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methods are compatible with the
measured results.
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GRAPHICAL ABSTRACT

The monomer (HKCN) are characterized by IR, 'H and 3C NMR spectroscopy.

ABSTRACT

Detailed studies of the structure-property relationships for conductive polymers are important for the
proper understanding of the impact of morphological details on chemical and physical properties. This
understanding is necessary for the development of realistic theoretical models. The particular cases of
thienyl pyrroles are described. Ab initio methods based on Hartree-Fock (HF) and Density Functional
Theory (DFT) calculations with the basis set of 6-31G(d) are performed to determine the molecular
structural properties and to calculate FT-IR and NMR spectrum of the title molecule. Moreover,
assignments of the vibrational modes are made on the basis of potential energy distribution (PED).
Furthermore, the correlations between the observed and calculated frequencies are found to be in good
agreement with each other as well as the correlation of the NMR data. A comparison of the experimental
and theoretical calculations can be very useful in making correct assignment and understanding the
properties and molecular structure relations.

© 2014 Elsevier B.V. All rights reserved.

Introduction

Conducting polymers (CPs) have been proposed for use in a
wide variety of next generation technologies including electro-
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chromic devices [1,2], organic photovoltaic devices [3], polymer
light emitting diodes [4], non-linear optical devices [5], gas sensors
[6], fuel cells [7,8] and organic transistors [9]. More recently,
research on CPs has mostly focused on their optical properties
in the visible and near infra-red (NIR) spectral regions.
Polythiophene (PTh) derivatives have been the most studied mate-
rials since they exhibit fast switching times, high conductivity,
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Scheme 1. Synthesis of the title molecule.

outstanding stability and high contrast ratios in the visible and NIR
regions [10].

It is important to realize that structure plays a dominant role in
determining the physical, electrical and optical properties of CPs
[10-12]. Research has focused on directing the structure and func-
tion of these materials through synthesis. Synthesis can help to
determine the magnitude of m overlap along the backbone and
eliminate structural defects. Material assembly determines the
interchain overlap and dimensionality. Planarization of the

backbone and assembly of the backbone in the form of m stacks
lead to better materials and device performance in almost every
category, ranging from electrical conductivity to stability. The most
striking conclusions are control of regularity and order in the poly-
meric structure, which leads to remarkable enhancements in the
electronic and photonic properties of these materials [13]. This of
course leads to the exciting prospect that the properties of poly-
thiophenes can be selectively engineered through synthesis and
assembly. A large portion of both the pioneering and future work

Fig. 1. The theoretical optimized molecular structures of the title molecule with (a) N—N bond and (b) N—C bond by utilizing DFT/B3LYP/6-31G(d) level. The C atom is

substituted in place of N atom of the molecule with 24 atom number as shown in (a).

Table 1
Optical properties of same SNS derivatives in the literature.
7R\ Jmax Eg %BAT Refs.
Structure {\ ’;‘ @
R
R1 _NH 445 1.95 18 (440 nm) [11]
(o]
R2 —H 410 2.88 - [37]
R3 <:> NO, 400 2.25 13 (400 nm) [38]
R4 413 2.33 18 (423 nm) [39]
R5 ~e~~_NH, 334 2.27 11 (334) [10]
360 2.32 - [40]

) 298
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Table 2

The optimized geometrical parameters of the title molecule in the ground state
employing DFT/B3LYP and HF methods with the basis set of 6-31G(d). Bond length in
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(A), bond angles and dihedral angles in (°).

Bond length via Symbolic bond DFT/B3LYP/ HF/6-31G(d)
Gaussian (A) labels (A) 6-31G(d)
1 R(1,2) Cc1—C2 1.367 1.345
2 R(1,5) C1-S5 1.736 1.724
3 R(1,6) C1—H6 1.082 1.071
4 R(2,3) 2—C3 1.422 1.434
5 R(2,7) C2—H7 1.085 1.074
6 R(34) C3—C4 1.380 1.350
7 R(3,8) C3—H8 1.084 1.073
8 R(4,5) C4-S5 1.758 1.740
9 R(4,12) C4—C12 1.449 1.466
10 R(9,10) C9—C10 1.386 1.358
11 R(9,13) C9—N13 1.395 1.379
12 R(9,19) C9—C19 1.453 1.467
13 R(10,11) C10—C11 1411 1.421
14 R(10,14) C10—H14 1.081 1.071
15 R(11,12) C11—C12 1.389 1.359
16 R(11,15) C11-H15 1.081 1.071
17 R(12,13) C12—N13 1.390 1.378
18 R(13,24) N13—N24 1.377 1.361
19 R(16,17) C16—C17 1.368 1.345
20 R(16,20) C16—S20 1.733 1.723
21 R(16,21) C16—H21 1.082 1.071
22 R(17,18) C17—C18 1.424 1.433
23 R(17,22) C17—H22 1.085 1.074
24 R(18,19) C18—C19 1.379 1.352
25 R(18,23) C18—H23 1.085 1.074
26 R(19,20) C19—S20 1.760 1.741
27 R(24,25) N24—H25 1.013 0.994
28 R(24,26) N24—C26 1.405 1.372
29 R(26,27) C26—027 1.219 1.197
30 R(26,31) C26—C31 1.487 1.489
31 R(28,29) C28—C29 1.408 1.395
32 R(28,33) C28—C33 1.409 1.397
33 R(28,38) C228—N38 1.387 1.385
34 R(29,30) C29—C30 1.389 1.380
35 R(29,34) C29—H34 1.088 1.076
36 R(30,31) C30—C31 1.404 1.391
37 R(30,35) C30—H35 1.086 1.075
38 R(31,32) C31—C32 1.404 1.392
39 R(32,33) C32—C33 1.385 1.377
40 R(32,36) C32—H36 1.085 1.073
41 R(33,37) C33—H37 1.088 1.076
42 R(38,39) N38—H39 1.011 0.996
43 R(38,40) N38—H40 1.011 0.996
Bond angles Symbolic bond DFT/B3LYP/ HF/6-31G(d)
via Gaussian (°) angles (°) 6-31G(d)
1 A(2,1,5) C2—C1-S5 111.6 111.8
2 A(2,1,6) C2—C1—H6 128.5 127.8
3 A(5,1,6) S5—C1—H6 119.8 120.5
4 A(1,2,3) C1—C2—C3 112.8 112.8
5 A(1,2,7) C1—C2—H7 123.6 123.7
6 A(3,2,7) C3—C2—H7 1236 1235
7 A2,34) C2—C3—C4 1139 113.0
8 A(2,3,8) C2—C3—H8 123.7 124.0
9 A(43.8) C4—C3—H8 1224 123.0
10 A(34,5) C3—C4—S5 109.8 1109
11 A(3/4,12) C3—C4—C12 125.5 129.1
12 A(54,12) S5—C4—C12 124.6 120.0
13 A(1,54) C1—-S5—C4 91.9 91.6
14 A(109,13) C10—C9—N13 106.4 107.3
15 A(109,19) C10—C11—C19 128.3 128.4
16 A(13,9,19) N13—C9—C19 125.2 124.2
17 A(9,10,11) C9—C10—C11 108.5 107.8
18 A(9,10,14) C9—C10—H14 124.5 125.1
19 A(11,10,14) C11—C10—H14 127.0 127.0
20 A(10,11,12) C10—C11—C12 108.4 107.8
21 A(10,11,15) C10—C11—H15 126.7 126.9
22 A(12,11,15) C12—C11—H15 125.0 1253
23 A(4,12,11) C4—C12—C11 128.1 129.4
24 A(4,12,13) C4—C12—N13 125.4 1233
25 A(11,12,13) C11—C12—N13 106.4 107.4
26 A(9,13,12) C9—N13—C12 1104 109.6

