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a b s t r a c t

The near-infrared Fourier transform (NIR-FT) Raman and Fourier transform infrared (FT-IR) spectral
analyses of 2,6-bis(benzylidene)cyclohexanone (BBC) molecule, a potential drugs for the treatment of
P388 leukemia cells, were carried out along with density functional computations. The optimized geom-
etry of BBC using density functional theory shows that the energetically favored chair conformation
eywords:
ibrational spectra
IR-FT Raman
T-IR
FT
onjugation

is not observed for central cyclohexanone ring and is found to possess a nearly ‘half chair’ confor-
mation and shows less expansion of the angles and more rotation about the bonds. The existence of
intramolecular C–H· · ·O improper, blue-shifted hydrogen bond was investigated by means of the NBO
analysis. The lowering of carbonyl stretching vibration can be attributed to the mesomeric effect and
the �-orbital conjugation induced by the unsaturation in the �-carbon atoms and co-planarity of the
(–CH C–(C O)–C CH–) group.
BO analysis

. Introduction

The cyclo-conjugated bis(benzylidene)ketone families of com-
ounds have undergone intensive research, owing to their
igher cytotoxicity towards P388 leukemia cells compared to
ther clinically useful drugs [1]. The enhancements of bioac-
ivity upon the substitution of methylene group and dimethyl
mino group to the above compounds have been reported
2]. Vibrational spectroscopic studies of cyclohexanone and its
erivatives have been reported earlier [3–6]. The Raman opti-
al activity features of cyclohexanone derivatives have been
tudied using Raman spectral bands and normal coordinate
nalysis [7,8]. IR and Raman spectral investigations of 2,6-bis(p-
,N-dimethyl benzylidene)cyclohexanone [9], 2,6-bis(p-methoxy
enzylidene)cyclohexanone [10] and 2,6-bis(p-methyl benzyli-
ene)cyclohexanone [11], supported by ab initio density functional

heory studies have been reported. Though the crystal struc-
ure of the title compound, 2,6-bis(benzylidene)cyclohexanone
BBC) has been reported [2,12], the vibrational spectral features
f BBC crystal have not been subject of detailed analysis so far.
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NIR-FT Raman spectroscopy combined with quantum chemical
computations have recently been used as effective tools in the
vibrational analysis of drug molecules, biological compounds, natu-
ral products and NLO active compounds [13–15] since fluorescence
free Raman spectra and computed results can help unambigu-
ous identification of vibrational modes as well as the bonding
and structural features of complex organic molecular systems. The
present work reports the detailed vibrational spectral analysis of
2,6-bis(benzylidene)cyclohexanone molecule (Fig. 1) to elucidate
the correlation between the molecular structure and prediction of
normal modes, to understand the structural and bonding features,
steric effect, the intramolecular interactions and factors influenc-
ing the vibrational spectrum of the molecule supported using the
scaled quantum mechanical (SQM) force field technique based on
density functional theory.

2. Experimental

BBC has been synthesized, as described by Zongchao et al. [8].
The IR spectrum was recorded on a Perkin-Elmer Spectrum One FT-

IR spectrometer. The spectral resolution was 1 cm−1. The standard
KBr technique with 1 mg of sample per 300 mg of KBr was used. The
Raman spectrum was recorded on a Bruker RFS100/S near-infrared
Fourier transform (NIR-FT) instrument equipped with an FRA106
Raman module. An Nd:YAG laser at 1064 nm with an output on
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http://www.sciencedirect.com/science/journal/13861425
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Fig. 1. Optimized molecular structur

00 mW was used for excitation. The detector was a Ge diode cooled
o liquid nitrogen temperature; 1000 scans were accumulated with
total registration time of about 30 min. The spectral resolution

fter apodization was 2 cm−1. A correction according to the fourth-
ower scattering factor was performed, but no correction was made
o the instrumental response. The upper limit for the Raman shift is
500 cm−1 owing to the detector sensitivity and the lower Raman
hift limit is around 10 cm−1 owing to the Rayleigh line cut-off by
notch filter.

. Computational details

Density functional theoretical (DFT) computations have been
erformed at the B3LYP/6-311G(d,p) level to derive the opti-
ized geometry and vibrational wavenumbers of normal modes of

BC using Gaussian ‘03 program package [16]. Molecular geome-
ries were fully optimized by Berny’s optimization algorithm
sing redundant internal coordinates. All optimized structures
ere confirmed to be minimum energy conformations. Harmonic

ibrational wavenumbers were calculated using analytic second
erivatives to confirm the convergence to minima on the poten-
ial surface and to evaluate the zero-point vibrational energies
ZPVE). At the optimized structure of the BBC, no imaginary fre-
uency modes were obtained, proving that a true minimum on the
otential energy surface was found. The optimum geometry was
etermined by minimizing the energy with respect to all geometri-
al parameters without imposing molecular symmetry constraints.
he inclusion of ‘d’ polarization and double-zeta function in the split
alance basis set is expected to produce a marked improvement
n the calculated geometry [17]. The DFT hybrid B3LYP functional
ends also to overestimate the fundamental modes in comparison
o the other DFT methods, therefore scaling factor s has to be used
or obtaining a considerably better agreement with experimental
ata. The calculated wavenumbers are scaled by an empirical fac-
or of 0.9613 [18] to account for systematic errors caused by basis
et incompleteness, neglect of electron correlation and vibrational
nharmonicity. The vibrational modes were assigned on the basis
f PED analysis using SQM program [19]. Normal coordinate anal-
sis of the title molecules has been carried out to obtain a more

omplete description of the molecular motions involved in the fun-
amentals.

