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ABSTRACT Time-resolved fluorescence depolarization experiments are reported for systems of 1-pentylpyrene 
in polystyrene solid solutions. Two sources of fluorescence depolarization are examined hindered rotational 
depolarization and electronic excitation transport induced depolarization. A t  low concentrations of 1- 
pentylpyrene, rotational depolarization is examined for free 1-pentylpyrene and for 1-butylpyrene end-tagged 
on polystyrene chains ranging in molecular weight from 3000 to 32000. At high concentrations of free 
1-pentylpyrene, electronic excitation transport increases the rate of depolarization with increasing concentration. 
In these room temperature samples, although the inhomogeneous optical line width is comparable to the available 
thermal energy, kT, dispersive transport is not in evidence for experiments conducted at a single wavelength. 
The dynamics of excitation transport can be accurately modeled by theories developed for chromophores 
distributed randomly in homogeneous liquid solution. 

I. Introduction 
Time-resolved fluorescence depolarization and other 

depolarization techniques such as transient grating ex- 
periments have been used to examine rotational diffu- 
 ion'-^ and electronic excitation transport6*' in liquid so- 
lutions. In recent years, electronic excitation transport 
among chromophores both attached to and dispersed in 
polymers has been used increasingly as a quantitative 
probe of the structure of solid polymeric materials."l0 To 
utilize electronic excitation transport, we must be able to 
relate the transport to structure through experimental 
observables. The observables, such as fluorescence de- 
polarization, are frequently influenced by chromophore 
rotational motions as well as excitation transport. In this 
paper we examine experimentally these phenomena for 
chromophores in a solid polymeric solution. The system 
consists of the chromophore 1-pentylpyrene in solid solu- 
tions of polystyrene (PS). 

At low concentrations of 1-pentylpyrene in polystyrene, 
the chromophores are effectively isolated from each other, 
and electronic excitation transport does not take place. 
The chromophores have a random distribution of transi- 
tion dipole directions. Following optical excitation with 
a polarized picosecond pulse of light, the ensemble of ex- 
cited chromophores gives rise to polarized fluorescence. 
Since the glass transition temperature of polystyrene is 
about 100 "C, the polystyrene matrix will be glassy at room 
temperature. Thus there should be no large-scale coop- 
erative motion, but hindered rotational diffusion can occur. 
The rotational diffusion followed by subsequent emission 
of light leads to a time-dependent depolarization of the 
fluorescence. Because of restrictions of the motion of the 
chromophore arising from the local packing of polymer 
backbones about the probe, the fluorescence is only par- 
tially depolarized in the polymeric glass. 

In this study, we compare the hindered rotational 
fluorescence depolarization of free 1-pentylpyrene and 
pyrene attached to the ends of polystyrene coils by a butyl 
chain. The molecular weights of the polystyrene coils that 
are end-tagged with the 1-butylpyrene range from 3000 to 
32000. When the butyl chain is attached to the poly- 
styrene chain, the alkyl chain end is effectively fixed on 
the time scale of the fluorescence experiment. We find 
that the rotationally induced fluorescence depolarization 
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of the pyrene chromophore is identical for free l-pentyl- 
pyrene and pyrene end-tagged on polystyrene via a butyl 
linkage. Thus, in systems in which chromophores are 
attached to a polymer chain with a flexible linkage, and 
in which knowledge of rotational dynamics is necessary as 
part of the interpretation of excitation transport experi- 
ments? it is possible to use model chromophores which are 
not actually attached to the polymer backbone. 

As the 1-pentylpyrene concentration is increased in the 
polystyrene solid solutions, an additional source of 
fluorescence depolarization becomes prominent. This 
concentration-dependent depolarization is due to electronic 
excited-state transport. The initially excited ensemble of 
chromophores is polarized along the direction of the ex- 
citation electric field. Excitations are transferred by 
electronic interactions (transition dipole-transition dipole 
interactions) to chromophores in their ground states.11J2 
The ensemble of molecules populated by excitation 
transfer has an effectively random distribution of transition 
dipole directions and therefore gives rise to depolarized 
fluorescence. Thus, the rate of excitation transport can 
be directly related to the time dependence of fluorescence 
depolarization in the absence of rotational depolarization. 
If there is also rotational depolarization, it is necessary to 
remove the rotational contribution from the data before 
analyzing the data for the rate of excitation transport. 

