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Uncovering the Origin of Chirality from Plasmonic
Nanoparticle/Cellulose Nanocrystal Composite Films

Sixiang Zhao, Han Zhu, Jicun Lu, Ming Li, Liancheng Zhao, Lei Zhou,* and Liming Gao*

Chirality generated by the co-assembly of plasmonic nanoparticles (NPs)
and chiral photonic crystals has attracted broad interest owing to its strong
optical activities. However, it is difficult to understand the physical mecha-
nism of the unique chiral responses, for surface-plasmon-mediated circular
dichroism (SP-CD) is a hybrid response generated from chiral plasmonic—
photonic systems. This study aims to investigate how chirality is generated
by this system and the relationship between SP-CD and plasmonic—photonic
couplings. Here, quasi-continuous plasmon bands are designed to interact
with the different photonic bandgaps of cellulose nanocrystals (CNCs). In
spectroscopy and simulation, characteristic SP-CD shape lines derived from
the extinction dispersion of plasmonic NPs for circularly polarized light

in the CNCs are observed. It is demonstrated that this plasmonic chirality
is determined by the coupling states and originates from a multiple scat-
tering combination of plasmonic NPs under a chiral excitation field. A novel

is observed when light passes through a
chiral object.’) The CD of plasmonic chi-
rality differs from that of natural chiral
molecules, for the different RCP and LCP
light absorption of plasmonic systems
caused by the collective electron oscilla-
tions of metal nanoparticles (NPs).’! The
mechanisms of generating plasmonic chi-
rality in previous studies can be classified
into two types: molecular-induced plas-
monic chirality and structural plasmonic
chirality. The molecular-induced plas-
monic chirality is derived from the Cou-
lomb interaction that occurs when chiral
molecules are attached to the surface plas-
monic materials.*?! Structural plasmon
chirality involves the construction of chiral

transfer-matrix method is established to perform numerical analysis of this
complex multiple scattering efficiently. This study is expected to offer a deep

insight into chiral plasmonic—photonic systems.

1. Introduction

Chirality, a widely existing phenomenon in nature, from small
molecules to macrocosms, is used to describe any object that
cannot be superimposed on its mirror image.[! Chirality can be
observed not only in geometrical structures but also in optics.
Non-identical absorption of right- and left-handed circularly
polarized (RCP and LCP) light, called circular dichroism (CD),
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arrangements of plasmon materials by
assembly or lithography.'*'3l The novel
plasmonic chirality opens up potential
applications, such as chemical and bio-
logical ~sensing,*1° negative-refraction
metamaterials,[®l circularly polarized light
detection, ! and nonlinear optics."® Further study of plasmonic
chirality is expected to lead to advanced interactions with light,
leading to more optics and photoelectric device applications.

As bottom-up methods for synthesizing chiral plasmonic
materials, assembling metallic nanostructures with chiral
templates, such as supramolecular assembly, DNA origami,
peptide organization, and cholesteric liquid crystals, are excep-
tionally promising approaches for designing chiral plasmonic
materials.B1°2l Using the above methods, surface-plasmon-
mediated CD (SP-CD) signals are generated from the plasmons
along with a helical structure. In some situations, these SP-CD
signals are ensemble chiral responses derived from chiral
plasmons and chiral templates. Therefore, understanding CD
signals from plasmonic chirality in chiral matrices is much
more difficult than independent plasmon CD signals from
metallic chiral structures.

Cellulose nanocrystals (CNCs) with the intrinsic characteris-
tics of cholesteric liquid crystals and photonic crystals, can be
easily extracted from natural cellulose fibrils via acid hydrol-
ysis.[2223] CNCs are easy to disperse in aqueous solutions with
extreme stability, because they are functionalized by sulfate
ester groups and have the electrostatic repulsion of CNCs in
aqueous solution.”*?’! Surprisingly, CNCs can spontaneously
self-assemble into a chiral cholesteric liquid crystalline phase
with a left-handed chiral helical structure derived from entropic
steric interactions, referred to as the evaporation-induced
assembly (EISA) process.??] This cholesteric structure

© 2022 Wiley-VCH GmbH
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imparts the selective reflection of LCP light and transmission
of RCP light with a photonic bandgap (PBG). Furthermore, the
PBG of CNC films can be tuned over a large range using dif-
ferent methods, such as ultrasonication (redshift), or adding an
electrolyte (blueshift).?8! When guest NPs are added to CNCs
during an EISA process, excluded-volume effects prompt
the NPs to orient along the CNCs. The orientations of guest
NPs among the CNCs influence the accessible volume of the
CNCs. When the concentration increases during drying, the
CNCs tend to compel NPs to orient along the CNCs for larger
excluded volumes.?”) Therefore, CNCs are well-suited as chiral
templates for the fabrication of chiral composite films.3%

In the case of plasmonic chirality, various plasmonic NPs
were incorporated into the CNC films to produce plasmonic
chirality, and a specific CD line shape was observed. Significant
dips were repeatedly observed in the CD spectra of AuNP/CNC
composite films.3132 However, the mechanism of forming
these specific CD line shapes and the intrinsic relationship
between the CD line shapes and plasmonic—photonic systems
remains unclear.

