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A theoretical study on the anomalous pressure dependence
of the transport properties of ionic liquids: Comparison
among lithium bromide, silica, and water

T. Yamaguchi,a) A. Nagao, T. Matsuoka, and S. Koda
Department of Molecular Design and Engineering, Graduate School of Engineering, Nagoya University,
Chikusa, Nagoya, Aichi 464-8603, Japan

~Received 18 June 2003; accepted 5 September 2003!

The transport coefficients of three ionic liquids, lithium bromide~LiBr !, rubidium bromide~RbBr!,
and molten silica (SiO2) are calculated by the mixture mode-coupling theory. The static partial
structure factors required are obtained from the interionic interaction potential by the Ornstein–
Zernike/hypernetted-chain integral equation. The anomalous pressure dependence of the transport
properties, the increase in the molar ionic conductivity of LiBr and the fluidity of SiO2 in the
low-pressure region, is reproduced qualitatively well by our theoretical calculation. The calculated
results are analyzed in the similar way as that for water performed by Yamaguchiet al.
@T. Yamaguchi, S.-H. Chong, and F. Hirata, J. Chem. Phys.119, 1021~2003!#, and we found that the
friction on the electric current caused by the coupling between the charge- and number-density
modes is effective to the increase of the transport coefficient with pressure, as is the case of water.
Comparing the results for LiBr and RbBr, the contribution of the electrostatic friction is smaller for
RbBr, which leads to the normal pressure dependence of its molar ionic conductivity. The negative
values of the Nernst–Einstein deviation parameter for the ionic conductivity of LiBr and SiO2

reported by previous MD simulations are also explained consistently. Furthermore, it is shown that
the mechanism for the anomalous pressure dependence of the fluidity of molten SiO2 demonstrated
in this work is consistent with a conventional picture that the five-coordinated silicon atom is
important to enhance the ionic mobility. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1622652#
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I. INTRODUCTION

The molecular mobilities of most liquids are decreas
functions of pressure. It indicates that the molecules diff
less easily at more densely packed condition, which is c
sistent with our everyday experience. However, there
some liquids whose molecular mobility is enhanced by co
pression, and its microscopic mechanism has been unde
bate for many years.

The most famous example of such a liquid is water.1–4

Due to its chemical and biological importance, the equil
rium and transport properties of water have been a targe
high-pressure science from the beginning of the last cent
Owing to the accumulation of the experimental works, it h
been revealed that the molecular mobilities of liquid wat
as appear in the shear viscosity, dielectric relaxation, s
diffusion, and single-particle reorientational relaxation, a
increasing functions of pressure in the low-temperature, lo
pressure region. As is the case of other anomalous prope
of water, this pressure dependence of the molecular mob
of water has been ascribed to its tetrahedral hydrog
bonding network structure.1–3

Molten silica (SiO2) is another liquid that shows anoma
lous pressure dependence of the transport coefficients.
properties of molten silica and related compounds under h

a!Electronic mail: tyama@nuce.nagoya-u.ac.jp
11300021-9606/2003/119(21)/11306/12/$20.00
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pressure are quite important in geophysics. Although
transport coefficients of neat molten silica have not been
ported to our best knowledge, the shear viscosities of rela
compounds are extensively measured in the hi
temperature, high-pressure region mainly by Kush
et al.5–9 They found that the shear viscosities of many kin
of magma decrease significantly with pressure, which ha
great impact on both geophysics and material science. T
also measured the self-diffusion coefficients of oxygen ato
of these compounds, and showed that the diffusivity of
oxygen atom is also enhanced by the compression.10 Stimu-
lated by these experimental findings, there have been m
theoretical and computer simulation studies on the ano
lous pressure dependence of the transport coefficient
molten SiO2 , and these anomalies are now considered to
due to the pressure-induced breakdown of the tetrahedral
work structure,11–15 just as the anomalous pressure dep
dence of the dynamic properties of water is ascribed to
breakdown of the tetrahedral hydrogen-bonding netw
structure.

A less famous example of the anomalous pressure
pendence of the transport coefficient is that of the mo
ionic conductivity of molten LiBr. Cleaveret al. measured
the ionic conductivity of various molten alkali halides, an
found that the molar conductivities of lithium halides a
increasing functions of pressure in the low-pressure regio16

Tödheideet al.studied the pressure dependence of the mo
6 © 2003 American Institute of Physics
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11307J. Chem. Phys., Vol. 119, No. 21, 1 December 2003 Pressure dependence of the transport properties of ionic liquids
conductivity of molten LiBr in detail, and reported that th
pressure dependence of the molar conductivity has a m
mum value.17 These experimental facts indicate that the io
mobilities of molten LiBr is enhanced by compression, as
the case of water and silica. However, the anomaly in
pressure dependence of the molar conductivity of mo
LiBr has been discussed in different ways from the cor
sponding properties of water and silica, since the mol
LiBr does not have a tetrahedral network structure as w
and silica. For example, To¨dheide considers that the ele
tronic polarizability is responsible for the anomalous pr
sure dependence.17 On the other hand, Okadaet al. showed
by their molecular dynamics~MD! simulation, using the
rigid ion model, that the pressure dependence of the s
exchange velocity of molten LiBr is in harmony with that
the molar conductivity, although they did not evaluate t
conductivity explicitly.18 Very recently, we reported that th
pressure dependence of the molar conductivity of LiBr
reproduced qualitatively by the mode-coupling theo
~MCT! with the same model.19

In a recent work, Yamaguchiet al. calculated the dy-
namic properties of water at various densities and press
using the generalized Langevin/modified mode-coupl
theory devised for molecular liquids described by t
interaction-site model.4 The anomalous pressure dependen
of various dynamic properties is reproduced qualitativ
well, although the quantitative agreement is not so go
Furthermore, they analyzed their theoretical calculation
detail, and found that the interatomic strong Coulombic
teraction can be a reason for the anomalous pressure de
dence of dynamic properties. Owing to the decrease in
number-density fluctuation in the low-wave-number reg
with increasing pressure, the Coulombic coupling betwe
the low-wave-number charge-density fluctuation and hyd
dynamic dielectric mode is reduced. They also perform
similar analyses on other polar liquids in order to clarify t
specificity of water. They found that the effect of Coulomb
interaction is hindered by that of repulsive collisions in t
case of typical polar liquids as acetonitrile. However, th
also demonstrated by both the MCT calculation and M
simulation that the dynamic properties of a model diatom
polar liquid can show the anomalous pressure depend
even if it does not have any kind of tetrahedral hydrog
bonding network structure.

