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Critical micellization density: A small-angle-scattering structural study
of the monomer-aggregate transition of block copolymers in supercritical CO2
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In this paper we report a small-angle neutron-scattering investigation of micelle formation by the
fluorocarbon-hydrocarbon block copolymer, polyvinyl acetate-b-poly ~1,1,2,2-tetrahydroperfluoro-octyl acry-
late! in supercritical CO2 ~scCO2! at 313 K. At high pressure the copolymer is in a monomeric state with a
random coil structure, while at low pressure the polymer forms spherical aggregates stable in a wide range of
thermodynamic conditions. By profiling pressure, a sharp monomer-micelle transition is obtained due to the
tuning of the solvating ability of scCO2. We confirm the previous finding that this aggregate-monomer tran-
sition is driven by the gradual penetration of CO2 molecules toward the core of the aggregate and is critically
related to the density of the solvent, thus giving additional support to the concept of a critical micellization
density reported earlier on a similar polymer.

PACS number~s!: 61.25.Hq, 64.75.1g
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INTRODUCTION

Small-angle neutron scattering~SANS! has been used re
cently to gain quantitative information on the structure
aggregates of amphiphilic fluoropolymers in supercriti
CO2 ~scCO2! @1–4# in a variety of thermodynamic condi
tions.

Supercritical fluids~SCF’s! have a number of feature
which offer potential advantages, including a high compre
ibility which facilitates large changes in solvent density, a
hence solvation, with pressure. For this reason, in the pas
years there has been a growing interest in SCF’s as
solvent media for separation, reaction, and crystallizat
@5,6#. The change of solvation of solutes in SCF’s has be
exploited to control solubilities through both temperature a
pressure variation. Recently@2–4#, we have reported SANS
studies of copolymers polyvinyl acetate-b-polyfluoro-octyl
acrylate ~PVAc-b-PFOA! in scCO2. These copolymers ar
made with a portion containing a fluorocarbon polymer w
a high affinity towards scCO2 and a hydrocarbon polyme
portion not quite as affine. In these polymers, PVAc acts a
‘‘CO2-phobic’’ block, while PFOA acts as a ‘‘CO2-philic’’
block. ~In what follows, we shall classify these polyme
using their number average molecular weigh
^Mn&VAc-b-^Mn&FOA). The amphipatic nature of these com
pounds facilitates the formation of aggregates in which
contact between the hydrocarbon portion of the molecu
and the solvent is minimized, while, at the same time,
solvophilic interaction is maximized. Therefore, we may e
pect that, at low pressure, where CO2 is not a good solven
for one of the blocks, structures similar to micelles m
form. On the other hand, as the existence of these aggreg
is due to the different solvating ability of scCO2 for the two
blocks, by increasing the pressure, and thus by mak
scCO2 a better solvent for both blocks, one may reach
PRE 621063-651X/2000/62~4!/5839~4!/$15.00
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condition when the aggregate collapses, freeing the sin
random coil chains. The concentration and the nature of
polymer, the temperature, as well as the pressure are al
rameters affecting the monomer-aggregate transition. H
ever, most likely temperature and pressure are not actin
independent variables, but rather affect the transition
modulating the solvent density, primarily responsible for t
transition itself. The situation is actually more complex,
the polymer is in general polydisperse, and the solvat
ability of scCO2 depends also on the molecular weight of t
various fractions of the polymer. So, at a certain pressur
may happen that, while CO2 is a good solvent for the major
ity of the polymer, at the same time it is a poor solvent f
the high molecular weight fraction of the dispersion. Und
these conditions, the high molecular weight fraction may u
dergo concentration fluctuations which are correlated ex
nentially in space and affect the Gibbs free energy of
solution. This might affect the pressure transition, althou
marginally, as the transition happens when CO2 becomes a
good solvent for the whole polymer. In short, the two mo
important parameters controlling the monomer-aggreg
transition should be the concentration and the density;
have therefore introduced the concept of critical micelliz
tion density~cmd!, i.e., the density of the solvent at which
sharp, reversible monomer-aggregate transition occurs@2–4#.
The cmd is expected to depend also on the nature of
blocks ~especially the solvo-phobic block! making up the
polymer and to be a general characteristic of supercrit
fluids @4#, not only of scCO2.

