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ABSTRACT: Aggregation-induced emission (AIE)-based circularly polarized lumines-
cence (CPL) has been recognized as a promising pathway for developing chiroptical
materials with high luminescence dissymmetry factors (lg.,l). Here, we propose a
method for the construction of a thermally tunable CPL-active system based on a
supramolecular self-assembly approach that utilizes helical nano- or microfilament
templates in conjunction with an AIE dye. The CPL properties of the ensuing ensembles
are predominantly determined by the intrinsic geometric differences among the various
filament templates such as their overall dimensions (width, height, and helical pitch) and
the area fraction of the exposed aromatic segments or sublayers. The proposed
mechanism is based on the collective data acquired by absorption, steady state and time-
resolved fluorescence, absolute quantum yield, and CPL measurements. The highest |g,,,|
value for the most promising dual-modulated helical nanofilament templates in the
present series was further enhanced, reaching up to Igj,,,| = 0.25 by confinement in the
appropriate diameter of anodized aluminum oxide (AAO) nanochannels. It is envisioned

that this methodology will afford new insights into the design of temperature-rate indicators or anti-counterfeiting tags using a
combination of structural color by the nano- and microfilament templates and the AIE property of the guest dye.

KEYWORDS: bent-core liquid crystals, helical nanofilaments, B4 phase, circular polarized luminescence, aggregation-induced emission,

chiral templating

B INTRODUCTION

Chirality in molecular architectures and assemblies derives
from the dissymmetry of either the building blocks or the
environment." Chirality, defined as the inability to super-
impose an object onto its mirror image by any kind of
translation or rotation,” is of significant relevance in chemistry,
physics, materials science, and biology among several other
fields.”~” The control and application of the fascinating
chiroptical properties exhibited b}f chiral systems continues
to be an active area of research.” "' Circular dichroism (CD)
has been extensively used for the investigation of the difference
in absorption between the left- and right-handed circularly
polarized light.'"* Hence, CD provides basic information on
the ground-state chiroptical properties of molecules, and its
magnitude can be calculated by the dissymmetry factor g,,, =
2(e, — ep)/ (€, + €g), where &, and & are the molar extinction
coeflicients of the left- and right-handed circularly polarized
light, respectively, based on the underlying absorptive
processes. Closely related to CD, circularly polarized
luminescence (CPL) gives the excited-state information on
the emission difference of left- and right-handed circularly
polarized light. The primary criterion for appraising CPL is to
calculate the emission (here luminescence) dissymmetry factor
Gium = 2(I, — I) /(I + Iy), where I; and Iy are the intensity of
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the left- and right-handed circularly polarized luminescence,
respectively.'*'” The values of CD and CPL, by definition,
range from 2 to —2. The maximum value of g, = + 2 means
that an ideal left- or right-handed polarization of the emitted
light, while a g, = 0 corresponds to no circular polarization of
the luminescence. The photophysical property of CPL echoes
structural information of chiral molecules or molecules in
chiral environments in their excited states. The key for
realizing practical applications of CD and CPL is to attain a
high g value. Through irradiation with unpolarized light, CPL
can be achieved by chiral molecules or molecules (chiral or
achiral) in a chiral environment, and it is valuable for its utility
in various photofunctional materials, including 3D displays for
chiral sensing as well as for optical information encryption and
storage.20_26 Most organic CPL systems tested in solution
show Igj,.| values in the range of 107° to 107 in magnitude,27
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Figure 1. Tris-biphenyl-based BCLC materials BC1-BC5* ™' forming a range of B4 morphologies depending on the number, position, and
relative configuration of the chiral center(s) at C-1 in the aliphatic side chain(s); width (w), height (h), diameter (D), and pitch (p) of the helical/
heliconical filament templates are provided; the handedness of the shape is indicated (rh = right-handed; lh = left-handed). Enlarged sections (red
circles) show the expected predominant aggregation of HPS in the aromatic domains of the HNF and HuF as well as a lack thereof in the HLNC
morphology; the anticipated magnitude of the AIE (schematically shown as a luminescent shadow enveloping the HPS molecules with the
anticipated magnitude indicated by the arrow width) and the resulting handedness (helices) of the CPL depending on the specific B4 morphology’s

dimensions and helical pitch are given at the right.

and their performance is often diminished in the solid state due
to the notorious aggregation-caused quenching (ACQ) effect.
Thus, the design and preparation of chiral AIE systems *™>°
(light emission induced by aggregate formation) is a suitable
approach to address this problem. Among AIE systems,
hexaphenylsilole (HPS) is emblematic—a well-studied dye,
characterized by a fairly strong photoluminescence emis-
sion,' 18192631734 HpPg - s o propeller-like luminogen as
revealed by crystal structure analysis, with a silole core that
is decorated with six phenyl rings forming, in the absence of a
chiral bias, a conglomerate of left- and right-handed propeller-
like molecules.”® The molecule takes this conformation due to
the torsion between the peripheral phenyl rings and the silole
plane. In the solid state, the spatial constrain of silole restricts
intramolecular rotational, vibrational, and torsional motions
(ie, RIM),*"*>~*" thereby generating AIE and promoting
radiative decays and high luminescent quantum yields (QY).
This outcome vanishes in solution where active molecular
motions of the AIE systems provide non-radiative relaxation
channels, drastically reducing the QY values.

An intriguing recent approach for fabricating CPL-active
materials via a self-assembly pathway consisting in associating
the guest luminophore to an assembled chiral host and called
“chiral host—achiral luminescent guest” has been widely
demonstrated. Liu and colleagues reported rigorous research

on CPL materials and proposed a general method for the
fabrication of nanoassemblies with CPL properties from achiral
dyes or AIE systems. For example, through a supramolecular
self-assembly approach using achiral CsPbX; perovskite
nanocrystals containing different halides (X = CI, Br, and I)
and chiral amine-containing lipid (LGAm/DGAm) gelators,
they formed CPL-active perovskite nanocrystals covering a
wide range of the visible spectrum by adjustment of the
halide.*” They also proposed a method for the fabrication of
full-color-tunable CPL-active quantum dots (QDs) based on
the supramolecular self-assembly of achiral QDs by chiral lipid
gelators.” The mixture of the organic lipid gelator with the
core—shell-type QDs modified with achiral 3-mercaptopro-
pionic acid generated the formation of a gel that consisted of
nanotube assemblies imparting QD alignment. The versatility
of this process arises from tuning the blending ratio of various
colorful QDs in a co-gel."** Thara’s group studied a binary
system composed of amphiphilic molecules such as L-glutamic
acid derivatives to provide chiral, ordered nanotemplates and a
cyanine (NK-2012) fluorescent dye.”> The tunability of the
emission was achieved by the appropriate selection of the dye.
Jin et al. reported an inorganic CPL-active “luminescent
guest—chiral host” system where luminescent lanthanide oxide
(Eu,0; or Tb,0;) nanoparticles, acting as guests, were
encapsulated into chiral non-helical SiO, nanofibers, function-
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ing as host, through calcination of chiral SiO, hybrid
nanofibers, thereby trapping the lanthanide ions (Eu®* and
Tb**).*® Recently, the AIE phenomenon has been associated
with the geometry of the self-assembly to boost the chiroptical
properties of a CPL-active material. It was found that achiral
AIE luminophores can be encapsulated into confined nano-
tubes via organic gelation, which then emit circularly polarized
light by direct excitation.”’

