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Birefringence of amorphous polyarylates: 2. 
Dynamic measurement on a polyarylate with 
low optical anisotropy 
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The complex strain-optical ratio and the complex Young's modulus of a polyarylate with a low molecular 
anisotropy, PArl, were measured around the glass-to-rubber transition zone. The polyarylate was 
synthesized from 2,2'-dicarboxy biphenyl and 4,4'-dioxydiphenyl-2,2'-propane. The data were analysed with 
a modified stress-optical rule: The Young's modulus and the complex strain-optical ratio were separated 
into two component functions (denoted by G and R) for which the ordinary stress-optical rule held well 
individually. A comparison of the component functions was made with a conventional amorphous poly- 
arylate (UP) and bisphenol A polycarbonate (PC). The limiting modulus of the R component at high 
frequencies for PArl was about two times higher than that for UP and PC. This result suggested that PArl 
had a highly flexible main-chain structure. This high flexibility was in accord with a zigzag structure of 2,2'- 
dicarboxy biphenyl unit of the main chain. The stress-optical coefficient for the R component of PArl was 

10 1 9.0 x 10- Pa- , and approximately five times smaller than that for UP. Conversely, the intrinsic bire- 
fringence for PArl was estimated to be 2.5 times smaller than that for PC. This result indicates that reducing 
stiffness of main chain with flexible junctions and also optical anisotropy are effective in decreasing CR. 
The stress-optical coefficient for the G component of PArl was 3.1 x 10 -lj Pa -j. This value agreed well 
with that for the polymers containing phenyl rings in their repeating unit. © 1997 Elsevier Science Ltd. All 
rights reserved. 

(Keywords: dynamic birefringence; stress-optical rule; intrinsic birefringence; polyarylate) 

I N T R O D U C T I O N  

When polymeric materials are deformed, the refractive 
index tensor becomes anisotropic. Anisotropy of the 
refractive index can be measured as birefringence, which is 
strongly related to the stress. Proportionality between the 
anisotropic parts of  the refractive index and the stress 
tensor is called the stress optical rule, SOR. This rule 
holds well for steady-state flows and relaxation 
processes of polymer melts or concentrated solutions 1'2. 
SOR under sinusoidal tensile deformations can be written 
as follows: 

O' (w) = CE' (w) (1)C~O"(w) = 

where O*(w) = O'(w) + iO"(w) and E*(w) = E ' (w)+ 
iE"(w) are the complex strain optical ratio and the 
complex Young 's  modulus, respectively. The propor-  
tional coefficient, C, is the stress-optical  coefficient, 
which depends on polymer species but does not depend 
on the angular frequency, w. 

Another  well-known relation between the stress and 
the birefringence is the photoelastic relation (PER) 
which is applicable to the instantaneous stress and 
birefringence in the glassy state 3. In oscillatory elonga- 
tion, the PER corresponds to 

O'(w) = CpE'(w) (w ~ ~ )  (3) 

* T o  w h o m  cor respondence  should be addressed  

The photoelastic coefficient, Cp, is constant for small 
strains. The PER does not take account of  the relaxation 
phenomena or the effect of  the varying frequency in the 
case of  oscillatory deformation. 

Because the two coefficients, C and Cp, are generally 
not equal to each other, the birefringence is not pro- 
portional to the stress in the glass-to-rubber transition 
zone of  the viscoelastic spectrum. Some modifications of  
SOR have been proposed to connect the two quantities in 
these zones 4 6. Among these modifications, the modified 
stress optical rule, MSOR,  proposed by Inoue et al. 6 
succeeded in explaining the complex behaviour of  the 
birefringence relaxation in the glass-to-rubber transition 
zone. For  example, the origin of  the complicated fre- 
quency dependence of O*(w), and the different tempera- 
ture dependence between O*(w) and E*(w) in the 
transition zone can be explained by MSOR 6. 

