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An ab initio study of the stability, spectroscopic properties, and isomeric equilibrium of the hydrogen-bonded
HCN‚‚‚H2O and H2O‚‚‚HCN isomers is presented. Density functional theory and perturbative second-order
MP2 and coupled-cluster CCSD(T) calculations were carried out and binding energies obtained with correlation-
consistent basis sets including extrapolation to the infinity basis set level. At the best theoretical level, CCSD-
(T), the H2O‚‚‚HCN complex is more stable than the HCN‚‚‚H2O complex by ca. 6.3 kJ mol-1. Rotational
and vibrational spectra, including anharmonic corrections, are calculated. These calculated spectroscopic data
are used to obtain thermochemical contributions to the thermodynamic functions and hence the Gibbs free
energy. The relative free energies are used to estimate the equilibrium constant for isomerism. We find that
under typical conditions of supersonic expansion experiments (T < 150 K) H2O‚‚‚HCN is essentially the
only isomer present. Furthermore, our calculations indicate that the hydrogen-bonded cluster becomes favorable
over the separated moieties at temperatures below 200 K.

Introduction

The structure and energetics of gas-phase clusters, including
hydrogen-bonded complexes, is a recurrent topic of modern
physical-chemistry.1-4 Molecules having the nitrile group (Rs
C≡N) are of particular interest, because the lone pair on the
nitrogen atom allows for hydrogen bond formation with a proton
donor molecule.4 The simplest nitrile system, namely HCN, can
act as both a proton donor and proton acceptor system in cluster
formation, as is the case for water and alcohol molecules. This
makes possible, for instance, the formation of linear or cyclic
chains of HCN.4 Likewise, the interaction of HCN with water
leads to at least two different structural motifs. In one, the HCN
is the proton donor (H2O‚‚‚HCN), and in the other, HCN is the
proton acceptor (HCN‚‚‚H2O). The former system was the first
to be identified,5,6 and it is now known to be the most stable.7-10

The H2O‚‚‚HCN cluster has been experimentally characterized
by microwave spectroscopy in two independent studies as
reported by Fillery-Travis5 and Gutowsky et al.6 More
recently,8-10 both complexes have been investigated at the
theoretical and experimental levels. For example, Heikkila¨ et
al.8 studied the infrared spectrum of these complexes in low-
temperature argon matrixes by the FTIR technique and calcu-
lated the relative stability of the two isomers on the basis of ab
initio calculations at the MP2/6-311++G(2d,2p) level. High-
level calculations have also been used to determine the
equilibrium structures, the energetics, and the cooperative effects
on the properties of HCN-water clusters.10,11 From these
studies, the fact has emerged that the H2O‚‚‚HCN complex is
indeed more stable than its isomer HCN‚‚‚H2O. Coupled-cluster
calculations at the CCSD(T) level predict the relative stability
to be ca. 5.0 kJ mol-1 8 to ca. 7.4 kJ mol-1.10 This relative

stability is very important in determining the precursor of long
chains and also in the possible relative abundance of the two
species. This is of further interest in the physical chemistry of
planetary atmospheres12 and in comets where the astrophysical
properties may provide important clues regarding the formation
of the Solar system.13 Both water and hydrogen cyanide are
common elements in planetary environments, and the relative
abundance of the isomeric hydrogen-bonded water-cyanide
clusters is of interest. In gas mixtures, the relative abundance
of one isomer over the other is a sensitive function of the relative
energies of the two isomers. Hence, a detailed consideration of
the binding energies is crucial. It is thus desirable to have a
systematic analysis of the relative binding energies of these two
complexes. In the present work, this topic is addressed using
current high-level ab initio methods in the limit of the infinite
basis set. We present a systematic study of the stability of the
H2O‚‚‚HCN and HCN‚‚‚H2O complexes calculating the binding
energy of both systems using the aug-cc-pVXZ basis sets14 with
X ) 2, 3, and 4 and extending the results to the infinite basis
limit. The theoretical models considered in this manuscript
include density functional theory (DFT),15 perturbation-based
Møller-Plesset, and coupled-cluster calculations.16 In addition,
rotation and vibration spectra are characterized including the
anharmonic contribution. Anharmonic effects are known to be
important in both water17-22 and HCN23-28 separately, and it is
well-established that these effects are very important in describ-
ing the vibration frequencies of hydrogen-bonded sys-
tems.20-22,29-36 Thus, we also present the expected infrared
spectra, including anharmonic effects, for the H2O‚‚‚HCN and
HCN‚‚‚H2O complexes and compare them directly with the
experimental infrared spectra and obtain the spectral shift upon
hydrogen bond formation. From these spectroscopic information,
thermochemical data and gas-phase Gibbs free energy have been
determined and compared for the two isomers.
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Computational Details