Ionic liquids are liquids composed of charged particl
so that the intermolecular Coulombic interaction has stro
influence on both the equilibrium and dynamic properti
Since the anomalous dynamic properties of water above
be derived from the strong intermolecular Coulombic int
action in general, there is a possibility that the anomal
pressure dependence of the transport coefficients of
molten LiBr and silica melt is explained in the similar way
that of water. Recently, Wilkeet al. performed a mode-
coupling calculation on the ideal glass transition of the sy
metric model ionic liquid.20 They found that the density de
pendence of the ideal glass transition temperature show
re-entrant behavior, that is, a vitreous state becomes erg
by applying the pressure. Although they did not demonstr
explicitly, it indicates that the transport coefficients of t
Downloaded 18 Oct 2006 to 133.6.32.11. Redistribution subject to AIP 
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model liquid show the anomalous pressure dependenc
mobilities as LiBr, silica, and water, and their calculatio
supports our idea that the pressure-induced enhanceme
the molecular mobility of liquids stems from the gener
properties of the intermolecular Coulombic interaction.

In this work, we perform mode-coupling calculation o
above ionic liquids, LiBr and SiO2 , in order to clarify how
the intermolecular interactions and the changes in the liq
structures lead to the pressure-induced enhancement o
molecular mobility. The equilibrium structure required in th
MCT calculation is obtained by the statistical integral equ
tion theory as is the case of the corresponding calculation
water.4 A similar calculation on RbBr, which does not ind
cate the anomaly in the pressure dependence of the tran
coefficients, is also performed for comparison with that
LiBr. The modified mode-coupling theory for molecular liq
uids employed by Yamaguchiet al. is based on the
interaction-site model,4 and the site density is the dynam
variable explicitly considered there. One can therefore tra
late the analysis of the MCT calculation on water into that
ionic liquids easily, which we consider is a merit of th
interaction-site based theory of the dynamics of molecu
liquids, as opposed to that based on the spherical harmo
expansion.

II. PREVIOUS MODE-COUPLING ANALYSIS
OF THE PRESSURE-INDUCED ENHANCEMENT
OF MOLECULAR MOBILITY OF WATER,
AND ITS IMPLICATION TO IONIC LIQUIDS

Consider a liquid composed of interaction sitesa, g,... .
Here, the greek indices~a,g,...! refer to the species, andi, j,...
will be used for the individual sites. At present, it does n
matter whether interaction sites are connected by chem
bonds ~polar liquids! or not ~molten salts!. The mass and
charge of the sitea are denoted asma andza , respectively.

In the mode-coupling analysis of the anomalous press
dependence of the molecular mobility of water performed
Yamaguchiet al.,4 the electrostatic friction on the charge
density mode,(azara(k) in the low-wave-number region
plays an essential role, wherera(k) represents the number
density mode of sitea in the reciprocal space. The charg
density mode in the low-wave-number limit corresponds
the collective dipolar reorientation~dielectric relaxation! in
the case of polar molecular liquids, whereas it does to
electric current in the case of ionic liquids.

We will discuss hereafter on two anomalous propert
of the dynamics of ionic liquids, the pressure-induced e
hancement of the mobility and the negative Nernst–Eins
deviation parameter, in terms of the short-time behavior
the electrostatic friction, as was done for water in Ref. 4. T
frictional force other than the electrostatic ones are work
in reality, however, and the short-time behavior of t
memory function may not be related directly to the tim
integrated transport properties. It is therefore required to t
the dynamics of ionic liquids fully on the microscopic lev
before extracting the effect of electrostatic friction, which w
are going to do in this work. As will be shown in Sec. V A
the contribution from the low-wave-number region (q
,1.5 Å21) is mainly responsible to the anomalous press
license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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11308 J. Chem. Phys., Vol. 119, No. 21, 1 December 2003 Yamaguchi et al.
dependence of the ionic conductivity, and the short-time
havior is reflected in the zero-frequency character in a ra
straightforward way in the case of LiBr, consistent with t
picture presented below. In Sec. V C, the electrostatic frict
is also shown responsible for the negative Nernst–Eins
deviation parameter. In the case of silica, the presence o
first-sharp-diffraction-peak around 2 Å21 may require a
modification of the picture, which will be discussed
Sec. V D.

A. Anomalous pressure dependence

According to the idea based on the fluctuation
dissipation theorem,21–23 the friction kernel on the charge
density mode in the low-wavelength limit is proportional
the time correlation function of the random force acting
the mode as

z~ t !5
1

V K H(
a

za(
i Pa

f i~ t50!J •H(
a

za(
i Pa

f i~ t !J L ,

~1!

wheref i(t) is the random force acting on the sitei.
When the interaction potential between sites, denote

ũag(k) in the reciprocal space, is pairwise additive and is
tropic, the force on the site current is given by

(
i Pa

f i5(
k

(
g

ikũag~k!ra~k!rg~2k!. ~2!

Here the random force is replaced by force and the w
vector is treated as a discrete variable.

By substituting Eq.~2! into Eq. ~1!, z(t) is described as

z~ t !.Vk2(
k

(
agmn

zazg@ ũam~k!Fmn~k,t !ũng~k!Fag~k,t !

2ũam~k!Fmg~k,t !Fan~k,t !ũng~k!#, ~3!

where we used the factorization approximation involvi
four density fluctuations as is the case of the mode-coup
theory, andFag(k,t) is the site–site dynamic structure fact
given by

Fag~k,t !5
1

V
^ra* ~k,0!rg~k,t !&, ~4!

whereV stands for the volume of the system. It should
noted that the normalization factor,V, is different from other
literatures. By replacing the bare interaction potent
ũag(k), with the effective one described by the direct cor
lation function as2kBTcag(k), one can obtain the expres
sion of the mode-coupling theory.20

Here we consider the effect of the interatomic Coulo
bic interaction, so that the interaction potentialũag(k) is
replaced by its Coulombic part as

ũag~k!→ 4pzazg

k2
. ~5!

