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Abstract

Constrained molecular dynamics simulations were carried out to investigate the lithium chloride ionic associations in dilute
aqueous solutions over a wide temperature range. Solvent mediated potentials of mean force have been carefully calculated at
different thermodynamic conditions. Two intermediate states of ionic association can be well identified with an energy barrier from
the oscillatory free energy profile. Clear pictures for the microscopic association structures are presented with a remarkable feature
of strong hydration effect of lithium ion and the bridging role of its hydrating complex. Experimental association constants have
been reasonably reproduced and a general trend of the increasing ionic association at high temperatures and low densities was
observed. Additional simulations with different numbers of water molecules have been performed to check the possible artifacts
introducing from periodic and finite size effects and confirm the reliability of our simulation results. Marginal differences of the
simulated curves are believed to result from the significant compensation and canceling effect between the bare ionic forces and
solvent induced mean force. Finally we confirmed the importance of accurate descriptions of dielectric properties of solvent in the

ionic association study.
© 2003 Elsevier B.V. All rights reserved.

1. Introduction

Tonic association and speciation is of fundamental
importance in the chemical processes related to aqueous
electrolyte solutions [4,16]. It has been an interesting
subject with various attempts including experiments,
theoretical and semi-empirical approaches over the last
several decades. Early attempts with continuum models
of solvent have successfully predicted the diffusion-
controlled and long-ranged properties of the rapid ionic
reactions with very small barriers [5]. From the primitive
continuum models and the experiments of electrolyte
conductance [36,37,48,55,74], we know that all electro-
lytes in dilute aqueous solutions have a general trend to
associate or even form stable neutral ion pairs [51] at
high temperatures and low pressures due to the de-
creasing dielectric screening effect, which is prominently
regulated by the dielectric constant of water.
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In order to investigate the ionic association with
more detailed information of the ionic short-range
properties, more complicated microscopic descriptions
with water molecule explicit models are needed. Based
on these models, the scheme proposed by Fuoss [62]
and Winstein [72] turns out to be especially useful in
the understanding of the ionic association mechanism:
A+B«<=A..-B<= A-B< AB (1)
free ions SSIP CIP Product
in which A and B represent two ions (Li* and CI~ in this
study) in the aqueous solutions and the two intermediate
states are defined in the process of dissolving the salt
product (AB) into free ions (A + B): a contact ion pair
(CIP: A -B) and a solvent separated ion pair (SSIP:
A ---B). These intermediate states have been identified
through the increasingly accurate experiments using in-
frared and Raman spectroscopy techniques [25,27,33,64].
However, these kinds of experimental measurements are
still limited in the sub-critical region and encounter many
difficulties in providing detailed structures and inter-
conversion dynamics.
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In the study of ionic association, computer simulation
acts as a peculiar role between the pure theoretical ap-
proaches and experiments. On one hand, it can be re-
garded as a well-established statistical model with least
empirical assumptions and can be utilized to check the
validities of many other theoretical approaches. On the
other hand, more importantly, it is actually a kind of
“computer experiment” which is straightforward in the
interpreting of the properties of molecule explicit sys-
tems and provides a supplementary solution to the
problems of experiments with detailed information from
normal to extreme conditions. Through computer sim-
ulations, the SSIP state described above can be well
distinguished from the CIP state with a noticeable bar-
rier indicated by the oscillatory solvent mediated po-
tential of mean force (pmf) and hence the relevant
microscopic structures and interconversion dynamics
can be well revealed.

Potential of mean force is actually the free energy
surface along the chosen coordinate and it incorporates
solvent effects as well as the intrinsic interaction between
the two particles [47]. It is of great importance in the
study of ionic association and has been extensively in-
vestigated in recent years with Ornstein—Zernike-like
integration methods [35,38,45,54,59] and computer sim-
ulation techniques [3,7,11,13,30,63,65]. Although the
integration methods require far less computer time and
the ongoing progresses make it possible to obtain pmfs
even with a three dimensional structure [45], the results
are still approximate and sometimes may yield pmfs with
diminished or even erroneous structures [11,29,40].
Consequently, we prefer molecular dynamics simulations
as a relatively rigorous solution of the full statistical
mechanical problem with the aid of super-computational
power.

Since the problems of poor sampling can be delicately
solved by such techniques as free energy perturbation
[43], umbrella sampling [70], thermodynamic integration
[49], and constrained molecular dynamics [15], a number
of publications have come forth with the computer
simulation results of pmfs for various alkali halides in
dilute aqueous solutions [3,7,13,30,63,65]. However,
there still exist some confusions. For instance, although
the Ewald summation method is superior to the cutoff
truncation methods [10,53,66], the periodicity intro-
duced by the periodic boundary conditions may lead to
undesirable effects in the simulation of solutions [41].
These effects on the ionic pmfs have not yet carefully
checked with computer simulations. So, further inves-
tigations are still justified.

