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ABSTRACT: Photonic crystals incorporating with plasmonic
nanoparticles have recently attracted considerable attention
due to their novel optical properties and potential applications
in future subwavelength optics, biosensing and data storage
device. Here we demonstrate a free-standing chiral plasmonic
film composed of entropy-driven self-co-assembly of gold
nanoparticles (GNPs) and rod-like cellulose nanocrystals
(CNCs). The CNCs−GNPs composite films not only
preserve the photonic ordering of the CNCs matrix but also
retain the plasmonic resonance of GNPs, leading to a distinct
plasmon-induced chiroptical activity and a strong resonant
plasmonic−photonic coupling that is confirmed by the
stationary and ultrafast transient optical response. Switchable
optical activity can be obtained by either varying the incidence angle of lights, or by taking advantage of the responsive feature of
the CNCs matrix. Notably, an angle-dependent plasmon resonance in chiral nematic hybrid film has been observed for the first
time, which differs drastically from that of the GNPs embed in three-dimensional photonic crystals, revealing a close relation with
the structure of the host matrix. The current approach for fabricating device-scale, macroscopic chiral plasmonic materials from
abundant CNCs with robust chiral nematic matrix may enable the mass production of functional optical metamaterials.

KEYWORDS: photonic crystal, self-assembly, cellulose nanocrystals, plasmonic−photonic coupling, transient optical response,
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■ INTRODUCTION

Photonic crystals are a class of materials with unique spatial
periodicity in dielectric media, rendering them ability to
manipulate light propagation when their lattice parameter is
in the order of the wavelength of electromagnetic waves.1,2 Self-
assembly of nanoscale functional building blocks (e.g., quantum
dots, noble metal nanoparticles and magnetic nanorods) into
well-controlled photonic structure is gaining considerable
attention due to its cost-efficient strategy compared to
conventional top-down approach.3−5 Incorporation of metal
nanoparticles into photonic crystal is particularly interesting
due to the anticipated functional integration may extend the
potential applications to catalysis,6,7 sensoring8 and surface
enhanced Raman spectroscopy.9 As a unique class of photonic
crystals, liquid crystal combines the flexibility and long-range
orientational ordering together, and their optical properties can
be tuned by external stimuli such as light,10,11 irradiation12 and

electric field.13 This may lead to smart materials with cheaper
and more effective technology for large-scale production.
Recently, cellulose-based liquid crystalline nanomaterials

have drawn increasing attention due to the intrinsic properties
of cellulose including abundant availability, renewability,
biodegradability, biocompatibility and excellent mechanical
strength.14−17 By controlled sulfuric acid-assisted hydrolysis,
the extracted cellulose fibers can be transformed to cellulose
nanocrystals (CNCs), which carry negative charges due to their
surface sulfonate groups. CNCs are rigid twisted nanorods with
excellent dispersibility in water.18 When the concentration of
the CNCs aqueous suspension is above a critical value, a phase
separation occurs as Onsager previously predicted,19 the
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anisotropic CNCs may spontaneously assemble into a chiral
nematic phase with orientational order that twists with a
characteristic repeat distance termed as helical pitch.20

Interestingly, the helical ordering of liquid crystalline CNCs
can be preserved in solid chiral nematic films with brilliant and
attractive colors as observed in some plants and crusta-
ceans,21,22 acting as a kind of one-dimensional chiral photonic
crystal. This structure is also sensitive to the polarization of
light, that is, selectively reflect the left-handed circularly
polarized light, which can be considered as a natural
polarization filter with a special photonic band gap (PBG).23

Additionally, it is interesting to note that the chiral nematic
ordering of CNCs can serve as a robust host matrix for a wide
range of guest species including luminescent nanoparticles,24−28

plasmonic nanorods29−34 and polymeric microspheres,35,36

generating new CNCs-based functional materials with coupled
optical properties.
Research into the liquid crystalline CNCs-based materials has

