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ABSTRACT: Absolute depolarized intensity for Bisphenol A polycarbonate dilute solutions in dioxane 
has been obtained from the low-frequency depolarized Rayleigh spectra. The effective optical anisotropy, 
( r 2 ) / x  (=117 As), of polycarbonate with degree of polymerization x in the range 8-163, calculated from 
the measured intensity at 25 O C ,  is consistent with rotational isomeric state model calculations. The mea- 
sured optical anisotropy, 8' ( 4 7  As), of the monomer CH,OC,H,C(CH,),C,H,OCOOCH, used to estimate 
the extent of internal pair correlations in the chain agrees well with that calculated from the molecular 
geometry and group anisotropies. The depolarized Rayleigh spectra, Zw(u), of the monomer and two oli- 
gomers, which were well represented by a single Lorentzian line, arise from overall and segmental orienta- 
tion, respectively. Alternatively, a sum of two Lorentzians with roughly equal intensities was necessary to 
fit the experimental ZV&) of polycarbonate dilute solutions with x I 18. The relaxation time of the broad 
Lorentzian is virtually x independent and can be associated with local segmental motions probed by 'H 
and 13C NMR experiments. The width of the narrow component of the ZVH(u) spectrum exhibits an x 
dependence and can be related to the normal-mode motion of the chain. However, due to polydispersity 
effects, a downturn is observed at x > 44. 

Introduction 
There has long been a great deal of interest in the elu- 

cidation of molecular motion in polymers. Dynamic me- 
chanical,' dielectric relaxation? NMR? time-resolved opti- 
cal spectroscopy: and dynamic light scattering5p6 can probe 
local chain dynamics. Among the scattering techniques, 
depolarized Rayleigh scattering is a valuable tool for prob- 
ing fluctuations in the anisotropic part d of the polariz- 
ability tensor. For polymer chains composed of opti- 
cally anisotropic monomer units, both the configura- 
tional average optical anisotropy ( -y2) and the relaxation 
times for segmental and overall orientation can be obtained 
from the depolarized Rayleigh spectrum, IVH((0).''7-9 

The contribution of two Lorentzian components of 
roughly equal intensity to the experimental IVH(u) has 
been shown only for dilute polystyrene (PS) solutions so 
far.' The narrow component is connected with overall 
rotation in agreement with the relaxation time of the first 
normal mode, whereas the broad Lorentzian is related 
to the rotation of the phenyl groups about the main- 
chain axis and therefore is virtually independent of the 
molecular weight. Theoretical models were subse- 
quently proposed to account for these observations.'0J' 
Two unequally weighted Lorentzians are predicted for a 
rodlike arrangement of cylindrically anisoptropic seg- 
ments with the ratio of the weighting factors depending 
on the components of the segmental polarizability ten- 
sor. Despite its artificiality, this model suggests that the 
experimental features reported for PS so far may not be 
characteristic of the IVH(u) of other dilute polymer solu- 
tions. Further experimental work is necessary to show 
the applicability of the depolarized Rayleigh spectros- 
copy to study macromolecular and local dynamics and 
access their importance to relax the laboratory-fixed opti- 
cal anisoptropy. The latter is strongly affected by inter- 
segmental correlations and can be used to elucidate the 

' Dedicated to Prof. E. W. Fischer on the occasion of his 60th 

* Max-Planck-Institut fur Polymerforschung. 
birthday. 

conformation of chain molecules by using rotational iso- 
meric state cal~ulations. '~J~ 
Poly[2,2-bis(4-hydroxyphenyl)propane carbonate] (PC) , 

which possesses a high impact strength, has intrigued many 
investigators over the last years. Its dilute-solution local 
dynamics has been the subject of numerous NMR 
s t ~ d i e s ; ~ * l " l ~  its effective anisotropy per segment, Act, 
was furnished from strain-birefrigence measurements on 
net-works;17 its effective optical anisotropy per mono- 
mer, (r2>/x,  is about 4 times larger than that of PS as 
shown by rotational isomeric state calculati~ns. '~J~ We 
therefore chose PC for a dynamic depolarized light-scat- 
tering study aiming mainly at the elucidation of the nature 
of the relaxation processes that affect the anisotropy fluc- 
tuations and the estimation of internal orientation cor- 
relations of the polymer chain. We have measured 
IVH(u) spectra of PC solutions a t  different temperatures 
over the molecular weight range 1200-46 300 using a plane 
Fabry-Perot interferometer. To estimate the optical 
anisotropy of the repeating unit and the magnitude of 
the interchain orientation correlations, the IVH(u) spec- 
tra of 4-methoxy-ct,ct-dimethyl-p-tolyl methyl carbonate 
and bulk PC have also been measured. The solvents used 
in this study are p-dioxane, acetone, CH,Cl,, CHCl,, and 
CCl,. 

