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ABSTRACT The proton NMR free induction decay and associated line shape show the presence of at least 
two components in a nominally amorphous polycarbonate 40-60 K above the glass transition. Since only 
phenylene protons are present in this polymer, the faster decaying component of the free induction decay 
is associated with leas mobile regions and the slower decaying component is associated with more mobile regions. 
To characterize the size of these dynamic heterogeneities, a Goldman-Shen experiment was performed and 
spin diffusion from the more mobile domain to the less mobile domain was observed. The time scale for spin 
diffusion was 10-250 ms. These times are used to calculate the size of the more mobile domain by using an 
estimated value of the diffusion constant for spin diffusion. The best determination of the more mobile domain 
is 30 A, though the technique is consistent with domain sizes ranging from 10 to 100 A. The fraction of polymer 
in the more mobile domains is about 15% at the temperatures studied so the structural picture can be 
summarized as small islands of mobile material surrounded by larger regions of lesser mobility. As the 
temperature is increased, the fraction of mobile material appears to increase through growth in size of the 
more mobile islands. If the domain size is extrapolated to lower temperatures, the onset of mobility at the 
glass transition is associated with very small domains that are comparable to the repeat unit itself. 

Introduction 
NMR spectroscopy has been quite successful in defining 

the character of local chain dynamics in bulk polymers. 
Proton,' fluorine,:! ~ a r b o n , ~  and deuterium44 nuclei have 
all been exploited in this endeavor, with the latter two 
nuclei being most informative over the last decade or so. 
One of the important features of the studies of dynamics 
in glassy systems has been the determination of the in- 
homogeneity of local dynamics.34 Both below and near 
the glass transition in nominally amorphous polymers, local 
motions are found to be heterogeneous in that the same 
chemical moiety in different spatial locations within a 
single glassy sample may have different rates and geom- 
etries of motion. In proton spectroscopy, this has been 
discussed in terms of more mobile and less mobile com- 
ponents of amorphous material making distinguishable 
contributions to the line shapes just above the glass 
tran~ition.'-'~ Below the glass transition, carbon-13 re- 
laxation times in the rotating frame also reflect the het- 
erogeneous character of the glass.3 Perhaps deuterium line 
shapes in glassy polymers are the clearest manifestation 
of the variety of mobilities present in a given glassy Sam- 

The question pursued in this work is the spatial size of 
the dynamic heterogeneities in an amorphous system at  
a temperature just above the glass transition. Since the 
material is chemically homogeneous at  the level of the 
repeat unit and is nominally single phase, few experimental 
techniques would appear to be applicable. If the hete- 
rogeneities may be described as discreet domains of either 
differing density or local conformation, it may be possible 
to characterize them with scattering methods. In either 
case, density differences are a distinct possibility, but 
identification of these particular density fluctuations with 
scattering methods is a t  best difficult. 

Since NMR spectroscopy was the method first used to 
identify spatial heterogeneity of local motions, it is natural 
to use this method to characterize the properties of these 
domains. The domains are believed to be too small to be 
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characterized by magnetic resonance imaging at its current 
state of development, though this approach is a t  least a 
conceptual possibility. One NMR experiment, the Gold- 
man-Shen (GS) experiment,13 has been used to study 
spatial properties on the basis of differences in mobility. 
This experiment has been applied to polymer systems, 
including the pioneering work of Assink on hard and soft 
regions in  polyurethane^,'^-'^ and by other investigators 
on crystalline and noncrystalline regions in semicrystalline 
p~lymers.l'-~~ The technique has not been widely utilized, 
because scattering and diffraction techniques are usually 
superior. However, for the system of interest here, the GS 
experiment seems to be the best choice since the ability 
to differentiate spatial regions on the basis of their dif- 
ferences in T2 (mobility) has been established.12 

