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A new ionic liquid crystal (ILC) bearing a biphenyl core and a terminal imidazolium moiety was synthesized
which exhibited two enantiotropic smectic A mesophases having a wide phase range. Interestingly one of
these mesophases exhibited the features of a biaxial phase. A composite electrode containing the synthesized
ILC and carbon paste (CP) was fabricated and employed for the successful electrochemical detection of a clinically
important analgesic drug, paracetamol. The ILC-CP composite electrode displayed an enhanced current response
due to a versatile combination of properties namely, good ionic conductivity, increased edge-site defects and ex-
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Bipheny! core cellent electrocatalytic activity. The composite electrode responded quickly upon addition of paracetamol and the
Tonic liquid crystal peak current of anodic oxidation enhanced at lower over potential compared to the carbon paste electrode (CPE).
Smectic A Differential pulse voltammetric (DPV) experiments for the detection of paracetamol yielded acceptable linear

Composite electrode
Paracetamol sensing

range from 0 to 120 pM with a good detection limit of 2.8 pM. Interference test results showed anti-interfering
ability in presence of a mixture of interferents. The electrode stability was evaluated from DPV current response
and 92.6% current was retained after one month which revealed the excellent stability. The electrode was suc-

cessfully applied for the direct determination of paracetamol in pharmaceutical formulations.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Over the past decades, a myriad of fascinating liquid crystals (LCs)
have been synthesized and find applications in various fields [1-5].
lonic liquid crystals (ILCs) are a section of LCs with blended properties
of ionic liquids (ILs) and LCs [6]. ILCs solely consist of ions and form
fluid mesophases via numerous non-covalent interactions such as elec-
trostatic and hydrophobic interactions. ILCs display different mesophases
similar to their non-ionic thermotropic counterparts namely, nematic,
smectic and columnar phases, although smectic A (SmA) phase is the
commonly observed mesophase [7,8]. SmA phase has the orthogonal ar-
rangement of molecules, that is, the molecules are arranged in layers
and their long molecular axes, on average, are parallel to the layer normal.
The molecules can rotate freely along their long axes in SmA phase and
therefore the phase is optically uniaxial. If the free rotation of the mole-
cules along their long axes is restricted, the molecules will have an addi-
tional lateral order within the layers resulting in a biaxial phase. Such
orthogonal biaxial LC phase (SmAy) was predicted theoretically by de
Gennes [9] and has attracted significant attention both from fundamental
and application point of view. Generally, the board-like molecules (or
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association of the molecules resulting in board-like structure) are ex-
pected to show the SmA;, mesophase. This phase has been observed ex-
perimentally in some of the thermotropic LC compounds; polymeric
systems, mixture of bent and rod-like compounds, metallomesogens,
pure bent-core compounds and non symmetric LC dimers [10-13]. How-
ever, to the best of our knowledge, so far, there is no report of SmA;, in an
ILC system and is yet to be realized.

ILCs exhibit interesting properties such as ease of macroscopic
orientation, high ionic conductivity, good electrochemical window and
better charge storage and transport [14,15]. Owing to their remarkable
properties, ILCs have been intensively investigated as electrolyte and
electrode materials for many electrochemical applications such as
supercapacitors, batteries, sensing etc. [ 16-18]. Recently, we also reported
the synthesis and characterization of cholesterol containing imidazolium
ILC and its dual application as an electrolyte and electrode material [19].

Carbon paste electrodes (CPE) play a crucial role in electroanalysis
owing to their unique properties like facile to fabricate, renewability of
the electrode surface, low background current, stable response, low cost,
versatile modification and simple kinetics involved in electrode processes
which are convenient for the detection of organic as well as biological
analytes [20-22]. Currently, ILs having high ionic conductivity and inher-
ent electrocatalytic activity have been used along with carbon paste dur-
ing the preparation of CPEs, since the resulting composite electrode offer
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beneficial features such as high sensitivity, lower over potential and anti-
fouling properties [23]. For instance, Hadi Beitollahi et al. reported studies
on IL and Au NPs modified CPEs for sensing thyroid-stimulating hormone
[24]. ILCs have close resemblance to the properties of ILs such as negligible
vapour pressure, good thermal stability, wide electrochemical window
and also possess interesting properties of LCs namely self-assembling
ability, molecular order and anisotropic properties [6,7,25]. ILC modified
CPE surface is expected to have a layered morphology, which can induce
more edge-plane sites on the electrode surface. A high density of edge-
plane-like defects on the surface can increase the kinetics of electrode
for many redox reactions, reduce the passivation effects, impart the
anti-fouling property and improve the reproducibility, stability and sensi-
tivity of the electrode [26,27]. Owing to these remarkable properties, ILC
modified CPEs have been explored for the electrochemical sensing of
drugs and neurotransmitters [28,29].

Paracetamol or acetaminophen is a well-known analgesic, antipy-
retic and anti-inflammatory drug widely administered for the viral/bac-
terial fevers and mild to moderate pain relief associated with headache,
toothaches, arthritis, backaches, and post-operative pains. The pKa
value of paracetamol is 9.5 which easily get absorbed by the cells and
excreted in the urine [30]. In general, paracetamol intake does not man-
ifest any harmful side effects in therapeutic doses but, the overdose of
this drug could lead to inflammation of pancreas, glutathione depletion,
fulminating hepatic necrosis, kidney damage and hepatotoxicity [31].
The oral administration of paracetamol in children above one year can
cause an increase in asthma, and rhinoconjunctivitis [32]. Therefore,
the detection of paracetamol is necessary and has gained extensive at-
tention among the researchers worldwide.