In all systems described above, the tunability of the CPL
properties is controlled by variation (modification) of the
“luminescent guest—chiral host” composition. Using liquid
crystals as media in “luminescent guest—chiral host” systems,
will allow the dynamic modulation of CPL properties within
the structure via an external stimulus such as temperature,
solvent, or electric field. It has been shown that common
achiral nematic liquid crystal (N-LC, here E7) can be doped by
AlE-active (R)/(S)-BINOL-CN enantiomers, and the resulting
chiral emissive nematic liquid crystals (N*-LCs) yield high g,
values of aggregation-induced CPL.*® However, apart from
CPL amplification, the tunability of such systems has yet not
been explored. Aside from N*-LCs generating or templating
CPL, bent-core LC systems (BCLC) forming now temper-
ature-dependent as well as cooling rate tunable helical nano- or
microfilaments**™>* are yet underutilized.

What has been reported for such helical nanoassemblies is
that BCLC-based nanofilaments themselves show fairly low
Sium Values (on the order of Ig,,l~ 1073).5°>>* However, if
used as templates, such morphologically chiral nanofilaments
can serve as active as well as tunable templates with respect to
overall dimensions, helical pitch, surface fraction of exposed
aggregation sites, and polymorphism, with all these parameters
allowing control over the overall CPL output. To demonstrate
such active templating, we here investigate four distinct types
of B4 chiral nanotemplates (Figure 1) whose structures and
morphologies were previously thoroughly studied and
reported.**"3>3>°% These nanofilament or nanocylinder B4
phase morphologies were realized by strategically incorporat-
ing chiral centers in aliphatic side chains at the core-chain
junctures in each side chain with identical (BC1 and BC2)*® or
opposite configuration (BC3)"' or in only one of the side
chains, either in the shorter meta-side of the molecule (BC4)*’
or in the longer para-side (BC5).”° With chiral centers located
in each side of the aliphatic chains, a dual-modulated helical
nanofilament (HNF,, 4,) phase forms (both upon slow as well
as rapid cooling) due to an intralayer mismatch between the
top and bottom molecular halves of these bent-core molecules
that can only be relieved by local saddle splay with negative
Gaussian curvature.”” The dimensions of these HNFs differ,
solely depending on the choice of identical ((p-S)/(m-S) or
(p-R)/(m-R)) versus opposite configuration (p-(R)/m-(S)) of
the two chiral centers, i.e., smaller HNF,_ 4, for BC1 and BC2
but larger HNF,, 4, for BC3 (Figure 1).**°" If the chiral
center is located only in the shorter meta-side of the molecule
(BC4), the formation of an entirely different phase structure is
caused solely by adjusting the cooling rate from the isotropic
liquid phase. Upon rapid cooling, a morphology termed helical
microfilaments (HuF) forms, while slow cooling results in the
exclusive formation of an oblique columnar (Coly, — p2/m)
LC phase.”” Repositioning the chiral center to the longer para-
side of the molecule (BCS) results in the formation of yet
another B4 morphology termed heliconical-layered nano-
cylinders (HLNC) on slow cooling and a coexistence of

these HLNCs and a rectangular columnar (Col, — c2mm)
phase upon rapid cooling.>’

To elucidate the ability of these helical BCLC morphologies
to serve as active tunable chiral templates for the generation of
CPL, we studied binary mixtures of the BCLC molecules
giving rise to these morphologies with the HPS. Considering
the type of morphology, especially their dimensions, makeup of
the exposed interface (aliphatic vs aromatic), and varying
helical pitch, one would predict that the underlying subtle
changes of the number, position, and configuration of the
chiral center(s) in these BCLC molecules should result in
significant differences in CPL responses and therefore the
magnitude of g... Furthermore, using an additional level of
templating, ie, using confinement in appropriately sized
nanopores of anodic aluminum oxide (AAO) wafers may
lead to further enhancement of CPL activity due to the
alignment particularly of the smaller and likely most efficient
HNEF, 4. filament templates for HPS AIE. How these chiral
BCLC morphologies in binary mixtures with HPS should in
principle compare with respect to AIE-based CPL efficiency is
also schematically shown in Figure 1.

B MATERIALS AND METHODS

The synthesis and complete characterization of the five BCLC
molecules forming the templates were previously reported by our
group.*~>' BC1-BC3 with a chiral center in each of the aliphatic
chains form the HNF,,,4,, (BC1 and BC2), and BC3 forms the larger
HNF,, 4, morphology either upon slow cooling (at a rate of 5 °C
min~") or upon thermal quenching to room temperature (rate ~ S0
°C min™") each after heating the sample to the isotropic liquid state.
The handedness of the HNF,,4,, morphology solely depends on the
configuration of the two chiral centers; BC3-formed right-handed
HNF,, 4, based on the configuration is the longer para-side of the
molecule, as previously reported. BC4 forms the HyF morphology
exclusively upon rapid cooling (quenching) from the isotropic liquid
phase, and BCS forms the HLNC morphology exclusively upon slow
cooling. 1,1,2,3,4,5-Hexaphenyl-1H-silole (HPS) was purchased from
Sigma-Aldrich and used as received.

Thin film samples for all spectroscopic measurements were
prepared as follows: neat BCLC materials and binary mixtures with
HPS were heated to a temperature above the clearing point (i.e., into
the isotropic liquid phase at T > 170 °C) and as such sandwiched
between precleaned but otherwise untreated quartz substrates
(spacing of 10 um) by capillary action. As-prepared samples were
subsequently cooled to room temperature (T = 20 °C; either on slow
cooling at a rate of 5 °C min™" or using a rapid thermal quench at a
rate of about 50 °C min~%; here, especially BC4, which shows
polymorphism depending on the cooling rate). Preceding the thermal
sample preparation, binary mixtures of BC1-BCS with an admixed
0.1-0.4 wt % of HPS were prepared by completely dissolving the
appropriate amount of each component in chloroform (standardized
solutions) and thoroughly mixing these solutions in small glass vials
using sonication for 15 min in a standard sonication bath. The solvent
was then fully evaporated at T = 60 °C for 5 h.