The Raman activities (Si) calculated by the Gaussian ‘03 pro-
ram have been converted to relative Raman intensities (Ii) using
he following relationship derived from the basic theory of Raman
BC calculated at B3LYP/6-311G(d,p).

scattering [20].

Ii = f (�o − �i)
4Si

�i

[
1 − exp(−hc�i/kT)

] (1)

where �o is the exciting frequency (in cm−1 units), �i is the vibra-
tional wavenumber of the ith normal mode, h, c and k are universal
constants, and f is the suitably chosen common scaling factor for all
the peak intensities.

4. Results and discussion

4.1. Crystal structure

BBC crystallizes in space group P21/c. From the single crystal XRD
data [2,12] it is observed that the crystal belongs to monoclinic sys-
tem with the following cell dimensions: a = 9.5087 Å, b = 18.5431 Å,
c = 9.6523 Å with ˇ = 116◦.

4.2. Optimized geometry

The calculated structural parameters for BBC are listed in Table 1.
The available X-ray diffraction values are also given in the table
for comparison. Among the different conformers of cyclohexanone,
the chair form is energetically favored [21]. The computed val-
ues of torsion angles C6–C2–C1–C3, C2–C1–C3–C7, C1–C3–C7–C12,
C3–C7–C12–C6, C12–C6–C2–C1 and C2–C6–C12–C7 are 54.1◦, −61.8◦,
39.9◦, −10.5◦, −24.9◦ and 2.7◦ respectively. The low values of
C3–C7–C12–C6 and C2–C6–C12–C7 reveal a distorted chair form for
the central cyclohexanone ring in BBC and can be concluded that
the chair form arises due to the van der Waals’ repulsion between
the hydrogen atoms belonging to neighboring carbon atoms. But
the absence of hydrogen atoms in C6, C12 and C7 positions reduces
the chair formation, giving a nearly ‘half chair’ structure for the
central ring. The presence of van der Waals repulsion is confirmed
by the computed values of intramolecular non-bonded distances
H8· · ·H31 and H10· · ·H28 respectively equal to 2.13 and 2.15 Å. In
order to reduce the steric repulsion the bond angles are expanded
C2–C6–C14, C6–C14–C15, C14–C15–C21, C3–C7–C13, C7–C13–C16 and

C13–C16–C23 at 124.9◦, 130.8◦, 124.7◦,126.3◦, 129.9◦ and 123.5◦

respectively. The rotation about C14–C15 and C13–C16 bonds at the
expense of the conjugation energy of the system. The reduction in
the values of bond angles H19–C14–C6 and C7–C13–H17 from their
expected values has been enhanced by non-bonded interactions
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Table 1
Optimized geometric data for BBC using B3LYP/6-311G (d,p).

Bond length (Å) Values Bond angle (◦) Values Torsion angle (◦) Values

B3LYP/6-311G (d,p) X-ray [2] B3LYP/6-311G(d,p) X-ray [2] B3LYP/6-311G (d,p) X-ray [2]

