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ABSTRACT: We carried out extensive calculations of diverse inorganic acids interacting with a single water molecule, through a
detailed analysis of many possible conformations. The optimized structures were obtained by using density functional theory (DFT)
and the second order Møller�Plesset perturbation theory (MP2). For the most stable conformers, we calculated the interaction
energies at the complete basis set (CBS) limit using coupled cluster theory with single, double, and perturbative triple excitations
[CCSD(T)]. The�OH stretching harmonic and anharmonic frequencies are provided as fingerprints of characteristic conformers.
The zero-point energy (ZPE) uncorrected/corrected (ΔEe/ΔE0) interaction energies and the enthalpies/free energies (ΔHr/ΔGr

at room temperature and 1 bar) are reported. Various comparisons are made between many diverse inorganic acids (HmXOn where
X = B/N/P/Cl/Br/I, m = 1�3, and n = 0�4) as well as other simple inorganic acids. In many cases, we find that the dispersion-
driven van der Waals interactions between X in inorganic acid molecules and O in water molecules as well as the X+

3 3 3O
�

electrostatic interactions are important.

’ INTRODUCTION

The hydration phenomena of diverse molecular systems
including cations,1 anions,2 simple acids3/bases,4 and salts5 have
been reported. However, the structures, spectra, and thermo-
chemical data for hydration of a large family of inorganic acids
with boron, nitrogen, phosphorus, and sulfur atoms as well as
halide atoms are still scarce.6 Thus, we are interested in studying
the hydration of such inorganic acids: HBO2/HBO3, HNO2/
HNO3, H3PO3/ H3PO4, H2SO3/H2SO4, H2S, H2Se, HCN, HF,
HClOn=0�4, HBrOn=0�4, and HIOn=0�4. However, due to high
complexity of the hydration/dehydration phenomena which
requires extensive studies, the present aim is not to study such
complex phenomena, but we have tried to investigate the mono-
hydrated inorganic acids as the first step toward understanding
hydration of the above 27 inorganic acids. The information from
various monohydrated inorganic acids would be useful in study-
ing both protonated acid cations and deprotonated acid anions.

We begin with brief introduction of various inorganic acids
studied here. HCl, HBr, HI, and HNO3 are strong monoprotic
acids, andH2SO4 is a biprotic strong acid. H3BO3 andH3PO4 are
weak triprotic acids. Hypochlorous (HClO), hypobromous
(HBrO), and hypoiodous (HIO) acids are the simplest examples
of weak acids. Chlorous (HClO2), bromous (HBrO2), and iodous
(HIO2) acids are also relatively weak in comparison with other
inorganic acids. Chloric acid (HClO3) is known as a strong acid
and a very efficient oxidizing agent. Iodic acid (HIO3) exists as a
white solid and is insoluble in water, unlike chloric and bromic
acids. Perchloric acid (HClO4) is a strong acid which completely
dissociates in an aqueous solution. Its strength is comparable to
sulfuric acid (H2SO4) and nitric acid (HNO3). Perbromic acid
(HBrO4) is a strong acid and an important oxidizing agent in
many chemical reactions. Periodic acid (HIO4) is widely em-
ployed in organic chemistry for structural analysis. Periodic acid

can cleave a vicinal diol into two aldehyde or ketone fragments,
which is useful in determining the structure of carbohydrates.

The nitric acid (HNO3)
7�17 and sulfuric acid (H2SO4)

18�25

werewidely studied theoretically.Owing to experimental difficulties,
less attention is paid to sulfurous acid [H2SO3 or HS(OH)O2],

26,27

while little is known about sulfonic acid [(HO)2SO] which has
the same chemical formula. The sulfur-containing acid with the
simplest chemical formula H2S (hydrogen sulfide) is a covalent
hydride related structurally to the water molecule, since oxygen
and sulfur belong to the same group of the periodic table of
elements.28,29 Hydrogen selenide (H2Se) is the simplest hydride
of selenium, a colorless flammable gas under standard conditions,
and soluble in water. The physicochemical properties of H2S and
H2Se are similar.

The phosphoric acid (H3PO4) is used as the electrolyte in fuel
cells, and the phosphorous acid (H3PO3; HP(OH)2O] is com-
monly used as oxoacids of phosphorus.30�34 As in H2SO3, the
isomer P(OH)3 is not known well, like sulfonic acid (HO)2SO.
Phosphoric acid may be used as a “rust converter”, by direct
application to rusted iron, steel tools, or surfaces. The hydrogen
cyanide (HCN) is a valuable precursor to many chemical com-
pounds ranging from polymers to pharmaceuticals. Hydrogen
cyanide is a colorless, very poisonous, and highly volatile liquid
that boils slightly above room temperature at 26 �C.35�37 It is
important to note that HCN is one of the simplest cyanide
systems which can act as both proton donor and acceptor.

In this work, we compare the interaction energies, H-bond
lengths (rOH), natural bond orbital (NBO) charges (q), and
�OH IR (infrared) stretching harmonic/anharmonic vibrational
frequencies (νs) using DFT and extensive high-level ab initio
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calculations of diverse inorganic acids interacting with a single
water molecule.

’COMPUTATIONAL DETAILS

We have carried out geometry optimization, harmonic/
anharmonic frequency analysis, and calculated interaction energies
for many different monohydrated inorganic acids. Geometry
optimization and harmonic frequency calculations were done at
the DFT level of theory employing Becke’s three-parameter
exchange potential and the Lee�Yang�Parr correlation func-
tional (B3LYP) as well as second order Møller�Plesset pertur-
bation (MP2) theory. The anharmonic frequencies were obtained
at theMP2 level of theory. Calculations were carried out by using
the Gaussian 03 suite of programs.38 The zero-point energy
correction is only the second order for the anharmonic terms,
and so this anharmonic correction is insignificant in general. The
thermal energy corrections are calculated based on rigid rotor
and harmonic oscillator approximation. Throughout the present
work, all the atoms were treated with the aug-cc-pVDZ basis set
(which we have abbreviated as aVDZ) and the aug-cc-pVTZ
basis set (which will be abbreviated as aVTZ). Since the aVDZ/
aVTZ basis set is not available for iodine, the CRENBLECP basis
set was employed. This basis set uses relativistic effective core
potentials and an extended valence basis set. Since only one
CRENBL ECP basis set alone cannot be exploited for the basis
set extrapolation to estimate the complete basis set (CBS) limit
energy (even though all atoms are treated with aVDZ and aVTZ
basis sets), the reported CBS energies for iodine-containing
clusters are approximate in that the extrapolation related to the
I atom is not properly taken into account. All optimized struc-
tures were drawn with the Posmol package.39 To obtain more
reliable results, we carried out single point coupled cluster theory
with single, double, and perturbative triple excitations [CCSD(T)]
calculations for the most stable conformers of monohydrated
acids. To estimate the CCSD(T)/CBS interaction energies, we
obtain the CBS limit values for theMP2 interaction energies using
the extrapolation method exploiting that the basis set error in the
electron correlation energy is proportional toN�3 for the aug-cc-
pVNZ (which we have abbreviated as aVNZ) basis set (aVDZ for
N = 2, aVTZ for N = 3).40,41 Given that the difference in inter-
action energy between MP2/aVNZ and CCSD(T)/aVNZ does
not differ significantly with increasing size of the basis set, the
CCSD(T)/CBS interaction energies are evaluated from theMP2/
CBS ones by using the difference between CCSD(T)/aVDZ and
MP2/aVDZ interaction energies.41,42 The CCSD(T) calculations
were carried out by using theMOLPRO suite of programs.43 Then,
these interaction energies (ΔEe) are used to evaluate the zero-point
energy (ZPE) corrected interaction energies (ΔE0) and the en-
thalpy andGibbs free energies at room temperature (298.15K) and
1 bar, by using the MP2/aVDZ ZPEs and thermal energies.

