Tracer Diffusion Measurement in Polymer
Solutions Near the Glass Transition by

Forced Rayleigh Scattering

Forced Rayleigh scattering, a relatively recently developed optical
technique, is used to measure tracer diffusion coefficients in polymer-
solvent mixtures near the system glass transition temperature, T, The
technique has a wider range of potential application than has yet been
realized, and so is presented in some detail. The objectives were to
obtain data necessary to scrutinize free volume theory, and to under-
stand so-called anomalous, non-Fickian diffusion effects observed by
others in polymer-solvent mixtures near T,. Data on dye tracer diffusion
coefficients in the systems polyvinyl acetate-toluene, polystyrene-
toluene, and polystyrene-tri-m-tolyl phosphate were obtained over a
polymer concentration range from infinite dilution to 96 wt. %. Small mol-
ecule diffusion coefficients are seen to vary by as much as nine orders
of magnitude (10~" to 107° cm?/s) over this concentration range. The
data are in reasonable accord with expectations based on the Duda-

W. IJ. Huang, T. S. Frick,

M. R. Landry, J. A. Lee,

T. P. Lodge, and Matthew Tirrell
Departments of Chemistry and
Chemical Engineering and

Materials Science

University of Minnesota

Minneapolis, MN 55455

Vrentas version of free-volume theory.

introduction

A basic understanding of molecular diffusion in polymer-sol-
vent systems is important in the design and analysis of many
industrial processes. The very high viscosities that are charac-
teristic of polymer systems make it difficult to enhance mass
transfer by mechanical means, thus making diffusion the rate-
controlling factor in many processes. An example is found in
polymer production. In a polymerization reactor, the rates of
several steps of a free radical chain reaction may be determined
by the diffusion of the species in the highly viscous polymer-
monomer mixture, especially when conversion to polymer is
high. The phenomenon of limiting conversion, premature cessa-
tion of polymerization due to vitrification, reflects sharp de-
creases in diffusivity as the polymer content in the reaction mix-
tures rises. A second example is the devolatilization process,
where small amounts of residual species such as monomers and
other chemicals added during polymerization are removed from
the polymer product in order to meet health and environmental
standards. Many technological applications of polymers also
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require knowledge of diffusion data. Examples include barrier
properties of polymers in packaging applications, controlled
release of drugs, doped electrically-conducting polymers, and
polymer-modified electrodes.

Since measurements of diffusivity are frequently time-con-
suming and difficult, several attempts have been made to pro-
vide correlative or predictive theories for reliable estimates of
diffusion coefficients in solutions where one of the species is a
macromolecule. In this sense, “correlative” refers to the use of
all available diffusion data to extract necessary parameters in
the theory, while “predictive” theories require minimal or no
diffusion data to obtain parameters for the prediction of diffu-
sion coefficients over a wide range of temperature and concen-
tration. At temperatures far above the system glass transition
temperature, free-volume-based theories have been applied suc-
cessfully to many polymer-solvent systems. The Fujita (1961)
version of the free-volume theory is one of the earliest and most
straightforward. It has been useful in describing the tempera-
ture and concentration dependence of diffusion coefficients in
polymer-solvent systems (Fujita, 1968). However, it involves
parameters that do not have clearly established molecular sig-
nificance. Vrentas and Duda (1977a,b, 1979) proposed a modi-
fied version of the free-volume theory that redressed possible

Vol. 33, No. 4 573



shortcomings in the Fujita theory, and has predictive as well as
correlative capabilities. Their version of the free-volume theory
is to some extent supported by experimental data (Vrentas et al.,
1985) obtained through the traditional sorption experiment, in
which a polymer sample is exposed to a macroscopic concentra-
tion gradient of penetrant and the rate of sorption is monitored
by periodic sample weighing. Sorption experiments give the
binary mutual diffusion coefficient.

For single-molecule, or “self-,” diffusion in polymer-solvent
systems in the vicinity of or below the system glass transition
temperature, T, apparently no molecular-level theories exist.
The lack of experimental data for single-molecule diffusion at
temperatures near 7, undoubtedly hinders the development of
such theories. Experimental measurements of binary mutual
diffusion coefficients in this region are usually complicated by
the coupling of diffusion and relaxation processes, which leads
to a variety of apparently anomalous phenomena and makes
molecular interpretation of experimental data ambiguous
(Park, 1968; Hopfenburg and Stannett, 1973; Frisch, 1980).
The presence of anomalous phenomena reflects primarily the
nonequilibrium nature of the sorption process. As diluent mole-
cules diffuse through the polymer sample, the concentration of
diluent varies with time and position in the sample. Thus the sys-
tem glass transition temperature also varies with time and posi-
tion, since part of the sample is plasticized by absorbed diluent
while the rest remains glassy. Since sorption occurs through the
surfaces of polymer films, the surface concentration of diluent is
an important boundary condition that must be established and
controlled (Long and Richman, 1960; Crank and Park, 1951).

