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The transport coefficients of three ionic liquids, lithium brom{tér), rubidium bromidgRbBr),

and molten silica (Si¢) 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,SiOthe
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 Yamaguchi

[T. Yamaguchi, S.-H. Chong, and F. Hirata, J. Chem. Phi&.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 ang SiO
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 moltedebiOnstrated

in this work is consistent with a conventional picture that the five-coordinated silicon atom is
important to enhance the ionic mobility. ®003 American Institute of Physics.

[DOI: 10.1063/1.1622652

I. INTRODUCTION pressure are quite important in geophysics. Although the
transport coefficients of neat molten silica have not been re-
The molecular mobilities of most liquids are decreasingported to our best knowledge, the shear viscosities of related
functions of pressure. It indicates that the molecules diffusgompounds are extensively measured in the high-
less easily at more densely packed condition, which is contemperature, high-pressure region mainly by Kushiro
sistent with our everyday experience. However, there ar@t al>-° They found that the shear viscosities of many kinds
some liquids whose molecular mobility is enhanced by comof magma decrease significantly with pressure, which had a
pression, and its microscopic mechanism has been under dgreat impact on both geophysics and material science. They
bate for many years. also measured the self-diffusion coefficients of oxygen atoms
The most famous example of such a liquid is Watér. of these compounds, and showed that the diffusivity of the
Due to its chemical and biOlOgical importance, the equilib'oxygen atom is also enhanced by the Compresjﬂ(Sﬁmu-
rium and transport properties of water have been a target gfted by these experimental findings, there have been many
high-pressure science from the beginning of the last centuryheoretical and computer simulation studies on the anoma-
Owing to the accumulation of the experimental works, it hagoys pressure dependence of the transport coefficients of
been revealed that the molecular mobilities of liquid water,molten SiQ, and these anomalies are now considered to be
as appear in the shear viscosity, dielectric relaxation, selfyye to the pressure-induced breakdown of the tetrahedral net-
diffusion, and single-particle reorientational relaxation, areygrk structuret! 1% just as the anomalous pressure depen-
increasing functions of pressure in the low-temperature, lowgence of the dynamic properties of water is ascribed to the

pressure region. As is the case of other anomalous properti@seakdown of the tetrahedral hydrogen-bonding network
of water, this pressure dependence of the molecular mobilitgi,cture.

of water has been ascribed to its tetrahedral hydrogen- A |ess famous example of the anomalous pressure de-
bonding network structuré:® o pendence of the transport coefficient is that of the molar
Molten silica (SiQ) is another liquid that shows anoma- igpic conductivity of molten LiBr. Cleaveet al. measured
lous pressure dependence of the transport coefficients. Thge jonic conductivity of various molten alkali halides, and
properties of molten silica and related compounds under higfyyng that the molar conductivities of lithium halides are
increasing functions of pressure in the low-pressure retjion.
dElectronic mail: tyama@nuce.nagoya-u.ac.jp Todheideet al. studied the pressure dependence of the molar
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conductivity of molten LiBr in detail, and reported that the model liquid show the anomalous pressure dependence of
pressure dependence of the molar conductivity has a maxmobilities as LiBr, silica, and water, and their calculation
mum value'’ These experimental facts indicate that the ionicsupports our idea that the pressure-induced enhancement of
mobilities of molten LiBr is enhanced by compression, as isthe molecular mobility of liquids stems from the general
the case of water and silica. However, the anomaly in theroperties of the intermolecular Coulombic interaction.
pressure dependence of the molar conductivity of molten In this work, we perform mode-coupling calculation of
LiBr has been discussed in different ways from the corre-above ionic liquids, LiBr and SiQ in order to clarify how
sponding properties of water and silica, since the molterithe intermolecular interactions and the changes in the liquid
LiBr does not have a tetrahedral network structure as watestructures lead to the pressure-induced enhancement of the
and silica. For example, "Oheide considers that the elec- molecular mobility. The equilibrium structure required in the
tronic polarizability is responsible for the anomalous pres-MCT calculation is obtained by the statistical integral equa-
sure dependenéé_on the other hand, Okadat al. showed tion theory as is the case of the corresponding calculation on
by their molecular dynamic§MD) simulation, using the water? A similar calculation on RbBr, which does not indi-
rigid ion model, that the pressure dependence of the selfcate the anomaly in the pressure dependence of the transport
exchange velocity of molten LiBr is in harmony with that of coefficients, is also performed for comparison with that of
the molar conductivity, although they did not evaluate theLiBr. The modified mode-coupling theory for molecular lig-
conductivity explicitly!® Very recently, we reported that the uids employed by Yamaguchetal. is based on the
pressure dependence of the molar conductivity of LiBr isinteraction-site modél,and the site density is the dynamic
reproduced qualitatively by the mode-coupling theoryvariable explicitly considered there. One can therefore trans-
(MCT) with the same modéf late the analysis of the MCT calculation on water into that on
In a recent work, Yamaguchet al. calculated the dy- ionic liquids easily, which we consider is a merit of the
namic properties of water at various densities and pressurditeraction-site based theory of the dynamics of molecular
using the generalized Langevin/modified mode-couplingiquids, as opposed to that based on the spherical harmonics
theory devised for molecular liquids described by the€Xpansion.
interaction-site modé!.The anomalous pressure dependence
of various dynamic properties is reproduced qualitativelyll. PREVIOUS MODE-COUPLING ANALYSIS
well, although the quantitative agreement is not so goodOF THE PRESSURE-INDUCED ENHANCEMENT
Furthermore, they analyzed their theoretical calculation ifOF MOLECULAR MOBILITY OF WATER,
detail, and found that the interatomic strong Coulombic in-AND ITS IMPLICATION TO IONIC LIQUIDS
teraction can be areason _for the gnomalous pressure _depen- Consider a liquid composed of interaction sitesy,... .
dence of dynamic properties. Owing to the decrease in thejere, the greek indice@,y,...) refer to the species, arig, ...
number-density fluctuation in the low-wave-number regionwill be used for the individual sites. At present, it does not
with increasing pressure, the Coulombic coupling betweemnatter whether interaction sites are connected by chemical
the low-wave-number charge-density fluctuation and hydroponds (polar liquid9 or not (molten salts The mass and
dynamic dielectric mode is reduced. They also performeaharge of the siter are denoted as, andz,, , respectively.
similar analyses on other polar liquids in order to clarify the In the mode-coupling analysis of the anomalous pressure
specificity of water. They found that the effect of Coulombic dependence of the molecular mobility of water performed by
interaction is hindered by that of repulsive collisions in the Yamaguchiet al,* the electrostatic friction on the charge-
case of typical polar liquids as acetonitrile. However, theydensity mode > ,z,p,(k) in the low-wave-number region
also demonstrated by both the MCT calculation and MDplays an essential role, whepg,(k) represents the number-
simulation that the dynamic properties of a model diatomicdensity mode of sitex in the reciprocal space. The charge-
polar liquid can show the anomalous pressure dependenekensity mode in the low-wave-number limit corresponds to
even if it does not have any kind of tetrahedral hydrogenthe collective dipolar reorientatiodielectric relaxatiohin
bonding network structure. the case of polar molecular liquids, whereas it does to the
lonic liquids are liquids composed of charged particles,electric current in the case of ionic liquids.
so that the intermolecular Coulombic interaction has strong  We will discuss hereafter on two anomalous properties
influence on both the equilibrium and dynamic propertiesof the dynamics of ionic liquids, the pressure-induced en-
Since the anomalous dynamic properties of water above camancement of the mobility and the negative Nernst—Einstein
be derived from the strong intermolecular Coulombic inter-deviation parameter, in terms of the short-time behavior of
action in general, there is a possibility that the anomaloushe electrostatic friction, as was done for water in Ref. 4. The
pressure dependence of the transport coefficients of bothictional force other than the electrostatic ones are working
molten LiBr and silica melt is explained in the similar way asin reality, however, and the short-time behavior of the
that of water. Recently, Wilkeet al. performed a mode- memory function may not be related directly to the time-
coupling calculation on the ideal glass transition of the sym-integrated transport properties. It is therefore required to treat
metric model ionic liquic?® They found that the density de- the dynamics of ionic liquids fully on the microscopic level
pendence of the ideal glass transition temperature shows keefore extracting the effect of electrostatic friction, which we
re-entrant behavior, that is, a vitreous state becomes ergodare going to do in this work. As will be shown in Sec. VA,
by applying the pressure. Although they did not demonstraté¢he contribution from the low-wave-number regiorg (
explicitly, it indicates that the transport coefficients of the <1.5A™?1) is mainly responsible to the anomalous pressure
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dependence of the ionic conductivity, and the short-time be-