The time and concentration dependence of excitation 
transport among molecules distributed randomly in liquid 
solutions have been examined in great detail. The theo- 
retical treatment of Gochanour, Andersen, and Fayer13 
(GAF) has been shown to be a highly accurate description 
of transport for all experimentally accessible time scales.6J4 
However, this statistical mechanics theory is based on the 
Forster transfer mechanism, which assumes that the ab- 
sorption spectrum of the chromophore is homogeneously 
broadened. At liquid helium temperatures, chromophores 
in polymeric solids display very broad, inhomogeneously 
broadened absorption spectra.15J6 Chromophores in dif- 
ferent physical environments have distinct transition en- 
ergies. This leads to dispersive excitation transport. 
Chromophores with low transition energies in the inho- 
mogeneously broadened line act as traps (irreversible ac- 
ceptors) for excited chromophores with higher transition 
energies. The result is time-dependent excitation transport 
that is very different from that observed in room tem- 
perature liquid solutions. Dispersive transport has been 
observed experimentally in both small molecule" and 
polymeric18 glasses a t  low temperature. 
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of each UV excitation pulse was measured with a phototube and 
sample-and-hold circuit and recorded by computer, so the 
fluorescence intensity could be normalized to the laser intensity. 
This eliminates effects due to laser intensity drift. The spot size 
of the excitation pulse a t  the sample was of the order of 1-mm 
diameter, and the pulse energies were typically 0.5-1 pJ. Careful 
experimental examination of samples of various concentration 
demonstrated that no significant reabsorption of fluorescence 
occurred. The dependence of the recorded fluorescence intensity 
on the excitation intensity was linear, assuring that the micro- 
channel plate was not saturated and that the sample was not being 
bleached. 

Fluorescence from the sample was focused into a monochro- 
mator having an interference filter and polarizer on the entrance 
slit. A microchannel plate (Hamamatsu R1645U-01) coupled to 
a transient digitizer (Tektronix Model R7912) detected the 
fluorescence at  377 nm. A computer was used to store the 
fluorescence decays and average many decays (500-1000 per data 
set) to improve signal-to-noise. The time resolution of the de- 
tection system was 1.0 ns. 

The intensities for fluorescence polarized parallel to the ex- 
citation polarization, Ill@), and fluorescence polarized perpen- 
dicular to the excitation polarization, I ,  ( t ) ,  were measured by 
rotating the polarization of the excitation pulse with half-wave 
plates and keeping the detector polarizer unchanged at  vertical 
polarization. Since the detection efficiency of the monochromator 
and microchannel plate can vary with the polarization of the light, 
this method ensures that the absolute ratio of Il ( t )  to I l ( t )  is 
preserved. Front face excitation and detection were used. A 
computer-controlled mechanical shuttle moved after each shot 
to dtemate half-wave plates in the excitation beam. This resulted 
in an alternation of the excitation polarization between parallel 
and perpendicular. Two data sets, Ill@) and ZL(t ) ,  were stored 
and averaged by the computer. The fluorescence anisotropy r( t )  
(see next section) is then calculated from this set of Zll(t) and Zl(t) 
decays. The entire sequence was repeated for the same spot and 
different spots on the same sample. No substantial or systematic 
differences were observed. The r ( t )  curves calculated from these 
separate data sets were then averaged together. Switching back 
and forth between collecting fluorescence at the two polarizations 
minimizes any possible artifacts. 

In addition to checking the birefringence of the samples in a 
polarizing microscope, we checked the birefringence of the spot 
actually excited by the laser beam by placing a polarizer and 
phototube in the excitation beam after it passed through the 
sample and measuring the ratio of the transmitted light parallel 
and perpendicular to the incident polarization. This ratio was 
200/1 or higher for all samples and is large enough to ensure that 
there is no distortion in the data due to birefringence in the 
samples. Fluorescence data were also collected on samples of pure 
polystyrene host material. The fluorescence from these samples 
was negligible compared to the fluorescence from the pyrene 
containing samples. 

Low-temperature absorption spectra were taken with the 
sample in a closed cycle helium refrigerator. The polymer sample 
was in thermal contact with the cold finger. A resistance ther- 
mometer was in direct contact with the polymer sample to provide 
an accurate measurement of the sample temperature. The spectra 
were taken with an arc lamp, 3/4-m scanning monochromator, 
phototube, and lock-in amplifier and recorded on a computer. 

