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Large scale molecular dynamics simulations consisting of more than 88,000-106,000
atoms are conducted to assess the effect of polar, nonpolar, and amphiphilic molecular
solvents on the nanoscale structuring of the ionic liquid 1-n-dodecyl-3-methylimidazolium
[C12mim]| octylsulfate [CgSO4] ionic liquid. Water, n-octane, and 1-octanol are employed
as examples of polar, nonpolar, and amphiphilic molecules, respectively. The results in-
dicate each of these molecular solvents modify the nanosegregation behavior of ionic
liquids in a unique way. Water induces a high order of structuring of the ionic liquid as
indicated by extremely high nematic order parameter for the system. In addition, the
morphology of the neat ionic liquid is transformed from layer-like to that of a bilayer-like
in which the polar and nonpoar domains alternate. The presence of water also causes
the stretching of the nonpolar domain increasing its size. At the concentration examined
in this work, n-octane is found to be only partially miscible with the ionic liquid. The
polar network is maintained; however, the continous cationic nonpolar domain is split
into multiple domains. n-Octane is accommodated in the ionic liquid nonpolar domain.
Similarly, the amphilicity of 1-octanol leads to an increases in the number of cationic as
well as anionic domains. The overall nonpolar domain length, however, remains nearly
identical to that found for the pure ionic liquid. Additional characterization of structural
features of the three systems is discussed in terms of 1-dimensional number densities,
nematic order parameters for the overall systems and its components, and structure
factors.

Keywords: Tonic liquids, Nanosegregation, Water, Structure Factor

*present
fPermanent address, Corresponding author



November 27, 2017 0:40 WSPC/INSTRUCTION FILE ws-jtcc

2 Utkarsh Kapoor and Jindal K. Shah

1. Introduction

Tonic liquids can be considered as non-ageuous, highly concentrated electrolytes that
are composed entirely of ions. Many ionic liquids are derived from an organic cation
and organic/inorganic anion both of which agenerally possess low charge density
rendering them liquids at room temperature. Essentially non-volatile in nature and
the possibility to tune various thermophysical, chemical, and biological properties
through an appropriate combination of cations and anions have led to tremendous
research activities concerning ionic liquid over the last two decades. Researchers
have demonstrated that ionic liquids are suitable for a large number of applica-
tions that range from gas absorption, reaction media, dissolution of cellulose for
bioethanol production, electrolytes in dye-sensitized solar cells and Li-ion batteries,
lubrication, and structure-directing agents for synthesis of ordered nanostructures
such as zeolites.

It has been now established that many ionic liquids possess highly articulated
nanophase segregated structures comprising of at least two domains: polar and non-
polar. 1:2:3:4,5,6,7,8,9,10,11,12,6 Dyye to the presence of these domains in a single liquid,
ionic liquids are sometimes referred to as ”two-in-one” solvents '3 that are capable
of dissolving polar, nonpolar and amphiphilic molecular solvents through their as-
sociation with ionic liquid domains of matching polariy. In this context, ionic liquid
and water mixtures have been investigated both experimentally!415:16:17,18:19 apq
using molecular simulation techniques.?%:21:22:23:24 A comprehensive review of com-
putational work dealing with ionic liquid-water mixtures is provided by Klein and
co-workers. 2% These studies have demonstrated the mesocopic structure inherent
to ionic liquids is preserved at low concentrations of water, and water preferentially

26,2728 and sometimes with the cation. 22 At intermediate

interacts with the anion
concentrations, the continuous polar network of ionic liquid begins to collapse with
the appearance of isolated clusters of ionic liquids. 3° At very high concentrations
of water, formation of micelles,3! isolated and dissociated ions pairs may be ob-
served. 32 Recently, it was demonstrated that the temperature can disrupt the ionic
liquid-water interactions to a greater extent than the water-water interactions in
ionic liquid mixtures containing low and high water concentrations, respectively. 33
Water-induced structural transitions can have profound impact on the transport
properties such as viscosity and ionic conductivity of the ionic liquid-water mix-

tures providing another avenue for tailoring the properties of ionic liquids.34:3%:36:37

Alcohols are another class of molecular solvents that are capable of modifying ionic
liquid properties. Owing to their amphiphilic nature and ability to act as both
hydrogen-bond donor and acceptor, alcohols are expected to modify the molecular
behavior in ionic liquids that is different from that of water. For example, increase
in the alkyl chain on imidazolium-based ionic liquids leads to lowering of the upper
critical solution temperature (UCST) for a given alcohol 3839 while the solubility
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trend for water is exactly opposite. 4%4! As with water, the topic dealing with the
effect of alcohols on the nanostructure of the ionic liquids has been pursued by
many researchers, albeit to a lesser extent. Results from molecular simulations have
suggested accumulation of -OH group of alcohols in the polar region of 1-n-alkyl-3-
methylimidazolium [C,mim]| chloride Cl (n = 2, 4, and 6), while the alkyl chain is
incorporated in the nonpolar domain. 4243 In a concentration-dependent molecular
dynamics study involving [Cymim] tetrafluoroborate [BF4] and its mixtures with
water, methanol, and ethanol, the authors observed that the structural transitions
were qualitatively similar. However, clusters of water molecules formed at low wa-
ter concentrations while alcohol molecules were homogeneously distributed. 44 A
number of experimental studies have been undertaken to elucidate structural mod-
ification (or lack thereof) when alchohols are dissolved in protic ionic liquids. 446