Polarized optical microscopy (POM) observations were carried out
under an Olympus BX3 or a Nikon 80i polarizing microscope each
equipped with a Linkam LTS420E hot stage, a Nikon Intensilight
irradiation source, a Nikon DS-FI2 digital camera, and an ocean optics
QE65000 photodetector connected by optical fiber. The excitation
wavelength was selected with a bandwidth of 330—380 nm using an
optical filter. POM studies were carried out prior to CPL
measurements to further guarantee the absence of significant HPS
phase separation. UV—Vis spectra were acquired with an OLIS-Cary
17 spectrophotometer. CPL measurements were accomplished using
an OLIS CPL Solo instrument at room temperature using laser
excitation at A, = 260 nm for the neat compounds and 4., = 385 nm
for the mixtures containing HPS. The absolute quantum yield (AQY)
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Figure 2. Deconvolution in several Gaussians (in dark and light gray dashed dots) of the emission signal envelope obtained at A, = 260 nm (left
panel) and g, (right panel) vs the wavelengths of (a, b) BC2, (¢, d) BC3, (e, f) BC4, and (g, h) BCS. Sample thickness: 10 ym films sandwiched
between untreated quartz substrates after heating to the isotropic liquid phase (T > 170 °C) and subsequent cooling to room temperature (T = 20
°C); plots are color-coded based on the morphology color shown in Figure 1; fluorescence spectra deconvolution shows identical values for A, and

A, for BC2—BCS.

in the solid state was measured using a C9920—03 Hamamatsu
system made of an Hg light excitation source, a monochromator, an
integrating sphere, and a PMA12 CCD photodetector. The excitation
wavelength was set at A, = 365 nm. Lifetime measurements and
TRPL mapping at 296 K were acquired using a picosecond laser diode
(Jobin Yvon deltadiode) at A, = 375 nm and a Hamamatsu
C10910—25 streak camera mounted with a slow single sweep unit.
Signals were integrated on the entire emission decay, and fits were
calculated using HPDTA software provided by the streak camera
manufacturer. The goodness-of-fit was judged by the reduced y* value
and residual plot shape. Scanning electron microscopy (SEM) was
performed on a Quanta 450 FEG SEM. Transmission electron
microscopy (TEM) was accomplished using a FEI Tecnai TF20 TEM
instrument at an accelerating voltage of 200 kV. Small-angle X-ray

29401

scattering (SAXS) experiments were performed with a Xenocs Xeuss
3.0 using a Cu K, source (4 = 1.54 A).

B RESULTS AND DISCUSSION

Variations in Template Shape. To characterize the
modulation of the CPL properties governed by the five B4
templates differing in morphology, dimensions, helical pitch,
and the extent of exposure of aromatic vs aliphatic surface sites,
both solid-state fluorescence as well as CPL measurements
were performed at one given concentration of HPS.
Spectroscopic analysis of the neat BCLC compounds (B4
phases or morphologies) shows that all undoped helical
filaments exhibit photoluminescence (PL) properties, includ-

https://doi.org/10.1021/acsami.2c05012
ACS Appl. Mater. Interfaces 2022, 14, 29398—29411



ACS Applied Materials & Interfaces

www.acsami.org

Research Article

a)
3
[
@
o
[ =
@
(8]
17]
o
o
=
[V
| ST [N T T T O N T N1
420 450 480 510 540 570 600
Al nm
c)
3
©
(0]
[$)
(=
@
[$)
%]
o
o
=2
w
| SO ST N TN (ST
420 450 480 510 540 570 600
A/ nm
e)
3 ;o
iy %
@ X
g 1
c
(]
Q
n
o
S :
3 § e
L F S
'ﬁnu:”"' coet)
| - | - 1 " | S | - | "
420 450 480 510 540 570 600
A/nm
g)
5
5 |f%
[0
[0 kL
2 %
(1] %
< S }\,,
3 "y
............................ Rt .
I » 1 - 1 , 1 | I

420 450 480 510 540 570 600
A/ nm

b)

ium

d)

Gium

f)

Jium

Jlum

0.05

0.00

-0.05

ey

420 450 480 510 540 570 600
Al nm

0.05

0.00

-0.05

-0.10

1 1 | - | P PR | " 1 n

420 450 480 510 540 570 600
Alnm

0.05 F

0.00

-0.05 |+

-0.10 -

" 1 M 1 i 1 " 1 " 1 n
420 450 480 510 540 570 600
A/nm

0.05 F

0.00

-0.056 |-

-0.10 |-
TP R R U BRI

420 450 480 510 540 570 600
A/nm

Figure 3. Deconvolution in several Gaussians (in dark and light gray dashed dots) of the emission signal envelope obtained at 4., = 385 nm (left
panel) and g, (right panel) vs the wavelengths of: (a, b) BC1 + 0.1 wt % HPS, (c, d) BC3+ 0.1 wt % HPS, (e, f) BC4 + 0.1 wt % HPS, and (g, h)
BCS + 0.1 wt % HPS. Sample thickness: 10 ym films sandwiched between untreated quartz substrates after heating to the isotropic liquid phase (T
> 170 °C) and subsequent cooling to room temperature (T & 20 °C); plots are color-coded based on the morphology color shown in Figure 1.
The collective emission as well as the Igj,,| at maximum emission data for the neat B4 templates and the mixtures containing 0.1 wt % HPS are
summarized in Table 1. All wavelength-specific g, data are given in the SI (Table S2).

ing a CPL response. Considering the similar absorption
behavior among the B4 templates (Supplementary Information
(SI), Figure S1), the vertical electronic transitions from the
ground state to the excited states did not depend on the
number, position, and relative configuration of the chiral
center(s) in the aliphatic side chain(s). The absorption range
was between 260 and 420 nm. The emission spectra of BC2,
BC3, BC4, and BCS (BC1 was here excluded because it is the
enantiomeric pair of BC2) together with their corresponding
CPL spectra are reported in Figure 2. The emission spectrum
envelops were all deconvoluted with two Gaussian centered at
Ay =402 + 3 nm and 4, = 444 + 3 nm. The emission decay

