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Materials Horizons

New Concepts:

In this work, reversible magnetic assembly and active tuning of plasmonic chiral superstructures
have been achieved by assembling magneto-plasmonic hybrid nanoparticles within a chiral
quadrupole magnetic field from a cubic permanent magnet. Unlike other chiral structures
generated using diverse nanoscale templates, this work addresses the challenge of creating
dynamic chiroptical materials with fast and reversible responses to external stimuli. The magnetic
assembly process not only imparts chirality to the nanoparticle assemblies but also brings them
into close proximity, enabling plasmonic coupling and, consequently, the change of their plasmon
resonance wavelength. These chiral superstructures exhibit great dynamic tunability in their
handedness and the spectral characteristics (circular dichroism magnitude and spectral position)
of their chiroptical responses. Furthermore, magnetic assembly and high spectral tunability are
combined to create plasmonic chiral films by encompassing the assembled structures within a
polymer matrix, showing angular-dependent and mechanically tunable chiroptical properties,
including the exciting ability to dynamically change colors through the optical rotatory dispersion
(ORD) effect. The chirality of the embedded superstructures can be pre-designed to produce chiral
films with desired patterns and switchable colors, promising great potential for applications in

color displays and anti-counterfeiting measures.
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Plasmonic nanostructures exhibiting dynamically tunable chiroptical responses hold great promise for broad applications
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such as sensing, catalysis, and enantioselective analysis. Despite the successful fabrication of chiral structures through

diverse templates, creating dynamic chiroptical materials with fast and reversible responses to external stimuli is still

challenging. This work showcases reversible magnetic assembly and active tuning of plasmonic chiral superstructures by

introducing a chiral magnetic field from a cubic permanent magnet. Manipulating the strength and direction of the magnetic

field controls both the chiral arrangement and plasmonic coupling of the nanoparticle assembly, enabling fast and reversible

tunability in not only the handedness of the superstructures but also the spectral characteristics of their chiroptical

properties. The dynamic tunability further enables the fabrication of color-changing optical devices based on the optical

rotatory dispersion effect, showcasing their potential applications for anti-counterfeiting and stress sensors.

Introduction

Chiral metamaterials are attractive due to their orders of
magnitude stronger chiral optical signals than natural chiral
species.* Within them, plasmonic chiral nanostructures have
garnered considerable attention for their ability to further
enhance chiroptical properties due to strong plasmonic
resonance, promising for advanced applications in light-
polarization filters, photon detection, molecular sensing, lasers,
and chirality tuning.>1% While both top-down'-4 and bottom-
up?> ® methods have been explored for fabricating plasmonic
chiral nanostructures, the latter is often favored due to its ease
in tuning the size and composition of the building blocks,
producing versatile chiral nanostructures endowed with highly
controllable chiroptical properties. These methods typically
utilize chiral templates such as DNA,71° peptides,?® 2! and
chiral fibers?? to direct the assembly of colloidal plasmonic
nanoparticles into chiral nanostructures, thus offering distinct
advantages, including the capability for large-scale synthesis
and achieving nanoscale resolution. However, many of these
methods have encountered challenges in achieving
reconfigurable chiral superstructures and responsive chiroptical
properties due to the stiffness of the templates, limiting their
full potential in real-time applications, such as chiral sensing,
catalysis, and enantioselective analysis.?3

The magnetic assembly approach, known for its fast
response, complete reversibility, and remote controllability, has
proven effective in  assembling  magneto-plasmonic
nanoparticles into superstructures with dynamically tunable
plasmonic properties.?*32 Its capabilities have recently been
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expanded to produce plasmonic chiral nanostructures featuring
dynamic chiroptical tunability by assembling magneto-
plasmonic nanoparticles in chiral magnetic fields. Lee et al. first
demonstrated such an assembly strategy in a helical magnetic
field created by positioning two permanent magnets with a
twisted angle.3® Moreover, our recent discovery unveiled
inherent quadrupole field chirality generated by a permanent
magnet, arising from its consistent field rotation in space.3*
Such chiral fields can be used to assemble magnetic
nanoparticles into chiral superstructures, enabling the dynamic
tuning of structure handedness and the magnitude of
chiroptical signals by controlling the direction and strength of
the magnetic field.2% 33 Concurrently, researchers have explored
the concept of plasmonic coupling, taking advantage of the
close proximity of plasmonic nanoparticles to enhance the
tunability of their chiroptical responses.?> A noteworthy
illustration of this concept was recently demonstrated by Fery
et al., who showcased the development of mechanically
responsive plasmonic chiral nanostructures by stacking two
gold nanochain films.3%

