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ABSTRACT: High-pressure laser light scattering experiments were performed to study the molecular
association behavior of a diblock copolymer of poly(1,1-dihydroperfluorooctyl acrylate) and poly(vinyl
acetate) in supercritical carbon dioxide. Both pressure-induced and temperature-induced micellization
processes were observed over a pressure range of 90-552 bar and a temperature range of 25-75 °C,
respectively. In sequence with increasing pressure at a fixed temperature, five regions appeared: (1) an
insoluble solute appeared; (2) a small portion of the copolymer was dissolved to form unimers; (3) around
the critical phase separation pressure region, some large aggregates were observed together with unimers;
(4) over the critical phase separation pressure, very narrow size-distributed micelles in equilibrium with
unimers were formed in the solution; (5) with a further increase in pressure, the micelles were gradually
dissolved to form unimers; in the meantime, some anomalous large aggregates appeared around the critical
micelle pressure. The appearance of the large aggregates can be ascribed to the copolymer composition
heterogeneity. Upon lowering the temperature at a fixed pressure, a similar dissolution and association
process of the copolymer in CO2 was observed in terms of the critical phase separation temperature and
the critical micelle temperature (CMT), because both increasing pressure and decreasing temperature
increase the density of CO2 and thus improve the solvent quality. The pressure dependence of the CMT
with a fixed copolymer concentration, in combination with the pressure dependence of the critical micelle
concentration at a fixed temperature, enables us to summarize the results with a mathematical relation
among the critical micelle concentration, pressure, and temperature. After knowing either two of them
for the copolymer solution in CO2, the third critical micellization condition can be predicted. The positive
standard enthalpy of micellization (+18.8 kJ/mol) indicates an entropy-driven process.

Introduction

Supercritical carbon dioxide has attracted a great deal
of interest in recent years because it is viewed as a
potentially important alternative to environmentally
harmful chlorofluorocarbons (CFCs) and other organic
solvents for use in chemical extraction, polymer syn-
thesis, and industrial processing.1-7 As a solvent, CO2
is nontoxic, nonflammable, naturally abundant, easily
disposable, and its critical point (Tc ) 31 °C, Pc ) 73.8
bar) is easily accessible. Moreover, the solvent quality
can be tailored by changing the pressure or tempera-
ture. However, at present, industry is still using
millions of tons of hazardous organic solvents a year
because few substances will dissolve in CO2. The recent
development of surfactants designed specially to be
amphiphilic in CO2 may help CO2 to dissolve many
biomolecules and materials that are important to in-
dustry by means of emulsions, suspensions or disper-
sions.8-12 Two types of block copolymer surfactants
based on the poly(1,1-dihydroperfluorooctyl acrylate)
(PFOA) block or the poly(dimethylsiloxane) (PDMS)
block have been synthesized in the past few years.12,13

It was anticipated that these amphiphilic block copoly-
mers would self-assemble into micelles consisting of a
CO2-phobic core and a CO2-philic corona when dissolved
in supercritical or liquid CO2, thereby creating useful
microenvironments under controlled conditions for vari-
ous specific purposes, such as synthetic and catalytic
reactions, extractions of compounds, polymer processing
and separation in supercritical or liquid CO2.

The self-assembly of block copolymers can usually be
initiated either by an increase in concentration via the
critical micelle concentration (CMC) or by changing the
temperature via the critical micelle temperature (CMT),
above or below which the formation of associated
structures becomes appreciably important.14 In our
laboratory, a series of studies have been carried out on
the temperature-induced micellization of various block
copolymers with different composition and chain archi-
tecture in common solvents.15-20 The hydrophilic-
hydrophobic characteristics of polymeric surfactant
molecules could be considerably modified by changing
the temperature. Similarly, the solvent quality for the
block copolymers in supercritical fluids can be manipu-
lated by simply changing the pressure or temperature.
Many small-angle X-ray scattering (SAXS) and small
angle neutron scattering (SANS) studies on the molec-
ular dissolution/aggregation behavior of surfactants or
polymers in supercritical fluids have been reported;21-29

however, only a few laser light scattering (LLS) studies
have been carried out for the microemulsions of con-
ventional small surfactant molecules in supercritical
fluids.30-32 The high-pressure requirement of super-
critical fluids made it very difficult experimentally to
construct suitable light-transmitting windows. A sap-
phire window could depolarize the incident laser
beam,30-32 while an optical isotropic quartz glass win-
dow could be too brittle to be operated at high pressures
(i.e., >350 bar).33 The first high-pressure light scatter-
ing study on the pressure-induced micellization of a
diblock copolymer has been performed in our labora-
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tory,34 by using a newly constructed high-pressure fiber-
optic LLS spectrometer with gradient index of refraction
microlenses as cell windows.35 The use of the fiber-optic
probes not only miniaturized the LLS spectrometer but
also provided a high spatial coherence factor (â) value
of 0.7-0.9.35,36 The equipment has proven to be very
useful in probing the self-assembly behavior of block
copolymers in supercritical CO2, especially for large
aggregates over 100 nm, which have a length scale
beyond the conventional SAXS or SANS experiments.
The micelle formation and breaking-up, the micelle size
and its distribution, the intensity contribution from each
species, and some quantitative calculation from the
CONTIN results can provide us with a clear picture
about the pressure-induced molecular association pro-
cess of the diblock copolymer in supercritical CO2,34 in
terms of the critical micelle pressure (CMP).

