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DELIVERABLE D2.1

STRUCTURAL AND THERMODYNAMIC PROPERTIES OF IONIC

LIQUIDS IN THE BULK AND NEAR THE WALL.

According to the plans in Task 2.1: “Structural and thermodynamic properties of ionic

liquids near a hard wall”, we have studied several model systems using analytical, numerical

and simulation methods. We have investigated inhomogeneous ionic liquids confined by a

plane surface or more complex geometries like inside a pore as well as bulk ionic liquids –

mixtures or ionic liquids in porous matices. The main activities concerned:

1. Distribution of ions and electrostatic potential in ionic liquids and ionic liquid mixtures

near a charged surface.

2. The effect of finite pore length on ion structure and charging.

3. Free energy and chemical potential distribution for inhomogeneous charged systems.

4. Phase transitions in mixtures of a model ionic liquid and neutral solvents.

5. Vapor-liquid phase behavior of model ionic liquids confined in disordered hard-sphere

matrices.

The results obtained for the above model systems are the following:

1. Distribution of ions and electrostatic potential in ionic liquids and ionic liquid

mixtures near a charged surface

The theories successful for dilute electrolytes do not predict the oscillatory decay of the

charge density in IL for increasing distance from an electrode. We developed a new version

of a density functional theory, where the size of ions is taken into account in the expression

for the internal energy,

URPM [φ] =
1

2

∫

dr1

∫

dr2φ(r1)V
∗(r)φ(r2), (1)

where φ(r) is the local charge density, URPM is in e2/ǫσ units (e, ǫ, σ are unit charge, dielectric

constant and ion diameter, respectively), and the dimensionless potential with excluded
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contribution from overlaping cores is

V ∗(r) =
θ(r − 1)

r
. (2)

In Fourier representation V ∗ takes the form

Ṽ ∗(k) =
4π cos(k)

k2
, (3)

and assumes a minimum for k = kb ≈ 2.46 in σ−1-units. The wavelength of the most

probable charge-density waves is 2π/kb ≈ 2.5 (in σ-units).

After some approximations and assumptions, we obtained for the bulk part of the excess

grand potential ∆Ω[φ] near a charged wall the expression

β∆Ωb[φ] =
β∗

2

∫

dr

[

R∗φ(r)2 + φ(r)
∞
∑

n=2

v(n)

n!
(−∇

2
− k2

b )
nφ(r)

]

. (4)

where R∗ is a parameter depending on a thermodynamic state, and v(n) denotes the n-th

derivative of ṽ∗(k2) ≡ Ṽ ∗(k) with respect to k2 at k2 = k2
b . When the expansion in (4) is

truncated at the lowest-order term, we obtain

β∆Ωb[φ] =
∫

dr

[

A0φ(r)
2
−A2

(

∇φ(r)
)2

+ A4

(

∇
2φ(r)

)2
]

+ ... (5)

Minimization of ∆Ωb[φ] (Eq.(5)) leads to the Euler-Lagrange (EL) equation for the local

charge density. Solution of the EL equation leads to a very simple analytic expression for

the local charge density that agrees very well with simulation results,

Φ(z) = Ae−α0z sin(α1z + θ), (6)

where α0, α1 depend on the thermodynamic state, and A, θ depend also on the surface

charge. The results are published in [2].

2. The effect of finite pore length on ion structure and charging

Confined ionic liquids play the key role in many applications, such as lubrication, bat-

teries and supercapacitors. In particular, for supercapacitors it has been shown that the

electrodes with ultra-narrow (subnanometre) pores provide exceptionally high capacitances

and energy densities [3]. Such-ultra narrow confinements have been the focus of an extensive

research interest by theoreticians, experimentalists and engineers. Particularly simulations
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FIG. 1: The local charge-density Φ(z) (in eσ−3-units) in IL at a distance z from a negatively

charged surface located at z = 0. Distance is in units of the ion diameter σ. When σ = 1nm,

the surface charge density corresponds to σ0 ≈ 0.8µC/cm2 (solid line) and σ0 ≈ 8µC/cm2 (dashed

line), the case studied in simulation in Ref.[1].

are important for predicting the ionic-liquid properties and for designing an optimal super-

capacitor. Typically two types of models are used by researchers for this purpose. In one

model, the pore is constructed by two infinitely extended flat walls; such models neglect the

pore entrance and ends. The second type is seemingly more realistic and considers pores of

finite length, but much shorter than in typical experiments.

We have studied the behaviour of an ionic liquid in both types of models and showed that

the pore entrance and closing play an important role in the charging behaviour and affects

significantly the in-pore structure of an ionic liquid. In particular, the density of an ionic

liquid is not homogeneous along the pore, but varies linearly from the pore entrance and to

the pore end (clearly, the models of infinite pore predict homogeneous densities, see figure

2a). As a consequence, the charge storage (per surface area of a pore) differs significantly in

finite and infinite pores. Interestingly, the accumulated charge behaves non-monotonically

with the pore length (l) and for increasing l does not saturate at the value obtained by the

model of an infinitely long pore (figure 2b).

