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Introduction

Clustering triggered emissive liquid crystalline
template for dual mode upconverted and
downconverted circularly polarized
luminescencet

Sreelakshmi Theeyanchery Nalavadath, Sonia Maniappan, Anannya Mandal and
Jatish Kumar @2 *

Liquid crystalline materials have attracted significant attention in chiroptical research due to their ability to
form long range ordered helical superstructures. Research focus has been on exploiting the unique pro-
perties of liquid crystalline materials to demonstrate highly dissymmetric circularly polarised luminescent
(CPL) systems. In this study, we present a thermally driven, facile approach to fabricate CPL-active
materials utilizing cholesteryl benzoate as the active substrate. Cholesteryl benzoate, a well-known ther-
motropic liquid crystal, has been found to manifest intriguing optical characteristics upon subjecting to
repeated heating—cooling cycles. Despite the absence of conventional fluorescent moieties, the material
exhibited
Systematic investigations revealed excitation-dependent CPL for solid cholesteryl benzoate films when

luminescence through aggregation induced clustering triggered emission mechanism.
subjected to multiple thermal cycles. The excited state chiroptical investigation performed after multiple
thermal cycles showed a luminescence anisotropy (guum) of 8 x 1072, which is a high value for simple
organic molecules. Moreover, upon co-assembly with lanthanide-based upconversion nanophosphors
(UCNPs), the hybrid system demonstrated upconverted circularly polarised luminescence (UC-CPL).
Benefiting from the ability to endow upconversion nanoparticles of various sizes, fabrication of
UCNP-ChB hybrid nanocomposites exhibiting multicoloured upconversion CPL was demonstrated. These
findings highlight the potential of liquid crystalline materials for diverse applications, including 3D optical
displays and anticounterfeiting technologies.

optical properties, prompting extensive investigations into the
CPL active materials. Chiral induction at the nanoscale can be

Circularly polarized luminescence (CPL) is an emergent tech-
nique that explores the optical activity of molecules and
materials in their excited state. Design and development of
innovative materials exhibiting high CPL activity has become
an imperative pursuit of researchers due to its endless appli-
cations in diverse fields ranging from chemistry, biology and
material science."” CPL activity not only signifies the chiral
emissive characteristics of a material but also holds pivotal sig-
nificance in the analysis of chirality transmission and amplifi-
cation,® thereby offering avenues for advancement in
biosensing,”® catalysis,” photoelectric devices,'® and 3D dis-
plays.* The imperative quest lies in the development of CPL-
active materials with high dissymmetry factors and tunable
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achieved through various strategic approaches, namely struc-
tural chirality,"®"? induced chirality,"*"® and template-assisted
chirality."® Among the various methods adopted, the template-
assisted approach stands out as a promising technique for
inducing chirality in achiral luminescent materials, thereby
generating chiral emission. Various templates, such as
liquid crystalline materials,”” DNA,'®' peptides,”>*' and
organogelators,”>*®* have been actively explored for this
purpose. Liquid crystalline materials, owing to their ability to
form profound long-range chiral helical superstructures, have
been exploited as efficient template for chiral induction. High
dissymmetry factor and tunable optical properties are attri-
butes that render thermotropic liquid crystals as front runners
in chiral templating of nanoparticles.

Clustering triggered emission (CTE) is a unique phenom-
enon gaining vast research attention in recent years for devel-
oping materials, typically using molecules that lack conven-
tional aromatic luminescent moieties.”** It is of prime sig-
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Fig. 1 Scheme depicting the generation of upconverted (top) and downconverted (bottom) CPL from UCNP-ChB hybrid composite films subjected

to three cycles of heating and cooling.

