Coefficients of the second-moment expansion BIm/al 

Sample 

Transversely 
BIm 2 : 1 2"5 : 1 5 : 1 isotropic 
a~- Film Film Film rod 

Boo 
aT +182.3 +182.8 +181.2 +196.48 

B~o 
- -  --3"57 --4"76 --7"65 --8"48 a2 
Be22 
- -  --0'85 --2"08 --4"31 0"08 
as 

B40 
a~- +1.55 +2.81 +6.61 +4.29 

~e42 
+0"19 +0"09 +2"21 O'00 

a4 
Be44 

--0"04 +0 '10 +1 "15 O'O0 
a4 

ensure a rigid lattice the sample was cooled to -196°C. 
The oscillator frequency was 25 MHz for proton reso- 
nance and the modulation frequency 20 Hz. 

To obtain a good signal/noise ratio, necessary in the 
accurate determination of the second-moment, a large 
modulation amplitude (+  3.2 G peak to peak) was used 
together with a Time Averaging Computer. After apply- 
ing the Andrew correction 24 the estimated accuracy of the 
second-moment determination was + 0.3 G 2. 

Measurement of  the second-moment anisotropy 

We define the orientation of the film with respect to the 
main coordinate frame {x,y,z} as in the theoretical 
section. For a given sample, specimens were cut such that 
measurements could be made in the {x, z }, {x, y}, and { y, z } 
planes. Orientation with respect to the magnetic field was 
achieved by means of a large goniometer placed directly 
above the probe containing the specimens. The second 
moment was measured with the applied magnetic field 
making angles between - 2 0  ° and + 110° with a particular 
coordinate x,y, z axis, at 10 ° intervals, for each specimen. 
This enabled the orthorhombic symmetry property of the 
second-moment variations to be used, to fix the 0 ° and 90 ° 
orientations to within + 1 °. Preliminary experiments 
showed that signal saturation occurred at comparatively 
low radiofrequency levels. Since it was not known how 
signal saturation was affected by draw ratio or orientation 
in the magnetic field, saturation curves were plotted for 
each sample at orientations of approximately 0 °, 45 ° and 
90 ° before second-moment measurements were carried 
out. The signal levels used in obtaining second-moments 
were then chosen to be well below saturation levels. The 
coefficients of the least squares fit to the experimental 
second-moment data are listed in Table 2. 

Refractive index measurements 
Refractive index measurements were made using im- 

mersion liquids and an image splitting interference micro- 
scope. The samples used were those on which the n.m.r. 
measurements had been made as well as a further 4:1 
drawn sample. I t  was found that there existed a spread in 
the principal refractive indices for a given draw ratio. By 
measuring several specimens the errors in the mean values 
were reduced to less than +_ 0.005. All measurements were 
made at 551 nm. 
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X-ray diffraction measurements 
Wide-angle X-ray diffraction patterns were obtained 

from the actual n.m.r, samples of  the three orthorhombic 
films. Photographs taken for the X-ray beam along three 
symmetry axes of the film are shown in Figure 2. For the 
film with a draw ratio of 5 : 1 the distinct differences in 
the patterns for the two X-ray beam directions (x, y) nor- 
mal to the draw direction (z) indicate the presence of a 
preferred orientation as earlier reported for similar films 
by Heffelfinger and Burton 5. The presence of  a strong 
equatorial reflection by the 100 plane for the X-ray beam 
in the plane of the film (x direction) but its absence for the 
beam perpendicular to the film (y direction) indicates that 

Molecular orientation in PET: M. Kashiwagi et aL 

many more crystalline units are oriented with their 100 
planes close to the plane of the film than normal to it. 
This view is reinforced by the well defined pattern due to 
reflections from the 010 and 0T1 planes when the X-ray 
beam is normal to the film. 

RESULTS A N D  DISCUSSION 

Discussion of n.m.r, and optical results 
The second-moment data for the films of draw ratio 

2.5 : 1 and 5 : 1 are shown in Figures 3 and 4 respectively. 
Data for the 2 : 1 film are not shown, but orthorhombic 
symmetry was observed in all 3 cases. 

Figure 2 Wide angle X-ray dif fract ion patterns for  one-way drawn PET films. The draw ratios are marked at the top of each column and 
the axes along which the X-ray beam was directed at the side of each row. The x, y and z axes are as in Figures 3 and 4. For the X-ray 
beam in the x and y direct ions the z axis was vertical; for  the X-ray beam along the z direct ion the x axis was vertical 
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Figure 3 N.m.r. absorption second moment, ((AH~)av), PET f i lm: 
draw ratio 2.5:1. ~, Experimental p o i n t s ; - - ,  least squares fit 
of experimental points to equation (20) f o r / = 0 ,  2, 4; m=0,  2, 4. 
Total r.m.s, deviation 0.11G 2 

Table 3 Lattice sums--trans conformation based on ref. 20 

Intra Inter Total 

S0o + 0 . 0 0 3 0 2 7  + 0" 001211 + 0-  004238 
$2o - 0.002057 - 0.002210 - 0" 002267 
8e22 - -  0" 003141 i 0" 000464 - 0" 003605 
$4o + 0- 003151 - 0" 000393 + 0" 002758 
se4~ + 0" 003100 - 0" 000815 + 0" 009285 
se44 + 0" 003676 - 0" 001229 + 0 '  003654 

To take into account the assumption that the intermolecular 
interactions in the amorphous phase are isotropic, the isotropic 
lattice sum So0 was adjusted, as in ref. 2, to a value consistent 
with the measured isotropic second moment of 10.3G ~. This 
required changes of only a few ~/o in S0o 

Application o f  case (ii)a. This case allows a complete 
analysis of  the second-moment data and determination of  
the refractive index anisotropy. Mathematically it repre- 
sents the concept of  only chain-axis orientation occurring 
under deformation, the structural unit being of  intrinsic 
transverse isotropy. The three lattice sum values, S00, $20, 
$40, needed to define the unit n.m.r, response are listed in 
Table 3. They were based on the crystal structure determi- 
nation of Daubeny et aL 2°, the proton positions being 
calculated on the basis of known bond angles and lengths. 
The predicted refractive indices for the 2 : 1 and 2.5 : 1 
drawn films are shown in Figure 5, together with the over- 
all experimental optical anisotropy. Results for the 5 : 1 
drawn sample are not shown since some of  the angular 
functions derived from application of  the theory to that 
sample produced physically unrealistic values. Although 
this does not happen for the low draw ratio samples, 
deviation between theory and experiment is still large. 
This was an unexpected result for the following reasons. 

(1). The low draw ratio samples show a low degree of 
crystallinity ( f =  0.13 at 2 : 1 draw ratio). Any complica- 
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Figure4 N.m.r. absorption second-moment, (<~,H~>av), PET 
film : draw ratio 5:1. ]~, Experimental points; - - ,  least squares fit to 
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Figure 5 Comparison of the measured refractive indices for PET 
fi lm with values calculated from the orientation functions deter- 
mined from n.m.r, assuming transversely isotropic structural 
units. I ,  Experimental points; 0 ,  predicted values 
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tions due to preferred orientation of the crystalline regions 
must therefore make a small contribution to the refractive 
index calculations. In fact, the X-ray diffraction photo- 
graphs of  the 2 : 1 and 2.5 : 1 draw ratio sheets show 
negligible preferred orientation of the 100 plane. 

(2). Preferred orientation of  the amorphous regions is 
also highly unlikely in this range of draw ratios. As can be 
seen from Figure 3, the n.m.r, anisotropy is close to show- 
ing transversely isotropic symmetry at low draw ratios 
( ( x - y }  anisotropy for the 2 : 1 draw ratio sample is 
0.5 G2). We would therefore expect the resultant aniso- 
tropy to be predominantly due to main-chain orientation, 
and the assumption of  a transversely isotropic structural 
unit to be valid in this range. 

(3). The basic assumptions used at low draw ratios have 
been found to be adequate in predicting the refractive 
indices for the low draw ratio sheets in previous investiga- 
tions, where the deformation band behaviour was used to 
predict effective deformation ratios 9. 

It was suspected at this stage that the reason for the 
discrepancies might lie in the incorrect estimates of the 
lattice sums. There are two reasons for suspecting this. 
First, the lattice sums are based on the crystal structure 
proposed on the basis of  X-ray diffraction data, which 
cannot be very precise concerning the positions of the 
protons, and secondly, it has been assumed that the con- 
formation of the molecule in the amorphous regions is 
identical to its conformation in the crystalline regions. 
The infra-red spectrum of amorphous PET is, however, 
consistent with the view that the glycol residue can also 
take up the gauche conformation rather than the trans 
which is the preferred conformation in the crystalline 
regions 25-2v. Although little work has been done deter- 
mining the gauche fraction in oriented PET films, the 
results of  Schmidt and Gay 2s indicate a value of approxi- 
mately 0.25 for one-way drawn film of  density 1.35 gcm -3. 

It would be expected that lattice sums calculated on the 
basis of a gauche conformation would differ significantly 
in all but the isotropic lattice sums So, since such a con- 
formation alters the methylene group orientation with 
respect to the chain axis, which is the dominant factor in 
determining the value of the anisotropic lattice sums Sz0, 
8 4 0 .  

In order to check our calculated values of  the lattice 
sums, measurements were undertaken on an oriented 
sample produced by cold drawing a rod of  square cross- 
section. This sample was transversely isotropic, and had 
two advantages. First, the theory for transversely isotropic 
specimens is very much simpler, and has been applied 
successfully to other polymers. Secondly, previous work 
suggests that in the cold drawing of  PET the molecular 
orientation closely follows the pseudo-affine deformation 
scheme ~9. This means that there should be consistency, 
first, between the measured birefringence and the 
measured natural draw ratio, and secondly between the 
observed n.m.r, anisotropy and that predicted on the basis 
of the theory and the measured natural draw ratio. Direct 
refractive index measurements were therefore undertaken 
to determine the birefringence An of  the specimen and it 
was found that An = 0.136. Using the relation: 

An = Anmax(1 - 3/2(sin~0)) 

with Anmax = 0"23, it follows that (sin~0) = 0.27. This value 
of  (sin ~0) is consistent with the pseudo-affine deformation 
model for a draw ratio of  3, compared with the measured 
natural draw ratio of  3.25 for this sample. We can, how- 
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Figure 6 N.m.r. absorption second-moment,((AH=>av), variation 
in transversely isotropic drawn PET rod; draw ratio 3.25:1. 
~, Experimental points; least fit to for squares equation (20) ! 

/=0,  2, 4; m=0.  - - - ,  predicted variation from lattice sums and 
pseudo-affine deformation for draw ratio 3:1 

ever, assume that the distribution of  molecular orienta- 
tions is given by the pseudo-affine deformation scheme 
with this draw ratio of 3, and calculate (sin40), which is 
found to be 0.16. Using these two values for (sin20) and 
(sin40), we can proceed to calculate the n.m.r, anisotropy, 
assuming the values of the lattice sums obtained from the 
crystal unit cell. Figure 6 shows the measured second- 
moment anisotropy and that predicted on the basis of a 
pseudo-affine deformation. The failure to predict the 
measured second-moment variation clearly indicates that 
the lattice sum values used were incorrect. Consistency 
could be reached by adjusting the lattice sums $20, $40 to 
the following values: $20 = - 0.00159 and $40 = + 0.00265. 
It will be shown in a further publication that these values 
for the lattice sums are consistent with a small fraction 
( ~  20 %) of the glycol residue being in the gauche con- 
formation. We are at present attempting to quantify the 
situation by making spectroscopic determinations of the 
gauche content in this sample. 

At this stage let us assume that the empirically adjusted 
lattice sums are an improvement on the original values in 
that they contain within them the majority of the altera- 
tions required due to the inaccuracies in the crystal struc- 
ture determination and the gauche conformation contribu- 
tions in the drawn state. Using these adjusted lattice sums, 
which characterize chain-axis orientation only, we predict 
a new set of  refractive indices for the 2 : 1 drawn sheet. 

N.m.r. (initial N.m.r. (adjusted 
Experimental lattice sums) lattice sums) 

nx 1-627 1.617 1.626 
ny 1.571 1.580 1.577 
nz 1- 549 1.568 1" 561 

Although exact agreement is not obtained there is a marked 
improvement in all three predicted refractive indices. 
Failure to improve the situation by the above approach in 
the 5 : 1 drawn film strongly suggested that the chain axis 
orientation mechanism of ease (ii)a was in itself inade- 
quate in attempting to predict the optical anisotropy in the 
high draw ratio region. 
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Application of  case (ii)b. For reference, Table 3 lists the 
numerical values of the 6 lattice sums needed to charac- 
terize the orthorhombic structural unit. These are based 
on the unit construction of the earlier section and crystal 
unit cell data 2°. However, even with the approximate 
equations (22) we can still only obtain values for (cos20) 

t t and (cos40) (i.e. solving for P20 and P40). We must, 
therefore, look to a less restrictive technique in our study 
of the effects of the known preferred orientation tendency 
of the crystalline regions in highly drawn PET film. Such a 
technique is presented in the following section. 

Planar orientation and the pseudo-affine deformation model 
Although it has been possible to obtain tentative 

empirical estimates of the lattice sums S00, $20, $40, the 
n.m.r, technique, as presented earlier, is considerably 
restricted in the investigation of PET primarily owing to 
the following three reasons: (1) the existence of the gauche 
conformation. This conformation exists only in the 
amorphous regions which makes it impossible, at the 
present time, to accurately determine its structure experi- 
mentally; (2) a dependence of the trans/gauche ratio on 
sample extension ~s. This ratio must therefore be indepen- 
dently determined for a given sample; (3) the intrinsic 
difficulty of the method to determine the molecular distri- 
bution function of systems possessing a degree of prefer- 
red molecular orientation. 

An intermediate step which will now be shown to be 
extremely informative is to attempt a theoretical analysis, 
first using the pseudo-affine deformation scheme for chain- 
axis orientation only, with no preferred orientation other- 
wise, and secondly, using this scheme for chain-axis 
orientation and adding a constraint of preferred orienta- 
tion of the 100 planes in the crystalline regions. We will 
now show that these two schemes throw considerable light 
on the orientation processes occurring during drawing. 
We would expect these analyses to be of value concerning 
the question of preferred orientation at high draw ratios 
for the following reasons: 

(1). The molecules are now characterized intrinsically 
by their polarizabilities and not by their lattice sums. The 
magnitude and anisotropy of the molecular polarizabilities 
are dominated to a large extent by the 0 

0 

part of the molecule, which remains the same in both the 
trans and gauche conformations. Also, the difficulties met 
in the lattice sum calculations (the need to rely solely on 
the proton positions) is largely eliminated because the 
C-H bond polarizability is very nearly isotropic. The 
polarizability values for this bond along the axis and in 
the transverse plane are as follows21: 

P (bond axis)=8.2 x 10-25cma: 

P (transverse) = 6.0 x 10 -25 cm 3 

The molecular polarizabilities are, therefore, more reliable, 
at present, to represent the state of molecular orientation 
than the lattice sums. 

(2). Although quantitatively the angular averages pre- 
dicted from a pseudo-affine deformation scheme might 
well differ considerably from the actual averages, the 
qualitative variation of  these averages are realistic. This 
should be enough, when coupled to a particular molecular 

model, to reproduce the general features of the optical 
anisotropy. 

(3). It is reasonable to assume that planar orientation 
considerably affects the shape of the refractive index 
variation with draw ratio, particular the nx variation. We 
would, therefore, expect that it would be possible to dis- 
tinguish between a deformation which produced an 
optical anisotropy dominated by chain axis orientation 
and one which was dominated by planar orientation, by 
comparing the general features of the refractive index 
variations predicted on the basis of (1) and (2) with that 
found experimentally. The angular average variations with 
draw ratio 9 are shown in Figure 7. As can be seen, their 
trend is realistic, with both (sin~0cos2~)~s and 
(sinZ0 sin~4))~s tending to zero at high draw ratios. For a 
mechanism of chain axis orientation only, we use a trans- 
versely isotropic orienting unit defined by principal 
polarizabilities Pw and PT as above. In this case the 
refractive index predictions based on equation (30) are 
independent of (cos2~) and are shown in Figure 8. Here, 
we see that in the low draw ratio region the trend follows 
that found experimentally. However, at high draw ratios, 
nx does not pass through a minimum, and nv and nx 
start to converge with the overall trend tending to 
transverse isotropy (nx=ny). This confirms our earlier 
tentative conclusions from the n.m.r, results. 

We now introduce the concept of preferred planar 
orientation. This is more difficult to describe using the 
pseudo-affine deformation scheme since such a deforma- 
tion only prescribes the orientation of a chain axis, and 
does not prescribe the orientation about that axis. How- 
ever, let us make the approximation [as assumed before in 
case (ii)b] that at high draw ratios, when a considerable 
number of the chain axes are lying nearly in the plane of 
the sheet, there is a tendency for the preferred orientation 
plane of the molecules to lie in the plane of the sheet. In 
this case, if we arrange our orienting unit such that a 
rotation of this plane about the chain axis is defined by the 
4' rotation, then the preferred orientation constraint can 
be made by setting ~ = 0. In this case then: 

(COS2~)unit = (COS2~)ehMn axis = (COS2~)~S 

where: 
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Figure 7 Calculated 'angular average' variations from a pseudo- 
affine deformation of one-way drawn film. (1), f(8, ~)=(cosS~)ps; 
(2), f(0,~)=<cos20~ps; (3), f(O,~)=(sin~Ocos2~)ps (4), f (0,~)= 
(sin20sin2~ps 
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Figure 8 Theoretical refractive index variations with draw ratio 
using pseudo-affine deformation calculations. - -  . . . .  , Based on 
a transversely isotropic structural unit with principal polarizabili- 
ties: Pw---2.30× 10-23cm3; PT=I '70x 10-28cm 3 . . . . . . .  , Based on 
orthorhombic structural unit with preferred orientation: Pw = 
2-30× 10-23cm3; P u = 2 ' 0 6 ×  10-23cmS; Pv = 1 . 3 0 ×  10-23cm s. ~ ,  
Restricting the preferred orientation to a mass fraction ( f )  of each 
sample, equal to the approximate crystalline content from density 
measurements, the remainder of the structural units being 
assumed transversely isotropic: 2:1 draw ratio, f=0 .13 ;  2.5:1 
draw ratio, f=0 .17 ;  5:1 draw ratio, f=0"33  

~x, Au, A~ are the principal draw ratios in the x,y,  z film 
directions respectively. 

This approximation, therefore, enables us to predict 
the refractive index anisotropy with a preferred orienta- 
tion constraint. 

For the orthorhombic unit we take the n.m.r, descrip- 
tion of the theoretical section and define the principal 
polarizabilities as described above. The predicted refrac- 
tive index variations of the high draw ratio region based 
on an extreme model in which all the molecules in both 
the crystalline and amorphous regions have a preferred 
orientation constraint put upon them in the manner 
described above, is shown in Figure 8. 

The overall shape of  the Figure is not sensitive to 
whether we make the 100 plane or the benzene ring the 
preferred orientation plane. We now have n u and nx 
diverging at high draw ratios, which is what is observed 
experimentally. Comparing the experimental variations 
of  Figure 5 with Figure 8 it can be seen that the assump- 
tion of a certain degree of  preferred orientation at high 
draw ratios is sufficient to describe the general features of 
the experimental variations. 

This is indeed what happens if we constrain a mass 
fraction of  each sample approximately equal to its crystal- 
line content. This is also shown in Figure 8 where the 
actual sample crystalline mass fractions have been used. 
(Compare with experimental variation of  Figure 5.) 

CONCLUSION 

To summarize the results of this investigation we can say 
that the optical anisotropy of  one-way drawn PET films is 
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g o v e r n e d  essentially by two types of  molecular response. 
In the low draw ratio region the orthorhombic distribu- 
tion of  chain axes alone is sufficient to characterize the 
optical anisotropy, whereas in the high draw ratio region 
preferred planar orientation must be taken into account. 

Work is at present in progress to test these conclusions 
using laser-Raman spectroscopy. This technique will 
enable us not only to make a direct measure of the trans/ 
gauche ratio, but also to determine independent orienta- 
tion functions for the trans and gauche conformations. 
With such information, it will then be possible to re- 
examine the n.m.r, results for these materials. 
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APPENDIX A 

N.m.r. second-moment as a function of  the direction of  the 
magnetic field, expressed in real spherical harmonic func- 
tions and real lattice sums 

We define the following real quantities: 

y~o( O, ¢) = ( 2 l ~  ) a /2Pz(cosO) (A1) 
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[2l+ 1 ~/a  [(I - {m{)!q~/~ . . . .  

m > 0 (A2) 

/2l+ 1\1/2 f f l -  Iml~ I'l 1/2 
Yt~(O,¢)= 1 ~ : - : /  / ~ /  Pp(cos0) sinm¢ 

\ zw } Ltt+lml): j 

m > 0 (A3) 

Equation (5) then becomes: 

4 r  
Pt(cosfl,~) = (2-T~)  { Y,o(O,~,¢,~)Y,o(~,¢,)+ 

l 

r ~ = l  

l 

m = l  

From equation (6) and relations (AI), (A2) and (A3) 
Yto(3,(~)  is expressed as: 

rto(3, ¢~) = Ctoo[n, n] Yto(r, Cr) + 
l 

X Cdm,[n,e]Y[~,(Y,¢r) + 
m ' = l  

1 

X Colm'[n,°]Yfm'(r,¢r) (A5) 
r t g = /  

where: 
Ctoo[n, n] = ffoo(¢, O, ~b) 

1 t 
D~,o) C~o~.[n, el = 2~[D,+.o + 

C~m,[n,o] * ~ = 2~7~[Dm. o -  Din,o) (A6) 

Similarly, Y/~(8, ¢~) and Y?(8, ¢~) are expressed as: 

e __ l Ytm(3, ¢~)- C,~o[e, n] Yto(r, Cr) + 
l 

Z e] Yi~'(?, ¢r) + C~m.[e, 
m ' = l  

C],.n,[e, o] Y~m'(~, Cr) (A7) 
m ' = l  

0 ~ l Yt,n( , Ca) = Cmo[°, n] Y*o(r, Cr) + 
l 

Z C~m'[o, e] y o,(y, Cy) + 
m ' = i  

l 

2 o] Y~°m,(r, ¢ ~) (A8) CL.,[o, 

where 

1 l 1 C~o[e , n] = ~T2(Do,. + Do~ 

C'~m,[e , e] = 2(D,~,~ + D~,m+ D,~.m + D~,-~ 

C~,n,[e,o]_ ' t t ~ - ~(Dm, m + Din, ~ -  D,~,,~- D,~,~) (A9) 

and 

Cko[O,,,- l--L- ~ -  ]--(2)1~2if Down Doe,) 

c '  1 , ~, ,_~, ,_ . . )  mm,[O, e] = ~i( D m,m- Dtm~ + 

1 Dt C~m,[o, o] = ~  ,~,.- D,n ~ -  D~,m+ D~,~ (A10) 

The significance of the notation in the brackets of  the 
coefficients C~.  [i,j] is as follows: 

i=n when the spherical harmonic under expansion is of 
neutral parity or 

= e for even parity 

= o for odd parity 

Similarly 

j= n  when the spherical harmonic of which C~.¢[i,j] is 
the respective coefficient is of  neutral parity or 

= e for even parity 

= o for odd parity 

By substitution of equations (A5), (A7) and (A8) into 
equation (A4), we obtain: 

47r  l 

l 

Y, C~o[e,n]Yf,,,(Ojk, ¢l~)+ 
r ~ = l  

' } Z C~o[O, n] rfm(Ojk, ¢t~) Yto(y, Cr) + 
r a = l  

l 

~x{Cd,.'[n,e]Yzo(Oje,¢Je)+ 

1 

Y~ C~,.,[e, elYz%(Ojk,¢jk)+ 
~ n = l  

' } Y, C~.[o,e] o ri,.(6e, Cje) r£,(r, ¢~)+ 
r a = l  

l 

ol 

l 

Z C~mm'[e,o]YFm(OJe, fJ~)+ 

, } ] Z cL..[o, o] Yf,.(oje, Cje) rf.,,(e, ¢~) 
r a = l  

(A10 

By substitution of equations (A11) and (4) into equation 
(3), we obtain: 

C~o[n,n]S~o+ [I 
/=0 ,2 ,4  

l 

Y,, C~o[e,n]Stm+ 
r a = l  

+l , ~  1 C~°~'[n' e]S~° +m= C~,,¢[e, e]St,. + 
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where: 

~ C~,[o, elSie} Yt~'(e, ¢~,) + 

{ c~o ra '~-- m'[n'°]St°+m=l y~ C~,.,[e,o]St~+ 

Y~ Cmm,[O,o]Si~, Ylm(r, ~ o o ey) (A12) 
m=l 

1 6 0 S~0 = N ~ r ~  g~0( ~, ¢~) 

e 1 6 e 

j>k  

1 6 0 0  St ° = ~ / ~ r ~  Yim( le, ¢1~) (A13) 

j>k  

These are the lattice sums expressed by real quantities. 
Equation (A12) corresponds to equation (7). 

APPENDIX B 

Procedure for the calculation of the coefficients Blm using 
B~2 as an example 

We define the following quantities: 

D~n(4,, O, ¢)=e-~mC'd~(O)e-~n* (B1) 

dtmn(O ) = [ ( l -  n)!(l + m)l] 1/2(cosO/2)2t+n-m(--sinO/2)m-n 
[( l+ n)!(l-- m)!J (m-- n)! × 

2Fl(m-l, - n - l , m - n + l ;  - tan20/2) (B2) 

where 2F~ is a hypergeometric function is. For lz 1 < 1 
and c not zero or a negative integer then 

2Fl(a,b,c;z)=l +?z-+ la(a+ l)b(b+ l)-z ' ~! ~ z ± . . .  ( B 3 )  

We have expressed equation (7) in terms of real quantities 
in equation (A12). It is now possible by the use of equa- 
tions (9) and (10) to derive the equivalent real expression 
for equation (12). Considering only the B~2 coefficient we 
have: 

/A~\  l'2z~ f'2~ I'n 
B~2=(4aa2)|'-~ | | | | {C22[n,e]S20+C~2[e,e]S~eix 

\ ~ /do do dO 

3(¢-0)p(0,¢,  ¢)sin0d0ded~b (B4) 

Referring to equation (A6) we can carry out the calcula- 
tion for the first term in the integrand, 11: 

f 2nI'2~/'~ 2 
I1 = Jo Jo Jo Co2[n, e13(¢- O)p(O, 4,, ~) sin0 dO d4, d$ 
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( 2 ~ f ~ [  1 2 ] 
= Jo Jo [ 2~7~{D2°(6' o, o) + O~o(4,, O, O))p'(O, ¢)] × 

sine dO d¢ 
[4¢r\ 1/2 1 /'2,, r"  

J Jo • = 3 )  ~r/~ o r~.(o, ¢) + r~(o,  ¢))p (o, ¢) × 

sine dO de 

Y22(0, ¢)p  (O, ¢)  s ine  dO d4, f:j: 
[ 4zr~ 1/2 ,, 

(B5) 

Using equation (A9) we calculate the contribution of the 
second term in the integrand, 12: 

/'2n/'2n/'n 
I2 = Jo Jo Jo C~2[e, e]3(~b- O)p(O, 6, ¢) sine dO d6 de  

/'2n/'n 
D~2(¢ , e, 0) + =J0 J0½[{D~ (¢' e, O)+ D~g4,, 0,0)+ ~- 

D~(4,, 0, 0)}p'(0, 4,)] sine dO d4, 
1"2zt t*Tt 

+ D22(4,, 0, 0)} + {D~(4,, e, 0) + = Jo Jo ½[{D°22(4,' 0, 0) 2. 

D222(4,, 0, 0)}]p'(0, 4,) sine dO 44, 
.e2n/':t 

= Jo Jo (Re[D~2(¢' 0, 0)] + Re[D~e(4,, 0, 0)]} × 

p'(0, 4,) sin0 d0 d4, 

From relations (B1), (B2) and (B3) 

Re[D~2(4,, e, 0)] = cos26 (cose/2) 4 

Re[D~(4,, e, 0)] = cos26 (sin0/2) 4 

~^o,~j 1/27r'4!\ 1/2 
" Re[D~] + R e [ D J  = u u ~ o -  6 ~ )  Y~2(e, 4,) 

(Re = real part) 

Hence: 

[,2~ i ,~ ,  _16(~)1/2y~2(0,4,)} 
'== Jo × 

p'(O, ¢) sine dO de 
. . . .  1/2rr'4!\i/2 

= < , c o s z g ) - ~ )  P'~2 (B6) 

Substituting equations (B5) and (B6) into (B4) we arrive 
at the expression for B~2 

4,r 3/2 ,, 
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Note to the Editor 

Synthesis and polymerizability of N-ethyl-2-vinylcarbazole 
P. Hyde, L. d. Kricka and A. Ledwith 
Department of Inorganic, Physical and Industrial Chemistry, University of Liverpool, Liverpool L69 3BX, UK 
(Received 27 November 1972) 

INTRODUCTION 

Interest in vinylated carbazole derivatives centres around 
N-vinylcarbazole (NVC) and the commercial exploita- 
tion of poly(N-vinylcarbazole) in photocopying pro- 
cessesl, L Ring-substituted vinylcarbazoles are also 
known; Lopatinski and Sirotkina 3 have described the 
synthesis and polymerization of several N-alkyl-3-vinyl- 
and N-alkyl-3,6-divinyl-carbazoles. 

We wish to report the synthesis and polymerizability 
of a new vinylated carbazole monomer, N-ethyl-2- 
vinylcarbazole (II). 

Ac Ac 

~ ~ N ~  Ac • 
H H 

(I) 

I 
Et 

(n) 

Friedel-Crafts acetylation of N-acetylcarbazole using 
aluminium trichloride as catalyst, affords 2,9-diacetyl- 
carbazole, the product of substitution meta to the nitrogen 
atom 4. Subsequent acid-catalysed hydrolysis affords 
2-acetylcarbazole, which upon reduction, using alu- 
minium isopropoxide in xylene, gave 2-vinylcarbazole 
(I) in moderate yield. The alkylation of this base-sensitive 
monomer was achieved using thallium(I) ethoxide 5. 
Treatment of a solution of 2-vinylcarbazole in DMF/ether 
with thallium(I) ethoxide and reaction of the thallium 
salt in situ with an excess of iodoethane afforded N-ethyl- 
2-vinylcarbazole (II). 

EXPERIMENTAL 

1H n.m.r, spectra were measured at 60 MHz for solutions 
in deuteriochloroform with tetramethylsilane as internal 
standard. I.r. spectra were recorded for Nujol mulls. 
Mass spectra were measured by the Physico-Chemical 
Measurements Unit, Harwell. 

Benzene and methanol were analytical grade reagents, 
and were used without further purification. Tetrahydro- 
furan and dichloromethane were purified by distillation 

from calcium hydride, n-Butyl-lithium was a 15 ~o solu- 
tion in n-hexane (ex. Koch-Light). Tris-(p-bromophenyl)- 
aminium and tropylium hexachloroantimonate were 
prepared as outlined in the literature 6, 7 

Friedel-Crafts acylation of 9-acetylcarbazole, m.p. 
68-69°C (lit. s, 68-69°C) afforded 2,9-diacetylcarbazole, 
m.p. 105-106°C (lit. 4, 106--107°C) which upon hydrolysis 
gave 2-acetylcarbazole, m.p. 229-230°C (lit. 4, 230- 
231°C). 

2-Vinylcarbazole. A mixture of 2-acetylcarbazole 
(24 g) and aluminium isopropoxide (40g) in xylene 
(75 ml) was refluxed for 3h, during which time the 
acetone formed was distilled from the reaction mixture. 
After cooling, the reaction mixture was filtered free of 
aluminium isopropoxide and poured into water. The 
xylene layer was separated and the aqueous layer was 
extracted with ether. The combined extracts were 
washedwithwater and dried(MgSO4/NaOH). Evaporation 
afforded 2-vinylcarbazole (12.0g, 53~o) as pale yellow 
crystals, m.p. 253-254°C from toluene. Found: C, 
86"7~; H, 5"8~o; N, 7.2~. C14H11N requires: C, 
87.0 ~o; H, 5.7 ~o; N, 7.3 ~.  Vmax 3400 (N-H), 1625 
(CH=CH2), 1610, 1340, 1240, 1080, 995, 875, 830, 
750, and 730cm -1. r[(CD3)2CO] 0.1 br. (NH), 1.9-3.1 
(8H, m, ArH and an olefinic proton), 4.10 and 4.38 (1H, 
two d, Jgem 2 Hz, trans, gem olefinic proton) and 4.75 
and 4.93 (1H, two d, cis, gem olefinic proton), m/e 
193(M +, 100K), 194(M+1, 21), 192(37), 191(26), 
167(28), and 91(19). 

9-Ethyl-2-vinylcarbazole (61 ~)  as needles, m.p. 
89-90°C was prepared by alkylation of 2-vinylcarbazole 
using thallium(I) ethoxide/ethyl iodide, as described 
previously 5. 

RESULTS AND DISCUSSION 

Free radical polymerization 
Using AIBN as initiator at 50°C and solvents, benzene, 

tetrahydrofuran and methanol, polymer yields were less 
than 1~o under conditions where N-vinylcarbazole 
(NVC) would give polymer yields of the order of 
70~o 9-11. In contrast to NVC therefore, N-ethyl-2- 
vinylcarbazole shows remarkably little reactivity in free 
radical homopolymerization. 

Copolymerization with maleic anhydride 
AIBN initiated copolymerization of maleic anhydride 

with N-ethyl-2-vinylcarbazole in tetrahydrofuran at 
50°C proceeded readily to give almost quantitative 
yields of 1 : 1 alternating copolymer (found: C, 74.4~; 
H, 5"3~o; calculated for 1 : 1 copolymer: C, 75.2~, 
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H, 5.4 ~). Under identical conditions, NVC and maleic 
anhydride gave a 12 ~ yield of a polymer which by i.r. 
analysis was largely homopolymer of NVC. This latter 
result is in agreement with observations of other 
workers 1~ and again highlights the differences in reacti- 
vity between NVC and N-ethyl-2-vinylcarbazole. 

Cationic polymerization 

Following the procedures described for cationic 
polymerization of NVC, both tropylium hexachloro- 
antimonate 6 and tris-(p-bromophenyl) aminium hexa- 
chloroantimonate 7 readily catalysed high conversion of 
N-ethyl-2-vinylcarbazole to polymer in methylene 
chloride. Values of Mn for polymerizations at room 
temperature were in the region of 6000 and it is clear 
that cationic polymerizability of N-ethyl-2-vinylcarbazole 
is comparable to that of NVC. 

Anionic polymerization 

Preliminary investigation of the reactions between 
n-butyl-lithium and N-ethyl-2-vinylcarbazole in tetra- 
hydrofuran at room temperature showed immediate 
formation of a deep red coloured anion, stable in the 
absence of air, and present continuously during poly- 
merizations. High conversions to polymer ()htn > 30 000) 
were readily achieved and experiments with initiation by 
living polystyryl anions confirmed the feasibility of 
block copolymer synthesis. In its anionic polymeriza- 
bility therefore, N-ethyl-2-vinylcarbazole differs com- 
pletely from NVC. 

Zieg ler -Nat ta  polymerization 

Attempts to polymerize N-ethyl-2-vinylcarbazole using 
TiC13/A1Et3 in heptane/benzene at room temperature 
failed. That the catalyst is deactivated or destroyed by 
the monomer is evidenced by the immediate colour 
change, purple~brown, which occurs on addition of 
monomer. Under similar conditions addition of NVC 
does not affect the colour of the catalyst and 30-40 ~o 
yields of polymer are obtained 13. 

Thermal stability and melting behaviour o f  poly(N-ethyl-  
2-vinylcarbazole) [PEVC] 

For simplicity, anionically prepared poly(N-ethyl-2- 
vinylcarbazole) (~tn~ 30 000) was compared with free 

Note to the Editor 

radically prepared PNVC (AStn~40 000) using conven- 
tional melting point procedures (open tubes). Both 
polymers began softening around 200°C and melting 
was complete for PEVC at 225°C and for PNVC at 
235°C. However, whereas PNVC became dark coloured 
and gelled when heated at 250°C for approximately 
10min, PEVC remained a pale straw coloured mobile 
liquid. Preliminary indications are, therefore, that 
PEVC has improved thermal or oxidative stability over 
PNVC. 

CONCLUSIONS 

Synthesis of a vinylated carbazole derivative in which 
the nitrogen atom is not directly conjugated with the 
vinyl group permits formation of a new homopolymer, 
and copolymers, having many of the desirable pro- 
perties of PNVC including thermal stability, electron 
donor character and light absorption characteristics. 
The anionic reactivity is especially important because 
of current interest in block copolymers having rigid 
block components and this aspect of the polymerizability 
of N-ethyl-2-vinylcarbazole is being actively pursued. 
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Book Reviews 

Carbon fibres in composites 
R. M. Gill 
Ilifle Books, London, 1972, 207 pp. £5.00 

It  is six years since the newly hatched carbon fibre industry was 
revealed to public view accompanied by widespread acclaim and an 
excess of superlatives. Unfortunately the fledgling has since failed to 
reproduce in flight the confident performance predicted at the time, 
and its major attempt to leave the nest appeared to fall short of the 
target. There are signs, however, that growth towards maturity is 
now inexorably underway and this is therefore a propitious time for 
the publication of Dr  Gill's monograph. 

This book is not aimed at a specific group of people; it could be 
read with advantage by all who have interests in the materials field 
and can see that carbon fibre composites may interact with their 
work or businesses. Drawing on his experience with Morganite 
Modmor Ltd, the author has produced a comprehensive guide to 
present production techniques and the chemistry of the conversion 
processes for the major rayon-based and PAN-based fibres. Valuable 
data on fibre and composite properties and testing techniques have 
been compiled, together with information on  a variety of matrix 
materials and hints for composite test-piece manufacture. These 
chapters form the core of the book and are authoritatively written 
with references to the principal papers and international patent 
literature. It has clearly been Dr  Gill's intention to create in the 
reader the feeling that he has sufficient background information to 
evaluate these materials for himself. For  this reason the fact that the 
description of composite and prepreg manufacturing methods does 
not represent the best present industrial practice is understandable. 
Simple methods are more likely to be successful with small quan- 
tities of fibre than complex techniques which may lead to punitive 
scrap costs in the event of an error. The author has also surveyed 
present carbon fibre reinforced plastics applications and future 
potential, acknowledging that these aspects are likely to change 
rapidly and be contentious in character. It will be interesting to 
evaluate actual performance in a few years time against these 
tentative predictions. 

There are some incongruities in the book. For  example, the 
chemical complexities of the pyrolysis process render the simple 
definitions of terminology, which appear a few pages before, insigni- 
ficant by comparison. Imperial units are used throughout when the 
universal movement is towards metrication. In the useful chapter on 
resin matrix materials some of the proportions of constituents seem 
unfortunately to have been omitted. 

These and a few other small objections do not detract from Dr  
Gill's main achievement which has been to produce an excellent 
primer on carbon fibre technology at a critical time in the growth of 
the field. 

The book is generally easy to read, clearly laid out and very nicely 
produced but at £5 for 200 pages seems slightly on the expensive 
side. 

J. IV. Johnson 

Plasticisers, stabilisers and fillers 
Edited by P. D. Ritchie 
Iliffe Books, London, 1972, 333 pp. £8.00 

It is unfortunate that the title of this book tends to be a misleading 
one, in that fourteen of its twenty chapters nominally deal with 
plasticizers, with three of the remainder on stabilizers and three on 
fillers. As mentioned in the preface this rather unbalanced treatment 
has been partially remedied by a separate monograph, 'Fillers for 
Plastics', edited by W. C. Wake. Another  feature which is not indi- 
cated by the title is the considerable emphasis on additives for 
poly(vinyl chloride). Although this is justified, in the case of plasti- 
cizers for example, by the very much larger consumption of plasti- 
cizers for PVC, further information concerning other polymers 
would have been useful, particularly in the case of stabilizers and 
fillers. 

Two short introductory chapters are followed by a chapter in 
which polymer types and additives are discussed. Useful informa- 
tion concerning requirements of additives, and types of additives 
used for different polymers are included in this chapter. The next 

two chapters review the literature on theories of plasticizer action 
and compatibility, efficiency and permanence of plasticizers, but in 
the former case no work published later than 1961 is cited. Chapters 
on viscoelastic, mechanical, and electrical properties of polymers 
and polymer processing include much material which is available 
from other sources. In addition the large number of contributors 
has led to a certain amount  of repetition, so that electrical properties, 
for example, are defined in two separate chapters. Much more 
relevant material is that on the manufacture, properties and analysis 
of plasticizers, while a chapter on formulation for specific applica- 
tions is a useful one for reference purposes. 

Useful chapters on stabilizers and additives for particular applica- 
tions are also included in the last two sections of the monograph. 
Much information on the effect of different types of filler on 
properties is quoted. 

Thus although parts of this monograph contain valuable reference 
material for the plastics technologist, other information presented is 
less relevant for a publication of this type, and the price of £8.00 is 
high for the amount of new material presented. 

M. Gilbert 

Reviews in polymer technology, Vol I 
Edited by Irving Skeist 
Marcel Dekker, New York, 1972, 252 pp. $19.50 

This book is intended as the first volume of a series which will deal 
with current technology in the polymer-based industries and the six 
reviews included are illustrative of the range expected. 

The style and nature of the contents varies considerably. Plastics 
and other polymers in building is a short marketing oriented article 
with statistical data for the use of polymers drawn from Germany 
and the U K  as well as the USA. The technology is sparse. The 
longest and most technological is Fire retardance in polymeric 
materials. This is an extremely thorough review which seems to be 
written in three parts. It starts with theoretical matters, then follows 
a section on the use of additives with emphasis on glass fibre 
reinforced plastics, empirical test results and smoke development 
and it concludes by a return to some theory applied to actual data. 
This method of treatment involves some repetition even to the 
extent of Fig. 25 virtually repeating Fig. 4. There is also in this 
otherwise valuable article a failure to consider the level of knowledge 
to be expected of the reader. Many of the simple chemical equations 
are mere padding and Figs 9 and 10 occupying whole pages are too 
elementary. The mechanism discussion leans heavily on radical 
mechanisms to the exclusion of physical factors such as heat con- 
ductance, heats of combustion and vapour diffusion. The empirical 
and unsatisfactory state of fire retardance comes out clearly as the 
direct result of the complexity of the processes which occur. In fact 
one is surprised at the amount  of order the authors have managed to 
impose. 

The first review concerns Coupling agents as adhesion promotors. 
This also is extremely thorough in that it concludes with 346 
references adding for good measure a page of general bibliography. 
As this suggests, it accepts all and in doing so fails to give the reader 
fresh to the subject a critical picture. Amino-silanes are not suitable 
coupling agents to use with polyesters but one doubts the ascription 
of release properties to the treated glass surface. In general, coupling 
agents will lower the surface energy of a metal or even a glass 
substrate but in so doing they discourage the preferential adsorption 
of water which would otherwise occur. Where direct chemical 
reaction between coupling agent and resin occurs it is true that simple 
displacement of resin by water is not possible but it is untrue to 
state that the primary bond is not susceptible to hydrolysis for most 
of the coupling agents used can hydrolyse although there is little 
loss in this since the polyester will itself hydrolyse given sufficient 
exposure to water. 

Processing powdered polyethylene is a competent state-of-the-art 
review of this technology. To the present writer the most modern of 
these reviews is Recent advances in photo-crosslinkable polymers. 
This concerns the use of polymers in photo-resist systems used in a 
number  of ways but principally in the manufacture of integrated 
circuits. The review considers new polymers and their synthesis 
including materials such as poly(vinyl cinnamate) and its derivatives, 
poly(vinyl-2-furyl-acrylate), aryl azido condensation polymers, 
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styryl ketones, methoxy stilbenes and acetylenic polyethers. Data  
are given for a range of photosensitizers and the whole is most 
interesting. 

The last review, Organic colorants for polymers, classifies these 
materials and concludes with a list of colorant chemical types con- 
veniently arranged within the primary colours. This should be 
valuable. 

The printing and book binding are of the usual USA high 
standard, though the writing of some of the authors is less than 
elegant. For  some unaccountable reason the review copy was 
printed on two different coloured papers; pp 1-111 being white and 
pp 113-252 having a distinct and very noticeable green tinge. This 
ought not to occur. 

W. C. Wake 

Polymer science and materials 
Edited by A. V. Tobolsky and H. F. Mark 
Wiley, New York and London, 1972, 432 pp. £10.05 

This book, which is the first of two volumes, is intended, in the 
words of the editors, 'for the beginning student of polymer science or 
engineering, whether undergraduate, graduate, or employed in the 
polymer industry', and it attempts ' to present the fundamental ideas 
of polymer science in as simple a manner as possible'. Furthermore, 
it is also stated that 'an attempt has been made to retain a certain 
uniformity in the mode of presentation'. 

It must regrettably be admitted that these stated objectives have 
been only partly accomplished. Not only is the level of difficulty 
among the various contributors widely different, but the order of the 
chapters does not appear to be based on any obvious logical principle. 
Some of the earlier chapters in particular are overladen with mathe- 
matical formulations before the fundamental qualitative concepts 
underlying these formulations have been sufficiently clearly explained. 
Thus in Chapter 3 (Conformations of polymer molecules) the reader 
is confronted with advanced chain statistics in which references are 
made to the 'random-walk necklace model', the 'wormlike chain 
model', the 'elastic dumbbell model', etc., with practically no pre- 
paration. In the treatment of rubber elasticity (Chapter 9) insufficient 
care is given to clarity of presentation. The Gaussian network 
formulae are given in a form which contains the volume, and al- 
though it is stated that the volume is essentially constant, this 
obscures the essential simplicity of the results. The force-length 
relation for a non-Gaussian chain is derived (p 197) without defining 
the angle 0. No graphs are included to illustrate either the Gaussian 
or the non-Gaussian force-extension relations. The beginner would 
have great difficulty in understanding the relation between the mean- 
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square length of network chains and that of free chains, or the 
significance of the 'affine deformation' assumption. He would prob- 
ably decide that rubber elasticity was not for him. This is a great 
pity, for the subject is one in which engineers in particular can find 
much of interest. 

The chapters which are concerned more with actual properties are 
much clearer. Chapter 10 (Viscoelastic properties of polymers) 
could well have preceded Chapter 6 (Phase transitions and vitrifica- 
tion). The chapters on crystallinity, on strength and on diffusion are 
well done. Later chapters, rather curiously entitled Science of 
rubbers, Science of plastics, and Science of fibres, which in fact are 
more concerned with industrial and technological aspects, are also 
very readable. The final chapter (Equilibrium polymerization) 
appears to have been added as an afterthought. 

There is much in this book that will be read with interest by those 
who are already familiar with polymer science. It definitely is not 
suitable for a first reading in the subject. 

L. R. G. Treloar 

Glycoproteins 
Edited by A. Gottschalk 
Elsevier, Amsterdam, 1972, Parts A and B, 1378 pp. 
Dfl. 400 (approx. £50) 

Since the first edition of this work appeared in 1966, the interest 
in glycoproteins has escalated dramatically and their relevance 
to a widening circle of biological interests has become apparent. 
It is a notable example of a subject, which just a few years ago 
was a somewhat despised poor cousin, now proverbially become 
the rich uncle. It is timely, therefore, that an authoritative survey 
such as this should be brought up-to-date in line with current 
results and ideas. The book, which now is published in two 
volumes, Parts A and B, is partly successful in achieving this aim. 
It gives a broad coverage of the whole area being concerned 
principally on the one hand with general aspects of glycoproteins 
(analytical techniques, structural analysis, applications of enzymes 
for study of chemical constitution etc.) and on the other with 
detailed considerations of well-defined classes of glycoproteins or 
individual members of this category. The closing chapters deal 
with some aspects of biosynthesis and functions of glycoproteins. 
Most of the authors who contributed to the first edition, happily, 
reappear in the second. In some cases, it is evident that their 
contributions have been extensively rewritten so as to embody 
much new information, while other chapters are republished 
virtually unchanged in substance or views. In one chapter, for exam- 
ple, only eight references to works post- 1966 are quoted, while another 
section has only four references which post-date the first edition. The 
contribution on the physico-chemical methods for determination 
of purity, molecular size and shape is a lengthy but readable 
survey providing a useful introduction to the various commoner 
techniques available. Many readers will appreciate especially the 
succinct and informative review of gas-liquid chromatographic 
techniques pertinent to glycoproteins. Elsewhere, inclusion of a 
brief chapter effectively on glycosaminoglycans of connective 
tissue is of interest, if only for comparative purposes. In general, 
the chapters on individual glycoproteins are well-written and 
authors have made judicious selections of examples for discussion. 
The book is well printed, the figures are adequately presented in 
most cases but the binding scarcely does justice to the volumes as 
a whole. 

Though one does not minimize the importance nor usefulness 
of the subject, it is difficult to avoid the conclusion that at $125 
the work is substantially overpriced. Few individuals will feel able 
to invest at such a price and some doubt will exist, even in the 
minds of some librarians, whether the proportion of new informa- 
tion which this new edition contains makes it worth the outlay. 
It can only be described as regrettable that a single subject index 
(though commendably thorough) to both Parts appears only at 
the end of Part B. Even if Part A is available separately, its use 
is seriously diminished without Part B. There is no author index 
to either Part. 

Nevertheless, this work stands as an outstanding source volume 
which will be of great service to research workers in many fields, 
and will be undoubtedly an added stimulus to further investigations. 

P. W. Kent 
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Book Reviews 

Carbon fibres in composites 
R. M. Gill 
Ilifle Books, London, 1972, 207 pp. £5.00 

It  is six years since the newly hatched carbon fibre industry was 
revealed to public view accompanied by widespread acclaim and an 
excess of superlatives. Unfortunately the fledgling has since failed to 
reproduce in flight the confident performance predicted at the time, 
and its major attempt to leave the nest appeared to fall short of the 
target. There are signs, however, that growth towards maturity is 
now inexorably underway and this is therefore a propitious time for 
the publication of Dr  Gill's monograph. 

This book is not aimed at a specific group of people; it could be 
read with advantage by all who have interests in the materials field 
and can see that carbon fibre composites may interact with their 
work or businesses. Drawing on his experience with Morganite 
Modmor Ltd, the author has produced a comprehensive guide to 
present production techniques and the chemistry of the conversion 
processes for the major rayon-based and PAN-based fibres. Valuable 
data on fibre and composite properties and testing techniques have 
been compiled, together with information on  a variety of matrix 
materials and hints for composite test-piece manufacture. These 
chapters form the core of the book and are authoritatively written 
with references to the principal papers and international patent 
literature. It has clearly been Dr  Gill's intention to create in the 
reader the feeling that he has sufficient background information to 
evaluate these materials for himself. For  this reason the fact that the 
description of composite and prepreg manufacturing methods does 
not represent the best present industrial practice is understandable. 
Simple methods are more likely to be successful with small quan- 
tities of fibre than complex techniques which may lead to punitive 
scrap costs in the event of an error. The author has also surveyed 
present carbon fibre reinforced plastics applications and future 
potential, acknowledging that these aspects are likely to change 
rapidly and be contentious in character. It will be interesting to 
evaluate actual performance in a few years time against these 
tentative predictions. 

There are some incongruities in the book. For  example, the 
chemical complexities of the pyrolysis process render the simple 
definitions of terminology, which appear a few pages before, insigni- 
ficant by comparison. Imperial units are used throughout when the 
universal movement is towards metrication. In the useful chapter on 
resin matrix materials some of the proportions of constituents seem 
unfortunately to have been omitted. 

These and a few other small objections do not detract from Dr  
Gill's main achievement which has been to produce an excellent 
primer on carbon fibre technology at a critical time in the growth of 
the field. 

The book is generally easy to read, clearly laid out and very nicely 
produced but at £5 for 200 pages seems slightly on the expensive 
side. 

J. IV. Johnson 

Plasticisers, stabilisers and fillers 
Edited by P. D. Ritchie 
Iliffe Books, London, 1972, 333 pp. £8.00 

It is unfortunate that the title of this book tends to be a misleading 
one, in that fourteen of its twenty chapters nominally deal with 
plasticizers, with three of the remainder on stabilizers and three on 
fillers. As mentioned in the preface this rather unbalanced treatment 
has been partially remedied by a separate monograph, 'Fillers for 
Plastics', edited by W. C. Wake. Another  feature which is not indi- 
cated by the title is the considerable emphasis on additives for 
poly(vinyl chloride). Although this is justified, in the case of plasti- 
cizers for example, by the very much larger consumption of plasti- 
cizers for PVC, further information concerning other polymers 
would have been useful, particularly in the case of stabilizers and 
fillers. 

Two short introductory chapters are followed by a chapter in 
which polymer types and additives are discussed. Useful informa- 
tion concerning requirements of additives, and types of additives 
used for different polymers are included in this chapter. The next 

two chapters review the literature on theories of plasticizer action 
and compatibility, efficiency and permanence of plasticizers, but in 
the former case no work published later than 1961 is cited. Chapters 
on viscoelastic, mechanical, and electrical properties of polymers 
and polymer processing include much material which is available 
from other sources. In addition the large number of contributors 
has led to a certain amount  of repetition, so that electrical properties, 
for example, are defined in two separate chapters. Much more 
relevant material is that on the manufacture, properties and analysis 
of plasticizers, while a chapter on formulation for specific applica- 
tions is a useful one for reference purposes. 

Useful chapters on stabilizers and additives for particular applica- 
tions are also included in the last two sections of the monograph. 
Much information on the effect of different types of filler on 
properties is quoted. 

Thus although parts of this monograph contain valuable reference 
material for the plastics technologist, other information presented is 
less relevant for a publication of this type, and the price of £8.00 is 
high for the amount of new material presented. 

M. Gilbert 

Reviews in polymer technology, Vol I 
Edited by Irving Skeist 
Marcel Dekker, New York, 1972, 252 pp. $19.50 

This book is intended as the first volume of a series which will deal 
with current technology in the polymer-based industries and the six 
reviews included are illustrative of the range expected. 

The style and nature of the contents varies considerably. Plastics 
and other polymers in building is a short marketing oriented article 
with statistical data for the use of polymers drawn from Germany 
and the U K  as well as the USA. The technology is sparse. The 
longest and most technological is Fire retardance in polymeric 
materials. This is an extremely thorough review which seems to be 
written in three parts. It starts with theoretical matters, then follows 
a section on the use of additives with emphasis on glass fibre 
reinforced plastics, empirical test results and smoke development 
and it concludes by a return to some theory applied to actual data. 
This method of treatment involves some repetition even to the 
extent of Fig. 25 virtually repeating Fig. 4. There is also in this 
otherwise valuable article a failure to consider the level of knowledge 
to be expected of the reader. Many of the simple chemical equations 
are mere padding and Figs 9 and 10 occupying whole pages are too 
elementary. The mechanism discussion leans heavily on radical 
mechanisms to the exclusion of physical factors such as heat con- 
ductance, heats of combustion and vapour diffusion. The empirical 
and unsatisfactory state of fire retardance comes out clearly as the 
direct result of the complexity of the processes which occur. In fact 
one is surprised at the amount  of order the authors have managed to 
impose. 

The first review concerns Coupling agents as adhesion promotors. 
This also is extremely thorough in that it concludes with 346 
references adding for good measure a page of general bibliography. 
As this suggests, it accepts all and in doing so fails to give the reader 
fresh to the subject a critical picture. Amino-silanes are not suitable 
coupling agents to use with polyesters but one doubts the ascription 
of release properties to the treated glass surface. In general, coupling 
agents will lower the surface energy of a metal or even a glass 
substrate but in so doing they discourage the preferential adsorption 
of water which would otherwise occur. Where direct chemical 
reaction between coupling agent and resin occurs it is true that simple 
displacement of resin by water is not possible but it is untrue to 
state that the primary bond is not susceptible to hydrolysis for most 
of the coupling agents used can hydrolyse although there is little 
loss in this since the polyester will itself hydrolyse given sufficient 
exposure to water. 

Processing powdered polyethylene is a competent state-of-the-art 
review of this technology. To the present writer the most modern of 
these reviews is Recent advances in photo-crosslinkable polymers. 
This concerns the use of polymers in photo-resist systems used in a 
number  of ways but principally in the manufacture of integrated 
circuits. The review considers new polymers and their synthesis 
including materials such as poly(vinyl cinnamate) and its derivatives, 
poly(vinyl-2-furyl-acrylate), aryl azido condensation polymers, 
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styryl ketones, methoxy stilbenes and acetylenic polyethers. Data  
are given for a range of photosensitizers and the whole is most 
interesting. 

The last review, Organic colorants for polymers, classifies these 
materials and concludes with a list of colorant chemical types con- 
veniently arranged within the primary colours. This should be 
valuable. 

The printing and book binding are of the usual USA high 
standard, though the writing of some of the authors is less than 
elegant. For  some unaccountable reason the review copy was 
printed on two different coloured papers; pp 1-111 being white and 
pp 113-252 having a distinct and very noticeable green tinge. This 
ought not to occur. 

W. C. Wake 

Polymer science and materials 
Edited by A. V. Tobolsky and H. F. Mark 
Wiley, New York and London, 1972, 432 pp. £10.05 

This book, which is the first of two volumes, is intended, in the 
words of the editors, 'for the beginning student of polymer science or 
engineering, whether undergraduate, graduate, or employed in the 
polymer industry', and it attempts ' to present the fundamental ideas 
of polymer science in as simple a manner as possible'. Furthermore, 
it is also stated that 'an attempt has been made to retain a certain 
uniformity in the mode of presentation'. 

It must regrettably be admitted that these stated objectives have 
been only partly accomplished. Not only is the level of difficulty 
among the various contributors widely different, but the order of the 
chapters does not appear to be based on any obvious logical principle. 
Some of the earlier chapters in particular are overladen with mathe- 
matical formulations before the fundamental qualitative concepts 
underlying these formulations have been sufficiently clearly explained. 
Thus in Chapter 3 (Conformations of polymer molecules) the reader 
is confronted with advanced chain statistics in which references are 
made to the 'random-walk necklace model', the 'wormlike chain 
model', the 'elastic dumbbell model', etc., with practically no pre- 
paration. In the treatment of rubber elasticity (Chapter 9) insufficient 
care is given to clarity of presentation. The Gaussian network 
formulae are given in a form which contains the volume, and al- 
though it is stated that the volume is essentially constant, this 
obscures the essential simplicity of the results. The force-length 
relation for a non-Gaussian chain is derived (p 197) without defining 
the angle 0. No graphs are included to illustrate either the Gaussian 
or the non-Gaussian force-extension relations. The beginner would 
have great difficulty in understanding the relation between the mean- 
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square length of network chains and that of free chains, or the 
significance of the 'affine deformation' assumption. He would prob- 
ably decide that rubber elasticity was not for him. This is a great 
pity, for the subject is one in which engineers in particular can find 
much of interest. 

The chapters which are concerned more with actual properties are 
much clearer. Chapter 10 (Viscoelastic properties of polymers) 
could well have preceded Chapter 6 (Phase transitions and vitrifica- 
tion). The chapters on crystallinity, on strength and on diffusion are 
well done. Later chapters, rather curiously entitled Science of 
rubbers, Science of plastics, and Science of fibres, which in fact are 
more concerned with industrial and technological aspects, are also 
very readable. The final chapter (Equilibrium polymerization) 
appears to have been added as an afterthought. 

There is much in this book that will be read with interest by those 
who are already familiar with polymer science. It definitely is not 
suitable for a first reading in the subject. 

L. R. G. Treloar 

Glycoproteins 
Edited by A. Gottschalk 
Elsevier, Amsterdam, 1972, Parts A and B, 1378 pp. 
Dfl. 400 (approx. £50) 

Since the first edition of this work appeared in 1966, the interest 
in glycoproteins has escalated dramatically and their relevance 
to a widening circle of biological interests has become apparent. 
It is a notable example of a subject, which just a few years ago 
was a somewhat despised poor cousin, now proverbially become 
the rich uncle. It is timely, therefore, that an authoritative survey 
such as this should be brought up-to-date in line with current 
results and ideas. The book, which now is published in two 
volumes, Parts A and B, is partly successful in achieving this aim. 
It gives a broad coverage of the whole area being concerned 
principally on the one hand with general aspects of glycoproteins 
(analytical techniques, structural analysis, applications of enzymes 
for study of chemical constitution etc.) and on the other with 
detailed considerations of well-defined classes of glycoproteins or 
individual members of this category. The closing chapters deal 
with some aspects of biosynthesis and functions of glycoproteins. 
Most of the authors who contributed to the first edition, happily, 
reappear in the second. In some cases, it is evident that their 
contributions have been extensively rewritten so as to embody 
much new information, while other chapters are republished 
virtually unchanged in substance or views. In one chapter, for exam- 
ple, only eight references to works post- 1966 are quoted, while another 
section has only four references which post-date the first edition. The 
contribution on the physico-chemical methods for determination 
of purity, molecular size and shape is a lengthy but readable 
survey providing a useful introduction to the various commoner 
techniques available. Many readers will appreciate especially the 
succinct and informative review of gas-liquid chromatographic 
techniques pertinent to glycoproteins. Elsewhere, inclusion of a 
brief chapter effectively on glycosaminoglycans of connective 
tissue is of interest, if only for comparative purposes. In general, 
the chapters on individual glycoproteins are well-written and 
authors have made judicious selections of examples for discussion. 
The book is well printed, the figures are adequately presented in 
most cases but the binding scarcely does justice to the volumes as 
a whole. 

Though one does not minimize the importance nor usefulness 
of the subject, it is difficult to avoid the conclusion that at $125 
the work is substantially overpriced. Few individuals will feel able 
to invest at such a price and some doubt will exist, even in the 
minds of some librarians, whether the proportion of new informa- 
tion which this new edition contains makes it worth the outlay. 
It can only be described as regrettable that a single subject index 
(though commendably thorough) to both Parts appears only at 
the end of Part B. Even if Part A is available separately, its use 
is seriously diminished without Part B. There is no author index 
to either Part. 

Nevertheless, this work stands as an outstanding source volume 
which will be of great service to research workers in many fields, 
and will be undoubtedly an added stimulus to further investigations. 

P. W. Kent 
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Book Reviews 

Vinyl and applied polymers 
Vol 2: Vinyl chloride and vinyl acetate polymers 
G. A. R. Matthews 
Iliffe Books, London, 1972, 401 pp. £8.50 

Vinyl chloride is now a chemical of considerable commercial 
importance, polymers based on this monomer providing a wide 
range of products extending from rigid mouldings to flexible 
sheet, according to the composition and fabrication process 
adopted, and one welcomes the appearance of an authoritative 
textbook directed specifically to this field. 

The Plastics Institute in association with the publishers were 
instrumental in producing the first of this series on vinyl polymers 
(Polyolefins, edited by P. D. Ritchie, Butterworths, 1968) and the 
present volume by George Matthews of the Polytechnic of the 
South Bank forms a worthy successor. The subject is very com- 
petently treated, both from the polymer science and the technolo- 
gical angles, the author having usefully drawn on his wide ex- 
perience in industry and technical education to provide a useful 
and readable account. 

After a brief introductory chapter, concerned largely with the 
history of PVC development, three chapters (55 pp) relate to the 
production of vinyl chloride and related monomers and the manu- 
facture and general properties of derived polymers and copolymers, 
attention being given to the relevant scientific background on 
addition polymerization and the production processes involved, 
particularly with regard to suspension and emulsion methods. 

Four chapters (94 pp) discuss degradation and stabilization, 
plasticizers and formulation, these being followed by compre- 
hensive reviews (130 pp) of processing and fabrication (compound- 
ing, extrusion, calendering, moulding, use of pastes, etc.) in which 
not only polymer compositions but processing equipment and 
operating factors are fully considered; properties and applications 
of PVC are then discussed generally. 

Experimental and test procedures form the subject of a lengthy 
chapter which will be of particular interest to those engaged in 
characterization, evaluation and control, since it details a wide 
series of tests and lists the relevant British Standard specifications 
and ISO methods. The inclusion of a section on molecular weight 
characteristics is especially useful in drawing attention to and 
clarifying the somewhat confused picture on K values and viscosity 
numbers as related to Mn and Mw. 

The final chapter of the book is essentially a self-contained 
article by Llewellyn and Williams of BP Co. Ltd, and deals briefly 
with the manufacture and use of vinyl acetate and its polymers and 
copolymers. 

The book brings together a great deal of information from diverse 
sources in the scientific, technical and patent literature and the 
logical presentation of the theoretical and practical content will be 
appreciated. Practical issues over a wide field are well displayed; 
indeed the only omission appears to be that of vinyl chloride in 
synthetic fibres. 

Each chapter carries a comprehensive list of references while the 
whole book is provided with clear diagrams and a good index. 
Printing and binding are excellent and the book can be well recom- 
mended to all concerned with the development, manufacture and 
use of PVC and with related polymers. Students of polymer science 
and technology will also find it of value in that it displays important 
factors relating polymer theory to practice and properties and 
processes to applications. 

R. J. IV. Reynolds 

Proceedings of the Third Tihany Symposium on 
Radiation Chemistry 
Edited by J~nos Dob6 and P~ter Hedvig 
Akad6miai Kiad6, Budapest, 1972, Vols I and II, 
1458 pp. £16.20 

Part 2 of Vol I of these proceedings contains about 600 pages 
that deal with the radiation chemistry of polymers. Among the 
papers presented are the following: Radiation and photo-induced 
ionic polymerization; Solid state polymerization of methyl meth- 
acrylate; Calorimetric study of the post-polymerization of the 
acrylonitrile-urea channel complex; N.m.r. study of the solid 
state polymerization of y-irradiated vinyl monomers; Radiation 
polymerization of crystalline N-vinylcarbazole; Large-scale 
radiation polymerization of maleimides in the y-ray installation 
'PXYHD-20 000'; Radiation chemical process of modification of 
wood by polymers; Electron beam polymerization of wood- 
plastic combinations; Irradiated concrete-polymer materials: in- 
fluence of different polymers on strength properties; Heavy ion 
effects in polymers; Decay of free radicals in irradiated PMMA 
at high pressures; Radiation graft polymerization of N-vinyl- 
pyridine to capron and polypropylene fibres; Structural study of 
polyethylene-styrene graft copolymers; Syntheses and study of 
the properties of vinyl fluoride based statistic and graft copolymers; 
Radiothermoluminescence for investigating the thermal and 
radiation induced crosslinking of rubber mixtures; Radiation 
induced graft polymerization of vinyl monomers onto cellulose. 

C . J . R .  

Conference Announcement 

Order in Polymer Solutions 

Midland, Michigan, 20-24 August 1973 

The Midland Macromolecular Institute will 
sponsor a Symposium on 'Order in Polymer 
Solutions' to be held from August  20 to 24, 1973 
in Midland, Michigan. The Symposium will 
consist of both invited and contributed papers. 
The invited papers will offer critical reviews on 
order in isolated biological and synthetic 
macromolecules, preferential solvation, associ- 
ation and morphological transitions in dilute and 
concentrated solutions. Contributed papers are 
solicited. For further information write to" 
Organizing Committee, Midland Macromolecular 
Institute, 1910 W. St Andrews Drive, Midland, 
Michigan 48640, USA, 

Conference Announcement 

Seventeenth Canadian 
High Polymer Forum 

St Jean, Quebec, 15-17 August 1973 
The Seventeenth Canadian High Polymer Forum 
will be held at the Coll~ge Militaire Royal, 
Quebec, Canada from August 15 to 17, 1973. 
Sponsored by the Macromolecular Sciences 
Division of the Chemical Institute of Canada and 
the National Research Council, the Forum 
concerns itself with all aspects of polymer 
science. Those wishing to contribute papers 
are invited to send titles, author's names and 
200-300 word abstracts to the Program Chair- 
man, Dr D. J. Worsfold, Chemistry Division, 
National Research Council, Ottawa K1A OR9, 
Canada by April 30, 1973. Further details about 
registration etc. will be available from E. G. 
Lovering, Pharmaceutical Chemistry Division, 
Health Protection Branch, Tunney's Pasture, 
Ottawa K1A O1_2, Canada. 
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Scanning electron microscopical study of 
fibre reinforced polymeric cage materials for 
rolling bearings* 

D. Scott and G. H. Mills 
National Engineering Laboratory, East Kilbride, Glasgow G75 OQU, UK 
(Received 20 November 1972) 

Under conditions of heavily loaded, unlubricated rolling contact, the use of cages in com- 
posite materials reduced the wear of the rolling elements and thus effected in situ lubrica- 
tion with little wear of the cage material. Owing to the spreading of polytetrafluoroethylene 
(PTFE) on the bearing surface, PTFE material reinforced with carbon or glass fibres and 
MoS2 was the most effective of the materials tested in reducing wear under all the arduous 
test conditions. Scanning electron microscopical investigations showed that, generally, 
cage failure by fracture occurred by cracks initiating at voids formed during the bearing 
test. These were usually in areas of fibre depletion in the polymeric material. 

INTRODUCTION 

In situ lubrication from a special cage material offers 
an attractive solution to t h e  lubrication problem of  
rolling bearings under arduous service conditions. 
Using an accelerated service-simulation test 1 an explora- 
tory investigation of  composite material cages for the in 
situ lubrication of rolling bearings has been carried out 2. 
Cages machined from sheets of various types of  fibre 
and lamellar solid reinforced polymeric materials and 
cages moulded from the same materials were investigated 
under lubricated, unlubricated, and elevated temperature 
conditions of rolling contact all of  which had led to 
failure by wear of  the rolling elements 3, 4. The use of  
composite cages reduced wear of the rolling elements 
and thus effected in situ lubrication with little wear of 
the cage material. The polytetrafluoroethylene (PTFE)- 
based material was the most effective of the polymer 
materials used, because of transfer of a PTFE film to 
the bearing surface. PTFE containing carbon or glass 
fibres and molybdenum disulphide (MoS2) was found 
to be the most effective of the cage materials. 

EXAMINATION OF CAGE MATERIALS 

Investigations of selected tested cages were carried out 
by scanning electron microscopy to obtain fine-scale 
information of interest in the elucidation of the mechanism 
of in situ lubrication. Failed and fractured cages were 
also examined to study the mechanism of  failure and 
the controlling factors. 

The surfaces of  spacers which had been in rubbing 
contact appeared different in different materials. With 
materials containing the larger amounts of PTFE, the 

* Presented at the symposium 'Application of electron microscopy 
to the study of polymers' on 12 September 1972 as part of the 
5th European Congress on Electron Microscopy (EMCON 72) 
held at the University of Manchester. 

rubbed surfaces appeared to be predominantly PTFE 
as if the PTFE had spread along the rubbing surfaces. 
MoS2 content appeared to promote a smoother rubbed 
surface (Figure la). The rubbed surface of carbon 
fibre and MoS2 reinforced PTFE (Figure lb) showed 
good fibre/matrix bonding and a smeared surface layer 
of PTFE and MoS2; very few loose or broken carbon 
fibres were observed on the surface. PTFE reinforced 
with glass fibre and MoS2 showed a similar rubbed 
surface appearance. In the absence of  MoS2, although 
the general appearance of  the fibre/matrix bond was 
good, more broken fibres were found on the rubbed 
surface. After test at elevated temperature, the rubbed 
surfaces of PTFE-based materials were very smooth 
owing to a thick layer of  PTFE. The low wear rate of 
bearings using these cage materials at elevated tem- 
perature was attributed to the formation of this layer 
by softening of the PTFE, allowing easier smearing and 
transfer to the surfaces of the mating metal rolling 
elements. 

Figure lc shows a laminate interface of the rubbed 
surface of  a five-ply laminate of carbon fibre reinforced 
epoxy resin; numerous surface cracks and broken fibres 
are evident. Large areas of fibres parallel to the rubbing 
direction appeared devoid of  matrix material, indicative 
of poor fibre/matrix bond strength. Figure ld  shows 
the rough appearance of carbon fibre-reinforced poly- 
formaldehyde with loose broken fibres. 

The typical appearance of the fracture surface of a 
failed carbon fibre and MoS2 reinforced spacer is shown 
in Figure 2a. The texture of the material has a close 
knit appearance with smeared PTFE and MoS2 on 
the surface. On the other hand, the appearance of  the 
fracture surface of the five-ply laminate of carbon 
fibre-reinforced epoxy resin (Figure 2b) shows relatively 
clean carbon fibres and the lack of a good fibre/matrix 
bond. Evidence of voids, areas of fibre depletion and 
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Figure 1 Scanning electron micrographs of the rubbed surface of cages. (a) Carbon fibre and MoSz reinforced PTFE showing smooth 
surface (x150); (b) carbon fibre and MoSz reinforced PTFE showing smeared PTFE and MoS~ and a broken fibre (x1400); (c) carbon 
fibre-reinforced epoxy resin laminate (x280); (d) carbon fibre-reinforced polyformaldehyde showing rough surface and broken fibres 
( x 1400) 

fibre segregation was found in the fracture surface of 
carbon fibre-reinforced polyformaldehyde (Figure 2c). 
Voids, indicated at X (Figure 2d), were found in the 
fracture surface of the carbon fibre-reinforced PTFE;  
smearing of PTFE on the surface is also evident. No 
voids were found in the virgin material. 

CONCLUSIONS 

Electron microscopical examination revealed that, gener- 

ally, failure of the cage materials by fracture occurred 
by cracks initiating at voids formed during bearing 
operation, usually in areas of fibre depletion. The 
better performance of PTFE-based materials appears 
to be due to the stronger fibre/matrix bond and the 
smearing of PTFE on the rubbing surface. MoS2 appears 
to aid the production of a smooth low-friction rubbing 
surface and is thus beneficial. Uniform distribution of 
the fibres and good bonding aids satisfactory per- 
formance. 
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Figure 2 Scanning electron micrographs of fracture surfaces of failed cages. (a) Carbon fibre and MoS2 reinforced PTFE showing surface 
texture and smearing of PTFE and MoS2 (x 360); (b) carbon fibre-reinforced epoxy resin laminate showing clean fibres and poor bonding 
(x 1300); (c) carbon fibre-reinforced polyformaldehyde showing voids and areas of fibre depletion (x 320); (d) carbon fibre and MoS2 
reinforced PTFE showing voids and smeared PTFE and MoSs (x 360) 

ACKNOWLEDGEMENTS 

This paper  is published by permission of the Director, 
National Engineering Laboratory,  Department of  Trade 
and Industry. It  is Crown copyright and is reproduced 
with the permission of the Controller, HMSO. 

REFERENCES 

I Scott, D. and Blackwell, J. Proc. 1st Lubr. Wear Conv. Inst. 
Mech. Eng., London, 1964, pp 292-298 

2 Scott, D. et al. Wear 1970, 15, 257 
3 Scott, D. Proe. Inst. Mech. Eng. 1969, 183, 9 
4 Scott, D. and Blackwell, J. Proe. Inst. Mech. Eng. 1967, 181, 70 

132 POLYMER, 1973, Vol  14, Ap r i l  



Variation of refractive index increment with 
molecular weight 

D. Margerison, D. R. Bain and B. Kiely 
Department of Inorganic, Physical and Industrial Chemistry, University of Liverpool, 
PO Box 147, Liverpool L69 3BX, UK 
(Received 3 December 1972; revised 12 January 1973) 

The variation of the refractive index increment with molecular weight has been studied 
using solutions of monodisperse polystyrenes in toluene. The results show an asymptotic 
approach of the refractive index increment towards a limiting value characteristic of the 
infinite molecular weight polymer. It is shown that this limiting value is reached within 
experimental error in the molecular weight range between 50000 and 100000. A simple 
theory which postulates additivity of the specific refractions of the end groups and repeat 
units is used to account quantitatively for the results. 

INTRODUCTION 

The rate of change of refractive index, /z, with mass 
concentration, c, is an important experimental para- 
meter in the treatment of  data obtained from light 
scattering and gel permeation chromatography. Especi- 
ally is this so in the study of  solutions of high molecular 
weight polymers. In general, for these solutions, it is 
found that the refractive index increment, at~/Oc, is a 
function of both concentration and molecular weight, 
i.e. ve=Vc (c, M )  where vc stands for Ou/Oc and M 
stands for the molecular weight of the polymer. At low 
concentrations of polymer (say, e<50g/1), the de- 
pendence of Vc on concentration may be neglected and 
so vc~ re(M); c<50g/1. It has been normal practice to 
assume that the molecular weight dependence may also 
be neglected provided that the polymer does not contain 
a substantial mass fraction of species with molecular 
weights below about 10 000. However, recent work by 
Barrall et al. 1 has suggested that this assumption is not 
justified; using solutions of polystyrene in toluene and 
in methyl ethyl ketone, they claimed to detect a significant 
variation of refractive index increment with molecular 
weight extending up to molecular weights around 300 000. 

Other studies of the variation of the refractive index 
increment with molecular weight have certainly not 
revealed anything like this far-reaching effect. Thus, 
Reed and Urwin 2 found no significant difference in 
refractive index increment for four synthetic poly- 
isoprenes ranging in molecular weight from 28 000 to 
220 000 using four different solvents. What changes 
have been found are confined to the low end of the 
molecular weight range. For example, Ziegler and co- 
workers 3 working with a series of methyl-substituted 
p-oligophenylenes found that the asymptotic value of 
the refractive index increment was effectively reached 
after something like 10 rings had been joined together--a 
molecular weight below 1000. Rempp a likewise found 
that the limiting value of the increment was reached 
for poly(ethylene glycol) in water at a molecular weight 
around 10 000. 

In view of the importance of the refractive index 
increment in the characterization of polymers, it was 
decided to repeat the work of  Barrall et al. with rather 
more emphasis placed on the assessment of the random 
errors of measurement. It seemed to us that their result 
might be an artefact originating in their failure to 
quantify the precision with which their reported refractive 
index differences could be measured and their consequent 
inability to separate a random fluctuation from a 
systematic variation. 

EXPERIMENTAL 

A Brice-Phoenix Differential Refractometer, Model 
BP-2000-V, was used to measure the refractive index 
difference between solution and solvent. In this instru- 
ment, the deviation of the refracted beam is measured 
as a lateral displacement of a slit image in the focal 
plane of a microscope objective which is fitted with a 
filar micrometer eyepiece for this purpose. To convert 
the observed lateral shifts to refractive index differences, 
a series of calibration experiments with solutions of 
known refractive index is carried out. In both the calibra- 
tion experiments and the experiments with the polymer 
solutions, five separate determinations of  each lateral 
shift were made at each of the two positions of the 
optical cell, as recommended by the manufacturers of the 
instrument. 

All determinations were made at 25°C using the 
mercury green line, A=546nm, as the monochromatic 
source of light. 

Calibration experiments 
Materials. Solutions of KC1 in water were employed. 

The KC1 (AR grade) was dried in a vacuum oven at 
130°C for about 72 hours before use. De-ionized water 
was purified by simple fractional distillation from 
alkaline KMnO4. 

Solutions. Solutions were made by weight covering 
the KCI mass fraction range 0.0025 to 0.05; this range 
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of concentration was chosen so as to give lateral shifts 
similar in size to those observed with the polymer 8 
solutions under investigation. Initially, a series of six 
KC1 solutions was used to give a master calibration 
curve; thereafter, spot checks on the constancy of 
calibration were made at regular intervals using solutions 
whose concentrations were chosen at random within 6 
the master calibration range. 

Experiments with the polymer solutions 
x 

Materials. Solutions of polystyrene in toluene were ~ 4  
employed. The polystyrene samples used were sharp 
molecular weight fractions prepared by butyl lithium 
initiation; they were supplied by Waters Associates and 
ranged in molecular weight from 575 to 773 000. They 2 
were used directly without further purification. Toluene 
(Analar) was purified by fractionation on a 15-plate 
Fenske helice column; it was then deoxygenated by 
bubbling dry N2 through it. 

Solutions. For each molecular weight, solutions of 
varying concentration were made by weight in the poly- 
mer mass fraction range 0.004 to 0.03. The order of 
measurement of the lateral shift for any one molecular 
weight fraction was random so as to avoid any correla- 
tion of undetected systematic instrumental error with 
concentration. Likewise the runs with the various 
polymer fractions were not ordered with either increasing 
or decreasing molecular weight so as to ensure that any 
systematic instrumental change over the time scale of 
the whole experiment appeared as a random element in 
the molecular weight variation sequence. 

RESULTS AND TREATMENT OF DATA 

Calibration of the instrument 
The purpose of the calibration experiment was to 

discover the relationship between the observed lateral 
shift and the refractive index difference between solution 
and solvent which produced that shift. 

The refractive index differences for the aqueous KC1 
solutions employed were obtained by interpolation 
from the data of Kruis 5. These data were linearized by 
plotting the listed refractive index differences against 
the mole fractions, x, of KC1 used by Kruis. The slope 
of the best straight line through these points and the 
origin was computed by the method of least squares 
with equal weights allocated to all the experimental 
points. We write the result in the form 

AFKCl = bsXKCt 

where the subscript s signifies that the slope b was 
calculated from the standard literature data. We find 
b8=0-5400+0.0019 (DF=10) where the quoted error 
is the estimated standard deviation based on 10 degrees 
of freedom (DF). From this relation, the refractive 
index differences between water and the aqueous KC1 
solutions used in the calibration experiment were cal- 
culated; the variance estimates of the calculated refractive 
index differences were also computed so that the values 
of A/~ could be weighted in subsequent calculations in 
accordance with the varying errors of interpolation. 
Figure 1 shows that the calibration line of refractive 
index difference against lateral shift remained un- 

x / 

x/ 
x / 

x / / 
/x 

C o  , ' 
Lateral shift ( rnrn ) 

Figure I Refractive index difference between water and the 
aqueous KCI solutions employed in the calibration experiments 
plotted against lateral shift. The solid line represents the weighted 
least squares fit. ©, Master calibration, x ,  monitor experiments 

changed over the time scale of the experiment (about 
8 weeks). This line is adequately represented by: 

AF=kcl (1) 

l being the lateral shift and kc the instrumental constant 
obtained from the complete set of calibration data. 
kc was calculated as the slope of the regression line of 
A/~ on I using the principle of least squares and weighting 
each value of AF by the reciprocal of its variance esti- 
mate. In this way, some account is taken of the increasing 
uncertainty in the fitted value of A/z as the concentration 
of KC1 goes to higher values. It is unnecessary to take 
into account the experimental errors in l since equation 
(1) is to be used purely for further interpolation using 
the lateral shift data obtained with the experiments on 
polystyrene. The point is that the lateral shifts measured 
with the polystyrene solutions were obtained under 
precisely the same conditions and in the same range 
as those obtained in the calibration experiments. Putting 
it another way, the value of kc obtained, viz. 

kc = (9"335 + 0"042) x 10-4mm -1 (DF= 13) 

is not necessarily the best estimate of the error-free 
value but is the best estimate for the purposes of pre- 
diction. 

Variation of refractive index difference with polymer 
concentration 

From the observed lateral shift and the calibration 
constant, kc, the difference in refractive index between 
the solution and the solvent was obtained at each of the 
concentrations of polymer employed; also obtained was 
an estimate of the variance of this quantity from the 
estimated variance of kc. In Figure 2, the resulting data 
are shown plotted against the mass fraction, w, of 
polymer in solution for a typical polystyrene of the 
set. It is clear that, in the range of polymer concentration 
employed, the refractive index difference may be written 
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Figure 2 Refractive index difference between toluene and polymer 
solution plotted against mass fraction of polymer for a typical 
polymer of the set. The solid line represents the weighted least 
squares fit 

DISCUSSION 

Polymer 
Experiment Polymer molecular 

No. No. weight vmX 102 s(vm)× 102 DF 

7 1 773 000 9" 165 0- 038 5 
4 2 404 000 9" 192 0.013 5 
1 3 193 000 9' 239 0.027 4 
8 4 96 200 9-258 0-027 4 
2 5 49 000 8- 965 0- 059 5 
3 6 9 700 g" 001 0.030 5 
5 7 4 600 8" 675 0.045 5 
6 8 1 950 8"487 0.053 5 
9 9 575 6- 766 0- 023 5 

as a linear function of the concentration, w, viz. 

A F = VmW 

where vm is the refractive index increment corresponding 
to the polymer concentrations being expressed in terms 
of mass fraction of polymer. The best value of vm 
was obtained for each polystyrene sample using the 
principle of least squares and weighting each value 
of A~ by the reciprocal of its estimated variance. 

Variation o f  Um with molecular weight 

Table 1 shows the values of Vm obtained for the 
different polystyrene samples. By inspection, it is clear 
that in the low molecular weight region these values 
show an unmistakeable upward trend with increasing 
molecular weight. At the higher molecular weights, the 
values of vm appear to go through a maximum value 
in the 105 molecular weight region. However, closer 
examination of the values and their estimated standard 
deviations, S(Vm), shows that this conclusion may not 
be justified. For example, the Vm of the first four poly- 
mers lie within 2s(vm) of their common mean so that 
it is possible that this latter value represents the limit. 
In order to test the hypothesis that a limiting value of 
~m is indeed reached, families of straight lines generating 
various sets of vm were examined for homogeneity of 

slope following a general procedure described by Guest 6. 
In this procedure, the scatter of the individual set slopes 
about the weighted mean slope of the set is compared 
with the total scatter of the experimental points about 
the fitted lines. The question as to whether all the lines 
included in the set have or have not the same slope is 
then decided by assessing whether the test ratio of mean 
squares is or is not a likely value drawn from the appro- 
priate population of the statistic, F. For our purpose, 
we repeated the test eight times with an increasing 
number of the polymer samples being included in the 
set; the first test included only the two highest molecular 
weights, the second test included the three highest 
molecular weights, and so on. Our data show that the 
test ratio exceeds the 5 ~ critical value of F when the 
polymer sample of molecular weight 49 000 is included 
in the set. This means that the value of Vm obtained 
for this polymer is significantly different at the 5 ~o level 
from the values of Vm obtained for the higher molecular 
weights. The change in the test ratio when polymer 
number 5 is included is sufficiently abrupt that other 
realistic choices of significance level do not alter this 
conclusion. 

90 

It is apparent from our results that, as the polymer 
molecular weight increases, Vm increases towards a 
limiting value characteristic of the infinite molecular 
weight polymer. This is illustrated in Figure 3. The 
point at which the systematic variation of Vm with 
molecular weight is rendered undetectable by the pre- 
sence of random errors of measurement depends on 
the magnitude of these errors. In our work, these errors 
have been reduced to quite low levels as is shown by 
the values of the estimated standard deviations of Vm 
given in Table 1. Nevertheless, the estimated standard 
deviations are commensurate with some of the differ- 
ences between successive values of Vm. It is this fact 
that makes it difficult to select a value of the polymer 
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Figure 3 Refractive index increment vm plotted against molecular 
weight. The error bars shown are of length 2s(vm). The solid 
line shows the dependence of vm on molecular weight calculated 
from the simple end-group theory 
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molecular weight above which v,n is effectively constant. 
Indeed without quantifying the random errors and 
using a statistical procedure which pools the data from 
several experiments (thus avoiding distortion of the 
random error component by one relatively poor experi- 
ment) it is not possible to make a statement about 
the effective constancy of vm. However, with our tech- 
nique of data analysis, we conclude that vm effectively 
reaches its limiting value at a molecular weight some- 
where between 50 000 and 100 000, the value being 
0.09210 + 0.00014 ( D F =  18). 

We thus disagree with the conclusion of Barrall and 
co-workers who claim that the refractive index increment 
does not become sensibly constant until a molecular 
weight of 300 000 is reached. The origins of the disagree- 
ment are two-fold. First, Barrall et al. relied on a single 
determination of the refractive index difference between 
the solvent and a solution of known fixed concentra- 
tion for each molecular weight studied; consequently, 
they did not have as many data as us with which to 
quantify their errors of measurement. Secondly, in the 
crucial region of molecular weight, namely 50 000 to 
300 000, they only had available one polymer sample 
whose molecular weight was 97 200; had they decided 
that the refractive index increment found for this polymer 
was not significantly different from the values which they 
found for the higher molecular weight polymers, their 
conclusion would have been the same as ours. 

Finally, we comment on the variation of refractive 
index increment (vm or Vc) with molecular weight. For 
this purpose, it is necessary to discuss the dependence 
of the refractive index, /~, of a solution, on its com- 
position. It is known 7 that the specific refraction, r, 
of a solution of density p, where 

/~2-1 1 
r=/~2+2" P 

is related to the specific refractions of its components, 
n (defined analogously) by: 

r =  Y, w~r~ (2) 
i 

where the w~ are the mass fractions of the various 
species. It may be shown that, if the Lorentz-Lorenz 
expressions for the specific refractions are replaced by 
the slightly less accurate but more tractable Gladstone 
and Dale versions, equation (2) reduces to: 

1A/L=p ~ ~(/~,- /~1) (3) 

i > 1  

with the assumption of volume additivity. In this expres- 
sion, the subscript 1 denotes the solvent and A/~, as 
before, represents the difference in refractive index 
between solution and solvent. Huglin 8 has given the 
binary solution equivalents of equations (2) and (3). 

Within the limitations of the additivity principle 
embodied in equation (2), it is permissible to regard the 
specific refraction of a polymer solution as being the 
weighted sum of the specific refractions of the solvent, 
repeat units, and end groups. Hence, we may apply 
equation (3) to obtain an expression for A/~ in terms 
of the refractive indices and densities of these species. 
In our case where the end groups are C4Ha and H, it is 
unnecessary to include a term for the contribution of 
the hydrogen end groups since the weight fraction of 

these species is always negligible. With his simplifica- 
tion, we obtain: 

' ( ' - " ' ] l w  (4) 
t---D--, / r -Tt p. / j  

Here, vr and m are the refractive indices of the repeat 
units and butyl end groups, and pr and pe are their 
densities; the symbol w, as before, signifies the mass 
fraction of polymer and ~ is a molecular weight-depen- 
dent quantity, viz. nMr/Me  where n is the number- 
average degree of polymerization and Mr and Me are 
the molecular weights of the repeat unit and end group. 
Equation (4) shows that: 

t---L--, / s ($) 
and 

vm = vep (6) 
Bodmann 9, and Lorimer and Jones 19 have used similar 
arguments. 

It follows from equation (6) that v,n varies with c; 
however, at low concentrations of polymer the solution 
density is more or less that of the pure solvent. In 
our work, this approximation may be made without 
introducing any serious error and so vm is independent 
of concentration as observed experimentally. This 
approximation enables us to convert our limiting value 
of vm into a limiting value for re. We obtain a value 
of 0.107cma/g in good agreement with the literature 
values 11. 

Finally, we see that the influence of molecular weight 
on vm and vc is entirely an end group effect. As the 
proportion of repeat units to end groups increases, 
so the refractive index increment approaches its limiting 
value. The parameter ~ in equations (4) and (5) quantifies 
the effect. At very high values of ~ corresponding to 
very high molecular weights, the limiting value of ve 
is clearly ( ~ -  tq)/pr; our data thus provide a numerical 
value for this quantity. Similarly our data on the lowest 
molecular weight polymer enable the other factor 
(t~e-I~l)/pe to be computed. Hence it is possible on this 
simple theory to construct the whole curve showing the 
dependence of vm on /fin. This theoretical curve is 
shown in Figure 3 as a solid line. The good fit of the 
experimental points on the theoretical curve gives 
strong support to the end-group theory as discussed 
above and disposes of the speculations of Barrall and 
co-workers of the possibility of non-styrene moieties 
being incorporated into the polymers during synthesis. 
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Anionic polymerization of methyl acrylate 
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The homogeneous polymerization of methyl acrylate in tetrahydrofuran using a variety 
of sodium aryl catalysts has been investigated at -75°C and -30°C. The mode of action 
of each catalyst is discussed and its efficiency in producing high polymer has been cal- 
culated from the yields and polymer characteristics. Sodium trityl is the most effective 
catalyst at both temperatures. Dilatometry has shown that with sodium naphthalene 
at -70°C, rapid initial polymerization to about 10~ conversion in 4min is followed by a 
very low rate period which proceeds at low temperature for at least 24 h when conversions 
up to 50~ have been observed. Throughout this period a species is present which absorbs 
at 320 nm and which is immediately lost on addition of a proton donor. There is evidence 
suggesting that this dormant form of the poly(methyl acrylate) anion is an oxyanion. 
It is postulated that carbanions are formed initially and are responsible for the rapid poly- 
merization rate. They also isomerize in an equilibrium reaction to form the unreactive 
oxyanions. The rate of further propagation is thus controlled by the value ofthe equilibrium 
constant which in this system is strongly in favour of the oxyanions. On the basis of this 
mechanism some rate constants have been calculated. 

INTRODUCTION 

Although in the field of anionic polymerization of 
acrylates and methacrylates, methyl methacrylate has 
been studied more than any other monomer, certain 
important aspects of the polymerization are still not 
fully understood. Details of the methyl methacrylate 
system are fully described in previous reviews and 
papers TM. In 1960 Goode et al. ~ reported that in certain 
respects methyl methacrylate, methyl acrylate (MA), 
isopropyl acrylate and ethyl acrylate behaved similarly 
in anionic polymerizations, and ever sit~ce many authors 
have tended to assume that the anionic polymerization 
of all acrylates and methacrylates can be described by 
a single mechanism. Although there is insufficient 
evidence to prove or disprove this philosophy, there is 
one factor arising from the results of Goode et al. 
and those of later workers which indicates a significant 
difference between the mechanisms of the polymerization 
of methyl methacrylate and MA. Methyl methacrylate 
is invariably polymerized by anionic catalysts to high 
conversion in short reaction times at temperatures from 
-78°C to above room temperature. Many of these 
systems have been shown to be capable of initiating 
the polymerization of further increments of certain 
monomers, and hence to be truly live. On the other 
hand, in all reports of the anionic polymerization of 
methyl acrylate, only low yields (<107o) of polymer 
have been obtained above about -30°C, and only 
intermediate yields (usually <3070 except for one 
isolated report s of MA polymerizing to 63~ con- 
version at -78°C in 24 h) at temperatures below -30°C 
even after many hours reaction timeS, 6. However, 
there has been no serious mechanistic investigation 
of the polymerization of MA since that by Goode et al. 

Since that time most work has been directed towards 
an investigation of the stereochemistry of the propaga- 
tion step by means of polymer stereoregularity studies 6, 7 
Although this is an important aspect of a mechanistic 
investigation, it can by no means provide a complete 
answer to the problems on its own. 

Two other acrylates which have attracted more 
attention than MA are isopropyl acrylate, because it 
produces crystalline polymers, and allyl acrylate, because 
of its potential bifunctional characteristics. Both behave 
more like methyl methacrylate than MA in that they 
polymerize to complete conversion (isopropyl) 5 or to 
high conversion (allyl)8, 9. Ethyl and other saturated 
straight chain acrylates have not been studied in any 
detail, but apparently behave like MA in anionic poly- 
merizations in that only low yields of polymer are 
produced. 

Thus a mechanistic investigation of the anionic 
polymerization of MA may produce more detailed 
information on the differences from the corresponding 
methyl methacrylate systems, and may help to elucidate 
some of the unsolved problems of both. In this paper 
we describe the results of some preliminary but extensive 
experiments on the polymerization of MA in tetra- 
hydrofuran using a range of anionic initiators. A more 
detailed investigation of selected aspects of this work 
will be undertaken and reported in the near future. 

EXPERIMENTAL 

Conventional high vacuum technique was used through- 
out this work. Break tip seals and/or fragile bulbs were 
used in all reaction systems, thus eliminating the need 
for greased joints or taps. 
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Materials 
Tetrahydrofuran (THF). After prior rough drying 

T H F  was degassed, distilled on to a fresh sodium 
mirror and stored in a blackened vessel in the presence 
of sodium benzophenone. 

Methyl acrylate (MA). After certain purification 
procedures MA, which was at least 99 .9~  pure by 
gas-liquid chromatography (g.l.c.) analysis, was found 
to 'popcorn'  during storage in vacuo 1°. Thus, in addition 
to the g.l.c, standard of purity, we have used the criterion 
of non-'popcorn' formation after storage in vacuo at 
room temperature, as our standard of satisfaction. 
MA purified to this standard gave reproducible results 
in the anionic polymerization experiments. The purifica- 
tion method adopted was as follows. MA (Koch Light) 
including inhibitor, was degassed and distilled on to 
powdered CaH~, where it was stirred continuously for 
three days at room temperature. It was then vacuum 
distilled a further three times, each time discarding a 
generous first and last portion. Finally, known volumes 
were distilled into break-seal ampoules which were 
sealed off and stored at -20°C.  It is worth noting that 
the often recommended procedure for removing in- 
hibitor from MA 11 of washing with dilute NaOH 
solution causes some hydrolysis of MA. 

Catalyst solutions (sodium naphthalene, fluorene, benzo- 
phenone, biphenyl and trityl). In each case the starting 
material after purification (fluorene, benzophenone and 
biphenyl were recrystallized from ethanol; cryoscopy 
grade naphthalene (BDH) was used as received; triphenyl 
methyl chloride was vacuum sublimed) was transferred 
to the appropriate volume of T H F  over a sodium 
mirror in a vacuum system. After stirring the mixture 
for at least 3h  (48h for sodium trityl), the catalyst 
solution was filtered into an attached vessel from where 
it was dispensed into previously calibrated break-seal 
ampoules or fragile bulbs. These were sealed off with 
their contents at ambient temperature, and stored at 
- 2 0 ° C  until required for use, in most cases within 
one month of preparation. 

In the case of biphenyl, allowance was not made for 
the fact that it does not react completely with excess 
sodium at room temperature. The true concentration 
of sodium biphenyl in the prepared solution was cal- 
culated from the observed absorption at 400nm and 
the published extinction coefficient 12. This gave 0.41 for 
the equilibrium constant for the reaction: 

C12H10 + Na~C12Hi~ Na + 

at ambient temperature in agreement with the published 
value of  0.36 at 20°C 11. 

Also there is some uncertainty about the degree of 
conversion of (C6Hs)zCC1 into sodium trityl using this 
method. For  the purposes of calculations on the poly- 
merization system, we have assumed it to be 100~. 

Sodium anthracene. After twice recrystallizing from 
petroleum ether (b.p. 60-80°C), anthracene was con- 
verted to disodium anthracene in the manner described 
for sodium naphthalene. After filtration and before 
dispensing the catalyst solution, a second sample of" 
an equal quantity of  anthracene was added from an 
evacuated break-seal in order to convert the disodium 
salt to the monosodium salt. After dissolution the 

catalyst solution was dispensed into ampoules and 
stored as described for sodium naphthalene. 

Sodium 1,1-diphenyl ethylene. 1,1-Diphenyl ethylene 
(Koch Light) was fractionated under reduced pressure, 
and stored in a nitrogen glove box from where it was 
dispensed by syringe from a serum capped bottle into 
break-seal ampoules. Its u.v. spectrum was identical 
with that recorded in the literature 13. The catalyst 
solution was prepared by adding 1,l-diphenyl ethylene 
in I ~ excess to the main polymerization reactor immedi- 
ately after adding an ampoule of sodium naphthalene 
solution to the main polymerization solvent. The 
reactants were stirred for 3 h prior to the commencement 
of the polymerization. 

Terminators. Glacial acetic acid or methanol were, 
without further purification, degassed and distilled into 
break-seal ampoules. 

Purity of the catalyst solutions. In keeping with common 
practice, catalyst ampoules were sealed off with the 
contents at ambient temperature. This practice inevitably 
causes pyrolysis of solvent vapour to CO2 and H20 
and consequently some loss of catalyst. At the concen- 
trations used this was thought to result in less than 
2 ~  decomposition 14. The u.v. spectra of the catalyst 
solutions exhibited the same characteristic features as 
those previously described 15. That for sodium trityl has 
not previously been recorded. 

Polymerization 
Polymer yield and polymer characteristics. The reaction 

flask (250 ml) together with pendant monomer, catalyst 
and terminator ampoules was attached to the vacuum 
line where it was pumped and flamed to a pressure of  
10-SmmHg. TH F  was distilled in and the whole was 
sealed off. After adding catalyst solution the mixture 
was stirred and cooled to the appropriate reaction 
temperature by immersion in an acetone/solid CO2 
slurry. The polymerization was then started by adding 
MA rapidly from its ampoule. For  most experiments 
termination was effected by adding acetic acid after 2 h 
reaction time, but some were allowed to react for 24h. 
The colourless terminated solutions were warmed to 
room temperature before the reactor was opened. A 
small quantity of the terminated reaction mixture was 
retained for g.l.c, analysis on a Pye 104 chromatograph 
using Porapak and silicone oil columns. 

The remainder of the contents were added dropwise 
to a well-stirred 3-fold excess of methanol at -60°C.  
When the precipitated polymer had coagulated into a 
large mass, as the mixture warmed to - 3 0 ° C  it was 
filtered through a previously cooled sintered disc. The 
polymer was dried to constant weight in a vacuum 
oven at room temperature. In every case the mother 
liquor was slightly colloidal and filtration through the 
finest sinter did not produce a clear filtrate. The amount 
of involatile material remaining in the filtrate was 
measured by pumping off the solvent and other volatiles 
and' weighing the residue. This is labelled 'precipitant 
soluble polymer' although it contains catalyst residue, 
colloidal polymer and products of side reactions. 

The precipitated polymers were characterized by 
number-average molecular weight (Hitachi Perkin-Elmer 
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model 115), gel permeation chromatography (g.p.c.) 
(Waters model 200) and infra-red spectroscopy (Perkin- 
Elmer model 521). Polymer films for infra-red analysis 
were cast on NaC1 plates from chloroform solutions, 
and dried in a vacuum oven at 80°C. Some tests were 
omitted due to insufficient polymer. 

U.v. spectral analysis of polymerizing solutions. The 
apparatus (Figure la) was evacuated and was filled with 
the appropriate volume of T H F  by distillation before 
it was sealed off from the vacuum line. After ~dding 
the catalyst solution from C to the T H F  at room tem- 
perature, the whole solution was transferred to the 
quartz u.v. cell, Q. Vessel V was rinsed by solvent 
distillation, and then was sealed off at X. The u.v. 
cell was placed in a specially made cell holder which 
also acted as a thermostat jacket through which alcohol 
could be circulated from a Townson-Mercer - 7 0  
thermostat bath. The spectrum of the catalyst solution 
was recorded first at room temperature and then at 
-60°C.  Magnetic manipulation of the spacer, S, a 
rectangular quartz block with four polished surfaces, 
enabled path lengths of either 1, 0.1 or 0.01 mm which- 
ever was appropriate to be used. MA was next added 
from M and was stirred into the catalyst solution by 
agitation with the spacer. The spectrum of the poly- 
merizing solution was recorded at - 6 0 ° C  usually 
within 4 to 6 rain of monomer addition. In some experi- 
ments the reaction mixture was allowed to warm to 
room temperature, and a spectrum again recorded 
before termination. In all experiments the spectrum of 
the reaction mixture after termination with acetic acid 
was recorded. Finally the reactor was cut open and the 
polymer recovered in the manner described above. 
Spectra were recorded on a Unicam SP800 spectrophoto- 
meter. 

Reaction rates by dilatometry (sodium naphthalene 
reactions only). Because of the rapid initial rates occurring 
in these reactions, the fragile bulb method of introducing 
catalyst to the monomer solution was employed. The 

~ ~ - - ~ 9 o  ° I I  

a 

b 
Figure I Polymerization reactors for (a) u.v. spectral analysis 
of catalysts and polymerizing solutions and (b) dilatometry. 
P, coarse sinter discs; T, terminator solution; B, spacer stop; 
G, graded seal; R, crushing rod; other symbols, see text 

dilatometer (Figure lb) was evacuated and was filled 
with solvent and MA by distillation, whilst attached to 
the vacuum line. After sealing off and allowing to come 
to thermal equilibrium in a thermostat bath at -70°C,  
the reaction was started by activating the electromagnet, 
E, thus crushing the catalyst bulb, F. It was followed 
with time using a cathetometer before termination was 
effected at the appropriate time by addition of acetic 
acid. The polymer was isolated and weighed as described 
previously. The dilatometer calibration factor was 
calculated from the degree of conversion at termination 
and the weight of polymer. In one experiment two 
fragile bulbs of catalyst solution were used (as illustrated 
in Figure lb) so that the effect of adding a second sample 
of catalyst at an intermediate stage in the polymerization 
could be investigated. 

RESULTS 

The results of the polymerization of MA using a range 
of homogeneous anionic catalysts in TH F  at - 7 5 ° C  
and at - 3 0 ° C  are presented in Tables 1 and 2 respect- 
ively. The reaction time before termination was 2h  for 
all the experiments described in the main Tables. Polymer 
yields from two reactions allowed to run for 24h at 
- 7 5 ° C  before termination are given in the footnote 
to Table 1. In all experiments the colour of the poly- 
merizing solution was instantaneously discharged after 
mixing with terminating agent. The products detected 
by g.l.c, analysis of the terminated reaction mixtures 
included TH F  and MA as the major components and 
methanol as a minor component in all reactions at 
-75°C.  In addition anthracene, naphthalene and 
biphenyl were detected in the sodium anthracene, 
sodium naphthalene and sodium biphenyl systems 
respectively. The products of reactions at - 3 0 ° C  and 
the l,l-diphenyl ethylene system at - 7 5 ° C  were not 
tested. 

Differential u.v. spectra of the polymerizing solutions 
were calculated by subtracting the absorbance spectrum 
of the terminated reaction mixture, taken at room 
temperature, from that of the polymerizing solution, 
taken at - 6 0 ° C  after about 4min reaction time. They 
all showed a single absorption band having a maximum 
with the wavelength and absorbance (path length 
1.0cm) shown in Table 1. In specific tests on the sodium 
naphthalene system the absorbance of the 320nm peak 
was found to be unchanged after 2 h standing at - 6 0  C. 
After warming to room temperature, a procedure 
which took about 15min, the absorbance dropped by 
about 20 ~o. 

Polymer g.p.c.'s are illustrated in Figure 2. While no 
specific data are available to convert the elution volumes 
directly to molecular size for poly(methyl acrylate), 
the elution profile itself can be taken as a qualitative 
measure of the molecular weight distributions. 

The infra-red spectra of the polymers produced with 
all the catalysts were very similar. Of particular interest 
is the fact that they all have small absorption bands in 
the 3500cm -1 region, even after pumping for 24h at 
80°C in a vacuum oven. Such absorptions are almost 
absent from the spectrum of free radically prepared 
poly(methyl acrylate) and hence are presumably due 
to the presence of OH end groups. There are small 
differences in the spectra of some polymers in the 
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Table 1 Solution polymerization of MA at -75°C in THF, reaction time £h 

Concentration 
Conversion Precipitantc 

Catalyst Catalyst Monomer to polymer soluble polymer 
(sodium salt) (M × 108) (M) (%) (%) 

Solution Polymer )lrnaxg 
colour DPn (nm) Absorbanceg 

Anthracene 9.4 1 "58 26.5 
Naphthalene 8.9 1.47 25.4 
Trityl 8.3a 1 "89 24.4e 
1,l-Diphenyl ethylene 8.7 1.68 19.2f 
Biphenyl 2.6b 1.64 8-2 

Fluorene 8.7 1.73 2.0 

Benzophenone 9"8 1.67 1.8 

3.1 yellow 89 320 1.17 
8.2 yellow 85 320 1.62 
8.0 yellow 62 320 0.77 
d blue d d d 

3"3 pale 102 320 0"18 
yellow 

2.5 pale 88 320 0.45 
yellow 

3.9 blue d 395 0-88 

a May be high value (see experimental) 
b Reason for low value, see experimental 
c Expressed as reel% with respect to initial monomer 
d Not measured 
e Yield after 24h with similar reaction conditions: 50% 
f Yield after 24h with similar reaction conditions: 35% 
g Taken from differential u.v. spectra at -60°C of polymerizing solutions with similar monomer and catalyst concentrations 

Path length 1-0 cm 

Table 2 Solution polymerization of MA at -30°C in THF, reaction time 2h 

Concentration 
Conversion Precipitantc 

Catalyst Catalyst Monomer to polymer soluble polymer Solution Polymer 
(sodium salt) (M × 103) (M) (%) (%) colour DPn 

Trityl 8.8a 1 "89 22.4 4"8 yellow 160 
Anthracene 8.8 1.83 8.1 4-8 pale 208 

yellow 
Fluorene 9.1 1.75 4-5 8.9 pale 171 

yellow 
Naphthalene 8.7 1.76 2.5 4.9 pale 216 

yellow 
Bip henyl 1- 6b 1" 66 1" 4 5" 3 pale d 

yellow 
Benzophenone 8.5 1.77 0.4 5.5 green- d 

yellow 

a, b, c, d See footnotes to Table 1 

1500cm -1 region where aromatic C-H bending vibra- 
tions occur. In particular the polymers produced by 
sodium fluorene and sodium trityl catalysis had these 
absorptions. 

The polymerization catalysed by sodium naphthalene 
was taken as a representative system for a study of the 
polymerization rate. A typical rate profile is shown in 
Figure 3. In one experiment a second ampoule of catalyst 
was added during the period of low rate following the 
first addition. The conversion time profile for the second 
period was almost identical with the first (see inset 
Figure 3). 

DISCUSSION 

Colour changes and yields 
In respect of the colour changes occurring on adding 

MA to the catalyst solution and the u.v. spectra of the 
reactant solution, two systems were exceptional. With 
sodium benzophenone the characteristic blue colour 
of the catalyst anion was unchanged upon addition of 
MA and correspondingly little polymer was formed. 
Under similar reaction conditions we found that the 
benzophenone anion produced absolutely no polymer 
from methyl methacrylate in agreement with the findings 

of Tsuruta et al. 16. The benzophenone anion is apparently 
too weak to react significantly with either MA or methyl 
methacrylate. With sodium 1,1-diphenyl ethylene the 
characteristic red colour of the catalyst was immediately 
transformed to the characteristic blue colour of the 
sodium benzophenone anion upon addition of MA. 
In this case, however, a reasonable polymer yield was 
obtained in 2h (relative to the other systems) and thus 
the benzophenone originates either as an impurity in 
the 1,1-diphenyl ethylene (it is known to be difficult to 
remove 17) or from a side reaction of the anions with 
MA (benzophenone has been identified as a side product 
in the polymerization of acrylates with Grignard 
reagentsS). In the following discussion the sodium 
benzophenone system has been omitted and it has been 
assumed that the presence of benzophenone has negligible 
effect (apart from colour and slightly on yield) on the 
sodium 1,1-diphenyl ethylene polymerization. 

The visually observed colour changes in the reactions 
with the other catalysts show that: (i) catalyst anion 
reacts almost instantaneously with MA and at least 
some of the product species are yellow; (ii) the yellow 
colour is due to an anionic or pseudo-anionic species 
which reacts almost instantaneously with a proton 
donor such as acetic acid or methanol; (iii) the yellow 
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Figure 2 Gel permeation chromatograms of poly(methyl acrylate) 
made at -70°C ( ) and at -30°C ( . . . .  ). (a) Sodium 
anthracene; (b) sodium biphenyl; (c) sodium naphthalene; 
(d) sodium trityl; (e) sodium fluorene. G.p.c. details: flow rate, 
5ml/min; solvent, THF; polymer concentrations, 0.3% 
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Figure 3 Rate of polymerization of MA catalysed by sodium 
naphthalene. Concentrations: MA, 1.50M, catalyst, 8.6x 10-3M. 
inset: Effect of adding a second ampoule of catalyst at 40min. 
Total catalyst concentration after second addition, 17.2x 10-3M 

species is stable indefinitely at - 7 5 ° C  (our longest 
experiment was for 24h) and at temperatures up to 
ambient although slight fading was observed to occur 
over 2h  at room temperature. This contrasts with the 
behaviour of allyl acrylateS; in the polymerization with 
BuLl the colour of the polymerizing solution was visibly 
observed to fade even at -70°C.  The u.v. spectra in 
the MA systems confirmed the visual observations and 
showed that the yellow colour originates from a single 
chromophore which absorbs at 320nm. Although the 
monomer concentrations were similar in each system 
there seems to be no relation between the size of the 
absorption peak and the polymer yield at - 7 0 ° C  as 
would be expected if the absorption was related in 
some way to the propagating species. Thus the system 
is undoubtedly more complex than the u.v. spectrum 
indicates. There is a contrast with the observations on 
systems containing poly(methyl methacrylate) anions by 
Allen et al. 4. They observed three peaks at about 290, 
330 and about 440 nm at low temperature, two of which 
(290 and 440 nm) disappeared on warming the solutions. 
One might speculate that their 330nm peak and the 
320nm peak observed in the MA system are due to 
corresponding anionic species and that one or both of 
the species absorbing at 290 and 440nm is the truly 
active species in the methyl methacrylate system. The 
corresponding species in the MA system have absorp- 
tions which are either hidden or are too weak to be 
observed under our conditions. The only information 
we can reasonably extract from the u.v. spectra is that 
the 320nm absorption is due to a dormant or partly 
dormant form of a poly(methyl acrylate) anion. 

After a very fast reaction of catalyst anion with MA 
to form poly(methyl acrylate) anions and with similar 
reaction conditions one might expect similar polymer 
yields after the same reaction time even with different 
catalysts. In the series of experiments at - 7 5 ° C  the 
sodium anthracene, sodium naphthalene and sodium 
trityl systems fit well into this category and hence can 
possibly be classed as clean systems. Sodium biphenyl 
cannot be categorized on this evidence since its concen- 
tration was very much lower (see above). Sodium 
1,1-diphenyl ethylene either takes part in some side 
reactions or contains some impurity as already discussed, 
thus explaining the lower yield. The sodium fluorene 
system is obviously very different. Although there is a 
small concentration of poly(methyl acrylate) anions as 
evidenced by the u.v. spectrum and the colour, the 
polymer yield is very low. Sodium fluorenyl is known TM 

to exist mainly as solvent separated ion pairs at -75°C.  
Possibly these species are more reactive towards the 
carbonyl function of MA, thus causing many more 
side reactions to occur and consequently loss of the 
main polymer propagation species. 

In the series of experiments at -30°C,  apart from 
the sodium trityl system, the yields were low despite 
the fact that the colour of the solution indicated the 
presence of poly(methyl acrylate) anions. Only with 
sodium fluorene was the yield greater at - 3 0 ° C  than at 
-75°C.  This is consistent with the explanation of 
low yield at - 75°C ,  since it is known that as the tem- 
perature is increased, the concentration of contact ion 
pairs significantly increases in the sodium fluorene-THF 
system is. Thus at - 3 0 ° C  either most of the catalyst 
is lost in side reactions or propagation is very much 
slower for some other reason. 
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In two experiments terminated after 24h at -75°C 
the polymer yield had increased to 50 ~ with sodium 
trityl and 35~  with sodium 1,1-diphenyl ethylene. 
Although these yields are significantly greater than 
yields after 2h the rate of reaction is obviously much 
lower in the later stages. This is made clear by the 
results of the dilatometric experiments with the sodium 
naphthalene system at -70°C which show conclusively 
that the high initial rate of about 7.3 x 10-4Msec -1 
steadily reduced to a rate of about 1.0× 10-SMsec -1 
after about 25rain, and thereafter stayed reasonably 
constant at least for the 2h period of our dilatometric 
experiments. Moreover, the fact that addition of a 
second ampoule of catalyst solution produced a second 
fast reaction period which again reduced to a low steady 
rate in an exactly analogous manner to the initial 
behaviour, shows that it is not loss of MA but loss of 
active species which is responsible for the deceleration. 
This conclusion is in agreement with the large amounts 
of MA observed by g.l.c, in the solutions remaining after 
termination. 

The yellow colour of the polymerizing solutions did 
not vary visually from immediately after adding MA 
until termination in any experiment either at -75°C 
or -30°C. Also the u.v. spectrum of the polymerizing 
solutions at -70°C did not vary between about 4rain 
after addition of MA until termination. Thus the species 
containing the chromophore which absorbs at 320nm 
is not that which partakes in the fast propagation 
reaction. Unfortunately it was not experimentally con- 
venient to obtain a u.v. spectrum during the fast reaction 
period, that is between zero and 4 min reaction time. 

Initiation mechanisms and catalyst efficiency 
Initiation in anionic systems is normally by either 

reaction (l) or by reaction (2). Recent work has shown 
that in some systems initiation can be by both reactions 
occurring simultaneously 19, 20 

CH2 = CHR + X- ~ XCH 2--(~HR (1) 

CH2= CHR + X---*'CH2--(~HR + X 
2( 'CH2--~HR)~RH(~--CH2CHz--(~HR ) (2) 

Some observations which may be used to distinguish 
between the two are: (a) the fate of the catalyst residue; 
(b) the shape of the resultant polymer molecular weight 
distribution (reaction 2 produces a bimodal distribution 
in the presence of some termination); (c) the relation 
between the resultant polymer DPn and the initial 
monomer to catalyst ratio. The variable yields obtained 
with the MA systems make method (c) of doubtful 
validity. 

Naphthalene, biphenyl and anthracene were identified, 
by g.l.c, analysis, in the solutions left after the poly- 
merizations catalysed by sodium naphthalene, sodium 
biphenyl and sodium anthracene at -750C respectively. 
Thus, these three catalysts initiate, at least partly, by 
mechanism (2). The g.p.c.'s of polymers produced at 
-75°C were not easy to categorize into single or bimodal 
distributions. Those of polymers produced at -30°C, 
however, were distinctly bimodal for the same three 
catalysts whilst broad single peaks were obtained for 
polymers produced by sodium trityl and sodium fluorene 
catalysis. There is therefore agreement between the two 
methods. Neither data were available for the sodium 

1,1-diphenyl ethylene system, but this is known to 
form dianions after reaction with sodium naphthalene. 

The sodium anthracene system is the only surprising 
case since with methyl methacrylate there is evidence 
that initiation is predominantly 19, 20 by reaction (1). 

DPn values (Tables 1 and 2) at each temperature are 
of similar magnitude showing that once the poly(methyl 
acrylate) anion is formed it grows at a rate dependent 
more on the temperature than on the initiating species. 
On this basis the polymers initiated by reaction (2) 
should grow to twice the DPn of those initiated by 
reaction (1). Polymers formed by sodium trityl catalysis, 
which can only initiate by reaction (1), do have lower 
DPn values than those formed by the electron transfer 
catalysts, but not by a factor of 2. Ignoring many 
possible complicating factors and using the sodium 
trityl system as a base, the fraction of each catalyst 
which initiates by reaction (1), x, can be evaluated by 
comparison of DPn values. This of course only takes 
account of catalyst effective in producing high polymer. 
Values of x and (1-x) ,  the fraction of effective catalyst 
initiating by reaction (2), are given in Table 3. Only 
sodium fluorene acting at -75°C gives an unexpected 
result. On the evidence presented earlier, it initiates 
mainly by reaction (1). 

Taking the ideal mechanism as one in which each 
catalyst molecule leads, after propagation, to either one 
polymer molecular for initiation by reaction (1) or 
half a polymer molecule by reaction (2), then the catalyst 
efficiency in producing high polymer, fi is given by: 

f =  [M]. Y.2/DPn. [C].(1 +x) 

where [M] and [C] are the monomer and catalyst con- 
centrations, and Y is the yield of high polymer. Although 
values of x are of doubtful validity, their precision is 
not critical in the evaluation o f f  (see Table 3). With all 
catalysts at -30°C except sodium trityl and with sodium 
fluorene at -75°C there is considerable loss of catalyst 
in side reactions, and only a small fraction is effective 
in producing high polymer. Since once formed the 
poly(methyl acrylate) anions are stable both at -75°C 
and - 30°C, the catalyst loss must be due to non-polymer 
producing side reactions involving the catalyst ion. 
There are many possible products which could result 
from anionic attack at the carbonyl function of acrylates. 

Table 3 Efficiency and mode of action of catalysts in producing 
high polymer 

Catalyst Temperature Catalyst 
(sodium salt) (°C) x ( l - x )  efficiency, f 

anthracene - 7 5  0-55 0.45 0.64 
- 3 0  0-72 0.28 0.07 

biphenyl --75 0.34 0.66 0.75 
- 3 0  - -  - -  0.10a 

naphthalene - 7 5  0.62 0.38 0.61 
- 30 0.65 0.35 0.03 

fluorene - 7 5  0-57 0.43 0.06 
- 30 0"93 0.07 0-05 

trityl - 75 1-0 0 0.90b 
--30 1.0 0 0"32b 

x= f rac t ion  of effective catalyst which initiates by reaction (I)  
(t - x ) = f r a c t i o n  of effective catalyst which initiates by reaction (2) 
f= f rac t ion  of catalyst effective in producing high polymer 
a Calculated using a guessed value for the polymer DPn (209) and 

the x value found for the reaction at --75°C (0.34) 
b May be low values since true catalyst concentrat ion not known 

(see experimental) 
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Lists of typical low molecular weight products are given 
by Goode e t  al. 5 and by Kawabata and Tsuruta 21 from 
the results of analysing the low molecular weight fraction 
obtained in similar systems. No attempt was made to 
analyse the precipitant soluble fraction obtained in 
this work. The amounts were reasonably consistent 
with the fraction of catalyst lost in side reactions. 

Assuming that catalyst loss is all due to attack at the 
carbonyl group and that attack at the carbon carbon 
double bond leads to high polymer, then the ratio of 
the rate of attack at C = C  to that at C = O  in MA in 
THF by catalyst anion is in the order: (a) at -30°C: 
trityl > biphenyl > anthracene > fluorene > naphthalene; 
(b) at - 75 °C: trityl > biphenyl > anthracene ~ naphtha- 
lene > fluorene. 

Side reactions involving loss of catalyst might be 
expected to lead to the formation of CH30 which 
would end up as methanol after termination. CH~O- is 
known to be ineffective in initiating the polymerization 
of methyl methacrylate 2z and presumably therefore it is 
ineffective for MA. Small amounts of methanol were 
found by g.l.c, analysis of the acetic acid terminated 
reaction solutions after all experiments. Absolute 
amounts were not measured but in general about three 
times as much was produced from experiments at 
-30°C as from experiments at -75°C in general 
agreement with the relative magnitude of the catalyst 
efficiencies. Unfortunately the production of methanol 
gives little information about the mechanism because 
it could be produced during initiation by, for example, 
reaction (3), during propagation (reaction 4) or during 
termination by added proton donor (reaction 5). 

R.CO.OCH3 + X- ~ RCOX + OCH3- (3) 

R \  / 0 -  ~, R \  
R / C ~ o c H ,  R , / C = O  + OCH3- (4) 

R ~  I /O-  
R ~ C  ~OCH3 

+ CH~ COOH 
R~ 
R / C = O  + CH~OH 

+ CHaCOO- (5) 

Kawabata and Tsuruta 21 estimated from the results 
of experiments at -70°C in THF using 10~ BuLi as 
catalyst and acetone as the reference substrate, that 
initiation by reaction (1) is over 5 times faster for MA 
than for methyl methacrylate. They also estimated that, 
under polymerization conditions, 60~ of catalyst was 
effective in polymer formation for MA compared with 
only 25~ for methyl methacrylate. Thus there is agree- 
ment with our observation of catalyst efficiencies for 
MA polymerization which are in general significantly 
greater than those observed by other workers for methyl 
methacrylate. 

R e a c t i o n  m e c h a n i s m  

In the systems of high catalytic efficiency the drop in 
polymerization rate shows that the poly(methyl acrylate) 
anions almost lose their ability to add MA since the 
other reactant, MA, is still present in abundance at 
the end of the reaction. The most likely explanation is 
that an equilibrium is established between the very 

active species, presumably the carbanion, which is 
present initially, and at least one other species which 
is either incapable or only capable of slow propagation. 
Such a stop-go polymerizing system would adequately 
explain the broad molecular weight distributions ob- 
served. This type of mechanism has been postulated 
previously for the corresponding methyl methacrylate 
system. Different authors have, however, suggested 
completely different reaction possibilities for the equi- 
librium. On the basis of the structure of side products 
identified from the reaction of acrylates and methacrylates 
with Grignard reagents at high concentration, Goode 
et  al. 5 postulated that the dormant species was the 
anion of a cyclic hemi-ketal and was formed by a back- 
biting reaction of the initially formed carbanion: 

CH2--CRCO. OCH3 CH2--CRCO • OCH3 
I \ k6 ~- I ~]H2 "~ CH2CR CH2 ~-6 "" CH 2CR / 
N/C% -~RCO. OCH \ C-- CRCO. 3 OCH3 / \  

CH30 O CHaO O- 
(6) 

(t) (11) 

They had evidence to show that the fairly extensive 
premature termination which occurred in their system 
was due to expulsion of CH30- from (II) leaving a 
cyclic ketone as polymer end group. 

More recent authors 4 have accepted the cyclization 
postulate in order to explain the low molecular weight 
products in the methyl methacrylate system but prefer 
to postulate the existence of an equilibrium involving 
ion pairs in various stages of solvation (reaction 7) to 
explain the kinetic and molecular weight distribution 
effects observed in the main polymerization reaction. 
Species (III), (IV) and (V) are a contact ion pair, a 
peripherally solvated ion pair and a solvent separated 
ion pair respectively. 

X-M+~-X~-M+~X SM ~ (7) 

( I l l )  (IV) (V) 

In the MA system an equilibrium similar to type (7) 
will exist and will be important in determining the 
stereochemistry of monomer addition but it cannot 
possibly explain the kinetic effects observed. The con- 
version time curve for the sodium naphthalene catalysed 
polymerization shows that the half-life for the establish- 
ment of equilibrium conditions is of the order of 2.5 min. 
Equilibria of the type described by reaction (7) will be 
established within a few ~sec. The postulation of a 
slow relaxation phenomenon by Allen e t  al. ~ for such 
reactions is untenable. On the other hand equilibrium 
in the cyclization reaction (6) will take much longer 
to become established especially if cyclization is favoured 
only after a particular sequence of stereoregular monomer 
addition. By reference to molecular models Goode e t  
al. 5 showed that ring closure in the methyl methacrylate 
system is very unlikely with an isotactic chain but 
quite probable with non-isotactic sequences in the last 
three units. The presence of an oxyanion in the system 
is further substantiated by the observation of some OH 
end groups by infra-red analysis of the terminated 
polymers. OH end groups have never been reported 
for methyl methacrylate polymers. Perhaps the expulsion 
of CHaO- from (II) is much more favourable when 
the two neighbouring C atoms have CH3 groups rather 
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than H atoms attached. Certainly there is much more 
premature termination in methyl methacrylate systems 
as evidenced by the large yields of low polymer which 
have been observed with several catalyst/solvent systems a. 

We consider therefore that in the anionic polymeriza- 
tion of  MA, initiation by reaction (1) or (2), depending 
upon the catalyst, results in the formation of  a carbanion 
or dicarbanion of  type (I). A certain proportion of 
catalyst is lost by attack at the carbonyl function ot the 
monomer and leads to a variety of non-polymeric 
products. The extent of  catalyst wastage depends upon 
the catalyst, its degree of  solvation and is normally 
more extensive at higher temperatures. Species (I) can 
either add MA in a fast propagation reaction or 
isomerize to (II) by reaction (6). Apart from these two 
reactions species (I) and (II) are stable in the system 
at low temperatures but slow decomposition occurs at 
room temperature. Finally, addition of  a proton donor 
produces instantaneous termination by reaction (5), 
(8) or (9). 

~ O -  + C H s C O O H ~ - - O H  +CHaCOO-  (8) 

(II) 

- - C -  + C H a C O O H ~ - - C H  +CHaCOO-  (9) 
(i) 

Assuming that effective initiation is instantaneous and 
initially only produces species (I) and that only (I) can 
propagate, then k~, the rate constant of  propagation 
in T H F  at 203K can be calculated from the initial rate 
of the dilatometric experiment and the catalyst efficiency, 
f ,  given in Table 3, kp(203K)=0.09 M -1 see -1. Thus MA 
propagates much more slowly than methyl methacrylate 
under similar reaction conditions. The lower limit for 
kp(203K) for methyl methacrylate polymerization in 
high T H F  concentration and with sodium gegenion 
has been measured by Allen et aL 4 to be 24M -1 sec -1. 

Taking the half-life for the establishment of  equi- 
librium in the dilatometric experiment as 2.5min, the 
average lifetime of  an initially formed carbanion is 
2.5/ln2=3.6min. From the conversion to polymer 
after 3-6min (Figure 3), the initial catalyst and MA 
concentrations and the corresponding values o f f  and x 
(Table 3), the polymer DPn after 3.6rain comes to be 35. 
Thus on average 35 monomer units add to a carbanion 
in its lifetime showing that the rate of propagation is 
35 times greater than the rate of  reaction (6). 

k6(203K) = k~[M]/35 = 0-004 sec -1 

By making the added assumption that the monomer 
concentration is constant during the dilatometric experi- 

ment (it actually dropped from 1.49 M to about 1.2 M) 
the ratio of the concentrations of  species (II) to species 
(I) is related to the initial rate, R0, and the equilibrium 
rate, Re, by the equation: 

[II]/[I] = ( Ro/ R , )  - 1 = k 6 / k - 8  

From the observed values of  R0 and Re in three dilato- 
metric experiments, the ratio of oxyanions to carbanions 
at equilibrium ([II]/[I]) is 70 at 203K. Thus 

k-6(203K) = k6/70 = 6 x 10 -4 see - I  
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The cubic structure of a SIS three block 
copolymer 
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A commercial thermoelastic three block copolymer (styrene-isoprene-styrene) has been 
characterized with regard to its molecular weight, block length and original morphology. 
The morphology was also followed as a function of mechanical (extrusion) and thermal 
(annealing at 150°C) treatment. After thermal treatment the structure consists of a body- 
centred cubic arrangement of spherical polystyrene domains; large groups of polystyrene 
domains are differently oriented to the axis of observation. The appearance of these 
differently oriented 'grains' was shown to be consistent with a structural model, observed 
from a variety of directions. 

INTRODUCTION 

Three block copolymers of the ABA type have been 
studied for many years 1 4 since in these materials the 
physical and mechanical properties of two different 
homopolymers are matched; generally the resulting 
characteristics are peculiar and different from those 
of a mixture of the two components. 

This has to be correlated with the phase separation 
that occurs in the solid state owing to the thermodynamic 
incompatibility of A and B blocksS-1L Homogeneous 
elements of several macromolecules join together in 
separated domains and the morphology of the material 
depends primarily on the relative amounts of A and B. 
When A : B___ 1 a lamellar structure appears and each 
macromolecule has its own end blocks in two different 
lamellae; they are therefore connected by the central 
portions B of the chains. When the percentage of one 
component is noticeably higher than the other, the 
former forms a continuous matrix in which the domains 
of the latter are uniformly distributed; these domains 
have usually a spherical shape. When A : B < I  there 
are spherical domains of A plunged in the B matrix 
and joined by the central blocks of the macromolecules, 
so that a three-dimensional network is apparent. 

The technique employed in the preparation of the 
specimens can modify the structure. The solvent has an 
influence on the morphology of the films cast from 
dilute solutions 14-1s, whereas mechanical and thermal 
treatments can influence specimens prepared directly 
from the bulk 19-2z. As a consequence the proportion 
of polystyrene is the main, but not the only factor 
responsible for the structure and therefore the pro- 
perties; the copolymer composition is, of  course, a 
primary characteristic of the material since specific 
morphologies can be induced by several treatments 
and hence peculiar properties can be obtained. 

In the present paper the results concerning the molec- 
ular characterization and the morphology of a SIS 
(S = polystyrene; I = polyisoprene) three block copolymer 

are reported, following the influence of extrusion and 
annealing treatments on the structure. 

EXPERIMENTAL 

Materials and molecular characterization 

The SIS three block copolymer used was a com- 
mercial product supplied by Shell Company under the 
trade name of Kraton 1107. In Table 1 some molecular 
and physical characteristics of this material are shown. 

The techniques employed to obtain the reported 
data have been extensively described in a previous 
paper 26. The number-average molecular weight was 
obtained by osmometry, while infra-red spectroscopy 
was used to measure the amount of polystyrene and 
the configurational composition of the elastic fraction. 
The glass transition temperature and the two values 
of the cubic expansion coefficients in the glassy and 
in the rubbery state were obtained by the dilatometric 
technique; the density was measured by flotation and 
the length of the elastic chains by swelling. 

The data clearly show that this copolymer has a 
rather high molecular weight and a low content of 
polystyrene so that in the macromolecule a long central 

Table I Molecular and physical characteristics of the Kraton 
1107 copolymer 

Molecular weight, Mn 1.5x 10 a 
Polystyrene (%) 10 
Molecular weight of each polystyrene terminal block 7.5x 103 
Molecular weight of the central elastic block 1.35× 105 
Configurational composition of the elastic block: 

cis-1,4-polyisoprene (%) 90 
3,4-polyisoprene (%) 10 

Tg(°C) 60-63 
c~g (°C) -1 5-50x 10 -4 
c~ r (°C) -1 6.30x 10 -4 
p (gcm -3) 0.89 
Mc 30 x 108 
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block of isoprene units, mainly in the cis-l,4 configura- 
tion, is joined to two very short end blocks. 

The glass transition temperature is particularly far 
from the value of the bulk polystyrene; this result 
indicates that the polystyrene domains in the rubbery 
matrix have to be quite small in size 10. 

Morphology 
For the morphological analysis with the electron 

microscope, ultra-thin sections of the bulk material 
were prepared. For cutting elastic specimens, a low 
temperature ultra-microtome has to be used, the sample 
being cooled with liquid nitrogen to approximately 

- 150°C; the technique employed with this SIS copolymer 
is described elsewhere ~7. The rubbery phase of the 
specimen was contrasted by exposing the sections to 
the vapour of an aqueous OsO4 solution at room tem- 
perature for several hours; consequently in the electron 
micrographs the isoprene phase will appear dark and 
the styrene phase bright. 

The Kraton 1107 (KI107) copolymer was studied 
as supplied by the manufacturer and the evidence from 
mechanical and thermal treatments was used to study 
the effects on morphology. By extrusion at high tem- 
perature (about 150°C; extrusion rate 1.5-6mm3/sec), 
cylindrical plugs with a diameter of 2 mm were obtained. 
The original material and the cylinders were annealed 
at 150°C under vacuum for a week; a longer annealing 
time (up to three months) was tested on the extruded 
plugs. 

RESULTS 

Morphology of the original sample 
In Figure 1 the morphology of the original material 

is shown. The phase separation is quite visible and is 
characterized by circular domains of polystyrene em- 

Figure 2 Electron micrograph of an ultra-thin section of 
an extruded plug of the K1107 copolymer, cut perpendicular 
to the extrusion axis 

bedded in the rubbery matrix. In several areas the spots 
have the shape of perfect, isolated circles; in other 
areas the circles are degenerated into elongated spots, 
oriented along different directions in the different areas 
of the field. 

We have to take into account that the sections viewed 
in the electron microscope are about 500A thick and 
that the osmium tetroxide stains the whole thickness 
of the section. Therefore we look at the projection on 
the observation plane of the three-dimensional structure 
of the copolymer. Circular domains of polystyrene 
may come out from spheres or from the exact cross- 
sectional view of cylinders with an orientation perpen- 
dicular to the cutting section; on the other hand, streaks 
and striated structures could be due either to local 
variations in the cylinder orientation within the field 
of view or to the projection of spherical domains lying 
down on the same row but at different depths in the 
section. As a consequence the micrograph of Figure 1 
does not allow us to draw any conclusion on the true 
morphology of the original copolymer; however, owing 
to the copolymer composition, it seems reasonable to 
assume that spherical domains of polystyrene are 
present. 

We will not discuss this point any further and we will 
merely assume the morphology of the original material 
as the starting point to study the effect of mechanical 
and thermal treatments on the structure of the co- 
polymer. 

Figure I Electron micrograph of an ultra-thin section of 
the Kl107 original copolymer 

Morphology of the extruded plugs 
The structure of the K1107 copolymer is not modified 

by the extrusion. In Figure 2 a section cut perpendicular 
to the plug axis is shown and the morphology is clearly 
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similar to that of the original sample; in particular no 
orientation along the extrusion direction can be seen and 
the polystyrene domains are still randomly distributed 
in the rubbery matrix. As a consequence no birefringence 
is observed and the small-angle X-ray diffraction with 
the beam parallel to the plug axis gives a symmetrical 
ring (Figure 3). 

These results seem to be peculiar to copolymers 
having a low proportion of polystyrene because it was 
found that the extrusion process leads to orientation 
of the domains when the weight percentage of poly- 
styrene is in the range between 262°, zl and 332s. 

Morphology of extruded and annealed plugs 
In Figure 4 a section perpendicular to the extrusion 

axis of a specimen annealed for one week is shown. 

structure of SIS three block copolymer : E. Pedemonte et al. 

The phase separation is clearly better than in the original 
copolymer and a striking re-organization of the poly- 
styrene domains is observed. 

The electron micrographs of extruded and annealed 
plugs show a long range order which extend over well 
defined areas appearing as 'grains of crystallinity'. In 

Figure 3 Small-angle X-ray diffraction pattern of an extruded 
plug with the beam parallel to the cylinder axis. The beam and 
the beam stop were not exactly centred and therefore some 
extraneous diffractions appear in the centre of the ring 

Figure 4 Electron micrograph of an ultra-thin section of 
an extruded and annealed plug of the Kl107 copolymer; 
section cut perpendicular to the extrusion axis 

Figure 5 (a) Hexagonal and (b) rectangular arrange- 
ment of circular domains of polystyrene embedded in 
the rubbery matrix. Specimen annealed for 60 days at 
150°C. Section cut perpendicular to the extrusion 
direction 
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each area the organization of the polystyrene domains 
in the rubbery matrix reveals a surprising uniformity 
and the boundaries are well defined. The size of each 
ordered region is rather small (< 2/~m) when the anneal- 
ing time is one week but increases progressively with 
annealing time and reaches exceptionally large values 
by extending the treatment up to three months. On 
the other hand, the dimensions of the polystyrene 
domains apparently do not change. 

Different morphologies are present. Those more 
frequently observed are characterized by: hexagonal 
(Figure 5a), rectangular (Figure 5b) and square (Figure 
4) arrangement of circular domains of polystyrene 
embedded in the rubbery matrix; striated structures, 
in which the thickness of the polystyrene striations is 
always constant but the spacing may have two different 
values (Figure 6). 

As noted previously, the grains boundaries are well 
defined and in each region the morphology is very 
regular. The same observations can be made on sections 
but along the extrusion direction and on the original 
material when annealed for a long period of time. 

The extruded specimens are still isotropic; the small- 
angle X-ray diffraction with the beam along the extrusion 
directions gives a symmetrical ring 29. 

DISCUSSION 

Sections of both the original material and of the extruded 
plugs show, after annealing, many different morpho- 
logies in ordered regions, whose dimensions increase 
with annealing time. We call these regions 'grains of 
crystallinity' because the structure of the copolymer 
looks like that of a crystalline low molecular weight 
substance. 

Figure 6 Striated structures. Specimen annealed for 60 
days at 150°C. Section cut perpendicular to the extrusion 
direction 

Figure 7 Body-centred cubic model viewed from the 111 plane 

Keller and Odel129, 30 assume the possibility of the 
coexistence of spherical and cylindrical domains of 
polystyrene to explain some results obtained with small- 
angle X-ray diffraction on the same Kl107 copolymer. 
Also Hoffmann and coworkers 18, 31-82, in their com- 
prehensive work on the butadiene-styrene two-block 
copolymer, assume that cylinders and spheres can 
both be present; more recently 33, for a copolymer 
having a content of styrene of about 17700 by weight, 
the possibility of having cubic and hexagonal close 
packing of spheres is considered because the difference 
in energy between these two lattices is claimed to be 
extremely small. 

We believe that the lattice of the polystyrene domains 
in Kll07 is unique for the whole structure. Assuming 
that the polystyrene domains are spherical and arranged 
on a body-centred cubic lattice, we can explain our 
experimental observation if we take into account that 
each grain of crystallinity can have a different orientation. 

This hypothesis is supported by the analysis of a 
structural model, made up with 'ping-pong balls' 
according to the ratio d/(~ between the domain to domain 
distance, d, and the domain diameter, ~, experimentally 
observed in the hexagonal arrangement of circles of 
polystyrene (as in Figure 5a). The average value of 
many observations was considered and only spots 
perfectly circular were taken into account. This view 
would correspond to the (111) face of the lattice (Figure 
7). Looking to the body-centred cubic lattice from the 
(100) and from the (110) planes respectively we have 
morphologies characterized by square and rectangular 
arrangement of spots (Figures 8a and b). By simply 
rotating the lattice around a definite crystallographic 
axis we go from one morphology to another; in the 
meantime a great number of transition structures are 
put into evidence and we draw attention to the high 
spacing and the low spacing striations, shown in Figures 
9a and b. The striated structures shown in Figure 6 
would therefore be the consequence of a particular 
three-dimensional distribution of spherical domains 
of polystyrene set on different crystallographic planes. 

The agreement between the experimental results and 
the body-centred cubic lattice model is satisfactory not 
only qualitatively, as discussed so far, but also from 
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m 
Figure 8 Body-centred cubic model viewed from the (100) and the (110) plane 

Figure 9 Diagram of the stricted structures obtained by rotation of the body-centred cubic model 

Table 2 Comparison between calculated and 
experimental values for body-centred cubic struc- 
ture 
d=distance between the centres of two nearest 
polystyrene elements; ¢=dimension (thickness or 
diameter) of a polystyrene element 

Morphology d/@ (calc.) d/¢ (exp.) 

Hexagonal (111) - -  2.0 
Square (100) 1.85 1.7 
Rectangular (110) 1.35/1.85 1.3/1 -8 
High density striation 1 "35 1.4 
Low density striation 1.85 1.9 

a quantitative point of view. In Table 2 the values 
experimentally observed for the die ratios are compared 
with those calculated from the model. 

We are aware of the errors that result from trying 
to measure the dimensions of elements of structures 
stained with osmium tetroxide. For this reason we do 
not discuss the possible variation of the polystyrene 
domains sizes with the annealing time. On average, the 
spheres show a diameter of about 130 A. 

CONCLUSIONS 

The comparison between the morphologies reported 
indicate the influence of mechanical and thermal treat- 
ments on the structure of the K1107 copolymer. Extrus- 
ion has no effect on the morphology; by annealing at 
high temperature both the original material and the 
extruded plugs, a re-organization of the spherical poly- 
styrene domains takes place and a body-centred cubic 
lattice is produced. The specimens have the charac- 
teristics of a polycrystalline material so that the 
orientation of the grains of crystallinity is randomly 
distributed. 

These results are completely different from those 
obtained with Kl102 ~o-22 and can be correlated with 
the low amount of polystyrene present in the copolymer 
studied. 
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Polymer translational diffusion: 1. Dilute theta 
solutions, polystyrene in cyclohexane 

T. A. King, A. Knox, W. I. Lee and J. D. G. McAdam 
Physics Department, Schuster Laboratory, University of Manchester, 
Manchester M13 9PL, UK 
(Received 22 December 1972; revised 2 February 1973) 

The translational diffusion coefficient for polystyrene in cyclohexane under theta condi- 
tions has been found to be concentration dependent, describable by an equation of the 
form: D(c)=Do(l+koc+ . . . ) ,  in which ko is related to the weight-average molecular 
weight as ko = (4.1 + 0.3) × 10-4M~ dl/g with d= 0.48 + 0-04. The result is intermediate between 
the theoretical descriptions of: Yamakawa; Imai; and Pyun and Fixman. Diffusion coeffi- 
cient measurements have been made with variation of molecular weight and concentration 
by detecting the linewidth of the Rayleigh light-scattered component in a laser light- 
scattering apparatus. 

I N T R O D U C T I O N  

The purpose of this paper is to present our recent 
measurements on the concentration dependence of the 
diffusion coefficient of polymer molecules in dilute 
solution under theta conditions and to compare these 
results with the current theoretical situation. When a 
polymer solution is at thermal equilibrium in which a 
concentration gradient exists the diffusion process 
occurs. The concentration gradient can arise from 
chemical potential fluctuations of the solution and 
this origin of diffusion is applicable to the experimental 
technique described later. 

The diffusion of the polymer molecule in solution 

can be described in terms of a matter flux J, a diffusion 
coefficient D, the phenomenological coefficient L =  el f  

and the gradient in polymer chemical potential VIzl 
as:  

J =  - DVc= - f  V/Zl (l) 

Here c is the solution concentration and f is the friction 
coefficient of the polymer. 

From the Gibbs-Duhem relation and the virial 
expansion for the osmotic pressure of the solution the 
diffusion coefficient can be expressed 1 as: 

D = f T ( I - ~ v ; C ) ( I + 2 A 2 M c + a A 3 M c 2 +  . . . )  (2) 

in which M and VI are the polymer molecular weight 
and volume, Az and A3 are the second and third virial 
coefficients, k is Boltzmann's constant, N is Avogadro's 
number and T is the absolute temperature. In general 
the friction coefficient f may also be taken to depend on 
concentration I and may be expanded in c as: 

f = fo(1 + kfe + k}e 2 + . . .  ) (3) 

with f0 denoting the friction coefficient at infinite dilution 
and kf, k } . . .  denoting molecular weight dependent 

constants. The concentration dependence of the diffusion 
coefficient for dilute solutions can then be written as: 

D(c) = O0(1 + koc + k'D c2 + • • • ) (4) 

In equation (4) Do is given by the Einstein relation as 
Do=kT/ fo ,  being the diffusion coefficient at infinite 
dilution, and the thermodynamic and hydrodynamic 
dependence of ko  being given as: 

NVa 
k o = Z A 2 M - k l -  ~ (5) 

where the inclusion of the term NV1/M in equation (5) 
has been recently discussed 1. 

When a polymer solution is at the theta temperature 
the term containing A1 may be taken as zero and equation 
(5) becomes: 

1 N VI~ 
k ° = - ~ k y +  M ) (6) 

and the corresponding expression for the diffusion 
coefficient to first order in c, 

D°(c)= D°(1 +k°c+ . . . )  (7) 

Independent theoretical descriptions of the form of 
kl have been given by Yamakawa ~, ImaP and Pyun 
and Fixman 4 and these will be briefly described and 
compared with the results of this work later in this 
paper. Investigations related to ks in equation (3) from 
diffusion and sedimentation measurements have not 
achieved a definite conclusion. In particular it has been 
predicted to have both zero and non-zero values. For 
polystyrene in cyclohexane, Cantow ~ found that k i = 0  
and any concentration dependence he attributed to the 
next higher term (k}c ~) or ( - k ' i T  ~) and Klenine et al. ~ 
and Haug and Meyerhoff 7 found that the concentration 
dependence was negligible. Also for polystyrene in 
cyclohexane near the theta point Cowie and Cussler 8 
found a noticeable decrease in D with increase in con- 
centration although their data were not analysed fully 
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in terms of equation (7). Other measurements 9-13 
mainly of polymer sedimentation have provided evidence 
for various non-zero values of k/. 

DIFFUSION COEFFICIENT MEASUREMENTS 

Experimental techniques 
The polymer translational diffusion coefficients were 

obtained from laser light-scattering by Rayleigh 
linewidth measurements 14. The molecular centre-of-mass 
motion introduces a range of quasi-elastic frequency 
shifts in the scattered light whose linewidth is charac- 
teristic of the ensemble average motion of the molecule. 
A description of the optical light-beating spectrometer 
will be published in more detail separately. The spectro- 
meter resolves the optical linewidth of the scattered 
light by homodyne (intensity fluctuation spectroscopy) 
light-beating and the photomultiplier photocurrent from 
the detected scattered light is analysed with an auto- 
correlation function computer. In the present study a 
60mW Spectra-Physics model 125He-Ne 6328/~ laser 
and a Hewlett-Packard model 3721A correlator used 
in autocorrelation mode have been used, with data 
being transferred on to paper tape for subsequent 
computer analysis. 

This study is based on the observation of the dynamics 
of polystyrene random coils in cyclohexane maintained 
very close to the theta temperature; also included for 
comparison are D values in butan-2-one at 25°C. A 
set of polystyrene samples (from the Pressure Chemical 
Company) of varying molecular weight and with a 
polydispersity equal to or better than 1-3 was used. 
Some details of the samples are given in Table 1. The 
polymer characterization data are largely as given by 
the suppliers except for the sample with weight-average 
molecular weight h~tw=2.7× 106. For this sample the 
molecular weight information has been obtained from 
viscosity and gel permeation chromatography (g.p.c.) 
analysis. Cyclohexane solutions of chosen concentration 
were prepared in an oven at 40°C and particular care 
was taken with sample cleaning before performing the 
light-scattering experiments. All solutions were prepared 
free of particulate matter by centrifugation for up to 
2 hours at 40°C, with rotor speeds up to 20 000 rev/min 
giving 35000×g acceleration, and then transferred 
directly into pre-cleaned sample cells. The measurement 
cells were contained in a high thermal mass temperature- 
controlled chamber maintained at 35+0.1°C for the 
theta point measurements. 

An example of the form of the correlator output for 
the time autocorrelation function for measurements 
on the A~tw=2.7xl06 sample is shown in Figure 1. 
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Photomultiplier photocurrent time autocorrelation 
function Ci(r) for a polystyrene polymer of /~w=2 7x106 in 
cyclohexane at 35°C at a concentration of 0 05g/dl with K2=6 28 
x 109cm -~- 

For molecules small compared to the wavelength of 
light the autocorrelation function is exponential with a 
time constant "re given by 14, 15: 

re= [2K 2D(c)]-1 (8) 

with Kg"=[16rr2nZsin2(Os)/2]/Ao z in which K is the 
scattering wave-vector in a medium of refractive index n 
for an incident light wave of wavelength A0 in vacuum 
and scattered angle Os. Thus the diffusion coefficient is 
obtained directly from the time constant of the expon- 
ential autocorrelation function. 

Preliminary calculations indicate that the appropriate 
molecular weight average to use in this diffusion type 
of experiment lies between the weight and z averages 
and so, for consistency, /~rw has been used. Also the 
diffusion coefficient measured is sensitive to sample 
polydispersity and narrow distribution samples have 
been used. This dependence has been the subject of 
study 16 and preliminary calculation and measurement 
shows that for the small polydispersity of the samples 
used here the correction to D would be within the 
experimental uncertainty of the measurement itself. 

The precision of the experiment is a function of the 
solution scattering power. Typically for a solution of 
Mw=2 × 10 5 at a concentration of 0.5g/dl the measured 
diffusion coefficient is estimated to have an accuracy 
of _+2%. The diffusion coefficients at zero concen- 
tration, Do, which are obtained from an extrapolation 
of the concentration dependence of the diffusion coeffi- 

Table I Description of polystyrene samples and values of the diffusion coefficient at c=0, Do, for 
cyclohexane (at 35°C) and butan-2-one (at 25°C) 
The diffusion coefficient concentration dependence parameter k~ and the ratio (k~+ 9.4 x 10-a)~wa/2 
are given for theta conditions 

Dox 107 (cm2/s -1) 

/~w Cyclohexane Butan-2-one k~ (k~+9.4x 10-a)~w 1/2 
Sample Mw M~ at 35°C at 25°C (dl/g) (x 104) 

PC-14b 2-7x 106 1 "3 0"84 1-37 -0"56 --3"36 
PC-13a 6"7x10 ~ <:1-15 1.66 2'95 -0-34 -4-03 
PC-lc 2x 105 <1-06 3.05 5"96 -0.16 -3.36 
PC-4b 1.1x105 <1.06 4.20 7-90 -0 '18  -5.12 
PC-2b 2-1x104 <1.06 8.97 22"5 -0.09 -5.52 
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Figure 2 Concentration dependence of D(c) for polystyrene 
samples in cyclohexane at 35°C ( × ) and butan-2-one at 25°C (©). 
- - ,  M w = 2 ×  105; . . . .  M w = 2 - T x  106 

cient data, are estimated to have an accuracy of + 5 ~o 
for Mw~10s and +3~o for )~w=2.Tx106. Two such 
dependences for /hCw=2xl05 and /~¢w=2.Tx106 are 
shown in Figure 2. The cyclohexane results are there 
compared with butan-2-one measurements. The non- 
theta point butan-2-one results can be seen to be of a 
different nature and those measurements form part of 
a larger study of the diffusion coefficient of polystyrene 
under non-theta conditions. The results of this study 
are to be reported in a subsequent separate publication. 

Limitation of dilute solution range 
In order to satisfy the condition for dilute solution 

behaviour and still determine kD, consideration needs 
to be given to the concentration range over which 
measurements are made. The criterion adopted here is 
that the distance between the neighbouring centres 
of mass of two chain molecules should be at least twice 
the linear effective diameter of the polymer. Or alter- 
natively, the total volume occupied by the polymer 
molecules should not be greater than about 10~  of the 
volume of the solution. If  the maximum useful concen- 
tration is Cm and Vh is the solute hydrodynamic volume, 
the condition becomes: 

Nero Vh 
- - ~ - -  ~< O. 1 (9) 

From the empirical equations of Flory and Fox t7 
connecting the intrinsic viscosity [7] and molecule radius 
of  gyration Ra, 

[7] = 63/20 

and an average value of the Mandelkern invariant for a 

Polymer translational diffusion (I) : T. A. King et al. 

random coil polymer at the theta point 

(1)l/a/p=2.65 × 106, 

we obtain: 

N•-•= 0"201710 (10) 

where [7]0 is the value of the mtnnsm viscosity at the 
theta temperature. Literature values of the Mandelkern 
invariant differ from the mean value of 2.65 × l06 by 
up to + 6 ~ and the limiting values have the effect of 
making the coefficient in equation (10) range from 
0.18 to 0.24. For the purposes of this paper the mean 
value of the invariant is adequate. 

For the polystyrene-cyclohexane system the intrinsic 
viscosity variation with Alw isag: 

[7]0 = 8"4 × 10 -4 _M~ (dl/g) (11) 

and 

NV~ 
- 1.7 x 10-4 A~t~ 5 (dl/g) (12) 

M 

The limiting concentration Cm is then given as: 

em= 6"0 x lO 2 /~0"5  (g/dl) (13) 

Consequently Cm is, for example, calculated as 1.3g/dl 
for i~w=2X 105 and 0.36g/dl for Mw=2.7× 106 the 
largest polymer for which measurements are reported 
in this study. This type of calculation provides a useful 
guide to the concentration range to be used in investigat- 
ing equation (7). 

Results 
From measurements of the typical form of Figure 1 

the diffusion coefficient, D(e), and its concentration 
dependence is obtained for various molecular weights; 
data on five molecular weights are reported here. Two 
examples of the concentration dependence are shown 
in Figure 2 for /~w=2×105 and Mw=2.7x l06 .  
For each of the five samples a value of the diffusion 
coefficient at c=0 ,  Do, has been derived and a value 
of the concentration dependence parameter k~, within 
the concentration limits discussed in the previous 
section. The low concentration regions of the D(e) 
curves either for cyclohexane or butan-2-one solutions 
do not provide any evidence, within the limit of the 
experimental sensitivity, for a concentration-independent 
region of the type given by Cantow 5. 

The molecular weight dependence of Do is shown 
in Figure 3. This dependence can be well represented by 
the relation: 

D°=kTl~ j  b (14) 

in which in this study the sample temperature is held 
constant to enable the temperature-dependent value 
to be obtained for kT=(l.3++O.2)×lO-4cmZ/s and 
b=0.497_+0-006. The molecular weight dependence 
of D o is in agreement with theoretical and other experi- 
mental investigations 1, 5 

The sign of k ° over the investigated molecular weight 
range has been found to be always negative for cyclo- 
hexane solutions. This contrasts with the butan-2-one 
data in which a sign change is found as is illustrated by 
the butan-2-one data in Figure 2. The values of k ° for 
the cyclohexane solutions are given in Table 1 and plotted 
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Figure 3 Dependence of Do the diffusion coefficient at c=0, on 
molecular weight Mw for polystyrene in cyclohexane at 35°C 
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Variation of k~ with Mw for polystyrene in cyclohexane 

in Figure 4 and a concentration dependence is found 
for D O over the experimental range reported here of 
hlw ranging from 2 x 10 4 to 2.7 x l0 s. At this point we 
are now concerned with how this result compares with 
the theories of the diffusion or sedimentation coeffi- 
cients. 

DISCUSSION 

The nature of the D°(c) concentration dependence from 
these results indicates that equation (7) can describe 
the low concentration behaviour of  the polystyrene- 
cydohexane system under theta conditions. Also the 
linear concentration dependence applies down to very 
low concentrations, e.g. for h,Iw=2.7x l0 s down to 
c=  10-3g/dl and no real evidence for a concentration 
independent region as reported by Cantow 5 has been 
found which is outside the experimental uncertainty. 
Qualitative evidence for the higher order terms in D(c) is 
found for both theta (cyclohexane) and non4heta 
(butan-2-one) solvents. 

The quantity k ° contains the polymer volume term 
and the coefficient k/  from the frictional dependence. 
The available theories for kl  may be divided into two 

theoretical approaches. Yamakawa 2 and Imai 3 have 
used similar models based on the random coil polymer 
and the Kirkwood-Riseman theory to show: 

ks,= 1.2A2M q NV~ M (Y) (15) 

where Vn is the hydrodynamic volume of the polymer 
molecule, and 

k/= coM 112(% _ ~1) + NVn M (I) (16) 

Here ~ is the viscosity-radius expansion factor and 
co = 2/(3a/2)N~(X)[(nboZ/M)] 3/2 is a constant with X=  the 
effective volume of a polymer segment, n =  the number 
of  segments in the polymer and b0= bond length. The 
term NVn/M did not appear in the original publica- 
tions z, 3 and occurs merely as a result of a coordinate 
transformation from the molecular frame to the labora- 
tory frame in order to eliminate the surface effecO and 
conserve solution volume. 

An alternative approach by Pyun and Fixman 4 used 
a spherical polymer model and considered the potential 
interaction as well as the hydrodynamic interaction. 
This gave for a soft interpenetrating sphere-like polymer: 

NVn (PF) (17) ky= [7-16- K(A)] M 

for the calculation when the concentration is in units 
of g/dl. In equation (17), K(A) is a monotonically 
decreasing function of A which is related to the second 
virial coefficient for segment-segment interaction. 

At the theta temperature A-~0 and it is found 4 that 
K(A)=4.93. Also under theta conditions % = 1 and then 
equations (15), (16) and (17) reduce to: 

k/= NVn (Y, I) (18) 
M 

k1= 2.23 NVh (PF) (19) 
M 

We can use equations (18) and (19) to develop equation 
(6) further as: 

N 
k ° = - ~¢ (V1 + Vh) ( Y, I)  (20) 

o r  

N (V1 + 2.23 I/n) (PF) (21) ko=-~ 

The polymer molecular volume can be related to the 
polymer density p as 

M vl=~ (22t 

A measure of the polymer hydrodynamic volume can 
be obtained from the values of D o found in this work. 
From equations (4) and (14) we can write: 

o kT kT - b (23) 
Do= ~ =  6rrqG = k TM~ 

Here R~ is the hydrodynamic radius of the polymer such 
that the hydrodynamic volume Vh is given as: 

4 kT a_ 4 8 - r r [ - - ]  Mal z Vn=~r;Rh= (24) 
3 \6~rnkr] 
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Using the values of  k T =  1"3 × 10-4cm2/s, p =  106g/dl 
and cyclohexane viscosity at 35°C, n =0.75 cP, equations 
(20) and (21) reduce to: 

k ° =  - 2 - 8  × 10-4~r1~2-9.4 x 10 -3 (Y, I )  (25) 

and 

k ° =  - 6 . 2 ×  10-4)fffad"°-9.4 × 10 -3 (PF)  (26) 

The quantity (k°~+9-4× 10-3).~¢j °'5 has a value of 
- 2 . 8  × 10 -4 on the Yamakawa 2 and Imai a theories and 
a value of - 6 . 2 ×  10 -4 from the theory of Pyun and 
Fixman 4. The results of  this present study, as presented 
in Table 1, show that the experimental values of that 
quantity fall between the theoretical values for all 
the results from the five molecular weights reported. 
For small molecular sizes the experimental results move 
towards the Pyun and Fixman value. As indicated in 
Figure 4 the uncertainty in k ° ranges from < 5 ~ for 
34w=2.7 × 106 to near 5 0 ~  for ~rw=2 x 104. It  may be 
expected that the low molecular weight polymers may 
not fit into the theoretical descriptions. I f  a weighting 
proportional to their experimental uncertainty is given 
to each of the five points in Figure 4 the form of the 
k ° data can be represented as: 

k ° = ( 4 . l  _+0.3) x 10-4/14w 0"48:L0"04 dl/g (27) 

The development of  the description of D(e) as given 
briefly in the first section shows that the theories predict 
a concentration dependence for ks and k °. As found by 
other workers the concentration dependence is weaker 
in a poor  solvent than a good solvent. I f  the polymer 
does not change its size much with concentration at 
the theta point we might expect the soft sphere model 
of Pyun and Fixman to be reasonable. Here the agree- 
ment is found to become better for )l~rw~ 105. The 
hydrodynamic contribution to k f  may possibly have 
other terms in addition to ((Rts)- l )av which Yamakawa 
and Imai considered as the only source of concentration 
dependence. Also Imai indicates that a further de- 
pendence on concentration may be extracted from his 
theory if certain approximations are removed. 

In comparing the diffusion coefficient obtained by 
the techniques of  this s tudy- -a  free diffusion m e t ho d - -  
and by sedimentation velocity or equilibrium measure- 
ments consideration needs to be given to the change of 
polymer conformation due to the applied force field 
which alters the frictional drag. There are reports 8,~0 

Polymer translational diffusion (I) :  T. A. King et al. 

of sedimentation measurements giving values of kl  in a 
range which is higher than the value derived from the 
work of Pyun and Fixman and much higher than the 
value from Yamakawa and Imai. Also Kotaka  et al. ~1 
found that k l  depended on the centrifugation speed. 
In the method of this paper, where the polymer moves 
under a diffusion process due to spontaneous concen- 
tration fluctuations in the solution and minimum 
perturbation of the polymer molecule is introduced, 
the assumptions of  Yamakawa and Imai may be ade- 
quate. 
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Kinetics of crosslinking of linear polyethylene 
with t-butyl peroxide 
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The kinetics of the curing of polyethylene with di-t-butyl peroxide have been studied 
using a Wallace-Shawbury curometer and a Monsanto rheometer. Results obtained for 
the activation energy of the crosslinking reaction are of comparative value only, because 
the temperature of the specimen is not known with sufficient accuracy; this applies especi- 
ally to the rheometer. It was not possible to crosslink polyethylene premixed with carbon 
black; the addition of carbon black to the mixture of polyethylene and peroxide greatly 
reduced the degree of crosslinking obtained. 

INTRODUCTION 

The effect of peroxide concentration on the physical 
and mechanical properties of crosslinked polyethylenO 
and its behaviour at elevated temperatures z have been 
investigated. 

Raley et al. ~ found that di-t-butyl peroxide decom- 
poses by a first order dissociation reaction with an 
activation energy of 39 kcal/mol. The t-butoxy radicals 
formed tend to lose methyl radicals at higher tem- 
peratures rather than to abstract hydrogen 4. Rado and 
Simunkova 5 using dicumyl peroxide found that tem- 
perature was the controlling factor for the rate, but 
had no effect on the efficiency of crosslinking. Moore 
and Watson found that t-butyl peroxide crosslinked 
natural rubber without causing degradation n. 

In this paper an account is given of a study of the 
kinetics of  the crosslinking of linear polyethylene with 
di-t-butyl peroxide at different temperatures using two 
commercial instruments, the Shawbury curometer and 
the Monsanto rheometer, that are widely used to study 
the curing of elastomers. The effect of carbon black 
on the kinetics of  the crosslinking reaction was also 
investigated. 

EXPERIMENTAL 

The linear polyethylene used (British Petroleum Rigidex 
476) had a molecular weight (My) of 2.716x 105 and 
an intrinsic viscosity in decalin of  2-96 at 135°C. The 
peroxide used was di-t-butyl peroxide (Trigonox B) 
in a hydrocarbon solvent (special boiling point spirit 
No. 4, Shell-Mex and BP) with Midland Silicones 
Ltd MS 550 as a dispersant in the ratio 1 0 : 1 0 : 4  
parts as in previous work 1. 

The polyethylene was mixed with different amounts 
of peroxide in an Engel 7 pressure chamber at 130°C. 
The design pressure of the chamber was 1-034 x 10 a N/m 2 
(150 000 lbf/in2). All the polyethylene samples containing 
peroxide were stored at -20°C,  

The rate of cure was ascertained from a Wallace- 
Shawbury curometer MK IIIs (H. Wallace, Croydon) 
and a Monsanto rheometer (Model 100). The latter 
was used at a rotor speed of  100 cycles/min with an 
arc of  oscillation of + 5 ° and a standard die. Both 
apparatuses measure the change in modulus of the cross- 
linkable polyethylene against time at constant temperat- 
ure. Seval Carbon Black (MT) of particle size 400 t~m 
and pH 8.4 was pre-mixed with the polyethylene in a 
Banbury mixer or added with the peroxide in a ball 
mill. 

Wallace-Shawbury curometer 

A small fixed volume of powdered polymer con- 
taining peroxide is subjected to sinusoidal strain at a 
chosen temperature and any change in stiffness is 
recorded. The width of  the trace is adjusted to com- 
pensate for the softness of the molten sample. 

A curometer trace at 200°C with 3 .6~  peroxide is 
shown in Figure 1. The initial part of the trace indicates 
the flow in the sample when it is placed in the heated 
platen. The second portion of the trace shows the onset 
of crosslinking and it continues until a minimum distance 
between two curves is obtained. 

IV__ 

© 

% 

t 

' 15 15 
Time(rain) 

Figure 1 Curometer trace of crosslinked polyethylene at 200°C 
containing 3"6~/o peroxide 
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The shear modulus is given 9 by: 

where K and b are constants characteristic of the machine 
and stroke setting respectively and a is the width of 
stroke. 

The modulus is taken to be proportional to the 
number of crosslinks ~° and the rate of crosslinking is 
taken to be first order. The number of crosslinks, Z, 
still to be formed after time t relative to the total number 
that can be formed is: 

Z -  (1/aoo)- (1~at) 
( l /a~)-(l /ao) 

where a0 = the greatest width of the trace at the start, 

at = width at time t, 

aoo =width of the trace at infinite time. 

The width of the trace when the lines are parallel 
gives the value for aoo, as degradation occurs if the 
experiment is prolonged. 

Thus this equation is expressed in arbitrary torque 
(or shear modulus) units since the width of the trace 
varies with the shear modulus of the sample. The plot 
of the logarithm of this equation against time should 
be linear, i.e. first order, although initially during the 
warming up period this is not so. It is shown in Figure 2 
at 175 °, 200 °, and 220°C with 1.36 ~ peroxide. 

The cure time is taken as the time for 9 0 ~  of the 
crosslinks to be formed, i.e. when - l o g  Z = I . 0 .  The 
values obtained and the activation energies are given in 
Table 1. 

Monsanto rheometer 
The specimen is subjected to a shear strain by means 

of an oscillating biconical disc, The torque required to 
oscillate the disc gives a measure of the shear modulus 
of the polymer. Figure 3 shows an initial increase in 
torque (polymer viscosity) followed by a fall due to 
increasing temperature. When crosslinking occurs the 
torque rises. The cure shows a decrease in torque with 
time if chain scission takes place or a continual increase 
if a slow crosslinking reaction occurs. 

A kinetic interpretation has already been given by 
Coran11. 

Assuming that crosslinking is a first order reaction 
after an induction period tt, we get: 

k ( t -  ti) 
log]0 (Rmax-Rt)=lOglO Rnaax-~ 2"303 

The torque at a time t (Rt) and the maximum torque 
(Rmax) are taken from the rheometer trace. Table 2 
gives the overall rate constant k obtained by plotting 
the log of (Rrnax-Rt) against time, and the time for 
90~o of the crosslinks to be formed (tg0). This is the 
number of minutes taken to reach a torque Rg0 given 
by: 

Rs0=0'9 (Rmax-- Rmin)-b Rmtn 

RESULTS 

Shawbury curometer 
The cure times for polyethylene containing different 

amounts of peroxide are shown in Table 1. As expected, 

extra peroxide reduces the time for curing (90~)  to 
occur. This is seen at 150°C but at higher temperatures 
the curing times are too short for any noticeable effect 
to be visible. 

The minimum amount of peroxide required is 0-24 ~1. 
This figure is low because the process uses high molecular 
weight and high density polyethylene and disperses the 
peroxide efficiently. 

The slope of the cure curves, shown in Figure 2, is 
used as a measure of the rate of cure (k) and the values 
obtained along with the activation energies calculated 
for the reaction over this range of temperature are 
given in Table 1. The gel content (mesitylene, 24h 
heating) of crosslinked polyethylene samples containing 
6"87~o peroxide was found to be 8 7 ~  giving good 
correlation with the theoretical values (90 ~o). An excep- 
tion occurs at 220°C when the value falls to 81 ~ showing 
that the polymer is degrading at this temperature. 200°C 
is thus the preferred working temperature. 

Monsanto rheometer 
The time required for 9 0 ~  crosslinking (tg0)at 175 °, 

190 ° and 200°C is shown in Table 2. At 150°C the 
peroxide is being activated very slowly as is shown by 
the long scorch time and slow rise in viscosity; it was 
not possible to obtain reliable results. No noticeable 
differences are shown between the samples. 

At 200°C the rheograph (Figure 3) is similar to that 
obtained with rubbers. It shows a rapid fall in viscosity 
to a minimum followed by a short dwell time before 
crosslinking starts to take place. Crosslinking continues 
as shown by the increase in torque until the maximum 
is reached. At 175°C the rate of crosslinking is con- 
siderably reduced while at 190°C the rate is faster than 
at 175°C, as would be expected. 

The times for 90~o crosslinking show an increase 
with increase of peroxide. This could be due to the 
presence of some scission reactions owing to shear 
strain. 
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Figure 2 Rate of formation of crosslinks in l inear polyethylene 
(1-36% peroxide) using W a l l a c e - S h a w b u r y  curometer ,  x ,  175°C; 
e ,  200°C; ©, 220°C 
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Table 1 Activation energy for the crosslinking of polyethylene using Wallace- 
Shawbury curometer 

Cure time* 
for 90% Overall rate 

Peroxide Temperature crosslinking constant, E 
Number (%) (°C) (min) k (kcal/mol) 

1 0'24 150 92.30 0.008 7'6 
175 21.00 0-075 
200 2"56 0"469 
220 1.04 1.12 

2 0.78 150 85.15 0.012 7.4 
175 11-21 0.087 
200 2-22 0-52 
220 1.12 1.10 

3 1.36 150 55.45 0.015 6.9 
175 10.33 0.108 
200 2-11 0.53 
220 1.07 1.06 

4 2.55 150 60-30 0.017 7.2 
175 9.54 0.105 
200 2.04 0.69 
220 1.12 1.16 

5 3.80 150 61.35 0.013 7.6 
175 11-26 0.093 
200 2.31 0.65 
220 1.18 1.10 

6 6.87 150 61.48 0.014 6.8 
175 12.46 0.086 
200 2.36 0.45 
220 1.13 1-03 

* Mean of three results 

Table 2 Activation energy for the crosslinking of polyethylene using Monsanto rheometer 
i 

Peroxide Temperature tgo Overall rate constant, E 
Number (%) (°C) (min) k (kcal/mol) 

1 0'24 175 29'0 0"044 9'2 
190 9"54 0"175 
200 5"19 0"544 

2 0"78 175 30"30 0"042 10"8 
190 8"06 0"250 
200 5"08 0'628 

3 1-36 175 32"0 0"036 10"1 
190 9'06 0"210 
200 5"32 0-572 

4 2"55 175 32"50 0"038 10"2 
190 8"36 0-253 
200 5"43 0'555 

5 3'60 175 33'0 0"041 10"2 
190 9"36 0'210 
200 6- 00 0" 594 

6 6"87 175 34-0 0"032 10'6 
190 9"48 0"220 
200 6"00 0'618 

The overall first order rate constant k obtained from 
the slope of  reaction curve and the activation energy 
calculated for this reaction is shown in Table 2. The 
amount  of  peroxide, in excess of  0.24 ~ ,  has no effect 
on E. The values are fairly constant over this range of 
temperature. 

Effect of carbon black 
Carbon black (MT) was mixed with polyethylene in 

a Banbury mill at 150°C for 10min and then further 
milled on a two-roll mill for 5 rain at 130°C. The material 
was ground into powder and then different amounts 
of  peroxide were mixed with it in the Engel process at 
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Figure 3 A rheograph of crosslinked polyethylene at 200°C 
containing 2,55~/o peroxide 

130°C. The effect of 10, 25 and 40~o carbon black on 
the curing of polyethylene was investigated using both 
the curometer and the Monsanto rheometer. In neither 
instrument was it possible to crosslink this carbon black 
filled polyethylene. 

In the second trial polyethylene samples containing 
different amounts of peroxide, which were used in the 
main experiments, were ball milled with 10, 25 and 
4 0 ~  MT carbon black for 24h at room temperature. 
The samples were subjected to the same investigation. 
The crosslinking reaction was considerably reduced. 
The curing test was repeated after a week, no measurable 
crosslinking was recorded. 

DISCUSSION 

The most important factor to be considered in com- 
paring the instruments is the temperature of the speci- 
men. In neither instrument is the temperature of the 
specimen directly measured. The sample in the curometer 
is very small while the rheometer requires a large speci- 
men. Polyethylene has a very low thermal conductivity 
and the time required to raise the temperature of the 
inside of a thick specimen is relatively long. (It is for 
this reason that small specimens give better results in 
thermoanalytical studies where temperature measure- 
ment is crucial.) The results from a machine that requires 
large specimens should be viewed with caution. Downing 
and Stuckey 1'' found that specimens used in the Mon- 
santo rheometer had a considerable time lag between 
the temperature in the centre of a thick piece and that 
on the outside. This factor tends to cause variations in 
the state of cure within the specimen. On the other 
hand, there is a 2°C drop in temperature initially in 
the curometer which, owing to its fast heating rate, 
takes a few seconds to recover to original temperature. 

The different type of strain used in both instruments 
makes it difficult to compare their results because the 
strain rate plays an important role. It was difficult to 
crosslink polyethylene in the rheometer with an arc of 
oscillation of +3 °. All the specimens crosslinked with 
an arc of + 5 °. This could be due to the small arc of 
oscillation which is not sufficient to overcome the 
resistance of the material. It is also possible that a 
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large amplitude or a high frequency results in a sub- 
stantial rise in the interior temperature of the material 
and helps to crosslink it faster than at low frequency. 

Moore and Watson 6 made a detailed analysis of 
the t-butyl peroxide vulcanization of natural rubber. 
They proposed that the reaction scheme was: 

(C Hs)sCOOC(CHa)s--* 2(CH3)3CO" (A) 

(CHa)3CO" + PH ~(CH3)aCOH + P" (B) 

(CHs)aCO'-+ (CH3)2CO + "CH3 (C) 

• CHa + PH--* CH4 + P" (D) 

• CH~ + "CH3-, C~H6 (E) 

P" + P'---* P-P (F) 

where PH denotes a polymer molecule and P" the polymer 
radical resulting from hydrogen abstraction. They 
confirmed it by product analysis which showed that 
the decomposed peroxide was recovered fully as t-butanol 
and acetone while the methane and ethane together 
were equivalent to the acetone formed. Reaction by 
this scheme gives the number of crosslinks as equivalent 
to the amount of t-butanol and methane. This basic 
work of Moore and Watson relied on the absence of 
any scission during vulcanization. 

Interpretations of the results from the Monsanto 
rheometer are based on the assumption that the increase 
in torque during crosslinking is proportional to the 
crosslinking density. If crosslinking is the only reaction 
then one would expect a linear dependence of cross- 
linking on peroxide concentration. 

In practice a slight levelling off of the curve is found 
because some peroxide is wasted (e.g. reaction E, forma- 
tion of ethane). From Table 3 it is seen that the torque 
(maximum modulus) increases with the increase in 
peroxide (up to 2.55 °foo) and then decreases. This decrease 
is due to the scission reaction already discussed. 

It is known 13 that under the high pressure used in 
this work the mobility of polymer chain segments 
decreases resulting in a corresponding decrease in free 
radical decay. The formation and decay of radicals 
is too fast to be measured by these instruments. It is 
the slowest reaction which is being recorded. It appears 
that reaction (F) occurs in two stages. The first is the 
movement of radicals along the chains to positions adja- 
cent to those of radicals in other chains. The second is the 
formation of crosslinks by intermolecular migration of 
the radicals: 

P'-*P. adjacent (F0 

2 P. ad jacent~P-P (F2) 

Both instruments measure reaction F2, i.e. the rate of 
formation of crosslinks. This rate is accelerated by higher 

Table 3 Maximum modulus [in (Ib)] of crossed polyethylene 
from Monsanto rheometer at various temperatures 

Temperature (°C) 
Peroxide 

Number (~/o) 175 190 200 

1 0"24 41 39 39 
2 0-78 87 103 84 
3 1"36 72 63 72 
4 2-55 105 87 91 
5 3'60 75 71 65 
6 6.87 56 52 52 
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temperatures but the amount of  crosslinking is not 
affected. The curing time and activation energy found 
by the curometer is lower than that for the rheometer 
at all temperatures. The activation energy found by 
the curometer (7.2 kcal/mol) is preferred to that of  the 
rheometer (10-2kcal/mol) although the latter is closer 
to the 10kcal/mol found in irradiation studies 14. The 
activation energy given by the curometer is preferred 
to the result from the rheometer because the small 
platens of  the curometer are heated very rapidly to the 
curing temperatures and a small sample is used. In 
the rheometer the temperature of  the initial stages of  
cure is less accurately known. 

The presence of carbon black has a considerable 
effect on the crosslinking of polyethylene. In the first 
case when peroxide is injected, it is being absorbed by 
the carbon black so no crosslinking reactions can 
o c c u r .  

In the second case when carbon black is mixed with 
polyethylene containing peroxide from 0.14 to 6.87 ~o, 
the crosslinking reaction is reduced. This is attributed 
to the reaction of radicals present on the carbon black 
with the radicals produced by the peroxide. 

CONCLUSIONS 

The Wallace-Shawbury curometer is a simple and 
convenient method for studying the kinetics of  cross- 
linking reactions. The Monsanto rheometer enables 
one to differentiate between the crosslinking and scission 
reactions and the rheograph is easily interpreted. The 
rheometer is not recommended for kinetic studies. 

The rate of  crosslinking increases with rise in tem- 
perature but the amount of  crosslinking is unchanged, 
The amount of  peroxide required may be varied from 
0-24~ to 2"5~o without affecting the efficiency of the 
crosslinking; above 2 . 5 ~  degradation occurs. Carbon 
black inhibits the crosslinking reaction. 
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Impact strength at room temperature and dynamic mechanical properties over a tem- 
perature range have been studied for a number of rubber reinforced glassy state plastics. 
The rubber phases in every case were butadiene copolymers of known composition and 
particle size and selected for their good dispersion after blending into the various matrices. 
This dispersion was checked by electron microscopy and the in situ particle size evaluated. 
The matrices were based on homo- and co-polymers of styrene, methyl methacrylate and 
acrylonitrile. A vibrating reed apparatus was employed to measure the storage component 
of Young's modulus (E') and loss factor (tan 3) at essentially constant frequency (~300Hz) 
through the rubber relaxation region. The Izod impact strength was measured in accord- 
ance with the standard method ASTM D-256. A gross parallel was found between impact 
strength and transition magnitude as measured by the change in modulus between - 100°C 
and 2O°C (AE') or the tan 3 peak area with, for example, increasing volume fraction of 
rubber phase. However, when the same rubber was dispersed in different matrices a 
more subtle effect was an inverse proportionality of tan 3 area with E' measured at the 
peak temperature. Conversely AE' after correction for matrix modulus change was shown 
both theoretically and experimentally to be directly proportional to E' of the matrix at 
room temperature. The impact strength actually increases with AE' and not w,th tan 3 
area in these cases. However, a more important requirement for good impact is com- 
patibility between the rubber and matrix, but neither AE' nor tan 3 reflect this. After cor- 
rection of tan 3 areas to constant matrix modulus there remains an increase of area with 
particle size. Impact strength also increases strongly with particle size for compatible 
systems. The applicability of Hashin's central equation and Mackenzie's equation in 
describing the systems is discussed. 

INTRODUCTION 

A number of authors have pointed out that there is 
often a correspondence of low temperature transition 
magnitude in small strain dynamic mechanical behaviour 
with impact strength at room temperature. This has 
been proposed t both for glassy state homopolymers 
in which the low temperature relaxation is a secondary 
(fia) process and for rubber modified glassy thermo- 
plastics '~ in which it is due largely to the disperse rubber 
phase main relaxation process (c~a). Nielsen 3, however, 
concluded that correlations of transition magnitudes 
with impact behaviour, although they existed, were 
imperfect, while more recently Heijboer 4 has suggested 
a rationalization of the homopolymer case by limiting 
impact correlations to those /3~, processes arising from 
in-chain modes of motion. 

The situation in rubber-modified plastics is very 
much more complex than in the homopolymer case. 
The nature and morphology of the rubber phase together 
with properties of the interface now become important. 
Furthermore, in all the important cases of impact 

improved plastics stress-whitening occurs at the fracture 
surface. It is generally accepted that crazing is the 
origin of the stress-whitening and that, as proposed by 
Bucknall and Smith 5, this is the essential energy absorb- 
ing process conferring toughness. The correlation of 
small strain dynamic data, no matter how imperfect, 
with the large strain yielding process occurring on 
impact is thus somewhat surprising. 

The present paper is concerned with investigating 
the factors influencing transition magnitude and impact 
strength. In the long term, understanding is sought 
of the physical basis of meaningful correlations between 
the two properties. It is virtually impossible to vary 
the morphology (e.g. particle size) of the dispersed 
rubber without altering the properties of the rubber at 
the same time. The approach chosen in the present work 
was thus to disperse a number of different commercial 
and experimental latex grafted rubbers in a series of 
different matrices. The morphology of a given rubber 
can be checked, by electron microscopy, to be constant 
over the range of different matrices. 
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EXPERIMENTAL 

The rubber phase was provided by commercially available 
emulsion graft copolymers, either of styrene and methyl 
methylacrylate on to styrene-butadiene rubber (MBS), 
or of styrene and acrylonitrile (ACN) on to poly- 
butadiene rubber (ABS). Details of their compositions 
are given in Table 1. A comparison was made with 
ungrafted styrene-butadiene rubber (Intol SBR 1006), 
together with this and a polybutadiene latex grafted in 
our laboratories. 

The compositions were determined using the method 
of Hilton 15 for bound styrene and Kjeldahl for nitrogen 
content to give the bound acrylonitrile. Where applicable 
the methyl methacrylate content was determined by 
an infra-red method using the peak at 5-8/zm. 

A commercially available polystyrene (Sterling ST 90) 
and a styrene-acrylonitrile copolymer containing 25~  
acrylonitrile by weight (Monsanto Lustran) provided 
two of the matrices. The remaining thermoplastic 
matrices were prepared by bulk polymerization. The 
first series was one of styrene-methyl methacrylate 
copolymers containing between 50~  and I00 K by 
weight of methyl methacrylate. These were prepared 
using small amounts of tertiary dodecyl mercaptan 
(TDM) as molecular weight regulator and 0-3 parts by 
weight of tertiary butyl peroctoate (TBPO) as initiator 
with polymerization for 36h at 65°C. After cooling the 
blocks were sawn and granulated. 

The second series was of styrene and acrylonitrile 
copolymers containing 0, 5, 10, 15, 20 and 25~  by 
weight of acrylonitrile. These were prepared using 0.1, 
0-15, 0.2, 0.25, 0.3 and 0-35 parts by weight of TDM 
and 0.2, 0.2, 0.15, 0.15, 0.1, 0-1 parts of TBPO as 
initiator. The temperature cycle was 24h at 60°C and 
4h at 120°C. The materials were granulated in a similar 
manner to the styrene-methyl methacrylate copolymers. 

The rubber reinforced thermoplastics were prepared 
by blending the powdered graft copolymers and granu- 
lated thermoplastic matrices in a Brabender Plasto- 
graph at 180°C, and mixing for 7min. The formulation 
contained 0.5 ~o by weight of an antioxidant, Plastanox 
425 * (Cyanamid Company). 

The commercial MBS and the ABS materials 'A' and 
'B' were blended with the styrene-methyl methacrylate 
copolymers and poly(methyl methacrylate) (PMMA) to 
give 20~,  15~ and 10~o content of parent rubber 
[butadiene (BD) or SBR] by weight. The percentages 
of total graft rubber are higher than these figures and 
can be evaluated from Table 1. The commercial ABS 
'A' was blended with polystyrene and the range of 
styrene-acrylonitrile copolymers at a rubber level of 

15 ~o by weight of the parent rubber (butadiene) while 
all three commercial ABS materials were blended with 
SAN containing 25~o acrylonitrile to give a parent 
rubber (butadiene) content of 15 ~ by weight. SBR 1006, 
its MBS graft and the experimental MB rubber were 
blended into a range of styrene-methyl methacrylate 
copolymer matrices to give a 12.5% content of parent 
rubber. 

The Izod impact strength of the blends prepared were 
determined on compression moulded test pieces of 
2½inx½inxlin,  cut with a notch of radius 0-01in, 
using a pendulum type machine in accordance with 
ASTM D-256. 

The microstructure and the particle size of each 
blend prepared were examined by electron microscopy 
of thin sections, using the staining and hardening tech- 
nique of Kato 6, employing a solution of osmium tetroxide. 
In the case of the commercial graft copolymers it was 
found that the dispersion and therefore discrete particle 
size did not vary with the composition of the matrix. 

The dynamic mechanical behaviour at very small 
strains was determined over a temperature range - 120°C 
to +20°C using a previously described vibrating reed 
apparatus 7. Bar specimens were cut from the same sheet 
as the impact specimens and each was clamped at one 
end against a piezoelectric ceramic transducer, while the 
other end was vibrated electromechanically. Measure- 
ments were performed around the resonant frequency 
(~300Hz) which decreases slightly [as (E')I/2] with 
increasing T. The storage component of Young's modulus 
is determined from the resonant frequency (f0), as 
discussed previously 7, while tan 5= A fifo, where Af  is 
the half power width of the amplitude resonance curve. 
The loss component of Young's modulus follows 
immediately as E " = E '  tan 8. Corresponding data were 
also obtained for the matrix materials alone. 

RESULTS AND DISCUSSION 

Dynamic mechanical data, similar to those shown in 
Figure 1 for the commercial ABS 'A' rubber in a PMMA 
matrix, were obtained for each sample. In each case 
a damping peak at ~ - 7 1 ° C  is observed for the poly- 
butadiene based rubber grafts while the peak for the 
SBR based grafts was ~ - 4 3 ° C .  The skirts of the 
peaks varied slightly in shape from series to series, but 
this aspect will not be discussed further here. The 
damping associated with the rubber phase only, is 
estimated by drawing in a background to give an area 
AR, when plotted against reciprocal temperature. The 
background is of course due to damping processes 

Table 1 Analysis of grafted rubber phase 

Composition of grafted rubber 
Rubber (% by wt.) 

main 
Graf t  copolymer chain BD Styrene A C N  MMA 

Rubber phase particle Weight average 
diameter in blends diameter 

(p,m) (p,m) 

Commerc ia l  MBS SBR 53.6 32-2 (total) - -  14-2 
18.8 (grafted) 

Commerc ia l  A B S  ' A '  PBD 63 27"7 9"3 - -  
Commerc ia l  A B S  'B' PBD 48.7 39"0 12'3 
Commercial ABS 'C'  PBD 49.7 37.8 12.5 - -  
Intol 1006 SBR 76 24 - -  - -  
1006 graf t  MBS SBR 52 15 (grafted) - -  15 
Experimental MB PBD 60 - -  - -  40 

0' 05-0' 1 0" 06 

0.2-0-5 0.4 
0 .1-0.2  0.15 
0 .2-0 .7  0-4 

Uneven part ic les ~ 0 " 6  
0.2 0-2 
- -  0-42 
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Figure 1 Storage modulus E' and tan $ measured at ~30gHz 
plotted against 1/T for PMMA containing 24% of ABS 'A' rubber 
graft, AR defines the loss peak area due to the c~ relaxation process 
of the rubber phase 
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operating in the matrix material. The total relaxation 
magnitude of both rubber and matrix may be measured 
via the change in modulus from some very low tem- 
perature. It was found that the rubber phase relaxation 
commenced well above -100°C and AE' (total) was 
thus taken from -100°C to +20°C. 

It is worth pointing out the significance of these 
damping peak locations. As will be discussed later, 
the fact that the rubber is embedded in a matrix distorts 
the rubber damping peak very little, one or two degrees 
being typical. The position of the peaks are certainly 
within 10°C of the damping peak expected from the 
parent (ungrafted) rubber, e.g. polybutadiene ~ -  80°C. 
Typically the rubber grafted systems contain 30-50~ 
polystyrene or similar graft. If this were dispersed 
molecularly it would certainly elevate the rubber glass 
transition by tens of degrees (as in SBR itself) rather 
than by a few. Thus although the rubber grafts appear 
free of inclusions by electron microscopy, the dynamic 
mechanical evidence indicates phase separation of the 
polystyrene or other graft component. This is further 
evidenced by the high modulus of the experimental 
butadiene latex graft (MB) which was amenable to 
direct measurement. This exhibited a damping peak at 
-77°C and a rubbery modulus of ~500MN/m 2, yet 
showed no inclusions by electron microscopic techniques 
which would be expected to reveal 100A inclusions. 
The poly(methyl methacrylate) phase size in the rubber 
graft is thus less than this figure and we expect this 

condition to hold in all the rubber grafts employed in 
this work. 

The grafted rubbers used in this work retained their 
original particle size distribution after mechanical blend- 
ing into the different matrices. This is probably due in 
part to a degree of crosslinking in the rubber and in 
part to the presence of the phase separated polystyrene 
segments. Mechanical blending of non-grafted rubbers 
gave poorly reproducible morphology which was highly 
dependent on the blending conditions. By using grafted 
rubbers in different matrices and ensuring good dis- 
persion, constant morphology is achieved for any of 
the rubber grafts. Different rubber grafts have different 
morphology of course. Changes in impact strength and 
transition magnitude in any single series can thus be 
related to other parameters than morphological changes 
and this is a greatly simplifying factor. 

In Table 2 are shown the pertinent parameters for 
different styrene-methyl methacrylate (SMMA) co- 
polymer matrices containing the same ABS 'A' rubber. 
This illustrates two main points which are generally 
found to hold with constant morphology. The first is 
that the transition temperatures are constant within 
experimental error and the second that both transition 
magnitudes An or AE' and impact strengths increase 
with volume fraction of the rubber. This is the gross 
correlation between impact strength and transition 
magnitude. However, it is clear from the same data 
that there is a more subtle variation in the parameters 
with changing matrix. The trends in these data are 
representative of all the systems studied. AE' changes 
in sympathy with impact strength whereas the tan 8 
area (An) does not. In fact An decreases as the modulus 
of the matrix increases. Any relationship between loss 
peak area and matrix modulus will involve the modulus 
in the same region as that in which the loss occurs. 
In Figure 2 therefore the E'  value at -70°C is plotted 
against styrene/acrylonitrile matrix composition together 
with An and impact strength for ABS 'A' at a level 
of 24~. AE', although not shown here, again increases 
with impact strength and E'  while An is reciprocally 
related. These trends are found consistently in all the 
systems studied in this work as will be shown in combined 
plots later (Figures 3 and 6). It must be emphasized 
that the base matrices have very similar impact strengths 
at 0.15+_0.01J per cm of notch. 

It is found that AE' (total) increases with E'  for all 
systems. The reason for this and a theoretical formulation 
of a quantitative relationship may be seen by examining 
Mackenzie's equation for a voided system s, i.e. the 
present situation if E'(rubber)~ E'(matrix). Under these 
conditions: 

Table 2 Dynamic mechanical data for commercial ABS 'A' blends 

Matrix 
Rubber Impact strength Loss peaktemp. Tan 3, 

(%) (d cm -z) (°C) AR 
AE[73-=gs E~3 
(GN m-~) (GN m -2) 

SMMA 50:50 15 0.69 -71 18.5 2.44 2.58 
SMMA 25:75 15 1.1 -70.5 18 2.38 2-74 
PMMA 15 1.2 -71.5 14 2.96 3.39 
SMMA 50:50 10 0.26 -69.5 12.5 1-95 2.82 
SMMA 25:75 10 0.53 -71-5 9.0 2.31 3.13 
PMMA 10 0.58 -73 8.0 2-52 3.75 

i 
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Figure 2 Tan 8 area (AR), impact strength and matrix modulus 
at the peak loss temperature (-7O°C) plotted as a function of 
matrix composition for ABS 'A' (24% rubber graft) in styrene- 
acrylonitrile copolymer matrices. (lft-lb/in=O.53J/cm) 
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Figure 3 Transition strength (AE') after subtraction of matrix 
change in region versus matrix modulus (3OOHz) at 20°C. Theo- 
retical lines according to equation (1). e, 24% ABS 'A' in S/MMA 
matrices; T, 24% ABS 'A' in S/AN matrices; A, 30% ABS 'C' 
in S/AN, and S/MMA matrices; i ,  31% ABS 'B' in S/MMA 
matrices (all filled points 15% parent polybutadiene); O, 16% 
ABS 'A' in S/MMA matrices (t0% parent polybutadiene) 

which may be rearranged to give 

_, 1-15(1- vl) ] e'l-e;=L,[ ¢ 
J 

where E1 and Ec are the Young's moduli of the matrix 
and composite respectively measured at 20°C in the 
present context, ¢ the volume fraction of disperse phase 
and vz Poisson's ratio for the matrix. Now if AE'(total) 
is corrected by subtraction of the relaxation occurring 
in the matrix modulus between -100°C and 20°C, 
then 

t t ,[15(l--vl)7~ ~]] AE'(matrix corrected) ~ E 1 - Ec = E1 L [ ~ (1) 

The approximation involved is that at -lO0°C the 
composite modulus is not significantly different from 
that of the matrix. The above equation (1) is tested 
with the present data in Figure 3. Remembering the 
rather large experimental errors which accrue in measur- 
ing absolute moduli and their differences, each set 
of data can be approximated by a straight line through 
the origin. 

The line predicted from equation (I) on the basis 
of 15~ or 10~ very soft phase (E2~E1) actually repre- 
sents these data fairly well. Each rubber particle, how- 
ever, contains glassy inclusions by virtue of the grafting 
reactions, so that the total graft rubber phase varies 
from 15.9 ~ to 30.8 ~ for the data shown. These heavily 
included phases have moduli which are not trivial 
compared to El. The experimental MB graft has 
Ez=520MN/m z at 20°C. If this value is typical of the 
other grafts E2/El~O.14. The situation should now 
be described more accurately by the central equation 
of Hashin 9: 

r 15(1 - vl)(1 - E2/E1)¢ ] 
Ec E 1  [1 (7 -  5vl) + ( 8 -  10~-)[1 E ~ -  E2/Ez)¢I] 

(2) 

which reduces to Mackenzie's equation (1) if EI>>E2 
(rubber modulus) and ¢ small. (The relation in this 
form will only hold if both Poisson's ratios, vl and v2, 
are less than ,,~0.4.) Using E2/Ez=O.14 and ¢=0.24 
for total graft rubber ABS 'A' in the glassy matrices, 
gives AE' (equation 2)=0.66 AE' (equation 1). The 
experimental data are then equally well described by 
equation (2), treating the total graft rubber phase as a 
significant modulus filler. This treatment is undoubtedly 
more correct, but the simpler form of equation (1) is 
appealing and it clearly demonstrates that AE' depends 
most significantly on E1 and ¢ for these systems. 

It was thought useful to investigate the more general 
applicability of equation (2) over the whole temperature 
range. The purpose is primarily to seek a theoretical 
relationship for the variation of loss peak areas with 
matrix modulus. For the experimental MB graft good 
data have been obtained for all the required moduli 
against temperature at the same measuring frequency 
(~300Hz). For illustration the case of 21700 of this 
graft dispersed in a 50:50 styrene-methyl methacrylate 
copolymer matrix is taken. The storage components 
E'  1 and E~ are combined via equation (2) on a point to 
point basis at each temperature, v1=0.33 was assumed 
throughout. The calculated value of Ee is compared 
with the experimentally observed data in Figure 4. 
The out-of-plane components E~ and E~ are similarly 
combined via the same relation to give E~'. Tan 8e was 
then evaluated as E~/E'~. from the two calculations. 
The results of the theoretical calculations and the 
experimental data for the composite are shown in 
Figure 5 together with tan 8 for each phase separately. 
We note the predicted tan 8c in the loss peak region is 
significantly lower than the experimental value but 
agrees with it outside this region. The application of 
the same coupling equation to elastic and viscous 
components was shown to be sound by Goodier I° and 
the results used by both Smallwood n and Guth 12. 
The cause of the discrepancy probably lies in the fact 
that E~ exceeds the matrix value E~ in the loss region 
and that the stress coupling has changed. In the loss 
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AR on matrix modulus and as the equation fails to 
predict the correct loss peak size for the composite, 
this argument is not pursued further. Instead we note 
empirically for all the systems containing ABS 'A' 
graft at the 24 ~o level that 

AR= K/E~(peak T) (3) 

where K = 7 x l 0 4 N m  -2 (K) -1. In looking for the 
reason for this relationship we note the expression 
relating total loss area (on a 1/T plot) to the modulus 
change through the transition for a single relaxation 
timO 4, 

tan 8. d(1/r)  = (E ~ ) 1 / ~ 2 0  
\ ~J 0 X~ 

where the limiting low E L and high E o temperature 
, moduli could be replaced in the present work by E'-100 

25 and E~_ 0 respectively for the composite. Q in this relation 
is the activation enthalpy. This indicates that if the 
product (E'100 × E~0) increased faster than AE'(total) 
on changing to a higher modulus matrix then the total 
loss area will decrease. This might be the reason why 
An, the rubber loss peak area, shows a reciprocal 
relation with the modulus of the matrix at the loss 
peak temperature but application of approximations 
such as equation (1) then erroneously predict AR inde- 
pendent of the modulus. Qualitatively the present 
authors believe that the rubber phase can be considered 
as becoming more mechanically isolated the higher 
the modulus of the matrix in which it is dispersed and 
that it is the conditions of stress coupling changing with 
modulus that produce the observed area changes. 

The empirical equation (3) is expected to apply to 
each type of rubber but with its own slightly different 
K value. Instead of evaluating this rather meaningless 
K value for each system the K value of 7 × 104Nm -2 
(K) -1 has been taken as a standard and all AR values 
for other systems corrected to a constant matrix modulus 
of 4.9 GN/m 2 by using the same value of K. Differences 
in AR values from system to system will then be largely 
dependent on morphology and factors other than 
matrix modulus. In Figure 6 corrected (circled points) 
and uncorrected AR values are plotted against weight 
average particle diameter, which is believed to be the 
important morphological difference between the present 
systems. All data are for composites with 15 9/0 parent 
rubber dispersed as spherical particles. Correction to a 
constant matrix modulus strengthens the evidence that 
AR increases with particle size and tends to a lower 
limit as the particle size decreases to zero. It is not 
known whether the cause of this increasing trend with 
particle size is chemical or physical. A shell of grafted 
glassy state material on the outside of the rubber particles 
could decrease the rubber effective in generating AR, 
the larger the particle the less the volume fraction of 
effective rubber would be modified. This argument 
requires that An~O as diameter--*0, which in the present 
limited size range is not observed. Against this trend 
in chemical composition is the fact that the largest 
particle size shown was for ungrafted rubber and yet 
the relationship with size is still maintained. Thus the 
weight of evidence at the moment is in favour of a 
physical origin through changes in stress coupling 
patterns in the transition region. It seems that the loss 
modulus of the rubber is more parallel coupled to the 

-7; -so 6 
Tern peroture (oc} 

6[ 

Figure 4 Experimental Young's moduli for experimental MB 
rubber graft (A),  50:50 S/MMA copolymer matrix (E:]) and a 21~/o 
blend of the rubber in the matrix (O) . -  - - -, theoretical prediction 
of Hashin's central relation, equation (2). Dw=4.210,~ 
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Figure 5 As with Figure 4 but comparing experimental and 
predicted loss factors. Note the discrepancy in the transition 
region 

region the system has moved towards the equal strain 
situation approaching Hashin's upper bound values. 
The coupling situation will of course be changing 
continuously so that no one equation yet proposed will 
describe the situation through the whole region. It is 
also worthy of note that the loss peak position on the 
theoretical curve has shifted to -72°C whereas experi- 
mentally it is practically unchanged at -76°C.  This 
erroneous peak prediction by the extremes of Hashin's 
bounds is clearly evident in the calculations of Bucknall 
and Hall 13. 

From equation (2) can be derived without approxima- 
tion: 

tan 3~=tan 81 1 + ¢  +E~,/E, 1 1 -Et"ff- 2/E1]Jt¢ 

Without further approximation, this is not particularly 
useful in predicting the dependence of the loss area 
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Tan a area (AR) and impact strength (1ff-lb/in=0.53 
d/cm) versus particle size in the indicated matrices. The encircled 
AR values are 'corrected' to a common matrix modulus of 
4.9GN/m 2 via equation (3). All data are for composites containing 
15% parent rubber. ×, MMA matrix; O, S/AN matrix; O, S/MMA 
(50:50) 

matrix (tending towards the equal strain bound) the 
larger the particle size. 

The impact strength shown in Figure 6 also increases 
with particle size, this time very strongly. This is true 
only if the rubbers are compatible with the matrix. 
The ungrafted SBR of large particle size does not show 
any significant improvement. The grafted rubbers are 
of markedly higher modulus than the ungrafted parent 
material and this may be a contributing cause in the 
impact enhancement. Other work which will be reported 
shortly 16, however, clearly demonstrates that good 
compatibility is a major requirement for good impact 
strength. It is interesting to conjecture that the increased 
parallel coupling proposed to explain the tan 8 area 
increase may also be at least partly responsible for the 
improved impact strength with particle size, provided 
that the rubber/matrix interface shows good adhesion 
under large strain conditions. The effect of particle 
size on impact strength will be discussed further in a later 
publication 17. 

CONCLUSIONS 

Much of the subtle change in transition magnitudes 
observed in systems of constant morphology can be 

explained purely by reference to the modulus of the 
matrix. The increase in the total change in modulus 
through the rubber transition, AE'(total) with matrix 
modulus, E' ,  at room temperature can be neatly ex- 
plained by Mackenzie's equation for voided systems or 
Hashin's central equation with El>E2 .  The opposite 
trend in the tan a loss areas due to the rubber phase 
is proposed to be the result of changing patterns of 
stress coupling with different levels of matrix moduli. 
Certainly Hashin's central equation fails to predict 
the correct loss peak magnitude in the transition region 
even though it applies well to all data outside this 
region. 

After due allowance is made for the modulus of the 
matrix, tan a areas and impact strength show the same 
increasing trend with particle size, although in the impact 
case it is more dramatic. This suggests that a change 
towards parallel coupling between phases as the particle 
size increases might be responsible for both effects. 
Impact strength, however, is always dependent on 
good compatibility between the rubber and the matrix. 
Without this the impact strength, being a large strain 
property, is disastrously low, whereas the transition 
magnitudes reflect little or nothing of the nature of the 
interphase boundary. 
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Influence of cooling rate on the heat 
capacity and thermal transitions of 
amorphous polyhexene-1 
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Heat capacity measurements have been made on an amorphous polyhexene-1 sample 
between 20 and 300K, with an adiabatic calorimeter giving a low dispersion on the Cp 
curve (0.2-0.4~). The measured sample was prepared by a new method increasing its 
thermal diffusivity. The heat capacities were measured for different cooling rates (250K/h 
and 0.15K/h) through the glass transition. This large difference of the cooling rates did 
not change Tg very much (215-5 to 213.5K), but a peak was added to the usual ACp at Tg. 
An anomalous behaviour was observed at 80K, which is consistent with an experiment 
described elsewhere. Around 80K dielectric and mechanical relaxations were found in 
other experiments. In conclusion, the importance of the glass transition is pointed out, 
its effect being visible down to the lowest temperatures. 

INTRODUCTION 

In the study of the physical properties of solid polymers, 
heat capacity measurements play a very important role. 
Differential calorimetry and differential thermal analysis 
(d.t.a.) may be used to determine glass and melting 
transitions easily and quickly in glass-forming systems 
or in semi-crystalline polymers. However, the absolute 
and precise specific heat curve, as measured in an 
adiabatic calorimeter, can give much more information 
about the vibrational states of the sample, and about 
possible sub-glass transitions, which will be very small 
compared to the heat capacity. The apparatus we have 
used is capable of very precise measurements. As a 
first stage of the study of amorphous polyhexene-l, 
we have measured two samples cooled through the 
glass transition at different cooling rates. Indeed, it is 
now well established that the way of decreasing the 
temperature through Tg is of fundamental importance 
for all the low-temperature physical properties (for 
instance see ref. 1). Recently some authors 2 tried to 
explain the anomalous thermal properties of glass 
below 1 K by a theory based on the possibility of mole- 
cular unit of a glass being frozen at T< Tg in two equi- 
librium positions, defined by the cooling through Tg. 
The possible existence of two equilibrium positions 
shows the interest of knowing the relaxational properties 
of vitreous polymers. Thus in this study, we will refer 
to two sets of measurements made on polyhexene: 
mechanical and dielectric loss tangent, both of which 
have been measured over a wide temperature range 
below the glass-transition temperature. 

EXPERIMENTAL 

Apparatus 
The calorimeter used allows the adiabatic determination 
of absolute specific heat to be made over a wide tem- 
perature range (20-300K) z. The sample is thermally 
isolated from the environment: conduction through 
the nylon suspension wires and through the constantan 
wires of the heating resistors and the thermometers is 
negligible; convection and conduction through the 
helium atmosphere is negligible, since the pressure in 
the calorimeter is less than 10-6mmHg; no thermal 
exchange by radiation can occur. A system of three 
gold-plated shields with low emissivity is electronically 
temperature regulated, so that the maximum tem- 
perature difference between the sample and the nearest 
shield is less than 0.01 K. Thus the thermal exchange 
between the sample and its environment is less than 
10-ZmW. 

The temperature is measured by a platinum resistor 
[R(273.15 K) = 200 f~] using a 100/zA measuring current. 
The voltage is measured by a Tinsley potentiometer 
which has a maximum accuracy of 10nV. The out of 
balance reading of the potentiometer is amplified by a 
galvanometer amplifier, multiplying the input by 104 , 
then read on a Fluke numeric voltmeter. The accuracy 
in the measurement of the AT temperature rise after 
the heating of the sample is 10 -4 K. The heat capacity is 
given by: 

V ~.f  t-z.t 
C p -  AT 
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AT varies from 0.5K at 20K to 2.5K at 300K. V/~, 
I~, t are respectively the voltage, current and duration 
of heating, t was equal to 6rain for nearly the whole 
temperature range. After heating, 15 or 20rain were 
needed for the temperature to attain a constant value. 
The heat capacity of  the sample was computed directly 
by subtracting the heat capacity of the sample vessel 
and addenda from the measured heat capacity using 
a small Hewlett-Packard computer. Between 20 and 
300K, a great number (from 150 to 180) of measure- 
ments were made. We estimate that the specific heat 
curves below Tg have a maximum dispersion of 0.2-0.4 ~.  

Sample preparation 
Polyhexene-1 at room temperature has the appearance 

of  an amorphous polymer in a rubber state. Some 
X-ray diffraction experiments made at various tem- 
peratures (from 88 to 300 K) do not show any diffraction 
peak on the pattern, which confirms that polyhexene-1 
is a completely amorphous polymer at all tempera- 
turesS, n. The average molecular weight Mn is 350 000 
and the polydispersion index is equal to 3. The density 
is 0.8540g/cmZ 7 

The main problem in the thermal study of polymers 
is their low thermal diffusivity. Some authors s did their 
experiments with a powdered sample, placing it in a 
sealed container with helium exchange gas. The exchange 
gas aided the heat distribution and increased the thermal 
diffusivity of the sample. A new method we have used 
for polyhexene was very satisfactory. We made sand- 
wiches of  very thin gold foils (0.002 mm) and the polymer. 
Then we piled up 4 of them, and rolled and pressed 
them to form a cylindrical sample 15 mm diameter and 
30 mm long. 

RESULTS AND DISCUSSION 

The heat capacity curves, shown in Figures 1 and 2, 
were determined for two different cooling rates. The 
sample (A) (Figure 1), quickly cooled, was cooled at a 
rate of 250 K/h, and the sample (B) (Figure 2), slowly 
cooled, at a rate of  0.15 K/h. The latter was cooled for 
two weeks from 225 to 165 K through the glass transition 
temperature. It is possible to obtain an analogous 
effect by annealing at a temperature inferior but close 
to Tg 9, 11 

Sample (A) (Figure 1). The curve has the classical 
shape for amorphous compounds. The glass transition 
temperature starts at about 205 K and ends at around 
230 K. 

Sample (B) (Figure 2). We can see two anomalies 
if we compare this curve with that for sample (A). 
First, during the glass transition, a sharp peak is added 
to the usual ACp at Tg. Secondly, a much smaller 
anomaly may be seen around 80K, which is, however, 
outside the experimental error. 

If  we compare the two experiments, the absolute 
values of the heat capacity do not present any important 
differences outside of the transition temperature ranges. 
The experimental values are listed in Table 1. 

Glass transition (interval) 
If  we calculate the enthalpy H, we can plot it as a 

function of temperature, and thus determine Tg (Figure 
3). Above Tg, H(T) is approximately linear and below 
Tg, H(T) varies approximately as T 2. Tg is the tern- 

perature at which these two curves intersect. We obtain: 
sample(A), Tg=215.5_+ 1 K; sample (B), Tg=213.5_+ 1K. 

The Gibbs and DiMarzio model 10 predicts a tem- 
perature 7"2 where a second order transition occurs in 
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Table I Comparison of the experimental values of polyhexene 
Cp for quickly and slowly cooled samples 

A B 
Cp(B) 

T Cp AT Cp AT Cp(A) 
(K) (d mol -~ K -1 ) (K) (d mo1-1K -1) (K) (%) 

model, are of fundamental importance, so that the 
temperature 7"2 remains quite theoretical. 

The peak at Tg has already been found in some 
other molecular glasses, such as diethylphthalate 9 and 
in polystyrene 13 annealed below Tg, but its origin is 

20 9.091 0.733 
25 12"35 0.519 
30 16.42 0.590 
35 20.24 0.456 20.37 0.728 +0 .6  
40 24.00 0-604 23.94 0.86 - 0 . 2 5  
45 26.98 0.932 27.23 0-807 +0 .9  
50 30.16 0.711 30.60 0.702 + 1.5 
55 33-65 0.633 33-78 0.631 + 0-4 
60 36.71 0.569 37.02 0-571 +0 .8  
65 39.86 0.874 40.22 0'518 +0 .9  
70 42-67 0.808 43.32 0'803 +1 .5  
75 45.32 0-760 46.19 0.727 + 1.9 
80 48.33 0.712 48.66 0-706 +0 .7  
85 50.99 1.05 50.14 0.676 - 1 . 7  
90 53-74 0.735 53.46 0.998 --0.5 
95 56.65 1.38 56-55 0.958 - 0 - 2  

100 59.08 1-89 59.80 1.53 +1 .2  
105 61.71 2.26 61-90 2.27 +0-3 
110 64.30 2.19 64.35 2-16 +0.1 
115 66.39 2.08 66.90 2.09 + 0.8 
120 69.61 2-04 69.68 2.04 + 0-1 
125 72.38 2.01 72-10 1.97 --0.4 
130 74.68 1.91 74.73 1.92 +0.1 
135 77.27 1.86 77.32 1-86 +0.1 
140 79-88 2.82 79.77 1-80 - 0.1 
145 82.21 2.78 81.81 2.77 - 0 . 5  
150 84.96 2.69 84-22 2-70 --0.9 
155 87.61 2.44 86.67 2-64 -- 1-1 
160 89,69 2.57 89.31 2-67 - 0 . 4  
165 92,46 2-52 91.98 2-50 - 0.5 
170 95.11 2.46 94-52 2.36 --0-6 
175 98.17 1-97 97.07 2.09 --1.1 
180 100.9 2.33 98.93 2.38 --2"0 
185 104-7 2.25 101-6 2.34 - 3 ' 0  
190 106-4 2.24 104.6 2.28 - 1 . 7  
195 109.4 2-22 107.2 2.25 --2-0 
200 111.4 2-18 110-1 2.20 --1.2 
205 115.0 2.13 113.0 2.16 --1.7 
210 118.8 2.08 116.5 2.12 - 1 . 9  
215 125-6 1.99 121.4 1'95 --3.3 
220 137.3 1-82 128.5 1.97 --6.4 
225 148.3 1-76 166-1 1.61 +12.0 
227.31 152.1 1.71 176-6 1.58 +16.1 
230 152.2 1.72 156-7 1.67 +3.0  
235 155.6 1.69 154.7 1.46 - 0-6 
240 156-3 1.41 158.0 1.67 +1.1 
245 158.2 2-65 160-0 1"62 +1 '1  
250 159.6 2'64 161'3 1-65 +1-1 
255 160.5 2"63 
260 162.4 2'59 
265 163-5 2"59 
270 166.5 2"55 
275 170.7 2"50 
280 172.4 2'28 
285 174.5 2"45 
290 175.1 2.42 
295 175.8 2-40 
301"08 179.30 2-38 

supercooled liquids, which are cooled at an infinitely 
slow rate. In this model, it seems justified that decreasing 
the cooling rate makes Tg decrease. However, the large 
difference (>10  3) between our two cooling rates de- 
creases Tg only by 2K. This is consistent with the 
experiment of Chang and Bestu111, achieved on o-ter- 
phenyl, for which a diminution of the cooling rate 
implied a small decrease (2 K) of Ta. As has been pointed 
out by certain authors 1~, the kinetics of glass-transition, 
which were not considered in the Gibbs and Dimarzio 
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Figure 3 Enthalpy of samples (A) and (B) in the glass transition 
temperature range. The curves are that of H(T)/H(270.36) versus 
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not yet understood. Below Tg, the heat capacity of 
sample (B) becomes smaller than sample (A) by 1 to 
3 ~o, but below 150 K, the maximum difference between 
both heat capacities becomes less than 0.5~. Both 
curves are plotted in Figure 4 in the glass transition 
temperature range. 

Subglass anomaly 
A different sample of polyhexene showed a low 

temperature anomaly of the same type during an experi- 
ment with an unknown cooling rate. This anomalous 
behaviour of Cp occurred at a temperature close to 
60K 14. An experiment giving the dielectric loss tangent 
performed at the same time showed the presence of 
a shoulder on the loss tangent versus temperature curve 
between 60 and 80 K. 

In the experiment we are describing now, where 
cooling rates are clearly defined, we notice a discon- 
tinuity on the sample (B) heat capacity curve (Figure 5). 
At lower temperatures the heat capacity of sample (B) 
is greater by 0-5 to 1 ~ than sample (A). (This difference 
is outside the experimental error.) This deviation increases 
to 3 ~ at 79 K, after which the maximum heat capacity 
difference becomes less than 0.5~. The shape of this 
anomalous behaviour would indicate that a transition 
takes place. The existence of mechanical 15 and dielectric 
relaxations at the same temperature is the proof that 
a movement occurs. Some authors have noted that a 
very low temperature relaxation cannot be explained 
by a classical activation process. The possibility of a 
quantum mechanical tunnelling was then pointed out ~6. 
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Figure 5 Comparison of both heat capacities in the neighbour- 
hood of sub-glass anomaly, C), A; -t-, B 

However, such a relaxation would be observed in a 
calorimetric experiment only if a coupling exists between 
the groups which relax. More work is necessary before 
looking for any explanation of this phenomenon. 

CONCLUSION 

The amorphous character of polyhexene makes it the 
most interesting material if we compare it with other 
polyolefins. The study of its thermal and vibrational 
properties 17, and the measurement of its heat capacity 
at lower temperatures will complete our knowledge of 
this polymer. Even if the 103 factor between the two 
cooling rates does not make Tg vary very much, it 
changes some aspects of the Cp versus temperature 
curve. The anomalous behaviour at 80K shows that 
the cooling rate has a very important influence on the 
physical properties of glasses at low temperature. Thus, 
the freezing of molecular groups in two different equi- 
librium positions, which occurs at Tg, is an important 
phenomenon, even at temperatures much lower than 
Tg. We are continuing the study of polyhexene-I in 
an attempt to increase our understanding of molecular 
glass behaviour at very low temperatures. 
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Characterization of stereoblock polymers of poly(methyl 
methacrylate) by thin-layer chromatography 

R. Bu te r ,  Y. Y. T a n  and  G. C h a l l a  

Laboratory of Polymer Chemistry, State University Groningen, The Netherlands 
(Received 28 December 1972) 

Inagaki et al. ~, ~ reported the application of thin-layer 
chromatography (t.l.c.) to separate mixtures of isotactic 
and syndiotactic poly(methyl methacrylate) (i-PMMA, 
s-PMMA) into their components. During the develop- 
ment i-PMMA remained on the starting line (Rt=0), 
while s-PMMA moved to the neighbourhood of the 
solvent front (Rf = 0.9). 

We have applied this t.l.c, method on an analytical 
as well as on a preparative scale to characterize polymers 
formed during so-called replica polymerizations of 
methyl methacrylate (MMA) 3,4. Silica gel type G, 
activated at l l0°C, was used as stationary phase and 
ethyl acetate as developing solvent. The position of the 
polymer was marked by spraying a 1 70 methanol solu- 
tion of iodine on the layer. The adsorbed species were 
recovered by extraction with hot acetone. 

The polymer products were obtained by use of the 
following polymerization procedures: (i) polymerization 
of MMA by a radical initiator at 25°C in dimethyl- 
formamide (DMF) in the presence of preformed i-PMMA 
as a matrixa; and (ii) bulk polymerization of MMA 
initiated at 90°C by dissolved preformed i-PMMA 4. 
The total polymer products were separated by extraction 
with boiling acetone into soluble and insoluble fractions 
and each fraction was characterized by 60MHz nuclear 
magnetic resonance spectroscopy (n.m.r.) and by t.l.c. 

The acetone-insoluble fractions appeared to be com- 
posed of i,s-stereocomplexes 3, which are partly crystal- 
line as shown by X-ray diffraction and could be 
decomposed into their components by dissolution in 
a 'non-complexing' solvent such as chloroform 5,6. 
The chromatogram in Figure 1, in which conventional 
(c-)PMMA (l), i-PMMA (2), and s-PMMA (3) were 
developed simultaneously for comparison, shows that 
such 'decomposed' stereocomplex could be separated 
into i-PMMA and s-PMMA (4). 

The high persistence ratio v (p = 2IS/h where I and S 
are isotactic and syndiotactic diads, respectively) of the 
acetone-soluble fractions indicated the occurrence of 
i,s-stereoblock polymers. Considering their solubility in 
acetone it was unlikely that these fractions consisted 
of mixtures of i-PMMA and s-PMMA. The stereoblock 
polymers were also submitted to t.l.c, and their chromato- 
grams show, in contrast to mixtures of i-PMMA and 
s-PMMA, only one spot with an intermediate R~ value. 

From Table 1, and Figure 2, in which the Rf values 
are plotted against the i-triad contents of the polymers, 
it is seen that R~ values decrease continuously from 

f r on t  
. . . . . . . . . . . . . . . . . . . . . . . . . . .  

! t t I 

t 
t 1Ocm 

s t a r t  
. . . . . .  I1 . . . . . .  ~ . . . . . . . . . . . . . .  i - -  

1 2 3 4 5 6 7 8 

Figure 1 T.I.c. chromatogram obtained from (1) c-PMMA, (2) 
i-PMMA, (3) s-PMMA, (4) 1:1 i,s-stereocomplex, (5)-(8) stereo- 
block polymers 

Table I Rf values and tacticities 

PMMA i h s Rf 

c-PMMA 0.08 0-27 0.65 0.90 
i -PMMA 0-90 0-07 0.03 0 
s-PMMA 0.02 0"07 0.91 0.90 
block 0.11 0.37 0.52 0.80 
block 0.17 0-20 0.63 0"70 
block 0.23 0.16 0.61 0.60 
block 0.24 0.16 0-60 0.60 
block 0-31 0,12 0-57 0.50 
block 0-33 0.21 0.46 0-50 
block 0.35 0,05 0.60 0-45 
block 0.39 0.12 0.49 0-40 
block 0-55 0.05 0-40 0-30 
block 0.61 0.08 0.31 0.25 
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Figure 2 Rf values versus i-triad contents of s-PMMA (A),  
c-PMMA (F1), i-PMMA ( I ) ,  stereoblock polymers from replica 
polymerizations in DMF ( I ) ,  and stereoblock polymers from bulk 
polymerizations (©) 

0"9 to 0 with increasing isotactic triad contents. Syndio- 
tactic polymers with about 0-10% isotactic triads all 
have Rr = 0.9 and isotactic polymers with about 90--100 % 
isotactic triads all have Rt=O. 

In addition it was found that at low conversion of the 
polymerization the percentage of isotactic triads of the 
acetone-soluble fractions was too high in relation with 
the Rt value. However, in these cases an additional lower 
spot with R t = 0  was observed, due to excess non-com- 
plexed preformed isotactic polymer matrix [Figure 1 (8)]. 

The results show that t.l.c, is a feasible method to 
distinguish mixtures of i-PMMA and s-PMMA from 
i,s-stereoblock polymers and also to estimate tacticities 
from R~ values. 
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Anionic polymerization of l -nitrostyrene 
R. W. H. Berry and R. d. Mazza  

Department of Science, Medway and Maidstone College of Technology, Chatham, Kent, UK 
(Received 30 October 1972; revised 11 January 1973) 

Apart from the polymerization of styrene by potassium 
amide in liquid ammonia 1,2, the only quantitative 4.0 
work, which has been carried out on anionic polymeriza- 
tion, has involved either bulk polymerization or the 
use of inert solvents 8. The present work is a spectra- 
photometric study on the kinetics of  the anionic poly- 
merization of fl-nitrostyrene by sodium methoxide in 3-0 
methanol. 

Sodium methoxide (, , ,10-4M) reacts with r-nitro- 
styrene (,,, I0-1M) in methanol solution at 22°C pro- 
ducing, almost immediately, a white suspension. The 
dry product melts at about 285°C (m.p. of r-nitro- ~, 

o 2'0' styrene=58°C a) and its infra-red spectrum when cam- =e 
pared with the spectrum of fi-nitrostyrene does not S o 
have a band at 1630cm -1, which is attributed to the 
carbon-carbon double bond. 

The ultra-violet spectrum of the monomer shows a -~ 
K band (Tr--*rr*) at 309nm, Z (max)=16 700, which cz t.O 
is due to an electron migration along the conjugated 
system. However, after addition of a methanolic solution i 
of sodium methoxide, this K band decreases in intensity 
whilst a band at about 210nm increases in intensity. 
Furthermore, as the peak at 309 nm decreases in intensity 
another band, which has been previously masked, 0 
becomes apparent at 260 rim. The decrease in the intensity 
of the K band 0r--*rr*) at 309nm is due to the disap- 
pearance of the monomer. Since a decrease in the 

I I ! 

3 6 .9 xlO 
Time ( sec ) 

Figure 1 Plots of the reciprocal of the absorbance against time 
for kinetic runs with a constant concentration of initiator 
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0"9 to 0 with increasing isotactic triad contents. Syndio- 
tactic polymers with about 0-10% isotactic triads all 
have Rr = 0.9 and isotactic polymers with about 90--100 % 
isotactic triads all have Rt=O. 

In addition it was found that at low conversion of the 
polymerization the percentage of isotactic triads of the 
acetone-soluble fractions was too high in relation with 
the Rt value. However, in these cases an additional lower 
spot with R t = 0  was observed, due to excess non-com- 
plexed preformed isotactic polymer matrix [Figure 1 (8)]. 

The results show that t.l.c, is a feasible method to 
distinguish mixtures of i-PMMA and s-PMMA from 
i,s-stereoblock polymers and also to estimate tacticities 
from R~ values. 

REFERENCES 

1 Inagaki, H., Miyamoto, T. and Kamiyama, F. J. Polym. ScL (B) 
1969, 7, 329 

2 Miyamoto, T. and Inagaki, H. Macromolecules 1969, 2, 554 
3 Buter, R., Tan, Y. Y. and Challa, G. J. Polym. Sci. (A-l) 1972, 

10, 1031 
4 Buter, R., Tan, Y. Y. and Challa, G. J. Polym. Sci. (A-l) to be 

published 
5 Liu, H. Z. and Liu, K. J. Macromolecules 1968, 1, 157 
6 Borchard, W., Pyrlik, M. and Rehage, G. MakromoL Chem. 

1971, 145, 169 
7 Coleman, F. D. and Fox, T. G. J. Chem. Phys. 1963, 38, 1065 

Anionic polymerization of l -nitrostyrene 
R. W. H. Berry and R. d. Mazza  

Department of Science, Medway and Maidstone College of Technology, Chatham, Kent, UK 
(Received 30 October 1972; revised 11 January 1973) 

Apart from the polymerization of styrene by potassium 
amide in liquid ammonia 1,2, the only quantitative 4.0 
work, which has been carried out on anionic polymeriza- 
tion, has involved either bulk polymerization or the 
use of inert solvents 8. The present work is a spectra- 
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merization of fl-nitrostyrene by sodium methoxide in 3-0 
methanol. 

Sodium methoxide (, , ,10-4M) reacts with r-nitro- 
styrene (,,, I0-1M) in methanol solution at 22°C pro- 
ducing, almost immediately, a white suspension. The 
dry product melts at about 285°C (m.p. of r-nitro- ~, 

o 2'0' styrene=58°C a) and its infra-red spectrum when cam- =e 
pared with the spectrum of fi-nitrostyrene does not S o 
have a band at 1630cm -1, which is attributed to the 
carbon-carbon double bond. 

The ultra-violet spectrum of the monomer shows a -~ 
K band (Tr--*rr*) at 309nm, Z (max)=16 700, which cz t.O 
is due to an electron migration along the conjugated 
system. However, after addition of a methanolic solution i 
of sodium methoxide, this K band decreases in intensity 
whilst a band at about 210nm increases in intensity. 
Furthermore, as the peak at 309 nm decreases in intensity 
another band, which has been previously masked, 0 
becomes apparent at 260 rim. The decrease in the intensity 
of the K band 0r--*rr*) at 309nm is due to the disap- 
pearance of the monomer. Since a decrease in the 
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Figure 1 Plots of the reciprocal of the absorbance against time 
for kinetic runs with a constant concentration of initiator 
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length of the conjugated system occurs during the 
polymerization process, the polymer absorbs at shorter 
wavelengths than the monomer. The resulting spectrum 
resembles quite closely that of ethyl benzene in ethanol 
which has a peak at 208 nm assigned to the K band 
(~r--+~r*) and a band at 260nm attributed to the B band 

The spectral evidence is consistent with the formation 
of a substance of the general formula: 

Ph NO2/, 

Moreover, the disappearance, with time, of the band 
at 309 nm is suitable for following the kinetics of the 
reaction. This was carried out first, by varying the 
monomer concentration and keeping the init iator con- 
centration constant, and secondly, by keeping the 
monomer concentration constant and varying the 
init iator concentration. 

The rate of consumption of/~-nitrostyrene was found 
to be second order with respect to )%nitrostyrene con- 
centration as plots of the reciprocal of the absorbance 
against time were linear (Figure 1) for kinetic runs with 
a constant concentration of initiator. A plot of the 
slopes of the graphs in Figure 2 against the concentration 
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Figure 2 Plots of the reciprocal of the absorbance against time 
for kinetic runs with a constant initial concentration of monomer 

Notes to the Editor 

of initiator (Figure 3), when the initial concentration 
of monomer was kept constant, also yields a straight 
line indicating that the reaction is first order with respect 
to initiator concentration, [I]. Thus, a plausible mechan- 
ism for the reation is as follows: 
Initiation: 

ki 
M + B - ~ M 1  (1) 

Propagation: 

Or, in general: 

k p  

Mi- + M ~ M~ (2) 

kp 
M~ + M ~ M;,~_ l (3) 

Termination (by chain transfer to solvent): 

kt 
M + H B ~ M n H + B  (4) 

where M is monomer,B- is OCHa and HB is CHaOH. 
(N.B. The species B-, produced in step (4), is then 
capable of re-initiation.) 
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Figure 3 Plot of the slopes of the graphs in Figure 2 against the 
concentration of initiator 

Figure 4 Diffraction powder photograph of the polymer 
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If  kv and kt are assumed to be independent of the 
chain length of the growing polymer molecule, applica- 
tion of the stationary-state hypothesis to the appropriate 
rate equations leads to the following overall kinetic 
expression for the reaction: 

d [ M ]  klkv[M]2[I] 
dt -kt[CHaOH] (5) 

Thus, the results are consistent with a mechanism 
involving chain transfer to the solvent. 

The high melting point of the product and its insolu- 
bility in numerous solvents seems to indicate that it is 
stereoregular. This is supported by an X-ray diffraction 
powder photograph (Figure 4) which clearly shows that 
the polymer is crystalline. 

A preliminary radiochemical study suggests a molec- 
ular weight of approximately 26 000. Although this 
value may be high due to self-absorption of the sample 
during suspension counting in a liquid scintillation 
counter, the presence of recurring units in the mass 
spectrum demonstrates the polymeric nature of the 
substance. 

Currently, this system is being investigated further 
in an attempt to measure the molecular weight of the 
polymer precisely. 
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Reverse osmosis membrane research 
Edited by H. K. Lonsdale and H. E. Podall 
Plenum Press, New York, 1972, 503 pp. $32.00 

This book is primarily a collection of papers presented in a 
symposium on Polymers for Desalination held at the 162rid National 
Meeting of the American Chemical Society in Washington, D.C. in 
September 1971. Several additional papers have been especially 
contributed to the monograph so as to improve the coverage of 
membrane research and development. 

The introduction, written by the editors, is designed to serve 
two purposes; it gives a general description of the principles and 
problems of practical reverse osmosis and it surveys and sum- 
marizes the following papers by organizing them into five groups. 

The book is likely to interest most intently readers personally 
connected with research on membrane separation processes. For 
them the general description is scarcely necessary but the survey 
and summaries of the papers are extremely valuable and relieve 
the reviewer of one of his more difficult tasks. The potential pur- 
chaser should certainly read this editors' survey. It gives a strong 
impression of the creative activity and ingenuity which now charac- 
terizes attempts to improve the commercial viability of membrane 
processes. The practical research papers are all of USA origin 
although the two papers on Fundamentals: on the membrane 
process (by O. Kedem) and on the membrane/solution interfacial 
process (by W. Pusch), are from elsewhere. This restriction of 
origin is more apparent than real because by far the greatest 
amount of truly innovative membrane research at the present 
time is being carried out in the USA. 

Although no book of this size could give a truly complete account 
of the field nor could it be truly up-to-date even at the date of 
publication, the collection of papers presented here give a balanced 
and stimulating picture of the mainstreams of research towards 
improving reverse osmosis. The book closes with a chapter by 
W. S. Gillan setting out trends and hopes for the future. There is a 
short and rather inadequate index. 

P. Meares 

Comportement thermique des polym~res 
synthetiques 
F. Roeaboy 
Masson et Cie, Paris, 1972, Vol 1,301 pp. 140F 

This is the first volume of what promises to be a rather curious 
book, in which the entire range of synthetic polymers is described 
from the aspect of their thermal properties. An attempt is made 
to classify the principal properties in relation to behaviour upon 
heating, mainly by division into reversible and irreversible changes. 
In particular, an attempt is made to identify the structural and 
chemical factors which favour resistance to degradation at high 
temperatures, with a special interest in polymers accepted as 
'thermally stable' or 'thermally resistant'. In practice, this means 
that most of the text published so far consists of a catalogue of 
every conceivable vinyl and carbocyclic polymer, with tables of 
fusion temperatures and, where possible, differential thermal 
analysis curves tacked on the end of each section. Many of these 
sections are so brief that they are misleading without the addition 
of further critical comment. As a quick reference, the thermal 
data provided are useful; the supporting references quoted are, at 
times, somewhat unexpectedly chosen. To precede this section, 
there are four introductory chapters, which discuss the configura- 
tion of macromolecular chains, crystal structure and polymer 
morphology, the rheology of polymers (which is clearly stated 
but barely relevant in this context), and the general principles of 
thermal behaviour. At  the end of the book, an appendix lists, by 
type of polymer, the commercial names of synthetic fibres based 
on carbon chains. The list is long, includes many obscure and 
probably obsolete brand-names, and seems quite pointless. 

In sum, this is a polemical work, of some value to workers 
concerned with the thermal properties of polymers, but the ap- 
proach is too eccentric for it to be used in isolation. It is well 
printed, with many figures, but is rather expensive for its likely 
value to most readers. 

C. A. Finch 

Light scattering from polymer solutions 
Edited by M. B. Hug~in 
Academic Press, London, 1972, 885 pp. £14.50 

Light scattering from polymer solutions has become a routine 
characterization technique in many laboratories. The experimental 
work involved, however, is exceptionally demanding and a great 
deal of care and considerable experience is required to obtain 
reliable results. Research workers from a variety of disciplines, 
who use light scattering as a tool, will find the wealth of technical 
information and experimental know-how recorded in this work 
extremely useful. Undoubtedly it is a book which will find its 
place on or near the laboratory bench. In all it contains eighteen 
chapters and there are twenty contributors. 

The first sections deal with experimental procedures, theoretical 
background, and treatment of results. Especially noteworthy here 
is the extensive tabulation of useful data (e.g. specific refractive 
index increments and physical properties of solvents). The rest 
of the work deals with the effect of external parameters and applica- 
tions to particular types of systems. Included are chapters on the 
Influence of pressure and temperature (G. V. Schulz and M. 
Lechner), Electric field light scattering (B. R. Jennings), the Study 
of association and aggregation via light scattering (H.-G. Elias), 
the Application of light scattering to copolymers (H. Benoit and 
D. Froelich), Light scattering from polyelectrolytes (M. Nagasawa 
and A. Takahashi), Selected topics in biopolymeric systems (W. 
Burchard and J. M. G. Cowie), My main criticism of the book is 
the omission of Rayleigh light scattering spectroscopy which in 
recent years has become an important tool for studying the dynamic 
properties of polymers in dilute solution. There are at least two 
chapters which l feel could have been left out to make room for 
the treatment of this rapidly developing topic. 

The book is well presented and the contents show a logical 
development. It can be recommended to those concerned with 
day-to-day problems of polymer characterization. Beginners to 
this field should find certain sections particularly helpful. 

C. Price 

Plastic foams 
Edited by K. C. Frisch and J. H. Saunders 
Marcel Dekker, New York, 1972, Part 1,450 pp. $36.50 

This is Part 1 of a two-part monograph concerning cellular 
plastics and rubber flexible foams; semi-rigid and rigid foams 
are to be covered in Part 2 still awaiting publication. Reviews 
of current practice in major areas of the cellular polymer field 
have been written by a team of authors each a known specialist 
in the appropriate polymer class. Most of the material presented 
is already published elsewhere and little new information revealed 
the prime purpose served by the editors being to collect this 
scattered data in a reasonably concise format. Consequently, 
some detail essential to these materials and their processes has been 
eliminated. 

Chapters are devoted to foams from the following polymer 
classes: polyurethanes, solid and latex rubber, polyolefins, poly(vinyl 
chloride), and silicones, each including the basic chemistry of 
blowing but with pronounced emphasis on primary processing, 
mixing and dispensing equipment illustrated by selected application 
examples of cellular products. Formulations are quoted throughout 
to illustrate each blowing technique. This has resulted in a balanced 
blend of chemistry and related technology which is most readable. 

Special chapters have been included on the mechanism of foam 
formation and testing procedures for cellular materials which 
are based entirely on ASTM methods, there being no cross refer- 
ences to equivalent BSI or ISO specifications. A useful marketing 
trend and historical chapter is included. 

USA trade names are used throughout, supplemented by chemical 
names in most instances so that identification with equivalent types 
should not be too difficult for potential users. 

Individual chapter authors have, in most instances, given ade- 
quate literature references so that the book has become a minor 
bibliography of current cellular foam technology with American 
literature receiving dominant representation. It is possible to 
dip into the various sections at will adding to general usefulness. 
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No cumulative index has been included in Part 1 and it is to 
be hoped that Part 2 will contain such an index without which 
the usefulness of these monographs as reference sources will be 
severely limited. It is the only book to the reviewer's knowledge 
which attempts to cover both plastic and rubber materials jointly 
in this industrially important field reflecting growing rationalization 
in the cellular polymeric materials field. To this extent it must be 
regarded as unique which possibly would justify the high price 
of £15.25. It is still unusual to find rubber polymers in a book 
with plastics as its only key word title, the two materials possessing 
quite different properties and such misrepresentation of contents 
could well affect readership. 

C. Hepburn 

Dielectric properties of polymers 
Edited by Frank E. Karasz 
Plenum Press, New York, 1972, 374 pp. $26.00 

This book comprises a collection of 15 papers originally pre- 
sented at a Symposium on the Dielectric Properties of Polymers 
at the American Chemical Society meeting in Los Angeles, March 
1971. The authors include many leading authorities in the field 
and the papers encompass a wide range of topics within the 
dielectrics area. 

With regard to polymer solutions, a particularly encouraging 
aspect of the book concerns the inclusion of dielectric theories 
based on more detailed models of polymer chains than the well 
established Rouse-Zimm bead-spring model. Such developments 
are, for example, necessary for understanding the various types 
of relaxation behaviour possible for chains with local dipole com- 
ponents perpendicular to the chain axis. Clark and Zimm describe 
in detail a theory for chains containing 'perpendicular' dipoles 
which incorporates a measure of the extent to which the motions 
of chain dipoles are correlated, and yields insight into the observa- 
tion that average relaxation times are usually independent of 
molecular weight. A first attempt to apply the detailed rotational 
isomeric state model to the dielectric relaxation of short chain 
polymers is also made by Jernigan. There is clearly a need for 
more extensive and systematic dielectric studies on dilute polymer 
solutions to support these theoretical developments, and only 
one experimental paper, on para-substituted polystyrenes (Baysal, 
Lowry, Yu and Stockmayer), is concerned with solution work. 

Regarding the dielectric behaviour of bulk amorphous polymers, 
Williams and Watts have contributed a clear and concise review 

Conference Announcement 

Com posites - standards, 
testing and design 

National Physical Laboratory, Teddington 
8-9 April 1974 

This conference will highlight and discuss 
problems inhibiting the effective use of com- 
posites as engineering materials, and will 
identify the needs for standards and tests 
necessary to set criteria for the safe, efficient 
and economic use of composites. The areas 
it will cover include the aircraft, marine, trans- 
port, building, chemical and civil engineering 
industries. Invited speakers will give keynote 
papers which will be supplemented by shorter 
contributions. Fuller details will be circulated 
in due course but intending participants are 
invited to notify Mr R. P. Miller, Division of 
Inorganic and Metallic Structure, NPL, Tedding- 
ton, Middlesex TW11 0LW, UK. 

of their extensive work on the combined effects of frequency, 
temperature and pressure. They emphasize the relationships 
observed between the mechanisms of the multiple loss peaks, and 
suggest that environmental rather than intrachain cooperation 
is of major concern in the motional processes exhibited by solid 
polymers. Matsuoka, Roe and Cole provide evidence for a similar 
view from a study of chlorinated polyethylenes and Wetton con- 
cludes that long range intermolecular interactions provide the 
major restriction to methoxy group motions in para-substituted 
polystyrenes. The effects of pressure on the dielectric relaxation 
in crystalline methyl stearate are interpreted by Broadhurst in 
terms of bulk thermodynamic properties. 

Several papers are devoted specifically to solid copolymers. 
Smith, Corrado and Work discuss equilibrium dipole moments 
in terms of correlations both in the type and orientation of chain 
repeat units and MacKnight and Emerson have quantitatively 
correlated the dispersions observed in ethylene-acrylic and ethylene- 
methacrylic acid copolymers with the orientation of dissociated 
carboxylic acid groups. Current interest in the properties of multi- 
phase segmented or block copolymers is reflected in the papers 
by Pochan and Crystal and by Dev, North and Reid. The latter 
authors give more than usual attention to the low frequency 
effects associated with ionic conduction and interfacial polarization, 
and the practically important ionic processes are also considered 
in detail by Reed from the point of view of impurity effects in an 
amorphous poly(pbenylene oxide). Creswell, Perlman and Kabayama 
have investigated the charge storage stability of a wide range of 
polymers (electrets) and a useful account of experimental methods, 
suitable for both solid and liquid polymers, is presented by Porter 
and Boyd. 

As stated in the Preface to the book, it is obviously useful to 
have related material of this kind published in a single volume. 
However, in view of the high standards and clarity of the individual 
contributions, it seems a pity that a collective and critical dis- 
cussion is not included, since this would tend to minimize the lack 
of coherence inevitable in a book of this kind. 

The book is produced by the photocopying of typed manuscripts, 
a procedure which often yields an unsightly product and which 
has been rightly criticized in past reviews. In the present case, the 
typescript is uniform throughout, reasonably attractive and appears 
to contain few errors. The book should prove a useful acquisition 
for specialists in dielectrics and related polymer fields, providing 
that they can afford the inflated price of $26. If  not, they can find 
a summary of most of the papers in the ACS Polymer Preprints 
(1971, Vol 12, No I). 

B. E. Read 

Summer Program Announcement 

Institute in Science and 
Technology 

Mohonk Lake, New York, 
4 June to 13 July 1973 

The State University of New York is organizing 
the following summer Institutes in Science and 
Technology: 
4-8 June 

11-15 June 
Scanning electron microscopy 
New techniques and methods of 
polymerization 

18-22 June Fundamentals and technology of 
plastic foams 

25-29 June Disposal and utilization of plastic 
wastes 

9-13 July Photoconductivity in polymers 
The fee for each is $275. Further details may 
be obtained from Professor A. V. Patsis, 
Department of Chemistry, State University of 
New York, New Paltz, New York, USA. 
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Reverse osmosis membrane research 
Edited by H. K. Lonsdale and H. E. Podall 
Plenum Press, New York, 1972, 503 pp. $32.00 

This book is primarily a collection of papers presented in a 
symposium on Polymers for Desalination held at the 162rid National 
Meeting of the American Chemical Society in Washington, D.C. in 
September 1971. Several additional papers have been especially 
contributed to the monograph so as to improve the coverage of 
membrane research and development. 

The introduction, written by the editors, is designed to serve 
two purposes; it gives a general description of the principles and 
problems of practical reverse osmosis and it surveys and sum- 
marizes the following papers by organizing them into five groups. 

The book is likely to interest most intently readers personally 
connected with research on membrane separation processes. For 
them the general description is scarcely necessary but the survey 
and summaries of the papers are extremely valuable and relieve 
the reviewer of one of his more difficult tasks. The potential pur- 
chaser should certainly read this editors' survey. It gives a strong 
impression of the creative activity and ingenuity which now charac- 
terizes attempts to improve the commercial viability of membrane 
processes. The practical research papers are all of USA origin 
although the two papers on Fundamentals: on the membrane 
process (by O. Kedem) and on the membrane/solution interfacial 
process (by W. Pusch), are from elsewhere. This restriction of 
origin is more apparent than real because by far the greatest 
amount of truly innovative membrane research at the present 
time is being carried out in the USA. 

Although no book of this size could give a truly complete account 
of the field nor could it be truly up-to-date even at the date of 
publication, the collection of papers presented here give a balanced 
and stimulating picture of the mainstreams of research towards 
improving reverse osmosis. The book closes with a chapter by 
W. S. Gillan setting out trends and hopes for the future. There is a 
short and rather inadequate index. 

P. Meares 

Comportement thermique des polym~res 
synthetiques 
F. Roeaboy 
Masson et Cie, Paris, 1972, Vol 1,301 pp. 140F 

This is the first volume of what promises to be a rather curious 
book, in which the entire range of synthetic polymers is described 
from the aspect of their thermal properties. An attempt is made 
to classify the principal properties in relation to behaviour upon 
heating, mainly by division into reversible and irreversible changes. 
In particular, an attempt is made to identify the structural and 
chemical factors which favour resistance to degradation at high 
temperatures, with a special interest in polymers accepted as 
'thermally stable' or 'thermally resistant'. In practice, this means 
that most of the text published so far consists of a catalogue of 
every conceivable vinyl and carbocyclic polymer, with tables of 
fusion temperatures and, where possible, differential thermal 
analysis curves tacked on the end of each section. Many of these 
sections are so brief that they are misleading without the addition 
of further critical comment. As a quick reference, the thermal 
data provided are useful; the supporting references quoted are, at 
times, somewhat unexpectedly chosen. To precede this section, 
there are four introductory chapters, which discuss the configura- 
tion of macromolecular chains, crystal structure and polymer 
morphology, the rheology of polymers (which is clearly stated 
but barely relevant in this context), and the general principles of 
thermal behaviour. At  the end of the book, an appendix lists, by 
type of polymer, the commercial names of synthetic fibres based 
on carbon chains. The list is long, includes many obscure and 
probably obsolete brand-names, and seems quite pointless. 

In sum, this is a polemical work, of some value to workers 
concerned with the thermal properties of polymers, but the ap- 
proach is too eccentric for it to be used in isolation. It is well 
printed, with many figures, but is rather expensive for its likely 
value to most readers. 

C. A. Finch 

Light scattering from polymer solutions 
Edited by M. B. Hug~in 
Academic Press, London, 1972, 885 pp. £14.50 

Light scattering from polymer solutions has become a routine 
characterization technique in many laboratories. The experimental 
work involved, however, is exceptionally demanding and a great 
deal of care and considerable experience is required to obtain 
reliable results. Research workers from a variety of disciplines, 
who use light scattering as a tool, will find the wealth of technical 
information and experimental know-how recorded in this work 
extremely useful. Undoubtedly it is a book which will find its 
place on or near the laboratory bench. In all it contains eighteen 
chapters and there are twenty contributors. 

The first sections deal with experimental procedures, theoretical 
background, and treatment of results. Especially noteworthy here 
is the extensive tabulation of useful data (e.g. specific refractive 
index increments and physical properties of solvents). The rest 
of the work deals with the effect of external parameters and applica- 
tions to particular types of systems. Included are chapters on the 
Influence of pressure and temperature (G. V. Schulz and M. 
Lechner), Electric field light scattering (B. R. Jennings), the Study 
of association and aggregation via light scattering (H.-G. Elias), 
the Application of light scattering to copolymers (H. Benoit and 
D. Froelich), Light scattering from polyelectrolytes (M. Nagasawa 
and A. Takahashi), Selected topics in biopolymeric systems (W. 
Burchard and J. M. G. Cowie), My main criticism of the book is 
the omission of Rayleigh light scattering spectroscopy which in 
recent years has become an important tool for studying the dynamic 
properties of polymers in dilute solution. There are at least two 
chapters which l feel could have been left out to make room for 
the treatment of this rapidly developing topic. 

The book is well presented and the contents show a logical 
development. It can be recommended to those concerned with 
day-to-day problems of polymer characterization. Beginners to 
this field should find certain sections particularly helpful. 

C. Price 

Plastic foams 
Edited by K. C. Frisch and J. H. Saunders 
Marcel Dekker, New York, 1972, Part 1,450 pp. $36.50 

This is Part 1 of a two-part monograph concerning cellular 
plastics and rubber flexible foams; semi-rigid and rigid foams 
are to be covered in Part 2 still awaiting publication. Reviews 
of current practice in major areas of the cellular polymer field 
have been written by a team of authors each a known specialist 
in the appropriate polymer class. Most of the material presented 
is already published elsewhere and little new information revealed 
the prime purpose served by the editors being to collect this 
scattered data in a reasonably concise format. Consequently, 
some detail essential to these materials and their processes has been 
eliminated. 

Chapters are devoted to foams from the following polymer 
classes: polyurethanes, solid and latex rubber, polyolefins, poly(vinyl 
chloride), and silicones, each including the basic chemistry of 
blowing but with pronounced emphasis on primary processing, 
mixing and dispensing equipment illustrated by selected application 
examples of cellular products. Formulations are quoted throughout 
to illustrate each blowing technique. This has resulted in a balanced 
blend of chemistry and related technology which is most readable. 

Special chapters have been included on the mechanism of foam 
formation and testing procedures for cellular materials which 
are based entirely on ASTM methods, there being no cross refer- 
ences to equivalent BSI or ISO specifications. A useful marketing 
trend and historical chapter is included. 

USA trade names are used throughout, supplemented by chemical 
names in most instances so that identification with equivalent types 
should not be too difficult for potential users. 

Individual chapter authors have, in most instances, given ade- 
quate literature references so that the book has become a minor 
bibliography of current cellular foam technology with American 
literature receiving dominant representation. It is possible to 
dip into the various sections at will adding to general usefulness. 
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No cumulative index has been included in Part 1 and it is to 
be hoped that Part 2 will contain such an index without which 
the usefulness of these monographs as reference sources will be 
severely limited. It is the only book to the reviewer's knowledge 
which attempts to cover both plastic and rubber materials jointly 
in this industrially important field reflecting growing rationalization 
in the cellular polymeric materials field. To this extent it must be 
regarded as unique which possibly would justify the high price 
of £15.25. It is still unusual to find rubber polymers in a book 
with plastics as its only key word title, the two materials possessing 
quite different properties and such misrepresentation of contents 
could well affect readership. 

C. Hepburn 

Dielectric properties of polymers 
Edited by Frank E. Karasz 
Plenum Press, New York, 1972, 374 pp. $26.00 

This book comprises a collection of 15 papers originally pre- 
sented at a Symposium on the Dielectric Properties of Polymers 
at the American Chemical Society meeting in Los Angeles, March 
1971. The authors include many leading authorities in the field 
and the papers encompass a wide range of topics within the 
dielectrics area. 

With regard to polymer solutions, a particularly encouraging 
aspect of the book concerns the inclusion of dielectric theories 
based on more detailed models of polymer chains than the well 
established Rouse-Zimm bead-spring model. Such developments 
are, for example, necessary for understanding the various types 
of relaxation behaviour possible for chains with local dipole com- 
ponents perpendicular to the chain axis. Clark and Zimm describe 
in detail a theory for chains containing 'perpendicular' dipoles 
which incorporates a measure of the extent to which the motions 
of chain dipoles are correlated, and yields insight into the observa- 
tion that average relaxation times are usually independent of 
molecular weight. A first attempt to apply the detailed rotational 
isomeric state model to the dielectric relaxation of short chain 
polymers is also made by Jernigan. There is clearly a need for 
more extensive and systematic dielectric studies on dilute polymer 
solutions to support these theoretical developments, and only 
one experimental paper, on para-substituted polystyrenes (Baysal, 
Lowry, Yu and Stockmayer), is concerned with solution work. 

