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ABSTRACT: The hydrophilicity of polymers can be im-
proved through surface modification, traditionally done
with conventional organic solvents, but these may cause the
deterioration of polymer bulk properties due to irreversible
polymer swelling. However, supercritical carbon dioxide
(scCO2) not only swells the polymer reversibly, but also acts
as a convenient transport medium for monomeric solutes,
which may be subsequently polymerized. Thus we are able
to modify the polymer surface without affecting its bulk
strength and durability. Here we report scCO2 surface mod-

ification of polybutadiene using ultraviolet-visible (UV/Vis)
and Fourier transform infrared (FTIR) spectroscopy. Mono-
mers such as 3-vinylbenzoic acid and crotonic acid are used
to study the effects of pressure, solute structure, and reaction
mechanism on the diffusion rates and partitioning of mono-
mers between the fluid phase and the polymer. © 2003 Wiley
Periodicals, Inc. J Appl Polym Sci 88: 522–530, 2003
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INTRODUCTION

Polymer surfaces have been modified by plasma treat-
ment, chemical etching, ozone treatment, ion beam
modification, and surface grafting.1–5 More recent ap-
proaches include grafting of monomers to polymer
surfaces in supercritical carbon dioxide (scCO2),6

which overcomes the disadvantages encountered by
traditional methods, such as polymer degradation and
bulk strength deterioration. Supercritical CO2 is a poor
solvent for many polymers, but it can be an effective
swelling agent, and this swelling process is completely
reversible. Moreover, scCO2 also can act as a superla-
tive transport medium for monomeric solutes and
photoinitiators to diffuse onto polymer surfaces.
These monomers can polymerize with themselves and
crosslink with the primary polymer matrix to form a
chemically different polymer surface. Another advan-
tage of using scCO2 for surface grafting is total control
of the degree of surface modification by tuning the
temperature and pressure of the system. Several re-
search groups have modified polymer surfaces with
scCO2.6,7 However, most of the scCO2 work has been
done at high temperatures and pressures to produce
polymer blends and composites instead of a chemi-
cally reacted surface.

The goal of this work was to increase the hydrophi-
licity of a polymer surface, particularly polybutadiene,
by treating it with hydrophilic monomers in the pres-
ence of an appropriate photoinitiator, in an scCO2 envi-
ronment. A schematic of this process is shown in Figure 1.

The monomers, upon exposure to an ultraviolet
(UV) light source, polymerize and crosslink with the
double bond of polybutadiene to form a chemically
different polymer surface. The experiments were car-
ried out at relatively low temperature and pressures.
The adsorption kinetic data for two different hydro-
philic monomers were obtained using UV and Fourier
transform infrared (FTIR) spectroscopy. The treated
films were then characterized by FTIR spectroscopy
and contact angle measurements.

EXPERIMENTAL APPARATUS
AND PROCEDURE

Apparatus

Adsorption kinetic data were obtained using an HP
8453 UV/Vis and a Bruker Vector 22 IR spectropho-
tometer. Contact angles were measured with a goni-
ometer. The UV light source was a Kratos LH151 N/2
short-arc lamp with 1000-watt power.

Experiments were carried out in high-pressure op-
tical cells with parallel paths,8 and quartz, barium
fluoride (BaF2), or zinc selenide (ZnSe) windows. BaF2
windows were particularly useful as they have negli-
gible absorption in the UV or IR regions.

During the experiments, the cell was constantly
stirred by two stir bars placed at the bottom of the cell,
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to ensure rapid dissolution of monomer and to keep
the conditions uniform inside the cell. Temperature
was measured by an Omega type-K thermocouple in
contact with the fluid. Pressure was read from a Druck
pressure gauge DPI 260 and a Druck pressure trans-
ducer PDCR 4010, connected to the cell through a
short line of tubing, accurate to �0.07 bar. The cell
temperature was controlled to within 0.3 K by an
Omega CN9000A temperature controller with six car-
tridge heaters. Carbon dioxide was introduced into
the cell using an Isco syringe pump, Model 500D.