In this work, we present the remarkable tunability of
plasmonic chiral superstructures formed by assembling
magneto-plasmonic nanoparticles within a chiral quadrupole
magnetic field. These structures exhibit great dynamic changes
in structural handedness and show fast and reversible
chiroptical responses to an external magnetic field by taking
advantage of the instant tunability inherent in the magnetic
assembly process. When magneto-plasmonic core/shell
nanospheres were used as building blocks, one-dimensional
nanochains were formed due to the magnetic dipole-dipole
interactions between nanospheres, leading to plasmonic
coupling and tunable plasmon resonance in the visible
spectrum, which further assembled into three-dimensional
chiral superstructures driven by the chiral magnetic fields.
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Combining controllable plasmonic coupling with highly tunable
structural handedness enables the design of hierarchical
superstructures with widely tunable chiroptical properties.
Furthermore, the magnetic assembly method allows fixing the
chiral superstructures in photocurable polymer films, during
which the structural handedness and chiroptical properties can
be precisely controlled in different domains. We report the
creation of smart plasmonic chiral films with angular-
dependent and mechanically tunable chiroptical properties,
demonstrating exciting color switching due to the optical
rotatory dispersion (ORD) effect. This magnetic assembly
approach to smart chiroptical materials opens up exciting
possibilities for applications that demand real-time chiroptical
responses, including chiral sensing, enantioselective analysis,
and catalysis.

Experimental

Materials: Poly(acrylic acid) (PAA, Mw=1,800), ethylene glycol,
iron(lll) nitrate nonahydrate (Fe(NO3)3#9H,0), sodium acetate
(NaAc), silver nitride (AgNOz), ammonium hydroxide solution
(~28% NH3 in water), N,N’-
methylenebisacrylamide (BIS), 2-Hydroxy-2-
methylpropiophenone (PI) were purchased
from Aldrich Chemical Co. Ethanol was
obtained from Decon Labs. Acrylamide (AM)
was purchased from Acros Organics.

Synthesis of Ag@Fe304 nanoparticles

Materials-Horizons

A magnetic field-assisted photo-polymerization method was
used to fix the Ag@Fe3;0,4 nanoparticles into chains within the
PAM film. Typically, a precursor monomer solution was first
prepared by mixing 0.25 g AM, 4 mg Bis, and 3 pL Pl in 1 mL of
ethylene glycol. Then, 10 uL of the Ag@Fe30,; nanoparticle
solution (16 mg/mL) was mixed with the 200 uL of precursor
solution (nanoparticle concentration in the precursor solution:
0.76 mg/mL) and placed in the center of two identical
permanent magnets with uniform field strength. Afterwards,
the polymerization was initiated by a UV lamp with a
wavelength of 254 nm, producing a chiral plasmonic film with a
thickness of 1 mm after 3 minutes.

For creating pre-designed patterns and images, a
photomask was placed right above the devices, and then a
permanent magnet was applied to align the Ag@Fes;0,
nanoparticles in a desirable direction. The transparent parts of
the photomask enable a high transmittance of UV light to the
polymer resin, which will initiate the polymerization and
consequently fix the alignment of Ag@Fe;0,4 nanoparticles. By
sequential orientation-polymerization process, desirable
images can be printed by controlling the orientational
dispersion of Ag@Fe3;0,4 nanoparticles.
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synthesized by a solvothermal approach from
our previously reported work.36 Typically,
Fe(NO3)3*9H,0 (1.414 g) was dissolved in
ethylene glycol (EG, 35 mL) to form a clear
solution, followed by the addition of sodium
acetate (NaAc, 2.512 g) and silver nitride

(AgNO3, 0.0876 g). The obtained suspension

was then transferred to a 45 mL Teflon-lined ()
stainless-steel autoclave, stirred until all the
reactants were fully dissolved, and heated at
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water and absolute ethanol, followed by
dispersed in Milli-Q water.

