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the quartic polynomial of the Taylor series expansion in the 
mass weighted normal coordinates

Here, qi’s are the normal coordinates and fijk , fijkl are the 
third and fourth derivatives of electronic energy with 
respect to the normal coordinates at the equilibrium geom-
etry of molecule.

The vibrational Hamiltonian with the quartic potential 
in Eq.  1 is a many body Hamiltonian. Consequently, the 
analytical solution of the corresponding Schrödinger equa-
tion is not possible. There have been extensive studies on 
the development of ab initio quantum chemical methods to 
describe molecular vibrations with such Hamiltonian [1–
30]. Among these methods, the vibrational self-consistent 
field method (VSCF) [1–10] uses separable ansatz to cal-
culate the vibrational energies. It can be used to calculate 
the vibrational spectra of large molecules and implemented 
in quantum chemistry program suites GAMESS and MOL-
PRO. Gerber and co-workers [5, 11] used a second-order 
perturbative correction to improve the accuracy in the 
VSCF calculations. To introduce the correlation effects, 
several ab initio methods have been developed and used by 
many authors [12–30]. Among these correlation methods, 
the vibrational coupled cluster method (VCCM) [19–26] is 
found to be one of the most accurate methods to describe 
the vibrational spectra. Recently, we made a systematic 
study on the implementation of VCCM method in bosonic 
representation [21, 22]. We found that the resultant fre-
quencies with VCCM in bosonic representation are com-
parable with the full vibrational configuration interaction 
(FVCI) results.
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Abstract  A systematic study is made on the effects of 
electronic structure calculations on anharmonic spectra of 
polyatomic molecules. Our study is focused on the choice 
of electronic structure method and basis set to calculate the 
quartic potential energy surface (PES). We used two corre-
lated methods Møller–Plesset perturbation theory and den-
sity functional theory with B3LYP functional and two dif-
ferent types of basis sets, aug-cc-pVTZ and 6-311G(2d,2p) 
to calculate the PES and linear DMS. For the vibrational 
description, we used the vibrational self-consistent field 
theory and the vibrational coupled cluster theory in bosonic 
representation.

Keywords  Vibrational coupled cluster method · VSCF · 
Anharmonic spectra

1  Introduction

Over the years, there have been continuous efforts made 
for the accurate description of anharmonic vibration of 
polyatomic molecules. Accurate description of molecu-
lar anharmonic vibration is a computationally challenging 
task. One needs extensive electronic structure calculations 
to compute the potential energy function for the vibra-
tional motion and an accurate ab initio method to solve the 
Schrödinger equation for molecular vibrations. The most 
commonly used form of the potential energy function is 
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Given a vibrational structure method, within the limi-
tations of the approximations involved in it, the accu-
racy and the computational cost of the vibrational cal-
culations depend on the electronic structure method and 
the basis set used for the generation of potential energy 
surface (PES). The use of highly accurate, e.g., coupled 
cluster-based method [(CCSD, CCSD(T) etc] [31, 32] 
with a large basis set leads to very accurate results [31–
33]. However, high computational cost of these methods 
limits their use to small molecules. Over the past few 
years, several algorithms to generate such quartic PES 
have been developed [34–36] and some of are avail-
able as black box tools in the quantum chemistry soft-
ware packages like GAUSSIAN 09, GAMESS etc. The 
density functional theory (DFT) and the second-order 
Møller–Plesset perturbation theory (MP2) are the two of 
the widely used electronic structure methods due to their 
computational efficiency and availability in all quantum 
chemistry software packages for medium size to large 
molecules. Among the DFT methods, the B3LYP is the 
most widely used functional. Consequently, the MP2 and 
B3LYP have been used extensively to generate the quar-
tic PES for the vibrational calculations [5, 11, 18, 34, 37, 
38].

Given the scenario, where accurate electronic structure 
methods are not feasible, there is a need to asses the reli-
ability of the approximate but affordable methods to con-
struct the anharmonic PESs particularly for medium size 
molecules. The goal of the present work is to make a com-
parative study on the relative accuracy of two of the meth-
ods, MP2- and B3LYP-based PES to calculate the anhar-
monic vibrational spectra. To pursue our purpose, we use 
two basis sets, correlation consistent Dunning basis set, 
aug-cc-pVTZ [39], and Pople basis set 6-311G(2d,2p) 
[40] for each of MP2 and B3LYP to generate the PES. The 
VSCF and VCCM in bosonic representation are used for 
the vibrational calculations.

The paper is organized as follows. In the next section, 
we give the computational details of the present study. The 
results are analyzed in the Sect. 3. Finally some concluding 
remarks are given.

2 � Computational consideration

2.1 � Electronic structure calculations

All the electronic structure calculations are carried out 
using GAUSSIAN09 program [41]. It uses the Barone 
algorithm [34] to generate the quartic PES in dimensionless 
normal coordinates. In all B3LYP calculations, the geome-
try optimizations were carried out tightly and the ultra-fine 
key word was used as recommended by Barone [34].

