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a b s t r a c t

The new derivative 1-hexanoyl-3-(4-p-tolylethynyl-phenyl)-thiourea (APHX) was synthesised by the
addition reaction between 4[4-aminophenyl] ethynyltoluene and hexanoyl isothiocyanate in acetone.
The acetylide group was incorporated by using Sonogashira cross-coupling reaction allowing for the
preparation of acetylide-thiourea compound. APHX was then elucidated via single crystal X-ray crys-
tallography analysis, spectroscopic and elemental analysis by Fourier Transform Infrared (FT-IR) spec-
troscopy, 1H and 13C Nuclear Magnetic Resonance (NMR), UVevisible analysis, CHNS-elemental analysis.
APHX was also evaluated theoretically via density functional theory (DFT) approach. APHX was fabri-
cated onto glass substrate via drop-cast technique prior to act as optical thin-film and its performance as
volatile organic compounds (VOCs) sensor was investigated through the difference in UVevis profile
before and after exposure towards benzene. Preliminary findings revealed that APHX showed interaction
towards benzene with about 48% sensitivity. According to thermogravimetric studies, APHX showed
good thermal stability, without decomposition up to ca. 190 �C. Whilst, crystal structure of APHX consists
in a nearly planar acylthiourea moiety with the C]O and C]S bonds utilizing trans position, favoring by
an intramolecular NeH/O]C hydrogen bonds. The alkyl chain is oriented 90� with respect to acylth-
iourea group. The phenyls group in the 1-methyl-4-(phenylethynyl)benzene moieties are mutually
planar and slightly twisted with respect to the acylthiourea plane. Centrosymmetric dimers generated by
intermolecular NeH/S]C and CeH/S]C hydrogen bonds forming R2

2 (8) and R2
1(6) motifs are present

in the crystals. The interaction between APHX with benzene has been modelled and calculated using
density functional theory (DFT) via Gaussian 09 software package and the preferred sites of binding are
located at the acylthiourea group.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The existence of toxic volatile organic compounds (VOCs)
namely toluene, methanol, acetone, and benzene in most work-
place environment have resulted the death of many workers who
were directly exposed to VOCs over the last century [1]. Benzene
particularly is known to be one of the human carcinogenic
airul).
substances classified as Group A as both acute and chronic health
hazard [2e5] on humans depending on VOCs analyte concentration
and time of exposure. It can cause serious health effects in human
for instance, eye inflammation, headaches, cancer, and other organ
damages [6]. Therefore, there are growing demands to develop
class of new gas sensors or at least improving the sensing proper-
ties of the existing sensingmaterials [7,8]. Thus, serious efforts have
been actively carried out to propose and develop new active
sensingmaterials with enhanced sensing properties, as alternatives
to the existing sensingmaterials with utmost performances in term
of sensitivity, selectivity, and reproducibility.
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In previous occasions, VOCs (benzene) analyte has been detec-
ted by carbon nanotubes based materials [9,10], conductive poly-
meric system [11e13], and metal oxides derivatives [14e16], which
needs special treatments like large instrumentation, high operating
temperature, and inert environment in order to be operated.
Indeed, the developments of alternative, robust and well-defined
sensing materials for the detection of VOCs have become the sub-
ject of demand in current situation. In this work, we introduce the
unique ability of acetylide-thiourea derivative to be employed as
active sensing material for VOCs detection. This is due to the ben-
efits of using single-molecular based system inwhich themolecular
framework can be easily designed and tuned to be suited with the
selected analyte of interest [17]. It also should be able to operate at
room temperature under ambient atmosphere, exhibit ease of
synthetic work-up and offer ease of deposition method [18] with
high chemical stability [19].

Thiourea derivatives are known as versatile ligands which have
ability to bind with metal ions in various coordination modes to
form stable complexes [20] depending on various factors such as,
conformational isomerism, steric effects, the presence of donor
chelating site on the substituent groups and intramolecular inter-
action. Consequently, this fact on thiourea derivatives have gained
interest in the complexation properties of carbonyl (C]O) and thiol
(C]S) [21]. For instance, thiourea derivatives resulting as
substituted benzoylthiourea introducing acetylide (C^C) moiety is
known to be promising compounds in materials chemistry due to
their ability in the formation of intra and intermolecular hydrogen
bonds of NeH proton donor group to carbonyl oxygen and sulphur
atoms which indeed enhanced the electron rich properties in mo-
lecular structures [22].

