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Abstract

To facilitate potential applications of water-in-supercritical CO2 microemulsions (W/CO; pEs)
efficient and environmentally responsible surfactants are required with low levels fluorination. As well
as being able to stabilize water-CO; interfaces, these surfactants must also be economical, prevent bio-
accumulation and strong adhesion, deactivation of enzymes, and also be tolerant to high salt environments.
Recently, an ion paired catanionic surfactant with environmentally-acceptable fluorinated Ce-tails was
found to be very effective at stabilizing W/CO> uEs with high water-to-surfactant molar ratios (Wo) up to
~50 (Sagisaka, M. et al. Langmuir, 2019, 35, 3445-3454). As the cationic and anionic constituent
surfactants alone did not stabilize W/CO: pEs, this was the first demonstration of surfactant synergistic
effects in W/CO, microemulsions. The aim of this new study is to understand the origin of these intriguing
effects by detailed investigations of nanostructure in W/CO, microemulsions using high pressure small-
angle neutron scattering (HP-SANS). These HP-SANS experiments have been used to determine the
headgroup interfacial area and volume, aggregation number and effective packing parameter (EPP). These
SANS data suggest the effectiveness of this surfactant originates from increased EPP and decreased
hydrophilic/CO.-philic balance, related to a reduced effective headgroup ionicity. This surfactant bears
separate CeF13-tails and oppositely-charged headgroups, and was found to have a EPP value similar to
that of a double CsFo-tail anionic surfactant (4FG(EO).), which was previously reported to be one of most
efficient stabilizers for W/CO2 pEs (maximum Wy = 60-80). Catanionic surfactants based on this new

design will be key for generating super-efficient W/CO; pEs with high stability and water solubilization.
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Introduction

Supercritical CO2 (scCOy) is now widely used industrially as an alternative solvent to replace
volatile organic compounds (VOCs) for organic synthesis, dry cleaning, polymerization, extraction, and
nanomaterial processing amongst others®. For these applications there are numerous advantages of scCO:
such as low cost, non-toxicity, non-flammability, natural abundance, a solvent quality tunable by control
over pressure and temperature, and elimination of energy-consuming solvent evaporation steps in
separation processes®. One of the drawbacks of pure scCO- for applications is the inherent low solubility
of polar solutes: approaches to overcome this are required to help develop further industrial applications
of scCO.. An obvious way to enhance low solubility is though formation of water-in-scCO, (W/CO>)
dispersions, including microemulsions (uEs) and macroemulsions (emulsions): numerous surfactants
have been tested to accomplish this task®™®. However, conventional hydrocarbon (HC) surfactants
typically used for analogous water-oil pEs, including Aerosol-OT (sodium bis-(2-ethyl-1-hexyl)
sulfosuccinate, AOT)*, are essentially incompatible with pure scCO, *7. On the other hand, some
specialized tailor-made fluorocarbon (FC) surfactants have been found to display high affinity for scCO.,
and are able to stabilize W/CO, pEs with modest water-to-surfactant molar ratios > 10 (Wo =
[water]/[surf]).”*® These CO-philic FC surfactants may consist of either perfluoropolyether (PFPE)-tails,
double FC-tail and FC-HC hybrid-tail structures.”*® For example, a single PFPE-tail surfactant
(PFPECOONHq4), a hybrid surfactant having perfluorohexyl and n-butyl tails (FC6-HC4), and double
perfluorocarbon-tail surfactants (8FS(EO),, 8FG(EO). and 4FG(EO).) (Figure S1 for chemical
structures) have been shown to stabilize W/CO2 uEs with maximum Wy (Wo™) values up to 20, 80 and
45-80, respectively.”® These surfactants mentioned are mainly anionic which presents problems for
applications, including, difficulties of removing ionic surfactants from processes producing nanoparticles,
deactivation with enzymatic reactions, surfactant-dye complexation in dyeing, and salting-out at high
salinities typical in enhanced oil recovery (EOR)*°. For industrial applications CO,-philic surfactants
should ideally be composed of (1) CO.-philic tails with low fluorination for reducing cost and

environmental impact, and (2) possess nonionic or weakly ionic headgroups to minimize salting out.



Earlier studies 22! investigated synergistic effects on interfacial properties of scCO,-philic
surfactants by mixing HC, FC and FC-HC surfactants (Figure S1). Mixing commercial nonionic HC
surfactants (TMN-6 and L31, Figure S1) with fluorinated surfactants reduced the critical microemulsion
concentration (cuc), which is defined as the lowest surfactant concentration to yield a microemulsion,
compared to the individual surfactants, however, synergistic effects were not observed in terms of the
water-solubilization Wo 2°. On the other hand, mixing 8FS(EQ). and FC6-HC4 (Figure S1) increased
Wo™* by only 3 compared with the value for each surfactant at 75 °C and 400 bar, showing a very small
synergistic effect 2.,

