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Abstract: In this study, we conducted infrared spectroscopy measurements on solid 5-amino-3-
(methylthio)-1-(1,3,4-thiadiazol-2-yl)-1H-pyrazole-4-carbonitrile  (AMTDPC, C7HsNeS2). The
spectra were obtained at a resolution of 4 cm™ and 0.5 cm, within the spectrum region of 4000—
200 cm™*. Furthermore, the observation of NMR spectra for *H and **C has been documented. Nine
rotational isomerisms, consisting of nine Cs and one C1 symmetry, are postulated for the AMTDPC
molecule due to internal rotation occurring around C—N and/or C-S bonds. The isomers are finally
characterized by two conformers (1-2) with energies below 1000 cm™, as determined through
quantum mechanical calculations utilizing RHF and DFT/B3PW91. Based on forecasts, conformer
1, which is the rotamer with the lowest energy and produces real frequencies, is expected to have a
stability order of 1 > 2. The spectrum modeling provides complete support for Conformer 1, making
it the preferred option based on the recorded infrared (IR), *H, and *C spectral data. The chemical
shifts at the B3PW91/6-31G level were successfully determined using the Polarizable Continuum
Model (PCM) and the Gauge-Invariant Atomic Orbitals (GIAO) technique, regardless of the
presence or absence of the solvent. The results of the NMR studies provided indications of both
constrained and unconstrained internal rotation of NH> around C-N bonds. In order to propose a
comprehensive and reliable vibrational assignment for each of the foundations of AMTDPC,
potential energy distributions and normal coordinate analysis have been employed. Additionally,
supplementary investigations were carried out to examine the torsional obstacles encountered during
the internal rotation of the NH,, CHs, CH3S, and thiadiazole ring. Based on spectrum measurements
that exhibited a high level of concurrence with the anticipated values, it may be concluded that
conformer 1 emerged as the isomer with the highest stability. Also there are small differences
between the calculated bond distances and the x-ray readings for comprised compounds.
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1. Introduction

Pyrazoles are frequently employed in the pharmaceutical industry for the synthesis of biologically
active derivatives [1], [2], [3].This approach has also been explored by other researchers [4], [5],
[6], [7], [8].[9] , these compounds function as analgesics, anti-inflammatory agents, antibacterial
agents, and antidepressants. A recent study conducted by [10] revealed that derivatives of amino-
pyrazoles exhibit potential in mitigating brain-protein aggregation, a critical early step in the
progression of Alzheimer's disease. There is a scarcity of information regarding the vibrational
spectra and configuration of substituted pyrazoles, particularly in relation to N-substituted
pyrazoles [11].[12], [13], [14].

Previous studies have examined the vibrational assignment of pyrazoles. The subject of this study,
(AMTDPC, C7HsNsSz), exhibits several structural characteristics, such as linear -C=N (sp), planar
-NH: (sp2), and tetrahedral -CHs (sp3) moieties, in addition to the pyrazole and thiadiazol rings.
As far as we know, there has been no previous investigation into the structural stability, vibrational
characteristics, *H and *3C NMR spectra, or obstacles to internal rotation for AMTDPC, either in
theoretical or experimental studies. Furthermore, the molecular geometry and structural
parameters (SPs) of AMTDPC have not been examined using any of the microwave, x-ray,
electron, or neutron diffraction techniques. In the realm of vibrational spectroscopy, the
significance of ab initio calculations, including Density Functional Theory (DFT) approaches and
Restricted Hartree-Fock (RHF) calculations, has increased [10], [15], [16], [17], [18], [19]. In
recent years, the utilization of DFT simulations using the B3PW91 method has gained recognition
as a reliable approach for monitoring the molecular geometry and conformational stability of
compounds of medium and large size, encompassing up to 26 atoms [20], [21], [22]. In addition,
the utilization of GIAO NMR DFT-B3PW91 calculations has become prevalent in the field of
interpreting chemical shifts of *H and 3C [23], [24], [25], [26], [27], [28], [29], [30], [31]. Hence,
this study presents a comprehensive investigation into the vibrational assignments and structural
stability of AMTDPC through the utilization of infrared (IR) and nuclear magnetic resonance
(NMR) spectroscopy. Additionally, theoretical predictions based on B3PW91 are incorporated,
encompassing base sets up to 6-311G(d) [15], [32], [18], [19]. In order to gain insight into the
intricate conformational changes inside the molecule being investigated, potential surface scans
(PSS) were performed on the CH3, CH3S, NH2 groups, and thiadiazol ring. Our research on barriers
to internal rotations of methyl and NH2 [33], [34], [35] was enhanced by the inclusion of these
investigations.
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2. Experimental

The chemical substances used in this study were obtained from Aldrich Chemical Company,
ensuring a minimum purity level of 98%. The materials employed in NMR and IR analysis
exhibited spectroscopic characteristics. The solid sample was examined using the Csl pellet
technique while IR dye was connected to a vacuum pump. The Fourier transform infrared spectrum
(FT-IR) of the solid sample was recorded from 4000 to 200 cm™ using a Spectrum 100 Perkin
Elmer spectrophotometer equipped with Spectrum RX software. To obtain a satisfactory signal-
to-noise ratio, forty scans were collected at 1.0 cm resolution with baseline correction and
automatic smoothing features. In accordance with the methodology outlined by S.M. Hassan et al.
[36]. The solid sample of AMTDPC was synthesized by Hassan et al. (2001) through the reaction
of ketene with a hydrazine derivative. AMTDPC in DMSO-d6 was analyzed using Top Spin 1.3
software and a Bruker Avance 400 MHz spectrometer fitted with a Magnex superconducting
magnet to get the 1H and 13C NMR spectra (Figures 1 and 2). The material was first dissolved in
methanol and then diluted in a 50/50 (v/v) acetonitrile/water solution in a serial manner. The
samples were injected into the mass spectrometer using a Harvard syringe pump (Harvard, CA,
USA) at a flow rate of 10 puL per minute.