C2–C1 1.53 1.53 C2–C1–C3 109.9 11.2 C3–C1–C2–C6 54.1 –
C1–C3 1.53 1.52 C2–C1–H4 109.6 – C3–C7–C12–C6 −10.5 –
C1–H4 1.09 – C2–C1–H5 110.1 – C3–C1–C2–H9 −67.5 –
C1–H5 1.09 – C1–C2–C6 112.9 110.3 C6–C2–C1–H4 175.5 –
C2–C6 1.52 1.51 C1–C2–H8 110.2 – C6–C2–C1–H5 −67.0 –
C2–H8 1.09 – C1–C2–H9 107.8 – C2–C1–C3–C7 −61.8 –
C2–H9 1.10 – C1–C3–C7 111.1 112.7 C2–C1–C3–H10 57.3 –
C3–C7 1.51 1.51 C1–C3–H10 108.1 – C2–C1–C3 –H11 173.3 –
C3–H10 1.10 – C1–C3–H11 111.5 – C1–C2–C6–C12 −24.9 –
C3–H11 1.09 – C2–C6–C12 119.8 117.8 C1–C2–C6–C14 152.5 –
C6–C12 1.51 1.50 C2–C6–C14 124.9 125.5 C1–C3–C7–C12 39.9 −41.0
C6–C14 1.36 1.34 C3–C7–C12 117.8 118.9 C1–C3–C7–C13 142.1 –
C7–C12 1.51 1.50 C3–C7–C13 126.3 125.5 C2–C6–C12–C7 2.7 28.5
C7–C13 1.35 1.34 C6–C12–C7 118.6 119.0 C2–C6–C12–O18 −178.8 –
C12–O18 1.23 1.23 C6–C12–O18 120.7 120.0 C2–C6–C14–C15 2.46 5.9
C13–C16 1.47 1.47 C7–C13–C16 129.9 130.5 C2–C6–C14–H19 −175.5 –
C13–H17 1.09 – C7–C13–H17 114.7 – C3–C7–C12–C6 −10.5 –
C14–C15 1.46 1.47 C6–C14–C15 130.8 129.0 C3–C7–C13–C16 4.1 −0.5
C14–H19 1.09 – C6–C14–H19 114.4 – C3–C7–C13–H17 −173.6 –
C15–C20 1.41 1.40 C14–C15–C21 124.7 123.0 C7–C13–C16–C22 32.3 –
C15–C21 1.41 1.40 C13–C16–C22 118.4 117.3 C7–C13–C16–C23 43.9 −28.7
C16–C22 1.41 1.38 C13–C16–C23 123.5 – C6–C14–C15–C20 −154.9 –
C16–C23 1.41 1.40 C15–C20–C24 121.4 120.7 C6–C14–C15–C21 −23.1 40.1
C20–C24 1.39 1.38 C15–C20–H30 118.8 – C14–C15–C20–C24 179.7 –
C20–H30 1.09 – C15–C21–C25 120.9 120.8 C14–C15–C20–H30 0.35 –
C21–C25 1.39 1.38 C15–C21–H31 119.8 – C21–C15–C20–C24 −2.1 –
C21–H31 1.08 – C16–C22–C26 121.1 121.2 C13–C16–C22–C26 −179.5 –
C22–C26 1.39 1.38 C16–C22–H29 119.1 – C14–C16–C22–H29 1.3 –
C22–H29 1.09 – C16–C23–C27 120.8 120.3 C13–C16–C23–C27 178.8 –
C23–C27 1.39 1.40 C27–C23–H28 119.5 – C13–C16–C23–C28 1.13 –
C23–H28 1.09 – C20–C24–C32 120.0 120.5 C16–C22–C26–C33 1.42 –
C24–C32 1.39 138 C21–C24–H36 119.8 – C16–C22–C26–H35 −179.1 –
C24–H36 1.09 – C21–C25–C32 120.4 120.6 C16–C23–C27–C33 0.12 –
C25–C32 1.39 1.38 C21–C25–H37 119.5 – C16–C23–C27–H34 −179.4 –
C25–H37 1.09 – C22–C26–C33 120.1 119.9 C22–C26–C33–C27 −0.91 –
C26–C33 1.39 1.39 C23–C27–C33 120.4 120.4 C22–C26–C33–H38 0.33 –
C26–H35 1.08 – C23–C27–H34 119.6 – C23–C27–C33–C26 179.4 –
C27–C33 1.39 1.38 C24–C32–C25 119.5 119.5 C12–C6–C14–H19 −2.8 –

H
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C27–H34 1.08 – C24–C35–H39 120.2
C32–H39 1.08 – C26–C33–C27 119.5
C33–H38 1.08 – C13–C16–C23 123.5
C16–C23 1.41 1.40 C26–C33–H38 120.3

17· · ·O18 and O18· · ·H19, whose values have been computed as 2.24
nd 2.25 Å respectively (Table 2).

The DFT calculation predicts the tilting of phenyl ring planes Ph1
C6–C14–C15–C21) and Ph2 (C7–C13–C16–C23) to 27.0◦ and −43.9◦

espectively with respect to the dienone moiety. This is attributed

o the steric repulsion between the aromatic rings and the cen-
ral ring and also due to the van der Walls’ repulsion between
he aryl and aliphatic hydrogen atoms. This is evident from the
hort intramolecular non-bonded H8· · ·H31, H11· · ·H28, H17· · ·H29,
nd H19· · ·H30 distances respectively equal to 2.217, 2.147, 2.533

able 2
ome intramolecular non-bonded distances in BBC at B3LYP/6-311G(d,p) level.

Parameter Value

C1· · ·C13 3.726
C1· · ·C14 3.790
O18· · ·C13 2.734
O18· · ·C14 2.721
C13· · ·C14 4.836
C32· · ·C33 13.145
O18· · ·H19 2.247
H19· · ·H30 2.364
O18· · ·H17 2.274
H17· · ·H29 2.533
H8· · ·H31 2.17
H9· · ·H31 2.353
H11· · ·H28 2.147
– C14–C6–C12–O18 3.1 –
119.9 C13–C7–C12–O18 −7.1 –
124.5 C12–C7–C13–H17 43.0 –

– C3–C7–C12–C6 39.9 –

and 2.364 Å respectively. This is analyzed by relaxed PES scan-
ning calculations in which the torsion angle C6–C14–C15–C21 and
C7–C13–C16–C23 is varied from 0◦ to 360◦ with a step size of 10◦

and the resulting energy profile (Fig. 2). The rotation of Ph1 about
C14–C15 and Ph2 about C13–C16 bonds at the expense of the con-
jugation energy of the system is another way to minimize the van
der Walls’ repulsion.

The effects of steric interaction on the geometry of BBC can
be obtained from the results of relaxed PES scan which reveal
that an increase of torsion angle C6–C14–C15–C21 directly affects
CH2, C O and bridge moieties. Variation of the geometrical param-
eters associated with these moieties can be observed from the
results of PES scan and can be attributed to the variation in
the van der Waals interactions H31· · ·H8 and H30· · ·H19 responsi-
ble for ring twisting, as C6–C14–C15–C21 moves to energetically
favorable value. This, in turn, affects ring geometry causing an
increase of bond angle C25–C21–H31 and reduction in bond angle
C21–C15–C14. The variation of C6–C14–C15–C21 affecting the geom-
etry of bridge can be observed from the remarkable variation
of torsion angle C20–C15–C14–H19 along with slight variation

in the angles C15–C14–H19 and C15–C14–C6. Also, the influence
on carbonyl group can be understood by the large variation in
C2–C6–C12–O18 and that on the CH2 group can be noticed by the
substantial variation in the torsional values of C12–C6–C2–H9 and
C12–C6–C2–H8.
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ig. 2. Result of relaxed potential energy surface scan torsion angle of phenyl ring
.r.t. bridge.

