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Hartree-Fock and Density Functional Theory (B3LYP, B3PW91) calculations for the ground state of (3-Oxo-3H-
benzo[f]chromen-1-yl) methyl N,N-dimethylcarbamodithioate have been presented and the calculated structural parameters
and energetic properties have been compared with the available X-ray diffraction data. The vibrational frequencies have been
calculated using optimized geometry of the molecule. The conformational properties of the molecule have been determined
by computing molecular energy properties, in which torsional angle varied from −180° to +180° in steps of 10°. Moreover,
natural bond orbital analysis and atomic charge analysis have been performed. Besides, HOMO and LUMO energies have
been calculated and their pictures have been presented. Finally, molecular electrostatic potential and thermodynamic proper-
ties have been calculated. It is seen that the obtained theoretical results agree well with the available experimental values. In
all the calculations, except for optimization and vibrational calculations, B3LYP level of theory with 6-311++G(d,p) basis set
has been used.
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1. Introduction

Priviliged structures or scaffolds were first stud-
ied by Evans et al. [1]. These structures can
bind to a diverse range of targets with high
affinities, thus enabling discovery of novel bioac-
tive agents. Chromenes (benzopyrans) represent
an important type of priviliged structures ap-
pearing in natural compounds and they possess
interesting biological activities such as antitu-
mor [2], antivascular [3], antimicrobial [4], an-
tioxidant [5], TNF-α inhibitor [6], antifungal [7],
anticoagulant [8], estrogenic [9], antiviral [10],
anticancer [11, 12], anti-HIV [13], antitubercu-
lar [14], anti-inflammatory [15] and anticonvul-
sant [16, 17]. Benzopyran derivatives are also used
in the production of highly effective fluorescent
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dyes for synthetic fibers, daylight fluorescent pig-
ments and electrophotographic and electrolumines-
cent devices [18–23].

In the literature, coumarin compound,
(3-Oxo-3H-benzo[f]chromen-1-yl) methyl
N,N-dimethylcarbamodithioate was synthe-
sized by Kumar et al. [21]. This compound was
characterized by X-ray diffraction method and
its structure was clarified with 1H NMR and IR
spectra by Mahabaleshwaraiah et al. [24]. To our
knowledge, despite the importance mentioned
above, there is a lack of theoretical calcula-
tions of conformational, natural bond orbital
(NBO), molecular geometry, vibrational modes,
molecular frontier orbital energy, electronic and
thermodynamic properties of the title compound.

The aim of the this work is to to per-
form Mulliken population, natural population and
conformational analyses as well as to describe and
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Fig. 1. (a) experimental structure [24], (b) optimized geometric structure of (3-Oxo-3H-benzo[f]chromen-1-yl)
methyl N,N-dimethylcarbamodithioate compound (obtained at B3LYP/6-311++G(d,p) level). Visualiza-
tion of this structure has been carried out with ChemCraft software [27].

characterize the molecular structure, vibrational
frequencies, NBO, molecular frontier orbital ener-
gies (HOMO and LUMO), molecular electrostatic
potential maps (MEP) and thermodynamic prop-
erties of (3-Oxo-3H-benzo[f]chromen-1-yl) methyl
N,N-dimethylcarbamodithioate compound, using
DFT (B3LYP, B3PW91) and HF calculations.

2. Computational methods
The initial molecular geometry of the stud-

ied molecule was taken from X-ray diffraction
results [24] without any constraints. The geom-
etry optimization is the basic building block of
theoretical calculations. Therefore, we made ge-
ometry optimization for this molecule by HF
and DFT (B3LYP and B3PW91) methods with
6-311++G(d,p) basis sets. Gaussian 09W pro-
gram package was used in the HF and DFT cal-
culations for the title compound [25]. The har-
monic frequency calculations were performed at
both HF and DFT levels with 6-311++G(d,p) ba-
sis sets using the optimized structural parame-
ters. The obtained vibrational frequencies were
scaled by a factor of 0.89 for HF, 0.96 for B3LYP
and 0.957 for B3PW91. Vibrational band assign-
ments were made using the Gauss-View molecu-
lar visualisation program [26]. In addition, elec-
tronic properties, such as natural bond orbital
(NBO), charge analysis, HOMO-LUMO energies,
and thermodynamic properties were calculated us-
ing DFT/B3LYP method.

3. Results and discussion

3.1. Molecular structure

The crystal structure of C17H15NO2S2 is
monoclinic and its space group is P21/n. The
crystal structure parameters of the compound
are a = 14.1575 (2) Å, b = 6.9399 (1) Å,
c = 15.9750 (2) Å, β = 101.591 (1)°, γ = 78.842
(1)° and V = 1537.56 (4) Å3 [24]. In this
molecule, the 3H-benzo[f]-chromene ring sys-
tem is distinctly twisted. The experimental struc-
tural parameters of the novel molecule are as
follows: the dihedral angle between the pyran
ring and its opposite benzene ring is 9.11 (8)°,
the N,N-dimethylcarbamodithioate residue lies al-
most perpendicular to the pyran ring (dihedral
angle = 85.15 (7)°).

The molecular structure of the title compound
has been optimized by GAUSSIAN 09W at HF
and DFT levels using X-ray diffraction exper-
imental data [24] without any constraints and
is shown in Fig. 1 with atomic numbers [27].
The energies of the optimized structure obtained
by HF, DFT-B3LYP and DFT-B3PW91 meth-
ods are −44951.761 eV, −45136.013 eV and
−5124.020 eV, respectively. Selected comparative
structural parameters obtained from the optimiza-
tion are presented in Table 1.
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Table 1. Selected molecular structure parameters.