2.2 � The vibrational self‑consistent field method

The vibrational self-consistent field theory has been pro-
posed and used extensively by many researchers [1–11] to 
describe anharmonic molecular vibrations in polyatomic 
molecules. Here, we briefly review the VSCF method. The 
VSCF is based on separable ansatz for the vibrational wave 
function. The VSCF wave function of an N mode system is 
written as a product of N one mode functions

Each of such one mode functions φi
ni

 is called a modal. 
The modals are expanded in a basis (usually in orthogonal 
harmonic oscillator basis)

The modals are then variationally optimized by mini-
mizing the energy with respect to these modal functions 
φi
n(qi). The working equation for the optimized modal is

The effective single particle Hamiltonian, hscfi  is given 
by

The coefficients uni  are the coefficients of qni  in the SCF 
potential,

The working equation is solved in a self-consistent man-
ner. Starting with a set of guess basis functions, the SCF 
potential u(n)i  for a particular vibrational state is calculated. 
Equation 4 is then solved to obtain the modal energies and 
a new set of modal functions. This improved set of modal 
functions is then used to calculate the average SCF poten-
tial. This procedure is continued until the modal functions 
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are converged. The intensity of transition between vibra-
tional ground state ψ0

i  and excited state ψm
i  given by

Here, NA is the Avogadro’s number, h is the Planck’s 
constant, c is the speed of light and νi is the anharmonic 
transition energy for the ith state. Here, Dα

i  are the expan-
sion coefficients of the DMS along α = X, Y , Z direction. 
Note that, ψ0

i  and ψm
i  are not orthogonal since they are 

eigenfunctions of different optimized Hamiltonians. How-
ever, as pointed by Pele et al. [8], the overlap between such 
two VSCF wave functions is very small.

2.3 � Coupled cluster method in bosonic representation

Over the last decade, there have been extensive works [19–
23, 25, 26, 28] done on the formulation of vibrational cou-
pled cluster method (VCCM) to describe molecular vibra-
tions. Prasad and co-workers [19–23] proposed VCCM 
methodology in bosonic representation. Such method 
shows promising results for polyatomic semi-rigid mole-
cules. Here, we summarize the VCCM in bosonic represen-
tation. The details of the method can be found in reference 
[19–23].

In VCCM, the wave function for vibrational ground state 
is parametrized as,

Here, �0 is the reference wave function for the ground 
state. A multi-dimensional Gaussian ansatz is used for this 
purpose. The cluster operator S and σ are consisting of con-
nected singles, doubles, triples, etc excitation (de-excita-
tion) operators. These cluster operators are written in terms 
of harmonic oscillator ladder operators a and a†.

The working equations for the cluster operators S and σ 
and the ground state energy are given by

Here, �e are excited states, and Heff is the effective 
Hamiltonian defined as

(10)Ii =
8π2NA

3hc
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0
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(13)��e|Heff |�0� = 0,

(14)��0|Heff |�e� = 0,

(15)��0|Heff |�0� = Eg.

(16)Heff = eσ e−SHeSe−σ .

The excited states are then parametrized by a linear exci-
tation operator acted on the ground state wave function

Here,

The working equation for the excitation energies is 
given by

This is a vibrational CI-like equation that diagonalizes 
a similarity transformed Hamiltonian in the configuration 
space defined by the linear excitation operator �k to obtain 
the vibrational excitation energies as eigenvalues.

Note that in the conventional coupled cluster method, 
the ground state wave function in Eq.  11 is parametrized 
with only excitation operator S.

The excited states are then obtained by diagonalization of 
similarity transformed Hamiltonian

in the configuration manifold defined by the approximation 
in the excitation operator �.

In this study, we used the extended coupled cluster 
ansatz for the vibrational ground state. Such an ansatz 
was first proposed by Arponen [42–44]. According to the 
Lie algebraic decoupling theorems, the equation of motion 
for S is decoupled from the equation of motion of σ clus-
ter operators [45]. We first solve the equation for S matrix 
elements (Eq.  13), and then using the S matrix elements, 
the equations for the σ matrix elements (Eq. 14) are solved. 
Although the use of de-excitation operator σ has no effect 
for the ground energy, it offers few advantages. Like the 
ground state ket vector, now the bra vector is also exponen-
tially parametrized. Such exponential parametrization of 
ground state bra vector gives a better description of expec-
tation values and transition matrix elements [22]. Note that 
the similarity transformed Hamiltonian HN

eff for the excited 
state description is manifestly non-hermitian. Diagonaliza-
tion of such non-hermitian effective Hamiltonian, depend-
ing on the truncations made may generate complex eigen-
values [46]. In the extended coupled cluster approach, we 
use a second similarity transformation for the effective 
Hamiltonian (Eq.  16). The second similarity transforma-
tion reduces the non-hermicity of the effective Hamilto-
nian through the first order in a nonperturbative way. Such 
reduction of non-hermicity of the effective Hamiltonian 
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gives better description of the excited states as it removes 
some of the complex eigenvalues [21].

