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Abstract Water adsorption is studied on medium-sized
clusters of sodium chloride representing (100) and (110) sur-
faces at the ab initio level. Topographical features of molec-
ular electrostatic potential (MESP) have been employed for
predicting the potent sites for binding of one to four wa-
ter molecules on these surfaces. Such guess geometries are
initially optimized using an electrostatics-based model, elec-
trostatic potential for intermolecular complexation (EPIC)
and further at the Hartree–Fock and B3LYP/6-31G(d, p) lev-
els. The corresponding interaction energies are examined for
assessing co-operative binding effects. The geometry and
interaction energy of four water molecules adsorbed on
NaCl(100) clearly brings out the co-operative binding among
the water molecules. Further, water binding to (110) surface is
stronger than that with (100) surface. This is also in confirma-
tion with the electrostatic properties of (110) surface. Many-
body decomposition analysis brings out the stronger inter-
action between NaCl clusters with water molecules vis-a-vis
water–water interaction.

Keywords Salt hydration · NaCl (100) · NaCl (110) ·
Hartree–Fock method · Ab initio calculations · Molecular
electrostatic potential (MESP)

1 Introduction

The process of hydration plays an important role in a major-
ity of natural phenomena. For example, water–mineral oxide
interface chemistry is of great importance in determining the
hydrodynamic properties of the earth subsurface [1]. Reac-
tions of atmospheric gases with sea salt aerosols in which
hydration has a vital role are widely studied. Many oxide
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surfaces function either as catalysts or supports for hetero-
geneous metal catalysis and such catalytic properties may be
enhanced in the presence of water [2]. Several biologically
interesting molecules are partially hydrophobic and this is of
great significance in processes such as protein folding, cell
membrane formation, etc [3]. Hydration is thus a process of
fundamental interest in various fields of activity ranging from
chemistry, biology, catalysis to environmental sciences.

Hydration of common salt (NaCl) is of prime importance
from fundamental—as well as applied—points of view and
has been a subject of extensive theoretical and experimen-
tal investigations for a long time [4–21]. In almost all major
industrial applications of salt, e.g. as the primary raw material
for alkalis and hydrochloric acid, as a freezing agent when
mixed with ice or as a preservative etc., the primary process
involves dissolution of salt in water and hydration precedes
dissolution. Several experimental methods have been em-
ployed for investigating the NaCl (100)–water interface. Ew-
ing et al. [4–6] have studied hydration of NaCl(100) surface at
ambient conditions using infrared (IR) spectroscopy.Accord-
ing to them, at θ ≤ 0.2 (where θ , the coverage, represents the
number of water molecules per Na+- Cl− pair), water mol-
ecules adsorb on adjacent sites, forming islands involving
lateral hydrogen bonds. For θ > 0.2, a non-uniform distribu-
tion of water molecules involving lateral as well as isotropic
hydrogen bonding, as indicated by a continuous O–H band
center shift, is observed. At a coverage of θ ≈ 3, a multilayer
bound by hydrogen bond network similar to that in liquid
water is formed. The system has also been studied [7] at two
different temperatures, viz. 240 K and 296 K wherein the O–
H frequency was found to be temperature sensitive. Dai et al.
[8] investigated the adsorption of water on NaCl (100) as a
function of relative humidity employing atomic force micros-
copy. Below 30% relative humidity, water is seen to adsorb
primarily at the step edges. Completion of a monolayer is
indicated above 35% relative humidity, while the dissolution
of the crystal occurred at 73%. It is concluded that water mol-
ecules cover the salt surface even when the humidity is far
less than the solvation point. Estel et al. [9] noticed, through
their secondary ion mass spectroscopy (SIMS) experiments,
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that under ultra-high vacuum conditions, water does not ad-
sorb on cleaved crystal surfaces even in the submonolayer
region. However, it adsorbs only when these surfaces are
significantly cooled than the room temperature. Mizoguchi
and co-workers [10] have recently recorded rotational Fou-
rier transform microwave spectra of NaCl(H2O)n(n = 1–3)
and thereby found the Na–O and Cl–H distances to be 2.27Å
and 2.28Å respectively. A substantial increase in the Na–Cl
distance with the successive addition of water has been ob-
served. This distance in n = 1 and n = 3 clusters is longer by
0.06Å and 0.48Å than that of the free NaCl respectively. The
study is thus useful for assessing and refining the interaction
models of microscopic hydration.

