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bstract

An extensive computational study of thiophene-2-aldehyde conformers syn and anti has been carried out using density functional (DFT). From
hese calculations, B3LYP/6-31G(d) has been chosen as it produces results remarkably close in comparison with experimental ones, with less

emanding computational time. Data obtained from DFT computation were used to perform a normal coordinate analysis to complement and give
nsight in the experimental vibrational assignment. Calculated dipole moments and relative stabilities of isomers coherently support experimental
tatements given in the literature.
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. Introduction

The use of computational techniques is becoming increas-
ngly common throughout all the various fields of chemistry
1]. This can be largely attributed to the increasing availability
f robust energy derivative programs, in which first and
econd energy derivatives are computed analytically [2], that
s, the energy gradient has greatly improved the efficiency
nd reliability of geometry optimization of ab initio molec-
lar orbital methods. Taking into account that optimization
ethods that use gradients require an initial estimate of the
essian or second derivative matrix, underlines the importance
f an accurate estimate as it would lead to a more rapid
onvergence.

The main purpose of this work is to take advantage of the
uantum mechanics to support and complement experimental
ata. In this sense, we have considered the different structural
nd energetic implications in the study of conformational sys-

ems. Thus, the preference between two possible planar confor-

ations in the study of monosubstituted heterocycles such as
hiophene is often strongly medium-dependent because of their

∗ Corresponding author. Tel.: +56 32 500276; fax: +56 32 347688.
E-mail address: guillermodiaz@upa.cl (G.D. Fleming).
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iffering polarities. The conformational preferences of these
olecules have, during the last few years, attracted much atten-

ion, with virtually the complete armory of physical-organic
hemistry being brought to bear the problem. In these circum-
tances, the conformational preference in the absence of solvent
s of some importance. Ab initio molecular orbital theory pro-
ides a means of determining intrinsic conformational prefer-
nces and is suitable to study physical properties and vibrational
haracteristics of conformers arising from the molecular struc-
ure and conformational equilibrium.

When thermodynamic parameters as well as infrared and
aman spectra of conformers are determined experimentally
rocedures, the quality of different ab initio methods can be
ested by comparison with experimental results. This work
as performed to identify a suitable computational method for

reating conformers of thiophene derivatives on the basis of
xperimental data of thiophene-2-aldehyde obtained by electron
iffraction and microwave, infrared, Raman and matrix isolation
pectroscopy [3]. This work will reveal additional quantitative
hemical knowledge of the formation, relative stability, geom-
try, as well as giving more detailed insight into systematic

ifferences between calculation and experiment in the assign-
ent of vibrational spectra, through the calculated force field

nd potential energy distribution of the corresponding normal
odes.

mailto:guillermodiaz@upa.cl
dx.doi.org/10.1016/j.saa.2006.01.038
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distribution (PED) which provide a measure of each internal
coordinate’s contribution to the normal coordinate at the above
mentioned theory level.
.D. Fleming et al.

Among the distinct ab initio methods, one of the most
opular is that concerning to Hartree–Fock calculations, which
reat the electrons as individual wave functions. However,
lectrons do not act independently of each others and to
mprove results the electron correlation must be taken by

ixing in excited state wave functions with ground state wave
unctions.

Density functional theory (DFT) takes another approach.
he interaction system of electrons is approximated by using
function to describe the electron density (a functional) rather

han individual wave functions for each of the electrons [4].
hat is, DFT relies on the total electron density, with the
lectron “placed” in non-interacting Kohn–Sham (KS) orbitals
5]. There are some results indicating that the vibrational
requencies and intensities from DFT calculations are better
han those obtained from second order Møller–Plesset (MP2)
erturbation theory [6]. With the DFT approach it is possible to
erform calculations of large molecules because the potential
epends on three spatial coordinates rather than 3N degrees of
reedom.

On the other hand, application of DFT [7–10] to chemical
ystems has received much attention recently because of a faster
onvergence in time than traditional quantum mechanical corre-
ation methods in part, and improvements in the prediction of the

olecular force field, vibrational frequencies (and consequently
hermodynamic parameters), dipole moments and polarizabil-
ty data. Therefore, the force field from DFT calculation could
e utilized with the spectroscopic data for the assignment of
bserved frequencies and the refinements of molecular force
eld under study.

. Computational details

The calculations in this study were performed using the
aussian ’03 suite of programs [11]. Several DFT methods have
een evaluated, they consisted of the S-VWN local functional,
orresponding to the Slater–Dirac exchange functional (S) [12]
ith the Vosko–Wilk–Nusair fit for the correlation functional

VWN) [13], the BLYP gradient-corrected functional, corre-
ponding to Becke’s gradient corrected exchange functional (B)
14] with the Lee–Yang–Parr fit for the correlation functional
LYP) [15] and two hybrid functional B3LYP and B3PW91,
orresponding to Becke’s three parameter exchange functional
B3) [16] with the LYP correlation functional and with Perdew
nd Wang’s gradient-corrected correlation functional (PW91)
17]. With respect to geometry and vibrations, only small
ifferences are observed for the different functionals, so
hat we limit the study to the best-known B3LYP hybrid
unctional.

