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of 1-(p-tolylsulfonyl) pyrrole
molecule are recorded and analyzed.
� Theoretical approach to spectra based

on DFT (B3LYP) method with 6-311
G(d,p), cc-pVDZ, cc-pVTZ and
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� The observed and calculated FT-IR,
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Spartan 10 software.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 11 November 2014
Received in revised form 29 January 2015
Accepted 1 March 2015
Available online 9 March 2015

Keywords:
1-(p-Tolylsulfonyl) pyrrole
B3LYP
Infrared
Raman and NMR spectra
a b s t r a c t

Fourier-Transform-Infrared, Fourier-Transform-Raman and Nuclear Magnetic Rezonans spectra of
1-(p-tolylsulfonyl) pyrrole molecule have been recorded. In the powder form, vibrational spectra of
1-(p-tolylsulfonyl) pyrrol molecule were investigated in the region 4000–400 cm�1 and 3500–50 cm�1,
respectively. The conformational analysis, geometrical structure, molecular electrostatic potential map,
HOMO–LUMO and vibrational spectroscopic properties of the isolated 1-(p-tolylsulfonyl) pyrrole mole-
cule have also been carried out at the Molecular Mechanic and Density Functional Theory approaches.
Density Functional Theory results have been associated with Scaled Quantum Mechanics Force Field
for fitting between the theoretical and the experimental frequencies.

� 2015 Elsevier B.V. All rights reserved.
Introduction

In the conducting polymers (especially polypyrrole (PPy)) con-
stitute an active field of research because of their potential proper-
ties such as facilitate of synthesis, good redox properties, stability
in the oxidized form. Polypyrrole (PPy) has the high electrical con-
ductivity ability. It has also some unique electrical and optical
properties [1–4]. Alp and co-workers investigated that polypyrrole
and its derivatives were widely used as pro-drugs. Note that
5-lactams has shown anti-tumour activity in that work. In the
recent years, N-substituted maleimides and 5-ylidene pyrrol-
2(5H)-ones have been attracted to the great attention [7].
Because, they have the biological activity properties. In addition,
it has also potentials usage as key compounds for synthesis of bio-
logical molecules such as Oteromycin, Talaroconvolutin A,
Azaspirene, Fusarin, Clausenamide [5–7].

The sulfonyl group is bi-functional group. It has provided an
excellent freedom in the synthesis of compounds for some
advanced applications. It is allows more flexibility for synthetically
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Fig. 1a. Conformational analysis results of 1PTSP molecule.

Fig. 1b. Molecular structure and atomic numbering of 1PTSP molecule.
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tailoring the physical properties. Comparisons of the nitro and cya-
novinyl groups, sulfonyl group has strong acceptor property. If
both attached substituent in –SO2– group are different, asymmet-
rical molecule result and ultimately leading to variation in proper-
ties [8].

Sulfonation is the most important in the industrial for the aro-
matic compounds due to the availability and low cost of the
reagent. Recently, their reaction has been extensively investigated
such as major to the syntheses of a multitude of various aromatic
sulfonyl derivatives [9].

To characterize 1PTSP by means of Vibrational and Nuclear
Magnetic Resonance spectroscopy, it is necessary to perform the
complete assignment of the NMR, infrared and Raman spectra,
which were unassigned until now. In this context, the goal of this
work was to study the structural and vibrational and NMR
properties of 1PTSP from the theoretical and experimental points
of view through the combination of DFT calculations with vibra-
tional spectra using the Scaled Quantum Mechanics Force Field
(SQMFF) methodology. The assignments of the observed and
measured wavenumbers were determined by the SQMFF results.
The comparisons of the theoretical vibrational and NMR spectra
with the corresponding experimental ones demonstrate a good
concordance. In the present work, the goal of this work is detail
in investigation of the structural and conformational analysis,
some spectral analysis (FT-IR, FT-Raman and FT-NMR) by
experimental and theoretical procedures.
Experimental