It is well known that thermodynamically charging can proceed (i) via swapping of the

in-pore co-ions for the counter-ions from the outside of the pore; (ii) via adsorption of

counter-ions; or (iii) via desorption of co-ions. We have demonstrated that for ionophobic

pores (i.e. the pores empty at zero potential) charging can be driven by adsorption of
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l = 20nm
l = 8nm

0

10

20

30

0 40 80 120 160 200 240

Pore length:

MC

ch
ar
ge
,
Q

(µ
C
/c
m

2
)

pore length, l (nm)

whole pore
pore middle
MC (infinite pore)

10

20

30

0 5 10 15 20

FIG. 2: Effect of pore length on ion structure and charging. (a) Counter-ion densities from MD

simulations for different pore lengths l at applied potential U = 3V (there are no coions in the pore

at this voltage). The horizontal orange line shows the corresponding MC result for an infinitely

long pore. The grey areas highlight the location of the pores, and the vertical dash lines show the

pore entrance and closings. Only half of a supercapacitor is shown. (b) Accumulated charge per

surface area as a function of pore length. The charge has been calculated for the whole pore and

when only the middle part of a pore is taken into account (2nm from the pore entrance and 3.5nm

from the pore end). The parameters have been chosen such that the MC and MD models give the

same ion densities at no applied voltage.

both types of ions. This surprising result can be rationalized by an additional (Debye-like)

screening that the co-ions provide for the counter-ion–counter-ion interactions inside the

pore.

We have also demonstrated that the density of an ionic liquid in bulk electrolyte (outside

of the pores) changes significantly in the course of charging. Surprisingly, however, this

change has a minor effect on the charging behaviour. In addition, we have shown that

at high potentials the co-ions become trapped inside pores, hindering fast charging and

producing non-equilibrium states on typical simulation time scales. We have proposed a

method to overcome this difficulty, which relays on a gradual increase of the voltage, instead

of turning it in a step-like fashion, as typically done in simulations. The results are published

in [4].
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3. Free energy and chemical potential distribution for inhomogeneous charged

systems

We have seen above the strong packing of ionic liquids is an essential feature. A group

in the project has resolved to the tackle the description of ionic liquids from a different

viewpoint considering a lattice model of an electrolyte. These types of models have indeed

been considered in several cases for concentrated liquid electrolytes as well as ionic liquids

[5]. They take into account the packing saturation effects crucial in these dense ionic systems

as one ion maximum can an occupy a lattice site. This gives a Fermi type distribution in

place of the Boltzmann type distribution known for point ions or low density ionic systems.

In this study we use the Mean Potentials formalism introduced in [6]. In the formalism,

the singlet and binary distribution functions of mean potentials are considered, where the

effect of all other particles on a given particle or given pair of particles is considered

F1(qi) =
1

Qi
exp



−β
N
∑

k 6=i

ϕk(qi)



 ,

F2(qi,qj) =
1

QiQj
exp







−β



Φ(qi,qj) +
N
∑

k 6=i,j

(ϕk(qi/qj) + ϕk(qj/qi))











,

where ϕk(qi) is the mean potential on a particle at position qi in the lattice cell νi by the

particle distributed in the cell νk, while ϕk(qi/qj) is a similar potential obeying additional

condition that in another lattice cell νj a particle is disposed at position qj; Φ(qi,qj) is the

interparticle interaction potential, β = 1/(kBT ) is the inverse temperature, and Qi and Qj

are normalisation constants

Qi =
∫

νi
exp



−β
N
∑

k 6=i

ϕk(qi)



 dqi.

For the free energy, we have obtained the generalisation of the expressions for homoge-

neous systems [7] to the case of inhomogeneous systems with space dependent quantities

βF0 =
M
∑

i=1

1
∑

α=0

cαi ln(cαi/Qαi
),

where α = 0, 1 indicates occupation or not of site i, Qαi
can be written in terms of mean

potentials through quantities Xαi,j = exp (−βϕj(αi)). The latter verify a set of equations

in the quasichemical approximation of which details are given [8].
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We have used these results to investigate inhomogeneous charged systems. The inter-

action potential presented as a sum of short range interactions (Jij) and the long range

Coulomb part. The latter in turn is represented by the screened part (uij) and the Coulomb

potential with subtracted the screened part. We then have

Φij = Jij + uij; Wij = exp [−β(Jij + uij)] .

The screened part having the Yukawa form

βuij = rB
exp(−rij/rD)

rij
,

where rB = βe/(4πεε0) is the Bjerrum length, ε0 and ε are the electric and dielectric

constants and rij the distance between lattice sites i and j.

