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The ionization state of room temperature molten salts, alkylimidazolium fluorohydrogenates (RMIm-
(HF).3F: R = alkyl group, M=methyl group), was evaluated from the observed diffusion coefficient and
viscosity, using the Stoke<Einstein relation. Assuming that the dissociation degree of the salt is acceptable
for representation of the ionic state of the molten salts, the larger the cation size with elongation of the alkyl
chain was, the higher the dissociation degree of the salt. Further, we proposed that an idea of the “degree of
ordering of cations and anions” was more suitable to represent the ionization state without solvent species.
On the basis of this idea, the smaller the cation size of RMIm{gF3alt was, the higher the ordering of the

ion, indicating formation of domain particles of aggregated ions as a unit of mobile species such agA(AX)

and X(AX),” for AtX~ salt. It was found that highly ordered particles, with large numbersrf@nd n,

showed a high diffusion coefficient.

Introduction molecular orbital calculatiof® In that study, we found that
RMIm(HF), & exhibits an ordering of flat molecular cations
similar to solid EMImFHF in which cations and anions form

a layered structure. Low viscosity leading to high conductivity
of this series might be correlated with the semioriented structure,
which permits ions to move connected with each other in a
certain direction with a small amount frictién.

Another point that must be addressed to realize the dynamic

roborate by Wilkes et akmany kinds of RTMS of alkylimi- feature of RTMS is the ionization condition. In practice, there
dazolium cations with a fluoroanion have been investigated from ISa rleport t?a(tjthe Ig?r?vlcg dls_souatlon dﬁ gree %fth? _salt W:S
the viewpoint of academic interest and application to practical simply appliec _to §t° Interpret the con l_J_Ct'V'ty an
usage such as solvents for synthesis and electrochemical deviceg'ﬁus'or! coefﬂment result8 However, the applicability ghoulq )
We have prepared a new series of alkylimidazolium fluorohy- be considered seriously because the concept of the dissociation

The development of new types of electrolytes applicable for
electrochemical devises is promoted to improve the safety and
performance of energy preservation devices. The room tem-
perature molten salt (RTMS) is one of the candidates for the
electrolyte of electrochemical devices due to the highly ionic
conductivity and nonvolatility.

Since the report of 1-ethyl-3-methylimidazorium tetrafluo-

drogenates (RMIm(HEXF: R = alkyl group, M = methyl degree originates from the solvation effect of the solvent species
group)?3 This series is composed of an imidazolium cation with N the ions promoting the salt dissociation in solutions.
two alkyl chains and mixed anions of (HF) and (HF}F~. However, it is also a fact that the viscosity and conductivity of
One of them, 1-ethyl-3-methylimidazolium salt (EMIm(HB), RTMS cover a wide range depending on the combination of

has a wide ||qu|d temperature range above and below roomthe cation and anion. This reveals that the ionization condition
temperature{60 to+100°C) and a high conductivity of 100  of RTMS is correlated with the structure of the ions and
mS cnr! at 298 K, which is the highest value of any RTMS at dominates the dynamic properties of the ionic species.
present. One characteristic feature of RTMS dynamics is represented

The cause of prominent low viscosity and high conductivity, by Walden’s rule in which plots of molar conductivity with a
which follow Walden’s rule, of EMIm(HF)3& has been reciprocal of viscosity are roughly on a line independent of the
controversial since its discovery. This is essentially attributed kind of salt? This empirical rule is associated with the Stokes
to the more significant subject of “what dominates the dynamic Einstein relation in which the diffusion coefficient of a fluid
property of RTMS™? To answer that question, we have particle in the solution is inversely proportional to solution
investigated structural features of RMIm(HHEf salts using the  viscosity® Therefore, if we can directly obtain the diffusion
high-energy X-ray diffraction technique combined with ab initio  coefficients of the cation and anion individually, evaluation of

the StokesEinstein relation would be more effective to

* Address correspondence to this author at the National Institute of investigate the properties of mobile species because the con-
égxfffsf_7'2‘??;&['3'7i‘i‘egfrga?lnfugg_c:;g)'ﬂ%égp81;'?;. 72-751-9618.  ductivity includes mobility and carrier concentration of all

T Kyoto University. charged species. It is possible to elucidate the ionization

*Nitto Denko Corporation. condition of RTMS by the application of observed
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diffusion coefficients which are responsible for mobility of each
probed species.