The minimum-energy structures for the HCN‚‚‚H2O and
H2O‚‚‚HCN complexes (and for the isolated species) were
obtained using full geometry optimization with three different
theoretical models: B3LYP/aug-cc-pVQZ, B3PW91/aug-cc-
pVQZ, and MP2/aug-cc-pVTZ. The subsequent calculations of
the vibrational frequencies testify that all structures reported
are true minima. Single-point calculations for the optimized
geometries were then performed using DFT, MP2, and coupled-
cluster CCSD(T) theoretical models using the augmented
correlation-consistent basis set aug-cc-pVXZ,14 with X ) 2, 3,
and 4. The calculated binding energies were corrected for basis
set superposition errors using the counterpoise correction,37 and
extrapolation schemes were employed to obtain these binding
energies at the infinite basis set limit. Vibrational spectra for
the complexes were initially calculated within the harmonic
oscillator approximation, and corrections for anharmonicity were
then determined using the method developed by Barone.18,19

This method uses a second-order perturbation treatment based
on quadratic, cubic, and semidiagonal quartic force constants.18,19

All calculations were performed using theGaussian 03suite
of programs.38

Results

A. Structure. Figure 1 shows the general geometrical features
calculated for the complexes. The HCN‚‚‚H2O complex hasCs

symmetry, and the structure is in due agreement with previous
determinations.8,10On the other hand, the H2O‚‚‚HCN complex
has a very interesting structure that has attracted little
attention.5-8,10Previous theoretical calculations found the water
molecule to be out of the plane.8,10 Experimentally, Gutowsky
et al.6 discussed this structure on the basis of their experimental
results. They argued that the out-of-plane angle is about 20°,
but the barrier is low enough that the zero-point vibrational
motion extends over both minima. In fact, the experimental
results suggest6 that the complex is effectively planar. Although
the nonplanar structure was found in earlier calculations,8,10 all
the theoretical models used here find the H2O‚‚‚HCN system
to be planar and to haveC2V symmetry in agreement with
experiment.6 Table 1 shows the geometric parameters for these
structures as determined by three different theoretical models,
B3LYP/aug-cc-pVQZ, B3PW91/aug-cc-pVQZm and MP2/aug-
cc-pVTZ. We can observe that the B3LYP/aug-cc-pVQZ and
B3PW91/aug-cc-pVQZ models give very similar structures in
both cases. As in other previous studies,39,40 the C≡N distance
obtained with MP2 is overestimated by∼0.02 Å in both
complexes with respect to the DFT values. The hydrogen bond

distances,R(N‚‚‚H) andR(H‚‚‚O), are also in good agreement
with the results obtained by Heikkila¨ et al.8 at the MP2/6-
311++G(2d,2p) level. TheR(N‚‚‚H) distance is 5% greater than
R(H‚‚‚O), and this is reflected in the binding energy as we will
see in the next section. The observed trend is that a correlation
exists between the hydrogen bond distance and the binding
energy, i.e., the lower the distance, the larger the stability of
the cluster. The O‚‚‚C distance in the H2O‚‚‚HCN complex has
been determined experimentally to be 3.128 Å,6 while our
calculated values range from 3.115 Å to 3.130 Å, in overall
good agreement.

