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ABSTRACT: Chiral plasmonic films have been prepared by /\@‘\%

incorporating gold nanorods (NRs) in a macroscopic cholesteric
film formed by self-assembled cellulose nanocrystals (CNCs).
Composite NR-CNC films revealed strong plasmonic chiroptical
activity, dependent on the photonic properties of the CNC host and
plasmonic properties of the NRs. The plasmonic chiroptical properties
of the composite films were tuned by changing the conditions of film
preparation. The strategy presented herein paves the way for the
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scalable and cost-efficient preparation of plasmonic chiral materials.

B INTRODUCTION

Chiral plasmonic nanostructures offer the ability to achieve
strong optical circular dichroism (CD) activity over a broad
spectral range,"> which has been challenging for chiral
molecules. Materials derived from such nanostructures are
expected to enrich the field of metamaterials with negative
refraction,® > nonlinear optics,6 and nanolevitation” properties.
Promising applications of chiral plasmonic nanostructures also
include circular polarizers,® detectors for circularly polarized
light,” asymmetric catalysts,"® and sensors of biomolecules.""">

Both fundamental studies and applied research in the field of
chiral plasmonic materials critically depend on the availability of
reliable and robust methods of their preparation. Currently,
plasmonic chiroptical systems can be classified into three
groups: (i) individual nanoparticles (NPs) with chiral
geometry'” and achiral NPs capped with chiral ligands,"* (ii)
discrete chiral assemblies of achiral NPs'>~>* and assemblies of
chiral NPs,**** and (iii) macroscopic mixtures of achiral NPs
with chiral nematic liquid crystals.”*>° The last system has
been used to induce chiral organization of close-to-spherical
plasmonic NPs*' and nanorods (NRs),>* yet plasmonic
chiroptical activity of NPs within cholesteric liquid crystals
has not been reported. Furthermore, the utilization of solid
nanostructured cholesteric hosts, whose helical structure can be
tuned in its own right, remains elusive.

In particular, in comparison with shape-isotropic metal
NPs,>**® the utilization of plasmonic NRs offers superior
chiroptical activity,'"® which is represented by strong CD and
polarization rotator characteristics. In addition, the ability to
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vary the aspect ratio of gold NRs provides a useful strategy for
fine-tuning of their chiroptical plasmonic properties.

Herein we present a new composite chiroptical plasmonic
material and a straightforward, cost-efficient strategy for its
fabrication. The approach utilizes the incorporation of guest
gold NRs into a macroscopic cholesteric solid film formed by
cellulose nanocrystals (CNCs). It is currently well-established
that in relatively concentrated suspensions whisker-like CNCs
spontaneously phase separate to form an isotropic and a
cholesteric liquid crystalline phases.>* The chiral nematic order
of the latter is largely preserved in dry films,*® in which adjacent
CNC layers rotate anticlockwise with respect to each other and
form a left-handed helical structure.****™>* The CNC films
exhibit the properties of a chiral photonic crystal with a strong
circular dichrosim.*® Importantly, the position of the stop band
for the CNC film can be tuned from the visible to the near-
infrared spectral range by changing the conditions of film
preparation, e.g., by ultrasonication or by adding electrolytes to
the CNC suspension.***”?%37# A cholesteric liquid crystalline
phase formed by CNCs has been used as a template to
synthesize chiral mesoporous silica*' and carbon,* which were
subsequently decorated with metal NPs;**** however, a direct
use of CNC films as a host for the organization of metal NPs,
and especially, of plasmonic NRs has not been reported.

The method and the material reported in the present work
offer the following new and potentially useful features: (i) the
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chiroptical activity of plasmonic NRs that is significantly
stronger than that measured for discrete chiral objects in
solutions; (ii) parallel orientation of the long axes of CNCs and
NRs, both perpendicular to the direction of the left-handed
helix, thereby yielding a new type of plasmonic chiral pattern;
(iii) a synergy between the structure and optical properties of
the photonic CNC host and plasmonic NRs; (iv) the tunability
of circular dichrosim of the hybrid film; (v) the robust, free-
standing nature of the composite film; and (vi) the simplicity of
film preparation, as well as the abundance and renewable
character of CNCs.