In this study, we focus on the lithium chloride ionic
association in dilute aqueous solutions. The lithium
chloride is selected since it is a representative member of
alkali halide but has surprisingly received far less
attention with regard to its association/dissociation
properties on the molecular level. We hope this study

can provide some complementary results for experiment
and may be helpful for theoretical and semi-empirical
treatment of the aqueous solutions [2,21]. Moreover, we
hope some relevant confusions described above can be
properly clarified through the discussions of our simu-
lation results.

In the next section, theoretical backgrounds for the
constrained molecular dynamics and characterizations
of the ionic association are briefly discussed. Subse-
quently, simulation details with potential models and
program setups are presented. Then simulation results
are presented and carefully discussed. Finally, some
conclusions are drawn.

2. Theoretical background
2.1. Constrained molecular dynamics

A straightforward way to calculate the ionic mean
force potential W(r) is through the ionic radial distri-
bution function g(r):

W(r) = —ksT In(g(r)), 2)

where kg is the Boltzmann constant, 7 is the tempera-
ture of the system.

However, in the dilute aqueous systems, a simple
molecular dynamics simulation would always result in a
problematic ionic radial distribution function for the
sake of inadequate sampling or some traps during the
propagation of the configurations. In order to solve this
problem, more sophisticated sampling methods are
needed, such as free energy perturbation [43], umbrella
sampling method [70] and weighted histogram analysis
method [46,60]. Constrained molecular dynamics, which
was proposed by Ciccotti and his coworkers [12,15],
introduces an alternative routine and is nowadays
widely utilized as a rigorous and versatile tool to study
the free energy profile [68] and relevant properties [58].

Constrained molecular dynamics methodology in the
study of interionic potential of mean force actually can
be regarded as a special case of the popular thermody-
namic integration method [49], which has the following
form:

W) — W (i) = [ <27H >l e 3)

where 4; and 1, corresponds to the initial and final state,
respectively, W is the free energy, H is the Hamiltonian
of the system, (), is the conditional average of an en-
semble corresponding to the coupling parameter A'.
Minus the integrand in Eq. (3) is called the thermody-
namic mean force [20,52]. Eq. (3) can be read as the
difference of the free energy of two states equals to the
negative integral of thermodynamic mean force between
these two states. When we are interested in the ionic
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potential of mean force, the coupling parameter is ac-
tually the interionic distance » and in this simple case the
thermodynamic mean force is equivalent to the con-
straint mean force [52,68], which is denoted as F(r).
Then Eq. (3) becomes:

W(r) = Wi(ro) 7/ F(/)dr (4)
ro
and rq is the interionic distance of a reference state.
Eq. (4) is the basic formula of constrained molecular
dynamics. A rigorous deducing process of this equation
from Eq. (2) with statistical theories can be found in the
paper of [15], which in the mean time reveals a clearer
physical background of the ionic mean force and is very
helpful for our programming and computations. Ac-
cording to their analysis, the ionic mean force in a sys-
tem of N water molecules and two ions (A and B) can be
calculated from:

F() = L o - (B~ B, )
where Fap = (Fa — 7g)/rap is the unit vector from ion A
to ion B; Fy and Fy are the total forces acting on the two
ions, respectively; () represents the conditional sta-
tistical average corresponding to a interionic distance of
r. Note that in the constrained molecular dynamics, not
only the interionic distance should be fixed at r, but also
the relative velocity between the two ions should be zero

[15,39], that is, Bap - Fap = 0.

2.2. Characterizations of the ionic association

As the salt product does not exist in the aqueous
solutions, we rewrite Eq. (1) below as the multistep
mechanism of ionic association in solution:

K, K>

A+B<—A.--B<—= A B (6)
free ions SSIP CIP

Two equilibrium constants (K; and K5) are involved. If
we define A: B=A---B+ A-B as pairing ions, then
there is an additional equilibrium constant K,, which
characterizes the equilibrium between free ions and
pairing ions. These three constants are related with the
following equation:

K, = K, + KiK. (7)

In many cases and also in this paper, K, and K, are
interested since K, is related to the electrical conduc-
tance that can be measured through well established
experiments [28,36,37] and K, reveals the delicate bal-
ance between the ionic interaction and the effect of water
molecules surrounding the ions. We substitute K, with
another equivalent notation K. below for consistence
with other documents. These equilibrium constants can
all be calculated from the solvent mediated ionic po-
tential of mean force.

