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ABSTRACT

The molecular structural parameters and vibrational frequencies of the fundamental modes of
4-[5-(4-methylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl] benzene-1-sulfonamide(abbreviated as
4MPTFM1HPB1SA) have been obtained using Density functional theory (DFT) technique in the B3LYP
approximation with 6-311G(d,p) and 6-311++G(d,p) basis sets. Detailed vibrational assignments of the
observed FT-IR and FT-Raman bands have been proposed on the basis of potential energy distribution
(PED). The difference between the observed and the calculated wavenumbers values are very small.
The theoretically predicted FT-IR and FT-Raman spectra of the title molecule have been constructed.
The molecular electrostatic potential has been mapped primarily for predicting sites and relative
reactivities toward electrophilic and nucleophilic attack. The intramolecular contacts have been
interpreted using Natural Bond Orbital (NBO) and Natural Localized Molecular Orbital (NLMO) analysis.
Important non-linear properties such as electric dipolemoment and first hyperpolarizability of
4AMPTFM1HPB1SA have been computed using B3LYP quantum chemical calculation. The absorption
wavelength, energy and oscillator’s strength are calculated by TD-DFT and 4MPTFM1HPB1SA is approach
complement with the experimental findings.

The temperature dependence of thermodynamic properties has been analyzed. The Natural charges,
Frontier molecular orbitals (FMOs), chemical hardness (#), chemical potential (u), Electro negativity
(%) and electrophilicity values () are calculated and reported.

© 2014 Elsevier B.V. All rights reserved.
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Introduction

4MPTFM1HPB1SA is non-steroidal anti-inflammatory drug
(NSAID) which is used to treat inflammatory and painful condi-
tions may be non-selective cyclo-oxygenase (COX) or selective
COX-2 inhibitors. Selective COX-2 inhibitors like 4AMPTFM1HPB1SA
are approved for management of acute pain in adults, treatment of
osteoarthritis, rheumatoid arthritis, juvenile rheumatoid arthritis,
menstrual cramps, colonic polyps, ankylosing spondylitis and pri-
mary dysmenorrhoea.

The 4AMPTFM1HPB1SA and its derivatives were studied by sev-
eral authors. Lavakumar et al. Effect of administration of NSAID on
the antidepressant activity have been studied earlier [1]. Chawla
et al. solid-state forms were characterized by thermo analytical
(DSC, TGA, HSM), crystallographic (XRD), microscopic (polarized,
SEM) were investigated [2]. Leonard et al. investigated crystals
result in poor blend uniformity, have a tendency to separate out,
agglomerate and form a monolithic mass upon compression in
the tablet die, making it difficult to process small quantities for for-
mulation were studied [3]. Jozwiakowski et al. Amorphous forms
of several drugs (cephalexin, indomethacin, iopanoic acid, fruse-
mide, novobiocin, etc.) have shown enhanced dissolution rates
and transient solubility, which translates into greater bioavailabil-
ity were carried out [4]. Vanden Mooter et al. Techniques that have
been used to improve dissolution and bioavailability of poorly
water-soluble drugs include micronization, use of surfactants and
the formation of solid dispersions were analyzed [5]. Esnaashari
et al. studied in the formation of solid dispersions [6]. Salim et al.
attempted to design various micro-emulsion formulations of
4MPTFM1HPB1SA for topical and transversal application were car-
ried out [7].

Literature survey reveals that to the best of our knowledge, DFT
frequency calculations of the title compound 4MPTFM1HPB1SA
have been reported so far. Therefore, the present investigation
has been undertaken to study the molecular structure, geometrical
parameters, vibrational wavenumbers, modes of vibrations and the
Natural Bond Orbital (NBO)/Natural Localized Molecular Orbital
(NLMO) analysis which explains the most important orbital inter-
actions in order to classify general structural features. The Natural
charge analysis, wavelength, oscillator strength and energies have
also been calculated. Furthermore, in order to show nonlinear optic
(NLO) activity of title molecule, the dipole moment, polarizability
and first hyperpolarizability have also been calculated. Finally,
electronegativity (y), chemical hardness (#) and electrophilicity
(w) of these 4AMPTFM1HPB1SA molecules are calculated and inter-
preted with the use of HOMO and LUMO energies. The local charge
distribution analysis and frontier molecular orbitals have been
simulated and interpreted. Moreover, molecular electrostatic
potential (MESP) surface is plotted over the optimized geometry
to explicate the reactivity of AMPTFM1HPB1SA molecule. The ther-
modynamic properties of the title compound at different tempera-
ture reveal the correlations between standard heat capacities (C),
standard entropies (S) and standard enthalpy changes (AH).

Experimental

The powder form of 4AMPTFM1HPB1SA was procured from lead-
ing pharmaceutical company in Chennai and used as such without
further purification. Fourier transform infrared spectrum of the
title compound is measured at the room temperature recorded in
the range 4000-400 cm™~' on Bruker IFS 66 V spectrophotometer
using KBr pellet technique with 4.0 cm™' resolution. The FT-Raman
spectrum recorded using 1064 nm line of Nd:YAG laser as excita-
tion wavelength in the 4000-50 cm™! region on Bruker IFS 66 V
spectrophotometer with FRA 106 Raman module which was used

as an accessory. The UV-Visible spectral measurements were car-
ried out using a Varian Cary 5E UV-NIR spectrophotometer. The
spectral measurements were carried out at Sophisticated Analysis
Instrumentation Facility, [IT Madras. India.

Computational details

The molecular geometry optimizations, calculations of energy,
vibrational frequencies, IR intensities and Raman activities were
carried out for AMPTFM1HPB1SA with the GAUSSIAN 09W soft-
ware package [8] using DFT/B3LYP functional combined with the
standard 6-311G(d,p) and 6-311++G(d,p) basis sets. DFT employed
the B3LYP keyword which invokes Becke’s three parameter hybrid
method [9] using correlation function of Lee et al. [10]. The opti-
mized structural parameters were used in the vibrational fre-
quency calculations at DFT level to characterize all stationary
points as minima. The optimized structural parameters have been
evaluated for the calculations of vibrational frequencies by assum-
ing C; point group symmetry. The assignment of the calculated
wavenumbers was aided by the animation option of Gauss View
5.0 graphical interface from Gaussian programs [11]. Furthermore,
the theoretical vibrational spectra of the title compound are inter-
preted by means of Potential Energy Distribution (PED) using VEDA
4 program [12]. The harmonic frequencies were calculated by
B3LYP method using 6-311G(d,p) and 6-311++G(d,p) basis sets.
However, the vibrational frequency values computed at this level
contain known systematic errors [13,14]. UV-Visible absorption
energies, wave length, oscillator strengths of this compound were
calculated by TD-DFT method in gas phase, solution DMSO and
water. The NBO analysis was performed using the Gaussian 09W
package at the B3LYP/6-311++G(d,p) level in order to understand
various second order interactions between the filled orbital’s of
one subsystem and vacant orbital’s of another subsystem, which
is a measure of the intra-molecular delocalization or hyper conju-
gation [15]. The Natural charge analyses have been calculated.
Finally, in order to show nonlinear optic (NLO) activity of title mol-
ecule, the dipole moment, linear polarizability and first hyperpo-
larizability have also been calculated and hence molecular
electrostatic potential (MESP) surface is plotted using DFT method.

Result and discussion
Geometrical structure analysis

The optimized molecular structure of 4MPTFM1HPB1SA
belongs to C; point group symmetry. The most optimized geome-
try is performed at B3LYP method with 6-311G(d,p) and 6-
311++G(d,p) basis sets of 4AMPTFM1HPB1SA molecule with atom
numbering scheme is shown in Fig. 1.