There are a number of possible variations of the classic 
GS experiment that could be applied,"~~'  but the original 
version is employed in this study. In this version, the 
spin-lattice relaxation times (2'') of each component are 
assumed to be much longer than the duration of the entire 
GS experiment. Transverse magnetization is created by 
a simple 7r/2 pulse as shown in Figure 1. A delay time, 
to, is selected during which the magnetization associated 
with less mobile regions is allowed to dephase. If the rate 
or amplitude of motion in the more mobile region is suf- 
ficiently large relative to that in the less mobile region, 
some of the magnetization of the more mobile region will 
still exist along the x axis in the rotating frame after the 
less mobile magnetization has dephased. In terms of re- 
laxation times, the less mobile region has a short spin-spin 
relaxation time (T21) and the more mobile regions has a 
longer spin-spin relaxation time (Tzm). This difference in 
T2's is the physical property employed to discriminate 
between the two domains. In the next part of the exper- 
iment, spin diffusion among abundant spins is used to 
establish the domain size. A second ?r/2 pulse of opposite 
phase to the first is applied to restore the magnetization 
associated with the more mobile component to the z axis. 
A variable mixing time, t ,  is allowed to pass before a third 
7r/2 pulse of the same phase as the first is applied. The 
third pulse places the magnetization back in the xy plane 
for observation. During the mixing time, t ,  spin diffusion 
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Figure 1. Goldman-Shen pulse sequence and the associated 
motion of the magnetization. 

Figure 2. Polycarbonate repeat unit. The dominant intramo- 
lecular dipolar interaction is schematically indicated by the 
double-headed arrow. 

will occur. This process will transfer magnetization from 
the more mobile domains to the less mobile domains. If 
the two domains have distinguishable line shapes or 2'2)s 
the amount of transferred magnetization can be deter- 
mined as a function of time t. The amount and rate of 
magnetization transfer can subsequently be used to cal- 
culate domain size if the diffusion constant for spin dif- 
fusion is known and a model geometry is assumed. There 
are uncertainties in the analysis of the data"" (see below) 
but spatial properties in agreement with scattering,meth- 
ods have been previously determined with the GS exper- 
iment.15 

The structure of the polymer selected for this study is 
shown in Figure 2 and has been the subject of several other 
studies below the glass transitionnPa and one other study 
just above the glass transition.12 This latter study, via a 
line-shape analysis, has determined the populations of the 
more and less mobile components. This polymer is con- 
venient for proton NMR studies because it contains only 
a single type of proton and the predominant interaction 
determining the proton line shape is a dipolar coupling 
between adjacent phenylene protons. The vector between 
the adjacent protons is parallel to the virtual backbone 
bond, making this interaction and the associated observ- 

Figure 3. Line shapes for the two components used to simulate12 
the proton line shape at 181 "C. 

ables good indicators of segmental motion. Figure 3 shows 
the two line-shape components used to simulate the line 
shape a t  181 "C, which emphasizes the basis for consid- 
ering the presence of two domains. The existence of two 
distinct domains characterized by high and low mobilities 
does not necessarily imply the absence of a broad range 
of mobilities being present in the amorphous polymer. The 
success of the GS experiment, however, does point to the 
existence of spatial entities characterized by differences 
in overall mobility. This point is addressed in some detail 
in the Discussion. 

Experimental Section 
The polycarbonate shown in Figure 2 was supplied by General 

Electric Research and Development and is part of the same lot 
used in earlier studies.12~n~ The intrinsic viscosity is 0.5 dL/g. 
Typically, the sample is dried for 2 days under vacuum at 120 
OC in a 10-mm NMR tube and then sealed. The glass transition 
temperature of the polycarbonate is 157 "C (DSC) and the tem- 
perature range of this study is around 200 "C, where the relative 
population of the more mobile and less mobile components fall 
in a convenient range as determined in the earlier line-shape 
investigation.12 Near 200 "C the more mobile component con- 
stitutes about 15% of the total magnetization, which is comparable 
to population ranges considered in other GS experiments on 
polymers.1*-" 

Proton NMR spectra were acquired on a Bruker SXP NMR 
spectrometer at a Larmor frequency of 90 MHz. For  IT/^ pulses, 
the pulse width was set at 2.5 ps and dwell times of around 10 
p s  were used, which corresponds to a quadrature sweep width of 
100 kHz. Proton line widths were approximately 10 kHz in the 
temperature range under investigation. Temperature control was 
maintained to within 2 deg with a Bruker BST 100/700 tem- 
perature controller that was calibrated against a thermocouple 
in a sample tube in the probe. 

