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Maximum packing density of ions at ionic liquid—electrode interfaces
ABSTRACT

In this work, we have developed a workflow for simulating a one electrode model of
ionic liquid—electrode interfaces (ILEIs). The workflow utilises Packmol to generate the
initial models, Gromacs to run and process molecular dynamics simulations, and python
scripts to evaluate the maximum packing density (6,,) of the contact layer at the ILEI. By
these means, we have studied 40 ionic liquid ions with a focus on the monolayer structure
formation and surface charge screening. Based on the differences in the screening mechanism,
we divided all ions into four classes: balls, roly-poly, teeter-totter, and head-tail. Using the
obtained 6,; and geometric values, we have estimated structure-determined potential and
capacitance values. By comparing the predictions to the empirical data, we conclude that for
the studied ILEIs the monolayer formation is impossible within the measurable potential
window. Finally, we have suggested ions that potentially can exhibit the monolayer formation

within their electrochemical window.
CERCS: P352, P401

Keywords: ionic liquids, molecular dynamics simulations, maximum packing density,

electrical double layer, overscreening, crowding, interface.



Ioonide maksimaalne pakkimise tithedus
ioonvedeliku ja elektroodi piirpindadel

LUHIKOKKUVOTE

Kiesolevas t60s oleme vilja todtanud todvoo ioonvedeliku—elektroodi piirpindade (ILEI)
tihe elektroodse mudeli simuleerimiseks. Toovoog kasutab Packmol'i esialgsete mudelite
koostamiseks, Gromacs'i molekulaardiinaamika simulatsioonide kdivitamiseks ja tootlemiseks
ning Python-skripte, et hinnata ILEI kontaktkihi maksimaalset pakkimise tihedust (6M).
Nende vahenditega oleme uurinud 40 ioonvedeliku iooni, keskendudes monokihi struktuuri
moodustumisele ja pinnalaengu varjamisele. Varjumismehhanismi erinevuste pohjal jagasime
koik 1oonid nelja klassi: pallid, jonnipunnid, kiigud ja pea-saba. Kasutades saadud 6M ja
geomeetrilisi véartusi, oleme hinnanud struktuurist tingitud potentsiaali ja mahtuvuse
vaartusi. Vorreldes ennustatud véartusi empiiriliste andmetega, jareldame, et uuritud ILEIde
puhul on monokihi moodustumine vdimatu mdddetava potentsiaali aknas. Lopuks pakkusime

vilja 1oonid, mille elektrokeemilises aknas vOib potentsiaalselt tekkida monokiht.
CERCS: P352, P401

Votmesonad: ioonsed vedelikud, molekulaardiinaamika, maksimaalne pakkimise

tihedus, elektriline kaksikkiht, iilevarjestamine, tunglemine, piirpind
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1. LIST OF ABBREVIATIONS AND NOTATION USED

CDFT
EDL
IBL
IL
ILEI
MD
MC
NaRIBaS
PZC
C

Cu

Cs

Classical Density Functional Theory
Electrical Double Layer

Interfacial Bilayer Model

Ionic Liquid

Ionic liquid electrochemical interface
Molecular dynamics

Monte Carlo

Nanomaterials and Room-temperature ILs in Bulk and Slab
Potential of Zero Charge

differential capacitance

capacitance of the monolayer

capacitance of the saturated interface
potential drop across the interface

potential drop across the monolayer
potential drop across the saturated interface
surface charge density

distance between the surface charge density and the electrolyte charge

density planes; distance between the surface and contact layer

distance between the surface charge density and the monolayer charge

density planes; distance between monolayer and the electrode surface
charge density of the contact layer

maximum packing density corresponding to the monolayer



2. INTRODUCTION

The potential of using ionic liquids (ILs) in technological applications motivates
extensive studies of IL—electrode interfaces (ILEIs). Remarkable advances have been reached
in the experimental characterisation of such interfaces. Namely, the unique layering of ions
near the electrode surface (known as overscreening) was accessed with an impressively wide
range of spectroscopy [1—15], microscopy [16—28], and electrochemistry techniques [29—43].
Moreover, the theoretically predicted crowding of counter-ions [44-47] was observed in
computer simulations [48-53]. Kirchner et al. identified in simulations a transitional
overscreening-to-crowding structure that corresponds to the maximum density of ions (6y)
packed in a monolayer of counter-ions [51]. At the potential of the monolayer formation, the
surface charge density (o) is completely screened by the contact layer of ions (¢ = —6),). That
monolayer Anzatz was developed in further works [54-56] and appeared in various molecular
dynamics (MD), Monte Carlo (MC), and classical density functional theory (CDFT) studies
[50,52,57]. However, neither crowding nor monolayer formation have been decisively

demonstrated in experiments [12,13,15,40,41,58].

