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a b s t r a c t

Extensive quantum mechanical studies are carried out on Celecoxib (CXB), a new generation drug to
understand the vibrational and electronic spectral characteristics of the molecule. The vibrational fre-
quencies of CXB are computed by HF and B3LYP methods with 6-311þþG (d, p) basis set. The theoretical
scaled vibrational frequencies have been assigned and they agreed satisfactorily with experimental FT-IR
and Raman frequencies. The theoretical maximum wavelength of absorption of CXB are calculated in
water and ethanol by TD-DFT method and these values are compared with experimentally determined
lmax values. The spectral and Natural bonds orbital (NBO) analysis in conjunction with spectral data
established the presence of intra molecular interactions such as mesomeric, hyperconjugative and steric
effects in CXB. The electron density at various positions and reactivity descriptors of CXB indicate that the
compound functions as a nucleophile and establish that aromatic ring system present in the molecule is
the site of drug action. Electronic distribution and HOMO e LUMO energy values of CXB are discussed in
terms of intra-molecular interactions. Computed values of Mulliken charges and thermodynamic
properties of CXB are reported.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Celecoxib or 4-[5-(4-Methylphenyl)-3-(trifluoromethyl) pyr-
azol-1-yl] benzene sulfonamide is a selective potent COX-2 inhib-
itor and it is currently approved by Food and Drug Administration
for chemoprevention in familial adenomatous polyposis based on
demonstrable inhibition of colon polyp formation. It is also used in
cancer therapy [1] and proliferation of HCC cell lines [2]. It may be
pointed out that celecoxib was shown to be a gastro-intestinally
safe anti-inflammatory. CXB is nitrogen containing hetero cyclic
compound and there are several reports that this compound is a
well-known drug for anti-inflammatory [3e5] and anti-cancer
[6,7]. The poor solubility and slow dissolution rate of CXB are ma-
jor industrial problems, especially for pharmaceutical scientists
involved in drug discovery and drug development. It has been
found that amorphous CXB nanoparticles showed dramatic
improvement in rate as well as extent of in-vitro drug dissolution
, vkannappan48@gmail.com
and oral bioavailability in beagle dogs. The improvement can be
attributed to better wettability, increased saturation solubility and
surface area, reduced particle size and decreased diffusion layer
thickness. Synthesis, characterization andmedicinal applications of
CXB and it derivatives have been extensively investigated by
several authors [1,2,5]. There is need to carry out quantum me-
chanical studies on CXB molecule to understand the spectral
characteristics of this compound. In the present investigation
theoretical investigations on the conformation, vibrational and
electronic transitions of CXB. Geometrical parameters are reported
for the ground state of CXB. IR frequencies, Raman intensities, UV
spectral characteristics and HOMO and LUMO energies of CXB are
computed using Gaussian 09W program. The computed results are
compared with the experimental spectral data. The redistribution
of electron density (ED) in various bonding, anti-bonding orbitals
and E(2) energies is calculated by NBO analysis to get an evidence
for stability of CXB due to various intra-molecular interactions.
HOMO- LUMO analysis has been used to establish charge transfer
within the molecule. Mulliken population analysis of CXB is also
carried out.
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Fig. 1. Optimized molecular structure of CXB.
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2. Experimental

The drug celecoxib with a purity of 99.5% is purchased from
Sigma Aldrich chemical suppliers (India). Spectra were recorded for
CXB with the sample as received. FT-IR spectrum was recorded in
the wavenumber region 400e4000 cm�1 on a PERKIN ELMER
spectrophotometer equipped with mercury, cadmium and tellu-
rium detector in a KBr pellet technique with a resolution of
1.0 cm�1. The FT-Raman spectrum was obtained for the compound
in the wavenumber region 50e4000 cm�1 on a BRUKER RFS27
spectrophotometer equipped with Raman module accessory oper-
ating at 1.5 W power with Nd:YAG laser and the excitation wave-
length was 1064 nm. The spectra were recorded in the Regional
Sophisticated Centre, Indian Institute of Technology, Chennai-
600036. India. UVevis. spectra were recorded on a Shimadzu UV e

1650 model spectrophotometer with quartz cell of 1 cm optical
path length. The base line correction was done with the solvents
(benzene, water, ethanol and acetone). The absorption spectrawere
recorded in the wavelength region of 200e600 nm at a scanning
rate of 0.2 nm/s and a slit width of 1 cm.
2.1. Computational details

The quantummechanical computations were performed on CXB
by using Gaussian 09 program package [8] at the HF and B3LYP
[9,10] levels with 6-311þþG (d, p) basis set to obtain geometry
optimization. Molecular vibrations and their displacement vectors
were obtained using Gauss View interface program [11]. A uniform
scaling of 0.9533 was adopted for vibrational frequencies obtained
fromHF/6-311þþG (d, p) and a scaling factor of 0.9615 for B3LYP/6-
311þþG (d, p) method. The computed Raman activities (Si) were
converted to relative Raman intensities (Ii) using the equation [1]
which was derived from the basic theory of Raman scattering
[12,13].

