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Anharmonic analysis of the vibrational spectra of some cyanides
and related molecules of astrophysical importance
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Abstract

A detailed analysis of the vibrational spectra of carbonyl cyanide, diethynyl ketone and acetyl cyanide has been conducted in harmonic and
anharmonic approximations. RHF, MP2 and density functional theory (DFT) methods with 6-311++G(2df,2p) basis sets and B3LYP functionals
have been employed. Spectroscopic constants such as anharmonicity constants, rotational and centrifugal distortion constants, rotation–vibration
coupling constants and Coriolis coupling coefficients have been calculated for each molecule and compared with the experimental data, where
available. A close agreement between the calculated and experimental values of the spectroscopic constants has been obtained. Complete assignments
have been provided to the fundamental bands, overtones and combination tones of the molecules. Density functional theory based anharmonic
frequencies compare well with the experimental frequencies within ±18 cm−1 on an average. RHF and MP2 methods, however, give much higher
values for the frequencies that need scaling even in the anharmonic approximation.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Detection of photofragments of medium sized carbonyl and
cyanide compounds in the interstellar medium [1–6] has gener-
ated significant interest in understanding the structural and spec-
tral characteristics and dissociation dynamics of such molecules.
While understanding of dissociation dynamics reveals the mak-
ing and breaking of molecular bonds, the spectral analysis helps
in the detection of these molecules in space. Botschwina and
co-workers [7,8] reported experimental studies and the results of
their coupled-cluster ab initio calculations on some astrophysi-
cally important molecules cyanopolyenes and their isotopomers.
Several experimental studies on photodissociation of carbonyl
cyanide [1–3], acetyl cyanide [4] and formyl cyanide [4] sup-
ported by quantum chemical studies using G2 theory have also
been reported. Botschwina and co-workers [7,8], Martin and
Taylor [9] and Dateo and Lee [10] have used ab initio calcula-
tions in the Hartree–Fock formalism to obtain the anharmonic
frequencies, cubic and quartic force fields and spectroscopic
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constants of several small molecules. More recently, Boese et
al. [11–13] and Barone and co-workers [14,15] have exten-
sively used density functional theory (DFT) in the computation
of vibrational spectra, anharmonicities and spectroscopic con-
stants and the anharmonic vibrational properties. Boese and
Martin [11] have also assessed the performance of density func-
tional theory for the anharmonic vibrational spectra of a series
of medium sized molecules. Based upon their studies, Boese and
Martin [11] and Barone [14] have concluded that DFT methods
using hybrid functional such as B3LYP can give fairly accurate
values for the fundamental frequencies and may be useful in
computing vibrational corrections to rotational constants. Sin-
nokrot and Sherrill [16] have concluded that density functional
theory predictions of the spectroscopic constants for B3LYP
functionals are reliable. From the study of anharmonic vibra-
tional properties by second-order perturbative approach Barone
[14] has concluded that accurate band origins can be effectively
computed at the DFT level without any ad hoc scaling. In the
light of the above studies, detailed anharmonic analysis of the
vibrational spectra and a second-order perturbative evaluation
of the vibro-rotational parameters from density functional the-
ory was undertaken for a number of astrophysically significant
molecules like carbonyl cyanide, acetyl cyanide and diethynyl
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ketone, the results of which are being reported presently. In an
earlier communication [17], we have reported quantum chemical
studies on photodecomposition mechanism in these molecules
and a complete analysis of their electronic spectra.

2. Methodology

The potential energy function for an anharmonic oscillator
may be written as
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{Si} represent a displacement internal coordinate and fij, fijk and
fijkl, etc. are the quadratic, cubic and quartic, etc. force con-
stants. Using the Dunham potential functions, the energy of an
anharmonic oscillator is given by
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where Xii and Xik are the diagonal and non-diagonal anharmonic-
ity constants. While Xii characterizes anharmonicity of the given
vibration, the coefficients Xik characterizes coupling between
different normal modes resulting from anharmonicity and are
determined from cubic and quartic force contants. The funda-
mental frequencies of the anharmonic oscillator are given by

νi = ν0i + 2Xii + 1
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The rotational vibrational couplings are determined in terms
of the rotational, centrifugal distortion and rotation–vibration
interaction constants and Coriolis coupling coefficients.

