
Vol.:(0123456789)1 3

Journal of Chemical Crystallography 
https://doi.org/10.1007/s10870-022-00935-3

ORIGINAL PAPER

A Dual Approach on Experimental, Theoretical Insight of Structural 
Elucidation, Hirshfeld Surface Analysis, Optical and Electrochemical 
Properties of Acyl Thiourea‑Ethynyl Hybrid Derivatives

Adibah Izzati Daud1,2  · Wan M. Khairul1  · Suhana Arshad3  · Ibrahim Abdul Razak3  · 
Diana L. Nossa González4  · Mauricio F. Erben4 

Received: 4 November 2021 / Accepted: 2 March 2022 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract
Hybrid moieties of ethynylated-thiourea, Th1 and Th2 have been synthesised via the addition reaction between ethynyl 
derivatives and 4-tert-butylbenzoyl isothiocyanate in acetone, and were characterised by selected spectroscopic methods 
(i.e., 1H and 13C NMR, UV–visible, FT-IR) and elemental analysis. Thermogravimetric analysis indicated that Th1 and Th2 
were relatively stable up to ca. 210 °C. Single-crystal X-ray diffraction was used to identify the crystal structure of Th2 in 
which the centre of 1-acyl thiourea moiety (-C(O)NHC(S)NH) exhibits S conformation. The Hirshfeld surface analysis has 
allowed visualizing the crystal packing, which is characterised by the prolonged intermolecular N–H⋯O = C and N–H⋯S = C 
hydrogen-bonding interactions within Th2 molecule. Electrochemical data of both compounds correspondingly exhibit 
irreversible redox potential processes. Besides, frontier molecular orbitals and Natural Bond Orbital population analysis 
were computed at the B3LYP/6-31G (d, p) level of approximation, suggesting strong delocalization of the electronic density 
through a conjugated π-system involving the ethynyl-phenyl and thiourea groups.

Graphical Abstract
Figure of molecular structure for acyl thiourea-ethynyl derivative. Two derivatives of acyl thiourea-ethynyl were synthesised 
and characterised by selected spectroscopic methods such as 1H and 13C NMR, UV-visible, FT-IR, elemental, thermal, 
electrochemical, X-ray diffraction, and density functional theory (DFT) calculation for molecular orbitals and natural bond 
orbital population analysis.
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Introduction

During the last decades, the chemical family of carbonyl 
thiourea derivatives have attracted great interest among 
researchers as versatile compounds with remarkable poten-
tial applications in several fields [1–3]. Acyl-thioureas are 
found to show broad uses in coordination chemistry, due 
to the uniqueness of acyl-thiourea derivatives which have 
ability to form a complexation with various metal ions 
due to its multidentate characteristic [4–6]. Moreover, 
thiourea derivatives are known as one of the attractive 
models molecular frameworks to be further investigated 
in the field of crystal engineering influenced by the exist-
ence of hydrogen bonding of the N–H donor groups (intra- 
and inter-molecular) to the sulphur and carbonyl oxygen 
atoms [7]. The conformation of carbonyl thiourea deriva-
tives depends on the common orientation of the amide and 
thioamide groups and is characterized by the preference 
of two main forms denoted as S and U conformers. From 
an exhaustive search involving more than 739 reported 
structures registered in the Cambridge Structural Database 
having the carbonyl thiourea skeleton, the S conformation 
resulted to be the most frequent used conformation for 
mono substituted 1-aromatic thiourea derivatives, either 
the substitution presence on aromatic is donating or with-
drawing group [8]. Due to this conformity, the carbonyl 
and amide moieties exhibit a quasi-6-membered ring, 
creating an intermolecular hydrogen bonding [9]. Very 
recently, González et al., also highlighted on the simple 
mono-substituted benzoyl thiourea derivatives featuring 
donating group adopts high planarity structure oriented in 
trans position for both C = S and C = O moieties.

Apart from that, the inclusive of the density functional 
theory (DFT) method known as a powerful computational 
chemistry approach for the determination of the electronic 
structure of molecules including the molecular structure, 
vibrational spectroscopic characteristic (FTIR), and the 
thermodynamic properties of the synthesised molecules. 
In addition, to predict the UV–Vis spectra of synthesised 
compounds, time-dependent density functional theory 
(TD-DFT) is employed because the TD-DFT method give 
high in results accuracy with low computational cost [10].

Furthermore, the association of non-covalent interac-
tions especially hydrogen bonds interactions have received 
immense attention currently due to their significant char-
acteristic in chemical, catalysis, crystal engineering, and 
bioprocess chemistry [11, 12] depends on their different 
strength of non-covalent interactions within the solid-state 
materials properties. Recently, a dual approach on theo-
retical and experimental investigations has been explored 
to recognize the types of interactions presence in every 
designated molecular structure [13, 14]. Hirshfeld surface 

analysis is one of the theoretical methods used to provide 
information regarding various interaction types present in 
the crystal structure, involving hydrogen interactions as 
well as π-based interactions as π-π stacking or C-H…π.

The work on synthesis and structural elucidation of ethy-
nylated-thioureas derivatives have been previously reported 
by our group focussing on D-π-D system or their structural 
properties and application as sensing materials for volatile 
organic compounds [15], carbon monoxide gas [16] and car-
bon dioxide gas [17]. However, in this occasion, we attempt 
to report on the structural and spectroscopic properties of 
other ethynylated-thioureas derivatives inclusive with the 
theoretical calculation via DFT analysis. In a persistence of 
our work focusing on the structural chemistry of the orga-
nosulfur compounds, in this study we report the structural 
chemistry of ethynylated-thiourea series, namely, 4-tert-
butyl-benzoyl-3-(4-cyano-ethynyl-phenyl)-thiourea (Th1) 
and 4-tert-butyl-benzoyl-3-(4-methylester-ethynyl-phenyl)-
thiourea (Th2) (General molecular structure as in Fig. 1). 
Fourier-Transform Infrared spectroscopy, UV–visible analy-
sis, thermal, and electrochemical properties were investi-
gated and Th2 was solved via single-crystal X-ray diffraction 
and incorporated later for Hirshfeld surfaces analysis.