In earlier studies of surfactant mixtures in conventional solvents, the combination of anionic and
cationic surfactants was shown to result in strong synergism in terms of interfacial properties, stability of
vesicles, reverse-type molecular assemblies and W/O dispersions 2223, In these cases, synergism is
understood to originate from electrostatic interactions between oppositely charged headgroups. These
cationic:anionic surfactant mixtures have been simplified further still, by synthesizing pure catanionic
surfactants excluding the counterions.?*

A previous study reported synthesis of three pure catanionic surfactants ([CeFizmim][(CF3)sS],
[CeF13mim][CsF13S] and [CsF11mim][CsF11S], Figure 1) bearing environmentally-acceptable short chain
FC tails, and studied formation and properties of W/CO, uEs.?® One of the these surfactants, namely
[CeF13mim][CsF13S], showed exceptional water-solubilizing power (Wo™ = ~50) , representing the first
observation of surfactant synergism in W/CO» pEs. The catanionic surfactants were shown to display
cloud point temperatures, rather than Kraft temperatures, suggesting the catanionic headgroup has some
nonionic character?®.

To clarify the mechanism of synergism and ion pairing with these CO2-active catanionic
surfactants this study investigates phase behavior, solubilizing properties and self-assembly structure of
W/CO; uEs at different pressures and Wo values. Probe dye studies, using UV-vis absorption spectra with
an ionic dye methyl orange was used to follow water uptake and high-pressure small-angle neutron

scattering (HP-SANS) was used to determine microemulsion water droplet structures and sizes. The



SANS measurements have permitted an assessment of the effective packing parameter (EPP, in other
words, an intrinsic packing parameter relevant to an individual mixed system under certain experimental
conditions)?52° to be made. The EPP is a key index, indicating the preferred self-assembly structure, and
is based on surfactant spatial packing, resulting from interactions with solvents (water and COz) and
neighboring surfactant molecules. These results demonstrate that catanionic surfactants can offer new
insight into the design criteria for inexpensive and environmental-friendly surfactants for W/CO> pEs

appropriate for industrial use.
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Figure 1 Chemical structures of surfactant ions (n =5 or 6).



Experimental Section
Materials

The catanionic surfactants [CeFismim][(CFs3)sS], [CeF1smim][CeF13S] and [CsFiamim][CsF11S]
(Figure 1, purity > 95 %) used here were synthesized and purified as described in a previous study?,
Ultrapure water with a resistivity of 18.2 MQ cm was obtained from a Millipore Milli-Q Plus system.
CO2 was 0of 99.99% purity (Ekika Carbon Dioxide Co., Ltd.). Methyl orange was purchased from Acros

organics and used without further purification.

Phase behavior observations and UV-visible absorption spectroscopy

A high-pressure (HP) cell with a metal-to-glass sealed glass window (KP-308-3, Nihon Klingage
co., Itd) and a moveable piston inside the cell was employed to examine the phase behaviour of
surfactant/water/scCO. mixtures by operating pressure and temperature. A detailed description of the

experimental apparatus and procedures is given in earlier papers.12132°

Uptake of water into W/CO, pEs was examined by UV-visible absorption spectroscopy
measurements in a pressure cell (stainless steel SUS316: cell volume 1.5 cm®) with three quartz windows
(thickness: 8 mm, inner diameter: 10 mm). The spectral measurements were performed with a double-
beam spectrophotometer (Hitachi High-Technologies, Co., U-2810). Each window was positioned to
provide a perpendicular 10-mm optical path. The windows were attached and fastened tightly to the
stainless steel body of the cell with PTFE kel-F packing, thereby compressing the packing between the
stainless steel parts and the windows, providing excellent sealing (tested up to 400 bar); temperature was
controlled by circulating water thermostat bath.

The spectroscopic measurements of the water/surfactant/scCO; systems were performed at 350
bar and 45 or 75 °C. The densities of CO. were calculated using the Span-Wagner equation of state (EOS)
%0, Pre-determined amounts of surfactant and CO-, where the molar ratio of surfactant to CO was fixed

at 8 x 10, were loaded into the optical cell. An aqueous solution containing methyl orange (MO) as a



trace marker dye (3 mM) was then added into the optical cell through a six-port valve until the clear
single-phase Winsor-1V W/CO. PE microemulsion converted into a turbid emulsion or hydrated
surfactant was seen to precipitate. During spectroscopic measurements, the scCO2 mixtures were stirred

by a magnetic stirrer.

