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ABSTRACT: Tracer diffusion coefficients of decacyclene, perylene, and 9,10-bis(phenylethynyl)anthracene
(BPEA) in CO2-swollen polystyrene (PS) films were measured in real time by high-pressure fluorescence
nonradiative energy transfer (NRET) using pyrene-labeled polystyrene (PLPS) as the corresponding energy
donor. The conditions studied, 55-75 °C and CO2 pressures between 55 and 104 bar, include regions
near and well above the reported glass transition of PS in the presence of CO2. The diffusivity of the
acceptor probes increased markedly upon modest increases in CO2 sorption. For example, decacyclene
diffusivity increased from 6.6 × 10-14 to 1.4 × 10-12 cm2/s as CO2 sorption increased from 7 to 11 wt %.
By comparison to the PS glass at ambient pressure and equivalent temperatures, acceptor probe
diffusivities increased by more than 4 orders of magnitude. The concentration dependence of the probe
diffusivity is in agreement with the Vrentas-Duda free volume model extended to ternary systems. The
analysis indicates that probe diffusion in CO2-dilated films is strongly coupled to polymer segment mobility,
but CO2 diffusion is not. The friction factor for the probes decreases with decreasing probe volume. The
apparent activation energies for decacyclene diffusion in CO2-dilated films are considerably smaller than
those in the PS melt at equivalent values of T-Tg.

Introduction

Polymer processing and synthesis using compressible
gases and supercritical fluids (SCFs) including carbon
dioxide have advanced rapidly in recent years. Because
of the poor solubility of most polymers in CO2, the vast
majority of processes using this fluid are heterogeneous.
Specific applications include polymer purification and
extraction,1 impregnation of polymer matrices with
additives including dyes2 and reagents,3 dispersion
polymerizations,4,5 solid-state polymerizations,6,7 poly-
mer modifications, and in situ preparation of polymer
composites.8-11 In many cases, process dynamics are
dictated by transport within a swollen polymer matrix.
One role carbon dioxide serves in these applications is
that of a benign, transient plasticizing agent. Sorbed
CO2 enhances diffusivities in polymer matrices in anal-
ogy to conventional liquid solvents but offers a number
of distinct advantages.1 CO2 is nonflammable, nontoxic,
and environmentally benign and is soluble in and will
swell virtually all polymers, including those that are
solvent resistant. Moreover, the degree of CO2 sorption
and its solvent quality can be controlled readily by
pressure-mediated adjustments in fluid density.12 Fi-
nally, the solvent can be removed from the polymer
phase by simple depressurization of the system.

Despite the wide range of emerging applications that
exploit supercritical CO2, there are few studies that
quantitatively address the issue of mass transport
enhancement in polymer/CO2 systems. In one early
investigation, Berens and co-workers used a simple
gravimetric technique to demonstrate that CO2 acceler-
ates the absorption of small molecule additives including
dimethyl phthalate (DMP), 1-butanol, and octane in
poly(vinyl chloride) (PVC), polystyrene (PS), and poly-
(methyl methacrylate) (PMMA) at room temperature.13

Increases in diffusivity of up to 6 orders of magnitude

for these penetrants in the polymer matrix upon the
sorption of the additive-laden, liquid CO2 at 25 °C and
pressures up to 65 bar were reported. The research
groups of Dooley and Cotton each reported enhance-
ments of small molecule diffusion during SCF CO2
extraction from polymer matrices.14,15 Dooley reported
an increase of 6 orders of magnitude in the diffusion
coefficient of ethylbenzene in CO2-swollen polystyrene-
ethylbenzene mixtures at 50 °C and pressures up to 114
bar. Cotton performed continuous CO2 extractions of
Irganox 1010 (pentaerythritol tetrakis[3-{3,5-di-tert-
butyl-4-hydroxyphenyl}propionate]) and Irgafos 168
(tris[2,4-ditertiarybutylphenyl] phosphite) from polypro-
pylene using CO2 at temperatures ranging from 20 to
200 °C and pressures ranging from 100 to 400 bar.
Diffusivities of these compounds increased by 2 orders
of magnitude over the range of the experiments. More
recently, Eckert and co-workers reported an increase
in the diffusivity of 4,4′-(diethylamino)nitrobenzene
(DENAB) in PMMA in the presence of SC-CO2 of 2
orders of magnitude at 40 °C as measured by UV-vis
spectroscopy.2 Each of these studies was limited by the
sensitivity of the chosen technique: diffusion coefficients
no smaller than 10-11 cm2/s can be measured using
these approaches. None of the studies examined the
dependence of diffusivity on the solvent concentration
or probe volume or examined diffusion near Tg.