The aforementioned studies focused exclusively on the influence of molecular sol-
vents on ionic liquids for which the nonpolar content is present either on the cation
or anion. Recently, we have demonstrated that the simultaneous presence of non-
polar moieties on both the ions ([C,mim] octylsulfate [CsSOy4]) can be leveraged
as an effective strategy to transform nanostructure of ionic liquids from globular
sponge-like for n= 2, 4, and 6 to layer-like for n = 8, and perforated layer-like for
n = 10. Interestingly, when the cationic alkyl chain length is n-dodecyl, nanoscale
structuring (polar-nonpolar-polar) is observed at multiple length scales. In this ar-
ticle, we examine the influence polar, nonpolar, and amphiphile molecules exert on
the morphology of the [C;2mim][CgSOy] ionic liquid. We select water, 1-octanol,
and n-octane as molecular solvents as examples of polar, amphiphilic, and nonpolar
species. The choice of 1-octanol and n-octane is driven by the fact that the nonpolar
domain is identical with that in the anion. In addition to probing the effect of a
nonpolar molecular solvent such as 1-octane on the structural evolution in the ionic
liquid, it should be emphasized that ionic liquids have been suggested as extracting
agents for aromatics from alkanes. 474849 Further, a recent investigation on liquid-
liquid equilibria measurements of alkanes such as n-hexane, n-octane, and n-decane
in an ionic liquid containing lipid-like appendage has shown, interestingly, a nearly
temperature-independent solubility of these solvents in ionic liquid. The authors
speculated that this behavior could arise from the dissolution of the nonpolar so-
lutes entirely in the nonpolar domain of the ionic liquid.®®

The next section of the article provides details on the force field employed for
the ionic liquid as well as the solvents investigated in this study. Simulation proto-
cols to generate well-equilibrated structures of the ionic liquid-solvent system are
described in the Simulation Details section. As the focus of the present article is on
the morphological evolution of ionic liquids in response to the solvents with which
it is mixed, the Results and Discussions section is concentrated on the elucidation
of the structures in terms of 1-dimension number densities, order parameter, and
structure factors. The article ends with a summary of conclusions derived from this
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work.
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2. Force Field

An all-atom force field developed by Canongia Lopes-Padua °!%2 (CL&P FF) hav-
ing the following functional form for computing intramolecular and intermolecular

interactions:
bonds k angles k
) 2 0,ijk 2
Eiot = ) 5 (rij = 10.;)° + D T(eijk — 0o,ijk)
ij ijk

torsions 4

N Z Z %[1 + (=)™t cos(maijn)] +
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where ki, k6,ijk, Fm,ijri represent the force constants for bond stretching, angle
bending, torsion (both proper and improper), respectively, € and o indicate the

Lennard-Jones 12-6 energy and size parameters, and ¢ denotes partial charges;
is a well parameterized and transferable force field that encompasses alcohols,
alkanes, and imidazolium-based cations and sulfate-based anions with arbitrary
chain lengths. Thus, 1-n-dodecyl-3-methylimidazolium [Ci2mim]* cation and 1-n-
octylsulfate [CgSO4]~ anion, 1-octanol [CgH;70H], and n-octane [CgH;g] were mod-
eled using CL&P FF. Additionally, SPC/E model 535455 was used for water [HyO]
molecules. Geometric-mean combining rule was used to calculate unlike Lennard-
Jones interactions. The intramolecular 1-4 nonbonded interactions were scaled by
a factor of 0.5, however, such interactions were excluded for the atoms connected
by bonds and angles. The total charge on the cation and anion is + 1. The use of
the CL&P FF in the current work would allow us to compare the results from the
present work to those obtained in our previous work °¢ for pure [Ciomim][CgSOy]
ionic liquid which was carried out with the same force field.
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3. Simulation Details

Molecular dynamics (MD) simulations using GROMACS 4.5.5 package 5758 were
carried out at a temperature of 400 K and pressure of 1 bar. Three different mix-
ture systems namely 1-n-dodecyl-3-methylimidazolium [Ciamim] 1-n-octylsulfate
[CsSOy4] ionic liquid (IL) — water [H20], [C12mim][CgSO4] — n-octane [CsHis] and
[C12mim][CgSO4] — 1-octanol [CsH;7OH] are presented in this work. Henceforth,
the mixtures of [Clgmlm] [08804] ionic hquld with [HQO], [Csng] and [CSH17OH]
will be designated as IL:Water, IL:Octane and IL:Octanol, respectively.

It should be noted that the choice of 400 K temperature ensures liquid phase for
n-octane and 1-octanol. Furthermore, the SPC/E water model 535455 is known to
predict liquid state for up to 400 K. All the simulated were conducted in a tetragonal
simulation box with identical lengths in the x and y directions. Periodic boundary
conditions were enforced in all the three dimensions. The initial configurations were
prepared from a well-equilibrated cubic simulation box of the [C1amim][CgSO4]
ionic liquid containing 1000 ion pairs obtained from our previous work 6. The con-
figuration was placed at the base of the tetragonal supercell of xy-dimensions 93.5 A
x 93.5 A. PACKMOL ° was used to generate low density initial configurations for
water, n-octane and 1l-octanol using 3000, 1000 and 1000 molecules in the presence
of ionic liquid molecules. Each of these configurations were placed in the empty
space of the simulation box in the z-direction with identical xy-dimensions, which
resulted in the z-dimension extending to 120 A, 137 A and 144 A for IL:Water,
IL:Octanol, and IL:Octane systems, respectively. As an example, the initial config-
uration setup for the IL:Water system is shown in Fig. 1. The number of solvent
molecules were chosen such that ionic liquid and solvent molecules do not interact
with their replicas along the z-direction.