Basis set dependence for the density functional was inves-
igated by systematically adding polarization function to split
alence basis sets, such as 6-31G(d,p) [18], 6-311G(d,p) and
-31G(d) [19–21]. Again, no significant differences were

bserved, so that for subsequent calculations the well-known
3LYP/6-31G(d) level of theory is employed which also
ives the best agreement for vibrations with the experimental
ata.
Results of the other level of calculation are presented in
ppendix A (Table A1). The harmonic vibrational frequencies

nd eigenvectors as well as infrared intensities were subse-
uently calculated using the analytical second derivatives for
b initio methods and numerical differentiation of analytical
radients for the functionals, while Raman intensities which
epend on the square of the polarizabilitiy derivatives require
he calculation of the third derivative of the system energy
ith respect to coordinates and electric field. In order to

ccount for an harmonic behavior, the obtained frequencies
re scaled with a factor of 0.9614. This value has been
pplied to all regions of the spectrum, so it is possible that
ome vibrations are affected more significantly than others
22].

Those force constants obtained in Cartesian coordinates with
aussian were transformed into internal force constants through
CART 01, which is a modification of a previous software [23]
ritten to accomplish all the necessary transformation and cal-

ulations using the G03 output. It extracts from the G03 archive
le the calculated geometry (including atom type and num-
er sequencing), Cartesian force constants, dipole moment and
olarizability derivatives to produce the calculated frequencies,
ntensities, depolarization ratios and statistics. With this pro-
ram we have also obtained the matrices of the potential energy
Fig. 1. Diagram of the syn (a) and anti (b) thiophene-2-aldehyde conformers.



3

3

F
w
t
q
l
b
s
i
s
3
w
m
i
o
c
e
(

3

i

T
E
(

B

B

D

i
c
f
e
d
a

calculated at 2813 and 1711 cm−1, in agreement with groups
of bands at about 2800 and 1705 cm−1, assigned experimen-
tally in Ref. [3] to this conformer. Concerning the calculated

Table 2
Mulliken atomic charges

syn anti

1 C −0.334 −0.335
2 C −0.096 −0.100
3 C −0.098 −0.113
4 C −0.185 −0.189
5 S 0.277 0.311
6 H 0.186 0.184
7 H 0.155 0.153
8 H 0.175 0.156
9 C 0.218 0.230

10 H 0.109 0.113
G.D. Fleming et al.

. Results and discussion

.1. Geometrical structure

The optimized syn and anti conformers are presented in
ig. 1. Selected geometrical data are given in Table 1 together
ith the experimental values determined in Ref. [3]. In general,

he agreement between our results and the experimental ones is
uite good, giving the first indication of the quality of the actual
evel of calculation. Our calculations show planar structures for
oth conformers, complementing the study in Ref. [3], in which
uch a structure has only been detected for the syn isomer which
s the predominant isomer. Additionally, these results are con-
istent with partial conjugation in the bond between atoms 2 and
(opposite to the sulfur atom) in the thiophene ring (see Fig. 1),
hich in turn is a consequence of the addition of the aldehyde
olecule, which is a �-electron-withdrawing. In general there

s no significant difference between the geometrical parameters
f both conformers observed. The syn and anti structures are
haracterized by the small difference of the geometrical param-
ters, as well as in the slightly different Mulliken atomic charges
Table 2), in particular those concerning sulfur and oxygen.
.2. Vibrations

The scaled calculated harmonic frequencies and the exper-
mental ones reported in Ref. [3] are given in Table 3, while

able 1
xperimental [3] and calculated geometrical parameters distances (Å) angles

◦)

Exp. syn anti Atoms

ond lengths
C–H 1.114 1.085 1.084 (3,8)

1.112 1.111 (9,10)
1.084 1.084 (2,7)
1.083 1.082 (1,6)

C O 1.224 1.219 1.218
C–S 1.717 1.727 1.725 (1,5)

1.746 1.726 (4,5)
C C 1.375 1.380 1.379 (3,4)

1.374 1.375 (1,2)
C–C 1.431 1.419 1.417 (2,3)
C–(CHO) 1.466 1.458 1.464

ond angles
C C–CHO 126.4 127.573 127.274
C–C–C 112.2 (ring) 112.987 113.028 (2,3,4)

112.161 112.581 (1,2,3)
C C–S 111.8 (ring) 111.283 110.947 (3,4,5)

112.640 112.194 (2,1,5)
S–C–CHO 121.9 121.143 121.780
C–S–C 92.0 90.929 91.250
C C–H 129.2 (ring) 122.737 121.790 (4,3,8)

124.239 124.174 (3,2,7)
127.489 127.877 (2,1,6)

C–C–H 115.0 (aldehyde) 113.834 115.504
C–C O 123.7 124.918 123.531

ihedral angle
S–C–C O −0.0002 180.000
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nfrared and Raman intensities of the calculated frequencies are
ollected in Table 4. The simulated infrared and Raman spectra
or both conformers are presented in Fig. 2. There is generally
xcellent agreement between the theoretical and experimental
ata, differences usually only a few wave numbers, both for syn
nd anti conformations of thiophene-2-aldehyde.