In this study, we systematically investigated how the char-
acteristic SP-CD signals generated by the interaction between
quasi-continuous plasmon bands and different PBGs in such
systems. We noticed that the formation and shifts of the
characteristic SP-CD are highly related to the states of plas-
monic—photonic coupling. By simulating plasmonic—photonic
couplings, extinction dispersions of plasmons for LCP and
RCP light in PBGs were observed, demonstrating the origin of
characteristic SP-CD signals and plasmonic CD. The extinction
dispersions for circularly polarized light were further proven to
be generated by a multiple scattering combination of plasmonic
NPs in a chiral excitation field. In addition, we established a
novel transfer-matrix method to efficiently perform numerical
analyses of this complex multiple scattering.

2. Results and Discussion

In this study, CNCs were extracted from microcrystalline cel-
lulose (MCC), produced by partly depolymerization of natural
cellulose. Commercial MCC was hydrolyzed using 64 wt% sul-
furic acid to remove amorphous components and a spindle-like
morphology of the CNC nanorods was obtained. The transmis-
sion electron microscopy (TEM) image is shown in Figure Sla
(Supporting Information). The length of the spindle-like CNCs
is =170 nm, and their size distribution was measured using
dynamic light scattering (DLS) (Figure S1b, Supporting Infor-
mation). The electrokinetic potential ({-potential) of the CNCs,
which was derived from the negatively charged sulfate ester
groups, was —46 mV. An adequate {-potential is the basis for
both the colloidal stability of CNC suspensions and their ability
to self-assemble into cholesteric liquid crystals.

Three types of CNC templates with different PBGs were fab-
ricated to investigate different plasmonic—photonic couplings
using 4 mL of 1.5 wt% CNC suspension, 4 mL of 3.5 wt %
CNC suspension, and 4 mL of 3.5 wt % CNC suspension with
extra NaCl (50 UL of 0.1 m NaCl) denoted as CNC-1, CNC-2, and
CNC-3, respectively. Figure S2a—c (Supporting Information)
shows cross-sectional scanning electron microscopy (SEM)
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images of the CNC films, which illustrate the periodic struc-
tures of cholesteric CNC films. The space between the layers
that rotate along the helical axis after 360° is typically defined as
the pitch of the films. At certain wavelengths, the films strongly
reflect LCP light and efficiently transmit RCP light. Selectively
reflection bands also referred to as PBGs are related to pitches
according to the following equation:

Apy =nPsin@ (1)

where n is the effective refractive of CNC films, P is the pitch
of helix structure, and 6 is the angle between the incident light
and the CNC layers. 50 puL of 0.1 m NaCl was added to the
CNC suspension to decrease the pitch of the CNC films and
obtain a blue shift of the PBG because the surface charge of
CNCs was weakened by the electrolyte. Figure S3a (Supporting
Information) shows the variation in PBGs in the UV-Vis—NIR
transmission spectra of the CNC films. After adding 50 uL of
0.1 M NaCl, an obvious blue shift of the PBG appeared with a
decrease in the CNC pitches. In addition, a small blue shift in
the PBG of the 1.5 wt% CNC film was observed when compared
with the 3.5 wt% CNC film, owing to a decrease in the initial
concentration.?! The CD spectra shown in Figure S3b (Sup-
porting Information) illustrates a similar trend to the transmis-
sion spectra because the main extinction of light is attributed to
the selective reflection of LCP light. CD is defined as the differ-
ence in the extinction of LCP and RCP light and is expressed as,

CD = Ext;cp — Extrep (2)

where Ext;cp and Extgycp are the extinction of LCP and RCP
light, respectively.

To generate different states of plasmonic—photonic couplings,
quasi-continuous plasmon bands were obtained by precisely
controlling the morphologies of gold bipyramid-based nano-
particles (AuBNPs). Figure 1la shows the morphology control
process and the TEM images of a series of AuBNPs. Initially,
the original gold bipyramids were synthesized using a seed-
mediated growth method for further modification. The original
gold bipyramids were then regrown into three types of AuBNPs
(bipyramid-like NPs, dumbbell-like NPs, and bifrustum-like
NPs) using the singular surfactant method, binary surfactant
method, and regrowth after etching. Furthermore, the concen-
trations of Ag™ and pH of the regrowth solutions were adjusted
to achieve fine adjustments of the plasmon bands of AuBNPs
in the singular and binary surfactant method. The regrowth
after etching process was conducted to produce larger blue
shifts of plasmon bands.

