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The problem of the formation and stability of structurally nonrigid, donor—acceptor mo�
lecular complexes is considered. These complexes are formed between the molecules of water
and hydrogen fluoride, the latter being the hydrolysis product of the chemical, radiochemical,
and metallurgical industrial wastes. Based on the results of ab initio quantum�chemical calcu�
lations of the potential energy surfaces by the Hartree—Fock—Roothaan method, the equilib�
rium configurations of the (H2O)n(HF)m complexes (n : m = 1 : 1; 1 : 2; 2 : 1; 2 : 2; and 3 : 3)
were determined. These configurations are necessary for correct interpretation of the IR
absorption spectra and for routine remote monitoring of such environmentally hazardous
complexes in the Earth atmosphere. The harmonic vibrational frequencies of the (H2O)n(HF)m
complexes (n + m ≥ 2) were calculated and the interaction energies between the monomers
were found. The influence of UV radiation on the (H2O)n(HF)n complexes (n = 1—3) upon the
transition from the ground to the lowest excited singlet electronic state was studied. Character�
istic spectroscopic features of the (H2O)n(HF)m complexes were established.
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Solving problems of on�line monitoring of the gas and
aerosol industrial discharges requires obtaining reliable
information on the concentrations and molecular com�
positions of the discharges in the real�time mode. At
present, remote probing methods based on the use of the
near and mid�IR lasers are thought to be the most prom�
ising for this purpose.1 Efficient use of these instruments
as well as the development of physical foundations of
novel probing techniques requires detailed information
on the vibrational spectra of the radioactive and toxic
discharge components. Chemically active antropogenic
toxicants (fluorides, hydrides, etc.) can readily interact
with the main molecular atmospheric gases and first of all
with water vapor present in the Earth atmosphere in rather
large amounts (0.02 to 4 mass.% at low altitude).2

In addition to the products of chemical transforma�
tions that can mainly occur involving the species present
in relatively high concentrations, the donor—acceptor
molecular complexes with the bonding energies varying
from several tens of calories to several kilocalories can

form under the atmospheric conditions.3,4 The optical
activity of such complexes can be rather high. Therefore,
they can be responsible for additional radiation loss in the
atmosphere in some industrial areas (e.g., in the areas
with a large number of chemical, radiochemical, elec�
tronic, and metallurgical productions, etc.) as well as for
variations of the solar flux.4 Usually, the gas�phase do�
nor—acceptor complexes are characterized by a number
of large�amplitude nuclear motions,4—6 which alter their
vibrational spectra (and parameters of the spectral com�
ponents) and cause the appearance of new bands corre�
sponding to intermolecular vibrations. In turn, these fac�
tors are responsible for severe difficulties when detecting
and estimating the concentrations of the molecular com�
plexes in the Earth atmosphere using modern remote prob�
ing techniques.

Earlier,3—5 we have studied the spectrochemical as�
pects of the remote monitoring of accidental discharges
on nuclear fuel cycle installations and on some produc�
tions that employ volatile fluorine�containing compounds
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including strong inorganic fluoro oxidants.7,8 Analysis
showed that the most toxic and chemically reactive com�
ponents of the discharge plumes of the above�mentioned
productions include UF6, SiF4, and interhalides like XF3
and XF5 (X = Cl, Br). At the same time, virtually all
stages of hydrolysis of these compounds in the Earth at�
mosphere involve the formation of HF, which is one of
the most environmentally hazardous antropogenic, mi�
nor gas component of the Earth atmosphere.9

Though the parameters of the HF molecule are well
known10 and are available from virtually all spectroscopic
database systems (see, e.g., Ref. 11), their use when solv�
ing problems of on�line laser monitoring of atmosphere is
not always appropriate. This is due to the possibility for
stable, structurally nonrigid complexes of general formula
(HF)n(H2O)m (n + m ≥ 2) to be formed in the interaction
between HF and H2O.3—5,8,12 The rovibrational spectra
of such complexes can be appreciably different from those
of pure HF and H2O. The formation conditions of stable
and long�lived (in the Earth atmosphere) complexes and
the parameters of their absorption spectra, which can be
employed in developing novel efficient methods for de�
tecting these environmentally hazardous compounds, have
virtually not been studied so far.

The aim of this work was to carry out a quantum�
chemical study of the structure, stability, and vibrational
spectra of the (HF)n(H2O)m complexes (n + m ≥ 2) and of
the influence of UV radiation on such complexes on go�
ing from the ground to the lowest excited singlet elec�
tronic state.

Calculation Procedure

The potential energy surfaces (PES) of the (HF)n(H2O)m
complexes were calculated by the Hartree—Fock—Roothaan
(HFR) method using the MONSTERGAUSS 13 and
GAUSSIAN�98 14 program packages which were adapted for
personal computers with Pentium® CPUs. The 6�31G** split
valence basis set (see, e.g., Ref. 15) employed in this work in�
cludes the outer polarization d�functions on the F and O atoms
and p�functions on H atoms.

