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Solvation structure of the Chloride Lithium-ion pair at the supercooled state from
Hybrid Reverse Monte Carlo simulation combined to neutron scattering
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A detailed analysis of the hydration shells of the 9.26 molal LiCl aqueous solution at the intermediate metastable thermodynamic state
between the liquid (300 k) and the glass (120 k). The structural modeling dfithisH,O at the supercooled-liquid state is conducted
employing the Hybrid Reverse Monte Carlo simulation, in combination with the neutron scattering data. The obtained pair distribution
functions and the running coordination number are used as interpretive tools to examine the repartition of the water molecules around ions of
lithium and chloride. HRMC represents a powerful tool to provide detailed information on the hydration shell structures through the obtained
pair correlations.
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1. Introduction are improved and refined using an energetic constraint in the
HRMC simulation, and they are used to highlight the hy-

The large presence of the electrolyte solutions in our envidrated structures dfi* andCl~.

ronment their inevitable utility in various biological, tech-  Although the relative strengths of the interactions be-

nical and industrial processes; and their preponderant preswveen different ions and water molecules of aqueous elec-

ence in our life require us to take them into considerationtrolytic solutions in the first hydration shell are well inves-

and to study carefully their structures and their physicochemtigated, the effect of ions on the H-bond between the first

ical properties, to understand their behaviors. They are, frehydration shells is still discussed [5, 13, 16, 38]. In several

quently, subjects of various areas of experimental and the@apers, two situations have been proposed and used as a ba-

retical research; physics, chemistry, and biomedical. sic assumption to study the small and large ion hydrations;
For understanding the physicochemical properties and thi& one hand, the small ions interact strongly with the water

reactions taking place in the electrolyte aqueous solutiongnolecules and break the H-bond, while the large ions in-

it is very important to conduct various structural studies ofteract weakly with water and facilitate the formation of H-

these solutions at the atomic level and in several conditionionds [21,22]. Details of the simulation performed here are

In recent decades, much attention and great interest have bed@scribed in Sec. 2. In the following section, we present the

accorded to the interactions between water molecules arebtained results and their discussions, and finally, in Sec. 4,

solvated ions to understand and explain the formation of solwe give a conclusion.

vation shells and the role of the hydrogen bonding. The aque-

ous solutions of LiCl present interesting properties which are

studied by different methods at different concentration an@ Computational Methods

thermodynamical states, so far many macroscopic properties

of the aqueous LiCl solutions have been investigated [1—15]']'he conventional a|gorithm of RMC uses the Markov pro-
The main property is to form a glass through a metastable sitess [24-27], but instead of minimizing the potential term as
percooled state when the temperature decreases [3, 6, 16-2@] the classical methods; molecular dynamics (MD) [28] and
In this work, we investigate the hydration shell of the chlorinepetropolis Monte Carlo (MMC) [29] the difference between

and lithium ions using a combination of the Hybrid Reversethe calculated and the experimental data is the quantity to be
Monte Carlo (HRMC) simulation with experimental scatter- minimized, 2, which is given by:

ing neutron data. The studied system is HH€I6H,O at
the supercooled-liquid state (162 k).. The obtained results - Z(GRMC(T,i) —GEP())2 o () 1)
by the Reverse Monte Carlo (RMC) in the latest paper [3]

)
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where GRMC(r;) and GF*P(r;) are the partial distribution urations, respectively. The energy of the system is calculated
functions obtained from the RMC configurations and experby using the Coulomb Buckingham potential expressed by:
iment, ando (r;) is an estimate of the experimental error. If

X2, Of @ Nnewly generated configuration is less thap; of pB o 9% <7‘zg) 5)

the latest accepted configuration; the agreement between ex- Y Amegr; i OXP Pij

perimental and the current configuration is improved, and if

Y2 IS increased, the new configuration is not rejected outWhereg;, g; are the charges of the individual ions, is the

right but accepted with the probability of acceptance, ex-Permittivity of free spaceg;; is a parameter characterizing
pressed by: the depth of the potential well, and; is the slope of the

exp(—(XZaw — X24)/2) (2)  shortrange exponential repulsion known as the hardness pa-