We hypothesise that predicting the 8y, values can guide the experimental characterization
of crowded ILEIs as well as the estimation of structure-determined ILEI properties. Since the
near-surface structure of an IL affects, for example, the heterogeneous electron transfer, the
interfacial capacitance, and interfacial lubricity, then estimating the 6y, values is presumably

of great practical importance.

Previously, 6, values were evaluated for a set of ions in work [59]. That study concluded
that observation of the monolayer structure for ions of practical importance (Im,", TFSI,
[FEP]") is unlikely under experimental conditions due to very high estimated potential drop
across the monolayer (Agy,). In this work, with the help of MD simulations, we took the next
step to calculate 6y, and Agy, values for a larger set of ions with different sizes and shapes. All

studied ions are listed in the Appendix Table 1 and their ball-and-stick visualisation is shown

in Figure 1.

This BSc project aimed to (1) develop a workflow for efficient density estimation of an
ionic monolayer at an oppositely charged surface, and (2) test the workflow on common IL

ions to obtain 6y values and related structure-determined potential and capacitance values.
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Figure 1: Ball-and-stick model of selected ions representing four identified classes.
For ion names and acronyms see the Appendix Table 1.

3. LITERATURE OVERVIEW

3.1. Theoretical models

At an atomically flat surface, the electrical double layer (EDL, i. e., interfacial structure)
represents a parallel plate capacitor with a charge density (o) and a potential drop between the
two plates (Ap). One charge plane is given by the electron charge density distribution at the
surface while the other charge plane is given by the ion charge density distribution of the
electrolyte ions at the interface. The so-called Helmholtz model (see Ref. [60]) is the simplest
model of the EDL, postulating that a charged surface attracts ions of the opposite charge to
form a layer of these counter-ions. In this model, the surface charge density plane is set at the
nuclei position of the outer surface atoms, while the electrolyte charge density plane is set at
the nuclei position of the counter-ion layer ions. In other words, the charge density
distributions are expressed via the geometric structure parameters of the interface. Assuming
that the distance between the surface and ion layers (/};) is constant, the Helmholtz capacitance

(do/dAg) is given as:

(1)

where ¢, and g, stand for the relative permittivity and the permittivity of vacuum.

For diluted aqueous electrolytes, Gouy and Chapman introduced a diffuse layer [61],

which accounted for the thermal motion of ions that prevented them from simply
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accumulating at the surface and considered them distributed in a larger space. Such
modification gives an expression that qualitatively describes the capacitance of low absolute

potentials:

&€ FA¢
Cac = I cosh( SRT ) )

where /; is the concentration-dependent Debye length, F is the Faraday constant, R is the gas

constant, and 7 is temperature.

For concentrated ILs, Kornyshev introduced the ratio of the bulk density of the ions in the
liquid to the maximum possible density in the double layer (y) [62] and a short-range
correlations parameter (o) [63]. At y =0 and a = 1, that model reduces to the Gouy—Chapman
model. At 0 < y < 1 and 0 < a < 1, that model qualitatively describes two common

capacitance—potential dependencies known as bell shape and camel shape:

FA¢ - 12( FA¢
- erco v/acosh <O‘W) 2~ sinh (O‘W) 3
K pu—
b 14 2~y sinh? (a%) In [1 + 2+ sinh? (a%)}

Both Gouy—Chapman and Kornyshev models must account for the distance of the closest
approach as suggested by Stern [4], which effectively imply adding in series the Helmholtz

capacitance as:

11, 1
Cep. Cm  Cgox “)

Depending on the electrolyte the contact layer charge density (6) is either higher or lower

than needed to compensate for the surface charge density (o) by:
A=—(c+0) (5)

In Ref. [55] the quantity A is referred to as the surface charge excess regarding ILEI where the
contact layer overscreens the surface charge. That quantity is compensated by the charge of
the subsequent EDL layers in ILs or of the diffuse layer in aqueous solutions. In the case of

ILEIL it is justified to relate 4 to the geometric structure as the Debye length in ILs is
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comparable to the size of ions. For example, the interfacial bilayer model (IBL) [56] assumes

that the first two ion layers determine the potential drop as:

o -6
N €&

Ay (6)

where / and ¢ are the distances between the electrode and the contact layer and between the
contact and second layer. For potential ranges of interest, it is reasonable to assume

independence of / and J of Ag, so that the capacitance can be expressed as:

geg O O

_ 7
RN @)

CiBL =

where the first term 1s the Helmholtz capacitance (Cy) from Eq. (1).

