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ABSTRACT: Forced Rayleigh scattering (FRS) has been used to measure the tracer diffusion coefficient
of azobenzene in lowmolecular weight polystyrene (PS) as a function of temperature, and in high molecular
weight PS plasticized by CO2 at 35 °C and CO2 pressures from 14 to 85 bar. In contrast to dye diffusion
in pure PS and PS plasticized by tricresyl phosphate, where the effect of plasticization by temperature,
chain ends, or added diluent can be accounted for by (T - Tg) scaling, dye diffusion in CO2-plasticized PS
is enhanced by 2-3 orders of magnitude over values predicted on the basis of Tg depression alone. This
enhancement begins at surprisingly low CO2 pressures (<15 bar at 35 °C) and is maintained across the
CO2-induced glass transition. A large difference in mobilities of the cis and trans isomers of azobenzene
is also observed in the presence of CO2, which is much greater than that seen in the experiments on pure
PS. Two additional FRS relaxation modes unrelated to translational diffusion of the dye molecules have
been identified in this study: a fast, local relaxation attributed to dye rotation, and a slow relaxation
attributed to the dynamic response of the PS/CO2 matrix to a chemical potential driving force associated
with the azobenzene isomers.

I. Introduction
Compressed gases and supercritical fluids are effec-

tive plasticizers and mass transfer agents in a number
of novel polymer processing applications. Foremost
among these is the supercritical fluid (SCF) extraction
of low molecular weight materials from polymer
matrices1,2sfor example, residual monomers and sol-
vents,3 oligomers,4 and additives5 from synthetic poly-
mers; and natural products from biological polymeric
substrates.6 Alternatively, SCFs have been used to
impregnate polymers with plasticizers and other prop-
erty modifiers,7 pharmaceuticals,8 or organometallic
compounds.9 Similar mass transfer processes also occur
during heterogeneous polymerizations in SCF sol-
vents,10,11 and should play a role in determining final
polymer properties by mediating the distribution of
monomer, initiator, and chain transfer agent between
the polymer-rich and dense fluid phases.
Advantages typically attributed to SCFs in these

applications are derived from their unique solvent
properties.1,2 For example, large solubility enhance-
ments and high compressibilities in the near-critical
region can be readily exploited to manipulate the
equilibrium partitioning of solute between the fluid
phase and the polymer matrix simply by adjusting
temperature and/or pressure.12 Mass transfer in the
fluid phase is also enhanced in SCFs relative to liquid
solvents due to a favorable combination of physical
properties, namely a liquid-like density, gas-like viscos-
ity, and high solute diffusivities.13 However, the overall
mass transfer in polymer/SCF systems is likely to be
rate-limiting in the polymer-rich phase,2 making solute
diffusivity in this phase a critical parameter in charac-
terizing mass transport in these systems.
As a consequence, it is anticipated that diffusion

through a polymer matrix will be strongly affected by

the presence of a compressed gas or SCF. This follows
not only because mass transfer characteristics of the
pure fluid will be reflected to a certain extent in the
polymer-rich phase, but from changes induced in the
morphology and dynamics of the polymer as well. For
example, exposing an amorphous polymer to CO2 at
supercritical temperatures and elevated pressures can
result in considerable swelling and plasticization, due
to high CO2 solubilities.14-22 How such changes might
influence solute diffusion in the polymer is not directly
evident, but a reasonable expectation is that solute
mobility will be significantly enhanced. Also, the
magnitude of this enhancement will undoubtedly be a
complex function of temperature and pressure, as well
as the chemical nature of the SCF.
Quantitative studies of solute mass transfer enhance-

ment in a polymer plasticized by a compressed gas or
SCF are scarce. Berens et al.7 first showed that the
kinetically-limited incorporation of a solute into a glassy
polymer matrix is accelerated by plasticization due to
sorbed CO2. The solute could be effectively trapped in
the matrix by dropping CO2 pressure, allowing rapid
removal of the small CO2 molecules but severely inhib-
iting diffusion of the larger solute molecules in the
unswollen glass. Based on measurements of mass
uptake kinetics, solute diffusivity in the polymer was
estimated to increase by at least 6 orders of magnitude
in the presence of CO2 at subcritical pressures.7 A
similar enhancement in diffusivity was found by Dooley
et al.23 in the extraction of ethylbenzene from polysty-
rene using supercritical CO2, while Cotton et al.24 noted
enhancements of 2-3 orders of magnitude for the
diffusivity of additives in semi-crystalline polypropylene
in the presence of supercritical CO2. Finally, Nealey et
al.25 showed that the diffusivity of a much larger solute
(polybutadiene oligomer) in polystyrene could be in-
creased by nearly a factor of 10 at a temperature only
slightly above Tg via plasticization with compressed
argon. In all these studies, solute diffusivities were
obtained only indirectly by fitting experimental data to
macroscopic transport models of the impregnation or
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extraction process, in which the coupling of CO2 equili-
bration to the measured kinetics was neglected.
In this work, we report the direct measurement of the

diffusivity of a monomer-sized solute in an amorphous,
glassy polymer in equilibrium with compressed CO2 at
elevated pressures. Specifically, we have measured the
tracer-diffusion coefficients of the cis and trans isomers
of azobenzene in polystyrene as a function of CO2
pressure at 35 °C using the forced Rayleigh scattering
(FRS) technique. The range of pressures studied in-
clude that required to lower the glass transition tem-
perature to 35 °C, thereby allowing azobenzene diffu-
sivities to be obtained across the CO2-induced glass
transition.

II. FRS Technique
FRS measures the diffusivity of a photoactive dye

molecule in a background matrix by monitoring the rate
of relaxation of a “forced” gradient in dye concentration.
Since the dye is present at sufficiently low concentra-
tions, it acts as an infinitely dilute probe, and a tracer-
diffusion coefficient is obtained. Previous studies of
polymer solutions26 and bulk polymers27 have demon-
strated the broad applicability of FRS to study small-
molecule diffusion in polymer systems. The range of
accessible diffusion coefficients (∼10-5-10-16 cm2/s)
covers much of the range of diffusivities encountered
in solutions, melts, and glasses, making the technique
particularly well suited to study diffusion across the
glass transition. This large measurement window is
derived from an advantageous combination of the length
scale for diffusion (typically 0.5-50 µm) and the time
scale for experiments (typically milliseconds to days).
We present here a brief description of the basic theory
and methodology of FRS; more comprehensive reviews
are given elsewhere.28-31

The FRS experiment involves two elementary steps:
writing, which establishes the dye concentration gradi-
ent, and reading, in which the time evolution of that
concentration gradient is measured. During the writing
process, a sinusoidal light intensity interference pattern
is temporarily established in the sample by crossing two
mutually coherent laser beams. The spatial period of
this interference pattern, d, is determined by the
crossing angle between the beams, θ, and the laser
wavelength, λ: d ) λ/(2 sin(θ/2)). Dye molecules in the
exposed volume undergo a photoreaction, most often an
isomerization, to produce a photoproduct from the
thermodynamically stable form of the dye originally
present uniformly throughout the sample. Since the
extent of this photoreaction depends on the intensity of
the excitation light, two concentration profiles are
created (one for each dye isomer) that mimic the
periodicity of the light intensity interference pattern.
Thus, following the writing pulse, two sinusoidal dye

concentration gradients (gratings) exist in the sample,
characterized by a known period, d, and an amplitude,
∆c0, determined by the maximum extent of photoreac-
tion. These gratings, which are necessarily 180° out of
phase, subsequently relax at independent rates as the
dye molecules diffuse due to thermal motion. For
Fickian diffusion, the spatial distribution of each isomer
concentration grating remains sinusoidal, while the
amplitude ∆ci decays exponentially in time:

where q, the magnitude of the grating wave vector, is

related to the spatial period (q ) 2π/d), and Di is the
tracer-diffusion coefficient of isomer i. If the lifetime
of the photoproduct is comparable to the time scale for
diffusion, thermal reconversion back to the stable-state
isomer also contributes to the relaxation of the photo-
product concentration gradient. The expression for
∆ci(t) then becomes more complicated.32,33

The reading process relies on a difference in the
refractive index and/or absorption coefficient of the two
dye isomers to measure the time dependence of ∆ci(t).
This difference is manifested in different contributions
to the optical properties of the composite system, which
are proportional to dye concentration in the low-
concentration limit. Consequently, the periodic concen-
tration profiles established by the writing pulse lead to
corresponding periodic profiles in optical properties,
constituting an optical diffraction grating. The ampli-
tude of such a grating can be probed using a nonexciting
laser beam (the reading beam) directed at the Bragg
angle, as the intensity of diffracted light and the
amplitude are simply related; for example, Id ∼ (∆n)2
in the thick grating limit,34 where ∆n represents the
amplitude of the refractive index modulation. Thus, the
intensity of light diffracted from the reading beam will
decay as the amplitude of the optical grating decays.
Since the rate of decay is determined by diffusion of the
dye molecules (as well as thermal reconversion if it
occurs), dye diffusivities are obtained directly from the
temporal behavior of the diffracted intensity.
In the most general case, both isomer concentration

gratings contribute to the optical grating. The time
dependence of the diffracted signal intensity is then
expressed in the following form:26,32,33,35-37

where

This description is commonly referred to as the “dual
grating” or “complementary grating” model. Subscripts
1 and 2 refer to the stable-state and photoproduct
isomers of the dye, respectively, and each exponential
term represents the amplitude of the diffracted optical
field from the associated isomer concentration grating.
The negative sign between terms reflects the 180° phase
difference between these diffracted optical fields. The
pre-exponential factor Ai depends on experimental
parameters associated with the Bragg diffraction pro-
cess, physical properties of isomer i and the background
matrix, and ∆c0. τi is the characteristic time for
relaxation of the concentration grating associated with
isomer i, and τr is the reconversion time for the
thermally driven isomerization back-reaction (only the
photoproduct undergoes this reaction). Ccoh and Cinc are
small coherent and incoherent scattering contributions,
respectively. The ratio A1/A2 describes the relative
diffraction efficiency and depends only on the optical
contrast between each isomer and the matrix if thermal
reconversion can be neglected (otherwise, it also de-
pends on τ1, τ2, and τr32,33). In all cases,Di is determined
from the slope of a linear plot of 1/τi vs q2.
A single-exponential decay results if the isomer dif-

fusivities are identical or if the diffracted optical field
from one isomer grating completely dominates the other.