All the reported structures are at the local or global minima
without imaginary frequencies. All structures found for one type
of acid 3 3 3water clusters were attempted for all similar mono-
hydrated inorganic acids. To distinguish different conformers, we
use the following notation: AY/DZ denotes the role of proton
acceptor (A: O)/donor (D: H) by the water molecule, while the
subscript “Y/Z” denotes the atom of each acid interacting with the
O/H atom of H2O. Since AH(O) is the most common case, it will
be simply denoted as A, which is distinguished from AH(X) to be
simply denoted AH, where X is the central atom in inorganic acid.
Here, subscript H(O)/H(X) indicates that in inorganic acid, the

H atom is bonded to the O/X atom, while O(H)/O(X) indicates
that the O atom is bonded to the H/X atom. The distance
between the two H-bonded O atoms (one in H2O and the other
in acid) is denoted as rOO. The DO(H) structure, where a H atom
in H2O interacts with the �O(H) group in the acid, is simply
denoted as DOH, in contrast to the DO structure, where a H atom
in H2O interacts with a double-bond oxygen (Od) in the acid.
The H-bond distance between an O atom in an acid molecule
and a H atom in H2O is denoted as rOH.

There are a few geometrical isomers showing the difference
only in H orientations. The energy differences and barriers
between these isomers due to simple H orientations are not
large. These structures are floppy, and so we have discussed
mainly the low-lying energy structures. The qualitative trends are
not likely to change by including the facile motions of the water
molecule. In this study we focus our attention on the minimum-
energy structures which are highly stable. Thus, the most stable
conformer among topologically different isomers for each acid is
marked in bold, and in this case the CCSD(T)/CBS interaction
energies and thermodynamic quantities are evaluated.

In many cases, the central atom of an acid molecule (X)
interacts with the oxygen (O) atom of a water molecule through
the dispersion-driven van der Waals interaction. The van der
Waals radii for N, O, P, S, Cl, Br, and I are 1.55, 1.52, 1.80, 1.80,
1.75, 1.85, and 1.98 Å, respectively.44 If the distance between X
and O (rXO) is close to the sum of van der Waals radii of X and O
(rXO ≈ rX + rO), then the notation WXO is employed to denote
the van der Waals interaction. In some cases, the distance
between X and O is significantly shorter when the electrostatic
interaction between the highly positively charged X and the
negatively chargedO ismuch stronger than the dispersion-driven
van der Waals interaction. In such cases, the notation EXO is used
to denote the electrostatic interaction between the positively
charged acid X atom and the negatively charged water O atom.
We note that formation of monohydrated inorganic acids is
determined by hydrogen bonding, dispersion-driven van der
Waals interaction, and electrostatic interaction between the
positively charged acid X atom (if any) and the negatively
charged water O atom. Thus, our discussion on the rXO distances
is based on the van derWaals radii and theNBO charges localized
on X and O. The NBO charges (q in au) of the X/Y atom will be
denoted as qX/Y. To support this analysis, we provide a more in-
depth analysis. We carried out a series of symmetry adapted
perturbation theory (SAPT) calculations45 based on DFT46,47 of
monohydrated HXOn=0,2 complexes, since the X atom in HX is
negatively charged, and that inHXO is weakly charged, while that
in HXO2 or HXO3 is positively charged. Symmetry-adapted
perturbation theory (SAPT)-DFT, which takes into account the
dispersion energy, provides a detailed description of molecular
interactions in clusters, which are decomposed into electrostatic,
induction, dispersion, and exchange parts. However, the decom-
position between two specific atomic sites of molecules is not
possible. Thus, the analysis is qualitatively investigated. The
interaction energy is decomposed into electrostatic (Ees), induc-
tion (Eind), dispersion (Edisp), and exchange repulsion (Eexch).
However, the exchange�induction term (Eind�exch) and exchange�
dispersion term (Edisp�exch) can often been added to Eind and
Edisp, respectively, to form the effective induction (Eind*= Eind +
Eind�exch) and the effective dispersion (Edisp*= Edisp + Edisp�exch),
respectively, while the two terms are extracted from Eexch to form
the effective exchange term (Eexch*=Eexch� (Eind�exch+Edisp�exch))
as described previously.48,49
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’RESULTS AND DISCUSSION

Figure 1 shows various stable structures at the MP2/aVDZ
level of theory. Tables 1 and 2 list MP2/aVDZ and B3LYP/
aVDZ energies (ZPE-uncorrected interaction energies: ΔEe)
and structural parameters. The ZPE-corrected interaction en-
ergies (ΔE0) and enthalpies/free energies (ΔHr/ΔGr at room

temperature and 1 bar) are in Supporting Information (Tables
S1, S2). The geometrical parameters include the H-bond dis-
tances between acids and a water molecule (rOO, rOH) and the
van der Waals interaction distance between the X atom of
the acid and the O atom in the water molecule (rXO). For the
most stable structures we calculated the NBO charges at the

Figure 1. MP2/aVDZ optimized structures of monohydrated inorganic acids. The lowest energy structure for each chemical species is denoted in bold.
Dashed lines represent hydrogen bonds. Dotted bold lines denote van der Waals or electrostatic interactions.

http://pubs.acs.org/action/showImage?doi=10.1021/ct100428z&iName=master.img-000.jpg&w=445&h=561
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MP2/aVDZ level of theory. Since the NBO charges localized
on water molecule are almost identical in all the cases, we report in
Table 3 the NBO charges (qH(O), qO(H), qX) of the atoms in
inorganic acids involved in H-bonding (O/H) formation and the
van der Waals interaction (X�O). For the most stable conformers
we also calculatedΔEe,ΔE0,ΔHr, andΔGr at the CCSD(T)/CBS
level of theory including basis set superposition error (BSSE)-
corrected MP2/aVDZ, MP2/aVTZ, and CCSD(T)/aVDZ in-
teraction energies (Table 4). In the majority of cases, B3LYP/
aVDZ approach underestimates the binding energies (the abso-
lute value of the interaction energies) as compared to the
CCSD(T)/CBS results. However, it provides the proper order
of conformers. Since B3LYP/aVDZ calculations are not com-
putationally demanding, B3LYP is a good starting point for more
accurate calculations by searching for many possible conformations.