nificance as these CTE active materials are in general hydro-
philic and biocompatible, and hence can also be quoted as
green luminescent materials with versatile applications.?®™®
Our material of interest, cholesteryl benzoate (ChB) (see
chemical structure in Fig. 1), is a thermotropic cholesteric
liquid crystalline (CLC) system which does not constitute any
traditional luminescent moiety. While there have been efforts
on controlling the phase changes in cholesteryl-based liquid
crystalline derivatives in response to external stimuli, studies
focusing on their ground and excited state optical activity is
2930 Recently Zhou and coworkers explored CTE in ChB
and investigated their excited state emissive properties in
aggregated state.>' Inspired from this work, we did systematic
experimentations on understanding the phase changes in this
class of materials as a function of external stimuli. Herein, we
delve deeper into controlling the chiroptical properties in ChB
by inducing phase changes under repeated heating-cooling
cycles. Thermotropic chiral liquid crystalline properties
coupled with clustering triggered emission is employed to
demonstrate CPL activity in the visible region. Given that the
template itself exhibit optical activity as well as luminescence,
our objective is to generate both downconversion and upcon-
version CPL (UC-CPL) from a single material by employing
ChB as the host chiral template and upconversion nanopho-
sphors as the guest nanoparticle (Fig. 1). Lanthanide based
upconversion nanophosphors (UCNPs), compared to conven-
tional luminophores, have sharp emission peak, enhanced
photostability as well as low toxicity, making it an ideal candi-
date for bioimaging assays and biomedical applications.*?
Recent advances in UC-CPL using liquid crystalline template
have demonstrated multiple applications ranging from infor-
mation storage, optical displays to security encryption.’*3*
Reported literatures have worked on tuning the photonic
bandgap of achiral liquid crystalline material using chiral
additives to form chiral template. In contrast, our approach is
focused on (i) attaining CPL with enhanced g, using chiral
cholesteric liquid crystal with multiple heating-cooling cycles

scarce.
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and (ii) extending these efforts to generate multicolour
UC-CPL by fabricating composite films using UCNPs.

Results and discussion

ChB, a thermotropic liquid crystal, is chosen as both source of
chiral luminescence as well as a chiral host. The detailed inves-
tigation on the temperature-dependent photophysical and
chiroptical properties of ChB was carried out using UV-visible
spectroscopy, photoluminescence (PL) spectroscopy and CPL
studies. The UV-visible spectrum of ChB in THF showed major
absorption peaks at 242 and 273 nm corresponding to the ben-
zoate side chain (Fig. 2a). The former peak is attributed to
n-r* transition of benzene and the latter peak correlate to n—n*
transition of ester functional group present in benzoate side
chain. Inset in Fig. 2a shows the appearance of shoulder peak
around 300 to 360 nm at higher concentration (0.1 M) of ChB,
arising due to the aggregation of molecules. PL studies of ChB
(0.1 M) revealed excitation-dependent emission properties in
solution state (Fig. 2b). Given the material is a CTE luminogen
forming higher order aggregates, prominent PL was observed
at higher excitation wavelength (above 300 nm). A gradual red-
shift was observed upon increasing the excitation wavelength
due to the formation of different types of aggregates in solu-
tion (Fig. 2b & c). Maximum emission intensity was observed
at 337 nm upon excitation at 300 nm.

The ChB clusters increase gradually with concentration, indi-
cating progressive aggregation. These cluster chromophores are
found to be of different sizes leading to differing electronic inter-
actions and hence, exhibiting excitation-dependent emission.*®
Excitation spectra collected for ChB in THF showed intense peak
at 300 nm under 337 nm emission, consistent with the absorp-
tion peaks (Fig. S1t). While the molecule possesses inherent chir-
ality and showed CTE behaviour in solution state, it did not
exhibit chiral emission, indicating lack of definite chiral arrange-
ment within the structures (Fig. 2d).

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Photophysical characterisation of ChB in THF; (a) UV-visible absorption, (b) excitation dependent emission, (c) chromaticity diagram of exci-

tation dependent PL, and (d) CPL spectra at 300 nm excitation.