The calculated geometric parameters and energy character�
istics of the HF and H2O molecules and of the H2O...HF com�
plex with Cs symmetry in the configuration corresponding to the
absolute minimum on the PES (Fig. 1) are listed in Table 1. The
harmonic vibrational frequencies of the monomers and the com�
plex calculated with an increment of ±0.1 au along the vibra�
tional coordinates are listed in Table 2. For comparison, Tables 1
and 2 also list the experimental values and the results of more
precise calculations performed using the Møller—Plesset (MP)
perturbation theory with inclusion of electron correlation effects.

As can be seen from the data in Table 1, the calculated
equilibrium internuclear distances and the H—O—H bond angle
in the monomer molecules differ from the experimental values

Table 1. Geometric parameters and energy characteristics of the HF and H2O monomers and H2O...HF complex calculated by
different methods and corresponding experimental valuesa

Molecule Symmetry Computational ∆E Re/Å Angle/deg
method /kcal mol–1

Hb—F O—H O—F H—O—H α Hb—F—O

HF C∞v HFR/6�31G**b — 0.90 — — — — —
Experiment16 — 0.92 — — — — —

H2O C2v HFR/6�31G**b — — 0.94 — 106 — —
Experiment17 — — 0.96 — 105 — —

H2O...HF Сs HFR/6�31G**b 9 0.91 0.94 2.72 107 134 4
MP2/6�31G**b 11 0.93 0.96 2.67 105 131 6
MP2/6�311G**18 11 0.92 0.96 c 2.64 105 c 129 5
MP3/6�311G**18 11 0.92 0.96 c 2.65 105 c 133 3
Experiment18,19 — — — 2.66 — 134 —
MP4/6�311+G(2d,2p)20 9 d 0.92 d — 2.72 d — — 5 d

Experiment21 10 — — — — — —

a For the atomic numbering scheme, see Fig. 1; ∆E is the bonding energy of monomers in the complex; and α is the angle between the
O—F axis and the bisectrix of the H—O—H angle.
b This work.
c Calculations18 at the second� and third�order Møller—Plesset level of perturbation theory (MP2 and MP3, respectively) were
carried out with the experimental17 geometric parameters of the H2O molecule.
d Obtained from calculations at the fourth�order Møller—Plesset level of perturbation theory (MP4) performed with the geometric
parameters optimized by the HFR/6�31G* method.

Fig. 1. Geometric parameters of H2O...HF complex (Cs sym�
metry) obtained from HFR/6�31G**calculations; Etot =
–176.0497 au, the H—O—H angle is 107° and the O—Hb—F
angle is 176°. The internuclear distances are given in Å; Hb is the
bridging hydrogen atom.
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by at most 0.02 Å and 1°, respectively. The harmonic vibrational
frequencies of the monomers (see Table 2) are overestimated
(up to 9%) compared to the experimental values. Partial inclu�
sion of electron correlation at the second�order Møller—Plesset
(MP2) level of perturbation theory reduces the frequencies and
the differences between the calculated and experimental data
down to 2%. This agreement between the calculated molecular
constants of the monomers and the corresponding experimental
values allows the 6�31G** basis set to be used in theoretical
studies of the molecular characteristics of the H2O...HF complex.

Analysis of the data listed in Table 1 and comparison of the
results of our calculations of the H2O...(HF)2 and HF...(H2O)2
complexes with the corresponding data obtained from more pre�
cise MP2 calculations23 showed that the computational method
employed in this work (HFR/6�31G**) for theoretical studies of
the (HF)n(H2O)m complexes provides the errors of at most
0.01—0.04 Å for the equilibrium bond lengths in the monomers,
0.05—0.10 Å for the hydrogen bond lengths, 2—10 degrees for
the bond angles and dihedral angles, and 1—2 kcal mol–1 for the
complexation energies. The harmonic vibrational frequencies
(ωi) of the H2O...HF complex calculated in this work (see
Table 2) are, as a rule, overestimated up to 18 and 42% com�
pared to the experimental frequencies of fundamental transi�
tions (νi) corresponding to intramolecular and intermolecular
modes, respectively.22 Anharmonicity of the molecular vibra�
tions, which contributes to the frequencies of the fundamental
transitions, introduces an additional contribution to an increase
in discrepancies with the calculated harmonic frequencies and is
significant when describing the vibrational spectra of loosely
bound hydrogen�bonded complexes.

The stationary points on the PES of the complexes under
study were located using full geometry optimization by the
Broiden—Fletcher—Goldfarb—Shanno24 and using a combina�
tion of the Newton—Raphson methods.25 Calculations were
carried out until a total energy gradient of 5•10–4 hartree Bohr–1.
This allowed calculations with an accuracy of 0.001 Å for the
equilibrium internuclear distances, 3 degrees for the bond angles

and dihedral angles, 0.001 kcal mol–1 for the complexation en�
ergies, and ∼1 cm–1 for harmonic vibrational frequencies. This
accuracy of the geometry optimization can be considered rea�
sonable taking into account rather large errors of determination
of the parameters of the complexes under study due to incom�
pleteness of the basis set employed and to neglect of electron
correlation effects in the HFR computational procedure.

