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havior, photoluminescence and
gas sensing: A new series of ionic liquid crystal
imidazole and benzoimidazole bearing chalcone
groups, synthesis and characterization†

AbdulKarim-Talaq Mohammad * and Wahaj Raed Abbas

Four new series of chalcones containing imidazole bromonium and benzimidazole bromonium salts with

spacer alkyl chains (Cn, n ¼ 2 and 4) were synthesized and the chemical structure, thermal behavior,

photoluminescence and gas sensing were characterized by several technical methods. The studies have

indicated similar mesomorphic properties of the synthesized compounds, dependent on the terminal

alkyl-chain and lengths of the alkoxy-spacer. Almost compounds with shorter alky chains, 4a–4e, 5a–5c,

6a–6c and 7a–7d, did not show liquid crystal properties, while the results of other compounds confirm

the existence of smectic A in cooling and heating cycles. Photoluminescence of compounds 5a–5i and

7a–7i was also studied. The emission in the blue region reveals that the material has blue light emission

properties. Sensing behavior of compounds 4i and 5i was investigated for NH3 and NO2 gases. The

sensors exhibited high sensitivity toward NH3, while sensitivity toward the oxidizing gas NO2 is lower.
1. Introduction

It has been shown that imidazolium and benzimidazolium salts
are important in the eld of ionic liquids (IL) and ionic liquid
crystals (ILCs).1–7 A large number of these types containing
imidazolium and benzimidazolium units have hitherto been
synthesized and their application has been studied in liquid
crystals,8 sensing,9,10 anticancer and other applications.11–17

Among an enormous variety of ionic mesogens studied so far,
majority is derived from imidazolium cations.18 The study of
imidazolium ILCs grew rapidly in the last 20 years as a result of
the growing research in the eld of imidazolium ILs, and
because imidazolium salts can serve as N-heterocyclic carbene
precursors, which are excellent ligands for transition-metal-
based catalysts.19

On the other hand, LC materials became very attractive for
sensing application. LC-based sensing can be designed to
possess sensor properties in different elds,20 such as bio-
sensing, chemical-sensing, optical-sensing, gas-sensing and
many others.21–24 The design of LC-compounds based sensors for
chemical and biological species based on changes in the bulk
properties of LCs. For example, cholesteric LC phases have been
used to detect ethanol,22 water vapor,25 and vaporous analytes26

such as amines.21,23 ILCs are widespread in gas and liquid phase
niversity of Anbar, Ramadi, Iraq. E-mail:

2575081

tion (ESI) available. See DOI:

8456
sensing. Thus, the interface of ILCs charges as a consequence of
ion adsorption/dissociation, leading to the formation of electrical
double layers at the interface of LC, which inuences the
ordering of LC.27 Moreover, to investigate the performance of
materials in electro-optic devices, ionic conductivity inuence,
and the ion size on the stability of the smectic phase, a series of
ILCs have been prepared and studied.28–31

Likewise, imidazole-based compounds have become an
important part of pharmaceutical and medical chemistry, due
to the unique desirable structural features of the imidazole ring
which include being electron-rich, aromaticity, polarity, being
ionizable and other characteristics.32,33 More importantly, multi-
binding site imidazole rings are capable of coordination with
a variety of inorganic metal ions or interaction with organic mole-
cules through noncovalent bonds to create supramolecular drugs
thatmay not only have the bioactivity of imidazole itself, but also the
benets of various supramolecular drugs, possibly exerting double-
actionmechanisms that are helpful to overcome drug resistance.34–37

In continuation of our work on imidazolium and benzimi-
dazolium based mesogen compounds,38 we will describe in this
paper the phase behavior, photoluminescence and sensing
result obtained from the novel series of compounds containing
the imidazolium and benzimidazolium salt moieties connected
with chalcones by etherication. Enthalpy and phase transition
of target compounds were studied by DSC and POM. Elemental
analysis, Fourier-Transform Infrared (FT-IR) spectroscopy, and
high resolution nuclear magnetic resonance (NMR) (1D and 2D)
were used to study the physical properties of the title
compounds.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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2. Materials and synthesis

p-Hydroxyacetophenone, p-hydroxybenzaldehyde, 1,4-dibro-
moalkane, 1,6-dibromoalkanes, 1-bromoalkanes (C6–C14), imi-
dazolium and benzimidazolium were purchased from Sigma-
Aldrich. Sodium carbonate anhydrous was obtained from
CDH and dimethylsulfoxide (DMSO) from BDH. 1,4-Bis(amino-
methyl)-benzene, dimethylformamide (DMF), ethanol and
hexane were obtained from Romil. For instrumentations and
methods see ESI.†

