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Physical Chemistry

Structural parameters of concentrated aqueous solutions of LiCl under
extreme conditions, as calculated by the method of integral equations.

Effect of temperature
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I ul. Akademicheskaya, 153045 Ivanovo, Russian Federation.
Fax: +7 (093 2) 37 8509. E-mail: adm@ihnr.polytech.ivanovo.su

Peculiarities of structure formation of aqueous LiCl solutions at different salt : water
molar ratios (LiCl : n H,O, n = 3.15, 8.05, 14.90) under conditions of isobaric heating
(p = 100 bar, T = 298, 323—523 K, AT = 50 K) were studied by the method of integral
equations. Heating of LiCl : 14.90H,O solution was found to lead to disappearance of
tetrahedral ordering of solvent molecules, appreciable weakening of the coordination abilities
of both ions, and to an increase of the number of contact ion pairs and a decrease of the
number of solvent-separated ion pairs. For the LiCl : 8.05H,O system, the tetrahedral
structure of the solvent disappears at a lower temperature and heating has a less pronounced
effect on the coordination and associative abilities of the ions. In the LiCl : 3.15H,0 solution,
tetrahedral ordering of the solvent molecules disappears at 298 K and the number of contact
ion pairs decreases as temperature increases. Other structural changes in this system upon
heating are similar to those found for the LiCl : 14.90H,0 and LiCl : 8.05H,0 solutions.

Key words: integral equation method, pair correlation functions, lithium chloride, aque-

ous solutions, structural parameters, high temperature.

Studies of structural properties of water-electrolyte
systems at high pressures and temperatures have drawn
considerable recent attention of researchers in the con-
text of the development of advanced technologies in-
volving hydrothermal oxidation of chemical waste and
hydrothermal synthesis.

In spite of topicality of this investigation line, only a
few studies on the structural characteristics of water and
aqueous electrolyte solutions at extreme state param-
eters have been reported to date.1=13 This is due to two
reasons, namely, difficulties in performing experiments

under extreme conditions and relatively time-consum-
ing computer simulation. Fortunately, there is a class of
theoretical approaches including the method of integral
equations (IE) employed in this work, which also allows
the description of various properties of water-electrolyte
systems (ionic solvation, interionic interactions, charac-
ter of short-range ordering of ions, efc.) and represents a
"third avenue" of research in addition to experimental
studies and computer simulation. In the framework of
the IE method, structural and thermodynamic charac-
teristics of the objects under study are calculated based
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on the known potentials of interparticle interactions.
Similarly to direct structural approaches, the IE method
allows the description of diffusion-averaged structure of
liquid-phase systems, thus being different from com-
puter simulation methods (molecular dynamics, MD,
and Monte Carlo, MC). In addition, calculations of
structural parameters of solutions using the IE method
are much less time consuming compared to MD and
MC simulation.

Structural parameters obtained using the IE method
are in reasonable agreement with the results of experi-
mental studies and those obtained from MD and MC
simulation at standard state parameters. Up to now, the
IE method has mainly been used in studies of water and
aqueous electrolyte solutions under standard conditions,
whereas studies on the structure of these objects under
extreme conditions can be counted on the fingers of one
hand.14—16 Usually, the authors do not consider the
dynamics of structural changes in the systems on going
from standard to extreme state parameters. Moreover,
most of them often do not analyze interionic interac-
tions which play an important role in the structure
formation of concentrated aqueous salt systems.

This work was carried out in a continuation of our
studies of the structure of aqueous electrolyte (1 : 1)
solutions under extreme conditions.!’—20 It concerns
the effect of temperature on the structure of aqueous
LiCl solutions of three concentrations (LiCl : » H,O0,
n = 3.15, 8.05, and 14.90) at constant pressure. Struc-
tural parameters of the systems under study were calcu-
lated for p = 100 bar and 7 = 298 K and for the
temperature range from 323 up to 523 K with an
increment (AT) of 50 K.

Calculation Procedure

In the course of simulation the solutions under study were
represented as mixtures of water molecules and ions. lon—water
and ion—ion interactions were described by pair potentials.2! A
modified TIPS model?2 with the known parameters?3 was used
for water. These potentials of interparticle interactions and
water model were chosen since they are (i) computationally
simple and (ii) thought to be efficient for the description of the
structure of water-electrolyte systems.

Calculations of structural parameters were performed using
the Ornstein—Zernike atom-atom integral equation.24 In the
case of ion-molecular systems it is represented by a system of
three equations describing solvent—solvent (W—W), sol-
ute—solvent (I—W), and solute—solute (I—I) correlations:

pwhww(k) = sww(k)eww(k)sww(k) +
+ pwsww(k)eww(K)hyw(k),

hyw(k) = erw(b)sww(k) + pwerw(Ohww(k),
hy (k) = ep(k) + pwerw(Dhyw(k) + preg(Ohy (), (1)
where pyy is the density of solvent molecules; p; is the density

of ions; and hyg(k), c,p(k), and s,g(k) are matrices with the
elements

h3 (k) = 47“ ., grdrhé‘f;(r)sin(kr),

4 7 .
cg“‘[;(k) = TR Ipxpy (J)rdrcé%(r)sm(kr),

sin(kl,

p |,
I,

S(k) = 8| 8+ (1= 85)

where p, is the density of the molecules of sort x; p, is the
density of the molecules of sort y; /g is the distance between the
force centers o and B belonging to the molecule of sort x;
haﬁxy(r) and caﬁxy(r) is respectively the total and direct atom-
atom correlation function of the force centers o (for molecule x)
and B (for molecule y); s, (r) is the matrix of Fourier-trans-
forms of the function describing intramolecular correlations; 3y,
is the Dirac delta function; and Sop is the Kronecker delta.