been mainly evolving around the chemical properties,37 self-
assembly characters,16,17 templating for inorganic materials by
confined mineralization38,39 and the coassembly of guest−host
interactions with functional nanoparticles.29,32,35 However, to
the best of our knowledge, the optical properties of the chiral
nematic liquid crystalline CNCs-based material have not yet
been explicitly exploited. Herein, we have designed a free-
standing macrostructured solid composite film by using self-
assembly strategy with plasmonic gold nanoparticles (GNPs)
embedded into the chiral nematic scaffold of CNCs through the
entropic driven process. Optical measurements such as
polarized optical microscopy (POM), scanning electron
microscopy (SEM) and focused ion beam microscopy (FIB)
are utilized to study the anisotropic helicoidal structure of the
host CNCs matrix and the distribution of the embedded guest
GNPs. Meanwhile, a strong plasmonic−photonic coupling of
the hybrid CNCs−GNPs films is demonstrated both in
stationary and transient regimes for the first time, with the
intrinsic photophysics of the hybrid system studied in detail.
Furthermore, a switchable optical property of the composite
film has been observed, reflecting the coupling effect between
the PBG of chiral nematic CNCs matrix and the surface
plasmon resonance (SPR) of GNPs. Because of the asymmetric
chiral nematic ordering of the CNCs matrix, a plasmon-induced
chiroptical activity has been found, indicating the interaction
between GNPs and the chiral environment. Notably, an angle-
dependent plasmonic extinction phenomenon is observed in
the CNCs−GNPs composite film, which has never been found
in other particle-embedded inverse opals.40−44 On the basis of
the results of the optical analysis, we hold that the angle-
dependent SPR shifting of GNPs is closely associated with the
chiral nematic structure of the CNCs−GNPs hybrid films.
Thus, the chiral nematic CNCs−GNPs hybrid film of the
current work may offer a new platform for developing device-
scale ultrasensitive sensors based on these angle-sensitive
plasmonic papers.

■ EXPERIMENTAL SECTION
Materials and Apparatus. All chemicals were obtained from

commercial suppliers and used as received without further purification.
Hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O, 99.99%) was
purchased from Acros Organics. Sodium citrate (C6H7O7Na, 99%)
was obtained from Beijing Chemical Works. Cotton pulp board was
purchased from Hebei Paper Group of China.

Transmission electron microscopy (TEM) was conducted on a FEI
Tecnai G2S-Twin with a field emission gun operating at 200 kV.
Surface morphologies of the composite films were characterized by
using a JEOL-6700F field emission scanning electron microscopy
(SEM) instrument at an accelerating voltage of 3 kV Focused ion
beam microscopy (FIB) was conducted on a Helios NanoLab 600i
Dual-Beam system with a field emission gun operating at 15 kV to
distinguish the distribution of GNPs in the hybrid composite. The
texture image of the CNCs liquid crystal phase was conducted on a
Leica DM400 M polarized optical microscopy (POM) instrument with
images taken by polarizers in a perpendicular arrangement. A CCD
camera (Leica DFC450C) was used for taking all the photographs of
the samples. The steady-state adsorption UV−visible spectroscopy was
carried out on a Shimazu UV-1800 spectrophotometer and the UV−
vis-NIR spectroscopy was carried out on a Lambda 950 (PerkinElm-
er). Spectra were collected by mounting free-standing films so that the
surfaces of the films were perpendicular or angled to the beam path. A
homemade femtosecond laser system was used to measure the
transient absorption spectra and the ultrafast dynamics of the sample.
The details of the experimental setup have been described elsewhere.45

The system produced fundamental laser using a Ti:sapphire pulse
pumped oscillation and a regenerative amplifier (Spectral Physics)
both operating at 1 kHz repetition rate. The output wavelength of the
system was 800 nm where the full width at half-maximum (fwhm) was
90 fs and the output power was approximately 600 mW. Circular
dichroism (CD) spectra were recorded on a BioLogic MOS-450
spectropolarimeter. Spectra were collected by mounting free-standing
films with their surfaces perpendicular to the beam path. The
electrophoretic mobility (ζ-potential) of CNCs and GNPs suspension
was measured using a Malvern Zetasizer Nano-ZS90.

Synthesis, Assembly and Encapsulation of GNPs and CNCs.
The GNPs and CNCs were synthesized according to the established
procedures with the details provided in the Supporting Informa-
tion.27,46 Entropic driven, self-co-assembly of CNCs nanorods and
GNPs was triggered by evaporating water from the mixed suspension
with varying volume ratios of GNPs:CNCs (Supporting Information,
Table S1). Typically, two aqueous suspensions of CNCs (3.2 wt %)
and GNPs (2 nM) were mixed and stirred at room temperature for 30
min, leading to a homogeneous mixture. It was worth mentioning that
the mixture was very stable for at least 1 month when it was sealed; no
phase separation or particles aggregation occurred. Then, the mixture
was poured into a polystyrene Petri dish (60 mm), followed by
evaporation under ambient conditions for 4−6 days. Finally, free-
standing chiral nematic films of CNCs and GNPs were obtained with a
thickness of 0.5 mm, showing strong structured birefringence and
plasmonic activity. This fabrication procedure can create large-area
(cm2-sized), chiral plasmonic composite film with high uniformity. For
the purpose of comparison, the GNPs-free chiral nematic film of
CNCs was prepared under the same conditions by using the aqueous
CNCs only.

