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In molecular dynamics simulations of molten LiCl and LiBr at about 1000 K and various 
pressures the self-exchange velocity of unlike ion pairs divided by the molar volume increases with 
increasing pressure up to ca. 1000 MPa, reflecting the trend experimentally found for the electric 
conductivity up to 100 MPa. While the coordination of unlike ions is tetrahedral at low pressures, 
it is nearly octahedral at 2000 MPa.

Introduction

Cleaver et al. [1] have found that the conductivity 
x = Fb/V (b: internal mobility, V: molar volume, F: 
Faraday constant) of molten LiCl, LiBr and Lil in­
creases with increasing pressure (0.1-100 MPa). Fur­
ther, Tödheide and his coworkers have found that the 
molar conductivity A = Fb of molten LiBr in the 
range from 993 to 1313 K goes through a maximum as 
a function of pressure (0-600 MPa), which has been 
interpreted in terms of the high polarizing power of 
Li+ [2].

We have found that the self-exchange velocity (SEV), 
v, calculated from molecular dynamics (MD) simula­
tions, is strongly correlated with b [3-6]. We pre­
viously calculated v of molten KCl at 1173 K under 
high pressures and found that v/V decreases with in­
creasing pressure [7], as does b/V[S, 9].

In the present MD study we have calculated v/V of 
molten LiCl and LiBr at various pressures in order to 
compare the results with those of [1] and [2] and to 
reach a better understanding of the process.
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MD Simulation

432 ions were disposed in the periodic cell. The 
density at each pressure was determined by the equa­
tion [10],

q(P, T)= q(P0, T)/{1-0.1 ln[(0.089/j3r (Po, T)

+ 4.0x 106 + P)/(0.089/ßr (Po, T) + 4 .0xl06)]}, (1)

where q(P, T) is the density of the melt at the pressure 
P (Pa) and the temperature T (K), P0 is a reference 
pressure {P0 = 1.0 x 105 Pa) [11] and ßT(P0,T ) is the 
isothermal compressibility at P0 and T [12]. From the 
density, V at 1000 K and the edge length L of the 
cubic MD cell were calculated for each prescribed 
pressure P .

The pair potentials were of the Born-Mayer-Huggins 
type with the Tosi-Fumi parameters [13]. After about 
5000 time steps at constant temperature for equilibra­
tion, the MD runs were performed for another 5000 
time steps by a constant energy method.

Results and Discussion

Thermodynamic Properties

Some conditions and results of the MD simulations 
are summarized in Table 1. Pc was calculated from the 
virial resulting from the simulation [14]. When the 
Tosi-Fumi parameters [13] are employed for the simu-
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Table 1. Prescribed pressure P molar volume V, edge length 
L, calculated pressure Pc, temperature T, and potential energy 
E for molten LiCl and LiBr.

Pp/MPa K/cm3 mol 1 L/pm Pc/MPa T/K £/kJmol"1

LiCl

0.1 29.21 2187.9 220 1007 -796.8
200 28.02 2157.8 460 998 -798.0
500 26.84 2127.1 740 983 -799.6

1000 25.55 2092.4 1180 1002 -800.2
2000 23.97 2048.5 1970 1011 -800.6

LiBr
0.1 35.98 2345.3 210 1003 -747.0

200 34.30 2308.2 380 999 -748.2
500 32.70 2271.7 680 988 -749.7

1000 31.01 2232.0 1100 1009 -750.4
2000 29.00 2182.7 1810 999 -751.2

lation of molten salts whose densities are experimen­
tally determined under ambient pressure, Pc is usually 
of the order 200 MPa (e.g. Pc = 160 MPa for KCl at 
1173 K, when Pp = 0.1 MPa [7]). The Pc's were system­
atically higher than Pp by about 200 MPa except in the 
case of Pp = 2000 MPa.

The calculated potential energy E decreases slightly 
with pressure. Since the unlike-ion distance does not 
vary much, the increase in pressure leads to higher 
values of both the Coulombic and repulsion energies 
[15], which compensate each other, resulting in no 
marked effect on the values of the potential energies.

The isothermal compressibility was calculated to be 
1.6x10"10 P a " 1 for LiCl and 2.7 x 10"10 P a"1 for 
LiBr.