Define o as the degree of dissociation, then 1 — «
features the possibility of ionic pairing (A : B). The as-
sociation equilibrium constant K, can be expressed as:

K, = (1 — O‘)VA:B (8)

2.2
Coo™ YL

where 7,5 is the activity coefficient of related ions, 7y, is
the mean activity coefficient of the free ions, ¢, is the
initial concentration of the salt [16]. From the statistical
mechanical interpretation [13], « is given by:

o = 1 — dncy /0 " exp(— [ () /s T])2 dr, (9)

where ry, is the geometric limit for association and dis-
tinguish the SSIPs from free ions. According to [13], 7y,
can be selected as the second maximum of the simulated
pmf (i.e., it encompasses the CIP and SSIP configura-
tions). In the infinite dilute limit, co — 0, o5 ~ 72 ~ 1,
so from Egs. (8) and (9),

—

.1
K, = lim 5
=0 Colt

4 [;" exp(—W (r)/kgT)r* dr
m
@0 (1 —dmcy [ exp(—W(r) ks T)r>dr)’

_an / " exp(— () /s T) dr- (10)

In order to calculate another equilibrium constant,
K., a transition state with an interionic separation of r#
is identified. It is corresponding to the maximum free
energy barrier in the interconversion process between
CIP and SSIP states. K. can be calculated from:
2 exp(—[W(r) ks T))r? dr

%

7 exp(=[(r) ks T))r dr’

K. = (11)

where the numerator and the denominator are propor-
tional to the concentrations of SSIP and CIP configu-
rations, respectively [13,15].

3. Simulation details

It is well known that the solvent mediated ionic po-
tential of mean force is sensitive to the interaction po-
tential model [19,63]. This urges us to carefully select an
appropriate set of potential models and parameters.
SPCE (extended simple point charge) [6] model was
adopted to feature the water molecules for its accurate
description of the dielectric constant over a wide range
of temperatures and pressures [56,71]. Ion—-water inter-
action was modeled as the Coulombic interactions plus
short-ranged Lennard-Jones potential between the ions
and oxygen or hydrogen atoms of water molecules [13],
ie.,
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3
= { T+ Ao

=1 LT

oy 12 o 6
) -Gy o
I”I/; rlﬁ
where f§ represents an interaction site (hydrogen or ox-
ygen atom) on a water molecule, ¢; and g are the
electric charges, ry; is the distance between the ion and
the interaction site. ¢z and oy are the Lennard—Jones
parameters which have been given in [54] and also can
be found in Table 1. For the ionic interaction potential,
the popular Huggins—Mayer form was adopted:

iqj _ C;
Uy = &‘FBUG_V”/‘UU — 76j7 (13)

Tij ij

where ¢; and ¢; are the electric charges on two ions, r;; is
their separation and By, p;;, Cj; are the parameters given
in Table 1 [54].

It can be seen from Eq. (4) that a series of simulations
are needed to obtain an accurate profile of solvent
mediated ionic mean force potential. A single simulation
corresponds to a fixed interionic separation. We did
about 22 simulations with various ionic separations
from 1.8 to 7.0 A with intervals of 0.2-0.3 A for each
physical state. Note that 7.0 A was selected as the ref-
erence state since it is practically infeasible in the finite
size simulations to select a state with infinite ionic sep-
aration. It can be assumed that the interionic mean force
potential at the reference state is essentially the same as
the prediction by primitive continuum theory [15,30],
i.e., in this study,

W(ry = 7.0) ~ 1298 (14)
&rp

where g and gp are the electric charges of the ions, ¢ is

the dielectric constant of the solvent. This will inevitably

introduce some errors into the calculated association

constant K, [13] but will surely not affect the oscillatory

shape of pmf curves and the equilibrium constant K.

All the simulations were performed in the canonical
ensemble (constant-NVT). The temperature was kept at
298, 573 or 1073 K, which represent ambient, near
critical and supercritical conditions, respectively. Den-
sity effects on the lithium chloride ionic association were
investigated by changing the simulation box size from
35.98 a.u. (corresponding to 1.0 g/cm?®) to 39.84 a.u.

Table 1
Parameters for ion—water and ion—ion interaction potential
E1p a1
Lit-O 0.1439 2.28
Li*-H 0.1439 0.87
ClI-0 0.3598 3.55
ClI"-H 0.3598 2.14
Bj; Pij Cy
Lit-CI~ 7482.8 0.342 28.78

Note. Energies in kcal/mol, distances in A.

(0.74 g/cm?). There were 230 water molecules, a lithium
ion and a chloride ion in the simulation box. The con-
ventional periodic boundary conditions and minimum
image conventions [1] were used in the simulations to
treat out-of-box atoms and to calculate inter-atom dis-
tances. Long-range electrostatic forces and energies were
calculated with the Ewald summation procedure to
avoid some possible erroneous artifacts [3,10,53,66]. The
time step of all the simulations was set as 0.75 fs. In-
terionic separation and the geometry of water molecules
were constrained with the algorithm described in [61].
An extended version of Verlet algorithm [9,73] was used
to propagate the isothermal trajectory. Energy and
momentum conservations were carefully checked during
the trajectory. The instantaneous mean force (Eq. (5))
was recorded and counted into the statistical average for
about 120-200 ps after a 20-30 ps pre-equilibrium stage
of the system.

4. Results and discussions
4.1. Static dielectric constant

From Eq. (14), the potential of mean force beyond
certain interionic separation can be assessed by the
primitive continuum theory with the static dielectric
constant of water. Nevertheless, an accurate description
of the dielectric properties of water turns out to be
nontrivial due to a slow reorientational rate in the hy-
drogen bond network [32].