havior is reflected in the zero-frequency character in a rather gCoquml{t)“; [2 ziz";F‘”(k,t)]

straightforward way in the case of LiBr, consistent with the “

picture presented below. In Sec. V C, the electrostatic friction 1

is also shown responsible for the negative Nernst—Einstein X{—ZE ZaZyF”(k,t)], (6
deviation parameter. In the case of silica, the presence of the k™ ay

first-sharp-diffraction-peak around 2 “A may require a where we neglect the contribution of the second term of Eq.
modification of the picture, which will be discussed in (3), since it behaves a8(k?) in the low-wavelength region,
Sec. VD. whereas the first term is the order of unity. The first and the
second factors represent thE-weighted number-density
fluctuation and charge-density one, respectively. In particu-

According to the idea based on the fluctuation—|ar, the initial value 0fl couomit) is described as
dissipation theorerf.-2 the friction kernel on the charge-

dens_lty mode in _the Iow-wavelength limit is proportlo_nal to Lcouomi ) > 1> Zizzyxay(k)
the time correlation function of the random force acting on kK | ay
the mode as

z<t>=$<[§ 2,2 fi<t=0>}-[§ 2,2 fi<t)}>,

lea lea

A. Anomalous pressure dependence

1
{EE W““'“]

k

1
@ -3 {3 2wl @
wheref;(t) is the random force acting on the site “ -

When the interaction potential between sites, denoted aghere x*?(k)=F*”(k,t=0) is the static site—site structure
1,,(K) in the reciprocal space, is pairwise additive and iso-factor, ande (k) is the wave-number-dependent longitudinal
tropic, the force on the site current is given by dielectric constant!

Based on Eq(7), we can understand qualitatively how
the interatomic strong Coulombic interaction leads to the
pressure-induced enhancement of the molecular mobility.
The second factor, 21/, (k), is almost independent of
Here the random force is replaced by force and the waveensity, since it is already close to unity in the case of highly
vector is treated as a discrete variable. polar liquids and molten salfé.On the other hand, the first

By substituting Eq(2) into Eq. (1), {(t) is described as factor, which represents the?-weighted number-density

fluctuation, is a decreasing function of density in the low-
g(t)szzz E Zazy[aau(k)FMV(k,t)’aVy(k)Fay(k,t) wave-number region, because the density fluctuation in the
k ayuv hydrodynamic limit is associated with the isothermal com-
pressibility, and liquids usually become less compressible
under higher pressure. Moreover, the right-hand &idg of

where we used the factorization approximation involvingEd- (7) should be divided by density in order to obtain the
four density fluctuations as is the case of the mode-couplin§elaxation time of the charge density due to the density de-
theory, andF*?(k,t) is the site—site dynamic structure factor Pendence of the inertia factor. As a result, the electrostatic
given by friction on the charge-current density in the low-wave-
number region decreases with increasing pressure, which
" 1 . leads to the increase in the dielectric relaxation rate or the
Fer (k)= V<Pa(kv0)9y(k’t)>’ @ electric conductivity if the effect of electrostatic friction is
significant on the charge-current density. The decrease in the
whereV stands for the volume of the system. It should befriction on the charge-current mode can enhance the relax-
noted that the normalization facto, is different from other  ation of other dynamic modes through the dielectric friction
literatures. By replacing the bare interaction potential,or the relaxation of ionic atmosphere, to bring about the
U,,(k), with the effective one described by the direct corre-anomalous pressure dependence of various transport coeffi-
lation function as—kgTc*?(k), one can obtain the expres- cients. In the previous study on water by Yamaguehal,
sion of the mode-coupling theofy. they analyzed their mode-coupling calculation and showed

Here we consider the effect of the interatomic Coulom-that the decrease in the electrostatic friction on the dielectric
bic interaction, so that the interaction potenfig),(k) is  relaxation actually contribute to the anomalous pressure de-
replaced by its Coulombic part as pendence of the dielectric relaxation time of wéter.

