
Abstract. The structure, vibrational frequencies, light
scattering activities and binding energies of
CH3CN� � �H2O are obtained from ab initio methods.
The hydrogen N� � �H bond distance is calculated as
2.06 Å, the dipole moment as 5.77 D and our best esti-
mate for the binding energy is 3.5 kcal mol)1 (14.7 kJ
mol)1), after correcting for zero-point vibrations. The
calculated average dipole polarizability is 39.67 au and
the anisotropy is fairly large, corresponding to 21.78 au.
The changes in intramolecular vibrational frequencies
are analyzed. The scattering activities and depolariza-
tion of the Rayleigh and Raman light scattered are
calculated. In the Raman case the depolarization due to
the intense NC stretching vibration is increased by 20%
after the hydrogen bond. For the OH symmetric stretch
of water there is a large redshift of 75 cm)1 and a great
intensification of the Raman scattering activity by a
factor of 2 and a considerable increase of the depolar-
ization by a factor of nearly 4.

Keywords: Hydrogen bond – Acetonitrile – Infrared
shift – Dipole polarizabilities – Light scattering

Introduction

The study of the acetonitrile–water (CH3CN–H2O)
system is very important for understanding binary
mixtures [1] leading to powerful solvents with applica-
tions in chemistry and environment studies [2]. Aceto-
nitrile–water ionic clusters play an important role in the
terrestrial atmosphere [3] and CH3CN is of great interest

in astrophysics [4, 5, 6, 7]. A more detailed under-
standing of the acetonitrile–water interaction should
consider the important hydrogen-bond interaction. With
the development of laser vaporization and jet cooling
techniques the field of cluster physical chemistry has
seen great advances [8, 9, 10] and hydrogen-bonded
clusters have been produced [11, 12, 13]. Indeed,
hydrogen-bonded CH3CN� � �H2O clusters have been
produced in supersonic beam experiments [14, 15]. In
addition, the hydrogen bond is a topic of continuing
interest in physics, chemistry and biology [11, 16, 17].
The hydrogen-bonded system CH3CN� � �H2O has been
of interest for many years and has been studied theo-
retically (at the Hartree–Fock, HF, level) [18], experi-
mentally [14, 15] and its vibrational spectrum has been
studied in inert matrices [19]. In a theoretical and
experimental work, Desfrançois et al. [14] suggested two
stable structures (Fig. 1), although they just observed
the apparently stablest one (Fig. 1a), with a calculated
total dipole moment of 5.5 D. They suggested [14, 15] an
isomer with a total dipole moment of 2.6 D, possibly
being a second stable geometry. The identification of
cluster structures is difficult to achieve directly and
usually approaches rely on the comparison between
theoretical and experimental spectral shifts. For closed-
shell polar molecules a suitable procedure [14, 15]
compares theoretical and experimental dipole moments.
Hydrogen bonds can, however, be studied with a great
variety of techniques and spectral shifts in the IR region
is perhaps the most widely used technique. Despite its
importance, accurate theoretical calculations of the
acetonitrile–water system are still missing. In this work
we use ab initio calculations to obtain the structure and
spectrum of the CH3CN� � �H2O complex. To contribute
to the understanding of the experimental spectral
changes we calculate the IR shifts upon complexation
and the dipole moments of the complex and the separate
moieties. The change in the depolarization ratio for both
elastic (Rayleigh) and inelastic (Raman) light scattering
is also of great interest. Hence, we calculate the dipole
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polarizability tensor, the polarizability derivatives with
respect to the vibrational modes and the Rayleigh and
Raman scattering activities and depolarizations of
CH3CN� � �H2O and compare the results with those ob-
tained for the two isolated species. We also present an
accurate estimate for the binding energy, using high-
level ab initio calculations obtained at the coupled-cluster
level with large basis sets and including corrections for
basis set superposition and zero-point energy vibrations.

