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ABSTRACT: Semiconductor  quantum  dots  (QDs)  with
circularly  polarized  luminescence  (CPL)  characteristics  hold
significant  promise  for  a  range  of  applications,  including
information  security,  three-dimensional  (3D)  display,  quantum
computing,  and  spintronics.  Recent  approaches  combining
QDs  with  chiral  liquid  crystal  assemblies  have  demonstrated
amplified  CPL  performance  (specifically,  luminescence
dissymmetry  factor, glum  >  10–1).  However,  the  inherent  fluidity
and alignment sensitivity of chiral liquid crystals, along with QD
aggregation  and  phase  separation,  continue  to  hinder  the
uniformity and long-term stability of these systems. In this work,
we  developed  an  in-situ  helical  co-assembly  polymerization
strategy that covalently incorporated InP-based QDs into chiral
liquid  crystal  polymer  templates,  forming  QD-based  polymeric
superhelical  structures.  We  synthesized  high-quality  InP/ZnSeS/ZnS  QDs  and  functionalized  their  surfaces  with
polymerizable groups to enable reactivity. By precisely tuning the photonic bandgap of the chiral liquid crystal polymers, we
achieved  chiral  parented  templates  with  high  chiroptical  activity  overlapping  full-visible-spectrum.  Through  covalent
crosslinking  with  the  QDs,  a  polymer  network  was  formed,  resulting  in  a  maximum glum  of  1.0.  This  polymerization-with-
assembly  approach  offers  exceptionally  flexible  and  precise  control  over  both  the  composition  and  architecture  of
superhelical materials, paving the way for high-quality CPL materials with broad applications in advanced technologies.
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1    Introduction
Circularly polarized light, characterized by optical chirality and spin
angular  momentum,  is  of  significance  in  fields  such  as  quantum
computing,  information  security,  advanced  displays,  and
spintronics  [1−7].  Chiral  luminescent  materials  can  directly  emit
unequal  amounts  of  left- and  right-handed  circularly  polarized
luminescence  (CPL)  under  excitation,  facilitating  further
integration of functional devices [8−10].

Semiconductor  quantum  dots  (QDs)—known  for  their  narrow
emission  spectra,  enhanced  stability,  resistance  to  photobleaching,

and  high  quantum  yields—are  well-suited  for  optoelectronic
applications [11−13].  Among these,  InP-based QDs have garnered
significant  attention  due  to  their  heavy  metal-free  composition,
positioning  them  as  ideal  candidates  for  CPL  systems  [14].
Conventional  methods  for  generating  QD-based  CPL  materials
typically  involve  synthesizing  intrinsically  chiral  structures  or
modifying surface ligands. However, these methods generally result
in low luminescence dissymmetry factor (glum) in the range between
10–4 and 10–2, insufficient for practical applications [15−17].

Chiral  liquid  crystals  (CLCs)—as  quasi-one-dimensional
photonic crystal materials—allow to self-assemble with luminescent
materials for constructing highly ordered helical structures [18−22].
These structures can combine QDs to achieve amplified CPL with
glum values  over  10–1,  making  CLCs  ideal  chiral  templates  for
generating  and  amplifying  CPL  [23, 24].  However,  CLCs  possess
inherent  fluidity,  requiring  encapsulation  in  liquid  crystal  cells  or
polymers  for  practical  applications  [25].  Their  alignment  is  also
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easily disrupted by external stimuli (electric, thermal, mechanical, or
others)  [26−28],  suppressing CPL performance.  Additionally,  QDs
tend  to  aggregate  and  phase-separate  within  the  CLC  matrix,
compromising  the  long-term  stability  of  CPL  systems  [29],  while
the polar environment is easy to quench the fluorescence of certain
QDs,  further  limiting  performance.  Surface  ligand  engineering  of
QDs,  by  introducing  polymerizable  functional  groups,  can  endow
them with polymerization reactivity, enabling their stable dispersion
and  chemical  bonding  within  polymerizable  chiral  liquid  crystal
templates,  which  offers  a  promising  solution  to  these  challenges
[30].

