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ABSTRACT

In this study, a novel compound (S)-N-benzyl-1-phenyl-5-(thiophen-3-yl)-4-pentyn-2-amine (abbrevi-
ated as BPTPA) was synthesized and structurally characterized by FT-IR, NMR and UV spectroscopy. The
molecular geometry and vibrational frequencies of BPTPA in the ground state have been calculated by
using the density functional method (B3LYP) invoking 6-311++G(d,p) basis set. The geometry of the mol-
ecule was fully optimized, vibrational spectra were calculated. The fundamental vibrations were assigned
on the basis of the total energy distribution (TED) of the vibrational modes, calculated with scaled quan-
tum mechanics (SQM) method and PQS program. Total and partial density of state (TDOS and PDOS) and
also overlap population density of state (OPDOS) diagrams analysis were given. The energy and oscillator
strength of each excitation were calculated by time-dependent density functional theory (TD-DFT) results
complements with the experimental findings. The NMR chemical shifts (*H and 'C) were recorded and
calculated using the gauge invariant atomic orbital (GIAO) method. The dipole moment, linear polarizabil-
ity and first hyperpolarizability values were also computed. The linear polarizability and first hyper polar-
izability of the studied molecule indicate that the compound is a good candidate of nonlinear optical
materials. Finally, vibrational wavenumbers, absorption wavelengths and chemical shifts were compared
with calculated values, and found to be in good agreement with experimental results.

© 2012 Elsevier B.V. All rights reserved.

Introduction

tries [2], in conducting polymer design [3], as well as in nonlinear
optical materials [4]. Thiophene derivatives are also often used as

Thiophene-containing compounds are known as materials with intermediates in a wide range of areas of synthetic chemistry.
potential applications in the flavor [1] and pharmaceutical indus- The insertion of thiophene in the linear ethynyl-phenyl conjugated
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chain, gives a higher electron delocalization to the molecule [5]. In
general, the conjugated molecules, integrating the thiophene rings
and the end-capped N,N-dimethyl-amino-phenyl moiety, of
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precise length and constitution, exhibit high thermal stability [6,7]
and show intrinsic electronic properties such as: luminescence [8],
redox [9] and charge transport [10].

The structure of thiophene was thoroughly studied theoreti-
cally, as well as, experimentally in gas phase, liquid and solid phase
[11-16]. It was studied in 1965 by Rico et al. [17] and the assign-
ments of fundamental modes were proposed. Klots et al. [14] made
a detailed vibrational analysis of thiophene in vapor phase and ob-
tained a complete set of vibrational wavenumbers of the funda-
mental modes. Vibrational analysis of thiophene and its solvation
in two polar solvents (DMSO and methanol) by Raman spectros-
copy combined with ab initio and DFT calculations were studied
by Singh et al. [15].

DFT has emerged as a powerful tool in studying vibrational
spectra of fairly large molecules. The DFT calculations are reported
to provide excellent vibrational frequencies of organic compounds
if the calculated frequencies are scaled to compensate for the
approximate treatment of electron correlation, for basis set defi-
ciencies and for the anharmonicity [16-19]. GIAO/DFT approach
is widely used for the calculations of chemical shifts for a variety
of heterocyclic compounds [20-22]. Therefore, we have utilized
the gradient corrected DFT [23] with the Becke’s three-parameter
hybrid functional (B3) [24] for the exchange part and the Lee-
Yang-Parr (LYP) correlation function [25], accepted as a cost-effec-
tive approach, for the computation of molecular structure, vibra-
tional frequencies and energies of optimized structures.

As a part of the research aimed at investigation of the reactivity
of cyclic sulfamidates towards acetylides, (S)-N-benzyl-1-phenyl-
5-(thiophen-3-yl)-4-pentyn-2-amine is synthesized using the
reaction of phenylalanine-derived 1,2-cyclic sulfamidate with the
acetylide prepared from 3-ethynylthiophene [26] and structurally
characterized FT-IR, NMR and UV spectroscopy. A comprehensive
theoretical structurally characterization of the title compound
including FT-IR, NMR and UV calculations by using the density
functional method (B3LYP) invoking 6-311++G(d,p) basis set is pre-
sented in this study. The results of theoretical characterization
were compared with experimental characterization data. Besides
these, the dipole moment, nonlinear optical (NLO) properties, lin-
ear polarizability and first hyperpolarizability, chemical hardness
and Mulliken atomic charge were also studied using the same
method and basis set. As a result, vibrational wavenumbers,
absorption wavelengths and chemical shifts values are in fairly
good agreement with the experimental results.

Experimental
Materials

Hexamethylphosphoramide (HMPA) was distilled from sodium
metal and tetrahydrofuran (THF) was freshly distilled from LiAlH,4

before use. 3-Ethynylthiophene (96%) was purchased from Aldrich
Chemical Company (USA) and used as received. (S)-3,4-dibenzyl-
1,2,3-oxathiazlodine-2-2-dioxide was prepared according to the
literature procedure [27].

Synthesis of N-benzyl-1-phenyl-5-(thiophen-3-yl)-4-pentyn-2-amine

To a stirred solution of 3-ethynylthiophene (503 mg,
4.46 mmol) in 15 mL freshly distilled dry THF containing 1.5 mL
HMPA cooled at —10°C (ice-salt) under argon atmosphere was
added drop wise n-butyl lithium (2.9 mL, 4.62 mmol, 15% solution
in n-hexane). After stirring at —10 °C for 1 h, a solution of (45)-3,4-
dibenzyl [1-3]oxathiazolidine-2,2-dioxide (705 mg, 2.32 mmol) in
3 mL dry THF was added to the resulting acetylide solution via a
syringe and stirring continued for additional 2 h. The reaction mix-
ture was allowed to warm up to room temperature and then trea-
ted with 5M 3 mL HCl solution to hydrolze the N-sulfate
intermediate for 2 h before neutralization with saturated NaHCOs
solution. Extraction with ether three times and drying over anhy-
drous Na,SO4 followed by evaporation of volatiles in vacuo gave
the crude product. Purification by column chromatography using
a (EtOAc: hexane (1:10) to (1:6) gradient) solvent system contain-
ing 0.5% triethylamine afforded (S)-N-benzyl-1-phenyl-5-(2-thio-
phen-3-yl)-pent-4-yn-2-amine as a pale yellow oil (720 mg, 94%
yield). Partial decomposition of the product on silica was also ob-
served. Rf: 0.59 [(EtOAc:Hexane) 1:3]; [a]p>! +8.4 (c=1, CHCl5);
R (film); vmax/cm™! 3328 (NH), 2228 (C=C), 1602, 1584, 1520,
1462 (aromatic C=C), 5y (400, MHz, CDCl3) (ppm) 2.48 ('H, dd,
J=5.6 and 17), 2.54 (1H, dd, J=5.6 and 17), 2.85-2.93 (2H, m),
3.04 (1H, quintet, J=5.6), 3.81 (1H, d, J=13.2), 3.89 (1H, d,
J=13.2), 7.08 (1H, dd, J=1.2 and 4.8, Ar—H), 7.19-7.30 (11H, m,
Ar—H), 7.35 (1H, dd, J = 0.8 and 2.8, Ar—H); Jc (100 MHz, CDCl3)
(ppm) 24.39, 40.78, 51.42, 57.52, 78.23, 86.92, 122.96, 125.34,
126.58, 127.16, 128.17, 128.29, 128.64, 128.70, 129.65, 130.27,
139.19, 140.62; HRMS (CI): [M+H]" found 332.1472, C5,H»¢NS re-
quires 332.1473 (Scheme 1).