Since paracetamol is electrochemically active, electrochemical de-
tection is emerging as better method due to its key advantages such as
cost effectiveness, extreme sensitivity, ease of preparation, and minia-
turization possibilities for electroanalysis of paracetamol. However, on
conventional electrodes, paracetamol is not easily oxidized and exhibit
poor response because of its sluggish electrode kinetics. Hence, chemi-
cally modified electrodes were developed in recent years, which were
successfully utilized in electrochemical sensor fabrication [33-37]. Re-
cently, carbon paste electrodes modified with ILCs were explored as
electrochemical sensors for the determination of drugs and compounds.
For instance, Galal, and his co-workers reported studies on piperidinium
based ILC modified CPE for electroanalysis of antihypertensive drug
[38,39] and described commercial ILCs/Au NPs/carbon nanotubes mod-
ified CPE for paracetamol sensing applications [40]. Moreover, the same
research group reported cyclodextrin and ILC modified graphene com-
posite electrode for detection of some neurotransmitters [41].

Herein, we reported the synthesis of a new imidazolium based ILC
compound, its mesomorphic behaviour and application of this ILC as
an electrode material in combination with carbon paste for the detec-
tion of paracetamol. The ILC is dimesomorphic and exhibited a high
temperature uniaxial SmA and a low temperature biaxial SmA phase
with a wider phase range. Composite electrodes were prepared by
employing the ILC and carbon paste (30:70 wt%) by heating the ILC to
different temperatures (rt, 90 °C, 120 °C) and the electrochemical per-
formance of the resulting ILC-CP composite electrodes was evaluated.
The ILC-CPE electrode displayed an improved response compared to
the unmodified CPE. Further, the detection of paracetamol using the
newly fabricated electrode, studies on stability, sensitivity and selectiv-
ity of the electrode for the sensing of paracetamol are presented. Real
sample analysis of the paracetamol in pharmaceutical drug formulation
was also conducted.

2. Experimental
2.1. Materials

11-Bromoundecanoic acid, 4-(dimethylamino) pyridine (DMAP), N,
N’-diisopropyl carbodiimide (DIC), acetaminophen (PA), nitrophenol
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(NP), dopamine (DA), buffer tablets (pH =7) and 1-methyl imidazole
were obtained from Sigma Aldrich. Glucose (Glu), uric acid (UA), ascor-
bic acid (AA) and potassium chloride (KCl) were bought from TCI
chemicals. All the chemicals were used as purchased, except 1-
methylimidazole, which was distilled prior to conduct the reaction.
The solvents were purified and dried using conventional methods.

2.2. Methods

Chemical structure of the synthesized compounds was characterized
using infrared (IR), nuclear magnetic resonance (NMR) spectroscopy
and mass spectrometry techniques. IR spectra were recorded on a
Bruker Tenser 27 FTIR spectrometer (Bruker Optic GmbH, Germany)
using KBr pellets. "TH NMR spectra were recorded on a Bruker Avance
400 MHz spectrometer (Bruker, Switzerland) using tetramethylsilane
as an internal standard. Liquid crystalline behaviour of ILC, A was exam-
ined using a combination of differential scanning calorimetry (DSC), po-
larizing optical microscopy (POM) and X-ray diffraction studies (XRD).
Phase transition temperatures were obtained from thermograms re-
corded on a Perkin Elmer DSC (DSC 6000, Perkin Elmer, US) with a
heating and cooling rate of 10 °C/min. Textural observations were car-
ried out using a Olympus BX50 POM (Olympus Co., Japan) equipped
with a Linkam LTS 420E (Linkam, UK) heating stage having a T95-HS
Link controller. The X-ray diffraction patterns of the sample were col-
lected from PANalytical, (Model-Empyrean, Netherlands) X-ray diffrac-
tometer by employing Cu-K, (A = 1.54 A) radiation. Molecular mass of
ILC was determined using a JEOL GCMATE Il GC-MS, USA. Moreover,
Scanning electron microscope (SEM) observations were carried out
using FEI Quanta 250 (FEI Corporation, Japan) instrument. ILC dissolved
in chloroform was drop-casted on indium tin oxide (ITO) plate, dried at
room temperature and viewed under the SEM. Electrochemical studies
were performed using an AutolabPGSTAT30 Potentiostat/Galvanostat
electrochemical workstation (EcoChemi, Netherlands) with a three
electrode system consisting of Ag/AgCl as a reference electrode, plati-
num wire as a counter electrode and ILC modified CP as a working elec-
trode. A PBS buffer solution having pH = 7.0 was used as an electrolyte
for sensor studies.

For the interference studies, differential pulse voltammetry (DPV)
experiments were conducted in phosphate buffer solution (PBS) at a
scan rate of 50 mVs ™. Initially, 50 uM of paracetamol solution was
added to PBS (pH = 7) and the corresponding DPV curve was recorded.
Soon after, 5-fold increased concentration of other possible interferents
such as dopamine, ascorbic acid, KCl, nitrophenol, uric acid, glucose
were added one by one to the same electrolyte and their corresponding
DPV current response was recorded.

