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ABSTRACT: Plasmonic materials with large chiroptical activity at visible wavelength have
attracted considerable attention due to their potential applications in metamaterials. Here we
demonstrate a novel guest−host chiral nematic liquid crystal film composed of bulk self-co-
assembly of the dispersed plasmonic silver nanowires (AgNWs) and cellulose nanocrystals
(CNCs). The AgNWs-CNCs composite films show strong plasmonic optical activities, that
are dependent on the chiral photonic properties of the CNCs host medium and orientation of
the guest AgNWs. Tunable chiral distribution of the aligned anisotropic AgNWs with long-
range order is obtained through the CNCs liquid crystal mediated realignment. The chiral
plasmonic optical activity of the AgNWs-CNCs composite films can be tuned by changing the
interparticle electrostatic repulsion between the CNCs nanorods and AgNWs. We also
observe an electromagnetic energy transfer phenomena among the plasmonic bands of AgNWs, due to the modulation of the
photonic band gap of the CNCs host matrix. This facile approach for fabricating chiral macrostructured plasmonic materials with
optically tunable property is of interest for a variety of advanced optics applications.
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■ INTRODUCTION

The living world is asymmetrical. Chirality represents the
handedness of nature by which the mirror image of an object
cannot be made to coincide with itself.1 Chiral assembly of
nanoscale building blocks such as quantum dots and plasmonic
metal nanoparticles into well-controlled nanoarchitectures is
the key factor to the development of nanostructured
metamaterials with pre-engineered macroscopic properties
and promising applications in nonlinear optics,2,3 negative
refraction materials,4 broadband circular polarizers5 and
enantioselective catalysts.6 Various approaches have been
developed for assembling nanoparticles into sophisticated
two- and three-dimensional spatial geometries, such as
programmed DNA origami,7−9 amphiphile-peptide supra-
molecules,10,11 templating,12−16 polymer fiber engineering17

and liquid crystal dispersion.18−20 However, construction of
such bulk chiroptical metamaterials from plasmonic nano-
particles by self-assembly method still remains a challenge,
especially for its cost-efficient fabricating as well as the large
scale production.
Being one of the most abundant renewable biopolymer on

earth, cellulose can be easily derived from plants, bacterial and
tunicates. Cellulose nanocrystals (CNCs), which can be
obtained by controlled sulfuric acid-catalyzed degradation of
bulk cellulose fibers, are currently drawing more and more

interest in chemistry, physics and material science.21 CNCs are
rigid, chiral rodlike crystalline components with excellent
dispersibility in water. Above a supercritical concentration,
CNCs can spontaneously form a chiral nematic lyotropic liquid
crystalline phase, with the rods oriented locally uniformed
along a common direction.22 Additionally, a phase transition of
CNCs suspensions from chiral nematic to achiral nematic can
be achieved by adding salts.23 More interestingly, the chiral
nematic order of CNCs suspension can be preserved in a
condense phase upon complete drying of a thin film,24 offering
a solid macroscopic host matrix with tunable ordering for
assembling guest nanoparticles, which is superior to other
surfactant-based liquid crystalline counterparts in solution
phase.
More recently, Kumacheva and co-workers have prepared a

chiral plasmonic solid film from gold nanorods and chiral
nematically ordered CNCs, exhibiting strong chiroptical
activity;25 Smalyukh et al. reported the orientationally ordered
coalignment of gold nanorods in the CNCs liquid crystalline
phase with polarization dependent properties.26 These works
demonstrate the extraordinary versatility of CNCs as a host
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medium to construct chiral metamaterials made from
anisotropic nanorods combined with liquid crystals. On the
other hand, it is well-known that the spontaneous self-
organization of metal nanoparticles into higher-ordered
structures could afford new collective optical and optoelec-
tronic properties, as well as various technologically significant
applications.27−29 There comes an intriguing question: can
liquid crystalline CNCs modulate the assemble process of the
self-patterned nanoparticles or together to make up higher-
ordered structures? If the answer is yes, this will enable a simple
low-cost approach to manufacture large-area (cm2-sized)
metamaterials.
By using ultralong AgNWs as building blocks, we recently

