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Phase coexistence in [C,,/C;MIm]*[NO3] ™ ionic-
liquid mixtures and first-order phase transitions
from homogeneous liquid to smectic B by varying
the cation ratio
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We perform molecular dynamics simulations to investigate the transition processes of [Cpa/
C:MImI*[NOs]™ binary mixtures by varying the cation ratio of C», to C; at a fixed temperature of 400 K.
The cation ratio is tuned by ranging C,, percentage from 0% to 100% with a fixed number of 4096 total
simulated ion pairs. Our simulated-annealing results indicate that, at 400 K, pure C; is a homogeneous
liquid whilst pure C,, is an ionic liquid crystal (ILC) of smectic-B (SmB) type. With increasing Cy,
percentage, the system goes through a first-order phase transition from homogeneous liquid to nano-
fragment liquid in the range from 15% to 17.5%, during which some of the individual cationic alkyl side
chains locally aggregate to form small bundles “floating” in the polar “solvent” composed of anions and
cationic head groups. Although the side chains in each bundle are parallelly aligned, the bundles
distribute randomly without a global orientation. As the C,, percentage further increases, another first-

order phase transition occurs to bring the system into the SmB ILC phase. Particularly, when the C;,

Received 12th April 2023,
Accepted 22nd July 2023

DOI: 10.1039/d3cp01670f
percentage is in the range from 45% to 50%, the SmB phase coexists with the liquid phase containing
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Introduction

Ionic liquids (ILs) are molten salts at room temperature that
have attracted much attention from both experimentalists and
theorists on account of their extensive applications in
industries." For nearly two decades, various novel properties
of ILs have been revealed, which greatly help the applications of
ILs in many fields, such as green solvents,” catalysts,® solar
cells, membranes,” and conductivity materials.*’” ILs are
composed of pure ions, for example, cations of imidazolium,
ammonium, and pyridinium, while [NO;]™, [BF4] ", [PFs| , and
halides are commonly used anions. One of the vital traits of ILs
is the formation of the nanoscale segregation liquid (NSL)
phase®'° caused by the dual ionic and organic nature of
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both individual and bundled alkyl side chains.

ions™ with both hydrophobic and hydrophilic moieties: when
the alkyl cationic side-chain length is intermediate, the hydro-
philic moieties form a continuous polar network enveloping
the hydrophobic parts into it, resulting in microscopic spatial
heterogeneity. Many works'>™* have been devoted to investi-
gating the transition of ILs between the NSL and ionic liquid
crystal (ILC), namely, the liquid crystal phase formed by ILs.
The stability of an IL is determined by the competition between
the contributions to free energy from hydrophobic and hydro-
philic parts, respectively, and can be tuned by varying anion
species, the length of the cationic alkyl chain, temperature, etc.,
to induce phase transitions from the NSL to ILC.">">'® The
desired structure of ILs can also be obtained by picking out an
appropriate combination of cations and anions."” In practice,
ILs composed of multiple types of ions can extend the ability of
finely tuning their physicochemical properties like density,
viscosity, ionic conductivity, dielectric permittivity, and melting
point.*®® In particular, we are interested in what will happen if
the concentration of long alkyl cationic side chains is tuned by
mixing long-chain and short-chain cations with different ratios.

Recently, by molecular dynamics (MD) simulation, it has
been found that increasing the cation ratio of 1-dodecyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide (abbre-
viated as Cj,) to 1,3-dimethylimidazolium bis(trifluorome-
thanesulfonyl)imide (abbreviated as C;) in the [C;,/C;MIm][Tf,N]~
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mixture promotes the emergence of the NSL phase from the
homogeneous liquid phase,®® which qualitatively explains previous
experimental results for the same IL mixture.”’ Now we want to
further ask, if the alkyl side chain is so long that the pure long-
chain IL exhibits the ILC phase, how does the short-chain/long-
chain IL mixture transform from a homogeneous liquid to ILC
when varying the cation ratio?