The FT-IR spectrum of 1PTSP molecule was measured (4000–
400 cm�1) by using Vertex 80 spectrophotometer. The FT-Raman
spectrum of 1PTSP molecule was measured (3500–50 cm�1) by
using the Thermo scientific DXR Raman Microscope. It is used at
1064 nm line of Nd: YAG laser as excitation wavelength. The 1H
and 13C NMR spectra were recorded by using Bruker Ultra shield
FT-NMR Spectrometer. All NMR spectra were measured at room
temperature.
Computational procedure

In the present work, DFT/B3LYP approach was employed by
using Gaussian 09 software [10,11]. In order to predict conformers
of 1PTSP molecule, the conformational space of 1PTSP molecule



Table 1
Computed structural parameters (Å and degree) of 1-(p-tolylsulfonyl) pyrrole.

B3LYP/6-
311 G(d,p)

B3LYP/
cc-pVDZ

B3LYP/
cc-pVTZ

B3LYP/
cc-pVQZ

Exp*

Bond lengths (Å)
N4-C10 1.391 1.390 1.384 1.387
N4-C4 1.391 1.390 1.387 1.387
N4-S1 1.715 1.736 1.705 1.696 1.640
S1-O2 1.453 1.477 1.446 1.437 1.420
S1-O3 1.453 1.477 1.446 1.437 1.430
S1-C5 1.790 1.797 1.783 1.777 1.750
C5-C6 1.393 1.396 1.389 1.390 1.380
C7-C5 1.393 1.396 1.396 1.390 1.390
C6-C11 1.39 1.394 1.386 1.386 1.370
C7-C12 1.390 1.394 1.386 1.386 1.380
C11-C8 1.399 1.404 1.396 1.396 1.390
C8-C15 1.508 1.508 1.504 1.504 1.510

Bond angle (�)
N4-S1-O2 105.4 105.0 105.4 105.5 104.7
N4-S1-O3 105.4 105.0 105.4 105.5 106.7
N4-S1-C5 108.5 103.8 104.5 104.6 107.4
S1-C5-C7 119.3 119.2 119.4 119.5 120.0
O2-S1-O3 123.1 123.7 122.5 122.4 119.8
S1-C5-C6 119.3 119.2 119.4 119.5 119.3
C5-C7-C12 118.9 118.7 119.0 119.1 119.4
C5-C6-C11 118.9 118.7 119.0 119.1 118.8
C12-C8-C15 120.7 120.7 120.7 120.7 121.3
C12-C8-C11 118.4 118.4 118.4 118.4 118.4
C11-C8-C15 120.7 120.7 120.7 120.7 120.2
C10-N4-S1 124.9 124.9 124.9 125.0
C10-N4-C9 109.4 109.7 109.3 109.2

Dihedral angle
N4-S1-C5-C7 90.01 90.90 90.25 90.20 �83.01
O2-S1-C5-C6 21.93 20.56 22.00 22.14 �19.74
S1-C5-C7-C12 �179.6 179.5 179.91 179.91 175.9
C12-C8-C15-H25 �151.3 �151.4 �151.3 �151.3 120.5
S1-N4-C9-C3 �172.3 �173.1 �172.1 �171.9
S1-N4-C9-H18 10.05 8.887 10.03 10.10

* Taken from Ref. [15].
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was searched by semi empirical Merck Molecular Force Field
(MMFF) method [12]. The candidate structures were then re-opti-
mized at the DFT/B3LYP level. Frequency calculations were done to
confirm that the reported structures are true minima. To predict
the spectroscopic properties of the most stable structure, DFT
approach was used in the Gaussian software. The computed
wavenumbers were scaled with the scaling factor in order to figure
out how the predicted vibrational spectra are in agreement with
experimental ones. The vibrational modes were assigned from
the based on TED analysis. In this step, SQM program used the
Gaussian output for B3LYP/6-311 G(d,p) level of theory [13].
Results and discussion

Conformational properties and optimization of molecular geometry

To predict the candidate conformers of 1PTSP molecule, poten-
tial energy surface have been scanned by means of the Spartan 10
[14] software at the MMFF. Conformational results were shown in
Fig. 1-a.