Regarding the dielectric behaviour of bulk amorphous polymers, 
Williams and Watts have contributed a clear and concise review 

Conference Announcement 

Com posites - standards, 
testing and design 

National Physical Laboratory, Teddington 
8-9 April 1974 

This conference will highlight and discuss 
problems inhibiting the effective use of com- 
posites as engineering materials, and will 
identify the needs for standards and tests 
necessary to set criteria for the safe, efficient 
and economic use of composites. The areas 
it will cover include the aircraft, marine, trans- 
port, building, chemical and civil engineering 
industries. Invited speakers will give keynote 
papers which will be supplemented by shorter 
contributions. Fuller details will be circulated 
in due course but intending participants are 
invited to notify Mr R. P. Miller, Division of 
Inorganic and Metallic Structure, NPL, Tedding- 
ton, Middlesex TW11 0LW, UK. 

of their extensive work on the combined effects of frequency, 
temperature and pressure. They emphasize the relationships 
observed between the mechanisms of the multiple loss peaks, and 
suggest that environmental rather than intrachain cooperation 
is of major concern in the motional processes exhibited by solid 
polymers. Matsuoka, Roe and Cole provide evidence for a similar 
view from a study of chlorinated polyethylenes and Wetton con- 
cludes that long range intermolecular interactions provide the 
major restriction to methoxy group motions in para-substituted 
polystyrenes. The effects of pressure on the dielectric relaxation 
in crystalline methyl stearate are interpreted by Broadhurst in 
terms of bulk thermodynamic properties. 

Several papers are devoted specifically to solid copolymers. 
Smith, Corrado and Work discuss equilibrium dipole moments 
in terms of correlations both in the type and orientation of chain 
repeat units and MacKnight and Emerson have quantitatively 
correlated the dispersions observed in ethylene-acrylic and ethylene- 
methacrylic acid copolymers with the orientation of dissociated 
carboxylic acid groups. Current interest in the properties of multi- 
phase segmented or block copolymers is reflected in the papers 
by Pochan and Crystal and by Dev, North and Reid. The latter 
authors give more than usual attention to the low frequency 
effects associated with ionic conduction and interfacial polarization, 
and the practically important ionic processes are also considered 
in detail by Reed from the point of view of impurity effects in an 
amorphous poly(pbenylene oxide). Creswell, Perlman and Kabayama 
have investigated the charge storage stability of a wide range of 
polymers (electrets) and a useful account of experimental methods, 
suitable for both solid and liquid polymers, is presented by Porter 
and Boyd. 

As stated in the Preface to the book, it is obviously useful to 
have related material of this kind published in a single volume. 
However, in view of the high standards and clarity of the individual 
contributions, it seems a pity that a collective and critical dis- 
cussion is not included, since this would tend to minimize the lack 
of coherence inevitable in a book of this kind. 

The book is produced by the photocopying of typed manuscripts, 
a procedure which often yields an unsightly product and which 
has been rightly criticized in past reviews. In the present case, the 
typescript is uniform throughout, reasonably attractive and appears 
to contain few errors. The book should prove a useful acquisition 
for specialists in dielectrics and related polymer fields, providing 
that they can afford the inflated price of $26. If  not, they can find 
a summary of most of the papers in the ACS Polymer Preprints 
(1971, Vol 12, No I). 

B. E. Read 

Summer Program Announcement 

Institute in Science and 
Technology 

Mohonk Lake, New York, 
4 June to 13 July 1973 

The State University of New York is organizing 
the following summer Institutes in Science and 
Technology: 
4-8 June 

11-15 June 
Scanning electron microscopy 
New techniques and methods of 
polymerization 

18-22 June Fundamentals and technology of 
plastic foams 

25-29 June Disposal and utilization of plastic 
wastes 

9-13 July Photoconductivity in polymers 
The fee for each is $275. Further details may 
be obtained from Professor A. V. Patsis, 
Department of Chemistry, State University of 
New York, New Paltz, New York, USA. 
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Flow birefringence of polyelectrolytes: 
a poly(amide carboxylic acid) from pyromellitic 
anhydride and benzidine--influence of 
triethylamine on the molecular dimensions 

J. W. M. Noordermeer and H. Janeschitz-Kriegl 
Laboratory of Physical Chemistry, Delft University of Technology, Delft 8, The Netherlands 

and A. Horvath 
Polymer-lnstitut der Universit~t Karlsruhe, 75 Karlsruhe, West Germany 
(Received 27 November 1972) 

The flow birefringence of a number of solutions of a poly(amide carboxylic acid) from 
pyromellitic anhydride and benzidine was measured at 30°C. N,N-dimethyl acetamide was 
used as a solvent. Addition of the organic base triethylamine to this polyacid (0 to 15g-equiv. 
with respect to the number o f - -COOH--  groups) results in a strong increase of the stress- 
optical coefficient. This increase can successfully be interpreted in terms of an expansion 
of the molecular coils. An increase of the stress-optical coefficient is also obtained, when 
the concentration of the poly(amide carboxylic acid) is decreased. This is in agreement 
with the observed increase of the reduced viscosity, ~sp/C. A relation is deduced, which 
describes the dependence of the stress-optical coefficient on concentration with reason- 
able accuracy. Making use of this relation the degree of expansion of this polyelectrolyte 
can be determined for infinite dilution. 

From the behaviour of the extinction angle the conclusion is drawn that the hydro- 
dynamic behaviour of the investigated polyelectrolyte molecules does not undergo a 
fundamental change with expansion: after a correction for polydispersity the results 
seem to indicate that the expanded molecules still approximately behave like Gaussian 
chains. 

INTRODUCTION 

It is well known that, in many respects, the behaviour 
of  polyelectrolyte molecules strongly differs from that of 
uncharged macromolecules. The coil dimensions of poly- 
electrolytes in solution are influenced by the electrostatic 
repulsion of charges, which are introduced on the 
macromolecular chain by ionization. A large number of 
charges on the chain causes a strong expansion of the coil. 

Counter-ions are known to shield the electrostatic 
charges on the chain so that the degree of expansion is 
influenced also by the presence of these ions. The local 
concentration of counter-ions can be increased by addi- 
tion of a low-molecular electrolyte or by an increase 
of the concentration of  the polyelectrolyte itself. In 
this way, an increase of the polyelectrolyte concentration 
causes a decrease of the mean dimensions of the molecules. 

Coil expansion can, for example, be observed with 
the aid of the angular dependence of light-scattering 
(radius of  gyration) and derived from a strong increase 
of  the viscosity of the polyelectrolyte solution. In this 
respect, many examples are already known. 

On the contrary, only a few investigations of the 
flow birefringence of polyelectrolyte solutions have been 
published until now. The investigations of Fuoss and 

Signer I and of  Jordan and co-workers z,a on poly(4- 
vinyl-N-butyl pyridinium bromide) and poly(4-vinyl 
pyridinium chloride) have shown that extinction angle 
and birefringence considerably change with an increasing 
degree of  ionization of the macromolecules. The in- 
vestigations of Kuhn e t  al.  4 and of Tsvetkov and co- 
workers ~ on poly(acrylic acid) and poly(methacrylic 
acid) in aqueous solutions give similar results. The 
interpretation of these results, however, is complicated 
by a considerable contribution of the form birefringence. 
This birefringence becomes considerable if too large a 
difference exists between the refractive indices of polymer 
and solvent. In such a case the coil-molecule as a whole 
contrasts too much with the solvent. 

Vollmert and Horvath 6-s recently performed viscosity 
and light-scattering measurements on a poly(amide 
carboxylic acid) (PACA) from pyromellitic anhydride 
and benzidine: 

C O O H  n 
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As a solvent N,N-dimethyl acetamide (DMA) was 
used. On ionization of this polyacid with the organic 
base triethylamine (TEA) the viscosity of the solution 
sharply increases. For the ionized PACA the dependence 
of r/sv/c on c is characterized by the typical increase 
which is always observed with polyelectrolytes when 
concentration is lowered. On the other hand, for the 
un-ionized PACA the dependence of r/sv/C on c cor- 
responds to that for uncharged macromolecules. 

The degree of ionization and with it the coil expansion 
of the PACA are determined by the equilibrium constant 
of the acid-base reaction, the concentration of the 
dissolved PACA and the concentration of TEA. As an 
excess of unreacted TEA remains non-ionic, it does not 
contribute to the ionic strength of the solution. 

This work describes the flow birefringence of this 
polyelectrolyte system. Because of the stiffness of the 
PACA chain and the great number of aromatic rings 
this polyelectrolyte has a very high intrinsic anisotropy 
even in the uncharged state. As will be shown later, the 
stress-optical coefficient of this uncharged PACA is 
about ten times as large as that of polystyrene, for 
example. Therefore the influence of the form birefrin- 
gence will be relatively small, in spite of the rather high 
refractive index increment (dn/dc=0.375 ml/g 6). In such 
a case also the ionic atmosphere of the protonated TEA 
molecules around the charged PACA molecules will 
have only a minor influence on the anisotropy of the 
macromolecule. Another advantage of the high optical 
anisotropy of the PACA molecules is that the flow 
birefringence of its solutions can be measured at very 
low concentrations of the PACA, where the poly- 
electrolyte effects are most pronounced. 

It may be concluded that the described system must be 
extremely suitable for the investigation and interpretation 
of changes of optical properties as caused by ionization. 

THEORY 

Flow birefringence is characterized by two quantities, 
which are measured separately, viz. the extinction angle 
and the birefringence, both as functions of shear rate. In 
addition, the viscosity of the solution must be known for 
the interpretation of the measurements. 

From the theory for Gaussian chain molecules a stress- 
optical relation can be derived 9-11. According to this rela- 
tion proportionality should exist between the deviatoric 
components of the stress-tensor and the polarizability- 
tensor. The proportionality constant, which is also called 
the stress-optical coefficient, should only depend on the 
optical properties of the macromolecule, but not on its 
molecular weight or the concentration of the solution. 
The following equation holds under these conditions: 

An sin2 x 2rr(n2+2) ~ y l - y z  
C-2q(r/--  r]0)- 27 n kT  (1) 

where 

C = stress-optical coefficient, 
q = shear rate, 

An = birefringence at shear rate q, 
x--extinction angle, i.e. the smallest angle 

between one of the extinction directions 
and the direction of flow, at shear rate q, 

r/= viscosity of the solution at shear rate q, 
r/0 = viscosity of the solvent, 
n = refractive index of the solution, 

k = Boltzmann constant, 
T =  absolute temperature, 

y l - V z  = average difference of polarizabilities with 
respect to directions parallel and perpen- 
dicular to the end-to-end distance of the 
molecule in a stationary solution. As was 
pointed out by Kuhn and Grtin 12, this 
parameter is independent of the length of 
the Gaussian chain. 

Equation (1) is only valid if the refractive index of the 
solvent is very similar to that of the polymer ('matching 
solvent'). Otherwise the birefringence, caused by the 
shape of the macromolecular coil (form birefringence), 
gives a complicated contribution to the stress-optical 
coefficient. 

The stress-optical coefficient actually appears to be 
a constant for many polymers, independent of shear 
rate and, in the absence of the form birefringence 
effect, also independent of molecular weight 5 and 
concentration TM. However, solutions of relatively stiff 
or too short chain molecules may show a deviation 
from this rule; a decrease of the measured value of the 
stress-optical coefficient is found with increasing shear 
rate. It seems that deviation from Gaussian behaviour is 
more apparent in a flowing solution. As a consequence, 
equation (1) seems to remain valid for many molecules 
in the limiting case of zero shear rate lz. 

The ionization of a polyelectrolyte causes an expan- 
sion of the molecular coil, which can be described by 
an increase of the mean square end-to-end distance of 
the coil with regard to the un-ionized state< 14. For 
the expanded state Gaussian statistics may still be 
applied, if the expansion is not too large. 

The charges on the molecular chain lead to a 'long- 
range' repulsion, as well as to a 'short-range' repulsion, 
which particularly influences the local chain-stiffness. 
Both effects together lead to an increase of the coil 
dimensions. For  a moderate expansion, we may apply 
a well-known relation, derived originally by Kuhn and 
Griin 12 for uncharged molecules: 

(re), 
el - ye ~ v .,< (2) 

\rh> 

where (r02> is the mean-square end-to-end distance in 
the undisturbed, i.e. uncharged, state and r is an arbi- 
trarily chosen end-to-end distance. If  an external couple 
of forces is applied to the end-points, an averaging over 
the square of this end-to-end distance seems reasonable. 
In this way the action of the electrostatic repulsion 
forces is rudely taken into account. Admittedly, this 
procedure is equivalent to the introduction of an effective 
statistical random link which increases in length with the 
degree of ionization. 

From equations (1) and (2) it can be concluded that 
an expansion of the coil must result in an increase of the 
stress-optical coefficient C. The more the coil expands, 
the more C increases. 

On the other hand, the anisotropy 71-72 of the 
macromolecule will also be influenced by a change of 
the chemical structure of the macromolecule, as caused 
by the ionization of the chain. This means that, in 
principle, the changes in the stress-optical coefficient 
must be ascribed to several effects. 

A relation for the extinction angle x can be derived 
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from the theory of  the 'bead-spring' model 11, 15. 

cot 2x = JeRfl (3) 

The constant Jen is known as the reduced steady-state 
compliance 16. The reduced shear rate 17 fl is defined 
by: 

[3 = Mq (~7 - ~7o) 
c R r  (4) 

where M--molecular  weight of the polymer, 
c = the concentration (g/ml), 
R--the gas constant, 
~7 = here the zero shear viscosity of the solution. 

For  equation (3) it is again assumed that no form 
birefringence effect occurs. 

When the parameter fl is used, as given by equation 
(4), one aims at a reduction of experimental data with 
respect to temperature, molecular weight and concen- 
tration. However, the suggested reduction with respect 
to the concentration is often found to be less accurate 11. 
For  the value of Jen one obtains 0.4 in the 'free-draining' 
case and 0.205 in the 'non-draining' case 15. The value 
of  Jen depends only slightly on the excluded volume ix. 
On the other hand, the extinction angle is very much 
affected by the polydispersity of  the polymer. 

It can be deduced TM 17 that equation (3) reads for a 
polydisperse system: 

J. <[32>n (3a) cot 2X= eR~fl~n 

where < >n means the number average. With the intro- 
duction of  a polydispersity factor p, where 

p = ( 5 )  

equation (3a) reads: 

cot 2X = p JeR<[3> n (3b) 

The quantity <[3>n can directly be obtained from equa- 
tion (4), if the number-average molecular weight is 
inserted. According to Peterlin 17, is the polydispersity 
factor p can be calculated, if the molecular weight 
distribution and the exponent a in the Mark-Houwink 
relation are known for the polymer. As is well known, 
this relation reads [~7]=KM% where [7/] is the intrinsic 
viscosity and 0.5 <~ a <~ 1"0. 

Using the latter relation one obtains: 

(M2~+2>n 
P =  ~+1 2 (6) <M >. 

These complicated molecular weight averages can 
be calculated with the aid of the molecular weight 
distribution. For  an example, Peterlin and Munk is give 
a relation for p, if the molecular weight distribution is 
of the Schulz-Zimm type. For  this type of  distribution 
one obtains: 

<M>w_Z+2  
<M>n z +  1 (7) 

where <M>n and (M>w are the number- and weight- 
average molecular weights, respectively, and z is an 
adjustable parameter. The corresponding relation for p 
reads: 

z ! ( z+2+2a) !  
P = (z+ 1 + ~) !2 (8) 

Peterlin and Munk is gave p-values for a series of  
chosen values of <M>w/<M>n and a. 

EXPERIMENTAL 

For the present investigation a sample of  PACA was 
used, previously described by Horvath and Vollmert 6-s. 
Its weight-average molecular weight <M>w was 125 000, 
and its polydispersity index (M>w/(M>n was 2.4. 

The solvent N,N-dimethyl acetamide (Fluke A.G.) 
was dried over KOH and P205, and distilled in vacuum. 
The triethylamine (Fluka A.G.) was distilled from 
K O H  in a nitrogen atmosphere. 

The concentrations of PACA varied from 0.1 x 10 -a 
to 2 -0x l0-ag /ml .  The amount of TEA added varied 
from 0 to 15g-equiv. (with respect to the number of 
- - C O O H - -  groups). The solutions were prepared by 
addition of  about half the required amount of DMA 
to a weighed amount of a 5 ~ solution of  PACA in 
DMA. To this solution an amount of  a solution of  
TEA in DMA was added. This amount depended on 
the required number of g-equiv. Finally, DMA was 
added until the right volume was attained. 

At high concentrations of  PACA (2x 10-ag/ml) and 
large amounts of TEA (5g-equiv. and more) a pre- 
cipitation occurred. 

The refractive index increment of the PACA in DMA 
is 0.375ml/g 6. Normally such a high refractive index 
increment results in a rather great influence of the form 
birefringence. This latter effect can be calculated as a 
contribution Cf to the stress-optical coefficient C [equa- 
tion (5.3) of Janeschitz-Kriegpl]. For the un-ionized 
PACA one obtains: 

CI/C= 1-67 x 10 -2 (9) 

when the value of  C is taken from the measurements to 
be described. This contribution is small enough to 
lie completely within the limits of accuracy of  this 
technique. Therefore, it can be disregarded throughout 
the present investigation. 

The pure DMA does not show any measurable flow 
birefringence. This means that all the equations can be 
used without a correction for the solvent contribution 
to the flow birefringence. 

The flow birefringence measurements were carried 
out in the equipment previously described 11,19. The 
viscosity measurements were done with the aid of 
ordinary Ubbelohde viscometers. To remove dust all 
solutions were filtered through glass filters. All measure- 
ments were carried out at 30°C. 

RESULTS OF FLOW BIREFRINGENCE MEASURE- 
MENTS 

Figure 1 gives an example for the type of  extinction 
angle curves found. In this Figure the number of g-equiv. 
TEA per carboxyl group serves as a parameter. The 
concentration of  the chosen solution is 0 . 3 x 1 0 - 3 g  
PACA per ml. The corresponding measurements of the 
birefringence An are given in Figure 2. 

It is observed that, with increasing amounts of TEA, 
the deviation of the extinction angle from 45 ° rapidly 
increases, while also the birefringence appreciably 
increases. For the un-ionized PACA (0g-equiv. of 
TEA), however, the deviation of the extinction angle 
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Figure I Extinction angle against shear rate of a series of solu- 
tions of PACA in DMA with varying amounts of TEA added. 
Concentration of PACA: O.3x 10-3g/ml. Amounts of TEA added, 
expressed in g-equiv, per --COOH-- group: O, 0; l-q, 1; A, 2; 
V, 5; ×, 15 
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of  TEA, seem to have no significant influence on pJeR. 
The averaged value ofpJeR amounts to 1.60. 

The larger scatter, which is obtained when less TEA 
is added, is caused by the inaccuracy in measuring 
small deviations of  the extinction angle from 45 ° (com- 
pare Figure 1). Moreover, with these measurements also 
the birefringence is very small, making an accurate 
determination still more difficult. 

With the aid of  equation (1) stress-optical coefficients 
can be calculated from the measurements. The obtained 
values are given in Figure 5 as functions of the number 
of  g-equiv. TEA per COOH group and with the con- 
centrations of  PACA as parameters. Since several 
solutions show deviations from the proportionality 
between birefringence and shear rate, all values are 
taken after extrapolation to zero shear rate. 

1.0 

~_O 5.0 
x 

O 
3 o o o  6 o o o  9 o o o  

q(s -i) 

Figure 2 Flow birefr ingence against shear rate for the solut ions 
specified in the caption to Figure 1 

U 

f rom 45 ° and the birefringence at low shear rates are 
so small, that reliable measurements are possible only 
at rather high shear rates. 

In both Figures a tendency to saturation can be 
observed with regard to the influence of large quantities 
of  TEA. I f  only a small quantity of  TEA is added, the 
relation between the measured birefringence and the 
shear rate is linear. I f  larger quantities of  TEA are 
added, a downward curvature is noticed at high shear 
rates. This points to a deviation from the stress-optical 
relation (equation 1). 

In Figure 3 an example is given of the usefulness of  
the reduced shear rate (fl)n. The points correspond to 
measurements at a variety of  concentrations of  PACA. 
About  5 g-equiv, of TEA per COOH group are added 
to each solution. All points fall on the same line within 
the accuracy of these measurements; for the rather 
low concentrations of  PACA, used in this investigation, 
the reduction with respect to these concentrations seems 
successful. 

At the highest (fl)n values a slight deviation can be 
observed from the proportionality between cot 2X and 
(fl)n. This points, like the deviation from linearity in 
Figure 2, to a deviation from the Gaussian behaviour 
of  the chains. At lower (fl)n values, where the relation 
between cot 2x and (/3)n is still linear, pJeR can be 
determined. The obtained values of  pJen are given in 
Figure 4. This Figure surveys the results of the entire 
investigation, as far as the extinction angle is con- 
cerned. Both the concentration and the added amount 

jo 
0 " 0  

0.01 0.1 I-0 

<13> 

Figure 3 Example of a reduction of the extinction angle x with 
respect to concentrat ion. Concentrat ions in g P A C A  per ml 
solut ion are: × ,  0 '1x10-3 ;  V ,  0"2x10-~;  A ,  0"3x10-3;  E3, 
0 '5×10  3; C), 1"0x10 -3. To all solut ions 5g-equiv. of TEA per 
COOH--  group are added. F=free-dra in ing approximat ion;  
N=non-dra in ing  approximation. Shaded area: location of the 
measured points after a correct ion for polydispersi ty 
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Figure 4 Values of pJeR for all investigated solutions, as cal- 
culated from their extinction angle curves. The values are plotted 
against number of g-equiv. TEA per COOH--  group added. 
Concentrat ions in g P A C A  per ml are: O, 0.1 x 10-3; V,  0 .2x  10-a; 
G, 0 .3x10-3;  l~, 0 .5x10-3;  ©, 1.0×10-3; -F, 2 .0x  10 -3 
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Figure 5 Stress-optical coefficient C, calculated for all solutions, 
against number of g-equiv. TEA per COOH-- group added. 
Concentrations of PACA: symbols as in Figure 4 
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Figure 6 Stress-optical coefficient C against concentration of 
PACA. Number of g-equiv. TEA per COOH-- group added: 
symbols as in Figure I. Closed points and + : values of C extra- 
polated to zero concentration, according to equation (11) 

From an inspection of Figure 5 the following facts 
can be deduced: on addition of TEA the stress-optical 
coefficient first shows a considerable increase. On the 
other hand, a clear saturation of  the stress-optical 
coefficient is noticed at larger amounts of  TEA added• 
An increase of  the concentration of PACA suppresses 
the expansion effects. 

Figure 6 gives the same results, now as functions of  
the concentration of PACA and with the numbers of  
g-equiv, of  TEA per COOH group as parameters• 
One clearly observes that a decrease of  the concentration 
of  PACA results in an increase of  the stress-optical 
coefficient. 

The curves in both Figures show a clear resemblance 
to the Vsp/c vs. c curves of  this PACA 6, 8. A detailed 
discussion of this fact will be given later. 

Finally, it should be noticed that the stress-optical 
coefficient of  the un-ionized PACA (0g-equiv. TEA) is 
independent of  concentration• This is normally found 
for uncharged polymers of molecular weight high 
enough for the formation of  Gaussian coils. 

DISCUSSION 

It is quite obvious that the increase of  the stress-optical 
coefficient of  the PACA must be ascribed to an expansion 
of the macromolecules. Especially the resemblance 
of Figure 6 to the Vsp/c vs. c curves characteristic for 
polyelectrolytes seems to prove this. Also the equilibrium 
character of  the acid-base reaction is clearly manifested 
by the saturation effect in Figure 5. 

On the other hand, the un-ionized PACA shows no 
changes in the stress-optical coefficient, when the con- 
centration of  PACA is changed. From this fact the 
conclusion may be drawn that PACA in D M A  is in- 
capable of  spontaneous ionization. Admittedly, such 
an ionization will be detectable only at low concentra- 
tions• The question remains, whether at these concen- 
trations changes in the stress-optical coefficient can be 
observed with sufficient accuracy. 

As is well known, quantitative conclusions about the 
coil expansion of polyelectrolytes cannot be drawn from 
viscosity measurements, as the results of  these measure- 
ments cannot safely be extrapolated to zero concen- 
tration. As a matter of  fact the same is true for the 
stress-optical coefficient. Only when isoionic dilution, 
according to Pals and Hermans 20 is applied to viscosity 
measurements on polyelectrolytes, normal results are 
obtained, which can be extrapolated to zero concen- 
tration. 

However, Fuoss and Strauss 21 found an empirical 
relation which seems to describe the dependence of  
Vsp/c on c at low polyelectrolyte concentrations with 
reasonable accuracy. This Fuoss-Strauss relation reads: 

A 
~7sp/C = 1 + B x (e ) 1/~ (1 O) 

where A and B are adjustable parameters. This equation 
has been extremely useful for many polyelectrolytes. 
In fact, Horvath  and VoIlmert 6, 8 have shown that it 
can also be applied to the changes of  the viscosity of  the 
PACA solutions. 

Because of the resemblance of the curves in Figure 6 
to the Vsp/C vs. c curves of  this PACA we tried a similar 
relation for the dependence of the stress-optical coefficient 
on the concentration of our PACA: 

A'  
C= 1 +B'  x (c) 1/2 (11) 

When 1/C is plotted as a function of the square root 
of  PACA concentration, a straight line should be 
obtained. This is demonstrated in Figure 7 for several 
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C)  i / I ! 
i -o 2 0 3-0 4•0  
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Figure 7 Extrapolation of the stress-optical coefficient to zero 
concentration, according to equation (11). Number of g-equiv. 
TEA per C O O H - -  group added: symbols as in Figure 1 
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quantities of TEA added. Within the limits of accuracy 
a reasonable extrapolation to zero concentration can 
be carried out with the aid of equation (11). The values 
of the stress-optical coefficient, extrapolated in this 
way, are given in Table 1 (column 2). They are also 
shown in Figure 6 as closed points at the ordinate 
axis. 

At infinite dilution no mutual shielding of charges 
on separate macromolecules takes place. The coil 
expansion is then determined only by the charges on 
the same molecular chain. 

The - - C O O H - -  groups on our PACA molecule are 
located opposite to each other on the aromatic rings 
in the chain. The charges, introduced by ionization, are 
uniformly distributed along the molecular chain. There- 
fore, it seems probable that the anisotropy per unit 
length of the PACA chain (in 'stretched' conformation) 
will hardly be changed by the ionization. This supports 
the assumption that the increase of the stress-optical 
coefficient is mainly caused by the expansion of the 
macromolecular coil. 

In this case the degree of expansion, expressed as 
an increase of the mean square end-to-end distance, 
can be calculated with the aid of equations (1) and (2). 
The results of this calculation are given in Table 1 
(column 3). 

Another way of interpretation is found in Figure 8, 
in which the stress-optical coefficient, as extrapolated 
to zero concentration, is plotted on a double logarithmic 
scale against the intrinsic viscosity, measured at cor- 
responding degrees of ionization. If  the above made 
assumption with respect to the usefulness of the stress- 
optical coefficient as a measure of coil expansion is 
correct, one should obtain a curve of slope 2/3, since 

Table 1 Stress optical coefficient and coil- 
expansion for several amounts of TEA added 

TEA (g-equiv.) lira C x  109 (crn2/dyne) <r~) 
q-~0 <r~> 
C--+0 

0 5.9 1 
1 12-2 2.1 
2 14.9 2.5 
5 17.4 2.9 

10 19.6 3"3 
15 21-2 3"6 
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Figure 8 Stress-optical coefficient C, extrapolated to zero 
concentrat ion, against intr insic viscosity [-q], at various degrees 
of ionization. - - - -, slope 2/3 

the viscosity is proportional to the 3/2 power of the 
mean square end-to-end distance of the coiled molecule. 

In Figure 8 a broken line of slope 2/3 is drawn for 
comparison. From this Figure it becomes clear, how- 
ever, that the growth of the stress-optical coefficient 
with increasing degree of ionization is considerably 
slower than would be expected from the corresponding 
growth of the intrinsic viscosity. More detail should 
probably not be deduced from Figure 8 because of the 
limited reliability of the extrapolation method. The 
interpretation of this fact may probably be that the 
difference of main polarizabilities y t - y 2  of the chain 
is more sensitive to the local stiffening of the chain than 
to the expansion by long range interaction forces, 
whereas the intrinsic viscosity is influenced by both 
effects more equally. This interpretation should, never- 
theless, be considered with some extra reserve as we 
do not know the influence of the growing number of 
charges on the polarizabilities. 

As a next point of discussion we now choose the 
behaviour of the extinction angle. For this purpose 
Figure 3 is considered. Except for the highest (fl)n 
values, where a slight downward tendency can be 
observed, the linear relation between cot 2x and (fl)n 
as postulated by equation (3b), is obeyed by this polymer. 
This means that the macromolecules behave hydro- 
dynamically as flexible molecules. 

For a comparison of these measurements with the 
results of Zimm's treatment of the 'bead-spring' model t ~, 
two theoretical lines are also given in Figure 3. The 
upper line, denoted by F, stands for the free-draining 
approximation, the lower one, designated by N, for the 
non-draining case. However, all experimental points 
lie far outside the theoretically expected area between 
the F and N line. From the experience with other poly- 
mers one may expect that this deviation is mainly 
caused by the polydispersity of the polymer sample. 
In order to confirm this assumption, Peterlin's method, 
which is explained in the theoretical part of this paper, 
is applied to the experimental results. 

As is well known, a polycondensation reaction, like 
the one which takes place during the synthesis of this 
PACA, actually gives rise to a molecular weight dis- 
tribution of the Schultz-Zimm type. A polydispersity 
index of 2.4 as found for this PACA corresponds to a 
value of -0-286 for the adjustable parameter z in 
equation (7). 

Unfortunately, Horvath and Vollmert6, 7 only give 
the Mark-Houwink equation at 25°C for the un-ionized 
PACA in DMA containing LiBr: 

[~/] = 3.40 × 10 ~ × (M~w 0`v8 (12) 

A few measurements in pure DMA give higher values 
for the intrinsic viscosity of the PACA as a function 
of (M)w. The exponent in the Mark-Houwink equation, 
however, does not seem to be changed. The difference 
of 5°C between the temperatures at which the measure- 
ments of Horvath and Vollmert and the present measure- 
ments were carried out, seems of minor importance to 
us. Thus, a value of 0-78 is used for the constant 
which occurs in equation (8). In this way one obtains 
for the polydispersity factor p a value: p=6.25. Using 
the average value for pJeR=l'60, as derived from 
Figure 4, one finally obtains for JeR the value, J,R = 0.25. 
This value actually lies between the 'free-draining' and 
the 'non-draining' limits of Zimml'% as was found 
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earlier for many uncharged molecules 11. In Figure 3 
the locations of  the measurements, corrected for poly- 
dispersity, are indicated by a shaded area. 

From this two conclusions can be drawn: (a) the 
dynamic behaviour of  the expanded chain does not 
deviate considerably from that of  the uncharged polymer 
(Figure 4); (b) also the expanded chains behave like 
molecular coils in which the solvent is non-draining. 
This conclusion agrees well with the opinion expressed 
by Vollmert and Horvath  7 that the PACA molecule 
must be highly solvated in DMA.  

Finally, it may be concluded that the value of the 
stress-optical coefficient is a sensitive measure for the 
coil expansion of  this polyelectrolyte. Owing to the 
high anisotropy of this PACA, even semi-quantitative 
conclusions as to the degree of expansion can be drawn. 
Unfortunately, this will be impossible for most of  the 
more conventional polyelectrolytes in aqueous solution, 
because of  the rather low optical anisotropy of  these 
polymers. 
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Equilibrium ring concentrations and the 
statistical conformations of polymer chains: 
Part 11. Cyclics in poly(ethylene terephthalate) 
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Methods have been developed for extracting cyclic oligomers from poly(ethylene tereph- 
thalate) samples and for analysing the extracts by gel permeation chromatography. These 
methods have been used to measure the molar cyclization equilibrium constants Kx for 
cyclics (CO.C6H4.CO.O.CH~.CH2.O)x with x=3-9 in the undiluted polymer at 543K and 
in solution in 1-methyl naphthalene at 523K. The close agreement between the measured 
Kx values over the range x=3-9 shows that oligomeric ethylene terephthalate chains adopt 
similar conformations in the two environments (which contain 95~w/w and 6%w/w linear 
polymer respectively). Kx values were calculated by the Jacobson and Stockmayer theory 
by assuming that the corresponding open chain molecules obey Gaussian statistics 
and describing their statistical conformations by Williams and FIory's rotational isomeric 
state model. These theoretical values were found to be lower than the experimental 
values by factors of at least two over the whole range of cyclics x=3-9. Poor agreement 
between experiment and theory was also obtained when K3 and K4 values were calculated 
by computing the end-to-end distances of acyclic trimeric and tetrameric ethylene tere- 
phthalate chains in all discrete conformations defined by the Williams and Flory model. 
It is suggested that these discrepancies might result, at least in part, from substantial 
correlations between the positions and directions of the termini of oligomeric ethylene 
terephthalate chains. Observed decreases in the concentrations of cyclics in commercial 
poly(ethylene terephthalate) samples resulting from heating the samples in the solid 
state are discussed briefly. 

INTRODUCTION 

Poly(ethylene terephtbalate) (PET) consists of linear 
chains containing the repeat unit 

CO. C6H4. CO. O. CH2. CHz.O 

In common with a wide range of polymers prepared by 
condensation polymerizations or ring-to-chain equilibra- 
tion reactions, PET contains cyclic as well as linear 
molecules. This paper describes the results of experi- 
mental and theoretical investigations of the concentra- 
tions of cyclic oligomers in PET equilibrates, carried 
out as part of a general study of the relationship between 
the concentrations of cyclics in polymers undergoing 
ring-chain equilibration reactions and the statistical 
conformations of the corresponding open chain mole- 
cules. 

A basis for the investigations to be described here 
has been provided by the experimental work of several 
groups of chemists, who have reported the extraction 
of cyclics from commercial samples of PET film, fibre 
and chip, as well as the preparation and characterization 
of individual cyclic oligomers. The first report of a cyclic 

* Present address: Department of Chemistry, University of Man- 
chester, Manchester M13 9PL, UK. 

oligomer of PET was by Ross and his coworkers 1, 
who obtained about 1%w/w cyclic trimer 

(CO. C6H4. CO. O. CHz. CHz. 0)3 

by extracting commercial PET film with trichloro- 
ethylene. This finding was confirmed later by Giuffria z. 
In the detailed investigations of Goodman and Nesbitt 3, 
PET fibre and chip were extracted with mixed xylenes 
and with 1,4-dioxane to yield 1-3-1.7%w/w material, 
consisting mainly of cyclic trimer, but also containing 
cyclic tetramer and pentamer. Goodman and Nesbitt 
found none of the cyclic dimer 

(CO. C6H4. CO. O. CHz.CHz. 0)2 

in their extracts, but they did isolate small amounts 
of a cyclic containing one ethylene glycol linkage, 
O.CH2.CH2.O, and one diethylene glycol linkage, 
O. CH2. CH2. O. CH2. CH2. O. The unexpected appear- 
ance of this latter compound was connected with the 
observation that diethylene glycol residues had been 
incorporated into the polymer as a result of side-reactions 
during the melt polymerization reaction 4, 5. Zahn and 
Kusch 6 were the first to use gel permeation chromato- 
graphy to analyse oligomeric extracts from PET. They 
were able to obtain samples of the individual cyclics 
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(CO. C6H4. CO. O. CH2. CH2. O)x from the trimer (x = 3) 
to the hexamer (x=6). In a recent study, Peebles et 
al. 7 used paper and column adsorption chromatography 
to resolve the mixtures obtained by extracting PET 
fibre and finely powdered chip with xylenes and 1,4- 
dioxane at temperatures close to the boiling points of 
the solvents. These authors found cyclics with three to 
five monomeric units in their extracts, together with a 
cyclic pentamer containing one diethylene glycol residue 
and several other compounds that were incompletely 
characterized. Individual cyclic oligomers of PET have 
also been obtained by direct synthesis, and high dilution 
techniques have been developed for the preparation of 
all the cyclic oligomers 

(CO. C6H4. CO. O. CH~. CH2. O)x 

from the dimer (x=2) to the heptamer (x=7) s-12. 
These cyclic oligomers have been characterized and 
studied by a range of physico-chemical techniques 11-2°. 

In this paper, experimental molar cyclization equi- 
librium constants for cyclics 

(CO. C6H4. CO. O. CH2. CH2. O)x 

(with x=  3-9) in melt and solution equilibrates of PET 
are presented and compared with theoretical predictions 
of the Jacobson-Stockmayer cyclization theoryeZ, 22, 
applied in conjunction with the Williams and Flory 23 
rotational isomeric state model of PET. 

EXPERIMENTAL 

Equilibration reactions 
The starting material for the ring-chain equilibration 

reactions was PET chip of high molecular weight 
(h,Stw= ,,~5x 104) and low cyclic content (,~0-7~ow/w 
cyclics containing three to nine monomeric units). 

The melt equilibration reactions were carried out by 
heating 50g samples of the polymer chip with 0.5 %w/w 
antimony trioxide in evacuated glass ampoules at 543K 
for periods of up to 36h. The reactions were quenched 
by cooling to room temperature. The ampoules were 
then opened to air and the polymer was broken up. 
Oligomers were extracted from portions of the polymer 
as described below. The density of a PET melt equilibrate 
at 543K was assumed to be the literature value 24 of 
1.22g/ml. 

The solution equilibration reactions were carried out 
by mixing 5 g samples of the polymer chip with 1-methyl 
naphthalene to give polymer concentrations of 10 %w/w 
and adding zinc acetate as catalyst at concentrations of 
0.5%w/w. The mixtures were sealed in glass ampoules 
under vacuum and heated at 523K for periods of up 
to 96h. The reactions were quenched by cooling the 
ampoules to room temperature. The density of a solution 
equilibrate at 523K was found to be 0.86 + 0-03g/ml. 

Extraction of  oligomers 
Cyclic oligomers were obtained from undiluted PET 

equilibrates and commercial PET chip using the following 
extraction procedure. A 15-20g sample of the solid 
polymer was dissolved in 100ml of freshly distilled 
1-methyl naphthalene by heating the mixture with 
vigorous stirring at 473--483K in a stream of dry nitrogen. 
The polymer dispersed within a period of 10min. The 
solution was then cooled so that the polymer reprecipi- 

A. Semlyen 

tated. The mixture of swollen polymer and l-methyl 
naphthalene was washed into a beaker with chlorotbrm 
and filtered. The polymer was then repeatedly extracted 
with chloroform until no more oligomeric material 
was obtained. The filtrates were combined and the 
chloroform was removed using a rotary evaporator. 
l-Methyl naphthalene was then distilled off at a tem- 
perature below 323K using a short-path molecular still 
and solid oligomeric extract was obtained as a residue 
in the still. 

The solution equilibrates were treated differently from 
the solid polymers. When the ampoules were cooled to 
room temperature, PET precipitated. The product was 
filtered and the solid residue was extracted several 
times with chloroform. The filtrate and the chloroform 
extracts were then combined and the solvents were 
removed to yield the solid oligomeric extract. 

Preparation of  reference materials 
Several samples of cyclic and linear oligomers of 

PET were prepared for identification purposes and for 
calibration of the gel permeation chromatograph. 

A sample of cyclic trimer 

(CO. C6H4. CO. O. CH2. CH2. O)a 

was prepared by the pyrolytic depolymerization method 
of Carothers 25,26 as follows. 10g PET containing 
l%w/w antimony trioxide were heated in a small 
molecular still at 570-580K at a pressure of 0-05mmHg. 
Approximately 1 g of the trimer sublimed from the 
polymer over a period of 36h. It was freed from con- 
tamination by terephthalic acid by taking advantage 
of the insolubility of the latter in chloroform. It was 
purified further by reprecipitation. 

A mixture of low molecular weight oligomers ter- 
minated with ethylene glycol groups was produced by 
the transesterification of dimethyl terephthalate by 
ethylene glycol using calcium acetate as catalyst 27. 

Gel permeation chromatography (g.p.c.) 
Cyclic extracts were analysed using a gel permeation 

chromatograph fitted with a Waters Model R4 differ- 
ential refractometer detector. The instrument was fitted 
with four sample columns (each 4ft longx0.3in, i.d.) 
packed with SX-1 Bio-beads (lightly crosslinked poly- 
styrene beads supplied by Biorad Laboratories, St 
Albans). Samples were analysed at room temperature 
using chloroform as the solvent. Cyclics above the 
trimer were not completely resolved and a least squares 
analysis was developed in order to apportion the area 
of the tracing between the different components 2s. 

The molecular weights of high molecular weight PET 
samples were determined using a g.p.c, instrument 
manufactured by Waters Associates Ltd. This was fitted 
with columns packed with Styragel and used hot m-cresol 
as the solvent. 

Spectroscopic methods 
Proton nuclear magnetic resonance spectra were 

obtained in deuterochloroform or trifluoroacetic acid 
using a Perkin-Elmer 60MHz Model R10 spectro- 
meter. 

Infra-red spectra were obtained from hexachloro- 
butadiene mulls and potassium bromide discs, using 
Unicam SP200 and SP200G instruments. 
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Viscosity measurements 
The molecular weights of polymeric products were 

determined by intrinsic viscosity measurements in 
o-chlorophenol at 298K using the relationship established 
by Ravens and Ward29: 

- 4  - -  0 " 7 7  [n]=3"0xl0 M,, 

RESULTS AND DISCUSSION 

Extraction of oligomers from PET samples 
Oligomeric extracts from PET samples were analysed 

by g.p.c. Figure 1 shows a typical chromatogram of a 
mixture of cyclics (CO.C6H4.CO.O.CHz.CH2.O)z 
from trimer to nonamer obtained by a single extraction 
of a commercial PET sample using the procedure 
described in the experimental section. This procedure 
was found to be effective for removing the cyclic oligo- 
mers from PET samples without significant degradation 
or redistribution reactions. After the first extraction, the 
polymer residues were thoroughly dried and then 
re-extracted. The second extracts were always much 
smaller than the first and they contained mainly the 
Larger cyclic oligomers. In a typical case, the first extract 
comprised 2.2 ~w/w of the polymer and the second only 
0"35 % w/w. 

The conventional procedures for extracting oligomers 
from PET samples using low boiling solventsl-S,6, 7 
were also investigated. Such procedures resulted in the 
extraction of most of the cyclic trimer but little of the 
higher cyclic oligomers. Figure 2a shows a g.p.c, tracing 
of a sample obtained from commercial PET fibre using 
the extraction procedure employing 1,4-dioxane described 
by Goodman and Nesbitt 3. Figure 2b shows a g.p.c. 
tracing of another sample obtained by drying the 
extracted fibre and then re-extracting with I-methyl 
naphthalene. The g.p.c, tracings of these samples showed 
that oligomeric chains were formed when the fibre 
was extracted over a period of many hours by refluxing 
1,4-dioxane, but not when it was re-extracted by the 
l-methyl naphthalene method. 
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Figure I G.p.c. of cyclics (CO.C6Ha. CO.O.CH2.CH=.O)x with 
x=3-9 obtained by extracting melt polymerized samples of PET 
with l-methyl naphthalene 
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Figure 2 G.p.c. of two extracts from a melt polymerized sample 
of PET showing the cyclics (CO,C6H4.CO,O.CH2.CH2.O)x 
with x=3-10. (a) Extract A was obtained by extracting the sample 
once with 1,4-dioxane by the method of Goodman and Nesbitt 3. 
(b) Extract B was obtained by extracting the same polymer again 
with 1-methyl naphthalene 

Experimental molar cyelization equilibrium constants for 
eyclics in melt and solution equilibrates 

The equilibrium between ring and chain molecules in 
molten PET or in a 1-methyl naphthalene solution of 
PET may be represented as: 

-My-~-My-x-+ Mx (1) 

where M symbolizes a monomeric unit 

CO. C6H4. CO. O. CHe. CHe.O 

Shaw 24 has used g.p.c, to show that there is a most 
probable distribution of chain lengths in melt equilibrates 
of PET, and molar cyclization equilibrium constants Kx 
for cyclics Mz in undiluted and solution equilibrates of 
PET were calculated using the relation zl, 22. 

K= = [M x]/p x (2) 

where p represents the extent of reaction of functional 
groups in the chain polymer. This latter quantity was 
found for each polymer by measuring the number- 
average molecular weight of the polymer residue remain- 
ing after extraction of the cyclic oligomers and applying 
Flory's 3° relation: 

Mn=Mo/(1 - p )  (3) 

where Mo is the molecular weight of a monomeric unit. 
Ring-chain equilibration reactions were carried out 

on molten PET samples containing 0.5 ~w/w antimony 
trioxide at 543K, and on 10~w/w solutions of PET in 
l-methyl naphthalene containing 0"5~oW/W zinc acetate 
at 523K. Antimony trioxide was replaced by zinc acetate 
for the reactions in 1-methyl naphthalene solution 
because it was found to be a more stable catalyst under 
the conditions used. All the samples were quenched by 
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cooling after fixed periods of time and the oligomers 
were obtained by the extraction method using 1-methyl 
naphthalene described above. The g.p.c, tracings, 
infra-red and nuclear magnetic resonance spectra of 
all the oligomeric extracts corresponded to those expected 
for mixtures of cyclics 6,11,18 

( C O .  C 6 H 4 .  C O .  O .  CHg. CH2. O)z 

although the g.p.c, tracings and infra-red spectra of 
some of them indicated that small amounts of linear 
oligomers were also present. The concentrations of 
individual cyclics in the oligomeric extracts were obtained 
from g.p.c, tracings. Due allowance was made for the 
presence of small amounts of linear oligomers, as well 
as for the somewhat greater response of the differential 
refractometer detector to the cyclic trimer as compared 
to the larger cyclic oligomers. 

The concentrations of cyclics in PET samples prepared 
by heating the molten polymer plus catalyst for periods 
of 1, 12 and 36h are plotted as the logarithms of their 
molar concentrations divided by px in Figure 3. It is 
believed that equilibrium between ring and chain mole- 
cules was effectively attained in the melt after 12h at 
543K. Further heating resulted in partial thermal 
degradation of the polymer, with darkening of the melt 
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Figure 3 Plot of Iog(molarity/px) against log x for cyclics 
(CO.CeH4.CO.O.CHz.CH~.O)x in samples of PET containing 
0.5%w/w antimony trioxide, which were heated in the melt at 
543K for lh (V),  12 h (A)  and 36 h (©). Concentrations of cyclics 
in the starting polymer are denoted [] 
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Figure 4 Pot of Iog(molarity/px) against log x for cyclics 
(CO.CeH4.CO.O.CH2.CHz.O)x in samples of PET containing 
0-5%w/w zinc acetate heated in 1-methyl naphthalene solution 
at concentrations of 10%w/w for 7 h (V)  and 96 h (A). Concentrat- 
ions of cyclics in the starting solution are denotedr-]. Concentrat- 
ions of cyclics in a melt equilibrate at 543K are denoted • 

and the formation of small amounts of acyclic oligomers. 
The experimental molar cyclization equilibrium con- 
stants Kx for cyclics in melt equilibrates of PET at 
543K were assumed to be the averages of the values 
plotted in Figure 3 for the sample heated for 12h and 
for the sample heated for 36h. These Kx values were 
close to those estimated for another PET sample, which 
was heated in the melt at 543K for 24h. Following an 
assessment of sources of uncertainty in the experimental 
measurements, the following limits of accuracy were 
placed on the Kx values obtained: _ 15 ~ for Ka, K4; 
+ 2 5 ~  for/(5, Ks,/(7; and + 4 0 ~  for Ks, Kg. 

The concentrations of cyclics in solutions of PET in 
1-methyl naphthalene after 7h and 96 h at 523K are 
plotted as the logarithms of their molar concentrations 
divided by p x in Figure 4, where they are compared 
with the Kx values for cyclics in the melt equilibrate at 
543K. After 96h, 37~oW/W of the PET was in the form 
of cyclics with three to nine monomeric units compared 
with only 0-7 ~w/w in the starting polymer. 

From these results it is concluded that thermodynamic 
equilibria between ring and chain molecules can be 
established in PET melts after ,,~12h and in solutions 
of PET in 1-methyl naphthalene at 523K after a some- 
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what longer period of time. Furthermore, since the 
concentrations of unstrained cyclics in polymeric equili- 
brates are related directly to the probabilities of intra- 
molecular cyclization of the corresponding open chain 
molecules2L 22, the close agreement between the molar 
concentrations of cyclics 

(CO. CoH4.CO.O. CH2. CH~. O)x 

with x=  3-9 in the melt equilibrate containing 95 %w/w 
linear polymer and in the solution equilibrate containing 
only 6%w/w linear polymer (see Figure 4) provides 
convincing evidence that PET chains adopt similar 
average conformations in the two environments. 

Compar&on of experimental cyclization equilibrium con- 
stants with theoretical predictions made using Williams 
and Flory's rotational isomeric state model of PET 

The Jacobson and Stockmayer equilibrium theory of 
macrocyclization relates the molar cyclization equi- 
librium constants Kx for large, unstrained cyclics 
(CO.C6H4.CO.O.CH2.CH~.O)x formed by the for- 
ward step of equation (1) to the densities Wx(r) of end- 
to-end vectors r of the corresponding x-merit chains in 
the region r=0  as follows TM 22. 

Kx = Wx(O)/2NAx (4) 

where Kx is in units of mol/1, Wx(O) is in units of mole- 
cules/l and NA is the Avogadro constant. This expression 
neglects possible correlations between the directions 
and positions of terminal groups in the intramolecular 
cyclization process 22. Neglect of such correlations 
would be expected to be valid for long chain molecules 
in random-coil conformations. Furthermore, provided 
such chains are of sufficient length and flexibility, the 
densities Wx(r) of end-to-end vectors r should be 
spherically symmetrical in the region r = 0  and given by 
the Gaussian expression: 

Wz(0) = (3/27r<r ~>) z/2 (5) 

where <r2> represents the mean-square distance between 
the ends of the x-meric chains. Hence, the Kx values 
for macrocyclics in PET equilibrates should be given by 
the relation: 

Kx = (3/2rr(r~>)a/2(1/2Nax) (6) 

As in previous studies of cyclic concentrations in 
polymeric equilibrates 31, experimental Kx values for 
the cyclics (CO.CrH4.CO.O.CH2.CH2.O)z will be 
compared with theoretical values calculated by equations 
(5) and (6) using a rotational isomeric state model to 
describe the statistical conformations of the correspond- 
ing open chain molecules. The Williams and Flory 23 
model of PET was used for this purpose. It was set up 
following a detailed analysis of the molecular structure 
of the linear polymer and it reproduces the experimental 
unperturbed dimensions of PET, viz. : 

(r~>o/xMo~= l'0A2 (gmolwt) -1 

in the limit x ~  ~ .  These dimensions were deduced by 
Krigbaum 32, by Williams and Flory 28 and by Wallach as 
from the results of osmometric, light scattering and 
intrinsic viscosity measurements of dilute solutions of 
linear PET chains in good solventsaa-a~, using the 
methods of Krigbauma% Orofino and Florya7, Stock- 
mayer and Fixman ~s and Kurata and Stockmayer 8~ to 
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Figure 5 Section of the PET chain in the all-trans conformation. 
Structural parameters were assigned to the chain by Williams 
and Flory 2a as follows: h=/a=1"o34~, 12=5"74~, /4=16=1'44A, 
1s=1"53~, 01--02=66 ° , 03=06=67, e4=05=70 °. The statistical 
weight matrices Ux-g6 take account of the mutual interde- 
pendence of rotational states about the pairs of bonds shown 

estimate the magnitude of chain expansion resulting 
from long-range intramolecular interactions. 

The Williams and Flory rotational isomeric state 
model can be described with reference to Figure 5, 
which shows a section of the PET chain in the all-trans 
conformation. Structural parameters were assigned to 
the chain by Williams and Flory and they are listed in 
the legend to this Figure. In the Williams and Flory 
model, each terephthaloyl group is assigned to either 
a eis or trans conformational position with equal proba- 
bility and each O-CH2, CH2-CH2 and CH2-O bond 
to rotational isomeric states in trans (4)=0 °) or gauche 
(4) = _+ 120 °) positions. The interdependences of rotations 
about adjacent pairs of skeletal bonds are taken into 
account by means of six statistical weight matrices U~ 
(i=1-6). The elements of these matrices are indexed 
on the rows and columns by the rotational states of 
pairs of skeletal bonds i -  1 and i as shown in Figure 5, 
and they are defined by Boltzmann factors as: 

u:~; ~ = exp ( -  E;,~; i/RT) (7) 

where R is the gas constant, T is the temperature and 
E;~;~ represents the difference between the conforma- 
tional energy of a section of the chain when skeletal 
bonds i - 1  and i are in rotational states ~ and V (and 
all other bonds are trans), and the corresponding con- 
formational energy after bond i is rotated into its 
trans state. In the temperature range of 523-543K used 
for the ring-chain equilibration reactions, the elements 
of the statistical weight matrices U1-U6 are given by 
the Williams and Flory model as follows 

u 1  = 1 (8) 

U2 = [1 11 (9) 

U 3 =  I l l ]  (10) 

U4=[I 0.7 0"71 (11) 

Us= 1-2 0.4 (12) 
0.4 1.2 

0.7 0.7] 
= 0 .2  (13)  U6 0"7 

0"2 0"7 
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The mean-square end-to-end distances (r~) of x-meric 
chains -(-CO. C6H4. CO. O. CH2. CH2. O%x (with 
x=2-9) were identified with their unperturbed values 
(r~)0 and calculated by the mathematical methods of 
Flory and Williams4O, 4z using the statistical weight 
matrices given in equations (8)-03) and the structural 
parameters of PET listed in the legend to Figure 5. 
Theoretical molar cyclization equilibrium constants Kz 
were obtained by substituting the (r~)6 values into 
equation (6) and they are compared with the cor- 
responding experimental values in Figure 6. 

There are substantial differences between the experi- 
mental Kx values and those calculated assuming 
the x-meric chains obey Gaussian statistics over the 
range of cyclic ethylene terephthalate oligomers con- 
taining 18 to 54 skeletal bonds.* The experimental Kx 
values are larger than the calculated values by factors 
of at least two, and in the case of/(3 and Ks by factors 
close to three. These results contrast with those found 
for cyclics in all the other systems that have been studied 
up to the present time, including polysiloxanes ~2, 42, 44, 

* Fo r  present  purposes  C O . C r H 4 . C O  groups  are  counted  as 
single skeletal bonds.  

- 2  

Erl 
o 
_1 

-3 

Monomer units, X 

2 3 4 5 6 7 8 9 I0 
I [ I I I I I I 

I I I I 
0"2 0 .4  0 .6  0"8 I '0 

b g x  

Figure 6 Experimental molar cyclization equilibrium constants 
Kx (in mol/I) for cyclics (CO.C6H4.CO.O.CH2.CH2.O)x with 
x=2-9  in the melt at 543K (denoted ©) are plotted as log Kx 
against log x. They are compared with theoretical values calcu- 
lated by equation (6) which assumes that the corresponding 
open chain molecules obey 6aussian statistics (these values are 
denoted O). Theoretical K3 and/(4 values calculated by equation 
(4) using the direct computational method (see Table 1) are 
denoted A 

A, Semlyen 

nylon-645,46, poly(l,3-dioxolane) 47 and poly(2,2,7,7- 
tetramethyl-l-oxa-2,7-disilacycloheptane) 4s. The experi- 
mental Kx values for cyclics [R(CHz)SiO] ~, 
[NH(CHz)sCO]z, (CH2. O. CH2. CH2. O)x and 
[(CHa)2Si-(CH2)4-(CHz)2Si-O]x with more than ,,,15 
skeletal bonds are either smaller than the values cal- 
culated by assuming that the corresponding open chain 
molecules obey Gaussian statistics or are in good agree- 
ment with them. The striking discrepancies between the 
experimental Kx values for the larger cyclic oligomers 
in PET equilibrates and those calculated by equation (6) 
could arise from a failure of the corresponding open 
chain molecules to obey the Gaussian formula for the 
probability of intramolecular cyclization; but it may 
also result from correlations between the positions and 
directions of the chain termini in their highly-coiled 
conformations resulting in asymmetric distributions of 
end-to-end vectors and non-random relative orientations 
of terminal bonds. 

The molar cyclization equilibrium constants Ka and 
K4 for the cyclic trimer and cyclic tetramer were also 
calculated using the Williams and Flory model by a 
direct computational method that has been applied to 
calculate equilibrium cyclic concentrations in several 
polymeric systems 49-52. In this method, the x-merle 
chains are not assumed to obey Gaussian statistics but 
the densities Wx(r) end-to-end vectors r of x-merle 
chains in the region r ~ 0  are calculated by computing 
the statistically weighted fraction of the total number of 
discrete conformations defined by the model that have 
the centres of their terminal atoms within the range 
0-rA and dividing this fraction by the volume (4/3)zrr a 
(see Table 1). The values of Ka and /(4 that were cal- 
culated by equation (4) for small but finite values of r 
were found to be approximately independent of r when 
2 < r < 5 A (see ref. 24), and the values plotted in Figure 6 
were obtained by taking r= 3A. They are lower than 

Table 1 
method using the Williams and Flory model* 

Number of conformations 
of the chain molecule 

-(-CO. C6H4. CO. O. CH2. CH2. O-)-x 
that have the centres of terminal 

Value of r carbon and oxygen atoms within 
(,~) the range 0-r A 

Calculation of Kx values by the direct computational 

Molar cyclization 
equilibrium 
constant Kx 

(in mol/I) 
calculated by 
equation (4) 

Cyclic 
trimer 

(x=3)t: 
2 38 0" 00469 
3 120 0" 00405 
4 258 0" 00353 
5 538 0" 00646 

Cyclic 
tetramer 
(x= 4): 

2 942 0" 00156 
3 3 190 0" 00167 
4 6 902 0" 00167 
5 13 570 0" 00210 

* As noted in ref. 24, the distances between the centres of the 
terminal carbon and oxygen atoms of the acyclic dimer 
-(-CO.C6H4.CO.O.CH=.CH2.O-)-2 are greater than 7 A  in all 
the 486 conformations defined by the Williams and Flory model. 
Hence, the value of K2 calculated by equation (4) is zero, and 
this is in agreement with the fact that cyclic dimer cannot be 
detected in melt equilibrates of PET 
1" These values are identical with those quoted in ref. 24 
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the corresponding values calculated by equation (6) by 
factors of two or more, and lower than the corresponding 
experimental values by factors of seven and six respect- 
ively. The substantial discrepancies between the experi- 
mental/(3 and/(4 values and those calculated by equa- 
tion (4) using the direct computational method may 
result in part from an inability of the Williams and Flory 
model to provide reliable values for 14/3(0) and I4/4(0) 
and in part from the assumption [implicit in equation 
(4)] that the termini of such chains are randomly oriented 
in their highly coiled conformations. 

Changes in the cyclic oligomer content of PET samples 
resulting from heating the samples in the solid state 

When samples of either PET or nylon-6 (which have 
been prepared by melt polymerization reactions) are 
heated in the solid state below their melting points, the 
molecular weights of the polymers increase 5~,54 and, 
in the case of nylon-6, the concentrations of cyclic 
m o n o m e r  decrease  55. 

In connection with our studies of cyclic oligomer 
concentrations in PET equilibrates, we have carried 
out some preliminary studies of changes in the amounts 
of cyclic oligomers in PET samples resulting from 
heating the samples below their melting points. Four 
samples of PET chip were prepared by catalysed melt 
polymerization reactions. The cyclic oligomer concen- 
trations in two of the samples (I) and (II) were measured 
directly. The remaining samples (III) and (IV) were 
each heated in the solid state at 508K for periods of 
18h, then cooled and their cyclic concentrations were 
measured. In Table 2, the percentages by weight of 
cyclics with x=3-9 in the four samples are compared 
with values found for two melt equilibrates (see above). 
The large decreases in the cyclic oligomer concentrations 
resulting from heating the samples at 508K show that 
chemical ring-to-chain interconversion reactions readily 
take place in the solid polymer. Following Wichterle 55, 
these changes can be interpreted in terms of the forma- 
tion of crystalline regions free of cyclic oligomers, 
together with residual amorphous regions containing 
cyclics in concentrations close to their equilibrium 
values in the molten polymer. 

Table 2 Cyclic content of PET samples* 

%w/w cyclics in samples ( I)-(Vl)  
Value of x in 

cyclic (I) (11) (l it) (IV) (V) (Vl) 

3 1 "15 1 "25 0.32 0.33 1.39 1.32 
4 0.29 0-19 0-10 0.12 0-57 0.56 
5 0.24 0.27 0" 06 0" 07 0" 34 0" 38 
6 0.19 0"18 0"05 0"06 0.29 0.32 
7 0.14 0"16 0"04 0.04 0.22 0'26 
8 0-10 0.11 0-04 0.04 0.19 0.22 
9 0.06 0.07 0'02 0.02 0"11 0.16 

Samples (I) and (l l):  PET chip prepared by melt polymerizat ion 
reactions 

Samples (111) and (IV): PET chip prepared by melt polymeriza- 
t ion reactions, then heated in the solid state at 508K for 18 h. 
The molecular weights of these samples were approximately 
twice those of samples (I) and (il). Further heating in the solid 
state resulted in appreciable thermal degradation of the samples 

Samples (V) and (Vl):  PET prepared by ring-chain equi l ibrat ion 
reactions in the melt at 543K (see Figure 3) 
* Samples (I)-(IV) were prepared by staff at ICI Fibres Ltd, 
Harrogate and samples (V)-(VI)  were prepared at the University 
of York 

Similar decreases in the concentrations of cyclic 
oligomers have been found to result when melt equi- 
librated samples of nylon-6 are heated in the solid 
state 46, and these will be reported at a later date. 
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Determination of frozen-in stresses in 
thermoplastic injection mouldings* 

M. Jensent and R. R. Whisson 
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(Received 15 December 1972) 

A method and apparatus for providing an overall numerical value of the frozen-in stresses 
in injection mouldings was developed and compared with existing methods. The developed 
technique was more rapid and could be employed on either opaque or transparent samples 
and was more suitable for production quality control purposes. Frozen-in stress values 
of a number of different thermoplastics moulded under varying conditions of melt tem- 
perature and pressure were determined. Some results on the influence of melt flow pattern 
are also included. 

INTRODUCTION 

The most dominant and influential factor affecting the 
service performance of  thermoplastic injection mouldings 
is the degree and distribution of the stress forces which 
have been locked into the product during its manufac- 
ture. The occurrence of these stresses is an inherent 
characteristic of the injection moulding process in which 
the plastics material is rapidly heated to an elevated 
temperature and subjected to high shearing forces and 
pressures to cause plastification and flow into a mould 
followed by rapid cooling. 

The greater the frozen-in stress developed the greater 
the differential shrinkage arising with resultant warpage 
of  the moulding. Mechanical properties are substantially 
dependent on the directional stress differences occurring 
in the moulding. Its resistance to heat distortion and 
environmental stress cracking can be significantly 
weakened by higher built-in stresses. When the properties 
quoted by the raw material manufacturer are not dupli- 
cated in production, as a result of the processing treat- 
ment, misunderstanding often arises between custom 
moulder and customer. There are several types of stress 
occurring in injection mouldings denoted by the term 
'frozen-in' or 'built-in' stress but by far the largest 
component is derived from alignment of polymer chains or 
orientation during processing. As the polymer melt flows 
into the channels leading to the mould it develops a flow 
front. A melt flow velocity gradient occurs between the 
hotter, faster flowing, inner core and the colder, moving, 
outer layers. The polymer chains tend to become stretched 
from their randomly coiled state because of the shearing 
effect occurring between the different layers of  polymer. 
The greater the differences in the velocity of the layers 
the greater the shear rate developed and the higher will 
be the ensuing orientation. The lower the melt tempera- 
ture, the greater will be the melt viscosity with the occur- 
rence of  chain disentanglement under a higher s tress  

*RAPRA Research Report No. 197 
t Present address: Centro Chileno-Danes, Casilla 91-Maipu, 
16 Santiago, Chile. 

level and a consequent increase in orientation. As the 
polymer melt enters the mould cavity the hot central 
core flows outwards and solidifies rapidly against the 
colder mould walls. This initial thin skin of material is 
relatively free of orientation since it has solidified from a 
higher melt temperature and is not subject to further 
shearing forces. The layers of melt which form the 
immediate sub-surface cool at an increasingly slower 
rate towards the centre. Melt viscosity increases and 
melt flow persists under the injection pressure resulting 
in a region of considerably higher orientation near the 
surface skin of the moulding. The oriented melt in the 
central region, being hotter than the outer layers under- 
goes more relaxation or unstretching until this is pre- 
vented by the rapid increase in viscosity when the cavity 
is full and the polymer cools. An orientation gradient 
is also formed in the length direction as well as the thick- 
ness direction of the moulding. The gradient will be at a 
minimum at the flow front and rise to a maximum at a 
point near to the gate. Orientation will also increase to a 
maximum at the gate if additional melt is packed on to 
cooling melt already there. 

Differential orientation is not the only source of 
gradient effects. Density gradients occur in crystallizible 
polymers arising from varying degrees of crystallization. 
This may result from unbalanced cooling in the mould, 
inadequate cooling times or pressure losses in the melt. 

It was apparent that for the investigation of reproduc- 
ibility of the injection moulding process 1, 2 it was neces- 
sary to obtain a realistic value of the frozen-in stresses 
of mouldings produced under monitored conditions. 
The interrelationships between stress, other properties 
affecting product quality and the respective processing 
conditions employed could then be established. After 
reviewing the existing methods for determining stress a 
it was obvious that all of  them were inadequate to varying 
degrees for utilization of what amounted to a production 
inspection test during the course of the moulding trials 
being conducted. Birefringence methods are only appli- 
cable to small areas of transparent plastics. Hot  wire 
and stress corrosion techniques are primarily a means of 
detection of surface orientation. Although bulk stresses 
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can be revealed by the heat reversion test a the repro- 
ducibility is doubtful. Except for birefringence the results 
obtained from the aforementioned methods are difficult 
to quantify. Although some tests for change in mechan- 
ical properties are useful they involve the careful prepara- 
tion of test specimens with the attendant problem of 
stress relaxation or crack propagation being induced 
during subsequent machining. 

From this survey a set of requirements emerged to 
which a single method would have to comply. The 
method should be applicable to opaque and transparent 
polymers. It should give a numerical value of the bulk 
or overall stress forces in a sample taken from a moulding 
--if  not the whole moulding. Furthermore, the test 
procedure should be quick, sufficiently accurate, repro- 
ducible and involve simple equipment and calculation. 
In this report the experience and results obtained from 
a method developed at RAPRA 5 are described and 
compared with other existing methods. 

PREPARATION OF SAMPLES 

The samples examined were obtained from an injection 
mould which produced two 76-2mm (3 in)square 
plaques, 2-0 mm thick from a central runner whose sides 
formed a film gate along one edge of each plaque of 
0.6 mm depth (Figure 1). Most of the development work 
was performed on a g.p. polystyrene with additional 
data obtained by a more confined examination and com- 
parison of g.p. polypropylene copolymer, nylon-6, 
polysulphone and an impact grade of acrylonitrile- 
butadiene-styrene (ABS). 

Mouldings were produced on a 5.0oz (141.75g) 
reciprocating screw injection machine with hydraulic 
clamping action (Bone Craven's Johns Model 75-IX-5). 
For each material the mouldability range of injection 
pressure was determined (i.e. between short and flashed 
mouldings). The injection pressure was varied in 400 lbf/ 
in 2 (1 lbf/in2-6894.76N/m ~) steps over the injection 
pressure range for polystyrene and--for the other mater- 
ials--the two extreme conditions and an intermediate 
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setting were taken. Except for pressure changes other 
process settings were unaltered and maintained at the 
values shown in Table 1. 

In the project on injection moulding reproducibility 
it has been determined that steady moulding conditions 
as evidenced by analysis of shot weight distribution 
were developed after the first 30 mouldings. Samples 
for stress determination were therefore taken at each 
of the pressure settings after this point. Approximately 
80 mouldings were taken at each setting. 

RAPRA STRESS RELAXATION METHOD 

The method was developed from original work conducted 
by Hathaway n and subsequently used by Pokigo and 
Flodman 7 on plastics film. Here a strip of film was 
clamped between the jaws of a tensile load tester and 
rapidly heated by radiant heaters until the load-time 
curve indicated a peak reading. This peak was recorded 

Table I Injection moulding process settings 

Polystyrene Polypropylene Nylon-6 Polysulphone ABS 

Temperature (°C): 
Barrel zone 1 220 220 280 
Barrel zone 2 190 190 230 
Nozzle 220 220 280 
Mould water set 60 60 95 

Pressure (Ibf/inS): 
Injection run 1 5800 6000 7000 
Injection run 2 6200 7000 6000 
Injection run 3 6600 5000 5000 
Injection run 4 7000 - -  
Injection run 5 7400 - -  - -  
Injection run 6 7800 ~ - -  
Preplasticizing 1000 1000 1000 
Clamping 3000 3000 3000 

Time (sec): 
Hold on 20 20 20 
Mould open 3.4 3.4 3.4 
Complete cycle 38 38 38 

Other: 
Predrying 

a 15 sec for 9000 Ibf/in ~ injection pressure 

355 250 
350 190 
360 £50 

98 6O 

15000 18000 
- -  10000 
- -  9000 

13500 
16 500 
1 000 1 000 
3 000 3 000 

15 20a 
3.4 3.4 
38 38 

overnight 120°C 
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Figure 2 RAPRA Stress Relaxometer for thermoplastics 

as the orientation stress value. Orientation stress was 
defined as the force released when the material shrinks 
on heating to above its glass transition temperature, Tg. 

The equipment developed at RAPRA for testing mould- 
ings was based upon the lever arm principle and con- 
sisted of two long arms each ending in a pair of  jaws 
(Figure 2). The specimen was held edgewise between the 
jaws. Both arms of the apparatus were fixed at right 
angles to a supporting framework: one rigidly, the other 
pivoted. A spring of known load extension characteristics 
was fixed between the short-end of  the pivoted arm and 
the rigidly held arm. When the specimen shrank between 
the grips the spring was extended and the deflection was 
registered on a micrometer dial gauge adjacent to the 
spring. A cubical bed of ballotini was utilized as the 
heating source. It was preferred for ease of  fluidizing 
that the particles of  the fluidizing medium were substan- 
tially spherical and, therefore, ballotini which consisted 
of very small glass spheres was particularly suitable. The 
depth of the fluidized bed was 200 mm. Air at a low 
pressure was blown through a sintered glass tile forming 
the base of  the bed. The bed was heated by a 1 kW 
heater situated over the porous base of  the container. 
The framework of the specimen clamping and measuring 
device rested conveniently across the open end of the 
fluidization chamber with the clamped specimen immersed 
in the preheated ballotini. Springs of  differing load ex- 
tension characteristics were calibrated from applied static 
load measurements. 

To determine the temperature at which maximum 
stress relaxation occurred a series of  deflection-time 
curves were plotted for each material examined for a 

series of test temperatures increasing in 10°C steps. 
The temperature used to derive the curve with the highest 
most pronounced peak was taken as the test temperature 
for the fluidized bed and the peak deflection recorded on 
that curve was taken as the stress relaxation value for 
that sample. 

Results with polystyrene 
The resultant curves for polystyrene samples moulded 

at 5800 lbf/in z and 7800 lbf/in z injection pressure and 
tested at temperatures from 80°C to 140°C are shown in 
Figures 3 to 8. Tests were carried out with samples 
measuring 3 in x 3 in, 3 in x 2 in and 3 in x ½ in. All tests 
were performed with the samples clamped in the melt 
flow direction, the latter two sizes being cut parallel to 
the flow direction from the central section of the plaque. 
Balanced flow and filling time of each cavity in a multi- 
cavity mould seldom, if ever, occurs in practice. One or 
more cavities may differ in shot weight, dimensions or 
other properties. This difference occurred in the mould 
tool employed, one plaque having a higher stress value 
than the other. All testing was therefore performed on 
mouldings produced in this cavity (plaque A). 
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Figure 3 Deflection curve for 3 in polystyrene plaque', moulded at 
5800 Ibf/in 2. Initial t e s t s  b e t w e e n  90°C and 140°C. x ,  90°C; O, 
100°C; 9,110°C; /~, 120°C; 0 ,  130°C; V,  140°C 
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Figure 4 D e f l e c t i o n  c u r v e  f o r  2 in polystyrene plaque m o u l d e d  
at 58001bf/in ~, Initial t e s t s  b e t w e e n  90°C and 140°C. x ,  90°C; 
O, 100°C;D, 110°C; G, 120°C; Q, 130°C; V, 140°C 

POLYMER, 1973, Vol 14, May 195 



E 
E 

2 

Ixi 

0 

o x x ~ " x ~  

4 8 12 16 
Time (rain) 

2b 
0 

Figure 5 Deflection curve for 1 in polystyrene sample moulded 
at 58001bf/in ~. Initial tests between 90°C and 140°C. x ,  90°C; 
O, 100°C;[~, 110°C; A, 120°C; O, 130°C; V, 140°C 
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Figure 7 Deflection curve for 1 in polystyrene sample moulded 
at 78001bf/in~. Initial tests between 90°C and 140°C. x ,  90°C; 
O, 100°C;[], 110°C; A, 120°C; O, 130°C; V, 140°C 
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Figure 6 Deflection curve for 3 in polystyrene sample moulded 
at 78001bf/inL Initial tests between 90°C and 140°C. x ,  90°C; 
O, 100°C;[], 110°C; G, 120°C; O, 130°C; V, 140°C 

From this examination it was found that non-repro- 
ducible results were obtained at 80°C. Poorly defined 
peak values occurred at temperatures below 120°C but 
as the temperature was increased the peak value decreased. 
This is assumed to be due to uneven heat transfer through 
the specimen. I f  the edges of  the specimen are heated 
too rapidly they will loose their stress before the main 
body of  the sample is adequately heated. In the case of 
the polystyrene mouldings a test temperature of 120°C 
was chosen. 

The curves also show that the peak stress value at 
120°C is reached at different times, when the sample 
size is reduced as follows: 
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Figure 8 Deflection curve for 2 in polystyrene sample moulded 
at 7800 Ibf/in 2. Initial tests between 90°C and 140°C. x ,  90°C; 
O, 100°C; [ ] ,  110°C; ~ ,  120°C; O, 130°C; V, 140°C 

Sample size 3 in x 3 in peak value reached after 1.0 min 

Sample size 3 in × 2 in peak value reached after 0.75 rain 

Sample size 3 in x 1 in peak value reached after 0-5 min 

The relaxation force and frozen-in stress at the peak value 
at 120°C for samples of  different size are shown in 
Table 2. The figures quoted are the mean of the three 
middle values of five samples. 

It can be seen that specimens moulded at 7800 Ibf/in 2 
have a stress level from 31.8 ~o to 33-2 ~o lower than speci- 
ments moulded at 5800 Ibf/in 2 when the sample is cut 
from the centre of the plaque. The corresponding figures 
for samples cut from the side of the plaque are 37.2 
for the 3 in x 1 in specimen but only I 1.0 ~ for the 3 in x 

Table 2 Relaxation force parallel to flow and orientation stress for 
samples from different positions of the plaque 

Injection Relaxation force (N) Frozen-in stress (kN/m 2) 
pressure Centre of plaque Side of plaque 
(Ibf/in 2) 3x3 in  3x2 in  3 x l  in 3×1 in 3x-,}in 

5800 62785 47 775 33 060 24625 17 365 
(380) (428) (593) (440) (622) 

7800 42 770 31 785 22 565 15 450 15 450 
(248) (284) (440) (277) (553) 
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½ in specimen. The stress measured in samples from the 
centre of the plaque 2 in and 1 in wide moulded at 
5800 lbf/in 2 is 14.1% and 58.1% higher than in a sample 
3 in wide. The corresponding figures for samples moulded 
at 7800 lbf/in 2 are 11.9 % and 58-5 %. The stress measured 
in samples from the side of the plaque ½ in wide moulded 
at 5800 lbf/in 2 is 41.3% higher than in a sample 1 in 
wide. The corresponding figures for samples moulded at 
78001bf/in 2 are 100°/~o. The consistency of the results 
gives a picture of almost similar stress distribution for 
samples moulded at the two different injection pressures. 
One anomaly is the unexpected high value for the ½ in 
sample moulded at 78130 Ibf/in 2. A second test confirmed 
this result with a stress level of 550 kN/m 2. 

Orientation stress will also occur in the direction 
transverse to melt flow and, as expected from other 
published work, its level will be considerably lower than 
in the melt flow direction. 

Table 3 shows the orientation stress for samples cut 
transverse to flow from the middle of the plaque. A 
sample length of 2 in was the smallest to be tested. The 
results for a 3 in × 3 in sample are given in parentheses. 

The difference in stress between samples moulded at 
7800 lbf/in z and 5800 lbf/in z was found to be 20.7% 
which was lower than the value for the sample in the 
parallel to flow direction. 

When compared with the 3 in × 3 in sample the stress 
was found to be 48.2% lower for samples moulded at 
5800 lbf/in z and 39-6 % lower for samples moulded at 
7800 lbf/in z. As the area of the plaque is reduced by one- 
third only, this could indicate a very high stress in the 
two ½ in strips cut from the plaque, presumably concen- 
trated in the ½ in near the gate. As can be seen in Table 2 
the relaxation force measured in a 1 in sample from the 
centre of the plaque is higher than in a 1 in sample from 
the side. Also the ½ in sample cut from the side has a 
proportionately higher stress than the 1 in sample. 

It will be shown later that stress corrosion tests indicated 
a surface stress distribution with least orientation in the 
centre. This pattern, however, was not found with bire- 
fringence, which shows the bulk orientation. 

One possible distribution of the orientation across the 
plaque is proposed in Figure 9. The hatched parts in this 
Figure indicate areas where the main orientation is 
supposed to be found in a cross-section of the plaque at 
right angles to the direction of flow. The size of these 
areas is in agreement with the relaxation force measured. 
This pattern is, of  course, influenced by the position of 
the cooling channels, shown in Figure 10, around which 
the isotherms are believed to follow concentric circles. 

The influence from heat transfer through the sample 
on the deflection measured can be analysed when relaxa- 
tion forces for samples of reduced area are added as 
shown in Table 4. 

Table 4 shows results for different parts of the plaque 
tested separately. In this case the total force is higher 
than when the whole plaque is tested. A satisfactory 
agreement exists, irrespective of how the samples are 

Table 3 Orientation stress transverse to flow for samples 2 in 
x3 i n  

Injection pressure Orientation stress (kN/m 2) at 120°C 
(I bf/in 2) 2 x 3 in 3 × 3 in 

5800 194 (380) 
7800 154 (248) 

I_ ,in _I ,in _L ,,n _1 

F; I > [ ]  

Figure 9 Orientation distribution across the plaque (not to scale) 

• cov,t,  . 

+ i : 5  - Outlet 

Figure 10Outline of mould cooling system 

Table 4 Relaxation forces in specimens of varying surface area 

Injection 
pressure 
(Ibf/in 2) 

Force (N) for specimens 
½in S x 2 + 2 i n  C l i n S × 2 + l i n  C 3in 

5800 82.505 82.310 62" 785 
7800 62.685 53.465 42.770 

Table 5 Orientation stress transverse to flow for 1 i nx3 in  
samples 

Injection 
pressure 
(Ibf/in 2) 

Orientation stress (kN/m 2) 
Adjacent gate Opposite gate 

1×3in l x 3 i n  

5800 30 30 
7800 31 31 

cut, for specimens moulded at 5800 lbf/in 2 injection 
pressure, but a somewhat poorer agreement for speci- 
mens moulded at 7800 lbf/in 2. This is probably due to 
the unexpectedly higher value for the ~ in sample which 
is probably due to greater orientation at the sides. 

The stress in transverse to flow for specimens moulded 
at 58001bf/in 2 and 78001bf/in 2 was determined for 
1 in × 3 in samples cut transverse to flow from the side 
adjacent to and opposite to the gate. Table 5 shows that 
no variation was found between samples cut transverse 
to flow from different parts of the plaque for mouldings 
made at the same injection pressure. 

The result obtained, however, should be interpreted 
with care due to the low values, where the influence from 
thermal expansion of the samples and the non-linear 
characteristic of the spring is more distinct. Frozen-in 
stress was finally determined for specimens moulded 
at pressures between 5800 and 7800 lbf/in 2 in 400 lbf/in 2 
steps. The samples were tested parallel and transverse 
to flow and the result is given in Figure 11. 

Figure 11 shows that the frozen-in stress parallel to 
flow decreased as the injection pressure increased. In 
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Figure 11 Effect of inject ion pressure on frozen-in stress in 
polystyrene. O, parallel to f low; x ,  transverse to f low 

Table 6 Effect of injection pressure on frozen-in stress parallel 
to f low in a 3 in x 3 in plaque 

Injection Test Orientation 
pressure temperature stress 

Material (Ibf/in 2) (°C) (kN/m s) 

Polystyrene 5 800 120 380 
7 800 248 

Polypropylene 5 080 170 234 
6 080 221 
7 000 207 

Polysulphone 13 500 215 111 
15 080 106 
16 500 085 

ABS 8 000 140 280 
9 000 253 

10 000 238 

contrast the stress in the transverse to flow direction 
increased only slightly as the injection pressure increased. 

Results obtained with other materials 
Table 6 shows the materials tested and the results 

obtained. Nylon-6 did not give any indication of orien- 
tation, even when tested over a wide temperature range, 
although a distinct discoloration due to oxidation took 
place. For comparison, results with polystyrene are given. 

For 1 in samples cut parallel to flow from the centre 
and the side of the plaque the results given in Table 7 
were obtained. 

Table 6 showed that the orientation stress in the 
materials tested decreased as the injection pressure 
increased. As can be seen in Table 7 this tendency was 

Jensen and R. R. Whisson 

not followed when a 1 in sample was cut from the side 
of the plaque and only in the case of polypropylene when 
the sample is cut from the centre. In the samples tested 
the highest stress was found in specimens moulded at 
the injection pressure in the middle of the range. 

The figures also seem to indicate a change in stress 
distribution across the sample with increasing injection 
pressure. A similar observation was made with tensile 
strength but this will be discussed later. 

As can be seen from Table 8 a very poor agreement 
was found when the relaxation force for a 3 in. sample 
was compared with the relaxation force for three 1 in 
samples, two from the sides and one from the centre. 

It is to be expected that the deflection recorded should 
be proportional to the sample size so that the added 
force would correspond to the force for a whole plaque. 
This is not the case, so the extra surfaces introduced with 
the smaller samples must lead to a more spontaneous 
relaxation because of the quicker heating. This disagree- 
ment makes a comparison with absolute values doubtful. 

It has been assumed that the instrument did not apply 
any external force on the sample. However, a larger 
variation in the results was found with the smaller 
samples. This could be due to play in the bearings and 
the more unstable characteristic of the spring for a low load. 

The thermal expansion of the sample and equipment 
and friction in the equipment should in fact be added to 
the force measured because these are working against 
the relaxation force. However, the thermal expansion 
of the clamps and friction in the equipment is considered 
to be negligible. 

Figure 12 shows a 2 in sample after testing. Since there 
is an uneven stress intensity across the sample and the 
sample is held rigidly thus preventing unrestrained 
distortion as in a heat reversion test, differential dis- 
placement of material takes place and the part nearest 
to the gate becomes thicker. 

EVALUATION OF OTHER METHODS 

Birefringence methods 
Measurement of birefringence, or the difference in 

refractive index, along and across the direction of an 
oriented sample provides a convenient method for deter- 
mining the degree of molecular orientation in transparent 
polymers. When examined under plane-polarized white 
light an injection moulded specimen exhibits a repeating 
series of coloured fringes, each colour indicating a fixed 
amount of molecular orientation. 

Table 7 Effect of injection pressure on orientat ion stress parallel to f low in 
samples3in x 1 in 

Material 

Injection Test Orientation stress (kN/m 2) 
pressure temperature Centre of plaque Side of plaque 
(Ibf/in ~) (°C) 3x  1 in 3x  1 in 

Polystyrene 5 800 120 593 440 
7 800 404 277 

Polypropylene 5 000 170 591 513 
6 000 560 588 
7 000 419 432 

Polysulphone 13 500 215 278 178 
15 080 286 246 
16 500 214 218 

ABS 8 000 140 550 560 
9 000 575 580 

10 000 575 565 
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Table 8 Relaxation force for a 3 in sample compared with three 
1 in. sampes 

Injection 
pressure Relaxation force (N) 

Material (Ibf/in z) 3 in 1 in x 3 %*  

Polypropylene 5 000 35.705 86.650 41 
6 000 34.825 91 • 235 38 
7 000 33- 354 69-160 48 

Polysulphone 13 500 18-640 35.705 52 
t5 000 18.395 46.600 39 
16500 18-150 44.635 41 

ABS 8 000 45.371 90.745 50 
9 000 42.430 96" 875 44 

10 000 41.200 96.630 43 

. % =  3 in 
lynx3 ×1oo 

so that, for example, a twelfth order yellow would have 
a retardation of 11.3, a sixth order green would be 
6.0, etc.; t is the thickness of the specimen A typical 
birefringence pattern is shown in Figure 13. 

The maximum orientation is reached near the gate 
and the sequence of colours then reverses indicating a 
negative orientation gradient over the remainder of the 
specimen. In order to be able to express the orientation 
present in the specimen by a single number the birefring- 
ence maximum was arbitrarily chosen (see Figure 13). 
The values shown in Table 9 are total birefringence values 
which in effect integrate the varying degrees or orienta- 
tion present through the cross-section of the sample. 
Several specimens from each experimental run were 
tested, the result quoted being the sample with the most 
typical value. 

Some point regarding the interpretation of the bire- 
fringence should be made. First, it is assumed that bire- 
fringence is primarily a function of molecular alignment, 

Figure 12 Distorted polystyrene samples 

Polariscope determinations show the overall orienta- 
tion pattern whereas exact point to point measurements 
by means of a Babinets Compensator can be used to 
determine variation in orientation over the sample. 
Both techniques were examined. 

Determination with polariscope. Specimen birefringence 
was measured with a polariscope using the technique 
described by Ballman and Toor  8. Birefringence was 
calculated from the formula: 

R 
t 

where the wavelength of the polariscope white light 
source v was estimated to be about 5500 A. The retarda- 
tion R was determined by counting the number of orders, 
each order consisting of the sequence of colours yellow- 
red-green, and assigning the various colours the follow- 
ing fractional order values: 

yellow 0.3 
red 0.7 
green 1.0 

a Max 

 llllltttlt   tltllU,,,,,u,,,,,t,ttllqi,,tt,utllililllillllllllllll 

b 
Figure 13 Typical birefringence pattern for polystyrene. (a) Full 
shot; (b) short shot 
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Table 9 Effect of injection pressure on total birefringence in polystyrene (A) 
and polysulphone (B) 

Injection No. of bands Average 
pressure Rmax thickness 
(Ibf/in ~) Yel low Red Green (orders) (mm) • /x 10 4 

A. 5 800 9 10 9 10 red 2.085 25.55 
6200 9 9 8 9 red 2.100 22.80 
6 600 8 8 8 8 green 2.130 20.65 
7 000 6 8 7 8 red 2-200 19.25 
7 400 7 7 7 7 green 2.185 17.60 
7 800 6 7 7 7 green 2.195 17-55 

B. 13 500 5 6 6 6 green 2.180 15.1 
15 000 6 7 6 7 red 2-280 16.2 
16 500 5 5 4 5 red 2.710 9.5 

rather than of valence bond distortion or of density 
variation. Secondly, it must be remembered that the 
birefringence observed in a moulding is a composite of 
two competing effects: orientation induced by shearing 
forces during flow and subsequent molecular relaxation 
caused by Brownian motion when the shear forces are 
removed. Superimposed on both of these effects is the 
point temperature history of the moulding. These factors 
result in a rather complex series of interrelated events, 
the order and nature of which must be deduced from the 
evidence offered by the moulding. 

Birefringence as a function of injection pressure is 
shown in Figure 14. This Figure shows that for poly- 
styrene the total birefringence decreased as the injection 
pressure was increased. For polysulphone the bire- 
fringence first increased and then rapidly decreased as 
the injection pressure increased. The dark band in 
Figure 13 is the accumulation of points at which the 
relative retardation is an integral number of wavelengths 
of white light. The relative retardation in a plastics 
material depends uniquely on the degree of orientation 
of the molecules; thus the increase in band order through- 
out the plaque gives a convenient measure of the orien- 
tation. Figure 13 also demonstrates the increase in 
orientation in moving from the edge of the plaque 
remote from the gate towards the centre. With poly- 
styrene, the birefringence pattern for a short shot 
showed a distinct difference from the full shot pattern, 
as is illustrated (see section on melt flow and stress 
distribution). 
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Figure 14 Effect of injection pressure on birefringence. ©, Poly- 
styrene; ×, polysulphone 

Corn pc ns~:Aor 0~ 

I- "1 Mover~nt  of 
I--I ,I comp~,sotor 

~Component rays 

Figure 15 Babinet Compensator 

Polysulphone samples produced a somewhat similar 
pattern of birefringence to polystyrene, but lower overall 
values were obtained as shown in Table 9. Also the third 
of the plaque remote from the gate did not show orien- 
tation at all. The phenomenon of a frame of unoriented 
material, approximately 2 mm wide, was found on 
polysulphone samples only. This effect was most pro- 
nounced with samples moulded at the highest injection 
pressu re .  

Determination with Babinets Compensator. The magni- 
tude of birefringence, that is the difference between the 
two refractive indices, is most conveniently measured 
by means of the Babinet Compensator 9. 

This instrument consists of two wedge-shaped prisms 
of quartz cut at a very small angle as shown in Figure 15. 

The optical axes are parallel and perpendicular respec- 
tively to the two refracting edges. When plane polarized 
light is incident normally on the compensator with the 
plane of vibration at some arbitrary angle 0 to the optical 
axes, it will be broken up into two components. These 
two components travel at different speeds through the 
prisms, at the boundary between the two prisms the 
components are interchanged owing to the optical axis 
of the second being perpendicular to that of the first 
prism; The result is that one prism tends to cancel out the 
effect of the other. Along the centre, where both prisms 
have equal thickness, both paths are equal and the cancel- 
lation is therefore complete. A dark line forms along the 
centre flanked on both sides by coloured bands corres- 
ponding to the path difference between the components. 

The compensator and a polaroid plate set is mounted 
on a microscope, and a sample is introduced between 
the polaroid plate and the compensator. With an oriented 
sample there will be a shift of the dark line, owing to the 
path difference introduced by the sample between the 
components of the polarized light. The experimental 
procedure is then to slide the one prism with respect to 
the other until the dark fringe is in the centre of the eye 
piece again. This distance can be measured very accurately 
by a micrometer screw. The exact path difference can 
be calculated from the geometry of the system. At the 
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black line the path difference introduced by the sample 
is cancelled out by the compensator, that is: 

l ('r]l - -  "r/2) + (X - -  y )  (71 - -  72) : 0 ( l ) 

where 

~71-r/z =difference between refractive indices in the 
sample 

71 -7z  =difference between refractive indices in the 
compensator 

x - y  =difference between thickness of  wedges for 

t = thickness of  sample. 

With no sample we have: 

71 = 72 

x - - y=O 

Ot ~ -  O~ 0 

where 

and 

where 

= micrometer reading 

Now since x - y  varies linearly with ~ and is 0 for a = a 0  
we have: 

(y - x) oc (~ - o~o) 

t (7 : ,  - 7 2 )  = k(~- ~,0) 

k = 'wedge constant '  - 7 1 -  72 
tan/3 

(I .763 × 10 4 for instrument used) 
then 

K 
± n  = n l  - ,72 = ~ (~  - ~,o) 

As both 71-r/2 and 71-72 (therefore also k) depend on 
the colour, accurate measurements must be made with 
monochromatic light (e.g. a sodium flame, or mercury 
lamp); in practice, however, sufficient accuracy is usually 
obtainable by the use of white light. 

It was found with polystyrene that samples cut from 
different parts of  the plaque produced a dark pattern off 
scale. The compensator used had a total movement of  
+ 13 mm, hence the birefringence in the 2 r a m  thick 
sample tested must be above 11.5 × 10 -4, as can be seen 
from equation (1). A 'double-sample'  technique in order 
to offset the scale did not prove successful either. 

With polysulphone, only samples moulded with the 
highest injection pressure were tested. With these samples 
it was not possible to determine birefringence closer to 
the gate than 47 mm, because of the high degree of 
orientation in the comparatively thick sample. The result 
is given in Table 10. 

Table 10 shows the difference in results with the two 
methods. The values obtained with the polariscope are 
one band order lower than that obtained with the compen- 
sator. 

The compensator also clearly showed the 2 mm un- 
oriented frame on the polysulphone sample. 

Heat reversion test 

The reversion test was carried out by heating specimens 
floating on talc powder in a hot-air oven for 20 min at 
the following temperatures: 

Polystyrene 120°C 

Polypropylene 170/175/180°C 

Nylon-6 220/225°C 

Polysulphone 220°C 

ABS 130°C 

After reversion the transparent specimens were examined 
between crossed polaroids. The residual birefringence in 
the sample was negligible. 

Three specimens from each experimental run were 
tested. Polystyrene samples from the two extreme mould- 
ing conditions were allowed to cool down to room temper- 
ature for 4 h, to see if the cooling rate after heating had 
any significant influence on the final distortion. This was 
found not to be the case. Prior to heating the specimens 
were scribed with a grid of  lines in order to facilitate 
measurement of  the distorted specimen. Figure 12 shows 
a distorted specimen, and indicates how the shrinkage 
at any position on the plaque can be estimated from the 
resulting changes in the initial 15 m m  square grid pattern. 
The overall flow pattern is clearly seen, but owing to the 
curvature of  the reverted moulding caused by non- 
uniform flow accurate measurements are tedious and 
difficult. Length and width values after reversion were 
calculated as an average of 2 × 30 dimensional measure- 
ments on each plaque. 

The final result was calculated as an average of three 
specimens from each run with the following formulae: 

Width reversion: 1 w0  
w 

Length reversion : l0 
i i -  1 

where 

10 and w0 = length and width before reversion 

It and wt = average length and width after reversion. 

Nylon-6 was tested at 220 and 225°C but although the 
samples were nearly floating, and showed a very pro- 
nounced colour change due to oxidation, no distortion 
occurred. 

Table 10 Birefr ingence in polysulphone as measured with Babinets 
Compensator and polariscope 

Position on plaque 

(mm) from 

Gate Edge 

Babinets Compensator Polariscope 

Thickness Reading Rmax 

(mm) (mm) ~/× 10 4 (orders) ~/x 10 _4 

47 20 2.65 12.95 8-6 3 red 5.6 
47 125 2.65 12.56 8.4 
57 125 2.63 9.19 6.2 2 green 4-2 
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Table 11 Shrinkage after reversion testing as a function of injec- 
tion pressure 

Materials 

Injection Heating Reversion 
pressure temperature 
(Ibf/in 2) (°C) Length Width 

Polystyrene 5 800 120 1.20 0" 14 
6200 0-96 0"15 
6 600 0.86 0' 14 
7000 0.70 0.13 
7 400 0-70 0.14 
7 800 0- 63 0-11 

Polypropylene 5 000 175 0-77 0"17 
6000 0-64 0"15 
7 000 0- 93 0-19 

Polysulphone 13500 220 0.29 0.19 
15000 0.34 0.14 
16 500 0-29 0-14 

ABS 8000 130 0.59 0.09 
10 000 0-51 0.09 

Polypropylene was tested at 170°C, 175°C and 180°C. 
Testing at 170°C gave very inconsistent results. Using a 
test temperature of 180°C a very large reversion took 
place. The grid pattern was still clearly seen, but with 
large variations in thickness, measurements were of little 
value. The results of these experiments are shown in 
Table 11. 

Hot wire test 
The use of  a hot wire to reveal surface orientation 

has been proposed by Atkinson et aL 11 and evaluated 
by Smith and Stevens 12. The test essentially consists of  
applying a red hot wire across a set of  scribed lines on the 
surface of the sample. Melting of  the surface and sub- 
surface takes place and the heated portions of the scribed 
lines will form a series of peaks pointing in the direction 
of  melt flow. The amount by which the lines have shifted 
from the original scribed lines is a measure of the degree 
of orientation in that area. From the line shift distribu- 
tion the nature of the overall stress pattern can be dedu- 
ced. The phenomenon produced is associated with 
relaxation of polymer chains which have become stret- 
ched by the melt flow during moulding and have been 
frozen with their chain 'head' pointing slightly down- 
wards into the centre of the moulding. On the application 
of localized heat the polymer chains in that region will 
have their 'tails' unfrozen first and will relax towards their 
frozen 'heads'. 

The method consisted of stretching a single nich- 
rome wire about 1 mm thick across the surface of the 
sample and at right angles to the scribed lines. The 
height of  the wire above the surface of the sample can 
be adjusted. The wire itself was kept taut by means of a 
weight. The clamps holding the wire were connected 
to a 12 V battery and the wire was brought to red heat 
for several seconds. It was found with the polystyrene 
samples tested, that lines did not shift further after heat- 
ing for more than 30 sec. However, a shorter period of 
heating, say 20 sec, gave better results and caused less 
distortion of  the surface. For  other materials the optimum 
heating time varied. Care should be taken when results 
are compared quantitatively, because the wire tended 
to become hotter over a period of  time. 

Polystyrene samples from the six different experi- 
mental settings were tested. Lines were drawn with 5 mm 
spacing parallel to the gate across the samples. The hot 
wire was applied perpendicular to the lines and heated 

for 20 sec. The wire was applied 5 times to each half of  
the plaque assuming the two halves were identical. 

A typical pattern obtained with polystyrene with 
lineshifts varying between 0.1 and 4.0 mm is shown in 
Figure 16. The height of each individual peak was 
measured and the values for all peaks on one-half of a 
plaque were added with the intention of obtaining an 
overall value for the surface orientation of the plaque. 
This value did not vary significantly from sample to 
sample, but there seemed to be a tendency towards a 
higher value for specimens moulded at a higher injection 
pressure. The difference between the lowest and highest 
figure was found to be approximately 7 ~.  Both surfaces 
of the plaque were tested. The lineshifts shown between 
full-drawn lines on the right side of the plaque were 
obtained on the side of the sample moulded adjacent 
to the moving mould-half. In most cases a somewhat 
higher lineshift was found on this surface. As can be 
seen from Figure 16 the peaks tend to converge towards 
the sprue. Tests with the hot wire at different angles to 
the gate in a direction towards the sprue did not show 
an essentially higher peak value, compared to the value 
found at the same position tested with the wire perpen- 
dicular to the gate. Specimens annealed at 120°Cfor20min, 
and specimens tested with the hot wire parallel to the 
gate did not show lineshifts at all. The hot wire technique 
was also applied on the other four materials, of  these, 
nylon-6 did not show any indication of orientation at 
all. With polysulphone orientation was only indicated 
in the two-thirds of the plaque nearest the gate with little 
variation of  peak height across the plaque. With poly- 
propylene and ABS an overall pattern similar to poly- 
styrene was obtained. 

Stress crazing techniques 
Solvent stress crazing or environmental stress crazing 

has been defined 13 as the superficial crazing undergone 
by materials subjected to internal or external stresses 
and simultaneously exposed to certain vapours or liquids. 
According to Ziegled 5 the rather wide acceptance of 
n-heptane as a general purpose stress crazing solvent 

Figure 16 Polystyrene sample tested with hot-wire 
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for polystyrene mouldings should be interpreted with 
care, and it should only be employed after the operational 
details and significance of the test are thoroughly under- 
stood and preferably only after correlation with actual 
end use has been established. 'Crazing' is the fine cracks 
on or under the surface of a plastic. These cracks may 
range from those of relatively large size, individually 
visible to the unaided eye, down to those of almost micro- 
scopic size visible en masse as 'water-bloom'. Stress- 
crazing, as the name implies, is associated with stresses 
contained in or exerted on the plastic moulding, and 
indicates that crazing strength and orientation are 
directly associated. 

The purpose of the tests performed was primarily to 
obtain an indication of the orientation intensity over the 
surface of the plaque, and secondly to visualize the effect 
of injection pressure on stress-corrosion. 

n-Heptane was chosen for experiments on poly- 
styrene because the asymptotic value of craze depth is 
reached very rapidly in heptane, n-Heptane is so effective 
in lowering the critical elongation of polystyrene that 
stresses above 50 lbf/in ~ (345 kN/m z) will cause crazing at 
90°F (32.2°C). 

Specimens from each experimental setting were im- 
mersed in n-heptane for periods from a few hours up to 
seven days. All specimens were regularly inspected during 
the test period, and it was found that a characteristic 
cloudiness or whitening took place after a few hours 
immersion, depending on room temperature. 

A typical example of this is shown in Figure 17. This 
Figure shows that two patterns of whitening can be 
observed--a 'bowl' pattern superimposed on the usual 
pattern for 'plug' filling of the mould. The former was 
observed to be mainly associated with the surface of the 
plaque, whereas the latter seemed to be mainly in the 
subsurface. 

A somewhat similar observation was made with bire- 
fringence studies of short-shots, where it appeared that 
under certain conditions the birefringence pattern changed 
from the 'bowl' type to the 'plug' type when the moulding 
approached the size of a full shot. A further discussion 
of this phenomena will be made later. 

The whitening apparently stopped towards the end 
of the seven day test period, at which time the sample 
had become completely opaque. 

A specimen annealed at 120°C for 20min did not 
show any tendency to whitening, even after immersion 
for more than seven days, so it seems reasonable to 
suggest a relationship between whitening and surface 
orientation. 

Scanning of the sample in a stereo-binocular micro- 
scope showed some evidence of a series of microcracks 
on the surface but it is most reasonable to relate the 
whitening to crazing as defined by Hsiao and Sauer 14. 
In their fundamental work Hsiao and Sauer refer to 
'crazing' occurring in the form of a blush or haze on a 
previously transparent material and they consider 'craz- 
ing cracks' to be the visible cracks produced only after 
crazing, in the form of real but submicroscopic discon- 
tinuations. In other words, crazing is not actually crack- 
ing but may be some sort of infinitesimal openings, which 
are either still within the field of molecular attraction or 
are physically prevented by neighbouring molecules 
from developing into cracks. 

It was observed that visible cracks, which must be 
distinguished from the above mentioned crazing, 

Figure 17 'Crazing' of polystyrene with outline sketch above 

appeared first on specimens moulded with the highest 
injection pressure. These cracks appeared after 2 days 
and their length increased very slightly during the 
remaining test period. Cracks appeared in a direction 
roughly towards the sprue, except near to the edges 
perpendicular to the runner, where the lines of cracks 
were deflected perpendicular to the edge. Most of the 
cracks were found on the third of the plaque next to the 
runner and near the edges perpendicular to the runner, 
leading to the assumption that these areas have the highest 
surface orientation. There was a distinct difference 
between the two surfaces of the plaque, the surface 
moulded by the moving half of the mould having con- 
siderably more cracks than the opposite surface. This 
could be caused by a higher degree of shear when the 
material is forced from the runner over the edges of the 
gate into the cavity or more probably by a difference in 
the surface temperature of the mould halves. After 
seven days immersion, the thickness of the specimen 
had increased by approximately 0.02 ram. 

Nylon-6. Carbon tetrachloride has been found to 
cause cracks on samples of nylon-6 TM. However, no 
effect was found on samples moulded at the three differ- 
ent injection pressures after immersion in carbon tetra- 
chloride for more than 2 days. 
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Tests on polysulphone. The critical stress levels for 
polysulphone in selected solvents 17 at 20°C are: 

Table 12 Variation in tensile strength with injection pressure and 
orientation 
Test specimen: type C dumbbell; pulling speed: 5.5 mm/sec 

Approximate critical stress 

Solvent (Ibf/in 2) (kN/m z) 

Acetone 200 1.38 
1,1,1-Trichloroethane 500-600 3450-4140 
Ethylene glycol monobutyl ether 1400 9690 
Carbon tetrachloride 2400-2600 16 600-17 950 

Samples were immersed in acetone for 2 or 5 min. 
Cracks appeared very quickly, after only wetting the 
surface. No effect was found on samples which had been 
stress relieved by heat. There was a distinct difference 
between the two surfaces of the sample with only a 
few cracks on the surface moulded by the fixed half of 
the mould. Nearly all cracks were perpendicular to the 
runner, and not, as was expected, more or less towards 
the sprue. Cracks had not propagated into the stress- 
free areas as measured by birefringence studies. A 
pronounced delamination took place after approximately 
2 min immersion. It was found that most cracks appeared 
on the samples moulded at 15 000 lbf/in 2 and least 
cracks on the samples moulded at 16 500 lbf/in 2. 

The order of orientation stress determined was 
similar to that exhibited by birefringence experiments. 
Neither carbon tetrachloride or ethylene glycol mono- 
butyl ether had any noticeable effect on polysulphone 
mouldings after 6 days immersion and a tendency to 
dissolve the plastic occurred with trichloroethane after 
1 day. 

Measurement o f  tensile strength 
A useful adjunct to an investigation of changes in 

frozen-in stress in injection mouldings and a practical 
outcome is to relate these to a mechanical property. 
The mechanical test itself must be sufficiently sensitive 
to the stress variation and give reproducible results. 
Tensile strength measurements when plotted against 
birefringence measurements have been shown to change 
significantly for small changes in orientation is and for 
this reason they were chosen in this study. Tensile 
strength was tested at different parts of the plaque for 
samples moulded at the two extreme injection pressures. 
As a reference non-oriented samples were prepared from 
polystyrene by compression moulding of plaques 
6 in x 6 in × 2-5 mm. 

The results of the test are shown in Table 12, the 
figures quoted being the median of five results. The 
dumbbell was milled to shape after being cut from the 
plaque with a band-saw. The Table shows clearly that 
the tensile properties of polystyrene transverse to flow 
are lower than those parallel to flow. The results also 
show that the tensile strength for polystyrene specimens 
moulded at 7800 lbf/in 2 was higher than those moulded 
at 5800 lbf/in 2 when the sample was cut from the side 
of the plaque, and vice versa for the sample cut from the 
middle of the plaque. The same tendency was shown by 
samples cut transverse to flow, where specimens moulded 
at the highest pressure showed a proportionately greater 
difference to samples cut near to and opposite the gate. 
This could indicate a different stress distribution in the 
two types of samples and could lead to the conclusion 
that samples moulded at 7800 lbf/in 2 have a high degree 

Tensile strength at yield point 
(MN/m z) 

Injection Specimen position parallel to flow 
pressure 

Material (Ibf/in ~) Centre of plaque Side of plaque 

Polystyrene 5 800 44.9 40.4 
7 800 20.9 44.4 

Polypropylene 5 000 26-2 24.5 
7 000 24- 2 26.7 

Nylon-6 5 000 53- 8 54.7 
7 000 51.4 53.3 

Polysulphone 13 500 65.8 65" 9 
16 500 69.0 69-1 

ABS 8 000 46" 1 44" 9 
10 000 43"3 43"8 

Transverse to flow 

Near gate Opposite gate 

Polystyrene 5 800 14-2 14- 9 
7800 23.6 18.8 

Random 
Unoriented polystyrene 32.0 

of orientation in the corners, since this part is filled 
first. As a reference the tensile strength of the unoriented 
sample is quoted. The value is approximately 25% 
lower than most commercial figures quoted; these, 
however, can often be considered to represent ideal 
values. A similar pattern of results at a lower order of 
tensile strength was exhibited by the polypropylene 
samples. With nylon-6 and ABS the samples taken from 
the side of the plaques moulded at the lowest injection 
pressure had the greatest strength, the figures for nylon 
being higher than those obtained from the centre of the 
plaque. In contrast polysulphone samples exhibited the 
highest tensile strength at the higher injection pressure 
in both areas and only a marginal indication of greater 
strength at the side of the plaque. 

COMPARISON OF METHODS EXAMINED 

From the investigation conducted only birefringence 
methods, heat reversion, the RAPRA stress relaxation 
method and tensile strength measurements are directly 
comparable. The first three methods provide a numerical 
value of the bulk stress in an injection moulded sample 
whilst the latter gives an indirect measure of stress 
variation. Both the hot wire and solvent crazing tests 
detect surface orientation and are therefore not included 
in this comparison. 

The RAPRA Stress Relaxometer showed with all 
materials tested except nylon-6 that the frozen-in stress 
decreases as the injection pressure increases. This is 
in agreement with an observation by Spencer and 
GilmorO 9. They found that sealing of the mould by 
'freezing' of polymer in the gate was characterized by a 
critical rate of flow for a given gate, polymer softening 
point, and mould wall temperature. This led to an 
approximately linear relationship between the tempera- 
ture and pressure in the mould at the sealing point. 
Clearly the speed with which the gate can seal decreases 
as the velocity of the fluid passing through the gate 
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increases. In any case when the plastic wave front 
encounters the end of the cavity, the velocity of the 
melt at the gate drops to nearly zero and its rate of 
skin growth accelerates enormously, rapidly seals the 
gate and closes off the cavity from further pressure 
transfer. Shearing forces in the cavity then disappear, 
thus allowing more relaxation to take place. In the mould 
in question the position of the cooling channels favoured 
a rapid sealing of the cavity. 

The stress was found to decrease more than propor- 
tionately with injection pressure, This is to be expected 
since the rate of flow increases much more than propor- 
tionately with increasing driving force. As the injection 
pressure increases the temperature of the melt in the 
nozzle and sprue will increase owing to a higher degree 
of shear, and a higher melt temperature will generally 
allow more relaxation to take place. 

The lack of measured stress in nylon-6 was also 
apparent with other techniques used except for the tensile 
strength test, which showed a slight variation across the 
specimen. This property was not unexpected since the 
grade used had a homogeneous and finely crystalline 
structure, ensuring a largely isotropic behaviour of the 
specimen. The pronounced tendency to crystallize is 
combined with quick solidification. The material retained 
its tough-and-hard character up to just below its melting 
point (217-221°C) without any appreciable softening. 
Less than 3% variation was found for the relaxation 
force for polysulphone. This observation is in agreement 
with its low degree of shear sensitivity which produces a 
high melt viscosity during processing, and results in 
specimens with uniform physical properties that vary 
little with direction of flow. 

Birefringence versus f'ozen-in stress 
The correlation between birefringence and frozen-in 

stress for polystyrene and polysulphone is shown in 
Figure 18. This Figure shows fairly good agreement for 
polystyrene in those samples having the greatest stress. 

With polysulphone a somewhat poorer agreement was 
found at a moulding pressure of 15 000 lbf]in z. These 
samples were found by birefringence, stress-corrosion 
and length reversion to have a higher degree of orienta- 
tion than those moulded at a higher or a lower injection 
pressure. 
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Figure 19 Length reversion versus frozen-in stress. ©, Poly- 
styrene; [~, polypropylene; x ,  polysulphone; ?~, ABS 

Reversion on heating versus frozen-in stress 
The correlation between length reversion on heating 

and frozen-in stress is shown in Figure 19. As with 
birefringence, polystyrene shows a good agreement for 
the highly oriented samples. 

ABS shows very good agreement but no correlation 
seems to exist with polypropylene and polysulphone. 
Polypropylene, which caused some difficulties in the 
reversion test, bad its lowest value for reversion at the 
middle injection pressure, where polysulphone had its 
highest value. One would assume that reversion would 
either decrease or increase linearly with injection pressure. 

Tensile strength versus frozen-in stress 
Tensile strength parallel to flow was found to decrease 

with increasing injection pressure for all materials 
except polysulphone. This is in good agreement with the 
other test measurements. Tensile strength was tested in 
the melt flow direction for I in samples cut from the 
centre and the side of the plaque. Specimens from two 
different injection pressures were tested. With both 
methods it was found that a low injection pressure led 
to high stress in the centre and conversely a high injection 
pressure led to low stress. 

The agreement in evidence of this hypothesis given by 
the two test methods is shown in Table 13. Agreement is 
enhanced because the tensile strength showed little 
variation with sample position in the plaque mouldings 

Table 13 Agreement with tensile strength (TS) and frozen-in 
stress (F3) in valuation of stress distribution 

Poly- Poly- Poly- 
styrene propylene Nylon-6 sulphone ABS 

Low injection T3 X X O (X) X 
pressure 

High orientation FS X X - -  X 0 
in centre 

High injection TS X X X X X 
pressure 

Low orientation FS 0 X - -  X X 
in centre 

X, Agreement with hypothesis; O, incongruity with hypothesis; 
--, no results 
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and that the reproducibility of results with 1 in wide 
sample was less than with the 3 in sample. 

MELT FLOW AND STRESS DISTRIBUTION 

One of the problems in a comparative study of techniques 
for measurement of orientation stress is that the stress 
intensity and the stress distribution over the plaque is 
unknown. 

It has been proposed that the orientation stress gradient 
across the specimen can be divided into three parts: 
(a) a very thin essentially unoriented layer near or at the 
surface; (b) a highly oriented layer at the subsurface; 
(c) the bulk of the specimen with a varying degree of 
orientation. However, this is a general picture only, and 
the profile will vary considerably with processing condi- 
tions. Orientation is generally considered to be a function 
of locality; in the case of simple symmetric moulds for 
example, it is a function of the distance from the gate. 
Even this is a simplification and as the following study 
has shown flow into the mould is more complex than 
revealed in most published work. 

The filling of the mould and the melt flow pattern 
can be studied by a short-shot technique, by increasing 
the feed setting (i.e. the screw stroke) on the machine 
and by the use of mixed feeds, i.e. by admixing a few 
granules of polypropylene with polystyrene, in the hopper. 
There are, according to Smith and Stevens s, deficiencies 
in such procedures. For example, measurement of heat 
history is difficult; this is important in assessing internal 
relaxation and the extent of crystallization, for those 
materials which crytsallize. Both techniques were used, 
the results from the short-shot technique are shown in 
Figure 20 and the flow pattern with mixed feeds is shown 
in Figure 21. 

Figure 20 shows that with polystyrene the two cavities 
of the mould are not filled at the same rate, the A cavity 
being filled slightly faster than the B cavity. The differ- 
ence in length is approximately 3-4 ~o for nearly full shot. 
This is in contrast to what is expected since the A cavity 
is the one which is cooled first. 

The following mechanism for mould filling is pro- 
posed on the basis of these filling patterns. The pressure 
difference between the screw tip and the cavity causes 
hot melt to be forced from the sprue via the runner and 
gate into the cavity. The pressure gradient is at a maxi- 
mum in the nozzle and decreases to zero at the wavefront. 
The shearing stress causing orientation at any point is 
directly proportional to this gradient. However, it must 
be remembered that orientation in a moulding is a 
composite of two competing effects; orientation induced 
by shearing forces during flow and subsequent molecular 
relaxation caused by Brownian motion when the shear 
forces are decreased. Superimposed on both these 
effects is the point temperature history of the moulding. 
These factors result in a rather complex series of inter- 
related events, the order and nature of which must be 
deduced from the evidence offered by the moulding. 

Figure 20 shows that the melt fills the sprue, sprue 
puller and runner evenly. As the number designating the 
flow front increases it signifies an increased feed setting. 
The melt then contacts the centre of the gate, where, 
mainly owing to the position of the cooling channels 
(see Figure 10) it freezes instantaneously restricting flow 
through that part of the gate (see Figure 20). As the 
gate is restricted the material then fills the runner com- 

a Weld line - - - - -  
Moteriol flow f r on t s - -  
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Figure 20 Cavity fill-out patterns. (a) ABS; (b) polysulphone; 
(c) polypropylene; (d) polystyrene (whole plaque) 

Figure 21 Flow studies with mixed feeds 
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pletely. The cavity then starts to fill from the corners 
of the gate which, despite its remote distance from the 
sprue, gives less resistance to the flow because in this 
part of the gate the material has had less time for cooling. 
The flow fronts widen out from the corners of each 
cavity as more material is forced into the mould until 
after a short distance they merge and weld together in 
the centre. The central portion of the gate is not used at 
this stage and more than half of the cavity is filled before 
the whole length of the gate is used. Welding of the two 
flow fronts leads probably to a thawing of the middle 
third of the gate. 

As stage 6 shows, a circular flow front develops which 
probably means that an equilibrium temperature has 
been reached. From this stage filling takes place in the 
expected way with a normal plug-type flow. 

Birefringence at this stage produces a 'bowl-type' 
pattern (Figure 13) similar to the stress-corrosion pattern 
for a full shot (Figure 17). With increasing shot-weight 
the birefringence pattern changes to the 'plug-type' 
pattern. This observation could indicate that the surface 
freezes very quickly and that the bulk orientation as 
shown by birefringence is built-up at a later stage. 

The birefringence pattern gave some evidence of 
departure from parallel flow near the gate. This may 
introduce a degree of biaxial orientation with an increase 
in strength in the transverse to flow direction in the gate 
region. In fact only samples moulded at the highest 
injection pressure had a greater tensile strength across 
the plaque near the gate. 

The above mentioned mechanism for filling only 
applies to the polystyrene tests. With polysulphone for 
example, solvent stress crazing and birefringence gave 
evidence that an almost parallel flow pattern developed 
from the gate. Nearly all the cracks developed in the 
stress crazing test in a direction at right angles to the 
gate. Little variation in relaxation force was found with 
polysulphone, probably because the material is not 
sensitive to shear. 

It was observed from the solvent stress crazing test 
and in part from hot-wire tests that increasing injection 
pressure gave increasing surface orientation. There also 
seemed to be a difference in cracking between the two 
surfaces of the sample, the surface towards the injection 
side having the least number of cracks. This surface 
should be cooled more since it is closer to the cooling 
channels. In addition less shear probably occurs in this 
part of the mould as the gate is restricted on the opposite 
side. Orientation will become more marked when there 
is a diminution of selection. 

By comparing tensile strength and orientation stress 
for 1 in samples cut from the side and the centre of the 
plaque it was found that a low injection pressure led to 
highest orientation in the centre and the reverse occurred 
with a high injection pressure (see Table 13). This is 
thought to be due to a variation in viscosity during 
filling. With a higher injection pressure, flow rate and 
shear rate will increase. If the increase in shear rate is 
higher than the decrease in viscosity, then the orientation 
will increase with increasing shear rate. With increasing 
injection pressure the viscosity in the centre will decrease 
more than the shear rate increment and give less orienta- 
tion. At the edges the shear rate increases faster than the 
rate of decrease in viscosity because the melt is already 
cooled. This will give higher orientation. The pattern 
obtained with mixed feeds did not support any of the 

above mentioned observations, although it is believed 
that areas with only a small distance between subsequent 
lines represents those parts of the moulding with high 
orientation. It was found that the pattern appears in the 
bulk of the specimen only and indicated a very symmet- 
rical 'plug-type' filling. 

The relaxation force per unit square area has been 
used as a means of comparison in the study. By doing 
this the influence of a variation in thickness is eliminated. 
An increase in thickness, however, can increase relaxation 
and if there is such an effect it will appear more pro- 
nounced when the force is divided by the thickness of the 
sample. Polysulphone showed this clearly. Less than 3 ~o 
variation was found in relaxation force but this was 
indicative of more than 23~,/, in stress owing to the 
abnormal thickness of samples moulded at the highest 
pressure. This effect was less noticeable with the other 
materials examined. 

CONCLUSIONS 

A test apparatus and technique was developed for the 
rapid determination of moulded-in stresses in flat injec- 
tion moulded samples in either opaque or transparent 
thermoplastics. The method was more applicable to 
production quality control purposes than the other 
methods examined for the reasons discussed. It provided 
an overall numerical value of the frozen-in stresses in 
injection mouldings without preferentially determining 
certain components of frozen-in stress. For example, 
stress crazing and hot wire tests determined the stresses, 
essentially orientation, in the skin and immediate sub- 
surface of mouldings. A measure of the bulk stresses 
may be more realistic since it is only partly understood 
what the contribution and interaction of external and 
internal effects is towards dimensional and environ- 
mental stability. In support of this it was found that a 
considerably more complex stress pattern existed in the 
relatively simple plaque mould than was expected. This 
was clearly demonstrated by the mould filling experiments 
and the evidence revealed by the different methods which 
preferentially measured either internal or external 
stresses. Bulk stress, as measured by the RAPRA tech- 
nique, decreased with increasing injection pressure or 
melt temperature 2° in the sample. On the other hand, 
surface orientation as measured by hot wire tests increased 
with increasing injection pressure and the surface of the 
plaque produced by the moving half of the tool was more 
oriented than the injection side. 

The distribution of the stress pattern drew attention 
to the importance of the arrangement of cooling chan- 
nels in the tool so as to provide for uniform cooling of 
the melt in the cavity, the effects of uneven and differen- 
tial mould surface temperature and the influence of 
gate dimensions on the sealing point of the mould cavity. 

Good correlation was obtained between frozen-in 
stress measured by the RAPRA method and tensile 
strength measurements. 
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Stability of wedge and channel flow of highly 
viscous and elastic liquids 

J. R. A. Pearson* and T. J. F. Pickupt 
Department of Chemical Engineering, University of Cambridge, Pembroke Street, 
Cambridge CB2 3RA, UK 
(Received 23 November 1972) 

Experiments are reported on the f low of a highly elast icoviscous polymer solut ion into a 
slit, in which instabil i ty was observed. This instabil i ty was manifest as an irregularity in 
the output along the sl i t  and as an unsteadiness in the extentional f low into the slit. The 
onset of irregular f low was well-defined, and its intensity increased with f low rate. Similar 
results were noted for axial f low into a tube. Simplif ied linearized stabil i ty analyses bearing 
on the observed f low are given briefly in Appendixes 2 and 3. It is concluded that existing 
theories are inadequate to explain the observed phenomena. 

OBSERVATIONS 

An experiment was described in an earlier report 1 in 
which the flow of a highly elasticoviscous polymer 
solution (Separan AP30 in 50: 50 glycerol-water mixture) 
into a slit was observed. The flow geometry is shown 
diagrammatically in Figures 1 and 2. The channel 
width h0 was fixed; the slit width hs and the wedge 
entry angle ~ could be varied. The channel breadth (in 
the z direction) was 10h0 and it was assumed that 
along the central (x, y) plane, a two-dimensional (ux, uy) 
flow would arise. The channel length (upstream of  the 
slit) was taken to be infinite and so a fully developed 
viscometric channel flow was established. The slit 
length Is was not varied. The object of the experiment 
was primarily to investigate the kinematics and dynamics 
of the slit-entry flow, and this is described in detail by 
PickupS, 2. We are concerned here with the instability of 
this flow. 

The results were briefly: 
(1) At very slow flow rates, all fluid within the channel 

flowed steadily out of the slit; there were no closed 
streamlines. 

(2) At slightly higher flow rates, two steady recir- 
culating vortices, an upper (4 U) and a lower (4]'), became 
established. The oncoming viscometric (simple shear) 
flow in region 1 went through a surprisingly short 
transition region 2, short compared with h0 (i.e. only 
a few mm long), level with the vortex attachment lines 
V tr and V L, and entered a region 3 of essentially pure 
shear. In this last region the downstream velocity could 
conveniently be regarded as a function of x only, u(x), 
and was reasonably well approximated by the functional 
form: 

u = u 0exp(flx) (1) 

* Present address: Department of Chemical Engineering, Imperial 
College of Science and Technology, London SW7, UK. 
t Present address: Central Research Laboratories, Dupont of 
Canada, Kingston, Ontario, Canada. 
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a 

b ~ l l l / / l / / / l l / / "  
Figure I Flow geometry diagram for a highly elasticoviscous 
polymer solution (Separan AP3O in 50:50 glycerol-water mixture) 
flowing into a slit. (a) Wedge entry; (b) flat entry 

i VU 

V L 

Figure 2 Coordinate system and dimensions for the flow of a 
highly elastico viscous polymer solution (Separan AP30 in 50:50 
glycerol-water mixture) into a slit 
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"r 
vUline 

I i motion I 
I I 

I I I 
Slit 

Linesof increased outflow 

Figure 3 Non-uniformity of two-dimensional flow of a highly 
eMsticoviscous polymer solution (Separan AP3O in 50:50 
glycerol-water mixture) into a slit at high flow rate 

where clearly 

Hence: 

uh = uoho = ush, (2) 

h = h0exp(- fix) (3) 

The origin ['or x is located near the transition zone and 

hs = h0exp(-/~xs) (4) 

fl was found to be a function of a, u0 and hs, as well 
as of polymer concentration. The length of the vortices 
increased with flow rate. 

(3) At still higher flow rates, the flow became asym- 
metric and unsteady. This was manifest in two ways. 
Viewed in the (x, y) plane, either the upper or the lower 
vortices grew in size and the central elongational zone 3 
consequently moved down or up; if the flow rate was 
further increased, this asymmetry fluctuated vigorously, 
the upper and lower vortices alternately growing and 
decaying, with the elongational zone flapping up and 
down and the attachment lines V v and V I' moving 
back and forth. Viewed from above in the (x, z) plane, 
this apparently two-dimensional flow pattern was seen 
to be non-uniform. Figure 3 shows diagrammatically 
how, at fairly regular but well spaced intervals, the 
upper attachment line curved sharply and approached 
the slit. These stations corresponded with a local increase 
in flow rate through the slit; these irregularities moved 
slowly sideways (in the z-direction) across the channel. 

These flow irregularities set in at a well defined value 
of flow rate, for any given fluid and any given geometry, 
and increased in intensity with increase in flow rate. 
Below the critical flow rate, untoward disturbances 
were damped out; above the critical flow rate, steady 
flow was essentially unattainable except for an initial 
period of up to a minute or so. 

Similar and evidently related effects were noted for 
entry flow from a wide circular-cylindrical tube into a 
much smaller diameter coaxial tube, using various entry 
cone angles. At very low flow rates, a steady ettlux 
without recirculation was obtained. As the flow rate 
was increased, a toroidal vortex formed; however, this 
was scarcely ever axisymmetric or stable, the upstream 
attachment line showing one section significantly closer 
to the exit tube. This helical irregularity processed 
slowly around the tube, and intensified with increase in 
flow-rate. 

DISCUSSION 
The steady two-dimensional flow with recirculating 
regions has been carefully discussed and analysed by 

Pickup1, 2. The irregular and unsteady flow reported 
above was only investigated qualitativelyL One of the 
reasons for this was the very complex flow pattern 
involved; another was the considerable difficulty en- 
countered in trying to describe at all fully the rheological 
properties of the fluids used. These properties are 
relevant when complex patterns of flow arise. The 
phenomenon itself was dependent on fluid properties, 
on flow rate and on channel geometry, i.e. on 2 geo- 
metrical, one operating and an indefinite number of 
physical parameters. Some values of these parameters 
are given in Appendix 1. 

We do not believe that a simple criterion for the 
onset of disturbances to the steady flow is likely to 
exist and we seek here to discuss some of the factors 
and mechanisms that appeared to be relevant. 

First, we note that the Reynolds number of the flow 
was low, and that rheological (elasticoviscous) forces 
dominated. Next, we note that the polymer solution 
was sufficiently concentrated for interactions between 
polymer molecules to be expected. This interpretation 
is consistent with the strongly shear-dependent viscosity, 
and the high first and second normal-stress differences 
observed in simple shear flow; also with the very high 
elongational viscosity measured in pure shear. 

The tensile stresses developed in the elongational 
zone 3 dominate the dynamics of the entry flow to such 
an extent that the vortex flow can to first order be 
taken as inviscid. This yields a basically free-boundary 
model for the rapidly elongating zone, with the vortices 
acting rather as lubricating layers, particularly when 
is relatively large and the vortices are thin. A stability 
and sensitivity analysis for a completely free extending 
sheet of Newtonian liquid is given by Pickup 2 and more 
exhaustively by YeowZ; an outline is given in Appendix 
2. These results cannot be applied directly, because 
the material in question here is demonstrably not 
Newtonian. However, the stability and sensitivity results 
obtained suggest strongly that rapidly extending sheets 
of fluid are prone to gross amplification of minor entry 
disturbances and, when extension rates and inlet or 
outlet boundary conditions are so conducive, total 
breakdown of the symmetric flow on an infinitesimal 
disturbance theory may be expected; in practice the 
latter situation would lead to a vigorous secondary 
flow, whether steady or unsteady. 

The situation encountered in these experiments differs 
from the Pickup-Yeow model in various respects. 

(1) The material in the vortices is essentially incom- 
pressible and so the consequent constraint on vortex 
volume must introduce an additional factor in the 
stability mechanism. In particular, it can lead to a change 
of position of the attachment lines V v or V L and so 
to a variation in the input plane (taken to be x = 0  in 
the steady flow); also, if there is a fluctuation in h at 
the output slit, x = x s ,  continuity would require excess 
fluid arriving in zone 3 to displace the vortices, or 
alternatively fluid from the vortices 4 to flow into the 
slit. Both of these effects were observed. 

(2) The material in the vortices is in a different 
structural state to the fluid reaching the slit in zone 3, 
i.e. its instantaneous rheological behaviour is different, 
because it has suffered a different deformation (or 
stress) history. This in turn means that a minor change 
in flow pattern at the slit entry could lead to a large 
change in stress distribution and hence trigger off a 
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major change in flow and stress patterns in the whole 
of the entry flow. This is particularly true if the material 
displays a significant elastic response to sudden imposi- 
tion of tensile stress, followed by a rapid increase in 
tensile viscosity, as appears to be the case with this and 
many other polymeric fluids. 

(3) The flow in the transition zone and in the slit do 
not provide fixed boundary conditions, in that they 
cannot be specified independently of the entry flow. 

Another point is that, although the stresses in the 
vortices are relatively small compared to those in 
region 3, they are nevertheless anything but isotropic. 
At the shear rates involved 2 difference-of-normal- 
stresses are so large that the flat vortex flow might 
itself be unstable to small disturbances, according to 
the predictions of Giesekus 4 and Bhatnagar and Gie- 
sekus 5. Thus the source of observed fluctuations both 
in the (x, y) and in the (x, z) planes might be within 
the vortices 4 v and 4 L. 

Lastly, there is the question of what happens to 
inlet flow fluctuations as they pass through the slit 
along its length Is. Will they amplify, decay or propagate 
without change of  form? Certainly non-uniformities in 
output as a function of the coordinate z, measured 
across the mean flow direction, were observed at the 
output of  the whole apparatus. Several earlier authors 
have sought a cause for instability within the slit itself; 
they have so far restricted themselves to fully developed 
flow and not to any interaction with the inlet flow. 
First there are the results of  Bhatnagar and Giesekus 5 
mentioned earlier which have considered disturbances 
of the form exp(ivz);  also those of Pearson and 
Petrie 6,7 and Porteous and Denn s which considered 
disturbances of the form exp(iLx); they are not mutually 
exclusive. All authors are agreed that, in certain circum- 
stances, instabilities caused by elasticoviscous forces 
alone could lead to a breakdown of uniform two- 
dimensional flow. 

In Appendix 3, we consider a very simple model to 
try to analyse the stability of flow in the slit of  two 
distinct fluids. These have been chosen to represent 
very crudely a central layer of fluid entering from the 
elongation zone and two boundary layers of fluid 
entering from the vortex zones; for simplicity they are 
taken to have constant Newtonian viscosity and not 
to mix across a separating interface. It will be seen 
that the approximation relates to a short fast flow in 
the slit, in that relaxation effects are neglected. Two- 
dimensional linearized perturbations in the (x, y) plane 
only were considered. The results are that simple sinusoi- 
dal disturbances, whether varicose or sinuous, propagate 
downstream without change of form; the phase velocity 
is a function of frequency and so a general disturbance 
could be expected to change shape. All such sinusoidal 
disturbances are essentially neutrally stable. They are 
therefore expected neither to cause nor to suppress 
inlet flow instabilities. We have not studied in detail 
either the effect of  z-direction variations or of more 
subtle viscoelastic properties. 

CONCLUSIONS 

(A) Isothermal flows of  highly elastic polymer solu- 
tions can exhibit instabilities of the type long known as 
elastic turbulence, or melt flow instability. 

(B) These instabilities are dearly fluid mechanical and 

and elastic liquids: J. R. A. Pearson and T. J. F. Pickup 

viscous. Although catastrophic internal material failure 
may be a cause of some observed 'melt fracture', although 
shear waves involving large acceleration forces 9 may 
sometimes be relevant and although heat generation or 
heat transfer effects can lead to instability, a wide 
range of non-linear effects, including unsteadiness and 
non-uniformity, must undoubtedly be due to fluid 
rheology alone. 

(C) Existing theories are insufficient to explain the 
observed phenomena in rational quantitative mechanical 
terms. 
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APPENDIX 1 

Equipment geometry 

Channel breadth, 254 mm 
Channel width, h0, 25.4mm 
Slit width, hs, 1.34-2.57 mm 
Slit length, l,, 25.4 mm 
Die entry angle, ~, 0 °, 30 ° 

Fluid properties 

A solution of 0.2, 0"3 or 0.4% Separan AP30 in a 
mixture of glycerol and water. Specific gravity= 1.27. 
Typical rheogoniometric data, viscometric flow, 0-3% 
solution. 

1st normal stress 2nd normal stress 
Shear rate Shear stress difference difference 

(sec -z) (N/m 2) (N/m 2) (N/m 2) 

1 0-9 - -  - -  
10 5 - 8  ~10 

100 10 - 9 0  

Estimated relaxation time, 0.1 sec at 10sec -1 

Typical elongational data, pure strain, 0.3 % solution: 
Elongation rate, 30 sec -1 
Elongation stress, 200 N/m 2 

For further details, see Pickup 2. 

Kinematic data 

Slit 
Fluid width, 
conc. hs c~ ~ ushs 
(%) (mm) (rad) (m -1) (mm2/sec) x = 0  X=Xs 

EIongational 
rates (sec -1) 

0-2 1 '34 0 170 240 1-4 29.4 
0.2 1 "45 0 150 320 1-6 28.2 
0- 2 2" 57 0 250 680 6- 0 60.0 
0.3 1.45 0 135 520 2.7 51.0 
0.3 1 • 45 ~r/6 160 440 2" 9 52" 0 
0"4 1 "34 O 140 275 I "7 31 "0 
0'4 1 "45 0 140 500 2"9 46"0 
0"4 2"57 0 250 1000 10"3 82"0 

Conditions just before flow became unstable for various cases 
observed 
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Typical Reynolds number in flow field based on a 
volume flux of 500mmg/sec, a viscosity of 1Nsec/m 2 
and a density of 1.27 × 103 N sec/m 4 is 0-63. 

APPENDIX 2 

Stability analysis for extending sheet 
Consider the flow in region 3. Take obvious length 

and velocity scales (with associated variables) so that the 
undisturbed flow pattern is given by: 

U(°) =(U, V, w)(ol =(e~q -,7~e~, O) 

H (o) = e-r~ 

A neutrally stable linearized disturbance, varying 
sinusoidally in the z (or ~) direction, can be written: 

U (1) = [ 0 ( ~ ) ,  I~r(t)'r], iW(¢)]er~exp(iF~) 

H (1) =/7(~)e-r~exp(iF ~) 

where real parts are implied. Continuity requires that: 

F = -),O + O' + PW 

We now suppose that the interface between regions 
4 and 3 is a material surface, and that the fluid in the 
vortices exerts merely a constant uniform normal 
pressure on the material in the extending sheet. We 
suppose also that )' is small. A mass balance on the 
slightly disturbed sheet requires that: 

~(HU)+~(HW)=O 

i.e. that 

/7'+ O ' -PW=0 

A force balance can then be appfied to the sheet in the 
directions ~ and ; to give: 

~(HP~) + ~--~(HP~O=O 

and 

~(  HPg¢) + ~(  HP ¢¢) = 0 

Here Pg~ is the normal stress (above that existing at 
the interface) and P~¢ the shear stress (in the ~ direction) 
across planes t =  constant. Similarly for Pr¢. If we take 
/~A to be the apparent Newtonian viscosity of the fluid 
then 

P~ = 2t-,a(a u/at- a v/an); P~¢ = t~A(O U/O ~ + a w/at); 

Pc; = 2/~a(a Wla ~-  a via,7) 
Thus we obtain, using the relation given above for /7: 

4),111' + 4 0 " + 4 ) , 0 ' -  F~O- 3P W ' -  F),W= 0 

and 

2P),/7+3PO' + W"+),W'+2F(),-2P)W=O 
We write q =),/P and change to a new variable X=P¢. 
The set of equations obtained have 'constant' coefficients 
(dependent only on the parameter q). Thus the general 
solution will be of the form: 

5 
(U, W, 111)= Y, (A~, Bt, COexp(p~X) 

4=1 

where the (At, B~, C~) are arbitrary and the p~(q) are 
solutions of the equation: 

4pS + 4qp4-8pa- 2qp~ + 4p- 2q=O 

i.e. p l = l ,  pg.= - 1 and Pa, p4 and p5 given by the roots 
of: 

2pa+2qpS-2p+q =0 

(Minor complications arise if any two of the roots are 
equal. Complex roots can be accommodated by treating 
all variables as complex.) 

The (A~, B~, Ct) are determined by the boundary 
conditions, to be imposed at 0 and Xs, of which there must 
be five. Thus, for example, one of/-7 (0), W(0),/7(0), O(Xs), 
W(Xs),/7(Xs) is predicted by the solution given above 
if the other 5 are prescribed. The parameter defining 
the undisturbed flow may be taken as qXs=ln(ho/hs); 
the parameter defining the wavelength of the disturbance 
is Xs. 

Two types of solution may be sought. A true stability 
analysis treats the problem as an eigen value problem, 
with Xs (or qXs) as the eigen value, and homogeneous 
boundary conditions applied at t = 0  and Xs. This 
corresponds to a situation where no disturbance is 
imposed from outside, yet an arbitrarily large finite 
disturbance U, W, H, can exist within the flow field. 
Yeow a has concentrated on this aspect of the solution, 

~0 

u 

.9 

._u 

GL 

E < 

o.1 
o-1 Xs 1.o 

Figure 4 Sensitivity analysis for elongating sheet. Curves are 
labelled i-] where  i refers  to initial d i s t u rbance  a n d ]  to c o n s e q u e n t  
disturbance at slit. 1, O; 2, • ;  3, F/; qXs=2"9 
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for the case where U(0)= W(0)=/-7(0)= W(Xs)=O, and 
either 0 ( JG)=0  or the total tension at Xs is fixed. 
The main result is that solutions exist only for values 
of qJG > 3.0 and that the first to appear is for the rather 
special case of I '=0 .  We have not investigated the 
situation fully for other boundary conditions, such 
as /-)(Xs) =0, which would have relevance in this case. 

A sensitivity analysis may also be carried out, whereby 
one of U(0), W(0) or H(0) is put equal to unity and 
one of O(Xs), W(Xs) or ~t(Xs) is not constrained; the 
rest are put equal to zero. The value of the unconstrained 
quantity is called the amplification factor. Figure 4 
shows predictions for the amplification factor, for a 
choice of qXs=2"9 corresponding to one of the flows 
most carefully observed for instability, and values of 
Xs lying in the range observed. It will be noted that 
amplification (>  l) is predicted; however, it was clear 
that the most sensitive disturbances arose for values 
of Xs>2, and so there was no direct correspondence 
between this rather crude theory and observation, as 
might be expected, because no account has been taken 
of  the interaction between the elongating flow and any 
of the other flow zones. 

APPENDIX 3 

Stability analysis for channel flow of two Newtonian 
fluids 

Figure 5 shows the geometry for the undisturbed 
flow, with the interfaces shown as full lines. This is 
described by: 

U°+=2Gfi/(ye-1)2¢ 2 y0~< lYl ~<1 } 

Uo = C;(y~_y~) G (A1) 
+ 2 ~  (Yo-- 1) lYl <Y0 

where t~ is the viscosity of the fluid in the central 
layer ]y[ <y0 and /~N the viscosity in the outer layer 
y0 ~< ] y I ~< 1 ; G is the pressure gradient. 

A small perturbation for the region y > 0  is intro- 
duced as: 

U= Uo-  ERe{if'(y)exp[iA(x-ct)]} ] 
V= ERe{Af(y)exp[iA(x- ct)]} t (A2) 

=y0 + eRe{iexp[iA(x- ct)]} 

where E~l  and A, c and f (y)  may be complex. The 
disturbance has been chosen to satisfy continuity, and 
involves a wavenumber A and wave speed c. V is the 
position of the interface and is shown by broken lines 
in Figure 5, for two forms of disturbance, sinuous and 
varicose. 

Taking the Reynolds number to be low and there- 
fore neglecting inertia forces, the equations of motion 
become: 

OP _ /02U O~U~ OP _ [O~V 02V\ 

X, U 

Sinuous or VQricos~ or 
a symmetric symmetric 
disturbance disturbance 

f -  

Figure 5 Geometry and coordinate system for two-fluid channel 
f low--schemat ic form of sinuous and varicose disturbances 

where N+ = N for y > ~7 and N- = 1 for y < ~7. On eliminat- 
ing P, the equation for f becomes: 

f ' " '  - 2A2f " + A4f = 0 (A3) 

This has a general solution: 

,f~_(y) = A±sinhA7 + B~-coshAT, + C+ysinhA 7 + D~ycoshA 7 
(A4) 

where the subscripts + and - refer to regions y > ~ and 
Y < v respectively. 

The boundary conditions are: 
(i) from no slip at y = I, 

f+(1) = f+( l )  = 0 (A5i) 

(ii) for sinuous disturbance at y = 0 ,  

./_'(0) = f_'"(0) = 0 (A5iis) 

or for varicose disturbance at y = 0 ,  

f-(O)=f"(O) =0 (A5iiv) 

(iii) from continuity of velocity at the interface 
y = 7/, i.e. V+('q)= V-(V), U+(r/)= U-07), and expanding 
the upper and lower solutions about y=yo by Taylor 
series, 

f+(Yo)= f-(yo) 

Uo+(Y0)- f~(yo) = Uo_(Yo)-f'(yo) (A5iii) 

(iv) from continuity of stress at the interface y = v ,  
i.e. of 

t~N~=[(a U~/Oy) + (0 V~/Ox)] 
and of 

tzN.[(a 2 U~/Oy 2) + ( 0  2 U+/ax2)] 

using Taylor expansions about y =yo, 

N{f+(yo)-  A2f+(yo)} = f_"(Y0)- AZf-(Yo) (A5iv) 

N {A2f+ (Yo) - f +'(yo)} = A2f'_(yo) - f"_'(Yo) 

Finally, because the interface is a streamline: 

0~ 

o r  

f~=(Yo) = U (yo)- c (A6) 

Tab/e 1 Values for wave velocity for varicose (cv) and sinuous 
(Cs) disturbances when G/I~=I for various values of A, N and y 

N yo cv Cs 

0.01 0"1 0"2 --1"1x105 - 4 - 0 x 1 0  
0-02 0-1 0-£ - 1 . 4 x 1 0 4  - -2-0x10 
0-05 0.1 0.2 -8 .8×102  --7-8 
0-1 0-1 0"2 - 1 . 1 x 1 0 2  --3.6 
0.5 0'1 0"2 1.2 1.3 
1.0 0.1 0.2 4.3 3.8 

10 0"1 0-2 4-7x 10 4 .7x10 
0.5 0"1 0"5 -1-8:<10 - 5 . 0  
0-5 0-1 0.8 --1.5x102 - -3 .0x10 
0"5 0'5 0-2 3-5x10 -z 3.6:<10 -1 
0"5 0-5 0"5 --1.7 - -2 .1x10 -1 
0.5 0.5 0.8 - -1 .2x10 - 1 . 5  
0.5 2'0 0.2 1.8x10 -1 1.6x10 -1 
0.5 2-0 0.5 9.7x10 - t  2-4x10 -z 
0.5 2"0 0"8 3-1 3-4x10 -1 
0"5 10 0"2 1"3x10 - l  5"9x10 -2 
0-5 10 0"5 8"7x10 -1 9-5x 10 -2 
0"5 10 0-8 1-5 1"3× 10 -1 

i 

POLYMER, 1973, Vol 14, May 213 



Flow stability of highly viscous and elastic liquids: J. R. 

The undisturbed solution (A1) specified y0 and N. The 
small perturbation in (A2) involves A and c; of these A 
may be chosen arbitrarily. The general solution (A4) 
of equation (A3) has eight parameters A±, B:~, Ci, D± 
to be determined along with c as functions of y0, N and 
A by use of the nine boundary conditions (AS) and 
(A6). Results were obtained by numerical computation. 

For y real, c will clearly be real. Table 1 shows some 
typical values obtained; these correspond to neutrally 
stable disturbances in a very long channel. It will be 
seen that c is proportional to U(yo) and, for fixed 

A. Pearson and T. J. F. Pickup 

(N, y0), is a function of A. Waves may move upstream or 
downstream. 

Detailed results for A complex (= AR+iAz) are given 
by Pickup 2. The exp(-Atx) factor corresponds, at fixed 
time, to a spatially decaying or growing component, 
and so would be relevant only in a tube of finite length. 
The related factor exp{(AicR+ARCl)t} corresponds, at 
fixed x, to a disturbance growing or decaying in time. 
Careful analysis of the results obtained showed that 
they could all be related, physically, to the more easily 
described results for ,~ real. 
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Polymerization studies using modified 
Ziegler-Natta catalysts: 1. Polymerization of 
vinyl chloride 
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The polymerization of vinyl chloride by a number of modified Ziegler-Natta catalysts has 
been investigated. The most effective catalyst system is the soluble system prepared from 
vanadium oxytrichloride, tri-isobutylaluminium, and tetrahydrofuran. All three components 
are necessary for the formation of an active catalyst. The kinetics of the polymerization 
of vinyl chloride by this catalyst system has been examined at 30°C, and the dependence 
of the overall rate of polymerization on the transition halide concentration, aluminium 
alkyl concentration, monomer concentration and temperature established. Kinetic and 
copolymerization studies indicate that the polymerization process is not free radical in 
nature but is similar to that encountered in more conventional Ziegler-Natta systems. 

INTRODUCTION 

It is now well established that although Ziegler-Natta 
catalysts are particularly effective for the polymerization 
of electron rich monomers, such as a-olefins and di- 
olefins they are often ineffective when used as catalysts 
for the polymerization of monomers containing hetero 
atoms. In particular, there are but few examples of 
halogen-containing monomers being successfully poly- 
merized by conventional Ziegler-Natta systems. When 
attempts are made to polymerize monomers such as 
vinyl chloride 1 and allyl chloride 2, using the catalyst 
systems TiCIa/AIEt3 and TiCI3/A1Et2CI respectively, 
evolution of hydrogen chloride takes place, and little 
polymer can be isolated. Halogenated olefins can, how- 
ever, be polymerized by means of modified Ziegter-Natta 
catalysts, and a considerable number of these modified 
systems have been reported in the literature. 

Suitable modification of a Ziegler-Natta catalyst may 
be achieved by substitution of the transition metal 
halide by a transition metal alkoxide and replacement of 
the aluminium alkyl by an aluminium chloro alkyl, 
alkoxide or chloro alkoxide. Thus, suitable catalysts 
which can polymerize vinyl chloride have been prepared 
from Et2AIOEt and VO(OEt)3, EtAI(OEt)CI and 
VO(C5H702)23; EtAI(OEt)CI and BuOTiCI34; EtAICI2, 
Et2A1CI or AIEt3 and Ti(OBu)35; and Al(iBu)zCl 
and Ti(OBu)4 ~. The catalyst system (iBu)Al(OiBu)Cl/ 
VO(CsHTO2)2 has been used for the polymerization and 
copolymerization of vinyl fluoride 7. The polymerization 
process, however, in many of these systems has been 
shown 3, 6, 7 to proceed by a free radical rather than by 
a co-ordination mechanism. 

Ziegler-Natta catalyst systems may also be suitably 

* Present address: Deve lopment  Department ,  Industrial Chemicals 
Division, Ciba-Geigy, Trafford Park, Manchester, UK. 

modified by the addition of complexing agents such as 
ethers, esters, ketones, tertiary amines and nitro-aromatics, 
and these have been used to polymerize vinyl chloride 8-H. 

The aim of the present study is to investigate the possi- 
bilities of using Ziegler-Natta type catalysts for the 
polymerization of vinyl chloride, and to make a detailed 
study of the overall polymerization process. To achieve 
this a large number of catalyst systems have been pre- 
pared from transition metal compounds, and used in 
conjunction with alkyls of aluminium and zinc to poly- 
merize vinyl chloride. 

EXPERIMENTAL 

Reagents 
Vinyl chloride. This monomer was kindly supplied by 

ICI Ltd, Petrochemical and Polymer Laboratories, 
Runcorn. The monomer was dried over phosphorous 
pentoxide, purified by means of trap-to-trap distillation 
into traps cooled with solid carbon dioxide in ethanol 
(-72°C), and finally distilled into a trap cooled in 
liquid nitrogen. The vinyl chloride fraction, collected at 
-72°C, and shown to be pure by infra-red spectroscopy, 
was used in the polymerization experiments. 

Methyl methacrylate and vinyl acetate. These mono- 
mers were fractionally distilled and dried over anhydrous 
sodium sulphate. 

Benzene. The Analar solvent was dried by refluxing 
over sodium wire for l h. The middle fraction was then 
stored over sodium wire in a dry box. 

Tetrahydrofuran. The Analar solvent was dried by 
refluxing over sodium wire for 2 h and was then frac- 
tionated. The purified tetrahydrofuran was re-dried and 
re-fractionated every five days. 
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Vanadium oxytrichloride. This compound was kindly 
supplied by Magnesium Elektron Ltd, Clifton Junction, 
Manchester, and was purified by fractionation under 
an atmosphere of nitrogen. 

Tri-isobutylaluminium and diethylaluminium chloride. 
These alkyls were kindly supplied by Shell Chemical 
Co. Ltd, Carrington. Analyses for both compounds, 
before delivery, were given as: Al(iBu)a, 89.2 ~ ;  
Al(iBu)gH, 7-8~; Al(nBu)a, 0.8~; AI(OBu)a, 2-2~; 
and AIEt2CI, 95.2 Y/oo- 

Di-isopropylzinc. This alkyl was prepared according 
to the method of Krug and Tang 12, and was fractionated 
before use. 

Polymerization procedure 
All experiments were carried out in either glass vessels 

or dilatometers la. Both the vessels and the dilatometers 
contained glass enclosed iron stirrers which could be 
operated magnetically. The catalyst components were 
introduced into the reaction vessel in a dry box contain- 
ing a dried atmosphere of nitrogen. Solutions of the 
catalyst components were prepared in benzene using a 
dry box. Benzene was added to the dilatometer by means 
of a syringe, then the solutions of the catalyst compo- 
nents were added in the following order: vanadium 
oxytrichloride, tetrahydrofuran, tri-isobutylaluminium. 
The di|atometer was removed from the dry box, attached 
to the high vacuum line, the contents were frozen down 
in liquid nitrogen and then degassed, when a known 
amount of monomer was distilled into the dilatometer. 
The amount of monomer was determined by allowing the 
gaseous monomer to expand into a 5 1 bulb whose 
volume was accurately known. After all the monomer 
had been distilled into the dilatometer, and whilst the 
contents were still solid, the dilatometer neck was sealed. 
The dilatometer was then attached to the stirrer and 
placed in the thermostat bath. The contents of the dilato- 
meter melted and expanded up the capillary tube, the 
excess flowing into the side arm. A cathetometer reading 
to _ 0.01 mm and fitted with a 3 in objective was used 
to follow the fall in the meniscus during polymerization. 

Isolation of polymer 
The polymer mixture was sucked out of the dilatometer 

and poured into methanol containing hydrochloric acid, 
which had been cooled previously by the addition of 
solid carbon dioxide. The dilatometer was then washed 
out with a little benzene which was then added to the 
methanol solution. In this way the polymer was freed 
from any inorganic materials, and also from any excess 
monomer. The polymer was again digested with methan- 
olic hydrochloric acid, washed with methanol, and dried 
under high vacuum. 

COMPARISON OF VARIOUS CATALYTIC SYSTEMS 

Initially an attempt was made to polymerize vinyl 
chloride using di-isopropylzinc and either vanadium 
trichloride or vanadium oxytrichloride. Zinc alkyls were 
chosen because, unlike aluminium alkyls, they do not 
react with primary or secondary alkyl halides14, zS. 
These polymerizations were, however, unsuccessful; no 
solid polymer was produced and only an oil was isolated. 

A similar situation was found to be the case when a 
wide variety of other catalyst systems were used. 

The addition of tetrahydrofuran, however, produced 
an effective catalyst system for the polymerization of 
vinyl chloride at 30°C (Table 1). No significant signs of 
chlorine stripping by this catalyst system was detected, 
as is shown in Table 2. Similar results were found at 60°C. 

All three components in the catalytic systems, 
VCIa/AI(iBu)3/THF and VOCIa/AI(iBu)a/THF were found 
to be necessary. No polymerization could be effected un- 
less all three components were present. 

The catalyst systems VOCla/AI(iBu)a/A where A was 
(CzHs)aN, (C2H5)20, CHaCO2C2H5 or C4H4S were 
investigated in order to examine the effect on catalytic 
activity of substituting other electron donor compounds 
for tetrahydrofuran. All these systems, however, gave 
yields of less than 0.5~ when polymerizations were 
carried out for 48 h at 30°C. 

The effect on catalytic activity of using other inorganic 
chlorides instead of vanadium oxytrichloride was also 
examined. The catalyst systems MX/AI(iBu)3/THF, 
where MX was PCIa, CoC12 or SnC14 were found to be 
ineffective, all giving yields of less than 0.1 700 at 30°C. 
A yield of 65 ~ was, however, obtained using the catalyst 
system FeCIz/AI(iBu)a/THF. 

It was concluded from these experiments that the 
most effective catalyst system for the polymerization of 
vinyl chloride was that prepared from vanadium oxytri- 
chloride, tri-isobutylaluminium, and tetrahydrofuran. 

KINETICS OF POLYMERIZATION 

The solution of vanadium oxytrichloride and tetrahydro- 
furan in benzene is opaque and coloured black. Addition, 
however, of tri-isobutylaluminium to this solution 
(AI :V=2.5 : 1) yields a transparent brown coloured 

Table I Attempted polymerization of vinyl chloride by Ziegler- 
Natta catalysts 

[Vinyl chloride]=2-10 mol/I; [transition metal halide]= 
0.033 mol/I; [metal alkyl] : [transition metal halide]=1 : 1; 
[THF] : [transition metal halide]=2 : 1 ; polymerization time=48 h; 
tem peratu re = 30°C 

Catalyst Result 

VCla/Zn(iPr)~/TH F 
VCI3/Zn(iPr)~ 
VOCla/Zn(iPr)~/THF 
VOCI3/Zn(iPr)2 
VCla/AI(iBu)a/TH F 
VCla/AI(iBu)3 
VOCla/AI(iBu)3/TH F 
VOCIs/AI(iBu)a 
VOCla/AIEt2CI/THF 

30% Conversion 
An oil. No polymer 
35% Conversion 
An oil. No polymer 
40% Conversion 
An oil. No polymer 
60% Conversion 
An oil. No polymer 
10% Conversion 

Table 2 Analysis of polymers and oils 
Experimental details as in Table I 

Analysis (%) 

Experimental Calculated* 

Catalyst Polymer/oil C H CI C H CI 

VOCla/AI(iBu)3/THF Polymer 37-4 4-6 55.0 38.4 4.8 56.8 
VOCla/AI(iBu)3 Oil 82-0 17.6 1-1 

* For poly(vinyl chloride) 

216 POLYMER, 1973, Vol 14, May 



Polymerization using modified Ziegler-Natta catalysts (1): R. N. Haszeldine et al. 

solution. The catalyst prepared in this way is completely 
soluble, and no precipitation occurs even when the solu- 
tion is left standing for several hours, or when centri- 
fuged at 2000 rev/min for 30 rain. 60 

Figure 1 shows a typical plot of  percentage conversion 
against time. It can be seen that there is an immediate 
and rapid fall off in rate, and that there is no induction 
period. This decreasing overall rate of  polymerization "~ 
as a function of time is characteristic of many Ziegler- 
Natta  catalyst systems when these have been prepared ,~ 40 
from higher valence state transition metal halides in the 

C 

liquid form 16, 17, or when metal alkyl halides have been o ° 
used TM. Most soluble Ziegler-Natta  catalyst systems also 
show similar behaviour 7, 19 

The dependence of the initial overall rate of  polymer- 
ization on the concentrations of  the components of  the × 

20 catalyst system was investigated systematically. *~ 
t-Y 

Dependence of rate on monomer concentration 
The effect of  increasing the monomer  concentration 

on the rate of  polymerization was investigated at 30°C. 
A series of  polymerizations in dilatometers were carried 
out in which the concentration of monomer  was varied 
f rom 0-90 to 2.30 mol/I whilst the catalyst concentration 
remained constant. Experimental details of  these experi- 
ments are given in Table 3. It  can be seen that the initial 
rate of polymerization is first order with respect to the 
monomer  concentration. 

The determination of the order with respect to the 
monomer  concentration within a given polymerization 

2 0  

c 
O 
,.-' IO 

I I 
O 5 O O  IOOO 15OO 

Time ( rain} 

Figure I Plot of % conversion versus t ime at 30°C. [Vinyl  chlor- 
i de ]=1 .96mo l / I ;  [VOCI3]=0.0104mol / I ;  [Al( iBu)3] • [VOCI3]= 
5-3 : 1 ; [THF]  : [VOCI3]=10 : 1 ;so lven t=benzene  

Table 3 Variat ion of initial rate of polymerizat ion with monomer  
concentrat ion 
[VOCI8]=0.0105 rnol/I; [Al( iBu)3] : [ V 0 C I 3 ] = 2 ' 5  : 1; [THF] : 
[VOC1~]=7.7 : 1; temperature=30°C 

Concentrat ion of Initial rate x 104 
vinyl chloride (Rp) Rpx 104 

(tool/I) (rnol/I rain) [vinyl chlor ide] 

0"90 3.6 4.0 
1.25 5"8 4.6 
1"56 6.6 4-2 
1-94 8"0 4-1 
2"30 8-7 3"8 

I I I I 
O 5OO IOOO 15OO 

Time { rnin } 

Figure 2 Plot of rate of polymerizat ion versus t ime at 30°C. 
Experimental details as for Figure 1 

was not found to be so simple. The polymerization 
process was characterized by an initial maximum rate 
which quickly decreased with time, and with depletion 
in monomer  concentration. This effect is shown in 
Figure 2. Since the polymerization process has been 
shown to be first order with respect to the monomer  
concentration, a plot of  time against log (10 0 -~o  
conversion) should be linear provided that the catalyst 
concentration remains constant. That this is not so can 
be established from Figure 3, and indicates that the 
concentration of active centres does not remain constant 
throughout the duration of these polymerizations 20. 
Evidently these systems, unlike conventional Ziegler- 
Nat ta  systems, are not very stable. 

Dependence of rate on [VOCI3 ] 
In this series of  polymerizations the tri-isobutyl- 

aluminium to vanadium oxytrichloride ratio and the 
tetrahydrofuran to vanadium oxytrichloride ratio were 
kept constant, whilst the vanadium oxytrichloride con- 
centration was varied from 1.06 × 10 -3 to 1.06 × 10 -a mol/ 
1. The initial overall rate of  polymerization was found 
to be directly proportional to the concentration of 
vanadium oxytrichloride, as is evident from the results 
shown in Figure 4. A similar dependency of  the rate on 
the transition metal halide concentration has been 
observed in most Ziegler-Natta systems 18, 21-~.3 

Dependence of rate on [Al(iBu)3 ] 
The results of  experiments in which the concentrations 

of  monomer  and vanadium oxytrichloride remained 
constant, whilst the tri-isobutylaluminium to vanadium 
oxytrichloride ratio was varied from 0-38 : 1 to 6-3 : l 
are shown in Figure 5. Sufficient tetrahydrofuran was 
added to each experiment to ensure that the tetrahydro- 
furan to tri-isobutylaluminium ratio remained constant. 

It can be seen that the initial rate rapidly increases as 
the ratio of  tri-isobutylaluminium to vanadium oxytri- 
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Figure 3 Plot of Iogzo (100-% conversion) versus time at 30°C • 
Experimental details as forFigure I 

C -~ 4 0  

-6 

o_ 
x 
e~ 2 o  

I I I I ....... I ,, 

O 2 4 6 8 IO 

[ VOCt 3] x IO 2 ( mot / i ) 

Figure 4 Variation in rate of polymerization with vanadium 
oxytrichloride concentration at 30°C. [Vinyl chloride]=1.89 mol/I; 
[Al(iBu)a]=2.5 : 1; [THF] : [VOCla]=10 : 1; solvent=benzene 

chloride is increased, and then flattens out somewhat as 
the limiting ratio is reached. This complex behaviour of 
rate on the aluminium to vanadium ratio is common to 
many Ziegler-Natta systems, and will be more fully 
discussed in a later publication 24. 

Dependence of rate on [THF] 
In the next series of polymerizations the concentrations 

of vanadium oxytrichloride and tri-isobutylaluminium 
remained constant, whilst the tetrahydrofuran to vana- 
dium oxytrichloride ratio was varied from 0 . 5 : 1  to 
487 : 1. The results are shown in Table 4. The overall 
rate of polymerization increases as the tetrahydrofuran 
to vanadium oxytrichloride ratio is increased up to a 
ratio of 6 : 1. Above this ratio the rate remains fairly 
constant even to very high ratios. 

Dependence of rate on temperature 
It was not, unfortunately, possible to investigate a very 

wide temperature range, owing to the thermal decomposi- 
tion of aluminium alkyls at temperatures greater than 
100°C. The range covered was 30°C to 60°C, and all 
experiments were carried out using the same concentra- 
tions of reactants. The activation energy was found to 
be 16.1_+0.5 kcal/mol (67.4_+2.1 kJ/mol) which is com- 
parable to that found in many Ziegler-Natta catalyst 
systems2~, 2a 

Copolymerization studies 
It was found possible to copolymerize vinyl chloride 

with both methyl methacrylate and vinyl acetate. The 
polymers produced appeared to be true copolymers since 

15 

~ IO o 

I 

O 2 4 6 

[AI. (i Bu )3]/[VOC[3] 

Figure 5 Plot of rate of polymerization versus [AI(iBu)a]/[VOCI3] 
at 30°C. [Vinyl chloride]=1.96 mol/I; [VOCla]=0.0104 mol/I; 
[THF] : [Al(iBu)a]=10 : 1 ; solvent= benzene 

Table 4 Dependence of rate on tetrahydrofuran concentration 
[Vinyl chloride]=l.96mol/I ;  [VOCI8]=0.0104 mol/I [Al(iBu)a]: 
[VOCI3]=2-5 : 1 ; temperature=30°C 

Concentration of 
tetrahydrofuran 

x 108 [THF] Initial ratex 104 
(mol/I) [VOCh] (mol/I min) 

0.5 0.5 - 
2.0 1.9 0.7 
4.2 4.0 5.7 
6.5 6.2 7-3 
8.0 7-7 7.8 
9-2 8"8 8"2 

12"1 11 "6 8-6 
15"2 14-6 8"2 
39"0 37-5 8'0 
65"5 63-0 9"0 

116 112 8"6 
350 337 8" 0 
506 487 8- 2 

Tetrahyd rofuran as solvent 8.8 
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it was not found possible to separate any homopolymer 
by means of solvent extraction. The determination of 
the reactivity ratios affords a method for checking on the 
nature of the polymerization process3,7,9, 25, since 
reactivity ratios for free radical propagation are 
known26, 27. The amount of copolymer produced was 
never allowed to exceed 5 ~ conversion. The copolymers 
were carefully isolated, dried and analysed for chloride 
using the Volhard method. 

The copolymer reactivity ratios were calculated by 
means of Fineman-Ross plots 2s. The best straight line 
was drawn through the points using the methods of 
least squares (Figures 6 and 7). The reactivity ratios 
calculated from the Fineman-Ross graph, together with 
the reactivity ratios quoted for free radical copolymeriza- 
tion26, 27 are listed in Table 5. The difference between 
these sets of reactivity ratios is considerable. 

These results show that the mechanism for the poly- 
merization of vinyl chloride by the catalyst system 
VOC13/THF/AI(iBu)z cannot be a conventional free 
radical type. Moreover, additional evidence for this 
conclusion comes from recent studies 29 on active centre 
concentrations in these systems using tritiated meth- 
anola0, 3z. These studies conclusively prove that the 

04 

0 .3  

0 -2  

o 

O'1 

I I 
O -I-O -2"0 

f ' {  f - l l  

Figure 6 Fineman-Ross plot for the copolymerization of vinyl 
chloride and methyl methacrylate at 45°C. [Monomer ] to . l=  
2.00 tool/I; [VOCI3]=0.115 tool/I; [Al(iBu)8] : [VOCI3]=1"1 : 1 ; 
[THF] : [ V O C h ] = 3 ' 5  : 1; solvent= benzene 

modified Ziegler-Natta catalysts (1): R. N. Haszeldine et al. 

growing polymer chain involves a metal-carbon bond 
since the observed rates of polymerization can be related 
to the numbers of active centres determined in this way. 

Using the evidence obtained from similar copoly- 
merization studies Ashikari 9 has concluded that the 
polymerization of vinyl chloride by the catalyst system 
VC13/BuOH/AIEt3 is non-radical in nature. 

PROPERTIES OF POLYMERS 

Some interesting differences in the properties of the 
poly(vinyl chloride) prepared by the catalyst system 
VOC13/THF/AI(iBu)3 from control samples, prepared 
by conventional free radical initiators, were observed. 

The polymers melted over the temperature range 
150-180°C, and differential thermal analysis (d.t.a.) 
indicated a decomposition temperature of 275-335°C; 
the corresponding temperature range for free radical 
initiated polymer is 250-295°C. 

The infra-red spectra of these polymers also showed 
differences (Figure 8). In order to make a detailed assign- 
ment of the bands in the infra-red spectrum Krimm 32, 83 
has studied the deuterated analogues of poly(vinyl 
chloride), and has reached the following conclusions 
concerning the origins of the non-crystalline bands. 
The 615 cm -x arises from syndiotactic pairs only, while 
the 638 cm -1 band is due to isotactic pairs only; the 
band at ~690cm -1 contains contributions from both 
isotactic and syndiotactic placements, comprising the 
most stable form of the former and the less stable form 
of the latter. 

L~ 

12t- o 

p- 

s 

4 

0 -2 -4  -6  -8 

t - ( t - , )  

Figure 7 Fineman-Ross plot for the copolymerization of vinyl 
chloride and vinyl acetate at 40°C. [Monomer] to~=2"00 mol/ i ;  
[VOCI8]=0.0103 mol/I; [Al(iBu)s] : [VOCI8]=2-6 : 1 ; [THF] : 
[VOCI3]=11 : 1 ; solvent= benzene 

Table 5 Comparison of reactivity ratios in copoiymerization with typical reactivity ratios for free radical initiation 

Monomer pair Catalyst r l  r2 rlr= 

Vinyl chloride (1)-methyl methacrylate (2) VOCIs/AI(iBu)z/THFa 0.008+0.004 7.3_+1.2 0.058 
Vinyl chloride (1)-methyl methacrylate (2) Free radicala 0-020 15 0"30 

Vinyl chloride (1)-vinyl acetate (2) 
Vinyl chloride (1)-vinyl acetate (2) 

VOCI~/AI(iBu)z/TH Fb 0" 58 + 0.10 0.020_+ 0" 007 0- 012 
Free radicalb 1-35 + 0.05 0.65+ 0- 04 0" 88 

a Temperature=45°C; [VOCI3l=0-115 mol/I; [Al(iBu)3] : [VOCI3]=1-1 : 1 ; [THF] : [VOCI3]=3.5 : 1 ; [Monomer]total=2-00 mol/I 
b Temperature=40°C; [VOC13]=0"0103 mol/I; Al(iBu)~] : [VOCI3]=2.6 : 1 ; [THF] : [VOCI3]=11 : 1 ; [Monomer]total=2.00 mol/I 
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Infra-red spectra of poly(vinyl chloride), (a) Prepared 
using VOCla/AI(iBu)a/THF; (b) prepared using a free radical 
initiator 

Bands were found at ~690, 638 and 615 cm -1 indica- 
ting that both isotactic and syndiotactic placements are 
present in the chains. The ratios of the integrated areas 
associated with the bands at 638 and 690 cm -1 are not 
the same in these samples (Figure 8). More details will 
be given in a later publication 34. 

CONCLUSIONS 

(I) The most satisfactory modified Ziegler-Natta 
catalyst for the polymerization of vinyl chloride is that 
obtained when vanadium oxytrichloride and tri-isobutyl- 
aluminium react together in the presence of excess 
tetrahydrofuran in an inert diluent. All three components 
are required for the formation of  an active catalyst 
system which is homogeneous. 

(2) The overall kinetics of polymerization follow the 
general pattern observed in many Ziegler-Natta systems. 
In particular, the initial overall rate of polymerization is 
proportional to the monomer and vanadium oxytri- 
chloride concentrations, and increases as the concentration 
of tetrahydrofuran is increased up to a tetrahydrofuran 
to tri-isobutylaluminium ratio of 6 : 1. The variation 
of the initial overall rate of polymerization with re- 
spect to the tri-isobutylaluminium concentration is 
complex; increase in aluminium alkyl concentration 

initially causes an increase in initial rate, whilst further 
increase in concentration gives rise to a limiting value. 

(3) The activation energy of the overall polymeriza- 
tion process is 16-1 kcal/mol (67.4kJ/mol), and is 
similar to that found for other Ziegler-Natta polymeriza- 
tion systems. 

(4) Copolymerization studies with vinyl acetate and 
methyl methacrylate show marked differences from the 
behaviour observed in free radical polymerization. 

(5) D.t.a. and infra-red analyses demonstrate struc- 
tural differences between poly(vinyl chloride) prepared 
by the catalytic system VOC13/THF/AI(iBu)z and control 
samples prepared by free radical initiation. 
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Polymerization studies using modified 
Ziegler-Natta catalysts: 2. Polymerization of 
vinyl fluoride 

R. N. Haszeldine, T. G. Hyde* and P. d. T. Tait 
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Manchester M60 1QD, UK 
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Vinyl f luoride has been polymerized by modified Ziegler-Natta catalysts. As  in the case 
of vinyl chloride the most effective catalyst system at 30°C is the soluble system prepared 
from vanadium oxytrichloride, t r i - isobutylaluminium and tetrahydrofuran. Al l  three com- 
ponents are necessary for the formation of an active catalyst. The overall kinetics of poly- 
merization fol low the general pattern observed in many Ziegler-Natta systems and that 
observed in the polymerization of vinyl chloride by the same catalyst system. 

INTRODUCTION 

There are but few literature references to the poly- 
merization of fluorinated olefins by Ziegler-Natta 
catalysts. The polymerization of tetrafluoroethylene and 
hexafluoropropylene has been reported 1, 2. Overberger 
and Davidson :3 have polymerized 4,4,4-trifluorobutene- 
1, 5,5,5-trifluoropentene-1, 3-trifluoromethylbutene-1, 
and 4-trifluoromethylpentene-1 using the catalyst system 
VCIa/AI(iBu)3. Polymerization of trifluorochloroethylene, 
vinyl fluoride, and fluorinated butadienes by A1Et2Br 
and TIC14 in the presence of CC14 has been effected 4, 5. 
Catalytic combinations of titanium tetra-alkoxides or 
vanadyl acetylacetonate, and di or monoalkyl- 
aluminium derivatives have been reported 6 to poly- 
merize 3,3,3-trifluoropropylene. More recently the poly- 
merization and copolymerization of vinyl fluoride has 
been described by Caporiccio and Sianesi 7 using catalyst 
systems based on vanadyl acetylacetonate andAlR(OR)C1. 

The polymerization of vinyl chloride by modified 
Ziegler-Natta catalysts has been reported in the previous 
paper s, and this publication describes the use of some 
of these catalysts for the polymerization of vinyl fluoride. 

EXPERIMENTAL 

Details of materials, other than vinyl fluoride, and 
experimental procedure have already been described 8. 

Vinyl fluoride. This monomer was supplied by Du 
Pont Ltd. The monomer was purified by trap-to-trap 
distillation through slush baths of diethyl ether ( -  I20°C) 
and isopentane (-I60°C), and collected in a trap 
cooled in liquid nitrogen. The purity of the vinyl fluoride 
was checked by infra-red spectroscopy. 

Owing to the high vapour pressure of vinyl fluoride 
(3092kN/m 2 at 30°C) most of these experiments using 
vinyl fluoride were carried out in thick-walled glass 

* Present address: Development Department, Industrial Chemicals 
Division, Ciba-Geigy, Trafford Park, Manchester, UK. 

reaction vessels. 
The catalyst solution was added to the reaction vessels 

in a dry box. The reaction vessels were then taken out 
of the dry box, attached to the high vacuum line, and 
the catalyst solution was degassed. A known amount of 
vinyl fluoride was distilled into the reaction vessels, 
which were then sealed, removed from the vacuum 
line, and placed in a stirrer tank at 30°C. The poly- 
merizations were terminated by the addition of methanol, 
and the polymer was isolated 8. 

COMPARISON OF VARIOUS CATALYTIC SYSTEMS 

Table 1 shows that the addition of tetrahydrofuran 
produces an active catalyst for the polymerization of 
vinyl fluoride, although the conversion to polymer is 
much lower than that obtained in the case of vinyl 
chloride s . As before polymerization proceeds without 
halogen stripping (Table 2). 

The catalytic activity of the systems VOC lz/AI(iBu)a/A 
where A was (C2Hs)3N, (C2H5)20, CH~CO2C2H5 or 
C4H4S was investigated in order to examine the effect 

Table 1 Attempted polymerization of vinyl 
fluoride by Ziegler-Natta catalysts 
[Vinyl fluoride]=2-92mol/I; [transition metal 
halide]=0.033mol/I; [metal alkyl]:[transition 
metal halide]=1"1 ; [THF]:[transition metal 
halide]=2:1; polymerization time=48h; tem- 
perature= 30°C 

Catalyst Result 

VCI3/Zn(iPr)2/THF 
VCla/Zn(iPr)2 
VOCh/Zn(iPr)21THF 
VOCl~/Zn(iPr)~ 
VCI3/AI(iBu)3/TH F 
VCI3/AI(iBu)3 
VOCI3/AI(iBu)~/THF 
VOCI3/AI(iBu)~ 
VOCI3/AIEt2CI/THF 

o. 05% Conversion 
An oil. No polymer 
An oil. No polymer 
An oil. No polymer 
0"05% Conversion 
An oil. No polymer 
5% Conversion 
An oil. No polymer 
0.5% Conversion 
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of  substituting other electron donor compounds for 
tetrahydrofuran. Only the catalyst system containing 
(C2H5)20 produced polymer (0 .5~  conversion in 48h 
at 30°C). 

Substitution of PC13, SnCI4, CoClz or FeCI3 for 
VOCIa produced inactive catalyst systems. 

It was concluded from these polymerization experi- 
ments that, as in the case of vinyl chloride, the most 
effective catalyst system was that prepared from vanadium 
oxytrichloride, tri-isobutylaluminium and THF.  

KINETIC FEATURES OF THE POLYMERIZATION 

This study was undertaken in order to gain some informa- 
tion on the nature of the polymerization process, and 
to afford a comparison of the polymerization of vinyl 
fluoride and vinyl chloride. Additional difficulties were 
encountered in these polymerizations. Vinyl fluoride is 
much less reactive than vinyl chloride. This is probably 
due to increased deactivation of the double bond owing 
to the higher electronegativity of the fluorine atom. 
Also it was not possible, except at very low monomer 
concentrations, to use dilatometry to follow the rates of 
polymerization. 

Overall polymerization process 
A series of experiments was performed in order to 

obtain information concerning the nature of the poly- 
merization process, and to determine the optimum 
catalyst concentrations. Experimental details and results 
are given in Table 3. 

It is evident that much higher catalyst concentrations 
(x  20) are required for these polymerizations than for 
the polymerization of vinyl chloride s . 

The characteristics of the polymerization process were 
investigated at low monomer concentration by means 
of dilatometry. At these low monomer concentrations 
it was not possible to isolate any solid polymer, since 
only oils were obtained, and for this reason only plots 
of percentage decrease in volume against time were 
obtained. From Figure 1 it can be seen that the same 
polymerization characteristics are exhibited as were 
encountered in the polymerization of vinyl chloride. 
In particular, the overall rate of polymerization rapidly 

Table 2 Analysis of polymers and oils 
Experimental details as in Table 1 

Catalyst Polymer/ 
oil 

Analysis (%) 

Experimental Calculated* 

C H F C H F 

VOCI3/AI(iBu)8/THF Polymer 50.2 6.1 39.7 52.2 6.541.3 
VOCIz/AI(iBu)3 Oil 83.1 14.0 1.1 

2 0  . 

c IO 

b 

0 5 0 0  I 0 0 0  1500 

Time ( rain ) 

Figure I Plots of % conversion versus time at 30°C. [Vinyl 
fluoride]=1.01 mol/I; [Al( iBu)z]:[VOCla]=l :1; [THF]:[VOCla] 
=3:1. [VOCIz]: + ,  0.84; O, 0.70; I ,  0.31mol/I 

Table 4 Effect of monomer concentra- 
tion on percentage conversion 

[VOCI3]= 0- 314 mol/I ; [Al(i Bu)3] : 
[VOCls]=1:1 ; [THF]:[VOCI3]=3:I ; 
polymerization t ime= 25 h; temp. = 30°C 

[Vinyl fluoride] Conversion 
(moFO (%) 

0.49 No polymer 
1.95 19.3 
2-24 18.1 
2-92 18-8 
3.41 20.0 
3-90 25.0 
4- 87 27.0 

decreases with time. This is probably due to a depletion 
in the concentration of active centres. 

Dependence of polymer yieM on [vinyl fluoride] 
The concentrations of vanadium oxytrichloride, tri- 

isobutylaluminium and tetrahydrofuran were kept con- 
stant whilst the monomer concentration was varied 
from 0.49 mol/l to 4.87 mol/1. The polymerizations were 
carried out in sealed tubes, and the polymer was isolated 
after 25 h. The results are shown in Table 4. At very low 
concentrations of monomer only an oil was isolated. 
Between monomer concentrations of 1.95mol/1 and 
3.41 mol/1 the overall rate appears to be first order with 
respect to monomer concentration. Above a vinyl 
fluoride concentration of 3.90mol/1 the percentage 
conversion of monomer to polymer increases somewhat. 
It will be realized, however, that the procedure used 
here is not an accurate one for the determination of 
reaction order. 

* Calculated for poly(vinyl fluoride) 

Table 3 Polymerization of vinyl fluoride at 30°C 

[Vinyl 
[VOCI3] [Al(iBu)~] fluoride] [THF] Conversion 
(mol/I) [VOCI3] (mol/I) [VOCI3] (%) 

0.021 1-5 2.00 3-0 No polymer 
0"935 3.8 2"00 12.0 3"2 
0.070 3.8 2.g3 12,0 5-7 
0.105 3.8 2"93 12.0 6-2 
0.175 2.3 2-93 7-7 9.2 

Dependence of rate on [VOCI3] 
The effect of increasing the vanadium oxytrichloride 

concentration at constant monomer, constant tetra- 
hydrofuran to vanadium oxytrichloride ratio and 
constant tri-isobutylaluminium to vanadium oxytri- 
chloride ratio was studied. Dilatometers were used for 
these experiments, and because of this a low concentra- 
tion of vinyl fluoride was used. The initial rate of poly- 
merization, under these conditions, was found to be 
proportional to the vanadium oxytrichloride con- 
centration as is shown in Figure 2. 
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Figure 2 Plot of rate of polymerization versus concentration of 
vanadium oxytrichloride at 30°C. [Vinyl fluoride]=l.01mol/I; 
[AI(iBu)3]:[VOCla]=I :1; [THF]:[VOCla]=3:I 

Dependence of  rate on [Al(iBu)~] 

The concentrations of  vanadium oxytrichloride and 
vinyl fluoride were kept constant and the concentration 
of tetrahydrofuran was adjusted to maintain a tetra- 
hydrofuran to tri-isobutylaluminium ratio of 4: 1, whilst 
the tri-isobutylaluminium concentration was increased 
from 0.09 mol/l to 1-87mol/1. The polymerizations were 
carried out in sealed tubes, and the polymer was isolated 
after 24 h. The results are given in Table 5. The maximum 
conversion was obtained at a tri-isobutylaluminium to 
vanadium oxytrichloride ratio of  1.6: 1. Above this 
ratio the percentage conversion decreased as the tri- 
isobutylaluminium concentration was increased. This 
behaviour is typical of  a wide range of Ziegler-Natta 
polymerization catalysts when used under similar 
conditions 9. 

Po lymer i za t i on  us ing  mod i f i ed  Z ieg le r -Na t ta  catalysts (2 ) :  R. N. Hasze ld ine  et al. 

Dependence of  rate on [THF] 

The concentrations of vanadium oxytrichloride, tri- 
isobutylaluminium and vinyl fluoride were kept constant 
whilst only the concentration of tetrahydrofuran was 
varied. The polymerizations were carried out in sealed 

Table 5 Effect of [Al(igu)~] on yield 
[VOCla] = 0" 246 m ol/I; [vinyl fluoride] = 2- 92 mol/I ; 
[TH F]: [Al(iBu)3] = 4:1 ; polymerizatio n ti me = 24 h ; 
temperature=30°C 

[Al(iBu)a] [Al(iBu)a] Conversion 
(mol/I) [VOCl3] (%) 

0'09 0.38 2-0 
0.13 0"52 3.1 
0.19 0.76 16-1 
0.39 1.60 22.0 
0.57 2"30 19.2 
0"69 2.80 16"2 
0-94 3.80 10"0 
1"18 4.80 8-0 
1.40 5.70 7.1 
1.87 7.60 5"0 

Table 6 Effect of [THF] on yield 
[VOCI3]= 0" 175 mol/I ; [vinyl fluoride]= 2.92 mol/I ; 
[AI(iBu)a]:[VOCI3]=2.27:1 ; polymerization time 
=48h ; temperature=30°C 

[THF] [THF] Conversion 
(mol/I) [VOCh] (~/o) 

0.12 0.7 No polymer 
0-25 1.4 No polymer 
0.40 2-3 9-8 
1-02 5"8 8.9 
1-52 8.7 9.4 
2.05 11 "7 12.4 
3-06 17-5 10-3 
4.48 25-6 11.6 

10-21 58-3 11.0 

tubes, and the polymer was isolated after 25 h. Experi- 
mental details and results are given in Table 6. 

Below a tetrahydrofuran to vanadium oxytrichloride 
of  2-3: I no polymer was produced. Between the ratios 
of  2.3:1 and 58:1, however, the percentage conversion 
remained more or less constant. From these results it is 
concluded that within this region the rate of  poly- 
merization is substantially independent of the tetra- 
hydrofuran concentration. This suggests that tetrahydro- 
furan itself does not take part  in the polymerization 
process, but acts as a complexing agent for the tri- 
isobutylaluminium and the vanadium oxytrichloride. 

CONCLUS[ONS 

(1) As in the case of the polymerization of vinyl 
chloride the most satisfactory modified Ziegler-Natta 
catalyst for the polymerization of vinyl fluoride is that 
obtained when vanadium oxytrichloride and tri-isobutyl- 
aluminium react together in the presence of excess 
tetrahydrofuran in an inert diluent. All three com- 
ponents are necessary for the formation of an active 
catalyst. Vinyl fluoride, however, shows a much reduced 
activity in this polymerization system. 

(2) The overall kinetics of polymerization follow 
the general pattern observed in many Ziegler-Natta 
systems and that observed in the polymerization of 
vinyl chloride by the same catalyst system. The overall 
rate is proportional to the monomer  and vanadium 
oxytrichloride concentrations. The variation of the 
yield of polymer with tri-isobutylaluminium concen- 
tration is complex but, nevertheless, similar to that in 
many Ziegler-Natta systems. The yield of polymer is 
independent of  the tetrahydrofuran concentration above 
a tetrahydrofuran to vanadium oxytrichloride ratio 
of 2-3 : I. 
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The catalyst system VOCla/AI(iBu)a/THF has been examined and the role of the individual 
catalyst components investigated. Tetrahydrofuran is believed to undergo complex forma- 
tion with the other catalyst components thus restricting reduction of the vanadium to 
V(IV). The complex VOCI2.2THF has been isolated and, when used with tri-isobutyl- 
aluminium in the presence of excess tetrahydrofuran, shown to produce polymerization 
systems of comparable activity to the VOCI3/AI(iBu)z/THF systems. The kinetic behaviour 
of the VOCla/AI(iBu)3/THF system has been investigated and shown to be consistent 
with a simple Ziegler-Natta kinetic scheme involving a rapid bimolecular decomposition 
of either a transition metal alkyl compound, or of a complex formed on interaction of a 
transition metal alkyl with an aluminium alkyl. 

INTRODUCTION 

Earlier publications ~, 2 describe the polymerization of 
vinyl chloride and vinyl fluoride by the modified Ziegler- 
Natta catalyst system VOC18/AI(iBu)z/THF. The aim 
of the present study is to determine the role played 
by the individual components of the catalyst system. 

EXPERIMENTAL 

Details of materials, other than vanadium oxydichloride 
and vanadium oxydichloride tetrahydrofuranate, have 
been described previously 1, 2. 

Vanadium oxydichloride 
Vanadium oxydichloride was prepared from vanadium 

oxytrichloride by reduction with sulphur. Vanadium 
oxytrichloride (45"7g)was refluxed (under nitrogen) for 
3h with sulphur (5.0g). The excess vanadium oxytri- 
chloride was removed by vacuum distillation at 90°C, 
leaving the solid green vanadium oxydichloride. Ana- 
lysis: (IV), 36.4~ (calc. 37.0~); Cl, 50.6~ (calc. 
51.5%). 

Vanadium oxydichloride tetrahydrofuranate 
Vanadium oxydichloride (10.0g) was dissolved in 

tetrahydrofuran (250cm z) when a dark blue solution 
was produced. This solution was filtered and concen- 
trated to 50cm 3. Dry hexane (25cm z) was added, and 
the solution allowed to stand overnight. After 24h 
light green needle-like crystals (10-5g) were produced. 
These operations were performed in a dry box in an 
atmosphere of dried nitrogen. 

Analysis: V(IV), 18.0% (calc. 18.2%); CI, 25.0~ 
(calc. 25-2~o); C, 34.4~ (calc. 34.1%); H, 6.0% (calc. 
5.7700). 
* Present address: Development Department, Industrial Chemicals 
Division, Ciba-Geigy, Trafford Park, Manchester, UK. 

RESULTS AND DISCUSSION 

Role of tetrahydrofuran 
In order to determine the role of the tetrahydrofuran 

in the polymerization process, experiments using vinyl 
fluoride and vinyl chloride were performed in which 
the solvent (benzene) together with the tetrahydrofuran 
were distilled off, and analysed after polymerization 
had taken place. The concentration of tetrahydrofuran 
was determined from measurement of the refractive 
index of the benzene/tetrahydrofuran distillate. Experi- 
mental details are listed in Table 1. 

These results show that tetrahydrofuran is not being 
destroyed or removed to any appreciable extent either 
during the polymerization process or by interaction 
with the other components of the catalyst system, and 
they are consistent with earlier kinetic results 1, 2 which 
indicated that the tetrahydrofuran probably acted only 
as a complexing agent. The possibility that small amounts 
of tetrahydrofuran are being used to produce active 
centres is not, however, excluded by this analysis, 
since it is known that the concentrations of active 
centres in these systems is very low 3. 

Only a small yield of polymer is obtained from 
the polymerization of vinyl chloride by the catalyst 
system TiCI4/A1Et3 in the absence of additives such as 

Table I Recovery of tetrahydrofuran 
[Vinyl halide]=2.54mol/I; solvent=benzene; 
time=48h ; temperature=30°C 

polymerization 

Monomer 

Concentration 
of Recovery 

tri-isobutyl- of tetra- 
aluminium [Al(iBu)3] [THF] hydrofuran 

(mol/I) [VOCI3] [Al(iBu)3] (~/o) 

Vinyl fluoride 0.527 1:1 4.6:1 96 
Vinyl chloride 0.0105 2"5:1 6:1 95 
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tetrahydrofuran 4. On interaction of the catalyst compon- 
ents evolution of hydrogen chloride has been reported 4. 
By analogy with the findings of BacskaP it is possible 
that in these systems the following reactions take place 
leading to the elimination of hydrogen chloride, and 
the formation of polymer with a low chlorine content: 

TIC14 + A1Et3--, TiC13Et + A1Et2C1 
(unstable) 

+ 
.-. CH2--CH.~ + A1Et2CI~ .~ CHz--CH ~ 

I 
CI 

AIEt2C12 

(1) 

~CH=CH, , ,  +A1Et2CI+HCI-* ~ C H = C H ~  + 

A1EtC12 + C9,H6 

Aluminium alkyls are known ~ to form complexes 
with tetrahydrofuran. Such complex formation would 
considerably reduce the reactivity of the aluminium 
alkyl, and hence prevent the formation of the carbonium 
ion. It is now well established that when aluminium 
chloroalkyls react with poly(vinyl chloride) carbonium 
ion formation results 7. The suppression of this car- 
bonium ion formation is one of the fundamental condi- 
tions for obtaining a successful Ziegler-Natta type 
catalyst for the polymerization of vinyl chloride. 

The vanadium compound in the catalyst system 
would also be expected to be complexed by the tetra- 
hydrofuran; both the complexes VOC13.THF and 
VOCI2.2THF have been reported in the literature s. 

Oxidation state of vanadium 
A potentiometric method 9 was used to determine the 

oxidation state of the vanadium in the catalyst. Experi- 
mental details together with results are given in Table 2. 

Immediate reduction of V(V) to V(IV) occurs on 
mixing the catalyst components. Thereafter only slow 
reduction of V(IV) to V(III) occurs. Even after 3 days 
there is still 79 ~ V(IV) present in the system. 

Petrov and Korotkov 1° have studied the catalyst 
system VOC13/A1Et3 in benzene solution. They found 
that the oxidation state of the vanadium decreased with 
increase in triethylaluminium to vanadium oxytri- 
chloride ratio; above a ratio of 2:1 the vanadium was 
present as V(II). Our results, however, show that using 
a tri-isobutylaluminium to vanadium oxytrichloride 
ratio of 2.5: 1, the tetrahydrofuran restricts reduction 
below V(IV). Further reduction takes place only very 
slowly. 

It is considered that there is a connection between 
the reduction of vanadium beyond V(IV) and the 

Table 2 Oxidation state of vanadium in catalyst 
used for the polymerization of vinyl chloride 
[VOC1~]=0.0105 mol/I ; [Al(iBu3] :[VOC1~]=2.5:1 
[THF] :[VOCI3]= 7- 7:1 ; temperature=30°C 

Ageing 
time V(V) V(IV) V(III) V(II) 
(min) (%) (%) (%) (%) 

5 0 100 0 0 
30 0 100 0 0 

1440 0 92 8 0 
4320 0 79 21 0 

Table 3 Analysis of precipitate from 
cooling catalyst system to -193°C and 
raising to +5°C 
[VOCI3]=0.527 mol/I; [Al(iBu)3] :[VOCI3] 
=1:1; [THF]:[VOCI3]=4:I 

, i  

Percentage in precipitate 
Compound (wt %) 

T H F 55-65 
AI 2.5-3 
V 9-11 

Table 4 Oxidation state of vanadium in precipitate and super- 
natant from catalyst system 

[VOCI3]=0-527mol/I; [AI( iBu)~]:[VOCI3]=I:I ;  [THF]:lVOCI3]= 
4:1 ; temperature=30°C 

Oxidation state of 
vanadium in precipitate 

Oxidation state of 
vanadium in supernate 

Ageing 
time V(V) V(IV) V(III) V(ll) V(V) V(IV) V(III) V(ll) 
(h) (%) (%) (%) (%) (%) (%) (%) (%) 

½ 0 96 4 0 0 77 23 0 
24 0 92 8 0 0 65 35 0 
48 0 52 48 0 

120 0 30 70 0 

decrease in the rate of polymerization with time which 
was observed in earlier polymerizations 1, 2. Although 
the time scales of the two processes appear very different 
the percentage of V atoms active in polymerization 
is low ~. 

Isolation of VOClz.2THF 
When the polymerization system: 

VOCI3/AI(iBu)3/THF 

was cooled to low temperatures a light green precipitate 
was produced. Several of these precipitates were isolated 
by cooling the catalyst mixtures to -193°C, and then 
allowing the temperature to rise to 5°C. The precipitates 
were separated from the catalyst solutions by centri- 
fugation for 30 rain at 2000 rev/min at 5 °C. Experimental 
details are listed in Table 3. 

These results are somewhat inconclusive. The pre- 
cipitates, isolated in this way, all contain small per- 
centages of aluminium, which could arise through 
complex formation, adsorption, or even by freezing out 
of the aluminium alkyl. 

Moreover, both the precipitate and the supernate 
polymerized vinyl fluoride to give about 10 ~ conversion 
after 48 h. 

The oxidation state of the vanadium in the precipitate 
and the supernate was studied, and the results are 
listed in Table 4. 

Vanadium is present in the precipitate as 96 ~ V(1V), 
and therefore the vanadium compound present is most 
probably vanadium oxydichloride. Furthermore, since 
vanadium oxydichloride forms the complex VOCI2.2THF 
it is possible that the precipitate is largely VOC12.2THF 
(see below). 

Identification of gas produced on mixing catalyst 
components 

When tri-isobutylaluminium is added to a solution 
of vanadium oxytrichloride and tetrahydrofuran a 
vigorous exothermic reaction takes place and a gas is 
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evolved. A solution of tri-isobutylaluminium in benzene 
was slowly added to a solution of vanadium oxytri- 
chloride and tetrahydrofuran in benzene. The apparatus 
was connected to a nitrogen supply, and a slow stream 
of dried nitrogen was passed through the system. The 
gas liberated was collected in a trap. When all the 
alkyl had been added, the catalyst was stirred for 30 min. 
The trap was then removed from the apparatus, con- 
nected to a high vacuum system, and the gas was intro- 
duced into the distillation train. The gas was then 
purified by trap-to-trap distillation to remove any 
benzene which had been carried over by the nitrogen 
stream. This purification was effected by trap-to-trap 
distillation through traps cooled in slush baths of solid 
carbon dioxide in ethanol (-720C), diethyl ether 
(-120°C) and liquid nitrogen (-196°C). The molecular 
weight of the gas liberated was found to be 58. Mass 
spectrographic analysis of the gas identified this as 
isobutane. The reaction between vanadium oxytri- 
chloride and tri-isobutylaluminium in the presence of 
tetrahydrofuran may, therefore, be formulated as: 

VOCla. THF + Al(iBu)3. THF + T H F ~  

VOCIz. 2THF + AI(iBu)2CI. THF + ½C4H8 + ½C4H10 

The formation, in these Ziegler-Natta systems, of an 
alkane through some hydrogen abstraction process has 
been well established. In both the reaction between 
trimethylaluminium and titanium tetrachloridO 1 and 
trimethylaluminium and titanium trichloride 12 methane 
is evolved. The reaction between triethylaluminium and 
titanium tetrachloride has been studied 13 in the presence 
of carbon tetrachloride. No ethyl chloride was found. 
de Vries 14 and van Heerden 15 have shown that alkyl 
titanium compounds decompose by a bimolecular 
process yielding an olefin and an alkane, viz. : 

2TiCIsEt~ 2TiCIz + C2H6 + C2H4 

This bimolecular process only occurs to a substantial 
degree when there is a hydrogen atom on the r-carbon 
atom of the titanium alkyl halide. No isobutene was 
identified in the gas liberated in the present experiments, 
but it is possible, however, that any isobutene produced 
could have been converted into solid polymer. 

Polymerization of vinyl chloride using tetravalent vanadium 
compounds 

Attempts were made to polymerize vinyl chloride 
using the following catalyst combinations: VOClz; 
VOCI2]AI(iBu)a; VOCI2/AIOBu)a/THF. All these com- 
binations produced heterogeneous systems. The results 
are shown in Table 5. Use of vanadium oxydichloride 
alone produces no polymer. In the other two catalyst 
systems the yield of polymer is low when compared to 
that obtained from the system VOCla/AI(iBu)3/THF. 
Evidently the active catalyst system 

VOCla/AI(iBu)a/THF 

is not simply derived from vanadium oxydichloride. 
The following catalyst combinations were then in- 

vestigated: 

VOC12.2THF; VOC12.2THF/AI(iBu)3; 

VOC12.2THF/AIOBu)z/THF. 

The catalysts were prepared by addition of vanadium 

oxydichloride tetrahydrofuranate to benzene followed 
by tetrahydrofuran and tri-isobutylaluminium when 
required. All these catalyst combinations produced 
homogeneous systems. Addition of tri-isobutylaluminium 
to a solution of vanadium oxydichloride tetrahydro- 
furanate in tetrahydrofuran changed the colour from 
pale blue to brownish green. 

As can be seen from Table 6 use of vanadium oxy- 
dichloride tetrahydrofuranate alone does not produce 
an active catalyst. The most active catalyst is that 
produced when sufficient tetrahydrofuran is added to 
complex all the tri-isobutylaluminium. Figure 1 shows 
that the course of the polymerization is similar to that 
observed for polymerization using the catalyst system 
VOClz/AI(iBu)z/THF. As can be seen from Table 7 
there is no appreciable increase in the initial rate of 
polymerization when the tetrahydrofuran to tri-isobutyl- 
aluminium ratio is increased from 1:1 to 40: 1. This 
differs somewhat from the behaviour established for 

Table 5 Polymerization of vinyl chloride using catalysts prepared 
from vanadium oxydichloride 
[Vinyl chloride]=2.54molfl; [VOC[2]=0.0104mol/I; polymeriza- 
tion time=24h; temperature=3O°C 

[Al(iBu)3] [THF] Conversion 
Catalyst [VOCI2] [VOCI2] (%) 

VOCl2 - -  - -  No polymer 
VOCl2/Al(iBu)3 2:1 - -  Traces 
VOCI2/AI(iBu)3/THF 2:1 7-7:1 3.3* 

* Corresponding value for catalyst system VOCI3/AI(iBu)3/THF 
is 25%. 

Table 6 Polymerization of vinyl chloride using catalysts prepared 
from vanadium oxydichloride tetrahydrofuranate 
[Vinyl chloride]=2.54mol/I; [VOCI~.2THF]=0.0104mol/I; poly- 
merization time=24h; temperature=30°C 

[Al(iBu)3] [THF] Conversion 
Catalyst [VOCI2.2THF] [VOCIs.2THF] (%) 

VOCI2.2THF - -  - -  No polymer 
VOCI2.2THF/ 1:1 - -  8 

Al(iBu)3 
VOCI2.2THF/ 1:1 1:1 13 

AI(iBu)~/THF 

2 0  

r "  
._(~) 

>~ ~o 
0 

U 

0 I I I 
0 t 0 0 0  2 0 0 0  3 OOO 

Time(rain) 

Figure 1 Plot of % conversion versus time for the polymerization 
of vinyl chloride with a catalyst prepared from vanadium oxy- 
dichloride. [Vinyl chloride]=2-54mol/I; [VOCk.2THF]=0.0104 
mol/I ; [Al(iBu)3] :[VOCI2..2THF]----- 2:1 ; [THF] :[Al(iBu)3]= 3:1 ;sol- 
vent= benzene; temperature=30°C 
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Table 7 Effect of tetrahydrofuran concentration on 
the initial rate of polymerization 

[Vinyl chloride]=2.54mol/I; [VOCI2.2THF]=0.0104 
mol/I; [Al(iBu)8] :[VOCI=.2THF]=2:I ; temperature= 
30°C 

Concentration o f  

tetrahydrofuran [THF] 
(mol/I) [Al(iBu)3] 

Polymerization using modified Ziegler-Natta catalysts (3): R. N. Haszeldine et al. 

In addition, the following equilibria may be estab- 
lished in the catalyst system: 

A1R2C1. VOC1R. 2THF~VOC1R. 2THF + A1R2CI (3) 
(Complex II) 

A1R2CI. VOC1R. 2THF + A1R3 ~- 
Initial ratex 10 4 

(mol/I min) VOCIR. 2THF + AI2RsCI (4) 

Complex II has not been isolated, but would be 
expected to have the structure: 

- -  - -  5-1 
0.021 1:1 10-2 
0-063 3:1 10.2 
0-84 40:1 10-9 

Table 8 Comparison o f  v a l u e s  of initial rates 
using VOCI3 with those using VOCI2 in the 
catalyst system 

[Vinyl chloride]=2.54mol/I; [vanadium com- 
pound]= 0.0104 mol/I ; [Al(iBu)z] :[vanadium com- 
pound]=2:1; [THF]:[AI(iBu)3]=3:I ; tempera- 
tu re= 30°C 

Initial ratex 10 4 
Catalyst system (mol/I min) 

VOCIz/AI(iBu)z/THF 7"2 
VOCIz.2THF/AI(iBu)3/THF 10"2 

the more complex VOClz/AI(iBu)a/THF system in 
which the critical ratio was found to be 6: 1. However, 
as was observed for polymerizations using the catalyst 
system VOCI3/AI(iBu)3/THF the initial rate of poly- 
merization is first order with respect to monomer and 
vanadium compound concentrations. Moreover, Table 8 
shows that the initial rates of polymerization by these 
two systems are very similar indeed. 

DISCUSSION 

The results presented in this paper demonstrate that 
the active centres in the catalyst system 

VOCla/AI(iBu)a/THF 

are formed by the interaction of vanadium oxydichloride 
tetrahydrofuranate and tri-isobutylaluminium in the 
presence of tetrahydrofuran. The first stage of this 
reaction is believed to be rapid complex formation as 
is indicated by the instantaneous colour change observed 
on adding the tri-isobutylaluminium. 

In general the initial stage of the reaction may be 
formulated as16: 

VOCIz. 2THF + AIRa. T H F ~  

A1R2C1.VOCIR.2THF+THF (2) 
(Complex I) 

Complex I probably has the structurO7: 

O 

THF I ct  R 
R 

(I)  

o 

THF I R R 

I / 
CI CI- -AIEt  2 

(~I) fro) 

Such a complex is octahedral, possesses a vacant co- 
ordination position, and by analogy with the Cossee- 
Adman theory 18 of heterogeneous Ziegler-Natta poly- 
merization, could be considered a potential active site. 
Furthermore it would be present only in small concen- 
trations since the equilibrium in reaction (3) would lie 
to the far left 19. However, the active site could be a 
bimolecular complex of the type suggested by Henrici- 
Oliv6 and Oliv617 (complex III) but this is considered 
somewhat less likely since the tetrahydrofuran would 
be expected to dominate the scene by its superior com- 
plexing power not only to vanadium (complex II) but 
it would encourage reactions (3) and (4) by complexing 
with AIR2C1 and A12RaCI. This would also explain 
why nearly maximum initial rate is attained at 
[THF]/[VOC13] just over 4 (see Table 4 of Part 1 i). 

The most striking feature of the kinetic results pre- 
sented earlier 1, ~ was the rapid decrease in the overall 
rate of polymerization as a function of time. Evidently, 
the active centres are formed immediately the catalyst 
components are mixed. These centres are unstable and 
decompose. Many transition metal alkyl derivatives 
are known to decompose by means of a bimolecular 
process14, 15, 17, and if this were the case in the present 
system, then the rate of decrease of active centre con- 
centration (C) would be given by the equation: 

- d C  
dt =kaC2 (5) 

where ka is the rate constant for the bimolecular de- 
composition process: 

+ -  
2CatCHz--CH ~ P~inactive products+polymer (6) 

I 
X 

Equation (5) assumes that no further active centres 
are generated in the system after the catalyst com- 
ponents are mixed. 

Integration of equation (5) between t = 0  and t=t  
gives :  

1 
Ct =kat + I/Co (7) 
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where Co and Ct are the active centre concentrations 
at t = 0 and t = t respectively. 

Under conditions where the concentration of monomer 
is constant, or nearly so: 0.1o 

Q _ Rt (8) _~ ,~ 
Co Ro ~]~' 

where R0 and Rt are the overall rates of polymerization -- 
at t = 0  and t =  t respectively. ~-°O.O5 

Thus equation (7) becomes: 

~°t= Cokat 1 (9) + 

A plot of (Ro/Rt)-1 against t should therefore be a 
straight line of slope kaCo. 

At low conversions such a plot is indeed linear, and 
a typical plot is shown in Figure 2. Above about 5 
conversion deviation from linearity occurs. 

Earlier kinetic results have shown that the initial 
rate of polymerization is proportional to the monomer 
(M) and catalyst concentrations. If  chain propagation 
is assumed to proceed by means of the insertion 
mechanism, believed to operate in Ziegler-Natta systems, 
the rate of polymerization (R~) will be given by: [THF]× 10 z [THF] 

-- dM (tool/0 [VOCl3] 
R~- dt-k~Ct[M] (10) 

4"2 4'0 
6"5 6"2 

where k~ is the rate constant for propagation. 39.0 37.5 
Substitution for Ct from equation (7) yields: 116 112 

850 337 
- d M _  k~dt (11) 506 481 
[M] kat + I/Co 

Integration between the limits t =  0 and t =  t gives: 

[M]0 kp 
lntxii-  -~_ln(kaCot+ 1) 

t w l J t  K,o~ 
(12) 

I 

O 
~c 4 

2 

O 
O 

Figure £ 
1.96 mol/I; [VOCIs]= 0.0104 mol/I; 
[THF]:[VOCIsI=10:I 

/ 

I ! 

500 1 0 0 0  
Time (rain) 

Plot of (Ro/Rt)- 1 versus time at 80°C. [Vinyl chloride]= 
[Al(iBu)~] :[VOCI3]= 5.3:1 ; 

I L I 

o 0.5 1.0 1"5 
LOglo(kdCo~+I ) 

Figure3 Plot of lOgl0[M]o/[M]t versus Iogzo(kdCot+l). Experi- 
mental details as for Figure 2 

Table 9 Variation of kdCo, kp/kd and kpCo with tetrahydrofuran 
concentration 

[Vinyl ch[oride]=1.96mol/I; [VOCI3]=0.0104mol/I; [AIOBu)8]: 
[VOC1~]=2.5:1 ; temperature=30°C 

kdCo× 103 kp kpCo× 103 
(min -1) kd (min -z) 

3.57 0"09 0-33 
1 • 75 0.28 0.49 
1.75 0.28 0.49 
1" 75 0"28 0.49 
1.75 0.28 0-49 
1 "75 0.28 0.49 

where [M]0 and [M]t are the monomer concentrations 
at t = 0 and t = t respectively. 

A plot of ln[M]0/[M]t against ln(kaCot+ l) should 
therefore be linear and of  slope k~/ka. Such a plot is 
shown in Figure 3 and is considered to be excellent 
confirmation of  the proposed theory. 

The effect of variation of the ratio of  tetrahydrofuran 
to vanadium oxytrichloride on the values of kaCo, k~Co 
and kp/kg was investigated, and the results are shown 
in Table 9. Above a ratio of tetrahydrofuran to vanadium 
oxytrichloride of  6-5: 1 kaCo is strictly constant, indicat- 
ing a constant number of active centres in the poly- 
merization system. The reason for the higher value of 
kg at a ratio of tetrahydrofuran to vanadium oxytri- 
chloride of 4.0:1 is probably because insufficient tetra- 
hydrofuran is present to complex all the vanadium and 
tri-isobutylaluminium; a ratio of 4.5: 1 is required for this. 

The effect of variation of the tri-isobutylaluminium 
concentration on the values of kaCo, k~Co and k~/ka 
is shown in Table 10. It is evident that in this case there 
is a gradual increase in the number of active centres 
and also an increase in ka with increase in tri-isobutyl- 
aluminium concentration. Evidently the postulated 
kinetic scheme has been too simplified. 

An increase in Co with increase in the tri-isobutyl- 
aluminium concentration could arise from either reaction 
(4) or (2), whilst the apparent increase in ka may be 
due to reactions such as: 

+ -  
Cat CH2--CH ~ P + AlR3-~Inactive products + polymer 

I 
x (13) 

which have not been allowed for in the reaction scheme. 
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Table 10 Variation of kdCo, kp/kd and kpCo with tri-isobutyl- 
aluminium concentration 

[Vinyl chloride]= 1.96 mol/I ; [VOCla] = 0' 0104 mol/I; [TH F] : 
[Al(iBu)3]=10:l ; temperature=30°C 

[Al(iBu)3]x 102 [Al(iBu)3] kdCox 103 kp kpCox 103 
(mol/I) [VOCI3] (min -1) kd (min -~) 

1.56 1-5 0-80 0.41 0.33 
2.70 2-6 1.75 0.28 0.49 
3.32 3.2 2.06 0.23 0.48 
3.95 3.8 2.40 0-26 0.62 
4.90 4.8 4.6 0-16 0.73 
5.51 5.3 7.3 0-106 0.78 
6.55 6'3 9"8 0.104 1.02 

In  conclusion the kinetic behaviour  of this somewhat  
novel catalyst system is consistent with the mechanism 
believed to operate in many  Ziegler-Nat ta  systems, and 
can be accounted for by means  of  a simple kinetic 
scheme, which involves a rapid bimolecular  decomposi- 
t ion of a t ransi t ion metal  alkyl compound,  or of a 
complex formed on interact ion of a t ransi t ion metal 
alkyl with an a lumin ium alkyl. 
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Note to the Editor 

Polyamides derived from squaric acid 
Brian R. Green and Eberhard W. Neuse 
Department of Chemistry including Biochemistry, University of the Witwatersrand, Johannesburg, South Africa 
(Received 2 January 1973) 

In a recent study 1, 8, Gauger and Manecke obtained 
polyamides from squaric acid (1,2-dihydroxycyclobuten-3, 
4-dione) and difunctional amines, such as p-phenylene- 
diamine or hexamethylenediamine, by solution poly- 
merization and other techniques. Structures I(R = 
1,4-phenylene, 4,4'-biphenylene, polymethylene) were 
ascribed to representative polymers on the strength of 
i.r. spectral data and by comparison with analogous 
non-polymeric amidation reactions of squaric acid a-6. 
The same workers prepared polyamides assigned the 
isomer structure II from diethyl squarate (1,2-diethoxy- 
cyclobuten-3, 4-dione) and difunctional amines by similar 
solution polymerization techniques. 

NH - -  R - -  NH 

(I) (II) 

More recent work in our laboratory on non-polymeric 
amidation reactions of squaric acid 7 suggested, however, 
that the experimental conditions of Gauger and Manecke 
should be conducive to 1,3- as well as 1,2-orientation 
(albeit the former predominant) of the substituents on the 
four-membered ring system and so should furnish 
polycondensation products not precisely of the type 1, 
but rather possessing a 'copolymer' structure that 
comprises the units of both I and II in its backbone. 

A synthetic programme involving the polycondensa- 
tion of squaric acid with p-phenylenediamine by solution 
polymerization techniques, including those employed 
previouslyl, 2, has indeed confirmed these expectations. 
Duplicating the condensations of Gauger and Manecke 2, 
we condensed equimolar quantities of squaric acid and 
p-phenylenediamine in refluxing glycerol. The dark 
brown polymer separated and purified as described 2 gave 
an i.r. spectrum that exhibited the strong cyclobutene- 
diylium diolate absorption s, 5, 9 near 1600 cm -1 (super- 
imposed on a phenylene ring-vibrational mode at this 
position) and additionally gave in moderate intensity the 
characteristic pair of (asym and sym) carbonyl stretching 
bands 2, 5, 8 of the cyclobutenedione system near 1786 and 
1675 cm -1, the latter appearing as a shoulder on the 
diolate absorption band. A similar absorption pattern 
was observed with polymers obtained from the same 
starting materials on solution polymerization in N-methyl- 
pyrrolidone (containing 5 ~  LiC1) or polyphosphoric 
acid (83 ~ P205 content) under the conditions summarized 
in Table 1. 

In a 1,3-diamide structure, as represented by I, the 
cyclobutenedione absorption in the 1680-1840 cm -1 
region should be strictly absenP, and any bands appearing 
at this position should then be entirely due to (monosub- 
stituted) squaryl end groups. In this case, however, in 
view of the relatively low concentrations of such end 
groups in the polymers synthesized (especially those 
possessing higher viscosities), one would expect lower 
band intensities than observed. Furthermore, the 
intensities of the two bands should increase with decreas- 

Table 1 Solution polymerization of squaric acid and p-phenylenediamine a 

Squaric acid Polymer r/inh c 
Exp. No. Heating conditions Solventb conc. (mol/I) yield (~/o) (ml/g) Remarks Ref. 

1 10 min at reflux temp.d glycerol 0.25 91 "5 15"8 

2 4 h at reflux temp. NMP 0.09 61 "3 e 9"7f 

3 20 h at 160°C PPA 0-17 92-5 17.1 
2"5 h at 220°C 

4 15 h at 165°C PPA 0.67 96"8 29.1 

product precipitates 1,2 
from soln during 
heating period 
product precipitates this work 
partly from soln 
during reaction; 
second portion 
precipitated by 
excess water 
product remains in this work 
soln throughout, is 
precipitated by 
excess water 
as in 3 this work 

a Equimolar quantities of reactants. All solvents degassed; experiments conducted under N2. Crude products reprecipitated 
from 98~/o H2SO4. Acceptable elemental analyses obtained on all polymers 

b NMP=N-methylpyrrolidone; PPA= polyphosphoric acid 
c0.5~o (w/v) at 30°C in 98~/o H~S04 
d Additional 40 min at reflux, as solvent is partly distilled off 
eyield of portion precipitating during reaction (additional 38~o of product precipitated by water) 
f Determined on portion precipitating during reaction (7.3 on product precipitated by water) 
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ing molecular weight, a trend that we were, at least 
qualitatively, unable to observe on fractionated material. 
Finally, squaryl end groups and hence carbonyl band 
intensities should undergo a drastic decrease upon further 
reaction of the polymers with excess p-phenylenediamine. 
Such an experiment was performed with polymer No. 1 
(3 h at 150°C in polyphosphoric acid), but no change in 
intensities of the two bands could be noticed. We are thus 
led to conclude that the polyamides here described must 
be represented by the copolymer structure III ,  with both 
unit types likely to be randomly distributed along the 
chain. As far as the relative occurrence of the two units 
is concerned, we can only qualitatively assess at this 
stage that y > x .  This question is being examined in 
more quantitative terms. 

OH OH 

( x + Y ) o ~  O + (x+y) H 2 N ~ N H 2  -H20~ 

t 
(III) 

The viscosity data listed in Table 1 point to the advan- 
tage in using polyphosphoric acid as the reaction medium, 

Note to the Editor 

this advantage deriving from superior efficacy of poly- 
phosphoric acid as a condensing agent and, more impor- 
tantly, f rom retained product solubility throughout the 
reaction, allowing for homogeneous chain-growth 
conditions. 

Efforts to study the electronic absorption characteris- 
tics of  the described polyamides and related polymers 
derived from squaryl esters and squaryl dichloride are in 
progress. 
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Stereoregular polymerization of vinyl chloride 
with the redox system ferrous sulphate/hydrogen 
peroxide/oxalic acid: 1. Influence of some 
synthesis conditions on the stereoregularity 
of PVC 

K. Dimov and L. Slavtcheva 

Higher Institute of Chemical Technology, Sofia 56, Bulgaria 
(Received 14 November 1972; revised 6 February 1973) 

The emulsion polymerization of vinyl chloride with the redox catalyst system ferrous 
sulphate/hydrogen peroxide/oxalic acid has been studied in the temperature range -30°C 
to +20°C. The effects of the catalyst components' ratio and polymerization temperature on 
the stereoregular structure, thermostability and molecular weight of the obtained poly- 
(vinyl chloride) were investigated. 

INTRODUCTION 

Obtaining poly(vinyl chloride) (PVC) of stereoregular 
structure and minimum content of chain branches with 
higher thermostability characteristics is of interest in 
the production of fibres and foil. 

Until recently low temperature polymerization I has 
predominantly applied as a method for obtaining a 
polymer of stereoregular structure and higher thermo- 
stability but now investigations are being carried out 
also at temperatures above 0°C 2. 

The stereoregularity of poly(vinyl chloride) is increased 
by applying emulsion, suspension or bulk polymerization 
of vinyl chloride with redox-type catalysts. These can be 
water-soluble (inorganic salts of Fe, Cu, Ni, Co, Mn 
inorganic peroxides, for instance the system ferrous 
sulphate/hydrogen peroxide/oxalic acid 3) or soluble in 
the monomer (carboxylic acid salts/organic peroxides, 
for instance ferrous caproate/lauryl peroxide4.) The use 
of chloroacetyl peroxides 5 for initiation of low tempera- 
ture polymerization of vinyl chloride is well known. 

However, a number of problems pertaining to the 
realization of stereoregular polymerization of vinyl 
chloride including the use of the redox system ferrous 
sulphate/hydrogen peroxide/oxalic acid, are not yet 
explained, irrespective of the above mentioned investi- 
gations. The effect of polymerization temperature (Tp) 
on stereoregularity and the yield of PVC remains an 
undecided problem. Also, no complete investigation has 
been made about the dependence of structure and soften- 
ing temperature on the molar ratio of components in the 
redox system. 

The present investigations are intended to follow the 
effect of Ta0 and the ratio of components in the redox 
system ferrous sulphate/hydrogen peroxide/oxalic acid 
on the thermostability and stereoregularity of the poly 
(vinyl chloride) obtained. 

EXPERIMENTAL 

Materials 
Monomer. Commercial vinyl chloride was purified by 

distillation in which its vapour bubbled through concen- 
trated aqueous NaOH solution to eliminate inhibitors 
(hydroquinone and t-butyl catechol) and all traces of 
hydrochloric acid. Then the gas (b.p. -13-9°C) was 
dried over granulated KOH and collected in a cooled 
glass vessel. The monomer purity was determined by 
gas chromatographic analysis 6 in a Perkin-Elmer F l l  
gas chromatograph. It was 99"870 vinyl chloride, 1,1'- 
dichloroethane appearing as an impurity. 

Catalyst. The catalyst system components were 
commercial products: ferrous sulphate (analytical reagent 
grade), containing 99 ~o active substance, was purified by 
recrystallization from water; hydrogen peroxide (per- 
hydrol) was analytical reagent grade (non-stabilized) 
containing 30700 HzO2; oxalic acid was purified by 
recrystallization from an aqueous solution, m.p. 101.5°C. 

Emulsifier E30. This was a commercial product 
representing the sodium salt of mepasin* sulphonic acid 
(CnHn+ISOaNa, n=12-18). The emulsifier content of 
mepasin sulphonate was over 92 70. In the polymerization 
process E30 was used in the form of a 25 70 aqueous 
solution. 

Solvent for the polymer. Cyclohexanone, was an 
imported product of VEB Laborchemie Apolda (GDR), 
of purum level purity: n~ ° = 1.4507; m.p. 155 °C. 

Methods 
Polymerization of vinyl chloride was carried out in 

a stainless-steel autoclave fitted with a magnetic stirrer 
and a coil for heat circulation. Reaction temperature 

* Mersenburgen Parafirten Syntese: fraction of synthetic petrol 
obtained by the Fischer-Tropsch synthesis, which was purified 
from unsaturated and oxy-compounds by hydration. 
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conditions were maintained by means of an ultrathermo- 
stat and were controlled by a thermometer incorporated 
in a special case welded to the cap of the autoclave. 

The initial charge was 0.4501 of aqueous methanol 
solution (2: l water: methanol), ferrous sulphate (from 
0.0315 to 0 .538~ by weight against VC) 0.250g of 
oxalic acid and emulsifier (0.975 ~ by weight against the 
aqueous methanol phase). The autoclave was purged 
with pure nitrogen (oxygen content <0.1 ~ )  and was 
then evacuated three times for 15 min each time at 20°C 
to a resulting pressure of 10mmHg. In the intervals 
between the evacuations it was purged with nitrogen. 
The autoclave was then cooled to - 3 0 ° C  and charged 
with 186g of vinyl chloride and hydrogen peroxide 
(from 0.247 to 0-860~ by weight against VC). Exact 
doses of monomer were determined by volume. The 
process was carried out in nitrogen with continuous 
stirring. 

When the reaction was completed, the suspension was 
filtered and the filtrate was precipitated with a 5 ~  
aqueous solution of potassium aluminium sulphate. The 
additionally coagulated polymer was filtered, washed and 
dried in vacuum at 60°C. 

The poly(vinyl chloride) obtained was characterized 
by determining its relative viscosity (0"5~o solution in 
cyclohexanone at 25°C) and Fikentsher K value. Accord- 
ing to Krimm and Liang v fluctuations of the conforma- 
tion are shown by i.r. absorptions between 600 and 
700cm -1 and so the syndiotactic index D635/692 was 
obtained by infra-red spectroscopy using a Carl Zeiss 
(GDR) IR-20 apparatus. The softening temperature (Tg) 
was obtained by differential thermal analysis carried out 
in a derivatograph (Paulik-Paulik-Erdey system, Orion 
type). 

RESULTS AND DISCUSSION 

Polymerization was carried out by an emulsion method 
in water-methanol. 

The redox system used is related to the water-soluble 
sjystems. Its decomposition in the water-methanol 
solution of vinyl chloride (VC) is slowed down by 
increasing the content of methanol in the VC. Increased 
concentration of methanol in the system leads to increased 
solubility of VC in the aqueous phase and to partial 
sedimentation from this phase of the polymer obtained, 
i.e. a heterogeneous process occurs. The amount of the 
so called 'pearl' polymer (precipitated polymer) thus 
obtained is variable and depends on the polymerization 
temperature and agitation of the reaction medium. Best 
yields are obtained at a polymerization temperature of 
- 3 0 ° C  (58 ~ to 70 ~; of the total amount of the obtained 
polymer). Its content: at temperatures higher than - 15°C 
is below 1 ~  of the total polymer. It should be noted 
that quality indices of the 'pearl' poly(vinyl chloride) 
are different from those of the polymer separated by 
coagulation with potassium aluminium sulphate. In 
carrying out vinyl chloride polymerization at low 
temperatures best results are obtained at a 50 ~ content 
of methanol in the aqueous phase. 

Participation of oxalic acid is intended to reduce 
Fe 3+ to Fe 2+ which gives an opportunity for more 
complete use of the redox components and of the 
reducing agent in particular. It helps in addition to 
establish a pH of 3 in the medium for the process to proceed. 

In emulsion polymerization the present redox system 

reacts in both acidic and alkaline media but heterogene- 
ous polymerization of vinyl chloride in methanol occurs 
only in an acidic medium s . Preferably organic acids 
which do not decrease thermostability of the polymer 
are used for this. 

Figure 1 and Figure 2 give the results obtained in the 
investigation of the effect of molar ratio of the redox 
system components on the yield and properties of the 
poly(vinyl chloride) obtained at a polymerization 
temperature of -20°C.  As can be seen from data in 
these Figures, a polymer of highest yield and molecular 
weight, of highest content of the crystalline phase and 
highest glass-transition temperature (Ty) is obtained at 
a ratio of the molar concentration of the reducing to 
the oxidizing agent C1/C2=0"093, where C1 is molar 
concentration of ferrous sulphate and C2 is the molar 
concentration of hydrogen peroxide. 

Figure 3 and Figure 4 illustrate the results from the 
investigation of the effect of Tp on the yield and proper- 
ties of the polymer. Figure 3 shows that as expected the 
molecular weight of the polymer increases as Tp is 
decreased. This increase is very rapid below - 2 0 ° C  
while the change of temperature from - 2 0 ° C  to + 20°C 
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gives only a slight effect. Polymerization temperature 
has a negligible effect on the yield of PVC. 

Figure 4 gives the dependence of the stereoregular 
structure of PVC and of Tg on T~. In contrast to expect- 
ations for a predominant quantity of atactic PVC at 
reaction temperatures above -13"9°C, the present 

and L. Slavtcheva 

investigations have shown that when the redox system 
ferrous sulphate/hydrogen peroxide/oxalic acid is used 
at temperatures above 0°C a polymer of a characteristic 
stereoregular structure is obtained. The syndiotactic 
index is quite high (2.02) even at a temperature close to 
room temperature (15°C). The Tg of PVC also increases 
when it is obtained at reaction temperatures above the 
VC b.p. In the investigated temperature range of poly- 
merization, maximum Tg and syndiotactic ratio are both 
obtained at 0°C. 

The maximum and minimum points on the curves 
reflecting the change of D635/692 and Tg are seen in 
Figure 4, at the f.p. of water and the b.p. of VC. To 
explain this we proceed from the generally accepted 
assumption that a suitable preliminary orientation of the 
monomer molecules involved in polymerization is 
favourable for obtaining polymers of higher stereoregular 
structure. In conforming with these conditions, the 
stereoregularity of the PVC obtained and simultaneously 
its Tg should increase with decreasing polymerization 
temperature. In our investigations this dependence is 
valid for reaction temperatures below the b.p. of VC. 
The range of temperatures above - 13.9°C is of interest. 
Here a continuous growth of D635/692 and Tg to 0°C is 
observed, after which these magnitudes change slightly 
with a trend to reduction. 

CONCLUSION 

Polymerization of vinyl chloride with the redox system 
ferrous sulphate/hydrogen peroxide/oxalic acid was 
studied. 

The molar ratio of components in the catalyst system 
and polymerization temperature exert a marked effect 
on the yield, Tg and syndiotactic level of PVC. 

PVC of the highest yield, Tg and syndiotactic level in 
the conditions under investigation is obtained at 0°C 
and a ratio of 0.093 of ferrous sulphate to hydrogen 
peroxide. 

PVC of good Tu and syndiotactic level may also be 
obtained with the use of the investigated redox system 
at a polymerization temperature of 15°C. 
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Estimation of heat of dilution of polymer 
solution: a trial on a correction of the heat of 
stirring ascribed to the viscosity difference 
before and after dilution 

Katsutoshi Tamura, Sachio Murakami and Ryoichi Fujishiro 
Department of Chemistry, Osaka City University, Sumiyoshi-ku, Osaka, Japan 
(Received 15 January 1973) 

The heat of dilution for the polystyrene and methyl ethyl ketone system was measured 
using an isothermal calorimeter, and the heat correction due to the change of stirring 
before and after dilution was estimated from the observed change in heat of dilution. The 
net heat of dilution of the polystyrene and methyl ethyl ketone system obtained was very 
small and the system was considered to be almost athermal. The heat correction due to 
the change of stirring was unexpectedly large, and often exceeded the net heat of dilution. 
The interaction parameters obtained for the polystyrene and methyl ethyl ketone system 
were +0.035, +0.012, -0.022, and -0-062 for molecular weights of 2100, 22 000, 57 500, 
and 212 000, respectively, at 298.15K. 

INTRODUCTION 

Many authors 1-a have measured the osmotic pressure 
of the polystyrene and methyl ethyl ketone system and 
have indirectly estimated the heat of dilution to be 
slightly exothermic for polystyrene of molecular weight 
greater than 105 . On the other hand, we have directly 
estimated the heat of dilution to be slightly endothermic 
for polystyrene of degree of polymerization = 244 using a 
twin-type conductive calorimeter 4. To solve this inconsis- 
tency, we have again tried to measure the heat of dilution 
for the polystyrene and methyl ethyl ketone system using 
a newly constructed isothermal calorimeter. Results 
obtained show that stirring the solution has a consider- 
able effect on the heat of dilution which is very small in 
absolute magnitude. In this paper, we discuss the effect 
of stirring on the heat of dilution and report net heats 
of dilution which are endothermic for polystyrene of 
low molecular weight and exothermic for polystyrene 
of high molecular weight. 

EXPERIMENTAL 

Materials 
Polystyrene of molecular weight=2100 was supplied 

by Pressure Chemical Co.; that of molecular weight = 
22 000 by Asahi Dow Chem. Co.; and those of molecular 
weights=57500 and 212000, by Dr Hamada (Kyoto 
University). 

Methyl ethyl ketone (special grade) was purified by 
the standard method 5. 

Apparatus 
The mixing cell (total volume~90cm a) is shown in 

Figure 1. The calorimeter is a modified one of the Van 

Ness type of isothermal displacement calorimeter 
described in a previous paper 6. 

The mixing cell is a Dewar vessel with a polished glass 
bottom. About 40 cm 3 of polymer solution (or solvent) 
is introduced into the mixing cell and then the solvent 
(or polymer solution) is added from the piston burette 
through a Teflon tube, the inner diameter of which is 
3 mm. The solution in the mixing cell is stirred by a 
Teflon-coated magnetic spin bar with two glass paddles, 
activated by an external magnet rotating at 300 rev/min 
by means of a constant-speed motor. The temperature 
change of the solution in the mixing cell is detected by 
the thermistor (which is ~ 37kf~ at the temperature of 
the experiment, 298.15K), Wheatstone bridge, micro- 
voltmeter, and recorder. The manganin wire heater, 
with a resistance of about 50 ~, is used for thermal 
compensation. The heater power is calculated by measur- 
ing the voltage across the heater and a 1 ~ standard 
resistance by means of a digital voltmeter. In order to 
maintain the isothermal state of the calorimeter, the 
Peltier cooling effect of a thermomodule is used and the 
electric current through it is supplied by a stabilized d.c. 
power supply, the drift of current being monitored on a 
recorder. 

Procedure 
The measurement procedure for exothermic and endo- 

thermic processes is schematically illustrated in Figure 2. 
The upper part of Figure 2 corresponds to an exothermic 
process and the lower one to an endothermic one. Time axes 
for them are in the horizontal direction from left to fight. 

Each process is divided into three steps. 

First step (before mixing). The stirrer is rotated and 
a given amount of current is supplied to the heater (I 
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Figure 2 Schemes of dilution processes 

and V are measured by a digital voltmeter) from a 
stabilized d.c. supply through a potential adjustment 
assembly. Then the current supplied to the thermo- 
module (cooling device) is adjusted so that the work of 
the thermomodule (Wth) is balanced by the sum of the 
heat produced by the heater (Wb) and the stirrer (Wst). 
The above operations give a linear base line on the 
recorder (through the thermistor, Wheatstone bridge, 
and amplifier) since the heat produced in the cell 
(Wb-/- Wst) and the heat absorbed by the thermomodule 
(Wth) balance each other. The temperature in the cell is 
adjusted to that of the thermostated bath to make the 
thermal exchange between the cell and the bath as small 
as possible. 

Second step (mixing period). On dilution, in order to 
balance the heat produced, the heater current is changed 
to W~ and the cell temperature is held in the neighbour- 
hood of the initial set value. In actual operation, the 
heater current is decreased (increased for an endothermic 
case) by a definite amount, and the flow rate of solvent 
from the piston burette is adjusted step by step if the 
cell temperature deviates from the base line. This step 
interval is counted by the digital clock. 

Third step (after mixing). As soon as dilution is over, 
the heater current is adjusted to an amount (Wa) so 
that the heating and stirring heats are balanced by the 
cooling of the thermomodule which is always constant. 
Thus, the base line after mixing returns to the original 
one. 

RESULTS AND DISCUSSION 

Each experimental run gives the following information: 
work of heating (W b, Wt, and Wa), time interval t, 
initial and final volume fractions of polymer ~b2 and ~2', 
and volume change A V and, if necessary, volume fraction 
of polymer in piston burette, q~20. 

The difference of Wb and Wa corresponds to the 
change of stirring work A Wst before and after dilution. 
The plots of integrated amount of A Wst against the 
change of volume fraction of polymer due to the dilution 
are given in Figures 3 and 4. In these Figures A Wst is 
positive when the stirring work decreases, since a decrease 
of the stirring work corresponds to an endothermic 
process in the experiment. Figure 3 shows the decrease 
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x ~ x  
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Figure 3 Plot of the integrated amount of stirring work (case of 
decrease of stirring work). Molecular weights: O, 2100; x,  22000; 
(3, 57 500 
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of stirring work with the decrease of volume fraction of 
polymer. Figure 4 represents the increase of stirring work 
with the increase of volume fraction of polymer. The 
slopes of these curves seem to change reasonably with 
molecular weight and concentration of polymer. Natur- 
ally, these values may depend also on the shape of the 
stirrer, the power of stirring and the volume of solution 
in the cell. The effect of A Wst on the error of the heat of 
dilution is discussed below. 

The heat of dilution can be estimated from Wb, Wt, 

Wa, and t, by using the following equation, assuming 
that the work of stirring on dilution changes linearly 
with time: 

Q = [ W t - ( W b +  Wa)/Zlt (1) 

AW in Figure 2 is equal to [ W t - ( W b +  Wa)/2]. 
In the actual run, however, the flow rate of titre is not 

constant and the change of the volume fraction is not 
linear with time. This deviation from linearity with time 
brings an error (3Q) in Q in equation (1). Since the 
maximum value of the error is gQma~=AWst.t/2, the 
error may be in the following range; 0< 13Q[ < [SQmaxl. 
Usually the deviation from linearity is not expected to 
be so large; hence it may not be unreasonable to put 
tentatively: 

13Qt = 18Qmaxl/2= ~ W~t. t/4 (2) 

The heat of dilution Q is related to the interaction 
parameter K and the initial and final volume fractions 
¢2 and ¢z' by the following modified Van Laar equation : 

Q = (RT/V1)K(A V)(¢2 - ¢20)(¢2' - ¢20) (3) 
where V1 is the molar volume of solvent, R the gas 
constant, T the absolute temperature, and ¢2o the volume 
fraction of polymer of the titre. 

The heats of dilution, Q, obtained when the polymer 
solution is diluted from ¢2 to ¢2' are given in Table 1, 
together with the ~ parameters calculated from equations 
(2), (3) and (4): AWst, AWst.t/Q, AKst, and K'. Since 
A Wst. t/Q represents the ratio of the heat of stirring to 
the net heat of dilution and sometimes amounts to 
considerable values, as seen in Table 1, the stirring 

Table 1 Heats of dilution of the 
=l 

polystyrene and methyl ethyl ketone system at 298.15K and related values 

AV Q • AWst AWst. t/Q 
(cm a) (J/mol) x 10-3',W) 

~ K s t  K p 

0'2779 0.2704 
0.2704 0.2588 
0.2588 0.2355 
0.2355 0.2145 
0.2111 0.1972 
0.1972 0.1856 
0'1856 0.1729 
0.1729 0.1618 

0.2889 0.2630 
0"2630 0.2419 
0.2419 0.2242 
0-2242 0.2077 
0'2077 0.1965 
0.1965 0-1838 
0.1838 0.1707 
0.1707 0.1593 
0-1593 0.1489 

0,2049 0.1898 
0,1898 0.1748 
0,1748 0.1621 
0,1621 0.1508 
0-1508 0.1406 

0 0.0202 
0.0202 0.0366 
0.0366 0.0495 
0'0495 0.0601 
0.0601 0-0690 
0.0690 0"0765 
0-0765 0"0835 

Molecular weight of polystyrene=2100 

1.31 +0.0321 +0.009 + 0.0485 +1.04 
2.17 + 0-0910 + 0.017 + 0.1482 + 1.43 
4.99 + 0.3344 + 0.032 + 0-1842 +0-41 
5.44 +0.2434 + 0.026 + 0.1501 + 0-52 
4.39 40.1117 +0.018 + 0.0811 +0-14 
4.10 + 0-2419 +0.047 + 0.0496 + 0.10 
5.18 +0-4116 +0-072 0 0 
5.19 + 0.3041 + 0.061 +0.0331 +0 .65  

Molecular weight of polystyrene=22 000 

+O.009 + 0.018 
+0.024 +0.041 
+ 0-012 +0.044 
+ 0.013 40.039 
+0.003 +0.021 
+ 0.005 + 0.052 

0 +0.072 
+ 0.040 + 0.101 

4.18 - 0.1714 - 0 . 0 1 6  40.4304 -0 .41  +0.007 - 0.009 
4.06 +0.1715 + 0.019 40-5424 +2.21 +0-042 + 0.061 
3.99 + 0-2387 + 0.032 +0-5404 +0.61 + 0.019 + 0.051 
4.33 +0.2177 40.031 +0.3600 + 0.43 + 0.013 +0.044 
3.37 +0.1442 40.030 + 0.1943 +0 .09  + 0.003 + 0-033 
4.29 -0 -0516 -0 -010  -0 .1486  +1.38 +0.014 +0.004 
5.11 +0.0322 +0.006 + 0.0907 +1.02 + 0-006 +0.012 
5-11 -0 .0009  - 0 . 0 0 0  40-1184 - 23.78 + 0-005 +0.005 
5.36 +0.0011 +0.000 40-1124 +10.91 + 0.003 +0.003 

Molecular weight of polystyrene=57 500 

3"48 -0 .1043  - 0.022 40.490 - 2 . 0  
4.06 -0 .0576 -0 "012  40.517 - 2 . 0  
4-06 -0 .1077  - 0-027 +0-2837 - 0 . 4 3  
4.13 - 0.1023 -0 .029  + 0-1961 -0 -21  
4.35 -0 .1056  - 0 ' 0 3 3  40.1418 - 0.13 

Molecular weight of polystyrene=212 000; ~2o=0.1678 

4.95 -0 .2244  - 0 - 0 5 3  -0 .4507 +0 .24  
5.10 -0 .1937  -0 -057  -0.3801 +0 .28  
5.06 -0.1501 - 0,056 -0 .2950  +0 .29  
5.01 -0.0971 -0 -044  -0 .2974 +0 .87  
5.03 -0 .1265  - 0 , 0 6 8  -0.4551 +0-38 
5.02 -0 .1156  - 0 , 0 7 4  -0 .3877  +0 .49  
5.50 -0 .1157  -0 -079  -0.3181 +0-75 

+ 0. 044 + 0' 022 
+0-024 +0.012 
+0.012 - 0 . 0 1 5  
+ 0- 006 - 0- 023 
+ 0.004 - 0.029 

- 0 . 0 1 3  -0 .066  
-0 -016  - 0 . 0 7 3  
-0 -016  - 0 . 0 7 2  

- 0. 038 - 0' 082 
- 0' 027 - 0.095 
- 0 . 0 3 6  -0 -110  
-0 "059  -0 .138  
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during dilution has a significant effect on the heat of  
dilution. The K values (expressed by K' in Table 1) 
obtained in the experiments, from which the effect of 
stirring is not separated, are larger than our K values by 
amounts AKst, which are the contribution of  stirring to 
~c, calculated from: 

AKst = K(A Wst. t /Q) (4) 

As shown in Table 1, the contribution of  AKst to K' 
varies and in some exothermic cases ~c' shows a different 
sign from that of K. Thus stirring plays an important 
role in the experimental determination of  the interaction 
parameter x for such polymer solutions as polystyrene 
in methyl ethyl ketone for which the absolute value of 
K is very small. 

Further inspection of  Table 1 reveals that K parameters 
change with molecular weight of  polymer from positive 
values to negative ones. 

In Figure 5 the plot of  average ~c values against the 
logarithm of molecular weight of polystyrene is shown. 
From this Figure it may be seen that the K parameters 
are very small and change their sign at a molecular 
weight of about 2-3 × 104. 

These ~c values are compared with the values obtained 
by other authors z-4 in Table 2. According to a personal 
communication from Dr  Hamada, the K parameter of 
this system obtained by high pressure osmometry is 
slightly exothermic at 298.15 K for a polymer of molecu- 
lar weight 107 000. Flory and Hocker 7 report that the 
,~ parameters of this system (in which the molecular 

O'1 

O 

-O'1 I I I 
3 4 5 

Log M 

Figure 5 Plot of the mean values of K parameters of the poly- 
styrene and methyl ethyl ketone system against the logarithm of 
molecular weight of polymer 

Table £ x parameters of the polystyrene and methyl ethyl ketone 
system at 298.15K 

Molecular weight K Method Reference 
× 10 a 

2.1 -t-0-02 Calorimetry This work 
22 -I-0.01 Calorimetry This work 

(DP*= 244) +0.08 Calorimetry Ref. 4 
57.5 -0.09 Calorimetry This work 

160 --0.03 Osmotic pressure Ref. 3 
212 -0.06 Calorimetry This work 
237 -0"00 Osmotic pressure Ref. 2 
316 -0 .02 Osmotic pressure Ref. 3 
520 -0-02 Osmotic pressure Ref. 1 

* DP is degree of polymerization 

weights of  the polymer are 51 000 and 97 200, respec- 
tively) are slightly endothermic at 298.15 K in the experi- 
mental region of the volume fraction (0.1 < if2 < 0.4) and 
may change their sign at a volume fraction of less than 
0.1. 

Our results are in good agreement with the values 
obtained by osmotic pressure measurements. The value 
in our previous paper 4 is slightly larger and opposite in 
sign: most of this discrepancy may be due to disregarding 
the heat of stirring. 

Until now, in the measurement of the heat of dilution 
of polymer solutions, the effect of stirring has been 
neglected or underestimated. However, as shown here, 
the stirring effect ascribed to the viscosity difference 
before and after dilution, cannot be neglected and 
correction for this effect must be made even if a twin-type 
calorimeter is used. The authors are going to construct 
a calorimeter in which this effect is removed. 
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Di-l-naphthoxy alkanes are found to polycondense in a surprisingly clean oxidative poly- 
arylation reaction, effected by iron(Ill) chloride in nitrobenzene solution at room tempera- 
ture. By this reaction, polymers with the structure 

n 

in which m=2-7 were prepared as high molecular weight, crystallizable, apparently linear 
thermoplastics. Glass transition temperatures, To, have been measured and show 
considerable variation with reduced solution viscosity and with previous thermal history; 
the polymer in which m---4 has the highest melting point, 324°C. From the melt and from the 
amorphous state at room temperature, the rates of crystallization of the m-even polymers 
decrease with increasing m, but the m-odd polymers do not crystallize by thermal treatment. 
The m=3 polymer crystallizes in contact with boiling xylene and the m=5 polymer crystal- 
lizes from chloroform/N-methyl pyrollidone. 

PART I: PREPARATION AND ANALYSIS OF POLY(DINAPHTHYL ALKYLENE ETHERS) 

INTRODUCTION 

Oxidative polyarylation is the direct formation of an 
aromatic polymer involving the coupling of aromatic 
nuclei by an oxidative process. Equation (1) shows the 
general form of an oxidative polyarylation and equation 
(2) a specific example, the oxidative coupling of benzene 
to form poly(p-phenylene). 

n i l - - A t - -  H = ~Ar-]-  n -4" 2nlHl (1) 

n ~ ,  ) " ~  + 2n[H] n (2) 

Equation (3), by comparison, shows a well known 1 
example of the preparation of an aromatic polymer by 
an oxidative polymerization process which is not an 
oxidative polyarylation. Substituent O-aromatic C 
coupling rather than aromatic C-aromatic C coupling 
is involved in this reaction and so it is classified as an 
oxidative polyetherification. 

Me 

+ nH=O 

(3) 

Although the literature contains several reports of 
oxidative polyarylation reactions, notably by Kovacic 
et al. 2, none have previously reported the preparation 
of a high molecular weight, linear polymer by this 
process. A typical example of the oxidative polyaryla- 
tions reported by KovaciO is the reaction of benzene 
with the AICIz-CuC12 reagent system to yield an infusible 
product of indeterminate composition, which could not 
be regarded as a high molecular weight thermoplastic. 
Although Bilow and Miller 4 have extended Kovacic's 
work to prepare high molecular weight, fusible poly- 
phenylenes, this was achieved only at the expense of 
destroying the linearity of the resin structure. 

In this paper we describe the polycondensation of 
di-l-naphthoxy alkanes (I) to form linear, high molecular 
weight poly(dinaphthyl alkylene ethers) (II). 

O) 

(n) 
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EXPERIMENTAL 

Preparation of model compounds 
1-Ethoxy naphthalene. 1-Naphthol (235g; 1"63 M)was 

slowly added to a stirred mixture, under nitrogen and 
initially at room temperature, of an aqueous solution of 
potassium hydroxide (187g; 1.64M) and dimethyl 
sulphoxide. The temperature of the solution rose to 
53°C, and iodoethane (254g; 1.63M)was added over 
15rain. The mixture was stirred for a further 1.5h 
without external cooling, then diluted with water and 
extracted with dichloromethane. The dichloromethane 
solution was washed with potassium hydroxide solution 
(0-1 N), washed with water and then dichloromethane 
was removed by distillation. The residue was distilled 
at 106-108°C and 5mmHg to yield a colourless liquid 
(280g; 71~) which had b.p. 106-108°C at 5mmHg 
(Clowes 6 reports b.p. 136-138°C at 15mmHg). 

4,4'-Diethoxy-l,l'-dinaphthyL To a stirred solution of 
8.11 g (0-05 mol) FeC13 and 25 cm z nitrobenzene, con- 
tained in a flask equipped with a nitrogen inlet and 
dropping funnel, at 25°C was slowly added 8-61g 
(0-05 mol) of 1-ethoxy naphthalene. The liberated HC1 
was passed into water and titrated against N sodium 
hydroxide solution to a steady value (after 2h). The 
whole reaction mixture was poured into 150cm 3 of 
methanol, a brown solid was filtered off and washed with 
cold methanol until the filtrate was colourless. The 
residue (8.7g; ~100~) was recrystallized from a 
50:50vol./vol. mixture of benzene/acetone to yield 
colourless plates (4.8g; 56~o) m.p. 214-216°C (lit. 5 
m.p. 212-213°C). 

Monomer preparation 
Di-l-naphthoxy alkanes (I) were prepared by the 

procedure illustrated by the following typical example: 
1-naphthol (288.3g; 2.00M) was added slowly to a 
stirred mixture under nitrogen and initially, at room 
temperature, of an aqueous solution of potassium 
hydroxide (229.4g; 2.00M) and dimethyl sulphoxide 
(500cm8). To the resulting green solution at 45°C was 
added slowly a solution of 1,5-dibromopentane (230-0 g; 
1.00 M) in dimethyl sulphoxide (300 cm3). The tempera- 
ture of the reaction mixture rose to 75°C during this 
addition. The resulting mixture was stirred for 2h, 
diluted with water (1 dm 3) and extracted into chloroform. 
The combined chloroform extracts were washed three 
times each with aqueous sodium hydroxide solution 
(~107owt./vol.) and then water, were dried over 
anhydrous sodium sulphate and then evaporated to 
dryness. The residue was crystallized from ethanol- 
acetone solution (90: 10~vol./vol.) to yield 1,5-di-1- 
naphthoxy pentane (264.6 g; 75 ~). 

All monomers thus prepared gave satisfactory elemental 
analyses, and infra-red, nuclear magnetic resonance 
(n.m.r.) and mass spectra consistent with their expected 
structure. Melting points were recorded for the monomers 
as follows : 1,2-di- 1-naphthoxyethane, m.p. 132.5-134 °C 
(Clowes 6 reports m.p. 129-131°C); 1,3-di-l-naphthoxy- 
propane, m.p. 101-102.5°C; 1,4-di-l-naphthoxybutane, 
m.p. 123-124°C; 1,5-di-l-naphthoxypentane, m.p. 79.5- 
80.5°C (Ashley et al. 7 reports m.p. 79-81°C); 1,6-di-1- 
naphthoxyhexane, m.p. 111-112-5°C; 1,7-di-l-naphthoxy- 
heptane, m.p. 98-99°C. 

Di-l-naphthyl ether was prepared according to the 
method described by Rodionow and Manzow s for the 

preparation of di-2-naphthyl ether and had m.p. 105- 
106°C (lit. m.p. 110°C). 

Polymerizations 
Polymerizations were carried out by the procedure 

illustrated by the following typical example: 1,5-di-1- 
naphthoxypentane (7.13g; 0.020M) and anhydrous 
iron(III) [ferric] chloride (7.00 g; 0.043 M) were charged 
to a 250 cm~ three-necked round-bottom flask fitted 
with a stirrer, nitrogen inlet (<10ppm water), and a 
nitrogen outlet leading into a flask containing stirred 
water to dissolve the hydrogen chloride evolved. Sufficient 
time was allowed for air in the flask to be displaced by 
nitrogen, the stirrer was started and nitrobenzene 
(50cm 3) was introduced. The reaction mixture became 
intensely coloured, its temperature increased and hydro- 
gen chloride evolution commenced. The reaction was, 
allowed to proceed for 4 h and then the reaction mixture 
in the form of a viscous slurry, was poured into stirred 
methanol (500 cm3). A buff solid precipitated, which was 
collected, extracted with boiling methanol and then 
dried at 80°C in vacuo (7.0g; 99~) and had reduced 
viscosity 1-28, measured as a 1 70 wt./vol, solution in 
1-chloronaphthalene at 25°C. 

Titration of the aqueous solution of evolved hydrogen 
chloride with aqueous sodium hydroxide solution 
(1.00 N; phenolphthalein indicator) showed it to contain 
0.0380M hydrogen chloride. Titration of aliquots of 
the combined methanol liquors from the work-up of the 
polymer with aqueous cerium(IV) sulphate solution 
(0.95 M; o-phenanthroline-iron(II) sulphate indicator) 
showed them to contain 0.0398 M of Fe 2+ ion. Mass 
spectral analysis of the liquors did not indicate the 
presence of any compound which might have been a 
product of the reduction of nitrobenzene. 

Elemental and spectral analysis 
Satisfactory elemental analysis and mass, infra-red 

and n.m.r, spectra were obtained for all monomeric 
compounds prepared. Data relating to the poly(1- 
naphthoxy alkanes) (II), prepared by oxidative poly- 
arylation, are shown in Table 1. 

Nuclear magnetic resonance spectra were recorded in 
CDCI8 solution on a Varian HD 100 spectrometer and the 
infra-red data on a Perkin Elmer 457 Grating Spectrometer. 