Methods

Full geometry optimization was performed using four theoretical
models: MP2/6-311++G(d,p), MP2/aug-cc-pVDZ, B3LYP/
6-311++G(d,p) and B3P86/6-311++G(d,p). As usual, MP2
stands for second-order perturbation in the Møller–Plesset parti-
tioning. The density functional theory (DFT) calculations use two
of the most common gradient-corrected functionals: Becke’s three-
parameter hybrid functional combining the Lee–Yang–Parr cor-
relation term [20, 21], namely B3LYP, and Becke’s three-parameter
hybrid functional with the Perdew correlation term [22], B3P86.
These methods were used with the 6-311++G(d,p) and the aug-
cc-pVDZ basis sets [23]. In all cases the rotational constants and
dipole moments were calculated in the equilibrium geometries.
These are the relevant parameters for characterization of geomet-
rical structures using rotational spectroscopy. The calculation of
theIR spectrum was performed for isolated water, CH3CN and
CH3CN� � �H2O. Shifts in the vibrational frequencies upon com-
plexation resulting in the formation of CH3CN� � �H2O were also
calculated. Particular attention is devoted to the most intense
transitions and the CN and OH stretching vibrations. Additionally,
the hydrogen binding energies for the complex were calculated and
the contribution of the electron correlation effect was systemati-
cally analyzed. In these geometries we performed single-point cal-
culations with many-body perturbation theory of second, third and
fourth order and with quantum-chemical coupled-cluster theory
with single and double excitations (CCSD) and single, double and
partial triple excitations, CCSD(T) [24]. This allows a systematic
analysis of the electron correlation contribution to the binding
energy. Full counterpoise correction for the basis set superposition
error (BSSE), as proposed by Boys and Bernardi [25], was taken
into account for all the calculated binding energies. The depolar-
ization ratios for Rayleigh and Raman scattering were calculated
after obtaining the dipole polarizabilities (average and anisotropic)

and their derivatives at the correlated level using the consistent
MP2/aug-cc-pVDZ level. All the calculations were performed with
the Gaussian 98 program [26].

Results

Geometries, rotational constants and dipole moments

The structures obtained in this work are shown in Fig. 1.
The structure in Fig. 1b has been obtained before at the
HF level [18] and has been considered in experimental
situations [15]. However the structures were found here
to be unstable at higher levels of calculation. Indeed,
using small basis sets [6-31G(d,p)] it was possible to get a
stable minimum at the uncorrelated HF level and cor-
related levels such asMP2, B3LYP and B3P86. However,
improvement of the theoretical model led invariably to
an unbound structure. Using the MP2/6-31G(d,p) model
we find that the complex is bound with an O–C(N) dis-
tance of 3.056 Å and a binding energy of only 2 kcal
mol)1 (after correcting for basis set superposition error
and zero-point vibration corrections). The calculated
total dipole moment for this complex is 2.43 D. The
corresponding dipole moments calculated at the B3LYP/
6-31G(d,p) and B3P86/6-31G(d,p) levels are 2.58 and
2.62 D. These are in good agreement with the value of
2.6 D inferred using theoretical multipolar development
[14]. However, as this structure is found to be unstable
after improvement of the theoretical model, we give it no
further consideration. The structure in Fig. 1a is found
to be a true stable minimum using all the theoretical
levels considered here. To assess the results more criti-
cally the four different calculations for the geometry,
rotational constants and dipole moments of the aceto-
nitrile–water complex (Fig. 1a) and its moieties are
shown in Table 1. Experimental values for the geometry
of gaseous CH3CN give the NC distance as 1.59 Å [27].
The DFT results give NC distances in good agreement
with experiment. These are shorter than those obtained
with MP2 and this is consistent with its triple-bond
nature. However, all the theoretical methods agree that
this NC distance decreases by 0.002 Å after hydrogen
binding with water. In contrast, in water, as expected, the
OH distance involved in the binding increases by 0.005–
0.008 Å, depending on the theoretical model. The least
increase is obtained with MP2/6-311++G(d,p) and the
largest increase with B3P86/6-311++G(d,p). A conse-
quence of the decrease in the NC distance will be a
blueshift in the NC stretching vibration frequency as
shown later.

After complexation the CH3CN� � �H2O system still
behaves as a nearly prolate rotor and the corresponding
rotational constants are also given in Table 1. In polar
clusters prepared by supersonic beam experiments, di-
pole moments are required to deduce structural infor-
mation [15]; so the calculated dipole moments are also
given in Table 1. The experimental result [28] of 1.86 D
for the dipole moment of gas-phase water is well
reproduced only in the MP2/aug-cc-pVDZ model.