There are increasing interests in the respect of structural and
conformational elucidation of hybrid moieties of thiourea de-
rivatives since they are known as a crucial part for acetylide-
thiourea derivatives to be developed as chemosensors either as
anion recognition [23] or gas detection [24]. In particular, acetylide-
thiourea and gases molecules participate in sensing behaviour via
van der Waals interaction [25], indeed playing an important role to
act as molecular wires exhibited donor-p-acceptor (D-p-A) prop-
erties. In fact, it is well-known that the planar structure of C(O)
NHC(S)NH moiety, favoured for acyl/aroyl acetylide-thiourea de-
rivatives, with trans orientation between C]O and C]S. Thus, a
pseudo six-membered ring is occurred in this conformation, related
with the formation of a C]O/HeN intramolecular hydrogen bond.

Both, thiourea and acetylide motifs are commonly been widely
investigated in various advanced materials applications [26e29].
Important applications are based on their capacity for electronic
transport throughout molecular backbone favoured by rigid p-
conjugated systems. In addition, the ability of thiourea derivatives
to bind with other targeted analytes such as metals [23] or gas
molecules [24] via thione (C]S) or carbonyl (C]O) groups make
them applicable as molecular sensors. The presence of lone pair
electrons in N, O, and S atoms which implicate the resonance effect
of electron delocalisation throughout conjugated molecular system
which lead to the active molecular system contained rich electron
density properties.

In this contribution, a new derivative containing both acetylide
Fig. 1. Molecular structure of APHX.
and thiourea groups, namely 1-hexanoyl-3-(4-p-tolylethynyl-
phenyl)-thiourea (APHX), see Fig. 1, has been successfully prepared
and characterized. APHX consists of donor-p-donor (D-p-D) sys-
tem with hybrid functional substructures including conjugated
double and triple bonds together with reactive carbonyl (C]O) and
thiocarbonyl (C]S) groups, which supposed to play significant role
to afford an ideal interaction with VOCs. Thus, the compound has
been further used as active material in the preparation of thin-film
onto glass substrate entrappedwith PVC for VOCsmolecular sensor.
Moreover, spectroscopic studies of the fluctuations in electronic
transition profiles of the material in the form of thin-film exposed
to benzene have been performed. APHX has shown to be a good
candidate for the detection of benzene in gas phase, with high
sensitivity and fast response. To support the findings, the stabili-
sation energy and interaction geometry between APHX and ben-
zene have been modelled by using quantum chemical calculations.

2. Experimental

2.1. Materials

Solvents, chemicals and reagents used in this study namely
acetone, acetonitrile, chloroform, dichloromethane, methanol,
triethylamine, 4-iodoaniline, ethynyltoluene, palladium(II) chlo-
ride, copper(I) iodide, ammonium thiocyanate, and hexanoyl
chloride were commercially purchased from local suppliers as
analytical reagents such as Fisher Scientific, Merck, HmbG®

Chemicals and R&M Chemicals. They were used as received
without any further purification carried out. Besides, all reactions
involved were executed under an ambient atmosphere without
precaution steps to omit humidity during experimental work-up.

2.2. Characterisation and instrumentation

Fourier Transform Infrared (FT-IR) analysis was analysed via
Perkin Elmer 100 FT-IR spectroscopyusing potassiumbromide (KBr)
pelletswithin spectral range 4000-450 cm�1. For structural analysis,
1H and 13C Nuclear Magnetic Resonance (NMR) spectra were
recorded in CDCl3 using Bruker Avance III 400 Spectrometer in the
presence of trimethylsilane (TMS) as internal standard in the range
dH 0e15 ppm and dC 0e200 ppm respectively. In addition, for
electronic transition analysis, the compound was characterised via
UVevisible analysis using Shimadzu UVeVis in 1 cm3 cuvette.
Meanwhile, for structural elucidation, the crystallographic structure
for X-ray analysis was analysed on Bruker SMART APEXII Duo CCD
area-detector diffractometers usingMoKa radiation (l¼ 0.71073Å).
Afterwards, thermogravimetric analysis was carried out using
Perkin-Elmer TGA analyzer from 30 to 900

�
C at a heating rate 10

�
C/

min under nitrogen flow consistently. Lastly, density functional
theory (DFT) was calculated for final molecule using Gaussian 09 at
the theoretical level of DFT B3LYP/6-31G (d,p) to calculate HOMO-
LUMO behaviours as well as to evaluate the stabilisation energy
(kJ/mol) and interaction distance between synthesised compound
and targeted analyte (benzene).