The physical mechanism of the anomalous pressure de-
pendence of the molecular mobility, explained mathemati-
cally above, is described schematically in the following way.

Consider the situation that the number-density fluctua-
Substituting Eq(5) into Eg.(3), the Coulombic contribution tion is induced in a liquid composed of highly polar mol-
of £(t) is given by ecules, as is shown in Fig(d. When the polar molecules

ilea k

> fi=> ; iKU,(K)po(K)po(—K). 2

— U (KFXY(KDF (K, DT, (K)], )

dmz,z,
o (5

Upy(K)—
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@) PaZeDa
Number density ONE= ; TkeT (8)

On the other hand, due to the correlation between the mo-
@ @ @ tions of ions, the Nernst—Einstein relationship does not hold
@ @ @ @ in the case of concentrated electrolyte solutions and molten
ie salts. In such a case, the Nernst—Einstein deviation param-
Charge density eter, denoted ad g, is defined in order to describe the
I deviation from the Nernst—Einstein relationshigas

O':(TNE(]._ANE). (9)

The positive value ofA\g means that the collective ionic
conduction is suppressed compared with the single-particle
diffusion, andvice versa

| g

(b) The deviation parameters of concentrated electrolyte so-
Number density lutions are often positive, which can be explained by the
ion-pair formation. The value oA ¢ is also positive in the
0 Q @" Qe case of many ionic liquids, and it has been attributed to the
“~O® = @.t@ short-lived ion-pair formatioR*?®
N However, there are some cases where the Nernst—
] z Einstein deviation parameters of ionic liquids become nega-
Charge density tive. For example, Trullget al. showed in their MD simula-
tion that the deviation parameter of molten noble-metal
I A halides are negativ®?’ The deviation parameter of molten

z silica is also negative in the MD simulation at 4 g/cc and
‘ 4000 K28 Wilke et al. showed that the deviation parameter
of the low-density ionic fluid becomes negative in their
FIG. 1. Schematic_ pi_cture on the electrostatic friction on t_he chargc—_z—currenmode_coup"ng calculation, although they did not present the
mode of(a) polar liquids andb) molten salts. In(a), the uniform reorien- .. . . .
tation of the dipole moment leads to the heterogeneity of the charge densitgﬁason explicitly(the inset of Fig. 11 in Ref. 20 Very re-
in the presence of the number-density fluctuation(bin the charge density ~ cently, we performed a MD simulation of molten LiBr, and
fluctuation is caused by the relative displacement of cations and aniongshowed that itd\ \g is also negative, which is consistent with
when the number density is not uniform. the experimental data. We further demonstrated that the
negative deviation parameter can be reproduced by the
are orientated in the direction, there arises the gradient of mode-coupling calculatiot?. Since it is unlikely that the ions
the polarization density due to the number-density fluctuaof the same charge can form the ion pair, it is necessary to
tion. The heterogeneity of the polarization density stands forconstruct another physical picture to elucidate the negative
that of the charge density, whose electrostatic energy is pradeviation parameter.
portional to -1/, which corresponds to the second factor  In this section we will show that the negative value of
of Eq. (7). Since the polarization along tlzeaxis is unfavor-  Ayg can be explained in a consistent way with the mecha-
able in the presence of the number-density fluctuation alongism of the anomalous pressure dependence of transport
the z axis by the mechanism above, the number-density flucproperties described in the preceding section. Since the nega-
tuation causes the friction on the dielectric mode through théive deviation parameter is observed in liquids whose trans-
Coulombic interaction. port properties depend on pressure in an anomalous way, we
A schematic picture can be drawn as Fi¢o)Xfor molten  consider that a consistent elucidation of both the pressure
salts. As is the case of polar liquids, the displacement ofiependence and the deviation parameter will support the va-
cations and anions in the opposite directions induces thkdity of the mechanism.
charge-density fluctuation when the gradient of the number Based on the fluctuation—dissipation idea, the frictional
density is present. The charge density then leads to the iferce on the charge-current density is described as(Eq.
crease in the Coulombic energy, so that the charge current [Bue to the correlation between the random forces on differ-
suppressed. ent ions, the friction on the collective mode is not given by
It should be noted here that, although the schematic picthe sum of the individual ions as
tures are different for polar molecular liquids and molten 1
salts, we can treat both in the same formalism by employing  /S(t)= = ( >, 222 f.(t=0)-f,(t) ). (10)
the interaction-site description for molecular liquids. Ve i

The collective ionic conduction is likely to be suppressed in

comparison with the individual ionic motiom\>0) when
The diffusion of ions in dilute electrolyte solutions is {(t) is larger than5(t), andvice versa

uncorrelated, and the ionic conductivity, is given by the In the similar way as the preceding section, the Coulom-

Nernst—Einstein relationship as follows: bic part of £5(t) is derived as

B. Nernst—Einstein deviation parameter
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s Arsaa tion coefficients for F(k,t) and F(k,t). In the mode-
gCoulomb(t)“; ; z,F>*(kt) coupling theory, the memory function is approximated as the
linear combination of the quadratic form of the dynamic
1 structure factor or its self-part &0
x[—zE zazyF“V(k,t)], (11)
Ko polI K (K) oy,
whereF**Y(k,t) is the self-part of the partial dynamic struc-

ture factor defined as :if da{a?[c(a)-F(q,t)-c(q)]
1 . 87° z , “
PRtk =g, 2 (@lik((D) =1 (0], (12 xF(k=dl.)~ a(k—a le(a)
HereN, denotes the number af atom. ‘F(a,0) ], [F(lk=al,t)-c([k=a) 14} (17

Comparing Eq(11) with Eq. (6), the collective dynamic
structure factor in the first factor on the rhs of HE) is  [3%7*K§cr(k,t)],,
replaced by its self-part in Eq.ll). The self-part of the

structure factor of dense liquids is usually larger than the 1 2 ca

collective part in the low-wave-number region where the g 3 dgazlc(a)-F(a,t)- c(a)]o,F**¥([k=al.t),
Coulombic interaction is effective. Therefore, the electro-

static friction on the collective charge-current density be- (18)

comes smaller than that expected from the sum of the uncor- . . . . .
. o : S wherec(q) is the direct correlation function, which stands
related motion of the individual ions, which is in favor of the

) . . L for the effective intermolecular interaction between atoms,
negative value of the Nernst—Einstein deviation parameter.