The most intensive infrared bands for the syn conformer are
1 O −0.405 −0.412

able 3
xperimental and calculated frequencies (cm−1) of syn and anti thiophene-2-
ldehyde

yn conformer anti conformer

xp. Calc. Exp. Calc.

′
3121 3139.9 – 3143.4
3099 3110.1 – 3123.2
3086 3095.2 – 3104.1
2821 2810.8 – 2812.6
1705 1710.2 1705 1711.3
1524 1523.5 1519 1519.3
1425 1421.2 1432 1419.2
1380 1379.8 1393 1391.4
1340 1329.1 1358 1346.7
1232 1211.0 1241 1221.5
1211 1192.0 1146 1124.1
1084 1074.9 1079 1070.6
1044 1035.1 1034 1018.8

864 841.5 862 836.5
760 732.5 815 788.0
672 651.4 749 718.6
665 636.0 583 563.8
454 437.4 420 404.8
173 168.0 195 188.3

′′
990 976.5 – 976.6
911 889.3 – 899.6
834 817.3 844 831.0
720 708.8 718 704.0
566 555.4 – 555.2
471 460.2 464 448.4
257 266.7 238 227.6
122 129.9 138.3
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Table 4
Calculated frequencies (cm−1), infrared (km mol−1) and Raman intensities
(×10−32 cm2 sr−1) of syn and anti thiophene-2-aldehyde conformers

syn conformer anti conformer

Frequency IR int. Raman int. Frequency IR int. Raman int.

3139.9 0.72 152.50 3143.4 0.65 152.70
3110.1 5.01 137.14 3123.2 0.69 95.90
3095.2 3.79 80.45 3104.1 4.25 103.40
2810.8 121.30 155.80 2812.6 114.64 113.10
1710.2 290.42 95.70 1711.3 246.06 94.13
1523.5 12.60 5.00 1519.3 45.30 9.92
1421.2 71.91 118.33 1419.2 65.10 115.00
1379.8 1.08 6.70 1391.4 23.10 40.80
1329.1 0.52 19.58 1346.7 36.00 19.60
1211.0 1.75 4.18 1221.5 56.11 1.19
1192.0 86.42 5.80 1124.1 22.16 1.00
1074.9 2.08 11.99 1070.6 0.29 14.35
1035.1 21.82 1.70 1018.8 22.80 0.41

976.5 0.31 7.58 976.6 0.46 5.59
889.3 0.64 1.22 899.6 1.25 1.35
841.5 5.72 4.13 836.5 15.20 2.90
817.3 6.39 0.81 831.0 6.50 1.86
732.5 18.53 2.81 788.0 44.50 13.80
708.8 58.89 1.74 718.6 3.10 9.90
651.4 10.30 15.35 704.0 59.30 1.77
636.0 26.29 12.40 563.8 16.50 5.04
555.4 0.74 0.04 555.2 1.18 0.02
460.2 4.61 2.84 448.4 3.33 1.13
437.4 0.02 5.12 404.8 1.90 7.11
266.7 7.61 0.59 227.6 7.90 1.66
168.0 6.19 0.43 188.3 5.90 0.45
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of conjugated systems, this kind of non-diagonal force constant
is important [25]. This fact has been convincingly supported
by Neto at al. [26] in their studies of the vibrational spectra of
polycyclic aromatic hydrocarbons. Concerning the differences

Table 5
Calculated force constants: diagonal elements

syn anti

Stretch (mdyn/Å)
R1 R(1,2) 5.304 5.279
R2 R(2,3) 4.396 4.425
R3 R(3,4) 5.184 5.197
R4 R(4,5) 3.038 3.044
R5 R(1,5) 2.872 2.806
R6 R(1,6) 5.827 5.840
R7 R(2,7) 5.726 5.725
R8 R(3,8) 5.695 5.774
R9 R(4,9) 5.126 5.044
R10 R(9,10) 4.725 4.732
R11 R(9,11) 12.967 12.952

Bend (mdyn Å/rad2)
B1 B(2,1,5) 0.637 0.638
B2 B(2,1,6) 0.748 0.744
B3 B(5,1,6) 0.410 0.407
B4 B(1,2,3) 0.400 0.400
B5 B(1,2,7) 0.639 0.640
B6 B(3,2,7) 0.401 0.401
B7 B(2,3,4) 0.402 0.392
B8 B(2,3,8) 0.762 0.766
B9 B(4,3,8) 0.398 0.391
B10 B(3,4,5) 0.479 0.481
B11 B(3,4,9) 1.073 1.070
B12 B(5,4,9) 0.425 0.424
B13 B(1,5,4) 0.480 0.484
B14 B(4,9,10) 0.446 0.467
B15 B(4,9,11) 0.633 0.653
B16 B(10,9,11) 0.536 0.546