A first result is that we obtain a new expression of the screening Debye length

rD =

{

ε0εa
3

βe2[ci(1− ci)cj(1− cj)]1/2

}1/2

in place of the standard concentration ci dependence, the screening length depends of the

product ci(1− ci). This product reflects the symmetry between charges and vacancies in the

framework of the lattice fluid model.

We can then calculate the free energy

βF =
M
∑

i=1

[ci ln(ci/Qi) + (1− ci) ln((1− ci)/Q0i)] + FMSA,

where M is the number of lattice sites and FMSA is the long-range interaction contribution in

the mean spherical approximation [9], and Qi =
∏M

j 6=i X1i,j and Q0i =
∏M

j 6=iX0i,j for occupied

and vacant sites, respectively. The expression for FMSA for the lattice model is given in [10].

The free energy of the reference system can be presented as

βF0 =
M
∑

i=1



ci ln ci + (1− ci) ln(1− ci)− ci
M
∑

j 6=i

ln ξi,j −
1

2

M
∑

j 6=i

ln ζi,j



 ,

where ξi,j = X1i,j/X0i,j and ζi,j = X0i,jX0j,i. The expression for the homogeneous case

can be obtained with space independent concentrations cαi = cα and translationally space

invariant functions Xαi,j [11].

Finally, the chemical potential is also obtained in the form

βµi = ln
1− ci
ci

+
M
∑

j 6=i

ln ξi,j + βµc
i ,
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where the last term appears due to the dependence of the screened Coulomb interaction on

concentrations. This contribution is as follows:

βµc
i =

1− 2ci
4(1− ci)

rB
rD

M
∑

j 6=i

exp
(

−
rij
rD

)

cjWij

ξi,jξj,iζij
.

These results are published in [8].

Finally, we have also started investigating dynamic properties. We have studied systems

of interest like doped oxide ceramics and considered grains separated by intergrain layers.

Using Kinetic Montecarlo method simulations, we have observed that typical double electric

layers form on both sides of these grain boundaries in equilibrium or weak electric field.

At stronger electric field a single double layer is formed by excess opposite charges due

to impeded transitions of ions from the grain volume into the grain boundaries which can

thought of as barriers. In turn, this double layer produces a strong electric field which

unexpectedly facilitates ionic movements accross the grain boundaries. Ions that fall into

the region of double layers move rapidly through the grain boundaries region in the direction

of the external applied field so that the total resistance of the system is almost completely

determined by the resistance of the grain volume and not the grain boundary. Results are

presented in [12]. The expressions we have obtained on thermodynamics and structure for

inhomogeneous systems should help clarify the properties of these double layers.

4. Phase transitions in mixtures of a model ionic liquid and neutral solvents

Mixtures of an ionic liquid and neutral solvent are considered in this study. For an ionic

liquid, the equisized oppositely charged hard spheres (HS) are used (i.e. RPM model), while

molecules of solvent are modeled by spherocylinders (HSC) (Fig. 3). We have been aiming to

describe the phase transitions occurring is such systems. In the case of ionic fluid subsystem

the vapour-liquid phase transition appears. It is usually accompanied by the demixing

process resulting from redistribution of solvent molecules between vapour and liquid phases.

If the solvent molecules are of HSC shape they can form a nematic phase, thus the isotropic-

nematic phase transition is expected. And in this case the demixing process between ionic

and solvent subsystems is also observed, since different molar fractions of ionic fluid are

favourable in nematic and isotropic phases. An investigation of thermodynamic equilibrium
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between the phases allows us to build the corresponding phase diagrams, and hence to obtain

a deeper understanding of the effect of solvent presence on the vapour-liquid transition of

ionic liquid as well as to observe the effect of ionic subsystem on isotropic-nematic phase

transition occurring in the solvent of anisotropic molecules.

FIG. 3: Mixture of a model ionic fluid and neutral spherocylinder solvent. Blue and red particles

denote posively and negatively charged ions, grey sperocylinders denote neutral solvent.

We have started a development of the theory providing a description of the HS/HSC

mixture by combining the scaled particle theory (SPT) and the associative mean spherical

approximation (AMSA). Similarly to our recent studies of ionic liquids in disordered matrices

[13], we extend the perturbation theory in which the reference system is described by the

SPT formulated for a two-component system [14]. However, in the present description one

component is hard-sphere (HS) particles and another one is hard spherocylinders (HSC).

Therefore, a new formulation of the SPT taking into account a particle anisotropy of one of

the components is required for the reference system.