All samples were solid blends of the desired guest and the host 
polystyrene (Polysciences, 90 OOO weight-average molecular weight) 
prepared by molding in a stainless steel piston above the glass 
transition temperature. The procedure is the same as that de- 
scribed previously.20 The samples were optically clear with no 
significant birefringence along the direction in which the pressure 
was applied. This was checked by viewing the samples through 
a polarizing microscope. The density of the polystyrene samples 
was measured to be 1.04 g/cm3. The synthesis of the l-butyl- 
pyrene end-capped polystyrenes by anionic polymerization is 
reported elsewhere.'l 

111. Results and Discussion 
A. Rotational Depolarization. If a sample of ran- 

domly oriented chromophores is excited by a short  pulse 
of plane-polarized light, the  decay of the fluorescence in- 
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Figure 1. Experimental setup. The output of a mode-locked 
and Q-switched Nd:YAG laser is frequency doubled and syn- 
chronously pumps a dye laser. The dye laser output is doubled 
to 343 nm for excitation. The polarization of the excitation beam 
is controlled by a half-wave plate. The fluorescence from the 
sample is collected by a lens, passed through a polarizer and a 
monochromator, and detected by a multichannel plate coupled 
to a transient waveform recorder. See text for further details. 
BS = beam splitter, PMT = photomultiplier tube, X/2 = half-wave 
plate, S/H = sample and hold circuit, P = polarizer, L = lens, 
MC = monochromator, MCP = multichannel plate detector, TWR 
= transient waveform recorder, F = UV transmitting filter, and 
2 X Xtal = second harmonic generating crystal. 

In the experiments presented here, the room tempera- 
ture solid polymeric solutions are physically inhomoge- 
neous. There are  many local environments for t h e  chro- 
mophores. Measurements of the inhomogeneous optical 
line width at low temperatures show that i t  is comparable 
to the expected magnitude of homogeneous broadening 
(kT) at room temperature. In this situation, the  question 
is open as to the nature of the excitation transport .  Can 
statistical mechanics theories based on the Forster mech- 
anism be used, or is it necessary to treat  the problem with 
the greatly increased complexity of dispersive transport? 
This is an important question since the theories which are 
being employed to interpret experiments on polymeric 
solids use the Forster mechanism?JO Furthermore, recent 
experiments have produced evidence of dispersive trans- 
port in a room temperature  polymeric s01id.l~ These ex- 
periments showed a small but clear change in the rate  of 
excitation transport  with the wavelength of excitation. 
Nonetheless, as demonstrated by the experiments pres- 
ented below, the t ime dependence of the excitation 
transport can be accurately described by using the Forster 
mechanism and t h e  GAF theory so long as all measure- 
ments to be compared are made with the same excitation 
wavelength. 

11. Experimental Section 
Figure 1 shows the experimental apparatus. The frequency- 

doubled (532 nm) output of an acoustooptically mode-locked, 
Q-switched NdYAG laser was used to synchronously pump a dye 
laser. The dye laser was cavity dumped with a Pockels cell to 
produce a single pulse at 686 nm that was then frequency doubled 
to give the -25-ps excitation pulse a t  343 nm. A small fraction 
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Figure 2. Fluorescence anisotropy, r(t) ,  calculated from ex- 
perimental Zlr( t )  and ZL(t), for a low concentration of l-pentyl- 
pyrene in sohd polystyrene. There is no excitation transport, the 
fluorescence depolarization is due solely to hindered rotational 
motion. Note that r ( t )  is nonexponential. 

tensities polarized parallel (Il@)) and perpendicular ( Z I ( t ) )  
to the exciting light can be written as 

I , , ( t )  = e-t/r(l + 2r( t ) )  

I l ( t )  = e+(l - r ( t ) )  (1) 

7 is the fluorescence lifetime, and r ( t )  is the fluorescence 
anisotropy. r ( t )  contains information about all sources of 
depolarization. r ( t )  can be obtained from the individual 
parallel and perpendicular components of the fluorescence 
intensity. From eq 1 

If the 1-pentylpyrene chromophores are in sufficiently 
low concentration, electronic excitation transport will not 
occur. The only source of time-dependent fluorescence 
depolarization is the hindered rotational diffusion of the 
chromophores. In this case 

r ( t )  = C@(t)  (3) 

where @(t)  is the rotational correlation function and C is 
a time-independent constant that describes the degree of 
polarization of the excitation and emission transitions in- 
volved. 