High-Pressure small-angle neutron scattering (SANS) measurements and data analyses

Due to the range of neutron wavelengths available, time-of-flight (T-O-F) SANS is suitable for
studying the shapes and sizes of colloidal systems. High-pressure SANS (HP-SANS) is a particularly
important technique for determining aggregated nanostructures in supercritical CO 10121325 The HP-
SANS measurements were performed at 45 °C at various pressures using the SANS2D T-O-F instrument,
at the Rutherford Appleton Laboratory at 1SIS UK, in conjunction with a stirred, high-pressure cell (Thar).
The cell path length and the incident neutron beam diameter were both 10 mm. The measurements gave
absolute scattering cross sections 1(Q) (cm™) as a function of momentum transfer Q (A™), which is defined
as Q = (4m/A)sin(6/2), where @ is the scattering angle. The accessible Q range was 0.002-1.0 A on
SANS2D arising from a white neutron beam with incident wavelengths, A, of 2.2-10 A. The data were
normalized for transmission, empty cell, solvent background, and pressure induced changes in cell volume
as before213:2°,

Pre-determined amounts of D.O and surfactant, where the molar ratio of surfactant to CO, was
fixed at 8.0 x 10 (= 16.7 mM at the appropriate experimental condition), were loaded into the Thar cell.
Then CO. (11.3 g) was introduced into the cell by using a high-pressure pump, and the
surfactant/D,O/CO2 mixture was pressurized to 120, 200 or 350 bar at 45 °C by decreasing the inner
volume of the cell. Under vigorous stirring, visual observations were carried out to identify the mixture
as being a transparent single-phase (W/CO: uE) or a turbid phase. Finally, the HP-SANS experiments
were performed for not only single-phase W/COzuEs, but also turbid phases formed below the cloud point

phase transition pressure Pyans. Due to the systems being dilute dispersions (volume fractions typically <



0.012), the physical properties of the continuous phase of scCO2 were assumed to be equivalent to those
of pure CO. The scattering length density (SLD) of reversed micelle shells (psnen) Was calculated as pshen
=2.28 x 101 cm™. The SLDs of CO; (pco2) and aqueous cores (pcore) cONtaining the catanionic headgroup
in the D,O/CO- pE are variables of CO2 density and Wo, and are estimated as; pcoz / (101°cm?) = 2.29 at
350 bar, 2.03 at 200 bar, and 1.64 at 120 bar, and peore / (10°cm?) = 3.34at Wp = 5, 4.15 at Wo = 10, 4.62
at Wo =15, 4.92 at Wo = 20, 5.13 at W = 25, 5.28 at Wo = 30 and 5.40 at Wo = 35 as estimated in supporting
information (see S2). As pshen Was close to pco2 and the shells are solvated with CO2, neutron scattering
from the shells was assumed to be negligible owing to the small contrast step. Therefore, SANS from the
D>0/CO2 YEs was assumed to only be from the so-called aqueous core contrast. For model fitting data
analysis, the W/CO, UE droplets were treated as ellipsoidal particles with a Schultz distribution in core
radii 3. The polydispersities in ellipsoid radii were fixed at 0.3 as found in spherical D,O/CO, UEs with
the double FC-tail surfactants (polydispersity = 0.17-0.40) 121325 Full accounts of the scattering laws are
given elsewhere 12132532 Data have been fitted to the models described above using the SasView small-
angle scattering analysis software package (http://www.sasview.org/)*?132>32 The fitted parameters are
the core radii perpendicular to the rotation axis (Rr.ena) and along the rotation axis (Rt-eib) for ellipsoidal
particles; prior to full model fitting micellar dimensions were initially estimated by Guinier analysis (Rg-
son) 3. The catanionic reverse micelles have Ce-perfluorocarbon tails shells, which weakly interact with

other?. The hard sphere model was employed as an effective S(Q) for all Wy values.



Results and Discussion
Aggregation behavior of catanionic surfactant reverse micelles in water/supercritical CO, mixtures

In a previous study, visual observation and FT-IR spectra measurements for 16.7 mM
[CeF13mim][CsF13S]/W/CO, uEs were conducted.”® Those results showed formation of transparent
single-phases W/CO> uE at pressures above Pians in Fig. S2, and absorbance characteristic of hydrogen
bonded water increased with loading water over the Wo range from 0 to 50 at 45 °C and 350 bar, suggesting
a high water-solubilizing power of W™ = 50.2° Here, to confirm this observation, solubilization of water
and the tracer ionic dye (aqueous methyl orange MO 3 mM) by [CsF1amim][CeF13S] reverse micelles was
examined. The dye solution was loaded into 16.7 mM catanionic surfactant/CO. mixtures, and the UV-
vis adsorption spectra were measured at different Wo values. Alone, MO does not dissolve in pure CO>
but it does dissolve in water, and is generally incorporated within the water-rich pockets of single-phase
WI/CO; uEs, dyeing the systems red.**® The surfactant [CeF13mim][CsF13S] formed transparent and
reddish single—phase CO; systems with the MO solution, however, the other catanionic surfactants
always remained as precipitates, yielding undyed CO; phases.