Most stable conformational geometry of 1PTSP molecule
obtained by B3LYP/6-311 G(d,p) basis set as seen in Fig. 1-b. The
selected geometrical parameters were listed in Table 1 together
with experimental X-ray data. To the best of our knowledge; there
are no experimental geometrical parameters of1PTSP molecule. So,
we could compare our calculated results with experimental ones of
same molecular structure [15].

C–C bond distances were predicted about 1.390 Å for the carbon
of the phenyl group and about 1.380 Å for those of the phenyl
group by B3LYP/6-311 G(d,p) level of theory. CC Bond distances
of pyrrole group were determined shorter than those of phenyl
group. CC bond distances with methyl group were calculated larger
than other Carbon–Carbon bond distances. This distance were
computed at 1.508 Å (B3LYP/6-311 G(d,p)) and at 1.510 Å (X-ray)
by theoretical and experimental approaches. Bond angle between
phenyl group and pyrrole group is about 90� by optimization and
conformational analysis results. This angle were founded at
83.01� by experimental technique. Selected bond lengths, bond
angles and dihedral angles were given in Table 1. The molecular
structure and atomic numbering was given in Fig. 1 by the
B3LYP/6-311 G(d,p) level of theory. The most stable geometry
has been used to calculate spectroscopic properties of 1PTSP.

Vibrational analysis

The 1PTSP molecule has 26 atoms (C11H11NO2S), so it has 72
normal modes of vibrations. Vibrational analysis of 1PTSP molecule
were computed by using B3LYP level with some basis sets such as
6-311 G(d,p), cc-pVDZ, cc-pVTZ and cc-pVQZ. The detected and
predicted vibrational spectrum with TED results of fundamental
vibrational modes were given in Table 2. The Fourier Transform
Infrared spectra in 4000–400 cm�1 region and corresponding
Fourier Transform Raman spectra in 3500–350 cm�1 region is
show in Figs. 2 and 3.

Pyrrole group vibrations

It is note that the CH stretching vibrations are computed
between 2927 cm�1 and 3175 cm�1 by B3LYP/6-311 G(d,p). The
CH stretching of pyrrole group vibrations were observed at higher
wavenumber region than those of the phenyl group. The pyrrole
group has four CH stretching modes, which are C1H6, C2H7, C3H8

and C4H9 bonds. The observed CH stretching of pyrrole group at
3229 cm�1, 3148 cm�1 and 3120 cm�1 corroborate well with theo-
retical predicted stretching vibrations by means of FT-Raman spec-
tra. These vibrations were predicted pure bands with a TED
contribution of about 80%.

Phenyl group vibrations

In this work, the CH stretching modes of the phenyl group was
identified as 3031 (Raman) cm�1 and 3101 (DFT) cm�1. This mode
was assigned to the CH stretching vibration of the phenyl group.
Other phenyl group vibrations (mode nos: 67, 66 and 65) could
not to be measured by experimental methods.

In the phenyl ring, the in-plane and out-of-plane CH deforma-
tions vibrations are expected above and below 1000 cm�1, respec-
tively [17–22]. The in-plane CH deformation modes of the phenyl
ring are assigned at 1102 cm�1, 1167 cm�1, 1287 cm�1,
1384 cm�1 theoretically (DFT) and at 1290 cm�1, 1358 cm�1 in
the IR spectrum. The o-o-p (out-of-plane) CH deformations modes
have a weaker intensity in high frequencies region, while it can
be determined to be higher intensity than those of high frequencies
region in lower frequencies region. The CH out-of-plane modes of
the phenyl ring are assigned at 953 cm�1, 958 cm�1, 820 cm�1

and 797 cm�1 theoretically (DFT) and at 726 cm�1, 848 cm�1,
912 cm�1, 970 cm�1 in the IR spectrum. The PED predicted that the-
se vibrations are of mixed mode as is evident from Table 2 almost
contributing 30–70%.

Methyl group vibrations

In the methyl group, the CH stretching vibrational modes appear
at lower frequencies than those of aromatic ring. In addition, the
asymmetric stretching modes are usually founded at higher
wavenumber than the symmetric ones [16]. 3008 cm�1 and



Table 2
Comparasion of computed and measured frequencies (cm�1) of 1-(p-tolylsulfonyl) pyrrole.