FT-IR, NMR and UV measurements

The FT-IR spectrum of BPTPA was recorded in the region 600-
4000 cm ™! on a Perkin-Elmer FT-IR System Spectrum BX spectrom-
eter which was calibrated using polystyrene bands. The ultraviolet
absorption spectrum of BPTPA, solved in water, ethanol and chlo-
roform, was examined in the range 200-400 nm using Shimadzu
UV-1700 PC, UV-vis recording Spectrophotometer. NMR chemical
shifts were recorded in Varian Infinity Plus spectrometer at
300 K. The compound was dissolved in chloroform. Chemical shifts
were reported in ppm relative to tetramethylsilane (TMS) for 'H
and '3C NMR spectra. The 'H, '>C and APT NMR spectra were used
for the full characterization of the compound.
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Scheme 1. Synthesis of (S)-N-benzyl-1-phenyl-5-(thiophen-3-yl)-4-pentyn-2-amine.
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Computational details

The computational work aim to determine the optimize geometry
of the novel compound. The entire calculations were performed at
DFT/B3LYP [24,25] with the 6-311++G(d,p) basis set levels on a per-
sonal computer using Gaussian 09 [28] program package, invoking
gradient geometry optimization [29]. Optimized structural parame-
ters, vibrational frequency, isotropic chemical shift, electronic and
nonlinear optical properties were calculated. The vibrational fre-
quencies were calculated with this method, and wavenumbers in
the ranges from 4000 to 1700 cm~! and lower than 1700 cm™! were
scaled with 0.958 and 0.983, respectively, in order to improve the
agreement with the experimental results [30]. The theoretical results
have enabled us to make the detailed assignments of the experimen-
tal FT-IR spectra of the title molecule. The TED was calculated by
using the SQM method and PQS program [31]. The fundamental
vibrational modes were characterized by their TED. The 'H and 3C
NMR chemical shifts (4 and dc) of the compound were calculated
using the GIAO method [32] in chloroform. The electronic properties
were also calculated using B3LYP method of the time-dependent DFT
(TD-DFT) [33-35], basing on the optimized structure. TD-DFT has
been proved to be a powerful and effective computational tool for
the study of the ground and excited state properties by comparison
to the available experimental data. Hence, we used TD-DFT to obtain
wavelengths and compared the calculated results with the experi-
mental UV absorption values. Moreover, the dipole moment, nonlin-
ear optical (NLO) properties, linear polarizabilities and first
hyperpolarizabilities, chemical hardness and Mulliken atomic
charge were also been studied using B3LYP/6-311++G(d,p).

Results and discussion
Molecular geometry

The optimized geometrical parameters of BPTPA, calculated by
DFT/B3LYP/6-311++G(d,p) were listed in Table 1, in accordance
with numbering scheme given in Fig. 1. In the present study, we
employed full geometry optimization for BPTPA without symmetry
constraint. The optimized structure can only be compared with
other similar systems for which the crystal structures have been
solved [36-38]. The geometry of the molecule are determined be-
long to a true minimum proven by all real wavenumbers in the
vibrational analysis as seen from the Table 2. The optimized bond
lengths of C—C in the phenyl ring fall in the range from 1.392 to
1.402 A for B3LYP/6-311++G(d,p) which are in good agreement
with those of structurally similar systems whose crystal structures
are elucidated (1.371-1.402 A) [36-38]. The optimized C—N bond
lengths were calculated between 1.464 and 1.467 A, show good
coherent with the observed as 1.46 A for a similar structure [36].
These values showed more consistency with our calculation results.
The bond length S4,-Csg Was predicted at 1.726 A (DFT), observed
as 1.727 A [36]. However, particularly the X—H bond lengths are
predicted systematically too long from DFT method [39,40]. This
theoretical pattern also is found for BPTPA, since the large deviation
from experimental X—H bond lengths may arise from the low scat-
tering of hydrogen atoms in the X-ray diffraction experiment.

The bond angles of BPTPA were given in Table 1 are good agree-
ment with similar structures. For example, the bond angels of the
C—C—C of the phenyl rings were observed between 117° and 123°
[36-38] and calculated 119.5-121.0°. The calculated bond angles
are better than experimental results according to the expected nor-
mal values 120°. Based on above comparison, although there are
some differences between the theoretical and experimental values,
the optimized structural parameters can well reproduce the exper-
imental one.

Table 1
The optimized geometry (bond lengths (A) and bond angles (°)) of BPTPA.