. . S andz denotes the direction .
Physically speaking, the electrostatic friction on the . . .

. . AR L In particular, the memory function for the hydrodynamic
single-particle diffusion stands for the friction caused by themodes K (k=01) andK(k=01), are given b
retarded relaxation of the ionic atmosphere. The displace- ’ ' n g y
ment of a single ion is always accompanied by the change in w
the charge density, requiring the relaxation of the ionic atmo- pa[Jfl-K(kzo,t)]aypyz f 47q?dqk®(q,t), (19
sphere around the ion. On the other hand, the collective 0
charge current does not lead to the change in the charge .
density of the I|qU|q if the number den3|.ty of the liquid is [Js,—l,KS(kZOI)]M:f 4m? dqk>*(q,t), (20)
homogeneous, which leads to the relatively weak electro- 0

static friction on the collective charge-current mode.
where k(q,t) and «°(q,t) are the contribution to the time-

IIl. THEORY dependent friction coefficient from the liquid structure of

each wave number given b
According to the general procedure of the projection op- g y

erator formalism, one can derive the generalized Langevin 2
equation for the dynamic structure factor of atomic liquid K¥(q,t)= 3{[c(q)-F(q,t)-c(q)]MF”(q,t)
mixtures and its self-parf(k,t) and F3(k,t), respectively, 24
as follows?%2%%0

t —[c(a)-F(a.) ] F(a.t)-c(@)]a,t, (2D

l'i(k,t)+k2JX—1(k)F(k,t)+f d7K(k,t—7)F(k,7)=0, 2
0 a — ) &
(13) K ’(q,t)—24W3[C(q)~F(q,t)-c(q)]ayFS 7(q,t).

. t (22
Fs(k,t)+k2Jst(k,t)+f d7K3(k,t—7)F5(k,7)=0.
0 In Egs.(17) and (18), the values of~(k,t) and F5(k,t)
(14 can be evaluated fromd (k, 7) andK®(k,7) at 7<t, which is
The current correlation matrix and its self-pajt,and J5,  determined byF(k,7) andF°(k,7) in turn. In short, we can
respectively, are given by obtain the dynamic structure factor and its self-part at time
from those atr<<t. Utilizing this property, we can calculate

Jay:@5 ’ (15  the dynamic structure factor in the whole time region from
m, only the knowledge of the static structure factgtg), and
keT that of the inertiaJ and J5. If we use the integral equation
Jsr= o Oay (16)  theory for the equilibrium structure, as is done in this work,
@ the static structure factor is obtained from the interionic in-
wherem,, andp,, stand for the mass and the number densityteraction in turn. In such a case, we can evaluate the trans-
of the @ atom, respectively. port properties of ionic liquids from the input data of ionic

The memory functions, denoted &gk,t) and K3(k,t) masses, interionic interactions, temperature, and density
in Egs.(13) and(14), respectively, are the generalized fric- only.
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IV. MODEL AND NUMERICAL METHODS 0.04 . T \ .
In this work, we employ the modified Born—Mayer— 0.03
Huggins potential with Tosi—Fumi parametéhereafter . 0.02
called BMH potentigl as the interionic interaction potential <
of molten alkali halidegLiBr and RbBp.3* The BMH model £0.01
has long been used in the MD simulation of alkali halides. = 0
The effective charges of ions in the BMH model atee, = b
where —e is the charge of the electron, and the effect of -0.01F T
electronic polarization is not included. Although the polar- 0.02 i ‘ . .
ization of anion is thought to affect many properties of mol- 0 2 4q/A" 6 8 10

ten salts quantitatively, we consider that the rigid ion model
is sufficient to understand the phenomena qualitatively. Th&IG. 2. Static structure factor of molten LiBr at 0.01677 iors#hd 1000
interionic potential proposed by van Beest, Kramer, and varf. The solid, dotted, and dashed lines dengte. (), x.-(a), and
Santen (BKS potential is employed for the silica melt, X--(%), respectively.
whose parameters are determined d&ly initio quantum-
chemical calculation® The effective charges of Si and O
ions are+2.4e and— 1.2e, respectively, and the polarization formed at 1000 K. Although results at other temperatures
effect is not included. The short-range correction of Saika-were exhibited in the previous lettEtthey are omitted here,
Voivod et al. is employed in order to avoid the anomaly at Since temperature dependence is not within the scope of our
the origin3® The BKS potential has been used for the MD present work.
simulations of molten silica and silica glass as one of the  Figure 2 shows the partial structure factoggq), at 1
representative potential of silid&33~%°In particular, it is  atm (the number density of each ion is 0.016 77 ioris/A&
reported by MD simulation studies that the BKS potentialThe density dependence of the local counter-ion density,
works well in reproducing the characteristic pressure deperwhich is defined as the radial distribution function multiplied
dence of the transport properties of silica ntélt. by the number density, is exhibited in Fig. 3. As is shown in
The equilibrium structure is calculated from the interi- Fig. 3, the coordination number of the counter ion is an
onic potential using the Ornstein—Zernik@Z)/hypernetted- increasing function of density. Therefore, the collision fre-
chain (HNC) integral equatio® as is the case of the previ- quency increases with increasing density, so that the ionic
ous study on water by Yamaguogi al? The HNC equation mobility is expected to decrease with density based on the
is reported to work well in the case of molten alkali Enskog idea.
halidest®2125 The molar ionic conductivity and the diffusion coeffi-
The dynamic structure factor is calculated from the staticcients, obtained by the mode-coupling calculation, are shown
structure using the generalized Langevin/mode-couplingn Fig. 4. The relative change from the values at the ambient
theory described in the preceding section. Although thepressure is plotted. Contrary to the expectation from the co-
mode-coupling approximation is the approximation for theordination number, the molar ionic conductivity is an in-
long-time part of the memory functid;?® we used the creasing function of the density in the low pressure region,
mode-coupling expression in the whole-time region. We conwhich is consistent with the experimental observatihi<.
sider that this approximation will not affect the qualitative The absolute values of the molar conductivity and diffusion
mechanism of the transport properties, since their anomalowgpefficients at 1 atm are shown in Table I. The theory under-
pressure dependence is reproduced well as will be exhibite@stimates the conductivity by about 30% compared with the
later. In the numerical procedure, the reciprocal space is linexperiment.” We consider this agreement is satisfactory be-
early discretized ak=(n+3)Ak, wheren is the integer cause only the interionic interaction potential is used as input
from 0 to N,— 1. The number of grids\,, is 128 for LiBr ~ data in our theory.
and SiQ, and 256 for RbBr. The spacings in the reciprocal
space Ak, are 0.245, 0.163, and 0.061 Afor LiBr, SiO,,