29402

profiles of the B4 templates (Table S1 and Figure S2) confirm
the expected similar luminescence behavior. These profiles
were fitted with three components with an average lifetime
value (7,,) in the nanosecond range that corresponds to the
fluorescence of the B4 templates. The absolute quantum yield
(AQY) was found to be consistent among the B4 templates,
with a value of 0.02. However, the generation and magnitude
of CPL activity is highly contingent upon the type of B4
morphology. The HNF,_ 4, morphologies formed by BC2 and
BC3 clearly exhibit higher g, values, with the largest average
absolute value of g, (Iguml = 0.031 =+ 0.00S) given by the
HNEF morphology formed by BC2, which is characterized

mod2a

https://doi.org/10.1021/acsami.2c05012
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Table 1. Summary of Maximum Emission (4, nm) and lg,,,| Values at Maximum Emission of Neat BC1/BC2—BCS as Well as

of Mixtures of BC1/BC2—BCS Containing 0.1 wt % HPS

BCLC BC1/BC2 BC3 BC4 BCS
morphology HNF, 0, HNF,.p,, HNFE, . HNF, o, HyF HuF HLNC HLNC
HPS (wt %) 0.1 0.1 0.1 0.1
maximum emission(4, nm) 405 469 404 466 402 471 406 430
|glum! at maximum emission  0.031 + 0.005  0.07+0.01  0.012 + 0.009 0.039 + 0.001 0.027 + 0.007 0.057 + 0.003 0.001 + 0.007 0.018 + 0.03

(a)

Figure 4. POM images of: (a, b) BC2 + 0.1 wt % HPS without UV and under UV irradiation; (c, d) BC3 + 0.1 wt % HPS without UV and under
UV irradiation; (e, f) BC4 + 0.1 wt % HPS after heating to the isotropic liquid phase (T > 160 °C) and subsequent rapid cooling to room
temperature (T = 20 °C); (g, h) BCS + 0.1 wt % HPS after heating to the isotropic liquid phase (T > 160 °C) and slow cooling (cooling rate: § °C
min~") to room temperature (T &~ 20 °C). All scale bars = 100 um.

(c)

by a true helical shape with the tightest pitch of p = 200 nm in
this series (Figure 2a,b). The morphologically related
HNF,, .4 formed by BC3, featuring a longer helical pitch (p
=350 nm) gives, as expected, a lower dissymmetry factor, with
a recorded average absolute value of lg,| = 0.012 + 0.009
(Figure 2c,d). The significantly larger HuF morphology
formed by BC4 delivers an intermediate value of Igj, | =
0.027 + 0.007 (Figure 2e,f). This indicates that within the set
of helical BCLC morphologies, size, shape, and the ensuing
helical pitch are parameters with underlying trade-offs.

The HuFs are twisted bands (rather than twisted square
rods like the HNFs) and rather more like corkscrews (width
and height in Figure 1 refer to the maximum width of height
values measured parallel or orthogonal to the layer stacks as
they twist). While composed of a quasi-identical number of
layers, HuFs feature notably wider layer stacks than either
HNF, 4. or HNF_ 4. Finally, the HLNC morphology
formed by BCS shows practically little to no CPL activity
with an average value of Ig,,| = 0.001 + 0.007 (Figure 2gh).
This is likely the result of the intrinsic heliconical layering,
which imposes a cancellation of molecular orientations within
each slice of the coaxial layers forming this morphology. These
results demonstrate that the regulation of the self-assembly and
thus morphology here allows for a modulation and fine-tuning
of CPL properties.

The spectrum (based on the AIE) of neat, solid HPS shows
a maximum at a wavelength of 1 = 490 nm in the solid state
(thin film with 10 ym spacing between quartz substrates
prepared by melting HPS and subsequent cooling to room
temperature at T = 20 °C). We did not notice any bulk CPL
activity (glum = 0), much in contrast to previous reports for
HPS aggregates formed after casting and drying a film from
solution.”® However, some domains show weak positive g,

29403

and other domains show small negative g, values when cast
from the melt, as must be expected in the absence of a chiral
bias (S, Figures S3 and S4).

Equipped with such a basic understanding of the CPL
properties of neat HPS as well as the four distinct B4 phase
morphologies, the next step was to couple the concept of AIE
to the intrinsic property of helical nano- and microfilaments to
expel guest molecules upon formation on cooling from the
isotropic liquid state. Combined, the intrinsic CPL properties
of the B4 hosts and the AIE of an expelled helically assembled
guest should permit excellent control over and tunable
enhancement of the chiroptical properties of these host—
guest materials.

Figure 3 and Table 1 summarize the photoluminescence
characteristics and the corresponding CPL activity for BC1
(and BC2 with opposite handedness of the template and sign
of gium) and BC3—BCS after the addition of 0.1 wt % HPS after
heating these mixtures to the isotropic liquid phase and
subsequent cooling to room temperature. The emission signal
envelope (A, = 385 nm) can be decomposed into three
Gaussians, whose width and intensity largely vary according to
the B4 morphology. However, their maximum position
centered at 453 + 4, 481 + 6, and 515 + 7 nm are
consistently found for the HNF  4,,/1, and HuF morphologies
formed by BC1 (BC2), BC3, and BC4, respectively (Figure
3a,c,e). Furthermore, both HNF morphologies generate an
enhancement of g, with Igj,| values ranging from 0.05 to 0.1;
values that are higher than for any of the neat templates. The
B4 morphology strongly alters the wavelength range where the
maximum Ig,.| value is detected. While the maximum g
values of BC1 and BC3, found at 0.085 + 0.01S5 and 0.05 +
0.001 respectively, were observed at a wavelength of 4 = 515
nm corresponding to the HPS nano-aggregation, the maximum

https://doi.org/10.1021/acsami.2c05012
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|grum! value of BC4, at 0.062 + 0.006, appears in the wavelength
range of A = [420—453] nm, which matches the gl value
reported for the neat compound. The HNF and HuF
morphologies differ in width, which influences the ratio of
aliphatic sublayers vs aromatic ones and therefore the potential
for aggregation for HPS molecules. Finally, the BCS emission
signal envelope, BCS being in the HLNC morphology, appears
now as a combination of three Gaussians centered at 428, 460,
and 547 nm. This morphology shows some CPL activity after
the addition of 0.1 wt % HPS with values of gl = 0.018 +
0.03 in the wavelength range of 1 = [450—540] nm. These
values are considerably smaller than for any of the other B4
morphologies tested here, and the reason lies likely in the
structure of the HLNC itself.

HLNCs expose the aliphatic segments of the bent-core
molecules because of their coaxial layering. While there is
heliconical layering as supported by SEM imaging data, a
distinct helical aggregation of HPS that would give rise to a
strong CPL signal is here not particularly favorable or likely
(Figure 3h). In addition, any kind of energy transfer between
the chromophores of BCS and HPS would be minimized if not
suppressed by the exposed sublayers of aliphatic hydrocarbon
chains on the outside of the HLNCs, thereby increasing the
intermolecular distances between the chromophores.>®

White-light POM images and the corresponding POM
imaging under UV irradiation were carried out for all the
mixtures containing 0.1 wt % of HPS (Figure 4 and SI, Figures
S5—S8). The uniform luminescent color under irradiation
reported in all mixtures suggests a good compatibility between
the B4 templates and the HPS dye.