It is desirable to adapt methods with greater precision
and sensitivity such as forced Rayleigh scattering (FRS)
and fluorescence nonradiative energy transfer (NRET)
to the in situ measurement of diffusion at high pres-
sures. Both techniques have been shown to yield ac-
curate measurement of diffusivities as small as 10-16

cm2/s at ambient pressure. Recently, Paulaitis and co-
workers adapted the FRS technique to elevated pres-
sures and measured the tracer diffusion coefficient of
azobenzene in PS plasticized by CO2 at 35 °C and
pressures between 14 and 85 bar.16 Most measurements
were taken below Tg where the enhancement in diffu-
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sivity was found to be 2-3 orders of magnitude greater
than that predicted on the basis of T-Tg scaling.16 Data
were not obtained at conditions significantly above Tg,
namely at higher CO2 pressures where extensive sorp-
tion would severely plasticize the matrix and where
most processes are likely to be conducted. Recently,
Chapman et al. published results on azobenzene diffu-
sivity in CO2-swollen polystyrene at three different
temperatures, both above and below the depressed glass
transition of CO2-polystytrene mixtures.17 The location
of the glass transition temperature depends on the
sorbed volume fraction of CO2 in the polymer. Interest-
ingly, Chapman found that the diffusivities of the
azobenzene isomers (cis and trans) near the glass
transition in PS-CO2 systems exceed that of the
polymer melt at equivalent T-Tg scaling. This result
suggests that near Tg the sorbed volume of CO2 plays a
role in the probe mobility beyond that predicted on the
basis of glass transition depression alone. Our results
indicate similar behavior (see Results and Discussion).
Finally, Chapman et al. noted differences in diffusion
coefficients between the cis- and trans-azobenzene
isomers that were attributed to the differences in the
strong attractive interactions between the probes and
CO2.

Like FRS, fluorescence NRET can be used to ac-
curately determine tracer diffusivities in polymer melts
and solutions. One advantage of NRET for studying
diffusion is the large number of donor-acceptor pairs
known in the literature.18 Consequently, appropriate
probes can be selected to study diffusivity as a function
of molecular size, shape, and flexibility among other
independent variables.19,20 Moreover, probes that do not
exhibit strong specific interactions with either CO2 or
the polymer matrix can be chosen. Finally, NRET
measurements can be conducted using steady-state
fluorescence spectroscopy, which is widely available.

The principles of fluorescence NRET and the frame-
work for their application to the measurement of
polymer and probe diffusion have been discussed in
detail.18,21-27 Recent experiments have validated the
approach for polymer melts and polymer solutions at
ambient pressure,19,28,29 although no previous studies
have been conducted at high pressure. Here we adapt
NRET for the in situ measurement of small molecule
probe diffusion in carbon dioxide-swollen polystyrene
films. Specifically, we investigate the concentration,
temperature, and size dependence of probe diffusivity
at conditions both near and significantly above the glass
transition of the polystyrene.

Experimental Section
Decacyclene (Aldrich), perylene (Aldrich), 9,10-bis(phenyl-

ethynyl)anthracene (BPEA) (Aldrich), and 1-pyrenylmethyl
methacrylate (Polysciences, Inc.) were used as received (Figure
1). CO2 (Coleman Grade) was used without further purifica-
tion. Styrene (Aldrich) was extracted with aqueous sodium
hydroxide to remove inhibitors and was dried with magnesium
sulfate. Polystyrene was synthesized by bulk free radical
polymerization. Pyrene-labeled polystyrene was synthesized
by bulk free radical copolymerization of 1-pyrenylmethyl
methacrylate with styrene. In both cases benzoyl peroxide
(Aldrich) was used as the initiator. Molecular weights of the
polystyrene homopolymer and copolymer were 240 000 g/mol
(PDI ) 1.67) and 233 000 g/mol (PDI ) 2.2), respectively, as
measured by gel permeation chromatography (GPC) calibrated
against polystyrene standards. The ratio of pyrene monomer
to polystyrene repeat units was approximately 0.009 as
determined by UV-vis spectroscopy using Perkin-Elmer

Lambda 4c spectrometer. This ratio was further reduced to
0.001 by blending the random copolymer (233K) with the
synthesized polystyrene homopolymer (240K). The glass tran-
sition temperatures (Tg) of 240K molecular weight polystyrene
was 101.5 °C as measured by differential scanning calorimetry
(DuPont Instruments DSC2910). The Tg of the copolymer was
102.5 °C. The glass transition temperatures were obtained by
extrapolation of data obtained at three different heating rates
(2, 5, and 8 °C/min) to zero heating rate. The measured Tg’s
are equivalent within experimental error. The concentration
of doped chromophore in polystyrene (240K) was 2.78 × 10-3