Based on MD simulation results, Voroshylova et al. related the saturation of the second

layer to the condition 04/0A¢@ = 0 at which the IBL capacitance equals Cy; [56]:

Cs = CH 3

Previously, with the help of MD simulations Kirchner et al. observed the saturation of the
contact layer — the monolayer formation [51]. Assuming Helmholtz like charging, the

monolayer capacitance equals [65]:

Im
— M — 9
Cum i o Cu = aCy 9)

where /[y, and Jy, are the distances between the electrode and the monolayer layer and between
the monolayer and second layer in the crowding regime. Furthermore, the charge conservation

law [62,66], can be used for the estimation of C(A¢) dependence around Agy:

A(P a—1
o)

Equalising Eqgs. (8)—9) to Eq. (10) gives the structure-determined potentials [67]:
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In the work, we evaluated 6, and estimated (Cy;, Agpy) and (Cs, Agg) for each ion using Eqs
@)r-(12).
3.2. Computer modelling

Although nowadays there are many theories for ILEI properties [45-47,62,63,68-70],
few of them and only in the most general manner reproduce the key ILEI structural features
such as overscreening and crowding. Computer modelling performs this task much better and,

thus, provides a better ground for a phenomenological understanding of the ILEI.

crowding . . . . —=0
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monolayer 1 =0
=0 000®
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v www

overscreening . .

overscreening A

~>0
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Figure 2: Schematic representation of an ionic liquid-electrode interface at variable
surface charge density that is screened by shown counter- and co-ions. The given
criteria are discussed in the text.

Rich structural features and slow dynamics of the ILEI represent a challenge for building
computer models and developing theories that can reproduce the ILEI characteristic
phenomena of overscreening, monolayer formation, and crowding. Figure 2 illustrates

different states observed in MD simulations of the ILEI [46,49,51,56]. The overscreening,
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monolayer and crowding are the states at which |o] < (0], 6 = —60\, and |g] > |0], respectively.
Or, in terms of 1 and o, 4/6 > 0 (overscreening), /g = 0 (monolayer), and /o < 0 (crowding).
Figure 2 shows two types of overscreening: first, with co-ions present in the contact layer and,
second, with all co-ions pushed to the second layer. On the one hand, close to the potential of
zero charge (PZC), there is a high density of co-ions near the surface. On the other hand, at
higher absolute potentials, co-ions are pushed to the second layer and 6 is determined solely
by the density of counter-ions. Finally, the density of co-ions in the second layer also reaches

the state of saturation when A approaches its maximum, i. e., di/do = 0.

Computational modelling allows for atomistic simulations of the EDL in specific ILs in
parallel to their experimental characterization. On the one hand, realistically long simulations
of large models, especially using quantum mechanics, require enormous high-performance
computing resources. On the other hand, simulations focusing on a specific process require
simpler models, shortened runs, and fewer resources. The monolayer formation is one of such
processes that can be described with the Helmholtz model. Following the simplification
approach, we have studied 40 ILs at a model ILEI, which is by an order of magnitude more

than in a standard MD simulation work.
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4. METHODS

4.1. Approach

Most of the ILEI simulations are performed with the two electrode model that consists of
two electrodes and an IL electrolyte composed of both counter-ions and co-ions [71]. In this

work, we used a single electrode ILEI model that includes only counter-ions, i.e. similar to the
Helmholtz model. We used that model to evaluate the maximum packing density (6,) under
the assumption that the monolayer of counter-ions completely screens the surface charge
density (o = —6\), as reported in the literature [51]. On that basis, we expect our model to give
Oy and Agy values similar to those obtained from more sophisticated two-electrode ILEI
models. Herewith, the use of the one electrode model reduces the computational resource

demand by two orders of magnitude in comparison to the two electrode models.

4.2. Simulations

The electrode was prepared using the Atomic Simulation Environment [72] with a size of
4.262577 nmx3.9376 nm (640 carbon atoms). The Packmol algorithm [73] with variable
seeds was used to generate five replicas of the ILEI models with counter-ions. The surface
charge was set by fixing the atomic charge on each electrode atom. The whole system was

kept electroneutral as counter-ions completely compensate for the surface charge.

The GROMACS software package [74—80] was used to perform the simulations. First,
the simulation ran for 10 ps with a 1 fs time step using a steep integrator as a rough energy
minimization run. Then, ran for 20 ps with a 0.5 fs time step as an equilibration step to
generate velocities equivalent to a temperature of 100 K. The final production run lasted 1000
ps, with a 1 fs time step and velocities corresponding to 353 K. The verlet cut-off scheme was
employed and xy-periodic boundary conditions were applied with the particle-mesh Ewald
and 3dc Ewald correction [81-83]. Next, the trajectories excluding the first 10 ps of the
production run were analysed. Charge density, mass density, and electrostatic potential
profiles were obtained using GROMACS tools and automatically collected and processed
with python scripts. And distances were analysed by MDanalysis software [84,85].
Visualisation of the ILEI models and ions was prepared with the VMD software [86].
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4.3. Workflow

A customizable and automated workflow was built using the NaRIBaS (Nanomaterials
and Room-temperature ILs in Bulk and Slab) scripting framework [87]. With the required ion
and electrode topology files and defines the input parameters, the NaRIBaS script can be
initiated. Then it starts generating systems with predefined numbers of counter-ions near the
electrode surface within a box and performs molecular dynamics (MD) simulations. The

whole system can remain electroneutral as the electrode is charged oppositely.

