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ABSTRACT

The molecular structure of methyl formate is determined from ab initio calculations. The molecule presents two
conformers (cis and trans) with a 5.3 kcal mol�1 difference in energy. In the most stable cis conformer, the carbonyl
group eclipses the methyl group. The internal rotation barriers are V3(cis) ¼ 368 cm�1 and V3(trans) ¼ 26 cm�1 for
the methyl group and V CO ¼ 4826 cm�1 for the CO group. The dependence of the spectroscopic parameters on the
torsional motions is detailed. The rotational-torsional energy levels have been calculated variationally up to J ¼ 6
using a flexible model depending on the two torsional modes. Far-infrared frequencies and intensities are determined
at room temperature. The rotational parameters have been computed to beA ¼ 20;040:473MHz,B ¼ 6974:140MHz,
C ¼ 5350:705 MHz, DJ ¼ �0:510 kHz, DJK ¼ 1:566 kHz, and DK ¼ �0:619 kHz; and A ¼ 20;040:492 MHz,
B ¼ 6974:399 MHz, C ¼ 5350:851 MHz, DJ ¼ 2:070 kHz, DJK ¼ 14:712 kHz, and DK ¼ 5:898 kHz at the sym-
metric and E components of the cis ground state, respectively. The corresponding values for trans–methyl formate are
A ¼ 47;380:066MHz,B ¼ 4738:781MHz, andC ¼ 4430:339MHz; and A ¼ 47;389:697MHz,B ¼ 4737:751MHz,
and C ¼ 4429:607 MHz.

Subject headinggs: astrochemistry — molecular data

1. INTRODUCTION

Quantum mechanical calculations represent an efficient pro-
cedure for a better understanding of experimental problems and
for predicting and confirming molecular properties. Hence, the
fundamental purpose of two of our previous papers has been the
interpretation of the vibrational and rotational spectra of two pre-
biotic species detected in the interstellar medium (ISM): acetic
acid and glycolaldehyde (Senent 2001, 2004). Both molecules
are isomers that obey the empirical formula C2O2H4 and show non-
rigid properties that make the interpretation of the low-frequency
spectra difficult. The discovery of glycolaldehyde (Hollis et al.
2000), the simplest monosaccharide, has been followed with great
interest, given its biological importance.

The set of C2O2H4 isomers presents a third component of
astrophysical interest, the methyl formate H�COOCH3. Al-
though it is not the most stable species of the set, it is the most
abundant in the ISM and has been the first to be detected in emis-
sion toward Sgr B2 (Brown et al. 1975). It is generally accepted
that most millimeter and submillimeter emission lines observed
toward Orion arise from only three molecules: methyl formate,
dimethyl ether, andmethanol (Johansson et al. 1984; Sutton et al.
1985; Blake et al. 1988). All of them present at least a methyl
group capable of internal rotation, which causes the splitting of
the energy levels into nondegenerate (A) and degenerate (E orG)
substates. Dimethyl ether and methanol have been objects of
previous studies performed in our laboratory (Senent et al. 1995;
Muñoz-Caro et al. 1997).

Given its astrophysical relevance, the study of methyl formate
as an isolated molecule has attracted major attention. Many pa-
pers concerning the vibrational (Wilmshurst 1957; Fateley &
Miller 1961; Susi & Zell 1963; Susi & Scherer 1969; Blom &
Günthard 1981; Chao et al. 1986) and rotational spectra (Curl
1959; Bauder 1979; Demaison et al. 1983; Plummer et al. 1984,
1986, 1987; Nadgaran & Baker 1995; Oesterling et al. 1995, 1999;
Karakawa et al. 2001; Ogata et al. 2004) have been published. The
molecular structure has been investigated using ab initio methods
(John & Radom 1977; Fausto & Teixeira-Dias 1987; Hansen et al.
2000; Rocha et al. 2002; Good & Francisco 2002; Francisco 2003)
or electron diffraction techniques (Cradock&Rankin 1980). How-
ever, many aspects concerning the interpretation of the rota-
tional spectra and formation at low pressures and temperatures
in the ISM remain misinterpreted. For example, although it is
generally accepted that methyl formate can be produced from
the methanol formed in the ice of interstellar grains, detailed
studies of the ion-molecule processes using experimental and
theoretical methods are unable to account for the full number
of spectral lines observed (Herbst & Roberts 2004). Recently, a
complete experimental and theoretical gas-phase study ofmethyl
formate formation has been published (Horn et al. 2004).

The assignments of methyl formate vibrational and rotational
spectra have special difficulties given the splitting of the levels
caused by the two internal rotations. The first assignment of the
methyl formate vibrational spectrum was performed in 1957
(Wilmshurst 1957). In this case, the two torsional modes were
neglected in the study. Later, Fateley &Miller (1961) located the
torsional methyl group at 130 cm�1. It is well known that the mol-
ecule presents two different conformers. From low-temperature
Ar matrix infrared spectroscopy, the energy difference between
stable geometries, �H, has been determined to be 4:750�
0:190 kcal mol�1, and some observed bands have been assigned
to the unstable trans conformer (Blom & Günthard 1981). Fun-
damental frequencies fromChao et al. (1986) are collected in the
BASEMOL database (Crovisier 2002).

