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Abstract: Molecular aggregation is a complex phenomenon that is difficult to study in detail experimentally.
Here, we elucidate the formation of ionic liquid-in-carbon dioxide (IL-in-CO;) microemulsions via a computer
simulation technique that demonstrates the entire process of self-aggregation at the atomic level. Our study
reveals direct evidence of the existence of stable IL droplets within a continuous CO, phase through
amphiphilic surfactants. The microstructure of the nanodroplets matches very well with the small-angle
neutron scattering data. A detailed investigation of the structural and energetic properties explains why
guanidium acetate-based IL-in-CO, microemulsions showed a greater stability than imidazolium hexafluo-
rophosphate-based microemulsions in recent spectroscopic experiments. In contrast to the existing
hypothesis in literature, the study reveals that the stability of the microemulsions mainly pertains to the IL
anion—headgroup interactions, while the cations play a secondary role. The detailed atomic level
understanding provides a deeper insight that could help in designing new surfactants for improved IL uptake

in CO,.

1. Introduction

Room temperature ionic liquids (ILs) are organic salts,
composed of organic cations and organic or inorganic anions,
and are liquid a room temperature. Due to their unique
properties, such as chemical stability, nonflammability, and low
volatility, ILs are regarded as green solvents® 2 This in
conjunction with their ease of preparation at different cation—
anion combinations provides a great opportunity to obtain task-
specific ILs for a range of applications, such as separations,
synthesis, and catalytic reactions.*®

Carbon dioxide in the supercritical state (scCO,) has been
identified as another environmentally benign solvent because it
is nontoxic, nonflammable, and potentialy recyclable. The
potential of this abundant and easily tunable solvent is therefore
being exploited on a variety of fronts, including extraction of
caffeine from coffee, homogeneous and heterogeneous poly-
merization, synthesis of nanoparticles, and materials processing.”°
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However, CO, is a low dielectric constant fluid, and many
important classes of polar substances, including ILs exhibit low
solubility in scCO,. 12

One of the mgjor targets of modern chemistry is to combine
the advantages of both these green solvents by improving the
IL solubility in scCO,. An effective way is to create micro-
emulsions, containing IL droplets in continuous CO, phase, with
the help of amphiphilic surfactants.*®> The polar IL molecules
are comfortable being shielded by surfactant heads as much as
possible, whereas the nonpolar CO, molecules are comfortable
in direct interaction with surfactant tails. The significance is
that the surfactant assemblies provide hydrophilic nanodomains
in lipophilic phase, which finds potential uses as media for
reactions between polar and nonpolar molecules, extraction of
hydrophiles etc. Unfortunately, only a handful of studieson IL-
in-CO, systems have been carried out, although the analogous
water-in-CO, microemulsion systems were explored and ex-
tended to various applications during the past decade. Thus,
Johnston and co-workers'®** had created a bulk water domain
in continuous CO, phase using acommercialy available perfluo-
ropolyether surfactant, which could successfully extract hydro-
philes including proteins. Chaitanya and Senapati*> had shown
that the extracted proteinsin water-in-CO, microemulsions retain
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their native state. DeSimone and co-workers'®'” had designed
avariety of surfactants which provided an extended stability to
the aqueous phase in CO,, thereby expanding potential applica-
tions of the green scCO,. A number of molecular dynamics (MD)
simulation studies were dso reported by various groups that provide
structural details of this delicate interface.®2° The literature is,
however, scanty for IL-based microemulsions. Eastoe et al.**
carried out small-angle neutron scattering (SANS) experiments
on IL-in-0il microemulsions which successfully detected the
nanometer-sized dispersed IL dropletsin oil. In arecent report,
Han and co-workers* had shown the existence of IL domains
in continuous CO, phase from their spectroscopic experiments
on the mixtures of 1,1,3,3-tetramethylguanidium acetate
([(CH3)2N]2C=NH2+CH3C007, [TM G] [AC]), SJpa'C“tlcal COZ,
and N-ethyl perfluorooctyl sulfonamide (C,HsNHSO,CgF;7;
N-EtFOSA) surfactants. From the absorbed wavelength of the
added probes, they concluded that the IL droplets were entrapped
in reverse micellar cavities. Though this study provides (indirect)
evidence of the formation of IL-in-CO, microemulsions, the
structural characteristics of the droplets and the basis of their
stability were not clear.

