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1. Introduction

Supercritical CO, (scCO,) has been considered as an ideal
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The reverse micelles (RMs) in supercritical CO, (scCO,) are promising alternatives for organic solvents, especially for
both polar and non-polar components are involved. Fluorinated surfactants, particularly the double-chain fluorocarbon
surfactants, are appropriate to form well-structured RMs in scCO,. The mechanisms inherent to the self-assembly of the
surfactants in scCO, are still subject to discussion. In this study, molecular dynamics simulations were performed to
investigate the self-aggregation behavior of di-CF4 based RM in scCO, and a stable and spherical RM is formed. The
dynamics process and the self-assembly structure in the RM reveal a three-step mechanism to form the RM, that is, small
RMs, rod-like RMs and the fusion of rod-like RMs. The Hydrogen-bonds between headgroups and water molecules, and
the salt bridges linking Na*, headgroups and water molecules enhance the interfacial packing efficiency of the surfactant.
The result shows the di-CF4 molecule has the high surfactant coverage at the RM interface, implying the high CO2-philicity.
This mainly results from the bend of the short chain (C-COO-CH2-(CF2)3-CF3) due to the flexible carboxyl group. The
microscopic insight provides in this study is helpful to understand the surfactant self-assembly phenomena and design new
CO,-philic surfactants.

in the micellar core. The interior water domain enhances the
solubility of solutes which are insoluble in CO,. Because the
w/c RMs have attractive properties of scCO,, as well as the

green replacement for organic solvents owing to its favourable
chemical properties, nontoxic, non-flammable,

. . . . 1-4
environmental benignity and potentially recyclable .

such as

However, neat scCO, can only dissolve nonpolar and small
molecular mass materials, with common polar or high
molecular mass materials always separating from dense scCO,
5 . .

. Such obviously many potential
applications of scCO,. A massive efforts have been made into
the design of CO,-philic surfactants to improve solvency

limitations restrict

characteristics of scCO,. Formation of water-in-CO, (w/c)
reverse micelles (RMs) or microemulsions has been widely
accepted as a promising approach to improve the solubilising
power of scCO,. The w/c reverse micelle is the surfactant
aggregate in CO, continuum and contains a water nanodroplet
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solvation properties of water, they have the potential as
volatile organic compound (VOC)-free and energy-efficient
solvents for nanomaterial synthesis, enzymatic reactions, dry-
cleaning, dyeing, preparation of inorganic/ organic hybrid
materials, and so on &8

To date, the most successful CO,-philic surfactants are
fluorocarbon-based surfactants due to their high solubility of
fluorocarbon chains in scCO, 915 These surfactants can be
solubilised in scCO, to form w/c reverse micelles. Among these
surfactants, the anionic di-fluorocarbon chain surfactant,
[Na][di-CF4] bis-(1-H,
sulfosuccinate), exhibits the optimum molecular structure 16,
the low fractional free volume (FFV), the low phase-transition

(sodium 1-H-perfloropentyl)-2-

pressure, and the high relative surfactant coverage (®,y) of
any known CO,-philic surfactant'. These advantages render it
the most efficient reverse micelle stabilizer.

Numerous experimental studies have been performed to
elucidate how tail and headgroup structure as well as
surfactant counterions influence the self-assembly properties
of surfactants in scCO, 141719 The results showed that the

chain length and fluorination at the terminal carbon atoms are
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crucial factors for surfactants to effectively stabilize w/c
microemulsions 2% the FFV and @, at the water-CO, interface
are important parameters affecting CO,-philicity 17; and the
hydration radius and the valence of counterion play an
important role in shape and stability of w/c microemulsions 19,
Experimental techniques involving NMR, small-angle neutron
scattering (SANS) and X-ray scattering have been employed to
characterize surface/interface properties and shapes of w/c
RMs. Although previous experiments have provided extensive
information, the microscopic self-assembly process and the
detailed RMs structure information at high pressure condition
have not yet to be convincingly elucidated.

