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In this study, organic—inorganic hybrid mesogens of silver nanoparticles (Ag NPs) and azopyridines (AzoPys)
enabled by halogen bonding were prepared. Triple functions of the degree of orientation change, metal-
enhanced fluorescence, and surface-enhanced Raman scattering were observed in Ag---Br—Br---AzoPy
nanoparticles (12Br—Ag), which were induced by the in situ synthesis of Ag NPs in AzoPy. The bromine
molecules were then linked by halogen bonding and electrostatic interaction resulting in the smectic A
phase of 12Br—Ag. To demonstrate the potential of Br—Br---AzoPy (12Br) as a practical sensor, we used
the 12Br compound to detect silver in an aqueous condition, and significant signals of the halogen-
bonded complex-silver system were observed in the X-ray diffraction pattern and Raman spectra.
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Halogen bonding is an attractive intermolecular interaction for
adjusting the interaction strength by choosing suitable halogen
atoms that participate in the bond formation without signifi-
cantly changing the electronic structure of the compound.*
Azobenzene-containing composites are of great interest, having
promising applications in various fields, such as, optical data
storage, owing to the reversible ¢rans—cis photoisomerisation of
azobenzene chromophores.>” The halogen-bonded liquid crys-
tals of azobenzene were first reported in 2012.° Currently, many
studies describe halogen bonding using azobenzene in the field
of organic-liquid crystals”® and photoresponsive nano-
composites;>™* however, few studies have investigated the
metal-containing azobenzene mesogens. Recently, azobenzene
hybrid mesogen-capped thiolated ligands of gold and silver
nanoparticles with lamellar and columnar superstructures were
achieved and changed the phase transitions significantly; they
can behave as intriguing photo-switched temperature sensors
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with storage and erase functionality with well-organised hybrid
systems."* The coupling of the azobenzene mesogen with inor-
ganic nanoparticles has recently become an attractive approach
as it can give rise to novel hybrid materials in which the prop-
erties of the two components are mutually enhanced.™
However, studies have not explored organic-inorganic hybrid
liquid crystals of azobenzene-containing composites with
intermolecular interactions for this purpose, not to mention
exploring their applications for the next generation of liquid
crystal sensors.

Herein, we report azopyridine (AzoPy) mesogens embedded
with silver nanoparticles (Ag NPs) obtained by halogen-
bonding. Although the texture or degree of orientation
remained unchanged in Ag---Br-Br---AzoPy (12Br-Ag)
compared to that in Br-Br---AzoPy (12Br), a clear birefringence
change was detected, which was attributed to the variation in
the electronic properties of 12Br-Ag with a shorter d-spacing.
Meanwhile, the halogen bonding intensified the metal-
enhanced fluorescence (MEF) of the AzoPy ligand by inserting
Br, between the Ag NPs and ligand molecules in the solution
along with the Surface-enhanced Raman (SER) scattering but
not in the condensed phases (crystal or mesophase). By taking
advantage of the assisted enhancement of MEF and SER factors
of halogen bonding, we report a new approach for the sewage
detection by identifying the trace metals using a halogen-
bonded liquid crystal as a sensor in water owing to its high
sensitivity; it may possess the potential to transform the waste
metal pollution into treasure.
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The organic-inorganic hybrid liquid crystals of azopyridines
are shown in Scheme 1. Generally, there are two approaches for
preparing nanoparticles: ex situ and in situ (direct growth). The
in situ synthesis induces the morphology-controlled growth of
nanoparticles.'>'® Thus, we adopted the in situ synthesis of Ag
NPs (10 wt%) with the ligand AzoPy, followed by a treatment
with molecular Br, to obtain the organic-inorganic hybrid
liquid crystals of Ag NPs and AzoPy. The synthesis protocols are
given in the ESL{ The resulting Ag---Br-Br---AzoPy nano-
particles were characterized by scanning transmission electron
microscopy (STEM), energy dispersive spectroscopy (EDS),
transmission electron microscopy (TEM), powder X-ray diffrac-
tion (XRD), UV-vis absorption, and Raman spectroscopy.

