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Critical micellisation density; a SAS solvation and to show a variety of structures when the density of the

. solvent (scCQ changes. On one hand the gubhobic interaction
StrUCturaI StUdy Of the unlmer_aggregate between the hydrocarbon portion of the molecule and the CO

transition of block-copolymers in super- molecules tends to prevent the dissolution of the polymer. On the
Critical C02 othe_r.hand the energetically favor_ablezém_ailic interaction; ter_1d to
stabilize the surfactant molecule in solution. The amphipatic nature
of these compounds facilitates formation of aggregates in which the
contact between the hydrocarbon portion of the molecules and the
solvent is minimized, while, at the same time, the solvophilic
interaction is maximized. The structures formed are similar to
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In this paper we report a SANS investigation of micelle formation by
fluorocarbon-hydrocarbon block copolymers in supercritical, CO
(scCQ) at 313K. A sharp unimer-micelle transition is obtained due to
the tuning of the solvating ability of scCOy profiling pressure. At
high pressure the copolymer is in a monomeric state with a random
coil structure. By lowering the pressure aggregates are formed with
the hydrocarbonsegments forming the core and tf@orocarbon
segments forming the corona of spherical aggregates aggregate-
unimer transition is driven by the gradual penetration of, CO
molecules toward the core of the aggregate and is critically related to
the density of the solvent, thus suggesting the definition of a critical
micellisation density (CMD).
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1. Introduction 0.25

Small Angle Neutron Scattering (SANS) in the last decade has been

. S : . igure 1. Pressure dependence of the SANS pattern as obtained from a 6 %
used extensively to gain information on the structure of a variety O\llzfv/v CO, solution of 10.3 K PVAc-b-43.1K PFOA at 338K. The random coil

polymer systems including amphiphilic polymers in supercritica] COmorphology tums into a micellar one, as soon as the solvent density is
(scCQ) (Wignall, 1999). Compared with liquid solvents, near- orlowered across a Critical Micellisation Density (CMD).

super-critical fluids (SCF) have a number of features which offer

potential advantages, including a high compressibility whichgigyre 1 shows the change of the scattering cross section with
facmtatgs large changes in solvent density Wlt_h pressure. For th}§ressure at constant temperature (338K) and concentration (~6%) for
reason in the last 15 years there has been growing interest in SCF§$ atter polymer. A few selected runs are shown in figure 2 together
new solvent media for separation, reaction and crystallisatiogith the pest fits to a core-shell model (low pressures) (Triolo, F. et
(DeSimone, 1992-94). Since solvation of solutes in a SCF increasgs 1999 b) and a random coil model (highest pressure). Interesting
dramatically with density, this feature can be exploited to controjenough a transiton from aggregated polymer to unimer is
solubilities through both temperature and pressure variation. Recen%\kperimentally observed in a range of pressures which is higher for
(Triolo, F. et al., 1999,a) we have reported a SANS study of ge polymer studied at 338K than for the polymer with smaller PVAc
copolymer Polyvinyl acetate-b-Perfluoro octyl acrylate (PVAC'b'moiety (studied at 313K). However, in both cases, the range of
PFOA) in scCQcomposed of a * Ciphobic” block (4.4K PVAC) — gensities is the same. We have therefore introduced the concept of
and a * CQphilic” fluorinated octyl acrylate block (43.1K PFOA)  critical micellization density (cmd), i.e. the density of the solvent at
blocks. (We classified these polymers using their number averaggnich a sharp, reversible unimer-aggregate transition occurs (Triolo,
molecular weights as <M,,-b-<M>.,). This copolymer is made [ et 4., 1999,a). The cmd is expected to depend also on the nature of
with a portion containing a fluorocarbon polymer very soluble inge piocks making up the polymer and to be a general characteristic

scCQ and a hydrocarbon polymer portion not quite as soluble iy g percritical fluids, not only of scGQrriolo, F. et al., 1999,c).
CO,. Accordingly, these block-copolymers are sensitive to changes in
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2. Experimental

