Effect of Switching the Length of Alkyl Chains on
Electric Double Layer Structure and Differential
Capacitance at the Electrode Interface of
Quaternary Ammonium-Based lonic Liquids

Studied Using Molecular Dynamics Simulation

Seiji Katakura, ! Naoya Nishi,*f Kazuya Kobayashi,T Ken-ichi Amano,™* and

Tetsuo Sakka'l
tDepartment of Energy and Hydrocarbon Chemistry, Graduate School of Engineering,

Kyoto Unwversity, Kyoto 615-8510, Japan

TFacluty of Agriculture, Meijo University, Nagoya, Aichi 468-8502, Japan.

E-mail: nishi.naoya.7e@kyoto-u.ac.jp

Phone: (+81) 75 383 2491. Fax: (481) 75 383 2490



Abstract

Electric double layer structure at the electrode interface has been studied by us-
ing molecular dynamics simulation on four quaternary ammonium-based ionic liquids
(QalLs) to investigate the effect of switching the alkyl chain length of the Qa cation.
These four QalLs are composed of a common anion, bis(trifluoromethanesulfonyl)-
amide (TFSA™) and different cations: butyltrimethylammonium (Nj;,,, k = 1), di-
butyldimethylammonium (N{,,, k¥ = 2), tributylmethylammonium (Nj,,,, k¥ = 3),
and tetrabutylammonium (Nj,,,, ¥ = 4), where k represents the number of butyl
chains. The difference in k affects the potential dependence for the composition of
the first ionic layer and the orientation of butyl chains in the layer. For the case of
k =1,2,3, the butyl chains parallel to the interface increases as the potential becomes
negative, but further negative potential results in the increase in perpendicular ones.
In the case of k = 1, all the cations in the first ionic layer show the perpendicular
orientation at the negative potentials, forming a honeycomb lattice consisting of only
cations. On the other hand, in the case of k = 4, no change in orientation has been
observed due to the geometrical restrictions. The difference in k also affects the dif-
ferential capacitance. The potential dependence of differential capacitance shows bell
shape for the smaller two (k = 1,2) and camel shape for the larger two (k = 3,4). The
camel shape for larger IL cations agrees with the prediction from the mean-field lattice
gas model and recent experimental results. The differential capacitance at negative
potentials deviated to the values higher than the model prediction and the discrepancy
becomes greater for smaller k. The results indicate that the potential dependence of
ionic orientation significantly affects the differential capacitance. Even for k = 4, which
does not show the orientational change, the discrepancy has been observed, indicating
that not only the orientational change but also the densification of ions in the first

ionic layer are the factors we should take into account beyond the lattice gas model.



Introduction

Tonic liquids (ILs) exhibit characteristic liquid structures near the electrified interfaces.!?

One of the features of the interfacial structure of ILs is multilayering in which cations and
anions show damped oscillation in their density distributions. The formation of the ionic
multilayers is a common phenomenon not limited to at the solid and/or electrified interface.
The existence of the ionic multilayer structure has also been shown at the interfaces between
gas and ILs.®* At the solid interface of ILs, the ionic multilayer structure has been revealed
by an atomic force microscopy (AFM).5® When the solid substrate is highly charged, the
ionic multilayers consist of alternating layers of cations and anions as found by molecular

1112 and X-ray reflectometry. %3 Using MD simu-

dynamics (MD) simulations,1? theories,
lation, Ivanistsev et al. showed®!° that the density oscillation of alternating layers increases
as the electric double layer (EDL) is charged up, but a further charge up causes the atten-
uation of the oscillation. At the potential where the first ionic layer is eventually saturated
with cations or anions, a Helmholtz-like EDL is formed. At potentials with higher charge-up
condition from the monolayer state, alternately charged layers form over the first layer. The
formation of the alternating layers is called “overscreenin”, and the saturation of the first
layer is called “crowding”.!*