The number densities of the counter-ions are extracted from the MD trajectories by a
preset and unique “centre” for different ions. The maximum packing density for ions is then
determined by observing the dependency of contact layer ion densities on the surface charge
densities. Before the contact layer gets crowded, the rise in monolayer density is naturally
linear with the surface charge density. The maximum density will then be simulated and

shown as a plateau on the graph.

4.4. Analysis

4.4.1. Maximum packing density

Using the numerical evaluation of the mass density profiles, the contact layer was defined
from each ion at each simulated o value. In the perpendicular direction to the electrode
surface, the appearance of the contact layer is defined as the point at which the density in the
slice exceeds a threshold, and the end of the contact layer is defined as the point at which the
density returns below the threshold. The density of a contact layer (8) is found by integrating
the density in the slices in between. Each 6, value was automatically estimated by plotting &
vs o as illustrated in Figure 4. The estimation precision depends on how much ions reorient
with increasing o. Therefore, we checked for the crowding condition — occurrence of
counter-ions in the second layer — to obtain the 6y, values reported in the Tables below. In

addition, we evaluated /,; and oy, values for Eq. (9).
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Figure 3: Contact layer charge density (8) dependence on the surface charge density
(o) for PFs~. The maximum packing density (6y) corresponds to the plateau.

4.4.2. Monolayer potential drop

The monolayer potential drop (Agy) was calculated using the Poisson equation and the
charge density profiles. Then we recalculated these values under the assumptions that, firstly,
the partial charge transfer can be accounted for by varying relative permittivity (e,), and,

secondly, the total potential drop can be split into electrode and electrolyte contributions.

The first assumption views the partial charge transfer as an extreme on electronic
polarisation at the ILEIL. In our simulations, we used ¢, = 1, while values from 1.6 to 2 are
commonly used in MD simulations to account for electronic polarisation through atomic

charge scaling as ¢ = ¢, [88].

The second assumption was tested by comparing Ag,, values evaluated (1) directly via
the Poisson equation, (3) using obtained /y; in Apy = 0\w/€.€, and using simulated 6y, in the

following expression:

d+r do v/ qb
Apy = —— Loy = - M 4 . g XM (13)
€r€0 €r€Q €r€o

where ¢ is the counter-ion charge (£le in this study), k£ is the compression factor of an ion,
i. e. the ratio between contact () and the lateral (R* = Y4-¢/0),)) radii of the counter-ion. The

compression factor (kK = 7/R) indicates how much the ion’s elliptic form deviates from a
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sphere. The summation of d and r relies on the assumption that the distance between the

surface and the contact layer is given by the radii of surface atoms and counter-ions.
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Figure 4: Plot of estimated A@ values against Ag, calculated with Poisson equation.
Blue points are calculated with Eq. (13). Red points are calculated as Apy = IvBw/&Eo-

Figure 4 demonstrates the high coefficients of determination (R?) of 0.991 and 0.988 for
linear regression of (1)—~(2) and (1)—(3) values. Indeed, the potential drop within distance (d)
from the electrode can be associated with the electrode and corrected as described in Ref.
[89]. So, below, we set d = 0 nm in Eq. (13) by assuming that the surface charge plane of an
ideal metal electrode extends by one-half of an interplanar spacing as follows from theory

[90,91] and calculations [92,93].
4.4.3. Structure-determined potential drops and capacitances

As described above, the monolayer potential drop — Agp,, — corresponds to the saturation
of the contact layer. Another structure-determined potential — Apg — corresponds to the

saturation of the second layer. Apy,—Cy and Aps—Cs pair values were predicted using Egs.

(8)-(12) with / = ryand g, = 2.
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5. RESuULTS

After the analysis of simulation data, the examined ions were classified into four distinct
groups based on their interfacial behaviour: ball, head-tail, roly-poly, and teeter-totter. The
interfacial behaviour was differentiated by the —6(o) dependence. The ball and teeter-totter
ions give a simple |f|-o plot with two clear intersecting lines, while head-tail and roly-poly

groups show more complex |d|—o plots due to the reorientation of individual ions.

5.1. Ball class

The ball class, as its name suggests, includes roundish ions such as BF,", Br", CI", FEP",
I, OTFand PF¢. Their main feature is that they behave like coarse-grain balls during the

simulations and form close-packed structures.

25 FEP™ ions (contact layer)

Figure 5: Ball-and-stick models of the FEP~ | electrode interface. The maximum
packing density is reached in simulations of 27 FEP~ ball ions per the electrode area.
Ions forming the second layer are shown in red.