The hypernetted chain closure was used for the system of
equations (1):

hww(r) + 1 = gww(rn) =
= exp[—BUww(r) + hww(r) — eww (9],

hrw(r) + 1 = grw(r) = exp[=BUw(r) + hiw(r) — crw(n],
h(r) + 1= gp(r) = exp[=BUn(r) + hy(r) — en(M],  (2)

where g(r) = g,3™(r) is the pair atom-atom correlation function
(PCF) of the force centers oo and B belonging to the molecules
x and y, respectively; —BU(r) = —BUany(r) = —B[(paﬁxy(r) +
(I)aﬁxy(r)] is the initial potential of the atom-atom interaction
(the functions (puﬁxy(r) and d)uﬁxy(r) describe short-range and
long-range interactions, respectively); B = (kBT)_l; and kg is
the Boltzmann constant.

The solution of the Ornstein—Zernike atom-atom IE for
the system with a long-range electrostatic interaction requires
renormalization of the initial long-range potential in such a
way that only the renormalized shielded potential describing
the long-range interaction appeared in the equation. The scheme
of this procedure, as well as the method of numerical solution
of the Ornstein—Zernike atom-atom IE with the hypernetted
chain closure have been reported previously.25 The main idea
of the method is to combine the Picard direct iteration ap-
proach and the Newton—Raphson scheme o solve the system
of nonlinear equations.

Our calculations by the IE method made it possible to
obtain the g,p(r) PCF for the aqueous LiCl solutions under
study and use them for determination of the interparticle
distances, presence and type of ionic associates in the solutions,
as well as coordination numbers of the particles,

My (r) = 4npﬁggaﬁ(r)r2dr,

where pg is the density of particles of the sort 8 (A73) coordi-
nated by the particle of the sort o.. Based on the relative changes
in the Angg(ry1) values, we analyzed the changes in the struc-
tural parameters of the solvent and the associative and coordi-
nation ability of ions as functions of external state parameters:

T 298

n (r 1)—}1 (r |)

An ()= —oB2m of 2mlZ . 100% ,
of *'ml né?}s(rm])

where nraﬁ(rml) is the coordination numbers of the particle at a
temperature 7 (T # 298 K); ry,; is the first minimum position of
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Fig. 1. Pair correlation functions gw_w(7) and nw_w(r) of LiCl : 3.15 H,O (a), LiCl : 8.05 H,O (), and LiCl : 14.90 H,O (¢)
solutions calculated for 7= 298 K (solid line) and 523 K (dashed line).

the g,p(r) PCF. In solving the Ornstein—Zernike atom-atom
IE the accuracy of both direct and Newton—Raphson iterations
was 1073, The coordination numbers of the particles were
estimated with an accuracy of 1072.

Results and Discussion

Figures 1—3 present the plots of the gus(r) and
nyg(r) PCF obtained only for the lowest (298 K) and
highest (523 K) temperature since the characteristic
values of these functions were found to be close. The
characteristic values of other PCF for the whole tem-
perature range are listed in Tables 1—3.

Water—water (W—W) correlations

According to calculations for 7= 298 K, the main
peak of the gg_o(#) PCF is at ry; = 0.292 nm for
LiCl : 14.90 H,O and at 0.290 nm for LiCl : 8.05 H,0
(see Fig. 1). These peaks are determined by the interac-
tions between water molecules and the nearest envi-
ronment. The second maximum, at ry, = 0.432
(LiClI : 14.90 H,0) and 0.440 nm (LiClI : 8.05 H,0), is

gLit—o(r) niit—o(nN  gci——o(r) nei——o(r)
/ © 15
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> 5
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2r 10
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Fig. 2. Pair correlation functions gi_w(7) and nj_w(r) of the
LiCl : 14.90 H,O solution calculated for 7= 298 K (solid line)
and 523 K (dashed line).
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Fig. 3. Pair correlation functions g;_j(r) and nj_;(r) of the LiCl : 3.15 H,O (a), LiCl : 8.05

H,0 (b), and LiCl : 14.90 H,0 (c)

solution calculated for 7= 298 K (solid line) and 523 K (dashed line).

due to the interactions between water molecules in
the tetrahedral structure. The peak in the region
0.570—0.580 nm is determined by the interactions be-
tween these water molecules and more distant mol-
ecules. This shape of the go_o(7) PCF is also typical of
neat water, which is in good agreement with the results
of experimental studies (see, e.g., Refs. 26—28).