We have used the pulsed gradient spiicho NMR technique
to measure the diffusion coefficient of the ionic species. This
approach has the advantage that the diffusion coefficient of the
individual nuclear species can be detected: cation species probed
by H and anion species probed By and 1°F for RMIm-
(HF)2.4F. It should be noted that the observed diffusion
coefficient of electrolyte materials from NMR spectroscopy
reflects the dissociation condition of the salt. For example, in
the case of a dissolved lithium salt in a solvent, the observed
diffusion coefficient probed byLi can be denoted as

DEibS= XDeation (1- X)Dpair (1)

whereDcaionandDpqir are inherent diffusion coefficients of the
coexisting cation and ion pair, respectively, with the degree of
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dissociationy, at the equilibrium conditiof.By analogy with N
this situation, the diffusion coefficient of RTMS reflects the
ionization state in which the ion and ion pair coexist exchanging
quickly with each other according to their thermal motion.

In this research, we intend to interpret the state of ions in 654
RMIm(HF), sF from the analysis of the observed diffusion o~
coefficient using the Stoke<Einstein relation to realize the ' T ' '
cause of high conductivity. This elucidation would give evidence ’ | ’ ’
of determining factors of ionic mobility in molten salts, leading
to significant information for the design of RTMS applicable p
to electrochemical devices. 55 a el HMl
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A series of RMImCI (RMIm = 1,3-dimethylidazolium 2 60 o *:
(DMIm), 1-ethyl-3-methylimidazolium (EMIm), 1-propyl-3- g
methylimidazolium (PrMIm), 1-butyl-3-methylimidazolium =)
(BMIm), 1-pentyl-3-methylimidazolium (PeMIm), and 1-hexyl- =
3-methylimidazolium (HMIm)) was prepared by reaction of 6.5 O
1-methylimidazole and an alkyl chloride. The salt was dissolved o.
in acetonitrile, dried over molecular sieves, and then precipitated 30 39 34 36 38 40
from the solution by adding ethyl acetate to purify the chloride. 1000K / T

Chlor'des were W_e'ghed and charged on a plastic reaction tubeFigure 1. Temperature dependence of the diffusion coefficient of cation
and interacted with a large excess of anhydrous HF at-273  gpecies detected By (Dpaion) and anion species detected Hy
298 K. Volatile gases were eliminated by nitrogen gas purge (Dynion) and by*F (Dranion) for (@) EMIM(HFY.5F, (b) BMIm(HF )5,
and successive pumping with a rotary pump. We measured theand (c) HMIm(HF).4F.

composition of the evacuated salt by elemental analysis and

gravimetry and confirmed the chemical formula of RMIm- . :
(HF ), . In this study, the stimulated echo sequence was used at

The viscosity of the molten salts was determined with the MeasuremertThe half-sine-shaped gradient pulse was applied
aid of Ubbelohde-type glass viscometers or a Brookfield WIC€ in sequence after the first and third*ggllses to detect
Engineering Laboratories DV-III cone and plate rheomiter. attenuation of echq Intensity according to th_e migration property
lonic conductivity was measured by using the complex imped- of the probed specié8 Typical values of the field gradient pulse
ance technique in the temperature range-af to 50°C. parameters werg = 0.17-0.62 T/m for pulse strength) =