2.3. Sonogashira cross-coupling reaction: synthesis of 4[4-
aminophenyl] ethynyltoluene (APE)

Reaction work-up details with respect to the synthesis of pre-
cursor (APE) followed as stated in the previous literature [24]. Into
a 100 ml round bottom flask was charged 4-iodoaniline (3.0 g,
13.7 mmol), ethynyltoluene (3.28 ml, 25 mmol), triethylamine
(10 mL), and water as a solvent (30 mL) via Pd(PPh3)2Cl2/CuI-cat-
alysed (0.05 mmol%). The flask was put at reflux to 180

�
C for 24 h.

The reaction was monitored by using thin layer chromatography
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(TLC) in solvent system (hexane: methylene chloride: 3:2). Later,
the resulting solution was poured into a separation funnel and the
organic phase was extracted via liquid-liquid extraction method
using methylene chloride (CH2Cl2). Sodium sulphate (Na2SO4) was
added into the collected organic phase to get rid of watermolecules
and evaporated under vacuum leaving the crude product. The
crude product was then purified via column chromatography
(hexane: methylene chloride: 7:3). Evaporation of solvents under
reduced pressure afforded the product of APE (0.45 g, 95% yield) as
brown solid. C15H13N requires: C, 86.95; H, 6.28; N, 6.76. Found: C,
87.59; H, 6.41; N, 6.77%. 1H NMR (CDCl3), 400.11MHz): d 2.34 (s, 3H,
CH3); 3.77 (s, br, 2H, NH2); 6.62 (pseudo-d, 3JHH ¼ 9 Hz, 2H, C6H4);
7.13 (pseudo-d, 3JHH ¼ 8 Hz, 2H, C6H4); 7.31 (pseudo-d, 3JHH ¼ 9 Hz,
2H, C6H4); 7.37 (pseudo-d, 3JHH ¼ 8 Hz, 2H, C6H4). 13C NMR (CDCl3,
100.61 MHz): d 21.5 (CH3); 87.4, 89.3 (C^C); 112.8, 116.7, 122.8,
129.0, 133.2, 134.9, 137.7, 146.5 (Ar).
2.4. Synthesis of 1-hexanoyl-3-(4-p-tolylethynyl-phenyl)-thiourea
(APHX)

The general synthetic pathway to synthesis APHX is as shown in
Scheme 1. Hexanoyl chloride (0.325 g, 2.42 mmol) in 10 ml acetone
was put to react along with ammonium thiocyanate solution
(0.184 g, 2.42 mmol) in 10 ml of acetone. The reaction was put at
reflux for ca. 4 h to give clear solution and white precipitate of
ammonium chloride. The dissolved APE in 10 ml acetone was later
charged into the reaction mixture and refluxed for another ca. 4 h.
Once reaction adjudged completion by using thin layer chroma-
tography (TLC) in solvent system (hexane: methylene chloride:
3:2), the mixture was cooled to ambient temperature and filtered
into beaker containing ice cubes and yellow precipitate was ob-
tained. It was recrystallized from acetonitrile to afford pale
yellowish crystalline solids of APHX (0.38 g, 70% yield). C22H24N2OS
requires: C, 72.51; H, 6.59; N, 7.62; S, 8.42. Found: C, 72.06; H, 6.65;
N, 7.62; S, 8.42%. 1H NMR (CDCl3), 400.11 MHz): d 0.93 (s, 3H, CH3);
1.36 (m, 4H, CH2); 1.70 (m, 2H, CH2); 2.38 (t, 5H, CH2CH3); 7.17
(pseudo-d, 3JHH ¼ 8 Hz, 2H, C6H4); 7.41 (pseudo-d, 3JHH ¼ 8 Hz, 2H,
C6H4); 7.55 (pseudo-d, 3JHH ¼ 8 Hz, 2H, C6H4); 7.70 (pseudo-d,
3JHH ¼ 8 Hz, 2H, C6H4); 8.75 (s, 1H, NH); 12.50 (s, 1H, NH). 13C NMR
(CDCl3, 100.61 MHz): d 13.90 (AreCH3); 21.5 (CH2CH3); 88.2, 90.2
(C^C); 120.0, 121.8, 123.4, 125.1, 128.3, 129.8, 131.0, 133.1 (CeAr);
174.2 (C]O); 177.7 (C]S).
Scheme 1. General synthetic work-up to obta
2.5. Fabrication of APHX on glass substrate