∆ci(t) ) ∆c0 e
-q2Dit (1)

Id ) {A1 e
-t/τ1 - A2 e

-t/τ2 + Ccoh}
2 + Cinc

2 (2)

1/τ1 ) q2D1 and 1/τ2 ) q2D2 + 1/τr (3)
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However, while isomer diffusivities are often similar,
they are usually not identical due to differences in
molecular size and shape or interactions with the
matrix, and hence the two relaxation times will gener-
ally differ. Also, when neither isomer contribution can
be neglected, the diffracted optical fields will interfere
with one another, either constructively (A1/A2 < 0) or
destructively (A1/A2 > 0). The result is a nonexponential
time dependence for relaxation of the total diffracted
optical field, described by eq 2. In fact, under certain
conditions for destructive interference, this equation
predicts that the measured FRS signal will decay
nonmonotonically.26

III. Experimental Section

A schematic diagram of our FRS apparatus as it is arranged
on a vibration-isolation table is shown in Figure 1. The writing
laser is a polarized CW argon ion laser (Lexel) tuned to either
488.0 or 514.5 nm. Using a plate beamsplitter, the initial
beam is split into two beams of nearly equal intensity that
are redirected by mirrors to cross within the sample volume.
An etalon in the laser cavity increases the coherence length
of the beams well beyond any difference in path length after
the split. The crossing angle is established by manually
adjusting the positions of the mirrors to direct the beams
through pinholes in custom-made alignment jigs. The present
setup allows grating spacings of approximately 0.45-12 µm,
with an estimated uncertainty of <1% over this entire range.
An electronic shutter controls the duration of the writing pulse.
For these experiments, writing times of 20-250 ms and
intensities of 50-250 mW were employed.
The reading beam from a polarized 10 mW, 632.8 nm He-

Ne laser (Melles-Griot) is directed into the sample volume at
an angle that satisfies the Bragg condition for the established
grating spacing. Alignment again is performed by manually
positioning the mirrors to guide the beam through appropriate
pinholes in the alignment jigs. The diffracted intensity is
detected with a properly aligned silicon photodiode detector
(Hamamatsu). An electronic shutter controls the exposure
time for the reading beam, while neutral-density filters reduce
the initial beam intensity to a value of 1 mW or less. An iris
diaphragm and 632.8 ( 3 nm band-pass filter placed in front
of the detector minimize the contributions from stray light and
the writing beam.
A data acquisition board (National Instruments) in a

Macintosh computer controls the timing of the experiment,
digitizes the photodiode voltage output, and stores the dif-
fracted intensity vs time signal. The uncertainty in the data
acquisition timing is (1 ms, the resolution of the on-board
timer; the uncertainty in the digitized signal is <0.1% of the
measured value, the precision of 12 bit A/D conversion with a
variable gain. When studying diffusion processes over periods
of several minutes or longer, the reading beam is shuttered
into 50 ms pulses for each data point to minimize possible
effects associated with prolonged exposure of the sample to

the He-Ne beam. A digital delay/pulse generator (Stanford
Research) controls this timing process by precisely sequencing
the writing and reading shutters and triggering the data
acquisition. This arrangement was used for data acquisition
frequencies up to 1 Hz. At higher frequencies, the reading
beam remains on continuously while collecting data. In either
case, typical runs consist of 500-1500 data points.
The custom-built, high-pressure optical cell is constructed

of a stainless steel body, sapphire windows, and Teflon seals,
and was tested under hydrostatic pressure to 300 bar. The
internal volume of the cell is a cylindrical gap between the
windows, 2 mm thick and 1.27 cm in diameter. A Delrin
retaining ring is placed around the circumference of this
volume to keep the polymer sample pressed against the front
window. Compressed gas is introduced through a single port
in the cell from a pressure reservoir, which is either a pressure-
regulated gas cylinder for pressures less than 68 bar or a CO2-
filled syringe pump for higher pressures. The sample volume
can be evacuated through the same port using a mechanical
vacuum pump. The cell is housed in a stainless steel jacket
which is temperature controlled with a circulating fluid from
a constant-temperature bath. The temperature at the outer
edge of the cell is monitored using a thermocouple accurate to
(0.5 °C and found to be within (0.2 °C of that measured inside
the cell. We estimate the uncertainty in reported tempera-
tures to be <1 °C and the stability to be (0.2 °C over the course
of an experiment. The pressure in the cell is measured to (2
psia ((0.1 bar) with a pressure transducer calibrated against
dead-weight standards. Daily fluctuations in room tempera-
ture have a noticeable effect on the gas pressure in the cylinder
or syringe pump, leading to a worst-case pressure stability of
(5 psia ((0.3 bar) over the course of an extended experiment.
The photoreaction for the photochromic dye, azobenzene, is

a thermally reversible trans to cis isomerization, characteristic
of azo dyes.38 Although neither isomer absorbs strongly at the
reading wavelength, both isomers make nonnegligible contri-
butions to the net refractive index of the sample. FRS signals
from azobenzene and other azodyes have been observed to
exhibit nonexponential, nonmonotonic decays in a variety of
systems,26,39,40 indicating a measurable difference in isomer
mobilities. For azobenzene, the signals commonly follow
“decay-growth-decay” kinetics, described by eq 2 when A1 >
A2 and τ1 < τ2. The thermal reconversion rate for azobenzene
is known to be extremely slow: in both polar and nonpolar
solvents at room temperature, the lifetime of the cis isomer is
typically measured in days.41 While the dye photochemistry
and reconversion kinetics are likely to be modified in a
concentrated polymer matrix,42 it has been shown that the cis
isomer lifetime increases as the matrix viscosity increases in
a manner that correlates with the concurrent decrease in
diffusivity.26 Thus, for the experimental time scales studied
here, the influence of thermal reconversion on the signal decay,
relative to that of diffusion, is expected to be small. This
assumption breaks down when diffusion becomes very slow.
In fact, the rate of thermal reconversion sets a lower bound
on the range of diffusion coefficients that can be measured with
our apparatus for this system (∼10-15 cm2/s).
Two polystyrenes (Polysciences) were used in this study: a

high molecular weight standard, with Mp ) 35 800 and Mw/
Mn ) 1.11 (determined by GPC), hereafter referred to as PS-
36K; and an oligomer molecular weight standard, with Mp )
1060 (∼10 monomers per chain) and Mw/Mn ) 1.11, referred
to as PS-1K. Glass transition temperatures, determined by
DSC (10 °C/min heating rate, midpoint convention), were 98
( 2 °C for PS-36K and 15 ( 2 °C for PS-1K. Only PS-36K
was used for the CO2 plasticization experiments. Azobenzene
(Kodak) was purified once by sublimation. Carbon dioxide
(Matheson, 99.99% purity) was used as received.
The FRS experiment requires a homogeneous, optically

transparent sample. Homogeneity of azobenzene in PS-36K
was obtained by freeze-drying dilute 1,4-dioxane solutions
containing the polymer and dye. Resulting dye concentrations
in the solvent-free polymer were 0.2-0.3 wt %, and measured
glass transition temperatures were unchanged from the value
for pure polymer. Although we have not systematically varied