The initial configurations were equilibrated in their respective phases by apply-
ing positional constraints and subjecting each of the two phases to steepest descent
minimization to remove high energy contacts followed by a 2 ns annealing scheme,
where the temperature of the system was iteratively raised from 400 K to 600 K
linearly in 200 ps followed by canonical (NVT) ensemble equilibration at 600 K for
100 ps and then brought down linearly to the desired temperature of 400 K in the
next 200 ps. Additional relaxation of the system was achieved by simulating the
systems in the NVT ensemble for 40 ns after which the constraints were removed
and mixing of the two phases was allowed to occur. To ensure that the reported
quantities were obtained for well-equilibrated structures, an extensive equilibration
protocol was adopted. The equilibration was done in four stages; a cycle comprising
of an annealing scheme for a duration of 2 ns, using the same protocol as above, and
NVT and isothermal-isobaric (NPT) ensemble equilibration runs of 10 ns and 20 ns
respectively was repeated three times. In the final cycle, the system was subjected
to a 10 ns annealing scheme followed by NVT and NPT ensemble equilibration runs
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of 20 ns and 40 ns, respectively. After this, 40 ns of NPT ensemble production run
was conducted. The convergence was validated based on density and total energy
equilibration. The trajectories obtained from the final 10 ns were used for the struc-
tural analysis presented below.

All the simulations were performed with a time step of 0.002 ps, and the coordinates
were saved every 50 ps. Appropriate tail corrections were applied for non-bonded LJ
interactions while electrostatic interactions were handled using PME method, each
with a potential cutoff of 16 A. Nosé-Hoover thermostat was used to control the
temperature with a coupling constants of 0.4 ps. Semi-isotropic pressure coupling
with a coupling constant of 2.0 ps was used for the xy- and z-dimension separately
using Parrinello-Rahman barostat. The choice of semi-isotropic pressure coupling
over isotropic coupling was influenced by the fact that pure [C12mim][CsSOy4] ionic
liquid exhibits a layer-like structural morphology as shown in our previous study. °°
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4. Results and Discussion

The results below are provided in terms of the polar and nonpolar groups present in
the [C1omim|[CgSOy] ionic liquid, [HoO] water, [CsHys] n-octane, and [CgH;7OH]
octanol. We will use cation-polar to refer to the polar group containing the imida-
zolium ring as well as the methyl and methylene groups directly bonded to the ring.
Similarly, anion-polar represents sulfur and oxygen atoms, and the methylene group
attached to oxygen in octylsulfate. The octanol-polar group contains the hydroxyl
and the methylene group attached to the oxygen in 1-octanol while water is com-
pletely polar. The nonpolar regions in the cation, anion, 1-octanol and n-octane are
indicated by the uncharged carbon groups while the terms cation-tail, anion-tail,
octanol-tail and octane-tail denote the terminal carbon atom of the alkyl chains,
respectively. A schematic is provided in Fig. 2.

Structural properties of the ionic liquid systems are described in terms of struc-
ture factors, number density, radial distribution functions, and orientational order
parameter. The structure factors were calculated using STRFACT ®°; number den-
sity was computed using density profile tool for VMD 6!, The radial distribution
functions and domain analysis included in the supporting information® were ana-
lyzed using the tools implemented in TRAVIS. 92:63 while the configuration snapshot
visualization was rendered using VMD 64, The orientational order parameter was
obtained using MDTraj. % The aggregate size distributions were analyzed using
AGGREGATES. 66

4.1. Simulation Snapshots

Imidazolium-based ionic liquids with long chain substituents possess segregated
polar and nonpolar domains independent of the anion identity. 67-2:68,69,70,4,71,72
Our previous study has shown that [C12mim][CgSOy4] ionic liquid system exhibits
a layer-like structure that is characterized by the presence of biphasic regime (po-
lar and nonpolar domains) with different types of ionic sublayers. ¢ In an effort
to visualize and understand the influence of polar and nonpolar solvents such as
water, n-octane and 1-octanol on the morphology of [C12mim][CgSOy4] ionic liquid
system, we present in, Fig. 3, a static snapshot of the configurations obtained at
the end of the equilibration. The rendering scheme employed for the ionic liquid
is consistent with our previous study ®: cation-polar in red, anion-polar in yellow,
cation-nonpolar in green and anion-nonpolar in blue while water and n-octane are
depicted in purple and orange, respectively. Furthermore, the polar and nonpolar
groups for l-octanol are represented in silver and pink, respectively. The coloring
scheme is also shown in the chemical structure schematic (Fig. 2).

Fig. 3(a) shows that the presence of water dramatically alters the morphology of
the pure ionic liquid system such that there is nearly a complete segregation of po-
lar and nonpolar domains, which resembles that of an alternating lipid bilayer-like
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structure. The observed changes, upon dilution with water, is different from the
transformation of a [Cjomim]Br-water mixture from lamellar phase to a hexago-
nal columnar phase as the water mole fraction is increased from 11-16 % to more
than 40 %. ™7 Such a difference can be attributed to the presence of longer alkyl
chain length in the cation and octyl moiety in the anion. Additionally, water is
almost exclusively located in the polar region, which is consistent with a number
of previously available reports. 7767778 A few water molecules are found to pen-
etrate into the nonpolar region, probably due to thermal fluctuations. Although
the formation of a number of water clusters is visible in the snapshot, instances
of isolated water molecules do exist as evidenced in Fig. S3(a) of the supporting
information®. Fig. 3(b) indicates that the continuity of the polar domain present in
the neat ionic liquid is nearly destroyed. However, the domain count and aggregate
analysis included in Figs. S2 and Fig. S3 (a) of the supporting information® suggest
the preservation of the continuous polar network constituted by the cation-polar
and anion-polar groups.