Mode no Theoretical (B3LYP) Experimental %TEDd

6-311 G(d,p) cc-pVDZ cc-pVQZ cc-pVTZ FT-IR FT-Raman

Freqa IIR
b IRaman

c Freqa Freqa

t1 3175 1 40 3190 3181 3169 3229 tCH(78%)
t2 3171 1 1 3186 3177 3166 tCH(78%)
t3 3138 3 53 3154 3145 3134 3144 3148 tCH(82%)
t4 3126 3 35 3141 3134 3122 3120 tCH(80%)
t5 3101 1 43 3121 3107 3096 3031 tCH(78%)
t6 3100 0 3 3120 3106 3096 tCH(79%
t7 3067 4 37 3083 3072 3061 tCH(76%)
t8 3066 6 31 3082 3071 3061 tCH(79%)
t9 3008 6 22 3030 3012 3001 tCH(78%)
t10 2982 7 33 3000 2985 2974 tCH(77%)
t11 2927 9 100 2937 2933 2911 2920 tCH(89%)
t12 1584 11 27 1598 1587 1582 1594 1594 dCCH(39%)+tCC(33%)++dCCC(18%)
t13 1562 0 1 1576 1562 1558 dCCH(33%)+tCC(27%)+dCCC(17%)
t14 1522 1 0 1528 1524 1519 1537 dCCH(40%)+tCC(20%)+dNCH(12%)
t15 1474 5 1 1474 1484 1477 1493 dCCH(58%)+tCC(23%)
t16 1443 8 4 1435 1446 1440 1459 sCCCH(38%)+dCHH(27%)+dCCH(18%)
t17 1442 3 6 1421 1444 1439 1461 sCCCH(41%)+dCHH(36%)+dCCH(14%)
t18 1429 20 9 1416 1434 1428 1400 1391 dCNH(22%)+dCCH(22%)+tCC(14%)
t19 1384 4 0 1384 1390 1384 1358 dCCH(39%)+sCCCH(16%)+tCC(14%)+dCCC(10%)
t20 1378 0 5 1382 1381 1376 dCCH(52%)+tCC(21%)+dCCN(6%)
t21 1369 1 10 1354 1373 1368 dCHH(38%)+dCCH(34%)+sCCCH(11%)
t22 1306 44 1 1316 1339 1322 1309 dCCH(23%)+tCC(14%)+tSO(12%)
t23 1287 3 0 1300 1299 1293 dCCH(61%)
t24 1286 12 8 1274 1286 1283 1290 tCC(31%)+dCCH(29%)+sCCCH(10%)
t25 1276 8 0 1261 1284 1279 dCCH(46%)+tCN(12%)
t26 1228 1 0 1215 1235 1228 dCCH(44%)+dCNH(20%)
t27 1189 1 4 1197 1193 1189 1174 dCCH(34%)+tCC(27%)+dCCC(21%)
t28 1167 1 1 1159 1173 1168 dCCH(68%)+tCC(15%)
t29 1156 59 6 1157 1167 1159 dCCH(29%)+tCC(12%)+tCN(10%)
t30 1103 100 17 1094 1136 1121 1168 1087 tCC(15%)+dCCH(14%)+tSO(13%)
t31 1102 4 0 1090 1106 1102 dCCH(59%)+tCC(11%)
t32 1057 8 1 1044 1064 1057 1077 dCCH(65%)
t33 1050 9 7 1043 1062 1056 1057 dCCH(29%)+tCC(18%)
t34 1036 61 6 1030 1041 1036 1033 1034 dCCH(36%)
t35 1028 9 0 1019 1034 1029 sCCCH(44%)+dCCH(26%)+sCCCC(15%)
