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A systematic study on the structure and stability of nitrate anion hydrated clusters, NO3
-‚nH2O (n ) 1-8)

are carried out by applying first principle electronic structure methods. Several possible initial structures are
considered for each size cluster to locate equilibrium geometry by applying a correlated hybrid density functional
with 6-311++G(d,p) basis function. Three different types of arrangements, namely, symmetrical double
hydrogen bonding, single hydrogen bonding and inter-water hydrogen bonding are obtained in these hydrated
clusters. A structure having inter-water hydrogen bonding is more stable compared to other arrangements.
Surface structures are predicted to be more stable over interior structures. Up to five solvent H2O molecules
can stay around solute NO3

- anion in structures having an inter-water hydrogen-bonded cyclic network. A
linear correlation is obtained for weighted average solvent stabilization energy with the size (n) of the hydrated
cluster. Distinctly different shifts of IR bands are observed in these hydrated clusters for different kinds of
bonding environments of O-H and NdO stretching modes compared to isolated H2O and NO3

- anion.
Weighted average IR spectra are calculated on the basis of statistical population of individual configurations
of each size cluster at 150 K.

1. Introduction

Size selected gas-phase cluster spectroscopy combined with
first principles based theoretical calculations has become a
powerful tool to obtain molecular level information on the
interaction between solute and solvent molecules. Positively
charged ions have simple hydrated structures compared to a
negatively charged system as cation binds strongly with solvent
water molecules.1 In recent years, the study on microhydration
of small anionic chemical species has been a subject of intense
research from both experimental and theoretical points of view,
mainly because of the strong dependency of their properties on
their size and geometry. When an anionic solute is immersed
into a solvent pool, the hydrogen-bonded water network gets
modified to accommodate the solute species in the process of
hydration. The distribution pattern of the excess electron in the
negatively charged solute plays the key role to shape up the
structure of the water network around the solute. Thus, a delicate
balance between anion-water and water-water interactions
determines the structure of hydrated clusters of the anion.
Among the simplest of the systems studied by experimental and
theoretical tools is the hydrated halide series, X-‚nH2O, (X )
Cl, Br, I). Several experiment, theory and simulation studies
have been carried out to understand the structure and dynamic
aspects of hydration at molecular level on small negatively
charged ions.1-21 Beyond these simple halide anions, the next
complex hydrated clusters investigated involve diatomic singly
charged anions of the type Y-‚nH2O, where Y refers to OH,21,22

O2,23,24NO,25 Cl2,26,27Br2
28,29and I230 species. Microhydration

of a dianionic system, SO42- has also been studied to demon-
strate the stepwise hydration pattern of these complex anion
systems.31-33 At present, microhydration of another complex

but the most common inorganic anion, namely, nitrate anion
(NO3

-) is studied by theoretical means. This anion is one of
the most abundant species in acidic wastes as well as in the
atmosphere.34-37 It is known as the so-called terminal anion in
the series of atmospheric reactions involving nitrogen and thus
its study is of particular importance. The process of hydration
involving nitrate anion in the atmosphere is very important, as
water is present in the atmosphere in relatively large concentra-
tions. Such a study will help to enhance our understanding of
molecular level interactions between solvent water molecules
and negatively charged ions in aqueous solution. These studies
on size selected hydrated anion clusters also play a critical role
to follow the evolution of molecular properties with the number
of solvent water molecules present in the cluster and to bridge
the gap between monohydrated cluster (NO3

-‚H2O) to the
hydrated ion in bulk aqueous solution, NO3

-(aq).
Theoretical studies on structural aspects of small size

NO3
-‚nH2O clusters are reported.38-44 However, no report on

IR spectra of these clusters is available in the literature. The
objective of this article is to report microscopic structure, energy
parameters and IR spectra of NO3

-‚nH2O clusters (n ) 1-8)
based on a rigorous and systematic study. With the increase in
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Figure 1. (A) Fully optimized structures of NO3- calculated at the
B3LYP/6-311++G(d,p) level of theory showing distribution of charge
over all the atoms. (B) Contour plot of the highest occupied molecular
orbital (HOMO) of NO3

- to show that all the three O atoms participate
in the orbital. The cutoff used for the contour plot is 0.25 au.
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Figure 2. Part 1 of 2.
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number of solvent water molecules in hydrated clusters, the
number of minimum energy configurations that are close in
energy for each size hydrated clusters is expected to increase.
Thus, weighted average properties of clusters become more
meaningful. Weighted average molecular properties are also
calculated at present on the basis of the statistical population
of different minimum energy configurations of a particular size
of hydrated cluster at 150 K.

2. Theoretical Methods

Geometry optimizations are carried out following a popular
hybrid density functional, namely, Becke’s three-parameter
nonlocal exchange (B3) and Lee-Yang-Parr (LYP) nonlocal
correlation functionals (B3LYP) with the Gaussian triple split
valence, 6-311++G(d,p) basis function.45 Single-point energy
calculations of each optimized structure are carried out by
applying second-order Møller-Plesset perturbation theory
(MP2) adopting the same set of basis function. A search for
minimum energy structures is performed by applying an
algorithm based on the Newton-Raphson procedure for each
of these molecular clusters with several initial structures
designed on the basis of chemical intuition. The most important
concern in this search procedure is to guess a good initial
geometry of the cluster based on chemical intuition, which might
converge during the optimization to a structure having a local
or the global energy minima. At present, several possible starting
geometries are designed systematically on the basis of different
possible three-dimensional structures. In thefirst case, initial
structures are considered where each solvent water molecule
was kept at a distance of ionic hydrogen bonding with one of
the three oxygen atoms of NO3

- anion and far from another
solvent water molecule to have any inter-water hydrogen
bonding. In thesecondcase, guess structures were considered
where each water molecule was kept at a distance of ionic
hydrogen bonding with one of the three oxygen atoms of NO3