Figure 5 shows the packing of ball FEP™ ions. Due to the simple shape, ions are well
organised and fill the surface in a highly ordered manner resulting in dense packing. Ions
belonging to this class do not change orientations upon increasing |o|. However, with |g]

increase, their packing density can increase stepwise.
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Figure 6: Two dense packings of Br~ adlayers. Left: model with 173 ions, 157 of which
are in the contact layer. Right: model with 174 ions, 170 of which are in the contact
layer.

For example, in Figure 6 the maximum packing density in increasing stepwise from -150
to -162 uC-cm™ when o is increased by only 1 pC-cm™. A similar phenomenon is well
known for halide anions adsorbing from aqueous solutions [94]. Most recently, analogues

stepwise densening was observed in MD simulations of BMImPF, | Au(/4k/) interfaces [65].

Table 1 summarises simulated and estimated parameters of the modelled ILEIs with ball

ions. This data is discussed below.

Table 1: Structure-determined parameters of the modelled ILEIs with ball ions.

lon By [MC-cm™] ou V] ®s [V1| Cy [UF-cm™]| Cs [uF-cm™] a
BF,” -105.95 10.5 1.9 3.1 10.1 0.60
Br -149.85 9.5 1.5 4.0 15.7 0.26
crr -182.30 9.7 1.5 4.4 18.9 0.23
FEP~ =25.77 3.8 0.8 25 6.7 0.71
I- -86.86 7.4 1.2 3.0 11.8 0.26
OTF~ -73.49 7.8 1.2 2.2 94 0.39
PFg” -78.27 10.8 2.2 2.6 7.3 0.60

5.2. Head-tail class

Head-tail ions consist of an alkyl chain tail and a head. For Py, and Im,* the head is an

aromatic cycle. For Am,", Pyr,” and N,,,," ions, the head is an (alkyl)ammonium group.
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15 N;;;47 ions (contact layer)

46 N;;14” ions (monolayer)
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57 Nj5147 ions (two layers)

Figure 7: Ball-and-stick model of N,,;,* | electrode interface from the head-tail ions.
The maximum packing density is reached in simulations of 46 N,,;,© ions at the
electrode model. Ions of the second layer are shown in red.

Head-tail ions demonstrate parallel and perpendicular orientations depending |o]. For both
orientations, ion heads are in contact with the surface as they hold the charges while tails
occupy available space at or above the surface. Figure 7 shows the packing of head-tail N,,,,"

cation with reorientation and crowding.

N2214+ ions flat orientation

N2214+ ions standing orientation

Figure 8: Ball-and-stick model of N,,;,© | electrode interface. Changes in the tail
orientation from parallel to perpendicular to the surface.

As shown in Figure 8, when there is enough space at the surface, ions orient parallel, i. e.,
tails lie down and directly touch the surface. When the number of ions on the surface

increases, tails are forced to stand up. This phenomenon was previously reported in many
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simulation works, e. g. [13]. At the maximum packing density, all tails at all studied ILEIs
were standing. Aromatic rings in Im,," and Py," ions also change orientation from parallel to
perpendicular relative to the surface upon increasing |o|. Some aspects of such reorientation
are discussed in Refs. [2,95,96]. This study reveals that in the monolayer structure only a

small fraction of ring heads, unlike tails, is in the perpendicular orientation.

Table 2 summarises simulated and estimated parameters of the modelled ILEIs with

head-tail ions with the tail length of 4. Additional data is given in Appendix Table 2.

Table 2: Structure-determined parameters of the modelled ILEIs with head-tail ions.
Only one set is shown per each family of ions, while more detailed data is given in
Appendix 2 Table 2.

lon Oy [UC-cm™] owu [V] @s [V]| Cy [pF-cm™]f Cs [uF-cm™] a
Am,* 98.31 4.4 1.2 135 225 0.60
Im,* 44.86 4.1 1.0 5.4 10.9 0.50
Py," 42.95 3.8 1.1 7.9 11.3 0.69
Pyr,* 46.77 6.9 2.1 4.8 6.7 0.71
NI 43.91 7.4 1.6 2.2 5.9 0.95
S, ~65.86 15 15 35 9.1 0.39

5.3. Roly-poly class

Roly-poly ions, as the class name suggests, can change individual orientation from
parallel to perpendicular to the surface with increasing |o|. Roly-poly ions prefer to lie flat on
the surface at low |a|, but as |o] to a certain point, ions begin to stand up to make more space
for adsorbing ions. Figure 9 shows a particular state where all ions lie parallel to the surface.
Increasing |g| forces ions to stand up increasing the fraction of ions oriented perpendicular to
the surface. In the monolayer of roly-poly ions, we observed that both parallel and
perpendicular orientations coexist. Moreover, roly-poly can stand up as well as down. In
Figure 9, the SCN™ ions can contact the surface with both sulphur and nitrogen atoms. In
general, roly-poly ions are drastically different from head-tail and ball ions in terms of

packing at variable |a].