For the singular surfactant method, only hexadecyl trime-
thyl ammonium bromide (CTAB) was used as a capping agent
to synthesize bipyramid-like NPs. The regrowth with CTAB
resulted in a similar morphology to the original bipyramids but
with varying aspect ratios owing to the differential growth rates
in different directions controlled by the solution pH and con-
centrations of Ag*. The bipyramid-like NPs that were regrown
with a singular surfactant (CTAB) are denoted as S-1 and S-2.
For the binary surfactant method, mixed surfactants (Hexade-
cyltrimethylammonium chloride (CTAC):CTAB = 90:1) were
applied to increase the growth rates on the tips of the AuBNPs
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Figure 1. Characterization of AuBNPs. a) Schematic of the fabrication process of AuBNPs and TEM images of a series of AuBNPs. Scale bar: 50 nm.

b) UV-Vis—NIR extinction spectra of a series of AuBNPs.

and synthesize dumbbell-like NPs. When mixed surfactants are
used in the regrowth of bipyramids, CTAC binds more easily
to the tip region of the bipyramids than CTAB, and the weaker
binding affinities of CTAC result in additional growth on the
tips. This extra growth on the tips brings about a fine-tuning
of the plasmon bands of AuBNPs and can be used to extend
tuning ranges in combination with adjustments of the solution
pH and concentrations of Ag*. The dumbbell-like NPs (denoted
as B-1, B-2, and B-3) were synthesized using regrowth solution
with varying solution pHs and of Ag®.

In the presence of CTAB or mixed surfactants, the amounts
of Ag* and pH were closely associated with the growth rates
of AuBNPs. Ag* ions can block certain facets by underpotential
deposition to slow down the growth rate. Increasing the pH of
the growth solution promoted growth rates in all directions of
the bipyramids leading to low aspect ratios. The roles of Ag*
ions and pH are discussed in more detail in Supporting Infor-
mation. AuBNPs were etched to form smaller NPs for regrowth
with an HAuCl, solution, which acted as an etching agent by
oxidizing Au® atoms to Au'. After the AuBNPs were etched
for 20 or 40 min, the etched NPs underwent regrowth to form
bifrustum-like NPs (denoted R-20 and R-40, respectively). The
regrowth of the etched bipyramids gives the plasmon peaks
of AuBNPs large blue shifts compared to the original gold
bipyramids. The UV-Vis-NIR extinction spectra of a series of
AuBNPs are shown in Figure 1b, which exhibit a wide range
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(645-950 nm) and narrow peak intervals (=30-78 nm) of longi-
tudinal surface plasmon resonance (LSPR) obtained by precise
morphological adjustments.

Figure 2a shows the process of evaporation-induced co-
assembly and chiral composite structures formed after co-
assembly. After the co-assembly, the composite films still
formed a uniform layered structure of left-handed cholesteric
CNC, as shown in Figure 2b. In addition, the arrangement of
AuBNPs followed the cholesteric structure of the CNC tem-
plate, as shown in the cross-sectional TEM image (Figure 2b).
Figure 2c shows the interaction of the chiral composite films
with circularly polarized light. When circularly polarized light
propagates through the chiral composite films, it interacts with
not only the cholesteric structure of CNCs but also the helical
distribution of AuBNPs. In previous studies, different metallic
nanostructures were incorporated into CNC films, and the
CD spectra of these chiral composite films were measured to
investigate the interaction between circularly polarized light
and CNC/metallic nanostructure chiral films. Noticeable dips
in the CD spectra were observed in most cases and were con-
sidered “plasmonic dips”, which are associated with metallic
nanostructures.31:32

However, it is difficult to determine whether the plasmonic
dips are caused by the overlap of independent CD signals from
cholesteric CNCs and the chiral distribution of NPs or modi-
fication by the achiral extinction of NPs on CNC CD signals.
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Figure 2. a) Schematic of the evaporation-induced co-assembly process. b) Cross-sectional SEM images of AuBNP (S-2) incorporated with CNC-1,
CNC-2, and CNC-3 films, and cross-sectional TEM image of the CNC-1/S-2 chiral composite film. Scale bar: 500 nm. c) Schematic of the interaction

between circularly polarized light and chiral composite films.

The explanation of this problem directly relates to whether the
plasmonic chirality of NPs in CNCs exists. Therefore, it is nec-
essary to carefully analyze the components of CD signals and
study how the states of plasmonic—photonic couplings influ-
ence CD signals. To answer the abovementioned questions, the
different CNC templates and AuBNPs were used to fabricate
chiral composite films for further spectroscopy analysis.

