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ABSTRACT: The electrical double layers (EDLs) in the mixtures of roomtemperature ionic liquids and water play an important role in many applications but
have only begun to receive widespread attention recently. Here, we report the
molecular dynamics simulations of EDLs near rigid polyanion nanorods immersed in
electrolytes containing ionic liquids [C2mim][TfO], water, and Na+ ions. When the
water content in bulk electrolyte is high, the EDLs near the rods are similar to those in
aqueous electrolytes except that TfO− ions accumulate notably near the cation layer
adsorbed on the rods. When the water content in the bulk electrolyte becomes very
low, even though water is greatly enriched in the interfacial region, the microenvironment in the region oﬀers weak dielectric screening and the EDL exhibits features
common to those in neat ionic liquids, e.g., charge overscreening. Na+ ions are readily
adsorbed on the sulfonate groups of the polyanion rod in the range of water contents
explored here but can experience an energy barrier when moving from the bulk
electrolyte to the rod surface if the water content is very low. Introducing Na+ ions into the system displaces C2mim+ ions from
the rod’s surface. However, the number of displaced C2mim+ ions is far less than the Na+ newly adsorbed on the rod, and thus,
charge overscreening is enhanced. We highlight the important role of ion−ion correlations in determining the EDL
characteristics and their response to the variation of mixture electrolytes’ water/Na+ ion contents revealed here and discuss their
technical implications.

1. INTRODUCTION
An electrical double layer (EDL) is usually developed near a
charged object in contact with electrolytes. Because of its
important role in numerous applications such as micro-/
nanoﬂuidics and electrochemical energy storage, EDLs have
been studied extensively.1,2 Despite the diverse nature of
electrolytes, all EDLs exhibit some common features; e.g., an
EDL usually consists of a molecularly thin ion-free layer (called
the Helmholtz layer or the Stern layer) and a diﬀuse layer
spanning a few to thousands of nanometers. Nevertheless,
previous research also established that the structure and
macroscopic properties of EDLs depend strongly on the
electrolyte’s nature. There are four typical types of electrolytes:
aqueous electrolytes, room-temperature ionic liquids (RTILs),
high-temperature molten salts, and organic electrolytes.
Aqueous electrolytes generally contain small inorganic ions
(e.g., Na+ and Cl¯ ions) dissolved in water. Because of the high
dielectric constant of water, the electrostatic interactions
between ions are strongly screened, and ion−ion correlations
are weak except when the surface charge density or the ion
concentration is very high.3−5 Consequently, the EDL structure
can often be described satisfactorily by mean-ﬁeld theories such
as the Poisson−Boltzmann equation and its extensions.6−8
RTILs usually feature bulky ions and contain no solvents.
Because ions are in contact with each other, ion−ion
correlations are especially strong in RTILs, and this leads to
unique features for EDLs; e.g., counterions and co-ions form
© 2017 American Chemical Society

alternating layers near a charged surface, and surface charge is
frequently overscreened.1,9 While these features and the EDLs’
macroscopic properties are diﬃcult to describe using the
classical EDL theories, they can be captured quite well by new
theories that take into account the ﬁnite ion size and ion−ion
correlations.10−12 High-temperature molten salts also exhibit
strong ion−ion correlation due to their solvent-free nature, and
thus, EDLs in them resemble those in RTILs.13 Organic
electrolytes contain bulky ions dissolved in organic solvents,
and they usually have low dielectric constants. Hence, the
electrostatic interactions between ions are weakly screened, and
ion−ion correlations are strong. Consequently, EDLs in organic
electrolyte share some features with those in RTILs, e.g., charge
overscreening.14
Most previous research focused on EDLs in the four types of
neat electrolytes summarized above. However, there is a
growing interest in studying EDLs in electrolyte mixtures.
Many of these studies are motivated by the technical
advantages oﬀered by mixture electrolytes. For example, mixing
ionic liquids and organic solvents can increase the mobility of
ions and thus the power density of supercapacitors.15−17 Some
of these studies, however, are motivated by the practical issues
inherent with neat electrolytes. For example, many RTILs are
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Simulation results on the EDL structure are presented in
section 3. Finally, conclusions are presented in section 4.