■ RESULTS AND DISCUSSION
Water-soluble GNPs with ζ-potential of −35.1 mV were
synthesized via citrate reduction of HAuCl4 and stabilized by
citrate ligands.46 As shown in Figure 1a, the mean core
diameter of the GNPs is approximately 25 nm on the base of an
analysis of the TEM micrograph. Figure 1b is a representative
TEM image of the CNCs. High aspect ratio rod-like CNCs are
observed with an average length and diameter of 250−300 and
15−20 nm, respectively. The ζ-potential of the CNCs nanorods
is −65.4 mV. The ζ-potential can be used to measure the
surface state and electrostatic repulsions, providing information
on the stability of the colloidal system. When the value of the ζ-
potential is smaller than ±15 mV, it can be used to indicate the
onset of particle agglomeration. However, values greater than
±30 mV generally imply that there is sufficient mutual
repulsion to induce the colloidal stability.47 On the basis of
the above analysis, both the suspensions of CNCs and GNPs
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are homogeneously dispersed with strong colloidal stability. It
should be noted that the type of surface charge of guest
nanoparticles affects the self-assembly property of the CNCs
nanorods. That is, the chiral nematic order of the CNCs liquid
crystal can be perfectly preserved in solid film with negatively
charged nanoparticles. In contrast, the addition of positively
charged nanoparticles can lead to gelation of the CNCs
nanorods due to the ionic interaction as well as the formation
of particle flocculation.30,36 As a result, the chiral nematic
ordering of the CNCs composite film can be disrupted.
The chiral nematic CNCs−GNPs composite film, designated

as CNCG film, was prepared by evaporation-induced self-co-
assembly of CNCs nanorods and spherical GNPs. A series of
samples have been obtained by varying the volume fractions of
GNPs used relative to CNCs nanorods, yielded films with
optically tunable PBG for CNCs matrix and chiroptical
activities for GNPs (Table S1, Supporting Information).
Because the chiral nematic ordering of the composite film is
determined by the liquid crystalline CNCs, it is necessary to
test whether the mixed CNCs−GNPs suspension could form a
chiral nematic phase during the evaporation process. The
optical properties of a 50:50 CNCs−GNPs suspension and a
pure GNPs suspension were initially tested by the steady-state
UV−visible spectra. As shown in Figure 2a, a typical SPR band
centered at 528 nm is found in the extinction spectra of GNPs
and the 50:50 CNCs−GNPs suspension. The SPR wavelength
of the mixed suspension is the same as the pure GNPs,
implying that no GNPs aggregation occurs.46 The broader SPR
bandwidth of the mixed suspension may be due to the
scattering of the CNCs nanorods during absorption of light.
After the optical measurement, the mixed suspension is
introduced into a liquid crystal cell and drop-casted at room
temperature with the evaporation process tracked by the POM
technique. When the concentration of the mixed suspension is
too low for the liquid crystalline phase to form, the droplets
appear black when viewed under crossed polarizers (Figure S1).
As the evaporation proceeds, a fingerprint texture begins to
show, suggesting the formation of chiral nematic phase of

CNCs coassembly with the GNPs (Figure 2b).48 The helical
pitch of the chiral nematic structure is evaluated by measuring
the spacing between two adjacent lines of the fingerprint
texture, showing an initial value of 2.4 μm (Figure 2b). As the
evaporation continues, the helical pitch decreases to 1.6 μm,
indicating a compression of the helical ordering likely due to
water evaporation (Figure 2c). When the water in the mixture
is fully evaporated, a marble-like texture is observed with a
strong bright birefringent pattern, demonstrating the existence
of chiral nematic ordering in the CNCG composite film (Figure
2d).
The chiral nematic structure of the self-assembled host

CNCs nanorods as well as the distribution of guest GNPs were
directly characterized by SEM, POM and FIB imaging of the
CNCG composite film. The high magnification SEM image of a
CNCG composite shows typical chiral nematic ordering at
cross-sectional view (Figure 3a). At the fracture surfaces, an
extensive periodic structure of the aligned CNCs nanorods with
counterclockwise helical morphology has been observed. This
long-range twisted organization of the CNCs nanorods
confirms the one-dimensional photonic crystal structure that
is responsible for the selective reflection of circularly polarized
light.22,38 Figure 3b is a low magnification SEM image of the
side view of the cracked composite film. A stacking layered
appearance was obtained, which derived from the helical pitch
of the chiral nematic structure. The repeating distance is
measured in the order of several hundred nanometers, which is
in agreement with the estimated value based on the visible light
spectra. The helicoidal architecture of the composite film is
further confirmed by POM imaging analysis, showing well-
pronounced fingerprint diffraction textures with strong
birefringence and domains with different orientations, charac-
teristic of the chiral nematic ordering (Figure 3c). The helical
pitch is measured to be around 1.3 μm based on POM, similar
to the value obtained from SEM imaging (Figure 3b, with
measured pitch of 1.1 μm). In the CNCG composite film, it is
very fascinating to know the relationship between CNCs
nanorods and GNPs. As shown in Figure 3d, the location of
GNPs is clearly visible on the high magnification FIB imaging

Figure 1. Representative TEM images of (a) GNPs and (b) CNCs
nanorods.