In principle, aggregates of different shapes can be
tained in these solutions, depending on the concentration
the nature of the CO2-phobic chain and of the CO2-philic
portion. So far, however, there has been evidence only
core-shell spherical aggregates even at high concentrat
Moreover, the core may solubilize an appreciable amoun
5839 ©2000 The American Physical Society
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high molecular weight apolar materials which otherw
have low solubility in scCO2 to form dispersions similar to
oil-in-water microemulsions. This feature may be exploit
in recently developed precision cleaning and garment cle
ing applications of scCO2 @7#. The fact that the core ca
solubilize materials which find scCO2 a poor solvent has
strong implications when the scattering data of polydispe
polymeric materials of the kind investigated here are a
lyzed. This arises since the least soluble components of
polymer, particularly the high molecular weight hydroca
bons, may be located in the core at low pressures when
vation by scCO2 is poor.

EXPERIMENT

We have investigated the small-angle scattering beha
of a block copolymer in scCO2 containing a ‘‘CO2-philic’’
moiety ~60.4 K Dalton PTAN! and a ‘‘CO2-phobic’’ moiety
~10.3 K Dalton PVAc!, equal to the one previously invest
gated @3,4#. The ‘‘CO2-philic’’ moiety, although larger, is
similar to PFOA, for which we had previously obtained ve
accurate SANS measurements and derived values of a
cal micellization density~cmd! for several concentrations a
different temperatures@3,4#. The values of cmd obtained de
pend slightly on the molecular weight of the blocks@2#, con-
centration, and temperature@3,4#, indicating that the critical
variable is the solvent density. In fact, our studies ha
shown that for this kind of polymer, the cmd is in the ran
of 0.87–0.92 g/cm3. In particular, based on our studie
@2–4#, given the same ‘‘CO2-phobic’’ moiety, at 40 °C we
expect a value of 0.92 g/cm3 for the polymer under investi
gation.

A 6% ~w/V! solution at 40 °C was investigated as a fun
tion of pressure. Solutions of the polymer were contained
a high-pressure optical cell@1,2# fitted with sapphire win-
dows with path length 1 cm. The temperature of the sam
was maintained to1/20.2 °C by means of a heating ribbo
SANS measurements were made at 40 °C in the pres
range of 170–360 bar.

SANS measurements were performed on the ORNL 3
camera@8# using 4.78-Å neutrons. The magnitude of the m
mentum transfer vectorQ is given by Q54pl21 sin(u),
wherel is the incident wavelength and 2u is the scattering
angle. The intensity of neutrons was recorded on a posit
sensitive 64364 pixel 2D detector at a fixed sample-t
detector position providing an effectiveQ range from 0.006
to 0.06 Å21. The data were corrected for transmission, inc
herent background scattering, and normalized to abso
scattering cross sections per unit volume~cm21! using stan-
dard procedures@9#. Further details of technical and exper
mental aspects together with data reduction procedures
given elsewhere@1–4,8#.

DATA ANALYSIS

The coherent elastic differential scattering cross sec
dS(Q)/dV of a collection of random coil chains partiall
aggregated to formNagg aggregates can be calculated as
weighted average of contributions ofNp random coils and of
the Nagg aggregated chains, @dS(Q)/dV#RC and
@dS(Q)/dV#agg, respectively. Under conditions of validit
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of the decoupling approximation,dS(Q)/dV is given@2# by

dS~Q!/dV5Np@dS~Q!/dV#RC1Nagg@dS~Q!/dV#agg

52Np@~QRg!21exp@~QRg!2#21#/~QRg!4

1NaggP~Q!@S~Q!PY1S~Q!ECF#1D~Q!,

~1!

whereRg is the radius of gyration of the random coil,P(Q)
andS(Q)PY are the form factor and the structure factor of t
aggregate, respectively, andS(Q)ECF is the contribution due
to the exponentially correlated fluctuations@2,10#.

To computeP(Q) we tried several models and best fi
were obtained with a ‘‘core1shell’ ’ polydisperse sphere
model, while for the structure function we have used t
hard-spheres model in the Percus-Yevick approximation@11#
modified @2# for exponentially correlated fluctuation
@S(Q)PY1S(Q)ECF#. In fact, statistical thermodynamics o
polymer solutions in the semidilute poor solvent regim
@12,13# suggests that the free-energy densityF can be simply
expressed as a virial expansion in terms of binary and tern
cluster integrals@14#. From a structural point of view, a poly
mer in the semidilute regime shows density fluctuations c
related exponentially in space with a correlation-leng
simple function of the cluster integrals@15#, and shows up in
the scattering cross section of the solution as a Lorentz
contribution@10# quite similar to the Ornstein-Zernicke con
tributions described in a different context@16#. As before@2#,
we obtained large core radii and core scattering length d
sity not dissimilar from the scattering length density of t
pure solvent. In addition, a better fit was obtained when
small fraction of the polymer was supposed to be presen
a monomer even at the lowest pressures. The lowest pres
presented here was at least 10 bar higher than the preci
tion pressure which was obtained visually before starting
data collection.

