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and minimizing y with respect to d, we obtain the actual 
width of the interface: 

dI/b = [Ceb/12Af(0)]”2 (A-12) 
P 

and 

y/pobkBT = b C ~ p ~ / 6 d 1  (A-13) 
P 

For our applications in this paper, it is convenient to 
express the chemical potential in terms of the asymptotic 
volume fractions rppb. By noting that for a homogeneous 
system 

f = CVKPK (A-14) 
K 

we see from eq A-2 and A-8 that 

(A-15) 

The results obtained by using eq A-12, A-13, and A-15 
agree very well with the more elaborate calculations of our 
earlier work,15 as shown in Figure 3. Furthermore, for the 
case of a nonselective solvent (xAS = xBs), we have 

pAb = e b  = 1 - cps (A-16) 

and hence eq A-12 and A-13 reduce to 

dI/b = (2 /3X~~) ’ / ’ (1  - cps)-li2 (A-17) 

r/pobk,T = ( ~ - / 6 ) ~ / ’ ( 1  - (A-18) 

These results have been derived and used earlier.15v24 

Registry No. Styrenelbutadiene copolymer, 9003-55-8. 
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ABSTRACT: The technique of excimer fluorescence has been used to  study the effect of molecular weight 
on the kinetics of phase separation in polystyrene (PS)/poly(vinyl methyl ether) (PVME) blends. From the 
fluorescence results, which have been analyzed by assuming that demixing occurs by spinodal decomposition, 
the growth rate of the dominant concentration fluctuation has been determined for 10% and 50% PS blends 
with PS molecular weights of 100000 and 1800000. At both compositions, the unstable growth rate was found 
to decrease with increasing PS molecular weight. The observed effect was weaker than expected, presumably 
due to the polydispersity of the PVME. 

Introduction 
de Gennes’ and Pincus2 have used scaling techniques 

recently to extend Cahn’s theory of spinodal decomposi- 
tion3 to polymer blends in the melt. Specifically, their 
analyses were developed for the case in which both com- 
ponents have the same molecular weight and are above the 
critical entanglement length. They found two important 
changes must be made in the theory. First, the dominant 
term resulting from concentration gradients in the free 
energy expression is entropic rather than enthalpic. 
Second, the Onsager coefficient is a function of wave- 

0024-929718312216-1448$01.50/0 

number for a given Fourier component of composition 
because the frictional coefficient describing chain motion 
in an entangled network depends on the distance scale over 
which diffusion takes place. 

Pincus has shown that the growth rate of the concen- 
tration fluctuation which controls the kinetics during the 
early stages of decomposition is proportional to the melt 
reptation diffusion coefficient.2 Thus, provided the 
thermodynamic driving force for phase separation is kept 
relatively constant, the kinetics of the early stages of the 
process should depend strongly on molecular weight. The 
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purpose of this work will be to  test this prediction for the 
blend polystyrene (PS)/poly(vinyl methyl ether) (PVME). 

The  PS/PVME system has been the subject of nu- 
merous fundamental studies because miscible blends ex- 
hibiting LCST behavior can be prepared by film casting 
from More recently, it has been demonstrated 
that the technique of excimer fluorescence is sensitive to 
changes in local composition caused by phase separation 
in this blend. In a study of phase-separated PS/PVME 
blends prepared by film casting from tetrahydrofuran, a 
two-phase model was developed to treat quantitatively the 
fluorescence of phase-separated systems." This two-phase 
model was subsequently used to analyze the fluorescence 
from PS/PVME blends phase separated by thermal 
treatment." In the latter work it was demonstrated that, 
provided the assumption that the mechanism of phase 
separation is spinodal decomposition is valid, excimer 
fluorescence can be used to determine the growth rate of 
the dominant concentration fluctuation. 

The PS/PVME blend is an ideal choice to  determine 
whether the kinetics of spinodal decomposition in poly- 
meric systems is influenced by chain length because 
polystyrenes of a variety of molecular weights may be 
readily obtained. However, because this is not the case 
for PVME, only the effect of varying the PS molecular 
weight has been examined. Consequently, the work of 
Pincus and de Gennes has been generalized to blends of 
polymers of different molecular weights in order to analyze 
the fluorescence results. 