reported a novel plasmonic chiral nematic metallic liquid crystal
through a shape-dependent self-assembly process via van der
Waals force and electrostatic interactions.30 Pronounced surface
plasmon induced circular dichroism (SPCD) signals have been
observed in the colloidal suspension of AgNWs, due to the
chiral woodpile-like arrangement of the AgNWs as well as the
electromagnetic coupling between plasmonic AgNWs. In this
work, we present a novel CNCs-based photonic material
weaved with long-range ordered AgNWs, showing tunable
intense chiroptical activities and yielding significant chiral
anisotropy factors (g-factor) for AgNWs (up to 0.1) across the
near-ultraviolet spectra range. The hybrid composite was
prepared by coalignment of anisotropic liquid crystalline
AgNWs dispersed in CNCs host medium followed by
evaporation induced self-assembly process. In particular, we
demonstrate that the photonic band gap (PBG) of chiral
nematic CNCs host matrix can be used to manipulate the
localized surface plasmon resonance (LSPR) features of the
guest AgNWs, leading to an electromagnetic energy transfer
among the LSPR bands of AgNWs over a narrow spectra range.
Due to the size and density differences between the guest−host

units, a concentration gradient of AgNWs occurs along the
direction of gravity during evaporation, resulting in a final
composite film with Janus surfaces, showing specific linear
birefringence property. Furthermore, we find that the SPCD
activity of the guest AgNWs can be tuned by the interparticle
electrostatic repulsions between CNCs and AgNWs, resulting
in a collective mirror distribution of the woodpile-like
arrangement of AgNWs in CNCs films. To the best of our
knowledge, this is the first report on the systematic
investigation of SPCD activities of the CNCs-AgNWs
composite films, which are constructed from the coalignment
of two kinds of chiral nematic liquid crystalline building blocks
into long-range ordering, giving rise to novel macrostructured
solid films.

■ EXPERIMENTAL SECTION

Preparation of hybrid chiral nematic films of CNCs
and AgNWs. The preparation of CNCs and AgNWs was
carried out according to the reported procedures,31,32 with the
experiment details given in the Supporting Information. It is
necessary to use CNCs alkaline solution to reduce the degree of
sulfonation for AgNWs when they are together in solution
phase. An aqueous solution of AgNWs (0.03 M) was mixed
with a 3.0 wt % alkaline solution of CNCs via varying volume
ratios of CNCs-to-AgNWs (Supporting Information, Table
S1). The mixed solution was stirred at ambient temperature for
60 min, resulting in a homogeneous mixture. Then, the mixture
was poured into polystyrene Petri dishes (60 mm), followed by
evaporation under ambient conditions for 3 days, giving rise to
a free-standing iridescent hybrid chiral nematic film of CNCs
and AgNWs (with a thickness of ∼0.5 mm). For the purpose of
comparison, the AgNWs-free chiral nematic film of CNCs was

Figure 1. (a) TEM image of AgNWs, presents the uniform slender shape of the as-synthesized AgNWs. (b) SEM image of the AgNWs film, showing
the direction of alignment as indicated by white arrows. (c) XRD patterns of the AgNWs, showing a well-crystallized cubic phase. (d) UV−vis and
CD spectra of the liquid crystalline AgNWs colloidal suspension in water, indicating a left-handed distribution of AgNWs.
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prepared under the same condition by using alkaline CNCs
suspension only.
One more set of composite films were synthesized with same

composition of CAg1a-g with respect to CNCs/AgNWs ratio
and excess addition of NaCl (4 mM) to increase the ionic
strength of the CNCs suspension as well as a phase transition
from chiral nematic to nematic ordering (Supporting
Information, Table S2). Films were dry cast in a manner that
described above and designated as CAg4a-g.

■ RESULTS AND DISCUSSION
AgNWs with high aspect ratio were prepared by a modified
polyol-reduction process based on reported procedures, in
which silver nitrate solution was added dropwise into the
mixture of ethylene glycol and poly(vinylpyrrolidone) at 150
°C.31 The transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) images of the AgNWs
are shown in Figure 1a, b, respectively. The as-synthesized
AgNWs have an average length of 7.5 μm and an average
diameter of 110 nm (Figure 1a), with the calculated aspect ratio
of 68.2. A partial close-packed nematic arrangement of AgNWs
with multilayer ordering is observed, which can be identified as
layer-by-layer stacking of ribbon-like AgNWs superstructures
(Figure 1b). Such an ordering occurs only when the
concentration of AgNWs suspension is above a critical value
to maximize the entropy of the self-patterned structure by
minimizing the excluded volume per AgNWs in the arrays.33