Ii ¼
f ðnο � niÞ4Si

ni

�
1� exp

�
�hcni
KbT

�� (1)

where, nο is the exciting frequency (in cm�1), ni is the vibrational
wavenumber of the ith normal mode, h, c, and k are universal
constants and f is suitably chosen common scaling factor for all the
peak intensities. The electronic transitions, vertical excitation en-
ergies, absorbance and oscillator strengths of CXB molecule are
calculated with the TD-DFT/6-311þþG(d,p) method. The MO cal-
culations such as NBO and HOMOeLUMO are performed on CXB by
both HF and DFT methods. These results have also been used to
calculate the thermodynamic properties such as heat capacity,
entropy and enthalpy. Mulliken charges and molecular properties
of CXB (dipole moment, mean polarizability and first static hyper-
polarizability) are calculated using on the finite field approach.
3. Results and discussion

3.1. Geometric parameters of CXB

The numbering of various atoms in CXB molecule is shown in
Fig. 1. The optimized structural parameters of CXB are calculated by
HF and B3LYP methods with 6-311þþG(d,p) basis set and these
values are given as supplementary data (Table Se1). The bond
lengths and bond angles were determined from geometrical pa-
rameters obtained fromHF and B3LYPmethods. It is found from the
data in Table Se1 that the bond lengths obtained by both HF and
B3LYP methods is comparable. However, bond lengths obtained by
B3LYP method are slightly longer than those calculated by HF
method. In the present calculation, amino NeH bond has length of
about 1 Å. It is also found that all the six CeC bonds of benzene ring
are not of equal length which may be due to eSO2, NH2 group and
pyrazole moiety attached to the benzene ring. The effect is also
reflected in the bond angles in the benzene ring. It is observed that
C2eC1eC6 and C3eC4eC5 bond angles are slightly greater than
120� while C2eC3eC4 and C1eC2eC3 angles are less than 120�.
The CeNeC bond angles are slightly larger than the CeCeC or
NeCeC bond angles [14]. Gundersen and Rankin have determined
the CeNeC (110.7�), CeCeC (109.6�) and NeCeC (110.5�) bond
angles in piperidine by electron diffraction technique [15]. In the
present study, the bond angles of C4eN11eC15 (129.64�),
C14eC13eC16 (127.97�) and N11eC15eC20 (124.78�) by B3LYP/6-
311þþG(d,p) are greater than 120� indicate the most stable form
of CXB molecule. In the pyrazole ring system also C13eC14 bond
length is 1.4079 Å and that of C14eC15 bond is 1.3817 Å. This may
be attributed to the hetero atom effect of N11 and N12 present as
part of the ring system and also due to the adjacent aromatic ring.
C13eC14eC15 bond angle is about 105�. However, N12¼C13eC14
and N12¼C13eC16 bond angles are much larger. Thus, the bond
lengths and bond angles in the pyrazole heterocyclic aromatic ring
system are influenced by the substituents present in the vicinity of
pyrazole ring system. The bond length for C1eS7, N10eH31,
S5eN10, S7¼O9 and C16eF19 are found to be 1.7970, 1.0150, 1.6937
and 1.4603, 1.3553 Å respectively. The variations in the frequencies
or bond lengths are due to the substituents and consequent change
in the charge distribution on the carbon atom of the aromatic ring.
The substituents may play a very important role on the structural
and electronic properties of the molecules. In CXB molecule, the
bond length of the group (CeN) is predicted to be 1.4265 Å and it
shows good agreement with the experimental data [16] of 1.145 Å.

3.2. Analysis of vibrational spectra of CXB

FT-IR and FT-Raman spectra of CXB are recorded in the solid
phase, incorporated in KBr pellet. The computed frequency values
along with the experimental values are given as supplementary
data in Table Se2. It is to be noted that the theoretical frequency
calculation is done on the gaseous phase of the molecule using HF
and B3LYP methods with 6-311þþG (d,p) basis set. CXB molecule
consists of 40 atoms and 114 normal vibrational modes are ex-
pected as CXB belongs to C1 point group symmetry. The recorded
FT-IR and Raman spectra of CXB are depicted in Fig. 2.

The possible modes for amino (NH2) group are symmetric,
asymmetric, asymmetric non planar deformation or wagging and