From the plots shown in Fig. 1 and data listed
in Table 1 it can be seen that heating of the
LiCl : 14.90 H,O solution causes a substantial decrease
in the main peak intensity of go_o(#). However, posi-
tion of this peak remains unchanged. In the temperature

range 298—423 K, the first minimum of this PCF is
appreciably shifted toward longer » and becomes shal-
lower. Simultaneously, the intensity of the second peak
at ryp = 0.432 nm decreases and the second maximum
and minimum are shifted toward shorter r, the latter
becoming shallower. These changes in the go_o(7) shape
lead to a decrease in the number of tetrahedrally or-
dered water molecules (the n!Dy_ () value reduces
by more than 33%) and a fraction of them appears
to constituents of the nearest environment, which
corresponds to a 5.1% increase in the nDg_o(rm)
value.

Table 1. Characteristic values of the g,3(r) PCF and ng(r) functions for the LiCl : 14.90 H,O system under isobaric heating

373K

423 K

473 K

523 K

(p = 100 bar)

Parameter 298 K 323 K
go—olrm1) 2.916 (0.292) 2.831 (0.292)
20—o(Fm1) 0.871 (0.394) 0.873 (0.398)
Do _o(Fn1) 7.79 (0.394) 7.93 (0.398)
go—o(rv2) 0.886 (0.432) 0.884 (0.430)
g0—0(rm2) 0.865 (0.478) 0.868 (0.476)
ne_6(rin2) 5.50 (0.478) 5.08 (0.476)
nF DG (g 13.29 (0.478) 13.01 (0.476)
go—u(rmp) 1.897 (0.146) 1.815 (0.146)
go—u(rm1) 0.097 (0.194) 0.112 (0.196)
no_g(rm1) 0.73 (0.194) 0.73 (0.196)

gLit—cr—(rm1)
grit—cr(Fm1)

nOpi+ o (rmy)

gLit—cr—(rm2)
gLit—cr~(rv27)

grt—cr(rm2)

8.609 (0.224)
0.401 (0.310)
0.50 (0.310)

2.767 (0.438)

2.171—1.353

(0.480—0.530)"

0.796 (0.590)

11.223 (0.224)
0.478 (0.314)
0.66 (0.314)
2.451 (0.440)

2.012—1.307

(0.480—0.530)"

0.787 (0.594)

2.680 (0.292)
0.880 (0.404)
8.03 (0.404)
0.884 (0.430)
0.875 (0.472)
4.36 (0.472)
12.39 (0.472)
1.674 (0.144)
0.138 (0.196)
0.72 (0.196)
15.930 (0.222)
0.588 (0.320)
0.93 (0.320)
1.975 (0.442)

1.750—1.232

(0.480—0.530)"

0.779 (0.598)
1.98 (0.598)

2.544 (0.292)
0.887 (0.412)
8.19 (0.412)
0.888 (0.428)
0.882 (0.470)
3.68 (0.470)
11.87 (0.470)
1.578 (0.144)
0.160 (0.196)
0.70 (0.196)
17.911 (0.222)
0.638 (0.326)
1.06 (0.326)
1.654 (0.448)

1.557—1.190

(0.480—0.530)"

0.784 (0.604)
1.78 (0.604)

2.418 (0.292)
a

a

a

0.890 (0.468)
_a

11.27 (0.468)
1.501 (0.144)
0.179 (0.196)
0.68 (0.196)
19.948 (0.220)
0.670 (0.332)
1.16 (0.332)
1.475 (0.458)

1.444—1.185

(0.480—0.530)"

0.802 (0.610)
1.67 (0.610)

2.306 (0.292)

a

a

a

0.899 (0.468)
—a
10.75 (0.468)
1.433 (0.144)
0.195 (0.196)
0.65 (0.196)
21.732 (0.220)
0.701 (0.338)
1.24 (0.338)
1.398
(0.470—0.480)
a

0.831 (0.620)
1.64 (0.620)

At o=(rmp) 240 (0.590) 2.25 (0.594)

Note. ry is the position of maximum of the peak, g,s(rv) is the height of the peak; ry, is the position of minimum of the function;
8op(rm) is the function value at the minimum; nyg(ry,) is the number of particles of the sort B at the distance ry, from the particle of
the sort o. The distances are given in nm.

4 Not defined.
b The intervals of the function values (upper line) corresponding to the boundaries of the shoulders and diffuse peaks (lower line,

figures in parentheses).
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Table 2. Characteristic values of the g,p(r) PCF and ngp(r) functions for the LiCl :