Bond lengths ~ X-ray*®¢  B3LYP  Bond angles X-ray*¢  B3LYP
C—C, 1.39° 1.393 C—C—Cs 1172 119.5
Ci—Cs 1.40° 1.395 C,—Ci—Hjo 120.3
C;—Hio 1084  Ce—C—Hio 120.2
C—C3 1.40° 1.396 C—C—GC3 120° 120.1
C,—Hazo 1.085 Ci—Co—Hyo 120.1
C—C4 1.40° 1400  C3—Cy—Hao 1198
C3—Hy, 1.086 Co—C3—Cy 123 121.0
C4—Cs 1.41° 1.402 C,—C5—Hy 119.6
Ci—Cy 1.50° 1.513 C4—C53—Hx 1194
Cs—Ce 1.4% 1.392 C3—C4—Cs 1172 118.2
Cs—Haja 1.086 C—C—C; 1242 121.4
Ce—Has 1.085 Cs—Cs—C; 118 120.4
C,—Cg 1.54 1.542 C,—Cs—Cs 120° 120.9
C;—Haq 1.093 C4—Cs—Hj, 119.4
C;—Has 1.095 Ce—Cs—Hy 119.6
Cs—Co 1.542 1.551 C—C6—Cs 1220 1202
Cs—Ny, 1.46° 1.464 Ci—Ce—Hys3 120.0
Cg—Hag 1.103 Cs—Ce—Has3 119.8
Co—Cro 1459  C4—C,—Cs 110° 1139
Co—Hy7 1.096 C4—C;—Hyy 109.6
Co—Has 1.095 C4—C;—Hys 109.9
C10—Cas 1.202¢ 1206  Cg—Cr—Hoa 107.8
Ni1—Crz 1.461° 1.467 Cg—C7—Hos 108.2
Ni11—Hag 1.016 Hy4—C7;—Has 107.2
Ci2—Cy3 1.454° 1514 C;—Cs—Cy 110? 1104
Cio—Hso 1.096  C,—Cs—Ni; 118° 109.9
Ci2—Hs3q 1.103 C7—cs—Has 108.1
Ci3—Cia 1.377° 1.397 Co—Cs—Ny; 110? 109.6
Ci5—Cis 1.398" 1400  Co—Cs—Hag 107.6
Ci4—Cis 1.358" 1.396 N11—Cs—Hae 111.2
Ci4—Hs, 1.086 Cs—Co—Cio 113.7
Ci5—Ci6 1.394° 1.392 Cs—Co—Hy7 108.4
Cyi5—Hss 1.085 Cs—Co—Has 109.2
Ci6—Ci7 1.371° 1.396 C10—Co—H>7 110.2
Ci6—Hsa 1.084 C10—Co—Hag 108.8
Ci17—Cis 1.398" 1.392 Ha7—Co—Hog 106.2
Cy7—Hss 1.085 Cs—N11—C2 115° 115.1
Cis—Hsg 1.084 Cs—N;1—Hayo 109.3
C37—Css 1.421°¢ 1.439 C12—Nj1—Hazo 108.3
C37—Cs9 1.377¢ 1.377 N11—C12—Cy3 110? 111.6
C37—Cys 1.422¢ 1.422 N11—Cq2—Hsp 108.4
C35—Caq0 1.377¢ 1.362 N;1—Cq2—H3 112.2
Cyg—Ha 1.081 C13—C1—Hso 108.9
C39—S42 1.727¢ 1.726 C13—Cy2—Hs, 109.2
Cs9—Has 1.079 Hsg—Ci2—Hs: 106.3
Cao—Saz 1.730¢ 1.735 C15—C15—Cia 120.7
Cq0—Haa 1.079 C12—C13—Cis 120.6
Cy3—Ci15—Cy7 120° 120.64 C14—Cy3—Cys 118.6
Cy3—Cis—Hse 11912 C3—Ci—Cys  121.3° 120.8
C17—Crg—Hsg 12024  Cy3—Ci4—Hs, 119.5
C35—C37—Csg 111.7¢ 111.7 Cy15—Cy14—Hs; 119.7
C35—C37—Cys 121.95°¢ 124.0 C14~—Ci5—Ci6 120.1° 120.0
C39—C37—Cas  126.8° 124.3 C14—Ci5—Hs3 119.8
C37—C35—Cyo 113.1¢ 113.0 C16—Cy5—Hss 120.1
C37—C38—Hay 123.0 Ci5—Ci16—C17 121° 119.6
C40—Css—Har 1240  Cy5—Cig—Has 1202
C37—C39—Ss  111.7° 112.1 C17—Cr6—Ha4 120.2
C37—C39—Hys 127.5 Ci6—C17—Cis 120.2
S4r—C39—Has 120.5 C16—C17—Hss 120.0
Cag—Cag—Ssz  111.2¢ 111.7 Ci5—C17—Hss 119.8
C38—C4q0—Hasg 128.4
S49—C4q0—Haa 119.9
C36—Ss2—Cao  91.8¢ 91.6

2 Ref. [36].

b Ref. [37].

¢ Ref. [38].

Vibrational analysis

The vibrational frequencies were obtained using DFT/B3LYP
methods using split valence basis sets along with diffuse and polar-
ization function with 6-311++G(d,p) basis set. The selected calcu-
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thiophene

Fig. 1. The theoretical optimized geometric structure and atoms numbering of
BPTPA.

lated wavenumbers are given in Table 2. The experimental fre-
quencies given in the same table, is based on the FT-IR spectra of
BPTPA shown Fig. 2. The all calculated wavenumbers are given in
Supplementary material (Table S1). The vibrational analysis of
BPTPA is performed on the basis of the characteristic vibration
modes of C=C, C—C, NH, CH and CH, groups of the compound.

Table 2

The title molecule is non-planar and belongs to C; point group
symmetry has no relevant distribution of species.

It is stated that the N—H stretching vibrations occur in the re-
gion 3300-3500cm~! [41]. In this study, we predicted
3363 cm~! (v129), assigned to N—H stretching vibration, recorded
at 3328 cm ! in the FT-IR spectrum. This mode is a pure mode as is
evident from TED column contributing exactly 100%.

The C—N stretching mode is a rather difficult task since there
are problems in identifying these frequencies from other vibra-
tions. Silverstein [42] assigned C—N stretching absorption in the
region 1386-1266 cm™! for aromatic amines. This mode is ob-
served at 1293 cm™! by Bellamy et al. [43]. In this study, the
C—N stretching vibration is observed at 1180 cm™! and the com-
puted values are predicted at 1105 and 1115 cm™! (modes v71
and v72). There is a discrepancy which, may be due to mixing with
C—C vibration. One can see TED value contributing to 25% and 77%
as shown Table 2.

The hetero-aromatic structure shows the presence of C—H
stretching vibration in the region 3100-3000 cm™!, which is the
characteristic region for the ready identification of C—H stretching
vibration [42,44,45]. The C—H stretching vibrations were calcu-
lated at 3021-3055 cm~! showed very good coherent with the
experimental data. For example the experimental value is assigned
at 3026 cm™ !, the calculated one is obtained at 3021 cm~!. These
modes are pure stretching modes as seen from the TED column
shown in Table 2. The in-plane C—H bending vibrations appear in

Comparison of the selected calculated harmonic frequencies and experimental (FT-IR) wavenumbers (cm~!) using by B3LYP methods 6-311++G(d,p) of BPTPA.