According to MSOR,  two different mechanisms 
(denoted by G and R) contribute to the birefringence 
and the stress around the glass-to-rubber transition zone 
and the ordinary SOR holds well separately for each 
component:  

E* (w) = E ;  (w) + E~, (w) (4) 

= CoE ( ) + CRE ( ) (5) 

where E~(w) (i = G, R) is the complex component  
function of Young's  modulus for component  i, and Ci 
is the stress-optical  coefficient for component  i. MSOR 
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is based on two experimental results; the validity of the 
ordinary SOR in the rubbery zone and the proportion- 
ality of O"(w) to E"(co) in the glassy zone 6, and therefore 
CR is equal to C of the SOR. Because equations (4) and 
(5) are simultaneous equations for E~(w) and E~ (c~,), the 
two component functions can be separated quantita- 
tively by reducing the equations. 

In previous papers, we have investigated properties of 
E~(w) and E~-(~) and the coefficients Ca and CG 6 12. The 
polymers analysed with MSOR are; polystyrene (PS )  6, 

poly(c~.-methyl styrene) (PoMS) 7, bisphenol A polycar- 
bonate (PC) s, polysulfone (PSF) s, polyether sulfone 
(PES) s, polyether imide (PEI) s, a conventional poly- 
arylate ( U P )  9, polyisoprene (PIP) 1°, and amorphous 
polyolefins (PEMOMID 11, PMMTDE 12, PDOE 12, 
PMMCPE 12, PCHCPE j2, and PPCPEI2). Polyisobuty- 
lene (PIB) j3, poly(2-vinyl naphthalene) (PVN) I4, and 
poly(alkyl methacrylate)s (PRMA) 15 could not be ana- 
lysed with MSOR. Osaki et al. proposed a theoretical 
interpretation of MSOR. According to this molecular 
interpretation, the R component is related to the orien- 
tation of the polymer chain while the G component is 
related to the rotational motion about the main chain 
axis 22. 

The coefficient, CR, is related to the optical-anisotropy 
of repeating units 16. Recently, Tanaka and Inoue 17 syn- 
thesized a new amorphous polyarylate, PArl,  with low 
molecular anisotropy. The molecular structure of this 
polyarylate is shown in Figure 1. The figure also includes 
the molecular structure of UP and PC. The 2,2'- 
dicarboxy biphenyl unit in PArl effectively compensates 
for the optical anisotropy of bisphenol A unit. In the 
present study, we examined the strain-birefringence of 
PArl in order to investigate the relation between molecu- 
lar structure and the birefringence. It will be shown that 
PAr l has a highly flexible main-chain structure which 
can be attributed to the 'zigzag' structure. 

EXPERIMENTAL 

Polyarylate, PArl,  was synthesized with the conven- 
tional interfacial emulsion polymerization technique 
from 4,4'-dioxydiphenyl-2,2'-propane (Bisphenol A, 
Nakarai Chemical Co.) and 2,2'-dicarboxy biphenyl 
dichloride (Nippon Johryu Ltd). Mw. and Mn were 
determined as 3.46 x 105 and 2.32 x 10 ~ by gel perme- 
ation chromatography with small-angle light scattering. 
The glass transition temperature measured with differ- 
ential scanning calorimetry was 162°C. A film was cast 
from 5wt% dichloromethane solution after filtration 
through a 0.5 mm pore size membrane filter; the film was 
then dried in a vacuum dry oven at 165°C for a few days 
prior to measurements. 

The apparatus for dynamic birefringence measure- 
ments has been described elsewhere 6. An optical system 
was attached to an oscillatory tensile rheometer (Rheol- 
ogy, DVE 3, Kyoto, Japan). A Sanarmont optical system 
was used to compensate the static birefringence induced 
by the load maintaining the sample: He Ne laser, polar- 
izer, quarter-wave plate, analyser, and photodetector were 
placed on an optical bench. The sample was placed 
between the polarizer and the quarter-wave plate with their 
axis at 45 ° to the strain direction. Available frequency 
range was 1 130 Hz. The measurements were performed 
at isothermal conditions at several temperatures. 