We measured diffusion coefficients of the ionic species using 03 M for pulse width, and = 80 ms for the interval between
the pulsed gradient spirecho NMR (PGSE-NMR) technique _the two gradient pulses. The dlffusLon coefficient was measured
with a JINM-ECP300W spectrometer and wide-bore probe units ' the temperature rangel0 to 50°C.

adjusting the probed nuclear specits,(300.5 MHz) andF Ab initio molecular orbital calculations were carried out to
(282.7 MHz)1: The NMR spectrum ofH comprises several optimize geometries of ions by using the B3LYP metKaudth

peaks attributed to protons of the cation and anion. Comparing t€ 6-3¥G(d,p) basis set in the Gaussion 94 program. The van
the spectra among the series of RMIm(i#), five peaks der. Waals (vdW).vqumes. of the ions were calculated on
located>12 ppm were assigned to the cation and a peak at ca.Opt'm'ZeAd_ geometries by using the Connolly surface calculation
10 ppm was assigned to the anion by using TMS reference. Method*in the Cerius (version 3.8) program.

For thel®F spectrum, one peak appeared that was attributed to
the anion. Therefore, the diffusion coefficient of the cation
species denoted bR caion) Was estimated by averaging the 1. Diffusion Behavior of the Contributing Species of
evaluated diffusion values from each attenuation of the five RMIM(HF) »3F. NMR spin—echo signal intensities ofH
peaks. And the anion diffusion coefficients obtained frém assigned to protons of the catiolygaion) and of 'H and °F

K

and*°F were represented &i(anion)@NdDg(aniony respectively.

Results and Discussion



2944 J. Phys. Chem. B, Vol. 109, No. 7, 2005 Saito et al.

from the anion Kuaniony Ir(anion) 0f RMIM(HF), 3F exhibited c(a+ b+ c=1)for (HFxF, (HF):F, and HF, respectively,
an exponential decay with?, indicating random walk migration ~ as
of the species in the molten sal{sTherefore, apparent diffusion

coefficientsDycationy DHeaniony @NdDr(anionywere estimated from  p = — LD s Y D g
the slope of log plots Ofcationy |Haniony @Nd I Fanion) respec- HEnom — 3a 4+ 2b 4+ ¢~ 3a+ 2b+ ¢ HPF
tively, against y2g20%(4A — 0)/721° Figure 1 shows the c D
temperature dependence of apparent diffusion coefficients 3a+2b+c F
(Dr(cationy DHaniony Drcanion) Of the cation and anion species of

EMIm(HF), o, BMIm(HF ), &, and HMIm(HF). moltensalts. p. —__ 4 5 . 3 5 |
These results demonstrate several characteristic features. One " 4a+3b+c ("~ da+3p + ¢~ ¢OF
is that, in each salt, activation energiey)( of diffusion c