Once the effective Hamiltonian Eq. 16 is diagonalized, 
the square of the dipole transition matrix elements are 
obtained by effective operator approach [47]. The work-
ing equations for the intensity of a vibrational transition are 
given by

where �Ef  is the transition energy, Li and Ri are the left and 
right eigenvectors of Heff and the effective dipole operator 
Dα
eff is given by

In all VCCM calculations, we used four boson operators 
for the ground state cluster matrix elements S and σ and for 
the excitation operator �.

2.4 � Approximation for dipole moment surface

The calculations of the transition intensity using Eqs. 10 or 
22 require the similar Taylor series expansion of electronic 
dipole surface (DMS) as in case of the PES generation. A 
cubic polynomial in the Taylor series expansion

is usually used when a quartic PES is used for the cal-
culations. The generation of such cubic DMS makes the 
calculations computationally costlier to a greater extent. 
In this work, we approximate the above expansion only 
up to linear terms. From the results of our recent study 
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[24], we anticipate that the errors in the intensities for 
such approximation will be minimum for the fundamental 
transitions. Even though the contribution of the quadratic 
and cubic terms of DMS for the fundamental transition 
intensities are non-zero, we expect that such contribution 
will be very less compared to the contribution from the 
linear terms in the DMS for intensities of the fundamental 
transitions.

3 � Results and discussion

3.1 � F2CO

The first molecule we studied is F2CO. We present the 
fundamental transition energies in Table  1. The calcu-
lated results are compared with the available experimen-
tal values [48]. We follow the standard Mulliken conven-
tion for indexing the vibrational modes. The six normal 
modes span the 3A1 + 1B1 + 2B2 symmetries in F2CO. 
We find good agreements between the experimental results 
and calculated results for the fundamental transitions. We 
have calculated the standard deviations with respect to the 
experimental values to get some quantitative comparison 
between the MP2 and B3LYP methods and the two differ-
ent basis sets. Here, we find that the MP2-based calcula-
tions give better results than the B3LYP-based calculations 
for the transition energies. In case of VSCF, the standard 
deviation for the fundamental transition energies is about 
12 cm−1 with MP2/aug-cc-pVTZ-based PES, whereas the 
B3LYP/aug-cc-pVTZ-based PES gives about 25 cm−1. 
Similarly, in VCCM calculations, the MP2/aug-cc-pVTZ 
gives standard deviation about 15 cm−1, whereas the 
B3LYP/aug-cc-pVTZ gives about 28 cm−1. Between the 
two basis sets, we find the 6-311G(2d,2p) provides mar-
ginally better results for the fundamental transition ener-
gies in all the calculations.

Table 1   Frequencies (cm−1) of vibrational fundamental transitions of F2CO molecule

SD standard deviation
a  Reference [48]

MP2-based PES B3LYP-based PES

State VSCF aug- 
cc-pVTZ

VSCF 
6-311G(2d,2p)

VCCM aug- 
cc-pVTZ

VCCM 
6-311G(2d,2p)

VSCF aug- 
cc-pVTZ

VSCF 
6-311G(2d,2p)

VCCM aug- 
cc-pVTZ

VCCM 
6-311G(2d,2p)

Expa

11 1926.2 1940.3 1928.0 1938.7 1931.2 1948.0 1930.2 1946.0 1928

21 962.2 958.5 954.8 951.6 956.5 957.9 948.9 950.8 965

31 577.9 581.8 577.6 581.5 570.7 572.3 570.4 571.9 584

41 772.6 777.1 772.2 776.7 768.0 770.2 767.5 769.7 774

51 1226.5 1236.2 1220.1 1230.2 1198.0 1218.0 1191.6 1211.8 1249

61 612.9 619.9 612.0 618.9 611.5 613.1 610.5 612.1 626

SD 12 9 15 12 25 19 28 21 –
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In Table 2, we present the intensities for the fundamental 
transitions and compared the results with the experimen-
tal values [48]. As mentioned earlier, we used only linear 
dipole moment surface for our calculations. We find that 
between MP2- and B3LYP-based calculations, again MP2 
gives better accuracy than B3LYP. The standard devia-
tion for the VSCF calculations is 25.6 km/mol with MP2/
aug-cc-pVTZ-based PES and DMS, and 40.7 km/mol with 
B3LYP/aug-cc-pVTZ surfaces. Again for the VSCF calcu-
lations, the standard deviation is 9.5 km/mol with MP2/6-
311G(2d,2p) surfaces against 15.7 km/mol with B3LYP/6-
311G(2d,2p) surfaces. The standard deviations for the 
VCCM results are 23.8  km/mol with MP2/aug-cc-pVTZ, 
10.2 km/mol with MP2/6-311G(2d,2p), 38.5 km/mol with 
B3LYP/aug-cc-pVTZ and 14.2  km/mol with B3LYP/6-
311G(2d,2p)-based PES and DMS. We note that since the 
22 state is strongly coupled with the 11 state, the 11 and 22 
transitions intensities in the VCCM calculations to be 
added to calculate the deviations of the 11 intensity com-
pared to the experiment. Experimentally [49, 50] one gets a 
broad band in this frequency region (see Fig. 1).