The integrated depolarized intensity measurements have 
shown that the magnitude of the internal pair correla- 
tion agrees very well with RIS calc~lations,'~ whereas inter- 
chain correlations in the undiluted PC are experimen- 
tally negligible. The IVH(u) spectra of monomer and oli- 
gomers are well presented by a single Lorentzian line 
associated with overall rotation. Alternatively, the ZVH(u) 
spectra of the higher molecular weight PC show strong 
evidence of two spectral components. The broad Lorent- 
zian line with relaxation time 7f = 10-los was found to 
be insensitive to molecular weight variations and can be 
ascribed to segmental motion studied by NMR spin-lat- 
tice  relaxation^.^,'^-^^ The narrow component with relax- 
ation time T~ = lO-'s exhibits a molecular weight depen- 
dence, which, however, is weaker than that predicted for 
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Table 1 
Molecular Characteristics of Polycarbonate SamDles 
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X M ,  x g/mol MWIM" [ V I ,  cm3/g 
5 1.27 1.06 
8 2.0 1.57 

18 4.57 1.80 15.2 
44 12.6 2.03 26.6 
87 24.9 2.16 31.1 

163 46.3 3.70 51.1 

. .  
25 "C 

..... ..' .............. 
'.. -... Benzene .... ..... ..... ..........._ 

......... pc ,@ I 7.10-~ ...-._..._.. ~ ............................ -.-. " ......... "... " ..... ....- ...._ 

,... Dioxane 
~ .... *..... ...................... --.-...'. --.-..... ......- .""........_........I 

- 20 0 f/c" 20 
Depolarized Rayleigh spectra of 7.5% polycarbon- 
2000) in dioxane, neat dioxane, and benzene at 25 

the first normal-mode t ime mainly because of the poly- 
dispersity of PC samples. T h e  experimental ratio of t he  
depolarized intensity associated with the  segmental motion 
t o  that of the overall rotation is of the  order of 1. 

Experimental Section 
The Bisphenol A polycarbonate samples and the monomer 

4-methoxy-a,a-dimethyl-p-tolyl methyl carbonate were synthe- 
sized, and their weight- and number-average molecular weight, 
M ,  and M,,, respectively, were determined at  the Max-Planck- 
Institut at Mainz, FRG. The characteristics of the samples along 
with their intrinsic viscosities, [?I, are given in Table I. Dust- 
free samples were obtained after filtration through 0.5-pm Teflon 
Millipore filters directly into the dust-free rectangular (1 x 1 
cm) cells. 

For integrated intensity measurements the depolarized Ray- 
leigh spectra, ZVH(u), of the samples and of the liquid used as 
a standard (benzene) were taken at  a scattering angle of 90" 
using a plane Fabry-Perot interferometer with the free spec- 
tral range of 40 cm-'. The polarizers used for the incident and 
scattered light have extinction coefficients better than lo4 and 

respectively. The experimental IVH(w)  spectra of the sol- 
vent dioxane, dilute PC ( M ,  = 2000) solution and benzene at 
25 "C are shown in Figure 1. The integrated depolarized inten- 
sities for the narrow spectra were obtained from numerical inte- 
gration. The intensity attributed to the solute molecules with 
volume fraction 'p, ZVH = ZsOlu - (1 - 'p)Zso,v, is calculated from 
the measured intensities of the solution and the inert neat sol- 
vent. The intensity ZVH is then converted to the absolute ratio 
RVH by comparison with the depolarized intensity of benzene 
according to 

RvH = (I/IB)(n/nB)2RvHB (1) 
The R at  X = 488 nm and 25 "C amounts to 2.67 x IO4 
~m-'.~~'' Refractive indices, n, of the samples were measured 
with an Abbe refractometer. The intrinsic optical anisotropy 

801 1 

I 
1.34 1.38 ,,zp 1.42 1.46 

Figure 2. Depolarized Rayleigh ratio and optical anisotropy 
of monomer solutions in different solvents (0, acetone; 0, diox- 
ane; 0, CH,Cl,; 0 ,  CHCl,; 0 ,  CC1,) plotted versus their refrac- 
tive indices of 25 "C. 

per monomer unit, (y2) /x ,  can then be computed from 

where x is the degree of polymerization, A, the wavelength of 
light in vacuo, p the number density of monomer units, and 
f (n)  = [ (n2 + 2)/312 is the local field c o r r e ~ t i o n . ' ~ ~ ~ ~  To check 
for the correct substraction of the collision-induced depolar- 
ized scattering, which appears as an unresolved background in 
the ZVH(w) spectra, we have measured the ZVH of the monomer 
in different solvents. Figure 2 shows that while R,/p increases 
with increasing n, the optical anisotropy is insensitive to the 
variation of n. This behavior also suggests that form anisop- 
tropy is very small. 