Many aspects related to the assignments of the millimeter and
submillimeter lines of methyl formate remain incomplete. For
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example, more or less complex global fits of lines corresponding
to the A and E components of the ground and first excited states
lead to quite different spectroscopic parameters. This disagree-
ment is related to the most important spectroscopic parameters,
the rotational constants, which are directly related to the mo-
lecular structure. Although there is an acceptable agreement for
the ‘‘out-of-plane’’ C constant, different authors provide quite
different ‘‘in-plane’’ constants. For example, the values of A and
B of Demaison et al. (1983; 19,983.055 and 6914.4198 MHz),
Plummer et al. (1986; 19,980.3907 and 6913.6822 MHz),
Nadgaran&Baker (1995; 19,983 and 6914.928MHz), Oesterling
et al. (1999; 17,522.36993 and 9323.547665 MHz), Karakawa
et al. (2001; 19,141.92 and 9112.39 MHz), and Ogata et al.
(2004; 19,120.151 and 9181.7185 MHz) are not consistent. The
BASEMOL (Crovisier 2002) database collects the results of
Oesterling et al. (1999), who have also analyzed the deuterated
isotopic variety D�COOCH3 (Oesterling et al. 1995). Ab initio
calculations can be a complementary technique in the molecular
structure determination and for understanding the experimental
results.

To our knowledge, accurate ab initio data capable of clarifying
the rotational observations are not available. The relative ener-
gies and structures of the conformers published in the earlier
ab initio studies (John & Radom 1977; Fausto & Teixeira-Dias
1987) were determined with methods unsuitable for a rotational
analysis. Recent high-level calculations are limited to the deter-
mination of the cis structure and the vertical excitations (Hansen
et al. 2000; Rocha et al. 2002; Good&Francisco 2002; Francisco
2003).

Thus, the main object of this paper is to obtain as much
information as possible concerning structure and spectroscopic
properties that can be derived from ab initio calculations. We
analyzed the spectra from a two-dimensional flexible model
depending on the modes responsible for the nonrigidity of
the molecule. The potential energy surface and the parameters
of the Hamiltonian are determined from ab initio energies and
geometries. A final fit using the rovibrational energy levels
allows us to determine rotational parameters corresponding
to the vibrational energies, which are comparable with those
obtained experimentally. The model has been previously tested

for acetic acid (Senent 2001) and glycolaldehyde (Senent
2004).

2. COMPUTATIONAL DETAILS

All the calculations have been performed with Gaussian 03
(Frisch et al. 2004). The methyl formate potential energy surface
has been determined with MP4(SDTQ)/cc-pVQZ ab initio cal-
culations. The geometries of all the conformations have been
optimized at the MP2/cc-pVQZ level. Fundamental frequencies
have been computed at the MP2/cc-pVTZ level with the algo-
rithm implemented in Gaussian 03 (Frisch et al. 2004). The tor-
sional levels have been calculated variationally using a flexible
two-dimensional model depending on the two torsional angles.
The kinetic energy parameters of the Hamiltonian have been
computed with the code MATRIZG.f (Senent 1998a) from the
optimized geometries. The program BIDIM.f, designed for the
study of the ethanol far-infrared spectrum (Senent et al. 2000),
and the subroutines constructed for the study of the overall ro-
tation of acetic acid (Senent 2001) have been employed for the
determination of rovibrational energy levels and rotational pa-
rameters. Integral elements for the top symmetric functions are
defined in Senent (1998b).

3. THE MOLECULAR STRUCTURE
OF METHYL FORMATE

Methyl formate shows two planar conformations, cis and
trans, of minimum energy, for which structural parameters are
shown in Table 1. The terms cis and trans refer to the relative
positions of the carbonyl and methyl groups (see Fig. 1). Both
conformers are planar.
In the most stable cis geometry, the carbonyl group eclipses

the methyl group. The methyl group is rotated in order to min-
imize the electrostatic repulsion responsible for the energy dif-
ference between conformers.
Two large-amplitude vibrations cause the nonrigid properties

of methyl formate: the methyl group torsion and the OC�OC
central bond torsion. The corresponding coordinates are repre-
sented by the symbols � and � , which can be identified with the
H6C3O1C2 and O4C2O1C3 dihedral angles (see Fig. 1). Their
values at the cis and trans conformers are (180�, 0�) and (0�,
180�), respectively. The central bond torsion produces the sec-
ondary minimum, for which the relative energy has been cal-
culated to be 5.3 kcal mol�1 with MP4(SDTQ)/cc-pVQZ. The
electrostatic potential maps (see Fig. 2) allow us to understand
the enthalpy difference between conformers, which is in good
agreement with the experimental value of Blom & Günthard
(1981; 4.8 kcal mol�1) obtained from the IR bands in an Ar
matrix. The cis ! trans transformation is hindered by a barrier