Experimental

General Procedure

Solvents, chemicals, and reagents used in this synthetic 
work-up were obtained from Merck, Fisher Scientific, Sigma 
Aldrich, Acrós Organic and R&M Chemical, namely ace-
tone, acetonitrile, hexane, dichloromethane, triethylamine, 
tetrabutylammonium perchlorate (TBAP), 4-iodobenzoni-
trile, methyl-4-iodobenzoate, 4-ethynylaniline sodium sul-
fate, 4-tert-butyl chloride, and ammonium thiocyanate. All 
the starting materials, reagents and solvents were of analyti-
cal or chemical-grade and were used as received without fur-
ther purification. 1H and 13C Nuclear Magnetic Resonance 
(NMR) were recorded on Bruker Avance 300 at room tem-
perature using deuterated chloroform contains 1% trimetyl-
silane (TMS). FT-IR spectra of the synthesised compounds 
were acquired using FT-IR Perkin Elmer 100 spectropho-
tometer prepared in KBr pellet. The electronic transitions 

Fig. 1  The general molecular structure of ethynylated-thioureas (Th1 
and Th2)
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of all synthesised compounds were recorded using UV–Vis 
Spectrophotometer Shidmadzu 1601 series in 1  cm3 quartz 
cell using acetonitrile as a solvent with 1 X  10–5 M samples 
concentration. Elemental analyses for C, H, N, and S were 
performed using FLASHEA 1112 CHNS analyser to regu-
late the percentage of CHNS element presence in synthe-
sised compounds. For thermal analysis, thermogravimetric 
analysis (TGA) was carried out using Perkin-Elmer TGA 
analyser from 30 to 900 °C at a heating rate of 10 °C/min 
with the presence of constant nitrogen flow. The determi-
nation and diffraction data of single crystal X-ray crystal-
lographic structure of Th2, were collected at 100 K and 
the structure was resolved and refined by using SHELXTL 
solution program. Electrical Impedance Spectroscopy (EIS) 
PGSTAT302 was used to perform electrochemical analyses 
of Th1 and Th2.

Synthesis of 4‑[2‑(4‑Aminophenyl) Ethynyl] Benzoni‑
trile (SC1)

The general synthetic pathway to the synthesis of SC1 and 
SC2 is as shown in Scheme 1. Pd-catalyst Pd(PPh3)2Cl2 
(0.05 mmol%) was added into 100 mL 2-neck round-bot-
tomed flask under ambient atmosphere. It was then followed 
by the addition of 4-iodobenzonitrile (0.5 g, 2.18 mmol), 
4-ethynylaniline (0.26 g, 2.18 mmol), and triethylamine 
(2  mL) as a base in 20  mL of water: dichlorometh-
ane (DCM) (2 mL) as a solvent media. The mixture was 
refluxed at 110 °C for 5 h forming two phases of solution 
(aqueous and organic phase). After the reaction comple-
tion, the temperature of the mixture was slowly decreased 
to room temperature, filtered, and extracted by acetic ether 
(3 X 50 mL). The recovered organic phase was dried over 
 Na2SO4 and concentrated using rotary evaporator. The 
obtained crude was then purified via column chromatog-
raphy technique (hexane: acetic ether: 70:30) to give yel-
lowish solid of tittle compound SC1 (0.38 g, 76%). M.p. 
186.3 – 186.8 °C; 1H NMR (400 MHz,  CDCl3): δ = 3.91 
(s, br, 2H;  NH2), 6.63, 6.65 (p-d, 3JHH = 8 Hz, 2H; Ar–H), 
7.34, 7.36 (p-d, 3JHH = 8 Hz, 2H; Ar–H), 7.54, 7.56 (p-d, 
3JHH = 8 Hz, 2H; Ar–H), 7.59, 7.61 (p-d, 3JHH = 8 Hz, 2H; 
Ar–H) ppm; 13C NMR (400 MHz,  CDCl3): δ = 86.1, 95.1 
(C≡C), 110.6 – 118.7 (Ar–C × 4), 129.0 – 133.3 (Ar–C × 4), 
147.4 (C≡N); IR (KBr): ν˜ = 3453 (m), 3368 (s)  cm−1  (NH2), 
1296 (s)  cm−1 (C-N), 2208 (s)  cm−1 (C≡C), 2172 (w)  cm−1 
(C≡N); UV/Vis (Acetonitrile): λmax (ε) = 345 (28,200), 272 
(15,500) nm  (mol−1dm3cm−1).

Synthesis of 4‑[(4‑Aminophenyl) Ethynyl] Benzoic 
Acid Methyl Ester (SC2)

It was synthesised in the same manner as described for SC1. 
The light orange solid of title compound SC2 was prepared 
from methyl-4-iodobenzoate (0.5 g, 1.9 mmol), 4-ethyny-
laniline (0.22 g, 1.9 mmol) and the respective palladium 
catalyst (0.05 mmol%) with the presence of triethylamine 
and water: DCM as base and solvent, respectively. The 
obtained crude was then purified via column chromatog-
raphy technique (hexane: acetic ether: 70:30) to give yel-
lowish solid of tittle compound SC2 (0.42 g, 88%). M.p. 
181.8–182.3 °C;  1H NMR (400 MHz,  CDCl3): δ = 3.87 
(s, br, 2H;  NH2), 3.92 (s, 3H;  OCH3), 6.63, 6.65 (p-d, 
3JHH = 8 Hz, 2H; Ar–H), 7.34, 7.36 (p-d, 3JHH = 8 Hz, 2H; 
Ar–H), 7.52, 7.54 (p-d, 3JHH = 8 Hz, 2H; Ar–H), 7.98, 8.00 
(p-d, 3JHH = 8 Hz, 2H; Ar–H) ppm; 13C NMR (400 MHz, 
 CDCl3): δ = 52.1  (OCH3), 86.8, 93.5 (C≡C), 111.9–129.4 
(Ar–C × 4), 131.1–147.1 (Ar–C × 4), 166.7 (C = O); IR 
(KBr): ν˜ = 3458 (m), 3366 (s)  cm−1  (NH2), 1280 (s)  cm−1 
(C-N), 2209 (s)  cm−1 (C≡C), 1701 (s)  cm−1 (C = O); UV/
Vis (Acetonitrile): λmax (ε) = 340 (31,800), 270 (15,700) nm 
 (mol−1dm3cm−1).

