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Vibrational properties (band position, Infrared and Raman intensities) of the acetonitrile CtN stretching
mode were studied in 27 gas-phase medium intensity (length range:) 1.71-2.05 Å; -∆E range) 13-48
kJ/mol) hydrogen-bonded 1:1 complexes of CH3CN with organic and inorganic acids using density functional
theory (DFT) calculations [B3LYP-6-31++G(2d,2p)]. Furthermore, general characteristics of the hydrogen
bonds and vibrational changes in the OH stretching band of the acids were also considered. Experimentally
observed blue-shifts of the CtN stretching band promoted by the hydrogen bonding, which shortens the
triple bond length, are very well reproduced and quantitatively depend on the hydrogen bond length. Both
predicted enhancement of the infrared and Ramanν(CtN) band intensities are in good agreement with the
experimental results. Infrared band intensity increase is a direct function of the hydrogen bond energy. However,
the predicted increase in the Raman band intensity increase is a more complex function, depending
simultaneously on the characteristics of both the hydrogen bond (CtN bond length) and the H-donating acid
polarizability. Accounting for these two parameters, the calculatedν(CtN) Raman intensities of the complexes
are explained with a mean error of(2.4%.

1. Introduction

The important modifications promoted in the vibrational
dynamics of the nitrile functional group under the effect of
chemical coordination with Lewis acids involving the nitrogen
lone pair are firmly documented both theoretically1-6 as well
as from the experimental point of view (for two reviews on the
infrared (IR) and Raman spectroscopic aspects, see refs 7 and
8, respectively). The first attempt to computationally approach
the changes in the structural and vibrational characteristics of
the acetonitrile CtN bond under the effect of coordination was
undertaken by Vijay and Sathayanarayana,9 who studied the
complexes formed between borane and acetonitrile/methyl
isocyanide both experimentally and from ab initio calculations
using HF/DZP and MP2/DZP methods. A shortening of both
the NtC (isocyanide) and CtN (acetonitrile) bonds as a result
of complexation with the boron atom were predicted by
theoretical calculations and observed experimentally. The im-
mediate effect of this change was to strengthen the correspond-
ing bond force constants, thus increasing significantly the Ct
N/NtC stretching frequencies (+100 cm-1 in acetonitrile and
+150 cm-1 in methyl isocyanide). Experimental infrared
intensities were greatly enhanced as predicted by these ab initio
calculations at both levels of theory.

A special and interesting case of acetonitrile coordination is
the hydrogen bond (HB) formation through the nitrogen lone
pair. Coussan et al.10 studied by IR spectroscopy the complex
CH3OH‚‚‚NCCH3 in Ar or N2 matrices, including a detailed
computational calculation using DFT at the B3LYP/6-31(and
6-311)++G(2d,2p)) levels. The calculated dissociation energy
of the complex was 18.13 kJ/mol (BSSE corrected) with an

HB distance of 2.07 Å and a predicted shift of 12.6 cm-1 in
the corresponding CtN stretching band (experimentally ob-
served: 9.3 cm-1). Galabov and Bobadova-Parvanova11 carried
out a systematic study at the HF/6-31+(d,p) level of the
geometry and energy of 1:1 hydrogen-bonded complexes
between hydrogen fluoride and a series of 11 nitriles. The range
of dissociation energies (BSSE corrected) was 7.8-26.5 kJ/
mol, with a value of 24.4 kJ/mol for acetonitrile. The corre-
sponding N‚‚‚H distance was 1.9372 Å. George et al.12 obtained
almost linear geometries for 1:1 hydrogen-bonded complexes
between five nitriles (including HCN) and hydrogen chloride
at the B3LYP/6-311++G(2d,2p) level of theory. The complex
CH3CN‚‚‚HCl shows an HB length of 1.9792 Å with a predicted
16.6 kJ/mol of dissociation energy. In this paper, the reported
CtN stretching shifts fluctuate between 14.1 and 17.4 cm-1

depending on the nitrile, with a value of 15.5 cm-1 for
acetonitrile. The authors conclude that DFT is a suitable tool
to assess the geometries, energy, and vibrational characteristics
of such complexes. Kryachko and Nguyen13 studied several
complexes between phenol and acetonitrile, comparing the MP2
and DFT approaches. Theσ-bonded complex is a slightly bent
structure (∠(CtN‚‚‚H) ) 169.1°), with N‚‚‚H distances of
1.997 (DFT) and 2.034 Å (MP2) and dissociation energies
(BSSE corrected) of 22.4 (DFT) and 29.5 (MP2) kJ/mol. The
CtN stretch blue shift is evaluated as 14-15 (DFT) and 16
cm-1 (MP2). However, no data on the vibrational intensities
are available. Rissi et al.14 have studied the complex CH3-
CN‚‚‚H2O using four different theory levels, namely MP2/6-
311++G(d,p), MP2/aug-cc-pVDZ, B3LYP/6-311++G(d,p),
and B3P86/6-311++G(d,p). Depending on the theory level
adopted, the N‚‚‚H distances are located in the range 2.036-
2.106 Å, with MP2 lengths longer than those predicted on the
basis of the DFT calculations. BSSE-corrected dissociation
energies are in the range 13.5-17.7 kJ/mol, with a best value
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of 14.8 kJ/mol. The MP2 calculated CtN stretching shifts are
greater than those corresponding to the DFT calculations (17
vs 10 cm-1, respectively). Raman band intensities are calculated
only at the MP2/aug-cc-pVDZ level of theory and a moderate
increase of the CtN stretching band depolarization ratio (from
0.17 up to 0.20) is reported upon HB formation. Consequently,
its Raman intensity rises from 49.37 Å4/amu in acetonitrile to
64.02 Å4/amu in the complex. Recently, Chaban15 has studied
1:1 complexes between water and three different nitriles
(namely, H2N-CtN, CH3-CtN, and H2N-CH2-CtN) at
the MP2/TZP level in distinct configurations. When the CtN
group acts as theσ-acceptor, predicted dissociation energies
(BSSE uncorrected) are in the range 15.4-17.2 kJ/mol, with a
value of 15.7 kJ/mol for acetonitrile. Calculated anharmonic
CtN stretching blue-shifts are significant (19-23 cm-1) and
the IR intensities, which are the only ones reported, increase
from 1.36 up to 2.29 times after HB formation. Thus, although
the experimental facts, i.e., blue-shift of the CtN stretching
band, strong increase of the infrared (IR) absorption coefficient,
and moderate to medium increase of the corresponding Raman
intensity, are clearly predicted (see refs 16-21 for further
discussion), a complete explanation of these findings and their
dependence to the best of our knowledge is lacking in the
literature.