TABLE 1

Structural Parameters of Methyl Formate Conformers

Parameter Cis Trans

C2O1................................ 1.3370 1.3442

C3O1................................ 1.4344 1.4255

O4C2................................ 1.2035 1.1963

H5C2................................ 1.0922 1.0100

H6C3................................ 1.0817 1.0883

H7C3................................ 1.0851 1.0845

H8C3................................ 1.0851 1.0845

C3O1C2 ........................... 114.0 117.1

O4C2O1 ........................... 125.6 122.9

H5C2O1 ........................... 109.2 112.9

H6C3O1 ........................... 105.5 111.3

H7C3O1 ........................... 110.3 108.5

H8C3O1 ........................... 110.3 108.5

O4C2O1C3 ...................... 0.0 180.0

H5C2O1O4 ...................... 180.0 180.0

H6C3O1C2 ...................... 180.0 0.0

H7C3O1H5 ...................... 119.7 120.4

H8C3O1H5 ...................... �119.7 �120.4

Note.—Distances are in 8, and angles are in degrees.

Fig. 1.—Two conformers of methyl formate.
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calculated to be 13.8 kcal mol�1. The process occurs with a slight
variation of the internuclear distances.

Table 2 shows some structural parameters of the two con-
formers, the barriers that hinder the internal rotations, and the
most important spectroscopic properties calculated in the po-
tential energy surface wells. The MP2/cc-pVQZ rotational con-
stants have been determined to be 19,945.037, 7017.551, and
5364.780 MHz for cis–methyl formate and 48,356.903,
4702.403, and 4404.249MHz for trans–methyl formate. For the
cis form, the calculated dipole moment components with respect
to the principal axis, �a ¼ 1:7437 D and �b ¼ 0:9640 D, are in
reasonable agreement with the experimental data (Bauder 1979;
�a ¼ 1:63 D and �b ¼ 0:68 D). The dipole moment depends
strongly on the OC�OC torsional coordinate, which should
show the largest intensities in far-infrared bands. The rotational
constants of Table 2 are not comparable with the experimen-
tal results, which are measured in the levels, not in the potential
holes.

In Table 2, approximate one-dimensional internal barriers are
shown. They have been calculated to be V3(cis) ¼ 368 cm�1,
V3(trans) ¼ 26 cm�1, and V CO ¼ 4826 cm�1 (13.8 kcal mol�1)
from the curves in Figures 3 and 4. These figures show the one-
dimensional potential energy surfaces calculated by fitting the
relative electronic energies of a set of conformations where

3N � 7 internal coordinates have been optimized. Dashed lines
represent the potentials calculated from the total electronic en-
ergies, and the solid potentials comprise the zero-point vibra-
tional correction (ZPVE). With these corrections, the barriers are
V3(cis) ¼ 422 cm�1 ,V3(trans) ¼ 9 cm�1, andV CO ¼ 4790 cm�1.
For V3(cis), some experimental results arising from the fitting of

Fig. 2.—Electrostatic potential maps of cis– and trans–methyl formate.

TABLE 2

Molecular Properties of Methyl Formate Conformers

Property Cis Trans

Symmetry .................................. Cs Cs

� (D) ......................................... 1.9924 4.7053

Kinetic Energy Parameters

Ae (MHz) .................................. 19,945.0367 48,356.9026

Be (MHz) .................................. 7017.5506 4702.4032

Ce (MHz) .................................. 5364.7803 4404.2494

� ................................................ �0.77329 �0.98643

B11 (cm
�1) ................................. 6.9948 7.1831

B22 (cm
�1)................................. 5.7788 2.8895

B12 (cm
�1)................................. �2.7498 �0.4040

V 0 (cm�1) .................................. 0.3412 0.2200

Potential Energy Barriers (cm�1)

CH3 Cis CH3 Trans C�O Cis ! Trans

V3 ¼ 368 ................................... V3 ¼ 26 V CO ¼ 4826

VZPVE
3 ¼ 422 ............................. VZPVE

3 ¼ 9 V CO
ZPVE ¼ 4790

Note.—Calculated with MP4(SDTQ)/cc-pVQZ//MP2/cc-pVQZ.

Fig. 3.—One-dimensional potential energy surfaces V3(�) for cis– and
trans–methyl formate.
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the millimeter and submillimeter observed lines are available in
Oesterling et al. (1999; 398.763 cm�1), Karakawa et al. (2001;
399.145 cm�1), and Ogata et al. (2004; 379.440 cm�1). In this last
paper, the term V6 is also considered in the fitting.

4. THE ROVIBRATIONAL SPECTRUM
OF METHYL FORMATE

4.1. Theoretical Aspects

The rotational-torsional energy levels are calculated varia-
tionally using the flexible model in two dimensions developed
for the study of the far-infrared spectrum of acetic acid (Senent
2001). The Hamiltonian for J ¼ 0 can be identified with the pure
torsional operator,

ĤT ¼� @
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where V, V 0, and V ZPVE represent the potential energy surface,
the pseudopotential, and the zero-point vibrational correction
and B11, B22, and B12 are the methyl torsion, the central bond
torsion, and the torsion-torsion interaction kinetic energy pa-
rameters. They are related to the vibrational elements g44, g55,
and g45 of the G matrix.