Synthesis of 4‑Tert‑Butylbenzoyl‑3‑(4‑Cyanoethy‑
nyl‑Phenyl)‑Thiourea (Th1)

A solution of an appropriately substituted 4-tert-butylben-
zoyl chloride (0.27 g, 1.37 mmol) was added into a solution 
of ammonium thiocyanate (0.10 g, 1.37 mmol) in acetone. 
The reaction was put at reflux with vigorous stirring for 
approximately 1 h at 80 °C. Later, SC1 (0.3 g, 1.37 mmol) 
in acetone was added into the reaction mixture and con-
tinued to reflux and stirred for approximately another 5 h. 
After that, the reaction mixture was added into an ice bath, 
and yellowish precipitate was obtained and filtered. The 
obtained yellow precipitate was purified via recrystallisa-
tion technique using acetonitrile to produce yellowish crys-
talline solid of Th1 (0.43 g, 72%). M.p. 224 – 225 °C; 1H 
NMR (400 MHz,  CDCl3): δ = 7.51–7.81 (m, 12H; Ar–H), 
1.36 (s, 9H;  (CH3)3), 9.12 (s, 1H; NH-C = O), 12.87 (s, 1H; 
NH-C = S) ppm; 13C NMR (400 MHz,  CDCl3): δ = 30.1 
((CH3)3), 34.0 (C-CH3), 86.6–92.7 (C≡C), 154.9 (C≡N), 
164.6 (C = ONH), 177.0 (C = SNH); IR (KBr): ν˜ = 3293 
(s)   cm−1  (NH), 1364 (m)  cm−1 (C-N), 2216 (m)  cm−1 
(C≡C), 1650 (s)  cm−1 (C = O), 832 (m)  cm−1 (C = S); UV/
Vis (Acetonitrile): λmax (ε) = 325 (56,800), 229 (27,700) 

Scheme 1  Sonogashira 
cross-coupling reactions to the 
synthesis of SC1 and SC2
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nm  (mol−1dm3cm−1); elemental analysis calcd (%) for 
 C27H23N3O3S: C 74.11, H 5.30, N 9.60, S 7.33; found: C 
74.65, H 5.54, N 9.11, S 7.97.

Synthesis of 4‑Tert‑Butylbenzoyl‑3‑(4‑Methyl‑
ester‑Ethynyl‑Phenyl)‑Thiourea (Th2)

It was synthesised in the same manner as described for Th1. 
4-tert-butylbenzoyl chloride (0.31 g, 1.59 mmol) react with 
ammonium thiocyanate (0.12 g, 1.59 mmol) and SC2 (0.4 g, 
1.59 mmol) in 80 mL acetone. The product obtained was 
purified by recrystallisation from acetonitrile to yield sin-
gle crystal of Th2 (0.69 g, 92%). The synthetic route to the 
synthesis of Th1 and Th2 is as illustrated in Scheme 2. M.p. 
236–237 °C; 1H NMR (400 MHz,  CDCl3): δ = 7.52–8.03 (m, 
12H; Ar–H), 3.93 (s, 3H,  OCH3), 1.36 (s, 9H;  (CH3)3), 9.11 
(s, 1H; NH-C = O), 12.84 (s, 1H; NH-C = S) ppm; 13C NMR 
(400  MHz,  CDCl3):  δ = 31.2 ((CH3)3), 35.3 (C-CH3), 
52.2 (O-CH3), 89.2–91.9 (C≡C), 166.9 (C =  OCH3), 
165.6 (C = ONH), 177.9 (C = SNH); IR (KBr): ν˜ = 3313 
(s)  cm−1 (NH), 1405 (m)  cm−1 (C-N), 2215 (m)  cm−1 (C≡C), 
1651 (s)  cm−1 (C = O), 1723 (s)  cm−1 (C =  OOCH3), 834 (m) 
 cm−1 (C = S); UV/Vis (Acetonitrile): λmax (ε) = 326 (55,700), 
229 (28,900) nm  (mol−1dm3cm−1); elemental analysis calcd 
(%) for  C28H26N2O3S: C 71.46, H 5.57, N 5.95, S 6.81; 
found: C 71.21, H 5.54, N 5.35, S 6.95.

Crystal Structure Determination of Th2

Bruker SMART ApexII Duo CCD area-detector diffractom-
eters were used to analyse the X-ray structure of a suitable 
colourless block-shape single crystal (0.41 mm, 0.18 mm, 
0.16 mm) using MoK radiation (= 0.71073). The crystal was 
placed in the cold stream of an Oxford Cryosystems Cobra 
open-flow nitrogen cryostat (Cosier & Glazer, 1986) operat-
ing at 100 K. The APEX2 programme was used to extract 
the raw data. The refinement of the cell structure and data 
reduction process was performed on the SAINT software 
[18]. Th2 molecular structure was resolved using direct 
method via SHELXTL program [19] in which the Th2 struc-
ture was refined by full-matrix least-squares technique on F2 
using anisotropic displacement parameters by SHELXTL. 

Apart from that, the empirical absorption correction was 
employed to the final crystal data through the SADABS 
software. The geometrical calculations of the Th2 were 
completed using the program PLATON [20], while for the 
3D- molecular graphics, have been drawn using SHELXTL 
and Mercury Software [21]. The non-hydrogen atoms have 
been refined anisotropically. The hydrogen atoms in Th2 
were geometrically positioned with a C-H bond, had 0.95 
and 0.98, and were adjusted using a riding model with iso-
tropic displacement parameters set to 1.2(C) and 1.5(Cmethyl) 
times the equivalent of the parent carbon atoms' isotropic U 
values. The methyl groups were also subjected to a rotation 
model (AFIX 137). The N-bound hydrogen atoms were in a 
different Fourier map, which allowed them to refine freely 
[refined N–H distance 0.899(16) and 0.881(16)]. The most 
vexing reflection was eliminated in the final polish (0 0 1). 
Table 1 lists the Th2 refinement parameters that are signifi-
cant. Crystallographic information file has been deposited 
in the Cambridge Structure Database (CCDC 1,888,258).

Electrochemical Analysis

Cyclic voltammetric measurements of Th1 and Th2 were 
carried out in 1  mM dichloromethane (DCM) solution 
incorporating 0.1  M tetrabutylammonium perchlorate 
(TBAP, 0.1 M) as supporting electrolyte at a scan rate of 
50 mV/s in the potential range of -2 to 3 V, using Electro-
chemical Impedance Spectroscopy (EIS) PGSTAT302. A 
three-electrode cell design with a glassy carbon electrode as 
the working electrode, Ag/AgCl as the reference electrode, 
and a Pt wire as the counter electrode was used to conduct 
cyclic voltammetric investigations of Th1 and Th2 at room 
temperature. All potential values are referred against  Fc+/Fc 
(ferrocenium/ferrocene) couple.