As a background for comparison, we first briefly review the
traditional liquid crystal (LC) theory. The most common LC
phases formed by rod-like molecules are isotropic, nematic,
and smectic. After the Maier-Saupe model**>* manifesting
that the phase transition from isotropic to nematic is first
order, by extending it to include the smectic phase,
McMillan*® showed that the transition from isotropic to smec-
tic directly is also first order, while the transition from smectic
to nematic is either first order or continuous®® depending on
temperature and external field. A great deal of works have then
delved into extending these theories to the studies of LC
polymers,>’?® LC microemulsion,®® colloidal LCs,> and
ILCs.*® However, some of these systems are so different from
traditional LCs that the existing theories cannot perfectly
explain their phase behaviors. In the case of ILCs, for example,
microphase segregation between ionic and alkylic components
is the main driving force, so very few systems are capable of
forming the nematic phase except for those whose ions are
attached with rigid anisotropic cores,**> and the stability of
the nematic phase formed by ILs can be enhanced by increas-
ing the anisotropy of rigid molecules.****

In this work, by MD simulation with the effective-force
coarse-grained (EF-CG) model at a fixed temperature of 400
K,** we study the IL mixture of [C,,/C;MIm]‘[NO;]~, in which
[C;MIm]" (abbreviated as C;) is mixed with [C,,MIm]" (abbre-
viated as C,,), and they share the same kind of anion [NO;] .
The IL system with pure C;, analogous to inorganic molten
salts, exhibits the homogeneous liquid state, while that with
pure C,, is capable of forming ILC in a broad temperature
range due to the amphiphilic feature of C,,.">"*?73% Our
simulation results discover that two first-order phase transi-
tions occur from homogeneous liquid (pure C,) to smectic B
(SmB) ILC (pure C,,) when varying the cation ratio. With a fixed
number of total ion pairs, as the C,, percentage is in the range
from 5% to 12.5%, the alkyl side chains of C,, distribute
separately and individually in the polar “solvent” composed
of [NO;]™ along with the imidazolium head groups of both C;
and C,,. Starting at about 15%, the system goes through a first-
order phase transition, after which some of the C,, side chains
aggregate locally to form small bundles “floating” in the polar
“solvent”, referred to as the nano-fragment liquid (NFL). In the
NFL phase, the nonpolar chains in each bundle are parallelly
aligned to each other, rather than being pushed by the con-
tinuous polar network into huddles as in the NSL phase,*®>°
but the bundles are randomly distributed without a global
orientation. The second first-order phase transition from the
NFL to the SmB ILC occurs in the range of 45%-50%. In the
SmB ILC, the side chains between charged layers are hexagon-
ally packed, but retain their fluidity mainly due to the ions
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dispersed in the charged layers. In particular, during this phase
transition, the homogeneous liquid, NFL, and SmB phases
coexist in the system composed of individual, bundled, and
layered side chains of C,,. At a higher C,, ratio, almost all of the
C,, side chains self-assemble into SmB with very few distrib-
uted individually.

It is well known that ILs rarely form nematic ILCs, a result
attributed to their isotropic cores of most kinds and flexible
side chains.***° Comparing our simulation results for the IL
mixtures with traditional LC theories, we can see that, during
the second first-order phase transition, alkyl side chains retain
bundles until the structure of the polar parts changes from a
polar network to separate layers. As a result, by increasing the
C,, percentage, the IL mixture goes through a phase transition
directly from isotropic to smectic without going through the
nematic phase.

Methods

Simulation settings

By employing the EF-CG force field,*® we carried out MD
simulations for [C,,/C;MIm]'[NO;]” mixtures with the C,,
percentage ranging from 0% to 100%. We first scanned the
phase behaviours with a coarse interval of 10%, and then used
a finer interval of 2.5%, or even smaller when necessary, to
better pinpoint the phase transition points. The total number
of ion pairs is kept at 4096, so varying the C,, percentage is
equivalent to tuning the cation ratio of C,, to C;.