2.3. Synthesis of 4’-(decyloxy)-[1,1'-biphenyl]-4-ol, b

4,4'-Dihyroxy biphenyl (3 g; 16.1 mmol) was dissolved in dry
ethanol (30 mL), sodium hydroxide (0.644 g; 16.1 mmol) was added
to the reaction mixture and then refluxed until colour of the solution
was changed to dark green. Subsequently, 1-bromodecane (3.4 mL;
16.1 mmol) was added and continuously refluxed for 3 h at 80 °C.
After that, the reaction mixture was cooled to room temperature. The
reaction mixture was acidified with 5 mL of con. HCl to get a precipitate
which was then washed with ethanol and dried under vacuum. The res-
idue was dissolved in ethanol: acetic acid (1:1) and then undissolved
impurities were removed by filtration. Further, the product was purified
by column chromatography on silica gel using dichloromethane
(CH,Cl,) and ethyl acetate as an eluent (9:1) to get compound b as a
white powder. Yield: 40%

FTIR (KBr) umax: 3304, 2944, 2855, 1874, 1610, 1498, 1455, 1386,
1252, 1127, 1036, 803, 725, 648, 561, 510 cm ™.

"H NMR (400 MHz, CDCls) 6 (ppm): 9.82 (s, OH, 1H), 7.51 (d, Ar-H,
2H, 3] = 8.4 Hz). 745 (d, Ar-H, 2H, 3] = 8.4 Hz) 6.97 (d, Ar-H, 2H, 3] =
8.4Hz),6.91 (d, Ar-H, 2H, 3] = 8.4 Hz), 4.05(t, -O-CH,, 2H, *] = 6.8 Hz),
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1.92-1.83 (m, -CH,, 2H), 1.56-1.4 (m,-CH, 14H), 0.94 (t, -CHs, 3H, 3 =
6.4 Hz).

2.4. Synthesis of 4'-(decyloxy)-[1,1'-biphenyl]-4-yl 11-bromoundecanoate,
c

Compound b, 4’-(decyloxy)-[1,1’-biphenyl]-4-ol (2 g; 6 mmol) was
dissolved in dry chloroform (20 mL), 11-bromoundecanoic acid (1.6 g;
6 mmol), DMAP (0.0073 g; 0.06 mmol) were added to the solution and
the resulting mixture was stirred for 30 min. Afterwards, DIC (1.043 mL;
6.73 mmol) was added and continuously stirred for 24 h at ambient
condition. Thereafter, excess solvent present in the reaction mixture
was evaporated in vacuum. The residue obtained was purified by col-
umn chromatography on silica gel using hexane and ethyl acetate as
an eluent (9:1) to afford compound c. The product was further purified
through recrystallization from acetonitrile. Yield: 65%

FTIR (KBr) unax: 3444, 2919, 2849, 1746, 1610, 1495, 1384, 1227,
1150, 1031, 820, 724, 506 cm ™.

'H NMR (400 MHz, CDCl3) 6 (ppm): 'H NMR (400 MHz, CDCl3) &
(ppm): 7.52 (d, Ar-H, 2H, 3] = 8.4 Hz). 7.43 (d, Ar-H, 2H, 3] = 8.4 Hz)
7.11 (d, Ar-H, 2H, 3] = 8.4 Hz), 6.95 (d, Ar-H, 2H, 3] = 8.4 Hz), 4.10 (¢,
-0-CH,, 2H, °] = 6.8 Hz), 3.42 (t,-CH,-Br, 2H, %] = 6.8 Hz), 2.63 (t,
-CH,, 2H, 3] = 7.6 Hz), 2.01-1.52 (m,-CH,, 2H), 1.54-1.35 (m,-CH, 30

H), 0.94 (t, -CHs, 3H, ] = 6.4 Hz).

2.5. Synthesis of 4'-(decyloxy)-[1, 1'-biphenyl]-4-yl
methylimidazolidin-yl) undecanoate, bromide salt, A

11-(3-

A solution of compound, ¢ (0.5 g; 8.7 mmol) and 1-methylimidazole
(0.143 mL; 1.7 mmol) in dry toluene (5 mL) was stirred vigorously in a
pressure tube at 90 °C for 120 h, under nitrogen atmosphere. Thereafter,
excess solvent from the reaction mixture was evaporated in vacuum.
The white precipitate obtained was washed twice using diethyl ether
in order to remove the unreacted starting material. The product ob-
tained after washing was further purified by flash-column chromatog-
raphy on silica gel (eluant: CH,Cl,-methanol in the ratio 9:1) to give
the pure product A as a white powder. Yield: 68%

FTIR (KBr) unax: 3429, 3092, 2925, 2861, 1746, 1593, 1496, 1225,
1150, 1041, 818, 612, 523 cm ™.

"H NMR (400 MHz, CDCls) 6 (ppm): 10.39 (s, N-CH-N, 1H). 7.56 (d,
Ar-H, 2H, ] = 8.4 Hz), 7.49 (d, Ar-H, 2H, 3] = 8.4 Hz), 7.35 (s, Imi-H 2H),
7.13 (d, Ar-H, 2H, 3] = 8.4 Hz), 6.97 (d, Ar-H, 2H, 3] = 8.4 Hz), 434 (t,
-OCHy, 2H, 3] = 7.2 Hz), 4.12 (s, N-CHs, 3H), 4.01 (t, Imi-CH,-CH,-,
2H, %] = 6.8 Hz), 2.61 (t, -CHy, 2H, ] = 7.6 Hz), 1.9-1.7 (m, -CH,, 2H),
1.4-1.3 (m,-CHy, 30H), 0.91 (t, -CHs, 3H, 3] = 6.4 Hz). '*C NMR
(500 MHz, CDCl3) dc (ppm) 172.7, 159.0, 149.8, 138.7, 138.2, 132.8,
128.2, 127.8, 123.3, 121.9, 121.7, 115.0, 68.3, 50.5, 37.0, 34.5, 32.0,
31.1,304, 29.7, 29.5, 29.3, 29.2, 29.1, 29.0, 26.3, 26.2, 25.0, 22.8, 14.2.
HRMS (SI): m/z calcd for [C37Hs5BrN,03] ™ : 655.756, found: 655.7520
[M-Br]*.Elemental analysis for C37Hs5BrN,O5: Calculated-C:67.7%; H
8.39%; N: 4.27%; Found C: 67.57%.;H: 8.40%.; N: 4.27%