Here, we report the design and synthesis of a series of CPL-active
polymeric  superhelical  structures  (PSS)  based  on  InP  QDs  for  the
first  time,  using  our  designed in-situ helical  co-assembly
polymerization  strategy.  We  synthesized  high-quality,  lead- and
cadmium-free  InP/ZnSeS/ZnS  QDs,  coating  their  surfaces  with  a
thin  SiO2 layer  and  grafting  polymerizable  functional  groups  to
impart  reactive  polymerization  capabilities.  By  tuning  the  ratio  of
chiral  dopants  in  the  liquid  crystal  polymer  matrix,  we  fabricated
multicolored CLC polymer templates, achieving a maximum glum of

1.0  upon  co-polymerization  with  the  QDs.  This  work  provides  a
novel  approach  for  developing  QD-based  CPL  materials,  showing
the  promising  in  applications  of  information  security,  advanced
displays, and spintronics, etc. 

2    Results and discussion
To  enable  homogeneous  circularly  polarized  luminescence
structures,  we  proposed  to  synthesize  surface-functionalized  InP-
based QDs to be assembled and polymerized with a CLC polymer
template,  enhancing  the  stability  and  dispersibility  of  the  QDs
within  the  system  (Fig.  1(a)).  Specifically,  we  synthesized  high-
quality  InP/ZnSeS/ZnS  QDs  (Figs.  S1  and  S2  in  the  Electronic
Supplementary  Material  (ESM)),  and  encapsulated  them  with  a
uniform  SiO2 layer  through  rapid  hydrolysis  of  tetraethyl
orthosilicate  (TEOS)  and  tetramethyl  orthosilicate  (TMOS)  in  the
presence  of  trace  amounts  of  water  in  analytical-grade  n-hexane
[31].  The  SiO2 layer  acts  as  an  effective  passivation,  protecting  the
QDs  from  chemical  degradation  and  enhancing  their  overall
stability  [32].  Moreover,  this  SiO2 coating  serves  as  a  platform  for
subsequent  surface-mediated  functionalization.  By  further

 

Figure 1    Synthesis and characterization of polymerizable lnP-based QDs. (a) Schematic illustration of synthesizing polymerizable lnP-based QDs. (b) FE-HRTEM image
of polymerizable InP/ZnSeS/ZnS QDs. (c) EDS elemental mapping images of as-synthesized QDs. (d) PL spectrum of the polymerizable QDs under 365 nm excitation,
alongside corresponding UV–vis absorption spectrum. (e) and (f) XRD patterns and FTIR spectra of QDs before and after modification.
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hydrolyzing  3-(trimethoxysilyl)propyl  methacrylate  (TMSPMA)  in
the  n-hexane  solution,  we  successfully  grafted  polymerizable
methacrylate groups onto the surface of the lnP-based QDs@SiO2,
facilitating their integration into the CLC matrix.

We utilized field emission high resolution transmission electron
microscopy  (FE-HRTEM)  to  examine  the  microstructure  of  the
modified  InP-based  QDs@SiO2,  revealing  uniform  QDs  with  an
average  diameter  of  approximately  5  nm (Fig.  1(b) and  Fig.  S3  in
the  ESM).  Energy-dispersive  X-ray  spectroscopy  (EDS)  elemental
mapping  confirmed  the  homogeneous  distribution  of
InP/ZnSeS/ZnS  QDs  within  the  SiO2 shell  (Fig.  1(c)).
Photoluminescence  (PL)  and  ultraviolet–visible  (UV–vis)
absorption  spectra  of  the  modified  QDs  showed a  green  emission
peak  at  528  nm  (Fig.  1(d)),  slightly  red-shifted  compared  to  the
emission  peak  of  the  unmodified  QDs  at  521  nm  (Fig.  S4  in  the
ESM), which is likely attributed to increased reabsorption caused by
QDs within the SiO2 shell.  As can be seen in the X-ray diffraction
(XRD)  analysis  (Fig.  1(e)),  the  original  InP/ZnSeS/ZnS  QDs
exhibited three broad diffraction peaks corresponding to the (111),
(220),  and  (311)  crystal  faces  of  the  sample.  After  modifying  with
SiO2 and  subsequent  surface  functionalization,  these  three
diffraction  peaks  were  retained  in  the  InP-based  QDs@SiO2,