B EXPERIMENTAL SECTION

An aqueous suspension of CNCs with the length and average diameter
of 100—200 and ~17 nm, respectively, was obtained from
FPInnovations (Canada). Gold NRs with an average length and
diameter of 41 and 14 nm, respectively, were synthesized by the seed-
growth method.* These dimensions of the NRs and CNCs were
selected to avoid the spectral overlap of the longitudinal extinction
band of the NRs and the stop band of the CNC film. Furthermore, the
similarity in diameters of CNCs and NRs was expected to favor the
integration of NRs within the planar CNC layers and preserve the
chiral self-assembly of CNCs.

Two aqueous suspensions, one comprising gold NRs and the other
one CNCs, were mixed in varying CNC-to-NR weight ratios. The
mixed suspension was poured into a Petri dish as a 4-mm-thick liquid
layer. The water was evaporated for 2 days under ambient conditions,
thereby mimicking the conditions of the preparation of NR-free chiral
CNC films.*®

B RESULTS AND DISCUSSION

Figure 1 illustrates the approach to the preparation of chiral
composite plasmonic films, which is based on the co-assembly
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Figure 1. Schematic of the preparation of the composite chiroptical
plasmonic film by mixing aqueous suspensions of CNCs and gold
NRs. Upon slow evaporation of water, the CNCs form a left-handed
liquid crystalline cholesteric phase and, eventually, NR-loaded solid
film. Arrows show the average direction of orientation of the CNCs
(director) in the film. The twist of the director in the adjacent CNC
layers generates a helix along the direction perpendicular to the layers.
P is the helical pitch or the distance over which the director undergoes
a full 360° twist.

of CNCs and gold NRs. We hypothesized that the opposite
electrostatic charges of the anionic CNCs (carrying surface
sulfonic acid ester groups) and cationic NRs (stabilized with
cetyltrimethylammonium bromide (CTAB)) would favor
attraction between these species in the mixed suspension and
will lead to the chiral assembly of the NRs in the host
cholesteric films.

Figure 2ab shows representative transmission electron
microscopy (TEM) images of the CNCs and gold NRs,
respectively. The electrokinetic potentials ({-potentials) of the
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Figure 2. Representative TEM images of (a) CNCs and (b) gold NRs.
Inset in (a) shows high magnification of the CNCs. Extinction spectra
of the (c) CNC film dry-cast from a 2.44 wt% CNC suspension and
(d) of the suspension of gold NRs at NR concentration of 1.01 nM.
Scale bars are 100 nm.

as-prepared NRs and CNCs were +27 and —47 mV,
respectively.

Figure 2c shows the extinction spectrum of the NR-free
CNC film. The spectrum shows a broad stop band in the 630—
1200 nm spectral range, with the maximum centered at 830
nm, and two peaks in the IR spectral range, corresponding to
glucose molecules.*® The stop band corresponds to the
wavelength, Ay, reflected by the CNC film, due to the
periodicity in the orientation of the CNCs. We estimated the
cholesteric pitch P, the distance over which the helix undergoes
a complete turn (Figure 1). The spectral position of the stop
band is

Ay, = nP sin 0 6))

where n is the effective refractive index of the CNC film, and 0
is the angle of incidence of light.*” For Ay, = 830 nm, n = 1.54,*
and 6 = 90°, the value of P for the CNC film was calculated to
be 539 nm. Increase in extinction of the CNC film at 4 < 400
nm originated from absorption of light at the molecular level.*’

The extinction spectrum of gold NRs exhibited characteristic
transverse and longitudinal localized surface plasmon reso-
nances (TLSPR and LLSPR, respectively) at 512 and 714 nm,
respectively (Figure 2d).

We prepared composite NR-CNC films by mixing 5 mL of
2.44 wt% CNC suspension with 1 mL of the suspension of gold
NRs at a particular concentration of NRs. The estimated NR
concentration in the composite films, Cyy, varied from 0.12 to
3.39 wt% (Table S1, SI). As a control system we used a NR-free
CNC film prepared by adding 1 mL of water to the CNC
suspension. The composite films had an average thickness of
~30 pm and exhibited iridescence characteristic for the
photonic crystal structure.***" A dark-red color of the films
originated from the extinction of gold NRs (Figure S2, SI).