The comparative optimized structural parameters such as bond
length and bond angle are presented in Table 1. The experimental
data on the geometric structure of the related molecule was com-
pared with theoretical values [16]. The N—H bonds found to be
shorter than the other bonds of 4AMPTFM1HPB1SA. The average
bond distances of C—C, C=C, C—H, C—N and C—F calculated by
B3LYP method with 6-311G(d,p) and 6-311++G(d,P) basis sets are
values 1.3961, 1.3931, 1.0851, 1.3766, 1.3491 and 1.3964, 1.3935,
1.0852, 1.3770, 1.3512A respectively. The same optimized
Cy5—Cy0 bond length values are calculated by B3LYP level for
4MPTFM1HPB1SA is 1.4728 and 1.4728 A using 6-311G(d,p) and
6-311++G(d,p) basis sets respectively. Even the geometrical values
calculated with diffuse function, the geometrical parameter values
would not be changed as without the same. The computed C;5—C5¢
bond length of the title compound value is greater than the exper-
imental value of 1.4710 A. The calculated double bond lengths
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Fig. 1. Structure of 4AMPTFM1HPB1SA.

S;=0g and S;=Ogwere found as 1.4586, 1.4589 and 1.4603,
1.4606 A by B3LYP method with 6-311G(d,p) and 6-311++G(d,p)
basis sets, respectively. The calculated C—H bond length values of
C,—Hy7; and Cg—Hsg are same by B3LYP method with
6-311++G(d,p) basis set. The experimental C—H bond length values
are C;—Hy7, C3—Hz4, Cs—Hag, Cs—Hzo, C14—H33, C21—Has, Coo—Hss,
Cy4—H3 and C;5—H35 same. The calculated C;—S; bond length is
1.7971A and Cs—Cs, C—C,; bond lengths are 1.3895 and
1.4003 A which are in good agreement with the experimental
values.

The calculated bond angles around (F;;—C;5—F;3 = 106.8488°,
F17—Ci6—F19=107.5357°, Fi3—Ci6—Fi9= 10695540) and the
experimental bond angle values are (F;;—C;s—F;3=106.4700°,
F17—Ci6—F19 =106.5700°, F1g—Ci6—Fi9= ]0748000) indicate the
trifluorine ring. The C,4,—Cy5—H37; bond angle is calculated, the
value is 119.5043° by B3LYP/6-311++G(d,p) method and match
well with the experimental values [17]. From Table 1, it is found
that the bond lengths and bond angles calculated by B3LYP method
with 6-311++G(d,p) are consistent with the experimental values.
Further the theoretical values, it can be found that most of the opti-
mized bond lengths are slightly higher than the experimental val-
ues. The deviations can be attributed to the fact that the theoretical
calculations were aimed at the isolated molecules in the gaseous
phase and the experimental results were aimed at the molecule
in the solid state. Despite these differences, the calculated geomet-
rical parameters represent good approximation and they are the
basis for the calculations of other parameters such as vibrational
frequencies.

Vibrational assignments

The title molecule 4AMPTFM1HPB1SA has 40 atoms, belong to C;
point group and possess 114 normal vibration modes. The vibra-
tional spectral assignments have been performed based on the
recorded FT-IR and FT-Raman spectra and the theoretically pre-
dicted wavenumbers of the title molecule. The harmonic vibra-
tional frequencies are calculated for the title compounds by DFT/
B3LYP level with 6-311G(d,p) and 6-311++G(d,p) basis sets of the-
ory in order to obtain the spectroscopic signature of the selected
compounds. The observed and calculated frequencies using
B3LYP level force field along with their probable assignments and
potential energy distribution (PED) of the title compound are sum-
marized in Table 2. The observed and simulated FT-IR and FT-
Raman spectra of 4AMPTFM1HPB1SA compound are shown in Figs. 2

Table 1

Optimized geometrical parameters of 4AMPTFM1HPB1SA.
Parameter B3LYP/6-311G(d,p) B3LYP/6-311++G(d,p) Experimental
Bond length (A)
G—C, 1.3916 1.3918 1.3770
Ci—Cs 1.3926 1.3927 1.3740
Ci—S7 1.7963 1.7971 1.7744
C—GCs 1.3899 1.3904 1.3850
Co—Ha; 1.0822 1.0825 0.9500
C3—C4 1.3958 1.3955 1.3780
C5—Hsg 1.0812 1.0815 0.9500
C4—Cs 1.3965 1.3961 1.3780
C4—Ny 1.4255 1.4264 1.4360
Cs—Ce 1.3886 1.3895 1.3870
Cs—Hao 1.0813 1.0817 0.9500
Ce—Hao 1.0823 1.0825 0.9500
S;—0s 1.4589 1.4606 1.4373
S7—09 1.4586 1.4603 1.4283
S;—Nio 1.6902 1.6944 1.6033
N1o—Hs 1.0143 1.0151 0.8400
N1o—Hs2 1.0143 1.0150 0.8700
Ni1—Ni» 1.3519 1.3516 1.3590
N11—Css 1.3817 1.3809 1.3760
N12—Ci3 1.3228 1.3238 1.3330
Ci5—Cia 1.4070 1.4073 1.3920
Ci3—Cy6 1.4967 1.4975 1.4920
Ci4—Ci5 1.3827 1.3836 1.3920
Ci4—Hss 1.0766 1.0767 0.9500
C15—Cao 1.4728 1.4728 1.4710
Ci6—Fi17 1.3526 1.3541 1.3320
Ci6—Fis 1.3499 1.3531 1.3320
Ci6—Fio 1.3448 1.3466 1.3300
Co0—Cyq 1.4002 1.4003 1.3950
Cy0—Cas 1.4018 1.4018 1.3790
Co1—Cx2 1.3913 1.3920 1.3890
Co1—Has 1.0841 1.0842 0.9500
Cyo—Cy3 1.3977 1.3982 1.3830
Cyo—Hss 1.0850 1.0851 0.9500
Co5—Cay 1.3999 1.4003 1.3830
Cy3—Cy6 1.5086 1.5085
Co4—Cys 1.3890 1.3898 1.3820
Cy4—Hsg 1.0852 1.0853 0.9500
Cy5—Hs37 1.0836 1.0837 0.9500
Cy6—Hss 1.0926 1.0926
Cy6—Hsg 1.0954 1.0955
Cas—Hao 1.0918 1.0919
Bond angle (°)
Co—C1—Ce 121.2916 121.3447 120.7600
C—C—S7 119.3359 119.3117 119.8300
Ce—Ci1—S7 119.3688 119.3414 119.4100
C,—C,—Cs3 119.3736 1193215 119.5500
C4—Co—Hy7 120.0300 120.1172 120.2000
C3—Co—Haz7 120.5638 120.5374 120.2000
Co—C53—C4 119.6138 119.6018 119.2400
Co—C3—Hsg 120.0458 120.0439 120.4000
C4—C3—Hsg 120.3327 120.3477 120.4000
C—C4—Cs 120.6816 120.7646 121.5500
C3—C4—Ny4 120.7269 120.5234 119.1100
Cs—C4—Ny4 118.5482 118.6712 119.3400
C4—Cs—Ce 119.6982 119.6500 118.7000
C4—Cs—Hao 119.2172 119.4438 120.6000
Ce—Cs—Hao 121.0713 120.8969 120.6000
Ci—Ce—Cs 119.3094 119.2846 120.1000
Ci—Cs—Hso 120.0484 120.1403 119.9000
Cs—Ce—H3so 120.6351 120.5712 119.9000
C4—S7—0g 107.6330 107.5913 107.2200
C4—S7—09 107.5960 107.5767 106.3200
C—S—Nio 103.1703 103.3904 108.5000
05—S7—09 122.7744 122.6453 119.8500
0s—S7—Njo 106.9253 106.9574 106.3200
0o—S;—Nio 107.0840 107.0878 108.3600
S7—N1o—Hs1 110.2657 110.1727 113.6000
S7—N1o—Hs2 110.1859 110.1131 112.6000
H31—Njo—Hs, 111.8999 111.7102 115.0000
C4—N71—Nip2 117.8004 117.9926 117.9500
C4—N11—Ci5 129.9253 129.7093 129.3600
Ni>—N;;—Ci5 112.2057 112.2281 108.5000
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Table 1 (continued)