Modes No. Exp. Theoretical TEDP (>10%)
FT-IR Unscaled freq. Scaled freg.? [infrared
Vas 626 636 626 0.53 5CCC(58) ring + SCCH(20) ring
Vag 696 710 698 32.19 TCCCH(49)ring + TCCCC(38)ring
Var 746 758 745 3751 TCCCH(39)ring + TCCCC(14)ring
Vas 780 785 772 37.04 YCH(89) thio
Vsg 858 862 848 1.82 vCC(36)
Va3 894 907 892 6.10 5CCC(21)thio + 5CCS(14)thio + 6SCH(12)thio + vC10C9(12)
Vsa 910 924 909 0.78 YCH(76) ring
Vas 928 945 929 0.86 YCH(74) ring
Vsg 976 991 974 3.13 [CH,(29) + TCHCH(15) ring
Ve2 1004 1017 1000 0.57 vCC(37) ring + 6CCC(37) ring {trigonal ring breathing}
Vos 1014 1031 1014 12.10 VCC(33) + vCC(17) thio
Ves 1028 1047 1029 517 VCC(25) ring + 5CCH(15) ring + vC8C7(14)
Ves 1078 1095 1077 3.99 VCC(25) ring + 5CCH(18) ring
V7o 1118 1135 1115 49.41 VCN(77)
Vo 1180 1200 1179 154 VCC(17) ring + 6CCH(76) ring
v, 1202 1223 1202 1.05 VC12—Cring(39) + VCC(19) ring + 5CCH(10) ring
Va1 1218 1246 1225 11.94 tCH,(46)
Vgo 1232 1253 1232 0.10 tCH,(40)
Vgq 1278 1306 1284 13.47 ®CH,(50) + SCCH(11)
Ves 1300 1329 1306 0.39 ®©CH,(52) + 5CCH(10)
Vou 1358 1378 1354 21.83 ©CH,(22) + 5 CHag(18) + v CC(10) thio.
Vogq 1428 1451 1426 7.83 vCC(80) thio + 5CCH (10) thio
Vos 1454 1470 1445 11.2 pCH,(94)
Vor 1462 1482 1457 6.06 5CCH(46) ring + vCC(28) ring
Vog 1470 1489 1464 8.24 pCH,(69)
V100 1493 1513 1487 57.91 pCH,(53) + 6 CNH(34)
Vios 1520 1563 1537 3.89 VC = Canio(57) + & CCH(14) thio. + v C3,C4s(10) + 5CCC(10) thio.
Vios 1584 1622 1594 0.84 VCC(69) ring + SCCH(12) ring
Vios 1602 1623 1596 0.84 VCC(70) ring + 5CCH(12) ring
Vios 2228 2326 2228 268 VC=C(100)
Vi1 2847 3025 2898 23.46 VsymCH2(97)
V114 2920 3060 2932 15.26 VasymCH2(98)
Vite 3026 3153 3021 8.25 VCH(100) ring
Vios 3062 3189 3055 1252 VCH(97) ring
V126 3084 3212 3077 9.02 VCH(100) thio.
Vi27 3106 3247 3110 4.89 vCH(99) thio.
Vizo 3328 3510 3363 8.73 VNH(100)

2 Wavenumbers in the ranges from 4000 to 1700 cm~' and lower than 1700 cm ™~ are scaled with 0.958 and 0.983 for B3LYP/6-311++G(d,p) basis set, respectively.
" TED, total energy distribution; v, stretching; 8, in-plane bending, 7, out-of-plane bending; p, scissoring, ®, wagging; 7, torsion; r, rocking; t, twisting.
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Fig. 2. The observed and calculated Infrared spectra of BPTPA.

the range 1000-1300cm™! and the C—H out of plane bending
vibrations occur in the frequency range 750-1000 cm™'. In this
study, the C—H in plane and out-of-plane bending vibrations are
also lie within the characteristic region. For example, the C—H
in-plane bending vibrations are observed at 1078 and 1180 cm™!
in FT-IR. The calculated frequencies are 1077 and 1179 cm™! that
are well correlated with the experimental frequencies. The C—H
out of plane bending vibrations are predicted in the region 986-
843 cm~!. The observed frequencies (910 and 928 cm™!) are coin-
ciding very well with the calculated ones (909 and 929 cm !,
respectively).

The C—H (for thiophene ring) stretching vibrations are calcu-
lated at 3077, 3110 and 3114 cm™! and observed at 3084 and
3106 cm™! in FT-IR. The C—H out of plane bending of the thiophene
ring were calculated at 675, 772 and 881 cm~! which show good
agreement with value at 780 cm~'. According to TED, the CH in
plane bending modes of thiophene ring are predicted at 1086,
1185 and 1238 cm~! which have major contribution.

The C—H stretching of the methylene groups are at lower fre-
quencies than those of the aromatic C—H ring stretching. The
asymmetric stretching for the CH,, CHs, etc. has magnitude higher
than the symmetric stretching. The CH, asymmetric stretching
vibrations are generally observed in the region 3000-2900 cm™,
while the CH, symmetric stretch will appear between 2900 and
2800 cm ! [42,45-47]. The scissoring mode of the CH, group gives
rise to characteristic band near 1465 cm™! in IR spectrum [48]. In
this work, the CH, asymmetric and symmetric stretching vibra-
tions were observed in FT-IR spectra at 2847 and 2920 cm™’,
respectively. The calculated symmetric CH, stretching vibrations
of the methylene group were obtained at 2898, 2902 cm™'and
the calculated asymmetric ones were obtained at 2932 and
2949 cm~'. The CH, scissoring vibrations were calculated at
1487, 1484, 1464 and 1445 cm~!. The experimental values were
assigned at 1454, 1470 and 1493 cm™! which show excellent
agreement with calculated ones. The CH, wagging vibrations were
assigned in FT-IR at 1358, 1300 and 1278 cm™! that were calcu-
lated 1354, 1306 and 1284 cm~! which have major contribution
according to TED. The CH, twisting vibrations were observed in
FT-IR at 1218 and 1232 cm™! which show agreement with calcu-
lated values (1225 and 1232 cm™!). The rocking mode was ob-
served at 976 cm~! in the infrared spectrum correlates well with
scaled value at 974 cm ™' (v58).