RESULTS AND DISCUSSION 

Characteristic behaviour of E* (co) and O* (co) 

The raw data of the complex Young's modulus, E* (cJ), 
and the complex strain optical ratio, O*(c~,), at each 
temperature are not shown here only the characteristic 
behaviour of the two quantities is described. The com- 
posite curves for these quantities will be shown later (see 
Figures 7 and 8). At the highest temperature, 197°C, 
E*(cc) data corresponded to the onset of the rubbery 
plateau zone. The ordinary SOR was found to hold well 
at low frequencies at this temperature. The stress optical 
coefficient, C, for PArl was estimated as 9.0× 
10-10pa I. At lower temperatures, SOR did not hold. 
However, O'(~,) was found to be proportional to E"(a~) 
over the temperature range 162 15T~C. The propor- 
tional coefficient, Co, was 3.1 x 10 J 1 Pa- 1 

CG and CR (--C) are summarized in Table 1 with the 
values for PC 8, and UP 9. The C a value for PArl is 
about eight times smaller than that for UP. The CG 
values of the three polymers are almost the same and the 
similar values were found for other polymers containing 
phenyl groups 8. 

Ana@sis with modified stress optical rule 
With the determined CR and CG, equations (3) and (4) 

were solved for E~(w) and E~(cJ) at each temperature, 
considering the possibility of different temperature depen- 
dence between E~ (w) and E~ (co). The method of reduced 
variables is was then used individually for the two 
components to construct the respective composite curves. 

Figure 2 shows the resulting composite curves of 
E~.(c~') and E~(~) for PArl.  The data for the R 
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Figure 1 Molecular structure of  the polyarylate, PArl ,  a conventional 
polyarylate, UP, and bisphenol A polycarbonate, PC 

Table 1 Summary of values for the various characteristic moduli and 
the stress optical coefficients 

E ~  ( ~ ) Ebi ( o c )  C R C G Cp 
Polymer (MPa) (MPa) 2, ~ (Br)" (Br) (Br) An ° 

PAr l 53 1150 4.7 900 31 72 0.0080 
UP 27 1120 11 6800 38 202 0.031 
PC 26 1500 11 4700 35 116 0.020 

"Brewsters I0 ~ePa i 
See the text for definition 
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component at the two lowest temperatures are elimi- 
nated: at these temperatures the shift factor cannot be 
determined because E~(~) is a constant independent of 
frequency and temperature, 5.1 × 107pa, and E~(~) is 
close to 0 with scattering of data. The R and G 
components of PArl  will be discussed in detail in the 
following sections compared with those of PC and UP. 

Figure 3 illustrates the shift factors used in the con- 
struction of  the composite curves for the component 
functions. Although temperature dependence of the two 
shift factors is fairly close, careful comparison reveals 
that the shift factor for the G component shows slightly 
stronger temperature dependence than that for the R 
component. The stronger temperature dependence for 
the G component is widely observed in our previous 
studies 6 12. 

The R component 
Figure 4 shows the R component functions for PArl ,  

P C ,  and UP 9. Here, the reference temperature, Tr, is 
182°C for PArl ,  156°C for PC, and 211°C for UP. These 
temperatures were chosen so that E~(~) of each polymer 
came close to 10 -s Pa -1 at ~ = 10s -].  

The R component of PAr l appears to differ from 
those of the other two polymers in shape. The difference 
of the R components can be represented by the difference 
of two characteristic moduli, the limiting value of  E~(~) 
at high frequencies, E ~ ( ~ ) ,  and the rubbery plateau 
modulus, EN. E ~ ( ~ )  of  PArl  is about two times higher 
compared with the two polymers, and this value is the 
highest value among the polymers examined pre- 
viously ~12. Conversely, the Ey value of PArl  is much 
smaller than those of  UP and PC. This low value for 
PArl  contrasts with the high EN values observed for PC, 
UP, PES, and PSF, which appears to be a fairly common 
feature for the amorphous polymers containing benzene 
rings in the main chain s . 

