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ABSTRACT: The behavior of polymeric surfactant polyvinyl acetate (PVAC)-b-poly(1,1,2,2-tetrahydro-
perfluorooctyl acrylate) (PTAN) in supercritical carbon dioxide (CO2) was investigated using static and
dynamic light scattering. We observed three regions on the phase diagram of the copolymer in supercritical
CO2: (i) two-phase region at low CO2 density; (ii) solutions of spherical micelles at intermediate CO2

densities; (iii) solutions of unimers (individual copolymer chains) at high CO2 densities. The aggregation
number (the number of copolymer chains in a micelle) decreases with an increasing density of supercritical
CO2 in region (ii). An increase of the CO2 density corresponds to the improvement of solvent quality for
both blocks of the copolymer (PVAC and PTAN). The hydrodynamic radius of micelles and unimers was
measured using dynamic light scattering in regions (ii) and (iii), respectively. This light-scattering study
is the first one reporting a solvent density-induced transition between spherical micelles at lower
supercritical CO2 density and unimers at higher CO2 density. The light-scattering technique appears to
be a very powerful tool for the analysis of the carbon dioxide density-induced micellization transition.
This phenomenon is unique to supercritical fluids and demonstrates a convenient control over the polymer
solubility.

1. Introduction

Carbon dioxide aided by “smart” molecules, such as
surfactants and block and dendritic polymers will affect
a wide range of industries. More than 30 billion pounds
of organic and halogenated solvents are used worldwide
each year as process aids, cleaning agents, and dispers-
ants. Solvent industries such as aerospace, automotive,
chemical, electronics, food, petroleum, pharmaceutical,
and pulp and paper textiles need to consider alterna-
tives that can reduce or eliminate the negative impact
that solvent emissions have on our environment. Car-
bon dioxide provides an attractive solvent alternative
for a variety of chemical and industrial manufacturing
processes, because of its low cost, wide availability,
moderate critical conditions (critical temperature Tc )
31 °C, critical pressure Pc ) 73.8 bar, and critical
density Fc ) 0.468 g/cm3), and environmentally and
chemically benign nature.1

However only a few classes of polymeric materials
(fluoropolymers and silicones2-5) are soluble in super-
critical carbon dioxide at relatively mild conditions (T
< 100 °C, P < 350 bar), while conventional polymers
with hydrophobic, hydrophilic, or lipophilic groups are
relatively insoluble. Development of amphiphilic mol-
ecules for the use as surfactants in supercritical CO2
and other supercritical fluids has led to the study of
micellar and microemulsion phases in supercritical fluid
media.6-9 A strategy is to use diblock copolymers.
These diblock copolymers are composed of chain seg-
ments with dissimilar solubility characteristics and can
self-assemble into micelles when placed in supercritical
carbon dioxide. Their self-assembly into micelles in
supercritical CO2 has already been demonstrated by
small-angle neutron-scattering experiments.10 Dynamic
light scattering was used to investigate steric stabiliza-
tion and flocculation of dilute poly(2-ethylhexyl acrylate)

emulsions in the liquid CO2 by monitoring changes in
droplet size over time at various CO2 densities.11

In the present paper we report the results of the light-
scattering experiments performed on the supercritical
solutions of poly(1,1,2,2-tetrahydroperfluorooctyl acry-
late)-b-poly(vinyl acetate) (PTAN (60.4k g/mol)-b-PVAC
(10.3k g/mol) for copolymer concentrations ranging from
c ) 2.3 × 10-4 g/cm3 to c ) 0.02 g/cm3 and at CO2
densities from F ) 0.8 g/cm3 to F ) 1 g/cm3. We have
identified three regions on the phase diagram in the
copolymer concentration-CO2 density plane at a fixed
temperature (T ) 45 °C): (i) Two-phase region at low
CO2 density; (ii) spherical micelles at intermediate CO2
density; (iii) unimers (isolated copolymer chains) dis-
solved in CO2 at high density.

In section 2 of the paper we describe materials and
experimental techniques used in this study. In section
3 we report the results of the experiments.

2. Materials and Methods

2.1. Sample Characteristics. We have investigated a
diblock copolymer containing a carbon dioxide-phobic moiety,
poly(vinyl acetate) (PVAC, 10.3 kg/mol), and a carbon dioxide-
philic block, poly(1,1,2,2-tetrahydroperfluorooctyl acrylate)
(PTAN, 60.4 kg/mol)12 in supercritical CO2 as a function of
copolymer concentration and carbon dioxide density (pressure).
Because of the solubility differences in carbon dioxide, such
block copolymers are predisposed to self-assemble into micel-
lular structures.10 The sample was weighed into the prepara-
tion view cell before adding the carbon dioxide. Each intensity
measurement was taken after a period of time greater than 5
min when the temperature and pressure became constant. The
solutions were investigated in the copolymer concentration
range (2.3 × 10-4)-0.02 g/cm3 at the temperature T ) 45 °C
and in the CO2 density range 0.8-1 g/cm3 (pressure range of
180-550 bar).