highly hygroscopic and thus inevitably contain some water, and
clarifying the structure and properties of EDLs in such moist
RTILs is important for the operation of supercapacitors based
on RTILs. Molecular dynamics (MD) simulations showed that
water molecules tend to accumulate within a subnanometer
distance from electriﬁed solid walls, although the structure of
the EDL is not greatly aﬀected by the adsorbed water molecules
when the water concentration in bulk RTILs is low.18,19 The
adsorption of water molecules on the charged walls is
determined by the gradient of electrical ﬁelds, the chemical
nature of the ions near the wall, and the availability of space
near the wall.18 The inﬂuences of water on the interface
between electriﬁed RTIL and electrode have been investigated
using in situ atomic force microscopy (AFM) and spectroscopy.
The transition from a multilayered structure to a double-layer
structure has been observed.20
In this work, we are interested in the EDLs near model
polyelectrolytes immersed in mixture electrolytes consisting of
RTILs, water, and small metal ions. Our interest is motivated
by the recent synthesis of a new class of liquid crystalline ion
gel in which rigid-rod polyanions are aligned in RTILs.21 These
gels exhibit an unusual combination of properties such as high
ionic conductivity and strong mechanical cohesion, and they
open up exciting new avenues for engineering ion conducting
materials.21 At present, such type of ion gel is fabricated
through ion and water exchanged between a seed solution of
aqueous polyelectrolyte solutions (e.g., 2,2′-disulfonyl-4,4′benzidine terephthalamide, abbreviated as PBDT in literature;
Na+ ions were used as the counterion) and RTILs (e.g., 1-ethyl3-methyl imidazolium triﬂuoromethane sulfonate, or [C2mim][TfO]). Since the formation of these ion gels involves no
chemical reactions, the EDLs surrounding the highly charged
polyanions likely play a critical role in the gelation process, e.g.,
by regulating the interactions between the polyanions. Both the
electrolyte and the polyanions in these ion gels exhibit a
number of unique features that are not widely considered in
previous studies of EDLs in mixture electrolytes. Speciﬁcally,
most studies of EDLs in the RTIL mixture focused on
situations in which where there is a small amount of water in
RTILs and metal ions are rarely present. However, during the
formation of the above ion gels, the electrolyte surrounding
PBDT polyanions can contain more than 50% of water, and a
large fraction of the polyanions’ charge is balanced by the Na+
ions. Furthermore, unlike the most widely studied situation in
which solid surfaces are uniformly charged and homogeneous
in chemical nature, polyanions feature discrete, hydrophilic
sulfonate groups and neutral hydrophobic backbone. Because of
these unique features, the structure and properties of the EDLs
in the above ion gels are diﬃcult extrapolate from prior studies
of EDLs in mixture electrolytes, and many questions remain
open. For example, how do water molecules, RTIL ions, and
Na+ ions distribute around the polyanion and how their
distributions respond to the change in water and metal ion
content in the bulk electrolyte? How are charges on the
sulfonate groups of the polyanions screened and how do the
bulky RTIL ions and the small Na+ ions compete in screening
the polyanions’ charge?
Here, we seek to answer these questions by investigating the
EDLs near isolated polyanion rods immersed in a mixture of
RTILs, water, and Na+ ions using MD simulations. The rest of
the manuscript is organized as follows. The simulation system,
molecular model, and methods are presented in section 2.

2. SIMULATION SYSTEM, MOLECULAR MODELS, AND
METHODS
Figure 1 shows a schematic of the MD system, which consists
of a single PBDT rod ﬁxed in the center of a simulation box and

Figure 1. Schematics of the simulation system (a) and the molecular
structure of the C2mim+, TfO− ion, and the semicoarse grained PBDT
rod (b). (b) Orange (yellow) balls denote the sulfur (oxygen) atoms
of the sulfonate groups of the PBDT rod.

the accompanying electrolytes. The electrolyte was a mixture of
RTILs [C2mim][TfO], water, and Na+ ions (in some cases,
Na+ ions were not added; see Table 1). The simulation box was
Table 1. Setup of the MD Systems Studied in This Work
system

C2mim+
no.

TfO−
no.

water
no.

Na+
no.