The UV-vis spectra of MO for [CsF1smim][CeF13S] and the other catanionic surfactants are
displayed in Figures 2 and S3 (supporting information), respectively. At 45 °C the spectra showed large
and broad absorption peaks of MO, and an absorbance maximum (imax) at ~418 nm independent of Wo.
As Amax is known to shift to longer wavelengths'#* when MO molecules are solubilized in more polar
environments, hence Amax can be employed to gauge microenvironment polarity. Previous experiments
with W/CO. pEs with anionic hybrid surfactants FC6-HCn and double FC-tail surfactants nFG(EO)2 and
nFS(EO). displayed Amax values at ~420 nm even at different Wy values and temperatures of 45 and 75
°C,1213 consistent with free MO molecules solubilized in the aqueous cores. The similar Amax values for
anionic and catanionic surfactants imply that the microenvironmental polarity surrounding MO molecules
was essentially unaffected by the different kinds of headgroups, most likely as a result of weak interactions

between headgroups and MO molecules.
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Figure 2 UV-vis spectra of 16.7mM [CesF13mim][CsF13S]/water/CO2 mixtures with different Wo values at
350 bar and 45 °C (Top) or 75 °C (bottom). 3 mM methyl orange aqueous solution was loaded as a

dispersed aqueous phase.

Interestingly, the Amax values blue-shifted to ~314 nm elevating temperature from 45 °C to 75 °C,
suggesting a notable change in microenvironment. Such blue shifts with MO have been reported in studies
in MO/catanionic surfactant/water mixtures, explained by generation of ion pair complexes of MO and
cationic surfactants.>* This suggests that at the high temperature cation-anion dissociation of the
catanionic surfactant promoted and then formed anionic MO-cationic [CsF13mim] ion pair complexes.

As shown in Figure 2, the adsorption peaks grew on increasing the dosing of MO solution and the
systems remained transparent. To determine the maximum water solubilization (Wo™®) of the surfactant

at each temperature, the maximum absorbance was plotted as a function of Wp as shown in Figure S4.
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The linear behavior seen over the Wy ranges of 0-61.2 at 45 °C and of 0-102 at 75 °C is consistent with
Wo™* values to be ~60 and ~100, respectively. The W™ value at 45 °C was in line with results from FT-
IR spectroscopy in a previous study (W™ = ~50)%. Such a high value for Wo™* over 50 is quite rare and
can be identified with a highly efficient surfactant for stabilizing W/CO2 microemulsions. On the other
hand, no MO absorption was observed for the catanionic surfactants [CesFismim][(CF3)sS] and
[CsFiumim][CsF11S] (Figure S3), suggesting that droplet W/CO- puEs, do not form. Since the constituent
surfactants of these catanionic surfactants are insoluble and unable to stabilize W/CO. pEs,® the
synergistic effect of pairing of surfactant anions and cations has been clearly demonstrated by the
formation of [CsF13mim][CeF13S]/W/CO2 microemulsions, which have notably enhanced stability at 75
°C.

An important question remaining from the previous study % is “why does only
[CeF1amim][CsF13S] stabilize W/CO> uEs, whereas the other surfactants do not?”. The structural
differences between [CsF13mim][(CF3)sS], [CeF13mim][CesF13S] and [CsF1imim][CsF11S] are small, with
just two more CF, units for [CeF13mim][CsF13S] than the others. Based on previous studies’ 21332 the
longer double FC-tails in [CsF13amim][CsF13S] would be expected to lead to higher CO2-philicity and a
greater solubility in scCOs.. It seems that the total fluorination is important, and for this class of surfactants
there is a critical number of 12 fluorinated carbons needed for stabilization of microemulsions. In other
words, surfactants must (1) be sufficiently compatible (soluble) in scCO; to adsorb strongly at the water-
CO: interface and (2) have sufficiently thick FC-shells to maintain droplet stability. These phase behavior
studies indicate that [CeF13mim][CsF13S] is an optimized surfactant for stabilizing W/CO> uEs with high
water loadings over W™ > 50. Furthermore, despite the different catanionic structure, this twin-tailed
surfactant is comparable to other super-efficient CO.-philic surfactants 8FG(EO). and FC6-HC4 which

instead bear two tails covalently bound to the anionic headgroup 721332,
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Nano-structure of the catanionic surfactant/\WW/CO, microemulsions

A previous study of [CeF1smim][CsF13S]/W/CO, pEs with Wo = 10 at 350 bar and 45 °C %, the
SANS profiles were showed the HP-SANS profiles to be consistent with an ellipsoidal form factor model.
To clarify changes in the core nanostructure with Wo and pressure, SANS 1(Q) profiles were measured at
45 °C, Wo=5-35 and P = 120-350 bar. SANS data along with the fitted 1(Q) functions are shown in Figure
3 (or Figure S5). The SANS profiles of [CsF13mim][CesF13S]/D20/CO2 mixtures with Wy < 20-25 at 200-
350 bar and < 10 at 120 bar show a gradient of ~0 for the log [I(Q)]—log Q plot at Q < 0.03 A, suggesting
formation of globular nanosized D>O cores. All SANS data were always measured under stirring. On the
other hand, when Wp was > 25 at 200-350 bar the scattering intensity increased with decreasing Q at Q <
0.02 Al displaying gradients of ~Q*. At high W values > 25 separated water probably remained in the
systems, and was dispersed as equilibrium W/CO, emulsion droplets owing to the stirring W/CO> pEs.
The SANS also showed gradients of ~Q*at Q < 0.02 A™.