Fig. 1. Geometrical structures of the acetonitrile–water hydrogen-
bonded complex
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Similarly, the experimental value [29] of 3.96 D for
gaseous CH3CN is obtained as 3.94 D, in fairly good
agreement. All DFT results for the dipole moments of
water and CH3CN are too large. The calculated dipole
moment value of 5.77 D for the complex obtained at the
MP2/aug-cc-pVDZ level is in good agreement with a
previously inferred value of 5.5 D [14]. The present
accuracy should be useful in the possible detection of
this hydrogen-bonded complex.

Vibrational frequency shifts

The calculated vibrational frequencies for the separate
molecules and the hydrogen-bonded complex are shown
in Table 2. Acetonitrile has 12 vibrational modes corre-
sponding in fact to eight active fundamentals: four non-
degenerate (a1 symmetry) and four doubly degenerate
(e symmetry) vibrational frequencies. After complexation
the e-degenerate modes may split and all vibrational fre-
quencies may shift. The magnitude of the shift may be
used for characterization of the structure of the complex.
As is well known, after hydrogen binding the symmetric
(a1) and asymmetric (b2) vibrational frequencies of the
water shift to the red, whereas the scissor (a1) mode in
the region of 1,600 cm–1 shifts towards the blue. The
calculated results are in agreement with this qualitative
picture, as seen in Table 2. The redshift of the OH
stretching vibration is calculated to vary between –53 and
–101 cm)1. The calculated shift at theMP2/aug-cc-pVDZ
level is )74 cm)1. For acetonitrile the largest shift is ob-
tained for the intense NC stretching mode. All the theo-
retical models predict that this shift is toward the blue and
that the magnitude varies between 10 and 17 cm)1. This
calculated blueshift is in agreement with the decrease in
the NC distance, after complexation, obtained theoreti-
cally and discussed in the previous section. Stretching
vibrations of atoms involved in hydrogen bonds are nor-
mally shifted towards smaller vibrational frequencies

(redshift). IR blueshifts of stretching modes due to
hydrogen bonds are attracting considerable attention
after the studies of Hobza and Havlas [32].

Binding energies

The calculated results for the binding energies are shown
in Table 3. All the results shown include counterpoise
correction to BSSE. Two sets of single-point energy cal-
culations were performed. One is CCSD(T)/
6-311++G(d,p) using the geometry obtained previously
with the MP2/6-311++G(d,p) method and the other is
CCSD(T)/aug-cc-pVDZ using the geometry obtained
with the MP2/aug-cc-pVDZ method. Intermediate re-
sults, like the incomplete and complete MP4 results, are
useful to analyze the electron correlation effects in the
binding energy. It can be noted that electron correlation
effects are important; they increase the calculated binding
energies with respect to theHF result.With theMP2/aug-
cc-pVDZ model the binding energy is calculated as
4.45 kcal mol)1. This value is only slightly decreased
after including higher-order electron correlation effects.
At the highest level, CCSD(T), this value is decreased to
4.23 kcal mol)1. The MP2 results confirm that this is a
good theoretical model for calculating binding energies of
hydrogen-bonded systems [33, 34]. Of particular impor-
tance is the contribution of high-order triple excitation.At
the fourth-order the triple excitation contribution, as de-
rived from the difference between MP4 and SDQ-MP4,
amounts to +0.25 kcal mol)1 in the binding energy.
Including all triple excitations derived from the difference
between CCSD(T) and CCSD gives a similar result of
0.21 kcal mol)1. Thus, most of the triple excitation con-
tribution to the binding energy is obtained already in
fourth order and the total effect of triple excitation is to
increase the binding energy by around 5%. Table 3 also
shows that single excitations contribute even less to the
binding energy. In fourth order, single excitation is

Table 1. Optimized geometry of the CH3CN� � �H2O complex in comparison with the isolated moieties. Refer to Fig. 1 for a definition of
the atomic indices. Dimer stands for the complex CH3CN� � �H2O. Distances in angstroms, angles in degrees, rotational constants in
gigahertz and dipole moments in debyes