IR spectra for compounds b, ¢ and A are provided in Fig. S1. 'TH NMR
spectra along with assignment of the signals for compounds ¢ and A are
provided in Figs. S2 and S3. '*C NMR spectrum for compound A is given
in Fig. S4 and mass spectrum for A is given in Fig. S5 of the electronic
Supplementary information (SI).

2.6. Fabrication of the electrode

Old pen refills were collected and cut into an appropriate length of
4 cm long. After that the refill tubes were sonicated in ethanol and ace-
tone for 30 min in order to remove impurities. ILC modified CPE was
prepared by mixing graphite: ILC in the ratio 70:30, along with few
drops of paraffin oil. The resultant homogeneous paste was tightly
packed into the cavity of refill tubes. The electrical contact was
established through a brass wire. The fabricated electrode surface was
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polished using a butter sheet, to get smooth and shiny appearance.
The bare CPE was fabricated in the same manner without using ILC.
ILC modified CPE fabricated at room temperature is referred as ILC-
CPE-1. Two more ILC-CPE composite electrodes were prepared at two
different temperatures of 90 °C and 120 °C (heating the ILC to the men-
tioned temperature and then mixing with graphite powder), which are
called as ILC-CPE-2 and ILC-CPE-3 respectively.

3. Results and discussion
3.1. Synthesis and characterization of ILC

A new imidazolium based ILC compound bearing a biphenyl core
was synthesized through a two-step approach of esterification followed
by quaternisation as shown in Scheme 1. The synthesized compounds b,
c and ILC, A were chemically characterized using a combination of FTIR,
NMR and mass spectroscopic studies.

An FT-IR spectrum of ILC A along with the spectra for compounds b
and c for comparison is provided in Fig. S1 (SI). IR spectrum of com-
pound b showed a broad peak in the region 3400 to 3250 cm™! corre-
sponding to hydroxyl group. The peaks at 2933 cm~! and 2855 cm ™!
are due to C—H asymmetric and symmetric stretching vibrations.
Compound c also showed IR bands corresponding to C—H stretching
frequencies, however, additional bands were observed at 1735 cm ™!
and at 1650 cm ™! due to C=0 stretching (ester linkage) and C=C
stretching of aromatic rings, which confirmed the successful esterifica-
tion reaction. The FT-IR spectrum of ILC, A showed similar peaks at
around same wavenumbers for ester linkage, C—H asymmetric, sym-
metric stretching and C=C stretching of aromatic rings. Additionally, a
peak was observed at 1220 cm~' due to C—N bending vibration
which confirmed the presence of imidazolium moiety in the ILC.
Moreover, the compounds ¢ and A showed a broad band in the region
3500-3290 cm ™!, which is due to the moisture from the ambience.

i)1-Bromodecane
||) NaOH/EtOH
80°C, 3h

OO

I i) Br(CH,);oCOOH

OCoH24

wo—{ )

ii) DIC,DMAP
iii) Dry CH,Cl,
rt, 24 h

(e}

BrHZC(HZC)aHzc)L O O OC1oHa
[

i)1-Methylimidazole
ii) Dry toluene
90°C,120 h

Br A

Scheme 1. Synthesis of ILC compound A.
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TH NMR spectra of compound ¢ along with peak assignment is given
in Fig. S2 (SI). The characteristic peaks in the chemical shift range of
7.52-6.95 ppm correspond to aromatic protons of the biphenyl moiety
(a,b, c,d). The triplet peak at 4.10 ppm is due to -OCH, protons attached
to the biphenyl ring (e). The triplet peak at 3.42 ppm can be attributed
to CH, protons attached to bromine atom (f) and triplet at 2.63 ppm
can be ascribed to protons attached to the carbonyl group of the ester
linkage (g). Furthermore, the multiplets observed in the chemical shift
range of 2.01-1.35 ppm are due to rest of the 30 protons in the alkyl
chains at both the ends of the biphenyl core. Additionally, triplet ob-
served at 0.94 ppm can be attributed to the equivalent protons present
in the terminal methyl group (j).

'H and '>C NMR spectra of ILC A along with peak assignment are
provided in Figs. S3 and S4 (SI)- 'H spectrum of a ILC, A showed all the
peaks observed in the spectrum of compound ¢ almost at the same
chemical shift values along with additional peaks at chemical shift
values of 10.39, 7.35 and 4.12 ppm. A sharp singlet peak at 10.39 ppm
is due to the proton present in between two nitrogen atoms in the
imidazolium ring (k). The peak at chemical shift value of 7.35 corre-
sponds to protons in the imidazolium moiety (m, n). Further, a sharp
singlet observed at 4.12 ppm is due to the equivalent protons present
in the methyl group (1) attached to the imidazolium ring. A high resolu-
tion mass spectrum of ILC, A is shown in Fig. S5 (SI). The measured mo-
lecular weight matched well with the calculated mass of 655.75.