The STEM, TEM, and EDS elemental mapping were per-
formed on the hybrid Ag NPs. As shown in Fig. 1(a), the Ag NPs
were covered by an organic corona of the halogen-bonded
complex Br-Br---AzoPy, which is a result of the interactions
between Ag NPs and a pyridyl moiety in AzoPy linked molecular
Br, by halogen bonding and electrostatic interactions. More-
over, the EDS mapping data support the presence of Ag and Br
atoms in the hybrid nanoparticles (Fig. 1(b)). Fig. 1(c) shows an
organic layer surrounding the Ag NPs with a small thickness,
and the EDS mapping demonstrates the presence of Ag
(Fig. 1(d)) and Br (Fig. 1(e)) in the hybrid nanoparticles. The HR-
TEM images also showed distinct lattice fringe patterns, indi-
cating the highly crystalline nature of the Ag nanocrystals. The
obtained lattice spacing was 0.25 nm, which agrees with the
(111) plane for the face-centred cubic (fcc) crystal structure of
bulk Ag." The collective EDS mapping and STEM/TEM results
provide a definitive evidence for the stabilised halogen-bonded
complex of Ag NPs. However, a structure of Ag---AzoPy nano-
particles devoid of halogen bonding was not identified
(Fig. s1(a)).t

The powder XRD was performed to confirm the structure of
nanoparticles. The d-spacing, determined by the deconvolution
of a specific diffraction peak in the XRD pattern following
Vegard's law, predicts a linear relationship between the crystal
lattice parameter and the concentration of the constituent
elements."”*®* As shown in Fig. 2(a), the diffraction peaks of Ag
(111), (200), (220), and (311) planes of Ag NPs were located at 26
= 387, 45°, 64°, and 77°, respectively. These distinct peaks are
the structural features of Ag NPs, which also appear in the XRD
pattern of Ag---AzoPy and Ag---Br-Br---AzoPy nanoparticles,

______________________________________________________________________________________

Bl ey - e o

AzoPy

Ag NP Ag--AzoPy Ag--Br-Br---AzoPy

Scheme 1 Schematic illustration of organic—inorganic hybrid liquid
crystals (Ag---Br—Br---AzoPy).
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Fig. 1 The STEM image (a), EDS Ag and Br elemental mapping
image (b), and HR-TEM image (c) of the di-noncovalent bonded
Ag---Br—Br---AzoPy nanoparticle compared to EDS elemental mapping
images of Ag (d) and Br (e). Mapping of the Ag region is depicted in
yellow, while the Br region is shown in red.

confirming the successful formation of organic-inorganic
hybrid complexes of Ag NPs.">*

The UV-vis absorption spectra of Ag NPs, AzoPy, Ag---AzoPy
nanoparticles, Br-Br---AzoPy, and Ag---Br-Br---AzoPy nano-
particles in acetone are shown in Fig. 2(b). The surface plasmon
resonance (SPR) band of pristine Ag NPs is barely detectable
because of the insolubility of Ag NPs in acetone. The absorption
maximum (Anax) of AzoPy and Ag---AzoPy nanoparticles are
located in the same band at 352 nm, and the SPR band of Ag in
Ag---AzoPy nanoparticles is absent because of the weak inter-
action between the electronic doublet of the nitrogen atom of
the pyridyl moiety and the Ag surface.”** However, compared
to the Br-Br---AzoPy, the Ag---Br-Br---AzoPy nanoparticles
showed a large redshift with A, at 393 nm because of the
incorporation of Ag NPs to AzoPy, demonstrating a stronger
interaction of Br-Br---AzoPy with Ag NPs than with Ag---AzoPy
nanoparticles, leading to the formation of the Ag---Br non-
covalent bond composites.

In addition, the UV-vis absorption spectra of Ag:--Br-Br---
AzoPy nanoparticles at different concentrations of Ag NPs in
acetone and a mixture of surface-stabilised Ag NPs and the
AzoPy ligand in the solution were evaluated (Fig. S27).