As a first step in SANS data analysis, Guinier 3 and Porod * plots were used to estimate the D,O
core radii (Figures S6 and S7), and the results are listed in Table S1. The Porod plot asymptote at high
Q can be used to analyze interfacial area per surfactant molecule **. Unfortunately, reliable asymptotic
{1(Q) Q*}o-. values could not be obtained due to a combination of weak scattering and background noise
as shown in Figure S7. SANS data were also analyzed with Ornstein-Zernicke formalism to investigate
density fluctuations in a system approaching critical demixing or phase separation.®*3® The correlation
lengths &, showing sizes characteristic of such structural domains are plotted as a function of Wo in Figure
S9. The & values were found to increase from ~12 A to ~30 A with increasing Wo from 10 to 35 and the
increasing trends of & were similar to those radii obtained from Porod (Rpspn) and form fitting analysis
(Figure 4). The Rg-sph Values from Guinier analysis were employed as initial radii in the subsequent fitting
using models for polydisperse Schultz spherical or ellipsoidal particles, as appropriate for giving the best
fits. In the case of ellipsoids, both oblate and prolate aspect ratios were compared (Figure S5), and the

prolate model gave better fits.
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Figure 3. SANS profiles of D2O/CO; pE with 16.7 mM [CsF13mim][CsF13S] with different Wo values at

45 °C and 120-350 bar. Solid lines are theoretical curves of prolate ellipsoid particle model fitted to the

experimental data.
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The model fit parameters for the prolate D-O core YUE droplets (Rr.ena and Rrenp) are listed in Table S3.
To demonstrate droplet growth with increased loading water, equatorial (Rei-a) and polar (Ren-v) radii of

prolate DO cores are plotted in Figure 4 as a function of W at pressures > 200 bar.
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Figure 4. Change in prolate ellipsoid radii (Rei-a and Reii) for 16.7 mM [CeF1amim][CsF13S]/D20/CO-

LE cores as a function of Wy at 45 °C and 200 bar or 350 bar.

As seen in Table S3 at 120 bar the radii reduced with increasing Wo from 5 to 10, which was
accompanied by a phase transition from transparent uEs to turbid phases (i.e. Winsor IV — stirred Winsor
I1 W/CO2 microemulsions). On the other hand, at pressures > 200bar, the oblate radii increased linearly
with Wo as up to Wo = 25, being described by (Reni-a / A) = eii-a + beir-a Wo and (Reiis / A) = @eir-p + beir-o Wo
(where aeli-a, Deli-a, @elr-b, benv = 10.0, 0.58, 13.0, 1.84 at 200 bar, and 5.79, 0.65, 14.7, 1.47 at 350 bar.
Eventually, the radii reached Reii-a = ~26 A and Reio = ~63 A at 200 bar, and Reia = ~22 A and Reii-p =
~61 A at 350 bar. This is consistent with swelling behavior with loading water as commonly reported in
W/O and W/COz reverse microemulsions $3323°  The radii values seemed to plateau for Wo > 30 and
visually these systems were turbid, consistent with stirred separating Winsor Il phases. The slight

discrepancies with Wo™ obtained by spectroscopically may be due to weak stirring power in the pressure
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cell and/or use of D20 instead of H2O needed for the HP-SANS experiments. In contrast with the
increasing trend of radii with Wo, the aspect ratios (Rei-n/ Rei-a) were very similar (1.8-2.9) and seemed to
be independent of pressure and Wo as shown in Figure S10. The formation of elongated reverse micelles
IS an interesting observation, and is expected to increase CO> viscosity, which may find applications in
CO2-EOR efficiency 44!, Using equations (S4) and (S5) in supporting information (Sec S9), apparent
intrinsic and specific viscosities, [#] and #sp, were estimated (Table S3). The viscosity enhancements
predicted this way would only be modest, ~13 % or less compared with that of pure CO2. Hence, higher
surfactant concentration could be needed to promote higher CO> thickening.

