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a b s t r a c t
Quantum chemical calculations of energy, geometrical structure and vibrational wavenumbers of a po-
tential chemotherapeutic agent namely, 5-propyl-6-(p-tolylsulfanyl)pyrimidine-2,4(1H,3H)-dione were
carried out, using DFT method. Comprehensive interpretation of the experimental FT-IR and FT-Raman
spectra of the compound under study is based on potential energy distribution. The difference be-
tween the observed and scaled wavenumbers of most of the normal modes is very small with B3LYP/6-
311 þ þG(d,p) method. The UVeVis spectrum of the compound was recorded and the electronic
properties, such as frontier orbitals and band gap energies were calculated by the TD-DFT approach. The
values of the electric dipole moment, polarizability and first static hyperpolarizability of the title com-
pound have also been investigated. NBO analysis has been performed to explain the charge transfer
within the molecule along with the calculation of different thermo-dynamical properties.© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Due to multifarious pharmacological activities, pyrimidine and
its related derivatives take up a key position in the field of
chemotherapy. The chemotherapeutic efficacy of pyrimidine de-
rivatives is related to their ability to inhibit vital enzymes respon-
sible for DNA biosynthesis, such as dihydrofolate reductase,
thymidylate synthetase, thymidine phosphorylase and reverse
transcriptase. A broad set of pyrimidine drugs possesses a variety of
curative properties. Several pyrimidine-based derivatives have
been developed as anticancer agents [1e4], and antiviral agents
against HIV [5e9], HBV [10,11], HCV [12], and HSV [13,14]. In
addition, several pyrimidine derivatives have long been recognized
as potent bactericidal [15e19], fungicidal [20,21] and antiprotozoal
agents [22e25]. 1-[(2-Hydroxyethoxy)methyl]-6-(phenylthio)
thymine (HEPT) and its related derivatives [26e30] were discov-
ered as potent and selectively active agents against HIV�1 in-
fections. In perpetuation to our pursuit in the structural and
).
pharmacological properties of pyrimidine and uracil derivatives
[8,9,18,31e35], the title compound was synthesized as the more
lipophilic 5-propyl HEPT analog for evaluation as potential
chemotherapeutic agent [36], which is expected to endow better
pharmacokinetic properties. In the present study, we present an in-
depth investigation on the molecular structure, electronic proper-
ties and vibrational spectra of the title compound (Molecular for-
mula C14H16N2O2S), with the aspiration that the results of present
study may be decisive in the prognosis of its mechanism of bio-
logical activity.

The experimental FT-IR and FT-Raman spectra of the title
compound have been recorded and the explicit assignment of
spectral peaks has been done using normal coordinate analysis. The
inversion dimer connected through pairs of strong NeH…O
hydrogen bonds has been studied by DFT/B3LYP at the 6-
31 þ G(d,p) level. The UVeVis spectrum of the title compound was
recorded and electronic properties, such as frontier orbitals and
band gap energies were calculated by the TD-DFT approach. The
study also comprises of calculation of the non-linear optical pa-
rameters, 2D molecular electrostatic potential (MESP) contour map
and 3D MESP surface map accompanied by DOS and PDOS analysis
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Fig. 1. Monomer and hydrogen bonded dimer of C14H16N2O2S.
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of molecular orbitals. The Gauge-Including Atomic Orbital method
has been used to calculate 1H nuclear magnetic resonance (NMR)
chemical shifts of the compound and comparison has been made
with observed experimental 1H NMR shifts. NBO analysis has been
performed to explain the charge transfer within the molecule.
Calculations of different thermo-dynamical properties have also
been done.

2. Experimental details

The pure single colorless crystals of the title compound were
synthesized in 72% yield via the reaction of 6-chloro-5-propyluracil
with p-thiocresol in the presence of potassium hydroxide, and the
structure was well established [36]. Perkin Elmer version 10.03.06
spectrophotometer was used for recording the FT-IR spectrum in
the region 4000e400 cm�1 using KBr pellet. The 532 nm laser light
was used as the exciting wavelength for recording FT-Raman
spectrum in the region 4000e50 cm�1 using Planar RAME spec-
trometer. The UV absorption spectrum of the title compound was
examined in the range 500e200 nm using UV-VIS Varian Cary 50
Bio spectrophotometer. The UV pattern is taken from a 10�5 M
solution, dissolved in methanol. All the experimental spectra were
recorded at the Indian Institute of Technology, Kanpur, India.

3. Computational details

The molecular geometry was built from the X-ray diffraction
data without any constraints [36]. The structures of monomer and
dimer were optimized using gradient-corrected DFT with Becke 3
exchange [37] and LeeeYangeParr correlation functions (B3LYP)
[38] with 6-311 þþ G(d,p) basis set. The vibrational wavenumbers
under harmonic approximationwere calculated at the same level of
theory and basis set. The nonexistence of negative vibrational
wavenumber in the Gaussian output shows the stability of the
structure. The final optimized geometry for the monomer and
dimer of the title compound, along with the numbering scheme of
the atoms are shown in Fig. 1. The Counterpoise (CP) correction
method of Boys and Bernardi was used, to shun the artificially
lowered energy of the dimer as well as overblown strength of the
hydrogen bonds due to the basis set superposition error (BSSE)
[39]. The dipole moment m, mean polarizability a and first static
hyperpolarizability (b) have been calculated using density func-
tional theory method and Buckingham's definitions [40,41].

The a and b values of Gaussian output are in atomic units (a.u.)
so they have been converted into electrostatic units (esu) (a; 1
a.u. ¼ 0.1482 � 10�24 esu, b; 1 a.u. ¼ 8.6393 � 10�33 esu.). The
variation of thermodynamical properties such as heat capacity,
entropy and enthalpy change with temperature have also been
reckoned on the basis of vibrational analysis. Their correlation
equations with temperature were fitted by quadratic formulas.

The 1H chemical shifts are calculated with the gauge-included
atomic orbital (GIAO) approach [42,43] by applying the B3LYP/
6e11 þ G(d,p) method and compared with the experimental NMR
spectrum [36]. The electronic properties such as HOMO and LUMO
energies were determined by the TD-DFT approach. For analysis of
molecular orbitals, density of state plots such as TDOS, PDOS have
been drawn and analyzed. The 3D MESP and 2D contour map of
title compound were drawn to access the most electron rich and
electron deficient regions in the title compound. The theoretical
UVeVis spectrum has been computed by the TD-DFT method with
6e311þþG(d,p) basis set for the gas phase and the solvent effect
also has been taken into consideration by implementing IEFPCM
model at the same level of theory. The natural bonding orbital
(NBO) calculations [44] were accomplished using Gaussian 09 [45]
package at the same level in order to figure out various second
order interactions between the filled orbitals of one subsystem and
vacant orbitals of another subsystem, which enumerate the intra-
molecular delocalization or hyper conjugation. The interactions
result in a loss of occupancy from the localized NBO of the idealized
Lewis structure (occupancy ¼ 2) into an empty non-Lewis orbital.
For each donor (i) and acceptor (j), the stabilization energy E(2)
associated with the delocalization i-j is estimated as

Eð2Þ ¼ DEij ¼ qi
Fði; jÞ2
εj � εi

where qi is the donor orbital occupancy, 3i and 3j are diagonal ele-
ments and F(i, j) is the off diagonal NBO Fock matrix element. The
larger the E(2) value the more intensive is the interaction between
electron donors and acceptors i.e., the more donation tendency
from electron donors to electron acceptor and greater the extent of
conjugation of thewhole system [46]. The NBO analysis allows us to
analyze the charge-transfers and intra-molecular bond paths. The
vibrational wavenumber assignments were carried out by
combining the animation option of the Gauss view 5.08 program
[47,48] and MOLVIB program (version V7.0-G77; written by T.
Sundius) [49e51]. An empirical uniform scaling factor of 0.983 up
to 1700 cm�1 and 0.958 for greater than 1700 cm�1 [52,53] was
used to offset the systematic errors caused by the basis set
incompleteness and vibrational anharmonicity [54] and, in general,
a good agreement of the calculated modes with the experimental



Table 1
Computed optimized geometrical parameters of C14H16N2O2S at B3LYP/6e311þþG
(d,p) level along with experimental values.

