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Grand canonical Monte Carlo simulation results are reported for an electric double layer modelled by a planar
charged hard wall, anisotropic shape cations, and spherical anions at different electrolyte concentrations and
asymmetric valencies. The cations consist of two tangentially tethered hard spheres of the same diameter, d.
One sphere is charged while the other is neutral. Spherical anions are charged hard spheres of diameter d.
The ion valency asymmetry 1:2 and 2:1 is considered, with the ions being immersed in a solvent mimicked
by a continuum dielectric medium at standard temperature. The simulations are carried out for the following
electrolyte concentrations: 0.1, 1.0 and 2.0 M. Profiles of the electrode-ion, electrode-neutral sphere singlet
distributions, the average orientation of dimers, and the mean electrostatic potential are calculated for a given
electrode surface charge, o, while the contact electrode potential and the differential capacitance are presented
for varying electrode charge. With an increasing electrolyte concentration, the shape of differential capacitance
curve changes from that with a minimum surrounded by maxima into that of a distorted single maximum. For
a 2:1 electrolyte, the maximum is located at a small negative o value while for 1:2, at a small positive value.
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This article is dedicated to Professor Stefan Sokolowski, the famous Polish scientist and our friend, on
the occasion of his 65th birthday.

1. Introduction

Development of the electrical double layer (EDL) theory as well as the progress in the numerical
technology have resulted in proposition and examination of an increasing number of EDL models. The
Gouy-Chapman theory (GC) [1}12] is based on solving the Poisson-Boltzmann equation and applies a mean
field approximation to describe the electrostatic interactions. The GC theory can be applied to the sim-
plest model of an electrolyte, which does not take into account the volume of ions. In this model, ions
are represented by point electric charges, and the solvent is a dielectric continuum with the relative per-
mittivity er. It is worth noting that the Debye-Hiickel theory uses the same model of an electrolyte. The
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GC theory describes well low density electrolytes at small electrode charges. It breaks down at higher
concentrations and charges because the excluded volume and correlation effects are disregarded.

The hard-sphere and electrostatic correlation effects are considered in modern theories of EDL such
as the Modified Poisson-Boltzmann Theory (MPB) [3} /4], the Mean Spherical Approximation (MSA) [5], the
Hypernetted Chain Theory (HNC) [6] [7] or more recently the Density Functional Theory (DFT) [8]. They
have been used to describe the primitive model of an electrolyte (PM) [9] and the restricted primitive
model (RPM) [10]. In the PM model, ions are represented by hard spheres of different diameters with
a point electric charge located at the centre. The charged spheres are immersed in a medium with the
relative permittivity e, characteristic of a solvent. In the RPM model, the ion diameters are the same. For
EDL composed of a planar electrode and a PM or RPM electrolyte, the modern theories predict the layer-
ing effect at high absolute values of the electrode charges [11} [12] and the transition of the capacitance
minimum into a maximum at small electrode charges caused by an increasing electrolyte concentration
[4]. The GC theory fails to describe these effects.

Due to correlation effects that are included, the MPB and DFT theories have been successfully applied
to the solvent primitive model (SPM) electrolyte. SPM is the simplest model of an electrolyte which in-
cludes the volume of solvent molecules. In SPM, solvent molecules are modelled by neutral hard spheres
whose diameter is the same as [13] [14] or different [15] from that of ions. Neutral spheres as well as
cations and anions are immersed in the continuous dielectric medium characterised by €;. The presence
of neutral spheres leads to the generation of density oscillations near the electrode surface and to an
increase in the differential capacitance of EDL [16].

Of the formal statistical mechanical theories, the HNC has been applied to the non-primitive model
(NP) [17] in which solvent molecules are modelled by hard spheres with a point permanent electric dipole
moment located at the centre. However, it leads to lowered values of the relative permittivity.