3. Results and Discussion
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Figure 1: The 'H NMR spectrum of AMTDPC, wherein the chemical shifts are recorded in parts
per million (ppm). (A) The spectrum obtained for conformer 1 is computed using the GIAO
method. (B) The experimental spectrum is presented, with peak assignments assigned to both
spectra to highlight their differences.
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Figure 2: The **C NMR spectrum of AMTDPC, represented by chemical shifts measured in parts
per million (ppm). (A) The spectrum obtained for conformer 1 using the GIAO method; (B) The
experimental spectrum, with peak assignments given for both spectra to highlight their differences;
(C) The correlation between the calculated (x-axis) and experimental peak positions.

3.1 Ab initio calculations

The Linear Combination Atomic Orbitals - Molecular Orbitals - Self Consistent Field (LCAO-
MO-SCF) quantum mechanical Gaussian 09 computations were developed using the RHF and
DFT methodologies [17]. Due to a lack of computer resources, frequency calculations were only
conducted using B3PW91/6-31G(d) [15], [16], [18], [19], [32]

3.2 Rotational isomerism

The rotational isomerism of AMTDPC is relatively complex due to the presence of a thiadiazole
ring and planar moieties CHs, CH3S, and NH> connected by single bonds. These moieties have the
ability to spin and generate a total of 9 possible isomers that adhere to the Cs and C1 point group,
as depicted in Figure 3. In conformer 1, the N4 position of the pyrazole ring and the N7 position
of the thiadiazole ring are first connected in a trans configuration.
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Figure 3: Rotational isomerism of AMTDPC with RHF energy.
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The methyl group undergoes a 180° rotation along the C15—S14, leading to the formation of planar
NH2 groups through sp2 hybridization, resulting in Structure 2. The formation of Structure 3
involves a 180° rotation of the CH3S moiety around the C3—S14, with CHzg eclipsing the bond. The
formation of Structure 4 involves a second rotation of the CH3 group by 180° around C3—S14, where
CHoas is staggered in relation to the two lone pair electrons on sulfur. As a result, the internal
rotation around the Ci5—S14 and/or C3—S14 bonds suggests the presence of four structures 1-4,
wherein the N7 of the thiadiazole ring and the N4 of the pyrazole ring are in close proximity to
each other. In each of these structures, the NH2 group exhibits trigonal planar (sp2) symmetry.
Structures 5-8 are formed when the N4 and N7 of the pyrazole and thiadiazole rings are connected
in a cis configuration. Structure 9 has trigonal planar (sp2) symmetry in the NH2 group, whereas
the thiadiazole ring is oriented perpendicular to the plan.

3.3 Optimization and computational analysis of frequencies.

The gradient approach proposed by [37] is employed to concurrently facilitate the relaxation of all
geometric parameters, with the ultimate goal of attaining the ideal structural parameters (SPs).
The vibrational frequencies were subsequently quantified by employing computed spin
perovskites (SPs) with 6-31G* basis sets, as well as the RHF and DFT-B3PW91 methodologies.
The primary software utilized for doing the quantum mechanical (QM) calculations mentioned
before [17], [32]was the Gaussian 09 program.

The results of the study indicated that conformer (1) displayed the minimum energy, whereas
conformer (2) exhibited the maximum energy, reaching up to 1500 cm™. Notably, conformer 1,
which exhibits the lowest energy structure with a trigonal planar NH2 group and trans to each
other N7 of the thiadiazole ring and N4 of the pyrazole ring, yielded all 57 real frequencies during
full optimization. This observation suggests that the AMTDPC structure is entirely planar. The
expected surface areas (SPs) for conformer 1 are compared with x-ray data for substituted
pyrazoles [38]to offer contextual information. Refer to Figure 3, as well as Tables 1 and 2)

TABLE (1) RHF energies in Hartrees of AMTDPC conformers 1-9.

6-31G(d) basi set RHF level AE (cm™) AE(kcal/mol)
Structure-1 -1390.2192908 0.0 0.0
Structure-2 -1390.2160118 720 2.1
Structure-3 -1390.2091144 2234 6.4
Structure-4 -1390.2089367 2272 6.5
Structure-5 -1390.1937991 5595 16.0
Structure-6 -1390.1908846 6234 17.8
Structure-7 -1390.1868164 7127 20.4
Structure-8 -1390.1817386 8242 23.6
Structure-9 -1390.200491 4126 11.8

4AE denotes the disparity in energy between conformer 1 (minimum energy) and conformers 2-9
at the RHF level.
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TABLE (2 ) B3PW91 and RHF structural parameters® for AMTDPC utilizing 6-31G(d) basis
sets.