B. Relative Binding Energies.Table 2 shows the calculated
results for the binding energies obtained by single-point
calculations using four theoretical levels: B3LYP, B3PW91,
MP2, and CCSD(T). For each level, we used three basis sets:
aug-cc-pVXZ with X ) 2 (D), 3 (T), and 4 (Q). The DFT
calculations were performed using the optimized structures
obtained with the aug-cc-pVQZ basis set, while MP2 and
CCSD(T) single-point calculations were carried out with the
MP2/aug-cc-pVTZ optimized structure. All values include the
difference in zero-point vibrational energies and are also
corrected for basis set superposition error.

The results obtained for the aug-cc-pVXZ basis set were
extrapolated to the limit of infinite basis set. For the density
functional results, the energy was directly extrapolated following
the same scheme that was successfully used in previous
calculations:41 EX ) E∞ + A3X -3 + A5X -5. For the MP2 and

Figure 1. The structures of the HCN‚‚‚H2O and H2O‚‚‚HCN com-
plexes.

TABLE 1: Calculated Geometrical Parameters Obtained for
HCN‚‚‚H2O and H2O‚‚‚HCN Complexesa

HCN‚‚‚H2O B3LYP B3PW91 MP2

R(HsC) 1.066 1.068 1.065
R(C≡N) 1.143 1.144 1.165
R(N‚‚‚H) 2.125 2.140 2.090
R(HsO) 0.965 0.964 0.966
R(HsO)free 0.960 0.958 0.960
θ(C≡N‚‚‚H) 171.3 171.0 171.4
R(C≡N‚‚‚HsO) 2.8 3.4 2.4

H2O‚‚‚HCN B3LYP B3PW91 MP2

R(N≡C) 1.146 1.146 1.167
R(CsH) 1.074 1.076 1.072
R(H‚‚‚O) 2.056 2.057 2.043
R(OsH) 0.961 0.959 0.962
θ(CsH‚‚‚O) 180.0 180.0 180.0
R(H‚‚‚OHH) 180.0 180.0 180.0

a DFT calculations used the aug-cc-pVQZ basis set, and the MP2
method used the aug-cc-pVTZ basis set.

TABLE 2: Binding Energy (kJ mol -1) Obtained for the
HCN‚‚‚H2O and H2O‚‚‚HCN Complexesa

HCN‚‚‚H2O X ) 2 X ) 3 X ) 4
extrapolated

(see text)
relative
energy

B3LYP 5.06 4.23 4.35 4.64b

B3PW91 2.97 2.22 2.22 2.30b

MP2 13.01 12.72 12.18 12.38c

CCSD(T) 12.26 11.92 11.25 11.46c

H2O‚‚‚HCN

B3LYP 12.01 10.92 11.05 11.25b 6.61
B3PW91 9.96 9.08 9.04 9.08b 6.78
MP2 18.66 18.16 17.41 17.45c 5.06
CCSD(T) 18.66 18.20 17.45 17.45c 5.99

a Using different theoretical methods using the aug-cc-pvXZ basis
set and the extrapolated energies including correction to the difference
in zero-point vibrations.b Ref 41: EX ) E∞ + A3X-3 + A5X-5. c Ref
45: E∞

cor ) EX
cor(1 - 2.4X-3)-1.
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CCSD(T) methods, several approaches are available for ex-
trapolating to the basis set limit.42-45 In the present case, we
have used the extrapolation scheme proposed by Varandas45 that
allows for the use of larger cardinal numbers:E∞

cor ) EX
cor(1 -

2.4X-3)-1. The values obtained using these extrapolation
schemes are reported in Table 2. The DFT results yield the
lowest binding energies, similar to the results obtained in
previous studies.46 We also observe that for both complexes
the binding energies obtained with B3PW91 are very small. This
tendency of B3PW91 to give lower values for the binding energy
as compared to the B3LYP was observed before in the analysis
of the relative stability of the isomers of the AlP3 molecule.46