3.2. Mesophase behaviour of ILC

Mesomorphic behaviour of the ILC A was investigated through dif-
ferential scanning calorimetry (DSC), polarizing optical microscopy
(POM) and X-ray diffraction (XRD) studies. Usually, on heating, LC com-
pounds partially melt to lose their crystalline properties and show
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mesophases with characteristic textural features which on further
heating undergo a transition to an isotropic liquid state. A sample of
ILC sandwiched between a normal glass slide and cover slip was heated
to isotropic temperature and the textural observation was carried out
on cooling from the isotropic melt. The mesophase developed from
the isotropic as battonets at around 188 °C, which immediately turned
to a homeotropic dark texture along with a little birefringence only
around the edges of the air bubbles. These textural features correspond
to a layered structure having an orthogonal arrangement of molecules
with respect to the layer plane and hence indicate the presence of SmA
phase having a uniaxial symmetry. On further cooling, at 143 °C, a low-
birefringent schlieren texture developed over the pseudoisotropic region
clearly indicating a phase transition. Interestingly, careful observation of
the schlieren texture revealed the presence of both two-brush (strength
s= 4! / ,) and four-brush (s = +1) disclinations. Further, similar textural
observation was made for this mesophase, in a LC cell with the glass plates
treated for homeotropic alignment instead of a dark/pseudoisotropic tex-
ture. The presence of both two- and four-brush defects rule out the occur-
rence of a tilted smectic C (SmC) phase, since only four-brush defects are
exclusively observed for the SmC phase. These textural features speculate
the presence of a biaxial SmA phase (SmAy,) [13] which was further inves-
tigated through conoscopy studies (described later). An additional change
in the texture was observed at 93 °C and crystallisation was noticed at
around 86 °C. The images of the sample showing a homeotropic texture
of SmA phase at 158 °C, a schlieren texture at 134 °C and a fan-shaped tex-
ture at 88 °C, recorded on cooling from the isotropic phase, are shown in
Fig. 1a, b and d respectively. An expanded version of a small area of the
image ‘b’ is shown in Fig. 1c. Two more images showing a mixture of
dark and bright regions in the SmA phase at 158 °C and a schlieren texture
at 125 °C are provided in Fig. S6a and b (SI) respectively. The additional
phase transition observed at 93 °C might correspond to a higher order

Fig. 1. POM images of ILC A held between a normal glass slide and a cover slip, at different temperatures recorded on cooling from the isotropic state; (a) at 158 °C (b) at 134 °C(c) a
zoomed version of a small area of image ‘b": yellow circles: four-brush defects, red circles: two-brush defects and (d) 88 °C.

4
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40 80 120 160 200
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Fig. 2. DSC thermogram of ILC, A recorded at a heating and cooling rate of 10 °C/ min.

smectic phase. However, XRD studies could not be carried out on this
mesophase since the phase crystallised quickly. The thermal behaviour
and phase transition temperatures were further confirmed through DSC
studies.

A DSC thermogram of ILC recorded at a heating and cooling rate of
10 °C min~"' is shown in Fig. 2. The sample showed a melting transition
at 116 °C and another peak at 150 °C indicating a phase transition. The
isotropic peak was observed at 195.6 °C. On cooling, the corresponding
exothermic peaks were observed at 189 °C for isotropic to SmA phase
and at 143.5 °C for the second transition. Another exothermic peak
was observed at 94.5 °C, corresponding to a monotropic higher order
smectic phase and crystallisation peak was recorded at 85 °C. Yet an-
other small exothermic peak was observed at 60 °C which may corre-
spond to a crystal-crystal transition. These transition temperature
values matched well with those observed under POM. Although DSC
showed two endothermic peaks on heating cycle, at 75.3 °C and
95.7 °C before the melting peak at 116 °C, these peaks were assigned
to crystal-crystal transitions based on our POM observation. The sample
melted at around 116.5 °C and the cover slip was able to be displaced
only after this temperature. Based on these details and the conoscopy
studies, we propose following phase behaviour for the ILC, A; Cr (SmX
94.5 °C) 116 °C SmA,150°C SmA 195.6 °C L.

3.3. Conoscopy experiment
Conoscopy experiment was carried out to confirm the uniaxial/

biaxial nature of the low temperature SmA phase. For this experiment,
well aligned sample in the form of free standing film was achieved as

a)

-
oo

SmA-185°C
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follows; a loop was made at one end of a thin steel wire. The loop end
of the wire was dipped into the sample taken in a sample cup and
heated to the isotropic phase. As the wire is slowly pulled out there is
a progressive decrease in temperature and the sample slowly transform
into the smectic phase. During this process a uniform free standing film
forms across the loop and stabilizes. The free standing film that is
formed by this process not only has good stability but aligns well pro-
moted by the drawing motion. A green filter was used and the crossed
polarizers were at 45° and 135° in the POM for the observations. A typ-
ical uniaxial pattern was observed in the high temperature SmA phase
at 185 °C. On lowering the temperature to 140 °C, the isogyres begin
to split to give a biaxial pattern. However, the isogyres didn't split too
much in the SmA;, phase. One possible reason is that the biaxial angle
for this sample may be quite small. This confirms that the SmA};, phase
exist at this temperature. Fig. 3 displays optical photomicrographs
showing the patterns obtained in the uniaxial SmA (a) and biaxial
SmA (b) phases of ILC A. Interestingly, when the alignment is not perfect
we could observe the transition from SmA to SmA,, in the film under
POM at temperatures where the difference in the conoscopic image
can also be observed when alignment is good. These POM pictures are
provided in Fig. 4a, b and c respectively.