The DFT theory gives fresh possibilities. Due to the free energy term of intra-molecular interactions,
the DFT theory is applicable to ions of more complicated topology than spherical. Here, we must mention
the work by Sokolowski [18] who has applied the modified DFT theory to the study of orientation or-
dering of electrostatic neutral hard dumbbells at the planar surface. Charged dumbbells, called dimers,
have aroused great interest in investigation of the EDL properties [19] 20]. This advanced model of an
electrolyte has been used for modelling systems of high densities like ionic liquids [21].

Torrie and Valleau [10] have introduced the computer simulation technique into the investigation
of EDL. At that time computer simulation results were used to confirm the correctness of EDL theories.
Now, the tremendous development of numerical technology has opened new area of application inacces-
sible for theory. Fedorov et al. [22] have studied models of ionic liquids made of one, two or three beads,
assuming that one of the hard spheres in the chain had a positive charge. Breitsprecher et al. [23} [24]
have conducted molecular dynamics simulations for ions with different size and valency, represented
by a coarse-grained model. Silvestre-Alcantara et al. [25] have investigated the properties of ELD con-
taining fused dimer electrolyte. Charged hard walls and hard spheres have been replaced by molecular
electrodes and soft sphere ions [26H28]]. Ions of topology characteristic of ionic liquids are investigated.
The solvent is no longer a dielectric continuum but is modelled by explicit molecular models [29]. Thus,
the present models of EDL have become more realistic.

Recently, we have intensively investigated the EDL containing a dimer electrolyte. Among other ef-
fects, we have analysed the influence of concentration of 1:1 electrolyte [21] and of ion valence asym-
metries [30] of charged dimers on the properties of EDL. However, we did not consider the properties
of EDL for asymmetric ion valencies at different electrolyte concentrations. In particular, we expect new
shapes of the differential capacitance. Thus, in this paper, we discuss the influence of anisotropic ion
shape on the structural and thermodynamic properties of ELD containing asymmeteric 2:1 and 1:2 dimer
electrolytes of different concentrations.

2. Model and methods

The electric double layer is composed of a planar electrode and an electrolyte, which is a mixture of
spherical anions and anisotropic cations in the shape of dimers. The dimer consists of two tangentially
tethered hard spheres, one of which has a point electric charge immersed at the centre and the other is
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neutral. The diameters of the two spheres of a dimer and the sphere of a monomer anion are the same.
The ion valencies are asymmetric with the ions being immersed in a homogeneous medium of the relative
permittivity, €. The electrode is modelled by a hard planar wall with a uniformly distributed charge of
surface density, 0. The image effect is not considered which means that €, of the electrode material and
solvent are the same. The ion-ion and electrode-ion interactions are given by

{ 00, r<(d,'+dj)/2,
uij(r) 77 1
e — 7 r=di+d)r,
and
- { 00, x<dl2, @
UwilX) = oZsex
wi _W’ x?d/Z,

respectively. Here, e is the magnitude of the elementary charge, and Z; is the valency of the particle of
species s. Also, €p is the vacuum permittivity, r is the separation between the centres of the two hard
spheres, and x is the perpendicular distance from the electrode surface to the centre of a hard sphere.

The local number density p(x) of the species s at a distance x is the first average quantity obtained
from our simulations. The reduced local density or the singlet distribution function gs(x) = ps(x)/p%,
(pY is the corresponding bulk number density) is used to describe the structure of ELD. Also, the mean
electrostatic potential y(x) is defined in terms of p;(x)

w(x) = fps(x)(x x)dx'. 3
The differential capacitance Cy is the property which can be compared with the experimental results.

The differential capacity is defined as
Cq =do/dy(0). 4)

In practice, Cq was calculated from the interpolation polynomials method introduced by Lamperski and
Zydor [31].
The local (volume) charge density p(x)

po(x) =) Zsegs(x) (5)
N

and the local net charge per unit area, ox(x)
X
oz (x) = a+pr(x’)dx’ (6)
0

are the properties that can be used for indicating the charge inversion (CI) and charge reversal (CR)
phenomena. The CI effect takes place when the electrode charge and the charge density of the second
layer and, less commonly, subsequent layers of ions next to the electrode are of the same sign. When the
charge of the first layer of counter-ions overcomes the charge of an electrode, the electric field reverses its
direction. The function o (x) has the sign opposite to that of 0. This effect is called the charge reversal [32}
33]. Essentially at some x, the integrated charge overcompensates or overscreens the electrode charge.
Hence, the often used term charge overscreening occurs in the literature.