. . DHF (4)
estimated from the slopes are almost the same independent of 4da+3b+c
the cation, anion, and probed nuclei. This indicates that the
carrier migration mechanism is essentially the same between
the cation and anion of RMIm(HE)F. Cation and anion species
would migrate randomly by colliding and exchanging positions
with each other. This result explicitly rules out the possibility c(@a+ b)Dye (5)
of another peculiar migration mechanism such as proton hopping )
represented by Grotthus proton transfer among anion spécies. Considering the atomic fraction of H:# 2.3:3.3, which was
The larger value 0Danion)Or Dranionycompared wittDycation) confirmed by the chemical analyses for this type of sak; 8
for all salts reflects the greater size of the cation than that of = 0.3, 0= b =0.77, 0= ¢ < 0.23 (10/13= a+ b < 1) are
the anion. That is, the smaller the size of the species, the fastef€ld simultaneously. The contributionBfr, which is expected
it could migrate according to the StokeEinstein relation when  t0 be larger thab ), leads tdDynion) > Dranion)consistent
weight and charge densities are constalt is also anomalous ~ With the observed results in Figure 1. IR spectroscopy did not
that Dryanion) and Dranion) did not necessarily agree with each  9ive the evidence of HF except for two independent species,
other because the observed diffusion coefficient should be (HF)2F~ and (HF}F". Furthermore, this kind of salt is chemi-
independent of the probed nucleus if the observed species areeally stable without any volatility and corrosive action to glass.
identical. This result is consistent with the observation of the These results indicate that the lifetime (probability of existence)
IR spectra that (HRJF~ and (HF}F~ coexist as the anion species  ©f HF, corresponding to the pre-factor Bt in eq 4, is too
in the salt$ The difference in the composition ratio of H to F Small to be confirmed in the IR spectra which represent the
between (HRF~ (2:3) and (HF)F~ (3:4) and the fast exchange equnlbrlum state, but the inherent d|ffu5|on. co§ﬁ|0|dbpp, is
between the two species through HF resulted in independentfa'”y Iarg_e_enough to affect the observed diffusion values under
observed values dby(anion) and Decaniony Taking into account  the condition ofDianion) > Dr(anion) o
the order of magnitude of the inherent diffusion coefficient, _ 2- Interpretation of lonic State Based on the Dissociation
Depe > Dy that is expected from the order of the anion  Degree of the Salta. Validity of the Haen Ratio(Aimp/ Anur)
SiZe, IHrye < IHpee, the observe®enion should be larger for Evaluation of the Dissociation Degree of the Sdlable 1

than Dranion) ON the assumption of that only the two species lists electrical conductivity, viscosity, and observed and esti-
(HF);F~ and (HFYF-, contribute to the observed diffusion Mated diffusion coefficients of each ionic species and several

values. This is becaus(anionandDeaniony Under the situation physical parameters of RMIm(HEF at 25°C. With increasing

of two anion species coexisting, can be represented explicitly Molecular weight of the salt caused by extension of the side
chain of the cationAimp and Dot decreased almost monotoni-

As a result,

Diy(anion) ~ De(anionyJ &b — ©)D e — b(@+ Dy e +

as
cally although the reverse order was observed between DMIm-
3a b (HF)2.5F and EMIm(HF) sF. This general feature is attributed
Dianion)™ 32 7 5/ PHA.r T 32 7 5L HR)LF to the fact that an increase in cation size leads to the viscosity
(anion) (HF);F (HF),F
sa+2b ’ a+2b ’ increase of the molten salts.
4da 3b The ratio of molar conductivities estimated from impedance

Deanion) = mD(HF)SF— +mD(HF)2F— @) technique QAimp) to diffusion coefficient from PGSE-NMR
(Anmr), Which is called the Haven rati§,was not unity and
depended on the sample shown in Table 1. This indicates that
the salt does not completely dissociate to isolated 18itisis
expected that the ionization state depends on the structure and
combination of the cation and anion species. We then first
speculate the static feature of ions of the molten salts before
ab (D -D ) (3) evaluating the ionic migration mechanism.
(4a+ 3b)(3a+ 2b)\ (HP)F- (HP)F~ One of the ways of representing the ionization state in RTMS
is to apply the idea of “degree of dissociation of the salt” that

Considering the situation oD~ > D~ mentioned is conventional for the dissolved salt in a solvent. We here
above, eq 3 has to be greater than 0. The opposite experimentahssume that at any moment a molten salt is, in some degree,
result ofDnanion) = Dr@niony independent of the kind of cation,  dissociated into ions and partially maintains the associated
suggests the existence of another fast diffusive species. Con-condition between the cation and anion forming ion pairs. This
sidering the situation of anion species, (k) and (HF}F, situation could be characterized by the degree of dissociation,
coexisting under the equilibrium condition, the exchanging x, that represents a fraction of ions in the total (ions and ion-
species, HF, between the two anions can be a candidate as theairs) species in the salt. Under the equilibrium condition, the
third diffusive component of the diffusion values. In this case, ion and ion pair exchange with each other very fast compared
eq 2 can be modified by using the molar fractionapb, and with the time taken for a diffusion measuremé@ms a result,

wherea andb (=1 — a) are the molar fraction of (HE~ and
(HF)2F~ in the salt, respectively. This relation leads to