RESULTS AND DISCUSSION

Figure 1 shows the effect of the CO2 pressure on the
scattering function of the 6%~w/V! solution at 40 °C. It can
be noticed that, by decreasing the pressure, the intensity

FIG. 1. Pressure dependence of the SANS pattern as obta
from selected runs of a 6% w/V CO2 solution of 10.3 K PVAc-b-
60.4 K PT-AN at 313 K. Pressure decreases from bottom to to
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creases and a peak in the scattering intensity appears. T
a clear indication that the system undergoes a monom
aggregate transition. When we modeled the aggregate
polydisperse ‘‘core1shell’ ’ spherical particles, excellent fit
to the scattering intensities were obtained, provided a fr
tion a of the polymer was always present as a random c
the remaining fraction~1-a! forming spherical aggregates
solvent penetration in the core was allowed by defining
fit parameter CS, which gives information on the core sw
ing due to the solvent penetration. In practice, at a giv
pressure, CS is given by the number of CO2 molecules pen-
etrating the core normalized to its value at the lowest pr
sure at which the polymer is still dispersed in CO2. By in-
creasing the pressure, CS also increases and its ch
parallels the increase of stiffness of the core-shell interfa
measured by the polydispersity parameterZ @17#. At high
enough pressures, the aggregates start to break down
eventually the scattering curves become consistent with
scattering from random coils. The transition from a mixtu
of random coils and aggregates to pure random coils is
sonably sharp and falls, at 40 °C, in a pressure range betw
280 (rCO2

50.91 g/cm3) and 320 bar (rCO2
50.92 g/cm3).

This value is in excellent agreement with the value expec
on the basis@1–4# of our previous studies discussed earlie

Figure 2 shows typical fits for the high-density~random
coil! and for the low-density regime~aggregates!. The con-
centration of monomers in equilibrium with aggregates
mains low (a50.025) and approximately constant far fro
the transition pressure, then increases quickly upon
proaching the transition, indicating that the aggregates
breaking down. Results of the fits are collected in Table
CS, the core swelling parameter, is displayed together w
the aggregation number~Agg.! and the Schultz polydisper
sity parameterZ. Dilute solutions~.2%! of the same poly-
mer have been studied earlier at 45 °C by means of static
dynamic light scattering@18#. However, although the trans
tion was found in the same range of densities reported h
no comparison with the present data is possible becaus

FIG. 2. Example of the fitting of experimental SANS data fro
a 6% w/V CO2 solution of 10.3 K PVAc-b-60.4 K PT-AN at 313 K
by means of the models described in the text: in a ‘‘low-densit
state, the system presents micellar morphology. At 358 bar
SANS pattern is well-represented by a random coil model. In
‘‘high-density’’ state, CO2 is a good solvent for both blocks of th
copolymer.
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the different concentration range and also because the
thors evaluated aggregation numbers by assuming ‘‘dry
celles’’ and therefore neglecting the solvent penetration.
our case, the value ofRg for the monomers, obtained b
fitting the data to the random coil scattering equation@19#, is
43.5 Å. As indicated previously, a slight increase ofZ upon
increasing the pressure indicates stiffening of the core/s
interface@17#, due to the penetration of CO2 deep inside the
aggregate. Figure 3 shows a fit of the experimental fract
of a polymer aggregated to a Boltzmann sigmoidal curve

Y~x!5A21~A12A2!/@11exp~x2x0!/dx#,

whereA1 andA2 are the upper and the lower values of~1-a!,
respectively,x0 is the center of the transition, anddx is the
width.

’
e
s

TABLE I. Results of the fits for the high- and low-density re
gimes.

Pa (12a)b rc CSd Agg.e Zf

172 0.925 0.821 1.00 29.5~1! 17.0~1!

179 0.925 0.830 1.0~1! 29.3~3! 17.0~1!

186 0.925 0.838 1.1~1! 29.2~5! 17.4~1!

199 0.900 0.849 1.1~1! 28.0~3! 19.5~3!

213 0.900 0.858 1.1~1! 24.8~5! 18.4~5!