The CD spectra of 1.5 wt% CNCs (CNC-1) assembled with a
series of AuBNPs are shown in Figure 3. It should be pointed
out that the LSPR peaks of the composite films are redshifted
compared to the LSPR peaks of AuBNP dispersions, which is
associated with the increase in the medium refractive index
from water to CNCs.33 In Figure 3b, the relative positions
between the LSPR peaks and the PBG display the degrees of
plasmonic—photonic couplings according to the UV-Vis-NIR
transmission spectra (Figure S14, Supporting Information) of
the chiral composite films. In Figure 3a,c, the plasmonic—pho-
tonic coupling effect observably modified the line shapes in the
CD spectra. For R-20 and R-40, when plasmon bands were cou-
pled with the left side of the PBG, the characteristic dip-peak
line shapes of the CD spectra were observed. For S-1, 2, and
B-1, when plasmon bands were coupled with the right side of
the PBG, the peak-dip-peak line shapes of the CD curves were
produced. The continuous shifts of the dips and peaks, along
with the shifts of the plasmonic—photonic coupling position,
indicate that the coupling effect leads to the characteristic CD
line shapes. It is considered that the relatively small second
peak of S-2 CD is caused by the weak coupling between the
plasmon band of S-2 and the edge of the PBG because the CD
spectra return to a normal shape with the uncoupling between
the plasmonic bands of B-2, 3 and the PBG.

To investigate the characteristic CD line shapes caused by
plasmonic—photonic couplings, CD spectra were produced by
simulating the left-handed helical distribution of AuBNPs in a
CNC refractive index background with the same helical orien-
tation. In Figure 3d, the dip-peak and peak-dip-peak shapes of
the simulated CD curves are highly consistent with the experi-
mental measurements, indicating that the simulations success-

Adv. Funct. Mater. 2022, 32, 2201927

2201927 (4 of10)

fully reproduced unique CD responses. Using the simulation
results, the LCP and RCP light extinction of the AuBNPs can
be separated from the background CNC CD signals. The extinc-
tion spectra of the AuBNPs for LCP and RCP light are shown in
Figure 3e. An obvious dispersion of the extinction wavelengths
for the LCP and RCP light can be observed. The extent of extinc-
tion dispersion is determined by the degree of the plasmonic—
photonic couplings, for the extent of extinction dispersion
decrease with coupling position from the center to the edge of
the PBG. The extinction dispersion for LCP and RCP light can
be used to explain the formation of the characteristic dip-peak
and peak-dip-peak line shapes. First, the peak-dip-peak shape
can be considered a dip-peak with a left-sidle CNC CD peak
when the plasmon bands couple with the PBG on the right side.
The ensemble CD was decreased by the extinction of RCP light
from AuBNPs at shorter wavelengths and was increased by the
extinction of LCP light at longer wavelengths, which resulted in
dip-peak and peak-dip-peak line shapes, when the extinction dis-
persion of AuBNPs occurred on the left side and right side of the
PBG, respectively. In addition, the extinction dispersion for LCP
and RCP light forms independent CD signals of AuBNPs, which
can be considered evidence of plasmonic chirality (Figure 3i).
Notably, when the plasmon bands and PBG uncouple, the dif-
ferences in extinction wavelengths disappear. The disappearance
induced the CD signals of the chiral composite films to return
to the normal line shape. Within the PBG of CNCs, the left-
handed chiral structure of CNCs provide ongoing reflections of
LCP light, which generates the nonuniform background for dif-
ferent location of AuBNPs in chiral distribution and the asym-
metry excitation fields with respect to LCP and RCP. It provides
the AuBNPs in chiral distributions with different LCP and RCP
excitations and scatterings, which generate the different inten-
sity of local electric field under LCP and RCP light (Figure 3g,h)
and the different oscillation of surface plasmons (Figure 3f).
Therefore, the chiral excitation field generated by CNCs plays an
important role in the chiral response of AuBNPs. The extinction
dispersions and independent CD of AuBNPs can be regarded
as interference results of a multiple scattering combination of
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Figure 3. a) Measured CD spectra of AuBNP (R-20, R-40, S-1, and B-1)/CNC-1 composite films and the CNC-1 film. b) Schematic of relative positions
between plasmon bands and the PBG of CNC-1. c¢) Measured CD spectra of AuBNP (S-2, B-2, and B-3)/CNC-1 composite films. d) Simulated CD
spectra of AuBNP/CNC composite films and the CNC film. e) Simulated extinction spectra for LCP and RCP light of AuBNPs in CNC background.
f) LCP and RCP light induced surface charge distribution profiles of AuBNPs in CNC background. g) LCP light induced local electric field of AuBNP/CNC.
h) RCP light induced local electric field of AuBNP/CNC. i) Simulated independent CD spectra of AuBNPs with plasmonic—photonic coupling states.