Differential capacitance (Cy4) is an important physical quantity characterizing the EDL
structure in an IL. Cy is a macroscopic measurable quantity and reflects the EDL structure
at each potential. Therefore, theory and experiment can be directly compared by Cy. Cy is
also important in practical use because it is the origin of the capacity (integral capacitance)
of electric double layer capacitors. Cy for ILs is known to exhibit potential dependence
of bell or camel shape. Such Cy behavior is beyond the electric double layer model of
the conventional dilute electrolyte solution system, such as the Gouy-Chapman model. %16
Kornyshev proposed a mean field lattice gas model'” in order to take account of the excluded

volume effect between neighboring ions and suggested that this behavior is due to finite

volumes of ions. This model has been improved in recent years by adding the effect of
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the difference in the size of cation and anion, and the contribution of local interaction

between ions. 2’

Many studies have been performed on imidazolium-based 1Ls to clarify the EDL structure
of ILs1%21734 at the molecular level, but the numbers of studies on quaternary ammonium-
based ILs (QalLs), both experimental®*3® and computational,3*4! are limited. QalLs have a
wide potential window,*? and therefore are suitable for electrochemical applications.*? Also,
Qa cations have four alkyl groups, and therefore have more degree of freedom to design the
IL cation, which would be favorable for fine tunings of interfacial properties. However, the
effect of the structure of the Qa cation has not been clarified, while pyrrolidinium-based
ILs, which have quaternary ammonium part in their cyclic skeleton, have been studied with
several different long and branched side chains.*445

We have studied the structure and dynamics of the EDL of QalLs by using electro-
chemical surface plasmon resonance,>3% X-ray reflectometry,3® surface enhanced infrared
spectroscopy,?” and MD simulation.*! In the MD study on the tributylmethylammonium bis-
(trifluoromethanesulfonyl)amide ([N7,,,][TFSA™]),%! the potential dependence of Cy around
the potential of zero charge was reproduced by the EDL model by Kornyshev et al.l"2°
However, the model was not able to reproduce the C'q behavior at negative potentials, where
the contribution of the cation is dominant. This discrepancy is due to the change in the

orientation of the cation, which is not taken into account in the models,"?°

suggesting that
the orientational preference is another important factor to fully understand the potential
dependence of Cy. In our another study on QalLs at the IL|vacuum interface by using

46 we have revealed that the orientational preference of Qa cation depends

MD simulations,
greatly on the number of its long-chain alkyl groups (k). The orientation of the Qa cation
at the electrode interface is also expected to depend on k strongly and to affect the po-
tential dependence of Cy. In the present study, we have studied the EDL structure of four
QalLs which have a different number of butyl chains. Clear systematic changes in the EDL

structure have been observed with respect to k.



Methods

Computational detail

MD simulation at the interface between four QallLis and graphene electrode was performed
using DL_POLY*" classic. Details of the methodology were described in our previous stud-
ies. 4146 As a common anion for all the QalLs, TFSA~ was used. The cations of QalLs are
butyltrimethylammonium (N7j;,,, & = 1), dibutyldimethylammonium (N7,,,, ¥ = 2), N{ .,
(k = 3), and tetrabutylammonium (Nj,,,, k¥ = 4). The structures of these QalLs are shown
in Fig. 1. We used CL&P*® as the force field of QalLs. The version of CL&P used is the
same as that in our previous study for the QalL|vacuum interface.?® For the force field of
graphene, we used the van der Waals parameter of the sp2 carbon atom of OPLS AA.%
To consider the contribution of mean electronic polarization®®>? in non-polarized MD sim-
ulation, we set relative permittivity ¢, = 2. The value was determined by considering that
the refractive index n of these QalLs in the visible light region is about 1.4,%3°* and the
relationship between n and ¢,.

The initial configurations of the QalL|graphene interface for MD were made in the same
way as our previous study on the [N7,,J[TFSA~]|graphene interface.*! An IL layer was
sandwiched between two graphene electrodes, and the distance between the electrodes was
fixed to those summarized in Table 1 so that the densities of the ILs at the bulk region
(4 20 A from the center for IL) reproduce those obtained from the MD simulation for the
[Ls|vacuum interface.® The mass densities at the bulk region are also summarized in Table 1.
Each graphene layer consists of 1008 carbon atoms and the size is (I, I,) = (51.6852 A,
51.1560 A). The length of the MD cell in the direction perpendicular to the interface (z-
direction) is 300 A for all the simulations.