APHX was fabricated on the glass surface via drop-casting
method. The solution was prepared in 5% w/w ratio of APHX
which included polyvinyl chloride (PVC) and tributylphosphate as
plasticizer in 5 ml tetrahydrofuran (THF) with continuous stirring
for ca. 3 h to achieve complete homogeneity. The obtained films
were kept in a dried and closed desiccator to avoid any undesired
interaction with any gas in atmosphere. Properties of absorption
spectra of the thin film before and after exposure were compared to
determine the response towards selected VOC (benzene).

2.6. Investigation of sensing performance

The response of APHX thin film as optical gas sensor in four
different time intervals was investigated by APHX thin film was
exposed to vapor of benzene in a close vessel and measured in-situ
by using UVevisible spectrophotometer (Shimadzu 1601 series).
The obtained absorbance values were used to calculate the
response of APHX thin film towards benzene using Equation (1),
where A(vap) represents the absorbance of thin film after exposed
to vapours of benzene, A(ref) represents the absorbance of APHX
thin film before exposed to benzene, and S represents the per-
centage response of APHX with benzene.

S ¼ jAðvapÞ � AðrefÞj
AðrefÞ � 100 (1)

2.7. Structure refinement and X-ray data collection of APHX

X-ray analysis of a suitable yellowish needle-shape single crystal
(0.62 mm � 0.16 mm x 0.13 mm) was performed on Bruker SMART
APEXII Duo CCD area-detector diffractometers using MoKa radia-
tion (l ¼ 0.71073 Å). Data collection was performed using the
APEX2 software [30]. For the cell refinement and data reduction
process, the SAINT software [31] was used. The molecular structure
of APHX was solved by direct method using the program SHELXTL
[31] and refined by full-matrix least squares technique on F2 using
anisotropic displacement parameters by SHELXTL [31]. The
empirical absorption correctionwas applied to the final crystal data
using the SADABS software [30]. All geometrical calculations were
 
in acetylide-thiourea derivative (APHX).



W.M. Khairul et al. / Journal of Molecular Structure 1139 (2017) 353e361356
carried out using the program PLATON [32] and the 3-dimensional
molecular graphics were drawn using SHELXTL [31] and Mercury
program [33]. The non-hydrogen atoms were refined anisotropi-
cally. In this compound, all the hydrogen atoms were positioned
geometrically with CeH bond distance of 0.93 Å and refined using
riding model where the isotropic displacement parameters set to
1.2(C) and 1.5(Cmethyl) times the equivalent isotropic U values of the
parent carbon atoms. In addition, a rotation model (AFIX 137) was
applied to the methyl groups. The N-bound hydrogen atoms was
located in a difference Fourier map and refined freely [refined NeH
distance¼ 0.758 (19)e 0.81 (2) Å]. In the final refinement, themost
disagreeable reflection was omitted (0 0 1). The relevant refine-
ment parameters of APHX are listed in Table 1. Crystallographic
information file has been deposited in Cambridge Structure data-
base (CCDC 1500205).

3. Results and discussion

3.1. Crystallographic structural analysis of APHX

A yellow needle-shape crystal of 1-hexanoyl-3-(4-p-tolyle-
thynyl-phenyl)-thiourea (APHX) was crystallised from slow evap-
oration process in acetonitrile at room temperature. The molecular
structure of 1-hexanoyl-3-(4-p-tolylethynyl-phenyl)-thiourea
(APHX) was determined by the result of a single crystal X-ray
structure determination as triclinic crystal system in P-1 space
group; unit cell, a ¼ 9.5729(4)Å, b ¼ 11.5325(5)Å, c ¼ 18.9624(8)Å,
a ¼ 100.903(2)�, b ¼ 96.351(2)�, g ¼ 90.064(2)� and Z ¼ 4. The
molecular structure of APHX is shown in Fig. 2. The asymmetric
unit of APHX contains two crystallographically independent mol-
ecules, A and B. The molecules (A and B) adopt trans-cis configu-
rations with respect to the position of the hexanoyl (O1/C17eC22)
and 1-methyl-4-(phenylethynyl)benzene (C1eC15) moieties
Table 1
Crystal data and structure refinement.