The preparative pathway toward the synthesis of title
compounds is presented in Scheme 1. Compounds 1a–1i were
obtained from Williamson's etherication between p-hydrox-
yacetophenone and various 1-bromoalkanes (C6–C14), while
compounds 2a–2b were prepared by reaction of p-hydrox-
ybenzaldehyde with 1,4-dibromoalkane, and 1,6-dibromoalkanes,
respectively.39,40 Intermediate compounds 3a–3r were prepared by
aldol condensation reaction between various 1a–1i and 2a–2b in
the presence of NaOH in ethanol as the solvent for 12 h.41

Intermediate compounds 3a–3r were subsequently reacted
with imidazolium and benzimidazolium respectively, to yield
desired compounds 4a–4i, 5a–5i, 6a–6i and 7a–7i using the
method reported in our previous work.38

Complete 1H-NMR and 13C-NMR assignments of target
compounds were obtained and substantiated with the aid of DEPT,
APT, two-dimensional 1H–1H (COSY), and 1H–13C heteronuclear
multiple quantum correlation (HMQC). Details of discussions for the
FT-IR and 1D and 2D NMR measurements for title compounds are
provided and analytical data are also illustrated in the ESI section.†

2.1 Photoluminescence

Photoluminescence (PL) spectra of the prepared samples are
recorded using a Fluo Time 300 Fluorescence Lifetime and
Steady State Spectrometer by PicoQuanta, Germany. The wave-
length of excitation was 350 nm. The PL measurements are
performed at Nanotechnology Lab., Department of Physics,
College of Science, University of Basrah, Iraq.

2.2 Sensor testing

The sensing behavior of 3-(4-(4-(3-(4-(tetradecyloxy) phenyl)-3-
oxoprop-1-enyl)phenoxy)butyl)-1H-imidazole-3-ium (4i) and 3-
(4-(4-(3-(4-(tetradecyloxy) phenyl)-3-oxoprop-1-enyl)phenoxy)
butyl)-1H-benzo[d]imidazol-3-ium (5i) compounds was studied
by the method described below. The sensing behavior of LC
compounds was tested by the same method. Compound 4i will
be presented as an example.

In order to prepare a thin lm of compound 4i, 0.05 g of 4i
was dissolved in 15 ml of DMF and then the drop-casting
technique was applied to deposit the compound 4i onto
a silica wafer substrate by taking a solution using a pipette and
putting 5 drops onto a silica wafer substrate, which was rst
cleaned by the typical ultrasonic method to remove the impu-
rities and organic materials on the surface.42

Interdigitated aluminum ohmic metal contacts are depos-
ited on the 4i lms by the thermal evaporation technique to
fabricate the gas sensor.43
© 2021 The Author(s). Published by the Royal Society of Chemistry
The experimental setup prepared for the gas sensor testing
system is suitable to determine the sensitivity parameter mainly
the response time and recovery time of the fabricated 4i gas
sensor detector. It consists of a cylindrical stainless-steel test
chamber with an effective volume of 2649 cm3, and it has an
inlet for permitting the tested gas to ow in and an air admittance
valve to permit the ow of atmospheric air aer evacuation. The
hotplate and K-type thermocouple were placed inside the chamber
to control the operating temperature. The chamber was evacuated
before pumping amixture of gas and air as test gas into it. A multi-
pin electric power feed through was used to transfer the electrical
power to the hotplate, as well as to feed the electrical signals of a K-
type thermocouple and tested sample to a PC-interfaced digital
multi-meter. The mixed gas is fed by zero air and test gas through
a ow meter and needle valve arrangement. The mixed gas is fed
through a tube over the sensor inside the test chamber to give the
real sensitivity.44,45

The operation of the test is as follows. The sensor was placed
on the heater inside the chamber. The conductive aluminum
sheet was used to make electrical connections between the pin
feedthrough and the sensor. A bias voltage of 10 volts was
applied between the electrodes. The tested sample was placed
on a hotplate inside the chamber, and a temperature controller
was used in order to set the sensor to a desired operating
temperature. The test chamber was evacuated to approximately
1 mbar with a rotary pump. The ow rate of the air and tested
gas was set using the needle valves, and the volumetric
concentration of 3 ppm test gas in dry air was installed. In order
to register the variation of the sensor conductance (reciprocal of
resistance) exposed to a predetermined air-test gas mixing ratio,
the PC-interfaced digital multi-meter of type UNI-UT81B was
used. At the rst time the digital multi-meter records the
biasing current of air ow, aer that the testing gas is switched
on, and aer several seconds the current has low variation, and
then the test gas is switched off to record the recovery time.46

The testing gases used to study the sensing behavior of
compounds 4i and 5i are a reducing gas (NH3) and oxidative gas
(NO2).