Table 3 summarises simulated and estimated parameters of the modelled ILEIs with

roly-poly ions. This data is discussed below.
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83 SCN ions (contact layer)

Figure 9: Ball-and-stick model of SCN™ | electrode interface from the roly-poly ions.
First SCN~ stands when 86 ions are simulated, and the maximum packing density is
reached when 110 SCN~ ions are simulated at the electrode model. Ions of the second
layer are shown in red.

Table 3: Structure-determined parameters of the modelled ILEIs with roly-poly ions.

lon 6u [MC-cm™] ou [V] s [V]| Cu [UF-cm™]| Cs [uF-cm™] a
B(CN),” 66.81 11.8 3.1 3.0 5.7 0.96
FSI” 58.22 7.0 1.3 2.7 8.3 0.33
C(CN)y” 73.49 8.3 2.0 4.3 8.9 0.48
N(CN),” 110.72 9.4 1.5 3.0 11.8 0.26
SCN- 104.99 5.2 0.6 3.6 20.2 0.18
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5.4. Teeter-totter class

Teeter totter ions are composed of ions which have a binary structure with one central

atom connecting two similar groups on both sides.

19 TFSIZ" ions (contact layers)

Figure 10: Ball-and-stick model of TFSI,” | electrode interface from the teeter-totter
ions. The maximum packing density is reached when 31 TFSI, ions are simulated at
the electrode model. Ions of the second layer are shown in red. One
trans-configuration ion is indicated with a red arrow.

Even though the teeter-totter ions can be considered as linear shape and similar to the
roly-poly ions, they do not reorient with increasing |o|. More negatively charged atoms of

teeter-totter ions face down the surface at all studied |o]. Only at very low |o], the teeter-totter

ions might take a trans-configuration as shown in Figure 11.

Table 4 summarises simulated and estimated parameters of the modelled ILEIs with

teeter-totter ions. This data is discussed below.

Table 4: Structure-determined parameters of the modelled ILEIs with teeter-totter
ions.

lon 6\ [MC-cm™] om [V] s [V]| Cu [uF-cm™]| Cs [uF-cm™] a
TFSI- -42.00 4.6 1.1 4.6 9.1 0.50
TFSI,” -31.50 3.6 0.8 3.9 8.9 0.44
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Figure 11: Top view of Ball-and-stick interfacial model of TFSI,~ ions. 15 TFSI,” ions in
the system and the arrows indicate trans-configuration ions of a TFSI,.

5.5. Summary of results

All evaluated Apy—6\ values along with the curve following Eq. (13) are shown in Figure
12. All data points are given in Tables 1-4 and Appendix Table 2. Judging by the compression
factor, it is apparent that most of the ions are ellipses (like TFSI,” and heads of Am," and S,
with £ = 0.4), some ions are slightly more roundish (halide anions and Py,” with £ = 0.6),
while others are almost roundish (cyano-based anions and Pyr,” with k£ = 0.8). For ball ions,
Figure 12 shows an obvious trend of rising Ay, value with decreasing ion radius. As a clear
example, halide ions, which are indicated with purple circles, the smaller the ion, the higher
the potential of the monolayer formation. This observation goes qualitatively inline with
predictions made by IvanistSev and Fedorov [54], where the maximum packing density was

approximated 6y, = g/R*.

For head-tail ions, use radii from Refs. [97-99], IvanistSev and Fedorov predicted a clear
dependence of 6 on the tail length [54]. However, in the presented simulations, only Am,"
shows a clear dependence on the tail length among all simulated head-tail ions. This is
probably because the ammonium head and alkyl tail in Am," ions have a similar diameter. So
tails are touching each other directly. Even though tails do not hold charges, there is van der
Waals force and thermal motion that repel tails from each other, so 6y is decreasing with the
Am," tail lengthening. All N,,,,", Im,", Py,", and Pyr,” have almost the same 6, value, but
different Agy, values due to differences in shape. Their heads are larger in diameter than the
alkane tail, so the heads already push tails far from each other, so the tail length can not affect the

monolayer density yet does determine the potential drop.
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Figure 12: Simulated maximum packing density (6y) and monolayer potential drop
(Apy) values. Lines follow Eq. (13) with k equals 0.8 (solid), 0.6 (dashed), and 0.4
(dotted).
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6. DISCUSSIONS