In this paper, we present a detailed study of the optimized
structures and vibrational spectra, including the Raman intensi-
ties, of 27 H-bonded 1:1 acetonitrile complexes with organic
and inorganic acids (see Table 4 for a complete list) with the
aim to understand the factors which influence the modulation
of the changes in the CtN stretching dynamics that have been
reported above. Despite initial criticisms,22 density functional
theory has been successfully employed to assess the geometries,
energies, and vibrational spectra of H-bonded complexes,12,23-27

and recently28 its accuracy and good agreement with MP2 and
coupled-cluster methods has been confirmed for H-bonds that
do not deviate significantly from linearity. Thus, taking into
account the computational time spent for moderately big atomic
systems (on average, complexes studied in this paper need 218
basis functions and 324 primitive Gaussians) for which Raman
intensities are also required, we have decided to employ in this
paper DFT with a medium-complexity basis including both
diffuse and polarization functions that secures the quality of
results needed in a systematic study where the main interest is
the assessment of general trends instead of evaluating one
specific system with a very high precision.

2. Computational Details

Starting structures for the single compounds, when available
in the gas phase, were taken from the literature.29,30 In those

cases where such information was not available, structures were
initially optimized by a semiempirical method (PM3) and, then,
refined using DFT calculations. Becke’s gradient corrected
exchange functional31 in conjunction with the Lee-Yang-Parr
correlation functional32 with three parameters (B3LYP)33 was
used throughout. All the final DFT-optimized structures pos-
sessed a minimum of the PES as can be inferred from the
absence of negative (imaginary) frequencies. These structures
and their corresponding vibrational spectra are available on
demand. Once optimized, the structure and its electrostatic
properties including the electrostatic potential at atomic sites
were obtained. Optimized structures of both the acid and the
base (acetonitrile) were located initially at an N‚‚‚H distance
of 2 Å with the C, N, O, and H atoms in the same line as initial
parameters up to the convergence of the structure. In a second
run, the same molecules were located initially at the same
distance, but forming a C-N-H angle of 135°. The converged
structure was accepted only if does not differ from that
previously optimized with the linear configuration as a starting
point and was free of imaginary frequencies. The structures and
spectra of the complexes are available on demand. The zero-
point vibrational energies calculated within the harmonic
approximation and the thermal energies and enthalpies at 298
K were calculated using the unscaled harmonic vibrational
frequencies. The effect of the basis-set superposition error
(BSSE) was analyzed in the optimized structure of the com-
plexes by the standard counterpoise method.34,35 Usually, the
complex binding energy is defined as

where

All these calculations were carried out with the Gaussian03
program package36 in the Supercomputation Centre of the
Universidad de Castilla-La Mancha, which uses the machines
HP AlphaServer GS80 and Silicon Graphics Origin 2000. The
Ampac Gui 8 system37 was the graphic interface that, in
particular, allows to study conveniently the vibrational modes.
Statistical (curve-fitting) procedures were run with the applica-
tion STATGRAPHICS+ (5.1) for Windows.38

3. Results and Discussion

3.1. Evaluation of the Level of Theory and Basis Set.To
evaluate the confidence of the level of theory and basis set that
are used in this work [B3LYP/6-31++G(2d,2p)], we undertook
a series of calculations to compare the geometry and vibrational

TABLE 1: Molecular Parameters of Acetonitrile at Different Levels of Theory and Basis Sets Where Experimental Data Are
from References 29 and 39

level of
theory basis set C-C (Å) C-H (Å) CtN (Å)

∠(CH)
(deg) ε (D) R (Å3)

mean
error (%)

HF 6-31++(d,p) 1.467 1.082 1.136 109.7 4.229 3.66 8.73
6-31++(2d,2p) 1.467 1.081 1.132 109.7 4.250 3.83 8.37
6-311++(d,p) 1.465 1.082 1.130 109.7 4.203 3.70 8.53
6-311++(2d,2p) 1.465 1.079 1.127 109.7 4.229 3.87 8.34

MP2 6-31++(d,p) 1.463 1.088 1.181 109.9 4.328 3.82 5.39
6-31++(2d,2p) 1.464 1.088 1.176 110.0 4.349 4.01 3.91
6-311++(d,p) 1.457 1.095 1.164 110.4 4.274 3.88 3.94
6-311++(2d,2p) 1.461 1.085 1.169 110.0 4.322 4.05 3.80

DFT 6-31++(d,p) 1.461 1.094 1.161 110.2 4.077 4.00 2.83
6-31++(2d,2p) 1.460 1.092 1.157 110.2 4.088 4.16 2.53
6-311++(d,p) 1.456 1.092 1.153 110.2 4.054 4.01 2.81
6-311++(2d,2p) 1.457 1.089 1.150 110.2 4.065 4.18 2.59
Exptl 1.468 1.107 1.159 109.7 3.924 4.44

∆E ) [Ecomplex- (Eacid + ECH3CN)] + EBSSE

Ei ) Eelectronic+ EZPE (i ) acid, CH3CN or complex)
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spectroscopic results obtained for acetonitrile at three levels of
theory (Hartree-Fock, Møller-Plesset, and DFT with the B3
functional and the nonlocal correlation of Lee, Yang, and Parr)
and four different standard basis sets, namely 6-31++G(d,p),
6-31++G(2d,2p), 6-311++G(d,p), and 6-311++G(2d,2p).
With the same initial parameters (those corresponding to the
experimental structure in the gas phase29), geometric parameters
and two molecular properties (dipole moment and mean
polarizability) were estimated in the optimized structures. The
results are shown in Table 1. As can be observed, DFT gives
the best results with mean errors significantly lower than the
corresponding HF or MP2 levels. This is particularly evident
in the CtN bond length, which is an important parameter in
the present work, that seems to be overestimated in the MP2
level in agreement with previous results.13,14 In the DFT level
calculations the 6-311 basis sets tend to short the bond distances,
as previously reported,10 when compared with the 6-31 basis
set.

Table 2 shows the vibrational wavenumbers corresponding
with the optimized structures. Experimental data39 are from the
gaseous state which slightly differ from the data obtained from
Ar or N2 matrixes.10 Here, results from the MP2 and DFT levels
are clearly comparable and, if we consider the wavenumber
corresponding to the CtN stretching, more favorable than the
MP2 calculation. However, the mean errors are smaller in the
DFT level because of its better agreement between the observed
and calculated values for the remaining vibrational frequencies,
mainly those arising from the CH stretches. As the main interest
of the present work is to study the vibrational shifts and not
the vibrational frequencies themselves and previous results
confirm that these shifts are quite independent of the level of
the theory,11,13,14 data from Table 2 confirm that DFT can
provide reliable results.