Experimental Section 
To ensure.that all blend components were above the critical 

entanglement length of about 200 monomer units,'2 high molecular 
weight polymers have been used. The polystyrenes, obtained from 
Pressure Chemical Co., were monodisperse with molecular weights 
of 100 000 (100K) and 1 800 000 (1800K). The PVME, supplied 
by GAF, was polydisperse with a molecular weight of 44 600 as 
determined from its intrinsic viscosity in benzene at 303 K. 
Although the assumption of an entangled network should hold 
at all compositions, the spinodal decomposition theory for polymer 
mixtures was developed by assuming the blend is uniform in 
composition.'.' Because this may not be the case close to the 
dilutesemidilute crossover point, both 10% and 50% PS blends 
have been studied. Earlier, it was shown that 10% high molecular 
weight PS blends are close to this composition since the 
fluorescence behavior changes little with PS volume fraction below 
this value.'O 

PS/PVME blends were prepared for spectroscopic study by 
film casting from toluene onto sapphire disks at room temperature. 
Purification techniques have been described e1~ewhere.l~ The 
solid films, 10 wm thick, were dried under vacuum at 323 K for 
at least 4 days to remove the casting solvent. No evidence of 
residual solvent was found in the fluorescence spectra of pure 
PVME films prepared under identical conditions. To ensure good 
contact between the films and the cover disk, two of the supported 
films were pressed together and annealed at 323 K for an addi- 
tional 2 days. This was found to remove all air spaces in the 
sample. 

Thermal treatment was carried out in an oil bath whose tem- 
perature was controlled to 10.1 K. In order to prevent oil con- 
tamination of the samples, they were enclosed in packets formed 
from the heat-ealable polymer f h  used in the Dazy Seal-A-Meal 
cooking pouches. After the sample was held in the bath for the 
desired annealing time, it was rapidly quenched in an ice-water 
mixture. 

Fluorescence spectra were taken in air at room temperature 
both before and after thermal treatment. The spectrofluorimeter 
has been described earlier.14 Front-face illumination was used 
to minimize self-absorption; excitation was at 260 nm. The 
front-face arrangement appeared to reduce self-absorption to a 
negligible amount, provided the local PS concentration in a blend 
was not too high. For example, miscible blends do not show a 
distortion of the monomer bands until the polystyrene volume 
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fraction is greater than 0.8. Of course, the amount of distortion 
increases with decreasing wavelength. As a result, simple 
fluorescence intensities were measured at 280 (monomer) and 332 
nm (excimer). 

Two improvements have been made in the cloud point mea- 
surements reported earlier." Previously, glass slides were used 
as supports for the cloud point samples whereas sapphire disks 
were used for fluorescence measurements. Because the cloud point 
temperature has been observed to depend on the ~ubstrate,'~ films 
sandwiched between sapphire disks and prepared in the same 
manner as fluorescence samples were used in the present work. 
Second, in the previous paper" the cloud point was taken to be 
the minimum temperature at which a blend showed visual signs 
of phase separation after 15 min of annealing in the oil bath. In 
the present study, films were heated starting from 298 K at a rate 
of 5 K/min; the cloud point was taken to be the temperature at 
which the first signs of visual opalescence appeared. This method 
was easier and gave more reproducible results than the technique 
used previously. 

Bright-field transmission optical microscopy was used to ex- 
amine the morphology of phase-separated films. In order to 
increase the phase contrast, the aperture diaphragm of the mi- 
crosope was used in an almost closed position. Unfortunately, 
this causes both a loss of resolution and shadowing. Film prep- 
aration for microscopy was identical with the procedure described 
above except glass slides and cover slips were used to sandwich 
the films. Sapphire disks could not be used as film supports in 
the microscopy work because of the unavailability of long working 
distance lenses. While this is regrettable, it should be stressed 
that no quantitative comparison of the microscopy and fluores- 
cence results has been made in the present work. 