DF(anion) - DH(anion) =
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TABLE 1: lonic Conductivity, Observed and Estimated Diffusion Coefficients, and Several Physical Parameters of
Alkylimidazolium Fluorohydrogenates, RMIm(HF) , sF2P

DMIm EMIm PrMIm BMIm PeMIm HMIm
MW 162 176 190 204 218 232
o/mS cnrt 110 100 61 33 27 16
nlcP 51 4.9 7.0 19.6 26.7 25.8
density/g cn® 1.17 1.13 1.11 1.08 1.05 1.00
Aimp/S cn?molt 15.2 15.6 10.4 6.2 5.6 3.7
Dhi(cationf107¢ cmP st 2.3 3.0 1.4 0.94 0.97 0.74
Dh(anionf10°6 cnm?s™* 3.0 4.5 2.0 1.5 1.7 1.6
Dranion/10°6 cn? st 2.9 3.8 2.1 1.3 1.4 1.6
Dav(anionf/107¢ cnP st 3.0 4.1 2.0 1.4 1.5 1.6
Diotal(anionf/107 ¢ cmP s 2 5.3 7.1 34 2.4 2.5 2.3
Anmr/S cn? mol™t 19.8 26.7 12.8 8.9 9.4 8.7
Aimp/ ANMR 0.77 0.58 0.82 0.70 0.60 0.43

aR:D for 1,3-dimethylidazolium, E for 1-ethyl-3-methylimidazolium, Pr for 1-propyl-3-methylimidazolium, B for 1-butyl-3-methylimidazolium,
Pe for 1-pentyl-3-methylimidazolium and H for 1-hexyl-3-methylimidazoli¢m, 1, andD wereobserved at 28C. € Day(anion)= (2.3/5.6Dhanion)
+ (3.3/5.6Draniony due to the atomic fraction of H:E 2.3:3.3.9 Digta = Dhi(cation) + Dav(anion)

the observed diffusion coefficient probed By assigned to the
anion, for example, can be expressed by usiras

obs __
DH - XDanion

+(1- X)Dpair (6)

As mentioned aboveAinp/Anvr Seems to characterize the
dissociation condition of the sdltThis idea is qualitatively

acceptable because the impedance data reflect only charged ion

migration in contrast to the NMR diffusion coefficient attributed
to the transport behavior of both the ion and ion pair.
Considering eq 6, we here represéah,/Anmwr explicitly for
guantitative evaluation using the inherent diffusion valigion
Danion OF Dpair, Of each specie¥.

Aimp _ X(Dcation+ Danior) —
Anwr - X(Deagont Danion T 2(1 — X)Dyg¢
1
)
1492 1-—Xx Dpair
X }Dcation+ Danion

It is proved that the Haven ratio is approximatedxtin the
case 0Dcation T Danion™ 2Dpair OF X ~ 1.29What is the situation

in other cases? We here assume two different samples denote
by subscripts 1 and 2, under the situation of

A A
( imp ) > ( imp ) (8)
ANMR 2 ANMR 1
Then, the ratio of the dissociation degree of the two samples,
Xo/xq, could be derived from eqs 6 and 7 as

2 2 1 1
é > DH(Cati0“)+ DaV(aﬂion) Dcation+ Danion

% DL +pL pl ip?
1 H(cation) av(anion) cation anion

©)

in which Dycation) @and Dayanion) are observed and averaged
observed values, respectively, represented by

DH(cation)= XDcation+ (1- X)Dpair
2. 3.
Dav(anion)= S_EDH(anion) + ;:éDF(anion)z

XDanion+ (1 - X)Dpair (10)

15 T r r .
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Figure 2. Walden’s plot, logA vs log 1 of EMIm(HF).F (),
BMIM(HF)2F (&), and HMIm(HF)F (O).