In some cases, to find new structures we carry out MP2 geometry
optimizations. If the formation of clusters is driven by dispersion
interactions, then the B3LYPmethod does not allow us to identify
such isomers. The MP2/aVDZ approach gives reasonable values
of the interaction energies, since the energy difference between
CCSD(T)/CBS and MP2/aVDZ in the present systems is small
in most cases, except for small iodine-containing clusters, such as
HI and HIO, for which the aVDZ is not sufficient for iodine.
Thus, for energy comparison between different isomers to find
the most stable structures, our discussion will be based on the
MP2/aVDZ ΔE0, unless otherwise specified.
Monohydrated Inorganic Acid Complexes with B, C, N, F,

P, S, Se, F, Cl, Br, and I. In the case of monohydrated metaboric
acid (HBO2), only one stable structure (A) is found. The
monohydrated orthoboric acid (H3BO3) also forms one stable

Table 1. MP2(B3LYP)/aVDZ Interaction Energies (ΔEe in kJ/mol) and Selected Interatomic Distances for Various Conformers
of Inorganic Acid 3 3 3Water Complexesa

acid 3 3 3water conformer �ΔEe rOO rOH rXO

HBO2 3 3 3H2O A 42.7(40.9) 2.71(2.70) 1.72(1.71)

H3BO3 3 3 3H2O ADOH 37.8(31.4) 2.82(2.83) 2.02(2.03)

HCN 3 3 3H2O AH 23.7(21.3) 2.05(2.04)

DN 18.5(15.2)

HNO2 3 3 3H2O A(Do) 32.3(29.3) 2.99(3.01) 2.53(2.54) 3.39(3.38)

A 30.9(27.7) 2.79(2.78) 1.80(1.80) 3.25(3.34)

DOH 15.9(�) 2.96(�) 2.05(�) 3.59(�)

DO 10.3(7.6) 3.10(3.13) 2.15(2.17)

HNO3 3 3 3H2O ADO 43.1(40.0) 2.91(2.91) 2.39(2.39) 3.26(3.26)

DOHWNO 16.4(�) 2.87(�) 2.83(�) 2.83(�)

DO
2 12.3(8.2) 3.16(3.17) 2.22(2.20)

DO 11.8(8.0) 3.61(3.98) 2.15(2.18) 3.61(3.98)

P(OH)3 3 3 3H2O ADOHWPO 41.1(31.7) 2.91(2.91) 2.07(2.07) 3.44(3.38)

A 18.2(13.9) 2.82(2.83) 1.84(1.85) 3.74(3.83)

H3PO3 3 3 3H2O ADOWPO 54.8(48.7) 2.78(2.77) 1.92(1.91) 3.25(3.25)

ADOHWPO 34.9(28.1) 2.86(2.91) 2.18(2.22) 3.35(3.46)

DOH
2WPO 19.5(10.9) 3.01(3.13) 2.43(2.52) 3.24(3.39)

DOHWPO 18.7(12.3) 2.90(2.95) 2.12(2.13) 3.37(3.52)

H3PO4 3 3 3H2O ADOWPO 54.9(48.3) 2.79(2.79) 1.94(1.93) 3.24(3.24)

ADOHWPO 40.0(32.3) 2.96(2.98) 2.25(2.30) 3.36(3.44)

H2S 3 3 3H2O DS 14.4(11.0)

AH 13.4(9.5) 2.19(2.22)

(HO)2SO 3 3 3H2O A2DOWSO 49.0(39.2) 2.73(2.73) 1.99(1.98) 3.08(3.10)

ADOWSO 45.7(38.4) 2.84(2.82) 2.03(2.01) 3.27(3.31)

ADOHWSO 37.5(28.6) 2.88(2.96) 2.19(2.29) 3.22(3.22)

DOH
2WSO 18.0(9.0) 3.00(3.14) 2.45(2.51) 3.08(3.30)

DOHWSO 15.6(10.4) 2.91(3.02) 2.13(2.06) 3.21(4.16)

H2SO3 3 3 3H2O ADOWSO 52.3(46.4) 2.83(2.83) 2.09(2.09) 3.34(3.34)

ADO
2WSO 28.4(�) 3.14(�) 2.80(�) 2.93(�)

AH 25.4(22.0) 2.00(1.97)

H2SO4 3 3 3H2O ADOWSO 53.3(46.4) 2.88(2.88) 2.17(2.17) 3.30(3.33)

A2DOWSO 47.6(37.1) 2.77(2.79) 2.18(2.20) 3.04(3.08)

DO 11.5(6.5) 3.03(3.06) 2.08(2.10)

H2Se 3 3 3H2O DSe 14.9(10.0)

AH 12.1(7.3) 2.23(2.30)
aH-bond: rOH; distance between two H-bonded O atoms: rOO, van der Waals or electrostatic interaction: rXO in Å, rXO denotes the X(acid) 3 3 3OH2

distance; rOH denotes either H(acid) 3 3 3OH2 or O(acid) 3 3 3HOH distance; and rOO denotes the O(acid) 3 3 3OH2 distance. The (�) means that these
structures do not exist at the B3LYP level of theory (lack of dispersion energy). The most stable structures are marked in bold.
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conformer (ADOH). TheH-bond length forHBO2 (rOH= 1.72Å)
is shorter than that for H3BO3 (rOH = 2.02 Å).
The monohydrated hydrogen cyanide (HCN) forms two

different stable structures. The most stable structure is AH, which
is∼6.2 kJ/mol more stable than the DN structure. In the case of
DN conformer, the structure of �N 3 3 3HO� motif is slightly
bent (—(NHO) = 176�).

In the case of monohydrated nitrous acid (HNO2), the most
stable structure A(DO) has one full H-bond and a partial H-bond
(which cannot be considered as a real H-bond because the rOH
distance is too long (>2.5 Å) and the bond angle (—(OHO) is
too small (∼109�)). Thus, this structure is denoted as A(DO). It
is slightly more stable than the A conformer (by ∼1.3 kJ/mol).
The comparisonofH-bond lengths of theA(DO) andDconformers

Table 2. MP2(B3LYP)/aVDZ Interaction Energies (ΔEe in kJ/mol) and Selected Interatomic Distances for Various Conformers
of Halogen Containing Acid 3 3 3Water Complexesa

acid 3 3 3water conformer �ΔEe rOO rOH rXO

HF 3 3 3H2O AH 37.8(37.7)

HCl 3 3 3H2O AH 25.9(23.1)

HClO 3 3 3H2O A 33.6(30.0) 2.78(2.78) 1.79(1.79) 3.51(3.59)

EClO 13.6(10.2) 2.77(2.76)

HClO2 3 3 3H2O ADOEClO 46.1(41.3) 2.84(2.85) 2.03(2.02) 2.99(3.05)

DOWClO 22.3(18.0) 2.87(2.91) 1.97(1.96) 3.28(3.57)

DOHEClO 21.6(11.8) 2.87(2.95) 2.17(2.29) 2.94(3.11)

HClO3 3 3 3H2O ADOWClO 40.8(39.3) 2.96(2.92) 2.28(2.22) 3.27(3.32)

DOHEClO 27.6(14.0) 2.81(2.93) 2.03(2.42) 2.91(2.97)

DO
2EClO 22.7(15.2) 3.15(3.17) 3.15(3.05) 2.79(2.86)

DOH 18.50(�) 2.94(�) 2.01(�) 4.08(�)

HClO4 3 3 3H2O ADO
2WClO 49.3(44.4) 3.09(3.19) 2.56(2.75) 3.28(3.40)

ADOWClO 47.0(42.7) 3.00(3.19) 2.45(2.75) 3.31(3.41)

DO 10.4(5.3) 3.21(3.28) 2.29(2.31) 4.01(4.18)