For each molecular structure, the kinetic parameters can be
determined with our own algorithm (Senent 1998a). As all the
parameters of the Hamiltonian transform as the totally sym-

metric representation of the C3v symmetry group, they can be
described by A1 double Fourier series. The torsional levels are
calculated variationally using as a trial function a symmetry-
adapted double Fourier series. The convergence requires at least
a Hamiltonian matrix with dimensions of 434 (A1), 433 (A2),
867 (Ex), and 867 (Ey).
Once the matrix is diagonalized, the most arduous effort is that

of the classification of the energy levels, given the proximity of
the two modes and the small gaps between splittings (Senent
2004). For this purpose, four criteria are considered: (1) the
symmetry; (2) the values of the probability integrals around the
minima, which allow one to distinguish between cis and trans
levels; (3) the expectation values of the one-dimensional oper-
ators in the torsional levels, which allow one to assign the levels
to each torsional mode; and (4) the intensities of the infrared
transitions, which permit one to construct sequences of the
levels.
The large difference between the oscillator strengths for the

two modes permits one to use the infrared intensities for the as-
signments. The intensities of the Q branches of the out-of-plane
type C bands are calculated with

I ¼ q

3R2e2B
! (Pj � Pi)h�ij�cj�ji

2; ð2Þ

where i and j represent two connected states, R is the average
radius of the rotor, B ¼ (B11 þ B22)

1=2, �c is the dipole mo-
ment component transforming as the A2 representation, PK rep-
resents the Boltzmann population, ! is the frequency, and q is
the nuclear statistical weight. The selection rules are shown in
the Appendix (Table A1). For methyl formate, the statistical
weight ratio corresponding to the A and E, nondegenerate and
two-degenerate, representations of the C3v group is 1:1.
For J > 0, the ro-torsional Hamiltonian is written as the sum

of the pure rotational Hamiltonian and the interaction operator,
defined by

ĤR ¼
X3
k¼1

X3
�¼1

gk�PkP�; k; � ¼ x; y; z; ð3Þ
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where x, y, and z are the molecular Cartesian axes A, B, and C;
Pk represents the angular momentum components; and gk� and
gkn are the rotational and ro-torsional elements of the G matrix
(Senent 1998a). Following the principle axis method (PAM),
the gij elements for ij ¼ 11, 22, 33, 13, 14, 34, 15, and 35 trans-
form as A1, and those for ij ¼ 12, 23, 15, and 25 transform as
A2.
The rovibrational energy levels are calculated variationally.

We use a contracted basis set to reduce the dimension of the
Hamiltonian matrix, which factorizes in four boxes correspond-
ing to the A1, the A2, and the E two-degenerate representations
(see the Appendix; Table A2). The contracted basis set may be a
product of solutions of the vibrational Hamiltonian and solutions
of the symmetric top in Cartesian coordinates (Senent 2001).
Finally, the rotational parameters for the levels are evaluated by

Fig. 4.—One-dimensional potential energy surface V (� ) of methyl formate.
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fitting the energies and the expectation values of the rotational
Hamiltonian operators at the levels to

E ¼ h ijHROTj ii ¼ 1
2
(Bþ C )J (J þ 1)

þ ½A� 1
2
(Bþ C )�h ijĴ 2z j ii � DJ ½J (J þ 1)�2

� DJKJ (J þ 1)h ijĴ 2z j ii � DKh ijĴ 4
z j ii

þ HJ ½J (J þ 1)�3 þ HJK ½J (J þ 1)�2h ijĴ 2z j ii
þ HK JJ (J þ 1)h ijĴ 4

z j ii þ HKh ijĴ 6
z j ii

þ 1
4
(B� C )h ijĴ 2þ þ Ĵ 2�j ii

þ �J J (J þ 1)h ijĴ 2þ þ Ĵ 2�j ii þ �Kh ijĴ 4
þ þ Ĵ 4

�j ii
þ �J ½J (J þ 1)�2h ijĴ 2þ þ Ĵ 2�j ii
þ �JKJ (J þ 1)h ijĴ 4

þ þ Ĵ 4
�j ii þ �Kh ijĴ 6

þ þ Ĵ 6
�j ii: ð5Þ

4.2. The Far-Infrared Spectrum of Methyl Formate

The far-infrared transitions of methyl formate have been cal-
culated by solving variationally the Hamiltonian of equation (1).
The kinetic and potential parameters are determined using ab
initio calculations on a set of selected conformations (see Table 3),
for which geometries have been computed optimizing 3N � 8
parameters. In Tables 4, 5, and 6, the harmonic and anharmonic
frequencies, the torsional levels, and the frequencies and inten-
sities of methyl formate are shown.