3. Results and discussions
3.1 Liquid crystalline behavior

The mesomorphic properties of the prepared compounds were
investigated by DSC and POM. The phase transition and the
associated enthalpy changes were determined for the series of
prepared compounds using DSC operating at a scanning rate of
�5 �C min�1 on the heating and cooling cycles. The corre-
sponding detected mesophases were identied by observing
their texture through POM. The phase transition temperature
with the associated enthalpies and mesophase texture are
tabulated in Table 1.

In the prepared compounds 4a–4i, 5a–5i, 6a–6i, and 7a–7i, the
lower members hardly exhibited mesomorphic properties, while
the highermembers tended to exhibit enantiotropicmesomorphic
properties.

In the rst set of compounds 4a–4i having a methylene
spacer length n ¼ 2 and terminal alkyl chain varying from C6 to
RSC Adv., 2021, 11, 38444–38456 | 38445
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Scheme 1 General synthetic route for chemical structures of series 4, 5, 6 and 7.
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C14, compounds 4a–4e (C6–C10) are hard to exhibit mesomor-
phic properties, whereas compounds 4f–4i exhibit the SmA
mesomorphic property with a mesophase average range of
38446 | RSC Adv., 2021, 11, 38444–38456
about 20 �C on heating. The DSC thermogram of 4f–4i exhibits
the transitions as Cr1–Cr2–SmA–Iso upon heating scan, and
reverse as Iso–SmA–Cr2–Cr1 upon cooling scan. Representative
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Phase temperatures and corresponding enthalpy change of compounds 4a–4e, 5a–5c, 6a–6c and 7a–7d summarized from DSC
resultsa

No. Spacer/R Heating/cooling scan (onest �C min�1 [�C]/DH kJ mol�1)

4a Butane/6 Cr 156.1 (34.90) Iso 176.5
Iso 160.9 (�29.90) Cr

4b Butane/7 Cr 149.2 (26.20) Iso 174.7
Iso 155.3 (�51.80) Cr

4c Butane/8 Cr 145.2 (68.20) Iso 170.5
Iso 151.7 (�29.90) Cr

4d Butane/9 Cr 142.1 (26.67) Iso 162.7
Iso 149.3 (�19.40) Cr

4e Butane/10 Cr 129.0 (31.29) Iso 156.0
Iso 140.2 (�51.20) Cr

4f Butane/11 Cr1 118.5 (47.18) Cr2 146.1 (36.30) SmA 158.2 (4.61) Iso 164.2
Iso 161.3 (�0.9) SmA 134.6 (�56.01) Cr2 121.3 (�41.10) Cr1

4g Butane/12 Cr1 109.2 (28.79) Cr2 128.9 (30.22) SmA 143.1(1.90) Iso 156.0
Iso 150.3 (�4.5) SmA 133.4(-40.1) Cr2 115.6 (�37.18) Cr1

4h Butane/13 Cr1 108.20 (�35.61) Cr2 130.80 (�19.60) SmA 142.6 (6.8) Iso 158.7
Iso 152.8 (�3.2) SmA 125.6 (�28.1) Cr2 99.56 (�41.1) Cr1

4i Butane/14 Cr1 84.0 (20.46) Cr2 96.6 (18.79) SmA 139.87 (0.91) Iso 150.5
Iso 141.20 (�1.20) SmA 122.20 (29.01) Cr2 86.30 (�30.69) Cr1

5a Hexane/6 Cr1 140.1 (45.1) Cr2167.4 (30.9) Iso 181.3
Iso 174.4 (�25.30) Cr2 153.2 (�68.9) Cr1

5b Hexane/7 Cr1 135.4 (59.23) Cr2 166.7 (89.80) Iso 179.1
Iso 175.2 (�77.20) Cr2 150.7 (�60.23) Cr1

5c Hexane/8 Cr1 127.1 (50.12) Cr2163.9 (63.20) Iso 171.7
Iso 167.5 (�40.90) Cr2 151.8 (�62.11) Cr1

5d Hexane/9 Cr1 120.4 (38.90) Cr2 144.9 (67.50) Iso 168.2 �C
Iso 162.4 (�3.57) SmA 140.7 (�72.90) Cr

5e Hexane/10 Cr 121.45 (67.30) SmA 137.89 (7.81) Iso 154.7
Iso 148.45 (�0.68) SmA 125.20 (�48.40) Cr

5f Hexane/11 Cr1 125.6 (66.11) Cr2 138.9 (49.90) SmA 154.6 (8.90) Iso 167.0
Iso 163.89 (�0.97) SmA 147.5 (�52.20) Cr2 122.16 (67.20) Cr1