M. The acceptor doped and pyrene-labeled polystyrene films
(PLPS) were spin-coated from toluene solution on a square
glass window (1 in. × 1 in.). The films were dried under
vacuum, overnight, at room temperature to remove residual
solvent. Films of thickness in the range 0.35-0.72 µm as
measured by a Dektak D3 profilometer (Veeco Metrology) were
used in this study. Acceptor doped films were floated in a pool
of deionized water and transferred on top of a fused quartz
disk (1 in. diameter and 1/16 in. thick). The films were
annealed under vacuum for 30 min at 130 °C in order to relax
the stress developed during the spin-coating process. The
polystyrene film sandwich was prepared by floating off the
PLPS film in deionized water and transferring it on top of the
acceptor-doped polystyrene film. The resulting sample was
kept under vacuum at room temperature, overnight, to remove
water trapped between the films during the flotation and film
transfer steps.

NRET experiments were performed in a custom-built high-
pressure stainless steel cell equipped with a high-pressure
fiber-optic assembly. The fiber-optic assembly was fabricated
using high-pressure tubing, having an outer diameter of 0.25
in. and an inner diameter of 0.125 in. (HIP Inc.) using methods
described in the literature.30,31 Glass fiber-optic cables with
800 µm core, 830 µm cladding, and numerical aperture (NA)
of 0.39 were purchased from Thorlabs. Seven fiber-optic cables,
each approximately a meter long, were used to make the
assembly. Each cable was stripped of its buffer layer, inserted
into the high-pressure tubing, and sealed using JB Weld epoxy.
The optical assembly was inserted into the high-pressure cell
and sealed with a swagelok 0.24 in. male connector (SS-400-
1-2BT, Albany Valve & Fitting Co.) (Figure 2). In situ
fluorescence data were obtained using a SPEX Fluoromax-2
spectrometer. The sample was tilted at a slight angle with
respect to the excitation beam in order to minimize the amount
of reflected incident light from the sample reaching the
detector. Three optical fibers were used to carry the incident
light from the spectroscope to the sample, and four fibers were
used to capture the fluorescence signal from the sample. The
sample size was significantly larger than the incident beam
and the region of emanating fluorescence such that only the
uniform central part of the sample was interrogated. This
precaution eliminates errors introduced by variations in film
thickness that result from end effects of the spin-coating step.
The cell was housed in an aluminum box filled with glass wool
to avoid temperature fluctuations during the experiments. To

Figure 1. Chromophores used in this study.
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facilitate rapid heating, the cell was fitted with four cartridge
heaters, controlled within an accuracy of (0.5 °C.

Prior to each experiment, the cell containing the sample at
ambient pressure was equilibrated at the desired temperature
for at least 1 h. At ambient pressure, the temperatures used
are well below the Tg of the PS films. CO2 was then transferred
to the cell at a rate of 5-10 mL/min over a period of a few
seconds using a computer-controlled syringe pump (ISCO Inc.)
equipped with a thermal jacket. Fluorescence emission inten-
sity of the bound pyrene donor was monitored in the time
acquisition mode (at 377 nm) using an excitation wavelength
of 330 nm. Finally, the value of I∞ (see eq 1) was measured
using a homogeneous sample having an acceptor concentration
CA in both polymer films equal to CA0[y/(x + y)], where y and
x are the acceptor and donor film thickness and CA0 is the
acceptor concentration in the as-cast doped films.

Results and Discussion

A typical experiment involves two polymer films
assembled into a sandwich geometry to form an inter-
face. The top film is polystyrene lightly labeled with the
fluorescence donor, pyrene, and the bottom film is
polystyrene lightly doped with the complementary ac-
ceptor such as decacyclene. In this arrangement, the
diffusivity of the donor, covalently bound to polystyrene
chains, is orders of magnitude below that of the unteth-
ered acceptors. As the polymer sandwich is annealed
above the glass transition, the acceptors diffuse toward
the bound donors, which are assumed to be stationary
in the experimental time frame (Figure 3). As the
proximity of donor and acceptor molecules increases, a
continuous decrease in the observed fluorescence emis-
sion intensity of the donor and a complementary in-
crease in the emission intensity of the acceptor are
observed due to NRET. Diffusion coefficients of the
doped molecule are then calculated from the real-time
measurement of the energy-transfer efficiency. Typi-
cally, the drop in the donor emission intensity is
measured as its quantum efficiency is usually greater
than that of the acceptor.

