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The vast potential of carbon dioxide (CO2) as an environmentally
clean, abundant, and tunable solvent is now being realized on a
variety of fronts, including cleaning protocols in microelectronics
and garment care industries, coatings, and polymer production and
processing.1 To take advantage of CO2’s benefits, however, it is
often necessary to confront an important limitation, namely its low
capacity for solubilizing many materials, including water.2 One way
this issue has been addressed is through the use of small-molecule
fluorosurfactants to aid the dispersion of water-in-CO2 (W/C).3

Unfortunately, only a handful of surfactants have proven capable
of water uptake in neat CO2. Here, we report initial findings on
chemically homogeneous anionic phosphate fluorosurfactants that
enable significant water uptake within a continuous CO2 phase,
through the formation of W/C microemulsions without the aid of
a cosurfactant.4 The double-tailed surfactants are of two general
structural types: a form containing two fluorinated chains (1) and
a “hybrid” form3a containing one fully hydrocarbon chain and one
fluorinated chain (2). Two such surfactants, which can be prepared
in a straightforward manner in high purity,5 are shown below.

Ionic solutes generally possess low solubility in compressed
CO2.2 This was indeed the case for surfactant1, which was insoluble
at 1 wt % at temperatures from 25 to 65°C and pressures up to
380 bar.6 Surfactant2 proved soluble at 1 wt % under rather mild
pressures (for example, cloud points at 60 and 27°C occurred at
225 and 119 bar, respectively). It is not clear why the hybrid
surfactant2 has such appreciable “dry” solubility in CO2, although
self-assembly into reverse micelles, perhaps with internal cores
incorporating the hydrocarbon chain, is one possibility. Addition
of water to either surfactant in CO2 allowed for the formation of
clear, single-phase solutions. Cloud point profiles of 2.5 wt %
surfactant solutions in CO2 with varied water/surfactant molar ratios
(Wo)7 are shown in Figure 1, where homogeneous solutions existed
at pressures above the curves and heterogeneous, phase-separated
solutions existed below the curves. For surfactant1, the cloud-
point behavior followed essentially linear trends for water loadings
spanning fromWo ) 11 up to at least 45 (forWo ) 45 there were
equivalent weights of water and surfactant). The cloud-point

pressure ranges observed here were comparable to those determined
for W/C microemulsion-forming fluorosurfactants at similar tem-
peratures and concentrations (Figure 1a).3 The phase behavior for
surfactant2 was not straightforward. AtWo ) 11, cloud-point
pressures curved upward as temperatures decreased, while forWo

) 17 and 34, cloud-point pressures decreased rather linearly (Figure
1b). Opposite trends were recently reported for a cationic perfluo-
ropolyether surfactant in CO2.8 Considering the high analytical
purity of the surfactant and the reproducibility of the cloud-point
measurements ((0.5 bar), we speculate that this unusual phase
behavior is related to a change in aggregate morphology, perhaps
from spherical assemblies to cylinders, as a consequence of the
hybrid chains present in surfactant2.

While cloud-point measurements indicate phase boundaries of
the W/C systems, additional evidence is necessary to definitively
prove microemulsion formation. Aqueous domains in the surfactant/
water/CO2 solutions were revealed through the use of the solva-
tochromatic probe methyl orange (MO).3b,8-10 MO does not dissolve
in pure CO2, but can be dispersed within the water-rich pockets of
microemulsion aggregates, with its wavelength maximum (λmax)
dependent upon the local polarity. Previous studies on perfluoro-
polyether carboxylate surfactants showedλmax increased with higher
water loadings, as the dye presumably resided in environments that
progressively approached the polarity of bulk water (MO in pure
water λmax ) 464 nm).3b Similar behavior was seen here for
surfactant1 (275 bar, 25°C; [surfactant]) 30 mM or 2.5 wt %;
[MO] ) 0.05 mM). AsWo was increased from 7 to 12 to 17,λmax