The elemental analyses (Table 1) and infra-red spectra 
of the polymers are consistent with the structure (II) 
proposed for them, as are the n.m.r, spectra of the 
soluble polymers. The infra-red spectra of all members 
of the polymer series are virtually identical and are very 

Table I Data relating to polymers of formula II (m=2 to 7) 
prepared by oxidative polyarylation 

Elemental analysis 

Found Calculated 

Polymer C (%) H (%) C (%) H (%) RV* 

II, rn=2 84.8 5"1 84-6 5.1 NS 
m = 3  84.7 5"5 84-7 5.5 1 "28 
m--4 86.9 6.0 84.7 5.9 NS 
m = 5  84'6 6.3 84.7 6-2 1 "80 
m = 6  84.8 6.7 84.7 6.5 NS 
m----7 85.8 6.8 84.8 6.9 0-90 

* Reduced viscosity of a 1% wt./vol, solution in 1-chloronaphtha- 
lene at 25°C 
NS= not soluble 
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similar to the spectrum of the model compound 4,4'- 
diethoxy-l,l'-dinaphthyl. Figure 1 shows the infra-red 
spectrum of a typical member of the polymer series 
with the formula II, m= 3, together with the spectrum 
of the model compound. Typical of the n.m.r, spectra of 
the soluble polymers is that of the polymer of formula II, 
m = 3. This spectrum is shown in Figure 2 in comparison 
with that of the model compound 4,4'-diethoxy-l,l'-di- 
naphthyl. In the spectrum of the polymer, resonances 
assigned to 4,4'-disubstituted-l,l'-dinaphthyl protons 
occur between 6, 8ppm and 8.5ppm. Resonances at 
4.45 ppm and 2-6 ppm are assigned to methylene protons 
and integration of band areas is consistent with both the 
assignments made and the structure proposed for the 
polymer. 

RESULTS AND DISCUSSION 
Model reaction 

Our approach to the problem of preparing a high 
molecular weight, linear thermoplastic by oxidative 
polyarylation started with a model reaction. This 
reaction, equation (4), was the Scholl reaction 5 of 
1-ethoxy naphthalene (III) in the presence of A1CI3 and 
in nitrobenzene solution to form 4,4'-diethoxy-l,l'- 
dinaphthyl (IV) in 70 ~o yield. 

( [ i I )  

~ OEt (4) 

(IV) 

~o 
)o 
)o 
° a 

H c  

O O 
d c ,¢-'~ ~ c d 

C H $ C H 2 0 ~ O C H 2 C H 3  

Hd 

50 

b 

Hb Ho 

Cl O 

Hc Hd 
t t I I 

!0  8 6 4 2 0 
ppm 

figure 2 Nuclear magnetic resonance spectra of (a) the model compound 4,4'-diethoxy-l,l"-dinaphthyl and (b) poly(dinaphthyl propylene 
ether) 
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Clowes 6 attempted to apply this reaction to the prepara- 
tion of polymers by reacting 1,2-di(1-naphthoxy) ethane, 
I (m=2) and di-l-naphthyl ether (V) with AIC13 in 
nitrobenzene solution but obtained only low molecular 
weight materials of indeterminate composition. 

(I)(m= 2) (V) 
We have found that the model reaction (4) proceeds 
with improved yield (up to 86 ~ of isolated product) 
in the presence of FeCI3 in nitrobenzene solution and 
that this reaction may be successfully adapted to the 
preparation of high molecular weight, linear thermo- 
plastic polymers. 

Polymerization of di-l-naphthoxy alkanes 
It is found that compounds of the general formula (I) 

react with ferric chloride in nitrobenzene solution at 
room temperature to form polymers of the general 
formula (II), according to: 

(I) 

(II) (5) 

In practice polymers of highest molecular weight are 
obtained when the polymerization is carried out in the 

presence of a small (2 to 10molVo) excess of ferric 
chloride which, presumably, compensates for loss of 
ferric chloride by hydrolysis either by atmospheric 
moisture or by water contained in the nitrobenzene 
solvent. The polymerization is also best carried out in 
the absence of oxygen and water, and under conditions, 
e.g. of vigorous agitation, which assist removal of 
hydrogen chloride from the reaction mixture. The 
polymerization, which is exothermic and accompanied 
by an intense red coloration, is generally complete within 
6 h to give reaction mixtures in the form of dark viscous 
slurries. 

All the polymers are crystallizable but after being 
quenched to the amorphous state they are soluble in 
certain solvents. 

The films obtained by compression moulding polymers 
of formula II, m= 3, 5 and 7, were amorphous, trans- 
parent, amlzer in colour and tough in that they could be 
creased without fracture. However, films similarly 
obtained of polymers of formula II, m = 2, 4 and 6, were 
similar in appearance but fractured when creased, owing 
to the presence of crystallinity as discussed in Part lI. 
The polymers were also thermoplastic in that they could 
be repeatedly melt fabricated without 'setting-up'. Both 
the above and the analysis of the polymers suggests 
that they all have substantially linear structures. 

Mechanism 
We tentatively propose a mechanism (6a-6d) for the 

oxidative polyarylation of di-l-naphthoxy alkanes (I) 
involving the initial formation of a ferric chloride- 
substrate charge transfer species which, effectively, 
carries out an electrophilic attack on the substrate to 
form an unstable coupled dihydro radical cation which 
is rapidly dehydrogenated to a relatively stable aromatic 
radical cation which finally accepts an electron from an 
iron(II) species: 

~O(CH~)mO ~ Jr FeCI 3 ~ 0( CH2 ),,, 0 ~ Fe Cl~ 

(6a) 

~O(CH2 )~0~ FeCl  3 

+ 

+ 2 FeCI 3 > 

 o,cH2 o  
+ 2FeCI2 + 2HCI  

+ Feel2  + CI -  

(6b) 

(6c) 

+ FeCI 2 + C l -  + FeCI 3 

(60 
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PART II: CRYSTALLINITY AND MELTING POINTS OF FORMULA II POLYMERS 

EXPERIMENTAL AND RESULTS 

The crystallinity in the polymers was judged visually by 
X-ray diffraction photographs. Melting points and 
crystallization from the melt and from the amorphous 
state were investigated by differential scanning calori- 
metry (d.s.c.) with a Perkin Elmer DSC-1B instrument 
using 10mg samples and heating and cooling rates of 
16°C/min. Temperature calibration for heating runs in 
the melting region was carried out by observing the 
onset of melting of standard metal samples (tin and 
cadmium). As the backgrounds of the scans obtained 
with the DSC-1B are curved and the slopes tend to differ 
the d.s.c, heating and cooling scans shown in Figure 3 
have been normalized to a horizontal background in 
order to facilitate comparison between them. The scans 
are all on the same vertical (C~) scale but no attempt has 
been made to quantify the data only to compare the 
crystallization behaviour of the copolymers. Quantitative 
data are in any case difficult to obtain and may be 
misleading because as is now well known melting and 
crystallization can be occurring even where there is no 
clear change in Cp. 

Melting points 
The melting points of the polymers as originally 

prepared are shown in Table 2. On heating to just below 
their melting points and slow cooling at 6°C/h to room 
temperature both the crystallinity and some melting 
points increased. After this thermal treatment some 
polymers showed double melt endotherms which must 
arise from recrystallization during this treatment; only 
the higher melting peaks are quoted. The melting points 
given may still not be maximal for each polymer, since 

Heating 

', I Cooling 
,# m:2 

~ m=4 

/L_ 
) Heating Cooling 

m=6 

i60 ,5'o 260 2so 360 
Temperature (°C) 

Figure 3 D.s.c. heating and cooling thermograms for polymers 
with m=2, 4 and 6 

Table 2 Melting points 
10mg samples; heating rate 16°C/min 

/71 

Slow 
X-ray cooled 

crystallinity D.s.c. 6°C/h X-ray D.s.c. 
as made Tp(°C) from crystallinity Tp(°C) 

2 Moderate 276 270 High 291 
Mod. good 274 

3 Mod. good 277 270 High 278 
4 Mod. good 325 320 High 324 
5 Amorphous - -  175" Moderate 196" 
6 Moderate 271 270 High 280 
7 Moderate 219 214 Mod. good ,,,239 

Tp=peak of melt endotherm after appropriate instrumental 
calibration 
* Crystallized from chloroform/N-methyl pyrrolidone and then 
cooled 6°C/h from 175°C 

melting point depends upon prior thermal treatment, 
and a full investigation has not been made. The very 
high melting point of the m=4 polymer seems out of 
line and is discussed later. Only one crystal form has 
been identified so far for each of the polymers except 
m = 2 (see next section). 

Crystallization from the melt 
The samples were cooled at 16°C/min after holding 

for 1 min at 20-30°C above their original melting peaks. 
The crystallization exotherm of the m=2 and m=4 
polymers are shown as broken lines in Figure 3. The 
sharp peak shown by the m = 2 polymer indicates faster 
crystallization occurring at a higher temperature than 
in the m=4 polymer where a shallow broad exotherm 
is observed. No exotherm was observed on cooling the 
m=6 polymer, but poor crystallinity had developed at 
room temperature. This underlines the point made above 
that thermal processes may be occurring which are not 
detectable in a single d.s.c, scan. Good crystallinity was 
regained in the m=6 polymer on heating to 250°C. The 
m=2 polymer developed a slightly different X-ray 
pattern (B) from that present originally (A) which, 
unless the change can be ascribed to degradation products, 
indicates two crystal forms. Polymers with m-odd gave 
amorphous products under these cooling conditions. 

Whether crystallization could be induced by much 
slower cooling from the melt was examined by cooling 
polymers with m=2, 3, 5, 6, 7 at 6°C/h from 300°C. 
Those with m-odd remained amorphous. The m=6 
polymer developed moderate crystallinity. The m=2 
polymer developed the second (B) X-ray pattern but no 
melting endotherm was observed on reheating probably 
owing to severe degradation as suggested by a low 
proportion of polymer crystallinity and the colour of the 
specimen. 

Attempts to recrystallize the m = 3 polymer by thermal 
treatment from the amorphous state failed but treatment 
with boiling xylene induced good crystallization into 
the crystal form first observed. The m=5 polymer 
crystallized from chloroform/N-methyl-2-pyrollidone 
solution. 

Crystallization from the amorphous state and T o 
measurements 

All the crystalline polymers were heated to some 20°C 
above their original melting points, T~, and either 

246 POLYMER, 1973, Vol 14, June 



Preparation of poly(dinaphthyl alkylene ethers) : R. G. Feasey et aL 

cooled in the d.s.c, as fast as possible or quenched 
into liquid nitrogen. All except the m = 2  polymer 
were obtained amorphous. The m = 2 polymer remained 
crystalline after quenching into liquid nitrogen from 
310°C and 320°C when form (B) developed. 

All the amorphous samples were reheated in the d.s.c. 
at 16°C/rain and the Tg values observed are given in 
Table 3. As shown in the next section for the m = 3  
polymer, the Tg can vary considerably with change in 
reduced viscosity (RV). It will also be seen in Table 3 
that the Tg values of the m-odd polymers can be raised 
by slow cooling from the melt. It is therefore difficult 
to comment on the variations in Tg observed in relation 
to structure. 

During the reheating process, the polymers with 
m = 4  and m = 6  crystallized. Their cold crystallization 
exotherms and final melting points are shown in Figure 3 
(solid lines). The polymers with m odd did not crystallize 
at this heating rate. The m = 4 polymer crystallized much 
faster than the m = 6 polymer and developed much more 
crystallinity as evidenced by the much larger final endo- 
therm. The reason for the double crystallization exotherms 
and double melting peaks shown by the m = 4 polymer 
have yet to be investigated. 

Variation of Tg with RV  
A series of samples of the m = 3  polymer with R V  

varying between 0.27 and 1.28 were investigated. Some 
were amorphous as received and others showed some 
crystallinity. The latter were made amorphous by rapid 
cooling from the melt in the d.s.c. The Tg values measured 
as before are given in Table 4 and show a rapid increase 
from 119°C to ~ 170°C at RV=0.5 but levelled off to 

180-190°C at higher reduced viscosity. 

DISCUSSION 

Crystallinity and melting points in relation to structure 
On structural grounds it would be expected that the 

m-even and m-odd polymers would behave differently. 
Single chains of the m = 2, 4 and other m-even polymers, 
in the fully extended chain conformation, form a related 
structural series in which the oxygen atoms are on 
alternate sides of the aliphatic planar zig-zag (see Figures 
4a and b). A different series is formed by the m-odd 
polymers with the oxygens of each aliphatic portion on 
the same side of the planar zig-zag (Figure 4c). 

This is borne out in practice both in their crystalliza- 
tion behaviour, where the m-even polymers are all more 

Table 3 Glass-rubber transitions 
10mg samples; heating rate 16°C/rain 

D.s.c. 

rn Tg (°C)a Tg (°C)b 

2 
3 119-187c 191 
4 130 
5 143 159 
6 109 
7 118 141 

* Not obtained amorphous 
a After quenching to amorphous stage 
b After cooling 6°C/h from melt 
c See Table 4 
Tg measured at start of process after 
appropriate instrumental correction 

Table 4 Tg vs. RV for 
polymers with m = 3  

g,s.c, 
RV Tg (°C) 

0.23 119 
0- 34 148 
0.44 182-187 
0.54 171 
0' 64 187 
0'66 182 
0' 72 184 
1,28 184 

a "J:~__ Ru~,p(ot __"~i " - "  

b . . . . .  0 . . . .  

d i~- . . . . . . . . . . . . .  2 .  

Figure 4 Diagrammatic representation of possible chain confor- 
mations for poly(dinaphthyl alkylene ethers) with m odd or even. 
(a) m=2,  (b) rn=4; (c) m=3 ;  (d) m=4 ;  (e) m=4  

readily crystallizable than the m-odd series and in their 
crystal structures. The X-ray patterns of the m = 2, 4, 6 
polymers are similar to each other with principal diffrac- 
tion lines at the same spacings and of similar intensities, 
indicating basically similar structures. These reflections 
are at d-spacings of 6.4A (m), 5.4& (ms-s), 4.8A (mw), 
3.85 • (vs), 3.2/~ (w). These reflections were all shown to 
be equatorial reflections from a crystalline oriented 
fibre obtained from the m = 6 polymer and hence indicate 
a similar side-by-side packing of the chains. Other 
reflections are also present, the number that can be 
clearly distinguished varying with the degree of crystal- 
linity attained, and also a strong reflection of high 
spacing which increases as m increases and is clearly 
associated with the chain repeat. 

The X-ray pattern of the m = 3 polymer has lines at 
similar spacings, 6 .2~  (w), 5.7 ~ (s), 4.7 & (In), 3.65,~ 
(ms), 3 .45~ (w) but with different relative intensities. 
When m = 5, 7 the pattern is becoming more like those 
of the even series for reasons which are discussed later. 

Melting points 
A point which requires explanation is the high melting 

point of  the m = 4 polymer. In a series such as this various 
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factors can affect the melting point, sometimes operating 
in opposite directions. As far as a single chain is con- 
cerned, the large aromatic groups will produce a high 
melting point which will decrease as their frequency 
along the chain drops and as the length of the flexible 
methylene portion of  the chain increases, i.e. with 
increase in m. The oxygen atoms produce points of  
increased flexibility in the chains and will therefore 
contribute to a slight increase in melting point with 
increasing m, because their frequency decreases, but this 
will be offset because the polarity of  the oxygen atoms 
tends to increase melting point. If  the chains are consid- 
ered in isolation, on balance we should expect a continu- 
ously decreasing melting point with increasing m. Even 
allowing for the fact that the maximum melting point 
of  all the polymers has not yet been achieved, it appears 
that the melting point of the m--4  polymer is too high 
to fall in the expected series on this basis alone. 

Another very important factor which affects melting 
point is the packing of  the chains. Where a good packing 
can be achieved with no 'holes' left in the crystal structure 
so that atoms of  adjacent chains can get as close as is 
permissible, then the cohesion between the chains will 
be maximal and the melting point as high as possible. 
The negatively charged oxygen atoms in adjacent chains 
also need to get as far as possible from each other and 
as near as possible to any positively charged atoms. 

It is therefore probable that we have to look to the 
packing of the chains to explain the high melting point 
of  the m = 4 polymer. As we have only obtained oriented 
crystalline fibres from one polymer (m = 6), we have little 
crystallographic data to go on and it is only possible to 
speculate in a preliminary way on the type of packing 
that is likely to occur. 

Figure 5a gives a purely diagrammatic representation 
of  the kind of  packing that might be envisaged for the 
m = 4  polymer, with the molecules arranged in planar 
sheets. It will be seen that the aromatic groups of one 
chain fit conveniently into the spaces between the aroma- 
tic groups of adjacent chains with no very bad contact 
distances and no 'holes'. On the other hand, if a similar 
packing is considered for m = 2  polymer (Figure 5b) 
and naphthalene group A is placed in the same relation 
to group B, then a bad contact develops between C and 
D. The chains must move further apart and the packing 
will be less close than for the m = 4  polymer. A similar 
packing for the m =  6 polymer produces a gap in the 
structure as marked by the broken ring in Figure 5c, so 
that here again close packing is less readily achieved. (In 
this case the aromatic groups of  the second chain have 
had to be rotated slightly with respect to the first to keep 
the chain directions parallel.) 

The length of the aliphatic portion of the m =  4 chain 
therefore seems optimal for close packing and this could 
explain its high melting point. The above reasoning can 
also explain why the m = 6 polymer does not take up a 
fully extended form in its crystal structure. Shortening 
of the aliphatic portion of the chain can take place by 
rotation around chain bonds, so that the aromatic groups 
can pack more closely. 

A similar shortening of the aliphatic portion of the 
m = 7  polymer chain is likely and rotations around 
chain bonds may occur which allow the aromatic groups 
to twist round and pack side by side in a manner similar 
to that in the m = 4  and m = 6  polymers. This would 
explain the resemblance between the m = 7 X-ray pattern 

a 

b 

C 

Figure 5 Diagrammatic representation of chain packings for 
polymers with (a) m=4, (b) rn=2 and (c) m=6  

and those of the m-even polymers. In other words, the 
precise conformation of the aliphatic portion and the 
positions of the oxygen atoms are now not of great 
importance, because they are shielded by the large 
aromatic groups which determine the packing. In the 
m = 3 polymer, the aliphatic portion is too short for this 
to occur and a quite different packing results because of 
the basically different chain structure. The low melting 
point of the m = 5 polymer may result from difficulty in 
achieving close packing or because so far only a relatively 
low degree of  crystallinity has been achieved. It is not 
for one moment suggested that the packing of the chains 
is as shown in Figures 5a, b and c. There are some 
crystallographic indications that it cannot be quite like 
this. Such a sheet-like packing is not very likely in any 
case, but serves to illustrate the principle involved. The 
aromatic groups may well rotate out of the plane of the 
sheet around the bond joining the naphthalene groups 
to relieve poor interchain contact distances. Moreover, 
there are other basic chain conformations to be con- 
sidered such as those shown for the m = 4  polymer in 
Figures 4d and 4e. 

Rates of crystallization 
Somewhat similar considerations apply to rates of 

crystallization, although now close packing is not 
necessarily an important factor. Poly(4-methylpentene) 
crystallizes with a very open packing of low density and 
yet crystallizes very fast. More important is the ease with 
which the chains can take up the conformation which 
occurs in the crystal. This is dependent upon various 
factors such as the packing itself, the ease of rotation 
around chain bonds and the length of the fibre repeat. 
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The molecular movements required to pack molecules 
correctly in a structure with a long repeat unit are 
greater than those for a polymer with a very short repeat 
unit. This is one of the reasons for the very fast crystal- 
lization of polyethylene. Hence the greater flexibility of 
the chain as m increases would tend to lead to faster 
crystallization, but this can be offset by the longer repeat 
unit and the more complicated rotations around chain 
bonds required to get the aromatic groups into the correct 
position. The last factor is tied up with the much larger 
number of  chain conformations possible in the melt. It  
is also possible that the low flexibility of  the m = 2  
polymer with its high proportion of aromatic groups, 
means that order (i.e. basic chain conformation) is 
retained in the melt which will act as nuclei for crystalli- 
zation. 
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Role of semi-pinacol radicals in the 
benzophenone-photoinitiated polymerization 
of methyl methacrylate 
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PO Box 147, Liverpool L69 3BX, UK 
(Received 3 December 1972) 

Semi-pinacol radicals (Ph2(~-OH), generated by photolysis of benzophenone in the pre- 
sence of benzhydrol, are shown to act as terminating species in free radical polymerization 
of methyl methacrylate (MMA) at 30 ° and 70°C; initiation by Ph2I~-OH radicals is significant 
only at the higher temperature. Polymerizations of MMA photoinitiated by substituted 
benzophenones (Ar2C=O) in hydrogen donor solvents are affected by these reactions 
and, contrary to previous assumption, the present results demonstrate that combination 
of Arz(~-OH with solvent derived radicals is a process which competes with initiation. 
Results from the photochemical experiments are discussed in relation to those of other 
workers, obtained by thermal generation of semi-pinacol radicals. 

INTRODUCTION 

The results of a detailed study of the efficiencies of 
benzophenone, 3,3',4,4'-benzophenone tetracarboxylic 
dianhydride (BTDA) and 3,3',4,4'-tetramethoxycarbonyl 
benzophenone (TMCB) as photoinitiators for the 
polymerization (at 30°C) of methyl methacrylate (MMA) 
have been reported previously 1. Photoinitiation was 
found to be most effective when the reactions were 
carried out in solvents, such as tetrahydrofuran (THF), 
having readily abstractable hydrogen atoms. Most of 
the experimental observations were consistent with the 
reaction scheme shown below. 

Initiation: 
hv 

Ar2C = O ,Ar2C = O(Sx)~Ar2C = O(T0 
(n~rr*) 

Ar2C = O(Tz) + THF-oAr2C--OH + THF. 

Propagation: 

Termination: 

THFo + M--* PI° 

P~+M~P~+z 

P~ + P~,~Polymer 

OH OH 
I I 

Ar2C--OH + Ar2(~--OH ~Ar2C CAr2 

Ar2C--OH + P~ , Polymer 

Termination of a significant proportion of the polymer 
chains by semi-pinacol radicals (Arz~2-OH) was pro- 
posed in order to account for the observed relationship 

between rates of polymerization and molecular weights 
of the polymers produced; gradients of plots of reciprocal 
viscosity-average molecular weight (1/)ffQ) versus rate 
of polymerization (R~) were considerably greater for 
MMA polymerizations photoinitiated by the benzo- 
phenones, than for those initiated (thermally and photo- 
chemically) by azobisisobutyronitrile (AIBN). The effect 
was most pronounced for benzophenone itself (Ar= 
phenyl) although addition of benzophenone (and also 
benzhydrol, and benzopinacol) to MMA polymeriza- 
tions initiated thermally by AIBN (at 50°C, in THF 
solution) had no appreciable effect on R~ or Ms. These 
observations seemed to exclude the possibility that 
additional chain transfer reactions, occurring in the 
presence of benzophenone, were responsible for the 
relatively low molecular weight polymers obtained in 
the benzophenone-photoinitiated polymerizations. How- 
ever, for other photoinitiators, enhanced transfer 
activity under irradiation conditions over that observed 
in thermal systems has been reported 2-4, and it has 
been suggested that photo-excited initiator molecules 
(and monomer molecules 4) may take part more readily 
in transfer reactions than molecules in the ground state. 
Conceivably then, benzophenone, although not exhibit- 
ing transfer activity in thermal systems, may do so 
under photolysis conditions. If so, this would be an 
alternative explanation for the l /My against R~ relation- 
ship observed for the benzophenone-photoinitiated 
polymerizations. Moreover, the work of Braun et al) ,  s 
has shown that semi-pinacol radicals, rather than 
acting as terminating species, can in fact initiate the 
polymerization of MMA (above 40°(2). 

In this paper, the results of a further investigation 
into the rrle of semi-pinacol radicals in the benzo- 
phenone-photoinitiated polymerization of M M A  are 
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reported and evidence has been obtained which supports 
the proposition that semi-pinacol radicals do act as 
terminating species. In addition, spectrophotometric 
studies are described which indicate that a combination 
reaction between semi-pinacol radicals and solvent- 
derived radicals takes place. Ways in which this reaction 
may influence the overall polymerization kinetics are 
suggested. 

EXPERIMENTAL 

Materials 
Methyl methacrylate (Hopkin and Williams stabilized 

monomer) was washed five times with 10 ~o v/v portions 
of  5M aqueous sodium hydroxide to remove the in- 
hibitor, then with de-ionized water to constant pH. 
The monomer was dried over calcium chloride and 
fractionated under reduced pressure, with a nitrogen 
bleed, through an 80cm heated column packed with 
Fenske helices. The middle fraction, boiling at 43°C, 
90mm, was collected at a reflux ratio of 2: 1. 

Benzene (May and Baker 'pure, crystallizable') was 
washed five times with l0 ~ v / v  portions of concentrated 
sulphuric acid, twice with 25 ~ v/v portions of de-ionized 
water, twice with 10~v /vpor t i ons  of 5M sodium 
hydroxide, and finally twice more with 25 % v/v portions 
of water. After standing for several days over calcium 
hydride, the benzene was distilled at atmospheric 
pressure on the Fenske helices column and the middle 
fraction (b.p. 80°C) was collected. 

The purified methyl methacrylate and benzene were 
each degassed several times on the high-vacuum line 
( ~  10-4mmHg) and then distilled into their respective 
storage vessels. 

Benzophenone (Hopkin and Williams) was recrystal- 
lized from absolute ethanol to yield large, transparent 
crystals, m.p. 48°C (lit. 1 48°C). 

Benzhydrol (Hopkin and Williams) was also recrystal- 
lized from absolute ethanol to yield fine white needles, 
m.p. 65-67°C (lit. 1 68°C). 

Benzopinacol was prepared by ultra-violet irradiation 
of a 4 ~ w/v solution of benzophenone in isopropanol. 
After 12h, the benzopinacol was filtered off and re- 
crystallized from absolute ethanol, to yield white 
crystals, m.p. 174°C (lit. 1 170-180°C). 

Azobisisobutyronitrile (Eastman Kodak) was re- 
crystallized from methanol. The resulting white crystals, 
m.p. 102-103°C (lit. 1 103°C), were stored under vacuum 
at 0°C in the dark. 

Tetrahydrofuran (BDH laboratory reagent, stabilized 
with 0 . 1 ~  hydroquinone) was refluxed for 48h over 
calcium hydride, then distilled through a Vigreux 
column at a reflux ratio of 4: 1. The fraction boiling 
between 66-0 and 66.5°C was collected, and stored in 
the dark over sodium wire. 

Polymerization procedure 
Initiators and additives were weighed into individual 

reaction ampoules (8mm diam. Pyrex tubes) which 
were then glass-blown on to the high vacuum line, and 
evacuated prior to the introduction of  monomer and 
solvent. After filling and sealing, the reaction ampoules 
were warmed to near room temperature and the con- 
tents ( ~ 5 c m  3) were mixed by shaking. For  thermally 
initiated reactions, the ampoules were wrapped in 

aluminium foil and placed in the constant temperature 
bath for an appropriate time. In the case of the photo- 
initiated reactions, irradiation was by means of a 250 W 
medium-pressure mercury discharge lamp operated from 
a stabilized d.c. power supply. Light from the lamp was 
collimated and directed on to a soda-glass window 
(~6 .5cm in diameter), in the side of the constant 
temperature bath, which effectively filtered out short- 
wavelength u.v. light (A < 310 nm). The reaction ampoules 
were placed about 1 cm behind the window and for 
each run, two ampoules were positioned side-by-side 
so that the intensity of light incident on each would 
be the same. Thus the temperature and irradiation 
conditions could be considered identical for each 
member of a particular pair of ampoules. Since condi- 
tions may have varied slightly among different pairs 
of  photo-sensitized runs (owing for example to tem- 
perature fluctuation, ageing of the lamp, or in the 
positioning of the lamp and ampoules) comparisons of 
polymerization rates observed for unpaired ampoules 
were considered to be less reliable than the comparisons 
made between paired ampoules. 

On removal from the bath, the ampoules were opened, 
and the contents were precipitated in 300cm 3 of meth- 
anol. After filtration, the polymer samples were dried 
to constant weight at 50°C in a vacuum oven. Molecular 
weights of some of the polymer samples were determined 
by gel permeation chromatography (Waters model 200), 
and the more reliable weight-averages taken. 

Spectrophotometric studies 
Solutions of benzophenone in THF,  or T H F / M M A  

mixtures, were made up in 1 cm spectrophotometer cells, 
flushed with oxygen-free nitrogen for about 20rain and 
irradiated with light from a 250W medium pressure 
mercury discharge lamp through a water filled heat 
filter and a 366nm interference filter. Ultra-violet 
spectra of the solutions were recorded after various 
times of irradiation (in the region 0-40min) by means 
of a Unicam SP1800 spectrophotometer. 

RESULTS 

Polymerization experiments 
Effects of benzhydrol on the benzophenone-photo- 

initiated polymerization of MMA in benzene. The results 
of a series of 'paired' photolysis experiments are sum- 
marized in Table 1. It can be seen that for each paired 
run, one of the ~30~o v/v MMA/benzene mixtures 
contained both benzophenone (~  5 × 10 -3 M) and benz- 
hydrol (~0.14M),  and the other benzophenone alone. 
The aim was to encourage increased semi-pinacol 
radical formation in the former mixtures, since it was 
anticipated that triplet-excited benzophenone would 
abstract a hydrogen atom from benzhydrol (rather than 
from benzene or MMA) giving rise to semi-pinacol 
radicals from both precursors, i.e. 

hv 
Ph2C = O-~Ph2C = O(S1)--* Ph2C = O(TD 

Ph2C = O(T1) + Ph2CHOH--* 2Ph2C--OH 

The experiments were carried out at 30°C and 70°C. 
At 30°C, it is evident that the presence of  benzhydrol 
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30 

70 

2.5 

29'5 5"1 0"144 5 .7x  10 -3 62+4 
29"6 5"2 none 10.3x 10 -3 336+22 
30"0 5-6 0"141 7.1 x 10 -3 - -  
30'6 5-6 none 14.3x 10 -3 
29"6 4-8 0.142 4-3x 10 -9  ̀ 257+18 
29'8 4-6 none 3 .5x  10 -2 649+54 
30'0 6.3 0.154 5 .7x  10-9` - -  
29'7 6.1 none 5 .2x  10 -9  ̀

has had a considerable retarding effect on the poly- 
merization rate. This retardation is not apparent at 
70°C; at this temperature the presence of benzhydrol 
has, if anything, tended to increase the overall rate of 
polymerization. At both temperatures, the (weight-) 
average molecular weight of the polymer formed is 
significantly reduced when the reactions are carried out 
in the presence of benzhydrol. 

Effect of benzhydrol on the AIBN-photoinitiated 
polymerization of  MMA. In order to ascertain whether 
the retarding effect of benzhydrol in the 30°C experi- 
ments described above was due to interaction of the 
benzhydrol molecule itself with the growing polymer 
radicals, AIBN-photoinitiated polymerization rates in 
the presence and absence of benzhydrol were compared. 
(Photo-excited AIBN dissociates to form nitrogen and 
cyano-isopropyl radicals, which initiate polymerization.) 
No retardation by benzhydrol could be detected and 
the molecular weight of the polymer produced was not 
affected by the presence of benzhydrol. Thus, at the 
concentrations employed, and under the photolysis 
conditions, it may be assumed that benzhydrol itself 
acts neither as a terminating species, nor as a transfer 
agent, in the free-radical polymerization of MMA. 

Comparison of photopolymerization rates in the 
presence and absence of benzophenone. Under the photo- 
lysis conditions, higher polymerization rates (at 30°C) 
were observed for MMA/benzene mixtures containing 
benzophenone (5.5 × 10-3M) than for 'paired' mixtures 
containing no benzophenone (Figure 1). This confirmed 
that photoinitiation by benzophenone does take place, 
even when benzene is used as solvent. The effect was 
more marked than observed previously 1, when lower 
benzophenone concentrations were employed (8 × 10 -4 
M). In the absence of benzophenone, a reaction order 
of 1.5 with respect to MMA concentration is indicated. 
This would be consistent with initiating radicals being 
produced by direct photo-excitation of MMA. The 
lower monomer exponent obtained in the presence of 
benzophenone is to be expected on the basis that, in 
this case, most of the initiating radicals result from 
excitation of the benzophenone. 

Thermal initiation using benzopinacoL The presence of 
benzopinacol (,~ 3 x 10 -2 M) in ~ 30 ~ v/v MMA/benzene 
mixtures, heated in the dark at 70°C, gave rise to an 
approximately twenty-fold increase in the polymerization 
rate over that observed for blank mixtures, containing 
no benzopinacol. Initiation is presumably brought 

I-O 

i -- 2.0 
-5 
E 

~7 
N 
L-  

E 1.5 

-5 
(3 -  

v 

o 
4 -  

~r 

t I I 

Semi-pinacol radicals in photopolymerization of MMA : J. Hutchison et aL 

Table I Benzophenone-photoinit iated polymerizations in the presence and absence of benzhydrol 
(30°C and 70°C) 

Temperature Vol .% MMA in benzene [Ph~C=O] [Ph2CHOH] Polymerization rate /~wx10 -3 
(°C) (20°C) 10aM (M) (mol I-Zh -1) (by g.p.c.) 

I.O I-5 2 .0  

Log (vol. % MMA in benzene) 

Figure 1 Photopolymerization of MMA at 30°C. ©,  Containing 
5 .5x  10-3M benzophenone, gradient 1.2; x ,  absence of benzo- 
phenone, gradient 1.5 

about by semi-pinacol radicals formed by the thermal 
dissociation of benzopinacoP, 6. 

Spectrophotometric studies 
On irradiating a solution of benzophenone (5.5 × 10 -3 

M) in THF with light of wavelength 366 nm, a reaction 
occurred which was monitored by recording the absorp- 
tion spectrum of the solution between 300 and 370nm 
(Figure 2, solid lines). By analogy with studies of the 
photoreduction of benzophenone in isopropanol 7, s, the 
increase in absorption may be ascribed to the formation 
of an adduct arising from the combination of the two 
radicals formed as a result of hydrogen abstraction 
from THF by triplet-excited benzophenone. 
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gether excluded. That initiation is brought about by 
semi-pinacol radicals at higher temperatures is shown 
by the thermal reactions carried out at 70°C using 
benzopinacol. Braun et al. 5, 6 have previously reported 
that vinyl monomers can be polymerized by semi- 
pinacol radicals (again produced from aromatic pinacols) 
above 40°C. In the photolysis experiments carried out 
at 70°C, the presence of benzhydrol resulted in a marginal 
increase in the rate of polymerization, but a considerable 
reduction in the molecular weight of the polymer formed. 
Thus it can be concluded that although semi-pinacol 
radicals undoubtedly initiate at this temperature, 
termination is still an important effect. 

This conclusion is of relevance to the point raised 
earlier, namely, that for some photoinitiators, chain 
transfer constants measured in the irradiated systems 
have been found to be appreciably higher than those 
determined in thermally initiated (non-irradiated) poly- 
merizations. For example Minoura and Toshima 2 

i reported this to be so for a series of chlorosilane com- 
pounds, (CH3)nSiC14-n, and assumed that when activated 
with u.v. light these compounds take part more readily 
in the chain transfer reaction than chlorosilanes in the 
ground state. However, an alternative explanation 
could be that, as in the case of benzophenone, one of 
the radical species formed in the photochemical reaction 
terminates a significant proportion of the polymer 
chains. 

If the following assumptions can be considered valid: 
(i) the terminating radical species does not also initiate 
polymerization, being consumed otherwise only by 
interaction with itself, e.g. by self-combination; (ii) the 
other sensitizer-derived radical is not consumed by 
self-interaction, i.e. it is a highly efficient initiator of 
polymer chains, then kinetic analysis of the system is 
relatively straightforward 1, and predicts that the poly- 
merization will be half-order with respect to photo- 
initiator 4 concentration and first-order in monomer 
(as was found for the chlorosilanes2). 

The spectra recorded before and after irradiation 
(for 40rain) of a solution of benzophenone in 50~v/v 
THF/MMA (Figure 2, broken lines) show a considerably 
reduced rate of adduct formation. Figures 3 (a)-(d) 
confirm that the rate of adduct formation decreases 
with increasing MMA concentration over the 0-50 ~ v/v 
range investigated. 

DISCUSSION 

Since, in the AIBN-photoinitiated polymerizations 
benzhydrol affected neither the polymerization rate, 
nor the average molecular weight of the polymer pro- 
duced, then it is reasonable to assume that the effects of 
benzhydrol on the benzophenone-photoinitiated poly- 
merizations were due to more semi-pinacol radicals 
being formed in the presence of benzhydrol than in 
its absence. If this is accepted, then the fact that in 
the 30°C photolysis experiments benzhydrol caused a 
marked reduction in both the polymerization rate and 
the molecular weight of the polymer, demonstrates 
conclusively that semi-pinacol radicals act as terminating 
species in the polymerization of MMA at this tem- 
perature. 

The possibility that semi-pinacol radicals also initiate 
polymerization to some extent at 30°C cannot be alto- 
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Figure 3 U.v. absorption spectra of benzophenone solutions in 
MMA/THF mixtures before irradiation ( ) and after 5 min 
irradiation ( . . . .  ). (a) Bulk THF; (b) 5 vol.~/o MMA; (c) 20 vol.~/o 
MMA;(d)  50 vol.~/o MMA 
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A more complex kinetic situation arises when a radical 
species derived from a sensitizer, or from a thermal 
initiator, both initiates and terminates polymer chains 9. 
Such behaviour affects the dependence of the poly- 
merization rate on both initiator and monomer con- 
centrations; the order with respect to initiator tending 
to be reduced (i.e. < 0.5), and that in monomer increased 
(i.e. > 1.0). MMA polymerizations initiated thermally 
by benzopinacol would be expected to exhibit these 
tendencies, since it has been shown that semi-pinacol 
radicals, as well as initiating the polymerization of 
MMA, also act as terminating species. For this system, 
Braun et al. 6 did in fact find the order in MMA to be 
significantly greater than 1.0, the results being more 
consistent with an order of 1.5; but in the case of this 
monomer, they do not provide data for the order with 
respect to benzopinacol. For the benzopinacol-initiated 
polymerization of styrene, their results were again 
consistent with a monomer order of 1.5, but a linear 
relationship was obtained between polymerization rate 
and the square root of benzopinacol concentration. 
(Braun et aL interpreted their results in terms of a 
reaction scheme which did not include termination 
of polystyryl chains by semi-pinacol radicals.) 

The spectrophotometric studies relate to the efficiency 
of initiation by solvent-derived radicals in the benzo- 
phenone-photoinitiated polymerization of MMA in 
THF 1. From the changes observed in the u.v. absorption 
spectra on irradiation of solutions of benzophenone in 
THF and THF/MMA mixtures, it may be inferred 
that a combination reaction takes place between THF 
radicals and semi-pinacol radicals: 

Ar2C--OH + THF.~Adduct 

As mentioned previously, this is analogous to reactions 
observed in photolysis of benzophenone in isopropanol. 
For the latter system, Filipescu and Minn 7 have proposed 
the following structure for the adduct giving rise to 
increased u.v. absorption between 300 and 370nm" 

Me Me 
OH \ / 

• 

Ph~C--OH+ Me2C--OH ' ~  Ph H 

It was observed that in the benzophenone/THF/MMA 
system, the rate of adduct formation decreases with 
increasing MMA concentration. Two possible mechan- 
istic interpretations of this are as follows. 

(1) The quantum yield for production of THFo and 

Ar2C-OH radicals remains constant (unity?) over the 
MMA concentration range investigated, but the pro- 
portion of THF• radicals which react with MMA 
(initiating polymerization) increases with increasing 
MMA concentration, thus decreasing the number of 
THFo radicals available for combination with semi- 
pinacol radicals, i.e. reducing the rate of adduct for- 
mation. 

(2) The proportion of THFo and Ar2C-OH radicals 
which combine to give adduct remains constant (cage 

recombination?), but the rate of formation of THFo 

and Ar~C-OH radicals decreases with increasing MMA 
concentration, owing to quenching of triplet-excited 
benzophenone by MMA. The quenching reaction may 
or may not give rise to species which themselves initiate 
polymerization. 

Both of these interpretations would require that the 
efficiency, f, of the initiation process changes with MMA 
concentration ( f  may be defined as the fraction of 
triplet-excited benzophenone molecules which, by some 
intermediate process, lead to the initiation of polymer 
chains). Interpretation (1) would involve f increasing 
with increasing MMA concentration. This would tend 
to increase the order of the polymerization reaction 
with respect to MMA concentration. Interpretation (2) 
would involve f decreasing with increasing MMA 
concentration assuming that the species formed as the 
result of quenching of triplet-excited benzophenone by 
MMA initiated polymerization less efficiently than the 
solvent-derived radicals (i.e. THFo). This would tend 
to decrease the order of the polymerization reaction 
with respect to MMA concentration. The reaction 
scheme proposed by Block et al. 1 (which did not include 

the combination of THF• with Ar2C-OH radicals) 
predicted that the polymerization would be first-order 
with respect to MMA concentration. However, their 
analysis of the data obtained for the polymerization of 
MMA in THF photoinitiated by benzophenone itself 
gave a value of 0.84 for the monomer exponent, and it 
could be argued that this result favours interpretation (2). 

An important observation in the earlier study of 
photo-initiation of MMA polymerization by benzo- 
phenones 1 was the relative rate sequence 

BTDA > TMCB > benzophenone 

This was ascribed mostly to increasing efficiency of 
termination by the respective semi-pinacol radicals 

(Ar2C-OH). It was further assumed that there would 
be a common quantum efficiency for radical production 
for the three ketones and that there would be no adducts 

formed between Ar2C-OH and solvent derived radicals. 
The latter assumption is now clearly untenable and 
relative efficiencies of initiation by radicals derived from 
photoexcited aromatic carbonyl compounds will un- 
doubtedly be affected by relative efficiencies of adduct 
formation. 
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Effect of segment size and polydispersity on 
the properties of polyurethane block polymers 
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The dynamic-mechanical and thermal scanning behaviour of a series of specially synthe- 
sized linear segmented polyurethanes is presented. These materials possess a well 
defined segment molecular weight and molecular weight distribution and no possibility 
of intermolecular hydrogen bonding. The dynamic-mechanical transitions observed are 
assigned to specific molecular motions and the effect of segment size and molecular 
weight distribution is described. The results are explained in terms of hard segment 
domain perfection. Differential scanning calorimetry (d.s.c.) curves of annealed samples 
indicate that domain morphology may be affected by thermal treatment. A comparison of 
dynamic mechanical and d.s.c, results to hydrogen-bonded polyurethanes is made. 

INTRODUCTION 

The development of thermoplastic elastomers in recent 
years has led to extensive studies of the morphology and 
viscoelastic properties of these materials. Thermoplastic 
elastomers are block copolymers produced by joining 
alternating blocks of two dissimilar polymer chains. At 
service temperatures, one of the polymer chains is a 
viscous or rubbery component (soft segment), the other, 
a glassy or highly crystalline thermoplastic (hard seg- 
ment). In the thermoplastic elastomers, the soft segments 
are the major component, and each polymer chain 
contains at least two hard segments. 

It is now widely accepted that many of the unusual 
properties of these polymeric systems can be attributed 
to microphase separation of the hard segments into 
domains dispersed in a matrix of soft segments t. The 
rigid domains reinforce the elastomeric matrix by func- 
tioning both as tie-down points and as filler particles. 
Such elastomeric block polymers exhibit properties 
characteristic of crosslinked elastomers at moderate 
temperatures but flow as thermoplastics at temperatures 
above the softening point of the higher modulus com- 
ponent. 

An important class of thermoplastic elastomers are 
the linear segmented polyurethanes 2-6. These polymers 
have the general structure (A-B)n where B (the soft 
segment) is usually formed from a polyester or poly- 
(ether macroglycol) of molecular weight less than 2000. 
The hard segment is formed by extending an aromatic 
diisocyanate with a low molecular weight diol such as 
1,4-butanediol. The soft and the hard segments are 
relatively short blocks which alternate n times to give a 
polymer of high molecular weight. Electron micro- 
scopic 7 and X-ray ~-10 studies have demonstrated the 
existence of separate domains of hard and soft segments. 

The synthesis of a typical macroglycol as well as its 
subsequent reaction with diisocyanate and low molecular 

weight diol is done by stepwise polymerization reactions. 
This results in a broad molecular weight distribution in 
both of the segments and in the final polymer. 

It is known that the molecular weight distribution 
(MWD) affects the mechanical properties of homo- 
polymers as well as the more extensively studied ABA 
triblock polymers 11. It was therefore of interest to study 
the effect of varying MWD on the properties of seg- 
mented polyurethanes. 

Materials chosen for this study were prepared from 
poly(tetramethylene oxide glycol) (PTMEG), piperazine 
and 1,4-butanediol bischloroformate. They were syn- 
thesized in a carefully designed manner in order to 
control the molecular weight and molecular weight 
distribution of the hard segments. While the effect of 
other molecular parameters on the properties of poly- 
urethanes have been studied extensively, a study of the 
effects of MWD has received little attention. With the 
polymers used in this study, it is now possible to begin 
this work. 

Another important feature of this system is that in 
contrast to the polyurethanes commonly investigated 
these materials have no potential for intermolecular 
hydrogen bonding. Although hydrogen bonding is 
important in determining some properties of polyurethane 
elastomers, it imposes considerable complexity on 
structure-property relations and renders interpretations 
difficult. Fortuitously, with piperazine-based hard seg- 
ments, the possibility of hydrogen bonding is excluded. 
Thus, the structure of the hard domains, the nature of 
the intermolecular association due to crystallization of 
the soft and hard segments and other morphological 
features can be studied in a simplified manner. Further- 
more, the thermal behaviour of these non-hydrogen- 
bonded polyurethanes (as studied by differential scanning 
calorimetry) may be compared to analogous systems of 
the more common polyurethanes. 
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EXPERIMENTAL 

Materials 
The materials used in this study were obtained through 

the courtesy of Dr L. L. Harrell, Jr, of E. I. Du Pont 
de Nemours & Company and are described below. 

Overall structure: 

H - , ~ U G U - ~ , ~ U G U G U G U G U ~ - . . . U G U G U ~ , , ~ - H  

O O 
li / - - ~  rl 

where U = - - C - - N  N - - C - -  

G ---- - -  O - -  CH= - -  CH= - -  CH2--  CH2 - - O - -  

~*,~- = + O - -  CH= - -  CH2- -  CH~--  CH2--~x O - -  

Segmented structure: 

!o FO o "1o 
_ . - -  ...'ll ~ / l l  II ~ / n l  
--~-O(CH2)4-~x O i C--N N-I- CO(CH=)4OC--N N - t - C - -  

: k _ / l  \ / I  
soft segment L hard segment / n  

The soft segment -(-O-CH2-CH2-CH2-CH2-)-x is poly- 
(tetramethylene oxide) whose length is specified by x, 
the degree of polymerization. In this series of materials, 
x took on an average value of either 13.7 or 24, yielding 
a molecular weight of 1003 or 1744 for the soft segment. 
The hard segments -(-UG-)-n were prepared by reacting 
1,4-butanediol bischloroformate with piperazine. The 
resulting urethane linkage formed between the bischloro- 
formate and piperazine was designated as U, while G 
represents the chain extender, 1,4-butanediol. The value 
of n varied from 1 to 4. For convenience, the molecular 
weight of the hard segment has been expressed as a 
weight percentage. A summary of the structural para- 
meters for the polymers investigated in this work is 
presented in Table 1. 

A detailed synthetic procedure for the preparation of 
these polymers has been published by Harrel112. Mono- 
disperse hard segments were produced by a sequence of 
reactions that allowed the addition of one hard unit at a 
time to give hard segments with n = 1, 2, 3 or 4. Polydis- 
perse hard segments were easily prepared via the stepwise 
reaction between 1,4-butanediol bischloroformate and 
piperazine, to give average values of n = 1, 2, 3, and 4. 
The polyurethanes were formed by the stepwise reaction 
of the preformed hard segments and the polyether 
segments. 

Table I Structural parameters of segmented polyurethanes 

Segment size 
Soft Hard distributiona 

Desig- segment segment 
nation mol.wt. (wt.%) x n Soft Hard 

BB1-2 1003 37.2 13' 7 2 B B 
BB1-4 1003 51.4 13.7 4 B B 
BN1-2 1003 37.2 13.7 2 B N 
BN1-4 1003 51.4 13.7 4 B N 
NN2-3 1744 32-0 24.0 3 N N 
BB2-3 1744 32.0 24- 0 3 B B 

a B=broad; N=narrow 

The molecular weight distribution of the soft segment 
follows that of the starting PTMEG. Hence, soft seg- 
ments with a broad distribution were readily obtained 
from commercial, unfractionated PTMEG, whereas 
those with a narrow distribution were prepared from a 
fractionated sample of the same PTMEG. 

The segmented polyurethanes used in this study are 
designated in the following manner. The molecular 
weight distribution in the soft and the hard segments a r e  

designated as B (broad) or N (narrow), the description 
for the hard segments being preceded by that for the 
soft segments. This is followed by a number indicating 
the molecular weight of the soft segments rounded to the 
nearest thousand. The last number indicates the number 
of repeat units (n) in the hard segments. Hence, a polymer 
with a code such as BN1-2 has a broad molecular weight 
distribution in the soft segments and a narrow one in the 
hard segments, with the soft segments having a molecular 
weight of 1000 and the hard segments having two repeat 
units (n=2). 

Sample preparation 
All samples used in dynamic mechanical testing and 

differential scanning calorimetry (d.s.c.) were prepared as 
films. The polymer was dissolved in methylene chloride, 
cast onto a clean glass surface and the solvent was 
allowed to evaporate slowly at room temperature. 
Removal of the film without distortion was accomplished 
by applying a small amount of water at the polymer/glass 
interface. The films were then vacuum-dried at ambient 
temperature for 4 hours. 

Dynamic mechanical measurements 
A direct reading dynamic viscoelastometer, Vibron 

model DDV-II (Toyo Measuring Instruments Company) 
was employed to make dynamic mechanical measure- 
ments at three frequencies (110, 11, and 3.5 Hz) for 
temperatures from about -140°C to + 180°C. The rate 
of temperature change was maintained at about 1 °C/min. 
The film dimensions were 0.1×5×20mm. Apparent 
activation energies for various relaxation processes 
were determined from a plot of frequency versus the 
reciprocal of the absolute temperature at the loss peak 
maximum (Tmax) using the following equation: 

d(logfmax) 
AH* = 2.303R × d(1/Tmax) (1) 

where AH* is the apparent activation energy, fmax the 
frequency at the loss peak maximum, and R the gas 
constant. 

Differential scanning calorimetry 
D.s.c. measurements were made using a Du Pont model 

900 Thermal Analyzer with the d.s.c, module at a 
programmed heating rate of 14°C/min. Annealed samples 
were held at the specified temperatures for a period of 
4 h and allowed to cool slowly to room temperature at a 
rate of 1 ° to 2°C/rain. The sample size was 10-20mg. 

RESULTS AND DISCUSSION 

Dynamic mechanical testing 
The modulus temperature curves for the polyurethanes 

studied are shown in Figures 1-5. Loss peaks are observed 
for all polymers at about -100°C, -50°C, 40°C, and 
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Table 2 Transition temperatures (°C) 

Dynamic mechanical 

~/ as ah 8 c~C 

D.s.c. (control) 

as ~c 8 

BB1-2 - 1 0 0  - 5 0  25 110" ~10  - 7 4  - -  120" 
BB1-4 - 1 0 0  - 4 5  25 135" - -  - -72 - -  150" 
BN1-2 - 1 0 0  - 5 0  35 100" - -  - 7 4  - -  105 
BN1-4 - 1 0 0  - 4 5  35 140" ~10  --74 - -  160 
NN2-3 - 1 0 5  - 5 5  35 105" - 7 6  - -  105 
BB2-3 - 1 0 5  - 5 0  35 170" 10 --77 8 175" 

* Est imated va lues- -peaks are not wel l -def ined 

Table 3 Apparen t  act ivat ion energies (AH*)  

AH* (kcal/mol) 

Material ~, c~s 

BB1-2 10 47 
BN1-2 13.5 65 
BB1-4 9.5 65 
BN1-4 7 51 
B B2-3 15 48 

above 100°C. These are designated ~, as, ah and 3 
respectively and are summarized in Table 2. In addition, 
a small peak appears as a shoulder at about 10°C (ae) 
for polymers BB2-3, BB1-2, and BN1-4. Table 3 contains 
activation energy data for the 7 and as relaxations of the 
five materials studied. 

Soft segment relaxations. The primary relaxation 
observed near - 5 0 ° C  in the dynamic mechanical 
behaviour at 110 Hz of all the samples is designated as 
the as relaxation and assigned to the glass transition 
(Tg) of the soft segments. The storage modulus drops 
by about two orders of magnitude in this relaxation 
region and the calculated activation energies for all the 
samples range from 47 to 65 kcal/mol, typical values for 
primary glass transitions. The Tg of the poly(tetramethyl- 
ene oxide) (PTMO) homopolymer has been reported to 
be - 6 5 ° C  at 100 Hz 13. In addition, a Tg for all 5 materials 
is observed in d.s.c, testing at about - 7 0 ° C  (Figure 6). 

The secondary relaxation at about -100°C  at 110Hz 
is labelled the 7 relaxation. The activation energy calcu- 
lated from equation (1) ranges from 7 to 15kcal/mol 
(Table 3). Willbourn 14 observed a secondary relaxation 
in PTMO at -100°C at a frequency of about 100Hz, 
and ascribed it to motion of the methylene sequence. 
The actual mechanism of the 7 relaxation remains 
controversial and it is not clear whether the relaxation 
occurs in both the crystalline and amorphous phases of 
the polymer. Although both the soft and hard segments 
contain the methylene sequence, the major contribution 
to the 7 relaxation presumably comes from the soft 
segments because of its relatively high content in the 
polymer. 

In addition to these relaxations, BB2-3, BBI-2, and 
BNl-4 possess a small shoulder (around 10°C) between 
the c~8 and c~h relaxations, denoted c~e. A deep endotherm 
was found at a similar temperature in the d.s.c, curve for 
polymer BB2-3 (Figure 6). The c~e relaxation is attributed 
to the melting of the crystalline phase of the PTMO 
comprising the soft segments. The melting point of the 
PTMO homopolymer is 35°C 13. The lower melting 
temperature of the soft segments of BB2-3 than that of 
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the homopolymer is probably due to the fact that the 
molecular weight of the PTMO segments in the block 
polymer is considerably less than in the homopolymer. 

Hard segment relaxations. Dispersions above the 
melting point of the soft segments are attributed to 
relaxations within the hard segments. A small loss peak 
appears as a shoulder around 40°C, considered to be 
due to micro-Brownian motion of the amorphous phase 
in the hard segments. The corresponding glass transition 
(about 40°C) is rather ill-defined in the d.s.c, curves 
(Figure 6) because of the low hard segment content. 

The high temperature loss process observed in the 
temperature range from 100°C to 190°C is designated 
at the g relaxation and is assigned to the melting of 
hard segment micro-crystallites. This assignment is 
confirmed by the d.s.c, endotherm (peak II in Figure 6) 
located at about the same temperature as the 3 relaxation. 

Comparison to hydrogen-bonded polyurethanes. It is 
interesting to compare the dynamic mechanical properties 
of the present system, which has no hydrogen bonding, 
with the polyurethanes studied by Huh and Cooper 6. 
In the latter study, the soft segments were either poly- 
(tetramethylene adipate) or poly(tetramethylene oxide) 
and the hard segment, p,p'-dimethylmethane diisocyanate 
extended with 1,4-butanediol. These polymers are exten- 
sively hydrogen-bonded. The relaxation spectra for the 
two systems are remarkably similar, the primary differ- 
ence being the location of the as peak which occurs about 
40 ° higher in the hydrogen-bonded polymers. This may 
be due to the influence of hydrogen bond interactions 
on the soft segment mobility. Infra-red studies have 
established that there is a significant amount of hydrogen 
bonding between the soft and hard segments 4, which 
might serve to restrict local motion. Since this bonding 
persists above the soft segment Tg 4, 15 it is evident that 
the as transition is not accompanied by total disruption 
of  these bonds. 

Effect of segment size and polydispersi O, on the relaxation 
spectra 

In the present system the ~, transition is not affected 
by changes in MWD of the segments, but becomes 
broader at higher hard segment content. This is consistent 
with the belief that the 7 transition is due to a local 
motion of methylene sequences in the soft segments. 

The as, or glass transition of the soft segments, 
appears to be influenced by the hard segment content, 
but not by the hard segment molecular weight or MWD. 
For example, in Figures 1 and 2 it can be seen that the 
a8 transitions of BBI-2 and BBI-4 are equal to those of 
the analogous polymers which have narrow hard segment 
MWD (BN1-2 and BN1-4 respectively). Thus the hard 
segment MWD does not affect as. 

However, the as transition of BN1-4 occurs at a higher 
temperature than that of BNI-2 (Figure 3) as does that 
of BB1-4 over BB1-2. The 5 ° or so increase in as of the 
n = 4  polymers is ascribed to the higher hard segment 
content and not to higher hard segment molecular 
weight. This is borne out by the fact that the C~s transition 
temperature of BB2-3 is equivalent to the other polymers 
having the approximately same composition (BN1-2 and 
BB 1-2) despite the higher hard segment molecular weight 
of BB2-3. The hard segments act as filler particles which 
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Figure 2 Dynamic mechanical properties of BBI-4 (O) and 
BN1-4 ( A )  at 110Hz. - - - ,  E'; , E" 

interact with the matrix to raise its Tg, the effect being 
dependent upon filler content. 

The hard segments influence the as transition in another 
way. It can be seen that the slope of this transition 
(dE'/dT) is less for BBI-4 and BN1-4 (53 ~o hard seg- 
ments), than for the other polymers, including BB2-3. 
According to Tobolsky and Narkis 18 this may be inter- 
preted as indicating that the hard segment domains are 
more diffuse, that is, diluted with interpenetrating soft 
segments. The overall effect of such a diffuse morphology 
would be to hinder the total motion of the soft segment 
broadening their distribution of relaxation times. 

The an transition, or Tg of the hard segments, occurs 
at a higher temperature as the MWD narrows when 
polymers of similar composition are compared. For 
example, the an transitions of BN1-2 and BN1-4 occur 
at a higher temperature than BB1-2 and BBI-4 respec- 
tively (Table 2). It would appear that here, MWD is at 
least as important a molecular parameter as hard segment 
content or molecular weight. This is shown by the fact 
that the ah value for NN2-3 is comparable to those 
of polymers having higher hard segment content and 
molecular weight (e.g. BN1-4). 

The increase in aa with narrowing MWD of the hard 
segments may be due to improved microphase separation 
and crystallization. The absence of high and especially 
low molecular weight hard segments should result in 
higher degree of order within the domains and a con- 
comitant increase in ah. 

The important effects of hard segment MWD on E' 
can be explained in terms of domain perfection and 
crystallization. A comparison of the modulus-tempera- 
ture curves in the plateau region between as and ah 
shows the effect of polymer structure very well. Figure 1, 
a comparison of the modulus-temperature curves of 
BB1-2 and BNI-2 and, Figure 2, which compares the 
curves for BB1-4 and BN1-4, show that the modulus 
in the plateau region has a higher value for the polymers 
of narrower hard segment MWD, other molecular 
parameters being equal. The higher degree of hard 
segment order in BN1-2 and BN1-4 is also demonstrated 
in the d.s.c, traces of Figure 6 by the sharpness of the 
melting endotherm. 

The same effect can also be seen in polymers of lower 
hard segment content. Figure 3 compares the modulus- 
temperature curves of NN2-3 and BB2-3. In this case, 
the curve for NN2-3 decreases more sharply at as yet 
crosses that of BB2-3 to give a higher modulus in the 
plateau region. This may also be explained in terms of a 
more perfect hard segment domain. Further evidence of 
this is found in the sharp hard segment melting endo- 
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Figure 5 Dynamic mechanical properties of BB1-2 (O) and 
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therm of NN2-3 as compared to a very broad and 
indistinct melting transition for BB2-3 (Figure 6). 

Figure 4 shows that for the higher hard segment 
content, the modulus in the plateau region has a higher 
value. This is the expected result, since an increased 
hard segment content is essentially the same as increasing 
the reinforcing filler content. 

Figure 5 is a comparison of the modulus-temperature 
curves of BB1-2 and BB2-3. At the ~s transition, the 
E" versus temperature curve for BB1-2 decreases more 
sharply than does that for BB2-3 and then crosses so 
that the modulus of BB1-2 is higher in the plateau region. 
This latter effect is to be expected owing to the slightly 
higher hard segment content of BB1-2 while the sharper 
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decrease of the modulus at ~s for BB1-2 is felt to be due 
to the presence of relatively more perfect domains. 

These results may be explained by considering the 
relative degree of phase separation and perfection in the 
various polymers. In considering the results shown in 
Figures 1 and 2, it is felt that the polymers with narrow 
M W D  hard segments have a higher modulus in the 
plateau region because the domains formed are more 
perfect than those of comparable polymers of broad 
hard segment MWD.  Studies done by Morton lz have 
indicated that the modulus of the hard blocks in ABA 
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Figure 6 D.s.c. curves of polyurethane control samples, A, 
BB1-2; B, BN1-2; C, BB1-4; D, BN1-4; E, NN2-3; F, BB2-3 
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triblock copolymers influences the modulus and tensile 
properties of the overall polymer. While a direct com- 
parison between the present system and the ABA 
copolymers is not possible, a qualitative comparison of 
the filler effect of the domains in both is reasonable. 
Therefore, it is felt that the less perfect, or more diffuse 
domains, would cause a lower overall modulus. 

In the case of the results shown in Figure 5, the data 
indicate that the polymer containing the higher molecular 
weight segments (BB2-3) formed less perfect domains 
than a polymer of slightly higher hard segment content. 
This result may be attributed to the kinetics of the 
film-making process, that is, during the drying time of 
the film-casting process, the diffusion of the hard seg- 
ments into domains of BB2-3 is hindered by their higher 
molecular weight and by the more viscous matrix of the 
higher molecular weight soft segments. 

D.s.c. results 
D.s.c. curves for unannealed control samples are 

shown in Figure 6. D.s.c. estimates of the as, ~e and 3 
transition temperatures are summarized in Table 2. The 
soft segment glass transition occurs at about -70°C in 
all samples. In BB2-3 it is followed by an in situ crystalli- 
zation exotherm at -40°C and a melting endotherm at 
10°C. 

A high temperature melting endotherm (II in Figure 6) 
is well defined for samples with narrow hard segment 
molecular weight distributions. This may be identified 
with the melting of the microcrystalline regions of the 
hard segment domains. This is defined as the 8 relaxation 
in the dynamic mechanical test. 

The final feature of the d.s.c, curves in Figure 6 is an 
endotherm around 60°C, labelled I. Figures 7 and 8 
show that annealing shifts the position of this peak 
upscale until it merges with the II peak. This effect is 
observed for all samples and is ana]ogous to that reported 
by Seymour and Cooper15,17 for hydrogen-bonded 
polyurethanes. These investigators concluded that the 
I peak thus represents disordering of more poorly ordered 
hard segments. The morphology responsible for the I 
peak may be improved by annealing until the micro- 
crystalline morphology of peak II is reached. Further 
annealing intensifies and shifts the combined I-II peak 
to a slightly higher temperature. However, the low 
temperature endotherms and transitions pertaining to the 
soft segments are not affected by annealing. 
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A theoretical treatment of die swell in a 
Newtonian liquid 

F. Horsfall 
Rubber and Plastics Research Association of Great Britain, Shawbury, 
Shrewsbury SY4 4NR, UK 
(Received 4 January 1973) 

A finite-difference technique is used to calculate the die swell of a Newtonian liquid emerging 
from a capillary at zero Reynolds number. There is semi-quantitative agreement with 
experimental results. The experimental die swell is 13.5%; this theory predicts a die swell 
of 6.3 ~o. 

INTRODUCTION 

When a polymer melt emerges from the die in an extruder 
there is an increase in cross-sectional area, a phenomenon 
known as the 'Barus effect', 'post extrusion swelling' or 
simply 'die swell'. This effect is of practical importance 
since allowance must be made for it in the design of dies. 

A theory relating die swell to fundamental flow 
properties such as normal stress or elastic recovery 
would be useful in die design. Such a theory would also 
provide a means of assessing the various equations of 
state that have been proposed for polymer melts. Several 
attempts have been made to explain die swell; probably 
the most popular theory was due to Metzner et aL z 
and was based on momentum balance. The theory, 
although successful for polymer solutions, was unsuccess- 
ful for polymer melts 2, a. More recently theories have 
been developed that assume the flow of liquid can be 
approximated by steady shear flow suddenly followed by 
elastic recovery a-5. These theories appear to be successful 
but the assumed flow history is a considerable simplifica- 
tion and the theories do not explain the die swell of a 
Newtonian liquid. An alternative and more satisfactory 
procedure would be to solve the coupled equations of 
state and motion over a region extending both upstream 
and downstream from the die exit. 

At low shear rates the die swell of a polymer melt 
tends towards the Newtonian value of about 13.5 %a, 6 
Furthermore, the viscosity of a polymer melt becomes 
independent of shear rate at low shear rates. It seems 
reasonable therefore to develop a theory for the die swell 
of a Newtonian liquid before attempting the more 
complex polymer melt. In this report a numerical 
technique is described for determining the shape of an 
extrudate of Newtonian liquid emerging from a capillary 
at zero Reynolds number. The effects of gravity and 
surface tension have been neglected. 

One of the main difficulties with the calculation lies 
in specifying the boundary conditions on the free surface, 
since the position of the surface is unknown. Duda and 
Vrentas 7 overcame this difficulty by re-arranging the 
Navier-Stokes equations and the boundary conditions so 
that the stream function was an independent variable 
and the distance from the axis a dependent variable. 

However, they only solved the equations for large 
Reynolds numbers when the equations became parabolic. 
In our procedure an arbitrary boundary shape is chosen 
and the stress tangential to the surface is made zero. 
The stress distribution normal to the surface is calculated 
and a boundary shape is chosen to give a minimum 
normal stress distribution. The equations used are less 
complicated than those obtained by Duda and Vrentas. 

THE PROBLEM 

Consider a system of cylindrical polar coordinates in 
which the origin is the centre of the exit of the capillary 
and the z axis points downstream. If we assume that the 
angular velocity component is negligible and the liquid 
is incompressible, the movement of the liquid at zero 
Reynolds number is described by the equation: 

a4~ b , ,n a4~  , a4~ b 2 a3¢ 2 03~ + 3 c92¢ 3 a,& 
~ t ~ - *  ar 4 razZar r a t  3 rZar~ r = ~  =0(1) 

Stokes' stream function ¢ is defined in terms of the 
velocity components by: 

v _  1 a,,/,, i a,b 
- r ~ '  Vr= r a z  

Equation (1) can be obtained from the Navier-Stokes 
equations (Aris 8, p 182) by eliminating the isotropic 
pressure. 

Die swell decreases with increasing length of die to 
a limiting value when the die is several die diameters 
long. Consequently we can assume that the upstream 
boundary condition is: 

,] 
where R0 is the radius of the capillary and Q is the volume 
rate of flow. This implies that the velocity distribution is 
parabolic. Die swell increases with distance from the die 
exit to a limiting value several die diameters downstream. 
Consequently we can assume that the velocity profile 
across the extrudate is ftat at the downstream boundary, i.e. 

¢ = Q [ _ r ~ Z  (z = + oo) (3) 
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where R~ is the final radius of the extrudate. Inside the 
capillary, at the wall, the boundary condition is 

0 ¢ = 0  and ¢ Q (z<0,  r=R0) (4) 
3r =2~- 

This implies that the liquid does not slip on the wall of 
the capillary. On the free surface of the extrudate the 
stress tangential to the surface pT is taken to be zero, i.e. 

p T = 0 ;  ¢ = Q  (z>0,  r=Rz) (5) 

where Rz is the radius of the extrudate. The stress tan- 
gential to the free surface is given by: 

PT_Rz(l + _/32) (0r202¢ 002~z2 ) 

1 a¢ 02¢1 
(I +/39r br -43~-r] ~=~ (6) 

where /3, the gradient the free surface makes with the z 
axis, is given by: 

a¢ a¢ 

and ~ is the viscosity. Equation (6) can be obtained by 
resolving components of the stresses parallel to the surface 
(Aris s, p 181). Similarly, an expression for the stress 
normal to the free surface can be obtained: 

2~ +/~2)[ ( -~  1 ' t ~2xO2¢  ' c~[02¢ 0 2 ¢ ] 1  p u =  
~P ~ Rz~l ~-p )aza-r~-p~ az 2 arZ]j~=R~ 

(7) 
where p is the isotropic pressure which can be obtained 
from the Navier-Stokes equations: 

Op [1 0~¢ 1 02¢, 1 0¢ ,  1 Oa¢ ] 
3z=~?[r Or a - r  ~ Or2tr a Or t i az2arJ (8) 

1 a3¢ , 1  a2¢]  
aZ~ - r azar2 + ~ azarJ 

The problem then is to choose the extrudate profile Rz 
so that the normal stress distributionpN is zero. 

FINITE DIFFERENCE FORM OF THE EQUATIONS 

The flow field was covered by a square mesh of grid 
points with spacing h. The usual finite difference repre- 
sentation of the first three terms of equation (1) was 
used with an error of order 0(h 2) (Abramowitz and 
Stegun 9, p 883). The remaining terms had errors of 
higher order since all five points in the r direction were 
used. This makes the finite-difference equation compatible 
with equation (2) upstream, removing any unnecessary 
anomalies. 

Using the local notation illustrated in Figure 1, at the 
point (0, 0) equation (1) becomes: 

¢2, o+ ( 2 - 0 ¢ x ,  1--8¢1, 0+(2+  0¢1 , -1+  
( 1 - t - ¼t 2 + ¼t 3) ¢o, 2 + ( - 8 + 4t  + 4t  2 - 2t  3) ¢o, 1 

+ (20 - 7½t2)sbo, o + ( -  8 - 4t + 4t 2 + 2ta)¢o, -1 + 
1 2  1 3  (1 + t-- ~t -- ~t )¢0, -2 + (2 -- 0¢-1, 1 -- 8¢-1, 0 + 

( 2 + 0 ¢ - 1 , 1 + ¢ - 2 , 0 = 0  
(9) 

where t=h/r and r is the radial coordinate at (0, 0). 
The boundary condition upstream was represented by 

X 
0,2 

X X X 
-t, I 0,I 1,1 

X X X X X 
-2,0 -1,0 0 ,0  1,0 2,0 

X X X 
-I,-1 0,-1 1,-1 

lr  direction X 
0,-2 

z direction 

Figure 1 Mesh points used for equation (9) 

X 
0,1 

X 
0,-1 

>( 
0,-2 

Figure 2 
capillary 

X 
0,-3 

Mesh points near wall of 

two adjacent columns of stream values given by equation 
(2) at the positions z = - Nuh and - (Nu + 1)h. Similarly 
at positions z=Nah and (Na+ 1)h equation (3) was used 
to represent the downstream boundary condition. 
Because of the symmetry the axis is effectively a boundary 
so the mesh points on the axis were given the value zero 
and the rows on either side of the axis were taken to be 
identical. On the wall of the capillary equation (4) was 
represented (Figure 2) by: 

--0"1 ¢o,-3+0"6¢0,--2-- 1"8¢o,-1+0"3¢o, 1 + 2Qrr = 0 (10) 

The use of five grid points in the r direction makes the 
equations compatible with the upstream boundary 
condition. 

The boundary conditions on the free surface were 
arranged to be of order 0(h 2) on the lines r=Ro and 
r =  R0 +h.  We therefore assumed that the boundary lies 
in this region; this was found to be justified. The finite 
difference form of equations (5) at the point (0, a) in 
Figure 3 were: 

[a(1 - f12) + (1 + 2 ~ ) 3 ] ¢ 1 ,  1 + [(1 - ~)(1 - 32) - 4 ~ 3 ] ¢ 1 ,  0 + 

[ - - (1 - -2a) /3 ]¢1, -1+ 

[ -  (1 + 3a)(1 -/32) + (½ + ~)(1 +/32)t ]¢0,1 + 
[5~( 1 - 132) - 2~( 1 +/3z)t ] ¢o, o + 

[ -  (1 + 3a)(1 - flz)_ (½_ a)(1 +/32)t ]¢o, -1 + 
[a(1 - / 3 z ) _  (1 + 2a) /3 ]¢ -x ,  1 + 

[(1 - a)(1 -/32) + 4a/3] ¢-1, o + [(1 - 2c/)/3]¢-1,1 + 

[cx(1 - fl2)]¢o, -2 = 0 

( l l )  
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RESULTS AND DISCUSSION 

A computer programme was written in Fortran for 
calculating the normal stress distribution from the 
equations developed in the previous section. The pro- 
gramme was supplied with the boundary shape and the 
number of mesh spaces upstream (Nu), downstream 
(Na), and between the axis and the capillary wall (Nr). 
The programme was run on the University of London 
Atlas computer. In the numerical method the upstream 
and downstream boundaries are a finite distance from 
the exit. Hence we require the boundary profile that 
gives a minimum normal stress distribution with N~, 
Na and Nr large enough for the normal stress to be 
independent of Nu, Na and Nr. The normal stress at the 
downstream boundary was taken to be zero. 

In the first calculations we assumed that the extrudate 
profile was fiat, i.e. the die swell was zero. The dimension- 
less normal stress distribution obtained, pND3/~Q, where 
D=2R0 is illustrated in Figure 5 (curve 2). The number 

and 

~(1+~)¢0,1+2(1-~2)¢0,0-~(1-~)¢0,_1--g=0 (22) 7/" 

where t=h/Rz and a=(Rz-Ro)/h. Equations (9)-(12), 
(2) and (3) produced (Nu +N a-1)(Nr+ 2) simultaneous 
equations. These were solved to give the stream function 
at all grid points, which enabled the normal stress distri- 
bution to be calculated. By using equation (6) with 
pT=O equation (7) can be simplified to: 

pN= - p  R,O¥#~)[,. * p  ) ~ * ~  ~-I,-=R, (13) 
using the notation of Figure 3 the finite difference form 
of equation (13) is: 

~7 
ply = - p  q h2Rz(1 _ fl~) × 

[-- (½+ a)(l + fl2)]¢1, 1+ [2a(1 + fi2)]¢1, O+ 

[(½- a)(1 + fl2)]¢1, -1 + [ -  (1 + 2~)flt ]¢o, z + 

[4afit ]¢o, 0 + [(2 - 2a)flt ]¢0, - 1  q- 

[(1+ ~)d + #2)1¢-1,1 + [ -  2e~(1 + 52)1¢_1, o + 

[-- (1-- Ot)(l -I-fl2)]¢-I,--I 

The isotropic pressurepwas found by integrating equation 
(8) along the three lines r=Ro-h ,  r=Ro and r=Ro+h 
using Simpson's rule. The integrations were performed 
twice starting at the points z=Nah, and z=(Na+l)h 
with p = 0 to give the pressure at each grid point. Using 
the notation of Figure 4 the finite difference form of 
equation (8) at the point (0, 0) is: 

ap ,7 
a z -  2Rzh a x 

3¢1, o-4¢z,-1+ ¢1,--2+ 
[-- 1 - -4t+ 3t2]¢0, 0+ [-- 10+ 10t--4t2]¢0,--1+ 

[22-- 8t + t2]¢0,--2+ [-- 14 + 2t] ¢0,--8+ 3¢0,--4+ 

3¢--1, 0--4¢--1, --1+ ¢--1,--2 

TO obtain p on the free surface the following interpola- 
tion equation was used: 

P = la(1 + a)Pn o+h + (1 - o~2)pn o + ½a(- 1 + a)PRo-n 

~ oo 

x X x 
-1,o o,0 I,o 

X x X 
-I,-1 0¢1 I,-1 
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-1,-2 Q-2 1,-2 

x 
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0,'4 

Figure 4 Mesh points 
used for calculating iso- 
tropic pressure 
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Figure 5 Stress normal to free surface for different extrudate 
profiles. 1, A=0;  2, A=6.26, B=5.22; 3, A=7.6, B=4.40; 4, A= 
13.5, B=4-12 
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Figure 6 Streamlines for calculated die swell 

of grid spaces N~, was varied from 16 to 24, Na f rom 23 
to 40, and Nr f rom 9 to 12. The change in normal stress 
was about 1 ~ of the minimum obtained. Hence the 
stress distribution is negative. This implies that the 
liquid is pushing outwards and that in the absence of 
constraining forces the boundary would move outwards 
and give rise to die swell. A similar stress distribution 
was obtained by Richardson TM by an analytical technique 
for a Newtonian liquid emerging from an infinitely 
wide slit. 

Batchelor et al. 6 found that the shape of the free 
boundary of the Newtonian liquid was adequately 
described by an exponential of the form: 

All e4 
where y is the percentage increase in diameter at a 
distance z from the capillary exit. The theoretical 
boundary was therefore assumed to have this shape. 
The two adjustable parameters A and B were chosen to 
make the sum of squares of  the normal stresses a mini- 
mum. For Nu= 16, N a = 4 0  and N r = 9  this minimum 
was obtained when A = 6.26 and B =  5-22. These results 
may be compared with experimental values of  A = 13.5 
and B=4.12.  The stress distribution corresponding to 
the theoretical values is illustrated in Figure 5 (curve 2); 
the streamlines are shown in Figure 6 and the axial 
velocity distributions at various cross-sections in Figure 7. 
In this Figure it is interesting to compare the velocity 
distribution at the exit (z/D=O) with the parabolic 
distribution upstream (z/D---½). The momentum 
balance approach assumes that the parabolic velocity 

2r r 

3 

% 

o J !  I ' I 
1/2 0 1/2 

rid 

Figure 7 Axial velocity distributions at various distances from 
the exit. 1, --½D; 2, 0; 3, ¼D; 4, ½D; 5, 2D 

distribution persists up to the exit for the Newtonian 
liquid. 

The estimates of  A and B are probably not very 
accurate since pN is not very sensitive to changes in A 
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and B. In Figure 5 curve 3 gives the pressure distribu- 
tion corresponding to A=7 .6  and B=4.40. Changes in 
the number of  grid spaces of approximately 50 % gave a 
minimum for the sum of squares in roughly the same 
region but because of the costs involved a detailed 
examination was not possible. The pressure distribution 
was independent of the position of the upstream and 
downstream boundary positions provided they were at a 
distance greater than 1 and 2 die diameters from the 
die exit respectively. The stress distribution correspond- 
ing to the experimentally obtained boundary shape 
A =  13.5 and B=4.12 is shown in Figure 5 (curve 4). 

The treatment given here may not be rigorous in 
specifying the boundary conditions at the capillary wall 
in the exit plane. Within the capillary we assume that 
there is no slip at the wall and hence the tangential 
stress is finite. On the free surface of the extrudate the 
tangential stress is taken to be zero. The finite difference 
equations used here may not represent this discontinuity 
accurately. There is clearly a need for an analysis of  the 
behaviour at this point similar to that given by MichaeP z 
for the two dimensional flow of  a viscous liquid past the 
edge of a solid boundary. Such a local solution could be 
incorporated into the more general finite difference 
solution given here. 

CONCLUSIONS 

The theoretical analysis described in this report provides 

a semi-quantitative explanation for the experimental 
observation that a Newtonian liquid exhibits a die 
swell of 13½%. The suggested equations of state for 
polymer melts are much more complicated than that 
for a Newtonian liquid and the resultant equations 
equivalent to those used in this analysis would be corre- 
spondingly more complicated. At present therefore the 
cost of  a solution based on the above approach but 
for a non-Newtonian liquid does not appear to be 
justified. 
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Structural studies of polyesters: 5. Molecular 
and crystal structures of optically active and 
racemic poly(p-hyd roxybutyrate) 

M. Yokouchi, Y. Chatani, H. Tadokoro, K. Teranishi and H. Tani 

Department of Polymer Science, Osaka University, Toyonaka, Osaka, 560 Japan 
(Received 26 January 1973) 

The molecular and crystal structure of naturally occurring optically active poly(fi-hydroxy- 
butyrate) was analysed by X-ray diffraction. The unit cell is orthorhombic, P21212t-D~, 
with a=5.76 ,/k, b=13.20 A, and c(fibre period)--5-96/k and two molecules pass through 
the unit cell. The molecule has a conformation shown by the Fischer projection for the 
case of a rectus polymer, giving a left-handed (2/1) helix. 

I 
H--C--CH3 

I ~ ( -  52 °) 
H--C--H 

I G ( -  42°) 
CO 
I T (-175 °) 
O 
I T (152 °) 

The crystalline synthesized racemic polymer gave the same X-ray diffraction pattern as the 
naturally occurring optically active polymer. This result indicates that the racemic polymer 
has an isotactic configuration and consists of two kinds of crystallites, each composed 
only of the left-handed helices of rectus polymer chains, or only of the right-handed helices 
of sinister polymer chains. 

INTRODUCTION 

Several polyesters of the types 

[-O(CH2)xOCO(CH~)uCO-]n 

and 
[-(CH2)zCOO-]n 

have been studied systematically by the authors using 
X-ray diffraction, infra-red, and Raman spectroscopic 
methods (x=2 and y=0 ,  x = 2  and y=21, x = 2  and 
y=42, z = l  3, z=24, and z=55,6). As an extension of 
these studies, analyses of polyesters with side chains 
have been undertaken. In the present paper, the struc- 
tures of optically active and racemic poly(fl-hydroxy- 
butyrate) [-CH(CHa)CH2COO-]n are reported. The 
naturally occurring optically active polymer plays an 
important role in bacteria as a storage material and is 
isolated from various bacteria. 

There have been several papers on the crystal structures 
of polyesters with side chains: polypivalolactone 
[-CH2C(CHa)2COO-]nT, 8, and optically active poly- 
(fi-hydroxybutyrate) 9. The conformation of the modifica- 
tion (II) of poly(fl-propiolactone) [-(CH2)2COO-)n is 
planar zigzag 4, while the conformation of polypivalolac- 
tone is a two-fold helical structure of the type (G~T2)2. 
It would be interesting to compare the molecular confor- 

mations of poly(fi-propiolactone), polypivalolactone, 
and poly(fi-hydroxybutyrate); these three polymers have 
the same main chain structure. 

In 1967, Okamura and Marchessalt proposed a crystal 
structure of optically active poly(fl-hydroxybutyrate) 
based upon the qualitatively observed X-ray intensity 
data 9. In the present paper, the crystal structures of 
optically active and racemic poly(fi-hydroxybutyrate) 
are reported in detail. After completion of the present 
study, the authors were informed through Okamura's 
review 10 and a personal communication from Marches- 
salt that these authors had independently found the 
same crystal structure of the optically active polymer as us. 

STRUCTURE DETERMINATION 

Samples 
Naturally occurring optically active poly(fl-hydroxy- 

butyrate) was obtained by extracting Pseudomonal 
solanasearum with chloroform and was purified by 
reprecipitation with diethyl ether (m.p. 174-177°C; 
measured under a polarizing microscope). The racemic 
polymer was prepared by polymerizing DL-fl-methyl-fl- 
propiolactone with [Et2A1OCPhNPh]z catalyst (m.p. 
167-169°C) 11. The samples for X-ray measurements 
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were made by heating to just below the melting point 
and then drawing quickly. 

X-ray measurements 
Ni-filtered Cu-K~ radiation was used throughout the 

present X-ray studies. The X-ray photographs of the 
optically active polymer and the racemic polymer are 
shown in Figures la and b, respectively. The X-ray 
diffraction pattern of the racemic polymer is essentially 
the same as that of the optically active polymer. It was 
expected that the naturally occurring optically active 
polymer has a higher regularity than the synthesized 
racemic polymer. Therefore, for a detailed structure 
analysis, the photographs of the naturally occurring 
polymer were used. The meridional reflection data were 
taken from the photograph using a Weissenberg 
camera where the sample was oscillated about an axis 
normal to the fibre axis. 

Forty-two independent reflections were observed. The 
reflection intensities of the fibre diagram obtained by the 
multiple film method were measured by visual compari- 
son with a standard intensity scale. The corrections for 
Lorentz polarization factors and the obliquity effect in 
the fibre diagram were made. 

Figure 1 X-ray f ibre photographs of poly(/3-hydroxybutyrate). 
(a) Naturally occurr ing optical ly active polymer; (b) synthesized 
racemic polymer 

(M 
i J 

T - 1 8 o  c 

1 8 0  ° 

- ~  :I-1T (I) 
S 

64 ° <model-  m {I) 

model-- ] I  (r) 
180 °< 

lb'[ I 

;r} 

180 ° 

Figure 2 Three-dimensional closed curve showing the relation- 
ship between n ,  ~'z, and ~'4 for possible conformation of the main 
chain of poly(/~-hydroxybutyrate) 

Unit cell and space group 

The reflections observed on the photograph could be 
indexed by an orthorhombic cell; a = 5.76 A, b = 13.20 A, 
and c (fibre period) = 5.96 A. These values were calibrated 
by using the spacings of the reflections of aluminium 
powder and they agreed with those reported by Okamura 
and Marchessalt 9. It was assumed that there are four 
monomeric units in a unit cell, by comparing the calcu- 
lated density of 1.26 g[ml with the observed density of 
1.23-1.25 g/ml measured by the flotation method 19'. The 
following systematic absences were found; h00 when h 
is odd, 0k0 when k is odd, and 001 when l is odd. There- 
fore the possible space group is P212121-D~. This space 
group is a suitable one for an optically active material. 
It was assumed from these experimental data that this 
polymer molecule has a two-fold screw axis relating two 
monomeric units, and two molecules pass through the 
unit cell. 

Molecular models 
Here the rectus polymer model was assumed, since the 

naturally occurring optically active poly(/3-hydroxy- 
butyrate) is considered to be rectus because hydrolysis 
and autolysis of this polymer give D(-)-fl-hydroxybutyric 
acid 13. At first, the molecular models with two-fold 
screw axis were constructed by assuming the following 
bond lengths and bond angles: CI-CII = CI-CIv = 1"54 A, 
Cn-Cni = 1-52 A, CIII-OI = 1.36 A, Cni-On = 1"23/~, 
OI-CI(+ 1) = 1.43 A, L O I ( -  I)CICn = L O I ( -  1)CICIv = 
L CIvCICII = L CICnCnI = 109.5 o, L CIICnlOI = 115.0 o, 
L CnCnlOii = L OnCnlOi = 122.5 °, and L CIIIOICI(+ 1) 
= 112-0 °. The numbering of the atoms and the internal 
rotation angles are as follows; 

7"1 T2 '7"3 T4 

--OI( -- I) -- Cl--Cll--Ciil--Ol--Ci( + l)-- 
I II 

CIV OII 

By assuming the two-fold screw symmetry, the number 
of independent internal rotation angles is three. From the 
results of the structure analyses of polyesters of the types 
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[-O(CH2)xOCO(CH2)uCO-]n and [-(CHz)zCOO-]n, it 
is reasonable to fix 7.3 at 180.0 °1. By fixing ~'3 at 180-0 ° 
and varying 7.1 and 7.2 f rom - 180 ° to 180"0 °, the values 
of 74 for all possible molecular models were obtained 
which satisfy the identity period of 5.96 A. A set of  the 
internal rotation angles was on one closed curve in a 
cube defined by the three-dimensional Cartesian coordi- 
nates, 7-1, 7.2, and 7.,1, each covering from -180 .0  ° to 
180.0 ° . In Figure 2, the projection to the 7.17.2 plane is 
shown and 7.4 values of several points are given on the 
closed curve. From this Figure, six models with plausible 
internal rotation angles (nearly trans (T), skew (S), and 

Structural studies of polyesters (5): M. Yokouchi et al. 

gauche (G)) could be obtained: three left-handed helices 
and three right-handed helices. The internal rotation 
angles of the left-handed helices are given as follows and 
the right-handed helical models [model I(r), model II(r), 
and model Ill(r)] can be given by changing the sign of 
all the internal rotation angles of  the left-handed helical 
models; 

Model  "rl(°) ~'z(°) "r~(°) r4(°) 

I( /)  - 5 0  --45 180 149 
II (/) - -45 159 180 - 52 
II1(/) - 1 1 5  92 180 64 

model- l (1)  modeI -E( l )  rnodel-]]I (I) 

C 

) 

rnodel-I (r) model-]I  (r) 
Figure 3 Six mode ls  w i th  p robab le  internal  ro ta t ion angles 

model-TIT(r) 
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These six rectus polymer models are shown in Figure 3. 

Structure factor calculations 
At first, the structure factors of the equatorial reflec- 

tions for the six models were calculated. Good agreement 
between observed and calculated structure factors could 
be obtained only for the structure in which model I(l) 
was located so that the direction connecting two methyl- 
ene groups on the ab projection is nearly parallel to the 
b axis. The model I(l) is considered the most probable 
molecular conformation. But, there remains another 
parameter, the translation along the c axis (parallel to 
the fibre axis). Referring to the observed intensities of 
the meridional reflections, the model I(l) was placed as 
the z-coordinate of the carbonyl carbon atom to be 
nearly zero. At this stage, the contribution of the hydro- 
gen atoms was included in the structure factor calcula- 
tions, by assuming the C-H  bond length to be 1.09A 
and the /_CCH and /_HCH bond angles to be 109.5 °. 
As a result, the calculated structure factors for the all 

Table 1 Atomic  coordinates and thermal coefficients 

x y z B(A 2) 

CI 0.437 -0 .068  0.217 4.7 
CII 0-318 -0 .139  0-389 3.3 
CIII 0.143 -0 .077  0.513 5.1 
CIV 0.587 -0 .140  0.052 7.1 
OI 0' 232 0.017 0" 585 5.1 
OII --0"057 --0"105 0"558 5"7 

Assumed values for hydrogen atoms 
H(I) 0.557 -0 .020  0.294 10.0 
H(II-1) 0.447 -0-171 0.499 10.0 
H(II-2) 0.226 - 0 .200  0.301 10.0 
H(IV-1) 0.667 --0.092 -0 .076  12.0 
H(IV-2) 0.464 -0 .192  -0 .036  12-0 
H(IV-3) 0.710 -0 -182  0.143 12.0 

Table2 Comparison of obs, and calc. structure factors 
for naturally occurr ing optical ly active poly(f~-hydroxybutyrate) 

h k I (/o) 1/~a (Ic) 1/2b 

0 2 0 86.3 70.0 
1 1 0 85.5 86.3 
1 2 0 ( 5.1)c 17"3 
1 3 0 38-6 43.3 
0 4 0 50"9 49.6 

0 i) 1 4 28"3 25'6 
2 1 
2 2 0 21 "8 18'2 

2 3 0"~ 38-3 28.2 
1 5 

0 6 34- 7 42.3 
2 4 
1 6 0 21 "6 12.1 
2 5 0 ( 8 . 4 )  2.0 
3 1 0 29.1 35,6 
3 2 0 ( 8 . 7 )  14.6 
1 7 0 ( 8 . 8 )  9.8 

3 3 0"~ 39.0 36.5 
2 6 

,t 3 4 26.1 18.2 
0 8 

1 8 27.3 28- 6 
2 7 
3 5 0 (9 "9 )  5"0 

4 o 

2 8 25.6 23.1 
4 1 
1 9 
4 2 

Table 2 (continued) 

h k / (Io)112a (Ic) 112b 

4 3 0 (10"8) 14.0 
3 , o} 
0 10 29.4 28.9 

0 1 1 24.3 23.3 
0 2 1 43.3 36.8 
1 0 1 54.7 53.9 
1 1 1 62.9 79.1 
0 3 11} 1 2 55.6 59"8 

1 3 1 38.8 33.3 
0 4 1 10.5 9"3 
o 
1 4 1 38-8 36"7 
2 1 
0 5 
2 2 31 "5 24"9 

2 3 
1 5 i ~> 47.3 42.4 
0 6 
2 4 46.3 41 "0 

1 6 1 26.0 26.0 

3 0 22.2 18.1 

3 1 
0 7 30.8 28.9 

3 2 1 (4 "6 )  4.4 
1 7 1 ( 4 . 7 )  8"8 

3 II l 2 6 23.9 25.4 

3 4 
0 8 23.8 13-8 

1 8 1 (5 "2 )  4.3 
2 7 1 (5 "2 )  3-1 
3 5 1 (5 "3 )  10-6 

O it 
3 6 11 
4 0 
2 8 26"3 34'3 

4 1 
1 9 
0 3 
1 2 47"6 57"3 

1 3 2 27"7 26"2 
0 4 2 28"7 22"5 
o 
1 4 2 63"9 66"7 
2 1 
0 5 
2 2 25"4 23"9 

2 3 
1 5 2 I  49"7 44"1 

0 6 
2 4 28"7 26-9 

1 6 2 (8 "5 )  6"7 

3 0 41-6 46"8 
3 1 
0 7 2 (9 -0 )  1.8 
3 2 2 (9 "2 )  15.2 
1 7 2 ( 9 . 3 )  13-3 

3 3 2"~ 19.7 11 "1 
2 6 
3 4 
0 8 ( 9 . 9 )  13.3 

1 8 
2 7 32.8 22'2 
3 5 

a The observed structure factors (/o)Z/2were put on the same scale 
as the (Ic)i/2[=(rnF~) z/~] values by setting ~,k(Io)l/~=~.(mF~)l/2 
where k is the scale factor and m is the mult ipl icity 
b (lc)Z/~ values of the reflections which overlap on the X-ray f ibre 
photograph are (~,rnF2c) z/~ 
c For non-observed reflections, (Io) z/2 values were assumed to 
be half of the most weakly observed intensity 
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reflections satisfactorily agreed with the observed 
structure factors. The discrepancy factor R 

= y~ I (Io)1/2 _ _  (Ic)l/~l Y~(Io) 1/2 

was 15-6 ~ (only for forty-two observed reflections). Then, 
the atomic coordinates and thermal coefficients were 
refined by the diagonal least-squares method. The 
discrepancy factor R was reduced to 13.5~. Table 1 
lists the atomic coordinates and thermal coefficients. The 
observed and calculated structure factors are given in 
Table 2. 

For all computations in the present study, the NEAC- 
2200 electronic computer in this university was used. 

RESULTS AND DISCUSSION 

Optically active poly(fl-hydroxybutyrate) 
The molecular conformation of naturally occurring 

optically active poly(fl-hydroxybutyrate) was found to 
be approximately (G2T2)z. In Figure 4 the molecular 
dimensions of this polymer are shown. The values of the 
bond lengths and bond angles are reasonable. The 
crystal structure of this optically active polymer is 
shown in Figure 5. In the case of polypivalolactone, 
right- and left-handed molecules coexist in the crystal 
lattice. On the other hand, the crystal lattice of  the 
optically active poly(fl-hydroxybutyrate) contains two 
left-handed helical molecules in antiparallel orientation. 
The oxygen atoms of the carbonyl groups are located 
nearly at the same level, z = 0  and 1/2. No abnormal 
atomic distances were found and the packing of the 
molecules was reasonable. 

Racemic poly(fl-hydroxybutyrate) 
It has already been mentioned that the X-ray photo- 

graph of the synthesized crystalline racemic poly(fl- 

(3 
(3 
(3 

152 ° 

0 

C 

H 

Ix 

% 

107' 

f 0 6  o 

Figure 4 Final molecular model of naturally occurring optically 
active poly (fl-hydroxybutyrate) 
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hydroxybutyrate) was essentially the same as the natur- 
ally occurring optically active polymer (Figures la and b). 
Accordingly, it may be concluded that the crystalline 
polymer prepared from the racemic monomer is isotactic. 
Naturally occurring optically active polymer was found 
to be a left-handed helix because the configuration of 
the fl-carbon atom is rectus, and the sinister polymer 
should be right-handed. From these results based on the 
X-ray analysis, it is conceivable that the bulk sample of 
this racemic polymer consists of two kinds of crystallites, 
each composed only of the rectus polymer chains, or 
only of the sinister polymer chains. Such a type of 
polymer has already been reported by the authors in the 
case of poly(propylene sulphide) 14. 

Molecular conformations of polyesters 
The skeletal conformations of some polyesters analysed 

so far are summarized below: 

O 
II 

- - C - - C - - O - - C - - C - - C - -  
Poly(fl-propiolactone) 4 T T T T T 
Poly(e-caprolactone) 5 T T T T T 
Poly(ethylene adipate) 15 T S T T T 
Poly(ethylene suberate) 15 T S T T T 
Poly(ethylenesuccinate) I G T T T G 
Poly(tetramethylenesuccinate) 2 G T T T T 
Polypivalolactone 7,s G T T G G 
Poly(fl-hydroxybutyrate) G T T G G 

O O 
H H 

- - C - - C - - O - - C - - C - - O - -  
Poly(ethyleneoxalate) 1 G T T T T 

The C(O)-O bond of all these polyesters has trans con- 
formation. In the cases of the polyesters of the types 
[-O(CHz)zOCO(CH2)yCO-]n and [-(CH2)zCOO-]n, the 
C-C(O) bond is stable in the trans form and also O-C 
bond preferably takes the trans form. In the cases of 
polypivalolactone and poly(fi-hydroxybutyrate), which 
have side chains, the C-C(O) bond is in the gauche form. 
But the C(O)-O and O-C bonds are in the trans form 
just as in the cases of the polyesters with no side chains. 
This suggests that the conformation of C-C(O) bond in 
a polyester is liable to be affected by introduction of 
substituent groups. Poly(fl-hydroxybutyrate) and poly- 
pivalolactone take (G2T2)2 conformation. Such a (G2T2)2 
type conformation was also found in the cases of the 
modification (III) of polyoxacyclobutane 16 and syndio- 
tactic polypropylene 17. 

Disordered modification 
When a sample of poly(fl-hydroxybutyrate) was 

stretched even further after necking, there appeared 
another modification with a fibre period of 4.70A. 
Figure 6 is a fibre photograph of a sample containing 
this modification, which shows a sharp reflection on the 
equator and streaks on the layer lines. This feature may 
suggest this modification is in a kind of paracrystalline 
structure in which the molecular chains are arranged 
regularly in the lateral direction, but irregularly along the 
fibre axis. From the observed fibre identity period (4.70/~) 
it is considered that this modification has a twisted 
planar zigzag conformation. A detailed structure analysis 
is now being made. 
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Figure 5 Crystal structure of naturally occurring optically active poly(fl-hydroxybutyrate), a=5.76A; b=13.20A; c=5.96A (fibre axis) 
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INTRODUCTION 

Historically, the examination of fibres occurred early in 
the use of electron microscopes. Two of the first seven 
commercial RCA electron microscopes to come to this 
country under lend-lease in 1942, went to the Shirley 
Institute (then the British Cotton Industry Research 
Association) and the Textile Physics Laboratory of the 
University of Leeds. In the 1950s, Chapman et alA, 2, 
as part of a study of fibre friction, developed the use of 
the reflection mode of a direct electron microscopet to 
study fibre surfaces--a technique now superseded by 
scanning electron microscopy. Later, the first scanning 
electron microscope to be used in an applications labora- 
tory was made at Cambridge University and sent to the 
Pulp and Paper Research Institute of Canada; and two 
of the first three commercial instruments went to textile 
fibre laboratories. However, despite this priority, it 
remains true that the electron microscopy of individual 
textile fibres is really just a special case of the electron 
microscopy of polymer materials, providing also, in 
natural fibres, a link to biological studies, though without 
the severe problems associated with the collapse of cells 
on drying. 

Some special features do arise from the size and shape 
of fibres, which, are by definition, long fine units of 
matter. The lateral dimensions of fibres (around 10/zm) 
are only a little greater than the wavelength of light, and 
consequently even comparatively gross features of fibre 
structure, below about a tenth of a fibre diameter, 
cannot be examined effectively by optical microscopy. In 
practice, the restricted depth of focus is as severe a 
difficulty as the limited resolution. For example, the 
general morphology of fibre fracture surfaces could not 
be clarified until the use of scanning electron microscopy 
(s.e.m.). 

In electron microscopy, the fineness and cylindrical 
shape of fibres cause some difficulties in replication, 
because it is necessary either to prevent the replicating 

* Presented at the symposium 'Application of electron microscopy 
to the study of polymers' on 12 September 1972 as part of the 5th 
European Congress on Electron Microscopy (EMCON 72) held at  
the University of Manchester. 
t The term direct electron microscope is used to denote an electron 
microscope of the earlier type, often, misleadingly, called a trans- 
mission, conventional, or traditional electron microscope. 

material wholly or partly encasing the fibre or to find 
some means of breaking open a replicating skin around 
a fibre. Sectioning also has its special difficulties with 
fine fibres. 

At lower magnifications, the study of fibre assemblies, 
textile yarns and fabrics, is a use of scanning electron 
microscopy which has many special problems and 
applications. Direct electron microscopy has no applica- 
tion to the study of fibre assemblies. 

In this review, we shall first outline the general range 
of techniques and applications for electron microscopy 
in textile and fibre laboratories, describing in more 
detail some recent techniques; and, second, comment on 
two topics of continuing interest--the nature of the 
fine structure, where direct electron microscopy gives 
information, and fibre fractography, where scanning 
electron microscopy is important. 

USE OF ELECTRON MICROSCOPES IN TEXTILE 
LABORATORIES 

A direct electron microscope is a necessary tool in any 
laboratory concerned with experimental studies of fibre 
structure or fibre surfaces, and is found in the research 
laboratories of the major fibre producers and in coopera- 
tive and academic laboratories. The scanning electron 
microscope, and indeed the optical microscope, is a 
complementary instrument for fibre studies, and has 
also greatly increased the range of textile problems which 
can be studied by electron microscopy (e.m.): the appli- 
cations to textile fibres have been pioneered by Billica's 
group in du Pont (Kinston, North Carolina), Sikorski's 
group at Leeds, and the group at UMIST. 

However, the heavy utilization of an electron micro- 
scope of either type in a textile laboratory is partly made 
up of other applications: the study of additives, such as 
starches, pigments, and resins; the study of metal, 
plastic, or ceramic machine parts; and service work in 
completely different fields. 

Direct electron microscopy 

Table 1 lists those techniques which would be regarded 
as being in the standard repertoire of a fibre electron 
microscope laboratory and indicates the nature of the 
applications. In this section we briefly consider the 
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Table I Common techniques and applications of direct electron 
microscopy to fibres 

Techniques Applications 

Basic specimen: 
Replica of fibre surface* 

Thin transverse section 
(low magnification)* 

Whole fibre silhouette* 
Replica of cut surfacet 
Replica of peeled surfacet 
Replica of fractured surface¢ 
Mechanical disintegration 
(blendor)*t 
Ultrasonic disintegration*t 
Chemical disintegration*¢ 
Thin transverse or 
longitudinal section (high 
magnification) 

Other features: 
Enhancement of contrast by 
shadowing* or staining 
Dark-field viewing* 
Selected area diffraction* 

Surface structure (e.g. scales on 
wool), roughness, and modifica- 
tion. Surface defects or damage. 
Observation of soiling or foreign 
objects 
Observation of fibre cross-sec- 
tional shape, and gross structural 
features 
Fibre axial shape 

Contribution to elucidation of fine 
structure of fibres 

Crystal structure or identification 

* In common current use at Shirley Institute 
t At high magnification; use s.e.m, for lower magnification 

application of some general laboratory techniques or 
day-to-day applications of direct e.m. for which experi- 
ence shows that there is a continuing use. As those who 
work in the field are all too aware, textile fibres are too 
big in their entirety for fine structure to be shown up 
in transmission electron microscopy, yet they offer 
practical difficulties in handling because of their small 
diameter and chemical nature. However, for a number 
of purposes there is in fibres a level of detail not yet 
accessible by other means. 

Of the various approaches that can be used to obtain 
information many have a very long history of develop- 
ment and refinement; but, even so, relative newcomers 
to the field, like ourselves, find difficulty in translating 
published techniques into reliable routine methods, and 
we propose here only to discuss those general techniques 
that work for us. 

Considering first the surface detail of fibres, replication 
is necessary in order to examine this; and the major 
problem involved is that, owing to their small diameter, 
fibres are liable to be encapsulated by the replication. 
Dlugosz a and Ramanthan et aL 4 realized this many 
years ago, and applied the principle of first semi-embed- 
ding the fibre in some medium such as gelatine or resin 
for up to half its depth or thickness; the exposed upper 
portion of the fibre was then replicated by a silver/carbon 
or similar technique. This method, though having 
several steps, works well when one has fibres that are 
in a shape or form that can be semi-embedded and it 
gives a final resolution as good as any that can be 
obtained. In the intervening years since this approach 
was introduced other semi-embedding media have been 
used. Fibres that can tolerate a temperature around 
150°C can be laid on a thin disc of freshly pressed poly- 
styrene which is then heated; the fibres sink into the 
polystyrene with, fortunately, a contact angle of about 
90 °, the depth of embedding being controlled by time 
and temperature. Thin discs of polystyrene can be used 

in another way; a piece of fabric can be shadowed and 
carbon-coated and pressed lightly or even laid on the 
heated polystyrene. When cool the fabric can be stripped, 
mechanically or chemically, and the replica fragments 
recovered by dissolving the polystyrene. 

In Figure 1, the surface detail on a nylon filament 
can be seen at relatively high magnification. This is a 
replica made in the way described. The feature of interest 
is the numerous needle shaped crystals of about 200 x 6 nm 
size. This fibre was in a fabric that did not bond well 
to a foam laminate; it was found that the use of acid 
dyestuffs followed by a synthetic tanning agent produced 
poor bonding and this was associated with the presence 
of the crystal detail seen on the fibre surface. This 
technique is not unlike that of Scott 5, who used chromium 
instead of carbon, then placing the filament into a 
viscous solution of poly(acrylic acid) and subsequently 
stripping chemically or mechanically to leave the chro- 
mium behind in the poly(acrylic acid) from which it 
was recovered by dissolution of the poly(acrylic acid) in 
hot water. 

In Figure 2, we see this method applied to the surface 
of a polyester filament--the titanium pigment can be 
seen to be exposed at the fibre surface and suggests how 
guides and knitting needles come to be cut by an easily 
deformable polymer substance. 

Figure 3 shows a fibre surface after etching in a glow 
discharge with argon6; this was done to examine the 
effect of such treatment on the soiling properties of 
polyester fabric and is a further example of the technique 
of Scott. 

Although the literature contains numerous papers 
wherein a plastic has been used for replication, our 
experience is that plastic replicas at best give low or 
poor resolution and at worst misleading artifacts; 
nowadays better and more reliable pictures can be 
obtained by s.e.m. We do, however, find Chippendale's 
technique ~ useful at times (he used Formvar softened 

Figure 1 Pre-shadowed carbon replica of nylon filament surface 
showing numerous fine dyestuff crystals (S.C.S.) 

2"/4 P O L Y M E R ,  1973, Vo l  14, dune  



Electron microscopy of  textiles: J. W. S. Hearle and S. C. Simmens 

Figure 2 Chromium replica of a polyester filament surface show- 
ing exposed titanium pigment (S.C.S.) 

deposit contains much plate-like material and the ED 
pattern from this is compatible with a clay deposit. 

From Table 1, it can be seen that various techniques 
are available for the examination of  internal detail in 
fibres; the apparently most direct is that of  sectioning 
and over the years much effort has been expended in 
this direction. From the results published it is clear that 
useful information about the internal structure of wool, 
in particular, and also cotton can be and still is being 
obtained; but that with man-made fibres this is not a 
profitable line of approach. Mainly this arises from the 
difficulties associated with the sectioning of polymers, 
and so far there appears to be little information that 
cannot be obtained more easily by other means. Consider, 
for example, the titanium pigment present in most 
polyamide and polyester fibres and about which there is 
a continuing need for information as pigment can vary 
in size, shape and degree of aggregation. Sectioning may 
seem a direct approach but let us look at a different one. 

Figure 5 shows a polyester filament etched in a glow- 
discharge with argon. It provides an excellent view of  the 
distribution of the pigment in the fibre, as here the 
discharge has been allowed to etch well into the fibre 
allowing the pigment particles to stand out. Incidentally 
they are now accessible to extraction techniques, if we 
want to look at them closely or use ED. This appears 
to us a worthwhile approach to the study of pigment 
distribution in fibres. It can be further supplemented by 
direct examination of the particles (Figure 6); here the 
yarn was dissolved, the pigment separated out, washed 
and sprayed on to a carbon coated grid. 

A further means of opening up the internal structure 
of fibres is by mechanical on physical disintegration. 
Beating in a blendor device and ultrasonics have been 
used, and, as discussed later, we have recently applied 
freeze-pressing as a method to break down fibres. The 

Figure 3 Chromium replica of polyester filament surface after a 
glow discharge treatment (S.C.S.) 

with acetone as the primary replicating medium) on 
account of the fact that it will often strip a deposit from 
a fibre; the deposit finishes up in a carbon replica, and 
thus becomes accessible to electron diffraction (ED). 

In Figure 4 we have the final carbon replica, from 
Chippendale's method, of  a cotton fabric containing a 
deposit. At higher magnifications we can see that the 

Figure 4 Carbon replica (Chippendale technique) illustrating the 
removal of a deposit from cotton fibres (S.C.S.) 
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however, is still much used in a routine way. The choice 
of liquid in which the beating is done is of importance: 
cotton in white spirit cannot be fibrillated, but cotton in 
water readily fibrillates into microfils having a size 
around 100A, some of which split at the ends into finer 
strands (Figure 7). With prolonged beating, much ultra- 
fine fibrillar material, 50 A and less, is obtained. Cotton 
beaten in caustic soda passes quickly from microfibrils 
of 100A, or less, to an extremely finely divided material. 

Internal detail can also be examined by the splitting 
and peeling techniques, described by Scott 5, in which a 
nick is cut in the fibre surface and then peeled back to 
display an internal surface for replication. 

Figure 5 Polyester filament strongly etched in a glow discharge 
to show the distribution of the titanium pigment (S.C.S.) 

Scanning electron microscopy 
The usual repertoire for scanning electron microscopy 

is given in Table 2, with a list of typical applications. As 
in all scanning electron microscopy, the ease of prepara- 
tion, the apparent directness (despite the instrumental 
indirectness) of observation, and the ease of manipulation 
of specimens is a great advantage. The standard pro- 
cedure at UMIST would be to take a textile specimen as 
provided, stick it to Twinstick previously mounted on the 
stub and coated with a thin layer of gold or silver*, 
then coat the specimen with gold or silver, and examine 
it in the s.e.m, at 5kV. Where fibre ends have to be 
examined, the fibre would usually be held between 
Sellotape, with 1 mm projecting, and then clamped in a 
split stub and coated with gold or silver. There are 
circumstances where metal coating is undesirable. An 
antistatic agent such as Duron can be used as an alter- 
native; at UMIST we commonly soak the material and 

* Silver is suitable for immediate use; but gold is used for specimens 
which need to be kept for some time, 

Figure 6 Titanium pigment extracted from polyester filament 
(S.C.S.) 

preparation from some fibres made by this method a r e  

excellent for ED work; in some respects this form of 
disintegration is superior to using a blendor. It does not, 
for example, produce so much of the extremely finely 
degraded material (flour-like in the micrographs) as the 
blendor does. 

Mechanical disintegration of fibres in a blendor, 
Figure 7 
(s.c.s.) 

Cotton microfibril showing splitting into finer units 
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Table 2 Common techniques and applications of scanning 
electron microscopy to fibres, yarns and fabrics 

Techniques Applications 

Basic specimen : 
Direct observation of 
sample* 

Cut end (plate method)* 

Section, moderately 
thick (>1/zm)* 

Disintegration of fibres 

Peeling of fibres 

Thin section 

Low magnification 
Assembly structure--arrangement 
of fibres in yarns or non-woven 
fabrics, and yarns in woven or 
knitted fabrics as produced or 
modified 

Presence of soil or foreign objects 
Identification of fibres in structure 
(blend distribution, faulty fibres) 
Observation of damage in textile 
products 

Examination of original, Medium magnification: 
cut or ruptured 
surfaces* 

Other features: 
Reduction of charging 
by metal-coating, or 
soaking or spraying 
with antistat* 

Choice of viewing angle 
conditions and 
magnification* 
Analysis of X-ray 
emission 
Imaging in X-ray mode 

Fibre shape and form 
Fibre surface structure, roughness, 
defects or damage 
Particles on fibre surface 
Fracture morphology 
Gross internal features (cell struc- 
ture in wool, voids, macrofibrils, etc) 
Distribution of resins or finishes 
(external or internal) location of 
variations in composition 

High magnification: 
Fracture detail 
Contribution to elucidation of fibre 
fine structure 

* In frequent use at UMIST 

then allow it to dry before examination. The Duron 
may be sprayed on, but this has the disadvantage of 
giving droplets on the specimen. 

It should also be noted that it is often possible to 
examine specimens as received without any antistatic 
treatment, if the viewing conditions are carefully chosen. 

In general, the choice of viewing conditions involves a 
compromise and, in any except the easy specimens, 
effort spent in securing the best compromise in relation 
to the type of specimen and the needs of the investigation 
will do much to improve the results. The parameters 
available for variation are accelerating voltage, beam 
current, lens currents, aperture sizes, viewing distance, 
astigmatism correction, and exposure time: these interact 
together to influence resolution, contrast, depth of focus, 
penetration and spread in specimen, charging troubles, 
specimen damage, and specimen movement or vibration 
error. These problems and, in particular, the advantage 
of using relatively low voltages for fibre examination are 
discussed by Hearle et al.8. 

The plate method is an easy method for examining 
fibre cross-sections. The individual fibres, or the yarn, 
are surrounded with a bundle of packing yarn, and then 
pulled through a hole in the stub with a wire or strong 
yarn. The surface is then cut flush and coated. It is 
necessary to ensure that the yarns are tightly packed 
before cutting. 

Comments on disintegration, peeling and sectioning of 
fibres have already been made in connection with direct 
electron microscopy. 

Some examples selected from our studies at UMIST 
using these methods are shown in Figure 8. 

The X-ray emission mode is being used for identifica- 
tion of location of finishes, soil particles etc. Cathodo- 

luminescence can also be used, though care is needed in 
interpretation of results on complicated surfaces, because 
the contrast arises both from differential light emission 
and direction (topographical contrast). 

SOME SPECIAL TECHNIQUES 

Swelling and staining 
The central problem in the use of electron microscopy 

to help in understanding fibre structure is to find a 
means of showing up structural elements which may be 
present. 

It has been common practice to stain fibre sections to 
enhance contrast, e.g. heavy-metal containing substances 
such as osmium tetroxide are taken up differentially by 
wool fibres depending on variations in protein composi- 
tion. However, the range of techniques is steadily being 
expanded. For example, Swift 9 has developed specific 
stains for particular amino acid residues in hair fibres. 
Stains can also be used to show up differences in accessi- 
bility, and for this purpose a mild swelling treatment 
may first be given. Ingrain 1°, 11 treats cellulose fibres, 
such as Ramie, with caustic soda and then phosphotung- 
stic acid in order to show up a fibrillar structure. 

A further development has been reported by Billica 
et al. 12. A synthetic fibre is swollen in the vapour of 
boiling methyl methacrylate (or some other vinyl mono- 
mer) for about 3 h; polymerization of the monomer 
then occurs over a few days and, finally, the reactive 
polymer, which now impregnates the fibre, is stained 
with osmium tetroxide. In addition to opening up the 
material slightly in order to clarify the structure, the 
impregnation also helps to support the fibre and preserve 
structure during sectioning. 

Another swelling and staining technique is described 
by Sotton et al. 13-15. Fibres are first exposed to hydrogen 
sulphide under pressure and then reacted with silver 
nitrate. Some examples are shown in Figure 9. 

Dark-field (diffraction contrast) 
Where a specimen contains crystalline regions, contrast 

can be generated by dark-field viewing. By selecting one 
part of the diffraction pattern, and using it to form the 
image, crystallites with a particular orientation show up 
as bright patches. Ingram 10,11 has used this method to 
show up continuity of orientation over lengths of about 
40 nm in fibrils in cellulose fibres; but he points out that 
it is difficult to get good results because cellulose is very 
susceptible to electron damage, and so it is necessary to 
use a low beam intensity, which with weak diffraction 
gives a very weak signal. 

Earlier, Peterlin et al. 16 applied the technique more 
successfully on laboratory-prepared specimens of poly- 
ethylene, but it is a technique which might be explored 
more in studying synthetic fibre structure. 

Disintegration 
Another way of studying fine structure is to break up 

the fibre. The classical methods are well-known and 
have already been mentioned. A comparatively new 
method, utilizing the X-press equipment of Biotec, 
involves forcing a frozen mixture of water and fibres 
through an orifice under high pressure. The principles 
were described by Edebo 17. At -25°C and 2x 105kg/ 
mm 2, ice undergoes a crystal lattice transition. At the 
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Figure 8 Examples of scanning electron microscope studies of textiles. (a) Cross-sectional shape of cellulose acetate fibres by the plate 
method; (b) wool fibre; (c) internal surface of nylon-6 filament revealed by peeling; (d) bonded-fibre fabric; (e) conventional (ring-frame) 
cotton yarns; (f) comparative study of break-spun yarn; (g) cotton-polyester blend fabric, showing general structure and singed fibre 
ends; (h) used cotton-nylon sheets showing fibre damage. [From work of B. Lomas, B. H. Bhutta and K. L. Ghandi (UMIST)] 
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Figure 9 Use of staining methods by SottonZ3-zS--treatment with HzS followed by AgNO3 to show structural differences. (a), (b) stained 
acrylic fibres; (c), (d) surface region of polyester fibres. (Pictures by courtesy of M. Sotton, Institut Textile de France) 

moment of the transition there is a degree of mobility 
which allows some material to pass through a small 
orifice. The high pressures serve to disintegrate the 
fibres. Some examples are shown in Figure 10. 

There are interesting differences between fibres. Nylon 
is barely affected by 10 passes, but du Pont's fibre B 
splits readily into fibrils. The illustrations demonstrate 
how, in this application, the s.e.m, runs out of useful 
magnification between 2000x and 20 000 x ,  but the 
direct electron microscope can go on to higher magni- 
fications. There are also differences in appearance in 
the two microscopes. Viscose rayon splits into short 
pieces. Untreated cotton fibrillates, with some difficulty, 
but resin crosslinked cotton breaks into short pieces. 
Acrylic fibres (not illustrated) vary in their ease of 
fibrillation. 

High-voltage electron microscopy 
If the fibre will survive examination, high-voltage 

electron microscopy can be used on complete fibres. 
Sharp and Burnay 18 have used the method to examine 
carbon, metal and ceramic fibres. Figure 11 shows two 
views of the same fractured carbon fibres, seen in a 
s.e.m, and at 1 MV in the high-voltage transmission 
microscope. The internal void shown in the high voltage 
picture can be related to external features visible with the 
s.e.m. 

Only thin specimens of the comparatively low-melting 
polymers used for textile fibres can be examined in the 
high-voltage microscope. Thick specimens, such as whole 
fibres, melt quickly owing to the energy absorption. It 
is possible that scanning high-voltage microscopy might 
solve this problem. 

POLYMER, 1973, Vol 14, dune 279 



Electron microscopy of textiles: J. W. S. Hearle and S. C. Simmens 

Figure 10 Use of X-press method on fibres. (a) Nylon, after 10 passes, showing little change apart from distortion due to buckling (s.e.m.); 
(b) fibre B, after 10 passes (s.e.m.); (c) fibre B, after 10 passes (s.e.m. higher magnification); (d) fibre B, after 10 passes (direct electron 
microscope); (e) fibre B, after 10 passes (direct electron microscope, higher magnification); (f) viscose rayon, after 10 passes; (g) cotton, 
after 2 passes; (h) resin crosslinked cotton after 2 passes. [Pictures by B. Lomas and J. T. Sparrow (UMIST) and S.C.S.)] 

280 P O L Y M E R ,  1973, Vo l  14, J u n e  



Electron microscopy of textiles: J. W. S. Hearle and S. C. Simmens 

Figure 11 (a) High-voltage transmission electron microscope view of a fractured carbon fibre; (b) s.e.m, view of fibre. (Pictures by courtesy 
of d. V. Sharp, AERE, Harwell) 

S.e.m. f lming 
The use of TV-scanning to show up dynamic experi- 

ments on fibres and textiles is a very useful technique. 
At UMIST Hearle et al. lo have preferred to use lapsed- 
time cinephotography in order to show up the sequence 
of  events in, for example, the extension and failure of 
bonded-fibre fabrics, the deformation of yarns and 
knitted fabrics, and the fracture mechanisms of cotton 
fibres. 

Reliability of  information 
There are many applications of electron microscopy 

to fibres where there is little difficulty in interpreting the 
results, but there are also many interesting problems 
where the method may be pushed to a limit and where 
doubts arise. A due degree of scepticism is a virtue. 

The errors due to specimen damage during preparation 
or viewing, to charging, and to similar causes are fairly 
well appreciated, if not always understood. But, near 
the limit of resolution, it is important to consider the 
nature of image formation. Lipson and Lipson 2° have 
recently pointed out the difficulties which arise from 
the strong interaction of electrons with matter, and 
which may upset the usual theory of image formation 
as a simple pair of Fourier transforms. They state that 
the limit of resolution will be about 4 (;~t) 1/2, where A 
is the electron wavelength and t is the specimen thickness. 
For  specimens of thickness 1000/~, this indicates a 
resolution of about 30,~. Images, such as those of 
lattice planes in carbon fibres, with apparently well- 
resolved smaller spacings are really Young's fringes, 
and not actual images of the object. This is pointed out 
in work at Leeds University 21. 

In order to overcome the possibilities of misinterpreta- 
tion in difficult cases, more use might be made of careful 
searching for invariance under transformation. Those 

features which are invariant in a variety of ways of 
examining or preparing the specimen are more likely to 
be real and not artifacts. There are many possible vari- 
ations on this theme: through-focusing as shown in the 
Leeds exhibit 21, change of viewing conditions, use of 
different knives in sectioning, use of different stains or 
swelling agents, the combination of studies with quite 
different modes of preparation and examination etc. 

TWO CURRENT TOPICS 

Fine structure of  fibres 
In both natural and synthetic fibres there remain 

interesting problems of fine structure concerning which 
electron microscopy has already provided some clues, 
and should yield more, but which remain unsolved. 
Rather curiously, the structural situation is qualitatively, 
if not quantitatively, clearer for the regenerated cellulose 
fibres. The two important groups of natural fibres-- 
cotton and other plant fibres, wool and other hair fibres-- 
have very different structure but in both the wealth of 
gross structural features are well-established and there 
is clearly a fibrillar fine structure at a level of the order 
of 10nm; what is uncertain is whether there are appreci- 
ably finer fibrillar units. In the melt-spun synthetics 
(acrylic fibres are rather different) the structure is gener- 
ally more uniform over the whole fibre, except possibly 
for a skin; what is uncertain is whether the fine structure 
is a comparatively uniform system of intermediate order 
(paracrystalline, a highly defective crystal, or amorphous 
with correlation) or whether it contains recognizable 
crystallites and, if so, whether these are fibrillar, micellar 
or even lamellar. The varying views of synthetic fibre 
structure are not necessarily exclusive: the structure may 
differ according to the history of fibre formation and 
subsequent treatment. In the family of rayon fibres, we 
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/ I I  
Figure 12 Fibril of cotton (65 000×) (S.C.S.). Short sections, located on the line diagram, are shown to allow adequate magnification in 
the print 
can interpret the difference between fibres which are 
formed by direct crystallization (precipitation) from 
solution, followed by stretching, and those which are 
formed by crystallization in the oriented solid state as 
being a difference between a micellar and a fibrillar 
texture. 

In natural cellulose fibres, there is clearly a coarse 
fibrillar structure, and this breaks down into separate 
fibrils. The problem of the identity of the ultimate micro- 
fibril is well illustrated by Figures 7 and 12, which show 
cotton mechanically disintegrated in a blendor. In 
Figure 12, there is an enormous length of a fibril, about 
7/~m, with lateral dimensions of about 120A; but at 
the end, it splits into finer fibrils. The question is whether 
these represent a smaller basic unit (a protofibril), or 
whether they are merely the result of cleavage between 
the molecules in the coarser fibrillar crystallite. Examina- 
tion of the residue left on evaporation of the liquor 
shows globular particles which may well be single 
molecules resulting from the ultimate splitting of the 
crystals. Thus there is doubt about evidence from disinte- 
gration studies, even if one can accept the measurements 
of the size of the protofibrils, near the limit of resolution. 
Fibrils can be shown up in thin sections, or disintegrated 
lamellar fragments, by developing contrast by the staining 
methods mentioned earlier, as shown in Figure 13. 
ingraml0, zl states that this suggests that the secondary 
walls in cotton are lamellae consisting of partly coalesced 
fibrils of about 50A in lateral width. Manley 22 has 
proposed very specific crystallographic modes of fibre 
formation, and finds support in his electron microscope 
studies. However, the detailed interpretation of the 

electron microscope pictures is not easy or unambiguous, 
and Preston 2s argues strongly that the basic fibrillar 
units are thicker. Evidence from other sources (X-ray 
diffraction, chemistry, biosynthesis) is inconclusive or 
conflicting. 

In wool, fibrillar disintegration does not easily occur, 
but the staining of sections shows micro fibrils about 
70A in diameter spaced 100A apart in a matrix (Figure 
14). A wealth of circumstantial evidence identifies the 
microfibrils with helical crystalline material made of  
low-sulphur protein and the matrix with amorphous 
material of high-sulphur (cystine crosslinked) protein. 
There is believed to be a continuity between the helical 
segments of chains in the microfibril and their tails in 
the matrix. In the stained cross-sections, the eye of faith, 
looking with some reason for double or triple helices, 
can see indications of a protofibrillar internal structure 
of the microfibrils; but interpretation of the electron 
micrographs at this level is difficult, though Fraser et 
aL 24 have shown that it can be helped by optical filtering. 

More convincing evidence came with the apparent 
isolation of protofibrils by disintegration of wool. How- 
ever, Millward ~5 and Fraser et aL ~6 have shown that the 
'protofibrils' can arise from contamination of the 
specimen with cellulose--providing, incidentally, in their 
studies of disintegrated Kleenex tissue some of the best 
pictures of finer cellulose fibrils. Dobb and Sikorski 27, 28 
do not accept that the observed protofibrils always arise 
in this way. They show by selected area electron diffraction 
that fragments from a disintegrated Merino wool fibre 
were indeed keratin; however, these were relatively 
large sheets not isolated protofibrils and, as in other 
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Figure 13 Stained section of ramie (122500x). (Picture by 
courtesy of P. Ingram, Research Triangle Institute, North Carolina) 

structure. Rather coarse fibrils are seen in some peeled 
fibres, but this may reflect the influence of fluctuations 
within the coagulating stream during fibre formation 
or in the fibre during drawing, or it may be an artifact 
of peeling mechanics. The staining methods of Van Veld 
et al. 2a do apparently show a fine fibrillar texture, not 
very clearly resolved, with nodes along the fibre. Hearle 
and Greer 30 have suggested that this may be the result 
of the aggregation of micelles in pseudo-fibrils. 

More comprehensive studies, using many techniques 
including electron microscopy, on a set of well-charac- 
terized samples are needed to establish the nature of the 
fine structure of these fibres. It is likely that if the same 
effort was put into the electron microscope study of 
synthetic fibres as has been put into cotton and wool, 
useful results would ensue. For the ignorance about 
synthetic fibres is related to structure at the level of 
10 to 20nm, in contrast to the finer level where the 
uncertainties now rest with the natural fibres. 

At first sight, the disintegration of fibre B shown in 
Figure 10, might seem to be convincing evidence of a 
fibrillar fine structure. But there does not appear to be 
any limiting preferred size for the fibrillar units, and it 
is more likely that what is observed is merely a splitting 
between molecules in a very well-oriented fibre. The 
splitting would continue on down to a molecular level, 
just as a crystal of mica goes on splitting, and so would 
only be evidence that the material is a highly ordered 
linear polymer. 

In order to check whether an observed fibrillar struc- 
ture is evidence for a real fibrillar unit in the fibre before 
disintegration (or other specimen preparation), it is 
necessary to check, either by casual observation or more 
explicitly, whether there is a statistical predominance of  
fibrils of a particular size. If there is a sharply peaked 
distribution then this is evidence for a basic fibrillar 
unit; if there is a continuous broad distribution of sizes 
it is evidence against. 

Figure 14 Stained section of wool. [Reproduced from d. Textile 
Inst. (1969, 60, 498) by permission of the Textile Institute] 

such specimens, the evidence that they were composed 
of 2nm filaments does not seem conclusive. At the 
moment, it is difficult to avoid taking the view that while 
protofibrils may exist in wool, there is no convincing 
evidence for their existence. 

The main evidence against a fibrillar fine structure in 
polyamide and polyester fibres is the difficulty of pro- 
ducing fibrils by fibre disintegration or fracture--in 
comparison, for example, with the ease with which 
fibrillation occurs in cotton or wet-spun acrylic fibres. 
This would suggest that the structure is a partially 
ordered network of shorter elements or a micellar 

Fibre fractography 
The advent of scanning electron microscopy has 

opened up the subject of fibre fractography, and has 
been the most important aspect of our s.e.m, work at 
UMIST. Because it shows the whole specimen in focus 
(as compared with the very limited depth of focus in an 
optical microscope) the general features of fibre fracture 
are clearly visible in s.e.m, views and, in addition, much 
fine detail can be examined at higher magnification. 

The work is important for several reasons: (a) for its 
general scientific interest; (b) for the insight into mecha- 
nisms of failure in fibres, and thus as a guide to the 
possibility of improvement of fibre properties by the 
fibre producer; (c) for the insight into the causes of  
failure in use and processing and thus as a guide to 
improvement in processing methods or into construction 
of yarns, fabrics and garments; (d) as a means of diagnosis 
of causes by failure. 

The results can be briefly summarized by a classifica- 
tion of the forms of fracture which have been observed. 
There are, however, many variants and combinations of  
the basic forms, and a full account of the work is, or 
will be, contained in other papers, including a continuing 
Atlas of pictures al. 

The fibre fractures, so far observed, can be divided 
into the following classes. 
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Elastic crack growth fractures. Glass fibres show the 
classical brittle fracture from a Griffith's crack; similar 
fractures, though with large deformation, may occur in 
the tensile failure of elastomeric fibres. In these instances, 
the crack becomes less stable as it grows. 

Ductile crack growth fractures. In nylon and other 
synthetics, as described by Hearle and Cross 32, the crack 
growth is accompanied by drawing of the remainder of 
the cross-section and so the crack opens as a V-notch 
before the final catastrophic failure occurs (Figure 15). 
In this case, the crack requires a greater load for propaga- 
tion the deeper it gets; this is a situation in which more 
detailed analysis of fracture mechanics is required. On 
rare occasions fracture of this type is initiated at an 
interior flaw. 

Fractures with axial splitting. In the tensile fracture of 
cotton, described by Hearle and Sparrow aa, and in the 
torsional fracture of some acrylic fibres, the dominant 
feature is a splitting of the structure along its length as 
shown in Figure 16. This is associated with the marked 
fibrillar nature of these fibres. 

Axial splitting due to fatigue. Hearle and Bunsell a4 
have shown that tensile fatigue can cause cracks to run 
along the fibre parallel to the tensile stress axis, giving 
breaks with long tails as shown in Figure 17. In order to 
promote this fatigue failure in nylon it is necessary that 
the load should fall to zero in each cycle. With a peak 
load much less than the normal breaking load, failure 
occurs in 10 5 to 10 6 cycles, owing to an initial surface 
crack turning and running along the fibre, getting gradu- 
ally deeper. In polyester and acrylic fibres long internal 
cracks develop. 

Fracture perpendicular to the fibre axis. Rayon, acrylic 
fibres, wool, and crosslinked cotton show breaks which 
run across the fibre with no clear crack morphology and 
moderate roughness. An example is shown in Figure 18. 
Sometimes, there is a marked discontinuity along the 

Figure 15 Nylon tensile fracture. [Picture by B. Lomas (UMIST)] 
Figure 16 Cotton tensile fracture. [Picture by J. T. Sparrow 
(UMIST)] 
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Figure 17 Fatigue failure of nylon. [Picture by A. R. Bunsell and 
L. Konopasek (UMIST)] 

Figure 18 Acrylic fibre tensile fracture. [Picture by B. Lomas 
(UMIST)] 

fibre axis to give breaks in two or more steps. This type 
of failure resembles, at many orders of magnitude smaller 
in scale, the fracture of fibre-reinforced composites and 
is probably due to the separate rupture of fibrils within 
the fibre. 

Failure from kink-bands. Fibres in compression, for 
example on the inside of a bend, develop oblique bands 
visible in polarized light. Under repeated flexing, failure 
occurs along these bands. This is an area of  current study. 

Other breaks orfibre ends. This is a miscellaneous group 
not separately classified. It includes fibres which are cut, 

Electron microscopy of textiles: J. W. S. Hearle and S. C. Simmens 

or have their ends melted or chemically attacked. It 
also includes fibres broken to make staple fibres and 
fibres which have failed in use. 

As the work proceeds, other forms will, no doubt, be 
recognized. 
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INTRODUCTION 

The interest in semiconducting polymers has been 
constantly increasing. Investigations concerned with 
semiconducting polymers with heterocyclic rings in the 
polymer main chain, such as polybenzimidazole t, and 
polypyrrole 2 had attracted our attention. Recently, 
electrical conductivifies of partially conjugated polymers, 
such as polyrhodanine s, polythiohydantoin 4, and poly- 
oxazole 5, have been reported. However, these had 
shown relatively high values of resistivity, 1012-1014 f~ cm. 

Previously the author reported the synthesis of poly- 
isoxazoline and polyisoxazole 6, and the physical proper- 
ties of polyisoxazole concerned with its e.s.r, and crystal- 
linity 7. In conjunction with these investigations, the 
author wishes to present some further interesting results 
on the electrical properties of polyisoxazolines and poly- 
isoxazole. 

EXPERIMENTAL 

Polymer sample 
Polyisoxazolines (I) and (II) and polyisoxazole (III) 

were synthesized from the reactions of terephthalo- 
hydroxamoyl chloride with corresponding dipolarophiles 
in refluxing toluene and were purified by extracting in hot 
methanol 6. 

Polyisoxazoline [poly(phenylene-AY-isoxazoline)] : 

C CHCO.~. C 
II I N N 

COCH N | 
N ' X o ~ C H C O /  ~ 'O / J n  

(I): ~/sp/c=0.11 in 0.2g/dl of DMF at 30°C 

H C--C  
11 I I I I /  
N O CH.. - - C O N H I C H y )  2 N H C O - C H  N |  

/ 

~'O / Jn 
(II) : 71sp/C = 0"25 in 0. l ~o g/dl of dichloroacetic acid at 

30 °C 

Polyisoxazole (polyphenyleneisoxazole): 

! . II II il / 
/.C--(( ))--C N /  

~0 ~ ~'0 / ] n  

(III): ~sp/e=0"24 in 0.5g/dl of sulphuric acid at 30°C 

Resistivity 
Temperature-resistivity profiles were obtained for 

compressed discs as follows 5. Finely powdered sample 
was compressed to form a disc under a pressure of about 
200 kg/cm 2 applying suction to remove air and moisture. 
Then the disc mounted in a cylinder was placed between 
stainless-steel electrodes. A pressure of 40kg/cm 2 was 
applied to the disc of the sample throughout the measure- 
ment. The compressed disc of the sample was kept for 
30 rain under a given temperature and electrical voltage, 
and the measurement of conductivity was carried out 
by using a Takeda-Riken model TR-84 electrometer. 
Applied voltages from batteries for polyisoxazolines 
and polyisoxazole were 3.05 and 15.8 V respectively. The 
thickness of the disc was measured with the micrometer 
after measurement of the conductivity. 

RESULTS AND DISCUSSION 

The electrical resistivities of (I), (II) and (III) were 
measured at various temperatures under a pressure of 
40 kg/cmL The results are summarized in Table 1. 

The resistivity data of Table 1 appear to obey the 
usual exponential equation for semiconductive 
behaviour, p = po expEo/2kT, wherep = resistivity (f~ cm); 
Eg = the energy gap for the conduction (eV); k is Boltz- 
mann's constant and T is the absolute temperature. The 
values of the energy gaps for (I), (II) and (III) calculated 
from the linear relationship between log p and lIT by 
the exponential equation are shown in Table 2. 

As indicated in Table 1, resistivities of (I) and (II) are 
decreased with increasing temperature. Resistivities of 
(I) and (II) are in the range 106-109 f~cm. Polyisoxazo- 
line(II) having -NHCO-  bond and higher crystallinity 6, 
even though containing an aliphatic unit in the main 

Table I Electrical resistivities of polyisoxazolines and polyisoxa- 
zole* 

(I) at 3.05Vt (11) at 3.05V (111) at 15.8V 

Temp. Temp. Temp. 
(°C) p (E~cm) (°C) p (~cm) (°C) p (~cm) 

28 3.80x 109 29 3.05x 10 s 28 1"15x10 zz 
46 2.19x 10 ~ 49 8-66x 10 v 48 2.66x 10 lz 
57 1.63x10 ~ 72 2.12x 107 93 4.93x 10 tt  
78 9.92x 10 s 96 4-23x 106 113 9.86x 10 n 

140 2.94x 10 s 125 1.81 x 106 130 1.64x 10 z~ 

*Surface area of sample, 1.3067cm2; thickness of sample, 
(I)=0.543mm; (ll)=O.523mm; (111)=0.598mm 
tApp l ied  voltage; different voltages were applied because a 
battery was used instead of a regulated voltage supply 
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Table 2 Values of energy gaps for (I), (11), and (111) 

Sample Temp. range (°C) Eg (eV) 

(I) 28-140 0' 486 
(11) 29-125 1 '107 
(111) 28-130 --0'510 

cha in  o f  the  po lymer ,  exhib i t s  c o n s i d e r a b l y l o w e r  resis t ivi ty  
t h a n  (I). Th is  m i g h t  resul t  f r o m  the  d e v e l o p m e n t  o f  
c rys ta l l in i ty  caused  by  the  i n t e r ac t i on  o f  a m i d e  b o n d s  
be tween  the  p o l y m e r  molecu les .  

H o w e v e r ,  the  resis t ivi ty  o f  po ly i soxazo l e ( I I I )  w i th  t he  
h ighes t  c rys ta l l in i ty  a m o n g  the  p o l y m e r s  6, 7 is c o m p a r a -  
t ively  h igh  a n d  is inc reased  w i t h  inc reas ing  t e m p e r a t u r e .  
Even tua l l y  the  resis t ivi ty o f  po ly i soxazo le ( I I I )  has  a 
pos i t ive  d e p e n d e n c e  on  t empe ra tu r e .  T h e  va lue  o f  
the  energy  gap  is nega t ive  as s h o w n  in Table 2. This  
c lear ly  d e m o n s t r a t e s  the  n a t u r e  o f  pos i t ive  t h e r m i s t o r  8. 
T h e s e  resul ts  a re  in s ignif icant  con t r a s t  w i t h  cases  o f  
po ly i soxazo l ines .  

T h e  electr ical  ene rgy  losses o f  (I), (II),  a n d  (III)  were  
ve ry  small .  F u r t h e r  inves t iga t ion  is in progress .  

Note to the Editor 

These  n e w  f indings  m a y  in i t ia te  fu r the r  in teres t  in  
s tudy ing  the  s e m i c o n d u c t i v e  b e h a v i o u r  o f  p o l y m e r s  wi th  
he te rocyc l i c  rings.  

A C K N O W L E D G E M E N T S  

T h e  a u t h o r  is g ra te fu l  to  P ro fessors  J. S. Sh im,  J.  H .  Lee,  
K .  U n o ,  a n d  D r  R .  H i r o h a s h i  fo r  the i r  v a l u a b l e  discus-  
sions.  
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Book Reviews 

P o l y m e r  s c i e n c e :  a mater ia ls  sc ience  h a n d b o o k  
Edited by A. D. Jenkins 
North-Holland, Amsterdam/London, 1972, Vols 1 
and 2, 1822 pp. £49.00 

Those concerned with polymers, no matter whether their interests 
be related to synthesis, characterization, properties, or even to 
something more specific, like polyelectrolytes or composites, 
often have occasion to seek information on wider issues con- 
nected with the subject, and are then faced with the problem of a 
search for the appropriate textbooks, review articles and papers, 
some of which may not be readily to hand. An encyclopaedia 
presentation of polymer science and technology is, of course, 
available but there is usually first the wish to go to a convenient 
bookshelf rather than to a main library. 

Consideration of the contents of these two volumes and a dis- 
cerning look at the index indicates the breadth of polymer topics 
dealt with. Excellently printed and bound, they comprise 27 
authoritative chapters contributed by specialists from the USA 
and the UK. One of my colleagues has described the work as a 
'mini-encyclopaedia'; perhaps it could be better termed as a series 
of monographs assembled to provide a 'jumbo-sized' handbook. 

Chapters in the first volume (932 pp) deal with chemistry, 
structure, crystallinity, molecular behaviour, viscoelastic and 
optical properties, and then cover plasticization, fracture, and the 
mechanical properties of plastics and fibres (but with less reference 
to elastomers). In the second volume (888 pp) the subjects are of a 
wider--and perhaps less integrated--nature, dealing with such 
aspects as adhesion, friction and wear, solutions, polyelectrolytes, 
electric and dielectric properties, far infra-red, n.m.r, and neutron 
spectroscopy, degradation (thermal, photo- and oxidative), radia- 
tion effects, identification and analysis, polymers for use at high 
temperatures, and composites. There is thus cover wide enough 
to satisfy many readers but it will be found that some items such 
as vulcanization or even chemical treatments in general, elastomers 
and fillers, get less attention. 

The editor, Professor A. D. Jenkins of the University of Sussex, 
has done well in bringing the chapters together in a reasonably 
standard form despite the large number of contributors and 
inevitable differences in style and treatment. Some chapters are 
more detailed and comprehensive than others, some are more 
superficial or general in approach, but taken in all they form a 
very acceptable up-to-date collection and are made all the more 
useful by inclusion of the many references at the end of each. 

The comprehensive nature and excellent presentation, however, 
bring in another feature, that of price. At £49, the work represents 
a costly acquisition, pagewise much more so than a fuller encyclo- 
paedia; however, a good distillate is rarely cheap. There are many 
who will find these volumes useful and wish to have them available, 
perhaps not as a personal possession but in a departmental or 
works library where information is sought on a variety of areas in 
polymer science and technology. 

R. J. I41. Reynolds 

T h e  use of  the  s c a n n i n g  e lec t ron  m i c r o s c o p e  
Edited by J. W. S. Hear/e, J. T. Sparrow and 
P. M. Cross 
Pergamon Press, Oxford, 1972, £8.80 

The number ef  scanning electron microscopes in general use has 
grown enormously over the last few years and workers in a variety 
of fields have gained access to instruments. There is therefore a need 
for a book which gives a simple and straightforward account of 
scanning electron microscopy, whilst at the same time covering the 
types of practical and interpretive problems encountered by the 
average user. The editors and contributors to this book are to be 
congratulated on successfully meeting this need. 

The book contains thirteen chapters and there are eight contri- 
butors. However, the treatment is uniform and the ground is 
covered in a systematic manner. Basic principles, background 
knowledge, and instrument design and use are dealt with in Chapters 
1 to 4. Specimen preparation and modes of operation are discussed 
in Chapters 4 and 5. Chapters 6 to 9 are given over to specialist 
applications in the fields of metals, electronic devices, fibres and 
polymers, and biological materials respectively. Faults and dimen- 
sional measurements are dealt with in Chapters 10 and 11. For 
those fortunate enough to possess an instrument, some tips on 
instrument management are given in Chapter 12, while Chapter 13 
considers possible future developments in the field. The book 
contains comprehensive author and subject indexes and there is a 
useful list of manufacturers and suppliers. The quality of the paper, 
printing and numerous micrographs is good. 

The book can be recommended to workers who wish to make best 
use of the scanning electron microscope technique. It will also be of 
value to those who would like to become generally acquainted with 
the potentialities and limitations of this branch of microscopy. By 
present day standards the book is reasonably priced. 

C. Price 
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sional measurements are dealt with in Chapters 10 and 11. For 
those fortunate enough to possess an instrument, some tips on 
instrument management are given in Chapter 12, while Chapter 13 
considers possible future developments in the field. The book 
contains comprehensive author and subject indexes and there is a 
useful list of manufacturers and suppliers. The quality of the paper, 
printing and numerous micrographs is good. 

The book can be recommended to workers who wish to make best 
use of the scanning electron microscope technique. It will also be of 
value to those who would like to become generally acquainted with 
the potentialities and limitations of this branch of microscopy. By 
present day standards the book is reasonably priced. 

C. Price 
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Table 2 Values of energy gaps for (I), (11), and (111) 

Sample Temp. range (°C) Eg (eV) 

(I) 28-140 0' 486 
(11) 29-125 1 '107 
(111) 28-130 --0'510 

cha in  o f  the  po lymer ,  exhib i t s  c o n s i d e r a b l y l o w e r  resis t ivi ty  
t h a n  (I). Th is  m i g h t  resul t  f r o m  the  d e v e l o p m e n t  o f  
c rys ta l l in i ty  caused  by  the  i n t e r ac t i on  o f  a m i d e  b o n d s  
be tween  the  p o l y m e r  molecu les .  

H o w e v e r ,  the  resis t ivi ty  o f  po ly i soxazo l e ( I I I )  w i th  t he  
h ighes t  c rys ta l l in i ty  a m o n g  the  p o l y m e r s  6, 7 is c o m p a r a -  
t ively  h igh  a n d  is inc reased  w i t h  inc reas ing  t e m p e r a t u r e .  
Even tua l l y  the  resis t ivi ty o f  po ly i soxazo le ( I I I )  has  a 
pos i t ive  d e p e n d e n c e  on  t empe ra tu r e .  T h e  va lue  o f  
the  energy  gap  is nega t ive  as s h o w n  in Table 2. This  
c lear ly  d e m o n s t r a t e s  the  n a t u r e  o f  pos i t ive  t h e r m i s t o r  8. 
T h e s e  resul ts  a re  in s ignif icant  con t r a s t  w i t h  cases  o f  
po ly i soxazo l ines .  

T h e  electr ical  ene rgy  losses o f  (I), (II),  a n d  (III)  were  
ve ry  small .  F u r t h e r  inves t iga t ion  is in progress .  

Note to the Editor 

These  n e w  f indings  m a y  in i t ia te  fu r the r  in teres t  in  
s tudy ing  the  s e m i c o n d u c t i v e  b e h a v i o u r  o f  p o l y m e r s  wi th  
he te rocyc l i c  rings.  

A C K N O W L E D G E M E N T S  

T h e  a u t h o r  is g ra te fu l  to  P ro fessors  J. S. Sh im,  J.  H .  Lee,  
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sions.  
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Book Reviews 

P o l y m e r  s c i e n c e :  a mater ia ls  sc ience  h a n d b o o k  
Edited by A. D. Jenkins 
North-Holland, Amsterdam/London, 1972, Vols 1 
and 2, 1822 pp. £49.00 

Those concerned with polymers, no matter whether their interests 
be related to synthesis, characterization, properties, or even to 
something more specific, like polyelectrolytes or composites, 
often have occasion to seek information on wider issues con- 
nected with the subject, and are then faced with the problem of a 
search for the appropriate textbooks, review articles and papers, 
some of which may not be readily to hand. An encyclopaedia 
presentation of polymer science and technology is, of course, 
available but there is usually first the wish to go to a convenient 
bookshelf rather than to a main library. 

Consideration of the contents of these two volumes and a dis- 
cerning look at the index indicates the breadth of polymer topics 
dealt with. Excellently printed and bound, they comprise 27 
authoritative chapters contributed by specialists from the USA 
and the UK. One of my colleagues has described the work as a 
'mini-encyclopaedia'; perhaps it could be better termed as a series 
of monographs assembled to provide a 'jumbo-sized' handbook. 

Chapters in the first volume (932 pp) deal with chemistry, 
structure, crystallinity, molecular behaviour, viscoelastic and 
optical properties, and then cover plasticization, fracture, and the 
mechanical properties of plastics and fibres (but with less reference 
to elastomers). In the second volume (888 pp) the subjects are of a 
wider--and perhaps less integrated--nature, dealing with such 
aspects as adhesion, friction and wear, solutions, polyelectrolytes, 
electric and dielectric properties, far infra-red, n.m.r, and neutron 
spectroscopy, degradation (thermal, photo- and oxidative), radia- 
tion effects, identification and analysis, polymers for use at high 
temperatures, and composites. There is thus cover wide enough 
to satisfy many readers but it will be found that some items such 
as vulcanization or even chemical treatments in general, elastomers 
and fillers, get less attention. 

The editor, Professor A. D. Jenkins of the University of Sussex, 
has done well in bringing the chapters together in a reasonably 
standard form despite the large number of contributors and 
inevitable differences in style and treatment. Some chapters are 
more detailed and comprehensive than others, some are more 
superficial or general in approach, but taken in all they form a 
very acceptable up-to-date collection and are made all the more 
useful by inclusion of the many references at the end of each. 

The comprehensive nature and excellent presentation, however, 
bring in another feature, that of price. At £49, the work represents 
a costly acquisition, pagewise much more so than a fuller encyclo- 
paedia; however, a good distillate is rarely cheap. There are many 
who will find these volumes useful and wish to have them available, 
perhaps not as a personal possession but in a departmental or 
works library where information is sought on a variety of areas in 
polymer science and technology. 

R. J. I41. Reynolds 

T h e  use of  the  s c a n n i n g  e lec t ron  m i c r o s c o p e  
Edited by J. W. S. Hear/e, J. T. Sparrow and 
P. M. Cross 
Pergamon Press, Oxford, 1972, £8.80 

The number ef  scanning electron microscopes in general use has 
grown enormously over the last few years and workers in a variety 
of fields have gained access to instruments. There is therefore a need 
for a book which gives a simple and straightforward account of 
scanning electron microscopy, whilst at the same time covering the 
types of practical and interpretive problems encountered by the 
average user. The editors and contributors to this book are to be 
congratulated on successfully meeting this need. 

The book contains thirteen chapters and there are eight contri- 
butors. However, the treatment is uniform and the ground is 
covered in a systematic manner. Basic principles, background 
knowledge, and instrument design and use are dealt with in Chapters 
1 to 4. Specimen preparation and modes of operation are discussed 
in Chapters 4 and 5. Chapters 6 to 9 are given over to specialist 
applications in the fields of metals, electronic devices, fibres and 
polymers, and biological materials respectively. Faults and dimen- 
sional measurements are dealt with in Chapters 10 and 11. For 
those fortunate enough to possess an instrument, some tips on 
instrument management are given in Chapter 12, while Chapter 13 
considers possible future developments in the field. The book 
contains comprehensive author and subject indexes and there is a 
useful list of manufacturers and suppliers. The quality of the paper, 
printing and numerous micrographs is good. 

The book can be recommended to workers who wish to make best 
use of the scanning electron microscope technique. It will also be of 
value to those who would like to become generally acquainted with 
the potentialities and limitations of this branch of microscopy. By 
present day standards the book is reasonably priced. 

C. Price 
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Study of thermoelastic properties of 
ethylene-vinyl acetate copolymer 

V. Pollak, A. Romanov and K. Marcin6in 
Polymer Institute of Slovak Academy of Sciences, Bratislava, Czechoslovakia 
(Received 15 January 1973) 

The thermoelastic properties of the random ethylene-vinyl acetate copolymer crosslinked 
with dicumyl peroxide were investigated. It was found that the relationships between equili- 
brium stress and temperature showed a discontinuity in the temperature range 38-42°C 
which was due to the crystalline character of the samples. The value of energetic contribu- 
tion fu is negative at elongations ranging from 1.1 to 2.1 while it assumes a relatively high 
value at greater elongations. The values of relative energetic contribution fu/f change 
with elongation and are in agreement with the values of full calculated from shear 
modulus for the region of medium elongations in the investigated range. The character 
of the relationship between fu or fu/fand elongation indicates that a change in the intra- and 
inter-molecular interaction energies occurs in the case of uniaxial strain of the investigated 
copolymer. 

INTRODUCTION 

The elasticity of real elastomers does not show a pure 
entropy character since a change in the intrinsic energy 
of the strained sample also occurs t, 2. The energetic 
term of elastic strain calculated from the relationship 
between equilibrium stress and temperature at low 
deformations corresponds to the change in the conforma- 
tional energy of the chains a and is related to the thermal 
coefficient of unperturbed dimensions of these chains 4, 5. 
Besides the changes in intramolecular interaction energies, 
the change in the intermolecular interaction energies is 
not negligible, especially at large elongations e, 7. The 
intramolecular interaction energy does not depend on 
elongation until the contour length of chains is attained 
while the intermolecular energy changes with strain. 

This paper is devoted to the study of the thermoelastic 
properties of ethylene-vinyl acetate copolymer. 

EXPERIMENTAL 

Materials 
A commercial copolymer of ethylene with vinyl acetate 

(Levapren 450) containing 75mo1~ of ethylene and 
Mn = 4.73 x 104 was used in this study. Dicumyl peroxide 
(DCP), precipitated three times from ethanol, was used 
as a crosslinking agent. 

Methods 
The vulcanizing mixtures were prepared in a laboratory 

masticator at 300 rev/min. The mixtures of ethylene-vinyl 
acetate copolymer (EVA) contained 2.5 parts by weight of 
DCP to 100 parts by weight of EVA. The samples were 
crosslinked in the form of sheets (50× 10× l mm) at 
160°C for 45rain. 

The values of equilibrium stress at varying tempera- 
tures were measured with a Cambridge Textile Extenso- 

meter which was adapted for the thermostating of samples. 
The temperature was controlled to +_ 0.1 °C. The constant 
values of stress were obtained after 4-5 h relaxation at 
80°C. The rate of temperature decrease and increase was 
1.5°C/min. A period of 20min was necessary to achieve 
the equalization of temperatures of sample and its sur- 
roundings. A correction with respect to thermal expan- 
sion was carried out by using a cathetometer(KM-6). 
The thermal coefficient of linear expansion was equal to 
2.5 × 10 -4 deg -z in the temperature range from 50 to 80°C. 

The values of the thermodynamic quantities were 
obtained from the relations: 

f=(OU/OL)T,v-T(OS/OL)T,v=fu+fs  (1) 

-- ( OS/ OL )T,V= ( Of/ OT)v,L (2) 

where f, U, S, L, V and T denote equilibrium stress, 
intrinsic energy, entropy, length of sample, volume of 
sample, and absolute temperature. The coefficient 
(Of/OT)v,= found experimentally was corrected for 
thermal linear expansion of the sample as recommended 
by Flory et al.S: 

(Of/OT)~, = = (Of/OT)v,L + f ,~ (3) 

where A=L-I(aL/OT)v and a=L/Lo, i.e. relative elonga- 
tion. The term f u / f  was calculated from the following 
relation s: 

( Olnf ~ din r-~ (4) 
f u / f=  1 - ~O-OinT/,, = + TA = T d - t  

Differential thermal analysis was carried out by use of a 
Perkin-Elmer differential scanning calorimeter (d.s.c.). 

RESULTS AND DISCUSSION 

Figure 1 shows the dependence of equilibrium stress on 
temperature for ethylene-vinyl acetate copolymer. In 
the temperature range 38 ° to 42°C a discontinuity appears 
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Figure 1 Variation of equilibrium stress with temperature for 
crosslinked ethylene-vinyl acetate copolymer. Tc=crystallization 
temperature of sample. Elongations: A =1.106; B =1.112; C =1.324; 
D=1-432; E=1.540; F=1.646; G=1.751; H=1.858; 1=1.964; 
d =2.072. G, Decreasing temperature; x, increasing temperature 

4 5  

The equilibrium stress at temperatures above 50°C 
has the same value independent of whether equilibrium 
is approached by increase or decrease in temperature and 
this demonstrates the reversibility of the process. The 
values offv  andfs  were calculated for the temperature of 
60°C at which the sample is amorphous. Figure 4 presents 
the variation offv,  fs, and f with ~. The term fv  is the 
most important for the study of the properties of polymer 
network and it is evident from Figure 4 that the value of 
f u  is negative over the total range of elongations. It 
assumes relatively high values at greater elongations and 
this may be caused by the interactions between the 
chains which align as the result of uniaxial strain 7. It is 
also possible that some contribution arises from intra- 
and inter-molecular interactions of the polar group of 
vinyl acetate. 

i 0.2 M c o l / s ¢ ~  

Trn-46°C 

I I I I I I I 

280 300 320 340 360 
r (K) 

Figure 3 D.s.c. curve for ethylene-vinyl acetate copolymer. 
Tm= melting point of crystallites 
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Figure 2 Crystallization temperature of ethylene-vinyl acetate 
copolymer (Tc) as a function of elongation 

on the plots which is due to the crystallization of the 
sample 9,10. A similar phenomenon was observed with an 
ethylene-propylene copolymer containing a higher 
percentage of ethylene z0,11. If the temperature rises, the 
discontinuity appears at about 50°C. The shift of the 
discontinuity with temperature is due to the hysteresis of 
the crystallization process. 

It is clear from Figure 2 which shows the dependence 
of Te on elongation, that Te rises with increasing elonga- 
tion (effect of strain on the formation of crystallites). At 
the given content of ethylene in copolymer (75 mol ~o), it 
is also possible that some nuclei of crystallites of poly- 
ethylene segments are present which may enhance the 
formation of crystallites. 

The d.s.c, curve (Figure 3) shows that the melting of 
crystallites in unstrained sample sets in at 46°C. The 
positions of Tc (Figure 1) and Tr, (Figure 3) may be 
affected by the different methods of determination as 
well as the different history of the thermal treatment of 
sample during measurement. 
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Figure 4 Variation of equilibrium stress (f) and entropy (f$) and 
intrinsic energy (fu) contribution to equilibrium stress with 
elongation for crosslinked ethylene-vinyl acetate copolymer at 
60°C. ©, f; A, f$; rq, fu 
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Variation of relative energetic contribution fu/[ with 
elongation for crosslinked ethylene-vinyl acetate copolymer at 
60°C 

The value o f f v / f  calculated f rom equation (4) (Figure 
5) varies with ~ which is not in agreement with the 
random theory of rubber elasticity and does not 
assume any interaction between the chains of  polymer 
network. The character of  the plots of  f t r / f  versus 
(Figure 5) indicates a change in the interactions between 
the chains of  ethylene-vinyl acetate copolymer during 
strain. At small elongations, the accuracy in the deter- 
mination of  ~12 may also account for the curvature of  
the plot of  f v / f  versus ~. The value of  f u l l  calculated 
from shear modulus according to Shen and Blatz lz 
equals -0 .428.  This agrees approximately with the values 
of  f v / f  determined from thermoelastic curves in the 
region of elongation ~=  1.3-1.6 (Figure 5). The value of  
the thermal coefficient of  the unperturbed dimensions of  
chains calculated according to Shen and Blatz la is equal 

to - 1 . 2 9 ×  10-3deg -1. A comparison with the values 
determined for homopolymers (polyethylene: 
- 1.1 × 10-3deg -z 14; poly(vinyl acetate): - 2 . 1 ×  10 -3 
deg-1 zs) shows that the value found for ethylene-vinyl 
acetate copolymer has the same sign and is close to the 
value of the ethylene component. 
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Polymer translational diffusion: 2. Non-theta 
solutions, polystyrene in butan-2-one 

T. A. King, A. Knox and d. D. G. McAdam 
Physics Department, Schuster Laboratory, University of Manchester, Manchester 
M13 9PL, UK 
(Received 14 February 1973) 

The diffusion of linear polystyrene under non-theta conditions in butan-2-one has been 
studied by Rayleigh light scattered linewidth measurements for the molecular weight 
range of 2.08x104 to 8.7x106 and as a function of concentration. By extrapolation of 
diffusion coefficient values to zero concentration we find that Do=5"5 x 10-4~T,,0"Selcm 2 s -1. 
The first order concentration dependence kDC changes sign as the molecular weight 
increases, kD being fairly small and negative at low molecular weights and increasingly 
positive above Mw-~230 000. 

INTRODUCTION 

In this paper we describe how intensity fluctuation 
spectroscopy has been applied to the study of trans- 
lational diffusion in dilute polymer solutions under 
non-theta conditions, as exemplified by the polystyrene/ 
butan-2-one system. A similar study has recently been 
carried out on the polystyrene/cyclohexane theta-point 
system 1 (I). The homodyne light-beating technique 
employed here for observing concentration fluctuations 
has been used since 1965 and is amply reviewed else- 
where 2. Interpretation of data is based on Pecora's 
theory3 which predicts for the usual case of dominant 
centre-of-mass motion a Lorentzian lineshape with 
half-width at half-height: 

AWl/2 = 2K~D (1) 

where D is the translational diffusion coefficient and 
K=(4~r/;~)n sin(0/2) is the wave-vector change in the 
quasi-elastic scattering, ;~ being the wavelength of the 
incident laser light, n the solution refractive index and 
0 the scattering angle. Measurements of D by this method 
can be rapid, accurate, and are performed on a solution 
at equilibrium thus giving valuable information on 
polymer conformations and solution hydrodynamics. 

EXPERIMENTAL 

A 60 mW helium-neon laser (Spectra-Physics model 125) 
was used as the monochromatic light source and scattered 
radiation was detected with a red-sensitive photomulti- 
plier tube (Amperex 56TVP) with some electronic 
focusing to reduce noise. The photocurrent signal was 
analysed by a hybrid correlator (Hewlett-Packard 3721 A), 
the computed autocorrelation function being in effect 
the Fourier transform of the power spectrum. Least- 
squares computer fitting of the resulting exponential 
function yields the translational diffusion coefficient with 
a typical accuracy of a few percentage units from a 
single run. Other details of the apparatus and spectro- 
meter design are described more fully elsewhere 4. 

A range of narrow molecular weight distribution 
polystyrene samples were supplied by the Pressure 
Chemical Company and solutions were made up with 
spectroscopic grade butan-2-one solvent. The removal of 
particulate matter from the solutions is essential to avoid 
distortion of the autocorrelation function and the most 
effective cleaning procedure was found to be centri- 
fugation of samples for 2 h at over 30 000 x g. Measure- 
ments of the autocorrelation function were made at 
room temperature and results corrected by at most 4 ~o 
to 25°C for variations in temperature and viscosity. 

Deviations from a single exponential due to internal 
motions in the polymer coils were observed at large 
scattering angles for the very high molecular weight 
samples and are discussed elsewhere 5. 

RESULTS 

The data for solution concentrations below 0.02gm1-1 
are shown in Figures 1 and 2, each point being the 
average value of D(c) calculated from many runs at 
several different angles. The curves drawn through these 
points for the various molecular weights are summarized 
in Table I where k9, as defined by equation (3) below, is 
the value of the initial slope of the concentration depend- 
ence in the dilute solution range. The extent of this range 
is estimated via the procedure outlined in I. The Do 
values quoted are the results of smooth extrapolations 
to zero concentration. Preliminary studies, using samples 
cleaned by filtering, showed a pronounced decrease in D 
with decrease in concentration at low concentration. 
This effect disappeared with more careful cleaning using 
uitra-centrifugation; the effect is attributed to dirt 
contamination which is likely to be more troublesome in 
this region. Tsvetkov and Klenin 6 have derived a concen- 
tration dependence for polystyrene having M=3-5 × 106 
in butan-2-one which is in good agreement with that 
predicted from the form of sample PC--14b of this work. 
Calculations indicate that the appropriate molecular 
weight average to use in this type of experiment lies 
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Figure 1 Diffusion coefficient concentration dependence, 
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Figure 2 Diffusion coefficient concentration dependence, 
~w=3.92x105 to /~w=8.Yx10 e polystyrene in butan-2-one. 
I--I, JCH--7M; 0 ,  PC--14c; x ,  PC--13a; V, PC--5a; ©, PC--3b 

Table 1 A summary of the molecular weight and polydispersity 
of polystyrene samples with experimentally determined values of 
the diffusion coefficient concentration dependence parameter 
kD and values of Do, the diffusion coefficient from extrapolation 
to c=0. 

Do x kD 
Sample ~lw ~lw/Mn 107 (cm 2 s -z) (ml g-Z) 

PC--2b 20800 1.06 22"5+1"0 - 2 5 + 5  
PC--7b 33000 1.06 16.0+0"6 -26__.5 
P C ~ b  111 000 1.06 8.1_+0"3 - 1 1 + 4  
PC--lc 200000 1.06 5"95-+0"1 - 2 + 3  
P C ~ b  392000 1.1 3.95-+0.15 9+4 
PC--Sa 507 000 1.2 3.30__.0"10 19-+4 
PC--13a 670000 1.1 2.9-+0.1 27_+4 
PC--14b 2.7× 106 a 1 "3 1-30_+0'03 72+_5 
JVC--7M 8.7× 106 b 1 "3 0"70-+0"03 m 

a ~ from viscosity measurements 
bSample generously supplied by Dr d. V. Champion, City of 
London Polytechnic 

16Sl , , I 
IO 4 IO s IO 6 IO 7 
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Figure 3 Molecular weight dependence of Do, the diffusion 
coefficient by extrapolation to c=0 

between the weight and z-averages 4, consequently 3~w 
has been used in some subsequent analysis. For sample 
PC--14b the molecular weight distribution was checked 
by viscometry and by gel permeation chromatography 
(g.p.c.) because of anomalies in the manufacturer's data 
supplied with the sample. In this case the viscosity- 
average molecular weight is preferred as this was found 
to lie between Alw and AYrz from g.p.c, analysis and is in 
agreement with Atw from fractionation data. 

A plot of log Do vs. log ~l~w (in Figure 3) in analogy to 
the Mark-Houwink relationship for intrinsic viscosities 
shows that the results closely obey the expression: 

Do =kAbob=(5"5 _+ 0"2) X lO-41~,[~ (0"5614-0"005) cm 2 s-1 (2) 

The values of k and b differ from the values of Ford 
et al. 7 for an investigation covering a similar molecular 
weight range. 

DISCUSSION 

If the relation between the exponent b in equation (2) and 
the exponent a in the viscosity Mark-Houwink equation, 
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M=k'Ma,  is taken asS: b = ( a +  1)/3, values of b calcu- 
lated from literature viscosity data, for which a ranges 
from 0.58 to 0.635 for polystyrene in butan-2-one, cover 
the range b=0.527 to b=0.545. This range is lower 
than the value measured in this work and the diffusion- 
viscosity exponent relationship may be worthy of further 
investigation. 

From equation (4) of I we see that the diffusion 
coefficient can be expanded to first order in concentration 
as  

D= D0(1 + kDC + • • • ) (3) 

in which thermodynamic and hydrodynamic factors can 
be combined in kD as 

k o = 2A2M- k l -  fJ (4) 

where A2 is the second virial coefficient, kl (or equiva- 
lently ks in sedimentation coefficient terminology) is the 
first order friction coefficient concentration dependence 
and ~ is the specific volume of the polymer. 

Although second virial coefficients for polystyrene/ 
butan-2-one solutions are relatively small at around 
10-4ml g-~, significant differences from the theta-solvent 
behaviour reported in I are observed. The most noticeable 
feature of the variation of kD with molecular weight in 
Figure 4 is the change from negative values at low )l~tw 
to positive and increasing values above the cross-over 
point at ~rw = 230 000. As ~ remains essentially constant 
at about 0"9mlg -1 this must be due to the increasing 
importance of the first thermodynamic term in equation 
(4) relative to ks. 

80 ; '  

c. 40 

Q -k 

0 - - 7 .  

I - 4 0  
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Figure 4 Molecular weight dependence of the first order concen- 
tration dependence coefficient kD ~>, experimental points; 
theoretical curves: , Y a m a k a w a n ; - - - - - - ,  Pyun and 
Fixman~3; , Imai z~ 
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Figure 5 Values of the second virial coefficient A2 from Outer 
et alp (©) and from Oth and Desreux TM ( x )  

Polymer translational diffusion (2) : T. A. King et al. 

The second virial coefficient has been the subject of 
several determinations and from two of the most exten- 
sive studies on this systema, 1° it can be seen from 
Figure 5 that Az has only a small dependence on 
molecular weight, going roughly as M-° 'L It is notice- 
able that the values show considerable variations, 
however, and equation (4) could provide the basis for 
more accurate measurements of this parameter. The 
molecular weight dependence of k I has been briefly 
discussed in I in conjunction with the theoretical ex- 
pressions derived by Yamakawa n, Imai 12 and by Pyun 
and FixmanlL These can be summarized as: 

NVh 
kI= A(x) AzM + M (Y) (5a) 

1) NVn 
k f = C o M 1 / 2  c t ~ - ~  q- M (I)  ( 5 b )  

+NVa 
kf=k~ ~I  (PF) (5c) 

where N is Avogadro's number, % is the viscosity 
expansion factor, and Vh is the hydrodynamic volume 
of the polymer molecule. This can be deduced from 
equation (2) by means of the Stokes-Einstein relationship 
as  : 

\67r~lDo ] (6) 

and hence taking the viscosity to be 0-40 cP: 

NV• ~ 2"47 × 10-3M~; 683 ml g-1 (7) 

In Yamakawa's extension of the Kirkwood-Riseman 
formalism for the friction coefficient, the function ;~(x) 
can be taken as 1,2 in the non-draining limit. Imai's 
constant Co which depends upon the parameters of the 
unperturbed polymer chain is best found by fitting his 
expression to the available data for ks 6,14,15, though this 
virtually means that ks values are interpolated from those 
already measured. Pyun and Fixman's model of an 
equivalent soft sphere for a macromolecule leads to a value 
of k~ = 2.23 for theta conditions increasing monotonically 
to the hard sphere limit of 7.16. We have therefore 
chosen the intermediate value of k~ = 5 which is unlikely 
to be in error by more than 50~ for this parameter. 
Thus by combining equations (4), (5) and (7) these 
theoretical models can be compared with the data for 
kD, and are plotted in Figure 4. 

It is clear that agreement between theory and experi- 
ment is poor, though in all cases this can be improved 
at the higher molecular weights because of the flexibility 
of the parameters involved. Also, calculated ko values 
are strongly dependent on A2 and values taken from the 
continuous curve in Figure 5 could well be in error by 
at least 10 ~. 

We are able to conclude, however, that none of the 
theories in their present form predict the relatively large 
negative ko values at low molecular weight. This is 
equivalent to saying that kl (or ks) remains finite and 
positive as M becomes small. Further work is therefore 
necessary, perhaps involving higher order terms and 
draining effects, before these theories describe experi- 
mental behaviour over a wide molecular weight range. 
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Die swell in elastic and viscous fluids 

J. Batchelor*, J. P. Berry and F. Horsfall 
Rubber and Plastics Research Association of Great Britain, 
Shawbury, Shrewsbury SY4 4NR, UK 
(Received 22 December 1972; revised 5 March 1973) 

Measurements of die swell have been made on an elastic liquid and a Newtonian liquid of 
similar viscosity (~10 4 N s m-2). The Reynolds number was about 10 -8, The Newtonian 
liquid has a die swell of 13.5~o which was independent of shear rate. The die swell of the 
elastic liquid increased with shear rate and seemed to be asymptotic to the Newtonian 
die swell at low shear rates, 

INTRODUCTION 

The phenomenon of die swell is well known in polymer 
melt extrusion and it must be taken into account when 
dies are designed. In practice this is achieved by 'rule of 
thumb' methods even for dies of simple shape because 
there are no means of predicting die swell from the 
fundamental flow properties of the melt 1. Die swell is 
known to be associated with elasticity and normal 
stresses ~, and Newtonian liquids also exhibit die swell a. 
However, very few measurements have been made at the 
low Reynolds numbers relevant to polymer processing, 
i.e. 41 .  

In this paper we describe the results of die swell 
measurements on the capillary flow of an elastic liquid 
and a Newtonian liquid with viscosities similar to polymer 
melts. The measurements were made at shear rates below 
1 sec -1 so that they could be compared with shear flow 
measurements made on a Weissenberg rheogoniometer. 
The Reynolds number in the die swell measurements was 
about l0 -s. 

EXPERIMENTAL 

Apparatus 
The measurements were carried out on a capillary 

viscometer similar to the one described by Atkinson and 
Nancarrow 4. The apparatus was designed for use with a 
Hounsfield tensometer which was mounted vertically to 
facilitate the measurements of die swell. The barrel wall 
was hollow so the sample temperature could be con- 
trolled by circulating a thermostatically controlled liquid. 

The capillaries were made of stainless-steel tubing 
embedded in a brass sleeve to give rigidity; this was 
jacketed so that the temperature controlled liquid could 
be circulated. A constant speed motor drove the piston 
at speeds from about 4.2× 10 -4 to 1.3 x 10-2mm/s via a 
system of pulleys. 

The piston movement was measured by a displacement 
transducer. A proof  ring transducer measured the load 
on the piston. The outputs from the two transducers 
were displayed on an ultra-violet recorder and the piston 
speed was calculated from the displacement time trace. 

* Present address: British Rail Research Department,  Railway 
Technical Centre, Derby, UK.  

Procedure 
The two materials studied were a depolymerized 

natural rubber (Lorival R25) and a modified alkyd resin 
(Paralac 385). Lorival displays large normal stresses 
whereas Paralac does not; it is a Newtonian fluid. The 
experimental conditions were chosen so that the materials 
had similar viscosities ( ~  l04 N s m-2). The steady shear 
flow characteristics obtained on the rheogoniometer are 
shown in Figure 1. 

A small quantity of pigment (--, ¼ ~o) was incorporated 
into the Paralac to make the extrudate visible. This had 
no measurable effect on the flow properties. To eliminate 
the effect of gravity the materials were extruded into an 
optical cell containing an inert liquid of the same density. 

Capillaries l, 3 and 4 (Table 1) were used for the Lorival 
and 2, 3 and 4 for the Paralac experiments. Data on 
Paralac using capillary 1 could not be obtained because 

103 

E 

102 

l _  

, / / /  

I 

i I 

lo "z . 1o -t 
G (sec -1 ) 

Figure 1 Steady  shear flow data obtained on r h e o g o n i o m e t e r .  
~ ,  p~z, Para lac ,  65°C; . . . .  , p21, Lor iva l ,  23.5°C; . . . . .  , 
(pll-p2=), Lor iva l ,  23.5°C 
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Table 1 Capillary dimensions 

Capil lary D (mm) L/D 

1 2"51+0 '02 77.4 
2 2 .51+0 '02  58"1 
3 1 "95+0"02 76"1 
4 1 '33+0"04 75"8 

of the poor temperature control with a long die at elevated 
temperatures. 

When the load and piston speed reached steady values 
the diameter of the extrudate was measured with a 
travelling microscope. For  Lorival we measured the 
diameter at 2 mm intervals from the capillary exit up to a 
distance of 16mm. The extrudate diameter was constant 
over this range and the final die swell was therefore 
calculated from the average value. Measurements were 
carried out much closer to the capillary exit with Paralac 
so that we could obtain the complete shape of the extru- 
date. 

The effect of viscosity was studied with Paralac by 
carrying out experiments at 60°C and 65°C, which altered 
the viscosity by a factor of three. The temperature control 
in the Paralac experiments was + 1.5°C; for Lorival the 
temperature was 23.5 + 0-25°C. 

where y is the percentage increase in diameter at a dis- 
tance x from the capillary exit. A and B are constants 
which were obtained by least squares. A is the final die 
swell and B is a shape factor. Using the results of all 16 
runs we found that A =  13"5 and B=4.12. We see from 
Figure 3 that equation (3) is an adequate fit to the 
experimental data. The die swell for each run was calcu- 
lated by the least squares technique and the results are 
shown in Figure 4 with the Lorival data. The die swell 
for the Newtonian liquid was independent of capillary 
diameter, viscosity and volume rate of  flow. For the 
elastic fluid die swell increased with shear rate but did 
not depend on capillary diameter. At low shear rates the 
die swell for the elastic fluid appears to be asymptotic 
to the Newtonian value. 

Graessley et al. 7 have measured the die swell of  molten 
polystyrene at low Reynolds numbers (10-5-10-9). At 
low shear rates the viscosity of the materials with narrow 
molecular weight distributions became independent of 

10 4 

RESULTS AND DISCUSSION 

The load and piston speed were recorded in a series of 
experiments with Lorival so that the viscosity could be 
calculated and compared with measurements made on ~ tO3 
the rheogoniometer. Some of  the pressure drop along the 
capillary occurs in the regions at the ends where conver- @ 
gent and divergent flow occurs. However, these effects 
will be negligible with the long capillaries used 5. Hence 
we calculated the shear stress at the wall of the capillary 
p21 (R) using the formula2: 

p 21(R) = ApD/4L ( 1 ) 

where Ap is the pressure drop along the capillary of  
length L and diameter D. The shear rate at the wall G(R) 
was evaluated using the formula due to Rabinowitsch: 10 2 

3 n 

where 
d ln(32 Q/rra a) 

n = d ln[p2z(R)] (2) 
15 

and Q is the volume rate of  flow. The results are shown 
in Figure 2 compared with data obtained on the rheogo- 
niometer using a cone and plate system. The agreement 
between the two instruments is good. 

Die swell depends on the L/D ratio and on the geometry - 10 
of the die entry 6. But with the large L/D ratio (t> 58) in 
the present experiments the die swell becomes indepen- 
dent of LID. This was checked using Lorival with capil- ~5 
laries 1 and 2. 5 

Some typical Paralac die swell results are shown in 
Figure 3 and we see that a Newtonian liquid exhibits a 
significant amount of  die swell. The points are a random 
selection of results obtained at various piston speeds, die 
diameters and viscosities. The curve in Figure 3 is an 
exponential of the form 

y = A [ 1 - e x p ( -  Bx/D)] (3) 

I 
t 0 -1 I 0 ° 

G ( sec -1) 

Figure 2 Comparison of cone-plate and capillary rheometers for 
Lorival at 23.5°C. I-3, Cone-plate (rheogoniometer) ;  ©, capillary 
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Figure3 Shape of extrudate of Paralac 
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shear rate and the die swell reached a constant value of 
10~o. Measurements were, however, made on the 
hardened extrudate. The die swell of  Newtonian liquids 

Die swell in elastic and viscous fluids: d. Batchelor et aL 

over a wide range of Reynolds number down to a Rey- 
nolds number of  about 4 is given by Goren and Wronski s. 
A figure of  13.5 at very low Reynolds numbers appears 
to be a better extrapolation of their curve than 10 ~ .  

The normal stress difference ( p i l - p z 2 )  was calculated 
from the die swell data of  Lorival by the momentum 
balance approach 9. The calculated values were 7 orders 
of magnitude lower than the values shown in Figure 1. 
Clearly, the momentum balance theory of die swell is not 
appropriate to polymer melts. 

CONCLUSIONS 

We have confirmed that Newtonian fluids exhibit a 
significant amount  of  die swell at low Reynolds numbers. 
Thus there are two contributions to the die swell of 
polymer melts. The first is associated with a viscous 
effect and superimposed on this is an effect due to the 
elastic nature of  polymer melts. Initially it will be neces- 
sary to study theoretically the flow of a Newtonian fluid 
out of a capillary before we can hope to understand the 
phenomenon of die swell in polymer melts. 
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Melting of low molecular weight poly(ethylene 
oxide) with acetoxy- and trimethylsiloxy- 
end-groups 

P. C. Ashman and C. Booth 
Department of Chemistry, University of Manchester, Manchester M13 9PL, UK 
(Received 9 February 1973) 

Melting points and lamellar spacings are reported for samples of low molecular weight 
poly(ethylene oxide) with acetoxy- and trimethylsiloxy- end-groups. The results, together 
with others reported earlier for hydroxy-, phenoxy- and chloro-ended polymers, show that 
the melting point can be much affected by the end-group. The main causes of the effects are 
ascribed to differences in end-end and end-chain interactions and to end-group dimensions. 

INTRODUCTION 

Recently1, 2 we have reported measurements of the 
melting points of hydroxy-, phenoxy- and chloro-ended 
samples of low molecular weight poly(ethylene oxide). 
It was found I that the melting temperature was substan- 
tially affected when hydroxy-ends were replaced by less 
polar ends. Here we present further measurements of 
melting points, supplemented by low-angle X-ray scatter- 
ing measurements, for acetoxy- and trimethylsiloxy- 
ended poly(ethylene oxide) samples. 

EXPERIMENTAL 

Preparation of samples 
Acetoxy- and trimethylsiloxy-ended samples of poly- 

(ethylene oxide) were prepared by reacting hydroxy- 
ended polymers in solution in pyridine with either acetic 
anhydride or NO-bis(trimethylsilyl) acetamide. Pyridine 
was dried over and distilled from calcium hydride. The 
other reagents were used as received (BDH Chemicals 
Ltd). Hydroxy-ended poly(ethylene oxide) samples were 
of nominal molecular weights 1500 (Shell Chemical Co. 
Ltd) and 2000 (Hoechst Chemicals Ltd). Low molecular 
weight fractions were removed by precipitating the 
samples from dilute solutions in benzene at 0°C by adding 
iso-octane. The precipitates were freeze-dried from 
benzene before use. Benzene and iso-octane, used in 
recovery of the polymer were dried over and distilled 
from calcium hydride. 

Acetoxy-endedpolymer. Poly(ethylene oxide) (5 g, mol. 
wt. 1500, hydroxy-ended) was dissolved in dry pyridine 
(40ml). Excess acetic anhydride (20ml) was added (by 
syringe via a serum cap) and the mixture was refluxed, 
under calcium chloride guard tube, for 45 min. Volatiles 
were removed by rotary evaporation. The residue was 
dissolved in dry benzene and the cloudy solution was 
clarified by centrifugation (15 000× g for 1 h). The 
polymer was recovered and purified by repeated pre- 
cipitation at 0°C (by adding excess iso-octane). A similar 

procedure was used for poly(ethylene oxide) of mol. wt. 
2000. 

Trimethylsiloxy-ended polymer. Poly(ethylene oxide) 
(5 g, mol. wt. 1500, hydroxy-ended) was dissolved in dry 
pyridine (40ml). NO-bis(trimethylsilyl) acetamide (3 ml) 
was added (by syringe via a serum cap) and the mixture 
was refluxed, under calcium chloride guard tube, for 
45 min. The polymer was recovered as described above for 
the acetoxy-ended materials. A similar procedure was 
successful for poly(ethylene oxide) of mol. wt. 2000, but 
reaction with poly(ethylene oxide) of mol. wt. 4000 was 
incomplete (< 30 ~o replacement of hydroxy-groups). 

Characterization of samples 
Infra-red spectra of hydroxy-ended poly(ethylene oxide) 

samples showed strong adsorption at 3100-3700 cm -1 due 
to hydroxy stretching, which was absent in the acetoxy- 
and trimethylsiloxy-ended polymers. The infra-red spectra 
of the acetoxy-ended samples showed strong adsorption 
at 1740cm -1 due to ester carbonyl stretching. ZH n.m.r. 
spectra of trimethylsiloxy-ended samples (in carbon 
tetrachloride) showed resonances at 6"5T (--OCH2--) 
and 10~- (SiCH3) with relative intensities consistent with 
about 95 % replacement of hydroxy- by trimethylsiloxy- 
groups. 

Gel permeation chromatography (Water Associates 
Inc., tetrahydrofuran at 45°C, 1 ml/min flow rate, 2ml 
injection of 0.25% solution, 4 Styragel columns of 
nominal pore size in the range 5 to 150 nm) showed no 
differences in shape of molecular weight distribution 
between the samples before and after end-group reaction. 
The molecular weight ratio Mw/Mn for all samples was 
near to 1.05 (results corrected for adventitious disper- 
sionsZ). Vapour pressure osmometry (Mechrolab Inc., 
tetrahydrofuran at 25°C) likewise showed no changes in 
number-average molecular weight which could be 
attributed to degradation of the samples during their 
preparation. Number-average chain lengths (xn) were 
close to those calculated from the nominal molecular 
weights of the samples. 
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Melting points 
Small samples of polymer (< 200mg) were placed in 

glass dilatometers, outgassed and confined with mercury. 
The dilatometers were immersed in boiling water for 
15 min, and then their contents were allowed to crystallize 
at the required temperature (Tc+0.01°C). Melting was 
effected by placing the dilatometer in an oil bath held a 
degree or so below the melting point and then raising the 
temperature by 6deg/h. Expansion was followed by 
means of a cathetometer. The melting point was taken to 
be that point at which detectable crystallinity (judged by 
volume) disappeared. 

Lamellar spacings 
Thin films of polymer (thickness 0.05 cm), supported 

on Melinex polyester film, were melted at 100°C and 
were then transferred to a hot plate held at the required 
crystallization temperature (To + 0.01 °C). Films were 
exposed to copper Ks radiation in a Rigaku-Denki slit 
collimated low angle camera. The diffraction pattern was 
recorded photographically. Lamellar spacings were 
calculated, directly from the photographs, by use of 
Bragg's law. 

RESULTS AND DISCUSSION 

Lamellar spacings are reported in Table 1. The extended 
chain lengths of poly(ethylene oxide) 1500 and 2000 are 
10 and 13nm respectively, so that the crystals are 
identified as extended-chain type irrespective of their 
end-group. This was assumed in the earlier paper 1. 

Melting points, listed in Table 2, are practically 
independent of crystallization temperature. These melting 
points, and those for similar low molecular weight 
poly(ethylene oxide) samples with other end-groups 1, z, 
are given in Table 3. 

Values of the end interfacial free energy of lamellar 
crystals (ae) have been calculated by comparison of the 

Table 1 Lamellar spacings of poly(ethylene oxide) samples 

Sample 

Mol. wt. End-group Tc(°C) 

Lamellar 
spacing 

(nm) 

Table £ 

1500 

2000 

- O H  35 11 
- O C O M e  29 10 
- OSiMea 28 10 
- O H  36 13 
- OCOMe 36 14 
- OSiMea 36 14 

Melting points of poly(ethylene oxide) samples 

Sample 

Mol. wt. End-group Tc(°C) Tm(°C) 

1 5 0 0  - O C O M e  28.7 45.0 
31 "5 45.1 
33"2 45.2 

-. OSiMez 27.0 41.4 
28"8 41-4 
30.4 41 "3 
33.8 41 "6 

2000 - OCOMe 41.0 51-9 
-OSiMea 28"8 48.5 

33"2 48.9 
36"I 49.1 

Table 3 Melting points (T m) and end interfacial free energies 
(~e) of poly(ethylene oxide) 

Sample 

End-group Mol. wt. TIn(K) ae(kJ/mol) 

- OH 1000 312-3 7"2 
1500 322.2 7' 9 
2000 327.0 8' 9 

- O C O M e  1500 318.3 9.7 
2000 325.1 10" 0 

- O P h  1000 303.9 9.6 
1500 316.2 10'6 

- CI 1000 303.2 9"8 
1500 316.8 10-3 

- OSiMea 1500 314.7 11 "2 
2000 322.0 11' 7 

i2 

I 6 
1 0 0 0  2 0 0 0  3 0 0 0  

Mn 

Figure 1 End interfacial free energy (~re) versus molecular weight 
for poly(ethylene oxide) with hydroxy- (©), acetoxy- (Q), phenoxy- 
(V), chloro- (A)  and trimethylsiloxy- (C]) end-groups 

measured melting points (Table 3) with calculated values. 
The melting point of a low molecular weight polymer is 
given by: 

TO(1 _ 2O'e'~ 
:xhU Tm= (1) RT°Q ] 

l+ :Xh ! 

where TO is the thermodynamic melting point (349K a, 5), 
Ah is the heat of fusion (~  8 kJ/mol of chain units6), ~ is 
the lamellar thickness (~Xn chain units) and Q is a 
function of ~, xn and the chain length distribution and 
varies according to the model adopted for the crystalline 
polymer. Certain possible forms of Q have been explored 
earlier 2 and we note that the form adopted does not 
significantly change relative values of ~e obtained via 
equation (1) provided samples have similar molecular 
weight distributions. In Table 3 we quote values of (re 
calculated by use of the Flory-Vrij 7 model for lamellar 
crystals of a polydisperse (Schulz-Zimm 8 distribution) 
polymer crystallized (via chain folding if necessary 2) to 
its maximum extent. Figure 1 is a plot of (re against 
molecular weight for the variously ended poly(ethylene 
oxide) samples. 

The end interfacial free energy of a predominantly 
extended-chain crystal is largely the free energy of 
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transfer of chain ends from the melt to the interlamellar 
layer. Low molecular weight poly(ethylene oxide) 
samples are of high crystallinity, so the amount of inter- 
lamellar material is low (probably less than 10~). 
Consequently the process of formation of end interface 
is accompanied by an almost complete interchange of 
end-chain interactions for end-end interactions. For 
chloro-ended poly(ethylene oxide) the end-chain and 
end-end interactions will be similar and the interchange 
free energy will be negligible (provided steric effects are 
unimportant--see later). Accordingly a convenient 
parameter with which to characterize the interchange 
process is Aoe, the end interfacial free energy difference 
from that of the chloro-ended polymer of the same 
molecular weight. Approximate values of Acre, read off 
Figure 1, are listed in Table 4. These values indicate that, 
relative to chloro-ends, hydroxy- and acetoxy-ends 
stabilize the interface whereas trimethylsiloxy-ends make 
the interface less stable. 

We have already shown 1 that the stabilization of the 
interface by hydroxy-ends is consistent (semi-quantita- 
tively) with almost complete interchange ofhydroxy-ether 
hydrogen bonds in the melt for hydroxy-hydroxy hydro- 
gen bonds in the interlamellar layer. The stabilization due 
to acetoxy-ends likewise probably derives from extensive 
dipolar interaction of the ester groups in the interlamellar 
layer. (We note that esters are treated by some authors 9 
as associated liquids.) 

The decreased stability of the end interface with 
trimethylsiloxy-ends is not so readily explained. For 
non-polar liquids an interchange free energy can be 
estimated from solubility parameter theory 1°. For 
separation of mixtures with poly(ethylene oxide) chain 
units (solubility parameter 11 (J1/2/cm~/2) 8=17.6) we 
estimate values of the interchange free energy (kJ/mol) 

Table 4 End interfacial free energy 
differences (Acre) 

End-group A~re(kd/mol) 

-OH -2.4 
-OCOMe - 1 . 0  
-OPh 0.0 
- OSiMe8 + 0.7 

Ashman and C, Booth 

of 0"0 for chloroethane (8= 17.8), -0 .1  for phenetole 
(8 = 18.9) and -2 .2  for trimethylethoxysilane (8= 12.9). 
By obvious analogy the value of Acre predicted for tri- 
methylsiloxy-ends is opposite in sign to that found here 
(Table 4). We suggest that the low stability of the inter- 
face containing trimethylsiloxy-ends is due to their large 
size. We calculate, from unit cell dimensions 1~, an area of 
0.26 nm 2 per chain emerging from the end interface of a 
poly(ethylene oxide) crystal. The areas of cross-section 
(nm 2) of the various non-polar end-groups, estimated 
from van der Waals radii, are 0.16 (chloro-), 0.36 
(phenoxy-, rotating) and 0.54 (trimethylsiloxy-). Pre- 
sumably with the large trimethylsiloxy-end the negative 
entropic and positive energetic contributions to the 
interchange free energy (due to configurational restric- 
tions and packing effects) outweigh the negative contribu- 
tion to the interchange free energy of the intermolecular 
interactions. 
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N.m.r. studies of the helix-coil transition of 
polypeptides in non-protonating solvent 
mixtures 
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High resolution nuclear magnetic resonance (n.m.r.) spectra have been obtained for 
poly(/3-benzyl aspartate), poly(7-benzyl glutamate) and several of their copolymers in the 
solvent system dimethylsulphoxide/chloroform, in which no amide protonation can occur. 
'Double-peak' ~CH and peptide NH resonances are observed in the helix-coil transition 
region of the same form as seen in trifluoroacetic acid/chloroform solutions. It is concluded 
that protonation of peptide groups is not essential, either for inducing the helix to coil 
transition itself or for observation of different and characteristic helix and coil aCH and 
NH shifts. 

INTRODUCTION 

Strong organic acids, in particular trifluoroacetic (TFA) 
and dichloroacetic (DCA) acids are the normally used 
agents for inducing transition to the coil of helical 
polypeptides in organic solvents such as chloroform 
(CHC13), methylene chloride or ethylene dichloride. 
Sulphuric and perchloric acids have also been used. The 
usual explanation for the breakdown of the helix is that 
the acid molecules form stronger hydrogen bonds with 
the amide groups in the coil than occur intramolecularly 
in the helix. An alternative explanation, originally pro- 
posed by Hanlon and Klotz and coworkers 1, 2 is that the 
acid molecules protonate the amide groups and the juxta- 
position of positive charges causes breakdown of the 
helix. The degree of protonation is thought to increase 
with TFA content and the helix-coil transition to occur 
when only a proportion of the amide groups are in the 
charged form. Hanlon 3 later proposed that not all poly- 
peptides are protonated to the same extent in the same 
solvent mixture; poly(L-alanine) (PLA), for example, 
being largely protonated in as little as 6 ~ DCA. Poly- 
(7-benzyl-L-glutamate) (PBLG) was thought to show two 
stages of protonation and the helix to be capable of 
accommodating up to 50~  of charged amide groups. 
The random coil form was taken to be highly protonated 
and also hydrogen bonded to the acid. Viscometry 
studies of PBLG have been interpreted as indicating that 
the polymer behaves as a polyelectrolyte in DCA and is 
therefore protonated under these conditions 4. There has 
been a great deal of opposition to the thesis of amide 
protonation in polypeptides, although there is agreement 

that model compounds such as N-methyl acetamide 
can be protonated at high acid contents. Detailed studies 
of model amides in TFA and DCA, both by nuclear 
magnetic resonance (n.m.r.) 5 spectroscopy and by 
circular dichroism (c.d.) a have led to the result that little 
protonation takes place and it was concluded that random 
coil polypeptides are likewise not protonated but only 
solvated by haloacetic acids. Quadrifoglio and Urry 7 
found that addition of TFA to a chloroform solution of 
PBLG produced no change in the 222 nm negative c.d. 
band up to the point of the helix-coil transition, suggest- 
ing no marked protonation of helical PBLG. Infra-red 
spectra of poly(L-alanine) in acid-containing solvent 
mixtures were found to show little change in the 
amide II vibrations at 1550cm -1 as compared to helical 
PLA in a cast film 8. Since the amide II vibration is a 
C-N stretching and N-H bending coupled mode, either 
N- or O- protonation would cause a marked change 
in the amide II band and it can be concluded that the 
coil form of PLA is not strongly protonated under these 
conditions. At low acid contents the presence of a new 
band at 1616 cm -1 in the spectra was interpreted as due 
to a strong interaction between the helical form of PLA 
and the acid molecules. 

The high resolution n.m.r, spectra of polypeptides 
undergoing the helix-coil transition in chloroform 
(CDC13)/TFA solutions show double aCH and amide 
NH resonances in the transition region for low molecular 
weight samples. In the case of the ~CH resonance the 
upfield peak may be assigned to the helix and the lowfield 
peak to the coil, while the reverse is true of the N H  
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resonance. Although this assignment has been ques- 
tioned 9-11, the constancy of the total aCH area relative 
to an internal standard 12 and the good correlation of the 
areas of the separate peaks with the optical rotatory 
dispersion (o.r.d.) parameter b0 la, provide strong support 
for the assignment. The observation of separate helix and 
coil peaks is general, though not universal; it has been 
argued elsewhere 14a, z4b that this is not a consequence of 
slow helix-coil exchange processes, but due rather to 
conformational heterogeneity in the transition region as 
a result of molecular weight polydispersity. This has been 
fully confirmed by recent studies on fractionated PBLG 
samples 15. None of the n.m.r, results obtained to date have 
provided proof of why the o~CH coil peak is always found 
to lowfield of the helix peak. The chemical shift difference 
between the conformations could be intrinsic to the 
polypeptide chain or be a result of differing solvation in 
the helix and coil. Clearly a combination of the two 
effects is also possible. Theoretical predictions of the 
intrinsic shift-difference between the conformations vary 
widely 16-~8, due largely to uncertainties in the amide 
group anisotropy. Experimentally it has been observed 
that in water the shift difference is very much smaller 
(~0.1 ppm) than in TFA/DCA/CDCIa solvent systems 
(~ 0.5 ppm). The relative importance of the intrinsic and 
solvation effects is thus unclear. J. H. Bradbury et al. lo 
have argued that the shift difference is due entirely to 
protonation of the amide group such that the lowfield 
peak can be assigned to protonated helix and coil. Since 
the helix in solution is unlikely to support a large degree 
of protonation, the lowfield peak must be very largely 
protonated coil and the good correlation of peak areas 
with b0 indicates that the upfield peak must therefore be 
due very largely to unprotonated helix. This explanation 
thus implies virtually complete protonation of the coil 
form. Tam and Klotz 11 have also favoured protonation 
as the cause of the helix-coil shift difference in PLA. 

In this work we have studied the helix-coil transition of 
a number of polypeptides in dimethylsulphoxide 
(DMSO-dr)/CDCI3 solvent systems. For certain poly- 
peptides and copolypeptides, particularly those containing 
a considerable proportion of fl-benzyl aspartate, DMSO 
favours the random coil conformation. Addition of 
CDC13 to these systems thus induces a coil to helix 
transition. For these polymers DMSO can be regarded 
as a direct substitute for TFA, i.e. an alternative denatu- 
rant of the secondary structure that contains no acidic 
protons. In fact in the presence of acid, DMSO is some- 
what basic and in this respect in strong contrast to TFA. 
Data from the DMSO-dr/CDCIa solvent system are 
directly compared therefore with those from TFA/ 
CDClz. For PBLG it has been found that low molecular 
weights are partly random coil in DMSO, whilst samples 
with DP= 100 are fully helical; this has provided the first 
n.m.r, study of a polypeptide in two conformations in a 
single solvent. It was hoped that by using the DMSO 
solvent system one could obtain greater understanding of 
the importance of solvation, whether protonation or not, 
in the helix-coil transition and its n.m.r, manifestation. 
A brief report of some of this work has already 
appeared 19. 

METHOD 

N.m.r. spectra were obtained at 100MHz on a Varian 
HA 100-15 spectrometer using 5ram tubes and internal 

E. M. Bradbury et aL 

tetramethylsilane (TMS) as reference, b0 values were 
obtained on a Bendix Polarmatic 62 spectropolarimeter 
over the wavelength range 345 to 278 nm using Moffitt's 
equation with a A0 value of 212 nm. These b0 values have 
been included directly in the Figures for comparison 
with the n.m.r, results. 

RESULTS 

Figure 1 shows the 100MHz spectrum of a sample of 
high molecular weight poly(fl-benzyl-L-aspartate) (PBLA) 
in pure DMSO-dr. It can be seen that the ~CH and amide 
NH peaks are relatively sharp, whilst the two flCH2 
protons are almost equivalent. These observations 
indicate a random coil conformation for PBLA in DMSO. 
This is supported by a b0 measurement of -130 °, a 
value similar to that observed for random coil L-aspar- 
tates in TFA-containing solvents. The shift values of the 
~CH and NH peaks are 4.64 and 8.15ppm, and differ 
from the corresponding values in TFA/CDC18 of 4.80 and 
7.90ppm respectively. Addition of chloroform to this 
DMSO-d6 solution induces transition to the left-handed 
(LH) helical form, the mid-point of the transition lying at 
about 59 % CDCI3 by volume. The changes in the aCH 
spectrum are shown in Figure 2 and a characteristic 
double-peak phenomenon is seen with the helix peak at 
4.30ppm, as expected for the LH helix of PBLA 19. The 
shift difference AH/c(~CH) between the helix and coil is 
thus 0.34ppm in this solvent mixture as compared to 
0.50ppm in CDCI3/TFA. Since the LH helical NH peak 
is observed at 8.75ppm, the corresponding value of 
Aa/c(NH) is 0.60ppm, as compared to 0.85ppm in 
CDCla/TFA. This reduction in both the shift differences 
Aa/c between the LH helix and coil is due to changes in 
the coil shifts resulting from replacing TFA by DMSO-d6 
and shows that the conformationally dependent peak 
displacements are at least in part a consequence of solva- 
tion differences. More important is the finding that the 
normal double-peak phenomenon is obtained when the 
helical form of PBLA is broken down to the coil by a non- 
protonating solvent. It follows that neither the helix-coil 
transition itself nor its n.m.r, manifestation as the appear- 
ance of separate helix and coil peaks of characteristic 
shift, is dependent on protonation of the amide groups. 

In contrast to PBLA, a sample of PBLG ($416, see ref. 
14b) having average DP= 100,when dissolved inDMSO-d6 
gave a b0 of -578 ° and relatively broad ~CH and NH 

8-1~ 

, , , , , . . - . . . , , , 

9'0 8-0 

Figure 1 

4"64 

1. 3°°  

7.0 6.0 5-0 4-0 3.0 20  
pprn(6) 

Poly(benzyI-L-aspartate) sample 426 in pure DMSO-d~ 
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aspartates. This is found to be so in CDC13/TFA despite 
the fact that the absolute magnitudes of the shifts in 
aspartates are about 0.3ppm to lowfield of glutamates. 
This was achieved firstly by the use of very low molecular 
weight polymers. Although CDCla induces the helical 
conformation in all but a few terminal residues of a 
PBLG molecule, the same is not found to be so for 
DMSO, in which a higher molecular weight is necessary 
for the fully helical conformation. DMSO may thus be 
regarded as a 'weaker '  helix-supporter for PBLG than 
is CDC13. The two samples of PBLG used were those 
characterized previously 13 as a 21-met and a 7-mer and 
Figure 3 shows their c~CH spectra in pure DMSO-d6. 
It  is clear that the broad upfield peak at 3-95 ppm can be 

RC RH 

II 

D 

C 
C 

B B 

A 
I ; ', ', ; ', I : '. 

4.5 4"0 
ppm 

Figure2 Poly(benzyI-L-aspartate) sample426in CDCI3/DMSO-d6. 
A, neat CDCI3 (bo=+600°); B, 23%; C, 33%; D, 41%; E, 47~/o; 
F, 56~/o v/v DMSO-d8 (bo=-130 °) 

peaks centred at 3.94ppm and 8.25ppm respectively. 
This indicates a helical conformation for PBLG in 
DMSO-d~ and it is noteworthy that the shifts of  the 
main-chain protons are very close to those of  PBLG in 
chloroform. It is then of interest to measure the chemical 
shift of  random coil benzyl-L-glutamate residues in 
DMSO-d6 in order to establish whether the conformao 
tional shift difference A~/c(~CH) is the same as for 

A 

I i I ! 

5.0 4.5 4-0 3-5 
ppm 

Figure 3 Poly(benzyl-c-glutamate) in DMSO-d6 at 30°C. Samples 
with different molecular weights: A, DP=7 (bo=-313°); B, 
DP= 21 (bo= - 489 °); C, DP = 100 (bo = - 578 °) 
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assigned to helix and the sharp lowfield peak at 4.26ppm 
to coil. The second method used to observe random coil 
benzyl-L-glutamate residues was incorporation in PBLA 
as a random copolymer. Figure 4 shows the c~CH spectra 
of two such copolymers, both largely random coil in 

L-Glu 

L-Asp I I 
RC 

I 

C 

B 

D 

I I I I  I , :  ; ; : =, I ; : ; I . :  : 

4.5 4.0 3-5 
ppm 

Figure 4 Several homo- and co-polymer spectra in DMSO-d~. 
A, poly(benzyI-L-aspartate) (bo=-130°); B, copoly[(benzyI-L- 
aspartate)75(benzyI-L-glutamate)25] (be=-175°); C, copoly- 
[(benzyl-L-aspartate)5o(benzyI-L-glutamate)5o] (bo=--270°); D, 
poly(benzyI-L-glutamate) in 90 : 10 DMSO-d~/CDCIz (bo=-571 °) 

DMSO-dn, together with random coil PBLA and helical 
PBLG. The benzyl-L-glutamate residues give an ~CH 
peak at 4.20 ppm in the copolymers, confirming the above 
random coil assignment. It follows that for PBLG in 
DMSO-d6, A~/c(~CH) is approximately 0.3ppm and 
close to the value found for PBLA in DMSO-dn/CDC13. 
The amide NH peak of coil PBLG in DMSO-d6 is 
observed at approximately 7.95 ppm, close to the position 
in CDCI3/TFA and the value of AH/c(NH)--O.3ppm 
is thus similar to that in CDCIa/TFA. Table I summarizes 
values of the conformational shift differences AH/c (and 
the observed shifts) in such a way as to allow comparison 
between the solvent systems CDCla/TFA and CDC13/ 
DMSO-d6. All differences between the solvent systems 
are due to changes in the coil shifts since the helical shifts 
are not to a first approximation dependent on the amount 
of TFA or DMSO-d6 present. In particular the aCH 
shift of helical PBLG is the same in DMSO-dn as in 
CDC13 (3.95ppm; see Figure 3). Large quantities of 
TFA do, however, produce small downfield shifts of 
almost all peaks in the spectrum and this must be taken 
into account in obtaining precise AH/C values. The data 
in the Table are accurate to + 0.05 ppm. 

In order to confirm the above data and to measure the 
shifts of both aspartate helix senses, several other copoly- 
mers were studied in the DMSO-d6 solvent systems. 
Figure 5 shows the ~CH spectra of a series (441) of 
random copoly(benzyl-D-glutamate, benzyl-L-aspartate) 
samples in DMSO-dn. When the L-aspartate is in excess 
[sample numbers 441(4) and 441(5)] the polymers are 
random coil and the peaks are at the same shift as those 
of the copolymers of Figure 4, viz. 4.60ppm, aspartate 
and 4.26 ppm, glutamate. As the amount of D-glutamate 
residues increases, the helicity of the polymer rises as 
seen from the b0 values and the peaks move to the 
positions characteristic of the helical conformation, 
viz. 4-30ppm, LH L-aspartate and 3.95ppm, LH 
D-glutamate. It is apparent from the spectra, particularly 
that of 441(7) in which the helicity is about 50~, that 
the helical regions formed include both types of residue 
and not only those which naturally assume the helical 
conformation in DMSO-d6, the D-glutamates. This 
supports our previous finding z9 from titration against 
TFA in CDCla, that series 441 behaves as truly random 
copolymers. The polymer containing 90 ~ D-glutamate 
is largely helical in DMSO-d6 and there is no apparent 
resonance at the position of random coil aspartate. The 
LH helical benzyl-L-aspartate residues in this polymer 
resonate at 4.2--4.3 ppm, (the shift is 4.30ppm in CDClz) 
showing that LH helical L-aspartate in pure DMSO-d6 
(just as RH helical L-glutamate) shows an ~CH shift very 
close to that in pure CDCla. 

Table 1 Absolute shifts in ppm from TMS and shift differences for the main chain ~CH and peptide NH protons 

AH/c(=CH) AH/C(NH) 

CDCla/DMSO-d8 
(or pure DMSO-d6) 

CDCla/DMSO-d~ 
CDCla/TFA (or pure DMSO-d6) CDCla/TFA 

L-Glutamate 0.31 0.50 0.30 0.30 
3.95(H)-4.26(C) 3.95(H)-4-45(C) 8.25(H)-7.95(C) 8.25(H)-7.95(C) 

0.34 0.50 0.60 0.85 
L-Aspa~ate LH 4.30(H)-4-64(C) 4-30(H)-4.80(C) 8 . 7 5 ( H ) - - 8 . 1 5 ( C )  8.75(H)-7.90(C) 

RH 0.24 0.40 0.1 0.4 
4'40(H)-4"64(C) 4.40(H)-4.80(C) 8.3(H)-8.15(C) 8-3(H)-7.90(C) 

H= helix; C=coil 
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5"0 

RC, DGlu LH,D-Glu 

RC, L-Asp LH L-Asp 
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Figure 6 Random copoly[(benzyI-L-aspartate)2~(benzyI-D-gluta- 
mate)75] sample 441(7) in CDCI3/DMSO-d6 mixtures. A, neat 
DMSO-d6 (bo=+337°); B, 5% v/v CDCIs; C, 9% v/v CDCI3 
(bo=+430°); D, 20% v/v CDCI3; E, 33% v/v CDCI3 (bo=+585 °) 

4-5 4-0 3.5 
ppm 

Figure 5 Random copoly[(benzyI-D-glutamate)m(benzyI-L-aspar- 
tate)n] in DMSO-d6. A: sample 441(8); m=90; n=10; bo=+474 °. 
B: sample 441(7); m=75; n=25; bo=+337 °. C" sample 441(6); 
m=60; n=40; bo=+111 °. D: sample 441(5); m=45; n=55; 
bo=-56 °. E: sample 441(4); m=30; n=70; bo----90 ° 

Figure 6 shows the conversion of the partly helical 
( ~ 5 0 % )  copolymer 441(7) (25% L-aspartate, 75% 
D-glutamate) in DMSO-d6 into the fully helical state by 
the addition of 33 % CDC13. As expected from the above 
and the data of ref. 21, both types of  residue assume the 

helical conformation together and the final peak positions 
are close to those in pure CDC13. In order to observe 
the shifts of benzyl-L-aspartate residues in the RH helix 
form (i.e., the unnatural sense for this as a homopolymer) 
spectra were obtained of random copoly(75 % benzyl-L- 
aspartate, 25 % benzyl-L-glutamate) series 432(3) ~1 which 
is random coil in pure DMSO-d6. Increasing amounts of 
CDC13 were added (to induce the coil to helix transition) 
and spectra run at 50°C owing to limited solubility of the 
polymer when helical. The aCH resonances are shown in 
Figure 7 and the final RH helical L-aspartate shift of 
4-43 ppm is close to that found in pure CDClz (4.40ppm). 
On the basis of the data given above, there seems little 
reason to doubt that this would also be the shift if RH 
helical L-aspartate could be observed in pure DMSO-d6. 
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Figure 7 Random copoly[(benzyI-L-aspartate)~5(benzyI-L-gluta- 
mate)25] sample 432(3) in DMSO-dr /CDCla  mixtures at 50°C. 
A,  neat DMSO-d8 (bo=-175° ) ;  B, 30% v/v CDCla; C, 38% v/v 
CDCla (bo=-380°); D, 60% v/v CDCIa (be=-590 °) 

From the spectra of  partly helical copolymer in 30 ~ to 
38 ~o CDC13 it can be seen that the t.-glutamate residues 
undergo transition to the helix at significantly lower 
CDCIa contents than do the t.-aspartate residues. Such an 
effect is also observed in TFA/CDCIs,  indicating some 
non-randomness in the copolymerization of  series 
43221 . 

DISCUSSION 

For  a number of  polymers DMSO-d ~ can replace TFA as 
the random coil promoting solvent in mixtures of  various 
composition with CDClz. Both benzyl glutamate and 
benzyl aspartate residues are found to show ~CH and 
N H  random coil shifts in DMSO-d6 different f rom those 
in CDCIa/TFA. For R H  helical PBLG and LH helical 

PBLA, however, the shifts in pure DMSO-d~ are the same 
as in pure CDCI3/TFA. The chemical shift differences 
Aa/c  between the conformations are thus dependent on 
solvent and cannot be completely intrinsic to the second- 
ary structure. In every way other than the precise shift 
values, the transitions in DMSO-dr /CDCIa are similar 
to those in TFA/CDC13 and in particular the 'double- 
peak'  phenomenon is observed for the ~CH and N H  
resonances in the region of the helix-coil transition of low 
molecular weight polymers. Since DMSO-d6 contains no 
acidic (or even exchangeable) protons, it follows that 
protonation of amide groups is not essential either for 
inducing the helix to coil transition or for observation 
of  different and characteristic helix and coil shifts for 
the main chain protons in the n.m.r, spectra of poly- 
peptides. 
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Note added in proo f  

I t  has been brought to our attention that Prof. H. N. 
Rydon et al. were the first to show that DMSO induced 
the helix-coil transition in PBLA (Polym. Preprints 1969, 
10, 25). We apologize for this omission. 

308  P O L Y M E R ,  1973,  V o l  14, J u l y  



Polymer/particulate filler interaction- 
the bound rubber phenomena 

C. M. Blow 

Institute of Polymer Technology, Loughborough University of Technology, 
Leics LEt1 3TU, UK 
(Received 3 January 1973) 

In Part I, after an historical note on the subject of bound rubber, the experimental determi- 
nation of bound rubber and the many factors affecting the value, in the case of the organic 
rubber/carbon black and silicone rubber/silica systems, are reviewed. Mention is made of 
the relation between swelling index and bound rubber and, in Part II, the accuracy and 
significance of bound rubber values are appraised. 

Some experimental work on the natural rubber/fine particle black system is described in 
Part III; this assesses qualitatively the rigidity of swollen jellies of the (unvulcanized) 
mixtures and shows how it is not correlated with either bound rubber or solvent content. 
Other experiments lead to the conclusion that the uptake of solvents of different solubility 
parameters compares with that of a pure gum vulcanisate, indicating no significant or 
substantial change in the solubility parameter of the rubber on becoming insolubilized. 
Results are reported on bound rubber determinations in solutions of rubber and it is 
suggested that these provide a method of arriving at the true bound rubber value. The 
discussion which forms Part IV suggests how the two structures, postulated recently as 
present in polymer/filler systems, might be further analysed to explain the phenomena. 

PART I: A REVIEW 

INTRODUCTION 

The study of the reinforcement of rubbers by particulate 
fillers has resulted in a vast literature over the past 40-50 
years and there is evidence to day of some rationalization 
of  the many theories that have been put forward. The 
greatest attention has been paid to vulcanisates prepared 
in the conventional manner by mixing the filler and other 
ingredients into the polymer on a two-roll mill or in an 
internal mixer and heating under pressure to vulcanize; 
strength and strength changes, modulus and modulus 
changes over a wide variety of strains under dynamic as 
well as static conditions, hysteresis and stress-softening 
have all been exhaustively investigated in relation to such 
factors as chemical surface characteristics of the particle, 
its size and structure and the degree of dispersion achiev- 
ed; the influence of polymer type and the part played by 
promoters have also received attention. 

The very interesting phenomena displayed by the un- 
vulcanized mixtures of rubber and filler have also been 
the subject of study, and discussion has ranged over the 
possible bases for the polymer-filler interaction displayed, 
in particular, by unsaturated rubbery polymers and 
carbon blacks. 

The insolubilization of the rubber in such mixtures is 
the subject of this paper, this part of which is primarily a 
critical review of the literature from a rather narrow 
viewpoint. 

HISTORICAL NOTE 

It is as well to remind ourselves of the earliest recorded 
observations of Twiss 1. In a note on the ' theory of 
vulcanization', Twiss 1 pointed out that 'the presence of 
carbon black greatly reduces the ease of solubility of raw 
rubber in the customary solvents in much the same way 
as does vulcanization'. The rubber-black mixture in the 
solvent retains its shape, although swollen, and the super- 
natant solvent remains clear but it is found to contain 
dissolved rubber. During the following five years other 
workers reported similar aspects of the phenomenon 2-7. 

Stamberger s discussed the phenomena and the be- 
haviour not only of the active channel or gas black but 
many other fillers in (natural) rubber and observed how 
the amount of filler carried by the rubber, as it is allowed 
to diffuse into solvent, is an indication of  the activity or 
the interaction of rubber and filler. The values are given 
in Table 1. These draw attention to the fact that carbon 
black is not unique in 'reacting' with natural rubber. 
Furthermore Stamberger a,9 recorded how a well- 
masticated rubber--killed rubber, he termed i t - -o f  no 
strength, after a certain time of standing with 20 ~ of 
carbon black added, gains such strength that it cannot 
easily be torn by hand. Furthermore whereas the freshly 
made mixture dissolves readily in a solvent such as ben- 
zene, the stiff material after standing a few days only 
swells. It is interesting to note that McBain 10 explained 
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Table I Amount of filler diffusing 
[Reproduced from Stamberger, P. 'Colloid 
Chemistry of Rubber', 1929, by permission 
of Oxford University Press] 

Filler 

Amount 
diffused 

(%) 

Gas black 100 
Zinc oxide 98 
Magnesium carbonate 87.5 
Magnesia 44 
Lead oxide 44 
Clay 2 
Barytes 0" 37 

the changes as resulting from an orientation of the rubber 
molecules taking place on standing. A few years later, 
Cotton 11 referred to the idea of rubber molecules being 
orientated between particles of reinforcing filler although 
he made no mention of the insolubilization phenomenon. 
He cited Blow TM as showing that the viscosity of solutions 
of mixes of rubber with low proportions of gas black 
increased as the time of resting between mixing and dis- 
solving was lengthened. Boiry 7 reported that the time of 
milling, the time of resting between milling and immer- 
sion in solvent and the type and amount of filler alter the 
extent of insolubilization. 

Fielding la is usually credited with the first use of the 
term 'bound rubber' and Wiegand 14, in recognizing the 
importance and significance of the phenomenon, also 
used this term at about the same time. 

After this early interest, the subject seems to have 
aroused less study; it is noteworthy that there is no 
mention in the index of the IRI Annual Reports on the 
Progress of Rubber Technology from the first issue in 
1937 until 1951 of 'bound rubber' or 'carbon gel'. After 
White et  al. 15 had noted that bound rubber developed in 
GR-S (SBR), which was by then in wide usage under 
wartime conditions, some quite important work was 
carried out by workers at Columbian Carbon among 
others; this is discussed below. 

Goldfinger16,17, by removing GR-S from GR-S/black 
mixtures and by other experiments, established that it is 
not justifiable to assume that the rubber between pigment 
particles is equivalent in properties to the original gum 
stock without pigment, because the addition of pigment 
induces fractionation of the rubber in such a manner as to 
concentrate preferentially one molecular configuration 
around pigment particles and hence leave the rubber 
richer in some other configurations in the spaces between 
particles. 

Around this time the physical versus  chemical attach- 
ment theories began to be discussed. For example, 
Dannenberg TM from swelling measurements on un- 
vulcanized rubber/carbon black (various) mixtures con- 
cluded that no chemical bonding of rubber to filler exists, 
it being a simple physical mixture only, the two com- 
ponents associated through adsorptive forces of the van 
der Waals type. 

Sweitzer e t  al. la, of Columbian Carbon, centred their 
interest, first, on the presence of polymer gel and the effect 
of high mixing temperatures on the stiffness of vulcani- 
sates. Gel, they defined, as the benzene-insoluble fraction 
of polymer determined by standard solubility methods 20. 
They noted that bound rubber, in rubber/black mixtures, 
develops at temperatures far below those required for 

polymer gel to form in the absence of black. They report- 
ed on adsorption experiments which suggest that lower 
molecular weight fractions of rubber are adsorbed by 
carbon in dilute solution whereas in concentrated non- 
solvent mixtures the carbon adsorbs the higher molecular 
weight fractions. 

As a result, they proposed 'carbon gel' or 'carbon gel 
complex' as preferable to 'bound rubber'. They pro- 
ceeded to consider the effect of mixing temperature on 
carbon gel development, including experiments on 
solutions of mixes made immediately after mixing. They 
found differences between carbons of equal pH, particle 
size and structure indicating a chemical effect. Oxygen in 
small amounts promotes gelation but in large amounts 
scission is favoured. By implication it is suggested that 
carbon gel is responsible for modulus increases and dif- 
ferences of modulus increase associated with different 
black types. This aspect is, however, outside the scope of 
this discussion, as also is a consideration of the practical 
effects of bound rubber on processing behaviour. 

It may be remarked that it is rare to find workers who 
have, of recent years, adapted the Einstein and Guth- 
Gold viscosity/concentration equations to the modulus 
relationships in rubber/filler systems, accepting the pos- 
sibility of the E0 (the Young's modulus of the rubber 
matrix) not being the same in the mixture as in the pure 
gum. 

From electron microscope studies of carbon gel, Ladd 
and Ladd 21 of the same laboratories arrived at a picture 
of highly pigmented carbon gel units separated by poly- 
mer gel and areas of low carbon concentration. In later 
papers, Sweitzer 22, 23 showed that carbon gel increased as 
the particle size of the black was reduced, although not all 
blacks showed good correlation. Higher mixing tem- 
peratures and higher molecular weight polymers led to 
higher gel values 24. 

The inference of early workers that different mechan- 
isms were involved in solution adsorption and in bound 
rubber formation because low molecular weight polymer 
was preferentially adsorbed, while high molecular weight 
polymer was preferentially bound was quite logical. The 
later demonstration 25-27 that both processes preferentially 
involve high molecular weight polymer removed this 
particular piece of evidence. 

EXPERIMENTAL DETERMINATION OF BOUND 
RUBBER 

The term 'bound rubber' rather than 'carbon gel' appears 
to be generally established. 

In reading the literature it is apparent that methods of 
determining bound rubber have varied in details such as 
testpiece form---comminuted or not--solvent, ratio of 
solvent to rubber mix, extent of disturbance of the rubber 
as it swells in the solvent, method of separation of gel 
from sol, etc. It may well be that these differences are not 
significantly important insofar as the effects reported in 
each investigation are comparable and absolute bound 
rubber values are not necessary to the overall argument. 
The usual temperature of test has been 20-25°C but 
Sircar and Voet 2s worked with boiling solvents (see 
below). 

On the other hand, some workers have been interested 
not only in the amount of rubber occurring in the solvent 
--the sol rubber--from which they arrive at the bound 
rubber, but also in the solvent/rubber ratio in the swollen 
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jelly. In the latter case particularly the conditions such as 
degree of testpiece comminution, agitation and method of 
separation may well affect the result. 

Another point that should be made is that, in particular, 
both Gessler z9 and W. F. Watson 8°, 31 made measure- 
ments only when the cubical dimensions of the test- 
pieces, regardless of the extent of the swell, were fully 
maintained during the immersion period. In some 
determinations corrections had to be made because some 
black diffused with the sol rubber into the solvent. 

It is to be regretted that so many authors appear to have 
ignored the well known effect of time of resting between 
mixing and immersion on the value; often an arbitrary 24 
or 48 hours is set. The back-pressure effect (the presence 
of rubber dissolved in the solvent reduces the equilibrium 
solvent/rubber ratio in the jelly) reported by Blow and 
Stamberger 3z was considered theoretically by Boyer 3z 
but has not been taken note of, in practical bound rubber 
determinations, by anyone until Southwart and Hunt z4 
in their work on the silicone rubber/silica system. The 
other point worthy of mention is that of equilibrium 
being reached in both the bound rubber and swelling 
values. The Cabot workers generally allow 3 days for 
extraction, whereas others have assumed that 6-7 days is 
adequate but this may be far from the truth 34, zs. It is to 
be noted that two methods are commonly employed for 
expressing 'bound rubber': the ratio of rubber insolu- 
bilized as gel (a) to the total rubber originally present or 
(b) to the amount of filler present. 

Adsorption, as opposed to bound rubber, determina- 
tions16, 17, 25-27, 36 are carried out by methods of which 
the following is typical: 5 g of polymer are dissolved in 
1000cm 3 of cyclohexane; 4g of black are stirred into 
100cm z of this solution for 30h; the black is allowed to 
settle for 1 h and the amount of polymer in the clear 
solution is determined 29. 

RELATION OF BOUND RUBBER TO VULCANISATE 
PROPERTIES 

As already mentioned, considerable attention has been 
directed to and use made of bound rubber values in the 
study of the effect of carbon black and other fillers on the 
physical properties of vulcanisates. There are many 
contradictions to be resolved but this subject is outside 
the scope and purpose of this paper aT. Bound rubber may 
well be related to some vulcanisate properties, e.g. high 
extension modulus 38, but whether or not it remains 
identifiable in the vulcanisate is open to question. 

FACTORS AFFECTING THE BOUND RUBBER VALUE 
(Organic rubber/carbon black systems) 

Solvent type 
Gessler z9 determined the bound rubber value of mixes 

using a wide range of solvents and concluded that it was 
virtually independent of solvent type. 

Extraction temperature 
Sircar and Voet 28 determined the amount of unextract- 

able polymer from unvulcanized polymer/filler mixtures 
at the boil using a number of solvents, boiling in the range 
69-196°C; SBR, IIR and polyisobutylene were the 
polymers examined, compounded with HAF-HS, Gra- 
phon and other blacks. The values of unextractables fell 
sharply from 20 ~o as the temperature was raised. They 
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concluded that the immobilized unextractable elastomer 
existing at the carbon black surface points to the exis- 
tance of chemisorption, defined as higher energy bonding. 
The gradual decline of the immobilized amount with 
increasing extraction temperature indicates a spectrum of 
bonding energies. 

Time of  resting between mixing or mill&g and extraction 
The earlier workers recognized this effect. For example, 

Dannenberg and Collyer 40 showed the increase in bound 
rubber formation with resting time before extraction and 
the behaviour of a fine furnace black is different from that 
of a channel black; the latter shows a greater increase in 
bound rubber with ageing. Bound rubber is low in freshly 
prepared material (if it can be determined) and continues 
to increase up to 50 days ag, 41 (Table 2). In the case of 
SBR loaded with 50 parts per hundred of rubber (pphr) 
of HAF black, there is little difference in the storage 
effect whether in air or in vacuo 41. 

Table 2 Effect of storage after milling on bound 
rubber 
[Reproduced from J. Appl. Polym. Sci. 1961, 3, 213 
by permission of John Wiley, New York] 

Hours 
storage BRC BRF CD 

0 0.405 0.212 1.5 
8 1.008 0.526 11.1 

24 1- 040 0.546 12.2 

BRC=weight of rubber per g of black in the gel 
BRF=fraction of total rubber rendered insoluble by 
association with filler 
CD=chain density, number of moles of effective 
network (x 108) associated with 1 g of filler 

It is surprising that Parkinson 42 does not refer to this 
time dependence, because undoubtedly this phenomenon 
does hinder or reduce the usefulness of bound rubber as 
an analytical tool. Brennan et al. 4z gave data showing 
how the amount of bound rubber increased during mixing 
with no mention of the storage time effect; indeed, 
Boonstra 44 has stated recently that bound rubber is 
formed immediately during mixing and increases only 
slightly during storage. Perhaps the effect is modified not 
only by the amount and type of black but also by the 
temperature of mixing. 

Carbon black characteristics 
Type and proportion of  black. Gilliland and Gutoff 45 

reported that channel blacks bind more butyl rubber 
after Banbury mixing than does HAF and the reverse is 
the case for adsorption from solution. Others have 
reported this same type of difference. Generally bound 
rubber, however, shows a good correlation with the 
specific surface of the black and, if calculated as weight 
per unit of filler, decreases or remains nearly constant 
with loading, depending on the black 42. Brennan et al. 43 
give the values shown in Table 3 for bound rubber in 
polybutadiene rubber at 50 pphr. 

Gessler46, 47 studied low and high structure HAF black 
in NR, EPR, CIlIR and BR. With low structure black, 
the extent of bound rubber formation varies with the 
activity of the polymer functionality. With high structure 
black, the primary carbon-polymer bonding effects are 
overshadowed by the formation in situ of a facile new 
radical source which it is proposed results from the 
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Table 3 Bound rubber values at 50 
pphr black in polybutadiene rubber 
[Reproduced from J. App/. Polym. 
ScL 1964, 8, 2687 by permission of 
John Wiley, New York] 

Black type Bound rubber 

HAF-HS 41 "7 
HAF 30"3 
GPF 12 
SRF 11 
MT 0 

mechanical breakage of the aggregated carbon black 
structure during mixing. 

Pretreatment of black. J. W. Watson a5 investigated 
surface chemical treatments of blacks for their effect on 
reinforcement of vulcanisates in terms of abrasion and 
tear. Some data were included indicating that bound 
rubber values were not changed. Graphitized black gives 
very low bound rubber values (5 to 7 ~o a6, 4a). Gessler4S 
showed that attrited carbon blacks gave bound rubber 
figures 2 to 3 times higher than the standard blacks. 
Dannenberg and Donnet 49 have studied how modifying 
the surface of the black alters the bound rubber value. 

Milling treatment 
Reference must now be made to the classic work ofW. F. 

Watson and the apparent revival of interest and work in 
this field by him, Gessler, Berry and Cayre, and others. 
Prior to the publications by W. F. Watson 8°, az, Kolthoff 
and Gutmacher 27 reported that substantial amounts of 
bound rubber are formed when equal weights of black 
and rubber are mixed by adding the black to the rubber 
swollen in solvent (chloroform) and drying in vacuo at 
80 °F (26"7 °C). Bound rubber, according to these authors, 
can be formed without milling or high temperature 
treatment. 

Watson's contribution has been summarized by 
Gessler 46. Bound rubber gel is quickly formed when a 
solution-made master batch is passed through the mill, 
the percentage gel increasing at first and then decreasing. 
[Values reported by Berry and Cayre 41 do not show the 
subsequent decrease (Table 4)]. The interaction between 
rubber and black on the mill is characterized by a 
negative temperature coefficient; the extent of gel forma- 
tion is greater in nitrogen than in air; the development of 
bound rubber gel on milling is reduced or prevented when 
free radical acceptors are added in the system to compete 
with carbon black for polymer free radicals. 

With regard to the effect of molecular weight of the 
polymer, W. F. Watson 31 found that milling deprotein- 
ized crepe in air to different viscosities before preparing 
the dispersions of black led to lower gel contents. 

Table 4 Effect of milling on bound rubber 
[Reproduced from J. Appl. Polym. Sci. 1961, 3, 213 by 
permission of John Wiley, New York] 

No. of passes 
through mill BRC BRF CD 

0 0.204 0'118 0'54 
1 0.326 0'189 1.4 
5 0.531 0"307 3-0 

100 1.013 0"586 17"2 

BRC, BRF, CD--see Table 2 

In the conventional mixing of black and rubber, there is 
ample evidence that bound rubber increases with mixing 
time, although much of the data lacks recognition of the 
resting effect. On the other hand, milling of rested or 
heated mixtures reduces bound rubber content 19, al, ag. 

J. W. Watson a5 and Glander 50 have concluded that the 
free radical interacting between carbon black and rubber, 
which contributes to reinforcement, occurs mainly during 
vulcanization and not during milling. 

Heating 
In a study of the effect of resting, milling and heating 

the mixtures on bound rubber values Gessler 89, 47 showed 
how the resting effect can be accelerated by heating for 
45 rain at 307 °F (I 54°C) and indeed that longer periods of 
heating lead to higher values. Similar results have been 
given recently by Brennan and Lambert 51. The increase of 
bound rubber value with heating increases as the un- 
saturation of the polymer increases. No increase occurs 
with polyisobutylene; it is doubled with SBR 29. 

Polymer type 
Many authors have drawn attention to the fact that 

'unsaturation' in the polymer is necessary for bound 
rubber development. For reasons of stability, and lack of 
gel formation, even in the presence of sulphur, Gessler 39, 
however, chose butyl rubber with a low unsaturation 
for much of his exhaustive and careful study of the 
phenomena. 

W. F. Watson 31, who used deproteinized crepe wholly 
soluble in benzene at room temperature in 48 hours, 
showed that ribbed smoked sheets and extracted pale 
crepe, lightly milled in air to solubilize macrogel and to 
reduce viscosity to that of the deproteinized crepe, gave 
similar results; but unextracted pale crepe gave much 
reduced gel content. 

Sulphur addition 
There are suggestions to be found in many papers over 

the last 30 years that vulcanization in the presence of fine 
particle carbon black is in some way different from 
vulcanization in its absence 5~ and sulphur addition in the 
absence of any crosslinking due to polymer-sulphur 
interaction has been shown to affect bound rubber con- 
tents. Rehner 5a states that sulphur is the common bond- 
ing agent in both polymer crosslinks and polymer/filler 
attachments. 

Gessler29, 46 carried out considerable work on this 
subject and showed that the inclusion of 2 ~o sulphur 
leads to high bound rubber values only if heated and if 
both black and sulphur are present in the polymer. He 
concludes that there is a close relationship between 
vulcanization and reinforcement. Of all the polymers 
examined, the most marked effect was in the case of butyl, 
with the bound rubber value (at 70 pphr of black) 
increasing from 30 to 60 on sulphur addition; SBR and 
EPDM also showed a considerable increase. 

Additives 
W. F. Watson had shown earlier that radical acceptors 

reduce bound rubber and later Berry and Cayre 41 found 
that bound rubber and chain density (see later) values 
were all reduced by adding thiophenol prior to heat 
treatment. This additive also eliminates the increase of 
the values on resting before solvent immersion. The anti- 
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oxidant normally present in SBR (removed in the above 
experiments by extraction) acts similarly to thiophenol. 

There are promoters of the interaction. Harris et al. 54 
reported an increase in bound rubber when N,4-dinitroso- 
N-methylaniline (0-2 pphr) was present in NR, IIR and 
SBR mixtures with ISAF black over the range 20-70 
pphr. The results were in line with reduction of hysteresis. 

FACTORS AFFECTING THE BOUND RUBBER VALUE 
(Silicone rubber/silica system) 

In this review so far attention has been directed almost 
exclusively to the organic rubber/carbon black system. 
Not only for the sake of completeness would it be un- 
desirable to omit the technologically important silicone 
rubber/silica system but some of the recent observations 
of this system are very relevant and will be the subject of 
further discussion and analysis in later sections of this 
paper 5s. 

Warrick and Lauterbur 56 showed that bound rubber is 
measurable in solution mixtures of silicone rubber and 
fine particle silica and the amount is increased by heating 
or milling. 

More recently, Southwart and Hunt ~7 have published 
the results of a detailed study of this system. Measure- 
ments were made of several properties of the unvulcanized 
mixtures including Young's modulus, mill breakdown 
time, bound rubber and swelling in solvents; in particular, 
they draw attention to the effects of storage, heating, 
milling, humidity and pH on the properties. 

These workers demonstrated first, the much more 
intense reaction of silica with silicone rubber, compared 
with that of carbon black with organic rubbers, leading to 
bound rubber values as high as 90~, i.e. 90~ of the 
rubber initially present in the mix is apparently rendered 
insoluble in solvents. Secondly, apart from the large 
increase in bound rubber as the percentage of silica in the 
rubber is increased, there is a marked and substantial 
increase of bound rubber (a) on storage at room tempera- 
ture, (b) on heating at temperatures in the range 100- 
250°C, and (c) on changing from an acid to an alkaline 
filler. Their data are summarized in Table 5 and generally 
relate to a 24 hour immersion period for the bound rubber 
determination. 

In the third paper of the series, Southwart and Hunt 57 

Table 5 Bound rubber values for silicone rubber/silica systems 
(data from Southwart and Hunt) 

Silica loading 
Storage 

(days at room temp.) 20 30 40 

2 37 44 43 
7 51 64 72 

20 78 76 84 
30 78 81 85 

Silica loading: 20 32 

Heated: at 150°C Control 10 at 250°C Control 55 
10' 61 240" 87 
30' 66 

Silica loading 35 

Acid Alkali Control 
treated treated 

Storage: 5 days 72 91 89 
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report a more detailed study of the swelling behaviour of 
the system and establish that, in some instances, equili- 
brium is not reached in a 24 h immersion; very much 
longer times--weeks rather than days--may be required, 
although they do appreciate that other changes may be 
occurring to give the effect of non-equilibrium conditions. 
In mixtures with low proportions of silica the uptake of 
solvent with time passes through a maximum, which is 
reached much more rapidly than in the case of the more 
highly filled mixtures; these, in fact, give a lower uptake, 
showing no maximum. 

The back pressure or osmotic pressure effect mentioned 
earlier has been investigated in a preliminary way 34 and 
further reference to this work is made later. 

In concluding this section of the review, reference may 
be made to fine particle silica incorporation in organic 
rubbers. W. F. Watson 3° included silica in his study of 
bound rubber development and prevention by milling in 
the absence and presence of radical acceptors. Wagner and 
Sellers 5s refer to silica in IIR and SBR but do not report 
bound rubber values. Contrary to Watson's findings, 
Endter and Westlinning 59 observed the development of 
bound rubber with silica in natural rubber not during 
milling but during storage. 

RELATION BETWEEN SWELLING INDEX AND 
BOUND RUBBER 

Whereas a number of workers determined and recorded 
the amount of solvent held by the gel fraction, not many 
have attempted to draw conclusions from the values. 

J. W. Watson 35 plotted swelling index [weight of solvent 
(benzene) per unit weight of insoluble rubber in the jelly] 
against bound rubber (insoluble rubber per unit weight of 
black) and found a good correlation for a range of blacks 
including Graphon at 50 pphr loading in pale crepe. The 
higher the bound rubber the lower the swelling index, i.e. 
on the supposition that crosslinking occurs between 
rubber and black, the greater the amount of the rubber 
attached to it, the more it is crosslinked and the lower the 
swelling. Southwart G° has published a plot of bound 
rubber (insoluble rubber per 100 of original rubber by 
weight) vs. swelling index showing a linear relationship 
with little scatter of points representing different immersion 
times, storage times and filler contents (see Figure 8 below). 

From the swollen and dry weights of gel, Gessler 29 
calculated the crosslink density using the equation of 
Flory 61 and the interaction coefficients of Kraus6L Berry 
and CayrO 1 determined sol fraction and swollen weight of 
jelly and from the Flory-Rehner theory calculated chain 
density, i.e. the number of moles of effective network 
chains associated with 1 g of filler. 

In a study of the effect of solvent type, Gessler 39 found 
that the volume of swollen jelly/g of polymer increased 
fourfold in going from benzene to carbon tetrachloride. 

DISCUSSION 

From the foregoing it is apparent that there are many gaps 
in our understanding of the phenomena of bound rubber 
and its significance. The latter is the subject of the next 
part of this paper because it seems desirable to consider 
certain fundamental aspects in some detail. The third 
part of the paper reports some experimental work along 
hitherto little studied lines, and in the fourth part, current 
theories are discussed and some comments and sugges- 
tions made to advance our understanding. 
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PART II: CRITICAL APPRAISAL OF THE ACCURACY AND SIGNIFICANCE OF 
'BOUND RUBBER' VALUES 

INTRODUCTION 

There is, in the literature, very tittle analysis of the 
observations and processes occurring during a bound 
rubber determination. Rather, it seems, have workers 
tended to adopt a standard method as mentioned earlier, 
and not analysed how far the value obtained depends on 
the particular conditions chosen in relation to the 
particular structure of which they are determining the 
bound rubber content. 

LIMITED AND UNLIMITED SWELLING; GEL AND 
SOL FRACTIONS 

The classical distinction used to be made between sub- 
stances---colloidal, high molecular weight substances-- 
which showed limited swelling and those that showed 
unlimited swelling in liquids with which they are com- 
patible. A substance showing limited swelling maintains 
its original shape and form; i.e. a sheet sample remains as 
a sheet with clearly defined faces and edges, after absorb- 
ing the liquid in quite considerable quantities. A sub- 
stance showing unlimited swelling soon loses its shape 
and form and the boundary between solid and liquid 
becomes diffuse and eventually a solution of high viscosity 
is obtained. 

Polymers dissolve in solvents of similar cohesive energy 
densities or solubility parameters. Swelling, as opposed to 
solution, occurs when the mobility of the polymer 
molecules is restricted (a) by attachments to one another 
--chemical crosslinks as in vulcanized rubbers, (b) by 
entanglements, (c) by 'association' with a second phase, 
in particular, a fine particle filler. 

In the first case, except in the instance where the 
number of chemical crosslinks is very small, the polymer 
swells on immersion in solvents or liquids (in which in 
the uncrosslinked state it would dissolve) and no polymer 
is found to diffuse into the solvent. 

In the second case, frequently observed in raw natural 
rubber, dried natural rubber latex films, and high 
molecular weight raw synthetic rubbers, in which it is 
now known some crosslinked structures are present, the 
polymer will absorb solvent, swell and retain its shape 
sufficiently for a separation to be made into a supernatant 
solvent phase which contains polymer--sol rubber--and 
a gel fraction. There is considerable literature on the 
subject of the insoluble fraction of rubbers. 

In the third case, that of filled polymers, the behaviour 
bears some resemblance to that of the second case. 

For the original testpiece shape to be retained, i.e. the 
swelling to be limited, it seems essential for there to be a 
three-dimensional structure. Chemical crosslinking pro- 
vides this. Polymer molecules 'attached' to a second 
phase--a fine particle filler, be it carbon black or silica-- 
and bridging the spaces between particles also provide 
such a three-dimensional network. Unattached molecules 
can diffuse out of such a structure if they are small enough 
and mobile enough in relation to the network; provided 
also that the thermodynamic situations permit, e.g. the 
solvent outside the jelly contains a lower concentration of 
polymer than that in the jelly. Whereas the gel content of 
polymers can be determined if swelling is unlimited, a 
bound rubber value cannot so readily be obtained; in 

practice, most workers do not attempt it (see above), 
because of the filler entering the solvent. 

BOUND RUBBER DETERMINATIONS 

Storage changes 
Presumably the changes which take place on storage 

can continue during the determination of bound rubber 
and this is the first complication. Conceivably, if the 
active sites or groups on filler and rubber take time to 
find one another, then the expansion of the system by 
solvent may, on the one hand, increase the mobility of 
the molecules and the chance of 'reaction', but, on the 
other hand, may remove the active sites further apart. 
There is thus considerable uncertainty as to what time 
dependent processes take place during a bound rubber 
determination. 

Processes occurring during the determination 
There are three processes proceeding at once when an 

(aged) rubber/carbon black mix is immersed in solvent: 
(i) the carbon black particle/polymer molecule/carbon 
black particle (B-P-B) three-dimensional network is 
absorbing the solvent to the limit of the extensibility of 
the polymer molecules; (ii) the polymer molecules 
attached to only one particle are extending into the 
solvent and taking with them the black particle if such 
particle is not attached to another particle by a polymer 
molecule; (iii) unattached polymer molecules are dispers- 
ing in the solvent and diffusing, as much as physically 
possible, into the solvent outside the jelly. 

Diffusion--a major factor ? 
The entry of rubber into the solvent is a diffusion con- 

trolled process and the rate at which this soluble un- 
attached, unreacted rubber leaves the jelly and enters the 
solvent phase depends on its molecular weight and the size 
of the interstices, i.e. on the compactness or degree of 
expansion of the rubber/filler gel structure by the solvent. 
Southwart 60 has pointed out that, at low silica contents, a 
silicone rubber/filler mixture shows a high rate of swell 
and a high final swell value which, in fact, passes through 
a maximum with time of immersion. Much of the bound 
rubber data does not give a detailed complete picture 
because, in the determination, procedures such as degree 
of agitation, separation technique, etc. will affect the 
proportion of rubber taken as gel and influence the degree 
to which the jelly remains intact, e.g. how many B-P-B 
links are broken. 

"Back" or osmotic pressure effect 
There is a third factor complicating or modifying the 

value of bound rubber and that is the 'back' pressure 
effect, already referred to previously and originally 
reported by Blow and Stamberger 32 as occurring in 
swelling tests on dried latex rubber films which show 
limited swelling with a proportion of soluble rubber 
diffusing into the solvent. As the amount of free solvent is 
varied in relation to a fixed weight of rubber, the con- 
centration of sol rubber in the solvent will vary and affect 
the swelling because of a back pressure or osmotic 
pressure effect. In bound rubber determinations a similar 

314 POLYMER, 1973, Vol 14, July 



effect is present and the amount of solvent to rubber will 
affect the degree of swelling and the value of bound rubber 
obtained. It  is questionable whether the term 'osmotic 
pressure' should be used. 

Equilibrium states 
There are a number of equilibrium states that can be 

considered: (a) by repeated change of solvent until no 
more extraction/diffusion of rubber occurs from the jelly 
and the solvent surrounding the jelly contains no dis- 
solved rubber, it is possible to obtain an apparent true 
bound rubber value; but there may still be associated with 
the bound rubber some sol rubber that is of such high 
molecular weight that it does not diffuse out of the jelly; 
(b) an equilibrium can be established between jelly and 
solution by leaving rubber in contact with solvent; this 
apparent bound rubber value will contain a proportion of 
soluble rubber, the back pressure effect will have restricted 
the swelling and, therefore, reduced the amount of soluble 
rubber diffusing out of the jelly; (c) in the case of both (a) 
and (b) no account is taken of the polymer/filler inter- 
action possibly not having reached equilibrium either at 
the beginning or during the bound rubber determination. 
The amount of soluble polymer may increase by chain 
breakdown or decrease by attachment to filler particles, 
and these changes may be influenced by the presence of 
solvent. 

It is erroneous to suppose that, because bound rubber 
values change on changing the solvent during the deter- 
mination, equilibrium is not achieved; there can be 
equilibrium as stated [(b) above] subject to changes as 
mentioned in (c). 

APPLICABILITY OF SWELLING THEORY 

Swelling theory is based on the assumption that the cross- 
links are uniformly distributed, which may well be the 
case and is usually so when chemical. In a system consist- 
ing of a filler particle of 200 to 400A diameter, to the 
surface of which several polymer molecule ends or active 
sites are attached, the situation is very different in that a 
number of polymer molecules are associated or aggre- 
gated; the cohesion of the polymer around the filler 
particles may be increased. I t  is often stated that the 
swelling of the polymer molecules attached to the 
particle is nil or less than normal. Molecules do not swell; 
they separate in a solvent because their cohesion is similar 
to that of the solvent; if they do not dissolve it is because 
they are not free and separate entities--they are cross- 
linked, entangled, entrapped, physically adsorbed or 
chemically bound on a second phase 63. 

I f  it is accepted that the 'crosslinks' are non-uniformly 
distributed in such rubber/filler systems, swelling theory 
cannot be applied. 

SWELLING INDEX VERSUS BOUND RUBBER 

Swelling index, i.e. the amount of solvent associated with 
one part of insoluble rubber in the jelly (either on a 
volume or weight basis), on samples as storage proceeded 
was reported by Southwart 6o to give a linear plot against 
bound rubber, with only small scatter on varying silica 
proportion in silicone rubber/silica mixtures. Further- 
more, on extrapolation the line passed through the point 
100% bound rubber, nil swelling (approximately). As 
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Southwart remarks, swelling and bound rubber may be 
manifestations of the same reaction and as such correlate 
well. Alternatively, the three-dimensional structure due to 
rubber/filler interaction restricts the swelling and because 
the expansion of the structure is limited in this way, the 
amount of soluble rubber diffusing out is proportional to 
the amount of swelling. A further point to be made is that 
there may be a balance between sol rubber concentration 
in the solvent phase, liquid uptake by the insoluble rubber, 
and the soluble rubber concentration in the solvent 
present in the jelly. 

Southwart's plot, however, draws attention to the fact 
that, in practice, the bound rubber values of different 
samples are determined at different degrees of swelling. 

Partition of sol between solvent inside and outside the jelly 
In all bound rubber values so far reported in the litera- 

ture it is probably correct to say that the soluble rubber 
present in the solvent phase of the jelly is included in the 
value. Because the activity of the solvent in the jelly is 
lowered by the presence of insoluble rubber bound by the 
filler, it is to be expected that the sol rubber/solvent ratio 
inside the jelly will differ from that in the liquid phase with 
which it is in equilibrium. This partition coefficient would 
be expected to vary as the amount of filler to rubber is 
varied. 

Southwart and Hunt z4 have described experiments in 
which bound rubber determinations of silicone rubber/ 
silica mixtures were carried out in solutions of the 
silicone rubber in solvent. 

Initially the silicone rubber/silica mixture consists of 
Sg parts of soluble polymer, B of insoluble, bound 
polymer and F of active filler, and is immersed in T1 parts 
of solvent containing $8 parts of dissolved polymer. 

This becomes, at equilibrium, a jelly consisting of S~ 
parts of soluble polymer, B of insoluble, F of filler and T2 
of solvent (assuming no diffusion of filler from the jelly); 
immersed in a solution phase consisting of Ta of solvent 
and S~ of dissolved polymer. The following equivalences 
will hold: 

T1 = 7"2 + T3(1) 

s~ + s~ = s~ + s:(2) 

and G, the bound rubber value as reported, = S~+B(3.) 
Assume B is a constant for any filler/polymer ratio and is 
independent of the method of extracting the soluble 
rubber, and P, a partition coefficient for soluble polymer 
between jelly and solution=S~T3/S~Tz(4). Then, from 
equations (3) and (4), G=(PSjT2/T3)+B, and a plot of 
G against S'sT2/T~ should yield a straight line, from which 
P and B can be obtained as constants for any particular 
mixture. Plotting the data of Southwart and Hunt for 
three silicone rubber/silica mixtures immersed in a range 
of solutions with equilibrium approached from the dry 
mix and swollen jelly, one does indeed obtain linear plots 
and values of B and P as given in Table 6 and Figure 1. 

As the silica content decreases the true insolubilized 
content decreases and the partition coefficient increases 
to approach one for zero bound rubber (Figure 2). 

True bound rubber values 
This suggests a method of arriving at the true bound 

rubber from two determinations of the apparent bound 
rubber of the mixture immersed in solutions of different 
concentrations. One final point should perhaps be made 
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Table 6 Bound rubber values and partition coefficients 
(Derived from immersion tests in range of solutions; Southwart 
and Hunt) 

Silica loading per 
100 silicone rubber 

'True' 
bound rubber Partition coefficient 

ml l  

100 

80  
(b 
#; 
2 60, 

, 
?, 4 0  

t o  

20  ̧  

8 23 0"56 
26 58 0'27 
44 76 0"13 

=x._.,=_=-x x------ . .---x (c) 
- -  - - X  X 

x ~  x 

I . ,  I I ,  I 

20 40  60 8O 
s~r2 
r3 

Figure t Bound rubber (G) vs. SsT~/T3 for silicone rubber/silica 
mixtures. (a), 8; (b), 26; (c), 44 pphr silica, x ,  Dry testpieces; O, 
preswollen testpieces. [Data from Southwart and Hunt, J. Inst. 
Rubber Ind. 1968, 2, 142, Tables VI and VIII  

to justify bound rubber determinations. I f  the attach- 
ments, in whatever structure finally results from the 
interaction of  filler and polymer, are essentially physical 
it is likely that the solvent, according to type, will disturb 
these attachments and a true bound rubber would be un- 
likely to be obtainable. I f  the attachments are essentially 
chemical, there should be a true bound rubber value. 

t-~ 
, . 0  

" O  

o 

.# 

I 0 0  

80  

Filler content, F (pphr) 
t0 20 30 40  50  

I I I I 

~," 60  

40  
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012 0~4 " 016 d.8 ~.o 
Portition coeff icient, P 

Figure 2 'True' bound rubber (B) vs. (a) partition coefficient (P) 
and (b) filler content (F) in pphr by weight. (From Figure 1) 

Because the solvent type has little effect on the bound 
rubber value ~9 and true bound rubber values are ap- 
parently obtainable (see later section), the evidence 
mounts for chemical attachments. The two problems are 
then (a) to decide when the interaction is complete; is the 
frequently reported increase of  determined bound rubber 
on heating a different reaction or only an acceleration to 
the same final value as is reached on prolonged storage at 
room temperature ? and (b) to make an accurate determi- 
nation of  the true bound rubber value in as short a time as 
possible before other changes take place. 

PART III: A STUDY OF NATURAL RUBBER-FINE PARTICLE BLACK SYSTEMS 

INTRODUCTION 

The object in the experiments described here was (a) to 
study the swelling behaviour of natural rubber/carbon 
black mixtures, in particular the rigidity of swollen jellies, 
after various times and conditions of  storage between 
mixing and immersion in solvent, (b) to investigate the 
behaviour of  the mixtures in different solvents, and (c) to 
suggest the use of  the back pressure effect to arrive at a 
true bound rubber value. 