On the theoretical front, molecular dynamics (MD) has
been the most commonly used technique for studying water
coverages over the ionic crystal surfaces. Wassermann et al.
[11], using MD calculations, concluded that water molecules
adsorb at the cationic sites, preferentially with their dipole
moment pointing perpendicular to the (100) plane.At a cover-
age of half a monolayer, the binding energy among the water
molecules increases and exceeds that of water–surface inter-
actions, leading to cluster formation. At a coverage of about
1.33, a stable hydrogen-bonded bilayer is formed. Engkvist
and Stone[12] found, via Monte Carlo simulations at low tem-
peratures, the existence of several monolayer structures that
are energetically close to each other. The adsorption was also
studied [13] at two different coverages θ = 0.5 and θ = 3.0
and observed that water molecules form islands at low cov-
erages. At a high coverage, three distinct layers are noticed.
Shinto et al. [14] carried out MD simulations for investigat-
ing the stability of (100) and (110) planes in water at 298 K
and noticed the interaction energy of a single water mole-
cule with the (100) surface of NaCl to be −10.23 kcal/mol.
However, the results obtained using this approach are not
expected to be very reliable due to extensive parametrization
and approximations made within the MD method.

Jug et al. [15] in their pioneering semi-empirical study
of hydration on large clusters of NaCl employed the SIN-
DO1 method developed in their laboratory [15]. Due to the
adoption of the semi-empirical approach, it was possible [15]
to employ a large cluster, viz. Na200Cl200 for exploring the
monolayer and submonolayer coverages using about 25 water
molecules. The water molecules were found to be tilted with
respect to the surface with oxygen attached to Na atom and the
two H atoms farther at equal distance from surface. The water
adsorption energy on (100) is found to be −12.0 kcal/mol.
The hydration on surface color centers Fs and Ms has also
been studied [16]. The results of this semi-empirical inves-
tigation are in fairly good agreement with the conclusions
from experiments.

The ab initio studies are restricted to the smaller size of
the NaCl clusters and to the limited number of water mol-
ecules, as it involves rigorous calculations at the electron
level.In an investigation of the minimum number of water
molecules required to solvate a NaCl molecule, Jungwirth
[17] performed calculations at the MP2 level starting with a
few water molecules. It has been inferred that a non-cyclic

structure is needed for stabilizing a solvent-separated ion
pair and water hexamer is the smallest possible structure
of this kind. In a similar type of study, Peterson and Gor-
don [18], using effective fragment potential (EFP) for water
molecules, concluded that ten water molecules are unable
to solvate NaCl completely. However, their study revealed
NaCl–(H2O)10 to be a contact ion pair: not a separated one
and many more water molecules are required for the sep-
aration [18]. This study was also limited to a single NaCl
molecule.

Allouche [19] has investigated the adsorption of 1 and
2 water molecules on the (100) surface of NaCl embed-
ded in the Madelung potential at the ab initio Hartree–Fock
(HF) level followed by single-point MP2 treatment. Four lo-
cal minima have been noticed for the adsorption of a sin-
gle water molecule on a Na5Cl5(100) cluster. The geome-
try wherein the OH bonds are staggered with reference to
the NaCl bonds exhibits the strongest binding. This study is,
however, restricted only to small size clusters and the gen-
erality of the conclusions needs to be checked for clusters
with large surface area. Allouche [20] had earlier investi-
gated the dissociation of water at various defects of (100)
surface at the UHF/MP2 level of approximation. McCarthy
et al. [21] have performed a series of correlation-corrected
periodic Hartree–Fock (PHF) computations to investigate the
monolayer structure of water adsorbed on NaCl (100) sur-
face. Binding energies for various possible orientations of
water molecules over the surface are compared using these
DFT functionals. However, the results obtained are not ex-
pected to be realistic due to the use of periodic boundary
conditions. Here, the water geometry of the monolayer is
repeated periodically, whereas water molecules are actually
expected to interact coperatively with each other and form
islands over the surface.