HBr 3 3 3H2O AH 22.8(19.0)

WBrO 8.2(3.8) 3.11(3.23)

HBrO 3 3 3H2O A 32.3(28.0) 2.79(2.80) 1.81(1.81) 3.63(3.71)

EBrO 21.3(16.6) 2.75(2.73)

DOH 18.3(�) 2.91(�) 2.02(�) 3.98(�)

HBrO2 3 3 3H2O ADOWBrO 48.6(41.3) 2.83(2.84) 1.98(1.99) 3.07(3.15)

DOEBrO 28.7(21.2) 2.94(2.94) 2.34(2.29) 2.83(2.85)

DOWBrO 27.3(20.8) 2.84(2.88) 1.93(1.93) 3.33(3.62)

DOHEBrO 26.9(15.7) 2.86(2.93) 2.22(2.30) 2.92(3.03)

HBrO3 3 3 3H2O ADOWBrO 48.0(43.1) 2.87(2.86) 2.10(2.07) 3.33(3.38)

DO
2EBrO 33.3(24.6) 3.11(3.13) 2.90(2.91) 2.76(2.78)

DODOHEBrO 33.3(21.4) 2.97(3.02) 2.64(2.75) 2.82(2.86)

HBrO4 3 3 3H2O ADOWBrO 54.4(47.2) 3.02(3.02) 2.38(2.41) 3.29(3.43)

ADOWBrO 52.3(46.4) 2.93(2.91) 2.29(2.27) 3.37(3.47)

HI 3 3 3H2O AH 17.3(12.2)

DI 16.9(7.6)

WIO 11.8(9.6) 3.18(3.16)

HIO 3 3 3H2O EIO 30.5(28.5) 2.76(2.75)

A 29.9(24.9) 2.83(2.84) 1.84(1.86) 3.76(3.84)

DOH 25.4(18.5) 2.88(2.90) 1.93(1.98) 3.88(4.35)

HIO2 3 3 3H2O ADOWIO 54.6(41.8) 2.78(2.82) 1.89(1.93) 3.16(3.24)

DOEIO 42.2(35.1) 2.82(2.80) 2.12(2.08) 2.78(2.78)

DOWIO 37.5(28.7) 2.79(2.82) 1.84(1.87) 3.41(3.62)

DOHEIO 35.7(24.3) 2.80(2.86) 2.11(2.18) 2.94(3.02)

HIO3 3 3 3H2O ADOWIO 54.7(47.6) 2.81(2.80) 1.96(1.98) 3.42(3.50)

DO
2EIO 45.7(39.1) 3.02(3.03) 2.67(2.69) 2.70(2.69)

DODOHEIO 42.9(32.4) 2.89(2.94) 2.49(2.50) 2.79(2.82)

HIO4 3 3 3H2O ADOWIO 56.3(49.8) 2.89(2.92) 2.14(2.18) 3.52(3.55)

DOH
2EIO 39.5(33.4) 2.86(2.86) 2.60(2.61) 2.59(2.59)

aH-bond: rOH; distance between two H-bonded O atoms: rOO; van der Waals or electrostatic interaction: rXO in Å; rXO denotes the X(acid) 3 3 3OH2

distance; rOH denotes either H(acid) 3 3 3OH2 or O(acid) 3 3 3HOH distance; rOO denotes the O(acid) 3 3 3OH2 distance. The (�) means that these
structures do not exist at the B3LYP level of theory (lack of dispersion energy). The most stable structures are marked in bold.
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shows that in the case of D structures the H-bond lengths are
slightly shorter (by ∼0.4 Å).
In the case of monohydrated nitric acid (HNO3), the most

stable conformer is ADO. This structure looks similar to the
A(DO) conformer of HNO2 but different from it, because HNO3

has two full H-bonds, while HNO2 has only one full H-bond and
another very weak H-bond. Thus, HNO3 has a much stronger
binding energy than HNO2 (by ∼10.5 kJ/mol). In the mono-
hyrated HNO3 the rNO distance is shorter than that in the

monohydrated HNO2. The charge qN localized on the N atom in
HNO3 (0.88 au) is substantially larger than the qN of HNO2

(0.51 au). The DOHWNO conformer is less stable than ADO,
however, DOHWNO is additionally stabilized by van der Waals
interaction between N and O. It is important to note that the
formation of the DOHWNO structure is governed by dispersion
energy. At the B3LYP level of theory, this structure cannot be
found. The DO

2 and DO complexes are significantly less stable
than the ADO structure.
The monohydrated hydrogen fluoride (HF) and hydrogen

chloride (HCl) form one stable conformer AH.
50,51 The interac-

tion energy of ClH 3 3 3OH2 is∼8.7 kJ/mol smaller in magnitude
than that of FH 3 3 3OH2. In the case of HBr and HI, both AH and
WXO (X = Br, I) structures exist. It is worth noting that DX (X =
F, Cl, Br) conformers are transformed to different structures
during geometry optimization (DF to AH, DCl to AH, and DBr to
WBrO). The WXO structure is determined by van der Waals
interaction between the heavy halogen (X) and the oxygen (O)
atoms of the water molecule. In the case of monoprotic acids HX
(X = F, Cl, Br, and I) the charge qH decreases with the increasing
atomic number of X. The qH localized on HF, HCl, HBr, and HI
are 0.60, 0.32, 0.24, and 0.09 au, respectively, consistent with the
gradual decrease in interaction energy for the monohydration
phenomenon. In the case of monohydrated HI, we find an
additional DI conformer. Its binding energy is very close to the
AH structure.
In the case of phosphorous acid (H3PO3), there are two

different topological isomers: HP(OH)2O and P(OH)3. HP-
(OH)2O is ∼15.0 kJ/mol more stable than P(OH)3. When the
phosphorous acid (H3PO3; HP(OH)2O) is monohydrated, the
most stable structure is ADOWPO. The structures with a water
molecule acting as a donor (DOH

2WPO and DOHWPO) are
significantly less stable. In the case of ADOWPO structure the
H-bond length rOH is 1.92 Å, while in the case of DOH

2WPO

structure, it is significantly longer (2.43 Å). When the P(OH)3
acid is monohydrated, the most stable structure is ADOHWPO.
Although both acids are isomers, their structures are quite
different, since the P(OH)3 acid does not contain—PdO group
which excludes the formation of ADO forms.
In the case of monohydrated phosphoric acid (H3PO4), the

most stable structure is ADOWPO, while the ADOHWPO structure
is less stable. The most stable structures of monohydrated
H3PO3 and H3PO4 have similar interaction energies, because
both conformers are determined by the ADOWPO motif.
For the monohydrated hydrogen sulfide (H2S), the DS struc-

ture is ∼1 kJ/mol more stable in ΔEe than the AH structure.
However, the relative interaction energy difference inΔE0 is only
∼0.08 kJ/mol, then, the two structures are almost isoenergetic.
The angle (122 ( 6�) between the O�(H) 3 3 3O axis and the
bisecting axis of the out-of-plane H2O molecule in the water
dimer52�57 is in between the angle (92.5�) of the bisecting axis of
the H2S molecule with respect to the S 3 3 3 (H)�O axis in the DS

structure and the angle (146�) of the bisecting axis of the H2O
molecule with respect to the O�(H) 3 3 3 S axis in the AH struc-
ture, because of a slightly stronger acidity for H2S over H2O.
The H2SO3 has two different isomers: sulfonic acid [HS-

