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A hybrid quartic force field with quadratic force constants calculated at the CCSD(T)/cc-pVTZ level and
cubic and quartic terms determined by a B3LYP/cc-pVTZ treatment is proposed to compute the vibrational
energy levels of acetonitrile from a variational method. Fundamentals and overtones calculated in the range
of 300-3200 cm-1 are in fair agreement with the 31 observed data, with an absolute mean deviation of less
than 0.8%. These results allow us to explain several Fermi resonances.

1. Introduction

During the past decade, several anharmonic force fields of
molecular systems with 3-12 atoms1-14 were calculated with
methods well known to fit experimental data to within an
average error of about 10 cm-1. Among these methods, MRCI
(multireference CI)15,16 and CCSD(T) (coupled cluster singles
and doubles including a perturbative estimation of connected
triples)17 were generally used for the investigation of tri- and
tetra-atomic systems and were shown to further improve the
accuracy mentioned above18-20 when used with a triple-ú or
higher-quality basis set. For larger molecular systems, the
anharmonic force field can be calculated by a Møller-Plesset
perturbative method21 or by the popular DFT (density functional
theory) method.22 These last two methods have shown their
ability to account correctly, at lower cost, for the anharmonic
constants23-25 in the study of organic systems. These observa-
tions make it reasonable to expect that a combined way of
determining the hybrid force fields,7,13,26-27 where the structural
parameters and the harmonic constants are calculated by using
a CCSD(T) method, whereas the cubic and quartic force
constants expressed in the basis of the normal CCSD(T) modes
are determined by an MP2 or a DFT approach, could be suitable
for the treatment of large-scale molecular systems.

This paper therefore presents the computed vibrational
spectrum of acetonitrile because even though this molecule has
been the subject of many experimental studies for the past 40
years no accurate quartic force field has yet been given
theoretically. Earlier theoretical work addressed the optimization
of the geometry and calculation of the quadratic force field as
well as the Raman intensities.28 The structure of CH3CN was
calculated by Margules et al.29 by using MP2 and CCSD(T)
methods with several Dunning basis sets.30 The results obtained
by these authors are in excellent agreement with the data
deduced from experimental observations by Le Guennec et al.31

The harmonic force field was calculated at both the HF/6-31+G-
(d,p)32 and MP2/cc-pVDZ33 levels of theory and was given in
a semiempirical approximation by Hedberg et al.,34 as well as
by fitting all of the force constants with the experimental data

of Duncan et al.35 Experimental data are, however, more
numerous over the whole IR spectral range and concern the
fundamental and overtone bands between 300 and 3100
cm-1,1,35-37 the first overtone band of CH stretching modes,38

and several Fermi interactions from high-resolution analysis.39-55

These data constitute a significant source of information that
will serve as a reference to evaluate the degree of accuracy of
our quartic hybrid force field CCSD(T)//B3LYP, abbreviated
below to (CC//B3). This approach should constitute a starting
point for the future treatment of medium-size molecules for
which it is, nowadays, difficult to use CCSD(T) or MRCI
methods. In addition, the calculation of the CH3CN vibrational
spectrum in the mid-IR region would make it possible for the
experimentalists to refine their vibrational assignment.

2. Method and Computational Details

All calculations were carried out using a Dunning correlation-
consistent pVTZ Cartesian basis set30 in our CCSD(T) and DFT
approaches. The Becke56 three-parameter exchange functional
(B3) in combination with the Lee, Yang, and Parr57 (LYP)
correlation functional was used in our DFT calculations.
Geometry optimization, energies, and analytical first derivatives
were obtained by using the Gaussian 98 package.58

For each system of interest, the calculation of the molecular
vibrations requires an analytical expression for the corresponding
potential function. For systems in which symmetry is used and
anharmonicity is small, one of the possible ways to describe
modes or combinations of modes in the mid-IR region is to
write this potential function as a Taylor expansion series in the
space of the dimensionless normal coordinatesq:

The dimensionless normal coordinate space is constructed from
curvilinear coordinate space. Simons-Parr-Finlan coordinates59

or Morse-like coordinates60 can also be used for strongly
anharmonic oscillators.
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In eq 1, $iCCSD(T) represents the harmonic wavenumbers
expressed in cm-1, calculated at the CCSD(T)/cc-pVTZ level.
The quadratic force constants, which enable the calculation of
the harmonic frequencies, are determined by linear regression
on a twice-redundant grid of 49 points, which are calculated in
the space of symmetry coordinates. The harmonic force field
of CH3CN can be completely described by just the four a1

coordinates and the four ex components of the doubly degenerate
modes (Figure 1), taking into account the symmetry of the
molecule and applying the Henri and Amat relations61