This brief survey shows that theoretical studies [11–21]of
salt hydration at a reliable ab initio quantum chemical level
are rather scarce in the literature. Such studies have been
restricted to a limited number of water molecules interact-
ing with relatively small clusters of NaCl and are probably
inadequate for benchmarking the results with their experi-
mental counterparts. With the advent of computing hardware
and software packages, it has now become possible to treat
reasonably large-sized model surfaces at ab initio level of
theory. The results obtained by semi-empirical, PHF calcula-
tions as well as MD simulations may be subjected to a critical
comparison with their ab initio counterparts.

For such an exhaustive study, it is necessary to extract the
primitive patterns of understanding for the adsorption pro-
cess from high-level calculations and use them for further
predictions. Due to the predominantly electrostatic nature of
interactions involved, it is also felt worthwhile to employ
molecular electrostatics for exploring this problem. Keeping
this in view, the present work aims at studying the primi-
tive adsorption patterns of a few water molecules over the
(100) surface and to investigate whether co-operative effects
play a significant role in monolayer formation via high-level
ab initio calculations employing electrostatic guidelines.
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2 Methodology

In the present work, a conventional cluster made of an array
of Na+ and Cl− ions, is employed. The water adsorption is
studied on two non-defect clusters, viz. Na25Cl25(100) and
Na15Cl15(110). A small cluster of Na9Cl9 has also been em-
ployed for studying the cluster relaxation effects on water
interaction energies. The clusters are constructed by choosing
the appropriate distances between Na+ and Cl− ions from the
available crystal data. They are visualized by using the pack-
age UNIVIS 2000 [22] and are depicted in Figs. 1a and 4a,
respectively. For mimicking these various surfaces, the clus-
ter geometries are not relaxed in the calculations. However,
a small test example is invoked for probing the difference in
interaction energy on relaxing the cluster geometry.

The NaCl cluster geometries have been subjected to a
HF single-point calculation using a 6-31G(d, p) basis set by
the Gaussian 94 package [23]. The molecular orbitals evalu-
ated thereby are employed for MESP (molecular electrostatic
potential) calculation using the program INDPROP [24]. The
electrostatic potential, V(r) at a point r generated for a mol-
ecule is given by

V (r) =
∑

A

ZA

|r − RA| −
∫

ρ(r′)
|r − r′|d3r ′ , (1)

where the first term denotes the contribution due to nuclei
of charges {ZA} located at {RA} and the second term arises
due to the continuous electronic charge-density distribution,
ρ(r). The topographical analysis of V(r) is based on locat-
ing and characterizing the critical points (CP’s). These are the

Fig. 1 a Top view of MESP isosurfaces of the model Na25Cl25(100)
cluster. Dark, medium and light gray shades correspond to func-
tion values of −43.93, −25.10 and 62.75 kcal/mol, respectively.
b Na25Cl25(100) interacting with single water molecule EPIC optimized
geometry. Interaction energies are reported in Table 1

points where the first partial derivatives of MESP with respect
to the Cartesian co-ordinates become zero viz. ∇V (r)= 0.
More details of MESP and CPs can be found elsewhere [24,
25]. In the present study, the knowledge of MESP features
is found to be important for predicting the preferred binding
sites for water on the NaCl cluster surface since the interac-
tions involved are predominantly electrostatic in nature. Elec-
trostatic potential for intermolecular complexation (EPIC) is
an electrostatics-based model developed by Gadre et al. [25]
for obtaining reasonable geometries and interaction energies
of two weakly interacting molecules. It uses a set of MESP-
derived point charges to represent the charge distribution and
the interaction energy is calculated as a summation of discrete
point charges (q) on one molecule multiplied by the MESP
(V) at those points due to the other molecule, viz.