Materials

All solid chemicals used in the experiments, from
Aldrich Chemical Company, are listed in Table I,
along with some important physical properties. Puri-
ties of these compounds range from 96 to 99�%. (98%
cis)-Polybutadiene with a weight-average molecular
weight range of 2,000,000 to 3,000,000 was used. High
performance liquid chromatography (HPLC) grade
solvents, including ethanol (200 proof), toluene
(99.8%), cyclohexane (99�%), n-heptane (99�%), and
n-hexane (85%), were obtained from Aldrich Chemical
Company and J. T. Baker. Supercritical fluid chroma-
tography (SFC)-grade carbon dioxide, from Matheson
with at least 99.99% purity, was dried with molecular
sieves before use.

Procedure

All experiments were performed at 308 K, with pres-
sures ranging from 80 to 95 bar. Most polymer films
were solvent-cast on either quartz or ZnSe substrates
from solution of (cis)-polybutadiene in cyclohexane.
Some other films were made by a spin coating tech-
nique in various solvents, including toluene, n-hexane,
and n-heptane. Film thicknesses varied from 0.005 to
0.040 cm. Films were dried under vacuum for at least
24 h before use.

First, the polymer film, on a crystal substrate, was
placed in one path of the parallel-path cell. It was held
in place between the two windows by a small spring.
Solutes, including monomers and photoinitiator, were
weighed and added to the cell. After loading, the cell
was placed under vacuum for 30 min at room temper-

ature. Then, the cell was heated to 308 K and pressur-
ized with CO2. The cell was constantly stirred
throughout the experiment. Once a desired pressure
was reached, spectra were collected through both op-
tical paths using either a UV or an IR spectrophotom-
eter. Spectra were taken periodically for 3–6 h, as
needed. Some UV absorption spectra of 3-vinylben-
zoic acid in polybutadiene subjected to scCO2 solution
are shown in Figure 2.

After data collection, the optical path with the poly-
mer was subjected to a UV light source (1000-W short-
arc UV lamp) for 1 h while still under CO2 pressure to
promote the polymerization reaction. The cell was
then depressurized slowly to prevent foaming of the
polymer film. After the depressurization was com-
plete, the polymer film (on the substrate) was exposed
to UV light for another 30 min to complete the poly-
merization process. Finally, the contact angle of water
on the treated polymer surface and the IR spectrum of
the polymer were measured to characterize property
changes. In some cases, Soxhlet extraction was per-
formed, with HPLC ethanol as the solvent, on the
treated polymer film to verify that the monomers had
actually chemically grafted and crosslinked with po-
lybutadiene matrix.

Chemical reactions

In this study, polymerization reactions were believed
to proceed by free-radical mechanisms. However, the
initiation stage could be either free-radical addition to
a double bond or hydrogen abstraction, depending on
which photoinitiator was used. For example, benzoin
ethyl ether (or BEE) upon exposure to UV light can be
excited to form two free radicals, which can add across
a double bond.2 Conversely, 1,4-naphthoquinone is
more likely to facilitate the polymerization with a
free-radical hydrogen abstraction mechanism.9 De-
tailed mechanisms for different polymerization pro-
cesses are proposed as in Schemes I–III, where B•

refers to free radicals formed from photonitiator BEE
and R• refers to any free radical present in the system.

RESULTS AND DISCUSSION

1,4-Naphthoquinone solubility data were reported
previously.10 The solubilities of 3-vinylbenzoic acid

Figure 1 Schematic diagram of polymer surface modification process in scCO2.
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and benzoin ethyl ether in scCO2 were measured us-
ing UV/visible (VIS) and FTIR spectroscopy by the
same method (Table II). The polybutadiene film sur-
face was treated with photoinitiator and acid mono-
mer separately, or with combinations of both. Table III
shows the results of contact angle measurements for
all cases. To ensure that the polymer surface was
chemically grafted, we extracted the treated polymer
films with ethanol (using Soxhlet extraction). IR spec-
tra of the extracted polymer still showed presence of
the hydrophilic modifiers, verifying that we did in-
deed chemically graft the polymer surface.

There were several factors affecting the polymer
surface properties, including the reaction mechanism,
operating conditions, and the solute behavior in the
system. Each of these factors is discussed in more
detail.

Effect of polymerization mechanism on polymer
surface property

According to contact angle results reported in Table
III, all chemical reagents used in this study showed
some increased hydrophilicity. The differences in con-
tact angle could be rationalized based on different
reaction pathways of the polymerization process. Sev-
eral possible scenarios were investigated and com-
pared.