plasmonic NPs under a chiral excitation field. In addition, when
the transverse surface plasmon resonance (TSPR) of AuBNPs
has sufficient intensity, it can generate similar plasmonic—
photonic couplings to LSPR and produce dip-peak line shapes
(Figure 3c). The defects in chiral composite films and model
simplification of AuBNPs in simulation can bring slight mis-
matching between measurements and simulations. The changes
in CD responses caused by defects in CNCs and changes of
AuBNPs are shown in Figure S17 (Supporting Information).
The 3.5 wt% CNCs (CNC-2) co-assembled with a series of
AuBNPs were compared with AuBNP/CNC-1 chiral composite
films to investigate the coupling of the plasmon bands with a
stronger chiral photonic background. The higher initial con-
centration leads to more periods and a red shift of the PBG.[?®!
The CD and UV-Vis—NIR transmission spectra of the AuBNP/
CNC-2 chiral composite films are shown in Figure 4a,c and
Figure S15 (Supporting Information). Because the plasmonic
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CD signals are relatively feebler than background CD signals,
the emergence of characteristic CD line shapes was Dbarely
observed in strong background chiral responses, as well as in
the previous study.’ We further simulated the CD signals of
chiral composite films and separated the extinction of AuBNPs
from the background modeled with more periods for stronger
chirality (Figure 4d,e). The differences in the extinction wave-
lengths of AuBNPs for LCP and RCP light were also observed.
This means that plasmonic chirality also exists in a stronger
photonic background but is difficult to directly observe with CD
spectroscopy. However, in the infrared region of B-3/CNC-2,
the characteristic CD line shape was observed (Figure 4c),
owing to the decrease in background CD signals at the edge
of the PBG, which makes it difficult to conceal the plasmonic
CD signals. The local electric fields and surface charge dis-
tribution profiles of the AuBNPs in the CNCs are shown in
Figure 4g,h and Figure 4f, respectively. The asymmetric electric
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Figure 4. a) Measured CD spectra of AuBNP/CNC-2 composite films and the CNC-2 film. b) Schematic of relative positions between plasmon
bands and the PBG of CNC-2. c¢) Measured CD spectra of B-3/CNC-2 composite films. d) Simulated CD spectra of AuBNP/CNC-2 composite films.
e) Simulated extinction spectra for LCP and RCP light of AuBNPs in CNC background f) LCP and RCP light induced surface charge distribution pro-
files of AuBNPs in CNC background. g) LCP light induced local electric field of AuBNP/CNC. h) RCP light induced local electric field of AuBNP/CNC.
i) Simulated independent CD spectra of AuBNPs with plasmonic—photonic coupling states.

field enhancement and oscillation modes of the AuBNPs were
similar in chiral photonic backgrounds with different intensi-
ties, which indicates that they follow the same mechanism. In
addition, the stronger plasmonic—photonic coupling can gen-
erate stronger plasmonic chirality of AuBNPs (Figure 4i).

An experiment was designed to verify whether these unique
responses would occur when plasmon bands and PBGs were
uncoupled. The AuBNPs were assembled with 3.5 wt% CNCs
with added extra NaCl (CNC-3), and the measured CD and
UV-Vis—NIR transmission spectra are shown in Figure 5a
and Figure S16 (Supporting Information), respectively. Com-
plete separation of the LSPR bands and PBG was observed in
UV-Vis-NIR transmission spectra. As shown in Figure 5a,
all CD spectra of the AuBNP/CNC-3 chiral composite films
retained the original line shape of CNC CD. We further investi-
gated the independent excitation of AuBNPs for LCP and RCP
light. The extinction of RCP light shifted to longer wavelengths
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than that of LCP light, and the difference in extinction wave-
lengths decreased, which induced the characteristic CD line
shapes to vanish. This is because the local background fields
of each AuBNP are basically identical and achiral outside the
PBG. The local electric field distributions (Figure 5f,g) in the
uncoupled state show that the LCP light is not moderated by
the chiral nematic structure when the system is excited outside
the PBG. The independent CD of AuBNPs turned to a peak-
dip CD with low intensities from the dip-peak CD signals with
coupling states. It is considered that the scattering-induced chi-
rality vanishes under achiral excitation fields outside the PBG.
Meanwhile, the dip-peak CD signals were generated by near-
field plasmon-plasmon couplings because of the decrease in
CNC pitches caused by the smaller distances between AuBNPs.

To numerically analyze the unique chiral responses, we
further developed a transfer-matrix method to study complex col-
lective plasmonic scattering by chiral arrangements of AuBNPs

© 2022 Wiley-VCH GmbH
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Figure 5. a) Measured CD spectra of AuBNP/CNC-3 composite films and the CNC-3 film. b) Schematic of relative positions between plasmon bands
and the PBG of CNC-3. c¢) Simulated CD spectra of AuBNP/CNC-3 composite films and the CNC-3 film. d) Simulated extinction spectra for LCP and
RCP light of AuBNPs in CNC background. e) LCP and RCP light induced surface charge distribution profiles of AuBNPs in CNC background. f) LCP
light induced local electric field of AuBNP/CNC. g) RCP light induced local electric field of AuBNP/CNC. h) Simulated independent CD spectra of

AuBNPs with uncoupling states.

in the cholesteric structure of CNCs. As shown in Figure 6a,
we consider the AuBNP/CNC chiral composite films as a pile
of rotational anisotropic metal and CNC layers. We first divided
the pitch of the chiral composite into N of the metal layers and
CNC layers and described the wave propagation inside a single
layer. For a single layer of CNC, we use a rotation operation to
obtain the permittivity matrix of a single layer.