The energies (ε) of the S0 → S1 vertical electronic transitions
were calculated by the restricted Hartree—Fock method for
open�shell systems26—29 from the total energy differences be�
tween the complex in the first excited singlet state, Etot(S1), and
in the ground singlet state, Etot(S0). The excited electronic state
S1 corresponds to transition of an electron from the highest
occupied MO, ϕocc, of the ground state S0 to the lowest unoccu�
pied MO, ϕvac, with retention of symmetry of the spin function.
The ε values calculated for the HF and H2O monomers (9.7 and
7.8 eV, respectively) are in good agreement with the experimen�
tal data30 (10±0.2 and 7.4 eV, respectively). This allowed the use
of the computational procedure described above for studying the
influence of UV radiation on such complexes in the spectral
region corresponding to electronic transitions between the low�
est singlet states.

Results and Discussion

The first experimental IR study22 revealed the exist�
ence of the (H2O)n(HF)m complexes (n, m ≥ 2) at high
pressures; however, measurements were carried out only
for the H2O...HF (1 : 1) complex. The enthalpy of complex
formation, ∆H°298, was estimated at –6.2 kcal mol–1,22

which corresponds to the dissociation energy D0 =
–5.5 kcal mol–1 and to the total dissociation energy De =
–7.1 kcal mol–1. Here |De| = |D0| + ∆ε0, where ∆ε0 =
(ε0(H2O...HF) – ε0(H2O) – ε0(HF)) is the zero�point
vibrational energy correction for the complex and the

Table 2. Harmonic vibrational frequencies (ωi/cm–1) of the HF and H2O monomers and H2O...HF complex

H2O...HF H2O HF

Calcu� Experi� Assign� Calcu� Experi� Assign� Calcu� Experi� Assign�
lationa ment22 mentb lationa ment17 mentb lation ment16 mentb

4270 3608±2 ν(HbF) 4265 a 3939 νas(OH) 4493 a 4138 ν(HF)
4258 3756 νas(OH) 4052 c — — 4212 c — —
4142 3657 νs(OH) 4010 d — — 4119 d — —
1765 1595 δ(HOH) 4148 a 3835 νs(OH) — — —
760 696±30 δi(OHbF) 3909 c — — — — —
626 666±30 δo(OHbF) 3863 d — — — — —
236 180±30 ν(H2O...HbF) 1770 a 1648 δ(HOH) — — —
206 145±50 δo(HOHb) 1674 c — — — — —
194 170±50 δi(HOHb) 1620 d — — — — —

a This work.
b The frequencies (ν)22 of fundamental transitions are reported for the complex (see Fig. 1). Notations: νs and νas are the symmetrical
and asymmetrical stretching vibrations, respectively, and δ denotes the deformation vibrations in plane (δi) and out of plane (δo) of the
H2O molecule.
c Obtained from our MP2/6�31G** calculations.
d Obtained from MP2/6�31++G** calculations.23
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monomers. Further microwave spectroscopy studies31—33

of thermodynamically equilibrated H2O...HF gas hydrate
(n(H2O) = 1.85•1019, n(HF) = 6.66•1020, n(H2O...HF) =
10.03•1015 m–3) showed that the dissociation energy, D0,
equals –8.1 kcal mol–1. The estimate of the total disso�
ciation energy (De = –10.2 kcal mol–1) is in good agree�
ment with the results of ab initio quantum�chemical cal�
culations20 (–8.8 kcal mol–1). It should be noted that the
latter value is much higher than that obtained from the IR
spectra (–7.1 kcal mol–1),22 whereas the formation en�
thalpy of the complex obtained from the IR spectroscopic
study insignificantly differs from the calculated value20

(∆H°298 = –6.2 and –7.4 kcal mol–1, respectively).
The IR spectrum of a HF—H2O mixture in an Ar

matrix at 12 K revealed34 the presence of three dif�
ferent types of hydrogen�bonded complexes, namely,
H2O...(HF)2, H2O...HF, and HF...HOH (listed in the
order of increasing stability). Despite the lack of experi�
mental data, the existence of the (H2O)2...HF complex
was suggested based on the observation of a strong ab�
sorption band in the IR spectrum in the region corre�
sponding to vibrations of the (H2O)2 dimer.34

A systematic theoretical study23 of the structure, sta�
bility, and IR spectra of the H2O...(HF)2 and (H2O)2...HF
complexes allowed the determination of a total of three
stable equilibrium structures among all possible configu�
rations of these complexes. However, the existence of the
HF...HOH complex was not established.

In this work we carried out ab initio HFR quantum�
chemical calculations of the following molecular systems:
H2O...HF, H2O...(HF)2, (H2O)2...HF, (H2O...HF)2, and
(H2O...HF)3.

Stability of (H2O)n(HF)m complexes. The geometry of
the H2O...HF complex (Cs symmetry) characterized by a
bonding energy, ∆E, of 9 kcal mol–1 (see Table 3) and
corresponding to the absolute minimum on the PES is
shown in Fig. 1. According to our calculations, the energy
of the planar structure of this complex with a linear hy�
drogen bond (C2v symmetry) is 0.05 kcal mol–1 higher
(cf. 0.13 kcal mol–1 obtained from the HFR calculations18

with the extended 6�311G** basis set and 0.49 and
0.41 kcal mol–1 according to calculations18 performed
with the same basis set and inclusion of electron cor�
relation by the MP2 method and at the third�order
Møller—Plesset (MP3) level of perturbation theory, re�
spectively).