Focusing on the most efficient template, HNF, 4,, formed
by BC1 and BC2, with the highest value(s) of Igy,y|, another
critical question to address is any potential effect of the
addition of HPS on the internal structure of the HNF 4,
template. If HPS as an AIE guest is expelled by the
nanofilaments, the internal structure of the B4 phase should
be unaltered. To verify this, small-angle X-ray diffraction
(XRD) experiments were carried out for neat BC2 and BC2 +
0.1 wt % HPS. A comparison of the two diffraction patterns
confirms that the dual-modulated internal layer structure of the
HNFs is intact and unaltered by the addition of HPS as
indicated by identical peak positions and intensities (SI, Figure
S9). As previously reported for neat BC1 and BC2,** neat BC2
and BC2 + 0.1 wt % HPS each show the five identical maxima
with g, = 0.17 A™!, g, = 0.19 A™', g5 = 29y, 94 = 2¢, and g5 =
3q,, indicating an intralayer-modulated structure with a
calculated layer spacing of d = 37.25 A (SI, Figure S9).
Unfortunately but inconsequently, the scattering maxima
indicating the interlayer dual-modulated layer structure
scattering peak at g* = ;> + g, previously seen by synchrotron
X-ray diffraction experiments™ was not resolved with the
current laboratory-source X-ray setup. Differential scanning
calorimetry (DSC) data further confirm that the thermal
properties (specifically the phase transition temperatures and
enthalpies) of the B4 templates are unaltered by the addition
of HPS (SI, Figure S10).

AIE Studies. To elucidate the expected degree of and
contributions from HPS aggregation on these B4 morphology
templates, we next investigated the time-dependent fluores-
cence behavior and recorded the AQY for the B4 templates
and the mixtures containing 0.1 wt % HPS. Knowing that the
vibrational/torsional motion of the HPS molecule drastically
affects the radiative/non-radiative recombination processes of

its excited state,’”*" emission lifetime data and AQY provide

direct evidence of the HPS aggregation. In fact, an enhanced
photoluminescence efficiency is traduced by a high AQY value
and can be straightforwardly correlated in our case to the
restriction of HPS aggregates intramolecular motion.

The fluorescence lifetime data for BC2—BCS and corre-
sponding mixtures with HPS were obtained by fitting the
integrated emission decays according to the following
multiexponential model: I(t) = Z:l=1aiexp<_£),6l where
I(t) is the emission intensity, 7; is the decay time of the i
component, and ¢; is its amplitude at t = 0. For a single-
emitter-containing system, each lifetime component can be
assimilated to the emitter being in a different environment or
conformation. For a multi-emitter-containing system such as
the one considered here, each lifetime component should in
principle correspond to one emitter. However, in the solid
state, conformational changes due to the AIE effect have also
to be considered as well as possible energy transfer between
the B4 host and HPS.

First, we will examine mixtures containing 0.1 wt % of HPS
as well as neat HPS. Fluorescence lifetime data and AQY of
neat HPS and mixtures with 0.1 wt % HPS are reported in
Figure 5 and summarized in Table 2. The neat solid-state HPS
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Figure S. (a) Time-resolved fluorescence and (b) AQY of HPS, BC2
+ 0.1 wt % HPS, BC3 + 0.1 wt % HPS, BC4 + 0.1 wt % HPS, and
BCS + 0.1 wt % HPS. Sample thickness: 10 ym films sandwiched
between untreated quartz substrates after heating to the isotropic
liquid phase (T > 170 °C) and subsequent cooling to room
temperature (T =~ 20 °C); plots are color-coded based on the
morphology color shown in Figure 1. The collective fluorescence
lifetime data and AQY of HPS and the mixtures with 0.1 wt % HPS
are summarized in Table 2.

emission decay profile was fitted with one component with a
lifetime value of 6 ns, which corresponds to its aggregate state
with an AQY of 0.66. This emissive component is always
present in the BC2—BCS mixtures. However, the HPS
contribution to the overall emission decay varies significantly
from one mixture to another, rendering its degree of
aggregation within the mixture. For the mixtures BC2 and
BC3 containing HPS mixtures, a high contribution of around
60% of the HPS emissive component is calculated together
with an additional component. This additional component
value is close to the one estimated previously for the neat BC
matrices. Such a high contribution for the HPS component is
in line with the calculated AQY values. These observations are
best explained by the fact that the HNF,_ 4, morphology
formed by BC1/BC2 or the HNF 45, morphology formed by
BC3 allow for the aggregation and, thus, AIE of HPS along the
exposed aromatic sublayer segments. The similar segregation
of aromatic guests along exposed aromatic sublayers has
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Table 2. Fluorescence Lifetime Data of HPS and the Mixtures Containing 0.1 wt % HPS and BC2 (HNF,,.q4,,), BC3

(HNF,,,42), BC4 (HuF), or BC5 (HLCN)®

material 7, (ns)/contribution (%) 7, (ns)/contribution (%) 75 (ns)/contribution (%) AQY (%)
HPS 6.0/100 66
BC2 + 0.1 wt % HPS 6.0/60 2.3/40 40
BC3 + 0.1 wt % HPS 5.5/56 2.2/44 30
BC4 + 0.1 wt % HPS 6.7/3 1.9/31 0.5/66 6
BCS + 0.1 wt % HPS 6.4/3 1.8/27 0.5/70 2
“The absolute quantum yield (AQY) values are given at +10%.
a) 24000 b) 240000
L —ss I T
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Figure 6. Plots of the difference between the relative intensity of left- and right-handed CPL, I, — I, depending on the wavelength, 4 (nm), of the
neat nanofilament templates (HNF,, 4,,) formed by (a) BC1 (R-R) and BC2 (S-S) and (b) BC1+ 0.2 wt % HPS and BC2 + 0.2 wt % HPS, each
showing significantly larger values than those recorded for the neat templates in (a).

previously been reported for mixtures of HNFs with
fullerenes®*® or nanoparticles decorated with aromatic, pro-
mesogenic ligand shells.”*

Considering the AQY values of 0.4 and 0.3 calculated for
BC2 and BC3 mixtures, respectively, the aggregation of HPS
appears more efficient in the HNF,4,, morphology than in the
HNF, 4, one. This can be explained by the smaller
dimensions involved in HNF_ 4, with a higher aromatic
sublayer surface area by unit volume compared to HNF, 4.