On the basis of the previous LLS study on the
pressure-induced self-assembly behavior of the diblock
copolymer of poly(1,1-dihydroperfluorooctylacrylate) and
poly(vinyl acetate) (PFOA-b-PVAC) in supercritical CO2,
we extend the pressure-induced micellization to a dilute
solution. Meanwhile, the temperature-induced micel-
lization of the copolymer in supercritical CO2 at different
pressures were also studied in this work. The knowl-
edge about the CMC (or CMP or CMT) is of fundamental
importance to predict the micellization ability under
controlled experimental conditions. From the pressure
dependence of CMC at a fixed temperature34 and of
CMT at a fixed concentration, a mathematical relation
among the CMC, temperature, and pressure is proposed
so that we can predict the CMC value at a known
pressure and temperature for the PFOA-b-PVAC block
copolymer in CO2. Alternatively, we can predict a CMP
at a known concentration and temperature, or CMT at
a known concentration and pressure.

Experimental Section

Materials. SFC grade CO2 for the LLS experiments was
purchased from Scott Specially Gases. R,R,R-Trifluorotoluene
(Aldrich, 99+%) was used as received. Vinyl acetate (VAC,
Aldrich) and 1,1-dihydroperfluorooctyl acrylate (FOA, 3M)
were purified and deinhibited by passage through an alumina
column and were deoxygenated by argon purge prior to use.
Benzyl N,N-diethyldithiocarbamate (BDC) was synthesized
according to previously published literature.13

Synthesis of the PFOA-b-PVAC Diblock Copolymer.
The block copolymer was synthesized using the iniferter
polymerization technique by first polymerizing PVAC block
using BDC as the iniferter in conjuction with UV light.37 The
diblock copolymer used in this paper was obtained from
professor J. M. DeSimone at UNC at Chapel Hill. The sample
had a molecular weight of 4.31 × 104 for the PFOA block and
1.03 × 104 for the PVAC block, respectively. The PVAC block
had a polydispersity of Mw/Mn ) 1.6.

High-Pressure Fiber-Optic LLS Instrumentation. The
details of the instrumentation and its principles have been
described elsewhere.35 Briefly, the laboratory-built high-
pressure LLS cell was machined from 316 stainless steel.
Besides the incident and exit windows, three detectable
windows were opened, giving access to 30°, 90°, and 150°
scattering angles. Single or multiple fiber-optic probes, each
comprising an optical fiber and a graded index microlens, were
used to transmit the incident laser beam and to receive the
scattered light from the high-pressure cell. Our fiber-optic
probes positioned at different angles formed an integral part
of the scattering cell. Thus, no transparent windows and
goniometer were required. Such an arrangement has enabled
us to use the microlens itself as the optical window in the high-
pressure cell for LLS measurements. In the present setup,

single fiber optic probes were used at 90° and 150°, while a
multiple fiber optic probe with six fibers was used at 30°. The
calibrated results for all of the eight fiber probes are located
at 27.6°, 29.1°, 30.7°, 32.0°, 33.6°, 35.7°, 94.0°, and 146°,
respectively. The total sample chamber volume could be
varied from 2.4 to 6.0 mL. The inside surface of the cell was
blackened to prevent light reflection. The sample in the cell
could be stirred with a 12 × 7 mm, Teflon-coated magnetic
stirring bar while the cell was put on the stirring plate. The
pressure inside the cell was monitored by using an OMEGA-
DYNE pressure transducer (TH-1) with a gauge meter (INFS-
0001-DC1). The temperature of the cell was controlled by an
OMEGA temperature controller (MODEL CN-76000) equipped
with four OMEGA CSS cartridge heaters and a platinum RTD
probe (PR-13).