The variation in the torsion angle C7–C13–C16–C23 is found
o cause changes in the geometrical parameters of ring, bridge,
H2 and C O groups. With the variation of the torsion angle
7–C13–C16–C23 changes in the torsional value of C1–C3–C7–C12
an be observed which indicates that the ring twisting directly
nhances the twisting of the central cyclohexanone ring, influ-
ncing the formation of chair conformation. The changes in the
H2 geometry are revealed by the changes in the torsional value
f C2–C1–C3–H10 while the ring geometry perturbation can be
bserved from the enhancement of angle C27–C23–H28. The car-
onyl group is influenced by the ring twisting, from the observed
hanges in C3–C7–C12–O18 and the geometrical changes of the
ridge (between Ph2 and cyclohexanone) can be found from the
emarkable variation in H7–C13–C16–C22 and slight variation in the
ngles C3–C7–C13, C3–C7–H17, C7–C13–C16 and C13–C16–C22.

.3. NBO analysis

NBO analysis provides an efficient method for investigating CT
r conjugative interaction in molecular systems. Some electron
onor orbital, acceptor orbital and the interacting stabilization
nergy resulting from the second-order micro-disturbance the-
ry have been reported [22] .The larger the E(2) value, the more
ntensive is the interaction between electron donors and electron
cceptors, i.e. the more donating tendency from electron donors
o electron acceptors and the greater the extent of conjugation of
he whole system. DFT level computation is used to investigate the
arious second-order interactions between the filled orbitals of one
ubsystem and vacant orbitals of another subsystem, which is a
easure of the delocalization or hyperconjugation [23]. The main

atural orbital interactions were analyzed with the NBO 5.0 pro-
ram [24]. The hyperconjugative interaction energy was deduced
rom the second-order perturbation approach

(2) = −n�
〈�|F |�〉2

ε�∗ − ε�
= −n�

F2
ij

�E
(2)

here 〈�|F|�〉2 or F2
ij

is the Fock matrix element between the i and

NBO orbitals, ε� and ε�∗ are the energies of � and �* NBO’s, and
� is the population of the donor � orbital.

The second-order perturbation theory analysis of Fock matrix in
he NBO basis of the molecule shows strong intramolecular hyper-
onjugative interactions, which are presented in Table 3. The stabi-
a Part A 78 (2011) 113–121

lization energy E(2) associated with hyperconjugative interactions
n2(O18) → �*(C13–H17) and n2(O18) → �*(C14–H19) are obtained as
4.77 and 4.73 kJ mol−1 respectively (Table 3) which quantify the
extend of intramolecular hydrogen bonding. The differences in E(2)
energies are reasonably due to the fact that the accumulation of
electron density in the C–H bond is not only drawn from the n(O)
of hydrogen-acceptor but also from the entire molecule. The orbital
interaction energy for n(LP2O18) → �*(C6–C12) is 81.38 kJ mol−1

and n(LP2O18) → �*(C7–C12) is 80.25 kJ mol−1 which are higher val-
ues than the other devocalizations. These ICTs around the rings can
induce large bioactivity in the molecule. The p-character of the oxy-
gen lone pair orbitals [LP2(O18)] and [LP1(O18)] is 99.99% and 43.3%
respectively (Table 3). Thus, a very close to pure �-type lone pair
orbital participates in electron donation to the �*(C–O) orbital for
the LP2(O18) → �*(C12–O18) interaction in the molecule.

In the last few years, the role of the weak C–H· · ·O interac-
tions, crystal engineering and molecular recognition processes has
aroused considerable interest, owing to their anomalous behaviour
[25]. Although the C–H· · ·O interactions are considered weak in
nature, they form 20–25% of the total number of hydrogen bonds
constituting the second most important group [26]. These interac-
tions have shown to be of greater importance in biological systems
in order to elucidate the structure–activity relationship [27]. The
ab initio calculations have been particularly useful in the iden-
tification of C–H· · ·O hydrogen bonds in which the C–H donor
group is strengthened, shortened, and blue-shifted (up-shifted) in
stretching vibrational wavenumber [28]. The intramolecular con-
tacts H17· · ·O18 and H19· · ·O18 occur with H· · ·O distances 2.273
and 2.247 Å respectively, which are significantly shorter than that
of the van der Waals separation between the O atom and the H
atom (2.72 Å) [25], indicating the possibility of the intramolecular
C–H· · ·O interaction in BBC. The calculated C–H· · ·O angle 104.1◦,
for both interactions, is well within the angle limit as the inter-
action path is not necessarily be linear [29]. The DFT calculation
predicts the shortening of C13–H17 and C14–H19 bonds by ∼0.005 Å
while C O is elongated. The contraction in the C13–H17 and C14–H19
bonds leads to blue shift in the calculated vibrational wavenumber
with a decrease in intensity. The strengthening and contraction of
C–H bonds is due to rehybridization [30], which is revealed by the
low value of electron density (0.02156e and 0.02155e) in the �*

C13–H17 and �* C14–H19 orbitals respectively.
The Mulliken population analysis in the BBC molecule was cal-

culated using the B3LYP/6-311G(d,p) level. The charge distribution
structure of BBC is shown in Fig. 3. The oxygen (O18) atom has more
negative charges, whereas the carbon atom C12 and hydrogen (H17
and H19) has more positive charge than the other carbon and hydro-
gen atoms. The result suggests that the atoms bonded to the carbon
atom and all oxygen atoms are electron acceptor and the charge
transfer takes place from C to O.