In this work a relatively new optical technique, forced Ray-
leigh scattering (FRS), has been adopted to study the tracer dif-
fusion coefficient, D,, of small molecules in polymer solutions
above, near, and below the system glass transition temperature.
This transient optical grating technique creates a spatially peri-
odic concentration profile of photochromic dyes, and subse-
quently follows its dispersion by diffusion. This technique cir-
cumvents the nonequilibrium effects of the sorption experiment,
and also permits measurement of diffusion coefficients as small
as 107 '* cm?/s. The traditional sorption technique permits mea-
surements of diffusion coefficients as small as 1012 cmz/s,
although this limit has been extended to 10~" cm?/s using spe-
cially prepared polymer powder samples (Berens and Hopfen-
berg, 1982). In addition, FRS measures tracer diffusion coeffi-
cients, instead of the mutual diffusion coefficients measured by
the sorption technique. The tracer diffusion coefficient is that of
a single molecule in a multicomponent system, and therefore
may be more accessible theoretically than the mutual diffusion
coefficient. Its measurement is of particular interest in building
a molecular level picture of transport. It is important to empha-
size that FRS and sorption measurements are complementary;
the former offers a unique opportunity to probe single-molecule
behavior, while the latter is more generally applicable and is
closer to most situations of technological importance. Further-
more, FRS applies primarily to the diffusion of molecules of
monomer size or greater, while sorption techniques are readily
used for smaller diluents such as O,, CO,, and H,O as well.

Currently, this experiment is being used to acquire diffusion
data in order to provide a broader basis for a critical evaluation
of current theory and for the development of the next generation
of theory. Questions that can ultimately be addressed by this
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technique include:

1. How does D, vary with T both above and below T,?

2. Is there a distinctive change in D,(T) at or near T,?

3. Is there evidence of the anomalous diffusion regimes
observed in sorption experiments?

4. Over what range of composition and temperature can free-
volume theory adequately describe the important features of the
data?

5. Under what conditions of diluent concentration, tempera-

ture, diffusant size and shape, etc., is the complexity of the more
elaborate and powerful Vrentas-Duda model justified or re-
quired in preference to the simpler Fujita theory?
To date, diffusion coeflicients have been measured ranging over
nine orders of magnitude, in solutions ranging from 0 to 96%
polymer, and do not conflict with free volume ideas at this pre-
liminary stage. The purpose of this paper is to describe the
experimental approach, and to illustrate its power in this partic-
ular application.

The FRS Experiment

The forced Rayleigh scattering (FRS) technique, also known
as holographic relaxation spectroscopy (HRS), was first devel-
oped to study thermal diffusion in solids (Pohi et al., 1973; Pohi,
1979), liquids (Eichler et al., 1973), and liquid crystals (Urbach
et al., 1978; Rondelez et al., 1978a). Diffusion of dye-labeled
polymers in melts (Antonietti et al., 1984; Nemoto et al., 1984,
1985) and solutions (Hervet et al., 1979; Leger et al., 1981;
Wesson et al., 1984), and diffusion of photochromic dyes them-
selves in liquid crystal solutions (Hervet et al., 1978), gelatins
{Chang and Yu, 1983; Wesson et al., 1982), polymer melts (Sil-
lescu et al., 1985), and solutions (Landry, 1985) have also been
examined using this technique. Diffusion in some biological sys-
tems has also been investigated by Rhee et al. (1984) and
Stewart et al. (1986), using the same technique. A similar tran-
sient grating approach has also been applied to the study of the
dynamics of energy transport in molecular solids (Phillion et al.,
1975; Rondelez et al., 1978b; Salcedo et al., 1978; Fayer, 1982;
Lutz et al., 1981; Nelson and Fayer, 1980; Nelson et al., 1982).