Here, we provide the direct evidence of the formation of
nanometer-sized, ellipsoidal-shaped IL domainsin bulk CO, by
carrying out detailed molecular dynamics simulations of the
mixtures of [TMG][Ac]/N-EtFOSA/CO, and a range of other
related IL-in-CO, systems. To avoid any dependency on initial
conditions, we started our simulations from a completely random
configuration, and for a higher accuracy, we carried out al-
atom, unrestrained MD simulations. The simulation results
demonstrate the entire process of self-aggregation, where the
polar components settle together in the apolar media through
the amphiphilic interface. The atomic-level interaction profiles
explain why [TMG][Ac]-based IL-in-CO, microemulsions
showed greater stability than 1-butyl-3-methylimidazolium
hexafluorophosphate ([BMIM][PFg])-based microemulsions in
recent spectroscopic experiments.*® The exploration of avariety
of other ILs reveals that the stability of the microemulsions
mainly pertains to the IL anion—headgroup interactions, while
the cations play a secondary role. In short, our study not only
complements the experimental findings but also provides a
wealth of detailed information at atomic level which is very
difficult to achieve experimentally.

2. The Model and Simulation Details

We performed MD simulations on a series of random ternary
mixtures, composed of IL, scCO,, and N-EtFOSA surfactants.
The ternary mixtures differ from each other in IL content. While
the first mixture (system 1) contained [TMG][Ac] as the IL, the
second mixture (system 2) contained [BMIM][PFg] in place of
[TMG][AC]. Five additional systems were explored by varying
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Table 1. Average Interaction Energy (E in kcal/mol), H-Bond
Distance (d in A), and the Probability of H-Bond Formation (P)
between Anion and Headgroups (A—HG), Cation and Headgroups
(C—HG) in Systems 1—7. Possible Mode of Interactions are,
acetate—HG: COO™++*H—N; TMG—HG: NH,"+++O=S; PFs—HG:
PF~++*H—N; BMIM—HG: CgH"+--O=S; chloride—HG: Cl~++-H—N;
nitrate—HG: NO™+--+H—N; BF;,—HG: BF +--H—N

System IL Ea-ne Ecwe  diW¥  d¥0¢ Pave  Pore
1 [TMGJ[Ad  -562 -321 191 215 099 015
2 [BMIM][PFg] —201 -—117 213 238 09 0.29
3 [TMG][PFg] —-242 —-237 209 216 09 0.12
4 [BMIM][ACc] —-527 —136 185 238 099 034
5 [BMIM][CI] —-6.12 —212 224 239 100 031
6 [BMIM][NOJ —-412 -114 184 237 099 029
7 [BMIM][BF] -251 —-101 211 235 097 027

the IL, as listed in Table 1. These systems were studied at IL-
to-surfactant molar ratio, W, = 0.8. System 1 was further
examined at two different compositions, corresponding to W, =
0.4 and 1.2. Thus, we have investigated seven different IL-in-CO,
systems and performed a total of nine smulations in this work.