The second average quantity obtained from our simulations is the mean orientation function {(cos®).
It depends on the distance x from the electrode surface. The function {(cos ) is the average value of cos®,
where 0 is the angle between the normal to the electrode surface and the straight line joining the centres
of hard spheres constituting a dimer. The origin is located at the centre of the charged sphere.

The GCMC technique was applied to calculate the local densities, ps(x), and orientation (cos6) pro-
files. This technique is recommended for inhomogeneous systems [34] as it eliminates difficulties associ-
ated with the determination of the bulk concentration which appears when MC simulations are carried
out in the canonical ensemble. The details of the GCMC technique and its implementation to our investi-
gation have been described in the previous papers [4}[35]. The procedure FLIP3 [36] was used to rotate the
dimer while the long-range electrostatic interactions were estimated with the method proposed by Torrie
and Valleau [10]. The ionic activity coefficients required by the GCMC technique as input were obtained
from the inverse GCMC method [37].
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3. Results

Simulations were carried out for the asymmetric ion valencies 1:2 and 2:1 at three electrolyte concen-
trations 0.1, 1.0, and 2.0 M in the range of the electrode surface charges varying from —1.0 to +1.0 Cm™2.
Diameters of positively charged and neutral spheres of dimers and of spherical anions are equal to
d = 425 pm. The other physical parameters were temperature T = 298.15 K, and the relative permit-
tivity of water, e, = 78.5. Because of the anisotropic shape of cations, the simulations were expected to
require significantly longer configurational sampling. We sampled 2 billion configurations to obtain high
precision averages.

Figure[Tshows the singlet distribution profiles of charged dimers and spherical anions for three elec-
trolyte concentrations 0.1, 1.0 and 2.0 M at o = —0.30 C m~2. At this o, a strong adsorption of dimers
is observed, while anions are repelled from the vicinity of the electrode surface. By contrast, at positive
values of o, the adsorption of spherical anions occurs and now the dimer cations are repelled from the
electrode. As a result, the internal structure of the distant cation has little influence on the double layer
structure with the dimer behaving like a spherical ion (see for example, reference [30]). The surface prop-
erties of spherical ions are well known, so we do not discuss them here. The upper panel of figure[I]shows
the results for the 1:2 electrolyte, while the lower one for the 2:1 case. The density profiles of charged
spheres are similar to those observed for spherical counter-ions. A sharp peak corresponds to the contact
distance, d/2. As expected, its height decreases with an increasing electrolyte concentration. The peak
is higher and thinner for di-valent dimers as we have observed earlier [30]. The influence of a neutral
sphere is hardly visible. The neutral sphere density profiles have two maxima. The first corresponds to
the contact distance while the second is at x/d = 1.45. The height of the second maximum relative to
the height of the first one increases with a decreasing electrolyte concentration. The first maximum in-
dicates that the large fraction of dimers take parallel orientation to the electrode surface. Assuming the
perpendicular orientation of a dimer with charged sphere adjacent the electrode surface, the centre of
the neutral sphere is located at x/d = 1.5. A good agreement of this prediction with the simulation results

Figure 1. (Color online) Dependence of the singlet distribution function, g(x), of charged dimers and
spherical anions (see also the insets) on the distance, x/d, from the electrode at the surface charge o =
—0.3Cm™2 for electrolyte concentrations 0.10 M (triangles), 1.00 M (circles) and 2.00 M (squares) for ion
valencies 1:2 (upper panel) and 2:1 (lower panel). Empty symbols show the results for charged spheres,
filled for the neutral spheres of dimers and crossed for anions.
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Figure 2. (Color online) Dependence of the angular orientation function, (cos8), of dimers on the distance,
x/d. Parameters and symbols have the same meaning as in figure[T]

indicates that the perpendicular orientation is also very probable and its probability increases with a
decreasing electrolyte concentration. This conclusion confirms the mean orientation (cos8) results.