PAA modification of Ag@Fe;0,4 nanoparticles

One batch of Ag@Fe304 nanoparticles was added into the PAA
aqueous solution (50 mg PAA (MW=1800) in 200 mL water) and
stirred overnight at 260 rpm. The sample was collected by
centrifugation, washed with Milli-Q water once, and dispersed
in 35 mL Milli-Q water (16 mg/mL).

Fixing the Ag@Fe30,; nanoparticle chains in polyacrylamide
(PAM) film
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Figure 1. (a) Simulation of the chiral field distribution from a
cubic permanent magnet and schematic illustration of the
chirality transfer from chiral magnetic field to magnetic
nanoparticle assembly. (b) TEM image of Ag@Fes;0, hybrid
nanoparticles. (c) Schematic illustration of the setup for
measuring the extinction and CD spectrum of particle dispersion
under a chiral magnetic field. (d-f) Extinction (d), CD (e), and the
corresponding g-factor (f) spectra of the Ag@Fe;04nanoparticle
dispersion without a magnetic field or under a field along the X-
and Z-axes.

This journal is © The Royal Society of Chemistry 20xx
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Characterization

The morphology of nanostructures was investigated using a
Thermo Scientific™ Talos L120C™ TEM. The optical extinction
and transmission spectra were measured using an Ocean Insight
FLAME-T-UV-VIS Miniature Spectrometer. The CD spectra were
measured on a Jasco J-815 CD Spectrophotometer. The
concentration of the nanoparticle solution for optical
measurement is 0.80 mg/mL. All the photos and videos were
recorded using a Canon EOS REBEL T2i camera.

Results and discussion

A quadrupole chiral magnetic field can be generated by a cubic
permanent magnet due to constant field rotation.3* Figures 1a
and Sla show the simulated chiral magnetic field, with left- and
right-handed chiral magnetic fields from the right and left sides
of the cubic magnet. When the nanoparticles are assembled
under such chiral magnetic fields, the field chirality can be
transferred to the nanoparticle assemblies, producing chiral
nanostructures (Figure 1a). In this work, we employed
magneto-plasmonic Ag@Fe;0,; core-shell nanoparticles as
building blocks, each featuring a core diameter of ~80 nm and a
shell thickness of ~75 nm (Figures 1b and SO0). By taking
advantage of their strong interaction with both light and
magnetic fields, we showcase their assembly into plasmonic
chiral superstructures under the chiral magnetic field. The
nanoparticles were first assembled into one-dimensional

nanochains due to magnetic
(a)

and the one around 460 nm as a quadrupole CD peak. As shown
in Figure 1e, the CD signal was reversed while maintaining the
magnitude upon switching the magnetic field from B, to B,,
indicating the handedness switch of the chiral superstructures.
Figure 1f shows the corresponding g-factor of the nanoparticle
assemblies, with a maximum g-factor value reaching +0.01,
which indicates the strong chirality of the assembled plasmonic
chiral superstructures.

The direction of the magnetic field influences the plasmonic
chiroptical properties due to the angular-dependent plasmonic
coupling and chirality field distribution. As shown in Figure 2a,
the angle between the north pole of the magnet and incident
light direction was defined as a, and it varied from 0 to 90° when
the cubic magnet was rotated from the Y-axis to the X-axis. The
magnetic field distribution within the XY plane was simulated,
exhibiting a single handedness as a varied from 0 to 90° (Figure
2b). The nanoparticles assembled under such a field showed an
angular-dependent plasmonic coupling (Figures 2c and 2d).
When a varied from 0 to 45°, the dipole and quadrupole peaks
blue-shifted from ~787 to ~740 nm and ~444 to ~418 nm,
respectively, but not much changes as a increased from 45° to
90°. As we revealed previously,3® far-field coupling of the
neighboring Ag@Fe3;0,4 nanoparticles could be induced when
the magnetic field direction was perpendicular to the incident
light (a=90°), resulting in a blue-shift of the plasmonic peaks. In
contrast, the plasmonic peaks red-shifted due to the near-field
plasmonic coupling as the magnetic field direction was parallel
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dispersion enclosed in a
cuvette), and the magnetic
field direction was
controlled by rotating the