Figure 3a—c shows representative SEM images of the cross-
section of the films, which revealed the periodicity of the chiral
nematic structure in the direction perpendicular to the CNC
layers. The periodic spacing corresponded to the layers with
similar CNC orientation, that is, to P/2 (see Figure 1).>*>* The
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Figure 3. (a—c) Representative SEM images of the cross-section of the NR-CNC films at NR concentrations of (a) 0, (b) 0.12 wt% (the lowest NR
concentration), and (c) 3.39 wt% (the highest NR concentration). The periodicity corresponding to P/2 is indicated on the images. (d) Variation of
the average pitch, plotted as a function of NR content in the composite films. The red line represents an exponential fit of the data. Each point was
obtained as the average of at least 15 measurements performed along the direction perpendicular to the periodic structure in at least, 3 different
images. (e,f) Representative SEM images of the cross-section of the composite films acquired with the backscattered electron detector. Gold NRs
appear as bright spots. (Scale bars in a—c, e, and f are 1 ym.) (g) Low- and (h) high-magnification polarization microscopy images of the NR-CNC

film at Cyr = 0.47 wt%.

helical pitch of the NR-free CNC film (Figure 3a) was 551 nm,
in agreement with the value of 539 nm determined from the
position of the stop-band of this film. For NR content not
exceeding 0.93 wt%, the entire composite film had a chiral
nematic structure, while at higher NR concentrations, chiral
nematic regions constituted only a fraction of the film. Figure
3b,c shows representative cross-sectional SEM images of the
composite films with NR content of 0.12 and 3.39 wt%,
corresponding to the lowest and highest NR concentration,
respectively. In Figure 3c only a small fraction of the film
exhibited a chiral nematic structure (shown as a narrow domain
on the right side of the image). Progressive disappearance of
the chiral nematic structure with increasing NR content was
strongly affected by the increasing content of NRs and in
particular, CTAB introduced in the system with the NRs
(Figure S4, SI).

The increase in NR content in the film also resulted in the
decrease of pitch P of the chiral nematic structure (Figure 3a—
d). Figure 3d shows that with NR concentration increasing
from 0 to 3.39 wt%, the value of P reduced from 551 to 368
nm, respectively. Such a decrease in P could be ascribed to the
reduction of the distance between the layers of negatively
charged CNCs due to the presence of cationic species (both
CTAB-coated NRs and free CTAB molecules) bridging the
CNCs.*

Figure 3e,f shows the cross-sectional SEM images acquired
with a backscattered-electron detector. Gold NRs appear bright
on the background of the dark CNC host, due to their higher
electron density than the organic matrix. The NRs were
localized in “parallel lines” characteristic of the organization of
the CNC:s layers, with a fraction of them localized in the achiral
nematic domains, which suggested a similar alignment of the
NRs and CNCs in the hybrid material. Polarized optical
microscopy experiments confirmed the chiral nematic nature of

the composite NR-CNC films, at both low and high
magnification, as evidenced by the typical texture*">>* (Figure
3g,h, respectively).

The extinction and CD (chiral extinction) properties of the
composite films with a different content of NRs, Cyy, are
shown in Figure 4, along with the properties of NR-free CNC
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Figure 4. Variation in (a) extinction and (b) CD of the NR-CNC
films. The legend indicates NR concentration in the films in wt%. Inset
in (b) shows zoomed-in CD spectrum of film at NR content of 3.39 wt
%.

films given for comparison. The extinction spectra of the NR-
CNC films exhibited two strong peaks at ~750 and ~520 nm,
corresponding to the LLSPR and TLSPR peaks of the NRs,
respectively (Figure 4a). Both plasmonic bands were red-shifted
in comparison with those measured in an aqueous solution
(Figure 2d), due to the change in dielectric properties of the
surrounding medium.>> The NR-free CNC film showed a stop
band at the same spectral position of ~830 nm as the CNC film
dry cast from 2.44 wt% suspension (Figure 2c). No significant
change in the spectral position of the NR plasmonic bands
occurred with an increasing NR content in the films, indicating
both the absence of NR aggregation in the CNC matrix and a
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negligible change of the effective index of refraction of the
composite films (Table S3, SI). The intensity of the bands
increased with increasing NR content in the films.