Na+/SO3−
ratio

xw,∞a

1
2
3
4
5
6
7
8

1326
1297
1241
1152
984
554
1157
1147

1316
1287
1231
1142
974
544
1137
1147

96
381
939
1841
3536
7927
1841
1841

8
8
8
8
8
8
0
16

0.5
0.5
0.5
0.5
0.5
0.5
0.0
1.0

0.02
0.11
0.24
0.42
0.62
0.87
0.42
0.42

a

xw,∞ is the mole fraction of water in region 3.5−4.0 nm from the rod
axis where the electrolyte is bulklike.

6.72 nm in the z-direction (i.e., along the PBDT rod’s axis).
The simulation box was 8.00 nm in both x- and y- directions,
which is large enough to obtain a bulklike behavior at the
position away from the PBDT rod. Hereinafter, the mole
fraction of water in the region 3.5−4.0 nm from the rod axis
will be referred to as the mole fraction of water in bulk mixture
electrolyte, xw,∞. In as-fabricated ion gels, the average spacing
between neighboring PBDT rods can range from a few
nanometers to tens of nanometers depending on the fabrication
conditions,21 and hence, EDLs around diﬀerent PBDT rods
may or may not interact with each other. Here, we focus on the
situation where the EDLs around individual rods are
independent of each other, and the insight gained in the
present system will form the basis of future studies.
The number of C2mim+, TfO−, and Na+ ions and water
molecules inside the system were chosen to meet two criteria
simultaneously. First, the system is electrically neutral. Second,
at positions outside of the EDL, we achieve diﬀerent water
mole fraction of the mixture electrolyte (xw,∞) while ensuring
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system was equilibrated for 40 ns. This was then followed by a
production run of 100 ns.

that the density of the mixture electrolyte is equal to bulk
mixture electrolyte with the same water mole fraction (see
Figure S1 and Table S1 for the density of mixture electrolyte as
a function of water mole fraction). Table 1 summarizes the
setup of the MD systems studied in this work.
The PBDT polyanions were described using a semicoarse
grained model. Prior experiments indicated that PBDTs selfassemble into rigid rods with helical structures.21,22 Here, we
model the self-assembled PBDT rods as rigid rods decorated
with explicitly resolved sulfonate groups (see Figure 1b).
Brieﬂy, each PBDT rod consists of four 1.68 nm long repeating
units. Each repeating unit is made of nine layers of carbon
atoms arranged into a regular heptagon, and four sulfonate
groups are anchored on the carbon atoms in diﬀerent layers.
Further details about the PBDT model can be found in our
prior work.23 Overall, the backbone of the PBDT rod has a
radius of ∼0.2 nm and a linear charge density of −2.38 e/nm.
The simple model adopted here captures PBDT rods’ key
geometrical and chemical features, e.g., their semirigid
structure, the hydrophobic nature of their backbone, and the
discrete distribution of sulfonate groups along their contour
length. The force ﬁelds for the C2mim+ and TfO− ions were
taken from ref 24, which were developed within the framework
of the AMBER/OPLS force ﬁelds. As demonstrated in our
prior studies, the simple PBDT model and the RTIL force ﬁelds
adopted here allow reasonable prediction of the dynamics of
ions in PBDT-based ion gels.23 Water was modeled using the
SPC model, and the Na+ ions were modeled using the OPLSAA force ﬁeld.25,26 We note that prior studies showed that
using the OPLS-AA force ﬁelds for Na+ ion and the SPC water
model together can reproduce key properties of Na+ ion
hydration in water.26 Furthermore, separate simulation of bulk
mixture of water and [C2mim][TfO] indicated that these ﬂuids
are miscible as observed experimentally.
Simulations were performed using the Gromacs code27 with
a 2 fs time step. All simulations were executed in the NVT
ensemble. To ensure eﬀective sampling of the phase space,
simulations were performed at an elevated temperature of
353.15 K, which is common in simulation of RTILs. The
temperature of the system was maintained at the target
temperature using the velocity rescaling thermostat.28 The
nonelectrostatic interactions were computed by direct
summation with a cutoﬀ length of 1.2 nm. The electrostatic
interactions were computed using the Particle Mesh Ewald
(PME) method. The real space cutoﬀ and FFT spacing were
1.2 and 0.12 nm, respectively. All bonded interactions were
computed except that the length of the C−H bonds were
constrained using the LINCS algorithm.29
For systems with high water mole fraction (systems 3−8 in
Table 1), water molecules, Na+ ions, and RTIL ions were ﬁrst
randomly packed inside the system. Starting from such initial
conﬁgurations, each system was equilibrated for 20 ns, during
which many exchanges between Na+ ions adsorbed on the
PBDT rod and residing in the bulk electrolyte were observed.
The equilibration run was then followed by a 100 ns
production run. For systems with low water mass fraction
(systems 1 and 2 in Table 1), we found that the above process
is not suﬃcient to lead to eﬀective sampling of the Na+ ions
distribution near the PBDT rods because they must overcome a
large energy barrier to become adsorbed on the PBDT rods.
Therefore, for these systems, Na+ ions were ﬁrst packed near
the PBDT rods and systems were run for 5 ns. Next, RTILs and
water molecules were introduced into the system and the

