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Synopsis 
The principal polarizabilities of rubber molecules including copolymers were evaluated 

by the arithmetic sum of the polarizabilities of the components. The mean polariza- 
bilities thus calculated are in good accordance with those from the refractive indices. 
The anisotropic polarizabilities of polymeric units for several kinds of rubbers were 
calculated and compared with those estimated from stress-optical coefficients. Length 
or molecular weight of a statistical link thus estimated is used as a measure of stiffness of 
rubber molecules. There is a good accordance in statistical links between anisotropic 
and viscosity measurements in theta solvent. The molecular weight or length of a 
statistical link thus obtained is found to be compatible with the value calculated from 
end-to-end distance in theta solvent. The ultimate elongation of rubber is correlated 
with the stiffness and can be estimated from the measure of stiffness of the chain. 

In troduetion 

Several kinds of synthetic rubbers have been industrially developed. 
They have many uses according to their chemical and physical properties, 
which are associated with their chemical structures. The stiffness of the 
molecular chain may be one of the important factors governing its rubber 
elasticity, ultimate elongation, and dynamic properties. 

Attempts to evaluate the stiffness by stress birefringence measurements 
were made by Kuhn and Grun,' Treloar12 and other  investigator^^,^ for 
natural rubber and polychloroprene. They measured the stress-optical 
coefficient and compared it with the calculated anisotropy of the polymer 
unit to evaluate the length of the equivalent link as Other 
polymers such as polyisobutene, polyethylene, and polystyrene were in- 
vestigated by several authors in a similar ~ a y . ~ - ~ ~  However, data on other 
kinds of rubbers were left uncollected, except for polybutadiene. 

This report deals with the anisotropy of natural rubber, emulsion poly- 
butadiene, cis-polybutadiene, lithium polybutadiene, styrene-butadiene 
rubber (SBR), nitrile rubber, ethylene-propylene rubber (EPR), butyl rub- 
ber (IIR), polyisobutene, as well as polyethylene arid polystrerie a t  elevated 
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temperatures. Length or molecular weight of statistical links thus obtained 
is used for a measure of stiffness of the rubber molecule, which is correlated 
with the physical properties. 

Calculated Polarizabilities of Polymer Units 

In conformity with the calculations of Treloals for the polarizabilities of 
isoprene unit, we carried out the ctllculations of three polarizabilities of the 

TABLE I 
Polarizabilities of Chemical Bonds 

Bond al, cm3 up, 01113 

c-c 
C-H 
C=C 
Car==Car 
c-Cl 

18.8 
7.9 

28.6 
22.5 
36.7 

~~ 

0.2 
5.8 

10.6 
4.8 

20.8 

TABLE 11. Calculated Polarizabilities of Polymeric Unit.s of Rubbers8 

a l l  - a 2 2  

Polymer all a 2 2  lit. this paDer ti 

Natural rubber 

Emulsion poly- 
butadiene 

cis-Polybutadiene 
Li polybutadiene 
1,2-Polybutadiene 
trans-Pol y buta- 

diene 
Polyisobutene 
SBR 1502 
Poly chloroprene 
Nitrile rubber 

(35% AN) 
EPR (50% 

ethylene) 
Polypropylene 
Polyethylene 
Poly (vinyl 

chloride) 

Polyacrylonitrile 
A 
B 

(perpendicular) 
Polystyrene 

Polystyrene 

105.3 

93.0 

95.7 
97.1 
70.8 
98.7 

77.6 
96.4 

113.7 
81.0 

55.7 

63.0 
48.4 
63.4 

56.8 
58.6 

118.2 

169.1 

85.3 

65.7 

64.2 
65.6 
76.8 
62.9 

78.6 
80.1 
84.8 
63.0 

44.9 

55.8 
34.0 
55.9 

59.0 
58.1 

170.7 

146.3 

17.V 
30. 86 
21.3" 
- 

- 
- 
- 
- 

- 1 .420 
- 
- 
- 

- 

- 
1.336 
5.03 

8.93 

- 
- 

-62.8 
-6.Z37 
-6.2 

21.8 94.1 

27.4 74.7 

31.5 74.7 
31.5 7.5.3 

-6.0 74.8 
35.8 74.8 

-1.0 78.3 
16.3 85.5 
28.7 94.4 
18.0 69.0 

10.8 48.5 

7.2 68.2 
14.4 38.8 
7.5 58.4 

-2.2 58.3 
0 . 5  58.3 

-52.5 153.9 

22.8 153.9 

3 In  units of 10-25 
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Fig. 1. Structure of polymeric unit of polyisoprerie: 8, = 12j0, es = 10(3"30', e3 = 
109 "45'. 