The to pulse separation in the Goldman-Shen sequence varied 
from 150 to 300 ps and was selected so that the magnetization 
of the less mobile component would have nearly completely de- 
cayed while a still appreciable amount of the more mobile 
magnetization persisted. The ratio of the more mobile to  less 
mobile magnetization at the beginning of the mixing time varied 
from 5 to 200 depending upon temperature, and to values greater 
than 10 were deemed desirable. 

The mixing time, t, was varied from 0.2 to 60 ms with the rate 
of repopulation of the less mobile magnetization dictating the 
choice of this variable. It is important that the mixing time be 
short with respect to T1 which was achieved since the Tl's are 
of the order of seconds in the temperature range studied. 

Results 
Three typical GS free induction decays (FID's) at a 

temperature of 202 "C are shown in Figure 4. The first 
FID (Figure 4A) is taken at a rather short mixing time and 
it may be characterized as a single exponential decay. This 
is to be expected since a t  short mixing times only the 
magnetization from the more mobile domain should be 
present. The second FID, Figure 4B, shows the behavior 
of the GS FID after a sufficient time, 1.5 ms, has elapsed 
so that the magnetization of the less mobile component 
has been somewhat repopulation by spin diffusion. The 
FID is now fairly obviously composed of more than one 
component and the situation is even more pronounced 



4200 Li et al. Macromolecules, Vol. 22, No. 11, 1989 

A) 0.905 

0.769 

0.632 

0.496 

0.359 

0.223 
010 47.1 94.3 141.4 186.6 235.7 282.9 330.0 

Time (VS) 

0.0 47.1 94.3 141.4 188.6 235.7 282.9 330.0 
Time (PSI 

0.0 47.1 94.3 141.4 188.6 235.7 282.9 330.0 
Time (ps) 

Figure 4. Goldman-Shen free induction decays: (A) for a mixing 
time of 200 ps; (B) for a mixing time of 1.5 ms; (C) for a mixing 
time of 36 ms. The lines are fits of the free induction decays as 
described in the text. 

after 36 ms as shown in Figure 4C. The selection of only 
the more mobile component a t  short values of t and the 
repopulation of the less mobile component a t  long values 
o f t  demonstrate the basic applicability of the GS exper- 
iment to this problem. 

To quantitatively characterize the GS FID's, the 
treatment of Assinkl"ls will be followed. The less mobile 
component of the magnetization will be treated as Gaus- 
sian. Figure 5 shows the fit of this component of the line 
shape obtained in the earlier12 study on the relative pop- 
ulations of the more mobile and less mobile components. 
This calculated line shape is a Gaussian broadened Pake 
pattern, but the broadening is so large that the Pake 
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Figure 5. Less mobile line shape. This is part of the fit of the 
total line shape at 194 "C from an earlier line-shape study.I2 

Table I 
T1's + Fractional Populations 

less 
mobile T2m, PS Ta, PS 

temp, O C  fraction GS FIDn line shape GS FID line shape 
194 0.892 138 59 
197 150-180 65-80 
199 168 82 
202 190-220 75-90 
204 0.850 227 103 
207 290-330 90-115 
208 0.834 318 134 

(I T2's in the GS experiment depend on evolution 

splitting is obscured. Given this characteristic, the less 
mobile contribution to the FID will be treated as purely 
Gaussian with the standard form 

G,(t) = Ae-(t/Tu)' (1) 
In the line-shape study to establish the relative popula- 
tions, the narrow component of the line was described by 
a Lorentzian line. For fitting the GS FID, the time domain 
form of the Lorentzian will be used. 

(2) 

(3) 
so that the quantity A can be used to monitor the repo- 
pulation of the less mobile component as a function of 
time. The Tis obtained by fitting the GS FID's and those 
obtained previously,12 by fitting line shapes, are compa- 
rable. The T2's in the GS experiment are dependent on 
mixing time as was noted by Assink.l"le The fits are 
shown in Figure 4 and the Tz data are summarized in 
Table I. 