Fig. 3(c) shows the structural morphology of the IL:Octane system. In agreement
with other studies, ™! it is observed that n-octane interacts preferentially with the
nonpolar domain of the ionic liquid. The simulation snapshot also reveals that not
all the molecules of n-octane are interspersed in the ionic liquid, indicating only
partial immiscibility of the ionic liquid-n-octane system at the concentration ex-
amined in this study. Though not immediately evident from the two-dimensional
representation in Fig. 3(e), the network developed between the chains of n-octane
is not continuous based on the number of domains obtained for the solvent (Figs.
S2 and S4 of the Supporting Information.?). The polar network of the ionic liquid
is maintained along with its morphology of the neat ionic liquid system, %6 which
is provided in Fig. 3(d). Thus, the layer-like morphology of ionic liquid is mostly
retained. On the other hand, due to the swelling of nonpolar domains of the ionic
liquid, polar network is stretched making the polar strands appear thinner as com-
pared to the pure ionic liquid or IL:Water system. The dissolution of n-octane also
leads to the loss in the connectivity of the cationic nonpolar domain of the ionic
liquid. Further, the number of nonpolar domains contributed by the anion also
increases (Fig. S2) providing additional evidence that n-octane localizes in the non-
polar domain of the ionic liquid. Increase in the number of nonpolar domains can
also be taken to indicate that the solubilization of n-octane is entropically driven
as suggested by Greaves and Drummond based on the increase in the solubility of
ethane and butane with increase in the alkyl chain length of [C,,mim|[NTf;] ionic
liquid. &

Fig. 3(f) and (g) illustrate the morphology of the IL:Octanol system, and its con-
tinuous polar domain (Figs. S2 and S5 of the supporting information®) respectively.
It is evident that the amphiphilic nature of 1-octanol changes the morphology of
both polar and nonpolar domain with enhanced structuring and layer-like connec-
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tivity. The polar domain appears denser than what is observed for the pure ionic
liquid system suggesting that more cation- and anion-heads are involved to maintain
continuity of the polar domain. It may be inferred that 1-octanol is more soluble
than n-octane as there is no evidence of a separate 1-octanol bulk-like phase in
the system. Fig. S2 of the Supporting Information provides additional insight into
the morphological changes occurring in the ionic liquid system. The single cationic
non-polar domain in the neat ionic liquid is now split into multiple domains. The
increase in the number of anion-polar domains is even more dramatic. The two
observations point to significant perturbations in the nonpolar domain of the ionic
liquid induced when 1l-octanol is dissolved in the ionic liquid. Multiple domains
for 1-octanol polar and nonpolar groups are evidence that 1-octanol is distributed
throughout the system.

It is worth mentioning that the visual comparison of Fig. 3(a) and (f) also suggests
that the morphological model observed can be compared with the structural model
proposed by Cruz et al. 8! for n-alkylpyridinium n-alkylsulfate in which the authors
suggested a presence of double ionic layer with no interdigitation vs. single ionic
sublayer with partial interdigitation of nonpolar chains or its combination. Thus,
IL:Water system seems to possess double ionic layer polar domain with no interdig-
itation of terminal carbon of the alkyl chains while IL:Octanol system has partial
interdigitation of nonpolar chains with less intermeshed polar domain.

4.2. Orientational Order Parameter

The degree of orientational order can be characterized using nematic order param-

eter, which can be computed through traceless and symmetric Maier-Suape 8283
second rank ordering tensor (eq. 2)
N,
1 <R (3. . 1
Qaﬁ = Nim zl (2ui()¢ui,6’ - 2604['3) (2)
1=

where o and 3 are the Cartesian indices, @ is the unit vector associated with each
molecule along its molecular axis, IV, is the number of molecules, ¢ is the Kro-
necker delta function. The nematic director (preferred orientation direction) and
the order parameter are associated with the eigenvectors of the diagonalized Q3.
The order-parameter takes values between 0 for randomly oriented to 1 for perfectly
aligned molecules. The significance of such orientational correlations have also been
observed for the broad class of liquid crystals where the usual order-parameter range
is 0.3-0.8. 8482, Tt is also interesting to note that the nematic order-parameter can
be measured using X-ray or neutron scattering techniques by coupling the orienta-
tional and positional orders of the scattering moieties. 8 Furthermore, this approach
can be considered as an alternate to the director obtained using second Legendre
polynomial definition along a particular direction which has proved useful for ana-
lyzing self-assembly of ionic liquids in the past studies. 7-86.87.88
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In this work, the order parameter has been analyzed considering each moiety, i.e.,
the ionic liquid cation and anion, solvents (water, octane, 1-octanol) separately
along with the overall order parameter for the ionic liquid:solvent system. Fig. 4
presents the calculated nematic order parameters for pure ionic liquid, IL:Water,
IL:Octane, and IL:Octanol systems. Considering the pure ionic liquid, the order
parameters for both the cation and anion and the overall system are similar with
values ~0.25, which is less than the value usually observed for liquid crystals. Rather
low values for the nematic order parameter is indicative of the fact that there exists
no preferred alignment direction for the cations and anions as can also be observed
in the simulation snapshot. Nonetheless, nearly identical values for the cation and
anion nematic order parameter suggest high ordering among the cationic and an-
ionic nonpolar chains due to the alternating placement of cations and anions as
advocated by the RDFs (supporting information) and structure factor analysis (see
below). This is also the primary reason that the order parameters for the cation
and anion are almost identical for all the systems studied in this work.