High-Pressure LLS Measurements. A Spectra-Physics
Model 165 argon ion laser operated at 488 nm was used as
the light source. The PFOA-b-PVAC diblock copolymer used
for high-pressure LLS measurements was dust-freed as fol-
lows: first, it was dissolved in R,R,R-trifluorotoluene at 2 ×
10-3 g/mL, and then filtered carefully into a dust-free bottle
by using 0.2 µm Millipore filters; finally, the solution was
evaporated and vacuum-dried at 45 °C for 1 week. The high-
pressure cell was dust-freed by flowing filtered supercritical
CO2 through the sample chamber for 1 h before use. A known
amount of sample was added to the high-pressure cell from
the exit window channel. After having heated the cell to the
desired temperature, it was pressurized with CO2 to the
desired pressure. The light-scattering measurements were
recorded after the solution had been stirred for 1-10 h and
further equilibrated for 5-10 h, both depending on the working
pressure and temperature. Experiments were typically per-
formed with a pressure and temperature precision of (0.5 bar
and (0.2 °C, respectively. Photon correlation measurements
were carried out by using a Brookhaven Instruments digital
correlator (BI9000). Normally, an intensity-intensity time
correlation function G(2)(t,q) in the self-beating mode is mea-
sured. G(2)(t,q) has the following form38,39

where A is a measured baseline, t is the delay time, and g(1)-
(t,q) is the normalized electric field time correlation function,
which can be related to the line-width distribution G(Γ) by

A Laplace inversion of eq 2 gives G(Γ), and the inversion can
be accomplished by using a CONTIN program.40 The line
width (or relaxation rate) Γ ) Dq2, where D is the translational
diffusion coefficient, and q ) (4πn/λ) sin(θ/2) with n, λ, and θ
being the solvent refractive index, the wavelength of light in
vacuo, and the scattering angle, respectively. After knowing
the D value, we can further determine the (equivalent)
hydrodynamic radius (Rh) by using the Stokes-Einstein
relation

where kB is the Boltzmann constant and η is the solvent
viscosity. The experimental uncertainties for D and Rh are
within (3% for our instrument. It should be mentioned that
both n and η41 are pressure and temperature dependent for
supercritical CO2. In the present work, n is calculated by using
the equation42

where V ) M/F in mL/(g‚mol) with M and F being the molar
mass and density of CO2, which can be found elsewhere.43

Results and Discussion
Pressure-Induced Micellization. Figure 1 shows

the pressure dependence of the excess scattered inten-

G(2)(t,q) ) A[1 + â|g(1)(t,q)|2] (1)

g(1)(t,q) ) ∫0

∞
G(Γ)e-Γt dΓ (2)

Rh ) kBT/6πηD (3)

Vn2 - 1
n2 + 2

) 6.600 + 1.25
V

- 264
V2

(4)
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sity for the PFOA-b-PVAC diblock copolymer in CO2 at
C ) 24 mg/mL, T ) 65 °C and a scattering angle θ of
32° over a pressure range of 90-552 bar. Here the
excess scattered intensity (Iexc) is defined as the differ-
ence in the scattered intensity between the solution and
the solvent, supercritical CO2. Iexc is proportional to ∆n,
the difference of the refractive indices between the
copolymer and the solvent (∆n ) nP - nS with nP and
nS the refractive index of the copolymer and solvent,
respectively). Six regions were observed in sequence
with increasing pressure. (1) At very low pressures
(<148 bar), nearly no scattered intensity was detected
even though there is sufficient ∆n value, indicating that
the polymer did not dissolve in the supercritical CO2 at
such low pressures. (2) In the pressure range of 148-
225 bar, the ∆n decreased gradually with increasing
pressure and showed very low values at 225 bar
(∼+0.003). In terms of the relation of Iexc∝ (∆n)2, Iexc
should decrease. However, low excess scattered inten-
sity was detected and Iexc increased with increasing
pressure, indicating that a small portion of the copoly-
mer was gradually dissolved to form unimers (single
copolymer chains) in solution. (3) When the pressure
was increased from 225 to 242 bar, the ∆n value of the
copolymer in supercritical CO2 changed from +0.003 to
-0.012. If the solution behavior were kept unchanged,
an estimated increase of Iexc by a factor of about 16
should be observed due to the increase in ∆n. The fact
was that Iexc increased dramatically by a factor of about
20. This difference is significant because the experi-
mental uncertainty for Iexc is within (2%. As will be
evidenced by the DLS results later, this intermediate
region represents the dissolution and the micelle forma-
tion of the PFOA-b-PVAC copolymer in CO2 around the
critical phase separation pressure, defined as the pres-
sure below which the polymer is essentially insoluble
at the specified temperature. (4) With increasing pres-
sure from 242 to 310 bar, the ∆n value increased from
+0.012 to +0.050 but was still very low. In principle,
the Iexc should remain low but have an estimated
increase by a factor of about 16. However, the detected
Iexc was high in this region, and the intensity only
increased by a factor of about 2 when the pressure was
increased from 242 to 310 bar. As will be evidenced by
DLS results, this is a region where the micelles were
in equilibrium with the unimers, but the micelles
became smaller with increasing pressure. (5) When the
pressure was above 310 bar, the Iexc value decreased
with increasing pressure until the pressure reached 415