Table 2 (continued)

Bond length via Symbolic bond DFT/B3LYP/ HF/6-31G(d)
Gaussian (A) labels (A) 6-31G(d)
27 A(9,13,24) C9—N13—N24 125.8 1249
28 A(12,13,24) C12—N13—N24 123.7 124.4
29 A(17,16,20) C17—C16—S20 111.8 112.2
30 A(17,16,21) C17—C16—H21 128.3 127.6
31 A(20,16,21) S20—C16—H21 119.9 120.2
32 A(16,17,18) C16—C17—C18 112.7 1123
33 A(16,17,22) C16—C17—H22 1235 1239
34 A(18,17,22) C18—C17—H22 123.8 123.8
35 A(17,18,19) C17—C18—C19 113.8 1134
36 A(17,18,23) C17—C18—H23 124.1 1239
37 A(19,18,23) C19—C18—H23 122.1 122.7
38 A(9,19,18) C9—C19—C18 125.7 1254
39 A(9,19,20) C9—C19—S20 1243 123.8
40 A(18,19,20) C18—C19—S20 109.9 110.6
41 A(16,20,19) C16—520—C19 91.8 91.5
42 A(13,24,25) C13—N24—H25 114.7 115.6
43 A(13,24,26) C13—N24—C26 119.7 1214
44 A(25,24,26) H25—N24—C26 119.3 120.6
45 A(24,26,27) N24—C26—027 121.2 122.0
46 A(24,26,31) N24—C26—C31 115.0 115.1
47 A(27,26,31) 027—C26—C31 123.9 1229
48 A(29,28,33) C29—C28—C33 118.5 118.7
49 A(29,28,38) C29—C28—N38 120.7 120.6
50 A(33,28,38) C33—C28—N38 120.7 120.6
51 A(28,29,30) C28—C29—C30 120.6 120.4
52 A(28,29,34) C28—C29—H34 119.5 119.7
53 A(30,29,34) C30—C29—H34 1199 119.9
54 A(29,30,31) C29—C30—C31 121.0 1211
55 A(29,30,35) C29—C30—H35 1184 1183
56 A(31,30,35) C31—C30—H35 120.6 120.6
57 A(26,31,30) C26—C32—C30 124.4 1239
58 A(26,31,32) C26—C31—C32 117.3 117.8
59 A(30,31,32) C30—C31—C32 118.2 1183
60 A(31,32,33) C31—C32—C33 121.2 1211
61 A(31,32,36) C31—C32—H36 118.2 118.8
62 A(33,32,36) (C33—C32—H36 120.6 120.1
63 A(28,33,32) (C28—C33—C32 120.5 1204
64 A(28,33,37) C28—C33—H37 119.4 119.6
65 A(32,33,37) C32—C33—H37 120.0 120.0
66 A(28,38,39) C28—N38—H39 1164 115.7
67 A(28,38,40) C28—N38—H40 116.3 115.6
68 A(39,38,40) H39—N38—H40 112.8 112.1
Dihedral angles Symbolic dihedral DFT/B3LYP/ HF/6-31G(d)
via Gaussian (°) angles (°) 6-31G(d)
1 D(51,2,3) S5—C1—C2—C3 0.2 0.5
2 D(5,1,2,7) S5—C1—C2—H7 -178.8 179.8
3 D(6,1,2,3) H6—C1—C2—C3 178.0 -179.3
4 D(6,1,2,7) H6—C1—C2—H7 -1.0 0.0
5 D(2,1,54) C2—C1—-S5—C4 -04 -0.5
6 D(6,1,54) H6—C1—-S5—C4 -178.3 179.3
7 D(1,2,34) C1—C2—C3—C4 0.1 -0.2
8 D(1,2,3,8) C1—C2—C3—HS8 -179.0 178.3
9 D(7,2,3/4) H7—C2—C3—C4 1791 -179.5
10 D(7,2,3,8) H7—C2—C3—H8 0.0 -1.0
11 D(2,3/4,5) C2—C3—C4—-S5 -0.4 -0.1
12 D(2,3,4,12) C2—C3—C4—C12 175.7 178.5
13 D(8,34,5) H8—C3—C4—S5 178.7 -178.6
14 D(8,3,4,12) H8—C3—C4—C12 -53 0.0
15 D(34,5,1) C3—C4—S5—C1 0.4 0.3
16 D(12,4,5,1) C12—C4—S5—C1 - 175.7 —-178.4
17 D(3/4,12,11) C3—C4—C12—C11 -17.2 -128.0
18 D(3,4,12,13) C3—C4—C12—C13 162.6 51.8
19 D(54,12,11) S5—C4—C12—C11 158.3 50.5
20 D(54,12,13) S5—C4—C12—N13 -21.9 -129.6
21 D(13,9,10,11) N13—C9—C 10—C11 0.1 -04
22 D(13,9,10,14) N13—C9—C10—H14 179.1 177.5
23 D(19,9,10,11) C19—C9—C10—C11 175.8 176.8
24 D(19,9,10,14) C19—C9—C10—H14 5.2 -5.2
25 D(10,9,13,12) C10—C9—N13—C12 -0.2 0.6
26 D(10,9,13,24) C10—C9—N13—N24 178.0 169.4
27 D(19,9,13,12) C19—C9—N13—C12 -176.1 -176.8
28 D(19,9,13,24) C19—C9—N13—N24 2.2 -8.0
29 D(10,9,19,18) C10—C9—C19—C 18 —39.1 -51.2
30 D(10,9,19,20) C10—C9—C 19—S20 135.4 124.0
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Bond length via Symbolic bond DFT/B3LYP/ HF/6-31G(d)
Gaussian (A) labels (A) 6-31G(d)
31 D(13,9,19,18) N13—C9—C19—C18 135.8 125.6
32 D(13,9,19,20) N13—C9—C19—S20 —49.7 -59.1
33 D(9,10,11,12) C9—C10—C11—C12 0.1 0.0