Pair Correlation Functions and Coordination Numbers

Some characteristic values of the pair correlation 
functions g(r) are given in Tables 2 and 3. From these 
tables it is seen that for unlike ions and increasing 
pressure RM and R2 do not change appreciably while 
g(RM) decreases, showing that with increasing pres­
sure the increase of the overall density is greater than 
the increase of the density in the first coordination 
sphere. For like ions and increasing pressure JRM and 
R2 decrease and g(RM) increases. These trends are in 
agreement with those observed for molten KCl [7] and 
for molten (Li, K)C1 of the eutectic composition [15]. 
Figure 1 shows that for unlike ions the running coor­
dination number n{r) increases with increasing pres­
sure, as expected. R2 is regarded as the radius of the

Table 2. Characteristic values of the pair correlation func­
tions for molten LiCl. R{ and R2 are the distances where 
gu{r) crosses unity for the first and the second time, respec­
tively. Rm and Rm are the distances at the first maximum and 
the first minimum, respectively.

Pp/MPa 0.1 200 500 1000 2000

Li-Li
RJ pm 318 316 315 311 307
Rm/ pm 371 370 369 365 357

1.82 1.83 1.85 1.86 1.89
R2/pm 459 457 454 452 447
KJ?™ 535 530 530 530 525
Cl-Cl
RJ pm 324 322 321 318 314
/?M/pm 373 369 363 359 355

2.13 2.15 2.18 2.24 2.29
R2/pm 455 451 449 445 438
R J  Pm 537 525 525 520 520
Li-Cl
ki/Pm 192 193 193 194 194
R J Pm 223 223 223 223 223
g(R M) 3.72 3.66 3.58 3.46 3.39
K2/pm 281 281 281 282 282
n(R2) 3.09 3.18 3.27 3.40 3.56
RJP™ 353 350 350 350 350

Table 3. Characteristic values of the paii■ correlation func-
tions for molten LiBr. See also the legend of Table 2.

Pp/MPa 0.1 200 500 1000 2000

Li-Li
RJ pm 341 339 336 332 327
R J pm 397 396 395 392 381
9(r m) 1.79 1.80 1.82 1.82 1.84
R2/pm 494 492 488 485 479
R J  Pm 573 565 565 560 560
Br-Br
RJ pm 348 347 343 340 336
KM/pm 401 396 393 389 381
9(RM) 2.14 2.16 2.22 2.28 2.34
RJ pm 487 486 481 476 467
RJp™ 573 565 560 560 550
Li-Br
RJpm 207 208 209 209 209
R J pm 239 239 240 240 240
g(RM) 3.78 3.64 3.58 3.45 3.39
RJ pm 302 303 303 303 304
n(R2) 3.10 3.21 3.31 3.45 3.67
R J  Pm 369 370 370 370 370

first coordination sphere [16] and defines the coordi­
nation number n(R2). For unlike ions n(R2) increases 
with pressure.

The percentages of specific coordination numbers 
of CI" and Br" around Li+ are shown in Table 4. The
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Fig. 1. Pair correlation functions between unlike ions g(r) 
and the running coordination numbers n(r) for (a) LiCl and 
(b) LiBr.------: P =0.1 MPa,----- : P =2000 MPa.

percentages of the specific coordination numbers 4, 5, 
and 6 increase with increasing pressure. When Pp 
changes from 1000 MPa to 2000 MPa, the most prob­
able specific coordination number changes from 3 to 4.

Angular Correlation Function

The angular correlation function P_+_(cos 9) is de­
fined by

P_ + _(cos 0 ) = - C  dn(cos 0)/d(cos d), (2)

where 0 is the angle formed by two anions in the first 
coordination sphere with respect to the central cation, 
and where C is a normalization factor chosen so that

5 r- - 1
(cos 0) d(cos 0)=1. (3)

P- + -{cos 0) and P+_+(cos 6) for LiCl are shown in 
Fig. 2, and those for LiBr in Figure 3. P+_+ (cos at 
Pp = 0.1 MPa for LiCl is in good agreement with that 
shown in Figure 2 of [4].

Table 4. Distribution of the numbers of neighbouring anions 
around Li+ within R2 at different pressures in molten LiCl 
and LiBr (in percent).