Figure 1. Schematic diagram of the FRS apparatus: BS )
beamsplitter, bs ) beam stop, NDF ) neutral-density filter,
PD ) photodiode detector, ES ) electronic shutter.
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the dye concentration to determine its influence on the
measured diffusion coefficients, others have shown no measur-
able effect below concentrations of ∼0.5 wt % in a variety of
polymer/dye systems.26,27,43 Therefore, these concentrations
are believed to be sufficiently low that the tracer diffusion
coefficient is indeed obtained.
Homogeneity of CO2 in the sample is also required. To

facilitate CO2 equilibration, a thin polymer film with maximum
exposed surface area is desirable, in order to minimize the
length scale for CO2 diffusion. However, a sufficient sample
thickness is needed to ensure an adequate FRS signal. Both
objectives are satisfied using a ∼0.5 mm thick film, made by
pressing the polymer/dye powder in a press mold and heating
above Tg.44 The resulting disk fits into the internal volume of
the cell, and is transparent, homogeneous, inclusion-free, and
nondistorting.
The assembled cell was allowed to equilibrate to the desired

temperature and CO2 pressure for at least 24 h before the first
measurements. An equivalent equilibration time was allowed
after any subsequent change in operating conditions to ensure
an equilibrium CO2 concentration throughout the sample. All
experiments were carried out in the dark to eliminate the effect
of stray light on the azobenzene photochemistry and to reduce
background signals. A new location in the sample was chosen
for each experiment. A single temperature (35 °C) and two
grating spacings (1.20 and 0.87 µm) were studied. For the first
grating spacing (1.20 µm), consecutive measurements were
made as a function of increasing CO2 pressure, i.e., following
an initial gas sorption isotherm. After reaching the maximum
CO2 pressure, the apparatus was realigned to obtain the
second grating spacing (0.87 µm), and the CO2 pressure
decreased for subsequent measurements, i.e., following a
desorption isotherm.
For the FRS experiments carried out on PS-1K, azobenzene

was combined with the oligomer in a 2 mm path length quartz
cuvette (Hellma Cells), resulting in a final concentration of
0.2 wt %. The cell was sealed and the dye homogeneously
mixed into the low-viscosity liquid oligomer at 70 °C. During
FRS runs, a stainless steel holder for the cuvette provided
temperature control via a circulating fluid from a constant-
temperature bath. Several hours of equilibration were allowed
between measurements after a change in temperature. For
measurements below the glass transition temperature, no
attempt was made to return to the melt state and then quench
into the glassy state. Instead, the sample was progressively
cooled through and below the glass transition temperature.
The polymer glass was thus aged to a greater extent at each,
subsequently lower temperature. A similar FRS study of dye
diffusion in polystyrene oligomer approached these measure-
ments in another manner, annealing for some time in the
glassy state at the lowest temperature studied and slowly
increasing the temperature across the glass transition.27 This
method also involves aging effects. However, the two ap-
proaches yield nearly identical results at temperatures not too
far below the glass transition temperature.

IV. Results

Pure Polystyrene Oligomer. An example of the data
obtained for the PS-1K/azobenzene system is shown in
Figure 2. The results are typical of the “decay-growth-
decay” kinetics observed at all temperatures and were
fit to eq 2 employing a standard nonlinear least-squares
regression algorithm. Two steps were taken to mini-
mize the number of fitting parameters. First, Ccoh and
Cinc were determined directly from the data using the
baseline and the signal value at the minimum between
the first decay and subsequent growth. Second, the
ratio of pre-exponential factors, A1/A2 (subscripts 1 and
2 are assigned to trans- and cis-azobenzene, respec-
tively), was set to 1.20 based on an estimate of the
relative optical contrast for trans- and cis-azobenzene
concentration gratings in the PS oligomer (see Ap-

pendix). Note that the conditions required for decay-
growth-decay kinetics (i.e., if A1 > A2, then τ1 < τ2)
identify the slower diffusing isomer as the cis isomer,
which is consistent with results from previous studies
of azo dye diffusion in bulk polymers,40 polymer solu-
tions,45 and organic liquids.46 The fit of A2, τ1, and τ2
provides a robust, unique set of parameters to describe
each decay-growth-decay signal. This approach avoids
the problem of finding multiple parameter sets that fit
the data equally well, a situation typically encountered
when near-complete interference exists between the two
diffracted optical fields.26,33,47,48
The sensitivity of our analysis was examined by

varying the value for A1/A2 imposed in the fitting
process. As a result, the ratio τ2/τ1 was found to be well
correlated with A1/A2 in the range 1.02 < A1/A2 < 2,
although all fits gave essentially equivalent representa-
tions of the data. In contrast, fits with A1/A2 > 2
exhibited obvious systematic deviations from the data,
revealing a limit to the parameter values that could
describe the relaxation kinetics. It was also found that
the average relaxation time from the different successful
fits was insensitive to the value of A1/A2; i.e., τavg ) (τ1
+ τ2)/2 remained constant to within 1%, even though
the individual relaxation times varied by as much as
50%. Consequently, we use only this average relaxation
time to characterize azobenzene diffusion in PS-1K. The
same approach has been used previously to determine
a single characteristic relaxation time from decay-
growth-decay signals.26,47,48 However, it is important
to stress that assignment of an unambiguous value for
each individual isomer relaxation time is indeed pos-
sible, after assigning a value to A1/A2. The accuracy of
these relaxation times then depends on the accuracy to
which the physical properties of the azobenzene isomers
and polymer are known, since these values are needed
to calculate A1/A2. We believe that A1/A2 ) 1.20 offers
a reliable estimate of the “true” value for this particular
system.
The majority of experiments were repeated at several

grating spacings for each temperature. The average
diffusion coefficient Davg was extracted from plots of
1/τavg vs q2; examples are shown in Figure 3. For all
such plots, linear fits had near-zero intercepts, verifying
that thermal reconversion made a negligible contribu-
tion to grating relaxation. For sub-Tg temperatures,
where only one grating spacing was used, thermal

Figure 2. FRS result for PS-1K at 25 °C ()Tg + 10 °C) and
d ) 4.64 µm. The writing pulse occurs at t ) 0. The points
represent the recorded signal vs time, and the line through
the points is a fit to eq 2: A1/A2 ≡ 1.20, τ2/τ1 ) 1.20, τavg )
6010 s (1.67 h).
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reconversion was assumed to be negligible in order to
calculate Davg. The temperature dependence of Davg is
shown in Figure 4A, and that of τ2/τ1 () Dtrans/Dcis) in
Figure 4B. The latter plot shows the mobility of the
trans isomer relative to the cis isomer remains nearly
constant for T > Tg, but increases dramatically with
decreasing temperature just below Tg.
In addition to decay-growth-decay kinetics, a second

relaxation process was observed, apparently unrelated
to translational diffusion of the dye molecules. This
relaxation is manifested in an initial, fast decay of the

diffracted intensity immediately following the writing
pulse and was observed on a time scale much shorter
than for the subsequent decay-growth-decay process.
The time scale for this decay depends strongly on
temperature, decreasing by roughly an order of magni-
tude for every 5 °C increase in temperature near the
glass transition. At 20 °C into the melt, the relaxation
becomes too fast to observe. In addition, the rate of
decay appears to be independent of grating spacing,
even for spacings that differ by more than an order of
magnitude, as shown in Figure 5. The time scale for
this decay is too large to be attributed to thermal
gradients induced by the writing process. Temperature
gradients relax on a time scale of <100 µs for the length
scales studied here, given that thermal diffusion coef-
ficients are usually on the order of 10-3-10-4 cm2/s.49
Moreover, the lack of q2 scaling eliminates the possibil-
ity that this relaxation can be diffusive. A similar initial
fast relaxation was reported for FRS signals from a
thioindigo dye in several glassy polymers, but the origin
of this behavior was not identified.27
It is likely that this initial relaxation is due to

rotational diffusion of the azobenzene isomers, i.e., to
thermal randomization of nonuniform orientation dis-
tributions created by photoexcitation with polarized
writing beams.28,51,52 Since both isomers are anisotro-
pic, their measured optical properties must depend on
orientation. This causes the refractive index probed by
the polarized reading beam to vary as the imposed
orientation distributions relax, leading to a temporal
variation in the total diffracted optical field. As only a
local relaxation mechanism is involved, the kinetics
should be independent of grating spacing, in agreement
with the observed behavior. Results from a preliminary
study of the effect of the relative writing and reading
beam polarizations support this hypothesis. These
results (Figure 6) qualitatively exhibit the signal kinet-
ics expected for a rotational process when using parallel
vs perpendicular writing-to-reading beam polarization
geometries; that is, when one geometry yields a mono-
tonic decay of the signal after the writing pulse, the
other geometry should show a growth instead.51 A
quantitative analysis of the kinetics associated with

Figure 3. Inverse average relaxation time vs q2 plots for PS-
1K at 20, 25, and 30 °C. The linear fit for each temperature
yields Davg from the slope and τr from the intercept (found to
be negligible in each case).

Figure 4. (A) Average azobenzene diffusion coefficient in PS-
1K as a function of temperature. (s) WLF equation (eq 5) fit
of T > Tg data: C1g ) 12.42, C2g ) 66.05, log D(Tg) ) -13.64;
(- - -) extrapolation below Tg. (B) Ratio of diffusion coefficients
for trans- (1) and cis-azobenzene (2) from fits with A1/A2≡ 1.20.
The dotted line indicates Tg ()15 °C).