8.05 H,O system under isobaric heating

(» = 100 bar)
Parameter 298 K 323 K 373 K 423 K 473 K 523K
%o_o(rv1) 3.007 (0.290) 2.925 (0.290) 2.773 (0.290) 2.635 (0.290) 2.510 (0.290) 2.396 (0.290)
%_o(rm1) 0.836 (0.402) 0.839 (0.404) 0.849 (0.408) 0.859 (0.414) 0.869 (0.426) 0.878 (0.448)
1D o(rm1) 7.81 (0.402) 7.84 (0.404) 7.86 (0.408) 7.93 (0.414) 8.28 (0.426) 9.17 (0.448)
%_o(rvn) 0.849 (0.440) 0.849 (0.442) 0.851—0.854 - - -
(0.420—0.460)"
20— 0(Fm) 0.846 (0.468) 0.848 (0.464) _a _a _a —a
n05_ o (rm) 3.90 (0.468) 3.51 (0.464) —a —a _a _a
So_n(rm1) 1.584 (0.146) 1.533 (0.146) 1.456 (0.146) 1.386 (0.144) 1.333 (0.144) 1.287 (0.144)
2o 1(rm1) 0.097 (0.194) 0.112 (0.194) 0.139 (0.194) 0.163 (0.194) 0.182 (0.194) 0.199 (0.194)
no—n(rm1) 0.59 (0.194) 0.59 (0.194) 0.59 (0.194) 0.59 (0.194) 0.58 (0.194) 0.57 (0.194)
guit—c—(r1)  8.948 (0.224) 10.901 (0.224)  12.558 (0.222)  13.747 (0.222)  14.393 (0.220)  14.864 (0.220)
gt c-(rm)  0.350 (0.312) 0.404 (0.316) 0.472 (0.322) 0.514 (0.328) 0.541 (0.332) 0.563 (0.336)
D+ o=(rmp)  0.89 (0.312) 1.10 (0.316) 1.30 (0.322) 1.44 (0.328) 1.52 (0.332) 1.56 (0.336)
guit—c—(rn2)  2.200 (0.440) 1.973 (0.442) 1.615 (0.448) 1.405 (0.456) 1.287 1.085—1.226

gLit—cr~(rv2”)

gLi+—cr(rm)
Lit—ci—(Fm2)

1.807—1.187
(0.480—0.530)"
0.740 (0.592)
3.50 (0.592)

1.695—1.163
(0.480—0.530)"
0.743 (0.594)
3.31 (0.594)

1.498—1.126
(0.480—0.530)"
0.751 (0.600)
3.01 (0.600)

1.368—1.110
(0.480—0.530)"
0.767 (0.606)
2.81 (0.606)

(0.466—0.476)"

a

0.788 (0.612)
2.69 (0.612)

(0.430—0.470)"
1.249 (0.496)

0.813 (0.618)
2.64 (0.618)

Note. For notations, see Table 1.

Table 3. Characteristic values of the g,g(r) PCF and ngg(r) functions for the LiCl :

3.15 H,O system under isobaric heating

(» = 100 bar)
Parameter 298 K 323 K 373 K 423 K 473 K 523 K
20_o(rv1) 3.300 (0.288) 3.206 (0.288) 3.041 (0.288) 2.901 (0.288) 2.775 (0.288) 2.663 (0.288)
20_o0(Fm1) 0.743 (0.406) 0.755 (0.408) 0.774 (0.412) 0.792 (0.416) 0.808 (0.422) 0.823 (0.428)
1D o(rmp) 6.76 (0.406) 6.79 (0.408) 6.85 (0.412) 6.90 (0.416) 7.01 (0.422) 7.12 (0.428)
So_n(rm1) 0.790 (0.146) 0.870 (0.146) 0.940 (0.146) 0.969 (0.146) 0.976 (0.146) 0.969 (0.146)
2o 1(rmD) 0.088 (0.190) 0.105 (0.190) 0.137 (0.190) 0.165 (0.190) 0.189 (0.190) 0.209 (0.190)
no—n(rm1) 0.27 (0.190) 0.30 (0.190) 0.34 (0.190) 0.37 (0.190) 0.38 (0.190) 0.39 (0.190)
ait_c—(rv)  13.655(0.224)  12.010 (0.224)  11.470 (0.222)  10.762 (0.222)  10.129 (0.222)  9.654 (0.220)
git—c—(rm)  0.334 (0.320) 0.355 (0.322) 0.395 (0.326) 0.424 (0.330) 0.447 (0.332) 0.467 (0.336)
D+ o=(rm1)  2.76 (0.320) 2.54 (0.322) 2.52 (0.326) 2.50 (0.330) 2.42 (0.332) 2.37 (0.336)
gLit—ci-(rnia) 1556 (0.448) 1.432 (0.452) 1.279 (0.464) 1.050—1.199 0.978—1.148 0.930—1.115
(0.430—0.470)>  (0.430—0.470)>  (0.430—0.470)"
ait_c—(np)  1.421—1.083 1.358—1.088 1.267—1.097 1.216 (0.498) 1.201 (0.504) 1.199 (0.508)

ng+ cr~(fm2)
it (rm)

(0.480—0.530)"
0.749 (0.608)
6.44 (0.608)

(0.480—0.530)"
0.756 (0.610)
6.27 (0.610)

(0.480—0.530)"
0.777 (0.614)
6.05 (0.614)

0.797 (0.618)
5.94 (0.618)

0.816 (0.624)
5.95 (0.624)

0.832 (0.630)
5.98 (0.630)

Note. For notations, see Table 1. The go_o("v2)s go—o(Fma)s and nDg_(r..») values were not determined.