-

anion and also at a distance to have an inter-water hydrogen
bonding with another solvent H2O molecule. In thethird case,
a few solvent water molecules were initially kept at a distance

of ionic hydrogen bonding with one of the three oxygen atoms
of NO3

- anion and far from another solvent water molecule to
have any inter-water hydrogen bonding. Remaining solvent
water molecules were kept at a distance of ionic hydrogen
bonding with one of the three oxygen atoms of NO3

- and also
at a distance where inter-water hydrogen-bonding interaction
can exists. These structures were then allowed to relax,
producing equilibrium minimum energy structures. It is to be
noted that the adopted optimization procedure does not guarantee
locating the global minimum energy structure. However, rigor-
ous searches have been undertaken to find all possible equilib-
rium structures that may exist for NO3

-‚nH2O systems. Hessian
calculations are carried out for all the optimized minimum
energy structures to check the nature of the equilibrium geometry
as well as to generate IR spectra. The population of the
minimum energy configurations of each size clusters has been
calculated on the basis of free energy change (∆G) at 150 K
following Boltzmann distribution. The statistical population of
different equilibrium structures is calculated at various temper-
atures ranging from 75 to 298 K. The weighted average
properties are reported only at 150 K as the size selected clusters
spectroscopy experiments on such systems are mostly carried
out at around this temperature. All electronic structure calcula-
tions have been carried out applying GAMESS program system
on a LINUX cluster platform.46 The MOLDEN program system
has been adopted for visualization of molecular geometry,
molecular orbital, and normal modes and to generate IR
spectra.47

3. Results and Discussion

Geometry optimization of isolated nitrate anion in the gas
phase, NO3- produces a structure ofD3h symmetry as the most
stable structure by applying the B3LYP density functional with
a Gaussian split valence 6-311++G(d,p) basis set. The calcu-
lated N-O bond distance is 1.261 Å and the optimized structure
with atomic charges (in au) over the atoms is displayed in Figure
1A to illustrate that all the three oxygen atoms are equally
negative. The highest occupied molecular orbital (HOMO) of

Figure 2. Part 2 of 2. Fully optimized structures calculated at B3LYP/6-311++G(d,p) level of theory for (I) NO3-‚H2O, (II) NO3
-‚2H2O, (III)

NO3
-‚3H2O, (IV) NO3

-‚4H2O, (V) NO3
-‚5H2O, (VI) NO3

-‚6H2O, (VII) NO3
-‚7H2O, and (VIII) NO3

-‚8H2O clusters. Uppercase letters are used
to refer different minimum energy conformers for each hydrated cluster size arranged in order of stability showing “A” as the most stable one. N
atoms are shown by marking “N” on the spheres; the smallest spheres refer to H atoms, and the rest correspond to O atoms in each structure. In
each case, the distance between the N and O atoms is∼1.25 Å, the distance between O of NO3

- and H-bonded H atoms is 1.8-2.3 Å, and the
distance between O and H atoms in inter-water hydrogen-bonded network is 1.8-2.0 Å.
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NO3
- system is displayed in Figure 1B, again to demonstrate

that all the three O atoms participate equally in this molecular
orbital. The effect of hydration is introduced by successive
addition of discrete solvent H2O molecules surrounding NO3-

species. When a solvent H2O molecule approaches the solute
NO3

- moiety, an ionic interaction between the negatively
charged oxygen atom of NO3- and the H atom of solvent H2O
takes place. Discrete water molecules are added successively
to the solute by various possible ways based on chemical
intuition as discussed in the previous section, and full geometry
optimization is carried out to locate equilibrium structures at
the B3LYP/6-311++G(d,p) level of theory. This leads to several
minimum energy structures for each of the discrete hydrated
clusters. The calculated energy parameters are improved by
single-point energy calculations at MP2 level of theory.
Minimum energy configurations, various energy parameters and
IR spectra of each size hydrated cluster, NO3

-‚nH2O (n ) 1-8)
are discussed in the following subsections.

3.1. Structure.Different minimum energy structures obtained
on full geometry optimization of each size hydrated cluster of
nitrate anion, NO3-‚nH2O (n ) 1-8) are displayed in Figure
2. The calculated energy parameters are listed in Table 1 for
each minimum energy structure of the hydrated clusters. Two
stable minimum energy structures are obtained on full geometry
optimization of the monohydrate cluster, NO3

-‚H2O as shown
in Figure 2-I(A,B). In contrast to the earlier reported structure,39

the most stable structure has a symmetric double-hydrogen-
bonding (DHB) arrangement where two O atoms from NO3

-

group and two H-atoms of the solvent H2O molecule are
connected by H-bonding of 2.06 Å. Calculated NO bond
distances are 1.25 and 1.27 Å, respectively, for the spectator
and H-bonded bonds. Structure I-B having one single hydrogen
bond (SHB) between one oxygen atom of the nitrate anion and
the H atom of the solvent H2O molecule is less stable than
structure I-A by 2.78 kcal/mol. The calculated H-bond distance
is 1.83 Å, and so this SHB should be stronger than each DHB
of structure I-A. Again, NO bond distances are 1.25 and 1.27
Å, respectively, for the spectator and H-bonded bonds. Hessian
calculations have predicted all the normal-mode frequencies to
be real. The calculated binding enthalpy (∆H) of the more stable
structure I-A is 14.68 kcal/mol at 298.15 K. The reported
experimental∆H for the monohydrated cluster is 14.60 kcal/
mol measured by gas-phase clustering equilibrium experiment
at room temperature.48 Binding enthalpies of the monohydrated
cluster calculated by applying BHHLYP hybrid density func-
tional and MP2 methods are 14.49 and 14.76 kcal/mol,
respectively. The calculated values suggest that the present
adopted hybrid density functional, namely, B3LYP, should be
adequate for the present systems. To further validate the
suitability of this particular functional, vertical detachment
energy (VDE) of the monohydrate cluster, NO3

-‚H2O is also
calculated following these two popular hybrid density func-
tionals as well as MP2 methods with 6-311++G(d,p) basis
functions. The calculated VDE values are 4.93, 5.33 and 4.08
eV, respectively at B3LYP, BHHLYP and MP2 levels compared
to the measured value of 4.6 eV following photodetachment
photoelectron spectroscopy.38 Again, it is observed that B3LYP
functional performs well on these hydrated clusters. Thus
geometry optimizations and Hessian calculations of all these
hydrated clusters have been carried out by applying the cost-
effective correlated B3LYP hybrid density functional.