Figure 5. Initial relaxation behavior observed in PS-1K at
10 °C (Tg - 5 °C) for two grating spacings that differ by an
order of magnitude. Identical decay kinetics are observed up
to the onset of the decay-growth-decay process at ∼20 min;
subsequent deviation is due to the q2 dependence of decay-
growth-decay kinetics. The normalized signal is S(t)/S(0),
where t ) 0 marks the end of the writing pulse. For each data
set, the writing and reading beam polarizations were parallel,
and the normalized pre-writing pulse baseline was on the order
of 10-3.
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rotation of optically anisotropic probes is expected to be
complicated, however, since both isomers contribute to
the diffracted signal, have different optical anisotropies
(in magnitude and orientation), and may have different
rotational diffusivities. Such an analysis is beyond the
scope of the present study.53

Polystyrene/CO2 System. An example of the dif-
fracted signal intensity vs time data obtained for
azobenzene in the PS-36K polymer plasticized by CO2
is shown in Figure 7. Decay-growth-decay kinetics
are observed, as verified by the temporal behavior of
the signal intensity at early times, shown in Figure 7B,
where a decay to the baseline and subsequent growth
can be clearly seen. An initial fast relaxation mode is
also observed, similar to that seen in the PS-1K oligo-
mer, leading to an inflection in the signal decay before
the first minimum. Again, this contribution was more
pronounced when the sample was well into the glassy
region and decayed too rapidly to be observed as the
polymer was further plasticized with CO2. We attribute
this initial relaxation to the same origin as that pro-
posed for the oligomer (i.e., rotational diffusion) and
have made no attempt to study it explicitly.
Several characteristic features of the decay-growth-

decay kinetics for this system are notably different from
those observed for azobenzene in PS-1K and for other
polymer/azo dye systems.26,40,47,48,54 First, the initial
minimum after the writing pulse occurs much earlier

than the time required for the signal to completely relax.
Second, the magnitude of the signal intensity achieved
at the maximum (following the initial decay and sub-
sequent growth) is much larger than that obtained
immediately after the writing pulse. Finally, the signal
decays nearly exponentially in time after the maximum.
These features are consistent with a large difference in
relaxation rates for the cis and trans isomer gratings.
The PS-36K/CO2 data were fit to eq 2 in the same

manner as the PS-1K data, with the exception that both
A1 and A2 were allowed to vary independently. Assign-
ing a constant value for A1/A2 was not necessary in this
case, since the large difference in isomer relaxation
times results in far less interference between the optical
fields diffracted from the two isomer gratings. Thus, a
unique parameter set could be identified for these
experiments despite the additional degree of freedom
associated with fitting A1 and A2 independently. In fact,
the data could not be fit using A1/A2 ) 1.20, due to
systematic errors in describing the first decay-growth
period of the signal.
For CO2 pressures above 60 bar, an unexpected

additional relaxation process was observed in the dif-
fracted signal, which further complicated the data
fitting. This relaxation is manifested as a second
growth and subsequent decay following the primary
decay-growth-decay period, as shown in Figure 8. The
behavior is characterized by a time scale that exceeds

Figure 6. Initial relaxation behavior observed in PS-1K for
two runs with different relative polarizations of the reading
and writing beams: (A) parallel and (B) perpendicular. Condi-
tions were otherwise identical: 15 °C ()Tg), d ) 4.64 µm, and
100 mW × 30 ms writing pulse beginning at t ) 0. The
characteristic time scale for decay-growth-decay kinetics,
based on Davg from Figure 4, is ∼66 h at this temperature and
grating spacing.

Figure 7. FRS results for the PS-36K/CO2 system at 35 °C,
PCO2 ) 55 bar, and d ) 1.20 µm. (A) Complete decay-growth-
decay profile, which can be fit to eq 2: A1/A2 ) 1.11, τ2/τ1 )
10.1, τ2 ) 1070 s. (B) Initial decay behavior for a separate run
under identical conditions, revealing the minimum associated
with the decay-growth-decay kinetics and a fast relaxation
process that occurs within the first 2 s after the writing pulse.
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decay-growth-decay kinetics by nearly an order of
magnitude, with an eventual return to the original
baseline. The signal intensity and the relaxation kinet-
ics associated with this process varied systematically
with pressure, becoming larger and decaying faster with
increasing pressure. At the highest pressure studied,
the maximum intensity reached ∼10% of the highest
value obtained during the decay-growth-decay pro-
cess.
The presence of this relaxation required a new fitting

approach. Two procedures were used. First, we dis-
carded all points after the maximum created by the
additional growth-decay process and fit the remaining
data to eq 2 with five adjustable parameters (A1, A2, τ1,
τ2, Ccoh). In doing so, the effect of the long-time
relaxation mode was incorporated entirely into Ccoh.
This procedure gives a satisfactory fit of the original
decay-growth-decay kinetics but produces systematic
deviations at longer times, as shown in Figure 8. As
expected, the final relaxation cannot be described by a
constant coherent scattering term, and the values
obtained for Ccoh are too large to be physically reason-
able.
In the second procedure, we accounted for the long-

time relaxation behavior explicitly by adding a third
exponential relaxation term to the dual-grating model
to describe the time dependence of the diffracted signal
intensity:

Ccoh and Cinc were still determined from the baseline
and signal minima, leaving six adjustable parameters.
Fitting an entire data set using this equation accurately
reproduces the second growth-decay kinetics, as shown
by the solid line in Figure 8. The presence of an
additional relaxation term implies that an additional
grating is created by the writing process, which has the
same spatial wavelength as the isomer gratings and
contributes to the overall modulation in refractive index.
The observed second growth-decay behavior is then a
manifestation of this grating. A physical interpretation
of the origin of this additional grating is given in the
following section.

Using these two approaches, two sets of relaxation
times were obtained for CO2 pressures above 60 bar:
one from the original dual-grating model (eq 2) and the
other from the modified dual-grating model (eq 4). The
faster relaxation time was nearly the same for the two
models, differing by only ∼10% at the highest CO2
pressure, where the second growth-decay feature is
most prominent. The difference was larger for the
slower relaxation time, increasing from ∼10% at 62 bar
to ∼50% at 85 bar. Invariably, the use of the modified
dual-grating model reduced the faster and raised the
slower relaxation times over the values obtained from
the conventional dual-grating model. Values for τ3, the
time constant associated with the long-time (growth-
decay) relaxation process, are given in Table 1.
The A1/A2 ratios from fits using eq 2 fell in the range

of 1.06-1.16, in accord with our expectation that A1 and
A2 should be similar. However, these ratio values are
somewhat smaller than that calculated for azobenzene
in pure polystyrene. It was also found that A1/A2
decreased with increasing CO2 pressure. Both observa-
tions are consistent with the predicted effect of added
CO2 on the relative optical contrast of the two isomers
in the polymer (see Appendix). The A1/A2 ratios from
fits using eq 4 were close to or less than one and
decreased with increasing CO2 pressure as well. The
A1/A3 ratios from these same fits were found to be much
larger than one, decreasing from values of 6-8 to values
of 3-4 with increasing pressure.
We have calculated diffusion coefficients using the

relaxation times obtained from the two dual-grating
models (eq 2 for PCO2 < 60 bar and eq 4 for PCO2 > 60
bar) by assuming negligible thermal reconversion. Re-
sults are presented in Figure 9. The assumption of
negligible thermal reconversion is reasonable in light
of our PS-1K results, which involve similar experimental

Figure 8. FRS result for the PS-36K/CO2 system at 35 °C,
PCO2 ) 62 bar, and d ) 1.20 µm. (- - -) Fit to eq 2 using a large
coherent scattering term: A1/A2 ) 1.07, τ1 ) 34.8 s, τ2 ) 249
s, C1/C2 ) 6.8; (s) Fit to eq 4: A1/A2 ) 0.98, A1/A3 ) 6.64, τ1 )
34.1 s, τ2 ) 274 s, τ3 ) 1390 s, C1 ) 0. The inset is a
magnification of the initial relaxation behavior after the
writing pulse, showing the first minimum at ∼6 s.

Id ) {A1 e
-t/τ1 - A2 e

-t/τ2 +

A3 e
-t/τ3 + Ccoh}

2 + Cinc
2 (4)

Table 1. Time Constant for the Relaxation Process
Involved in the Second Growth-Decay Observed in

PS-36K/CO2 System (from Fits Using Eq 4)

grating spacing (µm) PCO2 (bar) τ3 (s)

1.20 62.1 1390
63.4 848
66.2 371

0.87 61.7 918
84.8 12.7

Figure 9. Diffusion coefficients for the two azobenzene
isomers in the PS-36K/CO2 system at 35 °C (from fits to eq 2
for PCO2 < 60 bar, eq 4 for PCO2 > 60 bar) under the assumption
that the dye gratings relax only by diffusion. Results from both
grating spacings are shown (1.20 µm: D1 (9), D2 (2); 0.87 µm:
D1 (0), D2 (4); 1 ) trans, 2 ) cis). The dotted line indicates
the CO2 pressure required to lower the system Tg to 35 °C.18
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time scales. In addition, for CO2 pressures where time
constants for two grating spacings are available, we
verified the q2 dependence of the relaxation times and
evaluated directly the influence of thermal reconversion.
The diffusion coefficients extracted in this manner agree
well with those in Figure 9 at the highest pressures,
where thermal reconversion is indeed found to make a
negligible contribution to grating relaxation. Verifica-
tion at lower pressures is more problematic due to CO2
conditioning of the glassy polymer.20-22 Since the 1.20
µm data were obtained for a sorption isotherm before
CO2 conditioning, while the 0.87 µm data were obtained
for a desorption isotherm after conditioning, the two sets
of time constants are expected to be increasingly unre-
lated at lower CO2 pressures. This behavior is evident
in Figure 9, where calculated diffusion coefficients are
notably larger in the conditioned polymer than in the
unconditioned polymer at the lowest pressures.