To study the orientational dynamics of the PC solutions, two 
free spectral ranges of 9.1 and 5.6 GHz were used to analyze 
the spectral distribution of monomer and PC solutions, respec- 
tively. The ZVH(u) spectra obtained from monomer and oligo- 
mers ( M ,  < 4000) were found to be well represented by a sin- 
gle Lorentzian function plus a base line, considering the over- 
lap of neighboring orders. On the other hand, two Lorentzians 
plus a base line were used to fit the higher molecular weight 
PC solutions in dioxane. At a free spectral range of 5.7 GHz 
the spectrum of dioxane appears, through the overlap of differ- 
ent orders, as an unresolved background. The true spectral width 
was obtained after correction for the instrumental width corre- 
sponding to a finesse of about 75. The correction was done by 
comparing the measured widths with those obtained from the 
convolution of the instrumental line shape with a set of Lorent- 
zians of varying widths. 

Results 
The absolute depolarized intensity, RVH, was mea- 

sured for different solute concentrations t o  check for t he  
presence of appreciable intermolecular orientation cor- 
relations in ( y2)/x. T h e  concentration dependence of 
RVH/p (eq 2) is depicted in Figure 3 for solutions of PC 
in dioxane and bulk PC at 25 "C. For comparison, t he  
ratio RVH/p for dioxane amounts  to 1.4 X cm-l at 
25 "C. T h e  (r2)/x is insensitive to concentration varia- 
tions in the  considered dilute range. Similar behavior 
was recently reported for p o l y s i l ~ x a n e s ~  and linear and  
star polyisoprenes.21 Values of ( r2) / x  thus  calculated 
are listed in Table 11 together with the ratio RVH/p at 
25 "C. 

Figure 4 shows representative experimental Iw(w) spec- 
t r a  of different molecular weight PC solutions in diox- 
ane  at 85 "C. From the  satisfactory fit of a single Lorent- 
zian function plus base line to the  PC samples with x < 
18, we obtained the  depolarized Rayleigh relaxation time, 
T = (27rI')-', with r being the  t rue  half-width at half- 
height. However, a systematic deviation is evident from 
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Figure 3. Absolute ratio RVH/P of P C  solutions (0) and bulk 
PC (0) versus solute concentration in dioxane at 25 "C. 

Table I1 
Depolarized Intensities and Optical Anisotropies at 25 "C 

sample Rv,/p, X cm2 ( ? ) / x ,  AB 
x = l  19.1 57.3 
x = 5  37.1 111.3 
PC solution 39.1 117.3 
PC bulk 39 115.0 
dioxane 0.14 0.4 

. .  
. .  

* '. -It . .  
"' -... X-18 

...I...-,d.+.*d. *'--....+***%.-... 

-1.4 0 1.4 
f/GHz 

Figure 4. Experimental ZVH(w) spectra of different molecular 
weight polycarbonate solutions in dioxane at 85 "C. The sym- 
bol -11- denotes the full-width of the instrumental function. 

the single Lorentzian fit to the experimental spectra of 
PC with higher x .  Figure 5 illustrates this situation for 
x = 44 at 85 "C. The present results mirror those reported 
for polystyrene solutions in CC1,. We have also chosen 
a sum of two Lorentzians plus base line to fit the IVH(u). 
The resulting deviation plot and the relative contribu- 
tion of the two components are also shown in Figure 5 .  
We found that the broad and narrow Lorentzians make 
roughly equal contribution to the observed spectrum. The 
ratio IJIf of the intensities in the narrow and broad spec- 
tral components, respectively, amounts to 0.9 * 0.1 and 
is independent of molecular weight in the temperature 
range 65-95 "C. 

.# *.* )..---" *e.. 

i t  

-2.8 0 f/GHz 2.8 
Figure 5. IVH(w) spectrum of 2% solution of polycarbonate (r 
= 44) in dioxane at 85 "C. The narrow and broad components 
are indicated by the solid lines. The quality of the fit repre- 
sented by percent deviation for single and double Lorentzian 
functions are also given. 