Substituting Eq.~5! into Eq.~3!, the Coulombic contribution
of z(t) is given by
Downloaded 18 Oct 2006 to 133.6.32.11. Redistribution subject to AIP 
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zCoulomb~ t !}(
k

H(
ag

za
2zg

2Fag~k,t !J
3H 1

k2 (ag
zazgFag~k,t !J , ~6!

where we neglect the contribution of the second term of
~3!, since it behaves asO(k2) in the low-wavelength region
whereas the first term is the order of unity. The first and
second factors represent thez2-weighted number-density
fluctuation and charge-density one, respectively. In parti
lar, the initial value ofzCoulomb(t) is described as

zCoulomb~0!}(
k

H(
ag

za
2zg

2xag~k!J
3H 1

k2 (ag
zazgxag~k!J

;(
k

H(
ag

za
2zg

2xag~k!J H 12
1

eL~k!J , ~7!

wherexag(k)5Fag(k,t50) is the static site–site structur
factor, andeL(k) is the wave-number-dependent longitudin
dielectric constant.21

Based on Eq.~7!, we can understand qualitatively ho
the interatomic strong Coulombic interaction leads to
pressure-induced enhancement of the molecular mobi
The second factor, 121/eL(k), is almost independent o
density, since it is already close to unity in the case of hig
polar liquids and molten salts.24 On the other hand, the firs
factor, which represents thez2-weighted number-density
fluctuation, is a decreasing function of density in the lo
wave-number region, because the density fluctuation in
hydrodynamic limit is associated with the isothermal co
pressibility, and liquids usually become less compress
under higher pressure. Moreover, the right-hand side~rhs! of
Eq. ~7! should be divided by density in order to obtain th
relaxation time of the charge density due to the density
pendence of the inertia factor. As a result, the electrost
friction on the charge-current density in the low-wav
number region decreases with increasing pressure, w
leads to the increase in the dielectric relaxation rate or
electric conductivity if the effect of electrostatic friction i
significant on the charge-current density. The decrease in
friction on the charge-current mode can enhance the re
ation of other dynamic modes through the dielectric fricti
or the relaxation of ionic atmosphere, to bring about t
anomalous pressure dependence of various transport co
cients. In the previous study on water by Yamaguchiet al.,
they analyzed their mode-coupling calculation and show
that the decrease in the electrostatic friction on the dielec
relaxation actually contribute to the anomalous pressure
pendence of the dielectric relaxation time of water.4

The physical mechanism of the anomalous pressure
pendence of the molecular mobility, explained mathem
cally above, is described schematically in the following wa

Consider the situation that the number-density fluct
tion is induced in a liquid composed of highly polar mo
ecules, as is shown in Fig. 1~a!. When the polar molecules
license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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are orientated in thez direction, there arises the gradient
the polarization density due to the number-density fluct
tion. The heterogeneity of the polarization density stands
that of the charge density, whose electrostatic energy is
portional to 121/e, which corresponds to the second fact
of Eq. ~7!. Since the polarization along thez axis is unfavor-
able in the presence of the number-density fluctuation al
thez axis by the mechanism above, the number-density fl
tuation causes the friction on the dielectric mode through
Coulombic interaction.

A schematic picture can be drawn as Fig. 1~b! for molten
salts. As is the case of polar liquids, the displacement
cations and anions in the opposite directions induces
charge-density fluctuation when the gradient of the num
density is present. The charge density then leads to the
crease in the Coulombic energy, so that the charge curre
suppressed.

It should be noted here that, although the schematic
tures are different for polar molecular liquids and molt
salts, we can treat both in the same formalism by employ
the interaction-site description for molecular liquids.

B. Nernst–Einstein deviation parameter

The diffusion of ions in dilute electrolyte solutions
uncorrelated, and the ionic conductivity,s, is given by the
Nernst–Einstein relationship as follows:21

FIG. 1. Schematic picture on the electrostatic friction on the charge-cur
mode of~a! polar liquids and~b! molten salts. In~a!, the uniform reorien-
tation of the dipole moment leads to the heterogeneity of the charge de
in the presence of the number-density fluctuation. In~b!, the charge density
fluctuation is caused by the relative displacement of cations and an
when the number density is not uniform.
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kBT
. ~8!

On the other hand, due to the correlation between the
tions of ions, the Nernst–Einstein relationship does not h
in the case of concentrated electrolyte solutions and mo
salts. In such a case, the Nernst–Einstein deviation par
eter, denoted asDNE, is defined in order to describe th
deviation from the Nernst–Einstein relationship as21

s5sNE~12DNE!. ~9!

The positive value ofDNE means that the collective ioni
conduction is suppressed compared with the single-par
diffusion, andvice versa.

The deviation parameters of concentrated electrolyte
lutions are often positive, which can be explained by t
ion-pair formation. The value ofDNE is also positive in the
case of many ionic liquids, and it has been attributed to
short-lived ion-pair formation.21,25

However, there are some cases where the Nern
Einstein deviation parameters of ionic liquids become ne
tive. For example, Trulla`s et al. showed in their MD simula-
tion that the deviation parameter of molten noble-me
halides are negative.26,27 The deviation parameter of molte
silica is also negative in the MD simulation at 4 g/cc a
4000 K.28 Wilke et al. showed that the deviation paramet
of the low-density ionic fluid becomes negative in the
mode-coupling calculation, although they did not present
reason explicitly~the inset of Fig. 11 in Ref. 20!. Very re-
cently, we performed a MD simulation of molten LiBr, an
showed that itsDNE is also negative, which is consistent wit
the experimental data. We further demonstrated that
negative deviation parameter can be reproduced by
mode-coupling calculation.19 Since it is unlikely that the ions
of the same charge can form the ion pair, it is necessar
construct another physical picture to elucidate the nega
deviation parameter.

In this section we will show that the negative value
DNE can be explained in a consistent way with the mec
nism of the anomalous pressure dependence of trans
properties described in the preceding section. Since the n
tive deviation parameter is observed in liquids whose tra
port properties depend on pressure in an anomalous way
consider that a consistent elucidation of both the press
dependence and the deviation parameter will support the
lidity of the mechanism.

Based on the fluctuation–dissipation idea, the friction
force on the charge-current density is described as Eq.~1!.
Due to the correlation between the random forces on dif
ent ions, the friction on the collective mode is not given
the sum of the individual ions as

zs~ t !5
1

V K (
a

za
2 (

i Pa
f i~ t50!•f i~ t !L . ~10!

The collective ionic conduction is likely to be suppressed
comparison with the individual ionic motion (DNE.0) when
z(t) is larger thanzs(t), andvice versa.