The recovery of the less mobile component of the 
magnetization detected after the GS pulse sequence is 
monitored by the quantity R(t)  where 

R(t )  = A(t)/A(w) (4) 

and A(..) is the population of the less mobile component 
at time infinity in the absence of spin lattice relaxation. 
The recovery plots are shown in Figures 6-8 as a function 
of the square root of the mixing time t as is traditional." 

Interpretation. Expressions for the recovery factor, 
R(t ) ,  have been developed by Cheung and Gerstein in 
terms of the domain thickness, b, and the spin diffusion 
constant, D. These expressions apply to the case where 
spin lattice relaxation may be neglected, which is appro- 
priate for the experimental situation under consideration. 
A second simplifying assumption is that the distribution 
of more mobile domains within the sample is described by 

G,(t) = (1 - A)e-(t/Tb) 

G(t) = Ae-(t/Td' + (1 - A)e-(t/Tb) 
The composite GS FID will then be fit to the form 
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Figure 6. Recovery factor versus the square root of time at 197 
"C. The line is a fit based on three-dimensional diffusion and 
allows for variation of the long-time limit. 
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Figure 7. Recovery factor versus the square root of time at 202 
OC. The line is a fit based on three-dimensional diffusion and 
allows for variation of the long-time limit. 

a Poisson distribution for the random spacing (b) of do- 
mains. This distribution for random spacing of the do- 
mains seems reasonable for the case at hand. The recovery 
factor for a one-dimensional system is given by 

R(t )  = 1 - 4(t)  
4( t )  = exp(Dt/b2) erfc (Dt/b2)lI2 ( 5 )  

Note that 4(t) is the normalized autodiffusion function and 
is of a standard form for one-dimensional diffusion% and 
has been used in other contexts. The function +(t) has a 
value of 1 at  time zero and a value of 0 at  time infinity. 
The generalized autodiffusion function for three dimen- 
sions can be obtained by cubing the one-dimensional so- 
lution, which leads to the following expression for the 
recovery factor 

R(t )  = 1 - 4*(t)4y(t)4z(t) (6) 

where each of the &(t) has the form given in eq 5. Given 
the nature of the system under investigation, the three- 
dimensional form of the recovery equation will be em- 
ployed. Different dimensionalities would be appropriate 
for either different spatial distributions of domains or if 
the diffusion constants were anisotropic. An example of 
the first case might be lamellar morphologies in semi- 
crystalline polymers, but there are no such morphological 
characteristics in the system under study, which would 
point toward a luwer dimensionality solution. The second 
factor that might lead to a choice of dimensionality other 
than three is anisotropic spin diffusion. A source of such 
behavior might be strong intramolecular dipolar interac- 
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Figure 8. Recovery factor versus the square root of time at 207 
OC. The line is a fit based on three-dimensional diffusion and 
allows for variation of the long-time limit. 
tions such that spin diffusion along the chain direction 
would be preferred. Two factors oppose such possibilities 
in the polycarbonate chosen. First, the intramolecular and 
intermolecular contributions to the second moment of the 
proton line shape are Second, polycarbonate is 
a very flexible polymer so that the chain direction should 
not be preferential even from a fairly local view point. 

One-, two-, and three-dimensional forms were used to 
fit the data and in terms of the quality of the fits there 
was little reason to select one dimensionality over another. 
The basic parameter of the fitting of the recovery factor 
expressions to the data of Figures 6-8 is D/ b2. The most 
straightforward consideration would indicate that the re- 
covery factor should become one at long mixing times. A 
values of one corresponds to a relative population of less 
mobile to more mobile in accordance with that determined 
from the line-shape experiments.12 In the fitting of 
magnetization recovery, if the long-time limit was allowed 
to deviate from one, slightly better fits were obtained with 
values near 0.90-0.95. This observation is similar to the 
findings of Cheung and Gersteinl' who discussed some 
considerations that could lead to recovery factors slightly 
less than one in the long-time limit. In the fitting of R(t)  
reported here, the long-time limit will be allowed to deviate 
from one. 