Refinement parameters

CCDC deposition numbers 1500205
Molecular formula C22H24N2OS
Molecular weight 364.49
Crystal system Triclinic
Space group P-1
a/Å 9.5803 (9)
b/Å 11.5178 (10)
c/Å 18.9403 (17)
a/� 100.903 (2)
b/� 96.394 (2)
g/� 90.107 (2)
V/Å3 2038.9 (3)
Z 4
Dcalc (g cm�3) 1.187
Crystal Dimensions (mm) 0.62 � 0.16 � 0.13
m/mm�1 0.17
Radiation l (Å) 0.71073
F(000) 776
Tmin/Tmax 0.902/0.978
Reflections measured 46996
Ranges/indices (h, k, l) h ¼ �12 / 12

k ¼ �14 / 14
l ¼ �24 / 24

q limit (�) 1.8e27.6
Unique reflections 9424
Observed reflections (I > 2s(I)) 5430
Parameters 489
R1
[a], wR2

[b][I � 2s(I)] 0.049/0.152
Goodness of fit [c] on F2 1.02
Rint 0.044
Largest diff. peak and hole, e/Å�3 0.22 and �0.20

[a-c] represent unit cell parameters in x-ray crystallography.
relatively to the thiocarbonyl sulphur (S1) atom across the C16eN2
and C16eN1 bonds, respectively. Fig. 2 (a) shows bothmolecules (A
and B) are stabilized by the intramolecular NeH/O and CeH/S
hydrogen bonds (Supplementary Information 1) which leads to the
formation of two six-membered closed loop with graph set nota-
tions, S(6). This pseudo ring motif has been recognized as a key
factor for the molecular conformation since it forms the barriers to
single bond rotating and further favouring a nearly planar
arrangement [34]. In molecule A, the maximum deviation from
local planarity of the carbonyl thiourea [eC(O)NHC(S)NHe] group
is 0.0158(16)Å at atom N2A while the corresponding maximum
deviation value is 0.0189(19)Å at atom C17B in molecule B. This
nearly planar carbonyl thiourea moiety forms dihedral angles of
82.64(16)� and 27.12(7)� with the alkyl chain (C18A-C22A) and 1-
methyl-4-(phenylethynyl)benzene moiety (C1A-C15A) in mole-
cule A. Meanwhile, in molecule B the nearly planar carbonyl thio-
urea plane makes dihedral angles of 81.61(16)� and 28.98(16)� with
C18BeC22B and C1BeC15B, respectively. Both molecules are found
to be slight twisted at the C19eC18eC17eO1 and C14eC13e
N1eC16 torsion angles of 18.3(3)� and 29.9(3)� in molecules A
and �18.1(3)� and 28.9(3)� in molecule B. The twisted structure of
the molecules is shown as in Fig. 2 (b). Additionally, the dihedral
angles between the benzene rings (C2eC7 and C10eC15) are
0.65(10)� and 1.23(9)� in molecule A and B, respectively.

Table 2 lists the selected bond lengths and angles where all bond
lengths and angles are found to be very close with the previously
reported structures of carbonyl thiourea [35e37]. The molecular
structure of APHX subsists as thione form with typical thiourea
moieties of C]O and C]S double bonds as well as the shortened of
CeN bond lengths. In molecules A and B, the carbonyl (C17eO1)
bond lengths are found to be 1.213(2)Å whereas the thiocarbonyl
(C16eS1) bond lengths are 1.6657(18)Å in A and 1.6635(18)Å in B,
showing the typical double bond characters. The CeN bond lengths
(N1eC16, C16eN2 and N2eC17) of the investigated thiourea de-
rivative of APHX are all shorter than the average single CeN bond
length (1.48 Å) and slightly longer than the double CeN bond
length (1.32 Å) where the values are 1.331(2)Ǻ, 1.387(2)Ǻ and
1.375(2)Ǻ in molecule A, respectively. The corresponding bond
length values in molecule B are 1.333(2)Ǻ, 1.388 (2)Ǻ and 1.371(2)Ǻ.
The varying degrees of in these CeN bond lengths indicate the
partial electron delocalization within the N1eC16eN2eC17 frag-
ment. In both molecules, the N1eC16 bond lengths is longer than
N1eC16 bond lengths which is probably due to the electron
withdrawing effect of the carbonyl group [38]. Furthermore, the
bond angles values of C13eN1eC16 [molecule A ¼ 130.11 (16)� and
molecule B¼ 130.06 (16)�] and C16eN2eC17 [molecule A ¼ 129.62
(17)� and molecule B ¼ 129.65 (17)�] show the sp2 hybridization on
atoms N1 and N2.