In the similar way as the preceding section, the Coulo
bic part ofzs(t) is derived as

nt

ity

ns
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zCoulomb
s ~ t !}(

k
H(

a
za

4Fs,aa~k,t !J
3H 1

k2 (ag
zazgFag~k,t !J , ~11!

whereFs,ag(k,t) is the self-part of the partial dynamic stru
ture factor defined as

Fs,ag~k,t ![
1

Na
(
i Pa

^exp@ ik"~r i~ t !2r i~0!!#&da,g . ~12!

HereNa denotes the number ofa atom.
Comparing Eq.~11! with Eq. ~6!, the collective dynamic

structure factor in the first factor on the rhs of Eq.~6! is
replaced by its self-part in Eq.~11!. The self-part of the
structure factor of dense liquids is usually larger than
collective part in the low-wave-number region where t
Coulombic interaction is effective. Therefore, the elect
static friction on the collective charge-current density b
comes smaller than that expected from the sum of the un
related motion of the individual ions, which is in favor of th
negative value of the Nernst–Einstein deviation paramet

Physically speaking, the electrostatic friction on t
single-particle diffusion stands for the friction caused by
retarded relaxation of the ionic atmosphere. The displa
ment of a single ion is always accompanied by the chang
the charge density, requiring the relaxation of the ionic atm
sphere around the ion. On the other hand, the collec
charge current does not lead to the change in the ch
density of the liquid if the number density of the liquid
homogeneous, which leads to the relatively weak elec
static friction on the collective charge-current mode.

III. THEORY

According to the general procedure of the projection o
erator formalism, one can derive the generalized Lange
equation for the dynamic structure factor of atomic liqu
mixtures and its self-part,F(k,t) and Fs(k,t), respectively,
as follows:22,29,30

F̈~k,t !1k2Jx21~k!F~k,t !1E
0

t

dt K ~k,t2t!F~k,t!50,

~13!

F̈s~k,t !1k2JsFs~k,t !1E
0

t

dt K s~k,t2t!Fs~k,t!50.

~14!

The current correlation matrix and its self-part,J and Js,
respectively, are given by

Jag5
rakBT

ma
dag , ~15!

Js,ag5
kBT

ma
dag , ~16!

wherema andra stand for the mass and the number dens
of the a atom, respectively.

The memory functions, denoted asK (k,t) and K s(k,t)
in Eqs. ~13! and ~14!, respectively, are the generalized fri
Downloaded 18 Oct 2006 to 133.6.32.11. Redistribution subject to AIP 
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tion coefficients for F(k,t) and Fs(k,t). In the mode-
coupling theory, the memory function is approximated as
linear combination of the quadratic form of the dynam
structure factor or its self-part as22,29,30

ra@J21"KMCT~k,t !#agrg

5
1

8p3 E dq$qz
2@c~q!•F~q,t !•c~q!#ag

3Fag~ uk2qu,t !2qz~k2qz!@c~q!

•F~q,t !#ag@F~ uk2qu,t !•c~ uk2q!#ag%, ~17!

@Js,21KMCT
s ~k,t !#ag

5
1

8p3 E dq qz
2@c~q!•F~q,t !•c~q!#agFs,ag~ uk2qu,t !,

~18!

wherec(q) is the direct correlation function, which stand
for the effective intermolecular interaction between atom
andz denotes the direction ofk.

In particular, the memory function for the hydrodynam
modes,K (k50,t) andK s(k50,t), are given by

ra@J21"K ~k50,t !#agrg5E
0

`

4pq2 dq kag~q,t !, ~19!

@Js,21"K s~k50,t !#ag5E
0

`

4pq2 dq ks,ag~q,t !, ~20!

wherek(q,t) and ks(q,t) are the contribution to the time
dependent friction coefficient from the liquid structure
each wave number given by

kag~q,t !5
q2

24p3
$@c~q!•F~q,t !•c~q!#agFag~q,t !

2@c~q!•F~q,t !#ag@F~q,t !•c~q!#ag%, ~21!

ks,ag~q,t !5
q2

24p3
@c~q!•F~q,t !•c~q!#agFs,ag~q,t !.

~22!

In Eqs. ~17! and ~18!, the values ofF(k,t) andFs(k,t)
can be evaluated fromK (k,t) andK s(k,t) at t,t, which is
determined byF(k,t) andFs(k,t) in turn. In short, we can
obtain the dynamic structure factor and its self-part at timt
from those att,t. Utilizing this property, we can calculat
the dynamic structure factor in the whole time region fro
only the knowledge of the static structure factor,x(q), and
that of the inertia,J andJs. If we use the integral equation
theory for the equilibrium structure, as is done in this wo
the static structure factor is obtained from the interionic
teraction in turn. In such a case, we can evaluate the tr
port properties of ionic liquids from the input data of ion
masses, interionic interactions, temperature, and den
only.
license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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IV. MODEL AND NUMERICAL METHODS

In this work, we employ the modified Born–Mayer
Huggins potential with Tosi–Fumi parameter~hereafter
called BMH potential! as the interionic interaction potentia
of molten alkali halides~LiBr and RbBr!.31 The BMH model
has long been used in the MD simulation of alkali halid
The effective charges of ions in the BMH model are6e,
where 2e is the charge of the electron, and the effect
electronic polarization is not included. Although the pola
ization of anion is thought to affect many properties of m
ten salts quantitatively, we consider that the rigid ion mo
is sufficient to understand the phenomena qualitatively. T
interionic potential proposed by van Beest, Kramer, and
Santen ~BKS potential! is employed for the silica melt
whose parameters are determined byab initio quantum-
chemical calculations.32 The effective charges of Si and O
ions are12.4e and21.2e, respectively, and the polarizatio
effect is not included. The short-range correction of Saik
Voivod et al. is employed in order to avoid the anomaly
the origin.33 The BKS potential has been used for the M
simulations of molten silica and silica glass as one of
representative potential of silica.14,33–40 In particular, it is
reported by MD simulation studies that the BKS potent
works well in reproducing the characteristic pressure dep
dence of the transport properties of silica melt.14

The equilibrium structure is calculated from the inte
onic potential using the Ornstein–Zernike~OZ!/hypernetted-
chain ~HNC! integral equation,21 as is the case of the prev
ous study on water by Yamaguchiet al.4 The HNC equation
is reported to work well in the case of molten alka
halides.19,21,25

The dynamic structure factor is calculated from the sta
structure using the generalized Langevin/mode-coup
theory described in the preceding section. Although
mode-coupling approximation is the approximation for t
long-time part of the memory function,21–23 we used the
mode-coupling expression in the whole-time region. We c
sider that this approximation will not affect the qualitativ
mechanism of the transport properties, since their anoma
pressure dependence is reproduced well as will be exhib
later. In the numerical procedure, the reciprocal space is
early discretized ask5(n1 1

2)Dk, where n is the integer
from 0 to Nk21. The number of grids,Nk , is 128 for LiBr
and SiO2 , and 256 for RbBr. The spacings in the reciproc
space,Dk, are 0.245, 0.163, and 0.061 Å21 for LiBr, SiO2 ,
and RbBr, respectively.