Eint = 1/2
∑

i ∈ A,
j ∈ B

(VA,iqB,j + VB,jqA,i) (2)

The second molecule is moved around the first without chang-
ing the internal geometry of either of them, so as to minimize
Eint. Recently, this model has been extended to deal with
complexes of more than two molecules. In such cases, a few
more assumptions need to be made. The MESP at any point in
the complex is taken to be the additive sum of MESPs due to
all the individual molecules in the complex at their respective
geometries. Although this looks like a gross approximation,
it does result in fairly good predictions. This is because com-
plex formation changes the charge distribution of the individ-
ual molecules only in the regions where the actual binding
takes place and such sites are not accessed by any new mol-
ecule binding with the complex. This adds to the simplicity
of the model as the wave functions of individual species can
still be used for MESP evaluation of the complex. Thus, the
total interaction energy will be the summation of all the Eint
terms, one for each pair and is given by

Eint = 1/2






N∑

A

N∑

B �= A
i ∈ B

VA,iqB,i






. (3)

In the present study, the interaction of a single water mol-
ecule is then studied at various positions over the NaCl sur-
faces till the best EPIC optimized geometry is achieved. In
a similar way, guess geometries of (NaCl)m . . . nH2O com-
plexes are obtained and subsequently employed for HF as
well as B3LYP optimization at the 6-31G(d, p) level. The
interaction energies reported are not corrected for basis set
superposition error as well as zero-point energy. The compu-
tational power required to study the sufficiently large-sized
clusters, especially at the ab initio level, is enormous. For
this reason, the geometry optimization has been carried out
by employing the parallel version of GAMESS[26]running
on PARAM 10000, the supercomputing facility at the Centre
for Development of Advanced Computing (C-DAC), Pune.
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Table 1 Interaction energies �E (in kcal/mol) for a single (A) and four (B) water molecules on NaCl (100) surface modeled by NaxClxclusters
at HF and B3LYP/6-31G (d, p) level of theory. The corresponding geometries are depicted in Figs. 1–3. See text for details

Method A B

Geometry-2(Fig. 3(b)) Geometry-1(Fig. 3(a))

EPIC −9.32a −46.53a −42.16a

HF 6-31G (d, p) Unrelaxed −11.29a −57.48a −53.65a

−9.27b

Relaxed −10.64b – –
B3LYP 6-31G(d, p) Unrelaxed −14.10b −74.11a −71.54a

Relaxed −13.92b – –
Calculations with aNa25Cl25and bNa9Cl9clusters

3 Results and discussion

The MESP-guided ab initio investigation of water adsorption
on various NaCl surfaces, used in the present study, reveals
the following important features in the initial phase of the
solvation process.

Electrostatics of NaCl(100) surface: Na25Cl25 is a two-
layered model consisting 5×5 ions in each layer, sufficiently
large to represent the (100) surface. The MESP isosurfaces
of values −43.93, −25.10 and 62.75 kcal/mol are shown in
Fig. 1a. The dark gray colored isosurface belongs to the edges
and corners representing prominent binding sites, in con-
formity with the observations made in earlier studies viz.
the hydration process begins preferentially at the edges and
corners [4,5].A strong MESP feature (minimum value of
−30.12 kcal/mol) is seen at a distance of 1.7Å over the central
Cl− ion. The MESP is textured on the surface by employ-
ing ionic radii of Na+and Cl−and the maximum function
value on the central Na+ ion on the surface is observed to be
187 kcal/mol, indicating a preference for O–Na interaction
over H–Cl one.