bar although the ∆n value increased continuously by
about 70% with increasing pressure from 310 to 415 bar.
Without the effect of ∆n increase, the Iexc value should
decrease more dramatically with increasing pressure.
The decrease in the scattered intensity could be at-
tributed to the gradual dissolution of micelles. With
increasing pressure, CO2 became a better solvent for
both PFOA and PVAC blocks, and thus led to a weaker
selectivity of solvation for the two blocks and a breakup
of micelles. (6) At high pressures (415-552 bar), Iexc
increased quickly with increasing pressure. Normally,
the breakup of micelles should lead to a lower scattered
intensity of solution. The unexpected higher scattered
intensity in this region could be related to two reasons.
One is the appearance of some anomalous large ag-
gregates after the breakup of micelles. Another is the
high ∆n values between the copolymer and supercritical
CO2 at such high pressures (i.e., ∆n ∼ 0.1 at 518 bar).
In comparison with the results obtained from higher
concentration solutions,34 it could be found that the first
three regions did not show a concentration dependence
over a concentration range of C ) 24-97 mg/mL at 65
°C. This is reasonable because the critical phase
separation condition must be the same for the same kind
of polymer. However, the last two regions shifted
toward lower pressures with decreasing solution con-
centration. The more dilute the solution, the lower the
pressure at which the micelles started to be broken up
and the large aggregates appeared. In other words, the
critical micelle pressure (CMP) depends strongly on the
solution concentration. The more dilute the solution,
the lower the CMP value. It should be mentioned that
the pressure dependence of Iexc discussed above was only
limited in our experimental conditions of C ) 24 mg/
mL and T ) 65 °C. The temperature change will
definitely change the solvent quality and solvent refrac-
tive index of supercritical CO2. Thus Iexc must show a
different pressure dependence at different T and C.
However, the general trend should be the same.34

Figure 2 shows plots of intensity contribution function
versus (apparent) hydrodynamic radius for the PFOA-
b-PVAC copolymer solution in CO2 at C ) 24 mg/mL, θ
) 32°, T ) 65 °C and the indicated pressures. It should
be mentioned that the angular dependence of the size
distributions of the PFOA-b-PVAC copolymer solution
at higher concentrations had been determined before.34

The micelle species did not show apparent angular
dependence. Thus, all of the DLS measurements for the
hydrodynamic radius distributions are fixed at a scat-
tering angle of 32° in this paper. The distribution
function is expressed in arbitrary units but normalized
to the highest value at each pressure to facilitate a
comparison. In so doing, the peak area is a measure of
the scattered intensity contribution but on a relative
scale. At low pressures (148-170 bar), although the
total scattered intensity was very low in Figure 1, DLS
experiments still show us the presence of only narrowly
distributed unimers with an average hydrodynamic
radius 〈Rh〉 of ∼3 nm. In the pressure range of 189-
225 bar, polydispersed large aggregates with 〈Rh〉 of
hundreds of nanometers appeared in coexistence with
the dissolved polymer chains. These large particles,
being suspended in the solution, could be attributed to
the undissolved copolymers, which might be stabilized
by an adsorbed layer of dissolved unimers. Assuming
that approximately M ∝ R3 and scattered intensity Iexc
∝ CM, the large undissolved aggregates can be esti-

Figure 1. Plot of excess scattered intensity versus pressure
for the diblock copolymer of PFOA-b-PVAC copolymer in
supercritical CO2 at C ) 24 mg/mL, T ) 65 °C, and scattering
angle θ ) 32°.
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mated to take only a few millionths in weight fraction
at 225 bar (even less at 189-206 bar). Thus, the main
species in the solution were the dissolved polymer
chains. However, the total scattered intensity in Figure
1 over the pressure range of 189-206 bar was still very
low, which indicated that only a portion of the copoly-
mers was dissolved, and the solvent quality was still
poor for the diblock copolymer under these pressures.
When the pressure was increased from 206 to 225 bar,
the total scattered intensity increased nearly three
times, while ∆n decreased by a factor of about 4,
signifying an actual change in Iexc (∝CM) by a factor of
about 50. The scattered intensity from the unimers, as
shown in Figure 2 for P ) 225 bar was about half the
total scattered intensity. Therefore, the dissolution of
the copolymers became significant when the pressure
reached 225 bar. It should be noted that the LLS

results on the coexistence regime of unimers in the
presence of undissolved large aggregates for the PFOA-
b-PVAC copolymer in the pressure range of 189-225
bar at 65 °C (CO2 density: 0.65-0.73 g/mL) are con-
sistent with the results of an NMR study on the
dissolution of PFOA homopolymer or PFOA-b-PS (poly-
styrene) diblock copolymer, where a coexistence regime
of an unswollen polymer phase with a dissolved polymer
phase was observed at 64.6 °C in the CO2 density range
of 0.55-0.72 for PFOA and 0.6-0.73 for PFOA-b-PS,
respectively.44 When the pressure was increased to 242
bar, very narrow size-distributed micelles were formed
in equilibrium with unimers. Similar to the scattered
intensity results, DLS results also showed that the
PFOA-b-PVAC copolymer in CO2 at low concentrations
experienced the same dissolution/micelle-formation pro-
cess as those at higher concentrations at pressures