The equilibrium structure at the non-charged interface prepared by the above method
was used as the initial configuration for all the other potentials. The constant charge method

was applied to simulate the charged interface, i.e. the positive and negative charges were



\Ng+ B4CT N\~ /+

a

7 TN Caa 2 \/\/034
Ni114 (k= 1) NT144 (k=2)

B4C/\/\ /\/\ B4C/\/\N/T/\CB4
Qa
/ \/\/054 B4C\/\/ \"'\/084

+
Nyg44 (k= 3) NZa44 (k= 4)

F \\/ BT //
X\\ //%

TFSA™

Figure 1: Structures of QalLs and atom names used in the present study.

Table 1: Number of IL ions and distance between two electrodes in the MD cells.

QalL number of number of distance between Mass density at
ion pairs IL atoms electrodes / A IL bulk region / gcm™3
[N 14][TFSAT] 560 22960 117.2 1.22
[NT 4] [TFSAT] 460 23000 114.1 1.14
[NT 44 [TFSAT] 360 21240 103.1 1.09
NS [TFSA ] 340 23120 110.7 1.04




given to the electrodes by evenly allocating the charges to the electrode atoms. The MD
simulation was performed for 1 ns to equilibrate, followed by the calculation for 2 ns to
produce the trajectory for the data analyses (see Fig. S1). The electric charge was equally
allocated to each carbon atom of graphene. The time step was 2 fs. The MD simulation
was performed in the NVT ensemble, with controlling the temperature to be 423 K using
Berendsen thermostat.®® The vdW force cut off was 10A. Electrostatic interaction was
calculated using smooth particle mesh Ewald method (SPME)5¢ with an accuracy of 1x1075.
The cutoff distance of SPME is 10 A. No slab correction was applied for the 3-dimensional
SPME. According to our previous study comparing the conditions with and without the

correction, the potential was found to be overestimated only by a few percents.*!

Data analysis

Data analysis was performed in the same way as our previous study on [N7,,,][TFSA~].4
As in the previous study, we focused on the N atoms of the Qa cations and TFSA™ anions
and the C atom at the terminal of the butyl chain. We refer them as Nq,, N, and Cgy,
respectively (Fig. 1).

From the MD trajectories, the number density distribution pyum,; of each atom i and
the charge density distribution pe,s were analyzed. The pq profile was integrated by one-
dimensional Poisson equation to calculate the potential profile ¢ in the z-direction. The
interfacial potential difference A¢ was defined as the potential at the electrode ¢ge. with
respect to that at the ionic liquid bulk ¢y, i.e., AP = Gelec — Gbuik- In the following, A¢ is
simply referred to as the interfacial potential difference.

Based on the first peak of pnumnqa at all potentials, the range of the first ionic layer
formed by the cation was determined to be z = 0 A to 6.55A for k =1, 2,3, and z = 0A to
5.65 A for k = 4 with the z-axis defined as z = 0 A at the graphene position and z > 0 A for
the IL phase. Similarly, the range of the first anionic layer was determined based on ppuym NBT

to be z = 0A to 6.95A for all k. For the non-polar moiety of the Qa cation, the range was



2 =0A to 6.45A for all k. Note that when a Cg4 atom is in the first layer, the Cgy atom
is counted as belonging to the first ionic layer even if the Nq, covalently connecting to the
Cg4 atom is located at the second layer.

Orientations were analyzed for the butyl chains. Nq, atoms present in the first ionic layer
were selected, and the Ng,-Cpgy intramolecular vectors were analyzed for all the butyl chains
connected to the Nq,. Regarding the angle 6 formed by the intramolecular vector and the
z-axis, the orientational distribution function p(#) was analyzed. The p(f) is defined by the

following equation. 4146

"p(0) .
/0 T&n@d@zl (1)

In this equation, isotropy is assumed for the azimuth angle. p(f) represents the relative
probability of the orientation at 6 with respect to isotropic orientation. In other words,
p(0)/2 and (p(f)sin @) /2 are probability density functions in terms of the solid angle and 6,
respectively. When the intramolecular vector is isotropically oriented about €, p(6) is unity
at all 6.