The frequencies of some isotopic varieties of methyl formate
have been calculated from the MP2/cc-pVTZ force field (see
Table 2).We initiate the study ofmethyl formate spectra from a har-
monic analysis for three reasons: first, the harmonic fundamentals

TABLE 3

Relative Electronic Energies (in cm�1
) of the Selected Conformation

of Methyl Formate

�
(deg)

�
(deg) ER A B C

0................. 0 367.8 20,613.7 6709.7 5228.5

90 191.7 20,297.6 6844.4 5287.9

180 0.0a 19,945.0 7017.6 5364.8

30............... 0 1383.0 21,114.9 5201.5 6516.8

90 1315.2 21,039.2 5213.4 6539.3

180 1199.7 20,680.9 5279.7 6677.3

�90 1270.1 20,749.2 5267.7 6654.5

60............... 0 3854.7 23,112.8 5091.7 5951.4

90 3622.5 22,996.4 5115.0 5984.1

180 3576.0 22,740.4 5147.5 6038.0

�90 3796.2 22,851.0 5123.8 6003.7

90............... 0 5421.5 26,794.1 4996.5 5363.4

90 5117.1 26,653.1 5023.0 5395.4

180 4822.1 26,238.6 5076.3 5460.0

�90 5087.0 26,366.6 5051.0 5428.7

120............. 0 4432.5 33,406.1 4842.0 4935.7

90 4375.3 33,127.6 4858.8 4957.6

180 3978.5 32,894.4 4883.7 4991.7

�90 4017.9 33,216.7 4864.1 4965.3

150............. 0 2617.5 43,100.4 4518.8 4761.1

90 2716.4 42,445.3 4536.4 4787.8

180 2501.5 42,108.5 4553.1 4809.2

�90 2414.0 42,781.5 4533.8 4780.5

180............. 0 1823.0 48,356.9 4404.2 4702.4

90 1843.0 47,755.8 4418.8 4724.3

180 1849.3 47,091.4 4436.3 4750.5

a Emin ¼ �228:804898 a.u.

TABLE 4

Fundamental Frequencies (in cm�1
) of Some Methyl Formate Isotopes Calculated with MP2/cc-pVTZ

Cis Trans

HCO2CH3 HCO2CD3 DCO2CH3 HCO2CH3 HCO2CD3 DCO2CH3

Assignment Anharmonic Experimentala Harmonic Harmonic Harmonic Harmonic Harmonic

A1

COC def. .................... 349 318 285 309 389 359 381

OCO def..................... 767 767 723 770 647 627 643

O�CH3 st. ................. 938 924 907 912 1049 901 1006

CH3 rock. ................... 1167 1166 723 1080 1140 1023 1070

C�O st....................... 1213 1207 1002 1192 1285 1109 1149

CH bend..................... 1380 1371 1093 1248 1423 1153 1280

CH3 s-def. .................. 1446 1445 1134 1478 1500 1241 1493

CH3 d-def................... 1480 1454 1250 1521 1538 1432 1537

C=O st. ...................... 1762 1754 1409 1766 1829 1828 1800

CH st. ......................... 3007 2943 1790 2311 3016 2208 2241

CH3 s-st...................... 2959 2969 2221 3101 3081 2355 3080

CH3 d-st. .................... 3090 3045 2398 3229 3176 3016 3176

A2

CH3 tors. .................... 140 130 108 147 18 14 18

C�O tors. .................. 335 332 335 307 191 182 177

CH bend..................... 1032 1032 926 893 1041 919 881

CH3 rock. ................... 1168 1168 1055 1192 1193 1041 1193

CH3 d-def................... 1466 1443 1089 1508 1507 1088 1507

CH3 d-st. .................... 3054 3012 2371 3193 3196 2373 3196

ZPVE...................... 13376 13240 11602 13078 13609 11435 12914

a Chao et al. (1986).
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represent preliminary frequencies; second, they allow one to
distinguish the minima and the saddle points of the potential
energy curves; and third, they allow one to predict the strength of
the interactions among modes. The deuterated forms ensure the
correct assignment. In the case of the most stable conformer,

anharmonic frequencies are also calculated using perturbation the-
ory. For some medium- and small-amplitude modes, the agree-
ment between anharmonic frequencies and experimental values
is quite good. In all the cases, the accuracy is reasonable for the
level of ab initio calculations that we have used. The anharmonic

TABLE 5

Torsional Energy Levels (in cm�1
)

Cis Trans

v v 0 Symmetry 2D +ZPVE Experimentala 1D 2D +ZPVE 1D

0 0 .................. A1 0b 0c . . . 0 0d 0e 0

E 0 0 . . . 0 6.3 7.0 6.1

1 0 .................. A2 123.6 134.8 130 126.1 61.3 61.8 64.6

E 122.8 134.3 . . . 125.1 29.6 20.8 31.4

2 0 .................. A1 219.9 242.8 . . . 225.4 65.6 63.0 66.6

E 228.0 248.9 . . . 233.0 111.1 110.0 115.0

3 0 .................. A2 334.1 358.0 . . . 339.6 . . . . . . . . .
E 293.7 322.4 . . . 300.8 . . . . . . . . .

4 0 .................. A1 349.6 378.8 . . . 356.8 . . . . . . . . .

E 409.3 434.6 . . . 415.8 . . . . . . . . .

0 1 .................. A2 321.7 329.5 332 294.2 181.5 177.1 148.3

E 321.9 330.3 . . . . . . 187.1 184.9 . . .

0 2 .................. A1 634.8 648.4 . . . 581.1 . . . . . . . . .