Vibrational frequencies calculated for the acids have been
also checked against the available experimental results.40-43

Table 3 gives some selected results for acids with a different
number of atoms (n ) 3-8). It can be seen that the general
agreement between calculated and experimental data is satisfac-
tory. Data from all the available spectra in the gaseous phase
(16 compounds, 142 frequencies) are plotted in Figure 1, which
shows the experimental against calculated wavenumber values.
From these data, a scaling factor of 0.9623 is obtained at the
B3LYP/6-31++G(2d,2p) level. This factor is very close to those
recently published44 for the B3LYP density functional method
with the triple-ú basis set 6-311+G(d,p). However, in this work
we will not apply any scale correction factor for the frequencies
nor in the ZPE correction.

3.2. General Characteristics of the Hydrogen Bonds.Table
4 shows the geometrical and energetic parameters of the
H-bonded complexes studied here. As can be observed, all the
HB can be classified as moderate on the basis of the energetic
and geometrical parameters.45-47 One interesting feature of the
results is the almost linear geometry of the calculated HB:
except for CH3SO3H and HCOOH, all the CtN‚‚‚H angles are
g165°. This finding contrasts with the situation found in the
solid state. In a review46 of over 95 cases of R-OH hydrogen
bonds to nitrile nitrogen, the average CtN‚‚‚H angle was
145(23°. If we consider that the complementary angle, i.e.,
the∠(O-H‚‚‚N), is even, closer to 180°, it must be concluded
that the CtN‚‚‚H-O interactions are prone to the adoption of
a linear geometry, which in turn supports the suitable use of
the DFT method for their study.28

The relationship between the HB length and the energy
parameters has been thoroughly investigated45,47-51 over many

years. Sokolov50 proposed an electrostatic model of the HB,
mainly developed to understand the vibrational OH shifts when
water molecules coordinate with a cation, from which the energy
of the HB was proposed to be an exponential function of the
HB distance, namely:

whereC andâ are constants that depend on the characteristics
of the potential well (C) and the O-H bond (â), B represents
the base,RHB is the HB length andRAB the bond distance of
the acid A-H. The first term of the sum is very small because
distances are in Å and charges are fractional (Mulliken charges).
So, a direct exponential function of∆E againstd(N‚‚‚H) should
be expected.

TABLE 2: Calculated Harmonic Vibrational Frequencies
(cm-1) of Acetonitrile at Different Levels of Theory and
Basis Sets (A, 6-31++G(d,p); B, 6-31++(2d,2p); C,
6-311++(d,p); D, 6-311++(2d,2p)), Where Experimental
Data Are from Reference 40

HF

normal mode exptl A B C D

CCN bending 362 421.8 423.3 424.6 422.5
CCN bending 362 421.9 423.3 424.6 422.5
CC stretch 920 967.5 961.1 964.6 957.5
CH3 rocking 1041 1161.1 1156.1 1157.9 1161.4
CH3 rocking 1041 1161.1 1156.2 1157.9 1161.5
CH3 s bending 1385 1540.8 1533.3 1531.1 1538.8
CH3 asbending 1448 1596.9 1595.2 1593.3 1599.3
CH3 asbending 1448 1597.0 1595.2 1593.3 1599.3
CN stretch 2267 2605.4 2594.4 2594.2 2583.2
CH s stretch 2954 3218.5 3205.0 3202.5 3209.0
CH asstretch 3009 3302.8 3288.4 3281.0 3282.9
CH asstretch 3009 3302.9 3288.4 3281.0 3282.9
mean error (%) 11.378 11.082 11.119 11.117

MP2

normal mode exptl A B C D

334.6 360.3 355.1 362.5
334.6 360.3 355.1 362.5
939.2 927.8 933.7 923.7

1081.4 1073.1 1069.8 1078.2
1081.4 1073.1 1069.8 1078.2
1455.2 1433.4 1424.7 1438.7
1520.9 1507.1 1499.6 1508.5
1520.9 1507.1 1499.6 1508.5
2217.3 2206.2 2209.7 2198.5
3142.1 3105.1 3099.6 3106.9
3243.8 3201.7 3193.8 3196.3
3243.8 3201.8 3193.8 3196.3

mean error (%) 5.358 3.352 3.382 3.390

DFT

normal mode exptl A B C D

378.0 380.1 381.8 378.5
378.1 380.2 381.9 378.6
930.0 929.4 930.1 923.2

1059.9 1054.0 1061.2 1063.7
1059.9 1054.1 1061.3 1063.8
1415.2 1407.9 1411.9 1418.2
1478.1 1473.5 1475.0 1480.8
1478.1 1473.5 1475.0 1480.9
2365.1 2360.2 2362.6 2353.0
3058.9 3054.7 3046.7 3056.9
3136.0 3130.4 3116.4 3123.2
3136.1 3130.5 3116.5 3123.3

mean error (%) 3.022 2.861 3.012 2.972

|∆E| ) - ZH|ZB|( 1
RHB

- 1
RAB

) + Ce-âRHB
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Figure 2 plots the absolute values of the BSSE corrected∆E
values against N‚‚‚H distances (d). Indeed, data can be fitted
to an exponential function, with the following characteristics:

In the limit of the corresponding (N+ H) van der Waals radii52

(2.75 Å), where HB should vanish,|∆H| takes a value of 0.85

kJ/mol. For systems of the type Ln+‚‚‚H2O, Sokolov50 estimates
a â parameter of 3.5 Å-1 which compares fairly well with that
obtained here.

Recently, Galabov et al.11,53-56 have proposed the use of the
electrostatic potential at atomic sites, in particular at the H site
(VH), as a convenient reactivity index in the hydrogen bond
formation. The electrostatic potential at one atomic site Y,
described first by Kollman57 and Politzer,58 is a function of the
charges of the remaining atoms, the distances between these
atoms and the Y atom and the electronic density of the molecule.
This potential, which furthermore is a standard option in
Gaussian 03,36 represents an intrinsic parameter of the acid and,
thus, could be used as a predictor of its acidity. Table 5 gives
the electrostatic potential at the H site (EPH) in the acids studied
here and the corresponding Mulliken charges. These parameters
are obtained for the optimized structure of the acids. There is
no significant correlation (r ) 0.5048) between acid H Mulliken
charges and the energy of the HB, in good agreement with the
previous published results.55 Figure 3 plots the values of BSSE
corrected∆E against the electrostatic potential of the acid at
the H site (VH). As in previous reports,11,53-56 there is a
satisfactory linear correlation between these parameters that
follows the equation

Although the values of the slope and the intercept depend on
the particular proton acceptor and the only data available are
for NH3,53-55 our results indicate that, for the same acidVH,
∆E should be smaller in CH3CN than in NH3, which agrees
with its lower proton affinity (-846.4 kJ/mol in NH3 against
-782 kJ/mol in CH3CN).59