The XRD pattern of AgNWs is presented in Figure 1c. The
peaks at 38.1°, 45.6°, 64.3°, 77.6° and 81.6° can be indexed to
(111), (200), (220), (311) and (222) reflections of a cubic
phase (JCPDS 87−0720), confirming the crystalline nature of
AgNWs. The UV−vis spectrum of AgNWs colloidal suspension
shows a series of LSPR bands, among which the two strong
peaks at 380 and 350 nm can be attributed to the coupling of
in-plane dipole and quadrupole plasmon resonances, respec-
tively (Figure 1d, left).34 And the corresponding CD spectrum
of the liquid crystalline AgNWs shows two positive SPCD
peaks at 385 and 353 nm, with a maximum g-factor of 0.0034,
indicating a left-handed chiral distribution of AgNWs in water
(Figure 1d, right).30

The CNCs we used are prepared by sulfuric acid hydrolysis
of a commercial fully bleached cotton pulp, showing rod
morphology with an average length and diameter around 300
and 15 nm, respectively (Figure S1). First, we have tested the
phase behavior of CNCs-AgNWs dispersion by drop-casting
the mixture into a liquid crystal cell and the evaporation process
is tracked by polarized optical microscopy (POM). The initial
concentrations of CNCs and AgNWs used in the mixture are
below the critical concentration for anisotropic phase
formation, but the drop appears discrete AgNWs in dispersions
(Figure 2a), no aggregation occurs. The dispersions are
isotropic at first, but with increasing concentration (evapo-
ration), two kinds of textures are established, demonstrating the
formation of liquid crystalline phase. Figure 2b is the POM
image of AgNWs liquid crystal in CNCs host suspension, a
coffee-ring like texture is observed indicating the formation of
chiral nematic arrangement of AgNWs. As the evaporation
proceeds, obvious fingerprint texture belongs to CNCs is
observed, indicating the formation of chiral nematic phase of
CNCs as well (Figure 2c). Upon complete evaporation of water
from the mixture, a composite film of CNCs-AgNWs is
obtained with strong bright birefringent band, indicating the
retention of chiral nematic structure (Figure 2d).

The hybrid chiral nematic films of CNCs-AgNWs
(designated as CAg films) are prepared from 3.0 wt % aqueous
alkaline suspension of CNCs and 0.03 M colloidal suspension
of AgNWs at varying volume ratios via evaporation-induced
self-assembly approach at room temperature (Table S1). Figure
3a is the Focused-ion-beam (FIB) image cut of the sample
CAg3e with oblique view of the film. It is obvious that the
image can be divided into three parts: the interface between air
and CNCs film (district A), the intersection of AgNWs and
CNCs rods (district B), and an extensive periodic structure of

Figure 2. POM images of a drop taken from CNCs-AgNWs during
evaporation in liquid crystal cell. (a) POM image of an isotropic phase
of the CNCs-AgNWs mixture, showing discrete AgNWs. (b) POM
image of the anisotropic phase of AgNWs in mixture with a coffee-ring
like texture. (c) POM image of the anisotropic phase of CNCs in
mixture with fingerprint texture. (d) The resulting CNCs-AgNWs
composite film with strong birefringent textures. All the images were
taken under cross-polarized light.

Figure 3. FIB images of the chiral nematic CAg film. (a) Oblique view
of a cracked sample of CAg3e with three different districts. (b) Top
view of the surface film shows a nematic like arrangement of the guest
AgNWs. The arrow is the direction of the AgNWs orientation. (c)
Side view of the intersection of AgNWs and CNCs host matrix. (d)
Magnified FIB image of CAg3e showing a left-handed chiral
arrangement of the host CNCs rods.
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the aligned CNCs rods (district C). On the surface of the
CNCs films (district A), a nematic arrangement of AgNWs is
observed (Figure 3b), similar to that of the pure AgNWs film
(Figure 1b), indicating the nematic alignment of AgNWs in
CNCs host matrix. Figure 3c is the magnified FIB image of
district B, some vertical and lateral gaps of AgNWs are observed
within the CNCs host matrix, which could form a lot of
junctions of AgNWs. District C shows an anticlockwise twisting
morphology with typical layered structure and rod-like texture,
indicating a left-handed helical organization which is respon-
sible for the selective reflection of left-handed circularly
polarized light (Figure 3d).35