Let φijkB3LYP andφijklB3LYP be, respectively, the cubic and quartic
force constants calculated at the B3LYP/cc-pVTZ level, ex-
pressed in the basis of the dimensionless normal modes,
calculated at the CCSD(T)/cc-pVTZ level, as

The complete anharmonic hybrid force field is obtained by
the (E-G) method,62-63 which consists of including in the same
process of linear regression the values of the energy and the
corresponding first analytical derivatives obtained for each point
of a suitable grid.64-65 In this way, 117 B3LYP/cc-pVTZ
calculations, corresponding to the distorted geometries, are
necessary to determine the complete quartic force field (i.e.,
358 parameters, in agreement with the coordinates in Figure
1).

Although the experimental data constitute the absolute
reference, we sought at the same time the best theoretical
reference than we can currently determine (in order to estimate
the performance of the hybrid method). A least-squares fitting
procedure using only the energy data obtained from CCSD(T)
calculations was thus used to construct the anharmonic force
field of acetonitrile. This complete quartic force field was
determined from 717 energy calculations in the same interpola-
tion domain. Taking into account the much lower computational
cost of the DFT analytical gradient in the extended least-squares
procedure and the cost of a CCSD(T) single-point calculation,
the hybrid method leads overall to a factor of 10 improvement
in efficiency for determining all non-null quadratic, cubic, and
quartic potential energy terms, relative to a complete set of
energy calculations at the CCSD(T) level.

The vibrational energy transitions obtained from the two force
fields, in the range of 300-3000 cm-1, have been compared
and give very similar results. Therefore, only the results of the
hybrid method are presented in this paper. The complete CCSD-

(T) results are discussed only in cases where a significant
difference appears between experimental data and theoretical
results obtained at the (CC//B3) hybrid level.

The second step of these calculations consists of solving the
Schrödinger vibrational equation. In our approach, the vibra-
tional Hamiltonian can be defined by the following expression,

The initial basis is made up of products of wave functions of
the one- and two-dimensional harmonic oscillators, characterized
by Hermit or Laguerre polynomials, respectively:

with |φVi,li(qi)〉 ∝ HVi(qi) if the normal mode is nondegenerate
and where li is not defined and|φVi,li(qi)〉 ∝ LVi,li(qi) if the normal
mode is doubly degenerate.

Each statei of interest is constructed as a linear combination
of products of harmonic oscillators:

where|Φ(V,l)j

(1) 〉, |Φ(V,l)j

(2) 〉, |Φ(V,l)j

(3) 〉, and |Φ(V,l)i

(4) 〉 are the configura-
tions that correspond to the mono, di, tri, and quadri excitations
of each configuration|Φ(V,l)i

(0) 〉 andCi
(0), Cij

(1), Cij
(2), Cij

(3), andCij
(4)

are their coefficients in the development.
Here, we emphasize that the configurationsj that directly

interact with each configurationi via the form of the Hamil-
tonian considered are introduced into the variational procedure
(first-order approximation). The introduction of second-order
excitations (from penta to octa), taken into account here, changes
the results by only a few cm-1. This consideration allows the
possibility of dividing the spectral range to be studied into
several intervals for each of which a Hamiltonian matrix (see
ref 66 for the matrix term expressions) is built following the
scheme considered above.

In CH3CN, the spectral range has been split into 10 spectral
subspaces. Thus, the size of each submatrix to be diagonalized
does not exceed 12 000 configurations for obtaining in fine the
eigenvalues reported in the present study.

3. Results and Discussion

3.1. Structure, Quadratic Force Constants, and Harmonic
Frequencies. Equilibrium structures calculated at both the
CCSD(T)/cc-pVTZ and B3LYP/cc-pVTZ levels are summarized
in Table 1. Overall, these data are in very good agreement with

Figure 1. Internal and symmetry coordinates for CH3CN.
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TABLE 1: Geometric Parametersa for the Optimized
Structure of CH3CN Obtained at the B3LYP/cc-pVTZ and
CCSD(T)/cc-pVTZ Levels of Theory

our work

CCSD(T)/
cc-pVTZ

B3LYP/
cc-pVTZ

CCSD(T)-cc-pVTZ,
ref 29

exptl,
ref31

RC-C 1.467 1.455 1.466 1.457
RC-H 1.090 1.089 1.089 1.087
RC≡N 1.162 1.150 1.162 1.156
âHCC 109.84 110.20 109.84 110.10

a Bond lengths given in angstroms, and angles, in degrees.
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the theoretical values obtained by Margules et al.29 and the
microwave spectroscopy data.31 In all cases, B3LYP gives
results closer to the experimental data than CCSD(T).