€. =Ri(-9,) € Ri(9,) (3)

Then, eigen electric and eigen magnetic vectors of a single
layer can be obtained by substituting the permittivity matrix
of a single layer into Maxwell's equations. According to a pre-
vious study, the total transfer matrix of the background can be
obtained by successively connecting the boundary matrices D
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and propagation matrices P at each position.*’ We acquired
the background transition matrix M under a single pitch to
describe the CNC background using the obtained eigen electric
and eigen magnetic vectors:

M =Dy Dy 1Py 1Dty Dy 2Py 2 ... D;s D, P, ... D' Dy P, @

The transition matrix of a background with multiple pitches
(such as s pitches) can be obtained simply by taking the M
matrix to the sth power.

For a single metal layer, we consider the AuBNPs as uni-
axial harmonic oscillators and use temporal coupled-mode
theory to obtain the scattering matrices S of uniaxial harmonic
oscillators.?®) Next, the S matrices are converted to metal
transfer matrices T through an algebraic operation.

© 2022 Wiley-VCH GmbH
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Figure 6. a) Schematic stratification of a left-handed chiral composited structure consisting of N layers of plasmonic materials embedded chiral
photonic crystals. b) Calculated CD spectra by using the transfer-matrix method with the PBG (=615-1000 nm). c) Calculated extinction spectra by using
the transfer-matrix method with the PBG (=615-1000 nm). d) Calculated CD spectra by using the transfer-matrix method with the PBG (=365-600 nm).
e) Calculated extinction spectra by using the transfer-matrix method with the PBG (=365-600 nm).

The total transfer matrix of the composite system can be con-
sidered to be stacked up by N quasi-continuous rotating com-
posite layers. We inserted the metal transfer matrix T into the
transfer matrix of each background layer (D;},D,P,), and then
the total transfer matrix Q of the composite system of one pitch
could be obtained.

Q =Dy Dyt Pyt TDRY Dy s Py T ... D D, BT ... DU Do BT (5)

Similarly, the transition matrix of the background with s
pitches only needs to take the Q matrix to the sth power.

The transmission coefficients of the LCP and RCP
(tiL and tzg) under the incidence of circularly polarized light
in this system can be easily derived by transforming the total
transfer matrix to the circular polarization basis. The extinction
coefficients of the incident LCP and RCP light are defined as
oy =1-|tys|* and op = 1 — |tgg|? respectively. Therefore, the CD
of the composite system can be obtained by:

CD=0, -0y (6)

In addition, the contribution of AuBNPs to the extinc-
tion coefficient of the system was calculated by deducting the
extinction coefficient of the CNC background from the total
extinction coefficient of the system.

Background
ACuw =01 =0y )
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Using our transfer-matrix method, we calculated the CD
spectra and extinction of plasmonic NPs for LCP and RCP
light under a chiral excitation field. The results agree well
with the experimental observations and the finite element
method (FEM) simulation. In Figure 6b, the characteristic CD
line shapes and extinction dispersion for LCP and RCP light,
generated by the scattering of the chiral arrangement of plas-
monic nanoparticles, are observed inside the PBG because the
chiral excitation field given by CNCs only exists in the PBG.
In contrast, the characteristic CD line shapes and extinc-
tion dispersion for the LCP and RCP light vanish when the
plasmon bands are outside the PBG. The difference in scat-
tering-induced chirality and the chirality of near-field plasmon-
plasmon coupling can be observed in the simulations results
(Figure 5e; Figure S20, Supporting Information) and numerical
calculations (Figure 6e) outside the PBG. Owing to the small
distances between the AuBNPs in CNC-3, weak near-field
plasmon-plasmon couplings generate peak-dip CD (Figure 5h),
which differ from a dip-peak CD of scattering-induced chirality
in the simulation results (Figures 3i and 4i). However, using
our transfer-matrix method, only the behavior of plasmonic
scattering is considered, effectively eliminating the influence of
near-field plasmon—plasmon coupling (Figure 6e). These results
prove that the unique chiral responses originating from plas-
monic—photonic coupling are generated by multiple plasmonic
scatterings by chiral arrangements of AuBNPs under the chiral
excitation field provided by the CNCs.
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3. Conclusions