Ref [46] RHF for Structure(1) B3PW91for Structure(1)
Parameters 6-31G(d) 6-316(d)

r(C,Cy) 1.379 (9) 1.383 1.397
r(C.Cs) 1.405 (5) 1.428 1.434
r(CsNy) 1.305 (5) 1.288 1.317
r(N4Ns) 1.388(5) 1.379 1.383
r(NsCy) 1.348 (5) 1.356 1.374
r(NsCe) 1.373 1.372
r(CiNy) 1.358 (4) 1.331 1.340
r(C.C1,) 1.408 (7) 1.419 1.408
r(C1oNy3) 1.139 (7) 1.139 1.166
1(CsSu4) 1.751 1.754
r(S14C1s) 1.810 1.814
r(Cs N7) 1.275 1.308
r(N7Ns) 1.365 1.362
r(NsCq) 1.268 1.296
1(CoS10) 1.735 1.743
r(S10Cs) 1.730 1.737
r(CoHa1) 1.071 1.083
r(N11Has) 0.997 1.008
r(NyHi7) 0.994 1.016
r(CisHis) 1.082 1.093
r(CisHio) 1.080 1.092
r(CisHa20) 1.080 1.092
r(N7...Hzs) 2.158 2.058
r(Ng....Hao) 2.803 2.775
Z(C1C,Cy) 104.9 104.8
Z (CaC3Ny) 112.2 (4) 112.0 112.4
£ (C3N4Ns) 104.4 (3) 105.1 104.4
£ (N4NsCy) 111.8 (3) 112.3 112.8
£ (NsC1Cy) 106.2 (3) 105.7 105.8
Z(NsCsNy7) 123.6 123.4
2 (NsCgS10) 1215 121.6
£ (CeN7Ng) 112.5 112.2
£ (N7NgCy) 1126 112.4
2 (NgNgS10) 115.0 115.3
£ (CyS10Cs) 85.0 85.0
£ (NgCoHa1) 122.8 123.0
£ (S10CoH21) 122.2 121.7
Z (C¢NsCy) 129.4 (3) 128.7 1275
Z( CeNsNy) 118.7 (3) 119.1 119.6
Z (CiN11H16) 120.4 119.0
Z (CiN11H17) 119.3 119.5
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Z(HieN13Hy7) 120.3 1215
£ (N11C1Cy) 130.5 (3) 130.3 1314
Z (N11C1Cs) 123.2 (3) 124.0 123.0
£(C1,C,Cy) 127.3 (4) 125.3 125.3
Z(C1,CC3) 127.4 (4) 129.8 129.9
Z(N13C12C») 179.6 (6) 177.8 178.0
Z(C2C1351) 124.6 124.4
Z(S14C5Ny) 1234 1231
Z(C351Cis) 100.8 100.1
Z(H1C15514) 105.9 105.9
Z(Hio C15514) 110.8 110.8
Z(Hzo C15514) 110.8 110.8
Z(HsC1sH1o) 109.7 109.8
Z(H15C15H20) 109.7 109.8
Z(H19C15H20) 109.9 109.7
1C3510C11H2 61.1 61.0
A, MHz 817 814
B, MHz 343 339
C, MHz 242 240
Hiot, Debye 5.574 5.173

3 Bond distances are expressed in angstroms (A), while bond and dihedral angles are denoted
in degrees. Rotational constants A, B, and C are measured in megahertz (MHz), and the total dipole
moment (Luot) IS quantified in Debye

3.5 Structural parameters

The C-N distances for C1-N11 and Ce-Ns are approximately 0.03-0.09 P shorter than those reported
for AP (1.429 P), ATP (1.370 P), and adenine (1.357 A) (Mohamed et al., 2008, 2009; Soliman et
al., 2007). The calculated SPs (refer to Table 2) for AMTDPC highlight the double-bond nature of
these bonds (see atom numbering in Figure 7). Furthermore, it is anticipated that the distances
between Ce-Ns and C1-Ns will be shorter than those between C1-N11 by approximately 0.043 A,
suggesting a greater level of double-bond nature for Cs-Ns and C1-Ns in comparison to C1-Nui.
The aforementioned projection is consistent with the calculated rotational barriers of NH2, the
detection of distinct N-H bonds based on NMR findings, and the observed stretching bands of
NHo.. The following sections will explore these findings in greater detail.
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In contrast to 2-aminophenol (2AP) and 2-aminothiophenol (2ATP), the SPs for AMTDPC exhibit
a preference for trigonal planar (sp2; NHz) NH2 groups rather than trigonal pyramidal (sp3; NH2)
NH: groups. It is worth mentioning that the angles of NsC:C, and C12C>C; are estimated to fall
within a range of 0.4-2.5 A when compared to the values derived from x-ray crystallographic data
[38], [39], [40]. On the other hand, there are small differences (0.01-0.04 A) between the calculated
bond distances and the x-ray readings. The x-ray crystallographic data of 3-amino-4,5-dicyano-1-
methylpyrazole [38]

and 5-amino-4-cyano-1-phenylpyrazole (Zukerman-Schpector et al., 1994) reveal variations in
bond lengths and bond angles, with values ranging from 0.3-5.0% and 2.0-4.0%, respectively.