On the other hand, molecular dynamics (MD) simulations
have been applied to demonstrate the entire process of self-
aggregation and the RM structure even in atomic scale.
Salaniwal et al. reported a two-steps mechanism to the RM
formation *’. Zhuo et al. speculated a four-steps mechanism to
a CO,-induced microstructure transition of the lamellar bilayer
using MD simulation 2 Lu and Berkowitz showed a successful
aggregation of a RM and concluded that the fluorinated
surfactants are effective in creating w/c RMs 22 Berkowitz et
al. studied the effect of the counterions (NH,", Na’, Ca®") in
surfactant PFPE on the structural and dynamical properties of
in RMs. Their results showed that the bridges
connecting and

water

ions charged headgroups display long
orientational relaxation time. Yuan et al. found three types of
salt bridges shielding the electrostatic repulsion between polar
headgroups in surfactant monolayer on the water surface. In
the bonds
headgroups and water were regarded as one of the driving

force in a w/c RM 8 Temsamani et al.® found that water-

early studies, hydrogen formed between

headgroup hydrogen bonds increased with the increase of W.
However, for a given W, the counterion size has only a small
effect on the extent of water-headgroup hydrogen bonds.
Faeder et al.”* reported that the water-headgroup hydrogen
bonds decrease in a water-in-oil RMs system upon exchanging
Na" with K. Rossky et al. >8 investigated the FFV on a planar
water-CO, interface and reported that a high @ can improve
the CO,-philcity of a given However, the
mechanisms inherent to the self-assembly of the surfactant in
scCO, understood. Thus,
interesting to have an insight on the RM behaviour of
surfactant di-CF4 in scCO,, the counterion effect on the RM,

surfactant.

are still not well it could be

and the intrinsic relation between @, and the tailgroups.

In this work, molecular dynamics simulations were carried
out to investigate the fundamental mechanism of the self-
assembly in the water/di-CF4/scCO, system at the atomic
level. Firstly, we investigated the dynamics process in the RMs
the self-assembly behaviour. Then,
calculated the radial density profiles for the species in the

to understand we

system as well as the time evolution of the radius of gyration
to study the structure of the RM. In addition, we analysed the

2 | Phys. Chem. Chem. Phys.

hydrogen bonds and salt bridges in the RM to describe the
binding behaviour among the surfactant,
counterions. Finally, we computed the &, over the spherical

water and
RM interface and illustrated the relation between @& and the
change in the tailgroups of the di-CF4 molecule. Understanding
the mechanism of the surfactant self-assembly in scCO, phase
is beneficial not only to gain insight into the self-assembly
phenomena but also to design new type of CO,-philic
surfactants.

2. Simulation Details
The CHARMM-27 force field 23" was used for the [Na][di-
CF4] molecules whose parameters were generated by the

32 .
. IS a

swissparam software The swissparam software
professional producer for small organic molecules in
CHARMM-27 force field using in GROMACS. The classical SPC/E
model ** was employed to describe water molecules. The CO,
molecules was described by the three-site EPM2 model 3
which can accurately reproduce the experimental critical point
and liquid-vapour coexistence curve. The cross terms for non-
like components were obtained through Lorentz-Berthelot
mixing rules 35 36 Al force field parameters for various
components in the system we studied were given in Electronic
Supplementary Information (ESI).

We performed MD simulations on a three-component
mixture composed of surfactants ([Na] [di-CF4]), scCO, and
water. Initially, we randomly put 4000 CO, molecules, 25
surfactants and 125 water molecules with Wg=5 (Wg=
[water]/[surfactant]) in a 6*6*6 nm> box where the density is
close to the real density of the complicated system. In order to
get a reasonable density of the three-component system, we
run a MD simulation for 2 ns in NPT ensemble under 313 K and
40 MPa. After the simulation the box size changes to
6.8*6.8*6.8 nm>. Then under the same conditions, we rebuilt a
new system as the initial model which was set to be
6.8%6.8%6.8 nm’ using a smart software package packmol 37,
shown in Fig 1 (a). To investigate the microscopic process of
the self-aggregation of di-CF4 in scCO,, we carried out a MD
simulation for 30 ns in NVT ensemble. To eliminate the
occasionality of the result, 5 MD simulations were run under
the same conditions. To get a clear spherical shape of the RM
and improve the simulation efficiency, in this study, we choose
W,=5 instead of W,=10 used in the experiment % The final
configuration for Wy=10 was presented in ESI. In addition, we
performed a MD simulation on a larger system with 100 di-CF4
and 500 water