Figure 2 displays data for 1-pentylpyrene in polystyrene. 
r( t )  was calculated from parallel and perpendicular 
fluorescence decays by using eq 2. r ( t )  is nonexponential. 
A chromophore in a liquid solution will exhibit an expo- 
nential decay of the polarization anisotropy.2-6 There is 
essentially a single rate for the decay of the transition 
dipole directional correlation function. In a polymer glass, 
the chromophore is in a “pocket”. There is some degree 
of freedom for reorientational motion. However, to com- 
pletely lose directional correlation requires motions of the 
polymer chains forming the pocket that surrounds the 
chromophore.22 Backbone motions in the glassy state occur 
on time scales much longer than the fluorescence lifetime. 
The result is only partial, nonexponential depolarization 
of the fluorescence. 

Kawski et al.23 have measured the steady-state 
fluorescence anisotropy (r)  of pyrene in cellulose acetate 
film at  various temperatures. They observed a low value 
and a temperature dependence for r which could not be 
explained in terms of the macroscopic viscosity and at- 
tributed this to limited rotation of the chromophores 
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Figure 3. Time-resolved fluorescence anisotropies for three 
different pyrene-containing guests in solid polystyrene: free 
1-pentylpyrene, 1-butylpyrene attached to ends of a 3190 M, 
polystyrene chain, and 1-butylpyrene attached to ends of a 32000 
M, polystyrene chain. Rotational motion is the only source of 
depolarization in these samples. The three curves are identical, 
showing that the rotational dynamics are equivalent in the three 
samples. 

sitting in “special free places”. The data presented here 
are consistent with this interpretation. The partial no- 
nexponential decay suggests a combination of hindered 
orientational motions. Experiments which measure r ( t )  
with picosecond time resolution could provide more de- 
tailed information on the types of motions present and the 
size and time-dependent structure of the pocket. 

Figure 3 displays r( t )  values for three different samples. 
In each case the concentration of chromophore is low 
enough to prevent electronic excitation transport. Only 
rotational depolarization takes place. Three samples were 
prepared: free 1-pentylpyrene, 1-butylpyrene attached to 
both ends of a M, 3190 polystyrene chain, and l-butyl- 
pyrene attached to both ends of a M, 32 000 polystyrene 
chain. Each sample was randomly dispersed in solid 
polystyrene. Within experimental error, the three curves 
are identical. Thus the hindered rotational dynamics of 
the pyrene chromophores are identical in the three situ- 
ations. 

Attaching the chromophore (the pyrene) to a large mass 
through a chain of four methylenes does not affect the 
decay of the directional correlation function on the time 
scale of the fluorescence lifetime. These results demon- 
strate that out to times of hundreds of nanoseconds the 
motions of the pyrene are independent of the end of the 
methylene chain. On much longer time scales, which can 
be investigated with dynamic light scattering,22 attaching 
the methylene chain to the polystyrene coil could have a 
significant effect. However, on a fast time scale, on which 
there is little or no backbone motion, chromophore motions 
are not modified by attachment to a polymer coil if the 
link is a flexible chain. 

In addition to showing that side-chain attachment does 
not influence the chromophore motion at  short times, it  
also suggests that a chromophore with a flexible side chain 
can be used as a model for a chromophore attached to a 
polymer with a flexible side chain. As discussed in the next 
section, interpretation of excitation transport experiments 
requires a knowledge of the chromophore rotational dy- 
namics. 

B. Electronic Excitation Transport. In systems 
involving donor-donor excited-state transport, the fun- 
damental quantity of theoretical and experimental interest 
is Cs( t )  ,6,g10J3 the ensemble-averaged probability that an 
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originally excited chromophore is excited at  time t. Gs( t )  
contains contributions from excitations that never leave 
the originally excited chromophore and from excitations 
that return to the initially excited chromophores after one 
or more transfer events. G"t) does not contain loss of 
excitation due to lifetime (fluorescence) events. Ga(t) can 
be obtained experimentally from time-resolved fluores- 
cence depolarization d a h 6  It is also calculated in the GAF 
theory as part of the Green function solution to the 
transport master equation, The GAF theory provides a 
very accurate infinite-order approximation to the Green 
function. It has been demonstrated that it can reproduce 
excitation transport data in liquid solution systems without 
recourse to adjustable parameters when the necessary 
physical parameters which go into the theory are measured 
independently.6 Since the theory has been shown to be 
accurate, it can be used as a test of the nature of transport 
in the solid polymeric solutions. 