In BBC molecule various weak interactions, such as C–H· · ·O
intermolecular hydrogen-bonding interactions are manifested and
play an important role in determining stability of the molecule.
The presence of carbonyl group leads to the electronic coupling
between ring �-electrons and oxygen lone pair electrons which
provide stabilization to the molecular structure and enhance its
bioactivity. Hence it is of importance to study the electrostatic
potential distribution in the molecule. The molecular electrostatic
potential (MEP) is a property that the electrons and nuclei of a
molecule create at each point r in the surrounding space [31]. ESP
serves as a useful quantity to explain hydrogen bonding, reactiv-
ity and structure–activity relationship of molecules and correlates

with dipole moment, electro negativity, partial charges and site of
chemical reactivity of the molecule. It provides a visual method to
understand the relative polarity of a molecule. The regions with
negative MEP correspond to the areas of high electron density, rep-
resenting a strong attraction between the proton and the points on
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Table 3
Second-order perturbation theory analysis of Fock matrix in NBO basis.

Lone pair Occupancy Donor–acceptor interaction Hybrid (% p-character) E(2)a (kJ mol−1) E(j) − E(i)b (a.u.) F(i,j)c (a.u.)

LP1O18 1.9769 n(LP1O18) → �*(C6–C12) SP0.73(43.3) 7.657 4.644 0.1715
n(LP1O18) → �*(C7–C12) 7.489 4.644 0.1674

LP2O18 1.8773 n (LP2O18) → �*(C6–C12) SP1.0(99.99) 81.38 2.845 0.4351
n(LP2O18) → �*(C7–C12) 80.25 4.1 0.431
n(LP2O18) → �*(C13–H17) 4.77 3.012 0.1088
n(LP2O18) → �*(C14–H19) 4.703 3.012 0.113

a E(2) means energy of hyperconjugative interactions; cf. Eq. (2).
b Energy difference between donor and acceptor i and j NBO orbitals.
c F(i,j) is the Fock matrix element between i and j NBO orbitals.
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F
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Fig. 3. The Mulliken charge distribution of BBC

he molecular surface, have the brightest red color and for the pos-
tive valued regions, areas of lowest electron density, have deep
lue to indigo color, indicating the regions of maximum repul-
ion. The electron density isosurface on to which the electrostatic
otential surface has been mapped is shown in Fig. 4 for BBC. The
ifferent values of the electrostatic potential at the surface are
epresented by different colors; red represents regions of most
egative electrostatic potential, blue represents regions of most

ositive electrostatic potential and green represents regions of zero
otential. From Fig. 4, it is visible that the region of the most neg-
tive electrostatic potential is spread over the O18 atom of the
arbonyl group. This indicates the delocalization of �-electrons

ig. 4. Molecular electrostatic potential mapped on the isodensity surface for BBC
alculated at the B3LYP/6-311G(d, p) level of theory.
lated at the B3LYP/6-311G(d,p) level of theory.

over the carbonyl group. This also reveals extended conjugation
of the cyclohexanone ring with the carbonyl group. (For interpre-
tation of the references to color in this paragraph, the reader is
referred to the web version of the article.)

4.4. HOMO–LUMO energy

The conjugated molecules are characterized by a small highest
occupied molecular orbital–lowest unoccupied molecular orbital
(HOMO–LUMO) separation, which is the result of a significant
degree of ICT from the end-capping electron-donor groups to the
efficient electron-acceptor groups through �-conjugated path [32].
The atomic orbital compositions of the frontier molecular orbital
are sketched in Fig. 5. The HOMO–LUMO energy gap of BBC was cal-
culated at the B3LYP/6-311(d,p) level, which reveals that the energy
gap reflects the chemical activity of the molecule. The LUMO as an
electron acceptor represents the ability to obtain an electron, and
HOMO represents the ability to donate an electron. The calculated
self-consistent field (SCF) energy of BBC is−848.1752 a.u. The calcu-
lated energy value of HOMO is −9.4976 eV and LUMO is −6.4679 eV.
The energy gap (−3.027 eV) of HOMO–LUMO explains the eventual
charge transfer interaction within the molecule, which influences
the biological activity of the molecule. Consequently, the lowering
of the HOMO–LUMO band gap is essentially a consequence of the
large stabilization of the LUMO due to the strong electron-acceptor
ability of the electron-acceptor group.
4.5. Vibrational spectral analysis

The vibrational analysis of BBC is performed on the basis of the
characteristic vibrations of cyclohexanone and phenyl ring modes.
The computed vibrational wavenumbers and the atomic displace-
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ig. 5. (a) HOMO plot of BBC at B3LYP/6-311G(d,p) and (b) LUMO plot of BBC at
3LYP/6-311G(d,p).

ents corresponding to the different normal modes are used for
dentifying the vibrational modes unambiguously. The assignments
f phenyl vibrations are made according to Wilson’s numbering
onvention [33]. The calculated vibrational wavenumbers, mea-
ured infrared and Raman band positions and their assignments
re given in Table 4. The observed and simulated FT-IR and Raman
pectra of BBC are given in Figs. 6 and 7