Parameter B3LYP/6-311G(d,p) B3LYP/6-311++G(d,p) Experimental
Ni1—Nj;—Cy3  104.8583 104.8466 103.7000
Ni;—Ci3—Cis  112.2726 112.2749 112.9300
N;,—Ci5—His  120.0914 119.9486 119.2400
Ci4—Ci13—Cis  127.6216 127.7594 127.8200
Ci13—C14—Cys  105.0036 104.9355 105.1000
Ci3—Ci4—Hsz  127.9732 128.0844 127.5000
Cis—Cis—Hss  126.9248 126.8796 127.5000
Ni1—Cy5—Cys4  105.6534 105.7078 105.8500
Ni1—Ci5—Cpo  125.8763 125.7502 125.0300
Ci4—Ci5—Cy  128.3286 128.4167 129.1200
Ci13—Ci6—F17 110.3122 110.4446 112.4500
Ci13—Ci6—Fis 112.1246 112.2171 112.5700
Ci3—Cio—Fio  112.3176 112.5424 110.9400
F17—Ci6—Fis 107.0157 106.8488 106.4700
F17—Ci6—Fi9 107.7034 107.5357 106.5700
F15—Ci6—F19o 107.1067 106.9554 107.4800
C15—Ca0—Ca1 119.7657 119.7560 122.8500
Ci5—Ca0—Czs  121.8165 121.8138 118.7400
Cy1—Cy—Cys  118.3530 118.3702 118.4200
C0—C21—Ca  120.6785 120.6702 120.4000
Cy0—Ca1—Hzs  119.4601 119.5245 119.8000
Co—Cy1—Hzs  119.8554 119.7993 119.8000
C1—C—Cy3  121.2016 121.2076 120.3000
Cy1—Ca—Hs3s  119.2688 119.2436 119.9000
Cy3—Cyo—Hs3s  119.5287 119.5480 119.9000
Co—Co3—Cay  117.8665 117.8526 119.9000
Cop—Ca3—Cye  121.2176 121.2201

Cyy—Ca3—Cy6  120.9031 120.9149

Cy3—Coy—Cys  121.3343 121.3338 120.0000
Cy3—Cos—Hss  119.4724 119.4946 120.0000
Cy5—Cas—Hss  119.1920 119.1703 120.0000
C0—Ca5—Caq  120.5653 120.5649 121.0000
Cy0—Cos—Hs3;  119.8685 119.9277 119.5000
Cyg—Cys—H3;  119.5628 119.5043 119.5000
Cy3—Cy6—His  111.4191 111.4231

Cy3—Cy6—Hs39  110.8624 110.8278

Ca3—Cos—Hao  111.4458 111.4408

H3s—Cas—H3g  107.3053 107.3146

H3s—Ca6—Hso  108.1349 108.1593

H39—Co6—Hso 107.4839 107.4876

and 3 respectively. The calculated frequencies are slightly higher
than the observed values for the majority of the normal modes.
Two factors may be the reason for the discrepancies between the
experimental and computed spectra of this compound. The first
is the influence of the environment and the second one is the fact
that the experimental value is an anharmonic frequency while the
calculated value is a harmonic frequency. The calculated harmonic
wavenumbers are usually higher than the corresponding experi-
mental quantities because of the combination of electron correla-
tion effects and the basis set deficiencies. The maximum number
of values determined by B3LYP/6-311++G(d,p) is in good agree-
ment with the experimental values.

NH, vibrations

Primary aliphatic amides absorb in the region 3520-3320 cm™
[18-20]. The position of absorption in this region depends upon
the degree of hydrogen bonding and the physical state of the sam-
ple or the polarity of the solvent. The NH, stretching modes are
3513 and 3509cm™' (mode no. 2) by B3LYP level with 6-
311G(d,p) and 6-311++G(d,p) basis sets, while the experimental
values are 3347 and 3520 cm~! in FT-IR and FT-Raman spectrum
respectively, are presented in Table 2. The PED contributions are
100% for stretching mode.

1

C—H vibrations

Most of the aromatic compounds have infrared peaks in the
region 3100-3000 cm™! due to ring C—H stretching bonds [21-
23]. In our present work, the bands observed at 3098 cm™~! in FT-IR

and 3116 cm™! in FT-Raman are assigned to C—H stretching
vibrations of the title compound. The calculated values of these
modes for the title molecule have been found to be 3107 and
3106 cm™! at B3LYP level with 6-311G(d,p) and 6-311++G(d,p)
basis sets calculation. As indicated by the PED, these modes involve
approximately 83% contribution suggesting that they are stretch-
ing modes. The substituted benzene like molecule gives rise to
C—H stretching, C—H in-plane and C—H out-of-plane bending.
The in-plane C—H bending vibrations appear in the range 1475-
1450 cm™! [24] in the substituted benzenes and the out-of-plane
bending vibrations occurs in the frequency range 750-1000 cm™!
[25]. Accordingly, the calculated frequencies assigned to two
C—H in-plane bending vibrations are 1476 and 1473 cm™' for
4MPTFM1HPB1SA, while the bands observed at 1474 cm™! in FT-
IR and 1473 cm™! in FT-Raman. The calculated frequencies are
846, 834 and 829 cm~! and observed frequencies are 844, 825
and 809 cm™! assigned to C—H out-of-plane bending vibrations
for AMPTFM1HPB1SA. This also shows good agreement with the
experimental values as given in Table 2.

CHj; vibrations

Methyl groups are generally referred as electron donating substi-
tuent’s in the aromatic ring system. The C-H stretching in CHz occurs
at lower frequencies than those of aromatic ring. For CH; compound
the mode appear in the region 2962-2872 cm™! are assigned to CHs
stretching mode of vibrations [24,25]. In the present work, the FT-IR
bands observed at 2917 and 2858 cm~! and the FT-Raman bands
observed at 2917 and 2855 cm™! have been assigned to CHs stretch-
ing vibrations. [26-28]. The B3LYP level at 6-311G (d,p) and 6-
311++G(d,p) basis sets values are 2925, 2847, 2924, 2845 and
2925, 2847, 2924, 2845 cm™ ! respectively as shown in Table 2. In
general, the aromatic CHs stretching vibration calculated values
are in good agreement with the experimental values. These vibra-
tions are identified as pure mode with 80% of PED values.

C=C and C—C vibrations

The C=C aromatic stretching vibrations give rise to characteristic
bonds in both the observed FT-IR and FT-Raman spectra, covering
the spectral region ranging from 1650 to 1430 cm™! [29]. In our
study the C=C stretching vibrations of the present compound
observed at 1612 and 1581 cm™! in FT-IR and 1613 and 1575 cm™!
in FT-Raman are assigned to C=C stretching vibrations respectively.
These vibrations are identified as pure mode with 53% of PED values.
The calculated values are 1626, 1588 and 1625, 1584 cm ™! by B3LYP
methods with 6-311G(d,p) and 6-311++G(d,p) basis sets respec-
tively. The ring C—C stretching vibrations normally occur in the
region 1590-1430cm™' [30]. The present case C—C stretching
vibrations have been observed at 1446 cm~! in FT-IR and the very
strong band observed at 1445 cm™! in FT-Raman is due to C—C
stretching vibrations. These vibrations are identified with the PED
values. The calculated wavenumbers are 1442 and 1440 cm™! by
B3LYP methods with 6-311G(d,p) and 6-311++G(d,p) basis sets
respectively. The C=C and C—C stretching vibrations predicted by
B3LYP with 6-311++G(d,p) basis set values are in good agreement
with the experimental values as presented in Table 2. The bands
are observed at 1045, 1020, 801 and 620 cm~' in FT-IR and 1032,
793 and 645 cm~! in FT-Raman have been assigned to C—C in plane
bending vibrations. The C—C out-of-plane bending vibration is
found at 347 cm™! in FT-Raman. The C—C torsion vibrations are
observed at 970, 743 and 721 cm™! in FT-IR and 971, 742 and
419 cm™! in FT-Raman.

C—N vibrations

The identification of C—N vibration is a very difficult task,
since the mixing of several bands is possible in this region. The
C—N stretching vibrations generally occur in the region
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Vibrational band assignments of 4MPTFM1HPB1SA.