Wag–torsion (mdyn Å/rad2)
T1 T(5,1,2,3) 0.063 0.063
T2 T(5,1,2,7) 0.042 0.042
T3 T(6,1,2,3) 0.043 0.042
T4 T(6,1,2,7) 0.043 0.037
T5 T(2,1,5,4) 0.038 0.053
T6 T(6,1,5,4) 0.053 0.036
T7 T(1,2,3,4) 0.036 0.038
T8 T(1,2,3,8) 0.037 0.033
T9 T(7,2,3,4) 0.031 0.050
T10 T(7,2,3,8) 0.052 0.033
T11 T(2,3,4,5) 0.035 0.035
T12 T(2,3,4,9) 0.027 0.028
T13 T(8,3,4,5) 0.052 0.051
T14 T(8,3,4,9) 0.035 0.034
T15 T(3,4,5,1) 0.046 0.045
T16 T(9,4,5,1) 0.029 0.027
129.9 2.29 2.07 138.3 3.90 1.42

aman activity, the strongest bands are at about 3100 and at
419 cm−1, in excellent agreement with bands of high activity
ssigned in Ref. [3] to the syn conformer at 3099 cm−1 and at
bout 1420 cm−1. Bands reported as strong for this conformer
n Ref. [3] at 1215 cm−1 (IR), 747 cm−1 (IR), 672 cm−1 (R),
nd 1340 cm−1 (R), are calculated with a medium intensity in
his work.

With regard to the anti conformer the most intensive infrared
ands are calculated at 2811, 1710, 1421 and 1192 cm−1, and
gain over 2800, at 1710 and 1421 cm−1 for the Raman spec-
rum. Thus, the actual level of calculation could be used to give
nsight in the proper assignment of the distinct IR and Raman
ormal modes for these conformers in combination with poten-
ial energy distribution (PED) (see below, Tables 7–10).

.3. Force constants

The DFT calculated diagonal force constants are presented
n Table 5 and selected interaction force constants are given in
able 6. Traditional normal coordinate analysis based on the
ilson GF methodology [24] for predicting valence force fields

nvolves transferring individual force constants of a potential

eld to the new system and assumes that neglected or unknown
orce constants are unimportant. For larger molecules and those
ontaining conjugated ring groups these assumptions usually do
ot hold well enough to distinguish all of the fundamentals in
he spectra. One of the most commonly employed strategies to
educe the number of off-diagonal elements is to neglect the
tretch–stretch interaction constants that do not include an atom
n common. However, it has been pointed out that in the case
T17 T(3,4,9,10) 0.098 0.096
T18 T(3,4,9,11) 0.104 0.106
T19 T(5,4,9,10) 0.101 0.096
T20 T(5,4,9,11) 0.110 0.111
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the sy

4

Fig. 2. Simulated infrared and Raman spectra of

with values reported in Ref. [3], we can trust in our results
because:

1. GF neglects many off-diagonal force constants;

2. GF does not consider electronic characteristic of bond, dif-

ferent kind of atoms, different neighbors of atoms;
3. GF starts with force constants, transferred from molecules

just similar to the one under study;

3

m

n and anti conformers of thiophene-2-aldehyde.

. Thus, our ab initio force constants set is complete enough to
assure a good interpretation of the quantum mechanic char-
acteristics of the conformers under study.
.4. Potential energy distribution

The potential energy distribution (PED) of the calculated nor-
al modes for both conformers obtained with the above set of
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Table 6
Selected interactions force constantsa

syn anti

Stretch/stretch
R1/R2 −0.145 −0.158
R1/R5 1.712 1.704
R2/R8 0.046 0.041
R2/R3 −0.191 −0.200
R1/R4 −0.147 −0.132
R4/R6 0.038 0.039
R6/R8 −0.006 0.000
R8/R9 −0.011 −0.028
R9/R11 1.105 1.088
R9/R10 0.167 0.185

Stretch/bend (2 atoms in common)
R1/B1 −0.627 −0.628
R1/B4 0.404 0.405
R2/B3 0.054 0.054
R4/B4 0.016 0.020
R2/B13 −0.060 −0.063
R8/B13 −0.009 −0.003
R8/B12 −0.009 −0.009
R9/B15 0.146 0.155

Stretch/bend (1 atom in common)
R1/B13 −0.404 −0.421
R1/B7 −0.006 −0.009
R8/B15 0.003 −0.015
R4/B1 −0.064 −0.072
R8/B3 −0.002 −0.003
R8/B14 0.004 0.008
R8/B9 0.054 0.059