The ring carbon-carbon stretching vibrations in benzene ring
occur in the region 1430-1625 cm™". In general, the bands are of

variable intensity and are observed at 1625-1590, 1575-1590,
1470-1540, 1430-1465 and 1280-1380 cm™~! from the frequency
ranges given by Varsanyi [45]. In the present work, the frequencies
computed at 1029-1086, 1308-1317 and 1594-1616 cm™! (see
Table 2) were assigned as CC stretching vibrations according to
TED. The TED contribution for these modes are mixed with combi-
nation of C—H in plane bending. The CC stretching vibrations were
assigned at 1028, 1078, 1584 and 1602 cm™! in the FT-IR spectrum.
The CCC in plane deformation vibrations are observed higher
wavenumbers than the CCC out of plane vibrations. The theoreti-
cally calculated in-plane and out-of plane vibrations show good
agreement with recorded spectral data.

The ring breathing vibrations are observed in the region 1100-
1000 cm™'. As revealed by TED, the ring-breathing modes of the
aromatic rings were calculated at 999 and 1000 cm~!. In FT-IR
spectrum, the ring breathing vibration was observed at
1004 cm~!. The ring assignments proposed in this study are also
in agreement with the literature values [22,30,40,42].

The C—C stretching modes were observed at 1516 cm™" mode
for 3-ethynylthiophene [49]. This peak was observed at 1428 and
1520cm™! in FT-IR spectrum and calculated at 1426 and
1537 cm ™.

The C=C modes, its position is highly characteristic, arise from
conjugation and from aromatic substitutions are also very informa-
tive. The C=C mode of the compound was calculated and observed
the same value, at 2228 cm ™. It is evident of TED value contribut-
ing to 100%. Also this mode is very good agreement with the liter-
ature [50].

Identification of C—S stretching vibration is difficult and also
uncertain. The recorded four peaks which are 608.8, 753.5, 839.5,
and 872.8 cm™! were assigned to C—S stretching by [14,15] accord-
ing to potential energy distribution (PED) obtained from DFT calcu-
lations. Coruh et al. [16] assigned this mode at 834 cm™! in FT-IR
spectrum. In this study, we have assigned three C—S stretching
modes, based on TED calculations; this mode recorded in FT-IR
spectra at 858 cm~'. The C—S stretching modes are calculated at
641, 846 and 848 cm~! have dominant contribution assigned by
TED.

The remainder of the observed and calculated wavenumbers
and assignments of present molecule are shown in Table S1.

The correlation graphic which described harmony between the
calculated and experimental wavenumbers (Supp. Material
Fig. S1). As can be seen from Fig. S1, experimental fundamentals
have a good correlation with B3LYP. The relations between the cal-
culated and experimental wavenumbers are linear and described
by the following equation:

1

Veat, = 1.00150eyp. — 2.7481 (R2 =0.9999)

As a result, the scaled fundamental vibrational are in good consis-
tency with the experimental results and are found a good agree-
ment above the predicated literature.

NMR spectra

Experimental 'H, >C and APT NMR spectra were recorded as
shown in Figs. 3-5. The '>C and 'H theoretical chemical shifts
and the assignments of BPTPA are presented in Table 3, according
to the Fig. 1 atom positions. Firstly, full geometry optimization of
BPTPA was performed at the gradient corrected density functional
level of theory using the hybrid B3LYP method based on Becke’s
three parameters. Then, gauge- invariant atomic orbital (GIAO)
'H and '3C chemical shift calculations of the compound was done
by same method using 6-311++G(d,p) basis set IEFPCM/chloroform
solution. Application of the GIAO [51] approach to molecular sys-
tems was significantly improved by an efficient application of the
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method to the ab initio SCF calculation, using techniques borrowed
from analytic derivative methodologies. Relative chemical shifts
were estimated by using the corresponding TMS shielding calcu-
lated in advance at the same theoretical level as the reference.
The 'H and '>C NMR spectra were taken in chloroform by using
IEFPCM method [52].

In this study, there are twenty-two carbon signals calculated
theoretically of which are sixteen aromatic carbon signals. The
twelve aromatic carbon signals out of sixteen aromatic carbons
were only observed experimentally in the '*C spectrum of the mol-
ecule, due to the symmetry of two phenyl rings. In contrast to car-
bon signals, twenty-one proton signals were calculated while
twenty protons were observed in the 'H spectrum according to
integration. The proton which is calculated at 1.16 ppm (Hag) is
not observed in the 'H spectrum. The chemical shifts of NH protons
in generally would be more susceptible to intermolecular interac-
tions as compared other heavier atoms. Therefore the N—H proton
signal varies greatly with concentration and solvent effects and
occasionally can’t be seen in the spectra [53].

In general, chemical shifts for the protons of organic molecules
vary greatly with the electronic environment of the proton. Hydro-
gen attached or nearby electron- withdrawing atom or group can
decrease the shielding and move the resonance of attached proton
towards to a higher frequency. By contrast electron-donating atom
or group increases the shielding and moves the resonance towards
to a lower frequency [54]. The chemical shifts of aromatic protons
of organic compounds are usually observed in the range of 7.00-
8.00 ppm, while aliphatic protons resonance in the high field. The
signals of the thirteen aromatic proton ('H) of the title compound
were calculated theoretically 7.13-7.96 ppm, observed at 7.08-
7.35 ppm experimentally. We predicted Hss at 7.96 ppm in the
lowest field, and Hs, at 7.13 ppm in the highest field of the aro-
matic region. These protons are observed at 7.35 and 7.08 ppm,
respectively. Other eleven aromatic protons are accumulated in

the range of 7.33-7.69 ppm, observed experimentally at 7.19-
7.30 ppm. The protons resonance in this region could not be as-
signed unambiguously one by one due to overcrowding experi-
mentally. It is very interesting to note that despite the protons
(Hsz, H3g) of the molecule are expected to be symmetrical, the pro-
ton (Hs,) facing to the other phenyl ring is to have experienced dif-
ferent magnetic environment than Hsg, as suggested by the
theoretical and experimental results, thereby leading to the obser-
vation of the proton (Hs;) at a reduced chemical shift compared to
the other one. The origin of this phenomenon could be somewhat
attributable to the molecular dynamics of this relatively complex
molecule.