(OH)O2 (to be denoted simply as H2SO3)] and sulfurous acid
[(HO)2SO]. The sulfonic acid is ∼4.6 kJ/mol more stable than
the sulfurous acid. For the monohydrated sulfonic acid (H2SO3),
the most stable conformer is ADOWSO. For the monohydrated
sulfurous acid (HO)2SO, the most stable structure A2DOWSO

has three hydrogen bonds. The second lowest energy conformer

Table 3. NBO Charges Localized on the Lowest Energy
Structure of Monohydrated Inorganic Acids at the
MP2/aVDZ Levela

acid structure qX qH(O) qO(H) qOd qH

HBO2 A 1.46 0.57 �1.04 �1.02

H3BO3 ADOH 1.53 0.55 �1.06

HCN AH 0.14 0.25

HNO2 A(Do) 0.51 0.53 �0.64 �0.43

HNO2 A 0.45 0.54 �0.66 �0.35

HNO3 ADO 0.88 0.56 �0.58 �0.50

HF AH �0.63 0.60

P(OH)3 ADOHWPO 1.73 0.55 �1.12

H3PO3 ADOWPO 2.39 0.57 �1.11 �1.22 �0.11

H3PO4 ADOWPO 2.80 0.57 �1.10 �1.23

H2S DS �0.29 0.15

H2S AH �0.32 0.18

(HO)2SO A2DOWSO 1.91 0.54 �0.95 �1.08

(HO)2SO ADOWSO 1.90 0.56 �0.99 �1.06

H2SO3 ADOWSO 2.38 0.57 �0.98 �1.06 0.05

H2SO4 ADOWSO 2.77 0.57 �0.96 �1.03

H2Se DSe �0.14 0.08

HCl AH �0.35 0.32

HClO A 0.16 0.54 �0.72

HClO2 ADOEClO 1.05 0.55 �0.76 �0.85

HClO3 ADOWClO 1.93 0.55 �0.79 �0.87

HClO4 ADO
2WClO 2.61 0.56 �0.78 �0.83

HClO4 ADOWClO 2.61 0.56 �0.78 �0.84

HBr AH �0.26 0.24

HBrO A 0.25 0.54 �0.81

HBrO2 ADOWBrO 1.24 0.55 �0.84 �0.95

HBrO3 ADOWBrO 2.26 0.56 �0.90 �0.99

HBrO4 ADOWBrO 3.02 0.56 �0.88 �0.94

HBrO4 ADOWBrO 3.02 0.57 �0.89 �0.94

HI AH �0.11 0.09

HI DI �0.04 0.05

HIO EIO 0.46

HIO A 0.39 0.53 �0.94

HIO2 ADOWIO 1.56 0.55 �0.99 �1.11

HIO3 ADOWIO 2.82 0.57 �1.08 �1.18

HIO4 ADOWIO 3.80 0.58 �1.08 �1.15
aNBO charges, q, in au. Subscript X denotes the central atom in the
inorganic acid; H(O)/O(H) denotes a H/O atom bonded to an O/H
atom. Od denotes an O atom which is double-bonded to X (if there are
more such oxygen atoms, we report the most negative NBO charge);
subscript H in qH denotes an H atom directly attached to X. The NBO
charges of the monohydrated HIO are not reported. The OH group of
HIO is not involved in any hydrogen bond formation. All reported NBO
charges are localized on the acid.
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ADOWSO is ∼2.8 kJ/mol higher. The structures with a H-bond
formed between the proton donor in the water molecule and the
oxygen atom belonging to the—SdO group (ADO) are slightly
more stable than theADOH structures. The qS ofH2SO3 (2.38 au) is
slightly larger than the qS of (HO)2SO (1.91 au). The rSO distance
in monohydrated H2SO3 (3.34 Å) is relatively longer than that in
(HO)2SO (3.08 Å).
In the case of monohydrated sulfuric acid (H2SO4), the most

stable structure is ADOWSO, which is slightly more stable than
A2DOWSO. During geometry optimization, the hypothetical
ADO

2 motif is converted to the most stable ADOWSO isomer.
The most stable structures of monohydrated H2SO3 and H2SO4

are very close in interaction energy because both conformers are
represented by the ADOWSO motif, as noted in the case of
monohydrated H3PO3 andH3PO4, which are nearly isoenergetic
due to the same ADOWPO motif.
Hydrogen selenide (H2Se) is structurally similar to the

hydrogen sulfide. It forms two different stable conformers with
a water molecule; the structure DSe is slightly more stable than
the structure AH by ∼1.7 kJ/mol, in contrast to the case of
monohydrated hydrogen sulfide (H2S) for which both structural
isomers are very close in energy.
Monohydrated Inorganic Oxyacid Complexes Containing

a Halogen Atom. The acids having chlorine, bromine, and

Table 4. BSSE-Corrected Interaction Energies (ΔEe) at the MP2/aVTZ and CCSD(T)/aVDZ Levels of Theory Along with the
CCSD(T)/CBS Thermodynamic Quantities Estimated with the MP2/aVDZ Thermal Energiesa