Despite the lower binding energy values for the separate isomers,
we also see in Table 2 that the relative energies of the two
isomers obtained using the two DFT methods are well-balanced.
By comparison, the MP2 calculation yields the larger values
for the binding energies but the smaller relative stability between
the two isomers. In this respect, the MP2 results give a different
numerical picture compared to the two DFT methods considered.
CCSD(T) is the highest-order calculation and is expected to
give the most balanced results. It predicts the H2O‚‚‚HCN
complex to be more stable by 5.99 kJ mol-1. For the particular
case of the H2O‚‚‚HCN complex, the MP2 binding energies are
close to the CCSD(T) values, indicating that higher-order
electron correlation effects are small or cancel out such that
their influence is of mild importance. This behavior has also
been observed previously for other hydrogen-bonded com-
plexes.47 Including the extrapolated value, the MP2 method
yields the larger binding energies, 12.38 and 17.45 kJ mol-1

for HCN‚‚‚H2O and H2O‚‚‚HCN complexes, respectively.
Heykkilä et al.8 have obtained these binding energies, not
including ZPE, as 15.31 and 19.66 kJ mol-1 using the MP2/6-
311++G(2d,2p) theoretical level. In all cases, the H2O‚‚‚HCN
is more stable than the HCN‚‚‚H2O complex. This larger
stability of the H2O‚‚‚HCN complex is in line with the two
calculated hydrogen bond distances. TheR(H‚‚‚O) distance in
the H2O‚‚‚HCN complex is around 0.05 Å smaller than the
R(N‚‚‚H) distance of 2.09 Å, indicating a stronger interaction.
The energy difference between the two complexes using the
basis set limit at the MP2 level is 5.06 kJ mol-1 and is 6.78 kJ
mol-1 at the B3PW91 level. At the highest level, CCSD(T),
with extrapolated results to the infinite basis limit, this difference
is 5.99 kJ mol-1. The average of all theoretical results using
this infinite basis limit is 6.11 kJ mol-1. This relative stability
was obtained before by Heikkila¨ et al.8 as 4.98 kJ mol-1,
whereas Rivelino et al.10 obtained 7.49 kJ mol-1. Our present
result of 6.11 kJ mol-1 is between these two previous estimates.

C. Rotation and Vibration Analysis. After obtaining the
equilibrium geometries, the moments of inertia are easily
obtained and hence the rotational constants. These are shown
in Table 3 and correlate well with the experimental results.6

The harmonic vibrational spectrum for the H2O‚‚‚HCN and
HCN‚‚‚H2O complexes have been studied previously using MP2
methods, and relatively good agreement with the experimental
spectra was obtained for the frequency shifts upon hydrogen
bond formation.8,10 Here, we analyze the effects of the anhar-
monic contribution based on calculations beyond the harmonic
approximation. These values are then used for obtaining the
vibration contribution to the isomeric equilibrium. Presumably,
more accurate values can be obtained for the calculated
frequencies and the frequency shifts by inclusion of anharmo-
nicity effects. Predictions regarding the intermolecular modes
are expected to be less accurate because of the nature of the
potential energy for these low-frequency vibrations. However,

these very low energy modes are not expected to give any
appreciable contribution to the vibration part of the enthalpy
used in the determination of the isomeric equilibrium.

The calculated spectrum for the isolated species including
anharmonic contributions is shown in Table 4, along with the
corresponding harmonic frequencies and the experimental
values. The values in parentheses are the calculated intensities
for the vibrational transitions. The anharmonic frequencies of
HCN have recently been considered by Isaacson.23 The low-
frequency value of the bending modeδHCN was obtained
experimentally48 as 713 cm-1 and calculated here as 714 cm-1

using B3LYP and 722 cm-1 using B3PW91, while Isaacson23

obtained 720 cm-1; all of these values are in very good
agreement. The MP2 results are less successful. In general, the
DFT results agree well with each other and are in very good
agreement with the experimental results. For H2O, the numerical
performance of the second-order MP2 is very good. Table 5
presents the calculated frequencies for the two hydrogen-bonded
complexes. We observe that the very weak C≡N stretching
mode (νCN) presents a sizable deviation that can presumably
be attributed to the incorrect description of the triple bond
character as discussed before. The anharmonic corrections are
in the range of-204 cm-1 for the ν(OH)asymmstretching mode
(MP2, in H2O‚‚‚HCN) to-164 cm-1 for theν(OH)symmstretching
mode (B3PW91, in H2O‚‚‚HCN) for the OsH (νOH). For the
HsOsH bending (δHOH), the anharmonicity corrections are in
the range of-58 (B3PW91, in HCN‚‚‚H2O) to -43 cm-1