The emission decay profiles BC4 and BCS containing HPS
mixtures could only be fitted with three components. The
majority one is the shortest one with a lifetime value of 0.5 ns,
while the two other components with lifetime values of 6.5 ns
(overall contribution: 3%) and 1.8 ns (overall contribution:
30%) correspond to aggregated HPS and the host matrix
emission, respectively. This underlines that HPS in this
mixture does not aggregate as strongly as in BC1 (or BC2)
or BC3. This is further confirmed by the blueshifted emission
of the mixture in comparison to the mixtures containing BC1
(or BC2), BC3, or BC4. The HyFs formed by BC4 are formed
by helical layers with a larger width (w &~ 250—300 nm) and
are overall shaped akin to corkscrews. Hence, by ratio, HuFs
expose more aliphatic sublayers at their surface than aromatic
ones, which are the regions where HPS would predominantly
or favorably aggregate. This effect is further exacerbated by the
HLNC morphology formed by BCS. Lack of any exposed
aromatic sublayers prevents HPS aggregation and, thus, CPL
activity (vide infra).

Increasing the amount of HPS from 0.1 wt % up to 0.4 wt %
inevitably leads to HPS aggregation in all mixtures, which goes
along with an increase of the AQY values and an increase of
the HPS lifetime contribution to the overall emission decays.
At 0.4 wt % HPS concentration, only the AIE of HPS is
detected, and thus, the emission lifetime decays are fitted with
only one component with a lifetime value around 6 ns, close to
the one found for neat HPS (SI, Tables S3 and S4 and Figures
S11, S12, S15, S16, and S18). We also observe a redshift of the
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emission signal, for instance for BC2 + 04 wt % HPS
compared to the mixtures containing 0.1 and 0.2 wt % HPS
(SI, Figures S14 and S15). The deconvolution of the
corresponding emission envelope indicates that the two
maxima at 4 = 488 nm and at 4 = 520 nm correspond to
the HPS fluorescence maxima. Hence, at 0.4 wt %, HPS starts
to self-aggregate between the nanofilaments, making this
concentration the limit in terms of active templating by the
B4 morphology. Note that for BC2 + 0.4 wt % HPS, an AQY
value of 0.78 was calculated, which is slightly higher than the
value found for neat HPS (0.66). Although the accuracy of
AQY measurements lies around 10%, such slight increase could
also be interpreted as a dilution effect, which minimizes
reabsorption phenomena and thus increases the emission
efficiency. While there exists an overlap between the emission
of BC2 and the absorption of HPS (SI, Figure S13), no energy
transfer has been detected between the host and the guest as
the lifetime values remain similar when varying the
concentration of HPS in the mixture. The self-aggregation of
HPS induces the alteration of the g, value. The case of self-
aggregation in BC2 and BCS will be discussed later in the
manuscript. In BCS5 mixture, when doubling the HPS
concentration, the g, value persists at the same order of
magnitude with a reported value at gj,,, = + 0.019 + 0.05 when
0.2 wt % of HPS is added. This establishes that the templating
is not effective. In consequence, continuing adding HPS in the
BCS5 mixture gives raise to two regions in the g, Vs
wavelength plot: the [460—540] nm range where the g
value for the neat compound is attained (g, = + 0.022 =+
0.005) and the [$40—600] nm range where the g, value for
HPS is found (gj,, = + 0.02 + 0.02) (SI, Figure S19).
Variation of Template Handedness. A simple and easily
accessible way for the given B4 BCLC templates to support the
initial assumption that the HNF, 4,, morphologies induce a
helical assembly of HPS along the exposed aromatic sublayers
is the use of the two HNF,_ 4, templates differing in
handedness. As reported previously, this was realized by
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Figure 7. Plots of g, vs wavelength (4, in nm) of BC2 with (a) 0.2 wt % HPS and (b) 0.4 wt % HPS. (c) Overview of the values of g,
depending on the concentration of HPS in the BC2 + HPS mixtures ranging from 0 (neat BC2) to 0.4 wt % HPS.

reversing the configuration of the two chiral centers from p-
(R), m-(R) in BC1 to p-(S), m-(S) in BC2. Plots of the
difference in intensity between left-handed CPL and right-
handed CPL (I, — I) depending on the wavelength of the two
neat diastereomers (BC1 vs BC2) indeed show mirror-image
plots and maxima at a wavelength of A = 402 nm (Figure 6a).
After the addition of 0.2 wt % HPS in BC1 and BC2, similar
mirror-image plots of Iy — Iy were observed with maxima at
around A = 480 nm (Figure 6b).

Variation of HPS Concentration: Effects on g,,,,. We
next studied the most and the least potent HNF, 4, and
HLNC morphologies in more detail by stepwise doubling the
concentration of HPS from 0.1 to 0.4 wt %. As shown in
Figures 7a,b, the addition and increase of the concentration of
HPS first leads to an almost exponential increase of |gj,,| from
&um = + 0.031 =+ 0.005 for neat BC2 over g, = + 0.08 + 0.01
at 0.1 wt % HPS to gy, = + 0.110 = 0.001 at 0.2 wt % HPS but
then to a sudden sharp decrease to g, = + 0.040 & 0.005 at
0.4 wt % HPS, which almost returns g, to the level of neat
BC2 (Figure 7c). The most likely reason is that once HPS has
saturated along the aromatic sublayers of the HNF, 4,,, HPS
will begin to self-aggregate between adjacent nanofilaments
with this type of more random aggregation leading to lower
values of g, on the order of 107, potentially canceling out
some of the induced dissymmetry created by the supra-
molecular HNF, 4, template. The same is true for any
possible phase separation of the HNF, 4, as the concentration
of HPS increases beyond a threshold value (here 0.4 wt %).
CPL values for aggregated HNFs, as described earlier, are on
the order of Ig,,| & 107>, Once self-aggregation among HPS
and/or HNF,_ 4, dominates, lg,.| will significantly decrease.
POM images, recorded with and without UV irradiation,
further confirm the self-aggregation once the HPS concen-
tration reaches 0.4 wt % by showing some degree of phase
separation between BC2 and HPS (SI, Figure $S20). The
maximum emission wavelength in the fluorescence spectrum of
BC2 + 0.4 wt % HPS (SI, Figures S14 and S15) approaches the
maximum emission wavelength seen in the fluorescence
spectra of neat HPS and no additional maxima. The same
occurs for BCS + 0.4 wt % HPS (SI, Table S3 and Figures S16
and S17). Doubling the concentration of HPS from 0.2 to 0.4
wt % in BCS does not lead to an observable change in Igj,,|
(SI, Figure S19) compared to the lgy,,| of BCS + 0.1 wt % HPS
as discussed earlier. This confirms the hypothesis reached after
evaluating the fluorescence decay times, that is, that the HLNC
morphology lacks exposed aromatic sublayers, which prevents
HPS aggregation, thereby resulting in the lowest CPL activity.
TEM images of BC2 + 0.2 wt % HPS as well as BCS + 0.2 wt
% HPS show the morphology of the two BCLC templates but
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no detectable signature of HPS aggregation at this magnifica-
tion (SI, Figures S21 and S22, respectively), indicating that
HPS does not visibly (at TEM magnification) phase-separate.
Further evidence to help explain the different mechanisms for
nano- and microfilaments with respect to the HLNCs at a
constant concentration of HPS are the luminescence spectra
themselves. For the former the samples emit bright turquoise
light under A, = 365 nm irradiation (SI, Figure S23a,b), while
for the latter, the fluorescence could hardly be detected even
under identical irradiation conditions (SI, Figure S23c). While
not detectable by the TEM imaging, the collective data do
support the argument that HPS does more favorably aggregate
on template filaments with exposed aromatic sublayers and not
on HLNCs featuring an entirely aliphatic interface.