Further investigation of the Ag---Br-Br---AzoPy nano-
particles was corroborated by the Raman spectra. The Raman
spectra of Ag---AzoPy nanoparticles showed a strong band at
249 cm ', characteristic of adsorbed pyridine groups compared
to AzoPy (Fig. 2(c)), which is similar in frequency to the strong
bands reported for pyridine adsorbed on Ag electrodes® and Ag
sols.” However, the selective Raman enhancement by excitation
at 785 nm was observed, corresponding to the characteristic
Ag---Br vibrations at 151.8 cm ™" in Ag---Br-Br---AzoPy nano-
particles, which is a result of the complexation between
halogen-bonded azodye molecules Br-Br---AzoPy and Ag NPs
after adding Br, to Ag---AzoPy nanoparticles.

This extraordinary enhancement was caused by the metal-
molecule interaction, which involves the exchange mixing of Ag

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The X-ray diffraction patterns (a), UV-vis absorption spectra of
Ag NPs, AzoPy, Ag---AzoPy, Br—Br---AzoPy, and Ag---Br—Br---AzoPy in
acetone (dashed line: predicted diffraction peaks for Ag metal) (b), and
the Raman spectra of AzoPy, Br—Br---AzoPy, Ag---AzoPy, and Ag---Br—
Br---AzoPy nanoparticles in the solid state (c).

electron-hole pairs and the HOMO-LUMO excited state of
bromine molecules.””*® These results confirm that Ag---Br-Br---
AzoPy nanoparticles were successfully assembled based on the
interaction of Br, with the N atom of the pyridyl moiety by
bromine bonding and the surface of Ag NPs by the electrostatic
interaction. Furthermore, the XPS and "H NMR spectra were
recorded to further ascertain the bonding between Br-Br-:
AzoPy ligand molecules and Ag NPs (Fig. S3-S51)

Fig. 3(a) shows the mesophase produced by the organic-
inorganic hybrid complexes via the in situ synthesis of Ag NPs in
AzoPy, and then linked by the halogen bonding, which stabi-
lised the mesophase with an increase of 10.3 °C in the liquid
crystal to isotropic transition compared with 12Br in heating
cycle owing to the chemisorption of mesogens on nano-
particles.” This is different from the physical mixture of liquid
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Fig. 3 The DSC measurements of composites 12Br and 12Br—Ag in
heating and cooling cycle (a), POM images of 12Br-Ag at 120 °C on
cooling from the isotropic phase (b), in vertical orientation cell in liquid
crystal temperature (c), and upon UV irradiation (d).

crystals and nanoparticle hybrid systems, which lower the
temperature (destabilisation) of the liquid crystal phases with
the metal nanoparticles. The POM images of 12Br-Ag show
focal conic fan textures between plain glass slides (Fig. 3(b)) and
a uniform dark image in a vertical-orientation cell at their liquid
crystal temperatures (Fig. 3(c)), which is similar to the smectic A
phase of the pristine materials (12Br).* However, the photo-
chemical phase transition in 12Br-Ag induced by UV irradiation
was unlike that of the previously reported® brominated
compounds (12Br; Fig. 3(d)).

After the annealing process, the SAXS experiments were
employed to confirm the type of the smectic mesophase, as
shown in Fig. 4. Two peaks with q values of 1.36 and 2.78 nm "
were detected for 12Br-Ag, similar to those observed for 12Br.
The ratio of the scattering vectors of these two peaks was 1 : 2,
indicating a smectic packing of 12Br-Ag. Using the MM2 force
field method, it was determined that the d-spacings of the first
diffraction peaks of 12Br and 12Br-Ag were 5.10 and 4.64 nm
approximately, which is 1.67 and 1.41 times the length of the

——12Br
l ———12Br-Ag

Scattering intensity (a.u.)

05 10 15 20 25 30 35 40 45
q(nm’)

Fig. 4 The SAXS patterns of 12Br and 12Br—Ag after the annealing
process with intensity in log scale. The inset picture is the schematic
drawing of the smectic packing of 12Br—Ag.
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calculated molecular 12Br (I = 3.06 nm) and 12Br-Ag complexes
(I = 3.26 nm, the length includes the non-interaction distance
between the peripheral bromine atom and the Ag NPs),
respectively. Thus, the structures of 12Br and 12Br-Ag could be
interdigitated smectic A phase, in which parts of the 12Br-Ag
molecules overlap (see the inset picture in Fig. 4). The d/I ratio
of 12Br-Ag decreases compared to that of 12Br, probably
because of the distinct electronic properties between them,
which were induced by the in situ synthesis of Ag NPs in AzoPy.