Three minimum energy structures are predicted for the
dihydrate cluster, NO3-‚2H2O and displayed in Figure 2-II(A-
C). The structures are very close in energy with a difference in

TABLE 1: Calculated Energy Parameters and Molecular
Properties of NO3

-‚nH2O Clusters (n ) 1-8)a

energy (kcal/mol)

system
population
at 150 K

relative
energy,b ∆E

solvent
stabilizationc
energy,Esolv

interaction
energy,c,d, Eint

NO3
-‚H2O

I-A 0.59 0 16.31,16.44 17.05,17.18(15.40)
I-B 0.41 2.78 13.53,13.60 14.07,14.11(12.70)

NO3
-‚2H2O

II-A 0.50 0 30.82,31.10 32.47,32.71(30.67)
II-B 0.23 1.31 29.51,29.71 27.77,27.84(26.29)
II-C 0.27 1.95 28.87,29.20 31.12,31.32(29.00)

NO3
-‚3H2O

III-A 0.41 0 44.02 37.50 (35.52)
III-B 0.29 0.26 43.76 33.00 (30.76)
III-C 0.11 0.39 43.63 46.67 (44.09)
III-D 0.14 0.66 43.36 39.62 (37.19)
III-E 0.05 1.04 42.98 42.57 (40.05)

NO3
-‚4H2O

IV-A 0.68 0 59.90 42.44 (39.66)
IV-B 0.10 3.35 56.55 50.71 (47.91)
IV-C 0.11 3.58 56.32 47.30 (44.09)
IV-D 0.04 3.98 55.92 53.43 (50.06)
IV-E 0 4.86 55.04 55.23 (52.16)
IV-F 0.07 5.16 54.74 50.90 (47.90)

NO3
-‚5H2O

V-As 0.51 0 74.29 51.30 (48.09)
V-B 0.30 2.29 72.00 45.81 (42.90)
V-C 0.03 5.88 68.41 59.98 (56.15)
V-D 0.07 6.53 67.76 59.71 (56.54)
V-E 0.02 6.77 67.52 60.37 (56.24)
V-F 0.05 6.82 67.47 62.91 (59.36)
V-G 0 7.67 66.62 64.83 (60.93)
V-H 0.01 7.69 66.60 58.38 (54.84)
V-I 0.01 8.30 65.99 63.78 (60.08)

NO3
-‚6H2O

VI-A 0.73 0 87.09 59.11 (55.49)
VI-B 0.05 1.90 85.19 63.51 (59.41)
VI-C 0.07 5.61 81.48 59.87 (56.79)
VI-D 0.10 5.94 81.15 60.17 (55.85)
VI-E 0.03 7.53 79.56 65.88 (65.28)
VI-F 0.01 8.93 78.16 70.95 (67.00)
VI-G 0 9.80 77.28 68.48 (64.33)
VI-H 0.01 9.89 77.20 71.59 (67.26)
VI-I 0 11.03 76.06 70.90 (67.01)

NO3
-‚7H2O

VII-A 0.25 0 100.69 67.32 (63.24)
VII-B 0.31 1.01 99.68 66.91 (62.95)
VII-C 0.20 2.31 98.38 65.80 (61.86)
VII-D 0.08 3.38 97.31 70.60 (66.09)
VII-E 0 8.78 91.91 71.02 (66.44)
VII-F 0.05 10.43 90.26 72.26 (67.08)
VII-G 0.11 11.36 89.33 76.43 (72.07)
VII-H 0 13.31 87.38 76.95 (72.84)
VII-I 0 14.00 86.69 75.15 (71.26)
VII-J 0 14.20 86.49 74.70 (70.45)

NO3
-‚8H2O

VIII-A 0.11 0 112.10 73.50 (69.15)
VIII-B 0.34 1.22 110.88 72.53 (68.30)
VIII-C 0.09 1.68 110.42 73.91 (69.44)
VIII-D 0.07 3.13 108.97 77.39 (72.68)
VIII-E 0.07 4.11 107.99 77.08 (72.20)
VIII-F 0.13 5.04 107.06 72.36 (68.29)
VIII-G 0.08 5.44 106.66 76.80 (72.11)
VIII-H 0.04 7.33 104.77 76.12 (71.00)
VIII-I 0.02 9.67 102.43 77.43 (73.19)
VIII-J 0.01 10.07 102.03 77.27 (72.43)
VIII-K 0 13.16 98.94 81.03 (75.42)
VIII-L 0.04 13.58 98.52 81.57 (77.09)

a Energy values are calculated at the MP2/6-311++G(d,p) level of
theory.b ∆E ) relative energy (energy of any structure- energy of
structure A in NO3

-‚nH2O system).c Data in italics refer to values
calculated at CCSD(T)/6-311++G(d,p) level.d Values in parentheses
refer to basis set superposition error (BSSE)-corrected data.
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relative stability of<2 kcal/mol. Structures II-A and II-C have
two double-hydrogen-bonding (DHB) arrangements and both
solvent H2O units are attached to the same two O atoms of NO3

-

in case of the less stable structure II-C. In case of II-C, none of
the solvent H2O units is in NO3

- plane, structure II-A is planar
though. Structure II-B has two single hydrogen-bonding (SHB)
and one inter-water hydrogen-bonding (WHB) arrangements.