aggregation process difference caused by the number of the

molecules molecules to eliminate the
surfactants (see in ESI).
All MD simulations were performed using the GROMACS

free software package (version 4.5.5) 39 And the visualization
of the dynamics process using the program VMD * The initial

This journal is © The Royal Society of Chemistry 2016
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configurations were minimized by the steepest decent
methods. When the maximum force of the system was
converged to a threshold of less than 1000 kl-mol™-nm™, the
whole energy of the system was considered to be low enough
to perform a dynamics simulation. The temperature of the
system was kept 313 K by nose-hoover thermostat algorithm
%2 The nonbonded
potential truncation was performed with a cut-off distance at
1.0 nm for Lennard-Jones potential . The long-range part of

with a coupling constant of 0.2 ps

the electrostatic interactions was treated by the particle mesh
Ewald method (PME) “ The time step of NVT or NPT
simulation was set to 1 fs. Periodic boundary condition were
employed in all three directions. The Maxwell-Boltzmann
distribution was employed to set the initial atomic velocities of
the system % The trajectories were collected in an interval of
1 ps. After the 30 ns simulation, another 2 ns simulation was
performed to collect data used for further analysis.

3. Results and Discussion

3.1 Self-assembly Process

Fig. 1. Time evolution of the ternary mixture of [Na][di-CF4]
/water/CO, at W, = 5. Snapshots are taken at (a) O ns (b) 0.2 ns
(c) 0.45 ns (d) 14 ns (e) 16 ns (f) 30 ns. Color scheme: green
surfactants headgroups; pink = surfactants tailgroups; red =
sodium. In (b)-(f), scCO, are not shown for

water; blue =
clarity.

To visualize self-assembly behaviour of the RM in a three-
component system containing scCO,, [Na] [di-CF4], and water
starting from a random configuration, a series of snapshots,
illustrating the evolution of the system from the initial
configuration to a spherically shaped RM configuration, were
provided in Fig. 1. From the simulation, it is observed that
water molecules and di-CF4 molecules aggregate and form
several scattered small RMs during very short simulation time
of 0.2 ns, shown in Fig. 1(b). Further these small aggregates
cluster into two larger RMs at about 0.45 ns, shown in Fig. 1(c).
The two aggregates exist for a long simulation time with the
structure relaxation, shown in Fig. 1(d). During this process,

This journal is © The Royal Society of Chemistry 2016

although the two aggregates contact many times, they do not
merge into one bigger RM yet because of the weaker
interaction between the surfactants fluorinated tailgroups. The
water core in each aggregate is not completely parcelled by
surfactants and a small part of the outer surface of the water
core is bare. At 14.0 ns, the two aggregates contact each other
via the bare parts of water cores. Because the two water cores
contact, the two aggregates merge into an unstable rod-like
RM at about 16.0 ns, shown in Fig. 1(e). Beyond this time, the
unstable rod-like aggregates rearranges its structure through
the strong water-water cohesive interaction. The water core
shrinks to a stable spherical droplet and the stable RM is finally
formed, as shown in Fig. 1(f). Moreover, the presence of water
cores provides a medium screening effect, which attenuates
the electrostatic repulsion between head groups of the
surfactants. It facilitates the fusion process in which two
aggregates merge large This
dynamical process for the di-CF4 self-assembly in the water-in

into one reverse micelle.
CO, microemulsion is qualitatively similar with the previous
report in the water/surfactant/CO, system > & ?* *®. The
percolation threshold could not occur in the system due to the
low volume fraction (0.065) of water plus surfactants®” %2,
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Fig. 2. Evolution of the number of aggregates in the
water/di-CF4/scCO, system during the course of simulation.

