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KEYWORDS Abstract In the present study, a combined experimental and computational study on molecular
Cyclobutane; structure and spectroscopic characterization on the title compound has been reported. The crystal
Thiazole; was synthesized and its molecular structure brought to light by X-ray single crystal structure deter-
Density functional theory mination. The spectroscopic properties of the compound were examined by FT-IR and NMR ('H
(DFT); and '3C) techniques. FT-IR spectra of the target compound in solid state were observed in the
Non-linear optical effects; region 4000400 cm ™. The "H and '3C NMR spectra were recorded in CDCl; solution. The molec-
Frontier molecular orbital ular geometries were those obtained from the X-ray structure determination optimized using the
analysis (FMO) density functional theory (DFT/B3LYP) method with the 6-31G(d, p) and 6-31G+(d, p) basis

set in ground state. From the optimized geometry of the molecule, geometric parameters (bond
lengths, bond angles and torsion angles), vibrational assignments and chemical shifts of the title
compound have been calculated theoretically and compared with those of experimental data.
Besides, molecular electrostatic potential (MEP), frontier molecular orbitals (FMOs), Mulliken
population analysis, Thermodynamic properties and non-linear optical (NLO) properties of the title
molecule were investigated by theoretical calculations.

© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. Thisis
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Peer review under responsibility of King Saud University. In recent years, thiazole and its derivatives have gained impor-
tance with biological and pharmacological activities such as
anti-inflammatory [1,2], anticonvulsant [3,4], antifungal [5,6],
antitumor [7,8], antitubercular [9,10], antimicrobial [11-13]
and analgesic [14]. In relation to these effects, thiazole ring is
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used in the application of drug development for the treatment
of allergies [15,16], hypertension [17], inflammation [18], bacte-
rial [19], HIV infection [20], antioxidant [21], tubercular [22],
hypnotics [23] and recently for the treatment of pain [24]. As
a consequence of the unique three-dimensional disposition of
substituents and torsional ring strain driven by high reactivity,
cyclobutanes have received considerable attention of medicinal
and synthetic chemists as drug scaffolds and/or synthetic inter-
mediates in routes targeted at medicinally useful substances
[25,26]. Cyclobutane itself is of no commercial or biological
significance, but more complex derivatives are important in
biology and biotechnology [27]. It is well known that 3-
Substituted cyclobutane carboxylic acid derivatives exhibit
anti-inflammatory and anti-depressant activity [28]. With the
effects given above, the compounds containing thiazole and
cyclobutane have been seen to be important. The title com-
pound is a novel compound firstly synthesized in our laborato-
ries by us.

The purpose of this work is to investigate the title com-
pound, both experimentally and theoretically. Literature sur-
vey reveals that to the best of our knowledge, the results
based on X-ray diffraction, spectral studies and quantum
chemical calculations on compounds have no reports. In this
study, we present the results of a detailed investigation of the
synthesis and structural characterization of the title compound
using single crystal X-ray diffraction, IR-NMR spectroscopy
and quantum chemical methods.

2. Experimental and theoretical methods

2.1. Synthesis and characterization

To a solution of 1,3-diphenylthiourea (2.2831 g, 10 mmoL) in
20 mL of absolute ethanol a solution of 2-chloro-1-(3-methyl-
3-phenylcyclobutyl)ethanone (2.2271 g, 10 mmoL) in 10 mL of
absolute ethanol was added. After the addition of the o-
haloketone, the temperature was raised to 323-328 K and kept
at this temperature for 2 h (IR). The solution was cooled to
room temperature and then made alkaline with an aqueous
solution of NHj3 (5%), and off white precipitate separated by
suction, washed with aqueous NHj; solution several times
and dried in air. Suitable single crystals for crystal structure
determination were obtained by slow evaporation of its etha-
nol solution. Yield: 87%, melting point: 462 K (Scheme 1).

2.2. General remarks

All chemicals were of reagent grade and used as commercially
purchased without further purification. Melting point was
determined by Gallenkamp melting point apparatus. The IR
spectrum of the title compound was recorded in the range of
4000-400 cm~! using a Mattson 1000 FT-IR spectrometer
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Scheme 1

with KBr pellets. The 'H and '*C nuclear magnetic resonance
(NMR) spectra were recorded on a Varian-Mercury-Plus
400 MHz spectrometer using TMS as internal standard and
CDCl; (chloroform) as solvent.