In this study, the dielectric constant was calculated
from:

4 ~ 5
8_3kBTV<M ) (15)
where M is the total box dipole moment, V is the volume
of the simulation box, bracket () denotes the statistical
average [65]. Pure water systems at the same tempera-
tures and densities of corresponding aqueous solutions
were involved to exclude the perturbation of ions. At the
ambient condition, 298 K and 1.0 g/cm?, an extremely
long trajectory of 600 ps yielded an average dielectric
constant of 65.4, which is smaller than the experimental
value of 78.3 [8] but consistent with prior publications
[56,65]. Increasing temperature and decreasing density
significantly reduce the computational time [71], which
can be seen from the cumulative average of dielectric
constant during the propagation of the trajectory at
573 K and 0.74 g/cm® shown in Fig. 1. It can be seen that
about 120 ps of simulation time is sufficient to obtain a
good statistical estimation in this case. Simulated di-
electric constants with SPCE model at different condi-
tions and corresponding experimental data are listed in
Table 2. Uncertainties were calculated by analyzing the
collected data (discarding the pre-equilibrium stage)
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Fig. 1. Cumulative average of dielectric constant during the propaga-
tion of the trajectory for SPCE water at 573 K and 0.74 g/cm?.

Table 2
Simulated dielectric constants with SPCE model at different conditions
and corresponding experimental data

Simulated Experiment
298 K, 1.0 g/em? 65.4+4.6 78.3%
573 K, 1.0 g/cm? 32.1+1.6 33.2°
573 K, 0.74 g/em® 20.6 £0.6 21.5°
1073 K, 0.74 g/cm? 89+0.2 8.4
“Ref. [8].
°Ref. [34].

¢ Prediction in [26].

with the method described in Appendix A. These results
demonstrate the remarkable ability of SPCE water
model in the prediction of the dielectric properties of
water over wide temperatures and pressures and this is
essential for the reliable calculation of pmfs.

4.2. Lithium chloride association

According to Eq. (5), interionic mean force was es-
timated from the time average of the projection onto the
interionic axis of the instantaneous total force exerted
on the ions along the constrained molecular dynamics
trajectory. During the calculations, the convergence of
interionic mean force was carefully monitored with a
cumulative average plot of the mean force (Fig. 2). Ta-
ble 3 summarizes the calculated mean forces for different
interionic separations. Uncertainties in the parentheses
were evaluated with comprehensive analyses over the
instantaneous recorded mean force data (discarding the
pre-equilibrium stage) (Appendix A).

Potential of mean force were calculated by Egs. (4)
and (14) and plotted in Fig. 3. A common feature of
these curves in Fig. 3 is that they are oscillatory with two
minima and an obvious saddle maximum. Since poten-
tial of mean force is actually a kind of free energy profile

3 ——— 1

2r 298K, 1.0g/cml,r=4 .8A |

Mean Force ( kcal/mol/A)
1

-6 L 1 L 1 L 1 L I R I R
0 20 40 60 80 100 120

t(ps)

Fig. 2. Monitoring the convergence of interionic mean force from the
cumulative average.

[47], this feature distinguishes the ionic association into
two well-defined sub-states of ionic association (CIP and
SSIP) with an interconversion barrier and verifies the
association mechanism proposed by Fuoss and Winstein
(Eq. (1)).

Table 4 summarizes main characteristics of these pmf
curves and also the association constants (K, and K.)
from Egs. (10) and (11) with carefully checked uncer-
tainties (Appendix B). From Fig. 3 and Table 4, we
notice that the interconversions between CIP and SSIP
configurations are asymmetric: the energy barriers are

Table 3
Calculated mean forces for different interionic separations
r (A) 298 K 573 K 573 K 1073 K
1.0 g/lcm? 1.0 g/em? 0.74 g/cem?® 0.74 g/cm?
1.8 59.40(.22) 51.53(.19) 48.66(.23) 41.40(.10)
2.0 25.83(.16) 20.57(.16) 19.62(.23) 11.69(.22)
2.2 7.42(.12) 4.57(.08) 4.11(.17) —2.76(.18)
2.5 —-3.15(.06) —-5.03(.07) —5.10(.09) —8.28(.13)
2.8 -5.17(.14) —4.46(.21) —5.38(.17) —7.34(.22)
3.0 1.64(.20) —0.26(.23) —-1.32(.22) —4.39(.14)
32 6.65(.13) 3.43(.19) 2.93(.18) -2.19(.15)
3.5 5.80(.13) 4.42(.10) 4.68(.12) 0.77(.22)
38 4.23(.14) 3.68(.17) 3.86(.11) 2.01(.12)
4.0 2.63(.09) 2.93(.17) 2.69(.13) 1.69(.17)
4.2 1.71(.16) 1.60(.14) 1.53(.18) 1.06(.17)
4.5 0.59(.10) 0.85(.15) 0.26(.18) —0.07(.11)
4.8 -0.52(.12) —-0.19(.16) -0.54(.21) —0.69(.18)
5.0 -1.12(.19) -1.02(.17) —-1.19(.16) —1.45(.11)
5.2 —1.54(.16) -1.56(.15) -2.12(.13) -2.21(.07)
5.5 —-0.47(.16) —-0.79(.14) —1.53(.09) -2.33(.12)
5.8 0.34(.08) —-0.29(.16) —-0.36(.09) —1.59(.08)
6.0 0.37(.15) 0.12(.15) 0.01(.07) —1.15(.13)
6.2 -0.19(.14) —-0.19(.13) 0.09(.07) —0.84(.08)
6.5 0.25(.08) 0.18(.07) 0.19(.12) —0.46(.14)
6.8 -0.39(.12) 0.02(.12) 0.09(.06) —0.34(.15)
7.0 —-0.07(.12) 0.00(.11) —-0.22(.04) —-0.23(.14)