When a satisfactory agreement between experimental anr&tmeter [37]', , i
The Buckingham potential parameters are selected by fix-

theoretical data sets is obtained, detailed structural informa- : X
1g the hardness parameters for all the ions [37]. This poten-

tion such as the number and the average positions of the cy?

ordination and also the bond angle distribution functions cali@ aIIowg, redu.cmg the occurrence of ve.ry.unhkely, high en-
be calculated from the atomic networks. The idea is to ob€r9Y configurations, and consequently, limits the spectrum of

tain three-dimensional configurations in agreement with thée\cceptablie configurati_ons and elimipates uqrealistic features.
available experimental data within a normal distribution of-!,_he atomic co_nflguratlon used here lsa cubic box of §1.0993
statistical errors. A, corresponding to a number density of 0.09575 atdérhs/
The RMC method produces good fits to diffraction data,!t IS c0mposed of 2880 atoms: 864 Oxygens, 1728 Hydro-
but with vastly different structures, and sometimes for ionic9eNs: _144 Chlores, and. 144 Lithium. The perlc_)d|c boundary
systems, the unrealistic structure appears in the pair distribonditions are used to simulate the macroscopic level. Atoms
tion functions. McGreevet al. [30] pointed out that, in gen- ©f ©OXygen (with arandom orientation of the water molecule)
eral, the lack of uniqueness is due to a deficiency in the thred'™M initially a face-centered cubic lattice, and the chlorine
dimensional information contained in the one-dimensionafind lithium atoms are placed in the interstices.
structure factor. Thus diffraction data constraints alone are
insufficient for modeling physically realistic structures and
possessing a thermodynamic aspect. To remedy these lim~
tations, the most elaborate solution consists of the hybridiza:-3 1
tion of RMC, and various types of constraints have been pro=
osed to be applied in addition to the commonly geometri- . N
(F:Jal constraintspgerived from the experimental daxftagiI The usIn this work, The RMC modeling is conducted based on

of these constraints requires assumptions physically foundegggpe)(pe”memal partial distribution functions (PDF's):

about the structure being modeled. Pikueial.,[31] have xx (r), Higi"(r), Higi"(r), and Hgjy'(r), obtained from

. " neutrons scattering experiment combined with the isotopic
used a bond angle constraint to model low density carbon g exp P

and O'Malleyet al., [32] have assumed a fullyp? bonded substitution [3]. .Four types of correlatlon§ are described,
where the subscript X defines all-atom species except the hy-
network to model glassy carbon.

In this work, we use a hybridization of the RMC algo- drogen one, while Cla represents the correlations between CI

rithm using an energy constraint [4, 6, 33—-36]. The c:ombi—and ii" the other species. . . .
Figure 1 shows the experimental Partial Correlation

nation is archived by adding a Boltzmann’s weighted energ - . ! o
term AU/ K T to the totaly2, in the same manner as OtheryFunctlons_(PCF)Hij (r) equivalent to the Partial Distribu-
tion Functions (PDF)G(r) (H(r) = G(r) — 1), and also

constraints are introduced,; this is a hybrid of the Metropolis

those computed by RMC and HRMC for the supercooled-
Monte Carlo (MMC) [29] method and the RMC method. The . =~ : RMC
agreement factoy? becomes: liquid state. The difference& i between themdH ™" (1) —

H;(r)) and(H{'"MC (r) — HF*P(r)) are also drawn to permit
2 _ RMC/..\ _ ~EXP/  \\2 N2 wU i
X2 =D (GRMC(ry) — GFP(r))? o (ri)? + i (3 aneasycomparison.
i B All of the obtained results show a good agreement and
here,U denotes the potential energy penalty term, and @ clear concordance with the experimental results. There
a weighting parameter and represents the temperature of tligno discrepancy between RMC with or without the energy
studied system. Acceptance criteria expressed by the condionstraint; however, no conflict can be reported between the
tional probability is now given as: studied system and the used potential model. Consequently,
the generated three-dimensional configurations are compati-
exp(—(Xpew — Xei)/2) exp(—(AU/KET)/2)  (4) 1o with the experimental data, and thus, allow displaying all
whereAU = Unew — Uqig is the change in energy due to the of the pair distribution functions. But it is noteworthy that the
random Monte Carlo moveyfe,, Unew) and (24, Uoig) are  HRMC fit is better, and the correspondifg is on average
the agreement factors and energies of the new and old configess than that of the conventional RMC.