The mean orientation (cos@) profiles are shown in ﬁgure The positive values of (cosf) mean that
dimers prefer the orientation with the charged sphere towards the electrode. The function (cosf) has
a nearly linear course from the contact distance to the position of the second maximum on the neutral
sphere density profile. At this position, the (cosf) function has a minimum. The minimum is negative for
higher electrolyte concentrations and larger dimer valencies. At longer distances, the minimum trans-
forms into a positive maximum. After leaving the maximum, the (cosf) function tends to zero and the
orientation randomisation takes place. Thus, the behaviour of (cos0) suggests a generally perpendicular
orientation of the dimers near the electrode with the charged head nearer to it than the neutral tail, a
pattern that is consistent with our earlier studies. The contact values of (cosf) are nearly independent of
the dimer valency, but at some distance from the electrode surface they are lower for the divalent dimers.
However, the course of curves remains similar. In the vicinity of the electrode surface, the rotation of the
neutral sphere around the charged one is hindered mainly by the hard wall of the electrode. The wall ef-
fect is independent of electrolyte concentration. The value of {(cosf) varies from 0.5 at a contact distance
to 0 at x/d = 1.5. The simulation contact results oscillate at around 0.5. They are greater than 0.5 for
¢ =0.1 M and lower than 0.5 for ¢ = 2.0 M. It means that, as we have stated earlier, the low concentration
electrolytes support the perpendicular orientation, while the electrolytes of high concentration enhance
the parallel one. In this range of distances, the rotation of the neutral sphere around the charged one is
hindered by steric and electrostatic interactions with neighbouring ions, only. The second maximum of
(cos®) shows that dimers form the second layer have their charged spheres oriented towards the elec-
trode. It is worth noting that this layer is not visible at the charged sphere density distributions for ¢ = 1.0
and 2.0 M.

Most of the anion distribution functions shown in figure 1] have a small maximum at x/d > 1.5 (see
the insets). This maximum suggests the onset of the CI and CR phenomena. As a case in point, we have
calculated the profiles of the local charge density, po(x), and the local net charge per unit area, oz (x),
which are presented in figure [3] It is seen that except the curve for the 1:2 electrolyte at concentration
¢ =0.1 M, which is monotonous, the remaining curves are all non-monotonous indicating the occurrence
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Figure 3. (Color online) Dependence of the local (volume) charge density p¢(x) (filled symbols) and the

local net charge per unit area, o (x) (empty symbols) on the distance, x/d. Parameters and symbols have
the same meaning as in figure[i]

of the CI and CR phenomena. The increase in electrolyte concentration or the presence of a higher valency
counterion intensifies these features. Indeed, at the same electrolyte concentration, the effect is more
pronounced for the 2:1 system than for the 1:2 system. The CI effect is observed closer to the electrode
surface than to the CR one. The mechanism of CI and CR is not completely clear [33].

The mean electrostatic potential profiles calculated from equation (3) are presented in figure 4 For
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Figure 4. (Color online) Mean electrostatic potential y as a function of distance, x/d. Parameters and
symbols have the same meaning as in ﬁgure
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Figure 5. (Color online) Mean electrostatic potential of the electrode, ¢ as a function of the surface charge
density, 0. Symbols have the same meaning as in figure[T]

the 1:2 electrolyte at ¢ = 0.1 and 1.0 M, the potential is negative and the curves do not have any extrema.
The remaining curves have a positive maximum characteristic of divalent electrolytes [38]. This maxi-
mum is related to the the CI effect. With an increasing electrolyte concentration and dimer valency, the
absolute value of the mean potential and the width of EDL decrease.