34 D(9,10,11,15) C9—C10—C11—H15 -179.3 177.6
35 D(14,10,11,12) H14—C10—C11—C12 -1789 —-177.9
36 D(14,10,11,15) H14—C10—C11—H15 1.7 -0.3
37 D(10,11,12,4) C10—C11—C12—N13 179.7 —-179.8
38 D(10,11,12,13) C10—C11—C12—N13 -0.2 0.3
39 D(15,11,12,4) H15—C11—-C12—C4 -1.0 2.6
40 D(15,11,12,13) H15—C11—C12—N13 179.2 -177.3
41 D(4,12,13,9) C4—C12—N13—C9 -179.6 179.5
42 D(4,12,13,24) C4—C12—N13—N24 2.1 10.7
43 D(11,12,13,9) C11—C12—N13—C9 03 -0.6
73 D(11,12,13,24) C11—C12—C13—N24 -178.0 —-169.4
74 D(9,13,24,25) C9—N13—N24—H25 -65.6 -67.1
75 D(9,13,24,26) C9—N13—N24—C26 86.3 95.5
76 D(12,13,24,25) C12—C13—N24—H25 1124 100.0
77 D(12,13,24,26) C12—N13—N24—C26 -95.6 -97.3
78 D(20,16,17,18) S20—C16—C17—C18 -1.1 -0.5
79 D(20,16,17,22) S20—C16—C17—H22 -180.0 —180.0
80 D(21,16,17,18) H21—C16—C17—C18 178.3 179.2
81 D(21,16,17,22) H21—C16—C -0.5 -0.3
17—H22
82 D(17,16,20,19) C17—C16—S20—C19 1.3 0.6
83 D(21,16,20,19) H21—C16—S20—C19 -178.2 —-179.1
84 D(16,17,18,19) C16—C17—C18—C 19 0.2 0.1
85 D(16,17,18,23) C16—C17—C18—H23 -1784 —-179.5
86 D(22,17,18,19) H22—C17—C18—C19 179.1 179.5
87 D(22,17,18,23) H22—C17—C18—H23 0.4 -0.1
88 D(17,18,19,9) C17—C18—C19—C9 175.9 176.2
89 D(17,18,19,20) C17—C18—C 19—S20 0.7 0.4
90 D(23,18,19,9) H23—C18—C19—C9 -54 —4.2
91 D(23,18,19,20) H23—C18—C 19—S20 179.4 —180.0
92 D(9,19,20,16) C9—C19—S20—C 16 -1764 -176.5
93 D(18,19,20,16) C18—C19—S20—C16 -1.1 -0.6
94 D(13,24,26,27) N13—N24—C26—027 4.2 1.8
95 D(13,24,26,31) N13—N24—C26—C31 -176.4 -178.7
96 D(25,24,26,27) H25—N24—C26—027 154.9 163.6
97 D(25,24,26,31) H25—N24—C26—C31 -25.7 -16.9
98 D(24,26,31,30) N24—C26—C31—C30 -17.0 -25.5
99 D(24,26,31,32) N24—C26—C31—C32 163.8 156.3
100 D(27,26,31,30) 027—C26—C31—C30 162.4 154.1
101 D(27,26,31,32) 027—C26—C31—C32 -16.7 -24.1
102 D(33,28,29,30) (C33—C28—C29—C30 0.6 0.8
103 D(33,28,29,34) C33—C28—C29—H34 -1784 -178.2
104 D(38,28,29,30) N38—C28—C29—C30 177.6 178.1
105 D(38,28,29,34) N38—C28—C29—H34 -1.3 -0.9
106 D(29,28,33,32) C29—C28—C33—C32 -03 -0.2
107 D(29,28,33,37) (C29—C28—C33—H37 179.3 179.1
108 D(38,28,33,32) N38—(C28—C33—C32 -1774 -177.6
109 D(38,28,33,37) N38—C28—C33—H37 2.2 1.8
110 D(29,28,38,39) (C29—C28—N38—H39 23.6 249
111 D(29,28,38,40) (C29—C28—N38—H40 160.3 158.8
112 D(33,28,38,39) (C33—C28—N38—H40 -159.4 —-157.9
113 D(33,28,38,40) (C33—C28—N38—H40 -22.7 —-24.0
114 D(28,29,30,31) C28—C29—C30—C31 0.1 -0.1
115 D(28,29,30,35) C28—C29—C30—H35 -177.7 -178.0
116 D(34,29,30,31) H34—C29—C30—C31 179.0 178.8
117 D(34,29,30,35) H34—C29—C30—H35 1.2 0.9
118 D(29,30,31,26) C29—C30—C31—C26 179.8 —179.2
119 D(29,30,31,32) C29—C30—C31—C32 -1.0 -1.0
120 D(35,30,31,26) H35—C30—C31—C26 -24 -14
121 D(35,30,31,32) H35—C30—C31—C32 176.7 176.8
122 D(26,31,32,33) C26—C31—C32—C33 -179.5 179.9
123 D(26,31,32,36) C26—C31—C32—H36 0.3 -0.3
124 D(30,31,32,33) C30—C31—C32—C33 1.3 1.6
125 D(30,31,32,36) C30—C31—C32—H36 -178.9 -178.6
126 D(31,32,33,28) C31—C32—C33—C28 -0.6 -0.9
127 D(31,32,33,37) (C31—C32—C33—H37 179.8 179.7
128 D(36,32,33,28) H36—C32—C33—C28 179.6 179.3
129 D(36,32,33,37) H36—C32—C33—H37 0.0 -0.1
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Fig. 2. (a) Experimental, (b) and (c) the calculated infrared spectra (FT-IR) of the
title molecule by using DFT/B3LYP and HF methods with the 6-31G(d) basis set,
respectively.