We further extended our studies to solid state wherein excit-
ing changes in the chiroptical properties of ChB was identified
under repeated heating cooling cycles. Physical properties of
cholesteric liquid crystals are sensitive to temperature vari-
ation, and hence these materials are found to have diverse
applications using temperature as stimulus.*®*** PL of ChB in
solid state coated on a glass slide upon three cycles of heating
(to 186 °C) and cooling (to room temperature) at the rate of
2.5 °C per min, displayed excitation-dependent emission pro-
perties (Fig. S2t). Careful analysis of the data showed a
gradual redshift in the emission peak with increase in exci-
tation wavelength. The material showed a broad emission
spanning from 400 to 600 nm and the emission maxima shift-
ing from 420 to 500 nm. The spectra also displayed redshift
with increasing number of heating cooling cycles for a particu-
lar excitation wavelength. This effect was particularly noticed
at lower excitation wavelength (300 nm to 360 nm), and as exci-
tation wavelength increases (>360 nm), only negligible change
in PL maxima could be observed. In order to compare the
emission efficiency in solution and solid state, absolute fluo-
rescence quantum yield (QY) was measured in homogenous
solution of ChB prepared in THF (0.2 M) with different exci-
tation wavelength ranging from 300-420 nm. The sample
exhibited a low QY in the range of 1-2%. In contrast, the solid
state QY increased drastically to 8.62%, 6.94% and 6.46% for
first, second and third cycles, respectively. An appreciable
luminescence QY in the solid state opens avenue for the
exploration of chiroptical properties in the excited state. The
monomers are closer to each other in the solid state facilitat-
ing intramolecular interaction between the cluster chromo-

This journal is © The Royal Society of Chemistry 2024

phores thereby displaying intense PL, a phenomenon typical
of the CTE effect. Furthermore, lifetime measurements carried
out on the solid-state ChB after each thermal cycle at 416 nm
excitation showed fits with a triexponential decay function
(Fig. S31). The average fluorescence lifetime was found to be
5.23 ns, 5.14 ns and 5.6 ns for first, second and third cycle
respectively. Lack of appreciable changes in the lifetime upon
repeated heating—cooling cycle indicates the robustness of the
material throughout the process.

While emission due to CTE effect was observed in solid
state ChB, the liquid crystalline property of the material can
contribute to selective reflection. To further study these properties
across each thermal cycle, absorption and diffused reflectance cir-
cular dichroism (DRCD) was measured. Solid state UV-visible
absorption collected across repeated thermal cycles exhibited
similar peaks for the three cycles of heating-cooling ranging from
200 nm to 420 nm (Fig. 3a). The absorption profile of first cycle is
slightly different from second and third, wherein an increment in
absorbance around 390-420 range was observed suggesting alter-
nation in physical properties of cluster chromophores upon
thermal treatment. Due to the selective reflectance property of
liquid crystalline material, the circularly polarised light corres-
ponding to photonic bandgap of the material with same handed-
ness is reflected, while that of the opposite handedness is trans-
mitted. DRCD provides information about the light reflected by
the sample. The DRCD exhibited negative signal around 300-420
peak for second and third cycles with g,,s of 0.02 and 0.06
respectively, corroborating earlier observations of enhanced chir-
optical properties on subjecting to multiple heating-cooling
cycles (Fig. 3b).

Nanoscale, 2024, 16, 13571-13579 | 13573
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(@) UV-visible absorption and (b) the corresponding DRCD spectra of ChB collected after multiple thermal cycles. (c) PL and (d) the corres-

ponding CPL spectra of ChB collected after multiple thermal cycles (excitation wavelength = 416 nm).

The dual property of cholesteryl mesogens, chirality and
luminescence, allows us to study the excited state chirality of
ChB. The material demonstrated excitation-dependent CPL
after the third cycle of slow heating and cooling (2.5 °C per
min). The first cycle showed no noticeable CPL whereas
signals emerged after the second cycle. Finally, a clear CPL
signal was observed after the third cycle of heating-cooling.
Since no significant increase in gy, was observed beyond this
cycle, thorough investigation was carried out until the third
cycle. The highest gi.m value of 8.6 x 107> was observed after
the third cycle under 416 nm excitation. The emission maxima
of the film displayed no noticeable shift from 500 nm across
all cycles when excited at 416 nm (Fig. 3¢ & d). Additionally, in
order to rule out linear birefringence effect, CPL measurement
was carried out on multiple points as well as by flipping the
substrate (Fig. S4 & Table S1}). Consistency in signal intensity
and gjum values ruled out any contribution from the linear
polarization effect to the observed CPL signals. To further
explore the underlying causes of emission and chiral charac-
teristics, temperature dependent experiments were carried out
using consistent rates of heating and cooling.
Thermogravimetric analysis performed to check the tempera-
ture stability of the material, both in real gas and nitrogen
purged atmosphere, revealed no significant mass change with
respect to temperature suggesting that the material remains
intact during three cycles of heating and cooling (Fig. S57).