Bond length (A�) Expa Cal. Bond angle (�) Expa Cal.

S1eC4 1.766 1.788 H15eC13eC16 109.3 109.7
S1eC20 1.777 1.797 C13eC16eH17 109.5 111.2
O2eC7 1.225 1.215 C10eC13eC16 111.6 112.4
N3eC4 1.378 1.382 S1eC20eC21 121.7 119.9
N3eC7 1.361 1.389 S1eC20eC28 117.8 120.5
N3eH35 0.790 1.012 C21eC20eC28 120.2 119.5
C4eC9 1.350 1.366 C20eC21eH22 120.3 119.8
O5eC8 1.220 1.220 C20eC21eC23 119.5 120.0
N6eC7 1.358 1.378 C21eC23eH24 119.3 119.2
N6eC8 1.382 1.408 C21eC23eC25 121.3 121.2
N6eH34 0.840 1.013 H24eC23eC25 119.3 119.6
C8eC9 1.454 1.463 C23eC25eC26 118.1 118.2
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ones was obtained. The absolute Raman intensities were calculated
from the Raman activities (Si), obtained with the Gaussian 09W
program using the following relationship derived from the in-
tensity theory of Raman scattering [55,56] according to the
equation:

Ii ¼ h
f ðn0 � niÞ4Sii.½nif1� expð � hcni=kTÞg�

where y0 is the wavenumber in cm�1 of the exciting light; yi is the
vibrational wavenumber of the ith normal mode; h, c and k are
universal constants; f is a suitably chosen common normalisation
factor for all peak intensities. The calculated IR and Raman spectra
were plotted using the pure Lorentzian band shape with a band
width of FWHM of 10 cm�1 along with the experimental spectra.
C10eC13 1.509 1.544 C23eC25eC30 120.8 121.2
C13eH14 0.970 1.098 C26eC25eC30 121.2 120.7
C13eH15 0.970 1.096 C25eC26eH27 119.1 119.5
C13eC16 1.526 1.532 C25eC26eC28 121.8 121.3
C16eH17 0.960 1.095 H27eC26eC28 119.1 119.2
C20eC21 1.385 1.401 C20eC28eC26 119.0 119.9
C20eC28 1.379 1.404 C20eC28eH29 120.5 119.8
C21eH22 0.930 1.086 C25eC30eH31 109.5 111.5
C21eC23 1.378 1.397 C25eC30eH32 109.5 111.3
C23eC25 1.381 1.402 C25eC30eH33 109.5 110.8
C25eC26 1.378 1.405 Bond dihedral (�)
C25eC30 1.508 1.510 S1eC20eC28eC26 174.8 177.1
C26eC28 1.383 1.394 C20eS1eC4eN3 �19.6 10.5
C28eH29 0.930 1.086 C20eS1eC4eC9 162.2 �170.9
Bond angle (�) C4eS1eC20eC21 �62.2 �98.4
C8eC9eC10 117.6 117.4 C4eS1eC20eC28 123.2 85.5
C4eS1eC20 104.5 103.4 C7eN3eC4eC9 �2.7 0.3
C4eN3eC7 122.7 124.4 C4eN3eC7e2O �176.2 179.6
C4eN3eH35 122.9 120.5 C4eN3eC7eN6 3.3 �0.5
C7eN3eH35 114.1 115.1 S1eC4eC9eC8 �179.7 �178.3
S1eC4eN3 11.3 117.6 S1eC4eC9eC10 �0.1 �0.6
S1eC4eC9 119.8 120.7 N3eC4eC9eC10 �178.3 179.2
N3eC4eC9 121.9 121.6 C8eN6eC7eO2 175.7 �180.0
C7eN6eC8 126.5 127.3 C8eN6eC7eN3 �3.8 0.2
C7eN6eH34 114.9 116.3 C7eN6eC8eO5 �176.3 179.9
C8eN6eH34 118.3 116.4 C7eN6eC8eC9 3.4 0.3
O2eC7eN3 122.1 122.5 O5eC8eC9eC4 177.4 179.9
O2eC7eN6 122.8 124.4 O5eC8eC9eC10 �2.2 0.9
N3eC7eN6 115.2 113.1 N6eC8eC9eC4 �2.3 �0.5
O5eC8eN6 119.3 119.4 N6eC8eC9eC10 178.1 �179.5
O5eC8eC9 125.2 125.0 C4eC9eC10eC13 �99.1 �94.4
N6eC8eC9 115.6 115.6 C8eC9eC10eC13 80.5 84.50
C4eC9eC8 118.0 118.0 C9eC10eC13eC16 174.6 �178.9
C4eC9eC10 124.4 124.5 S1eC20eC21eC23 �176.4 �176.9

C28eC20eC21eC23 �2.0 �3.0
C21eC20eC28eC26 0.1 1.0
C20eC21eC23eC25 1.8 0.0

N41eH69/O2 2.0 1.9 C21eC23eC25eC26 0.3 0.5
N6eH34/O37 2.2 1.9 C21eC23eC25eC30 �178.5 �178.7

C23eC25eC26eC28 �2.2 �0.3
C30eC25eC26eC28 176.6 178.9

a Taken from Ref. [15].
4. Results and discussion

4.1. Molecular geometry

The crystallographic information of the title compound shows
that it crystallizes in a space group, P21/c [36]. The crystal belongs
to monoclinic system with the subsequent lattice parameters:
a ¼ 11.8356 Å, b ¼ 10.3040 Å, c ¼ 13.3999 Å, b ¼ 119.850�, its unit
cell volume being 1417.37 Å3. The crystal structure of the title
compound illustrates two kinds of intermolecular NeH…O
hydrogen bonds. Two adjacent molecules form inversion-related
dimers through strong N6eH34…O37 and N41eH69…O2
hydrogen bonds forming an eight membered ring motif [36]. These
dimers are further connected into chains extending along c axis
through additional NeHN…O hydrogen bonds [36]. These
hydrogen bonding interactions contributes toward the crystal sta-
bility and form two-dimensional networks parallel to crystal bc
plane. The hydrogen bond strength calculated using counterpoise
(CP) correction method of Boys and Bernardi [39], is found to be
5.05596 kcal/mol (Interaction energy has been divided by a factor
of 2 due to the formation of two similar hydrogen bonds formed).
The counterpoise corrected energy and BSSE error has been
calculated to be �2403.14198 a.u and 0.00124 a.u., respectively.