PC/Dioxane 

50 
1 10 xw 100 

Figure 6. Effective optical anisotropy per monomer unit, ( r2)/ 
x ,  in dilute PC solutions at 25 "C versus the degree of polymer- 
ization, x. 

Discussion 

1. Optical Anisotropy. The values of the configu- 
rational average optical anisotropy per monomer unit, 
( r2) / x ,  are plotted in Figure 6 versus the degree of poly- 
merization, x ,  of PC chains in dilute solutions at 25 "C. 
The invariant ( r2) / x  is the result of RIS model calcula- 
tions for individual polymer chains. According to these 
calculations for flexible coils, intrachain orientation cor- 
relations are relatively short and the ratio ( r 2 ) / x  rap- 
idly attains its asymptotic value with increase in x ;  for 
PS18 and poly(phenylmethylsi1oxane) (PPMS)' asymp- 
totic values are closely approached for x = 60. The lat- 
ter is even shorter ( x  = 10) for PC chains (Figure 6 )  in 
nice agreement with theoretical calculations for PC." This 
behavior further suggests that no significant interchain 
orientation correlation should be expected for amor- 
phous bulk PC. We indeed measured experimentally the 
same ( r2) / x  in an undiluted PC sample with that obtained 
in dilute solutions (Table 11). 

The intensity of the depolarized light scattering from 
amorphous PC has previously been measured without the 
use of a Fabry-Perot interferometer.22 The reported value 
of ( r2) /x  = 136 A6 is probably somewhat overestimated 
due to the inclusion of collision-induced anisoptropy. Under 
similar experimental conditions the reported" value of 
( r 2 ) / x  in a dilute PC ( x  i= 11) solution amounts to 120 
f 5 A6. 

A measure of the internal pair correlations of the poly- 
mer chain is the intramolecular correlation factor, 1 + F,  
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cp 
Figure 7. Structure of the repeat unit of the polycarbonate 
chain. 

defined as5 

where the static a&O) represents the yz  component of 
the laboratory-fixed polarizability tensor associated with 
the ith monomer unit. The optical anisotropy, p2, of the 
monomer can be either computed or measured for mol- 
ecules having a structure very similar to that of the repeat- 
ing unit. We attempt to compute /3 defined by 

(4) 
where d is the traceless part of the polarizability tensor 
a of the repeating unit. Its geometry for the PC chain is 
shown in Figure 7. Assuming additivity of group polar- 
izability tensors 

p2 = 3/2 trace ( d d )  

where d, and dDpp (=dph,@ + dph,b) are the traceless anisot- 
ropy tensors for the carbonate and diphenylpropane, 
respectively (both tensors being expressed in the refer- 
ence frame of the carbonate group), and R, is the trans- 
formation for rotation. When the procedure described 
in ref 23 is followed, the symmetric tensor d,,, expressed 
in the reference frame affixed to the C(CH,), group is 
written as 

(6) 
We made use of the tetrahedral angle for the quaternary 
carbon, the angle J /  = f46", (Figure 7), and the value 
Aa+ = 3.0 A3 for the acylindrical part of the tip), given in 
ref 23. The cylindrical part, Aa, depends on the substi- 
tution of the phenyl ring; Aa = 5.2 A3 for the phenyl in 
DPP23 and Aa = 7.4 A3 for the phenylene group in PC.I9 
The anisotropy tensor d of the repeating unit is then 
obtained from eq 5 after transformation of aDPP from 
the coordinate system (x'y'z') into the reference frame 
( x y z )  using discrete values cp = f46" (ignoring fluctua- 
tions) and substitution of 6, = diag (0.17, 1.04, -1.21) A3. 

1 -0.07 0 0 
0.667Aa - 0.03 
f0.577Aa -0.667Aa + 0.1 

&DPP = 

(7) 
The optical anisotropy p2 of the monomer computed from 
eqs 4 and 7 using Aa  = 7.4 A3 for the phenylene group 
amounts to 71 A6, which depends critically on Aa. For 
comparison, the value Aa = 5.2 A3 for the phenyl group 
in DPP leads to the calculated value p2 = 35 A6. 