In chiral nematic cellulose film, it is well-known that the
position of PBG is optically tunable from visible to near-
infrared regions by changing the electrostatic repulsions
between individual CNCs nanorods.36,37 Therefore, the relative
question naturally arises as to whether we may manipulate the
LSPR properties of AgNWs by altering the PBG positions of
the CNCs host matrix. To answer this question, three series of
CNCs-AgNWs composite films with the same AgNWs
contents, and different PBG position centered at 295, 546,
and 698 nm, respectively (Figure 4), are used as ideal samples

to study the effect of PBG on LSPR bands of AgNWs. The two
main LSPR peaks of AgNWs in CNCs host matrix are centered
at 398 and 356 nm, which are slightly shifted to longer
wavelengths in contrast to the liquid crystalline AgNWs in
water (Figure 1d). This is a result of the increase of medium
refractive index (n) from that of water (n = 1.33) to CNCs (n =
1.56). As it can be seen from CAg 3d with its PBG positioned
far away from the LSPR peaks of AgNWs, which can be used as
a reference. Besides that, the LSPR peaks of CAg1d and CAg2d
show a significant difference due to the positions of their
corresponding PBG, comparing with that of CAg3d. For
CAg2d whose LSPR lies at the blue end of PBG, the LSPR
intensity is stronger than that of CAg3d, despite the same
contents of AgNWs they have. More interestingly, for CAg1d
whose LSPR lies at the red end of its PBG, the LSPR intensity
at 356 nm is stronger than that at 398 nm, implying the
occurrence of surface electromagnetic energy transfer between
the LSPR bands. Surface electromagnetic waves in PBG and
surface plasmons in AgNWs are both nonradiative modes
which can be coupled directly in CNCs matrix. When the
frequencies of LSPR is at the edges of PBG, the surface
plasmon mode dispersion is flat and the density of state of the
surface plasmon mode is high, resulting in a high field
enhancement close to the metal surface,38 and a selective

modulation of the LSPR bands of AgNWs. However, with the
increasing of AgNWs contents, the PBG induced abnormal
LSPR effect weakens and eventually disappear (Figure S2),
indicating a concentration dependent effect. This phenomenon
may be due to the high loading of AgNWs in hybrid composite,
resulting in signal distortion at AgNWs LSPR bands.
Furthermore, it is also possible to deduce a suitable loading
range of AgNWs from the UV−vis spectra (0.1−1 mL AgNWs/
5 mL CNCs), thus, the limitation of this material can be easily
obtained.
POM images of the CAg films show a mass of birefringent

textures with a red-colored shift relative to the bulk hybrid
composites, indicating a typical anisotropy of the host materials
(Figure 5a-c). And it should be pointed out that, due to the

large size of the guest AgNWs, the collective orientation and
distribution of AgNWs can be discriminated. As shown in the
high magnification POM images in Figure 5d-f, different
collective orientations of the AgNWs are observed in the host
CNCs matrix. The slender AgNWs are clearly seen with
ordered nematic like distribution, further demonstrating that
the formation of AgNWs chiral nematic liquid crystalline
structure is under the guidance of CNCs nanorods, instead of
spontaneous aggregation during evaporation.
The strength of the chiroptical activity as well as the chiral

distribution in multilayer AgNWs superstructure both are
critically depending on the concentration of the guest AgNWs
in host CNCs matrix (Figure S3). For verification, we choose
the CAg film with the highest AgNWs concentration as
representative to study the SPCD properties of the hybrid films.
It is well-known that the oriented films with macroscopic
anisotropy can exhibit both linear dichroism and birefringence
properties, measurements such as the CD spectroscopy can
show artifacts from the linear anisotropy.39 The linear
dichroism possibility of the CAg samples can be eliminated
by measuring at various azimuthal orientations perpendicular to
the light beam, finding that the spectra remain literally the same
(Figure S4). However, due to the differences in size and density
between CNCs and AgNWs, a gravity-assisted concentration
gradient of AgNWs occurs during the evaporation process,
resulting in the final hybrid film with Janus side, thus, for these
films, the front side which has less amount of AgNWs than the
back side (Figure S5). A series of dedicated tests of the “front-
and-back” CD measurements of the CAg samples and
corresponding g-factors are presented in Figure 6 (the

Figure 4. UV−vis spectra of the CAg sample, showing the modulation
of LSPR properties of AgNWs by varying the PBG of the CNCs host
matrix.