6.1. Comparison of structure-determined potentials

Figure 13 summarises all corrected Agpy—0,; values. Note that only the Ag,, values
(obtained with the Poisson equation) are corrected by shifting the surface change plane by
—db\/ey with d = 0.17 nm and dividing by ¢, = 2. The shown 6,, values correspond to the ion
charge ¢ = +1e as in Figure 12 and all Tables. The most marked feature is that all Ap,, values
are outside the =2 V vs PZC region — experimentally measurable potential window [59]. In
other words, for all studied ions, the true monolayer formation and crowding should not be

experimentally reachable. That conclusion holds under the assumption that the partial charge

transfer is below 1 — \/% = 0. 3e. The highly polarizable Py," could form the monolayer at
—2 V upon accepting 0.5e (see Figure 13) and halide anions could form their monolayers at
+2 V upon donating 0.7e. The scanning tunnelling microscopy study of Py, adsorption from
Py,BF, did not reveal any ordered structure [100]. On the opposite, halide anions are well
known for forming highly ordered adlayers even at lower relative potentials [101,102]. Thus,
it is worth examining whether these adlayers meet the monolayer definition by checking for

evidence of overscreening and crowding.
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Figure 13: Simulated maximum packing density (6y) and recalculated monolayer
potential drop (A¢gy) values. Lines follow Eqg. (13) with d = 0, & = ,, and k equals 0.8
(solid), 0.6 (dashed), and 0.4 (dotted).
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The most important finding of this work is that estimated Agg values are within the £2 V
region as can be seen in Tables 1-4. We suggest that most of the reported ordered adlayers
[16,18,22,37,39,103—-107] form in the vicinity of the saturation potential (Agg). That
conclusion is supported by the results of two electrode simulations of BMImPF, [56], where
Apg of 3 'V was estimated for PF, anions. In this work, the corresponding estimation is 2.2 V
with ¢, = 1.6 as in the referred MD simulations. Despite crude approximations in Eq. (11) for
Ags, it leads to a phenomenologically reasonable conclusion that previously reported ILEI

processes are most probably happening in the overscreening regime, i. e., far from crowding.
6.2. Ion shape and the monolayer potential

Let us use the obtained data to answer an essential question — whether monolayers of
physisorbed ions are in principle achievable. The criteria for such a possibility is a
realistically low |Agy| value below 2 V. For the ball ions, the potential can be translated into a
radius of over 1.13 nm assuming that ¢, =2 and d = 0 in Eq. (13). In other words, hard ball
ions of +1e charge and 1.13 nm radius form a monolayer at +2 V. All studied and most known
ILs ions have much smaller dimensions. Let us take for example a polyoxometalate PW,0,,*"
anions that was used by Borukhov et al. in Refs. [108,109] to illustrate the idea of crowding.
PW,,0,," has a radius of 0.55 nm and an ion charge of —3e. A simple estimation of Ag,, for

PW,,0,," gives an unreachable potential value of +12 V!

Figure 13 hints at the way of lowering the Agp,, by decreasing the compression factor.
Indeed a flat “pancake” cation with » = 0.17 nm and R = 0.44 nm (k = 0.4) should form a
monolayer at —2 V. That is comparable to the size of 3N-coronene cations — one of the
smallest representatives of nitrogen-substituted polycyclic aromatic hydrocarbon (PAH)
cations [110]. Similar PAH could be substituted with boron [111] to give pancake anions. To
the best of our knowledge, such PAH-based ILs are unknown. Herewith, boron or nitrogen
doped PAH anions and cations are potential candidates for crowding at relatively small
potentials. Experimental and computational study of such ions promises the discovery of

exciting new phenomena.
6.3. Concluding remarks and future research directions

By comparing the estimated Ag,; and Agg values to empirical data, we conclude that the
monolayer and crowded structures of studied ions are unreachable within experimentally

measurable potential windows. Our data along with the classification of ions suggest
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designing “pancake” ions that can form crowded structures. Reaching the crowded regime can
reveal new phenomena of high application potential as predicted and discussed in Ref. [112].
For the common ions, we conclude that previously observed adlayers of such ions are formed
in the vicinity of Ags, i. e., in the overscreening regime. It is also essential to understand the

nature of these adlayers at ILEI from both fundamental and application perspectives.

On top of that, the data generated in this work includes estimations for capacitances (Cy
and Cg) as well as geometric parameters (/ and J) which can be utilised in supercapacitors,
electric actuators and sensors research. Our workflow can be updated to insert co-ions into the
models and run more realistic MD simulations. Moreover, due to the small size of such
models (even with co-ions), they are suitable for DFT calculations of more realistic potential
drops. Overall, the presented work forms the ground for further research in multiple directions

with fascinating perspectives.