The N....H bond lengths for AMTDPC have been calculated to range from 2.06 to 2.80 A, with
the combined Van der Waal radii of the hydrogen and nitrogen atoms being 2.75 A [41], [42].
Therefore, in addition to the anticipated intermolecular hydrogen interactions in AMTDPC, it is
expected that there would be moderate intramolecular hydrogen bonding interactions between
N7...H16 and N4...H20, as seen in Table 2.

3.6. Simulated infrared Spectra

The projected intertwining of the predicted infrared (IR) normal modes is expected to exhibit a
reasonably high amount of interaction, particularly for bigger molecules. As a result, the utilization
of projected infrared spectra has been proposed by [20], [43] as a valuable method for conducting
vibrational studies on organic molecules. Simulated vibrational spectra can be generated by
utilizing both infrared (IR) intensities and Raman activity, along with their polarizability and
dipole moment derivatives.

The frequencies and infrared intensities of the single conformer (1) were simulated using the
B3PW91 density functional theory (DFT) approach, in conjunction with a 6-31G(d) basis set. The
IR spectrum seen in Figure 4 was constructed using the dipole moment derivatives, as described
in the entire technique outlined in Reference [44]. The agreement between the estimated and
observed frequencies, as shown in Table 3, provides strong support for the vibrational assignments.
Nevertheless, the calculated infrared (IR) intensities denoted as w, m, and s below 1000 cm™ do
not correspond with the solid's IR spectrum, which exhibits strong to extremely strong intensities.

In spite of the significant spectral overlap observed in the recorded infrared (IR) spectrum, it is

worth mentioning that the projected IR intensities exhibited superior performance compared to the
anticipated Raman activity inside the CH stretching region.

73



The Islamic University Journal of Applied Sciences (JESC) Issue I, Volume VI, July 2024

3.7 Simulated NMR spectra

Previous studies have shown that chemical shifts (, ppm) for small isolated molecules can be
accurately predicted using DFT NMR calculations with the Gauge-invariant atomic orbitals
(GIAO) model [15], [24], [29], [30], [31]. In recent years, there has been an increase in the
popularity of these calculations [27]. The preference for DFT predictions over the RHF technique
has been shown in certain studies [30], [45]. However, it is crucial to note that the accuracy of
NMR theoretical predictions is primarily influenced by two key factors: the optimized structural
parameters and the implemented basis set. The simulated spectra were computed using the
B3LYP/6-31G(d) structural parameters for conformer 1 in this particular instance. Chemical shifts
were predicted at the B3LYP/6-311+G(2d,p) level using the Gauge-invariant atomic orbitals
(GIAO) method, as described by Chesnut and Phung in 1989. These predictions were then
compared to the calculated chemical shifts obtained through the use of the same technology,
namely TMS. The GIAO calculations were conducted using the Polarizable Continuum Model
(PCM) implicit salvation approach[46], [47], considering both the solvent's impact and not. The
NMR prediction also incorporated the solvent. The results presented in Figures 1 and 2 pertain to
individuals who employed the phase change material (PCM) due to its observed ability to improve
the concordance between experimental and calculated outcomes.

4. Vibrational assignments

In the infrared and Raman spectra of AMTDPC, fifty-seven fundamentals are anticipated, and all
of them are Raman and IR active. In addition to the vc=n stretch around 2300 cm1, sex vibrations
were anticipated in the high frequency region 2900-3500 cm~ (15 and vs9)). Below 200 cm,
which is beyond the range of our instrumental detection capabilities, nine fundamentals are
expected. As a result, 41 bands between 1700 and 200 cm1 had to be assigned. Vibrational
assignments were compounded by the vast number of basics and occasionally the substantial
mixing. The infrared frequencies presented in the subsequent sections are extracted from the solid
sample's spectrum within a Csl matrix, as seen in Table 3.

4.1 NH2 Fundamentals vibrations.

Hydrogen bonding interactions do not appear to significantly alter or affect the N-H stretching
fundamentals. The recorded infrared spectrum exhibits distinct and well-defined bands, consistent
with the estimated infrared intensity (Figure 4). The infrared (IR) bands seen at 3376 and 3295
cm-1 (vs) were confirmed to correspond to two distinct stretching modes of NH2, namely v1 and
V2. The measured stretching modes of NH are shifted towards lower frequencies by approximately
200 cm as a result of inter- and intramolecular hydrogen bonding. Furthermore, the empirical
relationship of v = 345.5 + 0.876vss [48], where s and as are in wavenumbers, is not followed by
the vs and vas NH> stretches. This finding implies that the amino groups' N—H bonds are not
interchangeable.

74



The Islamic University Journal of Applied Sciences (JESC) Issue I, Volume VI, July 2024

1003 A

- =) W
=] S o
R

[ 5
(=]

% Transmittance
(=]

19
S

N
=)

4000 3000 2000 cm! 1500 1000 500 200

=]
=
[

g

&

, % Transmittanc

-
=]
1

AEEEEEEEEEEEEE EEEEE NN EEE RN e e NN

4000 3500 3000 2804 2000 12060 1000 200
WAVENUMBER (cmih)

Figure 4: Experimental (A) and Calculated (B) Infrared spectrum of AMTDPC.