5g Hexane/12 Cr1 98.9 (39.80) Cr2 119.70 (61.20) SmA 139.30 (2.89) Iso 158.2
Iso 153.5 (�7.80) SmA 137.4 (41.03) Cr

5h Hexane/13 Cr1 90.7 (80.90) Cr2114.70 (76.30) SmA 140.5 (5.12) Iso 160.2
Iso 144.3 (�2.11) SmA 120.30 (40.89) Cr2 96.4 (70.40) Cr1

5i Hexane/14 Cr1 83.0 (65.46) Cr2 93.6 (70.34) SmA 143.87 (0.91) Iso 161.5 �C
Iso 137.20 (�13.56) SmA 118.89 (28.12) Cr2 81.30 (�29.19) Cr1

6a Butane/6 Cr1 130.8 (27.6) Cr2 148.8 (50.91) Iso 176.6
Iso 162.5 (�47.10) Cr2 138.6 (�55.10) Cr1

6b Butane/7 Cr1 132.5 (69.20) Cr2 145.2 (73.90) Iso 174.5 �C
Iso 164.8 (�51.20) Cr2 144.8 (�72.20) Cr1

6c Butane/8 Cr1 121.4 (49.10) Cr2 142.5 (39.89) Iso 167.5 �C
Iso 143.7 (�78.90) Cr

6d Butane/9 Cr 113.8 (56.10) SmA 147.3 (6.78) Iso 165.2
Iso 161.4 (�2.18) SmA 142.3 (�66.90) Cr

6e Butane/10 Cr 89.7 (29.45) SmA 134.7 (4.36) Iso 153.0
Iso 148.3 (�0.91) SmA 130.4 (�70.3) Cr

6f Butane/11 Cr1114.7 (61.20) Cr2 133.4 (30.18) SmA 142.1 (7.90) Iso 163.5
Iso 159.8 (�6.10) SmA 137.9 (�67.80) Cr1 105.9 (�40.20) Cr1

6g Butane/12 Cr1 120.6 (87.20) Cr2 128.9 (66.90) SmA 146.3 (3.56) Iso 163.3
Iso 160.8 (�2.60) SmA 113.4 (�45.10) Cr2 102.5 (�46.70) Cr1

6h Butane/13 Cr1 121.3 (73.20) Cr2 134.6 (38.40) SmA 144.6 (2.20) Iso 162.5
Iso 158.3 (�1.80) SmA 137.5 (�58.9) Cr2 111.2 (�29.0) Cr1

6i Butane/14 Cr1 119.7 (65.9) Cr1 132.5 (70.11) SmA 138.7 (5.09) Iso 154.5
Iso 150.3 (�0.97) SmA 131.2 (�57.80) Cr2 119.5 (�68.99) Cr1

7a Hexane/6 Cr 120.3 (37.80) Iso 178.7
Iso 146.4 (�45.60) Cr

7b Hexane/7 Cr 121.3 (70.20) Iso 177.2
Iso 134.3 (�41.27) Cr

7c Hexane/8 Cr 114.6 (50.34) Iso 176.5
Iso 121.4 (�26.70) Cr

7d Hexane/9 Cr1 112.6 (28.10) Cr2 149.8 (56.30) 173.2 �C
Iso 152.9 (�70.26) Cr2 134.2 (�41.30) Cr1

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 38444–38456 | 38447
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Table 1 (Contd. )

No. Spacer/R Heating/cooling scan (onest �C min�1 [�C]/DH kJ mol�1)

7e Hexane/10 Cr1 105.7 (37.32) Cr2 130.9 (60.20) SmA 151.7 (2.41) Iso 168.0
Iso 165.2 (�0.97) SmA 143.7 (�81.74) Cr2 116.4 (40.11) Cr1

7f Hexane/11 Cr 107.5 (50.20) SmA 155.1 (4.20) Iso171.0
Iso 166.2 (�2.11) SmA 143.2 (�40.07) Cr

7g Hexane/12 Cr1 91.2 (36.50) Cr2 129.7 (61.07) SmA 138.6 (8.11) Iso160.0
Iso 156.2 (�3.20) SmA 132.1 (�41.09) Cr

7h Hexane/13 Cr1 94.2 (50.26) Cr2 119.2 (30.96) SmA 142.8 (6.81) Iso 166.5
Iso 163.9 (�4.11) SmA 141.7 (38.07) Cr2 108.7 (26.15) Cr1