1 0.1 0 0 
-0.023Aa - 0.654 
f(0.667Aa - 0.13) 0.023Aa + 0.554 

Table I11 
Orientation Times of PC Oligomers 

monomer (37 vol 7%) x: = 5 (8.2 vol 70) x = 8 (7.5 vol 70) 
T ,  K T ,  ns T,  K T ,  ns T ,  K T ,  ns 
283 0.35 298 2.20 298 3.05 
293 0.25 313 1.50 313 2.56 
295 0.21 326 1.65 326 2.33 
313.5 0.17 359 1.11 333 1.78 
315.5 0.12 359 1.34 
337 0.09 

Alternatively, the measured optical anisotropy of the 
monomer CH30C6H,C(CH3),C6H,0COOCH3 used to esti- 
mate the depolarized scattering intensity of the repeat- 
ing unit of the PC chain amounts to 57.3 f 2 A6 at 25 
"C. This value is very different from the calculated val- 
ues of 71 and 35 A6, which are insensitive to the acylin- 
drical part Aa+. This disparity, however, suggests that 
the effect of oxygen to the phenyl ring is overestimated. 
The experimental p2 is reproduced exactly by using Aa 
= 6.7 A3 for the phenylene group in the monomer. The 
higher r e p ~ r t e d ' ~  value of 7.4 A3 may partially arise from 
the value of RvH of carbon tetrachloride used, which 
exceeds our value a t  488 nm.36 The final agreement 
between calculated and experimentally determined p2 sug- 
gests furthermore that the previously calculated value 
of 32 A6 should be wrong.17 

Substitution of the measured values of p2 and ( y2)  / x  
(Table 11) in eq 3 yields the intramolecular correlation 
factor, 1 + F = 2.1. ThemeasuredvaluesforatacticPPMS' 
and PS,5,18 respectively, are 1.5 f 0.1 and 2.6 f 0.4 whereas 
RIS calculations for PS yield 1.9 f 1. The factor 1 + F 
resembles the charateristic ratio ( r2) / x 1 2  in that both are 
determined only by bond angles and internal potentials. 
From small-angle neutron-scattering measurements of the 
average end-to-end distance, ( r 2 ) ,  of an amorphous PC 
with x = 71 the conformational property (r2)/x12 with 
monomer length 1 = 8.8 8, amounts to 4.ga2, This value, 
which is in agreement with recent RIS  calculation^,^^ cor- 
responds to 2.2 monomer units per statistical segment. 
A rough estimate of this number follows from the com- 
parison between ( y2) / x  and the effective anisotropy per 
segment, (Aa)', obtained from strain-birefringence mea- 
surements of networks." The reported value Aa2 = 215 
A6 for PC at 25 "C exceeds the value of ( y2)  / x  by a fac- 
tor 1.84. 

2. Orientational Dynamics. Oligomer Solutions. 
The depolarized Rayleigh spectra of the monomer were 
recorded in the temperature range 10-65 "C using a free 
spectral range of 9.1 GHz. The spectra can fit well to a 
single Lorentzian, and the orientation time, r ,  is a decreas- 
ing function of temperature (Table 111). For small mol- 
ecules, it is well established that T can be given by the 
modified Stokes-Debye-Einstein r e l a t i ~ n ~ ~ , ~ ~  

where qs is the shear viscosity of the solution, v h  is the 
effective hydrodynamic volume of the reorienting moi- 
ety, and the nonzero intercept io is necessary to fit the 
relaxation times. The volume V,  can depend on the static 
pair orientational correlations. 

Figure 8 shows a plot of r versus qJT for the 37 vol 
% monomer solution in dioxane. The data are well rep- 
resented by eq 8 with ro = 12 ps and v h  = 213 f 20 A3. 
The latter value is in contrast to the molecular volume, 
V ,  = 357 A3, calculated by using the bond geometries 
in Figure 7. Rigorously, this volume cannot be identi- 
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K 
Figure 8. Orientational relaxation times for polycarbonate oli- 
gomers versus q,/ T. 

fied with the molecular volume, but it is rather the vol- 
ume swept out during molecular rotation. In this con- 
text, it is worth mentioning that the molecular volume 
of the ester CH30COOC6H4C(CH3)zC6H4~~~~~~3 is 
recently reportedz8 to be 288 A3. This estimate is based 
on van der Waals radii for all atoms in the ester and 
then on a numerical integration over the resulting vol- 
ume. If the effect of orientational pair correlations is 
negligible, as in the present case (Figure 3), then the small 
v h  value suggests that slip b ~ u n d a r y ' ~ , ~ ~  conditions may 
be more appropriate in describing the reorientation of 
noninteracting rigid molecules; Le., v h  = uV,. To obtain 
the coefficient u, we followed ref 29 and estimated the 
ratio p by taking the ratio of the transverse dimension 
to the longitudinal dimension of the monomer (Figure 
7). From the resulting value of p = 0.25 we found the 
corresponding u = 0.58, which leads to v h  = 209 A3. Thus 
reasonable agreement with the experimental value of v h  
is obtained using the slip hydrodynamic model and over- 
all rotation of the monomer. 