E 635.3 649.1 . . . . . . . . . . . . . . .

0 3 .................. A2 939.8 957.2 . . . 860.8 . . . . . . . . .
E 940.4 958.0 . . . . . . . . . . . . . . .

1 1 .................. A1 440.8 457.4 . . . . . . . . . . . . . . .

E 439.9 456.9 . . . . . . . . . . . . . . .
1 2 .................. A2 531.2 608.4 . . . . . . . . . . . . . . .

E 540.8 564.5 . . . . . . . . . . . . . . .

2 1 .................. A2 749.8 770.0 . . . . . . . . . . . . . . .

E 748.6 769.3 . . . . . . . . . . . . . . .

a Chao et al. (1986).
b 228.8 cm�1.
c 240.2 cm�1.
d 1924.8 cm�1.
e 1969.3 cm�1.

TABLE 6

Predicted Far-Infrared Frequencies (in cm�1
) and Absolute Intensities for Cis and Trans Methyl Formate Calculated at 273.15 K

Cis Trans

viv
0
i ! vjv

0
j Symmetry Variational Frequency Intensity �18 Perturbation Theory Variational Frequency Intensity !17

CH3

00 ! 10 ............ A1 ! A2 134.8 0.626 ; 10�6 140 61.8 0.928 ; 10�10 18

E ! E 134.3 0.609 ; 10�6 . . . 20.8 0.031 ; 10�10 . . .

10 ! 20 ............ A2 ! A1 108.0 0.054 ; 10�6 87 . . . . . . . . .
E ! E 114.5 0.089 ; 10�6 . . . . . . . . . . . .

OC�OC

00 ! 01 ............ A1 ! A2 329.5 0.0118 335 177.1 0.274 ; 10�7 191

E ! E 330.3 0.0111 . . . 177.9 0.261 ; 10�7 . . .

01 ! 02 ............ A2 ! A1 318.9 0.0039 331 . . . . . . . . .
E ! E 318.8 0.0039 . . . . . . . . . . . .

02 ! 03 ............ A1 ! A2 308.8 0.0011 . . . . . . . . . . . .

E ! E 308.9 0.0011 . . . . . . . . . . . .

10 ! 11 ............ A2 ! A1 322.6 0.0057 332 . . . . . . . . .
E ! E 322.5 0.0057 . . . . . . . . . . . .

01 ! 11 ............ A2 ! A1 127.9 0.074 ; 10�7 137 . . . . . . . . .

E ! E 126.6 0.744 ; 10�7 . . . . . . . . . . . .
11 ! 21 ............ A1 ! A2 151.0 0.727 ; 10�7 . . . . . . . . . . . .

E ! E 107.6 0.016 ; 10�7 . . . . . . . . . . . .

11 ! 12 ............ A1 ! A2 312.6 0.0020 . . . . . . . . . . . .

E ! E 312.4 0.0020 . . . . . . . . . . . .
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fundamentals of the two torsional modes have been determined
to be 140 and 335 cm�1 for the cis form, and the harmonic fun-
damentals, to be 18 and 191 cm�1 for the trans form. Experi-
mental cis values are 130 and 332 cm�1. By regarding the en-
ergy and symmetry of the modes, one may expect the presence
of Fermi interactions between the cis A1 COC deformation mode
(348 cm�1) and the cis CH3 torsion overtone (140 ; 2 ¼ 280 cm�1),
and between the trans A1 COC deformation mode (389 cm�1) and
the trans central bond torsion overtone (191 ; 2 ¼ 382 cm�1).

These torsional fundamentals represent a first approxima-
tion. The methods implemented in Gaussian 03 have been de-
veloped for semirigid molecules showing a single minimum.
Nonrigid molecules show various minima separated by barriers
that produce the splitting of the levels by tunnelling. For this
reason, the determination of realistic torsional energies implies
the consideration of all the minima. The potential energy sur-
face is shown in Figure 5. It has been determined by fitting to a
double Fourier series the MP4(SDTQ)/cc-pVQZ relative ener-
gies of the set of 26 conformations selected (see Table 3). Then,

V (�; � ) ¼ 2982:2� 723:5 cos (� )� 2042:6 cos (2� )

� 112:4 cos (3� )þ 80:6 cos (4� )þ 10:0 cos (5� )

� 6:5 cos (6� )þ150:2 cos (3�)þ 28:0 cos (3�) cos (� )

� 107:5 cos (3�) cos (� )þ 62:1 cos (3�) cos (3� )

þ 42:3 cos (3�) cos (4� )þ 8:5 cos (3�) cos (5� )

þ 0:4 cos (3�) cos (6� )þ 1:7 cos (6�)

þ 0:3 cos (6�) cos (� )� 6:3 cos (6�) cos (2� )

þ 0:4 cos (6�) cos (3� )þ 1:4 cos (6�) cos (4� )

� 1:0 cos (6�) cos (5� )� 0:4 cos (6�) cos (6� )

� 60:5 sin (3�) sin (� )þ 113:8 sin (3�) sin (2� )

� 52:9 sin (3�) sin (3� )� 39:5 sin (3�) sin (4� )

� 7:5 sin (3�) sin (5� ): ð6Þ

The surface has been corrected by adding the zero-point vi-
brational correction calculated within the harmonic approxi-
mation at the MP4(SDQ)/cc-pVQZ level.