At the DFT level, the CC and CH bond lengths were
computed to be 1.455 and 1.089 Å, respectively. These values
do not deviate more than 0.002 Å from the experimental data.
Comparable agreement is obtained for the bond angle HCC
(110.2 vs 110.1°). The only significant difference is found in
the case of the CN bond length, where the calculated value is
lower than the experimental one by 0.006 Å (1.150 vs 1.156
Å). This result suggests an overestimated quadratic force
constant value. The same deviation is found in the CCSD(T)
optimization, except that the CN bond length is, in this case,
overestimated.

Both the CCSD(T)/cc-pVTZ and B3LYP/cc-pVTZ quadratic
force constant result are similar and in good agreement with
the experimental data of Duncan et al.35 With regard to the
diagonal force constants, we find comparable values for all
quadratic terms (Table 2). However, there are some significant
small differences. Contrary to the CCSD(T) results, the sym-
metric stretching CH force constant is greater than the asym-
metric one in the B3LYP determination, in agreement with the
experimental data. However, relative to the experimental data,
the CN force constant is better described in our CCSD(T)
calculations. For the off-diagonal terms, our theoretical results
agree, in general, both in magnitude and in sign with the
experimental ones. In comparison with previous theoretical
work, the most significant differences concern the off-diagonal
terms where our results show large couplings between the CH3

and the CC-N bending modes and no significant coupling
between the CH3 and the C-C stretching.

The harmonic frequencies calculated at the CCSD(T)/cc-
pVTZ level are reported in Table 3 and compared with those
estimated by Duncan et al.35 An accurate estimation of the
harmonic frequencies in this experiment is based on the
corrections made to the fundamental transitions from the
observation of the overtone bands. An additional vibrational
study of the various isotopes was also carried out, which has
helped to locate the isotope shifts as well as the possible
resonances and consequently has improved these estimates.

Table 3 shows the good agreement between the harmonic
values calculated here and those estimated experimentally by
Duncan et al.:35 the largest deviations are 21 and 14 cm-1 for
the two highest CH3 stretching wavenumbersω1 and ω5, or
relative variations of only 0.7 and 0.4%, respectively. In the
other cases, although the trend represents a more significant
relative variation, it still does not exceed 1%.

3.2. Anharmonic Force Constants and Fundamental
Anharmonic Wavenumbers.Table 4 reports the cubic and the
quartic force constants calculated at the B3LYP/cc-pVTZ level
in the dimensionless normal coordinate space defined at the
CCSD(T) level.

The quartic force constants are generally smaller than the
cubic terms. Only a few of them contribute significantly to the
anharmonicity of the CH3CN modes. One may especially note
the active participation of the quartic force constant related to
the νCH stretching modes (φ5555 ) 594.6 cm-1, φ1155 ) 350.2
cm-1, φ1111) 298.1 cm-1) and somewhat less significantly the

TABLE 2: Harmonic Force Constants for CH3CN and
Comparisons with the Scaled Theoretical Force Field33 as
Well as Estimated Experimental Data34a

force constants CCSD(T)/B3LYP
scaled SCF

ref34
exptl
ref35

A1 Symmetry
F1 (CH3 sym stretching) 5.281/5.260 5.265 5.334
F3 (CH3 umbrella) 0.604/0.606 0.605 0.607
F4 (C-C stretching) 5.454/5.375 5.221 5.236
F2 (CtN stretching) 18.212/19.608 18.592 18.40

E Symmetry
F5 (CH3 asym. stretching) 5.375/5.234 5.242 5.324
F6 (CH3 deformation) 0.552/0.544 0.535 0.539
F7 (CH3 rocking) 0.725/0.711 0.674 0.685
F8 (NtC-C bending) 0.344/0.382 0.353 0.370

F13 0.163/0.223 0.165 0.321
F24 -0.051/-0.023 -0.03 -0.053
F23 -0.348/-0.357 -0.349 -0.378
F56 -0.170/-0.203 -0.128 -0.137
F57 0.104/0.101 0.121 0.029
F58 -0.170/-0.179 -0.018 -0.389
F78 0.012/-0.023 -0.098 -0.084

a Units for force constants are stretching and stretching-stretching
in mdyn Å-1, stretching-bending in mdyn rad-1, and bending and
bending-bending in mdyn Å rad-2.