The orientation relaxation times of the 8.2 vol 5% pen- 
tamer (x  = 5) and 7.5 vol % octamer ( x  = 8) solution in 
dioxane are listed in Table I11 and plotted versus q,/T 
in Figure 8. The fit of eq 8 to the experimental times 
yields T~ = 765 ps, v h  = 1200 f 400 A3, for pentamer 
and 70 = 685 ps, v h  = 2640 f 500 A3, for octamer. The 
values of the intercept 70 are quite close in both oligo- 
mers but significantly larger than in the monomer. Despite 
its empirical value, T' may be related to the size of the 
orienting unit as reflected in the moments of inertia. In 
the case of the two oligomers the VH spectrum is more 
likely to be due to the internal segmental rotationz7 rather 
than the overall molecular rotation observed for the mono- 
mer. This proposition is supported by the size of the 
segment whose length is at least twice the length of the 
monomer unit. This would result in a hydrodynamic vol- 
ume of about 1650 A3, under slip boundary conditions. 
Moreover, an overall rotation for a rigid pentamer would 
lead to an extremely large hydrodynamic volume of the 
order of 45 000 A3. Thus, if the depolarized Rayleigh 
spectrum of pentamer and octamer indeed arise from inter- 
nal rotation, then one would expect quite close values 
for To, as was found experimentally. 

A t  first sight the larger hydrodynamic volume for the 
octamer seems to be in contradiction with the assump- 
tion of internal rotations. To overcome this discrep- 
ancy, we recall that the depolarized light-scattering exper- 
iment measures a collective relaxation time, which is con- 

i 'I . i 
0 

x w  100 
16'" 

10 
Figure 9. Relaxation times for the broad (0) and narrow (0) 
components of the depolarized Rayleigh spectrum of polycar- 
bonate dilute solutions in dioxane at 85 OC. Solid triangles denote 
calculated relaxation times, fl, for the first Rouse-Zimm nor- 
mal mode using eq 11 and the characteristics of the PC sam- 
ples. Empty triangles are computed T~ times from eq 11 using 
number-average molecular weights. 

nected with the single segment relaxation time, T ~ ,  by5 

7 = (1 + F)rs (9) 
Adaptation of eq 9 implies that the v h  of the octamer is 
affected by intramolecular orientational correlations 
between different monomer units on the same chain. Con- 
sequently, the v h  of the octamer should be a factor of 1 
+ F = 2.1 larger than the v h  of the pentamer, Le., 2520 
A3. This rough estimate is in accord with the experimen- 
tal value of 2640 f 500 A3 for the octamer. In conclu- 
sion, the depolarized Rayleigh spectrum of monomer is 
due to overall rotation under slip hydrodynamic condi- 
tions whereas those of pentamer and octamer are due to 
internal rotations affected by intramolecular pair corre- 
lations. 

Dilute Polycarbonate Solutions. The depolarized 
Rayleigh spectra of the samples with degree of polymer- 
ization 18 and higher were found to be better repre- 
sented by two Lorentzians in the temperature range of 
65-95 "C. We discuss the spectra at 85 "C for which 
good resolution was obtained using a free spectral range 
of 5.6 GHz. The ratio of the integrated intensities of the 
narrow and broad components of the IVH(u) in the tem- 
perature and molecular weight range investigated was 
found to be h = 0.9 f 0.1. There is so far only one depo- 
larized Rayleigh study of the relaxation processes in dilute, 
monodisperse PS solutions in cc14.5 The IVH(u) spec- 
tra of PC were also found to exhibit a double Lorentzian 
feature. The molecular weight dependent width of the 
narrow Lorentzian has been associated with the overall 
rotation of the flexible coil as given by the first Rouse- 
Zimm time in the dilute limit3' 

71 = AM[vITo/RT (10) 
where [ q ]  is the intrinsic viscosity and qo the shear vis- 
cosity of the solvent. The constant A is expected to take 
the values 0.608 and 0.422 for the free-draining and non- 
draining model, respectively. Experimentally, the value 
A = 0.24 f 0.02 was obtained5 from the comparison of 
the times T, of the narrow components to the T~ of eq 
10. 