magnet. Figure 1d shows e ;((sz) 2o
the extinction spectra of the Ag@Fe;0,4 nanoparticle dispersion
in the absence of a magnetic field or with a magnetic field
applied along the X- (B,) and Z-axes (B,). Both dipole and
quadrupole peaks blue-shifted under B, and B, due to far-field
plasmonic coupling.3® Figure le presents the CD spectra of the
nanoparticle dispersion, both without a magnetic field and
when assembled under magnetic fields B, and B,. The Ag@Fe30,4
nanoparticles themselves were achiral and exhibited no CD
signal. In contrast, when they were magnetically assembled, an
obvious CD signal emerged, characterized by a bisignate
lineshape stemming from dipole and quadrupole plasmonic
peaks. We defined the peak around 666 nm as a dipole CD peak
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Figure 2. (a) Scheme illustrating the field rotation of a cubic
magnet along the Z-axis within the XY-plane. (b) Simulation of
magnetic field distribution as the north pole rotated from the X-
axis (90 °) to the Y-axis (0°). (c, d) Extinction spectra and the
corresponding dipole and quadrupole peak shifts of the
Ag@Fe30,4 nanoparticle assemblies upon varying the field from
B, to B,. (e, f) CD spectra and the corresponding dipole and
quadrupole peak shifts of the assemblies upon varying the field
from B, to B,.
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Figure 2e shows the CD spectra of the nanoparticle
dispersion while varying a from 0 to 90°. As a increased from 0
to 30°, the dipole and quadrupole CD peaks gradually blue-
shifted. Notably, the sign of the CD peaks was flipped when a
was 30°, indicating a handedness switch. According to the
simulation in Figure 2b, the handedness of the chiral field was
always left-handed when a is 0 to 90°. Thus, the chirality
switching of the assembled chiral nanostructures was not
induced by the handedness switch of the magnetic field. It has
been pointed out that the handedness of a chiral structure also
depends on the direction in which it is viewed.3” Liedl| et al. also
found the switchable CD spectrum of DNA-origami-scaffolded
nanoparticle helices by controlling the helix orientation from
parallel to perpendicular with respect to the light beam.32 In our
case, the assembled chiral nanostructures showed left-
handedness as a was off from the incident light (30 ~ 90°), while
the handedness was reversed when the chiral nanostructures
were aligned along the incident light (0~30°). Figure 2f shows

Materials-Horizons

the handedness switching and the blue-shifting of the dipole
and quadrupole CD peaks from 786 to 660 nm and 551 to 463
nm as a varied from 0 to 90°. The intensity of both dipole and
quadrupole CD peaks gradually increased as a increased from 0
to 30°. When a varied from 45 to 90°, the dipole CD peak
intensity gradually increased, while the quadrupole CD peak
intensity showed not much change. Figure S2 shows the
simulation of the rotation of the chiral magnetic field (helix
angle) at varying a. With increasing a, the helix angle gradually
increased, while it slightly decreased as a varied from 45 to 86°.
According to the relationship between pitch (P) and helix angle
(6), P=ntDtan(90-8), with D being the diameter of the helical
circle, the shorter the pitch, the larger the chirality asymmetry,
and the stronger the CD intensity. Furthermore, the angular-
dependent plasmonic coupling of the assembled chiral
nanostructures also contributed to the change in the CD
intensity. These two combined effects contributed to the
change in CD magnitude as a varied from 0 to 90°.
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Figure 3. (a-f) CD spectra (a, d), the corresponding dipole and quadrupole peak shifts (b, e), and the peak intensity changes (c, f) of
Ag@Fe;0,4 nanoparticle assembly under B, and B, with varying strength. (g) Simulated magnetic field vector rotation along the Y-
axis under different distances (2, 4, 6 cm) along the X-axis from the magnet, showing chirality decreases with increasing separation

distance.