Parameters Experimental [24]
This work (theoretical)

HF B3LYP B3PW91

Bond lengths [Å]
S1-C15 1.784 1.786 1.815 1.801
S1-C14 1.800 1.812 1.825 1.811
S2-C15 1.664 1.668 1.669 1.663
O1-C13 1.367 1.346 1.394 1.388
O1-C8 1.374 1.345 1.358 1.351
O2-C13 1.207 1.181 1.204 1.202
N1-C15 1.327 1.328 1.350 1.346
N1-C16 1.460 1.464 1.467 1.458
N1-C17 1.465 1.465 1.468 1.459
C1-C2 1.356 1.359 1.374 1.372
C5-C6 1.424 1.413 1.434 1.431
C5-C7 1.453 1.454 1.452 1.447
C7-C8 1.387 1.371 1.398 1.396
C11-C14 1.514 1.519 1.517 1.511

Bond angles [°]

C15-S1-C14 103.500 105.175 102.903 102.453
C13-O1-C8 121.630 123.410 122.528 122.536
C15-N1-C17 120.920 119.243 119.007 118.851
C16-N1-C17 114.640 117.995 117.790 118.072
C5-C7-C11 127.610 127.834 127.389 127.293
O1-C8-C7 123.370 123.504 123.182 123.250
C12-C11-C14 119.090 120.287 119.832 119.858
O2-C13-O1 117.550 119.135 117.975 117.952
O1-C13-C12 115.970 115.104 114.576 114.616
C11-C14-S1 116.430 117.221 116.547 116.222
N1-C15-S1 113.330 113.256 112.548 112.569
S2-C15-S1 122.510 122.956 123.816 123.961
Torsion angles [°]

C6-C5-C7-C11 –171.940 –170.465 –168.549 –168.067
C5-C7-C8-O1 176.450 174.828 173.503 173.426
C8-O1-C13-O2 –176.030 –172.990 –172.990 –172.832
C7-C11-C14-S1 158.210 158.877 155.798 155.586
C15-S1-C14-C11 86.480 97.353 105.834 107.283
C16-N1-C15-S2 178.010 178.745 177.490 177.353
C17-N1-C15-S1 –179.390 –177.760 –175.282 –175.203
C14-S1-C15-N1 –173.890 –178.865 –176.895 –176.664
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Table 2. Comparison of the experimental and calculated vibrational frequencies [cm−1].

Assignments Experimental [24] HF B3LYP B3PW91

ν (C–H) R s – 2984 3063 3064
ν (C–H) R as – 2972 3048 3048
ν (C–H3) as – 2949 3021 3022
ν (C–H3) as – 2914 3009 2980
ν (C–H3) s – 2883 2920 2916
ν (C–H3) s – 2852 2903 2900
ν (C–H2) s – 2838 2866 2824
ν (C=O) 1708.6 1766 1728 1744
ν (C=C) R – 1628 1591 1601
ν (C–C) R – 1586 1580 1588
ν (C=C) R – 1548 1517 1527
ν (C=C) R – 1488 1488 1491
ω(C–H3) – 1480 1471 1467
γ (C–H) – 1436 1426 1425
ν (C=C) R +ω(C–H2) – 1367 1366 1355
ν (C–N) +ω(C–H3) + ν (C–O) – 1344 1341 1347
ω (C–H2) + ν(C–C) R + ν(C–N) – 1337 1337 1329
ν (C–C) R +ω(C–H2) – 1255 1313 1288
ν (C–O–C) 1279 1195 1290 1258
ν (C–N) + ν (C=S) 1251 1137 1233 1244
δ (C–H3) + δ (C–H2) – 1030 1223 1179
Ω (C–H2) + α (C-H) R – 1011 1169 1166
ν (C–O) + α (C–H) – 962 1106 1131
γ (C–H3) – 957 1025 1123
Ω (C–H2) + α (C–H) R – 907 973 1088
ν (C–O) 1036 904 967 979
δ (C–H) – 856 940 953
ν (C–N) + ν (C–S) +ω (C–H2) – 834 951 967
ν (C–O) R – 750 874 880
ν (C–N) + ν (C–S) 842 740 831 848
ω (C–H) R – 717 799 796
ω(C–H) R+ ν (S–CH2) – 572 727 752
ν (C–S) 660 560 672 563
γ (C–H2) – 432 365 366
ν – stretching; δ – twisting; γ – rocking;ω – wagging; α – scissoring; s – symmetric; as – asymmetric; R – ring.

Taking into account these results we can
conclude that B3LYP/6-311++G(d,p) method can
be used as the main reference. It is also well
known from the literature that DFT-optimized
bond lengths are usually longer and more accurate
than HF due to the electron correlation included
in DFT [28].

The bond lengths, angles and dihedral angles
are presented in Table 1. It is seen from the Ta-
ble that the calculated bond lengths are slightly
larger than the corresponding experimental values.
This discrepancy may originate from the fact that
the theoretical calculations were performed for the
gaseous phase whereas the experimental results
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were obtained for the solid phase [29]. Another rea-
son can be the change in charge distribution on the
carbon atom of the benzene ring [30]. The carbon-
hydrogen bond lengths are given as standard val-
ues during the solvation of the crystal structure
by SHELXS97 [31, 32]. In Table 1, we did not
give them because of the disprecancies in the bond
lengths between carbon and hydrogen atoms.

From Table 1 we can see that the calculated
bond angles are in agreement with the experimental
results. The only discrepancy occurs for the angle
C16-N1-C17, which we think may originate from
sharp in-plane and out-of-plane vibrations of the
methyl group bonded to nitrogen atom. We also see
that all the calculated dihedral angles are in a good
agreement with the experimental results.

The calculated geometrical parameters obtained
by HF, DFT/B3LYP and DFT/B3PW91 methods
represent a good approximation and they are the
bases for calculating other parameters, such as
vibrational frequencies, conformational analysis,
frontier molecular orbitals, electronic and thermo-
dynamic properties.