The calculated optimized geometrical parameters (bond
lengths, bond angles and dihedral angles) of the title compound
employing DFT-B3LYP/6e311þþG(d,p) basis set along with the
experimental X-ray data are listed in Table 1. The large difference in
the theoretically-calculated value of the dihedral C4eS1eC20eC21
(�98.4�) with that of the experimental (�62.2�), led us to calculate
potential energy scan, varying the aforesaid dihedral from �110�
to �10�. The scan output (Fig. S1) reveals that in gas phase the
lowest energy structure corresponds to the dihedral value
around �100� and hence it is inferred that crystal forces and
hydrogen bonding are playing a very dominant role in the real
crystal structure in condensed phase. To ensure the stability of the
optimized structure, PES scan has also been calculated varying the
dihedral C4eC9eC10eC13 (Fig. S2). The minimum energy thus
calculated corresponds to the dihedral at �95� and hence confirms
the stability of the structure studied (dihedral
C4eC9eC10eC13 ¼ �94.4). The NeC bond lengths in the pyrimi-
dine ring (1.378e1.408 A�) and the bridge CeS distances
(1.788e1.797 A�) are comparable with those reported in the X-ray
data. The optimized ground state energy of the title compound
calculated using DFT-B3LYP method with 6e311þþG(d,p) basis set
found to be �1201.57169 Hartree. The CeH bond length in the p-
tolylsulfanyl moiety varies in the range 1.086e1.097 Å. The two C]
O bond lengths in the pyrimidine-2,4-dione ring are at 1.215 and
1.220 Å, where the C7]O2 is slightly shorter than the C8]O5, as
both the Mulliken and natural charge analysis predict the O2 to be
slightly higher than the O5 (Table S1).

4.2. Electronic properties and UV studies

To explore the interaction of the title compound with other
species we have calculated the energy and composition of the most
significant parameters of quantum chemistry e HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied mo-
lecular orbital). Energies of HOMO and LUMO are directly related to
both the ionization potential and electron affinity. The energy gap
between HOMO and LUMO is a noteworthy parameter to envisage
molecular electrical transport properties as it is a measure of
electron conductivity. The frontier orbital gap also helps to char-
acterize the chemical reactivity and kinetic stability of the



Fig. 2. Patterns of the HOMO, LUMO and other important Molecular Orbitals of the
title compound.

Table 3
Experimental and calculated absorption wavelength l (nm), excitation energies E
(eV), absorbance values and oscillator strengths (f) of C14H16N2O2S.

Experimental TD-DFT/B3LYP/6e311þþG(d,p)

l (nm) E (eV) Abs. l (nm) E (eV) f

Gas phase
307.36(73 / 74) 4.0339 0.0034
280.48(73 / 75) 4.4204 0.0176
261.26(73 / 76) 4.7457 0.2640
255.75(72 / 76) 4.8479 0.0679
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molecule. A molecule with a small frontier orbital gap indicates its
polarizable nature and is generally linked with a high chemical
reactivity, low kinetic stability and such amolecule is termed as soft
molecule [57]. Fully optimized ground state structure has been
used at TD-DFT/B3LYP/6e311þþG (d, p) level of theory to deter-
mine energies (Table 2) and plots (Fig. 2) of HOMO (MO 73), LUMO
(MO 74) and other important MOs involved in the transitions of
title compound. From Fig. 2, it is clear that HOMO is localized over
the pyrimidine ring, sulfur atom and the propyl group and LUMO is
localized over the sulfur atom and phenyl ring showing significant
p anti-bonding character. The simulated UV spectrum and corre-
lated properties such as vertical excitation energies (E), oscillator
strengths (f) and the corresponding absorption wavelengths (l)
were computed for the gas phase and inmethanol solvent (Table 3),
and compared with the experimental UV spectrum. The calcula-
tions predict one intense electronic transition at 261.26/268.58 nm
with an oscillator strength 0.2621/0.4079 corresponding to the gas
phase/methanol solvent, in agreement with the measured experi-
mental value (l ¼ 294.00 nm in methanol) as shown in Fig. 3. This
electronic absorption corresponds to the transition from the mo-
lecular orbital HOMO (73) to LUMO (74) in methanol solvent and is
a p / p* transition. The peak in the calculated UV spectrum in gas
phase arises mainly due to the electronic transition given by
H/Lþ2. The energy gap (DE) of HOMO-LUMO/HOMO-LUMOþ1/
HOMO-LUMOþ2 of the title molecule have found to be 4.77058/
5.01275/5.20867 eV, respectively. The molecular electrostatic po-
tential map (MESP) (electrostatic potential mapped onto an elec-
tron iso-density surface) may be used to predict reactive sites for
electrophilic attack (electron rich region) and nucleophilic attack
(electron poor region) and to investigate the correlation between
the physiochemical properties and molecular structure of molec-
ular systems including bio molecules and drugs [58e63]. The red
and blue region refers to electron rich and electron poor region,
respectively, while the green region in the MESP suggests almost
neutral region. The MESP of the title compound (Fig. 4.) clearly
shows the major negative potential region around the oxygen
atoms attached to the pyrimidine ring with slight brunt of red re-
gion around bridged sulfur atom and the major positive region
around tolyl moiety recognized by blue color. The blue region
around the hydrogen attached with nitrogen atoms in the pyrimi-
dine ring also suggests electron deficient region. The total density
of states (TDOS) and partial density of states (PDOS) were drawn
(Fig. 5) using the Gauss-Sum 2.2 Program [64] to represent makeup
of the molecular orbital in the particular energy range, percentage
contribution of a group to each molecular orbital. The PDOS plot
clearly predicts major contribution to HOMO (almost 70%) comes
Table 2
Calculated important orbital's energies (eV), energy differences between transition
levels of studied molecule C14H16N2O2S.

Parameters TD-DFT/B3LYP/6e311þþG(d,p)

Gas Methanol

Etotal(a.u.) �1201.5717 �1201.5869
Etotal(eV) �32695.6067 �32696.0193
ELUMOþ2 (eV) �1.1799 �0.9423
ELUMOþ1 (eV) �1.3758 �1.2833
ELUMO(eV) �1.6180 �1.3782
EHOMO(eV) �6.3885 �6.4585
DE(HOMO-LUMO) (eV) 4.7706 5.0802
DE(HOMO-LUMOþ1) (eV) 5.0128 5.1752
DE(HOMO-LUMOþ2) (eV) 5.2087 5.5162
HOMO (MO 73); LUMO (MO 74)

C14H16N2O2S dimer at DFT-B3LYP/6e31þG(d, p).
Counterpoise: corrected energy (a.u.) ¼ �2403.14198.
Counterpoise: BSSE energy (a.u.) ¼ 0.00124.
Interaction energy (a.u.) ¼ 0.01611.