227 0.875 0.868 1.1~2! 21.7~2! 18.0~2!

241 0.875 0.879 1.1~3! 19.4~2! 17.0~2!

255 0.850 0.889 1.1~1! 18.6~2! 17.0~2!

268 0.750 0.900 1.6~2! 14.8~3! 17.0~2!

282 0.65 0.909 1.8~2! 12.0~2! 10.0~2!

295 transition zone,r020.91 g/cm3

310 transition zone,r020.92 g/cm3

358 0.917 Random coil,Rg543.5 Å

aPressure in bar.
bConcentration of aggregated polymer expressed as percent o
total polymer concentration~6% w/V!.
cDensity of CO2 ~g/cm3!.
dCore swelling ratio number based on the number average mol
lar weight of the polymer. Errors in parentheses.
eAggregation numbers. Errors in parentheses.
fSchultz polydispersity parameter. Errors in parentheses.

FIG. 3. Concentration of the aggregated polymer as a func
of the pressure.
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The sharpness of the transition and the fact that the
gregation number and the polydispersity, away from the tr
sition region, hardly depend on pressure and temperature~as
well as concentration and composition of the polymer! is a
clear indication that we are dealing with a transition basica
due to the change in density of the solvent.

CONCLUSION

The small-angle scattering investigation of solutions o
block-copolymer in scCO2 has given details on the mech
nism controlling the aggregate-monomer transition trigge
by increasing the pressure above a critical value. When
pressure exceeds this value, the core of the aggregate
comes more ‘‘solvent penetrable’’ so that by increasing
pressure, more and more solvent can penetrate the aggre
reaching the core, making the core-shell surface stiffer
eventually leading to the breakdown of the structure. T
makes possible the aggregate-monomer transition, happe
in a relatively narrow range of pressures. The characteris
of this transition seem to indicate that we are dealing wit
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phenomenon due to the change in density. It is theref
natural to propose the existence of a critical micellizati
density~cmd! to describe the condition at which a reversib
micelle-monomer transition occurs in solutions of bloc
copolymers in scCO2. Further experiments are in progress
examine in detail the extent by which the cmd depends
polymer structure and temperature.

ACKNOWLEDGMENTS

R.T. acknowledges financial support from the Italian N
tional Research Council and The Italian Department of E
cation and Research~MURST!. G.D.W. acknowledges sup
port from the Divisions of Advanced Energy Projects a
Materials Sciences, U.S. Department of Energy under C
tract No. DE-AC05-96OR22464 with Lockheed Martin E
ergy Research Corporation. J.M.D. acknowledges sup
from the National Science Foundation and the Science
Technology Center for Environmentally Responsible S
vents and Processes.
n,
@1# J. B. McClainet al., Science274, 2049~1996!.
@2# F. Triolo et al., Langmuir16, 416 ~2000!.
@3# R. Triolo et al., Phys. Rev. E61, 4640~2000!.
@4# F. Triolo et al., J. Appl. Crystallogr.33, 641 ~2000!.
@5# J. M. DeSimone, Z. Guan, and C. S. Elsbernd, Science257,

945 ~1992!.
@6# J. M. DeSimoneet al., Science265, 356 ~1994!.
@7# See, e.g., http://www.micell.com
@8# W. C. Koehler, Physica~Utrecht! 137, 320 ~1986!.
@9# G. D. Wignall and F. S. Bates, J. Appl. Crystallogr.20, 28

~1986!.
@10# S. Shimizuet al., J. Appl. Crystallogr.30, 712 ~1997!.
@11# N. W. Ashcroft and J. Leckner, Phys. Rev.145, 83 ~1966!.
@12# P. J. Flory,Principles of Polymer Chemistry~Cornell Univer-
sity Press, Ithaca, NY, 1953!.

@13# P. G. de Gennes,Scaling Concepts in Polymer Physics~Cor-
nell University Press, Ithaca, NY, 1979!.

@14# K. Okanoet al., Polymer35, 2284~1994!.
@15# K. Okanoet al., Physica B & C120, 413 ~1983!.
@16# R. Triolo and E. Caponetti, Adv. Colloid Interface Sci.32, 235

~1990!.
@17# M. Gradzielski, D. Langevin, and B. Farago, Phys. Rev. E53,

3900 ~1996!.
@18# E. Buhler, A. Dobrynin, J. M. DeSimone, and M. Rubinstei

Macromolecules31, 7347~1998!.
@19# P. Debye, J. Appl. Phys.15, 338 ~1944!.