MP2 CCSD(T) CCSD(T)/CBS

acid 3 3 3water structure /aVTZ /aVDZ �ΔEe �ΔE0 �ΔHr �ΔGr Th

HBO2 3 3 3H2O A 39.5 37.8 41.3 32.4 34.2 4.5 359

H3BO3 3 3 3H2O ADOH 34.0 32.6 36.4 28.9 29.0 �8.1 245

HCN 3 3 3H2O AH 20.7 19.5 21.0 16.1 16.0 �7.7 236

HNO2 3 3 3H2O A(DO) 29.0 28.4 32.0 23.2 24.8 �9.1 225

HNO2 3 3 3H2O A 29.0 28.4 30.8 22.2 22.9 �6.6 163

HNO3 3 3 3H2O ADO 39.1 39.7 43.9 34.9 36.7 0.8 298

HF 3 3 3H2O AH 34.9 33.4 36.2 24.8 29.3 �0.5 289

P(OH)3 3 3 3H2O ADOHWPO 36.3 35.8 41.3 30.6 33.6 �5.8 246

H3PO3 3 3 3H2O ADOWPO 51.7 49.9 57.6 46.3 50.1 9.4 347

H3PO4 3 3 3H2O ADOWPO 51.2 50.1 58.0 47.1 50.6 11.3 360

H2S 3 3 3H2O DS 11.8 10.1 11.8 5.4 5.9 �17.5 118

H2S 3 3 3H2O AH 11.1 9.6 8.6 3.2 2.9 �19.1 129

(HO)2SO 3 3 3H2O A2DOWSO 45.2 45.6 52.4 40.7 44.5 2.7 299

(HO)2SO 3 3 3H2O ADOWSO 42.0 44.1 50.7 39.6 43.0 2.6 288

H2SO3 3 3 3H2O ADOWSO 49.9 48.1 56.4 46.2 49.3 10.6 346

H2SO4 3 3 3H2O ADOWSO 49.8 48.3 56.0 46.2 49.0 10.6 361

H2Se 3 3 3H2O DSe 10.8 9.0 10.8 4.7 5.0 �18.4 125

HCl 3 3 3H2O AH 22.4 19.8 20.9 12.6 15.7 �12.4 220

HClO 3 3 3H2O A 30.8 28.4 31.9 23.1 24.6 �3.5 279

HClO2 3 3 3H2O ADOEClO 43.0 44.2 51.3 40.6 43.9 4.5 313

HClO3 3 3 3H2O ADOWClO 38.7 40.7 49.1 38.2 41.6 2.1 303

HClO4 3 3 3H2O ADO
2WClO 47.2 46.9 55.8 45.9 48.4 11.4 338

HClO4 3 3 3H2O ADOWClO 45.1 44.6 53.2 43.9 46.2 9.6 285

HBr 3 3 3H2O AH 20.8 15.7 19.1 11.6 14.2 �12.8 198

HBrO 3 3 3H2O A 30.3 27.1 31.4 23.0 24.2 �1.6 290

HBrO2 3 3 3H2O ADOWBrO 46.3 45.2 53.9 43.7 46.8 7.4 315

HBrO3 3 3 3H2O ADOWBrO 46.6 44.6 54.7 43.8 47.3 7.7 306

HBrO4 3 3 3H2O ADOWBrO 51.7 49.8 59.3 48.9 52.0 12.7 358

HBrO4 3 3 3H2O ADOWBrO 50.4 48.3 58.0 48.3 51.2 12.8 360

HI 3 3 3H2O AH 10.2 8.2 (9.3) (3.6) (4.9) (�17.5) 166

HI 3 3 3H2O DI 4.1 (�) (�) (�) (�) (�) (�)

HIO 3 3 3H2O EIO 22.1 16.6 (19.9) (14.1) (14.1) (�16.7) 241

HIO 3 3 3H2O A 25.1 22.2 (27.2) (19.1) (20.1) (�7.0) 101

HIO2 3 3 3H2O ADOWIO 44.1 45.6 (50.8) (40.6) (43.8) (3.9) 356

HIO3 3 3 3H2O ADOWIO 49.1 47.7 (55.4) (43.6) (48.0) (5.0) 328

HIO4 3 3 3H2O ADOWIO 52.8 51.3 (59.7) (49.5) (53.0) (14.8) 388
aΔEe,ΔE0,ΔHr, andΔGr in kJ/mol. The temperature (Th) [K] to form a stable monohydration structure [i.e.,ΔG(Th) = 0] is approximately estimated
based on the harmonic frequency thermal energies. The CCSD(T)/CBS values in parentheses are approximate because only the CRENBLECP basis set
was employed for iodine without basis set expansion. In the case of monohydrated HI (DI), it was not possible to converge CCSD(T) calculations.
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iodine are significantly different from the previous cases. These
heavy atoms are highly electronegative and highly polarizable.
In the case of monohydrated hypochlorous acid (HClO), the

most stable conformer is A, while EClO is significantly less stable
by∼15.9 kJ/mol. The EClO structure has no hydrogen bond, but
it is formed because of relatively strong electrostatic attraction
between the negatively charged oxygen atom of water molecule
and the positively charged chlorine atom (qCl = 0.16 au) of
hypochlorous acid. In this case, the interatomic distance between
Cl andO (2.77 Å) is much shorter in comparison with the sum of
the van der Waals radii (3.27 Å), since the electrostatic interac-
tion overwhelms the van der Waals interaction.
For the chlorous acid (HClO2), the ADOEClO structure is the

most stable. For the monohydrated chloric acid (HClO3), the
ADOWClO structure is the most stable. In the case of monohy-
drated perchloric acid (HClO4), the ADO

2WClO structure is
slightly more stable than the ADOWClO structure by∼1.8 kJ/mol.
The DO conformer is significantly less stable in comparison with
ADO

2WClO and ADOWClO clusters.
The monohydrated hypobromous acid (HBrO) forms con-

formers similar to the monohydrated hypochlorous acid. The A
conformer is the most stable. The EBrO conformer which has no
hydrogen bond is less stable by ∼8.1 kJ/mol. The electrostatic
interaction between bromine and oxygen is stronger in compar-
ison with the EClO structure of monohydrated HClO because the
qBr of HBrO is 0.25 au. The monohydrated bromous acid
(HBrO2) forms four different molecular complexes. The most
stable conformer is represented by the ADOWBrO motif. The
D-type structures are significantly less stable in comparison with
ADOWBrO. The bromic acid (HBrO3) forms a few different
structures by interacting with a water molecule; the ADO and D
types. The most stable conformer is ADOWBrO. The D con-
formers are significantly less stable. We also tried to find A, DO,
and DOH motifs. During geometry optimization, all these con-
formers are converted to different structures (A to ADOWBrO

and DO as well as DOH are transformed to DOHDOEBrO). The
monohydrated perbromic acid (HBrO4) forms two stable
ADOWBrO conformers. Both clusters are very close in energy.
During geometry optimization, hypothetical A, DO, and DOH are
converted to the most stable ADOWBrO form.
In the case of monohydrated hypoiodous acid (HIO), it is

surprising that the most stable structure (EIO) has no hydrogen
bond. TheEIO conformer is governed by electrostatic interactions.
The conformer A is slightly less stable than EIO by ∼0.6 kJ/mol
in ΔEe and ∼2.9 kJ/mol in ΔE0. In the series of HXO acids
where X is Cl, Br, or I, the interaction energy difference between
A and EXO structures decreases with the increasing atomic mass
of the halogen atom. In the case of hypoiodous acid, this order is
even reversed. The relative interaction energy difference in
�ΔEe(�ΔE0) between A and EXO for HClO, HBrO, and
HIO is ∼20.0(15.9), ∼11.0(8.1), and ∼�0.6(�2.9) kJ/mol,
respectively. For the monohydrated iodous acid (HIO2), the
most stable conformer is ADOWIO. In this case, the H-bond
length (X�OH 3 3 3OH2) is slightly shorter than that in HBrO2.
In the case of monohydrated iodic acid (HIO3) the ADOWIO

structure is similar to those formed by HBrO3. We also tried to
find A, DO, and DOH conformers for the monohydrated HIO3.
During geometry optimization, A as well as DO are transformed
to the most stable ADOWIO form, and the DOH structure is
converted to a less stable DOHDOEIO isomer. For the periodic
acid (HIO4), the ADOWIO structure is the most stable. The
DOH

2EIO conformer is significantly less stable, however, the

structure of DOH
2EIO is determined by strong electrostatic

interaction between I and O. During geometry optimization,
hypothetical A, DO, and DOH are converted to the most stable
ADOWIO form.
To verify the reliability of CRENBL ECP basis set for iodine,

we carried out calculations for HBrOn=0�4 3 3 3H2O complexes
employing the CRENBL ECP basis set for the bromine atom and
the aVDZ basis set for oxygen and hydrogen. The calculated
values are in good agreement with the results obtained for the
same complexes where all the atoms were treated with the aVDZ
basis set. In general, the order in stability of conformers is
preserved. However, in some cases when the energy differences
between conformers are small, the order is changed. The largest
binding energy difference (in terms of �ΔE0) can be observed
for monohydrated HBrO2 (DOWBrO motif). In this case, the
energy difference is 6.9 kJ/mol. In other cases the corresponding
energy differences are substantially smaller. The order is reversed
for the DODOHEBrO and DO

2EBrO conformers of monohydrated
HBrO3. However, both structures are almost isoenergetic. For
comparison, the table listing the results of HBrOn=0�4 3 3 3H2O
complexes based on the above basis sets is in the Supporting
Information (Table S3).
All reported NBO charges are localized on the acid (Table 3).