Five minimum energy structures displayed in Figure 2-III-
(A-E) are predicted for trihydrate cluster, NO3

-‚3H2O and have
a very small difference in stability as listed in Table 1. Structure
III-A is the most stable one having a cyclic three-member water
network attached to two oxygen atoms of NO3

- moiety. This
particular structure consisting three SHB and three WHB
arrangements is more stable than the least stable structure III-E
having two SHB, one DHB and one WHB arrangements by
only ∼1 kcal/mol. Structure III-B consisting of a cyclic three-
member water network attached to all the three oxygen atoms
is less stable than structure III-A by 0.26 kcal/mol. Symmetric
structure III-C having three DHB arrangements is 0.39 kcal/
mol less stable compared to the most stable one. Structure III-D
consisting of three SHB and two WHB arrangements is less
stable by 0.66 kcal/mol compared to structure III-A. On the
basis of the optimized structures up to NO3

-‚nH2O (n ) 1-3),
it is observed that the average energies of a single SHB and
WHB arrangements are 7-11 and 5-8 kcal/mol, respectively.
So a balance between water-NO3

- and water-water interac-
tions decides the structure of hydrated anion clusters, NO3

-‚nH2O.
As the number of solvent water molecules increases, a large

number of minimum energy configurations is expected for a
particular size of hydrated cluster. The initial structures for larger
hydrated clusters are considered with a bottom-up approach
based on the predicted stable structures from the smaller size
hydrated clusters. Thus the initial guess structures for NO3

-‚4H2O
cluster are considered on the basis of the predicted minimum
energy structures of NO3-‚nH2O clusters (n ) 1-3), keeping
a different number of symmetrical DHB, SHB and WHB
arrangements. Six stable minimum energy structures are ob-
tained for NO3

-‚4H2O cluster. The calculated relative stability
of the predicted conformers are listed in Table 1 and the
optimized structures are displayed in Figure 1-IV(A-F). Structure
IV-A is more stable over the least stable conformer, IV-F, by
5.16 kcal/mol. Structure IV-A consists of a four-member cyclic
water network with four SHB and four WHB arrangements.
But the structure IV-F consists of four SHB and two WHB
arrangements. Structures IV-B and IV-C consist of one cyclic
three-member water network and one DHB water arrangements.
Structure IV-D has one DHB, three SHB and two WHB
arrangements. As one can see from the figure, structure IV-E
has two DHB, two SHB and one WHB arrangements. At present
no structure for the NO3-‚4H2O cluster is obtained where all
four solvent water units are in DHB arrangements.

Geometry optimization followed by Hessian calculations with
various initial guess structures for the pentahydrate cluster,
NO3

-‚5H2O yields nine minimum energy structures having no
imaginary frequency and the structures are displayed in Figure
2-V(A-I). The most stable structure, V-A, consists of one DHB
arrangement and one cyclic four-member water network.
Overall, four SHB, four WHB and one DHB arrangements are
present in structure V-A. Structure V-B consisting of one five-
member water network is less stable than the most stable
conformer by 2.29 kcal/mol. Structure V-I is the least stable
conformer, which is less stable than the most stable conformer,
V-A, by 8.30 kcal/mol. Structure V-I consists of one DHB,
five SHB and two WHB arrangements. Structures V-D, V-E

and V-F have one cyclic three-member water network. Re-
maining conformers have different numbers of DHB, SHB and
WHB arrangements. As can be seen from Table 1, structures
V-(C-I) are very close in energy (<2.42 kcal/mol).

Nine different minimum energy structures displayed in Figure
1-VI(A-I) having all real frequency are obtained for NO3

-‚6H2O
cluster. The most stable structure of NO3

-‚6H2O cluster (VI-
A) has one DHB and one cyclic five-member water network
arrangements. In total, it has one DHB, four SHB and five WHB
arrangements. This structure is more stable than the least stable
structure VI-I by 11.03 kcal/mol. Structure VI-I has six SHB
and three WHB arrangements. Structure VI-B having two DHB
and one cyclic four-member water network arrangements is less
stable than structure VI-A by 1.90 kcal/mol. Structures VI-D
and VI-E both have two cyclic three-member water networks,
and structure VI-F has one cyclic three-member water network
arrangement. These are two interior 3D structures in which the
solute is surrounded by two H-bonded solvent water networks.
In the case of the minimum energy structure VI-G, a solvent
water molecule is not directly connected to the NO3

- moiety,
though all six water molecules were kept directly connected to
the NO3

- moiety in the initial guess structure. Structure VI-G
has one DHB, four SHB and two WHB arrangements.

Ten minimum energy configurations are predicted for the
NO3

-‚7H2O cluster and finally the optimized structures are
displayed in Figure 1-VII(A-J). Hessian calculations do not
produce any normal mode having imaginary frequency for these
structures. This confirms that the predicted minimum energy
configurations correspond to true equilibrium structures of
NO3

-‚7H2O cluster. The most stable structure, VII-A, has a
cyclic five-member water network arrangement and the solute
anion, NO3

-, resides at the surface. Similar geometrical ar-
rangements keeping the solute at the surface are also observed
in case of structures VII(B-E) and VII(H-J). Interior structures
in which the solute is surrounded by solvent water units are
predicted for two minimum energy configurations, VII(F,G).