Previous SANS studies of double FC-tail surfactants nFG(EO). with different FC lengths (n = 4-
8) also found a linear relationship between spherical D>O core radius, R¢, and Wo where Rc=a + b W,
and the constants a = 5.0-5.4 and b = 0.60-0.64 2. The average values a and b of prolate core radii for
[CeF13mim][CsF13S]/D20O/CO2 microemulsions, namely a = (2aei-a+aei-b)/3 and b = (2bei-a+bei-n)/3, were
11.0 and 1.00 at 200 bar and 8.8 and 0.92 at 350 bar, and these are 1.7-2.1 and 1.5-1.6 times larger than
those for nFG(EO)., respectively. For spherical geometry the volume of surfactant headgroup (Vhead) and
area per surfactant molecule (A), respectively are related by equation (1)

a(p) Re = (3Vhead/A) + (3v/A) Wo (1)
where a(p) = 1 + 2p?, p is polydispersity index (¢/Rc), Rc is the core radius, and vy is volume of a water
molecule 332, 1t follows that the larger a and b values suggests [CsF1smim][CsF13S] to have a larger Vhead
and a smaller A than for the nFG(EQ). series. Based on Equation (1), a volume-to-surface area ratio per
aqueous core in reverse UE (Veore/Score) Can be expressed as,

a(p) (Voore/Score) = (Vhead Nagg + Vv Wo Nagg) / (A Nagg) = (Vhead/A) + (vVw/A) Wo )
where Nagg is aggregation number. 1332 An advantage of using Equation (2) is that it can be applied to a
wide range of morphologies (spheres, ellipsoids, rods etc), whereas Equation (1) relates only to spherical
morphology. Using equation 2 and assuming constant Vhead and A for [CeF1amim][CeF13S], (Vcore/Score)

values calculated from Ren-a and Reii- Were plotted as a function of Wo, as displayed in Figure 5.
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Figure 5. Change in (Vcore/Score) OF prolate cores in 16.7mM [CgF13mim][CeF13S]/D20O/CO; uES as a

function of Wo at 45 °C and 200 bar or 350 bar.

The (Vcore/Score) data at Wo <25 were expressed as linear functions, suggesting Viead and A can be
calculated using Equation (2). The values of A, Vhead, and radius of headgroup (Rhead = (3Vhead / 4m)*)
obtained from the slopes and the intercepts were (A, Vhead, Rnead) = (105 A2, 459 A3, 4.8 A) at 200 bar and
(101 A2, 284 A3, 4.1 A) at 350 bar. At the higher pressures, the headgroup area and volume became
smaller, implying a decrease in surfactant cation-anion pair dissociation and/or a decrease in the portion
of the head groups immersed in the aqueous cores owing to increased solvation of surfactant tails by CO>
at the higher pressure (density). Therefore, the increased CO> pressure (or density) affects not only tail-
CO: solvation but also interactions between anionic and cationic headgroups. This could lead to a larger
EPP and a lower HCB resulting to the smaller Rei-a and Rens (i.€. a larger curvature for smaller droplets)
at the higher pressures. As compared with anionic double FC-tail surfactants having a sulfonate group,
the A and Vhead Values of [CsF1smim][CsF13S] at 350 bar are similar to the nFG(EO), and nFS(EQ): (e.g.
A and Vheas Were 117-129 A2 and 199-231 A2 for the fluorinated surfactants in W/CO2 pEs at 45 °C and

350 bar, respectively). This is interesting, because of the very different head group structures comparing
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these two classes of surfactants. The implication is that the high water solubilization capacities of
[CeF13mim][CsF13S] in W/CO> uEs are linked to the electrostatic ion-pairing, promoting larger EPP and
lower HCB values comparable to those of the super-efficient double FC-tail surfactants 71232,

For these [CsF13mim][CeF13S] surfactants in scCO., the reverse micelle aggregation number (Nagg)
and occupied area per surfactant molecule at the W/CO, microemulsion interface (Acw) were calculated
using the following equations.

Nagg = Csurt/Cmicelle 3)

Chicelle = (V20 Cp20+Vhead Csurf)/(Veore) = Csurf (VD20 Wo + Vhead Na)/(Veore Na) 4)

Acw = Score/ Nagg 5)
where Na is Avogadro’s number, Csurf and Cp2o, Cmicelle are molar concentrations of surfactant, D>O and
reverse micelle, vcore is Volume per DO core, Vp2o, Vhead, and Veore are molar volumes of D20, surfactant
headgroups and DO cores plus headgroups (Vhead = Vhead Na, Veore = Veore Na), respectively. For the
calculation of Acyw calculation, score IS surface area per DO core, being calculated using the ellipsoid radii
(Rtella and Re.en,p) as well as the calculation of veore for Cicelle.