Spectral Correction Procedure 
In the previous study,l' there was very little overlap of 

excimer and monomer in the spectra of the phase-sepa- 
rated films examined. This was also true of the spectra 
of the miscible blends that were needed to analyze the 
phase-separated film fluorescence with the two-phase 
model. It should be mentioned that  although the high- 
concentration miscible blend results given in that study 
do  require overlap correction, they were not used in the 
analysis. In the present paper, however, an overlap cor- 
rection is needed for both the phase-separated 50% PS 
blends and the miscible blends required to analyze these 
fluorescence results. Thus, all ratios of excimer to  mo- 
nomer fluorescence, ID/IM,  have been corrected for overlap 
by a procedure described below. 

In a separate study, the feasibility of using corrected 
integrated area fluorescence ratios instead of intensity 
ratios for PS/PVME blends was determined for miscible 
35K PS/PVME blends over the complete concentration 
range. Fluorescence spectra of these blends were taken 
with a data acquisition system-that has been described 
earlier.I6 After being corrected for scattered light and 
instrument response, they were fit to two functional forms. 
The monomer band was assumed to  have the same shape 
as the fluorescence spectrum of sec-butylbenzene dispersed 
in methanol whereas the excimer was assumed to be 
Gaussian in shape on an energy scale. While it would have 
been desirable to determine the shape of the monomer 
band using a single-ring model compound dispersed in 
PVME at low concentration, i t  was rather difficult to 
prevent low molecular weight species from evaporating out 
of PVME. From the fits of these spectra, the contribution 
of excimer fluorescence a t  280 nm and monomer fluores- 
cence at 332 nm could be determined. 

Representative fitted spectra of 10% and 50% miscible 
35K PS/PVME blends are given in Figures 1 and 2. 
Numerical results showing the contribution of excimer at 
280 nm and monomer at 332 nm are given in Table I. I t  
should be noted that this procedure could only be per- 
formed for PS volume fractions less than or equal to 0.8 
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Figure 1. Corrected fluorescence spectrum of 10% 35K PS/ 
PVME blend. The dashed curves show the monomer and excimer 
bands obtained by fitting the spectrum to the following two 
functional forms: the monomer band was assumed to have the 
same shape as the spectrum of sec-butylbenzene dispersed in 
methanol whereas the excimer was assumed to be Gaussian in 
shape on an energy scale. 
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Figure 2. Corrected fluorescence spectrum of 50% 35K PS/ 
PVME blend together with the fitted monomer and excimer 
bands. 

Table I 
Overlap Correction Study of 35K Miscible Blends 

% % 
uncor excimer monomer cor 

% int  contrib contrib int 
PS ratio a t  280 nm a t  332 nm ratio 

5 0.72 4.8 12.3 
10 0.88 5.5 8.0 
20 1.45 5.6 8.5 
30 2.00 11.3 3.9 
40 2.75 13.0 3.1 
50 3.68 12.3 3.1 
60 4.14 15.6 2.4 
70 5.04 19.5 1.4 
80  6.79 25.4 1.1 
90 9.83 33.0a 0.8' 

100 12.58 42.0' 0.6' 

0.66 
0.86 
1.41 
2.17 
3.04 
4.07 
4.79 
6.17 
9.00 

14.58 
21.56 

' Extrapolated values from Figure 3. 

due to self-absorption, which distorts the monomer band 
a t  high energies and leads to an artificially high excimer 
signal. 

The results given in Table I can be used to create a 
calibration curve relating uncorrected intensity ratios to 
corrected intensity ratios. Such a curve can be used to 
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Figure 4. Calibration c w e  used to correct fluorescence intensity 
ratios for excimer-monomer overlap. 

correct the raw data for any film provided the excimer 
band position and breadth are invariant. Within experi- 
mental error, this was the case for all miscible blends over 
the entire concentration range and all phase-separated 
films examined. The excimer was found to be centered 
a t  30440 f 190 cm-' with a u value equal to 2020 f 170 
cm-', where uz is the variance of the excimer Gaussian. 
Thus, the correction procedure developed for 35K PSI 
PVME blends should apply also to the lOOK and 1800K 
blends. 