In Fig. 1, we present the vibrational spectra of F2CO in 
the range 500–3500 cm−1 obtained by the VCCM. Note 
that the accurate description of the overtones and combina-
tion bands requires higher-order DMS. However, if a two or 
higher quanta excited state is strongly coupled with a fun-
damental state, then it borrows significant intensities from 
the fundamental transition. The VCCM due to its VCI like 
structure to describe the excited states, is able to describe 
such vibrational coupling accurately. The VSCF, on the 
other hand, gives poor description of such coupling effects. 
Moreover, the combination states can not be obtained by 
VSCF method with a linear DMS. Hence, we exclude 
the VSCF spectra from the figure. All the four spectra 
obtained from quartic PES and linear DMS calculated by 
MP2 with aug-cc-pVTZ and 6-311G(2d,2p) basis sets and 
B3LYP with aug-cc-pVTZ and 6-311G(2d,2p) basis sets 

are compared with the experimental infrared (IR) spec-
trum. The experimental spectrum is taken NIST Chemistry 
Web Book database [49, 50]. This spectrum shows typical 
rotational profile of the peaks. However, in our treatment, 
we considered the molecule is non-rotating. The calcu-
lated spectra are in good agreement with the experimental 
one. The experimental spectrum shows a broad band in the 
region around 1500 cm−1. In our calculations, we find two 
medium intense peak in this region corresponds to transi-
tions to 42 and 2161 states. The broad band near 1900 cm−1 
includes 5161 and 22 along with the fundamental transition 
11. Due to strong coupling between 11 and 22 states, the 22 
transition borrows significant intensity from the 11 transi-
tion. Again, there are two medium intense broad bands 
at around 2100 cm−1 and 2400 cm−1. With our calcula-
tions, we assign these transitions as 2151 and 52 transitions 
respectively. The calculated transitions for these transitions 
are less intense compared to the experimental peaks. The 
absence of higher-order DMS is the reason for such low 
intensities for these transitions in the calculated spectra. In 
between the spectra calculated by using MP2 surfaces and 
B3LYP surfaces, we found that most of the peaks appear at 
lower frequencies in the B3LYP spectra than the MP2 spec-
tra. As can be noticed from Table 1, except for 11 transition, 
the B3LYP-based calculations underestimate the funda-
mental frequencies to a greater extent than the MP2-based 
calculations. Consequently, the transition energies for the 
overtone and combination bands are also underestimated 
by B3LYP method. For example, the bands correspond to 
5161 , 2151 , 52 transitions appear at lower frequencies in 
B3LYP/aug-cc-pVTZ spectrum compared to MP2/aug-cc-
pVTZ spectrum.

3.2 � 1,1‑Difluoroethene (1,1‑F2C2H2)

The second example that we studied is 1,1-F2C2H2. Over 
the years, the vibrational spectrum of this molecule has 

Table 2   Intensities (km/mol) of vibrational fundamental transitions of F2CO molecule

SD standard deviation
a Reference [48]

MP2-based PES and DMS B3LYP-based PES and DMS

State VSCF aug- 
cc-pVTZ

VSCF 
6-311G(2d,2p)

VCCM aug- 
cc-pVTZ

VCCM 
6-311G(2d,2p)

VSCF aug- 
cc-pVTZ

VSCF 
6-311G(2d,2p)

VCCM aug- 
cc-pVTZ

VCCM 
6-311G(2d,2p)

Expa

11 424.4 375.8 314.2 340.9 461.4 411.3 403.7 382.6 381.7

21 64.2 59.2 63.8 58.7 61.0 54.0 60.6 53.5 56.4

31 6.1 6.0 6.0 5.9 4.9 4.8 4.8 4.7 5.2

41 31.7 33.1 32.1 33.5 34.3 33.6 34.7 33.9 30.6

51 408.1 390.8 409.0 390.9 414.3 389.1 414.8 388.9 370.8

61 6.3 6.0 6.2 5.9 5.8 6.0 5.6 5.8 7.0

SD 25.6 9.5 23.8 10.2 40.7 15.7 38.5 14.2 –
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been subject of number of experimental [51–57] and the-
oretical studies [48, 57, 58]. The presence of number of 
strong Fermi resonances and higher quanta resonances 
makes it fairly complex to assign its vibrational transi-
tions. We find some ambiguities in the spectral intensi-
ties reported in different literatures. Kagel et  al. [51] and 
Nielsen et al. [59] reported relatively intense fundamental 
transitions corresponds to CH stretches. Bruns’ [48, 51] 
results show that transition to CH asymmetric stretch fun-
damental appears with intensity 8.6 km/mol and symmetric 

stretch appears with intensity 42.2 km/mol. However, McK-
ean et al. [57] reported two weak transitions correspond to 
these two CH stretches in their experiment. McKean et al. 
[57] also assigned some combination bands in this region 
(frequency range 3000–3500  cm−1). All of these transi-
tions are found to be weak. Recently, Krasnoshchekov et al. 
[58] used Van Vleck perturbation theory to study its vibra-
tional spectrum. These authors used a full quartic and semi- 
diagonal sextic PES and a cubic DMS to describe the anhar-
monic effects in its spectrum. Their theoretical intensity for 