A typical result is shown in Figure 4. The experiment
was conducted at 65 °C and a CO2 pressure of 69 bar,
conditions above the glass transition temperature of the
polystyrene, which is depressed upon solvent sorption.
The spectra show a time-dependent decrease in the
emission intensity of the covalently bound pyrene donor
that is attributed to the diffusion of decacyclene across
the interface. Collection of the full emission spectra is
time-intensive (∼45 s). The resulting data must be
corrected for acquisition time, which leads to uncer-

tainities at higher diffusivities. To avoid this problem,
all the probe diffusivity data were acquired in the time
acquisition mode by following the decrease in pyrene
fluorescence intensity at 377 nm. Data collection at a
fixed wavelength is quite rapid (tintegration ∼ 0.2 s), which
is required for measuring relatively high diffusivities
of acceptor probe in the CO2-swollen polystyrene. Figure
5 shows the decrease in emission intensity of the pyrene
donor as a function of time at 377 nm for diffusion
measurements at 65 °C and 69 bar. In all experiments,
the film thickness of both acceptor probe-doped poly-
styrene and pyrene-labeled polystyrene was adjusted
such that substantial decreases in emission intensity
were measured over experimentally accessible time
frames. Diffusion coefficients of acceptor probes were
calculated from the data using a system-dependent
transport model for the efficiency of energy transfer,
EN(t), via19,23

EN(t) is the normalized energy transfer efficiency,
ID(0), ID(t), and ID(∞) are the corrected experimental
fluorescence intensities at the onset of the experiment,
the time of interest, and infinite time, respectively,

Figure 2. Equipment schematic for high-pressure fluores-
cence NRET.

Figure 3. Schematic of the acceptor diffusion in the bilayer
film.19 Sample geometry and concentration profile of the
acceptor molecule before (a) after addition of CO2 (b).

Figure 4. Fluorescence emission spectra of a pyrene-labeled
PS/decacyclene-doped PS bilayer film in the presence of CO2
at 69 bar and 65 °C as a function of annealing time. The
emission intensity of the tethered pyrene chromophores de-
creases as decacyclene diffuses across the interface.

EN(t) )
E(t)
E(∞)

)
ID(0) - ID(t)

ID(0) - ID(∞)
) (xDprobet

w )[Kbn] (1)
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Dprobe is the diffusivity (cm2/s), t is time in seconds, w is
the thickness of the donor-labeled layer, and Kbn is given
by

where

CA0 is the initial concentration of the doped acceptor in
molar units. A0 is a constant for a given donor-acceptor
pair given by

where NA is Avogadro’s number and R0 is the Förster
radius in centimeters. The fluorescence emission inten-
sity of the pyrene donor at infinite diffusion time was
obtained from an appropriate film as discussed in the
Experimental Section. The simple relation (eq 1) be-
tween the normalized energy transfer efficiency and
tracer diffusivity is derived by assuming Fick’s law and
is valid only for t e w2/(16Dprobe).19 Figure 6 shows the
plot of EN(t) as a function of t1/2 for decacyclene and
BPEA for representative experiments. The relation
between EN(t) and t1/2 is linear in accord with the
Fickian assumption for probe mobility in CO2-swollen
polystyrene matrix. For these examples, the tracer
diffusivities of decacyclene at 65 °C and pressures of 69
and 76 bar are 1 × 10-13 and 2.9 × 10-13 cm2/s,
respectively. BPEA diffuses at 6.5 × 10-13 cm2/s at 65
°C and 76 bar of CO2 pressure.

Sorption of CO2 in polystyrene induces dilation of the
film and decreases the initial acceptor concentration.
These effects must be taken into account in order to
accurately determine the probe diffusivity. The volume
and weight fraction of CO2 sorbed in polystyrene and
thus the volume change of the polymer film upon CO2
sorption were calculated using the Sanchez-Lacombe
equation of state (S-L EOS) with interaction param-

eters obtained by fitting the experimentally determined
sorption isotherms. For this purpose we used CO2
sorption data in PS recently measured by us at 65 °C
and pressures between 61 and 102 bar using high-
pressure neutron reflectivity.12 At these conditions, the
samples are well above the solvent-depressed glass
transition.12,32 Details of the calculation are similar to
that provided elsewhere.33,34 The percent thickness
change of the polystyrene films upon CO2 sorption was
assumed to be equal to the percent volume change due
to the large surface area-to-thickness ratio of the films.

Figure 7 shows probe diffusivity as a function of
weight fraction of CO2 in the polystyrene matrix. The
diffusivity of decacyclene increases by over an order of
magnitude at 65 °C upon a modest increases in CO2
sorption from 7 to 11 wt % (Figure 7a). Similair results
were found for isotherms at 55 and 70 °C. By compari-
son to probe diffusivity at the same temperatures and
ambient pressure, conditions under which the poly-
styrene matrix is a glass, the enhacement in decacyclene
diffusivity is more than 4 orders of magnitude. Such
behavior clearly demonstrates the effective plasticiza-
tion of polystyrene matrix by sorbed CO2. Similar
behaviors were observed for BPEA and perylene probes
(Figure 7b). The solid lines shown in the figures are fits
using the Vrentas-Duda free volume theory as dis-
cussed below.