Results and discussions

Partial correlation functions H(r)

Rev. Mex. Fis66 (3) 258—-264



260 M. HABCHI, S. M. MESLI, M. ZIANE, AND M. KOTBI

Supercooled state (162K) : —o— EXP 10
. —a— RMC
:—e— HRMC

Supercooled state (162K) : —o— EXP
:—a— RMC
:—e— HRMC

H,, (1)
Hlr)
E

—— HY(0-HD (1)

xX

H RMC(I_)_H EXP(r)

XH XH

H HRMc(r)_H ExP(r)

XH XH

HHRMC(r) HEXF(F)

XX T xx

20—\ ——

AH

6
a) r (Angstrom) b) r (Angstrom)

Supercooled state (162K) : —o— EXP
- —a— RMC
11 :—e— HRMC 1TE

Supercooled state (162K) : —o— EXP
—a— RMC
:—e— HRMC

H (1)

RMC, EXP
2 L HHH (I‘)-HHH (I’) lex Clat

—HI(-HIE ()

——HIM(n)-HER ()

HHRMC(I')-HEXP(F)
[ HH HH
| :

3 i 1 i 1 i | i | i |
6 8 6
r (Angstrom) d) r (Angstrom)

AH,
Ai-ftﬂn

[=] T T

- %

1 | | . 1 . 1 .
10 12

FIGURE 1. Experimental and computed Partial Correlation Functiing ) for the supercooled-liquid stat&, H;; is the difference between
them.

3.2. Pair distribution functions g(r) be due to the limited set of experimental data to only four

_ . . PDFs and/or to small inconsistencies in experiment and/or
In this part, we observe the intern structure of water in thgg the non uniqueness problem [4]. The use of the inter-

pure state at room temperature and in the solution through thgomic energy term in HRMC is a very efficient tool against
water-water correlations, and then, we provide informationne |ocal parasitic structures [4, 6, 33, 35]. The obtained find-
on the hydration shells structure represented by the watefngs show a significant improvement of the pair distribution
ion correlations, and finally, we discuss the ion-ion corre-fynctions affected by artifacts, and we can observe the quasi-
lations.  All of the water-ions and water-water pair distri- gisappearance of the most important artifact peak located at
bution functions within the water structure and around ions; 1 A in the goo(r) (this artifact is marked by an arrow in
(H/O - Li*,H/O - Cl,0-0,0 —H,H—H) are com- Fig. 2a). Many other artifacts disappear, and the correspond-

puted and to give supplement details to understand the strugyq gifferent pair correlation functions are suitably smoothed.
ture of our solution, the coordination number for solute and