MP2/6-311++G(d,p) MP2/aug-cc-pVDZ B3LYP/6-311++G(d,p) B3P86/6-311++G(d,p)

CH3CN H2O Dimer CH3CN H2O Dimer CH3CN H2O Dimer CH3CN H2O Dimer

N1 ” C2 1.174 1.172 1.185 1.183 1.153 1.151 1.152 1.151
C2–C3 1.463 1.462 1.471 1.470 1.457 1.455 1.450 1.448
C3–H4(5,6) 1.092 1.091 1.099 1.099 1.092 1.092 1.091 1.091
C2–C3–H4(5) 109.9 109.8 109.9 109.7 110.2 110.0 110.1 110.0
C2–C3–H6 109.9 109.8 109.9 109.8 110.2 110.1 110.2 110.1
N1–H7 2.106 2.060 2.079 2.036
C2–N1–H7 162.9 169.7 167.3 167.4
O8–H7 0.960 0.965 0.966 0.972 0.962 0.968 0.960 0.968
O8–H9 0.960 0.959 0.966 0.965 0.962 0.961 0.960 0.959
H7–O8–H9 103.4 103.0 103.9 103.8 105.1 104.7 104.9 104.5
IA 158.670 94.248 156.407 105.039 159.158 105.720 159.229 106.323
IB 9.081 1.742 8.950 1.743 9.245 1.762 9.295 1.795
IC 9.081 1.729 8.950 1.734 9.245 1.752 9.295 1.785
l 3.880 2.187 5.853 3.936 1.879 5.773 4.053 2.159 6.147 4.065 2.168 6.202
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obtained as the difference between the SDQ-MP4 and
DQ-MP4 results and contributes only 0.09 kcal mol)1

using the aug-cc-pVDZ basis in the MP2/aug-cc-pVDZ
optimized geometries, for instance. High-order single
excitations are even smaller, as seen using the difference
between CCSD and DQ-MP4 results. Again, using the
MP2/aug-cc-pVDZ geometry and the aug-cc-pVDZbasis
set this is only 0.03 kcal mol)1. This explains whyMP2 is
a good model for calculating binding energies of hydro-
gen-bonded systems. Similar results are obtained with the
other theoretical models. The results obtained with DFT
are slightly larger than those obtainedwithMøller–Plesset
or coupled-cluster theories. The result for the binding
energy using exclusively the B3LYP/6-311++G(d,p)
method, for both geometry and energies, is 4.81 kcal
mol)1. The result of 4.23 kcal mol)1 obtained withMP2/
aug-cc-pVDZ is in good agreement with the result of
4.18 kcal mol)1 obtained in Ref. [14]. Overall, the BSSE
amounts to a correction of less than 1.0 kcal mol)1 in the
binding energy with the correlated models, from MP2 to
CCSD(T).

Before giving our best estimate for the binding energy,
we should take into account the difference in zero-point
vibrational energies. Using the harmonic approximation
the calculated frequencies were obtained and are given in
Table 2. Using these values we obtained a difference in
zero-point vibrational energies of 1.31 kcal mol)1.
However, although the intramolecular vibrations may be
reasonably well described by the harmonic approxima-
tion, the intermolecular vibrations are largely anhar-
monic. Taking this into consideration, we estimate the
difference in zero-point vibrational energies as 0.70 kcal
mol)1. Using this result we give our best estimate of the
binding energy of the hydrogen-bonded complex as
3.53 kcal mol)1. This result is obtained with the
CCSD(T)/aug-cc-pVDZ single-point calculation per-
formed in the MP2/aug-cc-pVDZ geometry and calcu-
lated frequencies.