To depict the rapid micellization followed by a relatively
long period of stabilization of the clusters, the number of
aggregates existing during the course of the simulation was
plotted in Fig. 2. An aggregate is determined by the single-
linkage method 9 with a root mean square deviation (RMSD)
cutoff distance of 0.1 nm. It is observed that there are three
stages occurring in the self-assembly process of water/di-
CF4/scCO, system. The number of aggregates decreases
rapidly from 20 to 2 before 0.5 ns, clearly shown in the inset.
During this process, the system containing 6 or 3 aggregates
remains for a longer time than others, which means the
aggregates with 4 or 8 di-CF4 molecules is more stable. From
0.5 ns to 14.5 ns, the number of aggregates is 2, meaning there
exists two large reverse micelles. After 14.5 ns, only 1 RM

Phys. Chem. Chem. Phys. | 3
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exists in the system. From the microscopic information
mentioned above, the process of di-CF4 self-assembly in scCO,
can be speculated as three steps: (1) di-CF4 molecules
aggregate and rapidly form several small RMs. (2) These small
RMs (containing about 12 surfactant molecules) contact and
merge into unstable rod-like RMs. (3) The rod-like RMs shrink

and change into the stable spherical RMs.

3.2 The Reverse Micelle Structure
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Fig. 3. Radial density profiles with respect to the center of
mass of the RM core for different species in the water/di-
CF4/scCO, RM system.

To characterize the microscopic structure of the RM, we
calculated the radial density profiles with respect to the center
of mass of the water core for various species including water
molecules, Na®, headgroups(SOs), CO, molecules and the C
atom at the end of the tailgroups(C,;Fs), shown in Fig. 3. The
density of water in the interior of the RM approaches 1.0
g/cm3 at the region from 0 to 0.5 nm, suggesting that a bulk
water domain exists in the water/di-CF4/scCO, microemulsion
system. Beyond 0.5 nm, the water density has an obvious
decay due to the penetration of the CO, molecules and the
hydrophobic tailgroups to the aqueous core. A bulk scCO,
phase is also observed with the approximate density of 0.89
g/cm3 at the region far from the interface between the tails
and the scCO, phase, which is close to the experimental value
of 0.84 g/cm3 given by National Institute Standards and
Technology (NIST) at the same temperature and pressure. The
location of the Na* peak is at about 0.85 nm close to that of
the SO; group, meaning that Na* cations accompanying with
the SO; group are mainly near the interfacial region between
the headgroups and the water phase. However, there are
some Na' cations solvated in the water core, which is observed
by the lower peak of Na* cations. Comparing the profiles of the
tails of di-CF4 and the water molecules at the region from 0.8
nm to 1.25 nm, we find that the hydrophobic tails penetrate
into the water core in the RM to some extent. It may be
caused by the interactions between the strong polar F atoms
and the water molecules. Comparing the profiles of the tails of

4 | Phys. Chem. Chem. Phys.

di-CF4 molecules and the CO, molecules at the region from 1.0
nm to 2.0 nm, we also observe that many CO, molecules
penetrate into the di-CF4 monolayer. Consequently, the radial
density profiles shown in Fig. 3 indicate four regions existing in
the water/di-CF4/scCO, system: the aqueous core, the
interfacial region between the SO; groups and the water
phase, the interfacial region between the tailgroups and the
scCO, phase, and the bulk scCO, phase. In addition, the
profiles of the SO; groups and the tailgroups are symmetrical,
implying that the RM is stable and spherical.