In the crystal packing of APHX (Fig. 3), intermolecular
C18BeH18C/S1A, N2BeH2NB/S1A and N2AdH2NA/S1B
hydrogen bonds (Supporting Information 1) link the molecules into
a centro-symmetric dimers [39] forming R22(8) and R21(6) graph-
set motifs [40]. These dimers are stacked along the a-axis. The
crystal structure is consolidated by the intermolecular CeH/p
interactions (see Supporting Information 1) and further link the
dimers into an infinite one-dimensional column parallel to the a-
axis.

3.2. Spectroscopic studies

FT-IR analysis of APHX showed five characteristic bands for the
acyl-thiourea and acetylide groups, namely; n(NeH), n(C^C),
n(CeH), n(C]O), and n(C]S). The band occurring at 3185 cm�1 can
be consigned to the vibration of functional group (NeH) in the
secondary thioamide group. The value shifted to the low



Fig. 2. (a) APHX molecular structure diagram with 50% ellipsoids probability of the compound embedded with atomic numbering scheme and dashed lines represent the
intramolecular hydrogen bonds (b) The twisted view of the molecules A and B.
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wavelength indicated the behaviour of intramolecular hydrogen
bonding [41,42]. Strong absorption band of the (C]O) stretching
vibration is located at 1653 cm�1 [43,44] a slightly lower values
from ordinary amide carbonyl absorption (1670 cm�1), probably
due to the effects of intramolecular hydrogen bonding with NeH
and electron donating presence (alkyl group) in which weakened
the carbonyl bond. Additionally, persistence of a band at around
2935 cm�1 was due to the presence of (CeH) stretching vibration of
alkyl chain. The band expected from the acetylide group (C^C)
occurred at 2215 cm�1 in good agreement with previous literature
for related kind [45]. The thiourea group shows the occurrence of a
band at 743 cm�1 allocated to the n(C]S) with partially double
bond character and low nucleophilic character of sulfur atom
[46,47].

3.3. UVevisible studies and frontier molecular orbitals of APHX

The absorption spectrum of APHXwas carried out in acetonitrile
which comprises two major bands as shown in Fig. 4. The strongest
band occurred in the region of 275 nm (ε ¼ 50,000 L mol-1 cm�1)
which was assigned predominantly due to pep* transition which
was expected to arise from phenyl rings and acetylide (C^C)
moieties. In fact, the pep* transition shifted to longer wavelength
due to the effect of p-conjugation of acetylide derivatives. Partic-
ularly, the second band appeared in the region of 330 nm
(ε ¼ 30,000 L mol-1 cm�1), was assigned also as pep* transition
which was consigned for the presence of amine (NeH), carbonyl
(C]O) and thione (C]S) moieties [48]. Consequently, the energy
band gap (Eg) of APHX was calculated from the UVevis absorption
maximum (lmax) of the compound within range 200e500 nm.
From UVevis data, the Eg for APHX is 3.75 eV in which APHX is
classified as semiconductor material.

The frontier molecular orbital analysis is a vital part in the
development of molecular electronic properties. The TD-DFT
calculated electronic absorption spectrum and the maximum ab-
sorption wavelength were revealed to have good agreement with
the electronic transition from HUMO to LUMO. In fact, the energy
gap (Eg) between HOMO and LUMO is a crucial factor in defining
molecular electrical transport properties. In this present analysis,
the HOMO and LUMOwere computed at TD-SCF B3LYP/6-31G (d,p)
theoretical and its respective plot of the frontier molecular orbital
are as illustrated in Fig. 5. Results obtained revealed that HOMO is



Table 2
Selected bond lengths (Ǻ) and bond angles (�) for APHX.