3. RESULTS AND DISCUSSION
3.1. Evolution of EDL with the Water Content of
Mixture Electrolytes. We ﬁrst examine the EDL structure in
systems 1−6 in Table 1 in which the mole fraction of water in
the bulk mixture electrolyte, xw,∞, is varied from 0.02 to 0.87. In
these systems, 50% of the negative charge on the PBDT rod is
balanced by C2mim+ and TfO− ions and the rest is balanced by
the Na+ ions. Figure 2a shows that, at xw,∞ = 0.87, water

Figure 2. (a) Density distribution of water molecules around the
PBDT rod for xw,∞ = 0.02 and 0.87. (b, c) Density distribution of the
C2mim+, TfO−, and Na+ ions as a function of their radial distance from
the PBDT rod axis when mole fraction of water molecules in the bulk
mixture electrolyte is xw,∞ = 0.87 (panel b) and xw,∞ = 0.02 (panel c).
In panels, the position of any molecule is based on its center-of-mass.
The density of Na+ ions is multiplied by a factor of 5 for clarity in (b).
Similar results for other values of xw,∞ are shown in Figure S2.

molecules exhibit clear layering near the rod as commonly
observed for liquids in contact with solid objects. The water
density becomes relatively uniform at position ∼1.5−2 nm
from the rod. Given the high density of the water molecules
throughout the system, the C2mim+ and TfO− ions are
essentially bulky organic ions dissolved in water. Figure 2b
shows that the C2mim+ ion density exhibits a distinct peak at r
= 0.56 nm, but it becomes nearly uniform at positions ∼1.5 nm
away from the rod. As expected, near the negatively charged
rod, the TfO− ion density is lower than its bulk value. However,
a signiﬁcant accumulation of TfO− ions near the rod, evident
from the peak located at r = 0.68 nm, is observed. This
accumulation originates from the electrostatic attraction by the
C2mim+ ions adsorbed on the rod. In this system, the
electrostatic interactions between these ions are screened
rather strongly by the water molecules. Nevertheless, because
these bulky ions interact much more weakly with their
hydration water molecules compared to small inorganic ions
such as Na+ and Cl−, they can form contact ion pairs by
shedding part of their hydration shell. Consequently, the
correlations between the C2mim+ and TfO− ions are still strong
enough to induce the notable peak of the TfO− ion at r = 0.68
nm. Figure 2b also shows that Na+ ion density shows a peak at r
= 0.56 nm but it does not decrease monotonically as we move
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away from the rod. Instead, weak plateaus at r = 0.72 and 0.96
nm are observed. These plateaus are likely caused by the
electrostatic attractions by the TfO− ions located in the peak at
r = 0.68 nm and in the weak plateau at r ≈ 1.00 nm.
As water is removed from the mixture electrolyte, the
electrolyte transitions gradually from RTILs dissolved in water
to water dissolved in RTILs, and the structure of the EDL
changes as a result (see Figure S2). Here, we examine the EDL
structure at xw,∞ = 0.02 in detail, when the electrolyte is best
considered as moist RTILs. Figure 2a shows that water
molecules are greatly enriched within a radius of ∼0.7 nm from
the rod axis. This enrichment is caused mainly by the strong
hydrophilicity of the sulfonate groups on the PBDT rod.
Comparison of the ion distribution in Figure 2b,c shows that
when the water content of the electrolyte is greatly reduced the
C2mim+ ion density peak grows both wider and higher. This is
because, at low water mole fraction, C2mim+ ions appear near
the rod surface not only because of the electrostatic attraction
by the rod’s negative charge but also because, as a liquid, the
RTILs tend to form well-deﬁned layers near solid surfaces.
Figure 2c shows that TfO− ions form alternating layers with the
C2mim+ ions near the rod, thus exhibiting one of the universal
features of the EDLs in RTILs.1 Interestingly, we observe that
nearly all Na+ ions become contact adsorbed on the PBDT rod
(see also Figure 4b). The strong preference of the Na+ ions to
the PBDT rod over bulk RTILs is a result of the interplay
between its hydration by water molecules and electrostatic
attractions by the sulfonate groups on the PBDT rod.
In addition to ion distributions, we also investigated the
EDLs near the rod by computing how the charge on the rod is
screened by the RTIL and Na+ ions. Speciﬁcally, we computed
the charge screening factor β as a function of radial distance r
from the rod axis
β (r ) = −