Since the results given in Table I do not cover the 
complete range of possible fluorescence ratios, they had 
to be extrapolated. This was accomplished with Figure 
3, in which the band overlap contributions have been 
plotted vs. PS volume fraction and extrapolated over the 
complete concentration range. The results of the extrap- 
olation are given in Table I. The calibration curve, which 
relates uncorrected intensity ratios to intensity ratios 
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Figure 5. Cloud point curvea for IOOK (0) and lSOOK (0) 
PSlPVME blends. 

corrected for excimer-monomer overlap, is shown in Figure 
4. 

Results 

Cloud point m e a  for the PS/PVME hlenda are shown 
in Figure 5. A similar reversal of the dependence of the 
cloud point on degree of polymerization for high mol& 
weight polystyrenes at high PS concentrations has been 
observed by Nishi and Kwei.3 In the following analysis 
it will be assumed for simplicity that these curvea represent 
true bincdals, although this assumption is not expected 
to  be strictly valid due to  the polydispersity of the 

T o  increase the likelihood that the mechanism of phase 
separation for the 10% and 50% films studied by mi- 
croscopy and fluorescence was spincdal decomposition, 
rather than nucleation and growth, an annealing temper- 
ature of 423 K, well above the cloud point, was chosen. 
Some of the microscopy results for blends with lOOK PS 
are shown in Figures 6 and 7. An interconnected mor- 
phology was never observed for a 10% film. While it is 
possible that nucleation and growth take place at this 
composition and temperature, a more reasonable expla- 
nation is that  the PS-rich phase does not have a large 
enough volume fraction to allow connectivity. Cahn has 
shown that if the minor phase has a volume fraction less 
than or equal to 0.15, it will exist as disperse  particle^.^ 
From a m w  balance together with the cloud point curve, 
the volume fraction of the rich phase in this blend is 
calculated to be 0.11. Figure 6 shows that coalescence of 
the disperse phase droplets takes place with time in the 
phase-separated 10% lOOK PS blend. At 2,5, and 60 min, 
the diameters of the particles are of the order 0.6,1.3, and 
6.0 pm, respectively. 

Although the characteristic spinodal morphology is 
present a t  short times for the 50% lOOK PS blend, in 
Figure 7, an interconnected phase structure in no way 
proves that the mechanism of phase separation is spinodal 
demmpceition.3 The size of the phase spacing for the 50% 
lOOK PS blend annealed for 10 min is found from Figure 
7a to be about 0.7 pm. At  longer times, the interconnected 

PVME.6.17.18 
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F 

I 

Figure 6. Morphology of 10% lOOK PS/PVME blends annealed 
at 423 K for the times shown. The length of the side of the white 
square in the photographs corresponds to 10 pm. (a) 2 min; (b) 
5 min; (e) 60 min. 

structure breaks up into droplets, which then coalesce. By 
60 min, the droplet diameter is of the order 4.0 pm. The 
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Figure I .  Morphology of 50% lOOK PS/PvME blends annealed 
at 423 K for the times shown. The length of the side of the white 
qua re  in the photographs corresponds to 10 pm. (a) 10 min; (b) 
60 min. 
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Figure 8. Effect of annealing time on corrected fluoreseenee ratio 
for 10% 1WK blend annealed at 423 K. 

Figure 9. Wect of annealing time on corrected fluorexence ratio 
for 10% 1800K blend annealed at 423 K. 
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Figure 10. Effect of annealing time on corrected fluorescence 
ratio for 50% IOOK blend annealed at 423 K. 

coalescence of both disperse and interconnected phase 
structures in polymer blends has been studied by 
McMa~ter . '~  

Optical microscopy could not be used to examine films 
that were annealed for very short times. In fact, two 
phases could be discerned under magnification only when 
the sample appeared cloudy to the naked eye. The time 
required for opalescence to first appear varied from blend 
to blend but was approximately 1 min in all cases. 