The interaction potentials for the ILs are obtained from the
work of Padua® and Senapati®® which are developed within
the spirit of OPLS-AA/AMBER framework. The proposed
parameters were shown to reproduce the experimental crystal
structure and/or the liquid density data accurately. Table S1in
Supporting Information lists all the parameters adopted in this
study. To model the N-EtFOSA surfactant, we have used the
OPLS-AA potentiadls of sulfonamide and perfluoroalkanes
developed by Jorgensen.?* The missing dihedral parameters are
derived here within the spirit of OPLS-AA/AMBER framework
by usingamodel compound, CHz—CH,—NH—S0,—CF,—CF,—
CF,—CF;. Ab initio calculations with the 6-31+G* basis set,
using the Gaussian 03 program,®® yielded energy profiles for
rotation about the unknown dihedrals, d. For each optimized
geometry corresponding to a particular value of 6, an energy
minimization neglecting the contribution from the dihedral of
interest was performed using the SANDER module of the
Amber 9.0 program.?® The difference in energy between ab
initio and molecular mechanics (MM) calculations was fitted
to obtain the dihedral parameters, as included in Table S1
(Supporting Information). Partial charges are obtained via fits
to the electrostatic potential surfaces from ab initio molecular
orbital calculations with the 6-31+G* basis set, such that the
calculated electrostatic potential values surrounding N-EtFOSA
were well reproduced by the obtained partial atomic charges.
The derived force field is vaidated against the available
experimental crystal structure data (Table S2, Supporting
Information). The three-site EPM2 model,%” proposed by Harris
and Yung is used to describe the CO, molecules. This model
accurately reproduces the experimental critical point and
liquid—vapor coexistence curve and is being widely used. The
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Figure 1. Timeevolution of the ternary mixture of [TMG][Ac]/N-EtFOSA/
CO, at W, = 0.8. Snapshots are taken at (a) 0 ns (b) 0.3 ns(c) 5 ns(d) 30
ns (e) 100 ns and (f) 200 ns. Color scheme: red = cations; blue = anions;
green = surfactants; white dots = C of CO,. In (b—f), CO, is omitted for
clarity.

molecular structures of each component along with their partial
charges are included in Figure S1(Supporting Information).

QOur first set of simulations with W, = 0.8 was started from
random mixtures of 48 ILs, 60 surfactants, and 6400 CO,
molecules. These numbers correspond to [N-EtFOSA] = 0.06 g
mL~?, as was used in the experimental work of Han's group.™
A large number of CO, molecules were included to generate a
continuous CO, bulk phase. These simulations were carried out
at 298 K and 20 MPa pressure, again the same experimental
conditions as maintained by Han and co-workers. The second
and third sets, corresponding to W, = 0.4 and 1.2, were
simulated, respectively, with 24 and 72 IL molecules at 10 and
38 MPa pressure. To enable the volume variation, simulations
were performed in the NPT ensemble using the Nose—Hoover
thermostat and barostat. Both the thermostat and barostat
relaxation times were set to 0.5 ps. Periodic boundary conditions
were employed in all directions. The calculation of long-range
Coulombic forces was performed by employing the full Ewald
summation technique. The real space part of the Ewald sum
and LJ interactions were cut off at 15 A. SHAKE was used to
constrain bond lengths between heavy atoms and hydrogens. A
set of minimization and thermalization runs of the starting
structures was performed to remove the initial bad contacts. All
MD simulations were carried out for at least 100 ns. The
minimizations and MD steps were performed by using the
Amber 9.0 package.?®

3. Results and Discussion

Figure 1 illustrates the spontaneous evolution of system 1
from a complete random distribution of the ternary mixture to
an ordered aggregate of [TMG][Ac] that floats in continuous
CO, phase. The appearance of a self-assembled inverted micelle
consisting of IL core is in apparent agreement with the
spectroscopic experiments of Han and co-workers.® The IL core
is seen to be surrounded by surfactant headgroups, while the
surfactant tails form a coronaimmersed in CO,. The aggregation
process takes place in succession, similar to that for water-in-
CO, microemulsions. An initial faster clustering of polar
components, [TMG][Ac] and N-EtFOSA headgroups, is fol-
lowed by a slower fusion of the small aggregates to form three
to six small reverse micelles (RM) of unequal sizes. This step
follows a slow merging of the smaller micelles into two bigger
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Figure 2. (a) Radia distribution functions for the [TMG][Ac]-surfactant
pairs in system 1. Solid line: acetate-headgroups, dashed line: [TMG]-
headgroups. The site—site distribution functions with maximum intensity
in each category are compared. The respective pair of sites includes:
Oac—Npg and Ntye—Oge. (b) Time-averaged spatial density map of acetate
anions (blue), [TMG] cations (red), and N-EtFOSA headgroups (green).
The cations and anions are displayed in mesh representation and the
headgroup center-of-masses are shown as beads.

micelles at around 30 ns. The single RM appears for the first
time at 88 ns. This single aggregate remains stable thereafter
although, on average, 3—6 surfactants dissociate and reassociate
during the final 100 ns simulation run (panels e and f of Figure
1). Thus, direct evidence for the formation of IL dropletsin the
CO, phase emerges from this study.