MATERIALS 

Ribbed smoked sheets (RSS) and constant viscosity 
standard Malaysian rubber (SMR-CV) were used without 
extraction but in both cases were given extensive mastica- 
tion before addition of  black. 

MPC (C--channel), HAF-HS (H--high structure) and 
HAF-LS (L-- low structure) blacks were used as the 
fillers. 

The solvent for swelling tests was toluene. 

GEL RIGIDITY 

Preliminary investigation 
A 400g batch of RSS was masticated for 1 h on a 

12in × 6in (1 in-=25.4mm) mill at friction speed with 

cold water cooling; 200 g were removed and the remaining 
200 g were masticated for a further hour and a half. A 
200g batch of SMR-CV was masticated for 2 h at 
which time it appeared to be similar to the second batch of  
RSS in softness. All three batches were too soft to obtain 
Mooney values at 100°C. 

50 g portions of each batch were mixed with 10 g of the 
three fillers on a mill with 3 in roll width; nip settings and 
mixing and grinding times being kept constant as far as 
possible. Within 10min of  being taken off the mill, 1 g 
portions of  each were immersed in toluene; further 
samples were immersed in toluene after resting at room 
temperature for 2, 11 and 36 days. The mixtures were not 
disturbed except for examination at intervals. 

The behaviour of the rubber mix was recorded from 
visual observation and assessment of the rigidity of the 
jelly, the colour of the free toluene, etc. In addition to 
complete solution, it proved easy to rate the gel rigidity 
into six categories; with increasing time of  immersion 
beyond 3 or 4 days the rating changed very little and in 
no case affected the general conclusion from these 
observations, as recorded in Figure 3. RSS developed much 
more rigid jellies more rapidly than the CV rubber; 
HAF-HS black behaved similarly to MPC but HAF-LS 
gave significantly softer jellies particularly in the RSS. 

Approximately 10 months after mixing, the CV/C and 
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Figure 3 Jelly rigidity (J) vs. time of resting between mixing and 
immersion in solvent; RSS and SMR-CV with 20 pphr of MPC (C), 
high (H) and low (L) structure HAF blacks 

Table 7 Sr values determined 19 months after mixing 

Black Black Black 
MPC HAF-LS HAF-HS 

RSS-A 6- 95 7.1 5" 75 
SMR-CV 5'65 4.6 - -  

Milled 19 months after mixing 

RSS-A 0 days rested Dissolved Dissolved 
17 days rested Dissolved 9.1 

Sr=weight of solvent in jelly per unit weight of rubber in original 
mix, assuming no loss to solvent 

CV/L mixes were passed approximately 10 times through 
the nip of a mill and were found to be immediately soluble 
in toluene. Nineteen months after the original mixing date 
portions of some batches, not remilled, were immersed in 
toluene and were all found to give rigid jellies with a 
perfectly clear black-free solvent. The jellies were 
separated from the free solvent and weighed to calculate 
the weight of solvent per unit weight of rubber in the 
jelly, taking no account of loss of rubber to the solvent 
(Table 7). At the same time, the least masticated RSS/C 
and /L batches were passed through the nip and on 
immersing in toluene immediately were found to be 
soluble. Seventeen days later the mix containing the low 
structure black gave a jelly. 

Fuller investigation 
It was decided to carry out a fuller investigation with 

greater emphasis on: (a) comparative viscosity and 
plasticity values of the masticated rubbers; (b) working at 
two or more levels of plasticity; (c) more precise recording 
of jelly strength, etc.; (d) estimation of bound rubber; 
and (e) estimation of weight of solvent in jelly related to 
original mix, gel rubber, black content. 

The investigation is incomplete but already some facts 
have come to light. 

Mastication and mixing. RSS and SMR-CV were 
masticated and four batches of each were selected and 
designated RSS1 to RSS4 and CV1 to CV4, 1 being the 
least masticated and 4 being the most masticated. In fact, 
only batches 1 and 4 have been used to date, and only 
MPC and HAF-HS blacks, again at 10 parts by weight per 
50 of rubber. 

Polymer/part iculate f i l ler interaction : C. M. Blow 

Viscosity and plasticity determinations. Mooney vis- 
cosity tests were possible on masticated rubbers 1 and 2, 
(ML 100°C 1+4) values being as follows: RSSI, 23; 
RSS2, 14; CV1, 24; CV2, 12. 

Parallel-plate plastimeter tests were carried out on all 
batches of masticated rubber and black mixes; the 
recorded values in Table 8 are the amounts of compres- 
sion, occurring under the load after 60 and 120 sec, as a 
percentage of the original testpiece thickness, and are the 
means of duplicates. It is to be noted that the plasticities 
of the corresponding masticated batches were very close 
in the case of 1, 2 and 4. Of the mixed batches, the CV 
were softer than the RSS and the HAF-HS softer than the 
MPC (Table 8). [Plasticity values of some of the batches 
of the preliminary investigation were also obtained at 
this time, 19 months after mixing. It is to be noted that 
the remilled material has not recovered its hardness even 
after 9 months' storage (Table 9).] 

Storage conditions. Within 24 h of mixing portions 
of each mix were placed in storage under the following 
conditions: over silica gel; over water; in vacuo; in a 
refrigerator at - 1 °C 48 h later. 

Immersion conditions. At intervals 0.4g testpieces, 
approximately 2.5ram thick, were placed in 10cm 3 of 
toluene at room temperature and allowed to swell for 
24 hours. Separation was then made and the weight of the 
swollen jelly was determined; jelly and free solvent 
solution were then dried and the sol and gel contents were 

Table 8 Parallel plate plasticity tests 
(% compression of testpiece under 250 g load at room temperature) 

RSS CV 

After After After After 
Batch 60sec 120sec 60sec 120sec 

1 15.5 19.3 17.2 21.0 
2 20-9 25'1 20.2 25' 1 
3 27'8 34'0 34.0 41.2 
4 35"3 44.2 36' 6 44-2 

Black mixes (20 pphr) 24h after mixing 

MPC HAF-HS 

After After After After 
60sec 120sec 60sec 120sec 

RSSl 19.0 23.0 20.8 96.6 
CVl 19.4 24-6 24.4 29.0 
RSS4 26"7 32.8 30'0 35.3 
CV4 29' 7 35.7 35' 0 42' 7 

Table 9 Parallel plate plasticity tests 
(Mixes used in preliminary experiment) 

MPC 

After After 
60sec 120sec 

HAF-HS 

After After 
60sec 120sec 

A: RSS-A 7.5 8.1 9.5 10.5 
CV 5.0 5.2 3.5 3.6 

B: CV 35.0 38.8 34.8 38.6 

A. 19 months after mixing (500 g load) 
B. Remilled 10 months after mixing; tested 9 months later 

(250 g load) 
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determined. At the same time, a note was made of the 
jelly strength and the colour of the solvent. 

Assessments. Five gradings of solvent colour, (1 clear to 
5 blackest) and seven of jelly strength were possible; the 
latter grading being relatively easy, the higher the value 
the greater the rigidity: (1) an extremely mobile jelly, 
original shape and form lost, disperses with slight agita- 
tion-separation impossible; (2) a less mobile jelly-- 
separation not possible; (3) a jelly that could be just 
separated from the free solvent, but flowed and broke up; 
(4) a more rigid jelly, separable without much difficulty, 
but tended to cling to the sides of the flask and break up 
into small lumps; (5) more rigid still with only very slight 
tendency to cling to the vessel and break up; (6) a form- 
steady jelly, easily separable, but edges and corners 
rounded; (7) in this case the edges and corners of the 
separated jelly were well-defined. 

The photographs of the dried jellies (Figure 4) are 
representative of the gradings 2 to 7 inclusive. The high 
rigidity jelly (7) did not spread and on drying shrank to a 
small area. The low rigidity jelly (2), not completely separ- 
able from the solvent phase, flowed to a very much larger 
area and dried with relatively little area contraction. The 
area covered by the swollen jelly is just discernible (not 
to be confused with the labels on the underside of the 
Petri dishes). 

Analysis of  results and discussion. The qualitative and 
quantitative results are recorded in Tables 10 and 11. 

The qualitative results show that: (a) the CV rubber, as 
in the preliminary investigation, gave much weaker jellies 

under all conditions and times of storage than the cor- 
responding RSS mixes. More black diffused into the 
solvent in the case of the CV rubber mixes; (b) refrigera- 
tion of the sample delayed the strengthening of the jelly, 
and the development of black-free solvent; (c) dry 
storage tended to accelerate the development of rigidity; 
e.g. the only case of a CV mix, from the softer masticated 
rubber giving a clear sol was after dry storage; (d) more 
often than not the HAF-HS black gave a weaker jelly 
than MPC; (e) on average the more masticated rubber 
(batch 4) gave weaker jellies than the less masticated 
(batch 1). 

In the early part of the investigation, the sol rubber 
was not determined so only values of St, the weight of 
solvent in the jelly per unit weight of original rubber, are 
given. In the latter part, the weight of solvent in the jelly 
per unit weight of insoluble or unextracted rubber and the 
amount of rubber retained in the jelly were determined. 
From these results: Wrb = bound rubber/black ratio in the 
jelly, by weight; Wrs=bound rubber/solvent ratio in the 
jelly, by weight; and Wbs = Wrs/Wrb = black/solvent ratio 
in the jelly, by weight. 

It is appreciated that swelling and bound rubber were 
not always carried to equilibrium but this was because 
the interest lay in the jelly strength and amount of black 
diffusing out with the rubber. The Sr and Wrs values, 
representing the composition of the jelly, show poor cor- 
relation with J, the jelly rigidity. A plot, however, of 
Wrb vs. Wrs (Figure 5) for the testpieces that had rested for 
from 49 to 59 days before immersion shows a hint of a 
relationship insofar as several points, representing a 
particular jelly rigidity, lie on lines more or less parallel to 

Figure 4 Photographs of dried jellies, illustrating the different rigidities graded 2-7 inclusive 
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Table 10 Co[our of solvent 
1=clear;  5= black  

Time of rest ing 
( d a y s )  R.T. 

Batch 1 

Ref. Dry Wet Vacuo 
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Batch 4 

R.T. Ref. Dry Wet Vacuo 

MPC in RSS: 

7 4 
21-23 
42 1 
57-59 

MPC in CV: 

7 4 
21-23 
42 2 
57-59 

HAF-HS in RSS: 

7 4 
28-30 
49-51 

HAF-HS in CV: 

7 
28-30 
49-51 

4 1 1 1 

3 1 1 - -  

5 4 4 4 

5 3 2 - -  

1 1 1 
3 1 1 1 

4 1 1 1 
5 1 2 2 

4 . . . .  

- -  5 1 1 1 
1 . . . .  

4 1 1 - -  

4 . . . .  
5 4 5 5 

3 . . . .  

- -  5 3 5 

4 . . . .  

- -  5 1 1 1 
4 1 2 1 

5 . . . .  

- -  5 1 4 4 
5 2 4 3 
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Figure 5 Bound rubber: black ratio in jelly (Wrb) vs. bound rubber: 
solvent ratio in jelly (Wrs); numerals indicate jelly rigidity (J) 

each other. Because the cold-stored testpieces and the CV 
based mixes are included, a range of rigidities is present. 
The most rigid jellies have the highest Wrb and/or the 
highest Wrs values and vice versa, as is to be expected. 
There are, nevertheless, instances of jellies of nearly the 
same Wrs values (rubber to solvent ratio) with different 
rigidities; e.g. 

RSS4/MPC/Refrig. and Dry:  

Wrs=O'0725 and 0.0745; J = 3  and 7 

CV4/MPC/Refrig. and Wet: 

Wrs=O'085 and 0.087; J = 2  and 5 

The difference in rigidity of  two jellies of equal compo- 
sition can only be explained by assuming that the weaker 
one has fewer crosslinking molecules (interparticular 
rubber); the adsorbed molecules attached at one end or 

one point only to a black particle surface contribute only 
marginally to the rigidity. It  is to be noted that low 
viscosity rubber was used so that any residue of sol 
rubber in the jelly will contribute little to its modulus; 
and incidentally provide little shearing action to generate 
free radicals during black addition. 

BEHAVIOUR OF RUBBER/CARBON BLACK 
MIXTURES IN VARIOUS SOLVENTS 

Introduction 

In the literature, there is a frequently repeated sugges- 
tion that the shell or adsorbed rubber appearing as 
insoluble will not swell or only swell to a small extent. It 
is an attractive and reasonable suggestion that the 
cohesive energy density of the bound rubber is different 
from that of unbound rubber. Whereas, from some 
aspects, cohesive energy density (or its square root, the 
widely used solubility parameter) is a fundamental of a 
molecule of  a liquid, Beerbower et al. 64 have pointed out, 
in the case of polymers and particularly copolymers, that 
there are several complicating and modifying factors. 
Furthermore, if polymer and filler react chemically, it is 
to be expected that the solubility parameter of the 
polymer might be changed. From this one could argue 
that the peak in the plot of  the volume uptake (in a range 
of  liquids) vs. their solubility parameters would be shifted 
compared with a chemically crosslinked system such as 
occurs in a pure gum vulcanisate. 

Experimental 

Portions of the mixture RSS1C, used for the investiga- 
tion described in the previous section and stored for many 
months at room temperature and therefore assumed to 
have reached a stable state, were immersed in toluene to 
extract a substantial proportion of the soluble rubber 
present; the solvent was dried off to give samples of mix 
containing carbon black, insoluble rubber and some 
soluble rubber. These were then immersed in the four 
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Table 11 Jelly rigidity, St, Wrb, Wrs and Wbs values 

Batch 1 Batch 4 

T ime of rest ing (days) R.T. Ref. Dry Wet  Vacuo R.T. Ref. Dry Wet  Vacuo 

MPC in RSS: 
7 J 4 . . . .  4 . . . .  

Sr 11 "1 . . . .  11 "5 . . . .  
21-23 J - -  4 6 6 6 - -  3 6 6 6 

3r - -  9"2 9-4 9"8 10"5 - -  10-6 9"5 9-9 7"9 
42 J 7 . . . .  7 . . . .  
57-69 J ~ 6 7 7 - -  - -  3 7 6 

Wrb - -  3"6 4"05 3.85 ~ - -  3"4 3"4 3"4 
Wrs - -  0" 067 0" 082 0" 084 ~ - -  0" 073 0" 075 0 '  080 
Wbs - -  0'018 0.020 0.022 ~ - -  0.021 0.022 0.024 

MPC in CV:  
7 J 4 . . . .  2 - -  - -  

Sr 11 "3 . . . . . . . .  
21-23 J - -  3 4 4 5 - -  1 4 5 

Sr - -  10.9 10'5 10.8 11 "0 ~ ~ 9 '9  9.1 
42 J 5 . . . .  5 ~ - -  
57-59 J ~ 4 6 6 - -  - -  2 4 5 

Wrb ~ 3" 35 3" 05 3" 55 ~ ~ 3' 55 3" 4 3' 15 
Wrs ~ 0" 066 0" 073 0" 078 - -  ~ 0" 085 0" 079 0' 087 
Wbs - -  0 '  020 0" 024 0" 022 ~ ~ 0 '  024 0" 023 0" 026 

3 
8.2 

H A F - H S  in RSS: 
7 J 4 . . . .  4 . . . .  

Sr 9'1 . . . .  7"8 . . . .  
28-30 J - -  4 7 5 5 - -  3 7 5 6 

Sr - -  8"5 9.0 8 '0  9 '0  - -  8"2 6.5 7.1 6 '6  
49-51 J - -  5 7 5 7 - -  5 7 6 4 

Wrb ~ 3"3 3"65 3"2 3"15 - -  3"15 3"0 3'25 2"7 
Wrs - -  0" 077 0" 088 0" 076 0" 078 - -  0" 079 0' 085 0" 090 0' 074 
Wbs - -  0 . 0 2 3  0 . 0 2 4  0 . 0 2 4  0" 025 ~ 0 . 0 2 5  0 . 0 2 8  0 . 0 2 8  0 . 0 2 7  

H A F - H S  in CV:  
7 

28-30 

49-51 

J 2 . . . .  1 - -  - -  - -  
J - -  3 4 3 4 - -  1 6 4 
Sr - -  9"2 8 '8  9 '8  8 '8  - -  ~ 7 '3  7"2 
J - -  3 6 5 5 - -  1 6 5 
Wrb - -  3"4 3'65 3"5 8.3 ~ - -  3 '2  3"05 
Wrs - -  0" 074 0" 082 0" 083 0 '  089 - -  ~ 0" 085 0" 084 
Wbs - -  0- 022 0.022 0.024 0" 027 - -  ~ 0.027 0.027 

m 

4 
5 '9 
4 
2"35 
0.079 
0 . ~ 4  

J= je l l y  r igidity; 1 the weakest,  7 the s t rongest  
S t = w e i g h t  of  solvent  in jel ly per unit we ight  of  rubber in or iginal mix; assumes no loss of rubber into the solvent 

Wrb---ratio of bound rubber to carbon black in the jelly, by weight  
Wrs=ratio of bound rubber to solvent  in the jelly, by weight  
Wbs= rat io of  carbon black to solvent  in the jelly, by weight  
Batch 1 is least mast icated;  batch 4 most  mast icated 

solvents, hexane, cyclohexane, toluene and methyl ethyl 
ketone with solubility parameters of 7"3, 8"2, 8.9 and 9.2. 
Two series were carried out; the first with a pre-immersion 
period of 3 days, and the second with a pre-immersion 
period of 10 days. Some further extraction of soluble rub- 
ber occurred in all cases, except for MEK, as is to be 
expected. The solvent uptake was calculated on the basis 
of the dried weight of the sample less its black content. In 
parallel, portions of a pure gum vulcanisate [containing 
(in parts by weight): natural rubber (RSS), 100; zinc 
oxide, 4; stearic acid, 2; sulphur, 3; mercaptobenz- 
thiazole, 1; antioxidant, 1; vulcanized for 20min at 
150°C] were swollen to equilibrium in the same solvents 
and the solvent uptake was again calculated on the dried 
weight of the rubber. The swelling results are given in 
Table 12 and plotted against the solubility parameters in 
Figure 6. There seems no evidence that the solubility 
parameter (cohesive energy density) of the rubber has 
been significantly altered by being adsorbed or reacted 
with the carbon black. 

Table 12 Immers ion of  RSS1C mix in to luene and after drying, in 
o ther  so lven ts - -as  indicated 

Solvent  S.P. 

3 days immers ion 10 days immers ion 
Swel l ing 

Bound Swel l ing Bound Swel l ing index of 
rubber index rubber index pure gum 
(57.8)* (14.7) (34.5) (17.6) vulcanisate 

Hexane 7.3 28.3 11.4 24-4 11.2 1.55 
Cyclo- 8.2 31.0 15.0 24.2 19.6 3.28 
hexane 
Toluene 8.9 24.0 23-6 21 "5 26-0 3-80 
MEK 9.2 0.86 0.93 0-69 

* Figures in parentheses are values after initial immers ion in to luene 

BACK PRESSURE EFFECT AS A MEANS OF ARRIVING 
AT A TRUE BOUND RUBBER VALUE 

Experimental 
Samples of the same RSSIC mix were immersed in a 

series of solutions of the two masticated rubbers, RSS1 
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Table 13 Back pressure effects 
Swelling behaviour of RSS1C mix in solutions of masticated rubbers RSS1 and RSS4 in toluene; final (equilibrium ?) conditions; data 
based on 100 parts of the rubber in the original RSS1C mix (by weight) 

RSS1 solutions RSS4 solutions 

Jelly: Insol G 43.1 63-5 
Solvent T~ 520 546 

Solution: Sol S s 155 225 
Solvent T3 2500 2220 

S~_T2 32.2 55- 5 
Ta 

80"7 92.2 32.3 51.2 76.6 90-4 
507 401 651 529 495 467 
374 481 67.7 255 420 526 

2390 1940 3140 3110 2910 2660 

79'2 99'5 14.0 43.4 71.6 90.5 

4 

X 

"o  

c 
"-- 3 

E 

m 

x 

1 II -i5 

i ,  I 

Figure 6 
(unvulcanized); x ,  pure gum natural rubber vulcanisate 
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Swelling index vs. solubility parameter. I ,  Mix RSS1C 

and RSS4, representing two levels of mastication and 
molecular weight; 7 days immersion was allowed to reach 
equilibrium and then separation of swollen carbon black 
rubber jelly from the solution was effected; the weights of 
jelly, solution, dried jelly and dried solution were measured 
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Figure 7 Bound rubber (G) vs. SsT2/ra for natural rubber/MPC 
(20 pphr) mix RSS1C, immersed in solutions of RSS1 (O) and 
NSS4 (x )  masticated rubbers 

and the data given in Table 13 were calculated, all 
quantities being based on 100 parts by weight of the 
original rubber/carbon black mixture. 

Discussion 
The plot of G vs. S'~T2/T3 in Figure 7 shows a linear 

relation and it is to be noted that the points from the 
RSS1 and RSS4 solutions are on the same line indicating 
no effect on the back pressure of a difference in molecular 
weight. From the line the true bound rubber is 21 ~ and 
the partition coefficient is 0.75. The former value appears 
to agree well with the values obtained in the experiment 
described in the previous section. 

PART IV: DISCUSSION 

PHENOMENA TO BE EXPLAINED 

Any structure proposed for the insoluble rubber/active 
filler substance must take account of the facts that it takes 
time to develop, is truly elastic within small strains and 
shows limited swelling. 

TWO-STRUCTURE THEORIES 

Several workers during the past five years have postulated 
that the polymer molecules in such polymer/filler mixtures 
can exist in two or more 'structures '39, 6o. One of the most 
recent suggestions 60 is that there are adsorbed polymer 
molecules and interparticular polymer molecules; the 
former are attached to one filler particle only at one or 
more points, and the latter form a three-dimensional 

structure by reason of one molecule being bound to two 
or more filler particles. 

The above mentioned postulate can explain qualita- 
tively the changes observed on milling and on exposure to 
different humidities and pH conditions in the case of the 
silicone rubber/silica system, if degradation of the siloxane 
chain by hydrolysis, leading to scission, is accepted. 
Furthermore qualitative explanations of the Young's 
modulus changes with milling, heating, etc. are also 
possible; the lack of correlation between bound rubber 
values and Young's modulus, processability (Southwart 
and Hunt's breakdown time), etc. can also be understood 
if one accepts that both adsorbed and interparticular 
rubbers are included in the bound rubber value, but 
contribute in different ways to these properties. 
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Opinion is probably still divided as to the nature of the 
polymer/filler reaction and attachments 65, which may well 
differ from one system to another, i.e. silicone/silica, NR/ 
black, etc. 

Stickney and Falb 66, in their comprehensive review of 
'bound rubber', come down firmly in favour of chemical 
attachments between rubber and black, arising probably 
and principally from free radical formation during 
milling/mixing processes. They suggest two phases, one 
highly crosslinked localized around filler particles and the 
other a matrix resembling, more or less, the gum 
vulcanisate. 

From an n.m.r, study, Kaufman, Slichter and Davis 67 
concluded that there is a region of immobilized rubber 
immediately surrounding the black and a region of inter- 
mediate mobility where the polymer segments are less 
immobilized but constrained in comparison with the pure 
rubber. 

To consider the change that leads from solubility to 
insolubility and continued increase in the proportion 
insoluble on resting or heating, there appear to be two 
main points. Firstly, as suggested by several authors 41 
free radicals persist in the mixture after mixing and milling 
and it takes time for them to find one another. This is 
difficult to understand when there is so much oxygen 
about*. To explain the increase in bound rubber on heat- 
ing, either free radicals are generated thermally or the 
alignment of the reactive positions on the polymer chain 
with the active groups on the particle surface takes time 
and is accelerated by increased mobility at the higher 
temperatures. Certainly milling is not essential to produce 
some bound rubber but there is a large difference between 
the amount of rubber insolubilized by black in dilute 
solution and in standard mill mixes. Heating the former 
increases insoluble rubber into the range of the latter 2a. 
Kraus and Dugone a6 suggest, from adsorption of elasto- 
mers from solution by carbon black, that the insolubiliza- 
tion takes place in two steps: a rapid physical adsorption 
followed by a slower reaction of the adsorbed polymer 
with the black. 

Perhaps some of the phenomena have been overlooked 
by workers because they have studied mixes with 50 pphr 
of black--the amount in a tyre tread compound. 

QUANTITATIVE DETERMINATION OF THE 
PROPORTION OF THE TWO STRUCTURES PRESENT 

Bound rubber 
Carbon black particles with adsorbed, that is, chemically 

or physically attached, polymer molecules on their 
surfaces will not cohere without interparticular polymer 
molecules, and pieces of rubber containing such filler 
particles will not swell and retain their shape in a solvent 
but disperse. Nevertheless, it is probable that many of the 
techniques for determining bound rubber or gel content 
will yield a value. 

The difficulty over attempting to use bound rubber 
determinations to investigate these systems is the impos- 
sibility of distinguishing the adsorbed and interparticular 
rubbers. One has therefore to seek other methods. 

Jelly rigidity 
In Part III of this paper, evidence is presented of a lack 

of correlation of the rigidity and strength of the jelly with 

* When rubber is milled in nitrogen, the broken ends, in the 
absence of oxygen or radical acceptor, recombine immediately. 

the swelling behaviour as measured by liquid uptake and 
bound rubber. In quantitative determinations of the 
rigidity of swollen jellies in conjunction with a mathe- 
matical model may lie a method of separating and arriving 
at values for the proportion of polymer in the two types of 
structure. 

Swelling index vs. bound rubber relation 
As an adjunct to this a more detailed study of the 

swelling/insoluble rubber relation already discussed by 
Southwart is worth considering. Whereas the results on a 
series of mixtures of silicone rubber/silica after various 
times of storage fall on a straight line, without an undue 
amount of scatter, and which, when extrapolated, passes 
through 100K bound rubber/nil swelling, other results 
reported by Southwart by no means follow this pattern. 
For example, the results on the above series of mixtures 
repeatedly remilled after different storage times give 
separate lines for each rubber/filler ratio and these lines, 
moreover, are both widely separated and of different 
slopes; none of them passes through the point 100 K 
BR/nil swell. At any one bound rubber value, mixes of 
identical composition give different swell values depend- 
ing on whether they have been remilled or not; the higher 
swell is given by the remilled samples. Figure 8 is typical 
and relates to a 20 pphr filler mix. Remilling breaks the 
interparticular rubber molecules and therefore increases 
the proportion of adsorbed polymer. It is the inter- 
particular molecules that restrict the swelling of the 
mixture and the fewer there are the greater is the swelling. 

To suggest that the adsorbed polymer swells little or 
not at all, apart from the logical criticism already dis- 
cussed seems contrary to experimentally observed facts in 
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Figure 8 Swelling index vs. bound rubber (G) for silicone rubber/ 
silica 20 pphr mix after different times of resting between mixing 
and immersion in solvent. A, Mix not remilled; O, mix remilled at 
each stage. [Data from Southwart, University of Manchester MSc 
Thesis 1969, Tables 2 and 3] 
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the case o f  unvulcanized mixtures.  Mixtures  with a high 
p r o p o r t i o n  o f  the b o u n d  rubber  as adso rbed  rubbe r  swell 
more  than  those with a low p ropor t ion .  The  fact  is tha t  
for  l imited swelling there mus t  be in te rpar t icu la r  rubbe r  or  
intense en tanglement  o f  the adso rbed  po lymer  o f  ad jacent  
filler part icles.  W i t h o u t  these condi t ions ,  the mixture  will 
show unl imited swelling and  dissolve bu t  the po lymer  
adso rbed  on filler will exist in so lu t ion  as a gel phase  with 
a solvent  content  less than  tha t  o f  the su r rounding  mat r ix  
rubber .  

CONCLUSIONS 

I t  appears  to  the present  au thor  tha t  a ma themat i ca l  
mode l  is required to  lead to  an expression re la t ing the 
r igidi ty  modu lus  o f  the system (filler part icle,  po lymer  
molecules  l inking part icles and  adso rbed  'shel l '  o f  
po lymer  molecules  in a mat r ix  o f  rubber  and solvent) to 
filler par t ic le  diameter ,  polymer/f i l ler /solvent  p ropor t ions ,  
viscosity o f  po lymer  solut ion,  etc. This coupled  with 
quant i ta t ive  values for  je l ly  r ig idi ty  and  da ta  regarding  
swelling index and b o u n d  rubber  m a y  confi rm or  o ther-  
wise theories and  ideas p roposed  to  explain  the several 
phenomena ,  associated with b o u n d  rubber .  
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Poly(methyl methacrylate-co-acrylonitrile) 
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Stable macroradicals of methyl methacrylate were prepared by the azobisisobutyronitrile- 
initiated polymerization of methyl methacrylate in hexane whose solubility parameter value 
(8) differed from that of the macroradical by more than 1.8 hildebrand units and in 1-propanol 
at temperatures below its theta temperature (84.5°C). The rates of heterogeneous poly- 
merization in hexane and 1-propanol were much faster than that of the homogeneous 
polymerization in benzene. Stable macroradicals were not obtained in benzene which was 
a good solvent nor at temperatures above the glass transition temperature (To) of the macro- 
radicals. Thus, stable macroradicals of butyl methacrylate (To 20°C) and methyl acrylate 
(To 3°C) were not obtained at a polymerization temperature of 50°C. Good yields of block 
copolymers of methyl methacrylate and acrylonitrile were obtained by the addition of 
acrylonitrile to the methyl methacrylate macroradical in methanol, ethanol, 1-propanol and 
hexane at 50°C. The rate of formation of the block copolymer decreased in these poor 
solvents as the differences between the solubility parameter of the solvent and macroradical 
increased. 

The block copolymer samples prepared at temperatures of 50°C and above were dissolved 
in benzene which is a non-solvent for acrylonitrile homopolymer, but is a good solvent for 
poly(methyl methacrylate) and the block copolymer. The presence of acrylonitrile and 
methyl methacrylate in the benzene-soluble macromolecule was demonstrated by pyrolysis 
gas chromatography, infra-red spectroscopy and differential thermal analysis. 

INTRODUCTION 

It has been shown previously that since some polymers 
are insoluble in their monomers, insoluble trapped free 
radicals are produced when vinyl chloride 1 or acryloni- 
trile 2 are polymerized in bulk. Macroradicals are also 
produced when styrene is polymerized in alcohols 3 and 
when other vinyl monomers are polymerized in poor 
solvents 4. That the rate of polymerization of methyl 
methacrylate 5 and that of the copolymerization of styrene 
and maleic anhydride was faster in poor solvents than in 
good solvents has been observed previously 6, 7 

It has also been shown that heterogeneous solution 
polymerization takes place when the hildebrand solubility 
parameter values 8, 9 of the solvent and polymer differ by 
at least 1.8 units 10. The presence of macroradicals in 
precipitated polymers has been demonstrated by electron 
spin resonance (e.s.r.) techniques 11. 

Block copolymers have been obtained by the addition 
of styrene to acrylonitrile macroradicals, by the addition 
of styrene or methyl methacrylate to vinyl chloride 
macroradicals 1~ and by the addition of various monomers 
to styrene-maleic anhydride macroradicalslL It has been 
shown previously that block copolymers are produced 
when a vinyl monomer is added to a suspension of a 
macroradical in a poor solvent providing the difference in 
the solubility parameter values of the monomer and 
macroradical are not greater than 3-1 units 13. 

This investigation was undertaken to determine the 
effect of variables on the stability of methyl methacrylate 
macroradicals and on the rate of formation of a block 
copolymer of acrylonitrile with this macroradical. 

EXPERIMENTAL 

Freshly distilled methyl methacrylate was polymerized 

in the absence of oxygen and in the presence of 1.5 70 
recrystallized azobisisobutyronitrile as a 1070 solution 
in the freshly distilled solvent at a specified temperature 
such as 50°C. The rate of polymerization was monitored 
by a precision dilatometer. The presence of macroradicals 
was demonstrated by measuring the decrease in free 
radicals when the macroradicals were added to DPPH 
(2,2-diphenyl- 1-picrylhydrazyl). 

The macroradical was separated by filtering and 
solvent washing in an oxygen-free atmosphere. Block 
copolymers were produced by the addition of freshly 
distilled acrylonitrile to a suspension of the macroradical 
in a poor solvent (usually at 50°C in the absence of 
azobisisobutyronitrile and in an inert atmosphere). The 
rate of copolymerization was monitored by observing 
aliquot yield data. The block copolymers were filtered, 
solvent washed and dried. These products were character- 
ized by yield, solubility and pyrolysis g.c. 

RESULTS AND DISCUSSION 

As shown in Figure 1, the rate of polymerization of 
methyl methacrylate was much slower in a good solvent 
such as benzene (8=9.0) than in poor solvents such as 
1-propanol (8= 11.9) or hexane (8 =7.3). The solubility 
parameter (8) of poly(methyl methacrylate) which was 
9.1 was within 1.8 hildebrand units of that of benzene 
and therefore conventional termination steps produced 
dead macromolecules in this homogeneous solution 
polymerization. In contrast the solubility parameter 
differences (AS) between the polymer and other solvents 
were 2.8 and 1.8 respectively. It is of interest to note that 
macroradicals were produced in poor solvents having 
solubility parameter values (8) both above and below 
that of the macroradical whose 8 value is identical to that 
of the polymer. 
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Figure I Rate of solution polymerization of methyl methacrylate" 
•, Hexane; x,  1-propanol; O, benzene 

The theta temperature for the poly(methyl metha- 
crylate)/l-propanol system is 84-5°C. By definition 14,15, 
the polymer should exist as a statistical coil at its theta 
temperature. Thus, as shown in Figure 2, the yield of 
insoluble macroradicals obtained by the polymerization 
of methyl methacrylate for 48 h dropped dramatically as 
the polymerization temperature approached the theta 
temperature. 

There is little chain motion of amorphous polymers or 
their macroradicals at temperatures below the glass 
transition temperature (Tg). Hence, one would expect 
macroradicals to be stable in inert atmospheres at tem- 
peratures below Tg. The Tg value for poly(methyl meth- 
acrylate) is 105°C, and no decrease in activity was noted 
when its macroradicals were heated at temperatures as 
high as 90°C. Poly(ethyl methacrylate) (Tg 65°C) was also 
stable at 50°C. In contrast, macroradicals of butyl 
methacrylate (Tg 20°C) and methyl acrylate (Tg 3°C) 
were unstable at 50°C. 

It has been shown previously that monomers will 
form block copolymers with macroradicals if the differ- 
ence in solubility parameters (AS) between the monomers 
and macroradicals is less than 3-1 hildebrand units 13. 
Thus, acrylonitrile (8= 10.5) readily produces a block 
copolymer with methyl methacrylate macroradicals 
(~ = 9), since the A3 value is equal to 1.4 hildebrand units. 
This reaction was used to ascertain the degree of stability 
of macroradicals. 

These macroradicals are unstable in the presence of 
oxygen, good solvents, at temperatures above Tg and 
above the theta temperature. Hence, it is essential to add 
the vinyl monomers to poor solvents in an inert atmo- 
sphere at temperatures below To and at temperatures 
below the theta temperature. Thus, as shown in Figure 3, 
the yield of acrylonitrile block copolymer decreased 
dramatically when the temperature of the macroradical/ 
1-propanol system was increased above the theta tem- 
perature of 84.5°C. The macroradicals noted in Figure 3 
were produced at the same temperature used for copoly- 
merization and were stored for 24h before the addition 
of acrylonitrile. 

Since the formation of block copolymer from vinyl 

monomers and solid macroradicals is diffusion con- 
trolled, the rate is most rapid when the macroradical is 
highly swollen by the solvent. Thus, Minoura 12 pro- 
duced block copolymers in good yields by the addition of 
good solvents to a suspension of macroradical, vinyl 
monomer and poor solvent. 

As shown in Figure 4, optimum yields of acrylonitrile 
block copolymer were obtained when a suspension of the 
methyl methacrylate macroradical in acrylonitrile and 
1-propanol was heated at 70°C for 72h. The original 
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Figure 2 Effect of temperature on the yield of methyl methacrylate 
macroradicals in 1-propanol 
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Figure 3 Formation of block copolymer from acrylonitrile and 
methyl methacrylate macroradicals in 1-propanol 
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macroradical was produced by the polymerization of 
methyl methacrylate at 50°C for 72h. A weight of 
acrylonitrile equal to that of the macroradical was added 
and the mixture was heated for 72 h at the temperature 
shown in Figure 4. 

Presumably, the rate of block copolymer formation is 
slower at temperatures below 70°C because of slower 
diffusion of acrylonitrile into the slightly swollen macro- 
radicals. The yield at 70°C was essentially quantitative 
because of rapid diffusion of acrylonitrile into the swollen 
macroradicals. As the temperature approached the theta 
temperature (84.5°C), some of the macroradicals term- 
inated by coupling before copolymerization took place. 
Since the block copolymer macroradicals were stable at 
this temperature, the optimum conditions for copolymer 
preparation would include formation of the initial block 
copolymer macroradicals at 70°C followed by further 
copolymerization at a higher temperature. 

The rate of block copolymer formation is also depen- 
dent on the solubility parameter of the solvent and is 
most rapid in poor solvents having solubility parameters 
comparable to that of the macroradical. Thus, as shown 
in Figure 5, no block copolymer was produced when 
acrylonitrile was added to a polymer of methyl meth- 
acrylate in benzene and the mixture was heated at 50°C 
for 72 h. This is not unexpected since the difference in the 
solubility parameter values of the macroradical and the 
benzene solvent (A3 = 0" l) was less than 1.8 hildebrand units. 

However, as stated previously, the A3 value for the 
hexane system is 1.8 hildebrand units. Thus, the macro- 
radicals in this heterogeneous polymerization system are 
highly swollen and acrylonitrile diffuses rapidly into these 
swollen particles to produce a block copolymer. Since the 
A3 value for the 1-propanol system is 2.8, the rate of 
copolymerization is slower than in hexane but sufficiently 
fast to increase the weight of the macroradicals by over 
357o after 72h at 50°C. Since the A3 values for ethanol 
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Figure 4 Formation of methyl methacrylate macroradicals in 
1-propanol at 50°C and subsequent formation of block copolymers 
at temperatures shown 
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Figure 5 Effect of solubility parameter of solvent on the rate of 
formation of block copolymer of acrylonitrile and methyl meth- 
acrylate. O, Benzene; x ,  hexane; A, 1-propanol; I-I, ethanol; 
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and methanol are 3.8 and 5.4 hildebrand units respectively 
the rate of copolymerization decreases in these systems. 

Because of the presence of a small amount of residual 
azobisisobutyronitrile in the poor solvent systems used 
for the polymerization of methyl methacrylate at tem- 
peratures of 40°C and less, some benzene-insoluble 
homopolymer of acrylonitrile was noted in addition to 
the block copolymer. However, less than 1 700 of benzene- 
insoluble product was observed when acrylonitrile was 
added to methyl methacrylate macroradicals at tempera- 
tures of 50°C or above. The benzene-soluble portion was 
precipitated in isopropyl alcohol and the dried macro- 
molecules were characterized. That block copolymers 
of methyl methacrylate and acrylonitrile were present 
in the benzene-soluble fractions was demonstrated 
by characteristic chromatograms, spectrograms and 
thermograms in pyrolysis g.c., i.r. spectroscopy and 
d.t.a. 
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Some steric regulation on radical 
polymerization of perfluorobutadiene* 
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Polymer initiation by irradiation alone exerts only a minor effect on the steric regulation 
of polyperfluorobutadiene. Under ultra-violet irradiation the extent of stereoregularity for 
1,2-polymerization increases with increasing concentration of the free radical catalyst, while 
the solvent effect under ultra-violet initiation is not as significant in steric regulation nor in 
improving the yield of the homopolymer. This study demonstrated some stereoregularity 
of polyperfluorobutadiene through variation of the experimental conditions under ultra- 
violet irradiation. 

INTRODUCTION 

Previously it was found that radical polymerizations of 
perfluorobutadiene under low pressure and ambient 
temperature formed 1,2- and 1,4-polyperfluorobuta- 
diene 1, z. With the presence of higher concentrations 
of radical initiator during bulk polymerization, the poly- 
mer was reported to consist of higher 1,2-moiedes ~. In 
the present investigation, experimental conditions are 
being sought that will demonstrate that radical poly- 
merization of perfluorobutadiene can allow polymeriza- 
tion to favour one or both olefinic bonds of the monomer. 
In other words, the objective is to show that a high ratio 
of 1,2- or 1,4-polymer can be selectively obtained under 
some polymerization conditions. 

The molecule perfluorobutadiene, unlike butadiene 
monomer, adopts a cis-bent conformation with the 
dihedral angle being 42 +15 degrees or 47.60+0.58 
degrees, in keeping with later electron diffraction data 4, 5. 
The non-planar conformation of perfluorobutadiene 
does not allow the p orbitals to overlap effectively, and 
thus extensive delocalization of this monomer is pre- 
cluded. Because of the less conjugated nature of the two 
double bonds of the monomer and its comparatively 
slow rate of polymerization under low pressure and 
ambient temperature, radical polymerization of this 
monomer was undertaken to demonstrate some steric 
orientation effects of the polymer by varying the radia- 
tion dose rate, polarity of the aprotic solvent, and 
concentration of the free radical catalyst under gamma 
and electron irradiation 6. This paper reports the con- 
tinuing work on the solvent and catalyst effects under 
ultra-violet (u.v.) irradiation and the various results so 
far achieved. 

EXPERIMENTAL 

Materials and polymerization techniques 
Perfluorobutadiene and CF3OOCFa (from Peninsular 

ChemResearch, PCR) were checked by methods des- 
cribed previouslyZ, 7. The solvents (n-C4Fg)3 (from 
3M Co.), CC13F (from duPont de Nemours), and n-CaFls 
from PCR were checked by infra-red spectra only. 

* Paper presented at the Joint Pacific Conference on Chemistry 
and Spectroscopy, San. Francisco, California, October 1972. 

The polymerizations of perfluorobutadiene were 
carried out in bulk, in solution, and in the presence of 
CFaOOCFa catalyst in evacuated sealed quartz tubes 
under autogenous pressure of about 0"8 atm (1 a t m -  = 
101.33 kN/m2). They were then placed in the polymer 
tumbling apparatus under external ultra-violet irradia- 
tion at ambient temperature for a week. 

At the end of the polymerization period, the sealed 
polymerization tubes were cooled to solid, opened, and 
the unconverted monomer was removed through the 
vacuum system. The polymer samples in the presence of 
solvents were centrifuged and the decanted liquids were 
combined with the CClaF extracts from the fractionations 
of the solid polymers. The combined liquids were 
evaporated to dryness and evacuated over anhydrous 
MgSO4 as CClaF-soluble fractions. The fractionations of 
various solid polymer samples were carried out by CCIaF 
solvent extractions under identical conditions. 

Polymer&ation apparatus and intensity of the u.v. source 
A Hanovia medium pressure mercury arc lamp was 

introduced at the centre of the previously described 
polymer tumbling apparatus a in a double-walled quartz 
cooling jacket and at 4tz in distance from the sealed quartz 
polymerization tubes. The light intensity for the u.v.- 
induced polymerization was determined by the liquid 
chemical actinometer using a potassium ferrioxalate 
system 9-11. In experiments, the K3Fe(C204)3 solution 
was placed in two quartz polymerization tubes at the 
same distance for polymerization and irradiated in the 
polymer tumbling apparatus. The unirradiated 
K3Fe(C204)3 solution was used as a reference to set the 
zero reading. The measured optical densities from the 
Beckman DU spectrophotometer (log10 I/Io, 1.23 and 
1.29) and the calculated light intensities (I~, 6.005 and 
6.250× 1016 quanta/sec) give average I~0 as 6.127× 1016 
quanta/sec. 

RESULTS AND DISCUSSION 

Polymer initiation by irradiation alone seems to poly- 
merize the unsaturated perfluorobutadiene monomer 
with only limited specific control of configuration. When 
irradiation is combined with another factor, however, 
such as the presence of free radical catalyst CFaOOCFa 
under ultra-violet irradiation or the presence of a non- 
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Table 1 Solvent effect on polymerization of perfluorobutadiene in the presence of catalyst under u.v. 
irradiation (monomer, 4.43 g) 

After CClaF extraction 

Yield of product Yield I.r. absorbance 
Solvent Catalyst (g) Fraction (g) ratio 5.6/5.8 

0 0 0.30 Soluble 0" 19 1.1 
Insoluble 0.11 1.2 

0 5% CFsOOCF8 0.89 Soluble* 0.65 2-7 
Insoluble* 0.24 1.5 

(n-CaFg)aN, 1 ml 5% CFaOOCFa 0"88 Solublet 0.68 2.6 
Insolublet 0.20 1.6 

3 ml 0 0.23 Soluble 0.14 1.1 
Insoluble 0.09 1.0 

3 ml 2~/o CF3OOCFB 0.47 Soluble 0-34 2-1 
Insoluble 0.13 1.8 

3 ml 5% CFaOOCFs 0.75 Soluble~ 0.64 3-0 
Insoluble 0.11 1-9 

6 ml 5% CFaOOCFa 0.63 Soluble 0-54 2.4 
Insoluble 0.09 1.7 

n-CaFza, 1 ml 5 ~  CFaOOCFa 0.64 Soluble 0.56 2.5 
Insoluble 0.08 1.9 

3 ml 5% CF3OOCFa 0-58 Soluble 0.50 2.4 
Insoluble 0.08 2.2 

6 ml 5% CFaOOCF~ 0"58 Soluble 0.50 1 "8 
Insoluble 0.08 1 "8 

* Mol. wt. of CCIzF solution fraction=6200 and insoluble fraction=6300 
"f Mol. wt. of CCI3F solution fraction=6000 and insoluble fraction=6800 
5; Mol. wt. of CCIzF solution fraction=5730 

polar aprotic solvent under gamma irradiation in the 
absence of catalyst 6, the incoming monomer  unit seems 
in some way to favour 1,2-polymerization for the 
former and 1,4-polymerization for the latter. Table 1 
shows that under u.v. irradiation both the stereoregulation 
for 1,2-polymerization and the polymer yield increase 
with increasing concentration of  the free radical catalyst. 
Table 1 also shows that bulk polymerization in the 
presence of CFaOOCFa catalyst under u.v. irradiation 
gave polyperfluorobutadiene (molecular weight around 
6000) with higher 1,2-moieties and better yield than in the 
absence of catalyst. For  solution polymerizations with 
the same amount of  catalyst, the presence of more polar 
aprotic solvent, (n-C4Fg)aN, is preferred over non-polar 
solvent (n-CsFls). 

The pendant perfluorovinyl bonds ( - - C F = C F z )  from 
1,2-addition polymerization appear at 5-6/zm and the 
internal perfluorovinylene bonds ( - - C F = C F - - )  from 
1,4-addition polymerization appear at 5.8/zm. Thus, in 
Tables 1 and 2, a large infra-red absorbance ratio 
(5.6/5.8) indicates more 1,2-polymerization. 

Table 2 shows that the solvent effect under u.v. initia- 
tion is not a significant factor in steric regulation nor in 
improving the yield of  the homopolymer.  The converse is 
true for homopolymerization under gamma irradiation, 
where the extent of  stereoregularity for 1,4-polymeriza- 
tion and the yield of the homopolymer increase with 
decreasing polarity of  the aprotic solvents 6. 

In summary, under ultra-violet irradiation the pre- 
dominance of 1,2-moieties is in the lower molecular 
weight fraction and is enhanced by increasing the concen- 
tration of  the free radical catalyst. For the preparation 
of high 1,4-moieties, see ref. 6. 
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Table2 Solvent effect on polymerization of perfluorobutadiene 
under u.v. irradiation (monomer, 44.43 g) 

i i 

After CClaF extraction 

Yield of Yield I.roabsorbance 
Solvent product (g) Fraction (g) ratio5.6/5.8 

0 0.80 Soluble* 0.19 1-1 
Insoluble* 0.11 1.2 

(n-C4Fg)aN, 1 ml 0.31 Soluble 0.21 1.1 
Insoluble 0.10 1.0 

3 ml 0.23 Soluble 0.14 1.1 
Insoluble 0.09 1.0 

6 ml 0.20 Soluble 0.13 1.1 
Insoluble 0.07 1.0 

n-CsFzs, 1 ml 0.34 Soluble 0.19 1.1 
Insoluble 0.15 1.2 

3 ml 0.28 Soluble 0.17 1.2 
Insoluble 0.11 1.3 

6 ml 0.18 Soluble 0-14 1.3 
Insoluble 0.04 1.2 

* Mol. wt. of CClaF solution fraction = 2700 and insoluble fraction 
= 9800 
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INTRODUCTION ~ 0 3 ~  

This note reports the determination of the glass transition ~ [ 
temperatures of different oligosaccharide series and the ~ / 
acetylated materials. The results are briefly discussed with 
regard to the influence of conformation and cohesive en- 
ergies on the rigidity of the oligosaccharide backbone. _~ 02 

EXPERIMENTAL 

Xylo- and cello-dextrins with chain lengths of up to six 
units were produced as described in previous papers 1, 2 
The samples were acetylated in an equal mixture of 
pyridine and acetic anhydride according to the usual 
techniques 3. Determination of the degree of acetylation 
yielded values between 2.9 and 2-7 for all samples. 

The temperature of glass transition was measured by a 
torsional braid analyser (TBA, Chemical Instruments 
Corp.). The principle of this testing technique has been 
previously described in detail 4. The samples were deposited 
onto the glass braid by evaporation of solvent from 
solution containing the sample at a concentration of 
5-10 ~ by weight. Owing to the small amount of available 
material (50-100mg) it was not possible to load the braids 
with more than 10-20mg of each oligosaccharide. 

The damping number and rigidity were evaluated as a 
function of temperature for all samples in a nitrogen 
atmosphere (flow rate 20ml/min) and at a temperature 
scanning rate of 1 °C/min. The resonance frequency of the 
free oscillation was between 0.1 and 0.5 Hz. All damping 
curves were directly analysed by a computer by means of 
an analog-digital converter connected to the output of 
the TBA. Damping and rigidity were evaluated by a least- 
square technique and the results were automatically 
plotted as the mechanical parameters versus temperatureL 
A typical mechanical spectrum is illustrated in Figure l. 

RESULTS 

Table 1 lists the glass transition values, Tg, found in this 
investigation. To check agreement with theory, a plot of 
1/Tg versus 1/M according to Ueberreiter 6 is shown in 
Figure 2. The intercept on the y-axis should yield Tg 
corresponding to infinite molecular weight. These data 
should thus correspond with the Tg values of cellulose, 
xylan, cellulose acetate and xylan acetate. It should be 
noted that the degree of crystallinity may interfere with the 
determination of Tg 7. No absolute means are available to 
determine the crystallinity of the samples on the braid. 
However, the heat of solution of the samplesweremeasured 

too5  
0 0 4  

0'03 
I I I I 

O 50 IOO 150 200 
Temperature (oc) 

Figure 1 Rigidity and logarithmic decrement versus temperature 
for cellohexaose as obtained with torsional braid analyser (TBA) 

Table 1 Molecular weight and Tg of oligosaccharides 

lJTgx 103 Tgextrapolated 
Sample DP (K -1) 1/Mx 103 Tg (°C) (°C) 

Cellodextrin 2 2'58 2.92 114 
4 2" 32 1 ' 50 158 
5 2.26 1.21 169 
6 2'23 1.01 175 

oo 0 
Acetylated 2 3.00 1.47 60 
cellodextrin 4 2.58 0.80 115 

5 2-53 0.65 122 
6 2.49 0-57 128 

oo 0 
Xylodextrin 4 2-45 1-82 135 

5 2.39 1.46 145 
6 2.35 1 • 23 152 

oo 0 
Acetylated 4 2- 65 1.03 105 
xylodextrin 5 2.54 0.84 120 

6 2.48 0.71 130 
oo 0 

217 

190 (190)a 

200 

195 (190)a 

a Measured on the braid 

after being subjected to the same procedure used for 
deposition on the braid. In no cases could endothermic 
enthalpies be detected, thus indicating that the crystallinity 
of the samples is small. 

The Tg for cellulose, given by the extrapolation, is in 
good agreement with that reported in the literature s . 
Similarly the Tg values for cellulose acetate and high 
molecular weight xylan obtained by extrapolation are in 
agreement both with data previously reported 9 and 
measured directly by torsion braid experiments. 

The experimental points fit well with the expression 
given by Ueberreiter and also yield reasonable values for 
the softening temperatures of the polymer. A plot of 
Tg versus 1/M as recommended by Flory TM also gave 
linear plot and no significant changes of Tg~. 
Consequently it may be concluded that the use of oligo- 
mers for determining T~ may avoid the objection of 
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Figure 2 The glass transition temperatures (Tg) of oligosac- 
charides versus molecular weight. ©, Cellodextrins; I ,  acetylated 
cellodextrins; A, xylodextrins; A, acetylated xylodextrins 

subjecting polymers to drastically high temperatures. 
In the case of polysaccharides pyrolytic degradation 
becomes severe at 180°C 11. 

CONCLUSIONS 

The high Tg values of the oligosaccharides are due to the 
high cohesive energy between the chains (intermolecular 

forces) and the limited rotational freedom between the 
monomer units in these molecules n. Since changes in 
the cohesive energy by acetylation are not found to alter 
Tg to any great extent, at least for the xylodextrins, it 
seems probable that the inherent chain stiffness is the 
primary reason for the high Tg values. 

The structure of the monomer unit evidently influences 
the Tg values. In the absence of the primary hydroxyl 
group (xylodextrins) the Tg values are reduced by about 
20°C. It seems reasonable to assume that this is due to 
intramolecular coupling by hydrogen bonding between 
adjacent rings that has been demonstrated between the 
hydroxyls at C6 and C2 in contiguous units 13. This 
interpretation is in line with the results on the acetylated 
compounds. In this case hydrogen bonding is absent and 
similar Tg values are observed. Thus chain stiffness and 
cohesive energies should be about equal and equal 
Tg values would be expected. 
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The controlled inter- and intra-molecular crosslinking 
of polymers is of current interest in several contexts 1, 2 
and generally must be effected through functional groups 
attached to the polymer chains. Polystyrene has advan- 
tages in studies of this type since it may be prepared with 
narrow molecular weight distributions and its physical 
properties have been extensively investigated. Use of 
hydroxyl as the functional group is attractive; for example 
it may readily be converted to a halogenated ester 
capable of network formation 1. The preparation of 
hydroxystyrenes 3-5 and their polymerization 6, 7 have been 
studied extensively. There are, however, no reports in 
the literature of the synthesis of (hydroxymethyl)styrene 
polymers, and indeed some of the difficulties encountered 
are well documented 8. The purposes of this communi- 
cation are to point out that the introduction of hydroxy- 
methyl groups into polystyrene may readily be carried 
out by known reactions, and that the direct preparation 
ofp-vinylbenzyl alcohol from styrene monomer may also 
be effected in a similar way. 

POLYSTYRENE CONTAINING p-CH2OH GROUPS 

The synthesis follows the route shown in (1) below: 

--CH2CH-- --CH2CH-- 

CH2C~ 
(I) (II) 

- - C H 2 C H - -  

CH2OCOCHa 

(m) (1) 

--CH2CH-- + 
CN20N 

(IV) 
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Figure 2 The glass transition temperatures (Tg) of oligosac- 
charides versus molecular weight. ©, Cellodextrins; I ,  acetylated 
cellodextrins; A, xylodextrins; A, acetylated xylodextrins 

subjecting polymers to drastically high temperatures. 
In the case of polysaccharides pyrolytic degradation 
becomes severe at 180°C 11. 

CONCLUSIONS 

The high Tg values of the oligosaccharides are due to the 
high cohesive energy between the chains (intermolecular 

forces) and the limited rotational freedom between the 
monomer units in these molecules n. Since changes in 
the cohesive energy by acetylation are not found to alter 
Tg to any great extent, at least for the xylodextrins, it 
seems probable that the inherent chain stiffness is the 
primary reason for the high Tg values. 

The structure of the monomer unit evidently influences 
the Tg values. In the absence of the primary hydroxyl 
group (xylodextrins) the Tg values are reduced by about 
20°C. It seems reasonable to assume that this is due to 
intramolecular coupling by hydrogen bonding between 
adjacent rings that has been demonstrated between the 
hydroxyls at C6 and C2 in contiguous units 13. This 
interpretation is in line with the results on the acetylated 
compounds. In this case hydrogen bonding is absent and 
similar Tg values are observed. Thus chain stiffness and 
cohesive energies should be about equal and equal 
Tg values would be expected. 
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The controlled inter- and intra-molecular crosslinking 
of polymers is of current interest in several contexts 1, 2 
and generally must be effected through functional groups 
attached to the polymer chains. Polystyrene has advan- 
tages in studies of this type since it may be prepared with 
narrow molecular weight distributions and its physical 
properties have been extensively investigated. Use of 
hydroxyl as the functional group is attractive; for example 
it may readily be converted to a halogenated ester 
capable of network formation 1. The preparation of 
hydroxystyrenes 3-5 and their polymerization 6, 7 have been 
studied extensively. There are, however, no reports in 
the literature of the synthesis of (hydroxymethyl)styrene 
polymers, and indeed some of the difficulties encountered 
are well documented 8. The purposes of this communi- 
cation are to point out that the introduction of hydroxy- 
methyl groups into polystyrene may readily be carried 
out by known reactions, and that the direct preparation 
ofp-vinylbenzyl alcohol from styrene monomer may also 
be effected in a similar way. 

POLYSTYRENE CONTAINING p-CH2OH GROUPS 

The synthesis follows the route shown in (1) below: 

--CH2CH-- --CH2CH-- 

CH2C~ 
(I) (II) 

- - C H 2 C H - -  

CH2OCOCHa 

(m) (1) 

--CH2CH-- + 
CN20N 

(IV) 
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The almost quantitative conversion of polystyrene (I) 
into poly(p-vinylbenzyl chloride) (II) has been described 
by SchlSgl and Fabitschowitz 9, who used chlorodimethyl 
ether both as solvent and reagent for chloromethylation. 
Anhydrous zinc chloride is a suitable catalyst. Other 
reagents, such as stannic chloride 1°, have been suggested 
but the reaction is often too vigorous and leads to gel 
formation. In our preparations the polymer was dissolved 
in carbon disulphide or carbon tetrachloride and a pro- 
portion of the stoichiometric weight of chlorodimethyl 
ether was employed. Conversion of poly(p-vinylbenzyl 
chloride) (II) to poly(p-vinylbenzyl acetate) (III) was 
described by Ayres and Mann 11. These authors carried 
out the reaction on a polystyrene gel, so that the isolation 
of the product in our case is different. Saponification of 
(III) to the required poly(p-vinylbenzyl alcohol) (IV) has 
not been described in the literature, although the corres- 
ponding reaction with non-polymeric analogues is 
recordedlZ, la. A variety of conditions was examined, 
and the results led to the following conclusions: (i) 
saponification is only successful in homogeneous solu- 
tion; and (ii) ethanol must be absent from the reaction 
mixture, otherwise ether derivatives are formed. A 
similar reaction occurs if unconverted chloromethyl 
groups remain: 

--CH2OCOCH~ 
or 

--CH2CI 

EtOH 
> --CH2OC2H5 (2) 

There are reports in the literature s that direct hydrolysis 
of poly(p-vinylbenzyl chloride) to poly(p-vinylbenzyl 
alcohol) cannot be accomplished, and our experience 
bears out this conclusion. 

Experimental 

Styrene/p-vinylbenzyl chloride copolymer. Commercial 
grade polystyrene (5g) was dissolved in carbon disul- 
phide (50ml) and chlorodimethyl ether (3-5ml) was 
added together with anhydrous zinc chloride (1 g). The 
mixture was shaken for 1 h and a further I g of zinc 
chloride was added. Shaking was continued for 9 h at 
room temperature and the mixture was then filtered. 
The solution was poured into methanol (21) to precipitate 
the polymer which was filtered and washed successively 
with hot water (11) and methanol (21). Reprecipitation 
was carried out from tetrahydrofuran or chloroform 
solution (30ml) into methanol, to give a white fibrous 
polymer which was dried in vacuo at 60°C for 4h (yield 
5.5g). 

The degree of substitution may be controlled through 
the reaction time. Observation of the intensity of the 
p-substitution band at 1220cm -1 provides a convenient 
method of monitoring the progress of reaction once the 
necessary calibration (based on elemental analysis) has 
been established. The conditions specified above would 
give 10~ substitution, approximately. 

Styrene/p-vinylbenzyl acetate copolymer. Chloromethyl- 
ated polystyrene (5 g) and anhydrous potassium acetate 
(30 g) were suspended by stirring in dimethyl sulphoxide 
(300 ml) at 40°C for 48 h. The resulting slurry was poured 
into cold water (2 l) and the precipitate was filtered off 
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and washed with hot water (3 1). Reprecipitation was car- 
ried out from tetrahydrofuran (or chloroform) solution 
(30ml) into methanol, to give a white fibrous polymer 
which was dried in vacuo at 40°C for 5 h (yield 5 g). 

The infra-red spectrum showed strong C~0  peaks at 
1740 and 1230cm -1. 

The chloromethylated polymer used in this stage must 
be finely divided; it may be obtained in a suitable form by 
precipitation from dilute solution. 

Styrene/p-vinylbenzyl alcohol copolymer. The styrene/ 
p-vinylbenzyl acetate copolymer (5g) was dissolved in 
dioxane (300ml); water (about 10 ml) was added drop- 
wise until the polymer just remained in solution, then 
solid sodium hydroxide (4g). The mixture was stirred 
for 10 h at 40°C and then poured into water (21) acidified 
with hydrochloric acid (25 ml). The polymer was filtered 
off, redissolved in tetrahydrofuran (30ml) and repreci- 
pitated in water (21). The fibrous white polymer was 
washed in methanol (1 1) and after separation by filtration 
was dried in vacuo at 30°C for 5 h. 

The infra-red spectrum showed the disappearance of 
the carbonyl peaks and the appearance of a broad 
hydroxyl peak at 3400-3500 cm-L 

p-VINYLBENZYL ALCOHOL FROM STYRENE 

Two types of procedure for the synthesis ofp-vinylbenzyl 
alcohol have been described. Yakubovich et al. 14 
employed the Grignard reagent from p-chlorostyrene and 
reacted this with gaseous formaldehyde. However, 
p-chlorostyrene requires a lengthy preparation and is 
expensive. 

The second procedure involves chloromethylation of 
/3-chloroethyl benzene 13 or ethyl benzene 12, followed by 
conversion of the ch[oromethyl to an acetoxymethy[ 
group by reaction with potassium or sodium acetate and 
acetic acid. Simultaneous saponification and dehydrochlo- 
rination then led to the desired product in the former case, 
while in the latter, conversion of the ethyl substituent 
into ~-acetoxyethyl is a necessary preliminary. There is 
also considerable contamination from the o-isomers of 
the intermediate products. 

Both of these routes involve a large number of steps. 
Direct synthesis from styrene is more convenient, and may 
be effected by the route shown in (3): 

CH=CH2 ClinCH2 

conc. HCl + KOCOCH3 
aq8 O DMSO 

40 ° C 

CH2CI 

(V) (VI) (3) 

CH ---- CH 2 CH = CH 2 

CH2OCOCH3 CH2OH 

(VII) (VlIl) 

chloromethylated Styrene monomer (V) was using 
concentrated hydrochloric acid and aqueous formalde- 
hyde solutionlL Potassium acetate in dimethylsulphoxide 
was used to replace the chlorine in (VI) by an acetate 
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group (a method adapted from that of Ayres and Mann 11) 
and the resulting ester (VII) was saponified to p-vinyl- 
benzyl alcohol (VIII). 

Attempts to hydrolyse the chloromethyl group in (VI) 
directly with ethanolic or aqueous sodium hydroxide 
produced ethyl(p-vinylbenzyl) ether in the absence of 
water and failed completely in aqueous solution. Blan- 
chette and Cotman 8 similarly found that halogen in 
chloromethylated polystyrene could not be directly 
replaced by hydroxyl groups. 

Experimental 

p-Chloromethylstyrene. A mixture of styrene (172ml), 
conc. hydrochloric acid (750ml), sulphur as inhibitor 
(10g) and formaldehyde solution (aq. 30~ ;  150ml) was 
stirred at 80°C for 8 h. An equal volume of water was 
added, the mixture was filtered and the oily layer separ- 
ated. The aqueous layer was extracted twice with 50ml 
portions of chloroform and the organic layers were 
combined. After drying (Na2SO4), p-chloromethylstyrene 
was obtained on fractionation as a colourless oil (108 g) 
b.p. 89-92°C (4 mmHg) [lit. 15 b.p. 114-115°C(13 mmHg)]; 
i.r. (liquid) 1654 and 970cm -1 (vinyl group); n.m.r. 
centred at 83.95 (2H, chloromethyl CH2), 86-25 (2H, 
vinyl CHz) and 8 7.25 (5H, ring protons and vinyl CH). 

p-Vinylbenzyl acetate. A mixture of p-chloromethyl- 
styrene (108g), potassium acetate (80g) and dimethyl- 
sulphoxide (DMSO) (250ml) was stirred at 40°C for 
48h. The mixture was filtered, water (1.51) was added, 
and the oil which separated was extracted with four 100 
ml portions of chloroform. The extracts were dried 
(Na2SO4) and distilled under reduced pressure to give a 
colourless oil, b.p. 96-100°C (10mmHg). This product 
was then washed twice with 50mi portions of water to 
remove any residual DMSO. After drying (Na2SO4) the 
organic layer was distilled to give p-vinylbenzyl acetate 
(109g) as a colourless oil b.p. 97-99°C (4mmHg) [lit. 12 
136-139°C (15mmHg)]; i.r. (liquid) 1735 and 1240 
(ester C = O )  and 975 cm -1 (vinyl group); n.m.r, centred 
at 8 1.85 (3H, ester CH3), 84.60 (2H benzyl CHz), 86.35 
(2H, vinyl CH2) and 87.25 (5H, ring protons and 
vinyl). 

p-Vinylbenzyl alcohol. A mixture of p-vinylbenzyl 
acetate (109 g), sodium hydroxide (50 g) in water (50 ml) 
and ethanol (300ml) was refluxed for 1.5 h. The mixture 
was diluted with water (1.51) and extracted with four 
100ml portions of chloroform. The extracts were dried 
(NaSO4) and distilled under reduced pressure to give 
p-vinylbenzyl alcohol (73.5g), a pale yellow oil, b.p. 
100-101°C (4mmHg) [lit. 1~ 132-137°C (15mmHg)], 
which solidified on cooling to feathery cystals m.p. 
23-24°C (lit. s 24°C). The phenyl urethane melted at 
93-94°C (lit. 13 95-96°C); i.r. (liquid) 975 and 1640 
(vinyl group) and 3320 (OH) cm -1 (complete absence 
of any carbonyl bands); n.m.r, centred at 3 4.05 (2H, 
benzyl CH2), 84.92 (1H, hydroxyl), 86.20 (2H, vinyl 
CH2) and 3 7.10 (5H, ring protons and vinyl CH). 
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On the importance of 2:1 water-DMSO complex in the n.m.r. 
spectra of 2'-deoxyadenosine in DMSO-water mixtures 
G. Venkoba Rao*, M. Balakrishnan and N. Venkatasubramanian 
Department of Chemistry, Vivekananda College, Madras 600004, India 
(Received 5 March 1973) 

In their study of n.m.r, and u.v. spectra of 2'-deoxyaden- 
osine(dA) in DMSO-water mixtures, Jang et al. 1 
noticed two types of upfield shifts of C2 and C8 protons 
of the base moiety. One type of upfield shift decreasing 
with decreasing water concentration upto 40 ~ water in 
DMSO-water mixtures was found to be concentration 
dependent. The other type of upfield shift increases in 
the region 6 0 ~ - 1 0 0 ~  DMSO and is concentration 
independent. While the first type was due to stacking 

* Present address: Harihar Polyfibers, Harihar, Mysore, India. 

interactions, the second type was interpreted by these 
authors in terms of hydration. 

We wish to point out in this communication that Jang 
et aL have completely overlooked one of the most 
important features of the DMSO-water system viz. the 
formation of a complex between DMSO and water. The 
novel results of Jang et aL can be explained only on the 
basis of this complex formation. Further, the possibility 
of hydration of the substrate at water concentrations less 
than 40 700 in DMSO-water mixtures is negligible and the 
upfield shift of C2 and C8 protons is due to a novel type 
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Figure 2 The glass transition temperatures (Tg) of oligosac- 
charides versus molecular weight. ©, Cellodextrins; I ,  acetylated 
cellodextrins; A, xylodextrins; A, acetylated xylodextrins 

subjecting polymers to drastically high temperatures. 
In the case of polysaccharides pyrolytic degradation 
becomes severe at 180°C 11. 

CONCLUSIONS 

The high Tg values of the oligosaccharides are due to the 
high cohesive energy between the chains (intermolecular 

forces) and the limited rotational freedom between the 
monomer units in these molecules n. Since changes in 
the cohesive energy by acetylation are not found to alter 
Tg to any great extent, at least for the xylodextrins, it 
seems probable that the inherent chain stiffness is the 
primary reason for the high Tg values. 

The structure of the monomer unit evidently influences 
the Tg values. In the absence of the primary hydroxyl 
group (xylodextrins) the Tg values are reduced by about 
20°C. It seems reasonable to assume that this is due to 
intramolecular coupling by hydrogen bonding between 
adjacent rings that has been demonstrated between the 
hydroxyls at C6 and C2 in contiguous units 13. This 
interpretation is in line with the results on the acetylated 
compounds. In this case hydrogen bonding is absent and 
similar Tg values are observed. Thus chain stiffness and 
cohesive energies should be about equal and equal 
Tg values would be expected. 

REFERENCES 

1 Brown, W. J. Chromatogr. 1970, 52, 273 
2 Brown, W. and Andersson, O. J. Chromatogr. 1971, 57, 255 
3 Marton, J. et al. Adv. Chem. Ser. 1966, 59, 125 
4 Lewis, A. F. and Gillham, J. K.J. AppLPolym. Sci. 1962, 6, 422 
5 Karlsson, H. Thesis Royal Institute of Technology, Stockholm 
6 Ueberreiter, K. and Kanig, G. J. Colloid Sci. 1952, 7, 569 
7 Read, B. E. Polymer 1962, 3, 529 
8 Back, E. L. and Didriksson, E. I. E. Sven. Papperstidn. 1969, 72, 

687 
9 Goring, D. A. I. Pulp Paper Mag. Can. 1963, 64, T-517 

10 Fox, T. G. and Flory, P. J. J. AppL Phys. 1950, 21, 581 
11 Arseneau, D. F. Can. Y. Chem. 1971, 49, 632 
12 Boyer, R. F. Rubber Chem. TechnoL 1963, 36, 1303 
13 Mann, J. and Marriman, H. ]. J. Polym. Sei. 1956, 21,301 

Introduction of hydroxymethyl groups into polystyrene 
and styrene 
C. H. Bamford and H. Lindsay 
Department of Inorganic, Physical and Industrial Chemistry, Donnan Laboratories, University of Liverpool, PO Box 147, 
Liverpool L69 3BX, UK 
(Received 15 March 1973) 

The controlled inter- and intra-molecular crosslinking 
of polymers is of current interest in several contexts 1, 2 
and generally must be effected through functional groups 
attached to the polymer chains. Polystyrene has advan- 
tages in studies of this type since it may be prepared with 
narrow molecular weight distributions and its physical 
properties have been extensively investigated. Use of 
hydroxyl as the functional group is attractive; for example 
it may readily be converted to a halogenated ester 
capable of network formation 1. The preparation of 
hydroxystyrenes 3-5 and their polymerization 6, 7 have been 
studied extensively. There are, however, no reports in 
the literature of the synthesis of (hydroxymethyl)styrene 
polymers, and indeed some of the difficulties encountered 
are well documented 8. The purposes of this communi- 
cation are to point out that the introduction of hydroxy- 
methyl groups into polystyrene may readily be carried 
out by known reactions, and that the direct preparation 
ofp-vinylbenzyl alcohol from styrene monomer may also 
be effected in a similar way. 

POLYSTYRENE CONTAINING p-CH2OH GROUPS 

The synthesis follows the route shown in (1) below: 

--CH2CH-- --CH2CH-- 

CH2C~ 
(I) (II) 

- - C H 2 C H - -  

CH2OCOCHa 

(m) (1) 

--CH2CH-- + 
CN20N 

(IV) 
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The almost quantitative conversion of polystyrene (I) 
into poly(p-vinylbenzyl chloride) (II) has been described 
by SchlSgl and Fabitschowitz 9, who used chlorodimethyl 
ether both as solvent and reagent for chloromethylation. 
Anhydrous zinc chloride is a suitable catalyst. Other 
reagents, such as stannic chloride 1°, have been suggested 
but the reaction is often too vigorous and leads to gel 
formation. In our preparations the polymer was dissolved 
in carbon disulphide or carbon tetrachloride and a pro- 
portion of the stoichiometric weight of chlorodimethyl 
ether was employed. Conversion of poly(p-vinylbenzyl 
chloride) (II) to poly(p-vinylbenzyl acetate) (III) was 
described by Ayres and Mann 11. These authors carried 
out the reaction on a polystyrene gel, so that the isolation 
of the product in our case is different. Saponification of 
(III) to the required poly(p-vinylbenzyl alcohol) (IV) has 
not been described in the literature, although the corres- 
ponding reaction with non-polymeric analogues is 
recordedlZ, la. A variety of conditions was examined, 
and the results led to the following conclusions: (i) 
saponification is only successful in homogeneous solu- 
tion; and (ii) ethanol must be absent from the reaction 
mixture, otherwise ether derivatives are formed. A 
similar reaction occurs if unconverted chloromethyl 
groups remain: 

--CH2OCOCH~ 
or 

--CH2CI 

EtOH 
> --CH2OC2H5 (2) 

There are reports in the literature s that direct hydrolysis 
of poly(p-vinylbenzyl chloride) to poly(p-vinylbenzyl 
alcohol) cannot be accomplished, and our experience 
bears out this conclusion. 

Experimental 

Styrene/p-vinylbenzyl chloride copolymer. Commercial 
grade polystyrene (5g) was dissolved in carbon disul- 
phide (50ml) and chlorodimethyl ether (3-5ml) was 
added together with anhydrous zinc chloride (1 g). The 
mixture was shaken for 1 h and a further I g of zinc 
chloride was added. Shaking was continued for 9 h at 
room temperature and the mixture was then filtered. 
The solution was poured into methanol (21) to precipitate 
the polymer which was filtered and washed successively 
with hot water (11) and methanol (21). Reprecipitation 
was carried out from tetrahydrofuran or chloroform 
solution (30ml) into methanol, to give a white fibrous 
polymer which was dried in vacuo at 60°C for 4h (yield 
5.5g). 

The degree of substitution may be controlled through 
the reaction time. Observation of the intensity of the 
p-substitution band at 1220cm -1 provides a convenient 
method of monitoring the progress of reaction once the 
necessary calibration (based on elemental analysis) has 
been established. The conditions specified above would 
give 10~ substitution, approximately. 

Styrene/p-vinylbenzyl acetate copolymer. Chloromethyl- 
ated polystyrene (5 g) and anhydrous potassium acetate 
(30 g) were suspended by stirring in dimethyl sulphoxide 
(300 ml) at 40°C for 48 h. The resulting slurry was poured 
into cold water (2 l) and the precipitate was filtered off 
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and washed with hot water (3 1). Reprecipitation was car- 
ried out from tetrahydrofuran (or chloroform) solution 
(30ml) into methanol, to give a white fibrous polymer 
which was dried in vacuo at 40°C for 5 h (yield 5 g). 

The infra-red spectrum showed strong C~0  peaks at 
1740 and 1230cm -1. 

The chloromethylated polymer used in this stage must 
be finely divided; it may be obtained in a suitable form by 
precipitation from dilute solution. 

Styrene/p-vinylbenzyl alcohol copolymer. The styrene/ 
p-vinylbenzyl acetate copolymer (5g) was dissolved in 
dioxane (300ml); water (about 10 ml) was added drop- 
wise until the polymer just remained in solution, then 
solid sodium hydroxide (4g). The mixture was stirred 
for 10 h at 40°C and then poured into water (21) acidified 
with hydrochloric acid (25 ml). The polymer was filtered 
off, redissolved in tetrahydrofuran (30ml) and repreci- 
pitated in water (21). The fibrous white polymer was 
washed in methanol (1 1) and after separation by filtration 
was dried in vacuo at 30°C for 5 h. 

The infra-red spectrum showed the disappearance of 
the carbonyl peaks and the appearance of a broad 
hydroxyl peak at 3400-3500 cm-L 

p-VINYLBENZYL ALCOHOL FROM STYRENE 

Two types of procedure for the synthesis ofp-vinylbenzyl 
alcohol have been described. Yakubovich et al. 14 
employed the Grignard reagent from p-chlorostyrene and 
reacted this with gaseous formaldehyde. However, 
p-chlorostyrene requires a lengthy preparation and is 
expensive. 

The second procedure involves chloromethylation of 
/3-chloroethyl benzene 13 or ethyl benzene 12, followed by 
conversion of the ch[oromethyl to an acetoxymethy[ 
group by reaction with potassium or sodium acetate and 
acetic acid. Simultaneous saponification and dehydrochlo- 
rination then led to the desired product in the former case, 
while in the latter, conversion of the ethyl substituent 
into ~-acetoxyethyl is a necessary preliminary. There is 
also considerable contamination from the o-isomers of 
the intermediate products. 

Both of these routes involve a large number of steps. 
Direct synthesis from styrene is more convenient, and may 
be effected by the route shown in (3): 

CH=CH2 ClinCH2 

conc. HCl + KOCOCH3 
aq8 O DMSO 

40 ° C 

CH2CI 

(V) (VI) (3) 

CH ---- CH 2 CH = CH 2 

CH2OCOCH3 CH2OH 

(VII) (VlIl) 

chloromethylated Styrene monomer (V) was using 
concentrated hydrochloric acid and aqueous formalde- 
hyde solutionlL Potassium acetate in dimethylsulphoxide 
was used to replace the chlorine in (VI) by an acetate 
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of  interaction between dA and DMSO. The fact that 
DMSO forms 1 : 2  complex with water is well estab- 
lishedL 

H H 
\ / 

O 

CH3 : 0 

\ i  / \ 
S + O . . . . . . .  H H 

/ 
CH3 

There is spectral evidence to show that there is hydrogen 
bonding between the two liquids 3. The maxima in vis- 
cosity isotherms at mole fractions of  DMSO equal to 
0.3 and the large heat of  evolution on mixing DMSO with 
water also show that there is strong association between 
these two liquids 4. Thus at the mole fraction of DMSO = 
0.28 corresponding to 6 0 ~  DMSO in DMSO-water  
mixtures the formation of complex is complete and very 
little 'free water' is available in the system for hydration 
purposes above 60 ~ DMSO. There have been evidences 
for this from our kinetic studies as well 5. 

The first type of upfield shift of C2 and C8 protons in 
2'-deoxyadenosine has been attributed to solute-solute 
or stacking interactions 1. These solute-solute interactions 
have been previously reported in the literature and in 
aqueous solutions such increased upfield shift of signals 
of  base protons with increasing concentration of the 
solute have been noticed 6, 7. This concentration dependent 
upfield shift of C2 and C8 protons of the base moiety 
in dA is found to decrease with decreasing water concen- 
trations and vanishes at 40 ~ water. This is because at 
this concentration of water corresponding to 6 0 ~  
DMSO, almost all the water is bound to DMSO in the 
form of a complex and at this percentage of water (40 Y/o 
water-60 ~ DMSO) no concentration dependent upfield 
shift is noticed. We attribute the non-availability of 
'free water' as the major cause of this. This non-depend- 
ence of the upfield shift on concentration at 40 ~ water 
has not been explained by Jang et  al. 

When the concentration of water is still further 
decreased below 40 ~ ,  the signals of Cz and Cs protons 
shift to higher field, the upfield shift increasing with 
decreasing water concentrations. The upfield shift being 
concentration independent cannot be due to stacking 

Notes to the Editor 

interactions. Jang et  al. attribute this to hydration, a 
solvent-solute interaction. We feel that the results are 
better explained by invoking a different type of solvent- 
solute interaction, viz. the interaction between DMSO 
and the solute rather than water and solute (hydration) 
as these authors have proposed. This looks more plausible 
because: (1) the concentration of 'free water' available 
for hydration is negligible when the percentage of DMSO 
exceeds 60 ~o in DMSO-water  mixtures; and (2) in 100 ~o 
DMSO also a concentration independent upfield shift 
is noticed. In 100~ DMSO no water is available for 
hydration purposes and hence 'hydration' is not respon- 
sible for these upfield shifts. 

We attribute the increased upfield shifts in concen- 
trations of DMSO exceeding 60 ~o to a possible interac- 
tion between the positive end of the sulphoxide dipole in 
DMSO and the lone pair of electrons on the ring nitrogen 
atoms. This type of interaction will affect the 'ring 
current' and will then be the reason for the upfield shift 
of C2 and Cs protons. What we envisage here is an ion- 
pair formation between the positive end of the DMSO 
dipole and the lone pair on ring nitrogen atoms or alter- 
natively a situation similar to 'collision complexes' 
postulated between benzene and N,N-dimethyl forma- 
mide s. This hypothesis is further confirmed by the fact 
that the upfield shift increases with decreasing dielectric 
constant of the medium (increasing DMSO concentration 
in aqueous DMSO) and it is well known that ion-pair 
formation will increase with decreasing dielectric constant. 

We wish to point out here that interaction between 
DMSO and ~r electrons of the ring is not significant as 
evidenced by the superimposability of the n.m.r, spectra 
of ethyleneglycol dibenzoate in DMSO and CDC13 9. 
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Molecular-sieve catalysed polymerization of isobutylene*t 
R. A. Rhein and Jeanne S. Clarke 

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, Calif. 91103, USA 
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INTRODUCTION 

There are only two other reports of molecular-sieve 
catalysed polymerization of  isobutylene. Norton 1 stated 
that isobutylene polymerized more readily than did 

* This paper presents the results of one phase of research carried 
out at the Jet Propulsion Laboratory, California Institute of 
Technology, under Contract No. NAS7-100, sponsored by the 
National Aeronautics and Space Administration. 
t Part of this paper is based upon a presentation to the 97th 
Meeting of the Division of Rubber Chemistry, ACS, Washington 
DC, May 1970 (paper 10). 

propylene or ethylene, and that the order of molecular 
sieve reactivities towards propylene polymerization for 
sieves of different designations was: type 10X< 13X< 
5A < 4A < 3A = 0, but there was no discussion of the 
isobutylene polymerization products. Gensheimer and 
Brown ~ reported that a molecular sieve of  type 5A (and 
also 4A, 10X and 13X) could polymerize isobutylene to 
di(isobutylene) and higher polymers. However, if the 
sieve was preheated in an inert oxygen-free gas, it would 
polymerize isobutylene to di(isobutylene) to the extent 
of  1-3 ~o- 
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In this work, a variety of molecular sieves and condi- 
tions of temperature and reaction time were employed 
for isobutylene polymerization catalysis. The products 
were primarily low-boiling telomers, but polymers were 
formed in nearly every case. 

EXPERIMENTAL AND RESULTS 

Molecular sieves selected as catalysts included the types 
A, X, y3, a, and L 5, 6. The types and pore diameters of 
the most common commercially available molecular 
sieves used in this work are: type 3A, 3A; type 4A, 
4.2A; type 5A, 5A; type 10X, 8A; and type 13X, 10A. 

Other molecular sieves used as catalysts (Linde 
Division of Union Carbide Corp.) were: SK45 (a potas- 
sium-exchanged type Ls); SK100 (decationized type Y 
with 0.5 ~ pdT); SKI 10 (partly decationized type Y with 
5.2 ~o MnO and 0.5 ~o pd7); SK200 (calcium-exchanged 
type Y with 0.5 ~ pt7); SK310 (calcium-exchanged type 
Y with 0.5~ pd7); SK400 (sodium-exchanged type Y 
with 1-0 ~o NIT); SK410 (sodium-exchanged type Y with 
1-0~ CUT); and SK500 (type Y with 35~o cations, 
15 ~ Na20 and 50 ~o mixed rare earth oxidesS). 

Although a variety of experimental methods and 
approaches were employed (a more detailed discussion 
of experimental procedure is presented in ref. 9), there 
were features common to all of the experiments. In most 
cases, 7.5× 10-Sm 8 (75ml) of isobutylene were added 
to 0.025kg of molecular sieve (pretreated by heating 
to 373-473K and evacuating to 0.133N/m 2 for 1 day) 

in a 2.5 x 10 -4 m 3 (250 ml) bulb. The reaction temperature 
was ambient (about 298 K) in most cases, although the 
reaction was studied also at 193 K, 273 K and 373 K. 

After the reaction period, the reaction bulb was then 
opened to a cooled graduated tube, in which non-reacted 
isobutylene was collected and its volume measured. The 
products in the reaction bulb were washed with several 
portions of n-pentane. Then the mixture of pentane and 
reaction products, in a 5 x 10 -4 m a (500 ml) beaker or 
flask, was opened to the atmosphere for a period of 
1-4 days to permit the pentane to evaporate. 

The resulting liquid product was then heated to 
approximately 423K and evacuated to approximately 
6.7 N/m 2 for a period of 1-3 days; to remove the volatile 
telomers, consisting of mixtures of di-, tri- and tetra- 
isobutylene. 

The refractive index and infra-red spectrum were 
determined for each polymer. The number-average and 
weight-average molecular weights were obtained from 
gel-permeation chromatograms. 

Nearly every polyisobutylene sample was characterized 
by a bimodal molecular weight distribution. The peak 
molecular weights were approximately 250 for the 
low-molecular weight peak and 3000-5000 for the high- 
molecular weight peak. This bimodal distribution 
accounts for polydispersity values ranging from 4 to 6. 

The unsaturation was estimated by the mercuric 
acetate method 10, and by a method using the increase 
in weight of a polymer sample, smeared on ground-glass 
disc (0.06 m diam.), after immersion in bromine vapour 

Tab/e I Experimental conditions and results 

Molecular sieve type and size 
Reaction 

time (days) Stirring 

Number- Weight- 
average average 

Yield of molecular molecular 
Unreacted polymer weight weight 

isobutylene (%) Mn Mw 

3A 1/16 pellets 
4A 100/120 mesh 
5A 1/16 pellets 
5A 40/50 mesh 
5A 40/50 mesh 
5A 40/50 mesh 
5A 80/90 mesh 
5A 120/130 mesh 
5A 160/170 mesh 
5A 160/170 mesh 
5A 160/170 mesha 
5A ~owder, 1-4pm 
10X 100/120 mesh 
10X, 100/120 mesh 
13X, 100/110 mesh 
13X 100/110 mesh 
SK45 powder, 1-4/~m 
SK45 powder, 1-4/~m 
SK100, 1/16 pellets 
SK100, 1/16 pellets 
SK110, 1/16 pellets 
SK110, 1/16 pellets 
SK200, 1/16 pellets 
SK200, 1/16 pellets 
SK310, 1/16 pellets 
SK400, 1/16 pellets 
SK400~ 1/16 pellets 
SK410~ 1/16 pellets 
SK500, 1/16 pellets 

7 No 
7 No 

10 No 
4 Yes 
4 Yes 

10 No 
10 No 
4 Yes 

10 No 
1 Yes 
1 Yes 

10 No 
7 No 
9 Yes 
7 No 
9 Yes 
5 Yes 
9 Yes 
5 Yes 
9 Yes 
3 Yes 
9 Yes 
3 Yes 
9 Yes 
3 Yes 
3 Yes 
9 Yes 
3 Yes 
3 Yes 

a Polymerized at 0°C, All others polymerized at room temperature 
b Not determined 

100 0 
100 0 

0 22.7 555 1325 
0 54.3 35O b 
0 52.6 322 1032 
0 18'9 515 1264 
0 43.6 469 1397 
0 56"3 526 1641 
0 48"7 663 1963 
0 9-6 1241 3669 
0 8'0 1229 3438 
0 0 
0 4'5 300 480 
0 3"9 575 1390 

50 7'8 2569 5989 
13.3 10"9 1140 4896 

b b 839 2566 
76"0 0'2 1417 3292 

b b 315 365 
0 5.6 639 1830 
b b 982 2164 

0 4.4 832 1950 
b b 781 1232 

0 0.5 564 1124 
0 1"2 457 761 

60 2"2 448 2114 
66'6 2"5 1233 3807 
8O 0 

0 2.0 610 1608 
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Table 2 Processing conditions and experimental results for the polymerization of isobutylene by molecular sieve 13X 

Ratio of 
catalyst Number- Weight- 

Reaction to monomer Unreacted Yield of average average 
time Temp. kg/m3x 10 z isobutylene polymer molecular molecula 

Exp. No. (days) (K) (gm/ml) Stirring (%) (%) weight, Mn weight, Mw 

1 0.333 298 0.333 Yes 66.6 2.6 911 3275 
2 1 298 0-333 Yes 57.8 7.1 1565 4935 
3 2 298 0-333 Yes 26.7 4 1293 4405 
4 4 298 0.333 Yes 22.6 24.4 802 4279 
5 6 298 0.333 Yes 0 14.7 863 4933 
6 12 298 0-333 Yes 5.3 11.1 889 3971 
7 15 298 0- 333 Yes 6.7 16- 7 770 4229 
8 20 298 0' 333 Yes 6.7 16 839 4049 
9 9 298 0.5 Yes 19 43.4 865 4688 

10 9 298 0' 25 Yes 4 11 • 3 807 4135 
11 9 298 0' 5 Yes 2 30" 3 586 3081 
12 9 298 1 Yes 0 12.2 1264 3500 
13 9 298 2-5 Yes 0 8.3 717 1405 
14 1 193 0.333 No 97.6 0.1 1715 5267 
15 4 193 0.333 No 31.4 12.2 780 3257 
16 7 193 0.333 No 72 4.7 1107 5210 
17 1 273 0.333 No 31-4 9.1 1137 5399 
18 4 273 0-333 No 25 21.3 712 3369 
19 7 273 0.333 No 0 30 820 3363 
20 1 298 0.333 No 54.7 9.6 489 2507 
21 4 298 0.333 No 20 22-9 613 3095 
22 1 373 0-333 No 0-7 11 971 5710 
23 4 373 0.333 No 6.7 16 393 1454 
24 7 373 0.333 No 9.3 33.1 370 1678 

Table 3 Parameters influencing the characteristics of the reaction products from the molecular-sieve-catalysed polymerization of 
isobutyIene 

Dependent variable 

Independent variable Polymer yield (%) Polymer molecular wt., Mn Isobutylene reacted (%) 

Pore diameter 

Exchanged cation 

Type of sieve 

Catalyst on sieve 
Particle size 

No yield~<4.2x 10-1Om (4.2~) 
maximum at 5x  10-1°m(5A) 
Generally cations> cations+ 
MnO> Na=O> (Na20 + cations + 
rare earth oxides)> CaO 
A > X > Y > L  

Pd> Pt, N i>Cu 
Increasing yield for increased size 

Temperature Increased 
Time of reaction Increasing 
Ratio catalyst/monomer Decreased 
Effect of st#ring Decreased 

Increasing with increasing pore 
diameter 
Generally (cations+ MnO)~ 
Na20> CaO> (cations+ Na20 + 
rare earth oxides)> cations 
L> Y, L> A, otherwise 
indeterminate 
Pt> Pd 
Increasing Mn for decreasing 
particle size 
Decreased 
Generally decreased 
Decreased 
Increased 

Nones<4.2×10 l °m(4 -2~) ;  
maximum (5-8) × 10-1Om (5--8A) 
Generally (cations) ~ (cations + 
NaO) ~ CaO ~ (Na20 + cations + 
rare earth oxides)> Na20 
A>~Y>~X>L 

Pt= Pd, N i>Cu 
Indeterminate 

Increased 
Generallyincreasing 
Decreased 
Increased 

for 60sec.* Unsaturation functionality substantially 
higher than unity was not observed for any of the 
polymers. 

The data for the polymers are presented in Tables 1 
and 2; these data include the weight percentage polymer 
yield (based upon the initial monomer weight), the 
percentage monomer that reacted, and the number- 
average and weight-average molecular weights. 

From the experimental conditions, the character of 
the molecular sieves and the nature of the reaction 
products (Tables 1 and 2) comparative relationships 

* The method and apparatus is described in a brochure, 'Instruc- 
tions for use of Heidbrinck Weight Glass, Cat. M30640', from 
Metro Scientific Inc., Farmingdale, NY. This method was found 
to be accurate for unsaturation determination of 1-octadecene and 
tetraisobutylene, and registered essentially no unsaturation (as 
expected) for Nujol mineral oil and for 2,6,1O,14-tetramethyl- 
pentadecane. 

between the experimental variables and the reaction 
products were obtained. The dependent variables 
considered were the weight percentage polymer yield, 
the number-average molecular weight of the polymer, 
and the percentage monomer that reacted. 

The following were regarded as independent variables: 
pore diameter (of the molecular sieve), the exchanged 
cation, the type of molecular sieve, the polymerization 
temperature, the reaction time, and the effect of stirring 
the reactants. Table 3 presents the qualitative relation- 
ships between each of the dependent variables to each 
of the independent variables in this work. 

D I S C U S S I O N  A N D  C O N C L U S I O N  

Since isobutylene polymerizes by a cationic mechanism 11, 
it appears that the polymerization of isobutylene by 
molecular sieves occurs at cationic sites within the 
molecular sieve cavity. This is supported by the fact that 
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polymerizat ion only occurs when the cavity pores are 
I> 5 x 10 -10 m (/> 5 A) [i.e. the isobutylene cannot  enter 
through pores < 5 x 10 -10 m ( < 5 A)] that  polymer yield 
and  fraction of isobutylene  reacted were greatest for mol-  
ecular sieves with cationic exchanged sites, and that  the 
polymer  was essentially monofunc t iona l  in unsaturat ion.  

The polymerizat ion reaction is rather slow, since both 
polymer yield and  fraction of  reacted isobutylene 
increased over a period of days. In  addit ion,  the polymer 
molecular  weight decreased with increasing temperature,  
as generally observed in isobutylene polymerization.  

In  conclusion, types A, X, Y and L molecular  sieves 
have served as catalysts for the polymerizat ion of iso- 
butylene. In  all cases, the polymerizat ion reaction was 
relatively slow. The polymerizat ion evidently occurs 
within the cavities of the molecular  sieve structure, 
since polymerizat ion does no t  take place if  the pore size 
is less than  5 x 10-10m (5A). 

The polymerizat ion products included viscous, non-  
volatile polymers, a long with volatile telomers of iso- 
butylene. The polymers in  most  cases were characterized 
by bimodal  molecular  weight distributions. Unsa tu ra t ion  

determinat ion by means of mercuric acetate addi t ion 
and  bromine  addi t ion indicated about  one unsaturated 
group per mole. 
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Book Reviews 

Physical methods in macromolecular chemistry 
Edited by Benjamin Carroll 
Marcel Dekker, New York, 1972, Vol. 2, 369 pp. $23.50 

This book is volume two of a series which aims, according to the 
preface, to provide the scientist with the understanding needed to 
select the most useful method for his research problem. By focusing 
attention on the interpretation of experimental data, the editor 
assures us, the contributors point out important features and 
principal limitations of the methods they describe. Judged by these 
intentions, this particular book is a failure. In fact, the majority of 
the book is an uncritical catalogue of the various research papers 
which have been published. Of course, the book is quite useful as 
a source of references. 

The nearest the book comes to fulfilling its objectives is in the 
fourth chapter by E. P. Manche and B. Carroll which is devoted to 
the applications of thermal methods to polymers. The article by 
D. J. R. Laurence on the Interactions of polymers with small ions 
and molecules, on the other hand, illustrates precisely my complaint; 
it will be unlikely to tell the expert anything new while for the 
beginner it fails to concentrate attention on the key papers but 
merely lumps them in with the morass--in some 70 pages of text, 
386 references are given! The other two articles lie somewhere 
between in usefulness. The article on gel permeation chromato- 
graphy by D. D. Bly is rather pedestrian but adequately summarizes 
the technique. The remaining article on the electrical properties 
of proteins by E. O. Forster and A. P. Minton is rather better but is 
restricted in scope to this particular type of polymer. 

I also find the printing unattractive with its non-aligned right hand 
columns and small type face. The uninspired quality of the contri- 
butions, the unattractive printing, and the high price make me advise 
unequivocably private individuals or libraries not to purchase this 
book. 

D. Margerison 

Differential thermal analysis 
Edited by R. C. Mackenzie 
Academic Press, London and New York, 1972, Vol 2, 
607 pp. £12.50 

The book opens with four excellent short chapters in a section 
entitled 'Physical chemistry'. The chapter on kinetics provides a 
useful corrective to some optimistic views in later pages. A chapter 
on Low temperature studies would logically have appeared in Vol 1 
under instrumentation. The final section 'Applications in industry' 
has chapters on ceramics, building materials, cements, glass, 
minerals, soils, catalysts, atomic energy, explosives, plastics and 
rubbers, textiles, pharmaceuticals, oils, fats, soaps and waxes, 
foods, forest products and dusts. 

Although this volume, unlike Vol 1, does not regard organic 
compounds chiefly as impurities in soils we still find plastics and 
rubbers treated as one chapter with the result that the coverage of 
the former relies unduly on the technical literature of instrument 
manufacturers. The author's criticism of published d.t.a, curves of 
polymers (p 411) is illuminating but this chapter on the whole is 
disappointing, probably because it is approximately six years old. 
The chapter on textiles contains much useful information in a mass 
of verbiage. The other chapters contain little of interest to polymer 
scientists. From the standing of the authors, one would expect good 
reviews of the topics and this they appear to provide. There is, 
however, a good deal of repetition amongst the various chapters 
as well as much extraneous material. One presumes that the book 
is intended to be available in a library rather than in a personal 
bookcase; the price of £25.00 for both volumes supports this view. 
D.t.a. is used by workers in many disciplines throughout the world, 
and the editor has endeavoured to reflect this in his choice of authors 
and subjects. This Herculean task has not been completely success- 
ful but the two volumes together provide the best general reference 
on d.t.a, known to me. 

T. R. Manley  
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polymerizat ion only occurs when the cavity pores are 
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polymer yield and  fraction of  reacted isobutylene 
increased over a period of days. In  addit ion,  the polymer 
molecular  weight decreased with increasing temperature,  
as generally observed in isobutylene polymerization.  

In  conclusion, types A, X, Y and L molecular  sieves 
have served as catalysts for the polymerizat ion of iso- 
butylene. In  all cases, the polymerizat ion reaction was 
relatively slow. The polymerizat ion evidently occurs 
within the cavities of the molecular  sieve structure, 
since polymerizat ion does no t  take place if  the pore size 
is less than  5 x 10-10m (5A). 

The polymerizat ion products included viscous, non-  
volatile polymers, a long with volatile telomers of iso- 
butylene. The polymers in  most  cases were characterized 
by bimodal  molecular  weight distributions. Unsa tu ra t ion  

determinat ion by means of mercuric acetate addi t ion 
and  bromine  addi t ion indicated about  one unsaturated 
group per mole. 
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under instrumentation. The final section 'Applications in industry' 
has chapters on ceramics, building materials, cements, glass, 
minerals, soils, catalysts, atomic energy, explosives, plastics and 
rubbers, textiles, pharmaceuticals, oils, fats, soaps and waxes, 
foods, forest products and dusts. 

Although this volume, unlike Vol 1, does not regard organic 
compounds chiefly as impurities in soils we still find plastics and 
rubbers treated as one chapter with the result that the coverage of 
the former relies unduly on the technical literature of instrument 
manufacturers. The author's criticism of published d.t.a, curves of 
polymers (p 411) is illuminating but this chapter on the whole is 
disappointing, probably because it is approximately six years old. 
The chapter on textiles contains much useful information in a mass 
of verbiage. The other chapters contain little of interest to polymer 
scientists. From the standing of the authors, one would expect good 
reviews of the topics and this they appear to provide. There is, 
however, a good deal of repetition amongst the various chapters 
as well as much extraneous material. One presumes that the book 
is intended to be available in a library rather than in a personal 
bookcase; the price of £25.00 for both volumes supports this view. 
D.t.a. is used by workers in many disciplines throughout the world, 
and the editor has endeavoured to reflect this in his choice of authors 
and subjects. This Herculean task has not been completely success- 
ful but the two volumes together provide the best general reference 
on d.t.a, known to me. 

T. R. Manley  
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Thermoelastic and thermomechanical 
studies on natural rubber vulcanized in the 
swollen state 

C. Price, K. A. Evans and F. de Candia* 
Department of Chemistry, University of Manchester, Manchester M13 9PL, UK 
(Received 1 March 1973) 

Three samples of natural rubber were crosslinked in n-decane solution. After the solvent 
had been removed, a thermodynamic investigation was made of the elastic behaviour 
of the samples in simple extension. Thermoelastic measurements at constant pressure 
and length were carried out on the first two samples. The third sample was subjected 
to a thermomechanical heat of extension study using a Calvet microcalorimeter. The 
experiments enabled the temperature coefficient of the mean-square unperturbed dimen- 
sions, (r02), to be derived. From the thermoelastic measurements average values for 
dln(r~o)/dT of (0.44+0.08) × 10-Zdeg -1 and (0.38+0.07) × 10-Zdeg -z were obtained, whilst 
the thermomechanical measurements gave a value of (0.54+0.04)× 10-Zdeg -z. 

INTRODUCTION 

When applied to the case of uniaxial extension and 
compression the statistical 1, 2 theory of rubber elasticity 
gives: 

f = vkT((r~)/(r~))(~- ~-2) (1) 

where f is the equilibrium force per unit cross-sectional 
area of the undeformed sample, v is the number of 
active chains per unit volume of the sample, k is the 
Boltzmann constant, (r~) and (ro 2) are the mean-square 
end-to-end dimensions for chains constrained by the 
network and for free chains in the bulk state respectively, 
and ~ is the extension ratio. 

For rubbers crosslinked in the dry state the force- 
extension behaviour is found to deviate significantly 
from the o~-dependence predicted by equation (1). Over a 
restricted range of ~ above 1.1 the behaviour has been 
shown to be adequately described by the empirical 
relationship 3-5: 

f =  Cl(c~ - a-z) + C~(1 - -  a -z) (2) 

Differentiation of equation (1) ~ with respect to tem- 
perature whilst holding the pressure P and length L 
constant yields: 

(0 In (f/T)/OT)L. v =  - d l n  (r~))ldT-flL, vl(aa_ 1) (3) 

where ilL, V = (0 In V/OT)L, p is the coefficient of cubical 
expansion of a sample maintained at constant length, 
while if the volume V rather than the pressure is held 
constant 

(0 In (fIT)lOT)L, v = - d i n  (r~)/dT (4) 

In spite of the observed deficiencies of equation (1), 

* Permanent address: Laboratorio di Ricerche su Tecnologia dei 
Polimeri e Reologia, CNR, Arco Felice, Napoli, Italy. 

thermoelastic measurements have provided the most 
extensively used method of obtaining din (r~)/dT 6. 

The force-extension behaviour of solution-vulcanized 
natural rubber 7 and cis-polybutadiene 8,9 in the dry 
state have been found to be in closer agreement with 
the a-dependence predicted by equation (1) than vul- 
canisates prepared in the dry state. In the case of natural 
rubber 7 the magnitude of C2/C1 was shown to be quite 
small (or zero) for values of Cr from 0.15 up to 0.40, 
where Cr is the volume fraction of rubber present during 
crosslinking. For cis-polybutadiene low values of  C2/C1 
were obtained up to ¢r=0"30 s. For solution vulcanized 
rubbers it would seem that there is rather more justifica- 
tion for the use of equations (3) and (4) to obtain 
dln (r])/dT than for the case of conventional vul- 
canisates. In the present study we have determined 
dln (r~o)/dT for natural rubber from (a) thermoelastic 
measurements and (b) thermomechanical measurements, 
carried out on solution vulcanized materials at constant 
pressure in the dry state. 

EXPERIMENTAL 

Crosslinking procedure 
A weighed amount of natural rubber (light masticated 

crepe) was packed in small pieces into a 14mm wide 
Pyrex tube sealed at one end. Recrystallized dicumyl 
peroxide was dissolved in an inert high boiling solvent 
(n-decane) and the requisite volume of the solution 
was added to the rubber in the tube; three parts of 
dicumyl peroxide per 100 parts by weight of rubber 
were used. The rubber solution was well stirred and 
left for a period of several weeks to equilibrate. (Any 
tubes in which bubbles did not disappear after a reason- 
able length of time were rejected.) The space above the 
solution was flushed with nitrogen and the tube was 
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sealed. The system was then crosslinked either by 
heating to 135°C for 2h  (sample NR3) or to 140°C 
for 2h  (samples NR1-2);  under the chosen conditions 
no syneresis was observed. Afterwards the system was 
slowly cooled to room temperature and the tube was 
opened at the top. To ensure that the gel came away 
cleanly from the tube without fracture or surface damage 
a small quantity of methanol was added in order to 
de-swell it. After the gel had been removed from the 
tube, the solvent, catalyst residues and any uncrosslinked 
rubber were removed by continuous extraction with 
benzene. The sample was dried on a vacuum line to 
constant weight; this took a period of several weeks. 
Finally, the ends of the specimen were trimmed perpen- 
dicular to the principal axis of the cylinder, and stainless- 
steel pieces were bonded onto the end using Eastman 910 
adhesive. 

Force-extension measurements 
The force-extension characteristics of the samples 

were studied using a Hounsfield Model E tensile tester 
fitted with an environmental chamber. Measurements 
were made for both increasing and decreasing loads. 
Between increments the sample was stretched at a rate 
of 1 cm/min. On reaching the required extension the 
sample was allowed to reach equilibrium each time. 
The extension was obtained by measuring the distance 
apart of two marks on the sample with a cathetometer 
to an accuracy of +0.005cm. The equilibrium force 
was obtained using calibrated 0-51b or 0-501b (1 lb=  
0.4536 kg) load cells. 

Force-temperature measurements 
Values of (Of/OT)z, e at a range of extension between 

~= 1.1 and 2.0 were determined in the manner described 
previously 12 from linear plots of equilibrium force 
versus temperature over the range 35-65°C. The extended 
rubber was left thermostating at 70°C before each 
determination. The equilibrium forces required to 
maintain the length constant were measured at ~35 
minute intervals for progressively decreasing tempera- 
tures. Some measurements were also taken at progres- 
sively increasing temperatures to check the reversibility 
of the values. Using this schedule the linear plots of 
force versus temperature were found to be reversible 
and repeated determinations gave slopes which were 
constant to within + 2 ~ .  The plots were similar to 
those shown previously s and in each determination 
measurements were taken at eight temperatures. 

Thermomechanical studies 
The change in enthalpy AH, of a rubber sample on 

extending it from length l~ to length /2 at constant 
pressure is given by q + w, where q is the heat absorbed 
during the deformation process and 

w = f d l  

is the mechanical work done on the system. The quantity 
q was measured by stretching the rubber sample in a 
Calvet microcalorimeter using the procedure to be 
described later. Ideally, the quantity w should have been 
determined during the same deformation process. Indeed, 
in a preliminary investigation an apparatus was con- 
structed which permitted this to be done. However, the 

system was cumbersome and difficult to operate. In the 
investigation therefore it was decided to determine w 
from force-extension measurements carried out under 
identical strain rates in a subsidiary experiment. 

Calorimetry. The Calvet microcalorimeter (Setram, 
Lyon) was the standard commercial model, capable 
of operating from ambient temperature to 200°C. A 
detailed description of the theory, construction, and 
calibration of the instrument may be found elsewhere TM. 
Briefly, the instrument consisted of an aluminium heat 
sink containing two cavities into which fitted twin 
cylindrical cells (stainless steel: 1.7 cm dia. × 8-5 cm long). 
In each cavity a thermopile (496 copper/constantan 
thermocouples) was interposed between cell and metallic 
block. The metallic block was thermostated to _+ 0-001 °C 
by use of a Sefram R.T.64 temperature regulator. The 
thermopiles were connected in opposition, and the net 
output from them was fed to a galvanometer. The 
galvanometer assembly consisted of a Sefram Verispot 
galvanometer in conjunction with a projection lantern 
and Photodyne spot-follower. The twin cells, which were 
seated in silver sockets coated with a thin layer of mica, 
could easily be removed for charging. The deformation 
process under investigation was carried out in the 'labora- 
tory' cell and the other was set up as the 'reference' cell. 
Either a quarter or three-quarters of the thermocouples 
in the pile surrounding the ' laboratory' cell could be 
used to generate a compensating Peltier effect. Because 
the thermal fluxes developed in our experiments were 
always relatively small, this facility was not employed 
and the microcalorimeter was operated on the highest 
sensitivity range throughout. 

Tian equation. In using this equation we assume that 
the internal boundary which contacts the pile is at a 
uniform temperature. If W is the thermal power de- 
veloped in the ' laboratory' cell at time t, and 0 is the 
difference between the temperature of the internal 
boundary 0~ and that of the external boundary 0e, then 
we can write 

W = p 0 + # ~  (5) 

where p is a constant, and /z is the thermal capacity of 
the cell contents. Since the mechanical inertia of the 
galvanometer and the self induction of the calorimeter 
are negligible, the e.m.f, generated by the heat flux 
produces a recorder deviation A= gO where g is a 
constant. Thus we can write W = ( p / g ) A + ( ~ / g ) d A / d t .  
The quantity of heat emitted by the cell contents between 
times tl and t2 is given by: 

t ,_  (t, Wdt 
q t l  - -  

J r 1  

( ' t ,  (',X~ 
=(p/g)J, Adt +(~,/g)J,~ da (6) 

The first term on the right-hand side of equation (6) 
can be determined from the area A under the recorded 
curve and a knowledge of  the calibration constant, 
whilst the second term is zero in our experiment since 
experiments were started and ended on the same base- 
line (i.e. AI=Az=0) .  Hence equation (6) becomes 
q~=(p/g)A.  
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Cell assembly. The experimental assembly within the 
' laboratory' cell G is shown schematically in Figure 1. 
One of the metal end-pieces attached to the rubber 
sample, A, was screwed into cap B in the base of the cell, 
whilst the other end-piece was connected to steel rod D 
via a Teflon spacer C. The Teflon plug, E, formed the 
roof  of the cell. The length of the sample could be 
varied by winding the rod D up or down at a constant 
rate; the position of the rod, and hence the length of 
the sample, could be determined by means of the micro- 
meter screw gauge, F. The assembly within the 'reference' 
cell was similar to that in the ' laboratory' cell except 
for the omission of a sample. 

The microcalorimeter was calibrated electrically in 
the recommended manner using Joule heating. 

Experimental procedure. When a stable base line had 
been established the sample was extended at a fixed 
rate from ~= 1.0 to the chosen extension. The rate of 
strain was arranged to be as near as possible equal to 
that used in the subsidiary force-extension measure- 
ments. However, a number of  test runs carried out at 
deliberately erroneous rates (as much as 25 ~o too high, 
and too low) showed that over the range of interest the 
results were not very sensitive to quite moderate varia- 
tions in this parameter. When the recorder trace had 
returned to the base line, the applied stress was removed 
and the sample was allowed to relax back to ~= 1.0. 
The described procedure was repeated for a series of  
values. 

RESULTS 

Force-extension studies 
These were carried out on three solution vulcanized 

natural rubber samples NR1-NR3 in the dry state. The 
ranges covered by the measurements were 1-1 < a < 2.0 
for samples NR1 and NR2 and 1.1 < a < 4 - 0  for sample 
NR3. Plots of  f / (a-a-2)  against a -1 are shown in 
Figure 2. Given in Table 1 are values of C1 and 6"2 
obtained on fitting the experimental data over the 
range 1 .1<~<2.0  to equation (2) by the method of 
least squares. The results confirm that over the range 
of  interest solution crosslinked rubbers show smaller 
departures from the a-dependence predicted by equation 
(1) than do conventional vulcanisates. However, even 
if the measurements taken up to ~=4.0  are included in 
the fit for sample NR3 the values obtained 

(C1= 1.64 × 105Nm -2, C~=0.36 x 10~Nm -2) 

remain fairly close to those given in Table 1. 

Thermoelastic studies 
Force-temperature measurements at constant pressure 

and length were carried out on two solution crosslinked 
rubbers NR1 and NR2 in the dry state. The results 
are collected together in Table 2, together with values 
of din <r~>/dT calculated using equation (3); also given 
is the fraction of the total force which is energetic in 
originfe/f obtained from: 

fe/ f  - (aU/al)T, v / f= Tdln <r~>/dT (7) 

Equation (7) like equation (3) is based on the statistical 
theory of rubber elasticity. 

rubber: C. Price et aL 
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Figure I Experimental assembly within the 'laboratory' cell of the 
Calvet microcalorimeter 
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Figure 2 Mooney-Rivlin plots for dry samples of natural rubber 
crosslinked in the presence of n-decane. A,  NR1; x ,  NR2; 
O, NR3 

Table 1 Values of C1 and C2 for dry samples of 
natural rubber crosslinked in the presence of 
n-decane 

Czxl0 -5 C~xl0 -5 T 
Sample ~r (N m -e) (N m -z) (°C) 

NR1 0.20 1.15 0-11 30 
NR2 0-28 1.22 0-11 30 
NR3 0.34 1.81 0.15 25 

Thermomechanical studies 
Calorimetric measurements were made on sample 3 

in the dry state for extensions up to a-~l.8. All the 
measurements were made at 25°C. The mechanical work 
done on the system during the deformation process 
was obtained by integration of the force-extension 
curves established at the same strain rate. The results 
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Table 2 Results from thermoelastic studies 

f(50°C) x 10-~ (Of/OT)L, px 10 -2 din (r~)/dTx 103 fe 
Sample c~ (N m -a) (N m-2deg -z) (deg -1) f 

NR1 

NR2 

1.192 0'628 1.00 0.55 0-178 
1.312 0.915 1.93 0.46 0-148 
1.401 1"143 2.64 0.41 0-132 
1-538 1.477 3-62 0-39 0.126 
1.641 1-628 4.05 0.41 0.134 
1'707 1-780 4.66 0.31 0.101 
1.843 2-011 5.09 0.44 0-142 
1.926 2"079 5.11 0.53 0-171 

1.212 0.736 1'30 0.48 0.156 
1.304 0.979 2.21 0'30 0.096 
1'431 1.313 3"19 0.32 0.104 
1.515 1.486 3.71 0.33 0.107 
1'620 1.616 3"94 0.45 0.147 
1'716 1.890 4.97 0'30 0.098 
1.796 1.981 5'03 0'42 0.135 
1.901 2.211 5"64 0'43 0.139 
2.038 2.402 6'31 0.38 0.123 
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Figure 3 Enthalpy changes on stretching sample NR3 from the 
unstrained state to c~ 

Table 3 Results from thermomechanical studies on sample NR3 
at 25°C 

d I n (r~) x 103 
- - q x l 0 2  wx102 AHx l0~  rex102 dT 

c~ (d cm -s) (d cm -3) (d cm -a) (J cm -4) (deg -1) fe/f 

1-098 0'05 0"27 0"22 
1"227 1"01 1"42 0"41 
1"323 2-36 2'82 0"46 
1-360 2"40 3"34 0'94 
1"398 2"92 4-00 1"08 
1"448 3'68 4'95 1"27 
1"498 4-41 6"01 1'60 
1'531 5'05 6'75 1-70 
1-548 5-29 7.17 1.88 
1.623 6.82 9"05 2"23 
1"765 10'16 13'03 2-87 

3.02 0"58 0-174 
3'18 0-57 0-169 
3.31 0-55 0.164 
3"38 0.54 0.161 
3.42 0.53 0-159 
3.57 0.51 0-152 
3'81 0"47 0.141 

are recorded in Table 3. As shown in Figure 3 a plot 
of  AH versus a was found to be virtually linear for 
values of  a above ~ 1.36. From the slope of the plot 

in this region (OH/OL)p, T was obtained (=4.98 x 10 -2 
J cm -4) and values offe were calculated using: 

(OH) .f~L, pT 
fe= ~ P,T a3 - I  

which like equation (3) is derived from the statistical 
theory of rubber elasticity. The quantity dln (r~)/dT 
was then calculated from equation (4). Values of  fe, 
dln (r2o)/dT and fe/f are listed in Table 3. 

DISCUSSION 

Thermoelastic studies made on samples NR1 and NR2 
gave average values for dln (r~)/dT of (0-44 + 0.08) × 10 -3 
deg -1 and (0.38 +0.07)× 10-3deg -1 respectively, whilst 
the thermomechanical study made on sample NR3 gave 
a value of (0.54 + 0.04)× 10 -3 deg -1. The results obtained 
from the thermomechanical studies correspond to a 
temperature of 25°C and those from the thermoelastic 
studies to a mean temperature of  50°C. This difference 
would not be expected to lead to any significant change 
in the observed value of dln (r~)/dT. It  is therefore 
gratifying that the two different approaches we have 
used give results which are in fair agreement. It provides 
satisfactory evidence that under chosen conditions the 
mechanical deformation of solution-vulcanized rubbers 
can be treated as thermodynamically reversible. 

Previous studies of  din (r~)/dT made on conventional 
natural rubber vulcanisates give in nearly all cases 
values which fall within the range 0.32× 10 -3 to 
0 .64×10-Zdeg -16. The majority of  studies involved 
the measurement of  force-temperature coefficients at 
constant pressure on samples in simple extension fol- 
lowed by application of an equation such as (3). From 
thermoelastic measurements in torsion Boyce and 
Treloar 11 obtained a value for din (r~)/dT of 

0'43 + 0.05 × 10 -3 deg -1. 

In a very extensive investigation Allen et al. determined 
values of dln(r~)/dT from thermoelastic measure- 
ments made in simple extension at both constant volume 
and constant pressure and obtained 0.38+0-06× 10 -3 
and 0"57+0"09 × 10 -3deg -1 respectively12; average 
values of  C1 and C2 for the samples used in the latter 
study were 2.2× 105Nm -2 and 1.0× 105Nm -2 respect- 
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ively. The agreement o f  the present results with those 
obtained previously for  conventionally crosslinked 
samples indicates that  values derived f rom equation (3) 
are not  significantly influenced by deviations f rom the 
Gaussian theory represented in terms of  the Mooney  
equation. Indirectly this implies that  the empirical 
constants C1 and C2 are both  mainly governed by the 
intramolecular behaviour o f  network chains. 
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Heat of dilution and density data for 
poly(P-propiolactone) and poly(e-caprolactone) 
in dioxane 
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Solution properties of two polyesters, poly(il-propiolactone) and poly(~-caprolactone) in 
dioxane have been studied. Data reported are: polymer densities, thermal expansion 
coefficients, thermal pressure coefficients, solution densities (volume changes on mixing: 
ArM) and heats of dilution (AH1). It is found that the solution properties of the two poly- 
esters in dioxane differ; e.g. poly(il-propiolactone): AVM<0; AHI> 0; poly(E-caprolactone) : 
AVu>0; AHa <0. Flory's theory is used to interpret these results. The theory contains one 
adjustable parameter (XI2) which is fixed by fitting the theory to the heat of dilution data. 
Sign and order of magnitude of the volume changes on mixing are then correctly predicted. 

INTRODUCTION 

Previous studies from this laboratory have dealt with 
the configurational statistics of polylactone chains in 
the amorphous or unperturbed state 1 and with the 
thermodynamics of melting of crystalline poly(fl-propio- 
lactone) (PilL) and poly(~-caprolactone) (PEL) 2. 

We wish to report here additional data concerning 
certain properties of the above-mentioned polylactones 
in solution, namely heat of dilution and density data 
for PilL and PEL mixtures with dioxane, at 25°C. 

We find that in the case of Pil l  the enthalpy of dilution 
is endothermic but the excess volume of mixing is 
negative while for PeL the opposite holds true. The 
observed effects are, ihowever, quite small. Nevertheless 
no explanation can be found for them on the basis of 
'conventional' theories of polymer solutions. On the 
contrary, adoption of the theory of Flory and co- 
workers 3a permits at least a qualitative description of 
our data. This theory has, among other valuable 
features, the advantage of assuming a simple analytical 
form for the equation of state of pure liquid components 
and of their mixtures. In our case, to fulfill the require- 
ments of the theory of initial accurate information on the 
properties of pure PilL and PEL, the thermal pressure 
coefficient values reported in a previous paper 2 have 
been retained while more accurate thermal expansion 
coefficient and density data have been redetermined for 
both polymers. 

EXPERIMENTAL 

Samples 

Poly(c-caprolactone) was a Union Carbide sample 
(PCL 300-R-1014) of molecular weight M w =  !.7 × 104, 
purified by dissolution in benzene and precipitated with 
petroleum ether, then desiccated under vacuum. Poly(il- 
propiolactone) was obtained by bulk polymerization 

at about 0°C with pyridine as catalyst 4. The sample was 
dissolved in chloroform and precipitated with diethyl 
ether, then desiccated under vacuum. The molecular 
weight was determined by viscometry using the relation 
reported by Kagiya et al. 4, resulting in M y =  1.5 x 104. 
Dioxane (Carlo Erba, RP reagent), was desiccated over 
sodium wire, distilled and stored over sodium wire. 

Dilatometrie measurements 

For each polymer a 'weighing dilatometer' of the 
type described by Flory et al. 5 was used, employing 
about 3 g of sample. The dilatometer bulbs had a volume 
of about 7cm 3 and, after introduction of the sample 
and sealing off, they were filled with pure mercury 
under vacuum. 

The densities of polymer samples were determined 
just before the dilatometric measurements, both using 
a pycnometer for solids and determining the density of 
zinc chloride aqueous solution of the same density as 
the sample. The results were consistent within 0.1 ~ :  
p=l-150+0.001g/cm 3 for P~L and p=1"354+0.001 
g/cm 3 for PilL. 

Being partly crystalline at 25°C, the densities of the 
amorphous polymers at this temperature were deter- 
mined by extrapolation of the dilatometric curves from 
data above the melting temperatures, Tm (about 60°C 
for PeL and about 80°C for PilL). Accounting for the 
uncertainty in the extrapolation, accuracies in the 
amorphous polymer densities were evaluated to be 
about 0-2~: pa=l.095_+0.002g/cm 3 for PeL and 
pa= 1"306 _+ 0"002 g/cm 3 for PilL. 

After the usual corrections for Pyrex glass and mercury 
dilatation, the expansion coefficients ~ = I / V . ( d V / d T )  
of the amorphous polymers were determined; they 
resulted in being nearly constant between Tm and 100°C, 
and these values were assumed also at 25°C: 

==0"72 × l0 -3 °C -I 
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for PEL and a =  0"76 x10-3 °C -1 for PilL with an 
accuracy within + 2 %. 

For dioxane the values deduced from Timmermans 6 
were adopted: p=  1.0280g/cm 3 at 25°C, a =  1.10 x 10 -3 
°C -1 at 25°C; p25oc was confirmed by pycnometry 
within 0.01%. 

Thermal pressure coefficients 
For the thermal pressure coefficient 9' of the polymers, 

the values obtained from measurements described in 
a previous paper 2 were adopted. Correction from the 
temperature of the measurement to 25°C was made with 
the aid of the relation given by FloryS: 

dlng,_ (1 +2aT)  
dT T 

Such a procedure inevitably implies an uncertainty 
in the 9, values 5, 7, s which, in our case, we estimate to be 
of the order of 10 %. 

The 9, values are: (1) for PeL, 9,70oc=0.28+0.005 and 
9,25oc =0.34 + 0.03 cal/cm3; (2) for PilL, 9,90oc =0.52 + 0.01 
and 9,25oc =0.70 _+ 0.07 cal/cm 8. 

For dioxane the value 9,25oc=0.395cal/cm 3, derived 
from the value at 20°C (9,29oc=0.407cal/cm 3) reported 
by Allen et alP, was adopted. 

Excess volumes 
Density measurements were performed using a pycno- 

meter for liquids consisting of a bulb of approximately 
7cm 3 with a capillary tube of 0.95mm 2 cross-section. 
The exact volume of the pycnometer was determined 
using mercury, and confirmed by determining the 
density of triply distilled water; reproducibility was 
about + 0.3 mm 3, i.e. ~ 0.004 %. 

All measurements were made in a thermostat at 
25+0.02°C by preparing the solutions by weight, 
injecting them in the pycnometer with the aid of a 
syringe and finally weighing the pycnometer. All weigh- 
ings were corrected for buoyancy. The accuracy of the 
final density data should be about 0.01%. The theoretical 
specific volumes of the polymer-dioxane mixtures cor- 
responding to perfect additivity of volumes on mixing, 
v°v, were calculated using the specific volumes of the 
pure components listed in Table 1. 

Knowing the experimental specific volumes, v~, the 
relative excess volumes VE were finally computed from: 
v E =  - 

Enthalpy of dilution 
Heat of dilution data were collected using a LKB 

10700-2 batch-type microcalorimeter. In a typical 

Table I Properties of pure components 

Dioxane PEL PilL 

Vsp (cma/g) 0.9727 0.913 0" 765 
~x  103 (°C -z) 1-10 0.72 0-76 
y (cal/cm 3°C) 0"395 0.34 0" 70 
Y 1" 2678 1 • 1873 1.1963 
T*  (°C) 4970 6363 6149 
p* (cal/cm 3) 190 143 298 
v.~p (cma/g) 0" 7673 0. 769 0.640 

~=V/V*; likewise, ~=p/p* and T=T/T* by definition 
(see text) 

experiment 4 cm a of polymer solutions were mixed with 
~ l c m  a of solvent. The reproducibility was rather 
limited, but sufficient in our opinion, particularly in 
view of the small heat exchanges measured (from 0.2 
to 2mcal). The correction for possible thermal effects 
arising from the variation in solvent vapour pressure 
during the mixing 10 was not applied, for, considering 
the approximate relation of Flory11: 

e l  = P°¢lexp(¢2 + n¢~) 

(where ¢1 and ¢2 are the volume fractions of solvent 
and polymer), such correction would result, for reason- 
able values of the polymer-solvent interaction parameter 
X, in smaller values than the scattering of the experi- 
mental points. 

Both excess volume and enthalpy of dilution measure- 
ments were necessarily limited to low polymer concen- 
trations, for PeL by the high viscosity of the solutions 
above ~¢2=0.25 and for PilL by the onset of slight 
turbidity beyond ¢2---0"07, at 25°C. 

RESULTS 

Data for the pure compounds 
Information on the properties of pure amorphous 

PilL and PEL and of dioxane, i.e. specific volume, 
Vsp, thermal expansion coefficient, a, and thermal pres- 
sure coefficient, 9,, data together with the values of 
the characteristic parameters, p*, v* and T* are listed 
in Table 1. 

The latter parameters were calculated on the basis 
of the equation of state 8 (at p --*0): 

~ - -  (~1/3 _ 1)/~4/3 (1) 

and the relationships: 

~1/3 = 1 + aT/3(1 +aT)  (2) 

~9 = p/9,T62 (3) 

In fact, knowing ~, equation (2) yields ~ and thus V* 
(the hard-core volume per mole); equation (I) then 
gives T*. The characteristic pressure p * follows from 
9, according to equation (3). In the following, subscripts 
1 and 2 will specify parameters for dioxane and PilL 
or PeL respectively. 

It is interesting to note that the characteristic pressure 
of PBL is quite high indeed. The estimated accuracies 
of the data reported in Table 1 are separately specified 
in the experimental section. 

Data for the mixtures 
PilL-dioxane. The experimental data on the heat 

of dilution are reported in Figure la as a plot of: 

AQ 1 
XH = Ant" RT¢2. gP'2 

against (¢2.¢'e) 1/2. 
AQ is the heat exchange measured (at 25°C) when 

the number of moles of solvent in the solution was 
increased by An1 thereby reducing the polymer volume 
fraction from Cz to ¢~. The experimental points are 
quite scattered; in our opinion, however, the attain- 
ment of a higher precision (with apparatuses available) 
would be very difficult in view of very small heat effects 
to be measured. 
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Figure 1 (a) Reduced partial molar enthalpy of dilution XH, for 
PflL-dioxane mixture: O, experimental measurements; ., 
theoretical curve. (b) Relative excess volume on mixing PIlL and 
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Figure 2 (a) Reduced partial molar enthalpy of dilution XH, for 
PCL-dioxane mixture: O, experimental measurements; ~ ,  
theoretical curve. (b) Relative excess volume on mixing P~L and 
dioxane: © (and . . . .  ), experimental; , theoretical 

A positive value of XH in the range 0-3-0.4 results 
from the data of Figure la, in the range of ¢2 con- 
sidered. 

The excess volumes of PflL-dioxane mixtures, ob- 
tained from density data as explained in the experi- 
mental section, are plotted in Figure lb against polymer 
volume fraction, ¢2. The VE values are quite small 
indeed, and should be affected by an error of about 
+ 2 x  10 -3 ¢_~ mainly as a consequence of the un- 
certainty in the value of the specific volume of pure 
amorphous PIlL estimated to be around 0.2%. In any 
case VE, though small in absolute value, is seen to be 
negative for the PflL-dioxane system at 25°C. 

PEL-dioxane. For this system the XH and vE values 
are reported in Figures 2a and 2b respectively. Both 
entities are seen to be small, in the limited range of 
¢2 values practically explorable. In any case we are 
led to conclude that, beyond experimental errros, VE 
is positive but XH is negative for PeL-dioxane mixtures 
at 25°C. 

DISCUSSION 

On the basis of the theory of Flory et al.3a of the thermo- 
dynamic properties of binary mixtures the expression 
for XH, i.e. the reduced partial molar enthalpy of the 

Polylactone-dioxane mixtures : G. Manz in i  and V. Crescenzi 

 o,vent,s: )] 
X H =  ~ - -  2 - -  

+ 

V*(l +~T)X~20~ (4) 
b] v~^ gRT¢~ 

In the limit for ¢2~0,  we have: 

P ' V *  1 1 XH, l=- : .~[Y12( I  +~1T)-2A2~T2(I  + cqT)] (5) 

where: 
¢2($2/$1) 

02 - ¢1 + ¢2($2/$1) (6) 

XlZ( $2/$1)2 ( _ T~] P~ Xt2(S2/S1) 
Y12= p ,  ; A = , l  T~J'P '~-  P~ (7) 

In these equations the parameter X127, accounts for 
the difference in energy density between like and unlike 
types of molecular contacts. ($2/$1) is the ratio of 
number of polymer-solvent contact sites per 'hard-core' 
volume. 

In equation (4), reduced quantities without subscript 
refer to the mixture and can be evaluated according to 
equations (8) and (9), respectively, once of course 
appropriate values of Xl~ and of S2/St have been 
chosen: 

P * = ¢1P* + ¢2P* - ¢102~12 (8) 

p *  
T * ~  . . . . . . . .  (¢IP*/T* + ¢2P*/T*) (9) 

Furthermore, on the basis of equation (1) for the 
mixture and of equation (9) the value of ~ and hence of 
the excess volume ~E may be determined for each ¢2 
value: 

~E = ~ -- ~0 = ~ -- (¢1 ~1 + ¢2/~2) (10) 

which may be directly compared with experimental 
density data since: 

~E v~p - v(~,, (11 ) 
go=V~= vO v 

where 

V0p : (WlVsp, 1 Jw W2Usp, 2)/(W1 -F H'2) ( i 2) 

in which wl and w2 are the amounts (in g) of solvent and 
polymer, respectively. 

In the case of PILL, the $2/$1 ratio has been estimated 
assuming a dioxane molecule to be a disc of volume 
V~/N and of height equal to 3/2 of the radius, and the 
polymer repeating unit to be a cylinder of volume 
V*/N, 4.80• high 3b, a2:]:. 

In this way the value of $2/$1 results as 0.75. (If the 
dioxane molecules were assimilated to spheres of volume 
V*/N, Sz/Sa would rise to 0.90: an uncertainty of the 
order of 10-20% in $2/S1 does not, however, sensitively 
influence the results of the following calculations.) 

Thus, imposing Sz/$1=0"75, the value of $12 which 
through equations (8), (9) and (10) yields the best 
agreement between calculated and experimental XH 

t To be derived from experimental data from the mixtures. 
$ V~= V~p. ~. Mu, where Mu is the molecular weight per repeating 
unit (72"06 for PilL and 114"15 for PcL), and V~=V~p,I.M1 for 
dioxane. Of course, equations (4)-(9) are consistent with the choice 
of equal hard-core volumes per segment. 
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data was found. The result is: )(12 = + 7 cal/cm a, which 
also yields (see equation 5): XH, 1 = + 0"35. The calculated 
XH against ¢2 curve is drawn in Figure la.  Next, using 
the values given above of X12 and $2/$1 and with the 
aid of equations (8), (9) and (10) the theoretical v E - ¢ 2  
relationship has been calculated (see Figure lb).  

In the case of P~L calculations similar to those 
indicated above for PIlL have yielded the following set 
of  results for $2/S~ = 0.70, i.e. assimilating the polymer 
repeating units to cylinders of volume V * / N ,  8.50A 
in height ($2/$1=0"85 if dioxane molecules are taken 
as spheres): XI~ =0"4 cal/cm 3, XH, z = -- 0"02. The 
theoretical XH VS. ¢2 and vE vs. ¢3 curves are drawn in 
Figures 2a and 2b. 

Comparison of theory and experiment indicates that 
for both systems considered sign and order of magnitude 
of vE are consistently predicted using )(12 values derived 
from microcalorimetric data and equation (5). 

The disparity between experimental and calculated 
vE, might be reduced for P~L in dioxane only at the 
expense of taking a negative )(12 value, i.e. of  assuming 
particular attractive interactions between polymer seg- 
ments and solvent molecules ~3. 

On the contrary for the PflL-dioxane system a much 
higher )(12 had to be assumed to obtain a calculated 
vE vs. ¢2 curve superimposable on to the experimental 
points. 

For  both polymers such changes in the )(12 parameter 
might be accommodated in the fitting of the calorimetric 
data only by proper, combined changes of the equation 
of state parameters. 

On the other hand, this would imply changing the 
values of the primary variables, ~, p and 7, beyond 
experimental errors. The y values are incidently the 

more uncertain ones: however, even allowing for the 
maximum estimated experimental errors a relevant 
uncertainty in )(12 but only minor changes in the cal- 
culated vE values would result. 

Investigations are in progress in our laboratory on 
other polyesters and polylactone solutions to try to 
contribute a better understanding of the possible cor- 
relation between )(12 values and polymer chain chemical 
constitution. 
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Investigation of the compatibility of 
butadiene-acrylonitrile copolymers with 
poly(vinyl chloride) 

G. A. Zakrzewski 
Film Department, E. I. du Pont de Nemours & Co. (Inc.), Experimental Station, 
Wilmington, Delaware 19898, USA 
(Received 11 March 1973) 

Various methods were used to study the compatibility of butadiene-acrylonitrile co- 
polymers with poly(vinyl chloride). These blends were investigated by phase contrast 
microscopy, differential scanning calorimetry and torsion pendulum analysis. We con- 
clude that the copolymers are compatible with poly(vinyl chloride) in all PVC compositions 
within the range 23-45 ~o acrylonitrile. These blends exhibit a single To in the torsion pendu- 
lum studies and differential scanning calorimetry studies and follow a Fox expression in 
the variation of Tg with composition. Experimental densities are also higher than those 
calculated assuming volume additivity, implying better packing and a negative heat of 
mixing leading to molecular compatibility. 

INTRODUCTION 

Many authors have studied the compatibility of poly- 
(vinyl chloride) with butadiene-acrylonitrile copolymers. 
In these studies authors have given conflicting opinions 
as to the compatibility of the polymers 1-3 and this 
work was done to get new information on this subject. 

EXPERIMENTAL 

Polymers 
Opalon 630 poly(vinyl chloride) (PVC) was obtained 

from the Monsanto Chemical Company and stabilized 
with 2 pph (parts per hundred) Thermolite 831 obtained 
from the M & T Chemical Company. The butadiene- 
acrylonitrile (BD-AN) copolymers were FR-N-500, 
FR-N-504, and FR-N-510 obtained from the Firestone 
Synthetic Rubber and Latex Company. Compositional 
characteristics are shown in Table 1. 

Blend preparations 
PVC and BD-AN were blended on a rubber mill at 

175°C using conventional milling techniques. The blend 
was then removed from the rolls and pressed into 
6in ×6in films between ferrotype plates at 190°C and 
at 25 0001bf (1 lbf=4.448 N) and quenched in ice water. 
A list of the blends and their properties is shown in 
Table 2. 

Table I Composition of butadiene-acrylonitrile 
copolymers 

Mooney viscosity 
BD-AN (wt.~/o) (ML4 at 212°F) 

FR-N-500 77: 23 45 
FR-N-504 55: 45 50 
FR-N-510 68:32 75 

Density 
Density measurements were made with a heptane- 

CC14, ethyl alcohol-CaNOa or CaNOa.H20 density 
gradient tube following ASTM procedure D150S. 

Phase contrast microscopy 
Phase contrast photomicrographs (320 ×) were taken 

using the Zernike phase contrast condenser on a Leitz 
microscope at 25°C. This films [0.5-1.0 mil (1 mil = 0.0245 
mm)] specimens were employed. 

Torsion pendulum experiments 
Film samples (10-20mil x kin x 1.00in) were examined 

with a torsion pendulum described in an earlier publica- 
tion 4. Free oscillations of ~ 1 Hz were employed. The 
details of the procedures and computation can be 
obtained from the literature. 

Differential scanning colorimetry (d.s.c.) 
The Du Pont Differential Thermal Analyzer with the 

d.s.c, cell was used in these experiments. The sampling 
and procedures were described earlier 4. Thermograms 
were obtained using 20°C/min testing rate and the 
relative glass transition temperatures (To) were obtained 
by graphical methods previously described 5. 

X-ray measurements 
X-ray goniometer traces were obtained at 25°C with 

a General Electric XRD-5 X-ray diffractometer using 
MoK~ radiation. 

RESULTS AND DISCUSSION 

Phase contrast microscopy and optical clarity were 
used as a first determination of compatibility of the 
blends. The refractive indices of PVC and the BD-AN 
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Table 2 Properties of PVC/BD-AN blends 

BD-AN Tg 
(torsion pendulum) Density Crystallinity 

Number Type Wt .~  (°C) (g/cm 3) index (%) Symbol 

100 - -  0 -F 74 1" 376 5 • 
101 FR-N-500 30 +42 1.260 5 A 
102 FR-N-5O4 30 -F42 1.299 5 • 
103 FR-N-510 10 +62 1 "330 5 [ ]  
104 FR-N-510 30 +36 1 "301 5 V 
105 FR-N-510 50 -t-15 1.178 5 O 
FR-N-50O FR-N-500 100 --14 0.951 x 
FR-N-5O4 FR-N-504 lOg -- 12 1.005 • 
FR-N-510 FR-N-510 100 -- 26 O. 980 • 

Figure 1 Phase contrast photomicrographs: (a) PVC; (b) Blend 101; (c) Blend 102; (d) Blend 103; (e) Blend 
104; (f) Blend 105 
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copolymers (I.54=PVC, 1.51=FR-N-500, 1-51=FR- 
N-504, and 1.51=FR-N-520) should be sufficiently 
different to yield microscopic evidence if the phase 
domains are larger than 0.I/zm. No obvious phase 
separation is observed in Figure 1 and the phase photo- 
micrographs of all blends, 101, 102, 103, 104 and 105 
are identical with those of PVC (100) itself. 

The microscopy and optical clarity has indicated the 
absence of large phase domains. Ikeda et al. ~, however, 
have shown that domains of smaller dimension can 
exist and the phase separation remains undeterminable 
by optical phase contrast microscopy. These can, how- 
ever, be seen easily by using torsion pendulum analysis 
of the samples. 

Torsion pendulum analysis of homogeneous polymers, 
truly random copolymers and polymer-polymer solu- 
tions, will yield one Tg. In a compatible polymer-polymer 
solution the Tg should vary with composition as shown 
in an expression by Fox6: 

1 w l .  w~ (l) 
Tg=Tg + Vg., 

io o 
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Figure 3 Internal friction versus temperature for PVC/FR-N-510 
blends. Samples and symbols identified in Table 2 

IOO 

Table 3 Glass transition temperatures of PVC/BD-AN blends 
and blend components 

T o T o (measured) Tg 
(calculated) using torsion (measured d.s.c.) 

('C) pendulum (°C) (°C) 

PVC 4-74 4-74 
FR-N-5O0 --14 --13 
FR-N-504 -- 12 -- 12 
FR-N-510 -- 26 -- 25 
101 4- 42 + 42 4- 40 
102 4-43 4-42 4-45 
103 -F 61 4- 62 4- 58 
104 +36 4-36 4-35 
105 4-15 4-10 --5 
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Figure 2 Temperature variation of modulus for PVC/FR-N-510 
blends. Samples and symbols identified in Table 2 
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Figure 4 Tg (measured bytorsion pendulum) versus composition 
for PVC/FR-N-510 blends. Samples and symbols identified in 
Table 2 

where Tg is the glass transition temperature of the 
mixture, T m and Tg~ are the glass transition temperatures 
of the respective homogeneous components and W1 
and W2 are their respective weight fractions. Table 3 and 
Figure 4 give a comparison of the blend Tg values as 
calculated using the Fox equation with the Tg values 
measured from the torsion pendulum curves. We can 
see the agreement of these calculated and experimental 
quantities. Figure 2 shows shear modulus versus tem- 
perature for the blends and blend components. Figure 3 
shows internal friction versus temperature for the blends 
and blend components. We can see in these curves the 
large (2-3 decade) fairly sharp decrease in the modulus 
at the Tg and the decrease in the Tg as the BD-AN 
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Figure 5 Internal friction versus temperature for 70:30wt.% 
PVC/FR-N-500 blend 
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copolymer concentration is increased (Figure 3). Figures 
5 and 6 show the single Tg peaks for PVC/FR-N-500 
and PVC/FR-N-504 blends. 

In a multicomponent system we would expect to see 
a Tg for each component in the mixture. In the shear 
modulus and internal friction curves of  blends 101, 102 
and 103, we can find no such peaks for PVC at +74°C 
or to FR-N-510  at -26°C.  This is very strong evidence 
indicating the true compatibility of  the system. The 
secondary relaxations are very broad, and it is not 
possible to interpret any intensity variation or peak 
shifts corresponding to compatibility on a molecular 
level as evidenced in PVC/E-VA-SO2 blends by Ikeda 
and Hickman 7. 

D.s.c. studies of these blends confirm torsion pendulum 
analysis. The Tg values graphically determined from 
the d.s.c, curves are very close to those obtained from 
torsion pendulum analysis (Table 3). These thermo- 
grams (Figure 7) show a single relatively sharp Ta for 
the PVC/BD-AN blends. I f  the blends are incom- 
patible we should be able to find a Tg peak for PVC 
at +74°C and another for BD-AN at -26°C.  Torsion 
pendulum studies are difficult above the Tg of  the blends 
and the PVC probably could not be seen. The BD-A N  
peaks, however, are absent. 

An interesting observation can be made from the 
densities of the compatible blends. I f  the interaction 
between blend components is small, then we may expect 
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Figure 8 D e n s i t y  versus c o m p o s i t i o n  c u r v e  f o r  P V C / F R - N - 5 1 0  
b l e n d s ,  S y m b o l s  a n d  s a m p l e s  i d e n t i f i e d  in Table 2. C o n t i n u o u s  
c u r v e  c a l c u l a t e d  f r o m  e q u a t i o n  (2) 
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to calculate the density of a polymer-polymer solution 
using the expression: 

1 w1  w2  
- =  + (2) 

p pl /)2 

where p, pl and p2 are the respective densities of the 
blend, component 1 and component 2 and W1 and /472 
are the weight fractions of the same respective material. 
By calculating these quantities we observe that all our 
measured densities for PVC/BD-AN blends are signifi- 
cantly greater (Figure 8) than these calculated quantities. 

To investigate the possibility of crystallinity accounting 
for the difference in densities we have run X-ray gonio- 
meter traces on the same film at 25°C. Data in Table 1 
show that all blends are substantially amorphous, with 
crystallinity <10%. These crystallinity differences do 
not account for the differences in the calculated and 
measured densities. 

We believe that these differences are due to strong 
molecular interaction leading to better chain packing 
and high densities. Such a big positive interaction would 

also yield a negative heat of mixing which would explain 
the solubility of BD-AN copolymer in PVC. 

Our data show that PVC is compatible with these 
copolymers of BD-AN over the range 23-45% AN. 
We believe that decreasing numbers of polar AN groups 
providing strong interaction with PVC will limit com- 
patibility below this range. There is probably also an 
upper limit to the AN concentration in the copolymers 
which will be reached when the intermolecular inter- 
action is greater than the intramolecular interaction. 
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Cationic polymerization of acenaphthylene 
and methyl acenaphthylenes 
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Cationic polymerization of acenaphthylene was studied both by experimental methods 
and theoretical calculations. Very pure acenaphthylene was obtained by double sublima- 
tion and its polymerization kinetics were studied with SnCI4 as initiator. Reactivity ratios 
were determined for methyl-I, methyl-3 and methyl-5 acenaphthylenes, while values of 
stabilization energies, (AE) s, have been calculated. There is good agreement between the 
trends of the two sets of values. In the case of acenaphthylene, the comparison of results 
obtained by H~ickel's and by Pople's methods has shown the contribution of ring strain to 
the reactivity of acenaphthylenic monomers. 

INTRODUCTION 

We have recently published a review on electronic and 
steric effects of substituents on the reactivity of aromatic 
monomers in cationic polymerizationL The com- 
parison of experimental and theoretical results provided 
much information on the mechanisms of cationic poly- 
merization. Our results have been, up to now, mainly 
concerned with monomers derived from indene and 
styrene 2-10. Acenaphthylene and related compounds are 
particularly interesting because the strain of the penta- 
gonal ring has a determining influence on their reactivity 
towards cations (as will be shown later) and also because 
numerous quantum chemistry calculations have been 
published about these compounds xx-xa. 

EXPERIMENTAL AND RESULTS 

Acenaphthylene and its derivatives were prepared and 
purified as reported previously TM. There is generally 
very little information on the purity of the acenaphthylene 
used for the polymerizations described in the literature. 
Particularly important is the acenaphthene content of 
acenaphthylene; very small quantities of this saturated 
compound have been shown to have a drastic influence 
on the results of the polymerization. Polymerizations 
were carried out under dry nitrogen. Polymer was 
precipitated from the polymerization solution by addition 
of methanol and isolated by filtration; the quantity of 
unprecipitated oligomers was very small. The rates 
have been followed by determination of the conversion 
at various times. 

Polymerization of acenaphthylene by stannic chloride 
Numerous studies have been published about cationic 

polymerization of acenaphthylene. The only aim of  this 
short preliminary paper is to compare our monomer 
and one of our initiators with those of previous studies. 

We have studied the SnCI4 initiated polymerization 

in detail. When the temperature is + 15 or -20°C,  the 
internal order of overall rate of polymerization is 2 
and the overall rate V is given by the following relation: 

1"12 =K2[M] 2 

with/(2 = 5"46 × 10 -81 tool -x sec -x when the temperature 
is +15°C, and K2=l .37x10-31mol-Xsec  -x when the 
temperature is -20°C.  

Guisti and Andruzzi 15 have obtained the same 
relationship and order of magnitude for K with the 
system acenaphthylene-BF3-dichloroethane when the 
temperature is 30°C. 

The initial order of polymerization with respect to 
monomer, in the temperature range between +15°C 
and -40°C,  is 1. Polton 16 obtained the same value 
for the SnC14 initiated polymerization of indene. 

Homopolymerization of monomethylacenaphthylenes 
The synthesis of these monomers is described else- 

where 14. Some of them were obtained in very small 
amount, hence the restricted number of determina- 
tions. 

The results obtained with various initiators are 
reported in Table 1 where R ( ~ )  is the yield of pre- 
cipitated polymer, [,fl the intrinsic viscosity (100ml/g). 
For  all polymerizations 0 = - 7 2 ° C  and the initiator 
concentration [A] and the monomer concentration [M] 
have optimum values for each polymerization. 

Determination and study of reactivity ratios 
The reactivity ratios have been determined by differ- 

ential and integral methods. The results are reported in 
Table 2. Indices 1 and 2 are respectively assigned to 
acenaphthylene and to styrene. All these reactivity 
ratios have been obtained with [TIC14] = 0.01, [M] = 0.304, 
solvent CH2C12, polymerization temperature 0°C. The 
average degree of polymerization is about 30. The 
conversion ranges from 40 to 50 ~o when rz and r2 are 
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Table I Yields and intrinsic viscosities for the homopolymeriza- 
tion of monomethylacenaphthylenes 

R(%) 

Initiator Acenaphthylene Me-1 Me-3 Me-5 

T i C I4 90 90 0 48 95 
SnCI4 0 0 2 92 92 
BF3, OEt2 0 0 0 33 57 
B Fa 95 94 0 100 100 
AICI3 - -  0 - -  - -  - -  
SbCI5 46 48 - -  - -  - -  

[~] 

Acenaphthylene Me-1 Me--3 Me-5 

TiCh 0.10 0.10 - -  0.10 0"29 
SnCh 0 0 Trimer* 0.36 0.19 
BFa, OEt2 0 0 - -  0.10 0.55 
BF3 0.11 0.14 - -  0.30 0.17 
AICI3 - -  0 - -  - -  - -  

SbCI5 0.06 0'12 - -  - -  - -  

* It has been possible to show by n.m.r, that the poly(methyl-1 
acenaphthylene) obtained in SnCI4 initiated polymerization is a 
trimer ended by a methyl-1 acenaphthylene unit 

Solvent= CH~CI2 except for first co lumn= C=HsCI 

Table 2 Reactitivity ratios and stabilization energies for various 
monomers 

Monomer r l  r2 1/r2 (AE) s 

Methyi- lacenaphthylene 0.4+0.05 0.11+0.05 9.1 0.949 
Methyl-3acenaphthylene 9-3_+0.5 0-23+0.05 4.3 0.869 
Methyl-5 acenaphthylene 11.7+1 0.15+0.05 6"7 0"877 
Acenaphthylene 17.5+1-5 0"25_+0.05 4 0.847 

determined by the Mayo and Lewis method and below 
8 ~ when determined by the intersection method. 

Moreover, we have studied the influence of several 
parameters on reactivity ratios of acenaphthylene and 
styrene. 

The influence of the polymerization temperature is 
described in Figure 1 where variations of log rl and 
log r2 versus 108/T are reported. The initiator concen- 
tration is 0.01, the monomer concentration 0.13 and the 
solvent CH2C12. 

The influence of initiator and monomer concentra- 
tions have been carefully studied but are very small and 
the variations of rl and r2 with [A] and [M] are always 
smaller than the experimental uncertainty. 

There are only small changes in the values of reactivity 
ratios when the nature of the solvent and of  the initiator 
are changed. 

Thus, when the solvent is CH2Cle, the temperature 
0 = - 7 8 ° C  and the initiator and the monomer concen- 
trations are respectively 10 -2 and 0.125, the following 
values were obtained: 

TIC14 as initiator: rl = 11.3 ; r2 =0.17 

SnCh as initiator: ra= 14.2; r2=0.5 

On the other hand, with [TiCI4]=0.01, [M]=0.125 
and 0= - 2 0 ° C  the following values have been obtained 
with various solvents: 

toluene (e=2) :  r1=14.1; r2=0.13 

CH2C12(E=10): r l=16 .8 ; r2=0 .14  

CHzNOz (~=35): r l =  11.5; r2=0.15 

DISCUSSION AND CONCLUSIONS 

Examination of Table 1 shows that the polymerization 
of methyl-1 acenaphthylene is hindered by the methyl 
group on carbon 1. It is possible to obtain a trimer with 
a very low yield when the initiator is SnCl4. However, 
methyl-l acenaphthylene is able to copolymerize and 
has a high reactivity due to the inductive effect of the 
methyl group. The behaviour of methyl-1 acenaphthylene 
is very similar to the behaviour of methyl-3 indene; 
however, it has not been possible to show a penultimate 
effectlL 

Using Hiickel's method and Yonezawa's relations we 
calculated the stabilization energies (AE)g involved in 
the attack of styryl cation by the various acenaphthylenes 
studied. The unit for stabilization energies is (Afi)/fi 
where Aft is the resonance integral of the bond between 
the atom r of the cation and the atom s of the monomer. 
The values obtained are reported in Table 2. 

The classification of monomers obtained from these 
values and those obtained from l/r2 values are quite 
consistent. 

However, the stabilization energy for styrene is 
0.912, i.e. greater than the value obtained for acenaph- 
thylene. This result is inconsistent with the comparison 
of  the value of l/r2. Styrene and acenaphthylene are 
both conjugated with ~r bonds so it is rather strange 
to observe a failure of Hiickel's method with this com- 
pound. However, as early as 1951 Pullman 13 observed 
that there is a discrepancy between the theoretical and 
the experimental results when Hiickel's method is applied 
to acenaphthylene. This author thinks that the failure of 
HiJckel's method to give correct values is due to the 
strain of the pentagonal ring. We tried to confirm this 
assumption in the case of  polymerization with the 
help of Pople's method (C.N.D.O. II). Indeed this 

1"39' 
0:7 

1%," C " 
0'~ C;n 

o 2 
_1 

0 8  

I I  I I 

3 4 3  4 5 
0.9 

T-L x IO3(K) 

Figure I Variations of log rz (O) and log r= (©) versus 103/T (K) 
for acenaphthylene: [M]=0.13;  [TiCh]=0.01 ; solvent: CH~CI~ 
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method is not only more accurate than Hiickel's but 
moreover takes into account the geometry of the mole- 
cule. 

The stabilization energies calculated by this method 
(with the same unit) are 6756 for styrene and 6993 for 
acenaphthylene when the cation is styryl. So, with 
Pople's method which takes into account the geometry 
of  the molecule, the discrepancy between theoretical 
and experimental results disappears. This fact is a proof  
of  the contribution of ring strain to the reactivity of  
acenaphthylene in cationic polymerization. 

The results obtained through the study of the influence 
of experimental parameters on the values of  reactivity 
ratios for acenaphthylene and styrene are worth more 
careful analysis. 

The nature of  the initiator and the solvent have only 
a slight influence on the values of  rl  and rz, but the 
influence of temperature is much more interesting. 
The results are reported in Figure 1. 

Imoto  is determined the variations of  rl and r2 with 
respect to temperature for n-butyl vinyl ether (M2) 
and acenaphthylene (M1) with BFa, OEtz as initiator in 
benzene. He found that, whatever the cation, the reac- 
tivity of  M2 was greater than that of  M1. However, 
the direction of variation for rl and r2 was opposite to 
ours. F rom the relation: 

, {ex  r l = k 1 1 / k 1 2 = l e x p  ~ -  R ] l"  

he obtained E l l -  Elz  = - (E2z -  E21) = 2.6 kcal/mol and 
( A S 1 1  - -  A S 1 2 )  = - -  ( A S 2 2  - -  A S 2 1 )  = 6"5 cal mo1-1 deg -1. 

From Figure 1, we obtained E l i - E l 2 =  1.57kcal/mol 
and E2z-/721= - 0.57 kcal/mol; AS11 - AS12 = 6.76 cal 
mo1-1 deg -1 and AS22 - AS21 = - 4.25 cal tool -1 deg -1. 

Contrary to Imoto,  we do not have the same value 
for AS11-ASlz  and ASz2-AS21 since in our case the 
product r~r~ is not equal to 1. 

The fact that rl  increases with T although it is greater 
than 1 may appear inconsistent with the relation 
d l o g r l / d ( 1 / T ) = T l o g r l l L  

However, this relation has been obtained because 
A S l l -  ASlz = X has been ignored; when X is taken into 
account the result is: 

d logr l  ~ [ ,  X~ 
- (~-)- = 1 d t l °gr l -  R) 

which is, for all the values we have obtained, negative 
and consequently consistent with the direction of  
variation. 
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Cationic bulk polymerization of 1,3-dioxolan has been carried out in sealed ampoules 
using a high vacuum technique. The polymerization is initiated with triethyl oxonium 
hexafluorophosphate and the equilibrium between monomer and active polymer is attained 
within a few hours. Specific volumes of pure monomer and polymer in solution of its own 
monomer have been measured. Equilibrium measurements have been performed in the 
40 ° to 141"4°C temperature range and the ceiling temperature is estimated to be 144°+2°C. 
The effect of short polymer chains on the equilibrium is discussed briefly. Values of 
z~Gic, the free energy of polymerization of one mole of pure liquid monomer to one base- 
mole of amorphous polymer, are computed making allowance for the non-ideal mixing. 
Respective values of -17.5+0.8kd/mol and -47.9+2-2dK-tmol  -z are deduced for the 
corresponding AHic and ASic. AGic is also computed from published data on equilibrium 
polymerization of 1,3-dioxolan in various solvents and the combined results for both 
types of polymerization yield AHtc=-16.7_+0.5kd/mol and AS=c=-45.8+l.5JK-Zmo1-1 
for the 20 ° to 140°C range. 

INTRODUCTION 

It is well known that cationic polymerization of 1,3- 
dioxolan may lead to a state of equilibrium between 
monomer and active polymer chains and equilibrium 
polymerizations of that monomer in solution have been 
reported by several groups of workers 1-7. 

In the present paper, we wish to report results obtained 
for the cationic bulk polymerization of 1,3-dioxolan 
under equilibrium conditions. Polymerizations were 
carried out in the 40 ° to 141.4°C temperature range. 
Our results are compared with published data on the 
equilibrium polymerization of 1,3-dioxolan in solution. 

EXPERIMENTAL 

Materials 
1,3-Dioxolan (Eastman) was degassed over calcium 

hydride for several days, and then distilled in vacuo 
onto a sodium mirror. A small amount of naphthalene 
was added and the green colour of the sodium naph- 
thalene complex was used as an indicator for the purity 
of dioxolan. Upon the fading out of the green colour, 
the monomer was distilled onto a fresh sodium mirror. 

Triethyl oxonium hexafluorophosphate was used as 
initiator and its purification has been described else- 
where s. 

Polymerization 
Polymerizations were carried out in sealed ampoules 

using high vacuum techniques. The general procedure 
is similar to the one used for the polymerization of 
tetrahydrofuran 8. 1,3-Dioxolan reacts readily with the 
initiator at room temperature and initial heating of the 
monomer is unnecessary. This behaviour is in contrast 
to that observed for the polymerization of these two 
monomers initiated with triethyl oxonium tetrafluoro- 

borate where an induction period for the polymerization 
of 1,3-dioxolan is reported 9. In all cases equilibrium was 
attained within 24 hours. 

Reversibility of the polymerization was checked by 
following the variation of the meniscus height in the 
capillary of a dilatometer. The procedure is illustrated 
in Figure 1 where the meniscus height is plotted against 
time for two ranges of temperature. In section (a), the 
bath is set at a given temperature and the meniscus 
height is observed until it remains constant (equilibrium). 
Then the temperature is changed and the procedure is 
repeated (section b). After equilibrium has been reached, 
the bath is re-set at its original temperature (section c). 
In the case of a reversible polymerization, the final 
meniscus height should coincide with its initial equi- 
librium height. In experiment A, the temperature was 
allowed to vary from 30 ° to 50°C and in experiment B 
from 120 ° to 130°C. 

After equilibrium had been reached, the polymeriza- 
tion was terminated by adding a mixture of benzene 
and a primary alcohol to the reacting mixture at equi- 
librium temperature. In order to avoid loss of monomer, 
for polymerizations above 60°C, the alcohol was kept 
in a side ampoule equipped with a break-seal so that the 
reaction could be terminated in a closed system. After 
termination, the polymer-monomer mixture was re- 
moved quantitatively from the ampoule and transferred 
into a preweighted flask. The monomer was removed 
and the polymer was dried in vacuo to constant weight. 
The initial amount of monomer and equilibrium amount 
of polymer being known, the amount of monomer 
present under equilibrium conditions is deduced. 

Molecular weights 
Average molecular weights of dead polymer samples 

were determined through intrinsic viscosity at 25°C in 
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Figure 1 Reversibility of the bulk polymerization of 1,3-dioxolan. 
Variation of h, the meniscus height, with time for two series of 
dilatometric measurements. Experiment A: (a) 35°C; (b) 50°C; 
(c) 35°C. Experiment B: (a) 120°C; (b) 130°C; (c) 120°C 

chlorobenzene, using a Ubbelohde viscometer. Molecular 
weights were computed through the relation1°: 

[n] =2 x 1 0 - a ~  °'5 (1) 

where [,/] is the intrinsic viscosity and ~ ,  the viscosity- 
average molecular weight. The intrinsic viscosity was 
determined by a one-point method 11. Results obtained 
from the one-point method were in excellent agreement 
with those obtained from the extrapolation of ~sp/e. 

where V is the total volume (in ml), Wm and w~ are the 
weights (in g) of monomer and polymer respectively. 
The variation of ~r with temperature is given by: 

~p=0.812 (1 +7.0x 10-4t) + 0.002ml (3) 

Equilibrium bulk polymerization 
Table 1 shows results obtained for the bulk poly- 

merization of 1,3-dioxolan in the 40 ° to 141.4°C tem- 
perature range. The initial concentration of initiator 
measured at 25°C, [1]°5, varies from 2.0 to 4.0x 10 -8 
mol/1 except for the highest temperatures where the 
concentration is 0.6 x 10 -8 mol/1, n is the average degree 
of polymerization computed from AStv. The weight 
fraction of polymer, m r, present at equilibrium, or the 
degree of conversion, is given in column 2. The volume 
fraction of polymer, ff~, is computed from: 

~blo = m~/[m~ + (Om/~)(1 - m~)] (4) 

values of ~m and ~ being obtained through equations 
(2) and (3) for each temperature. 

Variation of ff~, with temperature is shown in Figure 2. 
The extrapolation of ff~ to ~u=0 yields a ceiling tem- 
perature of 144°+ 2°C for the polymerization of pure 
monomer. The extrapolation of m~, gives an identical 
result. This value is in good agreement with the estimated 
value of 150°C obtained from the equilibrium poly- 
merization of 1,3-dioxolan in benzene 7. However, our 
result differs appreciably from the reported values of 
155°C 1, 160°C 2 and 165°C 8. These values were deduced 
from the extrapolation of ln[M]e computed under 
various conditions of polymerization without taking 
into account the variation of the monomer molar volume 
with temperature. When treated in this fashion, our 
own results yield a ceiling temperature of 155°C, which 
is obviously too high. 

Free energies of  polymerization 
The present set of values can be used to compute free 

energies of polymerization, making allowance for the 
non-ideality of the polymerization system. Assuming 
formation of polymer of infinite molecular weight, 
AG]e, the free energy change upon the conversion of 
one mole of pure liquid monomer to one base-mole of 
amorphous polymer, is computed from12: 

AGle = RT  [ln~m + 1 + Xmp (9bu- ~bm)] (5) 

where ffm (= 1 - ~b~) is the equilibrium monomer volume 

RESULTS AND DISCUSSION 

Specific volumes of monomer and polymer 
Specific volumes of pure 1,3-dioxolan using both 

dilatometry and picnometry have been measured in 
the 10 ° to 70°C temperature range. The variation of 
~m, the specific volume, with t, the temperature (in °C) 
is expressed by: 

~m =0"9198 (1 + 1"116 x 10 -3 t+  1"56 x 10 -6 t z) +_ 

0"002 ml (2) 

Apparent specific volumes of polymer, ~u, in solution 
of its own monomer were also measured. Dilatometric 
measurements of a solution 18.34 ~o (w/w) in polymer 
()ffQ=71 400) were performed in the 25 ° to 75°C tem- 
perature range. ~ was computed from: 

~ = ( V -  w~m)/w~ 

Table 1 
dioxolan 

t 
(°c) 

Equilibrium bulk polymerization of 1,3- 

Conversion [/]~5o × 10 a 
(%) (molfl) n × 10 -2 

40"0 91 "8 2"6 9.6 
50-0 88"3 2"5 13"0 
60-0 87"6 2"6 7.3 
70"0 81 "8 2"7 20"0 
80"0 76'2 3"2 9'9 

75"2 2"6 4-6 
95'0 64.5 2'1 5-8 

109'2 53"5 3'9 13"0 
52"3 4"0 26"0 

120"0 37"5 3"7 0.9 
129"8 27"6 2"0 13.0 
140-8 6"9 0'6 2"5 
141 "4 5"3 0"6 0"6 
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fraction and Xmp is the monomer-polymer interaction 
parameter. AGle/RT is computed assuming a constant 
value of 0.4 for Xmp and its variation with I/T is shown 
in Figure 3. The value of 0.4 represents an average 
value since Xmp is bound to change over the considerable 
range of 40 ° to 140°C. A value of 0.3 above 120°C and 
0-5 below 70°C would yield a better straight line. As 
can be seen from equation (5), the value of Xmp has 
little effect on AGle/RT for Cp around 0.5. 
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Equation (5) is valid when n is large and the polymer 
volume fraction, not too small. From Table 1, it can be 
seen that in some cases, n is rather small. The effect 
of  short chains on the equilibrium position can be 
checked through the original equation z 2: 

AGlc = RT [ln Cm + Xmp ( ¢ p  - -  (tim) + 

1-(ln(~v)/n-(1/n)] (6) 

Just as in the case of  equilibrium polymerization in 
solution 13, AGle/RT is assumed to be independent of 
chain length and ¢~ is computed from equation (6) for 
different values of  n at various temperatures. Figure 2 
shows computed curves for n equal to 20 and 50 with 
Xmp=0"3. The value of 0.3 was selected since the best 
agreement between extrapolated and experimental values 
of AGlc/RT is observed for this value of Xmp in the 
considered temperature range. As can be seen, the 
presence of  short chains may lead to an overestimate 
of the ceiling temperature. The present results do not 
seem to be influenced by short-chain effect although 
Table 1 shows that, in a few cases, n is lower than ex- 
pected. The presence of short chains may be explained 
through chain scission during and after polymeriza- 
tion 1, 3, 14 

AGle/RT being essentially independent of the poly- 
merization system, the values obtained here may be 
compared with those obtained from the equilibrium 
polymerization of 1,3-dioxolan in solution. Recently, 
it has been shown that for the anionic polymerization 
of a-methylstyrene 15, 16 and for the cationic polymeriza- 
tion of tetrahydrofuran s in solution, at a given tem- 
perature, Cm varies linearly with Cv according to: 

Cm=¢° +bCp (7) 

AGle/RT is computed through comparison of equation 
(7) with 13, 15. 

- (AGlc/RT) +lna +/3 + Xmp-/3 Cp 
era= fl+xmP-1/a /3+Xmp--1/a (8) 

where /3 is a term including a solvent-monomer and a 
solvent-polymer interaction parameter and ~ is identical 
to ¢o. Equilibrium polymerization of 1,3-dioxolan 
using various initial monomer concentrations have been 
reported 1, s so that equations (7) and (8) are applicable. 
Values of Cr~ and Cp are obtained from the plot of  

Table 2 Thermodynamic parameters computed from equilibrium 
polymerization of 1,3-dioxolan in solution 

AGIc/RT 
t (with 

(°C) Solvent a - b - /3  Xmp = 0"4) Refs 

60 CH2CI2 0.27 0.17 0-21 - 0 ' 5 6  5 
Benzene 0.25 0.13 0.07 -0 .54  5 

50 

40 

20 

CH2CI2 0.23 0-14 0.16 - 0 ' 7 0  5 
Benzene 0.20 0.11 0.08 -0 -74  5 
Dioxane 0.21 0.08 0.06 -0 .58  5 

CH2CI= 0.19 0.10 0.11 -0 -83  5 
Benzene 0.16 0.04 - 0 . 2 0  -0.71 5 
Dioxane 0.18 0-07 - 0 . 0 4  - 0 . 7 4  5 

CH2CI2 0-11 0-04 - 0.03 - 1 . 2 3  5 
Benzene 0-12 0.07 0.15 - 1 . 3 4  5 
Dioxane 0.14 0.14 0.62 - 1 . 5 5  5 
C2HsCI 0-07 0-009 - 0 . 2 7  - 1 . 4 2  1 
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[M]e, the equilibrium monomer  concentration, against 
[M]0, the initial monomer  concentration, for the poly- 
merization in methylene chlorideS; f rom the plot of  
In Cm against ¢~ for the polymerization in benzene and 
in p-dioxane 5; and from the plot of  ([M] 0 -  [M]e) against 
[M]0 for the polymerization in ethyl chloride 1. In all 
cases Cm varies linearly with Cp in accordance with 
equation (7) and values of  the thermodynamic para- 
meters computed f rom equation (8) are given in Table 2. 
Variation of  AGle /RT  with 1/T are shown in Figure 3 
together with the results obtained for bulk polymeriza- 
tion. Values of  - 1 7 . 5 + 0 . 8 k J / m o l  and - 4 7 . 9 + 2 . 2  
J K -1 mol -z are deduced for AHle and ASxe respectively 
for the bulk polymerization. The combined results of  
bulk and solution polymerization yield 

AHle = - 16.7 + 0.5 kJ/mol 

and ASlc = - 45.8 + 1.5 J K -1 mol -L  These latter values 
should be retained if the 293 ° to 413°K range is con- 
sidered. Data  for the p-dioxane system were not used 
in the computation of  AHle as copolymerization of 
p-dioxane with 1,3-dioxolan cannot be ruled out com- 
pletely: copolymerization of  p-dioxane with monomers 
such as 3,3-bis(chloromethyl) oxacyclobutane 17 and 
epichlorohydrin TM has been reported. Our results are 
comparable with the values of  - 1 4 . 6 k J / m o l  and 
- 36.7 + 3.0 J K -1 mol -z for AHle and ASle respectively, 
obtained f rom the equilibrium between gaseous monomer  
and amorphous polymer 19. However, they differ to a 
considerable extent f rom A S l e = - 6 6 + 6 J K - Z m o 1 - 1  
computed f rom the heat capacities of  monomer  and 
polymer 20. 
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Light scattering Rayleigh linewidth 
measurements on some globular 
protein solutions 
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An apparatus previously described for investigating the Rayleigh linewidth of light scat- 
tered from macromolecular solutions by means of the optical homodyne technique has 
been modified so as to obtain the autocorrelation function of the fluctuations in scattered 
intensity. Its operation is described and some results presented for three commercially 
obtainable globular proteins: chymotrypsinogen, bovine plasma albumin and urease. 
Measurements were made in unbuffered 0.2M NaCI aqueous solutions and the diffusion 
constants, D20w, found to be 7.4+0.3x 10-7cm2s -1, 5.8+0.1 × 10-Tcm2s-t and 3.4+0.1 x 10 -7 
cm2s -1 respectively. There was no detectable concentration dependence. In each case 
the results agreed well with theoretical predictions both as regards angular variation and 
shape of the autocorrelation function. The effects of polydispersity are discussed. 

INTRODUCTION 

During the past decade it has become possible, largely 
owing to the advent of the laser, to investigate the 
spectra of light scattered from macromolecular solu- 
tions 1-8. The most convenient method of  making these 
measurements is by means of  the optical homodyne 
technique in which the power spectrum of a photo- 
electric signal is investigated. In recent years it has 
been found advantageous to do this by obtaining the 
autocorrelation function a, 4. An apparatus previously 
described 8 has been modified to use an autocorrelation 
function computer and the present paper describes its 
operation and presents some results for three com- 
mercially obtainable globular proteins. 

Theory of the spectral broadening of light scattered from 
macromolecular solutions 

The theory of  the spectral broadening of light scattered 
from macromolecular solutions is set out in a series of  
publications by Pecora 6. The quantity first calculated is 
the phase correlation function: 

AtAt+~ dt (1) f ( ' ) = r  o 
where TN r, At is the scattered amplitude at time t and 
At+~ that component which is in the same phase at 
time t + ~-. For  a monodisperse system in which broaden- 
ing arises only from changes in the phase of  scattered 
light due to translational diffusion this becomes for 
positive values of r :  

F(~-) = I exp( - K 2D'r) (2) 

where F( r )  is symmetrical about T=0. D is the trans- 
lational diffusion constant, I the scattered intensity 
and 

K =  4;sin0/2 (3) 

where 0 is the angle of  scatter relative to the incident 
direction and A the wavelength in the solution. The 
spectral intensity distribution function of the shift ~o 
relative to the frequency of the incident beam is then 
given by the Fourier transform of F(T). This is a Lorent- 
zian Iv,: 

IK2D 
Io~ = ~(~o2 + K4D 2) (4)* 

Spectral broadening will also arise from any other 
cause which results in fluctuations of the scattered 
amplitude or phase and in general F0-) is a sum of 
exponentials and I~ the corresponding sum of Lorentz- 
ians. For  non-interacting systems there are two possible 
additional sources of  broadening, rotational or con- 
figurational changes in the particle scattering factor 
P(O), and rotational variation of  polarizability. For  a 
solution of globular proteins P(6) is unity at all angles 
and cannot fluctuate with time. For the case of optically 
anisotropic molecules with an axis of symmetry Pecora 6 
gives the relations: 

4 2 Fv(r)= lv [ (1-3Pv)exp(-  K Dr)+ 

43Pvexp-(K2D+60)'r ] (5) 

FH(r) = IH exp[-- (K 2D + 60)r]  (6) 

where the incident light is vertically polarized and the 
two equations refer to the vertically and horizontally 
polarized components of the scattered light. O is the 

* In an earlier publication by the author s a derivation of equation 
(4) was given in which the scattered light was regarded as a random 
succession of damped oscillations whose amplitude varied with 
time as exp(-K2Dt). 1~ is then given by the square of the modulus 
of the Fourier transform of a function which varies as exp(-K 2Dt ) 
for positive times and is zero for negative times. 
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rotational diffusion constant and pv the depolarization 
factor. For globular proteins 60 is of the order of 
107s -1, K2D 104s -1 or less and t)v about 0.01. The 
above equations may therefore be simplified, spectral 
broadening of the vertically and horizontally polarized 
components being attributed entirely to translational 
and rotational diffusion respectively. If no attempt is 
made to separate the two components the low value 
of pv will render the observed spectrum dependent 
upon translational diffusion alone. Also frequency shifts 
associated with rotational diffusion are of the order of 
MHz and beyond the frequency range of the present 
apparatus. The results presented in this paper may 
therefore be interpreted entirely in terms of translational 
diffusion. It is worth noting, however, that in principle 
rotational diffusion constants can be determined from 
the spectral distribution of depolarized light. This 
would also afford a useful method of finding pv as the 
spectral width of any horizontally polarized light of a 
spurious nature would be several orders of magnitude 
smaller than that of the true depolarized light. 

For a polydisperse system where only translational 
diffusion is considered, the phase correlation function 
becomes a sum of exponentials associated with each 
component, viz: 

F0") = E Inexp(- K 2Dn'r) (7) 

where In is the scattered intensity from that component 
having diffusion constant Dn. The spectral distribution 
is then the corresponding sum of Lorentzians. 

The optical homodyne 
The simplest method of investigating the spectra of 

scattered light where the frequency shifts are small (of 
the order of 1 kHz) as is the case here, is by employing 
the optical homodyne technique. Provided that the 
coherence length of the source is long compared with 
the various differences in optical path length involved, 
and this is easily achieved with a laser, the different 
frequency components of the scattered light will beat 
with each other and result in fluctuations in scattered 
intensity. The spectrum of these intensity fluctuations 
can be investigated photoelectrically and if the signal is 
scanned with a wave analyser of bandwidth AB the 
signal at angular frequency B will be given by SB where s: 

- - o  ~ oo 
s~ = 2c2y2ABJ0 I½e-nI~B+n df~ (8) 

I is the spectral intensity distribution function, c the 
overall photosensitivity of the detecting system and ~ a 
coherence factor which depends upon the geometry of 
the scattered light receiver system. ~ has a maximum 
value of unity and increases as the smallest illuminated 
volume resolvable by the receiver system (in an image 
forming sense), approaches the volume of solution from 
which scattered light is actually received. A focused 
beam together with small stops in the receiver system are 
therefore needed otherwise complete phase cancellation 
of the beats occurs. Substitution of equation (4) in 
equation (8) yields: 

--~ c2y2AB I2K2D 
B 2 S~-- ~ ~r(~+K4D2) (9) 

\ / 

i.e. a Lorentzian of twice the spectral width. For a 

polydisperse system this becomes: 

s-~ = c2)'2AB ~,, ~ ImlnK2(Dm + Dn) (lO) 7r m "~ B2+ K4(Dm+ Dn) 2 

Investigation of the intensity fluctuations by scanning 
with a wave analyser has three major disadvantages: 
(i) the beat spectrum has to be scanned making measure- 
ments at one frequency at a time using a time constant 
which is long compared with 1/AB s. In order to preserve 
resolution at low frequencies AB has to be about six 
cycles so that each point on the spectrum takes about 
five minutes to obtain; (ii) provision has to be made 
for subtracting photoelectric shot noiseS; and (iii) equa- 
tion (10) shows that s~ is very difficult to interpret if the 
solution is polydisperse. These disadvantages may be 
largely overcome by obtaining the autocorrelation 
function of the photoelectric signal using a suitable 
computer. This is defined by ¢(0 where: 

1 I"T 
¢(r) = T J  ° stst+, dt (11) 

with T >~ ~" and is the Fourier transform of s~. It is also 
proportional to the square of F(~-), viz: 

c2~ 2 
¢(~-) = ~ -  [r(~-)] 2 (12) 

For the case of a monodisperse system where spectral 
broadening is due to translational diffusion alone this 
becomes: 

C2y2_/2 
¢(~') = ~ e x p ( -  2K2Dr) (13) 

and for a polydisperse system: 

c~,2 1- 2 
¢('r)=~--[~n lnexp(-K2Dn'c)] (14) 

Thus ¢(~') is much easier to interpret than s-~. Provided 
that the integration time T is long enough photoelectric 
shot noise is averaged out and contributes to ¢(7) only 
for very small values of r if the electronic system has a 
large bandwidth. T also has to be long enough for 
¢(~-) to be properly defined, i.e. T>>~, and the time 
taken to obtain ¢(~-) for a particular value of • will be 
of the same order of magnitude as that required to 
obtain a point on the s~ spectrum. However, computers 
are available which enable ¢(r) to be obtained for one 
hundred different values of ~- simultaneously thus 
considerably reducing the total time required. 

APPARATUS 

The apparatus used has been described previously. 
It was modified by the addition of an autocorrelation 
function computer (Princeton Applied Research Cor- 
poration Model 100A) and by replacing the He-Ne 
laser with one having a higher output (50mW uniphase 
nominal). The latter has enabled smaller stops to be 
used in the receiver system so raising y from 0.01 to 
0.10 independent of angle of scatter. ~, may be found 
experimentally from the value of ¢(~-) at ~- = 0 [equations 
(13) and (14)]. 

The computer obtains ¢(r) for one hundred different 
values of T simultaneously and is of the analogue type, 
i.e. the input is analysed as a continuous signal and the 
remarks which follow apply only to analysis of this type. 
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They will not in general be applicable to photon counting 
systems 3. The operation of the apparatus is best illus- 
trated by Figure 1 which shows the computer output 
for light scattered from a 2 ~ solution of chymotrypsino- 
gen at 0=30 °. This is displayed on an oscilloscope and 
then transferred to an X-Y recorder for analysis. The 
integration time is 20 s and achieved by means of RC 
filters so that in principle complete curves can be 
obtained in about 2 min. The autocorrelation function 
of the photoelectric shot noise is obtained by analysing 
a beam direct from the laser attenuated to the same 
intensity as the scattered light in the manner described 
previously s. After the initial decay this remains equal to 
zero indicating the absence of any significant modulation 
on the laser output or spurious pick-up in the electronics. 
The initial decay is the Fourier transform of the 
Lorentzian response curve of the electronic system and 
therefore exponential, the decay time being determined 
by the bandwidth which can be varied by means of a 
low pass filter placed before the computer. Reduction 
of bandwidth is desirable so that the photoelectric 
signal due to the scattered light may be made as large 
as possible without overloading the computer with 
shot noise. However, the resulting autocorrelation 
function (shown as 'beats plus photoelectric shot noise' 
in Figure 1) can be analysed only for those delay times 
above which the autocorrelation function of the shot 
noise is negligible and the value of ¢0-) for ~-=0 must 
be found by extrapolation. The choice of bandwidth is 
therefore a compromise. The computer operates, however, 
by scanning through the delay times with a recycling 
time equal to one-hundredth of the maximum delay on 
the selected range, so that for this reason also it is 
advisable to remove high frequencies and ignore data 
corresponding to the first 10~  of the delay times. The 
bandwidth is accordingly adjusted so that the auto- 
correlation function of the shot noise occupies the first 
10~  of the time scale. When the scattered intensity is 
very low it nevertheless becomes necessary to make 
measurements near to the computer baseline, especially 
when the solution under investigation necessitates using 
the very short delay ranges so that a wide electronic 
bandwidth must be employed. For the very short delay 
ranges (50 txs maximum to 200 ~s maximum) the baseline 

c- 
O 

< o  ~6 
¢ -  

1 
red in this region 

I \ - - -Beat  signal plus photoelectric 
1 ~ shot noise 

Band limite d 

IOO 200 300 400 500 
Delay time (~s¢¢) 

Figure I Autocorrelation function computer output for a 2% 
solution of chymotrypsinogen : angle of scatter 30 °. The 3db points 
of the electronics are 30Hz and 14 kHz 

consists of spurious oscillations associated with the 
computation process. These are systematic, however, 
and their effect may be minimized by subtracting the two 
curves. 

Measurements are made more difficult by the presence 
of dust in the solutions. Dust particles cause transient 
signals as they move in and out of the beam, the effect 
of which is to cause the autocorrelation function to 
execute spasmodic vertical movements sometimes causing 
the computer to be overloaded. To some extent this 
effect may be reduced by removing low frequencies 
from the signal and an adjustable high pass filter is 
placed before the computer for this purpose. The 
cleanliness of the solution, however, ultimately deter- 
mines the time required to make a measurement as it is 
necessary to wait for a 2rain period during which no 
dust particles move in or out of the beam. 

As both high and low pass filters are placed in the 
electronic system it is necessary to calculate the extent 
to which these distort the autocorrelation function. 
If the normalized function is given by exp( -2K2D~ -) 
then the effect of simple RC filters is to change this 
to: 

exp(_2K2Dr)_ 2 ~ D  exp( -- ~2r) (15) 

for the case of a low pass filter and : 

b 
exp(-2K2Dr)-2K2D exp(-- br) (16) 

for the case of a high pass filter where f2 and b are the 
angular frequencies of the 3db points and f~>2K2D>b. 
No correction for the presence of the low pass filter is 
therefore necessary as the data are ignored in the region 
where the second term is effective. The second term in 
equation (16) may be calculated using an approximate 
value of K ZD obtained by plotting log¢(r) against r. 
For the data shown in Figure 1 where the lower 3db 
point is at 30Hz this correction changes the calculated 
value of D by about 4 ~.  

The apparatus employs a semi-cylindrical cell of the 
type supplied by the Aminco (American Instrument Co. 
Inc., Silver Spring, Maryland, USA) apparatus in which 
conventional light scattering measurements can be made 
on the same solutions. Thus both kinds of measurements 
can be made over a wide range of angles. When con- 
ventional light scattering measurements are made on 
macromolecular solutions which have a dissymmetry 
of scatter, a correction has to be made for light scattered 
from the beam reflected at the glass/air interface where 
the incident beam leaves the cell. This is done by sub- 
tracting from the intensity scattered at any given angle 
4~o of the intensity scattered at the supplementary 
angle. At first sight it might appear that a similar cor- 
rection should be applied to the spectral distribution of 
scattered light as this will be different for supplementary 
angles of scatter. This, however, is not so as ordinary 
light scattering cells are not made with sufficient pre- 
cision for the light scattered from the reflected beam to 
enter the receiver system from the same coherence 
volume, i.e. there will be no heterodyne effect between 
the light scattered from the two beams. The output 
from the computer will simply be the sum of the auto- 
correlation functions resulting from the two spectral 
distributions and as these are proportional to the square 
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of  the scattered intensity the contribution from the 
reflected beam will be negligible. 
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In an earlier publication s measurements on a 0"5~o 
solution of  Ludox (Du Pont Ltd) were reported which 
were made by scanning the photoelectric signal with a 
wave analyser. As a check on its performance these 
measurements were repeated with the present apparatus 
and the equivalent hydrodynamic diameter of  17nm 
confirmed. 

Three globular proteins chosen so as to represent a 
wide range of molecular weights: chymotrypsinogen, 
bovine plasma albumin and urease were investigated. 
These were commercially available samples and their 
sources are listed in Table 1. The solvent in each case 
was a 0.2 M aqueous solution of  NaC1 with no buffers 
added, the pH being about 5 in the case of chymotryp- 
sinogen and bovine plasma albumin, and about 6 in the 
case of urease. All measurements were made on the 
same day as the solutions were made up. Solutions were 
clarified by centrifuging for 2 h at 30 000 x g and passing 
through a Millipore filter of pore size 1.2/zm directly 
into the cell. Conventional light scattering measurements 
were made in the Aminco apparatus. In no case was any 
dissymmetry of scatter observed after the solutions had 
been properly clarified and the molecular weights were 
found to be 29 000 for chymotrypsinogen, 68 000 for 
bovine plasma albumin and 60000 for urease. The 
last result is in serious disagreement with the accepted 
value (about 500 000) and arises because the sample 
contains a high proportion of very low molecular 
weight material such as ammonia and free amino acids 
which is not detected at all by light scattering. 

Normalized autocorrelation functions plotted against 
z sin20/2 for chymotrypsinogen, bovine plasma albumin 
and urease are shown in Figures 2, 3 and 4 respectively. 
The points are taken from the read-out on the X -Y  
recorder and as predicted by theory all the data lie on 
the same curve. The solid line in each case represents 
the best fit of  an exponential curve to the data. Values 
of D20w were calculated assuming the validity of the 
Stokes-Einstein equation and these are shown as a 
function of concentration for each protein in Figure 5. 
Measurements were actually made at room temperature 
but this was never outside the range 18°C to 22°C. The 
concentrations shown for urease are those estimated 

Table 1 Sources of globular proteins and summary of results 

D2ow x 107 
Globular protein Description and source Mw (cm~s -z) 

Chymotrypsinogen From bovine pancreas 29000 7-4+0.3 
6 x crystallized 
(Sigma cat. C4879) 

Bovine plasma Fraction V from bovine 68000 5.8+0.1 
albumin plasma 

(Armour Pharmaceu- 
tical Co.) 

Urease From jack bean meal 2x 
crystallized 
(Calbiochem B grade 
cat. 66613) 

6 0 0 0 0 *  3"4+0"1 

* See text 
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Figure2 Normalized autocorrelation function of intensity fluct'ua- 
tions of light scattered from a 2~  solution of chymotrypsinogen 
in 0.2MNaCI. A, 30°; V, 45°; O, 80°; ©, 90 ° 
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Figure 3 Normalized autocorrelation function of intensity fluc- 
tuations of light scattered from a 2% solution of bovine plasma 
albumin in 0.2MNaCI. x ,  29°; ©, 40°; G, 60°; V, 90°; 0,120 ° 
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§0.4 
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• o 

I-0 2-0 3 Ù  
sin2O/2 xlO s 

Figure 4 Normalized autocorrelation function of intensity fluc- 
tuations of light scattered from a 0.2~ solution of urease in 
O.2MNaCI. A, 135°; O, 90°; V, 60°; 0 ,  45 ° 

for the true globular protein on the basis of the measured 
molecular weight for the whole sample. It can be seen 
that in no case is there a detectable variation with 
concentration and the mean values are shown in Table 1. 

During the experiments it was found that in all cases 
where there was any significant dissymmetry of scatter 
due to aggregation with time, or insufficient clarification, 
the sin20/2 law no longer applied, the decay time on a 
-r sin~0/2 scale increasing with decreasing angle although 
no deviation from the exponential shape was observed. 
This does not arise from fluctuations in P(O) due to 
rotation of  the aggregates as these would be virtually 
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Figure 5 Di f fus ion cons tan t  as a func t ion  of  concen t ra t ion  for 
three globular proteins. Measurements were made in 0.2MNaCI 

undetectable in a globular system. It is due to the fact 
that the relative contribution of the aggregates to the 
scattered intensity increases with decreasing angle. In 
passing it should be emphasized that the systematic 
deviation from the sin20/2 law is in the same direction 
both for polydispersity and rotational or configurational 
variation of P(O) so that systems under investigation 
must be very carefully characterized before any inter- 
pretation in terms of the latter is made. 

Where there is no dissymmetry of scatter the sin26/2 
law should apply rigorously whatever the polydispersity 
if rotational variation of polarizability is negligible s 
although the autocorrelation function may not be 
quite exponential. The exponential shapes obtained for 
the three globular proteins, however, do not necessarily 
indicate that they are monodisperse and it is necessary 
to discuss the effects of polydispersity before comparing 
the results with those of other authors. For a poly- 
disperse system the autocorrelation function is given by 
equation (14) and if ln¢(r) is plotted against r the slope 
of the graph is: 

2 ~ - K~DnInexp(- K2Dnr) 
1 de (r )  75 

¢(7) dr  = Z Inexp(-K~nn r) (17) 
75 

which for r = 0 becomes: 

Dnln 
n 

- -2KZ--Z In-  (18) 
75 

Unless the degree of polydispersity is very high there 
will be a tendency for the exponential terms to cancel 
out even though they are under the summation signs. 
In this case the autocorrelation function will be expo- 
nential and the slope of a plot of ln¢(r) against r given 
by equation (18). It is not possible to determine the 
type of average of D so calculated without postulating 
how D varies with molecular weight M. If  it is postulated 
that Mnocl/Da~, i.e. the system is globular and all 
components have the same shape and that InoCNnM~ 

Light scattering Rayleigh linewidth measurements: D. B. Sellen 

where Nn is the number of molecules with molecular 
weight Mn then equation (18) becomes: 

- 2K 2 
(1/D)z+3 (19) 

where 
Z Nn/D~ 
n 

(1/n)z+3 =Z Nn/D~ (20) 
n 

The molecular weight of that component which has 
this value of 1/D is given by MD where: 

MD= [~ n NnM5/a ] (21)* 

This usually lies somewhere between the weight and 
z-average depending upon the type of distribution. In 
general for polydisperse solutions the value of D cal- 
culated from the autocorrelation function will correspond 
to a somewhat larger molecular weight than that found 
from conventional light scattering measurements. 

The result for chymotrypsinogen is somewhat lower 
than that determined using conventional techniques by 
Schwert 9 (9.5×10-7cm2s -1) who found a negative 
concentration dependence at very low concentrations. 
His value of molecular weight calculated from subse- 
quent ultracentrifuge measurements was 23 000 com- 
pared with the presently accepted value of 25000 
suggesting that his value for the diffusion constant may 
be about 10% too high. The solvent used by Schwert 
was an aqueous solution consisting of 0.18 M NaC1 plus 
0.02 M NaCOOH. This solvent was accordingly tried in 
the present work and yielded a value of 8.4× 10 -7 
cm 2 s -1 at a concentration of about 2 % which decreased 
with decreasing concentration to yield approximately 
the same extrapolated value at infinite dilution as for 
the unbuffered solution. Measurements were not possible, 
however, at concentrations below 7×10-3g/ml. Al- 
though the sample exhibited a single peak by gel-filtra- 
tion chromatography this does not necessarily indicate 
monodispersity and in fact the measured weight average 
molecular weight is about 10 % higher than the accepted 
value. This would not itself affect the diffusion constant 
appreciably but, as has been shown above, the measured 
constant corresponds to a molecule somewhat larger 
than this. A low value is therefore to be expected. Thus 
a combination of the foregoing considerations is enough 
to account for the discrepancy with the earlier work and 
determination of the true diffusion constant must await 
Rayleigh linewidth measurements on a sample of high 
purity. 

Physical measurements on bovine plasma albumin 
from the same source as that cited here have been made 
by many authors and the value of the diffusion constant 
agrees well both with authors using this technique a and 
conventional techniques 1°. Some denaturation on storing 
the sample in the dry state was observed however, the 
value of D falling to 5.5 × 10-:cm2s -1 after six months 
although there was no dissymmetry of scatter or change 

* Average values of macromolecular parameters are sometimes 
defined using the molecular weight as the weighting function 
rather than the parameter itself. In this case equation (18) shows 
that Dz is obtained irrespective of the relationship between D 
and M. MD is still given by equation (21) which applies only for a 
globular system. 
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of molecular weight. Measurements on bovine plasma 
albumin in distilled water yielded identical results to 
those in salt solution as did measurements in 0.2M 
NaC1 plus 0.02 M phosphate buffer (pH = 7). 

In spite of  the low purity of the sample the results 
for urease agree well with the early work of  Sumner et  
al. l z .  This would be expected if the impurities made 
little contribution to the scattered intensity and the 
true globular protein possibly represents the largest 
particle present. Data obtained for a low purity sample, 
however, must always be suspect and the results pre- 
sented here serve mainly to illustrate measurements on 
a molecule of this size. 

The measurements presented in this paper have been 
made mainly on unbuffered solutions in the presence 
of  NaC1 and consequently the values of pH were not 
strictly controlled. A fuller investigation would have to 
include variation of the diffusion constant with pH 
together with a thorough investigation of any concen- 
tration dependence involved and its variation with the 
molarity of both salt and buffer. 

CONCLUSIONS 

Light scattering Rayleigh linewidth measurements made 
upon solutions of three globular proteins representing 
a wide range of molecular weights by investigating the 
autocorrelation function of the fluctuations in scattered 
intensity, indicate the viability of the technique. Results 
agree well with theoretical predictions both as regards 
angular variation and shape of the autocorrelation 
function. 

There is little concentration dependence of the diffusion 

constants of  these proteins: chymotrypsinogen, bovine 
plasma albumin and urease, when measured in un- 
buffered salt solutions, and the values are 7-4 + 0.3 x 10 -7 
cm2s -1, 5.8+0.1 x 10-Tcm2s -1 and 3.4+0.1 × 10-Tcm 2 
s -1 respectively. Comparison with the work of  other 
authors is complicated by the unknown polydispersities 
of the samples. Only for extreme polydispersity would 
the exponential shape of the autocorrelation function 
be altered and the results correspond to a molecule with 
molecular weight somewhat higher than the weight 
average. The results for bovine plasma albumin, how- 
ever, agree well with those of  other authors, who obtained 
their material from the same source. 
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Highly active catalysts for ethylene 
polymerization by the reduction of TiCI, with 
organomagnesium compounds 
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The effect of introducing metal halides other than AICI8 into a TiCI3 catalyst, by the reduc- 
tion of TiCI4 with various metal alkyls is examined. Magnesium halides are shown to be 
most effective in increasing catalyst activity for the polymerization of ethylene. The in- 
fluence of the type of organomagnesium compound on catalyst activity is studied, together 
with the effect of reaction conditions in the reduction step. The composition and structure 
of the catalysts is discussed. The results show conclusively that the activity of a TiCI3 
catalyst in the Ziegler polymerization of ethylene is strongly affected by the presence of 
other metal compounds. 

INTRODUCTION 

The factors which control the activity of catalysts in 
the heterogeneous Ziegler polymerization of ethylene 
are of great scientific and technical interest both on 
their own account and as part of the more general 
problem of heterogeneous catalysis. Much is known 
about the performance of Ziegler catalysts, but among 
the very extensive literature there is more information 
available concerning the factors affecting the per- 
formance of particular transition compound preparations 
than is available concerning the factors responsible for 
the activity of different types of catalyst. Further, in 
the case of ethylene, which is the monomer studied 
here, there is also a problem of gas/liquid mass transfer 
which makes it extremely difficult to determine the true 
activity of the most active catalysts. From the technical 
and commercial viewpoint, the development of more 
active catalysts makes it possible to prepare polymers 
having a high purity, without the use of additional 
purification processes. For this purpose a yield of 
20 000g polymer/g TIC18 is desirable and this value is 
not easily reached with the conventional type of Ziegler 
catalyst in which TIC14 is reduced with aluminium 
alkyls or alkyl halides 1. 

Recently a number of publications have indicated 
some of the factors which influence the activity of the 
preferred type of Ziegler catalyst for ethylene poly- 
merization, i.e, a catalyst in which a solid particle 
containing or consisting of TIC13 is activated by an 
aluminium alkyl. 

In the first place it is clear that the catalysts prepared 
in this manner are not pure, and that the TiCla crystals 
actually have a composition better represented as 

* Present address: Department of Chemistry, University of Birming- 
ham, PO Box 363, Edgbaston, Birmingham BI5 2TT, UK. 

Ti[C1]a.n[A1C13] where n-,~0"31. However, the A1CIz 
appears to be incorporated in a single crystalline phase 
together with ~,/3, ~ or 3 TiClz and cannot be detected 
by X-ray diffraction or easily removed by sublimation 2. 
There is no doubt that the activity of these catalysts is 
enhanced by the presence of the A1C18 ~, 4. Claims have 
been made in the patent literature that activity, the 
stereospecificity for poly(c~-olefins), and polymer mole- 
cular weight can all be controlled by using mixed 
crystals of TiCls and other metal halidesL The influence 
of different metal halides can also be made plausible 
qualitatively according to molecular-orbital theory, as a 
result of the fact that the active titanium surface ions are 
conditioned by their near-neighbour chloride ions and 
that a very subtle balance is necessary to make this 
titanium suitable for the different steps in one incor- 
poration step of the olefin. One can visualize, therefore, 
that the conditioning by the surrounding chloride ions 
can be modified by replacing the next nearest neighbour 
titanium ions by aluminium ions 6. Most commercial 
catalysts have, however, for some time been formulated 
to provide a near optimum composition in these 
respects. 

However, it has also been clear that catalyst activity 
has by no means reached a fundamental limit, since it 
has also been found that conventional TiCI3 catalysts 
can show a very high activity over short periods when 
employed with aluminium triethyl as a co-catalyst 7, 
although these high rates soon decay to a much lower 
value (Figure 1). This decay has been ascribed to the 
further reduction of TiCla to TIC12 by the aluminium 
alkyl s. Another possible explanation is that the co- 
crystallized A1CIa is converted into AI(C2Hs)C12 which 
is reported to inhibit polymerization 9. Whatever the 
chemical reasons for the decay, the existence of these 
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high activities shows that there is no fundamental 
physical limitation that forbids greater activity. 

More recently a further discovery has shown that the 
activity of TIC13 can be greatly increased by supporting 
it on a metal halide or oxyhalide support 10. The preferred 
compound here is Mg(OH)CI and in this way the 
titanium atoms become highly activated. These develop- 
ments also pointed to the possible significance of mag- 
nesium compounds in Ziegler catalysis. 

One method of introducing a second metal halide 
would be to ball-mill the halide with pure a-TiCla. 
In this work we preferred the alternative method of 
reducing TIC14 with the appropriate different metal 
alkyl although it is more restricted in its scope. The 
equation 

xTiCl4 + MRx~xTiC13 + MClx + xR" 

expresses the overall reaction taking place in this 
process. 

EXPERIMENTAL 

Stringent precautions were taken at all stages to reduce 
the amounts of oxygen and water to less than 2 ppm in 
all reagents used. Glass equipment was oven dried at 
120°C and then assembled hot with pure dry nitrogen 
as purge gas. Gases (ethylene, hydrogen and nitrogen) 
were passed through columns of Linde 4A molecular 
sieves and MnO. Solvents were distilled under pure 
dry nitrogen from high surface sodium (deposited on 
Na2CO3). 

Reference will be made frequently to the use of 
SBPA as solvent. This is a commercial solvent containing 
mainly aliphatic hydrocarbons, of which we used a 
fraction with the boiling range 105-117°C. 

Metal alkyls 
Li(n-C4Hg) was made by reacting n-BuCl with 

lithium 'sand' in SBPA suspension. Reaction was incom- 
plete, but the unreacted butyl chloride was not removed 
before the alkyl solution was used. 

Cd(n-C4H9)2 was made by reacting anhydrous CdCI~ 
with n-C4H9MgC1 in tetrahydrofuran (THF)11: 

CdCI2 + 2 C4H9 MgCI~ Cd(C4Hg)z + MgCI2 

The THF was distilled off and replaced by benzene as 
the reaction proceeded to give finally a solution of the 
Cd alkyl in the latter solvent. The MgCI2 was removed by 
filtration. 

Zn(C2Hs)z was made by reacting aluminium triethyl 
and anhydrous zinc chloride: 

2Al(C2Hs)3 + ZnCI2 ~ Zn(C2Hs)2 + 2AI(C2Hs)zCI 

The zinc and aluminium alkyls were separated by 
fractional distillation. 

Methods used to obtain hydrocarbon solutions of 
magnesium alkyls were essentially those described by 
Bryce-Smith and CoxlL A small quantity of the neat 
alkyl halide was heated with predried Mg powder 
under nitrogen to initiate reaction. The remaining alkyl 
halide, in total 90~o of theoretical, was then added 
either neat or as a solution in toluene, SBPA or iso- 
octane. The latter method was preferred, refluxing of 
the solvent being used to control the temperature. 
If initiation was difficult the initial addition of 5 70 M 
(on total alkyl halide) isopropanol was usually effective. 

The products obtained were typically viscous grey 
slurries containing unreacted magnesium, magnesium 
halide and magnesium alkyl, the latter mainly present 
as a solid. Repeated hot extraction with fresh solvent 
followed by decantation or filtration was employed to 
recover the active material in solution. This was a 
difficult process owing to the generally low solubility 
of the magnesium alkyl and the high viscosity of the 
solution and slurry. 

By solvating a magnesium alkyl with a suitable ether 
or amine, its solubility in hydrocarbons is increased very 
markedly. The ether or amine was added, at a 1:1 or 
2:1 molar ratio on alkyl halide, to the solution of the 
latter before reaction with the magnesium. The product 
was a low viscosity solution from which magnesium 
halide and unreacted Mg could easily be filtered. 

Alkyl magnesium alkoxides are also quite soluble in 
hydrocarbons. These were prepared either by reacting 
the appropriate alcohol with an alkyl magnesium 
halide slurry in hydrocarbon, made as above, or by 
direct reaction of alcohol and alkyl halide with mag- 
nesiumla-zs: 

2RMgX + R 'OH~ RMgOR' + MgX2 + RH 

o r  

2Mg + 2RX + R 'OH~ RMgOR' + MgX2 + RH 

Alkyl solutions were analysed for active (C-Mg) 
content by hydrolysis with excess standard HCI and 
back titration with NaOH. The (Mg-X) content was 
determined by Volhard's method for halogens. The 
non-solvated alkyls usually had high (C-Mg)/(Mg-X) 
ratios, i.e. disproportionation to dialkyl was appreciable. 
Their structure is therefore uncertain, but for con- 
venience they will be referred to as the appropriate 
'alkyl magnesium halide'. 

AI(C2Hs)2C1 and AI(C2Hs)a were obtained from Shell 
Chemicals (UK) Limited. AI(ClzH23)a was made by 
reacting the olefin with AI(C2Hs)a. AI(CsH17)3 was 
obtained from Schering AG (West Germany). 

Reduction of TiCI4 
A standardized procedure was adopted, the reduction 

being done in a 250ml cylindrical fiat-bottomed vessel, 
fitted with a stainless-steel turbine and vertical baffles. 
100cm 3 of a solution containing 30mmol (C-Mg) 
were placed in the reactor which was then immersed in 
a bath at the desired temperature. The TIC14, as a 
molar solution, was added to the vigorously agitated 
alkyl over 20-30min from a dropping funnel. The 
whole system was blanketed with pure dry nitrogen. 
After completion of the reduction the catalyst slurry 
was analysed for di- and tri-valent Ti content. The 
method used employs oxidation of the Ti to Ti 4+ with 
H2SO4 and a ferric salt under controlled conditions, 
followed by determination of the liberated Fe z+ with 
ceric sulphate 16. 

Determination of catalyst activity 
The activity of the catalysts was determined by using 

a standard ethylene polymerization procedure which 
gave a reasonable measure of relative activity although 
it was not fully quantitative (see below). Polymerization 
was carried out at atmospheric pressure under the 
following conditions. Volume of solvent (SBPA or 
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iso-octane), 3 litres; concentration of TiCIa, 0.10retool/1; 
concentration of alkyl cocatalyst, 1.0mmol/1; tem- 
perature, 80°C; ethylene input rate, 1001/h; hydrogen 
(chain transfer agent) input rate, 1001/h; polymerization 
time, 3 h. 

The equipment used was a 5 litre flask fitted with a 
gas inlet dip leg, agitator, reflux condenser and thermo- 
meter pocket. The flask was immersed in a thermo- 
stated water bath. Gas inlet rates were measured using 
calibrated rotameters and the total outlet gas with a 
wet gas meter. The solvent was saturated with the 
ethylene/hydrogen mixture at reaction temperature 
before adding first the cocatalyst and then the catalyst. 
After 3h, polymerization was stopped by addition 
of a small amount of water. The solvent was removed 
by steam distillation and the polymer was dried in an 
oven and weighed. 

The average specific polymerization rate (ASPR) was 
calculated as the g polymer per g TIC13 per hour per bar 
ethylene pressure. 

The intrinsic viscosity (decalin 120°C) was either 
determined directly or derived from the melt index 
using a relationship previously found experimentally 17. 
The melt index was determined using ISOR292 
(Method A). 

RESULTS AND DISCUSSION 

Comparison of metal halides as promoters of the catalytic 
activity of TiClz 

TiCIa was reduced to TIC13 using the following metal 
alkyls or alkyl halides: AI(C2Hs)2CI; LiC4H9; Cd(C4Hg)2; 
Zn(C2Hs)2; MgC4HgBr (exact composition uncertain). 
In all cases a purely hydrocarbon system was employed; 
the A1, Li and Zn alkyls were used in SBPA solution, 
the Cd alkyl in benzene solution and the Mg alkyl as a 
slurry in SBPA. The TiCI4 was dissolved in SBPA in 
each case. A l: 1 molar ratio of alkyl to TIC14 was 
employed and the reductions were carried out at low 
temperatures: 0°C in the case of the Mg alkyl, -30°C 
with AI(C2Hs),,C1 and -60°C with the other alkyls. 
The dark brown precipitates obtained were in each 
case washed several times with SBPA before use. The 
AI(C2Hs)2CI reduced catalyst was also heated at 160°C 
for 2 hours to convert it into the 7-form, but the others 
were not given this heat treatment. 

Using the standard polymerization conditions described 
in the experimental section, the activity of each catalyst 
for ethylene polymerization was determined. The 
results obtained are compared in Table 1. 

Longer chain aluminium trialkyls, i.e. Al(C8H17)a 
and AI(C11H2a)3 were used as co-catalysts in some of 
these tests and gave higher average activities than did 
either AI(C~Hs)a or AI(CzHs)2C1. The influence of 
co-catalyst chain length is shown in Figure 1 for a series 
of polymerizations using an AI(C2Hs)zCI reduced 
catalyst. The ethylene absorption rate is lower initially 
but decays less rapidly as chain length is increased. 
Above Cll, however, the maximum rate obtained begins 
to decrease; thus the highest average rates are obtained 
with AI(iC4Hg)3, Al(CsH17)a and AI(CztH2a)3. 

The catalysts made by reduction with A1, Li or Cd 
alkyls all have very similar activities. The Zn(C2Hs)2 
reduced catalyst is less active. The Mg(C4Hg)Br reduced 
catalyst is, however, at least three times more active 

Table I Comparison of metal alkyls as reducing agents for TiCI4 

Activity test 

r " t l 20°C  
Alkyl used to Alkyl Lr/Jdecalin 
reduce TiCI4 co-catalyst ASPR* (dl/g) 

AI(C2Hs)2CI AI(C2Hs)2CI 330 2.24 
AI(C2H~)3 376 1.86 
AI(C8H17)3 580 2'28 
AI(CllH23)z 730 2' 44 

LiC4H9 AI(C2Hs)CI 250 3" 89 
AI(CnH17)3 760 2" 15 

Cd(CaHg)2 AI(CsHz7)3 700 2"55 
Zn(C2Hs)2 AI(C2Hs)3 negligible 

AI(CnH2a)5 460 1.90 
Mg(C4H0)Br AI(C~Hs)~CI 870 n.d. 

AI(C2Hs)~ 750 2.12 
AI(CsHaT)3 2040 2' 72 
Al(CzlH~z)3 2200 4' 50 

* ASPR=average specific polymerization rate [gpolymerg -1 
TiCI8 h -1 bar -1 (C~H4)] 

~) 20 A 

Io 

I 
c 50 
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Figure I Effect of trialkyl co-catalyst on polymerization of 
ethylene. Catalyst: TiCIz made by reduction of TiCla with 
AI(C2Hs)zCI. A, AI(CnH2z)z; B, Al(iBu)z; C, Al(n Octyl)3; D, 
AI(C14H29)a; E, AI(C~Hs)3; F, Al(CzsHzT)3 

than that made using the A1 alkyl. In view of the marked 
increase found with the Mg alkyl, further work was 
concentrated in this area. 

Reduction of TiCI4 with organomagnesium compounds 
Mg alkyl or aryl halides (Grignard reagents) are usually 

made in an ether, in which they are, as a rule, completely 
soluble. Reduction of TiCI4 by butyl magnesium chloride 
in diethyl ether solution does not, however, give an 
active catalyst. Hence the use of a purely hydrocarbon 
system, in which the alkyl magnesium halide is not 
very soluble, for the experiments already described. 
The hydrocarbon slurries are, however, very difficult to 
handle and contain variable quantities of magnesium 
halide and unreacted Mg and efforts were devoted to 
obtaining alkyl solutions free from these impurities. 

Non-solvated Mg alkyl or aryl halides :ts. Short chain 
Mg alkyl halides are only slightly soluble in aliphatic 
hydrocarbons and the chlorides are less soluble than 
the bromides. Longer chain alkyls have, however, 
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Table 2 Catalysts made with non-solvated magnesium alkyl/aryl halides 

Catalyst preparation Activity test 
1 o r = 2 0 C  

Reduction Reducing Solvent Form Alkyl I-r/Jdecalin 
temp. (°C) alkyl* medium used co-catalyst ASPR (dl/g) 

0 MgCzzH25Br SBPA Slurry Al(CzzH23)3 3040 3.46 
- 6 0  Solution AI(CsHzT)3 2340 1.39 

Al(CzzH23)3 2940 1.40 
Tol uene AI(CsHzT)3 3710 1.31 

AI(CzzH~3)3 3770 1.82 
0 MgC4HgBr SBPA Slurry AI(CsHzT)z 2040 2.72 

- 60 Solution 2400 1.56 
Toluene 2030 1.63 

- 6 0  MgC4HgCI SBPA Slurry AI(CsHzT)3 900 2.59 
Toluene 2240 1.54 

- 3 0  MgC4Hgl SBPA Solution AI(CsHzT)3 2330 2.48 
Toluene 2060 2.61 

- 6 0  MgCeH5CI C e H s C I  Slurry AI(CsHzT)s 2470 1.65 
MgC6HsBr CeH~Br 2230 1.33 

Solution 2480 1.27 

* Ratio of [C-Mg]:TiCI4 used=2:1 

higher solubility and using dodecyl bromide, solutions 
containing 500-600mmol/1 of active material were 
obtained in toluene, SBPA or iso-octane. The com- 
position of the alkyl was found to be nearer to that of 
Mg didodecyl than that of Mg dodecyl bromide, i.e. the 
Schlenk equilibrium: 

2 RMgX~R2Mg + MgX2 

had been shifted very much to the dialkyl in the absence 
of an ether. The ratio of C-Mg to Mg-Br found was 
7-10:1. Bryce-Smith and Cox zz have suggested linearly 
associated bridge bonded structures of the type: 

........ { . . R ~  j R ~ _  jx...~, jR~M ...~ ........ 
. . . . . . .  0.).72 . . . .  

for these compounds of intermediate composition, 
association being the reason for the observed high 
viscosity of the solutions. 

In Table 2 the activity of catalysts made using slurries 
and solutions of 'MgC1~H25Br' and 'MgC4H9Br' are 
compared. (These simple formulae, although not ex- 
pressing the true compositions will be used for con- 
venience.) Activities are all high but polymers obtained 
using catalysts made with alkyl solutions have a lower 
intrinsic viscosity (molecular weight). Thus less hydrogen 
will be required with these catalysts to obtain a given 
molecular weight polymer. 

The bromides and iodides are more soluble than the 
chlorides, but the catalyst activities obtained with the 
different Mg butyl halides are generally very similar 
(Table 2). 

Phenyl magnesium chloride and bromide can be 
made using a large excess of the phenyl halide as solvent, 
although their solubility is low. Reduction of TiCI4 with 
these compounds produced catalysts of similar high 
activity to that obtained with the Mg alkyl halides 
(Table 2). The excess phenyl halide was removed from 
the TIC13 slurries by repeated washing with SBPA 
before use in polymerization. 

Solvated Mg alkyl halides zg. The hydrocarbon solu- 
bility of Mg alkyl halides can be greatly increased by 
solvation with an ether or a tertiary amine. Mg butyl 

Table 3 Catalysts made with solvated magnesium butyl chloride 

Catalyst preparationa b 
Act iv i ty  r ,190°C 

Solvat ing Post- reduct ion testc L'q.ldecalin 
agent t reatment  ASPR (dl/g) 

Diethyl ether None 2450 1.98 
Washed 2070 1.90 

Di-n-butyl ether None 2500 1.69 
Wash ed 2400 1.66 

Tetrahydrofuran None 3090 1.94 
Washed 2690 1.75 

Triethylamine None 580 2.43 
Washed 1260 2.15 

Tri n-butylamine Washed 1640 2.01 
Pyridine None 2020 1.66 

Washed 1450 1.82 

a Ratio MgC4HgCI : TiCla= 2 : 1 
b Solvent SBPA 
c Alkyl co-catalyst AI(CsH17)z 
All catalysts made at -60°C 

chloride was obtained as a molar solution in SBPA by 
carrying out the preparation in the presence of n-butyl 
ether at a 1:1 molar ratio on the butyl chloride. No 
disproportionation occurred and the [C-Mg]: [Mg-C1] 
ratio in the product was 1:1. Similar results were 
obtained with other ethers and tertiary amines and the 
activities of the catalysts made using these solutions 
are compared in Table 3. Generally speaking, the ether- 
solvated alkyls gave catalysts of equal activity to those 
derived from unsolvated alkyls; slightly lower activities 
were obtained when tertiary amines were used. Washing 
the catalyst before use to remove any free ether or amine 
tended to reduce the activity rather than increase it. 
In fact, higher concentrations of ethers could be tolerated 
without significant loss in activity, as is shown by the 
results in Table 4. Activity did not begin to fall until 
more than a 3: 1 ratio of ether: C4HgC1 had been used 
in making the alkyl solution. 

Alkyl magnesium alkoxides 2o. Butyl and dodecyl 
magnesium isopropoxides were made as described in the 
experimental section and found to be quite soluble in 
SBPA or toluene. These compounds reduced TiCI4 to 
highly active catalysts similar in performance to those 
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given by the Mg alkyl halides. Results are given in 
Table 5. 

Influence of reduction conditions. Most of the catalysts 
described were made at - 6 0 ° C ;  where temperatures of 
- 3 0  ° and 0°C were used, this was because high viscosity 
or solidification of the alkyl solution prevented the use of 
the lower temperature. In fact, temperature of reduction 
was not found to have a great influence on catalyst 
activity between - 6 0  ° and 0°C. 

A 2: 1 molar ratio of alkyl to TIC14 or more precisely of  
[C-Mg] to TIC14 was used as standard, although theoretic- 
ally a 1 : 1 ratio should suffice. The reason was that incom- 
plete reduction occurred sometimes in the initial work 
with slurries when a 1 : 1 ratio was used. This may well 
have been due to inaccuracies in the determination of the 

Table 4 Effect of ether : alkyl halide ratio on catalyst activity 

Catalyst preparationa 

r ~ 1 2 0 ° C  
Molar ratio Post-reduct ion Act iv i ty testb L'qJdecalin 

ether:alkyl halide treatment ASPR (dl/g) 

1.1 None 2500 1.69 
Was h ed 2400 1- 66 

2-1 None 2350 1.98 
Washed 2550 1.77 

3.1 None 3060 2.13 
Washed 2940 1- 71 

6-1 None 200 n.d. 
Washed 980 3.04 

aEther: n-(C4H9)20; alkyl halide: MgC4HgCI; solvent: SBPA;  
molar ratio MgC4HgCI :TiCI4=2 : 1 ; reduction tempera tu re : -6o°C 
b Alkyl co-catalyst AI(CsH17)3 

[C-Mg] concentration in the slurries. More precise work 
showed in fact that higher activities could be obtained at a 
1 : 1 ratio. This is illustrated by the results in Table 6, ob- 
tained with solvated and unsolvated alkyls. In the latter 
case no definite effect was shown under the standard poly- 
merization conditions using 0.1 mmol TiC13/I. When, how- 
ever, the TiCI3 catalyst concentration was reduced to 
0.02 mmol/1 not only was there a marked decrease above 
a ratio of 1.5:1 but much higher average specific poly- 
merization rates (ASPR) were obtained. This effect of 
catalyst concentration, which is related to the limited rate 
of mass transfer of ethylene between gas and liquid 
phases, will be discussed in more detail below. 

As the ratio of reducing alkyl to TIC14 was increased 
there was, not surprisingly, an increase in the divalent Ti 
content of the catalysts obtained, but even with a Ti 2+ 
content of 40 ~ t h e  catalyst was highly active. The intrinsic 
viscosity, which is a measure of the molecular weight, was 
affected by the increasing alkyl to TiCl4 ratio but in 
directly opposing fashion for the two types; it increased 
with the solvated alkyl and decreased with the unsolvated 
alkyl. Ethers have been observed in earlier unpublished 
work to increase molecular weight when added to a 
7-TIC13 catalyst system. 

Catalyst composition and structure. A number of cata- 
lysts were analysed to determine their composition. From 
the amounts of Ti, Mg, C1 and Br found the following 
empirical formulae were calculated, assuming that Mg 
was divalent in every case. 

(a) Two catalysts made by reduction of TIC14 with 
MgC12H25Br (toluene solution; [C-Mg]: [Mg-Br] = 5.0: l ) 

Table 5 Catalysts made with alkyl magnesium alkoxides 

Catalyst preparation Act iv i ty test 

Reduction Reducing 
temp. (°C) alkyl* Solvent 

r ~ 1 2 0 ° C  
Alkyl LT/Jdecalin 

co-catalyst ASPR (dl/g) 

• - 60 C4HgMgOC3H~, SBPA 

Toluene 
- 3 0  Cz2H25MgOC3H~ SBPA 

AI(CsHz7)3 2930 1- 66 
AI(ClzH23)3 3040 1.74 
AI(CsHzT)3 1460 1.74 
AI(CzzH~3)3 3040 1.48 

* Ratio [C-Mg]  :T iCI4=2: l  

Table 6 Effect of [C-Mg]:TiCI4 ratio on catalyst performance 

Catalyst preparation 

Reducing alkyla 

Ti 2+ content 
[C-Mg] of catalyst 
[TiCI4] Solvent (wt.%) 

Act iv i ty testc 

[T iCl3]=0-10mmol / I  [TiCI3]= 0.02 mmol/I 

[ ~120°C r ~120°C 
~Lldecalin L'qJdecali n 

ASPR (dl/g) ASPR (dl/g) 

MgC4HgCI.(C4Hg)20 

'MgC~H~sBr' 

1 "00 SBPA 2.0 
1 '50 10'0 
2"00 18.0 
3"00 25.0 
1 "00 Iso-octane 1.0 
1.25 16-0 
1-50 20.0 
1.75 28.0 
2.00 41-0 

a Temperature of reduction -60°C  
b Not tested under these condit ions 
c Alkyl co-catalyst AI(CsH17)3 

326O 1.44 b b 
2950 1 • 50 b b 
2240 1" 63 b b 
1100 1.87 b b 
3070 2.13 5720 2.78 
2860 1 • 91 6240 2.40 
2560 1 • 69 6040 2.03 
3280 1- 34 4500 2- 08 
2950 1- 62 3720 2- 02 
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Figure 2 (a) TiCIa made by reduction of TiCI4 with 'MgC12H=sBr'; (b) fl-TiCI3 made by reduction of TiCI4 with 
AI(C2Hs)~CI 

at a 2:1 ratio of [C-Mg]: [TIC14] had the following 
compositions: 

TiC12.2s. 1" 14(Mg C11.65Br0.35) 

TiC12.8s. 1.47(Mg Cll.60Br0.40) 

If the alkyl composition is taken to be equivalent to 
2 Mg(C12H25)~+MgC12H~sBr and only 75~ of it is 
assumed to have reacted, the theoretical composition 
of the catalyst should be: 

TIC12.5.0"9(MgClt.67Br0.a3) 

The actual amount of magnesium halide present is thus 
in each case considerably more than might be expected. 

(b) A catalyst made by reduction of TIC14 with 
MgC4HgCI.(C4H9)20 at a 2:1 ratio of [C-Mg]: [TIC14] 
had the composition: 

TiCI~.4.1.5MgCI~. 0"6(C4H9)20 

In this case the composition is as expected if only 75 ~o 
of the alkyl has reacted. 

The actual amount of magnesium halide present in all 
three catalysts exceeds that of titanium halide. This is 
quite different from the case of aluminium alkyl reduced 
catalysts where less than 0.5:1 of AIC18: TiClx is found. 

Many of the catalysts made were examined by X-ray 
diffraction. Figure 2 shows a typical example of the 
diffuse pattern obtained in comparison with the well 
defined fl-TiCl3 structure of a catalyst made by reduction 
with AI(C2Hs)2CI under similar conditions. (The activity 
of the latter catalyst for ethylene polymerization is 
essentially unchanged on conversion to y-TiCla by 
heating to 160°C.) There are no identifiable lines which 
can be assigned either to TiCla or to MgC12 in the picture 
given by the Mg alkyl reduced catalyst. The crystallite 
size must therefore be very small. 

Transmission electron micrographs (Pt shadowed C 
replicas) were obtained of a number of catalysts. Figure 3 
shows the very fine nodular structure revealed. The 
primary particle size is apparently less than 50 nm. 

"Absolute' activity of the catalysts. The rate of ethylene 
polymerization during a standard polymerization test 
run of 3 h duration falls from an initial peak, decreasing 
at a rate which depends to some extent on the co-catalyst 
being used (see Figure 1). The decline is much faster 

Figure 3 Electron micrograph of TiCI3 catalyst made by reduction 
of TiCI4 with 'MgCz=H=sBr' (x 25 000) 

with Al(C2Hs)3 than with AI(CsH17)3 and in the former 
case the rate may fall to zero within 3 h. In addition to 
kinetic factors the rate of polymerization is also con- 
trolled by the purely physical process of mass transfer 
of ethylene from the gaseous to liquid phases 21. At all 
practical catalyst concentrations the mass transfer 
effect is very significant and thus any calculated catalyst 
activity may be only an indication of the true activity if 
access to monomer were unrestricted. This mass transfer 
effect is shown quite clearly by the results already 
quoted above where a reduction in catalyst concentration 
from 0.10 to 0.02 mmol/l doubled the calculated specific 
activity. 

To obtain some indication of the 'absolute' activity of 
these catalysts a series of polymerizations were carried 
out at progressively lower catalyst concentrations down 
to 0.005 mmol/1. All other conditions were held constant. 
By plotting the reciprocal of C2H4 absorption rate 
against time for each experiment and extrapolating 
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back to zero time, figures for the rates in the absence 
of catalyst decay were obtained. An earlier theoretical 
consideration of the processes involved in polymerization 
under similar conditions led to the derivation of a linear 
correlation between the reciprocal rate of polymerization 
(equated to rate of absorption) and the reciprocal 
catalyst concentration 21. This relationship had then 
been shown to be obeyed by a 7-TiCla catalyst. In the 
present case too a linear relationship was found when 
the rates at zero time were used (Figure 4). The slope 
of the line gives the true kinetic rate of polymerization 
and the intercept the maximum rate of transfer of 
ethylene from gas to liquid under the experimental condi- 
tions employed. The values derived are: maximum 
transfer rate=1001/h; true maximum kinetic rate of 
polymerization = 36 200 g g-1 TiCla h -1 bar-a(C2H4). 

This rate is much higher than the average specific 
rate previously reported for two reasons: (1) maximum 
initial rates are of course higher than the average rate 
during a 3 hour polymerization; (2) the gas/liquid mass 
transfer effect. 

These factors may be illustrated by noting that the 
average specific rates for a 3 hour polymerization are 
6250 and 2510 g g-1 h--1 bar-1 respectively with 0.02 and 
0.10mmol/l TiCla concentrations. This indicates the 
influence of mass transfer. On the other hand, the maxi- 
mum initial rate at 0-02mmol/1 is 21 9 0 0 g g - l h - l b a r  -1 
showing the difference due to the type of measurement. 
The fall in rate with time is somewhat greater than with 
the aluminium reduced catalyst shown in Figure 1. 

In the light of these results it will be clear that the 
measurement of very high catalyst activities in ethylene 
polymerization is not at all easy. When working at 
concentrations of 0.01 mmol/l of TiCla purity require- 
ments clearly become more difficult to meet.* On the 
other hand, straightforward polymerization experiments 
of the type described will give low activities for very 
active catalysts. It can, however, be confidently asserted 
that the activities reported here can readily be achieved 
and that more precise methods of evaluation will lead 
to higher results. From this practical point of view, 
however, the evaluation of catalyst activity over a 
period of time (e.g. 3 h) is desirable, since the achieve- 
ment of momentary high rates is of  little value. 

Catalyst structure and activity. Two possible mechan- 
isms whereby these very high catalyst activities are 
obtained may be considered. Either the intrinsic site 
activity is enhanced by the incorporation of magnesium 
halide into the crystal lattice or the number of  active 
and potentially active sites is greatly increased. Both 
mechanisms could conceivably operate together. 

The ionic radius of magnesium, 0.65A, is very close 
to that of titanium, 0.68A, in comparison with the 
0.50A of aluminium. Magnesium halides also have a 
layer-lattice structure, although half the octahedral 
holes are occupied compared to one-third with =/7-TiCI3 
or A1CI3. Thus substitution of magnesium for titanium 
in the crystal lattice should readily occur. It should be 
noted, however, that under the experimental conditions 
used in this work, the TIC13 will be formed as the fl 

* Comparison with more conventional types of Ziegler catalyst 
may be made with reference to Reich, L. and Schindler, A. 'Poly- 
merisation by Organometallic Compounds' ,  John Wiley, New 
York, 1966, Ch II. Experiments quoted are mainly in the range 
of 1-100mmol Tiff, i.e. 10-1000 times those employed here. 

0.15 

O.lO 

~ 
O.OE 

~Moss transfer rate 

0 1OO 200 300 

1/[Ti CI 3] (mmol/I) 

Figure 4 Determination of 'absolute' activity. Polymerization at 
80°C; 50% hydrogen; iso-octane; C2H4 partial pressure0.224bar; 
AI(CsHI?)~ co-catalyst. Catalyst made by reduction of TiCI4 with 
MgC12H25Br; derived maximum transfer rate of C2H4 from 
gas-liquid=1001/h 

modification, which does not have a layer-lattice struc- 
ture, and no heat treatment is given to convert it into 
the latter. Cocrystallization of magnesium halide and 
TiCI~ might therefore be expected to lead to a very 
disordered structure more like a glass than a crystal, as 
is indicated by X-ray diffraction (Figure 2). Observations 
on large TIC13 crystals by a number of workers have 
shown that active sites occur on edges and at crystal 
defects (e.g. Rodriguez and van Looy22). As crystal size 
decreases the number of such sites will increase and 
activity has been shown to increase correspondingly 23. 
Thus the very disordered structure of the present catalysts 
would be expected to lead to a high concentration of 
active sites and so to high catalyst activity. 

On the other hand, effects due to magnesium atoms 
acting as promotors through the chlorine atoms as 
described by Cossee (personal communication) for the 
action of Al in A1C13-promoted catalysts cannot be 
excluded. Actual measurements of the active site con- 
centration would be required to clarify the situation. 
Simultaneous determinations of active site concen- 
tration and polymer yield could be used to resolve the 
question of a specific promotor effect on site activity due 
to the magnesium. 

Polymerization to high yield on catalyst. So far only 
results obtained by polymerization at atmospheric 
pressure have been quoted, and the yields of polymer on 
catalyst in these experiments were relatively low. In 
order to obtain the higher yields which would be re- 
quired commercially a number of polymerizations were 
carried out at a pressure of 7.9bar (absolute) and the 
polymers examined in some detail. Results obtained are 
given in Table 7. 

By adjustment of the amount of hydrogen used as 
modifier a full commercial range of molecular weights 
(melt indices between 0-02 and 10.0dg/min) has been 
covered and the polymers are all non-corrosive and of 
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Table 7 Properties of polyethylenes made at high yield 
Polymerization conditions: pressure, 7-9bar (abs); temperature, 80°C; solvent, SBPA; co-catalyst, 
AI(C8H17)3 

Hydrogen used (%) 25a 35b 4Ob 50b 60b 
Polymer yield (g/g TiCI3) 75 000 40 000 32 000 27 000 17 000 
Melt index (dg/min) 0.02 0.14 2.0 3.5 10.2 
Intrinsic viscosity (decalin, 120°C) 4.50 3.00 1.71 1.52 1.22 
(dl/g) 
D ensity (g/cm z) n.d. 0.953 0.959 0.961 0.967 
1% Secant modulus (MN/m 2) n.d. 1.12× 10 a 1.15x 103 1.24x 10 ~ 1.33x 10 a 
Titanium content (calc.) (ppm) 4 7.5 10 12 18 
Colourc n.d. 96 93 95 94 
Corrosivityd n.d. 6 3 n.d. 2 

a Residence time 3 h 
b Residence time 4 h 
e Comparison with standard white surface rated 100 
d Mild steel plates. Ratings below 7 classed as non-corrosive 

excellent colour. This shows that the quantities of  
catalyst residues in the polymers are too low to have 
any harmful effect. Further the observation of a yield 
of  75 000 g/g TiCla shows that the catalyst can continue 
to be active even when it is associated with very high 
proportions of  polymer, without prohibitive physical 
blocking of the polymerization sites. 

CONCLUSIONS 

Highly active Ziegler-Natta catalysts can be made by 
reducing TIC14 with organomagnesium compounds is. 
They contain appreciable amounts of magnesium halide 
and are much more active in the polymerization of 
ethylene than the well known forms of TIC13 made by 
reduction of  TiCI4 with aluminium alkyls and which 
contain A1C13. The primary crystal size is apparently 
very small in these new catalysts. The high activity may, 
therefore, be due to the increased number of  active 
sites available as a result, rather than to any chemical 
activation of the site. 

By the use of  these catalysts it is possible to obtain 
polyethylene at yields which are high enough to eliminate 
any necessity for removal of  catalyst residues. 
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Morphology and structure of poly(ethylene-co- 
carbon monoxide) single crystals 

G. C. Alfonso, L. Fiorina, E. Martuscelli*, E. Pedemonte and S. Russo 
Istituto di Chimica Industriale, Universith Genova, 16132 Genova, Italy 
(Received 26 February 1973) 

Random copolymers from ethylene and carbon monoxide, containing different numbers of 
carbonyl groups in the main chain, have been crystallized from dilute solutions. The 
self-seeding technique has been applied. Monolayer single crystals are obtained and 
some results concerning their morphology and the unit cell dimensions as functions of 
the carbonyl content are reported. The annealing treatment supports a structural transi- 
tion previously noted for other polymers. 

INTRODUCTION 

In recent years, random copolymers from ethylene and 
carbon monoxide have received considerable attention, 
mostly for fundamental studies on the mechanisms of 
polymer photodegradation 1-4. The kinetics 5-8 and the 
mechanism 9 of the copolymerization reaction have 
already been published in detail. The resultant co- 
polymers show a polyketonic structure of the type: 
--(CHzCH2)n--(CO)--, with n changing as a function 
of the monomer feed composition 6. 

The present paper is a preliminary report of a thorough 
study on the morphology and the structure of solution- 
grown single crystals of these polyketones, as functions 
of the carbonyl content. 

EXPERIMENTAL 

Materials and their characterization data 
Poly(ethylene-co-carbon monoxide) samples were ob- 

tained by free radical polymerization of ethylene and 
carbon monoxide, both from the gaseous phase (PCO-1) 
at room temperature, using 7-rays 10, and from benzene 
solution (PCO-2, PCO-3) using chemical initiators at 
70°C 11. As reference materials, polyethylene samples 
were obtained by 7-ray polymerization of ethylene at 
room temperature from the gaseous phase 10. In all 
cases conversion was kept very low (<0.2~)  in order 
to reduce any branching formation 8, 12 and to ensure 
chemical homogeneity in the copolymers 8. No frac- 
tionations have been performed on the specimens. 
Carbonyl content, molecular weights, apparent heats 
of fusion, and other characterization data of the original 
materials are summarized in Table 1. 

The solvents used for the preparation of the single 
crystals--xylene (a mixture of three isomers), o-dichloro- 
benzene (DCB) and dimethylformamide (DMF), were 
commercial products, undistilled. 

Techniques of crystallization 
The preparation of the single crystals was carried out 

following the self-seeding technique introduced by 

* Laboratorio di Tecnologia dei Polimeri e Reologia, CNR, 80072 
Arco Felice, Napoli, Italy. 

Keller and coworkers some years ago 13-15. The co- 
polymer is wholly dissolved in the solvent at high 
temperature Tsol, and completely crystallized at a 
suitable temperature Tee; this suspension is thereupon 
heated up from Tee to the 'seeding temperature' T.~ at 
a controlled heating rate of about 10°C/h. The seeding 
temperature is some degrees above the optical clearing 
temperature of the suspension. After a short storage 
time at T8 (about 1 h), the solution is crystallized at 
To; Ts and Tc must be carefully controlled (+ 0.05°C) 
and accurately chosen if single crystals uniform in size 
and with a simple morphology are to be prepared 
successfully. 

It is well known 14, 15 that the technique so far sum- 
marized involves the preservation both of the primary 
nuclei and of many fragments of the crystalline lamellae 
above the optical clearing temperature of the suspension; 
they act as seeds in the final crystallization. Their folding 
period would eventually be correlated with the seeding 
temperature, Is. 

No special precaution to avoid the degradation of the 
copolymers during preparation of the single crystals 
has been applied. However, brown test tubes have been 
used to keep out the u.v. radiation from the CO 
groups 16 and the solutions have been removed as soon 
as possible from the high temperatures necessary for 
the dissolution of the polymer or for the seeding process. 

Table 1 Characterization data of the original materials 

Carbonyl content AH* Tm 
Sample (?/o)a Mn b (cal/g)c (°C) 

PE - -  34-7 - -  
PCO-1 9 29.7 104 
PCO-2 32 4700 15.9 104 
PCO-3 37 8300 12-5 113 

aNumber of CO groups/(number of CO groups+number  of 
ethylene uni ts)x 100. These data have been obtained with a Carlo 
Erba Mod. 3102 CHNO elemental analyser 
b Measured by vapour pressure osmometry, using DCB as the 
solvent at 110°C 
c Apparent melting enthalpies of the original materials have 
been measured by a Perkin-Elmer Differential Scanning Calori- 
meter. The calibration was performed with indium 
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Morphological observations 
The external shape of the single crystals has been 

examined by using a Philips E.M. 300 electron micro- 
scope, following the usual technique 17. 

Electron diffraction patterns were obtained using the 
same electron microscope with the beam normal to the 
main surface of the crystals. The crystals were shadowed 
with gold, which was used as the internal calibration 
standard to calculate the spacings from the polymer 
reflections. 

The thickness of the crystals was obtained by means 
of low-angle X-ray diffraction on oriented single crystal 
mats. A pinhole-collimated Rigaku-Denki camera was 
used. The long-spacing, calculated according to the 
Bragg relation, was assumed to correspond to the 
thickness of the lamellae. 

Annealing and thermal measurements 
Fragments of the single crystal mats, wrapped in 

aluminium foil, were annealed in glass tubes, which were 
sealed under nitrogen and immersed in thermostat 
baths. The annealing was performed in the dark for a 
constant time of 24 h. 

The same sample was used both for X-ray diffraction 
and thermal measurements. A DSC-1 Perkin-Elmer 
differential scanning calorimeter was used to obtain 
apparent heats of fusion AH*. All samples (2 or 3 mg) 
were scanned at 16°C/min. The area under the differential 
scanning calorimetry melting curve was expressed in 
cal/g using a typical calibration factor determined from 
melting a known weight of indium. 

The small angle X-ray scattering spectra were per- 
formed at room temperature. 

Wide angle X-ray diffraction measurements 
Wide angle X-ray diffraction patterns were obtained 

either photographically with a flat camera or by means 
of an X-ray spectrometer (North America Philips Co. 
Inc.). Ni-filtered CuK~ radiation was used throughout. 
The mass crystallinity of bulk materials was calculated 
from X-ray diffraction traces according to the method 
proposed by Hermans and Weidinger is, z9 for powder 
samples. 

process without any particular precaution. The seeding 
temperatures which yield single crystals are 80-90°C 
in xylene and 85-95°C in DCB respectively; in these 
temperature ranges the number of seeds decreases with 
increasing Ts and simultaneously the morphology of the 
crystals becomes more and more complicated. 

The crystals shown in Figure 2 indeed look very 
similar to the diamond-shaped single crystals that can 
be obtained from the commercial high density poly- 
ethylene14, zs, 20 or from sharp fractions of it 21,22, 
but generally show less regular edges and more growth. 
Since the low density polyethylene produced by high 
pressure polymerization has been reported to form oval- 
shaped crystals 23, 24, we can therefore assume that only 

21"6 

a ~2.7 

----.J[ , , , , , 
c:: 

u 21'6 

i i 

,o 4'o do 
2 e (degrees) 

Figure I Powder spectrum of bulk (a) PCO-i and (b) PCO-3. 
The spectra were registered with a proportional counter (CuK~). 
Mass crystallinity xc: (a) 0"60; (b) 0.27 

RESULTS AND DISCUSSION 

Crystallinity and heat of fusion of original materials 
Wide angle X-ray diffraction traces of polymers with 

different carbonyl intrachain content are reported in 
Figure 1. The crystallinity and the Bragg angles of the 
most relevant reflections are also indicated. 

The crystallinity decreases notably with increasing 
numbers of carbonyl groups in the chain; however, the 
reported figures could be a result of the preparation 
technique for the copolymers. From the values of the 
apparent heat of fusion noted in Table 1 it appears that 
the melting enthalpy of the copolymers is remarkably 
lower than that of the pure polyethylene (68.5cal/g): 
AH*/xc is 49-5 and 45.8cal/g for PCO-1 and PCO-3 
respectively. It seems that this parameter does not 
change greatly with the composition of the copolymers. 

Preparation and morphology of the single crystals 
The polyethylene (PE), prepared as reference material 

by y-irradiation, can be submitted to the self-seeding 

Figure 2 Seeded single crystals of polyethylene (PE) 
(prepared by ),- irradiat ion) f rom xylene, c = 1 . 0 x 1 0 - 3 % ;  
Tsol = 120 ° C; Tcc= Tc = 50°C; Ts = 83.0 ° C 
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few and very short branches, if any, are present in the 
main chain of the polymer; also since the copolymers 
would be less branched than the polymer itself s, they 
can be confidentially submitted to the self-seeding 
process. 

PCO-1 single crystals can be obtained in the same 
solvents used for pure polyethylene, say xylene and 
DCB. 

In Figure 3 the unseeded crystals, as obtained from 
the first crystallization of the solution in the experi- 
mental conditions indicated in the caption, are shown. 
The crystals from very dilute solutions of both solvents 
used, but particularly from DCB, have indeed a rather 
simple morphology because their sizes are not too 
large; the lozenge shape of pure polyethylene single 
crystals is observed, with some growths on the main 
diagonal. It is noteworthy that the morphology does 
not change greatly over a large range of the crystalliza- 
tion temperatures and, rather surprising, it becomes 
less complicated if Tee is reduced to room temperature. 

In Figure 4a the seeded crystals obtained from a very 
dilute solution in DCB (c= 1.0 x 10-3~)  with Ts=88°C 
and Tc=53.2°C are shown. They are usually mono- 
layers with an almost circular shape; their sizes are very 
small but uniform, according to the self-seeding treat- 
ment. The primary nuclei are well visible as protrusions 
in the central area of the lamellae and this is again a 
consequence of the self-seeding treatment, i.e. the stabiliza- 
tion of the seeds at Ts, involving a folding period for 
the nuclei higher than that for the whole crystal. 

On the outline of the crystals a step or a variation in 
the thickness of the lamellae is clearly visible. This 
involves a change in the crystallization temperature. 
If we raise Tc up to 60°C (Figure 4b) a larger amount 
of polymer does not crystallize in these conditions and 
therefore the step appears in the inner part of the 
lamellae. These observations can be explained either 
assuming that the crystallization of the copolymer in 
dilute solutions occurs so slowly that even after many 
days it is not yet finished or assuming that some material 
with a very low molecular weight may not be crystallized 

Figure 3 Unseeded crystals of PCO-1 from DCB. c=5-0x 
10-4%; Tsol=120°C; Tcc=25°C 

Figure 4 Seeded single crystals of PCO-1 from DCB. 
c=1"0x10-8%; Tsol=112°C; Tcc=60°C; Ts=88.0°C. (a) 
Tc=53"2°C; (b) Tc=60"O°C. The arrows indicate the 
primary nuclei and the steps on the outline of the crystals 

at such temperatures. It seems that the latter hypothesis 
would be more realistic, as the copolymer is not frac- 
tionated. 

This conclusion would also explain the unusual 
observation that the dimensions of the seeded crystals 
apparently do not change greatly with the seeding 
temperature; raising T8 from 85°C to 89.1°C only the 
growth becomes more and more complicated. Actually, 
the amount of the uncrystallized polymer available for 
each seed increases with Ts and more complicated 
multilayer crystals come out. 

Figure 4b also shows that by increasing the crystalliza- 
tion temperature the morphology of the seeded crystals 
becomes more elongated. This means that the basic 
shape of the PCO-1 copolymer single crystals is still 
the lozenge characteristic of the pure polyethylene; 
we have here a very high value of the truncation 
ratio 2o. 
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Owing to the low number of carbonyl groups in the 
main chain of the PCO-1 copolymer, xylene is a solvent 
thermodynamically better than DCB and therefore, with 
the same values of the seeding temperatures, single 
crystals with larger sizes and more growths are obtained 
from the former (Figure 5a). In both cases the polymer 
concentration of the initial suspension influences the 
results. Decreasing the concentration from 1.0 x 10 -a to 
5.0× 10 -4 in xylene (Figure 5b) we obtain smaller 
crystals; we will not discuss this point any further 
because a similar phenomenon has been recently ob- 
tained for pure polyethylene 22. 

With copolymers having a larger number of carbonyl 
groups in the main chain (PCO-2 and PCO-3) it is 
more difficult to find the experimental conditions leading 
to monolayer single crystals with a simple morphology 
because the results obtained with the self-seeding tech- 
nique are less reproducible. We do not have any explana- 
tion for this; nevertheless we think it reasonable to 
assume that the copolymers themselves, unfractionated, 

Figure 6 Seeded single crystals of PCO-3 from DMF; 
c=2.0×10-2%; Tsol=g9°c; Tcc=21°C; Ts=84.5°C; 
Tc=42°C 

Figure 5 Seeded single crystals of PCO-1 from xylene. 
Tsol=112°C; Tcc=Tc=60°C; Ts=87.1°C. (a) c=1-0×10-z%; 
(b) c=5-0x 10-4% 

Figure 7 Seeded single crystals of PCO-3 from xylene; 
c=1.0×10-3%; Tsol=112°C; Tcc=Tc=50°C; Ts=86-0°C 

could not be homogeneous as far as both the distribution 
of the carbonyl groups in the main chain and the amount 
of CO in each single chain are concerned. 

The solvents used were again xylene and DCB; some 
experiments have been carried on in DMF. Owing to 
the larger number of carbonyl groups in the main chain 
DCB and DMF are now better solvents than the xylene. 

In Figures 6-8 some results obtained in the experi- 
mental conditions indicated in the captions are shown. 
Normally multilayer crystals come out. 

The best results have been obtained in DCB; generally 
we have many growths and no effect of the seeding 
temperature on the sizes of the crystals but nevertheless 
the self-seeding technique does work (in Figure 8 the 
arrow indicates the nucleus of a monolayer crystal) and 
decreasing the concentration of the suspension the results 
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mats of PCO-1 polymer (9 ~ of CO) are plotted versus 
the annealing temperature. The crystals were grown 
at 50°C from DCB using a seeding temperature of 86°C 
and a polymer concentration of 0.01 ~,~ (w/w). 

A discontinuity in the trend of the long-spacing is 
observed at an annealing temperature of ~80°C. Cor- 
respondingly, in the range of annealing temperatures 
from 70 to 80°C, the apparent melting enthalpy of the 
single crystal aggregates starts to decrease dramatically. 

The same kind of correlation between long-spacing 
and apparent heat of fusion has already been observed 
in polymers such as polydodecenamer 26, polyoctenamer 27 
and branched polyethylenes 2s. 

The critical value T* of the annealing temperature at 
which the increase in the long-spacing and the falling 
off of the crystallinity starts, has been related to a 
morphological transition of the type schematically 
illustrated in Figure 112G. Following the scheme of 

Figure 8 Seeded single crystals of PCO-3 from DCB. c = l ' 0 x  
10-1%; Tsol=120°C; Ts=80.8°C; Tcc=50°C; Tc=60°C 

Table 2 Indices and spacings of PCO-3 single 
crystal reflections from electron diffraction patterns. 
The spacings of the corresponding planes for linear 
polyethylene (PE) are also reported for comparison 

Diffraction planes PCO-3 spacings PE spacings 
(h) CA) 

110 4-19 4.10 
200 4.01 3"70 
210 3-10 2.92 
020 2.43 2.46 
220 2.07 2.03 

remarkably improve and monolayer lamellae with very 
small dimensions can be obtained. 

Electron diffraction results 

A typical electron diffraction pattern from solution- 
grown single crystals of a sample of PCO-3 and the 
electron micrograph of the corresponding crystal in their 
reciprocal orientation are shown in Figure 9. The orienta- 
tion of the unit cell parameters a* and b* is indicated 
with reference to the crystal. The molecular axis is 
perpendicular to the platelet; therefore, by the familiar 
argument, the molecules must fold back on themselves 
many times on the surface of the crystal. 

The interplanar spacings, listed in Table 2 with their 
crystallographic indices, were determined by internal 
calibration with gold. Comparing the spacings of the 
corresponding planes of linear polyethylene an expan- 
sion of the unit cell in the case of the copolymers is 
observed. The expansion is more pronounced in the a 
axis direction. This result clearly indicates that some 
C = O  groups become part of the lattice as defects. 
These results are in good agreement with those pre- 
viously reported by Chatany et al. 25 

The reciprocal angle ~,*, determined from the electron 
diffraction pattern, is 90 ° . 

Annealing results 
In Figure 10 the long-spacing (•) and the apparent 

enthalpy of fusion AH* (cal/g) of oriented single crystal 

b 
Figure 9 Electron diffraction pattern and electron micrograph 
of a PCO-3 single crystal. The orientation of the unit cell para- 
meters a* and b* is indicated with reference to the crystal 
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Figure 10 Long spacing (©) and apparent enthalpy of fusion (VI) 
of oriented crystal aggregates of PCO-1 as function of the anneal- 
ing temperature 
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Figure 11 Change in the overall morphology of the crystal 
aggregate system at the annealing temperature T~*. (a) Below 
T,~ the system shows the morphology of oriented single crystal 
aggregate; (b) above 7"*. a complicated morphology is attained 
and the lamellae lose their individuality 

t rans i t ion  o f  Figure 11, at  the cri t ical  anneal ing  tem- 
pera tu re  the character is t ic  m o r p h o l o g y  o f  single crystal  
aggregates is lost  and  the system assumes a more  com- 
pl icated m o r p h o l o g y  very close to tha t  o f  a mel t  crystal-  
l ized mater ia l ,  a l though the or ienta t ion  o f  the chain is 
retained.  
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Application of small angle X-ray scattering to 
semi-crystalline polymers: 1. Experimental 
considerations and analysis of data 
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Experimental problems in studying small angle X-ray scattering from semi-crystalline bulk 
polymers are discussed and data obtained from slit optics compared, after desmearing, 
with pin-hole data. Theoretical correlation functions are derived for a model based on 
alternating layers of crystalline and amorphous phases. Different types of distribution 
functions for layer thicknesses were employed and compared with experimental correlation 
functions from polyethylene, poly(trimethylene oxide) and poly(tetramethylene oxide). 
For the latter polymer with crystallinity ~40~, Gaussian distributions for the thicknesses 
of both phases gave good agreement, whereas log normal distributions did not. For high 
crystallinity polymers choice of distribution is not critical. The fraction crystallinity obtained 
from different X-ray techniques is discussed. 

INTRODUCTION 

Small angle X-ray scattering (SAXS) has been widely 
used for the estimation of lamellar thickness in semi- 
crystalline polymers 1-3, assuming a two phase model. It 
has been shown that for correct determination of this 
parameter considerable care must be taken in the interpret- 
ation of results 4-6. Direct application of Bragg's law will 
result in erroneous d spacings from the broad diffraction 
maxima normally obtained from bulk semi-crystalline 
polymers. A more correct average periodicity perpendicu- 
lar to the layers is obtained by multiplying the desmeared 
intensity function by 02 and only subsequently applying 
Bragg's law to the peak position 7. Calculation of average 
periodicities gives no insight into the thickness distribu- 
tions of amorphous and crystalline layers. The experi- 
mental correlation function defined by Debye e t  al. 5, s, 9 

contains this information and from a detailed comparison 
with model correlation functions it is possible to obtain 
such parameters as the sizes and relative distribution of 
the crystalline and amorphous regions, the volume 
fraction crystallinity, and the surface area per unit 
volume between phases. Further information can be 
obtained if the integrated scattered intensity is converted 
to an absolute scale by the use, for example, of a standard 
calibration sample 1°-12. 

This paper demonstrates, by comparison with pin-hole 
data, how reliable information can be obtained fairly 
rapidly by correct desmearing of data obtained with slit 
optics. Consideration is given to the various experimental 
and theoretical factors which must be taken into account 
to obtain meaningful results. In particular different model 
correlation functions are evaluated by comparison with 
experimental correlation functions obtained for poly- 

* Present address: Koninklijke/Shell Laboratory, Amsterdam, The 
Netherlands 

ethylene, poly(trimethylene oxide) and poly(tetramethyl- 
ene oxide). Detailed results on the crystallization of the 
latter polymer will be reported subsequently. 