1
qL

∫0

Figure 3. Variation of the charge screening factor as a function of the
radial distance from the PBDT rod axis for diﬀerent water mole
fractions in the bulk mixture electrolyte. The ratio of the number of
Na+ ions in the electrolyte and the number of sulfonate group on the
PBDT rod is 0.5.

r

2πrρe (s) ds

(1)

where ρe(s) is space charge density due to ions at a radial
distance s and qL is the charge on the PBDT rod per unit length
(−2.38 e/nm). At positions with β > 1.0, the surface charge on
the rod is overscreened. Charge overscreening is a universal
feature of the EDLs in RTILs and many organic electrolytes.1,10
Figure 3 shows that, at xw,∞ = 0.87, the rod’s charge is fully
screened at a distance of ∼2.0 nm from the rod’s axis (thus the
EDL is ∼2.0 nm thick) and overscreening does not occur. As
xw,∞ decreases, the EDL is compressed, and overscreening
becomes obvious for xw,∞ ≤ 0.42. Overall, this is consistent
with the fact that, as xw,∞ decreases, the electrolyte becomes
more concentrated and behaves more like a RTIL, in which
overscreening is usually observed.
We have so far focused on the average distribution of ions in
the radial direction of the rod. This allows us to focus on the
EDL’s long-range structure, but its neglects the variation of ion
densities in the circumferential and rod axis directions.
However, since the charge of a PBDT rod is distributed
discretely on its sulfonate groups, it is instructive to study how
ions and water molecules distribute near individual sulfonate
groups to gain insight into the EDL structure at short range. To
this end, we computed the radial density distributions of
C2mim+, TfO−, Na+ ions, and water molecules around PBDT’s
sulfonate groups (see Figure 4 and Figure S3). Figure 4a shows
that, at xw,∞ = 0.87, the sulfonate groups are well hydrated by
water molecules. The distribution of C2mim+ and TfO− ions

Figure 4. Radial density proﬁles of the C2mim+, TfO−, and Na+ ions
and water molecules as a function of the their distance to the sulfonate
groups on the PBDT rods when the mole fraction of water in the bulk
mixture electrolyte is xw,∞ = 0.87 (panel a) and xw,∞ = 0.02 (panel b).
The sulfur atom of the sulfonate group is taken as the origin. In (a)
and (b), the density of water molecules is divided by a factor of 20 and
2, respectively. Similar results for other values of xw,∞ are shown in
Figure S3.