Note. All the mean force data in unit of kcal/mol/A. The numbers
in the parentheses are the uncertainties in the simulations. For exam-
ple, 41.40(.10) means 41.40 +0.10.
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Fig. 3. Lithium chloride interionic potential of mean force at different
temperatures and densities.

unequal between the dissolving process of CIP— SSIP
and the reverse one, meanwhile the former process be-
comes more and more difficult with increasing energy
barrier at higher temperature and lower density while
the latter shows an opposite trend. At temperatures
below 573 K and densities larger than 0.74 g/cm?, the
valley of SSIP is deeper than that of CIP; while at 1073
K and 0.74 g/cm? the valley of CIP is deeper than that of
SSIP with an energy difference of about 4.8 kcal/mol.

It is more convenient to use 1/(1 4+ K,) as an indi-
cation of the relative concentration of ion pairs in CIP
state, as shown in Fig. 4. According to this figure, per-
centage of CIP configurations becomes larger as the
increasing of temperatures and decreasing of densities
but always less than that of SSIP. At low temperatures
and high densities, SSIP configurations are remarkably
prominent with a percentage more than 97%. At the
ambient condition, CIP state almost disappears with a
trivial percentage of less than 0.01%. This can be utilized
to explain why the LiCl contact ion pair has not yet been
found at dilutions through experiments [23].

Experimental association constants of K, at dilutions
are available with conductance experiments [36,37,
48,50,74]. Nevertheless, the published association con-
stants are not always consistent with each other, which
can be clearly shown in Fig. 5.

Table 4
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Fig. 4. Relative concentration of ion pairs in CIP state at different
thermodynamic conditions.

Ho et al., 2000

= Oelkers and Helgeson, 1988
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Fig. 5. Lithium chloride ionic association constants logkM from
experimental based calculations [36,48,50,74] and simulations in this
study. Figures near the symbols represent the values of logkM at
corresponding state while those rounded with a rectangle denote the
values for the contours (solid line), which are calculated with Eq.

(16).

According to the experiments and calculations in [36],
molar unit of K, can be estimated from the following
equation:

Main characteristics of lithium chloride ionic association and pmfs at dilution

7

logK, log K. Fmin 1 Fimin2 Fm CIP — SSIP barrier SSIP — CIP barrier
1 0.39(.08) 3.99(.08) 2.50 3.00 4.70(.14) 5.73(.13) 1.60(.04) 5.68(.08)
11 0.42(.08) 1.91(.08) 2.20 3.00 4.80(.01) 6.20(.22) 1.96(.06) 4.29(.10)
111 0.84(.03) 1.58(.03) 2.20 3.00 4.55(.11) 6.03(.09) 2.39(.06) 3.93(.09)
v 1.46(.02) 0.21(.02) 2.20 3.50 4.50 6.99(.01) 6.04(.09) 1.21(.07)

Note. 1,298 K, 1.0 g/em?; 11, 573 K, 1.0 giem?; 111, 573 K, 0.74 g/em®; IV, 1073 K, 0.74 g/em?; K, and K. in //mol; distances in A; energies in kcal/
mol; Fmin1, 775 Fmin2 and 7, denote the first minimum, first maximum, second minimum and second maximum, respectively; the numbers in the

parentheses are the uncertainties, e.g., 0.35(.03) means 0.35+0.03.



Z. Zhang, Z. Duan | Chemical Physics 297 (2004) 221-233 227

log KM = 0.920 — 189.93/T — (12.507 — 4283.2/T) log p,
(16)

where T is the temperature in K and p is the density in g/
cm®. We plotted the contours of logKM in Fig. 5 for
convenience of comparison. Note that the contours are
reliable only in the region of 323-873 K and 0.3-0.8 g/
cm® (indicated by dotted line) [36], those out of this
region can be regarded as predictions or extrapolations.
Association constants from other publications [48,50,74]
are also shown in this figure. By comparisons, data from
[74] are approximately consistent with those of [36] but
cover a limited thermodynamic region. Estimations by
[48,50] show noticeable deviations. For example, at 674
K and 0.575 g/em? [50] estimated log KM = 1.41, which
significantly lower than the value of 2.12 calculated from
Eq. (16). In contrast, [48] overestimated the association
constants by 0.3-0.6 logarithmic units compared with
[36]. This kind of inconsistency can be attributed to the
difference of experimental conditions and more impor-
tantly to the calculation procedure based on different
assumptions [42].

