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The products of 193 nm photolysis of formaldoxime (CH2NOH) are studied in solid argon at 17 K. Four
species are experimentally found to appear in the photolysis, and they are identified with the aid of ab initio
calculations as different HCN/HNC-water complexes: NCH‚‚‚OH2, HCN‚‚‚HOH, CNH‚‚‚OH2, and HNC‚
‚‚HOH. The HNC-water complexes are experimentally observed for the first time. Computationally, the
NCH‚‚‚OH2 complex possesses the lowest energy and the HCN‚‚‚HOH complex is 5.3 kJ mol-1 higher in
energy. The two HNC-water complexes are 60-70 kJ mol-1 higher in energy than the HCN-water complexes.
The CNH‚‚‚OH2 is calculated to be the strongest complex with an interaction energy of about-30 kJ mol-1.
The barrier separating the HCN/HNC systems is high enough to prevent interconversion between them by IR
pumping of the fundamental vibrations. On the other hand, rearrangement inside the two chemical systems
is achievable with selective IR excitation of the OH, CH, and NH stretching vibrations.

1. Introduction

Hydrogen bonding is a widely explored area of physical
chemistry.1-8 The hydrogen-assisted interactions are important
in atmospheric chemistry, catalytic reactions, surface chemistry,
material science, and biological processes.

Water and hydrogen cyanide are well-known hydrogen bond
formers, showing both proton donor and acceptor nature. The
water dimer has typically been a model system of hydrogen
bonding.9 The capability of a water molecule to participate in
up to four simultaneous hydrogen bonds forming infinite chains
or three-dimensional solid lattices is of fundamental impor-
tance.10,11Hydrogen cyanide aggregates are of interest because
the linear HCN subunit possessing a single lone electron pair
can form linear chains of indefinite length.6

In the gas phase, the HCN-H2O complex was studied by
microwave spectroscopy in molecular beams.12 The complex
was deduced to have a vibrationally averaged, quasiplanar
structure belonging to theC2V point group. In this NCH‚‚‚OH2

complex, HCN donates a proton to the water oxygen. Turi and
Dannenberg modeled this complex with semiempirical and ab
initio calculations,13 and their results agree with the structure
reported in the gas phase.

The photochemical experiments on halogenated formal-
doximes by Maier et al. suggest that there might be another
hydrogen-bonded structure, i.e., a complex where water acts as
a proton donor and the HCN nitrogen is a proton acceptor.14

The CX2NOH (X ) Cl, Br) compounds decompose in rare gas
matrixes, giving BrCN‚‚‚HOBr and ClCN‚‚‚HOCl hydrogen-
bonded complexes. In these complexes, the hypohalogenous acid
donates a proton to the nitrogen atom of BrCN or ClCN.

HNC was observed for the first time as a photoisomerization
product of HCN in low-temperature rare gas matrixes15 and later
in interstellar space.16 The HCN-HNC isomerization reaction
was also studied experimentally.17 Recently, Samuels and co-

workers have computationally studied the thermochemistry of
two hydrogen-bonded HCN-H2O complexes and one HNC-
H2O complex.18 The NCH‚‚‚OH2 complex was found to be more
stable than HCN‚‚‚HOH by 11.7 kJ mol-1 at the MP2/6-311G-
(d,p) level of theory. The isomerization reaction between HCN
and HNC was also studied, and the authors present only the
HNC‚‚‚HOH complex for hydrogen isocyanide. The HNC‚‚‚
HOH complex was calculated to be 90.1 kJ mol-1 higher in
energy than the NCH‚‚‚OH2 complex.18 However, no vibrational
properties for the various complexes were reported.

In this paper, we report the vibrational spectrum of formal-
doxime (CH2NOH) in an argon matrix (17 K) and present the
results of 193 nm photolysis of formaldoxime. Matrix isolation
Fourier transform Infrared spectroscopy and ab initio methods
are combined to study the photodecomposition products, and
two different hydrogen-bonded structures of both HCN-H2O
and HNC-H2O complexes are identified. The identification of
the different isomers of the complexed species is aided by
selective IR pumping of different vibrational transitions to
induce internal reorganization of the complexes.