in conjugated polymers strongly depends on synthetic chemists
creating new polymers that can be fabricated into new devices
and whose physics and chemistry can be understood in detail [14].

The theoretical studies on the chemical compounds provide us
to get the important information about the physical and chemical
properties of them. For example, vibrational spectroscopy is a
versatile and readily available tool for interpreting and predicting
the properties of chemically and biologically active molecules. It
has been used both in the study of chemical kinetics and chemical
analysis. However, the problem of vibrational mode assignment as
well as the understanding of the relationship between the
observed spectroscopic properties and the molecular structure
may be difficult [15]. Advances in ab initio computational chemis-
try help us to solve this problem accurately. Ab initio computations
in chemistry are important tools to predict the structural proper-
ties of the molecules and to determine the vibrational spectra of
ones. Recently, DFT and HF methods are widely used to determine
the molecular structures and vibrational spectra for medium and
large sized molecules at low computational cost [16-26]. These
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computation methods generally give systematic errors mainly due
to limited basis sets, harmonic approximation and remaining
deficiencies in describing electron correlation [27]. In order to
overcome these errors some theoretical methods have been used
for fitting of calculated vibrational frequencies to experimentally
observed ones. The studies on chemical shift calculations utilizing
quantum chemistry methods show that the geometry optimization
of the molecule is an important factor for accurate determination
of NMR chemical shifts [28].

Both of experimental studies and theoretical calculations on the
structural and vibrational properties of the title molecule are scar-
city in the literature. Therefore, in order to comprehend and under-
stand the structural and spectroscopic properties of the title
molecule it is needed to be carried out further theoretical and
experimental studies aiming to describe the fundamental proper-
ties of it. Ab initio methods based on the quantum mechanics in
the computational chemistry are widely used to investigate some
physical and chemical properties of the materials and chemical
compounds [29,30].

2,5-Di(2-thienyl)pyrroles (SNS) that are very important class of
monomers for the synthesis of conductive polymer in the literature
consist of thiophene and pyrrole rings interconnected by their
o-positions and are undoubtedly of interest in the preparation
from them of electroconductive materials, in particular as compo-
nents of smart devices. In a large number of the papers aimed
at investigation of N-substituted 2,5-di(2-thienyl)pyrroles the
Paal-Knorr synthesis, where the main starting compound is

Table 3

The observed FT-IR and the calculated vibrational wavenumbers for the title molecule calculated from the DFT/B3LYP and HF levels with basis set of 6-31G(d) in the unit of cm™".

1,4-di(2-thienyl)-1,4-butanedione in reaction with the respective
amines, is used for the production of these triheterocycles [10,11].

New class 2,5-Di(2-thienyl)pyrrole derivative is synthesized via
reaction with 1,4-di(2-thienyl)-1,4-butanedione and p-amin-
obenzoyl hydrazide. Using hydrazide instead of amine is not only
increase product yield but also improve properties of the
corresponding polymer [11]. In the present work, we have reported
theoretical characterization and molecular structure of the title
molecule by using the ab initio methods based on DFT and HF
levels. Early experimental studies show that title compounds
have superior properties compared with other thienyl pyrrole
compounds [11]. Thus, conclusion of this article can be useful for
designing of the new thienyl pyrrole monomers. A comparison of
the experimental and theoretical calculations can be very useful
in making correct assignment and understanding the basic vibra-
tional, NMR spectra and molecular structure relations. In other
words, a discussion on the experimental and theoretical studies
of this compound leads to a better understanding of the nature
of title compound. And so, these calculations are valuable for pro-
viding insight into design of new conducting polymers that used in
technological applications.