Employing eq 5 to analyze the magnetization recovery 
data requires some caution. The der i~at ion '~ of this 
equation assumes that the spin diffusion constants are 
equal in both domains. I t  is clear that the spin diffusion 
constant, which relies upon static dipolar couplings, must 
be smaller in the more mobile domain. In the present case 
the Tis  of the two domains differ only by a factor of 2-3, 
which indicates that the spin diffusion constants differ by 
less than a factor of 5. (Note that since the less mobile 
component is Lorentzian, there is a substantially larger 
difference in FID decay rates than there is in the T2's.) 
Other factors that could lead to greater differences in D 
such as significantly different densities, the anisotropy of 
crystalline regions, or different chemical repeat units in 
the two domains are not relevant here. However, the 
mixing time ( t )  of the experiment, during which magne- 
tization is allowed to diffuse, relative to b2/D is of rele- 
vance. The mixing time of the experiment must vary over 
a range of much less than b2/D up to a range of the order 
of b2/D to effectively monitor spin diffusion in both do- 
mains. Therefore, at small values of t an analysis where 
D, C D, is explicitly included would be appropriate and 
at large values of t an analysis with D, = D1 should be 
used. In the present case, this apparent dichotomy may 
be resolved by using the analysis that assumes equal spin 
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Table I1 
D / b a  from Recovery Factor Fits 

dimensionality of fit, (rns)-' 
temp,OC 1D 2D 3D 3D(var lim) 

197 0.14 0.030 0.010 0.014 
202 0.08 0.016 0.0059 0.0095 
207 0.052 0.010 0.0040 0.0061 

Table I11 
Spin Diffusion Constants 

lO'*D. cm2/s 
temp, "C Assink Cheung and GersTeZ 

197 
202 
207 

1.71 
1.37 
0.91 

1.16 
0.90 
0.71 

diffusion constants in both domains and setting D = D,; 
this treatment is justified because at  short mixing times 
the magnetization recovery equations1' for both D, << DI 
and D,  = DI have the same form and at  longer mixing 
times the equal diffusion constant model is appropriate. 

With the limitations of eq 5 just reviewed recognized, 
the fits of the experimental data are shown in Figures 6-8 
for the three-dimensional form with an adjustable long- 
time limit. The associated parameters are reported in 
Table I1 along with some parameters of other fits to in- 
dicate the sensitivity of the results to the choice of the 
fitting form. To extract a domain size from the fits of the 
recovery factor, a value of the spin diffusion constant, D, 
must be determined. Several expressions have been 
presented to calculate D from the spin-spin relaxation time 
and intrinsic distances of the system. The earliest equation 
for D was presented by Assink15 and led to values of mi- 
crodomain sizes in polyurethanes in general agreement 
with X-ray scattering. This form is 

The pertinent quantities are the radius of the hydrogen 
atom, ro, and the spin-spin relaxation time for the more 
mobile component. A second method of estimating an 
upper bound for D was presented by Cheung and Ger- 
stein" and led to the form 

D = 2 r O 2 / T 2 ,  ( 7 )  

D = 0 . 1 3 a 2 / T z l  (8) 
where u2 is the average square distance between adjacent 
protons in the less mobile domain. The intermolecular and 
intramolecular contributions to the second moment are 
roughly equivalent for the polycarbonate under study here 
and the principal intramolecular interaction stems from 
protons separated by 2.5 A. This leads us to choose 2.5 
8, as the distance to be entered into eq 8. Table I11 lists 
the D's calculated by the two approaches represented by 
eq 7 and 8. The two estimates yield similar results. 