Rayleigh and Raman scattering activities

Light scattering cross-section and depolarization are
related to the anisotropy of the electronic polarization ofT
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Table 3. Calculated binding energies (kcal/mol) and electron cor-
relation effects in the hydrogen-bonded complex CH3CN� � �H2O.
All results were obtained at the optimized MP2 geometries indi-
cated and include counterpoise correction to the basis set super-
position error

Method MP2/6-311++G(d,p) MP2/aug-cc-pVDZ

HF 3.67 3.23
MP2 4.33 4.45
MP3 4.05 4.08
DQ-MP4 3.97 3.99
SDQ-MP4 4.03 4.08
MP4 4.19 4.33
CCSD 3.99 4.02
CCSD(T) 4.13 4.23
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a molecular system. As the hydrogen-bond formation
leads to a change in the anisotropy, it should lead to a
corresponding change in the light depolarization. In the
case of elastic Rayleigh scattering the degrees of depo-
larization of the light scattered at right angles to the
direction of incidence for natural and plane-polarized
light are given by [35, 36, 37, 38]

rn ¼ 6 Dað Þ2
.

45a2 þ 7 Dað Þ2
h i

and

rp ¼ 3 Dað Þ2
.

45a2 þ 4 Dað Þ2
h i

:

The average, a, and anisotropic, Da, dipole polariz-
abilities are the invariants of the polarizability tensor
and are obtained from

a ¼ axx þ ayy þ azz
� ��

3

and

Dað Þ2 ¼ 1=2 axx � ayy
� �2 þ ayy � azz

� �2 þ azz � axxð Þ2
h i

þ 3 a2xy þ a2xz þ a2yz

� �
:

The maximum value [35] of r in the Rayleigh scat-
tering corresponds to the most anisotropic case, corre-
sponding to the extreme where Da=3a. In this case, rmax

n
=1/2 and =1/3. It is also of interest to obtain the
depolarization for circularly polarized light. The light
circularly polarized scattered backwards may have a
component of circular polarization. The degree of
reversal is given by [35]

rc ¼ rn= 1� rnð Þ:

It is easy to see that in this Rayleigh case rmax
c is 1.In the

inelastic case of the Raman scattering in the same
experimental setup the degree of depolarization is given
by the same expressions but the derivative with respect
to the vibrational mode should be taken. Hence, for the
plane-polarized case one has

r mð Þ
p ¼ 3 Da0ð Þ2

.
45 a0ð Þ2 þ 4 Da0ð Þ2
h i

;

where the prime indicates a derivative with respect to the
m vibrational mode. We calculate the depolarization for
all the fundamentals of CH3CN both isolated and after
hydrogen binding with water. In this case the value of
rmax
p is 3/4. The cross-section for Raman scattering is

completely determined by the scattering activity given by
[35]

Ap ¼ 45 a0ð Þ2 þ 7 Da0ð Þ2:

The change in depolarization is now reported for
CH3CN both isolated and after hydrogen binding with
water. The result for the Rayleigh case and also the
calculated polarizabilities are given in Table 4. The di-
pole polarizabilities of both CH3CN and H2O are found
to be in good agreement with the experimental results.
The average dipole polarizability of CH3CN� � �H2O, as
expected, is only slightly larger than the sum of the di-
pole polarizabilities of separated CH3CN and H2O. The
change in the anisotropic polarizabilities of CH3CN and
CH3CN� � �H2O and the increase in the average polariz-
abilities lead to the variation in the depolarization ratios
as given in Table 4. In all cases the depolarization in-
creases upon complexation. The calculated activities for
the Raman scattering are given in Table 5. All eight
active fundamentals of CH3CN are considered, but in
the case of the degenerate vibrations the depolarization
has its maximum value of 3/4 as in this case the deriva-
tive of the dipole polarizability evaluated at the origin of
the molecular vibration is zero. The largest cross-section
for the inelastic scattered light transition is obtained for
the CH symmetric mode in the region of 3,090 cm)1;
however, for this vibration the depolarization for plane-
polarized light is essentially zero and does not change
after complexation. In this direction the most important
vibrational mode associated with CH3CN is the NC
stretching mode. Its depolarization ratio changes from
0.17 to 0.20 after the hydrogen-bond formation. Another
pronounced change in depolarization is obtained for the
less intense CC stretching at the calculated frequency of
930 cm)1. In this case the depolarization changes by a
percentually large amount of 45%, from 0.07 to 0.10, but
the absolute depolarization is smaller than that for the
NC stretching and Ap is also smaller. These effects are
more pronounced in the H2O modes. It has been noted
before [39] in the water dimer, at the HF level, that the
symmetric OH donor vibration increases by nearly 2.
The same situation is seen here, where we find a great
intensification of the scattering activity for the symmetric
stretch vibration of H2O (Table 5). To make a compar-
ison with the case of the hydrogen-bonded water dimer
(H2O)2 we also calculated its scattering activity at the
present MP2/aug-cc-pVDZ level. Starting from pure
H2O, the scattering activity of the OH stretching vibra-
tion (104.1a0