solvent are also computed by using these functions. The run-
ning coordination number is obtained by integrating the re3.2.1. Water structure
spective pdfsg(r).
In the following passages, pair distribution functions that
n(r) = 4mp / r2g(r)dr characterize the water-water correlations are discussed. To
organize the discussions of our results and to make the analy-
wherep is the number density, andis the separation be- sis easier, the classification of the main peaks of the pair dis-
tween the two species. The RMC simulation allowed us tdribution functions shall be according to their natures; from
generate three-dimensional configurations compatible withthe neighborhood of the water molecule; (the intermolecu-
the experimental data, but we can notice that they presemr interactions or hydrogen-bonding: H-bond) to its internal
some anomalies in the form of artifacts or parasitic peakstructure (the intramolecular correlations). The inter and in-
accompanying the main peaks of coordinations. This catramolecular correlations of the water molecule are observed
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aF .. Supercooled State, = RIC r = 4.7 Ain the solution (Fig. 2a). It is known that the sec-
w Pure Water - = <RMC (300K) ond peak of the solution is affected by the interaction between
" ions and water molecules in the ions solvation phenomenon;
conversely, the first one is almost unaffected. The peak po-
sitions in thegoo(r) of pure water and supercooled-liquid
state are in close agreement with the values reported in the
literature [18]. On the other hand, all oxygen atoms accept
two hydrogen bonds from neighboring water molecules, and
nearly every hydrogen atom interacts with another oxygen
atom. The coordination number 6f — O for water is about
6.39 [3], four molecules form the tetrahedral arrangement via
the hydrogen bonds and the two additional non-hydrogen-
bonded water molecules participate in the first shell of sol-
o] vation of C1~ or Li* [39].
14 In the solution, the first peaks @fou(r) and guu(r),
i B centered onr = 0.97A (Fig. 2b) andr = 1.5A (Fig. 2c),
2L Paellaler BB 000 respectively, are logically associated with the intramolecu-

r lar OH-bond andH — H correlation. These findings are in
or close agreement with the experimental values and also with

I A those calculated by simulation methods for the intern struc-
) ture of pure water [13, 18, 21]. There is no discrepancy in
the intramolecular structure of water concerning pure water,
suggesting that the internal structure of the water molecule
remains unchanged in any case. Therefore, neither changes
of state nor the presence of ions influence the well-known

structure of the water molecule.

9g0lN)

1 - 1 - L - 3.2.2. Solvation structure of the ion pair
r (Ang;lstrom)

R E—T In this part, our discussions will be focused on the structure
Gl ool o of the lithium and chlorine hydration-shells, and their pair

distribution functions are respectively observed in Fig. 3a),
b) and Fig. 3 c), d).

For a better understanding of various aspects of the struc-
tural behavior of aqueous solutions on the atomic or molec-
ular level, it is very important to investigate the hydration
| . shells. In electrolyte solutions, the polar nature of the wa-
'ﬁ A S ter molecule generates particular distributions around ions
| J

9,0

At

e to form the hydration shells. The negative partial charge
of the oxygen atom is attracted by the cation” Land the
&l positive partial charges of hydrogen atoms are repulsed by
S the same cation; the positively charged cations orient water
= e - molecules so that they situate non-bonded oxygen atoms near
c) v st the cation [3]. In aqueous solutions, water molecules — by
FIGURE 2. Pair distribution functions water-wategoo (r) (a), thei_r Iz_;\rge die_lectric constantf can greatly reduce the electro-_
gon(r) (b), andgmu (r) (c) at the supercooled-liquid state con- Stafic interaction between cations and anions; thus the associ-
trasted to the pure water at room temperature. ation and dissociation of the LiCl ion pairs become easy and
frequent [5].
in Fig. 2, where all of the pair correlation of the molecule in
the solution are contrasted to those of the pure water. a. Hydration Shell of Li*:  The pair distribution functions
In pure water, molecules are usually arranged in a tetraef gori(r) andgnr; (r) together with the corresponding run-
hedral network of H-bonds, and this is manifested by thening integration numbers, obtained from our RMC [3] and
position of the first two peaks of thg,o(r). The first one  HRMC simulations are shown in Fig. 3a) and b). According
appears at = 2.92A in the solution and at = 2.8A in to the numbers and the average positions of hydrogen and
the pure water and a less intense second peak is spotted@tygen first near-neighbors of lithium= 2 A, the number
the average distance of = 4.5A in the pure water and at of water molecules forming the first hydration shell of Li
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FIGURE 3. Lithium-Oxygen a) lithium-hydrogen, b) chloride-oxygen, c) chloride-hydrogen, and d) pair distribution functions and running
integration numbers, from HRMC simulation of LiCI6B at the supercooled-liquid state.