For the H2O...(HF)2 complex our calculations predict
two stable configurations (∆E = 15 and 21 kcal mol–1, see
Table 3) corresponding to the open and cyclic structures
(Fig. 2, a, b). This is in excellent agreement with the
published results.23 The cyclic configuration of the
H2O...(HF)2 complex is more stable.

Similarly to the earlier study,23 the (H2O)2...HF com�
plex corresponds to the cyclic structure (Fig. 2, c) with
∆E = 20 kcal mol–1 (see Table 3). The cyclic structure of

the (H2O)2(HF)2 complex (Fig. 3) is characterized by
∆E = 33 kcal mol–1 (see Table 3), while the (H2O)3(HF)3
complex can be formed as both the chain structure with
∆E = 36 kcal mol–1 (Fig. 4) and as the cyclic structure
with ∆E = 55 kcal mol–1 (Fig. 5, see Table 3). Attempts at
locating other local minima corresponding to the posi�
tive�definite matrix of the second derivatives of the total
energy on the PES of the 2 : 1, 2 : 2, and 3 : 3 complexes
failed. As follows from Table 3 and Fig. 1—5, the cyclic
structure of the (H2O)3...(HF)3 complex is the most stable
among all configurations of the (H2O)n(HF)m complexes
(n + m ≥ 2) studied in this work from the standpoint of the
bonding energy per H�bond.

More detailed analysis of the data listed in Table 3
showed that all the (H2O)n(HF)m complexes, except for
the chain configuration of the (H2O)3(HF)3 complex (see
Fig. 4), are energetically stable toward all types of gas�
phase monomolecular decomposition. The chain struc�
ture of the (H2O)3(HF)3 complex is unstable toward the
decomposition into the 2 : 2, 1 : 1, 2 : 1, and 1 : 2
complexes. Nevertheless, as will be shown below, this

Table 3. Monomolecular decomposition energies (∆E) of the
(H2O)n(HF)m complexes, obtained from HFR/6�31G** calcu�
lations

Complex Decomposition products ∆E
/kcal mol–1

(H2O)(HF) H2O + HF 9
(H2O)(HF)2 (H2O)(HF) + HF 12

H2O + 2 HF 21
(H2O)2(HF) (H2O)(HF) + H2O 11

2 H2O + HF 20
(H2O)2(HF)2 (H2O)(HF)2 + H2O 12

(H2O)2(HF) + HF 12
2 (H2O)(HF) 15
(H2O)(HF) + H2O + HF 24
2 H2O + 2 HF 33

(H2O)3(HF)3 (H2O)2(HF)2 + (H2O)(HF) 14
(H2O)2(HF)2 + H2O + HF 23
(H2O)2(HF) + (H2O)(HF)2 14
(H2O)2(HF) + (H2O)(HF) + HF 26
(H2O)2(HF) + H2O + 2 HF 35
(H2O)(HF)2 + (H2O)(HF) + H2O 25
(H2O)(HF)2 + 2 H2O + HF 34
3 (H2O)(HF) 28
2 (H2O)(HF) + H2O + HF 37
(H2O)(HF) + 2 H2O+ 2 HF 46
3 H2O + 3 HF 55

Note. The energy, ∆E, of the decomposition reaction A → Ai is

given by the formula ∆E = Etot(Ai) – Etot(А), where Etot(A)

and Etot(Ai) are the total energies of the complex, A, and the
decomposition products, Ai, in the lowest energy configura�
tions; Etot(H2O) = –76.0236 au and Etot(HF) = –100.0117 au.
For the total energies of other molecular systems, see Notes to
Figs. 1—5.
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Fig. 2. Geometric parameters of the complexes H2O...(HF)2
with C2v symmetry (a), H2O…...(HF)2 with C1 symmetry (b),
and (H2O)2…...HF with C1 symmetry (c), obtained from
HFR/6�31G** calculations. The internuclear distances are given
in Å. The values of the angles (ω) are listed below.

Complex Angle ω/deg
(symmetry)
[–Etot/au]

H2O...(HF)2 F—Hb—O 166
(С2v) Hb—O—Hb 115

[276.0706] H—O—H 107
H2O…...(HF)2 H(6)—O(5)—H(4) 98

(C1) H(2)—F(3)—H(4) 93
[276.0807] F(3)—H(4)—O(5) 154

F(1)—H(2)—F(3) 150
H(6)—O(5)—H(7) 107
H(4)—O(5)—H(7) 123
H(4)—F(3)—H(2)—F(1) –2
O(5)—H(4)—F(3)—H(2) 0
H(6)—O(5)—H(4)—F(3) –3
H(7)—O(5)—H(4)—F(3) 114

(H2O)2…...HF F(1)—H(2)—O(3) 158
(C1) H(2)—O(3)—H(4) 95

[252.0912] O(3)—H(4)—O(6) 144
H(7)—O(6)—H(4) 91
H(2)—O(3)—H(5) 120
H(8)—O(6)—H(4) 124
H(5)—O(3)—H(4) 107
H(7)—O(6)—H(8) 107
H(4)—O(3)—H(2)—F(1) –4
O(6)—H(4)—O(3)—H(2) 5
H(8)—O(6)—H(4)—O(3) –113
H(5)—O(3)—H(2)—F(1) 109
H(7)—O(6)—H(4)—O(3) –2

Fig. 3. Geometry of (H2O...HF)2 complex with C1 symmetry
calculated by the HFR/6�31G** method; Etot = –352.1227 au.
The internuclear distances are given in Å. The values of the
angles (ω) are listed below.