are rather diﬀusive around the sulfonate group, with few
C2mim+ ions contact adsorbed on the sulfonate group.
However, as indicated by density peak at a radial distance of
0.38 nm, many Na+ ions are contact adsorbed on the sulfonate
group. Hence, Na+ ions are more competitive than the C2mim+
ions in screening the sulfonate groups’ charge. Figure 4b shows
that, at xw,∞ = 0.02, each sulfonate group is hydrated roughly by
one shell of water molecule around them. Figure 4b and
visualization of the trajectory indicate that this single shell of
water molecules does not seal the sulfonate group from the
ions. Instead, it is penetrated by both Na+ ions and C2mim+
ions contact adsorbed on the sulfonate group. The much
stronger adsorption of Na+ and C2mim+ ions on the sulfonate
groups as xw,∞ decreases from 0.87 to 0.02 is consistent with
the transition of the microenvironment near the sulfonate
groups from water-rich to RTIL-rich.
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(xw,∞ = 0.02), an energy barrier is observed at a radial distance
of ∼0.95 nm from the rod axis.
The existence of a PMF valley near the PBDT rod is
consistent with the strong adsorption of Na+ ions on the PBDT
rods. As xw,∞ decreases, the liquid medium surrounding the rod
transitions from an aqueous electrolyte to a moist RTIL and its
dielectric screening ability reduces. Therefore, the Na +
counterions are attracted electrostatically toward the rod
more strongly, leading to a deeper PMF valley. As xw,∞ reaches
very low value (e.g., 0.02), water molecules are greatly enriched
at the rod-electrolyte interfaces compared to bulk electrolytes
(see Figure 2a). As such, the Na+ ions near the rod reside in a
microenvironment in which its electrostatic interactions with
other ions are screened more strongly than in bulk electrolytes.
Such an eﬀect tends to reduce the depth of the PMF valley.
Because the enrichment of water molecules at the rodelectrolyte interface is more signiﬁcant in electrolyte containing
little water, this eﬀect is more prominent as xw,∞ reaches a very
small value, and it likely contributes to the reduction of the
PMF valley observed as xw,∞ decreases from 0.11 to 0.02.
At the lowest xw,∞ studied here, the Na+ ions’ PMF oscillates
as we move from bulk electrolytes toward the rod, and an
energy barrier appears in the region 0.75 nm < r < 1.25 nm.
Since previous work on the EDLs in neat RTILs showed that
the short-range correlations between ions are more important
in leading to oscillatory PMF,10,33 we analyzed the distribution
of molecules around Na+ ions located in the bulk electrolyte
and at the peak of the energy barrier, and the results are shown
in Figure 6. Comparison of the distributions of ions and water

For applications such as preparation of ion gels through ion
exchange, it is important to know the exchange between Na+
ions adsorbed on the PBDT rods and in bulk electrolytes.21
Therefore, we study the thermodynamics of such exchange and
how it depends on the water content of the mixture electrolyte.
Speciﬁcally, we computed the potential of mean force (PMF)
of Na+ ions as a function of its distance to the rod axis. In
electrolytes with high water content (xw,∞ ≥ 0.24), the
exchange between adsorbed and free Na+ ions can be sampled
eﬀectively in our simulations, and thus the Na+ density away
from the rod can be computed very accurately. Therefore, the
PMF was computed from the radial ion distribution proﬁle
using PMF(r) = −kBTIn(ρn(r)/ρn,∞), where kB is Boltzmann’s
constant and T is the absolute temperature. ρn(r) is the Na+ ion
number density at a radial distance of r from the rod axis (see
Figure 2). ρn,∞ is the density of Na+ ions outside of the EDL,
where the PMF is taken as zero. In electrolytes with low water
content, the above method cannot compute the PMF reliably
because Na+ ions are adsorbed on the PBDT rods most of the
time, and thus, it is diﬃcult to accurately determine ρn(r) at
large r. To resolve this diﬃculty, we computed the PMF using
the umbrella sampling method.30,31 We ﬁrst generated a series
of conﬁgurations each with a diﬀerent radial Na+−rod
separations. Next, a harmonic potential (force constant: 1000
kJ/(mol·nm2)) was applied to the Na+ ion to constrain its radial
distance from the PBDT rod’s axis. A 20 ns long equilibrium
simulation was performed under this constraint for each
conﬁguration, and the position of the Na+ ion was recorded.
Finally, the PMF of the Na+ ion was extracted from the
histograms of its position in the diﬀerent runs using the
Weighted Histogram Analysis Method implemented in the
Gromacs code.31,32
Figure 5 shows Na + ion’s PMF proﬁles in three
representative mixture electrolytes (data for other electrolytes

Figure 6. Radial density distribution of C2mim+, TfO− ions, and water
molecules around Na+ ions located at radial distances of 2.8 nm (panel
a, corresponding to point A in Figure 5) and 0.95 nm (panel b,
corresponding to point B in Figure 5) from the PBDT rod’s axis. The
mole fraction of water in the bulk mixture electrolyte is 0.02.