Figure 2. (a) Steady-state UV−visible spectra of the GNPs suspension
and CNCs/GNPs mixed suspension, respectively. (b) POM image of
the CNCs/GNPs mixture during evaporation, showing fingerprint
textures. (c) POM image of the liquid crystalline CNCs/GNPs
mixture with the evaporation continued, exhibiting a compressibility
effect in helical pitch. (d) POM image of the dried CNCs/GNPs
composite with characteristic marble-like texture, indicating the
reservation of the chiral nematic architecture. All the images were
taken with the polarizers in a crossed arrangement.
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analysis due to its evidently different electric conductivity from
that of CNCs. A cross section view of the CNCG composite
film sliced longitudinally using ion beam shows that GNPs stay
apart, and distribute randomly in the layered CNCs host matrix.
Note that the interparticle spacing between two adjacent GNPs
is much larger than the size of particle, the embedded GNPs in
resulting films do not have any physical contacts with each
other, no particle agglomeration occurs. The monodispersity of
GNPs in the CNCs host matrix is very important as dipole
coupling in the patterned nanocomposites causes the collective
SPR wavelength peak to shift depending on the distance
between nanoparticles.49 On the basis of the FIB analysis of
GNPs, due to the low GNPs concentration in the resulting
hybrid films, the electromagnetic interactions between adjacent
GNPs can be negligible and the effects of near- or far-field
interaction between GNPs on their optical response can also be
neglected.50 Thus, the only contribution to the extinction of
light then derived from nonradiative losses in the GNPs, that is,
absorption. On the other hand, the distribution uniformity of
GNPs inside the composite is depending on the interparticle
Coulomb repulsions between negatively charged guest−host
building blocks (GNPs-to-GNPs and GNPs-to-CNCs) through
the entropic driven assembling process.30

The photonic property of the CNCG composite film can also
be assessed through the UV−visible spectrum. Figure 4 are the
steady-state extinction spectra of the CNCG composite films
with different GNPs:CNCs ratios. All the composite films have
similar thickness and exhibit strong iridescence. The PBG of
the chiral nematic NPs-free CNCs film (CNCG-1a) is centered
at 275 nm. The composite films of varying GNPs:CNCs ratios
show two distinct peaks centered at 275 and 544 nm,
respectively. The former is ascribable to the PBG of the
CNCs matrix and the latter is associated with the collective
SPR band of GNPs. It should be noted that the collective SPR

peaks of GNPs in the CNCs matrix slightly shift to longer
wavelengths compared to the isotropic GNPs suspension
(Figure 2a), which is likely attributed to the increasing of
medium refractive index from that of water (n = 1.33) to CNCs
(n = 1.56).29 During the entire range of GNPs loading, the
intensity of the collective SPR band increases with the loading
amounts of GNPs, but the PBG of CNCs host matrix stay
stationary, implying that the interparticle electrostatic repul-
sions between CNCs have not been much changed with the
addition of GNPs. This may be due to the conformability
between negatively charged CNCs and GNPs and the low ionic
strength in GNPs suspension.
It is known that the PBG of a chiral nematic CNCs matrix

can be tuned by altering the electrostatic repulsions between
CNCs nanorods, e.g., ultrasonication51 and adding electro-
lytes52 to the CNCs suspension prior to film casting. Therefore,
a relative query naturally takes for granted as whether we can
couple the GNPs collective SPR band with PBG of the CNCs
matrix. Figure 5a shows the steady-state extinction spectra of
the CNCG samples. Three series of the CNCG composites are
prepared by loading the same amount of GNPs into the CNCs
matrix with varying PBG ranging from ultraviolet to near-
infrared, designated as CNCG-1g, CNCG-2g and CNCG-3g,
respectively. The POM images of the three composite films
show typical marble-like texture, confirming the chiral nematic
ordering (Figure S2). CNCG-1g and CNCG-3g exhibit a
distinct collective SPR peak centered at 544 nm with similar
intensity. The central positions of the PBG for CNCG-1g
(centered at 275 nm) and CNCG-3g (centered in the near-
infrared spectrum range, Figure S3) are away from the
collective SPR bands of GNPs, hence, no coupling or surface
electromagnetic energy transfer is likely to occur between them.
In the case of CNCG-2g, the situation is different as the PBG of
the CNCs host matrix overlaps with the collective SPR band of
GNPs, generating a coupled single peak centered at 556 nm
with extraordinary high extinction intensity. The results
demonstrate that the resonant coupling of a localized surface
plasmon mode and a cavity mode in photonic CNCs matrix can
strongly tailor the stationary optical response of GNPs. Prior
works manifest that the surface electromagnetic waves in PBG
and surface plasmons in nanostructured metallic particles are
both nonradiative mode, and they can couple directly to each
other in neighboring media, generating a modulated SPR-PBG
optical property.53 However, the static UV−vis spectra can only
indicate the existence of a coupling between the photonic
resonant modes of CNCs matrix and the plasmonic modes of
GNPs, we still cannot extract the intrinsic nature of the hybrid