Further heating of the system leads to disappearance
of the first minimum of the go_p(r) PCF and appear-
ance of an extended plateau instead of the second peak
of this PCF. Owing to impossibility of locating the first
minimum of this function at 7 > 423 K, we cannot
single out the interactions between the nearest environ-
ment and tetrahedrally ordered water molecules. There-
fore, in what follows we will use the n*1Dgy_ (r))
value as a structural characteristic. The value of this
parameter is equal to the sum of nMg_o(ry) and
ny_o(rmp). It is determined at a distance corre-
sponding to the position of the second minimum of the

go_o(r) function. For instance, the LiCl : 14.90 H,0
solution is characterized by a 9.4% decrease in
the nUI*IDy_ o(r,,) value in the temperature range
423—523 K.

Changes in the go_o(r) PCF of the LiCl : 8.05 H,O
system with heating are similar to those found for the
LiCI : 14.90 H,O solution (see Fig. 1 and Table 2).
However, it should be noted that in this case the
go—o(r) function has the first minimum in the whole
temperature interval. Raising the temperature to 423 K
causes only a 1.5% increase in the nVg_(ry,;) value,
which is about a quarter as large as that for the
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LiCl : 14.90 H,O system (see Table 1). The nDq_o(rp)
values increases by 7.4% in the temperature interval
298—523 K. In contrast to the less concentrated system,
the peak corresponding to the tetrahedral structure of
water disappears at a lower temperature (373 K). The
nIDq_5(ryp) value decreases by 10% in the temperature
range from 298 to 323 K (see Table 2).

As can be seen in Fig. 1, the gg_o(r) PCF of the
LiCl : 14.90 H,O and LiCl : 8.05 H,O solutions exhibit
no peaks corresponding to the tetrahedral structure of
water and have only two well-resolved peaks at 523 K.
This shape of the functions is typical of simple liquids
with close-packed molecules. The results obtained sug-
gest significant structural rearrangements in the bulk of
the solutions upon heating which lead to disappearance
of the tetrahedral structure of water. Analogous conclu-
sions were also drawn based on the results of X-ray
diffraction study?8 of the structure of neat water in the
temperature range from 277 to 473 K and a study of
supercritical water by MD simulation.3

The go_o(r) PCF of the LiCl : 3.15 H,O solution,
calculated for 298 K exhibits no peak in the region
0.440—0.450 nm. This indicates the absence of tetrahe-
dral ordering of the solvent molecules. A similar shape
of the go_o(7) function was obtained in MD simulation
of the structure of a LiCl solution with the same con-
centration under standard conditions.2? The absence of
the second peak of this PCF was attributed to essential
destruction of the solvent structure in highly concen-
trated LiCl solutions. A neutron diffraction study of a
LiCl solution with a close concentration also revealed
the absence of tetrahedral ordering of water molecules
at 298 K.30

Major changes in the behavior of the go_o(r) PCF
with heating are similar to those found for the solutions
of lower concentrations, but the effect of temperature is
less pronounced in this case. For instance, the number
of water molecules in the nearest environment in-
creases only by 5.3% in the temperature interval from
298 to 523 K. This is less than one third of the corre-
sponding value for the LiCl : 8.05 H,O solution (see
Table 3).

The go_g(r) PCF of the LiCl : 14.90 H,O system,
calculated for 298 K, has two clearly seen peaks at
r = 0.146 nm and in the region 0.340—0.350 nm (see
Fig. 1). The results of MC and MD computer simula-
tion are somewhat different, namely, the first peak of
the go_y(r) function is shifted toward longer r
(M1 = 0.180 nm) while the second maximum is in the
region 0.320—0.330 nm. Recently, mention has been
made!’ that these distinctions are due to the errors of
statistical approximations used in the atom-atom ap-
proach (analogous to the RISM approach) rather than
the pair potentials used. On the other hand, it is known31
that the IE method is a reliable tool for obtaining
structural information on aqueous electrolyte solutions
over a wide range of state parameters.

The higher the concentration of the solution, the
lower the intensity of the first peak of the gg_y(7) PCF.
As a consequence, the number of hydrogen bonds,
no_n(rm1), in the solution decreases with concentra-
tion. For instance, this value is only 0.27 for the
LiClI : 3.15 H,O solution for 7' = 298 K (see Table 3).
This suggests a very low probability of the formation of
H-bonds between water molecules in this solution. An
analogous conclusion was drawn based on the results of
MD simulation of aqueous LiCl solution with a close
concentration.2?

Raising the temperature leads to substantial decrease
in the height of the first peak of the go_y(7) function of
the LiCl : 14.90 H,O system, the peak itself being
slightly shifted toward shorter r. The first minimum
becomes much shallower and is slightly shifted toward
longer r. As a consequence, the ng_y(#y,1) decreases by
11% in the temperature range 298—523 K (see Table 1).
For the LiCl : 8.05 H,O solution, changes in the shape
of the go_y(r) PCF are similar, but the effect
of temperature is less pronounced. For instance,
the no_y(ry) value decreases only by 3.4% (see
Table 2).

In our previous study of the effect of temperature on
the structure of neat water by the IE method we have
shown!6 that, despite significant structural rearrange-
ments, increasing the temperature does not lead to
complete destruction of hydrogen bonding in water,
though the number of H-bonds decreases substantially.
These conclusions were also confirmed by the results of
MD simulation.3

In contrast to the LiCl : 14.90 H,O and
LiCI : 8.05 H,O solutions, the go_py(¥) PCF of the
LiClI : 3.15 H,O system behaves in a different manner.
Both the intensity and width of its first peak increase
with temperature but the peak position is fixed. The first
minimum of gg_y(7) is also characterized by a fixed
position; however, it becomes much shallower. These
changes lead to a more than 44% increase in the
no_p(rm1) value (see Table 3). Presumably, this
is a consequence of very high concentration of the
solution.