V. Discussion
Our results for azobenzene diffusion in the PS-1K are

compared in Figure 10 with literature results for four
other FRS probes in pure polystyrene of different
molecular weights and in polystyrene/diluent matrices,
as listed in Table 2. Glass transition temperatures
range from 0 to 100 °C, and probe sizes relative to
azobenzene range from 0.92 to 3.40. When temperature
is scaled by the DSC-determined glass transition tem-
perature for each pure PS matrix, the data in Figure
10A collapse onto essentially a single curve for T > Tg
for probes of similar sizesazobenzene, TTI, and
CQPswhile the data for much larger cyclophane fall
significantly below this curve. The diffusion coefficients
for Aberchrome, which is almost identical in size to TTI,

would then be expected to also fall on this curve.
However, extrapolating the data for this dye in PS/
toluene matrices (Figure 10B) to pure PS gives diffusion
coefficients that actually lie far below the curve. It is
thus apparent that these diffusion coefficients do not
universally scale with probe size. Other factors must
play a role, such as molecular shape and internal
flexibility of the probe, and probe-matrix interactions.
Results for the tracer-diffusion coefficients of tetracene
and rubrene in PS measured by a holographic fluores-
cence recovery after photobleaching technique support
this conclusion.58 Figure 10B shows that the influence
of added solvent is also not universal, since the en-
hancement in probe diffusivity when 10 wt % TCP is
added to PS is accounted for by (T - Tg) scaling while
the effect of adding toluene at comparable concentra-
tions is not.
Following standard practice, the temperature depen-

dence of probe diffusion for T > Tg is described by the
Williams-Landel-Ferry (WLF) equation:61

The two WLF fits shown in Figure 10 provide a basis
for comparison with our results for azobenzene diffusion
in PS/CO2: the solid line is the fit for TTI diffusion in
high molecular weight polystyrene,27 and the dashed
line is the fit for azobenzene in the PS-1K oligomer from
Figure 4A.
The observed behavior implies a common mechanism

for probe diffusion at T > Tg, where Brownian motion
of the probe is coupled to motions of the matrix.27
Consequently, if changes in matrix dynamics occur
simply as a result of changes in polymer chain motions,
which are typically described using the time-temper-
ature superposition principle for the pure polymer and
concentrated polymer systems at hand, it should be
possible to reconcile differences in probe diffusion by
scaling the experimental temperature to a common
reference temperature, such as Tg. The way in which
this scaling depends on temperature, diluent concentra-
tion, or molecular weight is often described using free-
volume concepts.59,60 Specifically, the temperature
dependence of free volume leads to the WLF equation.
The result is that differences in probe mobility are
accounted for simply by changes in the glass transition
temperature of the host matrix. However, modestly
different WLF parameters, and sometimes quite differ-
ent log D(Tg) values, are required for the different
systems in Figure 10. It is obvious that the extent to
which probe mobility and matrix dynamics are coupled,
as well as the nature of the matrix dynamics involved,
ultimately depends on the properties of the probe and
any added diluent.
For T < Tg, despite fewer data spread over a more

limited temperature range, the general trend is clearly
toward a weaker temperature dependence than that
given by the WLF equation, with deviations from WLF
behavior beginning at or below Tg. This behavior
suggests a change in the mechanism for probe diffusion.
The temperature dependence has been described using
an Arrhenius expression,27,48 with apparent activation
energies that increase with increasing Tg and fall in the
range of 90-170 kJ/mol.27 Continuation of WLF be-

Figure 10. Diffusion coefficients of FRS probes in different
polystyrene matrices: (A) pure PS; (B) PS with diluents.
Symbols and lines are identified in Table 2.

log D(T) ) log D(Tg) +
C1g(T - Tg)

C2g + (T - Tg)
(5)
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havior below Tg can be attributed to physical aging,
where extended annealing at sub-Tg temperatures al-
lows structural relaxation to occur. Our own data for
probe diffusion in PS-1K (Figure 4A) appear to follow
WLF behavior over the entire temperature range stud-
ied, including slightly below Tg, which we attribute to
the physical aging brought about by our experimental
protocol; however, they do not extend far enough below
Tg to determine if this behavior continues for T , Tg.
The results for azobenzene diffusion in PS plasticized

by CO2 can be compared to those in Figure 10 by
mapping the CO2 pressure axis in Figure 9 onto a (T -
Tg) axis. A unique mapping is possible since each CO2
pressure corresponds to a different Tg, and therefore to
a different value for (T - Tg) at 35 °C. We calculate Tg
as a function of PCO2 at 35 °C using eq 6, derived from
the measured CO2 sorption isotherm17 and the CO2
concentration dependence of Tg,18 both of which are
approximately linear over the pressures of interest:

Glass transition temperatures thus calculated are be-
lieved to be accurate to roughly (3 °C over a CO2
pressure range of 0-60 bar; the uncertainty is some-
what larger in the 60-70 bar range. This expression
predicts a CO2 pressure of 62.5 bar is required to
depress Tg to 35 °C, while the experimental value is 60.8
bar18 (corresponding to a CO2 concentration of ∼8.5 wt
%17). Equation 6 is not used to calculate Tg for PCO2 >
70 bar due to uncertainties in extrapolating the mea-
sured sorption isotherm to higher pressures.
Using this mapping, we compare azobenzene diffusion

in PS-36K/CO2 to probe diffusion in other polystyrene
matrices in Figure 11. Included in this comparison are
the WLF fits from Figure 10, as well as the data for
TTI in pure PS and in PS plasticized with TCP27 and
selected data for azobenzene in PS plasticized with
toluene.48 As discussed above, the diffusivities of azoben-
zene and TTI in the pure PS systems collapse onto
essentially a single curve when plotted as a function of
(T - Tg) over a range that includes the glass transition.
Based on this observation, we assert that azobenzene
and TTI diffusion will be similar in any pure PS matrix,
both above and below the glass transition. The same
also seems to apply to diffusion of these dyes in PS
plasticized with TCP. Since the azobenzene diffusion
coefficients in PS-36K/CO2 are much greater, we con-
clude that for T e Tg, azobenzene diffusion in PS is

substantially enhanced by the presence of CO2. The
enhancement is 2-3 orders of magnitude at T ) Tg, and
is maintained down to the lowest value of (T - Tg)
studied, approximately -50 °C. Slightly above Tg, the
effect is reduced by roughly an order of magnitude,
perhaps due to the strong WLF (T - Tg) dependence of
the diffusivity in the pure PS matrices.
In addition, the (T - Tg) dependence in the glass

reveals that the rate of change in probe diffusivity
obtained by depressing Tg with added CO2 is similar to
that obtained by increasing temperature at constant Tg,
which has an apparent Arrhenius temperature depen-
dence.27 This behavior is surprising since, in one case,
the (T - Tg) dependence of probe diffusion is related to
the dilution and Tg-depression effects due to added CO2,
while in the other case, the (T - Tg) dependence involves
processes that appear to be thermally activated.
At CO2 pressures lower than those studied here, we

expect probe diffusion in PS/CO2 to exhibit a stronger
dependence on (T - Tg). This follows because diffusivi-
ties in PS/CO2 extrapolated to the unplasticized polymer
at PCO2 ) 0 will be at least 2-3 orders of magnitude

Table 2. Key to Systems Plotted in Figure 10

symbol matrix Tg (°C) FRS probe [sizea] reference

- - - PS-1K oligomer 15 azobenzene [1.00] Figure 4A
O, - PS(Mw ) 270 000)b 100 TTIc [1.30] 27
0 PS 20-mer oligomer 66 TTI 27
× PS(Mw ) 244 000) 100 CQPd [0.92] 55
- - -, A PS(Mw ) 422 000) 99 cyclophane [3.40] 56
- - -, B PS(Mw ) 2800) 68 cyclophane 56
- - -, C PS-d8(Mw ) 870) 24 cyclophane 56
] PSe + 10 wt % TCPf 69 TTI 27
b PSg + 18.9 wt % toluene 0.3 Aberchrome [1.29] 48
9 PSg + 16.0 wt % toluene 12.0 Aberchrome 48
2 PSg + 13.6 wt % toluene 22.2 Aberchrome 48
[ PSg + 11.9 wt % toluene 29.9 Aberchrome 48
4 PSg + 21.0 wt % toluene 7.7 azobenzene 48
. PSg + 15.1 wt % toluene 15.6 azobenzene 48
0+ PSg + 9.7 wt % toluene 40.2 azobenzene 48

a Molecular volume, relative to azobenzene, based on van der Waals volumes calculated using atomistic models.57 b Solid line represents
fit of T > Tg data. c TTI ) tetrahydrothiophene indigo dye. d CQP ) camphorquinone dye photoproduct. e Mw ) 270 000. f TCP ) tricresyl
phosphate. g Mw ) 100 000.