The dependence of the corrected intensity ratio of ex- 
cimer to monomer fluorescence, IDllM, on time of an- 
nealing at 423 K for the four blends studied is shown in 
Figures Ell. Uncorrected fluorescence spectra of 10% 
lOOK PS blends annealed for different times have been 
shown previously. The ratios a t  t = 0 are average ratios 
for films bfore thermal treatment. For each blend, 1 ~ 1 1 ~  
increases rapidly with time during the first 10 min. A t  
longer times, it  appears that a much slower change may 
be occurring, although the scatter in the data makes it 
difficult to reach a conclusion. 
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Figure 11. Effect of annealing time on corrected fluorescence 
ratio for 50% 1800K blend annealed at 423 K. 

Table I1 
Phase Diagram Information 

PS Tcloud point! 
% PS MW pR binodal @L binodal K 

10  1 OOK 0.845 0.007 398 
50 1 OOK 0.845 0.007 399 
10 1800K 0.825 <0.001 388 
50 1800K 0.825 <0.001 398 

It is of interest to make a qualitative comparison of the 
microscopic and fluorescence results. The sensitivity of 
the fluorescence probe to the early stages of phase sepa- 
ration is illustrated by the fact that  films annealed for 
about 1 min showed no visual signs of opalescence and no 
phase structure under magnification while ID/IM increased 
between 10% and 49% for the different blends examined. 
I t  is apparent from these observations that much of the 
compositional change during the phase separation process 
takes place long before a discernible morphology can be 
observed by optical means. 

Discussion 
Because the fluorescence studies show that changes in 

phase composition take place before a discernible mor- 
phology can be observed by optical microscopy, only the 
fluorescence results will be used to examine the early stage 
of the phase separation process. 

The two-phase model used to analyze the fluorescence 
of phase-separated films has been discussed in detail 
previouslyl0J and will not be presented here. If phase 
separation is taking place by spinodd decomposition, then 
the volume fraction of each phase will remain constant. 
As a result, the two-phase model can be used to determine 
the dependence of the rich- and lean-phase compositions 
with time provided the binodal concentrations are known. 
In Table 11, the required information from the phase di- 
agrams is given. 

Figures 12 and 13 show the dependence of the rich-phase 
polystyrene concentration & with time for each of the four 
blends. Only short-time results are depicted since very 
little change in phase composition takes place after 5 min 
in all cases. In Table 111, results for the complete time 
interval examined are given. 

For a blend of two polymers with the same molecular 
weight, the time dependence of the early stages of the 
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Figure 12. Change in the rich-phase composition with annealing 
time for 10% PS blends. 

60 I - '  
4 0  I 

/ 
/e 
1800K 

eo 

Ep 06 

50% PS/ PVME .O 

I I 1 I I 
0 1 2 3 4 5  

TIME MINUTES 

Figure 13. Change in the rich-phase composition with annealing 
time for 50% PS blends. 

phase separation process is governed by the modified 
diffusion equation' 

where 4 is the volume fraction of one of the components, 
t is time, A is the Onsager coefficient, defined as the ratio 
of the diffusional flux to the chemical potential gradient, 
N is the number of monomer units in the chain, x is an 
interaction parameter, and a is a typical monomer di- 
mension. 

The solution to eq 1 is a Fourier series that can be ap- 
proximated by its maximum term3 

where 4o is the initial composition, q is a wave vector, A 
and B are amplitudes, and r is position. Finally, -rq,,-l 
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From eq 3 and 4 together with the assumption that 
qmax2R2/6 < 1, Pincus found2 

qmax-' - R ~ ( x / x ,  - I)-'/' (6) 

and 

Table I11 
Two-Phase Model Results 

QR - 0, 

time, 10% 10% 50% 50% 
min lOOK 1800K lOOK 1800K 

,0.25 0.054 0.196 0.093 0.074 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
7.0 