Computational Details

The geometry of the ground states minima of Th1 and 
Th2 in the gas and solvent phases was optimised using the 
B3LYP hybrid functional in combination with the 6-31G 
(d, p) level of theory as implemented in the Gaussian 09 
programme. [22]. Vibrational modes were scaled by a 

Scheme 2  Route to the synthe-
sis of Th1 and Th2
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factor of 0.9679 and estimated at the same level of theory 
[23]. The electronic transitions of singlet state energies 
for both compounds were calculated using the TD-DFT 
approach, which employed the same hybrid functional as 
optimisation and vibrational analysis. The polarisable con-
tinuum model (PCM), which employs integral equation 
formalism, was employed to account for the influence of 
solvent (IEF-PCM).

Results and Discussion

Structural Characteristic of Th2

Recrystallization from acetonitrile yielded crystalline 
forms of the synthesised ethynylated-thiourea (Th2). Sin-
gle crystal X-ray analysis disclosed that Th2 is crystallised 
possessed triclinic crystal system with a centrosymmetry 
space group of P-1. The ORTEP orientation of Th2 are 
shown in Fig. 2a. The compound adopts an extended con-
formation, with the 4-tert-butylphenyl and phenylethynyl 
methyl ester groups in a quasi-linear configuration relative 
to the S1 atom across the C17-N1 and C17-N2 bonds, 
equivalent to those other published benzoyl thiourea deriv-
atives [24]. The S-form is the preferred conformation in 
the crystal, in which the molecular structure is stabilised 
by the existence of an intramolecular N1-H1N…O3 = C 
hydrogen bond (Table 2), resulting in the creation of the 
six-membered closed-loop pseudo-ring motif. This pseudo 
ring property has been identified as an important aspect in 
the barriers to the single bond spinning and presenting a 
nearly planar layout (Fig. 2b).

The observed distinction of C-N distances (Table 3) 
between amide and thioamide bonds is within a range of 
0.06 Å for ethynylated-thiourea. The N1-C17 [1.342 (12)], 
N2-C17 [1.392 (11)], and N2-C18 [1.381 (12)] C-N bond 
lengths of the studied Th2 are less than the usual C-N 
bond length (1.48), but somewhat longer than the C = N 
bond length (1.32). The varying degrees of fluctuation in 
these C-N bond lengths indicate partial electron delocali-
sation within the N–C(S)-N–C(O) fragment. The N–C(S) 
bond lengths are longer than the N–C(O) bond lengths, 
which is most likely owing to inter- and intra-hydrogen 
bond interactions. Additionally, the bond angle values of 
C14-N1-C17 = 128.46 (8)° and C17-N2-C18 is 127.80 (8)° 
indicates the sp2 hybridisation on atoms N1 and N2. From 
the crystal structures data, it is observed that C = S bond 
length for Th2 is 1.664 (10) Å while for the C = O, the 
bond length was found to be 1.228 (12) Å, exhibiting the 
typical double bond character. The discovered molecular 
structures of Th2 as thione with the usual -acyl-thiourea 
moiety (C = S and C = O links), as well as the reduced 
C-N bond lengths in the core –C(O)-NH-C(S) fragment, 
are typical of thiourea compounds. The bond angle of 
S–C–N of the thioamide in the synthesised crystal struc-
ture is larger with a value of 126.8 (7)°. The molecular 
structure of Th2 is also found to be twisted where all the 
phenyl rings (C1-C6, C11-C16, C19-C24) deviate from 
the planarity of the central carbonyl thiourea moiety (S1/
O3/N1/N2/C17/C18) with dihedral angles of 25.77 (11)
º, 34.00 (11)º, and 38.00 (12)º, respectively. The twisted 
structure can also be observed via the C17-N1-C14-C15 

Table 1  Crystal data and structure refinement of Th2

where n is the number of reflections and p the total number of param-
eters refined
w = 1/[σ2(Fo2) + (0.0573P)2 + 0.4068P], where P = (Fo2 + 2Fc

2)/3
a R = Ʃ||Fo| −|Fc||/Ʃ|Fo|
b Rw = {wƩ(|Fo| −|Fc|)2/Ʃw|Fo|2}/2

c GOF = {Ʃw(|Fo| −|Fc|)2/(n − p)}1/2

Compound Th2

CCDC deposition numbers 1,888,258
Molecular formula C28H26N2O3S
Molecular weight 470.57
Crystal system Triclinic
Space group P-1
a/Å 5.8462 (2)
b/Å 11.4812 (2)
c/Å 18.5370 (7)
α/° 79.1190 (9)
β/° 86.5189 (9)
γ/° 79.8317 (10)
V/Å3 1202.19 (7)
Z 2
Dcalc/Mg  m−3 1.300
Crystal Dimensions/mm 0.41 × 0.18 × 0.16
μ/mm−1 0.17
Radiation λ/Å 0.71073 (Mo Kα)
F(000) 496
Tmin/Tmax 0.9056/0.9316
Reflections measured 47,215
Ranges/indices (h, k, l) h =  − 8 → 8

k =  − 16 → 16
l =  − 26 → 26

θ limit/° 1.80–30.20
Unique reflections 7098
Observed reflections (I > 2σ(I)) 6348
Parameters 318
R1

a, wR2 [I ≥ 2σ(I)]b 0.037, 0.104
Goodness of fit on F2 c 1.040
Rint 0.023
Largest diff. peak and hole, e/Å−3 0.39 and − 0.22
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and N2-C18-C19-C24 torsion angle values of -142.5 
(11)º and -142.47 (10)º. This conformation is due to the 
substituent effect at the terminal of the molecule, which 
involves the intermolecular hydrogen bonds [25, 26]. The 
bond lengths and bond angles are in normal ranges as tab-
ulated in Table 3 compared with the calculated values at 
the B3LYP level in the gas phase. In the crystal packing 
as illustrated in Fig. 3, the molecules are linked by inter-
molecular N2-H1N2⋯S1, C2-H2⋯O3, and C4-H4A⋯O2 
hydrogen bonds, forming  R2

2(8),  R2 (30), and  R2
2(10) 

graph-set motifs, respectively. These ring motifs further 
connect the molecules into a 2-dimensional plane and fur-
ther stabilised the crystal structure.