The EF-CG model along with the atomistic molecular struc-
tures of the simulated ILs is shown in Fig. 1, where the cationic
head ring is coarse-grained to be CG site A, the single methyl
group bonded with A is B, the four charged methylene groups
on the long side-chains near A are sequentially M1, M2, M3,
and M4, and the rest of the uncharged methylene groups are all
grouped into CG sites C except the terminal methyl group,
which is denoted as CG site E. The anion [NO;]~ is coarse-
grained as CG site D. Further details of the EF-CG force field for
the ILs and its parameters can be found in ref. 36.

All MD simulations were carried out in the constant NPT
ensemble with the GROMACS 5.1.4 software package.*' To
allow the system to form an ILC structure, the pressures in

RSASARS

Fig. 1 (a) Coarse-grained model of C,,. (b) Atomistic molecular structure
(upper) compared with the coarse-grained structure (lower) of the anion
(left), Co> (middle) and C; (right). For the atomistic structure, the red
spheres represent oxygen atoms, blue nitrogen, cyan carbon, and white
hydrogen. For the coarse-grained structure, the violet sphere represents
CG site D, pink CG site A, and cyan carbon groups.
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the three dimensions vary independently, controlled by the
Parrinello-Rahman barostat*> at P = 1 bar in each dimension.
The Berendsen barostat'® was only employed at very high
temperatures to maintain the stability of the simulation proce-
dure. As a result of the anisotropic pressure, the simulation box
is parallelepiped. The periodic boundary condition (PBC) is
applied in all three dimensions and the time step is 4 fs. The
simulation temperature is kept at 7= 400 K by the Nosé-Hoover
thermostat.** Both of the van der Waals (VDW) and the
Coulomb interactions in the real space have a cutoff of
1.4 nm, and the Particle-mesh Ewald method*® is adopted to
deal with the long-range part of the Coulomb interaction.

The initial configurations were obtained by careful
simulated-annealing procedures as follows. We first manually
constructed the lattice structure of C,, in a very large box and
inserted other small ions randomly, followed by equilibrating
these systems by the isotropic Parrinello-Rahman barostat for
about 1 ns at P =100 bar and T = 10 K. The lattice structure was
then completely relaxed by increasing the temperature to T =
2000 K with a constant pressure of P = 1 bar followed by
applying a high pressure of P = 100 bar at T = 1200 K to press
it from gas back to liquid, and the Berendsen barostat was only
employed during this process. The system was then annealed
from 1200 K to 700 K at P = 1 bar, being cooled down step by
step with a temperature interval of 100 K, and running for 4-8
ns at each temperature. Subsequently, the systems were simu-
lated sequentially at T'= 600, 500, and 400 K with an anisotropic
barostat. At each temperature, the equilibrating simulation
time was ranged from tens to one hundred nanoseconds until
the potential curve was completely converged, followed by a
sampling run of 10 ns to evenly sample 2500 configurations
at T'= 400 K.

Data analysis

The most apparent feature of a first-order phase transition is
the latent heat, which usually appears to be a kink in the
potential energy curve of a given system when varying a certain
thermodynamic variable. However, in this study, when varying
the cation ratio, the IL mixtures we simulate have different total
molecular weights, so the kinked feature is submerged in the
molecular difference. Hence it is necessary to modify the
original potential energy data to signify the kink(s), if any.
The system potential energy U can be divided into self and
interaction parts:

(Ule)) = N(1 = ¢)(u) + Ne(ua) + ¢ (1)

where c is the C,, percentage, N = 4096 is the total number of
ion pairs, () and (u,) represent the mean potential energies of
each C; and C,,, respectively, presumed to be constants when
they lie in the same phase at a fixed temperature, and &
represents the interaction potential energy between ions.
Therefore, there should have a partial potential energy that
depends linearly on the C,, percentage.

Based on the linearity of the potential energy with respect to
the C,, percentage, we define the relative potential energy U, to
evaluate whether there is a first-order phase transition or not.
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By subtracting the linear part at each percentage, the remaining
energy U, is obtained by

Uile) = (U(e)) — ¢c = Uy (2)

The slope & can be obtained by fitting (U(c)) linearly depend-
ing on ¢ before the first phase transition, and Uj is the intercept
of the linear fit. In this way, a first-order phase transition will
exhibit a kink in the curve of the relative potential energy U,
with respect to the C,, percentage.