(B3PW91, in H2O‚‚‚HCN). For the CsH (νCH) and C≡N
stretching modes, these corrections are smaller, around-35 and
-20 cm-1, respectively. The HCN bending mode (δ(HCN))
displays the smallest correction. These corrections are reflected
in a reduction in the difference between the experimental and
calculated values from 3.5% to 1.6% in the case of the HCN‚
‚‚H2O complex and from 3.5% to 1.9% in the case of the H2O‚
‚‚HCN complex, at the B3PW91 level.

The anharmonic frequency shifts are also in good agreement
with experimental values as can be seen in Table 6. The
estimated experimental red shift of the frequency of theν(OH)symm

mode is-44 cm-1, while our calculated anharmonic value is
-41 cm-1 at the MP2 level. The red shift of the frequency of
the ν(OH)symm mode is also well-described,-130 versus-124
cm-1. Overall, the MP2 method has a better performance than
DFT methods to describe the frequency shifts. The bonding Os
H in the hydrogen bond is less red-shifted than its corresponding
CsH (-41 versus-124 cm-1), indicating that the hydrogen
bond in the H2O‚‚‚HCN complex is stronger than that in the

TABLE 3: Calculated Rotational Constants (in MHz) at
Equilibrium ( Ae, Be, Ce) and in the Ground Vibrational State
(A0, B0, C0)

HCN‚‚‚H2O B3LYP B3PW91 MP2 exptla

Ae 425891.161 428538.329 430058.277
Be 3087.862 3081.866 3030.902
Ce 3066.877 3060.881 3009.916
A0 390383.743 394892.621 353515.266
B0 3075.871 3093.858 3021.908 3045.589
C0 3051.887 3078.868 3000.922 3020.258

H2O‚‚‚HCN B3LYP B3PW91 MP2

Ae 526966.189 527026.147 481011.003
Be 3261.742 3225.767 3249.750
Ce 3243.754 3204.781 3228.767
A0 627834.359 624503.665 583647.949
B0 3183.796 3120.839 3183.796
C0 3159.812 3099.854 3159.812

a The experimental values are from ref 6.
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HCN‚‚‚H2O complex. This is corroborated by the comparison
of the intermolecular O‚‚‚N and O‚‚‚C frequencies in both
complexes, which is higher for H2O‚‚‚HCN than HCN‚‚‚H2O,
148 versus 136 cm-1.

D. Cluster Abundance and Relative Percentage of Iso-
mers. Our results are now extended to address two questions

that bear a direct relationship to atmospheric and inter-
stellar chemistry as well as to spectroscopic measurements of
HCN‚‚‚H2O clusters: (a) what is the expected isomeric com-
position of H2O‚‚‚HCN and HCN‚‚‚H2O as a function of
temperature, and (b) what is the temperature range where cluster
formation becomes favorable?

The isomeric composition can be obtained from the equilib-
rium constantK for isomerization

where ∆G°(isomer) is the difference between the gas-phase
standard Gibbs free energy of the two isomeric species
H2O‚‚‚HCN and HCN‚‚‚H2O. This difference can be calculated
from the individual Gibbs free energy for each isomer

by explicitly considering the thermal corrections to the ther-
modynamic functions using the well-known statistical mechan-
ical formulation for gas-phase molecules.38,50

The corrections for the two isomeric species are expected to
be very similar, and thus lead to significant cancellation in the
thermal correction for the difference in the Gibbs free energies
of the two isomers. Table 7 displays the calculated values at
298.15 K for different levels of theory along with the relative
binding energies. For all levels of theory considered in this
paper, the isomer in which water acts as the proton acceptor is
energetically the more stable species. As seen in Table 2,