The aliphatic seven protons were calculated in the region of
2.36-4.03 ppm, observed in 2.48-3.89 ppm. Benzylic protons were
predicted at 4.03 (Hs3p) and 3.00 (H31) ppm, observed at 3.89 and
3.81 ppm, respectively. Methine proton (H,s) was calculated
2.94 ppm, observed as quintet at 3.04 ppm showing a good agree-
ment. Methylene protons (Ha4, Hy5) of the molecule were predicted
at 3.63 and 2.36 ppm and observed as multiplet in 2.85-2.93 ppm.
The methylene protons (H,g, H»7) next to the triple bond were cal-
culated at 3.21 and 2.36 ppm, respectively, while observed as two
different doublet of doublets at 2.54 and 2.48 ppm. Overall, the cal-
culated protons chemical shifts of the molecule show fairly good
correlation to the experimental spectrum.

Aromatic carbons give signals in overlapped areas of the spec-
trum with chemical shift values ranging from 100 to 150 ppm
[53,55]. The sixteen aromatic carbons were calculated in the region
of 126.57-148.11 ppm theoretically, observed signals are in the
range of 122.96-140.62 ppm. Aromatic carbon chemical shifts
(ipso-carbons C4, C13) were calculated at 148.11 and 147.83 ppm,
observed at 140.62 and 139.19 ppm. The lowest signal of the aro-
matic carbons atom Cs3; was predicted at 126.57 ppm and observed
122.96 ppm according to '*C and APT NMR spectrum. The other
phenyl and thiophene ring carbon chemical shifts (thirteen aro-
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Fig. 3. The experimental '"H NMR spectra of BPTPA.



matic carbons) were observed in the range of 125.34-130.27 ppm
and calculated in the range of 130.54-140.42 ppm, showing a good
correlation as seen in Table 3. Aliphatic carbons were observed in
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Fig. 4. The experimental '>C NMR spectra of BPTPA.
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Fig. 5. The experimental APT NMR spectra of BPTPA.

the region of 20-90 ppm. Triple bond carbons were resonanced
at 86.92 (Cy0) and 78.23 ppm (C45) and the chemical shifts of these
carbons were calculated at 93.91 and 80.23 ppm, respectively.
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Table 3
Experimental and theoretical 'H and '>C NMR isotropic chemical shifts (with respect to TMS) of BPTPA by DFT B3LYP method.
Atom B3LYP Exp.? Atom B3LYP Exp.?
Ci3 148.11 139.19/140.62 Cg 67.74 57.52
Cy 147.83 140.62/139.19 Cia 56.12 51.42
C3g 140.42 125.34-130.27 Cy 44.57 40.78
Cao 135.88 125.34-130.27 Cy 26.54 24.39
Csg 134.71 125.34-130.27 Hse 7.96 7.35
Cs 13434 125.34-130.27 Ha, 7.69 7.19-7.30
Ce 134.24 125.34-130.27 Hss,Ha3,Has 7.56 7.19-7.30
Cis 134.17 125.34-130.27 Hi9,Ha1,Ha1,H33,Has Hoo Hsy 7.33 7.19-7.30
C, 133.42 125.34-130.27 Hs, 713 7.08
Cs 133.24 125.34-130.27 Hso 4.03 3.89/3.81
Cia 133.05 125.34-130.27 Ha4 3.63 2.85-2.93
Ci7 132.93 125.34-130.27 Hag 3.21 2.48/2.54
Cis 132.68 125.34-130.27 Hs; 3.00 3.89/3.81
Cis 131.42 125.34-130.27 Hae 2.94 3.04
G 130.54 125.34-130.27 Hys 2.36 2.85-2.93
Csy 126.57 122.96 Hyy 2.36 2.48/2.54
Cio 93.91 86.92 Hag 1.16 -
Cys 80.23 78.23

2 | sign mean: or and - sign mean: signal of range.

Table 4
The experimental and computed absorption wavelength / (nm), excitation energies E (eV), absorbance and oscillator strengths (f) of BPTPA using TD-DFT/6-311G++(d, p).
Experimental B3LYP
/ (nm) Energy (eV) / (nm) Energy (eV) Osc. strength (f) Major contribution (>10%)
Water 277 4.482 Water 260 4.769 0.2833 HOMO - LUMO (91%)
287 4326 248 5.000 0.0931 HOMO-1 — LUMO (91%)
Ethanol 278 4.460 Ethanol 260 4.769 0.2886 HOMO - LUMO (91%)
287 4.321 249 4.980 0.0910 HOMO-1 — LUMO (91%)
Chloroform 279 4.444 Chloroform 260 4,769 0.3055 HOMO - LUMO (92%)
286 4336 249 4980 0.0811 HOMO-1 — LUMO (92%)
Gas 277 4.482 0.4056 HOMO - LUMO (92%)
297 4.180 0.0020 HOMO-6 — LUMO (94%)

Methine and methylene carbons were calculated at 67.74 (Cg),
56.12 (Cy3), 44.57 (C7) and 26.54 (Cy) using by the B3LYP method
and observed at 57.52, 51.42, 40.78 and 24.39 ppm, respectively,
as evident from '3C and APT spectra.

Molecular electrostatic potential, electronic structure and UV spectra

The calculations of the electronic structures of the title com-
pound were carried out using TD-DFT calculations with the
B3LYP/6-311++G(d,p) method. Before the electronic calculations,
the molecule was optimized in ground state using the DFT method
with B3LYP functional. It is obvious that the use of TD-DFT calcula-
tions for prediction of the electronic absorption spectra is a reason-
able method. The theoretical and experimental maximum
absorption wavelengths, excitation energies, absorbance and oscil-
lator strengths are collected in Table 4.

The energies of the some molecular orbitals such as NH, CH,,
C=C, phenyl and thiophene groups were individually studied with
respect to the percentage contribution of the each species to the
total energy of the compound. The molecular orbital of phenyl
and thiophene rings contain significant contribution to the BPTPA.
Two phenyl rings have 100% contribution to the LUMO of the mol-
ecule, while significant contributions to the HOMO of the com-
pound comes from the thiophene (48%) and C=C groups (29%).