3.2. Vibrational spectra

Harmonic vibrational frequencies were calcu-
lated using HF, DFT/B3LYP and DFT/B3PW91
with the 6-311++G(d,p) basis set. Stimulated IR
spectra of the title compound are shown in Fig. 2.
The calculated and available experimental frequen-
cies of the IR spectra of the title compound are pre-
sented in Table 2 with probable assignments ob-
tained by the use of Gauss-View molecular visuali-
sation program. Theoretical vibrational frequencies
of the title compound obtained by the three meth-
ods agree well with experimental data.

The studied title compound C17H15NO2S2 in-
cludes 37 atoms and therefore undergoes 105 nor-
mal modes of vibrations. For fitting the theoret-
ical wavenumbers to the experimental ones, an
overall scaling factor has been introduced by us-
ing a least-square optimization of the computed
values to the experimental ones. Vibrational fre-
quencies have been scaled as 0.890, 0.960 and

Fig. 2. Calculated FT-IR spectrum of
(3-Oxo-3H-benzo[f]chromen-1-yl) methyl
N,N-dimethylcarbamodithioate compound.

0.957 for HF, B3LYP and B3PW91, respectively,
with 6-311++G(d,p) basis set [33, 34].

The IR spectra contain some characteristic
bands of the stretching vibrations of C–H, C–H3,
C–H2, C=O, C–O, C–C, C–N and C–S groups,
which were analysed in a detailed way.

Among the vibrations in molecules, the C–H vi-
bration has a well-known characteristic frequency,
and in the region of 3100 cm−1 to 3000 cm−1,
which is the region characteristic for ready identi-
fication of C–H stretching vibrations in plane, mul-
tiple weak bonds are expected for aromatic com-
pounds [35]. The bands in this region are not af-
fected by the nature of the substituents.

Looking at Table 2, we see that the calcu-
lated C–H aromatic streching intensities have a
medium intensity and the results obtained by three
different methods are 2984 cm−1 to 2972 cm−1
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for HF, 3063 cm−1 to 3048 cm−1 for B3LYP and
3064 cm−1 to 3048 cm−1 for B3PW91. As can be
seen, these intensities are in the expected region.
It is known that C–H in-plane and out-of-plane
bending vibrations lie in the range of 1300 cm−1

to 1000 cm−1 and 950 cm−1 to 800 cm−1 [36–
38]. We have calculated four C–H in-plane bend-
ing vibrations of the title compound by three
different methods as 1436 cm−1, 1011 cm−1,
962 cm−1 and 907 cm−1 by HF; 1426 cm−1,
1169 cm−1, 1106 cm−1 and 973 cm−1 by B3LYP,
and 1425 cm−1, 1166 cm−1, 1131 cm−1 and
1088 cm−1 by B3PW91. An out-of-plane twisting-
bending mode has been calculated at 856 cm−1

by HF, 940 cm−1 by B3LYP and 953 cm−1 by
B3PW91 and two out-of-plane waggings have been
calculated at 717 cm−1 and 572 cm−1 by HF,
799 cm−1 and 727 cm−1 by B3LYP and 796 cm−1

and 752 cm−1 by B3PW91.

The studied title compound has two C–H3
groups. The C–H methyl group stretching vi-
brations, especially observed in the range of
3000 cm−1 to 2900 cm−1, are highly local-
ized [39, 40]. In this study, the asymmetric bands
with high peaks have been found at 2949 cm−1

and 2914 cm−1 by HF, 3021 and 3009 cm−1

by B3LYP and 3022 cm−1 and 2980 cm−1 by
B3PW91, while symmetric stretching vibrations
have been found at 2883 cm−1 and 2852 cm−1

by HF, 2920 cm−1 and 2903 cm−1 by B3LYP
and 2916 cm−1 and 2900 cm−1 by B3PW91.
In this investigation, two C–H3 wagging vibrations
have been found at 1480 cm−1 and 1344 cm−1

by HF, 1471 cm−1 and 1341 cm−1 by B3LYP
and 1467 cm−1 and 1347 cm−1 by B3PW91.
The twisting-bending mode have been found at
1030 cm−1 by HF, 1223 cm−1 by B3LYP, and
1179 cm−1 by B3PW91. We have observed rock-
ing frequency at 957 cm−1 by HF, 1025 cm−1 by
B3LYP and 1123 cm−1 by B3PW91, which is in
agreement with the literature [41, 42].

In this work, six wagging and one stretching,
twisting and rocking methylene vibrations are ob-
served. Generally, the symmetric C–H2 stretching
vibrations are observed between 3000 cm−1 and
2900 cm−1 [43]. In accordance with this, C–H2

symmetric mode has been found at 2838 cm−1

by HF, 2866 cm−1 by B3LYP and 2824 cm−1

by B3PW91. Six C–H2 wagging out-of-plane
deformation vibrations have been obtained at
1367 cm−1, 1337 cm−1, 1255 cm−1, 1011 cm−1,
907 cm−1 and 834 cm−1 by HF; 1366 cm−1,
1337 cm−1, 1313 cm−1, 1169 cm−1, 973 cm−1

and 951 cm−1 by B3LYP, and 1355 cm−1,
1329 cm−1, 1288 cm−1, 1166 cm−1, 1088 cm−1

and 967 cm−1 by B3PW91. Twisting and rocking
bands are observed at 1030 cm−1 and 432 cm−1

by HF, 1223 cm−1 and 365 cm−1 by B3LYP and
1179 cm−1 and 366 cm−1 by B3PW91.