EXPERIMENTAL 

All measurements were made with a Rigaku-Denki 
goniometer (catalogue no. 2202), in conjunction with a 
Philips PW 1010 generator. Slit and pin-hole optics were 
taken from the point focus of a fine focus tube. Samples 
were in the form of discs approximately 1 mm thick. The 
path between sample and detector (film or Geiger counter) 
was evacuated and monochromatization of the copper 
radiation was achieved by using balanced Ni and Co 
filters a3. In order to correct for dead-time errors in the 
Geiger counter, a paralysis circuit of known dead-time 
(400/zsec), and greater than that of the Geiger tube, was 
introduced. In the cases where high resolution and accur- 
ate documentation of the scattering curve were required, 
counting methods of detection were employed, combined 
with very slow angular scanning or step scanning. Film 
detection was employed for pin-hole optics with inten- 
sities measured with a microdensitometer. 

T a b l e s  1 and 2 summarize the settings we have used for 
slit and pin-hole optics respectively. These represent a 
good balance between intensity and resolution. 

Table I Optimum slit arrangement 

Slit Slit 
number number 

Target to 1 2 3 Sample 4 5 Detector 

(distance in mm) 80 430 514 530 872 912 915 
Slit w id ths(mm) 0.2 0.1 0-22 0.30 0.10 
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(distance in mm) 80 430 530 835 
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Figure I Effect of third slit width on the SAXS pattern of poly- 
ethylene. Slit width is progressively reduced in the sequence (A) 
to (D). The third slit at setting D has impinged on the primary 
beam, thus making C the choice for optimum resolution 

\ A 

c 

D 

Table 2 Optimum pin-hole arrangement 

Pinhole number 

Focal spot to 1 2 

The positioning and width of the third slit, the purpose 
of which is to cut out parasitic scattering from the second 
slit, were found to be extremely critical. Although the 
settings of the third slit may be calculated on a theoretical 
basis, in practice they are best found by trial and error. 
Figure 1 illustrates the effect of different settings of the 
third slit on the SAXS pattern of polyethylene. For curve 
D, the third slit has impinged on the primary beam and 
hence effectively behaves as the second slit. For high 
resolution the parasitic scattering is measured separately 
with the sample in an absorbing position between the fifth 
slit and the Geiger counter. 

shifted to a higher scattering angle upon desmearing. 
This is compared with the undistorted scattering curve 
from the same sample obtained using pin-hole optics. The 
two curves are in good agreement showing the validity of 
the desmearing process. The second-order peak is clearly 
discernible and occurs at half the Bragg spacing upon 
desmearing. The data are also in agreement with those 
obtained by Vonk 6 for the same sample using a Kratky 
camera with slit collimation and subsequent desmearing. 

The SAXS diagrams obtained from samples of poly- 
(tetramethylene oxide) (/1~n=435000) crystallized at 
23.5°C for 2.5 months, and poly(trimethylene oxide) 
(AStn = 327 000) crystallized at - 10°C for 2.5 months, are 
shown in Figures 3 and 4. Figures 5 and 6 show the one- 
and three-dimensional correlation functions obtained 
from the desmeared experimental scattering curves of the 
two polymers. The first maximum in the one-dimensional 

b 

~2 
< 

I I I I I I I I I 

0'15 . 0"25 0'35 0"45 0 '55 0'65 
20 (degrees) 

Figure 2 Effect of desmearing on the SAXS pattern of poly- 
ethylene. Curve A represents the experimental data with slit 
optics (CuK~ radiation, data obtained using balanced Co and Ni 
filtersZ°). Curve B shows these data mathematically desmeared and 
curve C the experimental pattern obtained using pin-hole optics 
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r -  
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< 

The settings discussed above allow an effective angular 
resolution of 0.07 ° for slit collimation. Collimation cor- 
rections for slit smeared curves were applied using the 
method of Dijkstra et al. 4 

Figure 2 shows the SAXS pattern from polyethylene 
(sample lb, ref. 6) before and after applying the desmear- 
ing programme. The peak is not only sharpened but also 

O 0-25 o-5o - ~75 
2e (degrees) 
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Figure 3 SAXS diagrams for poly(tetramethylene oxide) (M'n = 
435 00O) crystallized at 23.5°C for 2.5 months. ©, Slit smeared; 
O, desmeared 

380 POLYMER, 1973, Vol 14, Augus t  



Appl icat ion o f  sma l l  angle X-ray scat ter ing to semi-crysta l l ine po lymers  : D. S. B rown  et al. 
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20 (degrees) 

Figure 4 SAXS diagrams for poly(trimethylene oxide) (Mn = 
327 000) crystallized at -10°C for 2.5 months. O, Slit smeared; 0 ,  
desmeared 
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Figure 5 One-dimensional (O) and three-dimensional (©) 
experimental correlation functions derived from the SAXS curves 
for poly(tetramethylene oxide) shown in Figure3. - - - -, theoretical 
best match with parameters if=0.4, tic=0.1 and fla=0"7 

correllation function occurs at a smaller spacing than the 
three-dimensional case. It is the maximum in the one- 
dimensional correlation function which gives the average 
repeat distance perpendicular to the lamellae and repre- 
sents the sum of amorphous and crystalline thicknesses. 

In order to obtain satisfactory matches of the experi- 
mental with the theoretical correlation functions, a 
distribution of layer thicknesses must be assumed. 
Kortleve and Vonk 6 have shown that the log normal 
function 

P (x) = [exp(fl2/2)/~flTr 1/2] exp -- { [3/~2/4 -Jr l n(x/~)]2/fi 2} 

with the same distribution width parameter, /3, for 
crystalline and amorphous thickness can be used to 
obtain a reasonably good fit between the experimental 
and theoretical functions for polyethylene. However, for 
the two polyethers which have much lower crystallinities 
(~<0.5), separate distribution width parameters are 
required for the crystalline (tic) and amorphous (fia) 
layers to obtain even moderate agreement. The broken 
lines in Figures 5 and 6 show the closest fitting theoretical 
correlation functions using log normal distributions and 
treating ~b as a variable as well as the width parameter. In 
both polyethers a considerable amount of secondary 
crystallization has occurred. In such samples, where the 
distributions are relatively sharp, the choice of distribu- 
tion function type is not critical. However, in less well 
crystallized samples the shapes of the theoretical correla- 
tion functions differ considerably for different types of 
distribution function. Figure 7 shows the experimental 
one-dimensional correlation function for poly(tetra- 
methylene oxide) crystallized at 20°C for 112 days, 
normalized such that the maximum occurs at a correlation 
distance x = 1-0. This is compared with theoretical func- 
tions which have the types of distribution and distribution 
parameters shown in Table 3. 

I.O 
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- 0 ' 5  
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I 00  2 0 0  3 0 0  
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Figure 6 One-dimensional ( 0 )  and three-dimensional (©) 
experimental correlation functions derived from the SAXS curves 
for poly(trimethylene oxide) shown in Figure 4. - - - - ,  theoretical 
best match with parameters ~=0.45, tic=0.1 and fla=0.8 
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Figure 7 Experimental one-dimensional correlation function 
['r(x)] for poly(tetramethylene oxide) (/~n = 927000), but normalized 
to give the first maximum at x=l-0. The points are the closest fits 
computed from a lamellar model with crystalline and amorphous 
distributions respectively: O, Gaussian/Gaussian; V, log normal/ 
log normal; x ,  Gaussian/square. Breadth parameters are given in 
Table 3 
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Table 3 Distribution functions, crystallinity and width parameters 
for theoretical curves 

Crystalline Amorphous 
distribution distribution 

function function 

A Gaussian Gaussian 0.45 0.02 0.33 
B Log normal Log normal 0.45 0"05 0.90 
C Gaussian Square 0-45 0.02 0.45 

1'5 

I-O 

0 . ,  

1 

O 0 [5  I'O "1'5 2.0 
.X 

approximately parallel layers, the finite probability of 
having zero amorphous thickness (indicated by the cut-off 
at x = 0 in the Gaussian function) could be accounted for 
by branching or impingement of the crystallites. 

The determination of the volume fraction crystallinity 4 
by using it as a variable parameter in the theoretical cor- 
relation function has an estimated error of + 0-05.4 may 
also be determined from the experimental correlation 
function, from the total integrated intensity on an abso- 
lute scale and from wide angle scattering measurements. 
In each case a slightly different physical quantity is 
measured. Table 4 shows crystallinities estimated by 
various methods for poly(tetramethylene oxide) crystal- 
lized for 112 days at 20°C. 

The value obtained from wide angle scattering was 
calculated making no allowance for lattice defects or 
disorder. These together with chain folds contribute to the 
amorphous scattering so that wide angle scattering would 
be expected to yield lower crystallinities than those 
obtained from small angle scattering. The first abscissa 
intercept [4(1- 4)] on the one-dimensional experimental 
correlation function leads to an estimate of 4. This 
method is only approximate since curvature of the cor- 
relation function necessitates a rather inaccurate extra- 
polation of the first linear part of the correlation function. 
Further, the product 4(1 - 4 )  changes very little when 4 is 

1.0 

Figure 8 Plots of amorphous thickness distribution functions A, 
B and C of Table 3, used in calculating the theoretical correlation 
functions in Figure 7. The crystalline thickness distribution 
functions are very sharp in comparison 

The log normal function has been defined earlier. The 
Gaussian function is defined by: 

P (x) = { 1//3(2 ~r) 1/2} exp - [(x - 4)8/2/32] 

For physical reasons, negative values of x were not per- 
mitted and in order to compensate for any cut-off at x--- 0, 
the whole function was multiplied by a normalizing 
constant to make the positive area 1. The square function 
is defined by: 

P (x) = 1/2/3 between 4 - / 3  and 4 +/3 

otherwise P (x)-- 0. The three different types of size distri- 
bution functions chosen for the amorphous layers are 
plotted in Figure 8. It will be appreciated that the width 
parameters/3 have different mathematical significances for 
the different functions. The position of the first maximum 
in the correlation function is sensitive to the type of distri- 
bution used and it will be seen that the proposed theoreti- 
cal correlation functions do not have their first maximum 
occurring at precisely x = 1.0. In order to attempt an exact 
fit of the data, the experimental function must be nor- 
malized such that the position of the first maximum co- 
incides with that in the theoretical function. When this is 
done, it is found that only the case with two Gaussian 
distributions gives satisfactory agreement with the 
experimental data. Figure 9 shows the exactness of the fit 
so obtained. 

Thus, crystallizations of poly(tetramethylene oxide) 
and poly(trimethylene oxide) under the conditions cited 
yield crystalline regions of fairly constant size separated 
by amorphous regions which vary much more in thick- 
ness. Although the model assumes a lamellar structure of 

0 ' 5  

; > -  

O 

-0.5r --Oo 
I I 

0.5 I'O 1"5 
x 

Figure 9 Normalized experimental ( ) one-dimensional cor- 
relation function for the poly(tetramethylene oxide) as in Figure 7, 
compared with the theoretical correlation function A of Table3(O) 
showing the best fit by adjusting the position of the theoretical 
function maximum on the x axis 

Table 4 Comparison of crystallinities from different X-ray 
methods 

Method 

Matching theoretical and experimental correlation functions 0.45 
From first abscissa intercept of experimental correlation 0.45 
function 
Wide angle scattering 0.37 
Total integral assuming ~p=138kg m -8 0.34 
Total integral assuming Ap=132kg m -~ 0.42 
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in the range 0.4 to 0.6. In practice, therefore, it is only 
useful at high crystallinities. 

The total integral of  the scattered intensity is propor- 
tional to ¢(1 _¢)Ap2, where Ap is the density difference 
between the phases. Assuming a density difference of 
138 k g m  3, the total integral crystallinity calculates less 
than that obtained from wide angle scattering. It would 
appear that the assumed value of Ap is too high and a more 
reasonable value is obtained with Ap= 132kgm-3. This 
agrees, within experimental error, with the value obtained 
from the absolute densities of crystalline and amorphous 
phases 14. 

We thus conclude that although the choice of  distribu- 
tion function is less critical for well-crystallized polymers 
of  high crystallinity (95 > 0-5), the choice becomes more 
critical the lower the crystallinity and the broader the 
distribution widths. A knowledge of the correct distribu- 
tions of layer thicknesses is of  prime importance in under- 
standing the morphology of the semi-crystalline polymer. 
The reasonable agreement between theory and experi- 
ment indicates the validity of  the two-phase lamellar 
model when applied to polymers of  low crystallinity 
( <  50 ~ )  as well as to polyethylene. 
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The presentation of viscoelastic properties of molten high polymers in a complex plane 
makes three characteristic rheologic parameters appear. These are examined for a ser ies  
of commercial samples of low density polyethylene. For instance, it enables products to be 
recognized which are very similar as far as the melt index is concerned but have different 
molecular weight distribution, different long chain branching index and consequently 
different processing properties. 

INTRODUCTION 

Recent studies have shown that molten high polymers 
have a mechanical relaxation 1 in the frequency range 
between 10 -3 and 20 Hz. The curves representing the 
variations of real and imaginary parts of the complex 
viscosity: 

7*(v) =7'(v) --j7"(v) 

are actually very typical of this phenomenon. 
7/"(v) is maximum for a value Ve of the frequency and 

7'(v) goes through an inflexion point. 7/' and 7" are not 
independent values; they depend on each other through 
the very general Kramers-Kronig relationship 2. 

It is interesting to note the results in the complex 
plane. Experimental points are located for each product 
on a circular arc. 

Thus, we can define three experimental parameters: 

70 = zero shear rate viscosity, 

"r0 = characteristic relaxation time such as ~'0 = 1/2~rve, 
h = coefficient such as h~r/2 = 0, angle between diameter 

going through the origin and the real axis. 

Variations of 70 and To with temperature follow the 
Arrhenius law with similar activation energies for the 
two parameters, h does not depend upon temperature. 

We propose to use the Cole-Cole analytical expres- 
sion a in order to represent the complex viscosity of 
polymers: 

7 *  - -  70 
- 1 + ( j o ~ 0 )  1 - ~  

This study shows the interest of such a representation. 

EXPERIMENTAL 

A rheologic study was conducted under steady flow 
(Instron capillary rheometer) and dynamic oscillatory 
experiments (Contraves-Kepes Balance-Rheometer) of 

ten samples of commercial branched polyethylene. They 
were separated into two groups. Group I samples (A, B, 
C, D, E, F) have roughly the same melt index. Group II 
samples (F, G, H, I, J) cover a large range of melt 
indices. 

Structural parameters of studied products are shown 
in Table 1. d represents the density, M1 the melt index, 
[7] the intrinsic viscosity measured in trichlorobenzene 
at 135°C, M* the weight average apparent molecular 
weight, P* the apparent polydispersity and (g'n) the 
long chain branching index. The definition of the last 
three parameters and the method of measurement have 
been given by Prechner et aL 4. 

We can observe that structural parameters of group I 
samples are clearly different although their melt indices 
are very close. 

Procedure 
Measurements with Instron capillary rheometer have 

been achieved in the same conditions for all samples, 

Table I Structural parameters of the samples studied 

[7] 
Ref. d MI  (dl/g) M~v P* (g~) 

Group I: 
A 0.919 1.9 0.982 256 000 28.9 0.357 
B 0.9248 1 • 85 0.807 78 400 6.4 0- 650 
C 0.9225 2.15 0.858 124 200 6.7 0- 495 
D 0.9216 2 1.04 117200 8.4 0.694 
E 0.9245 2.15 0.810 85 700 5.4 0-609 
F 0.926 2.10 0.837 64 000 6.1 0.882 

Group Ih 
G 0.9227 0.4 1.093 114 000 7.45 0- 758 
H 0.922 0.62 0.984 125000 8.0 0.617 
F 0.926 2.10 0.837 64 000 6" 1 0.832 
I 0-920 5.40 0.835 126 000 10.6 0.506 
d 0.918 15.2 0.775 111 000 11.9 0,535 
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i.e. at a temperature of 190°C with a capillary whose ratio 
of length to diameter is 16. Since we are interested in 
comparing the samples we did not apply either the 
Bagley or the Rabinovitch corrections. The apparent 
viscosity of products was measured according to shear 
rates varying between 3.1 s -1 and 1555 s-L The accuracy 
of the measurements was about 2 ~ .  

Dynamic measurements have been achieved with a 
Contraves-Kepes Balance-Rheometer. The torque mo- 
mentum was recorded using a stress gauge. Complex 
viscosity was measured at 190°C with frequency varying 
between 10 -a Hz and 20 Hz. The accuracy on T' and 7" 
was about 4 ~ .  

RESULTS 

~ "  1 0  4 

lb 

Table 2 shows the values of the apparent viscosity 
measured for a shear rate value of 3.1 s -1 (called 73.1) 
and the ratio 7a.1/T31. 

In Figure 1, flow curves are presented for a large 
range of shear rates. We can see that the flow curves 
relating to the group I samples are practically the same. 

The Balance-Rheometer results have been given as 
Cole-Cole plots for group I products (Figure 2) and 
group II products (Figure 3). 

In Table 2, we have shown the values of the parameters 
T0, T0 and h previously defined and the parameter 
Go = T0fi-0 which is an elasticity coefficient. 

Considering the experimental uncertainties, since T0 is 
given by extrapolation of the curves and the maximum 
of the curve T"(v) is rather smooth, T0 is known to a 
certainty of  5 ~ ,  ~'0 to a certainty of 10~o; therefore the 
certainty relative to Go is 15~.  Nevertheless, there are 
significant differences for this parameter. 

Table 2 Viscoelast ic propert ies of sample studies 

'~3-1 TO GO 
Ref. MI qa-l(P) r/a1 ~/o(P) h (sec) (dyne/cm 2) 

Group I: 
A 1 • 9 36 400 2.44 110 000 0.50 4.80 23 000 
B 1.85 36400 2.21 51 500 0.49 0.40 12900 
C 2.15 33000 2.13 66000 0-51 1.17 56 600 
D 2 31 600 2-19 68000 0.52 1.27 53 500 
E 2.15 33000 2.19 40000 0.49 0.26 51 500 
F 2.10 36 400 2.74 73 400 0.47 1-0 73 400 

Group I1: 
G 0.4 86 600 3-36 605 000 0"55 19.1 31 700 
H 0"62 68 700 3"03 365 000 0"52 11.4 32 000 
F 2.10 36 400 2.74 73 400 0" 47 1 • 0 73 400 
I 5.40 17 900 2.24 28 000 0"49 0.55 51 000 
J 15.2 8 600 1 - 91 10 200 0.51 0.21 48 600 

iO 3 

I 1 I 

IO IO 2 IO 3 
(sec-') 
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Figure I Flow curves of non-Newtonian viscosity against shear 
rate for group II products. O, F; ©, G; A ,  H; [ ] ,  I; x ,  d 

Figures 4 and 5 show the distribution function of the 
logarithms of the relaxation times N(~-)=~-H0-), com- 
puted using the Cole-Cole expression, H(-r) being the 
distribution function currently used in rheology 5, 6 

DISCUSSION 

Group I samples with the same grade have a very similar 
steady flow behaviour, briefly described by Ta.a and 
Ta.1/T31. 

On the other hand their processing properties (e.g. die 
swell, melt fracture and retractability) are very different. 
The differences between these products are also shown in 
their dynamic behaviour 7 and may be described by the 
two parameters T0 and To. 

However, there is no significant difference between 
dynamic parameters for samples C and D although their 
long chain branching indices are clearly different. This 
shows a limit to the present state of our investigations. 

Parameter h is constant for all the products. We can 
get a general approach of the behaviour of  the products 
through their assimilation to a simple Maxwell model 
with a single relaxation time "to and an elasticity Go. 

Using 70 and ~-0 we can draw for group II samples a 
master curve relative to the steady flow curves. As a 
matter of fact, if we plot the ratio Ta/T0 where 74 is the 
apparent viscosity versus ~0,  all experimental points 
(groups I and IX) are located on the same master curve 
(Figure 6). 

2 

'_O 
x 

X - -  ~ X 

Ig 

I 3 5 7 9 II 
-q ' x  10-4( P} 

Figure 2 Cole-Cole 's representat ion: imaginary part of the complex viscosity plotted against real part for group I products, x ,  A;  V,  B; 
O , C ;  El, D; E~, E; ©,  F 
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Figure 3 Cole-Cole's representation : imaginary part of the complex viscosity plotted against real part for group II products. 0 ,  F; O, C-i; 
G, H; I1,1; x , J  
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Figure 4 Distribution function of the logarithm of the relaxation 
times against the logarithm of the relaxation times for group I 
products, x ,  A; V, B; O, C; A, E; O, F 
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Figure 5 Distribution function of the logarithm of the relaxation 
times against the logarithm of the relaxation times for group II 
products. O, F; O, G; A, H; D, I; x ,  d 

This last  result  is in agreement  with previous  studies s, 9 
and  shows tha t  the character is t ic  re laxa t ion  t ime T0 we 
defined has to be re la ted to  the  m a x i m u m  re laxa t ion  
t ime which was in t roduced  in some high po lymer  
molecu la r  theories z 0-12. 

iO -I 

o 
i = -  

F "  

iO -2 

Figure 6 
products 

I I I I 

I0 10 2 10 3 10 4 

~Zo 

Master curve of log r//~7o against log ~,ro for group II 

CONCLUSIONS 

Plot t ing the dynamica l  pa ramete r s  o f  b ranched  poly-  
ethylene in the Co le -Co le  plane has been an efficient 
me thod  for  compar ing  these products .  

Differences in molecu la r  weight  d is t r ibut ion  and  long 
chain b ranch ing  index induce large var ia t ions  in the 
two pa ramete r s :  zero shear rate  viscosity 70 and  a 
character is t ic  re laxat ion  t ime r0. 

These two paramete r s  appea r  to  be useful for  a bet ter  
unders tand ing  o f  the processing proper t ies  o f  b ranched  
polyethylene.  
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The lamellar thickness of chain-extended polyethylene produced by annealing at high 
pressure increases logarithmically with time. The rate of increase is faster than for the 
same material annealed at 1 bar (=105 N/m~), but the large crystal thickness owes more to 
the initial increase than to enhanced thickening. The similarity of high and low pressure 
behaviour on annealing supports the hypothesis that chain-folded and chain-extended 
growth of polyethylene are models, one of the other. 

INTRODUCTION 

The discovery that crystallization of polyethylene from 
the melt at pressures of the order of 5 kbar (1 b a r - 1 0  g 
N/m 2) produced very thick lamellae in comparison to 
those familiar from work at 1 bar 1 posed several ques- 
tions, among them (a) do the layers consist of molecules 
in fully extended conformation, (b) how does the 
large thickness develop and (c) what is the relationship 
of crystal growth at high pressures to normal chain- 
folded crystallization? The first of these has already 
been answered in the negative. Molecules are usually 
folded in pressure-crystallized polyethylene. The average 
layer thickness increases with the time and temperature 
of crystallization, the same trends observed for crystal- 
lization at atmospheric pressure 2. This paper is con- 
cerned with the other two issues and supplements 
recent work which has shown that chain-extended 
crystallization is distinct from chain-folded 3 and is 
associated with the appearance at high pressures of a 
new phase of polyethylene 4. It concludes that although 
long-term lamellar thickening contributes substantially 
to the final thickness of chain-extended layers, it is not 
the primary cause of the large molecular extension. 
In addition it provides further experimental support for 
the hypothesis that chain-folded and chain-extended 
crystallization are models, one of the other. 

EXPERIMENTAL AND RESULTS 

The specimens used were of Rigidex 2 (BP Chemicals 
Ltd) polyethylene about 0.2 mm thick which had been 
oriented by cold drawing to a natural draw ratio of 
eight. They were punched out in the form of tensile 
test-pieces 50ram long parallel to the draw direction 
and 1.5 mm central width. For high pressure treatment 
these were suspended, lightly clamped at one end, in 
silicone oil inside a piston-cylinder apparatus. The 
precise details of the apparatus and relevant techniques 
identical to those used in this work have been described 
for an associated investigation 5. A pressure of 5"34 _+ 0.03 
kbar was imposed at room temperature before heating 
over about 2h  to the controlled temperature of 

245 +0.5°C which was approached at ~0.3°C/min and 
then maintained for varying times up to 24h. Subse- 
quently the apparatus was cooled to ambient tempera- 
ture, the pressure was released, and excess silicone oil 
was removed from the samples by washing in cold xylene. 

Figure 1 records the density and number-average 
lamellar thickness of polyethylene treated in this way 
as a function of annealing time. The first measurement 
was obtained at 23.0+0-1°C with a density gradient 
column containing carbon tetrachloride and toluene. 
The second came from replicas of fracture surfaces 
photographed in the electron microscope, sampled by 
our usual technique z, 5 and calibrated against a standard 
grating. 

In Figure 2 are data obtained on identical material 
annealed at l b a r  and 130+0.2°C by immersion in 
silicone oil at this temperature and then quenched in 
more silicone oil. These length measurements were given 
by converting the position of a single diffraction maxi- 
mum seen in small angle X-ray scattering, using Bragg's 
law. 

Figure 3 shows the two sets of thicknesses plotted 
against the logarithm of time. A linear relationship 
holds for both. The slope at 5kbar is 185A/decade of 
minutes and at 1 bar 78A/decade, while the lengths 
extrapolated back to l minute are 1140 and 220A 
respectively. 

DISCUSSION 

Impetus was given to the investigation of the role of 
time dependence in high pressure crystallization pheno- 
mena by the discovery that chain-folded lamellae could 
be transformed through a continuous spectrum of 
molecular extensions to chain-extended dimensions 6, 7, 
a result which is now amply confirmed 5, notwithstanding 
earlier criticisms s,9. This was relevant to the issue of 
whether the large thicknesses of chain-extended crystals 
developed by pressure-enhanced thickening of chain- 
folded lamellae, e.g. as formulated by Peterlin TM or 
formed directly in crystal growth. While at first sight 
this discovery seemed to support the former hypothesis 
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Figure I Variation of (a) density and (b) long period with time 
for drawn polyethylene annealed at 130°C and I bar 

it was also evident that to consider the matter adequately 
much more needed to be known about the basic details 
of crystal growth of polyethylene at high pressures. 
Accordingly a programme of research was undertaken 
which looked first at crystallization from the melt at 
5 kbar using good fractions. This showed that, contrary 
to what had been generally supposed, the average 
thickness of chain-extended crystals was not constant, 
and did increase with time, but also that the situation 
was more akin to chain-folded crystallization at 1 bar 
in that lamellar thickness increased with both the time 
and temperature of crystallizationL Preliminary com- 
parison has shown that there is a similar proportional 
dependence of fold length on supercooling at 5kbar  
and under vacuum n .  Now, the similarity between high 
and low pressure behaviour is reinforced by the data 
reported here of the time dependence of  lamellar thicken- 
ing on annealing. 

It is well known that whole polymer annealed at 
I bar increases its fold length logarithmically with time 12. 
Figure 3 shows that this is also the case at 5 kbar and 

that the long-term thickening is faster at the higher 
pressure. Nevertheless, although the figure of  185A/de- 
cade recorded at 5 kbar is more than twice that  measure 
at 1 bar*, and is also higher than atmospheric values od 
others 12, it is clear from Figure 3 that the large thicknessf 
of chai n-extended crystals produced by high pressure 
annealing has more to do with the initial increase (from 
180A to over 1300A in 15min) than with 400A of  
subsequent thickening in 24h. This is a conclusion we 
should also expect to apply to high pressure crystalliza- 
tion, because we have argued elsewhere 5 that annealing 
of polyethylene can now be regarded without difficulty 
as due to a combination of melting and recrystallization. 

This evidence is in accord with other, later work in 
this laboratory, which has shown that chain-extended 
crystallization of polyethylene is distinct from chain- 
folded and does not result from conversion of preformed 
chain-folded lamellae 3. Indeed at the same pressure and 
temperature chain-extended crystals form before chain- 
folded. The occurrence of  chain-extended growth has 
also been correlated with the appearance of a new, 
high pressure phase of polyethylene 4. It thus becomes 
especially pertinent to enquire whether, as a first hypo- 
thesis, chain-extended growth is simply chain-folded 
crystallization operating between different phases than 
usual. What little data are available is not inconsistent 
with this suggestion 4. Moreover, the finding that for 
first temperature n and now time dependence there are 
formal similarities between chain-folded and chain- 
extended behaviour supports the idea that each is a 
model for the other. If  this is true, then the crystalliz- 
ation of polyethylene at high pressures takes on a wider 
relevance. Its great crystal size and associated com- 
parative ease of  examination might also make it a more 

* This comparison may be exaggerated because annealing w a s  

carried out closer to the final melting point of chain-extended 
material at high pressure. According to our measurements this 
parameter is 254°C at 5"3 kbar 5. Conversely if allowance is made 
for the two different techniques of measuring length, using the 
empirical correction derived elsewhere 5, the difference is accen- 
tuated. 
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valuable system than chain-folded crystallization on 
which to investigate fundamentals  o f  growth from the 
melt. In  particular observations on chain-extended 
growth which have been interpreted in terms of  final 
crystal thickness being determined by a process more 
complicated than the simple deposition of  a chain-folded 
molecular strip on a substrate, would be o f  more  general 
application 11, 13. 

Lastly, we note, compar ing the thicknesses o f  chain- 
extended and chain-folded crystals, that  whereas the 
relative changes produced by crystallization temperature 
are in propor t ion  to lamellar thicknesses, those given by 
time dependent thickening are more nearly equal. This 
suggests that  isothermal thickening does not  directly 
involve units of  the full layer thickness as it would, for 
example, in secondary crystallization or fold length 
doubling, but rather is restricted to something like the 
adjustment o f  fold surface roughness where the propor-  
tionate effect o f  lamellar thickness is subdued. 
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Chain-extended crystallization of polyethylene: 
effect of sample thickness 
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Films of polyethylene varying in thickness from 100A to 1 mm have been melted and re- 
crystallized at 5kbar (1 bar-105 N/mZ). All produced the spherulitic texture characteristic 
of chain-extended growth, but the average lamellar thickness increased with that of the 
specimen by a factor of about ten from hundreds to thousands of ]k. The effect is discussed 
in terms of processes involved in the establishment of layer thickness. It also offers a 
means of removing the major difficulty in regarding lamellar thickening of polyethylene on 
annealing as a combination of melting and recrystallization. 

INTRODUCTION 

This work was originally undertaken as part of a wider 
investigation into the morphology of chain-extended 
polyethylene which sought to prepare thin films of this 
material and to examine them by transmission electron 
microscopy. In this way it was hoped to observe whole 
crystals rather than having to rely on those cross-sections 
preferentially revealed in fracture surfaces. From the 
first, however, it was evident that crystallization of 
polyethylene in very thin films at high pressures did not 
produce thick crystals. Instead the lamellae formed were 
very similar to those crystallized at 1 bar (=  105N/m2), 
being only a few hundred A thick. This observation led 
to the present work which is singled out from the wider 
investigation (to be reported elsewhere) because it 
reveals a new effect in polymeric crystallization which 
moreover, offers a solution to the main difficulty in 
regarding lamellar thickening of polyethylene on annealing 
as being due to a combination of melting and recry- 
stallization. 

thicknesses. Third, the effect of specimen dimensions on 
layer thickness was examined. 

The appearance of thin layers after recrystallization 
at 5 kbar remains for films thousands o f / k  thick, pre- 
pared either by melting multilayer crystals grown from 
concentrated solution in xylene, or by solvent casting. 
As Figure 2 shows, even microtomed films 3 tzm thick, 
when recrystallized reveal surface steps of a few hundred 
A and have a similar textural appearance to the thinnest 
films. Yet such samples have melting points of ~ 140°C, 
are brittle at room temperature, revealing fracture 
surfaces as in Figure 3a and would be regarded as chain- 
extended even on the old arbitrary criteria of melting 
point and crystal size. Moreover, it is clear both from 
replication of fracture surfaces and from transmission 

EXPERIMENTAL RESULTS 

The first experiments used polyethylene crystals grown 
from dilute solution in xylene which were then sedi- 
mented on cleaved mica substrates. After recrystalliza- 
tion from the melt at 4.95kbar they appeared as in 
Figure 1. The surprising formation of thin crystals when 
thick, chain-extended layers were produced in bulk 
polymer prompted three actions. First, specimens were 
scrutinized for molecular degradation. For microscopic 
samples this was restricted to subsequent melting and 
recrystallization behaviour but for larger amounts, 
carbonyl absorption was looked for at 1720cm -1 in 
the infra-red. None of these tests proved positive. 
Second, experiments were conducted to see whether 
nucleation by partly extended molecules, as e.g. in 
'shish-kebabs' would alter the situation. It did not, 
reflecting the common experience in polymer crystalliza- 
tion that primary nucleation is not important for lamellar 

Figure 1 Appearance of solution-grown crystals of polyethylene 
which were melted then recrystallized at 4.95kbar 
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Figure 2 Replica of the free surface of a microtomed section 
of polyethylene, initially 3g.m thick, after recrystallization at 
4.95kbar 

microscopy with 1 MeV electrons that there is no special 
surface texture, but that the steps seen there represent 
fractional differences of the full layer thicknesses. The 
continuity in spherulitic texture from the thinnest to 
the thickest samples reflects the common formation by 
the distinct high-pressure growth process which for 
historical reasons has had to be denoted 'chain- 
extended '1, although this nomenclature is now un- 
fortunately seen to have to embrace lamellae only 
hundreds of A thick. Qualitatively, however, these 
experiments show clearly that the thicknesses of chain- 
extended lamellae are depressed in thin films. 

More quantitative measurements have been made 
for several runs involving films microns or more thick 
because these can be fractured to allow measurements 
on clearly identifiable lamellar thicknesses, rather than 
using step heights seen on top surfaces. All the data 
show the same trend of behaviour, but the precise 
figures do not repeat exactly from run to run, suggesting 
that with a variable as crude as film thickness certain 
more vital, microscopic, factors are not under control. 
Here we quote measurements for one particular experi- 
ment only, as an illustration, in which four samples of 
nominal thicknesses 3, 10 and 50~m were crystallized 
side by side with a pellet (~  1 mm cube) of the same 
polymer, Rigidex 9 (BP Chemicals Ltd). 

The two thinnest specimens were cut to their nominal 
size with a microtome, while the 50tLm one was part 
of a drawn film whose thickness was calculated by 
weighing a measured area. All the films were sandwiched 
between cleaved mica surfaces, one of which was coated 
with carbon to facilitate subsequent treatment. The 
four samples were then individually loosely wrapped in 
platinum foil and encapsulated in water inside the high 
pressure apparatus. Pressure was raised to 2-8 kbar and 
controlled while samples were heated to 229.5°C. Then 
a pressure of 4.95kbar was imposed which caused a 
rise of some degrees for a few minutes until the tem- 
perature was again controlled at 229-5°C for 1 h. After 
this the press was cooled to room temperature and 
pressure was finally released. From subsequent ex- 
perience it is likely that crystallization occurred during 

the temperature transient, i.e. a degree or two above 
229-5°C. This does not affect the comparison of the 
three films, nor does the fact that each became non- 
uniform in thickness, with an overall thickening, during 
the treatment. The separation of the two edges of 
specimens fractured in planes approximately parallel 
to the film normal was as much as twice the nominal 
film thickness. This includes multiplication by the 
secant of the angle between the fracture face and film 
normal but it is unlikely to account for all the apparent 
increase in thickness. 

Detail of fracture surface replicas of the four speci- 
ments is shown in Figures 3a-3d. The two thinnest seem 
to contain thinner lamellae than the third, which in 
turn shows a smaller molecular extension than the 
bulk sample. This is confirmed by measurements, using 
our standard technique of random sampling 2, which 
are summarized in the normalized histograms of Figure 4. 
200 tamellae were sampled for each of the three thinnest 
films and 197 for the bulk polymer. The number-average 
mean figures for molecular extension, i.e. crystal thick- 
ness along c and their standard errors are respectively 
1418 _+ 63 /~, 1616_+63A, 2048_+90A and 3071 +121/~. 
It is to be noted that the breadth of the distribution 
also increases with the mean. 

DISCUSSION 

That physical constraints might restrict: crystal growth 
is intuitively a plausible idea, one which insofar as it is 
contained within the term 'entanglement' goes back to 
the early development of polymer science. Since the 
recognition of the lamellar nature of crystalline polymers, 
the role of crystallization temperature via the associated 
supercooling has been recognized to be the dominant 
factor controlling layer thickness. What this work 
shows, however, is that specimen size has an influence 
at least as great as, and probably greater than, any 
other variable. For polyethylene crystallized from 
solution, a two-fold variation is possible from crystalliza- 
tion temperature in contrast to variables such as solvent, 
molecular weight and concentration which have much 
less effect 3. In melt growth, crystallization time becomes 
important, but its influence is small in comparison with 
the range from, say, 200 to over 1000A produced by 
varying the temperature a. For melt growth at 5 kbar, 
crystallization for moderate times over a comparatively 
wide temperature range on a fractionated polyethylene 
(M--~w= 57 200. Mn=50100)  produced a variation of 
nearly two, from 1900 to 3400A, in number-average 
lamellar thickness 2, ~. In contrast a factor of two is 
produced by specimen size, according to the data of 
Figure 4, but this represents only the upper end of a 
continuous morphological spectrum down, according 
to Figure 1, to sizes of a few hundred A, so that an overall 
factor of about ten would seem more realistic. 

Kinetic theories of polymeric crystallization relate 
lamellar thickness to secondary nucleation at the growing 
crystal edge, which specimen size might affect through 
constraining molecular configurations in the melt, or in 
altered diffusion conditions. Theory has so far con- 
sidered the deposition of a molecular strip in its final 
configuration which appears to give a satisfactory 
explanation of data for solution growth provided that 
the effective surface free energy, Creff, for growth is as 
much as 50 ~ higher than that measured during melting 6. 
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Figure 3 
Initial thicknesses nominally (a) 3/Lm, (b) 10/zm, (c) 

Replicas of fracture surfaces of polyethylene films after recrystallization at 4.95kbar. 
50/~m and (d) 1 mm (bulk) 

When one turns to melt growth, the situation is not so 
satisfactory. A typical crystal thickness would be, say, 
400A in contrast to about 150A for solution growth 
at a comparable supercooling. Because the surface 
free energy measured from variation of melting point 
with fold length shows little difference between the two 
cases, the increased thickness implies that eeff would 
need to be much increased for melt growth. This is a 
parameter associated with surface roughness and while 
one might anticipate a small increase in changing from 
solution to melt conditions, that actually required is 
hard to explain. Moreover, observations on melt growth 
at high pressures, which appears to be a model system 
for atmospheric crystallization (related to the inter- 
vention of a new high pressure phaseT), suggest that the 
process actually involved in establishing crystal thickness 
is more complicated than just depositing a single strip 
on a substrate. 

Wunderlich has drawn attention to the increasing 
thickness of chain-extended lamellae with radial distance 
in spherulites s, while Rees and Bassett considered their 
morphological observations best interpreted in terms 
of lameIlae propagating with a tapering edge 2, a con- 
clusion which is supported by our own, as yet un- 
published, work on thin films. Direct evidence of increas- 
ing lamellar thickness with time has been found for both 
crystallization s and annealing 9 of polyethylene at high 
pressure. Indeed recent work has strengthened the 
analogy of chain-extended and chain-folded systems by 

showing a logarithmic time dependence for annealing 
in both cases 1°. It has also shown, however, that time 
dependence is not a sufficient explanation of the large 
thicknesses produced at high pressure although it does 
contribute significantly to the final layer thickness. 
t t  may even be that there is a partial separation of the 
time dependent and initial contributions to thickness in 
the data of this paper, where there is still a significant 
reduction in lamellar thickness for samples nominally 
50/~m thick, a dimension within the range of spherulitic 
diameters. This is supported by Figure 4 which shows 
that it is the thickest layers which are suppressed in the 
thinnest films. One way in which this might arise is 
that lamellae growing outwards in a spherulite may be 
deflected and concentrated by the outer specimen 
surfaces and then be unable to thicken to their normal 
extent. Certainly on the conventional explanation of 
layer thickness it is hard to account for its marked 
response to specimen dimensions large compared with 
molecular lengths. 

If specimen size also restricts fold lengths in chain- 
folded growth, then the effect is relevant to the inter- 
pretation of lamellar thickening of polyethylene on 
annealing. Such is the similarity to crystallization 
behaviour, not just at 1 bar but also at 5 kbar 9, that it 
is easy to see why lamellar thickening on annealing has 
often been supposed to be equivalent to melting part 
of the sample (i.e. the thinnest lamellae) and then 
recrystallizing it at a higher, more stable thickness on 
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Figure 4 Normalized histograms of the frequency distribution of lamellar thicknesses parallel to c measured on the samples of Figure 3. 
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the remainder. This could account for the maintenance 
of orientation during annealing, which is the main 
distinction between an annealed and a recrystallized 
sample, and also for the general experience with several 
polymers of spacings achieved by annealing being close 
to, but always below, those formed by recrystallization 
at the same temperature 11. A more serious difficulty, 
however, has always seemed to us to be the effect of  
sample prehistory. 

Balt{t Callejfi et  al. 12 showed that if two polyethylene 
samples of different fold lengths were annealed side by 
side then that with lower initial fold length eventually 
attained higher crystal thicknesses than the other sample. 
Rees and Bassett confirmed the effect with fractionated 
polymer, showing that the earlier work was not due to 
differences in molecular weight 2. I f  constraining the 
volume of recrystallizing material can restrict lamellar 
thickness, then we now have a possible solution to this 
difficulty. 

In the experiment just described, the sample of  lower 
average fold length will contain more lamellae of  lower 
thickness so that at a particular annealing temperature 
more of this sample will melt than the other. On average 
therefore, polymer would recrystallize from larger local 
volumes in this sample and produce correspondingly 
higher fold lengths. I f  there were no such effect, then 
the fold length plots against temperature for the two 
samples would merge, but not cross. By 'local volume'  
is meant the effective volume contributing to the re- 
crystallization of a particular lamella. At low annealing 
temperatures, especially those below the onset of  macro- 
scopic flow, this is likely to be restricted to a few molecular 

segments immediately adjacent to the crystal edge, in 
which case the local volumes for the two samples would 
be the same and they would therefore retain their 
respective ranking of fold lengths. With higher tem- 
peratures, local volume should rise gradually to that 
appropriate to initial lamellar thicknesses thereby 
enabling the fold length of one sample to overtake that 
of its partner. Local volume will rise with temperature 
so that with its increase one might anticipate the 
eventual disappearance of the effect of  initial fold 
length. There is no evidence on this last point, so far 
as we are aware. But for the rest, the qualitative picture 
outlined matches the known behaviour of polyethylene on 
annealing. 
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Ionic end-groups in polymaleimide 
C. H. Bamford and d. W. Burley 

Department of Inorganic, Physical and Industrial Chemistry, University of Liverpool, Liverpool L69 3BX, UK 
(Received 10 April 1973) 

Several workers 1, 2 have reported the development of 
a red coloration during the polymerization of maleimide 
in dimethylformamide (DMF) solution and also the 
isolation of red polymers. The suggestion has been 
made 1 that unsaturated end-groups in the polymer 
might be responsible for the colour, but the exact origin 
of the latter was not elucidated. 

We have observed similar coloration in solutions of 
polymaleimide in DMF and have studied these solutions 
spectrophotometrically. Polymaleimide was prepared by 
free radical polymerization of the monomer in methanol 
or acetone/water (90:10v/v); generally initiation by 
azobisisobutyronitrile was used, but photoinitiation 3 
(2t=435-8nm) by Mn2(COh0/CCI4 yielded polymers 
with identical properties for purposes of the present 
work. A 1:1 copolymer of maleimide and styrene was 
prepared similarly. Molecular weights of polymaleimide 
were determined viscometrically in DMF at 30°C with 
the aid of the relation 3 [7]=2.61 x 10-4/~t °-7°1. Com- 
mercially available DMF was used, also DMF which 
had been subjected to rigorous purification by allowing 
the liquid to stand for several 24h periods over PzO5 
and distilling twice in vacuum. Pure DMF was stored 
in vacuum. 

The visible absorption spectrum of a solution of 
polymaleimide (Mn=3.1xl04) in unpurified DMF 
(1 g/l) is shown in Figure 1 (curve A) and exhibits a 
peak at 496nm. The solution is initially red but on 
standing in air the colour gradually changes to purple; 
this transformation is accompanied by a marked change 
in the visible absorption spectrum, which after 45h 
shows two new maxima at 456 and 558 nm [Figure 1 
(curve D)]. These and intermediate spectra such as 
those in Figure 1 (curves B and C) pass through isosbestic 
points at 470 and 517 nm indicating the occurrence of a 
relatively simple chemical change. Solutions of poly- 
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Figure 1 Absorption spectra of solutions of polymaleirnide 
(Mn=8" l  x 104, 1 g/I) in unpurified DMF after standing for various 
times (h) in contact with air: A, 0'5; B, 3"0; C, 19.5; D, 45 
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Figure £ Absorbance of solutions of polymaleimide in DMF a s  

a function of molecular weight, S p e c t r a  r e c o r d e d  a f t e r  1 0 0 h :  
I-1, purple band (560nm); ©, red band (496nm) 

maleimide in pure DMF were almost transparent in the 
visible region; however, addition of pyridine (Py) to 
the solutions resulted in the appearance of the red 
colour. Thus it seems likely that the origin of the colora- 
tion in commercial DMF lies in the presence of basic 
impurities. Both the red and purple colorations were 
dispersed by the addition of nitric acid, probably 
indicating protonation of anionic species. 

When a solution of polymaleimide in DMF was 
prepared in vacuum the typical red colour developed 
but spectroscopic observations confirmed that no further 
change took place within 96h. On exposing the liquid 
to the atmosphere or bubbling oxygen through the 
solution the red-purple transformation again occurred. 

The intensities of the absorption bands were found 
to be directly related to the molecular weights of the 
polymaleimide. Figure 2 shows the relationship between 
the observed optical density and the reciprocal of the 
molecular weight for both the red and purple bands. 
A good straight line is obtained for the purple species 
(spectra recorded after 100h, approximately) but the 
plot for the initial product shows distinct curvature; 
the latter must reflect the slowness of the initial reaction 
responsible for the production of the red coloration 
(values of the optical density recorded at later times 
would not be helpful since the rate of the secondary 
process appears to be comparable to that of the primary 
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reaction leading to the red product). These observations 
suggest that the chromophores responsible for the 
absorption bands are terminal groups in the poly- 
maleimide molecules. 

Bamford et al. a showed that the termination process 
in the free radical polymerization of maleimide proceeds 
exclusively through a disproportionation reaction re- 
sulting in half the dead polymer chains having un- 
saturated end-groups (A); we believe that all the experi- 
mental observations can be explained in terms of  the 
reactions of this type of end-group as follows. The 
initial reaction of  polymaleimide in D M F  is proton 
abstraction by pyridine or other base from the ~ position 
to the double bond to give (B), in which there will be 
extensive delocalization of the negative charge, especially 
if tautomerism in the terminal ring is involved. Oxidation 
then results in the development of further unsaturation 
in the polymer backbone and hence in the formation of 
a more highly conjugated species (C). Evidently con- 
tinuation of this oxidation process may occur and is 
probably responsible for the green coloration we have 
observed in aged solutions (~  8 weeks). These showed 
substantial absorption above 600nm but no distinct 
maxima were observed. We are not able to propose a 
mechanism for the oxidation process at present since no 
kinetic data are available. 

Further evidence for the origin of the coloured solu- 
tions was obtained from chlorination of polymaleimide 
samples with t-butyl hypochlorite in sym- te t rach loro-  

BH + 

DM F 0 

H H 
(B) (red) 

l°, 
BH + 

H H H 
(C) (purple) 

ethane (TCE). Reaction in this medium typically gives 
rise to N-chlorinated products 4 but samples isolated at 
short reaction times ( lh )  (when no N-chlorination 
could be detected by infra-red spectroscopy) yielded 
transparent solutions of polymaleimide in DMF. These 
solutions remained colourless when pyridine was added. 
We therefore propose that chlorination of the reactive 
end-groups gives rise to saturated end-groups (D). 
A solution of the copolymer of styrene and maleimide 
in D M F  was also transparent in the visible region; 
this would be expected since termination in the homo- 
polymerization of styrene occurs solely by combination 
and cross-termination reactions would reduce the con- 
centration of (A) groups in the polymer. 

The linear relationship between optical density and 
A~tE1 (for the purple band) presents the intriguing possi- 
bility that molecular weights of polymaleimide samples 
may simply be obtained from spectroscopic studies of 
their solutions in DMF. The extinction coefficients of 
the 496 and 558nm bands were calculated to be 0.88 
and 1-06 x 104 respectively. 
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Dienolysis of lignin: cleavage of P-aryl ethers by 
Diels-Alder synthesis 
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INTRODUCTION 

In a recent paper by Glasser and Sandermann t, lignin 
model compounds with ethylenic double bonds in 
conjugation with aromatic rings were tested with respect 
to their reactivities in Diels-Alder reactions. Maleic 
anhydride, chloromaleic anhydride and tetracyano- 
ethylene had served as dienophiles in this previous 
investigation. It was demonstrated that lignin-like 
fl-substituted styrene derivatives can indeed serve as 

dienes in the diene synthesis, and the isolation of a 
number of tetralin and dihydronaphthalene derivatives 
was reported 1. 

Styrene configurations, however, are reportedly rare 
in lignin as the content of unsaturated sidechains is 
estimated to be only 0.09 per Cg-unit 2. [n order to 
increase the concentration of diene configurations in 
lignin, elimination of water from benzyl alcohols had 
been considered. Thus, adduct (IIl) had been syn- 
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substantial absorption above 600nm but no distinct 
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investigation. It was demonstrated that lignin-like 
fl-substituted styrene derivatives can indeed serve as 

dienes in the diene synthesis, and the isolation of a 
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was reported 1. 

Styrene configurations, however, are reportedly rare 
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thesized from 1-(3,4-dimethoxyphenyl)-propanol-1 (I) 
and chloromaleic anhydride, and it was found to be 
identical with (III) formed by isoeugenol methyl ether 
(II) under the same reaction conditions (see Scheme A). 
Dehydration was probably promoted by hydrogen 
chloride eliminated from chloromaleic anhydride during 
the course of this reaction. 

The objective of this study is to demonstrate the 
possibility of reacting a-hydroxylated phenylpropanes, 
substances representative of lignin, as dienes with 
tetracyanoethylene as dienophile in Diels-Alder reac- 
tions. 

EXPERIMENTAL 

Procedure 
Reactions of lignin model compounds and tetra- 

cyanoethylene were carried out by refluxing for 2-4h 
in any one of the three solvents dichloroethane, toluene 
or xylene. Subsequent to the synthesis the reactants 
were evaporated to dryness at reduced pressure, and a 
sample of the crude mixture was dissolved in a deuterated 
solvent (chloroform, acetone or pyridine) suitable for 
analysis by n.m.r, spectroscopy. Whenever possible, 
thin-layer chromatography was performed and com- 
pounds were identified by comparison with pure sub- 
stances. 

Compounds 
Lignin model compounds were prepared in accordance 

with known procedures reported in the literature. 

RESULTS AND DISCUSSION 

The reaction of veratryl carbinol (I) with tetracyano- 
ethylene (TCNE) in boiling xylene resulted in the 
formation of a mixture of veratryl ketone (IV), adduct (V) 
and presumably tetracyanoethane, as shown in Scheme 
B. Thin-layer chromatography and n.m.r, spectroscopy 
of the mixture indicated that the reaction was complete 
after 30min, and the ratio of (IV):(V) was 60:40, 
respectively. No other products were detected. The 
formation of ketone (IV) in the reaction mixture can be 
explained with dehydrogenation of carbinol (I) and 
simultaneous reduction of TCNE to tetracyanoethane. 
This type of hydrogen abstraction by TCNE had pre- 
viously been reported to occur with thiols, among 
others 3. Adduct (V) was found to be identical with the 
reaction product of isoeugenol methyl ether (II) and 
TCNE. Its formation from carbinol (I) can be inter- 
preted with dehydration of the benzyl alcohol resulting 
in the formation of a double bond as intermediate 
step. In this reaction TCNE seems to function as a 
Lewis acid attacking the aliphatic hydroxyl group. 
The potential strength of TCNE as a Lewis acid has 
been pointed out by Merrifield and Phillips on theoretical 
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grounds 4. These authors determined the rr-acid strengths 
of five compounds and found that TCNE possesses a 
greater electron affinity than any of the other known 
Lewis acids, which included chloranil, maleic anhydride, 
1,2-dicyano-l,2-dicarbethoxyethylene and p-quinone. 
The reactivity of TCNE with such nucleophilic groups 
as alkoxy or hydroxy has been demonstrated in another 
paper 5. 

Acetate (VI) which was prepared through acetylation 
of carbinol (I) with pyridine/acetic anhydride, yielded 
adduct (V) as the sole reaction product when treated 
with TCNE in boiling xylene or dichloroethane for 
3h. The crystalline reaction product was identical 
with (V) obtained with (II) (n.m.r., chromatography, 
melting point). Hydrolysis, initiated by the strong 
dienophilic Lewis acid TCNE, must be held responsible 
for the reaction. There are substituents other than 
hydroxyl and acetoxy groups in s-position of lignin 
model compounds that might also conceivably be elimin- 
ated by TCNE. A sulphonate group, however, proved to 
be resistant when the sulphonic acid methyl ester (VII) 
was subjected to boiling xylene and TCNE for 4 h. 

Most ~-hydroxyphenylpropanes in lignin are present 
in the form of phenylglyceryl-/3-aryl ethers. The hydro- 
lysis of such ethers by acid, sulphonation, hydrogenation, 
or other methods has been the subject of many research 
endeavours reported in the literature (for review, see 
ref. 2). In order to test the reactivity of lignin-like 
carbinols containing aroxyl substituents in the/3-position, 
ether (VIII) (Scheme C) was synthesized following 
pathways described by Adler et al. 6. Its erythro-form 
was obtained in crystalline form (m.p. 45-47 °C) following 
column chromatography; n.m.r, spectroscopic data of 
this substance have been reported elsewhere 7. 

When the erythro-form of /3-ether (VIII) was treated 
with TCNE in boiling xylene for 2h, the resulting 
mixture contained keto-/3-ether (IX) and creosol (X) 
as identifiable reaction products. The yield of ketone 
(IX) corresponded to 60~  of the starting carbinol; 
column chromatography rendered (IX) in crystalline 
state (m.p. 94-95°C). The yield of phenol (X) matched 

40 ~ ether cleavage. Other compounds were present in 
the reaction mixture as indicated by thin-layer chromato- 
graphy, but have not yet been isolated. Acetate (XI) was 
found to be unreactive; it withstood treatment with 
TCNE in boiling dichloroethane, toluene, or xylene for 
up to 24 h. Only unreacted /3-ether acetate (XI) 
could be recovered. Its stability might be based on 
steric factors. 

Cleavage of /3-aryl ether groups by Lewis acids has 
been accomplished before as in the case of acetic an- 
hydride 8 or thioactic acid and borotrifluoride 9, or 
resorcinol and hydrogen chloride 1°. It has never been 
demonstrated, however, that this predominant ether 
linkage in lignin can also be cleaved by such dienophiles 
as tetracyanoethylene under the conditions of a diene 
synthesis. It is proposed, therefore, to name this type 
of ether cleavage 'Dienolysis', in analogy to other/3-ether 
cleaving solvolysis reactions, such as acidolysis, alco- 
holysis, sulphitolysis, hydrogenolysis, and others. 

Presently, experiments are underway aiming at the 
isolation of dienolysis products of /3-ethers and at 
reaction products with milled wood lignins. 
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Letter 

Molecular orientation in PET studied by 
polarized Raman scattering 

We describe here the first quantitative experimental 
determination, as far as is known, of molecular orienta- 
tion in a polymer by polarized Raman spectroscopy. 
For simplicity we have restricted ourselves to a trans- 
versely isotropic system by choosing uniaxially oriented 
specimens of poly(ethylene terephthalate) (PET), al- 
though the theory has been established for more general 
systems in a previous publicationL 

Theory 

In the Raman experiment the intensity of the scattered 
radiation, Is, is given by: 

i 2 

In this equation, I0 is a constant depending on the 
incident light intensity and instrumental factors, the 
direction cosines (11,/2, 13), (l~, l~, l~) define, respectively, 
the polarization directions of the incident light and the 
analyser (with respect to a set of axes O--xlx2x3 fixed in 
the sample) and alj is the (jth component of the Raman 
tensor for the vibration under examination. The scattered 
light intensity can therefore be regarded as depending 
on the experimentally chosen direction cosines l~ and 
lj, together with quantities Zaljavq, which depend on 
the distribution of molecular orientations and the 
principal components al, a2, aa of the Raman tensor. 
For the case of uniaxial symmetry, the Raman scattering 
depends on the distribution of orientations only through 
cos20 and cos40. The angle 0 is the angle between the 
molecular chain axis and the draw direction and the 
averages are taken over the distribution of orientations 
in the polymer. 

We shall assume that, in addition to the overall 
uniaxial statistical symmetry of the samples, the individual 
molecular chains have no preferred orientation around 
the chain axis. We shall further assume that for the 
particular Raman line on which measurements have 
been made the Raman tensor has cylindrical symmetry 
(~1 = a2 # ~3) and that its unique axis makes an angle ~, 
with the chain axis. If  0x3 is chosen parallel to the 
unique axis of the sample then we can write the quantity 
~o~i]O~pq as: 

Zoqjo~vq= 16zr4No ~ [2/(2• + 1)]l/2MzooDmoA~JoVoq (2) 
/=0 ,2 ,4  

[see equations (15) and 09) of ref. 1], where the summa- 
tion on the left is over all No chain segments and ijpq 
is of the form iijj or ijij. 

In this expansion, the terms Mr00 are coefficients in 
the expansion of the molecular orientation distribution 

in a series of Legendre polynomials Pl (cos0), the Dl00 
are equal to Pl (cosy) (and take fixed values for a parti- 
cular line) and the zi~pq are linear sums of quadratic ~*100 
terms in the principal components of the Raman tensor, 
i.e. terms such as ~ ,  a1~2 etc. (see Table I of ref. 1). For 
an isotropic sample it follows from equation (2) that: 

(E~)/(Ea~i) = (1 --2r+r2)/(8r2+4r+3) (3) 

where r=al/a3. Thus by determining the scattered 
intensity from an oriented sample for at least three 
suitably chosen combinations of polarization vectors 
and combining this with the result for isotropic samples, 
we can find M200 and M400, and hence cos20 and cos40, 
together with the value of al/aa. 

Experimental 

The PET samples were produced, by melt spinning, in 
the form of thin tapes with cross-section approximately 
1.5 x 10-am by 1.0 x 10-4m. The number-average mole- 
cular weight was estimated from intrinsic viscosity 
measurements to be 2.3 × 104. The samples were subse- 
quently oriented by drawing around a smooth stationary 
'pin', heated to 80°C, located between rollers rotating 
at different rates. An additional specimen was produced 
by cutting a sample from an injection moulded plaque 
so that its cross-section was 3mm square and cold 
drawing it to a draw ratio of 3.25. X-ray photographs 
showed the crystallinity of the samples to be low, and 
measurements both of dimensions and refractive indices 
{at 551 nm) showed that, to a very good approximation, 
they were uniaxially oriented. Data from two randomly 
oriented samples were used. One was produced by 
annealing an as-spun tape at 90°C in an air oven until 
no birefringence was observable and one was produced 
from an injection moulded plaque. 

The Raman intensity measurements were made 
using a Coderg PHO spectrometer and a CRL 52A 
argon ion laser tuned to 488 nm. The tape samples were 
mounted parallel to the spectrometer slit. The partially 
focused laser beam was incident normally on them and 
the scattered light was collected in directions making 
approximately 180 ° with the incident light direction. The 
incident and scattered light polarization vectors could 
be chosen parallel or perpendicular to the length of the 
tapes so that intensities proportional to E~g3, Z~l ,  
E~12 z and Ea~l could be determined. The polarization 
of the incident beam was checked after it had passed 
through the specimen and the depolarization was found 
to be less than 1 ~ .  It was therefore assumed that the 
depolarization of both the incident and Raman-scattered 
light by its passage through the surface and the thickness 
of the specimen could be neglected. 

The Raman line chosen for this work was that at 
1616cm -1, which is due 2, 3, to the benzene ring mode 
8a (in Wilson's notation) the form of which is shown 
in Figure 1. The Raman tensor has one of its principal 
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Figure 1 Form of v i b r a t i o n  8 a  in 
p-disubstituted benzenes 

axes parallel to CI-C4 (corresponding to ~3) and one 
perpendicular to the plane of the ring, corresponding 
to ~1 or ~2. 

The assumption that al = a~ is not easy to justify except 
by the results obtained, but inspection of the forms of 
the ,~i~p~ shows that provided these two components " l m n  
are of the same sign and not very different in magnitude 
equation (2) with al = ~2 is a very good approximation, 
particularly if 7 is small. The angle 7 is the angle between 
the C1-C4 direction in the benzene ring and the chain 
axis direction and has been assumed to be the same as 
in the crystal phase. It is calculated from the data of 
Daubeny et al. 4 to be 19o12 '. 

The chosen line does not appear to overlap any 
other Raman line and the peak height above the base- 
line was taken as a measure of the intensity. The directly 
measured intensities were corrected for the differential 
polarization sensitivity of the spectrometer and the 
inequality of the intensities of the exciting line for the 
two polarization directions. The intensities proportional 
to Z~8 and Z ~ l  were then found to be equal within 
experimental error. 

The bulk samples were illuminated using the more 
conventional right-angle viewing technique, care being 
taken that the incident and scattered beams passed 
either through a large thickness of material, so that 
polarization scrambling was complete, or through such 
a small thickness that essentially no scrambling took 
place. From these samples it was possible to obtain 
intensities proportional to Zc~2, Zc~s, Ea~2, Ea~ 
and E%22. 

Results 

The values of r determined from the data on the random 
samples were -0.192, -0"176. The mean value was 
used, together with the intensity data for the tapes, to 
calculate values of ~ and ~ from equation (2). 
A good straight line is obtained when co--ffff~ is plotted 
against birefringence (Figure 2), as predicted theoretic- 
allyS, 6, and the indicated maximum birefringence is 
0.24, in good agreement with the value 0.23 given by 
Kashiwagi et aLL Figure 3 shows the relationship 
between cos--0-~0 and co--ffffa-0 compared with theoretical 
curves for the affine rubber elasticity model 8 and for 
the pseudo-affine deformation schemeL This comparison 
is only given here to show that the values of c ~  are 
also reasonable; detailed discussion of deformation 

Letter 

mechanisms will be deferred until more extensive studies 
have been completed. 

Figures 2 and 3 also show points for the oriented 
bulk sample calculated from intensities proportional 
to Za~, E~122 and Z~s  by assuming r = - 0 . 1 8 4 .  The 
predicted value for the intensity proportional to Y'~2 
was 21.1 and the experimental value was 20+3. This 
suggests that the assumption that r is independent of 
the distribution of orientations is reasonable. (The 
largest intensity, that proportional to Y~3, was 89 _+ 3 
units.) 

Conclusion 

The results reported here confirm that polarized Raman 
spectroscopy can give quantitative information about 
molecular orientation in polymers. More detailed 
studies are to be undertaken on PET and results will 
shortly be published of a detailed study of oriented 
poly(methyl methacrylate). 
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Figure 2 Variation of cos28 obtained from polarized Raman 
scattering with birefringence. O, Tape specimens; O, bulk 
specimen 
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Figure 3 Comparison of c ~  and ~ obtained from polarized 
Raman scattering. 0 ,  Tape specimens; O, bulk specimen. 
Lower curve shows relationship between c---o-sT8 and c-o-sT8 accord- 
ing to affine rubber elasticity model and upper curve s h o w s  
relationship according to the pseudo-affine deformation scheme 
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Book Review 

IUPAC International Conference on Chemical 
Transformations of Polymers 
Edited by R. Redo 
Butterworths, London, 1972, 300 pp. £.8.50 

It is a sobering reflection on progress in chemical transformations 
in polymers that if Charles Goodyear were miraculously resurrected 
for the Conference whose Plenary and 18 Main Lectures make up 
this book, he would have found the vulcanization of rubber by 
sulphur still a subject for discussion, and could probably have 
contributed a few sensible remarks on the practical aspects of a 
process which he discovered in 1839. Wohler, who transmuted 
ammonium cyanate to urea only 11 years earlier, would hardly 
fare so well at a modern conference on the metamorphosis of small 
molecules. Insofar as 'chemical transformation' implies purposeful 
improvement, polymer chemists are scarcely off the starting-line 
in comparison with their small-molecule confreres, partly of 
course because of the late recognition of large molecules, but 
also because until relatively recently most of the effort expended 
on polymeric transformations was designed to avoid them; the 
more appropriate term 'degradation' was not coined by a man 
who was pleased with what he saw. 

This preventive aspect of polymer transformation underlies 7 of 
the main lectures, with predominant emphasis on photochemical 
processes which, combined with ketone carbonyl groups produced 
by atmospheric oxidation, are the main cause of deleterious 
'weathering'. The general background of energy transfer from 
excited states in small molecules is discussed by Fox, who goes on 
to examine emission spectra (fluorescent/phosphorescent) in 
polymers, where the photophysical process may be influenced by 
the orbital overlap of a succession of chromophores allowing 
energy migration along a chain to a weak link 'energy-trap'. 
Guillet examines practical aspects of u.v. stabilization with screen- 
ing and absorbing agents, and mentions briefly the formation of 
chromophores in polyolefins by oxidative processes. (The testing 
and performance of antioxidants are reviewed by Scott, and that 
of specific u.v. absorbers by Heller and Blattman.) Photochemical 
aspects of degradation are rounded off by Golub on polydienes, 
a specialized but important area which is starting to make progress 
again after twenty years' neglect following Bateman's pioneering 
work in 1945. 

There is a satisfying chapter by Grassie on the thermal degrada- 
tion of acrylates (which fragment) and methacrylates (which 
unzip)--satisfying because the careful and detailed experiments 
described lead to an integrated mechanism which resolves the 
question of why such closely allied polymers break down in different 
ways. Finally, a relative newcomer to the degradation scheme is 
the break down of polymers caused by Ziegler-Natta catalyst 
residues, on which Vesely and coworkers make a start by analysing 
similar reactions of small molecules to isolate individual steps in 
the overall process. 

Turning to purposeful transformations, the formation of block, 
graft and network copolymers (a distant descendant of Goodyear's 
vulcanization) is most commonly done with carbanionic systems, 
here reviewed by Rempp and Franta, but there is an interesting 
account by Ashworth, Bamford and Smith of network formation 
in a free-radical system using molybdenum carbonyl catalysts, 
where polymer chains containing C1 atoms yield free radicals 
(which subsequently act as growth sites) in a redox process. The 
vulcanization of rubbers using peroxides instead of sulphur, giving 
a simpler system which is also chemically related to electron 
irradiation curing has a chapter by Loan, and the preparation 
of semi-permeable membranes is discussed by Pegoraro. The 
general behaviour of free radicals in polymeric systems covers 
three chapters: Braun on stable polyradicals (in German), Butiagin 
on the decay of radicals, and a brief account by Jenkins of the 
application of the Patterns system to polyradicals. 

The starting-point for most polymer modification is the intro- 
duction of functional groups along the polymer chain, and since 
most of our knowledge of the reactivity of such groups is derived 
from their behaviour in small molecules, it is important to know 
if and how this reactivity is affected in polymeric surroundings. 
These 'polymeric effects' are discussed in detail by R. C. Schulz 
for three specific instances (optical racemization, electron donor- 
accepter complex formation, and the reactivity of chlorine in 
N-chlorinated nylon-6,6). Chemically attached groups scattered 
along the polymer chain may also have a profound direct effect on 
the physical properties of the polymer, acting as built-in plasticizers 
or modifying crystallization behaviour. This complex field is 
reviewed by Plat6, with a final hint of things to come in the effects 
of such 'micromodification' on the catalytic activity of synthetic 
proteolytic enzymes. The remaining two lectures scarcely fit in the 
general context of the book--Chapiro on controlled propagation 
in associated monomer aggregates and Okamura on solid-state 
polymerization--and though both competent reviews on their 
own ground add little to the main theme. 

Finally, the Plenary Lecture by Smets on the photochromic 
behaviour of polymeric systems is perhaps over-detailed on too 
narrow a front, considering the scope of the book as a whole. 
Reversible colour formation on exposure to light is a feature of 
certain small-molecule organic structures, and the author is chiefly 
concerned with the 'polymeric effect' on the photochromism of 
spirobenzopyrans, which is most marked in the solid state and 
depends strongly on the glass transition temperature of the polymer. 
One of the more interesting practical applications of such systems 
is the possibility of using photochromes to detect local motions 
in a polymer chain and to pinpoint secondary glass transition 
temperatures. 

Overall, the lectures are a rather diverse collection gathered 
somewhat uneasily under one roof. No single reader is likely to 
find more than two or three chapters of direct interest, and at 
£8.50 it is a book for the library rather than the private shelf. 

R. O. Colclough 
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It is a sobering reflection on progress in chemical transformations 
in polymers that if Charles Goodyear were miraculously resurrected 
for the Conference whose Plenary and 18 Main Lectures make up 
this book, he would have found the vulcanization of rubber by 
sulphur still a subject for discussion, and could probably have 
contributed a few sensible remarks on the practical aspects of a 
process which he discovered in 1839. Wohler, who transmuted 
ammonium cyanate to urea only 11 years earlier, would hardly 
fare so well at a modern conference on the metamorphosis of small 
molecules. Insofar as 'chemical transformation' implies purposeful 
improvement, polymer chemists are scarcely off the starting-line 
in comparison with their small-molecule confreres, partly of 
course because of the late recognition of large molecules, but 
also because until relatively recently most of the effort expended 
on polymeric transformations was designed to avoid them; the 
more appropriate term 'degradation' was not coined by a man 
who was pleased with what he saw. 

This preventive aspect of polymer transformation underlies 7 of 
the main lectures, with predominant emphasis on photochemical 
processes which, combined with ketone carbonyl groups produced 
by atmospheric oxidation, are the main cause of deleterious 
'weathering'. The general background of energy transfer from 
excited states in small molecules is discussed by Fox, who goes on 
to examine emission spectra (fluorescent/phosphorescent) in 
polymers, where the photophysical process may be influenced by 
the orbital overlap of a succession of chromophores allowing 
energy migration along a chain to a weak link 'energy-trap'. 
Guillet examines practical aspects of u.v. stabilization with screen- 
ing and absorbing agents, and mentions briefly the formation of 
chromophores in polyolefins by oxidative processes. (The testing 
and performance of antioxidants are reviewed by Scott, and that 
of specific u.v. absorbers by Heller and Blattman.) Photochemical 
aspects of degradation are rounded off by Golub on polydienes, 
a specialized but important area which is starting to make progress 
again after twenty years' neglect following Bateman's pioneering 
work in 1945. 

There is a satisfying chapter by Grassie on the thermal degrada- 
tion of acrylates (which fragment) and methacrylates (which 
unzip)--satisfying because the careful and detailed experiments 
described lead to an integrated mechanism which resolves the 
question of why such closely allied polymers break down in different 
ways. Finally, a relative newcomer to the degradation scheme is 
the break down of polymers caused by Ziegler-Natta catalyst 
residues, on which Vesely and coworkers make a start by analysing 
similar reactions of small molecules to isolate individual steps in 
the overall process. 

Turning to purposeful transformations, the formation of block, 
graft and network copolymers (a distant descendant of Goodyear's 
vulcanization) is most commonly done with carbanionic systems, 
here reviewed by Rempp and Franta, but there is an interesting 
account by Ashworth, Bamford and Smith of network formation 
in a free-radical system using molybdenum carbonyl catalysts, 
where polymer chains containing C1 atoms yield free radicals 
(which subsequently act as growth sites) in a redox process. The 
vulcanization of rubbers using peroxides instead of sulphur, giving 
a simpler system which is also chemically related to electron 
irradiation curing has a chapter by Loan, and the preparation 
of semi-permeable membranes is discussed by Pegoraro. The 
general behaviour of free radicals in polymeric systems covers 
three chapters: Braun on stable polyradicals (in German), Butiagin 
on the decay of radicals, and a brief account by Jenkins of the 
application of the Patterns system to polyradicals. 

The starting-point for most polymer modification is the intro- 
duction of functional groups along the polymer chain, and since 
most of our knowledge of the reactivity of such groups is derived 
from their behaviour in small molecules, it is important to know 
if and how this reactivity is affected in polymeric surroundings. 
These 'polymeric effects' are discussed in detail by R. C. Schulz 
for three specific instances (optical racemization, electron donor- 
accepter complex formation, and the reactivity of chlorine in 
N-chlorinated nylon-6,6). Chemically attached groups scattered 
along the polymer chain may also have a profound direct effect on 
the physical properties of the polymer, acting as built-in plasticizers 
or modifying crystallization behaviour. This complex field is 
reviewed by Plat6, with a final hint of things to come in the effects 
of such 'micromodification' on the catalytic activity of synthetic 
proteolytic enzymes. The remaining two lectures scarcely fit in the 
general context of the book--Chapiro on controlled propagation 
in associated monomer aggregates and Okamura on solid-state 
polymerization--and though both competent reviews on their 
own ground add little to the main theme. 

Finally, the Plenary Lecture by Smets on the photochromic 
behaviour of polymeric systems is perhaps over-detailed on too 
narrow a front, considering the scope of the book as a whole. 
Reversible colour formation on exposure to light is a feature of 
certain small-molecule organic structures, and the author is chiefly 
concerned with the 'polymeric effect' on the photochromism of 
spirobenzopyrans, which is most marked in the solid state and 
depends strongly on the glass transition temperature of the polymer. 
One of the more interesting practical applications of such systems 
is the possibility of using photochromes to detect local motions 
in a polymer chain and to pinpoint secondary glass transition 
temperatures. 

Overall, the lectures are a rather diverse collection gathered 
somewhat uneasily under one roof. No single reader is likely to 
find more than two or three chapters of direct interest, and at 
£8.50 it is a book for the library rather than the private shelf. 

R. O. Colclough 
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A variance analysis of the line broadening of 
X-ray profiles from Fortisan 
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A variance range analysis has been performed on the meridional 020 and 040 profiles from 
saponified stretched acetates (Fortisan) having a cellulose II lattice. Variance range 
functions for 020 and 040 profiles are found to be practically identical to each other in all 
cases, indicating structural perfection of Fortisan crystallites. A slope analysis of the 
variance range function of the 020 profiles indicates that the average crystallite length in 
Fortisan seems to be a function of the stretch applied to the cellulose acetate precursor 
before saponification. The differences in the stress-strain curves of various Fortisan 
samples have been explained as due to the difference in their crystallite length distribution. 

INTRODUCTION 

The fine structure of dry spun cellulose acetate yarn 
can be conveniently modified by steam-stretching the 
yarn under pressure. Sprague t has extensively studied 
the rate of diffusion of disperse dyes for stretched 
acetates as a function of their fine structure. A study on 
the fine structure and various mechanical properties 
of stretched acetate yarns (stretch varying from 50 ~ to 
2000~o) and of the saponification products derived 
therefrom by the Fortisan process has also been 
published 2. The present paper deals with the line 
broadening analysis 8-5 of various saponified stretched 
acetates (Fortisan) which have a cellulose II lattice. 
The analysis has been performed on the profiles of 
020 and 040 meridional reflections from various re- 
generated cellulose samples. Such an analysis reveals 
the values of average crystallite length and lattice 
distortions (if any), which characterize the polydispersity 
of the specimens under investigation. 

EXPERIMENTAL 

Materials 
The Fortisan samples used in the present study were 

obtained by the saponification of their cellulose acetate 
precursors, stretched under pressure in steam to extents 
varying from 50 ~ to 1000 ~o. Thus Fortisan-200 ~o 
would mean a cellulose sample regenerated by the Fortisan 
process from cellulose acetate yarns and stretched to 
200~o (before saponification). 

X-ray measurements 
Intensity measurements were made at 25°C with a 

Philips Diffractometer (PW 1050) using CuK~ radiation 
at 35kV and 20mA. A combination of Koq, and K ~  
was thus employed. The diffractometer was used in the 
transmission mode in conjunction with a curved crystal 
focalizer (PW 1075) which minimizes instrumental 
broadening and gives rise to intense, sharp X-ray 

diffraction profiles. A scintillation counter (PW 1964) 
and a pulse height discriminator (PW 1365) were 
employed in order to get a monochromatized diffracted 
beam. The meridional line profiles were recorded using 
step scan gears (PW 1063) at a scanning speed of 
0.02°/min and a chart speed of 200mm/h. The line 
profiles due solely to instrumental aberrations were 
recorded using a thin film of crystalline powdered 
sodium chlorate. Details about sample preparation, 
line profile measurements and subsequent data pro- 
cessing have been published 8,7 earlier. 

Processing of data 
The intervals used for sampling of line profile data 

were 0.035 (°20) for various Fortisan samples and 
0"01 (°20) for the NaC108 standard. The correction of 
line profile data for background, absorption and Lorentz 
polarization factors were made according to the standard 
procedure 5,6. The background was found to be linear 
in the range of the profile considered for all samples. 
The variance range functions for 020 and 040 profiles 
(which have centroids near 17.33 ° and 34.85 ° 20 respect- 
ively) and their corresponding instrumental profiles 
were obtained using the computer programme 6 pub- 
lished earlier for an IBM 1620 computer. 

Interpretation of line broadening 
Background. The line profiles usually recorded on a 

powder diffractometer are characterized by long, Cauchy- 
like tails. The second central moment, or variance s, 9 of 
such a profile will have a very large value, approaching 
infinity in the case of a Cauchy profile. Thus, in practice, 
after eliminating the background, the line profile is 
truncated t0 (so as to get rid of the tails) between limits 
of 20 or 2sin0/?~ which are nearly symmetrical about 
the centroid of the truncated portion and the variance 
of the truncated portion of the profile is evaluated 11. 
The range of truncation is increased continuously to 
include more of the tails each time and the variance is 
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computed for each range 6,12. The variance range 
function thus obtained has contributions from instru- 
mental broadening and from various imperfections in 
the specimen such as small size of crystallites, lattice 
distortions, faulting, etc. The observed variance range 
function can be corrected 5 for instrumental broadening 
by a simple subtraction procedure to obtain the intrinsic 
variance range curves. Theoretical formulations 5, s, 9 have 
been developed to express the intrinsic variance range 
curve in terms of specimen imperfections and methods 
have been standardized 13, 14 for the separation of broad- 
ening contributions due to finite crystal size and lattice 
distortions. The variance range method has found wide 
application in the determination of crystallite size 15-17, 
analysis of faulting in refractory alloys 18, analysis of 
lattice distortions in metals 19, metallic filings 20 and 
fibrous polymers la. 

Theory. The variance range function can be expressed 
asS: 

WrD( S ) = Ko3~r( S ) - Wos 

where the slope 

K o _ g 2 k  2 , 1 _(Wos)l/2 
3 -  b ~ - 2 , , 2 ~ i  ~, (1) 

In equation (1), b denotes the lattice spacing between 
reflecting (oko) planes, k the order of reflection, i~fl the 
number-average crystallite size 21, and g the degree of 
'paracrystalline' lattice distortions 22. The variance range 
function is expressed as a function of the reciprocal 
space variable S=l/h.(2sin0-2sin00), 20o being the 
centroid of the line profile and ~ the wavelength of 
X-rays. ~(S) denotes the range (in 2sin0/~ units) of 
truncation used to evaluate variance. If the slope of the 
variance range function K0s is independent of the order 
or reflection k then the line broadening is solely due to 
small crystallite size and for this particular case: 

1 
Kos = 2rr2~1 (2) 

R E S U L T S  

When the variance range functions were computed, it 
was found that the 020 and 040 profiles gave rise to 
practically overlapping variance range functions for 
each Fortisan sample. This is conclusive evidence that 
line broadening for these samples is due only to small 
crystallite size and no lattice distortions are present. 
Figure 1 depicts the 020 profiles and their variance range 
functions for various Fortisan samples together with 

Table I Results of X-ray line profile analysis 

No. Sample 

Slope of variance 
range function* 
Ko, x 10-a (A-q 

Average crystallite 
length Mx calculated 

from eqn (2) (A) 

1. Fortisan--50% 0.917 55 
2. Fortisan--100% 0"622 82 
3. Fortisan--150% 0.564 90 
4. Fortisan--200% 0"522 97 
5. Fortisan--300% 0-460 110 
6. Fortisan--500% 0.413 123 
7. Fortisan--1000% 0.413 123 

* Slope, K0i, of variance range function of instrument profile has 
the magnitude 0.142x 10-aA -x 
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Range x IC)3(~ -I) 

Figure I (a) 020 profiles and (b) their observed variance range 
curves for: A, Fortisan--50~; B, Fortisan--100~; C, Fortisan-- 
150%; D, Fortisan--200%; E, Fortisan~300%; F, Fortisan--500%; 
and for the 110 profile of sodium chlorate, the instrumental 
standard (G) 

those of the corresponding instrument profile. The 
slopes of these curves after correction for instrumental 
effects are listed in Table 1 for various samples. 
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Figure 2 shows a plot of  the average crystallite length 
lfftz of  Fortisan against the stretch appfied before 
saponification to the corresponding cellulose acetate 
precursor yarn. Figure 3 illustrates the relationship 
between the mechanical properties, such as initial 
modulus and tenacity, and the average crystallite length 
Mz, the data on mechanical properties having been 
taken from Table I I  of  ref. 2. 

DISCUSSION 

The order independent nature of  the variance range 
functions for various Fortisan samples suggests that the 
crystallites in these materials, though having a small finite 
size, are perfect and free from any significant distortion 
in the axial direction. This is to be expected since the 
cellulose acetate precursors of  the Fortisan samples, 
although non-crystalline, are highly oriented and the 

conditions of  crystallization into a very stable cellulose 
I I  lattice are ideal. 

As pointed out by Sprague and Noether ~, there is a 
dose  dependence of structural order and mechanical 
properties of  saponified stretched acetates (Fortisan) 
upon the corresponding parameters of  their cellulose 
acetate precursors. The relationship between stretch 
applied to cellulose acetate yarns before saponification 
and the average crystallite length attained after saponi- 
fication (Figure 2) further substantiates this view. 

The correspondence between mechanical properties 
of  a fibrous polymer on the one hand and its fine 
structure parameters on the other, is of  great practical 
interest. Figure 3 demonstrates the relationship between 
average crystallite length and some parameters derived 
from the stress-strain curves of  the various Fortisan 
samples. The increase in tenacity or initial modulus 
with increasing length of the crystallite is in accordance 
with theoretical expectations. The use of  crystallite 
length for comparison with the characteristics of  the 
stress-strain curves is pertinent since the latter are 
modified as a result of  the lengthwise rearrangement of  
fibre structure. 
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Mechanisms and relative efficiencies in radical 
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benzoin methyl ether and benzil 
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Contrary to widely held views, detailed studies of light absorption characteristics, reaction 
rates, and molecular weights in radical polymerization of methyl methacrylate photo- 
initiated by benzoin and benzoin methyl ether indicate that the two photoinitiators have 
comparable efficiencies; benzil is much less efficient. Mechanisms for initiation, and 
possible termination processes, for systems involving all three photoinitiators are dis- 
cussed in the light of results from studies of radical characterization by the spin trapping 
technique. 

INTRODUCTION 

Benzoin, PhCO.CH(OH)Ph (BN), its methyl ether 
PhCOCH(OMe)Ph (BME), and benzil, PhCOCOPh, 
(BL), are well known and extensively used photo- 
initiators of free radical polymerization 1. Benzoin 
derivatives in particular have found appreciable use as 
photoactivators for a wide range of image recording 
processes based on vinyl polymerization 2, and for 
activation of light induced curing of surface films 3. 
Although most reports of the use of these materials as 
photoactivators are to be found in the patent literature, 
a common inference 3 is that benzoin alkyl ethers are 
more efficient than benzoin, and that benzil is less 
efficient than the benzoin derivatives 4. 

Recently we have reported on the use of the diamag- 
netic radical scavengers (I)-(III) as spin traps for radicals 
produced on photolysis of benzoin, benzoin methyl 
ether and benzil, under a variety of reaction conditions 5. 
For scavengers (I) and (II), radicals are trapped and 
characterized by direct addition to the N-O function 
(equation 1); the scavenger (III) traps radicals in a 
similar manner but may also scavenge by hydrogen 
transfer from the reactive phenolic group (equation 2). 

But 0 
o 

t 
PhCH : N B u  t B u t N : O  HO CH = N B u  t 

(I) (ll) 
Bu t 

(ill) 
( I ) o r  (11) +R"  • P h - C H - - N B u  t or ButN--O"  

i J I ( 1 )  
R O" R 

Bu t 

(111) + R'---~ RH + O'~CH~__NBu t~ (2) 
O But 

An important conclusion 5, from the spin trapping 
experiments, is that whilst both BN and BME undergo 
fragmentation (s-cleavage) to give PhCO and PhCHOR 
radicals on photolysis, BL does not  give rise to radicals 
by corresponding c~-cleavage. Radicals produced by 
photo-excitation of BL arise, apparently, only from 
hydrogen abstraction processes, thus offering a possible 
explanation for the lower efficiency of BL in photo- 
initiating radical polymerization. The spin trapping 
experiments also demonstrate a hydrogen abstraction 
capability (i.e. from III) for photo-excited BN and 
BME suggesting that the respective excited states have 
significant lifetimes and are not completely dissociative, 
as is commonly assumed. 

Radical formation from BN and BME, as evidenced 
by the spin trapping experiments, appears to be much 
more efficient in the case of the latter sensitizer, in 
accord with observations from polymerization studies 
noted earlier. However, it is quite possible that this 
apparent relative efficiency for radical production results 
entirely from the different light absorption charac- 
teristics of the two sensitizers and, in order to clarify 
the position, we have studied light absorption charac- 
teristics, reaction rates, and molecular weights in poly- 
merization of methyl methacrylate photoinitiated by 
BN, BME, and BL. 

EXPERIMENTAL 

Benzoin and benzil were recrystallized twice from 
methanol, m.p. 138 ° and 96°C respectively. Benzoin 
methyl ether was recrystallized twice from petroleum 
ether (b.p. 80-100°C), m.p. 49-50°C. 

The purification of methyl methacrylate (MMA), 
tetrahydrofuran (THF) and azobisisobutyronitrile 
(AIBN) have been fully described in an earlier paper 8, as 
have the high-vacuum techniques employed for the 
polymerization experiments 7. Reaction tubes for 
the latter were constructed out of 7mm i.d. Pyrex 
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tubing and contained 2 cm a of solutions of the photo- 
initiators usually in bulk MMA. These were placed in a 
30°C constant temperature bath behind a soda-glass 
window and irradiated by a 250W mercury discharge 
lamp (Mazda type ME/D). The soda-glass window 
filtered out short-wavelength u.v. light (A<310nm). 
Polymerization rates were determined gravimetrically, 
the polymer being precipitated in 300cm a methanol, 
filtered, and dried to constant weight at 50°C in a 
vacuum oven. The number-average molecular weights 
of the polymers were measured using a Hewlett-Packard 
502 high speed membrane osmometer. 

A potassium ferrioxalate actinometer s was used to 
determine the relative amounts of light absorbed by the 
photoinitiators in MMA solution over the concentration 
range investigated in the polymerization experiments. 
The photoinitiator solution was placed in a spectro- 
photometer cell of path length 5mm, which was con- 
sidered to be a close approximation to the effective 
path length of the 7mm diam. tubes used for the poly- 
merizations. Another cell containing the acetate-buffered 
potassium ferrioxalate/1,10-phenanthroline solution was 
positioned immediately behind the photolysis cell. A 
piece of soda-glass similar to the window of the constant 
temperature bath was placed in front of the u.v. lamp 
and the light transmitted by the photoinitiator solution 
was monitored by measuring the rate of formation of 
the ferrous 1,10-phenanthroline complex in the actino- 
meter. The latter rate was subtracted from that observed 
when MMA containing no photoinitiator was present 
in the 5 mm cell. The method assumed that the quantum 
yield for complex formation in the actinometer was 
constant over the wavelength range absorbed by the 
photoinitiators. 

The u.v. absorption spectra of solutions of the photo- 
initiators in MMA and in methanol were recorded using 
a Unicam SP1800 spectrophotometer. 

RESULTS AND DISCUSSION 

The u.v. absorption spectra of MMA solutions of BN, 
BME and BL are shown in Figure 1. A striking feature 
is the dissimilarity between the BN and BME spectra. 
This is ascribed largely to the presence of strong intra- 
molecular hydrogen bonding in the BN molecule, this 
not being possible in the case of BME. In methanol 
solution, the BN and BME spectra were found to 
resemble each other much more closely (BN: ,~max 
318nm, log E=2.44; BME: Amax 326nm, log E=2.42) 
hydrogen bonding between methanol and the carbonyl 
group of BME having produced the characteristic blue 
shift of the n-zr* transition. The small red shift observed 
in the case of BN (~max 313nm in MMA, 318nm in 
MeOH) is an interesting effect, and may be a result of 
intermolecular hydrogen bonding disrupting the intra- 
molecular hydrogen-bonded structure. Acetoin has been 
reported to exhibit similar behaviour 9. 

Rates of polymerization observed on irradiation of 
solutions containing various concentrations of the three 
photoinitiators in bulk MMA are shown in Figure 2. 
These results, when considered in relation to those 
obtained from the actinometry experiments (Figure 3) 
show that BL is much less efficient as a photoinitiator 
of bulk MMA polymerization than BN or BME. More- 
over, the quantum efficiencies for initiation by BN and 
BME clear/y do not differ to any significant extent, 
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Figure 1 U.v. absorption spectra of benzoin ( ), benzoin 
methyl ether ( . . . .  ) and benzil ( . . . .  ) in MMA (1.0xl0-~M, 
5mm path length) 
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Figure 2 Polymerization rates (30°C) observed on irradiation of 
solutions of benzoin (O) benzoin methyl ether (C]) and benzil (A)  
in bulk MMA 
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Figure 3 Concentration dependence of light absorbed by benzoin 
(©), benzoin methyl ether (rT) and benzil (G) in bulk MMA, 
5mm path length 

the generally higher rates of polymerization obtained 
with BME being more than adequately accounted for 
by the greater amount of light absorbed under the 
photolysis conditions employed. The fact that all three 
plots in Figure 2 exhibit marked curvature is not sur- 
prising in view of the non-linear relationships between 
light absorption and concentration of the photoinitiators 
over the range investigated. The actual decrease in poly- 
merization rate observed for BME concentrations above 
2× 10-2M, and less obviously for the highest concen- 
trations of BN and BL used, requires further explanation. 
Since in all cases the total amount of light absorbed 
continues to increase with concentration over the whole 
range, then the total number of initiating radicals 
produced per unit time would also be expected to 
increase. However, the distribution of initiating radicals 
will become less uniform at higher concentrations, more 
and more being formed in a relatively narrow region 
nearest to the light source. Because of the half-order 
dependence of free-radical polymerization rates on the 
rate of initiation, non-uniformity of the latter in the 
system will tend to decrease the observed overall rate 
of polymerization. It is quite conceivable that a stage 
will be reached when this effect more than compensates 
for the increase in total light absorption. 

Values obtained for the number-average molecular 
weights of the polymers produced in the photoinitiated 
reactions are expressed in the form of reciprocal degree 
of polymerization vs. rate of polymerization plots in 
Figure 4. (Points corresponding to photoinitiator con- 
centrations in excess of those giving the maximum 
observed polymerization rates exhibit divergence from 
the general trends, as would be expected from the 
argument given in the previous paragraph.) From the 
gradients of these plots, apparent values for kp/ktl/2 were 
calculated using the equation: 

k~ 1 
ktl/2 = [MMA] x gradient1/2 

(kp and kt being the rate constants for propagation and 
termination). This equation assumes that transfer to 
initiator does not take place, and that termination 
occurs exclusively by disproportionation of the polymer 
radicals. The error involved in ignoring the combination 

mode of termination 1° at this temperature is estimated 11 
to be less than 10%. The k~/kt 1/2 values calculated from 
the BN- and BME-photoinitiated polymerizations were 
0.063 + 0.003 and 0.059 + 0.002 mol-l/~ 11/2 s-l/2 respect- 
ively, and are not considered to differ significantly from 
the value of 0.066 mol -t/211/2 s -1/2 obtained previously 7 
for MMA polymerizations initiated by AIBN and 
carried out in THF solution at 30°C. From the poly- 
merizations initiated using BL, kp/kt 1/2 was calculated 
to be 0.038+0.004mol-1/211/2s -1/2, somewhat lower 
than the values obtained using BN and BME. However, 
there are reservations in attaching significance to this 
since the polymerization rates obtained with BL were 
so low and covered a comparatively narrow range not 
fully investigated with BN and BME. That BL itself, in 
the ground state, does not act as a retarder or transfer 
agent was demonstrated by investigating its effect on 
bulk MMA polymerizations initiated thermally by 
AIBN (5x 10-2M, 30°C). No reduction in either the 
rate of polymerization or the number-average molecular 
weight of the polymer was observed for BL concen- 
trations up to 0.1 M. However, it should be noted that 
other workerslg, lh have reported significant incorpora- 
tion of BME and BN in photoinitiated polymerizations 
of MMA and styrene, to an extent indicative of copoly- 
merization of photoexcited initiators. 
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Figure 4 Reciprocal degree of polymerization versus rate of 
polymerization of bulk MMA photoinitiated by (a) benzoin, (b) 
benzoin methyl ether and (c) benzil, e, correspond to photo- 
initiator concentrations in excess of those giving the maximum 
observed polymerization rates 

P O L Y M E R ,  1973, Vol 14, September  407 



Mechanisms and relative eftTciencies of photoinitiated radical polymerizations: J. Hutchison and A. Ledwith 

Previous studies a, 5, z~, zz of  the photochemistry of 
BN and BME are consistent with the radical-forming 
process being Norrish type I cleavage of the photo-excited 
states of these molecules to produce Pht~=O and 
Ph(~HOH or Ph(~HOMe radicals. The results presented 
here show that, taking into account the light absorption 
characteristics of these two compounds, their efficiencies 
as photoinitiators for the polymerization of  bulk MMA 
are comparable. The simplest interpretation of this is 
that the quantum yields for dissociation of BN and BME 
are similar and that there is no marked difference in 
the ability of  the resulting pairs of  radicals to initiate 
the polymerization of MMA. Any alternative explana- 
tion of the results would involve a counterbalancing of 
these properties. If  the former situation holds, it follows 
that in bulk MMA the reactivities of the PhCHOH and 
Ph(~HOMe radicals are approximately the same. This 
is interesting in view of the recent suggestion by Heine 
et al, 3 that PhCHOH, but not PhCHOMe, may initiate 
polymerization by a fragmentation mechanism analogous 
to that proposed by Braun 14 for semibenzopinacol 
radicals, i.e. transfer to monomer of  the hydroxyl 
hydrogen atom. Heine et aL a (who have studied the 
reactivities of  a number of benzoin derivatives in the 
light-induced curing of unsaturated polyester resins) 
imply that the chain thus started may cause premature 
termination of the one initiated by P h C = O  in the 
immediate vicinity, thereby reducing the effectiveness of  
the photoinitiator. The ku/kt  ~/2 values calculated for the 
BN- and BME-initiated MMA polymerizations are not 
unusually low, and from this it is concluded that 'pre- 
mature' termination of  polymer chains, including 
termination by the primary radicals themselves, does not 
occur to any significant extent in either case. Nevertheless 
the efficiency of benzoin in promoting hardening of 
illuminated surface coatings is clearly much less than 
that of  benzoin methyl ether and, in addition to the 
differing light absorption characteristics, it is also 
possible that, in less mobile environments, initiation by 
both benzoin and its methyl ether may involve hydrogen 
abstraction from the environment, as well as fragmenta- 
tion. Evidence for hydrogen abstraction by photo- 
excited benzoin and its methyl ether has been provided 
by the spin trapping experiments referred to in the 
introduction. Hydrogen abstraction from the environ- 
ment would yield radicals of the type 

OR OH 

I I 
Ph- -CH--C . - -Ph  ( R = H ,  Me) 

and there is clear evidence~, 7 for differing tendencies to 
terminate radical chains by semi-pinacol radicals of  
similar types. Thus it may be that the benzoin derived 
radical is more efficient in terminating radical chains 
than its methyl homologue, and that this contributes to 
the apparent lower efficiency of BN in photo-induced 
crosslinking processes. 

The photochemical behaviour of BL has been shown 
by Bunbury et aL 15 to be related to the hydrogen- 
donating power of the solvent. These authors conclude 
that photo-excited BL can abstract hydrogen atoms 
from good hydrogen-donor solvents forming 

PhC(OH) COPh 

and solvent-derived radicals. The comparatively low 
initiating efficiency of  BL in bulk MMA may be due 

to the participation of such a mode of reaction producing 
radicals which are poor initiating species. The apparently 
low k~/ktZ/2 value calculated from the BL-initiated 
polymerizations could result from termination of  
polymer radicals by Pht~(OH)COPh, since this has been 
shown to occur for analogous radicals derived from 
benzophenone 6. The latter is also a relatively poor  
photoinitiator for the polymerization of  bulk MMA, 
but shows considerably increased efficiency when a good 
hydrogen-donor solvent, such as THF,  is present 7 (the 
solvent-derived radical being held chiefly responsible for 
initiation). The effect of TH F  on the BL/MMA system 
was therefore tested. Irradiation of a 10 -2 M solution of 
BL in 10 ~o v/v T H F / M M A  gave rise to an approximately 
three-fold increase in polymerization rate (30°C) over 
that observed for the same concentration of BL in 
bulk MMA (THF had no appreciable effect on BN- 
and BME-photoinitiated polymerizations). This supports 
the view that radical production from photo-excited BL 
proceeds by a hydrogen-abstraction mechanism rather than 
by direct dissociation. The latter would give rise ex- 
clusively to benzoyl radicals and it may be argued that 
this is unfavourable since there is evidence 16 that the 
unpaired electron of the benzoyl radical is not de- 
localized into the aromatic ring. In contrast, the dissocia- 
tion of BN and BME will be facilitated by simultaneous 
formation of relatively stable substituted benzyl radicals. 
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Copolymers of methyl methacrylate with 
cinnamic acid 
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Methyl methacrylate (MMA) and cinnamic acid (CA) have been copolymerized radically 
at 60°C; the amounts of CA incorporated in copolymers are surprisingly low. The CA 
units sensitize the MMA units towards alkaline hydrolysis, The copolymers are less soluble 
than the homopolymer of MMA in toluene; their thermal stabilities are significantly higher 
and their glass transition temperatures are slightly lower. 

INTRODUCTION 

The methyl methacrylate (MMA) units in polymers 
made by radical polymerization are sensitized towards 
alkaline hydrolysis by the presence of certain comonomer 
units 1-4. For copolymers of MMA with methyl acrylate 
or methacrylic acid, the sensitization has been attributed 
to a neighbouring group effect involving anions derived 
from the comonomer units 1, 4. Copolymers of MMA 
with cinnamic acid (CA) have now been examined to 
see if this comonomer produces similar effects. 

EXPERIMENTAL 

Monomeric MMA was purified and 14C-MMA was 
prepared and purified by methods described already5; 
the specific activity of the labelled monomer was 
~ 0.18/~Ci/g. trans-CA was recrystallized from water; 
CA labelled at the 3-position and having a specific 
activity of ~ 0.40 FCi/g was prepared using benzaldehyde 
labelled with 14C in the carbonyl group (supplied by 
Dr P. Hodge of these laboratories). N,N-dimethyl- 
formamide (DMF) and benzoyl peroxide (BP) were 
purified by standard procedures. 

Copolymers were prepared at 60°C using mixtures 
of MMA and CA at a total concentration of 3.8 mol/1 
in DMF with BP at 1 g/1. Polymerizations were stopped 
at about 5 ~ conversion. Copolymers were recovered by 
precipitation in methanol and then purified by two such 
precipitations from benzene; they were finally freeze- 
dried from benzene solution. Compositions of copoly- 
mers were determined by a tracer method using 14C-CA 
in some cases and 14C-MMA in others. Labelled materials 
were assayed by scintillation counting of benzene solu- 
tions using equipment supplied by Isotope Developments 
Ltd and phosphor solution NE 211 (Nuclear Enterprises 
Ltd). Observed counting rates were corrected for back- 
ground; allowance was made for quenching by finding 
the counting rates for samples of various weights and 
extrapolating to give counts s -1 mg -1 at zero weight of 
sample. 

Solutions of copolymers (50mg) in benzene (25cm 3) 
were treated with solutions of sodium hydroxide (1 g) 

* Present address: Plastanol Ltd, Belvedere, Kent, UK. 

in methanol (7cm a) at 80°C for various periods. The 
copolymers were recovered by precipitation in methanol 
or in petroleum ether acidified with HC1; they were 
purified by reprecipitation in acidified petroleum ether 
from dioxane solutions and dried in a vacuum oven. 
Proton magnetic resonance spectra of copolymers were 
recorded on a Varian A60A 60MHz spectrometer 
using solutions in pyridine; degrees of hydrolysis were 
found by comparison of the spectra of the original and 
modified copolymers. 

Glass transition temperatures were found using a 
Perkin-Elmer DSC-1B differential scanning calorimeter. 
Weight losses during pyrolysis under nitrogen between 
250 and 500°C were measured on a Perkin-Elmer 
TGS-1 thermobalance. 

RESULTS AND DISCUSSION 

The mole fraction (x) of CA in a copolymer with MMA 
is given by: 

25Cp for 14C-CA with unlabelled MMA 
37CA-- 12Cp 

or  

25(CM--Cp) for unlabelled CA with 14C-MMA 
25CM + 12Cp 

where CA, CM and Cp are the counting rates (counts 
s- lmg -1) for CA, MMA and copolymer respectively. 
Results are summarized in Table 1 which includes 
values of the number-average molecular weight and 
the average numbers of CA units per copolymer mole- 
cule (calculated from the analyses and the values of 
~fftn). There are only quite small amounts of CA in the 
copolymers and there is no detectable homopolymeriza- 
tion of CA under the conditions used in these experi- 
ments; r2 (taking CA as monomer-2) is therefore very 
close to zero. 

From Figure 1, it is evident that the usual copolymer 
composition equation is not strictly obeyed but rl must 
have a very high value, say 300 (see Figure 2). For the 
copolymerization of styrene (monomer-l) with CA 6, 
rl is 1.85; from published Q and e values 7, a value of 
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about 4 might be expected for rz in the system MMA/CA. 
The discrepancies may be attributed to a marked steric 
effect between a radical with a terminal MMA unit 
and an approaching molecule of CA. Table 1 shows 
that both rate of polymerization and 3t~n of  the resulting 0-020 
polymer are depressed by increasing the proportion 
of  CA in the feed. These effects are consistent with ~, 
rather a slow reaction between monomeric MMA and e z- 
a polymer radical with a terminal CA unit. o " 0"015 

The fraction (h) of  MMA units hydrolysed was 8 
calculated from n.m.r, spectra of  copolymers using the .c_ 
expression: < g 

h= l A~t/A~ "~ OO1( 
AM~AT 

u 

where 2 

AM and A~t=peak area from the methoxy protons o o.oo! 
before and after hydrolysis, respectively 

AT a n d A ~ = t h e  corresponding total proton peak 
areas 

For  copolymers containing mole fractions of  CA of 
0.013, 0.009 and 0.005, the percentages of  MMA units 

Table I Copolymers of methyl methacrylate (MMA) and cinnamic 
acid (CA) 

AI I/B 

Figure 2 
position. Points correspond to experimental results; line A is 
drawn for r1=200 and line Et for rz--400 

I , I I 

O O-5 I-O 
Mole fraction of CA in feed 

Copolymer composition plotted against feed com- 

Average 
Time (h) No. average no. of CA 

Mole Mole for mol. wt of units per 
fraction fraction CA ~ 5 ~  copolymer copolymer 

CA in feed in copolymer conversion x 10 -4 molecule 

0.40 0.0038 2.5 16 6 
0-47 0.0047 3.0 - -  - -  
0.55 0.0060 3"5 10 6 
0-65 0.0082 4.75 9 8 
0"70t 0'0094 5"25 7 7 
0"75 0'0114 6"25 - -  
0"80t 0.0131 10.5 ~ - -  
0"85 0"0160 15"0 ~ 
0"90t 0"0229 25-0 5 12 

t" Experiments with 14C-MMA; others with z4C-CA 

250 o 

2OC 

IOC 

, 50 

o ' o ' .5  ' i.'o ' i.? 
, t -  

Figure 1 Plot of ( / - 1 )  against F for copolymerization of MMA 
with CA. fand F=molar ratio MMA:CA in copolymer and feed 
respectively. The Fineman-Ross equation can be written as 
f--l=rzF when r2 is very close to zero 

i 15(2 

hydrolysed after treatment for 52h were 12, 5 and 4 
respectively; the corresponding percentages for 96h 
treatment were 16, 14 and 7. The results for the co- 
polymer containing least CA are close to those for the 
homopolymer of  MMA 1. The extent of  hydrolysis 
increased with the CA content of the copolymers; in 
this respect, CA resembles other comonomers. 

The introduction of a few CA units into a MMA chain 
produces changes in certain properties of the polymer. 
From the measurements of osmotic pressures of toluene 
solutions, it is apparent that the second virial coefficient 
is lower for the copolymers than for the homopolymer; 
this result indicates that toluene is better as a solvent for 
the homopolymer than for the copolymers. The glass 
transition temperature was reduced slightly by the 
presence of CA units in the MMA chain. The copolymers 
were significantly more thermally stable than the homo- 
polymer. 
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Morphological changes occurring on the surface of a polyethylene membrane used in 
liquid permeation of hydrocarbons have been studied by electron microscopy. The up- 
stream surface of the membrane in contact with liquid feed has been shown to be eroded 
considerably whereas the downstream surface remained sensibly unaffected. Thus, the 
useful life of a particular membrane is limited depending on temperature and nature and 
quantity of the feed used. 

INTRODUCTION 

Membrane separation processes such as reverse osmosis, 
ultra-filtration, membrane permeation (gas or liquid) 
etc. have become popular in recent years. In the field 
of low molecular weight separation of hydrocarbons 
and other organic liquid mixtures by physical methods, 
liquid permeation shows much promise and has been 
studied in detail by various authors 1-v. 

In liquid permeation the liquid feed mixture remains 
in contact with the upstream side of a thin membrane 
(25 to 100/~m thick) and the permeant, in the form of 
vapour, is withdrawn from the downstream side which 
is maintained at a reduced pressure. The membrane is a 
film of synthetic polymer (polyethylene, cellulose 
acetate etc.) containing no discrete holes or pores thus 
prohibiting any hydrodynamic flow through it. 

Sanders and Choo 6 studied the useful life of a mem- 
brane (of undisclosed nature) for the system isopropanol- 
water and found that the membrane withstood about 
5000h without failure, although the rate increased 
slightly and the selectivity of separation decreased. The 
instability of the membrane may be due to (1) physico- 
chemical changes and/or (2) mechanical changes brought 
about within the polymer by contact with the permeant 
molecules for a long time. 

Baddour et aL 7 and Miiller et aL 8 found that crystal- 
linity of the membrane increased up to a limiting value 
after liquid permeation which amounts to an increase 
in membrane strength. Consequently, attention was paid 
to the second reason. 

The following discussion will be restricted to low 
density polyethylene (crystallinity about 44 ~o by volume 
and hydrocarbon permeants, used in the present studies. 

Below about 70°C, the amorphous content of poly- 
ethylene does not change appreciably with temperature a 
and also the solubility of polyethylene in hydrocarbon 
is negligible TM though not nil. So, a micro amount of 
polymeric material (amorphous part only, leaving the 
crystalline part intact, as has been observed by Mackie 

* Present address: Engineers India Ltd, New Delhi-l, India. 

and Rudin 11) at the upstream side of the membrane 
goes into solution during permeation runs. The non- 
uniformity developed this way impairs the mechanical 
stability of the membrane. Here, an electron microscopic 
study carried out on the solvent action of hydrocarbons 
on the membrane surface has been discussed. The 
entire procedure was divided into two steps: sample 
preparation, and electron microscopy. 

EXPERIMENTAL 

Sample preparation 

Samples were prepared by prolonged permeation 
runs for each system. Figure 1 shows a self-explanatory 
schematic diagram of the apparatus. 

The membrane was mounted and the assembly was 
made leak-proof. Both temperature and downstream 
pressure were maintained at the desired level. The feed 
liquid (~500ml), preheated to the run temperature, 
was poured into the feed chamber carefully and the 
stirrer was started. The fraction cutter and other traps 
were filled with dry ice. The permeated sample was 
taken out regularly, weighed and fed back to the feed 
chamber every 30min. This feed back, the quantity 
being very small, did not show temperature variation 
of more than 0.5 °C in the feed chamber. At the end of 
about 5h (attainment of steady state required about 
3 h as indicated by the constancy in weight of product 
samples) about 450ml of feed was syphoned out while 
the run was continuing; another instalment of 450ml 
of preheated feed was added and the run continued. 
In a similar way about 5 to 6 litres of feed have been 
run covering a period of 60 to 90 h, although in one case 
run has been continued up to 450 h until the membrane 
yielded. 

At the end of the run, the whole of the feed liquid 
was syphoned out, the permeation cell was removed from 
the bath and opened up to take out the membrane. 
These membranes were vacuum-dried, labelled and 
preserved. 

The loss in weight of the membrane at saturation with 
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Figure I Schematic diagram of liquid permeation assembly 

Table 1 Experimental conditions and loss in weight of mem- 
branes due to dissolution in hydrocarbons 

i 

Down- 
stream Dura- Loss in 

Temp. pressure tion weight 
Surface Feed (°C) (mmHg) (h) (~) Figure 

Fresh . . . . .  2 
Down- Methyl- 40 35 60 1.06 3 

stream cyclo- 
hexane 

Upstream Methyl- 40 35 60 1-06 4 
cyclo- 
hexane 

Upstream Methyl- 30 35 60 0.75 5 
cyclo- 
hexane 

Upstream Benzene 40 30 450 0.96 6 
Upstream Benzene 40 30 450 0.96 7 
Upstream Toluene/ 40 25 90 1.09 8 

£,2,4-tri- 
methyl- 
pentane 
(50:50) 

various hydrocarbons has been determined in an electro 
balance. Table 1 describes the details of the samples, the 
experimental conditions and the percentage weight loss 
of membranes due to dissolution in hydrocarbons. 

Electron microscopy 
The surface was cleaned with acetone and flooded 

over by a special replicating solution meant for synthetic 
polymer surfaces in particular (supplied by Ladd Re- 
search Inc., USA). A small piece (2cmx2cm) of 

replicating tape was cut and immediately pressed onto 
the wet surface and the bubbles were removed. After 
about 30min the tape was taken off the surface. This, 
being the first tape, was discarded and the same process 
was repeated. After rejecting two or three, the next 
tape with the impression side upwards was mounted on 
a glass slide by adhesive tape. This was shadow-cast 
with gold (about 10A thickness) at an angle of ~14 ° 
and then a film of carbon (~  1130 A) was deposited on it. 
A small portion (3 mm x 3 mm) of this tape was cut and 
dissolved in acetone solution (containing 30~o water 
by volume) taking care that the replica always floated 
on the surface. After about 1 h the floating replica 
was picked up on a grid and washed with pure acetone 
and examined in the electron microscope after drying. 

RESULTS AND DISCUSSION 

All the micrographs presented (for descriptions see 
Table 1) here are positive prints so that the dark areas 
represent hollow regions in the membrane; white areas 
the unetched regions; and the grey areas the etched 
regions with severity varying according to shades of 
grey. 

It may be noted that the regular shaped (mostly 
round or elliptical) dark spots (as in Figures 2, 3, 6 
and 7) are defects which occurred during the processing 
and are not to be taken as characteristic features. These 
did not appear in other specimens investigated. 

Figure 2 shows the general features of a fresh film 
at a magnification of 3400. The ordered patterns shown 
here are probably due to uneven surfaces of the rollers 
used during manufacture of the film from melt. Figure 3 
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Figure 5 shows that at 30°C, the surface is practically 
unetched. On the other hand, Figure 4 reveals clearly 
the surface roughness due to erosion of amorphous 
portion of the polymer leaving the crystalline part 
unaffectedXL The dark lines are deeply eroded portions 
which would have developed to microcracks had the 
permeation runs been continued further. 

Both Figure 6 (x 4600) and 7 (x 2300) are for two 
different locations on the upstream surfaces of the same 
membrane used in permeation of benzene at 40°C and 
continued until leakage developed. Figure 6 clearly 
shows the linear micro-cracks and pores which de- 
veloped around the etched region having widths of 
between 0.1 and 0.2/zm. Referring to Figures 6 and 7 
it can be seen that the degree of solvent attack is not 
uniform over the entire membrane surface, indicating 
possible imperfections in the polymer where hydro- 
carbons can act more readily. 

Figure 2 General features of a fresh membrane showing ordered 
patterns 

Figure 3 Downstream surface of the membrane showing charac- 
teristic features the same as in the fresh one with its unevenness 
smoothed out. Treated with methylcyclohexane at 40°C for 
60h 

shows the downstream surface of the membrane (used 
in permeation run) at a magnification of 6100. The 
characteristic features appear to be the same as in the 
fresh film with its unevenness smoothened out probably 
by continuous long exposure (60h) to hydrocarbon 
vapour at 40°C. The absence of any significant change 
in the downstream surface of the membrane could be 
expected to occur, the permeant being in the form of 
vapour. 

Comparison of Figure 4 ( x 4000) and Figure 5 ( x 4600) 
reveals the severity of hydrocarbon attack with respect 
to temperature. In both cases 5 litres of methylcyclo- 
hexane have been used as feed. Although the magnifica- 
tions are slightly different, it may be readily concluded 
that the attack is much stronger at elevated temperature. 
This indicates that with the present systems, permeation 
runs are not possible at much higher temperatures and 
the upper limit has been demonstrated 5 to be about 
55-60°C. 

Figure 4 Upstream surface of the membrane showing severity 
of hydrocarbon attack with respect to temperature. Treated with 
methylcyclohexane at 40°C for 60h 

Figure 5 Upstream surface of the membrane showing severity 
of hydrocarbon attack with respect to temperature, Treated with 
methylcyclohexane at 30°C for 60h 
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Figure 8 ( x  7600) represents the mode of  solvent 
attack at 40°C when a binary mixture is used. Here 
the solvent attack is less severe than that with methyl- 
cyclohexane (Figure 4) and benzene (Figure 6) at the 
same temperature (although the run duration was 
higher than that of methylcyclohexane by 50%), but 
more than methylcyclohexane at 30°C (Figure 5). It is 
quite likely that 2,2,4-trimethylpentane (having lower 
solubility) masks the etching power of toluene (having 
higher solubility). In this specimen, the etching pattern 
has not followed any apparent regularity as is evident 
in the others. From the limited number of micrographs 
available it is difficult to ascertain if this is a result of 
permeation of a binary liquid mixture instead of  a pure 
compound. 

CONCLUSION 

These micrographs have thus provided visual evidence 
that during liquid permeation there is dissolution of 
polymer into the feed liquid. Although the solubility Figure 8 Upstream surface of the membrane showing mode of 

solvent attack at 40°C when a binary mixture (toluene/2,2,4-tri- 
methylpentane) is used 

Figure 6 Upstream surface of the membrane used in permeation 
of benzene at 4O°C and continued until leak developed 

is very small, it is still sufficient to impart mechanical 
instability to the membrane. The extent of  such damage 
depends upon the nature of the hydrocarbon, its quantity 
and temperature. The attack is restricted to the upstream 
side only, whereas the downstream side is practically 
unaffected. Thus, it is evident that the useful membrane 
life is limited owing to loss of  mechanical strength with 
use, consequent to removal of amorphous polymer 
material from the membrane surface by dissolution. 
As a result, the working life of  a membrane is limited 
depending upon the temperature and nature of the feed 
and its replacement is essential after a certain quantity 
of feed is handled. These observations on a low density 
polyethylene membrane could reasonably be extrapolated 
to cover the range of  all non-polar polymeric mem- 
branes, e.g. high density polyethylene, polypropylene, 
polyisobutylene etc. 
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Cloud-point curves of the polystyrene- 
cyclohexane system near the critical point 
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Cloud-point curves for solutions of five polystyrene samples, including three well-fraction- 
ated polystyrenes, in cyclohexane have been examined near their critical points. Even for a 
solution of polystyrene characterized by Mw/Mn<l"03, the critical point determined by 
the phase-volume method is generally situated on the right hand branch of the cloud-point 
curve. The precipitation threshold concentration is appreciably lower than the critical 
concentration, while the threshold temperature slightly deviates from the critical tem- 
perature. The agreement of the precipitation threshold point with the critical point has 
been found for a solution of polystyrene characterized by Mw----20x 104 and /V/w/Mn< 1 "02 
in cyclohexane. The x(~) function derived from critical miscibility data is expressed by 
x(~) =0.279 8+67.50/T+0.307 0~+0.258 942, which yields 8 of 33.2°C and ~z of 0.22. 

INTRODUCTION 

Schultz and Flory 1 measured cloud points as a function 
of the concentration in some polymer solutions and 
developed a method for the determination of the 0 
temperature, which is identified as the critical miscibility 
temperature in the limit of infinite molecular weight. 
Since then, the cloud-point curves carried out on polymer 
fractions differing in molecular weight have been widely 
used as a relatively simple method for the determination 
of the O temperature 2. The use of the temperature at 
the maximum of the cloud-point curve instead of the 
critical temperature is basically incorrect because of 
identification of the polymer solution with a binary 
mixture. However, if the fractions have the same distri- 
bution in the molecular weight heterogeneity, the same 
value of 8 can be expected a. 

Stockmayer 4 theoretically examined the effect of the 
polydisperse character of polymer samples on the 
critical concentration. Tompa 5 examined the feature 
of the phase diagrams for mixtures of one solvent 
component and two polymer homologues differing in 
chain length. He clearly revealed the difference in the 
phase behaviour between ternary and binary systems. 
It has been found by recent studies on the cloud-point 
curves 3, 6-9 that the precipitation threshold point of the 
polymer-solvent system does not generally coincide 
with a true critical point because of the macromolecular 
constituents. Kuwahara et aL ~o and Borchard and 
Rehage 11 found that the angular dissymmetry of scat- 
tered light intensity has its maximum at a concentration 
much lower than the critical concentration. Konings- 
veld s , 7-9 have revealed that the difference of the thres- 
hold point from the critical point is ascribed to the 
molecular weight distribution. 

In this paper it is shown empirically that the critical 
point generally lies at a higher concentration and lower 
temperature than the precipitation threshold point 
depending on the molecular weight heterogeneity. It is 
also shown that the precipitation threshold point for a 

solution of a very carefully fractionated polystyrene in 
cyclohexane can be identified with the critical mixing 
point. The critical miscibility data are utilized for 
determinations of the pair interaction parameters by 
the aid of the method developed by Koningsveld s. 

EXPERIMENTAL 

Polystyrenes (Pressure Chemical Co. products lc: 
Mw=20x 104; Mw/Mn< 1"06, and 13a: Mw=67x 104; 
Mw/Mn< 1.10 with Mw and Mn being the weight- and 
number-average molecular weight) were fractionated 
into six fractions, respectively. Fractionation was 
sequentially carried out through the solution fractiona- 
tion technique known as the coacervation method. 
The polystyrene-cyclohexane solution at a concentra- 
tion less than 0.04g/ml was kept for 2 days at a tem- 
perature a little below its precipitation temperature in 
a water thermostat controlled to _+0.002°C. After a 
complete attainment of the phase equilibrium the dilute 
solution phase, in which lower molecular weight poly- 
styrene is richer, was separated from the other con- 
centrated solution phase. A fractionated polystyrene 
was obtained from the dilute phase and the concen- 
trated phase was diluted by reagent grade cyclohexane 
for further fractionations. 

Reagent grade cyclohexane, dried thoroughly over 
anhydrous calcium chloride, was purified by fractional 
distillation through a column of 100cm length and 
10mm diameter packed with stainless-steel helices. 
Purified cyclohexane was dried over silica gel for 7 days 
and then further dried for l0 days over chromatographic 
neutral alumina (activity grade l, M-Woelm-Eschwege), 
which had been heated at 600°C for 24h. It was then 
distilled with a small distillation apparatus set in a 
dry box under an atmosphere of dry nitrogen. Particular 
caution was paid to avoid the moisture in air, because 
a slight trace of water in cyclohexane leads to the con- 
siderable rise of the precipitation temperature. 
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All solutions were prepared in the dry box under 
dry nitrogen and were thoroughly stirred at the tem- 
perature by about 5°C higher than the phase separation 
temperature for a few days. The volume fraction 9~ of 
polystyrene was calculated from the density of cyclo- 
hexane and the specific volume of polystyrene in cyclo- 
hexane. 

The cells used for determinations of the cloud point 
and the critical point were made of Pyrex tubing (6 mm 
i.d.) and were sealed with two closely machined Teflon 
plugs and a silicone rubber stopcock. The solution 
ceils were immersed in the water bath controlled to 
+0.001°C and slowly cooled. In the vicinity of the 
cloud point the temperature of the bath was lowered in 
steps of 0.001-0.002°C. After each temperature change 
we allowed sufficient time for the solution to achieve 
equilibrium. The precipitation temperature Tp was 
detected with an accuracy of + 0.002°C on a relative 
scale for measurements very near the critical tempera- 
ture by observing the pattern of He-Ne laser beam 
transmitted through the solution cell z2. Temperature 
was measured using a 6 ° Beckman thermometer which 
had been calibrated with a platinum resistance thermo- 
meter. 

RESULTS AND DISCUSSION 

Quantitative features of the cloud-point curves 
The volumes of two coexisting phases in equilibrium 

at an overall concentration ff were measured as a function 
of temperature. A temperature T at which the volume 
ratio of two coexisting phases is unity was determined 
for each ~ as shown in Figure 1. The cloud-point curves 
are shown in Figures 2 and 3, in which the sets of (if, T) 
representing the unit phase-volume ratio are also 
included. The critical point was determined by extra- 
polation of the curve of unit phase-volume ratio to the 
cloud-point curve. The precipitation threshold and 
critical points are listed in Table 1, where the subscripts 
t and c denote the threshold and critical points, re- 
spectively. As compared with the result by Koningsveld 
et aL s our values of Tc are lower by 0.5°C or more. 
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ii 

0 .5  

f /  
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Figure 1 Phase-volume ratio r as a function of AT=Tp--T for 
the sample lc-5 in cyclohexane. The overall polymer concentra- 
tion: O, ~=0.785; • ,  ~=0.0844; A, ~=0"0937; + ,  0-1083. 
The superscripts (1) and (2) refer to the concentrated and dilute 
phases 
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Figure 2 Phase diagrams for the polystyrene samples in cyclo- 
hexane: O, lc-6;  /k, lc-5. • ,  Critical point; . . . .  , rectilinear 
diameter 
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Figure 3 Phase diagrams for the polystyrene samples in cycle- 
hexane: 0 (upper), 13a--5; /k, 3a; 0 (lower), mixture. • and 
. . . .  are the same as in Figure £ 

A comparison of the precipitation threshold and 
critical points for 13a-5 suggests that the difference 
between ~t and ~c is not small, even if Tt-Tc=O.O02°C. 
On the other hand, the critical point for the well- 
fractionated sample lc-5 lies at the maximum of its 
cloud-point curve. The cloud-point curve for lc-5 may 
be identified with the coexistence curve and thus the 
well-fractionated polystyrene solution behaves as if it 
were a binary mixture. The critical indices which govern 
the shape and magnitude of the coexistence curve near 
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Table I Characteristics of the polystyrene samples and their critical and precipitation threshold points in 
cyclohexane 

Sample Mwx 105 Mw/Mn h Tc (°C) ¢c Tt (°C) Ct Tt-  Tc (°C) 

lc-5 2"00 1 '02< 67 23"782 0"0779 23" 789, 0"0779 0'000 
1 c-6 2- 06 1" 03 < 50 28" 92a O" 078 1 23" 94a O. 068 O" 02o 
8a 4.15 1.06< 17 26.957 0-0523 26-98o 0.043 0"02~ 

13a-5 6.80 1.02< 67 28.025 0.044 6 28"027 0.041 0"002 
Mixture* 4.50 1.44 26.445 0.067 7 26.895 0.081 0.45 

* Mixture 52wt ~/o lc-5: 48wt ~/o 13a-5; Mz/Mw=1.30 

the critical point were estimated la as fl=0.345+0.005 
and B¢=0.51 by fitting experimental points to the 
equation: 

(4(1) - ¢(2))/2 = Be(1 - T/Tc), ~ 

in which the superscripts (1) and (2) refer to the con- 
centrated and dilute phases. 

The solution of sample designated by mixture can be 
considered as a quasi-ternary system, which comprises 
the polystyrene samples of Mw = 20 x 104; Mw/Mn < 1.02 
and of Mw=68x 104; Mw/Mn<I.02 in cyclohexane. 
Any molecular weight distribution corresponding to the 
same Mw must have the same quasi-binary spinodal 
curve, which coincides with the binary spinodal of the 
monodisperse polymer of equal Mw 8, 9. The z-average 
molecular weight Mz must be taken into consideration 
for comparison at equal Mw of ¢c. The critical point 
for the mixture of Mw=45x 104; MJM~=I .30  lies 
at a much higher concentration and lower temperature 
in comparison with 3a of Mw=41.5 x 104; Mz/Mw< 1.06, 
as is theoretically predicted 5, 8, 9. 

In the case of the solution of the sample 3a charac- 
terized by Mw/Mn < 1.06, Ct is remarkably lower than 
Ce. However, the difference between Tt and Te is only 
0.02z°C. Since the small difference of Tt-Te=0"02a°C 
is within the limits of error in the ordinary cloud-point 
measurements, the threshold temperature for samples 
with Mw/Mn < 1.06 and Mz/Mw < 1.06 can be used for 
the usual determinations of the 0 temperature. 

Evaluations of the pair interaction parameter 
In the original Flory-Huggins theory 2, z4 the pair 

interaction parameter g, which is directly related to the 
commonly used X parameter, was assumed to be inde- 
pendent of concentration. However, it has been widely 
accepted that the interaction parameter g generally 
depends on the polymer concentrationS, 9, 15-20. It 
seems to be preferable to assume a concentration de- 
pendence of g (if) by: 

g =go +g1¢ -[-g2¢ 2 

If the well-known interaction parameter X is written by 
a polynomial in the concentrationS: 

.X = Xl + X2¢ + XS¢ 2 

the g parameter is related to the X parameter by: 

X~+Z =(k+  1)(gk--gk+z) 

Koningsveld et aL 8 have recently applied the spinodal 
and critical conditions to the system obeying the Flory- 
Huggins expression with g dependent on ¢ and derived 
the following equations expressed by" 

2g0 = (1 - ¢)-1 + (¢xw)-i + 2gz(l - 3¢) + 6g~(1 - 2¢)¢ (1) 
for the spinodal and: 

g l -g2  + 4g2¢c = (1/6)[(1 - ¢c) -2 - x,./xw2¢oz] = Y (2) 

4 0  

"~ 2 0  

/// 
/ i I I I  . 

I I 0 ~  0 

, 1 ~  I I 
o 5 0  IOO 

I + xwx l  j/2 

Figure 4 Plots of 1/¢c against l+xwxz -1/2. 0 and • are obtained 
from this work and reference 8, respectively. - - - -  represents 
the Stockmayer relation 4 

for the consolute state. In these formulae Xw and x~ 
are the weight- and z-average ratios of the molar volumes 
of the polymer and solvent. If g is taken independent 
of ¢, equations (1) and (2) reduce to the Stockmayer 
relations 4 written by: 

2g =(1 - ~)-1-}- (~xw)-i (3) 

for the spinodal and 

¢c = 1/(1 + XwX,-1/2) (4) 

for the consolute state. 
The 1/¢e is plotted against l+xwxz-]/z in Figure 4, 

which also indicates that the critical concentrations are 
roughly three times as big as those predicted by equation 
(4). Our values of ¢c are higher than those of Konings- 
veld s at equal Mw especially in the region of low mole- 
cular weight. The discrepancy between the two sets of 
data may be brought about by different molecular 
weight distributions. Exact estimation of Mz/Mw for 
the weU-fractionated samples characterized by 

Mw/Mn < 1"03 

was out of the limit of ability of the gel permeation 
chromatography. Only existence of trace amounts of 
high molecular weight components which brought 
about a high value of Mz was examined through the 
gel permeation chromatography measurements. None 
of the trace amounts was observed. For estimation of 
Mz we assumed a Zimm-Schulz exponential distribu- 
tion21, 22 given by: 

g (M) = (yn+l/h !)Mnexp(-yM 

where: 

y = h / M , = ( h +  1)/Mw 
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As a result slightly smaller values of Mz/Mw as compared 
with Mw/Mn were estimated for all the present samples 
except for the mixture. Values of h assumed for the 
samples are given in Table 1. The value of Mz/Mw for 
the mixture was estimated from superposition of the 
molecular weight distributions for lc--5 and 13a-5. 

The ordinary plot of Te -1 against 1/xwll 2 + 1/2xto yields 
values of 0=33-2°C and ~1=0"78, which is much higher 
than the value of #z = 0.23 obtained by osmotic pressure 
and vapour pressure measurements tS. The low value 
of 0=33-2°C, compared with the values reported by 
several investigators x, 3, is mainly atttibuted to the high 
purification of cyclohexane, in which a trace amount 
of water is minimized by the use of the dry box during 
the present work. We frequently found that a trace 
amount of moisture in the air lead to a considerable 
rise of the precipitation temperature. The discrepancy 
of experiment from equation (4) for ~e and of the value 
of ~t from q,1 =0.23 may be attributed to the concen- 
tration dependence of g. 

The critical state expressed by equation (2) can be 
employed to determine g~ and g2. Having evaluated 
gz and g2, the spinodal equation (1) can be used to 
determine the temperature dependence of go. In the 
present treatment, a possible temperature dependence 
of gt and g2 was ignored and go was supposed to be 
the usual linear function of 1/T written by: 

go =g00 + g01/T 

The values of Y are plotted against ~e in Figure 5. The 
values of g~ =0.239 8 and g2=0.086 3 were evaluated. 
The go function and its extrapolation to the 0 tempera- 
ture, at which g0-gx=0.5,  is given in Figure 6. The 
plot of go against 1/T yields the value of 0=33.2°C in 
accordance with the extrapolation of the plot of 1~To 
against I/xwll2+ 1/2Xw. The values of go0=0"519 6 and 
g0z=67.50 were evaluated by using the slope of the 
plot of go against I/T. Consequently g(~) function is 
expressed by: 

g(~b)=0.519 6+67"50/T +0"239 8~b+0.086 3c, b 2 

and x(~) function is written by: 

X(~) = 0.279 8 + 67-50/T + 0.307 0~ + 0.258 99~ 2 

In the usual terminology we have: 

g0-gz = 1/2-  #t + ~IO/T 

0"19 

0-17 o•/Jo o • 

0'15 T l 
0 0'05 0.10 

¢c 
Figure 5 Plots of Y against ~c. The symbols are the same as in 
Figure 4 

0'748 

o 0.744 

0.740 

I I 
3'25 3'30 3"35 3 "40 

_.IxlOa(K -I) 
T 

Figure 6 Plots of go against t/T. The horizontal broken line 
represents the value of go-91 of 0.5 

Evaluation of ~1 gives 0.22, which is in excellent quanti- 
tative agreement with the value of 0.23 obtained by 
Krigbaum and Geymer 15. 

The concentration dependence of the present X(~) 
agrees well with that found by Krigbaum and Geymer 15 
as well as with that derived by Koningsveld et al. s, 9 in 
the concentration range of ~=0-0.8. Further, the X(~) 
function is quantitatively consistent with those found 
from the data of sedimentation-diffusion equilibrium 
in the ultracentrifuge is, ta and light-scattering measure- 
ments 20. Htcker et al. 2a have derived the concentration 
dependence of the X(~) for the polystyrene-cyclohexane 
system by the statistical thermodynamic theory, which 
also prodicts a lower critical solution temperature in 
agreement with experiments 24, 35. The value of X ex- 
pressed by the segment fraction s instead of the volume 
fraction is in good agreement in the range of s=0-0.8. 
A further check of the g(~) function is also possible 
by comparing the spinodals calculated by means of 
equation (1)with those deduced from measurements of 
intensity and linewidth studies 10, s0, 2e, 2~ of the scattered 
light at temperatures above the phase separation tem- 
perature. Experiments are under way for obtaining the 
spinodals from the light scattering measurements. 
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The hydrolysis of tetraethoxysilane was studied under various solvent and temperature 
conditions. A method was developed by which reaction rates can be measured even in 
the presence of alcohols other than ethanol. The structures of the resulting polymers 
were dependent upon the reaction conditions employed, those formed at high temperature 
being highly condensed materials. 

INTRODUCTION 

The acid-catalysed hydrolysis of tetrafunctional silicon 
compounds has been the subject of numerous investiga- 
tions 1, z. The acid-catalysed exchange of  polar groups 
at silicon is widely documented 2, a. Since a tetrafunc- 
tional molecule is involved, a wide variety of  linear and 
cyclic structures is possible as products from these 
reactions 3. A common practice is to hydrolyse tetra- 
ethoxysilane in alcoholic solvents to obtain condensed 
polysilicates 4, 5. When an alcohol other than ethanol is 
employed as the reaction medium, the final polymer 
structure is further complicated by incorporation of 
some solvent through the exchange process. 

Recently in our laboratories, it became necessary to 
know with some certainty the structures of  condensed 
polysilicates obtained from the hydrolysis of  tetra- 
ethoxysilane under several different solvent and tem- 
perature conditions. Furthermore, it was necessary to 
determine the rate of  both the hydrolysis and the ester 
exchange reactions. Thus, it was advantageous to 
develop a method of  investigating the hydrolysis and 
the resulting polysilicate. 

EXPERIMENTAL 

A Victoreen 4000 Series gas chromatograph employing 
a 2 m × 3 mm Porapack Q column and a thermal con- 
ductivity cell was used for all gas chromatographic 
(g.c.) analyses. Nuclear magnetic resonance spectra 
(n.m.r.) were obtained using a Varian A-56/60 spectro- 
meter. All n.m.r, spectra were obtained in 20 ~o solutions 
of carbon tetrachloride using tetramethylsilane as an 
internal standard. Number-average molecular weights 
were determined in toluene using a Mechrolab Model 
301 Osmometer. Waters Associates polystyrene standards 
with number-average molecular weights of  1220 and 
2020 were used for calibration. 

* Contribution No. 177 from Graduate Center for Materials 
Research, University of Missouri-Rolla. 

G.c. calibration procedure 
Mixtures of varying mole ratios of ethanol and 

solvent alcohol were prepared and 1-00ml of methyl 
ethyl ketone was added to each as an internal standard. 
The mole ratios of alcohols chosen were expected to 
cover the range encountered during hydrolysis. G.c. 
analysis was performed on each mixture and a plot of  
relative peak areas (alcohol/ketone), versus mole of 
alcohol was constructed for both ethanol and the 
solvent alcohol in question. Methyl ethyl ketone was 
chosen as the internal standard since it did not react with 
the system, had no apparent effect upon the solubility 
of  the silicate, and was sufficiently different in its reten- 
tion time from the alcohols to allow accurate measure- 
ments. 

General hydrolysis procedure 
All reactions at 25°C were performed in Pyrex flasks 

sealed with septum caps. Reactions at l l0°C were 
carried out in heavy walled, sealed Pyrex tubes. A 
mixture of  solvent alcohol (0.125 mol), tetraethoxysilane 
(0.050tool), water (0.080mol) and methyl ethyl ketone 
(1.00ml) was blended to give a homogeneous solution. 
Hydrochloric acid (0.20ml of  0.10N) was added and 
the reaction vessel was sealed. During the low tempera- 
ture runs, samples for g.c. analyses were periodically 
withdrawn through the septum cap. Relative peak 
areas (alcohol/ketone), were converted to moles of 
alcohol from the calibration curve. In this way, the 
course of  the reactions was easily followed as a function 
of  time. 

Isolation of condensed polysilicates 
After hydrolysis, the reaction mixtures were frozen 

in liquid nitrogen and the flask was connected to a 
vacuum system. A vacuum of  0-01 mmHg was main- 
tained while the solutions were slowly warmed to room 
temperature. G.c. analyses before and after this pro- 
cedure showed identical compositions of the alcohols. 
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RESULTS AND DISCUSSION 

Hydrolysis and ester exchange 
Theoretically, the acid-catalysed hydrolysis of tetra- 

ethoxysilane in two or more equivalents of water leads 
to the formation of silicon dioxide and ethanol as the 
only products. If, however, the reaction is carried out 
in an alcoholic solvent with limited amounts of water, 
partly hydrolysed condensed silicates are produced 4. 
In theory, the condensed polysilicates can form either 
as linear chains or as ring systems. 

The formation of the condensed polysilicates is the 
result of a complex sequence of reactions. First, the 
silicate ester is hydrolysed as shown by: 

H=O,H+ 
Si(OC2H5)4 ~ Si(OH)n(OC2ns)4-n (1) 

The polysilicate is then formed through condensation 
of either silicate hydroxyl groups or hydroxyl and ester 
groups: 

- -  ROH 
-Si-OR +-Si-OH ~. Si-O-Si- (2) 

where 
R = H  or C2H5 

The alternating sequence of hydrolysis and condensation 
steps continues until the ultimate molecular weight is 
attained and all water is consumed. When an alcohol 
other than ethanol is employed as the solvent, a third 
reaction, that of ester exchange, must also be con- 
sidered. The final structure of the condensed polysilicate 
must reflect all three reactions. 

In general, the production of ethanol can be taken 
as a measure of the progress of the hydrolysis reaction. 
However, when an alcohol other than ethanol is employed 
as the reaction medium, ethanol is formed both by hydro- 
lysis and by ester exchange and these processes must be 
separated. This was accomplished by simultaneously 
measuring the amount of ethanol liberated and the 
amount of solvent alcohol consumed. The amount of 
solvent alcohol consumed must be equal to the amount 
of ethanol liberated by the exchange process. Thus, the 
amount of ethanol generated by hydrolysis is obtained 
by subtracting that amount liberated by exchange from 
the total ethanol produced during the reaction. From 
these data the ratio Si:OC2Hs:solvent in the final 
polymer structure can be calculated. Here, percentage 
exchange is based upon the final polymer composition. 

The hydrolysis of tetraethoxysilane at 25°C was 
carried out in alcohols of differing structural types. 
As shown in Table 1, no trend was established with 
respect to the hydrolysis reaction. Since very small 
amounts of water cause large changes in the amount 
of apparent hydrolysis, the difference in the percentage 
hydrolysis may reflect residual water in the solvents. 
Table 1 does, however, show that the distribution of 
alkyl groups in the condensed polysilicate is highly 
dependent upon the structure of the solvent alcohol. 

Table 1 Hydrolysis and ester exchange of tetraethoxysilane at 
25°C 

Solvent Hydrolysis (%) Exchange (%) 

methanol 76 44' 7 
Cellosolve (ethylene glycol 63 45'9 

mono ethyl ether) 
isopropanol 63 35.9 
t-butanol 67 0 
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Figure I 
polymerization of tetraethoxysilane in 
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Figure 2 Rate of hydrolysis and ester exchange during the 
polymerization of tetraethoxysilane in Cellosolve at 25°C. A ,  
Cellosolve; O, ethanol 

With respect to the exchange process primary alcohols 
are more reactive than secondary alcohols while the 
tertiary alcohol did not undergo exchange. 

Reaction rate data for the production of ethanol at 
25°C was obtained in the case of Cellosolve and iso- 
propanol. Examination of Figures 1 and 2 reveals that 
the rate of hydrolysis (generation of ethanol) is more 
rapid in Cellosolve than in the secondary alcohol. 
The initial rate in Cellosolve was 3.5xl0-2mol/min 
as compared to 2.5 x I0 -z for isopropanol. It is interest- 
ing to note that the ester exchange reaction occurs only 
after hydrolysis is complete. 

As shown in Table 2, increased reaction temperatures 
had little influence upon the extent of the ester exchange 
reaction, but did increase the apparent percentage hydro- 
lysis. The term 'apparent hydrolysis' is used here since 
the l l0°C reaction results in a more highly condensed 
polymer. 

The ester exchange reaction was also examined using 
ethanol as the solvent. This was accomplished by per- 
forming the hydrolysis in /3-deuterated ethanol. In this 
case, the exchange reaction resulted in an equal distribu- 
tion of the ethanols between polymer and solvent. 
Thus, the exchange reaction is solely a function of the 
alcoholic medium employed as solvent. 

The distribution of alkoxy groups in the final con- 
densed polysilicate is highly dependent upon the mole 
fraction of solvent alcohol employed. Polymers with a 
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Table 2 Effect of temperature upon the tetraethoxysilane hydro- 
lysis and ester exchange 

Solvent Temperature (°C) Hydrolysis (%) Exchange(%) 

isopropanol 25 63 35.2 
isopropanol 110 78 38"7 
Cellosolve 25 63 45.9 
Cellosolve 110 75.5 44.5 

ioo 
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O~ 
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u 
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I I I 

O 4 0  80  
Cel Iosol ve .( rno~ °l o} 

Figure 3 Extent of the exchange reaction as a function of the 
Cellosolve concentration 

Cellosolve content from 0 to 100 K can be obtained 
simply by adjusting the mole ratio of  Cellosolve to 
tetraethoxysilane (Figure 3). 

Polymer structure 
The g.c. method described previously yields informa- 

tion regarding the relative ratios of  silicon to alcohols. 
In order to have a complete description of  the poly- 
silicate, however, the silicon to hydroxy ratio must also 
be known since it will reflect the extent of condensation. 
This was done by removing the solvents and hydro- 
chloric acid, and then measuring the n.m.r, spectra of  
the pure polymers. In all cases, the methyl groups 
appeared as overlapping multiplets centred at T = 9.17. 
The methylene groups and the secondary proton of  
isopropanol appeared as overlapping multiplets centred 
at ~-= 6.34. The hydroxy proton appeared as a broad peak 
at -r= 5"34. By comparing the area under the hydroxyl 
proton peaks to that under the alkyl peak, sufficient 
information was obtained to generate an empirical 
formula. 

The condensed polysilicate obtained from the 25°C 
hydrolysis of  tetraethoxysilane in isopropanol was 
found to have the empirical formula 

Si4(OH)(OC2Hs)4(OCaH7)2 
This formula is significant in that it requires a cyclic 
structure and not linear chains. A completely linear 
system would have the formula Sin(OR)2n+2, where 

OR represents the total of all hydroxy and alkoxy 
groups. It was not possible to draw a structure for 
the empirical formula as given. However, 

Si8(OH)2(OC2Hs)s(OCaH7)4 
can be drawn as two connected rings each containing 
four silicon atoms as shown in structure (I). The number- 

RO\ /OR RO\ /OR 

O,..Si...O O.--Si--.O 
RO~s/i ~ i / O  R RO.~.S/i \ /OR  
RO / \ 0 \ /Si-~.OR 

O..siIO O~Si I O  

R = H, C1Hs, C3H7 
(I) 

average molecular weight of the polymer was determined 
to be 1002 which is in good agreement with the cal- 
culated molecular weight of  996. 

The structure of  the hydrolysis product obtained at 
110°C in isopropanol is much more complex. The pro- 
ducts empirical formula was found to be 

Si7(OH)~(OC2Hs)4(OCaH7)2 

Here the silicon to OR ratio is almost 1:1 indicating 
a highly condensed material. Structure (II) is one 
possible way to represent such a structure. 

RO RO ,~ OR OR 

/ \ / \ 
O O O O 
\ I \ I 
Si--.rw~Si St'~r~/Si 

i l  " I \ , ~ / I  ~' I \  
RO RO ~ OR OR 

R = H, C2Hs, C3H7 
(II) 

The molecular weight of this material was determined 
to be 2212. However, it is much more than a 'dimer' of  
(I) since a much higher ratio of silicon to alkoxy is 
observed. The polysilicate (II) contains approximately 
28 silicon atoms and can be derived by condensation 
of  molecules of  (I). 

Structures identical to (I) and (II) were also obtained 
and identified from the Cellosolve reactions. 

CONCLUSIONS 

The combined use of g.c., n.m.r, and molecular weight 
measurements provides a technique for the determina- 
tion of  the exact structures of condensed polysilicates. 
Since the structures of the polymer obtained by hydro- 
lysis of  alkoxysilanes vary widely with reaction condi- 
tions, the method should be of assistance to other 
investigators working in this area. The method is also 
useful for obtaining hydrolysis and ester exchange rate 
data. 
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Molecular motions in poly(dimethyl siloxane) 
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The glass transition temperatures of fifteen samples of poly(dimethyl siloxane) polymers 
and oligomers have been measured by differential scanning calorimetry. Polymers with 
Mn>2400 exhibit an asymptotic value of Tg(oo)=148K, but for shorter chains the Tg is 
lower. The thermomechanical behaviour has also been examined using a torsional braid 
analyser and this has served to confirm the chain length dependence of Tg. A sub-glass 
transition, located in the temperature range 80-120K for short chain samples, has been 
attributed to methyl group rotation. 

INTRODUCTION 

Significant changes in the physical properties of a 
polymer are obtained when the transition from a glass 
into a rubber-like state is accomplished. It is important 
to determine the temperature, Tg, at which this transition 
takes place if the material is to be characterized 
effectively. 

One of the factors which can affect the Tg is the chain 
length of the polymer. If the glass transition temperature 
of the monomer can be measured it is found to be much 
lower than that of the high molecular weight polymer, 
consequently some variation of Tg with increasing chain 
length ought to be observed. In general the glass transi- 
tion temperatures of a homologous series of polymers 
increase asymptotically with increasing degree of poly- 
merization. This behaviour has been reported for a 
number of polymers 1-s. 

The polymer studied here is poly(dimethyl siloxane) 
which has one of the lowest values of Tg recorded for 
high molecular weight polymers. Several measurements 
of Tg for both linear and crosslinked samples have been 
reported; Weir et aL 9 found Tg = 150 K as did Polmanteer 
and Hunter 10, while Barrie et al. 11 recently reported 
a value of T u = 148K. Ke 12 measured the Tg of two cross- 
linked samples and found values of 153K and 161K, 
the latter being obtained for the more crystalline of the 
two polymers. 

As all the data published refer to samples with relatively 
large molecular weights, a study of the behaviour of 
short chains was undertaken. Values of Tg for oligomers 
and polymers ranging from dimer to Mn = 1"36 x 105 are 
reported and the influence of chain length on Tg is 
discussed in relation to current theory. 

EXPERIMENTAL 

Samples of a number of poly(dimethyl siloxane), PDMS, 
fluids were obtained from Hopkin and Williams, and 
were characterized. In all cases the polymer chains 
were terminated by methyl groups. 

The limiting viscosity number [,fl was measured for 

each sample using a Cannon-Ubbelohde semi-micro 
dilution viscometer, which could be reproducibly 
positioned by means of a triple point suspension system 
in a thermostat bath. The solvents used were either 
toluene at 298K or 2-butanone at 293K. Number- 
average molecular weights (Mn) were calculated from: 

bT] = 2"0 x 10 -2 Mn 0"66 (toluene) 

when molecular weights were in the range 3000 to 
200 000 z8 or 

[~7] = 8.1 x 10- z Mn °" 5 (2-butanone) 

when molecular weights were lower than 300014 . 
These relations are valid for [7] expressed in units 

of cm3/g. The results are shown in Table 2. Four other 
oligomers, the dimer hexamethyl disiloxane (Mn= 162), 
the trimer PDMS-  1.0 (Mn = 236); the tetramer 
PDMS-1.5 (Mn=310), and the pentamer PDMS-2.0 
(Mn = 384), were also used. 

Calculation of Mn from the Mark-Houwink equations 
will, of course, be subject to some error if the molecular 
weight distributions of the samples differ from those 
of the original calibrating fractions. Accurate knowledge 
of Mn is only essential for the lower molecular weights, 
however, which show a deviation of Tg from the asymp- 
totic value. The dimer to pentamer are readily charac- 
terized from their known boiling and melting points, 
while the Mn values for samples 3 and 10 were verified 
by vapour pressure osmometer measurements carried 
out by Dr W. K. Busfield of Dundee University. A spot 
check was carried out on two of the higher molecular 
weight samples using a membrane osmometer and Mn 
was found to be 8-10 9/o lower than that calculated from 
viscosity measurements. Consequently any analysis, 
based on the Mn values quoted in Table 2 should be 
valid. 

The glass transition temperature Tg for each sample 
was measured using a Du Pont 900 DSC module. 
Tg was taken to be the temperature at which the initial 
base line intersected with the extrapolated sloping 
portion of the curve, caused by the base line shift during 
the transition. Measurements were made in triplicate. 

POLYMER, 1973, Vol 14, September 423 



Molecular motions in poly(dimethyl siloxane) polymers: J. M. G. Cowie and I. J. McEwen 

Table I Effect of heating rate in 
d.s.c, cell on To for sample 
PDMS-1000 

Heating rate (K/min) Tg (K) 

40 153 
30 151 "5 
20 150 
10 149 
2 148-5 

Extrapolated value 148 

Regular daily calibration of the instrument was carried 
out using mercury and gallium standards. 

The effect of various heating rates on the value of 
Tg was determined and the results shown in Table 1 
indicate that Tg is raised by about 1 K for every 10K/min 
rise in heating rate. 

The values of Tg quoted in Table 2 were obtained by 
using a heating rate of 10K/min and applying a cor- 
rection based on the assumption that the trend shown 
in Table 1 was common to all. 

Dynamic mechanical response 
The thermomechanical behaviour of eight poly(di- 

methyl siloxane) samples and one poly(methyl phenyl 
siloxane) (PMPS) was measured over the temperature 
range 80--200K, using a Torsional Braid Analyser 15 
(TBA) .  

Glass sample braids were impregnated with the 
polymers, all of which were liquids at room temperature. 
The braid was then suspended in the sample chamber 
of the TBA, cooled to liquid nitrogen temperature and 
allowed to equilibrate for 30min. 

The system was then allowed to warm up slowly, 
during which time the dynamic mechanical response of 
the sample was measured at 2-4 K intervals. Values of 
the mechanical damping index (l/n), which is a function 
of the loss modulus, were calculated from the number 
of oscillations (n) measured between arbitrarily fixed 
boundary amplitudes of the decay pattern. The frequency 
of measurement was approximately 1 Hz. 

RESULTS AND DISCUSSION 

Relation between Tg and Mn 
The values of Tg for fifteen samples of PDMS and 

one of PMPS, measured from d.s.c, scans, are listed in 
Table 2. These are in reasonable accord with Tg estimated 
from the TBA spectra. The asymptotic value Tg (oo) 
for PDMS was 148K, which corresponds with that 
reported by Barrie et al. zz and this remains constant 
down to Mn of about 2400. Below this there is a mono- 
tonic decrease to Tg= 112K for the dimer. 

This variation of Tg with molecular weight has not 
been reported previously, presumably because the effect 
is restricted to very short chain lengths. 

It can be seen from Figure 1, that the dependence of 
T o on Mn -1 is linear over the molecular weight range 
covering non-asymptotic behaviour. This can be con- 
trasted with data reported for poly(methyl methacrylate) 8, 
poly(a-methyl styrene) 5 and poly(vinyl chloride) 7 where 
distinct curvature was obtained in similar plots. For 
these systems linearity was observed over part of the 
molecular weight range, but never lower than Mn of 
3000 to 5000. 

A number of relations have been proposed to predict 
the dependence of Tg on chain length. Two of general 
interest are 

Tg = Tg( oo ) - K/ Mn (1) 

1/Tg = 1/Tg(oo ) + K Z/Mn (2) 

where Tg is measured in K, Tu (oo) is the asymptotic 
value, and K and K 1 are constants whose interpretation 
depends on the assumptions made concerning the nature 
of the factors governing the glass transition. 

There are a number of primary assumptions from 
which interpretations of the glass transition phenomenon 
have been developed. 

Ueberreiter and Kanig 2 favoured the form of equation 
(2) which was reinterpreted by Kanig 6 using a thermo- 
dynamic approach and presented as: 

1 R g o  (V~L ~ 1 R(In@~+I/,~) 
- - = ~  , ~  , (3) T~ ~ A ~  \ V M "M. (~f~) . A ~  

Table 2 Limiting viscosity numbers, and glass transition tem- 
peratures for poly(methyl phenyl siloxane) and poly(dimethyl 
siloxanes) of varying chain length 

Tg(K)$ 
[~]i" 

Sample (cmS/g) Mn x D.s.c. TBA 

Hexamethyl - -  162 4 112 - -  
disiloxane 

PDMS--1  - -  236 6 123 126 
PDMS- -1 .5  - -  310 8 128 - -  
PDMS- -2  - -  384 10 133 130 
P D M S ~  0.6* 540 14 136 133 
PDMS--10  2.8* 1 200 32 141 138 
PDMS--20  4.0*  2400 64 146 138 
PDMS--50  5.0 4200 114 147 - -  
PDMS--100 7.3 7 700 208 148 - -  
PDMS--200 9.9 12 200 330 148 - -  
P D M S ~ 5 0  11.7 15 500 418 148 153 
PDMS--500 13' 1 19 000 514 148 
PDMS--1000 16'8 27 000 730 148 148 
PDMS--12  500 27'6 57 000 1 540 148 148 
PDMS--200 000 49' 0 136 000 3 680 149 - -  
PMPS - -  6 300 - -  190 191 

* Measured in 2-butanone at 293K 
1" Measured in toluene at 298K except for * 
~: Estimated error in Tg is _1 K 

140 

\ \  

\ 
\ 

\ 

6O 
I I I I I I 

0 2 4 6 
Mn -I x 103 

Figure 1 Dependence of Tg on MnZfor poly(dimethyl siloxanes). 
- - - ,  plotted as for equation (1) and has a slope K=5.9× 10 -~. 
. . . .  , derived from the Gibbs-DiMarzio equation 
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Here R is the gas constant and M0 the monomer mole- 
cular weight. The parameter A~r ~ is the energy required 
to form a mole of holes and can be identified with the 
cohesive forces in the solid, (V*/V*~r) is the ratio of 
the hole volume to the vibrational expansion volume, 
f f f2- (1-~n)  where ff*l has been treated as a universal 
constant of 0.6 but is actually the ratio (~L-O~G/~L). 
Here ~r~ and ~G are the slopes of the volume-temperature 
lines above and below the glass transition respectively. 
From data tabulated by Mandelkern 16, ~'1 can fall in 
the range 0.46--0.76. Using the values of az=9.5 x 10 -a 
and ~G=4-5× 10 -4 for poly(dimethyl siloxane) 16 one 
obtains ~*--0.57. This means that the asymptotic value 
of Tg can be expressed as: 

r , , - - , -  4 *  
g t ~ J -  0"746R (4) 

showing that the basic assumption here is that Tg is 
governed entirely by cohesive forces in the system. 

* -916J/mol  for PDMS, which On this analysis AM~ r -  
can be compared with 2042J/tool for polystyrene 6 and 
2607 J/moP for poly(~-methyl styrene). 

Ellis 17 proposed that equation (2) could also be 
plotted as Mn/Tg against Mn and this results in linearity 
over the entire range of molecular weights, as shown 
in Figure 2. 

A different interpretation was placed on equations 
(1) and (2) by Patterson and Somcynsky zs, based on 
the Prigogine theorem of corresponding states. In this 
treatment samples of different molecular weight are 
assumed to be in corresponding states at their glass 
transition temperature, which leads to equation (2) in 
the form: 

1__ 1 + ( ~  Mo ~ 1 
rg rg(oo) rg(oo)]Mn (5) 

the ratio (b/a) is a quantity which is a measure of the 
chain flexibility. As the chain becomes more flexible, 
(b/a) decreases and for a flexible polymer with low 
frequency bending vibrations Patterson estimates 
(b/a)=0.5. For PDMS chains (b/a), calculated using 
equation (5), is found to be 0.54, which suggests they 
are highly flexible polymers. On this formulation (b/a) 
is directly proportional to (Vf*I/V*M) of the Kanig 
theory. 

MoX 10 -4 

0 "0  I '0 2"0 3"0 4"0 

/ 
/ 2 

50.. 

0 ~ :, O ~  

Figure £ Mn/Tg data plotted according to the method proposed 
by Ellis. Inset shows detail in the low molecular weight region 

The simple free volume concept is based on the 
premise that the free volume contribution in a polymer 
is constant up to the glass transition but increases 
thereafter. The departure of Tg from the asymptotic 
value as Mn decreases is attributed to the additional 
contribution to the free volume of the system from an 
increasing number of chain ends. K in equation (1) is 
interpreted by Bueche 19 as [2pNaO/(o~L--O~G)]. Here p is 
the polymer density, Na is the Avogadro number, and 
0 is the free volume contribution from each chain end. 
For a value of p=l.105g/cm 3 the free volume contri- 
bution 0 is 2.2A a (1/~ =10-10 m). This is a very low 
value in comparison to /9= l lA3 for propylene oxide 7 
or 85A z for poly(~-methyl styrene) 5. The concept 
presents some inconsistencies, however, as in poly(methyl 
methacrylate), where 0=26A z for the isotactic form 
and 80A 3 for the syndiotactic form a. This implies that 
the same chain end makes a different contribution to 
the free volume. It is more reasonable to postulate that 
the chain packing in the sample is affected by the different 
microstructures which in turn alters the free volume. 
The low value of 0 for poly(dimethyl siloxane) presum- 
ably indicates that the free volume in the vicinity of 
Tg is virtually unaffected by chain ends, chain packing 
or any other factors. 

In a number of systems a, ~, 7 the Gibbs-DiMarzio 
treatment 2° of chain length and Ty has proved successful. 
These authors relate the sample Tg to the number of 
chain atoms x, in the macromolecule using the equation: 

x ~lnVo l+V0. [ ( x + l ) ( 1 - V 0 ) + l ]  ln3(x+l)} 
x - 3 / 1 Z  V0+ 1 - v 0 m [  2x Vo + -- 

2/3exp/3 In(1 + 2exp/3) (6) 
(1 + 2expfl) 

where/~= -,~/kTg, k is the Boltzmann constant, E is the 
flex energy and V0 the free volume fraction at Tg. The 
curve shown in Figure 1 was derived from equation (6) 
using values of /,'o=0.03621 and E/k=345.5K which 
correctly predict Tg(oo) for the polymer, but the agree- 
ment is very poor below Tg(oO). This shows that the 
Gibbs-DiMarzio theory cannot predict the depression 
of Tg as the chain length decreases. No significant 
improvement is obtained if different values of V0 are 
assumed. 

Thermomechanical spectra 
Typical damping curves for poly(dimethyl siloxanes) 

and poly(methyl phenyl siloxane) are shown in Figure 3. 
In all cases the most prominent damping peak cor- 
responded to the glass transition, whereas the melting 
transition, when observed, was seen as an increase in 
damping, typically that shown in Figure 3(c). For samples 
with Mn less than 1200, a smaller peak was detected at 
temperatures lower than Tu. This peak was quite broad 
and began close to the lower limits of the temperature 
range employed. Although the breadth of these damping 
peaks makes accurate location of the maxima difficult, 
there was an apparent shift to higher temperatures as 
the chain length increased (see Table 3). 

For PDMS samples with molecular weights higher 
than 1200 there was little evidence of this sub-glass 
transition, although the shape of the damping curves 
was altered somewhat. When the minor peak was 
obvious the damping rose sharply to the glass transition 
temperature. For higher molecular weight samples the 
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Figure 3 Thermomechanical damping spectra of (a) PDMS--1, 
(b) P D M S ~ ,  (c) PDMS--12 500 and (d) a sample of poly(methyl 
phenyl siloxane) for comparison 

Table 3 Approximate position of 
minor damping peak as a function of 
sample chain length 

Minor damping peak 
Sample temperature (K) 

PDMS--1 86 
PDMS--2 104 
PDMS--3 105 
PDMS--1O 116 
PDMS--20 119 

rise in damping was more gradual and it may be that 
the minor peak is absorbed into the main glass transi- 
tion peak. 

Barrie et ai.11 observed a minimum in their spin- 
lattice relaxation measurements in the region of  100K 
which they attributed to methyl group rotation and it is 
reasonable to interpret the sub-glass transition detected 

here also as methyl group rotation. No damping peak 
which would correspond to methyl group rotation was 
observed in the PMPS sample and this suggests that 
the bulky phenyl groups restrict methyl rotation in the 
glass. The same restrictions to methyl rotation, but by 
other chains, could be postulated for higher molecular 
weight PDMS samples and it is interesting to note that 
the minor damping peak is only detected in samples 
whose Tg is lower than Tg(oo). It  is impossible to say 
whether the ability of  the methyl group to rotate is a 
contributing factor to the depression of Tg or simply a 
consequence of the greater freedom of  movement in 
the glassy state for short chains which arises from 
other factors. The fact that the peak is apparently 
displaced towards higher temperatures as the chain 
length increases indicates that the energy required to 
move the methyl group is also increasing arid that in 
longer chains the motion is largely restricted until the 
glass transition is reached. 

Other systems are now being studied to determine 
chain length effects on the mechanical response. 
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Asymmetric addition of thiol to diene polymer 
in the presence of optically active amines 
as catalyst 
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The asymmetric addition reaction of thiolacetic acid or benzylmercaptan to diene polymer 
(natural rubber, cis- and trans-l,4-polyisoprene, cis-l,4-polybutadiene, various styrene- 
butadiene copolymers and alternating acrylonitrile-butadiene copolymer) by optically 
active catalysts such as D-bornylamine ([cQ0-45.2°), L-aspartic diethyl ester (-11.2°), 
L-aspartic dibutyl ester ( -5 .3  °) were carried out in benzene at room temperature to 90°C. 
The optically active polymers were obtained from natural rubber and cis-l,4- and trans- 
1,4-polyisoprene, but were not obtained from cis-l,4-polybutadiene, styrene-butadiene co- 
polymers, and butadiene-acrylonitrile copolymer. The [~]~)5 value of optically active deriva- 
tives was -0 .1 °~  _ 1.0 ° (in benzene), and the optical rotatory dispersion curves were found 
to fit the simple Drude equation. 

INTRODUCTION 

The asymmetric addition reaction of thiol to olefin was 
first reported by Tsuruta and coworkers 1, 2. They studied 
the asymmetric addition reaction of methyl methacrylate 
with laurylmercaptan with optically active catalysts such 
as S-isobutyl ethyleneimine, poly(S-butyl ethyleneimine) 
and ( - )  ~-phenyl ethylamine, and obtained the optically 
active product as follows: 

CH3 ell3 
I o p t i c ~ v  ~t i ,~  [ 

C12H2sSH-ILH2 C z C  aminecata~vst I~ ClaH25SCH2*CH 
I I 

c-=o C=O 
I I 
OCH3 OCH3 

Further, they studied the poly-addition of ethylene 
dimethacrylate with tetramethylene dimercaptan by 
S-isobutyl ethyleneimine ([~]D --15"68 °) or poly(S- 
isobutyl ethyleneimine) ([aiD +56"1 °) as catalyst, and 
obtained the optically active polymer ([O~]D +1"40 °, 
+0.62°). 

In this paper, the asymmetric syntheses by the addition 
reaction of thiol [thiolacetic acid (AcSH) and benzyl- 
mercaptan (BzSH)] to diene polymer [natural rubber 
(NR), eis-l,4-polyisoprene and transol,4-polyisoprene] 
by optically active basic catalysts such as D-bornylamine, 
L-aspartic diethyl ester, and L-aspartic dibutyl ester 
were carried out. The optically active adduct polymer 
was produced by the optically active amine catalyst 
used, but was not obtained by aniline and dimethyl- 
aniline. Further, the effects of reaction temperature and 
reaction time on the addition reaction were studied. 

Moreover, the reactions of thiol to cis-l,4-polybuta- 
diene, alternating butadiene-acrylonitrile copolymer, 
and various styrene-butadiene copolymers (SBR) were 

carried out by optically active amine, but the optically 
active adduct polymer was not obtained. 

EXPERIMENTAL 
Reagents 

The diene polymers used were natural rubber (NR), 
cis-l,4-polyisoprene, trans-l,4-polyisoprene, cis-l,4-poly- 
butadiene, alternating butadiene-acrylonitrile copoly- 
mer 3 (mole ratio of butadiene/acrylonitrile=50.9:49.1, 
[,/]30=1-55 in dimethylformamide) and various SBR. 
The used SBR were Tafuden 1000R (styrene content 
18 wt ~,  [,/]3o= 1.60 in THF) Nipol 1502 (styrene content 
23-5 wt~,  [,/]30= 1.03 in THF), Solprene 1205F (styrene 
content 25 wt~,  [,/]30= 1.06 in THF), Buna Huls 190 
(styrene content 40 wt~,  [V]80= 1.54 in THF) and Hycar 
2007J (styrene content 85wt~o, [V]3°=0-54 in THF). 
These diene polymers were reprecipitated from benzene 
or tetrahydrofuran (THF). 

AcSH 4 was prepared by the reaction of acetic anhyd- 
ride with hydrogen sulphide and was distilled at the 
boiling point (86-87°C). BzSH 5 was prepared from 
benzyl chloride with sodium hydrosulphide and was 
distilled at the boiling point (74.0-74.5°C at 10 mmHg). 

The optically active basic catalysts used were O- 
bornylamine, L-aspartic diethyl ester, and L-aspartic 
dibutyl ester, o-Bornylamine was prepared as follows6: 
o-camphoroxime was prepared from D-camphor with 
hydroxylamine and was reduced to form o-bornylamine. 
It was recrystallized from diethyl ether [m.p. 162-5- 
163°C, [C~]D--45"2 ° (in benzene)]. L-Aspartic diethyl 
ester 7 [b.p. 121-6-122°C at 11mmHg, HD--11.2 ° (in 
ethanol), -6-1 ° (in benzene)] and L-aspartic dibutyl 
ester [b.p. 150.0°C at 5 mmHg, [a]D--5"3 ° (in ethanol)] 
were supplied by Tanabe Pharmaceutical Co. Aniline 
and dimethylaniline were purified by distillation. 
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Solvents (benzene, anisole, etc.) were purified by 
distillation. Stilbene was also purified by recrystallization 
from ethanol. 

Reaction of diene polymer with thiol 
The addition reaction of thiol to diene polymer in the 

presence of basic catalyst was carried out as follows. 
Diene polymer, AcSH (or BzSH), catalyst and benzene 
as a solvent were placed in a glass tube connected to a 
vacuum line, and the tube was thoroughly degassed, 
sealed and the reaction proceeded from room temperature 
to 90°C for 10-90h. The reaction mixture was poured 
into a large excess of  methanol after a suitable time inter- 
val. The product precipitated was filtered, washed with 
methanol and dried in a vacuum to constant weight. 

After all reaction products were purified by reprecipi- 
tation, sulphur analysis, elemental analysis, optical 
rotation, and infra-red spectra were measured. The 
percentage addition of thiol to polymer was calculated 
from the sulphur content of  the reaction product. 

Reaction of stilbene with benzylmercaptan by L-aspartic 
diethyl ester 

In a 100ml flask, a solution of 5.0g (0.028mol) of 
trans-stilbene, 3.28 ml (0.028mol) of  BzSH and 0.69g 
(0.028 mol) of L-aspartic dibutyl ester as a catalyst in 
40 ml of benzene were allowed to react at room tempera- 
ture (20°C) under a stream of  nitrogen for 20 days with 
stirring in the dark, and then a large amount of aqueous 
sodium hydroxide solution was added. The extraction 
of mixed solution was taken out by diethyl ether, and the 
extract was distilled to remove diethyl ether. After 
unreacted stilbene was removed by sublimation from the 
residue, the reaction product was recrystallized from 
acetone. 

Measuremen ts 
The D-line optical rotation of  the reaction adduct 

polymer reprecipitated from benzene was measured by 
a Shimadzu Liebig type polarimeter with filtered sodium 
light. Optical rotatory dispersion data were obtained with 
a Shimadzu model QV-50 polarimeter equipped with 
xenon source. 

The infra-red spectra of  reaction adduct polymer and 
products were measured with film on an Infra-red 
Spectrometer (Jasco IR-E, Japan Spectroscopic Co. Ltd). 

The molecular weight of the reaction product was 
determined with a Knauer vapour pressure osmometer, 
acetone being used as solvent. 

The sulphur quantitative analysis was carried out by 
Schoniger's method 8 which used the combustion flask. 

RESULTS AND DISCUSSION 

Reaction of  natural rubber 
The reaction of AcSH to NR by aniline and dimethyl 

aniline as basic catalysts in a sealed tube was carried 
out at 100°C in benzene. The relationship between the 
reaction time and the percentage addition of AcSH 
to NR are shown in Figure 1. As shown in Figure 1, 
the percentage addition of  thiol to NR by both basic 
catalysts increased with increase in concentration of  
thiol and basic catalyst, and was saturated at about 
20-30 %. 
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Figure 1 Relation between the percentage addition and reaction 
time in the reaction of natural rubber with thiolaceticacid byaniline 
( ) or dimethylaniline ( . . . .  ). [NR] : [AcSH] : [catalyst]= 
1 : 1 : 0 " 5 ( 0 ) ; = 1 : 2 = 1 ( 0 )  

4 0 0 0  3 0 0 0  2(3(30 1500 IOOO 
Wavcnumber (cm -I) 

Figure 2 Infra-red spectra of (a) natural rubber, (b) the adduct 
polymer obtained from natural rubber with thiolacetic acid by 
D-bornylamine and (c) the adduct polymer obtained from natural 
rubber with benzylmercaptan by D-bornylamine 

Similarly, the addition reaction of  AcSH and BzSH 
to NR by D-bornylamine, L-aspartic diethyl ester, and 
n-aspartic dibutyI ester as optically active basic catalysts 
were carried out in benzene at 90°C. The results are 
shown in Figure 3. 

The infra-red spectra of the product obtained from the 
reaction of NR with AcSH (b) and BzSH (c) by D-bornyl- 
amine are shown in Figure 2. The spectrum (b) had absorp- 
tion bands at 1670 cm -1 due to a carbonyl group and at 
670 cm -z due to a thioether linkage and the spectrum (c) 
had absorption bands at 1600 and 700 cm -1 due to a 
phenyl group and at 660 cm -z due to a thioether linkage. 
Both spectra showed decreased absorption of carbon- 
carbon double bond (950cm -1) compared with the 
unreacted NR. 

From these results, it was found that AcSH or BzSH 
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was added to NR and that the percentage addition of 
thiol was little changed after 10 h reaction time and was 
10-20 % (AcSH) and 15-25 % (BzSH). 

Optical properties 
The addition reaction of thiol to NR by basic catalyst 

took place according to the anti-Markownikov rule, 
and the /3- and y-carbon atom of the isoprene unit 
which added SH- and H ÷ induced the asymmetric 
carbon. If the optically active basic catalyst was used in 
this reaction, the optically active adduct polymer would 
be produced due to the asymmetric carbon. Actually, 
in the reaction with aniline and dimethylaniline, the 
optically active adduct polymer was not obtained. But, 
in the reaction with optically active amine catalyst, the 
optically active adduct polymer was obtained as shown 
in Figure 3, and specific rotation ([~]~5) was -0.1 ,,~ 
--0.2 for the adduct polymer by the reaction of AcSH 
to NR and - 0 . 4 ° ~ - 0 . 9  ° for the adduct polymer by 
the reaction of BzSH to NR. 

The relationship between the percentage addition of 
thiol and the specific rotation of adduct polymer is 
shown in Figure 3. The specific rotation was increased with 
increasing percentage addition. The asymmetric-inducing 
ability of these catalysts was L-aspartic dibutyl ester, 
L-aspartic diethyl ester and D-bornylamine, which increase 
in that order. 

The optical rotatory dispersion were measured in 
benzene at 25°C and the curves of optical rotatory 
dispersion are shown in Figure 4 in which curve (A) is 
based on the adduct polymer of AcSH to NR by L-aspar- 
tic diethyl ester and curve (B) is based on the adduct 
polymer of BzSH to NR by L-aspartic dibutyl ester. 

These optical rotatory dispersion curves are satisfied 
by the simple Drude equation, and the calculated )to 
value was 260-280 nm (in the reaction of NR with 
AcSH) and 280.290 nm (in the reaction of NR with 
BzSH). These ,~c values are based on absorption due to 
the thioether linkage. 
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-0 .5  
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Figure 3 Relation between the specific rotation and percentage 
addition of adduct polymers obtained from natural rubber with 
benzylmercaptan (, ) and thiolacetic acid ( - - - - )  by L-aspartic 
dibutyl ester (O), L-aspartic diethyl ester (Q) and D-bornylamine 
(x)  

O 
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Figure 4 Optical rotatory dispersion of (A) the adduct polymer 
obtained from natural rubber with thiolacetic acid by L-aspartic 
diethyl ester and (B) the adduct polymer obtained from natural 
rubber with benzylmercaptan by L-aspartic dibutyl ester 

° f A ,~ -I'O 
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Figure 5 Optical rotatory dispersion of (A) the adduct polymer 
obtained from cis-l,4-polyisoprene with benzylmercaptan by 
k-aspartic dibutyl ester and (B) the adduct polymer obtained from 
trans-l,4-polyisoprene with benzylmercaptan by L-aspartic 
dibutyl ester 

From these results, it was found that the addition 
reaction of thiol (AcSH and BzSH) to NR by an amine 
catalyst used has enabled the asymmetric synthesis, and 
the optical activity of reaction product was due to the 
asymmetric carbon atom of the adduct polymer. 

Reaction ofcis- and trans-l,4-polyisoprene 
The addition reaction of AcSH and BzSH to eis-l,4- 

polyisoprene by L-aspartic diethyl ester and L-aspartic 
dibutyl ester was carried out in benzene at room temper- 
ature to 90°C. The results are shown in Tables I and 2. 

From the sulphur analysis and the infra-red spectrum, 
it was confirmed that the reaction product was adduct 
polymer of thiol (AcSH or BzSH) to cis-l,4- and trans. 
1,4-polyisoprene as well as the reaction to NR. 

In the reaction of cis-l,4-polyisoprene, the percentage 
addition was 15-30% (AcSH) and 10-14% (BzSH) and 
increased with increasing reaction time, and the specific 
rotation was - 0 . 1 ° ~ - 0 . 2  ° (AcSH) and -0.1°~1-0 ° 
(BzSH) as shown in Table 1. In the reaction of trans. 
1,4-polyisoprene, the percentage addition was 16.1% 
(AcSI-I) and 10-18% (BzSH), and the specific rotation 
was -0.1 ° (AcSH) and - 0 . 1 ~ - 0 . 6  (BzSH) as shown 
in Table 2. 

The optical rotatory dispersion curves of optically 
active adduct polymer are shown in Figure 5. These 
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Table I Reaction of thiolacet ic acid or benzylmercaptan to cis-l,4-polyisoprene by L-aspartic diethyl ester or 
L-aspartic dibutyl ester as basic catalyst in benzene 
[Po ly isoprene]= 0.44 mol/I 

Sulphur content 
Mole ratio Temp. Time of product Addi t ion 

RSH Catalyst* Polymer : RSH : Catalyst (°C) (h) ( ~ )  ( ~ )  [ a ] ~ t  

AcSH - -  1 : 1 : 0 90 70 2.60 6.54 0 
AEE 1 • 1 : 1 90 70 6.60 16.6 - 0 . 2  

1 : 2 : 1 90 70 5-90 15.0 - 0 . 2  
ABE 1 : 1 : 1 90 70 9-40 25.7 - 0 . 1  

1 : 2 : 1 90 70 10.5 29.6 - 0 . 2  
BzSH - -  1 : 1 : 0 90 70 2-71 6-79 0 

AEE 1 : 1 : 1 90 20 3-99 10.0 - 0 - 7  
1 : 1 : 1 90 70 4-52 11.6 - 0 . 7  
1 : 2 : 1 90 70 5-26 14.0 - 0 . 8  

ABE 1 : 1 : 1 Room 20 2.23 5"18 - 0 . 1  
temp. 

1 : 1 : 1 50 20 3-84 9.59 - 0 . 6  
1 : 1 : 1 90 20 4.39 11.2 - 0 . 8  
1 : 1 : 1 90 70 5.18 13-8 - 1 . 0  

* AEE=L-aspar t ic  diethyl ester; 
t In benzene at 25°C 

A B E =  L-aspartic dibutyl ester 

Table 2 Reaction of thiolacet ic acid or benzylmercaptan to trans-l,4-polyisoprene by L-aspartic diethyl ester or 
L-aspartic dibutyl ester as basic catalyst in benzene 
Poly isoprene]= 0.44 mol/I 

Sulphur content 
Mole ratio Temp. Time of product Addi t ion 

RSH Catalyst* Polymer : RSH : Catalyst (°C) (h) ( ~ )  ( ~ )  [ ~ ]~ t  

AcSH 
AEE 

BzSH 
AEE 
ABE 

1 : 1 : 0 90 20 2.10 5.27 0 
1 : 1 : 1 90 20 6.42 16.1 - 0 . 1  
1 : 1 : 0 90 20 2.54 7.10 0 
1 : 1 : 1 90 20 6.17 17.3 - 0 . 1  
1 : 1 : 1 Room 20 4"03 10.0 - 0 . 1  

temp. 
1 : 1 : 1 50 20 4.93 13.0 - 0 " 5  
1 : 1 : 1 90 20 6.25 17.5 - 0 " 6  

* AEE=  L-aspartic diethyl ester; A B E =  L-aspartic dibutyl ester 
t In benzene at 25°C 

-I-O O 

-0.5 

I 

0 I0 20 
Addi t ion  (O/o) 

Figure 6 Relation between the specific rotation and the percent- 
age addit ion of adduct polymers obtained from cis-l,4-polyiso- 
prene (O) or trans-l,4-polyisoprene ( • )  with benzylmercaptan 
by L-aspartic dibutyl ester 

optical rotatory dispersion curves (A: cis-l,4-polyiso- 
prene; B: trans-l,4-polyisoprene) are satisfied by the 
simple Drude equation, and the calculated )~c value was 
270-290 nm. This ;~ value is also based on absorption 
due to the thioether linkage. 

The relationship between the percentage addition and 
the specific rotation is shown in Figure 6. The specific 
rotation was increased with increasing percentage 
addition. The increasing tendency was almost identical 
with the reaction of these polyisoprenes (cis-l,4- and 
trans-l,4-). The specific rotation of adduct polymer 
from cis-l,4-polyisoprene was higher than that of adduct 
polymer from trans-l,4-polyisoprene. For example, when 
the percentage addition was 10~o, the specific rotation 
from cis-l,4-polyisoprene was -0 .6  ° and that from 
trans-l,4-polyisoprene was -0 .1  °. This reason was 
considered due to the difference of cis- or trans-conforma- 
tion of surrounding an asymmetric carbon atom. 

Reaction of other diene polymers 
The reaction of BzSH to other diene polymers (cis- 

1,4-polybutadiene, various SBR, and alternating buta- 
diene-acrylonitrile copolymer) by L-aspartic dibutyl 
ester as optically active basic catalyst were carried out 
at 90°C for 72 to 90 h in benzene. The results are shown 
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Table 3 Reaction of benzylmercaptan to diene polymer by 
L-aspartic dibutyl ester in benzene at 90°C for 72 h. [Double bond 
in polymer] : [BzSH] : [Catalyst]=1 : 1 : 1. [Polymer]=O.44mol/I 

Analysis of product 
Addition* 

Diene polymer C(%) H(%) (%) /=]~1" 

Polybutadiene 83.15 9.76 16.1 0 
Tafuden 1000 R 85.10 9.80 31.5 0 
Nipol 1502 86.84 9.73 17.3 0 
Solprene 1205F 86.61 9.64 19.1 0 
Buna Huls 190 89.68 9"55 6.1 0 
Hycar 2007J 92.92 8" 30 2.0 0 
Alternating butadiene- 76.11 8.26 15.7 0 
acrylonitrile copolymer 

* Percentage addition of B~SH for double bond of butadiene unit 
1" In benzene at 25°C 

o 
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r .  

F-- 

i i 

4000 2c;oo ,soo ,o'oo 
Wavenumbcr (cm -j) 

Figure 7 Infra-red spectrum of the product obtained from stilbene 
with benzylmercaptan by L-aspartic dibutyl ester 

in Table 3. From the qualitative sulphur analysis and the 
infra-red spectrum, it was confirmed that the reaction 
product was adduct polymer of BzSH to these diene 
polymers. However, in some cases the optically active 
polymer was not obtained. The addition reaction of 
thiol to cis-l,4-polybutadiene, SBR and alternating 
butadiene-acrylonitrile copolymer was considered as 
follows. 
Polybutadiene: 

-(-CH2CH=CHCH2 ~ + RSH • 

--CH2CH = CH(CH,)," CH(CH2), C H C H , -  

SR SR 

SBR: 

-(-CH2CH-)E(- CH 2CH = C H C H r ~  ~ + RSH 

-(-CH 2CH-)E(" CH2* IH CH2 CH 2")~ m 

Alternating butadiene-acrylonitrile copolymer: 

-~-CH 2CHCH2CH =CHCH2-~n + RSH 

CN 

-(-CH2CHC H2CHCH2CH2-)- 
I t n 
CN SR 

and the asymmetric carbon was induced at the fl-carbon 
atom of the butadiene unit which added SR-. The 

product of optically inactive adduct polymer, in com- 
parison with the reaction of thiol to NR or polyisoprene, 
was due to the following reason. The asymmetric carbon 
atom which caused optical activity was H ÷ added 
carbon atom rather than the SR- added carbon atom. 
In order to confirm this reason, the addition reaction of 
BzSH to trans-stilbene with L-aspartic dibutyl ester was 
carried out in mixed solvent of tetrahydrofuran and 
benzene at room temperature (20°C) in the dark. The 
reaction product having melting point 195°C was 
obtained. The infra-red spectrum is shown in Figure 7. 
This had absorption bands at 2900 and 2850cm -1 
due to a methine group and 1600, 1080, and 720cm -1 
due to phenyl groups, but did not have an absorption 
band at 950 cm -1 due to the trans-carbon-carbon double 
bond of stilbene. The molecular weight was 260. Calcu- 
lated for C81H20S: C, 82"89~o; H, 6"57~o; S, 10.54~. 
Found: C, 80.09 ~ ;  H, 6.70~; S, 10.31 ~. 

From the results of elemental analysis, molecular 
weight and infra-red spectrum, it was found that the 
reaction product was identical to benzyl dibenzyl sul- 
phide which is a new compound: 

~-- CH2--S--CH---~ 

L© 
Molecular weight 260 (calculated 258) 

However, benzyl dibenzyl sulphide did not show optical 
activity. The asymmetric carbon atom of the catalyst 
was independent of the addition of SR- to polymer. 

Consequently, it was found that the asymmetric 
synthesis in the addition reaction of thiol to these diene 
polymers was quite impossible in spite of the position of 
added SR-. 

Mechanism of asymmetric addition 
From the above described results, the reaction mech- 

anism of the asymmetric synthesis of NR and polyiso- 
prene is now considered as follows: 

RSH + H2N*R ~ i  [RS-H3 N* 'R]  

0) 

f + 
H 2 - - C z C H - -  CH2 

[RS-HzN+*R] 

O) 

--C_--CH--CH2 ~ -~ CH2 --'CH --CH--CH2 ?/; 
r i 

*RHaN+SR SR 

(II) (III) 
+ H2N*R 

In this reaction of thiol with polyisoprene by the optic- 
ally active amine catalyst, first the complex (I) is 
formed by the reaction between thiol and catalyst, and 
the intermediate (II) is prepared by the addition reaction 
of the complex (I) to polyisoprene according to the anti- 
Markownikov rule. The product (IIi) is produced from 
the intermediate (II) by hydrogen addition from *RH3N +. 
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Therefore, the fl-carbon atom of the isoprene unit in 
polymer has optical activity. 

Accordingly, in this asymmetric addition of poly- 
isoprene by optically active amine catalysts, the opti- 
cally active asymmetric carbon which caused optical 
activity was the H + added carbon atom, rather than the 
SR- added carbon atom, i.e. the addition of SR- to the 
polymers does not produce the optically active asym- 
metric carbon. Therefore, it was found that the optically 
active adduct polymer was produced from NR, cis-l ,4- 
polyisoprene and trans-l ,4-polyisoprene having a /3- 
carbon atom which changed into an asymmetric carbon 
by the H + addition, but was not produced from poly- 
butadiene, SBR and alternating butadiene-acrylonitrile 
copolymer whose fl-carbon atom did change into an 
asymmetric carbon by the H + addition. 
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Solid-state polymerization of derivatives of 
2,4,6-octatriyne: 9. Topochemical reactions of 
monomers with conjugated triple bonds 

ditsuo Kiji*, d. Kaiser, G. Wegnert and R. C. Schulz$ 
Sonderforschungsbereich 'Makromolek~le Mainz-Darmstadt' ( SFB 41), West Germany 
(Received 29 March 1973) 

The solid-state polymerization of monomers with three conjugated triple bonds gives rise 
to polymer single crystals. The lattice parameters of the polymers from 2,4,6-octatriyne- 
1,8-diol and 2,4,6-octatriyne-l,8-diol-bis(phenyl urethane) were determined. Based on 
these data and considering the mechanical properties and dichroism of the polymer 
crystals, it is concluded that polymerization proceeds according to a 1,4-addition to the 
triple bond system of the monomers. Only two of the three triple bonds of the monomers 
are affected by polymerization to form the polymer backbone of regularly alternating 
double, single and triple bonds. The residual triple bond is regularly arranged in the 
all-trans position as part of the substituents. The kinetics of the thermal and photopoly- 
merization of these monomers are quite similar to those of the corresponding diynes. 
The activation energy of thermal polymerization was found to be 23 kcal/mol as compared 
to 19kcal/mol for comparable diynes. The long wavelength limit of photosensitivity was 
found to be at about 380 nm as compared to 330nm for diynes. 

INTRODUCTION 

Solid-state polymerization of monomers with two 
conjugated triple bonds is best described as a 1,4- 
addition polymerization, yielding a polymer with a 
backbone of conjugated unsaturated bonds 1. The solid- 
state polymerization has been proposed to proceed 
according to: 
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This concept prompted us to investigate the solid-state 
polymerization of higher polyynes. Several different 
products are to be expected when monomers with 
three conjugated or even higher conjugated triple bonds 
are allowed to polymerize as shown by: 
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Therefore, it seemed to be of considerable interest to 
investigate the course of the polymerization of monomers 
with three conjugated triple bonds in the solid-state. 
Preparation and optical properties of conjugated polyynes 
have been studied extensively~, a. It is also well known 
that the thermal and photochemical stability decreases 
rapidly with increasing number of conjugated triple 
bonds per molecule. Until now, however, no effort was 
made to elucidate the structure of the polymers resulting 
from the photosensitive conjugated polyynes. This 
paper deals with the preparation and the structure of 
crystalline polymers obtained from the triynes. Addi- 
tionally, some mechanistic studies are reported. 

EXPERIMENTAL 

X-ray diffraction and physical measurements 
Throughout the present study the X-ray photographs 

(compare Figure 2) were taken by using Ni-filtered 
CuK~ radiation and with both the rotating crystal and 
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the Weissenberg technique. The conditions employed 
to obtain the data given in Table 2 were 20 mA, 30kV 
with a Philips generator fitted with a normal focus 
X-ray tube. The crystals were mounted in their monomer 
form on the goniometer head. On exposure to the 
X-ray beam, the monomer crystals polymerized rapidly 
and quantitatively so that the reflections obtained are 
due to the polymer form of the crystals. 

The spectra in the solid-state and the photoreactivity 
of the crystals on irradiating with monochromatic light 
were measured using a Leitz UV microscope photo- 
meter. All melting points are uncorrected. 

Materials 
Commercially available thionyl chloride, phenyl 

isocyanate and hexamethylene diisocyanate were used 
without further purification, n-Butyl isocyanate was 
purified by distillation, p-Toluene chlorosulphonate was 
purified by recrystallization. Paraformaldehyde was 
dried over phosphorus pentoxide. Commercially avail- 
able gaseous ammonia was dried by passing through a 
cold trap (-30°C). 

2,4,6-Octatriyne-l,8-diol (I) 
The procedure, given by Armitage et aL 4, was em- 

ployed. 2,4-Hexadiyne-l,6-dichloride 5 was reacted first 
with sodium amide in liquid ammonia and then with para- 
formaldehyde. 2,4-Hexadiyne-l,6-dichloride (10.9 g) was 
added to a suspension of sodium amide 6 (Na, 6.9 g; liquid 
ammonia, 150ml; Fe(NOa)a.6H20, 0.05g) at -78°C 
with vigorous stirring for 10min. After an additional 
5 min, paraformaldehyde (4.5 g) was added as a suspen- 
sion in ether (150ml). After the solution was stirred for 
19h, ammonium chloride (7.5g) was added, and am- 
monia was allowed to evaporate while more ether was 
added. The residue was extracted three times with 100ml 
of ether. The ethereal solution was percolated through a 
thin layer of alumina (5 g). Evaporation of ether under 
reduced pressure gave (I). Recrystallization from ethyl 
acetate/petroleum ether (b.p. 50-70°C) gave thin plates 
of the diol (2.9 g) in 29 % yield. According to Armitage 4 
the diol melts at 138-140°C. However, on heating 
slowly, the diol polymerized and showed no melting 
point up to 300°C. 

2,4,6-Octatriyne-l,8-diol-bis(phenyl urethane) (II) 
Diol (I) (0.5g) was dissolved in 10ml of tetrahydro- 

furan and 2.5 ml of phenyl isocyanate, 1 drop of tri- 
ethylamine and a trace of di-n-butyltin diacetate were 
added to the solution at -10°C. The mixture was 
stirred for 3 h, during which the temperature was raised 
gradually from -10°C to room temperature. Then, 
the solution was poured into a large amount of petroleum 
ether with stirring. Crystals of (II) separated at once. 
They were filtered off and well washed with petroleum 
ether. The crystals were dissolved in dioxane/benzene 
(1:2) and percolated through a thin layer of alumina. 
The filtrate was again poured into a large amount of 
petroleum ether. Colourless fine needles were obtained 
(lg). Recrystallization from hot benzene/petroleum 
ether (3: 1), after percolation through a thin layer of 
alumina, by cooling very slowly in the dark gave long 
needles, which did not show a definite melting point 
upon to 300°C. Calculated for C22H1604Nz: C, 70.96 %; 
H, 4.33%; N, 7.52%. Found: C, 70.67%; H, 4.36%; 
N, 7.60%. 

(9): Jitsuo Kiji et aL 

2,4,6-Octatriyne-l,8-diol-bis(n-butyl urethane) (111) 
This monomer was prepared from the reaction of (I) 

with n-butyl isocyanate under the same conditions 
described above for the preparation of (II). Recrystalliza- 
tion from benzene/petroleum ether (1 : 1) gave colourless 
plates, which did not melt but decomposed around 
260°C. Calculated for ClsH2404N2: C, 65.04%; H, 
7.27%; N, 8.43%. Found: C, 65.05%; H, 7.40~o; 
N, 8.35 %. 

2,4,6-Octatriyne.l,8-diol-bis(benzoate) (IV) 
The diol (I) (0.13g) was dissolved in 3ml of tetra- 

hydrofuran and 0.35g of benzoyl chloride was added 
at -10°C. The temperature was raised gradually to 
room temperature and the solution was stirred overnight. 
A solution of potassium hydroxide (0-2 g KOH dissolved 
in 3ml H20) was added to the solution at 0°C. The 
solution was stirred for 30 min and then poured into a 
large amount of ice water. The crystals were filtered 
off. Recrystallization from benzene/cyclohexane gave 
eolourless needles (m.p. 120-121°C). Calculated for 
C22H1404: C, 77.18%; H, 4.12~o. Found: C, 77.69%; 
H, 4.18%. 

2, 4,6-O etatriyne- l ,8-diol-b is(p-toluene sulphonate) ( V ) 
This monomer was prepared in analogy to the method 

described by Wegner 7. Recrystallization from 95~o 
methanol gave light violet plates (m.p. 116-118°C). 
Calculated for C22HlsS2On: C, 59.71%; H, 4"08~o. 
Found: C, 59.69%; H, 4.05%. 

Poly(2,4,6-octatriyne-l,8-diol-hexamethyl urethane) (VII) 
This polymer was prepared from the reaction of (I) 

(0.2g) with hexamethylene diisocyanate (0.24g) under 
the same conditions as described for the preparation 
of (II) and (III). After the reaction had taken place the 
solution was poured into a large amount of petroleum 
ether. White powdery product (0.36 g) was reprecipitated 
from dioxane by adding petroleum ether. 

Polymerization 
Photopolymerization was carried out in a beaker-like 

vessel, fitted with a cooling jacket, using a u.v. medium- 
pressure mercury lamp. The crystalline monomers were 
directly irradiated without using dispersion medium. 
The distance from the light source to the monomer 
was kept at 12 cm. Thermal polymerization was achieved 
by annealing the monomers in the dark. Conversion 
was determined by extracting unreacted monomer with 
hot acetone using a Soxhlet extractor. 

RESULTS AND DISCUSSION 

Reactivity of triynes and the structure of the polymers 
We have examined the polymerization of 2,4,6- 

octatriyne-l,8-diol (I) and its derivatives as model 
compounds. Most of these monomers are colourless when 
freshly prepared. They are highly photosensitive in the 
solid state. Especially on brief exposure of (I) and 
2,4,6-octatriyne-l,8-diol-bis(phenyl urethane) (II) to 
light, extensive polymerization occurs on the surface of 
the crystals and they develop a deep colour. On the 
other hand, they are not so reactive in solution so that 
they could be stored without formation of polymers. 
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Table 1 Polymerization of triyne derivatives: R - - C -  C--C--  C--C = C--R 

Photopolymerizationa Thermal polymerization 

Triyne Polymerb Temp. Time Polymer yield 
R yield Colourc (°C) (h) (%) 

I --CH2OH + + + red-purple 60 52 87 
100 0.1 --d 

II _ C H 2 , . V . N H ~ : "  ~ + + +  dark blue 60 50 6.7 
70 70 14 

O 100 22 71 

III --CH20~I NHC4H9 

O 
+ + blue 70 70 0 

,v 

o 

+ brown 100 20 88 

V - - C H 2 O S O 2 - ~ C H 3  
+ + violet 70 70 0 

83 40 --e 
100 1 --e 

a By medium pressure mercury lamp at room temperature for 3h 
b -- ,  no polymerization; + ,  low yield (<1%); + + ,  moderate yield (<10%); +- t -+ ,  high yield (>20%) 
c Of the mixture of monomer and polymer as polymerized 
d Rapid carbonization occurred 
e The infra-red spectrum of the polymer showed that elimination of sulphonate groups had occurred 

Typical results of the thermal and photo-induced poly- 
merization are summarized in Table 1. 

Diol (I) is so reactive that it turned already light 
purple during recrystallization even when it was crystal- 
lized in the dark at low temperature. At 100°C rapid 
carbonization occurred. 2,4,6-Octatriyne-l,8-diol-bis 
(phenyl urethane) (II) was highly reactive either on 
u.v. or high energy irradiation or on heating. Annealing 
at temperatures above 100°C gave a crystalline polymer 
in high yield. Bis(n-butyl urethane) (III) and bis(benzoate) 
(IV) were not so photosensitive as (I) or (II). Bis(p-toluene 
sulphonate) (V) was also photosensitive, but no polymer 
was obtained on heating. At 80°C elimination of the 
sulphonate groups occurred and at temperatures below 
70°C no appreciable change in the monomer was 
observed. From these observations phenyl urethane (II) 
seemed to be the best monomer to investigate the 
reactivity of triynes and the structure of the polymers. 
Most of our work employed (II). 

As a complicating fact it is usually observed in solid- 
state polymerizations that different modifications of 
the same compound show different reactivity because 
of the close relationship between packing of the monomer 
molecules and chemical reactivity inside the crystal 
lattice. It was reported that 2,4-hexadiyne-l,6-diol-bis 
(phenyl urethane) (VI) appears in different modifications 
depending on recrystallization conditions. Single crystals 
of: 

C6HsNH--C- -O- -CH2C ~ C - - C ~ C C H 2 - - O - - C - - N H C 6 H s  
II II 
O O 

(VI) 

obtained from dioxane-water a, 9 are particularly reac- 
tive, while those prepared from anisole are far less 
reactive z°,11. We have attempted recrystallization of 
(II) from various solvents, but petroleum ether/benzene 
gave the best results. Long needle shaped single crystals 
were obtained quite suitable for physical measurements. 

The infra-red spectra of (II) and its polymer are 
shown in Figure 1. These spectra are very similar except 
that the peaks of the polymer are broadened. The 
spectra of the thermally and photochemically obtained 
polymers were quite similar and there was no significant 
difference between them. The elemental analysis of the 
polymer gave the same value as that of the monomer 
within the limits of experimental error, indicating that 
no decomposition had occurred during polymerization. 
The polymer was insoluble in common organic solvents. 
It consists of single crystals which show dichroism with 
the main axis of absorption parallel to the needle axis. 

Crystallographic characterization of the polymers 
The lattice parameters of the polymer crystals of the 

bis(phenyl urethane) (II) and the diol (I) were determined 
by rotation and Weissenberg photographs. From the 
knowledge of the lattice parameters in connection with 
the dichroic and cleavage behaviour of the crystals as 
obtained by solid-state polymerization definite conclu- 
sions can be drawn with regard to the chemical structure 
of the polymers. The chain direction is easily determined 
in the case of the solid-state polymerized acetylenes by 
looking to the dichroism z, 9 which is always parallel 
to the chain-axis and parallel to the direction of maximum 
mechanical strength of the polymer crystals. Rotation 
photographs around this axis yield the repeat distance 
in chain direction. A value of 4.8 to 5.2A has to be 
expected if polymerization of the monomer occurs 
according to a 1,4-addition to give a polymer with a 
planar structure as shown in equation (2b). The other 
possibility discussed in equation (2a) would afford a 
repeat distance of ,,~ 7.5 A as can be calculated assuming 
normal bond angles and distances. 

The lattice constants for the polymers of compounds 
(I) and (II) are compiled in Table 2. For comparison, 
lattice parameters of the related diacetylene derivatives 
2,4-hexadiin-l,6-diol and the bis(phenyl urethane) (VI) 
of this diol (Mod. II 1°) are also given in Table 2. It is 
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Infra-red spectra of 2,4,6-octatriyne-l,8-diol-bis(phenyl urethane) (A) and its polymer (B) in KBr disc Figure 1 

Table 2 Lattice parameters of polymer single crystals obtained from corresponding monomer 
single crystals of diynes and triynes by solid-state polymerization. General structure of mono- 
mer: R--(C= C)n--R 

Monomer structure: R=CHsOH O 

n=3(I )  n=2 n=3( l l )  n=2 (VI) 

Crystal system monoclinic monoclinic z4 monoclinic monoclinic TM 

Lattice constants: 
a (A) 4.11 4.09 24.65 23.5 
b (A) 19"59 15.99 30.74 7.86 
c (A)  4"80 4"77 4.89 18"82 
/3 (degrees) 109 106.6 g2.2 94.5 

Identity period (A) 5.20 5.32 4.89 4.71 
in chain direction a/c-diagonal a/c-diagonal c-axis 1/4 c-axis 
Space group P 2z/c P 2z/c P 2z/c C 2/c 
Molecules per unit cell 2 2 8 8 
Density (g/cm 3) 1.2g 1.92 1.29 1.33 

clearly evident from these data that the polymerization 
of the two triynes (I) and (II) gives polymers with repeat 
distances in chain direction compatible only with a 
1,4-addition. This immediately tells that only two of the 
three acetylene groups take part in the polymerization 
and a regular arrangement of the residual triple bonds 
as the substituents is achieved in all-trans position 
according to equation (3). It is worth mentioning that 
the perfection of the polymer crystals obtained from 
single crystals of the triynes is quite high as can be 
judged from the many clear and sharp reflections of the 
Weissenberg photographs. As an example the Weissen- 
berg photograph of the (hko) plane of a polymer single 

crystal of the bis(phenyl urethane) (II) is shown in 
Figure 2. This is another indication that the lattice 
and packing properties of the molecules need not be 
affected in the solid-state polymerization of conjugated 
acetylenes. However, it should be mentioned that the 
diyne derivatives whose data are given in Table 2 do 
not polymerize completely because relaxation of the 
newly formed chains inside the monomer lattice occurs 
at 20-40~o conversion due to a slight misfit between 
the packing properties of the monomer and polymer 
molecules 10. The modification of the diyne (VI) which is 
crystallographically comparable to the corresponding 
triyne-bis-(phenyl urethane) (II) is not the most active 
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Figure £ Weissenberg photograph of the (hko) plane of a 
polymer single crystal prepared by solid-state polymeriza- 
tion starting with a monomer single crystal of 2,4,6-octa- 
triyne-l,8-diol-bis(phenyl urethane) (11) 

Table 3 Longest wavelength bands 
of monomers in 95% methanol 

Monomer )Lmsx (nm) • 

14 312 190 
II 313 300* 
V 315 400* 

*To  eliminate insoluble parts, the 
solution was filtered before the 
measurement. 

one 10. From a more active modification of the same 
monomer perfect single crystals of the polymer were 
obtained and their structure was determined 9. 

c•C--R / 

jJ 
R_c~C /L, 

R_C///C / 
c+ c 

/ 

%C--C--C--R / 

J / 
R- -C 

%C--C=C--R / 

/C 
R--C 

/C--C=C--R 
///C 

/C 
R--C % 

t 
4"8 -5 .24  (3) 

Thermal polymerization 
The thermal polymerization of (II) was carried out 

simply by annealing the monomer crystals at tempera- 
tures below l l0°C. The shape of the crystals did not 
change during polymerization. After heating for a 
definite time the unreacted monomer was extracted 

with hot acetone. At low conversion the colour of the 
polymerizing crystals was dark-blue and the pure 
polymer, after extracting the unreacted monomer, was 
dark-gold. At higher conversion, however, the colour 
of the polymerizing crystals and the pure polymer was 
dark-brown. Since the polymer was insoluble in all 
common solvents, molecular weight measurements 
were impossible. With the use of a u.v. microscope 
photometer the spectral change of polymerizing single 
crystals could be followed as a function of conversion. 
The spectrum of thermally polymerizing crystals shows 
no absorption maximum and the optical density in- 
creases monotonously from 650 to 400nm, while the 
pure polymer, after extracting unreacted monomer, 
possesses a very broad adsorption maximum between 
500 and 600nm. It was confirmed by measuring the 
u.v. spectrum that the extract of the polymerizing 
crystals contained no species other than the monomer. 

To gain insight into the polymerization of the phenyl 
urethane (II), time-conversion curves were measured 
at various temperatures between 60 and l l0°C. Typical 
time-conversion curves are shown in Figure 3. At 70°C 
the polymerization proceeded very slowly, while at 
l l0°C polymerization occurred quite fast and the 
polymer was rapidly obtained in quantitative yield. 
In all cases no induction period was observed and 
straight lines were obtained. The rate of reaction was 
independent of crystal size, i.e. small and large crystals 
polymerized with the same velocity indicating that the 
reaction is not governed by surface effects. The apparent 
activation energy of the polymerization was determined 
to be 23kcal/mol. We derived this value from the 
Arrhenius plot of the slopes of the time-conversion 
curves (Figure 4), assuming that the rate of reaction can 
be expressed in terms of conversion/10 h. The activation 
energy is somewhat higher than that for thermal poly- 
merization of the corresponding diyne derivative (VI) s 
(19 kcal/mol). 

Heating (IV) at 100°C gave black polymer in 88~ 
yield. The infra-red spectra of the monomer and polymer 
are not significantly different from each other. We 
have not studied the polymerization further. 

We have extended the solid-state polymerization of 
triyne derivatives to solid-state crosslinking of polymers 

IOO 

A 

"6 ~ A 

t -  
O 

• ,~ 5 o  

O IO 20 
Reaction time (h) 

Figure 3 Time-conversion curves for the thermal polymerization 
of (11). O, g0°C; O, 100°C; A, 110°C 
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Arrhenius plots for the thermal polymerization of (11). 
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containing three conjugated triple bonds. Polyurethane 
(VII) from 2,4,6-octatriyne-l,8-diol (I) and hexamethy- 
lene diisocyanate was readily obtained. The polymer 
also showed solid-state reactivity. The polymer was 
crosslinked in solid-state on annealing at 70°C for 
48 h or u.v. irradiation for 3 h. Extracting by hot dioxane 

I1 I I 1  -[-NH(CH2)6 0 0 NHC--O-- CHz-- (C-~C)3-- CH2-- O-- C 

(viI) 

gave reddish-brown crosslinked polymer in 75~ or 
13 ~ yield, respectively. Similar behaviour was observed 
for polymers containing two conjugated triple bonds as 
structural elements lz, la 

Photopolymerization 
As already mentioned, many triyne derivatives are 

photosensitive and polymerize rather fast even on 
standing in diffuse daylight. The results in Table 1 are 
only qualitative. Contrary to thermal polymerization, 
the rate of conversion depends upon the size of crystals, 
since the photopolymerization occurs at first on the 
crystal surface and once the surface is covered by 
coloured polymer no appreciable polymerization occurs 
in the inside of the crystals. Generally speaking, reactivity 
of the triyne derivatives decreases in the following 
order: diol (i) > phenyl urethane (II) > tosylate (V) > n- 
butyl urethane (III)>benzoate (IV). Photopolymeriza- 
tion of 2,9-dimethyldeca-3,5,7-triyne-2,9-diol (VIII) was 
also attempted. However, no appreciable change of the 
monomer crystals was observed. We have studied the 

CHs CH3 
I I 

HO--C--CzC--C~-C-- C~C--C--OH 
l I 

CHs CH s 

(viii) 

Jitsuo Kifi et al. 

photopolymerization by measuring the change in visible 
spectra of polymerizing single crystals using an u.v. 
microscope photometer. In this study suitable single 
crystals of the monomers (I) and (II) were placed on 
the microscope stage between quartz cover slides and 
were irradiated by monochromatic light in the wave- 
length range from 320 to 380nm. In the ease of the 
monomer (II) it was impossible to obtain sufficiently 
large single crystals of the pure monomer. For the 
preparation of suitable single crystals, hot saturated 
solutions of the monomer had to be cooled very slowly 
so that the crystallizing monomer had already started 
to polymerize thermally. Therefore, the long needles 
obtained by careful crystallization were already deep 
violet because of thermal polymerization. For this 
reason, we had to use aggregates of fine needles to 
measure the change in optical density during photo- 
polymerization. Such fine colourless needles were easily 
obtained by rapid quenching of saturated solutions of 
the monomer. In any case, however, the monomer 
crystals were so reactive that we never succeeded in 
measuring the spectra of a completely colourless speci- 
men. Since the extinction coefficient of the polymer 
and the intermediates seems to be quite high, deeply 
coloured crystals were obtained even on slight exposure, 
although no appreciable conversion takes place con- 
sidering the very small amount of polymer which was 
obtained after extraction of the crystals with a solvent 
of the monomer. 

Slightly coloured monomers (I) and (II) polymerized 
at a considerable rate when they were irradiated with 
light of wavelength 320-360nm. Irradiation at longer 
wavelengths than 380nm was almost ineffective. It is 
interesting to note that photopolymerization of the 
single crystals is achieved in a wavelength range where 
no appreciable absorption of the dissolved monomer 
molecules is observed, a fact which was already described 
in the case of photopolymerization of monomers with 
two conjugated triple bonds 11. For comparison, the 
position and extinction coefficients of the longest wave- 
length bands of the monomers dissolved in 95 ~o ethanol 
are compiled in Table 3. 

Figure 5 shows typical absorption spectra obtained 
on irradiating the monomer (II) at 360nm (mono- 
chromatic light) for various irradiation times. The 
spectra obtained of the photochemically polymerizing 
crystals of monomer (II) are quite similar to those 

,~o 
I -0  

0 

-~ 0"5 , 

K 
o ",,) 

I I 

Ooo 500 6 0 0  
Wovelength (nm) 

Figure 5 Spectra of polymerizing crystals of urethane (11) as 
depending on irradiation time. The crystals were irradiated with 
monochromatic light at 360nm. ~, 0; I-l, ~; A, 1 ; x ,  5; O, 30 min 
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obtained from thermally polymerizing crystals. This 
indicates that the polymerization occurs through the 
same or similar intermediates. A quantitative analysis 
of  the polymerization rate at wavelengths between 
320 and 360nm is quite complex, particularly because 
of  the instability of the monomers. In each measurement 
we had to use fresh crystals. Consequently, thickness 
and size of the crystals were different from each other 
and so direct comparison of  the effect of  wavelength 
on the polymerization rate was impossible. A comparison 
of the photopolymerization of the urethane (II) and (VI) 
which differ only in the number of conjugated triple 
bonds is interesting, however. In the photopolymeriza- 
tion of (VI), at least two absorption maxima at 560 and 
600nm were obtained which have been attributed to 
two kinds of 'living' chain ends 11. The relative intensity 
of these absorptions changed as a function of irradiation 
time and conversion. Generally speaking, these absorp- 
tions disappeared with increasing conversion and finally 
an absorption with broad maximum at 490nm due to 
the 'dead' polymer was observed. During polymerization 
of the urethane (II) with three conjugated triple bonds 
per molecule no absorption maximum is observed in 
this region but optical density increases monotonously 
over the whole wavelength range starting from about 
700 nm towards shorter wavelengths. 

Contrary to the polymerization of (II), the change 
of absorption spectra of  the monomer crystals of (I) 
(Figure 6) shows some similarities with the polymeriza- 
tion behaviour of diynes. The optical density in the 
range from 650 to 500 nm where the absorption due to 
the 'living' chain ends are to be expected, first increases 
very much at short irradiation times and then decreases 
with increasing conversion. It is, however, impossible 
to draw definite conclusions about the structure or 
behaviour of such intermediates as the above mentioned 
'living' chain ends from the present study. But it seems 
to be a safe statement, based on the present results, to 
propose that both thermal and photochemical poly- 
merization behaviour of triynes is not principally 
different from that reported for compounds with two 
conjugated triple bonds except that the range of photo- 
sensitivity is broader and that the upper limit for photo- 
polymerization is shifted from 330 to 380nm. 

~o I O 

-~ 0~. ]..__._x__X~x__x_x.... - _._x~x~X"x 0 
/ X~X--X 

O /  I I 
4 0 0  5 0 0  6 0 0  

Wcvelength (nrn) 

Figure 6 Spectra of polymerizing single crystal of diol (I) as 
depending on irradiation time. The crystals were irradiated with 
monochromatic light at 360nm. x,  0; ©, t~; A, 3; r-I, 3; V, 10; 
0 ,  25min 

ACKNOWLEDGEMENTS 

We gratefully acknowledge the support of this work 
by the Alexander von Humboldt Foundation in the form 
of a fellowship grant to J. K. and the help of Dr K. 
Takeda in photochemical measurements. 

REFERENCES 
1 Wegner, G. Makromol. Chem. 1972, 1.54, 35 
2 Akiyama, S. and Nakagawa, M. Bull. Chem. Soc. Japan 1971, 

44, 2237, and refs cited therein 
3 Bohlmann, F. et al. Chem. Bet. 1964, 97, 794 
4 Armitage, J. B. et al. J. Chem. Soe. 1952, p 2010 
5 Cook, C. L e t  al. J. Chem. Soc. 1952, p 2883 
6 Vaugen, T. H., Vogt, V. R. and Newland, J. A. J. Am. Chem. 

Soc. 1934, 56, 2120 
7 Wegner, G. Makromol. Chem. 1971, 145, 85 
8 Wegner, G. Z. Naturforsch. 1969, 24b, 824 
9 H~idicke, E., Mez, E. C., Krauch, C. H., Wegner, G. and 

Kaiser, J. Angew. Chem. 1971, 83, 253 
10 Kaiser, J., Wegner, G. and Fischer, E. W. Israel J. Chem. 

1972, 10, 157 
11 Takeda, K. and Wegner, G. Makromol. Chem. 1972, 160, 349 
12 Hay, A. S., Bolou, D. A., Leimer, K. R. and Clerk, R. F. 

J. Polym. Sci. (B) 1970, 8, 97 
13 Wegner, G. Makromol. Chem. 1970, 134, 219 
14 H~idicke, E., Penzien, K. and SchneU, W. Angew. Chem. 1971, 

83, 1024 

P O L Y M E R ,  1973, Vol  14, S e p t e m b e r  439 
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New aliphatic polyimides with cyclobutane ring in the main chain have been synthesized 
successfully from cyclobutane tetracarboxylic dianhydride and diamine. In order to estab- 
lish the reaction path poly(amido acids), intermediates to polyimides, were isolated and 
characterized. All poly(amido acids) are hygroscopic and were found to be converted into 
polyimides through dicarboacetoxy intermediate by heating in dimethylformamide at 
100°C in the presence of acetic anhydride. Thermal study by means of thermal gravimetric 
analysis and differential scanning calorimetry revealed that conversion of poly(amido acid) 
to polyimide also occurred by thermal cyclocondensation reaction at around 180°C. These 
reactions were confirmed by parallel reaction of the model compounds. Properties of poly- 
imides thus obtained were characterized and are discussed in comparison with known 
polymers with polyimide or cyclobutane ring structures. 

INTRODUCTION 

Only a few papers have reported work on polyimides 
derived from aliphatic tetracarboxylic dianhydride as a 
carboxylic anhydride component l-a, whereas polyimide 
resin prepared by the reaction of aromatic tetracarboxylic 
anhydride with diamines, is one of the best known 
heat stable polymers 4. In literature studies on aliphatic 
polyimides, a well-defined structure of either the inter- 
mediate, poly(amido acid) or the resulting polyimide 
has never been demonstrated except in the case of 
polyimide from tricyclodecene tetracarboxylic dian- 
hydride t. While in the last five years a number of poly- 
mers with cyclobutane ring in the main chain have been 
prepared through various preparative routes 5-s, most of 
them involve a stepwise photocycloaddition reaction of 
bis-olefinic compounds and consequently result in a 
polymer with various types of steric configuration of 
cyclobutane ring in the main chain except in the case 
of crystalline state photopolymerization 5 where the 
polymer with a sole configuration of cyclobutane is 
obtained. 

In the present work preparation and characterization 
of the intermediate [poly(amido acid)] to the polyimide, 
were undertaken in order to establish the reaction path 
during the preparation of polyimide and to reveal real 
features of aliphatic polyimides unambiguously. Then, 
the poly(amido acid) was converted into the correspond- 
ing polyimide by means of a convenient thermal cyclo- 
condensation reaction. Since another purpose of the 
present work is to learn more about the properties of the 
polymer with cyclobutane ring in the main chain, 
tetracarboxylic dianhydrides of cis, trans, cis-cydobutane 

or citraconic acid dimer were employed as an acid 
anhydride component for the polyimide. These new 
polymers thus obtained were characterized and are 
discussed in terms of comparison to known poly(amido 
acids), polyimides or polymers with cyclobutane ring 
in the main chain. 

EXPERIMENTAL 

Reaction of cis, trans, cis-cyclobutane-l,2,3,4-tetracarb- 
oxylic dianhydride (I) with diamines 

According to Schenk's method 9, (I) was prepared 
by irradiating a solution of maleic anhydride in 
dioxane with a high pressure mercury lamp [m.p. 300°C 
(decomp.)]. 1.468 g (0.0075 mol) of (I), which was re- 
crystallized twice from acetic anhydride, was dissolved 
into 20ml of carefully dried dimethylformamide 
(DMF). To this solution, 0.870g (0.0075mol) of hexa- 
methylene diamine in 20ml of DMF was added drop- 
wise with stirring. The reaction temperature was kept 
between 15 and 16°C. Then, the solution was stirred 
overnight at room temperature. The solution was 
poured into a large amount of ether and a coloudess 
polymer (II) was precipitated {[V] 0.37-0.49 (in DMF 
at 30°C)). Almost the same method was employed for 
the reaction of (I) with other diamines, nonamethylene 
diamine or p,p'-diaminodiphenylmethane in order to 
obtain linear high poly(amido acids) (III and IV). 
Poly(amido acids) (II-IV) thus obtained are very hygro- 
scopic, especially when they include the solvent, and 
are apt to be tar-like during the separation process in the 
atmosphere. 
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Moisture regain of these polymers was determined 
from the difference in weight when they are dried in a 
desiccator with phosphorus pentaoxide at room tem- 
perature and when they are kept for a satisfactory 
period in 65~  relative humidity. Then, to 0.50g of 
poly(amido acid) (II) dissolved in 30 ml of DMF, 20ml 
of acetic anhydride were added and stirred for 1 h at 
100°C. A white product was partly precipitated during 
the reaction. The reaction mixture was poured into 
the large amount of ether in that condition and faintly 
yellow polyimide (II') was isolated. 

According to a similar procedure, other polyimides 
(III' and IV') were obtained from the poly(amido acids) 
(III and IV), respectively. Among these polyimides 
(W-IV'), only the polyimide (III') was soluble in tri- 
fluoroacetic acid {[~]=0.57 (trifluoroacetic acid, 30°C)}. 
Calcd. for polyimide (II', C14Hz6NzO4), ~o; C, 60.86; 
H, 5.84; N, I0-14. Found, ~o: C, 56.52; H, 5.85; N, 
8.52. Calcd. for polyimide (III', C17H2~N204), ~ :  
C, 64.14; H, 6.97; N, 8.80. Found, ~o: C, 60.70; H, 
6.66; N, 8-86. Calcd. for polyimide (IV', C2zH14N204), 
~ :  C, 70.39; H, 3.94; N, 7-82. Found, ~ :  C, 69-13; 
H, 3.99; N, 7.16. 

Reaction of cis, trans, cis-l,3-dimethyl-cyclobutane- 
1,2,3,4-tetracarboxylic dianhydride (V) with diamines 

According to Schenk's method 9, (V) was prepared 
by irradiating a solution of citraconic anhydride in 
dioxane with a high pressure mercury lamp [m.p. 
350°C (decomp.)]. Since (V) is insoluble in DMF, 
mixing of the two reactants was carried out in such 
two ways that to a suspension of (V) in DMF, a DMF 
solution of hexamethylene diamine was added, or a 
finely powdered crystal of (V) was added to a DMF 
solution of hexamethylene diamine. Higher molecular 
weight poly(amido acid)was obtained by the latter 
procedure. After mixing, the reaction mixture was kept 
at 15-16°C and stirred overnight. Dilute hydrochloric 
acid was used for reprecipitation of the polymer from 
the reaction mixture. For the measurement of moisture 
regain the same method was adopted as described 
before. For the conversion from polyamido acids to 
polyimides (VI, VII and VIII~VI' ,  VII' and VIII'), 
almost the same experimental conditions were adopted 
as described before (II~II'). However, in the present 
case no precipitant was observed during the poly- 
merization reaction. Polyimides were precipitated by 
adding a large amount of dilute hydrochloric acid to 
the reaction mixture. 

Preparation of model compounds, cis, trans, cis-cyclo- 
butanetetracarboxylic acid di-n-butyl amide (IX) and the 
same diimide (X) 

To a solution of n-butyl amine, 0.804g (0.011 mol) 
in l0 ml of DMF, 1.066 g (0.0054 mol) of finely powdered 
(I) was added. After standing for 1 h, DMF was distilled 
off under reduced pressure and the residue was recrystal- 
lized from ethanol. Colourless plate-like crystals (m.p. 
263-265°C) were obtained, yield 1.312g (77.0 ~). 

Infra-red (i.r.) spectra show peaks at 3300 (V~H), 
1690 (amide I), 1640 (amide II), and 1700 (vc=o carboxyl) 
cm -1. Calcd. for (IX) (C16H26NzO6), ~o; C, 56.13; 
H, 7.07; N, 8.18. Found, ~o: C, 56.47; H, 7.94; N, 
8.04. From the results the product is confirmed to be 
the expected diacid diamide (IX). 

Furthermore, when 0.50g of (IX) was heated in 
20 ml of acetic anhydride at 100°C for 1 h and allowed 
to stand at room temperature, a small amount of trans- 
parent plate-like product was crystallized, m.p. 300°C 
(decomp.). From the i.r. spectrum of the product, the 
peaks at 1770 and 1700cm -1 which are assigned to the 
five-membered imide ring, are seen. Calcd. for (X) 
(C16H22N204), ~ :  C, 62.80; H, 7.24; N, 9-09. Found, 
~ :  C, 62.15; H, 7.27; N, 9.11. From the results the 
structure of the product is confirmed to be the imide 
compound (X) from (IX). 

D.s.c. and t.g.a, measurement of amido acid and imide 
Differential scanning calorimetry (d.s.c.) measure- 

ments were carried out with a Perkin-Elmer DSC 1B, 
at a heating rate of 32°C/min. Thermogravimetry curves 
were obtained by a duPont thermogravimetric analyser 
(t.g.a.) Type 950, at a heating rate of 10°C/min (nitrogen 
current speed, 250 ml/min). 

RESULTS AND DISCUSSION 

Preparation and properties of the polymers 
The polymerization reaction is shown below: 

O H  R o 
I! t T II 

n O. C__~_, c~O 
II ~ | N 
o R  H 0 

+ nNH2- R'-NH2 

H R 

HOCO~-T--COOH 

N H 

where R represents H or CHa and R' represents 
-(-CH2-)-6, -(-CH2-)--9 or 1,4-C6H4-CH2--1,4-C6H4, 
respectively. The structure of the intermediate, poly- 
(amido acid), is shown tentatively. This will be the case 
hereafter. The trans-configuration of two five-membered 
carboxylic anhydride rings attached to the cyclobutane 
ring of (I) has been already established in the literature. 
On the other hand, the configuration of (V), which had 
been prepared by Schenk et al. 9, was revised by Ziffer et 
al. lO, to be a head-to-tail trans-configuration by identifica- 
tion of its derivative the structure of which was estab- 
lished by X-ray crystallographic analysis. 

Accordingly, all the imides prepared in the present 
work ought to have only a trans-configuration attached 
to the cyclobutane ring. Similar polyimides had been 
prepared by means of a solution photopolymerization 
technique of bis-maleimide derivatives by de Schryver 
et al. 6. These polyimides should be assumed to consist 
of various types of configuration attached to the cyclo- 
butane ring. Furthermore, vinyl-type polymerization or 
intramolecular cyclization, which disturb the formation 
of a linear high polymer in good yield, cannot be sup- 
pressed satisfactorily in some instances. 

In Figure 1 i.r. spectra of the polymers (II) and (II') 
and the corresponding model compounds (IX) and (X) 
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Figure I I.r. spectra of poly(amido acid), polyimide and the model compounds 

are shown. Another spectrum of the compound (XI), 
which was obtained by warming (IX) in acetic anhydride 
at 40°C for 40min, is also shown in Figure 1. The 
spectra of poly(amido acid) (II) and polyimide (II') 
agree with those of the model compounds (IX) and (X) 
at all the main peaks, showing that the repeating units 
in the polymers have essentially the same structure as 
those of the corresponding model compounds. 

For the compound (XI), the peaks due to residual 
amide group at 3300, 1640 and 1550cm -z are seen 
with the peaks at 1815 and 1750cm -z, not due to five- 
membered anhydride ring, but due to the ring-opened 
anhydride. In addition, the peak at 1700cm -1 due to 
the carboxyl group (vc=o) disappears. 

Hence, compound (XI) can be considered to be 

cyclobutane dicarboacetoxy di-n-butyl amide. Assumed 
structure is further supported by the fact that on heating 
in acetic anhydride at 100°C for 1 h, (XI) was converted 
into (X) in good yield. On the other hand, when (IX) 
was heated at 100°C in DMF solution for 1 h, cyclization 
to the imide ring did not proceed but only the starting 
material was recovered. When poly(amido acid) (II) 
was kept in DMF solution with some acetic anhydride at 
room temperature for a week, a soluble polymer the 
i.r. peaks of which correspond to the structure of the 
polymer with amide, imide and acetic anhydride was 
isolated. This polymer was also converted into the 
polyimide under the imide formation condition. From 
these results, the following reaction scheme is assumed 
to be the reaction path from amido acid to imide in the 
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presence of acetic anhydride: 

H R 

HOCO,~COOH 
-~ NHCO--~--~ CONH--R'--~n 

R H 

+ (CH3CO)20 

40  ° C 

-HzO 

H R 
, I I  

C H3COOCO'~ COOCOCH3 

-7[-NHCO--~--~ CONH--R'-]-~. 
R H 

100°C  

-CH~COOH 

O H  R 0 

__[_ N / C--[~ - C" N _ R,__]..- 

O R H O 

i.e. the poly(amido acid) is not converted to the imide in 
DMF solution below 100°C in the absence of acetic 
anhydride. However, in the presence of acetic anhydride 
it is gradually converted to the imide through the 
acetylated intermediate even at 40-100°C. Results of 
elemental analysis of the poly(amido acids) do not 
show always good agreement with the calculated values. 
The facts are explained by assuming the imperfect 
repeating structure in poly(amido acid) that can be 
caused in the presence of a polar carboxylic group or to 
the partial formation of imide group by dehydrating 
cyclization during the desiccation. 

Thus, compared with the elemental analysis of poly- 
(amido acid), much better agreements are seen with 

those of polyimides even from the deviated poly(amido 
acid) except in the case of polyimide (II'). 

The intrinsic viscosities and moisture regains of 
poly(amido acids) (II-IV, VI-VIII) are shown in Table 1. 
Poly(amido acids) are highly hygroscopic and soluble 
in ordinary polymer solvents such as m-cresol, DMF, 
dimethyl sulphoxide and trifluoroacetic acid. 

A transparent strong film is obtained by casting a 
solution of poly(amido acid) and drying at 40 °C in vacuo. 

Thermal behaviour of poly(amido acid) and polyimide 
D.s.c. curves of poly(amido acid) (II) and the model 

compound (IX) are shown in Figure 2. (IX) shows an 
endothermic peak at 260°C corresponding to the melting 
point that was followed by an exothermic peak. The 
exothermic peak is doubtlessly attributed to the imide 
ring formation with elimination of water. This was further 
confirmed from a thermal gravimetric analysis (t.g.a.) 
study which is described later. For the polymer (II) 
smaller endo- and exo-thermic peaks are observed 
nearly at the same temperature. 

Above 300°C both curves of (II) and (IX) deviate to 
the endothermic side suggesting thermal degradation. 
Furthermore, these d.s.c curves above the temperature 
of imide ring formation exactly agree with those of the 
imide compounds (II' and X). From the results of the 
d.s.c, study, the amido acid, independently of its mole- 
cular weight, seems to cyclize to the imide at around 
260°C under the experimental conditions carried out. 

A t.g.a, study was carried out in order to recognize 
the dehydrating ring formation of poly(amido acids) 

Table I Intrinsic viscosities and moisture regains of poly(amido acids) 

Poly(amido acid) 
Moisture regain 

Intrinsic viscosity (~)  

III 

IV 

VI 

VII 

VIII 

_•OCO..•COOH 1 CO ~ "CONH-(-CH2~NH.-~n 

CO" "CONH-(-CH,~NH-~n 

OCO~COOH ] 

_~CO.~COOH "~ 

 co coo  
+c.2, . . .  

OCO...~COOH 

CH3 ~ 

0"49 9"9 

0"61 11 "9 

0'40 12"4 

0-53 9"7 

0"21 9"9 

0"42 10"6 
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D.s.c. curves of poly(amido acid) and its model com- 

* This peak is due to the vaporization of DMF included in the 
polymer 

Table 2 Thermal behaviour of poly(amido acids) 

Ring Amount of 
formation eliminated water 

Poly(amido temperature Calcd. Found 
acid) (°C) (%) (%) 

Starting 
temperature of 

degradation 
accompanied by 
weight reduction (°C) 

II 160 11"5 12 440 
IV 200 9.1 8-5 400 VI 175 10.6 9-5 410 

VIII 200 8"5 8.5 400 
r 

(II, IV, VI and VIII) and thermal degradative behaviours 
of the resulting polyimides (II', IV', VI' and VIII'). 
The ring formation temperature, the amount of elimin- 
ated water, and the starting temperature of the degrada- 
tion accompanied by weight reduction, are shown in 
Table 2. 

Compared with the ring formation temperature 
obtained from d.s.c, curves, the weight reduction, which 
is attributed to the dehydrating ring formation reaction, 
is observed at considerably lower temperatures. This 
discrepancy can be understood in terms of difference of 
the heating rates at these two thermal measurements 
(10°C/min for t.g.a, and 32°C/min for d.s.c.). If this is 
the case, the temperature obtained from t.g.a, may be 

the true value of the ring formation temperature. The 
observed amount of eliminated water shows good agree- 
ment with the calculated values for the conversion of 
the amido acid into the corresponding imide. With the 
known data on degradation temperature, it is concluded 
from the present thermal study that thermal cleavage 
of cyclobutane ring or crosslinking of the imide ring in 
the polymer chain are initiated above 300°C (based on 
d.s.c, data), and above nearly 400°C relatively low 
molecular weight fragments produced by degradation, 
begin to vaporize (based on t.g.a, data). 

CONCLUSIONS 

Aliphatic polyimides with cyclobutane ring in the main 
chain were synthesized from eis, trans, eis-cyclobutane- 
1,2,3,4-tetracarboxylic dianhydride or eis, trans, cis-l ,3- 
dimethylcyclobutane-l,2,3,4-tetracarboxylic dianhydride 
with hexamethylene diamine, nonamethylene diamine or 
p , p  '-diaminodiphenylmethane. In order to establish the 
reaction path to polyimide, precursors, poly(amido 
acids), were isolated and characterized. They are hydro- 
scopic and were converted into polyimides through 
dicarboacetoxy intermediate by heating in DMF at 
100°C in the presence of acetic anhydride. Without 
acetic anhydride, the reaction did not proceed under the 
same conditions. Poly(amido acids) were also converted 
into polyimides by a thermal cyclocondensation reaction 
at around 180°C. The resulting polyimides begin to 
degrade above 300°C from the results of t.g.a, and d.s.c. 
studies. 
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An interpretation by mathematical theory of experimental data already published by the 
author is given, concerning the electrical conductivity measurement, in direct current, 
of PVC and plasticizer compositions. The electrical conduction in PVC is due to two 
mechanisms: one of polarization, which predominates at low temperature, below a transi- 
tion temperature To and one of ionic conduction which predominates at high temperature 
above To. The mathematical expressions for polarization conductivity kp and ionic con- 
ductivity ko, agree very well with the experimental data and justify also the great difference 
in activation energy between the two mechanisms and the independence of activation 
energy of ionic conductivity from the system viscosity and type of ions. 

INTRODUCTION 

The electrical properties of high polymers, as regards 
both the dependence of  the dielectric constant and the 
loss factor on the temperature and frequency, and the 
electrical conductivity in direct current and its de- 
pendence on the temperature and other factors, have 
been the subject of  a great number of  papers. References 
1 and 2 form a review of these subjects. 

One of  the materials most studied is plasticized 
poly(vinyl chloride), whose behaviour in direct current 
has been fully studied z-7. It has thus been established 
that in certain temperature and composition conditions 
the current through the PVC-plasticizer system takes a 
certain time, which is sometimes very long, to reach a 
constant value; this value also depends on the tem- 
perature and composition 6, 7 

Both the current during the transition period and the 
steady-state current are proportional to the added field, 
at least in the case of moderately intense fieldsr; the 
ratio between the current density and the applied field 
which then has the significance of  an electrical con- 
ductivity K is given by the sum of two terms: 

K=ko(T, C)+k~(T, C, t) 
where: k0 is the steady-state conductivity, a function of 

the temperature (T) and of the percentage 
of plasticizer (C); 

kp is the conductivity in the transition period 
(of polarization) which is found to be a 
decreasing function of the time t, tending to 
zero when the time tends to infinity, as 
well as of the temperature and of the per- 
centage of plasticizer 6. 

The conductivity ko does not depend on time and is 
essentially ionic in nature, as was demonstrated by 
indirect tests; it varies with the percentage of hydro- 
chloric acid present in the PVC-plasticizer system 6. and 

* As is well known, during the thermal stresses accompanying 
the processing of PVC either pure or plasticized, a decomposition 
process occurs with formation of hydrochloric acid. The ions 
produced following partial dissociation of the latter into H + 
and C1- are among those responsible for the steady-state con- 
ductivity. 

with the type of stabilizer used 7. 
With regard to this, reference is made to the de- 

pendence of the logarithm of conductivity K, measured 
experimentally, versus the inverse of the absolute tem- 
perature l/T, in Figures 1 and 2 6,7. Figure 1 clearly 
shows that beyond a certain temperature the conductivity 
is not a function of the time of application of the voltage 

1.3 

0 
_ J  

I 

1'5 

3 

Figure I 

t I r 

4 5 
- x  I O  3 ( K - I  ) 

Logarithm of conductivity K versus inverse of the 
absolute temperature for several times of application of the 
voltage: A, O.5min; B, tmin; C, 5min; D, t0min. PVC/DOP 
ratio= 100:50 
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Figure 2 Logarithm of conductivity K versus the inverse of the 
absolute temperature for several concentrations of HCI in the 
sample and therefore of ions: - - . ,  7grog HCI/100g; . . . .  
120rag HCI/100g; . . . . . .  , 180mg HCI/100g. A, 1 rain; B, 10min. 
PVC/DOP ratio= 100:50 

to the sample. Figure 2 illustrates quite clearly that 
there is a component of the conductivity which is not 
influenced by the presence of a larger number of ions 
but is, instead, a function of the time (as well as of the 
composition and temperature). 

This component of conductivity has been called 
'polarization conductivity', k~ and is independent of the 
type and number of the ions present 6, 7 but is due 
instead, to the movement of the various dipoles forming 
in the system under the action of the electric field, from 
the initial isotropic distribution to the steady-state 
distribution s . In fact, it falls with increase of time and 
with increased viscosity of the system (i.e. when either 
the temperature or the percentage of plasticizer drops) 
and tends to zero when the dipolar orientation process ends. 

The conductivity k~, may be obtained from the com- 
plex dielectric constant at various frequencies and 
temperatures s on the basis of the following equations 
where H (lnz) represents the spectrum of the times of 
electrical relaxation: 

1 +~ kp= ~ f _= 1H (lnT)exp(- t/z)d(lnz) 

, f+~o H(lnr)d(lnr) 
= e o + j  _~  1 +W~T, ~ 

, ,  4~'k0+ f+~ n(ln~-)co~-d(lm-) 
= ~  d-oo  l + w  ~r~ 

where oJ is the angular frequency, ~0 is the dielectric 
constant at infinite frequency, r the time of electrical 
relaxation and t the time of application of the voltage 
to the sample. On the basis of Maxwell's equations, we 
have demonstrated 6, as further confirmation of the 
polar origin of part of the conductivity, that there is 
excellent agreement between the experimental values 
of k~ and those obtained from the above equations. 

A comparison between conductivity in direct current 
and loss factor for plasticized PVC has been made 
also by Reddish a on the basis of previous work by 
Hamon 10. 

As for the dependence of the conductivity on the 
temperature, a detailed study 6 is reported regarding the 
PVC/2-ethylhexyl phthalate (DOP) (100:50) system, 
which is also shown in Figure 1. This shows three 
distinct regions characterized by different values of the 
apparent activation energy d lnK/d(1/T) delimited by 
two singular temperatures T ° and Tg. 

In the first zone, the contribution is essentially ionic 
(T > T °) and in the other two it is essentially dipolar 
(T< T °) but with different energies of activation accord- 
ing to whether we are above or below Tg. This latter 
temperature is simply the glass transition temperature 
of the system and has been checked also by dilatometric 
measurements 6. The increase in the activation energy 
when the temperature falls below Tg is demonstrated 
by the data on systems with different plasticizer content, 
as is clearly shown by the curves of Figure 37 . The 
same Figure also shows that the apparent activation 
energy for ionic conductivity (for T > T  °) does not 
depend in practice on the percentage of plasticizer or 
the presence of other ingredients 7. 

As for the dependence of the polarization conductivity 
on time, the data reported in refs. 6 and 8 show excellent 
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Figure 3 Logarithm of conductivity K versus the inverse of 
absolute temperature for several system compositions: O, 
100:60; A, 100:50; e, 100:40; x ,  100:30; 1~, 100:20PVC/DOP 
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Figure 4 Logarithm of conductivity K versus logarithm of time 
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Figure 5 Logarithm of conductivity K versus logarithm of time 
for several temperatures 9. O, 100°C; x, 90°C; V, 80°C; e, 69°C; 
r-I, 60°C; +, 51°C; A, 30°C; II, 20"8°C 

approximation that it is proportional to t -n (with n 
positive); Figure 4 gives the log kp against log t plots 
for the PVC/DOP (100: 50) system using the experimental 
data of ref. 6, while Figure 5 gives similar plots for the 
PVC/DOP (100: 5) system taken from the experimental 
data reported in ref. 9. 

This work has the purpose of demonstrating mathe- 
matically the lay-out given in the previous articles and 
obtaining expressions for ionic and polarization con- 
ductivity besides justifying on this basis both the great 
difference in their activation energies and the inde- 
pendence of the activation energy of the ionic com- 
ponent on the percentage of plasticizer and the type 
of ions present. 

EXPERIMENTAL AND RESULTS 

For a complete description of the experimental method 
used, the reader is referred to the earlier papers ~, 7. 
We wish to mention here that the PVC consisted of a 
commercial polymer polymerized in suspension and of 
the type for electrical purposes: Montecatini-Edison's 
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Vipla KE. This polymer was transformed into calibrated 
cables with copper cores which were then used for 
electrical conductivity measurements with a Jhare 
Teraohmmeter, by the direct method. Mercury was used 
as the contact liquid for the outer surface of the cable. 
The measurement of temperature from -60°C to 
+50°C was accurate to + I°C. Measurement voltages 
ranged from 250 to 1000V. 

The percentage of plasticizer was determined ana- 
lytically on the sample subjected to measurement. 
Both the plasticizer and the outer ingredients (stabilizers 
and fillers) were of analytical grade. To increase the 
percentage of hydrochloric acid present in the cable, 
the plasticizer DOP was saturated with gaseous HC1; 
the quantity of HCI present was determined analytically 
on the cable before performing the measurements. 

Polarization conductivity 
As already stated, the movement of dipoles under the 

action of the electrical field applied to the system pro- 
duces a current; we now propose to obtain an expression 
of this magnitude. 

Let us first consider the case of a system consisting 
of no dipoles per unit volume of moment /~ all being 
equal. The number of dipoles per unit volume which 
at time t form with the direction of the effective field 
F~ + an angle falling between 0 and 0+d0 are indicated 
by 2zrf(O, t)sinOdO; the function f(O, t) satisfies the 
followingt t: 

+ )] ~ t - s i n 0  ~0 sin0 kTao+l~F ~ sin0.f  (1) 

where k is Boltzmann's constant, T the absolute tem- 
perature and ~ a constant (with regard to 0 and t) 
proportional to the viscosity and linked to the resistance 
which the dipoles encounter in their movement. In 
the hypothesis that p~F+~f/kT~l, as is the case here, 
a solution of equation (1) which satisfies the following 
three conditions: 

f(O, 0) = no/4rr (2) 

lim f(O, t)=(no/4rr)[1 +(,F~+/kr)cos0l (3) 
t---~ oO 

27rf of(O, t )sinOdO=no (4) 
is the following: 

f (O ,  t) = (n0/4,0[1 + (~F~+/kr )cosO(1  - e x p ( -  t/~-))] (5) 

where r =  U2kT (delay time). The physical significance 
of conditions (2), (3) and (4) is clear; (2) indicates that 
at the moment of application of the field the distri- 
bution of the dipoles is isotropic; (3) shows that once 
the steady-state distribution has been reached (i.e., 
after infinite time) the distribution function must be 
that envisaged by the Maxweli-Boltzmann theory in 
the case where tzF°/kT<l; and (4) indicates that 
the number of dipoles per unit volume is independent 
of time. 

Having fixed a general surface S normal to the field 
(Figure 6) we calculate the charge which crosses this 
surface in unit time. 

If  the length of the dipole of moment/z  is 2l (so that 
charge e is equal to l~/2l) it is clear that the only dipoles 

"~ The effective field F + acting on the dipoles will be a function 
of the time tending to the limiting value Fe 0. We shall deal later 
with the relation between Fo and the macroscopic field E. 
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Figure 6 Scheme of movement of dipoles in an electrical field 

which can cross section S are found in the volume 
bordered by planes A and B. Let us consider a dipole 
with its centre at a distance x from plane A; in time 
St it will form an angle 80 and will cross section S if 
the angle 0 which it forms at time t is linked to x by the 
relation l c o s O = l - x .  Thus, presuming that the positive 
charge which crosses, left to right in time St, unit surface 
of the section S, due to the dipoles present in the volume 
between A and S, is given by: 

f t 80 
8 ( =  St. e 2rrf(O, t ) s inO~,  dx 

0 

l'~12 t )sin2OS~d 0 = 3tlzrrJo f(O, 

the contribution of the dipoles present in the volume 
between S and B is, as can be checked immediately: 

f ~ 30 
3q" = 3 t~r  f(O, t)sin~OgidO 

While bearing in mind the contribution due to the 
negative charge which crosses S from right to left, we 
shall have, finally for the charge crossing the unit surface 
S in time 3t the expression: 

f ~ 30 
3q = 3t2t~rr f(O, t)sing"O~dO (6) 

o 

To calculate 30[3t, the relation: 

f (O+30 ,  t + S t ) = f ( O ,  t )  

must hold true, as the dipoles which at time t form an 
angle 0 with the direction of the field, at time t + St form 
an angle 0+ 30. Thus: 

30 (Of/Ot)o 1 1 exp( - t / r )  
3t - (Of]OO)t-'tanO r 1 - e x p ( - t / r )  (7) 

Introducing (7) into (6) and remembering that 3q]3t = j ~  
(current density) we have: 

j _  n0/z2 exp( -  t /r).  r~o (8) 
P - 3 k T  • - ~ 

In order to express (8) as a function of the macroscopic 
field E instead of the effective field F °, the following 
procedure can be followed. 

The polarizability (i.e. the average electrical moment 
of the unit volumO 1) can be calculated from (5) and 
from this the dielectric constant. It is easy to obtain: 

, = ,o + (4~rnoF2/3kT)(1 - exp( -  t l r ) )F°/E (9) 

where e0 is the square of the refractive index (equal 
to the dielectric constant at time t =  0, before movement 
of the dipoles starts). 

The static dielectric constant is given by: 

e* = eo + (4rmolz2/3kT)(F°/E) (10) 

If  (10) is combined with Onsager's relation 12 (already 
used by Fuoss and Kirkwood ta when considering the 
electrical properties of plasticized PVC): 

( c * -  e0)(2e* + eo)/e*(eo+2)2=4rmolz2/kT 

from which we obtain: 

F * / E =  (co + 2) 2~/3 __ (1/4~){[e0 + (e0 + 2) 2~/3] 2 + 8 e8}1/2 

(11) 

where 
= 4zm0/z 2/3kT 

It may be observed that F * / E  varies between (e0 +2)8/9 
and (e0+2)2/6 with variation of = from zero to infinity. 
Therefore it is possible to have F*/E=h(eo+2)2 /9  with 
h constant, ranging from 1 to 1.5, and independent of 
the number and moment of the dipoles and of the 
temperature. This approximation simplifies subsequent 
treatment relative to a system consisting of different 
dipoles. 

Defining a polarization conductivity k~ = j~/E, obtain 
from (8): 

k~= [h(eo+ 2)2nol~2/27kTr]exp( - t/r) (12) 

In the case of a polymer, whether pure or plasticized, 
not merely one type of dipole should be considered, but 
it should be recalled that it is made up of dipoles with 
various relaxation times and dipole moments, n~,j are 
used to indicate the number of dipoles per unit volume 
with lag time r~ and moment /zj. We shall therefore 
obtain for k~ the expression: 

k~ = [h(v 2 + 2)2/27kT] • (n~, jlz~/r~)exp(- t/r~) (13) 
id 

where v is the refractive index and h ranges from 1 to 
1.5; for the dielectric constant: 

e = e0 + [4rrh(v 2 + 2)2127kT] ~.. n~jF~[1 - exp(-  t / to)  (14) 

from which it is immediately checked that: 

1 de 
k u  = 4~r dt 

This equation, already given in ref. 6, is also derived 
from the phenomenological treatment of the dependence 
of the conductivity on time, discussed in ref. 8. It can 
be seen from (13) that the polarization conductivity 
falls with increase in time, tending to zero when the 
time tends to infinity; this behaviour is that observed 
experimentally. The form of the equation k~,=k~(t) ,  
at constant temperature, depends on n~ and on their 
relation with r~. 
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As for the dependence of the polarization conductivity 
on the temperature, it must be pointed out that the delay 
time according to Debye's theory 11 is proportional 
to the viscosity; admitting that the dependence on the 
temperature is the same for each r~, in the sense that 
log -r~/d(1/T) is independent of T~, and that it is of the 
type: 

~" = ~-i0exp(W/RT) (15) 

with rio practically independent of the temperature1", 
we have, neglecting the dependence of (v2+2) 2/T on 
the temperature: 

dlnk~/d(1/T)= W ~ (m,sht, stz~/TO(t/r,- 1)exp(-t/z,)/ 

Z (n,jh,j~,~/~,)exp(- t/~,) (16) 
Bearing in mind that 

dlogk~/dlogt = - Z(n#hljtz~/r,)(t/z,)exp(- t/rt)/ 

E(mjh~tt~/'rOexp(-t/rO (17) 

we immediately have 

dlnk~/d(1/T)= -W[(dlogk~/dlogt)+ l] (18) 

It may be seen from this equation that k~ can increase 
or decrease with temperature according to whether 
dlogkp/dlogt (always negative) is, in absolute values, 
greater or less than 1. 

The experimental data reported in Figures 4 and 5 
show that dlogkp/dlogt is < 1, in absolute values and, 
moreover, practically independent of the time and 
temperature in the intervals considered by us. Results 
show that Rdlnk~,/d(1/T) is constant but lower than the 
activation energy of the viscous flow, in spite of the 
fact that the viscosity is the parameter determining the 
movement of the dipoles. 

Applying equation (18) to the experimental data of 
Figures 1 and 2, a value ranging from 50 to 60 kcal/mol 
is obtained for W. In spite of such a high value, the 
polarization conductivity varies little with the tempera- 
ture as dlogtp/dlogt differs little from unity. 

Ionic conductivity 
If  the charge of the ions of species i is indicated by 

q~, their average speed in the direction of the field by 
vi and their number per unit volume by nt, then the 
current density j0, due to the ions, will be given by: 

jo = ~ q~n~v~ (19) 
i 

The average speed vt under steady-state conditions, 
will be linked to the field by the following approximate 
equation: 

,hv~ - o (20) - q ~ F ~  

where ,~ is a quantity proportional to the viscosity 
~7 of the system in which the ions move (At = At, 0~/0). 

The ions taking part in the conduction process are 

t The possibility of constructing, by superimposition, master 
curves for the various electrical properties confirms the validity 
of the hypothesis that dlogrdd(1/t) does not depend on T~. More- 
over, the experimental data given in Figures 1, 2 and 3 as well as 
in ref. 8, together with the discussion which follows, show how an 
equation of type (15) is justified. 
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of a different nature; they include those originating 
from the hydrochloric acid formed during thermal 
decomposition of the polymer. On indicating the number 
of moles of hydrochloric acid formed by v, the degree 
of dissociation by c~ and the equilibrium constant for: 

H C I ~ H  + + CI- 

by k, with va+ = vcl- the number of H + and CI- ions 
formed, we have vH+= vCF=~v where o~ is given by: 

w2/(1-~)=k 
The dependence on the temperature is given by: 

k = koexp( - Uo/2 ER T) (21) 

where U0 is the energy of dissociation of hydrochloric 
acid in vacuum and ~ is the macroscopic dielectric 
constant 14. 

Considering the various results, we get: 

vii+= vcx-=(vko)l/2exp(- Uo/2ERT) (22) 

in the hypothesis that a is small compared with 1 as 
is presumably the case. It is advisable to emphasize 
that the number of moles of hydrochloric acid figuring 
in the previous equations is that referring to the hydro- 
chloric acid present and not to the hydrochloric acid 
formed. In fact, it should be remembered that part 
of the hydrochloric acid formed by thermal decom- 
position is eliminated as a result of the presence of 
stabilizers. 

Moreover, ions originating from specific types of 
stabilizers (e.g., based on tin) or other impurities may 
be present; the number of these ions may or may not 
depend on the temperature. 

Using equations (20) and (22) and what has been 
stated previously about the relation between F ° and 
E, the ionic conductivity K0, defined by jo/E, is given 
by: 

/to = [h(,0 + 2)2/9~7]{(I/2tH+ + 1/ho-)(vko) 1/2 x 

exp( -  Uo/2,RT) + Y~(qi2nda~, 0)} (23) 

where the first two terms take into account the H + 
and CI- ions, and the sum of the contribution of the 
other types of ions. 

As for the dependence of K0 on the temperature, it 
must be observed that it is due to the term lfi7 which 
will be of the form exp(-H/RT) and to a term 
exp(-U/2~RT) and other terms similar to the latter 
which take into account the dependence of the number of 
other types of ions on the temperature. U0 is equal to 
102.7kcal/moP 5 and, bearing in mind that E is about 
13 e we have that Uo/2~ is equal to about 4; this value 
is certainly much smaller than the energy of activa- 
tion, H. 

Presumably, similar considerations may apply also 
to the possible dependence on the temperature of the 
number of other species of ions and therefore it may 
be assumed that the dependence of the ionic conductivity 
on the temperature is predominantly given by the term 
exp(-H/RT). The fact that dlogko/d(1/T) is practically 
constant in a narrow temperature range therefore 
appears to be justified as also that this derivative is 
almost independent of the number and type of ions, 
as well as of the percentage of plasticizer, because it 
is quite plausible that the 'viscosity' may depend on the 
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temperature in the same way as the change in com- 
position. Conversely, the value of  k0 at constant tem- 
perature depends on the number of  ions present and 
the viscosity; a drop in the conductivity under steady- 
state conditions due to an increase in the content of  
suitable stabilizers (which block the hydrochloric acid 
formed) is due to a fall in the number of  ions, v. 