Table 1. The first fraction of the right-hand side of eq 9
concerning the observed values is greater than unity from Table
1. On the other hand, the second fraction of the side comprising
the inherent diffusion values of the cation and anion is expected
to be less than unity due to the size effect, the EMIm cation
being smaller in size than the HMIm cation, indicatiBg,q,

< D2, As aresult, the descending degree of magnitude of

catiorr

&ndxz is not determined uniquely. This is because only the case

of both fractions being greater than unity guarantees x;.
That is, the ordering of magnitude ohinp/Anmr is not
necessarily consistent with the ordering of the dissociation
degree of the salt. This indicates that the dissociation condition
of the salt has to be interpreted by another approach for
guantitative evaluation.

b. Application of the Stoke<instein Relation for Ealuation
of the Dissociation Degree of the Salthe empirical Walden’s
rule has been applied to RTMS materials in several reports to
categorize the dynamic feature compared with glass and
inorganic electrolyted'??2 Walden'’s rule originally states that
the product of molar conductivity and viscosity of hydrodynamic
materials having moving entities in conduction is a constant at
a given temperature. In practice, the behavior of plots ofAog
vs log 1k has been elucidated in detail for many electrolyte
materials. It is explained that the magnitude of the slope and
the position of the plot relative to the ideal line extrapolated
from 1 M KCI solution indicate the characteristics of the ionic
state and ion transport mechanidhd? Figure 2 represents the
Walden’s plot of RMIm(HF) &~ with different cations. It is
characteristic that the slope of the plot of EMIm(HE) was

It is easy to understand the real situation by assuming thatalmost unity, parallel to the ideal line, and, on the other hand,

samples 1 and 2 correspond to HMIm(KHE) and EMIm-
(HF)..4F, respectively. We find that the salts satisfy eq 8 from

the plots of BMIm(HF) sF and HMIm(HF» sF showed slopes
of less than unity. The difference in slope may reflect the
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difference in ionization state and ion transport mechanism a ' " i i '
among the salts. To investigate the situation systematically, it EMIm(HF ), F
is more appropriate to apply the StokdSinstein equation, o Dutoton

H{anion)

which gives the dynamic feature of individual species with the 64 a4 p o

F(onion)

diffusion coefficient according to the form of
D = kT/Gmnr (112)

where D is the diffusion coefficient of the speciek,is the
Boltzmann constanty is the solution viscosity, and is the
hydrodynamic radius of the mobile species. The advantage of
the Stokes-Einstein equation compared with the Walden rule
is that it deals with the individual species that is characterized
by the inherent diffusion coefficient. The validity of the
application of the StokesEinstein relation to ionic liquids has
been under debafé23The most serious arguement against the
application is that the mobile species cannot be assumed to be .
in macroscopic sphere continuum fluid. Despite this fact, 20 A S
however, a fairly good fit of the cation species of molten salts T g o
to the StokesEinstein relation is pointed out by Bockris and s
Reddy?? Furthermore, the Reynolds numb&e* defined by

: [ ]
H{cation) A

H{anion)