7i Hexane/14 Cr1 98.3 (41.90) Cr2 123.41 (41.06) SmA 147.8 (5.61) Iso 165.5
Iso 161.5 (�2.78) SmA 144.2 (�26.50) Cr2 99.61 (�43.20) Cr1

a Note: Cr1/Cr2 ¼ crystal to crystal transition; SmA ¼ smectic A phase; Iso ¼ isotropic phase.
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DSC scans of compound 4f are depicted in Fig. 1(a), which show
Cr1–Cr2 transition at 118.5 �C (DH ¼ 47.18). With followed
heating, it transformed to SmA mesophase at 146.1 �C (DH ¼
36.30) which indicates Cr2–SmA transition, and then it went to
the isotropic state at 158.2 �C (DH¼ 4.61) in heating scans, with
the clearing point at 164.2 �C. When cooled from the isotropic
state it changed from the isotropic state to crystallized in
a reverse sequence for the heating scan, which shows Iso–SmA
Fig. 1 DSC plot showing the heating, and cooling transition temperatur

38448 | RSC Adv., 2021, 11, 38444–38456
transition at 161.3 �C (DH ¼ �0.9), SmA–Cr2 transition at
134.6 �C (DH ¼ �56.01), and Cr2–Cr1 transition at 121.3 �C (DH
¼ �41.10), respectively. The optical photomicrograph of
compound 4f displays a fan-shape texture of the SmA meso-
morphic property during both cooling cycles as depicted in
Fig. 2(a). All remained compounds 4g–4i show similar meso-
morphic properties.
es and mesophase range of 4f, 5i, 6g and 7c.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The SmA phase at 131 �C (cooling cycle) of compound 4f. (b) SmA phase at 148 �C (heating cycle) of compound 5e. (c) SmA phase at
131 �C (cooling cycle) of compound 6g. (d) SmA phase at 154 �C (heating cycle) of compound 7g.
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The second set of compounds 5a–5i have a methylene spacer
length n ¼ 4 with varied alkyl chain length (C6–C14), and
compounds 5a–5c (C6–C8) show crystal–crystal and crystal–
isotropic transitions in both heating and cooling scans as Cr1–
Cr2–Iso and Iso–Cr2–Cr1, respectively. Compound 5d had Cr1–
Cr2 transition at 120.4 �C (DH ¼ 38.90), and then went to the
isotropic state at 144.9 �C (DH ¼ 67.50) on the heating scan,
without showing any mesophase. However, when it was cooled
from an isotropic state the SmA phase appeared at 162.4 �C (DH
¼ �3.57). Compounds 5e–5i tended to exhibit enantiotropic
SmA mesophase with a phase range of about 26 �C on heating.
The clearing points are decreased from lower members to
higher members. The representative DSC graph of compound 5i
is shown in Fig. 1(b). For example, it shows a phase transitions
sequence Cr1–Cr2–SmA–Iso on heating scan at 83.0 �C (DH ¼
65.46), 93.6 �C (DH ¼ 70.34), and 143.87 �C (DH ¼ 0.91),
respectively, whereas, on cooling scan, it shows a reverse tran-
sition sequence as Iso–SmA–Cr2–Cr1. Compound 5e displays
a fan-shape texture of SmA phase on heating scans, as depicted
in Fig. 2(b). All remained compounds 5f–5h show similar
mesomorphic properties.

The third set of compounds 6a–6i have a spacer chain length
n ¼ 2 with the terminal alkyl chain range C6–C14. The phase
transition temperature and associated enthalpy changes indi-
cated that compounds 6a–6c did not show any mesomorphic
property, while compounds 6d–6i exhibit enantiotropic SmA
phase. The fan-shape texture of SmA phase for compound 6g
upon cooling scan is shown in Fig. 2(c). The DSC thermogram in
Fig. 1(c) of compound 6g shows Cr1–Cr2 transition at 120.6 �C
© 2021 The Author(s). Published by the Royal Society of Chemistry
(DH ¼ 87.20), Cr2–SmA transition at 128.9 �C (DH ¼ 66.90), and
SmA–Iso transition at 146.3 �C (DH ¼ 3.56) in the heating scan,
with a clearing point at 163.3 �C, whereas in the cooling scan,
the adverse transition was observed at 160.8 �C (DH ¼ �2.60),
113.4 �C (DH ¼ �45.10), and 102.5 �C (DH ¼ �46.70), which
corresponds to the Iso–SmA–Cr2–Cr1 phase, respectively. The
clearing points are decreased from lower members to higher
members. Moreover, the transition temperature of SmA–Iso
smoothly decreased with the increase in the terminal chains
with an abnormal change for the 6e compound. The mesophase
average range is about 20 �C. The remained compounds 6d–6i
show similar mesomorphic properties.