Angle ω/deg

H(1)—O(2)—H(3) 108
H(9)—O(8)—H(10) 110
O(2)—H(3)—F(4) 161
F(4)—H(5)—F(6) 167
F(6)—H(7)—O(8) 166
H(3)—F(4)—H(5) 106
H(5)—F(6)—H(7) 106
H(7)—O(8)—H(9) 116

Angle ω/deg

H(1)—O(2)—H(3)—F(4) 115
H(5)—F(4)—H(3)—O(2) 15
F(6)—H(5)—F(4)—H(3) 1
H(7)—F(6)—H(5)—F(4) 0
O(8)—H(7)—F(6)—H(5) 1
H(9)—O(8)—H(7)—F(6) –6
H(10)—O(8)—H(9)—O(2) –47

Fig. 4. Geometric parameters of the chain configuration of
the (H2O...HF)3 complex with C1 symmetry, obtained from
HFR/6�31G** calculations; Etot = –528.1632 au. The inter�
nuclear distances are given in Å. All torsion angles are equal to 0
and 180°. The values of other angles (ω) are listed below.

Angle ω/deg

H(1)—O(2)—H(3) 106
O(2)—H(3)—F(4) 169
H(3)—F(4)—H(5) 122
F(4)—H(5)—O(6) 180
H(5)—O(6)—H(7) 127
H(7)—O(6)—H(8) 108
O(6)—H(8)—F(9) 180

Angle ω/deg

H(8)—F(9)—H(10) 133
F(9)—H(10)—O(11) 180
H(10)—O(11)—H(12) 129
H(12)—O(11)—H(13) 108
O(11)—H(13)—F(14) 180
H(13)—F(14)—H(15) 140

configuration also corresponds to a minimum on the PES
and the harmonic force constant matrix is positive�defi�
nite in the vicinity of this point. It should also be noted

that the elimination energies of the H2O and HF mono�
mers from the 1 : 2, 2 : 1, and 2 : 2 complexes virtually
coincide, being somewhat higher than the bonding en�
ergy in the H2O...HF heterodimer.

Structural features of some (H2O)n(HF)n complexes.
The following trends of changes in the structural param�
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eters of the (H2O)n(HF)n complexes (n = 1—3) can be
pointed out. The Hb—F bond is lengthened by 0.01 Å
(n = 1) and by 0.02—0.03 Å (n = 2, 3) compared to the
equilibrium bond length in free HF molecule (see Table 1,
Figs. 1, 3—5). The like H�bonds (O...Hb) are 0.16 Å
(n = 2) and 0.13—0.18 Å (n = 3) shorter than in
the H2O...HF complex. A feature of the cyclic struc�
ture (n = 2) is appreciable deviation of the F—Hb...O
angle from 180° (by 14°) whereas this parameter for the
H2O...HF complex is ∼4°. The F—Hb...O angle is 180° in
the chain structure of the complex with n = 3 while differs
from this value only by 2—3° in the cyclic structure. In all
complexes the O—H bond involving the terminal H atom
of the H2O molecule has the same length (0.94 Å).
The maximum elongation of the bridging O–Hb bond
compared to its analog in free H2O molecule is
0.01 Å (n = 2, 3).

Vibrational spectra of (H2O)n(HF)m complexes. As
mentioned above, the harmonic vibrational frequencies
(ωi) calculated in this work differ (sometimes apprecia�
bly) from the corresponding experimental frequencies (νi)
of fundamental vibrational transitions. These discrepan�
cies are due to both the errors of the HFR method when
calculating the ωi values and to the large anharmonicity
contribution to the vibrational frequencies of H�bonded
complexes. An efficient model has been proposed and
theoretically substantiated,35 which provides a rather ac�
curate and simple procedure for the inclusion of the con�

tribution of the anharmonicity corrections to the stretch�
ing vibration frequencies (νi) of the Y monomer which
forms a H2O...Y complex with a quasi�linear hydrogen
bond in the Earth atmosphere. In this work, the vibra�
tional frequencies were corrected using the linear calibra�
tion function

νcorr = bωcalc + a, (1)

where ωcalc and νcorr are the calculated harmonic and
corrected vibrational frequencies, respectively, and a and b
are the calibration coefficients that can be found by the
least�squares method using the experimental22 and calcu�
lated data for the H2O...HF complex. The coefficients b
and a were found to be 0.84 and 108 cm–1, respectively,
while the correlation coefficient between the experimen�
tal and calculated frequencies was 0.998.