Figure 4b shows the CD spectra of the composite films,
along with the spectrum of the NR-free CNC film. The latter
exhibited a positive CD peak typical of a left-handed chiral
nature.*® The spectra of the NR-CNC films exhibited a strong
positive CD signal, which we ascribed to a combined peak
corresponding to the chiral CNC matrix and a plasmonic
LLSPR mode. This combined CD peak was blue-shifted in
comparison with that of the NR-free CNC film. Furthermore,
with increasing Cyg, the combined CD peak in Figure 4
exhibited blue-shift, in agreement with a decreasing pitch of
hybrid films at higher Cyg (Figure 3a—d, Table S4, SI). The
decrease of the intensity of the CD signal was ascribed to the
lower fraction of the regions with a chiral nematic structure in
films with a higher Cyg. Importantly, we observed the chiral
TLSPR peak for the films with Cyy varying from 0.93 to 3.39
wt% (inset in Figure 4b and Figure S7, SI). We note that blue-
shift of the CD peaks, in comparison with the corresponding
extinction peaks, was observed for TLSPR (490 vs 523 nm for
Cnr = 3.39 wt%) (Table S7, SI), thereby signifying a combined
nature of chiroptical activity of hybrid films. We stress that no
blue shift occurred in extinction spectra of the composite films
with increasing Cyr (Figure 4a), which further supported a
combined nature of the photonic—plasmonic CD signal, in
comparison with plasmonic peaks in extinction spectra. A
higher sensitivity of the plasmonic CD signals to changes in the
surrounding matrix detected in our work was in agreement with
previous observations.*

The composite NR-CNC films exhibited a strong depend-
ence of CD on the light incident angle (Figure S12, SI), further
underlying the effect of the structure of photonic CNC films on
their plasmonic chirality.

In the next step, we showed the capability to tune the
induced plasmonic chiroptical activity of the composite films in
a two-fold manner: (i) by changing NR dimensions and (ii) by
changing the helical pitch of the CNC matrix. We used NRs
with the average length and diameters 47 X 20 (Series A), 33 X
11 (Series B), and 36 X 9 nm (Series C). Figure S shows the
effect of NR dimensions on extinction and CD properties of the
composite films, with the corresponding TEM images of the
NRs shown in insets. Figure Sa—c (dashed lines) shows
characteristic TLSPR and LLSPR bands of the NRs in the
colloidal solutions. With the NR aspect ratio increasing from
2.4 to 3.0 and then to 4.0 (Series A, B, and C, respectively), the
plasmonic bands red-shifted. In the composite films, further
red-shift was observed due to the change of dielectric properties
of the surrounding medium (Figure Sa—c, solid lines).

Figure Sd—f shows the variation in CD spectra of the
corresponding composite films. A single peak was the result of
combined CD signal of the CNC matrix and the LLSPR mode
of the NRs (the TLSPR modes were distinguishable at high
Cnr (Figure S8, SI). The variation in CD signal of the
composite films correlated with the red-shift in extinction of the
NRs in the A-B-C series. Importantly, composite NR-CNC
films prepared with the NRs of Series B and C (the NR
diameter of 10 + 1 nm) had a similar pitch of 440 and 447 nm
(Table SS, SI). Yet, the CD signal in Figure Se,d featured a ~23
nm red-shift, consistent with the increase in NR aspect ratio.
This effect further supported NR contribution to the chiroptical
activity of the composite films. Furthermore, films prepared at
relatvely high Cyy clearly revealed both the TLSPR and LLSPR
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Figure S. Tuning chiroptical activity of NR-CNC composite films by
varying NRs dimensions. (a—c) Extinction (solid lines) and (d—f)
corresponding CD spectra of the composite films prepared from NRs
of different sizes. Insets in (a—c) show TEM images of the NRs and
their sizes. (Scale bars in insets are 100 nm). Cyg = 0.47 wt%. Dashed
spectra in (a—c) correspond to the colloidal solutions of gold NRs.

plasmonic CD modes, whose spectral position correlated with
the aspect ratio of the NRs of B and C series (Figure S8, Table
S10, SI).

The CD spectra in Figure S exhibited blue-shift, in
comparison with the corresponding extinction spectra. We
also note that even films loaded with 20 nm-diameter NRs,
whose diameter was larger than that of the CNCs, showed
strong chiroptical activity.

Next, we tuned the chiral plasmonic properties of the
composite films by varying the helical pitch P of the CNC
matrix, while maintaining NR dimensions and concentration
constant. Prior to film casting, a varying amount of electrolyte
(NaCl) was added to the mixed NR-CNC suspensions. We first
examined the effect of NaCl concentration, Cy,c, on the
extinction spectra of the NR-free CNC films (Figure 6a and
Figure S9, SI). The spectral position of the stop band (Bragg
reflection), Ay, of the CNC films blue-shifted with increasing
Chiacyp indicating the reduction of the helical pitch of the CNC
films (eq 1). This effect has been previously reported for chiral
nematic CNC suspensions and attributed to the reduction in
electrostatic repulsion between the CNCs in the presence of
salts.>**® At Cy,cy = 2.13 wt% the stop band associated with the
helical structure of the film disappeared (Figure 6a, violet
spectrum, and Figure S10, SI). The variation in CD spectra of
the CNC films (Figure 6b) correlated with the change in their
extinction properties, including the disappearance of chiroptical
activity in films with the highest NaCl concentration of 2.13 wt
% (Figure 6b, violet spectrum). These films lacked the chiral
nematic structure, which was confirmed by their SEM imaging
(Figure SS, SI).