The TDOS, PDOS and OPDOS or COOP density of states [56,57],
in terms of Mulliken population analysis were calculated and cre-
ated by convoluting the molecular orbital information with Gauss-

ian curves of unit height and FWHM (Full Width at Half Maximum)
of 0.3 eV using Gausssum2.2 [58]. Because of the results from mul-
tiplying DOS by the overlap population, the COOP is similar to DOS.
The TDOS, PDOS and COOP spectra are plotted in Figs. 6-8, respec-
tively. The most important application of the DOS plot is to demon-
strate MO (molecule orbital) compositions and their contributions
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Fig. 6. Calculated total electronic density of states for BPTPA.
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Fig. 8. Overlap population DOS curves of BPTPA.

to chemical bonding through the OPDOS plots which are also re-
ferred in the literature as Crystal Orbital Overlap Population
(COOP) diagrams. The COOP shows the bonding, anti-bonding
and nonbonding interaction of the two orbitals, atoms or groups.
A positive value of the COOP indicates a bonding interaction, how-
ever negative value means an anti-bonding interaction and zero
value indicates nonbonding interactions [59]. The PDOS mainly
presents the composition of the fragment orbitals contributing to
the molecular orbitals as seen from Fig. 6. The PDOS of phenyl
and thiophene groups is of very similar nature of state as in the
TDOS of BPTPA because of the higher energies than the other
groups, in terms of the extent of the contribution to the energy
of the molecular orbitals. The OPDOS or COOP diagrams were pre-
sented in Fig. 7. It is readily seen in Fig. 7 that the interaction be-
tween C=C and thiophene (green line) system was seen as a
negative (anti-bonding interaction) as well as CH, < benzenes

and CH, < C=C systems for the states in energy window from
—0.58 to 7.99 eV. One can see nonbonding states; C=C « thio-
phene, CH, <> phenyls and CH, «<» C=C systems in the ranges of
-1.6 to 0.5, —1.92 to —0.47 and —0.27 to 1.08 eV, respectively.
The OPDOS or COOP diagrams also showed that the NH < CH,
and NH < Phenyls have significant bonding characters which are
of positive value. Their energy values were calculated in the range
of 2.31-3.10, 4.01-4.23 eV for the NH «— CH, and 1.1-2.29, 4.39-
6.84 and 7.74-7.79 eV for NH < Phenyls (bonding interactions).
HOMO and LUMO are the main orbital taking part in chemical
reaction. The HOMO energy characterizes the ability of electron
giving, and the LUMO accepting, and the gap between HOMO
and LUMO characterizes the molecular chemical stability [60].
The energy gap between HOMO and LUMO is a critical parameter
in determining molecular electrical transport properties due to
the measurement of electron conductivity. As seen Fig. 9, the
HOMO of the title compound presents a charge density localized
on the thiophene, C==C and CH groups and LUMO is characterized
by a charge distribution on the two phenyl rings. The energy value
of HOMO was computed at —0.298 and LUMO is —0.167 a.u, and
the energy gap was calculated 0.131 a.u. The energy gap between
HOMO and LUMO explains the chemical reactivity, optical polariz-
ability, kinetic stability and chemical softness-hardness of a mole-
cule. The chemical hardness is a good indicator of the chemical
stability. The molecules having a small energy gap are known as
soft and having a large energy gap are known as hard molecules.
The hard molecules are not more polarizable than the soft ones be-
cause they need big energy to excitation [61]. The hardness (#) va-
lue of a molecule is formulated by the following equation [62].

_ (—&nomo + &umo)

- 2
where &yomo and g ymo are the energies of the HOMO and LUMO
orbitals. The value of energy gap between the HOMO and LUMO
is 3.55656 eV and the value of hardness is 1.77828 eV for the title
molecule. The chemical hardness value is a little bit smaller than
that of (E)-4-methoxy-2-[(p-tolylimino)methyl]phenol molecule
[61], which is a Schiff based compound (1.842 eV), that is a hard-
ness molecule.
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Fig. 9. The frontier and second frontier molecular orbitals of BPTPA.
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Fig. 10. Molecular electrostatic potential map (MEP) of BPTPA.

The maximum absorption values were observed at 277 and 287,
278 and 287, 279 and 286 nm in water, ethanol and chloroform,
respectively. Calculated /.x values obtained with B3LYP/6-
311++G(d,p) are 260 and 248 nm in water which are HOMO — LU-
MO and HOMO-6 — LUMO transition, respectively. In ethanol and
chloroform, these values are calculated at 260 and 248 nm which
are the same transition in water (see Table 4).

In the present study, 3D plots of molecular electrostatic poten-
tial (MEP) of BPTPA is illustrated in Fig. 10. The MEP which is a plot
of electrostatic potential mapped onto the constant electron den-
sity surface with together HOMO and LUMO (Fig. 11). The MEP is
a useful property to study reactivity given that an approaching
electrophile will be attracted to negative regions (where the elec-
tron distribution effect is dominant). The importance of MEP lies
in the fact that it simultaneously displays molecular size, shape
as well as positive, negative and neutral electrostatic potential re-

HOMO within MEPs

LUMO within MEPs

Fig. 11. Molecular electrostatic potential surface (MEPs) with in HOMO and LUMO
of BPTPA.

gions in terms of color grading (Figs. 10 and 11) and is very useful
in research of molecular structure with its physiochemical prop-
erty relationship [63,64]. The different values of the electrostatic
potential at the surface are represented by different colors. Poten-
tial increases in the order red < orange < yellow < green < blue. The
color code of these maps is in the range between —0.08538 a.u.
(deepest red) to 0.08538 a.u. (deepest blue) in compound, where
blue indicates the strongest attraction and red indicates the stron-
gest repulsion. MEPs color scale is such 6 — 6~ in the direction
red — blue. As can be seen from the MEP map of the title molecule,
while regions having the negative potential are over the electro-
negative atoms (C=C group and Nitrogen atom), the regions hav-
ing the positive potential are over the sulfur and hydrogen
atoms. The negative potential value is —0.0952076 a.u. for the
C=C group. A maximum positive region localized on the S atom
bond has value of +0.0708951 a.u. From this results, we can say
that the S atom indicates the strongest attraction and C=C group
indicates the strongest repulsion.

Nonlinear optical (NLO) effects

NLO properties has been of great interest by the recent years.
Because some synthesized novel materials show efficient nonlinear
optical that are used telecommunication, potential applications in
modern communication technology, optical signal processing and
data storage.