Table 4 lists the experimental and calculated vibra�
tional frequencies used in the fitting of the a and b coeffi�
cients and corresponding to intramolecular modes of the
H2O...HF complex (see Fig. 1). The mean absolute de�
viation of νcorr from νexp was 58 cm–1. The harmonic
vibrational frequencies of the HF molecule and the HF
fragment of the H2O...HF complex obtained from HFR
calculations differ by 223 cm–1 (see Table 2, cf. a value of
351 cm–1 obtained from the experimental16,22 frequen�
cies). Thus, calculations in the HFR/6�31G** approxi�
mation underestimate the shift of the vibrational frequency
of the HF monomer upon the formation of the F—H...O
hydrogen bond by 130 cm–1. A complete set of the vibra�
tional frequencies of the H2O...HF complex is listed in
Table 2.

In Table 5 we present the calculated intramolecular
frequencies ωi and νi,corr and the results of MP2 calcula�
tions23 of the H2O...(HF)2 and (H2O)2...HF complexes.
Given for the cyclic structure of the H2O...(HF)2 com�
plex are also the results of study,36 the authors of which
used a semiempirical model in the method of the F—G
matrix using the experimental data. The vibrational fre�
quencies νi,corr obtained in this work are in reasonable
agreement with the results of the earlier study36 and of the
IR spectroscopic study34 of a HF—H2O mixture in the
low�temperature Ar matrix. The vibrational frequen�
cies corresponding to the intermolecular modes of the
(H2O)n(HF)m complexes (n : m = 2 : 1; 1 : 2) are listed in

Fig. 5. Geometric parameters of the cyclic configuration of
the (H2O...HF)3 complex with C1 symmetry according to
HFR/6�31G** calculations; Etot = –528.1943 au. The inter�
nuclear distances are given in Å. All torsion angles are equal to 0
and 180°. The values of other angles (ω) are listed below.

Angle ω/deg

H(1)—O(2)—H(3) 108
H(4)—O(2)—H(3) 126
F(5)—H(4)—O(2) 177
H(6)—F(5)—H(4) 116
O(7)—H(6)—F(5) 178
H(8)—O(7)—H(6) 108
H(9)—O(7)—H(8) 126

Angle ω/deg

F(10)—H(9)—O(7) 178
H(11)—F(10)—H(9) 116
O(12)—H(11)—F(10) 179
H(13)—O(12)—H(11) 108
H(14)—O(12)—H(13) 126
F(15)—H(14)—O(12) 177

Table 4. Experimental22 (νexp) and calculated intramolecular
vibrational frequencies (cm–1) of H2O...HF complex (see Fig. 1)

ωcalc νexp
22 νcorr Assignment*

4270 3608 3695 ν(HbF)
4258 3756 3685 νas(OH)
4142 3657 3587 νs(OH)
1765 1595 1591 δ(HOH)

Note. For notations of vibrations, see noteb to Table 2.
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Table 5. Intramolecular vibrational frequencies (cm–1) of the H2O...(HF)2 complex with the chain (see
Fig. 2, a) and cyclic (see Fig. 2, b) structures and those of the (H2O)2...HF complex (see Fig. 2, c)

Complex ωi νi,corr
a Assignment

(symmetry)
I b II c

(H2O)•(HF)2 1765 (121) 1636 (98) 1591 δ(HOH) (A1)
(С2v) 4120 (81) 3820 (160) 3567 ν(OH) (A1)

4230 (152) 3851 (1066) 3661 ν(OH) (B1)
4331 (839) 3897 (229) 3746 ν(HbF) (B2)
4357 (142) 3957 (144) 3768 ν(HbF) (A1)

(H2O)•(HF)2 1777 (112) 1646 (89) 1601 δ(H6O5H7)
(C1) 4024 (555) 3374 (1111) 3488 [3329, 3272] d ν(H4F3)

4103 (190) 3807 (168) 3555 [3590] d ν(O5H6)
4228 (154) 3823 (465) 3660 [3715] d ν(O5H7)
4268 (544) 3969 (154) 3693 [3703, 3690] d ν(H2F1)

(H2O)2•HF 1785 (142) 1640 (154) 1607 δ(HOH)
(C1) 1788 (77) 1653 (21) 1610 δ(HOH)

4018 (166) 3440 (1001) 3483 ν(HF)
4084 (494) 3703 (345) 3539 ν(HO)
4115 (385) 3805 (117) 3565 ν(HO)
4229 (122) 3954 (129) 3660 ν(HO)
4239 (143) 3974 (126) 3669 ν(HO)

a Listed are the frequencies of fundamental vibrational transitions corrected using formula (1).
b This work; listed are the harmonic frequencies, ωi, and the transition intensities in the IR spectra (in
km mol–1) calculated by the HFR/6�31G** method (figures in parentheses).
c Harmonic frequencies, ωi, and transition intensities in the IR spectra (in km mol–1) obtained from
MP2/6�31++G** calculations23 (figures in parentheses).
d Given in square brackets are the vibrational frequency obtained in the framework of the semiempirical
model36 using the F—G matrix method followed by the frequency found in the IR spectroscopic study34 of
a HF—H2O mixture in Ar matrix at 12 K.