The rest of the paper is organized as follows: experimental
details and some results are presented in Section ‘Experimental’.
The computational method is given in Section ‘Computational
details’. The simulation results for structural and vibrational prop-
erties for the title molecule considered in this study are presented
and discussed in Section ‘Results and discussion’. The simulation

1

IR intensities (km mol~!) and assignments with PED (obtained from DFT/B3LYP/6-3G(d)) percentage in the brackets. Scale factors are used as 0.9614 and 0.8953 for the

DFT/B3LYP and HF methods with 6-31G(d) basis set, respectively.

Mode no DFT/B3LYP/6-31G(d) HF/6-31G(d) Experimental Assignment [PED] > 10% °
Unscaled Scaled R Unscaled Scaled [IR

1 3670 3528 14.02 3907 3498 20.23 3876 VNH(100)

2 3586 3447 19.17 3884 3477 32.55 3737 VNH(100)

3 3568 3430 38.75 3804 3406 39 3567 VNH(100)

7 3261 3135 6.31 3429 3070 10.69 3067 vCH(99)
15 3180 3057 18.25 3358 3006 18.4 2780 VvCH(99)
16 1787 1718 161.42 1955 1750 277.11 1679 vOC(85)
18 1669 1605 149.22 1807 1618 167.02 1611 vCC(27) + 8HNH(12)
22 1572 1511 9.07 1736 1554 12.04 1541 vCC(50)
25 1521 1462 161.22 1679 1503 50.21 1504 SHNC(59)
26 1490 1432 31.49 1626 1455 30.9 1455 vCC(53)
29 1456 1400 5.30 1597 1430 6.7 1382 VNN(23) + 8CNC(26)
31 1397 1343 137 1508 1350 0.33 1340 vCC(11) + 8HCS(10)
35 1348 1296 8.35 1418 1270 6.03 1272 vCC(10) + SHCC(50)
42 1213 1166 148.94 1305 1168 129.36 1272 SHCC(71)
44 1125 1081 141 1220 1092 11.04 1118 SHCS(26) + SHCC(32)
45 1117 1074 0.09 1213 1086 7.86 1084 SHCS(46) + SHCC(32)
53 982 944 1.11 1106 991 2.42 1028 THCCC(70) + TCCCC(16)
57 911 876 1.16 1032 924 6.83 825 THCSC(12) + THCCC(78)
61 854 821 1.91 974 872 242 825 THCCC(42) + THCCN(28)
69 776 746 2.34 859 769 73.58 825 THCCC(85)
70 769 739 27.38 849 760 7.23 752 THCCC(34) + THCCN(41)
71 745 716 0.09 811 726 70.83 VNN(11)
72 739 711 0.47 809 725 65.99 752 YONCC(42) + YNCCC(11) + yCCCC(14)
73 707 680 28.77 808 723 6.25 738 VvSC(37) + 8CCC(41)
78 653 628 0.70 710 635 4.05 665 THCSC(54) + THCCC(10)
82 594 571 1.36 661 592 5.81 629 3SCC(52)
83 581 559 0.35 636 570 8.62 602 SOCN(18) + 5CCC(20)
84 565 543 2.09 621 556 397.53 602 8SCC(11) + TCCCC(34)
86 507 487 206.39 568 508 98.4 555 3SCC(10) + CNN(14) + TCCCC(19)
87 499 479 37.66 552 494 16.4 555 THNCC(41) + YNCCC(19)
89 467 449 38.57 493 441 17.43 482 TSCCC(48)
90 425 409 55.63 460 412 2.61 482 TSCCC(59)
97 331 318 0.57 335 300 10.38 453 THNCC(91)

¢ PED: potential energy distribution. v; stretching. §; in-plane-bending. y; out-of plane bending. t; torsion.
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Fig. 3. The correlation graphs between the experimental and calculated
wavenumber for the title molecule calculated from (a) DFT/B3LYP/6-31G(d) and
(b) HF/6-31G(d) levels, respectively.

results are also compared with the available experimental data in
Section ‘Results and discussion’. Finally, the conclusions arising
from our main results are given in the last section.

Experimental
Materials

Aluminum chloride (AlCl3) (Aldrich), dichloromethane (DCM)
(Merck), succinyl chloride (Aldrich), hydrochloric acid (Merck),
NaHCOs; (Aldrich), MgSO,4 (Aldrich), propionic acid (Aldrich), tolu-
ene (Sigma), acetonitrile (AN) (Merck) are commercially available
and used without further purification.

Equipments

NMR spectrum of the monomer is recorded on a Bruker-Instru-
ments-NMR Spectrometer (DPX-400) using CDCl; as the solvent.
The FTIR spectra are recorded on a Varian 1000 spectrometer.

Synthesis of monomer

The reagents 1,4-di(2-thienyl)-1,4-butanedione and p-aminobenzoyl
hydrazide are prepared according to the methods as given in
the literature [31,32]. All experiments are carried out under dry
argon by using Standard Schlenk techniques. Solvents are dried,
distilled and saturated with argon.

The monomer (HKCN) is synthesized from 1,4-di(2-thienyl)-
1,4-butanedione and p-aminobenzoyl hydrazide in the presence
of catalytically amount of p-toluenesulphonic acid (PTSA) [11]. A
round-bottomed flask equipped with an argon inlet and magnetic
stirrer is charged with 2.5g (10 mmol) 1,4-di(2-thienyl)-1,4-
butanedione, 1.51 g (10 mmol) p-aminobenzoyl hydrazide, 0.2 g
(1.2 mmol) PTSA, 1 ml DMSO and 20 ml toluene. The resultant
mixture is stirred and refluxed for 18 h under argon. Darkened
solution is filtered hot to remove oily decomposition products.
Then, the mixture is cooled to room temperature and the solid
product is filtered off to give a yellow powder that is washed with
pentane (3 x 15 ml) and air-dried, yield 3.1 g%85, (mp 142-143 °C)
[11]. The synthetic route of the monomer is shown in Scheme 1.