With the values of D ,  the domain size can easily be 
calculated with the results shown in Table IV. The results 
indicate that for any dimensionality the radius of the more 
mobile domains is in the range 10-50 A. Since the ratio 
of less mobile component to more mobile component is 
known from the line-shape experiments and these domains 
have very similar, if not the same, densities, this ratio can 
be assumed to be the ratio of the volumes of the two 
components.'"16 This knowledge combined with the value 
of the more mobile domain size can be used to calculate 
a value for the less mobile domain size. The basic equation 
is 

(more mobile fractional = rm/(rl + rm) 
(9) 

The symbol r is for the radius of a domain and a value of 

Table IV 
Domain Size 

b, A 
Assink D Cheung and Gerstein D 

temp."C 1D 2D 3D (varlim) 1D 2D 3D (varlim) 
3D 3D 

197 11 24 41 35 9 20 34 29 
202 13 29 48 38 11 24 39 31 
207 13 30 48 39 12 27 42 34 

31 A is obtained for the less mobile domain at 197 "C, given 
a poulation fraction of 0.88 for the less mobile component 
and a radius of 30 A for the more mobile component. 

Discussion 
Curiously enough, the first point to discuss is the fact 

that the GS experiment essentially works. The treatment 
of line shapes or FID's as consisting of only two discrete 
components of differing mobility is a fairly drastic and 
arbitrary assumption, although the appearance of the 
proton spectra supports the assumption. Also, a successful 
line-shape analysis leading to populations for the more 
mobile and less mobile components was carried out on the 
basis of this premise. This assumption underlies the se- 
lectivity of the GS experiment in the discrimination of 
domains. Rather than two components, it is possible that 
there is a continuous, e x t r e m e l y  broad distribution of 
mobilities. Under such conditions, some types of NMR 
line shapes can appear bim0da1~9~J~ (e.g., 2H NMR line 
shapes or any others where the inverse of the expectation 
value of the nuclear spin Hamiltonian is comparable or less 
than the time scale of the experiment). Correlation times 
faster than times corresponding to the regime for line- 
shape collapse would be lumped together as the more 
mobile component; sites with correlation times slower than 
the collapse regime would appear as the less mobile com- 
ponent. Thus the two components may each contain a 
fairly wide range of mobilities but are sufficiently distinct 
in terms of their respective T2's to provide a basis for 
discrimination in the GS experiment. There is also the 
possibility that the amorphous polymer just above the glass 
transition is essentially dynamically bimodal in character 
with two regions of rather different mobility, which appear 
as narrow and broad components in the line shape. If there 
were two such regions, at low temperature when the system 
is nearly rigid, rapid spin diffusion would obscure any 
distinguishing characteristics. As the temperature is in- 
creased, the motion increases and spin diffusion becomes 
less effective. At this point, the two regions would become 
discernible as two components in the line shape or in the 
FID. 

In any case, the first part of the GS experiments suc- 
ceeds in labeling two regions of differing mobility. The 
separation into two parts would indicate a dividing line 
of correlation times faster and slower than about 0.1 ms 
in the continuous distribution of correlation times model 
discussed above. (This is simply an order of magnitude 
estimate based on the line width of the spectra and the 
correlation time required for appreciable narrowing.) In 
order for the second part of the GS experiment to work, 
not only must a difference in mobility exist, but there must 
also be fairly well-defined regions associated with the 
differences in mobility. The two regions of differing mo- 
bility cannot be exchanged by any mechanism faster than 
the time scale of the mixing period. Thus either physical 
transport or exchange as well as spin diffusion occurs no 
faster than the effective inverse rate constants, b2/D, given 
in Table 11. In fact, we cannot distinguish between 
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mechanisms involving exchange of spins between the two 
regions by spin flips, exchange by ordinary translational 
diffusion, or fluctuations in free volume. No self-diffusion 
constants for this polymer are available, but there are 
self-diffusion constants available for relatively low mo- 
lecular weight polystyrenes (9 X lo3) at  temperatures 
comparable to those used in these experiments.26 These 
diffusion constants for polystyrene are of the order of 
cm2/s, which is 2 orders of magnitude slower than the spin 
diffusion constants given in Table 111. It should also be 
noted that polystyrene has a glass transition temperature 
that is 50 deg lower than that of polycarbonate; if a tem- 
perature is considered that is only an equivalent amount 
above Tg, the polystyrene diffusion constant would be 
lowered to 10-16 cm2/s. Furthermore, the intrinsic viscosity 
of the polycarbonate leads to an estimate of the molecular 
weight of 2.5 X lo4. The diffusion constant for polystyrene 
of this molecular weight is inversely proportional to the 
molecular weight, whereas for the polycarbonate, which 
is of a molecular weight larger than the critical molcular 
weight, the diffusion constant should be proportional to 
the inverse square of molecular weight. Thus the larger 
molecular weight of the polycarbonate would correspond 
to a decrease in the diffusion constant of roughly another 
order of magnitude relative the polystyrene result. Al- 
though the length scale (10-50 A) of the GS experiment 
is considerably smaller than the radius of gyration of the 
polycarbonate, it is much larger than the mean length 
between entanglements ( M e ) .  Previous NMR studies2' 
have shown that the macroscopic diffusion constant 
characterizing diffusion on the length scale of the radius 
of gyration is also applicable a t  the length scale of ( M e ) .  
Based on these rough considerations, it would appear that 
the GS experiment was monitoring exchange by spin 
diffusion rather than translational diffusion of the polymer. 