The increased conductivity due to the presence of 
tin-based stabilizers is due to the presence of other types 
of  ions (m of equation (23)), while the drop in con- 
ductivity due to the decreased plasticizer content is, 
instead, due to an increase in the viscosity. 
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The fracture of rubber-modified polystyrene 
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This paper reports a successful attempt to apply the theories of fracture mechanics to 
the failure of impact polystyrene in air. The results show that linear elastic fracture 
mechanics is limited to correlating crack initiation data but that both maximum load and 
initiation data can be correlated using a constant crack opening displacement criterion 
calculated from the Dugdale model. The results are supported by similar calculations 
made from experiments with two other commercially important plastics: PVC and poly- 
carbonate. The toughness of these materials and that of PMMA, polystyrene, and poly- 
(ethylene terephthalate) are compared in terms of Rice's contour integral, J. 

INTRODUCTION 

Linear elastic fracture mechanics cannot be applied 
when the fracture event being studied occurs at a stress 
level which is above 70~o of  the applied stress 1. This 
number may only be taken as a general guide, however, 
and the most practical approach is to perform a series 
of tests to determine whether the fracture toughness is 
a function of some geometrical factor to an extent 
which cannot be set aside for good theoretical reasons. 
The finite plate correction factors of Brown and Srawley 2, 
for example, remove the dependence of  fracture tough- 
ness on crack length to specimen width ratio for crack 
tip stress fields which are essentially elastic. 

In the work described here, fracture tests of  a com- 
mercial grade of impact polystyrene (IPS) were carried 
out over a wide range of  Instron cross-head displace- 
ment rates to check the applicability of  fracture theories. 
The linear theory, using a Kc criterion, proved capable 
of correlating crack initiation results, but was unable 
to cope with the maximum load data. Correlation was 
achieved using a constant crack opening displacement 
(COD) criterion calculated from the Dugdale model 3. 
Since the model can only provide a one-dimensional 
representation of the overall effects of  crack tip plasti- 
city, it could not match the real experimental situation 
exactly. The use of  this method can be justified, however, 
because failure stress predictions to within + 5 ~ were 
possible for two different specimen geometries. 

Finally, a comparison is made between the results 
for IPS and those obtained by the authors for other 
tough plastics. These show that the analysis can be 
successfully applied to a range of  materials and that the 
fracture toughness test has considerable potential for 
comparing one material with another. 

THEORY OF FRACTURE MECHANICS 

Linear theory 
Griffith's energy balance argument4--that a sharp 

crack in an elastic brittle solid would extend when the 

* Present address: Royal Military College, Kingston, Ont., Canada. 

energy which would be released by an infinitesimal 
crack extension was greater or equal to the surface 
energy of the newly created surface--was extended by 
Irwin 5 and Orowan 6 to quasi-brittle materials. They 
pointed out that the work of plastic deformation in- 
volved in crack growth far exceeded the true surface 
energy even for materials as apparently brittle as glass. 
The elasticity solution for the energy release rate G, 
introduced by Irwin 5, s would still be valid, however, if 
the size of  the yielded zone was small compared to the 
crack length. For  an infinite plate in plane strain G is 
given by: 

t~2~a (I - v2)t 
G=- E 

where ~=the  applied stress, 

2a = the crack length, 

E =  Young's modulus, 

v = Poisson's ratio. 

irwin 5, s also introduced the stress intensity factor (K) 
concept by showing that the stresses in the crack tip 
region could be characterized by K, the value depending 
only upon the loading conditions and specimen geo- 
metry. He also showed that K and G are equivalent; in 
plane strain: 

K 2 = . E G  =a2zr a 
1 - v 2  

If  a fracture event can he shown by experiment to 
occur at the same critical value of stress intensity factor 
Ko despite changes in specimen geometry (assuming that 
plane strain conditions obtain), the validity of using 
the Kc approach is established and Kc can be considered 
to be a material property. K does, however, vary with 
temperature, crack speed, type of chemical environment, 
strain rate, and in plane stress, with specimen thickness. 

Fracture test results which show that Kc depends on 
crack length (providing the appropriate geometrical 
correction factors have been employed 2) violate the 

t In all of these equations for plane stress set (1-  vs)= 1. 
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geometry independence requirement in the most basic 
way. In such cases, another analysis must be used which 
accounts for crack tip yielded zones which are of a size 
comparable to the crack length. 

Extensions to the linear theory 
If  yielding takes place ahead of the crack tip, then it 

is clear that the faces of the crack must separate a certain 
amount. It has been argued 9 that this crack opening 
displacement (COD) characterizes the strain environ- 
ment in the crack tip region and can function as a 
fracture criterion. I f  it can be validated by experiment, 
the COD criterion provides a conceptually simple 
fracture parameter. 

The first model of crack tip yielding was proposed 
by Dugdale 3. He envisaged the growth of an equilibrium 
line plastic zone at the tip of the crack in which the 
stress was equal to the yield stress. The details of the 
model are shown in Figure 1. For a centre crack in an 
infinite plate, values of COD and equilibrium plastic 
zone length can both be determined from closed form 
solutions 3 , 19. For practical geometries numerical results 
must be used 11, z2. Figure 2 gives non-dimensionalized 
COD results for the single edge notch (SEN) geometry 
in the form of a nomogram for the benefit of others 
who may wish to make trial calculations similar to 
those to be made here. Non-dimensional COD or 8* is 
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Figure I The Dugdale model. (a) Dugdale model; (b) elastic 
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Figure 2 COD in the Dugdale model for the SEN specimen 
(uniaxial tension) 

given by: 
~rE8 

8* =4gtd(1 - v 2) (plane strain) 

where 8 = COD, 

d=plate  width, 

err=the stress in the plastic zone which is here 
defined as the yield stress (gy). 

In the case of small scale yielding, i.e. when ~ r u ,  
then the Dugdale model shows that COD and Kc are 
directly related and provide equivalent fracture criteria. 

K s 
8 = E ~  (1 - v ~) (plane strain) 

If  the constant COD criterion is applied to the Dugdale 
model data of Hayes and Williams zl for the SEN 
specimen, then the curves of Figure 3 are produced. 
For low values of 8* the shape of the curve approaches 
that which would be predicted by an inverse square 
relationship between applied stress and crack length. 
Indeed, a plot of Kc versus aid ratio for various values 
of 8* shows that a marked dependence of Kc on crack 
length does not begin to be important until 8">0.10 
except for very short cracks la. 
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Figure 3 o/ot versus crack length for constant 3" SEN specimen 
Dugdale model. 3*" A, 0.05; B, 0.1 ; C, 0.2; D, 0.3; E, 0.4; F, 0"5; 
G, 0.6; H, 0.8; I, 1.0 

The J concept 
The application of energy methods to fracture prob- 

lems began to have renewed practical importance fol- 
lowing the work of R ico  4 who developed a relationship 
for the change in energy of  a body due to the growth 
of a crack or void. The relationship is of particular 
value because it provides a general statement describing 
the strain field near the crack tip from which all of 
the fracture parameters of current interest can be cal- 
culated. 

Rice's expression is given in terms of a path-indepen- 
dent integral J whose application is restricted only by 
the neglect of kinetic energy and heat transfer effects, 
and by the requirement that the strain energy density 
function: 

W(,mn)= f om" ~r,jdelt 

be single valued. J is given by: 

J = f r (Wdy- T, OoUx'dS ) 

where r is any closed contour around the crack tip, 

s is the arc length of the contour, 

T~ are the tractive components of stress acting at 
the contour, 

m are the displacements, 

i, L m, n are the subscripts of tensor notation. 

If  the Dugdale model is analysed using this integral, 
then it can be shown that J is given by: 

J =¢ub (1) 

In plane strain and for o ~  u, J and K are related 

Fracture of rubber-modified polystyrene: R. J. Ferguson et aL 

by: 
K 2 

J = ~ ( 1  - v~) = G (2) 

so that J may be regarded as a measure of the work 
done at the crack tip. 

TEST PROGRAMME 

The bulk of the experimental effort was devoted to 
impact polystyrene (IPS) and the discussion of experi- 
mental technique will be largely restricted to that 
material. The samples of PVC and polycarbonate (PC) 
which were tested were treated in the same way as 
IPS except where noted. All testing was done in an 
air-conditioned laboratory (temperature, 20 + 0-5°C; 
relative humidity, 50 + 5 ~). 

Materials 
IPS: an unpigmented medium impact grade supplied 

by BP Chemicals Ltd, in compression moulded sheets 
of 1-5, 3.0 and 6.0mm thickness. 

PC: Bayer Makrolon, extruded sheet, 3 mm thick. 
PVC: unplasticized ICI Darvic l l0, compression 

moulded, 3.0 mm thick. 

Notching 
IPS is translucent and therefore it is difficult to see 

whether a good notch has been produced. This is a 
critical point because reproducibility of results depends 
on a consistent notch quality and because the lowest 
value of Kc can only be obtained for the sharpest notch. 
For polystyrene, for example, Kc can vary by a factor 
of five if the best and worst notching methods are 
comparedlL 

The technique finally adopted was to force a razor 
blade into the material slowly to a depth of about 
0.5mm. If  the blade is pushed in too quickly or deeply 
a large craze bundle is formed and the fracture loads 
are considerably affected. The razor blade was mounted 
in a Vickers hardness tester so that penetration could be 
controlled carefully. It was important to use a fresh 
part of the blade for each specimen. 

PC specimens were also prepared in this way but 
PVC had to be notched using the impact notching 
technique that has been previously described by Marshall 
et al. 15. 

Specimen geometries 
Most of the tests were carried out using the SEN 

specimen. Crack lengths were varied from 2 to 12 mm 
and the possible existence of a thickness effect was 
investigated for IPS at one cross-head speed. 

One series of four-point bending tests was performed 
to ensure that the results were truly geometry inde- 
pendent. 

Figure 4 shows both specimen configurations. 

IPS: FRACTURE TESTING 

Procedure 
After notching, the specimens were tested in batches 

of ten or twenty at cross-head rates from 0-05 to 50 
cm/min. For the slow speeds it was possible to note 
the moment of crack initiation through a microscope 
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Figure 4 Specimen geometries. (a) Single edge notch; (b) four- 
point bend 

and to make a measurement of COD at maximum load. 
For the medium speeds (1 and 2 cm/min), a Bolex cin~ 
camera was used to record each test and at the higher 
speeds a Fastax camera was employed. These films were 
subsequently analysed and values of crack initiation 
load, COD at maximum load and, in one case, plastic 
zone length, were derived from them. 

Tensile failure of  notched IPS specimens 
General. The grade of IPS tested did not fail in a 

brittle manner even at the highest cross-head'speed 
available, 50 cm/min, and all of the failures were charac- 
terized by extensive slow growth. At the lower testing 
speeds, slow growth continued beyond the maximum 
load point and failure took place by ductile tearing as 
the load dropped towards zero. At the higher speeds, 
fast fractures were observed after an amount of unloading 
which decreased with increasing testing speed. Typical 
load-extension curves are shown in Figure 5. This 
behaviour is due, in part, to the normal effect of increasing 
straining rate on the ease with which a stiff machine 
can keep up with a sudden change in specimen elongation 
(cf. the comprehensive discussion of this for steels by 
Rogantr). It may also be due to a progressive decrease 
in the capacity of the material to form an energy absorb- 
ing crazed zone as crack speed rises with straining rate. 
It is certainly true that the extent of the crazed zone 
decreases with increasing crack speed. 

Development of the crazed zone. The addition of 
styrene-butadiene or polybutadiene rubber to poly- 
styrene has the effect of increasing the volume of craze 
matter produced and thus improves the energy absorbing 
capacity of the material. In a tensile test of a notched 
specimen, this behaviour manifests itself in the de- 
velopment of a large crazed zone at the crack tip. 
Figure 6 presents a series of drawings of the development 

0 
o :_.1 

50crnlrnin 

Deflection 
Figure 5 Typical load deflection curves for IPS 

Boundory of crozed zone 
ff=ffm0x 

5 

0"= O'mo X o" = O'mo x 

2-5 2 

cr =_area x 0.25mm 
{-3 

Slow growt-h l 

Figure 6 Development of the crazed zone in IPS 

of the heavily stress-whitened core of the zone made 
from a cin6 film record of craze growth in black- 
pigmented IPS. Photographs of unpigmented material 
taken using transmitted light show a haze of secondary 
crazes covering a much larger area (cf. Figure 17). 

Crack initiation data 
Crack initiation results usually show a considerable 

amount of scatter because the selection of the moment 
when slow cracking begins is necessarily influenced by 
human error. With this in mind, the typical data shown 
in Figure 7 are quite acceptable and demonstrate that 
the Kc criterion can apply at crack initiation for IPS. 
(In the Figure the ordinate is ~ y2 where Y is the 
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Figure 7 Typical crack initiation data for IPS in air, Cross-head 
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If  Kc is converted to Jc by equation (2) and the results 
are plotted against cross-head rate (Figure 8), it is 
seen that Jc for crack initiation is rate sensitive in common 
with PMMA and polystyrene 15, t7 

Figure 8 also shows the agreement between Jc cal- 
culated from Kc (equation 2) and that calculated using 
equation (1) from values of  COD obtained by measure- 
ment from filmed test records. The agreement is excel- 
lent. Also noteworthy is the good agreement between 
different batches of  specimens tested on different days; 
each circle represents a batch of ten or more specimens 
of varying crack lengths. 

The broken curve in Figure 8 represents the variation 
in Jc for final fracture in polystyrene when that material 
is razor notched in the same way as IPS. The coincidence 

of  these results is useful evidence of the toughening 
effect of the rubber particles in IPS. I f  it is assumed 
that razor notching produces a craze bundle of about 
the same size in both materials, then it seems reasonable 
to postulate that the energy input required to break 
through the bundle will be the same also. In polystyrene, 
final fracture follows immediately; however, in IPS the 
material can continue to extend the craze to an extent 
which would be disastrous in polystyrene and therefore 
the transition from slow cracking to instability is 
delayed. 

Applicability of the Dugdale model to IPS 
The Dugdale model is an equilibrium model and 

therefore its application to a situation in which load is 
increasing must be verified by experiment. From the 
outset it was clear that the shape of the crack tip from 
the moment of  crack initiation until maximum load is 
reached did not match the ideal assumed here and 
shown in Figure 9. The crack tip does not become more 
blunt or remain stationary as load rises but moves 
slowly forward maintaining roughly the same tip radius 
(Figure 6). Despite this drawback the simple approach 
produces useful results and in other respects the model 
provides an adequate description of the overall effect 
of crack tip yielding. 

COD 
! 

"7 t / ~ • r ~ f , , , 

Figure 9 Idealized crack tip geometry at max=- 
mum load (cf. Figure 6) 

To check on the validity of the Dugdale model for 
describing the fracture of IPS, the following tests were 
performed. 

Constant load tests. A series of razor-notched IPS 
specimens was tested under constant load. Once the 
craze had grown to equilibrium length the craze stress 
was calculated using the Dugdale model results of 
Fenner 12 (here presented in the form of a nomogram, 
Figure 10). It was found that the value of craze stress 
predicted by the model was constant and did not depend 
on a/d ratio (Figure 11). The value of  craze stress deter- 
mined can be associated with the yield stress of the 
material for testing times of about 14h which was a 
typical time taken for a craze to reach equilibrium 
length. 

Growing craze tests. Another series of notched speci- 
mens, in this case pigmented with a black dye so that 
the developing craze could be seen more easily, was 
tested at 0-5 cm/min. A film was taken of the tests and 
measurements of  craze length from it were matched to 
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Figure 10 Plastic zone length in the Dugdale model for 
specimen (uniaxial tension) 
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Craze stress calculations, constant load tests 

the appropriate load and then a craze stress was calculated 
from Fenner's data z2. A typical result is shown in 
Figure 12. In the early stages of  craze growth the craze 
does not reach its equilibrium length and hence the 
predicted stress is much higher than the yield stress. 
As loading proceeds, however, the combination of  slow 
crack and craze growth is such that the predicted stress 
is asymptotic to a constant which turns out to be the 
yield stress of the bulk material at the strain rate of  the 
test. 

Maximum load data 
SEN tests. As would be expected from the large 

amount of  crazing around the crack tip which is observed 
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Figure 12 Craze stress calculation, constant straining rate test. 
Cross-head speed, 0.5cm/min 
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Figure 13 Typical maximum load data for IPS in air showing 
fit achieved with constant COD criterion. - - ,  8=0-25mm; 
. . . .  , Kc=constant; cross-head speed, 0.05cm/min; ~ry, 17.51 
MN/m s 

at the moment the maximum load is reached (Figure 6), 
the Kc criterion cannot be expected to characterize the 
crack tip stress field and will therefore be unable to 
correlate the experimental results. The constant COD 
criterion, on the other hand, works rather well. The 
results from Fenner's 12 finite element analysis (Figure 2) 
were interpolated to determine the COD for each specimen 
using: the maximum stress achieved in the test, the 
initial crack length (in accordance with the identity 
represented in Figure 9), and the cr u and Young's modulus 
appropriate to the testing speed. For  IPS the crack 
speeds are low and hence bulk material values o f e  u 
and E are representative of  those for the region ahead 
of  the crack. The average COD for each batch of speci- 
mens was taken as the fracture criterion and a curve 
was fitted to the data. A typical result is shown in 
Figure 13. The fit is a good one and the superiority of  
the analysis over the constant Kc criterion, indicated 
by a broken line, is unquestionable. The results of  all 
of  the test series are given in Figure 14 in terms of  Jc as 
a function of  cross-head speed. This is done to reflect 
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the increases in both COD and ay with testing speed. 
As before, a comparison with Jc values obtained using 
COD measurements from the filmed test records is 
made, and the good agreement is clear up to a cross- 
head rate of 5 cm/min. Beyond this point accurate COD 
measurements become difficult because of the short 
duration of the test (less than 1 see). The agreement 
between computed results from different batches of 
specimens is, however, excellent throughout the range. 

The apparent peak in the curve at a cross-head speed 
of 5 cm/min coincides with the onset of instability in the 
tearing process. The trend to lower values of Je as cross- 
head speed rises beyond this point seems reasonable 
because of the rate sensitivity of the crazing process. 
At low speeds crazing has ample time to proceed and 
can prevent rapid crack growth. The amount of crazing 
which does take place is reflected by the COD. As the 
speed rises both the yield stress and COD increase and 
hence Jc rises also. However, a point is reached where 
crazing no longer has time to take place and the COD 
will fall even though ~y continues to rise. 

Figure 15 shows the maximum load and initiation Jc 
versus cross-head speed curves plotted together. Extra- 
polation to higher speeds makes the curves cross at a 
value of approximately 6 kJ/mZ. From this point onward 
fracture would be expected to occur without significant 
stress whitening. Charpy impact test results supplied 
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by Woodward (personal communication) support this 
argument. He obtained a Je of 5.9 kJ/mZ for a theoretical 
striker (cross-head) velocity of 1.46× 104cm/min and 
no stress whitening was observed. 

Four-point bend tests. Although no geometry effect 
due to thickness or change in crack length was observed 
in tensile fracture testing of IPS, either at crack initiation 
or at maximum load, it was decided that another speci- 
men geometry should be tried. It was considered especi- 
ally important to verify the appropriateness of the 
ideal of the crack tip profile which had been em- 
ployed. 

Accordingly, a series of four-point bend (4PB) test 
specimens cut from 12 mm thick sheets was tested at a 
cross-head speed of 0.5cm/min. By a suitable choice 
of specimen dimensions, it was found that, in terms of 
strain rate, SEN and 4PB tests at 0.5 cm/min could be 
directly compared. The maximum moment which could 
be applied to the beam was determined by using the 
COD found in the SEN tests at 0.5cm/min and the 
results of Hayes and Williams 11. The moment which 
would cause crack initiation was found using Ke and 
the Brown and Srawley formula which includes a finite 
depth correction factor s . 
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cT/ d 

Figure 16 Four-point bend tests results, IPS tested at 0.5cm/min 
compared with SEN predictions. O, SEN data, constant 
COD=O,43mm criterion maximum load; I~, SEN data, constant 
Kc, criterion initiation 

Both the predictions and the corresponding experi- 
mental results are given in Figure 16. The ordinate is non- 
dimensionalized bending moment 

6M 
attd 2 

where M = applied moment, t = thickness, d = depth of 
beam, crt=ay=yield stress. From Figure 16, it is clear 
that SEN results can be successfully used to predict 
both initiation and final fracture loads in four-point 
bending. This agreement is encouraging and lends 
confidence to the approach to ductile failure given 
here. 
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POLYCARBONATE AND PVC: FRACTURE TESTING 

Polycarbonate 
Polycarbonate can fracture in a brittle manner at 

high Instron testing speeds. At lower speeds failure 

N 

takes place by ductile tearing under plane stress condi- 
tions (see Figure 17 where IPS, PC, and PVC are com- 
pared). The transition from ductile to brittle behaviour 
is a function of thickness--ductile failures are observed 
throughout the Instron speed range for 3ram thick 
sheet and brittle failures for 5mm thick sheet above 
10cm/min. 

The ductile failures were analysed by the methods 
previously described for IPS; Kc was used to correlate 
initiation data and the constant COD criterion to 
correlate maximum load data (Figure 18). 

If the Jc values for maximum load at different cross- 
head rates are compared (Table 1) it is seen that Jc drops 
with increasing testing speed. This is the correct trend 
because the fracture toughness must fall as the ductile- 
brittle transition is approached. It is unlikely, however, 
to be possible to extrapolate directly to the brittle 
fracture toughness value since the transition is a sudden 
one. 

Because relatively few specimens were tested, it is 
not possible to comment confidently on the crack 
initiation results given in Table 1 for PC. The tests at 
5cm/min were particularly prone to error and con- 
firmatory experiments are necessary. These will be 
included in a separate investigation into the nature of 
the ductile-brittle transition. 

PVC 
Unplasticized PVC also fails in plane stress and its 

fracture behaviour is similar to that of IPS and PVC 
(see Figure 17), and can be analysed in the same way 
(see, e.g., Figure 19). A ductile-brittle transition is not 
observed at Instron testing speeds for 3mm sheet; 
however, the trend of the Jc results given in Table 1 
indicates that one may exist at some higher speed. 

As was true for PC, the PVC crack initiation results 

Figure 17 Comparison of crack tip plasticity at maximum load 
for (a) IPS, (b) PC and (c) PVC 
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Figure 18 Typical maximum load data for PC in air showing f it 
achieved with constant COD criterion. Cross-head speed, 0.5 
cm/min; oy=56MN/m=; , ~=0.75mm; . . . .  , Kc==constant 

Table I Jc values (kd/m ~) for initiation and maximum load at different cross-head speeds 

Cross-head PMMA Polystyrene IPS PVC 
speed 

(cm/min) Init. Max. Init. Max. Init. Max. Init. Max. 

PC PET 

Init. Max. Init. Max. 

0"05 0.27 0.91 0.23 0'39 0.85 4"2 - -  74.9 
0.50 0.32 0.91 0'25 0'36 t -40 9"0 1 "69 66.2 
5.00 ~ O. 91 - -  - -  2"08 24"2 1" 34 61.5 

- -  49"1 - -  
3"00 41-8 5-7 18.9 
2"55 41 "3 - -  
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Figure 19 Typical maximum load data for PVC in air showing 
fit achieved with constant COD criterion. Cross-head speed, 0.5 
cm/min; o y = 5 4 M N / m ~ ; - - ,  ~= l .2mm; . . . .  , Kc=constant 

are tentative and require confirmation. This will be 
part  of  a separate investigation. 

CONCLUSIONS 

The primary aim of  this work was to demonstrate the 
possibility of  analysing the ductile fracture of  IPS. 
This aim has been supported by similar experiments 
using PVC and PC. From all of  these results it is clear 
that the Kc criterion cannot be applied to any aspect of  
the fracture behaviour of  such ductile materials beyond 
the point of  crack initiation. By using the Jc criterion it 
is possible to characterize the deformation in the crack 
tip region and valid comparison between materials can 
be made. 

Table  1 contains the fracture toughness values for 
six thermoplastics at three representative cross-head 
speeds. The results for P M M A  and polystyrene are 
from the work of  Marshall et  a l A  5, 17 and those for 
poly(ethylene terephthalate) film from ref. 13. It  is 
interesting to compare the ranking of  the six materials 
in order of  toughness by Izod impact strength, critical 
J at maximum load, and on the basis of  the maximum 
stress which can be applied to a specimen containing 
an initial sharp notch of length 0.1 d. This is done in 
Table  2. Clearly Jc provides the most sensitive measure 
of  toughness. The difference in order-of-merit for PVC 
and PC between Izod and fracture tests is not surprising 
given the difference in notching technique and strain 
rate that is involved. Polycarbonate is less sensitive to 
strain rate than PVC and it is entirely feasible that the 
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Table 2 Comparison of order of toughness by Izod impact 
strength, critical J at maximum load and failure stress 

Relative toughness by 
The order of toughness 

at 0.5cm/min Impact* Jc Failure stress']" 

1 Polystyrene 0.36kd/m ~ 1 1 1 
2 PMMA 0.91kJ/m~ 1.5 2.5 1.6 
3 IPS 9-0kd/m ~ 4 25 2.3 
4 PET 18.gkd/m 2 ? 52 11 
5 PC 41"8kd/m ~ 70 116 11 
6 PVC 66.2kd/m 2 10 184 5.9 

* Approximate values Izod test (ASTM D256) from Properties 
of Plastics Shell Chemicals (UK) Limited, London 
t Stress at maximum load for a SEN specimen where a/d=0.1, 
cross-head rate=0.5cm/min 

ranking order from a fracture test would be reversed 
for brittle fractures at high strain rates. 
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Note to the Editor 

Light scattering from terpolymer solutions 
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The apparent molecular weight of terpolymer obtained where 
from light scattering measurements is affected by the 
heterogeneity in composition as well as in molecular 
weight. In this note, we have extended the relationship 
between the apparent molecular weight and refractive 
index increment of a binary copolymer to the ternary 
system, and present some experimental results. 

Terpolymer species i is characterized by the molecular 
weight M~ and the compositions wa~, WB~, and wc~, 
i.e. weight fractions of the monomer units in a molecule 
of that species. Notations follow Yamakawa's system 1. 
Apparent molecular weight obtained from Rayleigh 
ratio is expressed by: and 

Mapp = v -2 ~,, v~M~w~ (1) 
i 

where w~ = cdc, the ratio of the concentration of species 
i and the total concentration of terpolymer. The re- 
fractive index increments are written for species i: 

v~ = WA~ VA q- WB~ VB -]- WC~ vC 

and for the terpolymer: 
v= W A VA + WBVB + WCVC (2) 

where w~, wa, and wc are average compositions of the 
terpolymer, and VA, VB, and vc are the increments for 
respective homopolymers. The deviations of composi- 
tion from the average value are expressed by 

~WA~ = WA~ -- WA, 8Win = WB~ -- WB, and 8wc~ = wc~-  wc 

where 
8Wa~ + 8WB~ + 8wc~ = 0 (3) 

Substituting equations (2) and (3) into equation (I) 
and eliminating 8wc~, we obtain the apparent molecular 
weight: 

i 

A VA--VC g + Q B  VB--Vc  2 (-:) (-=)+ 

( M ~ )  = Y, M~w~, 
i 

PA = Y, M~W~(SWAO, 
4, 

PB=Y, M~w~(SWBO, 

QA= Y, M~w~(SWA~) 2, 
i 

QB = ~ ,  M~W~(SWB~) 2, 
i 

R= Y_, M~w~(SwAO(Sw~O 
i 

By putting C = B, equation (4) is reduced to the equation 
derived by Leng and Benoit 2 for the A-B binary copoly- 
mer. The weight-average molecular weight (Mw) and 
the deviation parameters PA, PB, QA, QB and R could 
be calculated from the measurements of the apparent 
molecular weight in at least six different solvents. 

Terpolymer sample T74 was synthesized by radical 
polymerization corresponding to a 'partial azeotrope '3 
having a constant styrene/acrylonitrile ratio. Terpolymer 
T43 is far from 'partially' azeotropic and heterogeneous 
in composition. The compositions of terpolymers are 
shown in Table 1. 

The composition of terpolymers at the beginning of 
terpolymerization and that at the given conversion are 
calculated by the Skeist method 4 with the Alfrey and 
Goldfinger's equation s, and are shown as the composi- 
tion range in Table 1. The partially azeotropic ter- 
polymer T74 has a negligibly small heterogeneity in 
composition and was fractionated due to the molecular 
weight 6. The refractive index increment is calculatedV 
with the terpolymer composition and refractive index 
increments of the parent homopolymers by equation 
(2). The results are consistent with the observed values. 
It means that equation (2) is confirmed in this system. 

All measurements of light scattering from terpolymer 
solutions were carried out at 20°C with the Shimadzu 
Photometer PG-21 over the angular range 45 ° to 135 ° 

Table 1 Composition of terpolymers 

Monomer feed 
(mole fraction) 

Conversion 
Sample S AN MMA (wt~o) 

Composition range of terpolymer 
(wt fraction) 

DMF DMF 
A N M M A Vcalc. robs. 

T74 0" 55 0" 15 0" 30 6' 1 
T43 0.147 0" 693 0" 160 8" 5 

0- 6081 ~ 0" 6075 
0" 4940~ 0 • 4725 

0-0889,~ 0.0886 0.3029~ 0"3039 0-1274~0.1£72 0-1240 
0-2959~0-3052 0-2101~0.2223 0.1204~0"1182 0.1162 
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with a cylindrical cell and with a light source of 436 nm. 
Each solution was purified by centrifugation at 20 000 x g 
for 1 h. The apparent molecular weight was determined 
from the Zimm plot. Refractive index increments were 
measured with light of  436 nm at 20°C with the Shimadzu 
Differential Refractometer DR-3.  The apparent mole- 
cular weights, refractive index increments and the second 
virial coefficients in various solvents are shown in 
Table 2. 

The refractive index increments for the homopolymer 
vA, VB and vc were calculated with the Gladstone-Dale 
equation, if all three homopolymers could not be dis- 
solved in the solvent. The refractive index and density 
of a solvent are those referred to in data collected by 
Huglin s. 

The typical Zimm plots in dioxane are shown in 
Figure 1. The second virial coefficient is apparently 
affected by the difference of composition in T74 and 
T43. 

By solving six simultaneous equations corresponding 
to equation (4), we could obtain the parameters in 
equation (4). The data for six solvents are insufficient, 
however, to obtain the accurate values of  deviation 
parameters, from which we could discuss the dispersion 
of composition in terpolymers. As shown in Table 2, 

Table 2 Molecular weight, Mapp, refractive index increment, v 
and second virial coefficient, As for terpolymers in various 
solvents 

T74 T43 

Mapp A~ Mapp A~ 
Solvent v x 104 x 10 -4 v x 104 x 10 -4 

Acetonitrile insoluble 0"189 29"0 2"3 
Methyl ethyl 0.181 44.5 3"8 0"166 30"6 5"0 

ketone 
Tetrahydrofuran 0.159 47.6 7.8 0.147 29.1 7.3 
Dimethylforma- 0-124 50.0 5.5 0-116 40.5 10-8 

mide 
Dioxane 0.142 45.5 6.8 0.123 26.3 1.3 
Chloroform 0.123 58.8 10.3 0.114 50.0 9.5 
Toluene 0-065 52.6 3.6 insoluble 

Note to the Editor 
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x 
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Sin 2-~ - + I O O c  

Figure 1 Zimm plots of T74 (O) and T43 ( e )  in dioxane at 20°C 
with 436nm light 

the apparent molecular weights of T74 obtained with 
different solvents show a smaller dependence on solvent. 
On the other hand, Mapp of T43 is varied significantly 
with solvent. This result corresponds to the width of 
composition range shown in Table 1. 
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Letters 

On the molecular weight distribution in 
condensation polymerization 

Introduction 

The most probable molecular weight distribution in 
batch condensation polymerization was stated by 
Flory 1 to be 

xr = p (r-z)(1 - p )  (1) 

where Xr is the number fraction of  r-mers in a mixture 
formed by polymerization of  a monomer with two 
functional groups. Here p is the fraction of  the original 
number of  such groups which have reacted in the 
formation of  the mixture. 

It is assumed that all groups are of the same reactivity, 
independent of  the length of the chain to which they are 
attached. 

Flory's argument was a statistical one, and is given 
in slightly different forms in other texts 2, 3. A kinetic 
derivation, based on an assumed order of  reaction with 
a common value of  the rate constant for condensation 
of  molecules of  all sizes, can also be carried through 4. 

In teaching this point students are not easily con- 
vinced by the statistical proof  (the chance of  a unit 
having reacted is indeed p but it may have reacted 'into' 
a molecule of  any size, not only that under considera- 
tion). The kinetic treatment requires a particular model 
of  the course of  the reaction for the derivation to be 
given (though such a model is not unique). Watterson 
and Stafford 5 discuss the kinetic derivation of  the 
molecular weight distribution, and take into account 
by-product concentrations and the fact that equilibrium 
(rather than complete reaction) may be attained. They 
also note that 'some of the steps in Flory's derivation 
are not conceptually easy to follow'. 

The following derivation may be of interest. It relates 
directly to the way in which any one molecule is formed. 
The convolution integral involved is not a very deep 
concept, and the treatment is similar to that for the 
residence time distribution in a sequence of  volumes or 
chemical plants. 

Derivation 

For simplicity, let us consider the batch polymerization 
of H O - R - C O O H  (the copolymerization of  di-alcohols 
with di-acids can be similarly dealt with). Let there be 
No molecules of  H O - R - C O O H  initially in the batch, 
and let p '  be the proportion of the original reactive 
end groups (henceforward called groups) which has 
reacted by the time t ' .  The symbols p '  and t '  will be 
used as running variables during the time period 0 ~ t ,  
at the end of  which the proportion of  original groups 
remaining is (1 - p) .  

At any time t the number of  unreacted monomer 
molecules will be N0(1 - p ) 2 ,  since for any one monomer 
to survive both its groups must remain unattacked, and 
this involves the square of  the probability of  either 
one of  them remaining unattacked. The total number 
of groups, initially 2N0, is 2 N 0 ( 1 - p )  at time t, so the 
total number of molecules is N 0 ( 1 - p ) .  Hence the 

number fraction of monomer molecules is (I - p )  at t, 
or (I - p ' )  at t ' .  

Consider now the formation of  dimer molecules in 
the time interval t '  to t ' + d t ' .  This is obtained by 
multiplying the number of groups on monomer mole- 
cules by the chance of  any one group in the mixture 
reacting, and finally multiplying this product by the 
chance that such reaction as does occur is with another 
monomer molecule. 

(A). Since the number of unreacted molecules at time 
t '  is N 0 ( 1 - p ' )  2, the number of groups on monomer 
molecules is 2 N 0 ( 1 - p  ,)2 at time t '. 

(B). The rate of destruction of  groups at time t '  is 
2N0(dp'/dt '). To express this as a fraction of  groups 
existing at t '  we must divide by 2 N 0 (1 -p ' ) .  Hence 
the chance of any one group reacting in the time interval 
t '  to t '+d t"  is ( 1 - p ' ) - Z . ( d p ' / d t ' ) . d t ' .  

(C). The fraction of such reaction as is considered in 
(A) and (B) above being with another monomer molecule 
is ( 1 - p ' ) ,  since all molecules are assumed to have the 
same reactivity and the number fraction of  monomer 
in the mixture surrounding a given group is (1 - p '). 

The product of (A), (B) and (C) is easily seen to be 
2No(1-p ' )2 . (dp ' /d t ' ) .d t  '. We must now divide by 2 
since each monomer-monomer combination in the time 
interval d t '  would otherwise be counted twice. 

The number of dimer molecules formed in the time 
interval t '  to t ' + d t '  is thus No(1-p ' )2 . (dp ' /d t ' ) . d t  '. 
We must now see how many of these will survive from 
time t '  to t. The total number of  groups at time t '  
is 2 N 0 ( 1 - p ' ) ,  which number falls to 2 N 0 ( 1 - p )  at 
time t. The fraction of  groups at time t '  which survive 
to time t is therefore ( 1 -  p ) / ( 1 - p ' ) .  

For  a dimer molecule at time t '  to survive to time 
t both its groups must remain unattacked, and its chance 
of survival is thus ( 1 - p ) Z / ( 1 - p ' )  z. We therefore 
multiply the product of (A), (B) and ((2) by 

(1 - p)2/(1 - p 32 

to find the number of  dimer molecules formed between 
t '  and t ' + d t '  and surviving until t. This result is: 

N0(1 - p ) 2 d p '  (2) 

The total number of dimer molecules at time t is thus 
expression (2) integrated over all values of  t '  from 0 to t. 
This integral is" 

No(l_p)2j'~dp,=Nop(1 _p)2 (3) 

which gives the number fraction of  dimers at time t as 
p(1 - p ) .  

Consider now the formation of  a trimer molecule. 
The previous derivation can be carded through until 
paragraph ((2). We now wish to consider the reaction 
of  a group on a monomer molecule with a dimer, and 
the number fraction of dimers in the mixture surrounding 
the given group is p '(1 - p '). Also we do not divide by 
two, since our procedure for considering monomer-  
dimer reaction does not count each such event twice. 
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We could have considered dimer combining with mono- 
mer, with a similar resultant expression; but we must 
not consider this combination as well as the monomer 
combining with dimer. 

The resultant expression equivalent to expression 
(2) is: 

2N0(1 - p )Zp 'dp '  (4) 

which, integrated over all values of t '  from 0 to t, 
gives: 

2N0( 1 - p ) 2 fP  ° p 'dp ' = N o p  2(1 - p)2 (5) 

which is to be compared with equation (3). 
For  the formation of  tetramer we consider the com- 

bination of  monomer+  trimer (or, but not as well as, 
trimer +monomer) ,  and dimer+ dimer (which will re- 
quire a factor of ½ to prevent double counting). 

Paragraph (A) requires alteration for dimer-dimer 
combination, but this is straightforward, and following 
through the derivation gives: 

N o ( 1 - p ) 2 f P o 3 ( P ' ) e d p ' = N o p 3 ( 1 - p )  2 (6) 

Since the formation of r-met from two blocks in all 
possible ways leads to: 

No(1-p)2f~ (r-l)(p')r-2dp'=Nopr-l(1-p)2 (7) 

we have the general expression for number fraction as 
p r - l ( 1 - p ) .  

The consequences of this molecular weight distribu- 
tion (and the derived number-averages, weight-averages, 
viscosity-averages, etc.) are well known. If  the velocity 
constants for different sized molecules are not all equal 
the simple statistical arguments become invalid. The 
treatment given here could possibly be adapted, but 
such a situation focuses attention on the actual kinetics, 
and a kinetic derivation is thus to be preferred. Great 
care with the velocity constants between like and unlike 
molecules is required if incorrect factors of  2 are to be 
avoided. 

The molecular weight distribution which will be 
obtained from a continuous polymerizing reactor will 
depend on the flow through and mixing in the reactor. 
This has been considered by, among others, Denbigh, 
and some of his results are to be found in Denbigh and 
Turner 6. For the reason mentioned in the last paragraph 
there are some errors there, which I regret. These will 
be corrected, but the reader may care to find them for 
himself. 

Acknowledgements 

The purpose of this letter is to present an approach 
which was not previously known to me or my colleagues. 
I am grateful to a student, S. G. Trotter, whose persistence 
forced me to produce this treatment, to D. A. Blackadder 
for helpful comments, and to the referee, who required 
greater clarity in the presentation. 

Department of Chemical Engineering, 
University of Cambridge, 
Cambridge CB2 3RA, UK 
(Received 7 May 1973; 
revised 27 June 1973) 

d. C. R. Turner 

Letters 

References 

1 Flory, P. J. J. Am. Chem. Soc. 1936, 58, 1877 
2 Mark, H. and Tobolsky, A. V. 'Physical Chemistry of High 

Polymeric Systems', 2nd Edn, Interscience, New York, 1950, 
p 369 

3 Tanford, C. 'Physical Chemistry of Macromolecules', John 
Wiley, New York, 1961, p 139 

4 ldem, ibid. p 592 
5 Watterson, J. G. and Stafford, J. W. J. MacromoL Sci. 1971, 

A.q, 679 
6 Denbigh, K. G. and Turner, J. C. R. 'Chemical Reactor Theory', 

2nd Edn, Cambridge University Press, Cambridge, 1971, p 111 

Crystallization of polyamides under elevated 
pressure: nylon-6 (polycapramide) 

It is well known that elevated pressures, above 3 kbar, 
may strongly enhance the rate at which polymers such 
as polyethylene crystallize in extended chain conforma- 
tion 1, 2. Extended chain crystals may be grown either 
by pressure induced crystallization I or by annealing 
of folded chain crystals near the melting temperature 
as was reported for polyethylene by Rees and BassettL 

This preliminary account describes the conditions that 
were found for extended chain crystallization of nylon-6 
under elevated pressure. The polymer used throughout 
this study was synthesized by alkaline polymerization. 
The molecular weight was approximately 90x 10 ~ as 
estimated from viscosity measurements. The crystalliza- 
tion experiments were carried out using a high pressure 
dilatometer, which consisted of two pistons and a 
thick-walled cylinder equipped with an appropriate 
heating device. The pressure was generated by a simple 
hydraulic press 3. 

Initially crystallization experiments were carried out 
by heating the nylon-6 samples to temperatures in the 
range 240 to 310°C and by applying pressures between 
3kbar and 8kbar. These conditions did not lead to 
extended chain crystals but appear to favour severe 
decomposition of the polymer. 

We succeeded in growing extended chain crystals 
after the caprolactam was removed and the nylon-6 was 
purified. This was accomplished by dissolving the 
polymer in formic acid. Subsequently the polymer was 
precipitated by pouting the solution into an excess of a 
50 7o by weight mixture of acetone and water. Another 
essential step in the procedure was the removal of air 
from the sample by heating it up to 100°C and applying 
a pressure of 8 kbar for 15 h. After releasing the pressure 
the sample was heated to temperatures in the range 
of 240 ° to 310°C and crystallization was induced by 
applying pressures exceeding 3kbar. The period of 
isothermal crystallization was 24h after which the 
sample was cooled to room temperature at a speed of 
10°C/h. That extended chain crystals were grown by 
this technique was inferred from the marked increase 
in melting temperature from 220°C for folded chain 
crystals to 240°C for pressure crystallized polymer. 
There is also a substantial difference between the fracture 
surfaces of the two types of crystals. The replicas of the 
folded chain crystals appear to be spherulitic in the 
electron microscope (Figure 1). An electron micrograph 
of the fracture surface of  the extended chain crystals, 
shown in Figure 2, reveals that the surface is rather 
rough and that only little extended chain lamellae are 
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We could have considered dimer combining with mono- 
mer, with a similar resultant expression; but we must 
not consider this combination as well as the monomer 
combining with dimer. 

The resultant expression equivalent to expression 
(2) is: 
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possible ways leads to: 
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tion (and the derived number-averages, weight-averages, 
viscosity-averages, etc.) are well known. If  the velocity 
constants for different sized molecules are not all equal 
the simple statistical arguments become invalid. The 
treatment given here could possibly be adapted, but 
such a situation focuses attention on the actual kinetics, 
and a kinetic derivation is thus to be preferred. Great 
care with the velocity constants between like and unlike 
molecules is required if incorrect factors of  2 are to be 
avoided. 

The molecular weight distribution which will be 
obtained from a continuous polymerizing reactor will 
depend on the flow through and mixing in the reactor. 
This has been considered by, among others, Denbigh, 
and some of his results are to be found in Denbigh and 
Turner 6. For the reason mentioned in the last paragraph 
there are some errors there, which I regret. These will 
be corrected, but the reader may care to find them for 
himself. 
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Crystallization of polyamides under elevated 
pressure: nylon-6 (polycapramide) 

It is well known that elevated pressures, above 3 kbar, 
may strongly enhance the rate at which polymers such 
as polyethylene crystallize in extended chain conforma- 
tion 1, 2. Extended chain crystals may be grown either 
by pressure induced crystallization I or by annealing 
of folded chain crystals near the melting temperature 
as was reported for polyethylene by Rees and BassettL 

This preliminary account describes the conditions that 
were found for extended chain crystallization of nylon-6 
under elevated pressure. The polymer used throughout 
this study was synthesized by alkaline polymerization. 
The molecular weight was approximately 90x 10 ~ as 
estimated from viscosity measurements. The crystalliza- 
tion experiments were carried out using a high pressure 
dilatometer, which consisted of two pistons and a 
thick-walled cylinder equipped with an appropriate 
heating device. The pressure was generated by a simple 
hydraulic press 3. 

Initially crystallization experiments were carried out 
by heating the nylon-6 samples to temperatures in the 
range 240 to 310°C and by applying pressures between 
3kbar and 8kbar. These conditions did not lead to 
extended chain crystals but appear to favour severe 
decomposition of the polymer. 

We succeeded in growing extended chain crystals 
after the caprolactam was removed and the nylon-6 was 
purified. This was accomplished by dissolving the 
polymer in formic acid. Subsequently the polymer was 
precipitated by pouting the solution into an excess of a 
50 7o by weight mixture of acetone and water. Another 
essential step in the procedure was the removal of air 
from the sample by heating it up to 100°C and applying 
a pressure of 8 kbar for 15 h. After releasing the pressure 
the sample was heated to temperatures in the range 
of 240 ° to 310°C and crystallization was induced by 
applying pressures exceeding 3kbar. The period of 
isothermal crystallization was 24h after which the 
sample was cooled to room temperature at a speed of 
10°C/h. That extended chain crystals were grown by 
this technique was inferred from the marked increase 
in melting temperature from 220°C for folded chain 
crystals to 240°C for pressure crystallized polymer. 
There is also a substantial difference between the fracture 
surfaces of the two types of crystals. The replicas of the 
folded chain crystals appear to be spherulitic in the 
electron microscope (Figure 1). An electron micrograph 
of the fracture surface of  the extended chain crystals, 
shown in Figure 2, reveals that the surface is rather 
rough and that only little extended chain lamellae are 
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Letters 

Figure 1 Electron micrograph of a replica of a fracture surface 
of nylon-6 crystallized at ambient pressure 

Figure 2 Electron micrograph of a fracture surface of purified 
nylon-6 crystallized at 260°C for 24h under a pressure of 6 kbar 

present of the type that was found abundantly in poly- 
ethylene samples. A similar surface structure was ob- 
served by Liberti and Wundedich 4 for zone polymerized 
nylon-6. The rare occurrence of  these striated extended 
chain lamellae in these fracture surfaces might be due 
to the fact that the surface free energy of  001 planes, 
containing the chain ends, is considerably lower than 
that of the lateral planes, some of which are bound by 
the strong hydrogen bonds, so that the high pressure 
crystallized samples fracture preferentially along the 
001 planes. Evidence for this supposition is provided by 
infra-red reflection spectroscopy 5-7 on the fracture 
surfaces. Figure 3 shows that in the spectrum of  the 
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Figure 3 Infra-red spectra of nylon-6 surface of: A, internal 
reflection spectrometry technique applied to folded chain crystals; 
B, transmission spectrum of extended chain crystals; C, i.t.r. 
technique applied to surface of extended chain crystals 

fractured surface of  the extended chain nylon-6, as 
taken by the infra-red internal reflection spectrometry 
(i.r.s.), the strong absorption band at 3300cm -1 which 
is associated with stretching vibration of the N H bond 
connected by hydrogen bonding to the carbonyl group 
of  neighbouring chain is totally absent. This hydrogen 
bond absorption peak does occur in the i.r.s, spectrum 
of  folded chain crystals and in the transmission spectrum 
of  the extended chain crystals. The i.r.s, spectrum of  
the fracture surface of the extended chain nylon-6 reveals 
a relatively strong absorption at 2350 cm -z which also 
occurs much less pronounced in the i.r.s, spectrum of 
the folded chain crystals. This peak originates from 
impurities which apparently were rejected quite effectively 
from crystal growth front in the high pressure crystalliza- 
tion experiment. 

More details about the high pressure crystallization 
of polyamides and the application of  the i.r.s, method 
to the study of  fracture surfaces will be given in future 
publications. 
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New polymer systems: chain extension 
by dianhydrides* 

R. A. Rhein and J. D. Ingham 
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, Calif. 91103, USA 
(Received 13 December 1972) 

New highly stable polymers are required for materials applications on future long-term 
planetary missions. The results of a systematic investigation on the use of anhydrides 
to prepare stable elastomeric materials using mild reaction conditions are presented. 
The three anhydrides investigated were found to provide effective chain extension of 
hydroxy-terminated poly(alkylene oxides) and polybutadienes. These were tetrahydrofuran 
tetracarboxylic dianhydride, pyromellitic dianhydride, and benzophenone tetracarboxylic 
dianhydride. The most effective catalyst investigated was ferric acetylacetonate, which 
resulted in chain extension at 333 K. A novel feature of these anhydride reactants is that 
they are difunctional as anhydrides, but tetrafunctional if conditions are selected that 
lead to reaction of all carboxyl groups. Therefore, chain extension can be effected and then 
followed by crosslinking via the residual carboxyl groups. 

INTRODUCTION 

The objective of  this work is the development of  stable 
elastomeric systems for solid-propellant binders applic- 
able to long-term planetary missions. Achieving this 
objective requires dimensional and mechanical stability 
as well as insensitivity to radiation. Such elastomers 
should evolve a minimum of  volatile products. These 
new elastomers should be useful in other applications. 
Previous work has shown that anhydrides can be used to 
chain-extend hydroxy-terminated prepolymers (ref. 1 and 
related unpublished JPL work); however, chain extension 
was limited and reaction conditions were relatively 
severe. The work reported here was conducted to obtain 
higher molecular weights and determine the effects of 
different catalysts, diols, and dianhydrides. 

Diols included poly(propylene oxide) (PPO), poly- 
(ethylene oxide) (PEO), and polybutadienes. For  a 
polymer of  increased stability, saturated hydrocarbon 
prepolymers will be more extensively tested in future 
work. Anhydrides included tetrahydrofuran tetracar- 
boxylic dianhydride (THFTDA),  pyromellitic dianhyd- 
ride (PMDA), and extension can be illustrated by: 

o ~ c - - - ( /  ] ' l ---c ~ o HO(R)mOH + ~C___),~ .~.l---C/ 

(PMDA) 
0 0 

F , . . ,  1 I--OC.,mO--C-T  / 
/ H O - - C ~  .>L -C- -OH/  

L 'o' " 'o' ]° 
* This paper presents the results of one phase of research carried 
out at the Jet Propulsion Laboratory, Calif. Inst. of Technol., under 
Contract No. NAS7-100, sponsored by the National Aeronautics 
and Space Administration and was published in JPL Q. Tech. Rev. 
1972, 1 (4), 97 and Rubber Chem. Technol. 1972, 45, 1554. 

where R is a monomeric unit in the prepolymer; extension 
can be illustrated by where R is a monomeric unit in the 
prepolymer, m is the prepolymer degree of  polymeriza- 
tion, and n is the degree of polymerization of the extended 
prepolymer. 

RESULTS AND DISCUSSION 

For most of the experiments, poly(propylene oxide) of 
mol.wt. 2000 and hydroxyl of  1-0equiv./kg (Union 
Carbide, Lot 439430) was used as the diol. Approximate 
intrinsic viscosities [~/] were calculated from: 

~sp/C = [7/] + 0.39[~]~C 

from measurements at one concentration C in benzene- 
dimethylformamide at 303 K. This relation is strictly 
valid only for PPO-toluene diisocyanate (TDI) polymers 2 
but is used here for comparison of anhydride polymers 
with the values obtained for PPO-TDI,  as an approxi- 
mation of the degree of chain extension. For  the exten- 
sion of prepolymers, the dianhydride and low molecular 
weight polymer were stirred at 448-468 K to dissolve 
the anhydride; the catalyst (if any) was added, and the 
solution was cured in a vacuum oven at the desired 
temperature. 

Since imidazole had been found to be a catalyst for 
the reaction of alcohols with PMDA for hydroxyl 
analytical methods 3, it was tested as a catalyst for the 
reaction of PPO with PMDA. The desired catalytic 
effect was found to be negligible. At a mole ratio of 
PMDA to PPO (AN/OH) of 1.0 and a curing temperature 
of 373 K, the values of [~/] were 1.6 and 1.5 m3/kg in the 
presence (21 h cure) and absence (24 h cure) of imidazole, 
respectively. The catalyst concentration was 0"2 mol per 
mol of PMDA. There are two functions of a catalyst in 
systems of this type. Not only should it increase the rate 
of the desired chain-extension reaction, but it is also 
desirable that it increases this ratio relative to side- 
reaction rates. Therefore, although imidazole was found 
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Figure 1 Solution viscosity of anhydride chain-extended poly- 
(propylene oxide). Temperature=333K; AN/OH=I'05. ©, 
THFTDA; O, PMDA; [], BTDA; I ,  CPTDA; A, NTDA; 
V, PTBA; A, TDI 
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to increase the chain-extension rate at times shorter than 
24 h, the final molecular weight for longer cure times 
was no higher when it was present, indicating that side- 
reaction rates were also catalysed. When short reaction 
times are desired, as for analytical methods, imidazole 
is an effective catalyst for anhydride-hydroxyl reaction. 
Further work showed that imidazole, pyrrole, and pyridine 
did not give higher values of [7] than no catalyst for cure 
times from 14 to 134 h at 333 K with a mole ratio of 
PMDA to PPO of 1.05. The intrinsic viscosities were 
always 1.1 (+ 0.3) m3/kg under these conditions. 

However, the presence of ferric acetylacetonate 
(FeAA) resulted in an intrinsic viscosity of ~2.4 m3/kg 
in 66 h at 333 K. The ratio of FeAA/anhydride was 0.2; 
thus, the catalyst concentration was higher and the effect 
less than for isocyanate-hydroxyl reactions. In an 
experiment in which the FeAA to anhydride or diiso- 
cyanate ratio was 0.002, the extended anhydride and 
isocyanate polymers had [7] = 1.8 and 8.8 m3/kg, respec- 
tively. However, the reactant ratio was probably more 
nearly optimum for the urethane polymer, accounting 
for part of the larger increase in molecular weight. 

Figure 1 indicates the effect on [7] when PPO was 
chain-extended with several different anhydrides in the 
absence of catalyst at 333 K. T H F T D A  resulted in the 
highest molecular weights and was as effective as TDI 
under these conditions. Inspection of the results in 
Figure 1 indicates that the rate of chain extension may 
depend on the solubility parameters of anhydride and diol. 

From Figure 2, it can be seen that the anhydride- 
hydroxyl mole ratio is in the vicinity of 1"05 for maximum 
chain extension. The value appears to be relatively 
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Figure 2 Solution viscosity of anhydride-poly(propylene oxide) 
versus anhydride to hydroxyl mole ratio. Temperature=345 K; 
©, t ,  FeAA/THFTDA mole ratio=0.2; A, CuAA (66 h);A, NiAA 
(66 h) 
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critical and somewhat less than the value of 1.10 gener- 
ally used for NCO/OH ratios. Figure 2 also shows that 
FeAA is a much more effective catalyst for anhydride 
extension than CuAA or NiAA, which is also true for 
the isocyanate reaction. 

Some experiments were also carried out at higher 
temperatures, for which gelation times were measured. 
Results are indicated in Figure 3. Because of esterifica- 
tion following anhydride ring opening, it appears that a 
crosslinked network can be formed and gelation may 
occur in 150 h at 373 K. The apparent upward curvature 
at lower temperatures is probably real but even if it is 
not, the relative rate of anhydride opening would be 
approximately six times faster than esterification at 
333 K (60°C), indicating that negligible esterification 
would take place under normal low-temperature curing 
conditions for this system. 

Table I shows some results obtained for chain extension 
and crosslinking of poly(ethylene oxide), polybutadienes 
and a reduced saturated polybutadiene. The higher 
temperature, 463 K, was used to dissolve the anhydride 
in the prepolymer. For these prepolymers, considerable 
chain extension and some crosslinking took place during 
the dissolution, as indicated by high initial intrinsic 
viscosities and gel formation within 10 min at 463 K in 
some cases. 
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Figure 3 Gelation time versus temperature for anhydride-poly- 
(propylene oxide) polymers, x ,  THFTDA; O, THFTDA+0.05 
FeAAs; A,  PMDA;  17, P M D A + 0 . 0 5  FeAAs 

A, Rhein and J. D. Ingham 

Table 1 Prepolymer chain extension with THFTDA 

Tempera- Mole Initial Final 
Time ture ratio [~7]a It/Is 

Prepolymer (m/n) (K) AN/OH (mS/kg) (mS/kg) 

Poly(ethylene oxide)b 3960 345 1.05c 0"8 1.6 
(66 h) 

Telagen-Sd 10 463 1.05 0" 8 2.3 
Telagen-Sd 60 463 1.16c - -  Gel 
Telagen-Sd 1080 345 1.05 - -  Gel 

(18 h) 
Hycar HTBe 10 463 1 "00 0'6 6"4 
Butarez HTSf 10 463 1.05 1 "5 3.0 
Butarez HTSf 18 345 1.05 ~ Gel 
Poly-BD, CN-15g 10 468 1-05 ~ Gel 
Poly-BD, R-45Mg 10 463 1.05 ~ Gel 
Poly-BD, R-15Mg 10 463 1.05 ~ Gel 
Poly-BD, R-45HTg 10 463 1-05 - -  Gel 
Poly-BD, CS-15g 10 468 1.05 - -  Gel 

a Viscosities obtained by single-point measurements using 
r/sp/C= I-r/] + 0.4[~/]2C 

b A. G. Fluka, mol.wt. 2000 
c Contained FeAA/anhydride mole ratio=0.05 
d Saturated polybutadiene ~,oJ-diol, GT and R, Lot 242 AM 148AH. 

hydroxyl 0-91 equiv./kg 
e Polybutadiene a,oJ-diol, B. F. Goodrich, Lot V-74, hydroxyl 

0.38 equiv./kg 
f Polybutadiene c~,<o-diol, Phillips Petroleum, Lot 4760, hydroxyl 

0.51 equiv./kg 
g Hydroxy-terminated polybutadienes, ARCO Chemical (all 

hydroxyl values from suppliers data) :CN-15, Lot 003061, hydroxyl 
0"58 equiv./kg; R-45, Lot 008281, hydroxyl 0.70 equiv./kg; R-15M, 
Lot 710291, hydroxyl 0.65 equiv./kg; R-45HT, Lot 006041, hydroxyl 
0.84 equiv./kg; CS-15, Lot 912211, hydroxyl 0.62 equiv./kg 

CONCLUSIONS AND RECOMMENDATIONS 

It has been found that THFTDA readily chain-extends 
PPO to high molecular weights in the presence of FeAA 
catalyst at 343 K or lower. The reaction with hydrocarbon 
prepolymers appears to take place at higher rates, even 
in the absence of a catalyst. 

Further work, particularly with saturated hydrocarbon 
prepolymers, should be conducted to define the minimum 
dissolution temperature and to determine which dian- 
hydride will produce maximum chain extension and 
minimum esterification at moderate temperatures. Cross- 
linking of the carboxyl groups formed on ring opening 
should be investigated further, especially to form cross- 
links at temperatures below 373 K. Trifunctional hydroxyl 
compounds, as well as metallic salts or oxide, should 
be tested. The former would be analogous to triols in 
urethane system, whereas the latter should provide salt 
crosslinks that would react with some of the free carboxyl 
groups and may tend to increase chemical stability. 
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Craze shape and fracture in poly(methyl 
methacrylate) 
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(Received 14 March 1973; revised 24 May 1973) 

The shape of the primary craze at the tip of a crack has been studied by optical microscopy 
for two grades of poly(methyl methacrylate). The craze shapes are compared with the 
predictions of the Dugdale model for the plastic zone at a crack tip, and used to obtain a 
quantitative estimate of the craze stress and the effective stress intensity factor. The values 
of the stress intensity factor are then compared with those obtained directly from fracture 
toughness measurements. 

INTRODUCTION 

It is now generally accepted that crazing is an essential 
part of the failure mechanism in brittle polymers such 
as poly(methyl methacrylate) (PMMA) and polystyrene 1. 
Kambour 2, following the pioneering research of Berry 3, 
has shown that a slow crack propagates through a 
primary craze with the crack and craze tip growing 
together. Kambour 4 and Bessenov and Kuvshinskii 5 
have studied the nature of the primary craze and shown 
that it can readily be observed in PMMA and polystyrene 
using optical microscopy. 

The aim of the research now reported is to make 
quantitative measurements of the shape of this primary 
craze, under both loaded and relaxed conditions, and 
to compare these shapes with the predictions of the 
Dugdale model 6 for the plastic zone at a crack tip. In 
this way it is possible to make the link with fracture 
mechanics measurements for slow crack propagation 
under stable conditions, a situation which has been 
extensively studied in recent years 7-9. The measurements 
of the craze shape will be used to obtain a quantitative 
estimate of the craze stress and the effective stress 
intensity factor, which can be compared with that 
obtained directly from fracture mechanics measurements. 
The results then provide valuable information con- 
cerning the nature of crazes and their modes of failure. 

EXPERIMENTAL 

Materials 
Measurements were made on two types of PMMA: a 

commercial grade manufactured by ICI Ltd, Perspex 
cast sheet; and a cast sheet from an experimental sample 
of PMMA plasticized with 7 ~  dibutyl phthalate. The 
latter sample has an appreciably lower modulus and 
yield stress. 

Measurements of  craze shape 
The measurements were made using the compact 

tension (CT) specimens shown in Figure 1 (see also 
ref. 10). This method has the advantage that providing 

* Seconded from [CI Corporate Laboratory, Runcorn, Cheshire, UK. 

the initial notch (the saw cut) is sufficiently long the 
crack travels in a straight line across the specimen 
without the latter being grooved. For the stress intensity 
measurements the specimen dimensions were 50mm × 
46.7 mm, the shape being in accordance with the require- 
ments proposed by Brown and Srawley lz. For determina- 
tion of the craze dimensions, a similar specimen of 
smaller dimensions ( ~ 5 m m x  10ram) was examined in 
an optical microscope, looking down vertically on to the 
crack tip in a direction normal to the crack plane (arrow 
in Figure 1). The craze and crack tip was observed in 
reflected light, as in the previous investigations of 
Kambour, and Bessenov and Kuvshinskii. 

$ 

I ,# 
I 

/ 
/ 

Figure 1 Compact tension specimen 
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The crack was initiated and propagated by pushing a 
razor blade slowly into the CT specimen. This method 
gave excellent control of the crack propagation which 
is important because of the small field of view in the 
microscope. Photographs were taken in both white and 
monochromatic light of the fringe patterns associated 
with moving cracks, stationary loaded cracks and un- 
loaded cracks. The high level of illumination required 
to photograph the moving cracks was obtained with a 
mercury arc lamp. The photographic negatives were 
scanned with a microdensitometer to obtain accurate 
fringe positions. 

Fracture toughness measurements 
The measurements of fracture toughness were under- 

taken by the method described in a previous paper 10. 
The initial crack formed by slowly pushing a razor 
blade into the base of the saw cut and the specimen 
pulled apart on an Instron testing machine at constant 
cross-head speed so that the crack travelled across the 
specimen at approximately constant speed. The stress 
intensity factors (K1) were calculated using the boundary 
collocation calculations of Brown and Srawley 11, from 
the load P as the crack passed scratch lines marked 
along the crack path. The Young's modulus, E, of the 
polymer was also determined using the Irwin-Kies 
relation 12: 

K~ P 2  dc 
E* 2B'da (1) 

where c is the compliance of the specimen, B and a 
the width and length of the crack respectively, and 
E* the reduced modulus. [E*=E, in plane stress and 
El (1 -  v 2) in plane strain, where v is Poisson's ratio]. 

Brown and Srawley give: 

K1 = ;  Y(a) (2) 

where Y(a) is a function of crack length. Combining 
equations (1) and (2) we have: 

1 
c = E ,  J Y 2(a) da (3) 

E* can then be obtained from a plot of the calculated 
value of j" Y 2(a) da against the experimentally measured 
compliance. 

~ S ~ T S  

The craze shape: general considerations 
Examples of the fringe patterns observed are shown 

in Figures 2-7 and typical microdensitometer traces in 
Figures 8 and 9. If it is assumed that the refractive index 
within the craze is a constant, the shape of the crazes 
can be plotted from these results. These shapes are 
shown in Figures 10, 11 and 12, where the vertical scale 
contains the unknown refractive index of the craze. 
This is a function of the strain in the craze, which in 
turn depends on the conditions of the test. In the Perspex 
specimens the stationary loaded craze and the moving 
craze showed very similar dimensions. It can be seen by 
comparison of Figures 10 and 11, that the moving 
craze shows a slight decrease in maximum craze thick- 
ness, which is in agreement with previous observations 
by Kambour. This was not the case for the plasticized 

H. R. Brown and I. M. Ward 

Figure 2 Overall view of crack and craze in Perspex 

Figure 3 Unloaded crack and craze in Perspex 

PMMA, where both the length and thickness of the 
craze were seen to be very velocity dependent, the moving 
craze always possessing smaller dimensions. 

The fringe patterns observed as the crack was unloaded 
and reloaded showed that the craze is highly elastic, as 
previously reported by Kambour 4. On unloading, about 
four of the fringes in the crack disappeared on a line 
at its tip and on reloading they reappeared. This showed 
that the crack tip is extremely blunt, and suggests a 
shape of the form shown in Figure 10. 

The craze shape: quantitative considerations 
As has been mentioned, the vertical scale in Figures 

10, 11 and 12 contains the unknown refractive index 
of the craze, which is a function of the strain in the 
craze, and in turn depends on the loading situation and 
the test conditions. 

The observations reported in the previous section 
confirm the previous conclusions of Kambour that the 
material in the craze can be regarded as a spongy elastic 
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Figure 4 Loaded crack and craze in Perspex 
Figure 6 Loaded stationary crack and craze in plasticized PMMA 

Figure 5 Unloaded crack and craze in plasticized PMMA 

solid 4. His approach is followed to calculate the refrac- 
tive index of the craze in terms of the strain in the 
craze, but as there is an apparent error in his calculation 
the result is derived from first principles. 

The refractive index of  the unstrained craze F0, is 
related to the mean polarizability per unit volume p by 

Figure 7 Loaded moving crack and craze in plasticized PMMA 

the Lorentz-Lorenz equation: 

/~o2-1 4 
/z ~ + 2 -  37rp (4) 
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Figure a Microdensitometer trace of crack and craze in Perspex 
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Figure 9 Microdensitometer trace of craze in plasticized PMMA 
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Figure 10 Configuration of crack tip and craze in Perspex under 
loaded stationary conditions, calculated from the interference 
patterns 

If  we assume that the craze extends with complete lateral 
constraint, the principal effect of strain will be a decrease 
in ff due to the decrease in density p, any orientational 
effects being very much smaller [cf. birefringence for 
extension ratio 3 = 1 × 10 -~ (ref. 13)]. We have: 

# = p0p_ po (5) 
p0 )t 

where )t is the extension ratio of the craze and the new 
refractive index/* is given by: 

/ . 2 -1  4 _ 4 po /*o2-1 1 
~ = ~ r p = ~ r r ~ - = ~ o ~ .  A (6) 

Adopting the value for /*o of  1-32 proposed by Kam- 
bour 14, we have: 

/ .2_ 1 0.2 
/ , 2 + 2 -  ,~ 

which gives /,2 = 1 + 0.6/(?t- 0.2). 
If  nb and no are the number of fringes in the craze 

at break and unloaded respectively, then 

nb /*B)t / l +  0-6 /1/2 )t 
~o = ~ o  = [ )t-O~.2] 1-32 

A-  1 (to a very good approximation) =1+].32- 
o r  

A--l=l.32tn--b--tno 1} 

This formula differs from that previously obtained by 
Kambour 4. 

The experimental results showed values of ndno in 
the range 2-3 which gives A in the range 2.3-3.6 and 
the refractive index of the craze at break /*B in the 
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Figure 11 Shape of loaded moving (0 )  and unloaded (©) crazes 
in Perspex calculated from the interference patterns, x, best fit 
to the Dugdale model 
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range 1-15-1.09. Figure 11 shows that to a very good 
degree of approximation, the retardation pattern of the 
craze at break is exactly proportional to that at zero 
load. The simplest explanation of this result is that the 
refractive index of the craze is constant along the craze, 
so that the retardation pattern gives an exact repre- 
sentation of the shape of the craze. With this assumption 
the shape of the crazes can be plotted in terms of the 
absolute dimensions, and this has been done on the 
right hand side of Figures 11 and 12. 

Fracture toughness measurements 
The stress intensity factors for Perspex and the 

plasticized PMMA were found to be in the ranges 
0.97-0.92MNm -3/2 and 0.91-0.87MNm-3/2 respec- 
tively, with the crack velocity varying from 9 to 5 
mm/min. This value for Perspex agrees very well with 
that reported by Marshall et al. 1~. The values of E* 
for the Perspex and plasticized PMMA obtained from 
Figure 13 were (2.90+0.05)x109Nm -~ and (2.38+ 
0.03) x 109 N m  -2, demonstrating the considerable plasti- 
cization of the latter material. The value of E* for 
Perspex agrees very well with the low strain time inde- 
pendent value of the Young's modulus E quoted by 
Ogorkiewicz TM. This agreement confirms that the majority 
of the elastic stored energy involves material at low 
strain, and moreover affords some support for the 
assumption of plane stress. 

DISCUSSION 

Comparison of craze dimensions with Dugdale plastic 
z o n e  

We now wish to compare the shapes of these primary 
crazes with the shapes predicted by the Dugdale plastic 
zone modeP. This model describes the situation in an 
infinite plate with a crack in the x~ direction for xl,~ 0, 
which is loaded by a uniform stress ~ applied at infinity 
in the x2 direction (Figure 14). The stress field produced 
by the stress ~ is given by expressions of the form: 

K1/ 0 
aij = (2~rr)l/2fi1( ) (7) 

where e i j = a n ,  a12, o22; r=[x~+x~]l/2; and fit(O) are 
simple trigonometrical functions (see for example ref. 17, 
p 216). Yielding of the material at the crack tip is con- 
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Figure 13 Calculated values of cE*B/2 against measured com- 
pliance c for Perspex (©) and plasticized PMMA (@). (For 
symbols see text). 
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Figure 14 The Ougda{e plastic zone 
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sidered as making the crack longer by the length R of 
the plastic zone and there is a series of internal tensile 
stresses of magnitude e0 in the x2 direction acting on 
the extended crack surface over the region 0 < x l < R .  
These internal stresses are chosen so that the stress 
singularities produced by the two stress fields just 
cancel, and no stresses exist in excess of the yield stress 
of the material. 

The length of the plastic zone is then given by: 

R =  '~ KS (8) 
8 

and the corresponding separation distance 8 in the 
plastic zone is: 

8 xl 
= ~E* aoR [~:- 2R [ 1 + ~:] ] lOg t l_  ~:] ] (9) 

where ~= 1 -  

These expressions have been derived by RicelL 
The crack opening displacement 3t is the value of the 

separation distance 8 at the crack tip where x~ =0, and 
is therefore: 

8aoR_ K~ (10) 
~ t=r rE ,  ~0E* 

In the application of the Dugdale zone model to metals 
it is assumed that the plastic deformation is confined to 
the plane of the crack and a0 is conventionally taken as 
the uniaxial tensile yield stress. It is now required to 
establish whether the model can also apply to the 
situation of a crack travelling through the primary 
craze in a polymer. In this case one could not expect a 
perfect fit because there is a finite volume of crazed 
material which means that the boundary on which the 
internal stresses (now assumed to be equal to the craze 
stress of the polymer) act is not a plane. However, the 
discrepancies can be expected to be small because the 
thickness of the craze is small compared with its length. 

An important feature of this model is that it is not 
very dependent on the stress criteria for craze formation. 
The line of travel of the crack x l = 0  is a line of zero 
shear stress within the plane but maximum triaxial 
stress. From our understanding of the stress criteria for 
crazing ~8 we can argue that such a stress field will 
favour crazing and that since the craze length is deter- 
mined by the requirement that the stress singularity at 
the crack tip is cancelled the stress at the crack tip will 
rise to meet the stress criteria for crazing. 
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Figure 11 shows the shape of  a craze in front of a 
crack in the Perspex cast sheet travelling at 3 x 10 -5 
mm/sec, together with the best fit of  these results to 
equation (9). The excellent fit suggests that the Dugdale 
model represents the situation very well. In this case the 
moving craze had a length of  24.2/xm and a thickness 
corresponding to 7.0 fringes. The unloaded craze showed 
approximately 3 fringes. From these results the refractive 
index of  the craze at break was calculated to be 1.10, 
giving a craze thickness at the crack tip of 1.73 Fm. 
This provides a value for the crack opening displacement 
3t which can be used together with the experimental 
value of E*,  to calculate the stress intensity factor 
K1 and the craze stress e0, on the basis of equations (8) 
and (10). We find K 1 = 0 . 6 5 M N m  -3/2 and a0=8.1 x 107 
N m  -2, This value for the stress intensity factor is 
appreciably lower than the value of  0 .95MNm -3/2 
found for this material at the faster crack speeds ~ 7  
mm/min, but compares very well with the value of 
0 . 71MNm -3/2 found by Marshall et alp at the lower 
crack speeds of these craze studies. The excellent agree- 
ment confirms the basic assumption involved in the 
model, in particular that the stress across the craze is 
constant along the length of  the craze. The value for 
the craze stress would be expected to be similar to that 
for the tensile yield stress in Perspex at room temperature, 
as typically crazing and yield can be seen to occur 
simultaneously in a tensile test 19. The shear stress at a 
strain rate of 4 x l 0 - 4 s e c  -1 was found to be 5x107 
N m-2  2o (corresponding to a tensile yield stress of  
rather less than 10x 107Nm-Z). Again, therefore, there 
is good quantitative agreement between the Dugdale 
zone model and other experimental data. 

In the case of  the plasticized PMMA, there is not 
such a good fit between the observed shape of  the craze 
and that predicted by the Dugdale zone model. In 
Figure 12 the experimental results are compared with 
Dugdale plastic zones of first the same maximum width 
and second the same maximum length. It can be seen 
that the fit is not as good as in Perspex, possibly because 
the craze length is too long for all the elastic stresses 
except the singular one to be ignored in the calculations. 

The similarity between the deviations from the Dug- 
dale model for the loaded and unloaded crazes does 
suggest that again the stress across the craze is constant 
along the length of  the craze. With some reservations 
in this case we can proceed to calculate the stress intensity 
factor/<i  and the craze stress e0, from the length of the 
craze and the crack opening displacement determined 
from the craze thickness at the crack tip. For the moving 
crack we find K l = 0 . 8 3 M N m  -3/2 and ~0=6.2x107 
N m  -2. This value for the stress intensity factor is not 
very different from that measured at much faster rates 
in the direct experiments and suggests that the effects 
of  crack speed in this material may be much less than 
in unplasticized PMMA. The value for the craze stress 
is very much lower than for the unplasticized PMMA, 
as is to be expected, and the comparatively similar 
value of  the fracture toughness arises because there is 
a considerable relative increase in the crack opening 
displacement. 

Variability in the craze patterns 
The crack front in Perspex was very dependent on 

the manner of  starting the crack, and the general view 
in Figure 2 shows that it was also rough in places across 

H. R. Brown and I. M. Ward 

a given crack front. From this Figure it can also be 
seen that the rough fracture mode was tougher than 
the smooth mode. We would therefore expect the direct 
bulk measurement o f / ( 1  to yield a greater value than 
that obtained from craze measurements of  the smooth 
fracture areas. The memory which Perspex exhibits 21 
in its fracture behaviour is probably due to the co- 
existence of these two stable crack propagation modes 
which are set up by the initial notching procedure. 

The plasticized PMMA, on the other hand, showed 
no tendency to produce rough cracks. In this case it 
would therefore be expected, first that the value of K1 
measured from craze dimensions would agree better 
with the direct bulk measurement value, and secondly 
that there would be no material memory effects. 

These observations, which are subsidiary to the 
present study, offer scope for future investigations con- 
cerned with the relationships between macroscopic 
fracture toughness measurements and the nature of the 
crack and craze patterns. 

CONCLUSIONS 

The results reported show that the Dugdale plastic 
zone model provides a good starting point for a study 
of the quantitative relationship between primary craze 
formation and fracture toughness measurements in 
polymers. This suggests a model for crack propagation 
in which the craze nucleates well in front of the crack 
and steadily enlarges as it approaches the crack tip. 
We have shown that the simplest interpretation of the 
craze interference patterns is that the material in the 
craze, no matter what its thickness, is extended to a 
fixed extension ratio ,~ (in the range 5-7 with respect to 
the uncrazed material) as the crack propagates. For 
the relaxed craze we have ,~,~ 2. The success of the Dug- 
dale model implies that the stress across this extended 
craze is just the stress necessary to craze more material 
(i.e. the critical craze stress, similar to the yield stress), 
and does not depend on the stress-strain properties of  
the craze itself. As in the application of the Dugdale 
model to metals we have replaced a complicated elastic- 
plastic problem by an equivalent problem in small 
strain elasticity, and made an assumption equivalent to 
perfect plasticity by assuming that the stress behaviour 
of the craze can be represented by a single parameter, 
the craze stress. 

The other important parameter in these experiments 
is the crack opening displacement 3t. When the craze 
reaches this limiting thickness it breaks on a line down 
the middle, and the broken craze material contracts 
within a very short distance to the thickness expected 
for an unloaded craze of density ~ 60 ~ that of PMMA. 

It is interesting to consider what factors may control 
the maximum craze thickness and why the craze should 
in general break down the middle. In this respect it is 
important to note that there is no evidence that the 
stress across the craze increases at the critical opening 
displacement. A possible explanation is that craze 
fracture is an activated process. The craze then breaks 
down the middle because this is the material which has 
been subjected to stress for the longest time. Moreover, 
the craze length and hence the craze thickness will be 
controlled by the stress-time dependence of fracture with 
no stress increase at the crack tip. 

We then have to understand how the craze shows 

474 POLYMER, 1973, Vol 14, October 



Craze shape and fracture in poly(methyl methacrylate) : H. R. Brown and I. M. Ward 

considerable  extensibi l i ty  and fails at  the compara t ive ly  
low stress of  ~ 1 0 V N m  -2. There  are at  least two pro-  
posals  which one has to consider.  One is the suggest ion 
of  Gen t  zz tha t  crazing is a process in which the d i la t ion  
causes a d rop  in Tg to the exper imenta l  t empera tu re  
so that  the po lymer  is in the rubbery  state. Studies of  
the fracture o f  rubbers  23 confi rm tha t  a stress of  
6 - 8 × 1 0 7 N m  -z  is required to fracture a rubber  at 
r o o m  tempera tu re  at  a s train rate  of  1 sec -1, the break ing  
extension being ~ 5 .  The other  view, suppor ted  by 
K a m b o u r  24, is that  the craze is l ike an open-cell  po lymer  
foam.  This accounts  for  the high elastici ty of  the craze 
and  the measured  values o f  craze modulus ,  but  leaves 
craze f racture  as a complex,  t ime-dependent  process  
involving large amounts  of  viscous energy. I t  should 
prove  o f  par t icu la r  value to extend the present  studies 
by  vary ing  po lymer  compos i t ion  and test condi t ions  
(e.g. presence o f  hostile environments)  in o rder  to throw 
light on these ideas. 
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The microstructure of compression moulded TPX, a semi-crystalline copolymer based on 
poly(4-methyipentene-1), has been examined usingseveraltechniquesand has beenshownto 
consist of small clusters of lamellar blocks about 5/zm in diameter. It is suggested that the 
clusters represent the early stage of spherulitic growth. The tensile properties of this 
material have been measured at temperatures between 77 and 420K. There is a sharp 
change in tensile ductility at about 290K which corresponds with a change in the micro- 
deformation processes. Optical studies have shown that between 285 and 330K ductility is 
associated with stress whitening and that above 330K large scale drawing occurs. Optical 
observations together with examination of thin sections in the electron microscope indicate 
that whitening is due to the formation of a large number of very fine irregular crazes. The 
microstructure of the crazes resemble those formed in polystyrene and other amorphous 
polymers. 

INTRODUCTION 

The present work is concerned with understanding the 
fracture morphology of compression moulded TPX 
which is an ICI grade of semi-crystalline copolymer 
based on poly(4-methylpentene-1) (P4MP1). The polymer 
was first described in 1955 by Natta et aL z and possesses 
several unusual properties, one of which is transparency. 
The material has a low density (0.83 g/cm z) and a high 
melting point (513K). In the crystalline state, the mole- 
cules take up a helical arrangement 2 and the conforma- 
tion consists of seven monomer units for every two 
turns of the helix. Because of the space required for this 
arrangement, the density of the crystalline regions is 
slightly less than the density of the amorphous regions 
at room temperature a. Degrees of crystallinity have 
been reported by several people for compresson moulded 
P4MP1. Both Crissman et al. 4 using density measure- 
ments, and Woodward et  aL 5 using an n.m.r, technique 
obtained values of 5070. This is consistent with the 
value given for the commercial polymer by ICI. 

EXPERIMENTAL 

The material was supplied by the Plastics Division of 
ICI in the form of pellets. Compression moulded sheets, 
3 mm thick, were prepared by preheating the pellets to 
548K for 10rain and compressing them for 5min 
between chrome-plated glazing sheets in a picture frame 
mould at a pressure of 5 MN/m 2. The sheets were then 
cooled whilst under pressure. 

For etching studies, sections were prepared by cutting 
with a jeweller's saw followed by hand grinding on 
emery papers and hand polishing on 'Gamma Alumina' 
paste. The most satisfactory etching was achieved with 
6M chromic acid at 3 5 3 K  for 12h. The solution was 

agitated every 2 h. The etched sections were examined 
using a scanning electron microscope (Stereoscan). 

Tensile specimens, which were cut from the sheets 
using a jeweller's saw, had a parallel gauge length of 
30 mm and the edges were polished in a similar way to 
the etched sections. The tensile tests were carried out 
on an Instron tensile machine, using a crosshead speed 
of 0"05 cm/min for the majority of the tests. A Wessel 
apparatus 6 was used for the low temperature tests in a 
liquid nitrogen vapour. For the high temperature tests, 
a hot air oven was used. The fractured specimens were 
examined using optical microscopy and the Stereoscan. 
For scanning microscopy the specimens were coated 
with a gold-palladium alloy in a vacuum evaporation 
unit. 

Thin slices, approximately 750 A thick, for examination 
by transmission electron microscopy were prepared at 
room temperature using an LKB ultramicrotome. The 
sections were collected on copper grids and were not 
stained or shadowed. Some sections were strained whilst 
on the grid using a separate tensile stage, and were then 
subsequently examined in the microscope. 

OBSERVATIONS 

Structure 

The structure of this material was examined briefly. 
Thin sections were prepared parallel and normal to 
the sheet and examined using the wide angle X-ray 
diffraction method. The photographs showed no evidence 
of preferred orientation in either section. Smooth, sharp 
and continuous diffraction lines were obtained. The 
Bragg angles were consistent with a tetragonal unit cell 
as determined by Frank et al. 2, with lattice parameters 
a and c of 18.60/~ and 13-53 A respectively. 
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Sections were cut parallel and at right angles to the 
sheet, and were then polished and etched. The surface 
had a fine matt appearance and was uniformly attacked 
by the etchant, again indicating that there was no pre- 
ferred orientation. The surface morphology was examined 
in the Stereoscan and the structure is shown in Figure 1. 
The dimension of  the uniform hillock structure is 
approximately 3 to 5/~m. Compression moulded surfaces 
and hand polished surfaces were studied directly in the 
Stereoscan. During observation, the originally smooth 
surface became rumpled as a result of  beam heating and 
'damage' (Figure 2). The rumpling is in the form of 
rounded undulations and is similar to that observed by 
Heavans et al. 7 in polyoxymethylene in similar circum- 
stances. A needle-like structure is superimposed on the 

Figure 1 Stereoscan micrograph of an etched section of com- 
pression moulded TPX 

Figure 2 Micrograph of a TPX sheet surface illustrating the 
Stereoscan beam damage, Before observation the surface was 
perfectly smooth 

Figure 3 Electron micrograph of a microtomed section of com- 
pression moulded TPX 

undulations suggesting a fibrillar structure. The average 
spacing of the undulations is again between 3 and 
5 t~m. Microtomed sections were examined in the electron 
microscope and the same 5tzm dimension could be 
detected as shown in Figure 3. The structure appears to 
consist of  crude spherulites with a radial ill-defined 
dispersion of needles or fibrils. 

It is concluded from these observations that the 
compression moulded material has a poorly developed 
structure corresponding to the initial stages of spherulite 
formation which is uniform throughout the material. 

Deformation and fracture at 293K 
The material was deformed by carrying out uniaxial 

tensile tests on parallel gauge length specimens. A 
typical stress-strain curve at 293K is illustrated in 
Figure 4. All specimens were ductile and showed a 
yield drop. The maximum stress was 20.7MN/m 2 and 
occurred at 6 % strain. The specimens remained trans- 
parent up to 90 % of the maximum load at which point 
a slight milkiness appeared in a small region of the 
specimen. This region grew to fill the gauge length until 
the specimen became completely opaque. The stress 
whitening was homogeneous to the naked eye and was 
reversible in that a specimen recovered and became 
transparent when it was cycled to strains less than the 
yield strain (6 %). Examination of the specimen surface 
after large strains showed that it contained a large 
number of crazes which formed perpendicular to the 
tensile axis. Figure 5 is an optical micrograph of  the 
surface of a stress whitened specimen which failed at 
about 20 % strain. The crazes have a maximum width 
of 2/~m at the surface and are very short and irregular. 

Fracture occurs in a ductile manner by the formation 
of an edge cavity. This is illustrated in Figure 6 which 
is a Stereoscan micrograph of the fracture surface of a 
compression moulded specimen. The opposite fracture 
surface was a mirror image of the one shown in Figure 6. 
Each surface shows a well defined line associated with a 
change in the fracture morphology which is probably 
due to a change in the speed of crack propagation. 
A high magnification micrograph of the region of slow 
crack speed (Figure 7) indicates that a large amount of 
drawing has taken place and that the resulting structure 
is extremely fibrous. 

To investigate the stress whitening phenomenon 
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Figure 4 Typical stress-strain curve for a TPX specimen tensile 
tested at 293K and at a strain rate of 2.8x 10 -4 sec -z 

Figure 5 Optical micrograph of the surface of a stress whitened 
specimen showing short and irregular crazes 

Figure 6 Stereoscan micrograph of the fracture surface of a 
stress whitened specimen. The boundary is caused by a change 
in crack speed 

Figure 7 Stereoscan micrograph of the slow crack growth region. 
The arrow indicates the direction of crack growth 
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Load-extension curves for tensile specimens of com- 
pression moulded TPX plotted as a function of temperature 

further, specimens of  compression moulded TPX were 
deformed in a three point bending jig fitted to the optical 
microscope. The first signs of deformation appeared 
when there was a slight 'milkiness' in the specimen. At 
this stage, a small number of short surface crazes were 
observed. The crazes formed perpendicular to the 
tensile axis and were approximately 7/zm in length. 
Several crazes initiated at scratches and impurity particles. 
With increasing strain the number of crazes grew and 
their average length increased to 25/~m. At still larger 
strains, the crazes became much wider, and it could be 
clearly seen that they contained highly reflective 
material. 

Effect of temperature 
Tensile tests were carried out on curved gauge length 

specimens of  compression moulded TPX at a range of 
temperatures and the results are shown in Figure 8. 
As the testing temperature was decreased the material 
became brittle. There was a sharp change in the tensile 
modulus between 270K and 290K (Figure 9) which is 
associated with the glass transition temperature, Tg; 
dilatometry experiments gave a value of 280K for Tg. 
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Figure 9 Effect of temperature on the tensile modulus (O) and 
reduction in area at fracture 
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Figure 10 Effect of temperature on the fracture stress (A) and 
yield stress (0)  

The fracture stresses and yield stresses are plotted 
against temperature in Figure 10. The change from 
ductile yielding to brittle fracture was accompanied by 
changes in the mode of fracture. Specimens tested 
between 285K and 330K deformed by a stress whitening 
mechanism. At the lower temperatures in this range 
failure occurred after only small elongations, whereas 
at temperatures approaching 330K stress whitening was 
accompanied by drawing. These changes are reflected in 
the change in reduction in area at fracture also shown 
in Figure 9. At temperatures above 330K, the specimens 
drew to their natural draw ratio, which increased with 
temperature; no stress whitening occurred. Specimens 
tested below 285K did not show stress whitening and 
failed in a completely brittle manner. However, a large 
amount of fine surface crazing was noted in specimens 
tested at 77K when immersed in liquid nitrogen. 

No systematic studies were made of the fracture 
surfaces. However, the brittle fractures at low tempera- 
tures were of some interest. Figure 11 is an optical 
micrograph of the fracture surface of a specimen tested 
at 220K. There is a well defined initiation region which 
is approximately planar surrounded by rough irregular 
surfaces. Stereoscan observations indicated that fine 
cavitation was involved in the initiation process. 

When polymers are crystallized from the melt under 
stress-free conditions, the resulting structure is usually 
spherulitic. Keith and Padden 8 have pointed out in 
their theory of crystallization that spherulite-forming 
materials are multicomponent systems in which certain 
components are likely to be rejected preferentially by 
growing crystals. In polymers, one component will be 
the crystalline phase and the other phase will consist 
of molecules of low molecular weight and atactic material. 
This second phase will be accommodated between 
growing fibrils and at spherulitic boundaries. Factors 
that will influence the spherulitic structure include 
(a) those that alter the viscosity of the melt and the 
growth rate (temperature of crystallization), and (b) 
those that alter the nucleation density (impurity particles). 
The present system (TPX) contains a nucleating agent 
and this, coupled with the fact that the sheets are water- 
cooled after fabrication, will result in a very high density 
of nuclei. The crystallization process will occur very 
rapidly and it is unlikely that well defined spherulites will 
f o r m .  

At 298K stress whitening occurs when compression 
moulded TPX is deformed in uniaxial tension. Haward 9 
was amongst the first to report whitening which he 
observed whilst stretching cellulose nitrate film. He 
suggested that it was due to the formation of holes in 
the material, 200 A in diameter. Either the size of the 
holes or their distance apart are on such a scale as to 
scatter light. Other workers 10, 11 are of the opinion that 
the turbidity in PMMA is due to the formation of 
voids. Stress whitening has also been reported by 
Bucknall and SmitM 2 in high-impact polystyrene and 
by Matsuo ~3 in ABS polymer. They showed quite 
clearly by examination of thin sections that the whitening 
was due to an increased density of crazing. Whitening 
also occurs in certain grades of nylon (Bessell, T. personal 
communication) and appears after the maximum tensile 
load. In this case whitening is attributed to a large 
number of cracks forming in the specimen. 

In contrast to the nylon, stress whitening in TPX 
occurs just before the yield point. The observations 

D I S C U S S I O N  

Crystallinity in polymers has been recognized for some 
time but it is only recently, through detailed examination 
of single crystals and acceptance of chain folds, that 
the structure of bulk polymers has been understood. 

Figure 11 Optical micrograph of the fracture surface of a TPX 
specimen tested in tension at 220K. The surface is very irregular 
but a small initiation region can be seen at A 
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comparable to those of  the fibrils in the deformed 
structure. 

I t  seems likely that the craze-like structure observed 
in the strained microtomed sections is responsible for 
the stress whitening observed in the bulk material, and 
one can conclude that stress whitening is due to the 
formation of a large number of  fine, irregular crazes, 
and is similar to conventional crazing. 

CONCLUSIONS 

Figure 12 Transmission electron micrograph of a strained micro- 
tomed section of compression moulded TPX. The arrows indicate 
the stretching direction 

reported here indicate that in compression moulded 
TPX the whitening is a form of  crazing on a very fine 
scale. There is evidence f rom the deformation of injection 
moulded TPX z4 that two different types of  crazing can 
occur in the same tensile specimen. At low magnifications 
one type has all the features of  stress whitening and in 
the other type large thin crazes are formed. The two 
types of  craze occur at different stress levels. 

I t  was hoped to gain further information about the 
whitening by examining microtomed sections f rom 
stress whitened material. However, the sections were 
very similar in appearance to the unstrained material 
suggesting that they had relaxed during sectioning. To 
examine the deformation structure more directly, micro- 
tomed sections of  the undeformed compression moulded 
TPX were mounted on copper grids which were then 
strained on a microstraining device. The sections were 
examined in the electron microscope and showed 
extensive evidence for non-uniform deformation (Figure 
12). The microstructure is similar to the microstructure 
of  crazes formed in polystyrene 15. However, the craze 
boundaries are much more irregular than in polystyrene 
and the orientation of  the fibrils within the crazes is 
not as pronounced. This is to be expected particularly 
for small crazes since they have grown through ill-defined 
bundles of  lamellar blocks of  crystalline material that 
have many different orientations with respect to the 
applied stress. The dimensions of  the lamellar blocks are 

I t  has been shown by various techniques that the micro- 
structure of  compression moulded TPX consists of  
small, poorly developed spherulites. Tensile tests on 
the material indicate that stress whitening is the initial 
mode of  deformation between 285K and 330K. Below 
285K the material fractures in a completely brittle 
manner  whereas above 330K specimens draw to their 
natural draw ratio. 

A detailed optical study of  the specimens together 
with the examination of  thin sections suggest that 
stress whitening is due to the formation of a large number 
of  fine crazes. 
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Solid and liquid state relaxations in 
spin-labelled poly(ethylene glycol) at high 
temperatures (T> To) 

P. Tbrm/il/i, H. Lattil/i and d. d. Lindberg 
Department of Wood and Polymer Chemistry, University of Helsinki, Helsinki, Finland 
(Received 21 March 1973; revised 11 June 1973) 

Free and covalently bonded (esterified) nitroxyl radicals experienced in poly(ethylene 
glycols) (PEG;/~n 200-22 000) at temperatures T> Tg several different isotropic rotational 
relaxation regions. As a first approximation it was assumed, that in the polyglycols 
Mn>~1000 there are at least three rotational relaxation regions: the liquid state (I), the 
melting state (11) and the solid state (111). The existence of the fourth region, the frozen 
solid state (IV), was also concluded. The existence of the relaxation region (11) indicated 
the close interaction between radicals and the crystalline phase. The order of rotational 
activation energies (Ea) was E~I>ElaII> I Iv Ea>E a (~n~>1000). In the polymer melts (I) Ea 
values of free and bonded radicals first diminished as a consequence of the decrease of 
the end group effect and they achieved constant high molecular weight values (~15 and 
25 kd respectively). Ea changed in the solid state as a function of Mn principally in the same 
manner except of the higher numerical values (~40 kd), 

Ea of free and covalently bonded radicals in the transition region (11) gained a maximum 
at M--n 1550 (125 and 170 kd) and another at Mn>9500 (130 and 165 kd) expressing the high 
degree of order in these polymers in the solid state. 

The results obtained correlated well with the proton magnetic resonance measurements 
but they did not correlate with the amorphous dielectric relaxation measurements. 

It was concluded that the following factors may affect the rotational relaxations of nitroxyl 
radicals in PEG: the free volume of the polymer, the crystallinity, the chain packing and 
the end-group effect. The segmental character of the relaxation process was clearly 
indicated. 

INTRODUCTION 

Various types of measurements indicate the existence of 
relaxation transitions in poly(ethylene glycols) (PEG) 
at temperatures above their glass transitions (Tg = 206K). 
So, for example, crystalline PEG generally shows two 
dielectric absorptions caused by the disordered region 1. 
It is considered that they are due to the diffusional 
segmental motions of main chains in the amorphous 
region (c~-abs.) and to the local twisting motion of main 
chains in both amorphous polymer and in defective 
regions of the crystals (/?-abs.). Porter and Boyd 2 found 
that the/?-relaxation in PEG goes continuously over into 
the melt state with respect to the location of the loss 
region and the width of the dispersion range. The 
strength of the relaxation is discontinuous on melting 
and roughly proportional to the amount of amorphous 
material present. The results were consistent with a 
model for the crystalline solid where the relaxations 
take place in discrete amorphous regions similar to the 
melt and the chain lengths involved in the motions are 
shorter than typical interlamellar chain lengths. 

Allen et al. a measured the spin-lattice relaxation time 
T1 in a series of PEG as a function of temperature and 
molecular weight. Accordingly T1 was virtually inde- 
pendent of the molecular weight of PEG for Mw in 

excess of 5 x 10 a. The inference was that the molecular 
motions associated with spin-lattice relaxation are 
segmental in nature and not properties of the whole 
chain at high Mw values. Hikichi and Furuichi 4 have 
also shown that a molecular motion such as rotation 
or oscillation is able to occur even in crystalline regions 
well below the melting point. 

Read a studied the mechanical relaxations of PEG 
at a frequency of 1 Hz in the Mw range from about 
4x  103 up to 5x 100. The relaxations were attributed 
to the motions of chain segments in the disordered 
regions of the polymer. From the dynamic mechanical 
measurements of PEG at 0.1 Hz it was inferred that 
there is a slow decrease of modulus with temperature 
up to about 60°C, a rapid decrease of modulus from 
60°C to the melting point and a relatively constant 
modulus above the melting point 6. 

There is an abrupt change of the internal pressure of 
PEG in the melting region 7. It has been suggested that 
the major contribution to this phenomenon is the freezing- 
in of chain conformations in the solid PEG. 

The rotational mobility of nitroxyl radicals in the 
rotational range 10-7-10-Zlsec affords a straightforward 
method to study the motions of polymer molecules. 
Spin-probe and spin-labelling techniques permit the 
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evaluation of relaxation times and energetic charac- 
teristics of motion of polymer segmentsS-lL 

In this study we have therefore measured the rotational 
relaxation times (r) of the spin-probe 3-methoxy car- 
bonyl-2,2,5,5-tetramethylpyrroline-l-oxyl (2) and of the 
corresponding spin-label (3) [3-carbonyl-2,2,5,5-tetra- 
methylpyrroline-l-oxyl radical (1) esterified with poly- 
mer] in poly(ethylene glycols) (PEG) of various molecular 
weights. 

~ OOR R =  - H  (I) 

= - CHa (2) 

I =-[--CH2-CH2-O-]-nH (3) o 
In a recent report z2 the authors expressed that four 

different relaxation regions exist in PEG of Mn 4000 
at T> Tg. In this paper the nature of these relaxations 
is studied in the Mn range 200-22 000. The molecular 
basis of these processes and their relationships to other 
relaxation phenomena are also discussed. 

EXPERIMENTAL 

The PEG samples were of commercial origin (Fluka AG 
and E. Merck AG). They showed a quite narrow mole- 
cular weight distribution, Mw/Mn (see Table 1), and 
were therefore used as unfractioned. The organic re- 
agents benzene, pyridine and thionyl chloride were 
purified by distillation and stored in desiccators. 

Preparation of  radicals (1) and (2) 
Radical (1) was prepared by the method of Rozantsev 

et al. 11. From radical (1) its acid chloride derivative 
was prepared by the method of Krinitskaya et aL z4. 
To its benzene/pyridine (1:1) solution was added an 
equivalent amount of dry methanol. The solution was 
left at room temperature overnight. The precipitated 
salts were filtered off, the solution was evaporated and 
the product, radical (2), was purified by column chro- 
matography on A12Oa with chloroform as an eluant. 
The structure of the end product was confirmed by 
infra-red spectrometry (Perkin-Elmer 457 Grating Infra- 
red Spectrometer, KBr technique). 

Incorporation of  radicals into PEG 
The PEG samples containing the spin-probe radicals 

(2) (set A in Table 1) (radical concn 1:20 000 repeating 

Table I Molecular characteristics of PEG samples and the  
mel t ing po in ts  of  the  solid polymers, Sets A and B represent  the  
samples containing free and bonded radicals respectively 

Tm (°C) 

Mn Mw/Mn Set  A Set  B 

200+10  1.14 - -  
400 4- 20 1 • 20 - -  
600 ___ 30 1 • 16 - -  

1 000___50 1 "24 36.5 33.5 
1 550___ 100 1 "28 50.0 48.0 
2 050 + 150 1 "28 56.0 48" 5 
3 000+ 300 1 • 29 56.0 54- 5 
4 000+ 500 1 '28 58"5 55"5 
6 7004- 700 1 • 23 59.0 55.5 
9 5004- 500 1 • 10 59"5 57"5 

15 000+ 2 000 1 • 09 60.0 60- 5 
22 000 I • 08 61 • 0 62- 0 

40 

I I I I I 

0 2  0 6  I 15 2 
/ ~n  X [ 0  4 

Figure I Degree of labelling of PEG as a function of Mn 

units) were prepared by dissolving suitable amounts of 
dry PEG and radical (2) into chloroform and by evap- 
orating the solvent. 

Spin-labelled PEG (set B) was prepared by a Schotten- 
Baumann reaction in the following manner. To a solution 
of 1 x 10 -4 mol of radical (1) in 0.3 ml of benzene/pyridine 
mixture (1: 1) was added 1.2x 10-4mol of SOCIe and, 
after 15min, 0.5×10-4mol of vacuum-dried PEG in 
4.5ml of pyridine. The solution was shaken and left 
overnight. The unreacted label was removed by pouring 
the solution into a large excess of ether. The light yellow 
labelled polymer was sintered, dried in vacuum and 
dissolved in chloroform. The chloroform solution was 
precipitated with ether. The dissolving-precipitating 
procedure was repeated three times. The degree of 
labelling of the product was measured by comparing the 
intensities of the electron spin resonance (e.s.r.) spectra 
of spin-labelled PEG and radical (1) in dilute chloroform 
solutions. The degree of labelling as a function of )l,Srn 
as a percentage of the theoretical value is given in 
Figure 1. We suppose that the low degree of labelling 
at Mn ~< 600 values was caused by difficulties in removing 
the adsorbed water from PEG. The decreasing of 
labelling yield at high )ffrn values is a plain high molecular 
weight effect. 

To eliminate the intermolecular spin-spin exchange, 
which was not done in our first communication 15 it 
was necessary to dilute the radical concentrations in 
samples. It was experimentally found that the spin-spin 
exchange is totally absent when the ratio of radicals 
to the repeating units of polymer is < 1 : 20 000. Samples 
with this amount of radicals were prepared by dissolving 
into chloroform suitable amounts of spin-labelled and 
non-labelled PEG. The polymer was precipitated with 
ether, filtered and dried in vacuum (set B in Table 1). 

The molecular weights (3Yrn) of polymers were measured 
using a vapour pressure osmometer (Perkin-Elmer 
Model 115) in chloroform at 32°C. The Mn values of 
samples are given in Table 1. The molecular weight 
distributions were estimated by gel filtration at room 
temperature using Sephadex G-25 and G-75 gels and 
0.1 M NaCI solution as an eluant. Calibration was done 
by plotting logl0 )ffrn against the observed peak maxima. 
The molecular characteristics of the samples are given in 
Table 1. The molecular weight values of the commercial 
samples and of the samples containing minute amount of 
radicals were the same. This indicated that the radicals 
did not affect the molecular characteristics of the 
polymers. 

The melting points (Tin) of solid polymers were 
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measured by a differential scanning calorimeter (Perkin- 
Elmer DSC 1B) 18. The Tm values are given in Table 1. 

E.s.r. measurements 
The polymer samples were evacuated in e.s.r, tubes 

in high vacuum (1 × 10-3mmHg) for 4h  and sealed 
under dynamic vacuum. 

The e.s.r, spectra were obtained from evacuated 
samples on a Varian E-4 spectrometer operating at a 
microwave frequency of 9.5 GHz. The magnetic field was 
modulated with an amplitude less than one-sixth of  the 
linewidth. The microwave power was 1 mW to avoid 
saturations effects. The measurements were made in 
the range 120--373K using a Varian E-257 variable 
temperature accessory with an accuracy + 2K, calibrated 
with an iron/constantan thermocouple. The glass spectra 
at 100K were measured by using liquid nitrogen con- 
taining Dewar thermostat. 

The measurements were done, beginning from the 
low temperatures. The temperature was raised in steps 
of  4-10°C depending on the rate of  change of the e.s.r. 
spectrum. The stabilization time was 6 min. 

RESULTS 

It has been stated that under conditions where the inter- 
molecular interactions between radicals are eliminated, 
the rotational frequencies of radicals of small molecules 

Spin-labelling of poly(ethylene glycol): P. T~rm~l'a" et al. 

are affected by the motions of the surrounding mole- 
cules 8, 11 

In Figures 2a and b are given some examples of the 
e.s.r, spectra of free and bonded radicals in PEG 4000, 
respectively. The motion of radicals is in both cases 
isotropic but the rotation in the case of Figure 2b is 
plainly more hindered than in Figure 2a. Radicals 
behaved in other PEG samples in principle in the same 
manner, except the dependence of rotation rate on the 
3Srn. If  the outermost peak-to-peak separations of the 
e.s.r, spectra are expressed as a function of temperature 
sigmoidal curves result as has been found earlier TM 17 
In every PEG sample studied the sharp decrease of the 
peak-to-peak separation ( = t h e  inflection point of  the 
sigmoidal curve) occurred at a temperature (T,) which 
was well above T a but below Tm as can be seen from 
Figure 3 where Tl is given as a function of h~n for free 
(&) and covalently bonded ((3) radicals. From Figure 3 
it can be seen that Ti increases when 3tn increases from 
200 to h~n= 1550. Thereafter T, decreases although 2~rn 
increases but at 3fn = 4000 it increases again and reaches 
its maximum value at h4"n=9500. It is well known that 
the peak-to-peak separation correlates inversely to the 
isotropic motional freedom of radicals 18. Therefore in 
this case the motional freedom of radicals (2) and (3) 
in PEG gets a minimum at 3~rn=1550. In samples 
31n=2050 and 3000 the motional freedom is greater 
and it diminishes again when ~rn grows. 

A more quantitative treatment of the results was done 
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Figure 2 E.s.r. spectra of (a) free and (b) covalently bonded nitroxyl radicals in PEG of ~n=4000 .  The measurement temperatures (K) 
were the following: A, (373); B, (348) ; C, (333); D, (323); E, (313); F, (303); G, (293) ; H, (283); I, (273); d, (263); K, (253); L, (233); M, (213); N, 
(173); O, (100) 
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by estimating the rotational correlation times (~-) o f  
radicals f rom the e.s.r, spectra. In the region of  rapid 
rotations ( r ~ 5 x  10-9-5x 10-ZZsec) these could be 
calculated by equations (1) and (2) which are based on 
Kivelson's theory 19, 20: 

zz = 8.7 x Wo[(ho/hz)l/~- (ho/h-1) 1/2] x 10 -1° sec (1) 

r2=7 .9  x Wo[(ho/hl)Zl2+(ho/h_l)l /2-2] x 10-10see (2) 

where W0 is the line width (Gauss) of  the centreline in 
e.s.r, spectrum and hz, h0 and h-1 are the intensities of  
the low, centre and high field components. The numerical 

3,ot 

2 5 0 ~  
0"2 0.6 I 1.5 2 

A~ n x 10 4 

Figure 3 Ti (=the temperature region at which the outermost 
separation of the e.s.r, spectrum changes most drastically) as a 
function of Mn' A, Free radicals; ©, bonded radicals 

parameters are dependent on the magnetic field and on 
the g and T tensors for which were used values given by 
Ohnishi et al. zl. The differences between the two values 
of  z were as a rule < 10~o. The mean values of  r l  and 
T2 are used in this work. The calculation of  z is reviewed 
more thoroughly elsewhere 1a,22. By doing several 
measurements and by taking into account the measure- 
ment error of  spectral components it was found that 
the error of  - I n  T was ~< +0.1. So the accuracy of  
measurements was quite good in the rotation region, 
where the spectral components do not overlap each other. 

In the region of  slow rotations (~ ~ 10-7-5 x 10 -9 sec) 
the spectral components overlap and therefore Kivelson's 
theory is not valid. Kuznetsov et aL 23 and Shimshick et 
aL24, 25 have done theoretical calculations to correlate 
the relative positions of  derivative peaks to ~-. Accord- 
ingly we calculated the values of  z in the region of slow 
rotations by using the treatment of  Shimshick et al. ~4. 
The relative position of  the high field peak was com- 
pared to the corresponding one measured at - 1 8 0 ° C  
(the difference = AH). I t  was assumed that at - 180°C the 
viscosity of  sample was nearly infinite. The high field 
peak was used because the effects of  polarity in this case 
are smallest 25. A small capillary containing 10 -5 M aq. 
solution of radical (1) fixed on the outer surface of the 
thermostat was used as an external standard. The 
error of  - I n  ~- calculated by this method was ~< +0.5 
when - I n  r was between 19 and 16.5. When the fre- 
quency of  rotations was ~< 107(1/s),AH was so small that 
its relevant determination was not possible. 

i - i  

I 

'0a f 18 
20  

22 
I I I I I I I I 

~6 b ~ 
i8 

2O 
22 

I I I I I I I i I  

20 
22 

I I I I I I I I 

16 d ]~ . . . .  5Z . 

2O 
22 

I I i i 

16 e _ :  - -  - -- " -" 

2O 
22 

t I , ,  

16 f ; = _ -  _ - 

20 
22 

2.7 2.9 3-1 3.3 3.5 3.7 3-9 4.1 4-3 
l i lT )  x 103(K) 

"G 

e -  

l 

16 I- g ~ " 

2O 
22 

I I I I I 16 ~ __. !~ _= 
18 

20 
22 

I 

16 i 

i . . . . .  : 

20 
22 

t I 

2O 
22 

I I 

16 k .....~=- : ; 

2O 
22 

f I 

I-, ~ ~ , , , , , , 
2-7 2-9 3.1 3.3 3-5 3.7 3.9 4.1 

l i lT)  x 103(K) 

! 

i 

, j 
t 

1 A 

i 

! 

4 3  

Figure 4 1/T against - I n~  plots of PEG containing free (A) and covalently bonded (©) radicals. The values of r calculated according 
to Shimshick et al. 24 are given by solid symbols. The melting points of the solid polymers (measured from the maximum of the endothermic 
peak height) are given by arrows. (a) 200; (b) 400; (c) 600; (d) 1000; (e) 1550; (f) 2050; (g) 3000; (h) 4000; (i) 6700; (j) 9500; (k) 15 000; (I) 22 000 
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The values of  7 which were calculated by the methods 
of  Kivelson and Shimshick correlated as a rule quite 
well with each other (see Figure 4). 

In Figure 4 - I n  z is plotted as a function of  1/T for 
PEG samples of )~n = 200-22 000. The melting points of 
the solid polymers are also given. 

The rotations of  the radicals may be treated as a 
rate process in terms of  the theory of absolute reaction 
rates s. It can be seen from Figure 4 that the temperature 
changes in the correlation times of radicals do not obey 
the Arrhenius law "r="roexp(E/RT) over the whole 
temperature range. Therefore, we conclude that the 
activation energy associated with rotational mobility is 
phase dependent. By assuming that the Arrhenius law is 
valid in each phase we suppose that when _/fin>_. 1000 
the following relaxation regions can be detected in 
Figure 4: the liquid state (I), the melting region (II), the 
solid state (III) and perhaps also the glassy state (IV). 
The measurements indicating the relaxation regions 
I-III  are quite reliable because the rotations of  radicals 
are so rapid that the spectral components do not overlap 
even in the solid state (except at the lowermost tem- 
peratures). The existence of  the region IV is much more 
poorly documented because of the roughness of the 
measurements. The order of  the rotational activation 

E I > E  Iv is, however, valid. In the energies E n > E~ n > a = 
samples of Mn = 200, 400 and 600 there are at least two 
well documented relaxation regions, the liquid state (2) 
and the solid state (III). It is also probable that the 
glassy state (IV) exists. In these cases the relation 
E~ n > E l  > E l  v is valid. However, the crystallization 
of PEG 200 containing bonded radicals occurred at 
so low a temperature that the region III could not be 
indicated in this case. The values of Ea were calculated 
from the slopes of lines by the least squares method. 
The change of  the slope of the Arrhenius plot at certain 

350 0 /D t) 
3 3 0  A ~  
310 

290 

I I I I I I 

0 '2  0 6  I 1'5 2 
,~n x Io 4 

Figure 5 Temperatures, at which the slopes of Arrhenius plots 
change, as a funct ion of molecular weight ;  A and O give the 
transition temperature between relaxation regions I and I1" • and 
• between regions II and III; • and [ ]  between regions III and 
IV. The first symbol represents in each case the value of free 
radicals and the second symbol the value of bonded radicals. 
The results of n.m.r, measurements of Hikichi and FuruichP are 
given by x 
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Figure 6 Ea values of the used nitroxyl radicals in PE6 as a 
function of Mn.  h and © give the Ea values of free and bonded 
radicals in the relaxation region I (E/a); • and • give E/a/; • and 
[ ]  give Ell/ 

Table 2 Differences of activation energies (AEa) of bonded and 
free radicals in relaxation regions I-III 

Mn E/(kJ) E/al (kJ) E#I (kd) 

200 7'0 - -  - -  
400 3 '0 - -  10-5 
600 0 - -  6.0 

1 000 2"0 17'0 0 
1 550 2 '5  45"0 15.5 
2 050 8 '5 5.5 6.0 
3 000 7 '0 32'5 5 '5  
4 000 3'5 32-5 15.0 
6700 4"5 14.0 8"0 
9500 14"0 36'5 4.0 

15 000 11.0 0 0 
22 000 11 "0 34"0 8.0 

temperatures shows that some kind of change has 
occurred in the relaxation process. In Figure 5 these 
temperatures are given as a function of  Mn. 

In Figure 6 are given the values of Ea in the relaxation 
regions I-III  as a function of  3~rn. It is seen that the 
differences between the Ea values of free and bonded 
radicals (AE~) are quite small in the relaxation regions 
I and III. In the transition region (II) Ea and AEa have 
two maxima (at ~ tn=1550 and 9500). In all these 
regions the rotations of  bonded radicals are as a rule 
more restricted than those of free ones. In the region 
IV the accuracy of measurements was poor but it seems 
that Ea in these cases is nearly independent of _(in. 
No clear differences between Ea values of free and 
bonded radicals can be seen (EIa v,-~ 6 k J). 

In Table 2 are given the differences of the activation 
energies of  bonded and free radicals (AEa) in relaxation 
regions I-III.  Because the covalently bonded radicals 
follow more intimately the movements of host polymers 
than the free radicals the changes in AEa can be ex- 
pressed partly as the changes of the molecular con- 
formation. Table 2 shows that the greatest AEa values 
are found in the region II. 

DISCUSSION 

PEG in the liquid state 
The relations of the PEG melt are the most simple 

ones because only the end groups, 3Trn and temperature 
affect the dynamic state of the polymer. 

.Figure 4 shows that the E l  values of both free and 
bonded radicals behave principally in the same manner 
when 3¢n increases. The decreasing of E l when )~n 
increases from 200-3000 is evidently caused by the 
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loosening of the intermolecular interaction. This effect 
is probably due to the diminution of the amount of 
hydrogen bonds. At higher )~¢n values E~ remains 
almost constant, which clearly demonstrates the seg- 
mental character of the process. 

The magnitudes of AEa I values of Table 2 indicate 
that the rotations of bonded radicals are hindered only 
by a small energy barrier in the melted PEG. It may be 
assumed that both free and bonded radicals are affected 
by the hydrogen bonds in their environments in the 
same manner. Therefore it may be concluded that AE~ 
demonstrates the intramolecular polymer-radical inter- 
action. In the region of )l~rn 200-6700 the order of 
magnitude of AE~ is about one degree of rotational 
freedom (,~4kJ/mol). When )l~rn is >6700AE~ in- 
creases. This is evidently caused by the intramolecular 
high molecular weight effect of the PEG backbone to 
the end group radical (i.e. when Mn grows the host 
polymer may gain conformations which restrict the 
rotations of the end group). The results suggest that the 
bonded radicals rotate quite freely at the ends of random 
coil PEG molecules. The host polymer must experience 
a rapid isotropic segmental diffusion because order 
parameter effects are practically absentZ2. The segmental 
character of the process is dearly demonstrated also in 
Figure 4 which indicates that r of both free and bonded 
radicals remains almost constant when )l~n>2000 
although the bulk viscosity of the melted polymer 
increases significantly26. 

PEG in the transition region 
It is evident that the specific volume of the polymer 

contributes to the r values of radicals. If the radicals 
were in a purely amorphous environment without 
influence of crystalline phases there should not be an 
E,  maximum in the transition region because the 
specific volume (and therefore even free volume) of 
amorphous polymers do not change abruptly in the 
melting region. So the existence of the transition region 
in the l IT against - I n  ~- plot indicates that the rotations 
of nitroxyl radicals are affected by the crystalline phase 
of the polymer. On the basis of these measurements, 
however, it is not possible to say what is the exact 
location of radicals in the polymer matrix. They could 
be situated in the amorphous phase between the crystal- 
line lamellae, in the crystalline phase or in both phases. 
Studies on this question will be reported lately. The 
isotropy of e.s.r, spectra refers to the amorphous environ- 
ment of radicals. It is also possible that bulky radicals, if 
situated in the crystalline phase, distort around themselves 
the ordered crystal lattice. However, the radicals must 
experience the ordered forces in their amorphous-like 
environment created by the crystal lattice. These results 
indicate that the mechanism of segmental relaxations 
found by nitroxyl radicals differs from the mechanism 
of amorphous dielectric relaxations. This is evident from 
the dielectric studies of amorphous loss peaks of PEG ~ 
and nylon-6,10 27, which indicated that the loss peaks 
(/3 and ~ processes respectively) go continuously into 
the melt with respect to location in the frequency- 
temperature domain and with respect to the shape of 
the peak. 

Figure 6 indicates that there are two marked maxima 
in the )ffcn against E~ r plot. It can also be seen from 
Figure 6 that E~ changes only weakly (if compared to 
E~ r) when )l~n t>1000. Great E~ I values at -/l~rn=1550 

and 9500 indicate that during the melting process there 
occurs a strong diminution of the ordered state of the 
polymer molecules. It seems evident that these Ea 
maxima are not caused by the variations in the molecular 
weight distributions because the samples were effectively 
monodisperse although not single component systems, 
as can be seen from Table 1. Balt~i Calleja and Keller 28 
measured by X-ray diffraction the long spacings for 
the extended PEG molecules. The molecular weight 
above which the long spacing became independent of 
molecular length was 1500. So we suppose that the 
regularity of the structure of PEG 1550 reflected by 
the exceptional high E~ I value is caused by the fact 
that in this case the molecule chains are staying straight 
in the lamellae. At )kin=2050 the first folding has 
occurred and this has diminished the regularity of the 
structure zg. Thus Beech et ak 2~ found that the propor- 
tion of folded chain crystals increases as the crystalliza- 
tion temperature decreases, i.e. as the crystallization 
rate increases. Because our PEG samples were pro- 
cessed at room temperature the chain folding at 
)1~n=2050 seems to be certain. The free hydroxyl end 
groups may also affect considerably the EIa I value 
because in the transition region the mobility of molecules 
increases which increases the possibility of hydrogen 
bond formation. The hydrogen bond formation dimin- 
ishes the mobility of polymer end segments and may 
therefore diminish also the specific volume of polymer 
molecules. The varying degree of crystallinity of PEG 
samples does not explain the differences in E~ x values at 
2ffn values 1> 1000 because all the samples were highly 
crystalline (> 80~  crystallinity) and the differences of 
crystallinities in the/fin range 1550-4000 were smalP 6. 

Although the Tm values obtained by d.s.c, of samples 
containing bonded radicals (set B) are lower than those 
of samples with free radicals (set A) (Table 1) the transi- 
tion temperature between relaxation regions I and II 
(relaxational melting point) is in most cases higher in 
the case of bonded radicals (see Figure 4). This indicates 
that still several degrees above Tm some kind of entropy 
effect not observable by d.s.c, exists in the polymer 
radical system. Because it is more marked in the case 
of bonded radicals it may be concluded that the random- 
coil conformation is achieved only some degrees above 
the end point of the endothermic melting. The relaxation 
melting point changes as a function of ~rn in the same 
manner as the melting points obtained by other tech- 
niques16, 3°,~1 (see Figure 5) although the absolute 
values differ from each other because the histories and 
the molecular weight distributions of polymers differ 
from each other. 

The E~ I maximum at 3~n > 9500 may be a crystalliza- 
tion effect because the amount of end groups is already 
negligible and the lamellae already contain many folded 
chains. 

PEG in the solid state 
Figures 4 and 6 show that the rotation of radicals is 

more restricted in the relaxation region III than in the 
first-mentioned one. This indicates that the rotation 
frequency of radicals and the specific volume of polymer 
are in direct relation to each other. It also supports the 
hypothesis given above, that the radicals are in close 
interaction with the crystalline phase. The exactness 
of AETa II values as a function of ~rn is quite poor (Table 
2); however, they seem to be roughly about two degrees 
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of rotational freedom (~8kJ /mol ) .  In the low )~rn 
region E III of  radicals decreases when ~rn increases. 
The high E III values at low 2firs values may be explained 
by the great amount  of  end-group hydrogen bonds aa 
and by the easiness of  short chains to form extended 
chain lamellae 28. In the high )~rn region E III is practically 
constant which is in accordance with the short range 
nature of  the relaxation. 

The temperature plot of  the transition point f rom 
relaxation region I l I  to region IV describes the disordered 
structure of  P E G  2050 and P E G  3000, because the 
segmental motions in these polymers increase strongly 
at lower temperatures than in other samples. The locking 
effect of  the polymer backbone on the rotations of  
bonded radicals can be clearly observed because their 
transition temperatures (from region I I I  to IV) are about 
20°C higher than those of free radicals. These transition 
temperatures for free radicals correlate fairly well with 
the nuclear magnetic resonance (n.m.r.) measurements 
of  Hikichi and Furuichi 4. Their results for the beginning 
of rapid narrowing of the broad n.m.r, signal f rom 
crystalline regions of  PEG I000 and 4000 are also 
given in Figure 5. Hikichi and Furuichi supposed that 
the molecular motions which caused the narrowing of 
the broad n.m.r, signal were rotational or oscillational 
motions about the helical axis. Our results (that the 
segmental relaxations of  P E G  1000 and 4000 contri- 
buting to rotations of  free radicals increase notably 
at T~270K)  evidently express the same phenomenon. 
This evidence further supports our hypothesis that the 
crystalline phase contributes to the rotations of  radicals. 

The low Ea value of relaxation region IV reflects the 
stabile structure of  P E G  in this temperature region. 
I t  is probable that the motional freedom of polymer 
segments occurring at frequency ~ I 0 7 H z  is strongly 
inhibited and perhaps only oscillational motions take 
place. Of  course, rotational movements with slower 
frequencies can occur, but they cannot be identified by 
e.s.r, techniques because these kinds of movements do not 
affect the linewidths of  the e.s.r, spectra. 

It  has been stated that the ~- depends on the rate of 
molecular motions in the media containing the radicals 8. 
On the basis of  our work we conclude that Ea is not 
solely the activation energy of the motion of polymer 
segments but it depends strongly on the rate of  changes 
in the total dynamic state of  polymer as a function of 
temperature. 
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Phosphonitrilic chloride: 21. Synthesis of 
chelating polymers with cyclophosphazene 
thiocarbamate and the properties of 
chelating polymers 

M. Kajiwara, M. Hashimoto and H. Saito 
Department of Applied Chemistry, Faculty of Engineering, Nagoya University, Nagoya, Japan 
(Received 26 March 1973) 

Chelating polymers containing copper, nickel and cobalt have been formed from cyclo- 
phosphazene thiocarbamate trimer and copper, nickel or cobalt ions. These polymers 
obtained from the reaction are amorphous and the values of electron conductivity are 
2.7x 10zZD-cm, 3.6x 10z3.Q-cm and 1.5x 10zZD-cm for the Cu, Ni and Co polymers respec- 
tively. The Cu polymer is the most thermally stable on heating to 500°C in air. 

INTRODUCTION 

Complexes of phosphazene derivatives have been re- 
viewed by Allcock 1. The first type of complex is by 
coordination of the metal to the skeletal phosphorus 
atom, for example (NPCI2)3A1Cla. The second type is 
by coordination of the metal to a skeletal nitrogen 
atom, for example (NPC12)zA1Bra. The third type of 
complex of unknown structure is formed from various 
cyclophosphazene derivatives and metal salts, or ions. 

In this work, cyclophosphazene dichloride trimer 
(NPC12)3, potassium thiocyanate (KSCN), and dry 
ammonia gas (NHa) are reacted together, and the pro- 
duct obtained in this substitution reaction is then 
chelated with various metal ions. The properties of the 
chelate-polymer are investigated. 

EXPERIMENTAL 

Cyclophosphazene dichloride trimer (NPCI2)3 was pre- 
pared by the modified method of Saito and Kajiwara 2. 
Pure trimer was obtained by repeated fractional crystal- 
lization from light petroleum ether. The trimer had a 
m.p. of 112°C. Cyclophosphazene thiocarbonate trimer 
[NP(NHCSNH2)2]3 (PTT) was formed from the cyclo- 
phosphazene dichloride trimer, potassium thiocyanate 
and dry ammonia gas by dissolving the isothiocyano- 
phosphazene trimer[NP(SCN)2]3 formed by the method 
reported by Audrith s in dry ether. A white precipitate 
was obtained by passing dry ammonia into the ether 
solution. The product was separated by filtration and 
then the product is in fair agreement with the chemical 
composition [NP(NHCSNH2)2]a. The product melted 
at 190°C, and dissolved in water, pyridine, and most 
organic solvents. 

Chelated polymers were formed from PTT and 
copper, nickel or cobalt as follows. 0.586g (0.001 M) 
PTT was dissolved in water, and 5ml pyridine were 

added to this aqueous solution. 0.006 M aqueous acetate 
salt solutions of the metal ions were used, and were 
added dropwise to warm PTT solution with vigorous 

4 

5 ~  j j ~  8 

7 ~ ~ 6  

Figure 1 Electrical conductivity measurement apparatus. 1, 
Thermocouple; 2, Pt electrodes; 3, gas entry; 4, suppressed 
electrodes; 5, guard ring; 6, electrodes; 7, sample; 8, Teflon, 9, 
Pyrex tube 
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Phosphonitril ic chloride (21): M. Kajiwara et al. 

I I I I I ! 

4 0  36 32 28 
Wavenumber x IO 2 (cm -I) 

Figure 2 Infra-red absorption of chelating polymers in the region 
of 4000 to 2800 cm -1. (A), PTT; (B) PTT/Co/Py; (C) PTT/Ni/Py; 
(D) PTT/Cu/Py 

stirring. When the reaction was over, the mixture was 
warmed on a water bath for 15min. The precipitate 
was filtered and washed with distilled water, ethanol, 
and ether, and then dried in an air oven for 24h at 
100°C. Infra-red (i.r.) spectra of the products were 
obtained using the pressed KBr disc technique. The 
variation of resistivity with temperature for the chelated 
polymers was measured with a Takeda TR-8651 type 
ammeter using Pt and guarded electrodes to eliminate 
the surface current. The apparatus is shown in Figure 1. 
The electrical conductivity of the polymers of PTT was 
measured by a d.c. method. 

RESULTS 

The chemical analysis and i.r. spectra of the chelated 
polymers formed from PTT and each metal salt are 
summarized in Table 1 and Figures 2 and 3. 

Further, the thermal stability of the polymers was 
investigated using a thermal balance and the results are 
shown in Figure 4. 

The variation of resistivity with temperature is shown 

A 

I I I I I I I I I I 

20 16 12 8 4 0 
W(:]venumber x 102(cm -I ) 

Figure 3 Infra-red absorption of chelating polymers in the region 
of 2000 to 200 cm -z. (A) PTT; (B) PTT/Cu/Py; (C) PTT/Ni/Py; (D) 
PTT/Co/Py 

Table 1 Chemical analysis of the polymers formed from phosphazene thiocarbamate trimer and metal ions 

Calcd. (%) Found (%) 

Chemical compositions P N Metal P N Metal Nature of the polymers 

(I) [N3P3(NCSNH)6Cu6Py6]x 6.47 20 ,48  26.56 

(11) [N 3P 3(NCSN H2)sNi3Py6]y 7.55 2 3 , 9 0  14.32 

(111) [NaP3(NCSNH=)6Co3Pys]z 7.55 2 3 , 9 0  14.36 

6.2 20.72 26.48 

7.9 24.00 14.10 

7'3 24-80 14.00 

Green. Amorphous. Insoluble 
in most organic solvents 
Grey. Amorphous. Insoluble in 
most organic solvents 
Orange. Amorphous. Insoluble in 
most organic solvents 

Py=  Pyridine 

POLYMER, 1973, Vol  14, October  489 



Phosphonitrilic chloride (21): M. Kajiwara et aL 

O 14 

D 
o-3 o 

o -- 50 12 

Y= 

I00 , , , , ,, , , c. I0 

O 200  Tempe100 e ' ~ '  (°C) 600  800  o, 

Figure 4 Thermal balance of chelating polymers formed from 
phosphazene thiocarbamate and metal salts in air at 5°C/min. 
(A) PTT; (B) PTT/Co/Py; (C) PTT/Cu/Py; (D) PTT/Ni/Py 

8 
Table 2 Energy gaps and the value of resistivity of chelated 
polymers and phosphazene thiocarbamate trimer 

Polymers p25oc (f~-cm) AE (eV) 

(I) Cu 2.7x1011 1.24 
(11) Ni 3.6x 1013 1.65 
(111) Co 1.5x10 TM 1'65 
(IV) Phosphazene 

thiocarbamate trimer 3.4x 109 1.23 

I I I I I I 

2.9 3' I 3'3 3'5 
I / Tx  IO 3 (°C-I) 

Figure 5 Electrical conductivity of chelating polymers formed 
from phosphazene thiocarbamate and metal salts. O, PTT; 
x ,  Cu; A, Co; F1, Ni 

PY p 
PY\ ~Y/PY PY\ J / Y 

p,, H Cu- / C u \  S ~ N / ] \ -  
. py [ py /.- ~ I / .,',, Py Py 

C~.  Cu "C N - ~ _  

= N N ~",'"'~"N H _Cu. ~ " - -  
I ~.. ~ /~,.~NH..,x pV/I'\pv~...._..~P\N= Py-- Cu - -  PV 

py /p l y \py  S ~ C u : " ' ~ 4  ~ S " ~ :  C - - N ~  

[ O) 

in Figure 5, and the energy gaps of the polymers cal- 
culated from the general relation for organic semi- 
conductors p=poexp(AE/2RT) are summarized in 
Table 2. 

DISCUSSION 

The -NHz frequency of the products (I), (II) and (III) 
in the region of 3360cm -1 remains as a shoulder. The 
absorption characteristic of the -NH frequency is in 
the region of 3400 cm -1. 

The difference in the absorption of the N-C=S  
frequency is observed in the i.r. spectra. The N - C = S  
frequency of PTT is in the region of 1485 cm -1. However, 
it has changed to 1350 cm -1 in (I) and 1355cm -1 in (II) 
and (III). This suggests that N-C=S  bonding has 
become N-C-S. 

From the chemical analysis and i.r. spectra of the 
products (I), (II) and (III), the structures are proposed 
as follows with a coordination number of six. However, 
the materials did not melt and were insoluble in most 
organic solvents or water. Consequently, their molecular 
weights were not determined. 

PY r,,H 

N / \NH  PY 

& N / i ~ g . 2  NH 
H PY 

M = Ni, Co 
(II), (III) 

Py = Pyridine 

The value of p and AE of the products (I), (II) and 
(III) tended to decrease with a smaller ionic radius. 

The intermolecular actions are inhibited because the 
products are amorphous, and there is no conjugation 
between PaNa and the chelating rings. 

The thermal stability of the chelating polymers was 
investigated with the thermal balance. The thermal 
decomposition of PTT occurs at 200°C; however, the 
three polymers chelated with metals are more stable. 
It is assumed that the chelating ring produced by the 
reaction leads to thermal stability. Under 500°C the 
order of thermal stability is as follows: PTT/Cu/Py > 
PTT/Ni/Py > PTT/Co/Py. This is similar to the electron 
conductivities, the most thermally stable polymer being 
PTT/Cu/Py from room temperature to 500°C. 
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Elastic modulus of linear polymer crystals 

T. R. Manley and C. G. Martin 
Department of Materials Science, Newcastle upon Tyne Polytechnic, 
Newcastle upon Tyne NE1 8ST, UK 
(Received 19 March 1973) 

A method based on energy balance over the repeat unit is used for the calculation of the 
elastic modulus of linear polymer crystals. The result for polyethylene agrees with that of 
Treloar who used a statical analysis over the whole molecule. Both methods are much 
simpler than those of Shimanouchi and Miyazawa, the latter being based on the complete 
potential function for the polymer. Using force constants based on a Urey Bradley force 
field, the following values of modulus were found (all syndiotactic except PE) in GN/m2: 
PE, 299; PVC, 153; PVF, 212; PVA, 142; PAN, 236; PMMA, 63. 

INTRODUCTION 

The method of Jaswon et al. 1 for the calculation of the 
elastic moduli of cellulose was modified and applied to 
the helical polymer crystals of poly(phosphonitrilic 
chloride) 2 and values for Young's modulus of 0"138 
GN/m e and 1.66 GN/m ~ obtained for the uniform helix 
and cis-planar structures respectively. These results 
are similar to those calculated for other helical polymers, 
but as all experiments with (NPCI2)n used amorphous 
rubber, no direct comparison is possible. 

The method is equally applicable to linear polymers 
and it was therefore decided to apply it to crystals of 
polyethylene and the syndiotactic forms of poly(vinyl 
chloride) (PVC), poly(vinyl fluoride) (PVF), poly(vinyl 
alcohol) (PVA), polyacrylonitrile (PAN) and poly(methyl 
methacrylate) (PMMA). 

Different solutions have been proposed for both 
polyethylene 3-5 and PVC 6. Treloar 4 performed a 
statical analysis using simple valence force constants. On 
the other hand, the Japanese workers 3, 5,6 calculated 
the modulus directly from the complete potential func- 
tion for the molecule. 

We assume that the polymer chain in the crystal is 
isolated and infinite; the repeat unit alone is characterized. 
The problem of a free or fixed end group does not arise. 
The bond lengths and bond angles of the repeating unit 
are taken as degrees of freedom which can be varied 
independently of one another. This simplifies the choice 
of force constants since we derive the extensions due to 
bond stretching separately from those due to angular 
deformation. The force constants are selected from a 
Urey Bradley force field (UBFF),  ih which only the 'pure' 
stretching or bending constants for the appropriate bond 
are taken. The mixed terms, i.e. bending-stretching 
interaction constants are meaningless in our method of 
modulus calculation. In obtaining these force constants 
we do, however, consider the effect of adjacent non- 
bonded atoms on the particular stretching or bending 
force constant in question. The number of force con- 
stants required for our analysis is a minimum and they 
a r e  calculated from a knowledge of K, H and F, the 
stretching, bending and repulsive force constants for the 

appropriate bonds or angles, which may be transferred 
from smaller molecules 7. 

The methods of Shimanouchi et al. 3, 6 and Miyazawa 5 
require the setting up of the complete Urey Bradley force 
field for the polymer repeat unit including both stretching- 
stretching and stretching-bending interaction terms. 

The relationships between internal parameters and the 
helical parameters of the particular polymer structure 
are also required. 

Some knowledge and expertise in spectroscopic tech- 
niques are required in order to set up the potential energy 
equation, remove the redundancies from it and derive 
the relationships between the helical and internal para- 
meters. The calculation of the modulus requires the differ- 
entiation of all these equations and the solution of the 
resultant simultaneous equations. The present method, 
therefore, is much simpler. This advantage is particularly 
important with polymers more complex than poly- 
ethylene. The Japanese workers 5, ~ have treated polymers 
with up to four different chain units, e.g. 

-(-A1--A2--A3--A4-)-n 

but excluding -(-A1--A2--[Aa]x-)-n. On the other hand, 
the present method is readily applicable to polymers such 
a s :  

-(-A1--A2--[Aa]x--A z--A1-- [A3] y~)-n 

POLYETHYLENE 

The polyethylene molecule has an extended planar 
zig-zag structure in which the repeating unit is the 
--CH~-- group. This is characterized by the bond length 
r and bond angle ¢ (see Figure 1). The translational 
repeat unit is defined as SS' and is made up from ½rl, ~, 
r2, ¢, ½rl, (Figure 2). It is more convenient, however, to 
base it on C1C' 1 bearing in mind that ¢ occurs twice. Both 
definitions give the same equations but the latter is more 
convenient. 

A set of rectangular Cartesian axes related to these 
quantities can be superimposed by choosing one of the 
carbon atoms as an origin and identifying one of the 
bonds as the direction of the x axis as shown in Figure 2. 
The y axis is then perpendicular to C1C2 and is in the 
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I l l 

Hn-2 Hn-2 Hn Hn Hn+2.Hn÷2 

Hn-i Hn-i Hn÷l Hn+l 
Figure 1 Structure of polyethylene molecule 

Y 

Figure 2 

C~ S C2 

/ 
Translational repeat unit of PE 

- " - X  

plane of the molecule. The z axis is out of the paper but 
is not required for this linear planar molecule. 

The auxiliary angle 0 is the angle between bond C2C ~ 
and the x axis and is related to ff by" 

¢ = , ~ - 0  (1) 

Vector components can now be assigned to the bonds 
in the repeat unit: 

CiC2 = (1, 0)ri 

C2C ~ = (cos0, sin0)r2 

The repeat trait vector is given as: 

C1C ~ = g. L = (cosf2, sinf~)L (2) 

where f~ is the angle between the fibre direction along 
CiC' i and the x axis and L is the repeat distance given by: 

L = (r~ + r ~ -  2fir s cos~) i/9' (3) 

When the chain is deformed by a uniform strain along its 
axis the symmetry is still preserved and hence the three 
quantities ri, rs and ¢, still describe the chain configura- 
tion. These can be considered as three degrees of freedom 
which can be varied independently of one another and 
will be designated as h using our previous notation s. 

If  we consider the repeating unit L to undergo a change 
in length dL, this change is made up of the sum of the 
small changes due to a small change in each degree of 
freedom, i.e. 

dL =~dL~; i=  1, 3 (4) 

These small changes are given as follows: 

dLi = ~(1, 0)dli = cost2dli (5) 

dLz = a(cos0, sin0)dl2 

= (cosf~,cos0 + sinf~, sin0)dls (6) 
and 

dLa = ~/2:¢[cosO, sin0]d4, 

dO dO 

Now from equation (1) 

• - d O  

i.e. dLa = ~/2[sin0, - cos0]d¢ 

• dLa = (cosf~sin0- sint2 cos 0)12d¢ (7) 

Then utilizing the Jaswon et al. formulai: 

C i ~ / O L \ 2 1  02W 
- = ~ )  /O(dl,)2 (8) 

the overall force constant C for the repeat unit can be 
obtained from: 

(dLi) 2 , (dL2) 2 , (dLs) 2 
C - i =  K - t ' ~ - t  2H (9) 

where K and H are the bond stretching and bond angle 
deformation force constants for -CHz-CHs-  and 
-CH2-CH2-CH2- respectively. The factor 2H arises 
since the degree of freedom ff occurs twice in the repeat 
distance, (cf. SS' in Figure 2). 

The overall force constant C is then related to the 
elastic constant csz by the energy balance: 

½cs2e~V= W= ½C(dL) 2= CLSe~ (lO) 

CL2 CL 
• cs2= V = A  (11) 

where A is the effective cross-sectional area of the 
repeating unit. 

The force constants used were taken from a UBFF, the 
deviation of which is shown in the Appendix and are in 
the form: 

K =  1£2 = Kcc + 2s~Fcc + 4s~Frtc (12) 

and 

H=b2Hz  

where 

1-I2 = Hccc + t~Fcc + 3K/(81/SbS) (13) 

Force constant data were taken from refs 3 and 8, since 
no complete set of UBFF constants was available for the 
polyethylene molecule. 

The molecular parameters are given in Table 1 and 
the values used in the force constant calculations in Table 
2. 

The modulus (c22) for polyethylene is calculated as: 
299 GN/m 2. 

SYNDIOTACTIC PVC 

Syndiotactic PVC has an extended planar zig-zag struc- 
ture as shown in Figure 3 and the modulus may be 
calculated in the manner used for PE. 

(I) qaa (I) 
CH2 CH2 

Figure 3 Structure of s-PVC 
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Table 1 Molceular parameters used in modulus calculations 
Tetrahedral bond angles are used throughout (109 ° 28') 
C-C bond distances are all 0.154 nm 

Polymer 
(CH=CXY)n 

Bond distances Cross- Repeat 
Nature of sectional distance 

R(C-X) R(C-Y) area,* A L" 
X Y (nm) (nm) (nm 2) (nm) 

PEa H H 0.109 0'109 0.1824 0.2515 
s-PVCb CI H 0.177 0.109 0"2746 0-2515 
s-PVFc F H 0.135 0.109 0.2121 0'2520 
s-PVAc OH H 0"413 0-109 0-2152 0.2520 
s-PANc CN H 0"216 0-109 0-3111 0-2550 
s-PMMAc COOCH3 CHa 0"154 0.154 0'5565 0.2510 

* From unit cell measurements except for PMMA 
a Ref. 12 
b Ref. 6 
c Alexander, L. E. 'X-ray diffractions in polymer science'. Wiley, N.Y. 1969, p. 473 

Table 2 Force constant data used in modulus calculations 

Nature of 
Polymer KC-C FCH2-CHz FCXY-CXY FCX FCy 

(CH¢CXY)n X Y (N/m) (N/m) (N/m) (N/m) (N/m) 
Hi H2 

(N/m) (N/m) (aNm) 

PEa,b H H 280 96 96 40 40 11 11 0'2 
s-PVCc CI H 340 33 96 60 40 11 20 0"23* 
s-PVFc F H 340 33 150" 130 40 11 25* 0-25* 
s-PVAd OH H 280 33 30 28d 40 20* 11 0'17 
s-PANe CN H 200 38 44 44 54 34 27 Kz=0"01 

~=0"11 
s-PMMAf COOCH3 CHz 340 96 33 83 40 11 20 0'1 

O 

/ 
Figure 4 

* Estimated value 
a Ref. 3 
b Ref. 8 
c Ref. 6 
d From propyl alcohol 
e Ref. 11 
f From polyisobutylene and polypropyleneS 

) 

OS ~, .~Ir12 
CH(2) J r 2 1  t-u 

Translational repeat unit for s-PVC 

m X 

The rectangular Cartesian axes are superimposed as 
for PE with a C atom as origin and a bond r21 as the x 
axis as shown in Figure 4. 

Although there are four C atoms in the repeat unit we 
are only considering deformation of the carbon skeleton 
and since ¢1=¢2 the alternate nature of  the chlorine 
atoms along the chain will be mechanically indeterminate• 
Hence we need only consider half of the actual repeat 
unit with four degrees of freedom to be varied rzl, rlz, ¢1 
and ¢2 and defining the auxiliary angles 01 and 02. 

The mechanical model is, therefore, almost exactly the 
same as for polyethylene and gives the following expres- 
sions for the small changes dL~. 

dLi = ~(1, O)dh 

where ~ is the direction cosine of the repeat distance 
vector 

Off' = (cosQ, sinfl)L = ri. L 

or in this case 
, L L , 

00 = (cosfl, sinfl) 2 = ~ 2 = ~L 

.'. dL1 = costld6 (14) 

dL2 = ~(cos01, sin01)dl2 

= (cost) cos01 + singl sin01)d/2 (15) 

which are exactly the same as in polyethylene. 
The angles ¢1, i.e, <CHC1-CH~-CHC1 and ¢2, i.e. 

<CH2-CHC1-CHz are not equivalent although some 
authors have used the same force constant for both 
angular deformations n: 

dL3 = t~22 0 0¢1[C0S01, slnO1]d¢l 

= ~r2 [sin01, - cos01]d¢l 

since d01 = - d¢1 

• r 1 2 ~  ~-~ 
," dLa= 24,~w sin01-sint) cos01)d¢l (16) 

and also 
d _  _r12 0 

La=n 2 0¢~ [ -c°s0z ' -s in0z]dCz 

-ra2r sin0z, cos0z]dCz dL4 = n~- t -  

since d¢2 = - d02 

.'. dL4= r1,,2[- cost) sin0,~ +sinfl  cos02]dCz (17) 
z 
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The overall force constant C for the repeat unit can 
then be obtained from: 

C-1 (dL1) 2 , (dL2) 2 . (dLs)2~_(dL4) 2 
= K - ( 1 8 )  

where K and H~ x, H~ are the stretching and bending force 
constants for  -CHCI-CHz--, -CHCI-CH2-CHCI-  and 
-CHz-CHCI-CH2-  respectively. 

DERIVATION OF THE FORCE CONSTANTS K, H~, H~ 

The Urey Bradley force field (UBFF) used for PVC is 
similar to that for polyethylene given in the Appendix 
but contains more terms due to the difference between 
CH2 and CHC1, i.e. the term in ARn in polyethylene 
(Cn-Cn+l )  becomes a term in Ar12 and Ar21. 

Similarly the term in Affn becomes a term in A9~1 and 
A¢2. 

Thus the required force constants are: 

K =  K rl, = K r-  = Kcc + S~fCa,CH, + s~2FcHelCHCt + 

s~2Fccl+ 3s~zFcrI (19) 
and 

H~ = p2H1 + t22p2FcHc1CHC1 + p 2 3 x / ( 8  l12r21r12) (20) 

H~=p2H2+t~1p2FcH,CH=+p23K/(81/2r12r21) ( 2 1 )  

where 

sn = (r12 - r21cos¢2)/qn 

s 2z = (r21- r12cos¢l ) / q22 

s12 = (r12- r~cos¢')/q12 

S21 = ( r21 - -  r~cos¢~)/q~t 

tn = psin$2/qn 

t22 = psinfl/q22 

and 

p=(r12r21) 1/2 

2 _  2 2-2r12r2tcos$2 qll--rl2+r21 

q 22.9 = r ~1 + r ~2 - 2r21rl2cos$1 
12 2 t 2 ~ t . t  

q 12 = r 12 + r2  - -  z r 1 2 r 2 c ° s 9 2  

'2  2 ' 2  ' q21= r 21 + rl -- 2r21r l C O S ~ I  

Using the values in Tables I and 2 the elastic constant 
c22 of s-PVC was calculated as c22 = 153 GN/m z. 

The simplicity of  this method for calculating the 
elastic moduli of planar zig-zag polymer chains of  type 
(A1-A2-A1-A2) enabled us to calculate the moduli of  
other linear polymers, e.g. PVF, PVA and PAN, by 
substituting data into equations (14) to (21) as for the 
s-PVC calculation. 

The parameters from Tables 1 and 2 gave the results 
shown in Table 3. 

S Y N D I O T A C T I C  P O L Y ( M E T H Y L  M E T H A C R Y L A T E )  

In this case very little X-ray information about the unit 
cell is available so the cross-sectional area of  the unit cell 
was calculated from the X-ray density-volume relation: 

Z x M  
density= Vx N (22) 

Table 3 Calculated moduli of several polymer crystals 

Calculated results 
(GN/m ~) 

Experimental results 9 
Polymer p q (GN/m 2) 

PE 999 340a 235 
189 182b 

290c 
s-PVC 153 160d 
s-PVF 219 
s-PVA 142 
s-PAN 236 
s-PMMA 63 

a Ref. 3 
b Ref. 4 
c Ref. 5 
dRef. 6 
pThis work 
q Other authors 

251 

where Z is the number of  monomer units per unit cell (in 
this case Z =  4), 

M =  molecular weight of a monomer unit (100.11), 

V= volume of  the unit cell, 

N =  Avogadro's number= 6.023 x 1023 mo1-1, 

and the chain length L =  5.02014 x 10 -8 cm. 
The only X-ray density available for s-PMMA was 

1.19 g/cm a obtained from the amorphous region. The 
crystalline density will be slightly higher but for the 
approximate nature of this calculation for cross-sectional 
area the value was thought to be adequate. The cross- 
sectional area of the 'unit cell' was thus calculated as 
111.291 × 10 -16 cm 2 giving an effective cross-sectional 
area of chain as 55"645 x 10 -16 cm 2. Substituting the 
above in equations (14) to (22) gave the modulus of  
s-PMMA as c22 = 63 GN/mL 

This low value of the modulus is attributed to the 
large cross-sectional area of  the ch a in =5 5 x  10 -16 cm 2 
compared with 18.24x 10 -16 cm 2 for polyethylene, 
27.46 x 10 -16 cm 2 for PVC, etc., which is caused by the 
bulky methyl and ester groups in the side chain. 

EXTENSIBILITY 

The values of  modulus for polymers of type (A1-A2)n in 
Table 3 were used to calculate the extensibility o r fva lue .  
The extensibility is the force required to stretch a molecule 
by 1 ~o in the direction of the molecular axis and may be 
calculated from the modulus and cross-sectional area of a 
single chain 9. 

The f value is mainly dependent on conformation and 
for planar zig-zag type polymers usually falls in the range 
0.4--0.5 nN. The f values for each of the polymers are 
shown in Table 4. 

D I S C U S S I O N  

The value for polyethylene obtained by the present 
method is identical to that of  Treloar 4 if the same force 
constants are employed (Table 3). The improved values 
for the force constants in the present paper give a result 
lower than that of  Shimanouchi 3 but close to that of  
Miyazawa 5. A much better result is expected when force 
constant values from a single source are available. As 
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Table 4 Extensibilities (fvalues) of several polymer crystals ACKNOWLEDGEMENT 

Cross-sectional 
Modulus area /value 

Polymer (GN/m 2) (nm 2) (nN) 

We thank the Science Research Council for a scholarship 
to C.G.M. 

PE 299 0" 1824 0' 545 
s-PVC 153 0"2746 0-420 
s-PVF 212 0.2121 0.449 
s-PVA 143 0.2152 0.31 
s-PAN 236 0.3111 0"73 
s-PMMA 63 0-556 0"35 

expected, the theoretical value of the elastic modulus in 
each case is higher than the experimental value obtained 
using X-ray methods 9. The present method is preferred 
because it is simplest. 

For  s-PVC, this method gives a value close to that 
calculated by Asahina and Enomoto 6 (see Table 3). No 
X-ray data were available for PVC, but the f value 
obtained is within the expected range (see Table 4). 

Similarly, no experimental or calculated data are 
available for s-PVF but the extensibility falls within the 
expected range (see Table 4). 

Syndiotactic PVA gave a low result when compared to 
the experimental result (see Table 3). This could be due 
to lack of suitable force constants for substitution into 
the UBFF, but is more likely to be due to neglect of 
secondary bonding effects. 

We consider an isolated polymer chain, i.e. neglecting 
intermolecular forces. These are normally very small 
when compared with the primary valence forces along 
the chain and hence the single chain approximation is 
quite reasonable. However, infra-red studies on PVA 1° 
show that strong intermolecular H-bonding occurs 
between adjacent chains, but no intramolecular H-bond- 
ing (in the chain direction) occurs. Sakurada 9 also noted 
that H-bonding affected only the modulus perpendicular 
to the chain. 

As the PVA chain is extended it tends to contract 
laterally and when two adjacent chains are extended this 
will result in the H-bonds between them being stretched. 
Therefore the H-bond force constant also contributes to 
the elastic modulus in the chain direction and the single 
chain approximation becomes invalid. Jaswon et al. 1 
gave a treatment for secondary bonding in cellulose and it 
is hoped to extend this to PVA in the near future. 

The elastic modulus of s-polyacrylonitrile was calcu- 
lated as 236 GN/mL No experimental or calculated 
moduli were available for comparison, but the f value 
obtained was well outside the expected range for a planar 
zig-zag polymer (see Table 4). The force constants used 
were obtained from a recent detailed treatment of the 
alkylnitriles n and are regarded as reliable. The high 
extensibility value is due to the extremely polar nature 
of the polymer. Polyoxymethylene (POM) also exhibits 
strong intramolecular dipole-dipole interactions result- 
ing in high modulus and extensibility values 9. The calcu- 
lated values for the modulus andfva lue  of s-acrylonitrile, 
therefore appear to be quite reasonable. 

The low modulus and f values obtained for s-PMMA 
are shown in Tables 3 and 4. The f value is only slightly 
lower than the expected range and is due to the uncer- 
tainty in the calculation for the cross-sectional area of the 
chain using X-ray density measurements rather than unit 
cell parameters. 
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APPENDIX 

Derivation of  the force constants K and H 

Assuming a Urey-Bradley type field for polyethylene, 
the terms in the potential function involving the coordi- 
nates of  the nth CH2 group are given asr: 

' A Vn = Kr~a( rn + Ar~) + ½KeE[(Arn)2 + (Ar')2] + 

KScb( ARn) + ½Kcc( ARn) 2 + 

H~cFia2( AOn) + ½ H~cna2( AOn) 2 + 

H~ccb2( Agan) + ½ Hcccb2( Agan) 2 + 

HHccab(A~n + A¢~ + . . . .  ' A C n + ± ¢ .  )+ 
½Hnccab[(A¢,)2 + (A ¢~)~ + (A¢~)z + (A¢~,") ~] + 

F{i~(2asin~)±qn + ½FHn(Aqn) 2 + 

F~c( 2bsin~)A Qn + ½ Fcc( A Qn) 9" + 

F & 4  A p .  + AP;, + :xPT, + AP~,"] + 

½FcH[(AP.)2 + (Ap~,)~ + (Ap;;)~ + (Ap;")2] (A1) 

where internal coordinates R~, r~ etc., denote the 
distances and angles respectively with equilibrium values 
as indicated in parenthesis: 

Rn (Cn -  Cn+l =b) 

r n ( C n - H n = a )  r '~(Cn-H'.=a) 

Cn( < C n + l -  C n -  Cn-1 = 2fi) 

On( < Hn - Cn - H~ = 2=) 

Cn(< H n -  C n -  Cn+l =2~) 

¢;,( < H~, - Cn - Cn+l = 2y) 

~b~ ( < n n - C n - C n - l =  2y) 

¢~,"( < H~, - Cn - Cn-1 = 2~) 
Qn(Cn_l . . . Cn+l = 2bsinfi) 

qn(Hn • • • H~,=2asin~) 

Pn(Hn • • • Cn+l = ~) 

P,~(H~,... Cn+l= ~) 

P n ( H n . . .  Cn-1 = ~) 

P ~ " ( H ~ . . .  Cn- l=  a) 

where 

a2 = a 2 + b 2 _ 2abcos2y and cos27 = - cosacosfl 
t /  When the coordinates Qn, qn, P ' ,  Pn and P~" for changes 

of distances between non-bonded atoms are expressed 
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in terms of  the other coordinates 6 the potential energy 
becomes: 

2 Vn = K1 [(Arn) 2 + (Ar~) 2] + K2(ARn) 2 + 

Hl(aAOn)2 + I-I2(bA~n)2 + 

(A~.) +(A~.) +(A~. ) ]+ Haab[(A~bn)2+ , 2 " 2 ' "  2 

2Kn( Arn)( Ar~) + 2K22( ARn)( AR.-1) + 

2K12[( Arn)( A Rn) + ( Ar~)( ARn) + ( Arn)( ARn-1) + 

(Arn)(ARn-x)] + 

2Fn(aaO.)( Ar. + Ar~) + 2F22(bA$.)( AR. + 
AR.-1) + 

2Fla(ab) Z/2[( Arn)( A~bn) + (Ar,~)(A~b~) + 

( A r.)(A 4,;;) + (Ar~)(A ¢~' 3] + 
2F2a(ab) ~/2[(AR.)(A¢.) + (AR.)(A ¢~) + 

(AR._I)(A ~:) + (AR._z)(A~b~")] + 
2H13a(ab) 1/2[( AOn)( A~bn) + (A 0n)(A~b~,) + 

tt 0 t i t  (±o.)(A~.) +(A .)(a~. )] + 
2H2ab(ab) I/2[( A~n)( A~bn) + (A~)(A~b~) + 

(A~.)(A ~ )  + (A¢.)(A¢' 3] + 
2I-Iaaab[( A~bn)( A~b; ) + (A~bn)(A~b~) + 

(A~)(~")+(A~))(A~;,")]  (A2) 

where 

2 ' ~ F  Kl = Kcr~ + t~Frla + S~ rlI-i + 2t~F~c + 2s~Fac 

/(2 = Kcc + 2t~F~c + 2s~Fcc + 4t~F~c + 4s~Fac 
HI = HI~ c r i -  s~F~iri + t ~Far~ + (3x/81/2a2) 

//2 = Hccc -s~F~c + t2Fcc + (3~/81/2b 2) 

Ha = H a c c -  sasaFhc + tataFac + (3,~/8 ~/2ab) 

and 

Kn = - t ~Fh rr + s~Faa 

K22 = - t~F~c + s~Fcc 

K12 = -- tst4F~c + SaSaFHc 

Fn = tlSl(F~a + Far O 
F '  F22 = t2sz( cc + Fcc) 

F13 = (b/a)i/2(t3s4F~c + s3t4Fac) 

F23 = (a/b) al2(t4saF~c + s4tsFr~c) 
Hla=K/a(2ab) l/2 
H2a = K/b(2ab) 1/8 

n s a =  K/2112ab 

sl = sina, sz = sinfl 

ss=(a-bcos2y)/a 
s4 = ( b -  acos2y)/a 

t l  = COSo~ 

t2 = c o s t  

ta = bsin2~,/a 

t4=asin2~,/a 

Since in our modulus calculation we are considering 
the small changes in C n - C n - z ,  i.e., Rn and in Cn+I -  
C n - f n - 1 ,  i.e., ~n the required force constants are K2 
and/ /2 .  

• K=/£2 = Kcc + 2s~Fcc + 4s]Fnc (A3) 

and 
//2 = Hccc + t~Fcc + 3K/81/2b2 (A4) 

neglecting the first order terms since they have little 
effect on the value of the modulus. 
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Elastic properties and structure of a composite 
elastomeric system 

F. de Candia, A. Dontsov*, G. Micera and A. Pusino 
Laboratorio su Tecnologia dei Polimeri e Reologia, CNR, 80072 Arco Felice, Napofi, Italy 
(Received I March 1973) 

In the present paper the structural and mechanical properties of an elastomeric system, 
obtained by vulcanizing a mixture of nitrile rubber and magnesium methacrylate, have been 
analysed. The structural properties have been studied using the small angle X-ray tech- 
nique. The mechanical data have been treated with the Mooney-Rivlin phenomenological 
equation. Experimental data clearly indicate that the examined system is a composite one. 
Phase separation plays an important role in the mechanical behaviour which is directly 
related to the morphological and topological properties. The results are discussed at the 
molecular level and give some critical evidence on the Gaussian theory of rubber elasticity. 

INTRODUCTION 

It is well known that the stress-strain isotherms of an 
elastomeric network, unidirectionally elongated, very 
closely follow the Mooney-Rivlin phenomenological 
equation: 

~- = 2C1(~- ~ 2) + 2C2(~- ~-2)1 (1) 

where ~- is the stress on the unit of cross-sectional area, 
c, the strain ratio and Ca and C2 two phenomenological 
constants. A problem of great relevance is the investiga- 
tion of the molecular significance of the two coefficients, 
C1 and Cz. While for highly swollen systems it seems 
possible to identify 2Ca with the theoretical Gaussian 
modulusl -L i.e. a molecular parameterS, 6, nothing is 
known about the molecular significance of the C2 term. 
However, recent experimental results3, 4,7-9 indicate 
that Cz could be related to intermolecular phenomena 
present in the amorphous material. In particular, some 
authors 7-9 suggest the presence of molecular aggregates 
(bundles) as the direct origin of experimental deviations 
from the Gaussian theory, of which C2 can be considered 
a measure. This interesting hypothesis is strongly sup- 
ported by recent results TM. With regard to this problem, 
it is useful to investigate the mechanical behaviour of 
elastomeric systems with known structural properties in 
order to obtain experimental data about the relationships 
between mechanical and structural parameters. 

In a previous paper a~, the elastic properties and the 
structure of a network obtained by vulcanizing cis- 
polybutadiene in admixture with magnesium meth- 
acrylate are analysed. Results indicate that in this 
system a phase separation takes place with magnesium 
methacrylate clustering. Moreover, mechanical pro- 
perties analysed in terms of the Mooney-Rivlin equation, 
show that C~ and C2 values reflect the structural situation 
that, on the other hand, can be changed by using different 
swelling solvents. 

* Permanent address: M. V. Lomosov Moscow Institute of Fine 
Chemical Technology, Moscow, USSR. 

In the present paper, the same kind of analysis has 
been carried out on networks obtained by vulcanizing 
nitrile rubber in admixture with different amounts of 
magnesium methacrylate. The purpose is to give further 
support to the conclusions previously reported 11, and 
to test whether a different polymeric system can give a 
different experimental response. 

EXPERIMENTAL 

In this work a butadiene-acrylonitrile copolymer (NBR, 
SNAM) containing 50 ~ by weight of acrylonitrile was 
used. The magnesium salt and the vulcanization mixture 
were prepared as described previouslylL The initiator 
was dicumyl peroxide and vulcanization was carried 
out at 155°C for 30 min. The stress-strain measurements 
were carried out at 30°C, stretching the sample step by 
step with 30min intervals between each stress level. 
For swollen samples the stress was corrected by the 
term Vs ~/3 where Vs is the volume fraction of the rubber. 

X-ray analysis at low angles was carried out with a 
Kratky camera. The experimental conditions were: 
CuK~ (A=1.54~) radiation; 45kV voltage; 20mA 
intensity; distance sample-registration plane, 28.6cm; 
Angular range 0-90' in steps of 0.6'. At every angle the 
counter gives the intensity diffused in 100 sec. Three 
samples with different amounts of salt were studied. 
These samples are indicated as GN0, GN10 and GN20 
and correspond to a salt content of 0, 10 and 20~o 
respectively. 

RESULTS 

Mechanical properties 
Figure 1 shows in terms of the Mooney-Rivlin equa- 

tion, the stress-strain isotherms obtained on sample 
GN0. Two different swelling solvents with different 
polarities were used: benzonitrile and N,N-dimethyl- 
formamide. As shown, the behaviour is similar to that 
with rubber-like materials. In fact, C1 is constant in 
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Figure 1 Mooney-Rivlin plots obtained on sample GN0. z&, Dry 
sample; ©, N,N-dimethylformamide swollen samples; Iq, benzo- 
nitrile swollen samples. A, VS=I;  B, V$=0.839; C, VS=0-748; 
D, VS=0.567; E, V3=0.462 
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Figure 2 Mooney-Rivlin plots obtained on sample GN10 with 
N,N-dimethylformamide as swelling solvent. A, VS=I;  B, V$= 
0"876; C, VS=0"744; D, VS=0"665; E, VS=0.534; F, VS=0.5O9 

all swelling ranges investigated, while C2 decreases as 
the solvent amount increases. In Figures 2 and 3, the 
data obtained on sample GN10 are reported. Figure 2 
refers to data obtained using N,N-dimethylformamide 
as swelling solvent, while in Figure 3 the swelling solvent 
was benzonitrile. It seems clear that the experimental 
behaviour is quite different from that of  sample GN0. 
Cz decreases with swelling; Cz also decreases and in the 
benzonitrile swollen samples, at high degrees of  swelling, 
gives rise to a sharp change in the sign. 

The upturn in the Mooney-Rivlin plots, with C~ 
changing from positive to negative values, can be due 
to crystallization under stress or to non-Gaussian 
behaviour zz. Excluding the first hypothesis in highly 
swollen systems, it seems possible to assign this behaviour 
to non-Gaussian phenomena. The observed trend is 
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Figure 3 Mooney-Rivlin plots obtained on sample GN10 with 
benzonitrile as swelling solvent. A, VS=I;  B, VS=0.753; C, VS-- 
0.628; D, VS=0-568; E, VS=0.532; F, VS=0.489 
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Figure 5 Mooney-Rivlin plots obtained on sample GN20, with 
benzonitrile as swelling solvent. A, V$=1; B, VS=0.817; C; 
V8=0"678; D, VS=0"628; E, VS=0"506; VS=0"493 

more pronounced in Figures 4 and 5, where the data 
obtained on sample GN20 are reported. Figure 4 refers 
to N,N-dimethylformamide swollen samples while in 
Figure 5 the solvent was benzonitrile. In both cases, 
non-Gaussian behaviour is present but is more evident 
in Figure 5 where, at high degrees of swelling the upturn 
is not visible since (72 is also negative at low strain values. 
On the other hand, when it is possible to obtain a 
significant C1 value, C1 increases with the swelling, 
apparently at variance with the trend observed on 
sample GN10. 

Samples GN10 and GN20 were taken after three 
days in swelling equilibrium with N,N-dimethylforma- 
mide and dichloroacetic acid (DCA), in the ratio of 
0.95:0.05 respectively, and then dried. Such treated 
samples show a mechanical behaviour as reported in 
Figures 6 and 7. The swelling solvent was dimethyl- 
formamide. It seems evident that the observed trend is 
very similar to that reported in Figure 1 for sample 
GN0. 

X-ray analysis 
X-ray small angle analysis was carried out on the 

dry and swollen samples. Experimental data are reported 

structure of  a composite elastomer : F. de Candia et al. 

in Figures 8, 9 and 10 where the intensity is given as a 
function of the diffusion angle. The collective data 
obtained on dry samples GN0, GN10 and GN20 are 
shown in Figure 11. Diffused intensity indicates a non- 
homogeneous electronic density for all samples; in 
other words, it seems to indicate a phase separation, 
as is evident from Figure 11 where GN0, GN10 and 
GN20 give a spectrum with an appreciable difference 
from the background. In Figure 11 a dependence of the 
diffused intensity upon the amount of salt is also visible, 
because the fomer increases as the salt concentration is 
increased. 

On the other hand, in Figures 8, 9 and 10 the effect 
of the solvent treatment is shown. The solvent reduces 
intensity and N,N-dimethylformamide in a more pro- 
nounced way. Moreover, on the samples treated with 
hydrolysing agent (N,N-dimethylformamide/DCA), the 
intensity strongly decreases moving very near the back- 
ground. The data of Figures 9-11, when possible, were 
treated following the Guinier analysis 13. 

This analysis gives the approximate dimensions of 
particles producing X-ray diffraction. The numerical 
data indicate limiting values, but it is not possible to 
say anything about the relative population. Experi- 
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Figure 6 Mooney-Rivlin plots obtained on sample GNIO treated 
with N,N-dimethylformamide/DCA. Swelling solvent is N,N- 
dimethylformamide. A, VS=0-937; B, VS=0"872; C, VS=0'883; 
D, VS=0.630; E, VS=0.522 
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Figure Y Mooney-Rivlin plots obtained on sample GN20 treated 
with N,N-dimethylformamide/DCA. Swelling solvent is N,N- 
dimethylformamide. A group: O, VS=0.942; x, VS=0.906. B 
group: D, Vs=0.985; A, Vs=0-663; Q, Vs=0.811; O, Vs=0"935. 
C group: A, VS=0-844; O, VS=0.774; V, VS=0.774; O, VS=0.690. 
A, B and C groups refer to three different specimens 
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mental data are reported in Table 1. The data for GNO 
are not given either because a linear range was not 
visible in the Guinier plot, or because an appreciable 
diffuse intensity is present only at very low angle values, 
where the experimental error is great. 

DISCUSSION 
The feature of salt vulcanizates is, as reported zl, 14, 
the presence in the network of two kinds of crosslinks. 
In the first group there are covalent carbon-carbon 
bonds due to peroxide action while in the second we 
have ionic bonds due to the presence of magnesium 
salt. 

The experimental X-ray data indicate that a phase 
separation is present with distribution of particles in the 
amorphous material. It is believed that there is a high 
concentration of ionic bonds in these particles. In other 
words, the poly(magnesium methacrylate) formed during 
vulcanization 14 is distributed in the elastomeric network 
in the form of particles linked to the elastic chains by a 
grafting process which takes place in the radical vul- 
canization reaction. There is, therefore, a composite 
system whose chemical nature and structure are known 
and which can be modified by swelling treatment. 

On this basis, critical examination of the experimental 
results can provide some important information regard- 
ing the problem of deviations from the rubber elasticity 
theory as related to topological and molecular para- 
meters. The first point is the behaviour of the term C~ 

Table 1 Dimensions of the particles as given by the Guinier 
analysis 

Sample Dimension range (,&) 

GN10 dry 70-220 
GN10 benzonitrile 70-228 
GN10 N,N-dimethylformamide 87-304 
GN20 d ry 66-178 
GN20 benzonitrile 64-175 
GN20 N,N-dimethylformamide 66-190 

For the swollen samples VS was about 0.5. 
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Figure 10 Small angle X-ray plots of sample GN20. O, Dry; 
~,  benzonitrile swollen VS_~0.5; i ,  N,N-dimethylformamide 
swollen V$'~0.5; x, hydrolysed sample; O, background 
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Figure 11 Small angle X-ray plots on dry samples. O, GN20; 
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as a function of the salt amount. We have for C2 the values 
2.24, 3.36 and 10.22 kg/cm 2 for samples GN0, GN10 
and GN20 respectively. There is, therefore, a relative 
increase of the C2 term with the clustering process. 
Considering the clusters as a particular phenomenon of 
interchain aggregation, this influence on the value of 
C2 is evident. A second effect shown by the experimental 
data is the non-Gaussian behaviour of swollen samples 
GN10 and GN20. This phenomenon is related to the 
selective action of the solvent that swells only the 
elastomeric fraction. 

Swelling treatment increases the mean distances 
between particles and therefore stretches the chains 
linked to them to lengths in the non-Gaussian region. 
Essentially this is due to the freedom of the macro- 
molecules which is greatly reduced by the presence of 
clusters, as was explained in a previous paper 11. 

This explanation is supported by the X-ray data. 
Benzonitrile and N,N-dimethylformamide neither change 
the structure, as shown in Figures 8-10, nor do they 
swell the clusters, as reported in Table 1. Slight swelling 
of the clusters is visible for N,N-d ime thy l formamide ,  
and this explains the more pronounced non-Gaussian 
behaviour present in benzonitrile swollen samples. 

On the other hand, treatment with dimethylforma- 
mide/DCA, hydrolysing the salt bonds, destroys the 
ionic crosslinks and the cluster structure disappears, as 
is clear in the X-ray data. The destruction of the clusters 
gives the materials the ability to follow the swelling 
behaviour of sample GN0 (see Figures 1, 6 and 7). 
The last point that deserves attention is the behaviour 
of the C1 coefficient. 

Elastic properties and structure of a composite elastomer : F. de Candia et al. 

The data of Figures 2-5  must be corrected taking into 
account the effect of the particles. We can use the 
Guth-Smallwood equation15: 

2C1(F) = 2C1(1 + 2"5q~s + 14.1¢3) (2) 

where CI(F)  is the experimental value, C1 the corrected 
value and ¢8 the volume fraction of the particles. The 
use of equation (2) is approximate in this case, but can 
still give some indication about the trend. ¢8 has been 
calculated considering the selective swelling. Data so 
obtained indicate C~ to be constant for GN10 and C1 
to increase with swelling for GN20. The increase of C1 
in sample GN20 reflects the more pronounced non- 
Gaussian behaviour upon which the increase in the 
modulus depends. It is important, however, to note that 
C1 given by the dry samples does not give the Gaussian 
ideal modulus. In fact, as previously pointed out 2-4, C1 
gives the ideal modulus only in highly swollen systems 
or when the swelling behaviour indicates C1 to be 
constant with the degree of swelling. Finally one may 
consider the data of Figure 8 which also suggest phase 
separation for sample GN0. The rubber used was 
butadiene-acrylonitrile copolymer with a composition 
of 50: 50. 

With so high an acrylonitrile concentration we cannot 
exclude a block-like distribution with phase separation. 
However, the situation is quite different in respect to 
samples GN10 and GN20 where, as explained, the 
clustering is due to the presence of magnesium salts. 
In fact, in sample GN0 the N,N-dimethylformamide is 
sufficient to destroy the structure and give an absolutely 
usual mechanical behaviour (see Figure 1). 
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Sedimentation equilibrium study on preferential 
interaction of protein with solvent components* 

Hideo Inoue 
Shionogi Research Laboratory, Shionogi & Co. Ltd, Fukushima-ku, Osaka 553, Japan 
(Received 9 April 1973; revised 29 May 1973) 

A sedimentation equilibrium equation was derived in weight-per-volume concentration 
units to evaluate the degree of preferential binding of one solvent component to a homo- 
geneous neutral macromolecule in a mixture of two components. Using the equation, the 
preferential binding of chloroethanol to fl-lactoglobulin A was calculated from sedimen- 
tation equilibrium data, and the result showed good agreement with values obtained by 
light scattering and refractive index increment experiments. It was also demonstrated that 
the preferential interaction can in principle be determined by density increment measure- 
ments under different conditions: at constant molality and at constant chemical potential 
of solvent. 

INTRODUCTION 

Study of the optical properties of proteins has shown that 
a conformational change of protein frequently takes 
place when an additive such as alcohol or electrolyte is 
added to an aqueous solution of a protein 1. Thermo- 
dynamic investigation has made it clear that the con- 
formation of a protein in solution depends to a great 
extent on the interaction between the protein and the 
solvent component 1, 2. We have previously investigated 
the preferential interaction of proteins with solvent com- 
ponents in mixed water-organic solvent systems by light 
scattering and refractive index increment measurements 
together with the proper application of multi-component 
theorya, 4. 

In this communication we derive equations by which 
the degree of preferential binding of one of the solvent 
components to protein can be calculated from sedimen- 
tation equilibrium data and density increment measure- 
ments. Application of this method is demonstrated by 
sedimentation equilibrium experiments carried out on 
fl-lactoglobulin A (fl-Lg A) solutions at various concen- 
trations of chloroethanol. The degree of preferential 
binding to fl-Lg A calculated with use of the equations is 
in satisfactory to good agreement with the values obtained 
from the light scattering and refractive index increment 
experiments. 

THEORY 

Fujita 5, and Casassa and Eisenberg 6 have derived a 
sedimentation equilibrium equation for a solution of a 
homogeneous neutral macromolecular component in a 
medium which consists of two components of low mole- 
cular weight. We use here the ScatchardT-Stockmayer s 
notation for a three-component system: the principal 
solvent is component 1, the additional diffusible solvent 

* This work was read in part before the 23rd Annual Meeting of the 
Chemical Society of Japan, Tokyo, Japan, April 1970. 

is component 3, and the macromolecule is component 2. 

dlnw2\ z_ 1 -A(w'R) . ^ ,  2, 
~ - )  L2=MzA + 2 ~ w 2 . - P u I ,  w2) (1) 

where 

L ,o2 . . . .  Vmto 2 [ O0 (la) 

[ a t , ]  (0w3] 

(lb) 

wj is the concentration of component J in g/g of principal 
component, r is the distance from the centre of rotation 
in the ultracentrifuge, M is the molecular weight, Atw, R) 
is the virial coefficient for light scattering on the w 
concentration scale (see ref. 6 for details), ~j is the 
partial specific volume of component J, p is the density of 
the solution, Vrn is the volume of solution (in ml) con- 
taining 1000 g of principal solvent, to is the angular 
velocity, R is the gas constant, T is the temperature, the 
subscripts P and/x are used to denote partial differentials 
subject to constant pressure and constant chemical poten- 
tials of diffusible components, and the subscripts P and w 
denote differentials subject to constant pressure and 
constant concentrations of all components except the 
one whose concentration is being varied. Throughout 
this work the temperature is constant and is therefore 
omitted from the partial differential subscripts. The degree 
of preferential interaction of the macromolecule with 
the third component is represented by (Owa/Ow2) e, t, the 
weight in g of component 3 which must be added to the 
solution per g of component 2 in order to maintain 
constancy of P and/z. 

For the sake of experimental convenience the concen- 
tration unit is changed from a weight-per-weight basis 
to a weight-per-volume basis: cj in g/ml of solution. 
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Using the relations Wj=cjgm/lO00 and Vm=1000(~l+ 
w2~2 + w3~3), equation (1) becomes: 

o~2 _ ,[dlnc2~-i 
2RT(1 - g2p) (1 - v2cgJ ~ r 2  ) 

1 2 Vm A (w, R) 
--M2A ~ 1000 A c2+0(c~) (2) 

Assuming the constancy of ~2 with respect to the concen- 
tration of component 2, the term (1-~2p) may be 
approximated by: 

(1 -- t52p) = (1 - f2p °) (1 - t~2c2) (3) 

where p0 is the density of the mixed solvent. Then, 
substitution of equation (3) into equation (2) and 
rearrangement leads to the final sedimentation equili- 
brium equation for the three-component system in weight- 
per-volume concentration units: 

w 2 ,.  - o,[dlnc2~-i 
2RTtt - v2p )[ drZ ) 

= 1 +{ 202 + vma (w,R)\ ^- 2. 
M2A I, M2A ~ )c2+0(e2) (4) 

Substitution of the relation (Op/Owj)p, w=(lOOO/Vm)(1 - 
O,1p) into equation (lb) gives: 

(1- 30)/aw3] 
A = 1 ~- ( 1 - ~  1~0~2} p, ~ (4a) 

It is possible to estimate the degree of preferential 
binding, (Ow3/Ow2)p,l,, through A by using equation (4) 
provided that the true molecular weight of component 2 
and the partial specific volumes of components 2 and 3 
are known. The situation is very like that we found to 
hold for light scattering 8,~. The molecular weight of the 
macromolecular component is needed in the three- 
component system being considered in order to evaluate 
the preferential binding. 

By expressing the density as a function of composition 
at constant pressure, we obtain: 

o o  = ? P  + (5) 
\ Ow3w l P, w\ aW2/ V, 

Comparison of this equation with equation (lb) yields: 

(Ow~)e,, (Ow2)e,w (6) 

Introduction of equation (6) reduces the sedimentation 
equilibrium equation (1) to: 

~2V~ [ 0P ~ [ d , n w f i  -~ 
2000RTkOw~]p,e ~ dr 2 ] 

1 
= M2 + 2A(w, ~)w2 + 0(w~) (7) 

In view of the facility of measuring c2 in the experi- 
ments, a conversion of w2 to cz is desirable. The density 
increment with respect to w2 at constant pressure and 
chemical potential is transformed to that with respect 
to c2 by: 

Op 
(O~:2)P, iz=(Oc2)P, 1000 ~, Vm-m (1 - t?~c2) (8) 

where for convenience we introduce the symbol: 

_+ 1 [OV~'~ 
ve-1000~ Ow2 ] e,~, (9) 

Recall, for comparison, the definition of partial specific 
volume 

~2 lO00~Owz]P,w (10) 

Introduction of equation (8) into equation (7) and 
rearrangement results in: 

~2  [ Op ~ [dlnc2~ -1 
2RT ~ 0c2] P,/~ \ d r  ~ ] 

= M21 + [--M-2[ez+f~ + VmA(w'R)) , (11) 

The density increment (Op/Oc2)v,~ differs only insen- 
sibly from the more readily accessible derivatives 6,9, 
(Op/Oc2)~,, which can be measured for solutions that have 
been brought to a state of osmotic equilibrium with 
solvent. Therefore, the molecular weight of macromole- 
cules is obtainable through equation (11) by the sedi- 
mentation equilibrium and density measurements on 
solutions equilibrated with the solvent. 

Once 2142 is obtained, we can evaluate the preferential 
interaction of the macromolecule with one of the solvent 
components by the sedimentation equilibrium and density 
measurements at constant molality of solvent components, 
using equations (4) and (4a). 

We can develop another method to obtain the degree 
of preferential solvation from equation (5). Transforma- 
tion of density increments with respect to wj into those 
with respect to ca in equation (5) leads to: 

1 
Ow2 j e, ~ = ]--- ~p x 

_+ Op _ Op 

Infinite dilution of component 2 reduces the equation to: 

1 OW2l P, ¢ '1 -~3p ° L \ ac2I \ Oc2z 
] 

where the superscript zero refers to vanishing concen- 
tration of component 2. For the reason given above, the 
density increment (bp/Oc2)~,,/, can be replaced by 
(Op/Ocz) °, which is determinable more easily by dialysis 
experiment. Equation (13) is identical with that derived 
by Reisler and Eisenberg 1°. Using equation (13), the 
preferential solvation of a macromolecule may be calcu- 
lated by measurement of the density increments under 
two different conditions: (i) keeping the weight molality 
of component 3 constant, and (ii) keeping the chemical 
potentials of components 1 and 3 constant. 

EXPERIMENTAL 

The data used here are from the previously reported 4 
sedimentation equilibrium experiments on fi-Lg A in 
water]2-chloroethanol mixtures, fi-Lactoglobulin A was 
prepared from cow's milk by standard techniques 11 and 
recrystallized before use. 

The sedimentation equilibrium experiments were 
carried out at 25°C in a Beckman model E analytical 
ultracentrifuge, equipped with Rayleigh interference 
optics. The rotor speed was set at around 39 000 rev/min. 
In all cases, the protein concentration was 0.5 mg/ml. 
The value of TJ2 of fi-Lg A was taken to be 0.7511z. 
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RESULTS AND DISCUSSION 

From the interference patterns photographed on Kodak 
plates at sedimentation equilibrium, the fringe displace- 
ments were measured as a function of the radial distance. 
An example is shown in Figure 1, where the logarithm 
of the fringe displacement (in/~m) is plotted against the 
square of the radius for fl-Lg A in 40 ~o chloroethanol 
solution. The points in each plot for fl-Lg A in different 
concentrations of chloroethanol lie almost in a straight 
line as shown in Figure 1. The plot for 80 ~o chloroethanol 
does display an upward curvature at the bottom of the 
cell, which must reflect the aggregation observed in light 
scattering at protein concentrations above 2 mg/ml 3, 
though, even in this case, a linear relationship is retained 
for the rest of the cell. From a least square slope of all 
points in each plot, the amount of the left-hand side of 
equation (4) was calculated. This was independent of 
the radial distance, i.e. of protein concentration, since 
the latter is a function of the former. The apparent 
molecular weight of the protein, AM2, was obtained as a 
reciprocal of the amount thus calculated. Light scattering 
and refractive index increment measurements on fl-Lg A 
at different concentrations of chloroethanol under the 
condition of constant chemical potential of solvent have 
shown that the molecular weight of the protein does not 
change in the range of chloroethanol concentration 
investigated% Dividing the apparent molecular weight by 
the true molecular weight of the protein yielded A. Then, 
the preferential binding of chloroethanol to fl-Lg A 
was evaluated by equation (4a). The results are given in 
Table 1, where in the last column the amounts (Ow3/Ow2)~ 
obtained from light-scattering experiments 3 are com- 
pared with those from sedimentation experiments. A 
fairly good agreement is observed between them. 

Very recently, an application of equation (13) was 
reported for determination of preferential solvation by 
measuring the density increment. Kratochvil et al. la 
have measured the preferential binding of 2,2,3,3-tetra- 
fluoropropanol (TFP) to poly(methyl methacrylate) in a 
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Figure I Plot of the logarithm of the fringe displacement (in 
/~m) against the square of the radial distance (in cm) for the 
equilibrium sedimentation of fl-lactoglobulin A with 4 mm solu- 
tion column in 40% chloroethanol solution at 25°C. Rotor speed 
was 39150rev/min, and the initial protein concentration was 
0.5 mg/ml. The error bars correspond to an estimated uncer- 
tainty of __+ 5 p.m in the determination of the fringe displacement 

Table 1 Preferential binding of chloroethanol to fl-Lg A in water- 
chloroethanol mixtures, determined from the sedimentation 
equilibrium 

Owa] 

Chloroethanol Sedimentation Light 
(vol. %) Mapp po v3 equilibrium scattering 

0 18 800 0"9971 
5 18 100 1.0098 0'7934 --0"026 0"114 

10 20 400 1.0226 0"7965 0"128 0'161 
30 26 000 1.0708 0"8125 0"611 0-706 
40 26000 1.0915 0"8220 0.711 0'714 
80 14 600 1.1652 0.8340 -0"933 -0 '624  

mixture of benzene and TFP, and shown that the results 
are in good agreement with the data obtained by the 
established refractive index increment method. 

In the derivation of the equations for evaluation of 
preferential interaction, several assumptions were made: 
(i) the constancy of ~2 with respect to concentration e2; 
(ii) the negligible compressibility of the solution; (iii) the 
electroneutrality of the macromolecular component; 
and (iv) the neglible change in wa with respect to the 
radial distance. The first assumption is a satisfactory 
approximation in many cases, provided that the concen- 
tration of component 2 is low enough throughout the 
ultracentrifuge cell. When the angular speed is low and 
the column height is short (the condition obtaining in 
sedimentation equilibrium experiments with a short 
column), the second assumption is also satisfied even 
though the third component is an organic solvent. 
Proteins are in general a kind of polyelectrolyte. So, to 
meet the third assumption all the solutions and the sol- 
vents contained 0-02 M NaC13, 14. Any effect of NaC1 
on the three-component theory was considered to be 
negligibly small because of its very low concentration as 
compared to that of chloroethanol. If the concentration 
distribution of the solute or the solvent could be measured 
independently, it would not be necessary for the fourth 
assumption to hold. However, Rayleigh interference and 
Schlieren optics cannot distinguish between the two 
distributions; so to meet the last assumption the sedi- 
mentation equilibrium experiments should be carried 
out at a dilute concentration of component 2, and the 
blank concentration distribution of the solvent must be 
subtracted from the experimental curves. 
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Coupling of diffusion flux and chemical 
reaction in an asymmetric catalytically 
active membrane 

M. Kubin and P. Spa6ek 
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Prague, Czechoslovakia 
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The behaviour of a catalytically active membrane vectorized by a permanent transversal 
gradient of catalytic activity has been analysed mathematically. Under the simplifying 
assumption that the gradient of the catalytic activity profile across the membrane is linear, 
it is possible to express the steady state concentrations of the reaction components inside 
the membrane, governed by the diffusion-controlled chemical reaction, by means of tabu- 
lated Airy functions. For enzyme-catalysed reactions which follow Michaelis-Menten 
kinetics, two analytical solutions have been found for high and low substrate concentrations, 
respectively. If such an asymmetric membrane separates two compartments with the same 
(and constant) substrate concentrations, it behaves as an active barrier capable of 
pumping the product against its own concentration gradient. The effects of membrane 
thickness, slope of the activity profile and diffusion coefficient on the overall rate of 
product formation and on the pumping efficiency of the membrane are discussed. 

INTRODUCTION 

In connection with the increasing importance of enzymes 
bound to macromolecular carriers in therapy, analytical 
chemistry and industrial processing, considerable atten- 
tion has been paid recently to the theoretical analysis 
of  diffusion-controlled, enzymatically catalysed reac- 
tions 1-3. Several authors 4-6 have also proposed mathe- 
matical and/or real models of the so-called 'active 
transport'  in which a compound diffuses against its 
concentration gradient on account of a concurrent 
chemical reaction. This 'up-hill' transport is very impor- 
tant in living organisms; however, in spite of the vast 
amount of experimental evidence collected in the past 
(e.g. ref. 7), very little is actually known about the true 
mechanism or mechanisms involved. 

In this paper we present a mathematical analysis of a 
simple system based on an enzymatically active mem- 
brane having an uneven distribution of catalytic activity. 
It is shown that such a membrane, placed between two 
solutions with the same concentration of the substrate, 
behaves as an active barrier, capable of enriching one 
of  the solutions by the product of the chemical reaction 
considered. 

General conclusions from the results presented in this 
communication are valid in all similar systems where 
the diffusion-controlled chemical reaction is first order 
both with respect to the reactant and to the catalyst. 

STATEMENT OF PROBLEM 

A membrane in which the diffusion flux is driven by a 
chemical reaction must be in some way vectorized, as 
the Curie Principle s forbids the coupling of phenomena 
o f  different tensorial order in an isotropic medium. 

In this paper we analyse mathematically the behaviour 
of the probably simplest model of such a membrane, 
one in which there exists a stable linear gradient of 
catalytic activity obeying the equation: 

E = ~ x  (1) 

where x (0 ~< x ~< l) is the spatial coordinate perpendicular 
to the membrane surface, l is the membrane thickness 
and E is the concentration of an enzyme capable of 
catalysing a first-order chemical transformation of  a 
substrate, S, to a product, P. The membrane separates 
two large reservoirs with solutions in which the substrate 
concentrations are the same and can be considered 
constant, S=S0;  the situation is depicted schematically 
in Figure 1. 

___So__ 

,.,o(P~ 

x-O 

I 

Figure 1 

Membrane 
E 

S ,P 

x~l 

So 

J/(P) 

Schematical representation of 
the system under consideration 
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Designating by vR the local reaction rate (rate of 
disappearance of the substrate, which in reactions 
of this type is equal to the rate of product formation) 
and limiting our considerations to the steady state, we 
have the following two differential equations for the 
concentration profiles of the substrate and product 
within the membrane, governed by the diffusion- 
controlled chemical reaction: 

(as~at) = Os(a2S/ax 2) - vR = 0 (2) 
and 

(aP/at)  = op(a2P/ax  2) + v~ = 0 (3) 

where S and P are the concentrations of substrate and 
product, respectively, Ds and Dp are the corresponding 
diffusion coefficients (assumed to be independent of 
concentration and constant throughout the membrane) 
and t is time. 

Enzymatic reactions usually follow Michaelis-Menten 
kinetics: 

vR = k2ES/(Km + S )  (4) 

where k2 is the turnover number and Km the Michaelis 
constant; the validity of equation (4) has been confirmed 
also for enzymes immobilized in membranes 5. 

The problem will be solved for the two limiting cases 
of high and low substrate concentration. 

SOLUTIONS 

For low substrate concentration 

I f  S ~Km,  equation (4) reduces to: 

v• = k2ES/Km (5) 

which in combination with equations (1) and (2) yields 
the differential equation: 

(d2S/dx 2) - ~xS = 0 (6) 
with 

h = k2K/KmDs (7) 

to be solved together with the boundary conditions: 

S =So at x = 0  and x = l  (8a) 

The steady-state concentration profile of the substrate 
inside the membrane is then given by: 

S = So[aAi(M/3x) + bBi(hl/3x)] (9) 

the Airy functions Ai and Bi are two independent 
solutions 9 of the differential equation y " - x y = O .  From 
the boundary conditions (8a) we then get for the two 
integration constants a and b the relations: 

a = [Bi(M/3I) - Bi(O)]/[Ai(O)Bi(M/31) - 

Ai(M/3I)Bi(0)] (10a) 

b = [Ai(0) - Ai(M/81)]/[Ai(O)Bi(hX/~l) - 
Ai(hl/31)Bi(0)] (10b) 

In order to find the concentration profile of the 
species P in the membrane, we make use of the fact that 
it is connected with the substrate concentration according 
to the relation: 

- Dp(d2P/dx ~) = Ds(d2S/dx 2) (11) 

which follows from a comparison of equations (2) 
and (3). Integrating equation (11) twice we have: 

- DpP = DsS  + I l x  + 12 

8O 

6O 

2O 

The integration constants 11 and 12 can be determined 
from the boundary conditions (8a) and (8b): 

P =0  for x = 0  and x = l  (8b) 

which are approximately valid if the volumes of the 
two compartments are large or if the experiment is 
performed in a through-flow arrangement. 

Thus: 

P = (Ds/Dp)(So - S )  (12a) 

or, after substitution from equation (9): 

P =So(Ds/Dp)[1 -aAJ(h l /3x ) -bB i (h l /3x ) ]  (12b) 

On the basis of equation (12b) we may now calculate 
the diffusion fluxes of the product J(0 r) and J(F) at the 
two faces of the membrane (see Figure 1): 

J(0P)= - D p { d P  1 \ dx / x=o= S°Dshl/3[aAi'(O) +bBi'(O)] (13a) 

and 

' t~dxlx=Z 

=SoDshl/~[aAi'(hl/31)+bBi'(hl/3l)] (13b) 

and therefrom also two important parameters, viz. 
the overall rate of product formation per unit area of 
the membrane, div P, defined as: 

div P = [J  (0~)1 + I J q'~l (14) 

and the ratio of the fluxes, 

r = I s q'q J (15) 

which characterizes the pumping efficiency of the 
membrane. 

The quantity (div P)/So  calculated from equations 
(10), (13) and (14) on the basis of extensively tabulated 9 
Airy functions and their derivatives is plotted in Figures 
2 and 3 (solid lines) as a function of the parameter 
K =kz~/Km (proportional to the slope of the activity 
profile in the membrane) for two membranes of different 

/ / D / 
/ / / / J ~  

0 2 0  40 6 0  8 0  I 0 0  
A" 

Figure 2 Dependence of the total rate of product formation on ~he 
parameterK=k~KlKminamembraneO'l cm thick. Vectorized 
membrane; . . . . . .  , membrane of uniform enzymatic activity 
corresponding to the given K, E=~¢//2. Ds(cm~ s- l ) :  A,  5x10-7;  
B, 10x 10-7; C. 20x 10-7: D. 50x 10 -7 
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30 
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I t I I 

O 20  4 0  60  BO IO0 
K 

Figure3 Dependence of the total rate of productformation on the 
parameter K in a membrane 0.01 cm thick. See caption to Figure 2 
for full description 

thickness (I=0.1 and 0.01cm, respectively) and for 
several values of the diffusion coefficient Ds. The rate 
of product formation increases with increasing K due 
to the higher mean catalyst concentration in (otherwise 
identical) membranes having a higher slope of catalytic 
activity, K. For the same reason, the rate of product 
formation is higher in the thicker membrane (Figure 2), 
although this enhancement is not proportional by far 
to the increase in l, as the reaction will proceed much 
slower in the thicker membrane due to more pronounced 
diffusion control. The quantity (div P)/So also increases 
with the diffusion coefficient of the substrate, Ds, as 
expected in a diffusion-controlled process. 

The ratio of the two diffusion fluxes, which can serve 
as a measure of the pumping efficiency of the membrane, 
is plotted as a function of the parameter K in Figure 4 
for the same values of the relevant parameters l and 
Ds as before. For physical reasons, all the lines in 
Figure 4 must intersect at the ordinate 7=  1 in the limit 
of zero K (i.e., for zero activity gradient in the mem- 
brane); hence, the pumping efficiency strongly increases 
in the region of low K, so that even moderate values 
of the gradient of catalytic activity will bring about a 
considerable rise in the ratio of the diffusion fluxes. 
It is of interest to note that the ratio depends on the 
diffusion coefficient Ds of the substrate in the opposite 
way than the rate of product formation, div P. With 
increasing Ds the pumping efficiency of the asymmetric 
membrane decreases. This can be easily understood by 
taking into consideration the fact that the membrane 
must represent a barrier of relatively low permeability 
in order to maintain a sufficiently high ratio of the two 
diffusion fluxes in the steady state. 

With every asymmetric membrane one might associate 
a membrane of uniform catalytic activity equal to the 
mean activity of the vectorized membrane: 

E =  KI/2 (16) 

The broken lines in Figures 2 and 3 correspond to the 
rate of product formation (div P)/So by these associated 
membranes of constant catalytic activity; the kinetic 
behaviour of such membranes has been analysed in 
detail 1-~. It is seen from the Figures that the total 
output of the vectorized membrane is always lower 

than that of the corresponding uniform membrane 
having the same mean catalytic activity. This is in 
accord with the notion that, in the case of the asymmetric 
membrane, a part of the actual driving force which 
is the affinity of the proceeding chemical reaction is 
needed for maintaining a non-zero difference of the two 
diffusion fluxes of the product. 

The effect of the membrane thickness l on its pumping 
efficiency as reflected in the ratio 7 is illustrated by the 
results summarized in Table 1. The calculations were 
performed for two membranes of thickness 0.1 and 
0.01 cm, respectively. However, it is not appropriate 
to compare directly two membranes of different thickness 
having the same gradient of catalytic activity ~, as the 
thinner of the two would be handicapped in that it 
then has a lower mean catalytic activity [see equation 

Table I Comparison of the product flux ratio v =  I J(P/)/J(~) I for 
two membranes of different thickness (1=0-01 and 0.1 cm) 

Dsx  107 (cm 2 s-Z) 

50 20 10 5 

K = k z  K/Km* '~0-01 '~0.1 ~'0-01 "YO'I '~0.01 '~0"1 ~0"0 ]  ~'0"1 

20 2"1 3 7  2 2  4 3  2 3  4.8 2.5 5 4  
50 2"2 4 3  2.3 5 0  2 6  5 6  2.9 6 3  

100 2"3 4 8  2 6  5 6  2 9  6"3 3 2  7"1 

* Value corresponding to the membrane with /=0.01 cm (see 
text) 
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Figure 4 Dependence of the pumping efficiency of a vectorized 
membrane as expressed by the ratio of the two diffusion fluxes 
V = ] J(~)/J(~)] on the parameter K=k2*dKm.  - - ,  /=0.01 ; 
. . . . . .  , /=0-1. Ds(cm2 s-Z): A, 5x  10-7; B, 10x 10-7; C, 20x10-7; 
D, 50x 10 -7 
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(16)]. Therefore, the comparison in the Table is made for 
two membranes with the same mean catalytic activity 
/~, i.e. with the same value of the maximum activity at 
one of their faces--the thicker membrane then must 
have a K ten times lower (and therefore a K ten times 
lower) than the value shown in the first column of  
the Table. 

The results in Table 1 show that even under these 
conditions the thicker membrane always has the higher 
ratio of the diffusion fluxes, which confirms the view 
already expressed about the importance of low membrane 
permeability for its pumping efficiency. 

The solution of the problem contained in equations 
(1)-(4) can be further generalized: 
(a) if the profile of  the enzymatic activity in the membrane 
is of a more general linear form: 

E = K1 + K2x 

we have to solve (again assuming Km >> S) the differential 
equation: 

dzS D S d ~  k2(K1 + K2x) S =0  
Km 

Introducing a new variable 

= x l  + K2x 

we recover the original form of the differential equa- 
tion: 

d~S 
d~ 2 -  a~S = 0 

and the new parameter a is defined by: 

a=k2/K~DsKm 

(b) analytical solutions (in terms of  modified Bessel 
functions of fractional order 1°) exist also for the case 
when the catalytic activity inside the membrane is of 
the general parabolic form: 

E = K3 xm, m > 1 

For high substrate concentration 
For  Km ~ S we have a rather trivial case of zero-order 

kinetics with respect to the substrate, as in this case 
equation (4) reduces to: 

vR=k2Kx (17) 

assuming again that the catalytic activity in the mem- 
brane follows equation (1). The resulting simple differ- 
ential equation: 

Ds(d2S/dx 2) - k2Kx = 0 (18) 

has a solution: 

S =  S0{1 - 6SoDsk2Xl8 [(x/l) - (x / l )a]}  (19) 

which satisfies the boundary conditions (8a). 
For  the species P it again holds: 

P = (Ds /Dp) (So -  S )  (12a) 

and the two diffusion fluxes of the product follow from 
equations (19) and (12a) as: 

J (y) = k2Kl 2/3 (20a) 

J (~) = - k2Kl 2/6 (20b) 

Hence, the total rate of product formation is now 
given by: 

div P = k2~cl z/2 (21) 

and depends neither on the substrate concentration in 
the outer solutions, So, nor on its diffusion coefficient, 
Ds. 

As a consequence of  the simplicity of assumptions 
underlying this derivation, it follows from equations 
(20a) and (20b) that in this case of high substrate con- 
centration the diffusion fluxes of the product differ by a 
constant factor 2. 

It must be said in conclusion that the simple model of  
active transport discussed (as well as the processes in 
the other models of  active transport so far constructed) 
might be quite different from the processes involved in 
the up-hill transport in living ceils. Nevertheless, these 
attempts can contribute to our better understanding of  
the principles underlying this complex phenomenon. 
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An etch technique for studying the morphology of multiphase polymers containing a 
polycarbonate phase, based on the alkaline hydrolysis of polycarbonates, is described. 
The application of this technique to polycarbonate/polystyrene blends is illustrated.Diffi- 
culties which can occur in applying this technique to crosslinked materials under condi- 
tions such that only partial phase separation exists are discussed. 

INTRODUCTION 

Morphological studies of multiphase amorphous 
polymers by electron microscopy are often hindered 
by lack of contrast between the phases. Most work in 
this field has concentrated on rubber-toughened plastics, 
such as high-impact polystyrene and acrylonitrile- 
butadiene-styrene copolymers, and on block copolymers 
containing chains of polyisoprene or polybutadiene. Two 
approaches have been adopted towards the morpho- 
logical examination of such polymers. First, the unsatur- 
ated component is readily stained by osmium tetroxide a, 
which serves the dual purpose of hardening the rubber 
component to facilitate cutting and of rendering it visible 
under the electron microscope. The second approach is 
to selectively remove one phase by etching the polymer 
surface and subsequently examining its topography. 
Gas-discharge z and preferential-solvent 3 etching tech- 
niques have been reported for rubber-containing materials 
and Bucknall et al. ~ have recently described a chromic 
acid etching technique for the same polymers; chromic 
acid preferentially removes the rubber component. 
Bucknall et al. have listed advantages of etching methods 
which avoid distortion of the morphology during cutting 
of thin sections. The growing interest in multicomponent 
polymers requires the development of more techniques 
to distinguish phases, especially in non-rubber-containing 
polymers. 

We are at present engaged in a study of the structure- 
property relations of multicomponent crosslinked 
polymers, in which a halogen-containing polymer is 
crosslinked by chains of a second polymer prepared by 
free-radical polymerization; methods of preparing the 
crosslinked structures are described elsewhere 5. One 
class of materials of interest at present is polycarbonate 
[derived from 1,1,1-trichloro-bis-2-(p-hydroxyphenyl) 
ethane] crosslinked by chains of vinyl polymers. Prior to 
investigating the properties of these materials an attempt 
was made to devise a method for studying their morpho- 
logies. As a result of this work an etch technique, based 
on the alkaline hydrolysis of polycarbonate and suitable 
for examining the morphology of two-phase materials in 
which one phase is a polycarbonate, was developed and 

is reported in this paper. Uncertainties in the interpre- 
tation of micrographs, obtained with this and other etch 
techniques, which can arise from materials in which only 
partial phase separation occurs are described. In these 
experiments polystyrene was used as the second com- 
ponent. 

EXPERIMENTAL 

Materials 

The polycarbonate (tool. wt. =7500) was prepared by 
condensation of phosgene and 1,1,1-trichloro-bis-2- 
(p-hydroxyphenyl) ethane. Polystyrene used in blends had 
a molecular weight of 120 000. Samples of polycarbonate 
crosslinked with polystyrene were prepared using 
manganese carbonyl, in conjunction with the poly- 
carbonate, as the photo-initiating system 5. 

Polycarbonates are susceptible to hydrolysis by a 
variety of bases. Since, in general, the second polymeric 
component may dissolve or swell in organic bases, an 
aqueous solution of potassium hydroxide ( ~ 3 0 ~  w/v) 
was chosen as etching agent. 

Sample preparation 

Films of polycarbonate-polystyrene blends and of 
lightly crosslinked (soluble) materials were prepared by 
casting from solutions in ethyl acetate. 

Thick films (~0-5mm) of blends were cast (from 
,~ 15 ~ w/v solution) in small polyethylene dishes. Under 
these conditions phase separation occurred in solution, 
forming droplets of a solution of one component; this 
method produced large domains of one polymer. Pieces of 
film were attached to Araldite blocks and the surfaces were 
etched by submerging the assembly in the etching solu- 
tion. After washing and drying, the Araldite blocks were 
attached to specimen holders, and the surfaces were 
coated with gold/palladium to prevent charging. The 
etched surfaces were examined in a Cambridge Mk III 
Stereoscan microscope. 

In an attempt to produce films containing smaller 
domains, thin films of blends (3-5 tzm thick) were pre- 
pared by casting from dilute polymer solution (1.5 ~ w/v) 
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onto glass slides. Small portions of the films were 
separated from the slide and floated upside down on the 
etching solution. After etching, the specimens were washed 
on a clean water surface, inverted to leave the etched 
surface uppermost, collected on glass cover-slips and 
dried. The glass cover-slips were glued to specimen 
holders and the samples were coated and examined as for 
thick films. 

Films of lightly crosslinked materials were prepared for 
examination in a manner identical with that for thick 
films. More highly crosslinked samples which could not 
be cast as films were swollen in ethyl acetate and dried. 
The samples were attached to Araldite blocks, faced in 
an ultra-microtome and subsequently the smooth sur- 
faces were etched and prepared for examination as for 
thick films of blends. 

For transmission electron microscopy very thin films 
(~  600 nm) of blends and lightly crosslinked materials 
were cast from dilute solution (0.3 70 w/v) and etched 
and washed as for thin films for scanning microscopy. 
The specimens were collected on microscope grids and 
either coated with carbon or shadowed with platinum 
and examined in a JEM 7 electron microscope. 

Prior to carrying out electron microscope studies on 
two-component systems it was confirmed that the parti- 
cular polycarbonate used in these experiments was 
readily attacked by the potassium hydroxide etching 
solution; thin films of polycarbonate homopolymer were 

C. Eastmond and E. G. Smith 

completely destroyed in 24 h while comparable poly- 
styrene films remained unaffected. 

RESULTS AND DISCUSSION 

Figure 1 shows scanning electron micrographs of unetched 
top surfaces of thin films of a series of polycarbonate-- 
polystyrene blends, and confirms that normal variations 
of morphology with composition occur. In this particular 
system the phases can be distinguished without recourse 
to staining or etching; the polystyrene appears dark and 
the polycarbonate light. It cannot be expected that such 
contrast will be seen in all multicomponent materials 
containing a polycarbonate component and probably 
arises in this particular example from the presence of the 
trichloromethyl groups on the polycarbonate; here it is a 
confirmatory aid in the identification of the phases. 

Figure 2 is a corresponding set of scanning electron 
micrographs for blends after etching, and comparison with 
Figure 1 illustrates how the morphology of the films is 
revealed by etching. Figure 2a shows the emergence of 
spherical polystyrene domains accompanying the degra- 
dation of the surrounding polycarbonate matrix. The 
wide distribution of domain sizes, frequently encountered 
in blends, can be seen in this photograph. Under con- 
ditions such that the degradable polymer is the matrix, 
as in Figure 2a, it cannot be expected that all the domains 
are in their original relative positions. As the matrix is 

a b c 

Figure 1 Scanning electron micrographs of unetched thin films of polycarbonate-polystyrene blends containing (a) 9~,  (b) 50% 
and (c) 91% polystyrene 

a b c 
Figure 2 Scanning electron micrographs of thin films of polycarbonate-polystyrene blends after etching for times indicated. 
(a), 9% polystyrene (4 h); (b), 50% polystyrene (3 h); (c), 91% polystyrene (4 h) 
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a 

b 

Figure 3 Scanning electron micrographs of a 1:1 polycarbo- 
nate-polystyrene blend (thin film). (a), Unetched, (b), etched for 3 h 

multiphase polymers: G. C. Eastmond and E. G. Smith 

destroyed the domains will be left essentially unsup- 
ported, and may, therefore, be lost when they are com- 
pletely exposed by the destruction of the surrounding 
matrix, while some may adhere to the reacting surface as 
etching proceeds. Nevertheless, the etched film shows the 
sizes and shapes of the domains. Figure 2c demonstrates 
the formation of depressions in the surface of the film as 
surface domains of polycarbonate are etched away, the 
surrounding polystyrene matrix remaining unaffected. 
The intermediate situation, for a blend containing equal 
proportions of the constituent l~lymers, is seen in Figure 
2b, and demonstrates how the detailed morphology is 
revealed by etching. 

Figures lb and 2b were obtained by viewing the sample 
at about 45 ° to the normal to the sample surface.The 
effects of etching can be seen in greater relief by viewing 
the samples at an angle of 80 ° to the normal (Figures 3a 
and 3b) when the depth of etching becomes more apparent. 
It can be seen in Figure 3 how depressions appear in the 
originally smooth surface of the polystyrene rich regions 
by removal of polycarbonate domains and, conversely, 
how the presence of polystyrene domains is revealed in 
the polycarbonate rich regions. 

The morphology of thick films of blends was controlled 
by the phase separation which occurred when concen- 
trated solutions of the polymers were mixed. On drying, 
this produced large domains of one polymer in a matrix 
of the other. Figure 4a shows the unetched top surface of 
such a film containing 67 9/00 polystyrene. The initial surface 
contained numerous depressions, the larger being concen- 
trated in groups and the smaller distributed at random 
between those groups. Etching for a short time (Figure 4b) 
demonstrates that the depressions are within the surfaces 
of polystyrene domains which are revealed as large 

a 

C d 
Figure 4 Micrographs of top surfaces of 1 : 2 polycarbonate-polystyrene blends (thick films) etched 
for (a) 0 h, (b) 4 h, (c) 3 days and (d) 4 h 
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b 

Figure 5 Micrographs of bottom surfaces of 1 : 1 polycarbonate- 
polystyrene blends (thick films) etched for (a) 12 h, (b) 3 days and 
(c) 3 days 

extensive etching revealed the presence of spherical 
polystyrene domains, many having a hole in the surface 
(Figure 5b). These holes appear to correspond to those 
present in the unetched surface and in the centres of at 
least some of the ring structures seen in Figure 5a; 
domains further removed from the initial surface appear 
approximately spherical and devoid of such features. 

Figure 5c shows a fracture passing through a poly- 
styrene domain and the matrix. It is reasonable to assume 
that the fracture was formed prior to etching, when we 
may conclude that: (i) the polystyrene domains are not 
artifacts produced during etching; (ii) the relative 
positions of the fragments and the matrix shows that 
distortion does not occur on etching; and (iii) sharp 
edges on the fragments demonstrate that the poly- 
styrene remains unaffected. 

When the surface of a pure polycarbonate film is 
etched, pits form in the surface due to uneven etching, 
as seen in Figure 6. The pits presumably arise from local 
variations in the structure of the polycarbonate and their 
diameters vary up to several hundred nanometres. It 
would not necessarily be correct to attribute such pits 
to holes formed by the loss of polystyrene domains. 
Smaller, but similar, structures have been observed by 
Frank et al. 6 using an ion-etching technique. 

Examination of crosslinked materials produced diffi- 
culties which may be encountered with this and other 
techniques for studying polymer morphologies. Untreated 
thin films showed no evidence of domain formation. On 
etching, however, polystyrene domains (0.25-1/~m 
diameter) appeared on the surfaces of the films, as seen in 
Figure 7. The domain diameters were greater than twice 
the extended chain length of the polystyrene chains 
(degree of polymerization 460), and it is inconceivable 
that the domains are pure polystyrene formed by phase 
separation during film preparation. It is probable that 
these observations are consequences of incomplete phase 
separation in the crosslinked polymers. For example, 
polystyrene may have been initially dispersed throughout 
the film and have aggregated during etching. Such an 
explanation would be consistent with greater resistance 
of these films to etching compared with blends. Evidence 
for such incomplete phase separation has been obtained 
for other crosslinked multicomponent polymers 7, and 
also for polydimethylsiloxane-polycarbonate block 
copolymers 8. 

pancake-like structures on the surface of the film. The 
larger domains are seen in greater relief in Figure 4c, 
taken at a different angle after a longer period of etching. 
The smaller depressions in the initial surface (Figure 4d) 
arise from smaller polystyrene domains, each responsible 
for an individual surface depression, distributed randomly 
between the larger domains. 

Similar studies on the bottom surfaces of thick films, 
containing 50~ polystyrene, revealed domains formed 
from droplets which had fallen to the bottom of the 
solution during film casting. Initially the bottom surfaces 
were smooth apart from a random distribution of holes 
about 1/zm in diameter. Surface etching caused the 
appearance of rings of polystyrene (Figure 5a). More 

Figure6 Scanning electron micrograph of poly- 
carbonate surface etched for 12 h 
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Figure 7 Scanning electron micrograph of a cross- 
linked polycarbonate-polystyrene polymer etched for 
2 days 

b 

Figure 8 Transmission electron micrographs of a 
1 : 1 polycarbonate-polystyrene blend. (a) Unetched; 
(b) etched 

Restricted phase separation represents a general 
limitation on the use of electron microscopy in morpho- 
logical studies. While electron micrographs may demon- 
strate the existence of separate phases, allow identification 
of the major component in a given phase and the deter- 
mination of domain sizes, the micrographs do not provide 
information on the composition of the phases. To obtain 
more information on such materials, electron microscope 
studies must proceed in parallel with measurements which 
provide information on phase composition, such as glass- 
transition temperatures and coefficients of expansion 7. 

multiphase polymers: G. C. Eastmond and E. G. Smith 

Where complete phase separation occurs in crosslinked 
materials it is probable that, if the components are of low 
molecular weight, domains with diameters of less than 
50 nm may be present, which is on the limit of satis- 
factory operation of the scanning microscope. Under 
such conditions it would be necessary to use higher 
magnifications available on the transmission microscope. 
Figure 8a is a transmission electron micrograph of a 
50 : 50 blend, corresponding to the scanning micrograph 
in Figure lb. Transfer to transmission microscopy, of 
course, reverses the contrast, the polycarbonate now 
appearing dark. Confirmation of this assignment is 
obtained by etching, which produces holes corresponding 
to the removal of the domains, as seen in Figure 8b, the 
polystyrene matrix now appears dark relative to the holes. 

Shadowing or replica techniques could be used, in 
conjunction with the transmission microscope to examine 
materials containing very small domains. If polycar- 
bonate is the predominant phase care must be taken, in 
both cases, not to attribute incorrectly effects arising 
from pits in the pure polycarbonate, described earlier. 
Probably the best results would be obtained under 
conditions such that the non-degradable polymer forms 
the matrix, when the polycarbonate could be etched 
away completely. 

In a partly etched film of a blend the depth of etching 
can be determined readily by normal shadowing tech- 
niques. This approach was applied to lightly crosslinked 
materials, the surfaces of which, after etching, were seen 
to contain numerous small domains, about 50 nm in 
diameter. It is just conceivable that these domains could 
have been present in the initial material but in view of the 
observations from scanning microscopy such a conclusion 
can only be adopted with reservations. 

CONCLUSIONS 

The possibilities of using an etch technique, based on 
alkaline hydrolysis of polycarbonates, to study the 
morphologies of multicomponent materials containing 
a polycarbonate have been examined for both blends 
and crosslinked materials containing polycarbonate 
and polystyrene. In blends there are no restrictions 
on molecular re-organization and good phase separa- 
tion can occur. Under these conditions the etch 
technique offers a simple method of determining the 
morphology, without causing distortion, either by 
scanning or by transmission electron microscopy. It is 
preferable to use the etch technique under conditions 
where the degradable polymer forms the domains and 
can be completely etched away without disturbing the 
second phase. If the degradable polymer forms the matrix, 
shapes and sizes of domains can still be determined. 

With crosslinked materials molecular re-organization 
is more restricted and there is the possibility that such 
materials will form mixed phases containing both 
polymeric components. In these cases care must be 
exercised in interpreting micrographs, since the ultimate 
fate of the non-degradable component is uncertain. It is 
possible that, as the polycarbonate is destroyed, chains 
of the non-degradable component may aggregate to 
produce particles resembling domains which could have 
been present in the initial polymer. For such materials 
microscopy must be supported by additional data. This 
reservation applies to the application of any etch technique 
to such materials. 
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Reaction of poly(vinyl chloride) with 
ethylenediamine hydrotrisulphide and 
properties of the products 
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The chemical structure and the properties of the products of the reaction of poly(vinyl 
chloride) (PVC) with ethylenediamine hydrotrisulphide were investigated. PVC derivatives 
containing a polysulphide crosslinkage and a hydropolysulphide pendant (PSC-PVC) 
were obtained by the reaction of PVC with ethylenediamine hydrotrisulphide in ethylene- 
diamine (EN) as well as in EN-diglyme, and EN-benzene at 20-50°C for 0.5-5 h. The chemical 
structure of PSC-PVC was determined from crosslinking density before and after iodine 
oxidation and elemental analysis. Scission of polysulphide crosslinkage in PSC-PVC 
by some thiols was carried out in tetrahydrofuran-triethylamine solution at 30°C for 1-4h 
as well as in a hot roller mill at 125-180°C for 2-8min. The former product was photocross- 
linked under ultra-violet irradiation in air and the latter showed the properties of a plastic, 
a leather, and a rubber with increasing weight of dioctyl phthalate. 

INTRODUCTION 

Polymers containing a disulphide crosslinkage and a 
thiol group, such as wool, protein and modified nylon, 
have been reported1, 2. However, the synthesis and 
properties of a poly(vinyl chloride) derivative containing 
the polysulphide crosslinkage and hydropolysulphide 
pendant (PSC-PVC) have not been described in detail. 

In our previous paper s, a poly(vinyl chloride) deriva- 
tive containing the polysulphide crosslinkage was re- 
ported to be prepared from poly(vinyl chloride) (PVC) 
and octamic sulphur or ethylenediamine hydrotri- 
sulphide (EN. H~S3). 

In this paper, the reaction conditions of PVC with 
EN.H2S3, and the chemical structure of the reaction 
products are investigated. Further, the properties of 
PSC-PVC are examined in regard to the scission of 
polysulphide crosslinkage by some thiols in tetrahydro- 
furan (THF) solution or in a hot roller mill, and the 
applications to photocrosslinking and reversible cross- 
linking polymer are also examined. 

EXPERIMENTAL 

Reaction of PVC with EN. HzS3 (synthesis of PSC-PVC) 

PVC powder (Geon 101 EP, p: 1450, 100 mesh) was 
added to a solution of EN. H2Sz in EN or to a mixed 
solvent such as EN-benzene (EN-BN) or EN-diglyme 
(EN-DG), and then the mixture was stirred for 0-5-5 h 
at 35°C under nitrogen. Crude PSC-PVC was separated 
from the solution by filtration, and EN. HzS3, EN, and 
free sulphur were removed by washing with methanol, 
water, and benzene. 

Iodine oxidation of hydropolysulphide pendant to poly- 
sulphide crosslinkage 

0.5g of PSC-PVC was added to 20ml of 0.02N 
benzene solution of iodine. After the mixture was 
allowed to stand at 25°C for 24h, oxidized PSC-PVC 
(OPS-PVC) was separated from the mixture by filtration 
and extracted with benzene (BN) to remove iodine. 

Scission of  polysulphide crosslinkage by thiols 
In THF solution. PSC-PVC (0"5g) was added to a 

solution of thiophenol (1.1 g) and triethylamine (TEA) 
(0-1-1.0g) in 30ml of THF, and the mixture was stirred 
under the conditions given in Table 3. The insoluble 
material in the mixture was rapidly separated with 1G-3 
glass-filter. The percentage of gel was found from the 
ratio of the weight of the dried gel and the weight of the 
original PSC-PVC. The degree of scission of poly- 
sulphide crosslinkage was indicated by the decrease in 
the percentage of gel. 

In a hot two-roller mill. PSC-PVC, fl-thionaphthol 
and dibutylbis(dodecylthio)tin, were blended in a two- 
roller mill with heating at 125-180°C for 2-8rain. The 
receipes are shown in Table 6 and Figure 7. The degree 
of scission of the polysulphide crosslinkage was indicated 
by the percentage of gel in the blended sheet (0.5g) 
in THF (50 ml). 

Synthesis and photocrosslinking of PSP-P VC 
The mixture of thiophenol (2g) or nitrothiophenol 

(2.8g), PSC-PVC (1 g), and triethylamine (2g) in 30ml 
of THF was stirred at 30°C for 24h, and was then 
poured into ethanol to give a PVC derivative containing 
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phenyl or nitrophenylenepolysulphide and hydropoly- 
sulphide pendant [PSP-PVC (1)]. Alternatively, benzene- 
sulphonyl chloride (4g) or benzoyl chloride (3.5g), 
and triethylamine (2 g) were added to the above mixture 
before pouring into ethanol. The reaction mixture was 
stirred at 10-20°C for 15-60min, and poured into _ lO 
ethanol to give PVC derivatives containing phenylpoly- 
sulphide and benzenesulphonyl or benzoyl polysulphide 
pendant [PSP-PVC (2)]. The film of PSP-PVC (1) or 
PSP-PVC (2), about 0.04ram thick was obtained after 
evaporation of the solvent from THF solution (20ml) u 
of each PSP-PVC (0.3 g). Ultra-violet irradiation of the b i 
film was carded out at 30cm from a 400W photo- ~ i 
chemical mercury lamp (Toshiba H-400p, light inten- ~ 5 
sity: 1.15x 10-19 quanta/cmZ h). The degree of photo- 
crosslinking was estimated from the percentage of gel 
in the films after irradiation. 

.X'~ " 'EL- -- --EL. ----Z2. 
- - v - -  

\ckx\ qx 

Analysis 

Sulphur and chlorine were determined by the 
Sch6niger method and nitrogen was determined by the 
Kjeldahl method. The crosslinking density of PSC-PVC O 
or OPS-PVC was evaluated from the values of v2 in the 
following Flory-Rehner equation: 

1 2"301og(1-v2)+v2+lzv~ 2 . 
v = V (v2p- v2/2) + ~t  (mol/g) 

where V--molecular volume of THF (81.2) 

p = specific gravity of PVC (1.36) 6 

/z = interaction parameter of PVC-THF (0.14) 

M =  molecular weight of used PVC (90 600) ~_. 

vz was determined by the measurement of the volume 
ratio of polymer before and after swelling in a measuring 
cylinder as described in a previous paper 4. Tensile ~ 4 
strength and elongation at break, and yield strength 
were determined with a recording Autograph P-100 at a ~- 
drawing rate of 5 mm/min at 25°C. 

2 RESULTS AND DISCUSSION 

Reaction of PVC with EN.H2S3 

The reactions of PVC with EN. H2S3 in EN or in the 
mixed solvents were carded out in a heterogeneous 
system. Here, EN. H2S3 dissolves in EN or in the mixed 
solvent, but PVC disperses in a state of swelling. EN 
acts as an acid acceptor as well as an activator of the 
thiol group 5. Therefore, the reaction seems to occur by 
the EN.H2S3 and EN permeating into the PVC 
granule 6. 

The reaction variables were examined for effect on 
sulphur and chlorine content of PSC-PVC. As shown 
in Figures 1 and 2, the sulphur content of PSC-PVC 
was much influenced by such variables as reaction 
temperature, time, and the concentration of EN. H2S3, 
but little by the weight of PVC in the reaction mixture. 
At temperatures higher than 50°C, the resulting PSC- 
PVC was brown in colour, and the formation of a 
double bond as well as a small amount of nitrogen were 
detected by i.r. spectroscopy (vc=c:1650cm -1) and 
elemental analysis. The sulphur content of PSC-PVC 
reached equilibrium at a reaction time of over 3h. 
As observed in a previous reaction of PVC with sulphur 
in EN s, sulphur content was not found to decrease 

I I 1 I I 

I 3 5 
Reaction time (h) 

s o  

9~ 

f~ 

30 

Figure I Effect of reaction temperature and time on sulphur 
( ) and chlorine ( - - - - )  content. I~, 20°C; 0 ,  35°C; O, 50°C. 
Reactants: PVC, 10g; EN. H~S3, 3g. Solvent: EN, 30ml 

0 

a 

• I r I I 

4 8 0 
EN. H 2S3 xlO-4(mol/l ) 

b 

ss ~- 

U 

5O 

I I 

I0 20 30 
Weight of PVC(g) 

Figure 2 Effect of EN.HzSs concentration (a) and weight of PVC 
(b) on sulphur (0)  and chlorine (O) content of PSC-PVC. 
Conditions: 3O°C; 3h. Solvent: EN, 30ml 

with an increase in reaction time. Therefore, the occur- 
rence of desulphurization in the present reaction seems 
to be difficult. 

The effect of the mixed solvent such as EN-DG or 
E N - B N  was to facilitate the diffusion of EN and 
EN. H2Sz into the PVC granule. As shown in Figures 3 
and 4, the sulphur content of the resulting PSC-PVC 
in the mixed solvent (e.g. 10ml of BN or BG and 40ml 
of EN) was greater than that in EN. Further, the sulphur 
content of PSC-PVC, obtained from the mixed solvent 
of EN-DG which highly swells PVC, was larger than 
that in EN-BN (Figure 3). An increase in the volume 
of DG or BN against EN, however, decreased the 
sulphur content markedly (Figure 4). This is compensated 
on the basis of the following two factors: (i) the facilitated 
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Figure 3 Effect of mixed solvents on sulphur content in the 
reaction of PVC and EN.H~Ss at 35°C. O, 50ml EN; O, 40:10 by 
vol. EN-DG; K], 40:10 by vol. EN-BN. Reactants: PVC, 10g; 
EN. H9.$3, 3g 

diffusion of EN. H~S3 into granular PVC with increasing 
volume of BN or DG; (ii) the limited dissociation of 
EN. H2S3 in the mixed solvent. 

Structure o f  P S C - P V C  

As described below, PSC-PVC obtained by the reac- 
tion of PVC with EN.H2S3 in EN or in the mixed 
solvent, has been found to contain both the polysulphide 
crosslinkage and the hydropolysulphide pendant: 

CH2CH] r + EN.H2S~ 

CI ..in 

(PVC) 

 ,Jc 
CH,--CHtA L H ] B  

(PSC -PVC) 

(1) 

PSC-PVC i2 I,, 

-~CHICH'I-[ - -FCH,CH[] - ~ C H i C H ] -  
I I 

t C H, C H]t-A JE CH, CH ~-B/2 

(OPS-PVC) 

(2) 

All hydropolysulphide pendants in PSC-PVC can form 
the polysulphide crosslinkage by iodine oxidation, as 
shown in scheme (2). The relations between cross- 
linking density (v or v') and the percentage of gel (G 
or G') of PSC-PVC or OPS-PVC are shown for the 
three solvent systems in Figure 5. Taking into account 
each crosslinking density, the percentage of gel in 
PSC-PVC or OPS-PVC seems to be much less than 
that estimated from the relation between percentage 
of sol and crosslinking density of crosslinking polymerL 
This suggests that the crosslinking density of the outer 
layer of granular PVC differs from that of the inner 
layer remarkedly. The difference of the gel fraction 

A 

i2 

I ,I I I 

O 0  30 I0 EN 
r i i i _ _  i i 

I 20 40  Solvent 
EN :solvent {ml} 

Figure 4 Effect of the proportion of mixed solvents on sulphur 
content in the reaction of PVC with EN.H~S3. Q, EN-DG; ©, 
EN-BN. Conditions: 35°C; lh. Reactants: PVC, 10g; EN.H~Ss, 
3g joo!  

9 0  
c 

8 

80 

"- 6 -5 
E 

'O 
x 

/ 

I i b i i _ _  i 

i _ _  i J _ ~  

O 2 4 0  2 4 0  2 4 
Reoction time (h) 

Figure 5 Relation between crosslinking density (v) and gel 
content before (O) and after (O) iodine oxidation of PSC-PVC 
at 35°C. Reactants: PVC, 10g; EN.HzS3, 3g. Solvents: (a) 30ml 
EN; (b) 40:10 by voh EN-DG; (c) 40:10 by vol. EN-BN 

or crosslinking density between PSC-PVC and OPS-- 
PVC in the three solvent systems increases in the order 
EN < EN-BN < EN-DG. The difference means the 
presence of the hydropolysulphide pendant in PSC- 
PVC. 

Now, the mole of the crosslinkage (A) and the pen- 
dant (B) in 1 g of PSC-PVC can be determined from v 
and v' as follows: A = v/2; B = v -  v'. 

The crosslinking density in Figure 5 is expressed as 
v and in terms of A and B in Figure 6. Commonly, 
A increases with increase in reaction time, and B shows 
a maximum value. These results suggest that A increases 
progressively with the reaction between PVC and the 
hydropolysulphide pendant, and B decreases owing to 
the decrease of the diffusion velocity of EN. H2S3 into 
the inner layer of granular PSC-PVC with the increase 
of crosslinking density. A in the maximum is larger in 
the EN-DG system which swells PVC more easily and 
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o 2 4 

Reaction time (h) 
Figure 6 Relation between reaction time and polysulphide cross- 
linkage (A) or hydropolysulphide pendant (B) in PSC-PVC 
resulting in three solvent systems at 34°C. O, A; 0 ,  B. Reactants: 
PVC, 10g; EN.H2Ss, 3g. Solvents: (a) 30ml EN; (b) 40:10 by vol. 
EN-DG; (c) 40:10 by vol. EN-BN 

solvates EN.Hg.S3. In the EN-BN system, EN.H2S3 
does not seem to be solvated although PVC swells and 
then B decreases with the elimination of H2S between 
hydropolysulphide pendants. 

On the other hand, the number of sulphur chains 
(X and Y) of the crosslinkage and pendant in PSC-PVC 
cannot be determined independently from analytical 
data and crosslinking density. The average number 
(X+ Y) of the sum of X and Y, however, can be cal- 
culated from: 

aX+ b Y _ sulphur content/32 
X+ Y= - 

a+b a+b 

(X+ Y) is assumed to be 3 on the basis of the forma- 
tion of dibutyltrisulphide from the reaction of butyl- 
chloride with EN. H2S3 in dimethylformamide 8. How- 
ever, as shown in Table 1, X+ Y of PSC-PVC obtained 
in EN, or EN-DG, is in the range of about 2 to 3. 
Although in the EN-BN system, X+ Y is larger than 
3 at the initial stage of reaction, this seems to be due 
to the elimination of H2S between hydropolysulphide 
pendants in PSC-PVC as shown in scheme (3): 

Table I Effect of reaction conditions on sulphur chain number 
of PSC-PVC 

?'/ " /  
H JB -LCH'  CH "-'-.~/2 

Commonly, X+ Y tends to decrease with increase in 
reaction time owing to easier desulphurization of poly- 
sulphide in the presence of EN z, 8. The desulphurization 
in the mixed solvent seems to be depressed because of 
higher (X+ Y) than that in EN. In the EN-DG system, 
the elimination of H2S and desulphurization seems to 
be the most difficult of the three solvent systems. 

PSC-PVC containing residual hydromono- or poly- 
sulphide pendant reacts to produce post PSC-PVC 
with additional mono- or poly-sulphide crosslinkage by 
immersing PSC-PVC in EN at 35°C for 1 h 6. When a 
monosulphide crosslinkage occurs in the resulting post 
PSC-PVC, it cannot be dissolved in a THF solution of 
thiophenol and TEA as shown earlier. Post PSC-PVC, 
however, always dissolves perfectly in THF by the 
above described reduction. The above results suggest 
that PSC-PVC or post PSC-PVC contains neither 
hydromonosulphide pendant nor monosulphide cross- 
linkage, respectively. Therefore, X and Y in PSC-PVC 
are estimated to be more than 2. The chemical structure 
of typical PSC-PVC is generally shown as: 

1 f c . , ~ . ]  

CH2CH .~(0.41_0.64)L H J(I,36-1.68) 

Properties of  PSC-PVC 
Stability of PSC-PVC. In general, polymers containing 

the thiol group are known to be unstable since they are 
easily oxidized in air. The stability of the hydropoly- 
sulphide pendant in PSC-PVC was examined at 30-60°C 
in air or in vacuum. As shown in Table 2, a higher 
temperature and a longer time decrease the sulphur 
content as well as B and increase A. These results cannot 
be accounted for on the basis of the formation of poly- 
sulphide crosslinkage by the oxidation of the thiol 
group, but by the elimination of H2S between hydro- 
polysulphide pendants. This seems to be supported also 
by the similar results with PSC-PVC in vacuum. 

Seission of polysulphide erosslinkage in THF solution of 
thiols 

Linear PSP-PVC (I), containing both R-polysulphide 
and hydropolysulphide pendants as shown in scheme 
(4), was prepared when the mixture of PSC-PVC and 

Reaction conditions PSC-PVCa 

Reaction X+ Y 
time Solvent Sulphur (A+  B) (No. of 
(h) (ml/ml) (%) x 10-4 (mol/g) sulphur 

atoms) 

1 EN 30 2.45 3.10 2.4 
4 5.55 7.51 2"3 
1 EN/DG 40/10 2.83 3.15 2.8 
4 8.00 9.45 2.6 
1 EN/BN 40/10 2.28 2-16 3.3 
4 6.85 7.68 2-8 

a Each sample was obtained by reacting PVC (10g) with EN.H2S8 
(3g) at 35°C for 1 or 4h, in EN or mixed solvents. EN: ethylene- 
diamine; DG: dimethyl glycol; BN: benzene 

Table 2 Stability of hydropolysulphide group of PSC-PVC in 
air and vacuum 

Conditiona PSC-PVCb 

Temp. Time Sulphur A B 
(°C) (days) (%) x l0-4(mol /g)  x l0-4(mol/g) 

- -  - -  2"31 0-56 2-56 
20 7 air 2.39 0.60 2.50 
40 7 air 2.29 0.66 2.45 
60 6 (h) air 2.28 0.61 2.55 
60 7 air 2.09 0-98 2.08 
30 7 vacuum 2.12 0.85 2.18 

a Reaction conditions: 35°C, I h 
b Reactant system: PVC, 10g; EN.H2Ss, 3g; EN, 30ml 
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THF solution of RSH (thiophenol or nitrothiophenol) 
and TEA was stirred at 30°C for 1-5h as indicated in 
Table 3. 

fcH, .' r , ,c,vc"' .  / ? . / /  s./ L C, jc 
L R J.[ ~ JA+. (4) 

R: C6H5--, NO~C6H4-- 
[PSP-PVC (I)] 

However, PSP-PVC (l) with a large sulphur content 
(over 2-66~o) sets to gel on separation from the THF 
solution as shown in Table 4. This gelation seems to 
result from the desulphurization between hydropoly- 
sulphide pendants as shown in scheme (3) and the 
oxidation of the thiol group. The soluble PSP-PVC (2) 
with a large sulphur content can be obtained by pouring 
into alcohol after the addition of R'CI (benzoyl chloride 
or benzenesulphonyl chloride) to the above mixture. 
It seems reasonable that PSP-PVC (2) containing re- 
placed thiol group with the benzoyl or benzenesulphonyl 
group as shown in scheme (5) no longer sets to gel on 
isolation. 

"c-'v°"'"°"/ ' . /  L c',Jc 
L .J.L i,j.+. <,) 

R : --COC6H5, --SO2C6H5 
[PSP-PVC (2) 1 

Schemes (4) and (5) are supported by the i.r. spectrum 
and elemental analysis as shown in Table 4. 

Photocrosslinking of PSP-PVC (1) and (2) 
On the photocrosslinking of PSP-PVC (1) or (2), an 

effective wave, percentage of gel (degree of photocross- 
linking), and structure of photocrosslinkage was shown 
in Table 5. An effective wave for PSP-PVC (1) and (2) 
was in the range of 290 to 330nm, and for PSP-PVC (2) 
was spread to a wave of 380 nm by the introduction of 
the internal sensitizing group such as the nitrophenylene 
and benzoyl group. PSP-PVC (1) was generally more 
sensitive than PSP-PVC (2) to ultra-violet light, and 
a mechanism of the photocrosslinking of PSP-PVC (1) 
and (2) seems to be different in the structure of cross- 
linkage as estimated through thiophenol reduction 
(Table 5). PSP-PVC (1) and (2) were not sensitized 

Table 3 Scission of polysulphide crosslinkage of PSC-PVC in THF solution of thiophenol in the presence or absence of triethylamine 

PSC-PVC 
Conditiona 

X+ Y Gel in 
Sulphur Gel A B (No. of sulphur Time TP TEA THF mixture 

No. (%) (%) x 10 -4 (mol/g) × 10 -4 (mol/g) atoms) (h) (g) (g) (%) 

1 2.39 85.5 0'58 2.58 2'8 1 1-0 
2 2.39 85.5 0.58 2-58 2'8 1 1.1 
3 6.07 99.5 1 "65 5.32 2.6 1 1 '1 
4 6.07 99.5 1 '65 5-32 2.6 1 1.1 
5 6.07 99-5 1 "65 5.32 2.6 1 1.1 
6 6-07 99.5 1-65 5.32 2.6 5 1.1 

a Conditions: temperature, 30°C; PSC-PVC, 0.5g, under nitrogen; TP: thiophenol; TEA: triethylamine 

Table 4 Preparation of PSP-PVC(1) and PSP-PVC(2) 
i 

Reactants Products 

0 15.6 
1.0 0 
0 83-2 
0-1 54.0 
1.0 34.6 
1.0 0 

Active organic PSP-PVC(1)c 
PSC-PVC Thiols chloride 

sulphur (RSH) (R'CI) Sulphur Gel Sulphur Gel 
No. (%) R-- R'-- (%) (%) I.r. (cm -1) (%) (%) 

PSP-PVC(2)d 

I.r. (cm -1) 

1 2.39 a C6H5-- C6H~SO~-- 2" 66 0 C6H5--S-- 760 2.75 0 O ~ S -  OS 
2 6"07 b C6H5-- C6H~SO2-- 6-43 46-3 C6H~--S-- 760 6.55 0 O ~ S = O S  
3 6'07 b NO2C6H4-- CGHsCO-- 6.25 45.5 NO2C6H4-- 1340 5.86 0 C=OS 

a,b PSC-PVC shown at No. 1 and No. 3 in Table 3 respectively 
c PSC-PVC(1) was obtained by the reaction of PSC-PVC with RSH under the conditions in the experimental section 
d PSC-PVC(2) was obtained by the reaction of PSC-PVC, RSH and R'CI under the conditions in the experimental section 

Table 5 Effect of R and R' in PSP-PVC on effective wave, percentage of gel and crosslinking structure in photocrossiinking 
i l l  

Photocrosslinked PSP-PVC(1) or PSP-PVC(2)b 
PSP-PVC(1) or PSP-PVC(2)a 

Insoluble fraction in 
Sulphur Effective wave Gel THF solution of TP Structure of crosslinkage 

No. R R' (%) (nm) (%) (%) estimated 

1340 
1340 
1730 

1 C6H5-- H 2.66 290-330 56.3 
2 C6H5-- C6H~SO2-- 2-75 290-330 28"5 
3 C6H5-- C6H5SO~-- 6.55 290-330 68.5 
4 NO2C6H4-- C6H5CO-- 5.86 290-380 58'5 

i i 

a Samples 1-3 are shown in Table 4 
b Irradiating for 30min at 25°C in air; TP: thiophenol 

0 C--Sx--C(x>.>-2) 
0 C--Sx--C(x i> 2) 

98.6 C--S--C 
60.5 C--Sx--C(x~> 1 ) 
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I00 
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o 
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IOO 
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so  
¢J 
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' ' - - ~  O O 2 4 6 
Blending time (rain} 

Figure 7 Effect of roller temperature and blending time on Figure 8 
scission of polysulphide crosslinkage in PSC-PVC by ~-thio- 
naphthol. O, 125°C; O, 150°C; r-l, t80°C. Reactants: PSC-PVC, 
log;  /3-thionaphthol, 1 g; ID--3, 0.2g 

Table 6 Mechanical properties of PSC-PVC reduced by/3-thionaphthol 

_ _  i / J i i 

I0 20  30 4 0  50 
Heating time (rain) 

Effect of heating time between 125°C and 180°C on 
recrosslinking of PSC-PVC cleavage by thionaphthol. O, 125°C; 
0 ,  160°C; [], 180°C 

I II III IV V 

PSC-PVCa (phr) 100 100 100 100 10Oe 
DOPb (phr) 10 20 20 60 60 
TNc (phr) 10 10 10 10 
ID-3d (phr) 2 2 2 2 2 
Tsat yield (kg/cm ~) 497(606) 115(127) - -  - -  
Ts at break (kg/cm =) 279 (--) 330 (309) 245 (230) 163 (127) 110 
Elongation (%) 23 (9) 177 (177) 274 (252) 290 (279) 450 
Modulus at 1OO~ (kg/cm ~) - -  266 (250) 110 (109) 66 (54) 33 
Modulus at 200% (kg/cm ~) ~ - -  196 (195) 119 (103) 59 
Gel content(%) 46 (59) 46 (63) 47 (72) 47 (75) 0 

i 

a S content: 2.15%; gel content: 86~; v=1"22x10-amol/g. Gel content: 99~. 
v'=2.94× 10-4mol/g after iodine oxidation of PSC-PVC 

b Dioctyl phthalate, c Thionaphthol 
d Dibutylbis(dodecylthio)tin as stabilizer (Nittokasei Co., Osaka, Japan) 
e Original PVC 
Figures in parentheses refer to heating at 160°C for 30min 

by such sensitizers as anthraquinone, benzophenone, 
acetylacetone or Michler's ketone. But, from the results 
in Table 5, a more sensitized PSP-PVC will be obtained 
by the selection of  sensitive substituents in PSP-PVC (2). 
This will be presented in a subsequent paper. 

Scission o f  polysulphide crosslinkage by [3-thionaphthol in 
a two roller mill 

PSC-PVC powder did not wind round a roller mill 
with heating at 125-180°C, on blending without addition 
of  fl-thionaphthol. 100 parts of PSC-PVC powder with 
addition of  10 parts of  /3-thionaphthol, wound easily 
round on blending at 150°C for 1-2min and a sheet of 
PSC-PVC was obtained by blending for an additional 
4--6 rain. 

Polysulphide crosslinkage of the resulting sheet is 
estimated to be severely reduced by/3-thionaphthol on 
the blending in a two roller mill, as the percentage of 
gel of the resulting sheet is less than that of  the original 
PSC-PVC (Figure 7). On blending at 180°C, however, 
the percentage of  gel in blends increases contrary to the 
increase of  blending time over about 4rain, and the 
blending is no longer easy. The resulting blends seem 
to contain monosulphide or carbon--carbon cross- 
linkages as these are insoluble in T H F  solution of  
thiophenol and TEA. The formation of sheet is difficult 

at 125°C although scission of polysulphide crosslinkage 
occurs on blending. 

On the other hand, from the measurement of  per- 
centage of gel of  the moulds (Figure 8), polysulphide 
pendants were found to recombine to form polysulphide 
crosslinkage on moulding at 160°C for 10-50min under 
a pressure of  50kg/cmL The partly recrosslinked PSC- 
PVC sheet with excellent mechanical properties could 
be obtained with addition of fl-thionaphthol and 10-60 
parts of  dioctylphthalate (DOP) as shown in Table 6. 
Sheets I, III, and IV in Table 6 show the properties of  a 
plastic, a leather, and a rubber respectively with increas- 
ing weight of  DOP. 
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Initiation of free-radical polymerization by photoinduced 
electron transfer processes 
A. Ledwith and M. D. Purbrick 

Department of Inorganic, Physical and Industrial Chemistry, University of LiverpooI, PO Box 147, Liverpool L69 3BX, UK 
(Received 2 June 1973) 

Previously I we have shown that photoinduced electron 
transfer reactions between N-vinylcarbazole and a wide 
range of sensitizers, leads to efficient, catalytic cyclodimeri- 
zation of the olefin. Sensitizers employed range from 
aromatic ketones such as benzophenones and fluorenone, 
through pyrylium salts and rhodamine dyes, to long 
wavelength visible light absorbing dyes such as methyl- 
ene blue and thionine. Whilst the sensitizers may act via 
lowest lying excited singlet or triplet states, according to 
type, the primary process in all cases involves electron 
transfer from olefin to photo-excited sensitizer, and it is 
now clear that this highly efficient photocyclodimeriza- 
tion is just a special case of the photo-oxidation of amines, 
especially tertiary amines, by aromatic carbonyl com- 
pounds ~ and certain dye molecules 3. 

The reactions may be represented as indicated below, 
although products vary according to the nature of the 
amine substituents and the sensitizer: 

RCHzNR12 + [Sens]* ~, [RCH2N+RI2] [Sens-'] 

Products < RCIdNR12 + Sens-H 

As part of a continuing interest in initiation of free 
radical polymerization by photo-excited aromatic car- 
bonyl compounds4, ~, we have studied photo-redox 
processes between (mainly) aromatic carbonyl com- 
pounds and amines and present a summary of their 
value as initiating systems for the free radical poly- 
merization of methyl methacrylate. 

All the sensitizers, effective for photodimerization of 
N-vinylcarbazole 1, were useful photoinitiators for free- 
radical polymerization of methyl methacrylate (MMA) 
when used in conjunction with other tertiary amines but 
we have found it particularly useful to employ 9-ftuore- 
none (I) (FL), and N-methylacridone (II) (NMA). Most 
tertiary amines (e.g. triethylamine, N,N-dimethylaniline) 
were effective as co-initiators with these (and the other) 
sensitizers, but for experimental convenience we have 
preferred N,N-dimethyl ethanolamine (III) (DME). 
Davidson and coworkers G have demonstrated that 
photoreduction of certain aromatic ketones and dye 
molecules may be brought about by carboxylic acids 
having electron donor function, such as N-phenylglycine, 
and we find that these reagents are equally effective in 
co-initiating free-radical polymerization. However, again 

for experimental convenience, we have preferred the 
readily available indol-3yl-acetic acid (IV) (IAA), as 
reductant. 

o 
ql 

II 
o I 

CHa 
I IFL) 

II (NMA) 

~ CH2COOH 

(CHa)2 NCH2CH2OH I 
H 

I I I  (DME) IV ( IAA)  

For both photoinitiators, and either of the two amines, 
a small induction period was observed during free radical 
polymerization of MMA carried out (bulk, or benzene 
solutions) in air-saturated systems. The induction periods 
were not observed when corresponding reactions were 
carried out in high vacuum degassed systems, and it 
seems clear that they represent scavenging of oxygen 
from the systems by highly efficient reactions 8 with 
products of the initial photoredox process, e.g. RCI~NR~, 
Sens-H. 

A full study of the kinetics and molecular weight 
dependencies of MMA (1-8 M) polymerization in ben- 
zene at 30°C, photoinitiated by FL (0-3-1.8 x 10 -4 M), 
activated by DME, gave rise to the expression: 

-- ddtM = k[FL]0' 511o]O' 5[MMA] 

where I0 =light intensity. The effect of varying [DME] 
on rate of polymerization was more complex but very 
similar to the effects of varying amine concentration on 
photoreduction of fluorenone reported by other workersZ; 
above a certain concentration (~  10 t M) the rate of 
polymerization was essentially independent of [DME]. 

Determinations of 2~rn values for polymer samples 
produced in the kinetic studies yielded a value for 
kp/k} 12-- 0.054, in good agreement with data for MMA 
reported by other workers 4, 7, and indicating that transfer 
and termination processes in these systems are not 
particularly affected by the initiating components or their 
photoredox products. 
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Table I Spectroscopic data and quantum yields for initiation 
of MMA polymerization in benzene at 30°C 

i i  

,~max ~ (nm) for 
Photo- (rim) Amino measurement 

initiator (~max I/mol cm) compound of ~ 

9-fluorenone 380 DME 370 0.2 
(321) 

9-fluorenone 380 IAA 370 0.2 
(321) 

N-methyl- 406 IAA 406 0.15 
acridone (8470) 

Very similar kinetic and molecular weight data have 
been determined for polymerization of MMA photo- 
initiated by the combinations FL/IAA and NMA/IAA; 
relative efficiencies may be compared by means of the 
quantum yield data shown in Table 1, and in all cases, 
the carbonyl compound was consumed during reaction. 
From Table 1 it can be seen that the relatively high 
absorption characteristics of N-methylacridone make it 
particularly useful as a photoinitiator. 

Photoinitiation of MMA polymerization co-activated 
by amines, especially IAA, is not restricted to the aromatic 
carbonyl compounds. Semi-quantitative experiments 
have demonstrated that comparable efficiencies are shown 
by 2-t-butyl anthraquinone, benzil, 2,4,6-triphenyl- 
pyrylium tetrafluoroborate, acriflavine, rhodamine 6G, 
and methylene blue, although these observations are not 
corrected for the differing light absorption characteristics 
of the sensitizers. However, it is perhaps worth noting 
that the efficiency of methylene blue as a photo-activator 
for free radical polymerization of non-degassed solutions, 
appears to increase with solvent polarity and with the 
presence of added electrolytes. Both effects are known to 
favour equilibrium formation of dye aggregates 8, and 
this particular aspect of the work is now being studied 
in detail. Methylene blue/IAA combinations are effective 
for degassed systems where the blue dye is completely 
bleached during reaction, and the colour restored on 
opening the vessel to air. 

Solvent effects on photoinitiation by fluorenone 
parallel known effects of solvents on the facility for 
triplet state formation 9. Generally speaking, increasing 
solvent dielectric (including increasing amine concen- 
tration) lowers the intersystem crossing efficiency and 
decreases effectiveness as photoinitiator. In contrast, for 
the IAA/FL system, comparable rates of polymerization 
of MMA were observed in benzene and acetonitrile 
and there is a close correlation between the efficiency of 
IAA as a quencher for fluorenone fluorescence, and photo- 
initiation, suggesting that, for this system, singlet excited 
fluorenone is involved. 

Semi-pinacol-type radicals (Ar2C-OH) produced by 
reduction of aromatic ketones 4 are not noticeably 
active in initiation of polymerization of MMA at 30°C 
and, taken with the bleaching-recolouration observa- 
tions noted for photoinitiation by methylene blue, it is 
reasonable to conclude that the important initiation 
process involves reaction of amine derived radicals 
(e.g. RCHNR~) with monomer; for IAA activated 
systems it is likely 6 that the initiating radical is derived 
by photo-decarboxylation. 

In all cases a photoinduced electron transfer reaction 
is a primary requisite for production of initiating radicals. 
Other workers 10 have recently suggested a similar 
mechanism forpolymerizations initiated by benzophenone/ 
triethylamine combinations, and photoinduced electron 
transfer from reducing anions to dyes of the methylene 
blue type is a well established initiation process 11. The 
range of sensitizer and amino compound combinations 
now shown to be active suggests that this should be 
regarded as a general and highly convenient technique 
for polymerization, and crosslinking, by radical processes 
and may provide a better mechanistic rationalization of 
other reports 12 of photoinitiated polymerizations involv- 
ing certain dye molecules. 