.5.1. Phenyl ring vibrations
The C–H stretching vibrations in the benzene derivatives

−1
rise from three non-degenerate modes a1g (3072 cm ), b1u
3060 cm−1) and two degenerate mode e2g (3047 cm−1), e1u
3099 cm−1), i.e. vibrations 2, 7, 13, 20a and 20b respectively.
he aromatic C–H stretching [34–37] vibrations in monosub-
tituted benzene rings are generally observed in the region

Fig. 6. (a) FT-IR spectra of BBC and (b) simulated IR spectra of BBC.
a Part A 78 (2011) 113–121

3000–3100 cm−1
. In the IR spectra the bands at 3082, 3058, and

3022 cm−1 are assigned of benzene mode 20a, 2 and 20b. The modes
2 and 20b of benzene are identified in Raman spectrum at 3060
and 3024 cm−1 respectively. A comparison with the results from
the normal mode analysis of BBC shows that the aromatic C–H
stretching vibrations around 3050 cm−1 remain unaltered by cyclo-
hexanone substitution. All the aromatic CH stretching bands are
found to be weak and this is due to the decrease of dipole moment
caused by the reduction of negative charge on the carbon atom.
This reduction occurs because of the electron withdrawal on the
carbon atom by the substituent due to the decrease of inductive
effect, which in turn is caused by the increased chain length of the
substituent [38].

The quadrant stretching (mode 8) and semicircle stretching
(mode 19) of C–C bonds of benzene ring has two doubly degenerate
modes, e2g and b1u which are found around 1596 and 1485 cm−1

respectively [33–37]. The wavenumber of vibrational pair 8 in
monosubstituted benzenes is rather insensitive of substitution.
The actual band positions of these modes are determined by the
position of the substitution around the ring and not so much by
the nature of the substituents [33–37]. The phenyl ring mode 8a
manifests as intense bands in IR and Raman spectra at 1607 and
1596 cm−1 respectively. The 8b mode can be found as intense bands
in infrared spectrum at 1574 cm−1 and in Raman at 1567 cm−1.
The vibrational modes 19a and 19b are computed at 1485 and
1454 cm−1 respectively. The strong band at 1485 cm−1 in IR cor-
responds to the ring mode 19a.The phenyl ring mode 19b can be
observed as a strong band at 1443 cm−1 in IR spectrum and the
corresponding band in Raman are very weak at 1447 cm−1.The
vibrational mode 8 and 19 interact a little with C–H in plane
bending, hydrogen and its carbon moving oppositely, but the sub-
stitutents are nearly motionless which are supported by computed
results. A comparison with results from the normal mode analysis
of phenyl ring shows that the ring mode around 1620–1400 cm−1

remains unaltered by heavy substitution [33]. The band position
and the vibrational form of the ring stretching mode 14 of BBC
correlate with that of other monosubstituted benzenes [39] and
is insensitive to substituent or coupling effects. A very strong band
in IR at 1301 cm−1 has contributions from the ring mode 14.

The C–H in plane bending vibrations appears in the region

1300–1000 cm−1. Among the CH in plane bending modes 3, 9a, 15,
18a and 18b allowed are active for the monosubstituted phenyl
ring [33]. The vibrational mode 18a can be observed at 1034 cm−1

in Raman and at 1031 cm−1 in IR. The intense IR band at 1169 cm−1

Fig. 7. (a) FT-Raman spectra of BBC and (b) simulated Raman spectra of BBC.
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Table 4
Calculated vibrational wavenumbers, measured IR and Raman band positions (cm−1) and assignments for BBC.

Experimental Computational B3LYP /6-311G (d,p) scaled PED (%) Assignment

�IR (cm−1) ��Raman (cm−1) �cal (cm−1) Relative intensity �

IR Raman

3082 w 3093 4.8 1.34 0.29 �CH(98) 20a, CH stretch
3058 w 3060 m 3064 0.13 0.08 0.20 �CH(99) 2, CH stretch
3022 m 3024 m 3018 8.51 0.48 0.52 �CH(98) 20b, CH stretch
2962 m 2952 m 2967 13.2 0.38 0.69 �CH(98) CH2 (C1) asym. stretch
2934 m 2934 m 2942 8.57 0.38 0.75 �CH(95) CH2 (C2) asym. stretch
2920 m 2922 wsh 2926 10.2 0.48 0.02 �CH(100) CH2 (C3) asym. stretch
2890 m 2895 m 2889 9.14 0.25 0.20 �CH(99) CH2 (C1) sym. stretch
2862 m 2863 m 2879 3.7 0.77 0.52 �CH(97) CH2 (C3) sym. stretch
2843 m 2846 2854 2.4 0.27 0.69 �CH(94) CH2 (C2) sym. stretch
1662 m 1662 m 1680 15.1 5.07 0.75 �OC(55) + �CC(25) CO stretch
1607 vvs 1606 91.5 10.26 0.02 �CC(68) 8a, ring stretch