Molecule A Molecule B

Bond Lengths (Å)
C17eO1 1.213 (2) 1.213 (2)
C16eS1 1.6657(18) 1.6635 (18)
C13eN1 1.419 (2) 1.419 (2)
N1eC16 1.331 (2) 1.333 (2)
C16eN2 1.387 (2) 1.388 (2)
N2eC17 1.375 (2) 1.371 (2)
C8eC9 1.198 (2) 1.194 (3)
Bond Angles (�)
O1eC17eN2 122.38 (17) 122.57 (17)
C18eC17eN2 114.36 (16) 114.02 (16)
C17eN2eC16 129.62 (17) 129.65 (17)
N2eC16eS1 118.23 (13) 118.36 (13)
N2eC16eN1 114.96 (16) 114.61 (16)
S1eC16eN1 126.81 (14) 127.03 (13)
C16eN1eC13 130.11 (16) 130.06 (16)
Torsion Angles (�)
C19 eC18eC17eO1 18.3 (3) �18.1 (3)
C19eC18eC17eN2 �163.24 (17) 163.23 (17)
C18eC17eN2eC16 �175.31 (18) 173.98 (18)
O1eC17eN2eC16 3.1 (3) �4.7 (3)
C17eN2eC16eS1 177.64 (16) �177.96 (16)
C17eN2eC16eN1 �1.7 (3) 2.9 (3)
N2eC16eN1eC13 179.87 (17) �177.29 (17)
S1eC16eN1eC13 0.6 (3) 3.7 (3)
C12eC13eN1eC16 �154.5 (2) �154.44 (19)
C14eC13eN1eC16 29.9 (3) 28.9 (3)

Fig. 3. Packing diagram view of APHX. H atoms are omitted for clarity.

Fig. 4. The UVevis absorption spectrum of APHX.
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characterized as an extended p system delocalized throughout the
phenyl group, the eC^Ce triple bond acting as a bridge, including
the thioacetamide group [p(C]O) and the sulphur lone pair]. The
LUMO also comprises antibonding system with local p symmetry
extended over the aromatic rings including the acyl thioureap*(C]
O) and p*(C]S) antibonding orbitals. Thus, the interaction
between HOMO and LUMO was nominated by involving p-p*
bonding system localized around phenylmoiety and an orbital of p-
type generally localized over sulfur atom [39,49,50]. Indeed, the
energy gap obtained is 3.8 eV, mostly responsible for the charge
and electron transition that occurred within the molecule [51] in
qualitative good agreement with the experimental electronic
spectrum.

3.4. Thermal behaviour analysis of APHX

Fig. 6 shows thermogravimetric analysis for APHX. The thermal
stability of sensory material is an important part to be determined
for any gas sensing application involving high temperature. APHX
thermal analysis was examined via TGA-DTG at heating rate of
10 �C/min under nitrogen atmosphere temperature range from 30
to 900 �C. The molecule is stable up to ca. 192 �C and the first
decomposition stage occurred at 195 �C (onset) and ended at 280 �C
(offset), while the next stage started to degrade at 372 �C (onset)
and ended at 458 �C (offset) with the maximum degradation of



Fig. 5. Molecular orbitals involved during electronic transition between HOMO-LUMO
of APHX.

Fig. 6. Thermogravimetric thermogram analysis of APHX.

Fig. 7. Changes in the absorbance value of the 330 nm band of APHX with increasing
time of exposure towards benzene.
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201 �C and 467 �C respectively. Therefore, APHX exhibited high
stability due to their large range of decomposition between their
onset and offset temperature from every stage of degradation.
Indeed, the presence of conjugated molecule with p-stacking be-
tween aromatic moieties, C]O and C]S moieties gave high ther-
mal stability of the synthesised compound which provided initial
indication for this molecule can be used at high temperature.