While the NRET measurements are conceptually
straightforward, a number of factors must be considered
for application to the measurement of probe diffusion
in CO2-dilated films. First the chromophores must not
leach into the fluid medium. Pyrene is sparingly soluble
in CO2,35 but in our experiments this probe was tethered
covalently to the PS chains, which are insoluble. The
solubilities of the acceptor probes used here in polar and
nonpolar solvents are extremely small. Consequently,
extraction of acceptor probes into the fluid phase is not
anticipated. This was confirmed using fluorescence
spectroscopy: no evidence of extraction into a CO2 phase
in contact with a decacyclene-doped PS film at 65 °C
and 102 bar was found over a 1.5 h period. Second, as
CO2 sorption in PS increases with pressure, the polarity
of the medium changes slightly. Therefore, solvent
effects on NRET efficiency and probe emission intensity
must be considered. The steady-state emission spectrum
of pyrene exhibits several vibrational peaks that are

Figure 5. Relative fluorescence emission intensity (377 nm)
of pyrene-labeled PS in contact with decacyclene-doped PS as
a function of annealing time at 65 °C and 69 bar. The data
were obtained in the time acquisition mode, with an integra-
tion time of 0.2 s.

Figure 6. Normalized energy transfer efficiency, EN(t) vs t1/2.
Decacyclene in PS-CO2 at 65 °C and 69 bar (0), at 65 °C and
76 bar (O), and BPEA in the presence of CO2 at 65 °C and 76
bar (4). The time is normalized with respect to the thickness
of the pyrene labeled PS film.

Kbn ) (2xπ∫0
w/(2xDprobet)a exp(a2)(1 - erf(a)) dy

xπ(af) exp(af
2)(1 - erf(af))

) (2)

a )
CA0

2A0
(1 - erf(y)), y ) z

2xDprobet
, af )

CA0

2A0

A0 ) 3000
2NAR0

3π3/2
(3)
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sensitive to the polarity of the medium. For example,
the intensity of the 0-0 transition (I1) is solvent-
dependent, but the 0-3 transition (I3) is insensitive to
solvent.35 It is well-known, however, that monosubsti-
tuted pyrene derivatives are much less sensitive to
solvent polarity than pyrene.36 We found that the
emission spectrum of pyrene monomer and pyrene
covalently bound to the PS chain was largely insensitive
to the medium in which it was distributed: the I1/I3
ratio, which characterizes the influence of solvent
polarity, remained nearly invariant for both pyrene
monomer and pyrene-labeled polystyrene in solutions
of chloroform and benzene. Finally, the diffusivity of
CO2 in PS is many orders of magnitude greater than
that of probes studied. For example, Arora et al.
reported CO2 diffusivities of 2.4 × 10-6 cm2/s in PS at
80 °C and 238 bar,37 while probe diffusivities reported
here are no greater than 10-11 cm2/s. Thus, solvent
sorption occurs on a time scale that is very short relative
to that of the probe diffusion measurements. Therefore,
in practice, changes in matrix polarity upon CO2 sorp-
tion have little impact on our measurements. We also
assumed that probes tethered to PS chains are es-
sentially immobile in comparison to the more rapidly
diffusing doped chromophores. Recently, we reported PS
chains diffusivity in CO2-dilated PS films. Chains of
molecular weight 200 000 g/mol exhibit diffusivities

between 10-16 and 10-15 cm2/s at 62 °C and pressures
between 77 and 104 bar.38 By comparison, the probes
investigated in this study exhibit diffusivities between
10-13 and 10-12 cm2/s at nearly identical conditions.

In principle, the Förster radius is a function of the
polarity of medium in which the chromphores are
present, since it is determined by the overlap of the
absorption and emission spectra of the chromphores.
The variation of R0 with solvent polarity for the accep-
tor-pyrene pair is, however, quite small. R0 for deca-
cyclene-pyrene in chloroform, a polar solvent, as de-
termined in this study is 36.6 Å, which is very close to
the literature value in benzene, 37.1 Å.18 The Förster
radius values for the acceptor-donor pairs used in this
study are listed in Table 1.

It is also necessary to consider the possibility of
chromopohore photobleaching over the course of the
measurements. Figure 8 shows a plot of emission
intensity from a bilayer of pyrene-labeled polystyrene
film over decacyclene-doped polystyrene film as a func-
tion of time at 65 °C and CO2 pressure of 1 bar. Pyrene
emission remains essentially constant, indicating little
or no photobleaching of the probes. Finally as mentioned
earlier, probe-diluent interactions must be considered.
Strong intermolecular interactions between the solvent
(or matrix) and the probe can lead to coupling, which
affects probe mobility. Strong specific interactions are
not expected between CO2 and the probes used in this
NRET study.