In order to unravel the underlying mechanism of chiral
emission, differential scanning calorimetry (DSC)
employed. DSC provided a deeper insight on liquid crystalline

was
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phase changes with respect to temperature across different
cycles. DSC studies displayed two endothermic peaks while
heating; the first corresponding to the transition from crystal-
line phase to cholesteric phase (N*) and the other corres-
ponding to the cholesteric phase to isotropic liquid phase.
Upon cooling, first exothermic peak refers to transition of iso-
tropic liquid phase to N* whereas the second peak corresponds
to transition of N* to crystalline phase. The DSC thermogram of
the second and third cycles look similar, but noticeable
changes where observed compared to the first. The phase tran-
sition temperature from crystalline to chiral nematic phase
occurred at 151.70 °C in the first cycle of heating whereas the
same was observed at 146.53 °C, 5.17 °C lower than the former,
for second and third cycles (Fig. 4a). Decrement in transition
temperature could be corroborated to thermal history of the
sample where repeated heating—cooling at a slow rate can cause
alterations in molecular orientation and packing.*> The phase
transition temperature of cholesteric phase to isotropic liquid
phase was in the range of 180.35 °C for all thermal cycles
(Fig. 4b). For cooling cycles, the first peak corresponding to
transition of isotropic liquid to N* phase was at 179.95 °C
(Fig. 4Db) for each of the heating-cooling cycles.

On the other hand, the temperature corresponding to tran-
sition from N* to crystalline phase of the material was around
129.95 °C for all the thermal cycles. Polarized optical
microscopy (POM) images of the films captured following each
heating and cooling cycle (Fig. 4c, d and Fig. S67) clarified the
differences in texture of the material across thermal cycles.
Notably, POM images of films prepared after the initial and

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 DSC thermogram of ChB during each heating and cooling cycle. (a) Peak corresponding to transition from crystalline to liquid crystalline
state (heating cycle; red traces) and vice versa (cooling cycle; blue traces). (b) Peak corresponding to transition from liquid crystalline state to isotro-
pic liquid state (heating cycle; red traces) and vice versa (cooling cycle; blue traces). POM images of ChB after first cycle of heating cooling with

magnification of (c) 5x and (d) 10x.

subsequent cycles reveal distinct patterns. After the first
heating and cooling cycle, the liquid crystal film exhibited a
fingerprint texture (Fig. 4c & d).*” Subsequent cycles showed
cold blue phase structure which represents a frustrated phase
situated between the isotropic and chiral nematic state
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(Fig. $61).>° During the first cycle of heating and cooling, a dis-
ordered arrangement was observed, transitioning to an
ordered chiral liquid crystalline arrangement with successive
cycles. The emissive nature of ChB, combined with a well-
ordered chiral arrangement following multiple heating and
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Fig. 5 (a) PXRD and (b) PL plots of NaYF4/Yb,Tm (blue), NaYF4/Yb,Mn,Ho (green), and NaYF,/Yb,Er,Mn (red) UCNPs. SEM images of (c) blue, (d)

green and (e) red emitting UCNPs.
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cooling cycles, results in CPL property with a high anisotropy
in luminescence.

Having established efficient down converted CPL in ChB,
the next objective was to generate upconverted chiral emission
from the same system. This could be achieved by using ChB as
an effective template for incorporating luminescent guest
materials. Considering their versatile applicability and thermal
stability, lanthanide based UCNPs were chosen as desired
luminophore.”® Lanthanide based UCNPs capped by
L-pyroglutamic acid (1-PGA) exhibiting blue (0.1 g 1-PGA
capped NaYF,/Yb,Tm), green (0.5 g L-PGA capped NaYF,/Yb,
Mn,Ho) and red (0.1 g 1-PGA capped NaYF,/Yb,Er,Mn) emis-
sion was synthesised using a modified literature procedure.*’