Figure 5. POM images of the chiral nematic CAg films: (a) CAg1g,
(b) CAg2g, (c) CAg3g, respectively, showing optically tunable blue to
red iridescence. (d)-(f) are the magnified POM images of the
corresponding CAg films, showing a partially collective nematic-like
orientation of AgNWs in the birefringent CNCs host matrix. The
arrow indicates the direction of AgNWs collective orientation.
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complete CD spectra and corresponding UV−vis spectra are
shown in Figure S6, Figure S7). It is notable that significant
differences between the front and back side of the same film are
observed in all samples, indicating a strong linear birefringence
of these films. For CAg1g, the SPCD intensity of the guest
AgNWs is stronger when measured in front side than that
measured in back side with a maximum g-factor of 0.108
(Figure 6a). For CAg2g, the shape and intensity of SPCD
measured at the back side is similar to that of the front side, but
with a new peak at 336 nm. And it is interesting to note that
this new peak disappears in related g-factors (Figure 6b).
Intriguing, the SPCD spectra of CAg3g are totally different
from CAg1g and CAg2g (Figure 6c). The SPCD intensity
measured in back side is stronger than that in front side,
instead, with its shape similar to that of the AgNWs chiral
nematic liquid crystalline phase measured in water (Figure 1d).
This linear birefringence of the chiral nematic CAg films
indicates a unique macroscopic anisotropy in solid state.40

What is the most interesting is that the SPCD linear
birefringence vanishes when the CNCs host matrix is in a
nematic ordering (Figure 6d, the corresponding SEM and
POM images are shown in Figure S8, S9), thus, the SPCD
signals of the nematic CAg4g film remain constant when it is
measured in both front and back sides. These results confirm
the strong structure-dependent chiroptical response in the CAg
hybrid films. The structural variation of CNCs host matrix has
strong impact on the SPCD response of the chiral hybrid films.
Thus, the helical arrangement of the host CNCs nanorods
could induce a linear birefringence of the guest AgNWs, while
the achiral nematic arrangement of CNCs is not.
Further investigation shows that the SPCD optical activity of

the hybrid composite films can be modulated by varying the
interparticle electrostatic repulsions between the CNCs rods
and slender AgNWs. The surface state of CNCs and AgNWs
can be quantified by measuring the zeta potential and Z-average
size of their own suspension. As shown in Table S3, both CNCs

and AgNWs are negatively charged with strong electrostatic
repulsions between them, so that the mixed suspension is stable
and aggregation will not happen. As an indicator of electrostatic
repulsion, the surface charge density of CNCs is reduced from
0.71 to 0.45 e·nm−2, therefore, the higher the surface charge
density is, the stronger the electrostatic repulsion becomes. As
described by previous reports, the acid hydrolysis used to
extract CNCs from bulk cellulose fibrils is performed at very
high concentration, leading to the sulfate ester groups and
protons impart to the cellulose chains at the surface of CNCs
nanorods.41 Ultrasonic energy treatment of the negatively
charged CNCs suspension drives out some of the ions trapped
in the bound-water layer of CNCs nanorods, thereby forming a
stronger electrical double layer and weaker chiral interactions or
electrostatic repulsions between CNCs nanorods, leading to a
larger helical pitch in the resulting solid chiral nematic films.36

Moderate ionic strength could shield the surface charge and
reduce the effect of electrostatic repulsion.23,42 However, upon
the addition of an excessive amount of salt in CNCs
suspension, the excess cations will interact with the surface of
CNCs rods, resulting in an increase in electrostatic repulsions.
And the twisting power between electrolytes will impede the
ordering of the charged CNCs nanorods, leading to a phase
transition in CNCs suspension from chiral nematic to achiral
nematic ordering.
Figure 7 is the CD spectra of the CAg films measured at their

back surface of the films perpendicularly to the beam path. For
CAg3g with the smallest interparticles electrostatic repulsion,
the SPCD signal is similar to that of chiral nematically ordered
AgNWs liquid crystal measured in water, except for a slight shift
to longer wavelength, suggesting a left-handed chiral collective
distribution of AgNWs in CNCs host matrix. It shows three
LSPR peaks at 312, 356, and 396 nm and two dips at 320 and
370 nm, respectively. However, a clear change in the CD signal
is observed as a result of increasing the electrostatic repulsion
between host CNCs nanorods and guest AgNWs. For CAg1g