The Vrentas-Duda free volume model39-41 extended
to ternary systems42 has been shown to successfully
describe the concentration and temperature dependence
of probe mobility in polymer solutions.20,42-44 The model
is based on the theory of Cohen and Turnbull,45,46 which

Figure 7. Acceptor probe diffusivity in CO2-swollen poly-
styrene as a function of the weight fraction of sorbed CO2: (A)
decacyclene at 55 (b), 65 (9), and 70 °C (2); (B) BPEA at 65
°C (4), perylene at 55 °C (0), and decacyclene at 55 °C (b).
The solid lines are fit using the Vrentas-Duda free volume
model.

Table 1. Molar Volume (at 0 K), Fo1rster Radius, and
Jump Ratios

molar vol at
0 Ka (cm3/mol) R0

b (Å) êprobe,p
c ês,p

d êprobe,s
e

decacyclene 314 36.6 1.15 0.233 4.95
BPEA 288 33.9 1.05 0.233 4.49
perylene 185 33.3 0.71 0.233 3.05

a Molar volume at 0 K calculated from group contribution
method of Sugden.52 b The Förster radius for decacyclene from
this study; BPEA and perylene from the literature.18 c Jump ratio
from this study. d Jump ratio from previous study.38 e Jump ratio
from eq 6.

Figure 8. Emission intensity of a pyrene-labeled polystyrene/
decacyclene-doped PS bilayer film in the presence of CO2 as a
function of time at 65 °C and 1 bar for 120 min. There is no
evidence of pyrene photobleaching.
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describes the relationship between diffusion and free
volume in a medium of hard spheres. In this study we
apply the Vrentas-Duda model to describe the concen-
tration dependence of the probe mobility in CO2-swollen
polystyrene matrices. Recently, we showed that the
concentration dependence of polystyrene self-diffusivity
correlates well with the Vrentas-Duda theory for
binary systems of polystyrene and CO2.38

The model for ternary systems in the limit of vanish-
ing probe concentration can be written20,47

where Dprobe is the tracer diffusivity of the probe in the
polymer solution; D0 is the preexponential factor, which
incorporates the effects of temperature; wi and V̂i

* are
the weight fraction and the critical hole free volume per
gram for the displacement of the ith jumping segment;
and s and p denote solvent and polymer, respectively.
V̂FH is the average hole free volume per gram of the
mixture. If the volume change on mixing is assumed to
be small, V̂FH can be obtained by adding the weighted
free volume of the respective components of the mixture.
γ is the overlap factor signifying that more than one
jumping unit can occupy a site. êij is the ratio of the ith
and the jth jumping units and is computed using

where Mi and Mj are the molecular weights of the ith
and jth jumping units; V̂i

0(0) and V̂j
0(0) are the specific

occupied volume at 0 K. All the parameters are obtained
from our previous neutron reflectivity study of PS self-
diffusion in CO2-dilated films38 except D0 and êprobe,p,
which are used as free fit parameters (see Tables 1 and
2).38 In our study, T-Tg for the polystyrene-CO2 system
ranges from 10 to 40 °C. In this range, the diffusivity
in the polymer matrix is free volume limited. Therefore,
the temperature dependence of the probe mobility can
be absorbed into D0, the preexponential term in eq 4,
which is then treated as a unified constant.39 We have
used D0 as a fit parameter and have not attempted to
attach any additional physical significance. For a more
detailed analysis, D0 must be evaluated over a wide
range of temperatures at a constant volume fraction of
CO2 in the polystyrene matrix. The diffusivity data
shown in Figure 7a,b are fit to the Vrentas-Duda free
volume model using the IMSL library subroutine DB-
CLSF provided in Microsoft Fortran Powerstation (ver-
sion 4.0).

Insight into solvent and probe diffusion in polymers
can be gained by examining the jump ratio êij of the
various components in the mixture. Sillescu et al.
measured the diffusion coefficient of photoreactive dyes
of varying size and flexibility in a number of polymer
matrices.48 The authors interpreted the jump ratio
between probe and polymer, êprobe,p, as the extent of
coupling of the probe mobility to the R-relaxation process
above the glass transition temperature. For small probe
molecules, solute diffusion does not require cooperative
rearrangement of the polymer chains and êprobe,p < 1.
As probe size (volume) increases, the degree of coopera-
tion increases; for full coupling, êprobe,p ) 1. A progressive
increase in êprobe,p and a ceiling value of 1 are easy to
envision when considering diffusion of monomer, oligo-
mers, and polymer chains of increasing molecular
weight in a substrate polymer of the same chemical
composition. For tracer diffusion of probes having a
composition or structure different from the matrix there
are other considerations including probe flexibility,
shape, and interaction of the probe with the matrix
polymer. Nonetheless, after examination of a number
of systems, Ehlich and Sillescu proposed that the
maximum value of êprobe,p is 1 for all species.