TABLE 3: Calculated and Experimental Harmonic
Wavenumbersa

assignment CCSD(T)cc-pVTZ ωexptl
35

ω1 CH3 stretching A1 3065 3044
ω2 CN stretching A1 2297 2294
ω3 CH3 deformation A1 1413 1418
ω4 CC stretching A1 920 929
ω5 CH3 stretching. E 3149 3135
ω6 CH3 deformation E 1487 1478
ω7 CH3 rocking E 1061 1062
ω8 CCN bending E 361 365

a In cm-1.

TABLE 4: Cubic and Quartic Force Constantsa Expressed
in the Dimensionless Normal CCSD(T) Modesb

para-
meter value

para-
meter value

para-
meter value

para-
meter value

φ1,1,1 -1056.0 φ4,4,4 -250.9 φ1,4,5,5 7.5 φ3,5,6,8 7.6
φ1,1,2 -21.1 φ4,5,5 8.7 φ1,4,5,7 -10.4 φ3,5,7,8 -11.6
φ1,2,2 4.4 φ4,5,7 -41.2 φ1,4,6,6 14.8 φ3,6,6,6 -7.2
φ1,3,3 -21.0 φ4,6,6 8.7 φ1,4,7,8 -11.8 φ3,6,7,7 -12.8
φ1,3,4 -19.3 φ4,6,7 -13.4 φ1,5,5,5 268.4 φ3,7,7,7 24.0
φ1,5,5 -1143.8 φ4,7,7 -28.1 φ1,5,6,6 12.2 φ4,4,4,4 27.9
φ1,5,6 -41.6 φ4,7,8 13.4 φ1,5,6,8 8.6 φ4,4,5,7 -9.1
φ1,5,7 65.1 φ4,8,8 -32.8 φ1,5,7,8 -16.2 φ4,4,5,8 -8.6
φ1,5,8 17.8 φ5,5,5 -823.7 φ1,6,6,8 7.1 φ4,5,6,6 12.4
φ1,6,6 -48.8 φ5,6,6 17.6 φ1,7,7,7 14.1 φ4,5,6,8 10.8
φ1,6,7 42.6 φ5,6,7 -16.4 φ2,2,2,2 109.9 φ4,5,7,8 -19.5
φ1,6,8 9.7 φ5,7,7 21.0 φ2,2,2,4 31.9 φ4,6,6,8 7.0
φ1,7,7 -103.3 φ5,7,8 9.0 φ2,2,3,3 -8.1 φ4,7,7,7 11.4
φ1,7,8 -15.9 φ6,6,6 138.7 φ2,2,4,4 7.2 φ5,5,5,5 594.6
φ2,2,2 -606.0 φ6,6,7 -40.4 φ2,2,6,6 -12.5 φ5,5,5,6 12.8
φ2,2,3 17.1 φ6,7,7 -41.4 φ2,2,7,7 -11.0 φ5,5,5,7 -19.6
φ2,2,4 -192.9 φ6,7,8 -7.1 φ2,2,7,8 7.6 φ5,5,7,7 -11.2
φ2,3,3 20.7 φ6,8,8 -7.6 φ2,4,4,4 -7.2 φ5,6,6,6 14.6
φ2,3,4 -37.8 φ7,7,7 -74.6 φ2,4,5,7 -7.5 φ5,6,6,7 -8.5
φ2,4,4 99.2 φ7,7,8 -18.5 φ2,4,6,6 9.1 φ5,6,7,7 7.9
φ2,5,5 -24.6 φ7,8,8 -5.7 φ2,4,7,7 8.6 φ5,6,7,8 8.1
φ2,5,7 11.0 φ1,1,1,1 298.1 φ2,5,7,8 -8.2 φ5,7,7,7 11.0
φ2,6,6 -10.1 φ1,1,1,2 7.3 φ2,7,7,7 8.1 φ5,7,7,8 -13.3
φ2,7,8 7.8 φ1,1,1,3 11.3 φ3,3,3,3 -77.8 φ5,7,8,8 -8.2
φ2,8,8 -11.2 φ1,1,5,5 350.2 φ3,3,3,4 10.2 φ5,8,8,8 -8.2
φ3,3,3 120.0 φ1,1,5,6 15.0 φ3,3,6,7 14.6 φ6,6,6,6 18.5
φ3,3,4 42.6 φ1,1,5,7 -11.9 φ3,3,7,7 -17.6 φ6,6,6,7 -13.0
φ3,4,4 79.2 φ1,1,5,8 -7.1 φ3,4,5,7 -8.8 φ6,6,7,7 18.0
φ3,5,5 -19.1 φ1,2,5,5 9.7 φ3,4,5,8 -7.3 φ7,7,7,7 -23.7
φ3,5,7 -38.6 φ1,3,3,3 -7.0 φ3,4,6,6 9.7 φ8,8,8,8 19.3
φ3,5,8 -6.8 φ1,3,5,5 13.6 φ3,4,7,7 11.4
φ3,6,6 -21.5 φ1,3,5,7 -7.8 φ3,4,7,8 -7.7
φ3,7,8 9.4 φ1,3,6,6 10.8 φ3,5,5,5 9.8
φ3,8,8 11.8 φ1,4,4,4 9.0 φ3,5,6,6 8.6