Bend/bend (2 atoms in common)
B4/B1 −0.318 −0.319
B12/B14 0.008 −0.011
B10/B7 0.004 0.011
B11/B14 0.018 0.002

Bend/bend (2 atoms in common)
B4/B13 −0.078 0.002
B7/B15 −0.005 0.001
B7/B14 −0.002 −0.004
B13/B15 −0.081 0.064
B13/B14 0.077 −0.051

a A complete set of these force constants can be obtained from the correspond-
ing author upon request.
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Table 7
Potential energy distribution of the anti conformer: in-plane vibrations

Atoms (Fig. 1)

h k l m

3143.4 93% H–C stretch 6 1 0 0
0% H–C stretch 8 3 0 0

3123.2 87% H–C stretch 8 3 0 0
2% H–C stretch 6 1 0 0

3104.1 84% H–C stretch 7 2 0 0
3% H–C stretch 6 1 0 0

2812.6 100% H–C stretch 10 9 0 0
0% C–C stretch 9 4 0 0

1711.3 95% O–C stretch 11 9 0 0
orce constants are displayed in Tables 7 and 8 for the in-plane
ibrations of syn conformer and mainly out-of-plane vibrations,
espectively. The same data is reported in Tables 9 and 10 for
he anti conformer.

In these tables, it is observed that thiophene C–H stretchings
nd different bond stretchings of the aldehyde group are almost
ure, while the distinct vibrations concerning the thiophene ring
re very mixed in both conformers. This can be attributed to the
onjugation in this part of the molecule, and justify the interac-
ion force constants reported in Table 6. This data along with the
alculated IR and Raman intensity are useful to give insight for
proper assignment of the distinct normal modes.

.5. Rotational parameters, relative stability and dipole
oments

Experimental and calculated values of rotational parameters
re collected in Table 11. Excellent reproducibility of the exper-
mental rotational constants is obtained. Both conformers are
symmetric top. The calculated rotational parameters for the
yn conformer are indeed more similar to those obtained in the
icrowave spectroscopy investigation of thiophene-2-aldehyde

3], while those calculated for the anti conformer present low
alues, but following the same trend.

From the optimized geometries, the total energies for the
yn and anti conformers were calculated to be −666.253041
nd −666.250870 a.u., respectively. Therefore, at this level of
alculation, the syn conformer is found to be more stable than
he anti form by 476 cm−1 (1.36 kcal/mol or 5.6 kJ/mol). This
esult is in agreement with the statement in Ref. [3]. Pethrick
nd Wyn-Jones [27] determined by ultrasonic relaxation in the
ure liquid that the energy difference between the conformers
hould be less than 6.7 kJ/mol, although from this experiment it
s not possible to determine if syn or anti is the low-energy form.

The calculated dipole moments (Table 12) are in good agree-
ent with the microwave study of Mönning et al. [28] in which
nly one conformer was found present in the vapor phase with
a = 3.00 D and μb = 1.84 D. Those values calculated at the
resent level of theory show that the syn conformer has a larger
otal dipole moment than the anti form, and this is consistent with

Atoms (Fig. 1)

h k l m

5% H–C stretch 7 2 0 0
0% C–C stretch 2 1 0 0

9% H–C stretch 7 2 0 0
0% C–C stretch 3 2 0 0

11% H–C stretch 8 3 0 0
0% C–C–C bend 1 2 3 0

0% O–C stretch 11 9 0 0
0% C–C–O bend 4 9 11 0

5% C–C–H bend 4 9 10 0
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Table 7 (Continued)

Atoms (Fig. 1) Atoms (Fig. 1)

h k l m h k l m

5% C–C stretch 9 4 0 0 3% H–C–O bend 10 9 11 0

1519.3 33% C–C stretch 4 3 0 16% C–C stretch 2 1 0 0
8% C–C stretch 9 4 0 0 7% C–C–H bend 2 3 8 0

1419.2 22% C–C stretch 3 2 0 0 21% C–C stretch 2 1 0 0
8% C–C stretch 9 4 0 0 8% C–C stretch 4 3 0 0

1391.4 29% H–C–O bend 10 9 11 0 21% C–C–H bend 4 9 10 0
8% C–C stretch 2 1 0 0 5% O–C stretch 11 9 0 0

1346.7 14% C–C–H bend 2 1 6 0 12% S–C–H bend 5 1 6 0
11% C–C stretch 3 2 0 0 9% C–C stretch 2 1 0 0

1221.5 16% C–C–H bend 4 3 8 0 14% C–C–H bend 2 3 8 0
9% C–C–H bend 1 2 7 0 8% C–C–H bend 3 2 7 0

1124.1 24% C–C stretch 9 4 0 0 13% S–C stretch 5 4 0 0
7% C–C stretch 4 3 0 0 7% C–C–H bend 4 3 8 0

1070.6 22% C–C–H bend 2 1 6 0 21% S–C–H bend 5 1 6 0
10% C–C stretch 2 1 0 0 9% C–C–H bend 1 2 7 0