The structural features are characterized by three quantities:
orientational order parameter (OOP), translational order para-
meter (TOP), and heterogeneity order parameter (HOP). The
OOP is defined for traditional LC as the ensemble average of
the second Legendre polynomial:*®

S = (P,(cos 0)) (3)

where 6 is the angle between the orientation of a given C,, side
chain and a designated global orientation. S is equal to 1 if all
the vectors are ideally parallelly aligned, 0 if they all distribute
randomly, around 0.5 for a nematic LC, and higher for a
smectic LC.

The TOP can be used to depict the translational symmetry of
crystals. A modified version for identifying the smectic struc-

ture is'®
mE)

where z is the z-component of the coordinates, and d is the
interlayer spacing which takes the value that maximizes t.
Because the isotropic phase has no layered structure, d often
takes the value of half the box size. The TOP value is closer to
1 for a structure with a higher translational order, and closer to
0 otherwise.

To quantify the degree of spatial heterogeneity for each type
of sites, the HOP is defined by"”

h= <%sz:em(—%)> (5)

i

T =

1/3
where o = (ﬁ) , V is the simulation box volume, N is the

number of sites, and r; is the distance between sites 7 and j.
In addition to the above three quantities, to quantify the

degree of parallelism between cationic side chains, the orienta-

tional correlation function (OCF) for C,, side chains is defined

aS12

C(r) = ([BF)i(R)* — 1)-0(F — 7; + F)/12) (6)

where 7; is the center-of-mass (COM) position of the ith C,, side
chain, and #(7,) is the corresponding unit vector pointing from
the CG site A to CG site E. The probability distribution of side-
chain length P(J) is also calculated to reflect the tortuosity of C,,
at different stages:

Pl1) = (o0~ [R]) @
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where |R;| is the modulus of a vector pointing from CG site A to
CG site E. Moreover, the relative angular probability distribu-
tion P..¢() is introduced to quantify the degree of deviation of
the angle distribution from the complete random distribution
(quantified by sin 6), which is defined as

8(7 =7 + 7)) (arccos (|7 (7)) - W (7)]) — 6)>
sin 6

et =
(®)

Both P(I) and P,(0) are effective in characterizing statisti-
cally the structural features of a single C,, cation.

Results and discussion
Pure C; and C,,

The pure IL systems of [C;MIm]'[NO;]~ and [C,,MIm]'[NO;],
respectively, were simulated for comparison with the mixtures.
Our simulation results indicate that pure C; is in the homo-
geneous liquid phase at T = 400 K while C,, is the SmB ILC
under the same thermodynamic condition, consistent with the
previous experimental results that [C;MIm][NO;]~ exhibits a
liquid state at around T = 400 K,*® and that the LC structures of
[Co,MIm]" coupled with different counterions by the small
angle X-ray scattering®’”*® can be identified as the SmB struc-
ture. Furthermore, by MD simulation with the united-atom
model, the SmB structure has also been identified for
[C1,MIm][PFs]~, whose anion is different from and cationic
side chain is shorter than [C,,MIm]'[NO,]".*° Given by our
simulations, the number densities of pure [C,,MIm]'[NO;]~
and [C;MIm]'[NO;]~ at 400 K are 2396 mol m > and 5803 mol m >,
respectively. We do not find in the literature the experimental
values for these two systems, but the experimental mass density
of [C,,MIm]'[NTf,]” is 1.10 g em ™ at T = 383 K,*® corres-
ponding to a number density of 1639 mol m 3, smaller than
our simulated value of 2396 mol m > for [C,,MIm][NO;s]™,
mainly due to the fact that [NTf,]” is more bulky than [NO;] ™,
while the experimental side-chain length of 2.82 nm is exactly
the same as that given by our simulation. The experimental
mass density of 1,3-dimethylimidazolium methylsulfate is
1257 kg mol ™" at 408 K,*° corresponding to a number density
of 6043 mol m™3, close to our simulated value of 5803 mol m
for [C;MIm]'[NO;]".