FRS may be viewed as a three-step process. In step one, two
intense, mutually coherent laser beams of wavelength A intersect
at an angle § in the sample, producing an interference pattern
sinusoidal in intensity with period d = A/2 sin (f/2). In step two,
this pattern is recorded in the sample by the presence of a small
quantity of photochromic dye moieties, as those dye molecules 4
in the constructive interference fringes undergo isomerization to
a spectrally distinct form B. The resulting sinusoidal concentra-
tion profile of 4 and B acts as an optical grating, generally with
both refractive index and absorption coefficient coniributions.
Step three consists of directing a third laser beam through the
grating, and monitoring the diffracted intensity at an angle
determined by the Bragg condition. The diffracted intensity
decays exponentially in time as the grating is erased by the
interdiffusion of the two dye isomers 4 and B. Thus the decay
time constant depends directly on the dye diffusion coefficient,
assuming that the thermal reconversion B — A is slower than
the diffusion process, a condition satisfied by a suitable choice of
dye. This decay frequently (but not always, see below) follows
the functional form

V(t) = [Aexp(—t/7) + B)* + C? (1)

AIChE Journal



where V(t) is the measured photovoltage, 7 is the time constant
of the decay (=d*/4x’D), and A, B, and C are proportional to
the diffracted, coherently scattered, and incoherently scattered
electric fields, respectively. Since the quantity B* + C?is deter-
mined from the measured signal baseline, Eq. 1 is a three-float-
ing-parameter fit. A plot of 7 vs. d? yields D from the slope. The
presence of nondiffusive contributions to the grating decay will
be revealed by deviations from the d* dependence.

There are a number of advantageous features of the FRS
experiment that make it extremely useful in a wide range of
molecular transport studies. These features include:

1. FRS can be used to measure diffusion coefficients from
107% to 107" cm?/s, with typical uncertainties in the range 1 to
10%, and thus covers a very wide range of interest.

2. Samples may be either solids or liquids, and may vary over
the complete range of polymer molecular weight, and polymer
or diluent concentration. The main requirement is that the sam-
ple be optically transparent for a thickness on the order of 1
mm.

3. The motion of the dye or dye-labeled molecules is mea-
sured directly as a function of relevant variables; no elaborate
mathematical analysis is required to extract a diffusion coeffi-
cient.

4. No imposed macroscopic concentration gradient is re-
quired; diffusion can be measured in samples at equilibrium, or
under controlled nonequilibrium conditions.

5. Spatial and temporal resolution is inherent; i.e., diffusion
coefficients may be determined as a function of position in the
sample, and as a function of time.

6. Dyes may be derivatized or grafted to vary diffusant struc-
ture without significantly affecting their photochromic proper-
ties.

7. FRS is inherently a uniaxial experiment, in the sense that
only diffusion perpendicular to the grating axis contributes to
the decay. This may be used to advantage in the study of an ani-
sotropic system, such as an oriented polymer film.

8. Only very small sample volumes (1 mm®) and dye concen-
trations (<0.005 g/g) are required.

There are, of course, practical considerations that must be
taken into account in FRS experiments. In addition to the neces-
sity for clean samples to minimize background scattering, a
major limitation is the necessity of dealing with ternary systems;
1.e., in a polymer solution, where the solvent self-diffusion coeffi-
cient is the desired property, there are three components: poly-
mer, solvent, and dye. However, an extension of the Vrentas-
Duda theory to ternary systems by Ferguson and von Meerwall
(1980) can be shown to give the following connection between
the dye tracer diffusivity and the solvent self-diffusion coeffi-

cient
D D
In|— n|-—
D° dye D?[sotvent

if the weight (or volume) fraction of the dye is approaching zero.
Here, V* is the specific critical hole free volume required for a
jump, M is molecular weight, and D° is the diffusion coefficient
in the limit of zero diluent concentration. A similar expression
can be derived for the Fujita version of the free-volume theory.
Consequently, if the dye concentration is low enough to approxi-

( V* M )dyc

- (V*M)solvcnl ’ (2)
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mate the limit of zero dye concentration, and if the proportional-
ity of Eq. 2 can be established, solvent self-diffusion coefficients
should be extractable from the dye diffusion coefficients mea-
sured by the FRS technique. Assessment of the validity of Eq. 2
is one of the aims of the present work.

For many dyes of interest, the photoisomerization is revers-
ible. This relaxation takes place over a wide time scale range,
depending on the particular dye involved and on the medium in
which the dye is dispersed. The dye isomer lifetime 7, may be
defined as the reciprocal of the reconversion rate constant if the
reaction follows a simple, unimolecular mechanism (Turro,
1978). If dye reconversion occurs on a time scale comparable to
that for diffusion, and if the two processes are independent, then
the decay time constant, the diffusion coefficient, and the dye
lifetime are related by

4=*D 1
YL 3)

Td

At very small diffusion rates the second term in Eq. 3 becomes
much greater than the first term and the diffusion coefficient
cannot be determined accurately. This problem can be avoided
with the use of photobleaching dyes, i.e., dyes that undergo an
irreversible photoisomerization. However, samples prepared us-
ing photobleachable dyes may have a limited utility due to the
eventual depletion of probe dye molecules.