TABLE 3: Experimental and B3LYP/6-31++G(2d,2p) Calculated Harmonic Vibrational Frequencies (cm-1) and Their
Assignments in Some Selected Acids of Three to Eight Atomsa

acid description exptl calcd acid description exptl calcd

HClOb OH stretch 3609.48 3781.48 BO3H3
b OH stretch 3706 3873

HOCl bending 1238.62 1256.87 OH stretch 3705 3873
OCl stretch 724.36 716.70 BOasstretch 1429 1452

HBO2
b OH stretch 3681 3879 HOB deform. 1017 1037

OBOasstretch 2023 2081 BOH deform. 1020 1029
HOB deform. 904 955 BOs stretch 866 876
OBO deform. 516 511 CF3COOHc,d OH stretch 3587 3753
HOB deform. 447 458 CdO stretch 1826 1860

HNO3
b OH stretch 3550.00 3731.04 COH bending 1465 1411

NO2 asstretch 1709.57 1756.03 CFasstretch 1300 1246
mixed 1325.74 1352.61 δ(OH) IP 1244 1184
mixed 1303.52 1330.84 CFasstretch 1182 1140
ON stretch 879.11 904.28 C-O stretch 1130 1137
δ(ONO2) OP 763.15 780.01 δ(OCO) OP 904 786
NO2 scissors 646.83 651.92 CC stretch 825 785
NO2 rock 580.30 587.42 OCO bending 708 664
torsion 458.23 486.30 δ(OH) OP 904 598

CH3OHb OH stretch 3681 3848 CF3 asdeform. 598 597
CH3 asstretch 3000 3123 CF3 asdeform. 515 500
CH3 s stretch 2844 2998 CCO deform. 419 419
CH3 asdeform 1477 1507 CF3 s deform. 401 386
CH3 s deform 1455 1477 CF3 rock 260 260
OH bending 1345 1371
CH3 rock 1060 1076
CO stretch 1033 1042
CH3 asstretch 2960 3051
CH3 asdeform 1477 1495
CH3 rock 1165 1169
torsion 295 298

a Key: as ) asymmetric;s ) symmetric; OP) out of plane; IP) in plane.b Reference 40.c Reference 41.d Reference 42.

Figure 1. Gas-phase experimental andB3LYP/6-31++G(2d,2p) cal-
culated vibrational frequencies.

|∆E| ) 32 533( 1.3e-3.838(0.130d

r ) -0.9860, R2 ) 97.22%, N ) 27,
standard error of the estimate) 0.0621

∆E ) -292.74( 12.34- (281.26( 13.10)VH

r ) -0.9739, R2 ) 94.85%, N ) 27,
standard error of the estimate) 2.1557

7980 J. Phys. Chem. A, Vol. 109, No. 35, 2005 Alı́a and Edwards



3.3. Vibrational Changes in the CtN Stretch. Table 6 lists
the changes promoted in the CtN bond and its corresponding
stretching vibration upon the effect of HB formation. The first
point of interest is the general shortening of CtN bond length,
in good qualitative agreement with the experimental results.46

This shortening, not yet fully understood in theoretical terms,5,9

has been attributed to conjugative interactions and resonance
effects of the nitrile group.46 The qualitative effect of HB
formation upon the distribution of the Mulliken charges in the
CtN bond is the same for all the complexes studied here: there
is a drastic reduction (up to 90% in the CF3SO3H‚‚‚NCCH3

complex) of the∆q, expressed as the difference between the C
charge (always+) and the N charge (always-), just opposite
to that observed in the O-H bond, where the participation of
the H atom in HB increases∆q (i.e., “ionizes” the bond) and
lengthens the O-H distance. Thus, the coordination of the nitrile
group through its lone pair should increase the covalency of

TABLE 4: Energetic and Geometrical Characteristics of the Studied Hydrogen Bonds Calculated at the B3LYP/6-31++(2d,2p)
Level of Theorya

acid
∆E

(kJ/mol)
∆ET

(kJ/mol)
∆H

(kJ/mol)
BSSE

(kJ/mol)
d(N...H)

(Å)
∠(CN‚‚‚H)

(deg)
∠(OH‚‚‚N)

(deg)
d(O‚‚‚N)

(Å)

BO2H -41.19 -38.35 -40.83 1.97 1.7736 178.21 179.96 2.7594
BO3H3 -18.65 -13.74 -16.22 1.60 1.9410 170.65 176.27 2.9125
CF3COOH -37.35 -32.53 -35.01 2.03 1.7892 169.45 175.56 2.7796
CF3OH -36.47 -32.31 -34.79 2.04 1.8073 176.44 177.41 2.7929
CF3SO3H -45.17 -41.09 -43.57 2.61 1.7093 171.47 176.62 2.7107
CH2NOH -19.73 -15.20 -17.68 1.65 1.9271 172.98 177.73 2.9017
CH3COOH -21.96 -17.04 -19.52 1.37 1.9270 166.53 171.06 2.8958
CH3OH -15.34 -10.90 -13.38 1.40 2.0478 170.88 178.50 3.0158
CH3SO3H -32.05 -28.06 -30.54 2.19 1.7970 162.51 176.51 2.7862
C6H5OH -19.80 -16.53 -19.01 1.93 1.9689 170.97 170.95 2.9337
ClCOOH -37.21 -32.55 -35.03 2.07 1.7807 169.01 176.54 2.7732
ClOH -26.72 -23.44 -25.92 1.74 1.8686 177.66 178.65 2.8514
ClO2H -31.93 -27.77 -30.25 1.97 1.8425 166.90 175.43 2.8284
ClO3H -28.95 -25.60 -28.07 2.01 1.8488 170.73 178.37 2.8394
ClO4H -42.17 -38.55 -41.03 2.50 1.7429 172.71 178.56 2.7447
CNOH -47.85 -45.16 -47.63 2.21 1.7189 174.55 178.44 2.7157
CO3H2 -29.34 -24.73 -27.21 1.80 1.8391 165.00 175.99 2.8140
FCOOH -38.46 -34.01 -36.49 2.00 1.7792 167.97 177.51 2.7693
FOH -29.26 -26.13 -28.61 1.68 1.8553 176.99 176.90 2.8407
H2O -13.10 -10.79 -13.27 1.26 2.0476 173.17 180.00 3.0177
H2O2 -19.59 -15.76 -18.23 1.49 1.9463 173.50 178.13 2.9233
HCOOH -26.05 -21.80 -24.28 1.57 1.8646 159.58 176.58 2.8501
NH2OH -16.32 -13.90 -16.38 1.45 1.9965 173.96 177.07 2.9667
NO2H -27.98 -23.79 -26.27 1.80 1.8767 177.08 177.91 2.8611
NO3H -35.31 -31.00 -33.48 2.11 1.7947 172.21 170.28 2.7803
SO3H2 -27.00 -23.03 -25.50 2.04 1.8580 171.38 175.00 2.8449
SO4H2 -39.31 -35.16 -37.64 2.34 1.7501 165.86 178.68 2.7462
mean -30.07 -26.03 -28.51 1.88 1.8555 171.05 176.69 2.8391
std deW 9.50 9.64 9.64 0.34 0.0939 4.63 2.48 0.0846

a ET are the energies obtained after the thermochemistry analysis (ET ) E + Evib + Erot + Etrans).