Computational details

To provide complete information regarding to the structural
characteristic and the fundamental vibrational modes of the title
molecule we have performed quantum mechanical calculations
with the Gaussian 09 package by using the DFT/B3LYP/6-31G(d)
and HF/6-31G(d) methods [33,34]. Molecular structure is opti-
mized to get the global minima of the molecule at the level of ab
initio DFT/B3LYP and HF with the basis set of 6-31G(d) by consid-
ering C1-symmetry (no symmetry constraint).

The optimized geometric molecular structures of the molecules
with N—N bond and C—N bond are given in Fig. 1(a) and (b). After
that, the same basis set and computational method are used for the
vibrational spectra of it by using the optimized structure. The same
calculation procedure is also used to predict the 'H and '*C NMR
shielding constants by applying the Gauge-Including Atomic Orbi-
tals (GIAO) GIAO-DFT and GIAO-HF methods [34] in the medium of
dimethylsulfoxide (DMSO). The calculation for 'H chemical shift is
achieved by using the integral equation formalism version of the
polarizable continuum model (IEFPCM). The stability of the opti-
mized geometries is verified by wavenumbers calculations giving
no negative values for all the calculated wavenumbers. VEDA 4
(Vibrational Energy Distribution Analysis) program [35] has been
used to calculate Potential Energy Distribution (PED) for each of
the vibrational frequencies. PED calculations show the relative
contribution of the redundant internal coordinates to each normal
vibrational mode of the molecule and thus it allows ones to
describe the character of each mode numerically. The fundamental
vibrational modes are characterized by their PEDs for the
assignments of the experimental bands in details. The harmonic
frequencies obtained from ab initio methods are multiplied
by the appropriate scaled factors [36] to compare with the
experimental frequencies. The incomplete incorporation of
electron correlation and the use of finite basis set in the ab initio
calculations lead to some systematic errors. Therefore, we have
used the scaled factors as 0.9614 and 0.8953 for DFT/B3LYP and
HF methods [36], respectively, in order to determine the
vibrational spectra of the molecule accurately. The values of
the vibrational modes corresponding to optimized geometry of
the title molecule calculated by DFT and HF methods.

Results and discussion
Molecular geometry and structural properties

One principal goal of condensed matter theory is to understand
the structure-property relationship of materials systems such that
specific materials properties may be achieved via molecular design.
The emergence of fascinating applications using m-conjugated
polymers in light-emitting devices, electrochromic devices and
photovoltaics requires precise control and flexible tuning of optical
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Fig. 4. (a) "H NMR spectrum of the title molecule and (b) '3*C NMR spectrum of the title molecule.

bandgaps to effectively cover the visible and other parts of the solar
spectrum. The optical bandgap of organic molecules can be qualita-
tively derived from its dependence on the bond length alternation
pattern, planarity, aromaticity, and/or electron-withdrawing/
releasing substitutions [13]. Although useful in describing certain
trends, these properties are ultimately dependent on the electronic
structure of the molecule, which must hence be incorporated in any
accurate quantitative description.

2,5-Di(2-thienyl)pyrroles (SNS) consist of thiophene and pyr-
role rings interconnected by their a-positions and are undoubtedly
of interest in the preparation from them of electro conductive
materials, in particular as components of smart devices. But SNS
derivatives generally have large band gap which is greater than
2 eV, low n—-wt* transition wavelength which is nearly in UV region
and low optical contrast at m—n* transition wavelength. Experi-
mental studies on our new title SNS compound show that has
superior optic and electronic properties when compared with
other SNS derivatives [11]. To explain these properties, we have
investigated optimized geometric structures of title compound
obtained from DFT/B3LYP/6-31G(d) level.

The optimized geometric structures obtained from DFT/B3LYP/
6-31G(d) level and the atom numbering schemes of the title

molecule with N—N bond and C—N bond are represented in
Fig. 1(a) and (b), respectively. Theoretical analysis has shown that
presence of N bond instead of C bond to thienyl pyrrole group in
molecule is forced to structural planarity as seen in Fig. 1. Planarity
contributes delocalization of m-electrons along the consecutive
units and hence to decrease band gap. Having more planar struc-
ture, title compound has lower band gap and has better optical
properties compared with other SNS derivatives. Table 1 shows
optical and electronic properties of some SNS derivatives in the
literature.

The geometry of the title molecule possesses C; point group
symmetry. This molecule has 40 atoms and has got 114 fundamen-
tal vibrational modes. The main structural difference of the title
molecule with other thienyl pyrrole monomers is presence of the
N—N bond instead of C—N bond.

Another specificity of polyaromatic systems concerns the rota-
tional disorder around interannular single bonds. A mean dihedral
angle between consecutive units thus contributes to limit the delo-
calization of m-electrons along the conjugated backbone and hence
to increase band gap. The optimized structural parameters such as
bond length, bond angle and dihedral angle of the title molecule
determined from DFT/B3LYP and HF levels by using 6-31G(d) basis



S.Ozdemir Kart et al./Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 137 (2015) 1174-1183 1181

Table 4
The experimental and theoretical 'H and '*C NMR chemical shifts (with respect to
TMS) for the title molecule in the medium of DMSO (all values in ppm).