Another possible complication in the interpretation of the
experiment arises if the dye and its photoisomer diffuse at dif-
ferent rates. In Eq. 1 it is assumed that there is only one decay
time describing the diffusion process. However, the writing pro-
cess actually creates two gratings, one in each dye isomer. If the
two isomers have different diffusivities due to their difference in
size and shape, an additional exponential term must be added to
Eq. 1 (Rhee et al., 1984). At temperatures above the glass tran-
sition temperature, the two diffusion coefficients are usually
quite close. However, at temperatures below the glass transition
temperature, where the dependence of diffusivity on molecular
shape may be much greater, the two diffusion coefficients asso-
ciated with the two isomers could differ markedly. If this is the
case, Eq. 2 is not expected to be valid without being modified by
an additional term containing molecular shape factors. This sit-
uation is discussed further in the Appendix, and in connection
with the presentation of the results.

Experimental Details
Setup

A schematic diagram of the apparatus is shown in Figure 1.
All components are mounted on a 4 ft. x 10 ft. (1.2 m x 3 m)
vibration isolation table (Newport Corporation, RS-410-12).
All mirrors are rigidly mounted, front-surface mirrors; the posi-
tions of the mirrors are adjustable. The system shown allows
easy variation of the grating spacing 4 from 1.5 to 40 um using
the 488 nm line of the continuous wave (CW) argon ion laser
(Spectra Physics 165) as the writing laser. The reading laser is
either an attenuated helium-neon iaser (Uniphase 1105P, 632.8
nm) or a “GreNe” helium-neon laser (Melles Griot 05-SGR-
871, 543 nm). At the sample the writing beam power is typically
150-250 mW and the reading beam power ranges from 0.1 to 3
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Figure 1. FRS experimental arrangement.

mW. The CW writing beam is pulsed with a shutter and driver
(UniBlitz 261, SD-1000). Typical exposure times for the writ-
ing process range from 2 to 200 ms, depending on the dye and its
concentration.

The diffracted reading beam intensity is monitored by a pho-
to-multiplier tube (Hamamatsu R928) connected through an
amplifier /offset circuit to a data collection board (Data Trans-
lation DT-2801) in a Zenith Z-150 microcomputer. The data
collection board allows a maximum throughput of 13.7 kHz
with a 12-bit analog-to-digital converter. With the on-board
clock, experimental durations from 0.073 s up to 160 s are possi-
ble, while an external clock trigger extends the time range to
arbitrarily long experiments. Each experiment entails collecting
1,000 data points at a given angle over approximately five expo-
nential decay times. The data are then transferred to a computer
(Masscomp, MC500) for curve fitting using a Marquardt-based
nonlinear regression routine.

Temperature control to 0.01°C is obtained using heating and
flowthrough cooling baths (Neslab Instruments, EN-850, EX-
300, respectively) and a copper cell-holding jacket. The temper-
ature is measured by balancing the resistance of a calibrated
thermistor across a five-place Wheatstone bridge (Leeds and
Northrup 4725).

Materials

Two polymer-solvent systems, polyvinyl acetate (PVAc)
(Polysciences, Inc., M,, = 5.0 x 10°) in toluene (Fischer Chemi-
cal Co. spectrograde) and polystyrene (PS) (Pressure Chemical
Company, M, = 9.0 x 10°and M,, = 1.0 x 10°, M, /M, = 1.06)
in toluene, were studied in this work using both methyl red (J.
T. Baker Chemical Co.) and azobenzene (Eastman Kodak Co.)
as the probe dye. As these two polymer-solvent systems have
been studied by other techniques (Vrentas et al., 1985), compar-
isons of dye diffusion data with correlated solvent self-diffusion
data are thus possible. Another system, polystyrene/tri-m-tolyl
phosphate (TCP) (Eastman Kodak Co.), is also being investi-
gated.