PJ MPa n
0 1 2 3 4 5 6

LiCl
0.1 0 0.68 16.95 55.98 25.45 0.93 0.01

200 0 0.57 14.53 54.20 29.41 1.28 0.01
500 0 0.42 11.81 51.84 34.02 1.89 0.02

1000 0 0.28 8.98 47.33 39.85 3.52 0.04
2000 0 0.17 6.91 40.26 46.59 6.61 0.18
LiBr

0.1 0.01 0.72 16.48 55.52 26.34 0.92 0.01
200 0.01 0.60 13.99 52.94 30.86 1.58 0.02
500 0 0.39 10.99 50.10 36.11 2.38 0.03

1000 0 0.28 8.12 44.84 42.18 4.48 0.10
2000 0 0.10 4.63 35.83 50.13 8.98 0.33

The peak positions of P_+_ and P+_+ for LiCl and 
LiBr are given in Table 5. P_+_ has one peak around 
101° at Pp = 0.1 MPa and two peaks around 94° and 
180° at 2000 MPa both for LiCl and LiBr. P+_+ has 
maxima at similar angles. This suggests that with in­
creasing pressure a nearly regular tetrahedral arrange­
ment of CI" around Li+ (although n(R2)< 4) changes 
to a nearly octahedral one, i.e. the NaCl-type structure 
(although n(R2)< 6).

It should be mentioned, however, that according to 
very recent neutron diffraction measurements, ana­
lyzed by the reverse Monte Carlo method, molten 
LiCl shows octahedral symmetry at ambient pressure 
[17], whereas all other results by neutron and X-ray 
diffraction support tetrahedral symmetry. This dis­
crepancy needs clarification.

Self-Exchange Velocity

The SEV, v, is defined as [3]

v = (R2- r R2)/t, (5)

where rR„ is the average distance of the counterions 
within the distance R2 from the ion and z is the time 
at which the average distance of these counterions 
becomes R2.

We have found that the internal mobility is approx­
imately proportional to the SEV [3-6]:

A/F = b ^  k'v, 

x/F =b/V ^k'v/V , 

where k' is a constant.

(6) 

(7)
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Fig. 2. Angular correlation functions (a) P_+_(cos 9) and 
(b) P+_+(cos 0) for LiCl. o: Pp = 0.1 MPa, •: 2000 MPa.

0 / deg.
180 140 120 100 90 80 60 40 0

cos 9
Fig. 3. Angular correlation functions (a) P_+_(cos 9) and 
(b) P+_ + (cos 0) for LiBr. o: Pp = 0.1 MPa, 2000 MPa.

Table 5. Angles (in degrees) at the maxima of the angular 
correlation functions P_+_(cos 9) and P+_ + (cos0) for LiCl 
and LiBr.

PJ MPa LiCl LiBr

P-+- P+- + P-+- P+- +

0.1 100 101 102 102
200 101 99 100 98
500 99, ~ 175 96, ~ 176 98, ~ 173 96, ~ 176

1000 96, ~ 174 97, — 174 95, ~ 177 92, ~ 173
2000 94, ~ 176 91, ~ 176 94, ~ 177 91, ~ 176

The calculated values of v and v/V are given in 
Table 6. For LiBr, v is the same at Pp = 0.1 and 
200 MPa, which reflects the experimental result [2] 
that at 993 K A has a slight maximum at about 
200 MPa in the range 0.1 to 300 MPa. At all other 
places in Table 6 v smoothly decreases with increasing 
pressure while v/V increases up to Pp= 1000 MPa. 
This reflects the experimental finding [1] that in the 
range 0.1 -100 MPa x of LiCl and LiBr increases with 
pressure.
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Fig. 4. Time evolution of/iK,(f)/nR,(0). (a) LiCL, (b) LiBr. The 
solid and dashed lines are for Pp = 0.l MPa and 2000 MPa, 
respectively. The ordinate is logarithmically scaled.

Another measure for the separating motion of 
neighbouring unlike ion pairs is the decrease of the 
number of marked counter ions present within the 
coordination sphere [3]. This number is referred to as 
nRft), and the time evolution of is shown
for Pp-0.1 MPa and 2000 MPa in Figure 4. At the 
beginning this quantity declines more quickly for 
Pp = 2000 MPa than for Pp = 0.1 MPa, whereas later 
the reverse is true. t 1/2, the half life of nRJt), and v are 
anticorrelated, as shown in Figure 5.

Fhe isothermal activation volumes of A and ^ are 
given by

AVÄ = —R7(0 In A/dP)T and (8)

AVX = -R T (d\nx/dP)T, (9)
respectively.

v
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Fig. 5. Relationship between xXj\ and v. •: LiCl, a: LiBr. The 
figures in parentheses represent Pp in MPa.

Table 6. The self-exchange velocity of neighbouring unlike
ions.