indicating that  the polymerizable InP-based QDs maintained their
original  crystal  structure  and  phase  stability  after  modification.
Furthermore,  Fourier-transform  infrared  (FTIR)  spectroscopy
revealed the appearance of a new peak at 1714 cm–1, corresponding
to C=O groups, and a peak at 1635 cm–1,  attributed to C=C bonds
[33], confirming the successful grafting of polymerizable functional
groups onto the surface of the QDs (Fig. 1(f)).

To  obtain  high-quality  optical  chirality,  we  developed  a  helical
structure-based  CLC  polymer  template  to  subsequently  react  with
polymerizable QDs, obtaining a homogeneous CPL-active film. We
selected  the  reactive  mesogen  RM257  as  the  polymerizable
monomer,  which  underwent  cross-linking  to  form  a  polymer
network  in  the  presence  of  the  photo-initiator  I-651  under  UV
irradiation (Fig. 2(a)) [34]. The chiral dopant R/S5011, possessing a
high helical twisting power, was used to induce the self-assembly of
the  liquid  crystal  monomers  into  right-handed  or  left-handed
helical  structures  (Fig.  2(b)).  The  obtained  CLC polymer  template
exhibits  a  periodic  helical  arrangement,  resulting  in  a  photonic
bandgap (PBG) that  selectively  reflects  circularly  polarized  light  of
the  same  handedness  while  transmitting  light  with  the  opposite
handedness (Fig. 2(c)).

As shown in the transmission spectra in Fig. 2(d), the PBG of the
 

Figure 2    Preparation and characterization of  CLC polymer templates.  (a)  Molecular  formulas  of  the components  forming the CLC polymer templates,  including the
monomer (RM257),  chiral  dopant  (R/S5011),  and photo-initiator  (I-651).  (b)  Diagram illustrating the  helical  structure  of  the  CLC polymer template.  (c)  Photographs
showing circularly polarized structural colors caused by selective reflection of the synthesized templates under natural light. The concentrations of chiral dopant R5011
were 2.0 wt.%, 2.2 wt.%, 2.4 wt.%, 2.6 wt.%, and 2.8 wt.% from left to right, respectively. (d) Transmission spectra and (e) CD spectra corresponding to the templates in (c),
illustrating the optical properties across varying doping levels.
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CLC  polymer  template  shifted  from  red  to  blue  by  increasing  the
concentration  of  the  chiral  dopants,  enabling  full  coverage  of  the
visible  spectrum.  This  shift  is  attributed  to  the  decrease  in  helical
pitch  caused  by  the  higher  concentration  of  the  chiral  dopants.
Circular  dichroism  (CD)  spectra  demonstrated  that  the  CLC
polymer  templates  exhibited  high  chiral  optical  activity,  with  a
maximum  dissymmetry  factor  of  up  to  1.8,  approaching  the
theoretical  optimal  value  of  2  (Fig.  2(e) and  Fig.  S5  in  the  ESM).
These  results  highlight  the  superior  performance  of  the  CLC
templates we developed.