241.87(70 / 74) 5.1261 0.0064
237.98(73 / 77) 5.2099 0.0076

Methanol
282.83(73 / 75) 4.3838 0.0148

294.00 4.2259 0.443 268.58(73 / 74) 4.6163 0.4079
253.77(73 / 76) 4.8858 0.0487
245.89(70 / 74) 5.0423 0.0073
240.80(72 / 76) 5.1489 0.0033
231.88(72 / 74) 5.3470 0.0071
from the pyrimidine-2,4-dionemoiety, while the contribution from
the tolysulfanyl and propyl groups is 22% and 8%, respectively.
There is no contribution from the propyl group to LUMO, the 90%
contribution comes from tolysulfanyl moiety and 10% from the
pyrimidine-2,4-dione moiety.
4.3. Electric moments

The electric moments such as dipole moment, polarizability,



Fig. 3. Experimental and simulated UV absorption spectra of C14H16N2O2S.
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hyperpolarizability of the title compound have been calculated at
the DFT-B3LYP/6e311þþG(d,p) level of theory to predict its
nonlinear properties. The dipole moment illustrating the net mo-
lecular polarity is calculated to be 6.626 Debye (Table 4). The small
frontier orbital energy gap and high dipole moment of the title
compound show its high activity and less stability. The polariz-
ability and first static hyperpolarizability of the title compound are
found to be 215.31 a.u. (31.909 � 10�24 e.s.u.) and 3.378 � 10�30

e.s.u., respectively, with their components listed in Table 4.
Fig. 4. 3D MESP and 2D contour map of C14H16N2O2S.
4.4. Thermodynamic properties

On the basis of vibrational analysis, the statistical thermodynamic
functions: heat capacity (C0p;m), entropy (S0m) and enthalpy (H0

m)
changes for title compoundwere obtained from theoretical harmonic
wavenumbers and listed in Table S2. It can be observed that these
thermodynamic functions are directly proportional to temperature in
the range 100e700 K and their corresponding fitting equations are as
follows with the correlation graphics shown in Fig. 6.

S0m ¼ 66:81þ 0:295 T � 8� 10�5T2 ðR2 ¼ 0:999
�

Fig. 5. TDOS and PDOS plots for the title compound.



M.A. Al-Alshaikh et al. / Journal of Molecular Structure 1100 (2015) 225e236230
C0p;m ¼ 6:299þ 0:242 T � 9� 10�5T2 ðR2 ¼ 0:999
�

DH0
m ¼ �0:835þ 0:019Tþ 9� 10�5T2 ðR2 ¼ 0:999

�

The thermodynamic data presented here may be used to
compute other thermodynamic energies according to the re-
lationships of thermodynamic functions and estimate guidelines of
chemical reactions according to the second law of thermodynamics
in Thermochemical field [65]. As all the thermodynamic calcula-
tions were done in gas phase, they could not be used in solution.

4.5. NMR studies

The NMR spectroscopy is currently used for structure and
functional determination of biological macromolecules. Recent
advances in experimental and computational techniques have
made it possible to exploit the NMR chemical shifts to obtain the
structures of proteins and macromolecules [66]. The optimized
structure of title compound was used to simulate 1H NMR spectra
of the compound at the DFT-B3LYP/6e311þþG(d, p) level using the
Gauge-Including Atomic Orbital (GIAO) method in which an
exponential term containing the vector potential is included with
each atomic orbital. The calculated 1H chemical shifts for the title
compound in the gas phase as well as in DMSO solvent, taking
tetrarmethylsilane (TMS) as a reference, is given in Table 5, along
with experimentally-observed values [36]. The H34 and H35 atoms
attached to the nitrogen atoms of the pyrimidine ring show
downfield NMR signal at 11.21 and 10.74 ppm in DMSO with
theoretical value at 6.72 and 5.77 ppm, respectively. The deviation
in the theoretical and experimental values may be due to the fact
that the hydrogen atoms are involved in strong hydrogen bonding.
The three equivalent hydrogen (H31, H32, H33) of the CH3 group of
tolysulfanyl moiety and other three equivalent (H17, H18, H19)
hydrogen of propyl group show NMR signals at 2.31 and 0.84 ppm,
respectively, matched well with the theoretical values. The chem-
ical shifts for other hydrogen atoms are in good correlationwith the
experimental values.

4.6. Natural bond orbital (NBO) analysis

The natural bond orbital analysis gives the exact possible natural
Lewis structure picture. The NBO analysis explains the conjugative
interaction in a molecular system. The interactions between both
filled and virtual orbital spaces are correctly explained by the NBO
analysis. The delocalization of electron density between occupied
Table 4
Dipole moment, polarizability and first hyperpolarizability data for C14H16N2O2S calculat

Dipole Moment Polarizabilitya

a.u. esu ( �
mx 5.839 axx 303.77 45.018
my �3.132 axy 9.09 1.347
mz �0.001 ayy 187.32 27.761
mtotal(D) 6.626 axz �7.93 �1.175

ayz 0.16 0.024
azz 154.84 22.948
amean 215.31 31.909

a In atomic units Conversion factor to the SI units, 1 e2a20E�1
h ¼ 1.648778 � 10�41 C2 m

b In atomic units Conversion factor to the SI units, 1 e3a30E�2
h ¼ 3.206361 � 10�53 C3 m
Lewis type (bond or lone pair) NBO orbital and formally unoccupied
(antibond or Rydgberg) non-Lewis NBO orbital corresponds to a
stabilizing donoreacceptor interaction. The NBO analysis has been
performed on the title compound at the DFT/B3LYP/
6e311þþG(d,p) level in order to elucidate charge transfers or
conjugative interaction, the intra-molecule re-hybridization and
delocalization of electron density within the molecule. The second
order perturbation theory analysis of Fock matrix in the NBO basis
of the molecule shows the strong intra-molecular hyper con-
jugative interactions which are presented in Table S3. The strong
intra-molecular hyper conjugative interaction of p(C4eC9) to
p*(O5eC8) of pyrimidine ring with energy 22.24 kcal/mol and the
charge transfer from p(C23eC25) to p*(C26eC28)/p*(C20eC21)
amounts to the stabilization of 18.28/25.94 kcal/mol. The important
interactions involving the lone pair of N3(1) with that of anti-
bonding p*(O2eC7)/p* (C4eC9) and the lone pair of N6(1) with
the anti-bonding p*(O2eC7) and p*(O5eC8) results in stabilization
of the system by 53.21/41.41 kcal/mol and 60.2/48.45 kcal/mol,
respectively. The lone pairs LP(1)N3 and LP(1)N6 having 99.99% p-
character, are occupied by 1.6612 and 1.6522 e electrons, respec-
tively, (consistent with a delocalization of electron density from the
idealized Lewis occupancy of 2.0 electrons). The direction of the
line of centers between the two nuclei is compared with the hybrid
direction to determine the bending of the bond, expressed as the
deviation angle (Dev) between these two directions. The hybrid
directionality and bond bending analysis of natural hybrid orbital's
(NHOs) offer indications of the substituent effect and the steric
effect. It is evident from Table 6 that the C4 NHOs of s (S1eC4) are
away from the line of center by 3.9�, whereas the S1 and C20 NHOs
of s (S1eC20) are away from their line of centers by 1.5� and 3.4�,
respectively.
4.7. Vibrational analysis

The title compound has C1 symmetry and 35 atoms that give
rise to 99 normal modes of vibrations, which are described in detail
with the help of normal coordinate analysis. The specific assign-
ment to each vibration is attempted using the potential energy
distribution (PED). For this purpose, the full set of internal co-
ordinates is given in Table S4. To obtain the normal modes, the local
symmetry coordinates as recommended by Fogarasi and Pulay are
defined and presented in Table S5. This method is also valuable for
determining the mixing of other modes, where the maximum
contribution is agreed to be the most significant mode. The
observed FT-Raman and FT-IR bands with their relative intensities,
calculated wavenumbers and assignments are given in Table 7. The
ed at B3LYP/6e311þþG(d,p).