Atom (indices) Experiment Calculations
DFT/B3LYP/6-31G(d) HF/6-31G(d)

H39 (a) 5.81 3.10 2.75
H40 (a) 5.81 3.08 2.76
H34 (b) 6.59 6.17 6.38
H37 (b) 6.59 6.26 6.64
H35 (c) 7.67 7.22 7.38
H36 (c) 7.67 7.54 8.26
H25 (d) 11.40 6.44 5.88
H6 (e) 7.31 6.59 712
H21 (e) 7.31 6.66 7.11
H7 (f) 6.97 6.59 6.83
H22 (f) 6.97 6.60 6.85
H8 (g) 7.21 6.88 6.92
H23 (g) 7.21 6.61 6.98
H14 (h) 6.50 6.03 6.21
H15 (h) 6.50 6.18 6.13
C28 (a) 152.92 136.59 152.01
C29 (b) 112.81 99.98 106.37
C33 (b) 112.81 100.57 107.70
C30 (c) 129.60 114.60 130.01
C32 (c) 129.60 118.82 134.17
C31(d) 118.03 106.36 112.92
C26 (e) 165.82 152.36 163.88
C1(f) 127.28 116.05 127.85
C16 (f) 127.28 118.56 129.75
C2 (g) 124.43 111.47 121.60
C17 (g) 124.43 111.81 120.68
c4 (i) 132.67 124.98 132.67
C19 (i) 132.67 125.15 132.41
€9 (j) 132.10 116.54 126.39
C12 (j) 132.10 118.05 126.84
C10 (k) 106.61 97.95 105.48
C11 (k) 106.61 93.53 104.22
C3 (h) 123.39 108.79 123.19
C18 (h) 123.39 113.66 126.84

Labels of the atoms in this Table are given according to Fig. 1(a) used in the
assignment of the chemical shifts.

set are presented in Table 2. In order to define the molecular struc-
ture of the title molecule 43 bond lengths, 68 bond angles and 129
dihedral angles are necessary. These bond lengths, bond angles and
dihedral angles are given in Table 2.

Rotational disorder around interannular single bonds in
molecule as seen in Fig. 1(b) contributes to the delocalization of
m-electrons along the conjugated backbone and hence to decrease
band gap.

Analysis of vibrational spectra

Vibrational spectroscopy is one of the most useful tools for
characterization of the chemical compounds in terms of both
experimental studies and theoretical calculations. In this present
study, we have performed a frequency calculation analysis to
obtain the spectroscopic signature of the title molecule. The exper-
imental FT-IR spectra of the title molecule and their corresponding
theoretical calculations of FT-IR spectra computed from DFT/B3LYP
and HF methods with basis set of 6-31G(d) are plotted in Fig. 2(a)-
(c), respectively. Some specific and important vibrational modes of
the theoretical data computed from DFT and HF methods are given
in Table 3 along with the assignment of fundamental vibration
modes. The experimental results are also given in Table 3 to
compare them with the corresponding theoretical results. All the
theoretical vibrational wavenumbers, IR intensity calculations
predicted from DFT/B3LYP/6-31G(d) and HF/6-31G(d) and assign-
ments of IR vibration modes of the title molecule are provided in
Table S1 as a Supplementary material. Of the 114 normal modes

of the vibrations, 39 modes are stretching vibration, 38 are bending
modes of the vibrations and the remaining 37 modes are torsional
vibrational. This molecule has 36 CH vibrational modes.

It is important to deal with the some fundamental vibrational
modes observed in the material studied in this work. For example,
the bands of the N—H stretching vibrations are observed at the
wavenumbers of 3876 cm™!, 3737 cm~! and 3567 cm™~! while the
theoretical scaled values of N—H vibrations are predicted as
3528 cm™!, 3447 cm™! and 3430cm™! by using DFT/B3LYP/6-
31G(d), respectively. They are also calculated as 3498 cm™!,
3447 cm~! and 3406 cm™! via the HF/6-31G(d).

The C—H stretching vibrations of aromatic and heteroaromatic
structures are normally found in the region of 3000-3100 cm™!
[41]. They are observed at the 2780 cm~! and 3067 cm ™. The scaled
streching C—H vibrations in the ranges of 3148-3059 cm™! and
3009-3083 cm™! are calculated by using DFT/B3LYP/6-31G(d) and
HF/6-31G(d) methods, respectively. From Table 3, the theoretically
calculated results scaled down corresponding with C—H stretching
vibrations show good agreement with the experimentally observed
vibrations.

In case of O=C stretching vibration, a very strong band at
1679 cm™~! in FT-IR spectra is attributed the O=C stretching vibra-
tion, which is in agreement with the scaled results at 1718 cm ™!
(for DFT/6-31G(d)) and 1750 cm™! (for HF/6-31G(d)).

There is one stretching vibration at 1611 cm™! in the FT-IR spec-
trum, assigned to C=C stretching vibration. The value for C=C
stretching vibration is calculated at 1605 cm~! and 1618 cm™! by
using DFT/B3LYP/6-31G(d) and HF/6-31G(d) methods, respectively.

The mainly carbon-carbon vibrations modes named as stretch-
ing, in-plane-bending, out-of plane bending and torsion occur in
the region of 1611-453 cm™". The vibrational data calculated from
DFT and HF methods with the basis set of 6-31G(d) are compatible
with the corresponding observed values of the FT-IR. The other
observed vibrations of the title molecule are also given in Table 3.
It is to say that it is difficult to assign all bands due to the complex-
ity of the vibration bands. Therefore, it is shown that only charac-
teristic vibration bands can be identified.

The correlation graphs of the calculated versus experimental
vibrational frequencies for the title molecule are given in Fig. 3(a)
and (b) predicted from DFT and HF levels, respectively. Linear
regression is carried out by using the linear equation of y = A + Bx,
where A and B are fit constants. The correlation between the exper-
imental and the calculated frequencies after scaling are linear as
shown in Fig. 3(a) and (b). The equalities; y=18.74+1.01x
(R?>=0.9944) and y=6.36+1.03 x (R?>=0.9949) are obtained by
using the methods of DFT/B3LYP and HF, respectively. It can be con-
cluded that the frequency values obtained from the methods of DFT/
B3LYP and HF are consistent with the experimental data since the
slope and the intercept values in the case of both methods go to
unity and zero, respectively, as shown in Fig. 3.