On full geometry optimization of NO3-‚8H2O cluster, twelve
minimum energy structures are predicted and the final optimized
structures are displayed in Figure 1-VIII(A-L). None of these
structures yields an imaginary frequency on Hessian calculations,
suggesting these minimum energy configurations as true equi-
librium structures. As in case of the heptahydrated cluster, the
most stable structure has a cyclic five-member water network
arrangement keeping the solute anion at the surface. Similar
geometrical arrangements keeping the solute at the surface are
also observed in the remaining of structures except for the
structures VIII-H and VIII-K. In these two cases, NO3

- trapped
inside H-bonded solvent water networks.

In all the minimum energy configurations of NO3
-‚nH2O

cluster, the NO bond distance is calculated in the range 1.25-
1.27 Å. The calculated distance between O of NO3

- and
H-bonded H atoms is 1.8-2.3 Å, and the distance between O
and H atoms in the inter-water network (WHB) is 1.8-2.0 Å.
In all the structures, the calculated SHB distance is shorter than
that of DHB distance. Structure having cyclic inter-water
H-bonding network is more stable over other structures in a
particular size of hydrated cluster. It is observed that more than
three solvent water molecules cannot reside in a DHB arrange-
ment in these hydrated clusters. It is also observed that more
than five water molecules cannot stay in the cyclic water
network. Most of the minimum energy configurations in
NO3

-‚nH2O cluster show surface structure in which the solute
resides at the surface of the solvent water network. In the case
of large size hydrated clusters, NO3

-‚nH2O (n g 6), a few
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equilibrium geometries are predicted showing interior structure
in which the solute resides inside the solvent water network.
However, surface structures are observed to be more stable than
corresponding interior structures.

3.2. Solvent Stabilization and Interaction Energy.The
solvation stabilization energy (Esolv), i.e., the stabilization
induced by solvent water molecules of NO3

-‚nH2O clusters can
be expressed by the relation given in

The energy parametersENO3
-.nH2O, EH2O, andENO3

- refer to the
total energy of the cluster NO3-‚nH2O, the energy of a single
H2O molecule and the energy of the bare NO3

- system,
respectively. Thus,Esolv essentially measures the total interaction
energy of the solute withn solvent H2O units in the hydrated
cluster of sizen. The calculated solvation energy of the
NO3

-‚nH2O clusters (n ) 1-8) at the MP2/6-3111++G(d,p)
level of theory is given in Table 1. As a number of minimum
energy configurations are obtained in these hydrated clusters,
weighted average solvation energy (Ew

solv) values are calculated
and provided in Table 2. The weight factor of a minimum energy
structure for a particular size (n) of cluster is calculated on the
basis of the statistical population of the conformer at 150 K.
The plot for the variation ofEw

solv vs n (cluster size) is depicted
in Figure 3a. It is observed thatEw

solv varies linearly with the
number of solvent water molecules in the hydrated clusters and
the variation ofEw

solv is best fitted asEw
solv ) 2.89 + 13.55n,

when Ew
solv is expressed in kcal/mol andn is the number of

water molecules. This linear fitted plot has a correlation
coefficient greater than 0.999, promising the power of prediction
of solvent stabilization energy for larger hydrated clusters. The
slope of the best fitted equation suggests that solvent stabilization
energy per solvent water unit is 13.55 kcal/mol. In other words,
on an average each additional H-bond provides a stabilization
of 6.77 kcal/mol at a largen limit, assuming each additional
solvent water molecule to increase the number of H-bonds by
2. However, this assumption is true for a very large size (n) of
cluster. A small correction is expected in H-bond stabilization
energy if one goes to very large size hydrated clusters. The
solvent stabilization energy of NO3-‚nH2O clusters calculated
by a discrete model corresponds to the internal energy of the
molecular clusters. Thus,Ew

solv increases with the increase in
the number of solvent molecules accounting for ion-solvent
interaction as well as inter-water H-bonding interaction. In other
words, solvent stabilization energy does not saturate because it
remains favorable to attach additional water molecules to the
existing water network.

The interaction between the solute nitrate ion, NO3
-, and the

water cluster, (H2O)n, known as interaction energy (Eint) may
be calculated by the following relation.

The energy parametersENO3
-‚nH2O, E(H2O)n and ENO3

- refer to
the energy of the cluster NO3-‚nH2O, the energy of the (H2O)n
system and the energy of the NO3

- system, respectively. The
energy of the (H2O)n system is calculated by removing the
nitrate part from the optimized geometry of the hydrated cluster
followed by single-point energy calculation at the same level
of theory. ENO3

- is also evaluated by the same way, i.e., by
removing the water part of the optimized structure of the
hydrated cluster followed by single-point energy calculation.
The definition suggests that the interaction energy refers to the
net interaction of solute NO3- anion and the solvent water
molecules eliminating inter-water interactions. The calculated
interaction energy for the NO3-‚nH2O cluster (n ) 1-8) is
tabulated in Table 1. The weighted average interaction energy,
Ew

int, is also calculated for all sizes of the hydrated clusters on
the basis of the statistical population at 150 K, and the results
are supplied in Table 2. The plot showing the variation ofEw

int

vs n is displayed in Figure 3b. It is clearly seen from the plots
in Figure 3 that the interaction energy is very close to the
solvation energy forn ) 1-2. This is due to absence of inter-
water hydrogen bonding (DHB) in the most stable structures
of NO3

-‚nH2O clusters (n ) 1-2). However, for large size
clusters, a calculated interaction energy is much lower than the
solvation energy because, in the higher clusters, additional
solvent water molecules mostly interact with the water network
of the cluster. The calculated profile does not reach a saturation
showing that the solute nitrate anion has significant interaction
even with the eighth solvent water unit suggesting incomplete
first solvation shell. It is evident that the coordination number
of NO3

- hydration is more than 8. Once the number of solvent
water units is more than the first shell hydration number of
NO3