The gg_g(r) PCF of the LiCl : 14.90 H,O system,
calculated for 298 K (see Fig. 1), has two well-resolved
peaks at ry; = 0.236 nm and ry, = 0.384 nm. As the
LiCl concentration increases, the height of the first peak
decreases substantially while the intensity of the second
peak remains unchanged, the peaks being shifted in
opposite directions.

The intensities of both peaks of the gy_y(r) PCF of
the LiCl : 14.90 H,O and LiCl : 8.05 H,O solutions
decrease as temperature increases. The first maximum is
slightly shifted toward shorter while the second maxi-
mum is shifted toward longer ». In contrast to the two
less concentrated solutions, changes in the shape of the
gu_u(r) PCF of the LiCl : 3.15 H,O system are similar
to those found for the go_ () PCF of the same system,
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which can also be due to the very high concentration of
the solution.

lon—water (I—W) correlations

Considering the g i+ _o(r), gLi+—u(r), gcr——o(r), and
gci——pu(r) PCF calculated for the three systems under
study, we noticed that the shapes of the functions
belonging to the same group follow common basic
patterns and behave analogously with an increase
in temperature. Therefore, in Fig. 2 we present
only the plots of the g_w(#) PCF obtained for the
LiCl : 14.90 H,O solution. These plots will serve as
examples in discussing the effect of temperature on
changes in the PCF.

Lit—0. The main peak of the g;+_o(r) function
calculated for 298 K is at » = 0.190 nm, which is in
good agreement with the results of experimental and
theoretical studies (see, e.g., Refs. 21, 29, and 32). The
intensity of the peak depends on concentration of the
system and decreases as the concentration increases.
This leads to a substantial decrease in the number of
water molecules within the first coordination sphere of
Li* ion (from 3.44 for LiCl : 14.90 H,O down to 2.51
for the LiCl : 3.15 H,O solution).

Raising the temperature up to 523 K causes a sub-
stantial decrease in the intensity of the main peak of the
gLit—o(r) PCF, though its position remains virtually
unchanged (see Fig. 2). The first minimum is noticeably
shifted toward longer r and becomes shallower. These
changes in the g ;+_o(r) function lead to appreciable
(by ~30%) decrease in the number of water molecules
within the first coordination sphere of Li* ion. For
instance, the ny;+_o(ry1) values are changed from 3.44
to 2.41 for LiCl : 14.90 H,0, from 3.23 to 2.22
for LiCl : 8.05 H,0, and from 2.51 to 1.72 for
LiCl : 3.15 H,0.

Lit—H. According to our calculations, the g ;+_g(r)
PCF obtained for 298 K has the main peak at
rvi1 = 0.268 nm. As the concentration of the solution
increases, the first peak is slightly shifted toward longer
r. This is accompanied by an increase in the peak
intensity. Position of the first maximum of the gy ;+_y(7)
function found in this work is in good agreement with
the results of computer simulation and neutron diffrac-
tion studies of LiCl solutions with close concentrations
(see, e.g., Refs. 29 and 32).

As in the case of the gp;+_o(r) functions for all the
three solutions under study, the height of the first peak
of the gp;+_y(r) PCF decreases substantially as the
temperature increases. The first maximum is shifted
toward longer r while position of the first minimum
remains virtually unchanged. According to calculations,
the coordination number, np;+_g(ry;), decreases on
going from the less to more concentrated solution as
temperature increases (from 24.2% for LiCl : 14.90 H,O
to 23.1% for LiCl : 3.15 H,0).

The above-mentioned changes in the shape of the
gLit—o(r) and g ;+_y(r) PCF as well as substantial
decrease in the np+_o(ry) and np+_g(rym) values
indicate a decrease in the coordination ability of Li* ion
and ordering of water molecules within the first coordi-
nation sphere of the Li* ion on heating.

CI™—O. The main peak of the gc—_o(r) PCF of the
LiCl : 14.90 H,O system, calculated for 298 K, is at
rvi1 = 0.344 nm (see Fig. 2). As the concentration
increases, the first maximum of this function is
slightly shifted toward shorter r (ryy; = 0.342 nm for
LiCl : 3.15 H,0) and its height increases from 3.536 for
LiCl : 14.90 H,O to 3.603 for LiCl : 3.15 H,O. It should
be noted that the distances between CI™~ ion and O atom
of water molecule, obtained in this work for 298 K, are
in good agreement with the results obtained by
the IE method,21:31 computer simulation (see, e.g.,
Refs. 33—36), and in diffraction studies (see, e.g.,
Ref. 37).