The SmB type, also called soft crystal, is a structure between
LC and crystal with hexagonal packing in the same layer and
sheared between layers.*® The representative snapshots of the
equilibrated systems are shown in Fig. 2. It can be seen that

©). U‘;B' chv . tk‘:
DU "
wu\‘ /;‘\4\"*).,/' b%

Fig. 2 Snapshots of pure C; (a), pure C,, (b), and the cross section of pure
Ca2 (c).
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pure C; is obviously a homogenous liquid, whereas the polar
sites in C,, form charged layers and the side chains between
layers are oriented almost identically, whose cross section
exhibits hexagonal packing. The equilibrated structure of C,,
is different from our previous MD simulation results.">"? In
ref. 12, the C,, system forms a twisted and connected layered
structure mainly due to the adopted NVT ensemble and limited
simulation size of 512 ion pairs. In ref. 13, the side chains of
C,, are globally connected but do not have a uniform normal
direction, which might be a metastable state whose free energy
is only slightly higher than the SmB structure obtained in
this study.

Structures at various cation ratios

The concentration of hydrophobic side chains is varied by
mixing pure C,, with pure C; at different ratios (equivalently
different C,, percentages), and the representative snapshots of
the equilibrated systems are shown in Fig. 3.

As shown in Fig. 3a, in the IL mixture with the C,, percen-
tage of 5%-12.5%, C,, alkyl side chains well separate from each
other and “float” individually in the charged ‘“solvent”
composed of anions and cation head groups. In the range from
15% to 40%, as shown in Fig. 3b, ¢, and d, the mixture is in the
NFL phase, in which side chains tend to locally aggregate to
form small bundles. The side chains in each bundle are almost
perfectly parallelly aligned, but the normal directions of bun-
dles are randomly distributed, so the entire system is still
macroscopically isotropic. When the C,, percentage is 45%-—
50% (Fig. 3e), there exhibits a phase coexistence containing not
only individual and bundled side chains, but also the SmB
structure, which dominates when the C,, percentage is higher
than 53.3% (Fig. 3f).

The RDFs of CG sites A-A, D-D, and E-E as well as the HOPs
for A, D, and E have been calculated and are shown in Fig. 4.
All three kinds of RDFs oscillate for more than 3 nm, reflecting
the long electrostatic feature of the systems. The first and
second peaks of the A-A and D-D RDFs increase monotonically
with the C,, percentage, indicating that the charged groups stay
closer as more C,, side chains join in and occupy more spaces.
Correspondingly, the HOP values for A and D increase

Fig. 3 Snapshots of homogeneous liquid (5%-12.5% C,, percentage) (a),
nano-fragment liquid (15%-40%) (b), (c) and (d), coexistence phase (45%—
50%) (e), and smectic B (53.3%—-100%) (f).
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Fig. 4 Radial distribution functions for CG sites A-A (a), E-E (b), and D-D
(c), as well as heterogeneity order parameters for A, D, and E (d).

monotonically with the C,, percentage as well. By contrast,
with increasing C,, percentage, both the first peak of the E-E
RDF and the HOP for E increase drastically starting from 15%,
and then decrease after the turnover point of 40%, implying
that two phase transitions occur respectively at around 15%
and 40%. The first peak of the A-A RDF split into two peaks
after 53.3%, indicating that many cationic head groups align
parallelly in the SmB structure.

The degree of parallel alignment between side chains is
quantified by the OCF, whose results are shown in Fig. 5. The
OCF curves for 5%-12.5% are almost flat and remain at a very
low value, which agrees with the snapshot in Fig. 3a that it is in
the homogeneous liquid phase and no parallelly aligned bun-
dles emerge. In the range from 15% to 40% (the NFL phase),
the OCF takes a very high first-peak value (about 0.7 for 15%
and close to 1 from 17.5% to 40%) and decays with distance
approaching 0, indicating that side chains are almost perfectly
aligned locally but has no long-range (global) correlation of
orientation. In the range from 53.3% to 100% (the SmB phase),
the first-peak value remains close to 1 within 2 nm and then
decay very slowly, indicating that side chains are parallelly
aligned globally with a long-range correlation of orientation.

