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Critical micellization density: A small-angle-scattering structural study
of the monomer-aggregate transition of block copolymers in supercritical CQ
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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 acetaly (1,1,2,2-tetrahydroperfluoro-octyl acry-
late) in supercritical CQ (scCQy) 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 scCO We confirm the previous finding that this aggregate-monomer tran-
sition is driven by the gradual penetration of £@olecules 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 numbes): 61.25.Hq, 64.75tg

INTRODUCTION condition when the aggregate collapses, freeing the single
random coil chains. The concentration and the nature of the
Small-angle neutron scatteriiANS) has been used re- polymer, the temperature, as well as the pressure are all pa-
cently to gain quantitative information on the structure oframeters affecting the monomer-aggregate transition. How-
aggregates of amphiphilic fluoropolymers in supercriticalever, most likely temperature and pressure are not acting as
CO, (scCQ) [1-4] in a variety of thermodynamic condi- independent variables, but rather affect the transition by
tions. modulating the solvent density, primarily responsible for the
Supercritical fluids(SCF's have a number of features transition itself. The situation is actually more complex, as
which offer potential advantages, including a high compressthe polymer is in general polydisperse, and the solvating
ibility which facilitates large changes in solvent density, andability of scCG, depends also on the molecular weight of the
hence solvation, with pressure. For this reason, in the past Narious fractions of the polymer. So, at a certain pressure it
years there has been a growing interest in SCF's as newmay happen that, while CQs a good solvent for the major-
solvent media for separation, reaction, and crystallizatiorty of the polymer, at the same time it is a poor solvent for
[5,6]. The change of solvation of solutes in SCF’s has beeithe high molecular weight fraction of the dispersion. Under
exploited to control solubilities through both temperature andhese conditions, the high molecular weight fraction may un-
pressure variation. Recentl2—4], we have reported SANS dergo concentration fluctuations which are correlated expo-
studies of copolymers polyvinyl acetdbepolyfluoro-octyl  nentially in space and affect the Gibbs free energy of the
acrylate (PVAc-b-PFOA) in scCQ. These copolymers are solution. This might affect the pressure transition, although
made with a portion containing a fluorocarbon polymer withmarginally, as the transition happens when,df@comes a
a high affinity towards scCand a hydrocarbon polymer good solvent for the whole polymer. In short, the two most
portion not quite as affine. In these polymers, PVAc acts as #amportant parameters controlling the monomer-aggregate
“CO ,-phobic” block, while PFOA acts as a “Cgphilic” transition should be the concentration and the density; we
block. (In what follows, we shall classify these polymers have therefore introduced the concept of critical micelliza-
using their number average molecular weights,tion density(cmd), i.e., the density of the solvent at which a
(M p)vac-b-(MpYeo0n) . The amphipatic nature of these com- sharp, reversible monomer-aggregate transition o¢@x4j.
pounds facilitates the formation of aggregates in which theThe cmd is expected to depend also on the nature of the
contact between the hydrocarbon portion of the moleculeblocks (especially the solvo-phobic blogkmaking up the
and the solvent is minimized, while, at the same time, thegolymer and to be a general characteristic of supercritical
solvophilic interaction is maximized. Therefore, we may ex-fluids [4], not only of scCQ.
pect that, at low pressure, where £ not a good solvent In principle, aggregates of different shapes can be ob-
for one of the blocks, structures similar to micelles maytained in these solutions, depending on the concentration and
form. On the other hand, as the existence of these aggregatése nature of the C@phobic chain and of the C&philic
is due to the different solvating ability of scG@r the two  portion. So far, however, there has been evidence only of
blocks, by increasing the pressure, and thus by makingore-shell spherical aggregates even at high concentrations.
scCQ a better solvent for both blocks, one may reach aMoreover, the core may solubilize an appreciable amount of
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high molecular weight apolar materials which otherwise
have low solubility in scC@to form dispersions similar to 1000
oil-in-water microemulsions. This feature may be exploited
in recently developed precision cleaning and garment clean-
ing applications of scCO[7]. The fact that the core can ‘é
solubilize materials which find scGQa poor solvent has =
strong implications when the scattering data of polydisperse % 10
polymeric materials of the kind investigated here are ana- &
lyzed. This arises since the least soluble components of the ]
polymer, particularly the high molecular weight hydrocar- 1
bons, may be located in the core at low pressures when sol-
vation by scCQ is poor.
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We have investigated the small-angle scattering behavior £ 1. pressure dependence of the SANS pattern as obtained
of a block copolymer in scCOcontaining a “CQ-philic”  from selected runs of a 6% w/V GGolution of 10.3 K PVAc-b-
moiety (60.4 K Dalton PTAN and a “CQO,-phobic” moiety = 60.4 K PT-AN at 313 K. Pressure decreases from bottom to top.
(10.3 K Dalton PVAGg, equal to the one previously investi-
gated[3,4]. The “CO,-philic’ moiety, although larger, is of the decoupling approximatiod. (Q)/dQ} is given[2] by
similar to PFOA, for which we had previously obtained very
accurate SANS measurements and derived values of a criti- 9%(Q)/dQ=N,[dZ(Q)/dQ Jrct Nagd d2(Q)/dQ Jagq
cal micellization densitycmd) for several concentrations at _ 2 29 4
different temperaturel3,4]. The values of cmd obtained de- = 2Np[(QRg) ™+ ex (QRy)"] ~11/(QRy)
pend slightly on the molecular weight of the blogis, con- +NagP(Q[S(Q)PY+S(Q)EFI+A(Q),
centration, and temperatuf8,4], indicating that the critical
variable is the solvent density. In fact, our studies have (@)
shown that for this kind of polymer, the cmd is in the range
of 0.87—0.92 g/cth In particular, based on our studies
[2—4], given the same “C@phobic” moiety, at 40 °C we
expect a value of 0.92 g/chior the polymer under investi-