Table 3: B3PW91/6-31G(d) calculated and observed frequencies for AMTDPC.

Species Calculated . Observed . Assignment
Unscaled Scaled IR Int. Raman act. IR
A’ 3717 3508 126.6 54.4 3376 vs Vas NH2
A’ 3526 3330 136.7 100.2 3295 vs vs NH;
A’ 3277 3240 15 192.9 3231s vCsHy ( Thiadiazole ring)
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A 3190 3165 2.8 96.2 3184s vas CHs

A 3088 3055 10.9 128.0 3105w vs CH3

A 2342 2260 102.9 385.6 2218 vs vC=N

A’ 1703 1675 417.7 9.1 1637 s 8 scissor NH2

A’ 1625 1590 487.1 102.6 1577 s vCC (Pyrazole ring)

A’ 1573 1530 306.0 435.7 1517s VN;sCs (bridge)

A’ 1557 1510 40.2 18.1 1496m vCN (Pyrazole ring)

A 1507 1498 5.8 324 1490 sh VCN (Thiadiazole ring)

A 1499 1480 30.8 5.2 1472 w 8as CH3

A’ 1471 1452 36.1 95.8 1412 s VCN (Pyrazole ring)

A’ 1421 1390 70.4 15.0 1388 wsh 8s CHs (Umbrella mode)
A’ 1384 1370 11.0 15.1 1375s vC—N

A’ 1336 1310 90.3 41.9 1329 w vCC (Pyrazole ring)

A 1280 1265 121 72.8 1301m 8ip CoHa1 ( Thiadiazole ring)
A 1249 1233 111 16.0 12385 vC,Cy, (exocyclic C—C)

A’ 1207 1175 71 315 1152 w VN-N (Pyrazole ring)

A’ 1111 1111 28.1 5.8 1081 w vN-N (Thiadiazole ring)
A’ 1054 1025 14.8 0.3 1046 wsh p NH,

A’ 1032 1019 413 8.3 1028 wsh vC3S14 (exocyclic C-S)

A 1012 1000 8.4 8.1 1013 wsh 8as CH3

A’ 912 900 15.3 22.8 900 vs 8ip NNC ( Thiadiazole ring)
A’ 799 788 36.4 26.3 779 m Ring breathing (Pyrazole ring)
A’ 765 755 16.0 43 763 m vC—S (Thiadiazole ring)
A’ 733 720 0.9 7.4 722 w v S14*C15 (S*CH3)

A’ 697 688 24 2.8 686 w Ring breathing (Thiadiazole ring)
A 672 660 2.6 8.3 659 w 8ip C2C12 (exocyclic C—C)
A’ 617 600 29 13.9 598 w 8ip CSC ( Thiadiazole ring)
A’ 483 477 1.8 20 482 wsh 8y C—C=N

A’ 424 420 0.7 2.8 419 w 8ip (Pyrazole ring)

A’ 361 355 0.4 1.6 357w 8ip NsCe (bridge)

A’ 306 305 7.7 6.1 312m 8ip C3 —S14—C15 (C—S—CHs)
A 287 287 9.5 13 264 w 8ip C1— N11 (C—NH,)

A 196 196 18.2 24 211 wsh 8ip N5CgS10 + dip N4C3S14
A’ 100 100 15 5.9 — 8ip C=N

A’ 95 95 2.9 0.8 — 8ip (Pyrazole ring)

A" 3189 3159 25 36.0 3120w Vas CH3

A" 1483 1450 114 22.1 1430 w 8as CH3

A" 998 998 5.2 4.7 995 m p CH;

A" 801 801 21.6 17 807 m Swag. CoHz1(Thiadiazole ring)
A" 723 710 6.8 11 705w Pyrazole ring Torsion

A" 639 619 5.3 0.4 616 vw Pyrazole ring Torsion

A" 625 910 5.6 0.3 611 wsh Thiadiazole ring Torsion
A" 577 557 8.7 0.6 544 m Swist NHz

A" 549 519 0.1 0.3 (509 whr) Thiadiazole ring Torsion
A" 528 511 12.7 55 (509 whr) Swag. C2C12 (exocyclic C—C)
A" 376 376 0.2 0.1 373w Pyrazole ring Torsion

A" 281 281 25.8 0.7 289 w Ring Torsion

A" 225 225 447 25 227 m Ring Torsion (Butter fly)
A" 182 182 163.5 0.02 — Bwagg NH>

A" 154 154 2.0 0.4 — CHjs Torsion

A" 114 114 0.5 0.4 — NH, Torsion

A" 61 61 0.1 0.04 — Swagg S14—Cis (S—CHa)

A" 45 45 0.1 04 — Ring Torsion

A" 35 35 85 0.5 — Ring Torsion
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Based on the findings of Jesson

(1958), Soliman et al. (2007), Mohamed et al. (2008), and Mohamed et al. (2009), it has been
observed that the NH2 scissoring frequency falls within the spectral range of 1950-1650 cm™.
According to Table 3, there are two predicted bending modes of A’ NH2 at 1703 (v7) and 1054
(121) cm™. Therefore, the unscaled NH; scissor mode, k7 at 1703 cm-1, aligns with the previously
documented highly intense infrared bands observed at 1637 cm™ [34], [35], [49]. On the other
hand, the NH2 rock (121) is associated with the faint infrared band detected at 1046 cm™ (predicted
at 1054 cmY).