If the transition dipoles of the chromophores in a solid 
polymer matrix are randomly oriented and static, the 
source of depolarization in an experiment will be excitation 
transport. The initially excited ensemble is polarized along 
the direction of the excitation E field and gives rise to 
polarized fluorescence. Transport occurs into an ensemble 
of chromophores with randomly distributed dipole direc- 
tions, and the fluorescence becomes unpolarized. The 
random distribution is assured by the relatively low con- 
centration of the chromophores. However, to some extent, 
on the time scale of interest, depolarization also occurs as 
a result of chromophore motion. In this case the 
fluorescence anisotropy is given by9 
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where @(t) is the rotational correlation function that 
contains the effects due to motion of the chromophores. 
C is a time-independent constant that describes the degree 
of polarization of the excitation and emission transitions 
involved. 

There are two approximations in eq 4. The first is that 
the rotational and energy transport contributions to de- 
polarization are independent. This is true only when ro- 
tation is very slow relative to the time for energy transport 
so that the donor and acceptor dipoles can be considered 
fixed during the transfer of the excitation. Fredrickson 
has recently treated the case where energy transport and 
rotation occur on comparable time scales,24 i.e., where 
rotation occurs during the transport event. The two 
sources of depolarization are then coupled, and the simple 
factorization in eq 4 is not valid. However, for the slow 
and small extent of rotational depolarization in polymer 
glasses, this is a good approximation. The second ap- 
proximation is that GYt) decays to zero, resulting in com- 
plete depolarization; Le., the irreversible transfer of ex- 
citation from the initially excited donor into the ensemble 
of unexcited donors results in total loss of polarization. For 
systems with a low concentration of randomly placed 
chromophores this is approximately true. The residual 
polarization is 4%, which results in an insignificant er- 

In order to obtain GYt) for a given sample, experiments 
on two different samples, referred to as A and B, must be 
performed. These samples differ only in the concentration 
of the guest chromophores. A is the sample of interest and 
has an appreciable number of chromophores, such that 
excitation transport will occur. Its fluorescence anisotropy, 
rA(t) ,  is given by eq 4. Sample B has such a small number 
of chromophores that excitation transport is negligible 
(Gs ( t )  = l), and only chromophore motion contributes to 
its anisotropy, rB( t ) ,  which is given by eq 3. Gs( t )  arising 

r ~ r . ~ ~ p ~ ~  

4 
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Figure 4. Time-resolved fluorescence anisotropy for l-pentyl- 
pyrene in polystyrene at a concentration of 6.2 X 10-2 mol/L. The 
increase in the rate of depolarization compared to the very dilute 
sample (Figure 2) shows that there is a significant amount of 
excitation energy transport. 

from the excitation transport in sample A can be calculated 
from the two experimental anisotropies 

Gs(t) = rA(t)/rB(t)  (5) 

This method of determining G8( t )  has the advantage that 
detailed knowledge of the parameters C and @(t> is un- 
necessary. r ( t )  for any sample can be obtained from eq 
2. 

Figure 4 displays r ( t )  for l-pentylpyrene in polystyrene 
at a relatively high concentration (C = 2.0 mg/120.8 mg 
= 6.2 X mol/L). If these data are compared to the 
data in Figure 2 we see that r ( t )  decays substantially faster. 
This is due to the additional depolarization caused by 
electronic excitation transport. To remove the contribu- 
tion to r ( t )  from rotational depolarization, eq 5 is used. 
The low concentration rotation only r ( t ) ,  from Figure 2 ,  
is used as f B ( t )  in eq 5. The r ( t )  values obtained from 
higher concentration samples, which include an excitation 
transport contribution, are the rA( t )  values in eq 5. The 
division yields Gs( t ) ,  the quantity of interest for an exci- 
tation transport experiment. 

Figure 5 displays three experimentally determined G8(t) 
curves from polystyrene samples containing three different 
moderately high concentrations of l-pentylpyrene. The 
GAF theory relies on the Forster transport mechanism, i.e., 
homogeneously broadened absorption lines. In liquid so- 
lutions at  room temperature, molecular spectra are gen- 
erally taken to be homogeneously broadened. Recent ex- 
periments by Shank and co-workers2' have shown that 
inhomogeneous broadening of a chromophore in a room 
temperature liquid vanishes on a time scale longer than 
100 fs. Since excitation transport, a t  moderate concen- 
trations, occurs on time scales of subnanoseconds to tens 
of nanoseconds, the chromophores can be considered as 
having homogeneously broadened spectra on the time scale 
of excitation transport. 