Figure 3. (a) Magnified SEM image of the CNCG-2g composite with
cross-sectional view, showing a large area of counter-clockwise twisted
arrangement of the rod-like CNCs. The arrow indicates a 180°
counter-clockwise rotation of the director. (b) Side view of the cracked
CNCG-2g film exhibits the stacked layers which derived from the
helical pitch of the chiral nematic phase. (c) High-magnification POM
image of the CNCG-2g film with a mass of periodic fingerprint
textures. (d) Magnified FIB image of CNCG-2g showing the
distribution of GNPs in CNCs host matrix. GNPs are circled by the
red rings.

Figure 4. Steady-state UV−visible spectra of CNCG composite films
with varying GNPs contents, showing an increase in SPR intensity for
GNPs and invariant PBG positions.
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plasmonic−photonic coupling. In the strong coupling regime,
the interactions become so strong that the new hybrid
plasmonic−photonic states are formed by rapid photon
exchange.54 The great advantage of the transient absorption
spectroscopy technique is its capability to measure small
absorbance changes. It can be used to distinguish the difference
in the transient absorption spectra of the ground state and the
generation of the excited states, and therefore robust
information on the existence of the plasmonic−photonic
hybrid states can be provided.
The ultrafast transient optical response of the CNCG films is

measured by 150 fs pump−probe laser spectroscopy with the
excitation pump pulse wavelength at 400 nm. It should be
noted that all of the CNCG films have no absorption peak at
400 nm (Figure 5a); only GNPs can be excited, which
corresponds to the 5d→6sp interband transition of gold
electrons. The resulting transient absorption spectra for CNCG
films are displayed in Figure 5b. The transient spectra of the
CNCG films show two positive peaks at around 470 and 640
nm, respectively, and a strong negative peak at around 545 nm,
which differ from the corresponding steady-state UV−vis
results (Figure 5a). The transient adsorption data for CNCG
samples reveal a symmetric spectral profile at the SPR band,
that is, with one negative transient peak and two positive wings.
This phenomenon can be attributed to the “plasmon bleaching”
behavior that is common for noble metal nanoparticles.55 To
study the resonant coupling effect between SPR and PBG, we
chose the sample of CNCG-1g and CNCG-3g as the references
due to their PBG are positioned far away from the SPR of
GNPs. For the sample of CNCG-2g (whose PBG overlaps with
the SPR of GNPs), it can be noticed that the coupling with the
PBG not only results in the sharpening of the spectral profile of
the photoinduced absorbance modulation but also leads to its
large enhancement of the intensity of the negative transient
peak. The sharpening derived from the restriction of the
absorbance to the PBG of CNCs host matrix. And the
enhancement is related to the trapping of both the pump and
probe field within the photonic crystal cavity.54 Moreover, it
also should be noticed that an ultrafast SPR spectral shift is
observed in the transient adsorption of CNCG samples. For the
sample of CNCG-2g, the distinct negative transient peak is
located at 546 nm. However, for the sample of CNCG-1g and
CNCG-3g, this transient peak is blue-shifted to 542 nm. This
phenomenon implies that the coupling of SPR mode and PBG
can modulate the transient adsorption of GNPs, leading to a
transient peak shifting. On the basis of the transient optical

analysis above, we can confirm a strong plasmonic−photonic
coupling occurs within the sample of CNCG-2g. In addition,
these results also demonstrate that the resonant coupling of
plasmonic−photonic modes not only enables us to tailor the
stationary optical response of GNPs but also can lead to the
large enhancement, spectral shaping and shifting of their
transient optical response.
Further insights into the PBG-SPR coupled optical activity of

the CNCG samples are obtained by analyzing their CD spectra.
Figure 6 shows the variation in CD signals of the corresponding