Figure 9 shows the variation of T, with the weight-av- 
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erage degree of polymerization, xw, of the PC chains. In 
contrast to the PS results, the present T ,  times seem to 
exhibit a much weaker chain length dependence in dis- 
agreement with the prediction of eq 10 for monodisperse 
samples. However, due to the polycondensation reac- 
tion, our PC samples with x > 18 are quite polydisperse 
(Table I). This is obviously reflected by the downturn 
of the molecular weight dependence of T ,  in Figure 9. 
The presence of polydispersity will introduce a distribu- 
tion of relaxation times and hence will affect both the 
calculation of from eq 10 and the estimation of T ,  from 
the experimental spectra. If the distribution of molecu- 
lar weight is known, an average may be computed from31 
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We assume that the normalized function, f ( M ) ,  is given 
by a normal d i ~ t r i b u t i o n , ~ ~  and the upper limit of the 
integral is determined from the estimation of the known 
moments M, and M, (Table I). The times thus cal- 
culated for the characteristics of our samples and using 
A = 0.24 are shown in Figure 9. The comparison between 
T~ and T ,  is quite reasonable for the two lower molecular 
weight (M) PCs. For the higher M, we observe faster T ,  

times as compared to the calculated times. If there 
exists a distribution of relaxation times, the estimation 
of T ,  depends on the free spectral range used. The T ,  

times of the higher M in Figure 9 more likely present 
the faster than the slower components of the dis- 
t r i b ~ t i o n . ~ ~  To check this possibility, we compare these 
T ,  times with those calculated from eq 11, substituting 
the integral with M,'. As seen in Figure 9, it appears 
that the experimental T ,  times for the higher M samples 
present fast relaxation times of the distribution. 

The width of the broad Lorentzian was found to be 
insensitive to molecular weight variations and is there- 
fore associated with localized segmental motions of the 
chain. To separate the effect of the overall molecular 
tumbling on the fluctuations of the optical anisotropy 
due only to segmental motions, we have plotted in Fig- 
ure 9 the time T after correction for the contribution of 
the narrow component; i.e., T-' = T ; ~  + in-'. This cor- 
rection, however, is very small. Like the situation in PS5 
the intensities associated with the slow and fast spectral 
components are very close. In the framework of a rod- 
like model'' the ratio of the intensity of the slow to the 
fast components of the ZVH(u) spectrum is determined 
by the components of the optical polarizability tensor of 
the anisotropic segment. The calculations in the previ- 
ous section have shown that the two phenyl rings in the 
repeat unit of PC contain the major part of the optical 
anisotropy, (y2) /x ,  like the phenyl ring in the PS chain. 
However, the local structure in PS is different from that 
in PC as reflected in the ( r2) / x  values for the two poly- 
mers. The insensitivity of the ratio A, which attains a 
constant value in both polymers, is therefore noticeable. 

Local intramolecular motions in dissolved PC have been 
investigated by 'H and 13C NMR.3*14-'6 Several micro- 
scopic motions were assumed to describe the spin- 
lattice relaxation times. It is interesting to note that phe- 
nylene group rotation and segmental motion modeled with 
the Hall-Helfand orientation correlation function are char- 
acterized by correlation times of similar time  scale^.^ This 
suggests that correlated cis-trans isomerizations cause 
also rotation of the phenyl group and hence contribute 
to the depolarized Rayleigh spectrum. The value of this 
T N M R  referring to the viscosity and temperature ratio ( v S /  
7') of the present light-scattering experiment amounts 

to 0.18 f 0.08 ns. If this motion is also probed by depo- 
larized Rayleigh scattering, then the relaxation time, T ,  

of the fast component is slowing down by the positive 
intramolecular factor, 1 + F. The value of T N M R ( ~  + F) 
= 0.4 f 0.1 ns is in fair agreement with the experimen- 
tal T = 0.5 f 0.1 ns. 