Chromophores in polymeric solids are distinct from 
chromophores in liquid solutions. The solid is typically 
well below its glass transition, and evolution of local 
structures does not occur on the very fast time scales found 
in liquids. The inhomogeneous width associated with the 
l-pentylpyrene in polystyrene was measured by lowering 
the sample temperature. A t  room temperature the full 
width at  half-maximum (fwhm) of the absorption origin 
is 300 cm-I. As the temperature is lowered, the line width 
decreases as the thermal homogeneous broadening is re- 
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where c is the number of chromophores per unit volume, 
7 is the excited-state lifetime, Ro is the orientation-averaged 
critical transfer radius for donor-donor (Forster-type) 
excitation transport,"J2 r is the r function, and y3 = 
0.8452 is a scaling factor necessary to account for the 
orientation dependence of the transfer rate in an orien- 
tationally static ~ y s t e m . ~ , ~ ~  

Pyrene is known to exhibit excimer fluorescence in liquid 
solutions and polymer glasses at  concentrations similar to 
those used here. In order to ensure that the energy 
transport observed was due solely to donor-donor ("self') 
energy transfer without trapping effects from excimers, 
steady-state fluorescence spectra were measured (Spex 
Fluorolog 2,340-nm excitation). The highest concentration 
sample used in these energy-transfer measurements was 
9.3 X M in l-pentylpyrene. No excimer fluorescence 
was observed at  this concentration, whereas a sample with 
c = 1.9 X lo-' M showed excimer fluorescence which was 
approximately 15% of the total fluorescence. Although 
Avis and Porter3' observed excimer fluorescence from 
pyrene in poly(methy1 methacrylate) films at  concentra- 
tions above M, with approximately 50% of the total 
fluorescence due to excimers a t  lo-' M, Johnson32 has 
reported fluorescence spectra and excimer/monomer in- 
tensity ratios which show a higher concentration is needed 
for excimer formation in polystyrene films. The lack of 
excimer fliiorescence in the l-pentylpyrene/PS samples 
assures that excimers are not acting as traps and that the 
time dependence reported here (Figure 5) is due to do- 
nor-donor energy transport. 

In applying eq 6 to the data, c is known from the sample 
preparation, and T is obtained by measuring the fluores- 
cence decay a t  the magic angle polarization (which elim- 
inates time-dependent depolarization effects from the 
decay). The c values are given in the caption to Figure 
5, and 7 = 128 f 3 ns. The only unknown parameter is 
R,,. If eq 6 is a proper model of the excitation transport, 
then the functional form of the experimental and calcu- 
1ated.curves should match, and a single value of Ro should 
be able to reproduce all of the experimental curves. The 
solid lines through the data in Figure 5 are the best fits 
calculated with eq 6 and one adjustable parameter, Ro. 
Several measurements on the three samples of Figure 5 
and on three additional samples with different concen- 
trations gave an average value of Ro = 16.7 f 0.5 A. In all 
cases the functional form of the experimental G*((t) curve 
was accurately reproduced by eq 6. 

These results demonstate that at room temperature the 
Forster transfer mechanism with an appropriate statistical 
mechanical theory of the transport dynamics can accu- 
rately describe the experimental results. The important 
point is that a single value of Ro describes the transport 
a t  a variety of concentrations. Thus Ro can be used as a 
distance scale to probe the structure of polymer chains 
tagged with chromophores.6-10 It will be demonstrated 
theoretically and experimentally in a future publi~ation'~ 
that polymeric solids do display a small degree of dis- 
persive transport at room temperature. Nonetheless, if Ro 
is determined by excitation transport experiments with 
excitation a t  a wavelength A, and if the transport mea- 
surements for chromophores tagged on a polymer are made 
at the same A, procedures which have previously been used 
to extract information about solid polymer systems provide 
accurate descriptions of the microscopic nature of poly- 
meric solids. 
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duced. A t  110 K, the fwhm was reduced to 190 cm-'. 
Measurements a t  lower temperatures, down to 80 K, 
showed no further reduction in the line width. Therefore, 
190 cm-' is the inhomogeneous width. 