The directing abilities of the Ag NPs are selective to surpass
those of the alignment layers of the cell according to the
temperature condition, which implies that doping with Ag NPs
in the liquid crystal plays a dominant role in changing the
birefringence by decreasing the d-spacing and inhibiting the
orientation, as shown in Fig. S6 and S7.7

Furthermore, when dyes are localised near either free or
immobilised metal particles, their luminescence (i.e., fluores-
cence) intensifies, which is known as metal-enhanced fluores-
cence (MEF).**** To investigate the occurrence and
intensification of MEF in AzoPy, the fluorescence emission of
the free AzoPy ligands and their corresponding complexes with
Ag NPs were evaluated, as shown in Fig. S8(a).T It is important to
note that the fluorescence intensity of Ag:--Br-Br---AzoPy
nanoparticles was approximately three times higher than that of
Ag---AzoPy nanoparticles. This implies that the insertion of Br,
between the AzoPy ligand and Ag nanoparticles intensifies the
MEF of the ligand. This interesting characteristic is attributed
to the increased distance between the azodye molecule and the
Ag NP surface due to the presence of the intervening Br,. As
shown in Fig. S9,1 the MM2 molecular mechanics calculations
support this hypothesis.

The influence of the concentration of Ag NPs, different
excitation wavelengths, and doping method on the fluorescence
enhancement effect was evaluated in detail (Fig. S8(b-d) and
S107). The fluorescence quantum yield and fluorescence life-
time of the azodye functionalised Ag NPs were determined, as
shown in Fig. S11, S12 and Table S1.1

To investigate the viability of halogen-bonded liquid crystals
for application as sensors in metal pollution, inspired by the
above-mentioned intensification phenomenon of the MEF and
SERS of the organic and inorganic hybrid liquid crystal, 12Br
was used for detecting silver components under realistic
conditions, such as liquid waste produced in the preparation of
conductive silver ink and tap water. As shown in Fig. 5(a), the

——12Brin liquid waste
——12Brin tap water

——12Br in liquid waste
——12Br in tap water (b) -
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Fig. 5 The XRD pattern and Raman spectra of 12Br in liquid waste
produced from the preparation of conductive silver ink and tap water
(100 mg mL™Y), respectively.
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diffraction peaks of Ag (200), (220), and (311) planes of Ag NPs
in liquid waste are located at 45°, 64°, and 74°, respectively;
thus, recovering silver from the waste liquid. Thereafter, trace
amounts of silver were further detected in tap water. Although
the content of silver in the tap water was extremely low, the
detection signals of the Ag (111) and (200) planes at 26 = 38°
and 45° could also be detected by 12Br due to the interaction
between 12Br and silver in water with high sensitivity.

In addition to XRD characterisation, we studied the detec-
tion of silver in liquid waste and tap water via Raman spec-
troscopy. Compared to 12Br-Ag, the Raman peak of the
bromine stretching vibration frequency of 12Br appeared at
222.4 cm ' and 166.8 cm ™', but no SERS signals were detected
because of weak interaction obtained by mixing them directly,
as shown in Fig. 5(b). Instead, the N=N stretching and azo-
benzene quadrant stretching at 1414 cm ' and 1452 cm
became active due to the interaction of the azobenzene ring
and N atom with silver. These results confirm that the 12Br
halogen-bonded liquid crystal is capable of detecting silver in
a water environment and has the potential to transform metal
pollution into valuable organic-inorganic hybrid mesogenic
materials.

In conclusion, Br, was successfully introduced as a bridge
between Ag NPs and the AzoPy ligand by electrostatic interac-
tion and halogen bonding at the Ag NP surface and azodye end,
respectively, thereby displaying liquid crystalline properties
with the intensification of the MEF and SERS. The 12Br-Ag was
difficult to orientate by the alignment layers of the cell in the
liquid crystal temperature but could orientate after the
annealing treatment at room temperature. More importantly,
the bromine-bonded complex was used as a sensor for detecting
silver in aqueous fluids and was capable of transforming waste
metal pollution into valuable organic-inorganic hybrid liquid
crystals for potential ultrasensitive detection in the water-
environment monitoring and analytical chemistry.
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