Hirshfeld Surfaces Analysis

The Hirshfeld population scheme is used to explore the 
packing modes and molecular shape in a crystalline envi-
ronment. Colour notation such as red, blue, and white are 
used in dnorm Hirshfeld surfaces to indicate intermolecular 
interactions in crystal structures, where red colour zones 
indicate contacts shorter than van der Waals radii, white col-
our zones indicate intermolecular distances equivalent to van 
der Waals contacts, and blue regions define contacts longer 
than van der Waals radii. [27]. The presence of red patches 
on the surface of ethynylated-thiourea (Th2) crystal struc-
tures suggests shorter contact to vicinal molecules in which 
the hydrogen bond interfaces type occurs between mole-
cules inside and outside the molecule surface. In addition, 
the various types of very light-red, light-red, and darkest 
spots on the dnorm Hirshfeld surfaces indicated the strength 
of hydrogen bond interaction, whether weak, medium, and 
strong respectively [28, 29]. The Hirshfeld surfaces for Th2 
depicted by the  dnorm function show multiple red patches 
suggesting tight interaction between atoms on the surfaces. 
Figure 4a-c illustrates the Hirshfeld surfaces mapped with 

Fig. 2  a The structure of Th2 
and b the planar view of the 
central carbonyl thiourea 
locked by the intramolecular 
N1-H1N1···O3 = C hydrogen 
bond

Table 2  Hydrogen bond geometry (Å/ º) of Th2

Symmetry codes: (i) − x + 2, − y + 2, − z + 1, (ii) − x, − y + 1, − z + 1, 
(iii) − x, − y + 1, − z

D-H…A D-H (Ǻ) H…A(Ǻ) D…A(Ǻ) D-H…A(º)

N1—H1N1···O3 0.900 (16) 1.824 (16) 2.6187 (12) 146.1 (15)
N2—H1N2···S1i 0.880 (17) 2.574 (17) 3.4153 (9) 160.2 (14)
C2—H2A···O3ii 0.95 2.49 3.1866 (12) 130
C4—H4A···O2iii 0.95 2.52 3.3180 (12) 142

Table 3  Experimental and theoretical (B3LYP) of the selected geo-
metric parameters for the Th2 

Geometrical Parameters Th2

B3LYP Exp

Bond length (Å)
 S1–C17 1.675 1.664 (10)
 O3–C18 1.235 1.228 (12)
 N1–C17 1.349 1.342 (12)
 N2–C17 1.409 1.392 (11)
 N2–C18 1.382 1.381 (12)
 C9–C10 1.217 1.204 (14)

Bond angles (°)
 C17–N2–C18 130.0 127.8 (8)
 N1–C17–N2 113.5 114.4 (8)
 N2–C18–C19 115.9 114.4 (8)
 O3–C18–N2 122.3 123.0 (9)
 S1–C17–N1 129.8 126.8 (7)

Torsion angles (°)
 C17–N1–C14–C15 − 178.7 − 142.5 (11)
 C17–N2–C18–O3 3.5 10.23 (17)
 C18–N2–C17–S1 179.5 170.3 (8)
 C18–N2–C17–N1 − 0.4 − 9.42 (15)
 N2–C18–C19–C24 − 159.8 − 142.47 (10)
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dnorm (a), shape index (b), and curvedness (c). The two larg-
est darkest red spots on the dnorm surface of compound 
Th2 corresponded to intermolecular N-HS = C interac-
tions, where the presence of strong spots is characteristic 
for the cyclic hydrogen-bond dimer motif. Another faint red 
patch corresponds to the C-HS = C interaction between the 
thiocarbonyl sulphur atom and the aromatic ring hydrogen 
(C-HS). Furthermore, due to the presence of methyl ester at 
the para position of the aromatic ring, an extra intermolecu-
lar C-H–O hydrogen bond is detected as a faint red spot in 
compound Th2.

The 2D FP found on the surface where the frequency 
of each combination of de and di is indicated. When the 
values of di > de, the region is corresponded to hydrogen 

bond acceptor, while when the values of de > di, the region 
is known to be hydrogen bond donor [30]. The 2D decom-
posed FP and relative influences of several intermolecular 
interactions to the Hirshfeld surface area of Th2 are shown 
in Fig. 5, where the FP can describe the highlight of spe-
cific atoms pair close contacts such as  H…H,  S…H,  O…H, 
 C…H, and  C…C, allowing the contributions from different 
types of interactions to be determined. The analysis of the 
deconstructed FP indicates that van der Waals forces  (H…H 
contacts) influenced the species packing in the structures. 
The  H…H interactions in Th2 account for 45.3% of the total 
Hirshfeld surfaces and are clearly apparent in the centre of 
the 2D FP. Aside from that, the HS/SH intermolecular inter-
actions in the 2D FP associated with C = SH represented 
N-HS interactions, marking one of the structures' closest 
contacts and interpreted as Th2's midmost red dots.

The H⋯S/S⋯H intermolecular interactions observed 
as sharp and long spike in the 2D FP accounting for 5.4% 
and 5.0% of the total Hirshfeld surfaces, accordingly. It is 
found that the moderate strength of withdrawing substitu-
tion COOMe (Th2) decreased the proportion of H⋯S/S⋯H 
hydrogen bond interactions slightly. The presence of 'wings' 
shape in the FP is a typical representation of C⋯H/H⋯C 
intermolecular interactions which indicates 27.3% of the 
total Hirshfeld surfaces for Th2. The  O…H intermolecular 
contacts in Th2 being one of the strong contacts due to the 
presence of C-H⋯O account for 10.8% of the overall Hirsh-
feld surface contacts.

1H and 13C Nuclear Magnetic Resonance (NMR) 
Spectra

The experimental 1H NMR data of the synthesised Th1 
and Th2 show two distinctive singlet resonances, corre-
sponded to amide NH group at δH 9.12 and δH 9.11 ppm, 
while for another NH thioamide group, the resonance 

Fig. 3  Packing diagram of Th2. 
The dashed lines denote inter-
molecular hydrogen bonds

Fig. 4  Hirshfeld surfaces mapped with dnorm (a) shape index (b) and 
curvedness (c) for Th2
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appears as singlet at δH 12.87 and δH 12.84 ppm for Th1 
and Th2, respectively. The resonances for both NH envi-
ronment observed at higher chemical shift region in the 
spectra because of the effect from the proton-nucleus that 
are deshielded with the most electronegative atom of nitro-
gen, sulfur, and oxygen. The downfield of amide protons 
(NH-C = O), caused by intramolecular hydrogen bonding 
and an anisotropic effect between the N–H and the oxygen 
atom of the C = O. [31, 32]. In fact, the occurrence of N–H 
resonances is the crucial part of the judgement and to prove 
the existence of thiourea motif.