Table 3   Frequencies of fundamental transitions of 1,1-F2C2H2 molecule

SD standard deviation
a Reference [57]

MP2-based PES B3LYP-based PES

State VSCF aug- 
cc-pVTZ

VSCF 
6-311G(2d,2p)

VCCM aug- 
cc-pVTZ

VCCM 
6-311G(2d,2p)

VSCF aug- 
cc-pVTZ

VSCF 
6-311G(2d,2p)

VCCM aug-
cc-pVTZ

VCCM 
6-311G(2d,2p)

Expa

11 3107.1 3107.0 3093.0 3058.9 3052.9 3056.5 3011.1 3016.2 3058.1

21 1745.3 1746.3 1731.6 1728.6 1738.9 1744.9 1724.2 1729.3 1728.5

31 1398.3 1412.9 1341.2 1354.1 1394.7 1396.7 1357.3 1357.5 1358.9

41 935.2 933.6 927.9 926.6 929.2 930.4 921.9 923.3 925.8

51 548.5 551.8 548.1 551.4 545.3 544.8 545.0 544.4 549.6

71 832.7 836.4 749.7 756.6 863.4 856.5 790.0 782.1 802.1

81 627.7 635.3 623.7 631.6 626.1 632.3 619.9 625.4 609.5

91 3179.5 3178.9 3201.5 3206.4 3105.6 3110.4 3148.5 3154.0 3175.6

101 1302.5 1321.7 1287.3 1306.2 272.7 1293.5 1258.5 1278.6 1301.2

111 970.7 975.2 935.5 940.8 962.8 964.5 929.2 930.0 953.8

121 455.5 460.2 426.5 431.7 456.8 456.2 429.7 427.9 436.9

SD 25 30 24 19 34 34 24 20 –

Table 4   Intensities (km/mol) of vibrational fundamental transitions of 1,1-F2C2H2 molecule

The standard deviation calculation excludes the CH stretching fundamentals

SD standard deviation
a Reference [48]

MP2-based PES and DMS B3LYP-based PES and DMS

State VSCF aug- 
cc-pVTZ

VSCF 
6-311G(2d,2p)

VCCM aug- 
cc-pVTZ

VCCM 
6-311G(2d,2p)

VSCF aug- 
cc-pVTZ

VSCF 
6-311G(2d,2p)

VCCM aug- 
cc-pVTZ

VCCM 
6-311G(2d,2p)

Expa

11 7.7 6.3 2.7 2.0 5.9 4.8 2.8 2.8 42.2

21 272.9 255.5 178.5 141.7 292.5 273.4 225.7 171.7 216.0

31 3.5 3.2 0.3 0.2 3.7 2.7 0.9 0.5 0.0

41 68.4 64.7 67.5 63.7 76.7 72.0 76.0 71.4 64.8

51 4.9 4.5 4.8 4.5 4.3 4.0 4.2 3.9 5.1

71 75.6 79.5 72.2 72.8 78.3 74.7 74.6 70.7 60.3

81 0.1 1.5 0.2 2.8 0.0 0.2 0.0 0.4 0.3

91 1.4 0.6 1.1 0.3 0.3 0.0 0.1 0.0 8.6

101 225.7 204.5 208.1 184.1 224.6 202.1 221.3 197.5 190.1

111 19.9 18.5 20.2 17.3 27.3 23.4 24.6 21.3 23.5

121 0.8 1.2 0.8 1.2 0.6 1.0 0.7 1.0 0.6

SD 24.4 16.5 15.5 28.1 31.6 22.0 15.0 17.0 –
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the symmetric CH stretch is 2.79  km/mol and for asym-
metric CH stretch is 1.08 km/mol. Moreover, the reported 
experimental spectrum in the NIST database [49, 50] does 
not show any intense peak in this region. Such ambiguities 
make this molecule a good subject for our study.

We present the excitation energies for transitions 
to the fundamental states with MP2 and B3LYP PES 
and linear DMS in Table  3. Following the Mulliken 
notations, the 12 normal modes of vibration span as 
5A1 + 1A2 + 2B1 + 3B2 symmetries. We compare the 
fundamental transition frequencies with the experimental 
gas phase frequencies [57]. Like F2CO, here also we find 
good agreement between the experimental values and theo-
retical results. The maximum value of the standard devia-
tion in the transition energy is only 34 cm−1 when VSCF 

method and B3LYP/aug-cc-pVTZ-based PES are used in 
the calculations.