and RbBr, respectively. 0.07,
The time development of the correlation function in the 0.06-
hydrodynamic limit,k— 0, is separately treated by the ana- -
lytical limiting procedure of the theoretical expressions in ;550'05_
order to obtain the transport coefficients. The relationship §0.04-
between the dynamic structure factor and the transport coef- =~ 0.03F
ficients is described elsewhetét % |
a0.02
V. RESULTS AND DISCUSSIONS 001
A. LiBr: The simplest case 2 3 ?/A 5 6 7

We will demonstrate our numerical results on molten . . ) )
L . . . FIG. 3. Local counter-ion density of molten LiBr, defined @s, _(r), at
LiBr in this section. Parts of the results are already shown iy 91677, 0.018 45 and 0.020 12 ion&/Ahe arrow indicates the direction

our previous lettet® All the calculations shown here are per- of increasing density.
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FIG. 4. The relative change in the diffusion coefficielf®) and molar
conductivity (A) of molten LiBr with respect to those at 1 at(@.016 77
ions/A®), denoted asD, and A, respectively. The circles stand for the
molar conductivity, and the squares and diamonds indicate the diffusion
coefficients of cation and anion, respectively.

47tq2p'llZ(q) /au.

Comparing the density dependence of the molar conduc-
tivity with those of single-particle diffusion coefficients of
ions in Fig. 4, the increase in the mobility is stronger for the
collective ionic conduction than for the single-particle diffu- ' T ' '
sion. It clearly indicates that the anomaly in the density de-
pendence of the transport coefficients of molten LiBr stems
from the collective charge-density mode, rather than the
single-ionic motions, and it is also consistent with the physi-
cal picture presented in Sec. Il. The decrease in the diffusion
coefficient with density is weaker for cation, because the
effect of ionic atmosphere is larger for smaller"Lion. The
relative density dependence of the diffusion coefficients of
cation and anion is consistent with the MD simulation re-
ported by Okadat al®

In the MD simulation of Okadat al, the diffusion co-  FIG. 5. Dielectric part ofa) 47q?p ™ '«(q) and(b) 47q°p" “k(q) of mol-

efficient of Li* is a weakly decreasing function of den§i§y, ten LiBr. See the text for the defiqition of the functions. Solid, dotted, and
dashed curves denote the functions at 0.016 77, 0.018 45, and 0.020 12

whereas it shows slight increase in our theoretical CaICUIafons/A3, respectively. In(c), the running integrals of the difference of
tion. The diffusion coefficient of Li ion in molten LiBr has  4xq%»~Y(q) from that at 0.016 77 ionsfare plotted. The solid and
yet to be measured to our best knowledge, and we considerdptted curves refer to those at 0.018 45 and 0.020 12 idnsé&pectively.
is worthy of experiment, although the precise measurement
of the diffusion coefficient under the high-temperature, high-
pressure condition is difficult. As for the discrepancy be- As was discussed in the previous work on water by
tween the simulation and the theory with respect to the presYamaguchiet al, the initial value of«(q,t), defined by Eqg.
sure dependence of the cationic diffusion coefficient, we(21), can be regarded as the distortion of the liquid structure
consider it is not an essential failure of our theory. First, theaccompanying the ionic conductibniVe show the density
increase in the diffusion coefficient is so small in our theorydependence ok(q)=«(q,t=0) in Fig. 5a). Only the di-
that it may be buried under the statistical error of the simu-electric component is plotted there, since all the components
lation. Second, since our theory exaggerates the increase &e proportional to the dielectric one in the case of binary
the molar conductivity compared with experiments, the in-ionic mixture due to the momentum conservation. Sifée
crease in the cationic diffusion coefficient is also likely to beproportional top, the factor ofp~! is multiplied so that
overestimated, and the maximum of the diffusion coefficientobserved density dependence corresponds to that of the re-
may appear only in the negative pressure region where thiexation time, wherep stands for the molar density. The
simulation was not performed. mode-density factor, #q?, is also multiplied there.
In Fig. 5(a), the structure below 1.5 & mainly comes
from the Coulombic interaction as is elucidated in Sec. Il,
ThABhE I TtheE_iO”tiC_dif;USiF":,Coemde“tst' the f?o'aflfond&%‘ggeg’ a”g whereas the higher wave-number part can be attributed to the
;;’Br flrg% K)'r; i'gtme;féogepfgzgztg; galg;?at?:n‘ an short-range repulsive interaction. Although not shown ex-
plicitly, the density dependence of the static structure below