2. Experimental Details

Formaldoxime was generated from formaldoxime trimer
hydrochloride salt (Merck,>98%), which was used without
further purification. The hydrochloride salt was gently heated
(ca. 50°C) in a stainless steel tube continuously flushed with
argon gas (AGA,g99.995%). Upon heating, the solid hydro-
chloride salt decomposes, releasing monomeric formaldoxime
into the gas phase. The formaldoxime/Ar gas mixture was
deposited onto a cooled CsI window in an Air Products HS-4
cryostat at 17 K. The preparation of monomeric CH2NOH:Ar
matrixes is complicated because the decomposition of the
hydrochloride salt is highly sensitive to temperature. In the
flushing technique used for depositing the samples, no exact
matrix ratios could be determined, and monomericity was
controlled by comparing the spectra obtained at different
deposition conditions.* Corresponding author. E-mail: Antti.Heikkila@csc.fi.
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The IR spectra were recorded using a FTIR spectrometer
(Nicolet 60 SX). Typically, 200 interferograms were coadded.
The spectral resolution used was 1.0 cm-1 in the spectral region
400-4000 cm-1.

The formaldoxime samples were photolyzed with an excimer
laser (Estonian Academy of Sciences, ELI-76) operating at 193
nm (ArF). The pulse duration was 10 ns with pulse energies of
ca. 10 mJ over the matrix surface (≈3 cm2). Tunable pulsed IR
radiation was provided by mixing the 1.06µm radiation of a
Nd:YAG laser (Powerlite 9010, Continuum) with the idler beam
of an optical parametric oscillator (OPO Sunlite, Continuum)
in a LiNbO3 crystal. The pulse duration of the IR irradiation
was ca. 5 ns with a line width of∼0.1 cm-1. A Burleigh WA-
4500 wavemeter used to control the OPO radiation wavelength
establishes an absolute accuracy better than 1 cm-1 for the IR
radiation.

3. Computational Details

The Gaussian 94 program was used for the ab initio
calculations.19 All geometry optimizations and analytical fre-
quency calculations were done at the MP2(FC)/6-311++G(2d,-
2p) level after a set of preliminary scans of the complex potential
energy surfaces at the HF-SCF level using various smaller basis
sets. The interaction energies of the complexes were estimated
using the CCSD(T)/6-311++G(2d,2p)//MP2/6-311++G(2d,-
2p) level of theory. The interaction energies were corrected for
the basis set superposition error (BSSE) by calculating the
energy difference between the complex and the monomers in
the complex basis (DCBS). This procedure corresponds to the
counterpoise correction (CP) described by Boys and Bernardi.20

4. Experimental Results

IR Spectrum of Formaldoxime. Formaldoxime (CH2NOH)
is a planar molecule. Our ab initio geometry of formaldoxime
and the experimental geometry obtained from microwave
experiments21 are presented in Figure 1. The comparison
demonstrates a good agreement between the computational and
experimental values.

The survey spectrum of formaldoxime in solid argon at 17
K is shown in Figure 2. The observed and identified absorption
bands are collected in Table 1 and compared with our ab initio
harmonic vibration frequencies and the gas-phase spectrum
reported by Bannai.22 The matrix shifts of the vibrations are
generally small, the largest being 30 cm-1 downward in the
OH-stretching mode. In solid argon, theν8 andν11 bands split
into multiplets. In the other bands splitting is not as clear,
although shoulders can be seen. The origin of the splitting lies
possibly in different trapping sites.

Photolysis of Formaldoxime. The 193 nm photolysis of
formaldoxime in Ar is quite efficient and after ca. 2000 pulses

all formaldoxime absorptions practically disappear. The IR
absorptions generated under 193 nm laser irradiation are
presented in Figure 3 and Table 2.

Figure 1. Calculated (MP2/6-311++G(2d,2p)) and experimental (in
parentheses, from ref 21) structures of formaldoxime.

Figure 2. IR spectrum of formaldoxime (CH2NOH) in solid
Ar (17 K).