2.3. Crystal structures determination and refinement

A suitable sample of size 0.650x0.293 x 0.080 mm was
selected for the crystallographic study. All diffraction measure-
ments were performed at room temperature (296 K) using gra-
phite monochromated Mo Ka (4 = 0.71073 A) radiation and
an STOE IPDS 2 diffractometer. A total of 20,944 reflections
with [1.2° < 0 < 25.7°] were collected in the rotation mode
and cell parameters were determined using X-AREA software
[29]. Absorption correction (ux = 0.17 mm™") was achieved by
the integration method via X-RED software [29]. The struc-
ture was solved by direct methods using SHELXS-97 [30].
All non-hydrogen atoms were refined anisotropically by the
full-matrix least squares procedure based on F° using
SHELXL-97 [31]. All H atoms were positioned geometrically
and treated using a riding model, fixing the bond lengths at

Table 1 Crystal data and structure refinement parameters for
the title compound.

CCDC deposition No. 1006348

Chemical formula Cy6Ho4N,LS

Formula weight 396.55

Temperature (K) 296

Wavelength (A) 0.71073
Crystal system Orthorhombic
Space group Pca2;

Unit cell parameters

azb#c(A) 34.7637 (19), 5.9235 (2), 10.4336 (4)
a=7y=p() 90

Volume (A?) 2148.52 (16)

zZ 4

Calculated density (Mg/m®) 1.226

u (mm~Y) 0.17

FOOO 840

Crystal size (mm) 0.650 % 0.293 x 0.080

Ponins Bmax —42, 41

Femitino Dommes -7,7

Iins Imax —12, 12

gmaxa emin (o) 257> 1.2

Measured reflections 20,944

Independent reflections 4029

Refinement method Full-matrix least-squares on F
Goof = S 0.92

RIF? > 26(F%)] 0.045

WR(F?) 0.060

Rine 0.076

Aprmaxs Apmin (¢/A%) 0.18, —0.12

Ethanol

—_—

50-55°C

Synthetic pathway for the synthesis of the target compound.
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0.93, 0.97 and 0.96 A for CH, CH, and CHj; atoms, respec-
tively. The general purpose crystallographic tool PLATON
[32] was used for the structure analysis and presentation of
the results. The program ORTEP-3 [33] for Windows was used
in the preparation of the figures. Details of the data collection
conditions and the parameters of the refinement process are
given in Table 1.

2.4. Details of the theoretical calculation

All calculations were performed using Gaussian 03 package
[34] and Gauss-View molecular visualization software [35] on
the personal computer without restricting any symmetry for
the title. For modeling, the initial guess of the compound
was first obtained from the X-ray coordinates and this struc-
ture was optimized by the Density Functional Theory
(DFT)/B3LYP method with 6-31G(d, p) and 6-31G+(d, p)
as basis sets. From the optimized geometry of the molecule,
geometric parameters (bond lengths, bond angles, torsion
angles) for the title compound have been calculated theoreti-
cally and compared with those of experimental data. The the-
oretical harmonic frequencies have been calculated in ground
state on the optimized molecule. Theoretical harmonic vibra-
tional frequencies were applied to the scale factor which are

Figure 1

0.9608 and 0.9648 for B3LYP/6-31G(d, p) and B3LYP/6-
31+ G(d, p). These calculated frequencies were compared with
the experimental frequencies. The theoretical GTAO 'H and
'3C chemical shift values (with respect to TMS) were calcu-
lated using the same methods and compared with experimental
'H and '*C chemical shifts. The 'H- and '*C-NMR chemical
shifts are converted to the TMS scale by subtracting the calcu-
lated absolute chemical shielding of TMS (6 = Xy, — X), where
0 is the chemical shift, X is the absolute shielding and X is the
absolute shielding of TMS, whose values are 31.75 and
192.06 ppm for B3LYP/6-31G(d, p), 31.64 and 193.08 ppm
for B3LYP/6-31+ G(d, p), respectively. Besides, molecular
electrostatic potential (MEP), frontier molecular orbitals
(FMOs), Mulliken population analysis, thermodynamic prop-
erties and non-linear optical (NLO) properties of the title
molecule were investigated by theoretical calculations.

3. Results and discussion

3.1. Structural description of the compound

The molecular structure of N-(4-(3-methyl-3-phenylcyclobu
tyl)-3-phenylthiazole-2(3H)-ylidene)aniline with the atom
numbering scheme is shown in Fig. 1. The compound is

s1 c23 /(R c2a
Py
) —O

(a) A view of the title compound showing the atom-numbering scheme. Displacement ellipsoids are drawn at the 30%

probability level (b) The theoretical geometric structure of the title compound (B3LYP/6-31G+(d, p) level).
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monoclinic having the space group Pca2;, with four molecules
per unit cell (Z = 4) with following dimensions a = 34.7637
(19) A, b = 5.9235 (2) A, ¢ = 10.4336 (4) A.

The structure of molecule contains a cyclobutane, a thiazole
and three phenyl rings. Cyclobutane ring is adopted as butter-
fly conformation. Bond lengths between the carbon atoms are
average 1.543 A and bond angles formed by the three carbons
are average 88.4° for the cyclobutane ring in the compound.
When these values are compared with the previously reported
cyclobutane derivatives [36-43], it is seen that there are no sig-
nificant differences.