FRS samples must be dust-free, microscopically homoge-
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neous, and have a precise, constant composition. To meet these
requirements, several different schemes for sample preparation
were followed. A first scheme involves dilute (i.e., less than 20
wt. % polymer) solutions, in which both the dye and the polymer
were dissolved in the desired solvent. Each solution was then fil-
tered with 0.05-0.5 um filters (Millipore Corp.) into a 2 mm
path length glass cell (NSG Precision Cells). The dye concen-
tration in all solutions varies from 0.1 to 0.5% g/g; over this
range, no dependence of the measured diffusion coefficient on
dye concentration has been detected. A second scheme involves
dissolving both dye and polymer in a volatile solvent, then filter-
ing and evaporating off the solvent and rediluting with the sol-
vent of choice. A third scheme is to pack the cells with purified
polymer, then add the dye-solvent mixture in appropriate
amounts. Each scheme was best suited for a particular system.
Dilute PVAc-toluene solutions were prepared by the first
scheme. Preparation of concentrated PVAc-toluene solutions
followed the second scheme. Polystyrene was purified by dissolv-
ing and filtering in a chloroform solution, precipitating in
methanol, and drying in a vacuum oven. All polystyrene-toluene
solutions were then prepared by the third scheme. Preparation
of homogeneous polystyrene-TCP solutions requires particular
care. While dilute polystyrene-TCP-azobenzene solutions were
made by direct mixing of the three components, concentrated
polystyrene-TCP-azobenzene solutions were made by frecze-
drying the polymer-solvent-dye mixture out of benzene solution;
the product was then melted directly in the scattering cells.

Methyl red, which has an absorption maximum at 490 nm,
works well in dilute toluene solutions, but its short photoisomer
lifetime (<100 s in pure toluene) makes it less desirable for solu-
tions of more than about 60% polymer. Azobenzene (A, = 440
nm) works well in all TCP solutions and in concentrated toluene
solutions, but apparently yields no signal in toluene solutions
containing less than about 65% polymer; the reason for this is
not yet clear. The study of dye photochemistry in polymer
matrices itself is a subject of great interest and is under exten-
sive research (Horie et al., 1985a,b). The lifetime of azobenzene
ranges up to at least 5 h, depending on the polymer concentra-
tion.
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Results and Discussion

Figures 2 and 3 show typical experimental signals from the
PMT. Figure 2 is the decay of a PS-toluene solution (71% g/g
polymer) at 35°C with a grating spacing of 12.28 um. Figure 3,
which shows a decay-growth-decay type of signal, is the result of
a 90% PVAc-toluene solution at 15°C with d = 15.72 um.
Decays that could be fitted by Eq. 1, as in Figure 2, resulted
from dilute PS-TCP-azobenzene solutions, dilute PS-toluene-
methyl red solutions, and methyl red diffusion in pure toluene.
Decays as shown in Figure 3 were typical of all PV Ac solutions,
concentrated (>85% PS) solutions of PS-toluene-azobenzene,
and concentrated solutions of PS-TCP-azobenzene examined so
far, and must be fitted with an additional exponential term (Eq.
Al).

As is shown in Figures 2 and 3, the quality of fit by either Eq.
1 or Eq. A1 is excellent except for the initial rise in signal, which
represents the writing process and involves spectroscopic and
thermal effects that are difficult to model. Fitting to the experi-
mental signal can be applied to data as soon as the exponential
portion of the decay begins. It is straightforward to demonstrate
that starting the fit at different times after the initial rise does
not affect the decay constant obtained by nonlinear regression.
Decay times resulting from the fitting algorithm are plotted as
1/7 against 1/d? as suggested by Eq. 3. The slope of the line
yields the diffusion coefficient of the dye, and the intercept gives
the dye lifetime in the system. If the two decay times are very
close, the average of the two decay times from the five-parame-
ter fit are plotted to obtain the diffusion coefficient. Figure 4 is
the plot of 1/7 vs. 1/d? for azobenzene diffusion in a 96% PVAc
solution at 30°C. The five-parameter fits gave values of 1.05 +
0.05 for 7, /7, and —1.00 = 0.01 for 4,/ A,, a dye lifetime of 9 x
10* s, and a diffusion coefficient of 1.97 x 107" cm?/s.

Since this is a tracer technique, the diffusion of the dye is
expected to parallel the diffusion of the solvent. Equation 2 indi-
cates that the logarithm of D, and D, should be linearly related,
with the proportionality constant increasing with dye molecular
weight. Plots of log D, vs. log D, testing this idea are shown in
Figures 5 and 6. The self-diffusion coefficients of toluene in
PVAc and PS were obtained by the correlative version of the
Vrentas-Duda theory (Vrentas et al., 1985). The slope of log D
(methy! red) vs. log D (toluene) is 1.96 + 0.12 for the PVAc-
toluene system and 1.70 + 0.09 for PS-toluene solutions, while
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Figure 2.
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Figure 5. Measured log D, for methyl red vs. calculated
log D, for toluene.
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log D, for toluene.