In between MP2 and B3LYP, both the methods give 
nearly identical accuracy for the transition energies com-
pared to experimental values in VCCM-based calculations. 
In case of VSCF calculations, the MP2-based PES gives 
more accuracy than B3LYP-based PES. For example, in 
VCCM calculations, the standard deviation is 24 cm−1 
with both MP2/aug-cc-pVTZ and B3LYP/aug-cc-pVTZ 
surfaces. The standard deviations in the VSCF calculations 
are 25 and 34 cm−1 with MP2/aug-cc-pVTZ and B3LYP/
aug-cc-pVTZ surfaces respectively. We note that the dif-
ferences between MP2 results and B3LYP results are mar-
ginal except for the 11, 91, 101 and 111 states. In these four 
fundamental transitions (11, 91, 101, 111), we find large 

Table 5   Frequencies (cm−1) and intensities (km/mol) of fundamental transitions of Pyridine molecule: MP2 and B3LYP calculations with 
6-311G(2d,2p) basis set

a Reference [66]
b,c We found two states very close lying. The intensity value is the sum of these two. See text for details

Frequency Intensity

State VSCF MP2 VSCF B3LYP VCCM MP2 VCCM B3LYP Exp.a VSCF MP2 VSCF B3LYP VCCM MP2 VCCM B3LYP Exp.a

11 3114.9 3062.0 3079.0 3006.3 3094 4.5 7.6 0.0 0.7 0.0

21 3065.0 3005.2 3076.9 3046.3 3073 5.7 5.5 0.1 0.1 1.5 ± 1.0

31 3068.1 2995.4 2990.4 2968.4 3030 3.7 7.3 0.0 0.0 8.5 ± 0.0

41 1597.0 1598.2 1574.8 1576.0 1584 13.0 22.5 9.0 19.9 17.9 ± 
1.8

51 1490.9 1496.2 1476.6 1480.9 1483 3.6 3.4 3.9 3.5 4.0 ± 0.4

61 1230.9 1229.6 1218.7 1219.3 1218 1.3 3.0 1.2 1.7 4.3 ± 0.4

71 1084.0 1084.7 1069.4 1069.2 1072 1.8 2.2 2.3 2.9 4.5 ± 0.5

81 1037.1 1038.2 1030.5 1030.8 1032 9.0 8.5 8.6 7.7 7.7 ± 0.8

91 994.5 1001.5 988.0 995.2 991 4.8 5.3 4.7 5.5 5.5 ± 0.5

101 603.9 612.5 598.8 607.5 601 4.5 4.6 4.5 4.6 4.4 ± 0.4

161 766.3 772.1 740.9 748.5 744 8.8 5.0 2.1 1.6 12.9 ± 
1.3

171 757.8 747.9 696.2 683.4 700 61.4 62.1 64.4 62.4 67.5 ± 
6.7

181 415.4 421.1 403.1 408.3 403 3.5 3.4 3.6 3.2 7.2

191 3071.2 3009.8 3097b 3061.1 3094 21.1 26.9 8.9b 6.5 15.9 ± 
1.6

201 3038.3 2965.4 3070.8 3010c 3042 18.2 27.4 8.2 18.3c 5.1 ± 1.5

211 1586.1 1593.0 1567.0 1570.7 1581 2.1 7.6 2.6 8.3 7.3 ± 1.8

221 1456.2 1457.2 1441.4 1440.8 1442 19.8 26.1 19.2 26.2 31.1 ± 
3.1

231 1375.4 1372.1 1353.0 1354.5 1362 0.5 0.1 0.1 0.0 0.5 ± 0.2

241 1345.0 1256.9 1333.5 1224.4 1227 0.9 0.1 1.1 0.2 0.0

251 1171.3 1163.8 1154.1 1146.9 1143 1.3 2.4 1.1 2.4 3.6 ± 0.4

261 1067.8 1068.5 1045.0 1059.9 1079 0.2 0.1 0.4 0.0 0.0

271 658.1 665.0 654.2 661.1 654 0.3 0.2 0.4 0.2 1.1 ± 0.2

SD 24 32 24 20 – 29.9 22.8 25.3 18.5 –
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differences in the transition energy values between the 
results calculated by MP2 and B3LYP PES. For example, 
in the VCCM calculation, B3LYP underestimates the CH 
symmetric stretching (11) frequency with both the basis 
sets, whereas MP2 with aug-cc-pVTZ overestimates it. The 
MP2 with 6-311G(2d, 2p) gives the experimental value for 
this transition.

In Table  4, we present the intensities for the funda-
mental transitions with linear DMS. The results are com-
pared with the experimental values [48]. For this mol-
ecule, we find that the B3LYP gives better accuracy than 

MP2 for VCCM calculations. However, for the VSCF 
calculations, MP2 gives more accurate results. For exam-
ple, for VCCM calculations, the standard deviations with 
MP2/6-311G(2d,2p) surfaces is 28  km/mol, whereas with 
B3LYP/6-311G(2d,2p) surfaces is 17 km/mol. In between 
the two basis sets used here, 6-311G(2d,2p) basis set is 
found to give more accurate results. Note that due to ambi-
guities in the reported experimental intensity values for the 
CH fundamentals found in the literatures, we exclude the 
intensities of 11 and 91 transitions in our standard deviation 
calculation.