In the thiazole ring, the SI—C13 and S1—C14 bond lengths
are 1.735 (3) A and 1.763 3) A. These values are shorter than
the accepted values for an S—Csp? single bond (1.76 A) [44].
The C12=C13 bond length [1.393 (3) /DX] compares with a lit-
erature value of 1.347 (3) A [43]. The thiazole ring is planar
with a maximum deviation of 0.0144 A.

In crystal structure, the molecules are linked to one another
in a zigzag arrangement via C25—H?25- - -N2 hydrogen bonding
(Fig 2). The crystal structure is also stabilized by C—H---n
interactions between the C13 atom and C1—C6 rings [symme-
try code: (b) —x, —y, z + 1/2] and between the C22 atom and

Q. "
“e
\
N g
Ny

Figure 2
bonding is represented by a dashed line.

Crystal packing, showing zigzag arrangement of molecules along the ¢ axis. The intermolecular C25—H25---N2 hydrogen
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S1, N1, C12—Cl14 rings [symmetry code: (c) x, y + 1, z].
Details of these hydrogen bonds are given in Table 2. There
are no remarkable intramolecular interactions in the crystal
structure of the title compound.

3.2. Spectroscopic characterization

3.2.1. Vibrational spectra

The title compound belongs to C1 point group symmetry and
consists of 53 atoms. It has seen 153 normal modes of vibra-
tions using the formula 3N-6. The fundamental vibrational
wavenumbers of compound are calculated by DFT/B3LYP/
6-31G(d, p) and DFT/B3LYP/6-31G +(d, p) methods. The
vibrational band assignments have been made using Gauss
View molecular visualization program [35]. The superimposed
experimental and scaled theoretical FT-IR spectra of the title
compound are given in Fig. 3. In the infrared spectra of the title
compound, some observed and calculated frequencies are given
in Table 3. Also, some experimentally obtained vibrational
frequencies were supported by literature values.

3.2.1.1. Thiazole ring vibrations. The organic compounds con-
taining thiazole ring has specific four bands in FT-IR spectra.

Table 2 Hydrogen-bond geometry (;\, °).
D—H.--A D—H H---A D---A D—H---A

C25—H25.-N2*  0.93 275 3.597 (4) 151
CI3—HI3---Cgl® 093 291 3.603(3) 133
C22—H22---Cg2° 093 2.85 3725(3) 156

Symmetry codes: (a) —x + 1/2, y,z + 1/2; (b) —x, —y, z + 1/2; (¢)
x,y+ 1,z

Cgl is the centroid of the C1—C6 ring.

Cg2 is the centroid of the S1, N1, C12—C14 ring.

Table 3 Comparison of the observed and calculated vibra-
tional spectra of the title compound.

Assignment Experimental IR Calculated (cm™")
with KBr (em™) B3y yp p3Lyp)
6-31G(d, p) 6-31G+(d, p)
VC—H hiazole 3116 3158 3169
VsC—Haromatic - 3080 3092
VasC—H omatic 3049 3072 3088
VasC_H2cyclobulane 3021 3010 3016
VasC_H2cyclobutune 3021 3005 3012
VC_Hcyclobulanc 2913 2948 2962
VSC_H2cyclobutane 2961 2953 2959
VsC_HZCyclobulanc 2961 2947 2954
ViC—Heyetobutane 2858 2918 2924
vC=N 1621 1641 1633
VC—=Cihiazole 1578 1598 1594
VC:Caromalic - 1582 1560
aC_Hchclobutane 1444 1457 1455
oC—H 2cyclobutane 1444 1429 1429
VsC_HBCyclobutane 1389 1367 1365
VC_Hcyclobulanc 1323 1356 1358
vC—N 1303 1299 1300
vC—N 1272 1264 1264
VC_Hcyclobutane 1223 1223 1221
mC_Hchclobulane 1178 1196 1199
5C_H20yclobutane 1025 1025 1025
FC_Haromalic 954 961 956
I'C—Haromatic 954 958 950
I'C—Ha:romatic 954 948 947
FC_Haromalic 954 935 940
ecyclobutane 910 930 932
vS—CH 766 821 824
I'C—Hiniazole 700 687 634

Vibrational modes: v, stretching; o, scissoring; y, rocking; w,
wagging; o, twisting; 0, ring breathing; I', out-of-plane bending.
Abbreviations: s, symmetric; as, asymmetric.

100
80
60
-
R
40
20
—— Experimental ——B3LYP/6-31G(d, p)
B
400 800 1200 1600 2000

2400 2800

wavenumber (cm?)

Figure 3  Simulated and experimental FT-IR spectra of the title compound.