Both CD intensity and spectral position can be dynamically
tuned by modulating the plasmonic coupling and magnetic field
chirality distribution by controlling the magnetic field strength.
The magnetic field strength was tuned by the distance between
the sample and the cubic magnet, and the shorter the
separation distance, the stronger the magnetic field strength.
The separation between neighboring nanoparticles was
determined by electrostatic repulsion and magnetic attraction.
Increasing magnetic field strength decreases the separation
distance, enhancing the plasmonic coupling. As shown in
Figures 3a and 3b, the CD dipole peak gradually blue-shifted,
and the CD quadrupole peak slightly red-shifted under
increasing B, intensity. At a=90°, the electric dipole is
perpendicular to the chain, which induces the high energy state
of the chain, blue-shifting the plasmonic dipole resonance,
while the electric quadrupoles couple to induce the near field

4| J. Name., 2012, 00, 1-3

coupling, red-shifting the plasmonic quadrupole resonance.3®
The intensity of dipole and quadrupole peaks was greatly
enhanced as B, strength increased from 1 to 52 mT (Figure 3c).
Under B,, both CD dipole and quadrupole peaks red-shifted
(Figure 3d, e), and the intensity of both peaks was dramatically
enhanced (Figure 3f) as the magnetic field strength increased
from 3 to 70 mT. CD spectrum measures the extinction
difference of the chiral superstructures under exciation of left-
and right-hand circularly polarized light. Thus, the extinction
peak shift directly contributes to the CD peak shift, and they
show similar trends (Figure S3). Increasing magnetic field
strength enhances the plasmonic coupling, which, in turn,
induces both extinction and CD peak shifts. Besides, the chirality
of the assembled superstructures also depends on the distance
from the magnet. Figure 3g shows the simulated magnetic field
vector rotation along the Y-axis at different distances from the

This journal is © The Royal Society of Chemistry 20xx



Materials-Horizons

cubic magnet along the X-axis. With the increase of the distance
from the magnet along the Y-axis, the magnetic field vector
rotates clockwise. The rotation angle depends on the distance
on the X- and Y-axis. We fixed the distance along the Y-axis to
10 cm and compared the rotation angle at different distances
on the X-axis. It was obvious that the rotation angle gradually
decreased with the increasing distance along the X-axis from 2
to 4 and 6 cm, indicating the increase of the pitch and the
decrease of the chirality. Both enhanced plasmonic coupling
and pitch decrease contributed to the CD spectral shifts and
intensity enhancement under increasing magnetic field
strengths.

Because of the ORD effect, the plasmonic chiral
superstructures can show distinguishable color switching in
response to polarization state changes. Figure 4a schematically
illustrates the experimental setup of the ORD measurement of
the Ag@Fe;04 nanoparticle dispersion under a chiral magnetic
field. White light initially passes through polarizer 1, becoming
linear polarized light. Subsequently, the polarization state of the
light undergoes alterations as it interacts with the chiral
superstructures. Finally, the polarized light of a specific
wavelength passes through polarizer 2, displaying a distinct
color. We define the angle between two polarizers as B, where
a value of 0 corresponds to the two polarizers being orthogonal.
While fixing polarizer 1, we rotated polarizer 2 clockwise (+) or
anticlockwise (-) to show different colors. Figure 4b shows the
ORD images of the nanoparticle dispersion both in the absence
of a magnetic field and when assembled under magnetic fields
B, and B,. The dispersion exhibited no color without a magnetic
field due to a lack of chirality. In contrast, under B,, the
dispersion showed vivid color change from purple to pink and
yellow as B varied from 0 to -10.5°, and from purple to blue and
light blue as B increased from 0 to 10.5°. The situation was
reversed under B, due to the handedness switch. Figure 4c
shows the transmission spectra of the nanoparticle dispersion
under B, as B varied from 0 to—13.5° (i) and 0 to 13.5° (ii). When
B was negative, the dispersion color generated from the
transmitted light with a wavelength of around 750 nm, and it
blue-shifted as B varied from 0 to -13.5°. The transmitted light
with a wavelength of around 500 nm contributed to the
dispersion color as B was positive, and the transmission peak
also blue-shifted when B increased from 0 to 13.5°. The
dispersion color depends on the chirality of the assembled
nanostructures, and it can be dynamically controlled by both
the direction and strength of the magnetic fields. Figure S4
shows the ORD images of the dispersion color at varying a from
0 to 90°. As B was negative, for example -4.5°, the color
gradually changed from pink to blue as a decreased from 90 to
0°. When B was 4.5°, the color changed from light blue to purple
when a varied from 90 to 0°. Figure S5 depicts the effect of
magnetic field strength on the dispersion color. The
nanoparticle dispersion exhibited brighter colors with
increasing magnetic field strength due to the enhanced chirality
under stronger magnetic fields.