CNCG composite films. Because of the presence of macro-
scopic anisotropy in oriented films, the artifacts originating
from linear dichroism/linear birefringence should be dis-
regarded (Supporting Information, Figures S4 and S5).56 All
the samples exhibited strong positive Cotton bands through the
entire spectra range that can be recognized as the combined
peak of the corresponding left-handed CNCs matrix and GNPs
plasmonic mode. The CD spectrum of CNCG-1g reveals the
characteristic CD peak of chiral photonic crystal centered at
370 nm associated with the CD depression resonance band of
the SPR mode for GNPs (at 536 nm). The spectrum of
CNCG-2g shows a strong split in the CD band with a shoulder
at 527 nm and a peak at 616 nm, which could be assigned to
the SPR induced CD signal and scattering of the chiral CNCs
matrix, respectively. The spectrum of CNCG-3g shows two
distinct CD bands with a positive Cotton effect centered at 238
nm (corresponding to the molecular chirality of D-glucose
units) and 527 nm (corresponding to SPR induced CD signal
of GNPs), respectively. Comparing with the GNPs-free chiral

Figure 5. (a) Steady-state UV−visible spectra of the CNCG sample, exhibiting the coupling between SPR band of GNPs and tunable PBG for CNCs
host matrix. (b) Transient adsorption spectra for the CNCG samples at their maximum, that is, just after optical pumping.

Figure 6. CD spectra of the CNCG films showing the tunability in
left-handed organization and intense plasmon induced chiroptical
activity of the embedded GNPs.
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nematic CNCs films (Figure S6), all three samples with
different positioned PBGs show evident chiroptical activities at
the SPR wavelength for GNPs, suggesting that the SPR induced
CD mechanism arising from the interaction between GNPs and
the chiral environment of CNCs host matrix is significant.57

Additionally, it is worth mentioning that the intensities of the
CD signals at SPR wavelength for these films are different,
implying the varying degree of the coupling effects between the
chiral photonic CNCs matrix and GNPs.
In a chiral nematic structure, the peak wavelength (λ)

reflected by layered photonic ordering for incident light,
causing the PBG, which can be expressed as

λ θ= · ·n P sineff

where neff is the average refractive index of the chiral nematic
material, P is the helical pitch and θ represents the angle
between incident light and the surface normal of the film.58 For
CNCG materials, the average refractive index is constant due to
the primary substrate composed by CNCs nanorods (neff =
1.56). Therefore, the λ can be tuned by changing either the
helical pitch or the angle of incident light. We have
demonstrated that ultrasonication is able to vary the λ of the
CNCG composite films across a wide spectra range by altering
the helical pitch, exhibiting a coupled SPR-PBG optical
property. There comes an intriguing question: when the
CNCG composite is fixed for sure, whether can we effectively
manipulate the relative shifts between SPR band of GNPs and
PBG diffraction peak of CNCs matrix?
Owing to the hydrophilicity of the CNCs matrix, the CNCG

films swell rapidly upon immersion in polar solvents (e.g.,
water, ethanol and their mixtures of varying ratios), resulting in
a red shift of the PBG as the helical pitch lengthens.59−61

Taking CNCG-2g for example, it provides an ideal basis for
controlling the separation of coupled SPR-PBG optical
property. Figure 7 shows the UV−visible spectra of CNCG-

2g before and after the immersion in water−ethanol mixture,
respectively. Before immersion, the composite film exhibits a
characteristic SPR-PBG band centered at 556 nm. Immersion
of the composite film in a water−ethanol mixture (50:50 V/V
%, n = 1.346) reduces the average refractive index of the
composite film, and a consequential increase in the helical pitch
attributed to the swelling. As a result, the UV−visible spectrum
shows a separation of the coupled SPR-PBG peak, namely, the
PBG red-shifts to 724 nm with an increase in the helical pitch,
and the SPR mode of GNPs blue-shifts to 535 nm due to its

sensibility to the surrounding medium. Such a shift is reversible
that the UV−visible spectrum of the film resumes its original
form upon drying (Figure S7). This change is both reversible
and easily detectable by the UV−visible spectroscopy, which
may enable the development of new plasmonic-based humidity
sensors.
More interestingly, the versatility of this switchable