In comparison to pure ionic liquid system, the presence of nonpolar solute such as
n-octane does not alter the extent of ordering in the cation and anion significantly.
Moreover, there is no preferential ordering among octane molecules as indicated
by a low order parameter (~ 0.2). This behavior is expected as the ionic liquid
and n-octane are only partially miscible at the molar ratio considered in this work,
which leads to octane occupying and only the nonpolar region of the ionic liquid and
swelling the region. However, the overall polar domain remains nearly unaltered.
The result is further confirmed by the simulation snapshot and the number density
profiles, vide infra.

The presence of amphiphilic alcohol such as 1-octanol, on the other hand, signifi-
cantly influences the alignment of ionic moieties as reflected in the order parameter
changing from 0.25 to 0.55 indicative of highly ordered crystalline behavior. It is
also noteworthy that the orientational order for 1-octanol itself is very low, which
signifies that the presence of 1-octanol serves to modify the morphology of the ionic
liquid. Addition of a polar species such as water leads to a high degree of ordering
of the ionic liquid ions, as compared to the nonpolar octane or the amphiphilic 1-
octanol. The order parameter for the ion moieties is as high as 0.78 suggesting that
order is at the limit of liquid crystalline behavior range. The alignment is clearly
visible in the simulation snapshot, Fig. 3 (a), which shows that the liquid crystalline
behavior arises due to the orientation of nonpolar chains of the ionic species along a
common director. On the contrary, the nematic order parameter for water is much
lower. In fact, it is the least among the three solvents investigated here, which is due
to the fact that, being a small molecule, the orientation of the longest molecular
axis of water is randomly distributed lowering the overall nematic order parameter
when water is included in the analysis.
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Our analysis demonstrates that, for ionic liquids,such as [C1omim][CgSOy4] pos-
sessing high amphiphilic character and an inherent property to self-aggregate, the
structural features can be dramatically altered by modulating the interactions in
the ionic liquid polar domain.

4.3. 1-Dimensional Atomic Densities

In order to provide additional insight into the arrangement of polar and nonpolar
groups of the ionic liquid and solvent molecules, number density, along the longest
axis - the z-coordinate, was computed using the density profile tool developed
by Giorgino ®!. Figs. 6(a)-(d) represent these calculations for pure IL, IL:Water,
IL:Octane and IL:Octanol systems, respectively. It should be noted that, due to
layer-like morphology evolution in the IL:Water system, the system was aligned in
such a way that the polar layer is perpendicular to the z-direction, as shown in
Fig. 5. Previous studies 8%-86:%6 have employed similar analysis to deduce the for-
mation of layer-like phases in spatially heterogeneous amphiphilic systems.

For the pure ionic liquid system (Fig. 6 (a)), the number densities for the polar
groups of the both ions are periodic in nature with the same phase. Similar ob-
servations can be made for the number densities for the nonpolar groups of both
the ions. However, the polar and nonpolar groups of a given ion exhibit densities
that are out of phase further confirming the layer-like morphology that exists in the
pure ionic liquid system. The non-zero number densities along the z-axis for all the
groups indicate that although the polar and nonpolar groups alternate, they coex-
ist in a given plane, which is also evident from the simulation snapshot. Additional
structural characterization of pure IL system can be found in our previous study. °°

The number density plots provided in Fig 6 (b) show that, similar to the pure
ionic liquid system, the polar regions in the IL:Water systems are segregated by
the nonpolar region. However, the peaks and valleys for the distributions of each
of the moieties are remarkably well resolved as compared to those in Fig. 6 (a).
Consistent with the morphology presented in Fig. 5, four polar domains can be
clearly identified based on the number of maxima for the polar groups. Each of the
polar domains is characterized by a single peak for water molecules and bimodal
distributions for the cation-polar and anion-polar groups. The peak location for
the water molecules coincides with the depression in the number densities for the
cation- and anion-polar groups, indicating that water molecules are primarily at the
center of the polar domain bridging the cation and anion interactions. Due to the
polar nature of water, the maximum in the number density is achieved when the
densities of the nonpolar groups are zero. Wider distributions of the anion-polar
densities than those of the cation-polar suggests that the anions are positioned on
the outer edge of the polar domain. Similarly, nonpolar regions of the cation and
anion oscillate together. Each nonpolar domain contains a bimodal distribution for
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the anion-nonpolar densities, which arises from the octyl chains contributed by the
anions from opposite faces of the adjoining polar domains. On the other hand, a
unimodal distribution for the cation-nonpolar groups is obtained. In addition, the
distance between the peaks of successive cation-nonpolar domains is ~35 A while
the two peaks in the same bimodal distribution for anion-nonpolar groups are ~15
A apart. Also, the distance between both cation-nonpolar domains and respective
polar domain peaks is ~35 A. This analysis provides an indication of the domain
lengths observed the in IL:Water system. It is also worth mentioning that the ab-
sence of cation and anion-polar groups in the region over which the nonpolar domain
peak is observed further confirms periodic alternation in the polar and nonpolar do-
mains.