TABLE 4: Harmonic and Anharmonic Vibrational Frequencies (in cm -1) Calculated for the Isolated Species in Three
Theoretical Levels with aug-cc-pVTZ Basis Seta

B3LYP B3PW91 MP2

H2O modes harm anharm harm anharm harm anharm ref 23 exptlb

δHOH 1618(71) 1567 1621(71) 1570 1622(76) 1573 1590
ν(OH)symm 3795(4) 3617 3827(4) 3654 3804(5) 3621 3638
ν(OH)asymm 3905(61) 3715 3940(60) 3754 3938(63) 3744 3733

HCN modes

δ(HCN)i 729(38) 714 736(38) 722 704(36) 692 720 713
δ(HCN)o 729(38) 714 736(38) 722 704(36) 692 720 713
νCN 2186(2) 2161 2194(1) 2168 1990(2) 1957 2097 2098
νCH 3450(68) 3318 3458(65) 3323 3452(66) 3327 3319 3312

a The i and o indices for theδ(HCN) mode indicate bending in the plane and out of the plane, respectively. In parentheses are given the intensity
(in km mol-1) of the mode.b Experimental results for H2O and HCN are from refs 48 and 49, respectively.

TABLE 5: Harmonic and Anharmonic Vibrational Frequencies (in cm -1) Calculated for the HCN‚‚‚H2O Complex in Three
Theoretical Levels with aug-cc-pVTZ Basis Seta

B3LYP B3PW91 MP2 MP2b

HCN‚‚‚H2O modes harm anharm harm anharm harm anharm harm exptlb

δHOH 1640(53) 1584 1643(53) 1585 1642(47) 1589 1618 1629
ν(OH)symm 3738(234) 3569 3765(219) 3598 3754(195) 3580 3659 3594
ν(OH)asymm 3880(122) 3695 3913(116) 3726 3911(143) 3721 3799 3713
δ(HCN)i 739(38) 749 746(38) 735 710(40) 716 694 728
δ(HCN)o 740(35) 738 746(36) 749 711(36) 716 694 727
νCN 2202(83) 2171 2209(5) 2177 2009(0) 1968 1952 2109
νCH 3452(234) 3308 3459(78) 3311 3457(90) 3322 3324 3298

H2O‚‚‚HCN modes

δHOH 1620(63) 1574 1623(61) 1579 1626(61) 1575 1595 1599
ν(OH)symm 3798(14) 3619 3828(14) 3664 3803(14) 3616 3700 3635
ν(OH)asymm 3905(86) 3708 3937(85) 3752 3933(91) 3729 3813 3740
δ(HCN)i 835(33) 818 840(32) 839 818(34) 792 834 815
δ(HCN)o 856(42) 846 862(42) 868 847(44) 812 816 827
νCN 2174(39) 2148 2179(39) 2148 1989(9) 1955 1933 2090
νCH 3323(376) 3166 3324(368) 3133 3353(361) 3203 3220 3182

a The i and o indices for theδ(HCN) mode indicate bending in the plane and out of the plane, respectively. In parentheses are given the intensities
of the modes.b Ref 8.

TABLE 6: Harmonic and Anharmonic Vibration Frequency
Shifts (cm-1) Calculated from Tables 4 and 5a

B3LYP B3PW91 MP2HCN‚‚‚H2O
modes harm anharm harm anharm harm anharm exptlb exptlc

δHOH 22 16 21 14 20 16 39 38
ν(OH)symm -57 -48 -62 -55 -50 -41 -44 -44
ν(OH)asymm -25 -20 -27 -28 -27 -23 -23 -23
δ(HCN)i 10 35 9 13 6 23 15 8
δ(HCN)o 11 24 10 27 7 23 14 7
νCN 15 10 15 10 18 11 11 16
νCH 2 -10 2 -12 5 -4 -14 -6

H2O‚‚‚HCN
modes

δHOH 1 7 1 9 4 3 9 8
ν(OH)symm 3 2 1 10 -1 -6 -3 -3
ν(OH)asymm 0 -6 -2 -3 -5 -15 7 4
δ(HCN)i 106 104 104 117 115 100 102 107
δ(HCN)o 127 132 126 145 143 120 114 94
νCN -13 -13 -15 -20 -1 -2 -8 -3
νCH -127 -152 -133 -190 -98 -124 -130 -122

a The i and o indices for theδ(HCN) mode indicate bending in the
plane and out of the plane, respectively.b Refs 48 and 49.c Ref 8.