PJ MPa LiCl LiBr
r/m s" rF-'/jO 6 

mol m~2 s~
vjm s" vV~ Vjo6 

mol m~2 s"

0.1 
200 
500 

1000 
2000

146 + 2 
143 + 2 
142 + 2 
135 + 2 
125 + 2

5.00 + 0.07 
5.10 + 0.07 
5.29 + 0.08 
5.28 + 0.08 
5.21+0.08

121 ±3 
121 ±3 
117 + 2 
113 + 3 
100+1

3.36 + 0.08 
3.52 + 0.09 
3.58 + 0.06 
3.64 + 0.10 
3.45 + 0.04

Table 7. The self-diffusion coefficients at about 1000 K and 
various pressures. The values in parentheses are the experi­
mental ones at ambient pressure.

Pp/MPa LiCl LiBr
Li CI Li Br

D/10~9m2 s~1

0.1 11.8 7.4 9.0 5.1
(14.2) (7.2) [18] (11.7 a) (4.5a) [19]

200 9.2 5.7 8.7 4.7
500 8.0 5.5 7.9 4.2

1000 7.7 5.1 7.6 4.0
2000 7.0 4.5 6.6 2.9

The values for Li+ and Br- in LiBr are the self-diffusion 
coefficients in the mixture of (Li, K) Br (Li: 99 mol%) extra­
polated or interpolated to 1000 K.
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Fig. 6. Velocity autocorrelation functions Z(t) for LiCl. The 
inset shows the power spectra F(co). A, B, C, D, and E refer 
to the results at Pp = 0.1, 200, 500, 1000, and 2000 MPa, 
respectively.

Fig. 7. Velocity autocorrelation functions Z(t) and the power 
spectra F(co) for LiBr. (a) Li+, (b) Br- . See also the legend of 
Fig. 6.

From (6) and (8) follows

AVa = A Vv= —RT{d In v/dPc)T, (10)

and from (7) and (9)

A Vx s  A VMV) = -R T (6 \n(v/V)/dPc)T. (11)

A Vv calculated from (10) at Pp = 0.1 MPa and 200 MPa 
at 1000 K is 0.7 cm3 mol"1 for LiCl and 0.0 cm3 mol"1 
for LiBr, while AVa is (0.4 + 0.7) cm3 m ol"1 for LiCl 
at 973 K and (-0.1+0.4) cm3 mol"1 for LiBr at 
922 K in the range from 0.1 to 100 MPa [1], AV{v/V) 
similarly calculated from (11) is —1.0 cm3 m ol"1 for 
LiCl and -2 .3  cm3 mol"1 at 1000 K for LiBr. These 
values are in good agreement with the AVX values: 
— (1.4 + 0.7) cm3 mol"1 at 973 K for LiCl and 
-(1.9 + 0.4) cm3 mol"1 at 922 K for LiBr [1],

Self-Diffusion Coefficient

For each pressure, the self-diffusion coefficients 
have been calculated from the mean square displace­
ments which have been taken over 14 ps from 50 dif­
ferent time origins. These values are given in Table 7. 
The calculated values of LiCl and LiBr agree with 
those of the experimental results at ambient pressure 
[18, 19]. The decrease of D with increasing density is 
greater than the decrease of v (Table 6).

Velocity Autocorrelation Function 
and Power Spectrum

The velocity autocorrelation functions (VACF) and 
power spectra are shown for LiCl in Fig. 6 of and for
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LiBr in Figure 7. The power spectra are calculated by 
Fourier transform of the VACF's. With increasing 
pressure, the depths of the minima of the VACF's be­
come deeper and the VSCF's damp more slowly. This 
trend is remarkable for the anions. For the anions the 
first minimum shifts to shorter time with increasing 
pressure. A similar trend is observed for K + and Cl­
in molten (Li, K)C1 of the eutectic composition (see 
Fig. 4 in [5]). Fhe peak of the power spectra shifts 
toward higher frequency; this is evident particularly 
for the anions.

Conclusions

With increase in pressure up to ca. 1000 MPa, the 
SEV divided by the molar volume increases for molten 
LiCl and LiBr. This reflects well the anomalous trend

experimentally found for the electric conductivity of 
these melts, although in the simulation polarizations 
of the ions are not taken account of explicitly but only 
implicitly by the pair potentials. The slight maxi­
mum of the molar conductivity of LiBr in the range 
0-600 MPa is reflected by the constancy of the SEV 
in that range. The coordination for neighbouring un­
like ions changes from nearly tetrahedral to octa­
hedral at pressures between ca. 1000 MPa and 
2000 MPa at 1000 K.

The MD simulations were performed with the HF 
TAC M-680 H computers at the Institute for Molecular 
Science (Okazaki) and the National Laboratory for 
High Energy Physics (Fsukuba). Fhe computer time 
made available for this work is gratefully acknowl­
edged.
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