In summary, we investigated the effects of plasmonic—photonic
couplings on CD responses by combining the quasi-continuous
plasmonic resonances with different PBGs of CNC templates.
Quasi-continuous plasmon bands were designed by fine-tuning
the morphologies of the AuBNPs. The intensity changes of the
chiral photonic responses and shifts of the PBGs were achieved
by controlling the concentration of CNCs and adding electro-
lytes. The characteristic dip-peak line shapes, which are highly
dependent on the states of plasmonic—photonic couplings, were
observed in SP-CD. Furthermore, by separating the responses of
AuBNPs from the CNC backgrounds, the dispersions of extinc-
tion wavelengths for LCP and RCP light were discovered. This
extinction dispersion is considered to be the origin of SP-CD
and plasmonic chirality. This plasmonic chirality, determined
by the coupling states, is proven to originate from a multiple
scattering combination of plasmonic NPs under a chiral exci-
tation field. A novel transfer-matrix method was established to
perform numerical analysis of this complex multiple scattering
efficiently. This study successfully addresses the problem of
how to explain the generation of SP-CD signals and the origin
of plasmonic chirality in plasmonic NP/CNC chiral composite
films, which establishes a fundamental understanding of
plasmonic chirality from chiral templates for further research.

4. Experimental Section

Chemicals and Materials: Benzyldimethylhexadecylammonium chloride
(BDAC, 95%), citric acid (CA, 299%), and microcrystalline cellulose
were purchased from Alfa Aesar. Hexadecyltrimethylammonium chloride
(CTAC, >98%) was purchased from Sigma-Aldrich. One molar standard
hydrochloric acid, HAuCl,;3H,0 (98%), and sulfuric acid (98%) were
supplied by Sinopharm Chemical Reagent. L-ascorbic acid (AA, 299%),
NaBH, (=98%), AgNO; (99.8%), and hexadecyl trimethyl ammonium
bromide (CTAB, 99%) were purchased from Aladdin. These abovementioned
chemicals and materials were used as received without further purification.

Synthesis of Seed Solution and Gold Bipyramids: The initial gold
seeds were synthesized according to the thermal aging method.”! Five
hundred microlitres of 25 x 103 M HAuCl, aqueous solution and 2.5 mL
of 100 x 1073 m CA were added in 48 mL of 500 x 10 m CTAC. Then
1.25 mL of 25 x 107* M ice-cold NaBH, was added with vigorous stirring
for 5 min. The mixture turned brownish during stirring, signifying the
formation of initial gold seeds. Subsequently, the seed solution was
aged in an oil bath at 80 °C for 90 min with gentle stirring. Finally, the
color of the seed solution changed from brownish to scarlet and was
subsequently stored at =3 °C to protect from further aging. This aging
procedure can markedly improve the yield of gold bipyramids and the
product does not require further purification.

According to the previous report, 2 mL of 25 x 1073 m HAuCl,, 1 mL
of 10 x 103 M AgNOs3, 2 mL of 1 M HCl, 800 uL of 0.1 m AA, and 7 mL
of seed solution were mixed into 100 mL of 100 X 10~ m CTAB aqueous
solution.B8 The mixture was then gently stirred at 30 °C for 2 h to allow
the gold seeds to grow into bipyramids. The reaction product was
centrifuged at 10 000 rpm to remove residual reactants and surfactants.
Finally, the bipyramids were redispersed in 15 mL of 1 x 103 m CTAB
solution to protect the bipyramids from aggregation for subsequent
regrowth procedures.

Regrowth of AuBNPs: Gold bipyramid solutions were added to regrowth
solutions containing varying amounts of 100 x 103 m CTAB, 100 X 10 m
CTAC, 25 x 107 M HAuCly, 10 x 107 M AgNO3, 1 M HCl, and 100 X 1073 m
AA. Details of the amounts of the agents used are shown in Table S1
(Supporting Information). The solution was then incubated at 30 °C for 2 h
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under gentle stirring. The reaction product was centrifuged at 10 000 rpm
to remove any extra reactant and surfactant. Finally, the obtained AuBNPs
were redispersed in 1 mL of 1 x 103 m CTAB for further use.

Etching and Regrowth of Etched AuBNPs: Gold bipyramids (1.5 mL) in
1x 1073 m CTAB were added to 1.5 mL of 100 x 107> m DBAC with gentle
stirring. Subsequently, 30 pL of 25 x 10 M HAuCl, was added to the
above solution as an oxidative etching agent. The etching procedure was
conducted at 30 °C for 20 and 40 min (for R-20 and R-40) under gentle
stirring. After the etching procedure, the resulting solution was centrifuged
at 10 000 rpm for 5 min to remove any residual HAuCl,. The etched
AuBNPs were re-dispersed in 1 mL of 1x 1073 m CTAB for further use.