Also indicated in Fig. 5 are our simulated lithium
chloride ionic association constants at three different
thermodynamic conditions. Simulated ionic associa-
tion constants increases as the increasing of tempera-
tures and the decreasing of densities, which is
consistent with the trend of the experimental associa-
tion constant. We notice that our simulated results
can be well merged into the profile of the calculations
by [50]. Compared with [48], simulated association
constants are essentially underestimated by about 0.5—
0.6 logarithmic units. The association constants cal-
culated by [36] are found to be intermediate between
these two sets of data. At 573 K and 0.74 g/cm?, from
Eq. (16) the association constant is estimated to be
1.25 or so, which is 0.41 logarithmic units higher than
the simulated results. Although the prediction behav-
ior of Eq. (16) at temperatures higher than 873 K or
densities larger than 1.0 g/cm® has not yet confirmed,
we would like to get the extrapolations to 573 K, 1.0 g/
cm® and 1073 K, 0.74 g/cm?® as a rough estimation.
The simulated results are again smaller than the
corresponding estimations by Eq. (16) with 0.15-0.4
logarithmic units.

Considering inconsistency of experimental based
calculations described above and the uncertainty in Eq.
(16) itself (5log KM ~ +0.2), our simulation results are
reasonably consistent with experiments.

From the recorded instantaneous configurations dur-
ing the constrained molecular dynamics simulations, the
detailed structures of lithium chloride association can be
disclosed by introducing a cylindrical coordinate system
[15]. As shown in Fig. 6, the x-axis is selected to pass
through the mass center of the ion pairs with an origin
located at the midpoint of the interionic separation. The

Fig. 6. The cylindrical coordinate system established for the contour
plots of the water molecule density profiles.

densities of oxygen and hydrogen in the vicinity of ion
pairs can be computed by an imaginary plane rotated
around the x-axis. Each time the plane is determined by
the mass center of the interested atom. The number
density n(x,y) is defined as the statistical average of the
number N (x,y) of atoms in the cylindrical unit shell (in-
dicated in Fig. 6), i.e.,
(N (x, )

) = 5o (17

Fig. 7 provides a clear picture of lithium chloride
association structure with the contour of the densities of
oxygen and hydrogen atoms at three ionic separations
representing CIP, transition state (position of the first
maximum) and SSIP, respectively. Corresponding
snapshot is also shown on the top right window of each
plot. At CIP state (r =2.2 A), each ion occupies the
expected hydration position of another ion and notice-
ably chloride ion forms a well-defined tetrahedron
around lithium ion along with another three water
molecules. At high temperatures and low densities of
dilute solutions, this kind of structure for ionic associ-
ation will dominate and as a result we can consider the
electrolyte as stable neutral ion pairs [51], which is
helpful for the theoretical and semi-empirical treatment
of the aqueous solutions [2]. When the interionic sepa-
ration is enlarged to the transition state (r = 3.0 A), the
disturbance of the ions over each other is reduced. The
water molecules near lithium ion begin to form a dis-
torted tetrahedral hydration shell. However, the transi-
tion state complex is not stable for the sake of saddle
point of free energy profile. At SSIP state (r =4.5 A), a
well-defined tetrahedral structure of lithium hydration
shell is identified. At the same time, one of the hydrating
water molecules interacts directly with the chloride ion
and can be defined as a bridging molecule. We can
imagine at concentrated aqueous solutions lithium ion
and its hydrating water molecules would “bridge” two
neighboring chloride ions and this can be utilized to
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Fig. 7. Lithium chloride association structures at 573 K and 0.74 g/cm’®
revealed from the oxygen (solid) and hydrogen (dash) density contours
and typical snapshots (top right window) at different ionic separations:
CIP, r = 2.2 A; transition state, r = 3.0 A; SSIP, r = 4.5 A.

explain the experimental derived two peaks in the
chloride—chloride pair correlation function at high
concentrations [17]. Link the above described pictures,

the dynamics of lithium chloride microscopic associa-
tion can be reasonably deduced with a CIP <= SSIP
interconversion mechanism consistent with those sug-
gested by former researchers [44,58].