The dependence of the mean electrostatic potential of the electrode, 1 (0), on the electrode charge
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Figure 6. (Color online) Differential capacitance, C,, of the electrical double layer as a function of the
surface charge density, o. Symbols have the same meaning as in ﬁgure
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density o calculated for the investigated electrolyte concentrations and on ion valencies is shown in
figure |5} The curves intersect in the vicinity of o = 0. The slope of the curves in the range of adsorption
of divalent ions is smaller than in the range of adsorption of monovalent ones. The v (0) results are used
for the calculation of the differential capacitance of EDL.

Figure [6] shows the dependence of the differential capacitance, Cyg, of EDL on the electrode charge
density calculated for different asymmetric valencies and electrolyte concentrations. For ¢ = 0.1 M, the Cyq
curves have a minimum corresponding to o = 0 and surrounded by two asymmetric maxima. An increase
in the electrolyte concentration to ¢ = 2.0 M transforms the minimum into a distorted maximum. For the
1:2 electrolyte, the maximum is located at a positive o, while for the 2:1 electrolyte, at a negative o value.
The Gouy-Chapman theory [1} 2] predicts that the differential capacitance curve of EDL has the parabola-
like shape with a minimum at ¢ = 0. Transition of the capacitance curve from that having a minimum
to that having a maximum with an increasing electrolyte concentration has been explained for the RPM
electrolyte by an increase in the thickness of EDL due to the formation of bi- or multi-layer structures
of counterions [13} [39]. In the case of charged dimers, the increase in thickness of EDL is additionally
caused by the neutral spheres of dimers which separate the two layers of charged spheres: adsorbed on
the electrode surface and form the second layer. Finally, the increase in valency of counterions makes
the EDL thinner. Explanation of the behaviour of Cq — o curve shown in figure [6|requires consideration
of all these effects.

4. Conclusions

A charged dimer is a simple and useful model of molecules of charged surfactants and ionic liquids.
Charged surfactants are composed of a charged head and a neutral, hydrophobic tail. In a charged dimer,
the head is represented by a charged sphere while the tail by a neutral one. Surfactants are diluted in
a solvent (water). Therefore, more advanced investigation of surfactants modelled by a charged dimer
should include solvent molecules. The interaction of the charged head and the neutral tail with molecules
of solvent depends strongly on the structural and polar properties of solvent molecules. Presumably they
can influence the density and orientation profiles. Ionic liquids are solvent free molten crystals composed
of large organic ions with the electric charge located off the centre of the ion. Charged dimers can model
ionic liquids when their size is large and the concentration high. Current investigation of EDL composed
of ionic liquids as an electrolyte is extremely interesting. However, the investigation of EDL formed by
charged dimers by the method of molecular simulations breaks down because of high density of a system.
The problem can be solved by replacing hard potentials with soft ones.

In this paper we have investigated the structural and thermodynamic properties of an electric double
layer composed of a planar charged hard wall, charged dimers and spherical anions at different elec-
trolyte concentrations and asymmetric ion valencies, using the grand canonical Monte Carlo simulation.
The density profiles of neutral spheres have two maxima corresponding to parallel and perpendicular
orientations of the dimer against the electrode surface. The height of the second maximum relative to the
height of the first one increases with a decreasing electrolyte concentration. Thus, we have concluded that
the probability of the perpendicular orientation increases with a decreasing electrolyte concentration.