The surface charge density of the electrode (oee.) was differentiated with respect to the
potential, and the differential capacitance (Cyq) was calculated from the slope. This numerical
differentiation was performed by fitting a quadratic expression to five consecutive points. At
the same time, the standard error was also calculated. The data points around 0 V in the Cy-
A¢ plot, where Ng, and Npr co-exist in the first ionic layer, were fitted with the theoretical

17,20

formula of Cq by the lattice gas model proposed by Kornyshev et al. as follows.

= (2)

cosh (au/2) 27 sinh? (au/2)
CYd = C’dO . 190 . 192
1+ 2ysinh” (cu/2) || In (1 + 27 sinh® (au/2))

where Cyg is Cq at 0 V, u is the reduced potential u = eA¢/kgT, « is a parameter expressing

short-range interaction between ions. The parameter ~ is defined as the fraction of occupied



lattice in the bulk and could also be expressed as follows.

= QCbulk/Cmax (3)

where Cyux 1s the ion concentration at bulk and C,,.x is the maximal local concentration of
the ion. Given that 7 takes different values for cations and anions (7, # ~_), the following
potential dependence of v may be assumed.!”

T+ — V- (4)

7T T T e (auw)

Among the parameters in the above equations, 7., v_, a, and Cyy were used as fitting

parameters.

Results and Discussions

Number density distributions

The contour maps of the normalized number density distributions of Nq, and Npr as a
function of z and potential are shown in Figs. S2 and S3, respectively. There is no significant
difference in the number density distributions among the four Qallis. In contrast the contour
maps for Cgy atoms, shown in Fig. 2, show the strong k& dependence.

First of all, we focus on the features commonly found in the first peak of all the QalLs.
QalLs showed the first layer peak at about 4A. The position does not depend on the
number of butyl chains because the first layer peak comes from the butyl chain in contact
with graphene. This first layer peak almost disappeared at potentials more positive than
the same threshold potential (~ 3 V) for all the QalLs. The disappearance of the first layer
peak means that the first layer becomes solely composed of TFSA™. The same threshold
potential for all the Qallis implies that the structure of the first ionic layer and even Cy are

not significantly influenced by the number of butyl chains of the cation at positive potentials

9
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Figure 2: Contour maps of the normalized number density of Cgs on 2-A¢ plane. The
vertical dotted lines are the schematic boundary between the first and second layers.

Figure 3: Snapshots of N{;;, (a), Nf;4, (b), N{u, (), and Nj,,, (d) in the first ionic layer
viewed from the lateral direction. (1) Lying orientation in which all the butyl chain parallel
to the electrode. (2) Standing orientation in which one or more butyl chains pointing to the
IL bulk. Nj,,, shows the standing orientation only.
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(>3 V), as we will see in the later section.

On the other hand, the first peak behavior at the negative potentials depends on the
QalLs, which includes the increase, decrease, and disappearance of the peak. A particularly
distinctive difference is that the first peak disappeared below —8V only when k = 1. There-
fore, we will first focus on the behavior of £ = 1, in detail (Fig. 2(a)). The height of the
first peak has a maximum at —2V and disappears at —8 V. This behavior can be explained
by the change in the fraction of two kinds of orientations of N}, as shown in Fig. 3(a). In
the vicinity of 0 V, N{;;, takes both the two orientations in which the butyl chain stands
(standing orientation, Fig. 3(a2)) and lies (lying orientation, Fig. 3(al)). In the definition of
the present study (see Data analysis section), the Cgy of Nj;;, in the standing orientation
corresponds to the second peak in Fig. 2 and that in the lying orientation corresponds to
the first peak. Therefore, the behavior of the first peak shown in Fig. 2 indicates that the
fraction of Nij;, in the lying orientation increases as the potential becomes more negative,
and reaches a maximum at —2V and at further negative potentials the fraction decreases.
At the potentials below —8V the fraction reaches zero, which means that all the Nj;,, at
the first ionic layer are in the standing orientation.

The behavior for £ = 2 (Fig. 2(b)) and 3 (Fig. 2(c)) was consistent with k£ = 1 in terms of
the increase in the lying orientation at negative potentials and the increase in the standing
orientation at further negative potentials. However, different behavior was also found; the
splitting of the first peak is observed for £ = 2 and 3, and the attenuation of the peak was
not observed for k = 3. For k = 4, the first peak did not show a characteristic change in the
height and shift at all, suggesting that NJ,,, does not show orientational change at negative
potentials. In the later section, we will describe the result of more direct analysis in the
orientation.