t36 1011 48 1 1005 1017 1011 1016 dCCH(33%)+tCC(11%)+sCCCH(11%)
t37 997 4 0 992 105 1001 dCCH(28%)+dCCC(27%)+tCC(11%)
t38 977 0 0 972 980 976 sCCCH(39%)+dCCH(31%)
t39 953 0 0 960 967 962 sCCCH(47%)+sCCHH(20%)+sCCSH(10%)+sCCCC(10%)
t40 938 0 0 949 955 951 sCCCH(42%)+sCCHH(19%)+sCCCC(13%)+sCCSH(11%)
t41 916 0 4 907 924 918 934 935 dCCH(30%)+dCCN(15%)
t42 869 0 0 869 874 871 sCCHH(27%)+sCCNH(20%)+sCCCH(18%)
t43 852 0 0 846 830 852 dCCC(22%)+dCCN(13%)+dCNH(13%)
t44 830 0 0 828 843 837 sCCCH(28%)+sCCHH(25%)+sCCNH(10%)
t45 820 0 1 824 856 826 812 811 sCCCH(72%)+sCCSH(14%)
t46 797 100 2 808 812 809 797 sCCCH(53%)+sCCSH(11%)
t47 786 4 6 788 792 788 754 sCCCH(33%)+tCC(11%)
t48 712 59 2 714 724 720 702 sCCCH(32%) +sCCNH(29%)+sCHSN(16%)
t49 689 4 5 698 706 703 674 sCCCH(43%)+sCCCC(26%)
t50 672 0 0 673 689 684 sCCCH(27%)+sCCHH(20%)+sCCNH(17%)+sCHSN(17%)
t51 642 91 0 631 651 644 670 sCCCH(11%)+sCNSO(10%)
t52 627 0 2 624 631 628 dCCC(38%)+dCCH(30%)
t53 602 0 0 601 601 600 sCCCN(26%)+ sCCCH(25%)+sCCCC(12%)
t54 583 8 2 579 593 589 597 594 sCCCN(22%)+sCSNO(18%)+sCCNH(12%)+sCCCH(12%)+sCCNS(11%)
t55 568 85 1 556 577 571 586 sCCCH(20%)+sCCSO(10%)
t56 514 24 0 504 525 519 sCCCH(21%)
t57 472 0 1 472 482 479 sCCCH(40%)+sCCCC(22%)+sCCSO(11%)
t58 462 1 0 455 470 465 sCCSO(18%)+dNSO(10%)
t59 401 0 0 404 403 402 sCCCC(37%)+sCCCH(35%)
t60 363 0 1 360 368 364 370 dCCH(23%)+sCCCH(15%)
t61 328 1 0 326 337 331 sCCCH(24%)+sCCCC(18%)
t62 325 0 2 315 334 330 sCCCH(11%)+sCCCC(10%)
t63 303 0 1 299 308 305 285 dCCH(21%)+sCNSO(19%)+dCSO(13%)
t64 268 1 0 266 272 269 sCCCH(16%)+sCCCC(12%)+dCCC(11%)
t65 193 0 0 190 198 196 sCCSO(24%)+dCNS(15%)
t66 192 1 3 190 196 193 sCNSO(18%)+sCCCH(18%)+sCCCC(13%)+sCCNS(10%)+sCNHS(10%)
t67 153 1 2 152 156 154 sCNSO(28%)+sCCSO(17%)+dCCS(10%)
t68 101 1 0 100 104 102 sCNSO(15%)+sCNSH(12%)+sCCNS(10%)+sCCCC(10%)+sCCCH(10%)
t69 57 0 0 59 56 57 sCCCH(32%)+sCNSO(30%)+sCCSO(16%)+sCCNS(11%)
t70 40 0 1 39 41 41 46 sCCNS(20%)+sCNSO(16%)+sCNSH(13%)