Figure 2. Intensity contribution function (i.e., ΓG(Γ)) versus (apparent) hydrodynamic radius Rh for the PFOA-b-PVAC copolymer
in CO2 at C ) 24 mg/mL, T ) 65 °C, θ ) 32°, and the indicated pressures. The peak area is proportional to the scattered intensity
contribution.
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below 242 bar.34 However, when the pressure was over
275 bar, the dilute solution showed different DLS
results in comparison with the more concentrated
solutions; namely, the breakup of micelles and the
appearance of the anomalous large aggregates shifted
toward lower pressures. For the 24 mg/mL solution, a
small amount of large aggregates first appeared at 275
bar. Then, the large particles took more and more
contribution to the total scattered intensity with in-
creasing pressure. In contrast, the micelles were gradu-
ally dissolved, resulting in smaller micelle size and
smaller micelle peak area with increasing pressure.
When the pressure reached 345 bar, the micelle peak
became very small. Assuming that M ∝ R3 and Iexc ∝
CM, the weight fraction of unimers, micelles, and large
aggregates in the solution could be estimated to have a
ratio of 2 × 102:1:0.06. Accordingly, the micelles and
large aggregates only took a few thousandths fraction
on the weight basis and the unimers were quantitatively
overwhelming in the solution, even though the total
scattered intensity was mainly contributed by the large
aggregates. At 379 bar, the micelles disappeared com-
pletely. Approximately, the pressure value of 345 bar
can be viewed as the CMP at C ) 24 mg/mL and T )
65 °C. With a further increase in pressure, the size of
the large particles increased. Although the unimers
remained quantitatively overwhelming in the solution
at high pressures, their relative contribution to the total
scattered intensity was very small, i.e., less than one
hundredth of the total scattered intensity. This explains
why the unimer peak was also no longer visible in DLS
experiments at high pressures (e.g., at 552 bar as shown
in Figure 2).

The anomalous large aggregates before the onset of
micellization have been reported for other types of block
copolymers in common solvents.14-16,18 Similarly, the
large particles appearing around the CMP could be
ascribed to the composition heterogeneity of the block
copolymer. Some model calculations indicate that the
composition inhomogeneity could be appreciable even
for a copolymer with a narrow distribution of molecular
weight.45 There may exist a very small portion (e.g., a
few thousandths on a weight basis) of the copolymer
specimen having a higher content of the insoluble block.
When the solvent quality becomes increasingly poorer
by varying the pressure, the minor insoluble compo-
nents will precipitate out before reaching the micelli-
zation conditions of the major component, thus resulting
in the formation of a dilute dispersion of large colloidal
particles stabilized by the adsorbed layer of the major
component. When the micelle formation of the major
component is initiated, the minor insoluble portion can
either be incorporated into the micellar core or form
mixed micelles. Consequently, after reaching the CMP,
the large particles from the minor insoluble components
contributed less and less to the total scattered intensity
due to the formation of micelles with decreasing pres-
sure. Finally, the large aggregates completely disap-
peared at 242 bar.

Figure 3 shows the time dependence of the hydrody-
namic radius distributions of PFOA-b-PVAC copolymer
solution in CO2 at C ) 24 mg/mL, θ ) 32°, and T ) 65
°C after the pressure was increased from 310 to 345 bar
(∼CMP). The solution was stirred for 30 min and
equilibrated for 1 h before recording the DLS data at t
) 2 h. During the first 2 h, DLS experiments only
showed two species corresponding to unimers and large

aggregates, respectively. No micelle peak was detected.
After standing at 345 bar for 15 h, a small micelle peak
with an 〈Rh〉 of 11.7 nm appeared. Moreover, the size
of the large particles became smaller with increasing
equilibration time, probably due to the formation of
micelles, which can incorporate some insolube compo-
nents to the micellar core. Although the size of unimers
remained exactly unchanged, the relative intensity
contribution of unimers increased about 3 times after
the long time equilibration. These results indicated that
the micelle formation was relatively slow when pressure
was near the CMP. The coexistence of two species
(unimers and large particles) detected during the first
2 h was only in a kinetic state. Therefore, it is necessary
to keep long enough equilibration time for the solution
near the critical micellization condition in order to get
reliable and reproducible results.