3.4. XRD studies

XRD study of the ILC was performed as a function of temperature on
cooling the sample from the isotropic melt. The X-ray angular intensity
profiles at different temperatures are provided in Fig. 5a. The sample
showed two reflections in the small angle region occurring at almost
same 26 values at all the measured temperatures. The d spacing was cal-
culated to be d; = 35.8 A and d, = 22.19 A for the two peaks at 160 °C.
The d spacing corresponding to the first reflection viz. d; = 35.8 A is
smaller (by ~3.5 A) than the measured molecular length (L = 39.4 A,
ACD/Chem sketch 3D viewer, Fig. S7, SI) considering an extended all
trans conformation of the terminal alkyl chains, which suggests the pos-
sibility of the occurrence of a SmC phase. However, observation of the
homeotropic texture for the sample placed in between a glass slide
and cover slip (Fig. 1a) as well as in the free standing film (Fig. 4a) sug-
gests an orthogonal arrangement of the molecules in layers, probably
with an interdigitation of the alkyl chains in the adjacent layers. Inter-
estingly the d spacing corresponding to the second reflection (d;) is
not exactly half of d; but is higher than d,/2 by 4 A. Further, intensity
of the I and II peaks suggests the possibility of both d; and d, being re-
peating units [42]. Based on these details we propose an intercalated
layer arrangement for the SmA phase, with a favourable overlapping
of aromatic cores, alkyl chains and ionic moieties as shown in Fig. 5b.
Such micro-segregation of ionic and non-ionic parts is known for the

(0;0)

b)

SmA,-140°C

Fig. 3. Conoscopic images of ILC A (a) uniaxial SmA-185 °C (b) biaxial SmA-140 °C.
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Fig. 4. POM images of ILC, A (a) uniaxial SmA-160 °C well aligned (b) SmA-SmA,, transition at 140 °C in well aligned sample (c) SmA-SmA,, transition at 140 °C, in sample which is not well

aligned.

ILCs [43-45]. Additionally, the XRD patterns at both the temperatures
exhibited a broad peak in the wide angle region at 26 = 18° correspond-
ing to a d spacing of 4.9 A indicating a fluid like in-plane orientation. The
XRD studies did not show any significant changes in the pattern or d
values in the lower temperature phase (patterns at 140 °C, 130 °C,
120 °C and 100 °C). However, the POM observation and DSC studies
clearly indicated the presence of two phases and conoscopic studies
confirmed that these SmA phases are uniaxial and biaxial in nature at
higher and lower temperature region respectively. Further, conoscopy
experiments also revealed that the biaxial angle might be quite small
for the lower temperature phase. This could be the reason for not ob-
serving any difference in the XRD pattern in these two phases. Neverthe-
less, occurrence of the two phases is confirmed through the textural
changes observed for the sample in normal glass slides, free standing
films and a corresponding transition peak in the DSC thermogram.

In addition to the textural observations using POM, ILC was also
viewed under a scanning electron microscope (SEM). For the observa-
tion, sample was prepared by drop-casting a homogeneous solution of
the ILC in chloroform on an ITO plate and dried under ambient conditions
and directly examined under the microscope. Fascinatingly, hierarchical

array-like structures were observed on the surface due to self-
assembling nature of the smectogenic ILC as shown in Fig. 6a and b. Ad-
ditionally, SEM images of ILC-CP composite (prepared at different tem-
peratures) are provided in Fig. S8 (SI).

3.5. Electrochemical characterization of ILC modified CPE electrodes

The electrochemical characteristics of the CPE and ILC modified CPEs
were investigated using cyclic voltammetry technique (CV) in the po-
tential range between —0.1 to 1V at a scan rate of 50 mVs ™! in phos-
phate buffer solution (pH 7). The CVs obtained are provided in Fig. 7.
The ILC modified electrodes showed two well defined oxidation peaks
at the potential values of 0.2 and 0.6 V and their corresponding reverse
peaks were also observed. Compared to CPE alone, the modified elec-
trodes showed increased peak current suggesting good electron medi-
ating property of the ILC. The cyclic voltammograms of ILC modified
electrodes fabricated at room temperature (ILC-CPE-1), 90 °C(ILC-CPE-
2) and 120 °C (ILC-CPE-3) exhibited almost same electrochemical re-
sponse with a slight potential shifts in the positive direction. For ILC-
CPE-3 fabricated at 120 °C, the anodic peak current was 0.086 mA at

f~——100°C|

120°C|
——130°C|
f———140°C|
——150°C|
f~——160°C|
——170°C|
——200°C|

Intensity (a.u)

0 5 10

15 20 25

26(deg)

ds i

e——— dz———";

Fig. 5. (a) XRD pattern of ILC, A as a function of temperature recorded on cooling from the isotropic phase and (b) a schematic representation of the molecular arrangement in the

mesophase.
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Fig. 6. (a) & (b) Representative SEM images of the ILC, A at different magnification.

0.24
- — CPE
o~
'E —— ILC-CPE -1
© 0414 —— ILC-CPE-2
< —— ILC-CPE -3
E
2
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(]
©
€ 0.1
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=
(&}
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0:0 0:2 0:4 0:6 0:8 1.0
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Fig. 7. Cyclic voltammograms of CPE and ILC-CPE-1, ILC-CPE-2 and ILC-CPE-3 recorded in
phosphate buffer solution at a scan rate of 50 mVs™".