Hyperpolarizabilityb

10�24) a.u. esu ( � 10�33)

bxxx �94.793 �818.946
bxxy 123.614 1067.940
bxyy �307.650 �2657.880
byyy 81.989 708.323
bxxz �8.659 �74.803
bxyz 21.387 184.766
byyz 19.427 167.834
bxzz 29.705 256.628
byzz �89.631 �774.352
bzzz 10.484 90.571
btot 390.941 3377.456
btot ( � 10�30 esu) 3.378

2 J�1.
3 J�2.



Fig. 6. Correlation graphs of calculated heat capacity, entropy and change in enthalpy for C14H16N2O2S.

Table 5
The observed (in Gas phase and DMSO solvent) and calculated isotropic proton
chemical shifts for C14H16N2O2S with respect to TMS.

Atom Exp.(a) 6-311þþG(d,p)

Gas DMSO

H11 2.44 2.64 2.50
H12 2.44 1.89 2.08
H14 1.38 1.18 1.30
H15 1.40 1.55 1.41
H17 0.84 1.13 1.16
H18 0.84 0.92 0.88
H19 0.84 0.79 0.88
H22 7.30 7.73 7.83
H24 7.30 7.39 7.58
H27 7.22 7.54 7.72
H29 7.22 7.64 7.72
H31 2.31 2.12 2.23
H32 2.31 2.35 2.43
H33 2.31 2.64 2.66
H34 11.21 6.58 6.72
H35 10.74 5.53 5.77

Table 6
NHO directionality and ‘bond bending’ (deviations from line of nuclear centres).

Bond (A-B) Deviation at A (�) Deviation at B (�)
S1eC4 e 3.9
S1eC20 1.5 3.4
O2eC7 1.4 1.5
N3eC37 1.3 e
N3eH35 1.1 e
N6eC7 2.1 1.1
N6eC8 2.0 1.3
C8eC9 1.3 e
C9eC10 1.1 1.8
C10eH12 1.2 e
C10eC13 1.6 e
C13eC16 1.1 e
C16eH18 1.3 e
C16eH19 1.5 e
C20eC21 2.5 e
C20eH28 2.3 e
C21eC23 1.1 1.1
C26eC28 1.2 1.2
C30eH32 1.0 e
C30eH33 1.3 eM.A. Al-Alshaikh et al. / Journal of Molecular Structure 1100 (2015) 225e236 231
experimental FT-IR and FT-Raman spectra with the corresponding
theoretically-simulated IR and Raman spectra are shown in Fig. 7
and Fig. 8, respectively. For complete vibrational analysis of the
title compound, the vibrational modes are discussed under the
headings- Pyrimidine Ring vibrations, CeS bridge vibrations, C]O
vibrations, Phenyl Ring vibrations, CH2 vibration and Methyl group
vibrations.

4.7.1. Pyrimidine ring vibrations
Strong absorption in the range 1600e1500 cm�1 is marked in

the spectra of pyrimidines due to the C]N and C]C stretching
vibrations [67]. The C]C stretching vibration for 2-trifluoromethyl-
10H-benzo[4,5]imidazo[1,2-a]pyrimidin-4-one has been observed
by Sert et al. [68]. at 1609,1590 and 1556 cm�1 in the IR and at 1612,
1588 and 1559 cm�1 in the Raman spectrum, whereas, the C]N
stretching modes have been observed at 1609, 1590 cm�1 in the IR
and 1612 and 1588 cm�1 in the Raman spectrum. For the title
compound, the characteristic pyrimidine C]C stretching mode is
observed at 1623/1584 cm�1 in FT-IR/FT-Raman spectrum. A strong
peak at 1582 cm�1 in FT-IR spectrum have contribution from C]C
as well as C]N stretch. The ring breathing and trigonal bending
modes of the pyrimidine ring are two very interesting modes that
show characteristic peaks in the Raman spectrum of pyrimidine
and its derivatives. Barnes et al. [69] identified strong Raman band
at 760 cm�1 as the ring breathing mode for uracil. Yadav et al. [70]
have observed the ring breathing mode at 718/724 cm�1 and the
triagonal ring bending mode at 858/859 cm�1 in the FT-Raman/FT-
IR spectra of 2-thiocytosine. Bayrak [71].has reported ring breath-
ing mode in 2-amino-4-methylpyrimidine tetracyanonickelate
complex at 988 cm�1. Singh et al. [72] have reported hydrogen
bonding in different pyrimidine-methanol clusters probed by
polarized Raman spectroscopy and DFT calculations and found the
ring breathing mode for neat pyrimidine at 1011.2 cm�1. In the
present investigation, the peak at 885 cm�1 in the FT-IR and
894 cm�1 in the FT-Raman spectrum are assigned to the ring
breathing mode of pyrimidine, which corresponds to the theoret-
ical peak at 881 cm�1. These data on various pyrimidine derivatives
suggests that the ring breathing mode is highly sensitive to the
substitution, interactions and environment. Trigonal ring bending
mode is calculated at 999 cm�1, and corresponding observed peak
in the experimental spectra is at 1018 cm�1. The CeCeC in-plane
bending vibrations are generally observed around 600 cm�1

[73,74]. The observed band in FT-IR/FT-Raman spectra at 580/595,
526/528 and 436/443 cm�1 are assigned to the CeCeC in-plane
bending vibrations which are in good coherence with the theo-
retical spectra.

The NeH stretching vibration of the heterocyclic compounds
appears in the region of 3500e3000 cm�1 [46]. A broad band at



Table 7
Comparison of experimental infrared wavenumbers (cm�1) with theoretical harmonic frequencies (cm�1), infrared intensities, Raman scattering activities and Raman in-
tensities of molecule C14H16N2O2S along with the assignments of vibrational modes basing on PED results.

S. No. Experimental
wavenumbers

Calculated
wavenumbers

IR
intensity

Raman
Activity

Raman
intensity

Assignment of dominant modes (PED below 10% not taken in to the consideration)