The radius of gyration, R,, describing the distribution of the
mass of atomic groups or molecules that constitute the
aqueous core relative to its center of mass, is a good measure

of the size of the reverse micelle. R, is described by >0

 Xm(i-n)
R =

-
g
me
i

(2)

Where “i” includes all surfactant atoms, cations, and water
molecules in the RM region. m; is the mass of atom i and r; is
the distance of atom i from the center of mass r, of the
aggregated core. Fig. 4 shows the time evolution of the radius
of gyration during the last 2 ns run. It is observed that the
radius of gyration for the water core is about 1.54 nm with a
little fluctuation, which is in reasonable agreement with the
experimental value of 1.9 nm measured by SANS experiments
38, Moreover, the radii of gyration of the headgroups and the
tailgroups are almost constant with values of 0.85 nm and 1.7
nm, respectively, revealing that the RM remains a spherical
shape.
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Fig. 4. The time evolution of the gyration radius during the last
2 nsrun.

3.3 Hydrogen Bonds

This journal is © The Royal Society of Chemistry 2016
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The hydrogen bond (H-bond) is an important characteristic
of the water molecules in the aqueous core of the RM, which
has a significant effect on the stability of the RM. Note that the
headgroups of di-CF4 molecules contain oxygen atoms that are
capable of forming hydrogen bonds with the water hydrogens.
In addition, H-bonds also form among water molecules
themselves. In this work, a hydrogen bond is defined to exist if
than 3.5 A
simultaneously the angle of hydrogen-oxygen-oxygen is less

the oxygen-oxygen distance is less and
than 30° . Fig. 5 shows several typical H-bonds in the RM. Fig.
5a shows the H-bond formed by one O atom in the headgroup
and water molecules. Fig. 5b indicates the H-bond between
two O atoms in the headgroup and the water molecules.
However, we did not observe the H-bond simultaneously
formed by water molecules and three O atoms in one
headgroup. Fig. 5c illustrates that two headgroups, forming H-
bonds with water molecules respectively, connect with each
other through the H-bonds among their neighbour water
molecules. Fig. 5d shows a similar structure to that in Fig. 5c.
However, the difference is that there are two Na® between
two headgroups in Fig. 5c. Comparing these two figures, we
find that di-CF4 molecules in Fig. 5d are more compact to
cover the surface of the aqueous core, leading to a smaller
packing area of the headgroup in the RM. The strong H-bonds
weaken the electrostatic repulsion between headgroups and
strongly constrain the moving range of di-CF4 molecules,
which are beneficial to stabilize the RM.

Fig. 5. H-bonds structure around the headgroups. Color
code, blue: Na+ ions, red: oxygen atoms, white: hydrogen
atoms, watchet: carbon atoms, pink: fluorine atoms.

3.4 Salt Bridges

This journal is © The Royal Society of Chemistry 2016
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Fig. 6. Radial distribution function profiles for the [Na][di-
CF4]—water pairs in system. 1 Black: Na+-0}1g (oxygen in
headgroups), 2 red: Na*-O,, (oxygen in water), 3 blue: Na+—5hg
(sulphur in headgroups).

To study the binding behaviour among the surfactant,
water and ions, various site-site radial distribution functions
(RDFs) for Na*-0,,,(O atoms in headgroups), Na'-Sp¢(S atoms in
headgroups) and Na'-0,,(0O atoms in water molecules) were
calculated and shown in Fig. 6. The NaJ'—Ohg RDF has a
prominent first peak at 0.22 nm and a minimum at 0.28 nm,
described by the structure | in the inset. The second peak is at
0.43 nm due to the remaining two O atoms in the headgroup,
illustrated by the structure IV in the inset. The peak of the Na*-
Shg RDF locates at 0.28 nm corresponding to the structure Ill in
the inset. The results show that most of Na* are constrained
near the negatively charged di-CF4 headgroups. The Na*-O,,
RDF shows a distinct first peak at 0.23 nm corresponding to
the structure Il in the inset, indicating a distinct hydration shell
there. A second hydration peak existing at 0.43 nm is also
shells

imply a

observed. These two hydration
structuring of water molecules around Na'.