We have investigated the small-angle scattering behavior of a block
copolymer in scCgrontaining a “CQphilic” moiety (43.1K Dalton
PFOA) and a “CQphobic” moiety (Poly vinyl acetate, 10.1K Dalton
PVAc). Experiments were conducted over a range of polymer
concentration (6%, 8% and 12% w/V) as a function of pressure.
] L . Solutions of the polymer{L2 ml) were contained in a high pressure
Q (Angstrom) Q (Angstrom optical cell (Eastoe, Robinson, Young & Steytler, 1990) fitted with
sapphire windows with path length 1cm. The pressure was
transmitted by a hydraulic fluid (n-hexane) isolated from the sample
) by a freely moving piston within the cell. The temperature of the
T, sample was maintained to +/- 0’2 by a Lauda bath which
f i1 circulated a thermostatted fluid through the cell body. SANS
CXCI— measurements were made at°@0in the pressure range 190 to 480
bar. The nominal polymer concentration increases approximately
15% due to compression of the SCF as the pressure is raised.
Figure 2. Example of the fitting of experimental SANS data from a,CO SANS measurements were performed on the LOQ spectrometer
solution of 10.3 K PVAc-b-43.1K PFOA at 338K by means of the modelsHeenan, Penfold & King, 1997) using the ISIS pulsed neutron

described in the text: in a “low density” state (below 344 bar)the syste r f the EPSRC Rutherford Appleton L rator K. Th
presents micellar morphology. At 483 bar, the SANS pattern is we?lgou ce of the SRC Rutherford Appleto aboratory UK. €

represented by a random coil model. In this “high density” state,ic@  Mmagnitude of the momentum transfer vector Q is given by @< 4
good solvent for the block copolymer. sin(), whereA is the incident wavelength (2.2 - 10.0 A), determined
o ) ) ) by time-of-flight, and B is the scattering angle. The intensity of
In principle aggregates of different shapes can be obtained in theggtrons was recorded on a position-sensitive 64 x 64 pixel 2-D
SO'““,O”S' d_ependlng on th_e_ concentration and the nature of the CQetector at a fixed sample-to-detector position (4.3m) providing an
phobic ghaln and of Cgphilic portion. Sg far, however, there has effective Q-range from 0.01 0.22 A" in a single measurement. The
been ewdgnce on_ly of core-shell spherical aggregates even at_ _h'ggta were corrected for transmission, incoherent background
concentrat!ons (Triolo R., 1999)' Moreaver, the_ core may S‘OlUb'l!z%cattering and normalised to absolute scattering probabilitied (cm
an.appremab!e amount of high _r_nol_ecular weight applar mate”alﬁsing standard procedures. Further details of technical and
which otherwise have low solubility in scG@ form dispersions experimental aspects together with data reduction procedures are

_S|m|Iar to oil-in-water mlcroerr_]u_lsmns. Th.IS feature may be epr0|t§d%iven elsewhere (Heenan, King, Osborn & Stanley, (1989).
in recently developed precision cleaning and garment cleaning

applications of scCQ(see for example http://www.micell.com). The
fact that the core can solubilize materials which find sc&@oor
solvent, has strong implications when the scattering data o
polydisperse polymeric materials of the kind investigated here ar
analysed. This arises since the least soluble components of tl
polymer, particularly the high molecular weigh hydrocarbons, may
locate in the core at low pressures when solvation by ss@0or.
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”I////{’lff'—"" Figure 4. Pressure dependence of the SANS pattern as obtained from an 8%

w/v CQ, solution of 10.3 K PVAc-b-43.1K PFOA at 313K.

3. Data Analysis

The coherent elastic differential scattering cross section of a
0.25 collection of random coil chains partially aggregated, under
conditions of validity of the decoupling approximation is given by
Figure 3. Pressure dependence of the SANS pattern as obtained from a 6 @kriolo F. et al., 1999,a)
wl/v CO, solution of 10.3 K PVAc-b-43.1K PFOA at 313K. [d=(Q)/dQ],,,= [dX(Q)/dQ] ..+ [dZ(Q)/dQ], =
2 NJ(Q R)*+exp[(Q R)T-1)/ (Q R)*+
N,,, P(Q) [S(Q]" + S(QfT+ AQ)

Q (anQSt,Om »1)
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where [&(Q)/dQ],. and [E(Q)/dQ],,, are the contributions of obtained with the polydisperse “core+shell” spherical model for the
random coils chain and of aggregated chains, respectiveig; tRe aggregated polymer.