The dilute solution activation energy of phenylene group 
motion is 13 f 5 kJ/mol, which is to contrast with the 
value of 50 f 8 kJ/mol characterizing the rather facile 
phenylene rotational motions in the glassy PC.1334 It  has 
recently been shown that the coupling model of relax- 
ation can explain this pertinent difference only after site 
heterogeneity in the glassy PC has been encountered in 
the The activation energy obtained from the 
temperature dependence of the Lorentzian depolarized 
Rayleigh spectra of the oligomer PC solutions amounts 
to 12 f 2 kJ/mol. This value agrees with the dilute solu- 
tion activation energy derived from the NMR spin-lat- 
tice relaxation times. Theoretical quantum mechanical 
calculations on terephthalic acid representative of the PC 
monomer have recently been undertaken.28 The energy 
barrier estimated for the extensive 180' flip rotation of 
the phenyl rings is 40 kJ/mol whereas their small- 
amplitude (-30') oscillations have a low rotation bar- 
rier of about 12 kJ/mol. Similarly, local segmental motion, 
such as cis-trans isomerization about C-0 bonds, should 
easily occur and can provide low-barrier mechanisms for 
180' ring 

Finally, we should notice the nearly twice longer relax- 
ation time in pentamer also at  85 'C (Table 111). This 
might suggest that the segmental motion in oligomers is 
different from the cooperative conformational transi- 
tions at  higher M and probably with different volume 
requirements. In this context, it is worth mentioning that 
the relaxation time of the broad component in PS5 (with 
the phenyl group on the side chain) correcting to our tlS 
(=0.6 cP) and T = 85 "C is 1.3 f 0.3 ns. This value is 
nearly twice the value for the PC with the phenyl groups 
in the main chain. The intramolecular correlation fac- 
tor, 1 + F ,  is very similar in both polymers whereas the 
potential barrier seems to be higher in PC.3,'4 

Conclusions 

The configurational average optical anisotropy, ( r2) / 
x ,  of polycarbonate with degree of polymerization, x ,  in 
the range x = 1-163 was obtained from the lower fre- 
quency depolarized Rayleigh spectra of dilute PC solu- 
tions in dioxane at  25 "C. The optical anisotropy, p2, of 
the monomer and the mean ( y2) / x  of the polymer treated 
as constitutive property using group anisoptropies are in 
good agreement with the experimental values. 

The depolarized Rayleigh spectra of the monomer and 
two oligomers were found to be well represented by a 
single Lorentzian line due to the overall and segmental 
orientation, respectively, under rather slip hydrody- 
namic conditions. Alternatively, a sum of two Lorent- 
zians of roughly equal intensity produces an adequate 
fit of the experimental spectra of dilute polycarbonate 
solutions with x L 18. The width of the broad Lorent- 
zian is insensitive to variations in molecular weight and 
is therefore related to local segmental motions in the chain. 
The corresponding relaxation time is slower than the seg- 
mental relaxation and phenylene rotation time extracted 
from NMR measurements, probably due to the effect of 
intramolecular correlations on the former. On the other 
hand, the relaxation time of the narrow Lorentzian com- 
ponent of the depolarized Rayleigh spectrum is associ- 
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ated with the overall molecular tumbling characterized 
b y  the first normal-mode time, T ~ ,  strongly affected by 
polydispersity. 
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ABSTRACT: The rate of HCl transfer from aminostyrene copolymers of methyl methacrylate to (dimeth- 
y1amino)ethyl methacrylate copolymers of methyl methacrylate was measured in toluene solution by using 
a stopped-flow apparatus with fluorescence detection, varying the length of the polymers carrying the inter- 
acting groups. Although theories predicted that groups attached close to the polymer chain ends would 
react faster, no decay of the apparent rate constant with increasing conversion was observed. For reac- 
tions between polymers of similar chain length, the rate constant decayed as the 0.6 power of the molecu- 
lar weight. When the interacting groups were attached to polymers which are immiscible in bulk, the HCl 
transfer rate was reduced. Solvation of the aminostyrene hydrochloride residues by methanol or ethyl ace- 
tate accelerated sharply the reaction rate. There was no evidence for an effect on the reaction rate when 
sufficient poly(methy1 methacrylate) was added to the solution of the interacting copolymers to exceed the 
critical chain overlap concentration. 

Introduction tively. As long as these counterions were associated with 
different polymer chains, irradiation in  the naphthalene 

Recently, we embarked on a s tudy  of the kinetics of absorption band led to little nonradiative energy trans- 
reactions involving the ion pairs in  ionomer solutions. In fer,2 since the donor and acceptor fluorophores were too 
the first investigation of this type,’ we mixed in  a stopped- dis tant  from one another. However, increasing counter- 
flow apparatus solutions of slightly sulfonated polysty- ion interchange led to an increasing association of both 
rene partially neutralized with 2-(aminomethyl)- counterions with the same chain molecule, and the increas- 
naphthalene and g-(aminomethyl)anthracene, respec- ing efficiency of energy transfer (i.e., emission from the 
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