Polybutadiene treated with either 3-vinylbenzoic
acid (VBA) or crotonic acid (CA) without
photoinitiator (reaction path vii)

When polybutadiene was treated with VBA without
any photoinitiator present, we observed neither
change in contact angles nor in the IR spectra of poly-

TABLE I
Physical Properties of Polymer and Solutes

Name Structure
MW

(g/mol) Tm (K) Tb (K)
Tg
(K)

Solubility
Parameter
at 298 K,

(J/cm3)1/2

(cis)-Polybutadiene
2,000,000

—
3,000,000

— — 171 12.89

3-Vinylbenzoic acid 148 364–368 — — 22.3

Crotonic acid 86 345 453–454 — 25.34

Benzoin ethyl ether 240 332–334 — — —

1,4-Naphthoquinone 158 396–398 — — —
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mer surface before and after treatment. This evidence
suggests that VBA was not able to crosslink with
polybutadiene and remain on the polymer surface by
itself. Conversely, CA was able to graft onto the po-
lybutadiene surface and to affect its hydrophilicity.
The reduction in surface contact angle was quite sig-
nificant, about 26°, due to the highly hydrophilic na-
ture of CA molecules. One might speculate that when
the system was subjected to UV light over a wide
range of wavelengths, VBA would be much more

likely to polymerize with itself to form poly(3-vinyl-
benzoic acid) than with the polybutadiene. As a result,
the poly(3-vinylbenzoic acid) formed was not attached
chemically to the polymer surface and could be re-
moved easily during the CO2 depressurization and
Soxhlet extraction process. Unlike VBA, CA would be
more likely to crosslink with the polybutadiene and
remain on the polymer surface, and thus lowering its
contact angle.

Polybutadiene treated with benzoin ethyl ether
(BEE) or 1,4-naphthoquinone (NAPH) alone
(reaction paths i and iv)

As mentioned above, BEE was used to initiate the
reaction by breaking up the COC bond and forming
two free radicals (B•) as shown in reaction Scheme I.
However, NAPH may initiate the reaction through a
hydrogen abstraction route, as shown in reaction
Scheme II. In both cases, after the initiation step to
form free radicals, the polymer is able to crosslink
with itself to form crosslinked polybutadiene, with a
few photoinitiator radicals hanging from its surface.
The two photoinitiators may be somewhat hydrophilic
themselves. Thus, by attaching to the polymer chains,
they could affect the polymer surface properties. In
fact, we observed a reduction in contact angle of the
polymer surface by about 12° for both cases.

Figure 2 UV absorption spectra of 3-vinylbenzoic acid in
polybutadiene subjected to scCO2 solution.

Scheme I With BEE as the photoinitiator.
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Polybutadiene treated with either VBA or CA in the
presence of BEE (reaction paths ii and iii)

In this case, the free-radical B• would still be more
likely to attack the CAC bond in polybutadiene first to
form P1, due to the resonance stability in VBA and CA
molecules. Then, a polymer free-radical P1 can react
with CAC bonds in either VBA or CA molecules to
form graft copolymers (as shown in reaction Scheme
I). Our contact angle measurements indicate that the
reduction in the case with CA was more significant
than with VBA. One possible explanation for this is
that the free radical formed in reaction path iii was less
resonance stable than the one formed by reaction path
ii. Therefore, when the polymer was treated with CA,
there was better chance for more CA molecules to
graft onto the polybutadiene surface. We also noticed
that the hydrophilic of the polymer surface in these
cases was improved when compared to treatment
with only BEE. This observation is consistent with the
fact that the carboxylic acid monomers are more hy-
drophilic than the photoinitiators.

Polybutadiene treated with either VBA or CA in
presence of NAPH (reaction paths v and vi)

In this case, NAPH was believed to abstract hydrogen
from one of the carbons in polybutadiene to form a
polymer free-radical P2. Hydrogen abstraction from
VBA or CA molecules would be less likely due to the
formation of much more resonance-stable free radi-
cals. The polymer free-radical P2 has some resonance
stability; thus, it is more selective in its reaction path
than the polymer radical P1 in the case of BEE. Because
the terminal CAbond in VBA molecule is more acces-
sible than the internal CAC bond in the CA molecule,
P2 would be expected to react more readily with VBA
than with CA. Our contact angle results are consistent
with this speculation. The contact angle of polybuta-
diene surface was reduced by about 20° in the case of
VBA. Conversely, in the case of CA, it was reduced by
about the same amount as when the polymer was
treated with NAPH alone. Including CA in the process
in this case did not further improve polymer surface
hydrophilicity.