1596 m 1596 0.9 14.6 0.02 �CC(59) 8a, ring stretch
1574 vvs 1567 vs 1583 25.2 100.0 0.31 �CC(64) + �CCH(15) 8b, ring stretch
1485 s 1485 6.23 0.95 0.02 �CC(30) + �CCH(69) 19a, ring stretch + deformation
1443 s 1447 vw 1454 0.25 0.12 0.46 �HCH(29) + �CCCH(31) + �HCCH(19) 19b, ring stretch + deformation
1434 s 1431 vw 1439 0.63 0.9 0.47 �CC(30) + �CCH(49) CH2 scissoring
1340 w 1340 0.25 0.3 0.53 �CCH(37) + �CCCH(10) + �HCCH(15) CH2 wagging
1315 m 1332 0.67 0.72 0.49 �CC(50) 14, ring stretch
1274 vs 1298 3.98 4.57 0.75 �CCH(33) 9b, CH deformation + CH2 twisting
1203 m 1213 w 1198 0.07 14.36 0.74 �CC(18) + �CCH(75) CH2 twisting
1187 w 1180 4.37 2.37 0.40 �CC(15) + �CCH(70) CH2 twisting
1169 s 1176 0.34 1.65 0.61 �CC(18) + �CCH(75) 9a, CH deformation
1147 vs 1148 38.4 0.31 0.44 �CC(15) + �CCH(13) + �HCCH(36) 15, CH deformation
1031 m 1034 w 1034 100 0.43 0.27 �CCH(12) + �HCCH(33) 18a, CH deformation + CH2 rocking

999 s 1018 0.8 3.32 0.44 �CC(34) + �CCC(42) 1, ring breath
969 m 977 0.69 4.41 0.48 �CCCH(12) + �HCCH(50) 17a, CH deformation
940 m 943 s 944 5.69 0.25 0.16 �CC(10) + �OCC(11) + �CCCH(15) Ring stretch of cyclohexanone

914 m 928 0.08 11.6 0.75 �CCCH(55) 17b, CH deformation
892 m 896 2.59 2.43 0.58 CCC(11) CH2 ip rocking

864 w 852 11.9 0.24 0.64 �CCCH(16) + �HCCH(14) C(13,14)H(17,19) deformation
839 w 844 w 832 0.21 1.24 0.75 �CCH(14) + �HCCH(12) + �CCCH(21) 10a, CH deformation

815 w 811 0.07 1.11 0.75 �CCCH(96) CH deformation
804 m 804 0.01 1.86 0.10 CC(50) + CCC(10) 10b, CH deformation
771 s 792 3.67 0.92 0.75 �CCCH(44) CH deformation
750 m 752 w 753 10.5 1.71 0.75 �CCCH(39) CH deformation
736 m 737 m 725 7.23 0.72 0.75 �CCC(32) + �CCCH(43) C–C–C bend + CH deformation
694 vs 685 9.02 0.13 0.74 �CCCC(38) + �CCCH(47) 11, CH deformation
666 s 662 0.14 0.08 0.70 �CCCC(37) + �CCCH(49) CH deformation

620 w 614 0.40 0.47 0.75 �CCC(25) 6b, ring deformation
584 w 587 w 578 0.05 0.35 0.75 �CC(15) + �CCC(35) 6a, ring deformation

545w 535 0.55 9.9 0.19 �CC(13) + �OCC(17) + �CCCH(20) CH deformation
530 s 522 20.4 2.18 0.38 �CC(11) + �OCC(17) + �CCCH(24) 16a, ring deformation

0.38
0.72

i
i
1

v
[
a
c
T
a
a
b

s
a
t
R
a
r
a

519 s 523 m 513 4.05 0.78
442 w 457 1.21 0.4

s assigned to 9a of benzene. The vibrational mode 9b of benzene
s observed as a strong IR band at 1274 cm−1. The strong IR band at
147 cm−1 is attributed to vibration 15.

The absorption bands arising from C–H out-of-plane bending
ibrations are usually observed in the region at 1000–675 cm−1

33–37]. The C–H out-of-plane bending vibration 17a are observed
s a strong band in IR at 969 cm−1 and Raman active mode 17b
an be observed as medium band in Raman spectrum at 914 cm−1.
he modes corresponding to 10a is observed as weak band at 844
nd 839 cm−1 in Raman and IR respectively. The intense IR band
t 694 cm−1 is assigned to C–H out-of-plane bending mode, 11 of
enzene.

The ring breathing vibrations are generally very strong in Raman
pectrum. Normal vibration 1 of phenyl ring is usually referred to
s a substitutent sensitive vibration [33–37]. For a heavy substitu-
ion these modes found in the region 1100–1000 cm−1 are strongly

aman active. This is confirmed by the strong intense Raman band
t 999 cm−1 which is supported by computed results. The phenyl
ing modes 6a, 6b, 16a and 16b can be observed in expected region
re shown in Table 4.
�CCCC(38) + �CCCH(25) 16b, ring deformation
�CCC(23) + �CCCC(10) CCC bend of cyclohexanone ring

4.5.2. Vibrations of cyclohexanone
The vibrations belonging to cyclohexanone ring in the stretching

region correspond to CH2 asymmetric and symmetric stretching
vibrations are observed separately both in IR and in Raman as
medium intense bands at 2962, 2934, 2920, 2890, 2862, 2843 and
2952, 2934, 2922, 2895, 2863, 2846 cm−1 respectively. Down shift-
ing of C3H10,11 and C2H8,9 stretching vibrational modes are due to
the steric interaction between the aromatic rings and the central
ring, which is justified by DFT computations also.