Figure 5. Potential of mean force (PMF) of Na+ ions as a function of
their distance from the PBDT rod axis when the bulk mixture
electrolytes have diﬀerent water contents. In each case, the PMF of
Na+ ions located at a position far away from the rod is taken as zero.
The shaded regions around the PMF curves denote the uncertainties
in the PMF.

molecules around Na+ ions shown in Figure 6a,b shows that, as
a Na+ ion moves from the bulk electrolyte (point A in Figure 5)
toward the PMF peak (point B in Figure 5), more water
molecules (less TfO− ions) appear near it. Calculation of the
Na+ ion’s coordination number (i.e., the number of water
molecules or ions within the ﬁrst peak of the radial distribution
function) shows that the number of coordination water
molecules increases from 1.15 to 1.83, while that of the
coordination TfO− ions reduces from 3.57 to 3.04. While the

are shown in Figure S4). In all cases, a PMF valley is observed
for Na+ ions near the rod. The depth of this valley increases as
xw,∞ decreases from 0.87 to 0.11 but then decreases as xw,∞
decreases from 0.11 to 0.02. Interestingly, while the PMF
usually decreases monotonically as the Na+ ion moves toward
the rod axis, in the electrolyte with the lowest water content
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decrease of Na+ ion’s coordination by TfO− ions is comparable
to the increase of the coordination by water molecules, the loss
of energy due to less Na+−TfO− interactions should be more
signiﬁcant than the gain of energy due to more Na+−water
interactions because charge−charge interactions are usually
stronger than charge−dipole interactions. Hence, it is
reasonable to attribute the appearance of the energy barrier
in 0.75 nm < r < 1.25 nm to the reduced coordination of Na+
ions by the TfO− ions.
3.2. Evolution of EDL with Counterion Composition of
Mixture Electrolytes. Above, we focused on EDLs in which
the Na+ ions in the mixture electrolytes balance 50% of the
PBDT rod’s charge. In practice, the amount of Na+ ions in the
mixture electrolytes can often be controlled; e.g., in the
fabrication of ion gels, the amount of residual Na+ ions in the
ion gel can be tuned by varying the volume of the RTIL
solution used to exchange Na+ ions from the seed solution
containing PBDT. Here, we examine how the Na+ ion content
of the mixture electrolyte aﬀects the EDL structure around the
PBDT rods. This was achieved by replacing the C2mim+ ions in
a Na+-free mixture electrolytes by Na+ ions or, in another
words, by varying the ratio between the number of Na+ ions in
the electrolyte and the number of sulfonate groups on the
PBDT rod (Na+/SO3−). Since the water content of asfabricated gel is usually not very low, we ﬁxed the mole
fraction of water in bulk mixture electrolyte to be 0.42.
Figure 7 shows the distribution of water molecules, C2mim+,
TfO−, and Na+ ions at Na+/SO3− ratio of 0, 0.5, and 1.0. We

density proﬁles in Figure 7 are consistent with the experimental
observation that Na+ ions can be exchanged out of the seed
solution when making ion gels using the method developed in
ref 21.
Figure 7 shows that introducing Na+ ions into the electrolyte
causes little change in the water distribution near the rod. Many
of the introduced Na+ ions become adsorbed on the PBDT
rods. Meanwhile, the density of C2mim+ ions near the rod
decreases. This is consistent with the idea that Na+ ions are
more competitive than C2mim+ ions in adsorbing onto the
sulfonate groups of the PBDT rod, as already inferred from
Figure 4a. However, the decrease of the C2mim+ ion density,
especially the ﬁrst C2mim+ peak, is much smaller than the
increase of Na+ ion density near the rod, and the density of
TfO− ions near the rod also increases moderately. These
observations can be understood as follows. Due to the weak
dielectric screening by the mixture electrolyte, there exists
strong short-range correlation between cations and anions due
to their electrostatic attraction. Because Na+ ions are smaller
than the C2mim+ ions, the Na+−TfO− correlations are stronger
than the C2mim+−TFO− correlations. When N number of
C2mim+ ions adsorbed on the PBDT rods are replaced by N
number of Na+ ions, these Na+ ions bring additional TfO− ions
toward the PBDT rods, which in turn helps bring some
C2mim+ ions toward the PBDT rod due to short-range
correlations between TfO− and C2mim+ ions. Therefore, the
increase of Na+ ion density near the rod is larger than the
decrease of C2mim+ ion density in the same region.
A key consequence of the above observations is that charge
overscreening is enhanced as Na+ ions replace C2mim+ ions (or
equivalently, as Na+/SO3− increases). This is evident in Figure
8. Since charge overscreening can greatly aﬀect the eﬀective

Figure 7. Comparison of the density distribution of ions and water
molecules around the PBDT rod when the ratio of the number of Na+
ions in the electrolyte and the number of the sulfonate group on the
PBDT is 0, 0.5, and 1. The mole fraction of water in the bulk mixture
electrolyte is ﬁxed at xw,∞ = 0.42. The density of water molecules is
divided by a factor of 5 for clarity.