We have also carried out static light scattering from CO2

solutions of a 36.5 kg/mol poly(1,1-dihydroperfluorooctyl acryl-
ate) homopolymer and of poly(vinyl acetate) homopolymers* To whom correspondence should be addressed.
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(5.8, 16.64, and 46.34 kg/mol). Poly(1,1-dihydroperfluorooctyl
acrylate) homopolymer and poly(1,1,2,2-tetrahydroperfluorooc-
tyl acrylate) homopolymer (PTAN) have a very similar chemi-
cal structure. Moreover, cloud point measurements indicate
that both homopolymers have the same solubility character-
istics in supercritical CO2

12,13 (see part 3.1.1.).
2.2. Static Light Scattering. Static light scattering (SLS)

and dynamic light scattering (DLS) experiments were per-
formed by means of a spectrometer equipped with an argon
ion laser (Coherent Innova 70-3) operating at λ ) 514 nm, a
BI9000 correlator from Brookhaven Instruments, and a com-
puter-controlled and stepping-motor-driven variable angle
detection system. The scattering spectrum was measured
through a band-pass filter (514.5 nm) and a pinhole (200 µm
for the static experiments and 50 µm for the dynamic experi-
ments) with a photomultiplier tube (BI-PMT9836).

In the SLS experiments one measures the excess of scat-
tered intensity I(q) with respect to the solvent, where the
magnitude of the scattering wave vector q is given by

In eq 1 n is the refractive index of the solvent, λ is the
wavelength of light in the vacuum, and θ is the scattering
angle. The refractive14,15 index was calculated from the virial
equation for the molar refractivity of the carbon dioxide at 45
°C. Corrections to the absolute scattering intensities I(q) (i.e.,
excess Rayleigh ratio) were made using a toluene sample
reference for which the excess Rayleigh ratio is well-known.

Plots of c/I(q) versus q2 were extrapolated to q ) 0 to give
intercepts c/I(0). In dilute solutions, the average radius of
gyration RG can be determined from the intercept and the slope
of these plots using a scattering inverse Lorentzian law of the
form16

In our experiments the size of the copolymer aggregates and
of the polymers was too small to see a q2 dependence, so the
experiments were done at θ ) 90°. One can use a virial
expression for the osmotic pressure to deduce the weight-
average molecular weight16 MW

where A2 is the second virial coefficient which describes the
polymer-solvent interactions. The scattering constant is K
) 4π2n2 (dn/dc)2/NAλ4 where dn/dc is the refractive index
increment and NA is Avogadro’s number.

2.3. Dynamic Light Scattering. In the dynamic light-
scattering (DLS) experiments, the normalized time autocor-
relation function g(2)(q,t) of the scattered intensity is mea-
sured.16

The latter can be expressed in terms of the field autocorrela-
tion function or equivalently in terms of the autocorrelation
function of the concentration fluctuations g(1)(q,t) through

where A is the baseline and â the coherence factor which in
our experiments is equal to 0.7-0.9. The normalized dynami-
cal correlation function g(1)(q,t) of polymer concentration
fluctuations is defined as

where δc(q,t) and δc(q,0) represent fluctuations of the polymer
concentration at time t and zero, respectively.

In our experiments, the inspection of the angular depen-
dence shows that the relaxation is diffusive with characteristic
time inversely proportioned to q2. Some of our dilute solutions
were characterized by a single relaxation mechanism. For
these solutions we have adopted the classical cumulant
analysis.17 This analysis provides the variance of the correla-
tion function and the first reduced cumulant (τq2)-1 where τ
is the average relaxation time of g(1)(q,t). The extrapolation
of (τq2)-1 to q ) 0 yields the values of the mutual diffusion
constant D. The latter is related to the average hydrodynamic
radius RH of the micelles and of the free copolymers trough

where k is the Boltzmann constant, ηs the carbon dioxide
viscosity, and T the absolute temperature. To determine the
carbon dioxide viscosity, which depends on the density and
the temperature, we were using the relation developed by H.
Sovoná et al.18 In our experiments the CO2 viscosity is varying
from 0.05 to 0.15 cP in the CO2 density interval from 0.8 to 1
g/cm3 at T ) 45 °C.

We also used another method to determine τ: the Contin
method based on the inverse Laplace transform of g(1)(q,t).19

If the spectral profile of the scattered light can be described
by a multi-Lorentzian curve, then g(1)(q,t) can be written as

where G(Γ) is the normalized decay constant distribution. This
method is more appropriate for solutions characterized by
several relaxation mechanisms (e.g., mixture of micelles and
unimers).