In the fourth set of compounds 7a–7i, having a spacer chain
length n ¼ 4 and varied terminal alkyl chain length (C6–C14),
compounds 7a–7d hardly exhibit mesomorphic properties. As
a representative, DSC scans of compound 7c are shown in
Fig. 1(d), which exhibit one endothermic peak at 114.6 �C
(50.34) and one exothermic peak at 121.4 �C (�26.70). These
peaks were detected for Cr-Iso transition in heating, and Iso-Cr
transition in cooling. Compounds 7e–7i showed an enantio-
tropic SmA phase. An optical micrograph of compound 7g is
depicted in Fig. 2(d); it displays a fan-shape texture during the
heating cycle at 129.7 (61.07) and 156.2 �C (�3.20), respectively,
with themesophase average range of about 29 �C. The remained
compounds 7e–7i show similar mesomorphic properties.

Plots of the transition temperature of series 4a–4i, 5a–5i, 6a–
6i, and 7a–7i as a function of terminal alkyl chain length are
shown in Fig. 3(a–d), indicating that the mesophase average
ranges of compounds 5e–5i and 7e–7i are larger than the
RSC Adv., 2021, 11, 38444–38456 | 38449
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average ranges of the compounds 4a–4i and 6a–6i. This
phenomenon of the four sets of prepared compounds is in
agreement with the conventional behavior of liquid crystal
dimers, where smectic behavior is favored with increasing
spacer length.47,48 The variation in mesomorphic properties of
compounds in the same series is observed with changing the
number of carbon atoms in the terminal alkyl chain. The
transition temperatures of the four sets of compounds are
found to decrease with increasing terminal alkyl chain length.
Due to the exibility of alkyl chains, they tend to disrupt the
lateral core–core interaction, which leads to a reduction of the
transition temperature.49–51 Moreover, in the present four series,
the lower member did not show LC properties, while the higher
member showed smectic A mesophase enantiotropically. This
phenomenon can be attributed to the magnitudes of aniso-
tropic forces of intermolecular cohesion and closeness.52,53
3.2 Photoluminescence (PL) study

The PL spectra of the prepared compounds were recorded in
DMF as a solvent, at a wavelength l ¼ 300–750 nm. The spectra
of representative compounds 5i and 7i are shown in Fig. 4 (a)
and (b), which were selected as an example because the PL
spectra of compounds 5a–5i and 7a–7i are analogous. However,
the varied terminal alkyl chain length has an insignicant
inuence on their emission bands.54
Fig. 3 Plot of transition temperatures vs. numbers of carbon atoms in t

38450 | RSC Adv., 2021, 11, 38444–38456
The emission spectra of compounds 5i and 6i exhibit
a strong band in the range of l¼ 420–500 nm, which is centered
at l ¼ 431 nm and l ¼ 461 nm for compounds 5i and 7i,
respectively. These emission bands can be attributed to p–p*

electronic transition involving the whole electronic system of
the compounds. Here, the emission band of compound 7i was
red-shied by about 30 nm when compared to the emission
band of compound 5i. These differences can be attributed to the
different electronic structures between compounds 5i and
7i.55,56 Moreover, the PL spectra show two other weak emission
bands at l ¼ 359 nm and l ¼ 608 nm. The band at 359 nm
corresponds to the near band edge (NBE) and deep level emis-
sion (DLE),57 while the orange-red emission at l ¼ 608 nm can
be attributed to intermolecular charge transfer (ICT) and p–p

stacking in the dimer system.58,59

The emission in the blue region l ¼ 420–500 nm reveals that
the material has blue light emission properties, which can be
utilized in a potential application, such as OLED materials,
uorescent probes in biological applications, and biotags for
biological sensing applications.60–62
3.3 Sensing behavior

The sensing behavior of LC compounds (4i) and (5i) was
investigated by measuring the sensing parameters. The resis-
tance of the sensor, the sensitivity S%, the response time T90,
and the recovery time were measured to study the sensing
he alkyl chain for series 4a–4i, 5a–5i, 6a–6i and 7a–7i.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Luminescence spectra of compounds (a) 5i and (b) 7i (excitation wavelength is 350 nm).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 8

/2
8/

20
24

 1
2:

17
:4

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
behavior of these LC-based sensors. The n-type silicon substrate
was used to fabricate the thin lms of the LC/n-Si chemi-
resistive-gas sensor. The sensitivity of both 4i and 5i based
sensors has been studied for the reduction of NH3 gas in
addition to the oxidization of the NO2 gas.

3.3.1 Reducing (NH3) gas sensor. The sensitivity of 4i/n-Si
and 5i/n-Si towards ammonia gas (as a reducing gas) has been
investigated as a function of operating temperature in a range of
temperatures from 25 to 150 �C. The concentration of NH3 was
3 ppm in dry air.