The values of the spin diffusion constants used in Table 
I11 to calculate domain size are clearly estimates. Since 
two different estimation procedures yield values differing 
by - 1.5, certainly the level of uncertainty in the domain 
sizes must be at  least 25%. There is also a factor of 3 
variability of the estimate of domain size on whether spin 
diffusion is one, two, or three dimensional in character. 
However, given an amorphous system with comparable 
intermolecular and intramolecular dipolar couplings, the 
three-dimensional analysis seems realistic and preferable 
over the lower dimensional analyses. 

With the various uncertainties just listed, the domain 
size estimate might be expected to be correct within a 
factor of 3. Using the three-dimensional solution and 
allowing for variability of the long time limit of the value 
of R(t) ,  the best estimate for domain size a t  197 "C would 
be 29-35 8. The appropriate conclusion at  this stage is 
that the domain size is in the range 10-100 A. This in itself 
is an important conclusion. The domains in the amorp- 
hous polymer just above the glass transition are the size 
of a fraction of one pol mer molecule since (RG2)1/2 is 

lo4. Thus the spatial heterogeneities in the glass, which 
are reflected as dynamical heterogenenities just above the 
glass transition temperature, involve a length scale in the 
range of a repeat unit to one molecule and do not involve 
polymolecular aggregates. Pictorially, the heterogeneities 
are the size of fragments of polymer molecules and many 
of these small heterogeneities are scattered throughout the 
sample. The system should not be characterized as con- 
sisting of a few large regions of mobility containing several 
or many polymer chains. The idea of regions of greater 
mobility in a glass has been discussed for phenomena below 

estimated28 to be - 150 x for a molecular weight of 2.5 X 
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the glass transition by Joharia in terms of islands of mo- 
bility. The results obtained here indicate that this same 
concept is applicable to the onset of the glass transition 
itself. 

If one were to attempt to modify the character of the 
onset of mobility in an amorphous glass, such possibilities 
as the addition of compatible diluents or a compatible 
polymer might be explored to see if the domain structure 
were altered. In such a situation, the intermolecular in- 
teractions between a repeat unit and the immediate sur- 
roundings would be changed with the possibility of asso- 
ciated changes in mobility with the onset of the glass 
transition. The relevant interaction at the repeat unit level 
could be local free volume or density fluctuations or spe- 
cific interactions between the polymer chain and other 
components of a multicomponent glass. Consideration of 
free volume and excess free volume have been used to 
characterize the population growth of the more mobile 
component with temperature."12 Given the small size of 
the domains found here, this would appear to be the 
correct range of interaction to consider. Fischer et aL30 
have used volume fluctuations from small-angle X-ray 
scattering to interpret local motions below the glass tran- 
sition in multicomponent polymeric glasses. The same 
considerations might also apply to more mobile compo- 
nents of glasses just above the glass transition. 

The other factor that may contribute to the presence 
of a region of mobility just above the glass transition is a 
particular conformation in the polymer chain backbone. 
This kind of intramolecular defect has been considered as 
a source of the mobile  region^'^^^' and this is again a very 
local source of mobility consistent with the small domains 
observed. The information available does not allow sep- 
aration of the contributions of free volume fluctuations 
from the contributions of intramolecular conformations. 