0 1 2 3

4[
q/ A

D./10 °cn?s ! D_/105cmst Alenm?mol lQl A 1.5 A7, in particular at 8<q<1 A1, has the same charac-
LiBr 6.8 3.7 134 “o13 t.ensgcs with that ag=0 in thgt the number.-densny fluctua-
RbBr 1.7 1.7 31.2 1017 tion is supressed by the packing effect while the charge den-

sity one is almost invariant. As is expected, the friction from
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FIG. 6. Local counter-ion density of molten RbBr at 0.009 38, 0.009 92, and ) ) B o ]

0.010 32 ions/A The arrow indicates the direction of increasing density. FIG. 7. Relative change in the molar conductivity and the diffusion coeffi-
cients of molten RbBr with respect to those at 1 #n909 38 ions/A). Al
marks are the same as those of Fig. 4. The squares and diamonds are almost

. o . overlapped with each other in the figure.

the low-wave-number region decreases with increasing den-

sity due to the decrease in the number-density fluctuation. On

the other hand, the high-wave-number part is almost invari- _ _ _

ant and slightly increases with density. We consider it is due  Figure 6 shows the local counter-ion density at three

to the relatively small increase in the coordination number oflifferent densities. The coordination number of the counter

the counter ions with density, as is shown in Fig. 3. ion is an increasing function of density. Compared with that
Figure 5b) demonstrates the time-integrated wave-Of molten LiBr (Fig. 3), the increase in the coordination
number-resolved memory function as number is larger in the case of RbBr, given that the overall
increase in the bulk density is 20% and 10% in Figs. 3 and 6,
= | dt 1), (23 respectively. ' N
a) fo a.t) The density dependence of the molar conductivity and

multiplied by the same factor as Fig(&. By integrating _diffusion coefficients is plotte_d in Fig. 7. They_ are normal-
overq, it directly generates the zero-frequency friction on the'?eddt(_) t?_egllalllJecs: attthe atmtzrl]ent prﬁzssqu_e,gyhlzh ar”etf]umma-
zero-wave-number ionic charge current. The running integrarlIze in Table |. Contrary to the molten LigFig. 4), all the

of the difference ofk(q) from that of the ambient pressure is trans_p(t)rt tco_?;ﬂtcr:ents are d}e{g_iasmg funcu?n? tﬁf dgnsny,
plotted in Fig. %c), in order to demonstrate the origin of the consistent wi € experimefit.1he agreement of the abso-

decrease in friction clearly. lute value of the transport coefficients with the experiment is

) - . than that of LiBr, which we consider may partly be
As is seen in Figs.®) and 5c), the density dependence worse .
of k() inherits that of the initial time in a rather straight- atuibuted to the performance of the BMH potential in the

forward way. Although the absolute contribution of the high_case of RbBr. All the transport coefficients behave similarly

wave-number region is large, its density dependence is quit%y compression, and it looks as if gll of _them are controlled
small, and more than half of the decrease in the zero®’ the same parameter such as viscosity, although the cou-

frequency friction comes from that of the low-wave-numberPliNg with the transverse current density is not included in
. _ . N our calculation.

region @<1.5A"1). The decrease in the contribution of the : . e

high-g region in Fig. %¢) may be attributed partly to the The density dependence &{q) is exhibited in Fig. 8.

coupling with the charge-density modes. At the densityOwing to the general mechanism described in Sec. I, the

TR ; -1
higher than 0.019 ions/A the contribution of the repulsive contribution from the low-wave-number regidn<1 A~

interaction begins to increase, which leads to the decrease %ecrea}ses Wlth'lncreasm.g depsﬂy. Compared with the corre-
the molar conductivity. sponding functions of LiBFig. 5a@)], however, x(q) of

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

In this section, we will present the density dependence of
the transport coefficients of molten RbBr obtained in the
same way as those of LiBr. Since the ionic mobilities of
molten RbBr is reported experimentally to be a decreasing
function of pressuré® the comparison between LiBr and
RbBr will help answer the question what is the characteris-
tics of LiBr among other molten salts that leads to the
anomaly in the pressure dependence of the transport proper- 0 1 P 3
ties. q/A"

All the Calcu.latlons on .m0|ten RbBr are pgrformed at FIG. 8. Dielectric part of 4rq%p~1x(q) of molten RbBr. Solid, dotted, and
1075 K and various densities from 0.009384 ioris(1e  gaghed curves denote the functions at 0.009 38, 0.00992 and 0.010 32
number density of each ion at 1 &thhto 0.010 746 ions/A  ions/A%, respectively.

4nq’px(q) / au.
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RbBr is different in the following two features, so that the ' ' ' '
ionic mobility decreases with increasing density. :
First, the relative contribution of the low-wave-number

{C))

[
region to the whole friction is quite small in the case of NP;
RbBr. It indicates that the Coulombic interaction plays only a =
minor role in the frictional force on the ionic conduction, lg
which can be explained in terms of the difference in the size "a
of cation. Ng

Second(q) in the highg region is strongly dependent
on density. Since the high-part corresponds to the short-
range repulsive interaction, its large increase corresponds to
the rapid increase in the counter-ion coordination number as
is shown in Fig. 6. The difference in the density dependence
of the local structure, in turn, may stem from the difference
in the interatomic interaction to determine the structure
qualitatively, that is, the importance of the attractive Cou-
lombic interaction is larger on LiBr than on RbBr.

In summary, the two ionic liquids investigated here, LiBr
and RbBr, share the same mechanism that the electrostatic /\J
friction on the collective ionic current can decrease with in- i
creasing pressure through the decrease in the number-density 0
fluctuation in the low-wave-number region. At the same
time, both liquids also have another mechanism in commorf:g-it% Si%mgi{isgg(zb;t%?fé?; g:e;i(;ftiﬁepgttt::q:ﬁ;;%g)n [aEsq&(é4()j]oned
that the rep_UISIVe fnc,tlon mcreasgs Wlth Increasing pres,surénd solid cuprve,s, réspéctively. The functions for LiBr and RbBr are shown
due to the increase in the coordination number. The differ (g and (b), respectively.
ence between LiBr and RbBr appears quantitative rather than
qualitative in our calculation. In the case of LiBr, the former
mechanism is relatively strong and the latter one is very,,q
weak, so that the former one appears in the resultant trans-
port coefficient, whereas the former is usually dominated by
the latter in most ionic liquids. A detailed knowledge of the
liquid structure will be required to understand in what con-
dition the density dependence of the electrostatic friction -c(q)]m/FS'“V(q,t), (25
may lead to the pressure-induced enhancement of the m?éspectively
lecular mobility without the disturbance of the repulsive in- ’
teraction.