the corresponding azobenzene slope is 1.16 + 0.06 for the PS-
toluene system and 1.03 + 0.10 for the PVAc-toluene system.
The predicted slopes are 2.29 for methy! red and 1.67 for azo-
benzene with V* estimated by the method detailed by Haward
(1970). Considering the level of approximation inherent in the
theory, this agreement is quite good. The discrepancy may arise
from at least two assumptions in the theory. The predicted val-
ues assume spherical dye molecules moving through the fluid,
and also that the dye molecules move as a single, rigid jumping
unit. Since neither azobenzene nor methyl red are perfectly
spherical, and may show a preference for motion along one axis,
it is quite plausible that the diffusion coefficients should be
{arger than those predicted for a sphere of equal volume. Fur-
thermore, some degree of flexibility in the dye may contribute to
the enhanced dye diffusion.

Another interesting point concerning the data in Figures 5
and 6 is that the PVAc-toluene-dye slope differs slightly from
the PS-toluene-dye slope, contrary to the prediction of Eq. 2.
One possible explanation for this might involve the relative
polarities of PVAc and PS, and the tendency of the dye isomer to
partition between polymer-rich and solvent-rich regions.

The temperature dependence of diffusion coefficients in poly-
mers over the range from T, to 7, + 100 K can usually be
described by a WLF-type equation derived from free-volume
ideas:

D(T)-T -C(T-T)

e ) T, G+ (T =T

= log ar 4)

Figure 7 shows some data plotted in the WLF format, with C =
10.4, C5 = 144.9 for the 96% PV Ac-toluene system using 328 K
as the reference temperature, T, and C} = 3.06, C3 = 99 for the
79% PS-toluene system using 308 K as the reference. These
parameters can be referred to the glass transition or any other
temperature by

=G+ T, - Ty %)
C3=C5+ T, - T, (6)
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Figure 7. WLF plot for the 79% PS-toluene solution and
the 96% PVAc-toluene solution.

Equations 5 and 6 give C§ = 1.85 and C% = 164 for the 79%
PS-toluene solution with T, = 373 K; C{ = 9.08 and C§ = 165.9
for the 96% PV Ac-toluene solution with a reference tempera-
ture of 349 K. Since the WLF parameters in the literature are
usually for pure polymers, it is difficult to make quantitative
comparisons with the parameters obtained in this experiment,
which are for polymer solutions. However, Ferry (1980) has
pointed out that C§ decreases while C§ increases as the polymer
becomes more diluted; the experimentally obtained parameters
are consistent in this respect.

Figure 8 and 9 are plots of dye diffusivity vs. polymer concen-
tration for the two systems, PVAc-toluene and PS-toluene,
respectively. For the PV Ac-toluene system there is a perceptible
drop in the diffusion coefficient of methyl red between 0 and
10% polymer concentration, as is shown in Figure 8. This phe-
nomenon may also be reflected in the fact that for the diffusion
of methyl red in pure toluene, the decay signal observed is single
exponential, whereas as soon as PVAc was added to the solution,
a decay-growth-decay type of signal was observed. There is also
a discontinuity due to the change of dye, particularly noticeable
in Figure 9, which occurs at 65% g/g polymer. This is consistent

— v -
-4 [@ PVAc/Toluene
8 :]
- 6 g .
§ E Azobenzene
Methyl Red ! Z
- 8 ! a @
log D, °
-10 e 35 °C ¢
e
e 25°C -
e
-12 e 15 °C .
- l4 __A—A—-A_J
0 0.5 |
W,

Figure 8. Log D, vs. polymer weight fraction for PVAc-
toluene solutions.
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with the fact that the siope of log D (methyl red) vs. log D
(toluene) differs from that of log D (azobenzene) vs. log D
(toluene). In both systems, the diffusion coefficient drops dra-
matically at the high polymer concentration end, which is not
unexpected due to the reduction in free volume as polymer con-
centration increases. Also, the sensitivity to temperature in-
creases as polymer concentration increases. All diffusion data
shown are taken above the system glass transition temperature.
The azobenzene diffusivity can be converted to methyl red diffu-
sivity by applying Eq. 2 to both dyes, which gives

log D (methyl red) = (¢’ — ab'/b)
+ (b'/b) log D (azobenzene) (7)

where a and b are the intercept and slope from the log D, vs. log
D, plot for the polymer-toluene-azobenzene system, while a’ and
¥’ are corresponding values for the polymer-toluene-methyl red
system. Figure 10 is the methyl red diffusivity vs. polymer con-
centration plot for the PVAc-toluene system at three different
temperatures with all azobenzene data converted to methyl red