The time development of the correlation function in t
hydrodynamic limit,k→0, is separately treated by the an
lytical limiting procedure of the theoretical expressions
order to obtain the transport coefficients. The relations
between the dynamic structure factor and the transport c
ficients is described elsewhere.4,21

V. RESULTS AND DISCUSSIONS

A. LiBr: The simplest case

We will demonstrate our numerical results on molt
LiBr in this section. Parts of the results are already shown
our previous letter.19 All the calculations shown here are pe
Downloaded 18 Oct 2006 to 133.6.32.11. Redistribution subject to AIP 
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formed at 1000 K. Although results at other temperatu
were exhibited in the previous letter,19 they are omitted here
since temperature dependence is not within the scope of
present work.

Figure 2 shows the partial structure factors,x(q), at 1
atm ~the number density of each ion is 0.016 77 ions/Å3!.41

The density dependence of the local counter-ion dens
which is defined as the radial distribution function multiplie
by the number density, is exhibited in Fig. 3. As is shown
Fig. 3, the coordination number of the counter ion is
increasing function of density. Therefore, the collision fr
quency increases with increasing density, so that the io
mobility is expected to decrease with density based on
Enskog idea.

The molar ionic conductivity and the diffusion coeffi
cients, obtained by the mode-coupling calculation, are sho
in Fig. 4. The relative change from the values at the amb
pressure is plotted. Contrary to the expectation from the
ordination number, the molar ionic conductivity is an i
creasing function of the density in the low pressure regi
which is consistent with the experimental observations.16,17

The absolute values of the molar conductivity and diffusi
coefficients at 1 atm are shown in Table I. The theory und
estimates the conductivity by about 30% compared with
experiment.17 We consider this agreement is satisfactory b
cause only the interionic interaction potential is used as in
data in our theory.

FIG. 2. Static structure factor of molten LiBr at 0.01677 ions/Å3 and 1000
K. The solid, dotted, and dashed lines denotex11(q), x12(q), and
x22(q), respectively.

FIG. 3. Local counter-ion density of molten LiBr, defined asrg12(r ), at
0.016 77, 0.018 45 and 0.020 12 ions/Å3. The arrow indicates the direction
of increasing density.
license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Comparing the density dependence of the molar cond
tivity with those of single-particle diffusion coefficients o
ions in Fig. 4, the increase in the mobility is stronger for t
collective ionic conduction than for the single-particle diff
sion. It clearly indicates that the anomaly in the density
pendence of the transport coefficients of molten LiBr ste
from the collective charge-density mode, rather than
single-ionic motions, and it is also consistent with the phy
cal picture presented in Sec. II. The decrease in the diffus
coefficient with density is weaker for cation, because
effect of ionic atmosphere is larger for smaller Li1 ion. The
relative density dependence of the diffusion coefficients
cation and anion is consistent with the MD simulation
ported by Okadaet al.18

In the MD simulation of Okadaet al., the diffusion co-
efficient of Li1 is a weakly decreasing function of density,18

whereas it shows slight increase in our theoretical calc
tion. The diffusion coefficient of Li1 ion in molten LiBr has
yet to be measured to our best knowledge, and we consid
is worthy of experiment, although the precise measurem
of the diffusion coefficient under the high-temperature, hig
pressure condition is difficult. As for the discrepancy b
tween the simulation and the theory with respect to the p
sure dependence of the cationic diffusion coefficient,
consider it is not an essential failure of our theory. First,
increase in the diffusion coefficient is so small in our theo
that it may be buried under the statistical error of the sim
lation. Second, since our theory exaggerates the increas
the molar conductivity compared with experiments, the
crease in the cationic diffusion coefficient is also likely to
overestimated, and the maximum of the diffusion coeffici
may appear only in the negative pressure region where
simulation was not performed.

FIG. 4. The relative change in the diffusion coefficients~D! and molar
conductivity ~L! of molten LiBr with respect to those at 1 atm~0.016 77
ions/Å3!, denoted asD0 and L0 , respectively. The circles stand for th
molar conductivity, and the squares and diamonds indicate the diffu
coefficients of cation and anion, respectively.

TABLE I. The ionic diffusion coefficients, the molar conductivities~L!, and
the Nernst–Einstein deviation parameters of molten LiBr~1000 K! and
RbBr ~1075 K! at 1 atm from the theoretical calculation.

D1/1025 cm2 s21 D2/1025 cm2 s21 L/cm2 mol21 V21 D

LiBr 6.8 3.7 134 20.13
RbBr 1.7 1.7 31.2 10.17
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As was discussed in the previous work on water
Yamaguchiet al., the initial value ofk(q,t), defined by Eq.
~21!, can be regarded as the distortion of the liquid struct
accompanying the ionic conduction.4 We show the density
dependence ofk(q)[k(q,t50) in Fig. 5~a!. Only the di-
electric component is plotted there, since all the compone
are proportional to the dielectric one in the case of bin
ionic mixture due to the momentum conservation. SinceJ is
proportional tor, the factor ofr21 is multiplied so that
observed density dependence corresponds to that of th
laxation time, wherer stands for the molar density. Th
mode-density factor, 4pq2, is also multiplied there.

In Fig. 5~a!, the structure below 1.5 Å21 mainly comes
from the Coulombic interaction as is elucidated in Sec.
whereas the higher wave-number part can be attributed to
short-range repulsive interaction. Although not shown e
plicitly, the density dependence of the static structure be
1.5 Å21, in particular at 0,q,1 Å21, has the same charac
teristics with that atq50 in that the number-density fluctua
tion is supressed by the packing effect while the charge d
sity one is almost invariant. As is expected, the friction fro

n

FIG. 5. Dielectric part of~a! 4pq2r21k(q) and~b! 4pq2r21k̃(q) of mol-
ten LiBr. See the text for the definition of the functions. Solid, dotted, a
dashed curves denote the functions at 0.016 77, 0.018 45, and 0.0
ions/Å3, respectively. In~c!, the running integrals of the difference o
4pq2r21k̃(q) from that at 0.016 77 ions/Å3 are plotted. The solid and
dotted curves refer to those at 0.018 45 and 0.020 12 ions/Å3, respectively.
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the low-wave-number region decreases with increasing d
sity due to the decrease in the number-density fluctuation
the other hand, the high-wave-number part is almost inv
ant and slightly increases with density. We consider it is d
to the relatively small increase in the coordination numbe
the counter ions with density, as is shown in Fig. 3.