(b)

4nq’p ' R(Q), 4nq’K(Q)

10

4

AP = jjdtz 2,2,[0(q)- F(a.t)

67°p ay

wherep=p,=p_. According to the discus-
sion in Sec. Il B, the difference between them represents the
distinct part of the memory function resolved into the con-
tribution of each wave number.

C. Nernst—Einstein deviation parameter As is expected from the discussion in Sec. Il B, the self-
part exceeds the collective one in the Igwegion. On the
other hand, the former is smaller than the latter in the lgjgh-

h ¢ oth Kali halidds i itive for RbB S‘region, which can be attributed to the fact that the short-
the case of other alkali halideéSAng is positive for g range repulsive interaction is likely to act between a cation

which indicates that the collective ionic conductionsisp- 54" 3 anjon. The contribution of the former is relatively

pressedcompared with the single-ionic diffusion. On the large and the difference between two functions is small in the

_other han.dANE of_r;:olte_n L|I|3r_|s negative in _ourj:&heory, and high-g region in the case of LiBr, which leads to the negative
itis consistent with a simulation and experimeritsn Sec. |16 of the Nernst—Einstein deviation parameter.

Il we have presented a physical mechanism on the negative Trullas and Padrgroposed in their MD simulation work

deviation parameter, which is in harmony with the anoma+,, molten noble-metal halides that the negative value of the

Ipus pressure dependence. of ionic Conduct|y|ty. In this S€CHeviation parameter originates in the collision between larger
tion, we show the analy§|s of our theoretical calculanonanionsz_e Their explanation appears different from ours at
baseq on the mechanism in .Sec..ll. first glance, since the negative deviation parameter always
Figure. 9 ShOWS. 'the tlme_—lntegrated wa}ve-number-comes from the lowg region, not from the higly one that
resolved friction coefficient and its self-part, defined as represents the collisional interaction. In addition to the rela-

The Nernst—Einstein deviation parametetgg, of LiBr
and RbBr obtained by the theory are shown in Table I. As i

B q* (= tive contribution of the electrostatic and repulsive interac-

479%p Yk(q)= 3 f dtz z,z,4[c(q)-F(q,t) tions, however, the difference between the collective and the
6mp Jo ay self-functions in the higly region is smaller for LiBr in

()], F7(a,t) —[(q) comparison with RbBr, and we consider it may have some-

thing to do with the repulsive interaction between larger an-
'F(qat)]ay[F(qrt)'C(q)]ay} (24) ions.
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FIG. 10. The static structure factor of molten silica at 0.0300 ioh&him- FIG. 11. The theoretical self-diffusion coefficient of oxygen in silica melt is
ber density of Si atojnand 3000 K. All the symbols are the same as in plotted against density. The temperature of the system is, from lower to
Fig. 2. upper, 3000, 4000, 6000, and 8000 K, respectively.
D. Silica: The revival of the conventional picture two different denSitieS, 0.0300 and 0.0350 iOfTOSM(heI'e the

weighting factor ofz? corresponds to Eq7). The factor of
p~1is multiplied to thez?-weighted number-density fluctua-
Yion for normalization. Owing to the positive correlation be-
tween the Si and O modes, FSDP structure appears strongly
k g " X in the number-density fluctuation. On the other hand, the
Flvely. éb\lthough the .densr[y of silica melt is less than 0'0250harge-density mode is suppressed up to FSDP, which means
ions/A at the ambient pres'sufé,vye cannot perform the h4t the charge neutrality is maintained at the FSDP mode,
calculation in the lower-density region, because the OZ/HNG g 4t the same time the interionic Coulombic potential is
integral equation is not convergent numerically there. In thgfrective up to 2 AL The FSDP decreases with increasing
mode-coupling calculation of Sciortino and Kob, they re-yengity in the low-wave-number region and apparently shifts

ported that the ideal glass-transition temperature of silicg, higher wave number, which is consistent with the x-ray
melt is largely affected by the inclusion of the three-body yitraction of silica glaséi.“

direct correlation functioR® Due to the lack of the informa- Figure 12b) plots the functions that correspond to Fig.

tion on the three-body correlation in the integral equationg ) for molten LiBr. Both functions resemble each other
theory, however, we employed the ordinary expression of theajitatively in that the contribution of the low-wave-number
memory function, not including the three-body direct corre-gucryre is a decreasing function of density, whereas that of

lation function. We believe we can extract the physicali,e peak of the structure facté2 and 3 AL for LiBr and
mechanism of the anomalous pressure dependence of the

ionic mobility of silica melt from our theoretical calculation
without the three-body direct correlation function, so long as ' T ' '
it can reproduce the characteristic pressure dependence of the
mobility qualitatively.

Figure 10 shows the partial static structure factor at 3000
K and 0.0300 ions/A Compared with the structure factor of
molten LiBr (Fig. 2), it should be noticed that the small peak
(shouldey is found around 2 A, This peak is more evident
in experiments and simulations of silica and related materials
in lower-temperature, lower-density region, and it is called
“prepeak” or “first sharp diffraction peak”(FSDP.**~4’In
contrast to the peak around 3 A the density fluctuation
modes of Si and O ions are positively correlated in FSDP,
which indicates that FSDP is associated with the fluctuation
of the charge-neutral cluster of ions, i.e., Sinit.