Figure 4 shows the micellar concentration dependence
of the micellar diffusion coefficient (Dmic) of the PFOA-
b-PVAC copolymer solution in CO2 at 65 °C and 275 bar.
The Dmic values were taken from the mean values (z-
average) of the corresponding micelle peaks. The CMC
and Dmic data at two high concentrations were taken
from previous work.34 The Dmic at finite concentrations
can be expressed as

where (Dmic)0 and kD are the mean micellar diffusion
coefficient at the CMC and the diffusion second virial

Figure 3. Time dependence of the hydrodynamic radius
distributions for the PFOA-b-PVAC copolymer solution in CO2
at C ) 24 mg/mL, T ) 65 °C, θ ) 32°, and P ) 345 bar.

Figure 4. Plot of the mean diffusion coefficient of the micelle
species versus the micellar concentration for the PFOA-b-
PVAC copolymer solution in supercritical CO2 at C ) 24 mg/
mL, T ) 65 °C, θ ) 32°, and P ) 275 bar.

Dmic ) (Dmic)0 (1 + kDCmic) (5)
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coefficient. The linear relation with a small positive
slope gives kD ) 3.2 cm3/g and (Dmic)0 ) 1.44 × 10-6

cm2/s. Correspondingly, the micelles have an average
hydrodynamic radius 〈Rh〉0 ) 22.0 nm at CMC. By
assuming that the micellar core consists of only the
PVAC block and that all PVAC blocks reside in the
micellar core, we can estimate the micellar core radius
(Rc) value by using N and the relation

where N is the aggregation number of micelles,34 MPVAC
is the molecular weight of the PVAC block, NA is
Avogadro’s constant, and FPVAC is the density of PVAC,
respectively. The estimated Rc value was equal to 4.0
nm. According to the spherical core-shell model for the
micelles formed by a diblock copolymer, the difference
between 〈Rh〉0 and Rc is a measure of the corona
thickness of the micelles. Thus, the micelles have a
shell thickness Rs ) 〈Rh〉0 - Rc ) 18.0 nm at 65 °C and
275 bar. On the basis of a C-C bond length of 1.54 Å
and bond angle of 109.5° for a zigzag conformation
chain,46 the length of the FOA unit can be calculated
as 2.5 Å. With a molecular weight of 4.31 × 104 for the
PFOA block, the maximum stretched length of the
PFOA block can be estimated to be ∼23.8 nm. In
comparison with this value, the measured corona thick-
ness of 18.0 nm is reasonable.

Temperature-Induced Micellization. Figure 5
shows the size distributions in terms of Rh as a function
of temperature for the PFOA-b-PVAC copolymer in CO2
at C ) 24 mg/mL, θ ) 32°, P ) 225 bar, and the
indicated temperatures. The DLS results showed a
clear picture about the temperature-induced dissolution
and association behavior for the copolymer in CO2. In
sequence with lowering temperature over a range of 75-
30 °C, a narrowly distributed unimer peak was first
observed at 75 °C; then, some polydispersed undissolved
large aggregates together with the dissolved unimers
were observed at 65 °C. By decreasing the temperature
to 55 °C, three kinds of species with different sizes were
present in the solution, corresponding to unimers,
micelles, and large colloidal particles, respectively.
With a further decrease in temperature, the micelles
became smaller in size and contributed less to the total
scattered intensity, while the large colloidal particles
contributed more and more to the total scattered
intensity. These results indicated that the micelles
were gradually dissolved with decreasing temperature
because the solvent quality became better for both
blocks. When the temperature was lowered to 35 °C,
the micelles could be estimated to constitute only 2%
on a weight basis, as shown in Figure 5 (middle right
panel). Further decreasing the temperature to 30 °C,
the micelles were completely broken up to unimers.
Although the unimer peak was quite small relative to
the large particle peak, which made a major contribu-

Figure 5. Intensity contribution function versus hydrodynamic radius Rh for the PFOA-b-PVAC copolymer in CO2 at C ) 24
mg/mL, θ ) 32°, P ) 225 bar, and the indicated temperatures.

(4π/3)(Rc)
3 ) (NMPVAC)/(NAFPVAC) (6)
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tion to the total scattering, the unimers were quanti-
tatively overwhelming (in number) in the solution.
After comparing the results at 35 and at 30 °C, the
critical micelle temperature (CMT) for the PFOA-b-
PVAC copolymer solution at C ) 24 mg/mL and P )
225 bar can be estimated to be about 33 °C. When the
temperature is above this value, the micelle formation
becomes increasingly important and the large ag-
gregates can be gradually incorporated into the micellar
core. A comparison between Figure 5 and Figure 2
clearly showed that the dissolution/association processes
of the PFOA-b-PVAC copolymer in CO2 in sequence with
decreasing temperature were in agreement with those
in sequence with increasing pressure. Either decreasing
temperature or increasing pressure improved the sol-
vent quality of CO2 for the PFOA-b-PVAC copolymer
due to the increase of CO2 density. Supposedly, a
bimodal distribution region corresponding to the mi-
celles in equilibrium with unimers could be observed
in the temperature range of 65-55 °C. Unfortunately,
the measurement was missed and we no longer have
the same polymer sample to perform this experiment.