plasmonic optical property of the CNCG film can be further
tuned by varying the incidence angle of light, θ. We systemically
investigated the evolution of the steady-state UV−visible
spectra at different incidence angles for the CNCG composite
films, and changed the angle of the incident electromagnetic
wave in small decrements (Δθ = 5°) from the normal (θ = 90°)
to the grazing incidence angle value θ fixed at 30°. CNCG-1g
with the PBG of CNCs matrix away from the collective SPR
band of GNPs was studied first. Figure 8a is the angle resolved
extinction spectra of CNCG-1g. Decreasing the angle of
incident light from 90° to 30° causes a distinct blue shift of the
PBG peak wavelength of the chiral nematic CNCs matrix. The
total angle-dependent band shift in wavenumber (ΔλPBG) is
about 32 nm. To establish a quantitative relationship, the peak
position of PBG of the CNC matrix was plotted against the sine
of angle of incidence (sin θ), showing a linear relationship as
shown in Figure 8b. The monotonic shifts observe in PBG peak
wavelength, which can be attributed to the changes in
diffraction related to incidence angles based on the above-
mentioned diffraction equation. It is interesting to note that the
collective SPR band of the CNCG film shows an angle-
dependent plasmonic shifting, and the bandwidth of the
collective SPR band narrows with the decrease of incidence
angle. The collective SPR band is blue-shifted with the decrease
of incidence angle, exhibiting a nonlinear relationship between
them (Figure 7c). Initially, the collective SPR peak wavelength
is centered at 544 nm with the incident wave at normal
incidence (θ = 90°). It changes slightly to smaller values when
the incidence angle decreases. The total blue shift value for the
collective SPR band is ΔλSPR = 6 nm (from λSPR = 544 nm to
λSPR = 538 nm). It is worth mentioning that the angle-
dependent shift (Δλ) of PBG of the CNCs matrix is larger than
that of the collective SPR band of GNPs, implying that they
had different angle-dependence behavior. These optical
measurements demonstrate that the CNCG composite film
possessed a combination of an angle-dependent extinction band
both in the PBG of the CNCs matrix and the collective SPR
band of the embedded GNPs.
Because of the differences in angle-dependent shifting values

between the PBG of the CNCs matrix and the collective SPR
band of GNPs, an interesting hypothesis comes to our mind
that whether the coupled SPR-PBG optical property can be
reseparated by varying the incidence angle? Figure 8d shows
the angle resolved extinction spectra of CNCG-3g, in which the
PBG of the CNCs host matrix overlaps with its collective SPR
band of the embedded GNPs. Optical studies confirm a distinct
blue-shift in both PBG for CNCs matrix and collective SPR
band for GNPs. The experimental extinction spectra of CNCG-
3g record at incidence angle from 90° to 45° exhibiting single
robust coupled SPR-PBG peaks with maxima centered from
556 to 531 nm. In addition, the coupled SPR-PBG optical
property shows a linear relationship between the peak
wavelength and the value of sin θ for incidence light in the
tested spectra range (Figure S8), implying the dominant
character of PBG in this optical coupling. When the incidence
angle is smaller than θ = 40°, a distinct separation of the

Figure 7. Steady-state UV−visible spectra of the sample CNCG-2g
before (black line) and after (red line) soaked in EtOH/H2O mixture.
The refractive index of the mixture is 1.346.
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coupled SPR-PBG peak is observed. The UV−visible spectra
(from 40° to 30°) shows new split doublet phenomena that can
be ascribed to the PBG of CNCs matrix (centered from 481 to
470 nm) and the collective SPR of GNPs (centered from 528
to 524 nm), respectively. When the SPR mode of GNPs is
coupled with the resonant mode of the chiral nematic CNCs
host matrix, the total angle-dependent blue shift value for the
collective SPR band is ΔλSPR = 20 nm. Our experimental
observations point to conclude that it is possible to manipulate
the separation of the coupling between the collective SPR
mode and PBG in CNCs matrix by varying the incidence angle.
The results shown in Figure 8 demonstrate the ability to tune

the coupled optical property of SPR-PBG of the CNCG film by
altering the incidence angle of the excitation light. And it also
reveals that the plasmonic−photonic coupling in the CNCG
composites can influence the angle-dependent SPR shifting
values. The coupling effect of SPR and PBG has been observed
in three-dimensional photonic crystals (opal or inverse opal)
with embedded plasmonic metal nanoparticles.40−44 So far, the
electromagnetic properties of GNPs in chiral photonic media
have been little investigated, and accurate control over the shift
of the SPR peak by varying the incidence angle still remains a
major challenge. The optical measurements in previous studies
show an angle-tunable PBG of the host photonic crystal, but
with an angle-independent plasmonic peak of the embedded
nanoparticles. According to Mie’s theory, the plasmon
resonance for spherical nanoparticles is extremely sensitive to
the refractive index of the surrounding medium, but the
incidence angle has little effect on the collective SPR.62