The NBO charges localized on hydrogen atom (qH(O)) belong-
ing to the�OH group are similar; the relative differences do not
exceed 0.05 au. The NBO charges localized on oxygen atom
(qO(H)) are significantly different depending on different chemi-
cal species. Formetaboric and orthoboric acids, qO(H) charges are
�1.04 and �1.06 au, respectively. Those values are significantly
more negative in comparison with nitrous and nitric acids (�0.64
and �0.58 au, respectively). In the case of acids containing
phosphorus, the qO(H) charges are slightly more negative in
comparison with the boric acids. The acids containing halogen
atoms enable more in-depth analysis of the charge distribution.
As the atomic mass of halogen atom increases, the corresponding
qO(H) NBO charge becomes more negative. This is directly
related to the NBO charge qX of the halogen atom. As the atomic
mass of X increases, the NBO charge localized on the central
atom is more positive, thus the X�O bond becomes highly
polarized. The qX’s are positive, except for acids which do not
contain oxygen atoms. In the case of diprotic acidsH2X (X = S, Se),
the qX is more negative for the hydrogen sulfide. The sulfur is
more electronegative than selenium, thus the S�H bond is more
polarized. In both cases the most stable structures are DX, thus
the interaction energy is determined by a proton donor of the
water molecule. In the case of monohydrated hydrogen halide
acids, the most stable structure is A, since the charge distribution
of HX highly affects the interaction energy.
Interaction Energies, BondDistances, NBOCharges, and IR Red-

Shifts of�OH Vibrational Modes with Respect to the Number of
Oxygen Atoms (n) in HXOn=0�4 (X = Cl, Br, I).The plots in Figure 2
are based on theminimum-energy structures [(HBO2/A�H3BO3/
ADOH), (HNO2/A(DO)�HNO3/ADo), (H3PO3�4/ADoWPO),
(H2SO3�4/ADoWSO), (HClO/A�HClO2�3/ADoWClO�HCl-
O4/ADo

2WClO), (HBrO/A�HBrO2�4/ADoWBrO), and (HIO/
A�HIO2�4/ADoWIO)]. Figure 2a shows the relationship between
binding energy [kJ/mol] and number of oxygen atoms (n) in
monohydrated inorganic acids. FormonohydratedHXOn=0�4 (X =
Cl, Br, I) the binding energy (the negative value of interaction
energy) increases up to n = 2 and becomes almost constant for n =
2�4. In the case of n = 3, the binding energy is slightly smaller than
those of n = 2,4.
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Figure 2b shows the relationship between the qXNBO charges
and number of oxygen atoms (n) in various inorganic acids. The
graph clearly demonstrates the direct proportional relation be-
tween qX and n (except boron containing acids). The NBO
charges localized on iodine are relatively more positive than those
on bromine and chlorine. The qN charges localized on HNO2 and
HNO3 are less positive in comparison with other inorganic acids.
Figure 2c and d shows the rOH and rXO distances. The

relationship between rOH and n and that between rXO and n
are similar. In both cases, for most systems, the bond length in-
creases with n. On the other hand, the rOH and rXO tend to increase
with n for the conformations having the same type of motif.
However, when the conformation motif changes significantly,
such trends can be changed, as can be noted for the changes in the
cases of (HNO2�3), (HClO1�2), and (HBrO1�2).
Figure 2e and f shows the relationship between the IR red-

shifts of �OH stretching vibrational modes (asymmetric and
symmetric) of the water molecule and the number of oxygen

atoms (n) for themost stable monohydrated inorganic acids. The
asymmetric and symmetric vibrational modes refer to the water
molecule. The IR red-shifts for �OH symmetric vibrational
modes aremuch larger than those for�OHasymmetric vibrations,
as in water clusters.58 The water symmetric OH stretch fre-
quency [ν3(OH)] tends to be maximized around n = 3; the water
asymmetric OH stretch frequency [ν1(OH)] tends to be max-
imized around n = 2. This trend is not valid in the case of
(HBO2�H3BO3), because the conformation motif is completely
different.
For the most stable conformers, we analyze the OH stretching

harmonic frequencies calculated at the MP2/aVDZ level of
theory, the vibrational analysis is provided to facilitate future
experiments. Figure 3 (and Tables S4 and S5 in the Supporting
Information) shows the OH stretching frequencies involved in
the H-bonding between the acid and the water molecule. The
�OH stretching vibrational modes are important in structure
identification during infrared photodissociation spectroscopy

Figure 2. Plots of interaction energy [ΔE0 in kJ/mol] (a), NBO charge [qX in au] (b), MP2/aVDZ rOH in Å (c), MP2/aVDZ rXO in Å (d), IR red-shifts
of�OH asymmetric (e) and asymmetric (f) vibrational frequencies in cm�1, with respect to the number of oxygen atoms (n). H1,3BOn denotes HBOn=2

and H3BOn=3. All plots are based on the minimum-energy structures [(HBO2/A�H3BO3/ADOH), (HNO2/A(DO), HNO3/ADo), (H3PO3�4/
ADoWPO), (H2SO3�4/ADoWSO), (HClO/A�HClO2�3/ADoWClO�HClO4/ADo

2WClO), (HBrO/A�HBrO2�4/ADoWBrO), and (HIO/A�HIO2�4/
ADoWIO)]. The binding energy tends to increase up to n = 2 but becomes almost similar for n = 2�4; ν3(OH) tends to be maximized around n = 3;
ν1(OH) tends to be maximized around n = 2. On the other hand, qx, rOH, and rXO tend to increase with n for the conformations having the same type of
motif. When the conformation motif changes significantly, such trends can be changed, as can be noted for the changes in the cases of (HBO2�H3BO3),
(HNO2�3), (HClO1�2), and (HBrO1�2).

http://pubs.acs.org/action/showImage?doi=10.1021/ct100428z&iName=master.img-001.jpg&w=320&h=368
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(IRPD) experiments. The IR vibrational frequencies show signifi-
cant differences between acids with and without oxygen atoms. It
is interesting to note the higher red-shifts of the�OH frequencies
with increasing number of n forHXOn 3 3 3H2O,where X=Cl, Br, I.
Some IR spectra exhibit coupling modes, which correspond to
the simultaneous vibrations of �OH groups in inorganic acids
and water molecules. The analysis of IR spectra of HClO, HBrO,
and HIO clearly shows that the minimum-energy structure for
HIO significantly differs from those of HClO and HBrO.
The anharmonicity of �OH stretching modes is crucial for

monohydrated inorganic acids. Ab initio calculations carried out
with an appropriate wave function model using the harmonic
approximation can reasonably reproduce the shift of the A�H
stretching band upon H-bonding. It is particularly so, if the
equilibrium structure is located in a relatively deep potential well,

so that both the υ = 0 and the υ = 1 vibrational states of the
proton-stretching mode are confined within this well. However,
if the equilibrium structure is found in a region of the potential
energy surface, which is broad and relatively flat, or if a second
region of the surface can be accessed in either the υ = 0 or the
υ = 1 vibrational state of the proton-stretching mode, then the
harmonic approximation fails. The potential energy surfaces for
many monohydrated inorganic acids are relatively broad and flat.
The analysis of very intensive �OH stretching modes of
inorganic acids clearly shows that the differences between an-
harmonic and scaled harmonic frequencies (the scaling factor is
0.957)4b for this stretching mode in some cases are ∼100 cm�1.
Thus, for the most stable conformers, we calculated anharmonic
frequencies based on the quartic potential surface using the
Gaussian 03 suite of programs. Figure 3 contains the anharmonic