For k = 2 or 3, the first peak did not disappear even at more negative potentials than
~ —8V, unlike £ = 1. This comes from the difference in the standing orientation. For

example, in the standing orientation of N{,,,, one butyl chain stands but the other lies. Of

11



course, there are some N7;,, ions with both the two butyl chains standing, but they are in a
minority. Due to the one-butyl-lying orientation, Cgy continues to remain at the first layer

even at very negative potentials.

Composition of first ionic layer

The surface density I3 of Nqa, Npr, and, Cpy present in the first layer region are shown in

Fig. 4. These I} represent the dependence of the QalLs composition in the first layer.
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Figure 4: Surface density of Ng, (red), Ngr (blue), Cpy (green) at the first layer. The boarder
between the first and second layer (zgiy) for Nqa, Npr, Cpy are shown in Figs. S2, S3, 2,
respectively.

As expected, I'nqga increased at more negative potentials and Inpr increased at more
positive potentials. There was no significant difference in I'ygr for the four QalLs. Also,
the potential at which I'cgy4 is depleted on the positive potential side also agreed for all the

QalLs (~ 4V). This is because the Qa cations hardly contribute to the potential screening
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at potentials where the first layer is constituted only by TFSA™, as described above.

On the other hand, the behavior of I'xqa, and especially I'«p4 varied with the QalLs. From
our previous study in the case of k = 3,*! we know that the behaviors of I'nqa and [cpy are
roughly divided into three potential regions. Among the four Qalls, k = 3 clearly showed
the difference between these potential regions. Hence, in the following, using Fig. 4(c) as
an example, we will explain the behavior of I'ng. and I'cps of QalLs for each of these three
potential regions.

In the first potential region cations and anions coexist in the first layer. In Fig. 4(c) the
region corresponds to —1.5V to 1.5V. Here we call this potential region the coexistence
region. In this coexistence region, Inq, increases at negative potentials, and the slope is
the steepest compared with the other potential regions. The coexistence region around 0 V
becomes narrow with increasing k. Simultaneously, the increase in k£ causes more enhanced
exchange (steeper slope) of TFSA™ and polar portion and butyl chains of Qa cation. Focusing
on [ ¢py at the negative boundary of the coexistence region, clearly ['cgy4 is larger for greater
k, indicating that the fraction of butyl chain in the first layer is higher for greater k.

The second potential region is at potentials more negative than the coexistence region,
where the TFSA™ is completely depleted from the first layer, and the polar part of the
cation competes with the non-polar part. In Fig. 4(c), this part corresponds to —6V to
—1.5V. Here, we call this potential region the condensing region. In the condensing region,
the Qa cation in the first layer increases the local concentration and the fraction of the
standing orientation as the potential becomes negative. The high concentration can be
achieved because the occupation area per cation on the electrode is smaller in the standing
orientation than the lying orientation. Due to this difference in the electrode occupation
area, I'nqga can increase even though the anion is completely depleted from the first layer.

For the four QalLs, the behaviors of I'nqga and Icpy in the condensing region were sig-
nificantly different. For & = 1 (Fig. 4(a)), I'cps decreased as the potential becomes more

negative and it becomes negligible at —8 V. This means that all N{;;, ions have become in
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the standing orientation. Inqa increased as the potential become even more negative than
—8V. This condensation is due to the rearrangement of N7;,, into more dense structure.
For k = 2 (Fig. 4(b)), I'cps decreased as the potential become more negative but converged
to a finite value ~ 1.5 x 102 A~> unlike the case with k& = 1. The decrease indicates the
standing orientation increased, the same as for k = 1. The convergence to a non-zero value
is specific to cations with multiple alkyl chains (£ > 2); some butyl chains remain in the
first layer even in the standing orientation. For k = 3 ((Fig. 4(c)), Icpsa was almost con-
stant in the condensing region regardless of the potential. Like & = 2, this results from the
balance between the two effects. For k = 4 ((Fig. 4(d)), both I'nqa and I'cps increased as
the potential becomes more negative. However, the rate of increase of I'ng, was significantly
small compared to the other Qalls. As shown in the later section, the orientation of Nj,,, is
almost independent of the potential. Therefore, the increase in I'ng, and I'cps are not due
to the change in the orientation of Nj,,,, but are due to the densification of Nj,,. Such an
effect also appeared clearly for £ = 1 as already mentioned. Even in the cases with k = 2,
3, the same effect seems to exist although it is not as clear as with & = 1, 4.