TABLE 1: Fundamental Absorptions of Formaldoxime in
the Gas Phase22 and in Solid Argon and Computational
Frequencies and Intensities at the MP2/6-311++G(2d,2p)
Level of Theorya

MP2/6-311++G(2d,2p)

ω (cm-1)
I

(km mol-1)
argon
(cm-1)

gas phase
(cm-1) assignment

3707 102 3620 3650.3 ν1 OH str
3163 1 3104 3109.7 ν2 CH asymm str
3026 4 2976 2974.2 ν3 CH symm str
1601 5 1624 1639.5 ν4 CN str
1409 11 1408 1410.5 ν5 CH2 scissors
1294 78 1313 1319.0 ν6 HON bend
1145 7 1151 1157.3 ν7 CH2 rock
935 38 954 952.6 ν10 CH2 wag
876 107 886 892.6 ν8 NO str

880
773 6 774 772.8 ν11 HON wag

770
513 7 526 530.0 ν9 CNO bend
385 133 397.7 ν12 CNOH torsion

a The calculated frequencies are scaled with a constant factor of 0.96.
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The complexity of the recorded FTIR-spectrum immediately
suggests the presence of several photoproducts. In fact, four
different groups of absorptions can be recognized, and these
are labeled as A-D in Figure 3. In particular, four distinct
absorptions in the 2020-2110 cm-1 region suggest the presence
of four different structures containing a C-N bond. The relative
intensities of the observed absorptions change over a period of
several hours after the photolysis, indicating that the photoge-
nerated mixture of the new species is not in equilibrium. During
overnight stabilization at 17 K, the bands marked with A and
B increase and the bands marked with C and D decrease.

In the gas phase, formaldoxime has an absorption centered
at 213 nm (nf π*) and a strong absorption at 180 nm (π f
π*).23 In the 193 nm photolysis of formaldoxime, OH radicals
were observed.24 Accordind to this, the primary excitation of
formaldoxime at 193 nm in solid argon presumably produces a
(H2CN• + OH•) radical pair in the cage, which can in secondary
reactions form water and either HCN or HNC. In the photolysis
of CH2NOH in solid argon, no free HCN, HNC, H2CN•, or CN•

is observed, indicating a strong cage effect. This resembles the
photochemical decomposition of formic acid and formamide
where the cage trapping was used to produce well-isolated 1:1
complexes H2O-CO and NH3-CO.25-27 A possible mechanism
for the production of H2O and HCN or HNC is shown in
Scheme 1.

The formation of H2O and HCN can result from the reaction
of OH radical with one of the hydrogen atoms of H2CN, but
the formation of HNC needs further explanation. The H2CN•

radical formed in the photolysis might have enough excess
energy to undergo a rapid rearrangement into HCNH by a
hydrogen shift. The reaction between the C-bonded hydrogen
and the OH• radical can then produce HNC and H2O. In fact,
Bair and Dunning have studied the H2CN-HCNH isomerization
reaction with ab initio calculations. They found thattrans-HCNH
lies 58 kJ mol-1 higher in energy than H2CN and the barrier
for the isomerization is 219 kJ mol-1.28

IR Excitation of the Photoproducts. The thermally relaxed
samples were irradiated with narrow band IR radiation at
different absorptions of the photolysis products. The irradiation
selectively induces conversion of an irradiated species into
another, as evidenced by the decrease of the irradiated set of
bands and the increase of the other set. Two representative
difference spectra are shown in Figure 4. The top trace presents
the results of pumping at the 3181 cm-1 absorption of species
A. When this band is pumped, the peaks labeled as A decrease
while the bands labeled as C increase without changes in either
B or D bands. After the IR pumping a dark interconversion
from species C to A similar to the situation after photolysis of
the formaldoxime precursor is observed. Pumping of any
available band of species A above 3100 cm-1 produces species
C and vice versa.

Pumping at the 3283 cm-1 absorption of species B increases
the D absorptions and decreases the B absorptions, as shown
in the lower trace of Figure 4. Irradiation of the other absorptions
of B above 3100 cm-1 has the same effect. Similarly to the

Figure 3. Difference spectrum demonstrating the results of 193 nm
photolysis of formaldoxime. The formed species appear as positive
absorptions; the formaldoxime bands correspond to negative absorp-
tions. Ambient H2O absorptions are marked with asterisks.

TABLE 2: Strongest Absorptions Observed after 193 nm
Photolysis of Formaldoxime in Solid Argon at 17 Ka

frequency (cm-1) rel intensity frequency (cm-1) rel intensity

3713 32 2109 0.9
3608 9.6 2089 5.0
3594 22 2048 0.9
3560 7.4 2030 0.6
3298 22 813 13
3283 100 803 1.7
3181 50 727 18

495 18

a The integrated intensities are scaled according to the strongest band
observed (3282.1 cm-1), which is given the value of 100.