The variation in the electrolyte concentration and ion valency leads to a diversity of shapes of differ-
ential capacitance curves. At low concentrations, the capacitance curves have a minimum surrounded
by two asymmetric maxima. With increasing concentrations, the minimum transforms into a distorted
maximum. For the 1:2 electrolyte, the maximum is located at positive o, while for the 2:1 electrolyte, at a
negative o value.
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Bnaue aHi3oTponHoi popMm iOHIB, acCMMeTpii BalIeHTHOCTI Ta
KOHLLeHTpAaLii eN1eKTPoNiTy Ha CTPYKTYPHi i TepMoagNHaMIiUHi
BN1aCTUBOCTI €/1eKTPUYHOIro NoABilAiHOro LWapy

M. Kaiist, C. J'IaMHepCKvuﬂﬂ, B. CmaneCTp—AanaHTapam, J.B. Eym-@, 4. FeH,zl,epcoH3

1 Biaain ¢iznuHoi ximii, YHiBepcuteT Agama MiukeBrya B Mo3HaHi, Mo3HaHb, MonbLya

2 NlabopaTopisi TeopeTnyHOI $isnku, GpisnyHMA pakynbTeT YHiBepcuteTy MyepTo Piko, MyepTo Piko
3 ®akynbTeT XiMmii Ta bioximii, YHiBepcuteT Bpurama fHra, Mposo, CLLUA

MpeactaBneHo pe3ynbTaTy MojentoBaHHA MoHTe Kapno cumynsuiil y BenkoMy kaHOHIYHOMY aHcambai ans
€/1eKTPMYHOro NoABIHOrO LWapy No6an3y NA0CKoi 3apsaaKeHoi TBepA0i MOBEPXHi, AKMIA CKNaAAETHCA 3 KaTiOHIB
aHi3oTponHoi Gopmu Ta chepryHNX aHIOHIB NPY Pi3HMX KOHLLEHTPALLAX eNekTponiTy Ta ANS BUNaAKy acume-
TPUYHOI BaNeHTHOCTI. KaTioHW CknaAatTbes 3 ABOX TaHTeHLHO 3B'A3aHUX TBepAMX cpep OAHAKOBOTO Aiame-
Tpy d. OfHa chepa € 3apsaaKeHoto, a Apyra — HeliTpanbHoto. ChepuyHi aHioHN — Lie 3apaakeHi TBepai cdepun
AiameTpy d. Po3rnsfaeTbca acuMeTpis ioHHOT BaneHTHOCTI 1:2 i 2:1, NpUYOMy iOHW 3HaXOAATHCS Y PO3UNHHM-
Ky SIK JienekTpryHe cepefoBULLE NPV HOPManbHIA TeMnepaTypi. CuMynaLii 34ilicHIOBaNNCA NpU KOHLeHTpawii
enektponity: 0.1, 1.0 2.0 M. Mpodini po3noginis enekTpos-ioH, enekTpoa-HeliTpanbHa chepa, cepesHs KOHLEH-
TpaLis AUMepiB i cepeHiil enekTpoCTaTUYHNIA NoTeHLjian obumcaeHi npy ¢pikcoBaHOMY NMOBEPXHEBOMY 3apssi
0, B TOI Yac K KOHTaKTHWUIA NoTeHLian enekTpoay i AndepeHLiiHa EMHICTb NpeAcTaBaeHi NPy 3apsiAi enekTpo-
Ay, SKNIA 3MiHIOETBCA. MpK 36iNbLUEHHI KOHLEHTPaLIi enekTponiTa KprBa AndepeHLiiHOT EMHOCTI 3MiIHIOETBLCA
Bif, MiHIMyMy, OTOYEHOro Makcumymamu, 40 ¢OpMU i3 CNOTBOPEHUM EAVHUM MaKCMMyMOM. [ enekTponity
2:1, MaKCUMyM pO3TaLLOBaHWii NPU HeBENNKOMY Bi'€MHOMY 3apsgi, B TO Yac Sk Ans enektponita 1:2 — npu
HeBeJIMKOMY MO3MTUBHOMY 3HaueHHi 3apagy.

KntouoBi cnoBa: 3apsgxeHi gumepuy, acuMeTpisi BaNeHTHOCTI, e1eKTPUYHWI MOABIViHWI wap, MoHTe Kapso
MOAEN0BaHHsA Y Be/IMKOMY KaHOHI4HOMY aHcam6i
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