In the third potential region, the fraction of the Qa cation in the standing orientation
can no longer increase any more, and /nq, is almost saturated. It corresponds to —6V or
more negative in Fig. 4(c). Here, we call this potential region the crowding region. In the
crowding region, charging of the EDL occurs by the accumulation of cations in the second
layer because the first layer is already saturated with cations. Such a phenomenon has

1217 35 ”jon crowding”. For k

already been found in previous studies by MD?7 and theory
= 2, 3, and 4, small kinks were observed for I'nq, at —9, —5, and —4 V, where the crowding
occurred judged from the appearance of the second peak in the number density distribution
of Nqa (Fig. S2). On the other hand, when k = 1, the crowding region was not observed. The
potential at which the crowding occurs for £ = 2, 3, and 4 negatively shifts as k decreases.

Hence, the crowding is expected to occur in the case of £ = 1 at more negative potentials

beyond the potential range investigated.
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Fig. 5 shows the snapshots of the first layer at the most negative potentials investigated
and therefore in the crowding region. For the case with k = 2, 3, and 4, the QalLs did not ex-
hibit well ordered two dimensional structure, but [N7;,,][TFSA~] exhibit honeycomb lattice.
Two dimensional structure has been reported in a MD study on 1-butyl-3-methylimidazolium
hexafluorophosphate® and in a scanning tunnel microscope study on 1-butyl-1-methylpyrro-
lidinium tris(pentafluoroethyl)trifluorophosphate.® The former reported honeycomb lattice
composed of both the cations and anions, and the latter reported linear lattice of cations
at negative potential. Unlike these cyclic compounds and the present multi-alkyl Qa ions,
N7,,4 has less bulky polar part and more symmetric rod-like structure and therefore the
polar parts of the neighboring N{,, can be close enough to form honeycomb lattice entirely

composed of cations.

Figure 5: Snapshots of the first layer at the most negative potentials. (a) N4 (b) N{j.
(c) Niyy (d) N, Butyl chains at the second layer region are not displayed. Only N,
showed hexagonal array.
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Orientational distribution of butyl chain in Qa cations

As indicated by the snapshot (Fig. 3) and composition (Fig. 4), the Qa cations in the first
layer change their orientation depending on the potential. In order to examine the orientation
of Qa cation more directly, the orientational distribution of the butyl chains was analyzed.

The orientation distribution function of the butyl chain is shown in Fig. 6.

+ - + -
10 — [N{114J[TESA™] 5 10 — [N{144J[TESA™] 5
8 81
6 4 6 4
4 4
> 2 38 2— 33
3 o < 0 “
s 2 ;2)_ -2 2 c%
-4 —/0 _4,
—6 s’y 1 -6 1
) _Sj
—10 T 0 —10*
135 180 180
10 1444][TFSA ] 5 10 [N4444][TFSA ] 5
a (c) sl (d)
6 4 6 4
4 4
52 1.0 38 21 38
- 0 <_=> > 04 = P
L 28 -2 2%
-4 S}/—?Q —4+ i
-6 fo ~ / 1 —61 ( 1
US| -
-10 0 -10
0 180 0 45 90 135 180
6 / degree 0 / degree

Figure 6: Contour maps of orientational distribution pxga—cpa on the -A¢ plane, where
= 0° represents that the butyl chain point to the IL bulk phase and # = 90° represents that
the butyl chain is parallel to the electrode.

Among all the QalLs, a sharp peak near 90 degrees and a broad peak from 0 to 60 degrees
were observed. The presence of the former and latter peaks indicates that the butyl chains
are parallel and perpendicular to the interface, respectively. Note that the sharp peak has
contributions from both the standing and lying orientations of the Qa cation except for k =
1 (Fig. 3). This is because, in the case with & > 2, some butyl chains are lying even if the
Qa cation takes the standing orientation (Fig. 3(b2), (¢2), and (d)). Nevertheless, the sharp
and broad peaks mainly reflect the lying and standing orientations, respectively. For k = 1,

2, 3, the sharp peak was highest around —2V. On the other hand, the broad peak increased
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as the potential becomes more negative than —2V. However, for k£ = 4, the orientation of
N4 hardly changed, which agrees with the number density distribution (Fig. 2(d)) and
first layer composition (Fig. 4(d)).