2.4. High-Pressure Setup. Sample measurements were
performed using an 8.5-mL high-pressure optical cell20,21 shown
schematically in Figure 1. The cell was designed to operate
at pressures up to 4 kbar and was constructed to fit on the
top of a BI-200SM goniometer without modification. The high-
pressure cell was constructed from alloy tool steel and heat-
treated for strength. The cylindrical cell body (B) has an axial

Figure 1. High-pressure optical cell: (A) window aperture;
(B) cell body; (C) copper O-ring; (E) sample emplacement; (O)
viton O-ring; (P) plastic O-ring; (S) sapphire window; (W)
window support. Windows at 45°, 90° and 135° are omitted
for clarity.
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hole which holds the sample volume (E). Three windows
located at 45°, 90°, and 135° relative to the incident beam can
be used for scattering measurements while windows at 0° and
180° served as the entrance and exit windows for the light
source. Each angular port (W) was fitted with a sapphire
window (S) (length 8 mm, diameter 11 mm, Hemex quality)
from Crystal Systems of Salem, MA. The window aperture
was around 5 mm in diameter. In this geometry, the optical
axis of the sapphire (001) was coincident with the direction of
the incident and scattered light. Temperature was measured
with a resistive temperature device located in close proximity
(around 2 cm) to the sample (a water circulation in the body
of the cell was used for the control of the temperature).
Temperature control was provided by a Lauda temperature
bath which gave a temperature stability of (0.2 °C.

The light scattering cell was connected to a 25-mL magneti-
cally stirred view cell. The carbon dioxide, injected into the
preparation view cell, was filtered using a 0.5-µm porous metal
filter (High Pressure Equipment Co.). The carbon dioxide was
pressurized using an ISCO pump and the pressure was
measured with a pressure transducer (Sensotoc TJF/743-11).

3. Experimental Results and Discussion

3.1. Effect of the Carbon Dioxide Density. 3.1.1.
Solution Properties of the CO2-Soluble Fluoropoly-
mer. We have carried out static light scattering from
CO2 solution of a 36.5 kg/mol poly(1,1-dihydroperfluo-
rooctyl acrylate) homopolymer. We measured the de-
pendence of the second virial coefficient in the CO2
range 0.84 < F < 0.95 g/cm3 at a temperature T ) 45
°C using the method described in section 2.2 above. The
variation of the second virial coefficient A2 and of the
excluded volume parameter v for a fluoro homopolymer
poly(1,1-dihydroperfluorooctyl acrylate) at T ) 45 °C
with CO2 density is illustrated in Table 1. The positive
sign of the second virial coefficients indicates that at
these conditions the CO2 medium is a good solvent for
the fluoropolymer (PTAN). Actually, the value of the
second virial coefficient is increasing with the CO2
pressure or density. These results suggest that the
quality of the solvent is improving with increasing CO2
density. A similar trend in the dependence of the second
virial coefficient of fluoropolymers on the carbon dioxide
pressure was observed in previous scattering experi-
ments.22 A similar effect of the pressure on the solvent
quality was also observed by a fluorescent probe
method.11

Cloud point measurements for the poly(1,1-dihydro-
perfluorooctyl acrylate) and for the poly(1,1,2,2-tetrahy-
droperfluorooctyl acrylate) (PTAN) were done at 45 °C.
The cloud point is defined as the point where the
solution turned completely transparent (visually) as the
pressure was slowly increased.12,13 Each cloud point
condition was repeated several times with reproduc-
ibility within (2 bar. For a given molecular weight,
solubility characteristics are the same for both homo-
polymers within an error bar of 5%.12,13

3.1.2. Poly(vinyl acetate) Solubility Measure-
ments. The quality of supercritical carbon dioxide as
a solvent for poly(vinyl acetate) (PVAC) blocks depends
on the CO2 pressure (or on the CO2 density). To
quantify this feature, the solubility of the PVAC of
different molecular weights (MW ) 5.8, 16.64, and 46.34
kg/mol) was measured as a function of CO2 density
between 0.84 and 1 g/cm3 (see Figure 2). The PVAC
concentration in the dilute phase (saturated solution)
was deduced from the scattered intensity I(q) at a fixed
angle (90°) using a known polymer molecular weight.23

Neglecting the second virial term in eq 3, this concen-
tration cs of the supernatant was approximated by

To perform these solubility measurements, filtered-
pressured carbon dioxide was added to a large amount
of polymers (c > 0.028 g/cm3). The measurements were
performed once equilibrium scattered intensity was
reached (see Figure 2). These measurements show the
increase of the solvent quality for the PVAC block with
increasing CO2 density and clarify the mechanism of
the micelles-to-unimers transition described below. As
expected, the solubility is higher for lower molecular
weight polymers. The experiments could not be per-
formed below a certain CO2 density (that depends on
PVAC molecular weight) because the intensity scattered
by the polymer was of the order of the experimental
error.