Because of the large difference between E~(e~) and 
E N, E~(~) of PArl  is similar to those of polystyrene 6 and 
polyisoprenel°: the Rouse-like behaviour, E~(~) ~ w ]/2, 
is clearly observed in a wide range of frequency, 
log(a~/s l ) = - 3  to 1. According to the beads-spring 
model, E~(oc) can be related to the molecular weight 
of the submolecule or the Rouse segment as 
M s = E~(e~) /3pRT,  where p is density, and R the gas 
constant. Ms of PArl  is calculated as 280, which is 
approximately 0.7 times of  the repeating unit of  PArl .  
This result suggests that the main chain of PArl  is highly 
flexible. Here, we note a possibility of high flexibility of 
PArl .  The static flexibility can be described by the 

2 2 2 characteristic ratio, C~ = <Rg)/<Rg)o , where <Rg) and 
<R~)0 are the mean-square radius of  gyration for unper- 
turbed condition and for the freely jointed chains, 
respectively. Although C~ of PArl  has not been 
measured, it may be estimated according to the free 
rotating chain model; C~ is related to the coherent bond 
angle of  the main chain, ~, as C~ = (1 + c o s ~ ) / ( 1 -  
cos ~). Therefore, the large bond angle due to the zigzag 
structure of 2,2Ldicarboxy phenyl unit is probably 
effective in decreasing C~ even if the rotational hind- 
rance exists. A preliminary molecular simulation using 
RIS model in Biosysm's Polymer program gave C~ = 
2.4 for PArl and C~ = 3.5 for PC. These results also 
support our conclusion. 

The frequencies where E~{(w) of each polymer 
indicates a maximum in Figure 4 depends on polymer 
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Figure 2 The G and R component functions (see text) for PArl. 
Reference temperature is 17T'C 
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Figure 3 Temperature dependence of the shift factors for the G and R 
components (see text). Reference temperature is 17T'C 
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Figure 4 Comparison of the R components functions for PArl, PC. 
and UP 

species. This derives from the difference of a relative 
distance between characteristic relaxation times of  the 
G and R components at the reference temperature. In 
order to characterize the relative position of the two 
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components,  we define a ratio, 7, of  two frequencies 
where Ei{(~) and E~(cc), respectively, have a maximum 
at reference temperature. Note that the value of ? 
depends slightly on temperature because the G and R 
components have different temperature dependence, as 
mentioned previously. Nevertheless, Table 1 suggests the 

t correlation between y and ratio E'R(oc)/E'{;(oc). The 
frequency where E~,(cJ) has a maximum corresponds to 
the shortest relaxation time for the Rouse segment while 
the frequency for maximum for E~(cJ) may relate to the 
most probable relaxation time for a unit of  motion which 
controls the relaxation of  the G component.  Therefore, 2 
may correspond to difference of the relative size between 
the basic relaxation units for the R and the G 
components.  The smaller value of 7 for PArl is con- 
sistent with the highly flexible main-chain structure and 
the small segment size. 

The G component 
Figure 5 shows the G component  functions for PArl ,  

PC s, and Up9; T r values are the same as in Figure 4. At 
first sight, E~(~)  for the three polymers are similar to 
each other. This result contrasts with the difference 
found in the R component.  A more sensitive and clearer 
way of comparing the G component  is to calculate tan (5 
of  E~-(a~,), tan~56. The resulting tan6G of the three 
polymers are shown in Figure 6; tan g5 G for each polymer 
is shifted vertically to avoid overlap of data. In the fre- 
quency region ofc~, > 10s -1, tan6G for PArl  agrees well 
with that for PC. In c~ < 10s 1, the slope of tan6G for 
PArl  is steeper than that of  PC and it is close to -1 .  
Conversely, tan 6G for UP is gradual over the whole 
frequency range. This feature of  UP may be due to the 
heterogeneity of  the main chain structure of  UP because 
UP is synthesized from l:l mixture of  isophthalic and 
terephthalic acids. Local motions of  UP would not be 
uniform and this would cause a wider distribution of the 
relaxation time. 