a In cm-1. b Only the constants higher than 7 cm-1 are reported.
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quartic force constants related to theνCN stretching mode (φ2222

) 109.9 cm-1), to the symmetric angular methyl deformation
(φ3333 ) -77.8 cm-1), and to the CH3 rocking motion (mode
number 7).

The strong interaction between modesν1 and ν5 is also
observed through the off-diagonal quartic constants where the
term φ1555 ) 268.4 cm-1 leads to a significant Darling-
Dennisson resonance by coupling the first harmonics of these
two modes (i.e., 2ν5

(2 + ν1 and 2ν1 + ν5
(1).

As for the quartic terms, the cubic terms are marked by large
constant values that develop for the stretching modes of both
the CH (φ111 ) -1056.0 cm-1, φ155 ) -1143.8 cm-1, φ555 )
-823.7 cm-1) and the CN (φ222 ) -606 cm-1) bonds. Except
for φ224 (-192.9 cm-1), φ244 (99.2 cm-1), and φ177 (-103.3
cm-1), the off-diagonal constants are smaller, with a few terms
ranging from 35 to 100 cm-1. To detect the dominant Fermi-
type couplings more precisely, we can in a first analysis take
into account the results given in Table 4 where we observe that
theφ224 andφ244 terms are in fact not very significant because
of the large gap betweenν2 and ν4. However, theφ234 force
constant, estimated to be-37.8 cm-1, may be at the origin of
a large splitting of the vibrational spectrum of CH3CN due to
the closeness of the two modes,ν2 andν3 + ν4. This observation
confirms the experimental assumptions of Duncan et al.,35

Bertran et al.,41 and Mckean et al.46 Morever, presumably the
resonance between the two modesν6 and ν7 + ν8 can be
explained only by large term values, such as theφ678 coefficient
estimated to be 26 cm-1 in experiments.52 This result is not
observed, however, in ourφ678estimation because it is calculated
to be only-7.1 cm-1. The value obtained at the CCSD(T) level
(-8.2 cm-1) leads to the same conclusion.

3.3. Complete Anharmonic Spectra between 300 and 3200
cm-1. The CH3CN molecule (C3V) has A1 and E symmetry
modes active in IR and Raman spectroscopy. The corresponding
spectra thus present many very close bands in certain spectral
areas, which does not facilitate their assignment.

The first set of experiments with acetonitrile was carried out
on broad spectral ranges. These experiments were continued in
more restricted ranges to observe the rotational states associated
with the vibrational transitions (notedνVJ,K

l ). The states consid-
ered in our calculations correspond to the vibrational states
(notedνV0,0

l ) observed directly or estimated in experiments by
linear regression of the rotational progressions observed. When
these progressions are disturbed, generally by a Fermi or Coriolis
resonance, empirical models are generally used to help the
process of experimental interpretation. The difficulty for the
spectroscopist lies in how to determine the nature of the
couplings intervening among the rotational series so as to assign
statesνV0,0

l correctly. The four spectral ranges listed in the
literature are 850-1150, 1250-1450, 2250-2500, and 2950-
3050 cm-1 including the twoν1 andν5 modes.