The spectral distinction between CH2 groups involving C2 and
that involving C1 and C3 can be observed for bending vibrations. The
scissoring vibrations involving C2 and C3 can be observed in IR band
at 1434 cm−1 and weak Raman band at 1431 cm−1 respectively.
Other wagging vibrations are mixed with the CH in plane bending
vibrations of the bridge and CH2 twisting. The CH2 twisting modes
involving C1 and C2 and that involving C3 are observed as weak

bands in IR spectra at 1274 and 1203 cm−1 respectively, while the
later mode is coupled with the C–H in plane bending vibrations.
The band at 1187 and 1031 cm−1 in IR spectrum has contributions
from CH2 twisting.
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In order to assess the dependence of spectral modes of BBC on
he conformation of central cyclohexanone ring, it is compared
ith Raman, IR [9–11] and computed spectra of cyclohexanone
hich possesses a chair conformation. The chair conformation is

vident from the computed values of torsion angles, 54.1◦, −61.8◦,
9.9◦, −10.5◦, −24.9◦ and 2.7◦ respectively for C6–C2–C1–C3,
2–C1–C3–C7, C1–C3–C7–C12, C3–C7–C12–C6, C12–C6–C2–C1 and
2–C6–C12–C7 computed using DFT at 3LYP/6-311G(d,p) level. For
yclohexanone, the computed carbonyl stretching wavenumber
an be found at 1748 cm−1 while strong IR and Raman bands can
e observed at 1708 and 1705 cm−1 respectively, lowered due to
ssociation in the solid phase [27]. But ‘half chaired’ cyclohexanone
ing of BBC produces carbonyl stretching band at 1662 cm−1 in
oth IR and Raman where the computed value is 1680 cm−1. The
omputed normal mode shows that the C O group is not vibrat-
ng independently, but as a group (–CH C–(C O)–C CH–) and the
and position of the carbonyl stretching in the lower wavenum-
er, than expected, can be attributed to the symmetric vibration
f the above group. The alternate �-orbitals lead to mesomeric
nteraction for the above group, making it to act as a single spec-
ral unit [9–11], which is evident from the strong coupling of

O stretch, C7–C13 stretch, C14–H15 bend and C6–C14 stretches
n the in plane bending region. The lowering can be attributed to
he expanded conjugation [40–42] induced by the unsaturation of
he �-carbon atoms C7 and C6. The conjugation is enhanced here
ue to the maximum overlap of �-orbitals, occurring due to the
lanarity of the group (–CH C–(C O)–C CH–). The co-planarity
f the group is evident from the torsion angles H19–C14–C6–C12,
14–C6–C12–O18, O18–C12–C7–C13 and H17–C13–C7–C12 whose DFT
alues are respectively equal to −2.88◦, 3.15◦, −7.1◦ and 43.0◦. Here
he planarity is not hindered by the possible steric effects, because
f the heavy substitutions in C7 and C6 positions.

The lowering of carbonyl stretching wavenumber can also be
xplained in terms of bond angle effects, i.e. the increase of
–C( O)–C angle reduces the carbonyl stretching wavenumber
9–11,42]. This can be explained as: when C O stretch occurs, adja-
ent C–C bond contracts whose restoring force has component in
he direction of C O restoring force and it cooperates with C O
estoring force, where the extent of cooperation being dependent
n C–C(=O)–C angle and, in turn, C O stretching wavenumber. In
BC, the DFT value of C–C(=O)–C bond angle is 118.8◦ while for
yclohexanone the corresponding angle is 115.1◦, which is also
esponsible for the observed difference in C O stretching force
onstants.

In cyclohexanone, the C O in plane bending vibration can be
bserved as a strong band in IR at 491 cm−1 and as a weak band
n Raman at 493 cm−1 [9–11,27]. But the C O in plane bending
s absent in BBC. Also, C–C–C bend of the cyclohexanone ring
n BBC can be observed as medium in IR at 736 cm−1, medium
and in Raman at 737 cm−1 and as strong band in IR at 519 cm−1

hich are mixed with the bending vibrations of the bridge and
henyl rings. But, the C–C–C bend in the cyclohexanone ring can be
bserved at lower wavenumber, i.e. 442 cm−1 in Raman. For other
ands, the spectral distinction between chaired cyclohexanone and
alf chaired cyclohexanone in BBC is difficult because of the mix-

ng of cyclohexanone vibrations with that of phenyl rings and
ridges.

. Conclusions
NIR-FT Raman and FT-IR spectra of the crystallized 2,6-
is(benzylidene)cyclohexanone have been recorded and analyzed
sing density functional theory. The optimized geometry of BBC
sing density functional theory shows that the energetically
avored chair conformation is not observed for central cyclohex-

[

[

[

a Part A 78 (2011) 113–121

anone ring and is found to possess a nearly ‘half chair’ conformation
and shows less expansion of the angles and more rotation about the
bonds. The van der Waals interaction between H30 and H19 causes
the steric interaction, resulting in the twisting of phenyl ring Ph1
and the ring twisting of Ph2 is caused by the van der Waals repul-
sions, H11· · ·H28 and H17· · ·H29. The existence of intramolecular
C–H· · ·O improper, blue-shifted hydrogen bond was investigated
by means of the NBO analysis. The vibrational analysis reveals
that the methylene groups involving C2 and C3, taking part in
steric interaction, show different spectral behaviours compared to
the CH2 group involving C1 and this spectral distinction can be
observed for both stretching and deformation modes. The low-
ering of carbonyl stretching vibration can be attributed to the
mesomeric effect and the �-orbital conjugation induced by the
unsaturation in the �-carbon atoms and co-planarity of the group
(–CH C–(C O)–C CH–).
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