——B3LYP/6-31G+(d, p)

3200

4000
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These bands are C—H stretching, C=C stretching, S—CH
stretching and C—H out-of-plane bending vibrations. The
C—H stretching vibration was observed at 3116 cm™' in
FT-IR spectrum. In a previous study, the C—H stretching
vibration observed 3104 cm™' [39]. The C=C stretching
absorption peak observed at 1578 cm™' in FT-IR spectrum
and its corresponding calculated frequencies are 1598 and
1594 cm ™! using B3LYP/6-31G(d, p) and B3LYP/6-31G +(d,
p) levels, respectively. The S—CH stretching and C—H

(a)

out-of-plane bending vibrations are recorded at 766 and
700 cm ™!, respectively.

3.2.1.2. Cyclobutane ring vibrations. In the title molecule, there
are many vibrations of cyclobutane ring. The asymmetric
stretching C—H, was observed at 3021 cm™' in the FT-IR
spectrum and theoretically calculated at 3010, 3005 and
3016, 3012 cm ™!, respectively. In our previous study [38], this
vibration occurred at 2957 cm™' and calculated at 3036 and

T T
8 rd 6 5

T
4 3 2 1 ppm
A - \
EECLE LI 2 @8 8
INI—=|N[F|~N|™ L NI N «©
(b)
T T T T T T T T T T T T T T T T
150 140 130 120 110 100 9 80 70 60 50 40 30 20 ppm

Figure 4 Experimental (a) 'H and (b) '>*C NMR spectra of the title compound.
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3015em™! for HF/6-31G(d) and B3LYP/6-31G(d) levels,
respectively. Similarly, the symmetric stretching C—H,
observed at 2961 cm™" in FT-IR spectrum and theoretically
calculated at 2953, 2947 and 2959, 2954 cm ™!, respectively.
The scissoring C—H,, wagging C—H,, and twisting C—H,
vibrations are observed respectively at 1444, 1178 and
1025 cm ™! in the FT-IR spectrum for the cyclobutane ring.

Another characteristic vibration of the cyclobutane ring is
breathing, which is shrinkage and enlargement of the ring.
The breathing assignment of cyclobutane can be observed at
the range of 900-1100 cm™' in the FT-IR spectrum. In the
infrared spectra of the title compound, a band is observed at
910 cm ™' for this vibration.

3.2.1.3. Phenyl ring vibrations. The aromatic organic com-
pound structure; benzene and its derivatives show the presence
of asymmetric C—H stretching vibrations in the region 3100—
3000 cm ™' [45-47] which is the characteristic region for the
recognition of C—H stretching vibrations. In the title molecule,
these vibrations have been observed at the region
3057-3025cm ™! in experimental spectrum and calculated at
regions 3092-3048 cm ™' and 3085-2979 cm~' for B3LYP/6-
31G(d, p) and 6-31G +(d, p) levels, respectively. The experi-
mental and theoretical regions were found to be consistent
with the literature values. The out of plane C—H bending
was observed at 954 cm™! in the FT-IR spectrum and theoret-
ically calculated at regions 961-935 (B3LYP/6-31G(d, p)) and
956-940 (B3LYP/6-31G +(d, p)) cm ™', which are found to be
well within their characteristic region. These frequencies
are compatible with two literature values of 941 and
839 cm ™! [48].

3.2.2. NMR spectra

The compound was also characterized by the use of 'H and
13C NMR spectroscopies. The 'H and '*C NMR spectra of
the title compound were recorded using TMS as an internal
standard and chloroform (CDCl;) as solvent and are shown
in Fig. 4a and b. GIAO 'H and '*C chemical shift values
(with respect to TMS) were calculated using the DFT
(B3LYP) method with the 6-31G(d, p) and 6-31 + G(d, p) basis
sets and compared with experimental "H and '*C chemical
shift values. The results of this calculation are shown in
Table 4 together with experimental values.

It is well known that the hydrogen atoms of aromatic
organic compounds and derivatives show the presence of
chemical shifts in the region 6.5-7.5 ppm. For the title com-
pound, experimentally these chemical shifts have been seen
at region 7.02-7.57 ppm and calculated at region 6.43-7.84
and 6.91-8.08 ppm for B3LYP/6-31G(d, p) and 6-31G+(d,
p) levels, respectively. The proton chemical shifts of the
—CH,— group in the cyclobutane ring have been recorded at
an average of 2.28 ppm. Also, >CH— signals of the
cyclobutane have been observed at 3.19 ppm with a J-
coupling value of 9.2 Hz. Thiazole ring has one hydrogen atom
and proton NMR chemical shift and J-coupling value for this
hydrogen atom have been presented 5.61 ppm and 1.6 Hz,
respectively.

In the '*C NMR spectra, for the cyclobutane ring, a single
peak was observed belonging to C9 and C10 at 39.27 ppm,
because they have the same chemical environment. These
signals have been calculated at 42.08 and 36.95 ppm for the

Table 4 Experimental and theoretical (‘*C and 'H) isotropic
chemical shifts (ppm) for the title compound.