strong

Fig. 7. Snapshots for the typical salt bridges in the RM. The
color scheme: blue: Na®, red: oxygen atoms in headgroups,
yellow: sulphur, and the
headgroups are highlighted for clarity. (a), (b) and (c) are the

water molecules are omitted,

schematic diagrams for salt bridge styles in the RM.
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From the above analysis of RDFs for Na*-headgroup and
Na‘-water, we find a prominent structure of Na* interacting
with headgroups and water in the RM, which is illustrated by
the inset in Fig. 6. The structure shows that Na* can combine

with headgroups to stabilize the RM, which is called salt bridge.

It is assumed that one Na® bridges two anionic headgroups or
three if it resides within a distance 0.58 nm from two nearest-
neighbour headgroup pairs.52 According to the number of
headgroups bridged by one Na’, three types of salt bridges are
observed in the RM, shown in Fig.7. Fig. 7(A) shows that Na" is
shared by three O atoms in different headgroups. Fig. 7(B)
shows that Na® is shared by two O atoms in one headgroup
and one O atom in the other headgroup. Fig.7(C) shows that
Na® is shared by two O atoms in different headgroups and one
O atom in a water molecule. Fig.7 (a), (b) and (c) are the
schematic diagrams for the salt bridges occurring in the RM.
The formation of the salt bridge can shield the electrostatic
repulsion between polar components, and thus the
monolayer of surfactants will be compact enough to stabilize
the RM.

3.5 Surfactant Coverage

0.16 i
—a—short chain
—o—long chain
0.12
=
2 0.08
= 0.08F
NI
Q. 972 0713 |
0.04 R—
0.00 .

0.6 1.0

0.8
length (nm)

Fig. 8. a: The length fraction distribution of two tailgroups.
The black line is the distribution of the short chain which is the
C-COO-CH2-(CF2);-CF3 and the red line represent the long
chain of the surfactants C-CH2-COO-CH2-(CF2);-CF3. b: The
surfactants monolayer schematic diagram according to the
length distribution.

The chemical factors determining CO,-philicity is vital to
design CO,-compatible surfactants in developing the practical
applications of the dense CO,. The CO,-philicity of a given
surfactant was predicted by the measurement of fractional

6 | Phys. Chem. Chem. Phys.

free volume (FFV) on the basis of previous studies '7 > °,

However, the FFV approach has limitations in distinguishing
between hydrocarbon and fluorocarbon surfactants. Recently,
the relative surfactant coverage ®,, proposed to be a new
predictive model for CO,-philic surfactant design, is expressed
as

Vcal 2)

meas

q)surf =

Where V., is the total physical volume of surfactant molecular
fragment 4 55, and Vi.ess is the total volume occupied by a
surfactant molecule at the water-CO, interface. In this work,
&, for the di-CF4 molecule was calculated to be 0.788 lower
than the experimental value of 0.970 Y The calculation for
@+ in detail was given in Electronic Supporting Information
(ESI). The difference between them mainly results from the
interface on which ®,,; was computed. Our result was
obtained on the spherical monolayer in the RM while the
experimental value of ®,,; was calculated on the planar
monolayer. The high & indicates the high interfacial packing
efficiency and therefore the enhancement in the CO,-philicity.
On the other hand, the bend of the tailgroup also decreases
Vmeas, CONtributing to the increase in @, .