Fig. 2. Recorded FT-IR and FT-Raman spectra of CXB.
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twisting vibrations. The NeH symmetric stretching vibrations are
expected in the region 3500e3300 cm�1. The asymmetric eNH2
stretching vibration is in the range [17] 3500e3420 cm�1. In the
present study, symmetric NH2 stretching is at 3232 cm�1 and
asymmetric NH2 stretching mode at 3340 cm�1 in the recorded
spectra of CXB. Computed values for the two modes are 3374,
3485 cm�1 (B3LYP) and 3435, 3545 cm�1 (HF). There are differences
between computed and experimental values and it may be due to
intermolecular interactions in the solid state. The NH2 wagging
mode is different from the other two stretching modes. The NH2
wagging vibration is similar to the inversion mode of ammonia and
it is so strongly anharmonic that it cannot be reproduced by the
harmonic treatment [18]. In the present study, thewaggingmode of
CXB molecule is obtained at 763 cm�1in FT-IR spectrum. It shows
better agreement with theoretically value 751 cm�1 obtained by
B3LYP/6-311þþG(d,p) method. The NH2 rocking mode has been
reported [19] as 1136 cm�1 (IR) and 1133 cm�1 (Raman). In the
present study, the frequency band obtained at 1064 cm�1 in FT-
Raman spectrum is assigned to rocking mode. The amino twisting
modes are obtained as 492 cm�1 and 529 cm�1in HF and as
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425 cm�1 and 464 cm�1in B3LYP method. This band may be too
weak to be observed experimentally.

Three fundamental vibrations can be associated with CF3 group.
They are two stretching and one in-plane bending modes. In the
vibration spectra of CXB, these bands are found over a wide fre-
quency range of 1360e1000 cm�1 which may be due to CeF
stretching vibrations [20]. The CF3 stretching frequencies were
observed at 1142 cm�1, 1153 cm�1 in HF and 1072 cm�1, 1088 cm�1

in B3LYP/6-311þþG(d,p) methods. We obtained the CF3 in plane
bending mode of 1152 cm�1 in HF and 1075 cm�1 in B3LYP/6-
311þþG(d,p) methods respectively. The CF3 deformation modes
are usually coupled with in-plane bending vibrations.

CXB molecule possesses one methyl group attached to C21
carbon atom. The CH3 group is basically associated with nine fun-
damentals [21]. In this case, the asymmetric methyl stretching
bands are observed at 3075 cm�1 in Raman spectra and the value
calculated by B3LYP/6-311þþG(d,p) agrees with observed fre-
quency. Symmetric and asymmetric deformation vibrations in CH3
group were reported [22] in two regions, namely, 1380e1370 cm�1

and 1470e1440 cm�1. The two stretching modes are observed at
1486 cm�1 and 1501 cm�1 in B3LYP/6-311Gþþ(d,p) (modes 90 and
91) and experimental value in FT-Raman is 1501 cm�1 the
computed value shows good agreement. Methyl rocking mode
generally appears as aweak, moderate or sometimes strong band in
the region [23] 1050 ± 30 cm�1 and 975 ± 45 cm�1. This is observed
at 1425 cm�1 in B3LYP/6-311GþþG (d,p). CH3 wagging is observed
at 1022 cm�1 and computed value is 1424 cm�1. The deviation (Dn)
of this methyl band is 402 cm�1. The methyl twisting and torsion
modes are assigned at 134 cm�1 and 142 cm�1, since CH3 in plane
and out of plane bending vibrations are assigned within the char-
acteristic region.

The carbonecarbon stretching modes of the phenyl group are
expected in the range from 1650 to 1200 cm�1. The actual position
of these modes is determined not so much by the nature of the
substituent [24]. In the present case, the CeC stretching vibration is
found at 1566 cm�1 in FTIR and at 1615, 1317 cm�1 in FT-Raman
spectra. The CeN stretching frequency falls in complicated region
of the vibrational spectrum and the mixing of several bands is
possible in this region. CeN stretching vibration is assigned in the
region 1400e1200 cm�1 for aromatic amines [25]. In the present
work, the CeN stretching vibration is observed at 1226 cm�1 in
FTIR and at 1227 cm�1 in FT-Raman spectrum. The calculated values
are 1292 cm�1 and 1246 cm�1 in HF/B3LYP respectively.

The heterocyclic aromatic moiety in CXB shows the presence of
CeH stretching vibrations in the region 3100e3000 cm�1, which is
the characteristic region for the prepared recognition of CeH
stretching vibration [26]. They are not appreciably affected by the
nature of the substituent. In the present study, the calculated
wavenumbers of CeH stretchingmodes are observed at 3310, 3255,
3254, 3240, 3238, 3237, 3236, 3221, 3220 cm�1 in HF and 3233,
3173, 3172, 3160, 3159, 3158, 3157, 3143, 3142 cm�1 B3LYP methods
respectively. The experimental bands are observed at 3101 cm�1in
FTIR and 3148 cm�1in FT-Raman. The CeH in plane bending and
CeH out-of-plane bending vibrations are normally found in the
range 1000e1300 cm�1 and 750e1000 cm�1 respectively in the
aromatic compounds [27,28]. In agreement with above literature
data, the bands observed in FT-IR spectrum at 1350,1134 cm�1and
in FT-Raman at 1347,1194 cm�1 in the present study are due to CeH
in plane bending vibrations (Table 2). The IR bands observed at
979,902,840 cm�1 and Raman bands observed at 971,907 cm�1 are
assigned for CeH out-of-plane bending vibration. There is good
agreement between theoretically computed CeH vibrational fre-
quencies by B3LYP/6-311þþG (d,p) method and experimental wave
numbers.