4/amu) increases by 55% in the water dimer

Table 4. Calculated dipole polarizabilities, both average, a, and
anisotropic, Da, in atomic units, depolarization ratio for CH3CN
and CH3CN� � �H2O. All calculations were made at the MP2/aug-
cc-pVDZ level and the corresponding optimized geometries

Molecule aa Da rn rp rc

H2O 9.30 1.04 0.0017 0.0008 0.0017
CH3CN 29.43 15.65 0.0361 0.0184 0.0375
CH3CN� � �H2O 39.67 21.78 0.0384 0.0196 0.0399

aExperimental value [27] for the dipole polarizability of water is
9.80 au and for acetonitrile two values are reported, 29.72 and
30.27 au
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H2O� � �H2O (161.6a0
4/amu) and increases by 99%

(206.8a0
4/amu) in the case of CH3CN� � �H2O. This is

indicative of a stronger bond and corroborates the result
for the frequency shift of )74 cm)1 calculated for the
symmetric OH stretch in the vibrational spectrum. As to
the depolarization ratio, we may note that it changes
from a factor of nearly 4 from the free water (0.042) to
the CH3CN� � �H2O complex (0.153).

Summary and conclusions

The hydrogen-bond interaction between acetonitrile and
water, CH3CN� � �H2O, has been analyzed by ab initio
methods. Geometry optimization, vibrational frequen-
cies, Rayleigh and Raman activities including light
scattering depolarization and binding energies were
considered. The geometries of the complex and of the
separate moieties were calculated using different theo-
retical models. In all the models we found a shortening of
the NC distance, leading to a blueshift of around
15 cm)1 in the IR spectrum. The calculated hydrogen-
bond N–H distance at the MP2/aug-cc-pVDZ level is
2.06 Å, with small variations between the results
obtained using the different theoretical methods. The
dipole moment of the complex CH3CN� � �H2O is 5.77 D
in good agreement with the suggestion of Desfrançois
et al. [14]. The binding energy was obtained using dif-
ferent theoretical models and the role of electron corre-
lation effects was analyzed. Taking into account the
BSSE and the difference in zero-point anharmonic
vibrational energies our best estimate for the binding
energy is 3.53 kcal mol)1, obtained with the CCSD(T)/
aug-cc-pVDZ single-point calculation performed in the
MP2/aug-cc-pVDZ geometry and calculated frequen-
cies. Of particular interest here are the Rayleigh and
Raman cross-section depolarization ratios. A light scat-
tering analysis was made both for the elastic Rayleigh
and for the inelastic Raman cases after calculation of the
dipole polarizabilities and their corresponding deriva-
tives with respect to the intramolecular vibrational
modes, at the MP2/aug-cc-pVDZ level. The calculated
average dipole polarizability is 39.67 au and the anisot-
ropy is fairly large, corresponding to 21.78 au. The
depolarization of the light scattered was then reported
for the CH3CN� � �H2O complex and the results were
compared with the results obtained for the two separated
moieties. It is noted that in the Raman case the depo-

larization due to the intense NC stretching vibration is
increased by 20%. For the OH symmetric stretch of
water there is a large redshift of 75 cm)1 in the vibra-
tional frequency and a great intensification of the Raman
scattering activity: the cross-section increases by a factor
of 2 and the depolarization by a factor of nearly 4.

Acknowledgements. This work was partially supported by CNPq
and FAPESP (Brazil).

References

1. Shin DN, Wijnen JW, Engberts JBFN, Wakisaka A (2002)
J Phys Chem B 106:6014

2. Engberts JBFN, Blandamer MJ (2002) J Chem Commun
18:1701
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