A t  room temperature (298 K), kT = 207 cm-'. This is 
comparable to the inhomogeneous broadening. In this 
situation the possibility that there is some degree of dis- 
persive transport exists. In fact, is will be shown else- 
wherelg that careful wavelength-dependent studies reveal 
some degree of dispersive transport in a room temperature 
PMMA sample. Analysis of transport data including 
consideration of dispersive transport would greatly increase 
the complexity and reduce the utility of excitation trans- 
port experiments as probes of polymeric solids. The 
question addressed here is whether transport can be 
modeled with the Forster mechanism and an appropriate 
statistical mechanical theory in spite of inhomogeneous 
broadening, which is comparable to kT. 

To determine if the dynamics of excitation transport in 
a room temperature solid polymeric solution can be 
modeled by using the Forster transport mechanism, we 
compare the data to theoretical treatments developed and 
applied previously to liquid solutions. As discussed above, 
the GAF theory is an accurate description of donor-donor 
excitation transport (no trapping) among molecules ran- 
domly distributed in a homogeneous solution. Because of 
the mathematical complexity of the GAF theory, it is 
preferable to use a formula derived by H ~ b e r ~ ~ ~ ~ ~  in the 
actual data analysis. The Huber treatment is in near 
perfect agreement with the GAF theory for short and 
moderate time scales. For the time scale in these exper- 
iments, the Huber treatment can be taken to be identical 
with the GAF theory. Therefore, if excitation transport 
behaves as if the solid polymeric solution is a randomly 
distributed homogeneous solution, the data should be 
described by 

M, and (c) c = 9.3 X M. 
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ABSTRACT A renormalization group theory is used to devise a formula for the effective interaction parameter 
Xeff between different species of polymers, 1 and 2, in a common solvent. It describes the overall behavior 
as a function of the polymer volume fraction 4, the solvent quality, and the microscopic (bare) interaction 
parameter x12 The polymer-polymer phase transition is then examined by using a generalized pseudobinary 
approximation. Its critical line is shown to extend into a semidilute region, 4 > d-. Here 4- is a minimum 
volume fraction of the order of the overlapping volume fraction $* in a 9 solvent and considerably larger 
than q5* in a good solvent. As 4 - @-, deviations from the Flory-Huggins predictions on the phase transition 
become enhanced. Particularly Xeff saturates into a value proportional to a negative fractional power of the 
molecular weight and the critical value of xlz diverges as 4 - &in. These are consistent with previous 
experiments and Monte Carlo simulations. However, as the solvent quality is decreased, the fluctuation effects 
of 4 become important and, as a result, the critical line will reach a tricritical point or a critical end point 
a t  4 larger than 4,h. Our theory is also used to explain spinodal decomposition processes in ternary systems. 

1. Introduction 
A great number of phase-separation experiments have 

been performed on ternary systems consisting of polymer 
1, polymer 2, and a In such ternary systems 
there are four independent  thermodynamic variables. 
Here, for simplicity, let the pressure be fixed. Then we 
have three variables and can envisage the phase diagram 
in  a three-dimensional space.*v5 We have critical lines, 
two-phase coexistence surfaces, and lines of triple points 
(three-phase coexistence lines) formed by the intersection 
of two coexistence surfaces. Generally, lines of triple points 
end at a critical end point at which two of the three phases 
become identical. A tricritical point is an intersection point 
of two critical lines and is generally a special point on a 
line of critical end points in  a four-dimensional space (the 
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pressure being included).4q5 Such a phase diagram has been 
rather extensively studied for a mean-field model which 
can mimic a ternary system of low molecular weight fluids 
( the model is given by (1.1) below if N1 = N2 = l).%' In 
our polymer systems, however, the phase diagram should 
strongly depend on new parameters, the molecular weights, 
and its understanding remains very insufficient. To get 
some idea let us consider a binary mixture of two polymers. 
There, we have a polymer-polymer phase separation which 
can be easily triggered even with very small repulsion 
-between two  polymer^.^,^ On the other hand, in  a binary 
system of polymer + solvent, a phase separation occurs 
with decreasing the solvent q ~ a l i t y . ~ , ~  Thus ,  we find the 
corresponding three critical points i n  the dilute limits of 
one component. They  extend, forming critical lines into 
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