10.0 
15.0 
20.0 
23.0 
30.0 
60.0 
71.0 

120.0 
180.0 

0.045 
0.125 
0.257 
0.309 
0.388 
0.463 

0.493 

0.433 
0.551 
0.548 
0.598 
0.583 
0.601 
0.628 

0.606 
0.641 
0.631 

0.126 
0.317 
0.401 
0.405 
0.413 
0.438 
0.487 
0.556 
0.545 
0.572 

0.640 

0.673 

0.679 
0.693 

0.670 

0.124 
0.187 
0.325 
0.311 
0.319 
0.301 
0.301 
0.273 
0.345a 
0.335 

0.302 

0.337 

0.345a 
0.323 

0.345a 

0.052 
0.097 
0.106 
0.080 
0.116 
0.140 
0.152 
0.204 
0.204 
0.224 

0.270 

0.239 

0.262 
0.294 

0.304 

a Observed ratio was larger than the maximum possible 
ratio predicted by two-phase model; eR taken t o  be 
0R( equilibrium). 

Table IV 
Growth Rate 

time interval 
over which 

slope 
obtained,a -7 - '  

qmax, ' 
% PS PS MW min min- 

1 0  lOOK 2.0 1.18 
10 1800K 2.0 0.60 
50 100K 2.0 0.74 
50 1800K 5.0 0.27 

a The slopes were obtained by a linear least-squares 
regression. 

is the growth rate of concentration fluctuations with 
wavenumber q-, which are the Fourier components with 
the maximum growth rate. The growth rate depends on 
wavenumber as follows:' 

From eq 2, which also holds for the unsymmetrical mo- 
lecular weight case, it is apparent that the growth rate of 
the dominant concentration fluctuation can be obtained 
from the linear portion of the curves in Figures 12 and 13. 
These results are given in Table IV. 

For a blend of two polymers with the same molecular 
weight, Pincus2 determined that the Onsager coefficient 
is given by 

A ( q )  = 4(1 - 4 ) 2 T ~ ~ ( q L ) - ~ [ l  - exp(-q2R02/6)1 (4) 

Here, go is a microscopic mobility assumed to be the same 
for both components, R; is the mean squared end-to-end 
distance of a chain, equal to Nu', T is the temperature, 
and L is the length of the tube formed by the entangled 
network in which the monomers of a chain are confined. 
The tube length is related to the average number of mo- 
nomer units between entanglements Ne 

L - NNL112a (5) 

Before the experimental results can be discussed, the 
theory of de Gennes and Pincus must be extended to 
blends with different molecular weight components. I t  is 
worthwhile to point out before proceeding, however, that 
due to the difference in the glass transition temperatures 
of the two components, monomer mobility is expected to 
change with blend composition. As a result, only the 
variation in the growth rate with change in PS molecular 
weight a t  fixed initial composition will be addressed here. 

In the small-wavenumber limit, de Gennesl has shown 
that the assumption of incompressibility leads to a simple 
relation between the Onsager coefficients of each compo- 
nent and the overall one 

A = AAAB/(AA + AB) (8) 

where Ai = DiN& and Di is the macroscopic or reptation 
diffusion coefficient. For q = 0, it must be true that 

NDrep N$tube (9) 

where Dtub is the diffusion coefficient describing motion 
of a chain along its tube. Equation 8 may be written for 
general q by using the usual scaling approach 

(10) 

In eq 10, Ne has been assumed to be the same for both 
components. This may done by taking the typical mo- 
nomer dimension to be the size of the smaller of the two 
monomer units, dividing the other component's chains up 
accordingly, and assuming that entanglement properties 
only depend on repeat unit size. Upon making this as- 
sumption, it is apparent that the Pincus expression for the 
tube diffusion coefficient2 still holds 

NedA4BDtube A(qlDtube B(q)  

Dtube A ( q ) @ A  + Dtube B ( q ) 4 B  
A(q) = 

where it has been assumed that the monomer mobility is 
the same for both species. (The factor N;' appears to have 
been misplaced in the original expresiona2) 

The modified diffusion equation for the unsymmetrical 
molecular weight case is 

The solution of the above equation may be approximated 
by eq 2, where 
-rq-l = 

Equations 10, 11, and 13 and the assumptions that 
q ' R o ~ ~ / 6  < 1 
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and Table V 
Density and Thermal Expansion Coefficient Data 

lead to the following scaling relationships: 

where xs is the interaction parameter evaluated a t  the 
spinodal given by 

, , 

For fixed initial composition and annealing temperature, 
eq 15 may be simplified to 