-, the cluster will grow by inter-water H-bond only showing
saturation in interaction energy profile. It is to be noted that
both energy parameters (Esol and Eint) are also calculated by
the CCSD(T) method with the same set of basis function for
mono- and dihydrated clusters and the values are displayed in

TABLE 2: Calculated Weighted Average Molecular
Properties of NO3

-‚nH2O (n ) 1-8) Clusters at the MP2/
6-311++G(d,p) Level of Theory

weighted average property energy (kcal/mol)

hydrated cluster
solvent stabilization

energy,Ew
solv

interaction energy,b

Ew
int

NO3
-‚H2O 15.17 15.83 (14.29)

NO3
-‚2H2O 29.99 31.02 (29.21)

NO3
-‚3H2O 42.46 37.75 (35.54)

NO3
-‚4H2O 58.65 44.83 (41.97)

NO3
-‚5H2O 72.33 51.46 (48.28)

NO3
-‚6H2O 85.59 59.94 (56.25)

NO3
-‚7H2O 97.87 68.40 (64.27)

NO3
-‚8H2O 108.81 74.39 (69.98)

b Values in parentheses are basis set superposition error (BSSE)
corrected.

Esolv ) ENO3
-.nH2O

- (nEH2O
+ ENO3

-) (1)

Figure 3. Variation of calculated weighted average (a) solvation energy
(Ew

solv) and (b) interaction energy (Ew
int) in kcal/mol with the number of

water molecules (n) in NO3
-‚nH2O cluster at the MP2/6-311++G-

(d,p) level of theory. In estimation ofEw
solv andEw

int, the weight factor
is calculated on the basis of the statistical population of all the
conformers for each size of hydrated cluster at 150 K. Variation of (c)
BSSE-correctedEw

int (kcal/mol) vs the number of solvent water
molecules (n) in the NO3

-‚nH2O cluster at the same level of theory.
The calculated correction due basis set superposition error following
counterpoise method ise5%.

Eint ) ENO3
-‚nH2O

- (E(H2O)n
+ ENO3

- ) (2)
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Table 1. It is clearly observed that the relative stability of the
minimum energy structures is in the same order as predicted
by MP2 results.

The calculated interaction energy is further improved incor-
porating correction due to basis set superposition error (BSSE)
following counterpoise method.49 In cases when the basis sets
applied are not complete, the binding energies without BSSE
correction tend to be overestimated, whereas those with BSSE
correction tend to be underestimated mainly due to underestima-
tion of dispersion energy. The median values between the BSSE-
corrected and BSSE-uncorrected binding energies are often
somewhat closer to the measured values.6 At present, 50% of
the calculated BSSE is taken into account to correct the
calculated interaction energies and the corrected values are listed
in Table 2. The plot showing the variation of BSSE-corrected
Ew

int vs n is displayed in Figure 3c. It is observed that the BSSE
correction reduces the calculated interaction energy by<5%.

3.3. IR Spectra.NO3
-‚nH2O clusters are stabilized by the

interaction between O atoms of NO3
- moiety and H atoms from

solvent H2O molecules as well as inter-water H-bonding
interactions among solvent H2O units. Due to these interactions,
it is expected that IR bands due to stretching and bending modes
of H2O in the hydrated clusters, NO3

-‚nH2O (n ) 1-8) get
shifted compared to that of free water molecules. IR spectra
for all the minimum energy structures of NO3

-‚nH2O clusters
(n e 8) along with free H2O and free NO3- systems are

calculated. Based on experimental data on stretching frequency
of H2O (νsym ) 3657 cm-1, νasym) 3756 cm-1) and the present
calculated values (νsym ) 3816 cm-1, νasym ) 3912 cm-1) at
the B3LYP/6-311++G(d,p) level, a scaling factor of 0.96 is
considered to account the anharmonic nature of stretching
vibrations. This factor is calculated on the basis of the average
difference of calculated symmetric and asymmetric stretching
vibrations from the experimental values of free water molecule.
The same scaling factor has been used for predicting IR
spectrum of all these hydrated clusters. Lorentzian line shape
with peak half-width of 10 cm-1 has been considered for all IR
plots. Calculated scaled vibration frequencies for free water are
1531, 3663 and 3756 cm-1, respectively, for bending (νbend),
symmetrical stretching (νsym) and asymmetrical stretching (νasym)
at the B3LYP/6-311++G(d,p) level of theory and the theoretical
IR spectrum is displayed in Figure 4-I. The scaled IR spectrum
for free NO3

- with a single sharp peak at∼1300 cm-1 in the
N-O stretching region is shown in Figure 4-II. Calculated scaled
O-H stretching frequencies for the most stable structure of each
size (n) hydrated NO3

- clusters are listed in Table 3.
Weight factors calculated for monohydrated cluster at 150

K suggest that two minimum energy configurations are present
in the ratio of 60:40 at this temperature. The weighted average
scaled IR spectrum for the monohydrate cluster, NO3

-‚H2O, is
displayed in Figure 4-III. The spectrum shows two strong and
sharp bands at 3290 and 3552 cm-1 in O-H stretching region

Figure 4. Calculated scaled IR spectra for (I) free H2O and (II) free NO3
- at B3LYP/6-311++G(d,p) level of theory. Scaled weighted average IR

spectra for (III) NO3
-‚H2O, (IV) NO3

-‚2H2O, (V) NO3
-‚3H2O, (VI) NO3

-‚4H2O, (VII) NO3
-‚5H2O, (VIII) NO3

-‚6H2O, (IX) NO3
-‚7H2O, and (X)

