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SAXS and SANS Studies of Surfactants and Reverse Micelles 
in Supercritical CO2 

J. D. Londono, R S. Dharmapurikar, G. D. Wignall and H. D. Cochran,* 
Oak Ridge National Laboratory 
P.O. Box 2008 . 
Oak Ridge, TN 37831-6224 (USA) 
hdc@ornl.gov; fax 1-423-2414829 

Surfactants promise to extend the applicability of supercritical C02 (SC-C02) to processing of insoluble materi- 
als such as polymers and aqueous systems. Important surfactant developments by DeSimone at the University of 
North Carolina and by Beckman at the University of Pittsburgh are being investigated at Oak Ridge National 
Laboratory at a fundamental, microscopic level using small angle x-ray and neutron scattering (SAXS and 
SANS)  techniques. These experiments, with both surfactant solutions and microdispersions in SC-C02, enable 
us to determine the radius of gyration (R,) and molecular weight (MW) of polymeric surfactant molecules in 
solution; the second osmotic virial coefficient (A2) which characterizes the solvent-surfactant interaction in solu- 
tion; and the shape and size of reverse micelles in solution. With DeSimone’s group, we have studied solutions 
of poly(l,l-dih/;ydro perfluoro octyl acrylate) (PFOA) in SC-CO2 via SANS, iirst quantifying RB, then MW, giv- 
ing R /(MW)’ = 0.1 i0.03 [A g-ln] and, by varying concentration, A2 QC These results quantify the 
basis for the SC-C02-philic fluoropolymer surfactant tail and show that the form of the variations observed was 
similar to those previously observed for conventional surfactant systems. DeSimone’s group bas shown that 
PFOA-b-polystyrene (PFOA-b-PS) block copolymers are useful as surfactants for the heterogeneous polymeri- 
zation of PS. PFOA-b-PS copolymers were studied via SAXS and SANS. Spherical aggregates with aggregation 
number (N,,, = 6-7) were observed to be independent of the (C02-philic) PFOA block len th, at constant PS 

radius on addition of styrene (relatively insoluble in SC-C02) demonstrating the technological potential of 
surfactant-modified SC-CO, systems. Increase of pressure leads to smaller, more polydisperse aggregates, sug- 
gesting a critical micelle density. In continuing work, perfluoro polyether and other surfactants from Beckman’s 
group and additional systems from DeSimone’s group are being studied. Complementary molecular simulations, 
using O m ’ s  massively parallel Intel Paragon supercomputers, are also being undertaken. 

block length, in accord with theory. The micelle cores were observed to swell from about 30 1 to about 50 A in 

Introduction 
In this short papa’ we will summarize the tech- 

niques for studying surfactants and reverse micelles 
m SC-C02 using SAXS and SANS;  we will 
describe the scattering instruments and the pressure 
cells for conducting these studies; we will describe 
the types of measurement that yield the desired 
characterizations; we will describe the methods of 
data analysis and interpretation; and we will provide 
illustrative results from our laboratory. 
Apparatus 
10 m SAXS Facility a? ORNL. The 10 m SAXS cam- 
era El] constructed at ORNL was the first point- 
geometry camera equipped with a two-dimensional 
detector, allowing measurement of a true scattering 
pattern, virtually free from the need for collimation 
(&smearing) corrections. The instrument is avail- 
able for use by external scientists as a user facility. 
The camera utilizes gr hite-monocbromatized Cu 
K, or Mo Ka radiationTu K a  with h= 1.54hl was 
used in this study), with two-slit collimation and a 
third (guard) slit positioned close to the sample as 
shown in Figure 1. Parasitic scattering is substan- 
tially reduced by this configuration providing excel- 
lent performance down to a value of the scattering 
vector Q = 4nh-l sin 0 = 3 x 10-3A-1, where h is the 
wavelength and 20 is the angle of scatter IZI. 
SAXS Pressure CeEE. Figure 2 shows the SAXS pres- 
sure cell which was designed after one by Fulton et 
aL [31. Key to the performance of this cell are the 
two 1 mm thick single crystal diamond windows 