Although a very narrow temperature range was consid- 
ered, the GS experiments indicates a growth in domain size 
rather than an increase in the number of domains. Over 
the 10 K range of this work the population of the mobile 
component determined from line shapes increases by 
one-third from 12 to 16%. Although the precision of the 
domain size measurement is not as good as that of the 
population, the domain size growth does account for all 
of the population change. From eq 7 to estimate D and 
the three-dimensional fit with variable limit, the radius 
of mobile domains increases from 35 to 39 8 over this 
temperature increment. This increase in size of the mobile 
domain matches the growth in the population of the 
narrow component of the line shape.12 Because of the lack 
of great precision, the conclusion that the population 
growth appears to be by growth of domains is, a t  this time, 
tentative. If correct, this conclusion would imply that the 
domains would be very small at the glass transition itself 
and would correspond to sizes approaching a single repeat 
unit. This conclusion would also indicate that very local 
properties are the source of the onset of mobility a t  the 
glass transition. 
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ABSTRACT: Microstructures of poly(styrene-co-maleic anhydride), poly(styrene-co-acrylonitrile), and 
poly(styrene-co-methyl methacrylate) obtained by radical copolymerizations at various monomer feeds have 
been characterized by fluorescence spectroscopy. The results show that the microstructure of poly(sty- 
rene-co-maleic anhydride) varies depending on the monomer feed composition despite the fact that the overall 
copolymer composition is nearly 1:l; the styrenestyrene diad fraction increases with an increase in the styrene 
mole fraction in the monomer feed. Poly(styrene-co-acrylonitrile) obtained by spontaneously initiated radical 
copolymerization in the presence of zinc chloride is shown to be a real 1:l alternating copolymer. Poly- 
(styrene-co-methyl methacrylate) obtained in a similar manner deviates significantly from 1:l composition. 
The present study shows that fluorescence spectroscopy is a useful and sensitive method for gaining information 
on the microstructure of copolymers formed from aryl vinyl monomers. 

Introduction 
There have been extensive studies on alternating radical 

copolymerizations from both synthetic and mechanistic 
interests.'-3 The styrene (St)-maleic anhydride (MAn) 
system has long been regarded as a 1:l alternating radical 
copolymerization system and studied most inten~ively.~-'~ 
The mechanism for the alternating radical co- 
polymerization of the St-MAn system has been interpreted 
either by the penultimate modelea or by charge-transfer 
models involving the participation of monomer charge- 
transfer complex in the p r ~ p a g a t i o n ; ~ ' ~  however, it  still 
remains to be clarified. 

Characterizations of copolymers as 1:l alternating co- 
polymers have usually been done on the basis of equimolar 
composition over a wide range of monomer feed ratios. For 
example, composition data of poly(St-co-MAn) obtained 
by copolymerizations both in solvents and in bulk show 
that copolymer compositions are nearly equimolar when 
the mole fraction of MAn greater than 0.1.8314-16 Thus the 
St-MAn system has been regarded as a 1:l alternating 
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copolymerization system. However, the equimolar com- 
position of copolymers does not necessarily mean that they 
are truly 1:l alternating copolymers. In addition, there 
is a limitation in the accuracy of copolymer compositions, 
which have usually been determined by elemental analysis, 
infrared absorption spectroscopy, or chemical analysis. It 
is therefore necessary to distinguish real 1:l alternating 
copolymers from copolymers with a statistical 1:l com- 
position. This distinction requires information on the 
microstructure of copolymers. 

In spite of extensive studies on 1:l alternating radical 
copolymerizations, there have been only a few studies on 
the microstructure of the copolymers. The monomer se- 
quence distribution of poly(St-co-MAn) has been studied 
by I3C NMR spectrosc~py.~~J'-'~ It has been reported that 
the copolymerization with an excess mole fraction of sty- 
rene results in deviation from the alternating structure 
when the resonance of the aromatic carbon attached to the 
polymer chain is considered.18 On the contrary, more 
recent results based on the '3c NMR methylene resonance 
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