In this study, the electronic dipole moment, molecular polariz-
ability, anisotropy of polarizability and molecular first hyperpolar-
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izability of present compound were investigated. The polarizability
and hyperpolarizability tensors (o, Oixy, Oy Oxzr Olyz, Ozz AN Prxy,
ﬁxxyv ﬁxyyv ﬂyyyv ﬁxxz, ﬁxer ﬁyyZv ﬂXZZv ﬁyZZv ﬁzzz) can be obtained by a fre-
quency job output file of Gaussian. However, oo and p values of
Gaussian output are in atomic units (a.u.) so they have been con-
verted into electronic units (esu) (o; 1a.u.=0.1482 x 10?4 esu,
B; 1a.u. =8.6393 x 10733 esu). The mean polarizability (), anisot-
ropy of polarizability (4«) and the average value of the first hyper-
polarizability (B) can be calculated using the below equations.

1
Aot = § (chx + O(yy + o‘zz)

1
Ao=— [(ocxx —yy)? + (oyy — 0zz) + (Otzz — ) > + 602, + 6022, + 60@2]

V2

[N

1
2

(p)= [(ﬁxxx Jrﬁxyy +ﬁxzz)z + (Byyy +ﬁyll+ﬁyx><)2 + (Bzzz + o +Bzyy)2]

In Table 5, the calculated parameters described above and elec-
tronic dipole moment {y; (i = x, y, z) and total dipole moment fi;o}
for title compound are listed. The total dipole moment can be calcu-
lated using the following equation.

Moo = (12 + 122 + 12

It is well known that the higher values of dipole moment, polarizabil-
ity, and hyperpolarizability are important for more active NLO prop-
erties. The calculated dipole moment is equal to 0.404117 Debye (D).
The highest value of dipole moment is observed for component . In
this direction, this value is equal to 0.388142 D. Total polarizability
(oor) and anisotropy of polarizability (Aa) are calculated as
43,094626 and 102.972128 esu. The first hyperpolarizability value
Broc OF the title compound is equal to 18.622910 x 10731 esu. The
hyperpolarizability § was dominated by the longitudinal compo-
nents of S Domination of particular component indicates on a sub-
stantial delocalization of charges in this direction.

The polarizability and the first hyperpolarizability of title mole-
culeis ca. 10 and 2 times greater than those of urea (« and g of urea
are 9.868774 x 1072*, and 7.803240 x 103! esu obtained by
B3LYP/6-311++G(d,p) method. That is to say, the title compound
can be used as a good candidate of NLO materials.

Mulliken atomic charges

The computed of reactive atomic charges plays an important
role in the application of quantum mechanical calculations the
molecular system. The Mulliken atomic charges of title molecule
is presented in Table 6 and shown in Fig. 12. The Mulliken atomic

Table 5

The dipole moments u (D), the polarizability o (a.u.), the average polarizability o,
(esu), the anisotropy of the polarizability Ao (esu), and the hyperpolarizability f (esu)
of BPTPA.

Ly —0.058481 B 206.904023
Iy 0.096105 By ~55.934514
1z —0.388142 By —33.644834
to 0.404117 By 143272517
O 391.485183 Brxe 64.436064
Oy -30.016936 Bryz —46.976706
oy 232.783937 Byyz ~59.576790
Oz 3.844925 Brez 20.290236
oy ~9.629177 Byee ~4.205349
Oz 248.091735 Bz ~50.618112
Srotal 43.094626 Be 193.549424
Ao, 102972128 By 83.132654
B —45.758839
B 18.622910

Table 6
Mulliken atomic charges of BPTPA.

C1 —0.410936 H19 0.154479
c2 —0.225112 H20 0.179973
c3 —0.241833 H21 0.174833
Cc4 0.857943 H22 0.163873
c5 —0.060981 H23 0.179023
C6 —0.279943 H24 0.171741
c7 —1.075578 H25 0.179203
c8 —0.187034 H26 0.158184
Cc9 —-0.216641 H27 0.191107
Cc10 0.038056 H28 0.148431
C12 —0.872355 H29 0.091043
Cc13 1.078712 H30 0.144600
C14 —-0.319091 H31 0.133513
C15 —0.256026 H32 0.150598
C16 —0.399857 H33 0.174981
c17 —-0.310507 H34 0.152493
C18 —0.095033 H35 0.178346
Cc37 —0.715620 H36 0.168712
C38 —1.109054 H41 0.161396
C39 1.201769 H43 0.258678
Cc40 0.280355 H44 0.284591
C45 —0.715620 N11 0.178015
S42 —0.575821

Color Range:  |-1.109 | to [1.202

8L
Fcll

1BC 2 45C

Fig. 12. Mulliken atomic charge distribution of BPTPA.

charges are computed by the DFT/B3LYP method 6-311++G(d,p)
basis set.

As can be seen in Table 6, all hydrogen atoms and N atom have a
net positive charge. The maximum negative charge C38, C7, C12,
C37, C45 and sulfur atom which are donor atoms and net positive
charge on hydrogen and nitrogen atoms, which are acceptor atoms.
The donor and acceptor atoms may suggest the presence of both
inter-molecular hydrogen bonding in the crystalline phase.

Conclusions

The novel compound (S)-N-benzyl-1-phenyl-5-(thiophen-3-yl)-
4-pentyn-2-amine was synthesized for the first time and several
spectroscopic properties were studied using experimental tech-
niques (FT-IR, NMR and UV) and tools derived from the density
functional theory. The optimized geometric parameters of mole-
cule were interpreted and compared with structurally similar com-
pounds. The vibrational FT-IR spectrum of molecule was recorded.
The computed vibrational wavenumbers were assigned and com-
pared with experimental values. The magnetic properties of the ti-
tle compound were calculated and compared with the
experimental data which are obtained from 'H and '3C NMR spec-
tra. The TDOS, PDOS and OPDOS diagrams were presented and



M. Karabacak et al./Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 97 (2012) 556-567 567

interpreted. Some of the groups such as phenyl and thiophene
rings contribute similarly to the TDOS of BPTPA. The OPDOS dia-
grams showed interactions for five groups and C=C « thiophene
have significant anti-bonding character. The electronic absorption
properties were also calculated and experimental electronic spec-
trum was recorded. Furthermore, the polarizability, first hyperpo-
larizability and total dipole moment of title molecule were
calculated and the results are discussed. These results indicate that
the studied compound is a good candidate of nonlinear optical
materials. We hope that the results of this study will help research-
ers to synthesis of new materials.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.saa.2012.05.087.
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