1018.8 18% C–C stretch 3 2 0 0 17% C–C–H bend 2 3 8 0
8% C–C stretch 9 4 0 0 7% C–C–H bend 1 2 7 0

Table 8
Potential energy distribution of the anti conformer: mainly out-of-plane vibrations

Atoms (Fig. 1) Atoms (Fig. 1)

h k l m h k l m

976.6 19% H–C–C–S w–t 10 9 4 5 9% H–C–C–C w–t 10 9 4 3
4% O–C–C–C w–t 11 9 4 3 0% C–C–C–H w–t 9 4 3 8

899.6 18% H–C–C–H w–t 8 3 2 7 11% H–C–C–H w–t 7 2 1 6
4% H–C–C–S w–t 7 2 1 5 3% C–C–C–H w–t 4 3 2 7

836.5 35% S–C stretch 5 1 0 0 13% C–C–S bend 2 1 5 0
10% C–C–C bend 1 2 3 0 5% S–C–H bend 5 1 6 0

831.0 13% H–C–C–H w–t 7 2 1 6 6% H–C–C–C w–t 8 3 2 1
5% C–C–C–H w–t 9 4 3 8 4% S–C–C–H w–t 5 4 3 8

788.0 18% C–C–O bend 4 9 11 0 16% S–C stretch 5 4 0 0
6% C–C stretch 9 4 0 0 6% C–C stretch 4 3 0 0

718.6 31% S–C stretch 5 1 0 0 8% S–C stretch 5 4 0 0
7% C–C–C bend 2 3 4 0 7% C–C–C bend 1 2 3 0

704.0 14% C–C–C–H w–t 3 2 1 6 9% C–S–C–H w–t 4 5 1 6
5% H–C–C–S w–t 7 2 1 5 4% C–C–C–H w–t 4 3 2 7

563.8 19% C–S–C bend 1 5 4 0 18% S–C stretch 5 4 0 0
7% C–C–S bend 2 1 5 0 6% C–C–S bend 3 4 5 0

555.2 8% C–C–C–C t 4 3 2 1 6% O–C–C–C w–t 11 9 4 3
5% H–C–C–C w 10 9 4 3 5% C–C–C–S t 3 2 1 5

448.4 10% H–C–C–C w–t 10 9 4 3 9% O–C–C–C w–t 11 9 4 3
5% C–S–C–C t 4 5 1 2 4% C–C–C–S t 3 2 1 5

404.8 21% C–C stretch 9 4 0 0 16% S–C stretch 5 4 0 0
7% C–C–O bend 4 9 11 0 7% C–C–S bend 3 4 5 0

227.6 63% H–C–C–C w 10 9 4 3 60% O–C–C–C w–t 11 9 4 3
11% H–C–C–S w 10 9 4 5 9% O–C–C–S w 11 9 4 5

188.3 34% C–C–C bend 3 4 9 0 34% S–C–C bend 5 4 9 0
11% C–C–O bend 4 9 11 0 5% C–C–H bend 4 9 10 0

138.3 84% O–C–C–S w–t 11 9 4 5 60% H–C–C–S w–t 10 9 4 5
23% O–C–C–C w–t 11 9 4 3 14% H–C–C–C w–t 10 9 4 3

w: wagging, t: torsion.
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Table 9
Potential energy distribution of the syn conformer: in-plane vibrations

Atoms (Fig. 1) Atoms (Fig. 1)

h k l m h k l m

3139.9 92% H–C stretch 6 1 0 0 6% H–C stretch 7 2 0 0
0% C–C stretch 2 1 0 0 0% H–C stretch 8 3 0 0

3110.1 69% H–C stretch 7 2 0 0 24% H–C stretch 8 3 0 0
6% H–C stretch 6 1 0 0 0% C–C stretch 3 2 0 0

3095.2 75% H–C stretch 8 3 0 0 23% H–C stretch 7 2 0 0
0% H–C stretch 6 1 0 0 0% C–C stretch 4 3 0 0

2810.8 100% H–C stretch 10 9 0 0 0% O–C stretch 11 9 0 0
0% C–C stretch 9 4 0 0 0% C–C–O bend 4 9 11 0

1710.2 96% O–C stretch 11 9 0 0 7% C–C stretch 9 4 0 0
4% C–C–H bend 4 9 10 0 3% H–C–O bend 10 9 11 0

1523.5 33% C–C stretch 4 3 0 0 13% C–C stretch 2 1 0 0
8% C–C–H bend 2 3 8 0 6% C–C stretch 9 4 0 0

1421.2 33% C–C stretch 2 1 0 0 16% C–C stretch 3 2 0 0
8% C–C stretch 4 3 0 0 7% C–C–H bend 3 2 7 0

1379.8 21% H–C–O bend 10 9 11 0 14% C–C–H bend 4 9 10 0
13% C–C stretch 3 2 0 0 4% C–C–H bend 4 3 8 0