The change in the sensitivity of 4i/n-Si concerning the
operating temperature is shown in Fig. 5(a). The exposure of
a 4i-based sensor to the NH3 gas leads to a decrease in the
© 2021 The Author(s). Published by the Royal Society of Chemistry
resistance of the sensor (increase in the sensitivity). The sensi-
tivity curve of the 4i/n-Si includes three main regions. In the rst
operating temperatures (25–50 �C), the sensitivity of the sensor
is drastically decreased. Aer that, the sensitivity became
approximately constant in the second region (operating
temperature 50–100 �C). The minimum value of the sensitivity
was recorded at 100 �C. On further heating up to 100 �C, the
sensitivity increased again. In general, the 4i/n-Si sensors
exhibit a maximum sensitivity of 13.97% and a minimum
response time of 21.6 s. Also, the recovery time was 54 s, at room
temperature (Fig. 5(b)).

In the case of a 5i-based sensor (Fig. 5(c)), the exposure to the
reducing gas leads to a reduction in the resistance of the sensor,
RSC Adv., 2021, 11, 38444–38456 | 38451
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Fig. 5 (a) The sensitivity with working temperature for 4i/n-Si against NH3 gas. (b) The response and recovery time with working temperature for
4i/n-Si against NH3 gas. (c) The sensitivity with working temperature for 5i/n-Si against NH3 gas. (d) The response and recovery timewith working
temperature for 5i/n-Si against NH3 gas. (e) The sensitivity with working temperature for 4i/n-Si against NO2 gas. (f) The response and recovery
time with working temperature for 4i/n-Si against NO2 gas. (g) The sensitivity with working temperature for 5i/n-Si against NO2 gas. (h) The
response and recovery time with working temperature for 5i/n-Si against NO2 gas.
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which reects the increase in the sensitivity. The sensitivity of
5i/n-Si contains three main sensing regions. In the rst region,
which is operating at temperatures between 25 and 40 �C, the
sensitivity decreased to reach the minimum value of 1.7%. Aer
that, in the second region 40–100 �C, the sensitivity increases to
38452 | RSC Adv., 2021, 11, 38444–38456
reach a maximum value of 9.70%, while at the nal operating
temperatures (100–150 �C), the sensitivity was decreased again
to hit the minimum value of 1.71% at 150 �C. In addition, the
response and recovery times were 21.6 s and 72 s, respectively
(Fig. 5(d)).
© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.3.2 Oxidizing (NO2) gas sensor. The sensitivity of 4i/n-Si
and 5i/n-Si sensors to the nitrogen dioxide gas, as an oxidizing
gas, has been tested as a function of operating temperature in
the range of temperature of 25–150 �C, and the concentration of
NO2 was 3 ppm in dry air.

The sensing prole of 4i/n-Si contains the following three
regions. In the rst operating temperatures 25–50 �C, the
sensitivity was observed to increase from its minimum value to
reach the rst peak of 5.11% at a temperature of 50 �C. Then
with the increase in temperature from 50 �C to 100 �C, the
sensitivity decreased to reach approximately 2% at 95 �C. In the
nal operating region from 100 to 150 �C, the sensitivity was
signicantly increased to hit its highest value of 8.73% at
150 �C. The sensitivity was observed at two temperatures as
shown in Fig. 5(e). The rst was at 50 �C where the sensitivity
equals 5.11%, with a response time and recovery time of 24.3 s
and 66.6 s respectively. The second is the maximum sensitivity
with a response time of 24.2 s and recovery time of 52.2 s at
150 �C (Fig. 5(f)).

The exposure of a 5i-based sensor to an oxidizing gas leads to
a decrease in the sensitivity. The sensitivity of 5c/n-Si increased
signicantly from its minimum value at an operating temper-
ature of 25 �C to the temperature of 50 �C. Then in the second
operating temperature range from 50 to 100 �C, the sensitivity
slightly increased to reach its maximum value of 4.62% at
a temperature of 85 �C. The response and recovery times were
18.9 s and 58.5 s (Fig. 5(g) and (h)). Finally, increasing the
operating temperature over 100 �C leads to a decrease in the
sensitivity to reach its nal value of 1.96% at 150 �C.

The behavior of liquid crystal-based sensors is similar to that
of other n-type semiconductor sensors in terms of obtaining
broad selectivity. The broad selectivity provides the advantage of
simultaneous response to all the reducing and oxidizing gases
that are presented in the environment. The selectivity can be
improved by modulation of operation temperature.