(continued on next page)
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Table 2 (continued)

Mode no Theoretical (B3LYP) Experimental %TEDd

6-311 G(d,p) cc-pVDZ cc-pVQZ cc-pVTZ FT-IR FT-Raman

Freqa IIR
b IRaman

c Freqa Freqa

t71 32 0 2 34 32 32 sCCCH(68%)
t72 24 0 3 24 21 24 sCCCH(82%)

t: stretching, d: in-plane bending, c: out-of plane bending s: torsion.
a Obtained from the wave numbers calculated at 0.967 for 6-311G(d,p), 0.970 for cc-pVDZ, 0.965 for cc-pVTZ, 0.969 for cc-pVQZ.

b,c Relative absorption intensities and Relative Raman intensities normalized with highest peak absorption equal to 100.
d Total energy distribution calculated B3LYP/6-311 G(d,p) level of theory. Only contributions 10% are listed.

Fig. 2a. Experimental FT-Infrared Spectra of 1PTSP molecule.

Fig. 2b. Theoretical infrared spectra of 1PTSP molecule.
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2982 cm�1 bands predicted were assigned to the asymmetric CH3

stretching vibrations by B3LYP/6-311 G(d,p) level of theory. These
bands could not detected by experimental procedure. But,
observed CH3 symmetric stretching vibrations at 2920 cm�1

(Raman) corresponds to the calculated wavenumber at 2927 cm�1

by B3LYP/6-311 G(d,p) level of theory. The CH and CH3 calculated
values are in good agreement with the experimental data.
The asymmetric deformations vibration of the CH3 group
were founded at 1474 cm�1 (DFT)//1459 cm�1 (IR)//1461 cm�1

(Raman) by using theoretical and experimental procedure. The
symmetric deformation vibration of the CH3 group was predicted
at 1369 cm�1 by DFT. But, this vibration could not to be observed
by experimental spectra. In the earlier work, methyl rocking vibra-
tions determined [23,24] in the region 1150–925 cm�1. According



Fig. 3a. Experimental FT-Raman spectra of 1PTSP molecule.

Fig. 3b. Theoretical FT-Raman spectra of 1PTSP molecule.
Table 3
The observed and predicted 1H and 13C NMR isotropic chemical shifts of
1-(p-tolylsulfonyl) pyrrole (with respect to TMS, all values in ppm).

Atom Theoretical (B3LYP) Experimental

Y. Erdogdu et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 146 (2015) 88–96 93
to our calculations, The DFT calculations computed the rocking
modes of the methyl group at 1028 and 977 cm�1.
numbering
6-311
G(d,p)

cc-
pVDZ

cc-
pVTZ

cc-
pVQZ

H16 7.83 8.09 8.40 8.53 7.8
H17 7.83 8.09 8.40 8.53 7.8
H20 7.54 7.71 7.93 8.04 7.4
H21 7.54 7.71 7.93 8.04 7.4
H18 7.04 7.33 7.65 7.79 7.3
H19 7.04 7.33 7.65 7.79 7.3
H22 6.36 6.60 6.80 6.93 6.3
H23 6.36 6.60 6.80 6.93 6.3
H25 2.54 2.84 2.89 2.97 2.6
H26 2.30 2.56 2.70 2.78 2.5
H24 2.30 2.56 2.70 2.78 2.5
C8 153.6 137.0 154.9 161.0 145.8
C5 145.2 131.6 146.2 151.9 135.8
C11 134.4 118.4 135.0 140.1 130.7
C12 134.4 118.4 135.0 140.1 130.7
C–C vibrations

In a pyrrole ring, the Carbon–Carbon bond-stretching mode has
been observed at 1546 cm�1 in infrared spectrum by Singh et al.
[25]. In 1PTSP molecule, 1537 cm�1 band was assigned to the CC
stretching modes by FT-IR spectra. This mode was calculated at
1522 cm�1 by using B3LYP/6-311 G(d,p) level of theory. The C–C
stretch of the phenyl group (m61) for the ground state was predict-
ed to be medium band (11 km mol�1) in the infrared spectrum at
1594 cm�1 but it has only 39% contribution. Corresponding mode
has been detected at 1594 cm�1 for FT-Raman spectra. Other one
(m61) has been calculated at 1562 cm�1 but, it was not measured
by using the experimental techniques.
C6 130.4 114.7 131.9 137.3 127.1
C7 130.4 114.7 131.9 137.3 127.1
C10 122.0 106.5 122.6 128.5 121.4
C9 122.0 106.5 122.6 128.5 121.4
C14 116.2 99.79 116.5 121.5 114.2
C13 116.2 99.79 116.5 121.5 114.2
C15 22.12 24.20 24.4 25.06 21.5
S@O vibrations