NO3
-‚8H2O hydrated clusters at the same level. The scaling factor is taken as 0.96 to account for the anharmonic nature of O-H stretching

vibration in H2O. The weight factor is calculated on the basis of statistical population of individual conformer for a particular size of hydrated
cluster at 150 K. Lorentzian line shape has been considered with peak half-width of 10 cm-1 for all the IR plots.
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of water corresponding to asymmetric stretching vibrations of
H2O in structures I-B and I-A (see Figure 2), respectively, for
the H-bonded O-H bonds. A very weak band observed at 3694
cm-1 corresponds to the asymmetric stretching vibration of H2O
in structure I-B for the spectator O-H bond. A large shift (∆ν
∼ -450 cm-1) is observed for the O-H stretching band in case
of single H-bonded (SHB) O-H bond of water (structure I-B)
compared to a relatively small shift (∆ν ∼ -60 cm-1) in the
case of the spectator O-H bond. In the case of double H-bonded
(DHB) O-H bonds (structure I-A), calculated IR shifts (∆ν)
for stretching modes observed are∼-200 cm-1. The IR band
at 1640 cm-1 corresponding to the bending mode of water in
both structures is shifted (∆ν) by around+100 cm-1. Two IR
bands are observed for NdO stretching modes; the band related
to free NdO bond is shifted by+50 cm-1 compared to the
-15 cm-1 shift due to bonded NdO bond. The IR band at∼800
cm-1 corresponds to the N inversion mode of NO3

- in both
structures. IR bands at∼710 and 750 cm-1 correspond to
wagging H atoms in structures I-A and I-B, respectively. IR
bands below 500 cm-1 are due to librations of water.

The weighted average scaled IR spectrum of larger NO3
-‚nH2O

clusters (n ) 2-6) are provided in Figure 4 (IV-X). It is
observed that in all these hydrated clusters, the most stable
structure (structure A) has a large relative population (50-70%)
except for NO3

-‚7H2O and NO3
-‚8H2O systems at 150 K. In

septa- and octahydrated clusters, no single minimum energy
configuration has a relative population of>30% at this
temperature. Thus, weighted average IR spectra of NO3

-‚7H2O
and NO3

-‚8H2O systems have significant contributions from
many minimum energy configurations. As a result, calculated
IR spectra are more complex and the bands are not resolved
except in the range of NdO stretching and water bending.

Apart from single and double hydrogen-bonded arrangements,
an interwater H-bonding does exist in the dihydrated cluster
(structure II-B). The IR band corresponding to the stretching
mode of the O-H bond in which the H atom is at the H-bonding
distance with the O atom of the second solvent unit is predicted
at ∼3600 cm-1 in this structure. The largely shifted IR band in
the O-H stretching region observed at∼3190 cm-1 corresponds
to a single H-bonded O-H stretching mode of the solvent water
unit, which has a free H atom in the same structure. The single
H-bonded O-H bond of the second solvent water molecule
results a IR band at∼3500 cm-1. IR bands related to double
H-bonded O-H bonds are observed in the range 3530-3690

cm-1. The next IR band in the lower side of the spectrum as
shown in Figure 4-IV at∼1650 cm-1 is due to water bending
in the dihydrate cluster. Two strong and sharp bands at∼1300
cm-1 are due to asymmetric stretching vibrations of NdO bonds
of the solute. A small band at∼1000 cm-1 is due to symmetric
stretching vibrations of NdO bonds in NO3

- anion. IR bands
below 800 cm-1 correspond to N inversion mode of NO3

-,
wagging H atoms and librations of water.

Weight factors calculated for trihydrated cluster at 150 K
suggest that out of five predicted minimum energy structures,
structures III-A and III-B having cyclic three-member inter-
water H-bonding arrangements have major contributions. The
weighted average scaled IR spectrum for cluster NO3

-‚3H2O
is displayed in Figure 4-V. The spectrum shows overlapping
bands in the range 3340-3700 cm-1 due to O-H stretching
vibrations of water under different local environments. Normal-
mode analysis suggests that these modes are coupled in all the
minimum energy structures. In case of structure III-B, an IR
band is observed at 3464 cm-1 corresponding to simultaneous
symmetric stretching vibrations of O-H bonds in all the three
solvent water molecules forming inter-water H-bonded cyclic
network. The IR band due to the bending mode of water is
observed at 1650 cm-1. IR bands corresponding to asymmetric
NdO stretching modes are obtained in the range 1270-1390
cm-1 of the spectrum. In the trihydrate cluster also, a small
band at∼1000 cm-1 is seen due to symmetric stretching
vibrations of NdO bonds in the NO3- anion. IR bands below
800 cm-1 correspond to the N inversion mode of NO3

-, wagging
H atoms and librations of water as has been discussed.

In the case of the NO3-‚4H2O cluster, the most stable
structure (IV-A) has major contribution (>70%) at 150 K and
the calculated IR spectrum is displayed in Figure 4-VI. Again,
the spectrum shows overlapping bands in the range 3350-3650
cm-1 due to O-H stretching vibrations of water. Simultaneous
symmetric stretching vibrations of O-H bonds in all four
solvent water molecules forming inter-water H-bonded cyclic
network correspond to an IR band at∼3375 cm-1. The IR band
due to the bending mode of water is observed at∼1650 cm-1.
IR bands corresponding to asymmetric NdO stretching modes
are now overlapped to become almost a single sharp peak at
∼1325 cm-1. The symmetric stretching vibration of NdO bonds
in NO3

- anion calculated at∼1000 cm-1 is with very small
intensity to be observed. Bands due to the N inversion mode of

TABLE 3: Scaled O-H Stretching Frequency of H2O Calculated at the B3LYP/6-311++G(d,p) Level of Theory for the Most
Stable Conformer of NO3

-‚nH2O Clusters (n ) 1-8)a

NO3
-‚nH2Ob O-H stretching frequency (cm-1)