Figure 2. Absolute values of BSSE corrected∆E against N‚‚‚H
distances in the studied complexes.

TABLE 5: Electrostatic Potential at H Site (au) of the
Studied Acids and H Mulliken Charges in Acids at the
B3LYP/6-31++(2d,2p) Level of Theory

acid H site E.P. H Mullikenq

BO2H -0.9044 0.2649
BO3H3 -0.9771 0.2396
CF3COOH -0.9138 0.2485
CF3OH -0.9217 0.2301
CF3SO3H -0.8984 0.2656
CH2NOH -0.9805 0.2410
CH3COOH -0.9514 0.2154
CH3OH -1.0054 0.2147
CH3SO3H -0.9305 0.2654
C6H5OH -0.9727 0.2143
ClCOOH -0.9178 0.2488
ClOH -0.9510 0.2463
ClO2H -0.9417 0.2426
ClO3H -0.9366 0.2509
ClO4H -0.9067 0.2487
CNOH -0.8895 0.2708
CO3H2 -0.9381 0.2570
FCOOH -0.9141 0.2686
FOH -0.9386 0.2469
H2O -0.9955 0.2166
H2O2 -0.9769 0.2327
HCOOH -0.9417 0.2437
NH2OH -1.0010 0.2377
NO2H -0.9474 0.2301
NO3H -0.9154 0.2482
SO3H2 -0.9393 0.2390
SO4H2 -0.9137 0.2528
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the CtN bond. Furthermore, this change can be correlated with
the intensity (energy) of the HB. It must be noted that the
situation in other multiple bonds (e.g., CdO or CdS) is totally
different and resembles the behavior of the O-H bonds. There
is enough theoretical and experimental evidence (see refs 60-
62 for the most recent studies) which demonstrates that the
effects of HB on the CdO bonds are (1) a lengthening of the
CdO distance and (2) a decrease of the stretching frequency.
The same applies for the CdS double bond.63,64Again, charge
distributions over the carbonyl bond demonstrate that a∆q
increase can result from HB formation, i.e., the bond tends to
behave less covalently. Thus, the situation of the CtN bond is

rather characteristic and could be understood in the conceptual
frame of the so-called “improper” (or blue-shifting) hydrogen
bonds.65 Nitrogen atom transfers electron density to the acceptor
(H atom), thus decreasing its original highly negative charge.
However, this fact is not compensated by the nitrile C atom
which, in turn, increases its own electron density from both the
triple bond and the rest of the molecule (H bond in the case of
HCN, methyl group in acetonitrile), giving rise to a final
situation where the dipolar character of the nitrile group almost
disappears, thus increasing its covalency. However, as the
situation should be explained in quantitative terms, a natural
bond order analysis was undertaken using the NBO 3.1
program66-68 from a Gaussian0336 package applied to the
optimized structures of CH3CN, the acids, and the H-bound
complexes. Table 7 gives the relevant results concerning the
CtN bond, As can be observed, the main consequences of the
HB formation can be summarized as follows: (1) There is an
important depletion in the electronic population of the N lone
pair which accounts for almost (average: 94.2( 2.3%) all the
net charge transfer from the base (CH3CN) to the acid. (2) There
is a relative decrease in the total (σ + π′ + π′′) antibonding
population calculated as

whereF andF* are the electronic populations of the bonding
and antibonding components of CtN group. (3) There is a
significant increase in thes character of the triple bond, mostly
promoted by the changes observed in the N center. These three
circumstances contribute to the strengthening of the CtN
bond67-69 and are consequences of the nf σ* charge transfer
(see below). All these three quantitative parameters are well
correlated with the CtN bond length shortening. However, the
best results are obtained when this is correlated with the
fundamental observation of the N lone-pair charge decrease as

Figure 3. Absolute values of BSSE corrected∆E against the
electrostatic potential of the acid at the H site (VH).

TABLE 6: Modifications of the Acetonitrile C tN Stretching Band Parameters Calculated at the B3LYP/6-31++G(2d,2p) Level
of Theory

acid
d(CtN)

(Å)
∆d(CtN)

(%)
ν(CtN)
(cm-1)

∆ν(CtN)
(cm-1)

∆ν(CtN)
(%)

IR intens
(km/mol)

Raman intens
(Å4/amu)

acid
R (Å3)

BO2H 1.1534 -0.3198 2385.5 25.3 1.0724 47.4 110.9 2.866
BO3H3 1.1545 -0.2247 2378.0 17.8 0.7536 26.7 109.1 3.968
CF3COOH 1.1534 -0.3198 2385.0 24.8 1.0515 44.2 117.9 5.271
CF3OH 1.1535 -0.3111 2384.7 24.5 1.0371 40.8 107.3 3.320
CF3SO3H 1.1526 -0.3889 2391.0 30.8 1.3063 53.4 122.2 7.018
CH2NOH 1.1544 -0.2333 2378.4 18.2 0.7726 27.9 114.0 4.090
CH3COOH 1.1546 -0.2157 2376.1 15.8 0.6714 29.1 118.4 4.910
CH3OH 1.1553 -0.1556 2372.3 12.1 0.5107 23.4 106.9 2.915
CH3SO3H 1.1536 -0.3025 2383.9 23.7 1.0056 40.7 120.6 6.528
C6H5OH 1.1547 -0.2048 2375.3 15.1 0.6378 26.0 151.7 10.905
ClCOOH 1.1534 -0.3198 2385.6 25.4 1.0779 45.1 121.7 4.985
ClOH 1.1541 -0.2622 2380.8 20.6 0.8716 32.7 110.7 2.900
ClO2H 1.1540 -0.2698 2381.0 20.8 0.8827 38.5 108.9 4.150
ClO3H 1.1539 -0.2766 2381.3 21.1 0.8935 36.2 121.5 4.964
ClO4H 1.1530 -0.3578 2388.5 28.3 1.1969 50.6 116.6 5.328
CNOH 1.1529 -0.3651 2389.2 29.0 1.2278 53.8 106.9 3.081
CO3H2 1.1537 -0.2938 2383.1 22.9 0.9705 36.4 110.3 3.740
FCOOH 1.1533 -0.3284 2385.9 25.7 1.0878 43.2 106.9 3.198
FOH 1.1541 -0.2635 2380.9 20.7 0.8770 34.3 101.0 1.587
H2O 1.1555 -0.1383 2371.0 10.8 0.4590 22.8 96.4 1.205
H2O2 1.1546 -0.2161 2376.8 16.6 0.7023 26.7 102.6 2.059
HCOOH 1.1542 -0.2506 2379.7 19.5 0.8267 34.9 108.2 3.178
NH2OH 1.1549 -0.1864 2374.9 14.6 0.6205 22.6 104.6 2.541
NO2H 1.1541 -0.2558 2380.0 19.7 0.8364 35.8 114.1 3.003
NO3H 1.1534 -0.3198 2385.2 24.9 1.0570 42.8 118.3 3.716
SO3H2 1.1540 -0.2677 2380.8 20.6 0.8732 34.8 115.1 5.165
SO4H2 1.1531 -0.3457 2387.6 27.4 1.1612 47.4 114.4 5.286
CH3CN 1.1571 2360.2 11.8 74.13