Figure 6 shows the temperature dependence of the
excess scattered intensity for the PFOA-b-PVAC copoly-
mer in CO2 at C ) 24 mg/mL, θ ) 32°, and P ) 225
bar. Although the DLS measurements showed a nar-
rowly distributed unimer peak at 75 °C, the total
scattered intensity was very low, which indicated that
only a very small portion of the polymer was dissolved
at 75 °C. When the temperature was lowered to 65 °C,
the total scattered intensity increased by about 6 times.
Even though a small amount of large undissolved
aggregates suspended in the solution contributed to the
scattering, most of the intensity increase was from the
unimers, which indicated that the copolymers were
almost dissolved at 65 °C. By lowering the temperature
to 55 °C, the scattered intensity increased dramatically
because of the formation of micelles and large particles.
When the temperature further decreased from 55 to 30
°C, the intensity decreased. The decrease in the scat-
tered intensity was mainly due to the gradual dissolu-
tion of micelles as the solvent quality became better for
the copolymer with decreasing temperature.

Figure 7 shows a similar temperature-induced micel-
lization process in terms of hydrodynamic radius dis-
tributions for the PFOA-b-PVAC solution in CO2 at C
) 24 mg/mL, θ ) 32°, and P ) 242 bar. The dissolution
process of the copolymer in CO2 was not followed any
more at high temperatures. However, a normal micel-

lization region, which was missed at 225 bar in Figure
5, was clearly observed at 242 bar and 65 °C, as a
narrow bimodal distribution corresponding to micelles
and unimers, respectively. It is noted that the unimers
were hardly observable, as expected. When the tem-
perature was lowered to 55 °C, a small amount of
anomalous large aggregates appeared, but the micelles
still provided the main contribution to the total scat-
tering. With a further decrease in temperature, the
large aggregates contributed more and more to the total
scattered intensity, while the micelles became smaller
in size and contributed less to the total scattering. At
40 °C, the micelles were estimated to take only about
4% on the weight basis. At 35 °C, the micelles were
completely dissolved. The unimers were also no longer
detectable by DLS experiments due to their relatively
small intensity contribution to the total scattering even
though the unimers could be quantitatively overwhelm-
ing in the solution. Approximately, 37 °C can be viewed
as the CMT value at 242 bar. In comparison with the
results from Figure 5, it can be found that the CMT
increased with increasing pressure for a solution at a
fixed concentration.

Figure 8 shows the temperature dependence of the
hydrodynamic radius distributions around the CMT for
the 24 mg/mL PFOA-b-PVAC copolymer solution in CO2
at θ ) 32° and pressures of 415 and 483 bar, respec-
tively. Similar to the temperature-induced micellization
behavior in Figures 5 and 7, three kinds of species,
corresponding to unimers, micelles, and anomalous
large aggregates, respectively, were observed around the
CMT. The micelles were gradually dissolved with
decreasing temperature. At 415 bar, the micelles
became very small in size with an 〈Rh〉 of 6.7 nm and
only contributed about 5% to the total scattered inten-
sity at 70 °C, which indicates that the association
number of micelles has become very small under this
condition. When lowering the temperature to 65 °C, the
micelles were completely broken up. Thus, the CMT
can be estimated to have a value of about 68 °C at 415
bar. When the pressure was increased to 483 bar, the
micelles were broken up at even higher temperatures.
At 75 °C, the micelles showed a relatively broad size
distribution and an 〈Rh〉 of about 5 nm, which were only
a little bit larger than the size of unimers. The small
micelles disappeared completely at 70 °C. We can take
75 °C as the approximate CMT value for the solution
at 483 bar.

Relation among the Critical Micelle Tempera-
ture, Pressure, and Concentration. First, as ex-
perimentally evidenced above, for a solution with a fixed
concentration, the CMT values strongly depend on the
pressure. The higher the pressure, the higher the CMT
value. Figure 9 summarizes a plot of pressure against
the reciprocal of (absolute) critical micelle temperature
for the 24 mg/mL PFOA-b-PVAC solution in CO2. A
good linear relationship was obtained. The least-
squares fit yields an expression

with P and T expressed in units of bars and K,
respectively. Second, our previous results34 on the
pressure dependence of CMC values for the same
copolymer in CO2 at 65 °C has shown a relation

Figure 6. Plot of excess scattered intensity versus temper-
ature for the PFOA-b-PVAC copolymer in CO2 at C ) 24 mg/
mL, θ ) 32°, and P ) 225 bar.