1329.1 12% C–C–H bend 2 1 6 0 12% H–C–O bend 10 9 11 0
10% S–C–H bend 5 1 6 0 9% C–C stretch 4 3 0 0

1211.0 20% C–C–H bend 4 3 8 0 13% C–C–H bend 2 3 8 0
9% C–C stretch 4 3 0 0 6% C–C–H bend 1 2 7 0

1192.0 46% C–C stretch 9 4 0 0 11% S–C stretch 5 4 0 0
8% C–C stretch 3 2 0 0 3% C–C–H bend 4 9 10 0

1074.9 22% C–C–H bend 2 1 6 0 21% S–C–H bend 5 1 6 0
11% C–C–H bend 1 2 7 0 11% C–C stretch 2 1 0 0

1035.1 25% C–C stretch 3 2 0 0 16% C–C–H bend 2 3 8 0
8% C–C–H bend 4 3 8 0 6% C–C–H bend 3 2 7 0

Table 10
Potential energy distribution of the syn conformer: mainly out-of-plane vibrations

Atoms (Fig. 1) Atoms (Fig. 1)

h k l m h k l m

976.5 21% H–C–C–C w–t 10 9 4 3 10% H–C–C–S w–t 10 9 4 5
4% O–C–C–S w–t 11 9 4 5 1% C–C–C–H w–t 9 4 3 8

889.3 16% H–C–C–H w–t 8 3 2 7 15% H–C–C–H w–t 7 2 1 6
5% H–C–C–S w–t 7 2 1 5 4% C–C–C–H w–t 4 3 2 7

841.5 31% S–C stretch 5 1 0 0 13% C–C–S bend 2 1 5 0
11% C–C–C bend 1 2 3 0 6% S–C–H bend 5 1 6 0

817.3 10% H–C–C–H w–t 7 2 1 6 7% H–C–C–C w–t 8 3 2 1
6% C–C–C–H w–t 9 4 3 8 6% S–C–C–H w–t 5 4 3 8

732.5 29% S–C stretch 5 1 0 0 9% C–C–C bend 2 3 4 0
5% C–C–O bend 4 9 1 10 4% C–C–C bend 1 2 3 0

708.8 13% C–C–C–H w–t 3 2 1 6 9% C–S–C–H w–t 4 5 1 6
6% H–C–C–S w–t 7 2 1 5 5% C–C–C–H w–t 4 3 2 7

651.4 9% C–S–C bend 1 5 4 0 9% S–C stretch 5 1 0 0
8% C–C–O bend 4 9 11 0 6% C–C–S bend 2 1 5 0

636.0 56% S–C stretch 5 4 0 0 7% C–C stretch 9 4 0 0
6% C–C–O bend 4 9 11 0 2% C–C–H bend 4 9 10 0

555.4 8% C–C–C–C t 4 3 2 1 5% C–C–C–S t 3 2 1 5
4% S–C–C–C t 5 4 3 2 3% O–C–C–C w–t 11 9 4 3
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Table 10 (Continued)

Atoms (Fig. 1) Atoms (Fig. 1)

h k l m h k l m

460.2 11% H–C–C–S w–t 10 9 4 5 10% O–C–C–S w–t 11 9 4 5
5% C–S–C–C t 4 5 1 2 4% C–C–C–S t 3 2 1 5

437.4 19% C–C stretch 9 4 0 0 10% C–S–C bend 1 5 4 0
8% C–C–S bend 3 4 5 0 7% C–C–C bend 3 4 9 0

266.7 46% O–C–C–S w–t 11 9 4 5 45% H–C–C–S w–t 10 9 4 5
10% H–C–C–C w–t 10 9 4 3 10% O–C–C–C w–t 11 9 4 3

168.0 37% S–C–C bend 5 4 9 0 30% C–C–C bend 3 4 9 0
14% C–C–C bend 4 9 11 0 7% C–C–C bend 4 9 10 0

129.9 79% O–C–C–C w–t 11 9 4 3 57% H–C–C–C w–t 10 9 4 3
16% O–C–C–S w–t 11 9 4 5 9% C–C–C–C t 9 4 3 2

w: wagging t: torsion.

Table 11
Experimental and calculated rotational parameters (GHz)

Exp. Calc.

syn anti

A 5.11300 5.04963 4.98767
B
C

t
o
t
l

4

f
o
i
t
t
f
s
i
a

Table 12
Experimental and calculated dipole moments (D) with a field-independent basis

Exp. Calc.

syn anti

μa 3.00 3.4298 3.3526
μ

μ

μ

m
d
w

A

f
p
a
F

A

T
U

E

a

1.88785 1.87437 1.77386
1.37874 1.36697 1.30850

he increased relative stability of the syn conformer. In fact, some
f the earliest works on conformational analysis has shown that
he conformation with the larger dipole moment become stabi-
ized due to dipole–dipole interaction. [29,30].