I \  

Fig. 2. Structure of polymeric unit of polyethylene: 81 = 109"30', Or = 36"1.5'. 

polymeric unit, all, a22, and a33 referring respectively to the direction of the 
chain length, the transverse direction in the plane of the molecule, and the 
direction normal to the plane, by using the following equations: 

Here, 8 and 4 are pertinent angles in polar coordinate systems, and a1 and 
a2 are the parallel and transverse polarizabilities of a chemical bond, respec- 
tively. According to D e ~ i b i g h ~ ~  the bond polarizabilities were taken to be 
RS i n  Table I. 

The polarizabilities of polymer units are calculated by summing the 
principal polarizabilities axx,  ayy, and aZz of the bonds composing the poly- 
mer unit, by taking the x-axis to be the direction along polymer chain whose 
structures are shown in Figures 1 to 9. 
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Fig. 3. Structure of polymeric unit of polypropylene: = 109O30', e2 = 35'15', 

$1 = 109'30', $2 = 54'45'. 

(a )  ( b) 

Pig. 4. Structure of polymeric unit of polyacrylonitrile: (a), (b) 8, = 109"30', e2 = 122", 
e, = 1220, e, = 350i~, e6 = 122036'. 

-;"-6- ............- y7 ...-.... -...... 

,?J 
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\' . 
\\"oH H d; 
bH H 

Fig. 5. Structure of polymeric unit of cis-polybutadiene: 8, = 125", 8% = 109"30', 83 = 
109'45'. 
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In  the copolymers such as SBR, nitrile rubber, EPR, and butyl rubber, 
the polarizabilities of the polymeric units are calculated as the arithmetic 
mean of each component according to their compositions, which were deter- 
mined by chemical analysis. In emulsion polybutadiene, the microstruc- 
tures were determined by infrared analysis to be 71% trans-, 19% vinyl, 

Fig. 6. Structure of polymeric unit of polyisobutene: 01 = 109"30', O2 = 35"15'. 

H H  

? ?  ,, 

.... 

a) Parallel b) Perpendicular 

Fig. 7. Structure of polymeric unit of poly-1,Zbutadiene: (a) parallel, 8, = 109"30', 
o2 = 35'15', e3 = 125", er = 55", es = 70°, 06 = 200, e, = goo; (b) pergendicular, 
el = 35015~~ o2 = 109030~~ ,p, = i ~ ,  ,p2 = 54045', = 35"15', 0, = 54045'. 

H2 H 9 0 

I , '. I 

d 6 b H 
H2 H2 

e3 = 125~15', o4 = 830451, es = 1220, 86 = 290, e7 = 870, e, = 41030'. 
Fig. 8. Structure of polymeric unit of trans-polybutadiene: eL = 109"30', o2 = 83O45', 
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and 10% cis-configurations. Almost the same structure was estimated for 
polybutadiene units in SBR and nitrile rubber. The polarizabilities of 
polymer units thus calculated are summarized in Table 11. 

The mean polarizabilities, it, are also calculated as follows: 

H H  

a) Perpendicular b) Parallel 

Fig. 9. Structure of polymeric unit of polystyrene: (a) perpendicular, 8, = go", 
@I = 54"45', @Z = 5"15', +3 = 65"15', 6, = 54'45'; (b) perpendicular, 8, = 30", o2 = 
54"45'. 

Fig. 10. Comparison of the mean polarixabilities calculated from refractive indices, 
and from bond polarizabilities, E. 

As shown in Figure 10, the values listed in Table I11 were found to be in 
good accordance with experimental values given by the Lorenz-Lorentz 
equation concerning the refractive index, no: 

where &I, d, and N are molecular weight of polymer unit, density of poly- 
mer, and Avogadro's number, respectively. This fact may be taken as 
support for the correctness of the unit polarizabilities thus calculated. 
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Stress Birefringence and Anisotropy of Rubber 

According to Kuhn and Griin’s theory, birefringence, An, is expressed as 
a function of strain ratio, A, as f0llows~*2~: 

where V is the number of chains per unit volume and no is the mean refrac- 
tive index of the sample. Since stress, S ,  is also a function of the strain 
ratio, X, so that 

X = VRT [A2 - ( l / X ) ] ,  

i t  follows that 

An 2n (no2 + 2)2 
S 45kT no (a11 - a22)Seg. (7) __ - __ - 

Equation (7) was derived for ideal rubber. 
plicated Mooney-Rivlin equation is to be ~ s e d ~ ~ , ~ ~  instead of eq. (6) : 