o o o3

Re= vd§ 12) 05{ 5%

wherev is the velocity d is the diameter of the moving sphere, 3035 40

7 is the viscosity, ang is the density of the medium, is much
smaller than unityRe~ 1019 by substituting the typical values 401 o .
of RMIM(HF),.3F, for dion &~ 1078 cm, vijgn & 10°cm s1, 5 ~ 354
1072 poise,p ~ 1 g cnT 3. This reveals that Stokes’ relation is oA
fairly satisfied under this situatioff. These considerations
support that the application of the StokdSinstein relation is < 2.5 LA 1
not necessarily extraordinary and is rather effective to survey €904 N ]
the dynamic feature of individual species as long as the Stokes oa g ]
Einstein relation is discussed by analogy with Walden’s rule. ' A HM Im(HF ),
Figure 3 represents the observed diffusion coefficients, 8
DHicationy DHganiony @nd Dranion) Of RMIM(HF)..sF (R = E, B,
H) as a function off/ according to eq 11. In the case of EMIm- S
(HF)sF, the plots showed a linear change in the observed 0 5 10 15 20 25 30 35 40 45
region. On the other hand, the plots of BMIm(HE} and TeP /nK
HMIm(HF)2.3F showed a slight change in slope, that is, a Figure 3. Diffusion coefficient of cation species detected
decrease in slope with an increaseTiy. This means that the  (Draton) @and anion species detected By (Dhanion) and by 1%
ion migration mechanism in BMIm(HEY and HMIm(HF) 4F, (Drganion) Vs n~*T for (&) EMIM(HF).4F, (b) BMIm(HF).3F, and (c)
with a large difference in size between the cation and anion, HMIM(HF)2:F.
Woulld.dev.iate from the ideal Stoke&instein relation. This TABLE 2: Relative Value of the Slope of the Plots of
deviation is fundamentally the same as the phenomena ofDyycqjon VS T/57, Disganion) VS T/, @nd Deanion) Vs T/ for
Walden plots of logA vs log 14 with the slope of less than  EMIm(HF) 2.3F, BMIM(HF) 2.5F, and HMIm(HF) ;. 3F

m’s

D /10%
o
»

m
S Dyeati
. H{cotion)

. -0
4 “,O . DN(anion)
A D

F(anion)

unity, and would be attributed to the imbalanced size of the EMIMHF.F  BMIMHF.F  HMIM(HF).F

cation and anion, preventing the random collision between them

for random walk migrati ially at higher t t Drieation 0.048 0.068 0.071
gration especially at higher temperature. /""" 0.072 0.113 0.208

To compare the ionization state between the salts, we drew pg o 0.060 0.113 0.132

approximate lines for the data following the Stok&Snstein

relation in Figure 3. Table 2 lists the relative value of the slope As a result, observed diffusion values can be summarized by

of each observed species for three samples. EMImy§fF)  using eq 6 as

showed the lowest values in the three samples for both the cation

and anion species. b= E(L + 1- X) (14)
We here evaluate the meaning of the difference in slope of 677\lion T pair

the StokesEinstein plot of the observed diffusion values,

Dri(cationy Draniony @nd Degniony If the individual species in

molten salts, characterized by the respective diffusion values,

Then, the slopes, of the plot ofDgps vs T/7 listed in Table 2
is denoted as

Dcation Danion @ndDypair, Obey the StokesEinstein relation, they K{x 1-—
can be denoted as, s= @(r_ T ) (15)
on pair
ion = enkT , palr = GnkT (13) Here, we add subscripts 1 and 2 for distinction of the two
Mion " pair samples having different cations such as HMIm(#) and
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EMIm(HF),.sF, respectively, in order to realize the concrete
meaning ofs values. We can also assumg= hry (h > 1)
wherer; andr, are hydrodynamic radii of the ion pairs of
HMIm(HF), 4= and EMIm(HF} 4F, respectively. The descending
degree of the magnitude of slope between them can be evaluated
from eq 15 as

Xy +1—xl_ X5 _1—x2_x1—x2

—-s,0 +
Sl SZ ra\nion r1 ranion r2 ranion
1—x X; — X
I ) B g -
2 anion 2

1 1
(L—x)) = (% — Xz)( - ) (16)

ranion I’2

As s > s, from Table 2, the right-hand side of eq 16 is greater
than 0. As a result, due to the relationrgfion < rz, X1 > X2 is
induced. That is, the relative magnitude of the slap@grees
with that of the dissociation degree when the larger salt shows
higher values of the slope in the Stokdsinstein plot.