The composite films with a varying Cy,c exhibited the
characteristic plasmonic peaks (Figure 6¢). For Cy,q < 0.13 wt
% the LLSPR peak overlapped with the stop band of the CNC
host. For Cy,¢ of 0.13 and 0.22 wt% the signature of the stop
band appeared on the right and left side of the TLSPR peak,
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Figure 6. Tuning chiroptical activity of the NR-CNC composite films
by adding NaCl to the mixed NR-CNC suspensions. (a) Extinction
and (b) CD spectra of the NR-free CNC films (dashed lines), and (c)
extinction and (d) CD spectra of the NR-CNC films (solid lines) at
NaCl of 0 (black color), 0.02 (red color), 0.06 (orange color), 0.13
(green color), 0.22 (blue color), and 2.13 (violet color) wt%. In (c)
and (d), Cyr = 047 wt.%.

respectively, and at Cy,c = 2.13 wt% stop band disappeared,
similarly to the NR-free CNC films.

Figure 6d shows the CD spectra of the NR-CNC films
prepared at varying Cy,c;. We identified two spectral regions
according to the position of Ay, relative to the LLSPR of the
NRs, namely, 43 & A15pr (0 < Cypar < 0.02 wt%) and Ay <
Arrspr (0.06 < Cag < 0.22 wt%). The TLSPR mode was not
discernible in Figure 6d. In the first region, spectral overlap of
the chiroptical activity of the CNC matrix and the NRs led to a
single strong CD peak (Figure 6d, black and red spectra),
similar to the results shown in Figure 4b. With increasing Cy,c;
the change in the structure of the CNC matrix led to the blue-
shift of the CD peak, as shown in Figure 6b. As a result, a new
peak corresponding to the CNC host emerged in the CD
spectra of the composite films, first, as a shoulder at ~500 nm
(Figure 6d, orange spectrum) and then as a distinct second
peak coexisting with a NR CD peak (Figure 6d, green and blue
spectra, 565 and 559 nm, Figure S11 and Table S11, SI). Thus
for 0.06 < Cy,c < 0.22 wt% the CD spectra of the composite
films exhibited two signals: one associated with the CNC host
and the other one with plasmonic chiroptical activity of the
NRs. Importantly, both CD peaks disappeared at high salt
concentration of 2.13 wt% (Figure S10, SI), indicating the
critical role of the long-range chiral periodic order on the
induced plasmonic chiroptical activity of the NRs.

At the moment, we cannot explain increase in CD intensity
with increasing salt concentration, however the variation in CD
intensity was similar for the composite and NR-free films.

The results shown in Figures 4—6 demonstrate the ability to
tune the spectral range and intensity of plasmonic chiroptical
activity of the composite NR-CNC films by changing NR
concentration, NR dimensions and by adding a salt to the NR-
CNC suspensions. Other methods such as the change in CNC
dimensions and surface chemistry, the variation in preparation
procedures of the NR-CNC films and the application of
external fields®”” can be used to explore a synergetic influence
of NRs and CNCs on plasmonic chiroptical activity of the
composite films.
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B CONCLUSION

In summary, we have shown the generation of composite NR-
CNC films with strong plasmonic chiroptical activity. The
interesting properties of the films originate from the interaction
of the photonic properties of the CNC matrix (caused by its
long-range cholesteric order) and plasmonic properties of gold
NRs. The composite chiral plasmonic material exhibited
tunable chiroptical characteristics, which are beneficial for
fundamental studies of collective plasmonic chiroptical activity
properties and their potential applications. The ease and
robustness of film preparation make the method and the
composite material particularly attractive. Further studies such
as theoretical analysis are needed to gain insight in the
mechanism of plasmonic CD activity and possible interference
effects in this novel type of metamaterial.
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Materials, description of methods, effect of CTAB and NaCl
content on the stop band of CNC films, SEM images, and CD
spectra of the CNC films and composite NR-CNC films. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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