Complex ωi/cm–1

(symmetry)
I a II b

H2O•(HF)2 691 (65) 782 (390)
(C2v) 690 (349) 753 (0)

647 (238) 712 (253)
592 (362) 653 (296)
250 (114) 314 (85)
199 (23) 231 (0)
175 (0) 212 (1)
167 (3) 184 (0)
100 (0) 144 (1)
 32 (12)  33 (10)

H2O•(HF)2 1055 (121) 1117 (144)
(C1) 805 (409) 902 (300)

669 (378) 654 (344)
548 (91) 583 (99)
522 (240) 477 (204)
334 (60) 355 (82)

Complex ωi/cm–1

(symmetry)
I a II b

H2O•(HF)2 266 (6) 275 (15)
(C1) 236 (103) 218 (94)

223 (7) 209 (4)
162 (11) 111 (17)

(H2O)2•HF 1017 (115) 1077 (162)
(C1) 805 (359) 903 (274)

644 (264) 658 (249)
544 (322) 500 (189)
374 (72) 388 (72)
299 (13) 326 (69)
260 (90) 293 (111)
258 (5) 266 (5)
202 (2) 215 (11)
175 (188) 196 (164)
159 (8) 127 (11)

Table 6. Intermolecular harmonic vibrational frequencies (ωi) of H2O•(HF)2 and (H2O)2•HF complexes

a See noteb to Table 5.
b See notec to Table 5.

Table 6. The vibrational frequencies corresponding to the
intra� and intermolecular modes of the (H2O...HF)2 com�

plex calculated in this work are listed in Tables 7 and 8,
respectively.
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Table 7. Intramolecular vibrational frequencies
(in cm–1) of (H2O)2...(HF)2 complex (see Fig. 3)

ωi
a νi,corr

b Assignment

1764 (147) 1590 δ(HOH)
1776 (62) 1600 δ(HOH)
3844 (1038) 3337 ν(HF)
4009 (422) 3476 ν(HO)
4139 (526) 3585 ν(HF)
4171 (385) 3612 ν(HO)
4256 (50) 3683 ν(HO)
4263 (38) 3689 ν(HO)

a See noteb to Table 5.
b See notea to Table 5.

Table 8. Intermolecular harmonic vibrational frequencies
(ωi/cm–1) of the (H2O)2...(HF)2 and (H2O)3...(HF)3 complexes
in the chain and cyclic configurations and the band intensities in
the IR spectra (A/km mol–1), obtained from HFR/6�31G**
calculations

Complex ωi A
(symmetry,
configuration)

(H2O)2•(HF)2 39 56
(C1) 52 51

99 70
162 106
185 1
214 9
240 18
249 76
293 27
408 83
491 137
636 77
728 97
762 400
853 341

1099 215
(H2O)3•(HF)3 12 10
(C1, chain 19 6

configuration, 20 1
see Fig. 4) 23 2

43 0
74 3
86 13

115 308
128 1
154 21
168 147
193 109
222 170
247 105
277 11
306 3
347 39
370 145
402 52

Complex ωi A
(symmetry,
configuration)

(H2O)3•(HF)3 411 0
(C1, chain 471 27

configuration, 479 174
see Fig. 4) 653 90

687 127
717 455
916 259
956 184

(H2O)3•(HF)3 30 0
(С1, cyclic 30 0

configuration, 39 3
see Fig. 5) 51 4

51 4
104 0
147 0
199 44
200 44
229 450
240 0
240 0
308 4
308 4
339 0
386 0
447 46
448 47
518 0
518 0
548 356
751 0
751 0
777 778

1003 199
1003 299
1003 0

Analysis of the data presented in Tables 2, 4, 5, 7, 9,
and 10 revealed an appreciable low�frequency shift of the
stretching vibration frequencies of the HF monomer
upon the formation of hydrogen�bonded complexes
(H2O)n(HF)m. This shift varies from 223 cm–1 for the
heterodimer up to 664 cm–1 for the cyclic configuration
of the (H2O...HF)3 complex (see Table 10).

Electronic transitions between the lowest singlet states
of (H2O)n(HF)n complexes. Analysis of the electron den�
sity redistribution on the atoms of the complexes under
study upon the S0 → S1 electronic excitation showed that
the excitation is, as a rule, localized on one of the water
molecules constituting a particular complex. The shape of
the cross�section of the PES along the R(O—H) coordi�
nate in the H2O molecule on which the excitation is lo�
calized clearly indicates the dissociation character of the

Table 9. Intramolecular vibrational frequen�
cies (in cm–1) of the chain configuration of
(H2O)3...(HF)3 complex (see Fig. 4)

ωi
a νi,corr

b Assignment

1779 (87) 1602 δ(HOH)
1804 (204) 1623 δ(HOH)
1811 (6) 1629 δ(HOH)
3919 (1012) 3400 ν(HО)
4006 (1180) 3473 ν(HF)
4012 (586) 3478 ν(HF)
4123 (137) 3571 ν(HO)
4144 (129) 3589 ν(HO)
4256 (98) 3683 ν(HО)
4266 (102) 3691 ν(HO)
4274 (213) 3698 ν(HO)
4453 (209) 3849 ν(HF)

a See noteb to Table 5.
b See notea to Table 5.