Figure 5~b! demonstrates the time-integrated wav
number-resolved memory function as

k̃~q![E
0

`

dt k~q,t !, ~23!

multiplied by the same factor as Fig. 5~a!. By integrating
overq, it directly generates the zero-frequency friction on t
zero-wave-number ionic charge current. The running integ
of the difference ofk̃(q) from that of the ambient pressure
plotted in Fig. 5~c!, in order to demonstrate the origin of th
decrease in friction clearly.

As is seen in Figs. 5~b! and 5~c!, the density dependenc
of k̃(q) inherits that of the initial time in a rather straigh
forward way. Although the absolute contribution of the hig
wave-number region is large, its density dependence is q
small, and more than half of the decrease in the ze
frequency friction comes from that of the low-wave-numb
region (q,1.5 Å21). The decrease in the contribution of th
high-q region in Fig. 5~c! may be attributed partly to the
coupling with the charge-density modes. At the dens
higher than 0.019 ions/Å3, the contribution of the repulsive
interaction begins to increase, which leads to the decreas
the molar conductivity.

B. RbBr: The distinction between normal
and anomalous pressure dependence

In this section, we will present the density dependence
the transport coefficients of molten RbBr obtained in t
same way as those of LiBr. Since the ionic mobilities
molten RbBr is reported experimentally to be a decreas
function of pressure,16 the comparison between LiBr an
RbBr will help answer the question what is the characte
tics of LiBr among other molten salts that leads to t
anomaly in the pressure dependence of the transport pro
ties.

All the calculations on molten RbBr are performed
1075 K and various densities from 0.009 384 ions/Å3 ~the
number density of each ion at 1 atm41! to 0.010 746 ions/Å3.

FIG. 6. Local counter-ion density of molten RbBr at 0.009 38, 0.009 92,
0.010 32 ions/Å3. The arrow indicates the direction of increasing density
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Figure 6 shows the local counter-ion density at thr
different densities. The coordination number of the coun
ion is an increasing function of density. Compared with th
of molten LiBr ~Fig. 3!, the increase in the coordinatio
number is larger in the case of RbBr, given that the ove
increase in the bulk density is 20% and 10% in Figs. 3 and
respectively.

The density dependence of the molar conductivity a
diffusion coefficients is plotted in Fig. 7. They are norma
ized to the values at the ambient pressure, which are sum
rized in Table I. Contrary to the molten LiBr~Fig. 4!, all the
transport coefficients are decreasing functions of dens
consistent with the experiment.16 The agreement of the abso
lute value of the transport coefficients with the experimen
worse than that of LiBr, which we consider may partly b
attributed to the performance of the BMH potential in t
case of RbBr. All the transport coefficients behave simila
by compression, and it looks as if all of them are controll
by the same parameter such as viscosity, although the
pling with the transverse current density is not included
our calculation.

The density dependence ofk(q) is exhibited in Fig. 8.
Owing to the general mechanism described in Sec. II,
contribution from the low-wave-number region~,1 Å21!
decreases with increasing density. Compared with the co
sponding functions of LiBr@Fig. 5~a!#, however,k(q) of

d
FIG. 7. Relative change in the molar conductivity and the diffusion coe
cients of molten RbBr with respect to those at 1 atm~0.009 38 ions/Å3!. All
marks are the same as those of Fig. 4. The squares and diamonds are
overlapped with each other in the figure.

FIG. 8. Dielectric part of 4pq2r21k(q) of molten RbBr. Solid, dotted, and
dashed curves denote the functions at 0.009 38, 0.009 92 and 0.01
ions/Å3, respectively.
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RbBr is different in the following two features, so that th
ionic mobility decreases with increasing density.

First, the relative contribution of the low-wave-numb
region to the whole friction is quite small in the case
RbBr. It indicates that the Coulombic interaction plays onl
minor role in the frictional force on the ionic conductio
which can be explained in terms of the difference in the s
of cation.

Second,k(q) in the high-q region is strongly dependen
on density. Since the high-q part corresponds to the shor
range repulsive interaction, its large increase correspond
the rapid increase in the counter-ion coordination numbe
is shown in Fig. 6. The difference in the density depende
of the local structure, in turn, may stem from the differen
in the interatomic interaction to determine the structu
qualitatively, that is, the importance of the attractive Co
lombic interaction is larger on LiBr than on RbBr.

In summary, the two ionic liquids investigated here, Li
and RbBr, share the same mechanism that the electros
friction on the collective ionic current can decrease with
creasing pressure through the decrease in the number-de
fluctuation in the low-wave-number region. At the sam
time, both liquids also have another mechanism in comm
that the repulsive friction increases with increasing press
due to the increase in the coordination number. The dif
ence between LiBr and RbBr appears quantitative rather
qualitative in our calculation. In the case of LiBr, the form
mechanism is relatively strong and the latter one is v
weak, so that the former one appears in the resultant tr
port coefficient, whereas the former is usually dominated
the latter in most ionic liquids. A detailed knowledge of th
liquid structure will be required to understand in what co
dition the density dependence of the electrostatic frict
may lead to the pressure-induced enhancement of the
lecular mobility without the disturbance of the repulsive i
teraction.

C. Nernst–Einstein deviation parameter

The Nernst–Einstein deviation parameters,DNE, of LiBr
and RbBr obtained by the theory are shown in Table I. As
the case of other alkali halides,25 DNE is positive for RbBr,
which indicates that the collective ionic conduction issup-
pressedcompared with the single-ionic diffusion. On th
other hand,DNE of molten LiBr is negative in our theory, an
it is consistent with a simulation and experiments.19 In Sec.
II we have presented a physical mechanism on the nega
deviation parameter, which is in harmony with the anom
lous pressure dependence of ionic conductivity. In this s
tion, we show the analysis of our theoretical calculati
based on the mechanism in Sec. II.