At thisjuncture, the structural properties of the self-assembled
droplet can be quantitatively compared to the available small-
angle neutron scattering (SANS) data from a similar IL-in-oil
microemulsion due to Eastoe et al.?* The primary characteristics
of areverse micelle are the shape and size of its interior core.
Similar to experimental findings, the simulation-generated
droplet appears ellipsoidal in shape and measures nanometer
in size. The radii of semi-minor (r) and semi-major axes (I) of
the aggregate equal to 1.9 + 0.3 nm and 3.4 + 0.4 nm,
respectively, with an aspect ratio (I/r) of 1.8. These values are
in good agreement with the experimentally reported range of
1.9—2.4 nm for the semi-minor axis and 2.4—5.1 for the aspect
ratio. The small deviation can be attributed due to the differentia
tail-solvent interactions. The area-per-headgroup, 140 4 25 A2,
also compares favorably with the experimentally measured value
of 181 A2 for asimilar perfluorooctyl sulfonamide surfactant.®

To learn more details about the structural properties of the
reverse micelle, we consider various site—site radial distribution
functions (rdf’s). In Figure 2a, we plotted the rdf’s for the anion—
headgroup and cation—headgroup pairsin the [TMG][Ac]-based
system. The anion—headgroup rdf shows a strong first coordina-
tion shell with a pesk maximum at 2.8 A and a distinct second
peak at 4.8 A. The rdf for cation—headgroup, on the other hand,
shows two weak and broad peaks that appear at farther distances.
The sharper and narrower peaks in the anion—headgroup pairs
indicate that the acetate anions interact stronger with surfactant
headgroups than the [TMG] cations. The time-averaged spatial
density maps of IL cations, anions, and surfactant headgroups,
as shown in Figure 2b, provide a direct evidence of such
distribution. This figure clearly shows that the surfactant
headgroups are largely populated around IL anions and favor
stronger anion—headgroup interactions. This finding, however,
contradicts the existing reports in literature, which hypothesize
that the IL cation—surfactant H-bonding is responsible for the
micellar stability.® Our resultsindicate that the H-bond formed

(28) Shrestha, R. G.; Shrestha, L. K.; Sharma, S. C.; Aramaki, K. J. Phys.
Chem. B 2008, 112, 10520-10527.
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Figure 3. (a) Schematic diagram of the alignment of N-EtFOSA head and tails with respect to the [TMG][Ac] core. (b) Average fraction of gauche defects
in each dihedral present along the backbone of the surfactant. The dihedral angles are numbered beginning with the Ccyz—Ceppo—N—S fragment.

between the COO™ functional group of the IL acetate anions
and the NH group of the surfactants is stronger than that between
the NH,"™ group of the [TMG] cation and the S=O group of
the surfactants.

To support our finding, we provide a quantitative comparison
of the interaction energies of IL anion—surfactants and IL
cation—surfactants, average distances between the potential
H-bond makers present in IL and surfactant moieties, and the
probability of formation of such H-bonds. The respective values
are given in Table 1. Even though both the energies fall in the
typical H-bond energy range of 2—5 kcal/mol, the anion
contribution is seen to be more significant always with a 100%
probability of forming more stable H-bonds (quantified by
shorter interatomic distances). Every analysis thus signifies that
the stability of [TMG][Ac]/N-EtFOSA/CO, microemulsions
mainly pertains to the anion—headgroup interactions, while the
cations play a secondary role. The fact is, interheadgroup
electrostatic repulsion is the weakest when bulky O=S=0
groups allow the smaller NH groups to protrude inward to the
IL core where the curvature is larger. A schematic diagram of
the alignment of surfactant molecules relative to the IL core is
depicted in Figure 3, along with the calculated gauche defects
present in the surfactant tails.?® Such a conformation leaves
wider space for CO, to penetrate the tail region, thereby
increasing the surfactant solubility—another major factor that
contributes to microemulsion stability.*8*°