. Summary

Ab initio computations of force constants and vibrational
requencies are found to be feasible for a proper description
f thiophene-2-aldehyde conformers. The combination with
nfrared and Raman spectroscopy provides a theoretical aid in
he assignment of all modes since it will help to determine the
rue mode ordering in a congested region through a detailed

orce field. The employed level of theory (B3LYP/6-31G(d)) is
ufficiently accurate and yet at the same time not too demand-
ng computationally. The theoretical calculations have permitted
n investigation of rotational constants, as well as the dipole

o
s

able A1
nscaled and scaled calculated harmonic frequencies (cm−1) of the syn and anti thio

xp. B3LYP/6-311G(d,p) B3LYP/6-31G(d) SVWN/6-

IR Scaled Int. IR Scaled Int. IR

nti
720 728 705 28 732 704 24 705
815 817 791 17 820 788 18

1241 1259 1219 20 1271 1221 23 1228
1358 1385 1341 15 1383
1432 1457 1410 23 1476 1419 26 1482
1519 1561 1511 18 1580 1519 18 1562
1705 1762 1706 100 1780 1711 100 1771

– 2892 2800 42 2926 2813 47 2815
b 1.84 1.8846 −0.2074

c 0.1383 0.1387

tot 3.9159 3.3619

oments for the distinct rotamers. The calculated stabilities and
ipole moments for syn and anti are consistent and support quite
ell the experimental statements of the literature.
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ppendix A
Unscaled and scaled calculated harmonic frequencies (cm−1)
f the syn and anti thiophene-2-aldehyde conformers were
hown in Table A1.

phene-2-aldehyde conformers

31G(d) BLYP/6-31G(d) B3PW91/6-31G(d)

Scaled Int. IR Scaled Int. IR Scaled Int.

693 29 700 695 25 734 700 27
787 783 20 826 788 16

1208 22 1232 1224 26 1270 1211 22
1360 16 1354 1346 18
1457 24 1428 1420 22 1486 1418 28
1536 24 1515 1506 21 1587 1514 18
1741 100 1688 1678 100 1797 1714 100
2768 49 2809 2792 62 2935 2800 45
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Table A1 (Continued)

B3LYP/6-311G(d,p) B3LYP/6-31G(d) SVWN/6-31G(d) BLYP/6-31G(d) B3PW91/6-31G(d)

Raman Scaled Act Raman Scaled Act Raman Scaled Act Raman Scaled Act Raman Scaled Act

anti
1385 1341 16

1393 1428 1382 29 1447 1391 27 1402 1393 26 1447 1380 15
1432 1457 1410 68 1476 1419 75 1482 1457 55 1428 1420 48 1486 1418 81
1705 1762 1706 58 1780 1711 62 1771 1741 53 1688 1678 53 1797 1714 61

– 2892 2800 85 2926 2813 74 2815 2768 73 2809 2792 72 2935 2800 75
– 3205 3102 64 3229 3104 68 3164 3111 60 3141 3122 71 3241 3092 64
– 3222 3119 65 3249 3123 63 3179 3126 67 3163 3144 62 3260 3110 61
– 3243 3139 100 3270 3143 100 3202 3148 100 3185 3166 100 3280 3129 100

B3LYP/6-311G(d,p) B3LYP/6-31G(d) SVWN/6-31G(d) BLYP/6-31G(d) B3PW91/6-31G(d)

IR Scaled Int. IR Scaled Int. IR Scaled Int. IR Scaled Int. IR Scaled Int.

syn
720 732 709 24 737 709 20 711 699 26 706 702 20 739 705 23

1211 1225 1186 29 1240 1192 30 1254 1233 25 1192 1185 23 1251 1193 27
1425 1459 1412 22 1478 1421 25 1482 1458 21 1429 1420 23 1489 1420 24
1705 1760 1704 100 1779 1710 100 1768 1738 100 1686 1676 100 1796 1714 100
2821 2889 2797 38 2924 2811 42 2824 2777 45 2806 2789 55 2935 2800 41

B3LYP/6-311G(d,p) B3LYP/6-31G(d) SVWN/6-31G(d) BLYP/6-31G(d) B3PW91/6-31G(d)

Raman Scaled Act Raman Scaled Act Raman Scaled Act Raman Scaled Act Raman Scaled Act

syn
1425 1459 1412 62 1478 1421 76 1482 1458 47 1429 1420 54 1489 1420 75
1705 1760 1704 49 1779 1710 62 1768 1738 47 1686 1676 50 1796 1714 60
2821 2889 2797 100 2924 2811 100 2824 2777 100 2806 2789 100 2935 2800 100
3086 3196 3093 45 3220 3095 52 3155 3103 47 3134 3115 51 3231 3083 50
3099 3211 3108 75 3235 3110 88 3171 3118 84 3148 3129 90 3248 3098 84
3121 3240 3136 85 3266 3140 98 3199 3145 95 3181 3162 95 3277 3126 97
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