Scheme III Crotonic acid with polybutadiene, no photoinitiator.

Scheme II With 1,4-naphthoquinone as the photoinitiator.
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Effect of CO2 pressure and choice of solutes on the
partitioning and diffusivity of acids in
polybutadiene/CO2 system

The adsorption kinetics of 3-vinylbenzoic acid onto a
polybutadiene surface was measured for both optical
paths of the parallel-path cell; thus, we were able to
determine the adsorption kinetics of the solute onto
polymer surface. Because the polymer films were rel-
atively thin (0.01 cm) in comparison to the total optical
path length, we assumed that the molar absorptivities
of the solution in both optical paths of the cell were
approximately the same. The error in the molar ab-
sorptivity resulting from this assumption was calcu-
lated to be about 1%. The kinetic results are shown in
Figure 3. From these data, the partition coefficients
and the diffusivities of the solute for each system were
determined.

Effect on partition coefficient

The partition coefficient (Kc), defined as the ratio be-
tween the solute concentration in the polymer and the
solute concentration in the fluid phase, of 3-vinylben-
zoic acid is reported in Table IV, within 5% error.
When the BEE photoinitiator was present, as pressure
was increased from 81 to 94 bar, the partition coeffi-
cient of 3-vinylbenzoic acid decreased by almost a
factor of seven. Because our experimental conditions
were in the proximity of the critical region of CO2,
increasing pressure by 13 bar resulted in an increased
fluid density by almost 50%. The change in Kc was
more dramatic when pressure approached the critical
point of CO2. As pressure increased over the indicated
range, the fluid became a much better solvent. Conse-
quently, the solute partitions more into the fluid phase
at higher pressures. Therefore, the partition coefficient
of the solute decreased significantly as pressure in-
creased.

Comparing the two systems with and without the
photoinitiator BEE at CO2 pressure of 83.5 bar, Kc

values for 3-vinylbenzoic acid were different by about
50%. A possible explanation for this phenomenon was
that when BEE was introduced into the system, it
could act as a cosolvent for 3-vinylbenzoic acid in CO2
solution. Such a synergistic cosolvent effect on the
solubility of two solids in scCO2 is well known.11 As a
result, the solubility of 3-vinylbenzoic acid in CO2

solution was improved. Therefore, it partitioned more
in the fluid phase, or less in the polymer, when BEE
was present.

The Kc for crotonic acid in the polybutadiene/CO2
system is reported in Table IV, within 20% error (due
to very small mass uptake). The Kc for crotonic acid
was found to be substantially lower than Kc for 3-vi-
nylbenzoic acid. We might speculate that this occurred
because the activity coefficient of the crotonic acid in
the polymer is greater, due to the fact that the solu-
bility parameter of 3-vinylbenzoic acid [estimated �
� 22.3 (J/cm3)1/2 12] was closer to the solubility pa-
rameter of polybutadiene [� � 12.89 (J/cm3)1/2] than
was crotonic acid [� � 25.34 (J/cm3)1/2.

Effect on diffusivity

The diffusivity of solute in the polymer was obtained
by fitting our data, using Fick’s law for mass diffusion:

�Cp

�t � D
�2Cp

�x2 (1)

where Cp is the concentration of solute in polymer
(mol/L), t is time (s), D is diffusivity (cm2/s), and x is
the penetration distance (cm). The boundary and ini-
tial conditions for eq. (1) are shown as follows:

Boundary conditions:

�Cp

�x � 0 at x � l, for all time

Cp � Cs�t� � KcCf�t� at x � 0, for all time

Initial condition: Cp � 0 at t � 0 for all x � 0,

TABLE III
Contact Angles of Polybutadiene Surface,

Untreated and Treated at 308 K

Solute (mole %)

P (bar) � (°)VBA CA BEE NAPH

— — — — — 94 � 0.5
100 — — — 82 95 � 1
— 100 — — 81 68 � 3
— — 100 — 83 83 � 2
— — — 100 85 79 � 3
92 — 8 — 81 76 � 1.5
92 — 8 — 82 75 � 3.5
92 — 8 — 83.5 73 � 2
92 — 8 — 85 81 � 2.5
92 — 8 — 94 71 � 6.5
92 — — 8 81 74 � 1
— 93 7 — 81 69 � 0.5
— 93 7 — 86 73 � 1.5
— 93 — 7 81 79 � 2

VBA: 3-vinylbenzoic acid; CA: crotonic acid; BEE: benzoin
ethyl ether; NAPH: 1,4-naphthoquinone.