Actually, the polydispersity of all three sample was
quite high (i.e., the degree of polydispersity was equal
to 1.45, 1.455, and 1.53 for the weight-average molecular
weight 5.8, 16.64, and 46.34 kg/mol samples, respec-
tively). To evaluate the real concentration c′s and the
real molecular weight of the polymer molecules dis-
solved in the carbon dioxide, we used the gel permeation

Table 1. Variation of the Excluded Volume Parameter
and of the Second Virial Coefficient As a Function of the

CO2 Density for a 36.5 kg/mol Poly(1,1-dihydro-
perfluorooctyl acrylate) Sample at T ) 45 °C (Note That

the Volume of a Monomer Is Equal to 538 Å3)

CO2 density
F (g/cm3)

pressure
P (bar)

second virial
coefficient A2
(cm3‚g-2‚mol)

excluded volume
parameter v (Å3)

0.84 207 (3.86 ( 1) × 10-5 26.4
0.88 276 (2.19 ( 1) × 10-4 150
0.92 345 (3.58 ( 1) × 10-4 245
0.95 414 (4.42 ( 1) × 10-4 303

Figure 2. CO2 density dependence at T ) 45 °C of the
supernatant concentration cs of three poly(vinyl acetate)
samples having molecular weights equal to 5.8 kg/mol (9),
16.64 kg/mol (b), and 46.34 kg/mol (2) (assuming no prefer-
ential solubility). Solubility measurements were performed
using static light-scattering experiments. The open symbols
give the corresponding concentrations of the supernatant c′s
determined using the analysis of the GPC data (see text for
details).

cs )
I(qf0)
KMW

≈ I(q)
KMW

(9)
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chromatography (GPC) data. Consider a polymer of
molecular weight M from the distribution. These chains
in the dilute phase (saturated supernatant phase) at
concentration c′s(M) are in equilibrium with the same
chains in the sediment at concentration c′(M). The
input fraction of chains with molecular weight M (the
input average concentration c0(M) is divided between
the sediment occupying fraction x of the cell volume and
the supernatant in the remaining fraction 1 - x of cell
volume.

The value of x was evaluated self-consistently by taking
into account the mass of the sediment and its density.
We started from the initial value of x ) 0.028 and made
several iterations until the solution reached the fixed
point (saturated) at a self-consistent value of x. The
energy penalty paid by a chain of molecular weight M
for leaving the sediment and entering the supernatant
in the form of a globule is the surface energy of the
globule γA(M), where γ is the surface tension between
PVAC and CO2 and A(M) the surface area of the globule.
The reduction of the concentration of the molecules of
molecular weight M in the supernatant with respect to
the sediment is

The area A(M) of the globule can be estimated from a
simple scaling picture of the dense packing of thermal
blobs24 of size êth containing gth monomers

where b is the size of the monomer. The size of the
globule is

where m0 is the molecular weight of a monomer and
M/m0 is the degree of polymerization. The surface
tension γ of the PVAC-CO2 interface is of the order of
the thermal energy kT per thermal blob at the surface
of the globule.

Therefore, the thermal blob size is

The area of the globule of molecular weight M is

The fraction of molecules of molecular weight M present
in the cell at the input average concentration c0(M) is
defined as

Here, f(M) denotes the input fraction of polymers with
molecular weight M and c0 denotes the total input
polymer concentration (i.e., 0.028 g/cm3). The function
f(M) is normalized

So, that sum of all input concentrations c0(M) over all
molecular weight fractions is the total input concentra-
tion c0.

Therefore, the soluble polymer concentration (concen-
tration of the supernatant) c′s at a surface tension γ is
given by

The weight-average molecular weight of the dissolved
fraction M′W is equal to

Figure 3 shows the GPC distribution f(M) for a PVAC
sample with the weight-average molecular weight MW
) 16.64 kg/mol. In Figure 3 is also plotted c′s(M,γ)/c0
for two values of the interfacial tension γ: 7.8 × 10-4

and 5.7 × 10-4 N/m. As the surface tension increases,
the dissolved fraction becomes smaller and shifts to the
lower molecular weights. For example, for γ ) 7.8 ×
10-4 N/m (x ) 0.06 and the sediment density is equal

Figure 3. Normalized molecular weight distribution f(M) of
a PVAC homopolymer block with a weight-average molecular
weight equal to 16.64 kg/mol. Molecular weight distribution
of the soluble fractions c′s(M)/c0 calculated for two surface
tensions are also plotted.

xc′(M) + (1 - x)c′s(M) ) c0(M) (10)

c′s(M) ) c′(M) exp[-γA(M)
kT ] (11)

gth ≈ (êth

b )2

(12)