To  achieve  stable  and  uniform  dispersion  of  QDs  within  the
CLC polymer  templates,  we  elaborately  designed  an in-situ helical
co-assembly  polymerization  strategy.  This  approach  involved  the
covalent  anchoring  of  polymerizable  QDs  to  the  CLC  polymer
templates  through  UV-initiated  free  radical  polymerization,
resulting in the formation of robust covalent bonds at the interface
between  the  polymerized  QDs  and  the  templates.  We  utilized
attenuated  total  reflection-FTIR  spectroscopy  (ATR-FTIR)  to
validate  this  process  (Fig.  3(a)).  The  results  indicated  that  the
characteristic peak at 1635 cm–1, associated with the terminal acrylic
groups  of  the  polymerizable  InP-based  QDs  and  the  CLC
prepolymer,  disappeared  after  light-induced  polymerization,
confirming  the  completion  of  the  curing  reaction.  We  performed
XRD  measurements  on  the  PSS  films  to  assess  their  structural
characteristics  (Fig.  3(b)).  The  diffuse  peak  observed  at
approximately  21°  in  the  2θ scan  indicated  the  absence  of
macroscopic  molecular  or  chain  orientation,  confirming  the
presence  of  a  polydomain  structure  in  the  PSS  films;  additionally,
no low-angle diffraction features indicative of a smectic phase were
observed,  suggesting  that  the  PSS  films  form  chiral  nematic
assemblies [35].

To  observe  the  microstructure  of  the  resulted  PSS  films,  we

performed  polarized  optical  microscopy  (POM)  observations  in
transmission mode (Fig.  3(c) and Fig.  S6 in the ESM).  The results
revealed  characteristic  oil  streaks  texture  belonging  to  CLC,
confirming  the  formation  of  a  planar  superhelical  arrangement
[36].  Cross-sectional  scanning  electron  microscopy  (SEM)  images
of  the  PSS  films  clearly  displayed  a  periodic  layered  structure,
indicating  that  the  co-assembly  with  QDs  did  not  disrupt  the
assembly integrity of the CLC polymer template (Fig. 3(d) and Fig.
S7  in  the  ESM).  Additionally,  the  image  revealed  a  pitch  of
approximately  320  nm,  which,  according  to  Bragg’s  law  (λ = np),
corresponded  to  selective  reflection  (i.e.,  PBG)  within  the  visible
spectrum, thereby benefiting the CD and CPL performance of  the
PSS  film.  Furthermore,  atomic  force  microscopy  (AFM)  revealed
the presence of a periodic helical arrangement on the surface of the
polymerized  film  (Fig.  3(e) and  Fig.  S8  in  the  ESM). Figure  3(f)
illustrates the three-dimensional periodic structure characterized by
AFM,  providing  strong  evidence  for  the  periodic  helical  self-
assembly  of  the  PSS.  The  chiral  periodic  morphology  observed  in
AFM and SEM contributed to the strong CD and CPL signals. We
also  assessed  the  fluorescence  emission  properties  of  the  PSS  film
(Fig.  S9  in  the  ESM);  the  film  exhibited  bright  and  uniform
luminescence  under  UV  irradiation,  indicating  that  the
introduction of the CLC polymer templates did not adversely affect
the  luminescence  of  the  QDs  within  the  composite  film.  These
features are essential for achieving efficient CPL materials with high
glum values.

We  further  characterized  the  chiroptical  properties  of  the  PSS
films  (Fig.  4(a)).  The  CD  spectra  revealed  that  the  sample  doped
with  S5011  exhibited  a  positive  CD  signal  (Figs.  4(b) and 4(c)),
indicating that the self-assembled helical structure was left-handed.
In  contrast,  the  sample  doped  with  R5011  exhibited  the  opposite
behavior.  Both  left- and  right-handed  films  showed  broad  CD

 

Figure 3    Structural  characterization of PSS films. (a) FTIR spectra of the prepolymer and PSS films, highlighting the peak at 1635 cm–1 corresponding to the carbon-
carbon double bond. (b) XRD pattern of the PSS film including the low- and high-angle regions. (c) POM image of the right-handed PSS film. (d) Cross-sectional SEM
image of the right-handed PSS films, showing the periodic arrangement. (e) AFM image of the PSS film surface and (f) locally magnified 3D AFM image, along with its
corresponding Z-height profile, showing detailed surface topography.
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bands  in  the  480–540  nm  range,  almost  consistent  with  their
absorption peaks (Fig. S10 in the ESM).