Atom Experimental B3LYP/ B3LYP/
6-31G(d, p) 6-31G+(d, p)

Cl 124.53 119.71 125.68
C2 128.64 123.05 135.05
C3 125.57 120.44 123.44
C4 128.64 123.07 124.23
C5 124.53 119.79 123.99
C6 137.68 148.23 151.63
C7 28.29 31.25 32.73
C8 38.91 43.52 48.21
C9 39.27 42.08 42.16
Cl10 39.27 36.95 37.77
Cll 29.98 30.88 32.77
Cl2 151.54 137.38 142.32
Cl13 92.22 93.82 96.36
Cl4 152.1 155.14 157.66
CI15 129.55 135.17 138.23
Cl16 123.56 123.98 127.48
C17 129.2 124.52 125.88
CI18 122.96 123.7 126.12
C19 129.2 124.49 126.07
C20 123.56 126.81 131.39
C21 143.07 145.93 149.56
C22 121.71 111.79 114.01
C23 129.25 123.79 125.98
C24 128.32 116.99 118.70
C25 129.25 123.93 125.51
C26 121.71 118.88 120.81
HI 7.57 7.53 7.29
H2 7.48 7.51 7.77
H3 7.42 7.43 7.36
H4 7.48 7.46 7.66
HS5 7.57 7.14 7.33
H7A 1.35 0.89 0.95
H7B 1.35 1.47 1.48
H7C 1.35 1.08 0.95
HO9A 2.09 1.99 2.1
HO9B 2.36 1.65 1.83
HI10A 2.34 2.54 2.59
H10B 2.34 2.39 2.46
HI1 (j = 9.2 Hz) 3.19 3.25 3.32
HI13 (j = 1.6 Hz) 5.61 5.54 6.01
HI16 7.02 7.48 7.61
H17 7.31 7.84 8.08
HI18 7.09 7.74 7.84
H19 7.31 7.76 8.06
H20 7.02 7.67 7.52
H22 7.09 7.36 7.48
H23 7.57 7.44 7.63
H24 7.20 7.11 7.22
H25 7.57 7.39 7.47
H26 7.09 6.43 6.91

6-31G(d, p) level and at 42.16 and 37.77 ppm for 6-31G +(d,
p) level, respectively.

3C NMR spectra of the thiazole compound show the
signals at 92.22 (C13) and 152.1 (C14) ppm due to C atoms
next to sulfur atom. These signals have been found as
111.52 and 167.57 ppm in the literature [39] as well as have

Please cite this article in press as: F. Sen et al., Spectroscopic and molecular modeling studies of N-(4-(3-methyl-3-phenylcyclobutyl)- 3-phenylthiazole-2(3H)-yli-
dene)aniline by using experimental and density functional methods, Journal of Saudi Chemical Society (2015), http://dx.doi.org/10.1016/].jscs.2015.05.004



http://dx.doi.org/10.1016/j.jscs.2015.05.004

8

F. Sen et al.

been calculated as 93.82 and 155.14 ppm for B3LYP/
6-31G(d, p) level and 96.36 and 157.66 ppm for B3LYP/
6-31G+(d, p) level.

Table 5 Theoretically computed some parameters for the
molecule.

Parameters B3LYP/ B3LYP/
6-31G(d, p) 6-31G+(d, p)

Total energy (a.u.) —1512.91705601 —1512.95360279

Zero-point vibrational energy  271.95395 271.36885

(kcal/mol)

Entropy (cal/mol-K) 178.2 178.180

Heat capacity at const. volume 98.498 98.713

(CV, cal/mol-K)

Rotational constants (GHz)

A 0.27115 0.27196

B 0.07800 0.07744

C 0.06745 0.06687

Dipole moment (Debye)

Usx 3.6251 3.6482

Uy 1.7256 1.6703

Uy —0.3666 —0.4271

Hiop. 4.0316 4.0351

Table 6 Some selected geometric parameters (A, °).