Fig. 6 (c) displays the number density distributions for various groups for the
IL:Octane system. The general features of cation and anion polar and nonpolar
components of ionic liquid are very similar to that observed in Fig. 6 (a) suggest-
ing that the layer-like structure of the neat ionic liquid is more or less preserved.
The only major difference in the nonpolar number densities is that associated with
the region between 20 A and 45 A where the distribution is more isotropic due to
the presence of octane in the vicinity suggesting the possibility for changes in the
nonpolar domain. The density peak for n-octane at ~ 110 A with a distribution
spanning over 60 A (80-140 A z-distance) arises due to partial miscibility of the
ionic liquid and n-octane. Over this region, the probability of finding polar groups
is negligible.

Similar to the systems mentioned above, the IL:Octanol system also depicts oscilla-
tory behavior in the number densities for the polar and nonpolar groups. However,
notable differences between the IL:Water and IL:Octanol systems can be observed
in Fig. 6 (d). For example, the number densities for the cation-polar and anion-polar
groups do not vanish at any point along the z-axis, which points to a continuity in
the ionic liquid polar domain as with the pure ionic liquid system. Thus, at least on
the simulation time scales sampled in this work, the addition of 1-octanol does not
transform the morphology of the pure ionic liquid system to that resembling a truly
layer-like morphology. Such a behavior is possibly due to the affinity of 1-octanol
for the ionic liquid polar region to maximize interactions through -OH moiety and
also the partitioning of the octyl chain in the nonpolar domain. The overall effect
appears to be the accommodation of 1-octanol in the pure ionic liquid system. The
presence of bimodal distributions in the number densities for the anion-nonpolar
and 1-octanol can be taken as a signature of a length scale that is ~15 A. A longer
length scale (~32 A) established from the separation of the successive cation-polar
peaks is shorter than the one that is formed in the IL:Water system. Nonetheless,
aggregation at multiple length scales is present in the IL:Octanol system.

The number density analysis clearly indicates that a greater degree of structuring
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of the ionic liquid can be induced in the presence of polar and amphiphilic solutes,
providing an additional avenue to fine-tune the nanostructure of ionic liquids.

4.4. Structure Factors

The total structure factor, S(g), was calculated from S(q) = > >" S;;(¢), where
(]

Sij(g) is the partial structure factor obtained from the Fourier transform of the
radial distribution function, g;;(r), between the atoms of type ¢ and j. In particular,
Si;(q) is given by:

R sin (qr) (sin (%F)
poiz;bi(q)b;(q) [ 4mr? [gij(r) — 1] F= 12 qrq (7#* ) dr
0

T
R

Sij(q) = (3)

o]

In eq. 3, ¢ is the scattering vector, p, is the average atomic number density, x; is
the atomic fraction of ¢, and and b;(q) is the coherent bound neutron scattering
length of the atomtype i interpolated from the values in International Tables for
Crystallography, Vol C. % R represents the cutoff distance defined for calculating

9ij(r). A Lorch type window function, (Sinﬁ; ) in eq. 3, is also used to attenuate
R

the effect of using finite cutoff in g;;(r) calculations. ?* The total and partial struc-
ture factors were computed using STRFACT %0, The cutoff distance, R, for these
calculations was set equal to the half of the simulation box length in the x direction
(due to the elongation of the box along the z-axis, the dimensions for the x and y
axes are smaller than that for the z-axis). In order to avoid spurious effects, all the
structure factors were truncated at the reciprocal g-value corresponding to the half
of the box length in the x direction.

The structure factor obtained for all the systems studied in this work are included
in Fig. 7. To enhance the visual clarity and precisely identify the peak locations,
the structure factors for IL:Water, IL:Octane and IL:Octanol are offset along the
y-axis. All the structure factors exhibit a well defined peak at q = 1.42 A=' due
to the juxtaposition of cations and anions, a shoulder around q = 1 A~ signifying
the charge alternation (cation-anion-cation and anion-cation-anion arrangement)
within the polar network, and a pre-peak in the low-q region, q < 0.2 A=, rep-
resenting a length scale associated with alternating polar and nonpolar domains.
An extra peak at around q = 0.38 A~! is seen to develop for the IL, IL:Water,
and IL:Octanol, which is absent for the IL:Octane system. The first three peaks are
general features for ionic liquids that form polar and nonpolar domains, which have
been reported for a range of ionic liquids. 7292:93:12:94,86,56 Tt i worth mentioning
that the appearance of a small shoulder at q = 1 A~ is due to the cancellation of
the same-type (cation-cation and anion-anion) and opposite-type (cation-anion) in-
teractions and not because the charge alternation symmetry is absent. 63712 The
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periodic nature of same-charge and opposite-charge species is also supported by
RDFs included in the supporting information®. Further, the small peak, at around
q = 0.38 A~1, between pre-peak and intermediate-q shoulder is representative of
the ionic liquid nanostructure at multiple length scales, which was observed and re-
ported by us for the pure ionic liquid recently. ®6 A detailed explanation regarding
the structure factor for [C1omim][CgSO,4] can be found in our previous study 6. As
already mentioned, for pure ionic liquid the peak attributed to adjacent organiza-
tion of ionic moieties arises at q = 1.42 A~1. It is interesting to note that presence
of solvent such as water, n-octane and octanol influences the organization of ions
within the polar network. Such subtle rearrangement is suggested by shifting of the
adjacency peak to q-values namely, 1.41 A—1 1.41 A—! and 1.43 A~ for IL:Water,
IL:Octane and IL:Octanol mixture systems, respectively. Thus, the presence of so-
lutes (polar, nonpolar or amphiphilic) species leads to a subtle reorganization of
ion moiety in the first solvation shell of the ionic liquid ions. This behavior is also
corroborated by the RDFs presented in the supporting information® (Figs. S6, S7
and S8 respectively). Similar displacements of the adjacency peak were observed
in our previous study ®¢ due to an increase in the cationic alkyl chain length that
modifies that aggregation behavior of the alkyl chains in the nonpolar domain and
hence, the organization of the cation-anion polar groups.