To  achieve  optimal  CPL  performance  of  the  PSS  films,  the
concentration of the chiral dopant was adjusted so that the PBG of
the  CLC  polymer  template  overlapped  with  the  fluorescence
emission  band  of  the  polymerizable  InP-based  QDs  (Fig.  4(d)).
Furthermore, we evaluated the CPL performance of the PSS films,
as  shown  in Figs.  4(e) and 4(f),  which  presented  the  CPL  spectra
and  corresponding glum curves  for  samples  with  different
handedness.  All  films  exhibited glum values  of  up  to  1.0,  fully
satisfying  practical  application  requirements  [37].  For  instance,  in
the  case  of  right-handed  PSS,  the  right-handed  CLC  polymer
template  inhibited  the  propagation  of  right-handed  CPL  while
promoting  the  transmission  of  left-handed  CPL,  resulting  in  a
strong  left-handed  CPL  signal.  To  further  verify  its  uniformity  on
CPL  generation,  we  performed  CPL  characterization  on  nine
randomly  selected  regions  of  the  same  PSS  film.  These  results
indicated  an  average glum value  of  1.03  ±  0.03,  verifying  its
uniformity on CPL generation (Fig. S11 in the ESM).

To further validate the feasibility of the synthesized strategy and
to explore the mechanism of CPL generation and amplification, we
prepared  two  sets  of  samples:  The  first  group  utilized  our
synthesized PSS films, while the second group employed a physical
stacking structure  of  InP-based QDs and CLC polymer  templates.
We conducted front- and back-side CPL spectra measurements on
both sets  of  samples  to  distinguish  their  unique  characteristics.  As
shown in Figs. 5(a)−5(c) and Fig. S12 in the ESM, for instance, the
front  and  back  sides  of  the  left-handed  PSS  films  both  exhibited
negative  CPL  signals,  indicating  the  generation  of  right-handed
CPL,  with glum values  up to  1.0  in  both directions.  In  contrast,  for
Sample  2,  when  the  excitation  light  first  passed  through  the  QD
layer  and  then  through  the  right-handed  CLC  template,  a  strong
left-handed CPL signal  was  observed (Figs.  5(d)−5(f) and Fig.  S13
in  the  ESM).  However,  when  the  excitation  light  first  passed
through the right-handed CLC template and then through the QD
layer,  the  CPL  signal  reversed  and  significantly  weakened.  This

reversal  is  likely  due  to  the  detector  capturing  the  right-handed
circularly polarized light selectively reflected by the CLC template in
this  configuration.  These  results  demonstrate  that  the  synthesized
homogeneous  PSS  films  display  high  CPL  performance,
independent  of  the  observation  direction.  Consequently,  the  CPL
and glum amplification in  this  work can be  attributed to  a  photon-
resonance  effect  [16, 30, 38].  This  confirms  that  employing  CLC
polymer templates  with polymerizable  QDs is  an effective  strategy
for producing high-quality CPL materials.

Lastly,  we  demonstrated  a  potential  application.  The  uniform
PSS  film can  easily  achieve  graphic  displays,  which  is  essential  for
information security applications. The film can be readily processed
into  customized  emission  patterns  as  needed  through  a  mold.
Under  daylight,  these  patterns  exhibited  inherent  structural  color,
while  displaying  bright  CPL  under  UV  light  after  incorporating
green-emitting  QDs.  When  viewed  through  different  circular
polarizers,  the left- and right-handed fluorescent emission patterns
exhibited  marked  contrasts,  indicating  the  potential  of  these
patterns  for  advanced  information  security  labels  (Fig.  S14  in  the
ESM). 