SCHEME 1
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species A and C, the thermal interconversion from D to B is
observed after IR pumping of species B. Also, D can be
converted to B by pumping the absorptions belonging to D.
This suggests that species A and C are two different conformers
of the same chemical system and that B and D are two
conformers of the second chemical system produced from
formaldoxime upon 193 nm photolysis. No interconversion from
A or C to B or D was observed.

5. Hydrogen-Bonded Complexes HCN-H2O and
HNC-H2O

To get a better insight on the H2O-HCN and H2O-HNC
hydrogen-bonded complexes and to aid the interpretation of the
experimental data obtained in low-temperature matrixes, we
performed ab initio calculations for complexes of water with
both HCN and HNC at the MP2/6-311++G(2d,2p) level of
theory. We found four stable hydrogen-bonded complexes,
which are presented in Figure 5. The structural parameters and
calculated interaction energies of the HCN/HNC-H2O com-
plexes are collected in Tables 3 and 4. The calculated vibrational
spectra of the complexes are collected in Table 5, and they are
discussed below when the experimental bands are assigned to
different complexes. Tables 3-5 and Figure 5 establish the
following assignments for the experimentally observed bands:
species A is NCH‚‚‚OH2, B is CNH‚‚‚OH2, C is HCN‚‚‚HOH,
and D is HNC‚‚‚HOH.

Complex A (NCH‚‚‚OH2). The NCH‚‚‚OH2 complex has
the lowest energy of the four complexes. The computational
O-C distance, 3.128 Å, is close to the gas-phase experimental
value of 3.152 Å.12 The estimated interaction energy of the
NCH‚‚‚OH2 complex is-19.39 kJ mol-1 at the CCSD(T) level
with CP correction. Our MP2 value (-19.70 kJ mol-1) does
not differ significantly from the CCSD(T) value, which is
probably due to the strength of the complex and the sufficiently

flexible basis set used. The previous MP2 and semiempirical
studies by Turi and Dannenberg also place this interaction
energy at ca.-20 kJ mol-1.13

For this complex, the calculations predict the following
frequency shifts from free monomer values:+144 cm-1 for
the HCN in-plane bending mode,+126 cm-1 for the HCN out-
of-plane bending,-101 cm-1 for the CH-stretching and rather
small shifts for the HOH bending, OH-stretching, and CN-
stretching modes. Corresponding experimental shifts for bands
of species A are+107 cm-1 for the HCN in-plane bending
mode,+94 cm-1 for the HCN out-of-plane bending, and-122
cm-1 for the CH-stretching mode. The H2O and CN-stretching
modes are experimentally shifted by less than 10 cm-1. The
computational and experimental values are in good agreement
with each other, which establishes the assignment of species A
as the NCH‚‚‚OH2 complex. Out of the four complexes studied,
this is the only one for which the computational frequencies fit
the experimental values obtained for species A.

Complex C (HCN‚‚‚HOH). In this complex, water is a
proton donor, bonding with the nitrogen atom of HCN.
Computationally, this complex is estimated to be 5.3 kJ mol-1

higher in energy than complex A at the CCSD(T) level. The
counterpoise-corrected interaction energy for the HCN‚‚‚HOH
complex calculated at the CCSD(T) level is-14.41 kJ mol-1.
The weaker interaction is seen also as a small elongation of the
intermolecular distance (2.1087 Å) compared with the lowest-
energy NCH‚‚‚OH2 complex (2.0566 Å).

From the experimental point of view, distinguishing between
the NCH‚‚‚OH2 and HCN‚‚‚HOH complexes is straightforward.
In the HCN..HOH complex, water is a proton donor, which
causes large shifts to its OH-stretching and HOH-bending
frequencies, and the CH-stretching mode of HCN should be
relatively unperturbed upon complexation. The computational
frequency shifts are-24 and-50 cm-1 for the OH-stretching
modes and+23 cm-1 for the HOH bending. The CH-stretching
and HCN-bending modes are predicted to shift by less than 10
cm-1 from the monomer values. In the experimental spectrum
a group of similarly shifted bands labeled as C can be found:
the OH-stretching bands shifted by-23 and-44 cm-1, the
HOH bending shifted by+38 cm-1, the CH stretching shifted
by -6 cm-1, and the HCN in-plane and out-of-plane bendings
shifted by+8 cm-1 and+7 cm-1, respectively. The calculated
shift for the CtN-stretching mode of the HCN‚‚‚HOH complex

Figure 4. Two difference spectra demonstrating the results of OPO
irradiation. The increasing species give positive absorptions, and the
decreasing species give negative absorptions. The top trace shows the
situation after IR pumping at 3181 cm-1, and the lower trace applies
to the situation after IR pumping at 3283 cm-1.