4.2 CH and CHj3 fundamental vibrations

The C9-H21 stretching of the thiadiazole ring is associated with the conspicuous infrared band
observed at 3231(13), which is calculated to be 3240 cm™. In addition, the C-H bending mode
(v17), which is calculated at a wavenumber of 1280 cm™, is associated with the medium-infrared
band found at 1301.

The week band at 3105 cm1 fit the A’ stretch species (15), while the two methyl C- stretches (A’
and A") are attributed to the detected IR bands at 3184 (v4) and 3120 (vs9) cm™, respectively.
Between 980 and 1500 cm~* there are predicted to be five vibrational modes (CH3 bending and
rocking) (3A’; vio, viaand w3 and 2A"; weand va1). As a result, the IR bands that are detected at
1472 and 1430 cmare attributed to 112 and vao, which are 42 cm apart (estimated at 1499 and
1483 cm™), respectively.

Furthermore, the measured shoulders at 1388 cm™! in the IR spectrum are consistent with the
umbrella modes (114). While the second methyl rock (1»23) was attributed to the measured IR band
at 1013 cml reported earlier at 1013 cm1, the first methyl rock (pCHs;va1) is predicted/seen at
998/995 cm! in the IR spectra [49]. It was attributed to the faint Calc IR at 154 cm~due to the
methyl torsion mode's extremely low IR intensity (13). However, due to the Rayleigh scattering
background below 100 cm~2, the CH3S torsion (15s) was not visible (Figure 4).

4.3 Heavy atom stretching fundamentals

The C=N bond (v6) exhibited a direct correlation with the highly intense infrared band seen at
2218 cm™. The C=C stretch (v8) is observed at a wavenumber of 1577 (s, IR) cm™*, which aligns
well with the calculated infrared intensity of 487.1 kcal/mol. The presence of a prominent infrared
band at 1517 cm™* can be ascribed to the C=N (v9) group of the pyrazole ring, as evidenced by the
substantial intermixing of the three C=N stretching vibrations (v9, v10, and v1l). This
corresponds to the infrared intensity band at 1573 cm, which has been determined to be high.
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In addition, the calculated infrared intensities of the three C=N stretching modes (v13, v15, and
v24) exhibit a rather moderate level of intensity, which contradicts the observed bands. These
modes can be considered as being inherently mixed. These C were allocated to the identified
infrared bands at 1412 (s), 1375 (s), and 900 (vs) cm ™.

The C>—C3 (v16) and C>—C12 (L18) segments in the infrared spectrum were predicted to have high
and low intensities, respectively. The infrared bands at 1329/1336 and 1238/1249 cm™ were
assigned to (v16) and (v18) respectively, within the spectral range of N-methylpyrazole, as
determined by Orza et al. (1997). Moreover, it is expected that vn—~ (019 and v20) will either be
prohibited or significantly diminished in the infrared spectrum. Consequently, when comparing
the medium band observed at 1056 cm™ with the weak infrared (IR) bands discovered at 1152 and
1081 cm, respectively, it is possible that these bands correspond to the vn.n Stretches, as
suggested by Durig et al. (1992).

The AMTDPC molecule consists of two rings, namely pyrazole and thiadiazole. These rings
enable the observation of the A' ring bending modes (v28 and v30) in the infrared (IR) spectra at
approximately 686 and 598 cm™, respectively. In contrast, the IR spectra at 419(w) cm™ and out
of ray light revealed the other two ring bending modes (v32 and v38), respectively.

Due to the expected occurrence of the out-of-plane ring bending modes (L56 and v57) below 100
cm 1, they cannot be observed experimentally. According to the computed frequencies, the CeS10
(25 cm™) and CoS10 (26 cm™) segments were found to be separated by 34 cm™. This separation
aligns with the observed infrared bands at 779 cm™ and 763 cm™, respectively. Similarly, the
infrared (IR) bands detected at 1028/1032 cm ™ and 722/733 cm ! were assigned to the C3 Sia
(b22) and Cis5 S14 (v27)) strains, respectively. The &, C—S (v35) could potentially be linked to
CCS bending, as evidenced by the presence of a poorly resolved week at 312 cm™ (estimated at
306 cm™) in the infrared spectra.

5. NMR spectral interpretations

The simulated and experimental *H and *C NMR spectra showed a remarkably high level of
agreement, as shown in Figures 1 and 2. This confirms the established structural properties of
AMTDPC's conformer 1. According to the prediction made by Chesnut and Phung in 1989, the
signal observed at 1.96 ppm is attributed to three protons belonging to the CHz group, which are
located at 2.44 ppm. This is achieved by calculating the average chemical shifts of similar
hydrogen atoms. The GIAO prediction also yields positive signals for NH2 protons. The measured
spectrum has a wide singlet peak at 8.09 ppm, which corresponds to two protons of the NH2 group.
These protons are estimated to be located at 6.06 ppm. The singlet observed at 9.26 ppm can be
attributed to the CH proton of the thiadiazole ring, which was determined to be 8.61 ppm.
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6. Barriers to internal rotation.