Table 10. Intramolecular vibrational frequen�
cies (in cm–1) of the cyclic configuration of
(H2O)3...(HF)3 complex (see Fig. 5)

ωi
a νi,corr

b Assignment

1802 (146) 1622 δ(HOH)
1802 (145) 1622 δ(HOH)
1810 (0) 1628 δ(HOH)
3829 (0) 3324 ν(HF)
3889 (2291) 3375 ν(HF)
3889 (2291) 3375 ν(HF)
4074 (345) 3530 ν(HO)
4074 (346) 3530 ν(HO)
4077 (0) 3533 ν(ОH)
4262 (211) 3688 ν(OH)
4261 (212) 3687 ν(ОH)
4262 (1) 3688 ν(OH)

a See noteb to Table 5.
b See notea to Table 5.
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E(S1) electronic term.5 The photodissociation character
of the Ã1B1 state corresponding to the first absorption band
of the water monomer (λ ≈ 165 nm) is well known.30,37

H2O (X
~1A1) + hν    H2O (A

~1B1)  

    H (2S) + OH (X
~2П) (2)

The complexes under study exhibit a Rydberg charac�
ter of the S1 electronic state (as in the case of water mono�
mer). The S0 → S1 electronic transition can be described
as a π → σ* ([2pz](O) → [3s,3py](O)) transition.

According to our calculations, one can expect a high�
frequency shift of maxima of the absorption bands of the
complexes under study relative to the absorption band of
the water monomer upon the S0 → S1 electronic transi�
tion (Fig. 6). For the H2O...HF complex, this shift is
∆νe

el = ε(H2O...HF) – ε(H2O) = 8.57 eV – 7.80 eV =
0.77 eV (ε is the energy of the corresponding vertical
electronic transition). Among the (H2O)n...(HF)m com�
plexes with n = m = 1—3, the largest frequency shift ∆νe

el

(1.20 eV) is expected for the cyclic structure of the
(H2O)3...(HF)3 complex. The ∆νe

el parameters for the
chain configuration of the (H2O)3...(HF)3 complex and
the cyclic structure of the (H2O)2...(HF)2 complex are
0.84 and 1.06 eV, respectively.

The vertical ionization potentials (IPs) for all com�
plexes calculated in this work from the differences be�
tween the total energies of the molecular systems lie in
the range 12.8—13.6 eV and are close to that calculated
for the H2O monomer (12.6 eV), which virtually coin�
cides with the experimental value (see, e.g., Ref. 38).
Close values of the IPs of the complexes and monomer
indicate that ionization of the complexes usually leads to
detachment of an electron from one of the water mol�
ecules in the complexes. The energies of the electronic
transitions to the continuous spectrum are 4—5 eV higher
than those of the S0 → S1 electronic excitations.

Thus, in addition to the previously studied
(H2O)n...(HF)m complexes (n : m = 1 : 1, 1 : 2, and 2 : 1),
in this work we studied the complexes with n : m = 2 : 2
and 3 : 3, which allowed us to obtain valuable information
required for correct interpretation of the IR and UV spec�
tra of a mixture of water vapor with HF under the atmo�
spheric conditions. Using the same computational ap�
proach, we revealed some trends of formation of the en�

ergy, structural, and spectroscopic characteristics of the
above�mentioned complexes with an increase in the num�
ber of the monomer molecules.

With respect to the intermolecular interaction energy
per H�bond the cyclic structure of the (H2O)3...(HF)3
complex is the most stable among all stable configura�
tions of the (H2O)n(HF)m complexes (n + m ≥ 2) studied
in this work. According to our calculations, the cyclic
configurations of the (H2O)n(HF)m complexes (at least,
at n + m ≤ 6) are more energetically favorable than other
structures including the open�chain structures. Analo�
gous results were obtained for both the (H2O)n complexes
(see, e.g., Refs. 39 and 40), and the (HF)n clusters (see,
e.g., Ref. 41) at n ≤ 6.

Among the vibrational frequencies corresponding to
intramolecular modes of the complexes studied, the
stretching vibration frequency of HF is changed to the
greatest extent upon complexation. For all the complexes,
the ν(HF) frequency experiences a low frequency shift.
The second group of low�frequency vibrations corresponds
to intermolecular modes of the (H2O...HF)n complexes
and falls in the frequency range from nearly 10 to
1100 cm–1.

The S0 → S1 electronic excitation in the (H2O...HF)n
complexes is localized on the O—H bond of one of the
H2O molecules. Similarly to the H2O molecule, the com�
plexes also exhibit a Rydberg character of the S0 → S1
transition and the photodissociation type of the corre�
sponding absorption band. Intermolecular interactions in
the (H2O...HF)n complexes (n = 1—3) cause a shift of the
absorption band maxima toward the short�wavelength re�
gion (similarly to the (H2O)n clusters with n = 2—6)42,43

compared to the corresponding bands in the water mono�
mer spectrum. These shifts are 0.77 eV (n = 1), 1.06 eV
(n = 2, cyclic structure), 0.84 eV (n = 3, chain structure),
and 1.20 eV (n = 3, cyclic structure).

This work was carried out with the financial support of
the Russian Foundation for Basic Research (Project No.
00�05�64919).
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