Figure 5. Hydrogen-bonded HCN-H2O and HNC-H2O complexes
calculated at the MP2/6-311++G(2d,2p) level. The intermolecular
distances of the complexes are expressed in angstroms, and the relative
energetics are expressed in kJ mol-1 compared with the lowest energy
species NCH‚‚‚OH2 (complex A), at the MP2 and CCSD(T) levels of
theory.
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is +17 cm-1, and the relative intensity of this mode is predicted
to be small. In the experimental spectrum, a band attributed to
species C according to the IR-pumping measurements can be
found at 2109 cm-1. This band shown in Figure 3 shifts by
+15.9 cm-1 compared with the CtN stretch in the HCN
monomer and agrees with the calculated peak position.

The assignment of the HCN‚‚‚HOH to species C perfectly
agrees with our previous assignment of the H2O‚‚‚HCN
complex. These two complexes represent the same chemical
structure HCN-H2O, and a relatively low barrier between them
is natural. Indeed, we observed thermal Cf A conversion and
C T A selective IR pumping, as discussed above.

Complex B (CNH‚‚‚OH2). When formaldoxime is photo-
lyzed at 193 nm, formation of both HCN-H2O and HNC-
H2O systems is energetically possible and the proposed channels
are presented in Scheme 1. According to the calculations at the
MP2/6-311++G(2d,2p) level, there are two stable HNC-H2O
complexes: CNH‚‚‚OH2 where HNC acts as a proton donor
and HNC‚‚‚HOH where HNC acts as a proton acceptor. These
two structures are shown in Figure 5, and they are similar to
the two HCN complexes. The transition state of HCN-HNC
isomerization lies computationally 12 200 cm-1 (146 kJ mol-1)
higher in energy than HNC,29 which explains the absence of
IR-induced or dark (17 K) interconversion between HCN-H2O
and HNC-H2O.

The CNH‚‚‚OH2 complex has some interesting features. The
calculated intermolecular distance is very short (1.8112 Å) due
to the strong interaction between the subunits. The interaction
energy is estimated to be-30.21 kJ mol-1. The strong
interaction is also reflected in the NH bond distance, which

grows to 1.0132 Å compared with the 0.9964 and 0.9961 Å,
respectively, for HNC‚‚‚HOH and monomeric HNC computed
with the same method.

The large perturbations upon complexation can be observed
in the calculated vibrational spectrum as well. The NH stretching
band is predicted to shift by-304 cm-1 from the monomer
value. The calculated relative intensity of this band is also very
high: 1212 km mol-1, which is 10-fold compared with all other
vibrational intensities of this complex. The HNC bending modes
are also strongly perturbed, calculated shifts being+393 cm-1

for the in-plane mode and+313 cm-1 for the out-of-plane mode.
The OH-stretching modes are calculated to shift by-16 cm-1

for the antisymmetric mode and by-13 cm-1 for the symmetric
mode. The other vibrations exhibit only small shifts upon
complexation.

The calculated vibrational properties of the CNH‚‚‚OH2

complex fit well in the observed bands labeled as B. In this
assignment, the experimental NH stretching band can be found
at 3284 cm-1, being shifted-336 cm-1 from the monomer
absorption at 3620 cm-1.15 The HNC in-plane bending absorp-
tion is assigned at 819 cm-1 based on the IR-pumping
experiments. This band is shifted+342 cm-1 from the monomer
value. The out-of-plane bending mode is calculated to be 80
cm-1 lower and is experimentally found at 731 cm-1, which is
88 cm-1 lower than the in-plane mode.

The OH-stretching modes are relatively unperturbed upon
complexation, which complicates their assignment. A band at
3614 cm-1 is tentatively assigned to the symmetric OH-
stretching mode, which is in agreement with the computational
shift and intensity. However, the antisymmetric mode is
obscured by uncomplexed water absorptions and cannot be
detected. We assign the band at 2031 cm-1 to C-N stretching
of complex B according to the IR-pumping experiments. This
is the weakest band assigned to one of the complexes in the
C-N stretching region, which correlates with the low calculated
intensity as well.