Figure 9 shows the time-integrated wave-numb
resolved friction coefficient and its self-part, defined as

4pq2r21k̃~q![
q4

6p3r
E

0

`

dt(
ag

zazg$@c~q!•F~q,t !

•c~q!#agFag~q,t !2@c~q!

•F~q,t !#ag@F~q,t !•c~q!#ag% ~24!
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4pq2k̃s~q![
q4

6p3r
E

0

`

dt(
ag

zazg@c~q!•F~q,t !

•c~q!#agFs,ag~q,t !, ~25!

respectively, wherer[r15r2 . According to the discus-
sion in Sec. II B, the difference between them represents
distinct part of the memory function resolved into the co
tribution of each wave number.

As is expected from the discussion in Sec. II B, the se
part exceeds the collective one in the low-q region. On the
other hand, the former is smaller than the latter in the higq
region, which can be attributed to the fact that the sho
range repulsive interaction is likely to act between a cat
and an anion. The contribution of the former is relative
large and the difference between two functions is small in
high-q region in the case of LiBr, which leads to the negati
value of the Nernst–Einstein deviation parameter.

Trullàs and Padro´ proposed in their MD simulation work
on molten noble-metal halides that the negative value of
deviation parameter originates in the collision between lar
anions.26 Their explanation appears different from ours
first glance, since the negative deviation parameter alw
comes from the low-q region, not from the high-q one that
represents the collisional interaction. In addition to the re
tive contribution of the electrostatic and repulsive intera
tions, however, the difference between the collective and
self-functions in the high-q region is smaller for LiBr in
comparison with RbBr, and we consider it may have som
thing to do with the repulsive interaction between larger a
ions.

FIG. 9. Comparison between the dielectric part of 4pq2r21k̃(q) @Eq. ~24!#
and its self-part, Eq.~25!. The former and the latter are drawn as the dott
and solid curves, respectively. The functions for LiBr and RbBr are sho
in ~a! and ~b!, respectively.
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D. Silica: The revival of the conventional picture

This section deals with the ionic mobility of molte
silica. The temperature and the density of the systems ca
lated are 3000–8000 K and 0.0275–0.0425 ions/Å3 ~the
number density refers to that of the Si atom here!, respec-
tively. Although the density of silica melt is less than 0.0
ions/Å3 at the ambient pressure,42 we cannot perform the
calculation in the lower-density region, because the OZ/H
integral equation is not convergent numerically there. In
mode-coupling calculation of Sciortino and Kob, they r
ported that the ideal glass-transition temperature of si
melt is largely affected by the inclusion of the three-bo
direct correlation function.38 Due to the lack of the informa
tion on the three-body correlation in the integral equat
theory, however, we employed the ordinary expression of
memory function, not including the three-body direct cor
lation function. We believe we can extract the physic
mechanism of the anomalous pressure dependence o
ionic mobility of silica melt from our theoretical calculatio
without the three-body direct correlation function, so long
it can reproduce the characteristic pressure dependence o
mobility qualitatively.

Figure 10 shows the partial static structure factor at 30
K and 0.0300 ions/Å3. Compared with the structure factor o
molten LiBr ~Fig. 2!, it should be noticed that the small pea
~shoulder! is found around 2 Å21. This peak is more eviden
in experiments and simulations of silica and related mater
in lower-temperature, lower-density region, and it is cal
‘‘prepeak’’ or ‘‘first sharp diffraction peak’’~FSDP!.43–47 In
contrast to the peak around 3 Å21, the density fluctuation
modes of Si and O ions are positively correlated in FSD
which indicates that FSDP is associated with the fluctua
of the charge-neutral cluster of ions, i.e., SiO2 unit.

Figure 11 demonstrates the diffusion coefficient of
atom obtained by our theory. Compared with the correspo
ing MD simulation performed by Shellet al. using the same
potential,14 the characteristic behavior of the diffusion coe
ficient is reproduced qualitatively well, although the absol
value of the diffusion coefficient is several times small
The diffusion coefficient of Si atom and the shear viscos
also show the similar anomalous pressure dependence in
theory, although they are not plotted here.

Figure 12~a! exhibits the z2-weighted number-density
fluctuation and the charge-density fluctuation at 3000 K a

FIG. 10. The static structure factor of molten silica at 0.0300 ions/Å3 ~num-
ber density of Si atom! and 3000 K. All the symbols are the same as
Fig. 2.
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two different densities, 0.0300 and 0.0350 ions/Å3, where the
weighting factor ofz2 corresponds to Eq.~7!. The factor of
r21 is multiplied to thez2-weighted number-density fluctua
tion for normalization. Owing to the positive correlation b
tween the Si and O modes, FSDP structure appears stro
in the number-density fluctuation. On the other hand,
charge-density mode is suppressed up to FSDP, which m
that the charge neutrality is maintained at the FSDP mo
and at the same time the interionic Coulombic potentia
effective up to 2 Å21. The FSDP decreases with increasi
density in the low-wave-number region and apparently sh
to higher wave number, which is consistent with the x-r
diffraction of silica glass.44

Figure 12~b! plots the functions that correspond to Fi
5~a! for molten LiBr. Both functions resemble each oth
qualitatively in that the contribution of the low-wave-numb
structure is a decreasing function of density, whereas tha
the peak of the structure factor~2 and 3 Å21 for LiBr and

FIG. 11. The theoretical self-diffusion coefficient of oxygen in silica melt
plotted against density. The temperature of the system is, from lowe
upper, 3000, 4000, 6000, and 8000 K, respectively.

FIG. 12. ~a! The z2-weighted number-density fluctuation~solid circle! and
the charge-density fluctuation~open circle! of silica at 3000 K. Solid and
dotted curves denote those of 0.0300 and 0.0350 ions/Å3, respectively. The
number-density fluctuation is divided by the molar density for normali
tion. ~b! Dielectric part of 4pq2r21k(q) at 0.0300 ~solid! and 0.0350
ions/Å3.
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silica, respectively! is almost invariant. However, the majo
difference is that the peak of the low-wave-number struct
exists on the low-wave-number side of the FSDP in the c
of silica.

The electrostatic friction on the charge-current mode
the linear combination of the number- and charge-den
modes according to Eq.~7!. If the number-density fluctuation
increases as FSDP in the low-wave-number region where
interionic Coulombic interaction is effective, it results in th
increase in the frictional force on the charge-current mode
similar behavior has been found in the previous study
water performed by Yamaguchiet al., although it appears
less clear partly because the RISM/HNC theory does
reproduce the characteristic double-peak structure in
static structure factor of water.4 We consider that the absenc
of the contribution of the FSDP-like structure in the case
LiBr is one of the reason for the relatively small anomaly
the pressure dependence of its transport coefficients.