that are brazed into nuts which screw into the 
monoblock stainlks steel cell body. 
30-m SANS Facility at ORA?.. Tbis instrument uses 
a pinhole geometry with collimating slits of 0.5-3.5 
cm dia separated by a distance of 10 m [4]. The 
beam may be transported to distances of 1.5, 3.5 or 
7.5 m from the sample by means of movable neu- 
tron guides. The 64 by 64 cm area detector has 1.0 
by 1.0 cm resolution elements and can be positioned 
at any distance from 1.5 to 19 m from the specimen 
in an evacuated flight path. The standard incident 
wavelength provided by a bank of pyrolytic graphite 
crystals, is 4.75 & though this can be changed to - 
2.38 A by substituting graphite for the cold beryl- 
lium filter normally in position. This gives a Q- 
range of 0.003 to 0.75 A-’, and the instrument is 
capabIe of resolving scattering from particles con- 
taining as few as 60 atoms. [4] All data may be con- 
verted to an absolute (&%) differential cross sec- 
tion per unit sample volume (in units of cm-’> by 
comparison with pre-calibrated secondary standards 
[5]. The detector efficiency calibration is based on 
the scattering from light water and this leads to 
angle-independent scattering for vanadium, H- 
polymer blanks and water samples of different 
thicknesses in the range 1-10 mm. 
SANS Pressure CelL Figure 3 shows the S A N S  pres- 
sure ce& the sapphire windows and spacers have 
good neutron transmission characteristics, >80% 
with maximum number of spacers. The electrically- 
heated monoblock cell body can be disassembled 
and cleaned with ease. 

. 



Rgure 1. The 10 m SAXS Facility at ORm. 
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Figure 3. ORNL's SANS Pressure Cell. 

Experimental Methods, Data Analysis, and 
IlIusfrative Results 

Surfactant Solufions. Figure 4 is a Zimm plot of 
the inverse of the absolute scattering intensity, 
I(Q) = d Wd R, called the differential scattering 
cross section (in units of cm -l), versus the scatter- 
ing vector squared from a S A N S  experiment on a 10 
w/v% solution in SC-C02 of high (but at the time 
unknown) molecular weight poly(1,l-dihydro 
perfluoro octyl acrylate) (PFOA), produced by 
DeSimone's group, measured at approximately 338 
K and 34.5 MPa. Three measurements were needed 
to determine I(Q)-a run with the cell filled with 
C02 but no PFOA, a run with the samplefilled cell, 
and a calibration mn-and the total beam time was 
approximately 6 to 8 hours. The Zimm plot allows 
reIiable extrapolation to Q = 0. The radius of gyra- 
tion (RB) of the PFOA chains in solution at this con- 
dition IS given by the square root of three times ratio 
of slope to intercept; in this case R~ = IOOig A. 

Figure 2. ORNL's SAXS Pressure Cell. 

I 1 . 1  1 I 

0 3 10-3 $/8" 

Figure 4. Zimm plot of PFOA in SC-Cop 
Figure 5 shows further analysis of the results of 

a number of measurements like those shown in Fig- 
ure 4 covering a range of surfactant concentrations. 
The inverse of the differential cross section at Q = 0 
rimes the PFOA concentration, c, times the known 
contrast factor, K, is plotted against c for the high 
molecular weight PFOA and a low molecular 
weight PFOA. The contrast factor, K, is given by 
K = [ASLo]2/ppNo,  where SLD is the scattering 
length density, pp is the PFOA density, and No is 
Avogadro's number. For the PFOA, SLD= 
0 . 0 3 3 6 ~  1OI2 un-', and for the C02, S L D =  
pc@ x 2.498 x cm-2. The inverse of the inter- 
cept of the fitted l i e s  at c = 0 gives the molecular 
weight (MW) and the slope is twice the second 
osmotic virial coefficient (Az), a measure of the 
affinity of the PFOA for SC-CO2. Table I shows the 
results. From these results we findA2 = MW"4 and 
R,/(d4W)'R=0.1 &0.03 [A g-In], variations that are 
simllar to those found for polymer solutions in 
liquid solvents. 
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Figure 5. Determination of M a n d  A2. 

Table I. Results for PFOA Soh tions. 

(g mol-') ( ~ m ~ g - ~  mol) (A) 
1.O(4)x1O6 O.25(5)xlO4 lOO(9) 

h4w A2 R, 

1.1(2)x105 o.6(i)xio4 340 

Figure 6 shows how [dWdQ(O)]-' varies with 
COz pressure for the high MW PFOA at 3 w/v% 
and 338K, indicating the solubility limit the PFOA 
to be about 30.1 MPa (4360 psi). 