The presence of aromatic protons can be seen as distinc-
tive multiplet resonances at δH 7.51–7.81 ppm for Th1 and 
δH 7.52–8.03 ppm for Th2. The characteristic of protons 
on aromatic are strongly affected by the anisotropic effect 
and the presence of different withdrawing substituent group 
(CN = Th1; (C = O)OCH3 = Th2) on the phenyl ring. Aro-
matic protons of Th2 shifted towards higher chemical shift 
due to the presence of a substituted carbonyl group that 
strongly deshield the proton nucleus. This is because the 
different strength of the electron-withdrawing group has a 
distinct ability to withdraw the electron density from the 
ring through resonance interaction. For instance, a singlet 
resonance appears at the downfield region at δH 1.36 ppm 
for both Th1 and Th2 as the protons are shielded by the 
electrons from tert-butyl protons. For Th2 compound, singlet 
deshielded resonance for methoxy proton was observed at 
δH 3.93 ppm.

In the 13C NMR spectra, the high-intensity resonances 
observed at δC 30.1 and δC 31.2 ppm represent carbon 

resonances for tert-butyl substituent for both compounds, 
Th1 and Th2, while the resonances at δC 34.0 ppm (Th1) and 
δC 35.3 ppm (Th2) were assigned as carbon resonance for 
tertiary carbon. The carbonyl (C = O) amide was assigned 
at δC 164.6 ppm for Th1 and δC 165.6 ppm for Th2 while δC 
177.0 ppm and δC 177.9 ppm attributed thione (C = S) for 
Th1 and Th2 respectively in the most deshielded signals in 
the 13C NMR spectra. This is due to the formation of intra-
molecular hydrogen bonding gives an effect on the increase 
in electronegativity of oxygen and sulfur atoms as their pres-
ence would cause a deshielding effect [33]. In fact, the chem-
ical shift for C = S located at the most deshielded region 
compared to C = O, because the carbon nucleus for C = S 
was affected by the presence of two nitrogen atoms substi-
tuted to the thione group [34]. In addition, the resonance 
for carbonyl ester (-C = O–O-R) observed at the deshielded 
region at δC 166.9 ppm. The sp carbon of internal alkynes 
(-C≡C-) gave two distinctive weak resonances in the range 
δC 86.9; 92.7 and δC 89.2; 91.9 ppm for Th1 and Th2. The 
aromatic carbon chemical shift for both compounds can be 
observed between range δC 110.3 – 137.7 ppm (Th1) and δC 
118.4–138.6 ppm (Th2).

Vibrational Analysis

Ethynylated-thiourea derivatives of Th1 and Th2, have five 
normal modes of vibration involving main stretching bonds, 
such as ν(NH), ν(C-N), ν(C≡C), ν(C = O), and ν(C = S) 
observed in the infrared spectra with characteristic intensi-
ties. Table 4 lists some selected experimental and theoretical 

Fig. 5  The 2D fingerprint plots of Th2
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vibrational data for Th1 and Th2. Absorption bands appear-
ing in the high energy region 3293 and 3313  cm−1, of the IR 
spectra are associated with the overlapping of antisymmetric 
and symmetric amides group (N–H) stretching modes. The 
observation of solely free N–H stretching vibration suggests 
that secondary amides are present in the solid [9, 35]. The 
second N–H stretching mode appears at lower wavenumber 
that expected for a typical amide group. This red shift is 
due to the formation of an intramolecular hydrogen bond 
between the hydrogen atom of the H-N–C = S group and 
the oxygen atom of the C = O group. The intense absorp-
tion bands appeared at 1651   cm−1 for both compounds 
correspond to the carbonyl amide (NH-C = O) stretch-
ing mode which in the same arguments with previously 
reported parent thiourea (RC(O)NHC(S)NHR') species 
occurring at region 1650–1700  cm−1 [30]. This low fre-
quency value for 1-acyl thiourea is usually explained as due 
to the conjugated resonance as well as the intramolecular 
hydrogen bonding between the carbonyl oxygen atom and 
a hydrogen atom from amide moiety. A second absorption 

appeared at 1723  cm−1 for Th2 is assigned to the carbonyl 
ester (C = O(OCH3) group. Apart from that, the inductive 
effect (+ I effect) from electron releasing group (-C(CH3)3) 
attached to the aromatic carbonyl increases the length of 
C = O bond which alternately decrease its force constant and 
the frequency of absorption. Besides, the (C-N) vibration 
of synthesised Th1 and Th2 can be assigned at 1364 and 
1405  cm−1, respectively, with the appearance of moderate to 
weak intensities bands. The presence of aromatic substitu-
tion shifted the values to a higher frequency because of the 
conjugation of the electron pair on nitrogen atom imparting 
double bond character to the C-N bond.

Moreover, the internal alkyne (C≡C) stretching absorp-
tion bands for Th1 and Th2 are observed at 2216 and 
2215   cm−1. While the medium intensities of IR bands 
were found at 832 and 834  cm−1 tentatively assigned to 
the absorption of ν(C = S) mode of Th1 and Th2, which in 
agreement with the literature data of other thiourea deriva-
tives [33, 34]. This relatively low frequency value observed 
for ν(C = S) is usually associated with the occurrence of 
intermolecular C = S⋯H–X hydrogen bonds in the solid 
[36].

Optical Studies

UV–Visible Absorption Studies

The UV–Vis spectra of both synthesised compounds Th1 
and Th2 were recorded in acetonitrile solvent (1 X  10–5 M), 
while the theoretical maximum absorption for both Th1 and 
Th2 were obtained using B3LYP in IEF-PCM phases. The 
experimental and theoretical maximum absorption of Th1 
and Th2 are reported in Table 5. The UV–Vis spectra of 
Th1 and Th2 exhibit two distinct bands, one at λmax 229 nm 
for both Th1 and Th2 and another overlapped bands at λmax 
325 and 326 nm for Th1 and Th2, accordingly. The first 
band corresponds to the π → π* transition of the conjugated 
molecular backbone and the other band can be assigned 
to the overlapping of π → π* and n → π* between the cen-
tral linker of the carbonyl (C = O), thione (C = S), amides 
(NH), internal alkyne, and the terminal electron donor 
group with electron acceptor and anchoring moieties [37]. 
Th1 and Th2 possess auxochromic substituents that lead to 