The mechanism of the LC-based gas sensor can be explained
as follows. The reducing gas reacts with the surface of the n-type
semiconductor and donates the electrons. This, in turn,
increases the electron concentration of the n-type sensing
material and then adsorbed on its surface. Therefore, the
resistance of the sensor decreases because the majority of the
charge carriers are electrons in the n-type semiconductor
sensor, while when the oxidizing gas is exposed to the n-type
semiconductor surface, it accepts electrons from the semi-
conductor material and adsorbs them over its surface. Then
depletion of charge carriers takes place which increases the
resistance.63

The easy change in the alignment of the LC molecules on the
surface as a result of the presence of gas molecules leads to
increasing the diffusion of gas molecules. This, in turn,
increased the number/rate of the redox reactions. The change in
the alignment of LC participants enhanced the sensitivity of the
sensor. This is because the conductivity (and other physical
properties) of LC molecules depends on the direction of per-
forming the measurement. On the other hand, the presence of
the imidazolium moiety in liquid crystal molecules leads to
© 2021 The Author(s). Published by the Royal Society of Chemistry
formation of hydrogen bonding with the ammonia gas mole-
cules and increases the adsorption of gas molecules. Also, the
formation of hydrogen bonds between NH3 and imidazolium
moiety has a contribution to the change of LC alignment.64,65

The resistance measured across n-type semiconductor-based
chemi-resistive sensors is the sum of three sources of electrical
resistance. The rst one is the electrical resistance of the indi-
vidual grains to the ow of electrons. The second is the
resistance/barrier through the grain boundaries of the material.
These two electrical resistances decrease with temperature.
Finally, the third is the electrical resistance of the surface region
of the material covering the grains, which depends on the
interaction between the n-type semiconductor material surface
and the reducing or oxidizing gases that are exposed to the
environment.66

The redox reaction, which occurs over the surface of the
sensing material, is a thermally activated process that increases
with temperature. Increasing the temperature leads to
decreasing the residence-time/desorption of the gas molecules
over the sensing material surface. This reduces the reaction due
to the high thermal/kinetic energy imparted to the gas mole-
cule. These competing processes result in a peak/maximum in
the temperature dependence curve, which is dependent on the
nature of the gas molecules and the sensing surface
characteristics.67

In the current work, at room temperature, the sensing
behavior of the 4i/n-Si sensor exhibited a high sensitivity toward
NH3 with a short response and recovery time. Also, it showed an
acceptable sensitivity to the lower concentration of ammonia
gas compared to previous results obtained from similar ionic
liquid crystals and other semiconductor metal oxide sensors.68

Furthermore, the 5i/n-Si sensor exhibited a lower sensitivity for
ammonia gas compared to the 4i/n-Si sensor. This result might
be due to the steric hindrance of the benzimidazole moiety. In
addition, the hydrogen bonding of benzimidazole with gas
molecules is stronger than the hydrogen bonding formed by the
imidazole moiety.9,69 Moreover, the sensor can show sensitivity
toward NO2 gas through the operation temperature change.
However, the sensitivity toward the oxidizing gas NO2 is lower
than the sensitivity toward the reducing gas NH3.
3.4 X-ray diffraction studies

To conrm the mesophase type exhibited by the four series of
compounds representative analysis of compounds (a) 4g, (b) 5e,
(c) 6g and (d) 7g was carried out (Fig. 6) at their LC transition
states respectively in a wide angle X-ray instrument. Compound
4g shows comparatively sharp reections in the wide-angle
region for the SmA phase. Compound 5e also resembles the
SmA phase (data have been tabulated in the ESI†). In the same
way for compounds 6g and 7g in respective series the same
phenomena were observed. Moreover, the room temperature
crystalline state gives many reections which conrm the crys-
talline state and the liquid crystalline phase gives reection
peaks in the small angle region and two sharp diffused scat-
tering peaks in the wide-angle region which established the
more ordered arrangement of molecules. The strong reection
RSC Adv., 2021, 11, 38444–38456 | 38453
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Fig. 6 XRD pattern of compounds (a) 4g, (b) 5e, (c) 6g and (d) 7g.
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at �2Th ¼ 21–28 was an important indicator for the existence of
a positional order of the molecules within the smectic layer.
Likewise, it's not unusual to nd unclear patterns in the XRD of
ionic liquid crystals since hydrophobic layers and ionic layers
have different degrees of ordering and these phases are labelled
SmX.70,71 However, the local optical images show that the mes-
ophases exhibited by the ionic liquid crystal compounds in this
study are SmA.

4. Conclusion

In this paper the synthesis, characterization, liquid crystalline
behavior and sensing of novel ionic liquid crystal imidazolium and
benzimidazolium salts have been presented. Compounds with
short terminal alkyl-chains reported in this paper are non-
mesogenic. Compounds with longer terminal alkyl-chains
exhibit liquid crystal properties and the smectic A phase is
observed. The PL spectra of the prepared compounds were recor-
ded. Sensing behavior for the two compounds was investigated
and showed acceptable sensitivity toward NH3 and NO2 gases.
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