The core-shell nanoparticles offer a high degree of control
over their plasmonic resonance based on their core size and
shell thickness, thereby imparting a wide range of distinctive

This journal is © The Royal Society of Chemistry 20xx

colors to their chiral superstructures. In addition to the
Ag@Fe304 nanoparticles with dipole extinction peak at 760 nm,
three other Ag@Fe;0, nanoparticles with dipole resonance
peaks at 655, 570, and 500 nm were synthesized and used as
building blocks. Figure S6 shows their TEM images, extinction
spectra without a magnet field, and CD spectra of their
assemblies under B, and B,. With the blue-shifting of the
extinction peaks of the building blocks, the CD peaks were also
blue-shifted, showing different CD profiles. Figure 4d shows the
color changes of the above four different nanoparticle
dispersions under B, with B varying from -10.5 to 10.5°. At 3=0°,
the dispersions of 760-, 655-, 570-, and 500-nm nanoparticles
appeared blue, pink, reddish, and yellow. The transmission
spectra showed the transmission peaks of the four samples at
B=0°, indicating the origin of their different colors. The above
results underscore the unique advantage of the current system
in generating a diverse spectrum of colors in solution, achieved
through convenient control over factors such as polarization
angle, magnetic field strength and direction, and the structural
configuration of the Ag@Fe3;0,4 nanoparticles.
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Figure 4. (a) Schematic illustration of ORD measurement setup.
(b) ORD images of Ag@Fe304 nanoparticle dispersion under no
magnetic field or B, and B, fields. (c) The transmission spectra of
the nanoparticle dispersion under B, with varying negative (i)
and positive (ii) B. (d) ORD images of Ag@Fe;04 nanoparticles
with 760, 655, 570, and 500 nm extinction peaks under B, with
varying B from -10.5 to 10.5°. (e) Corresponding transmission
spectra of the sample in (d) at B=0°. All the digital images in (b)
and (d) share the same scale bar of 1 mm.
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The plasmonic chiral superstructures can be fixed inside a
polymer matrix through photo-initiated polymerization of
monomers added to their dispersion, producing a plasmonic
chiral film with tunable chiral optical properties (Figure 5a(i)).
The magnet's north pole was aligned along the Y-axis when
fixing the nanoparticle assembly in the matrix. Figure 5a(ii)
shows the image of the chiral film with a brownish color under
ordinary light. The handedness of the film can be switched by
rotating the film, showing left- or right-handedness as the long-
axis of the film aligning along the Y- or Z-axis and light incident
along the X-axis, which is the same result as applying B, and B,.
Figure 5b shows the CD spectra of the chiral film with switchable
handedness when rotating the film from the Y- to Z-axis. Figure
5c¢ shows the ORD images of the chiral film with tunable colors
by varying B from -10.5 to 10.5°, displaying color switching
when the film orientation changed from the Y-axis to the Z-axis.
Thanks to the convenience of the magnetic assembly process,
color-changing anti-counterfeiting devices could be fabricated
by fixing the chiral nanostructures with pre-designed
handedness in a polymer matrix. As shown in the scheme in
Figure 5d, the white areas contained left-handed chiral
nanostructures, and the black areas contained right-handed

Horizons:| =l
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chiral nanostructures. They showed no difference at B = 0°,
while the white areas appeared orange and black areas
appeared blue at B =-4.5°. The colors in black and white regions
were reversed at B=4.5°. As shown in Figure S7, by using
different building blocks, chiral films with different patterns
were fabricated and showed different switchable colors,
indicating the potential for anti-counterfeiting applications.