The location of the pre-peak for IL:solvent mixture systems exhibit an interesting
behavior. The pre-peak for the pure ionic liquid occurs at q = 0.19 A~ indicating
a reciprocal space length of ~ 33 A. %0 For IL:Water mixture system, the nonpo-
lar domain length across the layer-like polar domain is ~ 37 A corresponding to
the pre-peak q value of 0.17 A=, The elongation of the nonpolar domain can be
explained on the basis of the observation that the partial interdigitation of the do-
decyl chains emanating from the opposite faces of the adjoining domain vanishes,
and the cationic nonpolar tails align end-to-end with high order increasing the non-
polar domain length. Further, the analysis of the distances between the various
peaks in the number density plot (Fig. 6 (c)) reveals that the length scale asso-
ciated with the pre-peak can be attributed to the cationic nonpolar-polar domain
- cationic nonpolar domain arrangement and also the cationic nonpolar - polar -
anionic nonpolar-anionic nonpolar domains. The polar-nonpolar-polar arrangement
also gives rise to distances that are consistent with the pre-peak location. Similarly,
for IL:Octane, the shifting of the pre-peak to lower-q values can be anticipated,
as n-octane favorably resides in the nonpolar domain that causes the ionic liquid
nonpolar domain to swell, thus increasing the distance between two polar strands.
Therefore, q-value associated with pre-peak of IL:Octane is 0.13 A~!. However,
this result should be interpreted with caution as complete mixing of n-octane and
the ionic liquid did not occur over the course of the simulation. It is interesting
to note that the addition of amphiphilic specie, such as 1-octanol, affects the non-
polar domain length only subtly (domain length ~ 32 A) and can be rationalized
in terms of intermeshing of the cationic alkyl chains. Similar observation was re-
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ported by Drummond and co-workers in their study involving the nanostructure
characterization of protic ionic liquids and their mixtures with n-alcohols. Based
on the small and wide angle X-ray scattering data, the authors concluded that the
nonpolar domain length was not affected when the alkyl chain of alcohol matched
with that of protic ionic liquid, for example butanol and butylammonium nitrate. 4°
Thus, increasing both polar and nonpolar content in the system do not necessarily
increase the overall length of the nonpolar domain; however, structural ordering of
the system can be greatly impacted as shown in Fig. 4.

A small peak between pre-peak and intermediate-q shoulder is clearly visible for
all the systems studied in this work except for IL:Octane. As mentioned earlier,
such peak signifies nanostructure over multiple length scales. For the pure ionic
liquid system (also shown in our previous study %) such peak appears at q = 0.39
A-'. Addition of water to the ionic liquid not only increases the intensity of the
peak but also shifts it to slightly lower ¢ value of 0.38 A='. In fact, another small
shoulder arises at q = 0.54 A~ (real space length of 11.6 A ) which is absent in
the case of pure ionic liquid. The origin of these peaks can be traced to the RDFs
of the IL:Water system provided in the Supplementary Information (Fig. S6 (a)
and (b)), especially that of cation polar-anion polar and those involving tail carbon
atoms. The cation polar-anion polar RDF is marked by a second peak maximum
at approximately 11.2 A, thus it is likely that the ions in the second solvation shell
contribute to the appearance of the shoulder at q = 0.54 A~!. Given that 11.2 A
is shorter than the separation between the two polar domains, the peak is related
to the ions found in a given polar domain. Although the second solvation shell
maximum in the cation-anion polar RDFs occurs at roughly the same distance for
[C12mim][CgSO4], the absence of the shoulder at q = 0.54 A~ is probably related
to low structuring in the system (nematic order parameter of 0.25 vs. 0.78 for the
IL:Water system). For IL:Octane system, this secondary peak is not present. This
behavior can be expected based on the analyses presented above, as n-octane resides
in the nonpolar domain causing it to swell and not allowing the terminal carbon
chains to interact effectively and rearrange heterogeneously, which eventually can
lead to nanostructure over multiple length scales. However, for IL:Octanol system,
such peak appears at g = 0.40 A='. It is interesting to note that the ratio of pre-
peak to this peak can be indexed to 1:2, which is consistent with the structural
model suggested by Cruz et al. 8!, thereby suggesting formation of different type of
micro-domains that are continuous.

In order to further dissect and interpret the influence of various polar and non-
polar solvents on the morphology of ionic liquid, the partial structure factor for
the ionic liquid was calculated, which was subsequently partitioned on the basis of
polarity. The decomposition is shown in Fig. 8, where cation-head and anion-head
are polar, and uncharged carbon chains on both cation and anion are nonpolar in
nature. General features of the partial structure factors for the pure ionic liquid,
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IL:Water and IL:Octanol are that the pre-peak and the intermediate peak (g ~
0.38 A ~1) are a net result of two peaks and one antipeak at the respective recip-
rocal wave vectors. The in-phase peaks refer to the correlations due to the same
polarity partitioning (polar-polar and nonpolar-nonpolar). On the other hand, the
anti-peak is ascribed to the alternation in the polar and nonpolar domains. 86:95
In contrast to other systems, IL:Octane system shows a very complex behavior.
Fig. 8(c) displays a peak for polar-polar interactions at same ¢ value where pre-
peak is visible for IL:Octane system (Fig. 7). However, the long range peak for
nonpolar-nonpolar region is not present. We believe that this is due to n-octane
occupying location in the nonpolar domain and forming nonpolar domain that is
larger than the cutoff employed to calculate the structure factor. As a result of
this truncation, both the nonpolar-nonpolar and polar-nonpolar cross interactions
peaks are affected. The characteristics for the polarity partitioning for the structure
factors for the IL:Solvent systems provided in the supplementary information (Fig.
S1) are similar to those found for the ionic liquid.
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5. Conclusion and Outlook