In  actual cases, a more com- 

S = 2C1 [A2 - ( l /h )  ] + 2Cz [A - (1/X2) J (8) 

which involves terms containing coefficients C1 and Cz. By changing the 
temperature of measurement and the crosslinking density, values ranging 
from about 0.3 to 0.8 were obtained for C,/(C, + Cz). In  Figure 11, an 
experimental result for sulfur-cured polyisoprene is shown together with the 
ratio of the anisotropic polarizability of a segment to that of the monomeric 
unit, 2. To eliminate the effect of the Cz term, An/S was plotted against 
C2/(C, + C2) and its value was extrapolated to C,/(C,+ Cz) = 0. 

The stress birefringence equation, eq. (7), does not involve the concen- 
tration of crosslinks but an experimental anisotropic polarizability, (all - 
a22)seg, which is concerned with the statistically equivalent link. Compar- 
ing this value with the calculated polarizability of the polymer unit, the 
number of polymeric units to one statistical unit or its length will be ob- 
tained. The results thus obtained are shown in Table IV. 

I---- 
’1 

3 

Fig. 11. The ratio of the anisotropic polarizability of a segment to that of the mono- 
meric unit, 2 and CZ/(CI + CZ). 
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TABLE I V  
Anisotropic Polarixabilities (all - 0 1 % ~ ) ~ ~ ~  and 

(al1 - 0 1 2 2 ) ~ ~ ~ ~  for blonomeric Units, and their ratios Z 

Natural rubber 
Emulsion polybut.adiene 
cis-Polybutadiene 
Li polybutadiene 
SBR 1502 
Nitrile rubber 

(25% AN) 
(35% AN) 

EPR (50% ethylene) 
Polyethylene (120°C) 
Butyl rubber 
Poly chloroprene 

2 . 00 
2.22 
2.88 
3.08 
1.86 

2.63 
2.63 
1.84 
2 .3  
1.10 
2.58 

47.7 
52.8 
68.0 
73.3 
43.8 

62.6 
62.6 
44.0 
74.3 
26.2 
58.0 

21.8 
27.4 
31 .;i 
31.5 
16.3 

20.7 
18.0 
10.8 
14.4 
2 .1  

28.9 

2.09 
1.92 
2.16 
2.33 
2.69 

3.03 
3.04 
4.07 
5.16 

2.01 
12.5 

8 Observed. 
b Calculated. 

Relation Between Length of a Statistical Link and 
Mechanical Properties of Rubbers 

From the theoretical viewpoint, solution viscosity in theta solvent pro- 
vides a mean square end-to-end distance of the molecular chain, (R'), 
corresponding to nP. The ratio, u2 = (R2)/nZ2, is given from the viscos- 
ity measurements in the literature, as shown in Table V. It was found that 

TABLE V 
Measure of Stiffness 0 ~ 1 , ~  and Zlb (I) 

Natural rubber 3.02 4.8 14.5 10.0 
cis-Polybutadiene 2.25 4.8 10.8 10.4 
Emulsion polybutadiene 1.85 4.35 8.1 8 . 4  
SBR 1502d 2.65 4.2 11.1 11.3 
Poly chloroprene 1.96 4.9 9.6 9 . 8  
Poly isobutene 3.24 2 . 5  8.1 62.5 
Nitrile rubber 4.40 4 . 0  17.6 12.1 

a Estimated from viscosity. 
b Estimated from optical data. 
0 These values are adopted from the data summarized in Brandrup and Immergut.38 

Calculated from Homma and F ~ j i t a . ~ ~  

t,he length of the equivalent statistical link, d 1 ,  obtained from viscosity data 
in the literature agrees roughly with that obtained from anisotropic data, 
21, as shown in Table V. Here, 2 is the ratio of the anisotropic polarizabil- 
ity of a statistical segment to that of a monomeric unit and 1 is the length 
of the unit. 
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- 
OO lo 20 

I/ ~10-~(rno1o/crn3) 

Fig. 12. R.edriced plots of maximiim extension ratio, (ab .msx)(V/V~) l ’z :  Vo = 1.0 X 
lo-‘ mole/cm3. 

According to F10ry*~ and others, the ultimate elongation, (Yb.mnx, is a 
function of the number of segments between crosslinks, n: 

(9) 1 / 2  
(Yb.max = n . 