TABLE II
Solubility of Solutes in CO2, at 308 K

Solute
P

(bar)
CO2 density

(mol/L)
Solubility (mole

solute/mole CO2)

3-Vinylbenzoic
acid 82 12.3 1.67 � 10�4

Benzoin ethyl
ether 78 7.6 2.22 � 10�5
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where l is the thickness of polymer film (cm). Cs(t) is
the concentration of solute at polymer surface (mol/L)
at time t. Kc is the partition coefficient of solute be-
tween the polymer and the fluid phase. Since the
concentration of solute in the fluid phase, Cf(t), was
known for each experiment, Cs(t) could be calculated
for all times. The diffusivity, D, was determined by
solving eq. (1) numerically using the finite difference
approximation with five nodes and time step of one
second. Since monomers did not dissolve rapidly, it
was necessary to include the time-dependent fluid
concentration in the model. The results for diffusivity
are reported in Table IV and Figure 4 for the cases of
treating polybutadiene with 3-vinylbenzoic acid, with
and without benzoin ethyl ether photoinitiator, at dif-
ferent CO2 pressures.

The calculated diffusivities have large uncertainties,
primarily due to large errors associated with the esti-
mated molar absorptivity (�p) of solute in the polymer
(35% uncertainty in estimated �p). This �p value is
implicit in Cp(t) in eq. (1). As seen in Figure 4, the
diffusivity of 3-vinylbenzoic acid in polybutadiene ap-
pears to increase with CO2 pressures, except for the
value at 83.5 bar, with large uncertainty. This trend
may be due to the greater CO2 swelling of the polymer
at higher pressures, creating more free volume to al-
low faster diffusion of solute molecules. The effect was

more significant around the highly compressible re-
gion of CO2.

Comparing the diffusivities at 83.5 bar when ben-
zoin ethyl ether was used and when no photoinitiator
was present, the photoinitiator seemed to increase the
diffusivity of the acid in polymer. This comparison
was less certain due to the overlapping error bars
shown in Figure 4. However, one might speculate that
the photoinitiator BEE helped prevent the dimeriza-
tion of 3-vinylbenzoic acid molecules before they dif-
fused into the polymer. This dimerization of 3-vinyl-
benzoic acid will be discussed in more detail below.
As a result, when benzoin ethyl ether was present, the
sizes of diffusing solute molecules were smaller
(monomers, not dimers), and thus their diffusion rate
was faster.

Dimerization of acids in CO2 solution

Carboxylic acids have the tendency to form dimers in
solution through hydrogen bonding, especially in su-
percritical fluid systems.13,14 In this work, we found
that both 3-vinylbenzoic acid and crotonic acid under-
went dimerization in scCO2 solution. This observation
was made using FTIR spectroscopy, with dilute acid
concentrations, 4.59 � 10�4 mol/L for 3-vinylbenzoic
acid and 8.35 � 10�4 mol/L for crotonic acid.

Figure 3 Adsorption of VBA onto polybutadiene surface, at 308 K.

TABLE IV
Partition Coefficient and Diffusivity of VBA and CA in Polybutadiene/CO2 System, at 308 K

Solute
Pressure

(bar)

Partition coefficient Diffusivity

Kc % Error D (cm2/s) % Uncertainty

VBA (no photoinitiator) 83.5 762 5 2.60 � 10�8 50
VBA (with BEE) 81 1897 5 1.01 � 10�8 50
VBA (with BEE) 83.5 489 5 5.30 � 10�8 43
VBA (with BEE) 85 346 5 2.75 � 10�8 45
VBA (with BEE) 94 275 5 3.28 � 10�8 39
CA (with BEE) 81–86 49 20 — —
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Figure 5 shows the IR absorption spectra of CAO
stretching modes for 3-vinylbenzoic acid, where the
peak at 1747 cm�1 represents the CAO band of the
monomer. When two acid molecules form a dimer
through H-bonding, the CAO band is shifted to a
lower frequency (1705 cm�1) due to the restricted
motion of the bond in the dimer form. Kazarian et al.15

show comparable results for H-bonding of alcohols in
various solvents. Similar to 3-vinylbenzoic acid, CAO
peaks for crotonic acid were observed at 1749 cm�1 for
the monomer and 1711 cm�1 for the dimer.