Molecular dynamics simulations containing 1-n-dodecyl-3-methylimidazolium
[C12mim] 1-n-octylsulfate [CgSOy] ionic liquid (IL) mixed with (i) water [HyO],
(ii) n-octane [CgHyg], and (iii) 1-octanol [CgH17OH] were carried out at 400 K with
the objective of determining the influence of polar, nonpolar and amphiphilic so-
lute species on the nanostructural morphology of the ionic liquid. Large simulation
boxes containing 1000 molecules for each species except water (3000 molecules) were
used to probe the long length scale structures anticipated in these ionic liquids. The
structural properties of the ionic liquid-solvent system were analyzed in terms of
the structure factors, nematic orientational order parameter, and number densities
along the longest axis.

Visualization of instantaneous simulation snapshots for these systems indicated
different effects of the solvents on the underlying ionic liquid structure. IL:Water
system shows a highly ordered double ionic layer-like morphology with the ab-
sence of nonpolar chains interdigitation, while IL:Octanol system represents similar
layer-like morphology, albeit less ordered, with polar domain less intermeshed and
partial interdigitation of alkyl chains, thus suggesting shorter layer spacing. On
the other hand, octane does not influence the morphology of the ionic liquid to a
greater extent due to its partial miscibility with the ionic liquid at the concentration
probed in the study. Analysis of the number density distributions revealed that wa-
ter and 1-octanol result into a sharper bimodal distribution for the anion nonpolar
chain, which potentially leads to nanoscale segregation at multiple length scales.
Interaction of the ionic liquid and solvents also produce a high degree of structur-
ing, especially for the IL:Water and IL:Octanol systems. The total structure fac-
tors calculated for these systems share common features: pre—peak, intermediate—q
shoulder and the adjacency peak, revealing microphase separation between the po-
lar and nonpolar domains. Furthermore, existence of peaks between pre—peak and
intermediate—q shoulder was also observed suggesting nanoscale heterogeneity over
multiple lengths. However, it remains to be seen that if the peak persists when sim-
ulations with timescales much longer than probed in this work are carried out. Such
a calculation is warranted to unequivocally eliminate the effect of the sluggishness
of the system when CL&P force field is employed. Nonetheless, It was found that
the peak becomes more evident with increase in the orientational order of the ionic
moieties. In fact, multiple peaks between the pre—peak, intermediate—g shoulder are
obtained for the IL:Water system.

In summary, the use of polar and amphiphilic species provides an additional ap-
proach to tailor ionic liquid morphologies. We are currently exploring this strategy to
assess changes in the morphology for ionic liquid mixtures differing in amphiphilicity
as a function of concentrations.
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Fig. 1. Initial configuration setup for ionic liquid and water mixture systems. The snapshots
is color-coded to reflect presence of polar and nonpolar components (Cation-polar: red, Anion-
polar: yellow, Cation-nonpolar : green, Anion-nonpolar: blue, Water: purple). The tetragonal box
dimensions are 93.5 A x 93.5 A x A.

(a)

[Ciomim]* [CsSO,)
[1-n-dodecyl-3-methylimidazolium][1-n-octylsulfate]

[H.0] [CsH16l [CeH,70H]
Water n-octane 1-n-octanol

Fig. 2. Chemical structure of (a) 1-n-dodecyl-3-methylimidazolium [C12mim]* and 1-n-octylsulfate
[C8SO4]~ ions comprising the ionic liquid, color coded to depict polar and nonpolar parts; (b)
Solvents: water [H20], n-octane [CgHig], 1-octanol [CsH17OH] color coding used to render the
instantaneous simulation snapshots.
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Fig. 3. Instantaneous snapshot of the equilibrated systems (a) IL:Water (b) IL:Water (only po-
lar domain); (¢) IL:Octane (d) IL:Octane (only polar domain) (e) IL:Octane (only octane); (f)
IL:Octanol and (g) IL:Octanol (only polar domain). The snapshots are color-coded to reflect var-
ious polar and nonpolar components (Cation-polar: red, Anion-polar: yellow, Cation-nonpolar :
green, Anion-nonpolar: blue, Water: purple, Octane:Orange, Octanol-polar: Silver and Octanol-
nonpolar: Pink)
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Fig. 4. Orientational order parameter for pure [C12mim][CgSO4] IL, IL:Octane (c) IL:Octanol (d)
IL:Water systems decomposed into cations and anions comprising the ionic liquid, solvent and IL
+ solvent (overall) mixture systems. Please note that the lines joining the points are guide to the
eye.
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Fig. 5. Morphology of IL:Water mixture system (as seen in Fig 3 (a)) aligned in such a way that
polar domains are perpendicular to the z-axis.
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Fig. 7. Total structure factors, S(q), as a function of reciprocal space wavenumber, ¢ [A’l}, on
primary abscissa with corresponding real space distance plotted on the secondary abscissa, for
pure IL, IL:Water, IL:Octane and IL:Octanol systems at 400 K.
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