2
7 (nm)

Fig. 5 Orientation correlation functions of C,; side chains at various Cy,
percentages.
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The case for 45-50% is in between, indicating the coexistence
of three phases, as will be described in detail below.

Two first-order phase transitions

The original potential energy curve shown in Fig. 6a indicates
that more nonpolar C,, side chains make the system potential
energy lower, because the attractive VDW interactions between
side chains contribute negatively to the system potential
energy, and better aligned side chains contribute more signifi-
cantly. Meanwhile, it can hardly tell if there exist kinks or not
along this curve representing latent heats, which characterize
first-order phase transitions. To determine the nature of the
phase behaviors of the mixture system when the number of C,,
side chains increases, we have calculated the relative potential
energy curve U,(c) defined by eqn (2), which subtracts the linear
part in the isotropic phase (red dashed line in Fig. 6a) from the
potential energy curve, and depicted it in Fig. 6b and c. In
Fig. 6b, besides the trivial jump from 0% to 5% due to the
sudden emergence of C,, side chains in the system, the Uy(c)
curve shows a kink from 15% to 17.5%, corresponding to a
first-order phase transition from homogenous liquid to NFL
when some of the individual C,, side chains aggregate to form
local bundles.

If we regard [C,,MIm]'[NO;]” as the polymeric “solute”
dissolved in the [C;MIm]'[NO;]~ “solvent”, the above first-
order phase transition can be theoretically understood by the
Flory-Huggins theory,”"**> which analytically quantifies the
first-order phase separation of polymeric solute in solvent by

86 =210, + Loy 4 16102) )

where AG is the Gibbs free energy density of mixing, T is the
temperature, ¢, and ¢, are the volume fractions of solvent and
solute, respectively, v; and v, are the volumes of a single solvent
and solute molecule, respectively, and x is the Huggins
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Fig. 6 (a) The potential energy curve (U(c)) (black solid line) and the linear
fitting of the values at the C,, percentages below 15% (red dash line).
(b) The relative potential energy curve U,(c) with respect to the Cp,
percentage within the range of 0%-30%. (c) U,(c) within the range of
20%-100%. (d) The proportions of C,, side chains in the individual,
bundled, and layered states.
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interaction parameter quantifying the interaction between sol-
vent and solute molecules, which can be determined by simula-
tion. It can be seen qualitatively that, at a fixed temperature,
when C,, (solute) is very few, the solute can fully mix with the
solvent with a uniform volume fraction, which means that C,,
side chains are fully ““dissolved” in the charged groups and stay
individually; when C,, is beyond a certain number, the phase
separation happens, leading C,, side chains to locally aggregate
and form the NFL phase. A quantitative analysis of this first-
order phase transition with the aid of the Flory-Huggins theory
could be the topic of future research.

The second first-order phase transition from NFL to ILC is
manifested by the sharp decrease of the slope from 40% to
53.3% in Fig. 6¢c. Moreover, the proportions of C,, side chains
in three different states (individual, bundled, and layered) with
respect to the C,, percentage are drawn in Fig. 6d. It can be
seen that the proportion of individual side chains decreases
steeply twice at 17.5% and 45%, respectively, which are the two
phase transition points. On the other hand, the proportion of
bundled side chains drastically increases at 17.5% and
decreases at 45%, and keeps 0 out of this range. Correspond-
ingly, the proportion of layered side chains suddenly increases
from 0 to about half at the C,, percentage of 45%-50%, and
remains larger than 90% after the C,, percentage of 53.3%.
With increasing percentage of C,, from 53.3% to 80%, ade-
quate effective free space allows the coexistence chemical
potential to be almost constant, so the proportions of layered
and individual side chains remain roughly unchanged. When
the C,, percentage is larger than 80%, the effective free space is
limited, so the configurational entropy decreases, and thus the
coexistence chemical potential increases, which drives a larger
proportion of individual side chains to join in the SmB layers.