EXPERIMENTAL 

Techniques for purification of solvents and monomer, 
and for photopolymerization have been described pre- 
viously4, 5. Indol-3yl-acetic acid (BDH) was purified 
by recrystallization, finally from ether (m.p. 169-170°C). 
N,N-dimethylethanolamine (BDH) was fractionated to 
give a middle fraction, b.p. 134°C. 9-Fluorenone (BDH) 
was recrystallized from ethanol, m.p. 82.5-83.5°C. 
Irradiation was by means of a 250 W medium pressure 
mercury lamp, with appropriate interference filters, for 
the carbonyl sensitizers, and by a 500 W tungsten fila- 
ment lamp for photoinitiation by rhodamine 6G and 
methylene blue (the dyes were used as supplied by BDH). 
Quantum yields were estimated by ferrioxalate actino- 
metrylL Mn values were determined by membrane 
osmometry. 
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Proton magnetic resonance study of conformational 
transitions in heterogeneous oxidized-wool proteins 
B. J. Dale and D.W. Jones 

School of Chemistry, University of Bradford, Bradford, BD7 IDP, UK 
(Received 14 February 1973; revised 25 May 1973) 

Of the changes in high-resolution proton magnetic 
resonance (p.m.r.) spectra which accompany a transition 
from random-coil to helical form in polypeptides or 
proteins 1-7, the most marked are the 0.3-0.6 ppm 
upfield shift of the ~-CH resonance and the increase in 
linewidth attributed to non-averaging of dipolar inter- 
actions. Variations with temperature and with addition 
of urea in the p.m.r, spectra of aqueous solutions of  
several heterogeneous protein fractions from oxidized 
wool have been interpreted as indicating a predominance 
of the random-coil conformation 5, 6. However, attempts 
to induce conformational transitions in trifluoroacetic 
acid (TFA)/chloroform-dl (CDCla) and TFA/m-cresol 
solvent systems were unsuccessful 6. In this communica- 
tion, evidence is presented which suggests that, for two 
heterogeneous wool proteins in formic acid-d2(DCOOD)/ 
CDC13 mixtures, p.m.r, spectral changes arise from a 
transition to a helical structure. 

100 MHz p.m.r, spectra were recorded at 302-339K 
on a JEOL MH-100 spectrometer for 4 % w/w solutions 
in DCOOD/CDC13 mixtures, internally referenced with 
tetramethylsilane (TMS), of ~-keratose, urea-soluble 
(U.S.)3, and ~,-keratose. Optical rotatory dispersion 
(o.r.d.) spectra of  5 % w/w solutions of  ~,-keratose and 
U.S.3 in DCOOD/CDCla (CDCla concentration, 0 to 
50 % w/w) were recorded at room temperature in 1 mm 
cells on a Thorn-Bendix Polarmatic 62 over the range 
590-355 nm. The plain curves were analysed for the 
constants a0 and bo (Table 1) of  the Moffitt-Yang s 
equation, with a calculated 9 mean residue weight, M, 
of 112.9 for U.S.3 and with ) ,0=212nm. Precipitation 
restricted CDCI3 concentrations to the range 0 to 50% 
w/w. ~-Keratose and U.S.3, with only 5.3 and 7-5 cysteic 
acid residues per I00, are so-called low-sulphur fractions; 
they contain small percentages of other amino acids, e.g. 
proline and serine, known not to favour a helical confor- 
mation 10. In contrast, ~,-keratose 9, with 19.3 cysteic acid 
residues per 100, is a high-sulphur fraction and contains a 
higher percentage of amino acids unfavourable to helical 
conformation. 

As the concentration of CDC13 in a CDC13/DCOOD 
mixture is increased to 50% w/w, most resonances in 
the p.m.r, spectra of ~-keratose and U.S.3 at 302K 
broaden. Since chemical shift differences between TFA 
and DCOOD as solvents are expected to be small v, most 
of  the assignments 6 made for TFA should be valid for 
DCOOD. For  the composite leucyl/isoleucyl/valyl 

Table I Estimates of helicities of wool fractions from o.r.d. 

Helix 
Protein content 

fractions Solvent a o (degrees) b e (degrees) (%) 

U.S.3 DCOOD 248 -175 28 
DCOOD/CDCI8 108 --300 48 
(5o : 5o?/0 w/w) 

~,-keratose DCOOD 440 +2 0 

A 

I I I I I I I I ~ 1 ~  I 

5 4 3 2 I 
ppm 

Figure 1 100 MHz p.m.r, spectra of low-sulphur wool fraction 
U.S.3. A, in 50% DCOOD/50% CDCI3 solution; B, in DCOOD 
solution 

CHa peak at 0.9 ppm downfield from TMS, the half- 
height width, Avl/2, increases from 20 Hz to 25 Hz; 
other resonances are appreciably broadened; e.g., for a 
peak at 2-6 ppm, Avl/2 increases from 25 Hz to about 
40 Hz. The small (approximately 0.1 ppm) shifts in side- 
chain resonances probably result from changes in shield- 
ing with solvent composition. However, in the ~-CH 
region (4.0-5.2 ppm), some of the absorption shows a 
substantial (0.4-0.5 ppm) upfield shift (Figure 1); the 
intensity of these shifted regions, and presumably the 
number of protons affected, increases with increasing 
CDC13 concentration. 

The spread of these changes, suggestive of an increase 
in helicity, over a wide range of solvent compositions is 
presumably a consequence of the heterogeneity and poly- 
dispersity of each fraction 11. The presence of appreciable 
helical structure in ~-keratose and U.S.3 is consistent 
with their amino acid compositions 9 and with o.r.d. 
measurements for the low-sulphur SCMKA 12 and 
U.S.3 protein fractions from wool. Moreover, p.m.r. 5, 6 
and o.r.d. (ref. 13 and Table 1) studies on high-sulphur 
proteins suggest that 7,-keratose remains in a random-coil 
conformation; addition of up to 50 ~o w/w CDC13 made 
no significant changes in linewidth or chemical shift 
to spectra recorded in DCOOD (Figure 2). P.m.r. 
estimation of the helix content of U.S.3 at 302K is ren- 
dered difficult by peak width and overlap in the ~-CH 
region; for example, at 5.0 ppm, residues which partici- 
pate in the coil-to-helix transition overlap with those at 
4 .5ppm remaining in a random-coil conformation. 
While the reduction in area of the 5.0 ppm peak and the 
emergence of the 4.2 ppm peak correspond to an increase 
in helix content by 50 +_ 20 % in DCOOD/CDCla (50:50 % 
w/w) relative to DCOOD, our o.r.d, results(Table/)indicate 
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| I I l I I I I I I 

5 4 3 2 I 
ppm 

Figure '2 100 MHz p.m.r, spectra of high-sulphur wool fraction 
y-keratose. A, in 50% DCOOD/50~ CDCla solution ; B, in DCOOD 
solution 

a smaller but substantial increase. The implication that 
U.S.3 retains appreciable helicity in DCOOD is consistent 
with Harrap's observation 12 that b 0 = - 1 0 0  °, corres- 
ponding to 15 ~o helix content, for another low-sulphur 
protein, S-carboxymethylkerateine (SCMKA). Despite 
somewhat different bo values, the p.m.r, linewidths for 
U.S.3 and 7-keratose in DCOOD are closely similar, 
suggesting that at lower helicities amino acid overlap 
may have more influence on the appearance of  the 
spectrum than changes in rotational freedom. In all 
DCOOD/CDCIa mixtures examined, the p.m.r, spectra of  
U.S.3 sharpened with increase of temperature to 339K, 
while some of  the ~-CH resonances shifted downfield, 
corresponding to a reduction in helix content; when the 
sample was cooled to 302K, some of  the lost helicity 

appears to be recovered. These results are consistent 
with the view that the low-sulphur proteins are extracted 
from the helical wool fibrils, while the high-sulphur 
materials emanate from the amorphous matrix region14. 
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Effects of long branching on distribution of degree of 
polymerization: 2 
P. A.  Small 

Department of Chemistry, University of Manchester, Manchester M13 9PL, UK 
(Received 18 June 1973) 

The method of  generating functions (GF) has been 
applied 1 to calculate the moments of  the distribution 
for a model described by Mullikin and Mortimer 2 
characterized by the assumption of two constant probabil- 
ities, one (p) for addition of  a further monomer unit, 
and one (b) for branching at each potential site. There 
are ~ equivalent sites per monomer unit in the polymer; 
termination by combination is assumed absent. 

Mullikin and Mortimer have now 3 calculated the first 
and second moments, and the ratio of the weight-average 
degree of polymerization to the number average, for a 
more realistic model which should well represent a 
perfectly stirred continuous-flow reaction system. In 
this improved model the probability of  branching bo 
depends upon the time of residence in the reactor, 4, 
through the relationS: 

b~ = 1 - e - a ~  (1) 

while the probability of residence has the usual negative 
exponential dependence on 4 with a rate constant ~-. 
The mean probability of branching per site,/~, is obtained 
by integrating b~ over the distribution of  residence times 
and is: 

= A/(A + ~-) (2) 

It is the purpose of  this note to show how the GF 
method can be applied to Mullikin and Mortimer's 
improved model. 

The derivation given in ref. I must be modified to 
take into account the dependence of  branching probability 
on residence time. The expression (9) of that reference 
will represent the GF for all molecules derived from 
primary chains of n units and of age 4, with the expression 
above for bo substituted for b, that is: 

un[e -A ~ + zG(1 - e -a  ~)]~n (3) 
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Figure '2 100 MHz p.m.r, spectra of high-sulphur wool fraction 
y-keratose. A, in 50% DCOOD/50~ CDCla solution ; B, in DCOOD 
solution 
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appears to be recovered. These results are consistent 
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The method of  generating functions (GF) has been 
applied 1 to calculate the moments of  the distribution 
for a model described by Mullikin and Mortimer 2 
characterized by the assumption of two constant probabil- 
ities, one (p) for addition of  a further monomer unit, 
and one (b) for branching at each potential site. There 
are ~ equivalent sites per monomer unit in the polymer; 
termination by combination is assumed absent. 

Mullikin and Mortimer have now 3 calculated the first 
and second moments, and the ratio of the weight-average 
degree of polymerization to the number average, for a 
more realistic model which should well represent a 
perfectly stirred continuous-flow reaction system. In 
this improved model the probability of  branching bo 
depends upon the time of residence in the reactor, 4, 
through the relationS: 

b~ = 1 - e - a ~  (1) 

while the probability of residence has the usual negative 
exponential dependence on 4 with a rate constant ~-. 
The mean probability of branching per site,/~, is obtained 
by integrating b~ over the distribution of  residence times 
and is: 

= A/(A + ~-) (2) 

It is the purpose of  this note to show how the GF 
method can be applied to Mullikin and Mortimer's 
improved model. 

The derivation given in ref. I must be modified to 
take into account the dependence of  branching probability 
on residence time. The expression (9) of that reference 
will represent the GF for all molecules derived from 
primary chains of n units and of age 4, with the expression 
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and the GF for all molecules from such primary chains 
is obtained by integrating this expression over the 
distribution of residence times: 

unf( 7 ~-e-" ¢ [e --4 ¢ + zG(1 - e -A ¢)]=nd~ (4) 

or writing e -.4 ¢ = x, T/A = r: 

runfloxr-ltx+zG(1-x)]c~ndx (5) 

The GF for all molecules G is obtained by summing this 
expression, multiplied by the probability that the primary 
chain has n units, over n. That  is: 

G = r ( 1 - p )  ~ p.-lu.floX,-ltx+zC(1-x)]=.dx (6) 

r is related to 6 by the expression: 

r = (1/6) - 1 (7) 

so that as 6 < 1, r > 0. It is possible to obtain expressions 
for the right-hand side of equation (6) in terms of Gaus- 
sian hypergeometric functions, but these are not very 
useful. The moments of the distribution are obtained 1 
from the derivatives of  G(u,z) with respect to u and z at 
u = z  = 1 ; G(1,1) = 1 of course. It is legitimate to differen- 
tiate equation (6) under the summation and integration 
signs, and set u = z = 1 before carrying out the integration 

Notes to the Editor 

and summation; the integrations then reduce to cases of  
standard result: 

floxr-l(1-x)s-ldx=r(rlr(s)lr(r+s) (8) 

when r>O, s>O. 
This procedure gives for the first and second moments 

< m >  and < m 2 > ,  

< m > = 0G(1,1)/0u = 1/(1 - p  - ab) (9) 

and 

< m 2 > = 02G(1, 1)/0u+ OG(1, l)/Ou (10) 

{(1 +p) (1 + 6)(1 - p -  6)[1 - p  + ( 2 a -  1)6] 

+ 2b2[az(1 + p ) -  a(1 -p)]} 
- - -  (1 -p-~b-)Z(1 ~ p ) ( l +  b-) ..... (11) 

In the case ~--- 1, these expressions reduce to those given 
by Mullikin and Mortimer 3. Expressions for the higher 
moments become complex, and will not be discussed 
here. 
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Linewidth measurements on the electron spin resonance 
(e.s.r.) spectra of macromolecules carrying stable 
nitroxide radicals can yield information on the dynamics 
of the polymer chains. This spin-labelling technique 
has recently been used to study the motions of poly- 
styrene both in dilute solution 1, 2 and in the solid 
polymer 3. The polystyrene samples used in these experi- 
ments were labelled with phenyl nitroxidO or t-butyl 
nitroxide 9' groups specifically at the para-position of the 
aromatic ring. The latter groups were attached by 
reaction of  the para-lithiated polymer with 2-methyl-2- 
nitrosopropane 4. However, for the complete and un- 
ambiguous interpretation of correlation times from 
spin-labelling studies it is desirable to compare correla- 
tion times when the polymer is labelled at different 
positions. 

Lithiated polymers are convenient intermediates 
for the labelling reaction. It has been reported that 
direct metallation of polystyrene using butyl lithium 
complexed with N,N,N',N'-tetramethylethylenediamine 
(TMEDA) leads to meta-substitution in the aromatic 
ringL This reaction therefore appeared to offer a con- 
venient route to recta-labelled polystyrene, presenting 
at the same time a means of confirming the position of 
lithiation under these conditions. 

In order to keep the degree of labelling small (to 
prevent spin-exchange effects) and to avoid undesirable 
side reactions the procedure developed by Chalk and 

Hay 6, to lithiate p_oly(phenylene ethers), was followed. 
0.5 g polystyrene (Mn= 126 000 with a broad molecular 
weight distribution) was dissolved in 50 ml dry benzene 
and added to a stirred mixture of 10mmol n-BuLi and 
10mmol TMED A  in 20ml dry hexane under nitrogen. 
The resulting orange coloured solution was stirred at 
room temperature for 30 rain, then an excess (0.7 g) of 
2-methyl-2-nitrosopropane in benzene was added. The 
product was precipitated from methanol, redissolved 
in toluene and shaken with silver oxide to ensure com- 
plete oxidation of the hydroxylamine to the nitroxide. 
The toluene solution was filtered and the labelled 
polymer was purified by repeated precipitations in 
methanol from toluene. During the work-up a small 
amount of gel appeared and was removed by filtration. 
The occurrence of some crosslinking was confirmed by 
gel permeation chromatography which showed an 
increased proportion of high molecular weight material 
in the labelled polymer. 

The e.s.r, spectrum of the labelled polystyrene is 
shown in Figure 1. There is the usual marked dependence 
of linewidth on m~, the 14N magnetic quantum number, 
which permits evaluation of ~-c, the rotational correlation 
time. The slight asymmetry in each of the three multiplets 
is caused by a weak linewidth dependence on mH, the 
resultant proton magnetic quantum number. Each line 
of the nitrogen triplet shows a hyperfine proton structure 
of eight lines in the intensity ratio 1 : 1 : 3: 3: 3:  3:  1 : 1 as 
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and the GF for all molecules from such primary chains 
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The resulting orange coloured solution was stirred at 
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2-methyl-2-nitrosopropane in benzene was added. The 
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in toluene and shaken with silver oxide to ensure com- 
plete oxidation of the hydroxylamine to the nitroxide. 
The toluene solution was filtered and the labelled 
polymer was purified by repeated precipitations in 
methanol from toluene. During the work-up a small 
amount of gel appeared and was removed by filtration. 
The occurrence of some crosslinking was confirmed by 
gel permeation chromatography which showed an 
increased proportion of high molecular weight material 
in the labelled polymer. 

The e.s.r, spectrum of the labelled polystyrene is 
shown in Figure 1. There is the usual marked dependence 
of linewidth on m~, the 14N magnetic quantum number, 
which permits evaluation of ~-c, the rotational correlation 
time. The slight asymmetry in each of the three multiplets 
is caused by a weak linewidth dependence on mH, the 
resultant proton magnetic quantum number. Each line 
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would be expected from the radical4: 
Figure 2a shows the central multiplet of Figure 1 

"¢~'- - -  CH2-- CH- -  

.. ,1\ )lcs) tBu 

(4) I 
0 

(D 
expanded. Figure 2b shows a computer simulation of this 
multiplet, based on the radical I with three equivalent 
ortho- and para-protons having aa=5 .0MHz and a 
single meta-proton having aa=2.5MHz.  It is known 
that in small aryl nitroxides the coupling constants of 
protons in ortho- and para-positions to the nitroxide 
group are about twice those of meta-protons 7. 

The spectra in Figures 1 and 2 prove conclusively that 
the nitroxide groups occur at the meta-position of the 
aromatic ring. This supports the conclusion of Plate et 
aL s, based on infra-red evidence, that direct lithiation, 
being nucleophilic in nature, takes place at the meta- 
position in the aromatic nuclei in polystyrene. 

Figure 1 yields a nitrogen coupling constant a~r= 
35.6 + 0.3 MHz, and an isotropic g-factor=2-00589 
(from centrepoint comparison with charred dextrose s 
for which g =2.00259). The g-factor and the nitrogen 
and proton coupling constants are very similar to those 
of the para-labelled polystyreneL It can therefore be 
assumed that the anisotropic spin Hamiltonian para- 
meters in the linewidth expression: T~(m~r)-l=A+ 

I = IO MHz ~"J 

Figure 2 (a) Expanded central multiplet from Figure I; (b) com- 
puter simulated multiplet 

BrnN+CmN 2 are similar. Consequently the parameters 
used for the line-width analysis of the para-labelled 
polymer s can be used to calculate a rotational cor- 
relation time for the meta-labelled polystyrene. This 
procedure yields ~-c=(3.9 + 0.4)x 10 -10 sec at 52°C. The 
value for the corresponding para-labelled polymer is 
(3.2+ 0-3)× 10-1°see at 52°C. This concordance, within 
experimental error, lends further support to our earlier 
contention s that segmental re-orientation is the main 
factor controlling re in labelled polystyrenes of high 
molecular weight. Non-cooperative phenyl ring rotation 
or rotation about the C(3)-N bond do not significantly 
affect ~'c. 

Figure 1 E.s.r. spectrum of spin-labelled polystyrene in toluene 
solution (5~) at 52°C 
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Letter 

Photo-dissociat ion of benzoyl  
peroxide 

Studies of end-groups of polymer molecules have shown 
that there are some important differences between the 
natures of the radicals produced in thermal and photo- 
chemical dissociations of benzoyl peroxide in solution. 
It was shown 1 that thermally the peroxide molecules 
dissociate to pairs of benzoyloxy radicals some of which 
may dissociate further to phenyl radicals and carbon 
dioxide. It was deduced ~ that photochemical dissociation 
leads to the direct production of some phenyl radicals 
according to: 

(C6H5. CO. O)2~2(1 - f )  C6H5.CO. O. + 

2fC6Hs. +2fCO2 (1) 

and tha t f i s  about 0.30 for a particular set of conditions. 
These conclusions were reached by comparing the 

numbers of benzoyloxy and phenyl end-groups in polymers 
prepared using monomeric styrene at various concen- 
trations in benzene. The ratio of these types of end- 
group varies with the concentration of monomer; extra- 
polation of the results to a system where the concen- 
tration of monomer is infinitely high showed that, if 
benzoyl peroxide were used as a thermal initiator, all 
the end-groups would be benzoyloxy groups because 
the primary radicals escaping cage recombination would 
be captured by monomer before they could possibly 
dissociate. In photochemical systems, however, the 
extrapolation indicated that polymers prepared at 
infinitely high concentration of monomer would contain 
an appreciable proportion of phenyl end-groups; it 
was argued that this result showed that some phenyl 
radicals are formed directly from the peroxide and not 
from benzoyloxy radicals. 

The end-group analyses involved the use as initiator 
of benzoyl peroxide labelled in the rings with 14C 
(R-peroxide). The sum of the number of benzoyloxy 
and phenyl end-groups was calculated directly from the 
specific activity of the purified polymer. The number of 
phenyl end-groups was found from the specific activity 
of the polymer after all the benzoyloxy end-groups had 
been detached by hydrolysisL 

If benzoyl peroxide could give rise to benzoyl end- 
groups, end-group analysis by the procedure just de- 
scribed would show them as phenyl end-groups because 
they would be unaffected by hydrolysis. It seems possible 
that the peroxide to some extent might dissociate 
photochemically according to: 

(C6H5. CO. 0)2--'+2 C6H5. CO. + 02 (2) 

If benzoyl peroxide labelled in the carboxyl groups 
with 14C (C-peroxide) were used as a photoinitiator 
and if the resulting polystyrene contained some benzoyl 
end-groups, then hydrolysis of the polymer could not 
cause its specific activity to fall to zero as it does for 

polystyrene prepared using C-peroxide as thermal 
initiator. 

Experimental procedures were similar to those used 
previously~, 3. The light source was a Hannovia medium 
pressure Hg lamp and the light was filtered through 
Pyrex glass. Samples were assayed by scintillation counting 
in solution 4. 
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Figure 1 Infra-red spectra of polystyrene samples, (a) Using 
benzoyl peroxide as photoinitiator; (b) polymerized thermally 
without any initiator; (c) using benzoyl peroxide as thermal 
i n i t i a t o r  ( 6 0 ° C ) , - - ,  Before hydrolysis; . . . .  , after hydrolysis 
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Letter 

Previous  results 2 were conf i rmed using R - p e r o x i d e  
as pho to in i t i a to r .  Samples  o f  polys tyrene,  p r epa red  
s imilar ly  wi th  C-pe rox ide  at  25°C with m o n o m e r  at  
8.37, 6.28, 4.19, 2.79 and  1.05mol/1 in benzene,  re ta ined  
4.4, 3.1, 2.8, 4.3 and 4"5~o respectively o f  their  act ivi ty 
af ter  hydrolysis .  I f  these res idual  activit ies are  a t t r ibu ted  
to  benzoyl  end-groups ,  i t  must  be no ted  tha t  these 
end-groups  are much  less numerous  than  benzoyloxy  
end-groups  and  tha t  there  are  far  too  few to p rov ide  
an  a l ternat ive  explana t ion  o f  the results o f  Bevington 
and  Lewis 2. 

Spect roscopic  examina t ion  o f  samples  o f  polys tyrene,  
before  and  af ter  hydrolysis ,  showed tha t  absorp t ion  due 
to  ca rbony l  g roups  was removed  comple te ly  by  the 
chemical  t r ea tment  for  po lymers  p repa red  using benzoyl  
peroxide  ei ther as a thermal-  or  as a pho to in i t i a to r  
(see Figure 1). 

I f  benzoyl  radicals  were p roduced  dur ing  the pho to -  
lysis o f  benzoyl  peroxide  in pu re  benzene,  apprec iab le  
fur ther  d issocia t ion to  phenyl  radicals  and  ca rbon  
monox ide  would  be expected.  C a r b o n  monox ide  could  
no t  be detected under  these c i rcumstances  ei ther by  
mass  spec t romet ry  or  by  t racer  techniques (for C -  
peroxide) .  

I t  is conc luded  tha t  there  is no evidence for  significant 
p roduc t ion  o f  benzoyl  radicals  dur ing  photo lys is  o f  
benzoyl  peroxide  in solut ion,  a t  least  for  wavelengths  
exceeding abou t  3000 A.  
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Book Rev iew , I 
Identification and analysis of plastics 
J. Has/am, H. A. Willis and D. C. M. Squirrel/ 
Iliffe Books, London, 1972, 748 pp. £.18.00 

This is a much enlarged and revised edition of the book first 
published in 1965. While all parts have been extended, the main 
changes are the inclusion of an introductory chapter on instru- 
mental methods of analysis, and a number of n.m.r, reference 
spectra. 

Throughout, very precise experimental details are given enabling 
it to be used as a laboratory handbook, often without referring 
to the original literature cited. Particularly useful details are com- 
ments on possible experimental errors, hazards involved, and in 
some cases addresses of suppliers for specialized chemicals and 
equipment. 

The introductory chapter on instrumental methods, including 
u.v., visible, i.r. and atomic absorption spectrophotometry, X-ray 
fluorescence spectrometry, n.m.r, spectroscopy, and gas chromato- 
graphy is followed by a chapter on the combined use of heating, 
burning and chemical tests and infra-red spectroscopy, in qualitative 
analysis, for which the use of n.m.r, is also exemplified. A useful 
table concerning polymer solubility is included. 

Eight further chapters discuss in detail the analysis of particular 
types of polymers, and relevant additives. The arrangement of 
these chapters is slightly modified from that of the first edition, 
and increased reference is made to instrumental methods through- 
out. In their preface the authors explain that the areas covered 
are those in which they have practical experience, so that some 
are dealt with in greater depth than others. However, many specific 
methods given could be fairly readily adapted. Each chapter has 
an introduction detailing the particular types of analysis covered, 
followed by methods of chemical analysis, gas chromatography 
and special instrumental techniques, i.r. analysis, and finally 
n.m.r, analysis. 

The final chapter discusses the analysis of plasticizers, fillers 
and solvents and some of the sophisticated methods necessary to 
separate complex mixtures of solvents are described. 

As in the first edition the appendix contains an excellent collec- 
tion of i.r. reference spectra. This collection has increased in 
size; an index to these spectra is a useful addition. Significant 
features in the spectra are described in the text, while a bibliography 
of other published i.r. spectra is also included. 

Presentation of this edition is good although some typographical 
errors were found. In view of the size of the book a more detailed 
contents list would have been helpful, including some of the 
information given in the chapter introductions. However, after 
becoming familiar with the layout, most information could be 
found fairly readily. One anomaly is the treatment of information 
on polyurethanes, dealt with in three separate chapters. 

This book is to be well recommended to any laboratories in- 
volved in the analysis of plastics. The authors make available 
their experience of many years, and the detailed methods and 
large collection of interpreted reference spectra are both invaluable. 
With the current availability of more sophisticated analytical 
methods, those already familiar with the first edition of this book 
are likely to find extra information, in this edition, to their 
advantage. 

M. Gilbert 

ERRATUM 

' S o m e  steric regula t ion  on  radica l  po lymer iza t ion  o f  per f luorobutad iene '  
Made l ine  S. T o y  and  J. C. DiBar i ,  Polymer 1973, 14, 327-328. 

Page 328, Table 2, cap t ion :  
for m o n o m e r ,  44.43 g read m o n o m e r ,  4.43 g 

W e  apologize  for  this er ror .  

by 
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The far infra-red spectrum (400-10 cm of 
isotactic polypropylene 

M. Goldstein and M. E. Seeley 
Department of Chemistry, The Polytechnic of North London, Holloway Road, London N7 8DB, UK 

and H. A. Willis and V. d. I. Zichy 
Imperial Chemical Industries Limited, Plastics Division, Welwyn Garden City, Hefts, UK 
(Received 4 May 1973) 

Infra-red spectra of isotactic polypropylene samples having different crystallinity have 
been observed in the range 400 to 10cm -z. Eleven bands have been identified, whereas 
only eight internal modes are predicted for this region on the basis of line group symmetry. 
Experimental evidence, including dichroic behaviour of the bands, indicates that contrary 
to previous reports one of these additional features arises from a lattice mode and the 
others from the effect of crystal symmetry. 

INTRODUCTION 

In the s-crystalline form, the isotactic polypropylene 
(IPP) chain assumes a helical conformation (with three 
monomer units in one turn of the helix) having Ca line 
group symmetry 1. The far infra-red spectrum of IPP 
has been recorded previously by several authors 2-5 
and assigned in terms of normal coordinate analyses 
based on the C3 line group2-4, °-s. These results are 
summarized in Table 1. It may be noted that there is 
considerable disagreement amongst previous workers 
in the observation and assignment of the spectrum below 
~260cm -1. There are two principal reasons for this. 
First, samples previously examined do not appear to 
have been sufficiently crystalline for all the features in 
the spectrum to be well defined. Secondly, no detailed 
account has been taken hitherto of the space group 
symmetry, i.e. of the possible effects of site symmetry, 
correlation splitting, or the occurrence of lattice modes. 
We consider the importance of these points in the 
discussion. 

EXPERIMENTAL 

Highly isotactic (from n.m.r, measurements) poly- 
propylene powder of medium molecular weight (melt- 
flow index=20) was pressed between stainless-steel 
plates, with aluminium release sheets, at a temperature 
of ~ 180°C for 5 min at ~ 15 0001bf/in 2 pressure (~  100 
MN/m~). The sample was then rapidly cooled to ,~ 30°C 
by passing water through the platens. These samples 
were 3.2 mm thick and between 58 and 66 % crystalline. 

The crystallinity of the sample was increased by 
annealing under oxygen-free nitrogen (to prevent 
oxidation), the general conditions for which have been 
described 9. The actual sequence used in the present work 
was as follows: (i) heating to 150°C at a rate of 20 °C/h; 
(ii) heating from 150 to 162°C at a rate of l°C/h; (iii) 
maintaining the temperature at 162°C for ,-~20min; 
(iv) cooling to ambient temperature at a rate of 6°C/h. 
The crystallinity of the final product increases with the 
time for which the sample is held at 162°C [stage (iii)]. 
Samples of highest crystallinity which we examined 

Table I Summary of existing data (cm -z) on the far infra-red spectrum of isotactic polypropylene 

Ref, 2 Ref, 3* Ref, 4* 
Ref, 5 Ref, 6* Ref. 7 Ref, 8 

Mode v(calc,) v(obs,) v(calc,) v(obs.) v(calc,) v(obs,) v(obs.) v(calc.) v(calc,) v(calc,) 

v22(A) 381 398 371 398 375 396 391 392 392 
v23 (E) 294 321 289 321 287 318 320 309 314 311 
vza(A) 266 251 245 249 248 248 260 272 267 
v24(E) 222 210 "~ 170 207 198 
~24(A ) 216 200 .J 203 195 
v25(E) 145 169 127 130 168 110"1" 138 162 147 
v2~(A) 138 155 110 109 98"I" 118 157 140 
v26 (E) 70 106 55 90 63 

* In these cases, simplified calculations were performed (ignoring torsional coordinates) so that fewer modes were 
calculated,We have re-numbered these according to the nearest equivalent vibrat ions used for the full model in refs. 
2 and 8 
1" Resolved only at low temperatures (~140K) ;  broad band at 103cm -z at room temperature 
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had been treated at stage (iii) for 1 h and were 7 5 ~  
crystalline. 

In order to obtain a sample of lower crystallinity, a 
thin ( ~  1 mm) mould was used and the hot pressing 
rapidly quenched in a bath at -78°C .  

Crystallinities were determined by an X-ray diffraction 
method 9, using a Philips PW 1010 diffractometer. 

Preparation of a sufficiently well-oriented sample for 
the polarization measurements required the use of IPP 
powder of very high molecular weight (melt-flow 
index=0.06) 10. The optical quality and the draw ratio 
were improved by rolling the sample before drawing in 
a tensile testing machine. The crystallinity of the samples 
was subsequently increased by heat-setting under tension 
in an oven at 150°C for 10min followed by slow cooling 
to ambient temperature. The sample obtained in this 
manner was 1.2mm thick and had been extended 
400 ~ .  It was shown to have a significant axial orienta- 
tion from the parallel dichroism of the 1044cm -1 
doublet in the mid-infra-red spectral region. The occur- 
rence of well-defined far infra-red bands indicated that 
the sample was also highly crystalline. 

Spectra were recorded using RIIC FS-520 (400-60 
cm -1) and FS-720 (100-10cm -1) interferometers, the 
latter instrument at the PCMU, Harwell, UK. For the 
region 100-10cm -~, two or more pieces of  sample, 
each 3-2mm thick, were sandwiched together; dry 
liquid paraffin was placed between the pieces to eliminate 
interference fringes. For  the polarized spectra, a poly- 
ethylene-backed grid polarizer was used. Loss of radia- 
tion by scattering from the oriented samples was severe, 
and in order to obtain polarized spectra with well 
defined bands, the following conditions were used: 
(i) the spectra were recorded with the samples cooled 

I I I I I I I I 

X4 

I I I I I I t I 

I I I I I I I 

I I I I I I I I 
4 0 0  3 0 0  2 0 0  IOO 

crn -I 

Figure I Far infra-red spectra of =-IPP samples at room tem- 
perature. X-ray determined crystallinities are: (a) 58%; (b) 66%; 
(c) 70%; (d) 75%. For the region below 80cm -1 the samples were 
increased in thickness (by layering) by the factors indicated 

i I I I t I t 

6 

b 
I I I i I q I I 

I I t I I I ~ I 

I I i I i I I 

I I I I I I P I 

4 0 0  3 0 0  2 0 0  I 0 0  
cm -I 

Figure 2 Far infra-red spectra of c~-IPP samples at N100K. 
X-ray determined crystallinities are: (a) 52% (including 25% 
s mectic form); (b) 58%; (c) 66%; (d) 70%; (e) 75%. For the region 
below 80cm -1 the samples were increased in thickness (by 
layering) by the factors indicated 

with liquid nitrogen; (ii) 3 or 4 pieces of drawn sample 
were sandwiched together with dry liquid paraffin to 
give a resultant thickness of 4-5 mm; (iii) ten spectra 
were obtained for each sample and then averaged to 
increase the signal: noise ratio. In this way, satisfactory 
spectra to ~80  cm -1 were obtained. 

RESULTS 

The spectra obtained in the region 400-10cm -1 for 
samples of different crystallinity at ambient temperature 
and ~ 1 0 0 K  are shown in Figures 1 and 2. Bands 
observed are listed in Table 2. The intensity and sharp- 
ness of some of the bands is seen to increase markedly 
as the crystallinity of the specimen is increased. Two 
bands in particular, those at ~ 100 cm -1 and ~ 50 cm -1 
show very interesting behaviour. The latter is not only 
seen to sharpen as one increases the crystallinity of the 
sample, but where the band maximum could be located 
with sufficient accuracy (crystallinities > 66 7o), it moves 
f r o m  48 to  5 5 c m  -1 as the temperature is lowered from 
ambient to ~ 100 K. The band at ~ 100 cm -1 is observed 
to split into two components as the temperature is 
decreased, the effect being most evident with the most 
highly crystalline samples at low temperature (e.g. for a 
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Table 2 Re-assignment of the infra-red spectrum of isotactic polypropylene in the region 400-10cm -1 

~(obs.) 

,,~300K ~100K Dichroism Assignmentt v(calc.) 2 Form of mode=:~ 

400 400 I[ v2z(A) 381 8(CH~.--CH Me--CH=) [45~/o, 
321 321 3_ v2s(E) 294 8(CH~--CHMe--CH2) [65~o, 
250 255~ f ~(CH2--CHMe--CH~) [25?/o, 

245J II v=3(A) 266 ~and r(C-- ie) [20~/o] 
210 210 * v24(E) 222 T(C--Me) [95~/o] 
198 198 * v~4(A) 216 ~-(C--Me) [75~/o] 

f 6(CH=--CHMe--CH2) [40%, 
173 173 / v25(E) 145 ~and 8(CH--CH~.--CH) [35~] 
145 145~. . f$(CH--CH2--CH) [40%] 
135 135i" v=5(A) 138 ~and ~'(C--Ceq) [30~/o] 
100 113~. / v26(E) 70 ~'(C--Cax) [80~/o] 

98J 
48 55 * Lattice - -  - -  

* Not possible to measure dichroism 
t Symbols refer to C3 line group modes 
:~ Similar results given in refs 3-8, except torsional coordinates not always included 

sym; 30~/o, asym] 
asym] 
sym; 30~/o, asym] 

asym] 

I1 

4 0 0  3 0 0  200  I 0 0  
cm-I 

Figure 3 Polarized far infra-red spectra of oriented a-IPP at 
,.~I00K. Symbols II and _L_ correspond respectively to the electric 
vector of the radiation parallel and perpendicular to the direction 
in which the sample had been drawn 

7 5 ~  crystalline sample at ~ 1 0 0 K ,  the band resolves 
into components at 113 and 95 cm-1). 

The dichroism of most of  the bands in the region 
400-80 cm -1 was determined f rom polarization measure- 
ments carried out at ~ 100 K (Figure 3). 

DISCUSSION AND ASSIGNMENTS 

Our assignments for IPP in the region 400-10cm -1 are 
listed in Table 2. From 400 to 160cm -1 our assignments 
of  the main features are in agreement with those of 
previous workers 2-5. Below 160cm -1 only two internal 
modes of the 31 helix are predicted to appear on the 
basis of  a line group model (Table 1), viz. v26(E) and 
the A component  of  v25. However, we observe five 
bands in the region 160-10cm -1. The most likely 
reasons for the appearance of the three extra bands 
are: (i) removal of  the degeneracy of the E line group 
modes; (ii) correlation field splitting; and (iii) lattice 
modes. 

The band at 48 cm -1 has been previously assigned to 
an internal m o d e l  However, this can now quite clearly 
be seen to be wrong. There are two properties of  this 
band which together provide compelling evidence for 
its assignment to an infra-red-active lattice mode: (a) the 
intensity of the band increases rapidly as the crystallinity 
of  the sample is increased; (b) the band maximum 
shifts by 7 cm -1 to higher frequency (55 cm -1) when the 
sample is cooled from room temperature to ~ 100 K. 

The shift is considerably greater than is observed 
for any other band in the spectrum. The lattice modes 
which have been observed in other polymers (poly- 
ethylene 11-1s, polyoxymethylene 17,1s, and polytetra- 
fluoroethylene19), are generally characterized by shifts 

to higher frequency of similar magnitude to that observed 
in the present work when the temperature of  the sample 
is decreased: For example, the infra-red band at 72cm -1 
in polyethylene at room temperature shifts by 7cm -1 
to 79cm -1 on cooling to 100K and has been assigned 
to one of the two predicted infra-red-active lattice 
modes (V11, Blu) 11. Hence the 48cm -1 band in IPP 
(room temperature value) is most likely an infra-red- 
active lattice mode, and not the internal mode vz6(E) 
as previously 5 thought. 

In an attempt to define the nature of this lattice 
mode more precisely we have carried out a unit cell 
group analysis (commonly but erroneously 2° called 
factor group analysis), as described in the Appendix. 
I t  can be seen (Table 3) that five infra-red-active lattice- 
modes are predicted, two rotations (Au+Bu) and three 
translations (2Au+Bu), but it is not possible from our 
results to decide which gives rise to the 48 cm -1 absorp- 
tion band. We assume that the other four modes pre- 
dicted to appear are either of inherently low intensity 
or are in too close proximity to the band observed to be 
resolved. 

The second most noteworthy feature in the spectrum 
of IPP is the splitting of the band at ,-,100cm -1 into 
two components. This has been observed by previous 
workers who assigned the bands to the skeletal modes 
v25(A) and v25(E) 5. This assignment is invalidated by 
our observation that both components have perpendicular 
dichroism* (Table 2 and Figure 3). The separation of 

* We make the reasonable first-order approximation that the 
dichroism of the chain line group modes will be essentially un- 
affected by the influence of the crystal packing. 

Table 3 Unit cell group analysis* for isotactic 
c~-polypropylene in space group P21/c (isomor- 
phous point group C2h) 

C2h T' TA T R nL Activity 

Ag 3 0 3 1 4 Raman 
Be 3 0 3 1 4 Raman 
Au 3 1 2 1 3 infra-red 
Bu 3 2 1 1 2 infra-red 

* T'-total number of translational degrees of 
freedom; TA=number of acoustic modes; T= 
number of optical translatory lattice modes 
(= T'-- TA); R= number of rotational lattice modes; 
nL=total number of optical lattice modes (=  T+R) 
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the two bands increases with increasing crystallinity of  
the sample, although the band positions are not observ- 
ably dependent on temperature (providing the tem- 
perature is low enough for the splitting to be resolved). 
The similar behaviour of the two components of the 
doublet, especially their perpendicular dichroism, point 
to the origin of the component  peaks being the same 
E line group internal chain mode. Since no lower fre- 
quency internal mode is found, this must be the lowest 
frequency chain mode calculated, v26(E). 

The splitting could arise from either (a) a static field 
(site symmetry) effect [E(C3 line g roup)~2A (C1 chain 
site)], or (b) a dynamic field (correlation splitting) effect. 
Possible effects are summarized in Table 4. The extent 
of splitting by either of  these mechanisms is not easily 
predicted and in some cases it may be impossible to 
resolve the components. Thus observable splitting of 
some but not all E line group modes may occur. Cor- 
relation field splitting is expected to be more significant 
for vibrations of  groups at the periphery of the chains. 
Examples of  this are found in polyethylene (CHz bending 
and rocking modes) la,21,22, and in ~-[CoCl2(pyridine)2]n 
(Co-N stretching modes) 23. In IPP, v26(E) is thought 
to be largely a mode of the polymer backbone (CHz-  
CHCH3 torsion) 2, 7, s, and will therefore involve appre- 
ciable motion of the CH8 groups. However, there does 
not appear to be any compelling evidence for dis- 
tinguishing between static and dynamic field effects 
being the cause of the crystal field splitting of this 
mode. 

The only other observed bands unaccounted for are 
those at 135 and 145cm - l .  We consider these too high 
in frequency to be lattice modes, and moreover they 
do not shift with decreasing temperature. The only 
internal chain mode remaining unassigned is the v25(A) 
line group mode, calculated 2 to be at 138cm -1. Since 
this A mode cannot split by a site symmetry effect, we 
attribute the 135, 145cm -1 pair of  bands to the cor- 
relation-split v25(A) line group mode. Unfortunately, 
these bands were too weak for their dichroism to be 
reliably determined, so that support for this assignment 
is at present lacking. 

We note also that the band at 250cm -1, assigned 
previously to the vz3(A) line group mode 2,4,5 (an 
assignment with which we concur), is also split in the 
spectra of highly crystalline samples at low tempera- 

Table 4 Correlation between chain dine group, chain site group, 
and unit cell group for a-IPP* 

Line group (C3) Site group (Cz) Unit cell group (C~h) 

A ~ A  u 

~ B  u 

E ~ 2Au 

~ .2B  u 

* Based on space group P2z/c (z=4) 

tures. Both components have parallel dichroism and 
the splitting, as in the case of  that of  v25(A), is therefore 
attributed to a correlation field effect. 

ACKNOWLEDGEMENTS 

We thank the SRC for a grant to purchase the FS-520 
interferometer and for use of the PCMU (Harwell) 
service, Dr E. Gillam (City of London Polytechnic) 
for X-ray powder diffractometer facilities, and several 
colleagues for useful discussion. 

REFERENCES 

I Natta, G. and Corradini, P. Nuovo Cim. Suppl. 1960, 15, 40 
2 Miyazawa, T., Fukushima, K. and Ideguchi, Y. J. Polym. 

Sci. (B) 1963, 1, 385 
3 Miyazawa, T., Ideguchi, Y. and Fukushima, K. J. Chem. 

Phys. 1963, 38, 2709 
4 Tadokoro, H., Kobayashi, M., Ukita, M., Yasufukum, K. 

and Murahashi, S. J. Chem. Phys. 1965, 42, 1432 
5 Chantry, G. W., Fleming, J. W., Pardoe, G. W. F., Reddish, 

W. and Willis, H. A. Infrared Phys. 1971, 11, 109 
6 Miyazawa, T. and Ideguchi, Y. Bull. Chem. Soc. Japan 1963, 

36, 1125 
7 Miyazawa, T. and Ideguchi, Y. Bull. Chem. Soe. Japan 1964, 

37, 1065 
8 Snyder, R. G. and Schachtschneider, J. H. Speetrochim. Aeta 

1964, 20, 853 
9 Turner-Jones, A., Aizlewood, J. M. and Beckett, D. R. Mak- 

romol. Chem. 1964, 75, 134 
10 Vincent, P. L personal communication 
11 Bertie, J. E. and Whalley, E. J. Chem. Phys. 1964, 41, 575 
12 Dean, G. D. and Martin, D. H. Chem. Phys. Lett. 1967, 1, 415 
13 Tasumi, M. and Krimm, S. J. Chem. Phys. 1967, 46, 755 
14 Bank, M. L and Krimm, S. J. Appl. Phys. 1968, 39, 4951 
15 Fleming, J. W., Chantry, G. W., Turner, P. A., Nicol, E. A., 

Willis, H. A. and Cudby, M. E. A. Chem. Phys. Lett. 1972, 
17, 84 

16 Krimm, S. and Bank, M. I. J. Chem. Phys. 1965, 42, 4059 
17 Zerbi, G. and Masetti, G. J. ]Viol. Spectros. 1967, 22, 284 
18 Boerio, F. J. and Cornell, D. D.J. Chem. Phys. 1972, 56, 1516 
19 Chantry, G. W., Fleming, J. W., Nicol, E. A., Willis, H. A. 

and Cudby, M. E. A. Chem. Phys. Lett. 1972, 16, 141 
20 Bertie, J. E. and Bell, J. W. J. Chem. Phys. 1971, 54, 160 
21 Krimm, S., Liang, C. Y. and Sutherland, G. B. B. M. J. Chem. 

Phys. 1956, 25, 549 
22 Tasumi, M. and Shimanouchi, T. J. Chem. Phys. 1965, 43, 

1245 
23 Goldstein, M. and Unsworth, W. D. Inorg. Chim. Aeta 1970, 

4, 342 
24 Mencik, Z. J. Macromol. Sci. (B) 1972, l, 101 
25 Adams, D. M. and Newton, D. C. 'Tables for Factor Group 

and Point Group Analysis', Beckman-RIIC, London, 1970 

APPENDIX 

Unit cell group analysis 

Two different space groups have been assigned to 
the s-modification of IPP depending on the pre-treatment 
of  the samplO, a, 24. Unoriented but highly crystalline 
samples belong to space group C2/c (C~h, No. 15) 1, 9, 
whereas for oriented fibres the space group symmetry 
is P21/c (C~h, No. 14) 24. The ideal P2z/c  unit cell 
contains four chains each with a particular combination 
of screw sense (left- or right-handed screws) and direction 
( 'up'  or 'down'  with respect to the C-CHa  direction). 
Randomization of these orientations among unit cells 
gives rise to the C2/c structure. This randomization is 
not expected to influence the number of  lattice modes 
since each individual chain must be specifically oriented 
and randomization of orientation from one unit cell 
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to the next will not affect the number of modes arising 
from individual cells. Consequently, it is appropriate 
to carry out the unit cell analysis in the idealized space 
group P21/c. 

The analysis has been made using published tables ~5. 
The isomorphous point group is Can and each chain 
is in a general position in the crystal (Wyckoff 'e' sites) 
with a polymer chain site of Cz. The total number 
of translatory degrees of freedom is given by row 4E of 
Table 2 in ref. 25: 

T'=3Ao+ 3Bg+ 3Au+ 3Bu 

This representation includes acoustic modes (Au+2B=) 
obtained from the C2n character table. Hence the optical 
translations are given as: 

T = 3Ag+ 3Bg+ 2Au + Bu 

The rotatory lattice modes are given directly from row 
4E of Table 4 in ref. 25: 

R=Ag+ B~+ Au+ Bu. 

The combined results are shown in Table 3. 
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Synthesis and conformation studies of 
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Copolypeptides (PMGCL) composed of 7-methyI-L-glutamate(MLG) and E-N-carbobenzyl- 
oxy-L-lysine(CBL) covering the whole range of copolymer composition were synthesized 
by the N-carboxyanhydride (NCA) method. The experimentally obtained monomer 
reactivity ratios were rl(MLG)=2.0+0.4 and r2(CBL)=0.5+0.1, from which the fractions 
of monomer dyads and triads in copolymer were plotted against the initial comonomer 
composition. From experimental results on thermally induced coil-to-helix transition of 
the copolypeptides in dichloroacetic acid/1,2-dichloroethane (DCA-DCE) systems, it 
has been found that these copolypeptides can exist in the c~-helix conformation in the 
same manner as homopolypeptides PMLG and PCBL. The van't Hoff heat of transition 
AH showed a minimum against the initial monomer composition. The enthalpy AHres 
of formation of intramolecular hydrogen bonds per peptide bond also showed a minimum 
against copolymer composition. Such behaviour on AH and AHres was also found for 
copolypeptide (PBGCL) composed of 7-benzyI-L-glutamate(BLG) and E-N-carbobenzyloxy- 
L-lysine(CBL) in DCA-DCE systems reported in a previous paper. The presence of a 
minimum in these relationships may be attributed to specific interactions between the 
side chain of one comonomer and that of the other comonomer in a two component co- 
polymer. It is also pointed out that these copolymer molecules can exist in the a-helix 
conformation in the solid state. 

INTRODUCTION 

In previous papers, we have reported the molecular 
conformation of copolypeptides 1,2 composed of 7- 
benzyl-L-glutamate(BLG) and 7-methyl-L-glutamate 
(MLG), homopolypeptides PMLG 3 and poly(E-N-carbo- 
benzyloxy-L-lysine)(PCBL) 4, and copolypeptide 5 com- 
posed of BLG and CBL. 

In this paper, we are concerned with copolypeptides 
composed of M L G  and CBL. The transition temperature 
of  homopolypeptide PMLG 3 is different from that of 
PCBL 4 in the same solvent composition system; hence, 
it is necessary to use various solvent mixtures in order 
to bring about the transition to a definite and available 
temperature range. 

Copolypeptides (PMGCL) of M L G  and CBL, cover- 
ing monomer ratio in copolymer chain from 0 to 1 
were synthesized by the N-carboxyanhydride(NCA) 
method initiated by triethylamine(TEA). TEA is known 
to yield polypeptides with high degrees of  polymerization. 
Results obtained on the present systems for PMG CL 
will be compared with thoseS, 6 for copolypeptide 
PBGCL composed of BLG and CBL. Thermal transition 
of PM GC L will be discussed in comparison with that 
of PBGCL 5 . 

EXPERIMENTAL 

Materials 

The monomers, N-carboxy-7-methyl-L-glutamate an- 
hydride(MLG-NCA) and N-carboxy-e-N-carbobenzyl- 

oxy-L-lysine anhydride(CBL-NCA) were prepared ac- 
cording to the method proposed by Blout and Karlson 7, 
and purified by repeated recrystallizations from an 
ethyl acetate solution with the addition of  petroleum 
ether. The M L G - N C A  and CBL-NCA, in desired 
mole ratios, were dissolved in a l : 1 (v/v) mixture of dry 
dioxane and methylene dichloride. The total concen- 
tration of both anhydrides was kept at 2 ~.  The poly- 
merization was initiated with TEA at an anhydride: 
initiator ratio ([M]/[I]) of 100. The polymerization was 
completed within about 48h at 25°C. 

Samples in Table 1 were obtained at a lower con- 
version rate so as to estimate the monomer reactivity 
ratios. The copolypeptides formed were precipitated in 
a large amount of cold methanol to eliminate the low 

Table 1 Copolymerization of 7-methyI-L-glutamate(MkG) with 
~-N-carbobenzyloxy-L-lysine(CBL) by the N C A  method 

Initial 
monomer Polymer [~/] 

Sample ratio composition Conv. (DCA, 25°C) 
No. (CBL mol%) (CBL mol%) (%) (dl/g) Mn 

1 100.0 100.0 58 1.70 143 000 
2 85.5 76.5 44 0.98 
3 70.0 58.5 41 0.88 
4 45.5 34.5 20 0-65 51 000 
5 44-5 34.0 44 0-90 80000 
6 45.0 35.5 55 1.55 157000 
7 36.0 27.5 38 1-15 
8 25-5 18.0 40 1.33 
9 0.0 0.0 57 1-69 123000 
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molecular weight fraction and dried under reduced 
pressure at 50°C. The composition of these copoly- 
peptides was determined from elemental analyses for 
N, C and H atoms. These elemental analyses were 
carried out in the Organic Microanalyses Center in 
Kyoto University. 

Measurements 
The intrinsic viscosity [V] (dl/g) of PMGCL was 

determined in DCA at 25°C using Ubbelohde type 
capillary viscometers. The experimentally determined 
monomer ratio in the copolymer and the composition 
of the initial monomer mixture, together with the 
intrinsic viscosity [V], are summarized in Table 1. The 
number-average molecular weights of some PMGCL 
samples were determined by osmotic pressure measure- 
ments in dimethylformamide(DMF) at 30°C and the 
results are also listed in Table 1. 

Infra-red absorption spectra of solid films of the 
samples cast from chloroform solution were measured 
with a Perkin-Elmer Model 521 spectrophotometer in 
the region of 400-4000 cm -1. 

Optical rotatory dispersion (o.r.d.) in a temperature 
range from 5 to 50°C was measured with a Yanagimoto 
OR-100 Type spectropolarimeter using a tungsten 
lamp as light source. The concentration of copolymer 
solution was 1.0g/dl throughout these measurements. 
The solvent system used was a mixture of DCA-DCE. 

RESULTS AND DISCUSSION 

Monomer reactivity ratios 
Figure 1 illustrates the copolymer composition curve 

for the copolymerization of MLG with CBL at a con- 
version level of about 40700, taken from the data in 
Table 1. Figure 2 shows the MLG mol 70 in copolymer 
against the polymer conversion for the system initially 
containing 55moi ~o MLG. To estimate the monomer 
reactivity ratios rl(MLG) and r2(CBL), the polymeriza- 
tion should be generally stopped at low conversions 
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Figure 1 Copolymer composition curve for PMGCL copolymer 
at about 40% conversion. Data are taken from Table I 
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Figure 2 Copolymer composition vs. conversion curve for 
55:45mol % MLG/CBL system, The points represent the data 
of PMGCL-4, 5 and 6 in Table I, from left to right 

under 10-2070. On the other hand, by allowing poly- 
merization to about 40 ~ conversion, it was possible to 
prepare copolymers of sufficiently high molecular 
weight and yet with copolymer composition nearly the 
same as that at lower conversions. As is clear from 
Figure 1, MLG was more reactive than CBL. Now we 
denote the monomer reactivity ratios for the copoly- 
merization of MLG with CBL by rl and rz, respectively. 
To obtain the monomer reactivity ratios, the method of 
Fineman and Ross s was employed. The numerical 
values of rl and rz obtained from the data shown in 
Table 1 were: rl(MLG)=2.0+0.4; and r2(CBL)=0.5+ 
0.1. It should be noticed here that the product rl × r~ 
was equal to unity, which means that the monomers 
MLG and CBL are arranged at random along the 
chain in relative amounts specified by the composition 
of the initial monomer mixture. The same conclusion 
was also obtained for copolymerization of N-carboxy- 
anhydrides of BLG and CBL. The numerical values 
obtained 5 were rl(BLG)= 1.8 + 0.3 and r2(CBL)=0.5 + 
0.1. 

Alfrey and Goldfinger 9 have related conditional 
probabilities, Pn,  Pz2, P21 and Pz2 to monomer reac- 
tivity ratios and feed composition data by assuming 
that only the last one monomer unit in the growing 
chain affects the probability of monomer addition in 
the course of copolymerization, and derived the following 
equations: 

rlF 
P l l  - -  

1 + rlF 

1 
P12 

1 + rlF 

1 (1) 
P21- 1 + r2/F 

p22= r2/F 
1 + r2/F 

where F is the ratio of the initial mole fraction of mono- 
mer 1 to 2. Defining Fll, F12, F2z and F~ as the fractions 
of bonds in the copolymer which connect specified 
monomer units (dyad), the following stoichiometric 
and steady-state relationships for the various dyad 
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distribution were introduced 1°, 11. 

r~F 
Fll = rlF + 2 + (r2/F) 

2 
Fa2 + F21 = rlF + 2 + (r2/F) (2) 

r2/F 
F 2 2 - -  rzF + 2 + (r2/F) 

Fll + F12+ F21+ F22= l 

The same relationships have been also introduced by 
Wall 12. 

Fractions of triad distributions in the copolymer can 
be calculated by multiplying the dyad distributions to 
the probabilities that the terminal units of these dyads 
are connected to other specified units. Thus the fractions 
of  triads, F~11, Fn2, F2H, F12~, F22~, F~lz and F222 are 
given by: 

r2F 3 
Flll= r2Fa+ 2riF2+ F 2 + F + 2r2F + r~ 

2rlF 2 
Fl12 + FzH =re1F2+2rIF2+F2+F +2rzF+r~ 

F 2 
F121= r~F3 + 2rIF2 + F2 + F + 2r2F + r 2 

F 
F21Z=r.~F3+2r~F2+F2+F+2r2F+r2 (3) 

2r2F 
F22~ + F~22=r21F a + 2r l F 2 + F 2 + F + 2r 2F + r ~ 

F2e2=r~F3 + 2r~F2 + F~+ F + 2r2F + r~ 

F~H + F~12+ F~n + F~2~ + Fe~2+ F2~ + F ~ +  F~.~= ! 

Now we calculate the normalized fractions of dyads 
and triads, respectively, from equations (2) and (3), by 
using experimental data of the monomer reactivity 
ratios for copolypeptide PMGCL. Figure 3 shows curves 
of  the normalized fractions of monomer dyads, F~,  
F~z + F2~ and F~,  as a function of the initial monomer 

I O  

~- 0 5  

0 0.5 I 0  
CBL (tool O/o in monomer) 

gigure 3 Normalized fractions of monomer dyads, F11 ,Fro+F21 
and F22, as a function of the initial monomer composition CBL 
mol % for PMGCL copolymer. I and 2 denote MLG and CBL, 
respectively, r~=2.0; r2=0-5 

I '0 

< 0.5 

0 0.5 
CBL(mol°/oin monomer) 

F212 

I'O 

Figure 4 Normalized fractions of monomer triads, Fl11, F112(= FI12+ 
F211), F121, F2z2, F2=1(=F221+F122), and F2~2, as a function of the 
initial monomer composition CBL mol % for PMGCL copolymer. 
1 and 2 denote MLG and CBL, respectively, r~=2.0; r~=0.5 

composition CBL(mol ~ )  for PMGCL. It is clear in 
Figure 3 that the curves obtained with fractions of 
alternate monomer dyad, F12 +F21, have a maximum at 
about 70 mol ~ CBL of the initial monomer composition 
for PMGCL. It may be expected that the randomness 
of monomer dyad distribution is most remarkable at 
this initial monomer composition. 

Figure 4 shows the normalized fractions of monomer 
triads, Fl11, Fl12, Fie1, F212, Fe21 and F222, as a function 
of  the initial monomer composition CBL (mol ~o) for 
copolypeptide PMGCL. In this case, the initial monomer 
composition exhibiting most remarkable randomness of 
monomer arrangement in the chain may be indicated 
more explicitly than that of Figure 3. It appeared at 
72mol % CBL for PMGCL. 

Effect of  solvent composition and temperature on transition 

The results of o.r.d, measurements are examined in 
terms of the helix content X H calculated by two 
different ways. One method is based on the coefficient 
b0 in the Moffitt equation 13. 14. 

[lOO][n2+z)r a0h~ boa 4 ] 
[ a ]= \&¢o] \  3 , [A2-~+(A2~A0~)~J (4) 

where a0 is a constant which may vary with the nature 
of the side chain of polypeptide and depend on the 
kind of solvent, whereas the parameter bo is a function 
of the helix content. Further, M0 is the molecular 
weight per peptide residue, n the refractive index of the 
solvent and A (nm) the wavelength of the light source. 
In our previous analysis of the dispersion data on 
P MLG  in some solvents in which the helix conformation 
is stable, we obtained b 0 = - 6 3 0  and ,~o=212nm. The 
helix content X H, in this case, is estimated from: 

bo - bo c 
X H = ' (5) 

bo, h -  bo, e 

where, bo, h( = -630)  and bo, e,(=0) denote the bo values 
for perfect helix and random coil, respectively. 

The other method is based on the coefficients in the 
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modified two-term Drude equation15: 

2 2 rm'l -A(z98)  ~ 193 -1- A225A ~ss 
, " "  , -  ~ 2 _ , ~  -~ ,~_ ) .2  (6) 

"" " ' 1 9 8  "" " ' 2 2 5  

which gives the helix content X ;x by the following 
equations 

X H  = ( A ( 1 9 3 )  - - A 2 2 5 )  + I  
K (7) 

where A(z9s) and As2s are the parameters relating to the 
helix content. •=650, and K =5580 are used in this 
case. 

We will turn to the conformational behaviour of 
these copolypeptides resulting from change in tem- 
perature. Since the homopolypeptides, P M L G  and 
PCBL, are rather different in helix stability in solvent, 
it was impossible to use the fixed composition of solvent 
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Figure 5 Temperature dependence of be for PMGCL copoly- 
peptides and component homopolypeptides PMLG and P C B L ,  

in DCA-DCE mixture. ©, PMLG-9 in DCA(69mol %)-DCE(31 
mol %); x,  PMGCL-7(27.5mol % CBL) in DCA(65mol %)-  
DCE(35mol %); i-I, PMGCL-6(35.5mol % CBL) in DCA(61mol 
%)-DCE(39mol %); ~ ,  PMGCL-£(76.5mol % CBL) in DCA(50 
mol %)-DCE(50mol %); and O, PCBL-1 in DCA(35mol %)-  
DCE(65 mol %) 
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Figure 6 van't Hoff heat of transition, AH, for thermal transition 
of PMGCL copolypeptides in DCA-DCE mixture as a function 
of initial monomer composition CBL mol 

mixture to compare the thermal transition curves of 
these copolypeptides. In order to keep the transitions 
within an available temperature range, different solvent 
compositions were used. The experimental results are 
shown in Figure 5. In Figure 5, experimentally observed 
thermal transition is illustrated for samples 1, 2, 6, 7 
and 9. The sharpness of transition was quite different 
from case to case. 

It is clear that the amount of DCA needed to bring 
the transitions within the same temperature range for 
the copolypeptides PMGCLs are intermediate between 
those of the pure homopolypeptides P MLG  and PCBL. 

Experimental data relating to the thermally induced 
conformational transition have been analysed in terms 
of the Zimm-Bragg theory zr-ls. The helix content X n 
was obtained as a function of temperature at a fixed 
solvent composition, hence the value of AH, van't Hoff  
heat of  transition, is readily determined experimentally 
from the slope of the b0 against temperature using the 
equation 3: 

1 
dT ]T t bo, h-bo, e ~ Tt-4RT2t (8) 

The AH calculated for these copolypeptides PMGCLs, 
as well as their corresponding homopolypeptides, 
PMLG and PCBL, are illustrated in Figure 6 as a func- 
tion of the initial monomer composition of CBL (mol ~o)- 
It should be pointed out that the AH showed a pro- 
nounced minimum against the initial monomer com- 
position. Further, the initial monomer composition 
which gives the minimum value of AH is in fair agree- 
ment with that obtained by theoretical calculation for 
monomer arrangement in PMGCL. 

Molecular conformations of PMGCL in DCA-DCE 
mixtures 

Az25 was plotted against A(IgZ) for copolypeptide 
PMGCL in Figure 7, in which all points fall on the 
identical straight line. The same straight line relation 
was held for PMLG, PBLG, and PCBL. This fact 
suggests that structures other than a-helix and random 
coil conformation are not present, and allows us to 
use the same equation as that for both homopolypeptides 
P MLG  and PCBL to estimate the helix content. 

Infra-red spectra were measured with an unoriented 
solid film of copolypeptides PMGCLs with different 
copolymer compositions. Some typical illustrations of  
these spectra in the region of 400-900cm -z and 2800- 
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Figure 7 Plot of A(193) against A~25 for copolypeptides PMGCL 
(O) and PBGCL (0) in DCA-DCE mixtures, Polymer concen- 
tration is 1.0g/dl. Solid straight line denotes the relation obtained 
for PMLG, PBLG, and PCBL 
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Figure 8 Infra-red spectra of unoriented solid films of samples 
cast from chloroform at 20°C. A, PMLG-9; B, PMGCL-8(18.0 
mol ~o of CBL); C, PMGCL-6(35.5mol ~/o of CBL); D, PMGCL- 
3(58-5mol ~o of CBL); E, PCBL-1 

3600cm -1 are shown in Figure 8 together with those 
of  homopolypeptides P M L G  and PCBL. Of the low- 
frequency mode, the amide V vibration has been most 
useful in structural investigations. It involves N - H  
out-of-plane bending and depends considerably on the 
backbone conformations. The o~-helix and random coil 
conformations may now be distinguished even for 
unoriented films, and the fraction of the o~-helix con- 
formation may be estimated in the presence of the 
disordered form. According to Miyazawa et al. 19, 20 
and Masuda 21, the amide V band of the a-helix appears 
at 610-620cm -1 for P MLG  and PCBL, while that of 
the disordered form at 650cm -1. As is clear from 
Figure 8, the amide V band for copolypeptides PMGCLs 
appeared at 615cm -1, just at the same wavenumber as 
that for PMLG and PCBL, with almost the same order 
of peak intensity as that of homopolypeptides PMLG 
and PCBL. Such a result means that these PMGCLs 
exist in helix conformation and, moreover, the helix 
content of these copolypeptides is nearly the same 
order as that of homopolypeptides. 

Figure 9 shows the transition curves of PMGCL-3 
(58.5mol c,(, of  CBL) and of a 50:50 blend of PMLG 
and PCBL as a function of solvent composition at 
25°C in DCA-DCE system. In the case of the blend, 
two transition regions were observed, while in the case 
of the copolypeptide, only one transition region was 
observed at about the middle point of the two transition 
regions observed for the blend. With respect to the 
polymer blend, the transition region at about 35 mol 
DCA corresponds to that of PCBL, and that about 
65mol ~ DCA corresponding to that of PMLG. Com- 
parison of these transition curves for the copolypeptide 
and the blend may suggest that, in the case of the blend, 
the transition takes place independently for PMLG 
and PCBL, while in the case of the copolypeptide the 
transition takes place cooperatively. 

Thermodynamic parameters for thermally induced coil-to- 
helix transition 

In the formulation of Zimm and Bragg 16 and of  
Applequist is, AH of equation (8) is related to the 
enthalpy of formation AHres of intramolecular hydrogen 
bonds per residue in solvent, i.e., the transition enthalpy 

' c 
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! 
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i B i i I I I i i 

IOO 50 O 
DCA {tool °/o) 

Figure 9 be vs. solvent composition at 25°C for copolypeptide (x )  
containing 58.5mol ~o of CBL (PMGCL-3), and for a polymer 
blend (O) containing 50:50 of PMLG and PCBL 
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per peptide residue associated with the transfer from 
coil to helix in solvent, by the equation AH= AHres/Cr 1/2. 
The parameter ~ is designated as the cooperative para- 
meter by Ackermann and Neumann 22. 

The value of AHres can be directly measured by a 
calorimetric technique 2a-25. The values of AHres 
obtained with PBLG by different authors 22-25 scattered 
from 525 to 950cal/mol, because AHres of polypeptide 
was expected to depend on the molecular weight of 
polypeptide and also the concentration of polypeptide 
in the solution. With respect to PMLG and PCBL, 
however, reported results on AHres are very few. Re- 
cently, Giacometti et al. 26 have reported the results on 
the heat of solution of PCBL in DCA-DCE mixture, 
and obtained AHres= 620 + 40cal/mol for PCBL. They 
also estimated AHres with PMLG in DCA-DCE mix- 
tures at 30°C by measuring the heat of solution 24. 
Their experimental results have led to 650cal/mol for 
the homopolypeptide, and they concluded that the 
difference of side chain in the polypeptides has no 
appreciable effect on the transition enthalpy, although 
it affects the helix stability as judged from solvent 
composition at the transition points. 

Although the values of AHres should directly be 
measured by the calorimetric method described above, 
it also can be determined approximately by the method 
proposed by Karasz and O'Reilly 27, which is based on 
the determination of heat of fusion from melting point 
depression(MPD).  According to the M P D  method, 
DCA molecules bound to the polypeptide have lost 
their translational freedom at temperatures below Tt, 
and are therefore in a 'solid' state. Above Tt, however, 
these DCA molecules are released and in normal liquid 
state. From the above relation and the ideal solution 
approximation for DCA, the following equation is 
obtained 3, 27. 

d(ln XDCA) AHDcA 
d T  t - R T  2 (9) 

where XDCA is the mole fraction of DCA in the solvent 
mixture and AHDcA is the overall heat, per mole of 
DCA, associated with the transition of 'solid' DCA. 
Equation (9) was derived for the transition of DCA 
from 'solid' state to 'liquid' state. The total number of 
hydrogen bonds is not changed throughout the transition, 
and furthermore there is assumed a l : l  molar equi- 
valence between the bonded DCA molecules and the 
peptide residues on average. The 'melting point' of 
bonded DCA ('solid') is equated to the transition 
temperature :It of the polypeptide. Hence AHDcA can 
be identified with the enthalpy of transition AHres. 

Now we will refer to the thermal transition curves of 
the copolypeptide PMGCL-6(35.5mol % of CBL) in 
various DCA-DCE mixtures (see Figure 10). The sharp- 
ness of transition was different from case to case, and 
the value becomes lower as the DCA mol % in the 
DCA-DCE mixture increases. AHres was estimated 
from Figure 11, which showed the relation between 
the transition temperature Tt and the logarithm of the 
mole fraction of DCA in the mixture for PMGCL- 
6(35.5mol % of CBL) in DCA-DCE systems. The 
value of AHres thus obtained was about 600 + 100 cal/mol 
residue. Previously, we have reported that the values of 
AHres for PMLG and PCBL in DCA-DCE mixtures 
are 920 + 100 cal/mol z and 740 + 100 cal/molS, respec- 
tively. Accordingly, the value of AHres for PMGCL 

O 0 0 0 
5 x / X ~  

7o ~×~ x ~ × ~ ' ~ ' ~ ~  

I I I I I 

I0 30 50 
T (°C) 

Figure 10 Temperature dependence of b0 in DCA-DCE mixture 
with various solvent compositions for copolypeptide PMGCL-6. 
©, 85; x,  50; I-I, 56; A, 60; O, 64mol % DCA 
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Figure 11 In XDCA plotted against the transition temperature Tt 
for copolypeptide PMGCL-6 

copolypeptide (35.5 mol % of CBL) is smaller than those 
of both homopolypeptides PMLG and PCBL. 

The M P D  method is an approximation because 
equation (9) involves molar concentration rather than 
activity, and moreover it assumes stoichiometric relation 
between peptide residue and DCA. The number of 
DCA molecules bound to polypeptide coil may not 
equal exactly that of peptide residues if some poly- 
peptide sites were incapable of binding a DCA molecule 
for steric reasons. 

Recently, Ptitsyn and Birshtein 29 have derived a 
general equation to estimate the thermodynamic para- 
meter of the conformational transition induced by the 
change in the external parameters such as temperature 
and solvent composition; i.e., A n = A H r e s d ( 1 / R T t ) / d m  
where, ~ is the chemical potential of an active solvent 
component, DCA in this case, and h n = n 2 - n l  is the 
difference in the number of molecules of DCA, which 
must be introduced into the systems containing poly- 
peptide molecules in the two conformational states, 
a-helix and random coil, for the creation of the chemical 
potential of the solvent system. In the simplest case 
when the interaction of DCA with the polypeptide is 
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reduced to a more or less firm binding of these molecules, 
An represents simply the difference in the numbers of 
molecules of DCA bound to the polypeptide residue in 
the two conformational states. By application of the 
ideal solution approximation to this relation, the follow- 
ing equation is derived: 

dlnXDcA AHres 
dTt - : A n R T ~  (10) 

Equation (10) is reduced to equation (9) with An= 1. 
In the next stage, experimental data obtained with 

PMGCL in DCA-DCE mixture will be analysed by 
the method proposed by Fujita et al. 3°-32. They proposed 
a new procedure to estimate the parameters AHres and 
~r independently from o.r.d, measurements by using 
Nagai's theory for the helix-coil transition3% It has 
been shown that the helix content X H of a polypeptide 
having degrees of polymerization Pn is represented to a 
good approximation by 3°, 31: 

XHo = X  H-2XH3/2(1-Xg)~/2 (ll) 
pn(~l/2 

provided that al/2~..1, Pn>>l and Pal/2>>2. Here, 
Xo H denotes the value of X H for infinitely large Pn 
and is related to a. Equation (1 l) predicts that a plot 
of X u (at fixed solvent composition) versus 1/Pn gives 
a straight line whose intercept A on the ordinate and 
slope B are equal to X0 R and - 2 X n a l 2 ( 1 - X ~ ) / a  1/2, 
respectively. They have shown that experimental deter- 
mination of A and B leads to the evaluation of ~1/2 
by: 

(y1/2=_ (2BA)[A( l _A)]l/2 (12) 

We adopt equation (12) to samples PMGCL-4, -5 and -6 
which have different molecular weights but constant 
(35mol ~) CBL content. Figure 12 illustrates the 
changes of b0 measured as a function of temperature 
at constant solvent composition in DCA-DCE mixture 
containing 59mol ~ of DCA. Figure 13 shows plots 
of the helix content X H against the reciprocal of number- 
average degrees of polymerization 1/Pn from data in 
Figure 12. 

Table 2 is a summary of thermodynamic parameters 
for copolypeptides PMGCL and PBGCL a estimated by 
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Figure 12 Temperature dependence of b0 in DCA(5gmol %)- 
DCE(41 mol %) mixture for PMGCL copolypeptides with various 
molecular weights in: ©, PMGCL-6 (Mn=157 000); F], PMGCL-5 
(Mn=80 000) ; x ,  PMGCL-4 (Mn=51 000) 
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Figure 13 Plots of XH against 1/Pn for PMGCL-6 in DCA(59 
mol %)-DCE(41 mol %) mixture at 30°C(©), 25°C (E~) and 22°C 
(x)  

Table 2 Thermodynamic parameters of copolypeptides PMGCL 
and PBGCL, and homopolypeptides PMLG, PBLG and PCBL, 
in DCA-DCE mixtures 

AHres 
Polym. (cal/mol) 
comp. 
(CBL AH From From 

Polymer mol ~/o) XDCA (kcal/mol) eqn (9) eqn (12) a 1/'2 

PMLG-9 0'0 0.69 75±10 
PMGCL-6 35.5 0-59 30±5 
PCBL-1 100.0 0-35 75±10 
PBGCL-34 46.4 0'63 35±10 
PBLG-84 0.0 0.69 85±10 

920±100 850±100 0.011 
600± 100 410± 100 0-014 
740±100 640±100 0.009 
680± 100 430± 100 0.013 
930±100 880±100 0.010 

the two different methods. In Table 2, values for homo- 
polypeptides, PMLG, PBLG and PCBL, quoted from 
our previous papers are also cited. The values of AHres 
for PMGCL and PBGCL estimated by the two different 
methods are different from each other. The values 
obtained from equation (9) are much higher than those 
from equation (12). This fact suggests that the former 
method should overestimate AHre~ value though the 
cause is not clear at this stage. The difference An in 
the numbers of molecules of DCA bound to a copoly- 
peptide residue in the two conformational states are 
from 0.63 to 0.68 for both copolypeptides, PMGCL 
containing 35mol % of CBL and PBGCL containing 
46mol % of CBL, in DCA-DCE system. Finally the 
values of ~ obtained from equation (12) for PMGCL 
(35mol o//o of CBL) and PBGCL (46mol 7o of CBL) 
are ~1/2=1.4+ 10 -2 and 1.3× 10 -2, respectively. These 
values are slightly higher than those of homopoly- 
peptides PMLG, PBLG, and PCBL. 

In summarizing our results, AH for the copoly- 
peptides shows a minimum against copolymer com- 
position and the values of AHres for the copolypeptide 
are also lower than those for component homopoly- 
peptides, differing from the result of Giacometti et 
al.2% They have reported results of heat of solution 
measurements on copolypeptides of CBL with L-phenyl- 
alanine in mixtures of DCA-DCE. With their data, the 
values of AHres for PCBL and its copolymer with 
L-phenylalanine are all practically identical and equal 
to the value found for polyglutamate. Such result may 
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suggest a rather notable insensitivity o f  this quanti ty 
on  the nature o f  the side chain. Roig  et al. 6 independently 
studied the thermal behaviour o f  P B G C L  copoly- 
peptides synthesized with sodium methoxide initiator 
in dioxane, and analysed the results in terms of  Lifson 
and Roig 's  theory 34. They concluded that  the cooper-  
tivity parameter  changed linearly with polymer  and 
solvent compositions,  whereas the heat o f  the transit ion 
AHres showed a very pronounced  min imum as a function 
o f  polymer  composit ion.  One o f  the reasons for  the 
appearance o f  the min imum is that  each AHres was 
determined for  a different solvent system, the effects 
o f  which might  have a significant unknown effect on 
AHres. 
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Effect of polydispersity on the n.m.r, spectra 
of poly(y-benzyl-L-glutamate) through the 
helix ,coil transition 

E. M. Bradbury, C. Crane-Robinson and P. G. Hartman 
Biophysics Laboratories, Physics Department, Portsmouth Polytechnic, 
Portsmouth P01 2QG, UK 
(Received 23 May 1973) 

High resolution n.m.r, and o.r.d, measurements on unfractionated poly(7-benzyI-L- 
glutamates) have been compared with results obtained on fractionated samples obtained 
therefrom by precipitation chromatography. It is concluded that the prime cause of the 
'double-peak' main chain proton resonances observed in the helix-coil transition region 
is conformational heterogeneity resulting from molecular weight polydispersity. 

INTRODUCTION 

Double peaks are frequently observed 1 in the ~-CH and 
N H  regions of the proton spectra of many polypeptides. 
In the case of the ~-CH resonance, the upfield com- 
ponent is usually assigned to helix whilst the downfield 
is assigned to coil. Kinetic data 2 indicate, however, 
that a single averaged peak should be observed as a 
result of a fast helix-coil interconversion rate (10 v to 
10Ssec-a). Several suggestions have been put forward 
to account for this discrepancy. A slow nucleation step 
for the transition has been proposed by Ferretti and 
coworkers 3 whilst Joubert et  al. 4 challenge the assign- 
ment of the two resonances to helix and coil states, 
proposing that they are due to solvated and unsolvated 
random coil residues. J. H. Bradbury et  al. 5 have sug- 
gested that slow protonation of the coil peptide bond 
is the cause of the separate observation of the two 
conformations. These theories have been discussed 
elsewhere 6 and found unable to explain all the experi- 
mental observations. In a very recent study of poly(e- 
alanine), Goodman et  al. 7 came to the conclusion that 
the strong upfield ~-CH resonance peak can be assigned 
to a time average of helix and coil, whilst the weaker 
peak to low field can be assigned to pure coil. [This 
accords closely with our own conclusions regarding 
poly(L-alanine)6.] These authors then postulate that this 
might be the correct assignment for the two ~-CH 
components in all double peak spectra. Poly(L-alanine) 
is, however, not a typical polypeptide and we have 
explained elsewhere 6 the reasons for its exceptional 
behaviour. The most satisfactory explanation is that 
first developed by Ullman s, who concluded that the 
usual peak assignment is correct and that the double 
peak phenomenon can result from polydispersity and 
end-group effects, even though rapid interconversion 
of helix and coil states takes place. He pointed out that 
the free energy difference between helix initiation (in 
the middle of a polypeptide chain) and helix continuation 

means that in the transition region a residue near the 
end of a polypeptide chain has a greater probability 
of being in the coil state than a residue in the middle of 
a chain, i.e. averaging of helix and coil states is not 
equivalent for all residues in the chain. This is sufficient 
to explain broadening of the peaks at intermediate 
molecular weights during the helix-coil transition and 
the observed disappearance of the effect at high molecular 
weight. However, to explain quite separate helix and 
coil peaks that remain fixed in position through the 
transition Ullman demonstrated that effects of molecular 
weight polydispersity must be considered. At low 
molecular weight the helicity of a given polypeptide 
chain under specified solvent conditions is very de- 
pendent on the chain length; in the middle of the helix 
coil transition therefore, a low molecular weight poly- 
disperse sample will consist mainly of molecules that 
are either largely helical or largely random coil, and so 
contribute to the respective peaks. We have previously 
reported in this journal 9 the n.m.r, spectra of several 
unfractionated samples of poly(7-benzyl-L-glutamate) 
(PBLG) and concluded that polydispersity is indeed 
an important factor in the double peak phenomenon. 
In a recent note Nagayama and Wada 10 studied a 
sample of PBLG fractionated by gel permeation chro- 
matography and having D P  =45. In the middle of the 
helix-coil transition the ~-CH resonance of this fraction 
appeared as a broad single peak and this observation 
strongly supports the polydispersity explanation of the 
double peak phenomenon. 

In this communication we give both nuclear magnetic 
resonance (n.m.r.) and optical rotatory dispersion 
(o.r.d.) results on fractionated PBLG samples, in parti- 
cular fractions obtained by precipitation chromatography 
of the PBLG samples studied previously 9. It is concluded 
that conformational heterogeneity in the helix-coil 
transition region which results from polydispersity is 
indeed the prime cause of the 'double peak' phenomenon 
in the n.m.r, spectrum of poly(7-benzyl-L-glutamate). 
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EXPERIMENTAL 1"2 
PBLG samples RI0 and $416 were synthesized by o 
W. E. Hanby at the Courtaulds Research Laboratory, ,o Od 
Maidenhead. Sample PH21 was prepared by initiation ~0.8 
of y-benzyl-L-glutamate N-carboxyanhydride (NCA) ,~ 
by n-hexylamine in dimethylformamide and P17 by ~ 
initiation with diethylamine in dioxane. 

Molecular weights were determined by measurement -~ 0 4  
of viscosities in dichloroacetic acid (DCA), using the 
calibration of Doty et al. n and allowing for non- O 
linearity at low molecular weight 12. The n.m.r, spectra O 
were recorded on a JEOL JNM-4H-100MHz spectro- 
meter and o.r.d, curves were obtained on a Bendix 
Polarmatic 62 spectropolarimeter, b0 values were 
calculated from the Moffitt equation using a h0 value 
of 212nm. 

I I I 

60 do ' ,do do ' ,2o ' ,6o 
Degree of polymerization~ D P  

F igure  2 Molecular weight distribution curve for PBLG sample 
PH21 (degree of polymerization from viscosity measurements) 

Precipitation chromatography 
Baker and Williams 13 have developed the technique 

of precipitation chromatography for the fractionation 
of polystyrenes. This technique has been used to investi- 
gate the molecular weight distribution of poly(y-benzyl- 
L-glutamate) t4, and appeared to lend itself to a more 
complete fractionation of polypeptides. The technique 
employs equilibration between a moving solution and 
a stationary precipitated phase along the length of a 
column, which is virtually a continuous series of filter 
beds covering a range of temperatures. The column 
(Figure 1) of 100cm length was packed with glass 
beads of approximately 0.1 mm diameter, and was 

Temperature 35oc 

~'i :~ :":'::< 

':100 

Water  
-~ " outlet 

Water inlet = ] -Jl ~ Cooling water 

l -Co u.v. ana ly se r  
at 260 nm 

Figure I Precipitation chromatography column for polypeptide 
fractionation. Length, 100cm; i.d., 2.4cm 

I CH3OH+CH2Ct 2 
from gradient former 

Layer of solid polymer 

~ ' ~  Heating coils 

.11 
~11 H C~ll~ mo'nl PmamCked 

A s b e s t o s  

jacket 

Random coil Helix 

B z C ~  

A 

ppm 

F igure  £a 100MHz spectra of temperature induced helix-coil 
transition of PBLG sample PH21 (~-P= 105) in 10:90% TFA/CDCla. 
A, 4°C; B, 33°C; C, 37°C; D, 3g°c; E, 50°C 

enclosed in an aluminium jacket. The jacket was heated 
to 35°C at the top by means of an electrical winding 
and cooled to 12°C at the bottom by a water jacket. 
A solvent gradient (methanol, a non-solvent, slowly 
enriched with methylene chloride, a good solvent for 
PBLG) was run on to a layer of solid polymer situated 
at the top of the column. The temperature gradient 
down the column was found to be linear within 3 % 
experimental error. The eluant from the column was 

passed through a spectrophotometer and the benzyl 
absorbance at 260nm was measured. The technique is 
particularly applicable to PBLG owing to the ready 
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Bz CH; 

Figure 2b 1O0MHz spectra of temperature induced helix-coil 
transition of fraction X8 (D-P=80) of PBLG sample PH21 in 
10:90% TFA/CDCI3. A, g°C; B, 15°C; C, 19°C; D, 23°C; E, 33°C 

availability of solvent (methylene chloride) and non- 
solvent (methanol) and the temperature dependence 
of the polymer solubility. 

RESULTS 

Passage of sample PH21 through the column and 
viscosity measurements on the resulting fractions 
yielded the plot of degree of polymerization (DP) 
against optical density shown in Figure 2. The curve is 
symmetrical (Mw/Mn~l)  but shows a considerable 
spread of molecular weights. In addition, as with all 
PBLG samples, a certain amount of polymer of DP < 20 
was present, and this was removed before fractionation. 
Figures 2a and 2b show the n.m.r, spectra of the c~-CH 
region during a temperature-induced coil~helix transi- 
tion for unfractionated PH21 (D--P~ 105) and for fraction 
X8 which has a DP~80. Despite a lowering of the 
average chain length in fraction X8, the reduction of the 
range of molecular weight results in a sharpening of the 
resonance envelope (Figure 2b). 

PBLG samples R10 and $416 both have DP~ 100 
yet the former shows a very clear 'double peak' spectrum 
whilst the latter exhibits a very broad single peak in 
the transition region. These polymers have already been 
discussed 9 and the polydispersity of R10 found to be 
greater than that of $416. This conclusion has now 

been supported by molecular weight measurements on 
a complete range of fractions from both PBLG samples, 
and the data are given in Figure 3. The helix-coil transi- 
tions of R10 and $416 have been compared (Figure 4) 
to that of a high molecular weight sample (P17) by 
means of b0 measurements in DCA/chloroform. The 
molecular weight dependence of helix content at a 
specified solvent composition is very striking (compare 
for example R10 and $416 with P17 in the range 55 
to 65 % DCA), and it is also noted that the transition of 
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Figure 3 Molecular weight distribution curve for PBLG samples 
R10 ((D) and $416 (O) (degree of polymerization from viscosity 
measurements) 
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Figure 4 bo values in DCA/CHCI3 at 22°C for PBLG unfractionated 
samples P17 (©) (Mw=150x103), S416(x)(Mw=2Ox103) and 
R10 ( I )  (Mw=22x 103) 
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Figure 5 bo values in DCA/CHCI8 at 22°C for PBLG unfractiona- 
ted samples P17 (©) (700mer) and R10 (0)  (92mer). Fractionated 
samples of R10 are designated H58/59 (x)  (130mer), H50/51 ({El) 
(80met) and H42/43 (A) (50mer) 
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Figure 6 100MHz spectra of temperature induced helix-coil 
transition of PBLG sample R10 (b-~=92) in 20:80% TFA/CDCI~. 
A, 36°C; B, 56°C; C, 62°C; D, 68°C; E, 78°C 

the transition for the DP~ 130 fraction does not differ 
greatly from that of the 700mer, that of the b-~~ 50 
fraction shows virtually no sigmoidal character. Now 
the unfractionated polymer is half helical (b0=-315)  
at 50~o DCA. At this solvent composition fraction 
H42/43 (50mer) has b 0 = - 1 3 0  °, fraction H50/51 
(80 mer) has b0 = - 2 6 0  °, and fraction H58/59 is almost 
fully helical with b 0 = - 5 7 0  °. These fractions having 
different helicities at the midpoint of the transition for 
the unfractionated sample (50~ DCA) will give rise to 
n.m.r, peaks at different chemical shift values and 
result in the observed multiple peak spectrum. 

Figures 6 to 8 show ~-CH spectra of R10 and two 

Random coil Helix / 
~t-CH 

Poly (~¢-benzyl- 
L-glutamate) 

F 

D 

A 

the high molecular weight P17 is much sharper than that 
of R10 and $416. In addition that of R10 is even broader 
than that of $416. Figure 5 shows b0 curves (D), (E) 
and (F) for three fractions obtained from R10 (curve C). 
The data for the high molecular weight polymer P17 
are included for comparison. It is striking that whilst 

I I I I I I I I I I I I I 

4.5 4'0 
ppm 

Figure 7 100MHz spectra in CDCI3/TFA at 22°C of sample 
(130mer) fractioned from R10. A, 1.3%; B, 8.4%; C, 9.6%; D, 
10.7%; E, 11.8%; F, 14.0% TFA 
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fractions obtained therefrom. In contrast to the un- 
fractionated sample (Figure 6), showing the 'double 
peak' spectrum, the DP,,~ 130 fraction (Figure 7), shows 
only a moving resonance envelope. For the D P ~ 4 5  
fraction (Figure 8) the spectrum still shows a double 
peak character and this may be a consequence of poly- 
dispersity remaining at this low molecular weight. It 
might alternatively be due to very marked chain end 
effects that show up in a low molecular weight fraction. 
Residual polydispersity could be due to inefficient 
fractionation below DP ~50 which results from the 
high sensitivity of the solubility at these chain lengths 
to slight inconsistencies in the temperature and solvent 
gradients on the column. 

One fraction from R10 was subjected to refractiona- 
tion by precipitation chromatography and of the resulting 
material a fraction A20, having DP ,,~ 110, i.e. close to 
that of the original R10, was investigated by n.m.r. 
Figure 9 shows the results which, on comparison with 
the corresponding spectra of R10 in Figure 6, demonstrate 
how a reduced polydispersity at the same molecular 
weight leads to disappearance of the 'double peak' 
spectrum. 

J 
J 

F~andom coil 

Y 

D 

415 4.LO 35 
ppm 

Figure 8 100MHz spectra in CDCIs/TFA at 22°C of sample 
(45mer) fractionated from R10. A, 1.0%; B, 3-5%; C, 5"5%; 
D, 7-8%; E, 11-1% TFA 

~ C  

B 

i 

BzCF 

/ 

Random coil U A I : ~  

5 4.5 4 
pprn 

Figure 9 100MHz spectra of temperature induced helix-coil 
transition of PBLG sample R10 fraction A20 (D-P=110) in 12:88% 
CDCI3. A, 5°C; B, 16°C; C, 19°C; D, 26°C; E, 38°C 

CONCLUSION 

The above results demonstrate beyond doubt that 
polydispersity plays a major role in the appearance of 
'double peak' main chain resonances for a sample 
having ~ of about 100. At DP ,,,45 our spectra still 
show some 'double peak' character. The recent results 
of Nagayama and Wada 1°, however, suggest that 
samples of D-P ~45 of low polydispersity do show a 
single shifting peak. This implies that our ~ ~45 
sample may still be quite polydisperse. The present 
data compliment those of Nagayama and Wada and the 
sum total of both studies convincingly demonstrates 
that no contradiction exists between the observed 
n.m.r, spectra and the results of kinetic estimates of 
helix-coil exchange rates. 
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Microtacticity of polymethacrylonitrile 
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Kyoto 606, Japan 
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220 MHz n.m.r, invest igat ions of polymethacrylonitrile (PMAN) of d i f ferent  tacticities were 
carried out. A partly resolved pentad stereosequence distribution can be obtained from 
s-methyl proton resonance. The pentad stereosequence distribution of PMAN prepared 
with free radical initiator can be explained by Bernouillian statistics, taking Pro=0"46. 
However, the stereosequence distribution of PMAN prepared with diethyl magnesium 
catalyst was neither explained by Bernouillian nor f i rst -order  Markov chain statistics. 
The stereosequence distribution of the dimethylformamide insoluble f ract ion of the above 
polymer agrees well with that calculated from Markov statistics, taking Pro/to=0"88 and 
Pr/ra = 0"58. 

INTRODUCTION 

In contrast to poly(methyl methacrylate) (PMMA), the 
microtacticity of polymethacrylonitrile (PMAN) has not 
been elucidated. Matsuzaki and Uryu I reported triad 
tacticity of PMAN prepared with free radical initiator. 
PMAN was converted to PMMA by alkaline hydrolysis 
followed by esterification and PMMA was subjected to 
nuclear magnetic resonance (n.m.r.) analysis. They con- 
cluded that radically initiated PMAN has almost a 
random configuration and slightly isotactic rich stereo- 
sequence distribution. Ishigure et aL 2 and Segre et 
al. 3 reported 100MHz n.m.r, spectra of PMAN in 
trifluoroacetic acid. However, in this solvent methyl 
proton resonance did not show splitting according to 
triad stereosequences. Natta and Dallasta 4 and Joh et 
al. ~ reported several catalysts for the crystalline PMAN. 
Segre et al. 3 found that PMAN prepared with diethyl 
magnesium has a high concentration of isotactic dyad. 

Recently Yamada and Yanagita 6 reinvestigated the 
microtacticity of PMAN. They concluded that PMAN 
prepared with radical initiator contains more syndio- 
tactic substituents than isotactic ones. In addition they 
found splitting in the absorption of methyl proton of 
PMAN in nitromethane at 60MHz, by different triad 
tacticities. These peaks are assigned to rr, mr, and mm 
triad sequences of PMAN in the order of increasing 
field strength. This assignment is just the opposite in 
the case of PMMA. There are still ambiguities in this 
assignment, as the crystalline PMAN prepared with an 
organometallic catalyst cannot be dissolved in nitro- 
methane. 

In this paper the present authors describe the 220 MHz 
n.m.r, spectra of PMAN prepared with radical and 
several organometallic catalysts. 

EXPERIMENTAL 

The preparation of PMAN and extraction by acetone 
or dimethylformamide (DMF) were carried out as 
described by Job et aL 5. Polymer samples employed in 
this study are summarized in Table 1. 

Table I Polymerization conditions and dyad fractions of PMAN 

Dyad 
Yield 

Run Catalyst (~/o) rn r Remarks 

1 AIBN 36.0 0.46 0.54 Bulk at 60°C 
2 Et2Mg 28.0 0.65 0.34 
2R (49.0) 0.69 0.31 DMF-insoluble fraction 
3 Et2Mg 41-8 0.53 0.47 a t -78°C  
4 n-BuLi 82"6 0-56 0"44 
4AR (37'0) 0.58 0"42 Acetone-insoluble fraction 
4AS (63.0) 0.52 0.48 Acetone-soluble fraction 
5 EtMgiAIEt41 48.0 0.64 0.36 
5R (42.1) 0.70 0.30 DMF-insoluble fraction 

Toluene, 27.0 ml; MAN, 3.0 ml; catalyst, 0.5 mmol; 70°C; 5h 

N.m.r. spectra were recorded at 220MHz, with a 
Varian HR 220 spectrometer at 60 ~ 110°C, using tetra- 
methylsilane as internal standard. Approximately 4-7 
(wt/vol) solutions of PMAN in trifluoroacetic acid, 
acetonitrile-d3, benzonitrile, and nitromethane were 
employed. 

Resolution of the n.m.r, spectrum into individual peaks 
was performed with a Fortran curve-resolution program, 
using a Facom 230-60 computer of Data Processing 
Center, Kyoto University. The parameters half-height 
width and peak height were optimized by fitting the 
computed curve to the experimental one, using Lorentzian 
line shape. 

RESULTS AND DISCUSSION 

In Figure 1 220 MHz n.m.r, spectra of PMAN prepared 
with AIBN and the DMF insoluble fraction of PMAN 
prepared with EtzMg are compared (in TFA solvent). 
Peaks at 1.95~2.05~ in Figure la  apparently are separ- 
ated into three components, with two lower field peaks 
of relatively high intensity. On the other hand, the 
most characteristic feature in Figure lb is the increase 
in the intensity of peak at 1.95& According to the 
reported 100MHz n.m.r, spectra these peaks cannot be 
separated in TFA. In addition at 100MHz five peaks 
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Figure 1 220MHz n.m.r, spectra of polymethacrylonitrile. 
(a) Sample 1 (prepared with AIBN);  (b) sample 2R (DMF-insoluble 
fraction prepared with Et~Mg); (c) calculated and observed (top) 
spectra of sample 1. Linewidth=4.0 Hz 

are observed at 2.1,~2.7~, which are assigned to AB 
quartet peaks of the meso dyad of PMAN methylene 
protons and a singlet peak (centre peak) of the racemic 
dyad of methylene protons. In 220MHz spectrum 
(Figure la) higher field peaks exhibit part of an AB 
quartet but lower field peaks (2.57~,2.70~) present 
broad adsorption composed of an envelope of several 
lines. However, in the spectrum shown in Figure lb  
part of the quartet at the higher field is sharper; in 
addition the lower field resonances can be resolved into 
three sets of AB quartets as shown in the block lines 
in Figure lb. These resonances can be considered to be 
the tetrad stereosequences.* The chemical shift dif- 
ferences of lower field resonances of methylene proton 
caused by configuration of remote units may be greater 
than those of higher field resonances of methylene 
proton. These features are also observed in PMMA 7, 
and are quite different from those of poly(ethyl-a- 
chloroacrylate) s. However, chemical shift differences 
between the different tetrad sequences are very small 
compared with PMMA, in TFA solvent. Resonance of 
the racemic dyad cannot be observed as separate lines 
by the tetrad stereosequence. Therefore, further dis- 
cussion about the tetrad sequences is not made. 

As shown in Figure l c  a-methyl proton resonances 
can be resolved into six components. The reason for 
this is interpreted as follows: (i) as shown in Figure lb  
five relatively resolved peaks are observed in the isotactic 
rich polymer; (ii) well fitted calculated spectra cannot be 
obtained from resolution into three to five components, 
at any set parameter (half height width, peak height, 
and peak position). 

As shown in Figure lb  the relative intensity of the m 
dyad increases as the relative intensity in the highest 
field a-methyl peak increases. Therefore the highest 
field a-methyl peak can be assigned to the mm triad 
stereosequence. 

* The measured tetrad sequences by curve resolution did not 
agree well with those calculated from first-order Markov chain 
model. This may be due to the influence of hexad sequences. 

Although the accuracy of the estimated intensities of 
these resolved six lines were not good owing to poor 
resolution of the spectra, relative intensities of the 
resolved six lines do fit those calculated from Bernouillian 
statistics (see Table 2) 6 . Therefore, the assignment of 
the other five lines can be tentatively carried out as 
shown in the first column of Table 2 and Figure lc. 
The estimated mm triad fraction of samples 1 and 2R 
are in considerably good agreement with the values 
obtained from PMMA converted from PMAN at 60 
MHz by Yamada and Yanagita 6. The fraction of the 
m dyad in sample 1 agrees well with that obtained by 
these authors, but that of sample 2R differs from the 
value obtained by them. Since resolution of the meso 
and racemic dyad peaks are complete at 220 MHz our 
results should be more reliable. In this polymer (sample 
2R) the fraction of the mm triad is higher than that 
expected from the rn dyad fraction calculated from 
Bernouillian statistics. Although due to partial over- 
lapping of the pentad sequences, the fractions of the 
mr and rr triad cannot be determined, the mr and rr 
triad fractions were calculated from the stationary 
conditions of propagation (in = mm + ½mr; r = rr + ½mr). 
From these values, parameters of first-order Markov 
chain model were calculated, and in Table 3 the pentad 
fractions of the Markov trial are compared to those 
observed. Observed and calculated pentad sequences 
of sample 2R are in fairly good agreement, except 
rrmr-t- mrrm fractions. 

Table 2 Calculated and observed pentad fractions of sample 1 

in TFA Sequence Calcda In TFA ~in CD3CN In CDsCN 

1-96 mm 0.21 0.19 1-75 0.19 
1.98 mrmm 0.11 ~ 0.24 } 

mrmrb 0-12 1.78 0.31 
1.99 rrmrnb 0.12 0.14 
9.00 rrmr 0'14 ~, 0"23 1"79 0'16 

mrrm 0.06 .J 1.80 0.10 
2.02 rrrm 0.14 0.15 1 "81 0-15 
2" 03 rrrr 0" 09 0" 06 1' 83 0" 08 

a Calculated from Bernouillian statistics Pro=0"46 
bThese two sequences cannot be distinguished 

I I f 

' ' ' ' ' 2'0- ' 2.5 1.5 
pprn 

Figure 2 N.m.r. spectra of polymethacrylonitrile in CDsCN 
(sample 1). S denotes solvent peak 
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Table 3 Calculated and observed pentad fractions of PMAN prepared with organometallic catalysts 

Sequence 2 2R Calcda 3 Calcdb 5 5R Calcda 4 4AS Calcdb 4AR 

mm 0.47 0"52 0"61 0"25 0"28 0-46 0"58 0"58 0-28 0-25 0"28 0"31 
mrmmmrmr } 0 .15~ 0.12 0.030"09"1" 0 ' 2 4 f  0-120"14}0"11} 0 " 1 7 0 " 1 5 }  0 "22 }  0 ' 2 4 0 " 0 3  0.120"14~ 0"20 
r rmm 0.11 0'07 0"09 0.09 0.12 0"17 0"06 0-10 0-13 0.09 0-12 0.15 
rrmr ~ 0.18~ 0 . 1 1 0 " 0 6 }  0 . 2 1 0 ' 1 1  } 0 . 1 6 }  0 . 1 2 0 " 0 2 }  0 "22 }  0 - 2 1 0 - 1 1  } 0-20 
mrrm 0" 02 0" 06 0.04 0- 06 
rrrm 0.07 0.05 0.06 0.14 0.11 0.09 0.05 0-03 0-09 0.11 0.11 0.13 
rrrr 0" 02 0.02 0" 02 0" 07 0" 05 0- 02 0" 03 0" 02 0" 05 0" 09 0" 05 0- 01 

a Calculated from first-order Markov model 
b Calculated from Bernouillian statistics 
2R: Pmlm=O'88; Prim=0"58 
5R: Pmlm=0"83; Prlm=O'73 

L 
b 

1 I I 
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Figure 2 N.m.r. spectra of polymethacrylonitrile prepared with 
Et2Mg, (a) Sample 2 (polymerized at 70°C); (b) sample 3 (poly- 
merized at -78°C) 

PMAN prepared with AIBN can be dissolved into 
acetonitrile, benzonitrile or nitromethane. In these 
solvents, as described by Yamada and Yanagita, more 
highly resolved spectra can be obtained as shown in 
Figure 2. 

Resonances of methyl proton split into six lines 
with overlapping, and resonances of methylene protons 
show a completely different pattern in contrast to that 
obtained in TFA. This may be attributed to the absorp- 
tions of the tetrad and/or hexad stereosequences of the 
meso and racemic methylene protons. Unfortunately 
PMAN rich in the meso dyad such as sample 2R cannot 
be dissolved in these solvents, and in addition PMAN 
rich in the racemic dyad cannot be prepared. Therefore 
the assignment for these methylene proton absorptions 
is difficult. A tentative assignment of methyl peaks is 
shown in Table 2. Partly overlapped pentad sequences 
of different overlapping from those obtained in TFA are 
observed. 

In Table 3 the relative intensity of the pentad stereo- 
sequence distribution of PMAN prepared with n-BuLi 
catalyst is compared. Relative intensity of the mm triad 

I I k I I I I I I k I 

25  2-0 
ppm 

Figure 4 N,m,r. spectra of polymethacrylonitrile prepared with 
EtMg[AIEt4]. (a) Sample 5 (whole polymer); (b) sample 5R (DMF- 
insoluble fraction) 

fraction increases in the order AS < W < AR. This means 
that extraction by boiling acetone was possibly due to 
the difference in the stereosequence distribution. The 
pentad stereosequence distribution of the acetone- 
soluble fraction also fits that calculated from Bernouillian 
statistics. However, that of the acetone-insoluble fraction 
or the whole polymer was neither explained by Bernouilli 
or first-order Markov trial. 

In Figure 3 n.m.r, spectra of PMAN prepared with 
Et2Mg catalyst at -78°C and 70°C are compared. 
Absorption of the mrn triad in the polymer prepared at 
low temperature decreased markedly compared with 
that prepared at high temperature. The sterosequence 
distribution of PMAN prepared at -78°C obeys 
Bernouillian statistics; on the other hand, PMAN pre- 
pared at 70°C neither obeyed Bernouillian nor first-order 
Markov statistics. We may conclude from these findings 
that diethyl magnesium presents the characteristics of 
multicentres of active species. At low temperature the 
catalyst produces predominantly atactic PMAN. At 
high temperature the catalyst has active centres 
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producing predominantly isotactic PMAN 5. However, 
catalytic species producing atactic PMAN still exist, 
and produce atactic PMAN which was extracted by 
DMF, at high temperature. Therefore, DMF-insoluble 
polymer prepared with diethyl magnesium at high 
temperature (sample 2R) contains stereosequence obey- 
ing first order Markov statistics. 

PMAN prepared with EtMg aluminium tetraethyl (ate) 
complex catalyst also has high concentrations of isotactic 
triad sequence as shown in Figure 4 and Table 3. Stereo- 
sequence distribution of this polymer also deviates from 
Bernouillian and first-order Markov statistics. The 
DMF-insoluble fraction of this polymer has higher 
concentrations of the m m  triad sequence as compared 
with whole polymer, and observed stereosequence 
distribution fits the calculated sequences obtained from 
first-order Markov trials. 

The above results indicate that polymerization of 
methacrylonitrile by the organometallic catalyst pro- 
ceeds according to at least two mechanisms; one is a 
coordinated anionic type of polymerization in which 
propagation proceeds by first-order Markov chain 

model; the other may proceed via free anion-type 
propagation. 
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Rotational isomeric state theory has been used to calculate mean-square unperturbed 
dimensions (r2>0 and dipole moments (/~> of ethylene-vinyl chloride copolymers as a 
function of chemical composition, chemical sequence distribution, and stereochemical 
composition of the vinyl chloride sequences. As was previously found for several other 
copolymeric chains, (/z2> is much more sensitive to chemical composition and chemical 
sequence distribution than is (r2)0. The present calculations also indicate that both (r2)0 
and (/z~) are most strongly dependent on chemical sequence distribution for ethylene-vinyl 
chloride chains having vinyl chloride sequences which are significantly syndiotactic in 
structure. In the case of ethylene-vinyl chloride copolymers in which the chemical se- 
quences are relatively short and the vinyl chloride sequences are significantly isotactic, 
both (rZ)o and (/z z) depend on chemical composition in an unexpectedly complex manner; 
under the cited conditions both of these statistical properties display a maximum and 
minimum in their variation with chemical composition. 

INTRODUCTION 

The rotational isomeric state theory of chain molecules I 
has recently been used to give a very satisfactory inter- 
pretation of the mean-square dipole moments (t~ ~) of 
styrene/p-substituted styrene copolymers 2 and the 
temperature coefficient of the unperturbed dimensions 
(r2)o of ethylene-propylene copolymersL Similar cal- 
culations have also been carried out on propylene-vinyl 
chloride chains 4. Of particular interest in such studies 
is the sensitivity of these statistical properties to chemical 
sequence distribution since it should be feasible, at 
least under some conditions, to use experimental values 
of (r2)0 and (/z2> to characterize such distributions in 
copolymeric chains. In addition, it is very important in 
general to understand the configurational characteristics 
of chemical copolymers (as opposed to stereochemical 
copolymers) since many commercial materials now fall 
into this category 5, 6 and most polymers of biological 
interest are, of course, chemically copolymeric. 

It is therefore the purpose of the present study to 
obtain a scheme for calculating statistical properties 
for copolymers of ethylene with any vinyl comonomer. 
The method may then be illustrated by application to 
ethylene-vinyl chloride copolymers, materials the pre- 
paration and study of which has become an area of 
very great current interest 7-9. More specifically, we 
wish to obtain and interpret values of (r2)0 and <tz2> 
for ethylene-vinyl chloride chains, calculated as a 
function of chemical composition, chemical sequence 
distribution, and stereochemical composition of the 
vinyl chloride sequences. 

THEORY 

The chemical and stereochemical structure of an ethylene- 
vinyl comonomer chain may be adequately characterized 

by the probability p2 of occurrence of units of type 2, 
the reactivity ratio product rlr2 (which controls the 
chemical sequence distribution at the specified value of 
p2), and the stereochemical replication probability pr 
(probability of isotactic placement) characterizing the 
vinyl comonomer sequences. As has already been 
described 1, 2, 10, 11, Monte Carlo methods may be used 
in conjunction with these variables in order to generate 
representative chains of any length which have the 
desired chemical composition, chemical sequence distri- 
bution, and stereochemical composition of the vinyl 
sequences. 

The rotational isomeric state model for chain molecules 
has been extensively discussed elsewherO as has been its 
specific application to the random-coil unperturbed 
dimensions of polyethylenO, 12-14 and to both the 
unperturbed dimensions and dipole moments of a 
variety of vinyl chains, including poly(vinyl chloride) 11. 
Following the analyses of such homopolymers, we 
adopt the rotational states trans (t), gauche positive 
(g +), and gauche negative ( g )  for the skeletal bonds of 
the copolymer. Since intramolecular steric interactions 
may be relatively large within ethylene units, we allow 
for the displacement of these rotational states by an 
amount A¢ from their symmetric locations at 0, 120, 
and - 120 ° 1, 12. Specifically, these states are thus located 
at 0, 120-2x¢, and -120+'Aq~ °, respectively. Displace- 
ments of rotational states within vinyl comonomer units 
are also frequently significant 1, 10. In the specific case 
of vinyl chloride units they are generally relatively 
minor, however, because of the small size of the pendant 
C1 atom 11, 15,1~; in the case of this particular co- 
monomer, the rotational states are therefore assumed to 
occur at 0, + 120 °. 

The characterization of intramolecular interactions 
and the assignment of the corresponding statistical 
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weight factors is relatively simple in the case of co- 
polymers of ethylene [CH2-CH2-] with a vinyl comono- 
merle unit [CHz-CHR-] where the pendant group R 
could be CH3, CH2-CH3, CI, phenyl, etc. In the ap- 
proximation that CH and CH2 are sterically equiva- 
lent 1, 10, there are no intramolecular interactions 
occurring in such copolymeric chains not already 
characterized in analyses of the two homopolymers. 
Since, for example, such information is available for 
both polyethylene 12-14 and poly(vinyl chloride) ii,  i5, i6, 
both <r2>o and </zz> can be directly calculated for 
ethylene-vinyl chloride chains without the need for 
additional approximations. The following analysis is 
therefore directly based on the schemes 11-16 developed 
for two such homopolymers. We consider first those 
interactions dependent on only one bond rotational 
angle. Conformations in which a CH or CHz group is 
syn to a CH2 group are assigned a statistical weight 
factor of ~, whereas those in which a CH group is 
syn to an R group are given the factor ~-. Therefore, 
conformations in which CH is syn to both CHz and R 
are characterized by the produc t at. To facilitate com- 
parison of the present analysis with that of the vinyl 
homopolymer itself, we normalize the factors -r, or, cry- 
to T, 1, ~" where T='r/(rii, 15, 17. If  R is an articulated 
group such as CH2-CHa, then a pair of trans states 
about the bonds preceding and succeeding a substituted 
skeletal carbon atom give rise to interactions between 
the R group and the chain backbone which require the 
additional factor ~-.z, 10. 'Pentane-type' interactions, 
dependent on rotational states of two consecutive 
skeletal bonds, are characterized by the factors ~, 
~o', and oJ". The first of these, ~o, is introduced for 
conformations engendering interactions between a pair 
of CH or CH~ groups. The second, o;, is associated 
with interactions between one of these groups and an 
R group, and the third, co", with interactions between 
two R groups. Various combinations of these factors 
may be used to represent overall statistical weights for 
all possible conformations in ethylene-vinyl comonomer 
chains. 

For the purpose of calculating configuration-depen- 
dent properties such as (r2)o and <tzz), these statistical 
weights are used to construct statistical weight matrices 
U,. In such matrices, rows are associated with rotational 
states about skeletal bond i - 1  and columns, with 
rotational states about skeletal bond i. Both rows and 
columns are indexed in the order t, g+, g-. For 
CH2-CH2-CH2 (ethylene) bond pairs, the statistical 
weight matrix is designated Ue and has the form: 

u ,=  ,'IT "<'@/ (1) 
",-<,-,IT  /TJ 

For a pair of bonds meeting at a CHR group, the 
atomic configuration of the group must be specified. 
Adoption of the arbitrary d, l convention previously 
employed i, i0, i i  yields for the statistical weight matrix 
characterizing bonds meeting at a C atom of d con- 
figuration: 

1 "r ] 
U s =  1~/ 1 ~'~o (2) 

tO 'T 

By symmetry, the matrix Ut associated with a C atom 

of l configuration is obtained by simple interchange of 
both the second and third rows and the second and 
third columns of Us. In the case of pairs of bonds 
separating two CHR groups, the configuration of both 
groups must be specified. The statistical weight matrices 
for the dyads d d and d l are given by: 

UsS = ,'r ~o' 
it t 

LTOJ ~-oJ~ 

Uaz= ToJ 1 -r~o (4) 
T o J  " t o  7 '~o t 2  

The matrices Uu and Uzs may be obtained from Uas 
and Ust, respectively, by the interchanges of rows and 
columns described above. Bond pairs CHR-CH2-CH2 
are characterized by the matrices Use and Ute where: 

us = IT/ .  1 (5) 
LT/  o, ' 

and Ute is related to Use by the symmetry operations 
already described. Similarly, the matrices Ues and Uet 
are associated with bond pairs CH2-CH2-CHR, with: 

Ues = ~ro/ (6) 
/ 

U?OJ ~-o~ 

and Ua having the usual relationship to Ues. 
As described in detail elsewhere 1, i0-12, these matrices 

may now be used in conjunction with bond lengths, 
bond angles, and group dipole moment vectors to 
calculate values of the mean-square unperturbed dimen- 
sions and dipole moments of the ethylene-vinyl co- 
monomer chains generated by the Monte Carlo method. 
For convenience, these results will be expressed as the 
characteristic ratio (r2>o/nl 2 (where n is the number 
of skeletal bonds, each of length l) and the mean- 
square dipole moment per unit Qz2>/x (where x=n/2 is 
the number of monomer units in the chain). The absence 
of a subscript zero on </z2> is in recognition of the fact 
that long-range interactions should have no effect on 
the mean-square dipole moments of the copolymers 
chosen for the illustrative calculations, namely those 
of ethylene with vinyl chloride. TM 18, i9 

RESULTS AND DISCUSSION 

Calculations of (r2>o/nl 9. and (tz2>/x for the ethylene- 
vinyl chloride copolymers were carried out using: (i) 
skeletal bond lengths of 1.53/k and skeletal bond angles 
of 112°1,1°,i2; (ii) ethylene group dipole vectors of 
magnitude zero and vinyl chloride group dipole vectors 
of magnitude 2.00D, lying along C-CI bonds tetra- 
hedrally oriented with respect to the adjoining skeletal 
bondsii ;  (iii) A¢=0 and 10°; (iv)pr=0.05, 0.50, and 
0.95 for the vinyl chloride sequences; (v) rir2=0"01, 1"0, 
100, 1000, and oo; (vi) x=n/2=lO0; and (vii) values 
of the statistical weight factors appropriate for 25°C. 
These values are T =4.2, -r =0"45, ~-*= 1-0, oJ= o£'=0.032, 
and o/=0"071 i, i0-i2, i5, i6 

Figures 1, 2 and 3 show some of the calculated results 
as a function of the chemical composition variable p2 
(fraction of units which are vinyl chloride) and the 
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Figure I Effect of chemical composition and chemical sequence 
distribution on (a) the characteristic ratio and (b) mean-square 
dipole moment per monomer unit of ethylene-vinyl chloride 
copolymers having vinyl chloride sequences of highly syndiotactic 
structure, at 25°C; pr=O'05. In this and the following Figures, Pr 
is the stereochemical replication probability and p2 is the proba- 
bility that a given unit is of type 2 (vinyl chloride). In Figures I-.3, 
results are shown for rotational states located at ¢=0,  +120 ° 
(displacement A~=O °) and for selected values of the reactivity 
ratio product: rzr2=O'01( . . . .  ), 1"0 ( - - - - - ) ,  100 ( . . . . . .  ), and 
oo ( ). Each circle ( 0 )  shown locates the average result 
calculated for five Monte Carlo chains, and the vertical lines 
through these points represent standard deviations. For purposes 
of clarity, calculated points and standard deviations are shown 
only for the case rtr2=O'Ol in Figures I--3, and for the case 
A!/,= O ° in Figures 4-6  
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Figure 2 (a) <r2>o/nl 2 and (b) <l~2>/x shown as a function of p= 
for selected values of rzr2 for ethylene-vinyl chloride copolymers 
having atactic vinyl chloride sequences; pr=0"50. See caption 
to Figure 1 
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reactivity ratio product rtr2. Results are given for 
illustrative values of the replication probability pr of 
0"05, 0"50 and 0-95. More detailed results which show 
the dependence of  (rZ)o/nl 2 and (f fZ)/x on log rlr2 
at equimolar composition (p2=0-50), are given in the 
remaining three Figures. As documented in detail 
elsewhere z, 3, increase in rlr2 at constant p2 corresponds 
to an increasing tendency to form long sequences 
('blocks') of uniform chemical structure. For  example, 
at pz =0-50, values of rlr2 of 0"0 and 1000 give average 
sequence lengths nl = n2 of ]'0 and ~ 24, respectively, for 
a chain of x =  100 units. 

These results indicate that ( tzz) /x  is much more 
sensitive to chemical composition and chemical sequence 
distribution at constant composition than is (rZ)o/nl2, 
a result of considerable importance with regard to 
possible characterization of such distributions by 
measurements of configuration-dependent properties. 
This conclusion is in agreement with results of previous 
studies on styrene/p-substituted styrene copolymers 2, 
ethylene-propylene copolymers 3, and propylene-vinyl 
chloride copolymers 4. As has been previously pointed 
out 4, this enhanced sensitivity in the case of ( f f2)/x 
is obviously due to the fact that, in the calculation of 
(r2)o/nl 2 chemically different units differ in conforma- 
tional energy, but have essentially identical values of 
the quantity being averaged, the skeletal bond vector, 
as expressed in the skeletal-bond coordinate system 3, 4. 
On the other hand, in the calculation of (iz2)/x, both 
the conformational energy and the group dipole moment 
vector depend on the chemical nature of the comonomer 
unit 2, 4. In the case of both (r2)o/nlZ and (f f2)/x for 
ethylene-vinyl chloride chains, the strongest dependence 
on chemical sequence distribution is found in the stereo- 
chemical region of high syndiotacticity (pr = 0"05) of the 
vinyl chloride sequences. 
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Figure 3 (a) (r2>o/ni 2 and (b) (l~2>/x shown as a function of p2 
for selected values of rlr~ for ethylene-vinyl chloride copolymers 
having highly isotactic vinyl chloride sequences; pr=0"95. See 
caption to Figure 1 
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It is interesting to note that in the case of ethylene- 
vinyl chloride copolymers in which the chemical se- 
quences are relatively short and the vinyl chloride 
sequences are significantly isotactic, both the charac- 
teristic ratio and the mean-square dipole moment per 
unit depend on chemical composition in an unexpectedly 
complex manner. For such copolymers, both of these 
statistical properties display a maximum and minimum 
in their variation with chemical composition. This 
behaviour can be readily understood by considering in 
detail the effect of chemical composition and chemical 
sequence distribution on, for example, the characteristic 
ratio (r2)o/nl z of an ethylene-vinyl chloride copolymer 
having highly isotactic vinyl chloride sequences. As is 
shown in Figures 1-3, (r2)o/nl 2 for a vinyl chloride 
homopolymer is larger than that of polyethylene homo- 
polymer. Furthermore, addition of vinyl chloride units 
to a polyethylene chain increases its value of (r2)o/nl 2, 
while addition of ethylene units to a vinyl chloride 
chain decreases its value of (r2)o/nl 2. The characteristic 
ratio of a vinyl chloride homopolymer which is highly 
isotactic (pr=0"95) is, however, not very much larger 
than that of polyethylene and, consequently, the de- 
pendence of <r2>o/nl 2 on composition exhibits the 
pronounced maximum and minimum shown in Figure 3. 
The effect is most pronounced at small values of the 
reactivity ratio product rlr2 because of two circum- 
stances. Increase in the characteristic ratio of a poly- 
ethylene chain due to addition of vinyl chloride units 
is greatest if these units are widely dispersed along the 
chain (small average sequence length due to small 
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Figure 4 D e p e n d e n c e  of  (a) the characteristic ratio and (b) 
mean-square dipole moment per uni t  on the reactivity ratio 
product for ethylene-vinyl chloride chains of equimolar com-  
pos i t ion  (p2=0-50)  and highly syndiotactic vinyl chloride se- 
quences, at 25°C; p r=0 "05 .  Ci rc les  ((3) and solid lines ( ) 
locate results calculated for A ~ = 0 ° ;  the broken lines ( - - - - )  
show results obtained upon alteration of ~,~ to 10 ° in the case of 
ethy lene units,  when  these results differ significantly from those 
calculated for A ~ = 0  ° 
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Figure 6 Dependence  of (a) <r2>o/nl 2 and (b) <l~>/x on rzr2 for 
ethylene-vinyl chloride chains having p 2 = 0 . 5 0  and highly iso- 
tactic vinyl chloride sequences;  p r = 0  • 95. See caption to Figure 4 

reactivity ratio product) since, in the case of highly 
isotactic vinyl chloride sequences, interactions between 
neighbouring vinyl chloride units decreases the pre- 
ference for highly extended trans conformations in 
these unitstt, 15. Correspondingly, decrease in the 
characteristic ratio of an isotactic poly(vinyl chloride) 
chain upon incorporation of ethylene units is most 
pronounced when the ethylene units are widely dis- 
persed, causing the largest number of disruptions of the 
extended helical conformations adopted by the isotactic 
vinyl chloride sequencesZX, 15. These maxima and 
minima would thus be expected to be less pronounced 
in the case of an ethylene-vinyl chloride copolymer 
having less highly isotactic vinyl chloride sequences and 
this is, in fact, shown by the results for the atactic case 
(pr=0-50) given in Figure 2. Similar arguments apply 
to <lz2)/x since, in vinyl chloride sequences, conforma- 
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tions of  high chain extension are also o f  high dipole 
moment  11. 

It  should be noted that the location of  the rotational 
states is not  o f  crucial importance in the present analysis. 
As can be seen f rom the broken lines in Figures 4-6 ,  
alteration o f  the displacement A¢ f rom 0 to 10 ° in the 
case o f  ethylene units has only a relatively small effect 
on (r~)o/nl  2 and no significant effect at all on <l~2)/x. 

I t  is thus now apparent  that  a l though measurements 
o f  configuration-dependent properties of  copolymers do 
show considerable promise, at least under  some condi- 
tions, for  use in characterizing chemical sequence 
distributions, the variation o f  such properties with 
chemical composit ion,  chemical sequence distribution, 
and stereochemical composit ion can be exceedingly 
complex 20. 
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Molecular motion of polytetrafluoroethylene 
under high pressure 
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The molecular motion of polytetrafluoroethylene under high pressure is seen directly by 
nuclear magnetic resonance (n.m.r.) study. The motional narrowing of the broad com- 
ponent at the high pressure phase shows that the interchain potential is fairly anharmonic 
and the vibration of the chain along the interchain direction becomes more incoherent 
on account of the active rotation of molecular chains, which are in a very compact phase. 

INTRODUCTION 

Polytetrafluoroethylene(PTFE) has two first order transi- 
tions at atmospheric pressure, that is 20°C and 30°C 
transitions. Another transition under high pressure has 
been reported by some authors z. The phase diagram 2 
obtained by the isobaric measurement of ultrasonic, 
linear thermal expansion and differential thermal 
analysis is shown in Figure 1. When the measuring 
temperature crosses over from phase II to phase 
III (high pressure phase), the attenuation increases, 
the sound velocity decreases, the volume decreases 
rapidly and the sharp endothermic peak appears at 
this transition point 2. The Griineisen parameter, 7, and 
the interchain specific heat, Clnter, by isothermal sound 
velocity and compressibility measurements become ff'E 
larger, and smaller, respectively at the high pressure 
phase 3. The result and calculated values are shown in 
Table 1. The estimated value of the effective interchain 
force constant, g per effective intrachain force constant, 
f b y  Wada and Hayakawa's method 4 is about 0.1 at the o_ 
high pressure phase, and the effective motional unit in 
the chain is about 6 CF2 units in this region as shown 
in Table 1. 

These results by indirect measurements show that the 
interchain potential is fairly anharmonic and the vibra- 
tion of the chain along the interchain direction becomes 
more incoherent on account of an active rotation of 
molecular chains at the high pressure phase. Figure I 

Table 1 Thermodynamic quantities and motional 

It is the purpose of this paper to obtain the direct 
proof of the molecular motion of this material under 
high pressure by n.m.r, measurements. 

APPARATUS 

The measuring cell for n.m.r, measurement in a small 
magnet (diameter of pole piece 100¢) is shown in Figure 2. 

6 0 0 0  

4 0 0 0  

2 0 0 0  

I 0 

IE 

I] I 

40 80 120 160 
Tern peratur¢ (oc~ 

Phase diagram of PTFE 2 

unit of PTFE under high pressure 

15°C 48°C 65°C 81°C 

Pressure Cinter Cinter Cinter Cinter 
(kg/cm ~) (J/K-g) gf f  N 7 (J /K.g)  g/ f  N y (J/K.g) g/ f  N y (J/K.g) gf f  N y 

1 0.12511 0.25 4.0 4.8 0-1001 0.16 5.0 5-3 0 .1161 0.22 4.3 5.2 0 .1241 0.25 4.0 5-2 
1000 0-14511 0.34 3.4 5.2 0 .1231  0'24 4.1 5'4 0 .1431  0-33 3-5 5.0 0 .1541 0'38 3"2 4"6 
2000 0-16011 0.41 3.1 5.4 0 -1421 0.32 3.5 5-0 0 .1711 0-47 2.9 4.6 0 .1821 0.53 2.7 4.4 
3000 0-17311 0-48 2.9 5.5 0.20011 0.64 2-5 5"5 0 .2001 0'64 2.5 4.5 0 .2111 0-72 2.4 4"7 
4000 0.18311 0-54 2-7 5.8 0-22811 0.84 2"2 5"2 0 .2401 0"93 2.1 4"4 0-2361 0.90 2"1 4"8 
5000 0.19111 0.59 2.6 5"8 0-24711 0'98 2.0 5.2 0.29411 1-39 1 . 7 - 3 . 0  0 .2761 1.22 1'8 2.8 
6000 0.19811 0.63 2.5 6.0 0-25611 1-05 1.9 5-6 0.086111 0.12 5-8 10.0 0.068111 0.07 7.3 12.2 

Cinter is interchain specific heat, g/f is the effective interchain force constant per effective intrachain force constant, 
N is the number of the effective motional unit of CF~, 7 is Gr0neisen parameter 
I, II, III refer to phases I, II, III respectively 
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Figure 2a Beryllium-copper high pressure vessel. 
A, high pressure pipe; B, retaining screw of stainless 
steel; C, beryllium-copper collar; D, pin to avoid 
the rotation of the retaining screw; E, path for water 
or oil for temperature control; F, vessel; G, glass 
wool as thermal insulator; H, Pt/Pt-Rh 13% thermo- 
couple attached to the surface of the vessel; I, 
copper seal; J, electrode plug 
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Figure 3 Linewidth versus temperature at elevated pressure for 
8=90 °. Motiona] narrowing occurs along I1-1 and I1-111 transition 
lines. In this Figure and Figure 4, the indications are shifted by 
the step of 1G/1000kg/cm 2 along vertical axis. O, 1; x ,  1000; 
+ ,  2000; A, 3000; I I ,  4000; t l ,  5000; El, 5500; A,  6000kg/cm =. 
~ ,  Broad component; . . . .  , narrow component 
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Figure £b Beryllium-copper plug for vessel of Figure 2a. K, 
PTFE fibre sample; L, r.f. coil; M, PTFE tube for electric insulator; 
N, supporter; O, PTFE tube; P, brass tube; Q, epoxy resin; 
R, PTFE plate; S, beryllium-copper cone; T, sintered pyro- 
phyllite and epoxy resin; I, copper seal; U, PTFE tube; V, PTFE 
tube; W, electrode 

The inner diameter and the outer diameter of  this 
beryllium-copper cell (Rc=34) were 5~ and 21~, 
respectively, as shown in Figure 2a. The sample diameter 
was 2~, and the sample weight was about 20mg. Two 
kinds of coils wound on the bundle (2~) of  PTFE fibre 
(Toyoflon T 100) and the column (2~) cut perpendicularly 
from the oriented fibre sheet bound by epoxy resin 
were used for the samples of  8=90  ° and 0 °, where 
8 is the angle between the fibre axis and the magnetic 
field. The coil and the electrode are shown in Figure 2b. 
The Amagat  type seal was used for the electrode. The 
Pound and Knight type oscillating circuit 5 with a 
positive feed-back circuit was employed as a tool for 
the investigation of this small sample. The stable r.f. 
amplitude across the coil was 20 inV. [n this experiment, 
a r.fl amplitude of 50mV was used. The resonance 
radio frequency was set at l l .1919MHz, for the poor  
Q value of the coil due to the Amagat  electrode under 
high frequency. 

The d.c. magnetic field produced was modulated at a 
rate of 37 or 150Hz by the audio IC driver unit. The 
amplitude of modulation was set at 0-67G, where the 
broadening of the linewidth of the broad and narrow 
component  of  this sample is not affected. A light oil 
was used as a pressure transmitting fluid. The proton 
resonance signal of  this fluid on the oscilloscope is a 
good measure of the fluorine signal. The temperature 
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of the sample was controlled by the circulation of  oil 
or water around the cell. The temperature was detected 
and controlled by the P t /P t -Rh  13/o thermocouple. 

12 

RESULTS 

The linewidth of the broad and narrow components 
for 0=90  ° and 0 ° under pressure are shown in Figures 
3 and 4, respectively. In the case of  0=90  °, the motional 
narrowing of the broad component  occurs along the 
I I - I  transition line up to the triple point (about 75°C, 
5000kg/cm 2) and this result is similar to the results at 
atmospheric pressure 6. At the pressure range above this 
triple point the motional narrowing of the broad com- 
ponent occurs along the IT-III  transition line. On the 
other hand, in the case of 0 = 0  °, the motional narrowing 
of the broad component  does not occur along I I - I  

c 

._1 

18 

1,4 

I0 

m • • m mm _ = 

A A ~==A.--=,5--- 

~ x _ ~ x ~  x ~ x ~  

o p 

- - A -  - A -  J , -  - & - - A -  - 
_rn__n_  - D - - D - - Q -  
- 4 - - O - -  - O  - - - O - O -  - -  

- m I - m -  - I - - I  - - I -  - i -  
6> 

- ~ - A -  _ A - -  A - - A - A - -  

_ . + -  - + -  + - + -  - + -  - + - .  

.-x- x- -x--x--X-- 

2 ? o - o - - o - - o - - O - - o - -  

I i I t i i 

© 4o  
Temperature (°C) 

I r i I I I I 

80  120 

Figure 4 Linewidth versus temperature at elevated pressure for 
0=0 °. Motional narrowing cannot be seen in this F i g u r e . - - ,  
Broad component; . . . .  , narrow component. Symbols as in 
Figure 3 
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Figure 5 Linewidth versus pressure for each phase for 8=90 °. 
Bh BIh and Bill indicate linewidths of broad component for 
phases I, II, and III, respectively. Nh Nil, and NIII indicate line- 
widths of narrow component for phases I, II, and III 

and I I - I I1  transition lines. The final behaviour of  the 
linewidth of each component  for 0=90  ° in each phase 
is shown in Figure 5. 

These results show directly that the interchain potential 
is fairly anharmonic and the vibration of the chain 
along the interchain direction becomes more incoherent 
on account of  the active rotation of molecular chain at 
the high pressure phase. 
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Triethylami ne-sensitized photopolymerization 
of styrene 
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The photopolymerization of styrene in cyclohexane was accelerated by addition of triethyl- 
amine. The determination of the degree of polymerization of the polymer formed showed 
the acceleration was due to a concurrent sensitized initiation. Further kinetic studies 
revealed that the sensitization mechanism was analogous to that of the methyl methacrylate 
case reported earlier, in which an excited monomer and an amine formed an exciplex and 
gave an initiating radical species. The fluorescence of styrene was quenched effectively 
by addition of triethylamine in accordance with the kinetic argument. 

INTRODUCTION 

In a previous paper 1, the acceleration of the rate of 
photopolymerization of methyl methacrylate (MMA) by 
addition of several tertiary amines was described and 
the following initiation mechanism was proposed. 

Excitation: 
h, 

M (1) 
Self-quenching: 

>M* 

k2 
>2M M*+M (2) 

Direct photoinitiation: 
k3 

M* >R" (3) 

Exciplex formation and sensitized initiation: 

k4 k6 
M * + A ,  "(MA)* ,R'" (4) 

k~ 

where M is the monomer, M* is the excited monomer, 
A is the tertiary amine, (MA)* is the exciplex, R" and 
R" are initiating radical species and kz-k6 are reaction 
rate constants. This scheme is similar to the photo- 
reduction of aromatic ketones with tertiary amines 2 with 
respect to the mechanism which involves an exciplex 
formation between a donor (amine) and an excited 
acceptor (ester or ketone) and a hydrogen abstraction 
reaction on the a-carbon adjacent to the nitrogen. 

In the present paper, an analogous sensitization effect 
of triethylamine on the photopolymerization of styrene 
will be described. The sensitized photopolymerization of 
styrene has been extensively investigated using sensitizers 
such as dyes, polynuclear aromatic hydrocarbons, 
sulphur compounds and other miscellaneous com- 
pounds 3. Tertiary amines, however, have been given 
little attention. The present sensitizer, tertiary amine, is 
not a real sensitizer in such a sense that the amine itself 
is not excited but interacts with the excited monomer to 
give an initiating radical species. 

Mao and Eldred 4 showed that triphenylphosphine 
and MMA form a charge-transfer complex which is 
excited on irradiation and initiates the polymerization. 
They also showed that triphenylamine is not effective 
and that the polymerization of styrene is not sensitized 
with the phosphine. 

EXPERIMENTAL 

Materials 
Styrene (extra pure) was successively washed with 

10% sodium thiosulphate, 10% sodium hydroxide and 
distilled water, dried over anhydrous sodium sulphate, 
distilled under reduced nitrogen pressure and stored. 
Prior to the polymerization, this styrene was warmed to 
polymerize a part and distilled. Triethylamine (guaran- 
teed) was stirred with crushed sodium thiosulphate and 
potassium hydroxide pellet and distilled under nitrogen. 
Cyclohexane (spectroscopic grade)was used as obtained. 
a,a'-Azobisisobutyronitrile (AIBN) was recrystallized 
twice from ethanol. 

Polymerization 
The photopolymeriztion was carried out in a 10 ml 

Pyrex ampoule irradiating with a 300W Halos high- 
pressure mercury-vapour lamp from 260 mm distance. 
The dark polymerization with AIBN was carried out 
in a hard-glass ampoule wrapped with a thin black 
PVC film. Both polymerizations were conducted at 
30.0°C in a thermostated bath and the rates of poly- 
merization were determined by dilatometry. The con- 
traction of styrene due to complete polymerization was 
estimated from the densities of monomer-polymer 
mixtures and calculated at 17-1% (lit. 5 17-1 ~/). A given 
mixture of styrene, triethylamine and cyclohexane in an 
ampoule was completely deoxygenated by repeated 
freeze-thaw cycles under vacuum before polymerization. 
The polymerization was continued after the determina- 
tion of rate to 5-10% conversion, then the content of 
the ampoule was poured into methanol. The separated 
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polymer was twice reprecipitated with benzene-methanol 
and freeze-dried to a constant weight. The number- 
average degree of polymerization of the polymer was 
determined by osmometry on a Hewlett-Packard Model 
501 Membrane Osmometer in toluene at 37°C. 

Spectroscopy 
The ultra-violet spectra and the fluorescence spectra 

were recorded on a Shimazu UV-200 Spectrometer and 
on a Hitachi MPF-2A Fluorescence Spectrometer. 
Cyclohexane was used as solvent throughout. Solutions 
for measurements were generally deoxygenated by 
repeated freeze-thaw cycles under vacuum. 

RESULTS AND DISCUSSION 

The effect of triethylamine concentration on the rate of 
polymerization of styrene (3.50moi/1) in cyclohexane 
(a) under irradiation of mercury-vapour lamp, (b) with 
AIBN in the dark, and (c) without any initiator in the 
dark (thermal polymerization) are shown in Figure 1. 
The rate of thermal polymerization was determined 
interrupting the light beam for the polymerizing mixture 
for which the determination of the initial rate of photo- 
polymerization had been just finished. As Figure 1 shows, 
this remains constant and may be ignored in the following 
discussions. The rate of polymerization with AIBN in 
the dark also remains constant in the whole range of 
amine concentration and indicates the elementary reac- 
tions of AIBN-initiated polymerization are not influenced 
by the amine. On the other hand, the rate of photo- 
polymerization is accelerated by addition of amine; 
with 0-1 mol/l of amine the rate increases steadily, with 
1-3moi/1 of amine the rate reaches a plateau, and 
with still higher amine concentration the rate somewhat 
decreases. The maximum rate of sensitized photopoly- 
merization is about four times that of the unsensitized 
rate. Thus it is clear that triethylamine has a sensitization 
effect on the rate of photopolymerization of styrene. 

In the case of MMA of the previous work, it was 
necessary to correct the observed rate for the viscosity 
of the polymerizing mixture in order to estimate the 
net sensitization effect, because the termination reaction 
of the polymerization of MMA is diffusion-controlled 6, 
and the addition of amine (substituting for solvent) 
changed the viscosity of the polymerizing mixture 
appreciably and thus caused the increase or decrease in 
rate irrespective of sensitization. The correction was 
made according to the following correlation: 

R~oc~l/2 (5) 

" 7  u 

N 

T_~ 
E -  5 Q 

,~_o 
N × 

"IS. ' ;  . . . .  
0 I 2 3 4 5 

[Triethyloraine] (tool/I) 

Figure 1 Effect of triethylamine concentration on the rate of 
polymerization of styrene in cyclohexane. [Styrene]=3.50 mol/I. 
O, Under irradiation of mercury-vapour lamp; O, with AIBN in 
the dark; A, without any initiator in the dark (thermal polymeriza- 
tion) 

E 
u 

~ 0 .  

> 

0 

Figure 2 

I I I I 

2 4 
[TriethylGm ine] ( mol [I) 

Effect of triethylamine concentration on the viscosity of 
the mixture of styrene, cyclohexane, and triethylamine. 
[Styrene]=3.50 mol/I 

where R~ is the rate of polymerization, and ~ the viscosity 
of the polymerizing mixture. In the present case of 
styrene-triethylamine-cyclohexane, however, the cor- 
rection of rate for viscosity was rather insignificant, 
because the addition of triethylamine substituting for 
cyclohexane, keeping the concentration of styrene 
constant, results in only a small change of viscosity 
(Figure 2), and because the effect of viscosity on the 
rate of polymerization of styrene is smaller7: 

R~oznZl4 (6) 

On assumptions that the addition of amine influences 
only the initiation reaction and not the propagation 
and termination reactions of photopolymerization 
and that the chain transfer reaction for triethylamine by 
polystyryl radical is not affected by the irradiation, the 
number-average degree of polymerization /~n of the 
polymer formed is given by: 

1~ ktR~ C [triethylamine] , ,.~ 
n = 2k~ [styrene]2 + s [styrene] ~- ~M (7) 

where k~ is the rate constant for propagation, kt is the 
rate constant for termination, [ ] is the concentration 
of the component, Cs is the chain transfer constant for 
triethylamine, and CM is the chain transfer constant for 
styrene. The trivial chain transfer reaction for cyclo- 
hexane is neglected. The determination of Cs in the 
dark polymerization with AIBN at 30°C is shown in 
Figure 3 and gives Cs=l.1 x l0 -8. By use of this Cs 
value and -Pn determined by osmometry for the polymer 
formed in the photopolymerization sensitized by tri- 
ethylamine, 1/Pn-(Cs[triethylamine]/[styrene]) is plotted 
against R~ and a straight line is obtained in Figure 4, 
the slope of which gives kt/2k~[styrene]L Since 
[styrene]=3.5mol/1, k~/k~ is given as 1.05x104 that 
coincides with 0.96 x 104 in the literature s. Therefore, it 
may be concluded that the increase of the rate of photo- 
polymerization in the presence of triethylamine is 
attributable to the increase of the rate of initiation by a 
certain process involving this amine. Because the rate 
of polymerization is proportional to the square root of 
the rate of initiation, the maximum rate of initiation in 
the presence of the amine is about 16 times that of the 
unsensitized (direct) photoinitiation. 

In order to reveal the mechanism of this sensitized 
initiation reaction, the monomer kinetic orders of 
styrene under various polymerization conditions were 
determined. Figure 5 shows the plots of log R~ against 
log[styrene] in the polymerization under irradiation 
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provided that a self-quenching reaction is predominant 
for the fate of excited styrene. Figure 5 also shows that 
the monomer kinetic orders in the presence of tri- 
ethylamine (2.0tool/I) under irradiation and with AIBN 
in the dark are consistently 1.24, and clearly demonstrates 
that the sensitized initiation should be of zeroth kinetic 
order with respect to styrene. 

A definite kinetic order with respect to triethylamine 
in the sensitized photoinitiation cannot be evaluated, 
because in Figure 1 the effect of the amine concentration 
on rate is not uniform. The circumstances are similar to 
the MMA case where an initial increase in rate at low 
amine concentration tending to a plateau at higher 
amine concentration was observed. However, in the 
present styrene case a decrease in rate is observed at 
the highest amine concentration. The saturating sensi- 
tization effect was appropriately described by equation (8) 
on the basis of the reaction scheme, equations (1)-(4), 

, in the previous work. 
1'5 , 2"30(k6/kJloEd (8) 

Ri - {(k5 + k6)/k4} + I 
[A] 

where I0 is the incident light intensity, E is the molar 
extinction coefficient of styrene at the wavelength 
employed, d is the optical length of the polymerizing 
ampoule. With increasing [A], the numerator becomes 
smaller at first, then gradually approaches unity. There- 
fore R'i, and ultimately Rp, increases at low amine 
concentration and tends to a plateau at higher amine 
concentration. An alternative possible interaction between 
monomer and amine as postulated for the phosphine- 
sensitization4: 

h~ 
M +A~-(MA) .~(MA)*--, R"  

did not fit the saturating profile. Equation (8) also 
explains the zeroth kinetic order with respect to monomer 
in the photoinitiation reaction. This rate expression may 

O ' ~  t I 

0 0"5 I 
[Triethyia mine] / [styrene] 

Figure 3 Determination of Cs for triethylamine in the dark, 
AIBN-initiated polymerization of styrene 

Ook" 

O l ~ i I 1 
0 4 8 

Rate of polymerization 
x 10 6 (tool I-Isec -I) 

Figure 4 Determination of kt/k~ in the photopolymerization of 
styrene in the presence of triethylamine 
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and with AIBN in the dark in cyclohexane solution 
without addition of triethylamine. The monomer kinetic 
orders given by the slopes of  the plots are 1.24 for both 
methods of  initiation. Oliv6 and Oliv60 reported the 
identical value in this solvent for the AIBN-initiated 
polymerization at 50°C. One of the authors 7 has noticed 
that the monomer kinetic orders of styrene in various 
solvents are considerably affected by the viscosity of  the 
solvent, although the quantitative explanation as for 
MMA 10 based on the diffusion-controlled termination 
theory 6 was unsuccessful. Because even in benzene 
solution an odd kinetic order (1.24 v or 1.20 °) is observed, 
the AIBN-initiated polymerization of styrene in cyclo- 
hexane may be considered to conform to the general 
scheme of radical polymerization. Then the direct 
photoinitiation reaction of  the polymerization of styrene 
in cyclohexane should be of zeroth kinetic order with 
respect to styrene. This is most probable because the 
absorption of light (>  310nm) by styrene is very weak, 

0-8 

12 

'u O8 
T 

T 

-6 
S 0 4  E 

o 0 4  _o 
+ + 

O 
O 0 4  0 8  

Log [styrene] [tool/I) 

Figure 5 Determination of the monomer kinetic order in the 
polymerization of styrene under irradiation (©), with AIBN in the 
dark in cyclohexane (O), under irradiation (A), and with AIBN 
in the dark in triethylamine-cyclohexane (A). [Triethylamine]=2.0 
mol/I 
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also be applied to the present styrene case because the 15 
general kinetic aspects are analogous. 

The decrease in rate at the highest amine concen- 
tration remains unexplained, however. 

The ultra-violet spectra of the mixtures of  styrene and c u 
triethylamine in cyclohexane were simple superpositions ~ 
of  spectra of  the respective compounds either when o IO 
they were very dilute (10-2~10-4moI/1) or of  poly- ~_ 
merizing conditions (2mol/1) and any charge transfer 
absorption band was not observed. The spectra of the 
concentrated solutions also showed that at the wave- 
length employed (>  310nm) only styrene absorbs light 
though very weakly (e<0"l) .  The fluorescence spectra 5_ 
of  styrene with various concentrations of  triethylamine ~ 5 
are shown in Figure 6. Excitation was at 276 nm. Figure 6 *6 
shows that the intensity of  the emission maximum at -~ n- 
306nm decreases by the addition of  triethylamine, a 
new emission at 400 nm appears instead, and an isosbestic 
point appear between them. The Stern-Volmer I~ 
plot of  this quenching process gives a straight line 
intercepting the ordinate at 1 as shown in Figure 7. The O 
spectra of  completely deoxygenated solutions decreased 
their intensities even during the scanning and gave a Figure 7 
scattered plot. Probably the oxygen in the atmosphere 
disturbed the interaction between styrene and triethyl- 
amine. The quenching of the fluorescence of  styrene by 
dissolved oxygen was recently reported zl in connection 
with a sensitized photopolymerization. Such quenching 
processes by amines of  the fluorescence of  aromatic 
hydrocarbons have been studied and it is considered that 
the excited aromatic hydrocarbon behaves as an electron- 

I 

4 

6 

7 6 
J 

I I I I | 

2 5 0  350  . 4 5 0  

Wavelength (nm) 

Figure 6 Fluorescence spectra of styrene with different concen- 
trations of triethylamine. [Triethylamine]: 1, 0; 2, 1 mmol/I; 3, 
4.4 mmol/I; 4, 14 retool/I; 5, 23 retool/I; 6,59 mmol/I; 7, 150 mmol/I. 
The solutions were not deoxygenated 

I r 

5 to 15 
[Triethylomine] x IO2(mol/I) 

Stern-Volmer plot of the quenching process of the 
fluorescence of styrene at 806 nm by triethylamine. ©, Not deoxy- 
genated; O, deoxygenated 

acceptor and interacts with electron-donating amine 
to give an exciplex which shows a new emissionZL 
Izawa and Ogata za calculated the electron density of 
vinyl group in the lowest excited styrene by means of  
H MO  method and proved its electron-accepting charac- 
ter. These observations and arguments lead to the 
conclusion that the excited styrene and triethylamine 
form an exciplex in agreement with the kinetic study. 
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The copolymerization of methyl ~-phenylacrylate (MPhA) and methyl methacrylate by 
n-BuLi was carried out in toluene at various temperatures with an initial monomer ratio 
of 1:1. At  -78°C the product was a homopolymer of MPhA. The copolymer obtained 
at -40°C was a mixture of poly(methyl =-phenylacrylate) and poly(methyl methacrylate) 
containing a small amount of alternating copolymer of both monomers.With further in- 
crease in the polymerization temperature the fraction of alternating copolymer increased 
and above 30°C all the copolymers obtained were alternate.With varying composition of 
feed monomers the copolymerization was carried out at 30°C and the alternating copolymer 
was obtained over a wide range of monomer feed ratios. In tetrahydrofuran the alternate 
sequence began to form at a lower temperature than in toluene, and all the copolymers 
obtained above 0°C were alternating ones, The mechanism of the copolymerization is 
discussed in some detail. 

INTRODUCTION 

Stereoregulation in the anionic polymerization of methyl 
a-phenylacrylate (MPhA) has been investigated 1. It 
was found that this monomer could polymerize at low 
temperature giving a stereochemically random polymer 
under certain polymerization conditions, but gave no 
polymer above 0°C suggesting the ceiling temperature 
of this monomer lying around here. 

We have briefly described also the copolymerization 
of MPhA and methyl methacrylate (MMA) by n-BuLi 
in toluene at various temperatures, where the alternating 
copolymer of these two monomers was produced above 
30°C 2. 

In this work the copolymerization of MPhA and MMA 
was carried out by n-BuLi in toluene and in tetra- 
hydrofuran at various temperatures. The investigation 
focused on the alternating tendency and the cotacticity 
of the copolymer. The mechanism of this alternating 
copolymerization is also discussed in some detail. 

EXPERIMENTAL 

Materials 

MPhA was prepared and was purified as described in 
a previous paper 1. 

MMA obtained commercially was washed with a 
saturated aqueous solution of sodium hydrogensulphite 
and with 20 70 aqueous sodium chloride containing 5 70 
sodium hydroxide. Then it was dried over molecular 
sieves type 4A and distilled under reduced nitrogen 
pressure. The MMA thus purified was redistilled over 
calcium hydride under high vacuum just before use. 

Toluene was distilled over calcium hydride. Before 
use it was mixed with a small amount of n-BuLi in 
toluene and redistilled under high vacuum. 

Tetrahydrofuran (THF) was re fluxed over calcium 
hydride and was redistilled over lithium aluminium 
hydride under high vacuum. 

Nitrobenzene-d5 obtained commercially was used 
without further purification. 

n-Butyllithium (n-BuLi) was prepared in n-heptane 
or toluene according to Ziegler's method from n-butyl 
chloride and metallic lithium under an argon atmo- 
sphere 3. 

Nitrogen and argon were purified by passing them 
through a column packed with molecular sieves type 4A 
cooled at -78°C.  

Polymerization 

A glass ampoule equipped with a three-way stopcock 
was evacuated by warming with the flame of a gas 
burner, and was filled with dry nitrogen. Then the 
solvent and the mixture of monomers were introduced 
into the ampoule with hypodermic syringes. The poly- 
merization was initiated by adding the catalyst to the 
monomer solution at a given temperature. The ampoule 
was immediately sealed off. 

After a desired reaction time the polymerization was 
stopped by adding a small amount of methanol, and 
the polymer produced was precipitated by pouring the 
reaction mixture into a large amount of methanol. 
After overnight standing, the polymer was collected 
by filtration, washed several times with methanol and 
dried in vacuo. 
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Fractionation of copolymer 80 

10ml of nitromethane, 32ml of methanol and 0.201 g 
of  the copolymer obtained in toluene at - 4 0 ° C  were -6 
placed in a 100 ml flask. The mixture was stirred magnetic- E 

,_ 60 
ally for 8 h at room temperature and was allowed to 
stand overnight. Then the insoluble fraction was col- 

o 
lected by filtration, washed several times with the ~" 
mixture of nitromethane and methanol and dried in 8 = 40 
vacuo. The filtrate and the washings were combined and < 
evaporated under reduced pressure. The soluble fraction ~. 
thus obtained was redissolved in benzene and freeze- 7; 
dried in order to remove the catalyst residue. 20 

0 

Measurements 
The p.m.r, spectrum of polymer was taken at 150°C 

on 1 0 ~ w / v  solution in nitrobenzene-d5 at 100MHz 
using a JEOL spectrometer (JNM-4H-100).  Hexa- 
methyldisilane was used as internal standard. 

The solution viscosity of polymer was determined in 
toluene at 30.0 +0.02°C using Ostwald viscometry. The 
concentration of the solution was 0.50 g/dl. 

RESULTS 

Copolymerization in toluene and p.m.r, spectra of co- 
polymers 

The copolymerization of MPhA and MMA was 
carried out in toluene by n-BuLi at various temperatures. 
The initial molar ratio of the two monomers was 1:1. 
The results are summarized in Table 1. The yield of the 
copolymer increased, reaching a maximum at 0°C, 
and then decreased with an increase in the temperature. 
The mole fraction of the MPhA unit in the copolymer 
was determined from the n.m.r, spectrum. The product 
obtained at - 7 8 ° C  was found to be a homopolymer of 
MPhA, as has been reported by Tsuruta et al. 4, 5. The 
copolymer produced at - 4 0 ° C  and above contained 
an equimolar ratio of the two monomers regardless of 
the polymerization temperature. The formation of the 
1:1 copolymer of MMA and MPhA above 0°C, the 
ceiling temperature of MPhA 1, strongly indicates the 
alternating incorporation of the two monomers in the 
copolymer. 

The copolymerization was carried out at 30°C with 
varying composition of feed monomers. The results are 
shown in Figure 1. The 1:1 copolymer was obtained 
over a wide range of  monomer feed ratios. This is 
additional evidence for the formation of alternating 
copolymer. 

Table 1 Copolymerization of MPhA and MMA by n-BuLl in 
toluenea 

MPhA 
unit in Alternate 

Temp. Time Yield copolymer sequence ~7sp/C 
No. (°C) (h) (%) (mol %) (mol %) (dl/g) 

1 - 7 8  24 15 97 0 0.086 
2 - 4 0  72 08 44 31 0.142 
9 - 2 0  48 77 46 56 0.288 
3 0 72 80 47 93 0-052 
4 30 96 59 47 100 0.053 
5 40 48 33 49 100 0.059 
6 50 48 10 48 100 0-053 

aMPhA, 6-8mmol; MMA, 6-8mmol; n-BuLi, 0-68mmol; 
of reaction mixture, 10ml 

volume 

, !  I I I 

20  40  60 80  IO0 
MPhA in monomers (tool % )  

Copolymerization of MPhA and MMA by n-BuLi in Figure 1 
toluene at 30°C. Total monomer, 13.6mmol; n-BuLi, 0.68mmol; 
volume of reaction mixture, 10ml 

X × 

B 

c 

D 

, , g , , , , , 

8 7 4 3 2 I O 
pprn 

Figure £ N.m.r. spectra of the copolymers of MPhA and MMA 
prepared at -78°C (A), -40°C (B) and 30°C (C) in toluene by 
n-BuLl, and of isotactic poly(methyl methacrylate) (D). The 
peaks labelled X are due to the phenyl protons of partially pro- 
tonated nitrobenzene-d5 

The n.m.r, spectra of three samples of copolymers 
obtained at - 7 8 ° C  (A), - 4 0 ° C  (B) and 30°C (C) are 
shown in Figure 2, together with the spectrum of 
poly(methyl methacrylate) (PMMA) (D). The spectrum 
of polymer A was nearly the same as that of poly(methyl 
a-phenylacrylate) 1 (PMPhA). 

The spectrum of polymer B was close to the super- 
position of the spectra of PMPhA and isotactic PMMA. 
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The extraction of this polymer by nitromethane- 
methanol mixture gave a highly isotactic PMMA as 
an insoluble fraction as described in the next section. 
These facts suggest that most of the polymer was a 
mixture of PMPhA and PMMA. The weak absorption 
at 0.90,,~0.63ppm may be due to the alternating co- 
polymer as mentioned below. 

The molar ratio of both monomer units in polymer C 
was nearly the same as that in polymer B. However, the 
spectrum of the former polymer was clearly distinguished 
from that of the latter by the following features: (a) 
a-methyl proton resonance of MMA unit in polymer C 
appears at 0.90,-,0.63 ppm splitting into three peaks, but 
does not exist at 1 .36~l .14ppm,  the region where the 
a-methyl protons of PMMA resonate; (b) the resonance 
of methoxy methyl protons in polymer C is clearly 
different from those of PMMA and PMPhA. It splits 
into three peaks at 3.63, 3.28 and 2.85 ppm. 

These results strongly indicate that the MMA and 
MPhA units in polymer C are arranged alternately. 
The high field shift observed in the a-methyl proton 
resonance of the MMA unit may be due to the shielding 
effect of the benzene rings in MPhA units on both sides. 
Similar shift has been observed on the resonance of 
a-methyl protons in alternating copolymer of MMA 
and styrene 6. 

The fractions of the alternate triad centred by the 
MMA unit were determined by the intensity measure- 
ment of the c~-methyl proton signal. The results are 
listed in Table 1. The fraction of alternating sequence 
increased with an increase in the polymerization tem- 
perature and the complete alternation was attained at 
30°C and above. 

The peak separations of a-methyl and methoxy 
methyl resonances in the spectrum of the alternating 
copolymer should be due to the configurational differ- 
ences among the sequences in the polymer chain. It is 
reasonably assumed that the diamagnetic shielding 
effect of the phenyl groups in MPhA units is the smallest 
on the methoxy methyl protons in MMA, if the con- 
figuration of the central MMA unit is the same as those 
of both the neighbouring MPhA units. Then the three 
peaks in the methoxy resonance region can be assigned 
to the methoxy methyl protons of centred MMA unit 
in co-isotactic (I), co-heterotactic (H) and co-syndiotactic 
(S) triads with increasing magnetic field. The first peak 
overlaps with the methoxy resonance of MPhA, which 
is not so sensitive to the stereochemical configuration 
of the chain as that in the spectrum of PMMA. The 
three peaks due to the a-methyl protons, the situation 
of which is contrary to the methoxy methyl protons, 
can also be assigned to co-syndiotactic, co-heterotactic 
and co-isotactic triads with increasing magnetic field. 
Using these assignments triad cotacticities of the central 

Table 2 Cotacticity of alternating copolymer of MPhA and 
M M A  polymerized by n-BuLi in toluene 

From c~-CH3 From -OCH8 
Polymerization of M M A  of M M A  

temp. 
No. (°C) I H S I H S 

3 0 20"6 48"0 31.4 14"2 53.4 32'4 
4 30 24-8 50"4 24"8 25"6 52.1 22-3 
5 40 24-2 50'7 25"1 18'7 55-6 25.7 
6 50 22-7 49'8 27-5 18-3 58"0 23"7 

I = co-isotactic; H = co-heterotactic ; S= co-syndiotactic 

B 

¢)t 1 

I , I l l  I I I J I 
8 7 4 3 2 ! O 

pprn 

Figure 3 N.m.r. spectra of fractions of the copolymer obtained 
in toluene at -40°C. A =  soluble fraction; B= insoluble fraction. 
X, see Figure 2 

MMA in the copolymers were determined as shown in 
Table 2. The values of tactic fractions calculated from 
the methoxy methyl proton resonance were in agree- 
ment with those from the a-methyl proton resonance, 
which is considered to show the validity of the above 
assignments. The proportions of I : H : S  in all the 
alternating copolymers were close to 1:2: 1, indicating 
that the stereoregulation in this alternating copoly- 
merization was almost random. 

Fractionation of the copolymer obtained in toluene at 
-40°C 

Frac t i ona t i on  was carr ied ou t  fo r  the copo lymer  
obtained by n-BuLi at - 4 0 ° C  in toluene using a mixture 
of nitromethane and methanol. The insoluble fraction 
(13.9 ~ )  was found to be practically an isotactic PMMA, 
whose isotacticity (89.1~ in triads) was extremely 
higher than that (62"9~o in triads 7) of the polymer 
obtained in the homopolymerization of MMA under 
the same condition (Figure 3). The soluble fraction 
appeared to be a mixture of PMPhA and isotactic 
PMMA from its n.m.r, spectrum. 

Copolymerization in tetrahydrofuran 
Copolymerization of MPhA and MMA was carried 

out by n-BuLi in TH F  at various temperatures. The 
results are summarized in Table 3 and Figure 4. The 
yield of the copolymer was highest at - 2 0 ° C  and 
decreased with an increase in the polymerization tem- 
perature. 

P O L Y M E R ,  1973, Vo l  14, N o v e m b e r  567 



Copolymerization of MPhA and MMA by n-BuLi : K. Hatada et aL 

Table 3 Copolymerization of MPhA and MMA by n-BuLi in 
THF for 48ha 

Temp. 
No. (°C) 

MPhA unit Alternate 
Yield in copolymer sequence ~sp/C 
(%) (mol %) (mol ~ )  (dl/g) 

15 - 7 8  67 42 27 0.066 
16 - 4 0  79 47 71 0.066 
19 - 2 0  89 44 82 0.072 
17 0 70 50 100 0.074 
18 30 26 48 100 0-061 
21 40 5 47 100 - -  
22 50 trace - -  - -  - -  

aMPhA, 6.8mmol; MMA, 6.8mmol; n-BuLi, 0.68mmol; volume 
of reaction mixture 10ml 

X X 

I 

8 

\ 

\ 

C 

7 
I I I I ! 

4 3 2 I 0 
ppm 

Figure 4 N.m.r. spectra of the copolymers of MPbA and MMA 
obtained at -78°C (A), -40°C (B) and 30°C (C) in THF by n-BuLL 
X, see Figure 2 

The spectrum of the copolymer obtained at - 7 8 ° C  
was nearly the superposition of those of  PMPhA and 
PMMA, as in the copolymerization in toluene at - 4 0 ° C  
(A in Figure 4). The configurational sequences of  MMA 
units in this copolymer were found to be rich in syndio- 
tactic configurations, while those the copolymer in 
toluene at - 4 0 ° C  were rich in isotactic ones. 

The spectrum of  the copolymer obtained in T H F  
at - 40°C (B in Figure 4) shows that a fairly large amount 
of  alternate sequences were formed together with the 
long sequences of MMA units. In the copolymerization 
in T H F  the alternate sequences begin to form at lower 
temperature than in toluene. All the copolymers obtained 
at 0°C and above were alternating ones (Table 3). 
Their configurations were atactic, namely, the propor- 
tions of I :FI :S  being nearly equal to 1:2:1 (C in 
Figure 4). 

DISCUSSION 

In the anionic copolymerization of MMA and MPhA 
above the ceiling temperature of the latter (about 
0°C) the growing chain ending in MPhA unit cannot 
add this monomer. On the other hand, the MMA  
anion at the chain end may add predominantly MPhA 
owing to the higher reactivity of  MPhA than MMA  

towards the anion. The higher reactivity of MPhA is 
presumed by the lower charge density at the /3-carbon 
of this monomer 1 and by the resonance stabilization 
of its anion due to the phenyl group. Thus the formation 
of  alternating copolymer of  MMA and MPhA in toluene 
at 0°C and above must be attributed to the crossover 
propagation occurring predominantly over homopoly- 
merization of  MMA. 

The copolymerization in toluene at - 7 8 ° C  produced 
only the homopolymer of MPhA. At - 4 0 ° C  in toluene 
the highly isotactic PMMA was obtained together 
with PMPhA in spite of the presence of highly reactive 
MPhA. In the polymerization of methacrylates by 
n-BuLi in a non-polar medium it is postulated s, 9 that 
the lithium atom can coordinate with the carbonyl 
oxygen of the penultimate monomer unit in the growing 
chain end and the resulting cyclic intermediate dominates 
the conformation of  incoming monomer towards the 
lithium atom. The situation is nearly the same as in the 
case of MPhA. At low temperatures the Li-O interaction 
may be strong. This allows the growing anion to have a 
high selectivity towards the incoming monomer, and 
the anion can add only the same monomer as that at the 
chain end. 

The result of the copolymerization in toluene at 
- 7 8 ° C  indicates that the initiation reaction and, conse- 
quently, the propagation reaction occur predominantly 
on the MPhA side at this temperature. In the copoly- 
merization at - 4 0 ° C  the initiation reaction occurs on 
both monomer sides owing to the decrease in the reac- 
tivity of MPhA and the homopolymers of MPhA and 
MMA are obtained. It seems interesting that the PMMA 
obtained has a much higher isotacticity than that of the 
polymer obtained in the homopolymerization of MMA 
in toluene at -40°C ,  although the reason for this is 
not clear at present. 

Above 0°C the Li-O interaction will be loosened and 
the MMA anion at the chain end will lose its ability 
to the selectivity and the stereoregulation for incoming 
monomer, while the MPhA anion becomes incapable 
of adding MPhA. The situation may favour the forma- 
tion of the alternate copolymer having an atactic con- 
figuration. 

In the copolymerization in T H F  the Li-O interaction 
is not strong even at lower temperatures owing to the 
coordination of this polar solvent with the lithium atom, 
and the alternating copolymer begins to form at lower 
temperature than in toluene. 
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Chemorheology of irradiation-cured natural 
rubbers: 1. Stress relaxation mechanisms for 
various curing systems in natural rubber 
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Stress relaxation mechanisms were investigated for various curing systems in natural 
rubber, especially the 'complex' crosslinking irradiation cure systems containing sulphur 
or tetramethylthiuram disulphide (TMTD) in both air and nitrogen mainly at 100°C. With 
the systems, the chemical stress relaxation in air showed that in the main oxidative scission 
was the major cause of stress decay. However, the number of moles of main chain scission, 
qm(t) seemed to be dependent on the chemical structure of the crosslink. In the TMTD 
curing system and irradiation-TMTD curing systems, qm(t) is independent of the ratio, 
p, of the effective chain density No(0) based on the carbon-carbon crosslinkages to Nm(O) 
based on mono- and di-sulphide linkages. Stress decay in air of both accelerated-sulphur 
cures and irradiation-sulphur cures was shown to be due to both the interchange reaction 
of polysulphide linkages and random scission of the main chain. On the other hand, in 
nitrogen there are two simultaneous reactions at the crosslink:interchange and thermal 
scission. 

INTRODUCTION 

The chemorheology of crosslinked rubbers has been 
extensively investigated by many workers 1-3. We have 
also investigated the stress relaxation mechanisms on 
the crosslinked ethylene-propylene terpolymer (EPDM) 
differing only in the structure of crosslinks in both air 
and nitrogen4, 5. The EPDM main chain is more stable 
to oxidative scission compared with the diene rubbers. 
Therefore the stress relaxation of these polymers can 
indicate the structural characteristics of the crosslinks. 
Further we have carried out stress relaxation measure- 
ment on dicumyl peroxide-cured EPDM under such 
experimental conditions that oxidative scission of the 
main chain occurs 6. In this case, sulphur acts as an in- 
hibitor against the oxidative scission of the main chain. 
On the other hand, the natural rubber chain is liable 
to undergo the oxidative scission. Tobolsky 7 suggested 
that for dicumyl peroxide-cured natural rubber stress 
decay occurred by oxygen-induced cleavage of the main 
chain. We s indicated that the number of moles of 
cleavages obtained directly from a stress relaxation 
measurement was approximately consistent with the 
one from the oxidation of non-crosslinked rubber in 
toluene solution under the same conditions. 

Stress relaxation of crosslinked natural rubbers having 
different crosslink structures can be presumed to differ 
from that of EPDM. As regards the chemical stress 
relaxation mechanisms of crosslinked natural rubber, 
two contrary opinions were proposed by Tobolsky v 
and Berry and WatsonL Tobolsky reported that the 

scission of those rubbers occurred at the network chain 
independent of the chemical structure of crosslinkage. 
Berry and Watson first concluded that the crosslinks 
were sites of cleavage for both dicumyl peroxide cures 
and for accelerated-sulphur cures. Watson et al. 1° later 
suggested that the crosslink was a site of reversible 
cleavage only in accelerated-sulphur cures, whereas the 
peroxide cures produced stable crosslinkages. In addition, 
Horix 11 by using sol-gel analysis suggested that the 
accelerated-sulphur cured natural rubber underwent 
both random scission in the network chains and scission 
directed by the crosslinkages. Thus the chemical stress 
relaxation mechanisms on the various crosslinking 
systems of natural rubber have still not been completely 
elucidated. 

In this paper, the following problems are considered. 
First, the chemical relaxation mechanisms in air are 
investigated for various crosslinking systems of natural 
rubber, especially such complex crosslinking systems a s  

irradiation cures containing sulphur or tetramethyl- 
thiuram disulphide. Secondly, from the results we are 
able to put forward suggestions relating to the contrary 
conclusions between Tobolsky and Watson et al. for 
accelerated-sulphur cured natural rubber. 

EXPERIMENTAL 

Natural rubber (NR-RSS-1) was cold milled with curing 
ingredients under conditions described in Table 1. Sheets 
(about 0-5 mm) of milled polymer were pressed at 
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Table I Preparat ion of  cured NR po lymers  

Sample 

1 2 3 4 5 6 7 8 

Rubber  100 100 100 100 100 100 100 100 
Su lphu r  3 3 3 
Z inc  ox ide 5 5 - -  3 3 - -  
Stearic acid 2 2 - -  0 .5  0 .5  - -  
T M T D  3 3 3 - -  - -  - -  
Mercap tobenzo-  1 1 - -  

th iazole (MBT)  
D C P  3 - -  - -  

Hot -p ress  cu r ing*  10min - - 1 0 m i n  10min - - 3 0 m i n  30min - -  
Irradiation c u r i n g t  - -  t - -  t t - -  t t 

* Cur ing tempera tu re  145°C 
t T o t a l  d o s e = 1 2 ,  28.8 and 43 .2Mrad  

200 kg/cm 2 and 145°C. Samples 1, 3 and 6, respectively, 
were dicumyl peroxide (DCP)-cured NR, tetramethyl- 
thiuram disulphide (TMTD)-cured and accelerated- 
sulphur cured. It is evident that the crosslinking site, in these 
samples, consists of carbon-carbon bonds, mono- and 
di-sulphide linkages, and mono-, di- and poly-sulphide 
linkages for samples 1, 3 and 6, respectively. All other 
samples were prepared by y-radiation from a 6°Co 
source at room temperature. The crosslink of sample 2 
is due to carbon-carbon bonding. Samples 4 and 7 were 
prepared by exposing samples 3 and 6 to 9,-rays. Samples 
5 and 8 were prepared as follows: thin sheets (about 
0.5mm) of non-crosslinked rubber containing TMTD for 
sample 5 and sulphur for sample 8 were made by milling 
and hot-pressing and the sheets were exposed to ~,-rays. It 
can be assumed that the crosslinks of samples 4 and 5 are 
a mixture of carbon-carbon bonds and mono- and di- 
sulphide linkages, and those of samples 7 and 8 of carbon- 
carbon bonds, and mono-, di- and poly-sulphide linkages. 
All the samples were extracted with hot acetone for 
48 h and dried in vacuo. 

Continuous stress relaxation was mainly measured at 
100°C in both air and nitrogen. In order to calculate the 
apparent activation energy of chemical stress relaxation 
based on the oxidative degradation for each curing 
system, measurements were also made at 109°C (or 
110°C), 120°C and 140°C in air. 

The stress relaxation apparatus used was constructed in 
our laboratory and included the usual strain-gauge 
system. All samples were held for 20 min at the experi- 
mental temperature before any stress was applied. 

RESULTS AND DISCUSSION 

Network chain density 
The initial network chain density N(0)mol/ml was esti- 

mated by the stress-strain measurements based on the 
statistical theory of rubber-like elasticity: 

f(O)= N (O)RT(a-a - 2) (1) 

where, f(0) is initial stress, R gas constant and T absolute 
temperature. The extension ratio a was about 1.2. 
The initial chain density of the samples used here are 
given in Table 2 and shown in Figure 1. As can be seen 
from Figure 1, N(O) of all the samples increases linearly 
with radiation dose. However, we cannot define if this 
relation is held over the range of higher radiation 
doses. Sample 7 is able to form the effective network 

chain by y-radiation compared with the other samples. 
This may be due to the polysulphide linkages, which 
exist in sample 6, undergoing the interchange reaction 
during irradiation to result in mono- and di-sulphide 
crosslinkages. In this paper, we do not intend to discuss 
the curing mechanisms. 

Chemorheology of crosslinked natural rubbers 
Chemical stress relaxation of DCP-eured NR (1) and 

irradiation-cured NR (2). As described above, the cross- 
linkages of both samples 1 and 2 are known to consist 
of carbon-carbon bonds. If there should be no difference 
of chemical and physical structures between samples 1 
and 2, the chemical and physical stress relaxation of 
both samples under the same condition, respectively, 
should be represented by a curve. Stress relaxation of 
samples 1 and 2 having the same density N(0)~0.65 x 
10-4mol/ml was measured in both air and nitrogen at 
100°C. The relation of relative stress f ( t ) / f (O)  versus 
logarithm of time (log t) is shown in Figure 2. It can 
be seen from this Figure that the relaxation of sample 1 
in air and under nitrogen in each case is very closely 
consistent with that of sample 2. This suggests that both 
samples 1 and 2 have identical chemical and physical 
structures in spite of the difference in curing methods. 
However, the stress decay in air of sample 1 is slightly 
faster than that of sample 2 on the long-time side in 
Figure 2. Tobolsky et al. 12 also have recently found 
some difference of stress relaxation in the vacuum at 

Table2 Relation between radiation dose and initial chain density 
for samples 1-8 

Radiation Init ial chain density at n(0)---10 (mol /ml )  
dose 

(Mrad)  1 2 3 4 5 6 7 8 

0 
12"0 
28"4 
43"2 

3"0 

2"0 

~ I-C 

0 

Figure 1 

1.27 - -  1"32 - -  - -  1"31 - -  - -  
- -  0.64 - -  1.48 0.79 - -  1"89 0"52 
- -  1.30 - -  1.72 1.03 - -  2 .45 0.85 
- -  1.53 - -  2.10 1"21 - -  2.84 1"13 

' 2'0 ' /o  
DOSe ( M rad  ) 

Relat ion between initial chain density N(0) and irradia- 
t ion dose. Samples :  O,  2; O,  3 and 4; x ,  5; A ,  6 and 7; /% 8 
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main chain scission of these samples, qm(t) were cal- 
culated from equation (2). The relation between qm(t) 
versus time is shown in Figure 5. The value of qm(t) is 
almost independent of N(0). This suggests that the 
oxidative scission in both samples 4 and 5 also occurs 
on the main chain. What is further interesting in Figure 5 
is independent of conditions of sample preparation. 
The crosslinkages of samples 4 and 5, as described above, 
are expected to consist of carbon-carbon bonds and 
mono- and di-sulphide linkages. Now, the effective chain 
density Ne(O) and N,,(O), respectively, are considered 
based on the carbon-carbon crosslinkages and mono- 
and di-sulphide linkages. In this case, N(0) is equal to 
Ne(O)+Nm(O). As the experimental method which esti- 
mates the values of Ne(O) and Nm(O) has not so far 
been made known, we cannot estimate them. The ratio, 
O of Ne(O) to Nm(O) may be different in samples 4 and 5. 
The 0 value, even in the same sample, can be expected 
to change with the irradiation dose. Nevertheless the 
relations of qm(t) versus t are consistent with themselves. 

IC 

o.s 

o o'-, i ,3 ,oo 
t ( h )  

Figure 2 Stress relaxation of samples 1 (O) and 2 (0)  in air and 
under nitrogen at 100°C. - - ,  in air; - -  , under nitrogen 

t(h) 
O-OI O.I I I0  50  

/ ",-,. % 
" t [~.¢,~.~e.._,_~.._ ~ 0-3 =." 

,,- , , L , 0"1 
O 5 IO 15 20  

t(h) 

Figure 3 Stress relaxation of No. 1 samples having different 
initial chain density and relation between the number of moles 
of main chain scission qm(t) and time t. ×, Irradiation dose=12 
Mrad, N(0)=0.64x 1O-4mol/ml; O, 28.8Mrad, 1.25× 10-4mol/ml; 
O, 43.2Mrad, 1.53× 10-4mol/ml 

higher temperature between peroxide cures and irradia- 
tion cures for both polyethylene and natural rubber, 
but this paper does not deal with these longer time 
differences. As we discuss now for the region where 
both curves agree among themselves, it can be assumed 
that there is no difference between samples 1 and 2. 

The stress relaxation of three No. 1 samples having 
different initial chain densities N(0), and prepared by 
the alteration of irradiation dose, was measured in air 
at 100°C. These stress relaxation curves given in Figure 3 
show that the rate of stress relaxation decreases with 
increasing N(0). The number of moles of main chain 
scission qm(t) is represented by equation (2) which was 
proposed by Tobolsky 13: 

qm(t) = - U (0) ln f ( t ) / f (0 )  (2) 

Hence qm(t) can be obtained directly from a stress- 
relaxation measurement. The relation between qm(t) and 
t is also shown in Figure 3. The qm(t) is independent 
of N(0) This is a typical case of oxygen-induced cleavage 
of the main chain and consistent with the carbon- 
carbon crosslinking. 

Chemical stress relaxation of TMTD-cured NR (3) 
and TMTD-irradiation-eured NR (4 and 5). First, we 
investigated the stress relaxation of both samples 4 and 
5, respectively, in relation to the initial chain density 
N(O). Figure 4 shows the chemical stress relaxation 
curves [logf(t)/f(O) versus time] for samples 4 and 5 
in air at 100°C. The stress decay of these samples is 
also dependent with N(0) as is the case of sample 2. 
Further linear relationships are seen for all samples 
over the longer time region. Therefore, it is assumed 
that only the main chain undergoes the oxidative scissions 
in these curing systems. The numbers of moles of the 

I 

~ T.5 g~ 
. J  

T-3 

I I I I 

0 5 I0 15 20  
t (h )  

Figure 4 Stress relaxation of samples 3, 4 and 5 in air at 100°C. 
x ,  Sample 3, N(0)=l '31×10-4mol/ml. - - - - ,  Sample 4: O, 
irradiation dose=28.8Mrad, N(0)=1-63x10-4mol/ml; O, 43.2 
Mrad, 2.10× 10-4mol/ml. - - . ,  Sample 5: [~, 12Mrad, 0"79× 10 -4 
mol/ml; O, 28.8Mrad, 1.03× 10-4mol/ml; O, 43.2 Mrad, 1.21 × 10 4 
mol/ml 

1.5 

~ 1.O 

O 5 I O  15 2 0  
t(h} 
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Figure 5 Relation between qm (t)and t of samples 2, 3, 4 and 5" 
A, sample 2; x ,  sample 3. - - - - ,  Sample 4: O, irradiation 
dose=28.8Mrad, N(0)=1-63x 10-4mol/ml; 0 ,  43.2Mrad, N(0),= 
2.10x 10~mol/ml. - - . ,  Sample 5: i7, 12Mrad, N(0)=0.79x 10 -4 
mol/ml; O, 28.8Mrad, N(0)=1"03×10-4mol/ml; 0 ,  43.2Mrad, 
N(0)= 1.21 × 10-4 mol/ml 

POLYMER,  1973, Vo l  14, N o v e m b e r  571 



Chemorheology of #radiation-cured natural rubbers (1): S. Tamura and K. Murakami 

This suggests that both samples 4 and 5 undergo oxidative 
scission on the main chain independent of the p value, 
i.e. of the chemical structure of crosslinkages. 

The result of the No. 3 sample having N(0)~l.31 x 
10-4mol/ml is also shown in both Figures 4 and 5. 
The crosslinkages of sample 3 consist of mono- and di- 
sulphide linkages. The stress relaxation mechanism for 
this sample is still not elucidated as shown in the different 
opinions between Tobolsky v and Watson et alA Re- 
cently, Takahashi and Tobolsky z4 reported that chemical 
stress relaxation in air showed that oxidative scissions 
along the main chains were major causes of stress 
decay for sample 3. They do not, however, provide 
sufficient experimental evidence for this suggestion. 
From Figure 5, it is apparent that the qm(t) of sample 3 
is consistent with that of samples 5 and/or 6 up to about 
4 h. In the longer time region (after 4 h), it deviates from 
samples 5 and 6. This will be based on the rapid stress 
decay in this region, where the relaxation curve deviates 
from a linear relationship, i.e. Maxwellian curve. Such 
a phenomenon is also found in the No. 5 samples in 
Figure 5. The rapid stress decay is probably the physical 
relaxation based on micro- and/or macro-cracks formed 
in the samples. So, we are not able to give the chemo- 
rheological analysis in the longer time region. From the 
above, it can be concluded that the chemical stress 
relaxation up to 4 h of sample 3 is based on the oxidative 
scission along the main chain. Once again it is concluded 
that only the main chain scission occurs in these curing 
systems, and the qm(t) is independent of p =Ne(O)/Nra(O). 
However, this does not necessarily imply that qm(t) is 
independent of p value from zero to infinity. The qm(t) 
of sample 1 of p = oo is appreciably smaller compared 
with that of samples 3, 4 and 5, as shown in Figure 5, 
i.e. the oxidative scission of the main chain is probably 
accelerated by having mono- or di-sulphide cross- 
linkages present, although the acceleration mechanism 
is still not understood. 

Figure 6 shows the stress relaxation of samples 3, 
4 and 5 in nitrogen at 100°C. From the Figure, 
it is evident that the relaxation of each sample is ex- 
hibited by a straight line independent of initial chain 
density N(0). It was derived theoretically by Tobolsky 
that when scission occurs only at the crosslink in cross- 
linked polymer, the stress relaxation is expressed by a 
Maxwellian decay, i.e. equation (3) and is independent 
of n(0). 

f(t)/ f(O) =exp( -k t )  (3) 

Therefore, it can be concluded that the stress relaxation 
of these curing systems in nitrogen is based on the 
scission of crosslinkage. 

T.8 _~i~. 
T6 a 

j T" 
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Figure 6 Stress relaxation of samples 3, 4, 5, 6, 7 and 8 under 
nitrogen at I00°C. (a) Q, 8 and 4; x, 6; A and ©, 7. (b) O, 5; 
A and ©, 8 
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Figure 7 Stress relaxation in air and under nitrogen at 100°C. 
I ,  In air; O, under nitrogen. (a) sample 6; (b) sample 7 prepared 
by radiation of 28.8Mrad; (c) sample 8 prepared by radiation 
of 28.8 Mrad 

Chemical stress relaxation of  accelerated sulphur-cured 
NR (sample 6) and irradiation-sulphur-cured NR (samples 
7 and 8). Stress relaxation of samples 7 and 8 was 
measured in both and nitrogen at 100°C. The results 
are shown in Figure 7a for sample 6, 7b for sample 7 
and 7c for sample 8. Samples 7 and 8 were prepared 
by the irradiation dose of 28.8 Mrad. 

Crosslinkages of these samples consist of C-C bonds, 
and mono-, di- and poly-sulphide linkages as described 
previously. From Figure 7, it can be seen that all the 
stress relaxation curves decay rapidly in the short time 
region and then become linear with longer times. We 
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used the procedure suggested by Tobolsky and Mura- 
kami 15 and repeated it until we obtained a straight line 
in the whole time scale region. Either in air or under 
the nitrogen, all the stress relaxation curves for samples 
6, 7 and 8, respectively, were divided into two definite 
straight lines as shown in Figures 7a, 7b and 7c. It is 
evident from the Figures that the stress relaxations in 
the short time region for each sample are in fair agree- 
ment with each other in both air and nitrogen, whereas 
the one in the long time region is apparently different 
between air and nitrogen. Thus, the above can be ex- 
pressed by: 

T.5 

O ~  

°l T.c 

f(t)/f(O) = Aexp(-  kat ) + 

Bexp(-kBt)  (in air) (4) 

f ( t  )/f(O) = A' exp( - kat ) + 

B 'exp(-k 'Bt )  (in nitrogen) (5) 

I I I I I I I I I a 

0 2 4 6 8 I0 
t (h )  

b 
I I / I 

O 5 IO 15 20 25 
t(h) 

C 
I 

o ,o 1'5 2o' 2s 
t(h) 

Figure 8 Dependence of initial chain density N(0) of the stress 
relaxation in air at 100°C for samples 6, 7 and 8. (a) 6: x ,  1.10x 104; 
O, 1"31x10-4; O, l'46x10"~mol/ml; (b) 7: O, 2"45x10-4; 0,  
2.84x 10-4mol/ml; (c) 8: O, 0"85x 10-4; O, 1.13x 10-~mol/ml 

Figures 8a, 8b and 8c, respectively, show the dependence 
of initial chain density, n(0) of the stress relaxation in 
air for samples 6, 7 and 8. Those in nitrogen are shown 
in Figures 6a and 6b for the purpose of comparison 
with samples 3, 4 and 5. From the Figures, it can be 
seen that the kB values in air depend on n(0), while the 
k'~ value is independent of n(0). From equations (4) 
and (5), it is expected that there are two different stress 
relaxation mechanisms in these curing systems either in 
air or in nitrogen; one is independent of the surroundings, 
the other will have completely different mechanisms 
between air and nitrogen. These stress relaxation be- 
haviours can be explained as follows. The stress relaxa- 
tion (kA) in the short time region will be based on the 
interchange reaction of polysulphide linkages which is 
independent of the surroundings. The interchange 
reaction of polysulphide linkages has been investigated 
in detail by Tobolsky 16, Beevers iv, and us 4. In a previous 
paper is, we reported that the stress relaxation in nitrogen 
of accelerated-sulphur cured natural rubber (sample 6) 
was based on the interchange reaction of polysulphide 
linkages and the thermal scission of mono- and di- 
sulphide linkages. All the slopes (k'B) of straight lines 
for No. 7 samples in the long time region are not only 
independent of initial chain density n(0), but are also 
equal to that of TMTD-cured natural rubber of which 
the crosslinkages consist of mono- and di-sulphides 
linkages. The slopes for sample 8 are also independent 
of n(0) and are in agreement with those for sample 5. 
It can thus be concluded that the stress relaxation in 
nitrogen of samples 7 and 8 in the long time region is 
also based on the thermal scission of crosslinkages. 
On the other hand, stress relaxation (kB) in air of samples 
6, 7 and 8, respectively, apparently depend on the initial 
chain density n(0). Therefore these vulcanizates also 
appear to undergo the oxidative scission of the main 
chain as the others. However, there is insufficient 
evidence, because in these curing systems we cannot 
calculate the number of moles of main chain scission, 
qm(t). In the curing systems, the presence of mono-, 
di- and poly-sulphide linkages also appears to accelerate 
the oxidative scission of the main chain. 

Temperature dependence of the chemical stress relaxation 
for each sample. The temperature dependence of the 
rate of chemical stress relaxation in air for all the samples 
used here was investigated. The measurements were 
carried out at 100 °, 110 °, 120 ° and 140°C. For example, 
the result for samples 2, 5 and 8, which were prepared 
by a y-irradiation dose of 28.8Mrad, are shown in 
Figures 9a, 9b and 9c, respectively. The gradients of 
the lines in Figures 9 and 10 are the rate constants of 
the main chain scission reaction k, expressed by the 
Arrhenius equation as: 

k = Aexp(-  Ea/RT) (6) 

where Ea is the apparent activation energy (kcal/mol) 
for main scission reaction. Temperature dependence 
for all the samples is plotted as log k (h -1) versus 1/T (K) 
in Figure 10. In the Figure, the value of Ea for oxidative 
scission of main chains is also given. From Figure 10, 
we find that the value of k for samples 3, 4 and 5 con- 
taining mono- and di-sulphide crosslinkages, and for 
6, 7 and 8 containing mono-, di- and poly-sulphide 
crosslinkages is very large compared with sample 2. 

This suggests that although all the samples undergo 

POLYMER, 1973, Vol  14, November  573 



Chemorheology o f  irradiation-cured natural rubbers (1) 

the main chain scission independent of the crosslinking 
structure, the number of moles of the scission is signifi- 
cantly dependent. Here, what is interesting and is not 
understandable is the agreement of the value of k 
between samples 7 and 8, in spite of the difference of 
initial chain density, n(0) (see Table 2). This is a large 
difference compared with the irradiation-TMTD cured 
NR (samples 5 and 6). As described above, the rate 
of stress relaxation of both samples 5 and 6 was inde- 
pendent of the method of preparation but was de- 
pendent of only the initial chain density N(0). The 
value of E ,  for samples 2, 6, 7 and 8 is about 21 kcal/mol. 
That for samples 3, 4 and 5 is about 27 kcal/mol. 

CONCLUSIONS 

(1) There was no difference of stress relaxation either 
in air or in nitrogen between DCP cures (sample 1) 
and irradiation cures (sample 2). This suggests that 
these vulcanizates have the same physical and chemical 
structures. In air samples 1 and 2 underwent the random 
scission of only the main chain. 
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Figure 9 Temperature dependence of stress relaxation in air 
for samples 2, 5 and 8. O, 100°C; x, 110°C; [], 120°C; 0,140°C. 
(a) Sample 2; (b) sample 5 prepared by radiation of 28.8Mrad; 
(c) sample 8 prepared by radiation of 28.SMrad 
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Figure 10 Plot of log k versus 1/T for each sample: C], 2; O, 3; 
× , 4 ;  O, 5; A, 6; A, 7 and 8 

(2) In the case of irradiation-TMTD cures (samples 4 
and 5), the stress decay was also based on the oxidative 
scission of the main chain. The number of moles of 
main chain scission, qm(t) was independent of the 
ratio, p of No(0) based on the carbon-carbon bonds to 
Nm(0) based on the mono- and di-sulphide linkages. 
However, the qm(t) was larger than that of sample 2. 
The oxidative scission of the main chain seemed to be 
accelerated by mono- and di-sulphide. It was found from 
comparison with samples 4 and 5 that TMTD cures 
(sample 3) underwent random scission on the main 
chain. The stress relaxation in nitrogen for samples 3, 
4 and 5 was due to the thermal scission of the crosslink. 
(3) The stress relaxation either in air or in nitrogen of 
both accelerated-sulphur cures (sample 6) and irradiation- 
sulphur cures (samples 7 and 8) was expressed by the 
sum of two exponential terms. The stress relaxation in 
air of samples 6, 7 and 8 could be explained by both the 
interchange reaction of polysulphide linkages and the 
random scission on the main chain. The stress decay 
in nitrogen of these vulcanizates was based on both the 
interchange reaction of polysulphide linkages and the 
thermal scission of the crosslinks. The rate of the inter- 
change reaction in air was very closely consistent with 
the one in nitrogen. 
(4) The apparent activation energy of the oxidative 
scission of the main chain was about 21 kcal/mol for 
samples 2, 6, 7 and 8 and some 27 kcal/mol for samples 3, 
4 and 5. 
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A study of dilation coefficients of 
cis-polybutadiene in simple extension 

C, Price and G. Allen 
Department of Chemistry, University of Manchester, Manchester M13 9PL, UK 
(Received 8 May 1973) 

Force-pressure measurements at constant length and temperature have been made on 
a sample of crosslinked cis-polybutadiene in the range1.11 <~<1-77 in order to determine 
values of the dilation coefficient (alnV/a~)p,T. The results obtained, together with data 
reported earlier for natural rubber and butyl rubber, are compared with the predictions 
of (a) the Gaussian theory of rubber elasticity, and (b) a relationship based on the assump- 
tion that the linear compressibility is isotropic in extension. 

INTRODUCTION 

The small volume changes which occur when a rubber 
is subjected to simple elongations may be readily deter- 
mined from force-pressure measurements made at 
constant temperature and length 1. The dilation coefficient 
(OlnV/Oa)p, ~, at a given elongation is obtained from the 
thermodynamic relation: 

(Oln V/O~)p, T = ( LI/V)(Of/OP )L, ~, (1) 

where f is the total force, P the pressure, V the volume 
and ~=L/L~ where L~ and L are the lengths of  the 
sample before and after deformation respectively. 
Values of (OlnV/O,)e, T have been reported for cross- 
linked samples of natural rubber 1 (~ < 2.1), butyl rubber s 
(~< 1.48) and a silicone rubber 3 (~< 1.20). 

In the present study force-pressure measurements 
have been made on a sample of  crosslinked eis-poly- 
butadiene at five elongations below a =  1.77 so as to 
determine (OlnV/O~)v, T. The results obtained are then 
compared with the data reported earlier for natural 
rubber and butyl rubber. 

EXPERIMENTAL 

Material 
The cis-polybutadiene was crosslinked by heating for 

l h at 150°C with one part per hundred (by weight) 
of  dicumyl peroxide. 

Measurements of 
The apparatus and experimental method are described 

in detail elsewherO, 4. Briefly, changes in the retractive 
force exerted by the extended sample were determined 
from minute displacements of  a calibrated steel strip; 
the displacements were measured by a Phillips displace- 
ment pick-up and direct-reading measuring bridge. 
During the force-pressure measurements the displace- 
ment of  the spring never exceeded 1/~m and could be 
detected to _+ 0-01/~m. The whole dynamometer assembly 
was housed inside a steel pressure vessel and a Budenberg 

dead-weight gauge tester was used to supply the hydro- 
static pressures. A thermostat surrounding the pressure 
vessel could be maintained to within +0.002 ° of the 
required temperature. The rubber test-piece was sub- 
merged in mercury in order to isolate it from the trans- 
former oil, which surrounded the displacement pick-up 
and which transmitted pressure from the tester to the 
pressure vessel. Measurements of (Of/OP)L,~, were 
carried out at 30°C. A pressure of 10001bf/in 2 (1 lbf / in2-  = 
6895N/m 2) was applied to the system at the start of 
each experiment. When the system had come to equi- 
librium the applied pressure was decreased in decre- 
ments of 1001bf/in z to atmospheric pressure, and then 
increased in similar increments back to a pressure o f  
10001bf/in s. A period of between 10 and 15min was 
found to be sufficient for the system to equilibrate at each 
new pressure. 

Force-extension measurements 
The force-extension characteristics of  the sample were 

studied using a Hounsfield Model E tensile tester fitted 
with an environmental chamber. Measurements were 
made for both increasing and decreasing loads. Between 
increments the sample was stretched at a rate of  0.5 
cm/min. On reaching the required extension the sample 
was given a period of  between 24 and 48 h to equilibrate. 
The extension was obtained by measuring the distance 
apart of two marks on the sample with a cathetometer 
to an accuracy of _+0.005cm. The equilibrium force 
was obtained using a calibrated load cell. Over the 
range studied (1-11 < ~ < 1.77) the force-extension results 
were found to fit quite closely the empirical Mooney 
equation, f / (a-a-z)=Cz+C2/c~,  with Cz=2"65x 10 5 
N/m 2 and Cs = 1-58 × 105 N/m s. 

RESULTS AND DISCUSSION 

In Table 1, values of (OlnV/O~)v, ~ determined from 
force-pressure measurements are listed for five extension 
ratios in the range 1.11 < ~ <  1-77. The results are corn- 
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Tab/e f Values of (3lnCl/3+,7 for a sample of crosslinked cis- 
polybutadiene 

From measurements Calc. from eqn. (2) Calc. from 
OL of (3flW)r,r (Gaussian theory) eqn. (6) 

I.113 1.90*0.05 

I.304 1.39&0.05 
I.498 1.26kO.05 
I.621 1.21+0.05 
I.765 1.13*0.05 

1.87 2.02 
I.29 1.65 
0.94 I,41 
0.78 I.41 
0.65 1.37 

pared with the predictions of the Gaussian theory of 
rubber elasticitys, 6 :* 

(dnV/aa)P, T=(-b/V)fKZ, T/(a3- 1) (2) 

where KL, T[ = - (alnV/%)L, T] is the bulk compressi- 
bility of the sample at constant length, and f is the 
total force. The reasonable assumption was made that 
the value of KL, r (which was taken as 5.69 x lo-10 
N-l m2) was independent of extension over the range of 
interest49 7. 

The experimental results are seen to fall above the 
values of (alnV/&)p, T calculated from equation (2). 
This departure, however, is not surprising in view of 
the large magnitude of the ratio &/Cl; the ratio Cs/Ci 
is often taken as an empirical measure of the deviation 
of stress-strain behaviour from the Gaussian equation 
of state. The departure of the theoretical and experi- 
mental values clearly becomes more pronounced as (Y 
increases. Provided the measurements have been made 
under equilibrium conditions, the laws of classical 
thermodynamics require the two sets of values to con- 
verge at 01= I. 

Isotropy of linear compressibility 
An alternative method of predicting (alnV/a+, T, 

proposed independently and in slightly different forms 
by Elliott and Lippmanns, and Gees, involves making 
the assumption that the linear compressibility of a 
rubber in extension is isotropic, i.e. 

where 
A = - 3(alnL/aP)f, T(Kf, T)-l= 1 (3) 

Kf, T I= - (dnv/#)f, T 

From thermodynamics : 

(4) 

Hence from equations (3) and (4): 

(a:av)p, T=?iT@)(i%;)P, T (5) 
In a region in which the Mooney equation holds, equa- 
tion (5) reduces to: 

(6) 

* Our definition of the extension ratio, which is the same as that 
given in ref. 5, differs in a minor way from the definition used by 
Flory. Flory defines 01 as the ratio of the length of the extended 
sample (L) to the length of the sample in an isotropic state of 
volume V; V is the volume of the extended sample under the 
conditions of the experiment. The difference between the two 
definitions, however, is trivial and has no detectable effect on the 
outcome of the results. 

Values of (ahV/&)p, T calculated from equation (6) 
for the crosslinked cis-polybutadiene are given in Table 
I; Kf, T was assumed to be independent of the applied 
stress and its value taken to be the same as that of 
KL, T. Equation (6) is seen to give a somewhat better 
representation of the observed experimental behaviour 
at the higher extension ratios than equation (2). 

In Figures 2 and 2 the experimental values of 
(alnV/&)p, T for cis-polybutadiene, natural rubber1 and 
butyl rubber2 are collected together and are compared 
with values predicted by equations (2) and (6) respectively. 
It is seen that the results for five different samples of 
crosslinked natural rubber in the dry state are also in 
closer agreement with the predictions of equation (6) 
than with those of equation (2). However, the limited 
data available for a single sample of butyl rubber in 
the dry state appears to favour equation (2). Four 
Values Of (alnV/&)p, T from force-pressure measure- 
ments reported in an earlier study4 for a single sample 
of natural rubber have not been included in the analysis 
because they are of lower precision than those given in 
ref. 1; the dynamometer assembly used in ref. 4 was 
set up specifically to measure (af/IaT)I,, v rather than 
(af/a% T. 

Direct studies of volume change on elongation re- 
ported for crosslinked natural rubber by Gee et aZ.10 
and by Christiansen and Hoeveil both gave results 
which were in accord with the integrated form of equa- 
tion (4) rather than the integrated form of equation (2). 
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equation (7) (Z) to values determined by experiment (E) at dif- 
ferent extension ratios, ~. Samples: ©, cis-polybutadiene; natural 
rubber: I-I, sample A; A, sample B; I I ,  sample C; A ,  sample D; 
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An empirical relationship 

In Figure 3, experimental values of  (OlnV/Oa)e, T are 
compared with those calculated from: 

(01nV] C1KL, 
O~-a]p, ~ , -  a2 ~' +C2KL, ~, (7) 

where C1 and Cz are the Mooney constants. Equation 
(7) can be obtained f rom the Mooney equation if we 
assume C1 has the same volume dependence as the 
modulus predicted by the Gaussian theory, and assume 
C2 is inversely proportional to volume. This simple 
relationship is seen to provide a useful representation 
of  the experimental data for natural rubber and eis- 
polybutadiene. I t  does not fit, however, the limited data 
available for butyl rubber. 

The form of  equation (7) leads one to expect that for 
highly swollen rubbers where C~ is small the dilation 

coefficient (alnV/O~)e, r might be adequately predicted 
by equation (2). Some limited support for this viewpoint 
is offered by a number of  results reported for highly 
swollen natural rubber networks1; unfortunately un- 
equivocal conclusions cannot be drawn from the data 
since the maximum extension ratio covered was only 
1.48. 
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density polyethylene blends 
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Some mechanical properties of blends of polystyrene and low density polyethylene have 
been derived from stress-strain and impact measurements. The strength and impact 
properties are improved by adding a graft copolymer of polystyrene and low density poly- 
ethylene to the blends. It is assumed that the copolymer acts as an adhesive at the interface 
of the homopolymers thus decreasing the stress concentrations around the dispersed 
polymer particles at yield. The impact strength and modulus of polystyrene-graft copolymer 
blends could be made comparable to those of commercial rubber-modified impact 
polystyrenes by adjusting the fraction of copolymer in the blend. 

INTRODUCTION 

From literature data and our own preliminary experi- 
ments it was found that the modulus of elasticity of 
two phase blends of incompatible thermoplastic polymers 
follows an S-shaped curve if plotted against fractional 
weight composition. This is in agreement with Kerner's 
predicted modulus behaviour as was pointed out by 
Nielsen 1. However, the tensile strength does not follow 
such a curve but shows a minimum around 50:50 
compositions. Moreover, if one or both components 
shows a tough behaviour, their 50:50 blends have 
very low elongation at break z, a. These results suggest 
that the fracture path preferentially follows the weak 
interface between the polymer phases or that fracture 
is initiated at the interface. Polystyrene and low density 
polyethylene are recognized as incompatible polymers. 
Blends of these polymers can be considered as model 
compounds for blends with a glassy matrix and soft 
inclusions (e.g. impact polystyrene and ABS) if the 
fraction of low density polyethylene is low as well for 
blends with a soft matrix and hard inclusions if the 
fraction of polystyrene is low. 

It was assumed that the adhesion between the homo- 
polymers in the model blends could be improved by 
adding a graft copolymer to the polystyrene/low density 
polyethylene blends. 

The influence of the concentration of a graft copolymer 
of low density polyethylene and polystyrene on some 
mechanical properties of polystyrene/low density poly- 
ethylene was investigated. It would be expected that by 
simple addition of the graft copolymer its influence on 
the mechanical properties of blends is more readily and 
firmly interpreted than is the effect of graft copolymers 
in composites such as high impact polystyrene and 
ABS. In the latter, copolymers are formed during the 
polymerization of styrene or styrene and acrylonitrile 
in the presence of rubber 4-6. In these systems the 
amount of graft copolymer and its quantitative influence 

on the properties of the composite are less easily deter- 
mined. Furthermore, it is well known that matrix polymer 
can be incorporated in the rubber phase 7 and this phase 
can become crosslinked. 

EXPERIMENTAL 

Materials 
Additive-free low density polyethylene (Stamylan 

1510, DSM) and a general purpose polystyrene (Styron 
666E, Dow) were used. Graft copolymers were prepared 
by a Friedel-Crafts alkylation of polystyrene (PS) with 
the low density polyethylene (LDPE) according to the 
method reported by Carrick s. During this reaction 
polyethylene is chemically coupled to polystyrene. In 
this way graft copolymers were prepared in high yield 
(50-70~ of the starting amount of PS and LDPE) 
after very short reaction times (3-5 min). Free PS and 
LDPE were separated from the pure graft polymer by 
extraction of the reaction mixture with ethyl acetate 
and n-heptane. The copolymer used in this study con- 
tained 47~ PS as determined by infra-red spectro- 
scopy. 

Blends of PS and LDPE 
Blends over the whole range of compositions were 

prepared on a Schwabenthan Laboratory Mill. The 
mixing conditions are listed in Table 1. The blends 
with a PS content of more than 30 ~ by vol. were com- 
pression moulded to 160 × 160 × 3 mm sheets at 200°C. 
Tensile specimens with dimensions according to ASTM 

Table I Mixing conditions for blend preparation 

Batch 100ml 
Melt tem peratu re 195°C 
Circumferential speed of the rolls 6 and 18cm/sec 
Roll separation 0.8mm 
Mixing time 7min 
i 
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D 638 model 3 were machined from the sheets. From 
the blends with a PS content of less than 30 ~ by vol. 
1 mm thick sheets were compression moulded. Micro- 
tensile specimens according to ASTM D 1708 were 
stamped from these sheets. (It was found that the 
ASTM D 638 model 3 specimens of the latter blends 
had a deformation to break too large to be measured on 
the tensile tester.) 

The structure of the blends was investigated by phase 
contrast microscopy. The method of cutting and immer- 
sion of thin polymer sections has been reported by 
Traylor 9. A study on the micrographs of the blends led 
to the following conclusions: (1) discrete particles of 
the dispersed polymer are almost spherical; (2) particles in 
the core of the sheets from blends with more than 
30~o dispersed polymer are larger than those near the 
surface. It is believed to be caused by differences in the 
coalescence of the particles. During compression mould- 
ing the velocity gradient of the melt in the core of the 
sheet is small if compared with the gradient near the 
surface. Clearly, the higher gradient counteracts coales- 
cence; (3) in blends with 40-60~ LDPE by volume 
areas with two continuous phases could be observed. 

Blends of PS, LDPE and graft copolymer 
The graft copolymer was added to the PS/LDPE 

blends in which only one continuous and one dispersed 
phase was observed. PS was melt blended with 5 and 
30 ~o of graft copolymer if PS had to become the dis- 
persed phase in the blends. Pre-blending of the co- 
polymer and LDPE was carried out if LDPE was to 
form the dispersed phase. Additionally blends of only 
PS and graft copolymer (47~ PS) were prepared. 
Tensile bars were machined or stamped from com- 
pression moulded sheets of blends and of pure graft 
copolymers of various compositions. 

As the tensile properties of PS rich blends are notch 
sensitive, scratches on the tensile specimens were re- 
moved by wiping with benzene. Dynstat impact measure- 
ments according to DIN 53453 were carried out with 
unnotched compression moulded strips. Before condi- 
tioning at 21°C and 65 ~ r.h. the test specimens were 
stored for 24h at 60°C. 

Mechanical testing 
An Instron tensile tester was used for the stress-strain 

measurements. The cross-head speed was adjusted to 
give the samples an elongation rate of 50~o of the 
original gauge length per minute. Young's modulus, 
yield strength, ultimate strength and elongation at 
yield and break were calculated from the stress-strain 
diagrams. From each blend 6-10 tests were run. The 
scatter in modulus and strength values for PS rich 
blends was 5 ~  and for LDPE rich blends 10~. Thin 
sections of the blends were examined by phase contrast 
microscopy. Fracture surfaces of the blends were micro- 
graphed by a scanning electron microscope (Stereoscan 
Mark 2A, Cambridge Scientific Instruments Ltd). 
Impact measurements were carried out at -20°C and 
+ 20°C. 

RESULTS 

Blends of PS and LDPE 
The Young's modulus of these blends can be described 

by the equation derived by Kerner 1°. As this equation 

does not account for phase reversal, it can only be 
applied to blends with small fractions of dispersed 
polymer. Figure 1 shows that the graft copolymers have 
considerably higher moduli than blends with the same 
overall composition. These results indicate that the 
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Figure I Young's modulus of blends and graft copolymers. 
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Figure 2 Yield strength and tensile strength of PS/LDPE blends. 
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in the dispersed phase; [], blends with 30% graft copolymer in 
the dispersed phase; x, graft copolymers 
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copolymers are partly crosslinked materials. The reaction 
scheme for the coupling of LDPE to PS suggested by 
Carrick and the observed resistance to flow at high 
temperatures are further evidence for the assumption. 

The yielding of the blends is accompanied by whitening 
of the samples. Stress whitening is a well known pheno- 
menon in impact polystyrene and ABS. The yield strength 
and the tensile strength pass through a minimum if 
plotted versus LDPE content (Figure 2). 

Anderson et al. 2 observed this behaviour too but no 
explanation was put forward. As both PS and LDPE 
have higher yield strength and tensile strength than the 
50:50 blends, it seems feasible to suppose that the phase 
boundary is the weakest spot in these blends. This was 
confirmed by scanning electron microscopy of fracture 
surfaces. No indication of adhesion between the two 
polymers could be found. The dispersed particles on 
the surfaces of the fracture are smooth as can be seen 
from Figures 3 and 4. 

Figure 3 Fracture surface of the 75:25 PS/LDPE blend 

Figure 4 Fracture surface of the 25:75 PS/LDPE blend 
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Figure 5 Elongation at yield and break of PS/LDPE blends and 
graft copolymers, O, PS/LDPE blends; O, blends with 5% graft 
copolymer (47% PS) in the dispersed phase; [Z], blends with 
80% graft copolymer (47% PS) in the dispersed phase; x, pure 
graft eopolymers, , EB; . . . .  , ~y 

The decrease in yield strength and tensile strength of 
PS and LDPE upon adding the second phase can be 
attributed to several causes: (1) the dispersed polymer 
does not adhere to the surrounding matrix. During the 
deformation of the blends holes are formed that contain 
the loose dispersed polymer particles. Accordingly, the 
stress bearing cross-section of the tensile bar is diminished 
by the presence of the dispersed polymer. The elongation 
at yield will decrease too as the total amount of yielding 
polymer decreases; (2) the presence of a second phase 
(polymer or hole) gives rise to stress concentrations 
around the inclusions 11. Owing to the local concentra- 
tions of stress, yield will start at a lower average stress 
on the tensile bar and lower elongation than in a pure 
material. 

t d  

300 

Blends of  PS, LDPE and graft copolymer (47 % P S)  
The Young's modulus of the blends to which the 

copolymer was added did not differ from the modulus 
of  the blends without copolymer. The yield strength 
and the elongation at yield increase if the graft copolymer 
is added to the blends. However, the elongation at break 
diminishes as is shown in Figure 5. 

These observations can be understood if the graft 
copolymer is present at the interface between PS and 
LDPE and thus improving the adhesion. Electron 
scanning micrographs of the fracture surfaces show 
that the phase boundary of the dispersed LDPE particles 
and the holes from which the particles are pulled out 
are covered with small globules (Figure 6). The total 
volume of these irregularities agrees well with the 
amount of added copolymer. This type of fracture 
surface was also found by Mann et al. 6 for an ABS 
polymer with grafted rubber particles. Dispersed PS 
particles are locally connected to the surrounding 
tough LDPE (Figure 7). 

It may be concluded that the adhesion is still perfect 
at the yield point. So at yield the modulus ratio of  
matrix polymer and inclusion of these blends is lower 
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Figure 6 Fracture surface of the 75:25 PS/LDPE blend with 5% 
copolymer added to the amount of LDPE 

was not dispersed as spherical particles as in other 
PS rich blends but as small interconnected discs. This 
may be caused by the compression moulding step in 
combination with the decrease in interfacial tension due 
to the presence of the copolymer at the interface in the 
highly filled blend. 

Addition of the graft copolymer to the LDPE rich 
blends decreases the elongation at break also. It was 
concluded from observations by electron scanning 
microscopy, phase contrast microscopy and from the 
stress whitening phenomena that after yield but well 
before break most PS particles are torn loose from the 
surrounding highly oriented LDPE. Thus at break 
porous LDPE is stressed just like in blends without 
copolymer. No influence of the graft copolymer on the 
tensile strength would be expected then. As experiments 
showed that the graft copolymer is stronger than LDPE 
and has a higher modulus (Figures 2 and 5) the copolymer 
will enhance the strength of the porous LDPE. However, 
the elongation at break will be lower because before 
LDPE obtains its ultimate elongation, cracks in the 
copolymer skin of the holes are formed. These cracks 
will initiate fracture in LDPE thus lowering the elonga- 
tion at break. 

Figure 7 Fracture surface of the 25:75 PS/LDPE blend with 
30% copolymer added to the amount of PS 

than for blends without copolymer as in the latter 
cavitation due to lack of adhesion must be expected. 
As stress concentrations decrease upon decreasing 
modulus ratio, yield will occur at higher stress on the 
tensile specimen and at higher elongation. 

The higher stress level in samples with added co- 
polymer will influence the fracture process. Crazes in 
PS rich blends will spread faster under the increased 
load. The number of crazes that can be formed before 
the sample fractures will be less, which is in agreement 
with microscopic observations of thin sections of frac- 
tured blends z2. This means that the elongation at break 
of blends with the graft copolymer will be less than of 
blends without the copolymer. 

The blend with 4070 LDPE to which 3070 graft 
copolymer relative to the amount of LDPE was added, 
shows a rather large elongation at break. After micro- 
scopic examination it was concluded that the LDPE 

Impact strength 
The impact strength measurements were carried out 

at +20°C and -20°C. No indicaLion of a temperature 
dependence of the impact strength was found. In Figure 8 
the impact data are related to the Young's modulus 
and the total LDPE content of the blends. The modulus- 
impact strength relationship follows the general pattern 
observed for many polymers. The impact strength 
increases as the modulus decreases t3. In Figure 8 the 
data for three commercial impact polystyrenes are 
plotted. Blends of PS and LDPE can only obtain similar 
impact strength at the cost of rigidity. Such blends 
have a continuous LDPE phase and PS as dispersed 
phase. Impact strength and modulus comparable to 
the three impact polystyrenes were obtained for blends 
of PS and graft copolymer that contained 47 70 bound 
PS. 

The impact behaviour of PS rich blends is in agree- 
ment with the general ideas about impact strength of 
rubber modified polystyrene 1~ and ABS 15. To ensure 
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Figure 8 Dynstat impact strength of PS/LDPE blends. 0, 
P$/LDPE blends; O, blends with 5% graft copolymer (47% PS) 
in the dispersed phase; [E], blends with 30% graft copolymer 
(47% PS) in the dispersed phase; A, blends of PS and graft 
copolymer (47% PS). &, Styron 456 (Dow); x, Polystyrol 457 
(BASF); II, Styron 453 (Dow) 
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tough behaviour, the dispersed phase must not only 
adhere to the surrounding glassy polymer but must 
also be crosslinked. With up to 50 ~ LDPE only small 
reinforcement is noted. This behaviour of incompatible 
blends was also reported by Matsuo for poly(vinyl 
chloride)/polybutadiene blends 16. The improved adhe- 
sion in blends with small amount of graft copolymer 
gives rise to an increase of impact strength. The best 
results are obtained for blends of PS and pure graft 
copolymer. The graft copolymer can be compared with 
the rubbery phase in impact PS which is also crosslinked 
and adheres to the polystyrene matrix. In general LDPE 
is not as effective as the rubbery phase in impact PS. 

This may be caused by the sharp increase of modulus 
of LDPE as the result of the high speed of impact testing. 
Under such conditions, it must be expected that crazes 
are started at a higher average load on these blends than 
in impact polystyrene. Crazes and cracks will spread 
faster through the specimen. Less polystyrene will be 
converted to craze material. This plastic deformation 
of polystyrene is believed to be a major mechanism by 
which the impact strength of polystyrene is increased. 

CONCLUSIONS 

The Young's modulus of PS/LDPE blends can be 
predicted by the equation derived by Kerner. The close 
agreement does not hold for the blends containing 
2 5 - 6 0 ~  LDPE. In this composition range the phase 
inverts. The yield strength and the tensile strength pass 
through a minimum if plotted versus composition. For  
a particular composition yield strength and tensile 
strength can be improved if small amounts of graft 
copolymer of PS and LDPE are added to the blends. 

It is found that the graft copolymer concentrates at the 
interface between the two homopolymers thus acting as 
an adhesive. It is most likely that the increase in strength 
at yield and break are caused by different mechanisms. 

The impact strength of PS rich blends is best improved 
if the dispersed phase is crosslinked and adheres to the 
surrounding PS. The graft copolymer used in the blends 
fulfils these requirements like the rubbery phase in 
impact polystyrene. It is possible to adjust the ratio 
of the amounts of PS and graft copolymer to obtain 
impact strength and modulus close to the commercial 
grades of impact polystyrene. 

REFERENCES 

1 Nielsen, L. E. J. Compos. Mater. 1967, 1, 100 
2 Anderson, L. C., Rooper, D. A. and Rieke, J. K. J. Polym. 

Sci. 1960, 43, 423 
3 Heikens, D. and Barentsen, W. M. Z. Werkstofftechn. 1970, 

1, 49 
4 Haward, R. N. and Mann, J. Proc. R. Soc. (A) 1964, 282, 120 
5 Mann, J., Bird, R. J. and Rooney, G. Makromol. Chem. 1966, 

90, 207 
6 Bergen, R. L. Appl. Polym. Syrup. 1968, 17, 41 
7 Kato, K. Kolloid-Z. Z. Polym. 1967, 220, 24 
8 Carrick, W. L. J. Polym. Sci. (A-I) 1970, 8, 215 
9 Traylor, A. Analyt. Chem. 1961, 33, 1629 

10 Kerner, E. H. Proc. Phys. Soc. (B) 1956, 69, 808 
11 Matsuo, M. Polymer 1966, 7, 421 
12 Barentsen, W. M. Thesis Eindhoven Technical University, 

1972 
13 van Krevelen, D. W. 'Properties of Polymers', Elsevier, 

Amsterdam, 1972 
14 Bucknall, C. B. J. Mater. Sci. 1969, 4, 214 
15 Bob_n, L. Angew. Makromol. Chem. 1971, 20, 129 
16 Matsuo, M., Ueda, A. and Kondo, Y. Polym. Eng. Sci. 1970, 

10, 253 

POLYMER, 1973, Vol 14, November 583 



An approximate method of predicting the 
bending of thermoplastic beams 

R. M. Ogorkiewicz 
Department of Mechanical Engineering, Imperial College of Science and Technology, 
Exhibition Road, London SW7 2BX, UK 

and A. A. M. Sayigh 
College of Engineering, University of Riyadh, Riyadh, Saudi Arabia 
(Received 31 May 1973) 

Availability of an increasing amount of data on the deformational characteristics of thermo- 
plastics makes it possible to predict more accurately the deflection under load of plastics 
articles. This is shown by the close agreement between the calculated and observed 
deflections of PVC beams under bending loads of short and long duration. 

INTRODUCTION 

The effort devoted in recent years to the study of the 
mechanical properties of thermoplastics has resulted in 
the publication of an increasing amount of data about 
their deformational characteristics 1, 2. The generation of 
these data was inspired very largely by the hope that 
they would lead not only to a a better understanding of 
the behaviour of plastics in general but also to the 
selection of thermoplastics more appropriate to particular 
applications and, ultimately, to a more rational design 
of thermoplastic articles. So far, however, relatively 
little has been published about the use of such data 
for the design of plastics components within limits of 
deflection prescribed by functional or aesthetic con- 
siderations. 

Most of the data published so far about the deforma- 
tional characteristics of thermoplastics has been based 
on their response under simple, uniaxial loading systems 
and in particular on tensile creep tests z-3. This type 
of data is generally considered to be best for charac- 
terizing deformational behaviour but it is not directly 
applicable to the design of plastics articles because in 
most cases they are subjected to more complex stress 
systems than uniaxial tension. There is a need, therefore, 
to devise or establish methods that would enable the 
basic data obtained under uniaxial loading systems to 
be used under other conditions which arise in engineering 
design with thermoplastics. In particular, this calls for 
methods of predicting the deflection of articles under 
loads of given magnitude and duration. 

METHODS OF PREDICTING DEFLECTIONS 

General approach 
Since thermoplastics behave in general as non-linear 

viscoelastic materials rigorous solutions to the deforma- 
tion of articles made of them are bound to be compficated 
and prohibitively so for general design purposes. It is 

necessary, therefore, to resort to simpler, approximate 
methods 4. 

The approximate methods which have been put 
forward so far are based on adaptations of the theory 
of linear elastic materials established for many years 
with metals. One of the earliest adaptations of this is 
the procedure put forward by Baer et al. 5 which amounts 
to the substitution of a time-dependent modulus into the 
standard linear elastic solutions for deflections, the 
modulus being considered strain independent provided 
that the procedure is applied within prescribed strain 
limitsS, 6. Similar procedures have been put forward, 
among others, by Alfrey and Gurnee 7, as applicable to 
linear viscoelastic materials or, at least, the quasi- 
linear viscoelastic range of behaviour of polymeric 
materials. 

This approach has already been applied with some 
success to beams by McCammond s who has found, 
however, that it predicted deflection less accurately 
than a method which took into account the variation 
of the modulus not only with time but also with strain. 
The second approach is obviously more realistic, particu- 
larly at other than small strains, and deserves further 
consideration, especially as it can be applied in an 
alternative and simpler form than McCammond's, 
which involves integration of areas under stress-strain 
curves. Moreover, the authors have had the opportunity 
of putting it to test in a bending apparatus more accurate 
and capable of taking more readings than those available 
to earlier workers. 

Method used 
The method which has been followed is similar to 

that already applied to the deflection of plastics sandwich 
beams 9. It is based on constant load isochronous stress- 
strain curves, which are now a common form of pre- 
senting basic data on thermoplastics z and from which 
corresponding values of stress and strain can be obtained 
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at different times from the commencement of the applica- 
tion of a constant load. Thus, selection of a particular 
strain E at a time t leads to the corresponding stress o 
and the secant creep modulus E = o/e. 

Knowing the stress it is also possible to calculate 
the corresponding load W on a particular beam from 
the standard equation10: 

M y  (1) o =  ] 

where M =bending moment, 

I =second moment of area of beam about its 
neutral axis, 

2y=thickness of the beam. 

If ~ is the skin stress at the mid-span of centrally loaded 
rectangular section beam equation (1) reduces to: 

2bd 2 
W =  31 cr (2) 

where b=wid th  of beam, 

d =thickness of beam, 

l =span of beam supports. 

The theory of bending of beams also gives solutions 
to the deflection of beams in terms of W, E and the 
geometry of the beam and loading system. For  the parti- 
cular case of the central deflection 3 of the centrally 
loaded rectangular section beam it is1°: 

3 W13 
= 4Ebd 3 (3) 

Repeating the process for a series of values of e makes 
it possible to plot a curve of W vs. 8, which can then 
be compared with the observed relationships between 
deflections and loads. 

Although in the study of the bending of simply 
loaded plastics beams attention has tended to be focused 
on their central deflections, it is also of interest to 
consider deflection at other points along the beam. 
The authors have therefore done this at two additional 
points which are at a distance x=71/ lO and 91/10, 
measured from one of the supports. The equations to 
the deflection at these points obtained from classical 
beam theory 10 are: 

at x = 90l 

37 WI 3 
3 - 5  x 108 Ebd 3 (4) 

and at x = 7 l  

99 WI 3 
3 - 5  x 108 Ebd 3 (5) 

From some points of view the bending of beams 
simply supported at both ends and acted on by two 
identical, symmetrically disposed loads is of even greater 
interest, because of the constancy of the bending moment 
acting on the section of the beam between the loads. 
The authors have therefore considered the bending of 
beams under this condition also, with each load acting 
at a distance equal to 1/4 from the adjacent support. 
In this case the deflection at mid-span is: 

11 WI 3 
3 = 64 Ebd 3 (6) 

and at the points of load application" 

WI 3 
3 - 8 Ebd 3 (7) 

where W is the sum of the two equal loads acting on the 
beam. 

C O M P A R I S O N  W I T H  E X P E R I M E N T A L  R E S U L T S  

To examine the validity of the theoretical approach, 
slender rectangular section beams of ICI Etd Darvic 110 
PVC were considered and their deflections were cal- 
culated from equations (3) to (7) for a series of values 
of load at 100 and 1000 sec from the applications of 
the loads using isochronous tensile stress-strain curves 
given for Darvic 110 in ref. 2, and additional tensile 
data obtained by the authors. 

Corresponding Darvic 110 beams were then tested 
using an interrupted step-loading procedure, similar 
to that commonly used to obtain isochronous stress- 
strain curves in tension 11, which gave 100 and 1000sec 
isochronous load-deflection curves. The beams were 
nominally 6 mm thick and 24mm wide and they were 
supported on small, fixed rollers, set 250mm apart, 
which were adopted as a result of an earlier investigation 
into the effects of different supports on the results of 
bending tests 12. The beams were loaded at their centre 
or at two symmetrically disposed points in a specially 
developed lever-loading machine and their deflections 
were recorded with capacitive transducers accurate to 
within +0 .005~  13 

A set of results for a beam in three-point bending 
100sec from the application of the load is shown in 
Figure 1. The correlation between the observed deflec- 
tions and those calculated from equations (3), (4) and 
(5), respectively, at the centre of the beam and at 0.7 
and 0.9 of the span is evidently close. Similarly, close 
agreement was obtained at 1000 sec from the application 
of the load. 
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Figure I Comparison of calculated load-deflection curves and 
the observed deflections of a PVC beam in three-point bending 
at 100sec after the application of loads at: C], mid-span; A, 0.7 
of span; ©, 0-9 of span 
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Close agreement was also obtained in four-point 
bending. This is illustrated in Figure 2, which shows 
curves obtained from equations (6) and (7) for the 
deflection of the beam at mid-span and under the 
loads 100sec after the application of  the loads and 
the corresponding observed deflections. Similarly, close 
agreement was obtained at 1000 sec. 

The agreement between the calculated and the observed 
results is brought out even more clearly by considering 
the deflected shape of the beams. This is shown in 
Figure 3 for a beam in three-point bending at 100sec 
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Figure 2 Comparison of calculated load-deflection curves and 
the observed deflection of a PVC beam in four-point bending at 
100sec after the application of the loads at: O, mid-span; U, 
quarter span 
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Figure 3 Comparison of calculated and observed deflected 
shapes of a PVC beam in three-point bending 100sec after 
the application of different loads. ©, 19.6N; A, 39.2N; I-1, 
58.8N; ×,  78.4N 
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Figure 4 Calculated and observed creep deflections at the 
centre of a PVC beam in three-point bending. O, 9.8N; x ,  
19.6N; [ ] ,  29.4N; A, 3g.2N; e ,  49.0N; V, 58.8N 

after the application of each of a series of  loads. The 
vertical scale in Figure 3 has been considerably magnified 
but, nevertheless, the deflections of  different points o f  
the beam come very close to its calculated shape. 

PREDICTION OF CREEP 

The agreement obtained at 100 and 1000see from the 
application of the load, led to an extension of the work 
to the prediction of creep deflections at times of up to 
106sec. This required the derivation of additional 
isochronous stress-strain curves from ref. 2 but otherwise 
followed the same procedure for working out series of  
values of  load and deflection as before, except that each 
series was worked out for a constant load. 

A typical set of results, for the central deflection of a 
beam in three-point bending, is shown in Figure 4. 
Evidently the agreement between the calculated and 
observed deflections is close. Similarly close agreement 
was obtained in four-point bending. 
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Preparation and characterization of some polymers 
terminated with primary amino groups 

A.  G. De Boos*  
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] 

Techniques by which polymers with known terminal 
groups can be prepared have been known for some 
years, condensation polymers being the best examples. 
By suitable choice of reactant balance some control of 
the terminal groups in such polymers can be achieved. 
These products can then be used in the preparation of 
certain classes of block copolymers such as segmented 
polyurethanes 1. 

Preparation of addition polymers with known terminal 
groups requires different methods and can only be 
accomplished with certain monomers. Such polymers 
have been prepared using free radical initiators which 
incorporate the required functional groups 2, 3 and by 
including a suitable chain transfer agent in the poly- 
merizing mixture 4, 5. Free radical initiators incorporating 
the required functional groups are often difficult and 
tedious to prepare. 

This communication describes a technique by which 
monofunctional primary amino-terminated polymers 
were prepared using a free radical polymerization 
technique. In the present work a chain transfer agent, 
2-mercaptoethylammonium chloride, was included 
in the polymerizing mixture. This reagent was chosen 
as it could be readily obtained in the pure form and 
has a high radical chain transfer constant common to 
many aliphatic mercaptans 6. The reagent was used as 
the quaternary ammonium salt to minimize any side 
reactions of the amino group. Alcohols were used as 
solvents because of their low radical transfer constants 6. 
As radical transfer was the predominant mode of chain 
termination, the formation of ~-o~ difunctional molecular 
chains, by combination of growing chains was expected 
to be low. 

In a typical preparation, the initiator azobisisobutyro- 
nitrile (AIBN)(0.1% of the weight of monomer) and 
the transfer agent (1 ~ of the weight of monomer) were 
dissolved in the appropriate solvent (200 700 of the weight 
of monomer) and the monomer was distilled into the 
reaction vessel which was then sealed under vacuum 
and held at 80°C for 24h. The resultant polymer was 
purified by repeated solution and precipitation and was 
then dried under vacuum. 

The polymers were characterized by the normal 
methods. Osmometric measurements were made with a 
Melabs recording osmometer (Model CSM-2) using 
tetrahydrofuran (THF) as solvent. Viscosity measure- 
ments were made in a Desreux-Bischoff viscometer at 

*Present address: Division of Textile Industry, CSIRO, PO 
Box 21, Belmont, Victoria, Australia, 

25°C, the kinetic energy correction of which was negli- 
gible for the solvent (chloroform) used. Gel permeation 
chromatography (g.p.c.) was performed in THF in a 
Waters Associated Model 200 gel permeation chromato- 
graph which had been calibrated with low dispersity 
linear polystyrene. End-group analysis was done by 
labelling the amino end groups with fluorodinitro- 
benzene (FDNB), followed by spectroscopic analysis 

\ 
b ('% 

/ 

N 

35 30 25 
Counts 

Figure 1 Gel permeation chromatographs of amine terminated (a) 
polystyrene (APS) and (b) poly(methyl methacrylate) (APMMA) 
prepared in the presence of two levels of mercapto-amine. 
~ ,  1%; . . . .  ,2% 
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Note to the Editor 

Table 1 Characterization of amine terminated polymers 

Initiatorc Mercapto-aminee 
Polymera Monomer Solventb (%) (~/o) ['q] Mn x 10 -4 Mw/Mn 

APS0 S THFA 0.1 0 0.62 5-8 2.4 
APSI 0.1 1 0.29 1.9 2.7 
APS2 0.2 2 1.2 3.1 
APMMA0 MMA THFA 0.1 0 1.02 8.7 3.7 
APMMA1 0-1 1 0.29 2.3 1.9 
APMMA2 0.1 2 0.23 1.9 1.4 
APMMA3 0.2 2 0.18 1.4 1.5 
APBMA0 BMA THFA 0.1 0 0.65 7.5 2-4 
APBMA1 0.1 1 0-21 2-0 1.5 
APMA0 MA THFA 0.1 0 0.17 0-67 2.1 
APMA1 0.1 1 0.13 0-66 1.9 
APEA0 EA P 0.1 0 1.5 3.8 
APEA1 0.1 1 1.0 2.1 
APBA0 BA P 0.1 0 1.6 3.2 
APBA1 0.1 1 0.81 2.0 

0.00 
0.63 
0.52 
0.00 
0.56 
0.63 
0.50 
0.00 
0.55 

a APS=amine  terminated polystyrene; APMMA=amine  terminated poly(methyl methacrylate); A P B M A =  
amine terminated poly(butyl methacrylate); APMA=amine  terminated poly(methyl acrylate); A P E A =  
amine terminated poly(ethyl acrylate); A P B A =  amine terminated poly(butyl acrylate) 
b THFA=tetrahydrofurfuryl  alcohol; P= propanol 
c Of weight of monomer 

Table 2 Characterization of APS1 fractions 

Weight fraction 
Fraction (~/o) Mn x 10 -4 ~r 

1 46-2 9-0 0"60 
2 12"4 5"0 0"51 
3 5"8 3"3 
4 9"3 2.5 
5 6"5 1.7 0"61 
6 3"1 1 "2 
7 16"7 0.68 0'84 

of a solution of the purified polymer in chloroform 
(Amax = 350 nm) and comparison with a suitable standard. 
The amino end-group frequency (o) was defined as the 
average number of functional end groups per molecule: 

o = A  .Mn 

where A is the mol of end-group/g of polymer and Mn 
is the number-average molecular weight. The results 
obtained by these techniques are shown in Tables 1 
and 2 and in Figure 1. Presence of the transfer agent in 
the polymerizing mixture lowered the molecular weight 
of the resultant polymer and, with the exception of 
polystyrene, narrowed the dispersity of the polymer. 
An increase in the concentration of the transfer agent 
enhanced this effect and simultaneously raised the 
functional end-group frequency. In the case of poly- 
styrene and poly(methyl methacrylate), an increase in 
the initiator concentration lowered the molecular weight 
but broadened the molecular weight distribution and 
lowered the functional end-group frequency. 

To determine the distribution of amino end groups in 
the polymer APS1 the material was fractionated and 
end-group analyses were performed on the fractions. 
The number-average molecular weights of the fractions 
were determined by g.p.c, as the molecular weights of 
the lower fractions were too low for reliable membrane 
osmometry. The low molecular weight fraction had an 
appreciably higher amino end-group frequency than the 
other fractions. 

Difficulties in the purification of the polyacrylates 
prevented end group analysis of these polymers. The 
molecular weights were determined by g.p.c, because 
the materials were below the reliable limit for membrane 
osmometry. While this introduced some error the effect 
of the transfer agent could be qualitatively assessed. 

The amino end-group frequency of the polymers was 
lower than expected from the reduction in molecular 
weight that resulted from the presence of the transfer 
agent. However, this may be explained by the existence 
of several competing chain-initiating and chain transfer 
reactions in the polymerizing medium, such as the 
direct initiation of chains by the radicals formed from 
AIBN or chain transfer to solvent or other molecules. 
The polymerizations were taken to high conversions 
so that it is probable that the concentrations of the various 
species and consequently the relative importance of 
competing reactions varied through the polymerization. 

It is concluded that the inclusion of the chain transfer 
agent, mercaptoethylammonium chloride in the poly- 
merizing mixture is a useful method of preparing poly- 
mers with primary amino terminal groups. Under the 
conditions used, the amino end-group frequencies 
achieved were not high, probably due to the existence 
of complicating reactions during the polymerization. 
However, higher frequencies could probably be achieved 
by suitable variation of these conditions. These polymers 
could be very useful starting materials for the prepara- 
tion of block and graft copolymers or polymers of 
known geometry (comb or star shape). 
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Letters 

Complexes of alkali metal ions with 
poly(ethylene oxide) 

We wish to report the preparation of crystalline com- 
plexes of sodium and potassium salts with poly(ethylene 
oxide). The preparation of complexes of poly(ethylene 
oxide) with mercuric chloride has previously been 
reported 1 and their structures have been determined 2, ~ 
The effect of certain alkali metal salts on the dilute 
solution viscosity of  poly(ethylene oxide) has been 
studied by Lundberg et  aI. 4. The latter workers also 
observed that the dissolution of potassium iodide in 
poly(ethylene oxide) disrupts the crystallinity of the 
polymer producing an elastomeric material at room 
temperature. Recently, Valenti et  al. 5 have studied the 
depression of the melting point of nylon-6 by lithium 
salts. 

When solvent is evaporated from a methanolic solu- 
tion of sodium iodide and poly(ethylene oxide) in the 
proportions of 1 tool of sodium iodide to 4mol of 
ethylene oxide repeating unit, a highly crystalline 
material is formed. As the material crystallizes the 
growth of spherulites may be observed in the usual 
manner through the polarizing microscope. The spherul- 
ites melt at a temperature of about 200°C (as compared 
to ~ 65 °C for the pure polymer) and the X-ray and infra- 
red spectra of the complex differ markedly from those 
of pure poly(ethylene oxide). Sodium and potassium 
thiocyanate similarly form highly crystalline complexes 
having high melting points (~170°C) from solutions 
having the same molar proportions (1 to 4) of salt to 
repeating unit. This stoichiometry was observed 1, 2 for 
the mercuric chloride complexes. However, a stoichio- 
metry of 1 mol of salt to 1 mol of repeating unit as also 
observed 3 for the latter case has not been found for the 
alkali metal ion complexes. Alkali metal salt added in 
excess of 20 mol ~o of solids is recrystallized as the pure 
salt, the characteristic peaks of the salt appearing on 
X-ray spectra of the complex. 

Potassium and sodium chlorides and bromides and 
potassium fluoride do not appear to form solid com- 
plexes although these salts take the polymer into solution 
in methanol at room temperature as observed by Lund- 
berg et  al. 4. The chlorides and bromides are recrystallized 
from solution in well defined dendritic forms and the 
potassium fluoride in a finely divided form. Rubidium 
and caesium salts and lithium iodide and bromide 
similarly interact with the polymer in solution. Only 
with lithium iodide was spherulitic crystalline material 
observed and its nature is yet to be ascertained. The 
size of the cation may be a critical factor in the formation 
of complexes with poly(ethylene oxide). 

The complexes can be drawn into highly oriented 
fibres and preliminary structural investigations show 
that the fibre repeats are reduced with respect to that 
of the pure polymer as found for the mercuric chloride 

complexes. For  example, for the KCNS complex 
c=  8.1 A as compared with the literature value 1 19.25 A 
for the pure polymer. The work of Iwamoto et  al. ~, 3 
and the extensive studies 6-8 of alkali metal ion-cyclic 
ether complexes, indicate that the ether oxygen atoms 
interact directly with the cations and not with the 
anions as suggested by Lundberg et  al. in their solution 
study 4. Similarities in the infra-red spectra of the 
poly(ethylene oxide) complexes and the cyclic ether 
complexes s suggest that the cations may be similarly 
disposed towards the oxygen atoms. 

The electrical conductivity of the potassium thio- 
cyanate complex is very sensitive to temperature and 
increases markedly as the degree of crystallinity is 
reduced. Work is continuing on the structure and 
properties of these complexes and their solutions. 

D. E. Fenton 

Department of Chemistry, 
University of Sheffield, 
Sheffield $10 2TN, UK 

and d. M. Parker and P. V. Wright 

Department of Glass Technology, 
University of Sheffield, 
Sheffield 310 2TZ, UK 

(Received 21 August 1973) 

R e f e r e n c e s  

1 Blumberg, A. A., Pollack, S. S. and Hoeve, C. A. J. J. Polym. 
Sci. (A) 1964, 2, 2499 

2 Iwamoto, R., Saito, Y., Ishihara, H. and Tadokoro, H. J. 
Polym. Sci. (A-2) 1968, 6, 1509 

3 Yokoyama, M., Ishihara, H., Iwamoto, R. and Tadokoro, H. 
Macromolecules 1969, 2, 184 

4 Lundberg, R. F., Bailey, F. E. and Callard, R. W. J. Polym. 
Sci. (A- l )  1966, 4, 1563 

5 Valenti, B., Bianchi, E., Greppi, G., Jealdi, A. and Ciferri, A. 
J. Phys. Chem. 1973, 77, 389 

6 Pederson, C. J. J. Am. Chem. Soc. 1967, 89, 7017 
7 Fenton, D. E., Mercer, M., Poonia, N. S. and Truter, M. R. 

JCS Chem. Commun. 1972, p 66 and references therein 
8 Dale, J. and Kristiansen, P. O. Acta Chem. Scand. 1972, 26, 

1471 

Pressure dependence of P and x 
dispersion for polyethylene by n.m.r. 

Polyethylene has three dispersion regions over the 
temperature range from - 150°C to the melting tempera- 
ture and they are called ~,/3 and 9' dispersion in the order 
of descending temperature. Pressure dependences of these 
dispersions have been studied by some investigators 1, 2 
Wada et  al. 1 measured the pressure dependence of the 
ultrasonic longitudinal wave velocity and found breaks 
in the curve. Kijima et  al. 2 measured the pressure 
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dependence of ~ dispersion by the measurement of 
ultrasonic wave velocity. 

In this letter, the pressure dependence of /3 and y 
dispersion in high density polyethylene by n.m.r, measure- 
ment is reported. Pressure dependence of n.m.r, line- 
width of polyethylene at room temperature was investi- 
gated by Cleron et al. 3. They reported drastic broadening 
of n.m.r, linewidth at about 6000kg/cm 2. Heydemann 
and Houck 4 obtained the pressure dependence of bulk 
modulus B~, of polyethylene at 23 °C and found a break 
at about 6000kg/cm 2 in the BT versus pressure curve. 
They discussed the pressure dependence of fl and y 
dispersion in relation with the data of Cleron. According 
to them, if the observed transition is identical with the 
y relaxation then the pressure coefficient is d T J d P =  
0.022°C/kg/cm z and if it is identified with the fl disper- 
sion, the pressure coefficient of T# is dT#/dP=O.O07°C/ 
kg/cmL 

The experimental technique employed here has been 
reported in detail already 5. The resonance radio frequency 
of n.m.r, measurement was set at ll.1919MHz, for the 
poor Q value of the coil due to Amagat electrode under 
high frequency. A fluorine oil was used as the pressure 
transmitting fluid because it did not contain protons. 
The rod sample of 2mm diameter and 13 mm in length 
was shaped from the bulk of high density polyethylene 
(Hizex 2200J). The n.m.r, linewidth versus temperature 
curve at atmospheric pressure reported by some investi- 
gators shows narrowing of one step from about - 100°C 
to 20°C 6-s. Until recently, it was difficult to determine 
whether this narrowing is caused by /3 or 7 dispersion. 
However, by the application of pressure, it can be easily 
separated into two steps. Figure 1 shows the temperature 
dependence of the narrow component of n.m.r, linewidth 
of high density polyethylene at various pressures. By the 
application of pressure of only 800kg/cm~, we can 
observe narrowing in two steps. Narrowing at higher 
temperature is caused by/3 dispersion and the lower one 
by y dispersion. If we take breaks in the curve as the 
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Figure 1 Variation with temperature of the linewidth of the 
narrow component of the proton resonance in polyethylene at 
various pressures: x ,  1 ; I ,  800; ©, 1600; R, 3000; O, 4500 kg/cm = 

-5( O 50  
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Figure 2 Pressure dependences of # (O) and y (Q) dispersion 

transition point, the pressure dependence of each transi- 
tion becomes as shown in Figure 2. From this Figure, the 
pressure coefficient of 9' dispersion is about 0.013°C/ 
kg/cm 2 in the early stage. On the other hand, /3 disper- 
sion increases more rapidly with pressure at 0.032°C/ 
kg/cm 2 in the early stage and then begins to saturate to 
about 5000kg/cmL This is slightly different from the 
data of Wada et al. who ascribed the breaks in the sound 
velocity versus pressure curve to the /3 dispersion but 
our data are self-consistent compared with the dispersion 
map of polyethylene. We believe that the data of Wada 
et al. refer to the y dispersion and not to the/3 dispersion. 

To know the effect of pressure on n.m.r, linewidth of 
polyethylene more precisely, it would be necessary to 
study the pressure dependence of n.m.r, linewidth for 
single crystal mat and low density polyethylene. 
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Letters 

Complexes of alkali metal ions with 
poly(ethylene oxide) 

We wish to report the preparation of crystalline com- 
plexes of sodium and potassium salts with poly(ethylene 
oxide). The preparation of complexes of poly(ethylene 
oxide) with mercuric chloride has previously been 
reported 1 and their structures have been determined 2, ~ 
The effect of certain alkali metal salts on the dilute 
solution viscosity of  poly(ethylene oxide) has been 
studied by Lundberg et  aI. 4. The latter workers also 
observed that the dissolution of potassium iodide in 
poly(ethylene oxide) disrupts the crystallinity of the 
polymer producing an elastomeric material at room 
temperature. Recently, Valenti et  al. 5 have studied the 
depression of the melting point of nylon-6 by lithium 
salts. 

When solvent is evaporated from a methanolic solu- 
tion of sodium iodide and poly(ethylene oxide) in the 
proportions of 1 tool of sodium iodide to 4mol of 
ethylene oxide repeating unit, a highly crystalline 
material is formed. As the material crystallizes the 
growth of spherulites may be observed in the usual 
manner through the polarizing microscope. The spherul- 
ites melt at a temperature of about 200°C (as compared 
to ~ 65 °C for the pure polymer) and the X-ray and infra- 
red spectra of the complex differ markedly from those 
of pure poly(ethylene oxide). Sodium and potassium 
thiocyanate similarly form highly crystalline complexes 
having high melting points (~170°C) from solutions 
having the same molar proportions (1 to 4) of salt to 
repeating unit. This stoichiometry was observed 1, 2 for 
the mercuric chloride complexes. However, a stoichio- 
metry of 1 mol of salt to 1 mol of repeating unit as also 
observed 3 for the latter case has not been found for the 
alkali metal ion complexes. Alkali metal salt added in 
excess of 20 mol ~o of solids is recrystallized as the pure 
salt, the characteristic peaks of the salt appearing on 
X-ray spectra of the complex. 

Potassium and sodium chlorides and bromides and 
potassium fluoride do not appear to form solid com- 
plexes although these salts take the polymer into solution 
in methanol at room temperature as observed by Lund- 
berg et  al. 4. The chlorides and bromides are recrystallized 
from solution in well defined dendritic forms and the 
potassium fluoride in a finely divided form. Rubidium 
and caesium salts and lithium iodide and bromide 
similarly interact with the polymer in solution. Only 
with lithium iodide was spherulitic crystalline material 
observed and its nature is yet to be ascertained. The 
size of the cation may be a critical factor in the formation 
of complexes with poly(ethylene oxide). 

The complexes can be drawn into highly oriented 
fibres and preliminary structural investigations show 
that the fibre repeats are reduced with respect to that 
of the pure polymer as found for the mercuric chloride 

complexes. For  example, for the KCNS complex 
c=  8.1 A as compared with the literature value 1 19.25 A 
for the pure polymer. The work of Iwamoto et  al. ~, 3 
and the extensive studies 6-8 of alkali metal ion-cyclic 
ether complexes, indicate that the ether oxygen atoms 
interact directly with the cations and not with the 
anions as suggested by Lundberg et  al. in their solution 
study 4. Similarities in the infra-red spectra of the 
poly(ethylene oxide) complexes and the cyclic ether 
complexes s suggest that the cations may be similarly 
disposed towards the oxygen atoms. 

The electrical conductivity of the potassium thio- 
cyanate complex is very sensitive to temperature and 
increases markedly as the degree of crystallinity is 
reduced. Work is continuing on the structure and 
properties of these complexes and their solutions. 
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dispersion for polyethylene by n.m.r. 

Polyethylene has three dispersion regions over the 
temperature range from - 150°C to the melting tempera- 
ture and they are called ~,/3 and 9' dispersion in the order 
of descending temperature. Pressure dependences of these 
dispersions have been studied by some investigators 1, 2 
Wada et  al. 1 measured the pressure dependence of the 
ultrasonic longitudinal wave velocity and found breaks 
in the curve. Kijima et  al. 2 measured the pressure 
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Book Reviews 

High resolution NMR of macromolecules 
F. A. Bovey 
Academic Press, New York, 1972, 466 pp. $19.50 

The author of this book is not only a leading exponent of the 
use of high resolution n.m.r, in the study of the solution spectra 
of  synthetic polymers, but also a writer of already proven ability. 
This book is in accord with his previous standards of high clarity. 
The first chapter is a brief description of the fundamentals of 
n.m.r., similar to that in his general book on n.m.r, and 'intended 
to make the book more or less self contained'. Chapter 2 is a 
discussion of isomerism in polymer chains without special reference 
to n.m.r. Chapters 3 to 12 (180 pages) cover the interpretation 
of synthetic polymer spectra in terms of structure, stereochemical 
configuration, conformation and chain growth mechanisms. The 
division of this material into Chapters is by polymer class and the 
treatment is comprehensive in that mention is made of all the 
important polymers that have been studied by n.m.r. In these 
pages lies the book's main merit, and the exploitation of the 
unique ability of n.m.r, to provide details of sequence is fully 
described. Recent results from 13C spectroscopy are included 
although all spectra were obtained by accumulation in the CW 
mode, an approach already outdated. Although a great deal has 
been achieved to date on the study of synthetic polymers by n.m.r., 
a reading of these chapters makes it clear that the use of Fourier 
transform methods with both 1H and l a c  together with data 
manipulation for resolution enhancement will yield more detailed 
spectral interpretations. Chapter 13, by way of a bridge to bio- 
polymers (which take up the remainder of the book) deals with 
amino acids and synthetic polypeptides. These are subjects having 
considerable intrinsic interest but they do not bear greatly in fact 
on biopolymer studies. Synthetic polypeptides have recently been 
the subject of much study and the ' torrential '  flow of papers 
described by the author continues unabated. One result is that 
since the writing of the book the apparent gross contradiction 
between n.m.r, and kinetic data on the rates of helix-coil con- 
formational interconversion has been resolved in favour of an 
explanation rejected in the text. Nonetheless, the majority of the 
Chapter is useful, most particularly the introduction to the study 
of cyclic oligopeptides. The study of the solution conformations 
of cyclic antibiotics and hormones such as gramicidin, may prove 
to be one of the most significant contributions of high resolution 
n.m.r, to biology. 

Chapter 14 is on globular proteins divided into (a) observations 
on the protein itself and (b) the binding of small molecules to 
proteins. In 46 pages only an introduction can be given to this 
large and rapidly expanding field, but those seeking an entr6 to 
the subject will find the chapter helpful. A great deal of significant 
work on proteins has appeared very recently and a contemporary 
view therefore requires the up to date literature. Similar con- 
siderations apply to the last chapter on nucleic acids, although the 
slower progress in this more difficult application makes the chapter 
more up to the minute. The four pages devoted to t -RNA make 
the most exciting reading in the book. In very rapidly expanding 
fields it is always difficult to review without seeming out of date, 
but when publication requires the inevitable delay to put it between 
hard covers it may not always be worth the effort. For  example, 
at least one review of protein spectra appearing before the publica- 
tion of this book consisted in considerable part of material not to 
be found in Chapter 4. 

C. Crane-Robinson 

Instrumental analysis of cotton cellulose and 
modified cotton cellulose 
Edited by Robert T. O'Connor 
Marcel Dekker, New York, 1972, 490 pp. $29.50 

This book will be of assistance to many textile scientists attempt- 
ing to keep pace with the dramatic changes which have taken 
place over the last decades in analytical methods. Since fabrics are 

now constructed from fibres or fibre blends treated with one or 
more chemical finishing agents from a range of several hundred, 
quantitative analysis and quality control increasingly requires the 
use of modern instruments and computational refinement of data. 
This volume in the Fibre Science Series sets out to show the 
advances which have been made in the field of instrumental analysis 
of cotton cellulose and modified cotton cellulose, and is welcome 
evidence for increasing sophistication in a long established sector 
of the textile industry. The majority of contributors are from the 
Southern Regional Research Laboratory, New Orleans, Louisiana; 
others are from the Personal Products Company, Milltown, New 
Jersey, and the Department of Physics, San Femando Valley 
College, Northridge, California. All have unequalled experience 
of celluloses both modified and unmodified, and the result of their 
collaboration is a complete bibliography of published work on 
cotton cellulose together with a wealth of operational and analytical 
detail. 

The instrumental techniques surveyed in this book cover a 
wide range of the electromagnetic spectrum. The chapter on 
elemental analysis includes the relatively well known methods 
utilizing spectrocbemical analysis of electron emission, atomic 
absorption and X-ray fluorescence, radiative methods including 
gamma-ray spectrometry with neutron activation, and non-radia- 
tive methods becoming known as electron spectroscopy for chemical 
analysis (ESCA), photoelectron spectroscopy (PES), and Auger 
electron spectroscopy (AES). Infra-red spectroscopy covers two 
chapters, one too many in my opinion, light microscopy and 
electron microscopy are discussed in separate chapters, as are 
X-ray diffraction and nuclear magnetic resonance spectroscopy 
(n.m.r.). The oxidation, degradation and pyrolysis of cellulose are 
described in terms of gas, paper, and thin-layer chromatography, 
mass spectroscopy, differential thermal analysis (d.t.a.) and thermo- 
gravimetric analysis (t.g.a.). The only omission from this exhaustive 
list appears to be that of electron resonance spectroscopy (e.s.r.). 

The opening chapter, describing instrumental methods of 
elemental analysis, provides the reader with an exceptionally clear 
insight into the fundamental physical principles involved. Indeed 
this first chapter sets a very high standard, which, unfortunately, 
is not maintained throughout. In particular the rather dull and 
trivial introductions to both light and electron microscopy are a 
disappointment--we have enough specialist books of dubious 
quality in these fields already. I prefer the experimental section on 
Infra-red spectroscopy: 'we do not intend to discuss the general 
m e t h o d s . . ,  since many books and review articles have covered 
this part in great detail'. Would that this directive had been issued 
to all contributors. 