Mode no. Experimental wavenumber (cm™') Calculated wavenumber (cm™!) Vibrational band assignment with (% PED)
u(IR) v(Raman) B3LYP/6-311G(d,p) B3LYP/6-311++G(d,p)
1 3621 3616 LNH,(100)
2 3347s 3520vw 3513 3509 LNH,(100)
3 3241s 3240vw 3262 3260 LCH(99)
4 3216vw 3219 3216 LCH(99)
5 3206vw 3218 3215 vCH(91)
6 3204 3202 LCH(99)
7 3196vw 3203 3201 LCH(100)
8 3186 3185 vCH(89)
9 3175vw 3183 3182 vCH(89)
10 3162 3162 LCH(82)
11 3153w 3147vw 312 3162 vCH(79)
12 3098w 3116vw 3107 3106 LCH(83)
13 2917vw 2917w 2925 2924 LCH;3(63)
14 2858w 2855w 2847 2845 LCH;5(80)
15 1656 1653 vCC(38)
16 1637 1634 vCC(44)
17 1612vw 1613vs 1626 1625 LCC(53) + 8CCC(14)
18 1606 1604 vCC(21)
19 1590w 1595vw 1593 1587 SHNH(78) + THNSC(11)
20 1581w 1575vw 1588 1584 vCC(38)
21 1550vw 1549s 1548 1544 vNC(14) + SHCC(10)
22 1520w 1529 1528 SHCC(24)
23 1498w 1497vw 1497 1495 SHCH(56)
24 1492 1490 SHCC(16)
25 1489 1485 SCNN(15)
26 1474m 1473vw 1476 1473 LNC(79) + SHCC(18)
27 1446m 1445vs 1442 1440 vCC(44)
28 1437 1435 5CCC(23)
29 1402w 1414vw 1417 1416 LHCH(42)
30 1374m 1374vw 1383 1382 LNC(25) + SHCH(21)
31 1347vs 1345vw 1346 1342 vHCH(23)
32 1332w 1340 1340 vNN(20)
33 1329 1329 SHCC(19)
34 1314w 1316vw 1326 1316 vS0,(31)
35 1314 1313 vS02(28)
36 1274s 1273vw 1288 1286 LCN(21)
37 1251 1245 LCC(12) + SHCC(21)
38 1229vs 1227vw 1235 1234 LNN(36)
39 1219 1217 LCC(13) + LNN(25)
40 1210 1210 SHCC(16)
41 1197w 1193w 1201 1201 vCC(10) + SHCC(23)
42 1169 1144 LFC(17)
43 1136vw 1152 1142 LCF3(56)
44 1135vs 1143 1134 5CCC(10)
45 1133vw 1135 1128 vS0(23)
46 1133 1120 LFC(32)
47 1103s 1094vw 1114 1109 vCF3(23)
48 1093s 1088 1091 SHCC(20)
49 1087 1085 SHCC(16)
50 1082 1078 LCC(15) +vCS(15)
51 1063vw 1061vw 1063 1061 THCCC(44)
52 1045v 1039 1039 3CCC(14)
53 1020w 1032vw 1032 1031 3CCC(39)
54 1009 1008 SHCH(12)
55 993 995 THCCC(35)
56 989 990 SNNC(19)
57 988 985 3CCC(12)
58 981w 981vw 981 985 THCCC(14)
59 975 978 THCCC(16) + THCCN(12) + TCCCC(10)
60 970w 971vw 971 969 THCCC(20) + TCCCC(12)
61 861 861 THCCC(16) + THCCN(19)
62 856 851 THCCC(13)
63 846m 853 849 LSN(37) + THNSC(13)
64 851 846 THCCC(20) + THCCN(24)
65 844vw 846 846 YHCCC(15) + THCCN(18)
66 825w 809vw 834 829 THCCN(42) + YHCCC(13)
67 801w 793vw 813 812 3CCC(10)
68 762w 761vw 762 761 vCS(21)
69 743vw 742vw 742 740 TCCCC(17)
70 726vw 740 736 3CCF(10)
71 738 734 THCCN(10)
72 721vw 730 733 TCCCC(18)
73 708vw 704 703 TCCNC(13)



P. Govindasamy, S. Gunasekaran /Journal of Molecular Structure 1081 (2015) 96-109 101

Table 2 (continued)

Mode no. Experimental wavenumber (cm™') Calculated wavenumber (cm™') Vibrational band assignment with (% PED)
V(IR) v(Raman) B3LYP/6-311G(d,p) B3LYP/6-311++G(d,p)
74 648w 674vw 655 654 3CCC(23)
75 645vw 642 641 3CCC(24)
76 633m 635 636 LSN(27) + THNSC(18)
77 620w 629 629 3CCC(14)
78 616 615 3CCC(14)
79 586vw 586 585 vCS(31)
80 561w 562vw 566 564 YFCFC(10)
81 558 556 SFCF(10)
82 532m 538 537 YFCFC(20)
83 512w 510vw 515 513 SFCF(16)
84 497vw 493 492 SFCF(13)
85 480vw 470 471 30S0(24)
86 442vw 411 441 30S0(15)
87 434 433 YONCS(13)
88 419vw 422 422 TCCCC(29)
89 416 415 THCCC(11)
90 414 412 SFCF(17)
91 379 378 3CCC(34)
92 372 371 30SN(31)
93 357vw 360 358 30S0(15) + SOSN(10)
94 347vw 351 349 yCCCC(12)
95 324vw 338 337 SFCF(13) + 8CCC(12)
96 293 292 5CCC(11) + SNCC(12)
97 251vw 262 261 3NSC(19)
98 239 238 vCC(20)
99 204vw 207 206 SNSC(12)
100 199 198 8SNH(12)
101 178vw 175 176 3SNH(16)
102 146 150 3SCC(10)
103 137 141 SOSN(15) + THNSC(18)
104 119 135 YCCNC(17)
105 102vs 106 104 YSCCC(12)
106 72vs 91 91 YSCCC(16)
107 63 63 3CCN(15)
108 55 54 TCCCC(20) + TCNCC(17)
109 44 45 TCCNC(34)
110 42 43 TNSCC(19)
111 38 38 TCCCN(42)
112 28 27 3CN(16) + TCCCC(11)
113 20 22 TNCC(29) + TNSCC(48)
114 18 17 TCFFF(91)

m - medium; w - weak; s - strong; vw - very weak; vs - very strong; v - stretching; & - bending; y - Out of plane bending; t - torsion; potential energy distribution (PED).

1180-1280 cm~! [24]. The C—N stretching vibration strong band
observed at 1274 in FT-IR and very weak at 1273 cm ™' in FT-Raman
are assigned to C—N stretching vibrations. James et al. [31] assigned
1370 cm™! for 1-benzyl-1-H-imidazole for C—N vibration. Pinchaset
et al. [32] assigned the C—N stretching at 1368 cm~! in benzamide.
Kahovec and Kohlreusch et al. [33] identified the stretching
wavenumber of C—N band in salicylicaldoxinne at 1617 cm™ . In
the present investigation the bands observed at 1550, 1474 and
1374 cm~! in FT-IR and 1549, 1473 and 1374 cm™! in FT-Raman
are assigned to C—N stretching vibration as given in Table 2.

The theoretically calculated value of C—N stretching vibrations
are 1548, 1476, 1383 and 1544, 1473, 1382 cm™! by B3LYP level
with 6-311G(d,p) and 6-311++G(d,p) basis sets respectively. The
C-N torsion vibration observed at 708 cm~' in FT-IR for
4AMPTFM1HPB1SA.

N—N vibrations

The N—N stretching absorption is found in the region 1332,
1227 and 1229cm™! [34]. The weak band is observed at
1332 cm~'and very strong band is observed at 1229 cm™! in FT-
IR and 1227 cm™! in FT-Raman are assigned to N—N stretching
mode. The calculated wavenumber values of the mentioned mode
were found as 1340, 1235 and 1340, 1234 cm™! by B3LYP method

with 6-311G(d,p) and 6-311++G(d,p) basis sets respectively are
presented in Table 2.