According to theory?52° the spontaneous packing parameter (SPP) can be obtained by

SPP = Viait/ (Ao ltail) (6)
where Vi and il are hydrophobic tail volume and length, respectively. These symbols have the same
meanings as in the expression of the EPP.? Entropy is taken into account by the fact that the area per
molecule minimizes the free energy of the surfactant film (Ao is the area that minimizes the free energy).
According to this approach reverse micelles would be obtained with SPP > 1 (reversed cores form if the
surfactant tails orient upward) to ~1 (cylindrical). In the case of W/CO; uEs, EPP values should be
calculated by taking account of solvation of the head and tail groups with water and CO: into the A¢ and
Viail Values. If the hydrophobic part is assumed to be a truncated cone, the volume should bet332

Viail = lai{Acw + Auil + (Acw Awi)>°}3 (7)
where Agil is area per hydrophobic tail terminus, respectively. When Aq is replaced by Acw for the

calculation of EPP in W/CO: puEs, Eq. (6) can be simply expressed as
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EPP = {Smicelle + Score + (Smicelle Score)>>}/(3Score) (8)
where Smicelle IS surface area per reverse micelle. In this study, the values of Smiceiie Were calculated from
the ellipsoid core radii (Re-ena and Reeip), With surfactant tail length i assumed to be 13.6 A (between
the terminal F-atom and the C-atom bearing the sulfonate group). All the values of Aciw, Nagg and EPP
obtained by Egs. (3)-(8) are based on the assumption that all surfactant molecules are adsorbed at the
W/CO:; interface. In actual W/CO- puEs, it is likely that some surfactant molecules will partition away
from the interface. However, this is estimated to be negligible compared with total number of associated
surfactant molecules (8.0 x 102 mol%), taking into account very low critical microemulsion
concentrations in scCO for fluorinated ionic surfactants, which is typically < 10 mol %.*? The calculated
aggregation properties Nagg, Ac/w, and EPP for the prolate droplets are listed in Table S4. The Acw values
were 118-134 A% at Wo values of 10-30 and are very close to those of nFG(EO). and nFS(EO). as
mentioned above. 32

Figure 6 shows changes in Nagg and EPP as a function of Wy for [CeF13mim][CsF13S]/D20/CO;
microemulsions at 45 °C and 200 and 350 bar, using data from Table S4. For comparison purposes, the
figures also include literature data for double-tail surfactants nFG(EO), (n = 4 and 8) in W/CO; pEs *?

and the common hydrocarbon surfactant AOT but in W/n-heptane pEs 4.

18



400l 1 T T I

[C4F ;mim][CFy;S] at 200 bar
& [C4F;mim][C.F,;S] at 350 bar
300 | © 4FG(EO), at 350bar -
® 8FG(EO), at 350 bar
B AOT in n-heptane at 1 bar
co
co
2 200F .
2,
100 -
0
) 45 10 15 20 25 30
’ T| X [C4F,;mim][C,F,;S] at 200bar
279k ® [C4F,;mim][CF,,S] at 350bar
’ 1| © 4FG(EO), at 350bar
20+ ® SFG(EO), at 350 bar
5 ’ Il AOT in n-heptane at 1bar
= 1.8
88
1.6
14 =
1.2
5
WO

Figure 6. Changes in aggregation number (Nagg) and effective packing parameter (EPP) of surfactants as
a function of Wo. The data were for D>O/CO; pEs containing 16.7 mM [CeF13mim][CsF13S] and 50 mM
double FC-tail surfactants (4FG(EO). and 8FG(EO)>) at 45 °C and W/n-heptane pEs containing 50 mM

AOT at 25 °C.

19



As reported for other reverse micellar systems with AOT*® and the double FC-tail surfactants *?,
Nagg and EPP for [CsF1smim][CsF13S], respectively, increased and decreased with Wo, until the single
phase UEs became unstable and turbid phases appeared. This is consistent with an increase in aggregation
number for both surfactant and water, as well as a change in surfactant molecular morphology from a
reversed truncated cone to a cylindrical shape. These changes are linked to growth of reverse micelles and
a decrease in negative curvature of the W/CO- interface with increasing water loading. As compared to
the double FC-tail anionic 8FG(EQ). and 4FG(EO). surfactants, the catanionic [CsF1zmim][CeF13S]
generates reverse micelles with larger Nagg values than those anionics. This implies that headgroup ion-
pairing promotes dense packing of [CsF1smim][CsF13S] molecules to favor reverse micelles owing to
reduced electrostatic repulsion between headgroups. On the other hand, lowering the pressure from 350
to 200 bar increased Nagg and decreased EPP for [CsF1amim][CesF13S], presumably due to a promotion of
molecular aggregation owing to a reduction in CO> solvation of the fluorinated tails at the lower CO;
density. Comparing the Acw and Vnead Values for [CeF1smim][CsF13S] and the fluorinated double-tail
8FG(EO)2 and 4FG(EO)2, shows EPP was relatively close to that of 4FG(EO). but far from the value for
8FG(EO)>. Since these two surfactant classes have similar Acw values, the difference in EPP between
them is likely due to the fluorination level of the tails, namely longer FC-tails have the capacity to solvate
more CO2 molecules, giving rise to greater effective tail volumes. As compared with AOT/W/n-heptane
uEs #, the W/CO, uEs had smaller Nagg and larger EPP values. This may be linked to differences in
surfactant tail-solvent interactions, in other words, better solvation for the FC-tails with CO2, as compared

to for the AOT-tails with n-heptane.