Although there is a storehouse of valuable information on 
instrumental technique in most chapters, the uncritical, biblio- 
graphic approach, and the unquestioning acceptance of data, will 
not win general acclaim. With a more complete mastery of his 
technique, the modern scientist can avoid many of the pitfalls 
encountered by his predecessors working with more primitive 
apparatus. For example, an appreciation of contrast-transfer 
theory in transmission electron microscopy enables the microscopist 
to understand that information concerning a complete range of 
object frequencies cannot be obtained in any one image plane with- 
out the use of a phase plate. Since many measurements must 
have been made on defocused low-resolution images enhancing a 
narrow frequency distribution, values for the size of elementary 
fibrils in cellulose should be treated with caution. The X-ray 
diffraction chapter also contains weaknesses: no serious worker 
would contemplate using a Geiger counter in diffractometry-- 
scintillation and proportional counters have been proved to be 
more efficient especially when used with electronic discrimination. 
Again data reduction by electronic computer is hardly mentioned, 
yet a modern laboratory will make routine use of computational 
procedures. The section on light microscopy also has its limita- 
tions; despite a general discussion of modern phase, interference, 
and polarizing microscopes, no mention is made of compensator 
methods for measuring birefringence. It seems the antithesis of 
the purpose of this book to discuss only the Becke line method 
for refractive index evaluation. 

Happily there are more forward looking sections; thus we are 
given details of a 'fingerprint' method for matching infra-red 
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spectra whereby a computer can compare a given spectrum with 
100 000 spectra stored on magnetic tape. This must surely be the 
approach of the future to which the book is dedicated. Despite 
the disparities in style and outlook, the authors have provided a 
most valuable compendium for all fibre scientists working in the 
field of cotton cellulose which is probably worth the moderately 
high price of $29.50. 

D. J. Johnson 

Europlastics Year Book 1973 
IPC Industrial Press, London. 670 pp. £12.00 

This new annual guide to the plastics industry is the successor 
to British Plastics Year Book. It has been greatly expanded to 
provide information on products and services ranging from materials 
and plant equipment through to processors and manufactured 
products. The headings of all these entries, as well as the index to 
all products, are given in five languages (English, French, German, 
Italian and Spanish). 

Each major section is usefully prefaced by an editorial chapter. 
These include: the latest developments in materials technology; 
comparative property data of different plastics materials and semi- 
finished plastics products; the latest design and performance of 
machines and process control; and the newest applications of 
plastics. 

About half the book is devoted to company information on 
over 10 000 firms in 27 countries, which seems reasonable in a year 
book of this size. Overall impressions were good as far as presenta- 
tion is concerned but the value of the data given in the comparative 
section on properties of plastics materials will be diminished by the 
mixed use of SI units with non-SI units. However, this probably 
reflects a basic deficiency in the trade literature emanating from 
the manufacturers. Hopefully, this will be remedied gradually 
over the next few years. 

Certainly the book retains its reputation as the authoritative 
reference for the plastics industry in Britain and will be as equally 
considered in Europe as well. An added bonus is its reduced price 
of £8 if linked to a europlastics monthly subscription. 

C.J.R.  

Conference Announcement 

lllrd European Symposium on 
Polymer Spectroscopy 

Brunel University, London, 22-24 Apri l  1974 

This meeting is a Europhysics Conference 
organized on behalf of the Section of Macro- 
molecular Physics of the Condensed Matter 
Division of the European Physical Society, the 
Polymer Physics Group of the Institute of 
Physics and the European Polymer Spectro- 
scopy Group. Offers of contributed papers, of 
about 30 min duration, are invited on any aspect 
of the spectroscopy of polymers, including infra- 
red and Raman spectroscopy, nuclear magnetic 
resonance, inelastic neutron scattering, polar- 
ized fluorescence and electron spin resonance 
but excluding structural studies by means of 
X-ray scattering. Provisional titles of papers 
should be sent as soon as possible to Dr D. I. 
Bower, Department of Physics, University of 
Leeds, Leeds LS2 9JT, UK. Abstracts of about 
200 words (preferably in English) will be required 
by 1 February 1974. 

Conference Announcement 

Catalysis by Macromolecules 
University of Liverpool, 21 November 1973 

The Chemical Society Macromolecular Group 
(in association with the North West Region of 
the Industrial Division, Chemical Society) is 
organizing the above one-day symposium. 
Fundamental and industrial aspects will be open 
to advanced discussion, with particular reference 
to developments in catalytically active synthetic 
macromolecules derived from advancing under- 
standings of enzymic systems. The speakers 
will include: E. T. Kaiser (University of Chicago), 
A. d. Kirby (University of Cambridge), M. Lilley 
(University College, London), d. D. Littlehailes 
(ICI, Agricultural Division) and C. G. Over- 
berger (University of Michigan). Further details 
and registration forms are available from H. L. 
Bennister, Industrial Division, The Chemical 
Society, Burlington House, London W l V  0BN, 
UK. 

Otto Wichterle 60 years old 

Polymer scientists throughout the world would like to take this 
opportunity of congratulating Professor Otto Wichterle on his 
sixtieth birthday, 27 October 1973. 

He has made unique advances in macromolecular chemistry 
which have had much scientific and industrial significance. We 
all remember the international conferences he organized in 
Prague in 1957 and 1965. The reputation of the Institute of Macro- 
molecular Chemistry in Prague, which he founded, is considerable 
and world-wide. 

The International Union of Pure and Applied Chemistry and all 
scientific workers in the field of macromolecules owe a great debt 
to him for his leadership in the creation of the Macromolecular 
Division of the Union, covering all aspects of the science of 
macromolecules. This occurred at the 1967 Conference of the 
Union in Prague. Under his leadership as first president, the 
Division worked with considerable success to bring about col- 
laboration in maeromolecular science between chemists and 
physicists, pure and applied workers, university and industry, all 
over the world. 

For these and many other contributions to the world of science 
we thank Professor Wichterle and convey to him our respect and 
best wishes. 
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High resolution NMR of macromolecules 
F. A. Bovey 
Academic Press, New York, 1972, 466 pp. $19.50 

The author of this book is not only a leading exponent of the 
use of high resolution n.m.r, in the study of the solution spectra 
of  synthetic polymers, but also a writer of already proven ability. 
This book is in accord with his previous standards of high clarity. 
The first chapter is a brief description of the fundamentals of 
n.m.r., similar to that in his general book on n.m.r, and 'intended 
to make the book more or less self contained'. Chapter 2 is a 
discussion of isomerism in polymer chains without special reference 
to n.m.r. Chapters 3 to 12 (180 pages) cover the interpretation 
of synthetic polymer spectra in terms of structure, stereochemical 
configuration, conformation and chain growth mechanisms. The 
division of this material into Chapters is by polymer class and the 
treatment is comprehensive in that mention is made of all the 
important polymers that have been studied by n.m.r. In these 
pages lies the book's main merit, and the exploitation of the 
unique ability of n.m.r, to provide details of sequence is fully 
described. Recent results from 13C spectroscopy are included 
although all spectra were obtained by accumulation in the CW 
mode, an approach already outdated. Although a great deal has 
been achieved to date on the study of synthetic polymers by n.m.r., 
a reading of these chapters makes it clear that the use of Fourier 
transform methods with both 1H and l a c  together with data 
manipulation for resolution enhancement will yield more detailed 
spectral interpretations. Chapter 13, by way of a bridge to bio- 
polymers (which take up the remainder of the book) deals with 
amino acids and synthetic polypeptides. These are subjects having 
considerable intrinsic interest but they do not bear greatly in fact 
on biopolymer studies. Synthetic polypeptides have recently been 
the subject of much study and the ' torrential '  flow of papers 
described by the author continues unabated. One result is that 
since the writing of the book the apparent gross contradiction 
between n.m.r, and kinetic data on the rates of helix-coil con- 
formational interconversion has been resolved in favour of an 
explanation rejected in the text. Nonetheless, the majority of the 
Chapter is useful, most particularly the introduction to the study 
of cyclic oligopeptides. The study of the solution conformations 
of cyclic antibiotics and hormones such as gramicidin, may prove 
to be one of the most significant contributions of high resolution 
n.m.r, to biology. 

Chapter 14 is on globular proteins divided into (a) observations 
on the protein itself and (b) the binding of small molecules to 
proteins. In 46 pages only an introduction can be given to this 
large and rapidly expanding field, but those seeking an entr6 to 
the subject will find the chapter helpful. A great deal of significant 
work on proteins has appeared very recently and a contemporary 
view therefore requires the up to date literature. Similar con- 
siderations apply to the last chapter on nucleic acids, although the 
slower progress in this more difficult application makes the chapter 
more up to the minute. The four pages devoted to t -RNA make 
the most exciting reading in the book. In very rapidly expanding 
fields it is always difficult to review without seeming out of date, 
but when publication requires the inevitable delay to put it between 
hard covers it may not always be worth the effort. For  example, 
at least one review of protein spectra appearing before the publica- 
tion of this book consisted in considerable part of material not to 
be found in Chapter 4. 

C. Crane-Robinson 

Instrumental analysis of cotton cellulose and 
modified cotton cellulose 
Edited by Robert T. O'Connor 
Marcel Dekker, New York, 1972, 490 pp. $29.50 

This book will be of assistance to many textile scientists attempt- 
ing to keep pace with the dramatic changes which have taken 
place over the last decades in analytical methods. Since fabrics are 

now constructed from fibres or fibre blends treated with one or 
more chemical finishing agents from a range of several hundred, 
quantitative analysis and quality control increasingly requires the 
use of modern instruments and computational refinement of data. 
This volume in the Fibre Science Series sets out to show the 
advances which have been made in the field of instrumental analysis 
of cotton cellulose and modified cotton cellulose, and is welcome 
evidence for increasing sophistication in a long established sector 
of the textile industry. The majority of contributors are from the 
Southern Regional Research Laboratory, New Orleans, Louisiana; 
others are from the Personal Products Company, Milltown, New 
Jersey, and the Department of Physics, San Femando Valley 
College, Northridge, California. All have unequalled experience 
of celluloses both modified and unmodified, and the result of their 
collaboration is a complete bibliography of published work on 
cotton cellulose together with a wealth of operational and analytical 
detail. 

The instrumental techniques surveyed in this book cover a 
wide range of the electromagnetic spectrum. The chapter on 
elemental analysis includes the relatively well known methods 
utilizing spectrocbemical analysis of electron emission, atomic 
absorption and X-ray fluorescence, radiative methods including 
gamma-ray spectrometry with neutron activation, and non-radia- 
tive methods becoming known as electron spectroscopy for chemical 
analysis (ESCA), photoelectron spectroscopy (PES), and Auger 
electron spectroscopy (AES). Infra-red spectroscopy covers two 
chapters, one too many in my opinion, light microscopy and 
electron microscopy are discussed in separate chapters, as are 
X-ray diffraction and nuclear magnetic resonance spectroscopy 
(n.m.r.). The oxidation, degradation and pyrolysis of cellulose are 
described in terms of gas, paper, and thin-layer chromatography, 
mass spectroscopy, differential thermal analysis (d.t.a.) and thermo- 
gravimetric analysis (t.g.a.). The only omission from this exhaustive 
list appears to be that of electron resonance spectroscopy (e.s.r.). 

The opening chapter, describing instrumental methods of 
elemental analysis, provides the reader with an exceptionally clear 
insight into the fundamental physical principles involved. Indeed 
this first chapter sets a very high standard, which, unfortunately, 
is not maintained throughout. In particular the rather dull and 
trivial introductions to both light and electron microscopy are a 
disappointment--we have enough specialist books of dubious 
quality in these fields already. I prefer the experimental section on 
Infra-red spectroscopy: 'we do not intend to discuss the general 
m e t h o d s . . ,  since many books and review articles have covered 
this part in great detail'. Would that this directive had been issued 
to all contributors. 

Although there is a storehouse of valuable information on 
instrumental technique in most chapters, the uncritical, biblio- 
graphic approach, and the unquestioning acceptance of data, will 
not win general acclaim. With a more complete mastery of his 
technique, the modern scientist can avoid many of the pitfalls 
encountered by his predecessors working with more primitive 
apparatus. For example, an appreciation of contrast-transfer 
theory in transmission electron microscopy enables the microscopist 
to understand that information concerning a complete range of 
object frequencies cannot be obtained in any one image plane with- 
out the use of a phase plate. Since many measurements must 
have been made on defocused low-resolution images enhancing a 
narrow frequency distribution, values for the size of elementary 
fibrils in cellulose should be treated with caution. The X-ray 
diffraction chapter also contains weaknesses: no serious worker 
would contemplate using a Geiger counter in diffractometry-- 
scintillation and proportional counters have been proved to be 
more efficient especially when used with electronic discrimination. 
Again data reduction by electronic computer is hardly mentioned, 
yet a modern laboratory will make routine use of computational 
procedures. The section on light microscopy also has its limita- 
tions; despite a general discussion of modern phase, interference, 
and polarizing microscopes, no mention is made of compensator 
methods for measuring birefringence. It seems the antithesis of 
the purpose of this book to discuss only the Becke line method 
for refractive index evaluation. 

Happily there are more forward looking sections; thus we are 
given details of a 'fingerprint' method for matching infra-red 
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spectra whereby a computer can compare a given spectrum with 
100 000 spectra stored on magnetic tape. This must surely be the 
approach of the future to which the book is dedicated. Despite 
the disparities in style and outlook, the authors have provided a 
most valuable compendium for all fibre scientists working in the 
field of cotton cellulose which is probably worth the moderately 
high price of $29.50. 

D. J. Johnson 

Europlastics Year Book 1973 
IPC Industrial Press, London. 670 pp. £12.00 

This new annual guide to the plastics industry is the successor 
to British Plastics Year Book. It has been greatly expanded to 
provide information on products and services ranging from materials 
and plant equipment through to processors and manufactured 
products. The headings of all these entries, as well as the index to 
all products, are given in five languages (English, French, German, 
Italian and Spanish). 

Each major section is usefully prefaced by an editorial chapter. 
These include: the latest developments in materials technology; 
comparative property data of different plastics materials and semi- 
finished plastics products; the latest design and performance of 
machines and process control; and the newest applications of 
plastics. 

About half the book is devoted to company information on 
over 10 000 firms in 27 countries, which seems reasonable in a year 
book of this size. Overall impressions were good as far as presenta- 
tion is concerned but the value of the data given in the comparative 
section on properties of plastics materials will be diminished by the 
mixed use of SI units with non-SI units. However, this probably 
reflects a basic deficiency in the trade literature emanating from 
the manufacturers. Hopefully, this will be remedied gradually 
over the next few years. 

Certainly the book retains its reputation as the authoritative 
reference for the plastics industry in Britain and will be as equally 
considered in Europe as well. An added bonus is its reduced price 
of £8 if linked to a europlastics monthly subscription. 

C.J.R.  

Conference Announcement 

lllrd European Symposium on 
Polymer Spectroscopy 

Brunel University, London, 22-24 Apri l  1974 

This meeting is a Europhysics Conference 
organized on behalf of the Section of Macro- 
molecular Physics of the Condensed Matter 
Division of the European Physical Society, the 
Polymer Physics Group of the Institute of 
Physics and the European Polymer Spectro- 
scopy Group. Offers of contributed papers, of 
about 30 min duration, are invited on any aspect 
of the spectroscopy of polymers, including infra- 
red and Raman spectroscopy, nuclear magnetic 
resonance, inelastic neutron scattering, polar- 
ized fluorescence and electron spin resonance 
but excluding structural studies by means of 
X-ray scattering. Provisional titles of papers 
should be sent as soon as possible to Dr D. I. 
Bower, Department of Physics, University of 
Leeds, Leeds LS2 9JT, UK. Abstracts of about 
200 words (preferably in English) will be required 
by 1 February 1974. 

Conference Announcement 

Catalysis by Macromolecules 
University of Liverpool, 21 November 1973 

The Chemical Society Macromolecular Group 
(in association with the North West Region of 
the Industrial Division, Chemical Society) is 
organizing the above one-day symposium. 
Fundamental and industrial aspects will be open 
to advanced discussion, with particular reference 
to developments in catalytically active synthetic 
macromolecules derived from advancing under- 
standings of enzymic systems. The speakers 
will include: E. T. Kaiser (University of Chicago), 
A. d. Kirby (University of Cambridge), M. Lilley 
(University College, London), d. D. Littlehailes 
(ICI, Agricultural Division) and C. G. Over- 
berger (University of Michigan). Further details 
and registration forms are available from H. L. 
Bennister, Industrial Division, The Chemical 
Society, Burlington House, London W l V  0BN, 
UK. 

Otto Wichterle 60 years old 

Polymer scientists throughout the world would like to take this 
opportunity of congratulating Professor Otto Wichterle on his 
sixtieth birthday, 27 October 1973. 

He has made unique advances in macromolecular chemistry 
which have had much scientific and industrial significance. We 
all remember the international conferences he organized in 
Prague in 1957 and 1965. The reputation of the Institute of Macro- 
molecular Chemistry in Prague, which he founded, is considerable 
and world-wide. 

The International Union of Pure and Applied Chemistry and all 
scientific workers in the field of macromolecules owe a great debt 
to him for his leadership in the creation of the Macromolecular 
Division of the Union, covering all aspects of the science of 
macromolecules. This occurred at the 1967 Conference of the 
Union in Prague. Under his leadership as first president, the 
Division worked with considerable success to bring about col- 
laboration in maeromolecular science between chemists and 
physicists, pure and applied workers, university and industry, all 
over the world. 

For these and many other contributions to the world of science 
we thank Professor Wichterle and convey to him our respect and 
best wishes. 
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Electronic spectrum of polyisoprenyllithium 
in hydrocarbon solvents 

d. E. L. Roovers and S. Bywater 
Division of Chemistry, National Research Council of Canada, Ottawa KIA OR9, Canada 
(Received 4 June 1973; revised 10 July 1973) 

The study  of the concentrat ion, temperature and  s o l v e n t  d e p e n d e n c e  of po ly isopreny l -  
l i th ium spectra in h y d r o c a r b o n s  s h o w s  that the two m a x i m a  o b s e r v e d  c o r r e s p o n d  to two 
f o r m s  of a s s o c i a t i o n  of poly isoprenyl l i th ium. The d i s s o c i a t i o n  c o n s t a n t s  for  a tet ramer-  
dimer equi l ibr ium are  der ived.  T h e  s p e c t r a  of polybutadienyl-  and polystyryl- l i th ium were  
found not to change on di lut ion. 

INTRODUCTION 

In the course of the preparation of a series of styrene- 
isoprene block copolymers by s-butyl lithium initiated 
anionic polymerization in benzene, it was observed that 
the polyisoprenyllithium ultra-violet absorption spectrum 
was concentration dependent. The spectral changes 
could not be accounted for by fortuitous killing of living 
ends as the resulting block copolymers were homogeneous 
and had the expected molecular weight z. The high poly- 
mer concentrations employed in those experiments made 
analysis of the spectra difficult. The results of a more 
detailed study of the concentration, temperature and 
solvent dependence of the electronic spectrum of poly- 
isoprenyllithium are now presented. 

EXPERIMENTAL 

The vacuum techniques for the preparation of polyiso- 
prenyllithium have been described 1. s-Butyl lithium was 
used to ensure complete initiation. The initial 50 ml 
solution of polyisoprenyllithium was >3 × 10-aM in 
order to reduce the relative amount of fortuitous impuri- 
ties. The lower concentrations of polyisoprenyllithium 
were obtained by internal dilution. To this end, about 
half the solution was poured into a sidearm equipped 
with a calibrated flask. The solvent was then distilled 
back to the main section by cooling the latter. 

Quartz optical cells of 1 cm pathlength were equipped 
with removable quartz spacers that allowed 0.1, 0-05, 
0.033 and 0.01 cm pathlengths. A 10cm cylindrical cell 
was also available. All pathlengths were calibrated by 
means of K~CrO4 solutionsL Spectra were recorded with 
a Cary 14 spectrophotometer and were reproducible to 
1 nm. Temperatures were measured to 0-25°C with a 
copper-constantan thermocouple located in a Hg well 
above the optical cell. It was established that polyiso- 
prene has no absorption in the wavelength region of 
interest. Extinction coefficients were assumed invariant 
with temperature. 

RESULTS 

In a first series of experiments a solution of polyisoprenyl- 
lithium in n-hexane at 30.0°C was diluted successively 

and the spectra of polyisoprenyllithium were recorded at 
each stage. When the spectra are compared, after 
correction by the experimental dilution factors, it is 
found that, on dilution, the absorption maximum shifts 
from 272 to 275nm, the absorption at the maximum 
decreases, a shoulder develops with a new maximum 
between 315 and 320nm, and that an isosbestic point 
occurs at about 290nm. The observed changes in the 
spectrum are more pronounced at lower polyisoprenyl- 
lithium concentrations as can be seen from the examples 
shown in Figure 1. 

In order to describe these observations quantitatively, 
the extinction coefficient of polyisoprenyllithium in 
n-hexane at 30.0°C was redetermined, at a high concen- 
tration of polyisoprenyllithium (1.7 x 10 -z M), where the 
spectrum is only slightly dependent on the concentration. 
Three methods were used, the measurement of the 
polyisoprenyllithium spectrum before and after partial 
destruction with a known amount of tibutanol (Emax = 
7.95 x 103), lithium analysis after extraction with water 
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Figure I Ultra-violet absorption spectra of polyisopreny]lithium 
in n-hexane as a function of concentration. The broken curves 
show increasing absorption at 320nm in the order: . . . .  , 
1 .gl x 10 -8; . . . . .  ,2.30 x 10 -4; . . . . .  ,2.63 x 10 -s; . . . .  ,3"91 x 10 -6 
M. , Absorption in benzene for reference at a concentration of 
3.14x 10-4M 
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(emax = 8"4a x 10a), and the determination of  the number 
average molecular weight of the precipitated polyiso- 
prene (emax=8"20×10 a. Although objections can be 
made against each method, the agreement between them 
gives confidence that the mean Emax= 8"05 × 103 is close 
to the true value*. At the isosbestic point, E290 = 5.90 x 10 a 
and this value was used to calculate the total polyiso- 
prenyllithium concentration of all solutions. A number 
of  spectra of polyisoprenyllithium in cyclohexane 
(2x10  -3 to 3.75×10 -6M) were investigated. The 
shoulder at 320 nm is somewhat more pronounced than 
in n-hexane at identical polyisoprenyllithium concentra- 
tion. 

The spectra of polyisoprenyllithium in benzene were 
examined in the range from 1.11 x 10 -2 to 5.06 x l0 -6 M. 
The polyisoprenyllithium absorption maximum (273 nm) 
is only accessible at the highest concentration because 
the benzene absorption becomes important below 
285 nm. From the conversion of polystyryllithium to 
polyisoprenyllithium at different concentrations it was 
established that isosbestic . . . . .  ~290nm--°u'~×10a, which is, within 
experimental error, the value obtained in n-hexane. The 
spectrum of polyisoprenyllithium in benzene above 
290 nm is strongly dependent on the total polyisoprenyl- 
lithium concentration. The shoulder at 315-320nm is 
significantly higher than in the aliphatic solvents at 
comparable concentration. An example is included in 
Figure 1. 

In another series of experiments the spectra of a solu- 
tion of polyisoprenyllithium in n-octane (~6.5 × 10 -5 M) 
were recorded at different temperatures between 11-5 ° 
and 58°C. The spectra were standardized to a single 
concentration by correcting for the density change of 
n-octane. The examples in Figure 2 show that at this 
low concentration the spectrum of polyisoprenyllithium 
changes with higher temperature in a manner similar 
to the changes brought about by lowering the total 
polyisoprenyllithium concentration. The isosbestic point 
is clearly at 290nm and the new maximum appears at 
315-320nm, this being more pronounced at the higher 
temperatures. The changes of the spectrum with tempera- 
ture were completely reversible. However, keeping the 

* The results o f  the li thium analysis were not  taken into account  
because the quantitative extraction of  lithium salts f rom a polymer  
solution was difficult (units cm 1 tool-l) .  
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Figure 2 
po ly isopreny l l i th ium in n-octane. 
11.5oc; . . . .  ,30"0°C; . . . .  ,54°C 
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Temperature dependence of the absorption spectrum of 
[PILl ]  = 6 . 6 4 x  10-5M. 

polyisoprenyllithium solution at 80°C for 30rain pro- 
duced some irreversible broadening of the spectrum. 

The spectrum of polybutadienyllithium in n-hexane at 
30°C was found to be completely invariant with concen- 
tration in the range from 6 x 10 -3 to 2 × 10 -5 M. At no 
concentration was any increased absorption observed 
in the 300-400nm region. Similarly, the spectrum of 
polystyryllithium in benzene at 30°C was found to be 
independent of concentration down to 1 x 10-6M, in 
contrast with a claim by other workers a. 

DISCUSSION 

The two discrete absorption maxima in the ultra-violet 
spectrum indicate the presence of two distinct species in 
solution. Because the relative peak heights depend on 
concentration, it is likely that we are observing partial 
dissociation of  the aggregated species known to exist 
in hydrocarbon solvents. It has recently been shown 4 
by measurements of the apparent molecular weight in 
cyclohexane that this phenomenon occurs. Kinetic 
results in benzene 5 may also indicate this effect. The 
spectral evidence presented here cannot distinguish 
between a tetramer-dimer or a dimer-monomer equili- 
brium. The evidence from association numbers and 
from kinetic analysis suggests that the major species 
present are tetramers, so the former case will be assumed. 
On this basis, the longer wavelength absorption corre- 
sponds to the dimer. This shift may indicate that increased 
delocalization occurs in this form. 

The spectral shift is rather large but the structure of  
polyisoprenyllithium in the dimer may be quite different 
from that in the tetramer, which could resemble the local 
environment structure proposed for butyl lithium s. 
Also, the cis-trans ratio in the polyisoprenyllithium end 
may change on going from the tetramer to the dimer. 
Clearly, other unknown factors are also important in 
the determination of the energy levels in ground and 
excited states. 

The assumption, that the observed spectral changes 
reflect the dissociation of the polyisoprenyllithium 
aggregates, can be tested by the constancy of the dissoci- 
ation constant with total polyisoprenyllithium concentra- 
tion: 

KD 
(PILi)zn.  " 2(PILi)~ 

where the discussion is pursued with n--2. 
This dissociation constant can be calculated either 

from the decrease of the optical density at 272nm or 
from the increase of the optical density at 320nm. 
However, some assumptions have to be made concerning 
the extinction coefficient of the dimer, which cannot be 
obtained directly. A reasonable first approximation is 
to assume the extinction coefficient of the dimer at its 
maximum equal to that of the tetramer (8.05 × 103), 
and to assume the shape of the dimer absorption identical 
to that of the tetramer. The equilibrium constants 
calculated in this way show a satisfactory small scatter 
over the whole accessible concentration range, but the 
values of the dissociation constants calculated from the 
data at 320nm are consistently 5 0 ~  larger than the 
values obtained at 272 nrn. 

Increasing the extinction coefficient of the dimer at its 
maximum to 1 × 104 results in a good agreement between 
the dissociation constants calculated from the 272 and 
320 nm data. There is some justification for the higher 
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extinction coefficient as the spectrum of the dimer shows 
a markedly smaller half height width (plotted vs. wave 
number) than can be derived from the higher wavelength 
half of the tetramer spectrum. The results are collected 
in Table 1 and should be judged against the severe 
experimental difficulties and the assumptions underlying 
them. 

For  the three solvents no systematic trend of the 
dissociation constants is found over a 100-fold concen- 
tration range. In benzene, the dissociation constant 
decreases for polyisoprenyllithium concentrations below 
5 x 10 -s M. The reasons for this are not clear but the 
spectrum may become complicated by the presence of 
monomeric species in this solvent. The order of the 
dissociation constants is n-hexane ~ n-octane < cyclo- 
hexane ~ benzene, parallel to the order of the dielectric 
constants of these solvents. The propagation rate con- 
stants of the alkyllithium initiated isoprene polymeriza- 
tion are also in the order n-hexane < cyclohexane s < ben- 
zene 5, 7. The present results suggest strongly that the 
complex propagation rate constants, k-  ~" 1/4 in which ~O'~Diss~ 
k~ is the rate constant for the addition of isoprene to the 
unassociated polyisoprenyllithium species and KDiss is 
the overall equilibrium constant between tetrameric and 
monomeric polyisoprenyllithium, changes with solvent, 
in part, through the sensitivity of KDiss to solvent. 
However, lack of knowledge about the dimer-monomer 
equilibrium constants precludes further speculation. 

The greater ability of aromatic solvents to promote 
dissociation is in accordance with other data. t-Butyl 
lithium tetramers are more easily dissociated in toluene 
than in cyclopentane s. The differences observed in the 
kinetics of addition of lithium alkyls to double bonds 
between the two types of solvent can also be interpreted 
in this way. The small downward curvature in the 
logarithmic plot of propagation rate vs. concentration 
for polyisoprenyllithium in benzene has been noted 
earlier. It would be of interest to extend these data to 
concentrations lower than 3 x 10-4M, to see if kinetic 
evidence for dissociation can be substantiated. 

The dissociation constant obtained in cyclohexane at 
30°C (1 x 10 -6) can be compared with the value obtained 
at 35°C by a completely different method (6× 10-6) 4. 
Considering the assumptions made and the difficulties 
involved in both types of measurement with such a low 
dissociation constant, the comparison must be regarded 
as satisfactory. Furthermore there is a gratifying paral- 
lelism between the fact that spectral changes only occur 
on dilution with polyisoprenyllithium and the observa- 
tions 4 that the association number changes only with 
this compound and not with polybutadienyl- or poly- 
styryl-lithium. 

It is of  some interest that the effect of addition of 
small amounts of tetrahydrofuran to polyisoprenyl- 
lithium in hydrocarbon solution produces gradually 

Table I Dissociation constants for polyisoprenyllithium tetra- 
mers at 30.0°C 

Solvent 

KDxl07 KDxl07 
at272nm at320nm No. of Conc. 

(mol/I) (mol/I) spectra range (M) 

n-Hexane 4.2_+1.2 5 .4+1 .2  13 2 .3x 10 -4 -3 .9x  10 -s 
n-Octane 5.5_+0-5 4.9+_0.5 2 6 .5x 10 -~ 
Cyclohexane 10_+1 10___2 7 2 .6x 10 -4 -3 .7x  10 -s 
Benzene m 100+_20 13 6x 10-a--5 x 10 -5 

Table 2 Temperature dependence of the dissociation constant 
of polyisoprenyllithium in n-octane. [P IL i ]=6 .5x  10 -5 at 30.0°C 

KDX 107 at 272nm KDX 107 at 320nm 
Temp. (°C) (mol/I) (mol/I) 

11.5 1.3 0.9 
20.5 2.6 2.4 
30 5.5 4.9 
39.75 10.7 8.2 
40.75 11.3 11 "9 
54 18 20 
58 28 29 

Table3 Temperature dependence of the 
dissociation constant of polyisoprenyllith- 
ium in benzene.[PILi]=2.11 x 10-4at 30.5°C 

= 

KDX 10 s at 320nm 
Temp. (°C) (mol/I) 

11 "2 0'375 
20"6 0"62 
25" 1 0" 826 
30"5 1 "03 
34' 3 1" 29 
43.6 1" 82 

similar spectral changes with an isosbestic point at 
290nm. PolyisoprenyUithium (3×10-aM)  is almost 
completely converted to a species absorbing at 315nm 
when a 500-fold excess of tetrahydrofuran is present. 
This would suggest that, on addition of tetrahydrofuran, 
an initial dimer is formed. Addition of more tetrahydro- 
furan produces more complex changes and the calcula- 
tion of equilibrium constants becomes impossible. It is 
curious, however, that in pure tetrahydrofuran, the ab- 
sorption returns to a position close to that of the tetramer 
in hydrocarbon solvents. In this case, the spectrum 
corresponds to the monomeric (solvated) form in which 
charge delocalization would be expected to be even 
greater. 

The results of the temperature variations are collected 
in Tables 2 and 3. In n-octane, these correspond to an 
enthalpy of dissociation of 12.3 kcal/mol and an entropy 
of dissociation of 11.7 cal deg -1 mo1-1. The corresponding 
figures in benzene are 9.0 kcal/mol and 7 cal deg -1 mo1-1 
respectively. The decreases in enthalpy and entropy in 
benzene are consistent with preferential solvation of the 
dissociation product in this solvent. 

Finally, from a practical point of view, it should be 
noted that spectroscopic determinations of the total 
polyisoprenyllithium concentration should be made at 
290nm. The error caused by use of wavelengths closer 
to the maximum is, however, not large except at low 
concentrations. 
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High-impact cast sheets of poly(methyl methacrylate) (PMMA) were prepared by the inter- 
stitial polymerization of the monomer in a polyurethane (PU) gel which had been prepared 
in a state of dilution in the monomer. The physical and mechanical properties of the com- 
posites depended on: (i) initiator concentration; (ii) molar ratio of isocyanate to hydroxyl 
groups; (iii) the time interval between gelation and subsequent polymerization of the MMA; 
(iv) the theoretical network crosslink density of the PU; and (v) the overall ratio of PMMA to 
PU. For a typical 80:20 PMMA/PU composite, with the above parameters at optimum 
values, measurements of 12.5+1-0kd/m 2 and 0.65+0"05GN/m ~ were obtained for notched 
impact strength and shear modulus respectively compared to 1.2+0.2kd/m 2 and 1.47+0.03 
GN/m 2 in PMMA homopolymer. Optical transmission was similar for both materials, i.e. 
-- 90%. 

INTRODUCTION 

An established method of toughening plastics is the 
incorporation of rubber, either natural or synthetic, into 
the matrix. This approach has been the subject of several 
recent reviews 1-4. Morphological studies on these 
materials (which include such commercially important 
products as high-impact polystyrene (HIPS) and the 
acrylonitrile-butadiene-styrene (ABS) terpolymers), show 
that they consist of a continuous glassy matrix throughout 
which is dispersed a large number of rubbery particles 4-6. 
Factors which are important in determining the mechani- 
cal properties of such composite materials include the 
amount of rubber dispersed 7, the size distribution and 
sub-structure of the rubber particles s and the degree of 
grafting of the glassy matrix to the rubber 9. Other 
parameters such as the degree of crosslinking in the 
rubber and the molecular weight distribution of the 
continuous phase appear to be important s. 

We wish to report a method for obtaining high-impact 
cast plastics by the interstitial polymerization of vinyl 
monomers within polyurethane elastomer gels. The 
process is shown schematically below: 

* Present address: Bell Telephone Laboratories, Mountain 
Avenue, Murray Hill, NJ 07974, USA. 

Elastomer precursors + vinyl monomer 

~. urethane catalyst 
gel swollen with vinyl monomer 

~. vinyl initiator 
composite 

As the vinyl polymerization proceeds, a phase separation 
occurs between the polyvinyl and polyurethane to form a 
two-phase system. The extent of the phase separation is, 
however, controlled by the crosslinked polyurethane 
network. As will be shown later, although the final 
phase morphology is quite distinct from that of HIPS 
or ABS, the level of impact resistance obtained is very 
similar. 

There are two important prerequisites in the choice of 
polymer for the success of the general scheme: (1) the 
elastomer precursors must be soluble in the vinyl mono- 
mer; and (2) there must exist a crosslinking mechanism 
chemically independent of vinyl initiation which can 
form the elastomer network prior to polymerization of 
the vinyl phase. These criteria are met by a polyurethane 
elastomeric system where the elastomer components 
(high molecular weight polyether or polyester polyols) 
are soluble in the vinyl monomer over the whole concert- 
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tration range and can be formed into a crosslinked net- 
work at room temperature by specific catalysts. One 
other desirable feature of such a scheme is that the solu- 
bility interaction parameter between the monomer and 
the gel should be such that the maximum swelling 
capacity of the gel is not exceeded (a phenomenon 
leading to macro-syneresis), and that the density of 
crosslinking is high enough to prevent macroscopic 
phase separation during subsequent polymerization of the 
vinyl component. 

There is related work in the literature in which high- 
impact materials have been made by swelling pre-existing 
elastomers with a vinyl monomer and then polymerizing 
inside the swollen network. A feature which limits this 
approach is that the volume fraction of occluded mono- 
mer depends on the swelling characteristics of the rubber. 
Ceresa and Watson10,11 swelled crosslinked natural 
rubber and then polymerized during the mastication of 
the swollen mass. They were able to combine up to 70 
of the vinyl monomer, 'at which content the product 
behaved like a high-impact glassy plastic'. Corresponding 
work with synthetic elastomers has been carried out by 
Sperling et al. 12,1~, e.g. styrene monomer swelled into a 
preformed crosslinked network of poly(ethyl acrylate). 
However, their main aim was not to make high impact 
two-phase plastics but rather to study the characteristics 
of interpenetrating networks, their contention being 
that both phases are continuous and interpenetrating. 
Klempner et aL 14, z5 have also attempted to make inter- 
penetrating networks by mixing emulsions of two 
polymers [e.g. poly(urethane urea) and poly(butadiene- 
acrylonitrile)] containing crosslinking agents followed 
by coagulation and simultaneous but chemically inde- 
pendent crosslinking. Recent dynamic mechanical and 
electron microscopic studies show that the interpenetrat- 
ing networks of both Klempner et al. 1~, 17 and Sperling 
et al. is exhibit a two-phase morphology very similar to 
the interstitial systems described in this present series 
of papers. 

The present study deals with several aspects of the 
two-phase systems made by interstitial polymerization. 
This first paper discusses the parameters involved in the 
preparation of these composites with reference to the 
poly(methyl methacrylate) (PMMA)-polyurethane (PU) 
system zg. Subsequent papers in this series deal with the 
relaxation properties and morphology of these composites 
and the extension to other monomeric systems. It is 
further hoped to extend this work using other elastomer 
systems. 

EXPERI MENTAL 

Purification of  reagents 
Diphenylmethane 4,4'-diisocyanate (Desmodur 44) 

was purified by vacuum distillation (b.p. 150°C at 
0.1mmHg). Poly(oxypropylene glycol) of molecular 
weight 2000 (PPG-2000) and oxypropylated glycerol 
derivatives of molecular weight 3000 (OPG-3000), 1500 
(OPG-1500) and 1050 (OPG-1050) were vacuum dried 
with stirring (nitrogen bleed) at 120°C for 2-3h. The 
polyester polyols, poly(ethylene adipate) and poly- 
(propylene sebacate) both with a molecular weight of 
2000 were similarly dried. Trimethylol propane, the chain 
extending agent used in the polyester studies was vacuum 
dried with stirring at about 60°C for several hours. All 
polyols were supplied by ICI Dyestuffs Division. Dibutyl- 

tindilaurate (Alpha Inorganics Inc.) and azobisiso- 
butyronitrile (Genitron) were used as supplied. Methyl 
methacrylate (BDH laboratory reagent) was freed from 
water and inhibitor by refluxing over Call2 followed by 
fractional distillation under reduced pressure (b.p. 
51 °C at 115 mmHg). 

Preparation of  composites 
The reaction was carried out in a one shot, two step 

procedure. All the reactants were mixed together at 
room temperature and dibutyltindilaurate (DBTL) 
added to promote urethane formation. The crosslinking 
points of the elastomer network were introduced via the 
trifunctional polyols. Prior to gelation, the solution was 
degassed and poured into a mould. The moulds consisted 
of either glass or metal glazing plates separated by a 
flexible gasket of Butyl 365 rubber (Esso Chemicals). 
The plates were spring loaded to minimize the problem 
of shrinkage during polymerization. The temperature was 
then raised to initiate polymerization of the vinyl phase. 
A variation of this procedure consisted of first preparing 
a prepolymer by reacting two parts of diisocyanate 
(MDI) to one part of polyol. The second stage of this 
so-called two shot technique involved the dissolution 
of the prepolymer together with a further one part of 
polyol in the monomer followed by the procedure out- 
lined for the one shot process. 

The gel time depended on the DBTL concentration 
while both gel time and the properties of the final gel 
depended on the ratio of vinyl (MMA) to polyurethane 
(PU) components and the theoretical molecular weight 
between crosslinks (ATe) of the network. At high vinyl 
concentrations (> 85 ~o w/w) the_gelation of precursors 
designed to give a large value of Me was difficult, resulting 
in 'poor' gels in which macroscopic phase separation 
occurred during polymerizing of the MMA. This diffi- 
culty could be overcome by a slight adaptation of the 
normal procedure. In this case, a 50:50MMA/PU 
composition was first prepared and just prior to gelation 
(< 1 h) the mixture was diluted slightly with MMA 
progressively until the desired composition was reached. 
By means of this dilution technique, solutions containing 
10~oW/W PU with a theoretical Me of 4500 could be 
gelled in < 3 h. 

Example. 64g methyl methacrylate(MMA), 0.16g 
azobisisobutyronitrile (AIBN), 1-93 g MDI, 7.03 g PPG- 
2000, 7.03g OPG-3000 and 0.26g DBTL were mixed 
in a conical flask and allowed to stand at room tempera- 
ture. For the above composition, [80:20 MMA/PU, 
molar ratio NCO/OH=I . I : I ] ,  gelation took about 
4-5 h. Prior to gelation the sample was quickly degassed, 
poured into a mould and allowed to gel. After gelation, 
the casting was cured at 50°C for 15h, 90°C for 1 h and 
115-120°C for a further 2h. 

Mechanical measurements 
The number of different types of test has been kept 

to a minimum consistent with providing an indication 
of the mechanical properties of the composites. In 
general for each sample the notched impact strength 
(NIS) and shear modulus were measured. In the ease 
of the variation of overall PU to PMMA composition, 
the tensile strength of the samples was also measured. 
All tests were carried out at room temperature (22-24°C). 
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The dynamic mechanical results, also fully reported in 
Part 2 ~a show that each component retained its separate 
glass transition, further supporting the conclusions 
drawn from electron microscopy. During tensile testing 
at high extensions and at the fracture surface of impact 
test samples, the highly strained regions of the samples 
were white and opaque in appearance. This phenomenon 
was not observed in PMMA homopolymer. 

Mechanical properties 
Composites were prepared using mainly polyether 

polyols, but a few were prepared using polyester polyols. 
These had similar mechanical properties to the composites 
based on polyether polyols on which most of the studies 
of the effects of different parameters were made. Para- 
meters varied in the composites included: (i) the initiator 
concentration for the polymerization of MMA; (ii) the 
molar ratio of isocyanate to hydroxyl groups; (iii) the 

Figure I Typical stress-strain curves for (a) brittle and (b) ductile 
materials 

Notched impact strength. As a measure of the toughness 
of the composites, the Charpy notched impact test 20 
was used. The tests were performed with a Hounsfield 
Plastics Impact Tester. The samples were machined from 
the prepared sheets with dimensions approximately 
50x 5 x 3 m m  and notched by a cutter of tip radius 
0.25ram. At least six samples were tested for each 
quoted value. 

Shear modulus. The shear modulus (G') measured 
with a torsion pendulum operating at 1 Hz el, was chosen 
as a measure of the modulus of the composites. This 
test was preferred for its accuracy (~2-3 7oo) and small 
sample size (,,~ 80 × 7 × 3 mm) compared with other 
techniques of measuring moduli. 

Tensile strength. The tensile properties of the compo- 
sites were tested with a Hounsfield Tensometer (Type E) 
using a strain rate of 5 mm/min 22. The tensile strength 
(TS) measured depended upon the type of stress-strain 
behaviour observed. In Figure la a typical stress-strain 
curve for a brittle material is shown where the ultimate 
tensile strength (UTS) is recorded. This type of behaviour 
was exhibited by PMMA homopolymer or by composites 
containing 10~ by wt of PU. By comparison Figure lb 
shows the typical stress-strain behaviour of a ductile 
material. For such a material the yield tensile strength 
(YTS) rather than the UTS is recorded since the former 
parameter is a more meaningful limit of application of 
the material. Ductile behaviour was shown by samples 
containing more than about 10~ by wt of PU. In the 
results which follow tensile strength is quoted referring 
to UTS or YTS as appropriate. 

RESULTS 

Physical properties 
The cast sheets have a transparent appearance. For 

samples made under optimized conditions the measured 
turbidity at 590nm for a 3mm sheet was less than 
~0.02mm -1 over the whole composition range. This 
corresponds to a transmission of better than 87 70 in air. 
Electron microscopy studies which will be fully reported 
in the second paper of this series za show a morphology 
essentially consisting of PMMA domains in a PU matrix. 

time between gelation of the PU phase and the poly- 
merization of the MMA at various polymerization 
temperatures; (iv) the theoretical PU crosslink density 
(kSrc); and (v) the overall PMMA to PU composition. 
The effect of acid chloride was also studied. 

Effect of [AIBN]. The variation of impact strength 
and shear modulus for a set of 80:20 PMMA/PU 
composites prepared with varying amounts of vinyl 
initiator is shown in Table 1. The PU was formed from 
50~w/w triol (OPG-3000) and 50~w/w diol (PPG- 
2000) giving a theoretical Me of 4500. The impact strength 
remained substantially constant over the range investi- 
gated although the modulus decreased at high initiator 
concentrations. 

Effect of molar ratio of  isocyanate to hydroxyl groups. 
The variation of impact strength and shear modulus for 
a series of composites prepared with various molar 
ratios of isocyanate to hydroxyl groups is shown in 
Figure 2. The overall composition of the composites and 

Table 1 Effect of initiator (AIBN) concentrations on the mechani- 
cal properties of an 80:20 PMMA/PU composite 

[AIBN] (%) NIS (kd/m 2) G' (GN/m 2) 

0.06 11.9+ 0.8 0-71 +0"02 
0.1 11.3+0.6 0-69_+0.02 
0'2 11-7+0.6 0.68-+0.02 
0"6 11.6-+0.7 0.59-+0"02 
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Figure 2 Effect of molar ratio of isocyanate to hydroxyl groups on 
the mechanical properties of 80:20 PMMA/PU composites. (3, 
Shear modulus; O, notched impact strength 
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of the PU elastomer was the same as in the previous 
section. The initiator concentration was 0.2 70 based on 
total composite weight. 

Both the impact strength and the modulus curves 
showed plateaux in the [NCO]/[OH] range of 1:1 to 
1.2: 1. At the low molar ratio limit of the series, both 
the impact strength and modulus decreased more rapidly 
than at high molar ratios. 

Effect of time difference between gelation and polymeri- 
zation of MMA at various temperatures. The effect of 
varying the time (t) between the gelation of the PU 
components at room temperature and the initiation of 
vinyl polymerization at 50°C on impact strength and 
modulus is shown in Table 2. The gel point was taken 
as the time when the solution became too viscous to 
pour. A negative value of t indicates the time before 
normal gelation at room temperature when the sample 
was placed in the bath at elevated temperature. The 
overall composition of the composites and of the PU 
was the same as in the previous two sections. [AIBN] 
was 0.2~w/w and [NCO]/[OH] was 1-1:1. 

The onset of polymerization could be detected by a 
faint cloudiness of the gel and usually occurred after an 
induction period of about 4--5 h. Samples placed in the 
bath at 50°C immediately after preparation ( t = - 5 h )  
gelled within 2 h so that under all circumstances, gelation 
always took place prior to the commencement of poly- 
merization. The data showed that variation of t from 
- 5  h up to 7 days caused a slight decrease in impact 
strength. The modulus increased for intervals up to 
4 days but then remained substantially constant. 

Table 3 illustrates the effect of t upon the impact 
strength and shear modulus when polymerization was 
initiated at 70°C. In this case, the induction period was 
of the order of 20min which was approximately the 
same time a sample placed in the bath immediately after 
preparation ( t = -  5 h) took to gel. Thus it was possible 
to initiate polymerization as closely as possible to the 
real gel point. A strong dependence of shear modulus 

Table 2 Dependence of mechanical properties on the time inter- 
val between gelation and polymerization at 50°C 

t (h) NIS (kd/m ~) G' (GN/m e) 

- 5  12.5+0.6 0.63+0.02 
1-2 12.8+0.7 0.64+0.02 
22 12.1_+0.5 0-65+0.02 
96 11.8+1 "0 0"67_+0"02 

120 11.3_+0.6 0.69_+0.02 
168 11 "7+0.5 0'68+0"02 

Table 3 Dependence of mechanical properties on the 
interval between gelation and polymerization at 70°C 

t (h) MS (kd/m ~) G' (GN/m 2) 

time 

--5 11.7+0-8 0"37_+0.02 
--2 11.9+0.6 0"39+0"02 

0 11.6_0.6 0'50+0"02 
3 12.2+0.3 0'53_+0"02 
6 12.5_+0.3 0.60___0.02 

12 12-6___0.5 0.64_+0.02 
15 12.4+__0,6 0"67___0.02 
20 11.6___0.5 0.79___0-02 
24 11.9+0.7 0.68___0.02 
48 12.0+0.4 0"69___0,02 

1 week 11.3+0.6 0-70_+0-02 
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Figure 3 Effect of PU elastomer crosslinking density on the 
mechanical properties of 70:30 PMMA/PU composites. O, Shear 
modulus; O, notched impact strength 

on t was observed increasing with increasing t. A similar 
trend was observed in optical transmission at room 
temperature. In contrast, the impact strength remained 
constant to within experimental error. 

Effect of acid chloride. The addition of a small amount 
of acid chloride, e.g. benzoyl chloride, is often recom- 
mended in urethane reaction chemistry where it is 
believed to react with any basic impurities in the polyol 
and small amounts of trace water 24. The addition of 
small amounts of benzoyl chloride (< 0.1 7oW/W) had a 
drastic effect on gelation time and on the final properties 
of the composites as can be seen in Table 4. Composition 
was 80:20 MMA/PU where the PU consisted of 50:50 
OPG-3000/PPG-2000. The mechanical properties were 
unaffected up to about 0"027oW/W but the modulus 
decreased above this level of addition provided the 
stoichiometry of NCO to OH groups was maintained 
above 1 : 1. The impact strength was relatively unaffected. 
At a molar ratio of NCO/OH of 0.9: 1, only a very 
weak gel formed and the addition of a trace of benzoyl 
chloride only resulted in a solution of increased viscosity 
for times up to one week, i.e. gelation did not occur. 

Effect of theoretical crosslink density (/l~rc). The effect 
of the variation of the _$Src of the polyurethane upon 
impact strength and shear modulus is shown in Figure 3. 
The composites in this series were composed of 70:30 
PMMA/PU. [AIBN] was 0.2 70 and molar ratio NCO/OH 
was 1.1 : 1. A time interval of 15 h was allowed between 
gelation and polymerization at 50°C. 

Both modulus and impact strength were strongly 
dependent on 3~tc. When the network was highly cross- 
linked (low ASrc) the composites had a high modulus 
but were relatively brittle. Conversely for lightly cross- 
linked networks (high Mc) the composites had high 
impact strength but at the expense of modulus. At the 
higher 3~tc values there was a tendency for both impact 
strength and modulus to level off. 

Effect of overall PMMA to PU composition. The effect 
of overall composition upon the impact strength, shear 
modulus and tensile strength of the composites is shown 
in Figure 4. The various parameters discussed in the 
above five sections were set at or near their optimum 
values, viz. [AIBN]--0-2~, [NCO]/[OH]= 1.1 : 1, time 
interval t=  15h and polymerization temperature= 50°C. 
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Table 4 Effect of benzoyl chloride on gelation and subsequent mechanical properties 

0.9:1 [NCO]/[OH] 1:1 [NCO]/[OH] 

Benzoyl Approx. Approx. 
chloride gel time gel time 
(% w/w) (h) NIS (kJ/m 2) G' (GN/m ~) (h) NIS (kd/m 2) G' (GN/m ~) 

1.1:1 [NCO]/[OH] 

Approx.  
gel time 

(h) NIS (kd/m 2 ) G' (GN/m 2) 

0 > 48 7- 47 5 .03  4-5  13.92 6 .78  4-5 11 • 16 6 .98  
0 .025 oo 5.38 2.48 6-7 14.17 6.83 6-7 11.90 6.92 
0'05 oo 5-6 2'20 10-12 13.51 6.42 10-12 12-39 6-56 
0.1 ~34 13-2 4.13 
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Figure 4 Effect of weight fraction of the PU elastomer on the 
mechanical properties of the composites. O, Shear modulus; 
I-q, tensile strength; 0, notched impact strength 

2o 

IO 

The composition of the PU elastomer was chosen for 
high toughness, viz. equal proportions of PPG-2000 and 
OPG-3000 giving a theoretical h~e of 4500. 

Both the modulus and the tensile strength showed a 
fairly rapid fall from their values in PMMA homopolymer 
where G = 1.47 + 0.03 GN/m 2 and T S =  79 + 3 MN/m 2. 
Above about 10~oW/W PU, this fall was more gradual. 
The impact strength increased slowly from its value in 
PMMA homopolymer (1-2 + 0.2 kJ/m 2) but rose rapidly 
above 10~oW/W PU. At 50 ~ w/w PU the majority of the 
impact test samples did not break cleanly and tended to 
hinge. 

Other parameters. The variation of DBTL concentra- 
tion on the rate of reaction of the polyols with the 
diisocyanate did not produce any change in the mechani- 
cal properties of the composites. The procedure outlined 
earlier necessitated the formation of the PU network 
before polymerization of the MMA. Provided this was 
adhered to, the variation of DBTL concentration only 
affected the time to gel and not the mechanical properties 
of the composites. 

The mechanical properties of composites prepared by 
either the one shot, two shot or dilution techniques were 
identical within experimental error. 

The final curing procedure of heating the composites 
for l h  at 90°C and 2h  at 115-120°C was sufficient to 
ensure complete conversion of the MMA to polymer. 
Provided the sample remained in the mould during the 
high temperature phase of the cure, there was no decrease 
in either modulus or impact strength for times ranging 
up to 24 h. When subjected to a similar heat treatment 
outside the mould, i.e. exposed to the air, the impact 
strength began to decrease after 2h  and by 24h the 
sample was quite brittle. The causes of this effect are 
currently being investigated. 

DISCUSSION 

The measured turbidity and associated transmittance of 
> 87 ~ through a 3 mm sheet in air is almost as good as 
PMMA homopolymer. The turbidity depends on the 
size, nature of the dispersion and the difference in refrac- 
tive index of the two phases. It has been possible to 
obtain a reasonable correlation between the turbidity 
and morphology as revealed by electron microscopy by 
using a modification of low-angle X-ray analysis 25. The 
relation between structure and turbidity is currently being 
examined in greater detail. The low turbidity in the 
present case is due to the small size of the dispersion 
coupled with a small refractive index difference of about 
0.015. 

The results in Table 1 show that the shear modulus is 
sensitive to initiator concentration above about 0 . 2 ~  
indicating that the molecular weight of the PMMA is 
an important factor. Experiments on the bulk polymeri- 
zation of MMA at different initiator concentrations 
showed a marked fall in molecular weight above a 
concentration of 0'1 ~.  The polymerization of MMA is 
complicated by the autocatalytic or Trommsdorff effect 26 
in which the increasing viscosity of the medium and 
associated decrease in termination rate constant with 
increasing conversion results in an increase in overall 
polymerization rate and molecular weight. This effect 
would be enhanced in the present system where polymeri- 
zation is initiated in the gel phase thus leading to higher 
average molecular weights for higher initiator concentra- 
tions than in the corresponding case of pure MMA. 
On the other hand, the impact strength is not affected 
by the initiator concentration. 

The curves in Figure 2 show very clearly a preferred 
range of molar ratios of isocyanate to hydroxyl groups 
extending from 1:1 to 1:2.1. It is interesting to note 
that the preferred range is not centred about the stoichio- 
metric composition. This is obviously related to the 
problem of gelation in dilute solutions since molar ratios 
of 1-2:1 gel at times only slightly longer than 1 : i  
whereas it is only possible to produce gels of molar 
ratio 0.9:1 by the dilution technique and even then, a 
'poor '  gel is obtained. Flory z7 proposed a theory of 
gelation in non-linear polycondensation reactions assum- 
ing no intramolecular crosslinks and arrived at the 
condition for gelation as: 

l 
~ c = f _  1 (1) 

where ac is the branching coefficient and is defined as 
the probability that a given functional group on a 
branch unit is connected to another branch unit. The 
term f is the functionality of reactant groups and has a 
value of 3 in the present system. Flory derived an expres- 
sion relating ~e to the extent of reaction for a mixture 
similar to the present system, e.g. a difunctional and 
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trifunctional polyol and a diisocyanate. This is given as 

p~rcopoE (2) 
c~c-- 1 --pNcopon(1 -- p) 

where p~eo and poe are the extents of reaction of 
isocyanate and hydroxyl groups at the gel point and p 
is the ratio of hydroxyls on the branch unit to all 
hydroxyls in the system. By defining 

[NCH] _ PoE (3) 
[ O g I ]  . . . .  r p ~ c o  

and combining equations (2) with (3) we can deduce 
the limits within which gelation should take place. In 
the present case this is calculated to be 0.67<r<1.5. 
These represent the widest limits since in practice ~e is 
usually > 0.5 due to the reaction of some of the functional 
groups to form intramolecular links or rings which do 
not contribute to the network. The ring size and the 
extent to which the rings are formed are determined by 
the probability of reaction between groups on the same 
molecule. This probability increases with dilution 28 and 
hence an increase in the value of ~e would bring these 
limits closer together. Assuming that the limits remain 
reciprocally related in these circumstances the reason 
why solutions in which r=  0.9 do not gel, whereas those 
with r--1.2 (reciprocal=0.83) do gel, is not immediately 
clear. 

In their studies of the gelation of hexamethylene 
diisocyanate and a trifunctional polyol Peters and 
Stepto 29 found that gelations occurred at values of ~e 
closer to the theoretical value of 0.5 when the hydroxyl 
component was in excess. Their system was not compli- 
cated by the presence of difunctional components and the 
initial concentration of isocyanate and hydroxyl groups 
was greater by a factor of about seven or eight. In our 
system it is possible that the gelation difficulties would 
be observed also on the high-isocyanate side of stoichio- 
metry in the absence of trace amounts of water which 
probably react with the excess NCO groups resulting 
in functional groups (amines) and which then take part 
in further gelation reactions. The presence of trace water 
is suggested by the inhibition effect on gelation by acid 
chloride (Table 4) since these compounds are believed 
to act as inhibitors as a result of hydrolysis producing 
HC1, a known retarder 24. Thus it is not altogether 
surprising that solutions on the high hydroxyl side of 
stoichiometry do not gel. 

Soxhlet extractions of the composites prepared with 
low NCO/OH molar ratios and examination of the 
extracts by n.m.r, and i.r. spectroscopy, show quite 
large proportions of polyether and extended polyether 
fragments indicating that the network is incomplete. 
Hence the PU would not be expected to be fully efficient 
in promoting toughening and low impact strengths would 
result. The presence of these fragments would also be 
expected to have a plasticizing effect on the composition 
which would result in low moduli. Similarly at the higher 
[NCO]/[OH] ratios, the same phenomenon seems to be 
occurring, viz. incomplete build-up of the network but 
other secondary reactions are possible, e.g. allophanate 
formation, which lead to increased crosslinking and may 
be responsible for the slower fall off in mechanical 
properties. 

It can be seen from Table 2 that the mechanical proper- 
ties of the composites are almost independent of the 
time between gelation and vinyl polymerization provided 

the latter is carried out at 50°C. This is true even when 
the sample is placed in the bath immediately after 
preparation. This time is critical, however, when poly- 
merization is carried out at 70°C. It is known that 
gelation occurs well below complete reaction of func- 
tional groups but that these continue to react after 
gelation has occurred. This is evidenced by the improved 
viscoelastic properties of the gel with time and the 
absence of functional groups in the infra-red spectrum 
of the final composite. The accelerated rate of polymeri- 
zation due to the decrease in the rate of termination 
can usually be detected by the temperature exotherm 
depending on initiator concentration and polymerization 
temperature. This exotherm will limit these variables to 
a range above which thermal runaway would occur a0. 
Table 5 was obtained by measuring the temperature 
exotherm during polymerization at varying tempera- 
tures by embedding a thermocouple in the gel prior to 
polymerization. The initiator concentration was constant 
at 0.2~. Hence at 70°C the bulk of polymerization is 
completed within 1 h, at 60°C within 4h and probably 
much longer at 50°C where it was not possible to observe 
a temperature exotherm. Above 70°C thermal runaway 
occurred. 

It seems possible therefore that if polymerization takes 
place at 70°C immediately following gelation, the rubber 
network does not have time to form completely thereby 
resulting in inferior properties. At 50°C, however, the 
induction time appears long enough to allow reaction of 
nearly all functional groups, even if the sample is placed 
in the bath immediately after preparation. It is note- 
worthy though that it is the modulus, not the impact 
strength, which seems to depend on this parameter. 
When gelation is inhibited at 50°C using 0.1 ~ acid 
chloride, a similar effect on the modulus is seen, as 
observed in Table 4. 

Both the impact strength and modulus do depend upon 
the crosslink density of the PU network. As will be seen 
in Part 2 of this series 23 the glass transition temperature 
(Tg) of the PU is strongly dependent upon this parameter. 
Composites with a PU phase of high 2ffre have their glass 
transition temperatures near -50°C and as these elasto- 
mers show maximum improvement in impact strength, 
it suggests some correlation between these two parameters. 
The low Tg means the chains are highly mobile at room 
temperature and such lack of rigidity means that the 
PU would contribute little to the modulus of the compo- 
sites. The low 2fire polymers have their glass transition 
temperatures near 0°C and consequently these chains 
are less mobile. Composites made from these polymers 
are less tough but have a higher modulus. 

The composition of the composite, i.e. the relative 
proportions of PU and PMMA controls both modulus 
and impact strength of the composites in common with 
other rubber-toughened systemsL The question of how 
two materials of widely differing moduli combine to 

Table 5 Effect of polymerization temperature on the sample 
temperaure at constant [AIBN] 

Polymerization Max. sample Exotherm 
temp. (°C) temp. (°C) AT(°C) peak (h) 

50 50 0 - -  
60 65 5 4 
70 84.5 14.5 1 
80 127 47 < 1 
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give the composite modulus will be fully discussed in 
Part 5 of this series 31. Toughness, as measured by the 
notched impact strength, increases approximately linearly 
over the range 10-50~w/w PU. Below 10~,  brittle 
behaviour is reflected in the stress-strain measurements 
but above this value, ductile behaviour is shown. 

CONCLUSIONS 

It has been shown that the interstitial method of combin- 
ing PU elastomers with PMMA is successful in producing 
clear cast sheets whose toughness is much improved 
over that of unmodified PMMA. When the various 
preparation parameters are set at their optimum values 
then, typically, a ten-fold increase in toughness is achieved 
for a halving of modulus for a 80:20 PMMA/PU compo- 
site, 

As the relative proportions of PMMA to PU decrease, 
the modulus of the composite falls and the toughness 
increases. Other parameters which affect the properties 
of the sheets are the molar ratio of isocyanate to hydroxyl 
groups, the time difference between gelation and poly- 
merization of the MMA (at various temperatures) and 
the theoretical crosslink density of the PU. Other factors 
whose effects have been investigated but which do not 
have a profound effect upon the properties of the 
composites are the amount of vinyl initiator, the addition 
of acid chloride, the amount of urethane catalyst and 
variations in the final cure times and temperatures. No 
variation in modulus and toughness was detected in 
composites produced by one shot, two shot or dilution 
techniques. 

The following papers in this series will report the results 
of investigations into the structure and loss properties 
of the composites and the preparations will be extended 
to include other vinyl systems. 
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The morphology and loss properties of polymeric composites of poly(methyl methacrylate) 
(PMMA) and polyurethane (PU) prepared according to an interstitial method have been 
studied. To a first approximation the structure is shown to consist of PMMA domains 
embedded in a PU matrix. A second approximation shows that there is some molecular 
interaction between the polymeric species, probably at the domain boundaries. Variations in 
the domain size and molecular motions are studied as a function of composition and 
experimental variables. Attempts are made to correlate these results with the mechanical 
properties of the composites. 

INTRODUCTION 

Part 11 of this series described the preparation and 
mechanical properties of two phase polymeric composites 
made by the interstitial polymerization of methyl metha- 
crylate (MMA) in a polyurethane (PU) elastomer. This 
paper is concerned with the molecular motions within 
the composite and with the phase morphology at a 
supramolecular level. The aim is to correlate the obser- 
vations amongst themselves and relate them to the 
observed mechanical properties 1. 

The interstitial polymerization process consists of two 
main stages--the formation in situ at room temperature 
of an elastomeric PU gel swollen by the MMA followed 
by polymerization at elevated temperature of the mono- 
mer to produce a toughened plastic. By incorporating 
20 ~ PU, the impact strength could be increased to ten 
times the value for PMMA homopolymer. The prepara- 
tion conditions and how they affect the toughness and 
stiffness of the composites were fully described in Part 11. 

In this paper, the morphological structure of the 
phases is examined mainly by electron microscopy. 

*Present address: Bell Telephone Laboratories, Mountain 
Avenue, Murray Hill, NJ 07974, USA. 

Results are also given for an associated study by small 
angle X-ray scattering; a full description of this work is 
to be published separatelyL The motions of the polymer 
chains were studied by both low frequency dynamic 
mechanical and audio frequency dielectric relaxation 
techniques. 

In the course of the morphological study it became 
apparent that the phase structure depended on the 
structure of the PU gel and the concentration of the 
gelling solution. Results are therefore also given of a 
brief study of changes in the elasticity of the pure PU 
system when gelled in different solution concentrations. 
Associated work is also reported on composites made 
by swelling these various preformed PU elastomers 
with MMA and then polymerizing. These composites 
show directly how variations in rubber structure can 
affect the morphology and physical properties. 

EXPERIMENTAL 

Preparation of materials 
Composites were prepared as described in the previous 

paper by the formation, in situ, at room temperature of a 
PU gel swollen by MMA followed by polymerization 
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of the monomer. In some cases the polyether polyols 
of the PU networks were replaced by a hydroxy termi- 
nated polybutadiene 3 so that staining techniques for 
electron microscopy could be utilized. 

The bulk PU elastomers were prepared by first 
dissolving freshly distilled diphenylmethane 4,4'-di- 
isocyanate (MDI) in the required polyols. The mixture 
was then degassed and an amount of dibutyltindilaurate 
(DBTL) catalyst was added such that the mixture gelled 
within about 30min. On thickening, the material was 
cast between dried Melinex (ICI Ltd) sheets and after 
gelation was cured for about 15h at 50°C. 

The solution-gelled PU elastomers were prepared in 
moulds using the same formulation and general method 
as with the PMMA/PU composites, with the exception 
that 40ppm quinol inhibitor was substituted for the 
azobisisobutyronitrile (AIBN) initiator. After gelling 
for 24h at room temperature and curing for 15h at 
50°C, the mould was opened and the MMA monomer 
was carefully evaporated to obtain the PU elastomer. 

PMMA/PU composites from existing PU elastomers 
were made by allowing the sheets to swell with the 
required quantity of MMA monomer containing 0.2 
AIBN initiator. The swollen elastomer was then placed 
in a mould made from two glass sheets of the correct 
size and wrapped round with polyethylene sheet. After 
allowing up to 24h for the monomer to disperse uni- 
formly through the rubber, the monomer was polymerized 
for 15h at 50°C followed by 1 h at 70°C and 1 h at 90°C. 

Electron microscopy 

Samples were prepared for electron microscopy by 
cutting sections about 100nm thick with an LKB 
ultramicrotome at room temperature. Castings containing 
more than 5 0 ~ w / w  elastomer were too soft to cut. 
After mounting on grids, the sections were obliquely 
shadowed by vacuum evaporation with either chromium 
or gold/palladium alloy. It was found that the PMMA 
and PU phases had different cutting and deformation 
characteristics so that the resulting sections had surface 
topologies that were related to the bulk morphology. 
This structure is revealed in the electron microscope by 
the combined effect of the metal shadowing and the 
differences in electron absorption from variations in 
thickness. The resolution of the phase morphology 
obtained in this way depends on both the mechanical 
quality of the sections and on the size of the structural 
details relative to the thickness of the section. In some 
cases it was found that the phase structure could be 
further enhanced by subjecting the sections prior to 
shadowing to the preferential etching action of a low 
pressure gas discharge, using the method of Spit 4. 
Another useful enhancing technique is to suspend the 
specimen grid on a wire mesh in the surface of carbon 
tetrachloride for several minutes. The solvent which 
mainly swells the PU phase, appears to loosen up the 
section so that on drying prior to shadowing, the PMMA 
phase is made to stand out more prominently. Neither 
of these enhancing techniques appears to change the 
basic morphological structure seen in the electron micro- 
scope. 

In the case of the sample made with a polyurethane 
containing polybutadiene sequences, the staining tech- 
nique reported by Kato 5 was used. A block of the 
casting about 5 mm across was preshaped for sectioning 
and then immersed in 1 ~o osmium tetroxide solution for 

2-3 days. The block was then washed and sectioned; 
only the top few sections were observed in the electron 
microscope. 

Measurement of  densities 
The densities of PMMA/PU composites were deter- 

mined by finding aqueous solutions of calcium nitrate 
that will just cause flotation. The density of the solu- 
tions and hence of the composites was then found using 
both hydrometers and a density balance method. The 
method gave results to an estimated accuracy of 0.0015 
g/cm 3. 

Loss measurements 
Dynamic mechanical loss measurements. The samples 

for dynamic mechanical measurements were cut from 
the prepared sheets to the approximate dimensions of  
80 × 7 × 3 mm. The apparatus used was a torsion pendu- 
lum whose frequency could be maintained near 1 Hz 
by means of a variable-moment torsion bar. The appara- 
tus was based upon a commercial compressed air bearing 
(Sangamo 03040) and the motion of the system was 
monitored by a displacement transducer. The period of 
the oscillation was determined by electronic means to 
within 1 ms and the damping was observed with the aid 
of a chart recorder (Briiel and Kjaer 2305) equipped 
with a logarithmic amplifier. The sample was enclosed 
in an environmental chamber which was thermostatically 
controlled to +0.1°C over the temperature range from 
- 140 to + 1 5 0 ° C .  

The dynamic shear modulus G' was calculated from 
the observed period (T) of the pendulum, its moment of 
inertia (I) and the sample dimensions according to the 
formula 6 : 

64 rrZ l l 
G= ~ i ~  

where l, b and t are the length, breadth and thickness 
respectively of the sample and ~ is a shape factor. The 
mechanical loss tangent, tan 3M, was calculated from 
log decrement/or. 

Dielectric loss measurements. The samples for dielec- 
tric loss measurements were cut into the form of discs, 
50mm diameter, whose thickness varied from 1.5 to 
3 mm. The surfaces were machined so that variations in 
thickness in a single sample were less than 0.5 ~ .  

To ensure a good electrical contact, tinfoil electrodes 
were attached to the sample by a thin layer of silicon 
grease. The measurements were made in a conventional 
three-terminal dielectric cell by means of a General 
Radio transformer ratio-arm bridge (Model 1615-A) 
with its associated audio oscillator (1317A) and tuned 
amplifier/null detector (1232A). This equipment covers 
the frequency range from 60 Hz to 10 kHz. The tempera- 
ture of the cell was thermostatically controlled to 
_+0.25°C in a liquid bath over the temperature range 
- 1 9 6  to +180°C. 

Measurements of dielectric permittivity, e' and loss 
tangent, tan 3D, were made at the available frequencies 
and temperatures. 

The loss measurements are illustrated in the results 
section by plots of either G' or E' and the respective 
loss tangents versus temperature. The imaginary part of 
the complex representation of the loss (either G" = tan 3M 
× G' or E" = tan 3D X ~') was not chosen since, in many 
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instances, a peak in tan 8M was not clearly shown in 
G" because of either a large change in G' accompanying 
the process or the occurrence of another process in the 
other phase of the composite. 

Mechanical testing of  elastomers 
Simple elongation measurements were made on strips 

of about 5 0 x l 0 x 2 m m  using a Hounsfield Type E 
Tensometer extending at the rate of 0.25mm/min. 
Similar results were obtained by loading incrementally 
and reading the extension after reaching equilibrium. 

MORPHOLOGY 

General structure 
The basic morphology of the castings is best illustrated 

with compositions of 80 7o (w/w) PMMA and 20 ~ PU. 
Figure I is an electron micrograph of a shadowed section 
of one such sample in which the structure has been 
enhanced by preswelling in CC14. Most of the field is 
seen to be occupied by circular regions of varying sizes 
up to about 200nm diameter, which are closely packed 
together. The simplest interpretation is that the compo- 
site has separated into submicroscopic phases where the 
circular regions represent PMMA, with the remaining 
region between them being occupied by PU rubber. 

The picture of a simple two-phase structure is also 
consistent with the observed varition of the density 
with PMMA/PU composition. Within the accuracy of 
the measurements, it was found that the reciprocal of 
the observed density could be plotted against the weight 
fraction of PMMA to give a linear relation between a 
value of 0.947 for 070 PMMA to 0.838 for 10070 PMMA. 

The information obtained from an analysis of Figure 1 
is mainly representative of the structure on a random 
two-dimensional plane. It is important to decide whether 
this picture infers that in three dimensions the PMMA 
phases form dosed cells or whether they join to form an 
open cell structure. The first possibility would involve 
the PMMA domains being completely separated by the 
PU phase, whereas in an open cell there would be a 
direct mechanical link between neighbouring domains. 
If the three-dimensional structure were an open cell, 
one would expect the random two-dimensional section 
to show a high proportion of neighbouring cells drawing 
out to join each other, whereas for closed cells all the 
domains would remain essentially circular. A scrutiny 
of micrographs such as Figure 1 reveals that in the 
majority of cases, most of the domains, although not 
perfect circles, possess near-round smooth outlines, 
indicating a closed cell structure. Occasionally a pair of 
neighbouring ceils appear to be well joined, but these 
are in the minority. However, the technique of preparing 
these electron microscope samples does not specifically 
show the location of the separate PMMA or PU phase, 
but only indicates the general nature of the texture. The 
apparent join of two domains could therefore be due to 
the inability to resolve intervening PU. In order to 
specifically resolve the rubber phase, use was made of 
the special composites containing a PU made from 
polybutadiene diols. The unsaturated polybutadiene 
sequences allow one to stain with osmium tetroxide and 
observe the location of the PU directly. Figure 2 shows 
a stained section cut from a composite containing 
807oW/W PMMA with the precursor polyol made from 
60 70 Nisso 1000 polybutadiene and 40 7O OPG-3000. The 

Figure 1 Electron micrograph of a section from an 80:20 PMMA/ 
PU composite shadowed with Cr 

Figure 2 Electron micrograph of a section from an 80:20 PMMA/ 
PU composite made from a polybutadiene diol; PU phase stained 
with OsO4 

dark regions represent the PU and clearly show that all 
the PMMA regions are smooth and circular in outline. 
Since some of the domains are smaller than the thickness 
of the section, an overlap of cells is seen in places. There 
is no strong evidence of a continuity of the PMMA 
between cells which would require a large proportion 
of cells to distort from circular outlines in order to join 
together. 

From the point of view of the general morphology 
we therefore deduce that to a first approximation, the 
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composites consist of near spherical domains of PMMA 
closely packed and embedded in a continuous matrix of 
PU. The possibility of molecular interaction at phase 
boundaries and of molecular ties between domains is 
discussed with the results from the dynamic loss measure- 
ments later. 

Compared with other systems made from spherical 
inclusions, the volume occupied by the PMMA spheres 
in the present composites is extremely high. Volume 
packing of the order of 80 ~ of necessity requires a 
distribution of sphere sizes (cf. maximum of 74~ for 
hexagonal close packing of identical spheres). The high 
efficiency of packing is achieved in the composites 
because the PMMA is formed in situ from pre-existing 
monomer, in which the sizes and positions of spheres are 
governed by the availability of unpolymerized monomer. 
Thus, for example, in the high PMMA compositions it 
is common to see the spaces between larger spheres 
occupied by smaller ones (Figure 4). Nevertheless, on 
the whole, the size distribution is still reasonably uniform 
for most of the composition range. 

The size of the domain structure has been characterized 
by estimating the mean chord intercept length L across 
the domains when a random line is drawn through the 
composite. Since the position of the domain boundaries 
is often difficult to resolve, this has been carried out by 
drawing lines on the micrographs and measuring NL 
which is the average number of domains that are cut 
per unit length of line. L is related to NL according to 7 : 
L =  x/NL where X is the volume fraction occupied by the 
domains. In practice X was calculated from the weight 
composition and density information by assuming a 
simple two phase model with sharp interfaces. The 
thickness of the PU network between domains can 
similarly be characterized by the quantity A which is the 
mean free path between domains. A is not independent of 
L and is given by: ;~=(1--x)/NL. 

It is difficult to generalize on the accuracy of the 
measurements of L, since it varies both with the quality 
of the micrographs and the domain sizes. For micrographs 
such as Figure 1, it has been estimated that L can be 
determined to within about 15~; for smaller domains 
and poorer micrographs the accuracy is less. The actual 
value obtained for the sample shown in Figure 1 is 
L=  115 + 15 nm. The corresponding value of A was found 
to be 32.5 + 5 nm. The same sample was also examined 
by small angle X-rays. A full report of this analysis is 
published separately'-'. It was found that the diffraction 
could be interpreted in terms of the theory described by 
Debye et al. s for a random two phase model. This gave 
an estimate of L=135nm which agrees well with the 
electron microscope result. 

Variations in domain morphology 
The variables of the system that could affect the 

domain morphology can be divided into three groups: 
(i) those associated with the technique and preparation 
conditions; (ii) variations in the PMMA/PU composi- 
tion; and (iii) variations in the chemical reagents. 
Details of these variables were given in Part 11 . Except 
for variations in composition, all observations were 
made on castings containing 80 ~ PMMA. In all cases 
examined, the general morphology did not depart from 
the domain structure of PMMA embedded in a PU 
matrix. The main variation observed was in the mean 

domain size with occasional slight variations in the 
packing arrangement. 

Variations due to preparation method. The difference 
in domain size when composites were prepared by the 
'one shot or 'two shot' techniques discussed previously 1 
was found to be insignificant. The factor having the 
greatest effect was found to be the duration of the post- 
gelation period between the time of the gel point and 
the beginning of the vinyl cure. The effect is illustrated 
in Table 1 which shows the variations of L for two series 
of samples where the temperature of the vinyl cure was 
50°C and 70°C respectively. 

In both series L reduces as the post-gelation period is 
increased, although the effect is more pronounced for 
the 70°C cure. These results indicate that after the 
physical gel point an important proportion of the 
chemical linking of the PU continues to take place. 
The domain size appears to be determined by the state 
of gelation at the time when the vinyl polymerization 
occurs, further indicating the importance of the compet- 
ing kinetics between the PU gelation and monomer 
polymerization 1. The difference between the two series 
in Table I can be explained by the difference in induction 
times of the vinyl ploymerization at the two tempera- 
tures. At 50°C the induction time is longer so that the 
gelation reaction is able to proceed relatively further 
than in the corresponding sample cured at 70°C. By 
the time polymerization actually begins, the network is 
tighter and more complete at 50°C so that the resulting 
domains are smaller. The results in Table 1 also show 
that when suffÉcient post gelation is allowed (~20h), 

Table 1 Variation of L with post-gelation period 

Z (nm) 

Post-gelation period 1st series cured 2nd series cured 
(h) at 50°C at 70°C 

0 98 180 
12 77 88 
24 65 70 
48 65 65 
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Figure 3 -L as a function of weight fraction of PMMA. Electron 
microscope (0 )  results and low angle X-ray (©) results for a 
series of composites with zero post-gelation period, x ,  Electron 
microscope results for 5h post-gelation period 
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the effect of the vinyl polymerization temperature on the 
domain size becomes insignificant. 

Variations in composition. The variations o f / ,  with 
composition are shown in Figure 3. Results for two 
separate series of samples are plotted. For the first series, 
a zero post-gelation period was used. The second series, 
used a post-gelation period of 5 days. The results shown 
by solid circles were obtained from electron micrographs 
and the open circles from low angle X-ray analyses z. 
These pairs of results at identical compositions were 
determined from identical samples. The closeness of 
these two types of measurement is a measure of the 
success of the analytical methods and of the consistency 
of the morphological interpretation. Those for the second 
series were obtained from electron microscopy only. 

Both series of results show a marked decrease i n / ]  
from greater than 500nm with 90~ PMMA to a few 
nanometres for 50~ PMMA. In the region <50~o 
PMMA where samples were too soft to section, the two 
X-ray results indicate that the domain size continues to 
fall. The general shift in magnitude o f / ,  between the 
two series of samples is a further demonstration of the 
effect of the post-gelation period. Examples of electron 
micrographs of the first series from which the £ measure- 
ments were obtained are shown in Figures 1, 4 and 5. 
Figure 1 for the 80~o PMMA sample has already been 
discussed. Figure 4 shows the larger domains seen in the 
90 ~o PMMA sample. There is a marked increase in the 
breadth of the size distribution resulting from a tendency 
for a population of smaller domains to occupy the gaps 
between the larger ones. Some of the larger domains 
are also noticeably departing from the spherical shapes. 
Both these tendencies are observed whenever domains 
become very large (> 0.5/~m). Figure 5 shows the 50 ~o 
PMMA sample where the domains are now only about 
50nm size and are seen as shadowed bumps embedded 

Figure 4 Electron micrograph of a section from a 90:10 PMMA/ 
PU composite shadowed with Cr. Parallel lines are knife marks 

Figure 5 Electron micrograph of a section from a 50:50 PMMA/ 
PU composite shadowed with Pd/Au 

in the section. The interpretation becomes very difficult 
for domains of this size. 

Chemical variables. In studying the effect of the chemi- 
cal parameters, care was taken to use long enough post- 
gelation periods so that no complications were introduced 
from incomplete gelation before polymerization. The 
chemical variables can be subdivided into those which 
specifically affect the gelation and those affecting the 
vinyl polymerization. In the first category are the NCO/ 
OH stoichiometry and the theoretical molecular weight 
between crosslink points (Me). The effect of ~rc was 
examined by making the PU with OPG-3000 alone 
instead of the usual 50:50 mixture with PPG-2000 and 
OPG-3000. This gives a theoretical )~e of 2250 instead 
of 4500 which is normally used. The morphology was 
more difficult to distinguish since the PU rubber is in 
this case more rigid. However, by slightly warming the 
sample during sectioning a domain structure with L 
about 30 nm was revealed; this is about half of the normal 
value. The effect of varying [NCO]/[OH] is shown in 
Table 2. When the ratio of functional groups is close to 
the optimum valuO of about 1 : 1, L is fairly constant 
near the normal value. However, when the stoichio- 
metry is well off balance in either direction so that the 
resulting PU networks are poorer, the resulting domains 
become very large. For effects relating to the vinyl 
polymerization, the concentration of AIBN initiator 
was varied from 0.05 to 0.5 ~o. This, as with the tempera- 
ture of the vinyl cure, should change the polymerization 
kinetics and molecular weight of the PMMA. However, 
as also observed with the polymerization temperature, 
if a post-gelation time greater than ~24h is used, no 
significant change in £ is observed. 

Discussion 
The final domain size is thus independent of variations 

in the vinyl polymerization process, but very sensitive 
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Table2 Variation of Z with 
stoichiometry of PU 

[NCO]/[OH] L (nm) 

0.9:1 590 
1-0:1 78 
1.2:1 87 
1.4:1 550 
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Figure 6 Shear modulus (G') and loss tangent(tan SM) as functions 
of temperature (T) for 100% PMMA (©) and for composites: x,  
80:20; r-I, 60:40; O, 40:60 PMMA/PU 

to the quality and molecular details of the swollen PU 
network and on the state of gelation at the time of poly- 
merization. The mechanism by which the network 
structure determines the domain size is probably either 
by controlling the nucleation density of the domains, or 
by the elastic strain in the network acting as a restraint 
against growth (or by both). It is possible that the 
variation of/_. with PMMA/PU composition is similarly 
connected with difference in the state and structure of 
the gel at different compositions. However, in this case, 
the relevant variations in PU structure are probably 
related to the fact that the gelations are taking place in 
different concentrations of MMA monomer, and are 
hence related to variations at a supramolecular level 
rather than a molecular level. 

LOSS PROPERTIES 

General loss properties and their variation with composition 
The general loss properties of the composites are best 

illustrated by observing how they vary with overall 
composition and noting which elements of the loss 
properties of the homopolymers are observable in the 
spectra of the composites. Thus the order of presentation 
of this section differs from that of the previous section. 

Dynamic mechanical loss properties. The dynamic 
mechanical loss properties of the PMMA/PU composites 
system are well represented in Figure 6 where both the 
shear modulus G' and the loss tangent, tan 3M are plotted 
as functions of temperature for the pure vinyl polymer 
and for composites containing progressively increasing 
amounts of the PU phase. 

Considering first the results for PMMA, the tan 3M 
curve shows the presence of three loss regions. At low 

temperature there is a broad, shallow region extending 
from -70°C downwards in temperature. This effect is 
shown more clearly in the higher frequency dielectric 
results. The broadness of this process is reflected in the 
G' curve where no distinct 'step' is seen but rather a 
gradual decrease in modulus from the low temperature 
value of approximately 2.5 GN/m 2. 

The next process observed, in order of increasing 
temperature, is the fl-process of PMMA. This is another 
broad process which again produces a gradual decrease 
in G' with increasing temperature. The tan gM curve 
shows a broad peak near 25°C which, at high tempera- 
tures, begins to merge with the glass transition or s-pro- 
cess of PMMA. This process is characterized by a sudden 
fall in modulus and a sharp increase in tan 3rl near 
110°C. 

The effect of the addition of PU is to introduce two 
loss processes into the spectrum. This is illustrated by 
the remaining curves on Figure 6 which show the results 
obtained for samples containing 20 ~,  40 ~ and 60 ~ w/w 
of PU. The theoretical Mc of the PU in all cases was 
4500. At low temperatures, near -90°C, the tan 8~t 
curves show a peak (denoted PU-/3) which gains in 
prominence as the relative proportion of PU increases. 
The modulus curves show a decrease from the PMMA 
curve and a distinct region where the fall is more marked 
is seen for the sample containing 60 ~ w/w of PU. The 
effect of drying and wetting (in water) on a composite 
containing 30~w/w of PU is shown in Figure 11. The 
tan 3~ values for the sample dried under vacuum at 
120°C for 2h show the virtual absence of the PU-fl 
peak. Conversely, an enhanced peak is shown by the 
sample which had been immersed in water for 94 h. The 
uptake of water in this case was 1-45 ~ w/w. 

Near -50°C a large loss process is seen. This gains 
in prominence with increasing proportion of PU and 
moves to slightly higher temperatures. This is the glass 
transition or o-process in PU and marks the temperature 
at which the PU becomes rubbery in nature. Hence these 
peaks are accompanied by a distinct step in the G' 
curves. In the sample containing 60~ PU the step 
merges into the general decrease caused by the/3-process 
in PMMA. At high temperatures the tan 3M curves for 
the composite show the characteristic increase on 
approaching the glass transition of PMMA. 

Dielectric loss properties. The dielectric loss properties 
of the composites are illustrated in Figure 7, where the 
tan 3D is plotted as a function of temperature at three 
representative frequencies, namely 200Hz, 1 kHz and 
10kHz. Measurements were also taken at 60 Hz, 120 Hz, 
500Hz, 2kHz and 5kHz. The samples contained 
60 ~ w/w of PU whose 31c was 4500. The results for a 
sample containing this high proportion of PU is chosen 
to emphasize the features of the polyurethane phase. 
Figure 7 also shows the values of e' measured at 1 kHz. 

At low temperatures the PU-/3 process is seen and the 
peak moves to higher temperatures as the frequency of 
measurement increases. This amplitude also increases 
with increasing frequency and at the highest frequency, 
10kHz, the peak shows a tendency to merge into the 
side of the o-process. No significant change is observed 
in the E' values through this region. 

The PU-~ process is again well defined and is seen to 
move to higher temperatures with increasing frequency. 
The maximum tan 3D values occur at - 20  °, - 14 ° and 

B POLYMER, 1973, Vol 14, December 889 



Composites of vinyl monomers in polyurethane elastomers (2): G. Allen et al. 

6 

-150 
I I I I I 

- I 0 0  -50 0 50 I00 

T loci 

I. 

0.I 

2 
4-'' 

).01 

~001 

Figure 7 Dielectric permittivity (~') and loss tangent (tan~D) as 
functions of temperature (T) for a 40:60 PMMA/PU composite 
measured at: O, 200Hz; I-/, 1 kHz; @, 10 kHz 
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centred at -25°C. At higher temperatures a rapid 
increase in tan 8D is observed. 

The final curve in Figure 8 is a plot of the results 
(1 kHz) for the composite containing 60 ~o w/w of PU. 
A comparison of this curve with the corresponding curve 
for the PU homopolymer shows that the position of the 
PU-o~ peak in the composite is approximately 14°C 
higher in temperature than its position in the homo- 
polymer. 

Correlation and discussion of  loss properties. Both the 
dynamic mechanical and the dielectric results are 
summarized in Figure 9, where the log10 of the frequency 
of maximum loss is plotted against the increase of the 
absolute temperature. Starting at the higher temperatures 
the plots for the ~- and/3-processes in PMMA are shown. 
Both plots are linear and good agreement is obtained 
between the higher frequency dielectric results and the 
single, low frequency, dynamic mechanical results. By 
means of the conventional Arrhenius approach, apparent 
activation energies for these processes have been obtained 
and the values are listed in Table 3. 

The values of AH for these processes in PMMA are 
in agreement with those obtained for atactic PMMA by 
other workers 9-n. The high value of AH of 445 kJ/mol 
is consistent with the larger scale motion occurring at 
the glass transition temperature. The value for AH of 
76 kJ/mol for the/3-process is consistent with the rotation 
of the highly polar and bulky ester side group 12. The 
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Figure 8 Dielectric loss tangent (tanaD) measured at lkHz as a -J 
function of temperature (T) for: ©, 1007/o PU; @, 100~ PMMA; 
x ,  40:60 PMMA/PU composite. Additional points ( ~ )  for 100% 
PMMA measured at 120Hz 
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- 8 ° C  for frequencies of 200Hz, 1 kHz and 10kHz 
respectively. This peak in tan 3D is accompanied by an 
increase in E'. At higher temperatures the tan 8D values 
measured at 200 and 1 kHz show increases to high 
values. The curve for measurements at 10kHz shows 
evidence of the processes occurring in PMMA. 

These processes in PMMA are more clearly shown in 
Figure 8 where tan aD measured at 1 kHz is shown as a 
function of temperature. In the temperature range from 
-100 to -50°C a shallow process is seen. This is the 
process shown less clearly by the dynamic mechanical 
results in Figure 6. The/3-process in PMMA is shown in 
the dielectric results by a broad peak centred at 80°C 
(lkHz) which tends to merge with and dominate the 
a-process seen at about 130°C. The /3-process is more 
clearly resolved at lower frequencies as shown by the 
curve representing measurements at 120Hz. 

Tan aD, measured at 1 kHz, for a wholly PU sample is 
also plotted in Figure 8. A broad PU-/3 peak centred at 
-90°C is seen together with the sharper PU-~ peak 
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Figure 9 Logz0 of frequency of dielectric and dynamic mechanical 
maxima (Iog10/max) versus reciprocal temperature (1000/T). ©, 
PMMA ~-process; @, PMMA #-process; A, PU-cz process in 
composite; A,  PU-c~ process in 100% PU. PU-/3 process: [] ,  
composite; I I ,  100% PU 

Table 3 Activation energies of different 
relaxation processes 

Process ~H (kd/mol) 

PMMA-~ 445+21 
PMMA-fl 76+2 
PU-c~(composite) 151 + 4 
PU-~(bulk) 100+ 4 
PU-/3 37+__4 
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motion of this group relaxes the polar groups in this 
molecule at temperatures below that of the a-process 
and, in the dielectric spectrum, the o~-peak is thus very 
much less prominent than the/3-peak. The small process 
seen in PMMA at low temperature has been shown by 
other workers 13 to be due to the presence of moisture. 

Linear relations are obtained in Figure 9 for the 
s-process in the PU phase of 40:60 PMMA/PU. Fair 
agreement is obtained between the dielectric and the 
dynamic mechanical results for the composites (tan 8~t 
was not measured for bulk PU). The apparent activation 
energies are listed in Table 3. For the s-process the values 
of AH are rather low for a process which apparently 
involves large portions of the polymer molecule. This 
could be due to the movement being reduced to that of 
comparatively short lengths of polymer chain between 
the crosslink points. A significantly lower value for AH 
is obtained for the PU homopolymer. The PU-~ loss 
peak in the composition is seen to move to higher 
temperatures as the proportion of PU is increased. The 
shift in temperature compared with its position in bulk 
PU is especially noticeable in the loss curves, both 
dielectric and dynamic mechanical, for the 40:60 
PMMA/PU sample. 

The behaviour of the PU-a process, as exemplified by 
the activation energies and shifts in temperature, indi- 
cates a significant interaction between the phases in the 
form of a hindrance to the motion of the PU molecules. 
This hindrance can only arise from the more rigid PMMA 
molecules. 

In terms of the domain morphology discussed earlier, 
any interaction between phases must occur at the inter- 
phase boundaries or be the result of direct molecular 
links of PMMA running through the rubber phase 
between domains. For a given fraction of PMMA the 
extent of interaction from both these effects will probably 
depend upon domain size. If the domains are made larger, 
then the thickness of PU separating the domains will be 
proportionately larger so that interdomain linking and 
associated interaction with PU molecules becomes less 
probable. At the same time, there will be a decrease in 
the specific interfacial area between phases so that there 
will also be a decrease in total molecular interaction at 
domain boundaries. By both these arguments, a compo- 
site with larger domains will provide less hindrance to 
motions in the PU and will, for a given composition, 
exhibit a more well-defined PU-~ process. The shift to 
higher temperatures of the PU-a loss peak, as shown in 
Figure 6, with increasing amounts of PU, correlates well 
with the variation of domain size with compositional 
changes (Figure 5). The interaction between the phases 
increases as the domain size decreases and hence the 
interphase area increases. The effect is also well illustrated 
in the examples that follow and the question of interac- 
tions is further discussed in Part 414 , where further 
information is obtained by means of relaxation measure- 
ments on composites containing either polystyrene or 
polyacrylonitrile in place of PMMA. 

The final plot in Figure 9 is for the fl-process in PU. 
The results are insufficiently accurate to differentiate 
between the PU in the composite and in the bulk and 
consequently a single line has been drawn representing 
both cases. The drying and wetting experiments have 
shown that this process is enhanced by the presence of 
moisture and one can conclude that this /3-process in 
PU is the relaxation of water molecules. The molecules 

forming the PU network would be favourable to the 
hydrogen bonding of the water molecules and the 
apparent activation energy of this process of 37 kJ/mol 
is in good agreement to those obtained for similar pro- 
cesses in other polymeric systemslL 

Variations in loss properties with preparation methods and 
chemical precursors 

The effect of the variation of the post-gelation period 
between the gel point of the PU and the initiation of the 
polymerization of the vinyl (at 70°C) is shown in Figure 
10 where G' and tan ~:~ are plotted as functions of tem- 
perature for these composites. The tan 3M curves show 
that the PU-~ peak at about -50°C decreases in magni- 
tude as the post-gelation period is extended. The corre- 
sponding change in G' through the process also decreases 
as the period lengthens. These results imply that there 
is an increase in interaction between the PMMA and the 
PU as the post-gelation period is increased. This corre- 
lates well with the fall of domain size shown in Table 1 
and the associated increase in interphase surface area. 

The effect of the variation of crosslink density of the 
PU upon the loss properties of the composites is shown 
in Figure 11. Curves of both G' and tan3M are plotted 
for theoretical 3¢c values of 4500, 2250, 1250 and 950 
respectively for samples containing 30 ~ w/w of PU. 

The PU-fl process is little affected by this variable. 
However, a drastic change in the PU-/3 process is seen. 
The sharp peak characteristic of the samples with ~tc 
of 4500 becomes progressively less distinct as the crosslink 
density increases. This is reflected in the G' curves where 
the drop in modulus becomes more diffuse and occurs 
at higher temperatures as the crosslink density increases. 
The curves for the composites of ~rc values of 1250 and 
950 show a decrease in amplitude of the PMMA-fl 
process. The tan 3~ values for highly crosslinked samples, 
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Figure 10 Shear modulus (G')and loss tangent (tanaM) as func- 
tions of temperature (T) for 80:20 PMMA/PU composites pre- 
pared with post-gelation periods of: O, Oh; x,  12h; IT, 24h; 
0 ,  48h 
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tion of temperature (T) for 80:20 PMMA/PU composites. [NCO]/ 
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show a reduction in the magnitude of the PMMA-fl 
loss peak. This is probably due to some of the ester 
groups being hindered by the highly polar PU molecules 
which will still be rigid at about 20°C when 3~rc is of the 
order of 1000. In these composites the PMMA domains 
would be expected to be very small and hence the inter- 
action between the polymer species will be large. The 
variation of impact strength with crosslink density of 
the PU, as reported in the first paper of this series, 
showed a distinct toughening as kSrc increases. This 

correspondence suggests the importance of the size 
and definition of the PU-~ process in the toughening of 
the composites. 

The effect of the variation of the NCO/OH molar 
ratio upon the loss properties of the composites is shown 
in Figure 12 where G' and tan 3M are plotted as functions 
of temperature for the samples of variable composition. 

For the lowest and highest molar ratios, large well 
defined PU-~ loss peaks and corresponding changes in 
G' are seen. For the samples prepared with the ratio 
nearer the stoichiometric amount the loss peaks and 
changes in G' are not so prominent. The results reported 
earlier z showed that the mechanical properties fell away 
at the extreme NCO/OH molar ratios. There is again a 
correlation with the domain sizes (Table 2), the large 
loss peaks at extreme NCO/OH molar ratios being 
associated with the larger domains and less interphase 
interaction. This is the only instance observed where an 
increase in molecular mobility, as detected by the sharp- 
ness and magnitude of the loss process, has been accom- 
panied by a decrease in impact strength. 

This effect can probably be attributed to the incomplete 
nature of the network. There will be a proportion of 
PU molecules which are not 'tied' to the network and 
will therefore be highly mobile and give rise to large loss 
peaks. The network will be more complete at the near 
stoichiometric ratios and the PU molecules will be less 
mobile and hence the loss peaks will be smaller. It 
would be expected that an incomplete network would 
not be very efficient at imparting toughness to the 
composite. 

Variation of toughness with temperature 
Figure 13 shows the variation of the toughness of the 

composites measured by the notched impact strength z 
as a function of temperature. Results are shown for 
PMMA, for a sample containing 30%w/w of PU of 
theoretical )fire 4500, and for a sample containing 30 
w/w of PU of theoretical ASre 950. The notched impact 
strength (NIS) of PMMA remains almost constant over 
the temperature range of the experiment and the PMMA-/3 
process imparts little toughness to the polymer. 

30 
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Figure 13 Charpy notched impact strength (N/S) as a function of 
temperature (T) for 100% PMMA (O) and 70:30 PMMA/PU 
composites. PU theoretical Mc 4500 (IS]) and 950 (D) 
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For the composite of the higher 3~c the onset of  
appreciable toughening occurs at about 0°C but does 
not coincide with the tan 3M peak at - 50°C, and agrees 
more closely with dielectric measurements of the PU-n 
peak at frequencies of about 1 kHz. This reinforces the 
view that there is a relation between toughening and 
main chain motions (~ processes). 

The curve for the composite of  low 31e shows that 
when there is no distinct PU-~ process at low tempera- 
tures, the material remains relatively brittle until well 
above room temperature. These results indicate that, for 
a polymeric material to be tough at room temperature, 
the presence of a low temperature loss process involving 
main chain motion is desirable. 

EXPERIMENTS WITH ELASTOMERS 

General elastic behaviour 
The work on morphology emphasizes the importance 

of the gel structure of the PU in determining the size 
of  the final PMMA domains. Experiments were therefore 
carried out to find how PU elastomers, gelled in MMA 
monomer, varied with amount of MMA present and in 
particular to find how they differed from a bulk cured 
PU made from the same constituents. PU elastomers 
were therefore gelled in various inhibited MMA solutions 
and then dried down to obtain the 100% elastomer. 
It was hoped that these dried down elastomers would 
be representative of the gel network in which the mono- 
mer is usually polymerized to make a composite. Corres- 
ponding elastomers were also cured in the bulk. All 
the elastomers were made from equal quantities of 
OPG-3000 and PPG-2000 crosslinked with MDI so that 
[NCO]/[OH] = 1-1 : 1. 

The final rubbers were tested in simple elongation. 
Unfortunately, whereas gelled elastomers could be 
tested up to 100K strains, the bulk cured elastomers 
fractured at strains below 20 ~ .  For  a complete compari- 
son of all elastomers it was therefore decided to examine 
the initial elongation behaviour using the predictions of  
the simple statistical theory of elasticity16: 

f = < R T  p (1) 

where f is the equilibrium force per unit area of  unde- 
formed sample: ~ is the extension ratio of extended 
length over original length: p is the density of  chains 
actively contributing to the entropic force; Me is the 
molecular weight of active chains between crosslinks 
and ideally should equal ASre, which is calculated from 
the chemical formula: (r~)/(r~) is the so-called front 
factor/7 being the ratio of mean square lengths between 
chain ends in the undeformed sample and in the unper- 
turbed reference state. For  simplicity it was assumed 
that in the bulk elastomers r~=ro. For solution gelled 
elastomers it was assumed, following Price et al. is that 
<r~)/<r~>=¢2/3, where ¢ is the volume fraction of the 
PU in the gel. In the limit for small extensions, equation 
(1) then simplifies to give Young's modulus: 

3pRT 2 a 
Y=- Mc - 4 / (2) 

Table 4 summarizes the results of the experiments. 
The second column gives the mean initial moduli for 
each weight fraction of PU in the original gel. The third 

Table 4 Results of simple elongation tests on PU elastomers 

Weight fraction of Initial modulus Mc calculated from 
PU in original gel (MN/m 2) equation (2) 

0- 2 0.252 9800 
0.3 0" 373 8800 
0.35 0.568 6400 
0" 4 0" 450 8800 
0.5 0' 752 6200 
1- 0 1" 55 4900 

(bulk rubber) 

column gives the values of Me calculated from equation 
(2) taking p to be the bulk density of  the elastomers 
(i.e. assuming that all chains actively contribute to the 
elasticity). 

The modulus fails by a factor of about 6 when ~ is 
reduced from 1 to 0.2. Some of this will be due to the 
supercoiling of  the chains resulting from drying off the 
MMA. In principle it should be possible to correct for 
this effect with the front factor in equation (2). The 
calculated Me for the bulk elastomer agrees well with 
the theoretical J~c of 4500, which is calculated from 
chemical formula. However, despite the use of the front 
factor, the calculated Me still changes by a factor of  
about 2 when ¢ is decreased to 0.2. Supercoiling cannot 
therefore account for all of  the drop in modulus. A 
similar decrease in modulus with dilution was observed 
by Shen and Tobolsky 19 in their work on crosslinked 
acrylate elastomers. They attributed the effect to a 
decrease in physical entanglements at the higher dilutions. 
Whatever the true explanation it is clear from the initial 
modulus that there is an increase in the overall looseness 
of  the network structures as the amount of MMA present 
at the gelation is increased. 

In the region of larger strains (1.1 < ~ < 2) where our 
bulk PU could not be tested, the solution gelled elasto- 
mers were found to follow the Mooney-Rivlin type of 
relation: 

f =  Cl(a - a-2) + C2(1 - a -z) 

where C1 and C2 were constants for each elastomer. No 
obvious systematic trend was found in the relation 
between C1 and (72 for different elastomers. Typically 
C2/C1 lay in the range 0.3 to 1.0. The value of C1 quali- 
tatively followed the modulus observed for small strains. 
It is instructive to compare these observations for solu- 
tion gelled PU with the findings of Blockland and Prins 20 
for similar bulk cured PU. Chemically the polyurethanes 
of  Blockland and Prins were essentially identical except 
that the MDI was replaced by toluene diisocyanate. All 
their bulk elastomers could be fitted to a Mooney-  
Rivlin relation in which C2/C1 was typically in the range 
0-3 to 0-5. The behaviour of solution gelled PU is there- 
fore very similar to bulk cured PU except that their 
moduli are lower than the bulk PU. This is in marked 
contrast to recent observations of Price et a12 8 on natural 
rubbers. Whereas bulk vulcanized rubber usually gives 
C2/C1 ~ 3, Price et al. found that rubbers vulcanized in 
solution gave vanishingly small Cz terms. They associated 
the 6"2 term with physical entanglements and proposed 
that the diluent affected topology in such a way that the 
entanglements are reduced. Although similar topological 
effects could still be present, it is apparent that for the 
present solution gelled PU there are probably other 
factors contributing to the Cz term. In their paper on 
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bulk PU, Blockland and Prins associated their (72 term 
with a polar coupling of the urethane segments which 
gives rise to bundles within which the chains are not 
free to execute random walks. They give evidence for 
such structures from electron microscopy and fight 
scattering and show that the observed elastic behaviour 
can be accounted for theoretically if 5 % of the segments 
in each chain are involved in such bundle structures. It 
is presumed that similar polar couplings can be invoked 
to explain the C2 terms in the present solution gelled PU. 

In addition to structure associated with specific polar 
interactions, other network imperfections can exist. 
These can range from defects at a molecular level such as 
unreacted free chains and dosed loops, to large scale 
inhomogeneities in crosslink density. Such network 
defects are fully discussed by Dusek and Prins 21. The 
presence of a diluent and the possibility of polar group- 
ings could both encourage the formation of defects and 
inhomogeneities. It is the existence of these imperfections 
that most likely accounts for part of the increase in 
looseness of the network structure as ~ is decreased. 

In the final swollen gel, bundle-like structures and 
inhomogeneities in crosslink density will be associated 
with corresponding fluctuations in the concentration of 
MMA monomer. It is tempting to speculate that in the 
preparation of normal PMMA/PU composites, it is those 
regions in the swollen gel that have low crosslink density 
and which are richer in monomer that will form the 
nucleation sites for the subsequent PMMA domains, 
and consequently control the final domain size. 

Composites from swollen elastomers 
This section describes the composites made from pre- 

existing PU elastomers by the method of swelling the 
elastomers with MMA monomer and then polymerizing 
in the swollen network. By varying the gelling conditions 
of the elastomers one can explore the connection between 
the structure of the precursor swollen gel and the domain 
morphology of the final composite. Use was made of 
both the bulk cured and the solution gelled elastomers 
that were discussed in the previous section. 

The trends observed in the experiments are well 
illustrated by the results of the selected composites shown 
in Table 5. The first three composites were all made from 
the same dried down solution gelled elastomer. The 
fourth composite was made by swelling a bulk cured 
elastomer. The figures in parentheses in Table 5 are 
typical of those obtained from normal composites of 
corresponding composition. 

All of the first three composites showed the normal 
domain morphology. For the 80: 20 PMMA/PU compo- 
site, the domain size and mechanical properties are very 

Table 5 Results for composites made from swollen elastomers 

% of % of 
PMMAin MMAin 

final original Z NIS G' 
Sample composite gel (nm) (kd/m 2) (GN/m 2) 

1 90 80 55 2' 0 0- 97 
(> 200) (4.2) (1.02) 

2 80 80 60 9.4 0.65 
(65) (11.9) (0.63) 

3 70 80 65 Too soft 0-036 
(52) (13-3) (0.40) 

4 70 bulk - -  4.8 0-37 
rubber (13-3) (0.40) 
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Figure 14 Shear modulus (G') and loss tangent (tan 8M)as func- 
tions of temperature (T) for composites containing 70:30 PMMAJ 
PU composites. ©, Normal composite; x ,  composite prepared 
from solution gelled PU; O, composite prepared from bulk PU 
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close to those obtained from normal 80: 20 PMMA/PU. 
This shows that the experimental processes of drying 
down the original swollen gel and of re-swelling with 
fresh monomer do not, in themselves, introduce any 
important artefacts. 

The most striking feature of the morphological results 
is that for the same original rubber, the domain size 
becomes almost independent of the final PMMA content. 
This contrasts with the marked increase of /, with 
PMMA content in normal composites. In other similar 
experiments it has also been found that the value o f / ,  
obtained depends on the gelation conditions of the 
original elastomer and is usually very close to the value 
obtained from a normal composite made directly from 
the same gelation conditions. Thus if less MMA mono- 
mer is present during the gelation of the original elastomer 
so that a tighter network is formed, the domain sizes 
obtained after re-swelling the elastomer are smaller. 
These observations confirm the notion that the domain 
size in a composite depends on a structure in the swollen 
gel which is in turn determined by the conditions of 
gelation. 

With composites made by swelling bulk cured elasto- 
mers, the morphology could not be determined with any 
certainty. However, there are strong indications from 
tan 3• studies of swollen bulk elastomer composites that 
separate phases still exist. It is assumed therefore that 
the lack of structural detail in the electron microscope 
results from the inability of the PU to deform during 
sectioning due to hindrance of molecules from interacting 
PMMA chains. 

Direct evidence of the molecular interactions in swollen 
elastomer composites is shown in the dynamic mechanical 
results in Figure 14. The results are for the third and 
fourth composites shown in Table 5. Curves for a typical 
normal composite containing 70% PMMA are also 
shown. The tan 3M plot for the normal composite shows 
the usual PU-fl process at -90°C, the PU-c~ process 
near -50°C and the broad PMMA-fl process centred 
around 20°C. The G' plot is similar to that in Figure 6, 
the most distinct feature being the sharp drop in G' 
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associated with the PU-a process. In the composite 
made from the swollen bulk elastomer, the important 
PU-a process is almost totally absent, whereas in the 
composite made from the 80~ MMA solution gelled 
elastomer, the tan 8M peak is much more pronounced 
than in the normal composite. This indicates that in 
comparison with the normal 70~o PMMA composite, 
the interactions between PMMA and PU chains are 
more pronounced in the composite based on the bulk 
cured elastomer and less so in the composite from the 
80 ~ MMA solution gel. In view of the lack of electron 
microscope evidence, the absence of a tan 3M peak in the 
bulk elastomer composite could be taken as evidence of 
a completely interpenetrating molecular network. How- 
ever, when a 60 ~ PMMA composite was made from the 
same bulk elastomer, a definite tan 3~r peak was observed 
indicating the presence of a distinct PU phase. It is 
presumed therefore that the large interaction in the 70 
PMMA bulk elastomer composite should be associated 
with a very small domain structure with a correspond- 
ingly large specific interphase surface area. This inter- 
pretation would then be consistent with the general 
observed trend that when the pre-existing elastomer 
network is tighter, the resulting domains in the composite 
are smaller and the degree of molecular interaction 
between PMMA and PU is larger. 

The variations in the PU motions are also reflected 
in the values of impact strength shown in Table 5. 
Although slightly lower, the NIS of sample 2 is similar 
to that of a typical normal 80:20 PMMA/PU composite. 
However, a normal 80:20 PMMA/PU composite has a 
far lower NIS than sample 3, which is made from the 
looser 80 ~ MMA solution elastomer, but a higher NIS 
than sample 4, which is made from the tighter bulk 
elastomer. In these cases an increase in impact strength 
is seen to be accompanied in Figure 14 by a sharpening 
of the PU-~ process in the tan3M plot. In a similar way, 
a normally prepared 90:10 PMMA/PU composite is seen 
to have a higher NIS than sample 1 which is made from 
the relatively tighter 80 ~ MMA solution elastomer. This 
agrees with the principle that a better impact strength is 
usually associated with a more well-defined PU-a process. 

Except for sample 3, the room temperature shear 
moduli in Table 5 do not differ significantly from the 
typical values of normal composites. It can be seen from 
Figure 14 that the extremely low value of 37 MN/m z for 
sample 3 is related to the large drop in G' and the corre- 
spondingly sharp peak of tan 8M associated with the 
PU-a process. This observation suggests that high values 
of modulus are usually attained in normal composites 
as a result of a certain amount of hindrance to the PU 
chains which will restrict the drop in G' in the region of 
the PU-~ process. It also suggests an important principle 
that if samples are to be produced by the interstitial 
polymerization method, then a high modulus can only 
be attained if the structure of the gel is tight enough to 
limit the size of the domains so as to produce the required 
molecular interactions and hindrances. 

CONCLUSIONS 

Electron microscopy shows that to a first approximation 
the morphology of the interstitial composites consists 
of spherical domains of PMMA closely packed and 
embedded in a continuous matrix of PU. The existence 
of the two distinct phases is confirmed by the observation 

in the loss measurements of the two independent Tg 
processes of PMMA and PU respectively. However, the 
activation energy and shift in position of the PU-~ 
process from that normally seen in bulk PU indicates an 
interaction between the PMMA and PU chains. This 
interaction probably occurs at the phase boundaries and 
suggests a region of transition between phases at the 
domain boundaries. 

For a given PMMA/PU composition, the mean domain 
size is found to be independent of factors connected with 
the vinyl polymerization but very sensitive to the physical 
condition and molecular details of the PU gel at the 
time when the vinyl polymerization occurs. If the gel is 
'loose', whether this is due to a molecular detail such as 
the choice of _(re of the PU, of whether it is due to 
incompletion of the gelation reaction, then the final 
domain size is larger than the domain size from a 'tight' 
network. If the parameters directly affecting the PU gel 
are kept constant, there is marked variation of domain 
size with composition, the domain size being large for 
the higher PMMA content. The observations on the 
PU elastomers gelled in solution under identicalconditions 
to the gelation in the preparation of composites show that 
the network structure varies with the amount of MMA 
monomer present and is in fact looser when the amount 
of MMA is higher. This indicates that the variation of 
domain size with composition is probably due to vari- 
ations in the tightness of the gel structure. This basic 
relation between the tightness of the swollen gel and the 
final domain size is confirmed directly with the composites 
made by swelling various pre-existing elastomers with 
monomer. 

For a given composition there is always a good correla- 
tion between the domain size and the definition and size 
of the tan 3M peak associated with the PU-~ process, the 
peak being sharper whenever the domain size is larger. 
Since a broadening of the loss peak can be associated 
with an increase in molecular interaction between PMMA 
and PU, and also since the domain size is inversely 
proportional to the specific interphase surface, the 
observed correlation is consistent with a decrease in 
molecular interaction at the phase boundaries as the 
domain size increases. 

It has already been noted 1 that in common with other 
rubber-modified plastics, the impact strength of the 
composites increases with the amount of rubber present. 
The comparison between impact strength and loss 
properties for varying values of the Me of the PU has 
shown that the rubber can only impart significant 
toughening against the standard impact test if the Tg 
of the PU is below about -30°C. If the PMMA/PU 
composition and the theoretical _(re are kept constant, 
the correlation between the mechanical strength proper- 
ties discussed in Part 1 and the loss characteristics and 
morphology discussed in the present paper become more 
tenuous. However, two important trends emerge which 
are particularly well demonstrated by the swollen 
elastomer composites hut which are also seen to a lesser 
extent in the normal composites. The first is that when- 
ever there is an increase in the mobility of the rubber as 
judged by the sharpness of the PU-~ process, there is 
also a tendency for a corresponding increase in impact 
strength. This does not necessarily mean that the energy 
absorption processes of the PU are in themselves respon- 
sible for the toughness, but rather that the toughening 
mechanism of the composites is more efficient when the 
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rubber is in a more mobile condition. The important 
exception to this correlation is the effect of  varying the 
NCO/OH stoichiometry, where lower impact strengths 
were observed together with sharp loss peaks in either 
of  the extreme stoichiometry cases. The poor impact 
properties in these instances are probably associated 
with the inefficient linking of the PU and shows that the 
toughening mechanism also requires completeness and 
good cohesion in the final rubber network. 

The second important trend concerns the fall in the 
real part of the modulus which accompanies the PU-a 
loss process and which results in the room temperature 
modulus being lower whenever the loss peak is sharper. 
In terms of the structure of the interstitial system this 
means that an increase in modulus can be obtained by 
increasing the interaction between phases. Thus the 
balance in properties between stiffness and high impact 
strength can only be achieved with a certain compromise 
in how the structure is formed. For  a better room 
temperature modulus, a tighter initial gel network is 
needed so that smaller domains will form and greater 
interaction will occur between phases. On the other 
hand, for improved impact properties a looser initial gel 
structure is needed so that larger domains will grow and 
there will be less interaction. In the normal composite 
system in which the gel is made in situ from polyols in 
solution, a reasonable compromise in gel structure seems 
to be made automatically by the solution gelling process. 
When, however, the swollen preformed elastomers are 
used, better control over the tightness of the elastomer is 
needed in order to produce balanced properties. 

It will be noted that the morphology of these composites 
is essentially identical to the internal morphology of the 
embedded rubber modifying particles that are normally 
employed in high impact polystyrenes and acrylonitrile- 
butadiene-styrene resins ~2. In these other systems it is 
currently believed 28 that the main mechanism of toughen- 
ing from the particles is one involving craze initiation in 
the surrounding glassy matrix polymer. The present 
work shows that the domain type morphology has a 
toughening mechanism of its own which could play an 
important additional role in the impact resistance of  
these other materials. However, the actual mechanisms 

of  toughening and stress whitening in the interstitial 
domain structure are not yet known and are presently 
under further investigation. 
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Effect of hydrostatic pressure and temperature 
on the mechanical loss properties of polymers: 
1. Polyethylene and polypropylene 
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A torsion pendulum (~ lHz )  has been used to investigate the shear modulus and loss 
tangent of a number of hydrocarbon polymers as a function of temperature at pressures of 
up to 1200 atmospheres. Low density polyethylene (LDPE), high density polyethylene 
(HDPE), polypropylene (PP), a natural rubber and an ethylene-vinyl acetate copolymer have 
been studied. The results show that the relaxation temperatures are increased by the 
application of hydrostatic pressure, by amounts which range between about 5 and 20°C per 
1000 atmospheres. However, it has only proved possible to correlate our results with theory 
in the case of PP because of the lack of other data, in particular the appropriate compres- 
sibility and thermal expansion coefficients. The results also show that if the crystallinity of 
LDPE and PP is reduced the ¢ relaxations are resolvable into two distinct processes. 

INTRODUCTION 

Most previous studies on the viscoelastic properties of 
polymers have been concerned with the effect of tempera- 
ture and rate (or frequency) of deformation. Since the 
dissipative process is known to involve the movement of 
chain segments or groups, the amount of free volume 
available must be an important factor. Consequently 
hydrostatic pressure should have a significant effect on 
viscoelastic behaviour. While some work has been carried 
out on dielectric loss as a function of hydrostatic pressure, 
only one previous paper has been published on the way 
in which mechanical loss varies with the application of 
hydrostatic pressure 1. The present work is an extension 
of  earlier investigations in this laboratory by Billinghurst 
and Tabor z. This paper deals with various hydrocarbon 
polymers, Part 2 with halogenated polymers and Part 3 
with further polymers and copolymers. 

We present first a brief account of theoretical relations 
which have been derived for the effect of pressure on the 
glass transition temperature. All these theories involve 
the compressibility and thermal expansion of the free 
volume itself. Unfortunately there are very little data 
available so that a direct comparison with experiment 
has only been possible for a few polymers. In some cases 
we have also attempted to discuss qualitatively the 
observed effect of pressure in terms of possible relaxation 
processes. These papers are essentially experimental in 
character and provide direct measurements of the effect 
of pressure on relaxation temperatures. 

EFFECT OF PRESSURE ON THE GLASS TRANSITION 

A simple qualitative approach to the effect of pressure 
on the glass transition is to assume that the transition, 

which involves widespread movement of the polymer 
chain, is associated with the availability of adequate 
free volume. If  pressure is applied the free volume is 
reduced. Consequently to increase the free volume the 
temperature must be raised. Assuming that the glass 
transition occurs at a constant free volume it is evident 
that the shift in transition temperature with pressure 
will depend on the ratio of the compressibility fl to the 
thermal expansion e. More precisely these quantities 
should refer to the compressibility Aft and thermal 
expansion coefficient A~ of the free volume itself, where 
Aft is defined as fiz - fig and A~ as cq-- eg, the subscripts 
l and g referring to the liquid and glassy states respec- 
tively. We may therefore write1 : 

dTg Aft 
d p =  Ac~ (1) 

A similar relation has been derived using thermodynamic 
arguments by Gee a. His basic assumption is that the 
glassy state is unchanged by pressure. This appears to 
be equivalent to the assumption that the free volume at 
the Tg is constant (see also Gee et al.a). 

However, as Breuer and Rehage 4 have shown in the 
case of polystyrene the volume (and presumably the 
free volume) at the Tg is not constant but decreases 
somewhat at high pressures. There is indeed increasing 
evidence that a given volume change produced by 
temperature does not have the same effect on polymer 
properties as the same volume change produced by 
pressureL Thus Bianchi 6 has shown that for PVC and 
poly(vinyl acetate) the glass is densified by the applica- 
tion of pressure above Tg. Assuming that ~g contains 
a part that is due to an overall increase in molecular 
spacing that does not become available as free volume, 
A~ is actually larger than that given by the definition 
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at-o~g. Bianchi obtains a relation: 

dTo ~# 
-dP = 2xa + A 

where A is a term to allow for this inaccessible part of  
the volume. Again in their study of  the shear strength 
of polymers, Baer et aL 5 observe that, for a given volume 
change, temperature has a larger effect than pressure. 
Baer uses a compensating factor to obtain 'true' iso- 
volume conditions and writes: 

d (strength) Aft 
dP = 7 " A ~  

where Y is a constant of the order of ½ to ½. 
Our own work suggests that the Tg is not determined 

simply by a constant free volume. If  an applied pressure 
reduces the free volume a temperature rise sufficient to 
restore the free volume to its original value will in addition 
provide the polymer with more thermal energy. Thus we 
do not require to restore the free volume fully to its 
original value since the additional thermal energy will 
also contribute its part to the transition. A very simple 
model suggests a relation of the type: 

dTg Aft 
d P  = Aa+  Q/RT~ 

where Q is of the order of 1 kcal/mol. This is similar in 
form to Bianchi's equation but its physical basis is differ- 
ent. 

We may therefore expect equation (1) to provide only 
a rough value of dTg/dP: the observed result should be 
of the same order but smaller. In the few cases where 
such a comparison is possible we do, in fact, find that 
dTg/dP is smaller than the theoretical value. 

A different approach has been described by Goldstein 7. 
He assumes that the glass transition occurs either under 
conditions of  constant entropy change, or under condi- 
tions of constant enthalpy change: in both cases he 
obtains a relation: 

dTg TV  Aa 
dP = AC~ 

where AC v is the change in specific heat at constant 
pressure. In Parts 2 and 3 we are able to compare this 
with the observed results. 

There appears to be no theory for the effect of pressure 
on other relaxations. 

EXPERIMENTAL 

Procedure 
A torsion pendulum was constructed to function within 

a high pressure vessel as has been previously described s. 
The pendulum (,,~ 1 Hz) could be used to study the shear 
modulus, G', and loss tangent, tan a, of polymers as a 
function of  temperature and hydrostatic pressure. The 
temperature range was - 3 0 ° C  to +140°C and the 
maximum gas pressure applied was 1400 atmospheres 
[1 atm = 101.33 kN/m2]. The polymer samples used were 
shaped like tensile specimens and were 7 cm long, 0.5 cm 
wide, and about 0.1 cm thick. They were normally only 
subjected to a 0.5% strain and seldom more than 1%00 
so that for cyclic deformation the behaviour may be 
considered to be within the linear viscoelastic regime. 
The error in G' was about 3 70 and that in tan a about 

5 %. However, at temperatures below - 1 0 ° C  the errors 
in tan 8 increased rapidly and small changes below this 
temperature are generally unreliable. 

Bianchi 5 has shown that the experimental path can 
critically affect the magnitude of the shift of the glass 
transition temperature with pressure. For  this reason a 
standard procedure was used in all cases. The polymer 
was placed in position and the required pressure was 
applied to the containing vessel at room temperature. 
After leaving for about 1 h the temperature was varied 
at a rate of 0.7°C/min and the pressure only released 
when the polymer was again at room temperature. In 
most cases experiments at different pressures were carried 
out on different specimens which had been prepared 
from the same sheet, and all were carried out with 
temperature increasing. The experiments were reprodu- 
cible to within 2 %. 

Materials 
The low density polyethylene (LDPE) used in our 

investigations was Alkathene WNC 71 of density 
0.917g/cm 3. The specimens were milled from a sheet 
which had been compression moulded at 160°C and 
60kg/cm 2 and then cooled under pressure to room 
temperature over 8h. Some prepared samples were 
placed in a glass tube which was then evacuated and 
subjected to 70 Mrad of radiation from a 6°Co source of 
energy 6000 Ci. The density of these irradiated samples 
was measured as 0"900g/cm 3. The high density poly- 
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Figure I Temperature dependence of shear modulus ( ) and 
loss tangent, tan a ( . . . .  ) for low density polyethylene. The results 
are for pressures of 1 (O), 610 (A) and 1220 (Fq) atm. It is seen that 
the peaks corresponding to the a relaxation are displaced to a 
higher temperature by the application of pressure. In general loss 
peaks show no systematic change in height with pressure 
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ethylene (HDPE) was Marlex 6001 of  density 0.960 g/cm 3. 
Samples were prepared from a sheet which had been 
compression moulded at 180°C and 60kg/cm 2 and then 
slowly cooled under pressure. The polypropylene (PP) 
samples were milled from an extrusion moulded medium 
crystallinity sheet of density 0.905 g/cm 3. As in the case 
of LDPE some of the samples were exposed to 50 Mrad 
of radiation. The ethylene-vinyl acetate copolymer 
sample was prepared from a compression moulded sheet 
of  36700 crystallinity and 18700 acetate content. The 
natural rubber sample was cut from a sheet which had 
been cured for 20 min at 151 °C and which was made up 
of  100 parts by weight of smoked sheet, 2 parts by weight 
of  dicumyl peroxide and 1 part by weight of phenyl- 
/3-naphthylamine. 

RESULTS 

Figure 1 shows plots of G' and tan 3 against temperature 
at three pressures for LDPE. The /3 relaxation appears 
in the temperature range of low sensitivity. On the 
other hand, the ~ relaxation is clearly non-linearly 
displaced to higher temperatures. Similar graphs are 
shown in Figure 2 for the irradiated low density sample. 
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figure 2 Temperature dependence of shear modulus ( ) and 
loss tangent, tan B ( - - - - )  for irradiated low density polyethylene. 
The results are for pressures of 1 (O). 610 (A )  and 1220 (I-1) atm. 
It is seen that the e peak is spli t  into two and that both the aa and 
c,c peaks are displaced to a higher temperature by the appl icat ion 
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Figure 3 Temperature dependence of shear modulus ( ) and 
loss tangent, tan3 ( . . . .  ) for high density polyethylene. The 
results are for pressures of 1 (©),  610 ( ~ )  and 1220 (C]) atm. It is 
seen that the peaks corresponding to the ~ and fl relaxations are 
displaced to a higher temperature by the application of pressure 

It is seen that modulus is reduced by irradiation over the 
whole range of temperature and pressure, the reduction 
being least at atmospheric pressure but increasing with 
applied pressure for a given temperature. The density 
measurements confirm that this is due to the destruction 
of crystallites which lowers the modulus far more than 
any crosslinking increases it. In the irradiated sample the 
c~ relaxation is split into two relaxations which are 
designated ~ and ~c: if merged these would correspond 
to the ~ relaxation of the natural LDPE. The magnitudes 
of these relaxations are greater than that of the original 

relaxation. The ~c relation is displaced linearly with 
pressure while the ~a relaxation if displaced more at 
the higher pressure. These features are discussed later. 

The results for HDPE are shown in Figure 3. Around 
15°C small humps are observed in the tan 3 curve. They 
are comparable with the experimental error and we 
tentatively identify them with the fl relaxation which 
appears to be displaced by pressure. The ~ relaxation is 
also poorly defined but again appears to be displaced 
from 50 ° to 60°C by the application of pressure of  
610atm. 

The behaviour of PP is shown in Figure 4 and it is 
seen that there are two very clearly defined relaxations 
around 0 ° and 80°C. Earlier work by Flocke 9 on loss 
properties at atmospheric pressure has shown that the 
/3 relaxation increases in magnitude with decreasing 
crystallinity and he ascribes the relaxation to the glass- 
rubber transition. Our own measurements show that at 
atmospheric pressure and 1 Hz the /3 relaxation of PP 
occurs at 2°C and is displaced non-linearly upwards by 

POLYMER, 1973, Vol  14, December  6 1 9  



iO s 

Mechanical loss properties of polymers (1): E. Jones Parry and D. Tabor 

10 9 

0"10 

0 0 8  

GLI 
I I. 

p ...oo°°°°'°J ~°°'-~- 

. / 

,o d ( "  ~ , . ~  % .  _ . .o" E -  "-  

/ / "  

iO 9 0 0 6  

oo4~ 

0 0 2  

O 4 0  80  120 
Temperotur¢ (oc) 

Figure 4 Temperature dependence of shear modulus ( ) and 
loss tangent, tans ( - - - - )  for polypropylene. The results are for 
pressures of 1 (©), 610 (A) and 1220 (r-i) atm. It is seen that the 
peaks corresponding to the ~ and /3 relaxations are displaced to 
higher temperatures by the application of pressure 

the application of  pressure. The shift is greatest over the 
low pressure increment. The o~ relaxation is linearly 
displaced by the applied pressure at a rate of  5°C/1000 
atm. However, the magnitude of the loss peaks does not 
increase monotonically with pressure. Figure 5 shows 
the temperature dependence of G' and tan ~ for irradiated 
PP at three different pressures. Again the modulus of  
the irradiated polymer is always less than that of natural 
PP at any particular temperature and pressure. The 
tan ~ curves are striking in that the broad o~ relaxation of  
natural PP has been split up into two separate peaks, 
aa and ae, both of which are shifted upwards by the 
application of  pressure. These peaks are also greater in 
magnitude than the relaxation in natural PP. 

Split peaks are also seen in Figure 6 where the modulus 
and tan ~ are plotted at two pressures for the ethylene- 
vinyl acetate copolymer. These peaks which are labelled 
aa and ae are displaced upwards by the application of 
pressure and are slightly greater in magnitude than the 
a relaxation in the more crystalline natural LDPE. 

Figure 7 shows the effect of temperature on the 
modulus G' of natural rubber at three pressures. The 
modulus is increased by the application of pressure but 
the modulus falls by about 10~  for a temperature rise 

from 20 ° to 40°C. With an 'ideal' rubber, of course, 
the modulus above the glass transition should increase 
linearly with absolute temperature, so that the increase 
between 20 and 40°C should be about 6 ~o. 

DISCUSSION 

Table 1 summarizes the effect of pressure on the various 
relaxations studied. It is not possible to make quanti- 
tative deductions from Figure I concerning the/3 relaxation 
in natural LDPE. On the other hand, the fl relaxation 
in HDPE (see Figure 3) which is observed in a more 
favourable temperature range, suggests a shift of  order 
5 °C/1000 atm. The experiments of Schmieder and Wolf 10 
at atmospheric pressure suggest that the fl relaxation in 
polyethylene occurs in the amorphous regions. There are 
no other data on the effect of pressure 11 with which our 
results may be compared, and in view of the uncertainty 
as to the precise nature and location of the Tg in PE 
no attempt will be made to discuss the effect of pressure 
on the/3 relaxation in terms of glass transition behaviour 
under pressure. 

The ~ relaxations in LDPE are far more deafly defined. 
As is seen in Figure 1 for natural LDPE, this relaxation 
is displaced upwards by 20°C/1000atm. This is com- 
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Figure 5 Temperature dependence of shear modulus ( ) and 
loss tangent, tan ~ (- - -  -) for irradiated polypropylene. The results 
are for pressures of I (O), 610 (A)  and 1990 (I-I) atm. It is seen that 
the = peak is split into two and that both the ~a and ~c peaks are 
displaced to a higher temperature by the application of pressure 

620 P O L Y M E R ,  1973, Vol 14, December  



Table 1 
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Pressure dependence of relaxation temperatures 

Relaxation temperature (°C) at Mean value 
of shift 

Polymer Relaxation latin 610atm 1220atm (°C/lO00atm) 

Natural LDPE c~ 66 76 92 21 + 2  
Irradiated LDPE ~a 61 68 80 17+2 

c~c 91 97 103 10 + 1 
HDPE # 13 17 19 5+1 

50 60 -- 16+2 
Natural PP 2 10 14 9+ 1 

c~ 94 97 100 5 + 1 
Irradiated PP ~a 70 75 82 10+ 1 

c~c 95 99 103 7 + 1 
Ethylene-vinyl[acetate copolymer ~a 46 56 ~ 17+2 

~c 58 75 - -  28 + 3 
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Figure 6 Temperature dependence  of shear  modulus ( ) and 
l o s s  tangent,  tan8 ( . . . .  ) for 82:18% ethylene-vinyl a c e t a t e  
copolymer. The results are for pressures  of 1 (O) and 610 (A) atm. 
It is s e e n  that  the peaks corresponding to the c~a and czc r e l a x a t i o n s  
a r e  d i s p l a c e d  to higher temperatures  by the application of 
pressure 

patible with the observed shift of  21°C/1000atm in the 
melting temperature of  polyethylene 12. This supports 
Nielsen's view 13 that the a relaxation is caused by crystal 
melting of a low molecular-weight constituent. On the 
other hand, in a more detailed study Nakayasu et al. 14 
observed that the ~ relaxation consisted of two distinct 
processes which they designated as ~ and ~c. Our 
experiments did not reveal a double ~ relaxation with 
natural LDPE but as Figure 2 shows the double 

2.0 

z 

O 

I.O 

0 .9  

I I I O . . . . .  

20 30 4 50 
Temperature (oc) 

Figure 7 Temperature dependence of shear modulus for natural 
rubber at three pressures. © ,  I atm; ~, 010 atm, rq, 1220 atm 

relaxation is clearly seen for irradiated LDPE and for 
the natural copolymer. The splitting of  the o~ relaxation 
appears to become apparent when the crystalline content 
of  the polyethylene is reduced and in the present investi- 
gation this occurs when the polymer is irradiated or when 
vinyl acetate is introduced. The lower temperature process 
is the ~ relaxation and the other is the ~c relaxation. 

IwayanagP 5 proposed that the ~a relaxation was due 
to slip in the amorphous regions between the (crystalline) 
lamellae as they slip past each other to reorient their 
positions. This has been confirmed by Stein 16 who 
followed the time dependent changes in the average 
orientation of the crystal lattice planes as the polymer 
went through the relaxation. Our experiments which 
show that the ~a relaxation is observed when the amor- 
phous content of  the polymer is increased is consistent 
with Iwayanagi 's theory. The amount of shift is 17 + 1 °C/ 
1000atm for both types of  specimen. By contrast the 
~e shift has two rather different values, I0°C for the 
irradiated polyethylene, and 28°C/1000atm for the 
copolymer. This difference may be associated with 
impurities in the copolymer but there is no direct evidence 
for this. There are two theories for the ~e relaxation; 
the axial rotation theory and the incoherent lattice 
vibration theory but it is not possible to differentiate 
between them 19. 

The ~ relaxation in natural PP consists of  a single peak 
(see Figure 4) and its precise nature is uncertain. It has 
been postulated as being due to molecular relaxations 
within the crystaP 8, a lamellar slip mechanism 15 or to 
amorphous relaxations 9. On the other hand, with 
irradiated PP (see Figure 5) the ~ relaxation is resolved 

POLYMER, 1973, Vol  14, December  621 



Mechanical loss properties of polymers (1): E. Jones Parry and D. Tabor 

into two distinct processes, the ~= and c~e relaxations, as 
is the case for the a relaxation in polyethylene. The 
natural PP has a maximum value of tan 8 = 0.06 at the 

relaxation. In the irradiated sample where the amor-  
phous content is greater the ~= has a maximum value of 
tan 8 = 0.09 while the ~c has a maximum value of  0.06. 
This is consistent with the ~a relaxation being due to 
slip of  the crystalline portions within the amorphous 
regions. The so relaxation could be due to molecular 
relaxations within the crystal. 

The glass transition temperature of  PP is displaced 
non-linearly at an average rate of  9+ l °C /1000a tm.  
Passaglia and Martin 19 have made a dilatometric study 
of  the effect of  pressure on the glass transition up to a 
maximum pressure of  700 atm. Their investigation showed 
that the effect was non-linear, the shift being greatest at 
the lowest pressures, and the mean shift was 20°C/ 
1000atm. Their measurements of  compressibility /3 
showed that it varies non-linearly with pressure, the 
change being greatest at low pressures. Thus the quantity 
A/3/A~ agrees qualitatively with the observed trend of 
dTg/dP. The difference between our values of  dTg/dP 
and those of Passaglia and Martin arise f rom two factors. 
First, as the earlier discussion indicates the ratio A/3/A~ 
will always be greater than the observed values. Secondly, 
as will be shown in Parts 2 and 3, the magnitude of the 
shift is greater when more free volume is available. In 
our experiments the free volume is reduced by the 
presence of  crystallites while in the dilatometric experi- 
ments of  Passaglia and Martin the PP was almost entirely 
amorphous. 

CONCLUSION 

The results show that the effect of  hydrostatic pressure is 
to raise the relaxation temperatures of  the polymers 
studied by amounts which range f rom about  5 ° to about 
25°C per 1000atm depending on the polymer and the 
transition in question. With polypropylene the glass 
transition and the o~ relaxation are observed. With the 
polyethylenes the ~ and/3 relaxations are observed. 

It  has not been possible to compare these shifts with 

theoretical predictions except in the case of  the fl relaxa- 
tion in polypropylene where the observed shift is appreci- 
ably less than that predicted. However, a broad general 
conclusion may be made concerning both LDPE and 
PP: when the crystallinity is reduced either by copoly- 
merization or by ~, radiation the ~ relaxation is resolvable 
into two distinct processes. This is consistent with other 
experimental work which suggests that the o~ relaxation 
consists of  slip of  crystalline lamellae within the amor- 
phous region of the polymer together with internal 
motion within the crystal lamellae themselves. 
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Effect of hydrostatic pressure and temperature 
on the mechanical loss properties of polymers: 
2. Halogen polymers 
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The shear modulus, G', and loss tangent, tan (~, of a number of halogen polymers have been 
measured as a function of temperature at various pressures. The polymers studied were 
various poly(vinyl chloride) (PVC) samples, poly(vinylidene chloride) (PVDC), poly(vinyl 
fluoride) (PVF), poly(vinylidene fluoride) (PVDF) and a tetrafluoroethylene-hexafluoro- 
propylene copolymer. The glass transition temperatures are shifted upwards by pressure by 
amounts varying between about 11°C and 25°C/1000atm. In the case of PVC it has proved 
possible to compare the results with theory and the observed shift is found to be consider- 
ably smaller than the predicted value. In PVDC and PVDF the secondary relaxations are also 
shifted upwards by the application of pressure. 

INTRODUCTION 

Since the loss processes in polymers involve some 
movement of chain segments or groups, the free volume 
available must play an important part. For that reason 
pressure would be expected to have a marked influence on 
viscoelastic behaviour and this has generally been found 
to be true 1. A brief account of the background and theory 
in relation to the effect of pressure on the glass transition 
temperature has been given in Part 11 . This paper 
describes a direct experimental study of this effect in a 
series of halogen polymers. The experimental arrange- 
ment is the same as that described in the previous paper 1. 

SAMPLES 

A number of types of poly(vinyl chloride)(PVC) have 
been investigated. One was a rigid Breon PVC containing 
150 parts by weight of polymer, 0-75 parts by weight of 
calcium stearate and 1.5 parts by weight of an organo- 
tin stabilizer. A plasticized sample of this polymer 
containing 33 ~ dialkyl phthalate was also studied. The 
other two PVC samples were from the ICI Welvic range. 
In addition a prepared specimen of Welvic R7/622 was 
exposed in vacuum to 11 Mrad of radiation from a 
6°Co source. On removal this sample was dark brown in 
colour whereas previously it had been white. The 
poly(vinylidene chloride) (PVDC), poly(vinyl fluoride) 
(PVF) and poly(vinylidene fluoride) (PVDF) used were 
commercial samples and the tetrafluoroethylene-hexa- 
fluoropropylene (TFE-HFP) copolymer contained 9 
HFP. The apparatus used has been described previ- 
ously 2. 

RESULTS 

Figure 1 shows the temperature dependence of the shear 
modulus, G', and tan 3 for two samples of Breon PVC 

at different pressures. The unplasticized PVC behaves 
like a typical amorphous polymer while the plasticized 
polymer is considerably less rigid and has a lower 
atmospheric pressure glass transition temperature. The 
glass transition temperatures are displaced upwards by 
the application of pressure. Similar results for a rigid and 
a plasticized Welvic PVC sample are shown in Figure 2. 
At atmospheric pressure the Tg of the irradiated Welvic 
R7/622 sample is higher than that of the natural R7/622 
polymer as shown in Figure 3. The Tg of the irradiated 
polymer is displaced upwards by pressure but the 
magnitude of the shift is less than that for the natural 
polymer. 

Figure 4 shows modulus and loss as a function of 
temperature at three distinct pressures for the PVDC 
samples used in our experiments. Two loss peaks can be 
seen and the/3 relaxation is associated with a steep drop 
in modulus and has been assigned to the glass transition 
region. The a relaxation like the/3 relaxation, is shifted 
non-linearly upwards in temperature with applied 
pressure and the magnitude of the loss peak is reduced. 

The temperature dependence of shear modulus and 
loss tangent for PVF at three pressures is shown in 
Figure 5. The modulus behaviour with temperature is 
typical of a semi-crystalline polymer. The temperature 
of the a relaxation is shifted non-linearly upwards by 
pressure and the magnitude of the relaxation changes but 
in a non-monotonic way. 

In the experiments carried out on our samples of 
PVDF (Kynar 200) we attempted to locate the glass 
transition but the low temperature minimum of the 
apparatus prevented it. The results are plotted in Figure 6. 
The distinct a relaxation is linearly displaced upwards 
by the pressure. 

A preliminary study of the modulus of the TFE-HFP 
copolymer was made under 300atm [1 atm = 101.33 kN/ 
m 2] of nitrogen pressure as a function of time exposed to 
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the gas. The gas was found to plasticize the polymer in 
such a way that the modulus of the polymer after 2 h 
exposure was less than its value at that temperature 
before the gas entered the system. For this reason the 
results shown in Figure 7 were carried out in helium 
which was found not to plasticize the material. The 
relaxation is clearly defined both by the fall in modulus 
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Figure I Temperature dependence of shear modulus ( ) and 
loss tangent, tan 8 ( . . . .  ) for plasticized and unplasticized PVC. 
The results are for pressures of I (©), 610 (A) and 1220 ([~) atm. 
It is seen that the peaks corresponding to the ~ relaxations are 
displaced to a higher temperature by the application of pressure 
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and by the loss peaks, and is shifted to a higher tempera- 
ture by application of pressure. 

Yasuda and Araki a observed volume changes in 
polytetrafluoroethylene (PTFE) as a function of tempera- 
ture for various pressures. The temperature of the lower 
transition was shifted linearly upwards with pressure at 
a rate of 20°C/1000atm. Billinghurst and Tabor t 
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Figure 2 Temperature dependence of shear modulus ( ) and 
loss tangent, tan8 ( . . . .  ) for R7/622 (open symbols) and G2/5 
(solid symbols) poly(vinyl chlorides). The results are for pressures 
of 1 (O, O), 610 (A, A)  and 1220 ([], B) atm. It is seen that the 
peaks corresponding to the ¢ relaxations are displaced to a higher 
temperature by the application of pressure 

Table I Pressure dependence of relaxation temperatures 

Polymer Relaxation 

Relaxation temperature (°C) at Mean shift 
(°C/1000atm) 

1 atm 610atm 1220atm 

Breon PVC 
Breon+33% dialkyl phthalate c~ 
Welvic G2/5 
Welvic R7/622 c~ 
Irradiated Welvic R7/622 c( 
PVDC 
PVDC 
PVF 
PVDF c( 
TFE-HFP 

85 92 98 11 + 1 
19  24 33 11 _+1 
19 27 33 11 + 1  
69 86 99 25 +_ 2 
79 89 99 16+_2 
81 85 100 16+2 
13 19 32 16+2 
53 62 67 12_2 
70 89 104 28 _+ 2 
82 96 - -  13_+2 
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Mechanical loss properties of polymers (2) : E. Jones Parry and D. Tabor 

for the crosslinked polymer as is in fact observed. A 
value of A/~/Aa=32°C/1000atm for natural PVC has 
been quoted by Hellwege et al. 5 while O'Reilly 6 quotes 
a value of TV(Aa/ACp)=30°C/IOOOatm. Both are very 
much higher than our experimental results. Of the 
polymers studied here PVC is the only one for which 
these data are available. From the discussion in Part 1 t 
this discrepancy is to be expected. 

On the other hand, other experimental studies of the 
shift of the To with pressure (dielectric, dilatometric, and 
mechanical) for PVC give values of order 16°C/1000 atm 
which is close to our own results. 

The glass transition temperature of PVDC is signi- 
ficantly lower than that of PVC. PVDF also has a 
surprisingly low To and it appears to be a common 
feature in polymers where a symmetrical substitution of 
atoms occurs on alternate chain carbon atoms. Although 
the absolute values of the energy minima for PVDC 

I.O are higher than for PVC because of steric hindrance, 
Gibbs and de Marzio 7 suggest that the potential energy 
barrier between the minima is less: consequently the Tg 
will be lower. This potential energy difference must be 
lower in PVDC than in PVC, despite the fact that the 

measured the shear modulus against temperature at a 
number of pressures and found the fi relaxation to be 
displaced by about 18°C/1000atm. Unfortunately the 
upper temperature range of the present equipment is 
limited and consequently it has proved impossible to 
investigate the effect of pressure on the a relaxation of 
PTFE. It is thus not possible to compare the behaviour 
of PTFE with its copolymer. 

DISCUSSION 

We will first summarize the results for different polymers. 
Table 1 shows the pressure dependence of the relaxation 
temperatures. 

For PVC most of the pressure shifts are non-linear and 
the plasticizer has had no effect on the magnitude of 
the shift of the Tg of the Breon samples. The Welvic 
G2/5 sample has the same overall shift but the R7/622 
is displaced by a far greater amount. The shift in the glass 
transition of the irradiated R7/622 is less than that for 
the natural polymer. The atmospheric Tg of the irradiated 
sample is higher than that of the natural sample; this is 
consistent with the creation of crosslinks which pull the 
chains together and reduce the free volume. Because of 
this we would expect the shift with pressure to be less 
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Figure 4 Temperature dependence of shear modulus ( ) and 
loss tangent, tan $ (- - - -)  for PVDC. The results are for pressures 
of 1 (O), 610 (%) and 1220 ([3) atm. It is seen that the peaks cor- 
responding to the c~ and /3 relaxations are displaced to a higher 
temperature by the appl icat ion of pressure 
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Figure 5 Temperature dependence o f  s h e a r  modulus ( ) a n d  
l o s s  tangent, tan8 ( . . . .  ) for PVF. The results a r e  f o r  p r e s s u r e s  
o f  1 (O),  610 (A)  and 1220 (VI) atm. It is seen that the peaks cor- 
responding to the c~ r e l a x a t i o n  a r e  d i s p l a c e d  to a higher tempera- 
ture by the &pplication of pressure 

absolute values will be larger because of steric factors. 
The magnitude of the e peak in PVDC is reduced by 
pressure. If  this relaxation entails the rotation of some 
main chain segments, some segments will be free to 
move while others are blocked by crystallites. The 
application of pressure blocks more segments and the 
relaxation is reduced in magnitude. Since the c~ and /3 
relaxations are shifted by an identical amount, then the 
movements involved in the e relaxation are presumably 
on the same scale as the/7 relaxation. This is consistent 
with a 'crankshaft' type movement. For PVDF the /3 
relaxation is displaced by a very large amount, 28 °C/1000 
atm. This relaxation is believed to be crystalline in 
nature s and the shift is compatible with the process 
being due to some melting or reorientation process 
within the crystal regions of  the polymer. Unfortunately 
we were unable to study the effect of crystaUinity on this 
process. 

The magnitude of the glass transition (c 0 in PVF is 
decreased by the application of pressure which 'blocks' 
certain segments. It is impossible to relate the magnitude 
of  the shift in the e relaxation for PVF to any theoretical 
quantities. Nor  is this possible for the T F E - H F P  
copolymer. 

CONCLUSIONS 

The results show that the effect of pressure is to raise the 
glass transition temperature of PVC, PVDC, PVF and 
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the T F E - F E P  copolymer by amounts varying between 
11 °C and 25°C/1000atm. With PVC a comparison with 
theory is possible and shows that the experimental shift 
is appreciably less than the theoretical. With PVDC and 
PVDF the glass transition temperatures are lower than 
those for PVC and PVF respectively because of the 
symmetrical nature of the halogens in the main chains of 
the former polymers. 

The secondary (~) relaxations in PVDC and PVDF 
are shifted upwards by 16 and 28 °C/1000 atm respectively. 
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Effect of hydrostatic pressure and temperature 
on the mechanical loss properties of polymers: 
3. PET, PVAC and vinyl chloride/vinyl acetate 
copolymers 

E. Jones Parry and D. Tabor 
Physics and Chemistry of Solids, Cavendish Laboratory, University of Cambridge, 
Cambridge CB3 0HE, UK 
(Received 16 April 1973; revised 1 August 1973) 

A torsion pendulum (1 Hz) has been used to determine the pressure dependence of the glass 
transition temperatures of poly(ethylene terephthalate) (PET), poly(vinyl acetate) (PVAC) 
and some vinyl chloride/vinyl acetate copolymers. Their glass transition temperatures are 
shifted upwards by amounts varying between 11 and 18°C/1000 atmospheres. In the case of 
PVAC it has proved possible to compare the results with theory and the observed shift is 
found to be much less than the predicted value. A study of poly(methyl methacrylate) 
(PMMA) shows the fl relaxation to be displaced to a higher temperature at the rate of 4°C/ 
1000 atm. Results are also presented for the temperature dependence of shear modulus, 
G', and loss tangent, tan 8 for a reinforced crosslinked polymer, Bakelite P17404, at different 
pressures. 

INTRODUCTION 

The amount of available free volume present is known to 
influence the dissipative processes within a polymer. 
Hence we would expect the viscoelastic behaviour to be 
significantly affected by hydrostatic pressure, as discussed 
in Parts 1 and 2. This paper describes an experimental 
study on a further series of polymers. 

EXPERIMENTAL 

Procedure 
A torsion pendulum was used within a high pressure 

vessel as has been previously described 1. The shear 
modulus, G', and loss tangent, tan 8, were calculated for 
a number of polymers as a function of temperature and 
pressure. 

Materials 

Studies were made on amorphous and semi-crystalline 
samples of poly(ethylene terephthalate) (PET). The 
semi-crystalline samples were obtained by preparing 
two amorphous samples and annealing them between 
two thin steel plates in an oven for 24h. The density 
was measured as 1-369g/cm a at 20°C. They were then 
cooled uniformly to room temperature over a further 
period of 24 h. The data of Kilian et aL ~ suggest that 
these samples were then about 30% crystalline. Two 
different molecular weight samples of poly(vinyl acetate) 
(PVAC) were studied, Mowilith 50 (mol. wt. 260 000) 
and Mowilith 30 (mol. wt. 110 000). The samples were 
prepared by milling sheets which had been prepared by 
the compression moulding of granules at 6 x 106N/m z 

and 100°C and 70°C respectively. This milling proved 
extremely difficult because of the brittle nature of the 
polymer on impact, and its low softening temperature. 

The vinyl chloride/vinyl acetate copolymers were from 
the ICI Flovic range, while the laminate was Bakelite 
P17404. The poly(methyl methacrylate) (PMMA) was 
commercial Perspex. All the specimens were prepared by 
milling sheets of these materials. 

RESULTS 

Figure 1 shows the curves of G' against temperature for 
the PET samples at various pressures. Tan 8 is similarly 
plotted. It is seen that the modulus of the amorphous 
sample is always less than that of the semi-crystalline 
polymer over the whole range of temperature and pres- 
sure because of the strengthening provided by the crystal- 
lites. The modulus curves show the difference between 
the glass transition of amorphous and semi-crystalline 
polymers. In the former there is a sharp drop in modulus 
of about two decades, while for the latter the fall is 
more gradual because of the stiffness imparted by the 
crystallites. The loss maxima for the amorphous polymers 
were unattainable but the modulus behaviour shown by 
the various curves in Figure 1 indicates that the atmo- 
spheric glass transition has been displaced to a higher 
temperature in the semi-crystalline polymer. Tan 8 has 
been reduced with the increase in crystallinity and its 
peak has broadened off on the high temperature side. 
The glass transition is clearly displaced to higher tempera- 
tures by the application of pressure. 

The results for PVAC are shown in Figures 2 and 3. 
The atmospheric glass transition temperature of Mowilith 
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Figure I Temperature  dependence of shear modulus ( , 
. . . . .  ) and loss tangent,  tan3 ( . . . .  , . . . . .  ) for  amorphous  ( , 
. . . .  ) and semi-crystal l ine ( . . . . .  ) PET. The results are for  pres- 
sures of I (©),  610 (/k) and 1220 (D)  atm. It is seen that  the peaks 
corresponding to the glass t ransi t ion are d isp laced to a h igher 
temperature by the appl icat ion of pressure 

30 is less than that of Mowilith 50, but the shift of Tg with 
pressure is greater. 

Studies have been made on three vinyl chloride/vinyl 
acetate copolymers containing respectively 2%, I I % 
and 17% of vinyl acetate. Results for the 2% acetate 
sample are shown in Figure 4. The results for the others 
will be quoted later. Each copolymer behaves like a 
typical amorphous polymer exhibiting one very marked 
glass transition which is a characteristic behaviour of 
random copolymers. The atmospheric glass transition is 
non-linearly shifted upwards in temperature by pressure. 

The shear modulus, G', and loss tangent, tan3, of 
PMMA are plotted against temperature in Figure 5 for 
different pressures. Over the temperature range studied 
the modulus has dropped by about 35 %. This is a greater 
fall than that of amorphous PET over a similar tempera- 
ture range and is attributable to the /~ relaxation. The 
tan 3 curves locate the position of this relaxation which 
is shifted to a slightly higher temperature by pressure. 

Figure 6 shows the temperature dependence of shear 
modulus and loss tangent at three pressures for a Bakelite 
sample. As expected from crosslinked reinforced polymers 
with such complicated structures the loss curves do not 

show the presence of any relaxations. The crosslinked 
nature of the resin and the presence of reinforcements 
cause the modulus to fall only gradually over the tempera- 
ture range studied and to increase slightly with the appli- 
cation of pressure. 

DISCUSSION 

Table 1 summarizes the effect of pressure on the relaxa- 
tion temperatures of the polymers studied. 

For PET the overall shift with pressure for the amor- 
phous polymer appears to be less than for the semi- 
crystalline material. This is misleading since over the 
first 610atm the shift for the amorphous polymer is 
actually greater. This emphasizes the non-linearity of the 
shift. Absence of any appropriate data makes it impos- 
sible to compare the magnitude of this shift with any 
theoretical expressions. In the case of PVAC this is 
possible, because O'Reilly a calculated TV(A~/C~)= 25 °C/ 
1000 atm, and McKinney and Belcher 4 found A/~/A~ to 
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Figure 2 Temperature dependence of shear modulus ( ) and 
loss tangent,  tan ~ ( . . . .  ) for  P V A C  (Mowi l i th 30), The results are 
for pressures of 1 (©)  and 610 (/k) atm. It is seen that  the peaks 
corresponding to the glass transition are displaced to a higher 
temperature by the application of pressure 
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Table 1 Pressure dependence of relaxation temperatures 

Relaxation temperature (°C) at Overall shift 
with pressure 

Polymer Relaxation la tm 610atm 1220atm (°C/lO00atm) 

Amorphous PET c~ 80 93 99 16+2 
Semi-crystalline PET = 96 107 - -  18+2 
PVAC (Mowilith 80) ¢ 33 44 - -  18___3 
PVAC (Mowilith 50) c= 39 47 61 18+3 
Vinyl chloride/vinyl acetate 
copolymer: = 

2~/o acetate/98~ chloride 85 94 98 11 + 1 
11~ acetate/89~ chloride 80 90 96 13___1 
17~/o acetate/83~ chloride 71 83 88 14+1 

PMMA ,8 29 31 34 4+2 
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Figure 3 Temperature dependence of shear modulus ( ) and 
loss tangent, tan B ( - - - - )  for PVAC (Mowilith 50). The results are 
for pressures of 1 (©), 610 (A)  and 1220 (F1) atm. It is seen that the 
peaks corresponding to the glass transition are displaced to a 
higher temperature by the application of pressure 

be 38°C/1000atm. The former value is in approximate 
agreement with our observed shift of 18°C/1000atm, 
while the latter is over twice as great. The glass transition 
temperature of Mowilith 50 is non-linearly displaced 
with respect to pressure, the shift being greatest at higher 
pressures. This is in accord with the results of McKinney 
and Belcher who also found the quantity Afi/AoL to 
increase slightly with increasing pressure. In general 
one would expect the opposite trend since polymers 
usually become less compressible at higher pressures but 
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Figure 4 Temperature dependence of shear modulus ( ) and 
loss tangent, tan8 ( . . . .  ) for 98°./o vinyl chloride/2~/o vinyl acetate 
copolymer. The results are for pressures of 1 (©), 610 (&) and 
1220 (Fq) atm. It is seen that the peaks corresponding to the glass 
transition are displaced to a higher temperature by the application 
of pressure 

we have observed a similar phenomenon with PVDC. 
Over the smaller pressure range the Tg of the lower 
molecular weight PVAC is shifted more than that of the 
other. The atmospheric pressure glass transition of the 
lower molecular weight sample is less than that of 
Mowilith 50. This is presumably because the larger 
number of chain ends in the lower molecular weight 
sample introduce extra free volume allowing the transi- 
tion to occur at a lower temperature. 

The atmospheric glass transition temperature of the 
vinyl chloride/vinyl acetate copolymers is reduced as the 
acetate content increases. The magnitude of this reduction 
indicates that the molecular motions involved at the 
glass transition must be long range, cooperative motions 
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Figure 6 Temperature dependence of shear modulus ( ) and 
loss tangent, tan 8 (-  - - -) for Bakelite P17404 s The results are for 
pressures of 1 (O), 610 (A)  and 1220 (r-I) atm. 

because otherwise isolated vinyl acetate units would be 
unable to affect the motion of vinyl chloride units. The 
glass transition temperature is always non-linearly 
shifted with pressure, the shift being greatest over lower 
pressures. The mean shift increases as the acetate content 
increases. This is consistent with our earlier studies 
which have shown the Tg of poly(vinyl chloride) to be 
shifted by l l°C/1000atm while the Tg of poly(vinyl 
acetate) is displaced by 18°C/1000 atm. It proved impos- 
sible to fit a Gordon-Taylor  type expression to our results. 

The/3 relaxation in PMMA has been generally assigned 
to the rotation of the -COOCH3 side group. It occurs at 
about room temperature because of the small amount of 
free volume necessary for this rotation. Thus the shift 
due to pressure is very low, about 4°C/1000 atm, and is 
in good agreement with Zosel's 5 observed shift o f  
2 °C/1000 atm. 

CONCLUSIONS 

The results show that the effect of hydrostatic pressure 
is to raise the glass transition temperatures of PET, 
PVAC and some vinyl chloride/vinyl acetate copolymers 
by amounts varying between l l  and 18°C/1000atm. 
With PVAC the observed shift is less than that predicted 
by theory but as is indicated in Part 1 this is to be expected. 

The /3 relaxation of PMMA is displaced upwards by 
4°C/1000atm. This small shift is attributed to the fact 
that this relaxation, involving the rotation of the 
-COOCH3 side groups, demands only a small free 
volume. Again, when the crystalline content of PET is 
increased, the molecular weight of PVAC increased and 
when PVC is irradiated to produce crosslinking the 
shifts in Tg with pressure are reduced. These results are 
consistent with the general conclusion, that a reduction 
in available free volume reduces the effect of pressure on 
relaxation temperatures. 
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The elastic modulus of nylons 

T. R. Manley and C. G. Martin 
Department of Materials Science, Newcastle upon Tyne Polytechnic, 
Newcastle upon Tyne NE1 8ST, UK 
(Received 17 April 1973; revised 19 July 1973) 

The energy balance method previously described gives values for the elastic modulus of 
single crystals of nylons that are reasonably close to experimental data, where these are 
available, apart from nylon-6. Force constants were derived from Urey Bradley (UBFF) and 
valence (VFF) force fields. Modulus values, in GN/m 2, are as follows: 

Nylon-6 244.1 (UBFF) 262.8 (VFF) 164.8 (exp) 
Nylon-11 243.5 (UBFF) 241-4 (VFF) - -  
Nylon-6,10 185-6 (UBFF) 189.6 (VFF) 196.2 (exp) 
Nylon-6,6 180.9 (UBFF) 192.9 (VFF) 172.6 (exp) 
Nylon-7 180.2 (UBFF) 188.6 (VFF) - -  

Consideration of the cross-sectional area and repeat distance of the polymer chain indicates 
that the modulus will decrease in the order given. The extensibility (fvalue) of each polymer 
was within the expected range (0.4 to 0.5nN). The method is applicable to similar polymers, 
e.g. poly(tetramethylene hexamethylene sulphone) has a modulus of 176.7GN/m 2 and an 
fvalue of 0-403nN. 

INTRODUCTION 

In a previous paper I we applied an energy balance 
method to the calculation of the elastic modulus of  the 
helical polymer poly(phosphonitrilic chloride). No 
experimental values were available for the modulus of 
the crystal. Because of this the method was applied to a 
series of planar zig-zag polymers some of which had 
experimental results available for comparison with the 
calculated values. The polymers treated were poly- 
ethylene, s-PVC, s-PVF, s-PVA and s-PMMAL These 
polymers are all of  the simple -(A1-A2)- type with the 
exception of polyethylene which is of the -(A1)- type. 
In this paper the method is applied to planar zig-zag 
polymers of a more complex basic structure. However, 
the principle of the method, does not change. The first 
polymer treated is nylon-6, 6 since the modulus of this 
polymer has been calculated previously 3, 4 and experi- 
mental modulus results from X-ray techniques are 
available 5. The method is then extended to other poly- 
amides. 

DERIVATION OF MODULUS 

Nylon-6, 6 
Nylon-6, 6 has a planar zig-zag structure similar to that 

of polyethylene; however, there are amide groups spaced 
at regular intervals along the chain (see Figure la). The 
repeat distance CIC' 1 contains 14 skeletal atoms, 12 
carbon and 2 nitrogen which can be characterized by 
the following 'degrees of freedom'--l l ,  Is, la, 14, cq, a2, c~3, 
cq, and a5 where: 

/1 = CINz = N2Cs 

/2 = N1C2 = CTN~ 

13 = C2Ca = CaC4 = C4C5 = C5C 6 = C 6C7 = 

C9C10 = CloC11 = CllC12 

/4 = CsC9 = CzsCi 

~z = CINzCs = CTNsC8 

~s = NzCsCa = CoC7Ns 

0~8 -~- C 2 C 8 C 4  ~-- C 8 C 4 C 5  = C 4 C 5 C 6  = C 5 C 6 C 7  = 

CgCloCzt = CloCzlC19. 
ol4 = NzCsC9 

~5=CllC12CI 

A two-dimensional Cartesian reference frame can be 
superimposed upon the repeat unit defining point C1 as 
the origin and direction C1Nt as the x axis. The y axis 
is then through C1 and perpendicular to CIN1 (see 
Figure la). 

Vector components may now be assigned to each of 
the bonds making up the repeat unit as given below: 

> 

C1N1 = (1, 0)ll 

N1C9. = (cos01, sin01)12 
> 

C2Ca = (cos~/1, sin~z)18 

CaC4 = (cos08, sin03)/3 

C4C5 = (cos~, sin~2)13 

C5C6 = (cos03, sin08)/3 
> 

C6C7 = (cos~s, sin~8)18 

C7N2 = (cos02, sin02)l~ 

N~C8 = (cos7/4, sin~4)h 
> 

CsC9 = (cos04, sin04)/4 
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C9Clo = (c0s~75, sin~5)la 

CloCn = (cosOa, sin0a)la 

CllC12 = (c0s~76, sin~6)la 

C12C~ = (cos05, sinOs)14 

where 0i and Wi are auxiliary angles (Figure 2), e.g. 81 
is the angle between bond N~Cz and the x axis, W~ is the 
angle between bond CzCa and the x axis and where 
initially ~, = 0 and 

0~ = =-- ~ (1) 

The overall repeat vector C1C ~ is shown in Figure 3 and 
is designated 

CIC~ = (cos ~, sin ~)L = ft. L (2) 

where L is the repeat distance. 
The value of f~ may be found by summing the y 

coordinates of the bonds in the repeat distance remember- 
ing that initially ~/= 0; therefore sire7 = 0 and cos~7 = 1. 

• Lsinf~=Zy~=l,zsinOl+3lasinOa+l~sinO2+ 
14 sin04+14 sin0~ (3) 

Hence from a knowledge of L, h values and 0, values, 
sinf~ and hence ~ can be calculated. As before if we 
consider the repeating unit L to undergo a change in 

a 

b 

C 

d 

Cu[----JCi2 

C g Y C , o  _ 

,, N,/ c~.___J~-_ / 
c - - x  -7 cv__/c, ° 

_ L -  
/ - C7 / C 8 

0 NC2 C3 C5 /C6 

ca/ is2 

~ X 

Figure I Conformation of nylons and PTHMS with superimposed 
Cartesian axes. (a) Nylon-6, 6; (b) nylon-6; (c) nylon-7; (d) PTHMS 
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C~C? 

~ X N~ 
Figure 2 Designation of the auxiliary angles 0 and 7/ 

C 
# 

c; 
I '" 

t ¢ 

L 

Figure 3 Relation of the repeat distance vector to the super- 
imposed Cartesian axes 

length dL, this change is made up as the sum of the 
small changes dL~ due to a small change dh in each 
degree of freedom, i.e. 

d L =  Y~ dL~ 
i=1 . . . . .  n 

The small changes can be considered in two sections, 
first the bond length deformations: 

dL1 = 2~(1, 0)dh (4) 

dL2 = 2ri(cos01, sinO1)dl2 (5) 

dLz = 5g(1, 0)dl3 + 3fi(cos0z, sin0a)dl3 (6) 

dL4 = 2fi(cos04, sin04)dl4 (7) 

and secondly the bond angle deformations. 
Considering only the portion of the chain N1 to Ne 

which is symmetric about the mid-point of C4C5: 

dL5=2{12fi[O/Ooq(cos01, sin01)]d~l + 

13~[O/Oo~l(cos,11, sim71)]dal + 

lzh[O/Oo~l(cosOz, sin0a)]dal + 

½1aFl[O/OO~l(COS~2, simTQ]d~l} 

.'. dL5 = 2{/2~[sin01, - cos01] + 13~[sin~l, - cosvl] + 

13fi[sin03, - cos0z] + ½13fi[simT2, - cosv2]}dal 
(8) 
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since 0 z = = - o a ,  dO l /& , z=  - 1 and also since 82= 01= 
o r - a 1 =  ~r-a2+~/1 (see Figure 2) 

• ". d~z/dal  = - 1 

S imi lar ly  d~/2/dal = - 1. Con t i nu ing  as above: 

dL6 = 2{lag[- sin~l, cos~71] + lag[ - sinOa, cos08] + 

½lab[- sire72, cosv2]}da2 (9) 

since d~/1/da2 = + 1, d0a/da2 = + 1 and dv2/da2 = + 1, 

dL7= 2{la~[sinOa, -cos0a] + ½1s~[sim72, -cos~72]}d~a (10) 

since d08/daa = - 1 and d~72/daa = - 1, and 

dLs = 18~[- sinv2, cos~2]da8 (11) 

since dv2/da8 = + 1.[N.B. dv2/daa # - 1 as in the previous 
differentiation since dL7 and dLs refer to different posi- 
tions of  88, i.e. C2CaC4 and C4C~C¢ respectively.] 

This completes section N1 to N2. We must now con- 
sider section C8 to C~ which is symmetric about the 
mid-point of  C~0Cll. 

dLa = 2 { 1 4 ~ [ s i n  04, - cos04] + l s ~ [ s i n v  ~, - cosy ~] + 

½1a~[sinO~, - cos0a]}da~ (12) 

since dO4]da4= - 1, dv~/da4= - 1 and dOa/da4= - 1, 

dLlo = 2{Ia~[- sire7 ~, cos~7 ~] + ½la~[- sinO8, cosOa]}da~ 

(13) 

since d~7~/das= + 1 and dOs/da~= + l, and finally 

d L n  = lah[sinOa, - cos0a]d~a (14) 

since dOa/daa = - 1. 

In all the previous expressions for dL~, a is the repeat 
distance direction cosine: 

ti = (cosf~, sin f~) 

where f~ is as defined earlier. 
The delta values derived previously may then be 

utilized in the Jaswon formula 1 for the overall elastic 
constant, C: 

C-1 -- (dL1)2 (dL2)2 4- (dL3)2 4- (dL4)2 ' (dLs)2 ' 
- - 2 K 1  + 2 K 2 -  8 K a - -  2K4 -~- 2Ha ,  ± 

(dLs) 2 . (dLT) 2 + (dLs) 2 . (dLo) 2 , (dLlo) 2 , 
2 H f - 2 ~ H ~ - - 2 H ~ - ~ , - e  2 H ~ , - e  2Hc~, -~ 

(dLn)  2 
2g~. (15) 

where K, and H~ represent the appropriate stretching 
and bending force constants. 

Finally, the Young's  modulus e 2 2  may be calculated 
f rom the relation: 

CL 2 CL 
C 2 2  ~--- = - 

V A 

where C is the overall elastic constant for the repeat 
unit as calculated above, L is the repeat distance and A 
is the effective cross-sectional area of  the chain. 

The force constants used by Treloar 4 in his treatment 
of  nylon-6, 6 were obtained f rom an infra-red study of  
acetamide ~. C - C ( O ) - N  and C - C - N  bending constants 
were assumed equal and that for C - N - C  bending esti- 
mated from the stretching constants of  the single bonds. 
The values used are given in Table 3. When Treloar 's 
values and parameters are substituted in the above 

equations, exactly the same result is obtained: c22 = 196.6 
G N / m L  

Owing to the uncertainty of  those force constants a 
new set were calculated based on the Urey Bradley force 
field (UBFF) 7. 

DERIVATION OF FORCE CONSTANTS FROM A 
UREY BRADLEY TYPE FORCE FIELD 

Nylon-6, 6 
The parameters required and nomenclature for the 

Urey Bradley force field (UBFF) are shown in Figure 4. 
The required force constants are then: 

/£1 = Kco~r~ = Kc• + s~zFcrr,~a + s ~aFcrr,co + 
2 t ~  2 t - -  SmrN-co+S12rC-H (16) 

/£2 = KNHC~, = KeN + S22aFcH,~H + s~IFCH,CO + 

2 , -  2 , -  S2arZ~-H+Sa2rC-H (17) 

/('4 = KCH,CO = KCC + S~zFcE,co + s~2FcH,NH -4- 
2 2 , ~  2,~ S 1 8 P C - H  "4- S 3 1 . t ' C - O  (18) 

where sa~.=(r12-ralcos~l)/q82 and q~2=r~2+r~l - 

2rlzr81 cos~l. 

It  can be seen that s82-cosx  where x is the angle 
between q32 and r12 (see Figure 4). Similar relations for 

s' ' s[u and s~l can be derived by 5"18, $21, Si2, 5,28, 5'81, 2 8 ,  5,82, 
considering similar angles. Also 

H=, = HO' = p~2H1 + t~2p~2FcH,~H + p~23x/(81/2ralr12) (19) 

H=, = HO, = p~sH2 + t~sp~sFcrqco + p~83K/(81/2r12r23) (20) 

H=,= HO,= p~sHl + t~3p~sFc~,~H + p~283K/(81/2r23r3~) (21) 

H~= = HO, = p~zHa + t~lp~zFc~,co + p~z3~/(81/2raaral) (22) 

where m2 = (ralr12) 1/2 and t82 = pa2 sin~z/q82. 
I t  will be seen that tsz = sinx where x is as described 

above. Similarly, expressions for tla, tza and t81 may be 
obtained by considering other angles. 

Force constants Ka and H=, for the polymethylene 
section of the chain are transferred directly from those 
obtained earlier for polyethylene 2. 

Molecular parameters and force constant data to be 
substituted into the previous equations are shown in 
Table 1. Unit cell data for nylon-6, 6 are in Table 2. 

The resulting force constants are shown in Table 3 
along with those used by Treloar and also a third set 
of  force constants which are based on a valence force 
field (VFF). 

H H , ,,,~- H U 

. . . . .  

H H H 

Figure4 Parameters required forthe derivation of the UBFF 
for nylon-6, 6 
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Table I Parameters used in modulus and force constant calculations 

Molecular parametersa Force constant datab 

Nylonsg-lz PTHMS 14 Nylons 9-11 PTHMS 14 

I1=r12 0.14 Ii=rl2=r21 0.1778 
12=r28 0.147 12=r28=r82 0.154 
18= r88 0.153 - -  - -  
14= r3z 0-153 - -  - -  
r~_ 0-124 r~  0 .1445 
r~ 0"1 r 2 0-109 
r,3 0"109 - -  - -  

[ 4  - -  - -  - -  
41 = 48 = 44 113 ° 32' 4z 103 ° 
42 130 ° 48" 4~ 109 ° 28' 
41 120 ° 8" 41 108 ° 48' 
4~ 114 ° 36' 4~ lO9 ° 28 '  
4~ 109 o 28 '  - -  - 
~ 1 = = 2 = ~ 8 = ~ 4  110 ° *  c ~ 1 = ~ = ~ 8  109028 ,* 

aAII  bond lengths in nm 
b Al l  force constants in N/m except K which is in aNm 
* For modulus calculation only 

KC-N 382 KC S 187.8 
KC C 336 FCH=SO= 37'2 
FCH= CO 80 FCH, CH~ 20 
FCH~ NH --21 FC O 35 
FNCO 132 FS-H 37.2 
FCNH 32 H z = H c s c  23.2 
FN-H 35 H2= HCCS 20 
FC-O 54 K(SCCS) - 0-045 
FC-H 48.2 K(3CSC) 0" 141 
H1 100 
H2 28 
/-/3 11 
x - -  0 '  0 4 9  

Unit cell parameters for several polymer crystals 

Unit cell dimensionsS 

a b c* 
Polymer (nm) (nm) (nm) 

Effective 
cross- 

Number of sectional 
c~ ¢t ~ chains in area, A Crystal 

(degrees) (degrees) (degrees) unit cell 8 (nm z) structure 8 

Nylon-6, 6 0.49 0.54 1.72 

Nylon-6, 10 0.495 0.54 2.24 
Nylon-6 0.956 0-801 1.724 

Nylon-7 0.49 0.54 0.985 
Nylon-11 0.96 0-42 1-50 
P T H  M S  0 .988  0 .926  1 .568 

* Fibre axis 

48 77 63 1 0-2646 c~-Form 
Triclinic 

48 77 63 1 0-2646 Tricl inic 
90 67"5 90 4 0.1914 a-Form 

Monoclinic 
49 77 63 1 0.2646 Triclinic 
72 90 64 2 0.2016 Tricl inic 
90 121.7 90 4 0.2287 Monoclinic 

Table 3 Force constants used in the calculations for nylon 
crystals 

Parameter Treloar a UBFF VFF 13 

Kz(KcO-NH) 780 561 611 
K~(KNH CH=) 574 510 527 
Ks(Kc-c) 436 470* 453 
K4(Kc-c) 436 492 517 
H~,(Hco-N-CH=) 140 81 232 
H~,(HN C C) 82 191 156 
Hoq(Hc C-C) 82 222* 159 
H~,(HN CO-C) 82 195 253 
H~, (Hc-c -co )  82 78 159 

* Transferred from polyethylene ~ 
Stretching force constant units N/m 
Bending force constant units aNm/rad 

Some difficulty had been encountered in using a 
UBFF for amide force constant calculations 12 so Kr imm 
and Jakes 13 have given a valence force field for the 
amide group and applied it to a study of the infra-red 
spectrum of nylon-6 and many other amides. The third 
set of  force constants are transferred from their results. 
The results of  the modulus calculation for nylon-6, 6 
for each set of  force constants are given in Table 4. 

Nylon-6, 10 
Nylon-6, 10 is very similar in structure to nylon-6, 6 

but has 4 more CHz groups in its repeat distance and 

can be analysed by an extension of the results obtained 
for nylon-6, 6, i.e. by including more terms in the expres- 
sions for the 'delta values'. 

Molecular and force constant data were transferred 
directly from the values for nylon-6, 6 (Table 1) except 
for the dimensions of  the triclinic unit cell 8 (see Table 2). 

The effective cross-sectional area of  the chain remained 
unchanged and the modulus of  nylon-6, l0 was calculated 
using the three sets of  force constants of  Table 3. The 
calculated moduli are shown in Table 4. 

Nylon-6 
Nylon-6 departs further from the uniform planar 

zig-zag. Nylon-6 is less symmetrical than nylon-6, 6 
and nylon-6, 10 due to the different way in which the 
chain is built up. In nylon-6, 6 the amide groups are 
in alternate directions along the chain as a result of the 
di-functional nature of  its original reactants, e.g. a 
diamine and a diacid. Thus the sections of the nylon-6, 6/- 
6, 10 chain are symmetrical about a central point of  a 
polymethylene section. 

Nylon-6, however, being formed from one monomer  
has all the amide groups in the same direction. The 
structure of  nylon-6 is shown in Figure lb along with the 
superimposed axes as for nylon-6, 6 and nylon-6, 10. 
It  can be seen there are two monomer  units in the repeat 
distance since the carbonyl group falls on alternate sides 
of  the chain. 
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Table 4 Calculated moduli and extensibilit ies of some polymer crystals 

Calculated modulus (GN/m ~) 

Force constants 
Polymer UBFF VFF from ref. 4 

Calculated extensibil ity* (nN) 

UBFF 

Experimental 
Force constants results ~ 

VFF from ref. 4 (GN/m ~) 

Nylon-6, 6 180-9 192.9 130.7 0.479 0.510 0,346 172.6 
Nylon-6, 10 185.6 189.6 130.2 0,491 0.501 0.344 196.2 
Nylon-6 244-1 262.8 179.7 0.468 0.501 0.343 164-8 
Nylon-7 180.2 188.6 129.6 0.477 0,497 0.343 - -  
Nylon-11 243.5 241.4 165-2 0.488 0.486 0,333 - -  
PTHMS 176-7 - -  ~ 0-403 - -  - -  

* For planar zig-zag polymers the extensibility should be in the range ~0 .4  to 0-5nN ~ 

Vector components for the bonds are then given as: 

C1N1 = (0, 1)lz 
> 

NIC~ = (cos0~, sin0~)l~ 

C2C3 = (cos~/1, SlmTl)la 
> 

CaCa = (cos0a, sin0a)la 

CaC~ =(cos~Tz, sm,/z)la 

C~C6 = (cos0a, sin0a)la 
> 

C6C7 = (cos'r]3, sm~s)la 
> 

C7N2 = (cos05, sin0~)Ix 

N2Cs = (cos~74, sm~74)/e 
> 

CsC9 = (cos02, sin0~)la 

C9Cz0 = (cosn~, smn~)la 
> 

C~oCI~ = (cos0~, sin0a)la 

CnC~z = (cos~7~, sim76)la 
> 

Cz~C~ = (cos04, sin04)14 

The angle f~ made by the overall repeat distance 
CIC~ to the x axis is obtained by summing the y coordi- 
nates. 

.'. L sing2 =/2 sin01 + 3/3 sin0a + I~ sin0~ + 

/3 sin0z +/4 sin04 (23) 

and hence ti i.e. (cosf~, sinf~) may be calculated. 
As for nylon-6, 6 and nylon-6, 10 the bond stretching 

deformations can be considered over the whole repeat 
distance. 

.'. dLl=~(1,  O)dll +~(cosO~, sinO~)dll (24) 

dL2 = g(cosOz, sinO1)d/z + ti(1, O)d/z (25) 

dL~ = 4~(1, 0)dla + 4~(cos0a, sinO~)d/3 (26) 

and 

dLa=~(1, 0)dl4 +t~(cos04, sin04)dl4 (27) 

The repeat distance CxC~ can be considered in two 
sections, N1 to C6 and C7 to C; with mid-points lying 
halfway along C~C4 and C9C~0 respectively. Owing to 

the lack of symmetry of the sections the method has to 
be modified slightly from that given for nylon-6, 6 
and nylon-6, 10 when treating the bond angle deforma- 
tion. 

Consider first section NzC6 and work from Nz and 
C6 alternately to the mid-point of CaC4: 

dLs=12ft[O~l(cosOx , sin0l)] dcq + 

lali [O~l(COS~71, sainT1)] dcxl+ 

1 a fls~[O~11(cosOa, sin0a)] dcxl 

.'. dL5 ={12~[sin01, - cos0z] + lafi[simlt, - cos~Tz] + 

{la~[sin0a, - cos0a]}dcq (28) 

since d 0 1 / d ~ l = - l ,  d 0 a / d c q = - I  and dT/1/dcq=-l .  

Also,  

d L 6 =  13fl[O~-4(--COS04,- sin04)] dot4+ 

la/~ [0~4(--COSt/2 , -- sin~2)] dcx4 + 

1 - a flan [o~(-cosOa, - sin03)] da4 

.'. dL6 = {13fi[- sinO4, cos04] + 13~[- sire72, cos~] + 

½13t~[-sin03, cosOa])daa (29) 

since dO4/da4 = - 1, dO3/da4 = - 1 and d~/2/daa= - 1. 
Similarly, 

dL7 = {lat~[- sinnl, cosvd + ½13t~[- sin03, cosO3]}da2 (30) 

since d~/1/da2 = + 1 and dOs/da2 = + 1, 

dLs = {13t~[sinn2, - cosy2] + ½lst~[sinOa, , cosOs]}da3 (31) 

since d~2/da3 = + 1 and dO~/das = + 1, and 

dL9 = lst~[sinOs, - cosOs]dc~s (32) 

since dO3/da3 = - 1. 
We can revert to the shorter method as used for 

nylon-6, 6 at this point since for dL9 the remaining 
section of chain to be treated is symmetrical about the 
mid-point of CsC4. 

Similarly, for section C7 to C~ of the repeat unit we get: 
dLz0 = {ll~[sin05, - cos05] + lzti[simTa, - cosT,t] + 

13~[sin02, - cosOz] + ½13t~[simTs, - cos~7~]}d~x~ (33) 
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since d05/d~5 = - 1, dv4/dc~5 = d~75/dc~5 = - 1 and d0z/d~5 = 
- - 1 ,  

dLll  = {14fi[- sin05, cos05] + 13t~[- sinv6, cosy6] + 

13~[- sin03, cos0a] + ½la~[- sinvs, cos~/5]}d~5 (34) 

since d05/dc~5=-l ,  dv6/das=d~/5/d~5=- i  and d0a/ 
dc~5 = - 1. 

Continuing this procedure for the remainder of 
section C7 to C~ we get: 

dL12 = {12fi[- sinv4, cosy4] + 13~[- sin0z, cos0e] + 

½la~[-sire75, cos~5]}d~a (35) 

since d~4/dcq = d~5/d~l = d02/d~l = + 1, 

dLx3 ={la~[sim76, - cosvd + 13~[sin0a, cos0a] + 

½13~[sim7~, -cosv~]}d~4 (36) 

since d~ 6/dcq  = d~ ~/d~a = d 03/dcq = + 1, 

dL14={lz~[sinOz, -cosOz] + }lag[sim/~, - cos~]}daz  (37) 

since d02/da2 = d~/dc~2 = - 1, 

dLz~ ={la~[-  sin0a, cos0z] + }lag[-  siml~, cos~75]}daa (38) 

since d0z/d~a = d~? ~/daa = - 1. Finally, 

dLl~ = lzfi[- sin~ ~, cos~/~]daa (39) 

since d~ddaz = + 1. 
It will be found that on calculation of the above delta 

values dL~, dLs, d L m  dLla and dLa ~ give negative results. 
This is as expected since in their derivation the deforma- 
tions are considered as acting in a - x ,  - y  sense. 

No difficulty is encountered due to the sign of the 
dL~ since each dLt is squared for inclusion in the expres- 
sion for the overall elastic constant C which is given for 
nylon-6 as: 

C-1 (dL1) z (dLDZ 4-(dLa)Z ' (dL4)Z ' 
= 2K1 4 2/£2 - 8/(3 -I- 2/£4 ~ 

(dLs) 2 , (dL6)2_(dLT)  2 ' (dLs) 2 , 
-t" H -r H -r H ~  -e H~, ~, ~, 

(dL9) 2 + (dL~0) 2 (dLn) 2 .  (dL~2) 2 
2H~,, H,, + H~, 'r Ho,, + 

(dLl~)2 + (dL14)2 ' (dL15)2 ' (dL]6)2 (40) 
Ha, - H=, 1- H~, ± 2H=, 

Using the value obtained for C -1 the elastic constant 
c22 may be calculated from: 

CL 
C22 = A 

where L is the repeat distance and A the effective cross- 
sectional area of chain. 

All molecular parameters and force constants for 
nylon-6 were transferred from nylon-6, 6, nylon-6, 10, etc. 
(Table 1). Unit cell data are in Table 2. 

The calculated moduli of nylon-6, for three sets of 
force constants (Table 3) are shown in Table 4. 

Nylon-7 
Nylon-7 has a structure similar to that of nylon-6 

but with one more - C H z -  group than nylon-6. The odd 
number of carbon atoms in the chemical unit results in 
a chain with all the carbonyl groups being on the same 
side. Hence, the repeat distance of  nylon-7 is much 
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shorter than that of nylon-6 and contains only one 
monomer unit per chain repeat distance. The structure 
of  nylon-7 and its superimposed set of axes are shown 
in Figure lc. 

Vector components are assigned and the bond stretch- 
ing deformations derived, as before. 

The shorter repeat distance of nylon-7, enables the 
bond angle deformations to be obtained by considering 
the complete repeat distance C1C~ at one time starting 
from C1 and C~ and working towards the mid-point of 
the unit which is halfway between C4 and C5. 

The 'delta values' dLi are used to obtain the overall 
elastic constant C for the repeat distance and the modulus 
e22 calculated from: 

CL 
e22 = A 

Molecular parameters and force constant data were 
transferred from the calculation for nylon-6 (Tables 1 
and 2). 

The calculated elastic moduli of nylon-7 are shown in 
Table 4 for three sets of force constants (Table 3). 

Nylon-l l 
Nylon-11 is similar to nylon-7 in that all the carbonyl 

groups lie on the same side of the chain. The only differ- 
ence is that there are four more CH~ groups separating 
the amide groups than in nylon-7. Hence the modulus 
is calculated by a simple extension of the method given 
for nylon-6 and nylon-7, i.e. we include more terms in the 
expression for the dL~'s. 

Molecular parameters and initial force constant data 
are in Table 1, unit cell data in Table 2. 

The moduli calculated using the force constants of 
Table 3 are given in Table 4. 

Poly(tetramethylene hexamethylene sulphone) (PTHMS) 
It was decided to calculate the modulus of a polymer 

with a similar type of long chemical unit in its repeat 
distance, viz. a polysulphone. 

The structure of poly(tetramethylene hexamethylene 
sulphone) - [ - - ( C H 2 ) 4 . S O 2 . ( C H 2 ) 6 . S O 2 - ] - n  is shown in 
Figure ld with the Cartesian reference frame superimposed 
on the chain. 

From this diagram the vector components of each bond 
can be obtained and the direction cosine (t~) of the repeat 
distance vector obtained by summing the y coordinates 
making up the repeat distance. 

The bond length deformations can then be written dir- 
ectly and the angular deformation obtained by considering 
the repeat distance in two sections $1 to $2 and $2 to $1. 

As both sections are symmetrical about the mid- 
points of C2C3 and CvCs respectively the method used 
is exactly the same as for nylon-6, 6 and nylon-6, 10. 

The overall elastic constant for the repeat unit is then 
obtained from: 

C_1 (dL1)Z-(dL2) 2 (dL3) 2 (dL4)  2 

= 4/£1 -t- 8K2 -P 2H~, + 2H~, + 

(dLs) 2 . (dL6) e + (dL7)2 , (dL8) 2 
2H~ -t- 2H~1 2H~, ~- 2H~, (41) 

and finally the elastic modulus ce2 from: 

CL 
C22 = A 

where L is the repeat distance and A the effective cross- 
sectional area of the chain. 
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The force constants K1,//2, H= 1, and H=, were derived 
from a Urey Bradley type of force field as shown below. 

The required force constants are obtained from the 
following sets of equations: 

K1 = Kc n,so, = Kc-s + s 321F(3tt ,so, + s~2FcE,ca, + 
2 t 2 I 2s21Fc-o + 2s12,Fs-~ (42) 

H= = H ~ , =  2 ~ 2 P22H1 + P2~t22FcH,c~, + p223K/(81/2r21r12) 

(43) 
and 

H=, = He, = p~zH2 + p~zt~lFc~,so, + P~13K/(81/2ra2r21) 

(44) 
where sal , s2~., s~l, s~2, P2e, Pal, t22 and tal may be derived 
as shown earlier for the nylons. The parameters and 
nomenclature are shown in Figure 5. 

The values of K2 and H=, for the polymethylene 
sections of the chain were transferred from the calcula- 
tion for polyethylene carried out earlier 2. 

Molecular parameters, initial force constant data and 
unit cell dimensions are given in Tables 1 and 2. The 
calculated elastic modulus of PTHMS is given in Table 4. 

RESULTS 

Table 3 gives the three sets of force constants used, those 
estimated by Treloar 4 and those from Urey Bradley or 
valence force fields. Table 4 shows the values calculated 
for the modulus, extensibility (fvalue) and experimental 
data where available. 

Extensibility 5 is the force required to stretch the 
molecule by 1 ~o in the direction of the molecular axis 
and is calculated as the product of the modulus and the 
cross-sectional area of a single molecule. 

DISCUSSION 

The force constants used by Treloar were estimated from 
early work 6 on acetamide and are not further considered. 

The UBFF constants are transferred from the normal 
coordinate analysis of cis and trans diacetamide, urea 
and substituted amides 9-11. The VFF force constants 
were transferred directly from a valence force field set 
up specifically for the amide group and for the nylons 13 
and thus could be expected to be the most accurate. 

The close agreement between results for the modulus, 
based on VFF and UBFF force constants supports the 
use of the UBFF method for which more data are avail- 
able. 

As the modulus is proportional to the repeat distance 
L and inversely proportional to the cross-section area 

H H H H 

H H O O H H 

Figure5 Parameters required forthe derivation of the UBFF 
for poly(tetramethylene hexamethylene sulphone) 

one would expect to find values of modulus decreasing 
in the series nylon-6 > nylon-11 > nylon-6, 10 > nylon- 
6,6>nylon-7, as nylon-6, 10; nylon 6,6 and nylon-7 
have a large cross-section area whilst nylon-6 and 
nylon-11 have low cross-section areas. It can be seen in 
Table 4 that the results fall in the expected sequence. The 
calculated and observed moduli for nylon-6, 6 and 
nylon-6, 10 are in fair agreement. 

However, the observed result for nylon-6 is much 
lower than the calculated value and also is contrary to 
the prediction that nylon-6 should have the highest 
modulus. 

Nylons have intermolecular hydrogen bonds when 
crystalline and therefore secondary bonding effects must 
play some part in the deformation of the crystal. The 
contribution depends on the crystal structure and since 
nylon-6 alone is monoclinic, the lower modulus for 
nylon-6 could be due to a lesser H-bonding effect in the 
monoclinic crystal structure. Since the present calcula- 
tion only considers primary bonding effects, such changes 
in the modulus would not be apparent. Difficulties relat- 
ing to the order of reflection used may also affect the 
experimental results 5. 

The extensibilities (fvalues) for the nylon series calcu- 
lated from our results all lie within the range 0.4 to 
0.5nN as expected for a polymer with a planar zig-zag 
structure (see Table 4). 

The method used in these calculations appears to be 
satisfactory for the nylons since the calculated moduli 
are in good agreement with the 'expected' moduli as 
described above. 

Finally, the method was applied to a crystal of poly- 
(tetramethylene hexamethylene sulphone) since the 
structure is quite similar to that of the nylons. No X-ray 
or previously calculated results were available. However, 
the extensibility of the polymer (0.404 nN) is within the 
range expected. 
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Synthesis and homopolymerization studies of 
vinylimidazolium salts 
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The preparations and characterizations of several monomeric vinylimidazolium salts are 
presented from the quaternizations of 1-vinylimidazole and 2-methyl-l-vinylimidazole with 
n-alkyl iodides and with dimethyl sulphate. Although vinylimidazolium salts have been 
reported in the patent literature, many of these salts were not isolated and characterized 
prior to their polymerization. From the reactions of 1-vinylimidazole with n-alkyl iodides, a 
homologous series of 3-n-alkyl-l-vinylimidazolium iodides were prepared in which the 
longer chain derivatives appeared to form micelles in aqueous solution. Dicationic cross- 
linking agents were also prepared through similar quaternization reactions. All the cationic 
vinyl monomers were homopolymerized in aqueous solution by free radical initiation. The 
solution behaviour of the resulting polyions indicated that the longer side-chain polyions 
had polysoap properties. 

INTRODUCTION 

The free radical polymerization of cationic vinyl mono- 
mers has been an area of increased interest in recent 
years 1, 2. Although many such monomers have been 
synthesized, most of these have contained the positive 
charge far removed from the double bond. Very few 
studies have been concerned with monomers in which 
the positive charge was adjacent to the vinyl group, 
since these monomers can be difficult to polymerize. 
However, it has been found that when the cationic site 
is on an aromatic ring which is adjacent to a double 
bond, homo- and co-polymerization appears possible. 
This is illustrated by the free radical polymerizations of 
various vinylpyridinium 3-7 salts. 

In this work are presented the preparation, characteri- 
zation and polymerization of a variety of quaternary 
iodide and methylsulphate salts from 1-vinylimidazole 
and 2-methyl-l-vinylimidazole. Although mention has 
been made in the patent literature on the free radical 
polymerization of vinylimidazolium salts 8, in many 
cases these quaternary monomers do not appear to 
have been isolated and characterized. 

EXPERIMENTAL 

Monomer preparations 
3-Methyl-l-vinylimidazolium iodide (Ia). To 9-41g 

(0.10 mol) of freshly distilled 1-vinylimidazole was added 
85.20g (0-60mol) of reagent grade methyl iodide in 
100ml of dry ethyl acetate at -10°C. The reaction 
mixture was stirred for 1 h and then brought to room 

* To whom enquiries should be addressed. 
t Present address: Dept. of Chemistry, Harvard University, 
Cambridge, Mass., USA. 

temperature overnight, during which time off-white 
crystals formed. The mixture was cooled and filtered, 
and the monomeric salt was washed three times with 
anhydrous diethyl ether, followed by three recrystalliza- 
tions from n-propanol giving a 56 70 yield of off-white 
needles, m.p. 77-5-78.0°C (lit. 85-86°C) 9. 

Calculated for CnH9N2I: C, 30.53~; H, 3.84~; 
N, 11.877O; I, 53.7670. Found: C, 30.44~; H, 3.79~; 
N, 11-82~o; I, 53.777O. 

3-n-PropyL l-vinylimidazolium iodide (Ib). This mono- 
mer was prepared by a similar procedure to that for Ia 
except that stirring was conducted for 1 h at room 
temperature using 19.4g (0.12tool) of n-propyl iodide. 
After stirring, the solution was left overnight and an oily 
product separated. The oil was removed by decantation 
and triturated with diethyl ether. After a second tritura- 
tion, solid formed. The quaternary salt was recrystallized 
from n-propanol giving a 58.9~ yield with m.p. 68.0- 
68.5°C. 

Calculated for CsH13N2I: C, 36.38~; H, 4.97~; 
N, 10-60~; I, 48.05~. Found: C, 36-32~; H, 5"147o; 
N, 10.28~; I, 48.35~. 

3-n-Hexyl-l-vinylimidazolium iodide (Ie). To 10.60g 
(0.050 mol) of n-hexyl iodide in 25 ml of dry ethyl acetate 
at room temperature was added with stirring 2.35g 
(0.025mol) of 1-vinylimidazole. Stirring was continued 
for 8 h, during which time a fight yellow oil separated. 
The product, which remained as an oil after several 
triturations with diethyl ether, was obtained in 10.5% 
yield. 

Calculated for C11H19N2I: C, 43"157o; H, 6-2670; 
N, 9.15~; I, 41.45~. Found: C, 42.44~; H, 6.487O; 
N, 9.44~; I, 41.7470. 
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3-n-Heptyl-l-vinylimidazolium iodide (Id). This mono- 
mer was prepared by a procedure similar to that for Ic 
except that the same molar amount of n-heptyl iodide 
was used. The reaction was stirred for 48 h, after which 
time the oily layer which formed was separated by 
decantation. After repeated triturations with diethyl 
ether, the product remained as an oil and was obtained 
in 17.5 ~o yield. 

Calculated for C12H21Ng.I: C, 45.01~o; H, 6.61~; 
N, 8.75~; I, 39.63~. Found: C, 44-82~; H, 6.80~; 
N, 8"77~o; I, 39.77~o. 

3-n-Dodecyl-l-vinylimidazolium iodide (Ie). To 3-55g 
(0.012mol) of n-dodecyl iodide in 100ml of dry ethyl 
acetate was added 1.00 g (0-0106 mol) of 1-vinylimidazole. 
After stirring the mixture for 48 h at room temperature, 
the solution was cooled to 0°C, and crystallization of 
the quaternary salt rapidly occurred. The crystals were 
filtered, washed with diethyl ether and recrystallized 
three times from ethyl acetate giving 2.02g (51"0~o 
yield) of off-white needles, m.p. 50.3-51.8°C. 

Calculated for C17H31N2I: C, 52-30~o; H, 8"01~o; 
N, 7"18~o; I, 32.24~. Found: C, 52.04~o; H, 8"46~o; 
N, 7.08~; I, 32.15~o. 

3-n-Hexadecyl-l-vinylimidazolium iodide (If). This 
monomer was prepared by the same procedure as that 
for Ie except for the utilization of 4-23 g (0.012mol) of 
n-hexadecyl iodide. After three recrystallizations from 
ethyl acetate, off-white needles formed in 30Yo yield, 
m.p. 68.0-68.5°C. 

Calculated for C21H39N2I: C, 56.50~; H, 8.81~o; 
N, 6"27~o; I, 28.42~. Found: C, 56-62~; H, 9.08~o; 
N, 6"14~o; I, 28-45~. 

2,3-Dimethyl-l-vinylimidazolium iodide (II). Using the 
same conditions as that for Ia with the exception of 
conducting the entire reaction at room temperature, it 
was found that crystals formed rapidly. After washing 
the off-white crystals with diethyl ether followed by three 
recrystallizations from n-propanol, a 59.2~o yield was 
obtained with m.p. 149-2-151-0°C. 

Calculated for CTHllN2I: C, 33.62~o; H, 4"43~o; 
N, 11"20~o; I, 50.75~o. Found: C, 33"80~o; H, 4.43~o; 
N, 11.18~; I, 50"64~o. 

1,4-Butanediyl-3,3'-bis-l-vinylimidazoliurn diiodide 
(Ilia). To a solution of 3.10g (0.010mol) of 1,4-diiodo- 
butane in 20 ml of dry ethyl acetate was added 1-47 g 
(0.012mol) of 1-vinylimidazole. After standing at room 
temperature for two weeks, the mixture was filtered and 
a crystalline product was obtained. The crystals were 
washed with ethyl acetate and then diethyl ether, 
followed by vacuum drying. The dicationic monomer 
was dissolved in 50 ml of water, 25 ml of acetone were 
added and the solution was concentrated in vacuo until 
crystals formed. The solution was stored in a refrigerator 
until crystallization was complete and the product was 
then filtered giving a 39.2 ~o yield, m.p. 159.0-161.0°C. 

Calculated for C14H20NaI2: C, 33-75~; H, 4-05~o; 
N, 11.25~o; I, 50.95~. Found: C, 33.70~; H, 4.01~o; 
N, 11.31~; I, 50"75~o. 

1,4-Butanediyl-3,3'-bis-2-methyl-l-vinylirnidazolium di- 
iodide (1Hb). To a solution of 3.10g (0.010mol) of 
1,4-diiodobutane in 100ml of dry ethyl acetate at room 

temperature was added 4.33 g (0.040mol) of 2-methyl-1- 
vinylimidazole. A precipitate began to form within a 
few minutes. The solution was then stored overnight at 
0°C and the product was then filtered and washed with 
ethyl acetate. After recrystallization in acetone-water by 
the procedure given for IIIa, a 53.3 ~ yield of 2-methyl-3- 
(4-iodobutyl)-l-vinylimidazolium iodide, m.p. 141.0-- 
144.0°C, was obtained. The uncompletely quaternized 
product (1.72g, 0.0042mol) was dissolved in 20ml of 
methanol and heated at 65°C for 3 h with 3.0 g (0-028 mol) 
of 2-methyl-l-vinylimidazole. The solution was cooled 
and poured into excess ethyl acetate to precipitate the 
dicationic salt. The final product was filtered, washed 
with diethyl ether and dried giving a 51 ~ yield, m.p. 
271.0-273-0°C. 

Calculated for C16H24N412: C, 36.52~; H, 4"60~o; 
N, 10.65~; I, 48"23~o. Found: C, 35.70~; H, 4"54~o; 
N, 10.56~; I, 48.18~. 

3-Methyl-l-vinylimidazolium rnethylsulphate (1Va). To 
15.14 g (0.12 mol) of freshly distilled dimethyl sulphate 
in 60ml of dry ethyl acetate at -10°C was added 
9.41 g (0.1 mol) of 1-vinylimidazole. A precipitate began 
to form within 10min. After standing at 0°C for 4h, 
the product was filtered, washed with ethyl acetate and 
then recrystallized from n-butanol. The white crystals 
were filtered, washed with diethyl ether and dried in 
vacuo at room temperature giving a 66.5~ yield, m.p. 
66.6-67.9°C. This product was found to be very hygro- 
scopic. 

Calculated for CTH12N2SO4: C, 38.17~o; H, 5.49~; 
N, 12.72~; S, 14.56~. Found: C, 37.63~; H, 5.62~; 
N, 12-41~; S, 14"30~o. 

2,3- Dimethyl- l-vin ylimidazolium methylsulphate ( IVb ). 
To 18.92g (0.15mol) of dimethyl sulphate in 60ml of 
dry ethyl acetate at -10°C was added 10.81 g (0.10mol) 
of freshly distilled 2-methyl-l-vinylimidazole. A preci- 
pitate was noted within 5min. After standing at 0°C 
for 4 h, the monomeric salt was filtered, washed with 
ethyl acetate and recrystallized from n-propanol. After 
filtration, white hygroscopic crystals were obtained which 
were washed with diethyl ether and vacuum dried at 
room temperature giving a 42.2~ yield with a m.p. 
of 65.0-66.2°C. 

Calculated for CsH14NzSO4: C, 41.01~; H, 6.02~; 
N, 11.96~o; S, 13.69~. Found: C, 40.89~; H, 5.91~; 
N, 11.96~; S, 13-57~o. 

Homopolymerization reactions 
All homopolymerization reactions were conducted by 

the following procedure. To a heavy walled polymeriza- 
tion tube was added 10ml of a 0.45M aqueous solution 
of a monomeric salt (h-If,  II, IVa, IVb) which contained 
lmol~  of 4,4'-azobiscyanovaleric acid. The contents 
of the tube was flushed with nitrogen and sealed in vacuo 
after utilization of the freeze-thaw technique. The tubes 
were then placed in a constant temperature bath thermo- 
stated at 60°C for 20 h. In the cases of the completely 
water soluble, short chain length polymers (Va, Vb, VI, 
VIIa, VIIb), the polymeric salt solutions were exhaustively 
dialysed against de-ionized water and the products were 
obtained by lyophilization. The intermediate chain 
length polymers (Vc and Vd) were completely water 
insoluble and these products were dissolved in ethanol 
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and dialysed against ethanol-water and then water. 
Polymers Vc and Vd were then obtained in powder 
form by filtration. In the formation of the long side- 
chain polymers (Ve and Vf), the solutions turned opaque 
during the reaction and approximately 30~ water 
insoluble polymer formed with the remainder existing 
in an emulsified solution. This solution was dialysed 
against de-ionized water and then isolated in aqueous 
solution. The percentage yields and elemental analyses 
of all polymers are given below. 

Poly(3-methyl-l-vinylimidazolium iodide) (Va) obtained 
in 60-4 ~ yield after lyophilization. 

Calculated for C6HgNzI: C, 30.53~; H, 3.84~; 
N, 11-87~; I, 53.76~. Found: C, 30.52~; H, 3.96~; 
N, 11-65~o; I, 53"69~o. 

Poly(3-n-propyl-l-vinylimidazolium iodide) (Vb) ob- 
tained in 58-9 ~ yield after lyophilization. 

Calculated for C8H13N2I: C, 36.38~; H, 4.97~; 
N, 10.60~. Found: C, 36.30~; H, 5.09~; N, 10-50~. 

Poly(3-n-hexyl-l-vinylimidazolium iodide) (Vc) obtained 
in 65-0 ~ yield after filtration. 

Calculated for CllH19N2I: C, 43.15~; H, 6.26~; N, 
9.15~; I, 41.45~. Found: C, 43.21~; H, 6.27~; N, 
9.54~; I, 40.74~. 

Poly(3-n-heptyl-l-vinylimidazolium iodide) (Vd) ob- 
tained in 59-8 ~ yield after filtration. 

Calculated for C12H21N21: C, 45.01~; H, 6.61~; 
N, 8.75~; I, 39.63%. Found: C, 45.29~; H, 6.66~; 
N, 9"60~o; I, 38.29 ~',. 

Poly(3-n-dodeeyl-l-vinylimidazolium iodide) (Ve) ob- 
tained in a total yield of 63-1 ~ (including water-soluble 
and water-insoluble polymer). 

Calculated for C17H31N2I: C, 52-30~; H, 8-01~; 
N, 7.18~o; I, 32-24~%. Found: C, 52.04~; H, 8.46~; 
N, 7.08~; I, 32.51 ~,;. 

Poly(3-n-hexadeeyl-l-vinylimidazolium iodide) (Vf) ob- 
tained in a total yield of 64-7 ~ (including water-soluble 
and water-insoluble polymer). 

Calculated for C21H39N~I: C, 56.50~; H, 8.81~; 
N, 6.27%; I, 28-42%. Found: C, 56.32~; H, 8.62~; 
N, 6"37~o; I, 28.58 ~o. 

Poly(2,3-dimethyl-l-vinylimidazolium iodide) (VI) ob- 
tained in 53.2 ~ yield after lyophilization. 

Calculated for CvHllNzI: C, 33.62~; H, 4.43%; 
N, 11.20%; I, 50.75~. Found: C, 33-42~; H, 4.62%; 
N, ll.0l ~ ;  I, 50.70 °/ / O "  

P oly( 3-meth y l- l- vin ylimidazolium methylsulphate) ( VIIa) 
obtained in 43.9 ~ yield after lyophilization. 

Calculated for CTHa2NzSO4: C, 38.17~; H, 5-49%; 
N, 12.72~; S, 14.6 °/. Found: C, 38.12~; H, 5.41~; 
N, 12.67~; S, 14"54°. 

Poly(2,3-dimethyl-l-vinylimidazolium methylsulphate) 
(VIIb) obtained in 67.6~ yield after lyophilization. 

Calculated for CsH14N2SO4: C, 41.01~; H, 6.02~; 
N, 11.96~. Found: C, 41-15~; H, 6.07~; N, 12.08~. 

Yinylimidazolium salts: J. C. Salamone et aL 

Cross/inking reactions 
Copolymerization reactions of 1,4-butanediyl-3,3'-bis- 

1-vinylimidazolium diiodide (IIIa) with 3-methyl-1- 
vinylimidazolium iodide (Ia) and of 1,4-butanediyl-3,3'- 
bis-2-methyl-l-vinylimidazolium diiodide (IIIb) with 
2,3-dimethylimidazolium iodide (II) were conducted in a 
similar manner to that of the homopolymerization 
reactions. Each solution contained a total monomer 
concentration of 0.45 M in 10ml of water of which the 
crosslinking agent (IIIa or IlIb) amounted to 5mol~  
of the monocationic salt (Ia or II). After copolymeriza- 
tion at 60°C for 24h with 1 m o l ~  4,4'-azobiscyano- 
valeric acid, the products were obtained as soft gels which 
were exhaustively dialysed against water followed by 
lyophilization. The dried sample was then twice slurried 
in water and centrifuged to separate the soluble and 
insoluble portions. The reaction between Ia and IIIa 
gave a 68.5~ yield of which 31.3 ~ was water insoluble 
whereas the reaction between II and IIIb gave an 80.5 
yield of which 53.5 ~ was water insoluble. 

C H ~ : C H  
I 

N 

RESULTS AND DISCUSSION 

Monomer preparations 
In this work, it was of interest to prepare a homologous 

series of quaternary vinylimidazolium salts in which the 
linear alkyl moiety could be increased in chain length. 
Such a series of monomeric salts could have varied 
hydrophilic-hydrophobic character such that they could 
function as 'normal' organic salts with the short alkyl 
moieties or as detergents with the long alkyl moieties. 
In a similar fashion, the progression in alkyl chain length 
would also be expected to effect markedly the solution 
behaviour of the resulting polycations. 

The preparation of a homologous series of vinylimid- 
azolium salts was readily achieved by the quaternization 
of 1-vinylimidazole (reaction 1, R=H)  with a series of 
n-alkyl iodides in ethyl acetate as solvent according to 
the procedures given in the experimental section. This 
reaction results in quaternization of the 3-position of 
1-vinylimidazole to give the corresponding 3-n-alkyl-l- 
vinylimidazolium iodide (Ia-If). 

H e \  / HA 

C - ~ C  
/ \ 

+ R'I • +"~ R(1 ) 

I 
R' 

la: R = H, R' = CH3 

Ib: R = H, R' = (CH=)2CH3 

Ic: R = H, R' = (CH2)sCH3 

Id: R = H, R' = (CH=)6CH~ 

le: R = H, R ' =  (CH=),,CH3 

If: R = H, R' = (CH2),sCH3 

I 1 : R = R ' = C H 3  

From the reactions of l-vinylimidazole with methyl 
iodide, n-propyl iodide, n-dodecyl iodide and n-hexa- 
decyl iodide, the cationic monomers of 3-methyl(Ia)-, 
3-n-propyl(Ib)-, 3-n-dodecyl(Ie)- and 3-n-hexadecyl(If)- 
l-vinylimidazolium iodide were all obtained in the 
crystalline form as off-white needles. Upon standing, 
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these needles had a tendency to yellow. Although it was 
possible to obtain crystals of the shortest and longest 
chain quaternary salts, this was not possible for the 
intermediate length salts 3-n-hexyl(Ic)- and 3-n-heptyl(Id)- 
1-vinylimidazolium iodide which remained as oils. In 
spite of the fact that the elemental analysis of the former 
compound was slightly in error, a verification of the 
purity of reagents used in the formation of both Ic and 
Id by gas chromatography indicated that impurities 
were not the cause of their non-crystallization behaviour. 
This characteristic is not unexpected, since intermediate 
chain length hydrocarbons can cause a phase change 
from a liquid to an oil or solid. For the shortest alkyl- 
substituted salt (Ia) it was found that this salt is very 
hygroscopic and difficult to handle. Furthermore, in the 
formation of this salt, it is possible to form an oil which 
can be difficult to crystallize. Recently, Shostakovskii 
et al. 9 prepared this salt and other vinylimidazolium and 
vinylbenzimidazolium salts for infra-red and ultra-violet 
spectral studies. Although these authors reported a 
melting point of 85-86 °C in comparison to that which we 
obtained of 77-5-78.0°C, a detailed description of their 
preparation was not given. 

The solubilities of the cationic monomers Ia-If in 
water were rather interesting. For the short chain length 
alkyl-substituted salts (Ia and Ib), it was found that 
they were readily soluble in water. For the intermediate 
chain length alkylated monomers (Ic and Id), these 
appared to be less water soluble than compounds Ia 
and Ib, in accord with their greater hydrophobic charac- 
ter. For the long chain length alkyl substituents (Ie and 
If), it was found that these monomers behaved as deter- 
gents in aqueous solution with considerable frothing 
being noted. The monomer If appeared to be slightly 
less soluble than Ie. The solubility of the series of mono- 
mers in water thus illustrates a distinct change in solution 
behaviour depending on the length of the quaternary 
side-chain. The short chain monomers behave as typical 
water-soluble salts whereas the intermediate chain 
monomers are less water soluble because of their increased 
hydrophobic character, and the long chain monomers 
appear to form micelles in aqueous solution because of 
their highly hydrophobic character. Transitions in 
solution behaviour of this type often occur with ionic 
organic molecules where a hydrophobic moiety can be 
increased in chain length 1°. 

For the monomer 2-methyl-l-vinylimidazole, the only 
quaternization reaction with an alkyl iodide that was 
studied was that with methyl iodide (reaction 1, R = R '=  
CHa). It was found that 2,3-dimethyl-l-vinylimidazolium 
iodide (II) formed very rapidly in comparison to the 
slower quaternization of 1-vinylimidazole with methyl 
iodide (reaction 1, Ia). On the basis of stereochemical 
considerations, this was surprising to note because the 
more hindered 2-methyl isomer would be expected to 
quaternize at a slower rate than the less hindered, unsub- 
stituted isomer. 

In conjunction with the quaternization of 1-vinylimid- 
azole and 2-methyl-l-vinylimidazole by alkyl iodides, 
it was also of interest to prepare dicationic monomers 
that could be used as crosslinking agents. This was 
effected by the reaction of the nucleophilic vinyl mono- 
mers with the alkyl diiodide, 1,4-diiodobutane, in ethyl 
acetate (reaction 2). In this case it was found that the 
reaction with 1-vinylimidazole easily gave the dimeric 
product 1,4-butanediyl-3,3'-bis-l-vinylimidazolium diio- 

dide (IIIa). However, the reaction with 2-methyl-1- 
vinylimidazole initially gave the monoquaternized pro- 
duct 2-methyl-3-(4-iodobutyl)-l-vinylimidazolium iodide 
which underwent complete quaternization upon heating 
with excess 2-methyl-l-vinylimidazole to 1,4-butanediyl- 
3,3'-bis-2-methyl-l-vinylimidazolium diiodide (IIIb). 

CH2~-~CH 
I 
N 

+ I-(CHa)4-1 • 

CHa~CH 
I 
N 

R 

I 
(CHa)4 

I 
N 

. 

[ 
CH=~CH 

(2) 

I l ia :  R = H 

IIIb: R = CH3 

Previously, the only dicationic vinyl monomers that 
appear to have been reported and characterized have 
been those prepared from the diquaternization of amino 
acrylates and methacrylates 2. 

In further studies of the quaternization of 1-vinylimid- 
azole and 2-methyl-l-vinylimidazole, it was also of 
interest to characterize the salts prepared from the 
reactions with dimethyl sulphate, since these monomers 
have been reported in the patent literature but apparently 
have not been isolated and structurally verified 2, 9. 
Employing similar quaternization procedures as with 
the alkyl iodides, it was found that the quaternizations 
with dimethyl sulphate (reaction 3) occurred within 
minutes in cold ethyl acetate solution. As was expected, 
these quaternization reactions were considerably more 
rapid than the corresponding preparation of the iodide 
salts. Furthermore, it was again noted that 2-methyl-1- 
vinylimidazole appeared to quaternize more rapidly than 
its unsubstituted isomer. 

CH2~C:H CH2-~-CH 
I I 

" Ei - 
CH3 

IVa:  R = H 

IVb: R = CH3 

The monomers 3-methyl(IVa)- and 2,3-dimethyl(IVb)-l- 
vinylimidazolium methylsulphate were found to be 
extremely hygroscopic, and utilization of anhydrous 
conditions was needed in their characterization. 

Polymerization reactions 

It was previously indicated that several polyvinylimid- 
azolium salts have been reported in the patent literature 
in which a variety of vinylimidazoles were quaternized 
and then free radically homo- or co-polymerized. Alter- 
native preparations of polyvinylimidazolium salts have 
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also employed the initial formation of a neutral (nucleo- 
philic) polyvinylimidazole, followed by treatment with 
an alkylating agentL In the latter approach, it can be 
difficult to achieve complete quaternization. 

In our experiments, we have found that the monomeric 
salts I, II and IV could be homopolymerized in water 
using the free radical initiator 4,4'-azobiscyanovaleric 
acid (ACVA, reaction 4) to their corresponding poly- 
vinylimidazolium salts V-VII. 

A I B'  

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

N Ei x R AcvA_ ;!  R 17L 
I I 
R' R' 

la - l f  

II V:  R = H , X  - = l -  

I Va, IVb  Va:  R' = CH3 

Vb :  R' = (CH~)=CHa 

Vc:  R ' =  (CH2)sCH3 

Vd:  R ' =  (CHz)6CH3 

Ve:  R ' =  (CH2hICH3 

V f  : R' = (CH2)IsCH3 

V I :  R = R '=  CH3, X - = I -  

V I I :  R' = CH3, X -  = CH3SO~ 

V l l a :  R = H 

V I I b :  R = CH3 

Each of the homopolymerization reactions were done 
under the same conditions. The solubilities of the result- 
ing polymeric solutions were found to be related to the 
length of the alkyl chain. For the homologous alkyl 
iodide series Va-Vf, the short side-chain polyions of 
poly(3-methyl- 1-vinylimidazolium iodide)(Va) and poly(3- 
n-propyl-l-vinylimidazolium iodide) (Vb) were found to 
be very soluble in water. The intermediate side-chain 
polyions of poly(3-n-hexyl-l-vinylimidazolium iodide) 
(Vc) and poly(3-n-heptyl-l-vinylimidazolium iodide) (Vd) 
were completely insoluble in water. On the other hand, 
the long side-chain polyions poly(3-n-dodecyl-1-vinylimid- 
azolium iodide) (Ve) and poly(3-n-hexadecyl-1-vinylimid- 
azolium iodide) (Vf) gave opaque solutions which frothed 
easily. From these solutions, it was indicated that the 
short side-chain polymers Va and Vb behaved as normal 
polyions whereas the long side-chain polyions Ve and 
Vf were sufficiently hydrophobic to cause micellarization 
of the macromolecules in aqueous solution such that 
polysoaps resulted. The intermediate side-chain length 
polyions Vc and Vd were apparently not sufficiently 
hydrophobic to cause the formation of polymeric micelles 
through the hydrophobic intramolecular or intermolecu- 
lar interactions of the pendant groups. Transitions in 
solubility behaviour of this type have been reported by 
Strauss et al. on their studies of poly(4-vinylpyridine) 
which was first quaternized to a small degree with 
n-dodecyl bromide followed by greater quaternization 
with ethyl bromide TM 12. 

In these polymerization reactions, it was noted that 
when the polysoap solutions were exhaustively dialysed 
and then lyophilized, the resulting dried solid was insol- 
uble in water, even upon heating. Solubilization could 
then be effected only through the utilization of organic 
solutes. It is conceivable that this insolubility could be 
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caused by extensive intermolecular hydrophobic inter- 
actions between the long chain pendant groups such that 
the ionic charges would be buried in the interior and not 
near the surface as would occur in micellar solutions. 
A similar water insolubility of a dried anionic polysoap 
has been previously reported by Sinha and Medalia la. 

The other short side-chain polyions, poly(2,3-dimethyl- 
1-vinylimidazolium iodide) (VI), poly(3-methyl-l-vinyl- 
imidazolium methylsulphate) (VIIa) and poly(2,3-di- 
methyl-l-vinylimidazolium methylsulphate) (VIIb) were 
also found to be very water soluble. Since the short side- 
chain monomers and their corresponding homopolymers 
were all highly water soluble, it was decided to test the 
crosslinking ability of the difunctional monomers Ilia 
and IIIb with the simplest monomeric salts, Ia and II, 
respectively. Using a 5mol~  solution of either cross- 
linking agent with Ia or II according to the conditions 
described for the homopolymerizations, followed by 
several washings with hot water to remove any uncross- 
linked polymer, it was found that crosslinked hydro- 
philic gels resulted. A considerable amount of mechanical 
loss of crosslinked polymer was obtained by the rigorous 
purification technique because of the small size of the 
gel particles that were obtained. 

N.m.r.  measurements 

N.m.r. spectra of imidazolium salts have been previ- 
ously reported in the literaturO 4-17. Although our pre- 
liminary investigation of the n.m.r, spectra of vinylimid- 
azolium salts Ia and II was conducted in DzO 1, as 
were most of the salts that have been reported in the 
literature, it was found that this solvent could not be 
used effectively for the various monomers and polymers 
because of their wide range in solubility behaviour. It 
was found, however, the DMSO-d6 could be used for 
the greatest number of compounds, with only the 2,3- 
dimethyl-substituted iodide polymer (VI) being insoluble 
at ambient temperature. 

The spectral data for the monomeric and polymeric 
salts prepared in this investigation are given in Tables 1 
and 2, respectively. In both Tables, the substituent 
positions on the imidazolium ring are given by numbers 
1-5 according to the numbering system shown in reaction 
(1). In the case of the monomeric salts, the vinyl hydro- 
gens on the 1-position are denoted by A, B and C for 
positions gem, cis and trans to the imidazolium ring. In 
the case of the polyions, the chain-backbones are denoted 
by A' and B' (reaction 4) for the methylene and methine 
hydrogens of the l-position. 

In Table 1, it is seen that there is good agreement in 
chemical shift values for positions 1-5 of the monomers 
of the homologous series (Va-Vf). For each salt, the 
hydrogen of the 2-position is furthest downfield. In 
comparison to neutral (unquaternized) imidazole, the 
2-hydrogen of each monomeric salt is shifted furthest 
downfield, apparently because of the cationic character 
of the 1- and 3-nitrogens. The chemical shifts and coup- 
ling constants for the vinyl hydrogens are in accord with 
those of other cationic, monomeric salts 1s,19. Similar 
agreement in chemical shift data is also noted for the 
2,3-dimethyl-substituted iodide (II), the dicationic cross- 
linking agents (IIa, IIb) and the methylsulphate salts 
(IVa, IVb). Relative to our previous spectral study of 
monomeric salts Ia and II in D201, it is found that 
DMSO-d6 causes a significant shift downfield for all 
peak positions. 
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Table 1 N.m.r. spectra  data of monomeric imidazolium salts in D M S O - d s  

Chemical shift, 8 (ppm) from TMS 

2a Vinyle Alkyl 
Mono- Counter- 

mer H CH8 4, 5b A B C N-CH2- -CH~- -CH3 ion 

Coupling (Hz) 

J45 dAB JAC JBC 

la 9 .92  
Ib 9 .93  
Ic 9 .95  - -  
Id 9 .96  
le 9 .90  
If 9 .80  - -  
II ~ 2.81 
I l ia 9 .82 - -  
I I Ib - -  2 .89  
IVa 9.38  - -  
IVb - -  2.71 

8.34  8 .14  
8 .46  8-20 
8 .34 8 .17  
8 .40  8 .14  
8 .39  8 .15  
8 .36  8 .10  
8 .20  7 .89  
8 .37  8 .13  
8 .29  8 .04 
8.13,  7 .88  
8.08,  7- 73 

a Al l  peaks in singlets 
b All peaks in doublets 
e All peaks in doublets of doublets 

7.48  6.11 5 .53  - -  - -  3 .82s  - -  
7 .49  6 .16  5 .55  4 .40t  2 . 3 5 - 0 . 9 5 m  0 .90t  
7 .44  6 .09  5 .50  4-36t  2 . 2 0 - 1 . 1 5 m  0.89t  - -  
7-51 6 .15  5-52 4 .44t  2 . 3 0 - 1 . 0 5 m  0 .86t  - -  
7 .46  6-10 5 .48  4 .37t  2 . 3 0 - 1 . 0 5 m  9.89t  
7-42 6 .05  5 .47  4 .32t  2 . 2 5 - 1 . 0 5 m  0 .86t  
7 .58 5 .96  5 .45  - -  ~ 3 .92s  - -  
7 .44  6 .02  5 .49  4 .36t  1.91t  - -  - -  
7 .47  6 .06  5 .53  4 .40t  1 .91t  - -  - -  
7 .26  5 .93  5 .45  - -  - -  3 .92s  3 .45s  
7 .29  5 .86  5 -37  - -  - -  3 .86s 3 .44s  

Table 2 N.m.r. spectral  data of polymeric imidazol ium salts in DMSO-d6 

Chemical shifta, 3 (ppm) from TMS 

1 16 9 2 
1 16 9 1 .5  
1 16 9 2 
1 16 9 2 .5  
1 16 9 2 
1 16 9 2 
2 16 9 2 . 5  
1 16 9 2 
1 16 9 2 
2 16 9 2 .5  
2 16 9 2 .5  

Backbone Alkyl 

Polymer H CH8 4, 5 A'  B' N-CH~- -CHg.- -CH3 Counter-ion 

V a  9" 64 - -  7" 70 4- 20 1" 70 - -  - -  3" 85 
Vb  9 .62  - -  7 .70  4 .10  1 .89 4 .10  1 .89 0 .92 
V c  9.61 - -  7 .83  4 .23  1 .34 4 .23  1.34 0 .89  
Vd 9 .64  - -  7-71 4 .20  1 .27 4-20 1 .27 0 .88 
Ve  9 .60 - -  7 .70  4 .20  1 .28 4 .20 1 .28 0 .92 
V f  9 .70  - -  7 .95  4 .23  1 .29 4- 20 1 .29  0- 86 - -  
V l l a  9 .06  - -  7.70 3.02  1 .77 ~ ~ 3 .45  3-45 
V l l b  - -  2 .30  7 .70  3 .65  1 .74 - -  ~ 3 .65 3 .65 

a All peaks are very broad 

For  the n.m.r, spectra o f  the polyions (Table  2), it 
was again found that  good  agreement occurred with all 
chemical shift data. Al though the peak positions were 
rather broad,  it can be seen that  relative to the monomers  
in DMSO-d6,  there are significant upfield shifts for  posi- 
tions 2, 4 and 5. This shift is most  likely related to the 
conversion of  the double bond  of  the m o n o m e r  to the 
single bond  of  the chain-backbone.  F r o m  these data, it 
is also apparent  that  the free radical polymerizat ion o f  
the cationic monomers  proceeds through a normal  vinyl 
addit ion in that  there is no  alteration o f  the imidazolium 
ring. In  addition, in none of  the spectra o f  the polymers 
was any monomer  indicated. This is particularly import-  
ant  in the solubility properties o f  the polysoaps, since 
it indicates that  their solubility in aqueous solution is 
mos t  likely caused by the micellarization o f  the polymer 
chains and not  by surrounding monomer ic  detergent 
molecules. 

CONCLUSION 

This study has illustrated the preparations o f  a variety 
o f  homopolymers  o f  vinylimidazolium salts. In  the near 
future we hope to report  further studies on the micellar 
character o f  the monomers  and polymers as well as on 
the copolymerizat ion behaviour o f  the monomer ic  salts. 
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Vinylpyridine oxide copolymers: viscosity/pH 
relationship of aqueous solutions 
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Complex variations with pH in the viscosity of poly(2-vinylpyridine 1-oxide) in aqueous 
solution have been observed and large changes in viscosity with small changes in pH at 
certain pH values have been related to conformational changes. A viscometer is described 
that allows the viscosity changes to be followed with greater accuracy. The new observa- 
tions indicate that at some pH values the viscosity readings are not reproducible, probably 
because the change in viscosity is large over a pH range that is too small to measure 
accurately. This suggests that in passing from one extreme conformation to another the 
polymer passes through a highly unstable conformation. The variation of viscosity with pH 
has been studied for certain vinylpyridine oxide copolymers, namely poly(2-vinylpyridine 
1-oxide-co-4-vinylpyridine 1-oxide), poly(2-vinylpyridine 1-oxide-co-2-methyl-5-vinylpyridine 
1-oxide) and poly(4-vinylpyridine 1-oxide-co-2-methyl-5-vinylpyridine 1-oxide). The shapes of 
the viscosity/pH curves are interpreted in terms of the curves of the polymers formed from 
each comonomer. 

INTRODUCTION 

Poly(2-vinylpyridine 1-oxide) (I) will inhibit the cyto- 
toxicity of quartz dust. Poly(4-vinylpyridine 1-oxide) (II) 
is much less effective and a study 1 of the effectiveness 
of various poly(vinylpyridine 1-oxides) on the cytotoxi- 
city of quartz in macrophage cultures has shown that the 
position of the N-oxide group and the presence of alkyl 
groups affect the activity of the polymer. By studying the 
viscosity of aqueous solutions of some of these polymers, 
Holt and Tamami 2, z attempted to deduce changes in the 
size and conformation at various pH values. Certain 
characteristic changes appeared to be associated with the 
several polymers. 

There are practical difficulties in the determination of 
the viscosity/pH relationship of a dilute aqueous solution 
of a polymer; in particular, small pH changes are apt to 
occur while the solution is transferred from the pH meter 
to the viscometer. In previous studies 2, when pH was 
adjusted outside the viscometer and the solution was 
filtered into the apparatus, the pH changed on transfer 
sometimes by as much as 0.2. A new viscometer has 
been designed that incorporates a glass electrode and that 
allows the addition of minute volumes of acid or alkali. 
The pH can then be adjusted and measured without 
transfer of the polymer solution. This has enabled more 
accurate and more numerous determinations of viscosity 
to be made at different pH values. Using the modified 
viscometer the pH can be determined to _+ 0-025 inside 
the viscometer. 

Certain of the viscosity/pH studies previously published 
were repeated using the new apparatus. The general 
shapes of the published curves were in each case con- 
firmed but the impossibility of accurately replicating 
values in the region of certain peaks was emphasized. 

It was previously argued that small peaks in the visco- 
sity curves probably result from changes in conformation 
and if the intermediate between two extreme conforma- 
tional forms is unstable, difficulty in reproducing visco- 
sity values in this region must be anticipated. As an 
example, Holt and Tamami 2 suggested that the peak in 
the viscosity/pH curve of poly(2-vinylpyridine 1-oxide) at 
about pH 7-8 and 9-10 may be due to a changeover 
from an extreme conformation in which oxygens on 
adjacent rings are paired to another extreme conforma- 
tion in which the oxygens alternate on either side of the 
ring. Models show that such a change is feasible but that 
the change is hindered by interference between oxygen 
and protons of the chain, i.e. this intermediate conforma- 
tion must be unstable. A small change in pH would then 
be required to change the conformation from one extreme 
to the other. While the viscosity can be measured with 
considerable accuracy the pH cannot be determined to 
better than 0.05 and it is probable, therefore, that the 
inconsistencies at these points are due largely to slight 
errors in pH determination. 

This paper records viscosity studies on copolymers 
each prepared from two of the following monomers: 
2-vinylpyridine, 4-vinylpyridine, and 2-methyl-5-vinyl- 
pyridine (III) and subsequent oxidation. Since the vinyl- 
pyridine monomers were isomeric or differed only 
slightly in their empirical formulae, the composition of 
the copolymers could not be deduced from analytical 
figures. The composition was deduced from n.m.r. 
spectra, a method previously applied by Ritchey and 
Ball 4, and Kulkarni et  al. 5. 

Only block copolymers of 2-vinylpyridine and 4-vinyl- 
pyridine have previously been described 6 and these 
were not considered suitable for our viscosity studies. 
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Copolymers were therefore prepared by methods used in 
the homopolymerization of these monomers, free radical 
suspension polymerization being preferred because it 
favours highest molecular weight, although some anionic 
polymerizations were also effected. Copolymers of styrene 
and 2-vinylpyridine were also prepared but, on oxidation, 
the N-oxides proved insoluble in water and so were 
unsuitable for viscosity studies. 

The following copolymers were prepared: poly(2- 
vinylpyridine 1-oxide-co-4-vinylpyridine 1-oxide) (IV) 
(free radical and anionic polymerization), poly(2-vinyl- 
pyridine 1-oxide-co-2-methyl-5-vinylpyridine 1-oxide) (V) 
and poly(4-vinylpyridine 1-oxide-co-2-methyl-5-vinylpyri- 
dine 1-oxide) (VI). 

EXPERIMENTAL 

Materials 
The vinylpyridines were supplied by Midland Tar 

Distillers Ltd. The vinylpyridines and the styrene were 
purified by distillation under nitrogen at reduced pressure. 

Apparatus 
Viscosities were determined with an Ubbelohde 

suspended level viscometer (Polymer Consultant Ltd) or 
in modified Ubbelohde viscometer. The modification 
consists of the removal of the bulb and its replacement by 
a larger bulb carrying a vertical tube wide enough to 
insert a glass electrode. The bulb carries a second tube 
through which passes a length of very fine (0-5 mm bore) 
polyethylene tubing, the upper end of which is connected 
to a micrometer syringe. Through this tubing very small 
quantities of acid or alkali can be added. 

Technique 
Viscometers were filled with chromic acid solution and 

kept at 70°C for 24h. They were emptied, washed with 
conductivity water and then dried at 100-120°C. 

Polymer solutions were prepared with conductivity 
water and stood for at least 24h before measurement. 
Normally a concentration of 0.4g/100ml was used. 
Solutions were filtered into the viscometer through a 
grade 2 sinter. The thermostat temperature was held at 
25 ° + 0.05 °C. 

Preparation of copolymers 
Poly(2-vinylpyridine 1-oxide-co-4-vinylpyridine 1-oxide) 

(IV). (a) Free radical suspension. A suspension of 
calcium phosphate was prepared by addition of aqueous 
calcium chloride (22 ml, 1 70) to a slowly stirred mixture 
of aqueous sodium phosphate (75 ml, 0.2 70) and ammonia 
(1-rml, density 0.880). An equimolar mixture (40g) of 
the two freshly distilled vinylpyridines with azobisiso- 
butyronitrile (0.5 g) was dropped into the stirred calcium 
phosphate suspension, at 90°C, during 1 h. This tempera- 
ture was maintained for a further 3 h. The copolymer, 
as small beads, was filtered off and washed several times 
with hot water to remove inorganic material. It was then 
dissolved in hydrochloric acid (2M) and precipitated 
with aqueous ammonia. The copolymer was twice preci- 
pitated as a white solid from methyl ethyl ketone solution 
by n-hexane (yield 17g; softening point, ~ 150°C). 
Found: C, 78.4370; H, 6'6470; N, 13'127o. CTHTN, 
CTH7N requires C, 79"24~o; H, 7-5470; N, 13.2070. 

N.m.r. (structure IV): ~-(CDCla) centred at 1.55br 
(s, Ha): 2.75b(s, Mb); 3.50br (s, He); 8.35br (s, Ha). 

" C H d ~ C H d  2 C, Hd C H d = ~  

I'1¢ J ' ~  NO H = ~  H© 
Hb~HJ H= 

Uv) 
Calculation based on the integral of the signal for 

(Ha) gave the molar percentage of 2-vinylpyridine units 
as 67+3. 

The copolymer was oxidized using hydrogen peroxide 
and acetic acid 7 to poly(2-vinylpyridine 1-oxide-co-4- 
vinylpyridine 1-oxide), a cream coloured, hygroscopic 
solid which decomposed at 275°C. I.r. showed a N-O 
stretching band at 1230cm -z. 

(b) Anionic. Dry toluene (90 ml) and phenyl magnesium 
bromide (570mg) were introduced into a three-neck 
flask equipped with stirrer, nitrogen inlet, and dropping 
funnel. The well stirred mixture was heated to 45°C 
and during 30min an equimolar mixture (10g) of the 
two freshly distilled vinylpyridines was added dropwise. 
The solution was stirred for 4 h, when it became orange 
coloured. Hydrochloric acid (150ml; 5 ~o) was added and 
stirring was continued until the copolymer dissolved in 
the aqueous phase. The aqueous solution was then 
separated, diluted to 200ml and dropped into ammonia 
(470; l litre) containing ammonium chloride (20g). 
The copolymer that was precipitated was filtered off, 
dissolved in dilute hydrochloric acid and then reprecipi- 
tated with ammonia. The dissolution and reprecipitation 
were repeated to give cream coloured flocks that were 
filtered off and dried at 60°C in vacuum (yield, 6g). 
To obtain a polymer of better crystallinity, the dried 
copolymer was heated in decane a (50ml) for 16h. The 
solid was filtered off and vacuum dried. (softening point, 
N280°C). Found: C, 79.6070; H, 6"5370; N, 13-2170. 
CTH7N, CTHTN requires C, 79"2470; N, 7"5470; N, 
13.2070. 

The n.m.r, is the same as that for the copolymer 
prepared by free radical suspension polymerization 
except that the broad signal centred at 8.35 due to chain 
hydrogen is a doublet centred at 8.15 and 8.40. Calcula- 
tion based on the integral of the signal for (Ha) gave the 
molar percentage of 2-vinylpyridine units as 50+3. 
The copolymer was oxidized in the same manner as for 
copolymer (IV). 

Poly(2-vinylpyridine 1-oxide-co-2-methyl-5-vinylpyridine 
1-oxide). Free radical suspension. The copolymer was 
prepared by the same procedure as for copolymer (IV) 
using an equimolar mixture of the two monomers. The 
copolymer was purified by repeated precipitation from 
methyl ethyl ketone solution with n-hexane (yield, 15g; 
softening point, ~ 135°C). Found: C, 79.5070; H, 7.2670; 
N, 12-3670. CTHTN, CsH9N requires C, 80"35~o; H, 
7"147o; N, 12-5170. 

N.m.r. (structure V): ~- (CDCI3) centred at 1.75br 
(s, Ha); 2-45br (s, Hb); 2.90br and 3.20br (2s, He and 
Ha); 3.80br (s, He); 7.60br (s, H~); 8.40br (s, Hg). 

CHQ Clio2 ?Hg 
Hd [.~NO Hd~Hb 
H¢~LH, He~y4NO 

Hd CH3f 
(V) 

CH~ 
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Calculation based on the integral of the signal for 
(Ha) or protons of the ring, with respect to the chain 
and methyl protons, gave the molar percentage of 
2-vinylpyridine units as 49 _+ 3. 

The copolymer was oxidized for 60 h by the method of 
Holt and NasrallahL Poly(2-vinylpyridine 1-oxide-co-2- 
methyl-5-vinylpyridine 1-oxide)was an extremely hygro- 
scopic, cream coloured powder that decomposed at 
235°C. I.r. showed a N-O stretching band at 1230cm -1. 

Poly(2-methyl-5-vinylpyridine 1-oxide-co-4-vinylpyridine 
1-oxide). Free radical suspension. The same procedure 
as for the last copolymer was used taking an equimolar 
mixture of 4-vinylpyridine and 2-methyl-5-vinylpyridine. 
The unoxidized copolymer was appreciably soluble in 
hot and slightly soluble in cold water. Unlike the other 
two copolymers it was insoluble in methyl ethyl ketone. 
It was purified by precipitation twice from a mixture of 
chloroform and methanol (3: l) with dry ether (yield, 
15g; softening point, ~215°C). Found: C, 79.59~; 
H, 7"16~; N, 12.31~. CvHTN, CsHgN requires C, 
80.35~; H, 7.14~; N, 12.51 ~.  

N.m.r. (structure VI): (CDC13) centred at 1.70br 
(s, Ha); 2.30br (s, Hb); 3.20br (s, He); 3-60br (s, Hd); 
7.60br (s, He); 8.50br (s, H 0. 

CHf CHf2 CHt 
H d ~  Hd HC~-T/Hb 

Ha "(~" "Ha H d " ~  NO 
CHse 

(vi) 

C H f 2 - -  

Calculation based on the sum of the integrals of the 
signals for (Ha) and (Hb), with respect to the chain and 
methyl protons gave the molar percentage of 4-vinyl- 
pyridine units as 47 + 2. The copolymer was oxidized to 
the cream coloured, hygroscopic poly(2-methyl-5-vinyl- 
pyridine 1-oxide-co-4-vinylpyridine 1-oxide) that decom- 
posed at 250°C. I.r. showed a N-O stretching band at 
1235 cm -1. 

RESULTS 

Poly(vinylpyridine 1-oxides) 
The curve of poly(2-vinylpyridine 1-oxide) (I) (Figure 

1) obtained with the modified viscometer resembles that 
previously published, with minima at about pH 4, 8 
and 10, and a sharp maximum at about pH 9. The visco- 
sity increases steeply below pH and above pH 10. There 
appear to be breaks at about pH 4-5 and pH 7-8. The 
curves of poly(4-vinylpyridine 1-oxide) (II) and poly(2- 
methyl-5-vinylpyridine 1-oxide) (III) obtained with the 
modified viscometer were previously described 3. 

--CH--CH2-- --CH--CH2~ --CH --CH= 

ill O CH a 

(ll) (m) 

Poly(2-vinylpyridine 1-oxide-co-4-vinylpyridine I-oxide) 
Free radical polymerization. The viscosity/pH curve 

has its lowest values at about pH 4.5 and 12.4. Below 

Vinylpyridine oxide copolymers : P. F. Holt and B. Tamami 
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Figure 1 Viscosity/pH curve of poly(2-vinylpyridine 1-oxide) (I), 
poly(4-vinylpyridine 1-oxide) (11), poly(2-methyl-5-vinylpyridine 
1-oxide) (111). 0"4% solutions; 25°C 

and above these values the viscosity increases and between 
them the curve has a broad maximum, centred at about 
pH 9, indicated by a number of irregular points (Figure 2). 

Anionic polymerization. The rapid increase in viscosity 
either side of a minimum at pH 4 is also characteristic 
of this polymer (Figure 2). Above pH 9 the viscosity 
values are less certain but there is no evidence of the 
minimum at about pH 12 shown by the free radical 
copolymer. 

Poly(2-vinylpyridine 1-oxide co-2-methyl-5-vinylpyridine 
1-oxide) (V) 

The viscosity/pH curve rises steeply on either side of 
a minimum at pH 3-4. Points indicating a peak at 
pH 8-9 are indefinite (Figure 2). 

Poly(2-methyl-5-vinylpyridine 1-oxide-co-4-vinylpyridine 1- 
oxide) (VI) 

The curve resembles that of polymer (V) in shape but 
has a definite maximum at about pH 3 (Figure 2). 
Between pH 8.4 and I0.5 the viscosity values are not 
reproducible. 

DISCUSSION 

The exact structures of the copolymers are uncertain 
since it is not known to what extent the two units in the 
copolymers alternate. Since the comonomer molecules 
have different polarity, it is expected that alternation will 
be favoured especially in the case of copolymer (V) and 
(VI), where the difference in polarity of the comonomers 
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Figure 2 Viscosity/pH curve of poly(2-vinylpyridine 1-oxide-co-4- 
vinylpyridine 1-oxide) (IVF), free radical suspension, poly(2- 
vinylpyridine 1-oxide-co-4-vinylpyridine 1-oxide) (VIA), anionic, 
poly(2-vinylpyridine 1-oxide-co-2-methyl-5-vinylpyridine 1-oxide) 
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is higher than in copolymer (IV). Supporting evidence 
for this is the observation that under the same experi- 
mental conditions the composition ratio of comonomers 
in copolymer (V) and (VI) are about 1 : 1, while that of 
copolymer (IV) is 2: 1. 

In copolyrner (IV) the increase in viscosity below 
pH 4.5 is apparently a contribution from 2-vinylpyridine 
1-oxide sequences of the copolymer, and the broad peak 
with the maximum at about pH 9 is a contribution from 
4-vinylpyridine 1-oxide sequences. This peak is small 
compared to the height of the curve at low pH, possibly 
because there are far fewer 4-vinylpyridine oxide units 
than 2-vinylpyridine oxide units. In copolymer (V) the 
peak at about pH 9 is due to 2-methyl-5-vinylpyridine 

oxide residues, and the increase at very low pH is due 
mainly to 2-vinylpyridine oxides. Copolymer (VI) has a 
high peak at about pH 9 which will have a contribution 
from both 2-methyl-5-vinylpyridine oxide and 4-vinyl- 
pyridine oxide residues. A smaller peak at about pH 3 is 
mainly due to 2-methyl-5-vinylpyridine oxide units. Any 
comparison of the viscosity values of the peaks at inter- 
mediate pH due to 4-vinylpyridine or 2-methyl-5- 
vinylpyridine units with those at low pH values, and any 
correlation of them with the molar percentage of the 
comonomers, should be made with reservation, since 
these two major viscosity changes are not of the same 
nature; one (at intermediate pH) is due to intermolecular 
interactions and the other (at low pH) is due to electro- 
static repulsion 2, a. 

There are several off points in the viscosity/pH curves 
of these copolymers, especially in the case of copolymers 
(V) and (VI) around pH 9, where the points are not 
reproducible. These small viscosity changes are probably 
of the same nature as for the homopolymers ~, a; they 
may be due to the conformational changes. 

The viscosity/pH curve of poly(2-vinylpyridine 1-oxide- 
co-4-vinylpyridine 1-oxide) (IV) made by the anionic 
method is different from the curve for copolymer (IV) 
made by a free radical method. The viscosity increases 
above pH 5 and, unlike that for the copolymer made by 
the free radical method, it does not reach a maximum 
but flattens as the pH increases. Viscosity values are not 
exactly reproducible above about pH 8. These differences 
are most likely due to copolymers having different 
conformations. The anionic method is known to give 
isotactic homopolymers of vinylpyridines when the 
nitrogen is at the 2-position s. 

It is interesting to see that the viscosity/pH curves of 
the above copolymers show similarities to those given 
by synthetic polyampholytes having different basic and 
acid groups. For  example, Alfrey et al. 9,10 showed that 
viscosity/pH curves of poly(2-v iny lpyr id ine-co-meth-  
acrylic acid) have peaks at high and low pH values due 
to the methacrylic acid units and vinylpyridine units 
respectively; and in the viscosity/pH curves of poly(meth- 
acrylic acid-co-diethylaminoethyl methacrylate), the posi- 
tion and height of the peaks can be changed simply by 
changing the molar percentage of the comonomers. 
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Letter 

Kinet ics  of the  react ions of po lys tyry l  
s o d i u m  wi th  a lky l  ch lor ides  in d i o x a n e  

Introduction 

The propagation reaction in those anionic poly- 
merizations which give rise to 'living' polymers is easily 
isolated and many studies of the effect of solvent and 
counter-ion on the kinetics of such reactions have been 
reported 1. It is equally easy to isolate termination 
reactions by deliberately adding a terminating agent 
after polymerization is complete. We wish to report the 
preliminary results of a kinetic study of the reactions 
between alkyl chlorides and 'living' polystyrene in 
dioxane. 

Experimental 

All reagents were rigorously purified and handled under 
high vacuum conditions using break-seals. 'Living' 
polymer solutions were prepared by contacting 1 - 2 ~  
solutions of styrene in dioxane with the appropriate 
alkali metal mirror. Concentrations of 'living ends' in 
the range 8-20 x 10 .-4 M were readily obtained, n-Butyl, 
s-butyl and t-butyl chlorides were dried over calcium 
hydride and then treated with freeze-dried 'living' 
polystyrene before use. 

The reaction was followed spectrophotometrically 
using a reaction vessel consisting of a I cm silica cell 
containing the 'living' polymer solution and a break-seal 
ampoule containing the alkyl halide. After mixing the 
reagents, the cell was placed in a thermostated bath 
in the cell compartment of a Unicam SP500 spectro- 
photometer and the disappearance of the characteristic 
colour of the 'living ends' was monitored. Concordant 
results were obtained whether this was done at 340 nm 
(Amax) or at 530nm, the latter being more convenient 
at high concentrations of 'living ends'. 

Results 

Preliminary studies of the reaction between polystyryl 
sodium and t-butyl chloride in dioxane indicated that 
the reaction was relatively slow at room temperature. 
Using a large excess of t-butyl chloride, the disap- 
pearance of the 'living ends' was precisely first order 
over a period of at least 3 half-lives. The observed 
first order rate constants obtained at various initial 

Table I Rates of reaction of polystyryl sodium with 
alkyl chlorides in dioxane at 20°C 

Alkyl [RCI]o kl x 103 ktx 103 
chloride Run No. (M) (sec -1) (M-lsec -1) 

t-butyl 138 0.134 0.81 6.04 
142 0.237 1.37 5-78 
140 0.391 2.27 5.80 
136 0- 674 3.93 5.83 

s-butyl 133 0-06 3.53 59 
n-butyl 128 0-027 6-07 225 

129 0.071 14.67 207 

Order of reactivity: n-butyl, 37; s-butyl, 10; t-butyl, 1 

t-butyl chloride concentrations at 20°C are given in 
Table 1 and indicate a linear dependence of the first 
order rate constant on t-butyl chloride concentration. 
Thus the reaction appears to be a simple bimolecular 
process with a rate constant (kt) of 5.9 x 10 -a M -1 sec-1 
at 20°C. The validity of the data is supported by the 
fact that different preparations of both polystyryl 
sodium and purified t-butyl chloride gave reproducible 
results. Similar results, not reported here, were obtained 
at other temperatures, although at higher temperatures 
a slow spontaneous decomposition of the 'living ends' 
(isomerization 2) complicates the interpretation. It should 
be noted, however, that the rate of isomerization at 
20°C was negligible in comparison with the rates of 
termination. 

To estimate the variation in reactivity of the poly- 
styryl sodium with other alkyl chlorides, one run was 
performed with a sample of s-butyl chloride and two 
with n-butyl chloride. Both reactions were first order 
with respect to 'living ends' and the values of k, quoted 
in Table 1 assume a first order dependence on the alkyl 
chloride concentration and should therefore be regarded 
as estimates only at this stage. 

Preliminary studies of the reaction of t-butyl chloride 
with polystyryl potassium and polystyryl caesium 
indicated little change in the overall rate of reaction. 
However, the disappearance of the 'living ends' showed 
deviations from first order behaviour beyond approxi- 
mately 7 5 ~  reaction so that firm conclusions must 
await a more detailed study. 

Discussion 

The simple kinetic behaviour observed here with poly- 
styryl sodium is consistent with what is known of 'living' 
polymers in dioxane. Studies of the propagation reaction 
with styrene indicate that the active centres are all 
present as ion-pairs, there being no evidence for signifi- 
cant concentrations of free ions or ion-pair aggregates. 
We would conclude, therefore, that the rate constants 
obtained refer to attack of the ion-pair on the alkyl 
chlorides. The products of the reactions have not yet 
been identified though by analogy with similar work 
in tetrahydrofuran 3 it seems probable that substitution 
predominates with n-butyl chloride while elimination 
is the major process with t-butyl chloride. The variation 
in reactivity n-butyl > s-butyl > t-butyl would support 
this view. 

A.  R. Baker  and G. C. East 

Department of Textile Industries, 
University of Leeds, 
Leeds LS2 9JT, UK 
(Received 10 October 1973) 
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