PVAc/ Toluene/Methyl Red

0 05 |
W,

Figure 10. Methyl red diffusivity vs. PVAc weight frac-

tion.
Solid curves represent fits by Vrentas-Duda free volume theory.
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data. The order of magnitude of the diffusion coefficient is
changed by as much as eight decades from this conversion. Solid
curves in Figure 10 represent fits by the Duda-Vrentas version
of the free volume theory (Vrentas et al., 1984), which gives

E &/t w [7?:‘*' 0—’31};‘513

log D, — log D, — _ A
08 P4 =108 % T 3 303RT  2.303 Vert/ v

(®)

with the dye concentration approaching zero. The nonlinear
regression gives D, = 3.25 x 107 cm?/s, E = 0.569 kcal/gmol,
and £,/#,; = 1.983. All other parameters were obtained from
Vrentas et al. (1985). The ratio of &,; to £,5 is equivalent to the
proportionality constant of the log D, vs. log D, plot. The agree-
ment between the value obtained from nonlinear regression and
the value obtained from Figure 5 is excellent. The fit indicates
that the concentration dependence of dye tracer diffusivity in a
three-component system is in reasonable agreement with the
free-volume ideas embodied in the theory of Duda and Vrentas.

The use of methyl red in dilute solutions is necessitated by the
observation that azobenzene provides an adequate signal only in
concentrated PVAc-toluene and PS-toluene solutions, and in
PS-TCP solutions over the complete concentration range. Since
some PS-TCP solutions are less viscous than polymer-toluene
solutions in which azobenzene will not work, this problem is not
simply a viscosity effect, but rather more probably a chemical
effect of the matrix. Azobenzene is generally more desirable
than methyl red due to its longer lifetime. In Figure 11, the azo-
benzene dye lifetime is plotted vs. the measured diffusion coeffi-
cient. It can be seen that the lifetime increases significantly with
increasing polymer concentration and/or decreasing tempera-
ture, and this increase correlates well with the decrease in D,.
This suggests that the reconversion kinetics are greatly slowed
by the decrease in free volume, as has been shown by Sung et al.
(1985) and Horie et al. (1985a). This is very important in en-
abling D values down to 107" cm?/s to be measured with azo-
benzene. Also included in Figure 11 is a line corresponding to
the value of 7, at which mass diffusion and dye reconversion give
equal contributions to the decay rate for a spacing of 2 um.
Thus, this line is a rough demarcation of the measurable Dy
regime for this polymer-solvent-dye system.

5 —
PVAc/ Toluene/Azcbenzene
o
S
4 o ®
° 55 °C 230 °C
log 7, o 845 °C 525 °C
@35°C =215 °C
3
o5 °C
Q
e O
© =3
2 d=2pm / @ ©
7, - d°/47?D, @
@
-13 -1 -9 -7
fog Dy
Figure 11. Log 7, vs. log D, for azobenzene in PVAc/
toluene.
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Concluding Remarks

Forced Rayleigh scattering has been used to measure diffu-
sion coefficients ranging over nine orders of magnitude in this
study. This technique is extremely useful in the study of slow
diffusion processes that may be inaccessible by other experimen-
tal techniques. Based on an extension of the free-volume theory
to ternary systems, solvent diffusion behavior can be extracted
from the dye diffusion data if the dye is present in trace
amounts. Diffusion data obtained so far do not conflict with
free-volume ideas above T,, and support the suggested simple
theoretical relation between dye and solvent diffusion behavior.
However, the relation between dye and solvent diffusion coeffi-
cients is not expected to be simple at temperatures below T,
where the dependence of diffusion coefficient on molecular
shape is much greater. More data are needed to provide a thor-
ough, quantitative test of theory. Further experiments will be
conducted at temperatures near and below the glass transition
temperature. It is hoped that these self-diffusion measurements
in glassy polymer solutions will eventually provide the basis for a
thorough theoretical treatment of small-molecule diffusion in
glassy solutions paralleling that already established for diffusion
above the glass transition temperature.
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Notation