Table 4  Experimental, computed (B3LYP/6-31G (d, p) level of the-
ory) and the scaled vibrational analysis of Th1 and Th2

Calculated (Scaled) Exp

ν (N–H)
 Th1 3424 3293
 Th2 3205 3313

ν (C = O)
 Th1 1721 1651
 Th2 1682 1651

ν (C = O(OCH3)
 Th2 1739 1723

ν (C-N)
 Th1 1330 1364
 Th2 1345 1405

ν (C≡C)
 Th1 2234 2216
 Th2 2233 2215

ν (C = S)
 Th1 719 832
 Th2 709 834

Table 5  Experimental and 
calculated absorption data and 
major contributors of molecular 
orbitals for Th1 and Th2

Compound Wavelength 
(nm)

ΔE (eV) Oscillator 
strength (f)

MO, Major contribution (%) Electronic 
transition

Exp Calc Exp Calc

Th1 325 384 3.47 3.60 1.0988 HOMO → LUMO (98%) S0 →  S1

229 341 0.4678 HOMO → LUMO + 1 (96%) S0 →  S2

Th2 326 390 3.49 3.49 0.9535 HOMO → LUMO (98%) S0 →  S1

229 342 0.6942 HOMO → LUMO + 1 (97%) S0 →  S2
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a significant red shift in absorption spectra, mainly due to 
the presence of a strong chromophore group which contrib-
utes to the enhancement of the π-system through resonance 
effects. In fact, red-shifted imparts because of its flexible 
structure since the interchain distances increased linearly 
as the conjugation length decreased as well as due to the 
presence of partially double bond of thione (C = S) func-
tional group that block or hinders the conjugation system 
of the molecular framework. From the calculated UV TD-
DFT, there were two calculated transitions for Th1 and Th2 
with relevant oscillator strength (f > 0.05), correlated with 
HOMO → LUMO and HOMO → LUMO + 1 transition with 
more than 90% contribution. The first and second theoretical 
bands of electronic transitions (λmax) were obtained at 341 
and 384 nm for Th1, while 342 and 390 nm for Th2. This 

transition occurs from bonding orbital of sulfur and phenyl 
moieties in ethynyl linker to the anti-bonding orbital of sub-
stituted benzyl ring.

DFT and Experimental Optical Energy Band gap 
 (Egap)

By using the equation as stated in Eq. (1), the α (λ) absorp-
tion coefficients of both Th1 and Th2 with different with-
drawing substituents were measured.

where A denotes absorbance values from optical UV–Vis 
spectra and d denotes the thickness of the cuvette employed 
in this study, because both Th1 and Th2 UV–Vis samples 
were in the solution phase. The typical Tauc plot of (αhν)2 
(eV  cm−1)2 versus hν (eV) in solution phase of Th1 and 
Th2 in acetonitrile as illustrated in Fig. 6, indicate that the 
direct allowed transitions of the electron. Indeed, the opti-
cal energy band gap (Egap) is assessed by extrapolating the 
linear region to the x-axis. Therefore, the theoretical opti-
cal energy band gap values are as listed in Table 5. From 
Table 4, the experimental energy band gap values of both 
Th1 and Th2 are found to be 3.47 and 3.49 eV, respectively. 
From the results, the differences in withdrawing groups CN 
and COOMe do not much affect the value of the energy band 
gap. This is because, both CN and COOMe have the same 
strength of ‘pulling’ effect within the molecular framework 
and experience a blue shift in band gap energy.

Theoretical calculation from DFT B3LYP/6-31G (d, p) 
level of theory at ground state, the HOMO, LUMO energies, 
calculated energy band gap and the molecular orbitals plot 

(1)�(�) = 2.303

(

A

d

)

Fig. 6  Tauc plot of Th1 and Th2 for allowed direct transition energy 
band gap

Fig. 7  The calculated molecu-
lar orbital plot of HOMO and 
LUMO energies with frontier 
molecular orbitals (FMOs) 
contributions
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of both Th1 and Th2 are shown in Fig. 7, where the theoreti-
cal diagrams are plotted with the counter value of 0.02 a.u., 
where the green colour indicates positive and red colour 
represents negative values of electron density distribution 
plots of HOMO and LUMO reveals the typical π-molecular 
orbitals characteristics, attributed to the π → π* electronic 
transition type from the lowest state to the next excitation 
state. HOMO of Th1 and Th2 indicate the electron density 
localise on the ethynylated-thione substructure, while for 
LUMO, electrons localise throughout entire molecular struc-
ture except at tert-butyl substitution. The calculated energy 
band gap values for Th1 and Th2 are 3.60 and 3.49 eV 
respectively. As a result, the energy band gap  (Egap) values 
and optical transparency of compounds with lower  Egap can 
be primarily chosen in the field of optoelectronics materials.

Natural Bond Analysis (NBO)

The strong electronic delocalization envisaged for the 
studied molecules invite to perform a population analysis 
using the NBO approach for determining internal electron 
donations in terms of donor–acceptor interactions between 
occupied and formally vacant orbitals. Both compounds 
exhibit pure p-type [lpp(N)] lone pair orbitals localised on 
both C = O(NH) and C = S(NH) nitrogen atoms with less 
electron possessions, particularly the latter (1.637/1.637 and 
1.585/1.584 e for the lpp(NC = O) and lpp(NC = S) of Th1 
and Th2, respectively), indicating their ability of electron-
donating characteristic. These orbitals donate electronic den-
sity to the orbitals of antibonding on the C = O and C = S 
bonds, π*(C = O) and π*(C = S), accordingly, in the typi-
cal resonance interactions found for amide and thioamide 
structures. Delocalizing interactions are assessed using a 
second-order perturbation method  (E(2) values) indicates 
that the amide  lpp(N) provides a strong resonance interac-
tions with neighbouring π*(C = O) and π*(C = S), amount-
ing to 59.6/59.4 and 56.2/55.7 kcal/mol, for Th1 and Th2, 
respectively. A strong interaction occurs inside the thio-
amide group, with  lpp(N) → π*(C = S) interaction energies 
of 90.2 and 90.6 kcal/mol, for Th1 and Th2, respectively, 
in accordance with associated values for 1-acyl thioureas 
derivatives [31].