∆F ) (F - F* ) complex- (F - F* )CH3CN
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can be observed in Figure 4, which shows the absolute values
of both parameters. The fitting obeys the following power
(multiplicative) function:

It is interesting to assess the consequences of the HB
formation on the O-H bond population. As can be observed in
Table 8, there is a general and significant increase in the
antibonding electron population which is further accompanied

by a slight decrease in the corresponding bonding population.
It is noteworthy that the reported increase in the antibonding
population almost exactly coincides with the net charge transfer
(see Table 7) which justifies the nf σ* mechanism pro-
posed65,67,68,70for HB formation. These results will be correlated
in the next section of this paper with the calculated O-H bond
elongation.

As a consequence of the CtN bond shortening, its stretching
frequency shifts toward higher wavenumbers. These shifts are
significant (from 10.8 cm-1 in the H2O complex up to 30.8 cm-1

in the CF3SO3H complex) and imply the presence of a discrete
new band in the vibrational spectra. Surprisingly, there is not
in the literature, to the best of our knowledge, a great deal of
information about vibrational studies of H-bound acetonitrile
complexes in the gas phase that should allow the experimental
comparison with the calculated values presented here. Coussan
et al.10 report a shift of 9.3 cm-1 (calculated: 12.1 cm-1) in
acetonitrile-methanol complexes while Kryachko and the
Nguyen13 quote a value of 12.5 cm-1 (calculated: 15.1 cm-1)
in phenol-acetonitrile complexes. In other types of complex,
the H-bonding of acetonitrile to hydrogen fluoride71 promotes
a shift of 32 cm-1 in the CtN stretching band that we have
evaluated in 27 cm-1 at the same level of theory used in the
present work. Therefore, we can conclude that the experimental
results are, probably, fairly well reproduced in our computational
approach.

Figure 5 illustrates the relationship between the shortening
of the CtN bond and the geometry (N‚‚‚H length) of the HB.
The fitted line corresponds to an inverse of the X function with
the following results:

TABLE 7: Natural Bond Order Analysis Results for the CtN Bond in HB Complexes at the B3LYP/6-31++G(2d,2p) Level of
Theory (LP ) Lone Pair; e ) Electrons; me ) Millielectrons)

% natural hybrids character

acid
F(N)

LP (e)
∆F(N)

LP (me) F (e) F* (e) ∆F (me)
B f A charge
transfer (me) C N

CtN ∆ s
character

BO2H 1.9178 -47.34 5.9762 0.0886 -9.85 51.68 48.67 46.28 2.20
BO3H3 1.9421 -23.10 5.9749 0.0831 -5.69 25.38 47.52 46.68 1.45
CF3COOH 1.9170 -48.20 5.9756 0.0882 -10.11 51.85 48.48 46.36 2.09
CF3OH 1.9206 -44.56 5.9758 0.0873 -9.04 48.19 48.46 46.38 2.09
CF3SO3H 1.8988 -66.37 5.9757 0.0906 -12.44 71.06 49.08 46.18 2.51
CH2NOH 1.9393 -25.84 5.9750 0.0837 -6.25 27.70 47.61 46.66 1.52
CH3COOH 1.9377 -27.49 5.9755 0.0863 -8.39 29.54 47.73 46.58 1.56
CH3OH 1.9498 -15.38 5.9749 0.0825 -5.06 16.75 47.08 46.80 1.13
CH3SO3H 1.9186 -46.53 5.9750 0.0882 -10.64 48.92 48.22 46.46 1.93
C6H5OH 1.9423 -22.87 5.9751 0.0844 -6.79 25.19 47.53 46.66 1.44
ClCOOH 1.9150 -50.15 5.9756 0.0884 -10.36 53.45 48.51 46.36 2.12
ClOH 1.9313 -33.87 5.9755 0.0859 -7.88 34.55 47.96 46.55 1.76
ClO2H 1.9269 -38.30 5.9755 0.0877 -9.77 39.58 48.09 46.49 1.83
ClO3H 1.9266 -38.56 5.9755 0.0874 -9.35 41.01 48.16 46.46 1.87
ClO4H 1.9065 -58.69 5.9760 0.0900 -11.54 61.70 48.88 46.25 2.38
CNOH 1.9045 -60.71 5.9763 0.0906 -11.78 65.47 49.05 46.17 2.47
CO3H2 1.9257 -39.48 5.9750 0.0864 -8.94 42.19 48.06 46.52 1.83
FCOOH 1.9163 -48.91 5.9756 0.0883 -10.23 52.56 48.50 46.37 2.12
FOH 1.9295 -35.65 5.9756 0.0864 -8.25 36.21 48.05 46.51 1.81
H2O 1.9526 -12.61 5.9751 0.0821 -4.48 13.65 47.09 46.78 1.12
H2O2 1.9410 -24.17 5.9752 0.0840 -6.27 24.43 47.51 46.69 1.45
HCOOH 1.9297 -35.43 5.9747 0.0866 -9.43 37.27 47.74 46.60 1.59
NH2OH 1.9459 -19.28 5.9748 0.0824 -5.14 19.50 47.22 46.78 1.25
NO2H 1.9310 -34.16 5.9756 0.0860 -7.86 37.01 48.04 46.51 1.80
NO3H 1.9174 -47.80 5.9756 0.0882 -10.12 49.82 48.49 46.38 2.12
SO3H2 1.9271 -38.12 5.9754 0.0864 -8.48 40.02 48.05 46.50 1.80
SO4H2 1.9094 -55.78 5.9754 0.0893 -11.43 59.35 48.63 46.33 2.21
CH3CN 1.9652 5.9741 0.0766 45.54 47.21

Figure 4. Relative % change (absolute values) of the CtN bond length
against relative decrease in the total (σ + π′ + π′′) antibonding
population in the triple bond after HB formation.

|∆d(CtN)| ) 1.9577( 0.1048|∆F|0.6718(0.0155

r ) -0.9917, R2 ) 98.35%, N ) 27,
standard error of the estimate) 0.0334

d(C ≡ N) ) 1.1685( 0.0004 -
0.0269( 0.0007

d(N ‚ ‚ ‚H)

r ) -0.9912, R2 ) 98.26%,
standard error of the estimate) < 0.0001
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Attempts to fit the dependent variable with other parameters
(∆E, EPH) give significantly worse results. However, the fitting
of d(CtN) against∆E, although statistically less significant (r
) -0.9732), predicts a value of 1.1580( 0.0002 Å (experi-
mental: 1.1571 Å) ford(CtN) at ∆E ) 0.