The results obtained for the reference system are proposed in [15], where the expressions

for the chemical potentials of HSs and HSCs are derived. Analytical expressions for the

free energy and for the pressure of the considered mixture are obtained as well. Using

the bifurcation analysis of this integral equation the isotropic-nematic phase transition in

a mixture of HSs and HSCs is investigated in detail. It is shown that the presence of

HSs shifts the phase transition to lower densities of HSCs. With an increase of HS sizes

the region of coexistence gets broader and with an increase of the packing fraction of HSs

the phase coexistence region gets narrower. It is also shown that with an increase of a

HS concentration the total packing fraction of the mixture on the phase boundaries slightly
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increases in comparison with the phase boundaries in the coordinates of the packing fraction

of HSs and the packing fraction of HSCs. In Fig. 4 one can see the obtained results, which are

in qualitative agreement with computer simulations data [16–18]. A noticeable quantitative

deviation of the theoretical prediction from the simulations is related to the poor accuracy of

the SPT at high packing fractions, which are usually crucial for nematic systems. Therefore,

the obtained SPT expressions need an improvement, and it is provided by us using ideas of

the Parsons-Lee approach [19]. The results for the reference system of HS/HSC mixture are

published in [15]. A paper with further improvement of SPT and with the results taking

into account electrostatic interactions between spherical particles is in preparation.

FIG. 4: Coexistence lines of the isotropic (lower line) and nematic (upper line) phases of a HS/HSC

mixture for L2/D2 = 5 (left panel) and L2/D2 = 20 (right panel), where L2 is the length of HSC

and D2 is the diameter of HSC. The diameter of HS (D1) is equal to diameter of HSC (D2).

Symbols denote simulations results taken from [16–18].

5. Vapor-liquid phase behavior of model ionic liquids confined in disordered hard-

sphere matrices

We have studied the vapor-liquid phase equilibrium of an asymmetric binary ionic model

confined in a disordered porous medium formed by a hard-sphere matrix. To this end,

considering the whole system as a partly-quenched model, we have developed a theoretical

approach that enables us to formulate a perturbation theory. The approach is based on the

collective variables method with a reference system.

We have derived an explicit expression for the relevant chemical potential conjugate to

the order parameter which includes the effects of correlations up to the third order.
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The reference system is considered to be a two-component hard-sphere fluid confined in

a disordered hard-sphere matrix. The hard-sphere fluid is characterised by the parameter

of size asymmetry λ = σ+/σ− while the matrix is characterised by the diameter of obstacles

σ0 and different types of matrix porosity, geometrical porosity φ0 and two probe-particle

porosities φ+ and φ−. The description of the reference system has been carried out us-

ing the recent generalization of the scaled particle theory for a multicomponent fluid in a

multicomponent matrix [14]. We have derived explicit expressions for the partial chemi-

cal potentials in the approximation that provides the best accuracy against the simulation

results. Based on these expressions, we have found analytical formulae for the two- and

three-body correlation functions of the reference system in the long-wavelength limit.
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FIG. 5: (Color online) Vapor-liquid phase diagrams at the fixed size ratios λ0 = 1.5 (a), λ0 = 2.0

(b), and λ0 = 3.0 (c). In each case, data are shown for different matrix porosities φ0 and for

different ratios of ion size asymmetry λ as indicated in the legends. The bulk case (φ0 = 1) is

presented for comparison.

Using an expression for the relevant chemical potential, we have calculated the vapor-

liquid phase diagrams of a monovalent primitive model (PM) of ionic fluid with λ = 1, 2

and 3 confined in the hard-sphere matrix of different porosities φ0 = 0.85, 0.90 and 0.95

and with different size ratios between the matrix obstacles and the negatively charged ions,

λ0 = σ0/σ− = 1, 1.5, 2 and 3 (see Fig. 5). Based on the phase diagrams, the reduced

critical temperature T ∗
c = kBTcσ+−/q

2 and density ρ∗i,c = ρi,cσ
3
+− of a confined PM fluid

have been obtained. It has been shown that both critical parameters lower when the matrix
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porosity decreases. On the other hand, at a fixed porosity, T ∗
c and ρ∗i,c are higher in a matrix

of large particles than in a matrix of small particles. An increase in the ratio of ion size

asymmetry λ leads to the lowering of T ∗
c and ρ∗i,c, and this trend is essentially strengthened

by the confinement effect at lower porosities, especially when a matrix is composed of the

particles of small sizes. It should be noted that variations in the critical parameters T ∗
c and

ρ∗i,c with λ and φ0 confirm our previous results obtained within the framework of the AMSA

[13] where, however, only the case of fixed λ0 = 2 is considered. A distinguishing feature

of the present approach is the possibility to derive, without additional assumption such

as the presence of ion pairs, an analytical expression for the chemical potential conjugate

to the order parameter which provides a qualitatively correct phase behavior of a rather

complex system. The results are published in [20] and presented at the 10th Liquid Matter

Conference [21].
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