In the vibrational spectra of benzene and its derivatives the ring
stretching vibrations are very prominent [29]. According to Var-
sanyi, the bands are of variable intensity and are observed in the
regions [29] 1625e1590 1590e1575, 1540e1470, 1465e1430 and
1380e1280 cm�1. The actual positions of these modes are not
influenced significantly by the nature of the substituents but by the
relative positions of substitution around the ring system [30]. In our
present study the wavenumber computed at 1681, 1656,1627, 1622,
1619, 1421,1340 and 690 cm�1by B3LYP/6-311þþG(d,p) method
(mode Nos. 96e100, 84 and 85) are assigned to CeC and CeH
stretching vibration for CXB molecule and they show good agree-
ment with recorded FT-IR bands at, 1350 and 1404 cm�1 and 1615
and1347 cm�1 in FT-Raman spectrum. It may be pointed out that
in-plane deformation vibrations are at higher wavenumbers than
the out-of-plane vibrations.

3.3. Natural bond orbital analysis

The electronic charge transfer and intra molecular interaction
within the CXB molecule [31] can be clearly understood by NBO
analysis. DFT method predicts satisfactorily the extent of delocal-
ization [32] in organic molecules and the various interactions in
CXB molecule from filled orbitals of one atom to vacant orbital of
another are investigated by NBO analysis. Larger the E(2) value, the
more intensive is the interaction between electron donors and
electron acceptors and greater is the tendency of electron donation
from donor to acceptor. Consequently, larger is the extent of
conjugation in the entire molecular system. Delocalization of
electrons present in occupied Lewis type (bonding or non-bonding)
orbitals and unoccupied (antibonding) non-Lewis type orbitals
shows significant donoreacceptor interaction. The interaction en-
ergy is obtained from the second-order perturbation theory [33].

The 17 interactions of the three lone-pairs LP(1), LP(2), LP(3) of
fluorine, 16 interactions of the two lone-pairs LP(1), LP(2) of oxy-
gen, 5 interactions involving LP(1) of sulphur and the 9 interactions
of the lone-pair LP(1) of nitrogen are assessed using NBO analysis
and the results are presented as supplementary data in Tables Se3.
Of the five interactions involving LP of S7, three are significant. They
are n1 S7/ p* C2eC3, n1 S7/ p* C5eC6 and n1 S7/ p* S7-N10.
Thus the LP on sulphur atom interacts with adjacent phenyl carbon
atoms, nitrogen and oxygen atoms. It may be noted that there are
mutual interaction between O8 and O9 and significant resonance
interactions are observed in n3 O8/ s* S7-O9 and n3 O9/ s* S7-
O8 interactions. It is found that of the three nitrogen atoms only
N10 and N12 lone pars are involved in the interaction with neigh-
boring atoms. Of the nine interactions of LP of N10 and N12, two are
important. They are n1 N12 / s* C13eC14 and n1 N12 / s*

C13eC16. It may be pointed out the LP of the three fluorine atoms
interact significantly with neighboring carbon and nitrogen atoms.
There are 17 interactions involving these three fluorine atoms as
donors. They interact mainly with orbitals of N12eC13, C13eC16.

3.4. Electronic distribution in CXB

The charge distributions calculated by theMullikenmethod [34]
in the ground state of CXB are presented in Table 1. It can be seen
that both HF and B3LYP methods give comparable charge distri-
bution at different positions of CXB molecule. The charge distri-
bution in a molecule influences the vibrational frequencies [35].
CXB molecule is neutral and hence the total charge is zero as it is.
The results obtained reveal that the negative charge is delocalized
on specific carbon, fluorine, oxygen and nitrogen atoms. In CXB
molecule, sulphur, all hydrogen atoms and some of the carbon
atoms possess positive charges. Sulphur possesses positive charge
due to donor eacceptor interactions between S7 and neighboring
oxygen, nitrogen and carbon atoms. Further, these interactions



Table 1
Atomic Charges at different positions of CXB.

Atom HF/6-311þþG(d,p) B3LYP/6-311þþG(d,p)