Figure 11 demonstrates the diffusion coefficient of O
atom obtained by our theory. Compared with the correspond-
ing MD simulation performed by Shedit al. using the same g :
potential** the characteristic behavior of the diffusion coef- NS
ficient is reproduced qualitatively well, although the absolute 0 1 2 a3
value of the diffusion coefficient is several times smaller. 4
The diffusion coefficient of Si atom and the shear viscosityFIG. 12. (a) The z2-weighted number-density fluctuatigaolid circle and

also show the similar anomalous pressure dependence in oile charge-density fluctuatiofpen circle of silica at 3000 K. _Solid and

theory, although they are not plotted here. dottebd czrves_ defrote thpse_oqu.pjo(j() I[::\ndhO.OSSIO |&§sé§pe?wely. Th?_
; . > iahted ber-d it number-density fluctuation is divided by the molar density for normaliza-
Figure 12a) exhibits the z-weighted number-density ion () Dielectric part of 4rq%p~1k(q) at 0.0300(solid) and 0.0350

fluctuation and the charge-density fluctuation at 3000 K andbns/A%.

This section deals with the ionic mobility of molten
silica. The temperature and the density of the systems calc
lated are 3000—8000 K and 0.0275-0.0425 ioAsfthe
number density refers to that of the Si atom herespec-

x(q) / au.

47tq2p_11c(q) /au.
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(a) large electric dipole moment, which requires large polariza-
Number density tion energy. The electric current is hence not favored by the
electrostatic energy. On the other hand, consider the situation
= that the number-density fluctuation is suppressed by the com-
—(1) e pression as is shown in Fig. 2, and the fifth O atom is
© located near the Si atoiitonnected by a broken lipas is
© described in Fig. 1®). In such a case, the polarization en-
ergy of the SiQ unit is cancelled by the electrostatic energy
between Si atom and the fifth O atom, and the electric cur-
(b) rent is electrostatically more favored compared with Fig.
Number density 13(a). We therefore consider that the physical picture of the
anomalous pressure dependence of silica melt obtained by
our theory is essentially consistent with that of Angalal
that the increase in the number of five-coordinated Si atoms
is responsible for the increase in the ionic mobility. However,
. it should be mentioned here that the structural information
z we used is that on the uniaxial correlation functions, not
FIG. 13. A schematic picture of the anomalous pressure dependence #icluding the angular distribution such as the bond-angle or-
molten silica when special attention is paid to the role of the first sharpder explicitly_
diffraction peak(FSDB. In the low-density region, there are definite tetra- Guissani and Guillot reported in their MD study on silica
hedral SiQ units as is described i®), which bring about FSDP. In such a It th he N Ei in deviati . |
case, the relative motion of Si and O atoms is restricted due to the Iargg]e t t_ at the Nernst—Einstein deviation paramEt?r Is strongly
polarization energy of the SiCunit. In the high-density region, however, negative A\g~—2) at 4000 K and 4 g/c¢0.04 ions/&),
the FSDP becomes smaller, and there can be another fifth O atom around thghereas it is positive in the low-temperature low-density
Si atom, as is described {b). The electrostatic interaction between the fifth region28 The negative value of the deviation parameter is
O atom and Si atom, denoted as the dotted line, can reduce the polarization . ith th hani d ibed in S B d
energy mentioned above. consistent WI'F the mec anls_m esc_rl _e in Sec. , and we
actually obtained the negative deviation parameteg-
—0.14) at the corresponding state point. Although the abso-
lute value is quite different, it may be attributed to various
Jeasons such as the difference in the interaction potential, the
gﬁsufficient structural information from the integral equation
theory and so on. Though the calculation is not performed
Shere in the low-temperature, low-density region, we consider
hat the positive deviation parameter does not contradict with

modes according to Eq7). If the number-density fluctuation he present mechanism, because the pronounced FSDP there

increases as FSDP in the low-wave-number region where th il viol_ate _the condition that th_e collectiye number-density
interionic Coulombic interaction is effective, it results in the fluctuation is smaller than the single-particle one.
increase in the frictional force on the charge-current mode. A
similar behavior has been foun_d in the previous study ORy| CONCLUDING REMARKS
water performed by Yamaguclat al, although it appears
less clear partly because the RISM/HNC theory does not In this work, we have presented our mode-coupling cal-
reproduce the characteristic double-peak structure in theulation on the density dependence of the transport proper-
static structure factor of wat&\We consider that the absence ties of three ionic liquids, LiBr, RbBr and silica. Two of
of the contribution of the FSDP-like structure in the case ofthem, LiBr and silica, show the increase in the ionic mobili-
LiBr is one of the reason for the relatively small anomaly inties with increasing density in the low-pressure region, as is
the pressure dependence of its transport coefficients. observed by the experiments or the simulations. The calcu-
Based on the correlation between the coordination numkation is analyzed in the same way as the mode-coupling
ber and the ionic mobility, Angekt al. proposed that the Si  study of the anomalous pressure dependence of the molecu-
atom coordinated by five O atoms is responsible for the indar motion of water performed by Yamagudtial.* in order
crease of the ionic mobilit}: We can draw the following to clarify the similarities of the physical mechanisms of the
corresponding picture if a special attention is paid to the rolgonic liquids and water.
of the FSDP, although the definite distinction of the contri- The pressure dependence of the ionic mobility of three
bution of FSDP is difficult since the peak around 2%is  ionic liquids is reproduced fairly well by the theoretical cal-
broad and its edge continues to the low-wave-number limitculation. The Coulombic part of the friction on the collective
Figure 13 shows the schematic picture that stresses oglectric current decreases with density due to the decrease in
the number-density fluctuation around 2AAs is described the number-density fluctuation, as is expected from the
above, FSDP can be interpreted as the density fluctuation ahechanism proposed for water. On the other hand, the den-
SiO, units. Therefore, the presence of FSDP can be desity dependence of the contribution of the short-ratiggh-
scribed schematically as Fig. . When the cation and the wave-numberstructure is quite small in the case of LiBr and
anion are pulled in the opposite direction, the Sidit has a  silica. As a result, the ionic mobility reflects the decrease in

Ny

silica, respectivelyis almost invariant. However, the major
difference is that the peak of the low-wave-number structur
exists on the low-wave-number side of the FSDP in the cas
of silica.

The electrostatic friction on the charge-current mode i
the linear combination of the number- and charge-densit
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