The tS=O group has two stretching modes, which are symmetric
and asymmetric stretching vibrations. One of them founded as a
very strong band at 1103 cm�1 in the DFT calculation and at
1087 cm�1 in the Raman spectrum has been assigned to the sym-
metric tS=O stretching vibration. The other peak which is asymmet-
ric tS=O vibration observed at 1309 cm�1 in the infrared spectrum
and computed at 1306 cm�1 by B3LYP/6-311G(d,p) level of theory.
Peak computed at 1156 cm�1 in the B3LYP//6-311 G(d,p) level of
theory was assigned to the mSO2–N stretching vibration but it was
not measured by experimental procedure. In the studied molecule,
1594 cm�1 observed band (both FT-IR and FT-Raman spectra) was
assigned to CC stretching mode. This mode was predicted
1584 cm�1 by 6-311 G(d,p) basis set calculation.

NMR spectra

In this calculations, chemical shifts value were predicted by
‘‘Gauge-Independent Atomic Orbital’’ (GIAO) approximation at
IEF-PCM model (DMSO solution). The Nuclear Magnetic Rezonans
spectra of the ground state geometry of 1PTSP molecule have been
obtained by DFT/GIAO method. The GIAO method is one of the



Fig. 4. 13C NMR spectrum of 1PTSP molecule.

Fig. 5. Calculated 3D molecular electrostatic potential (a) and contour diagram (b) for 1PTSP molecule calculated at the B3LYP/-311 G(d,p).
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most common methods for calculating isotropic nuclear magnetic.
The predicted and measured NMR values were listed in Table 3.

As seen in Fig. 4, the 13C NMR chemical shifts usually are larger
than 100 ppm [26–28]. There are 11 NMR signals in the corre-
sponding spectrum of 1PTSP. The carbon NMR signals for aromatic
rings were observed at 145.8–114.2 ppm. Six (C8, C5, C11, C12, C6

and C7) of them are carbon atoms of the methyl group. Four of
them are carbon atoms (C10, C9, C14 and C13) of the pyrrole group.
Other one is carbon atom (C15) of the methyl group.

Hydrogen, which attached methyl group can decrease the
shielding and move the resonance of attached proton towards to
a higher frequency. C8, which is bonded methyl group, determined
at 153.6 ppm (experimental) and 145.8 ppm (B3LYP/6-311 G(d,p)
level of theory). Carbon signals of the other phenyl group were
determined at 135.8/145.2 ppm (C5), 130.7/134.4 ppm (C11 and
C12), 127.1/130.4 ppm (C6 and C7) by using experimental and DFT
results. The chemical shifts of the pyrrole group are smaller than
those of phenyl group. NMR signals of the pyrrole group were
founded at 121.4 ppm (C9 and C10 atoms) and 114.2 ppm (C14

and C13 atoms) by means of 13C NMR spectra. These were predicted
at 122.0 ppm (C9 and C10 atoms) and 116.2 ppm (C14 and C13

atoms) by B3LYP/6-311 G(d,p) level of theory. The NMR signal of
Carbon-15 atom is smaller than the other aromatic carbons due
to the methyl group. C15, which is the methyl group, resonates in
the highest field (21.5 ppm) and shows a quite good correlation
with theoretical value of 22.12 ppm.
The NMR signals of proton, which is bounded to CH3 group, are
appeared towards higher magnetic field. All of them have been
computed and detected as quite low. Because, the CH3 groups are
usually displayed as electron forgiven groups, so they will be more
shielded. All hydrogen atoms of methyl group chemical shift values
are lower than 3 ppm because of the shielding effect. H24, H25 and
H26 chemical shifts were determined at 2.6, 2.4 and 2.4 ppm.
According to the NMR spectra, the NMR signals of hydrogen atom,
which are attached benzene group, were detected at 7.8 ppm and
7.4 ppm. Besides, the chemical shifts chemical shifts of hydrogen
atoms of pyrrole group have been experimentally observed at
7.3–6.3 ppm. H18–H19 and H22–H23 protons are equivalent protons.
As seen in Table 3, experimental NMR spectra of 1PTSP molecule
are in excellent agreement with theoretical ones.
Molecular electrostatic potential (MEP)

The molecular electrostatic potential (MEP) is concerned with
the electronic density. It is produced by the nuclei and the elec-
trons. It is especially used for determining corresponding sites for
electrophilic–nucleophilic reactions and hydrogen-bonding inter-
actions. It is demonstrated that the negative potential sites are
on electronegative atoms. It is also showed that the positive poten-
tial located on the hydrogen atoms. These regions give knowledge
about whether the molecule has inter-molecular interplays. In



Fig. 6. HOMO LUMO plot of 1PTSP molecule by B3LYP/6-311 G(d,p) level of theory.