The plasmonic chiral film also features angular-dependent
colors, which can be controlled by modulating the angle
between the film and incident light. Figure 5e shows the ORD
images of the chiral film at § = £1.5° as the tilting angle between
incident light and film varied from 90 to 15° within the YZ plane.
The color changes from pink to light blue at B =-1.5° and blue
to purple at B = 1.5°. Figures 5f and 5g show the corresponding
transmission spectra of the chiral film at 3 = +£1.5°. In both cases,
the transmission peaks red-shifted as the tilting angle varied
from 90° to 15°, consistent with the solution case of varying a
from 90 to 0°. The extinction peak of the chiral film also red-
shifted as the tilting angle decreased from 90 to 15° (as shown
in Figure S8a) due to the angular-dependent plasmonic
coupling.
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Figure 5. (a) Scheme illustrating fixing the plasmonic chiral superstructures in a polymer film (i) and photo of the assembled chiral
film (ii). (b) CD spectra of the chiral film with left- and right-handedness. (c) ORD images of the left- and right-handed chiral film
under varying B from -10.5 to 10.5°. (d) Scheme and ORD images of a chiral film pattern with left-handed chiral nanostructures in
white regions and right-handed chiral nanostructures in black regions as = 0, and + 4.5°. (e-g) ORD images of the chiral film as
the angle between light direction and film varied from 90 to 15° at B = + 1.5° (e) and the corresponding transmission spectra at B
=-1.5°(f) and B = 1.5° (g). (h, i) ORD images of the chiral film under stretching from 0 to 91% as 3 =-1.5° (h) and the corresponding
transmission spectra (i). All the digital images in Figures (c) and (e) share the same scale bar of 1 mm.

An additional intriguing aspect of the chiral film is its
capacity for mechanical tuning of its chiroptical properties, an
important property for developing novel stress sensors. As
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illustrated in the example in Figure 5h, we designed a chiral film
with the middle area containing chiral nanostructures
orientated along 45° relative to the long axis of the film while
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the chiral nanostructures were aligned along the long axis of the
film in the remaining area. Under no mechanical stress, they
displayed colors of blue and pink, respectively, at  =-1.5°. Upon
stretching from 0 to 92%, both regions gradually turned into
light blue, showing no detectable color difference between
these two regions. The color changes are consistent with the
red-shift of the transmission peak of the pink region under
stretching (Figure 5i). As shown in Figures S8b and S8c, both
plasmonic and CD peaks red-shifted under stretching due to
increased separation between neighboring nanoparticles,
which decreased the far-field plasmonic coupling and induced
the red-shift. Also, the CD intensity gradually decreased with
the increase of stress, which may be caused by decreased
nanoparticle density and disorder of the chiral nanostructures
under stretching. The color of the chiral film can be dynamically
controlled by mechanical stress, showcasing the potential for
applications in stress sensors.

Conclusions

In summary, we showcase here the reversible assembly and
active tuning of plasmonic chiral superstructures by assembling
Ag@Fe30, magneto-plasmonic hybrid nanoparticles under a
chiral magnetic field. This approach enables the dynamic
control of the handedness of the chiral superstructures and the
magnitude of their CD response through the convenient
manipulation of the magnetic field. In addition, the magnetic
assembly process induces plasmonic coupling among the hybrid
nanoparticles, facilitating magnetic tuning of the CD spectral
position. By utilizing both magnetic field strength and direction
to manipulate plasmonic coupling and chirality, one can achieve
precise control over the chiroptical properties of plasmonic
chiral superstructures. Further, through meticulous control of
the core-shell configuration of the hybrid nanoparticles, one
can position their plasmonic resonance within the visible
spectrum, allowing the chiral superstructures to exhibit vibrant
and tunable colors resulting from the ORD effect. These
distinctive attributes, coupled with the unique advantages of
the magnetic assembly approach, such as convenience,
remarkable tunability, and remote operation, have been
harnessed to fabricate plasmonic chiral films that feature both
angular-dependent and mechanically tunable chiroptical
properties. The chirality of the embedded superstructures can
be pre-designed to produce chiral films with desired patterns
and switchable colors, promising great potential for
applications in color displays and anti-counterfeiting measures.
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