The probability distributions P(I) of side-chain length have
been calculated and are shown in Fig. 7a. Apparently, the
curves can be broken up into three different groups: from 5%
to 15%, from 17.5% to 40%, and higher C,, percentages,
corresponding to homogeneous liquid, NFL, and SmB phases.
In the range of 5% to 15%, the curves reside in low probabilities
and behave close to the uniform distribution, indicating that
the C,, side chains in homogeneous liquid can freely be either
straight or tortuous. When the percentage is between 17.5%
and 40% in the NFL phase, P(I) curves become a bit higher and
a peak appears at [ = 2.8 nm. For percentages larger than 53.3%,
the curves peak higher at around ! = 2.87 nm, indicating a

B
o

P10

=

2.4 2.6
[(nm)

Fig. 7 (a) Probability distributions of side-chain length. (b) Probability
distributions of the angle between neighboring C,, side chains.
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straighter and nearly uniform state of the C,, side chains in
SmB than in NFL, resulting from the stronger VDW interaction
among C,, side chains in the layered rather than bundled
structure. The P(I) curves for 45%-50% behave in between
NFL and SmB, reflecting the coexistence of the above three
phases (see Fig. 3e). We then calculate the relative angular
probability distribution P,.¢(0) between neighboring side chains
whose COM distance is less than 0.7 nm, which is roughly the
position of the first valley of the E-E RDF curves (see Fig. 4b).
For the ratios of 5%-15%, Pe¢(0) is almost uniform, reflecting a
random alignment of C,, side chains. When the C,, percentage
is above 15%, the mutual angle 0 between two neighboring side
chains is mostly within 15°, which indicates a high degree of
parallelism between C,, neighboring side chains. Obviously,
the curves for 17.5%-40% and those for the 53.3%-100% group
into two parts far from each other, corresponding to the NFL
and SmB phases, and the P.¢(0) curve for the coexistence state
(45%-50%) again is located in between. Therefore, the quanti-
fications of the structural features of C,, side chains by P(I),
P..¢(0), and the OCF curves C(r) shown in Section 3.2, support
the conclusion that there are three separate phases, i.e., homo-
geneous liquid, NFL, and SmB, with two first-order phase
transitions in between when increasing the ratio of C,,, con-
sistent with the relative potential energy curves shown in Fig. 6.

The dynamical properties of the IL mixtures are quantified
by the diffusion coefficients shown in Fig. 8. With increasing
C,, percentage, all diffusion coefficients for C; cations, C,,
cations, and anions decrease monotonically due to stronger
VDW interactions among C,, side chains which impairs the
fluidity of all ions. The diffusion coefficient curves change their
decreasing slopes twice at around 17.5% and around 50%,
corresponding to the two first-order phase transitions from
homogeneous liquid to NFL and from NFL to SmB, respectively.

Almost in the whole cation-ratio range, the diffusion coeffi-
cients of the three ions satisfy the relationship D. > Dapion >
D.,,, consistent with the result of D, > Dapion > Dc,, for the IL
mixture [Cy,/C;MIm][Tf,N].%° Therefore, we conclude that,
similar to the [Cy,/C;MIm][Tf,N]~ IL mixture system, no
“partially-arrested glassy state” appeared in many other IL
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Fig. 8 Diffusion coefficients of Cy, Cy,, and anion versus C,, percentage.
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Fig. 9 Snapshots of the coexistence structures at 45% (a) and 50% (b), and
the partial configurations of (a) without the SmB structure (c) and with the
SmB structure only (d), respectively.

systems,>® in which the larger cations diffuse faster than the
smaller anions, is observed for [C,,/C;MIm]'[ NO;]~ at
T =400 K.

Coexistence of homogeneous liquid, NFL, and SmB

The coexistence of homogeneous liquid, NFL, and SmB ILC
phases is observed in our MD simulations at three simulated
C,, percentages of 45%, 47.5% and 50%. The representative
snapshots for 45% and 50% are shown in Fig. 9a and b, and
that for 47.5% is already shown in Fig. 3e.