NO3
-‚H2O

structure IA
3552, 3563

NO3
-‚2H2O

structure IIA
3552, 3557, 3640, 3692

NO3
-‚3H2O

structure IIIA
3405, 3466, 3513, 3574, 3578, 3613

NO3
-‚4H2O

structure IVA
3375, 3424, 3458, 3496, 3514, 3525, 3529, 3549

NO3
-‚5H2O

structure VA
3325, 3355, 3389, 3400, 3427, 3468, 3530, 3538, 3565, 3672

NO3
-‚6H2O

structure VIA
3333, 3378, 3390, 3409, 3433, 3460, 3494, 3550, 3560, 3571, 3587, 3710

NO3
-‚7H2O

structure VIIA
3283, 3318, 3388, 3399, 3423, 3433, 3436, 3503, 3505, 3562, 3566, 3582, 3592, 3692

NO3
-‚8H2O

structure VIIIA
3278, 3330, 3357, 3394, 3402, 3413, 3420, 3456, 3509, 3516, 3522, 3588, 3596, 3692, 3694, 3700

a The scaling factor applied to for account the anharmonic nature of stretching frequency is 0.96.b Structure of NO3
-‚nH2O clusters are shown

in Figure 2.
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NO3
-, wagging H atoms and librations of water are observed

below 800 cm-1.
The weighted average IR spectrum calculated for the

NO3
-‚5H2O cluster is displayed in Figure 4-VII. The spectrum

shows overlapping bands in the range 3200-3700 cm-1 due to
the O-H stretching vibrations of water. In the O-H stretching
region of water, the largest shifted IR band at∼3200 cm-1

corresponds to the O-H bond connected by inter-water H-
bonding to make a five-member cyclic network (structure V-B).
The bending mode of solvent water molecules in the cluster
generates an IR band at∼1650 cm-1. IR bands corresponding
to asymmetric NdO stretching modes are observed at∼1305-
1345 cm-1. Bands due to wagging H atoms and librations of
water are observed below 900 cm-1. The N inversion mode of
NO3

- gives an IR band at∼800 cm-1. The essential feature in
the calculated IR spectrum for NO3

-‚6H2O cluster as shown in
Figure 4-VIII is similar to that of the pentahydrate cluster except
there is no sharp resolved band at∼3200 cm-1. In the
hexahydrate cluster, minimum energy configurations corre-
sponding to interior structure are also predicted. It is observed
that in the case of two interior structures (VI-D and VI-E), the
N inversion mode of NO3- generates an IR band at∼825 cm-1

in contrast to the same one at∼800 cm-1 in the case of surface
structures.

In the case of hepta- and octahydrated clusters, contributions
from many minimum energy structures are significant. Calcu-
lated weighted average IR spectra for two clusters are displayed
in Figure 4-IX and Figure 4-X, respectively. The two spectra
show similar features having overlapping bands in O-H
stretching region of water. IR bands due to bending mode of
water are observed at∼1650 cm-1. IR bands corresponding to
the asymmetric NdO stretching modes produce a single sharp
peak at∼1325 cm-1. Symmetric stretching vibrations of NdO
bonds in NO3

- anion calculated at∼1000 cm-1 in both cases
have very weak intensities. Bands due to the N inversion mode
of NO3

- are observed at around 800-825 cm-1. The IR band
for wagging H atoms and librations of solvent water units are
observed below 800 cm-1. Vibrational frequency calculations
are also carried out including anharmonic corrections applying
vibrational self-consistent field (VSCF) theory for mono- and
dihydrated clusters. The O-H stretching frequencies in structure
I-A are calculated as 3440, 3459 cm-1 and 3679, 3711 cm-1,
respectively, with and without anharmonic corrections. It is
worth mentioning that CPU time required for this anharmonic
vibration calculation is 3 orders of magnitude higher than the
harmonic calculation. In the case of structure II-A, the O-H
anharmoic stretching frequencies are calculated as 3440, 3448,
3345 and 3480 cm-1 compared to the harmonic frequencies at
3845, 3791, 3705 and 3700 cm-1. Again the CPU time required
for this anharmonic calculation is more than 5 orders of
magnitude higher than the harmonic calculation.

4. Conclusions

Microhydration of nitrate anion, NO3-, is studied following
first principle based electronic structure calculations. Structure,
energy and IR spectra of NO3-‚nH2O clusters (n ) 1-8) are
reported. Becke’s three-parameter nonlocal exchange (B3) and
Lee-Yang-Parr (LYP) nonlocal correlation functionals (B3LYP)
as well as the MP2 method have been applied to study the
present systems with split valence 6-311++G(d,p) basis func-
tions. Several closely lying minimum energy structures are
predicted. A structure having a H-bonded water network is
observed to be more stable over the other structures where
solvent H2O units are connected to the NO3

- moiety indepen-

dently either by single or by double H-bonding. The excess
electron is distributed equally over the three oxygen atoms of
NO3

-. The hydrated clusters of NO3- are bound by symmetrical
dihydrogen bonding (DHB), single hydrogen bonding (SHB),
and inter-water H bonding (WHB) interactions. It is also
observed that up to five solvent H2O units can reside around
the solute in a cyclic inter-water hydrogen-bonding network.
For higher clusters, a few minimum energy configurations are
predicted having interior structures. Energy parameters, solvation
and interaction energy are reported for NO3

-‚nH2O clusters.
Weighted average solvent stabilization energies are calculated
on the basis of statistical population of different minimum
energy structures at 150 K. Calculated vibration frequencies of
the clusters illustrate that the formation of NO3

--water clusters
induces shifts from the normal stretching modes of isolated water
depending on local environments. Bending modes of solvent
water units are not significantly affected. Weighted average IR
spectra of each size of hydrated cluster are also calculated on
the basis of the statistical population at 150 K.
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