FT-IR Raman Unscaled Scaled

1 3222 bb 3225 3604 3452 68.5 120.5 193.5 nNH(R1) (100)
2 3596 3445 199.3 73.6 118.7 nNH(R1) (100)
3 3161 m 3058 m 3193 3059 0.4 177.3 355.5 nCH(R2) (99)
4 3054 m 3191 3057 4.6 7.9 15.8 nCH(R2) (99)
5 3035 m 3168 3035 9.6 97.3 197.9 nCH(R2) (99)
6 3033 m 3166 3033 8.8 101.3 206.2 nCH(R2) (99)
7 3110 2980 13.1 71.3 149.7 nCH(30C)as1 (91)
8 3088 2958 47.8 58.6 124.8 nCH(16C)as2 (36) þ nCH(16C)as1 (28) þ nCH(13C)as (20) þ nCH(10C)as (15)
9 2957w 3086 2956 48.4 93.7 199.7 nCH(16C)as1 (69) þ nCH(13C)as (27)
10 2953w 3082 2953 14.1 96.9 206.7 nCH(30C)as2 (89)
11 3072 2943 2.6 7.4 15.9 nCH(10C)as (56) þ nCH(16C)as2 (38)
12 3054 2926 4.9 102.9 223.2 nCH(13C)as (53) þ nCH(16C)as2 (28) þ nCH(10C)as (11)
13 3029 2902 32.5 63.4 139.4 nCH(10C)ss (65) þ nCH(13C)ss (13) þ nCH(13C)as (10) þ nCH(10C)as (10)
14 2925w 2919s 3028 2901 19.6 340.7 749.9 nCH(30C)ss (93)
15 3020 2894 5.7 158.4 350.1 nCH(13C)ss (83) þ nCH(10C)ss (10)
16 2852 m 2866s 3018 2891 33.9 159.6 353.4 nCH(16C)ss (96)
17 1709 m 1789 1714 775.7 28.6 142.0 nCO(R1) (69) þ nCN(R1) (15)
18 1658vs 1650vs 1733 1661 718.8 113.0 587.1 nCO(R1) (75)
19 1623vs 1584s 1634 1606 20.1 104.6 568.7 nCC(R2) (64) þ bCCH(R2) (21)
20 1582s 1620 1592 288.9 71.8 395.3 nCC(R1) (65) þ nCN(R1) (18)
21 1568s 1599 1571 2.7 4.6 25.5 nCC(R2) (70) þ bCCH(R2) (12)
22 1519vs 1521 1495 26.2 2.4 14.6 bCCH(R2) (58) þ nCC(R2) (36)
23 1509 1483 8.9 2.2 13.3 d2CH3 (16C) (39) þ CH2rock (13C) (23) þ d1CH3 (16C) (13)
24 1498 1473 3.6 10.8 66.0 d1CH3 (16C) (76) þ d2CH3 (16C) (11)
25 1495 1469 40.6 13.2 80.9 d2CH3 (30C) (37) þ CH2sciss (13C) (14) þ bCNH(R1) (11)
26 1463s 1493 1468 144.8 25.6 157.3 bCNH(R1) (34) þ nCN(R1) (21) þ d2CH3 (30C) (12)
27 1492 1467 15.0 13.1 80.6 d2CH3 (30C) (47) þ d1CH3 (30C) (34)
28 1488 1463 6.8 8.6 52.9 d1CH3 (30C) (54) þ d2CH3 (30C) (34)
29 1431vs 1482 1456 23.2 24.3 151.2 CH2sciss (10C) (72)
30 1425 1401 5.3 1.2 7.5 bCCH(R2) (44) þ nCC(R2) (42)
31 1397vs 1417 1393 223.4 2.2 14.2 nCN(R1) (38) þ bCCO(R1) (20) þ nCC(R1) (12) þ bCNH(R1) (10)
32 1408vs 1416 1392 8.3 26.4 174.2 dCH3 (30C) (91) Umbrella mode
33 1409 1385 1.5 0.2 1.0 dCH3 (16C) (91) Umbrella mode
34 1373 m 1402 1378 2.9 11.5 76.7 bCNH(R1) (71) þ nCO(R1) (14)
35 1351vs 1349 m 1385 1362 2.8 11.3 76.9 CH2wag(13C) (38) þ CH2wag (10C) (36) þ nCC(CH2) (18)
36 1309 m 1341 1318 4.4 12.4 87.6 CH2twist (10C) (41) þ CH2twist (13C) (37)
37 1311 m 1333 1310 2.0 2.5 17.8 bCCH(R2) (69) þ nCC(R2) (23) Chubby Checker mode
38 1319 1296 0.1 1.3 9.5 CH2wag (10 CH2) (46) þ CH2wag (13C) (29)
39 1282vs 1280vs 1310 1288 0.7 0.9 6.62 nCC(R2) (87) þ bCCH(R2) (10) Kekule mode
40 1295 1273 12.5 5.6 42.7 CH2twist (13C) (25) þ nCN(R1) (17) þ CH2twist (10C) (17)
41 1214vs 1239 1218 6.4 14.9 117.2 nCN(R1) (23) þ nCC(R1) (18) þ CH3rock2 (16C) (18)
42 1229vs 1229 1208 8.2 22.1 175.3 nCC(30C) (43) þ nCC(R2) (24) þ bCCH(R2) (16) þ dtrig (R2) (14)
43 1196 m 1209 1188 60.2 3.8 30.3 nCN(R1) (42) þ nCC(CH2) (25)
44 1185 m 1180 m 1207 1186 27.2 4.0 32.5 bCCH(R2) (68) þ nCC(R2) (18)
45 1161 1141 23.7 7.1 60.7 nCN(R1) (58)
46 1117s 1136 1116 5.1 0.1 1.3 bCCH(R2) (60) þ nCC(R2) (33)
47 1107w 1095vs 1109 1090 7.3 26.7 242.1 CH3rock1(16C) (31) þ nCC(CH2) (20)
48 1084s 1089vs 1105 1086 14.6 25.0 227.4 nCC(R2) (30) þ nCS (13) þ nCC(CH2) (11)þ CH3rock1 (16C) (10) RBM (R2)
49 1093 1074 11.3 27.7 255.4 nCC(R2) (20) þ nCS (16)
50 1030 m 1062 1044 7.8 0.1 1.3 CH2twist (13C) (59) þ gHCCC(R2) (12)
51 1028s 1037 1020 0.7 5.0 49.6 nCC(CH2) (94)
52 1018 m 1033 1016 13.4 3.1 30.7 dtrig (R2) (65) þ nCC(R2) (21)
53 1017 999 25.6 10.4 105.4 nCN(R1) (30) þ dtrig (R1) (28) þ bCNH(R1) (10)
54 1007 990 1.2 0.5 4.6 CH3rock1 (30C) (64)þ nCC(R2) (20)
55 972w 993 976 0.1 0.1 0.4 gHCCC(R2) (92)
56 932 m 973 957 0.7 0.1 0.5 gHCCC(R2) (81) þ tpuck (R1) (15)
57 913s 908 893 22.4 10.3 120.1 nCS(22) þ nCN(R1) (13) þ nCC(CH2) (11)
58 885 m 894w 896 881 2.7 11.7 138.9 nCC(R1) (22) þ nCN(R1) (20) þ nCC(10Ce13C) (19) þ CH3rock1 (16C) (15) RBM (R1)
59 842 m 851w 861 847 6.0 3.0 37.1 CH3rock2 (16C) (26) þ CH2rock (10C) (12) þ CH2twist (13C) (11)
60 839 m 854 840 0.1 0.1 1.05 gHCCC(R2) (100)
61 817 m 831 816 34.7 0.3 3.7 gHCCC(R2) (78)
62 794s 812 798 1.2 29.0 389.3 nCC(R2) (30) þ nCC(30C) (23) þ d2(R2) (20)
63 780s 799 786 5.9 0.9 11.9 gNNCO(R1) (15) þ nCC(9Ce10C) (14) þ nCC(R1) (12)
64 760 m 757 m 760 747 5.5 1.1 15.5 gNNCO (R1) (46) þ tpuck (R1) (16)
65 735 m 750 737 40.8 0.0 0.2 gNNCO(R1) (53) þ tpuck (R1) (27) þ gCNCH(R1) (12)
66 746 733 5.1 1.4 20.6 t(10Ce13C) (21) þ t(13Ce16C) (20) þ CH2rock (13C) (18)þ CH3rock2 (16C) (12)
67 713 m 703w 724 712 2.3 0.2 2.5 tpuck (R2) (74) þ gSCCC(R1) (10)
68 647 m 667 656 75.3 1.0 18.0 gCNCH(R1) (67) þ gSCNC(R1) (10)
69 652 641 8.6 1.1 19.0 bCCO(R1) (50)
70 636w 650 639 0.4 5.5 97.3 d1 (R2) (61) þ d2 (R2) (20)
71 618 m 627s 629 618 0.7 3.5 65.4 nCS(25) þ bCCO(R1) (17) þ nCC(30C) (12) þ d2 (R2) (11)
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Table 7 (continued )

S. No. Experimental
wavenumbers

Calculated
wavenumbers

IR
intensity

Raman
Activity

Raman
intensity

Assignment of dominant modes (PED below 10% not taken in to the consideration)