4.3. Finite size effects

Treatment of long-ranged electrostatic interactions
turns out to be essential for the reliability of the simu-
lated properties [10]. Ewald summation handles the
electrostatic forces with excellent mathematical treat-
ment [1] and appears to be promising and superior to
many other efficient techniques in view of some possible
erroneous artifacts [3,18]. However, Ewald technique
may also introduce some errors originated from the
volume dependent finite-size and periodicity effects
[24,67]. In the computer simulation of ionic mean force
potential, it has long been believed that the boundary
conditions distort the real physical background of the
interested systems [69]. We noticed several obvious dis-
tortions: (1) the simulated aqueous solution cannot be
infinitely dilute even with a single ion pair for the per-
turbations of their periodic replicas; (2) the simulated
interaction between ion pairs with a separation of half of
the simulation box and parallel to the box edge would be
zero while it is not the case for the solely interacting ion
pairs, which is finite until they are separated by an in-
finite distance. These distortions may introduce some
undesirable effects. [41] have extensively investigated the
nature and magnitude of periodicity-induced artifacts
based on continuum electrostatics. In the following de-
scriptions, we will show that with further analysis on the
constrained molecular dynamics simulation results we
can check the finite size effects from the explicit-solvent
system and confirm the reliability of our simulation
results.

We have performed additional simulations with dif-
ferent numbers of water molecules (108 and 460) under
the same condition of the previous simulations (573 K
and 0.74 g/cm?®). The simulated pmf curves are shown in
Fig. 8 with marginal differences of less than 0.5 kcal/
mol.

Since the ionic separation is fixed during a specific
simulation, the bare (i.e., without solvent molecules)
interionic force, which is denoted as Fiy(r), can be
conveniently separated from the total mean force [15]
and we can rewrite Eq. (5) as:

F(r):F:bare(r)+AF(r)7 (18&)
AF(r) = %@\B (Faw — F“Bw)>i°nd, (18b)

where Fyw and Fyyw are forces on ions exerted by the
water molecules and AF(r) denotes the solvent contri-
bution to the interionic mean force. Note that in Eqgs.
(18a) and (18b) Fiue(r) includes the interactions from
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Fig. 8. Marginal finite size effects shown by the comparison of pmf
curves with different amounts of sampled water molecules (108, 230
and 460).

the ionic periodic replicas in addition to the direct in-
teraction between the central ion pair.

Fig. 9 shows this kind of treatments of the mean
forces in the systems with different numbers of water
molecules. Fig. 9(a) represents the finite-size effects of
the periodic systems in vacuum. When the system size is
increased, the bare interionic force would approach the
direct force (between a sole ion pair) limit, as indicated
by the dashed arrow in Fig. 9(a). Obviously, the differ-
ence between the finite system and the infinite counter-
part cannot be ignored at large ionic separations. If the
molecular distribution around ions is replaced by an
isotropic continuous solvent with high dielectric con-
stant, the difference would be significantly reduced by
the dielectric screening effect from the simple continuum
electrostatics. [41] took the solvation effects into their
considerations and found a large compensation between
the perturbations of the Coulomb and solvation con-
tributions. Fig. 9 reveals an analogical compensation
effect between the bare ionic forces and solvent induced
mean forces. This compensation effect significantly
cancels the finite-size effect, as shown in Fig. 8. More-
over, the explanation described above can be used to
extrapolate with limited uncertainties the simulated pmf
curves to those at infinite dilution, which would finally
be liberated from the volume dependent finite size
effects.

4.4. Perspective

It is well known that the simulated pmf curves are
sensitive to the interaction potential model. Ionic po-
tential of mean forces for a number of alkali halides
have been published with dramatic difference or even
inconsistency, which can be attributed to the variance of
the selected potential models besides some possible

T T T T T
<
=
[]
€
£
[
o
<
[0]
e
(o]
(T8
1 1 1 1 1
2 3 4 5 6 7
G)) r(A)
45 — T T T T T T T T T
40 L:%g\ ]
35 \ .
= I \&\\i ,‘!’:/’E:‘\ 1
< s} e 2\\ 4
o
g 25 I g
© - \ ]
g g
o 20} \ -
o D
L2 I & ]
o ——230 N ]
ol ~0-- 460 '\-\Isi
oF 52108 N R
P T S
5F e
0L 1 1 1 1
2 3 4 5 6 7
(b) r(A)

Fig. 9. Compensation between the finite size effects from the contri-
butions of bare ions and surrounding water molecules. (a) Bare ionic
mean force at different periodic systems; (b) solvent contributions to
the interionic mean force.

oversimplifications in the simulations [3,7,13,30,63,65].
In our opinion, not all of these published pmfs are
credible or even physical. When we select the solvent
potential model, we should emphasize the reasonable
description of dielectric properties of solvent. [14]
highlighted this point by reducing the errors introduced
from dielectric constant (Eq. (14)) in the calculation of
the association constant. We would like to go further
with a test of another solvent potential model below.
We replaced the SPCE water with RWK2 [57] water
and restarted simulations with input setups unchanged.
RWK2 water model yields remarkably good predictions
of steam, liquid water and ice and liquid-vapor phase
equilibrium [22] but significantly underestimates the di-
electric constant, which is about 27.4 at ambient con-
dition and 10.9 at 573 K and 0.74 g/cm® according to
our simulation in this study. Fig. 10 shows the simulated
pmf curve at 573 K and 0.74 g/cm? in a dot-solid line.
According to this curve, CIP is much more stable than
SSIP. This is obviously inconsistent with the experi-
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Fig. 10. Simulated pmf with RWK2 model at 573 K and 0.74 g/cm?
and an approximate correction (mentioned in the text) to it.

mental results. We present an approximate correction
method analogical to that suggested in [54]:

W/(”):M—/FOFF(/)dr’-F( b )

Eexpl0 €model  Eexp

X / Fbare(r/)dr/a (19)
1o

where &noqel and &exp, represent the dielectric constant of
model and experiment, respectively. Corrected mean
force potential curve is shown in Fig. 10 as a circle-dash
line, which is comparable with that of SPCE model and
seems reasonable with an association constant
log KM ~ 1.07. This is roughly consistent with experi-
ments.