Values for êprobe,p for decacyclene, BPEA, and perylene
obtained in this study are listed in Table 1. For
decacylene, êprobe,p is clearly greater than the ceiling
value proposed by Sillescu, whereas for BPEA and
perlylene it is approximately equal to and considerably
less than one, respectively. Because of the limited range
of probes and solvent concentrations studied, it is
difficult to comment definitively on the validity of a
ceiling value of 1 for the jump ratio of very large, rigid
probes near Tg. However, the value obtained for deca-
cyclene by NRET (1.15) cannot be explained by uncer-
tainty in the measurement alone. This question of a
ceiling value for êprobe,p will be the subject of future
study. Nevertheless, it is clear that the jump ratio
decreases with the size of the probe molecule and
suggests less coupling of the probe mobility to the
segmental relaxation process as the probe size de-
creases.

The jump ratios between the solvent and the polymer
(ês,p) and the probe and the solvent molecule (êprobe,s)
are related by

The results for carbon dioxide and the three probes used
in our study are listed in Table 1. The jump ratios
suggest that unlike decacyclene, BPEA, or perylene, CO2
diffusion is not strongly coupled to the R-relaxation of
PS. In addition, the jumping units for the probes are
considerably larger than that of CO2; êprobe,s ) 4.95, 4.49,
and 3.05 for decacyclene, BPEA, and perylene, respec-
tively.

Wisnudel et al. studied the effect of size, shape, and
flexibility on the diffusion of 14 small probes in solutions
of low molecular weight PS (3800 g/mol) in tertahydro-
furan (THF), cyclohexane, and carbon tetrachloride
solutions of up to 400 g/L using Taylor dispersion and
up to 700 g/L using phosphorescence quenching tech-
niques.20 The solvent-polymer jump ratios (ês,p) for PS
in THF,49 CCl4,49 and cyclohexane50 solution were 0.466,
0.519, and 0.563, considerably greater than the value
of 0.233 found for CO2 dissolved in PS in our study.

Table 2. Vrentas-Duda Free Volume Parametersa

T
(°C)

V̂s*
(cm3/g)

Vs
H

(cm3/g)
V̂p*

(cm3/g)
Vp

H

(cm3/g) D0

Decacyclene Probe
55 0.589 0.244 0.85 0.0235 0.02
65 0.589 0.25 0.85 0.0239 0.088
70 0.589 0.257 0.85 0.0245 0.224

BPEA
65 0.589 0.25 0.85 0.0239 0.0194

Perylene
55 0.589 0.244 0.85 0.0235 4.55 × 10-6

a Free volume parameter from previous study,38 except D0 and
êprobe,p which are from the Vrentas-Duda model fit to the data.

Dprobe ) D0 exp[-
γêprobe,p(wsV̂s*

ês,p
+ wpV̂p*)

V̂FH
] (4)

êij )
V̂i

0(0)Mi

V̂j
0(0)Mj

(5)

êprobe,s )
êprobe,p

ês,p
(6)
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There are also differences in the jump ratio of the probe
and solvent. If it is assumed that the jump ratio between
the probe and the polymer has a ceiling value of 1, as
suggested by Sillescu et al., then the largest jump ratio
between a probe and THF observed by Wisnudel was
2.14, compared to a value of 4.95 for decacyclene and
PS observed in the present study. The latter is close in
magnitude to the value for aberchrome 540 determined
by Frick et al. in PS-toluene solutions using FRS.44

Some, but not all, of these differences can be attributed
to differences in the molar volumes of the species
involved. Wisnudel found that the êprobe,s when plotted
against the ratio of the molar volumes (at 0 K) of the
probe and the solvent molecule either fell on the line
with slope 1 or 0.13 and questioned whether these
behaviors were universal. A plot of the êprobe,s vs the
ratio of the molar volume of probe to CO2 at 0 K results
in a slope of 0.4 as shown in Figure 9. Results of
Wisnudel et al. indicate that êprobe,s for decacyclene and
BPEA in THF at 25 °C fall on the line with slope of
0.13.20 Although the conditions of the two studies are
quite different (unentangled chains in solutions vs
highly concentrated, high molecular weight systems
near Tg), our results suggest that the relationship
between êprobe,s and the molar volumes of the system is
not limited to either 1 or 0.13 and is likely system
dependent.