However, on one hand it should be noted that some recent
theoretical works indicate when noble nanoparticles are
assembled on a planar substrate, they could exhibit nonlinear

shifts of the collective SPR wavelength depended on the
excitation conditions, such as the distance between the adjacent
nanoparticles, the polarization of the incident light and the
angle of the incidence excitation electromagnetic wave,
etc.63−65 In the current work, FIB observation in Figure 3d
shows that the embedded GNPs are distributed randomly and
the distances between neighboring GNPs are too far; therefore,
the GNPs are essentially noninteracting with each other and
the electromagnetic interactions induced SPR shifting between
GNPs should be excluded. It appears that the angle-resolved
spectra of the current work do not accord with either the classic
Mie’s theory or the theoretical predictions. Comparing with
previous work,40−44 we notice that the angle-dependent SPR
shifting may associate with the special structure of the chiral
nematic ordering of the CNCs host matrix. For further
confirmation, we have prepared a nonordered CNCs−GNPs
composite with the same GNPs loading as a comparison
(Supporting Information). SEM image indicates we have
completely destroyed the periodic chiral nematic ordering of
the CNCs host matrix (Figure S9). The corresponding angle-
resolved spectra show that the SPR peak of the embedded
GNPs remains stationary, no angle-dependent SPR shifting
occurs at 544 nm (Figure S10). We therefore conclude that the
chiral nematic structure of the CNCs host matrix should play
an important role in the angle-dependent modulation of SPR
shifting. We postulate that this may be due to the filtering effect
inside the chiral nematic ordering, in which only left-handed
circularly polarized electromagnetic wave can pass through the
chiral CNCs matrix and excite the GNPs.66 Light propagation
inside the chiral nematic photonic CNCs matrix is polarized,67

which is in striking contrast to nonpolarized three-dimensional
photonic crystals and randomly packed CNCs nanorods.

Figure 8. (a) Angle resolved steady-state UV−visible spectra of the sample CNCG-1g, showing a distinct angle-dependent blue shift both in PBG
and SPR wavelength peak. (b) Plot of the PBG peak wavelength versus the sine of angle of incidence for CNCG-1g. The data were fitted well with a
linear curve. (c) Collective SPR peak wavelength as a function of the incidence angle for CNCG-1g. The peak wavelength blue shifts as the incidence
angle decreased from 90° to 30°. (d) Angle resolved UV−visible spectra of the sample CNCG-2g, exhibiting the angle induced separation of the
coupled optical property between collective SPR for GNPs and PBG for CNCs host matrix.
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Previous work has pointed out that the SPR peak of GNPs is
sensitive to the polarization states of the incident beam and its
incidence angle,65 thus, this specific angle-dependent collective
SPR wavelength shifting may arise from the electromagnetic
coupling between the embedded GNPs and the circularly
polarized light inside the chiral nematic CNCs matrix. At the
moment, it is not clear what is the actual mechanism for the
angle-dependent SPR shifting in the CNCG films. However, we
have found this shifting phenomenon even exists in the
transient spectra regime. The ultrafast transient optical
response of CNCG films can be strongly tailored by varying
the angle of incidence of the probe beam, resulting in a distinct
blue shift of the negative transient peak (Figure S11). These
results imply that the angle-dependent SPR shifting in the chiral
nematic photonic crystal may be a general property, and further
investigations (such as finite-difference time-domain calcu-
lations) await to be conducted to reveal the governing
mechanism more clearly.

■ CONCLUSION
In summary, we have developed a family of free-standing chiral
plasmonic films by embedding GNPs into a chiral nematic
CNCs host matrix. The GNPs stay apart and distribute
randomly in the chiral nematic organization of CNCs nanorods.
These host−guest composite films not only exhibit tunable and
switchable plasmonic optical property but also show strong
angle-dependent SPR wavelength peak. The current work
demonstrates that the noble metal nanoparticle-doped chiral
nematic films can be organized by a facile, cost-effective and
scalable approach that may be applicable to the development of
advanced functional materials such as plasmonic modulators
(increase or decrease of the SPR signal intensity) or switches
(SPR spectral shift of the stationary/transient optical mode)
based on the special angle-sensitive plasmonic property. The
current approach may be extended to the assembly of free-
standing composite films by including a variety of nanoparticles
of different geometry and composition including magnetic,
plasmonic or luminescent nanoparticles. In addition, consider-
ing the significance of using the collective SPR of metal
nanoparticles in sensing, the observed strong plasmonic−
photonic coupling and chiral environment of the host substrate
may allow for the development of ultrasensitive biosensors
based on surface enhanced Raman detection for chiral molecule
with high signal-to-noise ratio in real-time measurements,68 and
tuning the SPR wavelength peak by altering the incidence angle
of the excitation light in chiral photonic crystal can add an extra
degree of freedom and flexibility to open up a new avenue for
the design of advanced nonlinear optics materials.69
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