Reverse Micelles. When graft copolymers are 
formed from PFOA and a second polymer such as 
poly(ethy1ene oxide) (PEO), the resulting molecules 
are useful surfactants that can form reverse micelles 
m SC-C02 that can support a medium in their cores 
which would be otherwise insoluble in SC-CO2 
[7,8]. Fulton and co-workers [3] first studied water- 
swollen PFOA-g-PEO reverse micelles in SC-CO2 
using SAXS. The characteristics of the reverse 
micclles can be determined by fitting the data to a 
core-shell model [7]. To quantify and refine the ear- 
lier results, we performed S A N S  studies of PFOA- 
g-PEO swelled with H20 and swelled with D20 and 
compared the results with a simulation based on the 
parameters reported previously [3]. Figure 7 illus- 
trates the power of isotope substitution in SANS 
experiments to vary the contrast (ASLD) of one 
component in a complex system and also illustrates 
that even an approximate calibration (*25%) is 
desirable to avoid such discrepancies. 

Independently calibrated SAXS and SANS data 
[9] can provide strong confirmation of the quantita- 
tive characterization of micellar systems. Figure 8 
shows the fits of the core-shell model SAXS and 
S A N S  data for reverse micelles formed from block 
a copolymers of poly(styrene) (PS) with PFOA. It is 
evident from the figure that the SAXS results for 
this system beneEt (by better than an order of mag- 
nitude) from the larger for PFOA in SC- 
C02. Our research efficiency and flexibility are 
improved by using SAXS and SANS once quantita- 
tive characterization of a micellar system has been 
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Figure 6. Pressure limit of solubility of 3 W/V% 
PFOA at 338K. 
confirmed. m e n  styrene oligomer (average degree 
of polymerization N = 5) was added to the micellar 
dispersion of PFOA-b-PS in SC-C02, almost all was 
contained within the core of the micelles, both the 
core radius (Ri) and the aggregation number (Nagg = 
number of PFOA-bPS surfactant moIecuIes per 
micelle) increasing to accommodate the added oli- 
gomer. Figure 9 shows typical results for a disper- 
sion of 4.0 w/v% PFOA-b-PS in SC-C02 at 338 K 
and 34.5 MPa The thickness of the outer PFOA 
shell or corona remained relatively constant around 
76k12 A. 
Concluding Remarks and Future Outlook 

We have described the experimentaI apparatus 
and techniques for studying solutions and micellar 
dispersions in SC-C02 using the small angle x-ray 
and neutron scattering techniques. For solutions 
these scattering techniques allow us to detennine the 
radius of gyration of the surfactant in solution, its 
molecular weight, its affinity for SC-CO,, and its 
solubility. For dispersions of reverse micelles in 
SC-C02 these techniques allow determination of the 
size and shape of the reverse micelles and study of 
the swelling of reverse micelles as material is added 
to the micelle core. With quantitative calibration, 
the SAXS technique using our new SAXS pressure 
cell promises to increase the productivity of this 
research substantially. Indeed, since aquiring the 
S A X S  data reported here, we have replaced the dia- 
mond windows in the cell with a new pair with 
greatly reduced parasitic scattering (background) in 
comparison to the originals. 

Industry seeks to replace common organic sol- 
vents now used in many reaction and separation 
processes; SC-C02 is a potential solvent substitute 
widely favored by both government and industry. 
The new surfactants developed by the DeSimone 
and Beckman groups promise to extend the applica- 
bility of SC-CO, to many industrial applications 
involving substances which othemise would have 
insufficient solubility SC-C02. Still, the currently 
available surfactants are limited in number and per- 
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Figure 7. 1.9 w/v% PFOA-g-PEO in SC-CO2 
with H20  and D20. 
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Figure 9. Effect of added styrene oligomer. 
formance. In ongoing work we are coupling our 
SAXS and S A N S  scattering studies with comple 
mentary molecular simuIations in efforts to under- 
stand, at a molecular level, what surfactant charac- 
teristics lead to improved performance. We hope 
that superior surfactants for use in SC-C02 can be 
designed and synthesized based on this new level of 
understanding. 
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Figure 8. SAXS and SANS for PFOA-b-PS. 
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