In order to more directly investigate the potential dependence of orientation, the distri-
bution function of orientation was integrated based on Eq. (1) to calculate the fraction of
the two orientations. The fraction as a function of potential is shown in Fig. 7. The results
were significantly different between k = 1, 2, 3, and £ = 4. Focusing on the proportion of
standing butyl chain (purple plots), local minima were found at —2, —1.5, and —1V for k
=1, 2, and 3, respectively. These minima show that the Qa cations in the lying orientation
increase as the potential becomes more negative than 0V, but the standing orientation in-
creases at further negative potentials. The potentials at the minima correspond roughly to
the potentials where I'ygr becomes 0 in Fig. 4. Also, in the case of k = 2, 3, the fractions
converged to constant values at negative potentials. These different behaviors occurred at
the coexistence, condensing, and, crowding regions, respectively. On the other hand, for &
= 4, the orientation fractions showed constant values at almost all potentials. The fraction
of standing butyl chain was 0.25, which indicates that no orientation change occurs from the

state where only one of the four butyl chains in NJ,,, stands.

Differential capacitance

The potential dependence of Cy of the four QalLs is shown in Fig. 8, and the best fit curves

1720 are shown in Fig. 9. The fitting

of the lattice gas model proposed by Kornyshev et al.
parameters are shown in Table 2. Regardless of the difference in cation size, the four Qalls
showed almost the same Cy around 0 V. In terms of the Debye length, the smaller ion gives
the larger Cyq because of the increase in the bulk ionic density. The contradiction between
the Debye length and the present simulation results suggests that the estimation with the
Debye length is invalid in ILs. The reason is ascribed to the Debye length (1 A) smaller than

the ion size (10 A), which apparently contradicts the point-charge assumption. Because of
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Figure 7: Fraction of butyl chain pointing to the IL bulk phase (purple) and parallel to the
electrode (green). The fraction was calculated based on the integration in Eq. (1).
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the excluded volume of the ions, the first ionic layer almost determines Cy near 0 V like in
the Stern model (or the Helmholtz model), and therefore the distance between the “surface”
ion and the electrode is the most important determinant. The only small difference in Cy
around 0 V is due to the similar distances among the four Qallis as shown in Figs. 3, S2,
and S3.

Table 2: Best fit parameters of the fitting of the theoretical equation (Eq. (2))
of lattice gas model?° to the Cy-A¢ plots (Fig. 9).

Range of A¢

. -2
Qa cation for fitting / V Cqo / pF cm oA y— !
N1 —2.8 to 2.2 8.6+ 0.1 0.6+02 040+ 008 0.05 % 0.01
N 4 ~1.81t0 1.7 83+ 0.1 0464005 0.25+0.02 0.085 % 0.008
N ~1.5to 1.4 8.7 + 0.2 07402 023+002 0.08 % 0.02
Ny —0.9 to 1.2 9.6 + 0.4 08403 025+004 0.1+0.05
10
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Figure 8: Potential dependence of differential capacitance.

The Cy-A¢ plots exhibited bell-shape and camel-shape behavior in the cases of k =
1, 2, and 3, 4, respectively. The transition from bell-shaped to camel-shaped behavior
with increasing the ionic size agrees with the prediction from the mean-field lattice gas

model!” and our previous experimental study for Cyq measurement.®® The best-fitted ion
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Figure 9: Potential dependence of differential capacitance and the theoretical curve (gray
line) of Eq. (2) fitted to the data near A¢ = 0 (solid diamond). .
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interaction parameter o was smaller for smaller k. « is a parameter reflecting local inter-ionic
interactions; it decreases from unity with increasing the relative strength of like-ion repulsion
against unlike-ion attraction.?® The smaller o for smaller k is presumably ascribable to the
stronger repulsion between cations due to smaller ionic size, while the attraction between
neighboring cation and anion is rather similar irrespective to k because the polar part of
the cation can be close to the anion. It should be noted that the value of o depends on
the MD method. In a previous MD study®' using a spherical model, Haskins and Lawson
compared the constant charge method (constant-¢), which we used in the present study, and
the constant potential method (constant-A¢). They showed that the Cy4-A¢ plots for the
latter method have a shallower slope and smaller a because of the weakened electrostatic
interaction between the electrode and ions by the induced dipoles. The same tendencies were

253162 yi5ing all-atom models. Although a further study

also reported by the MD simulations
is necessary to compare MD simulation with the lattice gas model, it is still meaningful to
discuss the order of o values for different k in the present study.