3    Conclusions
In  summary,  through  the  designed in-situ helical  co-assembly
polymerization  strategy,  we  successfully  fabricated  homogeneous
PSS  films,  addressing  challenges  related  to  QD  phase  separation,
stability,  and  dispersion  within  CLC  matrices.  By  modifying  the
QDs with methacrylate groups via SiO2 encapsulation, we achieved
QDs with polymerizable reactivity. With tuning chiral dopants ratio
in  reactive  mesogenic  units,  we  obtained  CLC  polymer  templates
with  tunable  full-spectrum  structural  color  and  strong  chiroptical
activity.  The  co-polymerization  of  reactive  QDs  with  the  terminal
acrylate groups of the CLC polymer templates resulted in uniform
solid-state  CPL  films  with  a  high glum value  of  up  to  1.0.  This
strategy  provides  a  novel  approach  for  designing  and  fabricating

 

Figure 4    Chiral optical properties of PSS films. (a) Schematic illustration of the transformation of unpolarized excitation light to left- and right-handed circular polarized
light. (b) CD spectra, and (c) corresponding g-factor values of the left- and right-handed PSS films. (d) Transmission and photoluminescence spectra of the PSS film. (e)
CPL spectra and (f) corresponding glum values of the left- and right-handed PSS films.
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high-performance  CPL  materials,  with  potential  applications  in
information security,  advanced displays,  quantum computing,  and
beyond. 

4    Experimental
 

4.1    Chemicals
InI3 (99.999%) was  purchased from Alfa  Aesar.  Trioctylphosphine
(TOP,  >  97%),  ZnBr2 (98%),  1-octadecene  (ODE,  90%),  tris
(dimethylamino)phosphine  ((DMA)3P,  98%),  1-dodecanethiol
(DDT,  98%),  and  oleylamine  (OAm,  90%)  were  purchased  from
Adamas.  Zinc  stearate  (Zn(St)2,  77.69%–93.23%),  sulfur  powder
(≥  99.99%),  and  selenium  powder  (≥  99.999%)  were  purchased
from Sigma-Aldrich. TEOS (≥ 99%), TMOS (≥ 98%), and TMSPMA
(≥ 97%) were purchased from Aladdin Bio-Chem Technology Co.,
Ltd. RM257 and chiral dopants (R5011 and S5011) were purchased
from the Shijiazhuang Yesheng Chemical Technology Co., Ltd. All
liquid  crystal  cells  with  a  25  µm  cell  gap  were  homemade.  All
chemicals were used directly without any further purification. 

4.2    Synthesis of InP/ZnSeS/ZnS QDs
First,  0.5055  g  of  InI3,  1.4865  g  of  ZnBr2 (molar  ratio  of  In/Zn  =
1:6.5), and 15.0 mL of OAm were mixed in a three-neck flask. The
solution  was  then  heated  to  120  °C  at  a  rate  of  10  °C·min–1 and
degassed  for  20  min.  The  mixture  was  subsequently  heated  to
200  °C,  after  which  7.2  mmol  of  (DMA)3P  was  added.  After
maintaining  this  temperature  for  6  min,  36  mL  of  zinc  precursor
solution (9.0 g of Zn(St)2 dissolved in 36.0 mL of ODE) , along with
3.6  mmol  (1.1  M)  TOP/(Se+S)  was  rapidly  injected  into  the
reaction  mixture.  The  solution  was  then  heated  to  260  °C  and
maintained at  this  temperature  for  120 min.  Finally,  4.5  mL DDT
was injected into the solution at 280 °C and kept for 1 h. After the

reaction  was  complete,  the  mixture  was  naturally  cooled  down  to
room  temperature.  The  products  were  then  isolated  by
centrifugation,  washed  with  ethanol  three  times,  and  resuspended
in hexane for further use. 