R ≈ êth( M
gthm0

)1/3 ≈ (êth
M
m0

b2)1/3
(13)

γ ≈ kT
πêth

2
(14)

êth ≈ (kT
πγ)1/2

(15)

A(M) ) 4πR2(M) ) 4π(kT
πγ)1/3(Mb2

m0
)2/3

(16)

c0(M) ) c0 f (M) (17)

∫0

∞
f (M) dM

m0
) 1 (18)

∫0

∞
c0(M) dM

m0
) c0 (19)

c′s ) ∫0

∞
c′s(M) dM

m0
) ∫0

∞
c0(M) dM

m0

x exp[γA(M)
kT ] + 1 - x

(20)

M′W )
∫0

∞
c′sM

2 dM

∫0

∞
c′sM dM

(21)
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to 0.43 g/cm3), we found the following estimates of the
concentration of supernatant: c′s ) 2.35 × 10-3 g/cm3

and the weight-average molecular weight of the super-
natant M′W ) 4650 g/mol, which is significantly differ-
ent from the weight-average molecular weight of the
input sample. The ratio MW/M′W ) 3.6 quantitatively
characterizes the fractionation of the polydisperse sample
by selective solubility of the lower molecular weight
fraction in the supercritical CO2.

The product c′sM′W for the soluble fraction of the
sample (supernatant) is proportional to the scattered
intensity and can be compared to the experimental one
(see eq 9).

The product c′sM′W is a function of γ and it is easy to
evaluate the surface tension for each experimental
scattered intensity and therefore for each CO2 density
F. In Figure 4 the calculated surface tension is plotted
as a function of the carbon dioxide density for the three
samples (5.8, 16.64, and 46.34 kg/mol). The decrease
of the surface tension with increasing of the CO2 density
is a direct consequence of the improving solvent quality.
Note that the surface tension is molecular-weight-
independent. A similar trend in the dependence of the
surface tension on the CO2 density was observed for
poly(2-ethylhexyl acrylate).25 The open symbols in
Figure 2 give the corresponding concentrations of the
supernatant. These concentrations c′s are significantly
higher than the concentration cs obtained directly from
the scattered intensity assuming no difference in com-
position between the sediment and supernatant (from
eq 9). The CO2 fractionation factor MW/M′W for these
samples varies in the range 2.5-3.6 with decreasing
CO2 density.

3.1.3. Aggregation Number. Large insoluble ag-
gregates in suspension were observed at densities below
F ) 0.814 g/cm3 and were interpreted as a signature of
a two-phase solution. We report our measurements at
CO2 densities above the cloud line (F ∼ 0.814 g/cm3 at
T ) 45 °C).

The standard approximation23,26,27 to determine the
aggregation number f is to take the ratio of the average
mass of the micelle Mmicelles deduced from the scattered
intensity I/c extrapolated to a zero wavevector (see
Figure 5), to the mass of a copolymer chain Munimers (70.7
kg/mol):

where the mass of micelles is

In this analysis, the effect of the second virial coefficient
between the micelles is neglected. The concentration
of free copolymers present in the micellar solution is
expected to be of the order of the CMC (critical micelle
concentration), and their contribution to the scattered
intensity is also neglected in the determination of the
micellar mass (eq 24). In section 3.3 below we demon-
strate that this approximation fails near the micelles-
to-unimers transition.

In Figure 5, the aggregation number measured at T
) 45 °C is plotted as a function of the carbon dioxide
density for the five surfactant concentrations: 1.88 ×
10-3, 3 × 10-3, 6 × 10-3, 1.125 × 10-2, and 2 × 10-2

g/cm3. The curves exhibit a decrease of the aggregation
number from 120 to 1 with increasing CO2 density. For
example, the unimers phase was reached when the
aggregation number f is equal to 1 for CO2 density
around 0.95 g/cm3 for polymer concentration c ) 1.125
× 10-2 g/cm3. The decrease of the aggregation number
with an increasing CO2 density is a direct consequence
of the improving solvent quality. As shown in Table 1,
Figure 2, and Figure 4, the solvent quality is improving
for both blocks of the diblock copolymer. Our results
indicate the existence of the CO2 density-induced tran-
sition between the spherical micellar phase and the
unimer (free copolymer chains) phase.