FT-IR Raman Unscaled Scaled

72 580 m 595s 588 578 7.1 10.1 204.2 nCN(R1) (18) þ d2 (R1) (16)þ gCCNS(R1) gSCNC(R1) (10)
73 575 565 2.3 2.1 42.9 gSCNC(R1) (33) þ gCNCH(R1) (15) þ t2 (R1) (11)
74 526 m 528s 548 538 22.3 2.7 59.1 gCNCH(R1) (38) þ d2 (R1) (13)
75 526 517 15.0 0.3 6.4 t2 (R2) (22) þ gSCCC(R2) (17) þ gCNCH(R1) (15)
76 506w 515 506 24.5 2.1 50.2 gCNCH(R1) (23) þ gSCNC(R1) (15) þ d1 (R1) (11)
77 436w 443 m 442 435 35.6 4.5 134.2 d2 (R1) (22) þ nCS(18) þ bCCO(R1) (17)
78 415 m 420 412 0.2 0.1 2.57.6 t2 (R2) (62) þ gHCCC(R2) (14) þ t2 (R2) (11)
79 409w 414 407 1.7 0.8 25.3 t2 (R2) (17) þ t1 (R2) (13) þ nCS(13) þ d2 (R2) (13)
80 385w 381 375 5.9 2.2 82.0 bCCO(R1) (39) þ nCN(R1) (15) þ nCS(14)
81 375 368 3.6 0.9 35.2 gCCCC(R1) (15) þ gCNCH(R1) (13) þ gCCNS(R1) (11) þ CCCsciss(10C) (10)
82 371 365 0.4 0.3 11.8 bCCC(R2) (50) þ bCCH(R2) (18)
83 330 325 1.7 1.8 81.8 bC9CC(34) þ t(10Ce13C) (12)
84 310 m 300 295 0.3 3.9 205.0 CH2sciss (13C) (27) þ bCCO(R1) (10) þ gSCCC(R1) (10)
85 281 276 1.6 0.3 15.0 CH2sciss (13C) (19) þ t(13Ce16C) (15) þ d1 (R1) (10)
86 242 238 0.4 0.1 7.9 bCCH(R2) (64)þ bCCC(R2) (19)
87 239w 237 233 0.1 0.5 34.5 t(13Ce16C) (96)
88 194w 189 186 0.1 5.1 555.3 bCCO(R1) (28) þ t(13Ce16C) (17)
89 160 157 0.5 0.2 29.5 d1 (R2) (55) þ gCNCH(R1) (29)
90 151 148 0.8 0.5 72.2 t2 (R1) (32) þ gCNCH(R1) (31) þ tpuck (R1) (26)
91 139 137 1.1 0.4 68.7 tpuck (R1) (28) þ gCNCH(R1) (21)þ d2 (R2) (13)
92 110s 121 119 1.6 0.2 48.0 tpuck (R1) (51) þ gCNCH(R1) (25) þ gCCCC(R1) (11)
93 92 92 0.1 0.1 32.9 t(10Ce13C) (58) þ t(9Ce10C) (32)
94 60 59 0.1 1.5 1275.1 t1 (R1) (27) þ t2 (R1) (26) þ gCNCH(R1) (16) þ CCCsciss(10C) (10)
95 51 50 0.3 2.9 3371.8 t(25Ce30C) (48) þ t(9Ce10C) (25) þ t(10Ce13C) (12)
96 43 42 0.2 0.6 1022.4 t(25Ce30C) (98)
97 37 37 0.4 4.0 8268.4 t(25Ce30C) (80)
98 35 35 0.2 5.6 12968.9 t(25Ce30C) (69) þ t(1Se20C) (16)
99 14 14 0.1 0.7 9005.8 t(4Ce1S) (51) þ t(1Se20C) (16) þ t(25Ce30C) (13)

Abbreviations: R1-pyrimidine ring; R2-phenyl ring; n-stretching, ss-symmetric, as-antisymmetric, as1& as2-antisymmetric stretching; d-deformation, d1& d2-antisymmetric
deformation; trig-trigonal; b-in plane bending; g-out of plane bending; wag-wagging; rock-rocking; t-torsion, t1 & t2-antisymmetric torsion; puck-puckering; sciss-scis-
soring; twist-twisting; RBM-ring breathing mode.

Fig. 7. The experimental FT-IR and theoretical IR spectra of C14H16N2O2S.

M.A. Al-Alshaikh et al. / Journal of Molecular Structure 1100 (2015) 225e236 233
3222 cm�1 in the FT-IR spectrum of the title compound is due to
strong IR active NeH stretching mode, corresponding to the two
NeH groups of the pyrimidine ring. The calculated scaled wave-
numbers with strong IR intensity and 100% PED for the two NeH
stretching modes are at 3452 and 3445 cm�1. The red shift in the
NeH stretching modes by 230 cm�1 and 223 cm�1 is due to the
hydrogen bonding as predicted by the crystal structure [26]. The in
plane/out of plane NeH bending modes have been assigned at
wavenumbers 1468, 1378 cm�1/656, 538 cm�1, respectively.

4.7.2. CeS vibrations
Haress et al. [75] have reported, the bands at 676 cm�1 in the IR

spectrum, 663, 640 cm�1 in the Raman spectrum and at 674, 665,
643, 614 cm�1 in theoretical spectrum as the CeS stretchingmodes.
Kaur et al. [76] reported the CeS stretching modes at 672 cm�1 in
the IR spectrum, 674 cm�1 in the Raman spectrum and the theo-
retically calculated values at 696 and 671 cm�1. The CeS stretching
mode is reported at about 641 cm�1 (IR), 645 (Raman) and 704, 640
(DFT) by Mary et al. [77]. Similar mode has been observed at about
640 cm�1 by Cravino et al. [78]. In the present study, as the sulfur
atom is bridged between the phenyl and pyrimidine ring, the CeS
stretching vibration is observed at a slightly higher value at
913 cm�1 in addition to the peak at 627 cm�1 in the FT-Raman
spectrum while the theoretically calculated values are assigned at
wavenumbers 893 and 618 cm�1 for CeS stretching vibration. The
out of plane bending vibrations are observed at 565 and 517 cm�1

theoretically.

4.7.3. C]O vibrations
The appearance of strong bands around 1800e1650 cm�1 in the

FT-IR spectrum mark the presence of carbonyl group and attribut-
able to the C]O stretching motion [79]. The position of this band



Fig. 8. The experimental FT-Raman and theoretical Raman spectra of C14H16N2O2S.
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within this wavenumber range depends on the molecular envi-
ronment of the C]O group. The two C]O groups of the title
compound give rise to two strong bands at 1709 and 1658 cm�1 in
the FT-IR spectrum with DFT calculated value at 1714 and
1661 cm�1. The studies of Pavel et al. [80] and Palafox et al. [81] on
uracil derivatives, support our assignment. Not only the C]O
stretching, in-plane and out of plane bending of carbonyl group is
also observed to be sensitive to its proximity with other groups.
Prasad et al. [82] have reported the C]O in-plane and out-of-plane
bending at 615 and 595 cm�1 respectively, for 1H-indene-1,3(2H)-
dione. The in-plane and out-of-plane C]O bending modes for 2-
methylacetoacetanilide at B3LYP/6e311þþG(d,p) have been re-
ported at 845 and 693 cm�1 by Arjunan et al. [83]. The in-plane in-
phase C]O vibration of the two C]O groups is computed at 641
and in-plane out-of-phase C]O vibration at 375 cm�1 well
matched at 385 cm�1 in the FT-Raman spectrum. The C]O out-of-
plane bending modes were calculated at 747 and 737 cm�1 and
assigned with the medium band at 757 cm�1 in the FT-Raman and
760 and 735 cm�1 in the FT-IR spectrum.