SO, vibrations

The SO, stretching vibrations are appearing in the range of
1335-1295cm™! [24]. The observed bands are 1314 and
1316 cm™! in the FT-IR, and FT-Raman spectrum respectively.
The calculated SO, stretching modes are 1326 and 1316 cm™!
[35-37]. The out-of-plane bending vibrations for the title molecule
are found at 480 cm ™! in FT-IR and 442 and 357 cm ™! in FT-Raman.
The theoretically computed frequencies for SO, vibrations show an
excellent agreement with the recorded spectrum as well as the lit-
erature values. All the SO, vibrational bands of the title compound
are in line with the literature values and nearly in agreement with
the computed values by B3LYP/6-311++G(d,p) as given in Table 2.

S=0 Vibrations

Solutions of sulfonamide absorb strongly at 1170-1155 cm™
[24] and 1245-1155cm™! [18]. In solid phase these frequencies
are lower by 10-20cm™'. In the present investigation, a band
observed at 1133cm™! in FT-Raman is due to S$=0
stretching vibration. The theoretically calculated values are 1135
and 1128 cm™' by B3LYP method with 6-311G(d,p) and

1
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Fig. 2. Experimental and simulated FT-IR spectra of 4MPTFM1HPB1SA.

6-311++G(d,p) basis sets respectively also shows good agreement
with the experimentally recorded data as presented in Table 2.

CF; vibrations

The trifluoromethyl group (CF3) has a set of fairly well defined
group frequencies associated with it. The highest frequency funda-
mental vibration of the CF3 group is the CF3 stretch which occurs
between 1350 and 1120 cm™! [24]. These vibrational motions were
observed to give rise to extremely intense infrared absorption and
rather weak Raman. The CF3 stretching vibrations are observed at
1136 and 1094cm™' in FT-Raman and strong band found at
1103 cm™! in FT-IR for 4MPTFM1HPB1SA [38-40]. The CF in-plane
bending mode is observed at 510 cm~! in FT-Raman and 512 and
497 cm~! in FT-IR for 4MPTEM1HPB1SA. These vibrational modes
are also confirmed by their PED values. The CF out-of-plane bend-
ing modes are found at 561 and 532 cm ™! in FT-IR and 562 cm ™! in
FT- Raman for 4AMPTFM1HPB1SA. The CF out-of-plane modes were
calculated at 566, 538 and 564, 537 cm™~! by using B3LYP level with
6-311G(d,p) and 6-311++G(d,p) basis sets respectively are pre-
sented in Table 2.

S—N vibrations

The S—N stretching vibration [35] is expected in the region
905 +30 cm~'. The S—N stretching vibration is observed in the
region 846 and 633 cm~!. The medium bands are observed at
846 cm~! in FT-IR and 633 cm™! in FT-Raman. The calculated
wavenumbers are 853, 635, 849 and 636 cm™! are assigned to
S—N stretching mode for our title molecule as given in Table 2.
The theoretically calculated values show good correlation with
the experimental observations.

4 N
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Fig. 3. Experimental and simulated Raman spectra of 4AMPTFM1HPB1SA.

C—S vibrations

In general, the assignment of the band due to C—S stretching
vibrations in different compounds is difficult. Because of the mix-
ing of several bands, the identification of C—S vibrations is a very
difficult task. The stretching vibrations assigned to the C—S linkage
assigned to in region of occur in the region 700-600 cm~! [18] and
775-650 cm~! [24]. The band observed at 762 and 586 cm ™' in FT-
IR and 761 cm™! in FT-Raman are assigned to C—S stretching
modes of vibration [41]. The PED for this mode suggests that this
is a pure mode. The calculated wavenumbers are 762, 586 and
762, 585cm~! by B3LYP level with 6-311G(d,p) and
6311++G(d,p) basis sets respectively.

The calculated wavenumbers are good agreement with the
experimental data. The out-of-plane bending vibrations are found
at 102 and 72 cm™! in FT-Raman. The theoretically calculated val-
ues are 106, 91 and 104, 91 cm~! by B3LYP level with 6-311G(d,p)
and 6-311++G(d,p) basis sets respectively and the values are in
good agreement with the experimental values as presented in
Table 2.

Non-linear optical properties

Nonlinear optical (NLO) effects arise from the interactions of
electromagnetic fields in various media to produce new fields
altered in phase, frequency, amplitude or other propagation char-
acteristics from the incident fields [42]. The results of the calcu-
lated molecular polarizabilities at DFT/B3LYP/6-311++G(d,p) level
on the basis of the finite-field approach are given in Table 3. By
considering Table 3, the values of the second-order polarizability
or first hyperpolarizability (f), dipole moment (u) and polarizabil-
ity (o) of title molecule are reported in the atomic mass units (a.u)
and electrostatic unit (esu). First hyperpolarizability is a third rank
tensor that can be described by a 3 x 3 x 3 matrix. The 27 compo-
nents of the 3D matrix can be reduced to 10 components due to the



P. Govindasamy, S. Gunasekaran /Journal of Molecular Structure 1081 (2015) 96-109 103

Table 3
The calculated fi, o and B, components 4MPTFM1HPB1SA.

Parameters Value esu (x1072%) Parameters Value esu (x10733)
Ol 291.0269 43.1302 Pxx 549.5709 —4747.9079
Oy —0.8884 -0.1317 Prxy —36.0175 —-311.1662
yy 273.6928 405613 [ 281231 242.9640
Olxz —-11.3997 —1.6894 Byyy —41.9404 —362.3358
Oyz —14.4548 —2.1422 Pxxz —23.8379 —205.9427
4 1769115 262183 Buye ~21.5927 ~186.5458
oo 247.2104 36.6366 Byyz -26.1779 —226.1585
Ao 609.4845 90.3256 Pxzz 37.3703 322.8531
Iy —0.2896 Pyzz 48.4529 418.5987
Iy 1.1338 Bz —38.7076 —334.4065
Uz —0.6485 Bo 493.0247 4259.3883
Lot 1.3378

Kleinman symmetry [43]. It can be given in the lower tetrahedral
format. It is obvious that the lower part of the 3 x 3 x 3 matrices
is a tetrahedral. The components of B are defined as the coefficients
in the Taylor series expansion of the energy in the external electric
field. When the external electric field is weak and homogeneous,
this expansion becomes:

E=E° — p,Fy — 1/20,4F,Fy — 1/6B,5, FuFsF) + ...

where E° is the energy of the unperturbed molecules, F, is the field
at the origin i, 0,z and f,4y are the components of dipole moment,
polarizability and the first order hyperpolarizabilities respectively.

In Gaussian 09W output, the complete equations for calculating
the magnitude of total static dipole moment (), the mean polar-
izability (e,), the anisotropy of the polarizability (Aa) and the
mean first hyperpolarizability (,) by using the x, y, z components
they are defined as follows: [44,45].

The mean polarizability is defined as,

Olxx + Olyy + Oz
0o = 73

The polarizability anisotropy invariant is

Ao=—
V2

x \/(acxx + 0ty )+ (Olyy + Otzz)” + (0lzz + Ot + 602, + 602, + 602,

The components of the first hyperpolarizability can be calcu-
lated using the following equation. Using the x, y and z components
of B the magnitude of the first hyperpolarizability tensor can be
calculated by:

Bo=1/(Br+ B>+ B7)

The complete equation for calculating the magnitude of By from
Gaussian 09W output is given as follows:

Bo =/ Bu+ Buyy + Buzz) & (Byyy + Byzz & Bs)? + (Broz + Boce + Buyy)?
,Bx = ﬂxxx + :Bxyy + :szz
ﬂy = .Byyy + ﬁyzz + :Byxx

ﬁz = ﬂzzz + ﬁzxx + ﬁzyy

In Table 3, the calculated parameters described above and elec-
tronic dipole moment {y; (i =X, y, z) and total dipole moment g}
for title compound were listed.

The total dipole moment can be calculated using the following
equation.