0.63 V which is higher than that obtained at other electrodes indicating
the rapid electron transfer property. Therefore, ILC-CPE-3 fabricated at
120 °C was considered as optimized electrode and further experiments
were carried out using the same.

0.3 4

0.2+

0.1+

0.0 4

0.1+

-0.2 4

Current density (mA cm)

-0.3

00 02 04 06

E/V vs Ag/AgCI

0.8 1.0

3.6. Effect of scan rate

In order to study the electrode kinetics of ILC-CPE-3, CVs at different
scan rate were recorded from 10 to 100 mVs ™! which are shown in
Fig. 8a. On increasing the scan rate, anodic and cathodic peak current
was gradually increased with minor potential shifts in the anodic direc-
tion which is a typical behaviour of a reversible system. The resultant
anodic and cathodic peak current was plotted against the scan rate
that yielded a linear behaviour with correlation coefficient of 0.9915
and 0.9922 respectively, and the linear dependence plot is shown in
Fig. 8b. These results revealed that the electrochemical reaction is en-
tirely a surface confined process which is in good agreement with the
literature report [46,47].

3.7. Electrocatalytic oxidation of paracetamol

The electrocatalytic activity of CPE and ILC-CPE-3 towards oxidation
of paracetamol was ascertained from their CV response recorded in
phosphate buffer solution (pH 7) at a scan rate of 50 mVs™'. The
electro-oxidation of paracetamol at the modified electrode is shown in
Fig. 9a. For every addition of paracetamol into the electrochemical cell,
the modified electrode responded rapidly with increment in the anodic

0.25- B
b)
& 2
= R2=0.9922
(8]
S 0201
£
2
2
£ 0.15-
T
-
=
e
3 0.104
0 20 40 60 80 100

Scan rate (mV s'1)

Fig. 8. (a) Cyclic voltammetry response of ILC-CPE-3 at different scan rates (10-100 mVs~!); (b) linear plot of anodic (a) and cathodic (b) peak current vs scan rates.
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Fig. 9. (a) CV curves of ILC-CPE-3 in presence of various concentrations of paracetamol in phosphate buffer solution at a scan rate of 50 mVs~(b) comparison CVs of CPE and ILC-CPE in

presence of 1 mM paracetamol.

peak current. On increasing the concentration of paracetamol from
0.1 mM to 1 mM, the anodic peak at 0.63 V was enhanced with simulta-
neous decrease in the reduction current and the potential was also
shifted towards the negative direction, which implies that the presented
sensor reduces the overpotential. These results inferred the good elec-
trocatalytic activity of the proposed electrode material. The electrocata-
lytic activity could be due to self-assembled and highly ordered nature
of the ILC containing CPE electrode material. This layered morphology
can induce more edge-plane-like defects on the surface which in turn
can increases the kinetics of the electrode reaction [27]. Porous surface
of CP coupled with ordered nature of ILC, facilitates good ionic mobility
and drug molecule penetration. Fig. 9b shows the cyclic voltammo-
grams of CPE and ILC-CPE-3 in presence of 1 mM of paracetamol re-
corded at a scan rate of 50 mVs~'. When 1 mM of paracetamol was
added, the unmodified CP electrode exhibited an anodic oxidation
peak with Ipa of 0.024 mA at 0.6 V. But, the ILC modified electrode
(ILC-CPE-3) displayed an enhanced oxidation peak having Ipa =
0.262 mA at 0.75 V. About 10 fold increase in oxidation peak current
was observed for ILC-CPE-3, compared to CPE alone. Though the un-
modified CP electrode has less overpotential, the onset potential of
paracetamol oxidation starts earlier at modified electrode, which re-
vealed the excellent electrocatalytic activity of ILC-CPE-3. The electro-

oxidation mechanism of paracetamol is shown in Scheme 2. These re-
sults clearly suggest that the incorporation of ILC in CP could make
them suitable candidate for the fabrication of electrochemical sensor
for real time applications.

3.8. Differential pulse voltammetric studies

Differential pulse voltammetry (DPV) with a frequency of 10 Hz and
amplitude of 10 mV potential possess higher sensitivity and better res-
olution than CV. Hence, the electrochemical determination of paraceta-
mol using ILC-CPE-3 was studied using DPV technique in the potential
range from 0.4 V to 0.8 V. Fig. 10a presents the DPV curves for increasing
concentrations of paracetamol from 0 uM to 200 uM. Upon every addi-
tion of paracetamol, the oxidation peak current increased and the
peak potential also shifted towards more negative potential suggesting
the electro oxidizing capability of paracetamol. In order to extract the
analytical parameters such as limit of detection, sensitivity and linear
range, the calibration curve was plotted against various paracetamol
concentrations with their corresponding oxidation peak currents and
the plot is shown in Fig. 10b. A linear relationship was achieved from
0 UM to 120 uM with the correlation coefficient of 0.9995. The slope
value of the linear calibration curve gives the sensitivity and it was

ﬁ 0
HN T NTT N
xflh‘- a-"-'JL-"-_
= -2e", -2H* - -
| 2 |
."‘-\. "-::'J; --‘\_._h
OH 8]

Acetaminophen

MN-acetyl-p-quinone imine

Scheme 2. Electrochemical oxidation of acetaminophen(paracetamol) to N-acetyl-p-quinone imine
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Fig. 10. (a) DPV response of ILC-CPE-3 for increasing concentration of paracetamol (b) the corresponding linear calibration plot between concentration and current (c) comparison DPV

curves for CPE and ILC-CPE-3 in presence of paracetamol.