Figure 1C demonstrates a robust correlation between the theoretical and experimental chemical
changes, as evidenced by the high R2 value of 0.948. Moreover, the correlation between the
theoretical and experimental chemical shifts resulting from the 13C NMR GIAO prediction is
clearly demonstrated in Figure 2C, where R2 is equivalent to 0.993 (Chesnut and Phung 1989).
The signals seen at 164.43, 155.09, 153.72, and 151.8 ppm were assigned to the carbons C6, C3,
C1, and C9, respectively, as indicated in Tables 4, 5, and Figure 2. Furthermore, the observed
signalsat 113.64, 73.72, and 13.70 ppm were ascribed to the remaining three carbon atoms, namely
C12, C2, and C15. The obtained results exhibit a high level of concurrence with the computed
values depicted in Figure 2. The restricted photosystem simulations (PSS) were performed using
the optimized spin perovskites (SPs) of conformer 1, which were computed at the B3LYP/6-
31G(d) level. The critical structure for internal rotations around C is believed to be Conformer 1,
which is considered the global minimum for internal rotations around CS, CN, and CC single
bonds. After rotating the CHs, CH3S, NH2 groups, and thiadiazole ring, conformer 1's symmetry
shifts from Cs to C1, where the methyl hydrogens are no longer equal. As a result, neither the NH>
moiety nor the methyl group are longer C2V symmetry rotors.

Table 4 Theoretical and experimental *H NMR chemical shift values expressed in parts per million
(ppm) for AMTDPC.

DFT, B3PW91/6-311G(d) Experimental
Chem draw Without solvent With solvent (DMSO-ds) (DMSO-ds)
His 6.51 5.36 6.06 8.09
Hi7 6.51 5.36 6.06 8.09
Hig 2.53 1.7 1.96 244
Hig 2.53 1.7 1.96 244
Hao 2.53 1.7 1.96 244
Ha 9.00 7.56 8.61 9.26

Table 5 Theoretical and experimental 3C NMR chemical shift values expressed in parts per
million (ppm) for AMTDPC.

DFT, B3PW91/6-311G(d) Experimental
Chem draw Without solvent With solvent (CDCls) (CDCly)

Cy 159.0 139.75 142.6 153.72
C, 92 70.28 72.47 73.72
Cs 132 151.14 155.43 155.09
Cs 162.7 156.84 160.42 164.43
Cy 152.1 137.99 140.79 151.80
Cp 117.0 98.51 111.81 113.64
Cis 12.8 13.45 14.76 13.70
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6.1 CHsBarriers to internal rotation

Conformer 1 from Table 2 SPs was used to create the PSS curve shown in Figure 5, as stated
earlier. When the dihedral angle (H18C15S14C3) is rotated in 10° increments, the estimated energy
of conformer 1 in B3LYP/6-31G(d) increases until it reaches its maximum value at 60-70° (2).
The energy barrier for conformer 1 is 643 cm™. The emergence of Structure 1' occurs at around
120-130 degrees as the dihedral angle undergoes further rotation. The structure of 1’ (C1) closely
matches that of 1 (Cs), with the exception of the non-equivalence of the out-of-plane hydrogens
(H1s and Hig). A 356 cm™ barrier is located between 1° and 2. Following the complete optimization
of structure 2 and structure 1, calculations were performed to determine the energies and harmonic
vibrational frequencies. In both instances, the presence of an imaginary frequency signifies the
occurrence of transitional periods for the two structures.

The calculated values of 689 cm™ for trimethyldisilane[50], as well as the average values of 703
cm? for trans,trans-2,4-hexadiene[51], 448 cm™ for 1,1,1-trifluoro-propane-2-thione[52], and 392
cm? for 1,1,1-trifluoroacetone [49], seem to be in line with the estimated methyl barriers of 643
and 356 cm™ for AMTDPC. According to Mohamed and Abo Aly (2004), the theoretical values
of 493+21 cm, obtained from the far infrared spectrum of trans,trans-2,4-hexadiene, exhibit a
strong correlation with the experimental results of 727+3.5 cm™ (FIR) for propene[53] and 773
cm! for isobutene[54]. Therefore, the values of the methyl barrier to internal rotation, as reported
by Durig and Church (1980), Durig et al. (1989, 1977), Mohamed (2003), Mohamed and Abo Aly
(2004), and Mohamed and Farag (2005), exhibit a strong concurrence between theoretical and
experimental data.