Table 4
Calculated some properties values of 1PTSP molecule in its ground state.

Conformer-1

EHOMO (eV) �6.636
ELUMO (eV) �1.569
EGAP (eV) 5.067
EHOMO-1 (eV) �7.112
ELUMO+1 (eV) �1.056
IP (eV) 6.636
EA (eV) 1.569
g (eV) 2.533
v (eV) 4.102

Dipole moment (D)
ltotal �4.115
lx 3.701
ly �0.000
lz 5.534
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other words, it can be used for determining the possible sites for
electrophilic attack and nucleophilic reactions. It also can be used
for the reactive behavior of chemical systems, biological recogni-
tion processes and hydrogen bonding interactions [29–33].

Electrostatic potential map shown in Fig. 5 illustrates the 3D
charge distributions of the molecule. As seen in Fig. 5, the electro-
static potential at the surface was showed by different colors.
While blue regions evidenced to the most positive electrostatic
potential, the most electronegative electrostatic potential was
symbolized as a red color. In addition, the other color is green,
which is shown zero potential regions. The ranking of the electro-
static potential is red < orange < yellow < green < blue. According
to the corresponding results, the MEP map predicted that the nega-
tive potential sites are on oxygen atoms and the positive potential
sites are around the hydrogen atoms.
HOMO–LUMO energies

HOMO energy, which is Highest Occupied Molecular Orbital,
and LUMO energy, which is Lowest Unoccupied Molecular Orbital
of 1PTSP molecule were computed by means of B3LYP/6-311
G(d,p) level of theory. The plotted HOMO and LUMO were
illustrated in Fig. 6.

It is note that the HOMO is located on the all pyrrole and SO2

groups, while LUMO is located on whole molecule. The computed
HOMO–LUMO energy gap of 1PTSP molecule has been founded at
5.067 eV. In the Koopman’s theorem, the electron affinity, ioniza-
tion potential, chemical hardness and electronegativity can be cal-
culated by means of their energy values [34–36].

IP � �IP � �EHOMO

EA � �EA � �ELUMO

g ¼ ELUMO � EHUMO

2

� �
or g ¼ ðIP � EAÞ=2;

v ¼ ELUMO � EHUMO

2

� �
or v ¼ ðIP � EAÞ=2:

In the gas phase of the 1PTSP molecule, EA and IP were comput-
ed at 6.636 eV, 1.569 eV, respectively. The calculated results were
listed in Table 4. Chemical hardness can relate the stability of
molecule. In other words, it can be showed that a molecule, which
has lower chemical hardness, is more reactive [34–36]. Chemical
hardness of the 1PTSP molecule were computed at 2.533 eV by
B3LYP/6-311 G(d,p) level of theory.

Conclusion

This investigation proves that the vibrational spectra, confor-
mational analysis, Nuclear Magnetic Resonance spectra and mole-
cular structure of 1PTSP molecule by combining theoretical and
experimental studies. The conformational properties can be suc-
cessfully predicted by MMFF approach. We determined the most
stable conformer of the 1PTSP by combining DFT and MMFF
approaches. The lowest energy conformers of 1PTSP obtained
according to the above methodology were further studied using
the Density Functional Theory at B3LYP/6-311G⁄⁄ level. The spec-
troscopic, structural and electronic properties of the most stable
conformer have been calculated by Gaussian software. Especially,
vibrational spectrum of 1PTSP (powder form) has been extensively
investigated for the first time by means of both experimentally and
quantum chemical calculations. The experimental work has
focused on the assignment of the vibrational energy levels from
400 to 4000 cm�1. Computed results of the most stable conformer
were found to be in better agreement with the experimental
findings.
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