Figure 4. Interfacial tension evaluated using GPC and static
light-scattering experiments as a function of CO2 density for
three PVAC samples: 5.8 (0), 16.64 (O) and 46.34 (4) kg/mol.

c′sM′W )
I(0)
K

(22)

Figure 5. Variation of the absolute scattered intensity I
divided by the copolymer concentration c and of the aggrega-
tion number f with the CO2 density at T ) 45 °C for five
copolymer concentrations: c ) 1.88 × 10-3, 3 × 10-3, 6 × 10-3,
1.125 × 10-2, and 2 × 10-2 g/cm3. The experimental error is
equal to 20%.

f )
Mmicelles

Munimers
(23)

Mmicelles )
I(0)
Kc

(24)
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3.2. Hydrodynamic Radius and Phase Diagram.
From the dynamic light-scattering data, we have de-
termined the translational diffusion coefficient D, the
hydrodynamic radius RH, and the particle size distribu-
tion. The hydrodynamic radius over the CO2 density
range of 0.8-1 g/cm3 for the PTAN-b-PVAC diblock
copolymer solution at T ) 45 °C for the different
copolymer concentrations 1.88 × 10-3, 3 × 10-3, 6 ×
10-3, 1.125 × 10-2, and 2 × 10-2 g/cm3 is presented in
Figure 6. For example, the micellar aggregates with
the radius RH ≈ 15.3 ( 1 nm were observed in the CO2
density range 0.82 g/cm3 < F <0.91 g/cm3 for copolymer
concentration of c ) 0.003 g/cm3. The size of the
micelles is almost independent of the CO2 density
through the whole micellar regime. Note that we
observed a strong dependence of the aggregation num-
ber f of the CO2 density (Figure 5). However, the radius
of the micelles is almost independent of the CO2 density.
This phenomenon is a direct consequence of the balance
between the free energy of the corona (which depends
on the excluded volume parameter) and the interfacial
free energy (which depends on the core-corona inter-
facial tension γ.28-31 The quality of the solvent for both
the corona and core increases with the CO2 density. The
excluded volume parameter v for the corona chains
increases with CO2 density (see Table 1) and the core-
corona interfacial tension γ decreases32 (improving
solubility) with density as shown in Figure 4. These

two effects compensate for each other and lead to almost
constant size of the micelles as their aggregation
number decreases with an increasing carbon dioxide
density. Note that a decrease in the micelle size with
an increasing density of supercritical fluids has been
observed in experimental studies on surfactant sys-
tems.11,33-35 But the micellization transition has not
been observed in these studies. Also note that a de-
crease in micelle size with increasing density has been
measured in neutron-scattering experiments and pre-
dicted theoretically for a microemulsions system.33

The size of the micelles (15.3 ( 1 nm) and of the
unimers (4 ( 0.5 nm) is also almost independent of the
copolymer concentration. In Figure 6 the size is ob-
tained using the cumulant analysis. Upon increasing
carbon dioxide density by increasing the pressure, we
observe a very sharp transition from micelles to un-
imers.

Figure 7 shows the phase diagram in the CO2 density-
copolymer concentration plane at the fixed temperature
T ) 45 °C. The points corresponding to the transition
in Figure 7 were deduced from the dynamic light-
scattering experiments (dashed lines in Figure 6) and
are reported as solid diamonds in Figure 7. From the
comparison between Figures 6a, 6b, 6c, 6d, and 6e in
the high CO2 density region (0.91 < F < 0.95), we
concluded that the micelles-unimers transition is shift-
ing to the higher CO2 densities with an increasing
copolymer concentration (see the positive slope of the
CMC line on the phase diagram plotted in Figure 7).
Open circles indicate the cloud line (solubility line)
determined by the cloud point and the light-scattering
experiments. The solubility line which defines the
transition between a two-phase regime and a micelles
regime is almost independent of the copolymer concen-
tration. The CMC line and the solubility line merge
together at a very low copolymer concentration (c ≈ 2
× 10-4 g/cm3).

We have identified three regions on the phase dia-
gram: a two-phase region at densities below 0.82 g/cm3;
a region of spherical micelles at intermediate CO2
densities; a phase of isolated copolymer chains dissolved

Figure 6. Effect of the CO2 density on the hydrodynamic
radius (determined with the cumulant analysis) for a copoly-
mer concentration: (a) c ) 1.88 × 10-3 g/cm3, (b) c ) 3 × 10-3

g/cm3, (c) c ) 6 × 10-3 g/cm3, (d) c ) 1.125 × 10-2 g/cm3, and
(e) c ) 2 × 10-2 g/cm3 at temperature T ) 45 °C. Dashed lines
indicate the onset of the micelles-to-unimers transition as
determined by the Contin analysis of the dynamic light-
scattering data. Error bars are equal to the size of the points.

Figure 7. Phase diagram in the copolymer concentration-
CO2 density plane at a fixed temperature T ) 45 °C. Points
(O) represent the cloud line (solubility line), the points (()
represent the spherical micelles-unimers transition, and the
points (b) represent the overlap concentration c*.
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in CO2 at high densities. As the CO2 density is
increased, the solvent quality for both blocks becomes
better, increasing the solubility of the PTAN and PVAC
blocks in CO2. To form micelles, more copolymer needs
to be added to the solution. So the critical micelle
concentration increases with increasing CO2 density.