gation. . o . . To computeP(Q) we tried several models and best fits
A 6% (w/V) solution at 40 °C was investigated as afunc—Were obtained with a “‘coreshell’” polydisperse spheres

tion. of pressure. Solytions of the. polymgr were cpntained ir}nodel, while for the structure function we have used the
a high-pressure optical celll,2] fitted with sapphire win- | 54 spheres model in the Percus-Yevick approximdtidi
dows with path length 1 cm. The temperature of the samplé,qgified [2] for exponentially correlated ~fluctuations
was maintained te+-/—0.2 °C by means of a heating ribbon. S(Q)PY+S(Q)ECF. In fact, statistical thermodynamics of
SANS measurements were made at 40°C in the pressu lymer solutions in the semidilute poor solvent regime

range of 170—360 bar. 12,13 su ;
, ggests that the free-energy densityan be simply
SANS measurements were performed on the ORNL 30 xpressed as a virial expansion in terms of binary and ternary

camerd 8] using 4.78-A neutrons. The magnitude of the MO-cluster integral$14]. From a structural point of view, a poly-

. . _ 71 .
mﬁntum . trar?sf'er _\éectoQ IS lglver;] bydcgz_s"';‘ﬂ‘ sm(Q), mer in the semidilute regime shows density fluctuations cor-
where] Is the incident wavelength andbs the scattering gj51eq exponentially in space with a correlation-length

angle_.. The intensit.y of neutrons was recorded ona pOsmonéimple function of the cluster integrdl$5], and shows up in
sensitive 6464 pixel 2D detector at a fixed sample-t0- w0 'satering cross section of the solution as a Lorentzian
detector E’fs't'on providing an effectiv@ range fr(.)m'0.0Q6 contribution[10] quite similar to the Ornstein-Zernicke con-
t0 0.06 A™. The data were corrected for transmission, inCo-yip, tions described in a different contés]. As before[2],
herent background scattering, and normalized to absolulge gptained large core radii and core scattering length den-