To study the bend behaviour of the tailgroup, the
probability distribution for the chain length of the tailgroup
was calculated and plotted in Fig. 8a. Here, the chain length of
the tailgroup is defined as the distance between the C atom at
the end of the tail and the C atom bonding with the S atom,
shown by the inset in Fig. 8a. It is observed that there are two
prominent peaks for both the short chain (C-COO-CH2-(CF2)3-
CF3) and the long chain (C-CH2-COO-CH2-(CF2)3-CF3) in the
RM. The higher peak for the short chain locates at 0.85 nm
corresponding to its length of 0.844 nm in the free di-CF4
molecule. The lower peak occurs at 0.713 nm showing the
bend of the short chain happens in the RM. The lower peak for
the long chain locates at 0.87 nm corresponding to its length
of 0.865 nm in the free di-CF4 molecule. The higher peak
occurs at 0.972 nm indicating the stretch of the long chain
happens in the RM. For the purpose of visualization, the
structure of the di-CF4 molecule in the free state and that in
the RM are depicted by the upper-left inset and the bottom-
right inset, respectively. Thus, the interfacial region between

the water phase and the CO, phase can be described by Fig. 8b.

In the region 14, ®dg,+ obviously decreases and equals 0.346. In
the region t1,, ®g,s increases and equals 0.824. It implies that
the bend of the short chain plays the dominant role in the
formation of the RM for the water/di-CF4/scCO, system. The
monolayer structure shown in Fig. 8b can efficiently segregate
the CO, phase from the water phase. At the same time, it can
enhance the interaction between the CO, molecules and the
tailgroups due to the large bare CF group area in region 1, .

This journal is © The Royal Society of Chemistry 2016
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To explore the tailgroups bending behaviour, the average
fraction of gauche defects in the system was calculated. In this
work, a gauche defect is defined to exist if the dihedral is less
than 60°. The dihedral involving a carboxyl linkage (H2C-C-O-
CF2) in two chains are much different. The gauche fraction of
the dihedral in short chain is 0.55 higher than that in the long
chain of 0.35, indicating the short chain bends and the long
chain stretches. Moreover, it also shows that the presence of
the carboxyl linkages to the perfluorinated chain can increase
the flexibility significantly 36,57
stretches to

, by which the chain bends or

increase the surfactant interfacial packing

efficiency.

4. Conclusions

Molecular dynamics simulations were performed to study
the self-assembly of the double-chain fluorocarbon
surfactants, di-CF4, in scCO,. The stable and spherical RM with
the radius of 1.7 nm is formed in the water/di-CF4/scCO,
system, which is in well agreement with the experiments. The
dynamics process and the number of the aggregates indicate
that the self-assembly process could be speculated as three
steps: (1) di-CF4 molecules aggregate and rapidly form several
RMs. (2)
surfactant molecules) contact and merge into unstable rod-like
RMs. (3) The rod-like RMs shrink and change into a stable
spherical RMs. The hydrogen bonds between headgroups and

small These small RMs (containing about 12

water molecules, and the salt bridges among Na®, headgroups
and water molecules are responsible for the tuning of di-CF4
molecules packing over the RM interface. This increases the
surfactant coverage ®,,s and thus play a significant role in
stabilizing the RM. The &, on the spherical RM interface is
0.788 less than the experimental value of 0.970 on the planar
micellar interface. The high @, implying the high interfacial
packing efficiency enhances the CO,-philicity for the di-CF4
molecule. The bend of the short chain (C-COO-CH2-(CF2)3-CF3)
in the packing
efficiency of the di-CF4 molecules, while the stretch of the long
chain (C-CH2-COO-CH2-(CF2)3-CF3) decreases the ®,,: The
carboxyl linkage (H2C-C-O-CF2) to the perfluorinated chain
mainly results in the bend or stretch of the tail chains, which

dominates the enhancement interfacial

significantly increases the flexibility of the tailgroups.

This work shows the intrinsic correlation between salt
bridges, surfactant coverage and the RM, with self-aggregation
scCO,,
mechanism of the self-assembly. The design of specific
optimized architectures to boost the efficacy of CO, solvency
enhancement can be envisaged by controlling the counterions,

behavior in which elucidates the fundamental

the carboxyl linkage type in tailgroup and the branched degree
of the tail. The results will be helpful to design CO,-philic
hybrid surfactant with low fluorine content, and reduce the
guesswork in finding CO,-philic compound.

This journal is © The Royal Society of Chemistry 2016
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