is about three to four water molecules [3]. The coordina-+unning integration numbers, obtained from our RMC [3] and
tion number obtained here is in good agreement with thos€lRMC simulations, are represented in Fig. 3 ¢) and d). As
reported in the literature [13]. shown in Fig. 3c), the first peak @bci(r) appears at 3.2
On the other hand, the two hydration shells are distinctA, and the behavior of running coordination number plot for
The first minima which follow the two first peaks of the pair goci(r) indicates the existence of a defined first hydration
distribution functions of Li-O and Li-H are well-defined; this shell at this position. These findings are confirmed by the be-
means that the lithium first and second solvation shells arbavior of the running coordination number plot f@gc(r)
clearly separated. It is also interestingly to note that the firssee Fig. 3d), which shows a similar behavior at the same
hydration shell is more structured compared to the secondverage position. It should be also noted that remarkable pre-
one; this is explained by the fact that the first peaks for thgpeaks appear at the neighborhood-ef 2.2 A for both pair
two pair distribution functions are quite pronounced. We cardistribution functions of O-Cl and H-CI. The number of wa-
also note that our findings confirm one of results cited in liter-ter molecules due to these pre-peaks is about 1.5 to 2. We
ature [38], there is almost no exchange between the first angliggest that it represents the two non-bonded hydrogen wa-
second hydration shell, meanwhile the minimum that sepater molecules discussed in the section of the water structure.
rates first and second peaks of the Li-O correlations tends to  ypjike the Li's hydration shells, the contact ion pair for-

zero. Itis also noteworthy that the contact ion pair formationmation disturbs the hydration shell of Cl by the penetration of
leaves the hydration shell of Li steady and unchanged. the Li-ion with the majority of the water molecules forming

its hydration shells, in the hydration shell of the chlorine.
b. Hydration Shell of CI—: Now, we turn to the discussion This disturbance is even more important when the con-
of the structure of the hydration shells around the chlorinecentration is higher. We can conclude that this disturbance
ion. As in the previous subsection, the pair distribution func-greatly reduced the number of water molecules in the first
tions ofgoci(r) andguci(r), together with the corresponding hydration layer, which appeared as pre-peaks in the CI-H and
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crcr E— Li-H distribution functions. This poor solvation is compen-

= HRMC sated by the hydration shell observed around the average po-
- = n(r)

sition of 3.2 A. Finally, the chlorine ion owns, as the lithium
one, two hydration shells but very close and unsteady.

3.2.3. Pair distribution functions: lon-lon

Yealr)
(Au

Concerning the ion-ion correlations, no structure is observed
for the same ions correlations (see Fig. 4a) and c)) because
of the strong repulsions. The only significant function is that
of LiCl shown in Fig. 4b). The very sharp, intense peak at

2 4 6 8 r = 2.92 A is due to the contact ion pair formation Li-Cl

r (Angstrom) discussed above.
20

ACE Li* ——RMC The superposition of the ClI-H and CI-O distribution func-
___ﬂ(f)""c tions on that of Cl-li shows the penetration of the lithium hy-
dration layers and further confirms the results discussed in
’ the hydration layer part.

L)
~
(1)u

4. Conclusion

We have investigated the solvation structure of the LiCl in
agqueous solution using reverse monte carlo simulation at
162 K. The findings emphasize the utility of potential on
the Reverse Monte Carlo simulation and suggest that the
supercooled-liquid solution behaves like a distinguished state
compared to the others thermodynamic states liquid and glass
studied in previous works. The behavioral differences for
the glassy state-observed through the structural anomalies are
confirmed here. At this state, the two ions of the LiCl pair
own two hydration shells, but those of lithium are distinct,
better defined, more steady, and represent at the same time
the main reason for the unsteady of those of chlorine. The
Li’'s hydration shells overlap with those of chlorine and dis-
rupt its solvation in the contact ion pair formation.

9,(1)

C) r (Angstrom)

FIGURE 4. Pair distribution functions lon-lon:gcici(r) (a),
goi(r) (b) andgrivi (r) (c) at the supercooled-liquid state.
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