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Abstract

The vibrational properties of cyclohexene-2-ethanamine molecule are studied by both theoretically and experimentally. The theoret-
ical calculations are performed using density functional perturbation theory (DFPT) based on plane wave pseudopotential method while
the experimental technique is infrared (IR) spectroscopy. We also present the results of theoretical calculation of STM images for elec-
tron density of the cyclohexene-2-ethanamine. Our results also show that DFPT can be applied to the molecular systems in GGA
approximation by comparing experimental and other commercial theoretical methods.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The design and synthesis of strong organic bases have
long been an active field of research [1–4]. Infrared spec-
troscopy is a valuable tool in order to obtain information
about the molecular structure and properties of the mole-
cules. This technique is used widely in qualitative and
quantitative molecular analysis. IR spectrum of inter-
atomic vibrations can be used as structural probes for
determining weak changes of structure or chemical bond-
ing in molecules. Cyclohexene-2-ethanamine molecule con-
sists of cyclohexene C6H 10 group attached to the carbon of
ethylamine ðC2H 7NÞ. There are previous works on the
cyclohexene and ethylamine structures. Some studies
showed that the lowest energy conformations of cyclohex-
ene are in a half-chair form and a boat structure. Basically,
the cyclohexene ring can interconvert from one twisted
form to the other over the boat conformation with Cs sym-

metry [5]. The point symmetry group for trans-ethylamine
ion is Cs whereas there is no such symmetry for gauge-eth-
ylamine [6]. Cyclohexene-2-ethanamine (CyHEA) has also
important industrial applications, that is used as chemical
intermediate in rubber industry. CyHEA was also used as
a substrate and oxidizing agent for Ru complex. Sirimanne
and May reported that dopamine b-monooxygenase
(DBM) catalyzes stereo-selective allylic hydroxylation of
CyHEA [7]. CyHEA was first synthesized by _Izgi et al.
[8] and some of IR and NMR properties of this compound
were reported by them.

Density functional theory (DFT) is a widely used and
very precise ab initio technique which is used to calculate
vibrational frequencies of organic compounds with great
accuracy [12–17]. However, most calculations methods in
the literature for molecular systems use B3LYB three
parameter gradient corrected hybrid density functional the-
ory method for all electronic structure and vibration prop-
erties with Gaussian software package. A previous
theoretical investigation deal with dielectric and vibrational
properties of amino acids by means of plane wave pseudo-
potential calculation [18]. There is a few study concerning
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the application of this method. The vibrational modes and
STM images of this molecule have not been investigated by
using plane wave pseudopotential calculation based on
DFPT. The aim of the present study is to contribute to bet-
ter understanding of plane wave pseudopotential calcula-
tion based on DFPT for molecular systems. The
vibration properties are compared to experimental data
and other theoretical method using the ab initio B3LYB
method. The vibrational spectrum at C point has been cal-
culated both plane wave and B3LYB method. In this article
we have carried out the vibration and STM image proper-
ties of solid-state phases of CyHEA. In Fig. 1, the geome-
try-optimized structure of CyHEA used in this study are
shown.

2. Computational methods

In this paper, we use both the plane wave pseudopoten-
tial code PWSCF (Plane Wave Self Consistent Field) [10]
and the B3LYB with 6-31G(d) method for all electronic
structures with Gaussian03 [11] software package. The
plane wave basis sets are complete and convergence may
be improved by adjustment of kinetic energy cut-off [19].
We know that a plane wave basis set needs a periodic sys-
tem. Molecules, atoms and clusters are investigated by
using plane waves by means of a super cell approach (see
in Fig. 2). In this method, the molecules is line in a unit cell
of fictitious cell and this cell is sufficiently large enough to
negligible interaction between neighboring cells. In this
work, a cubic cell is used. The lattice constant of this cell
is 20 bohr. In this case, it is sufficient to use C point for car-
rying out integrations over Brillouin zone. In the present
study, exchange and correlation effects have been included
within both the generalized gradient approximation (GGA)
and local density approximation (LDA). For all calcula-
tions, we have used Perdew–Zunger [21] and Perdew–
Burke–Ernzerhof [22] exchange–correlation parameteriza-
tions for LDA and GGA, respectively, and Vanderbilt
[20] ultrasoft pseudopotentials. The pseudopotentials for
C, N, H were derived by comparing available experimental
data such as C–H, N–H bond length and normal modes for
CH 4 and NH 3 molecules, respectively. The electronic wave-

functions were expanded in terms of plane waves with
kinetic energy cut-off up to 25 Ry.

Earlier experimental investigations deal with the pure
cyclohexene-2-ethanamine in liquid form which was
obtained from Aldrich Chemical Co., USA and was used
without further purification. The IR spectra of the mole-
cule in liquid form was recorded in the range of 4000–
400 cm�1 using Perkin-Elmer FT-IR 2000 spectrometer
with a resolution of 4 cm�1 [8].

3. Results and discussion

The calculated stable structure of CyHEA is shown in
Fig. 1 which was drawn by XCrySDen (Crystalline Struc-
tures and Densities) program [9]. The vibrational assign-
ments and frequencies of cyclohexene-2-ethanamine was
reported experimentally by _Izgi et al. [8]. The spectral prop-
erties of the molecule were evaluated through the calcu-
lated vibrational frequencies of the free ligand molecule.
The calculated and experimental infrared spectra data of
the molecule are given in Table 1. The experimental,
GGA, LDA and B3LYB with 6-31G(d) results are also
compared in Fig. 3.

The strong N–H asymmetric and symmetric stretch
bands seen in Table 1 are due to the contribution of ethyl-
amine (see Fig. 4). C–H stretch bands between 3000 and
3100 cm�1 are attributed to cyclohexene group and the very
strong C–H stretch bands at 2926 and 2835 cm�1 result
from ethylamine. The very strong bands are attributed to
the attachment of ethylamine and cyclohexene and appear
between 2830 and 2920 cm�1. Most of the modes below the
1300 cm�1 arise from cyclohexene. If the vibrational assign-
ments of the molecule involving these groups are investi-
gated, it is seen that the assignments obtained for the
molecule also involve the group frequencies. Furthermore,
the observed medium broad band appears at 829 cm�1 is an
N–H bending band as well as a group frequency. There is
also a good agreement between the experimental and theFig. 1. The stable configuration of the cyclohexene-2-ethanamine.

Fig. 2. A schematic illustration of a supercell geometry for a molecule.
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