. . . 71 .
scattering cross sections per unit volufeen .) using stan- sity not dissimilar from the scattering length density of the
dard proceduref9]. Further details of technical and experi- 1o solvent. In addition, a better fit was obtained when a

mental aspects together with data reduction procedures a all fraction of the polymer was supposed to be present as

given elsewher¢l—4,8. a monomer even at the lowest pressures. The lowest pressure
presented here was at least 10 bar higher than the precipita-
DATA ANALYSIS tion pressure which was obtained visually before starting the

. . ) _ data collection.
The coherent elastic differential scattering cross section

whereRy is the radius of gyration of the random cdd(Q)
andS(Q)PY are the form factor and the structure factor of the
aggregate, respectively, agdQ)E°F is the contribution due
to the exponentially correlated fluctuatiof&10].

dX(Q)/dQ of a collection of random coil chains partially RESULTS AND DISCUSSION
aggregated to fornN,qq aggregates can be calculated as a
weighted average of contributions f, random coils and of Figure 1 shows the effect of the G(ressure on the

the N, aggregated chains, [dX(Q)/dQ]gc and scattering function of the 6%w/V) solution at 40 °C. It can
[d%(Q)/dQ],4q, respectively. Under conditions of validity be noticed that, by decreasing the pressure, the intensity in-
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10 TABLE I. Results of the fits for the high- and low-density re-
gimes.
o p=358 bar
o p=213 bar P2 (1-a)® p° ce Agg.t Z
;E\ 172 0.925 0.821 1.00 298 17.01)
g 1 179 0.925 0.830 1(@) 29.33) 17.01)
g 186 0.925 0.838 1(1) 29.25) 17.41)
g 199 0.900 0.849 1(1) 28.03) 19.53)
213 0.900 0.858 1(1) 24.95) 18.45)
01 227 0.875 0.868 1(2) 21.712) 18.02)
241 0.875 0.879 1(B) 19.42) 17.02)
. . - , . 255 0.850 0.889 1(1) 18.62) 17.02)
000 001 002 003 004 005 0.6 268 0.750 0.900 1@) 14.83) 17.02)
Q&Y 282 0.65 0.909 1@) 12.02) 10.02)
295 transition zonep,—0.91 g/cnd
FIG. 2. Example of the fitting of experimental SANS data from 310 transition zonep,—0.92 g/crd
a 6% w/V CQ solution of 10.3 K PVAc-b-60.4 K PT-AN at 313K 35g 0.917 Random coiRg=43.5A

by means of the models described in the text: in a “low-density”
state, the system presents micellar morphology. At 358 bar th&ressure in bar.

SANS pattern is well-represented by a random coil model. In thi’Concentration of aggregated polymer expressed as percent of the
“high-density” state, CQ is a good solvent for both blocks of the total polymer concentratiot6% w/V).

copolymer. °Density of CQ (g/cn).

. S . . 9Core swelling ratio number based on the number average molecu-
creases and a peak in the scattering intensity appears. This,is weight of the polymer. Errors in parentheses

a clear indication that the system undergoes a monome&Aggregaﬂon numbers. Errors in parentheses.

aggre_gate tra}l"lsmon. When We. modele_d the aggregat.es &chultz polydispersity parameter. Errors in parentheses.
polydisperse ‘‘coré-shell’” spherical particles, excellent fits

to the scattering intensities were obtained, provided a fra%e different concentration range and also because the au-
tion « of the polymer was always present as a random C‘?”thors evaluated aggregation numbers by assuming “dry mi-
the remaining fractior(1-«) forming spherical aggregates; celles” and therefore neglecting the solvent penetration. In
solvent penetration in the core was allowed by defining thg),; case the value R, for the monomers, obtained by
flt parameter CS, which gives mfprmatlon on j[he core SV‘(e||'fitting the data to the random coil scattering equafib®), is