The limiting values of  E~;(~) at high frequencies, 
E~(oc),  are shown in Table 1. It appears likely 
that E~(oc) of  PArl  and UP are slightly smaller than 
PC. E}i(oc) would relate to the origin of  the stress in the 
glassy state. It may represent a property of  the conformer 
proposed by Matsuoka 19. 

Stress optical coe~cients 
The value of Ca for PArl is about  five times smaller 

than for PC. This result indicates that the segment of  
PArl has the smaller optical anisotropy. 

A quantity characterizing the orientational birefrin- 
gence of  polymers is the intrinsic birefringence, An °, 
which is defined as follows 2° 

An = An°P (6) 

Here P is the orientation factor 

P = (3(cos 20} - 1)/2 (7) 

0 is the angle between the direction of stretch and the 
segment. An ° may be called the maximum birefringence 
because the perfect orientation corresponds to P = 1. 
According to the affine or quasi-affine deformation models, 
P can be related to the stretch ratio, A, in infinitesimal 
strain. 

P = (A 2 - l /A)/5  = 3c/5 (8) 
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Figure 6 Comparison of tan ~5 for the G component  for PAr l, UP and 
PC 

Using equation (8), An ° can be related to the limiting 
value of O~(~) (= An~c) at high frequencies provided 
that the R component  is originated by the segment 
orientation. 

~X,,° = 5 0 ; d ~ ) / 3  = 5C~E'~(~.)/3 (9) 

The value of An ° for PArl  is 0.008, which is about 2.5 
times smaller than that for PC. Thus, the intrinsic 
birefringence of PArl  is not so small. This derives from 
relatively large E~(oc), that is, the flexible chain struc- 
ture due to the 2,2~-dicarboxy biphenyl unit. 

Through the Lorentz Lorenz equation, An ° can be 
related to the anisotropy of the segment 2° 

An ° (27r/9){(n 2 + 2)2/n}(pNa/Ms)Acv (10) 

where n is the refractive index and Ac~ is the difference 
between the principal values of  the polarizability tensor 
of  the segment in the parallel and perpendicular direc- 
tions of  the chain axis; p and N~ are the density and the 
Avogadro 's  number, respectively. For polymers com- 
posed of simple repeating units, such as vinyl polymers, 
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Ac~ may be approximately related to the anisotropy of 
the repeating unit 21, Ac~ ° 

Ac~ = Ac~ ° Ms/  Mo (11) 

where M0 is the molecular weight of the repeating units. 
This relation may be explained by considering that the 
maximum orientation (P = 1) is defined as the fully 
extended state where the axis of chain orients along the 
stretch direction with all-trans conformation. However, 
for PArl ,  the structure of repeating unit is complex and 
the size of the repeating unit of PArl  is larger than the 
segment size estimated from E~(oc). Therefore, An ° of 
PArl  corresponds to the anisotropy of  the repeating unit 
at extended state. 

In previous studies, the Co value of polymers with a 
high benzene ring content was found to be relatively 

10-I2 constant, 3 × Pa ~' this is the case for PArl .  The 
2,2'-dicarboxy biphenyl unit is effective to reduce CR, but 
it does not affect CG values. This result can be explained 
by the theoretical interpretation of MSOR, in which C~ 
is related to the axial symmetry of  optical anisotropy of 
the segment or the repeating unit about the main-chain 
direction 22. 