a = constant, Eq. 7
a’ = constant, Eq. 7
ar = shift factor, Eq. 4
A = preexponential factor, Eq. 1
A, = preexponential constant, Eq. Al
A, = preexponential constant, Eq. Al
b = constant, Eq. 7
b’ = constant, Eq. 7
B = coherent scattering, Egs. 1, Al
C = incoherent scattering, Eqgs. 1, Al
t = characteristic constant, Eqs. 4, 5,6
s = characteristic constant, Egs. 4, 5, 6
= characteristic constant, Egs. 5, 6
C% = characteristic constant, Eqs. 5, 6
d ~ grating spacing created by writing beams
D = diffusion coefficient
D° = diffusion coefficient in the limit of zero diluent concentration
D, = preexponential factor, Eq. 8
D, = solvent diffusion coefficient or diffusivity of one of the dye iso-
mers (Appendix)
D, = diffusivity of the other dye isomer (Appendix)
D, = dye diffusion coefficient
D, = tracer diffusion coefficient
E = critical energy per mole needed to overcome attractive forces
M = molecular weight
T = temperature
T, = glass transition temperature
T, = reference temperature, Eq. 4
_V = signal voltage
V* = specific critical hole free volume required for a jump
V¥ = specific critical hole free volume of solvent required for a jump
V¥ - specific critical hole free volume of polymer required for a jump
Vey = average hole free volume per gram of mixture

]

Ap)
!

Greek letters

~ = overlap factor for free volume
# = angle between two writing beams
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>
]

wavelength
£, = ratio of critical molar volume of solvent jumping unit to critical
molar volume of jumping unit of polymer
ratio of critical molar volume of dye jumping unit to critical
molar volume of jumping unit of polymer
7 = decay time constant, Eq. 1
7, = decay time constant, Eq. Al
1, = decay time constant, Eq. A1l
74 = dye lifetime
w, = weight fraction of solvent
w3 = weight fraction of polymer

&
1

Appendix

The decay-growth-decay signal, Figure 3, has been observed
by a number of authors, including Miles (1983), Wesson
(1983), Antonietti et al. (1984), Wesson et al. (1984), Rhee ¢t
al. (1984), Stewart et al. (1986), and Zhang and Wang (1986).
It is generally agreed that the bump is due to multiple gratings
formed in the sample. The writing process inevitably creates two
gratings, one in each dye isomer. Furthermore, these two grat-
ings are spatially 180 degrees out of phase with each other, and
therefore the electric fields at the detector diffracted from each
grating are opposite in sign. The detector then sums and squares
the two contributions. Since the two isomers have different
shape and size, they may diffuse with different rates. Both iso-
mers are dilute in the sample and so move independently. The
resulting signal then has the form:

V(t) = {4, exp (—t/7) + Ayexp (—t/7) + B> + C* (A])

where A,/ A, is always negative. When the two isomers have
identical diffusion coefficients, Eq. A1 reduces to Eq. 1. Simula-
tions based on Eg. Al with B and C set to zero have been per-
formed with different 4,/A, and 1,/7, ratios. Three different
general signal shapes are found from the simulation, as shown in
Figure A1. The first type of signal can be represented by a single
exponential decay. The second type clearly shows a growth in
the signal after the initial decay, followed by another decay. In
the third type of signal, the initial decay period is so short that
only a growth-decay signal is observed.

Figure A2 shows regions of the — 4,/ 4, vs. 7, /7, plane where
each of the signal shapes can be expected. Numbers in Figure
A2 refer to different signal shapes shown in Figure Al. 7/7, is
determined by solution composition, system temperature, and
other factors affecting D, such as molecular shape and size.

401 T/1,=09.,05,0l

30 A=10.7, =
al L A /A, =-1.25
20
©)]
o} Jl 2 3 1\&

Intensity

2
3 4
time
Figure A1. Different forms of decay signal from simula-
tions of Eq. A1.
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ol [ 10
T/ T2

Figure A2. Regions of the A,/A, vs. 7,/7, plane where
each of the signal shapes in Figure A1 can be
expected.

A,/ A, is largely determined by the contrast in refractive index
and/or extinction coefficient between each dye isomer and the
bulk solution, which in turn depends on the wavelength of the
reading beam. Since both 7, and 7, reflect mass diffusion pro-
cesses, they should obey the d* dependence, regardless of system
temperature and concentration, with ,/7, being equal to D,/D,.
The fact that the ratios 7, /7, and A4,/ A4, are independent of d is
strong support for this interpretation of the observed signal
shape. Figure A3 shows results from a PS-toluene-azobenzene
(93% polymer) solution at 45°C. The temperature is lower than
the system glass transition temperature, and consequently the
two isomers have significantly different diffusion coefficients.
The signal shape observed is that of the second type. In contrast,
all PVAc-toluene data shown in this report were taken at tem-
peratures above the system glass transition temperature, and the
ratios 7, /7, and — A4,/ A, were very close to unity.
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