Figure 8. Comparison of the charge screening factor when the ratio of
the number of Na+ ions in the electrolyte and the number of sulfonate
group on the PBDT rod is 0, 0.5, and 1. The mole fraction of water in
the bulk mixture electrolyte is ﬁxed at 0.42.

observe that for a Na+/SO3− ratio of 0.5:1.0 the Na+ density in
bulk electrolytes (i.e., large radial distance from the rod) is
much lower than that in the interfacial zone near the rod.
However, the absolute Na+ density (∼18 mM in Figure 7c) in
the bulk electrolyte is far from zero. Since the volume of the
interfacial zone is much smaller than that of bulk electrolytes,
the fraction of Na+ ions in the interfacial zone (e.g., within 1.0
nm from the rod axis) is much lower than 100% (∼66% in the
system corresponding to Figure 7c). Therefore, the Na+ ion

interactions between charged objects immersed in electrolytes
(e.g., sometimes leading to attraction between like-charged
objects34), the present results suggest that a small amount of
Na+ ions can potentially change the stability of polyanion rods
in mixture electrolytes. Exploring such eﬀects is important for
understanding the thermodynamics and kinetics of ion gel
formation and will be pursued in future studies.
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4. CONCLUSIONS
In summary, we studied the EDLs near charged PBDT
polyanion rods immersed in mixture electrolytes featuring
[C2mim][TfO], water, and Na+ ions using molecular dynamics
simulations. At large water mole fractions, the electrolyte
behaves like an aqueous solution of bulk organic ions. The EDL
shares similarity with that in typical aqueous electrolytes, and
charge overscreening does not occur. Nevertheless, the
correlations between C2mim+ and TfO− are still strong enough
to induce notable accumulation of TfO− ions near the C2mim+
ions contact adsorbed on the charged rod. At very low water
mole fraction, the bulk electrolyte behaves like moisturized
RTILs. However, water is enriched near the rod surface. Even
in the driest electrolyte considered here (xw,∞ = 0.02), each
sulfonate group on the PBDT rod is hydrated by one shell of
water molecules. Nevertheless, because the dielectric screening
of interfacial water is much weaker than in water-rich
electrolytes, the C2mim+ peak near the rod becomes both
wider and higher as water is removed from the electrolyte, and
the EDL exhibits features common to EDLs in RTILs, e.g.,
alternative layering of C2mim+ and TfO− ions and charge
overscreening. We also found that, regardless of the water
content of the electrolyte, Na+ ions strongly favors the
interfacial region and are always more competitive than the
C2mim+ ions in adsorbing on the PBDT’ sulfonate groups. For
electrolytes with moderate water contents, some C2mim+ ions
are displaced from the rod’s surface as Na+ ions are introduced
into the system. However, the amount of displaced C2mim+
ions is far smaller than that amount of introduced Na+ ions
because of the strong Na + −TfO − and C 2 mim + −TFO −
correlations. Despite that Na+ ions always favors the rod’s
surface, in electrolytes with very low water content (e.g., xw,∞ =
0.02), Na+ ions must overcome an energy barrier when moving
from bulk electrolyte to adsorb on the PBDT rod. This is
because, compared to the Na+ ions in the bulk electrolyte, while
Na+ ions near the rod are better hydrated by more water
molecules, they are surrounded by less TfO− ions.
Overall, our simulations showed that, in RTIL−water
mixture electrolytes, the structure of EDL is aﬀected by the
correlations between C2mim+ and TfO− ions. Such an eﬀect
weakens as the water content increases but it cannot be
neglected even when the water mole fraction in bulk electrolyte
reaches 0.87. The correlations between the Na+ ions and the
TfO− ions, along with those between the C2mim+ and TfO−
ions, leads to the enhanced charge overscreening when a small
amount of Na+ ions are introduced into the electrolyte. This
suggests that manipulating of the Na+ content in mixture
electrolytes can be a potent strategy for tuning the charge
overscreening of polyanion rods and potentially the interactions
between polyanion rods.
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