This study demonstrated that the EPP of this catanionic surfactant, comparable to that of anionic
double FC-tail surfactants, enables stabilization of W/CO. microemulsions with high Wo values. This is
very interesting as ionic headgroups themselves are known to be insoluble in supercritical CO, and
surfactants having ionic head groups usually require long and/or multiple CO-philic tails to stabilize

W/CO2 microemulsions. However, it is now apparent that mixing single CO-philic tail anions and cations,
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which are alone mostly insoluble and incompatible with CO,, is a useful approach to design CO2-philic

surfactants.
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Conclusions

In order to meet requirements for potential use of W/CO; uEs in industrial processes!®8, W/CO,
uEs have been studied here, stabilized by ion-pairs of low F-content surfactant anions and cations, which
themselves are individually insoluble and surface-inactive in scCO,. Because the ions are strongly
associated, they cannot be easily dissociated under ambient conditions, as such, catanionic surfactants are

not classified as normal ionic surfactants 25444,

This study was conceived to answer the question “why are ion-paired catanionic surfactants so
effective at stabilizing high water content W/CO, nEs”? The three new significant findings are:-

(1) The W/CO, pEs with [CeFizmim][CeF13S] solubilized an ionic dye which acts as a
microenvironmental polarity probe, showing behavior similarity to other fluorinated anionic
surfactants. ®!2. On the other hand, the other catanionic surfactants with lower F-content did not
solubilize the dye in scCO3, which is consistent with a lack of W/CO; uE stabilization.

(2) Aggregation numbers of reverse micelles were about two times larger for [CsFiamim][CeF13S]
compared with fluorinated double-tail anionic surfactants 32 implying that electrostatic interactions
between cationic and anionic headgroups promote close packing of surfactants to stabilize reverse
micelles.

(3) Effective packing parameter (EPP) values of the catanionic surfactant in W/CO. uEs were relatively
close to those found previously for the double perfluorooctyl-tail anionic surfactant 4FG(EO)2%2. This
indicates the electrostatic interactions resulted in a small interfacial areas and volumes for the
catanionic headgroups, which is required for reversed curvature self-assembly, as found for the

sulfonate headgroup of 4FG(EO). 2.

From these findings and previous studies %, the efficiency of [CsF1smim][CsF13S] is likely related to EPP
and HCB would be consistent with those of double FC-tail anionic surfactants *2. Such a large EPP and a
low HCB would be consistent with the small area and low ionicity of the catanionic headgroup, as

compared to the related single-tail and single ionic headgroup anionic and cationic surfactants
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(Na[CeF13S] and [CsF13mim][CH3SOz]). Hence, the concept of surfactant anion-cation pairing represents
a new platform for developing CO.-philic surfactants and water-in-CO, microemulsions for practical
applications. This surfactant may be thought of as “the goose (cheap, simple-structure, and CO2-inactive
surfactants) that lays the golden egg (super-efficient CO.-philic solubilizer)”. Using this platform but with
highly-methylated alkyl tails, it should be possible to generate cheap and simple hydrocarbon surfactants
as a super-efficient CO.-philic solubilizers, which is a long-cherished dream in supercritical CO> science

and technology.
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Supporting Information. Chemical structures of surfactants studied in earlier W/CO2 microemulsion
studies. Calculation of scattering length densities of reverse micelle shells (pshen), aqueous cores (pcore),
and CO: (pco?) in the D.O/CO, uEs. Pressures at which clear single phases start to appear cloudy, Ptrans
for [CeF1amim][CesF13S]/W/CO2 mixtures. UV-vis absorption spectra for aqueous methyl orange (MO)
solution/CO2 mixtures with 16.7 mM [CsFiimim][CsF11S] and [CeF1smim][(CFs3)3S]. Change in
absorbance of [CeF13mim][CsF13S]/W/CO, pEs with adding aqueous methyl orange (MO) solution.
SANS profiles (Lin-Lin plots) for 16.7mM [CeF13mim][CsF13S]/D20/CO; uEs at various Wo values and
pressures. Estimation of D20 core radii in 16.7 mM [CeF13mim][CsF13S]/D20/CO: reverse micelles by
Guinier and Porod analyses of SANS data. Estimation of correlation length for 16.7 mM
[CeF13mim][CsF13S]/D.0O/CO2 microemulsions by Ornstein-Zernicke formalism. Prolate DO core radius,
aspect ratio, estimated specific viscosity for 16.7 mM [CeF13mim][CesF13S]/D.O/CO2 microemulsions
obtained by fitting theoretical curves of prolate ellipsoidal particle model to SANS data. Estimation of
reverse micelle concentration, aggregation number, area per surfactant molecule, and effective packing
parameter of the D2O/CO2 uEs with 16.7 mM [CeF13mim][CeF13S] at 45 °C and 200 bar or 350 bar.

This material is available free of charge via the Internet at “http://pubs.acs.org.”
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