In contrast to "cation—oxygen" PCF, the first mini-
mum of the go—_o(7) PCF is appreciably shifted toward
longer r as the concentration of the solution increases.
However, the nc—_q(#,) value decreases on going
to highly concentrated solutions from 11.47 for
LiCI : 14.90 H,O to 9.79 for LiCl : 3.15 H,0. It is
known38 that the coordination number of Cl~ ion can
vary from 12 to 5 with an increase in the concentration
of solution. This suggests a higher mobility of water
molecules within the first coordination sphere of CI™
ion compared to that within the first coordination sphere
of LiT ion, i.e., weaker interactions of Cl~ ions with
water molecules.

As in the case of "cation—water" PCF, an increase
in temperature up to 523 K leads to pronounced de-
crease in the height and insignificant broadening of the
main peak of the gc—_o(#) PCF irrespective of the
solution concentration. Position of the first maximum
remains unchanged as the temperature increases. In
contrast, the first minimum is appreciably shifted to-
ward longer r. These changes in the shape of this
function correspond to a decrease in the number of
water molecules within the first coordination sphere of
chloride ion. For instance, nc—_o(#y) decreases by
5.4% (from 11.47 to 10.85) for LiCl : 14.90 H,O, by
4.7% (from 11.04 to 10.52) for LiCl : 8.05 H,O, and by
8% (from 9.79 to 9.01) for LiCl : 3.15 H,O.

CI”—H. The main peak of the gci—_y(r) PCF calcu-
lated for 298 K is at ry; = 0.198 nm for LiCl : 14.90 H,O
and LiCl : 8.05 H,O and at ry; = 0.200 nm for
LiClI : 3.15 H,0. This peak is characteristic of CI"—H
hydrogen bonds in the systems under study. The ry
values found in this work are somewhat different from
those obtained by computer simulation (~0.220 nm),
which is also due to specific features of the atom-atom
approximation.!5 As in the case of the go_y(r) func-
tions, the height of the first peak of the gc—_y(7) PCF
decreases from 4.301 to 4.093 as the solution concentra-
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tion increases. This is indicative of reduction of the
number of CI™—H bonds, nc—_g(ry), from 4.01 for
LiCl : 14.90 H,O to 3.14 for LiCl : 3.15 H,O.

For all the systems under study, the heights of the
main peaks of the go—_y(7) PCF are nearly halved as
the temperature increases. For the LiCl : 14.90 H,O and
LiCl : 8.05 H,O solutions, positions of the first maxima
remain unchanged while the first minima are shifted
toward longer r. In contrast, the first maximum and
minimum of this PCF for LiCl : 3.15 H,O are slightly
shifted toward shorter r. According to calculations, for
all the three systems heating up to 523 K is accompa-
nied by a nearly 40% decrease in the number of CI"—H
bonds (from 4.01 to 2.54 for LiCl : 14.90 H,0, from
3.89 to 2.33 for LiCl : 8.05 H,O, and from 3.14 to 1.87
for LiCl : 3.15 H,O solution). On the other hand, the
first minimum of the go—_g(#) PCF becomes shallower
and the plateau on the nc—_g(ry1) plot disappears as
the temperature increases. This also suggests a sub-
stantial destruction of H-bonds between the CI™
ion and water molecules within its first coordination
sphere.

A comparison of changes in the number of water
molecules within the first coordination spheres of the
cation, Anpi+_g(7ry1), and anion, Anci—_g(#y1), sug-
gests that heating affects to a greater extent the coordi-
nation ability of Li* ion (Anci—_o(fm1) < Anpi+_o(Fm1))-

Cation-anion (Lit—Cl~) correlations

The plots of the gy ;+_c—(r) PCF are shown in
Fig. 3. Irrespective of solution concentration, this func-
tion calculated for 298 K has two well-resolved peaks.
For all the three solutions, the first peak of g ;+_c—(7)
is at ry; = 0.224 nm. This peak is determined by the
contact interaction between unlikely charged ions
(Lit—CI7). The above-mentioned distance is somewhat
shorter than the sum of the ionic radii of Lit* and CI~
(0.060 and 0.181 nm, respectively), which is due to the
overlap of the electron shells of the ions. Position of the
second peak originated from the interaction between the
cation and anion separated by a water molecule (a
solvent-separated ion pair Lit—H,0—CI") depends on
concentration of the solution. The ry, value is 0.438 nm
for LiCl : 14.90 H,O (see Table 1), 0.440 nm for
LiCl : 8.05 H,O (see Table 2), and 0.448 nm for
LiCl : 3.15 H,O (see Table 3). As a consequence,
the Lit—H,0—Cl~ angle varies from 106°37 for
LiCl : 14.90 H,O to 111°30" for LiCl : 3.15 H,O. These
values are in good agreement with the results of MD
simulations,3® according to which the cation—wa-
ter—anion angle lies between ~110 and 140°. An in-
crease in the concentration is also accompanied by
substantial increase in the intensity of the first peak, by
a decrease in the intensity of the second peak, and by an
appreciable shift of the first and the second minima
toward longer r. These changes in the shape of the

gLit—c—(#) function suggest an increase in the number
of both types of ionic associates in solutions.