Structural characterisation of synthesised UCNPs was done
using SEM imaging (Fig. 5c-e). The average size of UCNPs was
estimated to be around 76 nm for NaYF,/Yb,Tm, 77 nm for
NaYF,/Yb,Mn,Ho, and 92 nm for NaYF,/Yb,Er. The NaYF,/Yb,
Tm UCNPs exhibited spherical morphology with uneven size
ranges. However, in case of NaYF,/Yb,Mn,Ho, increased ligand
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concentration resulted in spherical particles of uniform mor-
phology. Red emitting NaYF,/Yb,Er,Mn UCNPs formed irregu-
lar shaped particles with much bigger size. Further characteris-
ation of UCNPs were carried out using powder X-ray diffraction
(PXRD) measurements (Fig. 5a). Upon comparison with stan-
dard JCPDS files for NaYF, crystal lattice, cubic lattice patterns
with peaks are at (111), (200), (220), (311) and hexagonal
lattice diffraction peaks attributed at (110), (101), (200), (111),
(201), (211) were observed in UCNPs. While NaYF,/Yb,Tm
showed both diffraction peaks equally, NaYF,/Yb,Ho,Mn and
NaYF,/Yb,Er,Mn UCNPs showed predominantly cubic and hex-
agonal morphology, respectively. As expected, none of the
diffraction patterns showed peaks corresponding to Yb, Er,
Mn, and Ho due to its low concentration compared to that of
Na, Y, and F. The surface charge for each of these nanopho-
sphors was identified using zeta potential measurements. All
nanophosphors exhibited positive surface charge with
33.8 mV, 25 mV and 21.1 mV for the blue, green and red emit-
ting UCNPs, respectively (Fig. S71).
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(a, c and e) CPL and (b, d and f) PL spectra of UCNP-ChB nanocomposites collected from films prepared by incorporating NaYF4/Yb,Tm

(blue traces), NaYF4/Yb,Mn,Ho (green traces) and NaYF4/Yb,Er,Mn (red traces) into the ChB. The spectra were collected for different thermal cycles
after excitation using a 980 nm diode laser. Inset shows the photograph of film irradiated with the laser.
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The photophysical characterisation of UCNPs was carried
using UV-visible and PL spectroscopy. Solid-state absorption of
UCNPs showed a sharp in the NIR region around 980 nm
(Fig. s8t). To analyse the PL in solution state, dried samples at
a concentration of 1 mg mL™" were dissolved in ethanol. .-PGA
capped blue emitting UCNPs showed a major peak around
480 nm and a minor peak around 700 nm upon excitation
using a 980 nm laser (Fig. 5b). The peak at 480 nm corres-
ponds to transition from 'G, to *Hg whereas the one at 700 nm
arises from the *F,; to *Hg transition in Tm>". In case of
1-PGA capped green emitting UCNPs in which Ho®" is the acti-
vator, a peak at 530 nm corresponding to °S, to 'I transition
and another peak at 640 nm corresponding to °F5 to "I were
observed. For 1-PGA capped red emitting NaYF,/Yb,Er,Mn
UCNPs, the transitions from the *H;4,,, S/, and “Fo, excited
levels to the *I;5,, ground state of Er’" are responsible for the
green (528 nm, 545 nm) and red (660 nm) emission,
respectively.

For the fabrication of hybrid nanocomposites, UCNPs were
incorporated into ChB followed by grinding, mixing, and sub-
sequently heating—cooling on glass substrate. Similar to the
ChB substrate, nanocomposites containing different UCNPs
were subjected to three cycles of slow heating and cooling. The
POM images of the nanocomposites showed that the liquid
crystalline nature of the template remained intact even after
the incorporation of the nanophosphors (Fig. S9t). Similar to
ChB texture (vide supra), the UCNP incorporated samples
exhibited a fingerprint nature after first thermal cycle which
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was followed by uniform mesogenic arrangement in the con-
secutive cycles. The samples were further analysed for their
chiral emissive performance upon exciting using a 980 nm
NIR laser. The spectra remained CPL silent after the first cycle
of heating-cooling. Interestingly, emergence of CPL signal
could be observed in the second cycle with a gj,n, in the range
of 1072, The CPL intensity and the anisotropy value enhanced
by an order of magnitude after the third cycle with observed
Zium Of 0.36, 0.24 and 0.11 for blue, green and red emitting
UCNPs, respectively (Fig. 6). The optimised weight percentages
of UCNPs (composite films with maximum gj,,) used with
respect to ChB in case blue, green and red emitting UCNPs
respectively were 20 wt%, 40 wt% and 20 wt%, respectively.
Measurements were taken by flipping the sample and from
different points in order to rule out any contribution from
linear birefringence effect (Fig. S10 & S11f). UC-CPL signals
covering the blue, green and red regions of electromagnetic
spectrum could be achieved by using different nanopho-
sphors. The high luminescence anisotropy values combined
with tunability of wavelength highlights the potential of such
substrates in generating intense chiral emission for practical
application in display devices. Control experiments with pure
ChB films showed no PL or CPL across all cycles of heating—
cooling under 980 nm excitation indicating that the CPL
signals observed with NIR excitation are exclusively from
UCNPs (Fig. $121).