The CtN stretching frequency shifts against the CtN bond
length are plotted in Figure 6. As could be expected, the best
function which describes the dependence between both variables
is linear:

The CtN stretching shift that should correspond to a bond

length of 1.1571 Å (experimental bond length in gaseous
acetonitrile) is-1.0 ( 1.0 cm-1, which offers an acceptable
level of self-consistency in the data.

Infrared and Raman intensities are, as can be observed in
Table 9, strongly affected by the HB formation. In both cases,
there is a considerable increase of the spectral band intensity,
as could be expected from previous experimental4,9,10 and
computational4,5,13,14results. To clarify the calculated results, a
systematic study of the statistical dependence of both Raman
and Infrared band intensities was carried out. The situation with
the IR intensity seems to be quite simple: as can be observed
in Figure 7, absolute IR intensities depend on the energy of the
hydrogen bond in a linear way. The fitted equation is

Taking into account the IR intensity in CH3CN (11.8 km/mol),
which corresponds in the fitted equation with|∆E| ) 0, the
relative error is not too high and the results obtained in the HB
complexes predict fairly well the calculated value for the base.
However, the situation is much more complex in the case of
the Raman intensities. None of the studied parameters can
justify, by itself, the calculated increases. So, as the influence
could be multifactorial, a multiple regression procedure was
undertaken. As initial variables,∆E, d(N‚‚‚H), d(CtN), ∆ν-
(CtN), IR intensity and polarizability and EPH of the acid were
considered. The final model selected, which does not contain
any constant element, resulted in the following:

Table 9 gives computational and fitted results. As can be
observed, all but two percent errors are lower than(5%. Thus,

TABLE 8: Natural Bond Order Analysis Results for the O-H Bond in HB Complexes at the B3LYP/6-31++G(2d,2p) Level of
Theory (e ) Electrons; me ) Millielectrons)

acid complex

acid F (e) F* (e) F (e) F* (e) ∆ F (me) ∆ F* (me) total ∆ (me)

BO2H 1.976 80 0.004 72 1.974 03 0.056 23 -2.77 51.51 54.28
BO3H3 1.985 04 0.005 65 1.984 54 0.032 17 -0.50 26.52 27.02
CF3COOH 1.984 60 0.012 79 1.982 91 0.065 83 -1.69 53.04 54.73
CF3OH 1.975 29 0.006 27 1.971 80 0.055 87 -3.49 49.60 53.09
CF3SO3H 1.986 14 0.006 61 1.983 46 0.078 56 -2.68 71.95 74.63
CH2NOH 1.992 29 0.003 24 1.991 51 0.032 68 -0.78 29.44 30.22
CH3COOH 1.985 54 0.008 07 1.984 37 0.038 77 -1.17 30.70 31.87
CH3OH 1.991 13 0.005 57 1.990 37 0.023 10 -0.76 17.53 18.29
CH3SO3H 1.987 81 0.006 19 1.985 08 0.058 12 -2.73 51.93 54.66
C6H5OH 1.987 33 0.007 18 1.987 12 0.033 00 -0.21 25.82 26.03
ClCOOH 1.978 37 0.012 81 1.974 19 0.067 07 -4.18 54.26 58.44
ClOH 1.997 04 0.002 41 1.995 44 0.039 80 -1.60 37.39 38.99
ClO2H 1.997 06 0.005 07 1.996 19 0.047 79 -0.87 42.72 43.59
ClO3H 1.992 76 0.007 82 1.988 72 0.049 78 -4.04 41.96 46.00
ClO4H 1.988 35 0.005 96 1.984 98 0.070 42 -3.37 64.46 67.83
CNOH 1.968 62 0.009 29 1.963 79 0.073 35 -4.83 64.06 68.89
CO3H2 1.982 33 0.006 17 1.980 16 0.050 91 -2.17 44.74 46.91
FCOOH 1.979 67 0.006 85 1.976 43 0.061 09 -3.24 54.24 57.48
FOH 1.996 62 0.002 51 1.995 75 0.042 16 -0.87 39.65 40.52
H2O 1.999 47 0.000 01 1.998 03 0.015 64 -1.44 15.63 17.07
H2O2 1.996 19 0.003 80 1.995 45 0.030 88 -0.74 27.08 27.82
HCOOH 1.988 13 0.015 75 1.986 85 0.055 52 -1.28 39.77 41.05
NH2OH 1.994 55 0.004 19 1.993 57 0.025 72 -0.98 21.53 22.51
NO2H 1.990 68 0.007 55 1.988 89 0.047 14 -1.79 39.59 41.38
NO3H 1.988 22 0.010 07 1.985 90 0.063 44 -2.32 53.37 55.69
SO3H2 1.992 75 0.014 54 1.992 41 0.057 91 -0.34 43.37 43.71
SO4H2 1.986 20 0.006 69 1.983 38 0.067 74 -2.82 61.05 63.87

Figure 5. Relationship between the CtN bond length in the complexes
and the geometry (N‚‚‚H length) of the HB.

∆ν(C ≡ N) ) 8185( 117- (7075( 102)d(CtN)

r ) -0.9974, R2 ) 99.49%,
standard error of the estimate) 0.3768

IIR ) 9.1790( 0.8298+ (0.9960( 0.0283)|∆E|
r ) -0.9900, R2 ) 98.03%,

standard error of the estimate) 1.3428

IRaman) (0.7305( 0.0530)R + (80.4217( 1.4136)d

(CtN)

R2 ) 99.91%, standard error of the estimate) 3.5531

7984 J. Phys. Chem. A, Vol. 109, No. 35, 2005 Alı́a and Edwards



the increase in the Raman intensity after HB formation seems
to depend on one property of the H-donating acid, its polariz-
ability, and another which is characteristic of the HB complex
itself, i.e.: the bound-acetonitrile CtN bond length. Further-
more, this parameter directly depends, as we have previously
discussed, on the geometrical factors of the hydrogen bond.