As can be seen in the plots of the g ;+_c—(r) PCF
presented in Fig. 3, raising the temperature leads to
appreciable increase in the intensity and broadening
of the first peaks for the LiCl : 14.90 H,O and
LiClI : 8.05 H,O systems. The first maximum and mini-
mum are shifted in opposite directions, toward shorter
and longer r, respectively. Correspondingly, the number
of contacts, aD;+_—(ry;), increases substantially
(by a factor of 2.5 for LiCl : 14.90 H,O (see
Table 1) and by a factor of 1.7 for LiCl : 8.05 H,O (see
Table 2)).

As follows from Fig. 3 and the data listed in Table 1
(the LiCl : 14.90 H,O system), there is a shoulder in the
region 0.480—0.530 nm on the right side of the second
peak with a maximum at » = 0.438 nm. This peak
becomes less intense and is appreciably shifted toward
longer r as the temperature increases. At 523 K, the
shoulder disappears and the second peak becomes poorly
resolved ("diffuse”) in the region 0.474—0.480 nm. The
second minimum is shifted toward longer r in the whole
temperature range. These changes in the shape of
PCF correspond to a 31.7% decrease in the num-
ber of solvent-separated ion pairs, nID|+_c1—(r),
and to an increase in the Li*—H,0—CI~ angle to
121°18".

Changes in the shape of the g ;+_c—(#) function of
the LiCl : 8.05 H,O system in the region of the second
peak with temperature are similar to the preceding case
(see Fig. 3 and Table 2) except that the peak becomes
"diffuse" at 473 K. Further heating leads to transforma-
tion of the shoulder on the right side of this peak into a
peak with a maximum at ry,- = 0.496 nm, while the
initial second peak is transformed into a shoulder in the
region 0.430—0.470 nm on the left side of the new peak.
The second minimum is appreciably shifted toward
longer r in the whole temperature interval. As a result,
the number of solvent-separated ion pairs decreases by
24.6% while the Lit—H,0—CI~ angle increases to
135°33".

Changes in the shape of the g ;+_c—(r) PCF of the
LiCl : 3.15 H,O solution with heating are different from
those found for the other two systems. The main peak of
gLit—c—(r) becomes much lower, while its width re-
mains virtually unchanged. The first minimum is appre-
ciably shifted toward longer r. This behavior of the
gLit—c—(r) function seems to be due to the very high
concentration of the solution. As a result, the number of
contact ion pairs decreases by 14.1% and the Lit—CI™
distance is shortened (see Table 3).

In the region of the second peak, changes in the
shape of the g ;+_c—(#) function are similar to those
found for the two less concentrated solutions. The
exception is that the shoulder on the right side of the
second peak is transformed into an extended peak at
423 K. As temperature increases, the intensity of the
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new peak decreases while its maximum and the second
minimum continue to shift toward longer r. In this case,
the nID|+_~—(r,y) value decreases by 7.8% in the
temperature interval from 298 to 423 K and then
only slightly (by 0.7%) increases on heating from
423 to 523 K. The Lit—H,0—Cl~ angle increases to
145°19°.

A comparison of changes in the number of contact
and solvent-separated ion pairs suggests that heating
affects to a greater extent the former rather than the
latter parameter irrespective of the solution concentra-
tion. It should be noted that the decrease in the number
of solvent-separated ion pairs and an increase in the
number of contact ion pairs in the two less concentrated
solutions is in good agreement with the results of MD
simulation of related systems.12

The results obtained in this work make it possible to
draw the following conclusions on the peculiarities of
structure formation of concentrated aqueous LiCl solu-
tions under conditions of isobaric heating. An increase
in temperature is accompanied by destruction of con-
tinuous tetrahedral network of H-bonds between the
solvent molecules in the LiCl : 14.90 H,O and
LiCl : 8.05 H,O solutions. Under extreme conditions,
hydrogen bonding in these systems is not completely
destroyed, though the number of H-bonds decreases
substantially; this is in good agreement with the results
of MD simulation of neat subcritical and supercritical
water.3 At high temperatures, the three-dimensional
structure of water becomes similar to the structure of
simple liquids with close-packed molecules. On the
other hand, heating leads to an appreciable decrease in
the coordination and associative abilities of both ions,
the effect of temperature being more pronounced for the
cation. The number of contact ion pairs increases sub-
stantially while the number of solvent-separated ion
pairs decreases as the temperature of solutions increases.
We found that heating is to a greater extent responsible
for the formation of contact ion pairs rather than for
destruction of solvent-separated ion pairs.

Particular emphasis should be placed on the effect of
isobaric heating on the structure formation of the
LiCl : 3.15 H,O solution. Some feature of this system
are as follows. The tetrahedral network of water mol-
ecules is absent already at 298 K. The number of O—H
bonds is much less while the number of contact ion
pairs is much more than in the two less concentrated
systems. In contrast to the LiCl : 14.90 H,O and
LiCl : 8.05 H,O solutions, heating leads to an increase
in the number of O—H bonds and to a decrease in the
number of contact ion pairs. These features are thought
to be due to very high concentration of this solution and
will be considered in detail in future studies. Other
changes in the structure of the LiCl : 3.15 H,O solution
under conditions of isobaric heating are similar to those
found for the LiCl : 14.90 H,O and LiCl : 8.05 H,O
systems.

This work was carried out with the financial support
of the Russian Foundation for Basic Research (Project
No. 01-03-32278).
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