Figure 3. Predicted IR spectra of the OH anharmonic stretching frequencies (MP2/aVDZ values [cm�1]). Thin lines represent stretching �OH
vibrational modes of OH group which is involved in H-bond formation.

http://pubs.acs.org/action/showImage?doi=10.1021/ct100428z&iName=master.img-002.png&w=474&h=462


3457 dx.doi.org/10.1021/ct100428z |J. Chem. Theory Comput. 2011, 7, 3447–3459

Journal of Chemical Theory and Computation ARTICLE

frequencies for symmetric and asymmetric �OH stretching
modes. It is important to note that scaled harmonic frequencies
are usually in good agreement with anharmonic frequencies.
It is interesting to comparemonohydratedHXOn=2 complexes

(as a representative case of HXOn=1�3 for convenience’s sake)
with monohydrated HX complexes (X = F, Cl, Br, I). The SAPT-
DFT calculations show that the electrostatic component in the
monohydration energy is dominant (Ees) due to the H-bonding
nature of both complexes (Figure 4). In the case of mono-
hydratedHX clusters, themagnitude of electrostatic energy (|Ees|)
decreases with increasing size of the halide and so is the exchange
energy (Eexch*) because the equilibrium distance is determined
mainly by the sum of (Ees + Eexch*) as long as the absolute values
of induction (|Eind*|) and dispersion energies (|Edisp*|) are small.
In the case of F, the F 3 3 3H�O distance is so short that the
|Edisp*| is large, but the Eexch* is even larger. Thus, excluding the
case of F, the |Edisp*| increases with increasing size of the halide,
but the value is not significant. On the other hand, in the case of
monohydrated HXO2 clusters the magnitude of electrostatic
energy (|Ees|) increases with increasing size of the halide in
contrast to the case of monohydrated HX clusters, and the
dispersion and induction terms are significant. The B3LYP
functional does not take into account the dispersion energy,
thus in the presence of heavy X atoms, the interaction energies
are smaller in magnitude than the MP2 values, and the intera-
tomic distances are relatively longer.
In some cases, the minimum energy conformers are not stable

at standard conditions. The stability of these complexes is
analyzed on the basis of Gibbs free energy values (ΔGr). In
Table 4 we report Th values for the most stable conformers. Th

corresponds to temperature at which Gibbs free energy is zero
(ΔG(Th) = 0). The Th values gives the information at what
temperature a specific acid complex will have the same concen-
tration, as the inorganic acid is no longer bound to water.

’CONCLUDING REMARKS

We conducted a comprehensive analysis of different mono-
hydrated inorganic acids. We carried out geometry optimization
along with harmonic frequency calculations at the B3LYP and
MP2 levels of theory. For each molecular system we studied all
possible conformers. For inorganic acids without oxygen atoms,
one or two stable conformers are found. In the case of mono-
protic hydrogen halide acids, HX (X = F, Cl) one stable structure
is found. For heavier halogen atoms, two stable structures are
formed. The second structure does not contain H-bonds, the
positively charged X atom interacts with the negatively charged

oxygen atom of water molecule. The most stable monohydrated
hydrogen halide is formed by the hydrogen fluoride. The mono-
hydrated hydrogen iodide has the smallest binding energy (the
negative value of interaction energy). Among monohydrated
hydrogen halides, the diprotic acids H2X (X = S, Se) form two
different stable conformers. The H2S 3 3 3H2O complex is slightly
more stable than H2Se 3 3 3H2O. The metaboric acid as well as the
orthoboric acid forms one stable structure, while interacting with
a single water molecule. In the case of other acids, the number of
possible conformers is substantially larger. In the majority of cases,
AD structures are preferred. The AD structure has two H-bonds,
while both acid and water are proton donors and acceptors. The
inorganic acids, including chlorine, bromine, and iodine atoms,
form slightly different structures. The most stable conformer in
the case of HIO 3 3 3H2O complex has no H-bond. The structure
is determined by the electrostatic interactions between iodine
and oxygen. In many cases, the structures of HXOn=1�4 (X = Cl,
Br, and I) are additionally stabilized by noncovalent X 3 3 3O van
der Waals interactions, including the X+

3 3 3O
� electrostatic

interactions. The hydronium cation is not formed in the case of
monohydrated inorganic acids. In general, the hydronium cation
which is formed by proton transfer from the acid to the water
molecule is stabilized by other water molecules in the molecular
system. For the most stable conformers, we calculated the inter-
action energy at the CCSD(T)/CBS level of theory. As compared
with the CCSD(T)/CBS results, the B3LYP method highly
underestimates the binding energies. The MP2/aVDZ values
are not significantly different from the CCSD(T)/CBS results;
the relative interaction energy differences in the present systems
do not exceed ∼8.2 kJ/mol. The IR spectra of acid 3 3 3water
systems are reported to facilitate the experiments, showing the
characteristic features of H-bond interactions.

The detailed analysis of many different monohydrated inor-
ganic acids shows that the complex formation is determined by
many different factors. The geometry of the resulting complexes
depends on the electronegativity of the central atom, its atomic
radius, and the position of the�OH groups relative to the XdO
groups. In many cases, not only the noncovalent van der Waals
interactions but also the X+

3 3 3O
� electrostatic interactions

additionally stabilize the acid 3 3 3water complexes.

’ASSOCIATED CONTENT

bS Supporting Information. Table S1 is the MP2(B3LYP)/
aVDZ ZPE-uncorrected/ZPE-corrected interaction energies and
thermodynamic properties for various conformers of monohydrated

Figure 4. SAPT-DFT energy contributions [kJ/mol] for monohydrated HX (X = F, Cl, Br, I) and monohydrated HXO2 (X = Cl, Br, I) complexes. Ees,
Eind*, Edisp*, and Eexch* denote electrostatic, effective induction, effective dispersion, and effective exchange�repulsion energies, respectively.
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inorganic acids. Table S2 is the MP2(B3LYP)/aVDZ ZPE-
uncorrected/ZPE-corrected binding energies and thermodynamic
properties for various conformers of monohydrated inorganic
acids containing halogen atoms. Table S3 is the MP2(B3LYP)/
aVDZ ZPE-uncorrected/ZPE-corrected interaction energies and
thermodynamic properties formonohydratedHBrOn=0�4. Table
S4 is the MP2/aVDZ scaled harmonic (scaling factor =0.957)
and anharmonic vibrational frequencies for the most stable
conformers. Table S5 is the MP2/aVDZ scaled harmonic
(scaling factor =0.957) vibrational frequencies for less stable
conformers. This material is available free of charges via the
Internet at http://pubs.acs.org.
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