A comparison between the experimental spectrum [49, 
50] and our VCCM spectra is given in Fig. 2. The calcu-
lated spectra are qualitatively in good agreements with the 
experimental one, except for the frequency region 1200–
1800 cm−1. We found that the broad band with a shoulder 
at around 950 cm−1 corresponds to 41 and 111 fundamental 
transitions together. With MP2/6-311G(2d,2p) calculations, 
the 111 transition is visible as shoulder peak. The experi-
mental spectrum shows a broad band around 1250 cm−1. 
In our calculations, we found very intense 101 fundamental 
along with combination bands 6181, 41121, 6171 and 7181 in 
this region. These calculated combination bands near 101 
fundamental are found to be more intense by MP2-based 
calculations than B3LYP-based calculations. Again, the 

Table 6   Medium intense overtones and combination states of Pyri-
dine in the frequency range over 3000 cm−1 obtained by VCCM 
method using MP2-based PES and DMS

State Frequency (cm−1) Intensity (km/mol)

91101172 3053.3 3.3

121161221 3055.5 2.7

51201 3036.1 1.0

122131171 3052.6 2.7

111121131171 3064.2 2.5

61121141 3073.2 2.4

41211 3142 3.3

IR spectra of F2CO by VCCM
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Fig. 1   Comparison of theoretical spectra of F2CO molecule calculated by VCCM method with experimental gas phase spectrum [49]
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experimental spectrum shows two broad band in 1500-
1800 cm−1 region. In our VCCM-MP2/aug-cc-pVTZ spec-
trum, we found two intense close peaks around 1700 cm−1 
and one weak intense peak near 1500 cm−1. In VCCM-
MP2/6-311G(2d,2p) spectrum, one relatively broad peak 
appears near 1700 cm−1 and one low intense peak appears 
near 1500 cm−1. In both VCCM-B3LYP/aug-cc-pVTZ 
and VCCM-B3LYP/6-311G(2d,2p) spectra, there are one 
intense peak and one weak peak near 1700 cm−1 and one 
weak intense peak near 1500 cm−1. We found three over-
tone and combination transitions in this region along with 
the 21 fundamental. Among these three, the 6181121 and 
101121 combination band appears near 1700 cm−1 and the 
other one 72 appears near 1500 cm−1. The fundamental 21 
and the combination states 6181121 and 101121 together 
form one intense broad band with the experimental resolu-
tion. We note that the 72 overtone transition also observed 
by McKean et al. [57], but at 1611 cm−1 (reported as 112 in 
Table 1 in reference ). Note that our convention of number-
ing the vibrational modes is different than the convention 
followed by McKean et al. [57] due to different orientation 
of the molecular axis. In our calculations, we find large 
deviations in both transition energy and intensity for this 72 
transition. With MP2/aug-cc-pVTZ-based calculations, the 

72 transition energy is 1484 cm−1, whereas, with B3LYP/
aug-cc-pVTZ-based calculation, the value is 1565 cm−1. 
The calculated intensity value for this transition found to 
be very less in all our calculations compared to the experi-
ment. The use of linear DMS is not adequate to account 
the high intensity value of this transition. Lastly, we assign 
the weak and broad band around 3000 cm−1 as CH stretch-
ing fundamentals 11 and 91 along with some higher quanta 
states that are coupled strongly with these fundamentals. 
Note that with B3LYP-based calculations, we get only 11 
transition, whereas the MP2-based calculations give both 11 
and 91 transitions.

3.3 � Pyridine

The largest molecule in this study is pyridine. There have 
been several experimental studies [60–64] on the vibra-
tional spectra of this molecule due to its chemical and bio-
logical importance. Most of the experimental results and 
assignments are summarized by Klots [65]. A few theoreti-
cal studies on the vibrational spectra of this molecule came 
to our notice [66, 67]. Recently, Partal et  al. [61] made 
the vibrational analysis of this molecule by inelastic neu-
tron scattering experiments and made assignment of the 
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Fig. 2   Comparison of theoretical spectra of 1-1-F2C2H2 molecule calculated by VCCM method with experimental gas phase spectrum [49]
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vibrational excitation by ab  initio studies. All the earlier 
studies pointed the complexity of the vibrational analysis of 
pyridine both theoretically and experimentally. The 27 nor-
mal modes of vibrations span as 10A1 + 5A2 + 3B1 + 9B2 
irreducible representations in the C2V point group. Out of 
these, 5A2 modes are IR inactive. We present the compari-
sons of our results with the experimental results [66] in 
Table 5. Since in the earlier two molecules we found that 
the 6-311G(2d,2p) basis set gives a better description in 
both the VSCF- and VCCM-based calculations, we restrict 
ourselves only to this basis set.

For this molecule, we note that MP2 and B3LYP give 
nearly identical errors in the transition energies of the fun-
damental excitations. With the MP2 calculations, the stand-
ard deviation for the VSCF fundamental transition energies 
is about 24 cm−1, whereas, with B3LYP, the standard devia-
tion is 32 cm−1. Again the VCCM gives the standard error 
about 24 cm−1 with MP2 PES, whereas with B3LYP the 
standard deviation is 20 cm−1.

Turning to the intensity values, we found that the B3LYP 
gives more accurate results for both VSCF and VCCM cal-
culations. The standard deviation with MP2-based surface 
is 25 km/mol, whereas with B3LYP the standard devia-
tion is 18.5 km/mol in the VCCM calculations. In VSCF 

calculations, the standard deviation is 29.9 km/mol with 
MP2 and 22.8 km/mol with B3LYP surfaces.