Ueor = (.u)% + lu§ + :ug)

It is well known that the higher values of dipole moment, molec-
ular polarizability and hyperpolarizability are important for more
active NLO properties. The polarizabilities and hyperpolarizability
are reported in atomic units (a.u), the calculated values have been
converted into electrostatic units (esu) (for o; 1aus=
0.1482 x 10~>* esu, for #; 1 a.u=8.6393 x 10723 esu). The highest
value of dipole moment is observed for component . In this direc-
tion, the value is equal to 1.1338 Debye. The lowest value of the
dipole moment of the AMPTFM1HPB1SA compound is ;, component
(—0.6485). Urea is one of the prototypical molecules used in the
study of the NLO properties of molecular systems. Therefore it was
used frequently as a threshold value for comparative purposes.
The total molecular dipole moment () and the first order hyper-
polarizability are 1.3378 Debye and 4.259.3883 x 103 esu respec-
tively and are depicted in Table 3. Total dipole moment of title
molecule is nearly equal to urea and the first order hyperpolarizabil-
ity of title molecule greater than that of urea (4, and fo urea are
1.5256 Debye and 0.7803 x 10-3% esu [46] respectively, obtained
by B3LYP/6-311++G(d,p) method.

NBO and NLMO analysis

Natural Bond Orbital (NBO) analysis provides an efficient
method for studying interesting features of molecular structure.
They give strong insight in the intra and inter molecular bonding
and interaction among bonds and also provide a convenient basis
for investigation of charge transfer or conjugative interactions in
molecular system. Another useful aspect of NBO method is that it
gives information about interactions in both filled and virtual orbi-
tal spaces that could enhance the analysis of intra and intermolec-
ular interactions. The second order Fock matrix was carried out to
evaluate the donor-acceptor interactions in the NBO analysis
[47-49]. The interactions result in a loss of occupancy from the
localized NBO of the idealized Lewis structure into an empty
non-Lewis orbital.

For each donor NBO (i) and acceptor NBO (j), the stabilization
energy associated with i — j delocalization can be estimated as,

(2) F ?ij)
where q; is the donor orbital occupancy, ¢ and ¢; are diagonal ele-
ments and F; is the off diagonal NBO Fock matrix element [50]
In NBO analysis large E(2) value shows the intensive interaction
between electron donors and electron-acceptors and greater the
extent of conjugation of the whole system, the possible intensive
interactions are given in Table 4 as supporting information. The sec-
ond-order perturbation theory analysis of Fock matrix in NBO basis
shows strong intra-molecular hyper-conjugative interactions of 7
electrons. In 4MPTFM1HPB1SA, the interactions 7*(Cyo—Cps) —
1*(Ca3—Cy4) have the highest E(2) value around 271.050 kcal/mol.
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Table 4
NBO analysis of 4AMPTFM1HPB1SA.
Type Donor NBO (i) Type Acceptor NBO (j) E%(2) (kcal/mol) E() — E(i)° (a.u) F(i,j) (a.u)
T C1—Cs " C,—Cs 21.760 0.290 0.071
T C—Cs " C4—Cs 22.150 0.270 0.070
c C4—Cs c* Ci—Cs 23.040 0.270 0.071
c Ni;—Cy3 c* C14—Css 13.220 0.330 0.062
T Ci14—Css " Nio—Ci3 29.840 0.250 0.081
o Ca0—Cas c* Cy1—Cxa 19.970 0.280 0.067
o C1—Cx2 " Ca3—Caq 20.780 0.280 0.069
G Ca3—Ca4 " Ca0—Cas 23.380 0.270 0.071
LP(2)0s c* Ci—S7 12.550 0.320 0.057
LP(3)0g c* S7—0g 16.790 0.310 0.064
LP(2)0o c* Ci—S; 12.500 0.320 0.057
LP(3)0o c* S7—0g 16.660 0.310 0.064
LP(1)Ny; T C14—C;s 34.470 0.300 0.093
LP(2)F;7 c* Ci6—F1s 12.890 0.540 0.075
LP(3)F;s c* Ci6—F17 11.430 0.550 0.072
n* Ci—Cs n* Co—Cs 235.750 0.010 0.079
o* S7—Nio T C,—Cs 22.060 0.020 0.034
n* Ni;—Cy3 " C14—Css 69.920 0.030 0.068
T Ni>—Ci3 c* Ci6—F1o 9.780 0.160 0.066
T Ci4—Css T Ca0—Cas 90.210 0.010 0.048
m* Ca0—Cas " Ca3—Caq 271.050 0.010 0.080

2 E?) means energy of hyper conjugative interaction.
b Energy difference between donor and acceptor i and j NBO orbitals.
€ F(i,j) is the Fock matrix element between i and j NBO orbitals.

The other significant interactions giving stronger stabilization to the
structure are 7*(C;—Cg) —» T (C;—C3), T(C14—Cy5) = T (Cr0—C25)
and 7 (N1;—Cy3) - 7°(Ci4—Cy5).

The Natural Localized Molecular Orbital (NLMO) analysis has
been carried out since they show how bonding in a molecule is
composed from orbitals localized on different atoms. The deriva-
tion of NLMOs from NBOs gives direct insight into the nature of
the localized molecular orbital’s “delocalization tails” [51]. Table 5
shows the significant NLMO’s occupancy, percentage from parent
NBO and atomic hybrid contributions of 4AMPTFM1HPB1SA calcu-
lated at B3LYP level using 6-311++G(d,p) basis set. The NLMO of
first lone pairs of Nitrogen atom Ny is the delocalized NLMO and
has nearly 76% of contribution from the LP(1) N;; parent NBO
and the delocalized tail (22%) consist of the hybrids of Cys, C;3,
N12, C14 and Cy4, Similarly third lone pair Og has nearly 90% of con-
tribution from LP(3) Og and the delocalized tail (9%) consists of S,
N1o and Og. The NLMOs of LP(3) Og have almost 9% delocalization
tail. This delocalization can also be observed in the perturbation
theory energy analysis as given in Table 5.

The Natural charge analysis

The Natural charges of 4AMPTFM1HPB1SA obtained by Natural
Bond Orbital analysis by B3LYP method with 6-311++G(d,p) basis
set were listed in Table 6. The natural charges are shown in
Fig. 4. The natural charges affect the dipole moment, polarizability,
electronic structure and more a lot of properties of molecular sys-
tems. The natural charge distributions over the atoms suggest the
formation of donor and acceptor pairs involving the charge transfer
in the molecule [52]. The electronegative Og, Og, N1g, N11, N13, F17,
Fig and Fig atoms of compound 4MPTFM1HPB1SA have negative
charge values. The natural charges of the mentioned atoms were
calculated as -0.8079, —0.8109, —1.0393, —-0.1809, -0.2388,
—0.3410, —0.3534 and —0.3451 eV respectively. The C4, S;, Cy3,
Cys, Ci6, H31 and Hs; atoms bounded to the mentioned electroneg-
ative atoms in the molecule under study have positive charge val-
ues. The values of the positive charges of the mentioned atoms
were found as 0.1586, 1.8304, 0.0006, 0.1675, 1.0541, 0.4262 and
0.4265 eV respectively. Therefore the Cis atom surrounded with
three electronegative F;;, Fig and F;9 atoms, and the S; atom

Table 5
NLMO analysis of 4MPTFM1HPB1SA.

Bond Occupancy Percentage from parent NBO Hybrid
contributions
Atoms Percentage
LP(1)N;;  2.00000 75.5758 Cis 9.195
Ci3 4.856
Ni3 4.635
Cia 2.137
Cy 1.346
LP(3)0g  2.00000 90.4711 S7 5.125
Nio 2.013
Og 2.011
LP(3)09  2.00000 90.7542 S7 4.861
Og 2.178
Nio 1.848
LP(3)F17  2.00000 96.3510 Cis 2.562
LP(2)0Os  2.00000 93.0071 S7 3.422
Cy 1.737
LP(2)09  2.00000 93.1549 S7 3.258
(& 1.666

surrounded with three electronegative Og, Og and N;g atoms have
the highest positive charge values. All the hydrogen atoms have
positive charges. The maximum atomic charge is obtained for S;
atom for when compared to other atoms. This is due to the attach-
ment of negatively charged nitrogen and oxygen atoms. Negatively
charged lone pair oxygen Og, Og and nitrogen N;o atom shows that
charge is transferred from O to S (Og — S7), (Og — S7) and N to S
(N1 — S7). The maximum positive and negative charge is repre-
sented in S; and N;o atoms respectively.