A parallel simulation comprising the [BMIM][PFg]/N-Et-
FOSA/CO, (system 2) aso complements the experimental
findings where a weaker IL core—surfactant interaction leads
to aflickering aggregate under similar conditions. Thisis shown
in Figure 4. A large portion of the [BMIM][PFg] core is seen
to be directly exposed to CO,, and alarge number of surfactant
molecules are found to wander around at all times, indicating a
weakly stable droplet. A quantitative measurement of the
exposed core area can provide another metric to judge the
stability of the systems. The calculated 44% exposed core area
in system 2 was much larger than 17% in system 1.3* Note that
alarge polar—apolar contact increases the surface tension and,
hence, the free energy of the system, thereby destabilizing the
microemulsion.

(29) Theangleisconsidered to be transif it measures between 120—240°;
the remainder is gauche.

(30) Lee, C. T., J.; Johnston, K. P.; Dai, H. J; Cochran, H. D,
Melnichenko, Y. B.; Wigndl, G. D. J. Phys. Chem. B 2001, 105, 3540—
3548.
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Figure 4. Time evolution of [BMIM][PFg]/N-EtFOSA/CO, system.
Snapshots are taken at (a) 0 ns, (b) 0.3 ns, (c) 3 ns, (d) 30 ns, (€) 50 ns, and
() 100 ns. Color scheme: red = cations; blue = anions; green = surfactants;
white dots = C of CO,. In (b—f), CO, is omitted for clarity.

The weaker |L—surfactant interaction in [BMIM][PFg] system
is aso reflected in rdf's and other statistical parameters. The
peak intensities in Figure 5a imply that the anion, PR~ has a
greater stabilizing influence than the [BMIM] ™ cation, and more
importantly, the acetate ionsin system 1 associate more strongly
with the surfactant headgroups than the PR~ anions in system
2 (compare the peak heights in Figure 2a and Figure 5a). The
reason is that the isotropic and bulkier PFs~ cannot approach
as close to the headgroup surface as the anisotropic CH;COO™
groups could. The respective interaction energies, average
H-bond distances, and the H-bond probabilities are included in
Table 1. All these values compare much weaker than system 1
and explain why Liu et a.™® could not get a stable microemul-
sion with [BMIM][PFg] in their experiments.

To strengthen our finding further that the IL anions play the
major role in microemulsion stability, we created two new
systems by interchanging the anionsin systems 1 and 2. Asthe
rdf’sin parts b and c of Figure 5 and the energetic and structural
properties in Table 1 indicate, [BMIM][Ac] forms as stable a

(31) The presence of small core exposure in reverse micelles was reported
in the literature.*® To quantify the exposure, first all CO, were removed
from the system and a probe was rolled across the micellar surface.
The accessible area due to IL cations and anions gives an estimate of
the core exposure. To express this quantity in %, the area of the bare
core was measured by removing al the surfactants from the droplet.
A 2 A probe that mimics CO, size was used.

(32) Lu, L.; Berkowitz, M. L. J. Am. Chem. Soc. 2004, 126, 10254-10255.
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Figure 5. Site—site radia distribution functions for anion—headgroups (solid line) and cation—headgroups (dashed line) in (a) system 2, (b) system 3, (¢)
system 4, (d) system 5, (€) system 6, and (f) system 7. The respective pairs of sites are indicated in the graph. The shorter peak heightsin the rdf’s of systems

2, 3, and 7 are indicative of weaker |L—surfactant correlations.
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Figure 6. Comparative time evolution of the process of aggregation/
deaggregation in systems 1—7. Color scheme: system 1 = black, system 2
= red, system 3 = violet, system 4 = blue, system 5 = magenta, system
6 = green, system 7 = brown. A large number of surfactants tends to
dissociate from the surface of IL core in systems 2, 3, and 7, leaving huge
polar—apolar contacts.