radius of giration of the random coil, P(Q) and ${@ye the form As indicated in the introduction, the polydisperse nature of the
factor and the structure factor of the aggregate (Triolo & Caponettinaterial studied in this paper increases the probability for the high
1990), respectively, and S() is the contribution due to the molecular weight fraction of the polymer to locate itself inside the
exponentially correlated fluctuations described in what followscore of the micellar aggregates especially at low pressure whgn CO
(Shimizu, Kimura, Maruyama & Kurita, 1997). To compute P(Q) weis @ poor solvent. The consequence is thaj penetrate deep
tried several models and best fits were obtained with a “core+shelinto the micelle and also both the volume and the scattering length
polydisperse spheres model. For the structure function”S¢@  density of the core are quite large. In our model we allow for solvent
have used hard spheres model in the Percus-Yevick approximati@@netration in the core (normalized to the value at the lowest pressure
(Ashcroft & Leckner, 1966). In this experiment in a few solutions weat which the polymer is still dispersed in §OThe corresponding
included a Lorentzian contribution S{EJShimizu, Kimura, parameter in the model (CS) is an indication of the core swelling due
Maruyama & Kurita, 1997). Statistical thermodynamics of polymerto the solvent penetration; in fact, by increasing the pressure, the CS
solutions in the semidilute poor solvent regime (Flory, 1953; déncrease parallels the increase of stiffness of the core-shell interface,
Gennes, 1979) suggests that the free energy density F can be simpigasured by the polydispersity parameter (Gradzielski, Langevin &
expressed as a virial expansion in terms of binary and ternary clustearago, 1996). The higher the pressure the "better solvent” CO
integrals (Okano, Takada, Kurita & Furusaka, 1994). From decomes and eventually at high enough pressures the aggregates
structural point of view, a polymer in the semidilute regime showdreak down and the scattering curves become consistent with the
density fluctuations correlated exponentially in space. The correlatiopcattering from random coils. The transition from mixture of random
length is a simple function of F and therefore of the cluster integraleoils and aggregates to pure random coils is reasonably sharp and
(Okano et al, 1983-1994), and shows up in the scattering crogalls, at 40C, in a pressure range between p5Q=(878 g/cn) and
section of the solution as a Lorentzian contribution (Shimizu350 bar Oeo=-914 g/cm). At 65C the transition takes place, for a 6%
Kimura, Maruyama & Kurita, 1997) quite similar to the Ornstein-solution of the same polymer, at a slightly higher density (Triolo F. et
Zernicke contributions described in different context (Triolo & al., 1999,b).

Caponetti, 1990)In these preliminary fits we obtained large core

radii and core scattering length density not dissimilar from theraple I.

scattering length density of the pure solvent. In addition a better fit

was obtained when a small fraction of the polymer was supposed fnc’ P R/’ cs’ Agg.”® z°
be present as unimer even at the lowest pressures. The lowésge.3) 191 1.0 23(2) 13(2)
pressure presented here was at least 10 bar higher than #@.3) 206 1.1 22(1) 15(1)
precipitation pressure which was obtained visually before starting the(o.3) 224 1.1 24(2) 19(3)
data collection. 6 (0.5) 275 1.4 25(3) 20(4)
6 344 transition zongy, . 0.92 g/cm
6 443 25.0
8(0.2) 189 1,0 22(1) 15(1)
8(0.2) 206 1,1 17(1) 13(1)
8(0.2) 224 1,2 16(1) 13(1)
S % 8 (0.4) 241 1,3 27(2) 17(1)
/‘2//{;/7’/ // %4 8 (0.5) 275 1,3 26(2) 17(2)
//'?,///////ﬁ/, 8 310 transition zongg, . 0.90 g/cm
A &//,/,/////, 8 344 41.0
8 447 25.4
12(0.3) 191 1.0 36(2) 21(2)
12(0.3) 206 1.2 31(1) 21(1)
12 (0.4) 224 1.4 27(2) 20(2)
12(0.5) 241 1.5 30(2) 18(1)
0.25 310
12 275 transition zone, . 0.89 g/cm
12 310 50.0

Figure 5. Pressure dependence of the SANS pattern as obtained from a 12%

w/v CQO, solution of 10.3 K PVAc-b-43.1K PFOA at 313K. ' Nominal concentration (W%/V). In parenthesis the concentration of unimer

expressed as percent of the polymer concentration.

4. Results and Discussion *Pressure in bar

Figures 3-5 show the effect of the Cfressure on the scattering ‘Radius of gyration in A

function of the 6%, 8% and 12% (w/v) solution at 40ACtenfold  ‘Core Swelling ratio number based on the number average molecular weight
increase in intensity and the appearance of a peak in the scatteripighe Polymer. Errors in parentheses.

intensity by decreasing the CQressure is a clear indication of °Schultz Polydispersity parameter. Error in parenthesis.

formation of aggregates. At the lower pressures (<200 bar) the

solutions are from slightly to moderately opalescent. Good fits can be

J. Appl. Cryst. (2000). 33, 641-644 F. Triolo etal. 643
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