In previous work, we have demonstrated that the intra-
molecular C = O···H–N hydrogen bond in 1-acyl- thioureas 
can be studied using the hyperconjugative interaction, which 
involves the partial transfer of a lone pair of oxygen atom 
electrons to the N–H antibonding orbital. [38]. The exist-
ence of lpO*(N–H) distant interaction, corresponding to 
21.8/21.4 kcal/mol for the S conformation of the Th1 and 
Th2 species, is shown by the second-order perturbation anal-
ysis of the Fock matrix [B3LYP/6-31G (d,p) level of theory]. 
To the best of our knowledge, these donor–acceptor energy 
interactions are the highest values determined for 1-acyl 

thioureas, with usual  E(2) values in the range 8–10 kcal/
mol. For comparison, similar lpO → σ*(N–H) interaction in 
acetamide derivatives, namely benzenesulfonylamin amount 
up to ca. 9.5 kcal/mol [39].

Electrochemical Properties

Due to its attractive electrochemical characteristic, thio-
urea derivatives have often been introduced to be applied 
in diverse advanced materials application such as electroca-
talysis, electroanalysis as well as biosensing devices [40]. 
The cyclic voltammograms of Th1 and Th2 are shown in 
Fig. 8. The reversibility characteristic of electrochemical 
properties was judged depends on two parameters which are 
ΔEp separations (ΔEp = Epa – Epc) compared to FcH/FcH+ 
couple under similar conditions and the anodic to cathodic 
peak ratios  (Ipa/Ipc = 1). Experimental condition was carried 
out under constant scan rates for Th1, and Th2 gave the 
anodic and cathodic peak separations (ΔE) were found to 
be 1.67 and 1.51 V, larger than the ideal value of 0.06 V, 
while, the ratios of the anodic (Ipa) to cathodic (Ipc) peak 
currents ≠ 1, turned out to be 1.06 and 0.27, indicating that 
compounds Th1 and Th2, respectively, undergo irreversible 
redox potential process. Compounds Th1 and Th2 exhibit 
similar cathodic and anodic peaks potential, which indicate 
that their differences in withdrawing substitution of both CN 
and COOMe on phenyl ring have a weak influence on their 
electrochemical properties.

Thermal Analysis of Th1 and Th2

The thermal behaviour of ethynylated-thiourea derivatives 
(Th1 and Th2) have been studied by means of thermogravi-
metric analysis (TGA) to assess the chemical stability of 
both Th1 and Th2 in solid-state. From the thermogram 

Fig. 8  Cyclic voltammogram of Th1 and Th2 in  CH2Cl2 with 0.1 M 
TBAP as supporting electrolyte and a scan speed of 50 mV/s
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(Fig. 9) Th1 and Th2 demonstrated high thermal stability 
from which they are stable up to 210 and 213 °C (onset 
temperature,  Td) respectively, exhibit two stages of weight 
loss, including their weight remaining as residue. There is no 
weight loss occurs below 100 °C suggesting that no crystal-
lization water or solvent molecules occurs in the solid. The 
first decomposition stage occurs in the temperature range 
213–423 °C (Th1) and 210–412 °C (Th2) due to the deg-
radation of 1-(acyl)-amide moiety with their weight loss of 
48.77% (weight loss calculated 40.27%) and 46.55% (calcu-
lated 46.80%). The second step of degradation for Th1 and 
Th2 are compatible with a weight loss of 42.02% (calculated 
40.27%) and 37.89% (calculated 37.45%), respectively, in 
which attributed to the decomposition of mix major moie-
ties such as internal alkyne, ammonia molecules, aromatic, 
hydrocarbons, the substituted functional group of CN and 
COOMe. The remaining weight loss (final residue) of 9.13 
and 3.00% for Th1 and Th2 which may arise due to the for-
mation of  NH3 molecule because of a mechanism simultane-
ous by a migrating of the NH hydrogen atoms and the cleav-
age (homolyses) of C-N bonds [41] (Duan et al. 2011), as 
well as carbonyl, sulfur and char residue of acetylene bond. 
Char residue occurs due to the presence of aromatic rings 
in the compounds which cannot be further dissociated into 
smaller volatile fragments and remain there at the highest 
temperature of the TGA analysis. Thus, the hybrid system 
of ethynylated-thiourea derivatives decomposes at a slightly 
higher temperature  (Td) that non-hybrid thiourea system 
as reported previously [42]. This highly thermal stability 
agrees with the rigidity C≡C and nearly planar structure of 
ethynylated-thiourea, favour in the way the donor–acceptor 
interactions through the intramolecular, N–H…O = C and 
hydrogen bonds. Indeed, the acceptor–donor interactions 
discovered that the lone pair orbital leads to an intensive 
resonance interaction with the carbonyl bond and an aryl 

group, resulting in the "amide resonance," which strengthens 
the bond and gives thiourea compounds a greater interaction 
energy. [43].

Conclusion

Two new derivatives of ethynylated-thioureas featuring 
different withdrawing substitution groups, namely, 4-tert-
butylbenzoyl-3-(4-cyanoethynyl-phenyl)-thiourea (Th1) 
and 4-tert-butylbenzoyl-3-(4-methylester-ethynyl-phenyl)-
thiourea (Th2) have been synthesised and fully characterised 
by several selected spectroscopic and analytical methods. 
The conformational and structural properties of Th1 and 
Th2 were elucidated by using single-crystal X-ray diffrac-
tion analysis. The conformation of the molecular structures 
indicates the central carbonyl thiourea moiety C(O)NHC(S)
NH is stabilised by the presence of a strong intramolecular 
hydrogen bond possess the formation of the six-membered 
ring. The TD-DFT calculation assisted the assignment of 
electronic transitions observed in the UV–visible absorption 
spectrum. The HOMO–LUMO energy gap for Th1 and Th2 
are calculated to be 3.60 and 3.49 eV, respectively, in same 
finding with experimental energy gap from the Tauc plot. 
The bands observed in the IR spectra allow assigning the 
main vibrational features correlated with the focal point of 
1-acyl thiourea group in the S-conformation, in good agree-
ment with the computed spectra. For thermal analysis, Th1 
and Th2 are thermally stable up to ca. 210 °C and decom-
poses in two steps of the degradation process. The Hirshfeld 
surface analysis and 2D fingerprint plots were investigated 
to determine the occurrence of molecular interaction within 
the molecule. Results obtained from Hirshfeld indicated that 
 H…H and  C…H interactions are the major contributors in 
the crystal packing for Th1 and Th2 molecular structures. 
Electrochemical data indicated that Th1 and Th2 undergo 
irreversible redox potential reaction.
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