After solutes were completely dissolved in CO2 so-
lution, upon increasing CO2 pressure, or fluid density,
we observed that the absorption of CAO band of the
monomer increased, whereas the absorption of the
dimer band decreased. This behavior is also illustrated
in Figure 5. In order to describe the effect of CO2
density on concentrations of acid monomer and dimer
in solution, we assumed that the molar absorptivity (�)
of the solution did not change significantly over the
studied CO2 density range. Within this range, our
previous work showed that the increase in � of the
solution due to the increase of fluid density was about
10% for a different solute system.10 The decrease of �
due to an increase of fluid density has never been
reported previously. Without making the assumption
above, we experienced a large decrease in � value of
the monomer (60% decrease) and a significant increase
in � value of the dimer (70% increase). Such results
would be contrary to our understanding and to estab-
lished literature. Therefore, we believe that our as-
sumption of constant � over the CO2 density range
studied is reasonable. In fact, we doubt that � could be
calculated separately because it was influenced by two
concomitant effects, due to changes in solution con-
centration and in degree of dimerization.

Figure 6 shows the effect of CO2 density on the
monomer and dimer concentrations of 3-vinylbenzoic
acid and crotonic acid. The equilibrium constant for

the dimerization reaction, Keq, was calculated using
the formula:

Keq �
[dimer]

[monomer]2 (2)

Figure 7 shows the equilibrium constants of the
dimerization reactions for both 3-vinylbenzoic acid
and crotonic acid. As CO2 density is increased, the
solvent polarity also increases. In other words, the
solvation power of the solvent to dissolve the mono-
mers becomes better at higher density. Of course, the
solvation power for the dimers is also increased, but
we assume that the doubly H-bonded dimer is actu-
ally less polar than the monomer, and the effect on the
dimer may be less. In any event, Keq of dimerization
decreased as CO2 density is increased, which is con-
sistent with other studies of dimerization and H-bond-
ing networks.13–15 The change in standard Gibbs en-
ergy associated with dimerization in these cases was
calculated to be �5 kcal/mol at most. We also ob-
served that 3-vinylbenzoic acid and crotonic acid be-
haved more similarly at higher densities and the dis-
crepancies became more apparent at lower densities.

In our kinetic experiments for 3-vinylbenzoic acid,
we obtained data by following the absorption peaks of
the phenyl ring in its structure (UV �max � 297nm, or
IR � � 1585cm�1). The absorption of this peak should
not be affected by the dimerization of acid in CO2
solution. However, in the case of crotonic acid, the
only IR peak that could be isolated from the peaks of
polybutadiene and CO2 was the CAO stretch of the
monomer, at 1749 cm�1. The behavior of this peak did
not provide sufficient information about the amount
of crotonic acid being adsorbed onto the polymer sur-
face as a function of time. Therefore, we were unable
to follow the true adsorption kinetics of crotonic acid

Figure 4 Effect of CO2 pressure on the diffusivity of VBA,
at 308 K.

Figure 5 Effect of CO2 pressure on IR adsorption spectra of
VBA.
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onto the polymer surface using the spectroscopic tech-
niques described. In order to obtain these kinetic data,
other methods might be used, such as a microbalance
system, to measure gravimetrically the mass uptake in
the polymer as a function of time.

CONCLUSIONS

We have shown that the hydrophilic property of a
polybutadiene surface could be improved by treating
it with a hydrophilic reagent. The method was dem-
onstrated in a scCO2 environment, where CO2 acted as
the swelling agent for the polymer and the transport
medium for solutes to diffuse onto the polymer sur-
face. Depending on the chemical structure of the spe-
cies, we could predict the significance of the effect on
polymer surface hydrophilicity. We learned that CO2
pressure has a substantial influence on the partition-

ing of the solute between the polymer and the fluid
phase, and a smaller effect on the diffusivity of the
solute onto polymer surface for the case of polybuta-
diene. Based on these results, we could optimize the
operating conditions of the process to obtain desired
surface properties. We also characterized the dimer-
ization kinetics of carboxylic acids in CO2 solution.
This dimerization behavior significantly affects the
solubility and diffusivity of these acids in solution.
Therefore, in order to model accurately the solubility
of these acids in solution, more extensive studies on
the dimerization kinetics and phase behavior would
be required.
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