Based on the correlation between the coordination nu
ber and the ionic mobility, Angellet al. proposed that the S
atom coordinated by five O atoms is responsible for the
crease of the ionic mobility.11 We can draw the following
corresponding picture if a special attention is paid to the r
of the FSDP, although the definite distinction of the con
bution of FSDP is difficult since the peak around 2 Å21 is
broad and its edge continues to the low-wave-number lim

Figure 13 shows the schematic picture that stresses
the number-density fluctuation around 2 Å21. As is described
above, FSDP can be interpreted as the density fluctuatio
SiO2 units. Therefore, the presence of FSDP can be
scribed schematically as Fig. 13~a!. When the cation and the
anion are pulled in the opposite direction, the SiO2 unit has a

FIG. 13. A schematic picture of the anomalous pressure dependenc
molten silica when special attention is paid to the role of the first sh
diffraction peak~FSDP!. In the low-density region, there are definite tetr
hedral SiO2 units as is described in~a!, which bring about FSDP. In such
case, the relative motion of Si and O atoms is restricted due to the l
polarization energy of the SiO2 unit. In the high-density region, howeve
the FSDP becomes smaller, and there can be another fifth O atom aroun
Si atom, as is described in~b!. The electrostatic interaction between the fif
O atom and Si atom, denoted as the dotted line, can reduce the polariz
energy mentioned above.
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large electric dipole moment, which requires large polari
tion energy. The electric current is hence not favored by
electrostatic energy. On the other hand, consider the situa
that the number-density fluctuation is suppressed by the c
pression as is shown in Fig. 12~a!, and the fifth O atom is
located near the Si atom~connected by a broken line! as is
described in Fig. 13~b!. In such a case, the polarization e
ergy of the SiO2 unit is cancelled by the electrostatic ener
between Si atom and the fifth O atom, and the electric c
rent is electrostatically more favored compared with F
13~a!. We therefore consider that the physical picture of t
anomalous pressure dependence of silica melt obtained
our theory is essentially consistent with that of Angellet al.11

that the increase in the number of five-coordinated Si ato
is responsible for the increase in the ionic mobility. Howev
it should be mentioned here that the structural informat
we used is that on the uniaxial correlation functions, n
including the angular distribution such as the bond-angle
der explicitly.

Guissani and Guillot reported in their MD study on silic
melt that the Nernst–Einstein deviation parameter is stron
negative (DNE;22) at 4000 K and 4 g/cc~0.04 ions/Å3!,
whereas it is positive in the low-temperature low-dens
region.28 The negative value of the deviation parameter
consistent with the mechanism described in Sec. II B, and
actually obtained the negative deviation parameter (DNE;
20.14) at the corresponding state point. Although the ab
lute value is quite different, it may be attributed to vario
reasons such as the difference in the interaction potential
insufficient structural information from the integral equatio
theory and so on. Though the calculation is not perform
here in the low-temperature, low-density region, we consi
that the positive deviation parameter does not contradict w
the present mechanism, because the pronounced FSDP
will violate the condition that the collective number-dens
fluctuation is smaller than the single-particle one.

VI. CONCLUDING REMARKS

In this work, we have presented our mode-coupling c
culation on the density dependence of the transport pro
ties of three ionic liquids, LiBr, RbBr and silica. Two o
them, LiBr and silica, show the increase in the ionic mob
ties with increasing density in the low-pressure region, a
observed by the experiments or the simulations. The ca
lation is analyzed in the same way as the mode-coup
study of the anomalous pressure dependence of the mo
lar motion of water performed by Yamaguchiet al.,4 in order
to clarify the similarities of the physical mechanisms of t
ionic liquids and water.

The pressure dependence of the ionic mobility of th
ionic liquids is reproduced fairly well by the theoretical ca
culation. The Coulombic part of the friction on the collectiv
electric current decreases with density due to the decrea
the number-density fluctuation, as is expected from
mechanism proposed for water. On the other hand, the d
sity dependence of the contribution of the short-range~high-
wave-number! structure is quite small in the case of LiBr an
silica. As a result, the ionic mobility reflects the decrease
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the electrostatic friction in a straightforward manner, lead
to its anomalous pressure dependence observed by ex
ments or simulations.

The electrostatic friction on the ionic conductivity o
RbBr also decreases with increasing density, as is the ca
LiBr. However, its absolute magnitude is so small that
hardly contributes to the total friction. Moreover, the cont
bution of the short-range part is a strongly increasing fu
tion of density due to the rapid increase in the coordinat
number, which dominates the increase in the total friction

Although a picture similar to LiBr is obtained on silic
melt, the large difference is that the electrostatic friction
enhanced by the presence of the FSDP in the low-wa
number region. If we focus on the role of the FSDP in p
ticular, we can draw a scheme of the anomalous pres
dependence of transport properties consistent with the
ventional picture that the Si atom coordinated by five O
oms enhances the ionic mobility.

In addition to the anomalous pressure dependence o
transport properties, we can also reproduce the nega
value of the Nernst–Einstein deviation parameter reported
the MD simulation of LiBr19 and silica.28 The homogeneous
ionic-charge current does not induce the charge heterog
ity in the absence of the number-density fluctuation. In c
trast, the motion of a single ion is always accompanied
the change in the charge distribution, which requires the
laxation of the ionic atmosphere around the ion. Therefo
the Coulombic part of the frictional force is likely to b
stronger on the single-ionic motion than on the collect
charge current, which leads to the ionic conduction fas
than the Nernst–Einstein relationship. On the other hand,
effect of the short-range interaction is stronger on the col
tive charge current, since the repulsive interaction is likely
act between a cation and an anion. The sign of the Nern
Einstein deviation parameter is determined by the bala
between the above two effects, and it can be negative w
the Coulombic contribution to the frictional force is strong

In summary, we have presented a possibility that vari
characteristic properties of some ionic liquids, such as
pressure-induced enhancement of the ionic mobilities or
ionic conduction faster than the Nernst–Einstein relati
ship, can be understood in terms of the general propertie
the Coulombic part of the frictional force in dense liquids,
is the case of water proposed by Yamaguchiet al.4 We hope
that the present mechanism will also shed light on other
rious properties of ionic liquids such as Chemla effect.48,49
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