Natural charge Mulliken charge Natural charge Mulliken charge

C1 �0.30 �0.71 �0.27 �0.35
C2 �0.14 �0.20 �0.17 �0.15
C3 �0.19 0.00 �0.19 �0.16
C4 0.22 �0.81 0.13 �0.79
C5 �0.21 �0.26 �0.24 �0.01
C6 0.14 0.04 �0.21 0.03
S7 2.37 0.86 2.18 0.30
O8 �1.01 �0.30 �0.89 �0.20
O9 �1.00 �0.30 �0.93 �0.20
N10 �1.05 �0.50 �1.03 �0.33
N11 0.28 0.52 0.50 0.45
N12 0.27 �0.13 0.28 0.10
C13 0.08 �0.64 0.04 �0.50
C14 �0.29 �0.34 �0.72 �0.26
C15 0.24 0.03 0.64 �0.07
C16 1.19 0.68 1.01 0.45
F17 �0.40 �0.17 �0.35 �0.12
F18 �0.38 �0.15 �0.33 �0.10
F19 �0.39 �0.14 �0.34 �0.08
C20 �0.12 0.57 �0.46 0.41
C21 0.01 0.39 0.01 0.25
C22 - 0.19 �0.28 0.23 �0.16
C23 - 0.16 �0.36 �0.32 �0.34
C24 �0.20 �0.56 �0.69 �0.49
C25 �0.14 �0.24 �0.30 �0.08
C26 �0.52 �0.67 �0.58 �0.60
H27 0.23 0.32 0.24 0.27
H28 0.23 0.26 0.24 0.22
H29 0.22 0.23 0.24 0.22
H30 0.23 0.33 0.23 0.28
H31 0.40 0.33 0.41 0.30
H32 0.40 0.34 0.38 0.31
H33 0.23 0.26 0.19 0.22
H34 0.19 0.21 0.22 0.17
H35 0.20 0.21 0.02 0.17
H36 0.20 0.21 0.20 0.18
H37 0.20 0.21 0.21 0.17
H38 0.19 0.15 0.21 0.16
H39 0.19 0.17 0.21 0.15
H40 0.19 0.19 0.12 0.18
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involve considerable energy of interaction. The carbon atoms of
aromatic ring in the molecule have negative charges, except C4.
This is also due to interaction between LP of S7 and NBO of aromatic
carbon atoms. It may be pointed out that C4 is not involved in these
interactions and hence it is positively charged. Very similar values
of positive charges are noticed for the hydrogen atoms of CH3
group. However, fluorine atoms of CF3 group are all negatively
charged. This is because of mutual LP interaction of one fluorine
atom with the orbital of neighboring fluorine atom. It is observed
that N10 atom possesses negative charge, while N11 and N12 atoms
are positively charged. C14 is negatively charged while C15 is
positively charged. In the case of C13 atom, natural charges are
positive while Mulliken charges are negative. This suggests that
there is resonance involving lone pair of electrons of nitrogen
atoms of pyrazole ring. Most of the benzene ring carbon atoms are
negatively charged indicating intra-molecular conjugative electron
interactions in CXB. For the hydrogen atoms, the differences in
calculated charge are relatively smaller. Very smaller value of
positive charges is observed for hydrogen atoms connected with
carbon atoms of in benzene ring. It may be pointed out that the
high values of positive charge are noticed on H27, H30 and H32
which indicate that these hydrogen atoms are involved in hydrogen
bonding. The charge increase at the hydrogen atoms taking part in
hydrogen bonding is also a clear manifestation of hydrogen
bonding. Large values of charge on N10 (negative) and H27eH40
(positive) are due to intramolecular charge transfer. It is observed
that the charges computed by HF method are comparable to those
obtained by B3LYP method. It is known that CXB is a selective
cyclooxygenase-2 (COX-2) inhibitor used for treatment of osteoar-
thritis and rheumatoid arthritis. It acts by reducing prostaglandin
(PG) synthesis through inhibition of COX-2 enzyme. The results
suggest that treatment with Celecoxib exacerbates inflammation-
associated colonic injury in experimental colitis. The preliminary
study showed that the mechanism is related to suppression by the
COX-2 inhibitor of the PG derived from COX-2. But further study is
needed [36] to establish the chemical interaction between CXB and
COX-2. It should be mentioned here that drugs like Celecoxib,
rofecoxib and sulindac showed impressive reductions in polyp
recurrence but also caused cardiovascular side effects in colorectal
clinical prevention trials. Subsequent studies revealed that the
adverse cardiovascular effects are mechanism based (i.e., they
result from the inhibition of COX-2) and that they are especially
relevant to individuals with preexisting risk factors for coronary
artery disease [37]. Thus, the investigation carried out so far on the
mechanism of CXB e COX-2 interaction does not indicate whether
CXB acts as electrophile or nucleophile in its inhibition of COX-2.
From the electronic charge distribution obtained in the present
study, we can infer that if CXB is an electrophile in the drug action,
then the reaction sites may be S7, N11 and N12 which are electron
deficient. On the other hand if CXB acts as a nucleophile in the
inhibition reaction, then the electron rich aromatic carbon atoms
may be the active site of drug action.
3.5. Nonlinear optical properties and dipole moment

This part of the study includes dipole moment, molecular
polarizability, anisotropy of polarizability and molecular first
hyperpolarizability of CXB molecule. To obtain polarizability and
hyperpolarizability tensors (axx, axy, ayy, axz, ayz, azz and bxxx, bxxy,
bxyy, byyy, bxxz, bxyz, byyz, bxzz, byzz, bzzz), a frequency job output file
of Gaussian8 is employed. The units of a and b values of Gaussian
output are in atomic units (a.u.) and they are converted into elec-
tronic units (esu) using the conversion factors: a; 1 a.
u. ¼ 0.1482 � 10�24 esu and b; 1 a. u. ¼ 8.6393 � 10�33 esu. The
mean polarizability (a), anisotropy of polarizability (Da) and the
average value of the first hyperpolarizability (b) can be calculated
using the equations [2e4].