These vibrations are more effective for analyz-
ing various factors in ring aromatic compounds.
Because of different electronegativities of C and
O, the C=O bond reduces the frequencies of the
C=O stretching absorption to a greater degree than
intermolecular H bonding does. The lone pair of
electrons on oxygen also determines the nature of
the carbonyl groups. The C=O vibration appear-
ing in the expected range shows that it is not much
affected by other vibrations, as mentioned in liter-
ature [44]. As is well-known, compounds includ-
ing carbonyl group, show C=O streching vibra-
tions in the region 1920 cm−1 to 1640 cm−1. In the
present study, C=O strong stretching vibration has
been identified at 1766 cm−1 by HF, 1728 cm−1

by B3LYP, and at 1744 cm−1 by B3PW91, which
is in the expected region [45] and in good agree-
ment with the experimental value of 1708.6 cm−1

(Table 2).

C–O stretching band of the aromatic ring in
IR spectrum is characterized by the frequencies
around 1270 cm−1 to 1230 cm−1 [46]. For aro-
matic rings, the C–O vibrations are observed at
1195 cm−1 (1290 cm−1, 1258 cm−1) and 904 cm−1

(967 cm−1, 979 cm−1) by HF (B3LYP, B3PW91)
method. These assignments were also supported
by the experimental values of 1279 cm−1 and
1036 cm−1.

The C–N stretching vibrations are ob-
served in 1382 cm−1 to 1266 cm−1 [45],
1150 cm−1 to 1120 cm−1 [47], and 1248 cm−1

to 1199 cm−1 [48]. In this study, we have
observed the C–N stretching vibrations at
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1344 cm−1, 1337 cm−1, 1137 cm−1, 834 cm−1

and 740 cm−1 by HF; 1341 cm−1, 1337 cm−1,
1233 cm−1, 951 cm−1 and 831 cm−1 by B3LYP;
and 1347 cm−1, 1329 cm−1, 1244 cm−1, 967 cm−1

and 848 cm−1 by B3PW91. These results are
in the expected region and agree well with the
experimental result 842 cm−1 (Table 2).

The aromatic stretching vibrations are very
prominent, as the involved double C=C bond is in
conjugation with the ring. The ring C=C and C–C
stretching vibrations were observed in the region of
1620 cm−1 to 1390 cm−1 by Arivazhagan et al. [49]
and in the region of 1625 cm−1 to 1280 cm−1

by Varasanyi et al. [50]. In the present work, we
have observed ring C=C and C–C stretching vi-
bration frequencies at 1628 cm−1, 1586 cm−1,
1548 cm−1, 1488 cm−1, 1367 cm−1, 1337 cm−1

and 1255 cm−1 by HF, 1591 cm−1, 1580 cm−1,
1517 cm−1, 1488 cm−1, 1366 cm−1, 1337 cm−1

and 1313 cm−1 by B3LYP, and 1601 cm−1,
1588 cm−1, 1527 cm−1, 1491 cm−1, 1355 cm−1,
1329 cm−1 and 1288 cm−1 by B3PW91.

The absorption bands of C=S group were
observed by Silverstein et al. in the region of
1563 cm−1 to 700 cm−1 [51] and the absorp-
tion bands of C–S group were found in the range
of 930 cm−1 to 670 cm−1 with a moderate in-
tensity [52, 53]. The experimental C=S vibration
mode was observed at 1251 cm−1 while C–S vibra-
tion modes were at 842 cm−1 and 660 cm−1 [24].
In this work, we have calculated C=S vibrations
at 1137 cm−1, 1233 cm−1 and 1244 cm−1 by HF,
B3LYP and B3PW91, respectively, while C–S vi-
brations were obtained at 834 cm−1, 740 cm−1,
572 cm−1 and 560 cm−1 by HF; 951 cm−1,
831 cm−1, 727 cm−1 and weak intensity 672 cm−1

by B3LYP; and 967 cm−1, 848 cm−1, 752 cm−1

and 563 cm−1 by B3PW91. The calculated results
showed slight deviations from experimental values
due to hydrogen bonding interactions. We can say
that these vibrations coincide satisfactorily with the
literature and experimental values (Table 2).

FT-IR spectrum of the title compound has been
obtained by HF, B3LYP and B3PW91 methods,
and is shown in Fig. 2. It can be concluded from
Fig. 2 and Table 2 that except for HF method, other

methods give the results which are in good agree-
ment with each other and the experiment. The ex-
ception for HF may be due to the fact that HF takes
no electron correlation into account. It is seen from
Table 2 that the calculated vibrational frequencies
of the title compund agree well with the available
experimental results. From this, we can conclude
that other vibrational frequencies presented in this
work can be a reference for experimentalists.

3.3. Conformational analysis

In order to define the preferential position of
low energy structures, computations were per-
formed using B3LYP/6-311++G(d,p) as a func-
tion of selected degrees of torsional freedom
T(C11-C14-S1-C15). The respective value of se-
lected degrees of torsional freedom, T(C11-C14-
S1-C15), is 86.48° in X-ray structure [24], whereas
the corresponding value in DFT optimized geom-
etry is 105.834°. In Fig. 3, the molecular energy
profiles with respect to rotations about the selected
torsion angles are shown. It is seen from Fig. 3 that
the low energy domains for T(C11-C14-S1-C15)
are located at 70° and 180°. Energy difference be-
tween the most favorable and unfavorable conform-
ers is calculated as 1.56 eV, when selected degree
of torsional freedom is considered.

Fig. 3. Potential energy profile obtained using
B3LYP/6-311++G(d.p) method for the inter-
nal rotation around the C14-S1 bond of
(3-Oxo-3H-benzo[f]chromen-1-yl) methyl N,N-
dimethylcarbamodithioate compound.
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It must be noted that the selected torsion angle
in the crystal structure of the title compound is near
to its global minimum value.