Tg(35°C,PCO2
) ) 101.1 °C - (1.057 °C/bar)PCO2

(6)

Figure 11. Diffusion coefficients for azobenzene isomers
(Dtrans (9), Dcis (2)) in the PS-36K/CO2 system from Figure 9,
plotted as a function of the difference between 35 °C and Tg-
(35 °C, PCO2); only the sorption isotherm data (d ) 1.20 µm,
PCO2 < 70 bar) are shown. Data for azobenzene diffusion in
PS/toluene solutions48 from Figure 10 are also plotted as a
function of T - Tg, where T ) 35 (b) or 45 °C (O) and Tg varies
with toluene concentration. The curves and other symbols
represent WLF equation fits and data, respectively, from
Figure 10: TTI in PS (s, ×) and in PS/10 wt % TCP (+);
azobenzene in PS-1K (- - -).
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greater than diffusivities extrapolated from the Arrhe-
nius temperature dependence of the pure PS data.
Therefore, the initial addition of CO2 to unplasticized
polystyrene would result in a rapid increase in probe
mobility. Such an initial enhancement in mobility is
not anticipated from the smooth, near-linear depression
of Tg with CO2 pressure, which suggests that the
plasticization effect is a gradual one.18,19 This hypoth-
esis is supported, however, by results from NMR studies
on the effect of CO2 on glassy polymers, which demon-
strate that local chain motions are enhanced signifi-
cantly by the addition of small amounts of CO2,61 and
that this enhancement quickly saturates at higher CO2
pressures.62

Also included in our comparison are data for azoben-
zene in PS plasticized with toluene from Figure 10,
which we have replotted on an equivalent basis, that
is, as a function of (T - Tg), holding temperature
constant and varying Tg by changing toluene concentra-
tion. The data at 45 °C are included to aid in extrapo-
lating the two data points at 35 °C to near the glass
transition, where the (T - Tg) range of the two PS/
diluent data sets then nearly overlap. Similar enhance-
ments in azobenzene diffusivities are obtained for the
same value of (T - Tg) for both PS/diluent systems. The
diluent concentrations under these conditions are also
approximately the same: ∼10 wt % CO2 or toluene. We
conclude that CO2 and toluene are comparable in terms
of their ability to enhance the diffusion of azobenzene
in PS, although CO2 is slightly more efficient at de-
pressing the glass transition.18

Note also that the enhanced diffusivity observed
below Tg for PS/CO2 is maintained above Tg for PS/
toluene. Indeed, we expect azobenzene diffusion in PS/
CO2 and PS/toluene to show quantitatively similar
behavior for T > Tg. However, the PS/CO2 data will
not extend much farther into the melt region, since the
extent of CO2-induced Tg depression is limited by the
incremental increase in CO2 solubility that can be
achieved with increasing pressure above the critical
pressure of CO2. In fact, at CO2 pressures greater than
∼200 bar, the effect of hydrostatic pressure on Tg
dominates the plasticization effect, causing Tg to in-
crease with CO2 pressure.14 This limitation excludes
the possibility that the isothermal PS/CO2 data would
follow a WLF dependence for T . Tg.
It is evident from the results in Figure 11 that the

CO2-induced glass transition depression alone does not
account for the observed diffusivity enhancements.
While this can also be said of the plasticization effect
of toluene, it is in contrast with the behavior observed
when TCP is used as the diluent. An additional
mechanism, not directly embodied in the effects of the
glass transition, must be important. One possibility is
a decrease in the matrix density brought about by
swelling of the polymer, as occurs with added toluene.
Intuitively, this effect would result in increased probe
mobilities. However, the experimental CO2 sorption
and swelling data17 reveal that the overall density
actually increases slightly with the addition of CO2 in
the 0-60 bar range. Notably, the addition of TCP
should also increase the matrix density.
Within the context of a free-volume description of

diffusion, the enhanced probe mobility in PS/CO2 is due
to more free volume in this matrix than in the other
matrices at the same Tg-scaled temperature. This result
is consistent with the notion that the glass transition
is not an iso-free-volume state for diffusion. However,

the application of free-volume theory to our system
requires a prediction of how much free volume ac-
companies CO2 upon sorption into the glassy polymer.
Our calculations show that obtaining the measured
enhancements would require treating virtually all the
volume occupied by CO2 as effective free volume. In
addition, probe size is not the only factor in determining
probe mobility in this system. Probe-matrix interac-
tions, and perhaps shape effects, are quite important,
and must be accounted for, particularly in interpreting
the difference between the mobilities of cis- and trans-
azobenzene.
Alternatively, the diffusivity enhancements can be

interpreted in terms of local friction. We define a
friction factor úp for probe diffusion, which is related to
an effective local matrix viscosity (or microviscosity) ηm
through a generalized Stokes-Einstein relation:

The radius rp is a measure of probe size, and fp formally
accounts for hydrodynamic boundary conditions and
probe shape.63 In a more general sense, fp characterizes
how effectively the matrix microviscosity generates a
friction for a particular probe and should depend on
both the probe and the matrix.27 The relationships
required to predict how ηm scales as a function of
temperature and composition are the subject of current
research.64-67

Within this framework, the enhanced diffusivity in
PS/CO2 must be due to a reduction in the friction
experienced by the probe in the CO2-plasticized matrix,
relative to that in the pure PS matrix, even after
accounting for the change in Tg. This effect could be
attributed to simply the low viscosity of CO2 (on the
order of 10-2 cP at these conditions), or perhaps to the
high mobility of CO2 molecules. At issue is whether the
addition of CO2 primarily alters ηm or the extent of
coupling between probe mobility and matrix dynamics
embodied in fp. Comparing plasticization by CO2,
toluene, and TCP provides some insight. In the absence
of strong probe-diluent interactions, we can reasonably
assume that fp remains constant with the addition of
diluent. The difference in behavior observed for CO2
and toluene compared to that for TCP then occurs only
due to differences in ηm: the presence of either CO2 or
toluene reduces ηm, while TCP appears to have no effect.
Such a conclusion is intuitively consistent with the
smaller molecular size and viscosity of CO2 or toluene
relative to TCP, which should itself be more strongly
coupled to the slow dynamics of the polymer chains.68
Also relevant to this issue is a recent suggestion that
spatial heterogeneity in local polymer dynamics plays
an important role in determining probe translation and
rotation near Tg,58 in that different diluents could
potentially influence this spatial heterogeneity in sub-
stantially different ways. From this friction-based point
of view, such an effect would further complicate predic-
tion of an appropriate value for ηm.
If significant probe-diluent interactions exist, then

probe-matrix coupling must also be considered. We
believe this is the case in comparing the diffusivities
for cis- and trans-azobenzene in PS/CO2, which are
shown to be different by roughly an order of magnitude
in Figure 11. The difference is much larger than the
20-30% difference observed in PS-1K for T e Tg and is

Dprobe ) kT/úp ) kT/(fpηmrp) (7)
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even quite large on the scale established by the overall
CO2 enhancement in probe diffusivity. Although the
results in Figure 4B suggest that an increased difference
in isomer mobility should be expected in the glass, a
comparison of the behavior for these two systems at T
) Tg eliminates the possibility that this difference is
due simply to the intrinsic properties of the isomers,
independent of the matrix. Instead, we attribute it to
a difference in isomer-matrix interactions, since inter-
molecular interactions between quadrupolar CO2 mol-
ecules and the highly polar cis isomer of azobenzene (µ
) 3.0 D69) will be stronger than those between CO2 and
the nonpolar trans isomer. In this sense, the trans
molecules are roughly equivalent in chemical nature to
polystyrene segments, while the cis molecules act as
preferential interaction sites for CO2 due to their large
dipole moments.
Two possible mechanisms involving the role of isomer-

CO2 interactions can be offered as the origin of the
observed difference in isomer mobilities. The first is an
increase in the effective size of a cis molecule, due to a
physical association with CO2, which reduces its mobil-
ity. Stokes-Einstein behavior will obviously fail to
describe this difference.27 However, if we consider the
relationship between log D and solute size derived
experimentally by Berens et al.7 for solute diffusion in
glassy poly(vinyl chloride), an order of magnitude dif-
ference in mobilities requires the effective radii to differ
by only 0.1-0.2 Å, i.e., ∼5% or less, or a volume
difference of <20%. Free-volume theories of diffusion
predict a similar strong size dependence.60 Above Tg,
the effect of size on log D is much weaker,7 in line with
the results in Figure 10. The second possible mecha-
nism focuses instead on the probe friction factor: stron-
ger interactions between the cis isomer and CO2 lead
to increased interactions with the PS/CO2 matrix, in
turn increasing the friction it experiences and reducing
its mobility relative to the trans isomer. The end result
in applying either mechanism is that preferential
isomer-CO2 interactions reduce the cis isomer mobility
by increasing the overall coupling of its Brownian
motion to the polymer/CO2 matrix, relative to the same
coupling for the trans isomer.
The difference in isomer polarity also plays an im-

portant role in our interpretation of the additional
relaxation mode observed at long times in PS/CO2 at
high CO2 pressures. Specifically, we assert the associ-
ated physical grating is a periodic perturbation in the
spatial distribution of polymer chain segments and
diluent molecules, induced by the cis-azobenzene con-
centration grating. This perturbation, though weak,
contributes to the total modulation in refractive index.
The thermodynamic driving force for this process is the
difference in polarity between the two isomers, which
leads to different interactions with the PS and CO2
components of the host matrix.
The potential importance of specific interactions in