Taking the molecular weight of the branch to be negligible, the number of 
segments will be correlated with the molecular weight between crosslinks, 
Mc, as follows: 

n = Mc/m’ = {/Vm’ (10) 
where m’ is the molecular weight of the statistical link and { is the density 
of the polymer. The molecular weight of the statistical link obtained 
physically will be linearly correlated with that from optical measurements. 

At 
a temperature Tmax, the maximum value was observed, which was found to 
fit the above eqs. (9) and (10) concerning the degree of vulcanization on 
natural rubber, polybutadiene rubber, SBR, NBR, EPR, and others. 
From these plots, the molecular weight of the statistical link, m’, was 
evaluated and found to be close to the value m from anisotropy, with a 
correction factor: 

Ultimate elongation is affected by temperature and elongation rate. 

(Yb.max = 1.24 (hfc/m)”2 (11) 

In  Figure 12, ((Yb.max)O of nitrile rubber was plotted against the concen- 
t8rntion of the crosschain, V: 

(ab.max>O = (ab .max)  (v/VO) ”* (12) 

where CYb.max is the maximum elongation ratio and Vo was taken to be 1.0 X 
The reduced elongation ratio, ((Yb.max)O 

was plotted against (Mc/m)’/’ for several kinds of rubbers in Figure 13, 
where M c  was determined from equilibrium swelling and m was estimated 
from stress birefringence. 

These figures indicate that the maximum elongations of rubbers can be 
estimated from the stress-birefringential data or a measure of stiffness, 

mole/cc in nonfilled rubber. 
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ZM,  except for butyl rubber. Here Z is the ratio of anisotropic polariaa- 
bility of a statistical segment to that of the monomeric unit and M is the 
molecular weight of the monomeric unit. In  eq. (11), m was taken to be 

Fig. 13. Maximum extension ratio, ab.max, and values estimated from stress birefringence 
data, (Mc/MZ)1/2. 

Z M .  
to be somewhat small. 
clongation ratio is 3.5 to 3.7. 

In butyl rubber, the calculated anisotropy of a polymeric unit seems 
The est,iniated valuc of Z from the maximum 

EXPERIMENTAL 

Curing Systems and Conditions 

Several kinds of rubber were compounded with the ingredients shown in 
Table VI on open rolls a t  temperatures from 50" to 120°C. The trans- 
parent samples were used to measure the optical coefficients and two co- 
efficients in the Rlooney-Revlin equation. The samples cured with sulfur- 
accelerator systems were subjected to the test of extensibilities a t  tempera- 
tures from -100" to 160°C. 

Concentration of Crosschain 

Samples, 0.1 to 0.2 cm in thickness, 1 cm in width, and 2 cm in length, 
were swelled in solvent a t  30°C for 48 hr and weighed, followed by drying 
under vacuum. The weight and density of the dried samples were men- 
sured to calculate the concent,ration of crosschain according to Flory and 
Ilehner's e q u a t i ~ n ~ ~ ~ ~ :  

where v, and V,  are, respectively, volume fraction of rubber in swollen 
rubber and molar volume of the solvent. Coefficients of polymer-solvent 
interaction, p, are shown in Table VII. 
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TABLE VII 
Polymer-Solvent Interactioii Parameter p 

Polymer P Solvent lteference 

cis-Polybut,adiei ie 0.3!) benzene 31 
cis-Polyisoprene 0.44 benzene 32 
EPR 0.49 + 0.330, benzene 33 
SBR 0.37 + 0.270, benzene 34 
I IR 0.46 + 0.260, n-heptane 34 
NBR 0.207 chloroform 3 5 

Stress-Birefringential Measurements 

Samples of 0.1 to 0.2 cm in thickness, 5 cm in length, and 1.0 cm in width 
were extended a t  a rate of 20 mm/min or 2 mm/min. The revealing 
birefringence of rubber was measured in the rubbery state according to 
Kolsky and Crawford's method.28 Stress-strain curves were observed 
a t  the same time by Shimazu's stress-strain recorders. 

Elongation Ratio 

Ring samples of 1.00 cm in diameter and 0.10 cm in width were cut out 
from the sheet of about 0.1 cm in thickness. The ring samples were 
elongated a t  a speed of 50 mm/min in order to obtain the maximum elonga- 
t,ion at temperatures from - 100" to 160O"C. The maximum elongation at  
each temperature was adopted as the characteristic value. 

The authors are grateful to Dr. K. Ninomiya, Mr. Iwama, and Mr. Furuta of the 
Japan Synthetic Rubber Co. for useful discussions on the stiffness of rubber molecules. 
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