Figure 6. (a)-(d) are the ensemble CD spectra (solid line) and corresponding g-factor (dotted line) of the CAg hybrid films, which measured by
flipping the same films with both front and back sides normal to the beam path, indicating strong linear birefringence and structure-dependent LSPR
properties. The thickness of these films we used is about 0.5 mm.
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and CAg2g, a partially mirrored SPCD signal is observed
comparing with CAg3g. Due to the significant linear
birefringence effect, the SPCD signal of CAg2g measured
from the back side shows three dips at 324, 356, 396 nm, and
three peaks at 320, 335, and 370 nm, respectively. The
corresponding SPCD signal of CAg1g shows a shoulder at the
range of 356 to 400 nm, which can be assigned to the LSPR
bands of AgNWs. Additionally, this phase reversal phenomenon
is even more obviously for CAg1g and CAg2g based on the
SPCD signals measured with the front side normal to the beam
path (Figure S10). It was considered at first that the SPCD
optical activity in the sample of CAg1g, CAg2g and CAg3g may
be derived from the chiral ordering of the host matrix, because
the electromagnetic wave polarization and propagation inside
the chiral nematic structure is peculiar, the periodic modulation
of the refractive index modifies the dispersion relationship of
surface plasmons propagation.38,43 However, CAg4g with a
nematic ordering of the host matrix and the strongest
interparticle electrostatic repulsion shows a completely
opposite scenario, with two peaks at 320 and 370 nm, and
two dips at 356 and 396 nm, respectively, in contrast to CAg3g.
This additional result suggests that the SPCD signal originates
from the chiral assembly of AgNWs, instead of the chiral
environment of the CNCs host matrix. Previous theoretical
study has shown that the structure and configuration of the
plasmonic nanostructures strongly affect the plasmon coupling
within the nanostructure as well as the corresponding
chiroptical activity.44,45 It is therefore reasonable to deduce
that the SPCD signal arises from the interactions of chiral
nematically ordered AgNWs, and the progressive flipping of the
SPCD signal of the CAg film could indicate a collective
mirrored chiral distribution of AgNWs in the CNCs host
matrix.
On the basis of the above-mentioned results, an artistic

depiction of the possible approach about the realignment of
guest AgNWs in CNCs host matrix is illustrated in Scheme 1.
The chiral self-co-alignment of AgNWs in CNCs suspension
above a critical concentration is driven by the minimization of
free energy in the system (ΔG = ΔH-TΔS).27,33,46 In this
system, the enthalpy (ΔH) component can be attributed to the
interactions between guest−host building blocks while the
entropy (ΔS) represents the free volume (orientation) of each
building unit. And the interactions between AgNWs and CNCs
are typically governed by van der Waals interaction and
electrostatic repulsion, respectively. When the electrostatic
repulsion among CNCs nanorods is small, the guest AgNWs
has tendency to spontaneously form a left-handed chiral
distribution, the same way as AgNWs dispersed in water.

However, with the increasing of electrostatic repulsion between
the guest−host building blocks, in this instance, a gradual
transition from the left-handed distribution to the right-handed
distribution of AgNWs occurs in order to gain more free
volume for each AgNWs and minimize the total free energy in
the system, tending to form a close-packed chiral woodpile-like
arrangement of AgNWs dependent on their slender shape. The
corresponding CD spectra indicate that when the mixed
suspension of AgNWs and CNCs is dried to form a solid film,
the drying process does not disturb the interparticle interaction
between the guest−host building blocks, and the sophisticated
architecture of the hybrid film can be preserved.

■ CONCLUSION

In conclusion, we have demonstrated the plasmonic guest−host
CNCs mediated oriented coalignment of AgNWs hybrid
system, which can be engineered for manipulating the surface
plasmon propagation in near-ultraviolet spectra ranges by using
the corresponding PBG. This ordered film of anisotropic
AgNWs in chiral nematic or nematic CNCs host matrix is
enabled by controlled weak electrostatic repulsion between the
CNCs nanorods and the AgNWs, leading to a collective
mirrored chiral distribution of AgNWs. Unlike the complex and
expensive “top-down” method (electron beam-, scanning
probe- and photo- lithography technique), our strategy shows
great potential for future metamaterials designing with cost-
effective and eco-friendly procedure, and it can also be applied
to other kind of self-organized nanoparticle-based system, such
as quantum dots, magnetic and rare earth up-conversion
nanorods, and so on. The ease of fabrication and scalability of
the method combined with significant and tunable SPCD and
LSPR property makes the ordered CAg films particularly
attractive as promising candidates for advanced optics
applications such as novel orientation sensors and mirrorless
lasing. In addition, as a kind of homochiral photonic crystal, the
Raman optical activity of the CAg hybrid composite should be
interesting, it deserves further investigation for chiral
recognition.47

Figure 7. CD spectra of the hybrid CAg films, with their back sides
facing normal to the beam path.

Scheme 1. Schematic illustration of the self-assembly
approach of CNCs and AgNWs with electrostatic repulsion
induced realignment
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