FRS experiments has been emphasized in the literature.
For example, consideration of probe-matrix interactions
successfully accounted for large differences in the
concentration dependence of probe diffusivities in hy-
drogen-bonding vs non-hydrogen-bonding polymer solu-
tions.47,54 Such interactions were also invoked to ex-
plain differences in isomer diffusivities in polymer
melts40 and organic liquids.33 Most notably, the origin
of nonexponential decays generated by spiropyran-
labeled polymer chains in a Θ solvent were attributed
to local modification of the solvent quality in the

presence of the polar photoproduct, which produced a
polymer concentration grating.70
If isomer-specific interactions exist, the isomer con-

centration gratings create a spatially modulated inter-
action field for PS and CO2, which can be considered as
a grating in chemical potential. This induces a physical
grating in the matrix, involving a nonuniform equilib-
rium spatial distribution of the local densities of polymer
chain segments and CO2 molecules. The driving force
associated with the Soret effect, where a temperature
gradient induces a polymer concentration gradient, is
conceptually similar.71 Opposing this driving force is
the tendency for the induced grating to relax to a
uniform distribution by diffusion or by internal relax-
ation modes in the case of polymer chains. Eventually
the matrix modulation must disappear, as the driving
force vanishes when the isomer concentration gratings
disappear. However, both polymer diffusion and large-
scale internal relaxations occur on much slower time
scales than dye diffusion, so that the time scale for this
relaxation will be significantly greater than for decay-
growth-decay. In fact, the apparent cutoff for this
additional mode at a CO2 pressure of 60 bar corresponds
to the pressure required for a CO2-induced glass transi-
tion in polystyrene at 35 °C.18 Since the glass transition
can be interpreted as the onset of substantial polymer
chain mobility on the length scale probed by our
experiment, this correspondence supports a matrix-
related origin for the observed behavior.
We incorporate this matrix relaxation mechanism into

the dual-grating model as follows. The matrix modula-
tion, with amplitude ∆m, occurs at the same grating
wave vector as the isomer modulations. The instanta-
neous driving force for such a perturbation of the matrix
is taken to be directly proportional to the instantaneous
amplitudes of both isomer gratings. Relaxation is
assumed to follow first-order kinetics, analogous to the
dye concentration profiles which relax by diffusion. The
time dependence of ∆m is thus governed by

where ∆ci is the amplitude of the concentration modula-
tion for isomer i, ki is a proportionality coefficient, and
the time constant τm represents the rate of relaxation
of the matrix modulation. The quantity in brackets is
the deviation of the amplitude from its equilibrium
value.
We next assume the driving force is dominated by the

slower diffusing cis isomer, justified primarily by a time
scale argument: the grating associated with the faster
diffusing trans isomer disappears well before the ap-
pearance of the second growth-decay process. Fur-
thermore, since the cis isomer is highly polar, and the
trans isomer is nonpolar, a spatial variation in the
isomer-matrix interaction strength is likely to be more
important for the cis grating than the trans grating.
Thus, k1∆c1(t) ≈ 0. We also assume that isomer diffu-
sion is not affected by the matrix modulation, and that
thermal reconversion is negligible. The original expres-
sion for relaxation of the concentration grating ampli-
tude (eq 1) can therefore be used for ∆c2(t). With an
initial condition that no matrix modulation exists im-
mediately after the writing pulse (i.e., ∆m(t)0) ) 0),
the solution of eq 8 is

d∆m(t)
dt

) - 1
τm
[∆m(t) - (k1∆c1(t) + k2∆c2(t))] (8)

∆m(t) ) ∆m0[e
-t/τm - e-q2D2t] (9)
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where

The matrix modulation contributes to the overall
modulation in the refractive index, so the time depen-
dence for the diffracted intensity becomes

where A3 represents the magnitude of this contribution
to the total diffracted optical field, and τ3 ) τm is the
time constant for its relaxation. This expression can
be simplified to the form of eq 4, but the apparent A2
parameter in that equation is equivalent to (A2 + A3)
in eq 11, revealing why values for A1/A2 obtained from
fits using eq 4 were found to be less than unity. The
same fits using eq 11 result in A1/A2 values greater than
one, correctly representing the relative refractive indices
of trans- and cis-azobenzene.
The proposed model is consistent with several impor-

tant characteristics of this system. First, the additional
relaxation is associated with motions of the polymer
chains, based on the time scales observed in our experi-
ments. Second, due to a large difference in mobilities,
the trans-azobenzene concentration grating completely
disappears before the cis concentration grating can relax
to a significant extent, leaving a substantial spatial
grating of polar cis isomer molecules in a roughly
uniform background matrix of nonpolar molecules and
CO2. This unique condition, facilitated by the presence
of CO2, would likely induce a matrix response involving
the polymer. Third, the polymer motions required for
such a response are known to occur in CO2-plasticized
glassy polymers, even below Tg, as is evident from the
experimentally observed effects of CO2 conditioning,
including hysteretic swelling and semi-permanent, un-
relaxed volume dilation.20-22 Lastly, we also note that
dynamic light scattering investigations of concentrated
polymer solutions near the glass transition reveal
contributions to matrix dynamics from both concentra-
tion and density fluctuations.72 These two modes, which
are in general coupled, involve quite different relaxation
mechanisms: concentration fluctuations relax by a q2-
dependent counter-diffusion process, while density fluc-
tuations relax by q-independent local motions. Since
these processes should also occur in PS/CO2, it is
reasonable to expect that either or both contribute to
the overall relaxation behavior of the “forced fluctua-
tion” imposed during the FRS experiment. Their rela-
tive contributions to our matrix relaxation mode could
presumably be determined by studying its q depen-
dence. Moreover, the molecular weight dependence for
these two mechanisms is much different and could also
be studied.
In closing, we comment on the apparent increase in

probe diffusivity in CO2-conditioned glassy polymer
relative to unconditioned polymer at low CO2 pressures
demonstrated in Figure 9. The conditioning effect has
been previously interpreted in terms of excess volume
introduced during swelling that accompanies sorption
of a plasticizing gas by a glassy polymer.20-22 Upon
depressurization, the sample is unable to completely
relax to its original volume due to limited mobility of
the constituent polymer chains.61 In this context, probe
diffusion is expected to increase after conditioning, due
to the additional free volume in the system. The

apparent increase in diffusivity exhibited in Figure 9,
which approaches an order of magnitude at CO2 pres-
sures well below the glass transition pressure, is
consistent with this mechanism; however, the magni-
tude of the effect is surprising.

VI. Conclusions

Our results show that the tracer diffusion of azoben-
zene in glassy PS is enhanced dramatically by the
presence of CO2. In this respect, plasticization by CO2
increases dye diffusion in the same way as plasticization
by adding liquid diluents, increasing temperature, or
decreasing polymer molecular weight. However, the
enhancement is roughly 2-3 orders of magnitude larger
than that predicted on the basis of the diffusion of
similar FRS dyes in pure PS and concentrated PS/TCP
mixtures, for which dye mobility can be characterized
almost exclusively by accounting for differences in Tg.
Due to this enhancement, the same diffusivity can be

achieved in the glass at moderate temperatures in the
presence of CO2 as would be obtained in the pure
polymer melt at much higher temperatures. For ex-
ample, the azobenzene diffusivity at 35 °C and PCO2 )
50 bar is roughly equivalent to that expected at 110 °C
in pure polystyrene. It is important to stress that this
enhancement in diffusivity is not behavior exclusive to
plasticization by CO2. In fact, comparable dye diffusiv-
ity enhancements have also been observed with increas-
ing concentrations of liquid toluene in PS.48 However,
CO2 offers distinct advantages over liquid solvents,
including its much higher diffusivities in glassy poly-
mers7 and unique solvent properties related to its
supercritical fluid properties and its chemical nature.1,2

Our results also reveal that the extent of CO2 en-
hancement for the trans isomer of azobenzene in the
high molecular weight polymer is approximately an
order of magnitude larger than that for the cis isomer.
This selective enhancement in isomer mobilities is not
as great in the pure PS-1K glass and therefore is also
attributed to the presence of CO2. The effect is presum-
ably a manifestation of the large difference in isomer
polarities, which leads to different intermolecular in-
teractions with quadrupolar CO2 and therefore the PS/
CO2 matrix.
Based on an extrapolation of our measurements to

CO2 pressures below 15 bar, we anticipate that the large
enhancement in dye diffusivities in the glass is obtained
with the initial addition of relatively small amounts of
CO2 at low pressures. After this initial enhancement,
continued addition of CO2 at constant temperature
increases dye diffusivity to roughly the same extent as
increasing (T - Tg) in the pure PS glasses or those
plasticized by liquid diluents. Notably, the addition of
CO2 at constant temperature is characterized by a near-
linear dependence of log D on (T - Tg) in this region.
Our studies have characterized two FRS relaxation

processes in addition to decay-growth-decay kinetics
associated with translational diffusion of the azobenzene
isomers. The first process was observed as a fast initial
relaxation occurring before dye translation and is at-
tributed to rotation of the dye molecules. Since this
process was observed in both the PS oligomer and the
high molecular weight PS plasticized by CO2, as well
as in previous FRS studies on other polymers,27 it is
expected to be a generally observable FRS relaxation
mode. The important implication of this finding is that
rotation and translation of a single FRS probe can be
studied for the same system under identical conditions.