The regrowth procedure for the etched AuBNPs was similar to that
for the unetched AuBNPs. One millilitre of etched AuBNPs (etched to
different extents) were added to 9 mL of 100 x 107 m CTAB, 40 uL of
25 %1073 M HAuCl,, 20 puL of 10 X 1073 M AgN O3, 200 pL of 1 M HCl, and
20 puL of 100 X 107 m AA. The solution was then incubated at 30 °C for
2 h with gentle stirring. The centrifugation and redispersion procedures
were the same as those described above.

Preparation of CNC Suspensions: CNC suspensions were prepared
using a typical acid hydrolysis procedure.?2 Twenty grams of
microcrystalline cellulose was hydrolyzed with 200 mL of 64 wt%
sulfuric acid at 45 °C for 60 min. The reaction was stopped by adding
1L of ice-cold water. The products were washed with ultrapure water by
repeated centrifugation (6000 rpm, 15 min) to remove excess acid until
cloudy CNCs were observed in the supernatant. The CNC sediments
were then dialyzed in 10 kDa dialysis tubes against ultrapure water for
10 days. Finally, the CNC suspensions were sonicated using a probe
ultrasonicator at 600 W for 15 min in an ice bath for homogenization
and to increase the helical pitch of the CNCs.

Preparation of AuBNPs/CNC Chiral Composite Films: First, the
AuBNPs were washed twice with ultrapure water to eliminate the
surfactant effects. Then, =6 x 10”7 mol of AuBNPs were added to 4 mL
of 1.5 wt % CNC suspensions, 4 mL of 3.5 wt % CNC suspensions,
and 4 mL of 3.5 wt % CNC suspensions to which 50 pL of 0.1 m NaCl
had been added. The blends were then vigorously mixed using a vortex
mixer and bath-sonicated for 1 min to obtain homogenous mixtures.
These mixtures were then naturally evaporated in 35-mm diameter
polystyrene Petri dishes at ambient conditions (30 °C, 80% RH) for
5 days to form AuBNPs/CNC composite films. Simultaneously, identical
CNC suspensions without AuBNPs were evaporated to form films for
comparison purposes.

Characterization: The UV-Vis—NIR absorption spectra of the AuBNP
dispersions from 300 to 1300 nm and the transmission spectra of a
series of freestanding films from 250 to 1300 nm were measured using
a PerkinElmer Lambda 950 UV-Vis—NIR spectrophotometer equipped
with a 150 mm integrating sphere. TEM images of the AuBNPs and
CNCs were obtained using an FEI Talos L120C G2 operating at an
acceleration voltage of 120 kV. SEM images were obtained using a
TESCAN RISE operating in the 1kV secondary electron mode. CD spectra
were recorded using a Jasco J-1500 circular dichroism spectrometer in
transmission mode. The films were mounted normal to the circularly
polarized incident beam and the spectra in the wavelength range of
250-900 nm were measured using a Xe lamp source and a PMT detector.
The near-infrared CD spectra from 800 to 1200 nm were measured using
a tungsten lamp and an InGaAs detector. Polarized optical microscopy
(POM) images were obtained using a Zeiss Primotech Pol microscope.
The zeta potential and DLS test of the 0.0T wt% diluted CNC suspension
were measured using a Brookhaven omni zeta potential difunctional
characterization at 25 °C.

Finite Element Method (FEM) Simulations: The simulation results of
the FEM include the CD spectra, extinction spectra, local electric field
distribution, and surface charge distribution profiles were obtained
using the commercial software package COMSOL Multiphysics. The
sizes of the AuBNPs were based on TEM images and the morphologies
of the AuBNPs were simplified to bicones. The CNC background was
created using a dielectric constant matrix that can efficiently describe the
optical properties of the left-handed helical CNCs. The expression for
this dielectric constant matrix is shown in Supporting Information. The
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pitches of the CNC background used in the modeling were measured
using cross-sectional SEM images. This system was illuminated by LCP
and RCP light with an incident parallel to the helical axis of the AuBNPs
and the CNC background. Two analysis ports were set in the front and
back of the system to record the reflected and transmitted light. The
simulation model is shown in Figure S18 (Supporting Information). The
number of periodicities (n) for simulating AuBNP/CNC-1is 1. The n for
simulating AuBNP/CNC-2 and AuBNP/CNC-3 is 1.5. The length of cell
boundary (a) is 1200 nm. The boundaries of AuBNP/CNC cells were
defined as periodic boundaries. The top and bottom boundaries of the
calculation region were defined with a perfectly matched layer (PML).
The orientation of the helical AuBNPs and CNC background was set to
be consistent, according to the previous study.?l The local electric field
distribution and surface charge distribution profiles were produced with
S-1/CNC background excited by the 770 nm LCP and RCP light.

Transfer-Matrix Method Calculation: The CD and extinction spectra
calculated using the transfer-matrix method were obtained using
Mathematica. The computational methodology of the transfer-matrix
method is discussed in more detail in Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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