Mean polarisability ao ¼ axx þ ayy þ azz
3

(2)

Anisotropicpolarisability

ðDaÞ¼2�1=2
h�
axx�ayy

�2þ�
ayy�azz

�2þðazz�axxÞ2þ6a2xz
i1=2
(3)

First� order polarisability btot ¼
�
b2x þ b2y þ b2z

�1=2
(4)

where,

bx ¼ bxxx þ byyy þ bzzz
by ¼ byyy þ bxxy þ byzz
bz ¼ bzzz þ bxxz þ byyz

The parameters described above and electronic dipole moment
{(mi) i ¼ x, y, z)} and total dipole moment mtot for CXB molecule are
summarized in Table 2. The total dipole moment can be calculated
using equation [5].



Table 2
Component dipole moment, net dipole moment mtot (D), component polarizability,
mean polarizability ao/10�22 esu, anisotropy polarizability Da/10�25 esu and
component and total first hyperpolarizability btot/10�31 esu values for CXB.

Parameters HF/6-311þþG(d,p) B3LYP/6-311þþG(d,p)

mx �0.24 �0.46
my 6.99 6.57
mz �2.76 �2.52
mtot 7.52 7.05
axx �175.29 �173.11
ayy �158.06 �157.53
azz �154.10 �155.12
axy �3.10 0.42
axz 20.37 19.64
ayz 6.62 6.14
ao �162.48 �161.92
Da �799.32 �796.26
bxxx 9.27 0.50
bxxy 105.46 100.69
bxxz �99.65 �95.69
byyy 29.13 26.86
byyz 0.41 �0.08
bxyy 14.24 10.07
bxyz 4.54 4.80
bxzz 10.02 10.34
bzzz �10.74 �8.46
byzz �11.54 �13.07
btot 168.39 156.25
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mtot ¼
�
m2x þ m2y þ m2z

�1=2
(5)

Generally, molecules with large values of dipole moment, mo-
lecular polarizability, and hyperpolarizability exhibit NLO proper-
ties. The calculated dipole moment of CXB is 7.5195 D in HF method
and 7.0491 D in B3LYP/6-311þþG (d, p) method. The high dipole
moment of CXB is observed for component my. In this direction, this
value is equal to 6.9914 D and 6.5666 D in HF and B3LYP methods
respectively. The value of mx is the smallest one as �0.2368 D (HF)
and �0.4638 D (B3LYP). The calculated polarizability and anisot-
ropy of the polarizability of the title molecule are almost same in
the HF and DFT methods. The magnitude of the first hyper-
polarizability btot , is one of important key parameters in deciding
NLO property of a molecule. The highest value of first hyper-
polarizability (btot) (168.39 � 10�33 esu) is obtained in method of
HF/6-311þþG (d, p) method. It is interesting to note that the first
hyperpolarizability of CXB is more than twenty times greater than
that of urea, one of the prototypical molecules used in the study of
the NLO properties. On the basis of high values of dipole moment
and first hyperpolarizability it may be concluded that CXB can
possess significant NLO properties. It may be noted that the
anisotropy polarizability (Da) of CXB molecule is also high as ob-
tained in both the methods and the molecule is expected to exhibit
NLO properties.
Fig. 3. HOMO e LUMO energy diagram of CXB; Energy gap DE ¼ 10.1703 eV.
3.6. HOMOeLUMO energy

Organic molecules containing conjugated p electrons are char-
acterized by high hyperpolarizabilities and analyzed by means of
vibrational spectroscopy [38,39]. In most cases, the strongest bands
in the Raman spectrum are weak in the IR spectrum and vice versa
even in absence of inversion symmetry. But the intramolecular
charge transfer from the donor to accepter group through conju-
gated bonds can induce large variation in both themolecular dipole
moment and molecular polarizability, making IR and Raman bands
relatively strong. The experimental spectroscopic behavior
described above is well accounted for by HF calculations in p
conjugated systems that predict exceptionally large Raman and
Infrared intensities for the same normal modes. It is also observed
in CXB molecule common bands are observed in FT-IR and Raman
spectra indicating that CXB is not a Centro symmetric molecule. The
relative intensities in IR and Raman spectra are comparable
resulting from the intra molecular electron transfer through p
conjugated frame.