In molecules with hindered internal rotation, the methyl
groups lose the ‘‘static’’C3v symmetry, in spite of the fact that the
‘‘dynamic’’ symmetry is preserved. This ‘‘symmetry dilemma’’
is evidenced during the geometry optimization, if a single in-
ternal coordinate is frozen. For example, if the H6C3O1C2 di-
hedral angle is frozen at �, the resulting energy is different from
the one obtained by freezing H7C3O1C2 at �þ 120�, or by
freezing H8C3O1C2 at �� 120�. In previous papers (Villa et al.
1999; Szalay et al. 2002), we have proposed two possible ways
of minimizing or eliminating the numerical errors derived from
the dilemma. The first is to select a set of conformations where
one of the dihedral angles is fixed at 0�, 180�, and 90�. Thus, one
of the methyl CH bonds remains in the plane or perpendicular to
the molecular plane. The second is to optimize the geometry by
freezing the torsional coordinate defined as � ¼ 1/3(�1 þ �2 þ
�3). In this case, the remaining linear combinations of internal
coordinates are allowed to be relaxed. In the case of applying this
last solution in correlated calculations, it will be necessary to
develop new ab initio software.

The torsional energy levels of Table 5 are classified using
the four criteria described in the theoretical section of this
paper. The calculations have been performed without con-
sidering the zero vibrational correction (2D) and including the
zero-point vibrational correction (+ZPVE). As is well known,
ZPVE is the most important correction in accurate calcu-
lations of vibrational levels in the case of reduced models.
Nevertheless, the effect of the pseudopotential on the levels is
negligible. The calculations have also been performed in one
dimension (1D) using the potential energy surfaces presented
in Figures 3 and 4. In principle, the one-dimensional results
were considered for evaluating the interactions between the
two torsions. They have been achieved neglecting the ZPVE
corrections.

Fig. 5.—Two-dimensional potential energy surface of methyl formate.
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The one-dimensional model appears to be very inefficient for
the central bond torsion. For the methyl torsion, a displacement of
�3 cm�1 up to the lower frequencies is observedwhen the one- and
two-dimensional calculations are compared. The two-dimensional
mode improves the calculations of the methyl band position.
Furthermore, as was first observed for ethanol (Senent et al. 2000)
and acetic acid (Senent 2001), the reduced model efficiency is
always more evident on the higher frequency torsional mode.

The fundamental anharmonic frequencies of the methyl
and central bond torsion of cis–methyl formate have been com-
puted to be 123.6 (A) and 122.8 cm�1 (E ) and to be 321.7 (A) and
321.9 cm�1 (E ), without the ZPVE, and considering the ZPVE

they have been calculated at 134.8 (A) and 134.3 cm�1 (E ) and
329.5 (A) and 330.2 cm�1 (E ). These last calculations are in a
very good agreement with the experimental values of 130 (CH3)
and 332 cm�1 (OC�OC; Chao et al. 1986). The difference of
�4 cm�1 between the calculated and experimental values for the
methyl group can arise from the way that the symmetry dilemma
has been corrected.
All the calculated trans levels lie over the methyl torsional

barrier. The ground states have been localized at 1924.8 (without
the ZPVE correction) and 1969.3 cm�1 (with the ZPVE cor-
rection). They show two components, A and E, separated by 6.3
and 7 cm�1. The assignment of these levels is especially arduous
and has been performedwith the help of one-dimensional results.
The methyl torsion anharmonic fundamental has been found to
lie at 61.8 cm�1, and the one for the central bond torsion at
177.1 cm�1. The harmonic frequencies are 18 and 191 cm�1

(see Table 4).
The frequencies and intensities of the transitions connecting

the lowest levels are shown in Table 6. As was expected, the
transitions assigned to OC�OC are the strongest ones. The in-
tensities are calculated at 273.15 K. At very low temperatures
(�20 K), only the ground state of the cis conformer is populated.

4.3. The Rotational Parameters of Methyl Formate

The rovibrational levels for J > 0 have been computed by
solving variationally the Hamiltonian of equation (6). In Table 7,
the rotational energies for theA andE substates of the cis and trans
ground states are shown. By fitting to equation (5) the expectation
values of the Watson Hamiltonian operators, the rotational
parameters have been computed to be A ¼ 20;040:473 MHz,
B ¼ 6974:140 MHz, C ¼ 5350:705 MHz, DJ ¼ �0:510 kHz,
DJK ¼ 1:566 kHz, and DK ¼ �0:619 kHz; and A ¼
20;040:492 MHz, B ¼ 6974:399 MHz, C ¼ 5350:851 MHz,
DJ ¼ 2:070 kHz, DJK ¼ 14:712 kHz, and DK ¼ 5:898 kHz
at the symmetric and E components of the cis ground state,