Second-Level Templating Using Confinement in
Nanopores. A rather versatile approach to template-assisted
self-assembly of soft-matter nanostructures is the confinement
in nanochannels of anodic aluminum oxide (AAO) films
serving as tunable nanoporous media.*”~®® The dependence of
the HNF internal structure and external morphology (shape
and pitch) on AAO pore size was extensively studied by Yoon
et al. This work established the dependency of the AAO pore
diameter on the morphology of nanoconfined HNFs, whereby
one nanochannel can accommodate one HNF if 0.7 wyy <
Bpro < 2 Wy Where @450 is the AAO pore diameter and wyy
is the width of the unconfined HNFs in the bulk.””~”" The
width of the HNFs used in our experiments is wy & 40 nm,
and the diameter of AAO is @,,o = 60 nm, (SI, Figure S24)
following this established principle.

The sample preparation is quite significant when confining
HNFs in AAO pores. In practice, the mixture of BC1 + 0.2 wt
% HPS was placed on the top of the AAO film rested on a hot
stage to generate a temperature gradient parallel to the pore
direction, with the lowest temperature at the top of the AAO
film. As soon as the temperature reaches the clearing point of
BC1 (T4 = 190 °C), the mixture is sucked into the AAO pores
by capillary force. By slowly decreasing the temperature at a
cooling rate of 5 °C min™" to eliminate the effect of nucleation,
the residual bulk material at the surface of the AAO wafer was
continuously removed over three heating/cooling cycles.*®
Subsequently, nucleation of the HNFs within the AAO pores
appears in each individual AAO pore during such heating/
cooling cycle, similarly with the added HPS (Figure 8).

For neat BC1 confined in 60 nm AAO pores, a lg,,| value of
0.08 + 0.003 was found—an increase from lg,| =~ 0.031 +
0.005 in the absence of AAO confinement (Figure 9a). At 0.1
wt % HPS in BC1 under confinement, the lg,,| increases from
0.085 + 0.015 to 0.10 + 0.02 in the [480—540] nm range
(Figure 9b). This value further increases to lg,,| = 0.25 & 0.03

https://doi.org/10.1021/acsami.2c05012
ACS Appl. Mater. Interfaces 2022, 14, 29398—29411



ACS Applied Materials & Interfaces

Research Article

www.acsami.org

AAO template

P . TR
.. unpolarized .
L\ light

Figure 8. Schematic drawing demonstrating the confinement of right-
handed HNF,, 4,, formed by BC1 after the addition of HPS in the
pores of AAO with an inner diameter of @,,0 = 60 nm during the
CPL measurement with the pores along the irradiation path.

when the concentration of HPS is raised to 0.2 wt % (Figure
9¢c); thus, an about 3-fold increase is achieved compared to
neat BC1 confined in AAO.

There are two main reasons for this observation: first, all
HNF, 4, are aligned in the same direction when confined
within the parallel nanopores. This directionality alone results
in a larger CPL efliciency compared to the randomly aligned
HNFs without confinement. Second, the excess space in the
nanopores along the helical grooves induces a change of the
HNF structure such that it enables each single nanofilament
confined within the nanopore to fill that space more efficiently.
Because of this morphological change, the helical pitch, p, of
the HNF,,.4,, tightens from p = 200 nm to a value of p & 130
nm. Earlier experiments demonstrated that increasing the
concentration of a chiral guest (i.e., an axially chiral binaphthyl
derivative) leads to a gradual reduction of p when HNFs are

confined in 60 nm AAO channels.”® While the HNF,,_4,, are
crystalline structures, the mixtures with HPS are prepared in
the melt, where the molecular homochirality of BC1 could
favor one handedness of the propeller-like structure of HPS
over the other. In such scenario, HPS would serve as a chiral
(non-racemic) additive inducing a tighter value of p, just as in
the case of the binaphthyl derivatives. Thus, a combination of a
lower value of p (here reduced by 35%) and more efficient
localized heliconical HPS aggregation within the confinement
of these nanopores facilitates the higher values for Ig,,| again
until an HPS concentration of 0.2 wt % is reached.

Analogously to the non-confined case, however, the
concentration of HPS in BCl1 is limited to concentrations
lower than 0.4 wt %, where the value of Ig;,| decreases back to
|giuml = 0.13 % 0.02 (Figure 9d). The bar diagram in Figure 9e
illustrates the same trend already shown for the non-confined
case. Initially, increasing the concentration of HPS in BCl
leads to an exponential increase in Igj,,| up to a concentration
of HPS of about 0.2 wt % and then drops off again once the
concentration is doubled to 0.4 wt %. However, confinement,
as predicted, leads to higher values for Ig,|. Scanning electron
microscopy (SEM) images confirm the confinement of single
HNF,, o4, within each of the 60 nm AAO nanopores (Figure 9f
and SI, Figure S25).

Structural Color + AIE as a Potential Anti-Counter-
feiting or Rate-of-Temperature Change Indicator
Solution. Finally, we believe that the variation in wavelength
of the displayed structural colors of the templating B4
morphologies (as shown in Figure 1) coupled with the AIE
of HPS can be used in a patterning strategy for an optical rate-
of-temperature change indicator or as an anti-counterfeiting
solution. Recent work by Yoon and coworkers has shown that

a) b) c)
04 04 04 |
02+ 02| 02
£ I - - . L
6‘3 0>O ;/V\"/\/\;\\/\/‘ c_): 0‘0 B UJE 0'0 B
M =
02} 0.2 02|
| | M
04| 04 | 0.4 |
1 A 1 L 1 " P | I I PR NS N N T N T |

380 390 400 410 420

480 480 500 510 520 530 540

480 490 500 510 520 530 540

Al nm A/ nm Al nm
d) e)
04
02| _
£ B E
3 =
00 =]
02 F
04 |
PR U O O T (A ¥ i 7 A
480 490 500 510 520 530 540 0 \0 01 0.2 0,4J
A/ nm ] \
in 60 nm AAO
wt.% HPS