The Cq4 values at negative potentials decreased as k increased, indicating that the larger &
leads to the suppression of cation concentration rise in the first layer. In spite of the notable
difference at negative potentials, there was an only small difference among the QallLs at
positive potentials. Since the potential is almost determined by the structure of the first
ionic layer, the small difference means that the structure of first ionic layer composed of
TFSA™ at positive potentials is not significantly affected by the structure of Qa cation.
However, in the case of k = 4, there is a difference from the other three cases, suggesting the
butyl chains in the TFSA™ layer still affect the layer structure due to relatively high I'cpy
value for k = 4.

As in our previous study of [Nf,,,][TFSA~],* the lattice gas model reproduced the Cg-
A¢ plots by MD, but a discrepancy between the theoretical curve and MD results at negative
potentials is clearly discernible (Fig. 9). For all the QalLs, the discrepancy increased in the

condensing region. The discrepancy was smaller as k increased, but it even existed at k =
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4. In the previous study, we considered that the main factor of the discrepancy lies in the
orientational change of the Qa cation. However, Nj,,, does not have such an orientational
change (e.g. Fig. 7(d)). Therefore there seems a factor other than the orientation change
of the Qa cation. The densification of ions in the first layer is a presumable reason, which

was also observed in our previous experimental studies.3¢:69-63

In a lattice gas model, such
densification corresponds to an increase in the lattice sites and decrease in . Such an effect
is not included in the lattice gas models, which would be the reason why the discrepancy
was also seen in symmetrical Nj,,,. Nonetheless, the most significant discrepancy at k = 1

supports that orientational change is a major factor. Both the densification and orientational

change contributes to the higher Cy value than the theoretical curve at negative potentials.

Conclusions

The potential dependence of the electrical double layer structure and differential capacitance
at the interface between QalLs and graphene electrode interface were investigated for four
types of QalLs by changing the number (k) of butyl chains in the Qa cation.

Surface density of the polar part of Qa cations in the first layer (I'nqa) revealed that
the increase in k (larger cation) causes cation saturation in the first layer at less negative
potential. Also, the behavior of the butyl chain (I"cp4) significantly depended on k.

The orientational analysis of the butyl chain for £ = 1 and 2 showed that the fraction of
lying orientation increases as the potential becomes negative, but then standing orientation
increased at further negative potentials, which agrees with the result in a previous study for
INT][TFSA™] (k = 3).%! However, in the case of NJ,,, (k = 4), the ratio of butyl chains
parallel to the electrode to those vertical was 3:1 at almost all the potentials, which means
that the geometry of Nj,,, does not allow it to be in the lying orientation. Only [N{,]
[TFSA~] exhibited honeycomb lattice at negative potential because of its less-bulky polar

part.
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Cq around 0 V was almost the same in all the Qalls. The similarity contradicted
the C4 difference estimated by Debye length, which means that screening of the electric
field generated from the electrodes is almost achieved only in the first layer. At positive
potentials, where TFSA™ is dominant in the first layer, the Cy-A¢ plot in all the Qalls
was almost the same, while at negative potentials, where Qa cation is dominant, Cy was
smaller for larger k. As in the previous study on [N{,,,][TFSA~],4! the theoretical curve of
the lattice gas model failed to reproduce the C'y behavior at negative potentials. The change
in orientation of the cations is the reason of this deviation as was suggested in the previous
study of [NT,,][TFSA~]. However, even Nj,,,, which is more symmetric and therefore should
have little contribution from orientational change, showed the discrepancy, which suggests
another contribution, i.e., the densification of the Qa ions more closely packed at more

negative potentials.
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