Geometric Experimental Calculated
Parameters [X—ray . B3LYP/ B3LYP/
diffraction] ¢ 316G, p) 6-31G+(d, p)
Bond lengths ( A )
Cl—C2 1.391 (3) 1.395 1.397
C2—C3 1.375 (4) 1.394 1.397
C6—C8 1.515 (3) 1.518 1.518
C7—C8 1.532 (3) 1.540 1.541
C8—C9 1.545 (3) 1.563 1.563
Cl1—CI2 1.486 (3) 1.496 1.497
C12—CI13 1.325 (3) 1.347 1.349
CI12—N1 1.407 (3) 1.409 1.410
C13—S1 1.736 (3) 1.761 1.761
S1—C14 1.763 (3) 1.801 1.803
C14—N2 1.269 (3) 1.276 1.278
N2—C21 1.414 (3) 1.399 1.400
C21—C22 1.364 (3) 1.408 1.409
C22—C23 1.380 (4) 1.391 1.397
NI1—CI15 1.439 (3) 1.436 1.438
C15—Cl16 1.368 (3) 1.397 1.397
Cl16—C17 1.383 (4) 1.396 1.397
Bond angles (°)
C8—C9—Cl11 89.05 (18) 88.8 88.82
C8—CI10—Cl1 89.05 (18) 89.19 89.23
CI2—N1—C14 115.0 (2) 115.66 115.62
C13—S1—Cl14 90.46 (14) 90.63 90.66
Cl4—N2—C21 116.7 (2) 123.59 123.78
C20—C15—Cl16 120.7 (3) 120.29 120.36
Torsion angles (°)
C8—C9—C11—C10  19.1 (2) 17.76 17.72
C9—C8—C10—Cl11 19.01 (19) 17.75 17.7
C20—C15—N1—C14 80.2 (3) 76.88 79.7
N1—C12—C11—C9  94.4 (3) 72.31 72.73
C5—C6—C8—C7 99.2 (3) 89.59 89.31
S1—C14—NI1—C15 17542 (19) 177.67 178.11

3.3. Quantum-chemical studies

3.3.1. Structural optimization

The molecular structure of the title compound was also calcu-
lated theoretically. The starting geometry was that obtained
from the X-ray structure determination optimized using the
Density Functional Theory (DFT/B3LYP) method with the
6-31G(d, p) and 6-31G+(d, p) basis sets in ground state.
The total energy, zero-point vibrational energy, entropy and
dipole moment values obtained for optimized geometries are
presented in Table 5.

The Density Functional Theory (DFT) modeling method
gives quite accurate results in calculation of the molecular
geometry. Conventionally, two methods were used for com-
paring the molecular structures. The first method is to calcu-
late the correlation value (R?). The optimized geometrical
parameters (bond lengths, bond angles and torsion angles) cal-
culated by B3LYP/6-31G(d, p) and B3LYP/6-31+G(d, p)
methods are listed in Table 6. Calculated R> values are
0.9892 and 0.9891 for bond lengths, 0.9769 and 0.9759 for
bond angles, 0.9774 and 0.9766 for torsion angles at
B3LYP/6-31G(d, p) and B3LYP/6-31 + G(d, p) levels, respec-
tively. According to correlation values, the B3LYP/6-31G(d,
p) method gave accurate results for the bond lengths, bond
angles, torsion angles compared with the B3LYP/6-31G +(d,
p) method.

The second method, comparing the structures obtained
with the theoretical calculations is by superimposing the
molecular skeleton with that obtained from X-ray diffraction,
giving a RMSE of 0.596 A and 0.599 A for B3LYP/6-31G(d,
p) and B3LYP/6-31+G(d, p) levels, respectively (Fig. 5).
According to these results, it may be concluded that the

(@)

(b)

Figure S Atom-by-atom superimposition of the structures cal-
culated (red) [« = B3LYP/6-31G(d, p), b = B3LYP/6-31G+(d,
p)] over the X-ray structure (black) for the title compound.
Hydrogen atoms omitted for clarity.

Please cite this article in press as: F. Sen et al., Spectroscopic and molecular modeling studies of N-(4-(3-methyl-3-phenylcyclobutyl)- 3-phenylthiazole-2(3H)-yli-
dene)aniline by using experimental and density functional methods, Journal of Saudi Chemical Society (2015), http://dx.doi.org/10.1016/].jscs.2015.05.004



http://dx.doi.org/10.1016/j.jscs.2015.05.004

Studies of N-(4-(3-methyl-3-phenylcyclobutyl)-3-phenylthiazole-2(3H)-ylidene)aniline 9

B3LYP/6-31G(d, p) calculation well reproduced the geometry
of the title compound. While making these comparisons, it
should not be forgotten that the calculations were carried
out in the gas phase.

3.3.2. Molecular electrostatic potential (MEP)

A molecule of electrostatic potential map provides information
about the electron acceptor and electron-donor regions. Using
this information, we can estimate intramolecular and inter-
molecular hydrogen bonds may present between the atoms.
The different values of the electrostatic potential at the surface
are represented by different colors; red represents regions of
most electro negative electrostatic potential, blue represents
regions of most positive electrostatic potential and green repre-
sents regions of zero potential.

The molecular electrostatic potential maps were calculated
at the B3LYP/6-31G(d, p) and B3LYP/6-31+ G(d, p) levels.
The color code of these maps is in the range from
—0.052 a.u. (red) to 0.052 a.u. (blue) for B3LYP/6-31G(d, p),
—0.049 a.u. (red) to 0.049 a.u. (blue) for B3LYP/6-31G(d, p)
in Fig. 6. In here, the red regions settled in N2 atom. So, N2
atom can be estimated to be electron-donors. This estimate
was confirmed by the C25—H2S---N2 hydrogen-bonding in
the crystal structure.