increased from 434 to 441 to 447 nm, respectively (Figure 2). The
presence of red-shifted shoulders atλ > 500 nm for the solutions
with Wo ) 12 and 17 is attributable to the acidic nature of the
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Figure 1. Cloud-point profiles of phosphate fluorosurfactants (2.5 wt. %)
in CO2 at various water loadings. The solutions are one phase at pressures
above the curves and phase-separated at pressures below the curves. (a)
Surfactant1 (4) Wo ) 11; (+) Wo ) 17; (0) Wo ) 36; (O) Wo ) 45. (b)
Surfactant2 (4) Wo ) 11; (+) Wo ) 17; (0) Wo ) 34.
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microemulsion water pools due to the presence of carbonic acid
(MO in aqueous carbonic acidλmax ) 502 nm).3b,9

The presence of microemulsion water pools was directly
confirmed using small angle neutron scattering (SANS).11 Measure-
ments were made on one-phase solutions of CO2, surfactant and
D2O. Figure 3 depicts example SANS profiles for solutions of
surfactant1 (2.7 wt % surfactant1, Wo ) 12, 379 bar, 24°C) and
surfactant2 (6.3 wt % surfactant2, Wo ) 12, 317 bar, 60°C). In
the insets the data are shown in corresponding Guinier plots, from
which Rg values of 26.7 Å [I(0) ) 0.43( 0.03 cm-1] and 34.4 Å
[I(0) ) 1.58( 0.1 cm-1] were determined. For surfactant1, Rg is
relatively independent of concentration and changes by<10% as
the surfactant concentration is increased from 2.7 to 5.3 wt % (with
a corresponding increase in the volume fraction of D2O from 0.75
to 1.5%), indicating that in this dilute solution regime, the use of
the Guinier approximation is reasonable. It seems reasonable to
assume that the SANS data mainly reflect the core (D2O) dimen-
sions, as the D2O scattering length density (SLD) is much higher
than the other components (see the Supporting Information for SLD
values and additional SANS details). To test this assumption, we
performed similar runs with H2O-swollen surfactants, whereupon
I(0) was reduced by over an order of magnitude (e.g., from∼1.6
cm-1 for Figure 3b to<0.1 cm-1 when swollen with H2O). This
confirms that the vast majority of the scattering arises from D2O,
and the corresponding core radii (R ) (5/3)0.5 Rg) are 34.5 and 44.4
Å for the particles represented in Figure 3, a and b, respectively.
The values are on the order of those reported previously for W/C
microemulsions.3c-e,f,g,8We may estimate the ratio of (Q ) 0) cross
sections shown in Figure 3 (from eq 1)11 as 5.2( 0.7, assuming
that the surfactant layer is “invisible” (F2 ≈ Fs), and the scattering
arises mainly from the D2O core. While the calculated (5.2) and
experimental (1.58/0.43) 3.7) ratios are similar, we believe that
the difference is outside the experimental error and that this arises
from the neglect of interparticle interactions12,13and also the smaller,
but finite, scattering from the surfactant. We are currently undertaking
a more detailed analysis of the existing data to account for these
factors, and these simulations will be reported at a later date, along
with additional data from experiments that are currently in progress.

In summary, anionic phosphate fluorosurfactants can now be
included among the family of small molecules capable of stabilizing
W/C microemulsions. Surfactants with either two fluorinated chains
or one fluorinated chain and one hydrocarbon chain proved effective
in dispersing significant water loadings in CO2. Future efforts will
further examine the effects of surfactant structure on microemulsion
properties and apply the surfactants to the synthesis of nanoparticles
within the microemulsion pools.
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Figure 2. UV-vis spectra of 0.05 mM methyl orange dispersed in CO2

solutions containing 30 mM (2.5 wt. %) surfactant1 with varied water
loadings at 275 bar and 25°C. λmax values: Wo ) 7: 434 nm;Wo ) 12:
441 nm;Wo ) 17: 447 nm.

Figure 3. SANS profiles of (a) surfactant1 (2.7 wt. % surfactant1, Wo )
12, 379 bar, 24°C) and (b) surfactant2 (6.3 wt. % surfactant2, Wo ) 12,
317 bar, 60°C). Corresponding Guinier plots are shown in the insets.
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