The Flory-Huggins free energy expression will not work 
for a blend exhibiting a LCST unless it is assumed that 
the interaction parameter depends on temperature. The 
appropriate temperature dependence required iszo 

x = A - B / T  (18) 

which should be a reasonable approximation over a limited 
temperature range. Thus 

In order to use eq 19, molecular weight will be defined 
relative to the size of a PVME repeat unit. In other words 

Mi V,O 

Mi0 VPVMEO 
Ni=-- 

Vi0 = M 2 / p i  (20) 

where Mi is the molecular weight of component i, M,O and 
Vi0 are the molecular weight and molar volume, respec- 
tively, of a repeat unit of species i, and pi is the density 
of species i. Of course, the density and volume fraction 
of each component must be determined a t  the annealing 
temperature. The density of PS a t  423 K can be deter- 
mined from its value a t  298 K together with thermal ex- 
pansion coefficient data. This information is given in 
Table V along with the calculated value of the density a t  
423 K. Since thermal expansion coefficient data could not 
be found for PVME, the value given in Table V was cal- 
culated according to the empirical rulez3 

 CY^ = 0.16/Tg (21) 

where cy1 is the thermal expansion coefficient and Tg is the 
glass transition temperature. The glass transition tem- 
perature of PVME is approximately 245 K.4 From eq 20 
together with the density values a t  423 K, the following 
degrees of polymerization are obtained: NpVME = 769, 
N l m K  p s  = 1650, and N18mK p s  = 29 800. 

Before eq 19 is used to predict how the growth rate of 
the dominant concentration fluctuation depends on PS 
molecular weight, the volume fractions of each component 

~~ 

P 298 thermal expansion P423 K ,  
polymer g/cm coeff, K-l  g/cm3 
PS 1.04' (1.7-2.1) X l o - '  K - ' ,  1.00 

T < 373 K b  

T >  3 7 3 K  
(5.1-6.0) X l f -4  K - ' ,  

PVME 1.04' 6.53 X K-" 0.96 

From ref 21. From ref 22. Calculated from 
eq 21. 

Table VI 
Observed and Predicted Dependence of the 

Growth Rate on PS Molecular Weight 

(-7qmax);100K PS/(-'CJ,,);~~OOK PS 

7% PS obsd pred pred/obsd 

10 1.97 8.60 4.4 
50 2.74 11.77 4.3 

must be calculated a t  423 K. This may be done by using 
the relationship 

4PS 298 K/PPS 423 K 

4PS 298 K/PPS 423 K + 4PVME 298 K/PPVME 423 K 
dPS 423 K = 

( 2 2 )  
For the 50150 blend, 4ps 423 K = 0.49 while for the 10190 
blend, @ps 423 K = 0.096. 

Finally, because the value of T,  is not known for the 
blends studied, the cloud point temperatures given in 
Table I1 will be used in eq 19. A comparison of the ob- 
served and predicted molecular weight dependence of the 
growth rate is made in Table VI. 

Provided the thermodynamic driving force for phase 
separation is relatively constant, eq 19 predicts that the 
growth rate of the dominant concentration fluctuation 
should decrease as the P S  molecular weight increases. 
While this is observed qualitatively, a weaker effect than 
predicted is found a t  both compositions examined. In 
addition, the deviations of the observed growth rates from 
those predicted by the modified scaling arguments are 
essentially identical for both initial concentrations, despite 
the fact that the 10% blends may be too close to the 
semidilute-dilute crossover composition for the assumption 
of initial uniformity to apply. 

The numerous assumptions made in developing and 
applying the spinodal decomposition theory already dis- 
cussed above need not be repeated here. There is an ad- 
ditional problem in the analysis which has been ignored, 
however, and which is perhaps the single most important 
cause of the difference between the theoretical predictions 
and the experimental observations. This problem is the 
neglect of the PVME polydispersity. In addition to having 
PVME chains with a wide range of frictional coefficients, 
the presence of short unentangled chains that can diffuse 
rapidly during the early stages of phase separation is ex- 
pected to weaken the molecular weight dependence of the 
growth rate. However, since this effect should become less 
important as the PS concentration is increased, which has 
not been observed, there does seem to be quantitative 
disagreement with theory and experiment on the molecular 
weight dependence of the growth rate. 