Of course, we should also mention here that the
correction method presented here is not strict since the
dielectric properties in the vicinity of ions would be quite
different with that of bulk and the treatment of short-
ranged interactions with an isotropic dielectric constant
obviously oversimplifies the microscopic properties. So
it is important to choose a potential model with rea-
sonable descriptions of dielectric properties of solvent.

5. Conclusion

Lithium chloride ionic associations in dilute aqueous
solutions have been extensively investigated through the
constrained molecular dynamics simulations. Solvent
mediated potentials of mean force have been carefully
calculated at different thermodynamic conditions. In-
tensive analyses over the simulated results indicate: (1)
two intermediate states of association of Lit and ClI~
(CIP and SSIP) can be well identified with an energy
barrier from the oscillatory free energy profile and the
pictures of corresponding microscopic structures reveal
the strong hydration effect of lithium ion and hence the

remarkable bridge role of the lithium ion hydrating
complex; (2) the interconversions between CIP and SSIP
are asymmetric with a trend of the former gradually
becoming prominent as the increasing of temperature
and decreasing of density; (3) with carefully selected
interaction potentials the simulations reasonably re-
produce experimental association constants and show a
general trend of increasing association effect at high
temperatures and low densities.

In order to confirm the reliability of our simulated
results, additional simulations with different numbers of
water molecules have been performed to check the
possible artifacts introducing from periodic and finite
size effects. Marginal differences of the simulated curves
are believed to result from the significant compensation
and canceling effect between the bare ionic forces and
solvent induced mean force. As a result, the simulated
pmf curves seem to be independent of the simulation
sizes.
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Appendix A. Error estimation in equilibrium averages

It is well known that the estimated errors can be ef-
ficiently reduced through long enough statistics. For the
slow-convergent properties, such as the dielectric con-
stant of water and mean force in this study, the esti-
mated errors are very important to verify the reliabilities
of the statistical average. We briefly introduce the
evaluation method for estimated errors below. The in-
terested reader is referred to [1] for details.

Consider some property X, the run average (X),,,

and variance ¢*((X),,,) are calculated by:
1 Trun
) =— >_X(), (A1)
run )
2
(X)) = 2, (A2)
where 1., 1S the statistic times and
1 Trun
P =— > (K1) — (X)) (A3)

=1
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Eq. (A.2) is only valid by assuming each instanta-
neous X (t) were statistically independent of the others.
In the practical statistics, a correlation time (or statis-
tical inefficiency) sy, should be evaluated with:

2
Srun = lim Tb0 (<X>b)

Jim 2 (A4)

by dividing the whole length 7., into n, blocks
(npTp = Trun) and

Ky =2 DX, (A3)
P00 = 2 D (XD — () (A6)
b=1

The final estimated error in the run average (X)
can be calculated as:

run

12
Sy = {s UZ(X)] . (A7)
Trun
For an interested property X, s;, and ¢%(X) are es-
sentially independent with simulation length 7.,,. So the
estimated error can be reduced with the elongation of
. . . . 1/2
the simulation length with a proportion of 1/t4y.

Appendix B. Estimations of the uncertainties in pmf and
relevant properties

In calculations of mean force potential and rele-
vant properties (association constants, positions of ex-
trema, energy barriers, etc.) errors are inevitably
introduced from the uncertainties in the estimation of
mean forces and dielectric constants. Since the integral
limits in Egs. (10) and (11) are also related to these
uncertainties, we prefer the following numerical method
to the analytical assessment [31]. It is analogical to the
method suggested by [13].

From the previous simulations and analyses, we get
the dielectric constant (¢),,, = J. and a series of mean
force data (F(r)),,, £ 0p(). 0. and Op( are the estimated
errors with the method mentioned in Appendix A.

(I) Generate random values of &, and F(r),,,, which
obey Gaussian distributions centered at (¢),,, and
(F(r)),,, With variances of 62 and 5%0)’ respectively.

(IT) The potential of mean force was calculated by Eqgs.
(4) and (14) with these random-generated dielectric
constant and mean force data.

(III) Positions of the extrema were determined for the
integral limit in Egs. (10) and (11). Relevant prop-
erties were subsequently calculated and counted
into statistics.

The process described above (from I to III) was re-
peated over 20,000 times and the final uncertainties in
the relevant properties were considered to be their
standard deviations in the sampling statistics.
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