0.052
9
)
E v e 9]
fp . 22l
P S B
23 !

B3LYP/6-31G(d, p)

3.3.3. HOMO and LUMO analysis

The distributions of the HOMO and LUMO orbitals com-
puted for the B3LYP/6-31G(d, p) and B3LYP/6-31G +(d, p)
levels for the title compound are shown in Fig. 7. The calcula-
tions indicate that the title compound has 105 occupied molec-
ular orbitals and the value of the HOMO and LUMO energies
are —4.95 and —0.51 eV for B3LYP/6-31G(d, p) level, —5.23
and —0.91¢V for B3LYP/6-31G+(d, p) level, respectively.
Using HOMO and LUMO energy values for a molecule, elec-
tronegativity, chemical hardness and chemical softness can be
calculated as follows:

1= (I+ A)/2 (electronegativity),
n = (I— A)/2 (chemical hardness),

S = 1/2n (chemical softness)
where I and A are ionization potential and electron affinity;

I= _EHOMO

A= _ELUMO

respectively [49]. The HOMO and LUMO energies, the ioniza-
tion potential (1), the electron affinity (A4), the absolute elec-
tronegativity (y), the absolute hardness (1) and softness ()

-0.052

0.049
a4 <4
N o
e
<9 9 PR/ 9
J
ey
)J
-0.049

B3LYP/6-31G+(d, p)

Figure 6 Molecular electrostatic potential map calculated at B3LYP/6-31G(d, p) and B3LYP/6-31G +(d, p) levels.

B3LYP/6-31G(d, p)

B3LYP/6-31G+(d, p)

Figure 7 Molecular orbitals and energies for the HOMO and LUMO of the title compound.
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for molecule have been calculated at the same levels and the
results are given in Table 7.

3.3.4. Mulliken population analysis

The charge distributions were calculated by the Mulliken
method [50] for the equilibrium geometry of the title com-
pound. The corresponding Mulliken’s plot is shown in
Fig. 8. The Mulliken charges of the atoms in hydrogen bond-
ings and the sum of atoms belonging to the rings are shown in
Table 8. These charge as theoretically calculated was verified
by C—H- - -N and C—H- - -w interactions in the crystal structure
of compound.

3.3.5. Thermodynamic properties

In order to determine thermodynamical properties of the title
compound, the standard thermodynamic functions, entropy

Table 7 The calculated frontier orbital energies, electroneg-
ativity, hardness and softness of compound using
B3LYP/6-31G(d, p) and B3LYP/6-31G + (d, p) levels.

B3LYP/6-31G(d, p) B3LYP/6-31G +(d, p)

Enomo (€V) —4.95 —522
ELUMO (CV) —0.51 —0.91
1 (V) 495 522
A (eV) 0.51 0.91
7 (eV) 2.73 3.07
n (eV) 2.22 2.16
S (eV) 0.23 0.23

0,6

0,4

B3LYP/6-31G(d, p)

(S?"), heat capacity (Cﬁ.m) and enthalpy (Hf:,) based on the
vibrational analysis at B3LYP/6-31G(d, p) and B3LYP/6-
31G+(d, p) levels and statistical thermodynamics for the title
compound were obtained and listed in Table 9.

As can be seen from the table, the entropies, standard heat
capacities, and enthalpies increase at any temperature from
100 K to 1000 K since increasing temperature causes an
increase in the intensity of the molecular vibration and the
populations of the excited vibrational states. According to
the data in Table 9 for the title compound, the correlation
equations between the thermodynamic properties and temper-
ature 7, which can be used for the further studies of the title
compound, are as follows (Fig. 9):

For B3LYP/6-31G(d, p) level;

S = —8E — 05T + 0.4002T + 70.528 (R* = 1)

C% = —0.000277 4 0.4226T + 4.9418 (R*> = 0.999)

pm

H® =0.00017% +0.0397T — 4.265 (R* = 0.9994)
For B3LYP/6-31G+(d, p) level;
S = —8E — 057" +0.4012T + 69.947 (R* = 0.9999)

C® = —0,00027% +0.422T — 4.9538 (R* = 0.999)

pm

H’, = 0.00017% 4 0.0395T — 4.2463(R> = 0.9994)

3.3.6. Non-linear optical effects

The linear polarizability (o) and first-order hyperpolarizabil-
ity (fwor) of the title compound were calculated at the

B3LYP/6-31G+(d, p)