Interaction with water: The EPIC interaction energy
with a single water molecule with its oxygen atom placed over
the central Na+ ion is found to be −9.32 kcal/mol. The H2O
molecule lies almost parallel to the (100) surface with the
O–Na distance of 2.44Å. This geometry is seen to faithfully
represent the interaction at non-edge sites, on a subsequent
HF/6-31G(d, p) calculation, yielding an interaction energy
of −11.29 kcal/mol, in good agreement with the literature-
values [13–15]. In HF-optimized geometry, the water molec-
ular dipole lies parallel to the (100) surface above the Na+
ion, with the hydrogen atoms pointing towards the two chlo-
rines due to additional stability of H–Cl interactions. The
nearest O–Na distance turns out to be 2.42Å and that of H–
Cl is 2.88Å. A geometry akin to this one is also discussed
by Taylor and Jug et al. [15,16]. However, the lowest energy
structure reported by Allouche [19] is quite different proba-
bly due to the inadequate size of the NaCl cluster employed
in his calculations. Wassermann et al. [11] also found this
dipole orientation to be parallel to the surface normal. It is
indeed gratifying to notice that the water geometry obtained
in this work with a high-level ab initio treatment is in clear
agreement with the electrostatics-based EPIC prediction.

The H–O–H angle of the water molecules contributing
to O–Na interactions is also widened to about 108˚ from its
free molecule value of 105˚. These changes are in agreement
with literature-reported values. The corresponding geometry
optimization at the B3LYP/6-31G(d, p) level results in the
interaction energy of −14.24 kcal/mol. The alignment of the
water molecule remains similar, with a somewhat shortened
O–Na distance of 2.38Å. It may be noted that the EPIC model
yields excellent starting geometries for subsequent HF and
B3LYP calculations. The MESP CP function value at the
oxygen of the water molecule interacting with NaCl (100)
surface is increased to −54.60 kcal/mol from the free molec-
ular value of −62.44 kcal/mol.

Effect of cluster relaxation is studied by treating a smaller
model cluster, viz. Na9Cl9. The interaction energy with fixed
cluster geometry at the HF/6-31G(d, p) level (cf. Fig. 2b)
is −9.27 kcal/mol whereas on relaxing the cluster, it turns
out to be −10.64 kcal/mol (Fig. 2c), indicating only a small
change (ca 10%) on cluster relaxation. Further, the interac-
tion energy values at the B3LYP/6-31G(d, p) level −14.10
(fixed cluster, Fig. 2b) and −13.92 kcal/mol (relaxed cluster,

Fig. 2 a Interaction of Na25Cl25 clusters with a single water molecule
at HF/6-31G(d, p) level theory. b unrelaxed Na9Cl9cluster. c Relaxed
Na9Cl9 cluster (cf Table 1 for interaction energies)
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Fig. 3 HF/6-31G(d, p) optimized geometries of Na25Cl25–(H2O)4along with the MESP isosurface corresponding to a value of −26.50 kcal/mol.
a Geometry-1 wherein water molecules are placed on the nearest Na+ and Cl− ions. b Geometry-2 with water molecules placed over nearby Na+
ions. See Table 1 for interaction energies

Fig. 2c), respectively, indicate a scaling of the HF-level coun-
terparts. Three IR frequencies (at HF level) of 1568, 3686 and
3788 cm−1 corresponding to H–O–H bond, O–H symmet-
ric and asymmetric stretch, respectively, are observed to be
in agreement with the experimental observation.The corre-
sponding free water molecule frequencies at the same level of
calculation are 1580, 3704.6 and 3809.5 cm−1, respectively.