UV-Visible studies and electronic properties

In an attempt to understand the nature of electronic transitions,
positions of experimental absorption peaks, calculated absorption
peaks (Amax), Vvertical excitation energies(E), oscillator strengths
(f) and assignments of the transitions of the 4MPTFM1HPB1SA
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Table 6
The Natural charge analysis of 4MPTFM1HPB1SA molecule.

Atoms Charges (eV) Atoms Charges (eV)
C; -0.2138 Cyy -0.2110
C, -0.2174 Cao —0.2290
Cs -0.2287 Cas3 -0.0142
Cy 0.1586 Cyy —0.2336
Cs —0.2152 Cys —0.2095
Cs 02172 Cas ~0.7162
S, 1.8304 Hy; 0.2843
Og —0.8079 Hag 0.2530
Og -0.8109 Hag 0.2821
Nio -1.0393 Hao 0.2842
Niq —0.1809 Hs, 0.4262
Niy -0.2388 Hs, 0.4265
Cis 0.0006 Hss 0.2766
Cig —0.2906 Hsy 0.2714
Cis 0.1675 Hss 0.2492
Cis 1.0541 Hse 0.2472
F17 -0.3410 Hs7 0.2521
Fig —-0.3534 Hsg 0.2477
Fio ~0.3451 Hso 0.2562
Cao ~0.1099 Hao 0.2558
4 N
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Fig. 4. Natural charge distribution in 4MPTFM1HPB1SA.

molecule were calculated and the results are presented in Table 7.
The UV-Visible absorption spectrum of the title compound in
DMSO solvent were recorded within the 200-400 nm range and
representative spectrum is shown in Fig. 5.

The electronic absorption spectra were calculated using the TD-
DFT method based on the B3LYP/6-311++G(d,p) level optimized
structure in gas phase, water and acetone solution. For TD-DFT cal-
culations, the theoretical absorption bands are predicted at 275.06,
253.26 and 252.59 nm in gas phase, 280.89, 254.81 and 253.44 nm

in DMSO and 297.62, 265.05 and 261.74 nm in water solution. The
TD-DFT calculations on electronic absorption spectra in water sol-
vent were performed. The absorption wavelength is calculated at
297.62 nm is in good agreement with the experimental absorption
wavelength at 294.00 nm in the UV-Visible spectrum [53-55].

Analysis of Frontier molecular orbitals

The Highest Occupied Molecular Orbitals (HOMOs) and Lowest
Unoccupied Molecular Orbitals (LUMOs) are named as Frontier
molecular orbital’s (FMOs). The atomic orbital compositions of
the frontier molecular orbital are shown in Fig. 6. The HOMO-
LUMO energy gap of 4AMPTFM1HPB1SA was calculated at B3LYP
level with 6-311G(d,p) and 6-311++G(d,p) basis sets and is pre-
sented in Table 8. The LUMO as an electron acceptor represent
the ability to obtain an electron, HOMO represents the ability to
donate an electron [56-58]. The energy gap of HOMO-LUMO
explains the eventual charge transfer interaction within the mole-
cule, which influences the biological activity of the molecule. The
positive and negative phase is represented in red and green color
respectively. The energy of the two important FMOs such as the
highest occupied molecular orbitals (HOMO), the lowest unoccu-
pied molecular orbitals (LUMO) have been calculated.

The energy values of HOMO are 6.8203 and 6.9351 eV and the
energy values of LUMO are 1.8991 and 2.0651 eV. The band gap
between HOMO-LUMO are equal to 4.9212 and 4.8700 eV B3LYP
method with 6-311G(d,p) and 6-311++G(d,p) basis sets respec-
tively. The eigen values of HOMO, LUMO and energy gap between
them can define kinetic stability. Also, energies of HOMO and
LUMO are used for the determination of global reactivity descrip-
tors. It is important that Ionization potential (I), Electron affinity
(A), Electrophilicity (), Chemical potential (u), Electronegativity
(), Hardness (1) and Softness (S) be put into a MO framework.
We focus on the HOMO and LUMO energies in order to determine
the interesting molecular/atomic properties and chemical
quantities.

In simple molecular orbital theory approaches, the HOMO
energy is related to the ionization potential (I) and the LUMO
energy has been used to estimate the electron affinity (A) respec-
tively by the following relations:

I' = —Eyomo and A = —Ejywo.

The chemical potential of the molecule is (u) = —(I +A)/2.

The absolute hardness of the molecule is (1) = (I — A)/2.
The softness is the inverse of the hardness (S)=1/#.

The electronegativity of the molecule is ()= (I +A)/2.
The electrophilicity index of the molecule is (@)= u?/2#.

The quantum chemical parameters of the molecule are pre-
sented in Table 8. Gauss-Sum 2.2 program [59] was used to calcu-
late the group contributions to the molecular orbital (HOMO and
LUMO) and to prepare the density of states (DOS) spectrum as
shown in Fig. 7. The DOS spectra were created by convoluting
the molecular orbital information with the Gaussian curves of unit
height. The green and blue lines in the DOS spectrum indicate the
HOMO and LUMO levels respectively.

Molecular electrostatic potential surface

The molecular electrostatic potential surface (MESP) is a plot of
electrostatic potential mapped on to the constant electron density
surface. The MESP superimposed on top of the total energy density
as a shell. Because of the usefulness feature to study reactivity
given that an approaching electrophilic will be attracted to nega-
tive regions. In majority of the MESP the maximum negative region
which the preferred the site for electrophilic attack is indicated in
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Table 7
Wavelength (nm), oscillatory strength (f) and energy (eV) of AMPTFM1HPB1SA.
Calculated with B3LYP/6-311++G(d,p) Exp
Gas phase DMSO Water
/max (NM) E (ev) f max (NM) E (ev) f /max (nM) E (ev) f /max (nm)
275.06 4.5075 0.0750 280.89 4.4140 0.0871 297.62 4.1659 0.1250 294.00
253.26 4.8956 0.3462 254.81 4.8657 0.3097 265.05 4.6778 0.0619
252.59 4.9085 0.0058 253.44 4.8920 0.1222 261.74 4.7369 0.2649
4 2.04 : - N\
- 1 ELumo = 2.0650 (eV)
(First excited state)
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Fig. 5. Observed UV-Visible spectrum of 4MPTFM1HPB1SA.

as red color, while the maximum positive region which preferred
the site for nucleophilic attack is symptoms indicated in blue color
[60]. The computationally observed MESP surface map with the fit-
ting point charges to the electrostatic potential for the title com-
pound. The purpose of finding the electrostatic potential is to
find the reactive site of a molecule. These maps allow us to visual-
ize variably charged regions of a molecule. Knowledge of the
charge distributions can be used to determine how molecules
interact with one another.

The different values of the electrostatic potential at the surface
are represented by different colors. Potential increases in the order
red < yellow < green < light blue < blue. The color scheme for the
MESP surface is red-electron rich, partially negative charge; yel-
low-slightly electron rich region; green-neutral; light blue-slightly
electron deficient region and blue-electron deficient, partially posi-
tive charge respectively. Areas of low potential red are character-
ized by an abundance of electrons. Areas of high potential blue
are characterized by the relative absence of electrons. Such
mapped electrostatic potential surfaces have been plotted for
4MPTFM1HPB1SA in B3LYP/6-311++G(d,p) method using the com-
puter software Gauss view 5.0.

The molecular electrostatic potential countour surface of 4AMPT-
FM1HPB1SA is shown in the Fig. 8. The total electron density sur-
face mapped with the molecular electrostatic potential of
AMPTFM1HPB1SA is shown in Fig. 9. The importance of MESP lies
in the fact that it simultaneously displays molecular size, shape,
positive as well as negative and neutral electrostatic potential
regions in terms of color grading and is very useful in the research
of molecular structure with its physicochemical property relation-
ship. The color code of the map is between —0.0790 a.u. (red) to
0.1190 a.u. (blue) for the compound, where blue indicates the
strongest attraction and red indicates the strongest repulsion
[61,62]. The MESP map shows the negative potential sites are on
oxygen, fluorine and nitrogen atoms as well as the positive poten-
tial sites are around the hydrogen atoms.