∆m0 ) k2∆c0/(τmq
2D2 - 1) (10)

Id ) {A1 e
-t/τ1 - A2 e

-t/τ2 +

A3[e
-t/τ3 - e-t/τ2] + Ccoh}

2 + Cinc
2 (11)
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However, to undertake this study first requires a
rigorous quantitative analysis of rotational relaxation
within the context of the FRS experiment.
The second additional relaxation process was ob-

served only for CO2-plasticized PS above the CO2-
induced glass transition. The dynamics were mani-
fested in an additional growth and decay in the diffracted
signal intensity that occurred only after the decay-
growth-decay kinetics associated with dye diffusion.
This behavior is attributed to the creation and relax-
ation of a periodic modulation in the spatial distribution
of polymer segments induced by the presence of the cis
isomer concentration grating. The effect of CO2 plas-
ticization, the large difference in dye isomer mobilities
in the presence of CO2, and interactions between the
dye isomers and the PS/CO2 matrix are thought to play
important roles in this relaxation process. Additional
experiments are clearly required to further characterize
it. Indeed, examination of this relaxation process may
offer a means of accessing polymer chain dynamics,
without directly labeling the polymer. Such experi-
ments would be novel in that they would probe slower
dynamics and longer length scales than are accessible
to conventional light scattering techniques.
The experimental results presented here have direct

implications for molecular theories and engineering
models that describe small-molecule diffusion in diluent-
plasticized glassy polymers, in that they point to the
importance of local matrix dynamics in determining
solute mobility. The central issue is whether the
presence of a plasticizer alters local motions to a
different extent than the motions responsible for the
glass transition, and if so, how such changes induced
by CO2 compare to the analogous changes brought about
by temperature, liquid diluents, or chain ends. There
is no reason to expect motions occurring on different
time scales to respond identically to different means of
plasticization, or even to plasticization by different
diluents. Presumably, the effect of a particular form of
plasticization on the sub-glass relaxations associated
with local dynamics is central to the description of
changes in solute diffusion. It would be interesting to
probe these effects by studying solute mobility across
sub-glass transitions induced by adding CO2 vs other
methods of plasticization. We have also seen that the
mobility of probe molecules in a polymer matrix can be
strongly influenced by specific solute-matrix interac-
tions, including solute-diluent interactions. Based on
these observations, we believe the most promising
approach to interpreting probe diffusion within a mo-
lecular framework is to describe the local friction
experienced by the probe molecule in terms of a coupling
of probe motion to the dynamics of the polymer/diluent
matrix.
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Appendix

In the general description of a phase-grating FRS
experiment, both dye isomers contribute to the modula-
tion in refractive index. Here we estimate the ratio of
these contributions by using a generic expression for the
refractive index of a dye/matrix mixture to relate the
net refractive index grating to the isomer concentration

gratings. This relationship allows us to specify the
relative isomer contributions to the diffracted signal in
terms of known physical properties of the dye and the
matrix. Finally, we apply the model to azobenzene in
polystyrene.
Starting with the Lorentz-Lorenz equation, it can be

shown that the refractive index of the mixture in a
typical FRS experiment is given by73

where n is refractive index, R is molar refractivity
(related to the molecular polarizability), φ is volume
fraction, and vj is partial molar volume. Subscripts 0,
1, and 2 denote the background matrix, the original dye
isomer, and the photoproduct dye isomer, respectively.
Derivation of this equation assumes the dye is present
at low concentration.
Equation A1 shows that the contribution from each

dye isomer is a volume fraction weighted perturbation
to the refractive index of the background matrix. It also
gives the condition for which one isomer produces no
change in the refractive index, i.e., when one isomer is
“index matched” to the background matrix. In general,
this requires

which can be reduced to ni ) n0 if vji and vj0 are equal to
their pure-component molar volumes.73 Therefore, the
typical index-matching criterion of ni ) n0 applies only
when the system forms an ideal mixture, but becomes a
poor approximation when component i is dissolved in a
highly compressible fluid at infinite dilution or when
specific intermolecular interactions cause large solution
nonidealities.
For the phase-grating FRS experiment, we are only

concerned with the modulation in refractive index
caused by the isomer concentration gratings. By defin-
ing a molar concentration ci and making the substitution
φi ) civji, we can use eq 1 for the relaxation of each
isomer grating to obtain an expression for the decay of
the refractive index grating amplitude, ∆n(t):

where ∆c0 is the initial amplitude of both isomer
concentration gratings, and the opposite sign of the two
exponential terms arises due to the 180° phase differ-
ence between these gratings. It should be stressed that
in using eq 1, we have assumed the rate of thermal
reconversion is negligible. A more complicated expres-
sion and subsequent analysis will result if indeed this
is not valid.
Substituting eq A3 into the relationship between the

refractive index grating and diffracted intensity, Id ∼
[∆n]2, produces the dual-grating model (i.e., eq 2,
neglecting the coherent and incoherent scattering con-
tributions) with the constants A1 and A2 defined as
appropriate collections of time-independent parameters.
The ratio of these two constants is given by

n ) n0 +
(n0

2 + 2)2

6n0 {φ1(R1

vj1
-
R0

vj0) + φ2(R2

vj2
-
R0

vj0)}
(A1)

Ri

vji
)
R0

vj0
(A2)

∆n(t) )
(n0

2 + 2)2

6n0 {∆c0e
-q2D1t[vj1(R1

vj1
-
R0

vj0)] -

∆c0e
-q2D2t[vj2(R2

vj2
-
R0

vj0)]} (A3)
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Replacing the partial molar volume of each component
by its pure-component molar volume simplifies this
expression to one involving only pure-component prop-
erties:

where the function f(n) represents the Lorentz-Lorenz
equation for a pure component:

We now apply eq A5 to azobenzene in pure polysty-
rene. Relevant physical properties and calculated quan-
tities are listed in Table 3. The ratio of refractive index
grating amplitudes (i.e., A1/A2) for complementary trans-
and cis-azobenzene concentration gratings is determined
to be 1.21 in high molecular weight PS and 1.20 in PS
oligomer. This value is not expected to be a strong
function of temperature, since the temperature depen-
dence of the molar volumes of the dye and polymer
should be similar and the molar refractivity is taken to
be independent of temperature. The value for A1/A2
should also apply at our reading beam wavelength (633
nm), since the wavelength dependence of the dye and
polymer molar refractivities should be similar in this
wavelength region.
Note the consequence of making the first-order ap-

proximation37 that the contribution to the refractive
index by each isomer is proportional to (ni - n0) instead
of vi{f(ni) - f(n0)}. For the PS oligomer/azobenzene
system, the ratio of contributions would be 1.14 if
calculated using A1/A2 ) (n1 - n0)/(n2 - n0), which
amounts to a 30% smaller prediction for the relative
optical contrast of the trans and cis refractive index
gratings. This smaller value is essentially the same as
that determined using eq A5 if v1 ) v2. In fact, such
agreement is expected whenever f(ni) for both isomers
can be well represented by a truncated series expansion
about n ) n0. However, v1 ) v2 does not always hold,
and even small differences between v1 and v2 (as for
azobenzene; see Table 3) can change A1/A2 significantly.
To predict how addition of CO2 should change A1/A2,

we treat the background matrix as a homogeneous
mixture of CO2 in polystyrene and calculate a new value
for f(n0) to be used in eq A5. For CO2, we calculate a
molar refractivity of 6.835 cm3/mol using a group
additivity method,74 and a partial molar volume of 34.6
cm3/mol obtained from sorption and swelling data for
CO2 in polystyrene at 35°C and PCO2 < 60 bar.17 The
new value for f(n0) is obtained by applying the Lorentz-
Lorenz equation to just the PS/CO2 mixture, with
polystyrene treated on a “per-mer” basis (see Table 3).
Since vjCO2/vjPSmer > RCO2/RPSmer, f(n0) for this mixture will
always be less than f(n0) for the pure polymer, and the
addition of CO2 brings A1/A2 closer to 1. For example,
A1/A2 ) 1.17 when the CO2 concentration in high

molecular weight PS reaches 5 wt %. Since the partial
molar volume of CO2 in the polymer is nearly indepen-
dent of CO2 pressure for T < Tg(T,PCO2), f(n0) should
continue to decrease as the amount of CO2 in the
polymer increases. Correspondingly, the value for A1/
A2 is predicted to decrease further with increasing CO2
pressure. Beyond the CO2-induced glass transition, the
partial molar volume of CO2 in PS increases rapidly, so
that f(n0) and A1/A2 should then decrease even faster
with increasing CO2 pressure.
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