Energies of highest occupy molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) are useful and
important parameters in quantum chemistry. The frontier molec-
ular orbitals (FMOs) play important role in the optical and electric
properties as well as in UVevisible spectra [40] of organic mole-
cules. HOMO, the outer most orbital containing electrons, has the
tendency to give electrons and acts as an electron donor. On the
other hand LUMO, the inner most orbital containing is vacant and
has the ability to accept electrons [41]. As a result of the interaction
between HOMO and LUMO orbital, transition state transition of
pep* type is observed with regard to the molecular orbital theory
[42]. Therefore, the energy of the HOMO is directly related to the
ionization potential while LUMO energy is directly related to the
electron affinity. Energy difference between HOMO and LUMO
orbital is referred to as the energy gap and it determines the sta-
bility of structure [43]. The HOMO-LUMO energy diagram is given
in Fig. 3.
3.7. Global and local reactivity descriptors

The energy gap between HOMO and LUMO determines elec-
trical transport properties in inorganic and organic molecules. The
global chemical reactivity descriptors of organic molecules such as
hardness, chemical potential, softness, electronegativity and elec-
trophilicity index as well as local reactivity can be calculated from
HOMO and LUMO energy values [44e48]. Pauling introduced the
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concept of electronegativity as the power of an atom in a molecule
to attract electrons towards it. Values of hardness (h), chemical
potential (m), electronegativity (c) and softness for CXB are calcu-
lated using equations given by earlier workers [44e48]. Softness (s)
of a molecule that measures the extent of chemical reactivity. It is
the reciprocal of hardness. Since CXB is a closed-shell molecules,h,
m and c are computed from ionization potential and electron af-
finity using Koopman’s theorem (Table 3). The ionization energy
and electron affinity were computed from HOMO and LUMO orbital
energies. The ionization potential calculated by HF and B3LYP
methods for CXB is 10.1703 eV and 5.3734 eV respectively. Gener-
ally, a large HOMOeLUMO energy gap means a hard molecule and
small HOMOe LUMO gap means a soft molecule. The stability of a
molecule and its reactivity can be related to hardness. A molecule
with least HOMOeLUMO energy gap (soft molecule) is more
reactive. Parr et al. [44] have proposed electrophilicity index (u) as
a measure of energy lowering due to maximal electron flow be-
tween donor and acceptor. It is defined by equation [6].

u ¼ m2

2h
(6)

Using the above equation electrophilicity index is calculated for
CXB and it is shown in Table 3. The usefulness of this new reactivity
parameter has been recently demonstrated in understanding the
toxicity of various pollutants in terms of their reactivity and site
selectivity [49e53]. Domingo et al. Proposed that electrophilic in-
dex indicates the electrophilic site in organic reactions [54]. A
strong and more reactive nucleophile is characterized by a lower
value of m. On the other hand, a good electrophile is characterized
by a high value of m and u. The electronegativity and hardness are
used extensively are to predict the reactivity and aromatic behavior
in organic compounds [55]. In the present computational study, HF
method gave higher values of HOMO-LUMO energy gap and
chemical hardness than B3LYP method. Similar values of other
molecular properties are obtained in both the methods. CXB
molecule has very low values of m, u indicating that CXB acts more
as a nucleophile than an electrophile. Relatively high values of
HOMO-LUMO energy gap and chemical hardness indicate signifi-
cant aromatic character of CXB. This is probably due to the presence
of two benzene rings and one pyrazole ring in CXB molecule.
Considering the values of m, u and h of CXB, it can be inferred that it
acts as a nucleophile in its drug action. The aromatic carbon atoms
are rich as evidenced from the electronic distribution in CXB
molecule and this may be the active site of drug action.
3.8. Analysis of UVevisible spectra

Experimental electronic spectra measured in water and ethanol
solutions are presented in Fig. 4. Three bands are expected in the
electronic spectra of CBX in the two solvents used in the present
Table 3
HOMO, LUMO energy values, chemical hardness (h), electronegativity (c), chemical
potential (m), electrophilicity index (u) and softness (s) of CXB in gas phase.

Parameters HF/6-311þþG (d,p) B3LYP/6-311þþG(d,p)

Etotal (kJ/mol�1) �8.8 � 105 �9.0 � 105

EHOMO (eV) �9.8 �7.4
ELUMO (eV) 0.6 �2.0
DEHOMO�LUMO (eV) 10.2 5.4
Chemical hardness (h) 5.1 2.7
Electronegativity (c) 4.5 4.7
Chemical potential (m) (eV) �4.5 �4.7
Electrophilicity index (u) 16.6 7.1
Softness (s) 0.2 0.4
investigation (Table 4). These absorptions are due to pep* and n-
p* transitions. The lmax at short wave length is due to pep* tran-
sition and those at longer wave lengths are due to n- p* transitions.
It is to be pointed out that there is bathochromic shift in both the
computed and experimental absorptions as we go from less polar
solvent to more polar solvent [56]. The observed lmax values agree
well with the computed values in both the solvents. However, the
computed lmax values are greater than observed lmax values. This
may be due to inter molecular hydrogen bond interaction between
solvent molecules and CXB molecule. Molecular orbital coefficients
analyses based on the optimized geometry indicate that electronic
transitions corresponding to above electronic spectra are mainly
LUMO and HOMO-LUMO for the title compound. Fig. 3 shows the
surfaces of HOMO and LUMO in CXB molecule.