NMR spectra

The characterization of the title molecule is further clarified by
the use of 'H and '>C NMR spectroscopy. The 'H and '>C NMR spec-
tra of the title molecule are recorded in the medium of dimethyl-
sulfoxide (DMSO). The experimentally observed 'H and '>*C NMR
spectra of title molecule (with respect to TMS, and in DMSO solu-
tion) are shown in Fig. 4(a) and (b), respectively. 'H NMR
(400 MHz, 25 °C, in DMSO-dg = 11.408 (s; 1H%?5, —NH—), 7.675
(d; 2HE3538) 7.318 (d; 2H®521), 7.215 (d; 2HE®23), 6.975 (t;
2H722), 6.595 (d; 2HP34%7), 6.505 (s; 2H"1%41%) 5815 (br. s;
2H%*3949 —NH,). In the 'H NMR spectra of HKCN the resonance
of the NH proton appears as a singlet at 11.40 ppm. The broad
absorption peak appeared at 5.81 ppm is assigned to the NH,
protons of benzene ring. The signal of the aromatic atoms of the
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Fig. 5. The correlation graphs between the experimental and theoretical 'H and '3*C NMR chemical shift values of the title molecule calculated from DFT/B3LYP/6-31G(d) and

HF/6-31G(d) levels as shown in (a), (b), (c) and (d), respectively.

phenyl group gives two duplets at 6.59 and 7.69 ppm. The signal of
the aromatic atoms of the thienyl groups gives three peaks in the
interval 6.50-6.97 ppm and the aromatic pyrrole protons gives sin-
glet at 6.50 ppm.

13C NMR (400 MHz, 25°C, in DMSO-d6)=165.82, 152.92,
132.67, 132.10, 129.60, 127.28, 124.43, 123.39, 118.03, 112.81,
106.61. The '>C NMR spectrum of HKCN give four signals (a = 28,
b=29,33, c=30,32, d = 31) for the aromatic C atoms of the phenyl
groups, six signals (f=1,16, g=2,17, h=3,18, i=4,19, j=9,12,
k=10,11) for the aromatic C atoms of pyrrolyl and thienyl groups
in the interval 106.61-152.92 ppm and one signal (e = 26) for car-
bonyl groups at 165.82 ppm [11] as seen in Fig. 4(b).

In addition, GIAO 'H and '3C chemical shift calculations with
respect to TMS are carried out by using the DFT/B3LYP and HF with
the basis set of 6-31G(d) in the medium of dimethylsulfoxide
(DMSO) for the optimized structure. The results of these calcula-
tions are given in Table 4 for the 'H and '3C chemical shift values
of the optimized title molecule with the available experimental
data. We have investigated the correlation between the calculation
and experiment to compare the computed and experimental NMR
data. The linear correlation coefficients (R?) are obtained by using
the experimental 'H and '*C NMR chemical shift values and the
data for DFT/B3LYP and HF methods except for the data of 25-H.
The graphs of the linear correlation of 'H and '3C for DFT/B3LYP
and HF methods with the basis set of 6-31G(d) are given in
Fig. 5(a)-(d), respectively. According to the these correlation values
the agreement (R? = 0.9081) between the experimental and calcu-
lated 'H chemical shifts for the HF level is good in the solvent of
DMSO. However, the correlation (R? = 0.9830) between the mea-
sured and computed 3C chemical shift for the DFT/B3LYP method

is also in good agreement in the solvent of DMSO. It can be said
that both methods, DFT and HF, compute the compatible chemical
shift values of 'H and '3C for the title molecule.

Conclusion

In this study, DFT and ab initio HF calculations for the title mol-
ecule are presented for the first time in this work. The geometry of
the title molecule is optimized by using the DFT/B3LYP and HF
levels with the basis set of 6-31G(d). The complete molecular
structural parameters such as bond lengths, bond angles and dihedral
angles have been computed by utilizing these methods. Moreover,
the vibrational frequencies of the fundamental modes of the title
molecule have been precisely assigned and analyzed and the com-
puted results have been compared with the experimental vibra-
tional frequencies. The observed and calculated fundamental
frequencies by using DFT/B3LYP and HF with 6-31G(d) basis set
show similar profiles in both position and intensities making nor-
mal modes assignment. The harmonic frequencies calculated from
ab initio methods based on quantum mechanics deviate from the
frequencies, slightly. The observed disagreement between the the-
oretical and the experimental results could be a consequence of the
anharmonicity and of the general tendency of the quantum chem-
ical methods to overestimate of the force constants at the exact
equilibrium geometry. The best correlation equalities for the IR;
y=18.74+1.01x (R>=0.9944) and y=6.36+1.03 x (R?>=0.9949)
are obtained by using the methods of DFT/B3LYP and HF, respec-
tively. Moreover, linear regression (R?=0.9081) between the
experimental and calculated 'H chemical shifts for the HF level is
good in the solvent of DMSO. Additionally, the correlation
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(R?>=0.9830) between the measured and computed '*C chemical
shift for the DFT/B3LYP method is compatible with each other. It
can be said that both methods compute the compatible chemical
shift values of 'TH NMR and '>C NMR of the molecule. Theoretical
analysis has shown that presence of N bond instead of C bond to
thienyl pyrrole group is forced to structural planarity. Rotational
order around interannular single bonds contributes to the delocal-
ization of m-electrons along the conjugated backbone and hence to
decrease band gap. Having more planar structure, title compound
has lower band gap and has better optical properties compared
with other SNS derivatives.
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