7. SUMMARY

In this study, we have tried out an original workflow of ionic liquid—electrode interface
(ILEI) simulations. Our one electrode ILEI model is suitable for describing the monolayer and
crowded structures at a computational cost two orders of magnitude lower than the two
electrode models. We have tested the workflow on 40 ions using molecular dynamics
simulations and obtained maximum packing densities (6y) of these layers packed in
monolayers — a state at which a single layer of ions completely screens the surface charge
density (o). By examining structural changes under variable ¢ we have classified all studied
ions into balls, roly-poly, teeter-totter, and head-tail classes. Using the simulated 6y, values we
estimated structure-determined ILEI properties: potential drop across the monolayer (Agy),
corresponding capacitance (Cy), the potential drop across the saturated ILEI (Agg), and
corresponding capacitance (Cg). Based on the comparison of Ag,, and Apg with empirical
data, we conclude that for the studied ions the monolayer formation is impossible within the
measurable potential window and that experimentally observed structures are probably

forming close to the saturation state.
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9. APPENDICES

9.1. Table 1. Nomenclature names and acronyms of all simulated ions

ion name acronym
Head-tail class
ethylammonium Am,"
butylammonium Am,"
hexylammonium Amg"
octylammonium Amg'
decylammonium Am,,"
1-ethyl-3-methylimidazolium Im,"
1-butyl-3-methylimidazolium Im,"
1-hexyl-3-methylimidazolium Img"
1-octyl-3-methylimidazolium Img"
1-decyl-3-methylimidazolium Im,,"
butyldiethylmethylammonium Nyt
1-ethyl-1-methylpyridinium Py,"
1-butyl-1-methylpyridinium Py,
1-hexyl-1-methylpyridinium Py,"
1-methyl-1-octylpyridinium Py,"
1-decyl-1-methylpyridinium Py,
1-ethyl-1-methylpyrrolidinium Pyr,"
1-butyl-1-methylpyrrolidinium Pyr,”
1-hexyl-1-methylpyrrolidinium Pyrg"
1-methyl-1-octylpyrrolidinium Pyrg"
1-decyl-1-methylpyrrolidinium Pyr,"
ethylsulfate S,
butylsulfate S,
hexylsulfate S¢
octylsulfate S¢
decylsulfate Sio
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Ball class

tetrafluoroborate BF,
bromide Br
chloride Cr
tris(pentafluoroethyl)trifluorophosphate |FEP™
iodide I
hexafluorophosphate PFy
Teeter-totter class
trifluoromethanesulfonate OTF
bis(trifluoromethylsulfonyl)imide TFSI™
di[bis(trifluoromethanesulfonyl)imide] |TFSI,
Roly-poly class
tetracyanoborate B(CN),”
tricyanomethanide C(CN);~
bis(fluorosulfonyl)imide FSI
dicyanamide N(CN),"
thiocyanate SCN™

9.2. Table 2. Structure-determined parameters of the modelled ILEIs with head-tail ions

lon 6y [MC-cm™?] P [V] s [V]| Cu [uF-cm™]| Cs[uF-cm™] a
AM,* 125.03 -5.6 -1.6 13.5 225 0.60
AM,* 98.31 -1.2 -30.1 13.5 225 0.60
AM;' 93.54 -4.3 -0.7 5.4 21.8 0.25
AM* 89.72 -4.4 -0.6 4.6 20.2 0.23
AM;o* 84.95 -4.5 -0.6 3.7 18.9 0.20
IM,* 43.91 -4.6 -1.2 4.9 9.4 0.52
IM,* 44.86 -4.1 -1.0 5.4 10.9 0.50
IMg* 44.86 -4.0 -1.0 6.2 11.3 0.54
IMg* 44.86 -4.1 -1.1 6.2 10.9 0.57
IM,o* 43.91 -3.9 -1.0 5.9 11.3 0.52
Py," 42.95 -3.8 -1.2 8.1 11.3 0.71
Py," 42.95 -3.8 -1.1 7.9 11.3 0.69
Pys" 42.95 -3.8 -1.1 7.5 11.3 0.66
Pys" 42.95 -3.8 -1.1 7.9 11.3 0.69
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Pyo" 42.95 -3.8 -1.1 7.9 11.3 0.69
Pyr,* 46.77 -6.9 -2.1 4.6 6.7 0.69
Pyr,* 46.77 -6.9 -2.1 4.8 6.7 0.71
Pyre* 44.86 -6.8 -2.2 5.0 6.6 0.75
Pyrg* 43.91 -6.5 -2.1 5.2 6.7 0.78
Pyrio* 46.77 -7.1 -2.3 5.1 6.6 0.77
S, -70.63 7.7 1.4 2.8 9.1 0.31
Sy -65.86 7.2 1.5 3.5 9.1 0.39
Se -68.72 7.5 1.7 3.8 9.1 0.42
Sg -68.72 7.5 1.6 3.5 9.1 0.39
Sio -68.72 7.5 1.5 3.1 9.1 0.34
No214* 43.91 -7.4 -1.6 2.2 5.9 0.95
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