∆G°(isomer)) -RT ln K

G ) H - TS
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calculations at the MP2/aug-cc-pVTZ level indicate that the
more stable isomer has a higher binding energy by 5.44 kJ
mol-1, whereas with the infinite-basis limit, at the MP2 level
the difference in binding energies is calculated to be 5.06 kJ
mol-1. Inclusion of the thermochemical corrections for 298.15
K yields a relative Gibbs free energy of 5.48 kJ mol-1 at the
MP2 level. The DFT results display a different behavior with
thermochemical corrections to the B3LYP level calculations
decreasing the difference in stability, whereas thermochemical
corrections at the B3PW91 level increase the difference in
stability at 298.15 K.

For the different levels of theory used in this study, we find
that the calculated values for∆G°(isomer) at 298.15 K range
from -5.44 to -7.53 kJ mol-1. These values correspond to
equilibrium constants of 9e K e 21 at 298.15 K, and the
prediction that the H2O‚‚‚HCN form accounts for 90% to 95%
of the clusters present in the equilibrium gas-phase mixtures at
298.15 K. Similar calculations for thermochemical corrections
at lower temperatures lead to larger values ofKisomerand even
higher relative abundance of the H2O‚‚‚HCN isomer as shown
in Figure 2. Thus, we can predict that spectroscopic character-
ization of such clusters under supersonic expansion conditions
(T < 150 K) would sample almost exclusively the H2O‚‚‚HCN
isomer.

The second question to consider is the actual abundance of
cluster formation from the individual monomeric H2O and HCN
species as a function of temperature.

The ∆G°(cluster) can be calculated at different temperatures
from the binding energy of the H2O‚‚‚HCN(g) cluster at 0 K
by calculating the appropriate thermochemical corrections for
the reagents and the cluster. The calculated temperature variation
of ∆G°(H2O‚‚‚HCN) and lnKH2O‚‚‚HCN yield the data displayed
in Figure 3. It is clear that∆G°(H2O‚‚‚HCN) is predicted to

become negative at temperatures below 200 K, thus leading to
favorable cluster formation at these lower temperatures. This
is particularly significant for interstellar conditions, given the
fact that H2O and HCN have been detected as important
components of primitive atmospheres.12,13

Conclusions

The HCN‚‚‚H2O and H2O‚‚‚HCN complexes were studied
using different theoretical models. Geometry optimizations were
performed using B3LYP/aug-cc-pVQZ, B3PW91/aug-cc-pVQZ,
and MP2/aug-cc-pVTZ. Binding energies for these complexes
were obtained using aug-cc-pVXZ basis withX ) 2, 3, and 4
with counterpoise corrections and taking into account zero-point
energy (ZPE) differences. These results are extrapolated to the
basis set limit. In addition, the high-level CCSD(T) method is
used for the geometry optimized at the MP2/aug-cc-pVTZ level.
The different theoretical results are in fair agreement with one
another and show that the H2O‚‚‚HCN complex is more stable
than the HCN‚‚‚H2O complex by ca. 6.0 kJ mol-1. Rotational
constants and vibrational spectra including harmonic and
anharmonic contributions were also calculated for both isomeric
complexes. Frequency shifts upon hydrogen bond formation
have been obtained and compared with previous experimental
and theoretical results. These calculated spectroscopic data have
then been used to obtain thermochemical contributions for the
Gibbs free energy. The relative free energies are used to estimate
the equilibrium constant for isomerism. We find that under the
conditions of supersonic expansion experiments (T < 150 K)
H2O‚‚‚HCN is essentially the only isomer present. Our calcula-
tions also lead to the prediction that at temperatures below 200
K cluster formation through hydrogen bonding between H2O
and HCN becomes favorable over the separate moieties.
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