microemulsion as[TMG][Ac] did (compare the peak intensities
of the rdf’s in Figures 2a and 5c; and the E values of systems
1 and 4 in Table 1). In contrast, [TMG][PF¢]-based system 3
could not be stable (weak peak intensity in Figure 5b and small
E valuesin Table 1, similar to the weakly stable system 2). We
tested three more systems, 5—7 composed of common ILs.
Results from Figure 5 and Table 1 again indicate that,
irrespective of the nature of IL, the anions always interact more
strongly with surfactants than the cations, as evident from larger
anion—surfactant rdf peaks and greater Ex—pc values. Also, the
strength of interactions primarily depends on the charge density
on anions. Halogen-, acetate-, and nitrate-based ILs are likely
to be more effective in stabilizing microemulsions in CO, than
the PFg- or BF4-based ILs, as in the latter the anionic charges
are more delocalized and hence interact less effectively with
the surfactant headgroups. A comparative time evolution of
aggregation/deaggregation of IL droplets in systems 1—7 is
presented in Figure 6, by counting the free surfactants floating
in solution over time. As Figure 6 indicates, the number of free
surfactants started decreasing (from an initial value of 60) at
the nucleation phase in al systems but exhibits a varied trend
at longer times. Figure 6 clearly implies a greater stability of
halogen-, acetate-, and nitrate-based IL systems (systems 1, 4,

5, and 6), where the surfactants remain associated with the IL
core once they self-assemble. On the other hand, surfactantsin
PFs- and BF,-based systems (systems 2, 3, and 7) dissociate
and reassociate constantly from the aggregate, leaving large
polar—apolar contacts which subsequently can destabilize the
microemulsion. The average number of free surfactantsin later
systems was as high as 30. Figure 6 is drawn up to 60 ns to
observe the shorter time scale phenomenon (initia clustering
during 0—12 ns) clearly.

We have also investigated the effect of W, on the process of
micellar self-assembly. The [TMG][Ac]-based system was
reexamined at W, = 0.4 and 1.2. A similar mechanism of
aggregation, asin the system with W, = 0.8, was seen to prevail.
The faster clustering of polar components was followed by
dower fusion of the small aggregates (Figures S2, S3 in
Supporting Information). In both cases, the micellar shape was
ellipsoidal. However, a large number of surfactants was seen
to remain unassembled in the system with W, = 0.4, even
though the exposed area of the IL core was as low as 19%.
This implies the existence of a stable droplet with an effective
W,~ 0.6. Assimilar totheprimary systems, theanion—headgroup
pairs dominate the overall IL —surfactant interactions (Figure
$4, Supporting Information), thereby greatly contributing
toward the microemulsion stability.

4. Summary and Conclusions

Molecular dynamics simulations of random ternary mixtures
of IL—fluorosurfactants—scCO, show the self-assembly of
reverse micellesin supercritical carbon dioxide. The nanometer-
sized, ellipsoidal-shaped ionic liquid droplets are found to be
stabilized in the polar core of surfactant aggregates. This finding
corroborates very well with the recent SANS and spectroscopic
results. A more detailed analysis of the site—site radial distribu-
tion functions and the spatial density maps implies that the IL
anions interact much more strongly with the surfactant head-
groups than the IL cations. The energetic and hydrogen bond
analyses show that the IL anions form stronger and more
persistent H-bonds with the headgroup surface. Thus, we
conclude that the stability of IL-in-CO, microemulsions mainly
pertains to anion—surfactant interactions, while the IL cations
play a secondary role. Our conclusions are supported by the
fact that the miscibility of ILs with water and the solubility of
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gasesin ILs are mostly determined by associated 1L anions. >
The detailed knowledge derived here will aid in the judicious
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choice of IL anions and cations for obtaining the IL-in-CO,
microemulsions with improved stability.
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