Table 5 provides the vibrational transitions calculated by the
variational method presented previously. Only the frequencies
determined in several gas-phase experiments are presented in
this Table for comparison. The calculated values for the
unobserved or unassigned vibrational transitions are listed in
Table 6.

Range 850-1150 cm-1. In this area, six bands involvingν4,
ν7

(1, 2ν8
0, 2ν8

(2, 3ν8
(1, and 3ν8

(3 were studied by Tolonen et al.
in 1993.47 Although the first four modes are correctly repre-
sented by our theoretical approach, which puts them within less
than 8 cm-1 of the observed frequencies, such is not the case
for the second overtone 3ν8. A possible explanation is the fact
that these transitions are not observed but only estimated on

the basis of the knowledge of the couplings betweenν4 and the
3ν8

(3 and/or ν7
(1 and/or 3ν8

(1 modes. The experimental esti-
mates led to the values of 1077 cm-1 for 3ν8

(1 and 1122 cm-1

for 3ν8
(3 (i.e., a gap of 45 cm-1 between the two components).

This variation seems incorrect considering the low value of the
coupling terms evaluated in experiments (W4888 ) 0.38 cm-1,
W7888 ) 1.7 cm-1).1 The coupling terms calculated in our
theoretical approach are in perfect agreement with those given
in experiments, but the shift calculated between the 3ν8

(1 (1094
cm-1) and3ν8

(3 (1098 cm-1) bands is only 4 cm-1. This result is
in perfect agreement with the shift calculated at the CCSD(T)
level, where the relative position of the two modes is overall
15 cm-1 lower than in the case of the hybrid method. In our
opinion, the experimental band47 at 1122 cm-1 cannot be
assigned to the 3ν8

(3 vibration.
Range 1250-1450 cm-1. Paso et al.52 identified in this

spectral range sixνV0,0

l transitions involving modesν8
(1 + ν4,

ν3, ν8
(1 + ν7

-1, ν8
(1 + ν7

(1, ν6
(1, and 4ν8

(2. Among them,
frequenciesν6

(1 and ν8
(1 + ν7

(1, observed at 1450 and 1409
cm-1, respectively, are coupled only in rotational levelsK ) 3
and 4. Theν8

(1 + ν7
(1 mode is correctly calculated in our

approach because it differs by less than 10 cm-1 from the

TABLE 5: Calculated Vibrational Transitions of CH 3CN
between 300 and 3200 cm-1 and Comparison with the
Experimental Data

mode symmetry CC//B3 CCSD(T) exptl values

ν8
+1 E 366 364 362,36 36553

2ν8
0 A1 725 719 71736,47

2ν8
(2 E 731 725 73947

ν4 A1 916 913 916,36 92047

ν7
(1 E 1038 1038 1041,36 104247

3ν8
(1 E 1094 1079 107747,a

3ν8
(3 A1, A2 1098 1086 112247,a

ν8
(1 + ν4 E 1282 1272 129052

ν8
(1 + ν7

-1 A1, A2 1398 1391 140252

ν8
(1 + ν7

(1 E 1401 1398 1410,35 140952

ν3 A1 1400 1376 1390,35,a 138552,a

4ν8
(2 E 1467 1456 144852,a

ν6
(1 E 1478 1486 1453,36145052

2ν7
0 A1 2059 2053 207536

2ν7
(2 E 2067 2068 208236

2ν8
(2 + ν6

-1 A1, A2 2203 2197 219251

ν2 A1 2271 2247 2271,45 2267,36

2266,35 2248,49 225355

ν4 + ν7
(1 + ν8

1- A1,A2 2316 2311 231051

ν4 + ν7
(1 + ν8

(1 E 2330 2318 2334,51 233145

ν3 + ν4 A1 2315 2283 2305,362301,45 229749

ν4 + ν6
(1 E 2394 2395 2366,51 237045

2ν7
0 + ν8

(1 E 2428 2420 244851

ν3 + ν7
(1 E 2437 2408 241636

ν6
(1 + ν7

(1 E 2510 2508 248736

ν8
(1 + ν2 E 2638 2610 262236

ν8
(1 + ν3 + ν4 E 2694 2673 266436

2ν3 A1 2793 2739 275736

ν6
(1 + ν3 E 2879 2862 282736

2ν6
0 A1 2934 2932 286936

2ν7
0 + ν4 A1 2970 2951 299750

2ν7
(2 + ν4 E 2982 2963 300650

ν1 A1 2994 2970 2954,36295037

2ν8
0 + ν2 A1 2968 2968 297550

2ν8
(2 + ν2 E 3001 2999 300050

ν5
(1 E 3043 3053 300936

ν2 + ν4 A1 3182 3157 317836

a Estimated experimental transitions.
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experimental results. However, modeν6
(1 is less correctly

estimated, with a difference of 28 cm-1 between the computed
value and the experimental band. It should be noted that the
most significant coupling constantφ678, calculated at-7.1 cm-1,
is not sufficient to explain the postulated Fermi resonance.52