Complex D (HNC‚‚‚HOH). The HNC‚‚‚HOH complex
resembles the HCN‚‚‚HOH complex. The calculated intermo-
lecular distance is 2.2033 Å and the interaction energy is-15.15
kJ mol-1 at the CCSD(T) level. Substantial shifts are predicted
for most of the vibrations of the HNC‚‚‚HOH complex. It is

TABLE 3. Geometrical Parametersa of the HCN-H2O and HNC-H2O Hydrogen-Bonded Complexes at the MP2/
6-311++G(2d,2p) Level of Theory

NCH‚‚‚OH2 (A) CNH‚‚‚OH2 (B) HCN‚‚‚HOH (C) HNC‚‚‚HOH (D)

r(O-H1) 0.9588 0.9592 0.9573 0.9572
r(O-H2) 0.9629 0.9640
r(C-H3) 1.0711 1.0637
r(N-H3) 1.0132 0.9964
r(C-N) 1.1669 1.1757 1.1646 1.1730
r(interaction) 2.0566 1.8112 2.1087 2.2023
∠(H1-O-H2) 104.88 105.30 104.26 104.25
∠(H1-O-H3) 125.15 119.71
∠(H2-O-H3) 124.38 119.61
∠(O-H3-C) 179.86
∠(O-H3-N) 179.99
∠(H3-C-N) 179.96 179.89
∠(H3-N-C) 179.73 179.16
∠(O-H2-C) 176.38
∠(O-H2-N) 177.10
∠(H2-C-N) 173.25
∠(H2-N-C) 171.32

Eel (a.u.) -169.5274111 -169.5038809 -169.5256141 -169.4970607

a Bond distances are given in Å, and bond angles, in degrees. The hydrogen atoms are numbered as follows: H1 and H2 hydrogens are the
hydrogen atoms in the water molecule, H1 being the noninteracting hydrogen and H2 being involved in hydrogen bonding. H3 is the hydrogen in
either HCN or HNC.

TABLE 4. Calculated BSSE-Corrected Interaction Energies
(in kJ mol-1) of the HCN-H2O and HNC-H2O Complexesa

NCH‚‚‚OH2

(A)
CNH‚‚‚OH2

(B)
HCN‚‚‚HOH

(C)
HNC‚‚‚HOH

(D)

MP2 -19.70 -32.38 -15.33 -16.28
MP3 -20.04 -30.63 -13.79 -14.42
MP4SDQ -19.19 -29.70 -13.86 -14.46
CCSD -19.14 -29.44 -13.69 -14.03
CCSD(T) -19.39 -30.21 -14.41 -15.15

a The MP2/6-311++G(2d,2p) optimized structures are used in all
single point energy calculations.
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notable that the NH-stretching mode is estimated to have a
higher frequency than the H-bonded OH-stretching mode. For
the OH-, NH-, and CN-stretching modes, the computed and
experimental values are in good agreement, as seen in Table 5.
However, the HOH bending is obscured by overlapping water
impurity absorptions, and it was not observed.

The experimental spectrum has a quartet around 490 cm-1,
which is assigned to complex D in the IR-irradiation experi-
ments. This quartet consists of peaks at 498, 494, 491, and 487
cm-1 and might consist of both the HNC-bending modes and
the intermolecular mode. The in plane and out-of-plane HNC-
bending modes are predicted to shift by 11.5 and 13 cm-1 from
the experimental monomeric HNC value of 477 cm-1.15 The
calculations also predict a strong intermolecular mode at 501

cm-1. Similarly to the HCN-H2O complexes, the observed
DfB dark process is in agreement with the calculated energet-
ics, with B being the lower-energy form.

6. Conclusions

The products of 193 nm photolysis of formaldoxime are
studied in low-temperature argon matrixes with FTIR technique.
Four different species found after photolysis are identified as
different structures of HCN/HNC-H2O complexes. No mon-
omeric HCN, HNC, or water was observed, which shows that
the cage effect prevents exit of the primary photolysis products
and that subsequent reactions lead to products with the stoi-
chiometry of the precursor.