TABLE 7

Rotational Levels (in cm�1
) for the Two Components A and E

of the Cis and the Trans Vibrational Ground States

Cis Trans

JjKajjKc j A E A E

0 0 0 A1........................ 0.000 0.012 1729.111 1736.061

1 0 1 A2........................ 0.411 0.424 1729.417 1736.367

1 1 1 A2 ........................ 0.847 0.859 1730.840 1737.789

1 1 0 A1........................ 0.901 0.913 1730.850 1737.800

2 0 2 A1........................ 1.229 1.241 1730.029 1736.978

2 1 2 A1........................ 1.615 1.627 1731.441 1738.391

2 1 1 A2........................ 1.778 1.790 1731.472 1738.421

2 2 1 A2........................ 3.085 3.096 1735.739 1742.690

2 2 0 A1........................ 3.090 3.102 1735.739 1742.690

3 0 3 A2........................ 2.439 2.453 1730.946 1737.895

3 1 3 A2........................ 2.767 2.777 1732.343 1739.293

3 1 2 A1........................ 3.089 3.101 1732.405 1739.354

3 2 2 A1........................ 4.319 4.330 1736.656 1743.607

3 2 1 A2........................ 4.342 4.354 1736.656 1743.607

3 3 1 A2........................ 6.639 6.645 1743.794 1750.746

3 3 0 A1........................ 6.636 6.651 1734.794 1750.746

TABLE 8

Computed Rotational Parameters of Cis– and Trans–Methyl Formate at the Lowest Torsional States

A B
Ground State

Cis (0 0) Calculated Experimentala Calculated Experimentalb

A (MHz).......................................... 20,040.473 19,985.7623 20,040.492 19,980.3907

B (MHz).......................................... 6974.140 6914.7577 6974.399 6913.6822

C (MHz) ......................................... 5350.851 5304.4681 5350.851 5304.5114

DJ (kHz) ......................................... �0.510 6.1781 2.070 5.8895

DJK (kHz) ....................................... 1.566 �17.1981 14.712 �23.313

DK (kHz)......................................... �0.619 82.3578 5.898 75.4009

�J (kHz) .......................................... �0.237 1.9502 �0.223 1.8571

�J (kHz) .......................................... �0.309 7.6605 �1.554 2.057

Cis (1 0) Trans (0 0)

Excited States A E A E

A (MHz).......................................... 20,164.023 20,167.381 47,380.066 47,389.645

B (MHz).......................................... 6913.492 6911.891 4738.781 4737.653

C (MHz) ......................................... 5323.755 5323.043 4430.339 4429.715

DJ (kHz) ......................................... �0.186 1.014 49.831 34.346

DJK (kHz) ....................................... 2.087 �8.374 �252.397 �64.170

DK (kHz)......................................... �0.197 18.119 363.661 54.583

�J (kHz) .......................................... �0.499 1.542 �7.278 �47.373

�J (kHz) .......................................... �0.577 2.961 �12.135 �21.751

a Plummer et al. (1984).
b Plummer et al. (1986).
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respectively. The corresponding values for trans–methyl for-
mate are A ¼ 47;380:066 MHz, B ¼ 4738:781 MHz, and C ¼
4430:339MHz; andA ¼ 47;389:697MHz,B ¼ 4737:751MHz,
and C ¼ 4429:607 MHz (see Table 8).

As the parameters have been computed in the energy levels,
they are comparable with experimental data, in the case of the
cis form (Plummer et al.1984, 1986). To our knowledge, there is
no available experimental data for trans–methyl formate. For
cis–methyl formate, various studies, which present important
disagreements concerning the fitted parameters, are available.
The discordances arise from the different fitting techniques and
are not limited to the distortion constants. The effect concerns the
in-plane A and B rotational constants, which are the most im-
portant parameters to characterize the molecular structure. Elec-
trostatic interactions introduce in-plane molecular distortion that
has an effect in the A/B ratio.

Our A and B parameters of 20,040.473 and 6974.140 MHz,
respectively, are in good agreement with the earlier papers
(A /B ¼ 19;985:7623/6914:7577, Plummer et al. 1984; A /B ¼
19;981:248/6914:02, Nadgaran & Baker 1995). Recent data
(A /B ¼ 17;522:36993/9323:547665, Oesterling et al. 1999;
A /B ¼ 19;120:151/9181:7185, Ogata et al. 2004) are far away
from the ab initio results. In these cases, a global fitting including

together the A and E components of the two states is performed
using a large number of parameters.

By taking into consideration what is the usual accuracy of the
Möller-Plesset ab initio calculations for like molecules (see, e.g.,
our results for two isomers of methyl formate: acetic acid [Senent
2001] and glycolaldehyde [Senent 2004]), it may be asserted that
the global fits do not provide a real description of the molecular
structure. The significance of the rotational parameters is not
realistic. The problem can be related to the torsional dependence
of the molecular geometry.

For a better understanding of the problem, we provide the
values of the rotational constants for the selected conformations
in Table 3. For example, in the cis form, the A parameter varies
by 352 MHz when the energy changes 191.7 cm�1. It is evident
that the torsional dependence of the rotational constants is clearly
important and has to be considered at themoment of the selection
of the fitting parameters.
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