6.2 CHsS barriers to internal rotation

In accordance with conformer 1, the CHsS group exhibited rotational movements around the C-S
bond in increments of 10, akin to the methyl moiety. The CHs group is orientated towards the C-N
moiety at (N4C3S10C11) approximately 130°, resulting in a local minimum at C1. This occurs after
a peak in energy, where the CHs moiety is nearly perpendicular to the pyrazole ring (C1
symmetry). The energy of the CHz component rises as it reaches C N at around 180°. According
to the information shown in Figure 6, the CH3sS barriers are seen to be 1170, 1330, and 3874 cm-
! indicating a preference for conformer 1 at a dihedral angle of zero degrees.
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After conducting comprehensive geometry relaxation and frequency calculations, it has been
ascertained that the C1 conformer exhibits an imaginary frequency transition state at a position of
130 degrees. Based on the results obtained, it can be concluded that conformer 1 is the only
AMTDPC conformer. Although there is no existing literature on experimental CHsS rotation
barriers, it is clear that the CHsS barriers calculated in this study are 1.5-2 times higher than the
previously described CHz barrier. This proposition is deemed rational given the comparative
dimensions of the carbon and sulfur atoms.

It is important to mention that the expected CHs barriers for ethylsilane[22], [55] and
chloroethylsilane[44] were found to be between 1071 and 1483 cm™, which aligns closely with
the experimental results of 1348 cm™ (far infrared) and 918+3.6 cm™ (MW), respectively.

6.3 Planar NH> barriers to internal rotation

Figure 7 illustrates the impact of NH2 groups on internal rotation. When the NH2 groups are
perpendicular to the plane of AMTDPC, they exhibit extreme positions. Conversely, when the
NH. groups are positioned at shallow angles to the ring, there are less energy structures. The
calculated rotational barriers for NH, are 6251 cm™. According to Badawi (2005) and Van Dyck
et al. (2018), it is important to highlight that the NH. barriers for CH,=CH-NH2, O=C=CH-NHp,
and CHs—CH>-NH, often fall within the range of 1.0-3.3 kcal/mole (350-1154 cm™). The
calculated obstacles are deemed excessively substantial to justify additional scrutiny of these
formations. Nevertheless, it is important to recognize that the existing NH2 barriers are merely
approximations due to the absence of a comprehensive optimization at the maximum sites.
However, according to the NMR observations and computational findings, it is evident that the
NH: barriers are significant, even when taking into account the double bond (=) nature of the NH>

group.
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Figure 5: The barriers to internal rotation of the CHz group in AMTDPC, obtained through a
potential surface scan using the B3PW91/6-31G(d) method.
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Figure 6: The barriers to internal rotation of the CH3S group in AMTDPC, obtained through a
potential surface scan using the B3PW91/6-31G(d) method.
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Figure 7: The barriers to internal rotation of the NH> group in AMTDPC, obtained through a
potential surface scan using the B3PW91/6-31G(d) method.

6.4 Thiadiazole ring barriers to internal rotation

A stiff potential surface scan (PSS) was conducted using the optimized SPs obtained from
B3PW91/6-31G(d) methods in order to examine the possible presence of a non-planar arrangement
of the thiadiazole ring. The present study focused on the manipulation of the dihedral angle t
(N4N5CeS10), which is known to have a significant role in the structural interconversions.
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As depicted in Figure 8, the thiadiazole ring exhibits maximum at a perpendicular orientation to
the AMTDPC plane, namely at 4958 cm™, and a lower energy structure at 4945 cm™ when the
angular separation (N4NsCeS10) is around 130°. Subsequently, as depicted in Figure 8, the energy
exhibits a steady rise until it reaches its peak magnitude, culminating in structure 5 and an energy
barrier of 7634 cm™.
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Figure 8: Barriers to internal rotations within the rings of AMTDPC, derived from a potential
surface scan utilizing the B3PW91/6-31G(d) method.
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7. Conclusion

The compound (AMTDPC, C7HeNsS2) has undergone extensive spectroscopic investigation,
resulting in significant findings about its dynamic characteristics and structural attributes. The
utilization of *H and *3C nuclear magnetic resonance (NMR) spectra, along with infrared spectra
within the 4000-200 cm™* range, has played a pivotal role in elucidating the molecular intricacies
of AMTDPC. The research of rotational isomerisms induced by internal rotation around C-N
and/or C-S bonds led to the identification of nine isomers. Quantum mechanical simulations
employing the RHF and DFT/B3PW91 techniques enhanced our comprehension, ultimately
uncovering two conformers (1-2) with energies below 1000 cm™. Based on spectrum
measurements that exhibited a high level of concurrence with the anticipated values, it may be
concluded that conformer 1 emerged as the isomer with the highest stability. Furthermore, the
chemical shifts predicted using the GIAO approach, both with and without solvent inclusion
(PCM), provided confirmation for our spectroscopic findings. By comparing our results with those
of related chemicals, we were able to provide more support and context to our conclusions. Our
NMR findings provided clarification on the dynamic nature of AMTDPC, revealing evidence of
both restricted and free NH> internal rotation around C-N bonds. A reliable vibrational assignment
was achieved for all observable fundamentals by the utilization of potential energy distributions
and study of normal coordinates. The extensive investigation on the torsional barriers to internal
rotation of CHs, CHsS, NH>, and the thiadiazole ring has significantly improved our understanding.
This research has provided crucial insights into the dynamic behavior of AMTDPC. The
combination of experimental data and quantum mechanical simulations has for a comprehensive
examination of the molecular structure, conformational dynamics, and vibrational properties of
AMTDPC. The aforementioned finding serves as a fundamental basis for subsequent inquiries in
the domains of molecular spectroscopy and structural analysis, thereby enhancing our
comprehension of associated compounds.
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