The unique combination of chirality and luminescence
from the ChB template offers diverse platforms. In addition to
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lines) from composite films formed from ChB and UCNPs; (a) ChB-NaYF4/

Yb,Tm and (b) ChB-NaYF4/Yb,Mn,Ho films. (c) Multicolour CPL and (d) PL of ChB-UCNP film composed of all the threes UCNPs (excitation wave-

length = 980 nm).
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the intense UC-CPL signals observed, the intrinsic nature of
the fabricated films offers the possibility of conventional
downconversion CPL. Since the template also exhibits chiral
emission after multiple thermal cycles, CPL performance of
UCNP-ChB film under 416 nm excitation was recorded. The
film displayed CPL around 450 to 560 nm with gy, values of
5.5x 1072, 8 x 1072, 7.9 x 10~* for blue, green and red emitting
UCNPs incorporated ChB films, respectively (Fig. 7a, b & S137).
Hence, we demonstrate the successful switching of the upcon-
version CPL (e, = 980 nm; dashed lines in Fig. 7a and b) and
downconversion CPL (4, = 416 nm; solid lines in Fig. 7a and
b) from the same composite film by mere alteration of exci-
tation wavelength. ChB demonstrates versatility in accommo-
dating UCNPs of various shapes and sizes, rendering it a
promising candidate for generating broad-spectrum UC-CPL
across the entire visible region. CPL spectra covering the entire
visible region, owing to its applications in smart windows and
anticounterfeiting techniques, is gaining vast interest in recent
years.*>** Achieving broad emission poses a challenge within
the UCNP system due to its sharp emission peaks. To show-
case multicolour CPL from UCNP-ChB film, UCNPs exhibiting
blue, green and red emission were dissolved in ethanol at a
ratio of 1.5:1:1.7 and allowed to evaporate undisturbed in an
oven (at 120 °C). Once dried, the UCNP mixture was grinded
and mixed well with ChB at 30 wt% and performed three
thermal cycles (see ESIf). Excitation using a 980 nm laser
prompted emission from all three UCNPs. Interestingly, a
gradual increase in the CPL intensity could be achieved upon
subsequent heating—cooling cycles. Clear CPL signals covering
the three primary colours could be observed after third
thermal cycle with an average gjum of 0.14 (Fig. 7c¢ & d). To the
best of our knowledge, this is the first successful demon-
stration of broadband multicolour UC-CPL from chiral lumi-
nescent nanocomposites. This system having multicolour
UC-CPL with high gjum can be made more efficient and general
by fabricating polymer stabilised films.

Conclusion

In conclusion, we have developed a facile approach to fabricate
nanomaterials exhibiting downconverting and upconverting
CPL within the same liquid crystalline template. This strategy
allows demonstrating CPL in a green luminescent CTE based
luminogen, namely ChB, without tedious synthetic protocols,
opening avenues for easy design of chiral emissive non-con-
ventional thermotropic liquid crystalline materials. The down-
conversion CPL was observed in ChB upon repeated heating-
cooling cycles, attributed to its CTE and chiral organization in
response to thermal variations. The CPL signals from ChB
exhibited excitation dependence with gy, reaching as high as
0.086. Furthermore, UC-CPL with multiple chiral emission
colours could be achieved by fabricating ChB-UCNP hybrid
nanocomposites. Successful incorporation of multicolour
emissive UCNPs paves the way for UC-CPL covering the whole
visible region with a dissymmetry factor as high as 0.36. Low

13578 | Nanoscale, 2024, 16,13571-13579
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toxicity, biocompatible nature of both template and nano-
material along with intense and tunable chiral luminescence
makes the system ideal for bionanomaterial applications.
Upgrading the system by manufacturing polymer stabilised
self-standing films can have potential applications in numer-
ous fields including optical displays.
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