3.4. Vibrational Changes in the O)H Stretch. Even though
the main objective of the present work is to study in detail the
HB effects on the nitrile CtN bond vibrational dynamics, the
O-H bond characteristics are obviously related. Table 10
summarizes the O-H geometric and vibrational modifications
calculated for the acids considered here. In total agreement with
previous theoretical and experimental results,45,48,50,72-75 there
is a considerable elongation of the bond which results from the

HB formation. This elongation, which likewise justifies the
observed downshift of the O-H stretching wavenumbers, can
be correlated with the HB length (see Figure 8) and hence with
the occupancy increase of the O-H antibonding orbital, as can
be observed in Figure 9 which represents the proportional (%)
elongation of the O-H bond against the total∆ parameter
computed as

for the correspondingσ orbital. The fitting obeys again a power
(multiplicative) function with the following parameters:

Thus, the charge-transfer process, which is theultima ratio
of the hydrogen bond formation, seems to account for the main
vibrational changes observed both in the donor and in the
acceptor molecules.

4. Conclusions

(1) Observed nitrile CtN bond shortening and the consequent
vibrational stretching blue-shift promoted by HB formation have
been reasonably well reproduced using density functional theory-
based calculations.

(2) For the first time, CtN bond shortening has been
accounted for by three different, although interconnected,
reasons mostly promoted by the charge-transfer process: im-
portant depletion in the electronic population of the N lone pair;
relative decrease in the total (σ + π′ + π′′) antibonding
population; and significant increase in thes character of the
triple bond.

(3) Observed increases in the CtN stretching IR and Raman
band intensities can be explained by the intensity of the HB
interaction (IR intensity) and by a combination of this parameter
plusthe mean polarizability of the donor acid (Raman intensity).

(4) O-H bond elongation can be regarded as another
consequence of the charge transfer process as far as the HB
formation means fundamentally that a significant part of the
lone pair electrons are transferred into the O-H antibondingσ

Figure 6. CtN stretching frequency shifts [ν(CtN)complex - ν(Ct
N)CH3CN] against complex CtN bond length.

TABLE 9: Calculated and Fitted Raman Intensities
(Å4/amu)

acid
calculated
intensity

fitted
intensity

error
%

BO2H 110.9 106.9 3.61
BO3H3 109.1 112.4 -2.99
CF3COOH 117.9 118.7 -0.70
CF3OH 107.3 109.1 -1.74
CF3SO3H 122.2 127.3 -4.16
CH2NOH 114.0 113.0 0.90
CH3COOH 118.4 117.1 1.16
CH3OH 106.9 107.3 -0.35
CH3SO3H 120.6 125.0 -3.62
C6H5OH 151.7 146.6 3.36
ClCOOH 121.7 117.3 3.60
ClOH 110.7 107.1 3.26
ClO2H 108.9 113.3 -4.05
ClO3H 121.5 117.3 3.44
ClO4H 116.6 119.0 -2.03
CNOH 106.9 107.9 -0.98
CO3H2 110.3 111.2 -0.83
FCOOH 106.9 108.5 -1.55
FOH 101.0 100.6 0.33
H2O 96.4 98.9 -2.59
H2O2 102.6 103.0 -0.45
HCOOH 108.2 108.5 -0.30
NH2OH 104.6 105.4 -0.73
NO2H 114.1 107.6 5.70
NO3H 118.3 111.1 6.13
SO3H2 115.1 118.3 -2.76
SO4H2 114.4 118.8 -3.82

Figure 7. CtN stretching IR intensities against the absolute values
of BSSE corrected∆E.

total ∆ ) ∆F* - ∆F

∆d(O-H) ) (0.0304( 0.0038)(total∆)1.0717(0.0313

r ) -0.9895, R2 ) 97.91%, N ) 27,
standard error of the estimate) 0.0643
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orbital. In fact, nearly all the charge transferred arises from the
N lone pair and seems to go directly to this antibonding orbital,
thus justifying the HB formation as a nf σ* process.

(5) This systematic computational work further demonstrates
that, even in relatively complex systems, the HB main energetic,
geometric and vibrational characteristics can be predicted using
density functional theory with an acceptable level of confidence.
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TABLE 10: Modifications of the O -H Stretching Band Parameters Calculated at the B3LYP/6-31++G(2d,2p) Level of
Theorya

acid
acidd

OH (Å)
complexd

OH (Å)
acidν OH

(cm-1)
complex

ν OH (cm-1)
∆ ν OH
(cm-1)

IR intensity
ratio

Raman
intensity ratio

BO2H 0.9621 0.9858 3878.9 3390.6 -488.4 11.30 4.20
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CH2NOH 0.9639 0.9751 3832.4 3616.7 -215.7 11.98 4.15
CH3COOH 0.9651 0.9767 3811.1 3585.3 -225.8 19.76 3.75
CH3OH 0.9618 0.9682 3848.4 3732.8 -115.6 17.67 3.05
CH3SO3H 0.9688 0.9903 3785.2 3348.3 -436.9 13.53 4.70
C6H5OH 0.9632 0.9729 3833.8 3643.7 -190.1 16.24 3.67
ClCOOH 0.9712 0.9937 3742.6 3294.8 -447.7 20.49 3.78
ClOH 0.9688 0.9831 3781.5 3504.6 -276.9 13.81 4.03
ClO2H 0.9716 0.9880 3742.7 3420.9 -321.9 15.24 3.34
ClO3H 0.9738 0.9909 3724.4 3382.9 -341.5 14.06 5.24
ClO4H 0.9741 1.0020 3721.3 3173.6 -547.7 16.65 4.18
CNOH 0.9683 0.9970 3774.4 3206.6 -567.8 14.69 3.43
CO3H2 0.9669 0.9849 3807.3 3443.9 -363.4 7.27 2.63
FCOOH 0.9684 0.9907 3790.2 3338.8 -451.5 14.89 4.51
FOH 0.9722 0.9864 3744.6 3472.7 -271.8 20.82 3.76
H2O 0.9626 0.9700 3815.6 3718.0 -97.6 7.17 6.37
H2O2 0.9679 0.9773 3777.4 3606.1 -171.3 12.37 6.69
HCOOH 0.9713 0.9867 3737.6 3429.8 -307.9 18.01 3.81
NH2OH 0.9632 0.9710 3827.7 3689.3 -138.4 14.37 3.63
NO2H 0.9699 0.9849 3766.4 3474.5 -291.9 15.82 3.58
NO3H 0.9727 0.9948 3731.0 3303.1 -427.9 15.85 4.98
SO3H2 0.9726 0.9894 3722.5 3386.3 -336.2 12.95 2.55
SO4H2 0.9696 0.9962 3775.6 3242.7 -533.0 38.50 2.71

a Intensity ratios areIcomplex/Iacid.

Figure 8. Relative (%) elongation of the O-H bond against the HB
length.

Figure 9. Relative (%) elongation of the O-H bond in the complexes
as a function of the antibondingσ orbital population increase.
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