Another aim of our study was to obtain the temper-
ature dependence of the friction factor of the probes and
compare with the segmental friction factor for poly-
styrene chains in CO2-swollen polystyrene matrix. The
friction factor for the probe molecules were calculated
using the following relation:

If the reptation mechanism is valid for polymer chain
diffusion in CO2-swollen polymer matrix, then the
segmental friction factor may be calculated using the
relation51

The number of polymer segments for entanglement (Ne)
is calculated on the basis of the previous study.38 The
exponent δ has a value of 0.26 and is an outcome of the
universal molecular weight scaling of the polystyrene

self-diffusivity.38 Figure 10 shows the plot of the friction
factor with T-Tg in the system. Evaluation of the
depression in the glass transition temperature of poly-
styrene upon sorption of CO2 is described elsewhere.38

Figure 10 shows that the friction factor for decacyclene
is higher than BPEA, which in turn is higher than
perylene in concentrated solutions of PS-CO2. Such a
result is in agreement with the Stokes-Einstein equa-
tion, which relates the friction factor to the hydro-
dynamic radius of the molecule. The polystyrene jump-
ing unit, which has the smallest size in this study (108
cm3/mol), has the lowest friction factor. Another inter-
esting outcome from Figure 10 is that decacyclene
diffusivity data for the PS/CO2 system at different
temperatures and pressures collapse onto a single curve
when scaled with T-Tg, which is distinct from the
scaling of decacyclene diffusivity in the neat melt. Such
a plot may find its utility in predicting probe diffusivity
at conditions not easily accessible or outside the limit
of a particular technique. Our results are in accord with
those of Chapman and Paulaitis, who found azobenzene
diffusion in CO2-dilated PS was substantially more
rapid than diffusion in the neat PS melt at equivalent
T-Tg.16 While these differences are far in excess of those
that could arise from errors in the calculation of Tg, it
is important to note that Chapman and we use the same
relation to determine Tg depression in CO2-dilated films.

The apparent activation energy for decacyclene dif-
fusivity in polystyrene swollen matrix was obtained at
a constant volume fraction of CO2 in the polystyrene
matrix. Figure 11 shows the apparent activation ener-
gies of 57 and 26.5 kcal/mol at CO2 volume fractions of
0.051 and 0.063 in PS, respectively. The T-Tg in this
study ranges from 20 to 40 °C. The apparent activation
energy for decacyclene diffusivity in PS melt in the
T-Tg range of 3-20 °C is 100 kcal/mol.52 The addition
of CO2 lowers the apparent activation energy for the
diffusive jump of the probe molecules by increasing the
free volume in the system in comparison to the melt in
the same T-Tg range.

Conclusions

Fluorescence NRET techniques have been adapted for
the measurement of molecular probe diffusion in poly-
mer matrices swollen with supercritical carbon dioxide.
In this study, we demonstrated that CO2 sorption
enhances the diffusivity of relatively large organic

Figure 9. êprobe,s vs molar volume ratio of probe to solvent at
0 K. Data from Wisnudel et al.20 (4, 0); this study (O).

úprobe ∼ T
Dprobe

(7)

úps-segment ∼ ( T
DsN)(Ne

N )1+δ

(8)

Figure 10. Logarithm of the friction factor vs T-Tg in CO2-
dilated films: decacyclene in PS-CO2 (b), BPEA in PS-CO2
(9), perylene in PS-CO2 (2), PS segment friction factor38 (4).
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acceptor molecules by more than 4 orders of magnitude
relative to the PS glass at ambient pressure and the
identical temperature. The probe diffusivity increases
by over an order of magnitude as sorption of CO2 in the
polystyrene matrix increases from 7 to 11 wt %. Three
different probe molecules, varying in volume by a factor
of 1.7, were studied. The concentration dependence of
the three probes is shown to correlate well with the
Vrentas-Duda free volume model extended to ternary
systems. The jump ratio between the probe and the
polymer segment is shown to decrease with the size of
the probes, indicating less coupling of the probe mobility
to the relaxation of the polystyrene chain segments as
the size of the probe decreases. The jump ratio between
the probe and the solvent is much higher than the
previous reported ceiling value of 2.14, indicating strong
dependence of the ratio on the size and shape of the
probe-solvent pair. The ratio is shown to linearly
correlate with the volume ratio of the probe to the
solvent, at 0 K, with a slope of 0.4. The apparent
activation energy of the decacyclene probe in the CO2-
swollen polystyrene matrix is lower than in the poly-
styrene melt case in a similar T-Tg range. This indi-
cates the lower friction and thus enhanced diffusivity
of the probes in the matrix due to the addition of free
volume upon CO2 sorption.
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