Comparison of master curves 
In order to compare E*(~) and O*(a~) over a wide 

frequency range, the construction of master curves by the 
method of reduced variables is useful if they are thermo- 
rheologically simple. However, this is not the case 
for E*(a~) and O*(a~) around the glass transition zone 
because the two component functions show different 
temperature dependence. Therefore, we cannot directly 
apply the method of reduced variables for these quan- 
tities. The best way to obtain the master curves of E*(o:) 
and O*(co) is to reproduce them using the modified 
stress-optical rule from the master curves of  two com- 
ponent functions which are thermo-rheologically simple. 

Figure 7 shows E* (a~) of  the two polyarylates and PC 
obtained by the above method. The characteristic 
behaviour of E*(~) for the three polymers is similar 
and typical in the vicinity of the glass-to-rubber tran- 
sition zone. One major difference of PArl  from the other 
polymers is height of EN, as seen before. Because of  this 
difference, tan (5 = E"(co)/U(a~) of PArl  in the transition 
zone is larger compared with the two polymers. For  UP, 
the broader frequency dependence of  the G component 
also reduces tan ~ in this zone. 

Figure 8 indicates O*(co) obtained in the same way as 
E*(a3). O*(~) of  the three polymers is positive in the 
whole of the measured frequency range. O~(aJ) of  UP and 
PC varies only about three times in the measured fre- 
quency region while O~(~) of  PArl  decreases almost 50 
times with decreasing frequency. In the rubbery plateau 
zone, the O'(co) of PArl  is about 20 times smaller than 
that of PC. This derives from lower CR and lower Ey of 
PArl .  Conversely, the difference of O~(u:) between PArl  
and UP or PC in the glassy zone is about two times: the 
birefringence of PArl  in the glassy zone is not reduced as 
much as the rubbery zone. One reason for this result is 
the high E[(oc)  of PArl .  In addition, there is the nearly 
constant contribution of the G component to birefring- 
ence in the glassy zone because CGE~(oc) of the three 
polymers does not vary as much (0.03 0.05). For  PArl ,  
the contribution of  the G component to birefringence 
in the glassy zone is comparable to that of the R 
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Figure 7 Composite curves of the complex Young's modulus for 
PArl, UP, and PC. Continuous lines show E'(~) and broken lines show 
E"(a~). Each curve was constructed from the composite curves of the 
two components in Figures 4 and 5 through the modified stress optical 
rule. See the text for details 
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Composite curves of the strain-optical ratio for PArl, UP, 
and PC. Continuous lines show O~(~) and broken lines show O"(o:). 
Each curve was constructed by the same scheme as Figure 7 

component. However, for PC and UP the contribution 
of the G component to the birefringence in the glassy 
zone is relatively small. 

CONCLUSION 

Dynamic birefringence and viscoelasticity of PArl  with a 
low optical anisotropy were studied in the vicinity of the 
glass-to-rubber transition zone. The modified stress 
optical rule was applicable to PAr l and the R and G 
component functions were determined. The R compo- 
nent for PAr l has the lower rubbery plateau modulus, 
Ey,  and higher E~(oc) compared with UP and PC. For  
this reason, the R component of PArl  is similar to that of 
polystyrene and polyisoprene instead of UP and PC, and 
the Rouse-like behaviour is observed over a wide fre- 
quency range. The high E~(oc) value suggests that the 
main chain of PArl  is fairly flexible. This flexible chain 
structure could be attributed to a zigzag structure 
brought about by the 2,2~-dicarboxy biphenyl unit. The 
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EN value of PArl was about four times lower than those 
for UP and PC, contrasting with the high EN values 
commonly observed for engineering plastics. The G 
component of PArl showed a similar frequency depen- 
dence to that of PC, except low frequencies, while that 
for UP showed a slightly broader frequency dependence. 
PArl has a smaller CR value compared with PC and UP, 
while CG value of the three polymers is nearly constant. 
The smaller Cr value for PArl could be attributed to the 
small optical anisotropy of repeating unit and to the 
flexible chain structure. 
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