3.4. Natural bond orbital analysis

In order to investigate charge transfer or con-
jugative interaction in molecular systems, we have
executed natural bond orbital (NBO) analysis us-
ing Gaussian 09W program. Some electron donor
orbitals, acceptor orbitals and the interacting sta-
bilization energy resulting from the second-order
micro-disturbance theory have been reported in the
literature [54, 55].

More intensive interactions between electron
donors and electron acceptors depend on larger
E(2) value, i.e. the more donating tendency from
electron donors to electron acceptors, the greater
the extent of conjugation of the whole sys-
tem [56]. The stabilization energy E(2) associ-
ated with i(donor)→j(acceptor) delocalization is
obtained by [57, 58]:

E(2) =−qi
(Fi j)

2

ε j− εi
(1)

where qi is the donor orbital occupancy, εi, εj
are orbital energies and Fij is the off-diagonal
NBO Fock matrix element. For investigating the
intramolecular interactions, second-order pertur-
bation theory was used for obtaining stabiliza-
tion energies of the title compound. We found
from the NBO analysis that the intramolecular
interactions formed by the orbital overlap be-
tween bonding (C–S), (C–O), (C–N), (C–C) and
(C–H) and anti-bonding (C–O), (C–N), (C–C)
and (C–H) orbitals resulting from intramolecular
charge transfer, cause stabilization of the com-
pound. Selected second-order perturbation ener-
gies E(2) associated with i→j delocalization in gas
phase have been tabulated in Table 3. The stabiliza-
tion energies larger than 300 kcal/mol have been
listed in the table presented in the literature [59].
In electron density (ED), these interactions are
observed as an increase in (C–S), (C–C) and
(C–O) anti-bonding orbital that weakens the re-
spective bonds. The electron density of dimethy-
lamino fragment (∼1.99 e) demonstrates clearly
the strong delocalization. Additionally, the ED of
conjugated bond of 3H-chromene ring (∼1.98 e)
shows clearly a strong delocalization inside the
compound [59].

Table 3. Selected second-order perturbation energies E(2) associated with i→j delocalization in gas phase.

Donor Type ED/e Acceptor Type ED/e E(2) E(j) – E(i) F(i,j)
orbital (i) orbital (j) [kcal/mol]a [a.u.]b [a.u.]c

S1-C15 σ 1.97580 C8-C9 σ* 0.02256 634.30 0.03 0.127
S2-C15 σ 1.98331 C8-C9 σ* 0.02256 1495.44 0.12 0.376
S2-C15 σ 1.98331 C16-H11 σ* 0.01111 718.46 0.30 0.412
N1-C15 σ 1.98913 C8-C9 σ* 0.02256 729.01 0.25 0.386
N1-C15 σ 1.98913 C16-H11 σ* 0.01111 1001.38 0.43 0.587
N1-C16 σ 1.98641 C8-C9 σ* 0.02256 872.35 0.13 0.303
N1-C16 σ 1.98641 C16-H11 σ* 0.01111 572.41 0.31 0.376
N1-C17 σ 1.98352 C8-C9 σ* 0.02256 3068.96 0.06 0.377
N1-C17 σ 1.98352 C16-H11 σ* 0.01111 3399.96 0.24 0.800
C1-C2 σ 1.97713 C5-C6 π* 1.55092 1355.02 0.12 0.409
C1-C2 σ 1.97713 C8-C9 σ* 0.02256 541.72 0.23 0.318
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C1-C2 σ 1.97713 C16-H11 σ* 0.01111 343.71 0.41 0.337
C11-C12 π 1.80618 O2-C13 σ* 0.01287 2130.49 1.54 1.694
C11-C12 π 1.80618 N1-C17 σ* 0.02186 461.80 2.40 0.984
C11-C12 π 1.80618 C1-C6 σ* 0.02327 592.10 2.54 1.144
C11-C12 π 1.80618 C2-H2 σ* 0.01389 21144.90 0.34 2.504
C11-C12 π 1.80618 C3-C4 σ* 0.01442 3335.32 1.36 1.990
C11-C12 π 1.80618 C5-C6 π* 1.55092 934.01 1.87 1.268
C11-C12 π 1.80618 C6-C10 σ* 0.02324 569.48 2.58 1.132
C11-C12 π 1.80618 C8-C9 σ* 0.02256 1527.07 1.98 1.625
C11-C12 π 1.80618 C11-C12 σ* 0.01946 303.11 2.60 0.829
C11-C12 π 1.80618 C11-C12 π* 0.17312 414.77 2.25 0.867
C11-C12 π 1.80618 C14-H9 σ* 0.04360 644.07 2.32 1.133
C11-C12 π 1.80618 C16-H11 σ* 0.01111 1717.75 2.16 1.805
C11-C12 π 1.80618 C17-H14 σ* 0.01317 1071.97 3.38 1.781
C16-H10 σ 1.98990 C5-C6 π* 1.55092 393.95 0.34 0.371
C16-H10 σ 1.98990 C8-C9 σ* 0.02256 1719.49 0.45 0.790
C16-H10 σ 1.98990 C16-H11 σ* 0.01111 1906.38 0.63 0.979
C17-H13 σ 1.99069 C11-C12 π* 0.17312 405.51 0.18 0.254
C17-H13 σ 1.99069 C14-H9 σ* 0.04360 319.46 0.25 0.254
C17-H13 σ 1.99069 C16-H11 σ* 0.01111 5450.36 0.10 0.648
C17-H14 σ 1.98811 C11-C12 π* 0.17312 431.89 0.17 0.251
C17-H14 σ 1.98811 C14-H9 σ* 0.04360 341.72 0.23 0.255
C17-H14 σ 1.98811 C16-H11 σ* 0.01111 5664.53 0.08 0.609
C17-H14 σ 1.98811 C17-H14 σ* 0.01317 257.49 1.30 0.516
C17-H15 σ 1.98787 C1-C6 σ* 0.02327 1140.73 0.04 0.186
C17-H15 σ 1.98787 C6-C10 σ* 0.02324 1422.13 0.09 0.315
C17-H15 σ 1.98787 C11-C12 σ* 0.01946 1017.78 0.10 0.281
S1 LP(1) 1.97153 C8-C9 σ* 0.02256 342.86 0.02 0.081
S2 LP(1) 1.97746 C8-C9 σ* 0.02256 1656.20 0.10 0.360
S2 LP(1) 1.97746 C16-H11 σ* 0.01111 496.22 0.28 0.331
S2 LP(3) 1.52194 C15 LP*(1) 0.98014 563.69 0.02 0.108
O2-C13 π* 0.29368 C1-H1 σ* 0.01414 659.94 24.67 9.181
O2-C13 π* 0.29368 C2-H2 σ* 0.01389 542.04 25.08 8.392
O2-C13 π* 0.29368 C3-C4 σ* 0.01442 371.63 26.09 7.082
O2-C13 π* 0.29368 C3-C4 π* 0.27123 3841.97 19.48 14.530
O2-C13 π* 0.29368 C5-C6 π* 1.55092 400.08 26.61 4.740
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O2-C13 π* 0.29368 C17-H14 σ* 0.01317 302.73 28.12 6.649
O2-C13 π* 0.29368 C17-H15 σ* 0.01164 2690.23 18.61 16.166
C3-C4 π* 0.27123 C1-H1 σ* 0.01414 774.37 5.19 4.739
C3-C4 π* 0.27123 C2-H2 σ* 0.01389 686.92 5.60 4.636
C3-C4 π* 0.27123 C3-C4 σ* 0.01442 359.12 6.61 3.640
C3-C4 π* 0.27123 C5-C6 π* 1.55092 342.60 7.13 2.305
C5-C6 π* 0.46141 N1-C17 σ* 0.02186 300.63 0.53 0.726
C5-C6 π* 0.46141 C8-C9 σ* 0.02256 1480.79 0.11 0.740
C5-C6 π* 0.46141 C9-C10 π* 0.23065 306.38 0.52 0.603
C5-C6 π* 0.46141 C11-C12 σ* 0.01946 346.70 0.72 0.911
C5-C6 π* 0.46141 C11-C12 π* 0.17312 473.47 0.38 0.669
C5-C6 π* 0.46141 C14-H9 σ* 0.04360 570.34 0.44 0.893
C5-C6 π* 0.46141 C16-H11 σ* 0.01111 1108.24 0.29 1.041
C9-C10 π* 0.23065 N1-C17 σ* 0.02186 1285.15 0.02 0.359
C11-C12 π* 0.17312 C11-C12 σ* 0.01946 499.63 0.07 0.492