Enomo = 6.9351 (eV)
(Ground state)

Fig. 6. HOMO and LUMO plots of 4MPTFM1HPB1SA.

Table 8
HOMO, LUMO, HOMO-LUMO energy gap and physico-chemical properties of
4MPTFM1HPB1SA.

Parameters (eV) B3LYP/6-311G(d, p) B3LYP/6-311++G(d, p)

HOMO Energy 6.8203 6.9351
LUMO Energy 1.8991 2.0651
HOMO-LUMO

Energy gap 4.9212 4.8700
Ionization potential (I) —6.8203 -6.9351
Electron affinity (A) -1.8991 —2.0651
Global hardness (7) 2.4606 2.4350
Global softness (S) 0.4064 0.4106
Chemical potential (u) —4.3597 —4.5001
Electrophilicity (w) 3.8622 4.1583
Electro negativity () 4.3597 4.5001

Thermodynamic properties

The values of some thermodynamic parameters (such as zero-
point vibrational energy, thermal energy, specific heat capacity,
rotational constants and entropy) of 4MPTFM1HPB1SA at
298.15 K in ground state were calculated by B3LYP methods with
6-311G(d,p) and 6-311++G(d,p) basis set and were listed in Table 9.
The variation in Zero-Point Vibrational Energies (ZPVEs) seems to
be significant. The ZPVE is lower by the B3LYP with 6-
311++G(d,p) basis set than by the B3LYP with 6-311G(d,p) basis
set. The calculated values of ZPVE of 4MPTFM1HPB1SA are
181.60 kcal/mol and 181.87 kcal/mol obtained by B3LYP with 6-
311++G(d,p) and 6-311G(d,p) basis sets respectively [63].
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Table 9
-1 ” " . Calculated thermodynamic parameters of 4MPTFM1HPB1SA.
\ Energy (eV) y, Parameter B3LYP/6-311G(d,p) B3LYP/6-311++G(d,p)
. . Zero-point
Fig. 7. Density of state (DOS) spectrum of 4AMPTFM1HPB1SA. Vibrational energy (kj/mol) 181.87 181.60
Rotational constant (GHz) 0.20 0.20
0.11 0.11
0.08 0.08
Thermal energy (kj/mol)
Total 196.60 196.33
Translational 0.89 0.89
Rotational 0.89 0.89
Vibrational 194.82 194.55
Heat capacity constant (cal/mol~' K~')
Total 87.75 87.90
Translational 2.98 2.98
Rotational 2.98 2.98
Vibrational 81.79 81.94
Entropy (cal/mol~" K~!)
Total 172.27 172.01
Translational 43.71 43.71
Rotational 36.46 36.46
Vibrational 92.10 91.84
4 ™y
1600 ,
-=—Entropy
1400 —-&Heat Capacit
-»—Enthalpy

Fig. 8. Molecular electrostatic potential contour surface of 4AMPTFM1HPB1SA.

The biggest value of thermal energy is 196.60 k] mol~! obtained
at B3LYP/6-311G(d,p) method. As a result of B3LYP with
6-311G(d,p) and 6-311++G(d,p) calculations, the highest entropy
was calculated as 17227 cal/mol ~'K~' at B3LYP with
6-311G(d,p) basis set, whereas the smallest one was observed as
172.10 cal/mol 'K~ ' at B3LYP/6-311++G(d,p) in 4AMPTFM1HPB1SA.
However, specific heat capacity and entropy were calculated, the
smallest and highest values were obtained by B3LYP/6-311G(d,p)
and B3LYP/6-311++G(d,p) respectively.

On the basis of vibrational analysis at B3LYP level with
6-311G(d,p) and 6-311++G(d,p) several standard statistical ther-
modynamic functions, viz., heat capacities (C"p,m), entropies (S%)
and enthalpy (H®,) changes for the title compounds have been
obtained on the basis of vibrational analysis and statistical thermo-
dynamics [64]. The correlations between the thermodynamic
properties and temperature are shown in Fig. 10 and listed in
Table 9. From the figure it can be observed that the heat capacities,

1200 -

g
S

Entropy/Hsat Capacity/Enthalpy
&
[=]
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400 -
200 1
0 : r x T T
0 200 400 600 800 1000
L Temperature {K) y

Fig. 10. Thermodynamic properties of 4MPTFM1HPB1SA.

entropies and enthalpy changes are increasing with temperature
ranging from 100 to 1000 K. This is due to the fact that the molec-
ular vibrational intensities increase with increase in temperature.
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Table 10
Thermodynamic properties at different temperatures at B3LYP/6-311G++(d,p) level
for AMPTFM1HPB1SA.

T (K) S (calmol~ 'K 1) C(calmol 'K 1) AH (k cal mol 1)
100.00 446.42 164.32 10.75
200.00 592.19 269.67 32.38
298.15 719.78 376.10 64.09
300.00 722.11 378.06 64.79
400.00 844.79 477.06 107.67
500.00 960.37 558.88 159.62
600.00 1068.24 623.79 218.88
700.00 1168.41 675.22 283.93
800.00 1261.37 716.58 353.59
900.00 1347.79 750.42 427.00

1000.00 1428.35 778.51 503.49

These empirical relations of the thermodynamic functions vs tem-
perature were fitted by quadratic formulas and the corresponding
fitting regression factors (R?) for these thermodynamic properties
are 0.9994, 0.9999 and 0.9992 respectively.

Cpm =31.8644 + 1.3417T — 5.9947 x 10 *T* (R* = 0.9994)
S% —303.4811 + 1.5054T — 3.8270 x 107*T* (R* = 0.9999)

H% = —17.4324 + 0.1852T +3.4123 x 10 *T> (R* = 0.9992)

All the thermodynamic data supply helpful information for the
further study on the 4AMPTFM1HPB1SA. They can be used to com-
pute the other thermodynamic energies according to relationships
of thermodynamic functions and estimate the directions of chem-
ical reactions according to the second law of thermodynamics in
thermo chemical field.

Notice: all thermodynamic calculations were done in gas phase
and they could not be used in solution (See Table 10).

Conclusion

The FT-IR and FT-Raman have been recorded and the detailed
vibrational assignment is presented for 4AMPTFM1HPB1SA for the
first time. A complete vibrational investigation of the title com-
pound has been performed using FT-IR and Raman spectroscopic
techniques and the various modes of vibrations were explicitly
assigned on the results of PED analysis. The equilibrium geome-
tries, harmonic frequencies, infrared intensities and Raman scat-
tering activities of the molecule were determined and analyzed
by B3LYP with 6-311G(d,p) and 6-311++G(d,p) basis sets. The sim-
ulated FT-IR and Raman spectra of the title compound show good
agreement with the observed spectra. The electric dipole moment,
polarizability, mean polarizability and the first order hyperpolariz-
ability of the title compound were calculated. The stability and
intramolecular interactions have been interpreted by NBO/NLMO
analysis and the transactions give stabilization to the structure
have been identified by second order perturbation energy calcula-
tions. The natural atomic charges of the title molecule have been
studied by DFT methods. Absorption maxima (Amax) of 4MPT-
FM1HPB1SA was calculated by TD-DFT method and compared with
the experimental UV-Visible spectra. Increased HOMO and LUMO
energy gap explains the eventual charge transfer within the mole-
cule which is responsible for the chemical reactivity of the mole-
cule. HUMO and LUMO orbitals have been visualized. It has been
conclude that the lowest singlet excited state of the title molecule
is mainly derived from the HOMO — LUMO electron transition. The
MESP map shows the negative potential sites are on oxygen, nitro-
gen and fluorine atoms as well as the positive potential sites are

around the hydrogen atoms. The correlations of the statistical ther-
modynamics according to temperature were also presented.
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