-0,2
0,4
-0,6
mCl mC2 mC3 mC4 mcs5 1 C6 uC7 mC8 mC9 mC10 mCl1
mC12 mC13 EN1 S1 mCil4 1S C16 mC1l7 mC18 mC19 mC20
mN2 mC21 C22 C23 C24 C25 C26 H1 mH2 mH3 mH4
W H5 W H7A mH7B B H7C mH9A H9B B H10A H10B H11 WH13 mH16
Figure 8 Charge distribution calculated by the Mulliken method for compound.
Table 8 Mulliken charges of the atoms in hydrogen bonding for the title compound.
B3LYP/6-31G(d, p) B3LYP/6-31G +(d, p)
D—H---A D H A D H A
C25—H25-- N2 —0.193 0.079 —0.551 —0.168 0.121 —0.564
C—H---Cg D H Cg D H Cg
C13—HI13..-Cgl —0.499 0.128 —0.388 —0.451 0.157 —0.463
C22—H?22---Cg2 —0.111 0.092 —0.187 —0.188 0.116 —0.125
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Table 9 Thermodynamic properties of the title compound at different temperatures.

T (°C) Entropy (S) Standard Heat Capacity (C) Enthalpy (H)
B3LYP/6-31G(d, p) B3LYP/6-31G+(d, p) B3LYP/6-31G(d, p) B3LYP/6-31G+(d, p) B3LYP/6-31G(d, p) B3LYP/6-31G+(d, p)
100 110,567 110,269 38,798 38,786 2,479 2,474
200 147,547 147,203 68,484 68,351 7,784 7,772
300 182,632 182,216 103,247 103,038 16,356 16,326
400 217,532 217,056 136,217 136,011 28,368 28,317
500 251,424 250,904 163,611 163,418 43,409 43,338
600 283,621 283,068 185,429 185,265 60,902 60,814
700 313,871 313,294 202,895 202,739 80,349 80,246
800 342,187 344,021 217,107 216,953 101,373 101,254
900 368,692 368,078 228,862 228,708 123,689 123,555
1000 393,539 392,909 238,704 238,551 147,081 146,932
400 400
Entropy (S) Entropy (S)
350 350
Standart Heat Capacity (C) Standart Heat Capacity (C)
0 Enthalpy (H) Ll Enthalpy (H)
250 250
T o
J 200 U 200
150 150
100 100
50 50
0 0
0 200 400 600 800 1000

Temperature (°)
B3LYP/6-31G(d, p)

0 200 400 600 800 1000
Temperature (°)
B3LYP/6-31G+(d, p)

Figure 9 Thermodynamic properties of the title compound at different temperatures.

Table 10 Calculated polarizability and the first hyperpolar-
izability components (a.u.) for the title compound.

B3LYP/6-31G(d, p)

B3LYP/6-31G +(d, p)

256.07
—36.63
315.48
—37.77
22.54
335.45
302.33
43.94
123.19
—231.44
57.91
—39.74
—157.28
272.51
54.82
67.45
—137.7
297.35

297.28
—38.93
359.3
—40.62
28.96
377.49
344.68
—38.27
191.23
—190.53
159.21
17.38
—150.48
253.33
—10.12
72.19
—178.2
494.22

B3LYP/6-31G(d, p) and B3LYP/6-31G +(d, p) levels. The val-
ues of the polarizability o and the first hyperpolarizability f of
Gaussian 03 output are reported in atomic units (a.u.). The
components of the polarizability and first hyperpolarizability
are given in Table 10. The calculated values of o, and fio
are 302.33, 297.35 and 344.68, 494.22 a.u., respectively. 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 values of o, and f, of urea are 25.99, 73.6 and 33.1,
59.4 a.u. obtained at the same levels. Theoretically, the first-
order hyperpolarizability of the title compound is of 4.68
and 8.32 times the magnitude of urea. According to these
results, the title compound is a good candidate of NLO
material.

4. Conclusions

In this study, N-(4-(3-methyl-3-phenylcyclobutyl)-3-phenylthia
zole-2(3H)-ylidene)aniline, (CysH24N,S), was prepared and
investigated by spectroscopic (FT-IR and NMR) and
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structural (single-crystal X-ray diffraction) methods. To sup-
port the experimental findings, the geometric parameters,
vibrational assignments and 'H and '>*C NMR chemical shifts
of the title compound have been calculated using the density
functional theory DFT (B3LYP) method with the 6-
31+G(d, p) basis set, and compared with the experimental
data. When the geometric parameters, vibrational frequencies
and chemical shifts of the compound are compared with exper-
imental data, it is seen that there are no significant differences.
It was noted here that the experimental results belong to solid
phase and theoretical calculations belong to gaseous phase. In
the solid state, the existence of the crystal field along with the
intermolecular interactions have connected the molecules
together, which result in the differences of bond parameters
between the calculated and experimental values. The calcu-
lated molecular electrostatic potential map confirmed the
solid-state interactions. The predicted non-linear optical
(NLO) properties of the title compound are much greater than
those of urea. The title compound is a good candidate as
second-order non-linear optical material.
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