The knowledge of the orientation of a water molecule over
the (100) surface makes it possible to construct a few patterns
of water molecules for investigating the mechanism of mono-
layer growth. This allows us to explore whether the mono-
layer growth proceeds with the repeated patterns of water
molecules as discussed by Taylor et al. [21] or the co-oper-
ativity among water molecules plays a significant role during
the monolayer formation. For this purpose, two separate cases
have been considered. In Geometry-2 (Fig. 3b), four water
molecules are placed over the four centrally located Na+ ions,
ensuring a faithful representation of the interaction with the
NaCl (100) surface. In Geometry-1 (Fig. 3a), these water
molecules are placed over the nearest two Na+ ions and Cl−.
These geometries are subjected to an HF/6-31G(d, p) optimi-
zation with the NaCl cluster geometry held fixed. The inter-
action energy in Geometry-2 is found to be −57.48 kcal/mol
due to several co-operative interactions. However, the inter-
action energy value corresponding to Geometry-1 is higher
by about 3.8 kcal/mol. It is interesting to note here that the
co-operative effect is still maintained, but to a smaller extent,
due to larger separations (2.17Å) involved among the water
molecules. Engkvist and Stone [12,13], through their MD
simulations, have earlier noticed such stable tetrameric struc-
tures. Our ab initio level results indicate that water mole-
cules preferentially tend to form clusters due to co-opera-
tive binding. Many such clusters with comparable interaction
energies are possible. Thus, it may be concluded that at low
coverages, islands of water clusters at different sites would
be formed over the surface. The co-operative binding is the
cause for the formation of these island structures over the
surface.

It is felt worthwhile to explore electrostatic guidelines
towards predicting further growth of water clusters over NaCl
surface. In view of this, the MESP topography for these water

clusters is computed and depicted in Fig. 3. The oxygen lone
pair CPs of the cluster in Geometry-1 have the MESP val-
ues −28.87 and −25.73 kcal/mol. These values are much
higher than the corresponding free tetrameric water value
[27] of −58.36 kcal/mol. Geometry-2 has two water mol-
ecules located at the Cl site having the CP function value
of −59.61 kcal/mol and those located at Na have the func-
tion value of −28.24 kcal/mol. The numerically higher CP
function value at Na is a clear indication of strong O–Na
interactions compared to H–Cl. Hence, on further expansion
of the cluster, water molecules are expected to form a mono-
layer first, with additional stability endowed by the co-opera-
tive binding. Our observations point to the completion of the
monolayer, rather than a bilayer, which is also suggested by
Ewing et al. [4,5] The formation of a bilayer structure even
before the completion of monolayer proposed by Wasser-
mann et al. [11] is rather unlikely, due to the predominance of
water–substrate interactions over water–water interactions.
Also the PHF treatment employed by Taylor et al. [21] is
not expected to bring out the co-operative effects due to the
periodic boundary conditions used therein. It is observed that
water molecular orientation is not altered in all the calcula-
tions by both HF and B3LYP methods.A consistent change is
observed in the interaction energies and geometrical param-
eters by these methods.

NaCl(110) surface: There are experimental evidences
for the existence and stability of the NaCl(110) surface [28–
30]. Shinto et al. [14] have noticed the stability of the (110)
surface during their MD simulations. In view of this, the
present ab initio hydration study was also applied to the (110)
surface.

It may be seen that the (110) surface is non-planar and
possesses a characteristic folded structure. Hence, it may be
expected that the binding of a water molecule is more favor-
able on this surface than the (100) one. This is borne out by
the large volume of the MESP isosurface for this surface (cf.
Fig. 4b), corresponding to the value of −31.37 kcal/mol that
indicates a preferable binding site in the region between the
two edges. The EPIC interaction energy of the NaCl(110)
with a single water molecule at this site is −14.84 kcal/mol
whereas HF/6-31G (d, p) interaction energy is −18.67 kcal/
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Fig. 4 a Na15Cl15 (110) surface. b Isosurface of the value of
−31.37 kcal/mol of the Na15Cl15cluster

Fig. 5 Na15Cl15(110) interacting with a single water molecule con-
strained optimization gives �EHF = −18.67 kcal/mol and b for two
water molecules it �EHF = −31.95 kcal/mol

mol (Fig. 5a), which is in agreement with the value of−19 kcal/
mol obtained from MD calculations performed by Shinto et
al. [14]. There are two O–Na and two H–Cl interactions in-
volved (cf. Fig. 5), making �E numerically higher than its
counterpart for the (100) surface.The corresponding distances
are observed to be 2.52Å and 2.81Å, respectively. Oxygen
interacts with the two nearest Na+ ions along with the hydro-