aE(2), energy of hyper-conjugative interactions.
bEnergy difference between donor and acceptor i and j NBO orbitals.
cFij is the Fock matrix element between i and j NBO orbitals.

The hyperconjugative interactions of
σ→σ* and σ→π* occur in various bonds
in the compound. As an example, the hyper-
conjugative interactions of σ(N1-C15) distribute
to σ*(C16-H11), σ*(C1-C6), σ*(C8-C9) and
π*(C11-C12). In case of σ(C16-H10) orbital, the
σ*(C8-C9) and σ*(C16-H11) show stabilization
energy of 1719.49 kcal/mol and 1906.38 kcal/mol.
Also for σ(C17-H13) and σ(C17-H14) orbitals,
the σ*(C16-H11) show stabilization energy of
5450.36 kcal/mol and 5664.53 kcal/mol, re-
spectively. The intramolecular hyperconjugative
interactions of σ(C17-H15) distribute to the
σ*(C1-C6), σ*(C6-C10) and σ*(C11-C12) re-
sulting in a stabilization of 1140.73 kcal/mol,
1422.13 kcal/mol and 1017.78 kcal/mol.

The other hyperconjugative interaction
of the σ(C1-C2) enhanced further conjugate
with antibonding orbital of π*(C5-C6) and
σ*(C6-C10) which results in strong delocaliza-
tions of 1355.02 kcal/mol and 141.88 kcal/mol,
respectively.

In addition, the π*(O2-C13) NBO conju-
gates with respective bonds of π*(C3-C4) and

Fig. 4. Natural charges of (3-Oxo-3H-benzo[f]
chromen-1-yl) methyl N,N-dimethyl-
carbamodithioate compound.

σ*(C17-H15) result in an enormous stabilization
of 3841.97 kcal/mol and 2690.23 kcal/mol, re-
spectively. The π*(C5-C6) bond interacts with
σ*(C8-C9) and σ*(C16-H11) with energies
of 1480.79 kcal/mol and 1108.24 kcal/mol,
respectively. This enhances further conjugate
with antibonding orbital from π*(C9-C10)→σ*
(N1-C17), which results in strong delocalization of
1285.15 kcal/mol.
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Table 4. Atomic charge of the title compound in gas phase and solution phase.