ing due to the solvent penetration. In practice, at a giveny3 5 A As indicated previously, a slight increaseZofipon
pressure, CS is given by the number of QBolecules pen-  ncreasing the pressure indicates stiffening of the core/shell
etrating the core normalized to its value at the lowest presyerface[17], due to the penetration of GQleep inside the
sure at which the polymer is still dispersed in LBy in-  aggregate. Figure 3 shows a fit of the experimental fraction

creasing the_ pressure, C_S also increases and i_ts changgg polymer aggregated to a Boltzmann sigmoidal curve,
parallels the increase of stiffness of the core-shell interface,

measured by the polydispersity paramefef17]. At high Y(X)=As+ (A;—Ay) /[ 1+expx—Xxg)/dXx],
enough pressures, the aggregates start to break down and

eventually the scattering curves become consistent with th&#hereA; andA; are the upper and the lower values(®fa),
scattering from random coils. The transition from a mixturerespectively x, is the center of the transition, antk is the
of random coils and aggregates to pure random coils is reavidth.

sonably sharp and falls, at 40 °C, in a pressure range between

280 (pco,=0.91g/cmi) and 320 bar fco,=0.92 glcr). P (ban

This value is in excellent agreement with the value expected
on the basig1—4] of our previous studies discussed earlier.
Figure 2 shows typical fits for the high-densityandom

coil) and for the low-density regiméggregates The con- E
centration of monomers in equilibrium with aggregates re- =2
mains low (@=0.025) and approximately constant far from % 04 |

5

)

s
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the transition pressure, then increases quickly upon ap-
proaching the transition, indicating that the aggregates are
breaking down. Results of the fits are collected in Table I. I
CS, the core swelling parameter, is displayed together with & 08
the aggregation numbéAgg.) and the Schultz polydisper-
sity parameteZ. Dilute solutions(>2%) of the same poly-
mer have been studied earlier at 45 °C by means of static anc
dynamic light scatteringi18]. However, although the transi-
tion was found in the same range of densities reported here, FIG. 3. Concentration of the aggregated polymer as a function
no comparison with the present data is possible because of the pressure.
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The sharpness of the transition and the fact that the agghenomenon due to the change in density. It is therefore
gregation number and the polydispersity, away from the trannatural to propose the existence of a critical micellization
sition region, hardly depend on pressure and temperg&hsre density(cmd) to describe the condition at which a reversible
well as concentration and composition of the polyjrisra  micelle-monomer transition occurs in solutions of block-
clear indication that we are dealing with a transition basicallycopolymers in scC® Further experiments are in progress to
due to the change in density of the solvent. examine in detail the extent by which the cmd depends on

polymer structure and temperature.
CONCLUSION

The small-angle scattering investigation of solutions of a
block-copolymer in scC®has given details on the mecha-
nism controlling the aggregate-monomer transition triggered R.T. acknowledges financial support from the Italian Na-
by increasing the pressure above a critical value. When thgonal Research Council and The Italian Department of Edu-
pressure exceeds this value, the core of the aggregates hmtion and ReseardtMURST). G.D.W. acknowledges sup-
comes more “solvent penetrable” so that by increasing theyort from the Divisions of Advanced Energy Projects and
pressure, more and more solvent can penetrate the aggregdtaterials Sciences, U.S. Department of Energy under Con-
reaching the core, making the core-shell surface stiffer anttact No. DE-AC05-960R22464 with Lockheed Martin En-
eventually leading to the breakdown of the structure. Thisergy Research Corporation. J.M.D. acknowledges support
makes possible the aggregate-monomer transition, happenifiggm the National Science Foundation and the Science &
in a relatively narrow range of pressures. The characteristickechnology Center for Environmentally Responsible Sol-
of this transition seem to indicate that we are dealing with avents and Processes.
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