Table 2 Interaction energies �E (in kcal/mol) for a one (A) and two
(B) water molecules on NaCl (110) surface modeled by Na15Cl15clus-
ters at HF and B3LYP/6-31G (d, p) level of theory. The corresponding
geometries are depicted in Figs. 4 and 5. See text for details

Method �E (kcal/mol)

A B

EPIC −14.84 −30.12
HF/6-31G (d, p) −18.67 −39.45
B3LYP/6-31G(d, p) −22.86 −46.18

gen pointing towards chlorine, making an angle of approxi-
mately 47˚ to the (110) surface.

The interaction energy of two water molecules aligned
independently on the (110) surface at the HF/6-31G (d, p) lev-
els turns out to be −39.45 kcal/mol (cf. Fig. 5b). The orienta-
tions of these water molecules remains almost similar with no
evidence for the co-operative effect. The H–O distance of the
two water molecules is 4.85Å, which is large compared to the
hydrogen bond distance. This indicates that in the early stages
of the hydration water molecules will preferentially bind over
the (110) surface as compared to its (100) counterpart. There
is a difference in the interaction energies (-7.38 kcal/mol), the
corresponding (100) and (110) HF/6-31G(d, p) values being
−11.29 and −18.67 kcal/mol, respectively. The correspond-
ing trends in interaction energies remain unaltered even at
the B3LYP/6-31G(d, p) level calculations (cf. Table 2).

4 Many-body energy decomposition analysis

In order to understand specific details of substrate–water and
water–water interactions, a technique termed as “many-body
analysis (MBA)” is found to be useful. Such an analysis
has been employed earlier by Hankins et al. [31] and re-
cently by Xantheas et al. [32,33] for the cyclic water clusters
((H2O)nn = 2–6) and acetylene–water complexes. In the
present study, this analysis has been carried out by employ-
ing an in-house developed code MBAC [34] for four water
molecular interactions with (100) surface viz. Geometry-1
and Geometry-2. The total energy En of an interacting n-
body can be written as the sum of one-, two-, three-, four-,
. . .n-body terms, viz.

En ≡
n∑

i=1
E(i)

‘1-body’

+
n−1∑
i=1

n∑
j>1

‘2-body’

�2E(ij)+
n−2∑
i=1

n−1∑
j>i

n∑
k>j

‘3-body’

�3E(ijk)

+
n−3∑
i=1

n−2∑
j>i

n−1∑
k>j

n∑
l>k

‘4-body’

�4E(ijkl)

· · · · · · + �nE(1234 . . . n)
‘n-body’ (4)

In Eq. (4), E(i) is the energy of individual substrate (NaCl/
water) molecule in the complex. The individual two-, three-,
four-, . . .n-body terms are given as

�2E(ij) = E(ij) − {E(i) + E(j)} (5)
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�3E(ijk) = E(ijk) − {E(i) + E(j) + E(k)

−{�2E(ij) + �2E(ik) + �2E(jk)} (6)

�4E(ijkl) = E(ijkl) − {E(i) + E(j) + E(k) + E(l)}
−{�2E(ij) + �2E(ik) + �2E(il)

+�2E(jk) + �2E(jl) + �2E(kl)}
−{�3E(ijk) + �3E(ij l)

+�3E(jkl) + �3E(ikl)} (7)