P ) 2.28 × 103 - 6.30 × 105[1/(CMT)] (7)

ln(CMC) ) 3.58 × 10-3P - 8.82 (8)

7752 Zhou and Chu Macromolecules, Vol. 31, No. 22, 1998



where the CMC is in molar concentration. Third, for a
closed association mechanism with relatively large

association number and a narrow (size) distribution at
a fixed pressure, the standard free energy and standard

Figure 7. Hydrodynamic radius distributions for the PFOA-b-PVAC copolymer solution in CO2 at C ) 24 mg/mL, θ ) 32°, P )
242 bar, and the indicated temperatures.

Figure 8. Temperature dependence of hydrodynamic radius distribution for the PFOA-b-PVAC copolymer solution in CO2 at C
) 24 mg/mL, θ ) 32°, and two different pressures of 415 and 483 bar, respectively.
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enthalpy of micelle formation (∆G° and ∆H°, per mole
of the solute in the micelle) can be calculated from the
temperature dependence of CMC values by assuming
that ∆H° is temperature independent.47

The two standard states are the polymer molecules
and micelles in an ideal dilute solution at unity molar-
ity. Equation 9 can be integrated to yield

After considering the relation of variables in eqs 7, 8,
and 11, a mathematical relation among the CMC, P, and
T could be summarized in the following form

provided that a, b, and d are approximately constant
in the temperature and pressure interval of interest.
Thus, at a fixed concentration, a plot of CMP versus 1/T
or P versus 1/(CMT) shows a linear relation; at a fixed
temperature, ln(CMC) versus P shows a linear relation,
and at a fixed pressure, ln(CMC) versus 1/T shows a
linear plot. By replacing eq 7 at C ) 24 mg/mL and eq
8 at T ) 65 °C to eq 12, we can get a ) 2.26 × 103 and
b ) 3.58 × 10-3. However, the d value from eq 7 is
slightly different from that with eq 8, namely, d ) -15.8
by eq 7 and d ) -15.5 by eq 8 were obtained, respec-
tively. Considering the uncertainties of CMC values34

(calculated from DLS results) used in eq 8 and of CMT
values (determined from experiments) used in eq 7, the
slight discrepancy is within the experimental uncertain-
ties and is therefore acceptable. After knowing a, b, and
d values, we can write eq 12 as

with CMC and P expressed in units of mol/L, and bar,
respectively. Therefore, for the PFOA-b-PVAC copoly-
mer (43.1k/10.0k) in CO2, we can predict the critical
micellization condition by knowing two of the three
parameters. Although some assumptions have been
used to simplify the calculation, eq 13 can provide us
with a quantitative (or at least semiquantitative) un-
derstanding about the micellization behavior for a

diblock copolymer in supercritical CO2, where both
pressure and temperature change can affect the solvent
quality. Although eq 13 was derived specifically for the
system of PFOA-b-PVAC diblock copolymer in super-
critical CO2, the format should be applicable in predict-
ing the self-assembly behavior of all diblock copolymers
in supercritical fluid, except for the numerical values
of the coefficients (a, b, d), which should be system
dependent. It should be mentioned that the physical
meaning of constant a is related to ∆H°. From ∆H°/R
) a ) 2.26 × 103 K, the standard enthalpy of micelli-
zation was found to be +18.8 ((2) kJ/mol, indicating
that the micelle formation is an endothermic process.
Within the solution region, the higher the temperature,
the greater the micellization ability of the diblock
copolymer in CO2. The CO2-phobic interactions of
entropy origin from the PVAC blocks in CO2 are mainly
responsible for the micelle formation, meaning that the
micellization process is entropy-driven.

Conclusions

Both pressure and temperature change can induce the
micellization of PFOA-b-PVAC diblock copolymer in
supercritical CO2. A similar dissolution and association
process of the copolymer in CO2 was observed in
sequence with increasing pressure and in sequence with
decreasing temperature because of the increase of CO2
density. During the process, five regions appeared: (1)
solute; (2) very small portion of copolymer dissolved; (3)
around the critical phase separation region, some undis-
solved large aggregates together with unimers; (4)
normal micelle region presented as narrowly distributed
micelles in equilibrium with unimers; (5) micelles
gradually dissolved to unimers, and some anomalous
large aggregates appearing around the critical micelle
pressure or temperature. The large particles were
caused by the copolymer heterogeneity. The depen-
dence of the critical micelle concentration on pressure
and temperature can be summarized by the relation ln-
(CMC/(mol L-1)) = 2.26 × 103 ((1/T)/K-1) + 3.58 ×
10-3P/bar - 15.8. After knowing two parameters, we
can predict the third parameter. The positive standard
enthalpy indicated an entropy-driven micellization pro-
cess for the PFOA-b-PVAC copolymer in supercritical
CO2.
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