The dashed lines in Figure 7 represent the two
different ways to reach the micelles-to-unimers transi-
tion. The critical micelle concentration is defined as the
copolymer concentration at a given CO2 density above
which the formation of micelles is favorable. The
transition can be observed as we increase the copolymer
concentration (move up the vertical dashed line) at
constant CO2 density. In our experiments we have
performed a density-driven micellization at a given
copolymer concentration (see horizontal dashed line).
This study is the first one reporting a density-induced
transition between a spherical micelle phase and a
unimer phase using light-scattering experiments.

The overlap concentration can be estimated from the
density inside micelles.23,24

The radius of gyration RG was too low to be measured
using static light scattering. We have estimated it from
the hydrodynamic radius RH using the following ap-
proximate relation: RG ) RH/0.66.24,36 This relation was
verified for random coils and is expected to still be valid
for low-density micelles but is probably incorrect for
dense micelles (large aggregation number at low CO2
density). The experimental error bars were evaluated
from the corresponding error bars in the measurement
of hydrodynamic radii and aggregation numbers (see eq
25). The polymer concentration inside the micelles is
quite high at low CO2 densities but is in good agreement
with other scattering studies.23,26,27 Note that at fixed
CO2 density the variation of the polymer concentration
inside micelles in the experimental concentration range
is about 10%. The overlap concentration plotted in
Figure 7 as solid spheres was estimated at different
polymer concentrations for a given CO2 density and
extrapolated to a concentration c ) c*. The overlap
concentration for unimers is found to be of the order of
0.1 g/cm3. The expected decrease of c* of unimers due
to the change of the solvent quality is 17% (which is
much smaller than the estimated error bar).

Above the overlap concentration c* in the micellar
phase, we expect microphases (i.e., lattices of micelles,
cylinders, lamellae37). Note that experimental examples
of density-tuning phase behavior of Aerosol-OT micro-
emulsions in compressed liquids and of nonionic sur-
factants in light alkanes have been reported.38,39

Figure 8 shows a typical example of the results
obtained by applying the Contin method to our data for
a copolymer concentration c ) 3 × 10-3 g/cm3 at three
different CO2 densities. As we cross the micelles-to-
unimers transition line (as we cross the solid line along
the horizontal dashed line in Figure 7), we clearly
distinguish one distribution in the region of spherical
micelles at lower CO2 density (Figure 8a), two distribu-
tions (micelles and unimers) at intermediate CO2 den-
sity (Figure 8b), and one distribution at high CO2
density (region of isolated copolymer chains, Figure 8c).

3.3. Micellization Transition. To study the mi-
celles-to-unimers transition in more detail, we have

used the Contin distribution to evaluate the concentra-
tion of unimers and the concentration of micelles as a
function of CO2 density. To analyze these data, we
applied the following procedure: Let the molecular
weight of free copolymer chains and micelles be Munimers
and Mmicelles ) fMunimers (where f is the aggregation
number and Munimers ) 70.7 kg/mol). The corresponding
concentrations of free unimers and unimers in micelles
are cunimers and cmicelles, respectively. The total concen-
tration of the solution c is equal to the sum of the
concentrations.

The value of the total intensity I was deduced directly
from the static light-scattering measurements.

The ratio r of scattering intensity of unimers Iunimers to
micelles Imicelles can be measured independently using
the Contin intensity distribution (see, e.g., Figure 8).

Consequently, the values for Iunimers and Imicelles can be
calculated. From the scattering intensity of unimers
Iunimers we deduced the concentration of unimers:

Figure 8. Intensity distribution obtained using the Contin
method for copolymer concentration c ) 3 × 10-3 g/cm3 and
CO2 densities: (a) F ) 0.884 g/cm3, (b) F ) 0.935 g/cm3, and (c)
F ) 0.979 g/cm3.

c ) cunimers + cmicelles (26)

I ) Iunimers + Imicelles (27)

r )
Iunimers

Imicelles
(28)

cunimers )
Iunimers

KMunimers
(29)

c* )
3fMW

NA4πRG
3

(25)
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where K is the scattering constant (see eq 3). From the
concentration of unimers cunimers and the total concen-
tration c, we calculate the concentration of the polymer
in micelles cmicelles ) c - cunimers (see eq 26).