The many-body calculations at the B3LYP/6-31G(d, p)
level for Geometry-1 revealed the two-body interaction ener-
gies for water–substrate to be much stronger than the water–
water. These values are −13.97 and −13.87 kcal/mol for
the two water molecules on the Na+ site and −6.99 and
−7.00 kcal/mol on the Cl− site, indicating the strong binding
of water on Na+ compared to Cl−. The water–water two-body
interaction energies are−6.78,−6.87,−6.84,−6.92 kcal/mol
and −1.58, −2.03 kcal/mol on Na+ and Cl− sites, respec-
tively. In Geometry-2, all the water molecules are located
at the Na site, in which the NaCl–water and water–water
two-body interaction energies are found to be −12.03 and
−6.56 kcal/mol, respectively. This analysis shows that water–
substrate interactions are much stronger than the water–water
ones. The contributions of three- and higher-body terms get
progressively smaller. These conclusions may be generally
valid for interaction of water molecules with an ionic sub-
strate. Such systems need to be benchmarked for many-body
analysis.

5 Concluding remarks

Water adsorption on NaCl surfaces has been a subject of con-
siderable research interest and widely studied both by exper-
iments as well as theoretical techniques. Experimentally, the
main emphasis is on understanding the mechanism of adlayer
growth over the cleavage i.e. (100) surface. IR spectroscopic
results by Ewing et al. [4–6] indicate the island formation
of water molecules over the (100) surface as observed by
increasing hydrogen bond formation. However, they observe
vacant sites and islands of differing molecular thickness at
higher coverages indicating multilayer formation before the
completion of the monolayer. Estel et al. [9] studied tem-
perature effects on water adsorption. Experimental studies
essentially bring out the bulk adlayer properties depending
on various experimental conditions. On the other hand, theo-
retical approaches give the hydration picture at the molecular
level based on various approximate methods. These studies
provide information of the orientation of water molecules
on the surface and their interaction energies. Wassermann
[11], Shinto [14], Allouche[19] and co-workers suggest that
isolated adsorbed water molecules adsorb with the O-end
down over Na+ with their dipoles perpendicular to the sur-
face. On the other hand, Engkvist et al. [12,13] observed
the plane of water molecule to be parallel to the (100) sur-
face. Jug [15] and Taylor et al. [21] also observed a similar
kind of water orientation. Such variations in observations are
also seen in the discussion of adlayer formation. The occur-

rence of island or cluster formation with the increasing water
molecule has been reported in some of the earlier studies
[4,5,11–13], although the use of the periodic Hartree–Fock
method by Taylor et al. [21] does not to bring out such co-
operative effects due to the application of periodic boundary
conditions.

The present study is aimed at validating these observa-
tions using reliable ab initio methods. It is found that MESP
electrostatic features are useful in understanding the binding
patterns of water molecules on the surface. The single wa-
ter molecule is observed to align on the Na+ site with its
dipole parallel to the (100) surface. The interaction energy
of −11.29 kcal/mol is observed to be in agreement with the
earlier studies [12–16]. It has been noticed that more wa-
ter molecules adsorb essentially as a cluster, by co-operative
binding among them, even at very low coverage. The MESP
minimum at the Cl− is more negative than the minimum at
the oxygen of water bound to the surface. This indicates that
water molecules will occupy the surface sites more prefer-
entially than the water–water binding. This would lead to
the completion of the monolayer rather than the 2-D layer
formation as indicated in the earlier studies [4–6,11].

Water adsorption at the NaCl(110) surface is also stud-
ied with a view to compare this surface with its (100) coun-
terpart. The MESP topographical features reveal this differ-
ence much effectively. It is observed that water binds much
strongly at the (110) compared to the (100). The EPIC opti-
mized geometries are observed to be good starting geometries
for further ab initio calculations. The trends in B3LYP and
HF interaction energies remain same in all the cases. Further,
many-body energy decomposition analysis reveals the ionic
substrate–water two-body interaction energies to be much
stronger than that of the water–water interactions.

The highlight of the present study is the use of electro-
static concepts for navigating a reliable quantum chemical
exploration of hydration on medium-sized NaCl clusters rep-
resenting (100) and (110) surfaces. The results of the present
work are indeed encouraging and are expected to pave the
way for more extensive and reliable ab initio level treatment
of surface–molecule interactions.
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