Atom
In gas phase In solution phase B3LYP

B3LYP chloroform ethanol DMSO water
(ε = 4.71) (ε = 24.55 ) (ε = 46.82) (ε = 78.36)

S1 0.60956 0.537027 0.478449 0.475604 0.474265
S2 –0.41615 –0.478779 –0.517133 -0.521399 –0.523617
O1 –0.10548 –0.117913 –0.122201 -0.122873 –0.123183
O2 –0.28113 –0.357899 –0.385822 -0.389277 –0.390891
N1 0.28536 0.298592 0.307627 0.309635 0.310459
C1 –0.18763 –0.211948 –0.230014 -0.231313 –0.231804
H1 0.14204 0.167190 0.176634 0.177789 0.178326
C2 –0.30524 –0.340560 –0.360467 -0.361857 –0.362547
H2 0.16439 0.185189 0.192497 0.193424 0.193855
C3 –0.22452 –0.215689 –0.188075 -0.186689 –0.186009
H3 0.18804 0.208438 0.216478 0.217452 0.217904
C4 –0.64326 –0.669077 –0.687328 -0.688431 –0.688799
H4 0.12792 0.146120 0.142398 0.142554 0.142555
C5 0.08003 0.062580 0.053604 0.052257 0.051574
C6 0.66788 0.642047 0.626788 0.625929 0.625547
C7 0.34132 0.366547 0.382597 0.382524 0.382460
C8 –0.61457 –0.623369 –0.655181 -0.656349 –0.656935
C9 –0.62482 –0.662370 –0.683429 -0.684688 –0.685298
H5 0.21109 0.225034 0.229047 0.229527 0.229749
C10 –0.12789 –0.135643 –0.121869 -0.121684 –0.121666
H6 0.14697 0.174296 0.184445 0.185690 0.186265
C11 1.26064 1.321272 1.340740 1.341024 1.341092
C12 –0.11441 –0.128612 –0.131286 -0.132754 –0.133329
H7 0.20208 0.194343 0.180341 0.179997 0.179778
C13 0.14974 0.178211 0.174948 0.176519 0.177132
C14 –0.65621 –0.600780 –0.524466 -0.519846 –0.517605
H8 0.25195 0.260395 0.262317 0.263060 0.263432
H9 –0.17049 –0.124575 –0.065318 -0.061254 –0.059193
C15 –0.77419 –0.755970 –0.747506 -0.746435 –0.745892
C16 –0.35031 –0.355090 –0.348341 -0.348504 –0.348327
H10 0.15430 0.171636 0.177946 0.178740 0.179087
H11 0.16234 0.171409 0.177508 0.177157 0.177092
H12 0.20873 0.214148 0.211118 0.211960 0.212235
C17 –0.22322 –0.230832 –0.237464 -0.238590 –0.239117
H13 0.10379 0.123579 0.130472 0.131457 0.131906
H14 0.18292 0.181195 0.183180 0.183424 0.183578
H15 0.17838 0.179857 0.176768 0.176222 0.175921

The stronger intramolecular hyper-
conjugative interactions of π-electrons
with the greatest energy contribute to
C11-C12→σ*(C2-H2) (21144.90 kcal/mol),

σ*(C3-C4) (3335.32 kcal/mol), σ*(C8-C9)
(1527.07 kcal/mol), σ*(C16-H11)
(1717.75 kcal/mol), σ*(C17-H14)
(1071.97 kcal/mol), π*(C5-C6) (934.01 kcal/mol).
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The interaction energy related to the reso-
nance in the present molecule involves electron
density transfer from a lone pair of S2 to anti-
bonding σ*(C8-C9) of chromene carbon atoms,
resulting in an enormous stabilization (up to
1656.20 kcal/mol). The weaker lone pairs of S1,
O1, O2 and N1 donate their electrons to the σ, π
and LP(1)-type anti-bonding orbital.

We also calculated atomic charge values of
the compound by the natural population analy-
sis (NPA) using the DFT/B3LYP method with the
6-311++G (d,p) basis set in order to determine
the electron population of each atom in the title
compound. The natural charges were obtained by
natural bond orbital analysis (NBO). NPA charge
distribution is shown in Fig. 4. As can be seen,
all hydrogen atoms have a net positive charge.
The NPA analysis shows that all carbon atoms
are negatively charged, except for C8, C11 and
C13 atoms of pyran ring. Among all these atoms,
the maximum positive atomic charge is obtained
only for C13 atom of carbonyl group. This is due
to the attachment of maximum negatively charged
C13=O2 double bond.

3.5. Atomic charge distributions in gas-
phase and in solution phase

The Mulliken atomic charges [60] for the
non-H atoms of the title molecule calculated
at the B3LYP/6-311++G(d,p) level in gas-phase
are presented in Table 4. To investigate the sol-
vent effect on the atomic charge distribution of
the title molecule, PCM method has been used.
The results obtained for four selected solvents
(chloroform, ethanol, dmso and water) are listed
in Table 4.

The Mulliken atomic charges show that the
carbon atoms attached to hydrogen atoms are
negative, whereas C5, C6, C7, C11 atoms and
C13 (adjacent to the oxygen atoms) are positively
charged in the whole phase. The other carbon
atoms have more negative atomic charges whereas
all the hydrogen atoms have positive charges except
for H9. Among all the atoms, the maximum posi-
tive atomic charge is obtained only for C11 atom
of carbonyl group. This is due to the attachment

of the most negatively charged C14 atom. In the gas
phase, S1, C6 and H7 atoms have larger positive
atomic charges while C3, C14, H9 and C15 atoms
have larger negative atomic charges. This behavior
may be the result of electronegativity differecences
between bonded atoms and the resultant bond char-
acter. This method and the NPA analysis predict the
same tendencies.

Fig. 5. Molecular orbital surfaces and energy levels
(given in parentheses) for the HOMO − 1,
HOMO, LUMO and LUMO + 1 of (3-
Oxo-3H-benzo[f]chromen-1-yl) methyl
N,N-dimethylcarbamodithioate computed
at B3LYP/6-311++G(d,p) level.