It has been shown by Barone [14] that the combination of har-
monic frequencies computed at a very high level (both quantum
mechanical methods and basis sets) and anharmonic corrections
computed by even a relatively cheap model (typically hybrid
functional such as B97-1 or B3LYP and 6-31G basis set aug-
mented by diffuse functions and polarization functions) could
provide a very effective procedure for medium-sized molecules.
As such, in the present computations we attempted to use RHF,
MP2 and density functional theories with the 6-311++G(2df,2p)
basis set involving diffuse functions and polarization functions
and B3LYP functionals both for the harmonic and anharmonic
frequencies so that a comparison could be made between their
results. All the calculations have been performed using G03W
[18] software and the forms of vibrations were analysed using
the software Gauss View [19]. The vibrational frequencies have
been obtained after optimizing the molecular geometry by the
same theory and basis sets. Harmonic frequencies in DFT have

been suitably scaled using the direct scaling method of Yoshida
et al. [20,21] by the expression:

νobs = (1.0087 − 0.0000163νcalc)νcalc

3. Results and discussion

The results of harmonic and anharmonic vibrational analy-
sis for carbonyl cyanide, diethynyl ketone and acetyl cyanide
are being presented and discussed separately. While the anhar-
monic frequencies obtained from RHF and MP2 methods are
much higher than the experimental frequencies, a reasonable
agreement, in general, has been obtained from the DFT theory
with B3LYP functionals. Larger deviations are, however, found
for the higher frequency modes such as C C and C N stretch
modes. Boese et al. [12] trace the origin of large errors in high
frequency and low frequency modes in their DFT based calcu-
lations to finite difference step-sizes. In the present calculations
a step-size of 0.025 Å has been used for anharmonic calcula-
tions. Owing to large difference between RHF and MP2 based
frequencies and experimental frequencies, only the results of
our DFT calculations have been used for spectral assignments.
These are given in Tables 1–3.

3.1. Carbonyl cyanide

Carbonyl cyanide is a planar molecule belonging to
the C2v symmetry point group. Its 12 fundamental vibra-
tions are distributed among the various symmetry species as
5A1 + lA2 + 2B1 + 4B2. Starting with the geometry reported
by Sutor et al. [22] from MP2/6-311+G(2d) calculations, the
molecular geometry of carbonyl cyanide was reoptimized by
B3LYP/6-311++G(2df,2p). This geometry was then used to cal-
culate the harmonic and anharmonic vibrational frequencies
and the various anharmonicity and vibro-rotational constants by
B3LYP/6-311++G(2df,2p) calculations. The optimized geome-
try of carbonyl cyanide is given in Fig. 1(a).

3.1.1. Vibrational analysis
Table 1 contains the calculated vibrational frequencies and

intensities of the fundamental modes, the first overtones and
combination tones in the harmonic and anharmonic approxima-
tions. These have been compared with the experimental frequen-
cies and intensities, where available, and a complete vibrational
assignment has been provided. It is noted that not only in the
harmonic but also in the anharmonic approximation, the calcu-
lated frequencies from extended basis RHF and MP2 methods
are much higher than the experimental frequencies and as such
need scaling in both the cases. In contrast, the DFT frequen-
cies are much closer to the experimental ones and the scaling
of the calculated frequencies to match with the experimental
frequencies is needed only in the harmonic approximation. The
anharmonic frequencies using density functional theory agree
with the experimental values on an average within ±20 cm−1

even without further scaling. Results of DFT calculations alone
are, therefore, included in Table 1.
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