4.3    Synthesis of polymerizable QDs
A solution  of  20  mL QDs (0.64  mg/mL)  in  hexane  was  prepared,
followed  by  the  addition  of  100  μL  of  TMOS  under  continuous
stirring at room temperature for 1 h. Subsequently, 300 μL of TEOS
was  introduced  into  the  mixture,  with  100  μL  added  every  hour
over  a  period  of  3  h.  The  resulting  solution  was  then  mixed  with
ethanol in the volume ratio of 1:3 and centrifuged at 9000 rpm for
10 min. Upon removal of the supernatant, the precipitate was then
redispersed in 20 mL hexane. Next, 200 μL of TMSPMA was added
to  the  prepared  solution,  which  was  then  stirred  continuously  at
60 °C and refluxed under a nitrogen atmosphere for 10 h. After the
reaction was completed, the resulting precipitate was washed twice
with  hexane  and  ethanol.  After  each  wash,  the  solution  was
centrifuged at 9000 rpm for 10 min. Finally, the product was dried
overnight in an oven at 45 °C. 

4.4    Fabrication of PSS films
First,  we  prepared  left- and  right-handed  CLCs  by  combining
RM257 with the chiral  dopants  S5011 and R5011,  respectively.  To
tune  the  PBG  of  the  CLCs  to  align  with  the  red,  green,  and  blue
spectral  regions,  chiral  dopants  were  added  at  weight  ratios  of
2.0 wt.%, 2.4 wt.%, and 2.8 wt.%.

Next,  the  precursor  was  prepared  by  combining  95.0  wt.% of  a
mixture  of  CLCs  and  chiral  dopants,  1.0  wt.%  of  I-651,  and
4.0  wt.%  of  polymerizable  QDs  powder.  The  mixture  was  then
heated to 120 °C to ensure uniformity, followed by gradual cooling
to 90 °C. At this temperature, the solution was injected into liquid
crystal  cells  through  capillary  action.  Polymerization  was

 

Figure 5    Comparison with physical stacking structure. (a) Schematic illustrating the right-handed CPL from homogeneous left-handed PSS films. (b) CPL spectra, and
(c) corresponding glum values of  the left-handed PSS film, measured from the front and back sides.  (d) Schematic diagram of the physical  stacking structures,  showing
configurations of QDs/R-CLC and R-CLC/QDs. (e) CPL spectra and (f) corresponding glum values of the QDs/R-CLC and R-CLC/QDs stacks, measured from the front
and back sides.
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subsequently  carried  out  under  UV  light  at  90  °C  for  30  min.
Afterward, the CLC film could be easily peeled off from the liquid
crystal cell. 

4.5    Characterization
CD  and  CPL  spectra  were  measured  on  JASCO  J-1500
spectrophotometer  and  JASCO  CPL-300  spectrophotometer,
respectively.  Reflectance  spectra  were  measured  with  an
ultraviolet/visible/near  infrared  spectrometer  (SolidSpec-3700i
DUV).  Fluorescence  spectra  were  measured  with  a  fluorescence
spectrometer  (Hitachi,  F-4700).  X-ray  diffraction  patterns  were
measured  on  a  diffractometer  (X’Pert  PRO  MPD)  with  Cu  Kα
radiation  (wavelength: λ =  1.54178  Å).  QDs  dispersed  in  hexane
were  drop-cast  on  carbon-supported  Cu  grids  for  TEM  and  FE-
HRTEM analysis, which was performed on JEM-2100Plus and JEM-
F200 microscopies with acceleration voltages of 200 kV. The FTIR
spectrum  was  measured  with  an  FTIR  microscopy  (Nicolet
iN10MX).  Scanning  electron  microscopy  images  were  obtained
using  a  field  emission  scanning  electron  microscopy  (Zeiss  Supra
40,  at  an  acceleration  voltage  of  3.0  kV).  POM  images  were
recorded on an upright materials microscopy (Mshot MP41). 

Electronic  Supplementary  Material: Supplementary  material
(TEM  images,  FE-HRTEM  images,  EDS  elemental  mapping
images, PL spectra, UV–vis absorption spectra, POM images, SEM
images,  AFM  images,  and  CPL  spectra)  is  available  in  the  online
version  of  this  article  at https://doi.org/10.26599/NR.2025.
94907150. 
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