For the CH-stretching region, i.e. the frequency range 
3000–3500  cm−1, we find many transitions with inten-
sity values more than 1.0  km/mol. Due to strong reso-
nances, the fundamental states mixes strongly with higher 
quanta excited states. The harmonic intensities of the 5 
CH stretches get distributed over these states. In Table  6, 
we present the VCCM results of some of these states with 
MP2-based calculations. We note that the 191 state mixes 
strongly with 101141181261 combination states. This 
results two almost degenerate states 191 + 101141181261 
at 3097 cm1 and 191 − 101141181261 at 3098 cm−1 with 
intensity 4.7 km/mol and 4.2 km/mol, respectively. We 
assign these transitions together as 191 fundamental. Simi-
larly in B3LYP-based calculations, the 201 fundamental is 
strongly coupled with 91101131141 and 161171211 combi-
nation states. Here also two states are found at 3009 and 
3012 cm−1 with intensity 8.5 km/mol and 10.5 km/mol. We 
assign these transitions together as 201 fundamental.

In Fig. 3, the VCCM spectra obtained by using MP2- and 
B3LYP-based surfaces are compared with the experimental 
gas phase spectrum [49, 50]. The experimental spectrum 
shows a broad band around 3000 cm−1 region with three 

IR spectra of Pyridine by VCCM

Exp.

IR
 a

bs
or

ba
nc

e 
(a

rb
itr

ar
y 

un
its

)

10
1

171

16
1

9 1
8 1

7 1 25
1

6 1

221

5 1

41

9 1
10

1

12
11

4 1

26
11

0 3
5 1

2 1

20
1

19
22

6 1
19

1

VCCM-B3LYP/6-311G(2d,2p)

 500  1000  1500  2000  2500  3000  3500

frequency (cm-1)

10
1

171

16
1

9 1
8 1

7 1 25
1

6 1

221

5 1

41

9 1
10

1

12
11

4 1

5 1
22

1

9 1
0 1

17
2

20
1

19
1

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

Fig. 3   Comparison of theoretical spectra of pyridine molecule calculated by VCCM method with experimental gas phase spectrum [49]



Theor Chem Acc (2016) 135:203	

1 3

Page 11 of 12  203

peaks. Koon and Colson [60] reported three strong transi-
tions and one low intense transition in their experimental 
study. However, the B3LYP calculations give some more 
peaks in this regions. With MP2 calculations, we get three 
sharp peaks here. The vibrational resonances and near reso-
nances are prominent in this region of spectrum. Thus, only 
linear terms in the DMS is not adequate for the spectral 
description in the region. The calculated spectra in the fre-
quency range between 500–1700 cm−1 are in good agree-
ments with the experimental one. Around frequency range 
1800 cm−1 we found deviations between the calculated and 
experimental spectra. The experimental spectrum has three 
weak bands around frequency 1800 cm−1. Our calculations 
shows only one very weak transition corresponds to 121141 
at 1850 cm−1 with MP2-based surfaces and at 1835 cm−1 
B3LYP with surfaces. All these three bands are due to exci-
tations to the overtone and combination states. In inability 
of our calculations to produce all the three peaks and their 
assignments is due to the absence of the higher terms in the 
DMS. In between the MP2 and B3LYP, we find that both 
the methods give nearly identical spectrum for the region 
500–2000 cm−1 in terms of the positions of the reported 
transitions.

4 � Conclusions

We used two correlation methods MP2 and B3LYP and 
two basis sets aug-cc-pVTZ and 6-311G(2d,2p) to generate 
the quartic PES and linear DMS. The analysis of the stand-
ard deviations of the transition energies to the fundamental 
states with respect to the experimental values, we find that 
the MP2-based PES gives better results than the B3LYP for 
F2CO molecule. For the other two molecules studied here, 
the differences in the standard deviations by these two meth-
ods are marginal, especially with VCCM-based calculations. 
Note that the PES generation with MP2 method takes longer 
time than the B3LYP method with a given basis set. Among 
two different kind of basis sets used here, we find that the 
Pople type 6-311G(2d,2p) basis set gives better result than 
the Dunning-type aug-cc-pVTZ basis set. Again, the use of 
6-311G(2d,2p) basis set is computationally cheaper than 
aug-cc-pVTZ basis set. The deviations in the transitions 
energies by these two methods and basis sets do not affect 
the spectral assignment and their interpretation especially in 
the frequency range 500–2500 cm−1. Thus considering the 
computational cost and accuracy, the B3LYP/6-311G(2d,2p) 
PES is most suitable among all the PES studied here.

On the other hand, the spectral intensities are greatly 
affected by the difference in the electronic structure cal-
culations for the PES and DMS. Between MP2 and 
B3LYP methods, B3LYP gives more accurate results for 

the intensities of fundamental transitions for pyridine and 
1,1-F2C2H2 molecules in the VCCM calculations. For, the 
F2CO molecule, the MP2 results better accuracy in the fun-
damental intensities than the B3LYP. In between the two 
basis sets used here, 6-311G(2d,2p) gives more accurate 
intensities than the aug-cc-pVTZ basis set.
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