3.5. Sensing studies of APHX towards benzene via UVevisible
spectroscopy analysis

Sensing studies of APHX in the form of thin-film acting as sensor
was investigated towards pure benzene. The absorption spectrum
of the optical VOC sensor with various time of exposure towards
APHX thin-film was inspected in advance to define the sensitivity
response of the film substrate for the detection vapour of benzene.
Results obtained from absorption spectrum indicated the impor-
tant alterations had occurred in the electronic transition of APHX
thin-film before and after exposure towards benzene in four
different time intervals. Upon interactionwith benzene, the band at
330 nm showed to be themost affected absorption in the electronic
spectrum, accounting for a change in the HOMO/LUMO levels of
APHX. Results indicated, upon exposure of APHX towards benzene
to an increasing time intervals, themaximal absorbance of the film-
substrate decreased to a lower absorbance, indicating that an
interaction of APHX film substrate with benzene has occurred.
APHX molecule containing electron donating substitution (alkyl
group) exhibited high response towards benzene with elongation
of time intervals, with 10% for 5 s exposure, 25%, 35%, and 48% for
15min, 20 min, and 1 h exposure time respectively. The VOC sensor
response of APHX increased without sign of saturation due to the
effect of electron donating substitution consists of sufficient elec-
tron density which enables the interaction with the p-molecular
orbital of benzene. Fig. 7 shows the sensor response bar chart of the
film substrate of APHX to benzene from 5 s to 1 h of time exposure.
This result seems to be in same arguments with those findings
reported in previous occasions [24,52].
3.6. Theoretical calculations: prediction of sensor-analyte
molecular interaction

In order to determine possible interaction sites and geometries,
different pairs of APHX:benzene dimers was subject of optimiza-
tion procedure using quantum chemical calculations at the B3LYP/
6-31G(d,p) level of approximation. Fig. 8 shows the predicted
molecular structure of the more stable configuration obtained for a
pair of APHX and benzene molecule. The benzene molecule in-
teracts mainly with the acyl-thiourea group of APHX. To under-
stand the nature of the interaction between APHX and benzene, the
Mulliken charges values on the selected atoms were measured (as
in Fig. 8) as well as the interaction distance for the optimized
structure are as listed in Table 3.

The charge on the oxygen atom of (C]O amide) lower than that
of the hydrogen on nitrogen atom of (NeH) in thiourea moiety
which was observed to be in the range �0.53, compared to
hydrogen atomwhich about 0.28 (NeH(1)) and 0.33 (NeH(2)). The
interactions which were formed between APHX and benzene are
possible to interact at the oxygen atom of (C]O amide) forming H-
bonding due to the high negative charge value on oxygen atom, and
less steric hindrance compared to other possible sites.

In addition, the total electronic energies of APHX and the sta-
bilisation energies of the individual APHX and benzene molecule
are calculated to investigate the stabilization interaction at the
possible sites. Results revealed that APHX was sensitive material
for detection of benzene with the stabilisation energy value
of �23.69 kJ/mol, demonstrate a strong coulombic interaction as
well as indicating H-bonding interaction occurred, which has
caused by fluctuation of electron density between the interacting
atoms.
4. Conclusions

A new acetylide-thiourea derivative 1-hexanoyl-3-(4-p-tolyle-
thynyl-phenyl)-thiourea (APHX) has been synthesised and char-
acterised as active compound for using as thin-film membrane
supported with PVC matrix for the detection of VOC analyte,
namely benzene. The molecular structure of the crystal is charac-
terized by a nearly planar arrangement extended through the (4-p-



Fig. 8. The predicted possible interaction between APHX and benzene.

Table 3
The interaction distance between benzene and C]O and NH.

Molecule Calculated distance between benzene and C]O; NH
(Ǻ)

O
(C]O)

H
(NH(1))

H
(NH(2))

APHX HeO CeH CeH
2.7 2.7 2.9
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tolylethynyl-phenyl)-thiourea group, the C]O double bond of the
hexanoyl substituent favours the formation of a NeH/O]C
intramolecular hydrogen bond. The UVeVis spectrum of APHX is
consistent with a highly delocalized electronic p-system. The
sensitivity of the film substrate to vapours of benzene at room
temperature was investigated using the difference features in
electronic transition spectra upon interaction with benzene. APHX
exhibited good response with almost 48% response in 1 h of time
exposure operated at room temperature. In fact, theoretical calcu-
lation proved that APHX showed ideal interaction energies
(�23.69 kJ/mol) for sensing benzene analyte. Hence, the approach
of molecular system featuring acetylide-thiourea (APHX) revealed
promising ability and potential to act as active layer for detection of
benzene.
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