The snapshot for the coexistence structure at 45% shown in
Fig. 9a can be roughly separated into two substructures con-
taining both the homogeneous liquid and NFL phases shown in
Fig. 9c as well as the SmB phase shown in Fig. 9d by identifying
clusters (either bundle or layer) inside which C,, side chains
are parallelly aligned. Layers in the SmB phase can be differ-
entiated from bundles in the NFL phase by their comparable
sizes to the simulation box. The features of homogeneous
liquid, NFL, and SmB are quantified by C(7), P.¢(0), and P({)
mentioned above, whose values for the coexistence cases are all
located in between NFL and SmB (the dashed lines for 45%,
47.5%, and 50% in Fig. 5 and 7).
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Fig. 10 (a) Translational order parameter of CG sites A and E. (b) Orienta-
tional order parameter of C,, side chains.
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The OOP and TOP values at different percentages have been
calculated and are shown in Fig. 10. It is interesting that both
OOP and TOP are insensitive to the first first-order phase
transition from homogeneous liquid to NFL at 15%-17.5%,
because the structural difference between these two phases is
local bundling of side chains, which does not cause apparent
changes to global long-range orientational and translational
orders. In contrast, both order parameters sharply increase to a
much larger value at around 50% attributed to the large-scale
structural reorganization of side chains from local bundles to
global liquid crystals, again indicating that the second first-
order phase transition occurs around here. Each of the two
parameters has two values at a single coexistence point because
it is calculated for two coexisting phases separately.

In the pure SmB structure after the second phase transition,
C; mostly reside in the layers formed by aggregated charged
sites, which weaken the correlations of C,, cations between
charged layers. Whereas, in the coexistent structure at the C,,
percentage around 50%, the number of C;-D ion pairs populat-
ing between layers is the same as C,,-D, so the polar network
formed by charged sites in the NFL strengthens the effective
attraction among C,, side chains and eliminates the effective
volume repulsion in C,, bundles, which prevents the system
from forming a nematic-like LC, and thus leads to the transi-
tion from NFL to SmB directly. Although the nematic phase is
lacking in this phase transition procedure, the formation of
global alignment of side chains still results in the discontinuity
in the relative potential energy curve as well.

Conclusions

In summary, our simulation results indicate that pure C, is a
homogeneous liquid while pure C,, has the SmB ILC structure
under the same thermodynamic conditions at 7= 400 K and P =
1 bar. By increasing the C,, percentage, the structure of the
[C,2/C;MIm]'[NO;]™ IL mixture first goes through a first-order
phase transition from homogeneous liquid to NFL in the range
of the C,, percentage from 15% to 17.5%, when the C,, side
chains change from distributing individually to aggregating
locally to form small bundles, inside which the side chains
align parallelly. As the C,, percentage further increases, there
occurs a second first-order phase transition from NFL to SmB,
when the local small bundles aggregate and adjust their
orientations to have their side chains align globally between
charged layers with a hexagonally packed cross section. Both
phase transitions are reflected by a drastic decrease in the curve
of the relative potential energy, and both the global orienta-
tional and translational symmetries are broken in the second
first-order phase transition. During the whole process, the
curves of P(I) characterizing the side-chain tortuosity, C(r)
characterizing the side-chain orientational correlation, and
P.¢(0) characterizing the degree of parallelism of neighboring
side chains all exhibit three sections corresponding to the
homogeneous liquid, NFL, and SmB phases, respectively. The
diffusion monotonically slows down with increasing C,,
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percentage due to the increasing effective attraction among side
chains, while the slope of the slowing down changes twice around
the two first-order phase transition points. Specifically, the coex-
istence of the homogeneous liquid, NFL, and SmB phases occurs at
the C,, percentage ranging roughly from 45% to 50%. The flex-
ibility of alkyl side chains allows the phase transition from NFL to
SmB directly without going through the nematic phase.

Although the phase coexistence and first-order phase transi-
tions predicted by this simulation work have not been reported
by experimentalists, they are consistent with the theoretical
framework of the Flory-Huggins theory’™>> and that for the
multi-phase binary system.>® We hope that they will be
observed soon in experiments. The revealed first-order phase
transitions and phase coexistence is of fundamental impor-
tance to various industrial applications of ionic liquid mixtures.
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