TABLE 5: Calculated and Experimental Frequencies of the HCN-H2O and HNC-H2O Complexesa

exp freq
ω (cm-1)

exp shift
∆ω (cm-1)

calc freq
ω (cm-1)

calc rel intensity
I (km mol-1)

calc shift
∆ω (cm-1)

NCH‚‚‚OH2 (A)
ν1, νas(OH) 3740 +3.6 3812.6 100 -10.4
ν2, νs(OH) 3635 -3.0 3699.5 19 -8.8
ν3, ν(CH) 3182 -121.8 3220.2 351 -100.8
ν4, ν(CN) 2090 -3.4 1933.5 9 -0.7
ν5, δ(HOH) 1599 +8.2 1595.3 67 +0.5
ν6, δ(HCN) in plane 827 +106.8 834.0 48 +144.2
ν7, δ(HCN) oop 814,803 +94.1 815.9 40 +126.1
ν8 intermolecular 243.1 75
ν9 intermolecular 144.6 69
ν10 intermolecular 139.9 91
ν11 intermolecular 101.6 118
ν12 intermolecular 98.9 1

CNH‚‚‚OH2 (B)
ν1, νas(OH) 3806.9 114 -16.0
ν2, νs(OH) 3614 (tentative) -24.6 3695.6 22 -12.7
ν3, ν(NH) 3284 -336.3 3364.5 1212 -303.9
ν4, ν(CN) 2031 +11.8 1929.2 <1 -2.9
ν5, δ(HOH) 1595.7 69 +0.9
ν6, δ(HNC) in plane 819 +342.0 821.0 156 +393.4
ν7, δ(HNC) oop 731 +254.0 740.2 149 +312.6
ν8 intermolecular 286.2 18
ν9 intermolecular 227.1 219
ν10 intermolecular 191.8 128
ν11 intermolecular 119.3 9
ν12 intermolecular 109.6 2

HCN‚‚‚HOH (C)
ν1, νnon-bonded(OH) 3713 -22.7 3798.6 108 -24.4
ν2, νH-bonded(OH) 3594 -43.9 3658.6 98 -49.7
ν3, ν(CH) 3298 -5.6 3323.7 83 +2.7
ν4, ν(CN) 2109 +15.9 1951.5 <1 +17.2
ν5, δ(HOH) 1629 +38.2 1617.9 94 +23.1
ν6, δ(HCN) 728 +7.8 694.3 35 +4.5
ν7, δ(HCN) 727 +6.8 694.1 40 +4.3
ν8 intermolecular 459.7 113
ν9 intermolecular 272.2 97
ν10 intermolecular 127.8 2
ν11 intermolecular 61.6 64
ν12 intermolecular 53.6 23

HNC‚‚‚HOH (D)
ν1, νnon-bonded(OH) 3688 (tentative) -47.9 3794.9 120 -28.1
ν2, ν(NH) 3608 -12.0 3665.8 215 -2.6
ν3, νH-bonded(OH) 3560 -68.3 3632.4 361 -75.9
ν4, ν(CN) 2048 +19.3 1954.7 26 +22.6
ν5, δ(HOH) 1618.6 43 +23.7
ν6, δ(HNC) in plane 498 +21.0 440.5 133 +12.9
ν7, δ(HNC) oop 494 +17.0 439.0 130 +11.4
ν8, intermolecular 487 (tentative) 501.3 107
ν9, intermolecular 290.0 96
ν10, intermolecular 125.5 2
ν11, intermolecular 67.7 56
ν12, intermolecular 64.7 27

a Experimental shifts are calculated from literature monomer values.15,30
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By using IR-pumping experiments and ab initio calculations
at the MP2/6-311++G(2d,2p) level, the four experimental
species are identified as hydrogen-bonded NCH‚‚‚OH2, HCN‚
‚‚HOH, CNH‚‚‚OH2, and HNC‚‚‚HOH complexes, the HNC-
H2O complexes being observed for the first time. The NCH‚‚
‚OH2 complex represents the lowest-energy species. The two
HNC-H2O complexes were estimated to be ca. 60-70 kJ mol-1

higher in energy than the two HCN-H2O complexes, and the
barrier separating HCN-H2O from HNC-H2O is sufficiently
high to prevent interconversion by exciting the fundamental
vibrations of the complexes. Computationally, the CNH‚‚‚OH2

is the strongest complex, the BSSE-corrected interaction energy
being ca.-30 kJ mol-1 at the counterpoise-corrected CCSD-
(T)/6-311++G(2d,2p)//MP2/6-311++G(2d,2p) level. In all
complexes, the subunits undergo strong perturbations upon
complexation and the ab initio calculations agree with the
experimental results. The two HNC-H2O complexes and the
two HCN-H2O complexes can be interconverted with each
other in a pairwise manner by selective pumping of the
fundamental stretching modes of their subunits.
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