The above procedure is applicable as long as we can
distinguish the unimer scattering peak in the Contin
intensity distribution. At CO2 densities below the
micelles-to-unimers transition in the micelle region, the
unimer peak is not measurable and we cannot deter-
mine the unimer concentration. From the phase dia-
gram plotted in Figure 7, we can approximate the
concentration of unimers as a function of CO2 density
in the region of spherical micelles. In this part of the
phase diagram we expect that the concentration of
unimers to be of the order of the critical micelle
concentration (CMC) for a given density. Figure 9
shows the variation of the concentration of unimers,
cunimers, and of micelles, cmicelles, as a function of CO2
density for the total copolymer concentration c ) 0.003
g/cm3. For example, for the three CO2 densities repre-
sented in Figure 8, this analysis gives the following
results: for CO2 density F ) 0.884 g/cm3, cmicelles ) 2.75
× 10-3 g/cm3 and cunimers ) CMC ) 3.5 × 10-4 g/cm3

(Figure 8a); for F ) 0.935 g/cm3, cmicelles ≈ 0 g/cm3 and
cunimers ≈ 3 × 10-3 g/cm3 (within 10% experimental
error) (Figure 8b); for F ) 0.979 g/cm3, cmicelles ) 0 g/cm3

and cunimers ) c )3 × 10-3 g/cm3 (Figure 8c). This plot
shows that the micelles-to-unimers transition is very
sharp. Most of the polymers are in the micelles below
the transition and are unimers above the transition.

The concentrations of micelles and of unimers (de-
duced from the analysis described above) is plotted in
Figure 10 as functions of the copolymer concentration
for carbon dioxide density F ) 0.91 g/cm3. The concen-
tration of unimers in the spherical micelles region is
taken to be equal to the critical micelle concentration
(equal to 0.003 g/cm3 at CO2 density F ) 0.91 g/cm3 (see
Figure 9)). The unimer concentration is expected to
saturate at the micellization transition and to be equal
to the critical micelle concentration (CMC). The mi-
celles appear at the transition and contain all the
additional mass, cmicelles ) c - CMC.

The aggregation number f deduced using this analysis
at a copolymer concentration c ) 0.003 g/cm3 is pre-
sented in Figure 11.

The aggregation number obtained using the standard
analysis (see part 3.1.3) is also plotted in the same
figure. With improved analysis we are now able to
define a sharp micelles-to-unimers transition. We reach
the unimers phase for carbon dioxide densities around
0.91-0.92 g/cm3 at a copolymer concentration of c )
0.003 g/cm3. The dependence of the aggregation number
on the copolymer concentration is shown in the insert
in Figure 11. We observe a shift of the spherical
micelles to unimers transition to higher CO2 density
when the copolymer concentration is increased.

Figure 9. Dependence of the unimer concentration (O) and
of the micelle concentration (b) on CO2 density. The total
copolymer concentration is c ) 3 × 10-3 g/cm3.

Figure 10. Dependence of the unimer concentration (b) and
of the micelle concentration (O) on total copolymer concentra-
tion at the CO2 density F ) 0.91 g/cm3.

Figure 11. Variation of the aggregation number evaluated
using the Contin analysis (0) and using the standard analysis
(9) for a copolymer concentration c ) 0.003 g/cm3. The
dependence of the aggregation number on the copolymer
concentration obtained using the Contin analysis is plotted
in the insert for copolymer concentrations c ) 3 × 10-3, 6 ×
10-3, and 1.125 × 10-2 g/cm3.

f )
Imicelles

KMunimerscmicelles
(30)
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4. Conclusion

We have presented the results of the light-scattering
study of diblock copolymers in supercritical carbon
dioxide.

We have identified three regions of the phase diagram
(Figure 7) in the copolymer concentration-CO2 density
plane at the fixed temperature (T ) 45 °C): (i) Two-
phase region at low CO2 density; (ii) spherical micelles
at intermediate CO2 density; (iii) unimers (isolated
copolymer chains) dissolved in CO2 at high density.

This is the first study reporting a density-induced (or
a pressure-induced) transition between a spherical
micelle phase and an unimer phase using light-scatter-
ing experiments.

The critical micelle concentration (boundary between
phases (ii) and (iii)) increases with increasing CO2
density (Figure 7). In our experiments, we have per-
formed a density-induced micellization of block copoly-
mers at several copolymer concentrations. This tran-
sition is driven by the important modifications of the
selective solvent quality characteristics for the diblock
copolymers induced by changing the density of CO2. The
analysis of the Contin intensity distribution shows that
the micellization transition is very sharp (Figure 9).

We observed the decrease of the aggregation number
with increasing CO2 density, which is a direct conse-
quence of improving solvent quality. The hydrodynamic
size of the micelles was approximately constant through
the whole region (ii). This can be understood by the
compensation of the decreasing aggregation number and
increasing excluded volume interactions inside the
micelles. With the Contin analysis we are able to define
sharp micelles-to-unimers transition (Figure 11).

We have also developed a technique to evaluate the
interfacial tension between polydisperse PVAC homo-
polymers and CO2 using GPC and static light-scattering
data (Figures 3 and 4).
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