3.9. Thermodynamic properties

The standard thermodynamic functions: such as self-consistent
field (SCF) energy, zero-point vibrational energies (ZPVE), thermal
energies, molar capacities at constant volume, entropy, enthalpy
and dipole moment of CXB molecule are calculated at 298 K by HF
and B3LYP methods using 6-311þþG(d,p) as basis set and these
computed values are listed in Table 5. It is found that total energy
obtained in HF and B3LYP methods are comparable. With regard to
other thermodynamic properties, HF method yielded higher values
than those obtained by B3LYPmethod. The highest value of ZPVE of
CXB is 810.39 kJ mol�1 obtained in HF/6-311þþG (d, p) method.
These standard thermodynamic functions for the title molecule
were calculated at 298 K using Perl script [57] THERMO. PL. The
zero point vibrational energy obtained by HF method is greater
than that obtained in B3LYPmethod. Molar heat capacity at 298 K is
high indicating high vibrational contribution. The values of Gibb’s
free energy, enthalpy and entropy of CXB obtained by HF method
are comparable to those obtained by B3LYP method. The thermo-
dynamic functions may give useful information regarding mecha-
nism of drug action on CXB. These values can be used to compute
the changes in thermodynamic properties and estimate feasibility
of chemical reactions using second law of thermodynamics in
thermochemical field [58,59]. It must be remembered that all
thermodynamic functions were calculated for CXB in gas phase and
suitable solvation correction is to be included when investigation is
done in a medium.

4. Conclusions

In the present study, we have used the HF and DFT/B3LYP
methods to investigate theoretical analysis on the geometries and
electronic properties of Celecoxib, a new generation non-steroidal
anti-inflammatory drug (NSAID), which acts mainly by the inhibi-
tion of COX-2 isoenzyme. The geometry was optimized and bond
lengths and bond angles were obtained by HF and DFT methods. It
may be pointed out that the bond lengths obtained by both HF and
B3LYP methods are comparable and the bond lengths obtained by
B3LYP method are slightly longer than those calculated by HF
method. The comparison between the calculated vibrational fre-
quencies and the experimental FT-IR and Raman spectra support
each other. NBO analysis is used to assess the intra-molecular
delocalization in the molecule. It revealed that interaction energy
in this molecule is due to electron donation from LP(1)N7 to the
BD*(2)C10eC13 which leads to the strongest stabilization of
38.68 kJ/mol. CXB molecule has very low values of m, u indicating
that it acts more as a nucleophile than an electrophile. Relatively
high values of HOMO-LUMO energy gap and chemical hardness
indicate significant aromatic character of CXB. The electronic dis-
tribution, in conjunction with electrophilicity index (u) of CXB



Fig. 4. Experimental UV spectra of CXB in (a) water (b) ethanol.

Table 4
Computed electronic spectral data of CXB (wavelength of maximum absorption, l
(nm), excitation energies E (eV) and oscillator strengths (f) (a.u)) using TD-DFT/
B3LYP/6-311þþG (d,p) method along with observed lmax values in different
solvents.

Solvent Obs. lmax l (nm) DE (eV) f (a.u.)

Water 346.00 370.80 3.34 0.0564
314.00 319.79 3.87 0.0164
250.00 300.74 4.12 0.0070

Ethanol e 371.13 3.34 0.0018
254.00 319.39 3.88 0.0167
206.00 301.19 4.11 0.0062

Table 5
Computed total energies (a.u.), zero point vibrational energy (kJ mol�1), thermal
energy (kJ mol�1), molar heat capacity (J mol�1 K�1) (Cop;m), standard molar entropy
(J K�1 mol�1) ðSomÞ, standard Gibbs free energy (kJ mol�1) ðGo

mÞ and standard
enthalpy ðHo

mÞ (kJ mol�1) of CXB by HF and B3LYP methods.

Parameters HF/6-311þþG(d,p) B3LYP/6-311þþG(d,p)

SCF energy ─1661.06 ─1668.96
Zero-Point Vibrational

Energy
810.39 759.73

Thermal Energy 862.48 815.67
Molar capacity at

constant volume
322.96 349.02

Entropy 606.68 652.70
Gibbs free energy 683.94 622.76
Enthalpy 864.83 818.10
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indicates that the drug functions as a nucleophile and aromatic ring
systems present in the molecule are the sites of its function as COX-
2 inhibitor. Electronic absorption maxima are computed by TD-DFT
method in two different solvents and compared with experimental
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lmax values. Shift in lmax values is observed in different solvents and
the trend is discussed in terms of solute-solvent interactions. The
standard thermodynamic functions (self-consistent field energy,
zero-point vibrational energies (ZPVE), thermal energies, molar
capacities at constant volume, entropy, enthalpy and dipole
moment of CXB molecule are calculated at 298 K by HF and B3LYP
methods using 6-311þþG(d,p) as basis set. These parameters can
be used to compute the changes in thermodynamic properties and
estimate feasibility of chemical reactions using second law of
thermodynamics.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.molstruc.2016.04.070.
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