On the basis of this consideration, the dissociation degree of
the salt becomes lower with decreasing cation size. This result
conflicts with the general recognition that a higher dissociation
degree of the salt leads to a higher conductivity due to the
enhanced ion concentration. This may be due to the fact that
the contribution from mobility is more effective compared with 428 A 4.20 A
the carrier content to the conductivity of this type of molten
salt. To realize the ion transport mechanism responsible for high
mobility, we tried to use a new interpretation in the next section.

3. Interpretation of lonic State Based on the “Degree of
Ordering of lons”. As we mentioned previously, it is not
necessarily appropriate for molten salts to apply the concept of
the dissociation degree of the salt. This is because molten salts
do not contain solvent species which play the part of solvation Figure 4. lonic structure and size of cations, EMimBMIm™, and
for ions and initiate separation of the cation and anion. We rather HMIm?, and anions, (HEF" and (HF)F", of RMIm(HF), o obtained

. . from ab initio molecular orbital calculation.
propose to take into account a more reasonable idea of the
“degree of approach between the cation and anion” or the
“degree of ordering of ions” to represent the ionization state in
molten salts. Ordered ions prepare a domain which is a unit
particle of the migration species. With an increase in the degree
of ionic orientation, the size of the domain increases. The slope
of the plot in Table 2 would directly reflect the size of the
domain particle according to this interpretation. It is well-known
from eq 11 that the larger the size of the mobile species, the
more gentle the slope becomes. The fact that the plot of EMIm-
(HF),.&~ showed the smallest value of the slope for both the
cation and anion species indicates that the cations and anion
are most highly oriented in the salt forming the largest domain
particles compared with those of BMIm(HF and HMIm-
(HF)2.sF despite the smallest cation, EMIm. The comparison
of the unit ion size among the salts is shown in Figure 4. The
highest ordering of the ions of EMIm(HEF may be due to
the steric matching of the cation and anion. As a result, when
we simplify the indications of the cation and anion of the salts

the charge density of the particle is reduced. In molten salts,
Coulombic interactions and the geometry of the mobile species
are dominant factors of carrier mobility by affecting the strength
and the frequency of confliction among the species. It is
expected that the dispersion of charge density of a mobile
particle with the size enlargement is effective to reduce the
frictional resistance in migration.

lon orientation in molten salts would be analogous to the
ordered structure of ionic crystals. In practice, high-energy X-ray
Sglh‘fraction measurements of RMIm(HF suggest the pos-
sibility of a highly ordering structure consistent with the crystal
structure of EMImFHP:> Among the observed salts, EMIm-
(HF)2sF demonstrated the most oriented structure from the
diffusion measurements. It seems that the size balance between
the cation and anion is significant to prepare the oriented
structure as shown in Figure 4.

i . . . ) . Summary
as A" and X, respectively, domain particles responsible for
the observed diffusion coefficient could be denoted as AgXX) We elucidated the dynamic feature of the room temperature
and (AX)}»X~. EMIm(HF), sF would have the largest numbers molten salts, RMIm(HR)sF (R = arkyl group), to interpret the
for mandn in the salts. ionization state based on both the ideas of the “dissociation

Finally, discussion must address why the larger particle degree of the salt”, which assumes two coexisting states, ion
composed of several oriented ions showed a faster diffusionand ion pair, and the “degree of ordering”, which assumes a
coefficient because the result essentially opposes the size effectnobile particle composed of several ions in orientation. In the
on diffusivity predicted from the Stoke<instein relation. This liquid of molten salts without any solvent species, the ions
can be explained as follows. With an increase in the particle change their position and migrate conflicting with each other
size in proportional to the numbearof A(AX) '+, for example, influenced by their Coulombic force. In this situation, it is more
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realistic that the aggregates of ordered ions, A(#X)and
(AX)nX~, frequently changing their form and size by inserting

and extracting some mono-ions at the surface, are responsiblg,

for ion diffusion, rather than that the isolated ions"(and X°)
and ion pair (AX) coexist under the dissociation equilibrium

state. Designing a highly ordered structure is effective for the
preparation of room temperature molten salts with high mobility
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