On the other hand, it has been found that, in
solution-phase, the atomic charge values of the S2,
O2, N1, C1, C2, C4, C7, C8, C9 and C11 atoms
are larger than those in the gas-phase and their
atomic charge values increase with the increase in
the polarity of the solvent, but the values of S1, C6,
H7, C3, C14, H9 and C15 atoms decrease with the
increasing polarity of the solvent. The coordination
of these atoms is changing in different solvents,
which may be helpful when one wishes to use this
molecule to construct interesting metal complexes
with different coordinate geometries [61].
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3.6. Frontier molecular orbital analysis
The frontier molecular orbitals constitue a ba-

sic building block in electric and optical properties
as well as in UV-Vis spectra and chemical reac-
tions [62]. In this study, we found that the most
energetic method is B3LYP with −45136.013 eV
energy followed by B3PW91 with −45124.020 eV
energy and then HF with −44951.761 eV energy.
Fig. 5 shows the distributions and energy levels
of the HOMO and LUMO orbitals, computed us-
ing the most energetic method (B3LYP) for the ti-
tle compound. Both HOMOs and the LUMOs are
mostly of the π-antibonding type and thus, the elec-
tronic transitions from HOMO to LUMO may re-
sult from the contribution of π–π* bands [63].

Fig. 6. The total electron density mapped with
electrostatic potential surface of (3-Oxo-
3H-benzo[f]chromen-1-yl) methyl N,N-
dimethylcarbamodithioate compound.

As can be seen from Fig. 5, for the HO-
MOs, the electrons are delocalized on the sulfur
atoms. For the LUMOs, the electrons are mainly
delocalized on the 3-oxo-3H-chromen ring.
The energy separation between the HOMO
and LUMO is 3.972 eV. Also chemical
hardness and stability can be calculated
from the HOMO-LUMO gap and have been
found to be 1.986 eV and 0.252 eV−1,
respectively [64].

3.7. Molecular electrostatic potential
analysis

Molecular electrostatic potential (MEP) is re-
lated to ED and is a very useful tool for identifying
the sites for electrophilic and nucleophilic reactions
as well as hydrogen bonding interactions [65, 66].

In majority of MEP analyses, the maximum
negative region which is the preferred site for elec-
trophilic attack is shown in red color, the max-
imum positive region which is the preferred site
for nucleophilic attack is shown in blue color. The
MEP displays molecular size, shape as well as pos-
itive, negative and neutral electrostatic potential re-
gions in terms of color grading and is very use-
ful in investigating a molecular structure with its
physiochemical property relationship [67]. In this
study, 3D plot of MEP of the title compound is
shown in Fig. 6.

As can be seen from Fig. 6, the negative regions
in the molecule were found around the keto group
(O2 atom) and inside the benzene ring. The nega-
tive V(r) values are−0.093 a.u. for O2 atom which
is the most negative region and −0.043 a.u. for the
inside region of benzene ring. Therefore, we can
predict that an electrophile preferably can attack
the title compound at the O2 position.

Meanwhile, looking at the map in Fig. 6, a pos-
sible site for nucleophilic processes is predicted
on the hydrogens of dimethylamino fragment with
a value of +0.057 a.u. The MEP results of the
title compound are in agreement with the litera-
ture [67, 68]. According to these calculated results,
the MEP map shows that the most negative poten-
tial site is on keto group and the most positive po-
tential sites are around the hydrogen atoms.

3.8. Thermodynamic properties

On the basis of B3LYP/6-311++G(d,p) vibra-
tional analysis and statistical thermodynamics, the
standard thermodynamic functions: entropy (S0

m),
heat capacity (C0

p,m) and enthalpy (H0
m) were ob-

tained and listed in Table 5.

The scale factor for frequencies, which has
been used for an accurate prediction of the ther-
modynamic functions, is 0.96. Table 5 shows that
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Table 5. Thermodynamic properties at different temper-
atures at B3LYP/6-311++G(d,p) level.

T H0
m C0

p,m S0
m

[K] [kcal·mol−1] [cal·mol−1K−1] [cal·mol−1·K−1]

200 7.173 55.754 128.531
250 10.507 67.569 142.683

298.15 14.302 78.847 155.889
300 14.459 79.273 156.398
350 19.013 90.477 169.783
400 24.133 100.885 182.816
450 29.775 110.354 195.488
500 35.888 118.864 207.775
550 42.423 126.474 219.662
600 49.334 133.274 231.133

the S0
m, C0

p,m and H0
m increase with temper-

ature from 200.00 K to 600.00 K, because
the intensities of the molecular vibrations increase
with the increasing temperature.

The correlations between these thermodynamic
properties and temperature T are shown in Fig. 7.
The correlation equations are as follows:

C0
p,m =−1.85521+0.31619T −1.49867×10−4T 2;

(R2 = 0.99985) (2)

S0
m = 68.25583+0.31622T −7.4506×10−5T 2;

(R2 = 1) (3)

H0
m =−1.77879+0.02345T −1.03268×10−4T 2;

(R2 = 0.99994) (4)

These equations will be helpful for the further stud-
ies of the title compound.

4. Conclusions
The geometric parameters and vibrational

frequencies of 3-Oxo-3H-benzo[f]chromen-1-yl)
methyl N.N-dimethylcarbamodithioate have been
calculated using HF and DFT (B3LYP and
B3PW91) methods with 6-311++G(d,p) basis sets.
The comparison between the calculated results and

Fig. 7. Correlation plots of thermodynamic properties
and temperatures.

the X-ray experimental data shows that B3LYP
method is better than HF and B3PW91 meth-
ods in evaluating bond lengths, angles, dihedral
angles and vibrational frequencies, in which the
experimental and theoretical results support each
other [24]. The energy gap between the HOMO
and LUMO is very large and this energy separation
gives important information about the title com-
pound. The NBO analysis revealed that the π*→π*
interactions give the strongest stabilization to the
system. On the other hand, it was found that, in
gas-phase, the atomic charge values are larger than
those in solution-phase and atomic charge values
decrease with increasing polarity of the solvent.
The correlations between the statistical thermody-
namic properties (enthalpy, entropy, heat capacity)
and temperatures were also studied. Our calcula-
tions are in progress and we hope that the present
paper will be useful in designing and synthesis of
new materials.
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