No other constant of significant magnitude can explain this
atypical variation.

Theν3 frequency is estimated in experiments by the assump-
tion of Coriolis coupling with modeν6

(1 (1450 cm-1) and
Fermi coupling with the combinationν8

(1 + ν7
-1 (1402 cm-1).

This experimental simulation gives 1390 cm-1 for theν3 mode
and 3.3 cm-1 for theW378 term for the corresponding coupling.
This observation can be confirmed by our theoretical approach
that leads for the systemν3/(ν8

(1 + ν7
-1) to values of 1400 and

1398 cm-1, respectively, with aW378 term calculated to be
around 3 cm-1.

Band 4ν8
(2 is calculated to be 1467 cm-1, which is 19 cm-1

higher than the experimental datum estimated at 1448 cm-1,
starting from the fifth-order Fermi resonanceν6

(1/4ν8
(2 (the

force constant involved is, however, estimated at an unusual
value of 0.001 cm-1) that we cannot calculate with our model.
The modeν8

(1 + ν4 calculated at 1282 cm-1 is in very good
agreement with the estimated experimental value (1290 cm-1).

Range 2200-2500 cm-1. This range is characterized by a
Fermi resonance between the two modesν2 andν3 + ν4, which
has been the subject of several papers35,45,54and seems to be
one of the most significant Fermi interactions in the CH3CN
spectrum.

The frequencies of these two vibrational bands were calcu-
lated, respectively, at 2271 and 2315 cm-1 (i.e., with variations

of 0 and 10 cm-1, respectively, for the experimental data). The
corresponding coupling function of the cubic constantφ234 was
found to be 13.3 cm-1, in excellent agreement with the
experimental estimates of Duncan et al.35 (W234 ) 12.2 cm-1).

Nakagawa et al.51 observed distortions of the rotational
progression of theν2 mode. These distortions are generated by
states 2ν8

(2 + ν6
-1, ν4 + ν6

-1, and 2ν7
0 + ν8

-1 and also by the
parallel and perpendicular components of theν4 + ν7 + ν8

combination. The very low values of the coupling terms
estimated empirically (W2688 ) 0.045 cm-1 and W2478 ) 0.3
cm-1) do not modify theν20,0 frequency. Our theoretical results
(CC or CC//B3) confirm this trend.

In conclusion, the transitions calculated in this range show
excellent agreement with the observed bands because the relative
average deviation is approximately 0.5%, with a maximum of
1% for theν4 + ν6

-1 overtone, which presents a gap of 24 cm-1

between computed and experimental values.
Range 2950-3050 cm-1. In this range,50 the fundamental

methyl stretching modes (ν1 andν5
() are expected at 2956 and

3009 cm-1. We calculate these modes, respectively, at 2994
and 3043 cm-1 (i.e., at less than 1.5% error). Parallel and
perpendicular components of the 2ν8

0 + ν2, 2ν8
(2 + ν2, 2ν7

0 +
ν4, and 2ν7

(2 + ν4 overtones are calculated at 2968, 3001,
2970, and 2982 cm-1, respectively, approaching all of the
experimental data to within 25 cm-1.

4. Conclusions

This study validates our approach to the least-squares
determination of the potential function using a hybrid method
coupled with a variational process in order to calculate the
vibrational spectra of molecules containing more than five
atoms.

We have shown in this paper, by using CH3CN as an example,
how these methods have enabled us to find and assign the
majority of the observed data for this molecule, reproducing
within an average error of 15 cm-1 the fundamental, overtone,
and combination bands in the mid-IR region.
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C. Laboratoire de Chimie The´orique et Physico-Chimie Mole´culaire, UMR
CNRS 5624. IPREM FR 5626.

(64) Box, G. E. P.; Behnken, D. W.Ann. Mater. Stat.1960, 31, 838.
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