4.7.4. Phenyl ring vibrations
The phenyl ring spectral region chiefly comprises of CeH, CeC

and C]C stretching, and the CeCeC as well as HeCeC-bending
vibrations. The bands due to the ring CeH-stretching vibrations
were observed as a group of partially overlapping absorptions in
the region 3100e3000 cm�1. The calculated wavenumbers in the
region 3059e3033 cm�1 are identified as the CeH stretching
modes and have been assigned at 3061, 3035, 3033 cm�1/3058,
3054 cm�1 in the experimental FT-IR/FT-Raman spectrum,
respectively. The vibrations involving the CeH in-plane bending
were found within the region 1606e1116 cm�1. The ring CeC
stretching vibrations usually occur in the region 1625e1430 cm�1

[84]. For the title compound, calculated bands at 1606, 1571 1495
and 1310 cm�1 are due to CeC stretching of ring. The interesting
Chubby Checker mode of the ring calculated at 1310 cm�1 was
experimentally well matched with the medium intensity band in
FT-IR spectrum at 1311 cm�1. The Kekule and the ring breathing
modes were observed at 1282/1280 and 1084/1089 cm�1 in FT-IR/
FT-Raman spectra, respectively. The trigonal ring deformation is
calculated wavenumber at 1016 cm�1. The dominant CeH out-of-
plane bending modes at 976 and 840 cm�1 are found to have
contributions more than 90% to the total PED and are assigned well
at 972 and 839 cm�1 peaks in the experimental FT-IR spectrum. The
torsional modes generally appear in the low wavenumber regions.
In the present case, the calculated normal modes below 565 cm�1

wavenumbers are mainly the torsional modes. The phenyl ring
torsional modes are calculated at 517, 412 and 407 cm�1 and the
corresponding peak has been observed experimentally at 415 cm�1

in the FT-Raman and 409 cm�1 in FT-IR spectra.

4.7.5. CH2 vibrations
The title compound has two methylene groups (C10H2 and

C13H2), attached between the pyrimidine ring and terminal methyl
group (Fig. 1). The CH2 group vibrations show anti-symmetric and
symmetric stretching, scissoring, rocking, wagging and twisting
vibrational motions. The anti-symmetric CH2 stretching vibrations
are generally observed in the region 3100e3000 cm�1, while the
symmetric stretch appears between 3000 and 2900 cm�1. The
calculated CH2 anti-symmetric stretching vibrations were identi-
fied at 2943, 2926 cm�1 and symmetric vibrations are found at
2902 and 2894 cm�1 (observed at 2925 cm�1 in FT-IR). The CH2
scissoring vibrations appear normally in the region
1490e1435 cm�1 as medium intense bands [85]. In the title com-
pound, the dominant CH2 scissoring mode is calculated at
1456 cm�1 with 72% to total PED contributionwhich corresponds to
a very strong peak at 1431 cm�1 in FT-IR spectrum. The wave-
numbers calculated at 1362 and 1296 cm�1 are assigned to the
methylene wagging modes, well matched with experimental FT-IR
band at 1351 cm�1 and FT-Raman at 1349 cm�1. In the present
assignments, the general trend for the wavenumber of CH2 bending
modes is observed i.e. wavenumbers increase as we go from rock-
ing/ twisting/ wagging/ scissoring of the methylene group.
The twisting modes are predicted at 1318, 1273 and 1044 cm�1,
while the rocking modes of the methylene group are mixed modes
and have been calculated at 847 and 733 cm�1.

4.7.6. Methyl group vibrations
The title compound possesses two CH3 groups (C30H3 and

C16H3). Nine fundamentals can be associated to each CeCH3 group
[86]. The CeH stretching of the methyl group occurs at lower fre-
quencies than those of aromatic ring. Moreover, the antisymmetric
stretch is usually at higher wavenumber than the symmetric
stretch. For compounds containing CH3 group, the symmetric CeH
stretching mode appears in the range 2935e2860 cm�1, whereas
the anti-symmetric stretching modes appear in the region
2985e2925 cm�1 [87]. In this present study, the symmetric
stretching vibrations for the two methyl groups are calculated at
2901 and 2891 cm�1, whereas the CH3 anti-symmetric modes are
assigned in the range 2980e2953 cm�1. The experimental peak for
the anti-symmetric CH3 stretch is at 2957 and 2953 cm�1 (FT-IR)
and for symmetric stretch are at 2919, 2866 (Raman) and
2852 cm�1 (FT-IR). The anti-symmetric and symmetric deformation
vibrations of the methyl group usually appear within the region
1465e1440 cm�1 and 1390e1370 cm�1 [88]. In the present inves-
tigation, the wavenumbers corresponding to the two asymmetric
deformations are assigned at 1483, 1473 for C16H3 and 1467,



Fig. 9. Correlation graphics of experimental and theoretical (scaled) wavenumbers of
the title compound.
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1463 cm�1 for C30H3. The band around 1390 cm�1 in FT-Raman is
usually characteristic for the umbrella mode of the methyl group
[89]. Meanwhile, the calculated wavenumbers at 1392 and
1385 cm�1 have been assigned as the symmetric deformation
(umbrella mode) with >90% contribution to PED. The methyl
rocking mode usually appears within the region 1070e1010 cm�1

[90,91]. The strong band at 1095 cm�1 in Raman spectrum is due to
the C16H3 rocking vibrational motionwith theoretical peak at 1090
and the peak for C30H3 rocking is at 990 cm�1. As the wavenumber
for the A-CH3 rocking vibration depends on the electronegativity of
‘A’ atom, and increases with increasing electronegativity, these
modes are in line with charges of the C13 and C25 attached to the
two methyl groups as given in Table S1.

All the calculated vibrational wavenumbers are in fair agree-
ment with the experimental wavenumbers. The correlation graphic
which shows accord between the calculated and experimental
wavenumbers is shown in Fig. 9. As seen from the figure, the
experimental fundamentals have a good correlation at B3LYP level.

5. Conclusions

In the present communication, we have presented the calcula-
tion of molecular properties and vibrational analysis of the title
compound, at the DFT level of theory using FT-IR and FT-Raman
spectroscopic information. The present study emphasizes the
effectiveness of B3LYP method when used with proper basis set to
accurately replicate the band positions and relative intensities of
the vibrational bands even for large molecules. The red shift in the
NeH stretchingmodes is due to the NeH/O]C hydrogen bonding.
The pyrimidine ring breathing is highly sensitive to the environ-
ment, interaction and substitution and is calculated at 881 cm�1 in
good coherence with experimental peak at 885 (FT-IR)/894 (FT-
Raman) cm�1. The hyperpolarizabilty of the title compound is
calculated to be 3.3775 � 10�30 e.s.u. The dipole moment (6.626
Debye) as well as polarizabilty (31.9091 � 10�24 e.s.u.) is found to
be quite high. The strong hydrogen bonding present in the crystal
structure is manifested by the strength of the hydrogen bond
(5.05596 kcal/mol) calculated using counterpoise correction
method.
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