calculated as 0.0123 pA pM ™! cm ™2 The detection limit was calculated
using the following equation

LOD =3s/m

where, 3 is the signal to noise ratio and ‘s’ is the standard deviation and ‘m’
is the slope of the linear calibration curve. The detection limit was esti-
mated as 2.8 puM, which is a good detection limit for the pure ILC-
graphite based composite electrodes without any metal/metal oxide dop-
ing. Table 1 summarizes the analytical performance of different types of
modified electrodes for paracetamol detection, reported in the literature.
It was found that the developed ILC modified CPE sensor showed accept-
able limit of detection and sensitivity. The ILC modified CPE showed excel-
lent oxidation current response for paracetamol than that of unmodified
CPE. The comparison DPV curves are presented in Fig. 10c.

Table 1

3.9. Interference studies

Selectivity is an important factor associated with electrochemical sen-
sor fabrication because there are some intermediates interfere with para-
cetamol in pharmaceutical synthesis. Fig. 11a depicts the influence of the
interfering compounds towards electro-oxidation of paracetamol. DPV
curves were recorded by addition of 10 fold increased concentration of
glucose, ascorbic acid, uric acid, dopamine, and 5 fold increased concen-
tration of KCl, CuSO4 and nitrophenol along with 50 uM of paracetamol.
The DPV current response for addition of interferents was only 3% [50]
which is insignificant compared to that of paracetamol and is depicted
in Fig. 11b. The ILC-CPE modified electrode detected paracetamol even
in the presence of mixture of interferents that suggested the anti-
interfering ability. Hence, the present sensor material could be used for
the assay of paracetamol in practical applications.

Comparison of different modified electrodes reported for electrochemical sensing of paracetamol.

Modified electrodes Linear range Detection limit Sensitivity References
(M) (MM) pA M~ em 2

C60/GCE 50-1500 50 13.04 [47]

Dipyrromethene-Cu(Il)/Au - 120 - [48]

-CD/RGO/GCE 10-800 23 - [49]

Co-Ni/copper foam 10-100 2.7 7960 [34]

ILC-CPE 0-120 28 0.0123 Present work
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Fig. 11. (a) DPV curves of ILC-CPE-3 modified electrode in presence of 50 uM of paracetamol and 5 fold increased concentration of other possible interferents (b) corresponding bar graph

for the data shown in Fig. 11a.

3.10. Reproducibility and stability test

The reproducibility of the ILC modified CPE electrode was evaluated
using DPV technique. For that, five different ILC modified electrodes
were fabricated under same experimental conditions and the DPV
curves were recorded. Interestingly, upon addition of 50 uM of paracet-
amol, all the five modified electrodes gave similar oxidation peak
current response. Based on the current response of five modified elec-
trodes, the relative standard deviation was calculated as 3.5% which
suggested the excellent reproducibility of the proposed electrode. The
electrode to electrode reproducibility was also tested by adding 50 M
of paracetamol with time intervals of every 4 h. Whenever, the paracet-
amol was added, the ILC modified CPE electrode gave similar oxidation
peak current with slight fluctuations. The modified electrode stability
was also investigated for every five days over a period of one month.
About 92.6% of oxidation peak current was retained after 1 month re-
vealing the good stability of ILC modified CPE electrode.

3.11. Real sample studies

The practicability of ILC-CPE-3 electrode towards paracetamol was
evaluated from DPV current response using standard addition method.
For that, paracetamol (500 mg) tablet was finely ground in the mortar
and accurately weighed and the stock solution was prepared. Pond
water was collected from nearby location and diluted with phosphate
buffer solution without further treatment. Usually, dilution is done to
reduce the matrix effect of the real samples. As expected, addition of
pond water in PBS, the proposed electrode did not show any electro-
chemical response but, for addition of 10 uM of paracetamol into the
same solution exhibited an oxidation peak at approximately 0.58 V
confirming the oxidation of paracetamol. Further, addition of increased
concentration of the sample (20 and 30 M), the oxidation peak current
enhanced suggesting the practical utilization in real samples. The spiked
concentrations coincided well with the concentration in the calibration
curve. The recovery results were obtained and listed in Table 2 which
are in the range of 99 to 102% revealing the good feasibility of our pro-
posed electrode material.

Table 2
Determination of paracetamol in pharmaceutical samples.
Sample Added (uM) Found (M) Recovery (%) RSD (%)
Paracetamol 10 10.2 102 1.6
(500 mg tablet) 20 19.8 99 2.3
30 30.3 101 1.2

RSD-relative standard deviation.

4. Conclusions

In summary, a new ILC containing biphenyl core bearing a terminal
imidazolium moiety was synthesized which exhibited two enantiotropic
smectic A (SmA) phases having a biaxial and uniaxial nature. Electro-
chemical studies of the ILC as an electrode material in combination with
carbon paste showed increased current response compared to carbon
paste alone, suggesting a good electron mediating property of the ILC.
The ILC-CPE electrode was analysed for the electrochemical detection of
an analgesic drug paracetamol. The proposed sensor material exhibited
excellent electrocatalytic activity, reproducibility, stability and anti-
interfering ability. The differential pulse voltammetry experiments
yielded a linear range from 0 to 120 pM with good detection limit of
2.8 uM for the sensing of paracetamol. Direct determination of the para-
cetamol in pharmaceutical formulation was successfully conducted
using the ILC-CP electrode.
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