Figure 9. (a—d) Plots of g, vs wavelength (4, in nm) of BC1 confined in 60 nm AAO nanopores: (a) neat BC1 in the [380—420] nm range where
the emission is maximal, (b) BC1 + 0.1 wt % HPS, (c) BC1 + 0.2 wt % HPS, and (d) BC1 + 0.4 wt % HPS in the [480—540] nm range where the
emission is maximal. (e) Summary of |g,.,| vs concentration of HPS from 0 to 0.4 wt % in BC1 under AAO confinement. (f) SEM image of BC1 +
0.2 wt % HPS confined in 60 nm AAO nanopores, showing the confinement of single HNF,,.4,, (with BC1 forming right-handed HNF, 4, as in

the absence of HPS).
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Figure 10. (a) Photographs of cells (cell gap = S ym) filled with BC1, BC4, and BCS after heating to the isotropic liquid phase of all compounds
and observed after slow cooling (~5 °C min™") or rapid cooling to room temperature (~ 50 °C min~', i.e., thermally quenched): (top rows,
without HPS as seen under white light; bottom rows, with 0.2 wt % HPS under UV irradiation at A, = 365 nm). (b) Images showing a possible
resulting color pattern composed of structural color (UV OFF) and AIE (with UV ON).

the structural color of azobenzene-based BLCLs can be used
for dynamic color reflectors.”” In this context, the unique phase
behavior of and polymorphism displayed by BC4 and the
biphasic behavior found for BCS could be exploited in an
indicator that could visually show and distinguish between
slow and rapid temperature changes from temperatures around
250 °C (decomposition temperature of the BCLC molecules)
to and well below room temperature since these B4
morphologies form stable glassy states as most other B4
filament phases (as shown earlier by differential scanning
calorimetry experiments).*® The addition of HPS also provides
the ability to create tamper-proof, unique labels or tags for
anti-counterfeiting applications using a combination of
structural and AIE photoluminescence colors. This concept
is visualized in Figure 10.

Figure 10a shows photographs of ternary cells (cell gap = S
um) filled with either BC1, BC4, or BCS. The top two rows
show each compound under white light illumination after
heating to the isotropic liquid phase and subsequent cooling
down to room temperature (~20 °C) at either a slow or rapid
cooling rate. Particularly obvious is the color difference
observed for BC4 depending on the cooling rate since BC4
forms a B4 morphology (here HuF) only upon rapid cooling
but not upon slow cooling. In contrast, the relatively low
intensity of the structural color displayed by BC1 (HNF,, 4,
morphology) changes only insignificantly. For BCS, however,
the biphasic regime with B1/B4 phase coexistence®® gives rise
to a more intense blue structural color upon rapid cooling.

To further enhance the complexity, adding 0.2 wt % of HPS
(emission: 4,,,, = 498 nm) leads to another color pattern under
UV irradiation (1. = 365 nm). The two bottom rows in
Figure 7a demonstrate the different degree of how the Bl
(here the Col,, — p2/m formed by BC4 upon slow cooling)
and the B4 morphologies expel HPS. For BC4, only the B4
HuF expels HPS; the Col,, phase formed upon slow cooling
does not, thereby not leading to AIE. For BCS, the HLNC
morphology does not show significant aggregation of HPS, and
therefore, virtually no AIE is observed as seen in the CPL
measurements described earlier. As expected, BC1 forming
HNF, 4. expels HPS, and depending on the cooling rate,
different AIE wavelengths are observed that appear to capture
different degrees of HPS aggregation.
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This eventually leads to the quite complex blueish color
pattern shown in Figure 10b depending on whether a color (or
compound) pixel is doped with HPS or not as well as whether
UV irradiation is applied or not. Keeping in mind that all
BCLC molecules have the exact identical molecular weight,
only more advanced chemical analyses (not even that
straightforward using '"H NMR) would allow anyone to
break the embedded code of these anti-counterfeiting’*~"> or
temperature-rate indicator devices. An added advantage
provided by these materials and for the ensuing potential
anti-counterfeiting tags or temperature-rate indicators is the
glassy state attained at room tempemture.“s_so’76 Patterning by
printing or plotting would make these indicators or tags easy to
produce as well as easily randomized for additional security,
practically impossible to break if coded. Furthermore, residing
within one, here blue, color palette also eliminates concerns for
potential observers with color vision deficiencies.””

B CONCLUSIONS

In this work, a strategy for generating tunable CPL materials
from supramolecular chiral assemblies based on bent-core
liquid crystals forming various B4 phase helical (heliconical)
nano- or microfilament templates is presented. The intrinsic
geometric differences among the B4 templates, such as overall
dimensions (width, height, and helical pitch) and the ensuing
differences in the degree of exposed aromatic segments or
sublayers, ultimately leads to varying degrees of CPL activity as
indicated by the values of Ig,,|. The evidence obtained from
these experiments strongly supported the restricted intra-
molecular rotation model for the AIE HPS molecules within
the B4 templates. As predicted a priori, the smallest of the B4
templates with the largest overall area fraction of exposed
aromatic sublayers, where HPS will tend to aggregate, the
HNF, 4., shows the highest efficiency for CPL. The co-
assembly of the nano- or microfilaments with HPS allows for a
tuning of the CPL intensity as well as wavelength maximum
from about 420 to 520 nm when illuminated by a 4., = 385
nm light source, while adding only a small amount of HPS with
the highest efficiency recorded at 0.2 wt %. In contrast to other
reports on the origin of CPL of HPS in the solid state, those of
the B4 hosts that actively generate the CPL of HPS facilitate a
heliconical chiral assembly of HPS directed by their exposed
aromatic sublayers, which dictate magnitude as well as
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handedness. Furthermore, the confinement of the most
efficient HNF,, 4,, template formed by BCl (or BC2 with
opposite handedness but identical magnitude) in 60 nm AAO
provides an opportunity to further enhance the Ig,,| up to a
value of 0.25 by facilitating parallel alignment of the HNF, 4,
supramolecular architectures with a reduced helical pitch
parallel to the excitation source. Such approach provides a
pathway to tune CPL, ultimately leading to an about 8-fold
increase of Ig,,| from neat BC1 to BC1 + 0.2 wt % HPS in 60
nm AAO with an additional enhancement possible using a
homochiral AIE dye that would reduce the helical pitch under
confinement as shown in earlier work.>® Finally, the
combination of structural color exhibited by all the B4
templates with the AIE inherent to the dye used, HPS, was
demonstrated as a potential avenue for applications as
temperature-rate detection or anti-counterfeiting tags.
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