Summary 
The growth rate of the dominant concentration fluctu- 

ation during the initial stages of spinodal decomposition 
in PSIPVME blends has been found to decrease with 
increasing PS  molecular weight. This effect, which is 
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predicted by scaling theory, was weaker than expected. A 
possible explanation is that  short unentangled PVME 
chains in the polydisperse PVME used in this study, 
strongly affect the kinetics of the early stages of the process 
due to their high mobility. 
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ABSTRACT A theory for the incoherent transport of electronic excitations among chromophores on a polymer 
chain is presented. The approach is general, but calculations are performed for the special case of Forster 
transfer on an ideal chain. The chain is assumed to contain a small concentration of randomly placed 
chromophores. A three-dimensional model of intersite transport is developed, and an estimate is made of 
its region of validity. The model is formulated in terms of a diagrammatic expansion of the Green function 
solution to the transport master equation. Topological reduction of the diagrammatic series leads to a Dyson 
equation for the diagonal elements of the Green function that can be wed as the basis for a class of self-consistent 
approximations. The Dyson equation takes a very simple form for infinite chains, and self-consistent calculations 
for Gn(t) ,  the ensemble-averaged probability of the excitation being on its initial site, are performed for this 
case. The results are compared with calculations based on Pad6 approximants and cumulants constructed 
from a density expansion for Gn(t).  A connection is made between Gn((t) and the observables in transient and 
photostationary fluorescence depolarization experiments, and the importance of proper orientation averaging 
of transition dipoles is discussed. 

I. Introduction 
Fluorescence techniques have proven to be quite useful 

as probes of polymer structure and dynamics.’I2 Depo- 
larization experiments have been used to determine bulk 
rotational diffusion constants of macromolecules3 and also 
to measure the rate of conformational  transition^.^ The 
analysis of such experiments is often complicated by the 
presence of electronic energy transport (EET) between the 
chromophores of the system. Other experiments, however, 
rely on E E T  to provide the structural and dynamical in- 
formation. By monitoring the ratio of integrated excimer 
to monomer emission it has been possible to study the 
thermodynamic compatibility of solid polymer blends5 and 
the, mechanism of spinodal decomposition in macromo- 
lecular systems? Steady-state fluorescence depolarization 
resulting from resonant energy transfer has also been used 
extensively to analyze copolymers containing aromatic 
m0ieties.I 

This is the first in a series of papers whose purpose is 
to  explore the use of fluorescence depolarization and re- 
lated techniques to study the structure of polymeric ma- 
terials. In this paper we consider the case of an isolated 
ideal chain. Transient and photostationary fluorescence 
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measurements will be seen to give direct information on 
chain stiffness and local chromophore density within such 
a random coil. In subsequent papers, we will extend the 
present theory to more complicated morphologies, such as 
interacting chains in solution or in solid blends, and to 
other experiments such as trap fluorescence studies. 

The general many-body problem of incoherent excitation 
transfer among randomly distributed sites in a homoge- 
neous material has been elegantly formulated by Haan and 
Z ~ a n z i $ ~  and solved approximately with various types of 
theoretical methods.%12 Few attempts have been made to 
address the corresponding problem for inhomogeneous 
materials or for chromophores on polymer chains.13 The 
lack of translational symmetry, correlated statistics, and 
the large chromophore concentrations often encountered 
in macromolecular systems increase the difficulty of the 
theoretical analysis. 

One of the approximate methods for solving the problem 
of random sites in a homogeneous material is that  of Go- 
chanour, Andersen, and FayerlO (hereafter referred to as 
GAF). It is based on a diagrammatic expansion of the 
transport Green function. Their formalism leads to a class 
of self-consistent approximations that converge rapidly and 
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